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SUMMARY 

This report of mined storag® caverns was performed for Union Carbide 
Corporation, Nuclear Division, Oak Ridge National Laboratories, under Pur-
chase Order Nc. 78X-64509V. The report covers all available information con-
cerning 75 mined storage caverns as well as the investigative techniques 
utilized to determine the feasibility of a cavern site, Potential new stor-
age caverns may be for products such as high or low vapor pressure petroleum 
products, other chemical products and industrial or nuclear waste. 

The art of cavern investigation and construction is new. Only 25 years 
have passed since the. first cavern vas constructed. The art of investigation 
for feasibility is still evolving. In many cases the decision to construct or 
not construct a cavern at a particular site has been a considered judgement 
based upon all of the information developed without an absolute criteria. This 
is most usually the case when one factor ie doubtful but other conclusions or 
factors are positive. 

The storage of most hydrocarbons is simple and caverns are ideal for the 
service. Because of this, the feasibility investigations do not normally use 
all of the investigative techniques available. With other materials, Where 
water inflow is especially critical, or rock-product reactions are potential 
hazards, all of the investigative techniques currently available should be 
used and perhaps new ones developed. Remote sensing and geophysical logs, 
other than correlation radioactivity and single point resistivity, have not 
been used and they are valuable tools in critical situations. 

Physiographic or geomorphic provinces influence the suitability of a 
potential cavern site by virtue of its history. Those provinces which have 
experienced a stable history with little tectonic activity are best suited for 
caverns. Sedimentary basins with thick sections of uniformly deposited shales 
and carbonates are the most ideal physiographic provinces. Those provinces 
with crystalline rocks as the potential host -jocks usually exhibit jointing 
or fracture patterns with rather large water inflows through the jointB or 
fractures. These provinces, though they may have good locations, are subject 
to more doubt than the sedimentary basins. 

Stratigraphic factors are perhaps the most important single criteria 
for selecting an area for detailed investigation. Areas which show rapid lateral 
changes In lithology can present problems in site selection (refer to Ponca City, 
Oklahoma, and Gibbstown, New Jersey, caverns). The lithologic factor which is 
most important is consistency. Both vertical and lateral consistency are 
important. 

Mineralogy, with one exception, seems to have had no bearing on the 
success of caverns. Clay minerals, which are sensitive to changes in water 
content, or electrolyte concentration may present structural problems during 
construction. Some shales are adversely affected by contact with fresh water 
and some by dehydration. In these cases humidity regulation by ventilation 
may be necessary during.construction. 



Bedding does not appear to influence cavern construction or site selec-
tion unless there are changes at the bedding plains which might permit 
water inflow. 

Bed thickness is critical. Adequate bed thickness must exist not only 
for the height of the cavern but also to insure that d-illing bolt holes or 
excavating sumps will not encounter bad rock. Very thin bedded rockB, even 
in a massive section, will normally require roof bolting to make the beds 
function as a laminated beam for structural stability. 

The geologic age of the host rocks appears to have no bearing on mined 
caverns. In portions of the Gulf Coa3t the very young rocks are not well con-
solidated and are not considered prime prospects for caverns. It is the lack 
of consolidation, however, and not the age which is the controlling factor. 

The nature of overlying and underlying beds does not materially affect 
a storage cavern if the host bed is of sufficient thickness. If the host bed 
is thin then the overlying and underlying beds must of necessity possess nearly 
the same properties as the host bed. 

Regional and local structure may have induced fractures, faults, or 
joint patterns in potential host rocks. Conditions such as this will quite 
possibly create structural problems and almost certainly will mean an undesir-
able water flow through the joint or fracture system. 

For LPG caverns it is imperative that sufficient hydrostatic head exist 
over the cavern to counterbalance the vapor pressure of the stored product. 
In the geologic sense, ground water is probably always in movement. Both 
regional and local hydrology must be considered because of the hazard of intro-
ducing one or more contaminants into the circulating ground water. 

Regions of the United States considered most favorable for mined storage 
caverns are illustrated in Figure 1, The area outlined contains those parts of 
the United States where the greatest success has been obtained. Areas outside 
the bounded area are not necessarily eliminated because in most cases there is 
no experience, either good or bad. 

Small inflows of water into the storage caverns do not create problems 
of great magnitude for the storage of petroleum products because the products 
are immiscible with water. The inflow of any water is undesirable, but within 
limits, it constitutes only a nuisance insofar as the operation of the storage 
cavern is concerned. This is not the case with all potential materials which 
might be considered for storage in mined caverns, and for this reason much of 
our review effort has been directed toward the conditions which would lead to 
a cavern in which there was abolutely no water inflow. We believe that we have 
been able to define the conditions under which host rocks can be found which 
will meet the criteria of adequate structural strength to support the mined 
openings and virtually no permeability which would permit water inflow. 

The most suitable rocks for mined storage caverns appear to be those 
that were deposited during a geological environment of extended uniform depo-
sition with a minimum of subsequent deformation and erosional history. Rocks 
deposited under these conditions appear to have been the most nearly ideal 
zones for cavern construction. 
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Figure 1. Area most suited for caverns based on existing LPG cavern experience 

Crystalline rocks have been mostly too jointed and fractured to be con-
sidered ideal for water-free mined storage caverns, experience shows. This is 
especially the case in the metamorphosed crystalline rocks. It appears that in-
trusive Igneous rocks which have not been subjected to serious metamorphism or 
weathering might offet a good potential for mined caverns, but experience is 
essentially lacking in these rocks. 

The great fear of any investigator in trying to determine the practicality 
of a mined storage cavern is that joints, fractures or solution channels might 
exist at depths within the potential host rock which are not revealed by the 
core holes. 

This report covers geologic provinces and rock types which are hosts to 
caverns. The absence of discussion of a particular province neither condemns 
nor supports that province. Areas lacking caverns can be considered good candi-
dates for caverns if they have a geologic history similar to that of areas where 
successful caverns have been constructed. 

A thorough review of the geological history of the area will help assess 
the possibilities of problems at depth. Also, remote aerial sensing techniques 
applied :o mineral exploration seem to hold promise in determining voids at depth. 
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The initial step in determining the suitability of a site for a mined 
storage cavern is a thorough review of the published geological literature 
relative to the area being investigated. Particular attention must be given 
to tectonic history, rock type sequences and depositional environment o£ the 
prospective host beds. 

For the remote sensing investigation of the area, begin with black and 
white aerial photography. This can be supplemented by color photography, infra-
red photography, and side-looking radar, which haB the potential for revealing 
fractures, joints, and solution channels at depths approaching three to four 
hundred feet below the surface. 

After acquisition of appropriate property rights for exploration, a single 
core hole is drilled. This shows the entire formation sequence from bedrock 
to the total depth of the core hole. A visual examination and detailed gaologic 
description is made of all the cores and the hole is tested for formation integ-
rity with a series of hydraulic testing procedures. Geophysical logs can also 
be obtained from the core hole reflecting accoustical, electrical, and radiologi-
cal properties of the penetrated rock. 

Cores, if all other indications are favorable, ar^ tested in the labora-
tory for porosity, permeability, structural strength, mineralogical properties, 
and reactive properties with the material to be stored. 

At least three additional core holes should be drilled and tested the 
same as the first core hole to completely outline the prospective area of the 
storage cavern. A very large cavern occupying an appreciable area may best 
be investigated by more than four total core holes. Though in some cases 
caverns have been constructed with only the evidence from a 3 i n g l e core hole, 
t h i s would not be considered good practice. 

Other considerations in a complete study of mined storage caverns in-
clude techniques of construction and related patents. A following section 
describes construction techniques. 

A search conducted of the patent literature to discover relavent patent 
art reveals that though there Is a body of patent art, caverns can be construc-
ted for many products without fear of infringement or need for licensing. There 
are some specific patents which might be desirable to utilize for certain con-
ditions and these could require a licensing agreement for their incorporation 
in a mined cavern should one be constructed. In particular, certain methods 
of shaft sealing might be desirable as might be certain types of grouting 
techniques and materials which are covered by patents. 
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GEOLOGICAL FACTORS 

INFLUENCE OF ROCK TYI'E ON STORAGE CAVERNS 

Potential host rock types are divided into three broad classifications: 
crystalline rocks, carbonate rocks and shales. In a few instances there have 
been caverns constructed which included siltstone in the host rock, but the 
sftaly portion of the rock and clay mineral content predominated, so they will 
be considered as shale. Also there have been many caverns constructed in ehaly 
carbonate zones, calcareous shale zones, or zones of interbidded carbonates and 
shales. In these cases the predominant mineral or rock type will provide, our 
definition for the zone. 

Crystalline Rocks 
Ten caverns have been constructed at seven 6ites in Precaiabrian crystal-

line rocks. Nine of these caverns, at six sites, arc in the Piedmont region of 
the eastern United States and the remaining cavern is located on the Canadian 
Shield of northern Minnesota. The crystalline rocks at all of these sites have 
been aubjacted to severe metamorphism following deposition and have exhibited, 
in all but two cases, extensive jointing and fracture patterns at least to the 
depth of the cavern. In two instances ths caverns were mined in an intrusive 
body within the metamorphosed crystalline basement. In the cases where the in-
trusive body was mined there was an absence of jointing and the caverns had only 
very slight water inflow, if any. In all cases this water inflow occurred at 
the contacts between the intrusive body and the metamorphosed rock. 

It might be assumed that the joints present in the crystalline rocks 
will close with depth, but this has not been demonstrated and can be only a 
speculation since the deepest cavern has penetrated less than 400 feet of the 
crystalline rock. 

Generally metamorphic or extrusive crystalline rocks probably will have 
permeability produced by jointing or weathering of the rock. Unmetamorphosed, 
unweathered intrusive crystalline rocks are potentially impermeable. The 
conclusions regarding intrusive rocks are partially confirmed by caverns that 
have been mined in the Piedmont region. 

Intrusive crystalline rocks offer an excellent potential for mined 
caverns because normally their strength is quite high and large openings can 
be made with little roof support being required. 

Carbonate Rocks 
Carbonate rocks are similar to the crystalline rocks in that their .nor-

mal strength is high and large openings with minimum roof support can be con-
structed. 
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A water-free cavern is desirable; however, the carbonate roeka have 
problems of water inflow during and after construction. This condition was 
experienced in four of the 22 carbonate rock caverns vhich were wet to varying 
degrees. Two of these caverns failed because of water inflow or failure to 
pass a pressure test because of the leakage through jointing or fracturing in 
the mined sections. 

An unconformity at the top of the carbonate section in which a cavern 
was mined, has been a geologic condition common to all caverns yet mined in 
carbonates that have shown permeability through Joints or solution channels. 
These empirical examples of caverns mined in carbonates combined with the known 
effects of weathering and erosion upon carbonate rocks, do fcr ell practical 
purposes confirm the conclusions reached regarding the stratigraphic section 
needed for a successful cavern mined in carbonate rocks. A water-free cavern 
mined in carbonate rocks requires a thick, relatively undisturbed depositional 
sequence conformably overlain by i-ocks of a different lithology and reduced 
permeability, such as shale. Unfortunately, coreholes drilled during the 
course of a feasibility investigation will not always intersect joints or solu-
tion channels in the section they penetrate. 

In evaluating the potential for a sits where carbonate irocks are the prin-
cipal candidates as host zones, great emphasis should be placed upon the geologic 
history and depositional environment during the geologic period or periods of 
the potential host rocks. If at some time the potential host rocks were structur-
ally positive and subject to erosion and weathering then the probability will 
be high that solution channels, possibly undetectable by core drilling, will 
exist within the carbonate sections. 

If permeability is detected at one location during core drilling within 
the carbonate sequence and there if! no apparent break in the deposition to a 
shale, then the entire carbonate sequence becomes suspect for the existence of 
permeability even though it might remain undetected in additional cores. 

Carbonate rocks have many undesirable features as potsntial host 7,ones 
for mined caverns, but they should not be rejected because of these. Many 
excellent storage caverns have been constructed in carbonate rocks where no 
weathering or deep erosion, followed the deposition of these host rocks. 

Shale 
Over one-half of all the storage caverns mined in the United States have 

been mined in shale. Shale has had the smallest incidence of water in the mined 
cavern of any rock type. Two caverns mined in shale have been failures, and in 
retrospect these failures might have been predicted. One failure was structural 
because of the inadequate internal strength of the shale for the size openings 
which were being made. The second failure of a shal« cavern was caused by severe 
fracturing of the shale because of its brittleness and the location of tht cavern 
in an area of major folding. 

A third aeries of caverns mined In the Atlantic Cosatal Plain in a 
Triassic shale were extremely wet because of the fracturing of the shale because 
of its brittleness, and uplift during which the shale also may have been subjected 
to some metamorphiao. 
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Other cases of water inflow into shale caverns have been the result of 
encountering a permeable water bearing zone either immediately above or imme-
diately below the cavern mining interval. These water bearing zones were open 
to the cavern either through drilling for roof bolts or mining sumpo for product 
removal pumps. 

As a rock type, uhales exhibit the lowest permeability of any rock on a 
gross basis. Selected specimens of the crystalline rocks exhibit lower permea-
bility, but when joint patterns are considered for gross permeability, the crys-
talline rocks have normally exhibited permeabilities exceeding those of «hale. 
Exceptions to this comparison would be when the shale was severely jointed be-
cause of uplift and brittleness. 

Shale does not exhiMt the high strength of other rocks and often it is 
subject to severe slacking from the absorption of water. With adequate venti-
lation to control humidity during construction, and appropriate opening design 
accompanied with adequate roof support, shale has been an almost ideal host 
rock for mined caverns. 

When calcareous material is present in the shale, such as in a limy shale 
or dolomitic shale, the strength of the rock increases in direct proportion to 
the carbonate content and the rock becomes even better as a cavern host material. 

MINED STORAGE CAVERNS AS AFFECTED BY GEOLOGIC PROVINCES 

Both local and regional geological features appear to influence the 
suitability of an area for mined storage caverns. Local features such as sharp 
arches or fault systems may have created a high stress level with jointing and 
fracturing which makes an otherwise ideal host zone unacceptable. Table 1 is a 
tabulation of caverns in the United States arranged by geologic provinces. Fig-
ure 2 is a map showing the caverns related to geologic provinces. In the follow-
ing discussion by provinces, maps showing secondary geologic features are Included 
where they may have bearing on the caverns. 

Atlantic Coastal Plain 
Five caverns have been constructed at a single site in the Atlantic 

Coastal Plain. These caverns were constructed in a Triaasic red shale which 
possibly had been subjected to some metamorphiBm and had been uplifted and 
rather badly jointed during the arching. These caverns are extremely wet due 
to water inflow through the joints or fracture systems &;.id there is some evi-
dence of the exchange of product between caverns through these joints or 
fractures. 

The general conclusion is that the northern portion of the Atlantic 
Coastal Plain is not particularly favorable for the construction of mined 
storage caverns because of the preponderance of thick, unconsolidated young 
materials which unconformably overlie th® crystalline b&se&ent rocks. These 
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TABLE ONE 

MINED STORAGE CAVERNS ARRANGED BY GEOMORPHIC PROVINCES 
N u m b e r o f 

State and County Depth Geologic Age Rock Type Met*? Successful? Caverns 
ATLANTIC COASTAL PLAIN 

New Jersey 
Union 320 Triassic Shale 3 

PIEDMONT REGION 
Yeo 

Pennsylvania 
Delaware 

New Jersey 
Glouester 

Maryland 
Baltimore 

Virginia 
Fairfax 

Georgia 
Lamar 

250 
360 

340 

350 

Precanbrian Crystalline 2 
Precambrian. Crystalline 3 

Precambr iati Crystalline 1 

Precambrian Crystalline 2 

340 Precambrian Crystalline 3 

EAST GULF COASTAL PLAIN 

Yes 
Yes 

Yes 

Yes 

400 Precambrian Crystalline 3 Yes 

Yes 

Alabama 
Marengo 330 

Pennsylvania 
Westmoreland 340 

Cretaceous Chalk 
ALLEGHENY PLATEAUS 
Appalachian Baain 

Pennsylvanian Shale 
Cincinnati Arch 

Yes 

0 Yes 

Ohio 

Greenup 380 
Kenton 380 

Hamilton 3 75 
Butler 390 
Allen 494 
Lucas 560 

Indiana 
Huntington 455 

Devonian 
Ordovician 

Ordovician 
Ordovician 
Ordovician 
Ordovician 

Shale 
Limestone 

Limes tone 
Shale 
Shale 
Shale 

0 
0 

0 
0 
0 
0 

Ordovician Shale 

Yes 
Yes 

Yes 
Yes 
Yes 
Yes 

Yes 

2 
1 

1 
9 
2 
1 

*Water Inflow Scale: 
0 • very dry, 1 - damp or a few drips, 2 • small water inflow, 
3 » large water inflow 
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State and County Depth 
Number of 

Geologic Age Rock Type Wet*? Successful? Caverns 

Indiana 
Lake 

Lake 

Illinois 

340 

600 

ICE PLAINS 

Knnkakee Arch 

Silurian Dolomite 3 No 
(Cavern failed pressure test) 
Silurian Shale 0 Yes 

Kankakee 206 Ordovician Shale 0 Yes 
( W a t e r b r o k e i n t o c a v e r n after 18 

Will 490 Ordoviclan Shale 0 Yes 
Will 490 Ordovician Dolomi te 0 Yes 
DuPage 207 Ordovician Shale 0 Yes 
Grundy 1050 Cambr ian Limestone 3 No Grundy 

(Abandoned during construction because ! of 
Grundy 1820 Cambrian Shale 0 Yes 

years operation) 
2 

water) 

3 
1 
1 

Illinois Paein 

Indiana 
Gibson 

Illinois 

448 Pennsylvania Shale Yes 

White 229 Pennaylvania Shale 0 Yes 
Douglas 365 Pennsylvania Limestone ]. Yes 
Peoria 295 Pennsylvania Shale 0 Yes 
Madison 450 Mississippian Limestone 0 Yes 
Madison 310 Mississippian Limestone 0 Yes 
Madison 350 Misoissipplan Limestone 0 Yes 

Kentucky 
Marshall 385 Mississippian Limestone 0 Yes 

Missouri 
St. Charles 383 Mississippian Limes tone 1 Yes 

Forest City Basin 

Iowa 
Johnson 469 Ordovician Shale 0 Yes 
Johnson 725 Ordovician Shale 0 Yes 
Polk 575 Mississippian Shale 0 Yes 
Polk 1385 Ordovician Shale 0 Yes 

Nemaha Rid^e 
Nebraska 

Douglas 295 Pennsylvania Shale 0 Yes 

1 
2 
1 
2 
1 

1 
1 
2 
1 

* W a t e r I n f l o w S c a l e : 
0 - very dry, 1 • damp or a few drips, 2 « small vacer inflow, 
3 - large water inflow 

9 



(AiiLL UNL <.CUWUMOc.u/ 

State and County Depth 

Nebraska (Continued) 
Douglas 29 3 

Number of 
Geologic Age Rock Type Wet*7 Successful? Caverns 

Nemaha Ridge 
(continued) 

Douglas 

Minnesota 
Polk 

Missouri 
Jasper 
Lawr&nce 

Oklahoma 

Wyoming 
Carbon 

Texas 
Stephens 

476 

Pennsylvania Shale 0 Yes 
(Structural failure during construction) 
Misslsslpplan Limestone 2 Yea 

Central Nebraska Basin 

N e b r a s k a 
Lancaster 325 

510 

Pennsylvania Shale 0 

CANADIAN SHIELD 

Precambrlan Crystalline 2 

OZARK MOUNTAINS 

Central Ozark Mountains 

Yea 

Yes 

327 
291 

Misslsslpplan Shale 
Misslsslpplan Shale 

Central Oklahoma Platform 

0 
1 

Yes 
Yes 

PARK MOUNTAINS 

Rawlins Uplift 

426 Cretaceous Shale 
(Failed pressure test) 

WATER PLAINS 

Bend Arch 

250 Pennsylvania Shale 

No 

1 

1 

1 
1 

Tulsa 380 Pennsylvania Shale 0 Yes 1 
Creek 404 Pennsylvania Shale 2 Yes J. 

(Abandoned after 10 years because of water) 
Kay 350 Permian Shale 1 Yes 1 
Seminole 308 Pennsylvania Shale 0 Yes 1 

Yes 

*Water Inflow Scale: 
0 - very dry, 1 » damp or a dew drips, 2 » small water inflow, 
3 «* large water inflow 
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Figure 2. Geomorphlc Provinces (after Thornbury, 11*) with mined 
LPG storage caverns 

l a r g e t h i c k n e s s e s o f u n c o n s o l i d a t e d o r p o o r l y c o n s o l i d a t e d m a t e r i a l s g e n e r a l l y 
do n o t p r o v i d e c a n d i d a t e zones o f s u f f i c i e n t s t r u c t u r a l s t r e n g t h or impermea-
b i l i t y . E x c e p t i o n s t o t h i s may 'be found i n t h e s o u t h e r n p o r t i o n o f t h e A t l a n t i c 
C o a s t a l P l a i n , i n i t s w i d e r p o r t i o n s . 

P iedmont Reg ion 

N i n e s t o r a g e c a v e r n s have b e e n c o n s t r u c t e d i n t h e Piedmont r e g i o n a t 
s i x s i t e s . These caverns a r e a l l i n P r e c a m b r i a n c r y s t a l l i n e r o c k s w h i c h have 
e x h i b i t e d some d e g r e e of j o i n t i n g and g r o s s p e r m e a b i l i t y . Two o f t h e cdverns 
w e r e o n l y s l i g h t l y w e t because o f t h e absence o f a w e l l d e v e l o p e d j o i n t s y s t e m . 
These c a v e r n s w e r e mined e s s e n t i a l l y i n an I n t r u s i v e body w i t h i n t h e metamor-
phosed c r y s t a l l i n e mass. 

* Numbers r e f e r t o r e f e r e n c e s a t end of vo lume. 
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M: 

Figure 3. Portions of Piedmont Region and Atlantic Plain 
with LPG cavern-locations 

I n i t i a l l y t h e c r y s t a l l i n e rocks o f t h e Piedmont r e g i o n seem to o f f e r good 
p o t e n t i a l f o r mined s t o r a g e c a v e r n s , b u t t h e s e v e r e d i s t o r t i o n and w e a t h e r i n g t o 
w h i c h t h e s e rocks have been s u b j e c t e d has produced m a j o r f r a c t u r e d and w e a t h e r e d 
zones wh ich e x t e n d t o depths be low t h a t of any c a v e r n s wh ich have been c o n s t r u c t e d . 
These j o i n t s may c l o s e a t d e p t h , bu t i t i s o n l y s p e c u l a t i o n what t h a t depth might 
b e . T h e r e f o r e , t h i s p r o v i n c e cannot be recommended as an a r e a f o r mined caverns 
e x c e p t as a l a s t r e s o r t . 

Figure 4. Portions of East Gulf Coastal Plain, Peldmont Region, and 
Atlantic Coastal Plain showing existing LPG cavern locations 
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East G u l f C o a s t a l P l a i n 

One c a v e r n has been c o n s t r u c t e d i n t h e e a s t e r n p o r t i o n of the G u l f 
C o a s t a l P l a i n i n t h e s t a t e o f Alabama. T h i s c a v e r n was mined i n t h e C r e t a c e o u s 
age Selma C h a l k wh ich i s found c r o p p i n g out a t t h e s u r f a c e and ex tends t o a dep th 
of 1 , 2 0 0 f e e t . The Selma Cha lk made a n e a r l y i d e a l h o s t zone f o r t h e c a v e r n c o n -
s t r u c t e d a t a dep th o f 330 f e e t . The c h a l k when b o l t e d had t h e compress ive 
s t r e n g t h f o r t h e m i n i n g r e q u i r e m e n t and I t s p e r m e a b i l i t y was z e r o . The c h a l k , o r 
p o s s i b l y s h a l e s e c t i o n s , d e v e l o p e d w i t h i n t h e Eas t G u l f C o a s t a l P l a i n a r e p r o b -
a b l y e x c e l l e n t zones f o r mined s t o r a g e f a c i l i t i e s . 

Figure 5. structural elements of the Ice Plains and Allegheny Plateaus 
showing existing LPG caverns 
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Allegheny Plateaus 

Appalachian Basin 

Two caverns have been constructed in western Pennsylvania within the 
Appalachian basin. 

The non-marine hemicyclothems, with their many coal beds, and sandstones, 
which are predominant in the Pennsylvania cyclothem deposition of this area, 
preclude finding many potential host zones of sufficient thickness for a mined 
storage cavern. Also some of the intense folding that has occurred in the 
Appalachian basin gives rise to suspicion of the presence of extensive jointing 
or fracturing within otherwise acceptable host rocks. We believe that it is 
necessary to be extremely selective in choosing potential sites for mined 
storage caverns within the Appalachian basin. 

Cincinnati Arch 
Seventeen storage caverns have been constructed on the crest and flanks 

of the Cincinnati arch. Here, particularly through the Ordovician and Devonian 
periods, thick sections of uniform shales and carbonates were deposited witu 
only minor interruptions in deposition, thus establishing an area contairinj] 
host zones of adequate strength and the absence of significant permeability. 

Another factor which has made this region ideally suited for mined 
storage caverns has been the continuity of formations over extended areas in 
the order of hundreds of square miles. 

Ice Plains 

Kankakee Arch 
Eleven storage caverns have been constructed on the crest or flanks of 

the Kankakee arch. Two of these caverns were failures because they were mined 
in a carbonate section which had been subjected to erosion and weathering after 
its deposition, and prior to the deposition of younger beds. One other cavern 
had a reduced life because it was constructed on the axis of the arch where 
there was an appreciable thinning of the section, and there was insufficient 
distance between the cavern roof and an overlying aquifer. This situation 
caused an eventual breakthrough of water into the cavern and the subsequent 
abandonment. This cavern was one of the first six constructed in the United 
States and probably the design or location would have been altered in the light 
of today's knowledge. 
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In general, the flanks of the Kankakee arch seem to present good candi-
date formations for mined storage caverns, particularly in formations of Ordo-
vician and Silurian age. 

"Hnois Basin 
Twelve caverns have been constructed in the Illinois basin with eight 

of these located on the south and west margins of the basin and the remaining 
four being central to the basin. The caverns have been primarily mined in 
Mississippian carbonates though some have been rained in Pennsylvanian shales. 
All but one of the caverns constructed in the Illinois basin have been dry and 
successful. 

In the Illinois basin the marine hemicyclothem, an insignificant part of 
the Pennsylvania cyclothem of the Appalachian basin, is usually equal to and 
often greater in thickness than the non-marine hemicyclothem. This additional 
section of marine shale and carbonates combined with a relatively stable tec-
tonic history throughout the basin during the Mississippian and Pennsylvanian 
periods have made the Illinois basin an excellent region for cavern construction. 

Forest City Basin 
Five storage caverns have been constructed in Iowa within the Forest 

City basin. Two of these were constructed in Missiasippian shale and the re-
maining three in Ordovician shale. The eastern margins of the Forest City basin 
where Mississippian and older rocks can be found at relatively shallow depths 
offer excellent potential for storage caverns. Particularly the Ordovician 
Maquoketa series offers a very good potential for storage caverns because the 
calcareous shale exhibits no measurable permeability and excellent strength. 

Nemaha Ridge 
Three caverns were constructed on the Nemaha ridge at its northern 

limits In Nebraska, Two of these caverns were constructed in Pennsylvanian 
shales with one of them suffering a structural failure during construction. 
The third cavern was constructed in Mississippian limestone which was wet 
because of post-Mississippian weathering. 

Where the northern region plunges to the aouth, it has experienced 
more flexure and has a thinner sedimentary section, which reduces its suita-
bility for cavern construction. 
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Figure 6. Structural elements of parts of the Ice Plains, Canadian Shield 
and Park Mountains with LPG cavern locations 

Central Nebraska Basin 

One cavern has been constructed on the eastern rim of the Central Neb-
raska basin in a Pennsylvanian shale. This cavern and its host rock have been 
nearly perfect. It would appear that the Pennsylvanian sediments in this basin 
are very nearly ideal for cavern construction. In the central depths of the 
basin, suitable host rocks might be at depths uneconomical for cavern construc-
tion, but this can be only speculation. 

Canadian Shield 
One cavern wa9 constructed in Precambrian Canadian Shield rocks in northern 

Minnesota. This cavern was extremely wet because of a highly developed jointing 
or fracturing system encounter.?.o in the host rock. It would seem doubtful that 
the Canadian Shield rocks offer a particularly good potential for mined storage 
caverns because of the high probability of the occurrence of deep Jointing and 
water flows. 
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KANSAS 

OKLAHOMA 
T K X A S 

Figure 7. Structural elements of the Ozark Mountains and Water Plain 
showing LPG cavern locations 

Ozark Mountain Province 

Six storage caverns have been constructed in the Ozark Mountain province, 
two near the center of the province and four on a secondary feature, the Central 
Oklahoma platform. 

The central portion of the Ozark mountains presents problems in finding 
suitable storage cavern sites because the sedimentary sequence is predominantly 
carbonates which have been subjected to severe distortion and weathering as a 
consequence of the uplift. Several feasibility investigations have been per-
formed in the carbonate sections of the uplift and without exception they have 
exhibited severe solution channeling with accompanying extremely high permea-
bilities and water flows. 

Central Oklahoma Platform 

Three storage caverns have been constructed in Pennsylvanian shales 
on the Central Oklahoma platform and one cavern was constructed in a Permian 
shale. All of these caverns were successful, but one was abandoned after 10 
years' operation because of water inflow and structural failure within the cavern. 
This geologic province offers potential for mined storage caverns primarily in 
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Pennsylvanian ahale sections, but considerable site evaluation is required to 
determine the continuity of the shale and to confirm that adequate shale thick-
ness exists to preclude the possibility of encountering water outside the limits 
of the storage caverns. The one cavern which failed after ten years of service 
first encountered water from a thin linticular sand section which was penetrated 
while drilling for a roof bolt. The subsequent water inflow led to serious con-
struction problems and the ultimate abandonment of the cavern. 

Because of the problems associated with developing adequate assurance 
of sufficiently thick shale sections, we would consider that the Central Okla-
homa platform is not a prime candidate for mined storage caverns. 

Park Mountains 

Rawlins Uplift 

One cavern was constructed in Cretaceous shale in the Rawlins uplift. 
Thia shale was strong but brittle and had been subjected to flexure to the 
failure point during uplift. The failure of the shale manifested itself in the 
development of a joint pattern which permitted very large water inflows into 
the cavern and the subsequent failure of the cavern to pass its acceptance air 
pressure test. 

Those parts of the Park Mountains which have been subjected to major 
tectonic events present poor prospects for mined storage caverns because of the 
development of extensive jointing or fracturing within the potential host rocks 
as a result of their uplift and deformation. 

Water Plains 

Bend Arch 

The Bend Arch section of the Water Plains is essentially a shale and 
carbonate sequence which offers good potential for cavern sites. Some of the 
members have jointing or fracture systems caused, apparently, by the uplift. 
The area is largely semi-arid with relatively low water tables in some parts. 
The low water tables and jointing require careful selection of sites insofar 
as LPG caverns are concerned. 
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INVESTIGATIVE PROCEDURES 

The investigative procedures for determining the feasibility of a site 
for a mined storage cavern have evolved from a very simple visual examination 
of the cores from a single core hole to the testing procedure outlined here. 
The investigative procedures still do not make use of all the available tech-
niques which we describe because they are not absolutely essential. 

To store LPG, as an example, an inflow of water is undesirable, but so 
long as the cavern can contain the product at its vapor pressure, the cavern is 
successful. Other materials which may be stored In caverns cannot tolerate 
water and more rigorous investigations are warranted. 

At the present timfe.-., caverns mined for petroleum products rely on: a 
review of the geologic and hydrologic literature, bore hole testing, and routine 
laboratory analysis of porosity, permeability, and compressive strength. 

REVIEW OF THE GEOLOGICAL LITERATURE 

In almost all parts of the world a large body of literature exists for 
specific areas describing the geological history with type sections of the 
subsurface rocks and extrapolated thicknesses of the type section. 

In most areas within the United States and other highly developed parts 
of the world, an extensive body of knowledge is existent and published relative 
to the ground water hydrology of a prospective site. 

A thorough review of the geologic and hydrologic literature of an area of 
Interest for a storage cavern can, in many cases, eliminate the area because of 
the violent tectonic history, unsuitable type section, or other factors which 
would strongly Indicate that lack of rock integrity for the construction of a 
storage cavern. 

In areas of past or present exploration activities for oil, gas, or other 
minerals, much information can be gleaned from the exploration records of the 
agencies or firms which have worked the area. Near surface detail is often 
lacking, particularly from oil and gas exploration activities, but much valuable 
information still can be obtained from these sources. 

REMOTE SENSING INVESTIGATION 

Remote sensing is a term applied to those techniques that permit the 
assaying of the environment from a distance; that is, without being on the 
ground. Most remote sensors are airborne and use the electro-magnetic spectrum. 
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Generally, che lower the frequency in the spectrum the better the penetration 
below the earth's surface. 

There are two methods of remote sensing: one is by active -sensing wherein 
controlled energy is imparted to the earth's surface and the returned energy is 
sensed, e.g. radio and radar waves. The second is passive sensing where no 
energy is introduced by the sensor, but the uncontrolled energy returned by 
the environment is sensed, e.g. photography. 

The basic tool in geologic axploration is black and white photography and 
all other methods may be judged in relation to possible improvement of information 
from it. The study and interpretation of aerial photographs 1b called photo-
geology and Includes presentation of information from photographs and appropriate 
forms such as mosaics> aerial geologic maps, and geologic cross sections. 

Procedures used in the photogeologic study of an area may be grouped into 
four general categories: 

1. Interpretation and annotation of geologic data on photographs, 
whether these data are interpreted entirely in the office by 
stereoscopic similation of photographs or observed and confirmed 
in the field. 

2, Quantitative determination of geologic data from photographs by use 
of appropriate photograinmetric measuring instruments. 

3„ Planimetric base map compilation from photographs. 
A. Transfer of geologic data from photographs to base maps. 
The discrimination of subsurface strata appropriate for creating under-

ground storage caverns may be aided by remote sensing. This lit especially 
true with respect to locating evidence of cracks in the earth's surface, which 
may have a deep seated origin, thereby creating hazards to containing fluids 
and underground storage caverns. The sensors which have the greatest penetra-
tions, such as radio and radar waves, cover large areas and are inapplicable 
to detailed discrimination of surface features. Smaller areas that require 
greater detail indicate the use of detailed photogeology using stereoscopic 
pairs on a scale no greater than 1/20,000. 

Photoggology, i.e. interpretation of black and white aerial photos, way 
be supplemented In certain areas by color photography, Infra-red photography, 
or special filter combination photography, if the first evaluation so indicates. 
This photogeology may be construed as being a tool to eliminate unsuitable areaai 
and point out optimum areas for coring. Where no surface evidence of fracturing, 
jointing, or solution channels have been indicated, a prime area has been iso-
lated for further testing by coring. 

Photogeologic detection of fracturing or jointing in the earth's? surface 
Is especially applicable in limestone terrain where brittle layered rocks respond 
to tectonic stresses by visibly parting along and across bedding planes. Sarficial 
soil cover over bedrock also may conform to thti subsurface buried features, 
showing Increased moisture along such planes with consequent increase in vege-
tation or darker color. 
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Recognition of geologic features on photographs has been established 
by several criteria as followo: 

1. Photographic tone - a measure of the relative amount of reflective 
light that is actually recorded on a photograph. Aside from 
recognition of different rock types and bedding by this criteria, 
faults may be discovered by a change In photographic tone on oppo-
site sides of a straight or gently curving line. 

2. Texture - composite appearance of a combination of features too 
Bmall to be clearly seen individually. Texture is dependent on 
the scale of the photographs. 

'i. Pattern - the orderly spatial arrangement of geologic or othei 
features such as stream patterns. Patterns of joints or faults 
are peculiar to a certain axea and may be recognized as such. 

4. Size - appropriately considered in geologic interpretation in 
relation to thickness of strata, amounts of offset along faults, 
etc. 

5, Shape - primarily a recognition element with respect to relief or 
topographic expression. For example: rectangular depressions 
are expressions of faults in many areas. 

6. Combination of recognition elements - the final interpretation is 
usually baBed on a combination of the preceding recognition elements. 
For example: faults are commonly expressed on photographs as straight 
lines and may be further identified by abrupt photographic tone 
changes on opposite fiides of the straight lines. 

In conclusion, remote sensing, primarily in the interpretive area of 
aerial photography, is a valid reconnaissance technique for selecting appro-
priate areas for core testing. An advantage of aorial photography is the fact 
that virtually all of the United States is photographed annually by the U.S. 
Department of Agriculture and these photographs are available to the general 
public at nominal cost. 

CORE DRILLING 

It seems appropriate at this point to make some comment on the drilling 
techniques which are used for cavern feasibility investigations. Normally 
the first hole will be cored from bedrock to a point 50-100 feet below the 
projected cavern depth. This coring usually is accomplished by small truck-
mounted core drills drilling NX hole (approximately 3 inches in diameter) 
which recovers a core 2-1/8 inches In diameter. This is the minimum core 
hole which yields cores of adequate size for complete laboratory analysis 
and is large enough for hydrologic testing. Ail argument can be advanced for 
larger diameter core holes to recover larger core, and permit some typee of 
testing within the core hole which would not otherwise be possible. The 
added expense of larger diameter core holes probably can be justified only 
in extremely critical investigative procedures. 
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When shales are to be cored, special attention should be given to the 
circulating fluid for the coring operation. Any clay roineralo present in the 
ahale are normally affected adveraely by contact with fresh water. As a mini-
mum precaution against undue hydration of clay minerals with its attendant 
ploughing In the core hole and deterioration of the core, the coring fluid should 
be saturated brine. Sodium chloride brine typically has proved satisfactory 
but other salts in some cases are superior. Examples are potaeuium and calcium 
chloride as the brining salt for the drilling fluid. 

Field practices during a coring operation should be directed toward pro-
tection and preservation of the cores for laboratory evaluation. As the core is 
recovered it should be cleaned of drilling fluid and, in the case of shales, the 
core should be cleaned with a clear brine such as that being used for the coring 
operation. A gross rock type description should be made of the core, paying 
particular attention to the location of contacts between beds, apparent porosity, 
and any fluids which are bleeding from the core. Coreo normally must be broken 
into lengths which are convenient for handling and storage. It is important 
that the orientation of the cores be maintained. Core sections should be pre-
served in polyethylene tubes which are marked for that purpose to protect them 
from deterioration in the atmosphere. The cores then should be placed in 
protective boxes for shipment to the laboratory. 

BORE HOLE TESTING TECHNIQUES 

Feasibility investigations for LPG storage caverns normally have relied 
exclusively upon packer tests for determining in situ permeability. The most 
common practice has been to test the hole with packers set approximately ten 
feet apart. An arbitrary scale of measurement has been employed to classify 
the formation. This arbitrary scale is: 

Good - 0 to 0.6 gph. 
Fair - 0.6 to 1.8 gph 
Poor - 1.8 to 3 gph 
Bad - 3.0 gph up 

The normal test pressure has been 75 psi imposed at the surface which 
then means the bottom hole test pressure is 75 psi plus any difference in hy-
draulic head between the bore hole and the point of measurement. 

In the majority of all caverns constructed, the cavern interval exhibited 
zero measurable water loss and all were rated good on the arbitrary scale 
above. In some cases water loss data obtained from bore hole testing were 
overridden, based upon the results of core examination which indicated imperme-
able formation, and some bore hole condition which might have Invalidated a 
negative test. This is especially the case when shale zones were cored with 
fresh water and hole washouts resulted from the hydration of clay minerals 
within the shale. Though it has never been demonstrated to have occurred, it is 
conceivable that Bones of slight permeability might have been effectively sealed 
by drilling mud cake build-up and yielded a good test which wao not valid be-
cause of the sealing effect of the mud cake. 
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The formation pressure te&t 1s the most all-iocluaive single teat to 
determine the suitaoillty of a z,one to baccrae the hoot stone for a mined storage 
cavern but the test is only of the bore hole wall and does not nccesaarlly 
sample the integrity of the formation at any appreciable depth beyond the wall 
of the bore hole. If a jointing or fracture system exists within the formation 
thia will be revealed only if a Joint or a fracture intersects the bore hole 
within a teat interval. Because of this one factor, it ia our belief that in 
situationa where water inflow in critical to the success of a cavern, that 
secondary detection techniques should be utilized If there is any suspicion 
of the existance of a well developed jointing or fracture aystea within a 
potential host formation, these secondary investigative techniques are those 
which sample a larger volume of rock than is possible with the formation 
pressure test. In particular we refer to the geophysical logs discussed 
within this report and, for areas where other data, are lacking, the applica-
tion of remote sensing techniques. 

To cite two examples where formation pressure testing in itself did not 
reveal adverse conditions within the formation, please refer to the Griffith, 
Indiana, and Rawlins, Wyoming, caverns. In the case of the Griffith cavern, it 
was constructed in a carbonate section where the geological history of the po-
tential host formation should have given indication ot the possible existence 
of secondary porosity development and the core holes with formation pressure 
tests revealed no existance of secondary porosity. In the case of the Rawlins, 
Wyoming,, cavern, a jointing system was revealed in the cores but the formation 
pressure tests were acceptable throughout the cavern interval as well as above 
and below the cavern interval. This cavern was in a brittle shale and the area 
might have been condemned based upon its geological history, but the formation 
pressure tests themselves were certainly within the acceptable range. 

It is appropriate to reiterate the necessity for maintaining the orien-
tation of the cores when placing them in core boxes because all too frequently 
sections of core have been placed in boxes upside down which, In critical 
zones, can create problems of some magnitude in the analysis of formations 
penetrated. The field log of the coras with notations of bed contacts at 
times has been virtually the only source of data from which cores could be 
oriented in their proper vertical sequence because of mishandling :'.n the 
field or laboratory. 

Geophysical Logs 

Geophysical logs have not been widely used in cavern feasibility investi-
gations. In clear cut cases the value of geophysical logs may be marginal. In 
cases which are not obvious, or where sptcisl conditions of service for the 
cavern exist, a judicious use of logging is well advised. Unfortunately, the 
need for logging is rarely obvious prior to the start of a program of investiga-
tion and sufficient time may not be available to secure the logo when their need 
in determined. 

Another unfortunate fact is that all too often the personnel responsible 
for an investigation have lacked the experience and training to evaluate the 
potential value of an appropriate suite of geophysical logs combined with the 
laboratory analysis of the cores obtained. 
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I n summary, t h e f o l l o w i n g d i o c u s s i o n e of t h e a p p l i c a t i o n o f Roophyt i i ca l 
l o g s a r c p r e s e n t e d t o encourage g r e a t e r a p p l i c a t i o n o f t h e t o o l o . 

G e o p h y s i c a l l o g s w h i c h a r o r u n i n c o r e ho le® f a l l < e n » « n t i « l l y i n t o two 
b r o a d c l a s s i f i c a t i o n s and thc/se a r e those l o g s w h i c h i n f e r t h e p r o p e r t i e s o f 
t h e s u r r o u n d i n g r o c k s by an i n d i r e c t , measurement o£ p h y s i c a l p r o p e r t i e s and 
t h o s e l o g s wh ich measure d i r e c t l y oome p h y s i c a l p r o p e r t y o f t h e r o c k s s u r r o u n d -
i n g t h e b o r e h o l e . The i n d i r e c t m e a s u r i n g l o g s a r e e l e c t r i c a l s u r v e y s and t h e 
d i r e c t maasujuament l o g s a r e r a d i o a c t i v e and a c c o u s t i c a l l o g s . To b e t t e r u n d e r -
s t a n d t h e f u n c t i o n o f t h e s e t h e y a r e d i s c u s s e d l u t h e f o l l o w i n g s e c t i o n s . 

E l e c t r i c a l Logs 

The v a r i o u s t y p e s o f e l e c t r i c a l l o g s o r e l e c t r i c surveys r u n I n b o r e 
h o l e s measure t h e geomet ry and c o n d u c t i v i t y o f c o n d u c t i v e m a t e r i a l s con -
t a i n e d w i t h i n the b o r e h o l e and i t s s u r r o u n d i n g r o c k s . I n t h e n o r m a l sequence 
o f r o c k s , c o n d u c t i v e m i n e r a l s would n o t be e n c o u n t e r e d and t h e r e f o r e t h e e l e c -
t r i c a l s u r v e y s measure t h e c o n d u c t i v i t y and geomet ry o f e l e c t r o l l t l c s o l u t i o n s 
i n t h e b o r e h o l e and s u r r o u n d i n g r o c k . The n o r m a l e l e c t r o l i t e v h i c h I s maasurod 
c o n s i s t s o f t h e b r i n e s i n d i g e n o u s t o t h e f o r m a t i o n s p e n e t r a t e d . 

SP Log 

The SP l o g , w h i c h i s more c o r r e c t l y t i t l e d spontaneous p o t e n t i a l o r 
s e l f - p o t e n t i a l l o g , i s u s u a l l y o b t a i n e d s i m u l t a n e o u s l y w i t h one o r more r e -
s i s t i v i t y l o g s and t h i s l o g measures t h e p o t e n t i a l d i f f e r e n c e be tween t h e 
b o r e h o l e e l e c t r o l y t e and f o r m a t i o n e l e c t r o l y t e . A m a j o r c o n t r i b u t i o n to t h e 
SP i s t h e s t r e a m i n g p o t e n t i a l c r e a t e d b y t h e i o n exchange be tween t h e d i s s i m i -
l a r e l e c t r o l y t e s . Because o f t h i s f a c t o r , t h e g r e a t e s t p o t e n t i a l d i f f e r e n c e 
I s measured o p p o s i t e beds w h i c h a r e permeable because o f t h e i n c r e a s e d r a t e 
o f exchange between t h e b o r e h o l e and t h e s e b e d s . I n t h e r e g u l a r c o u r s e o f 
e v e n t s t h e b r i n e s i n d i g e n o u s to Impermeable beds w i l l have a much h i g h e r c o n -
c e n t r a t i o n o f i o n i z e d s a l t s t h a n t h e b o r e h o l e f l u i d ; t h u s t h e s e w i l l be a 
r e a d i l y d i s c e r n a b l e d i s p l a c e m e n t o f t h e SP c u r v e t o t h e l e f t , i n d i c a t i n g 
n e g a t i v e p o t e n t i a l . 

When t h e c o n t r a s t i n i o n c o n c e n t r a t i o n i s l o w , such as i l l t h e case o f 
f r e s h w a t e r b e a r i n g z o n e s , o r b r i n e y zones w h i c h a r e d r i l l e d w i t h a h i g h l y 
s a l i n e d r i l l i n g mud, t h e SP w i l l be l e s s w e l l - d e v e l o p e d o r c o m p l e t e l y a b s e n t . 
W i t h f r e s h w a t e r muds and f r e s h w a t e r b e a r i n g z o n e s t t h e SP may e v e n e x h i b i t 
a r e v e r s a l or a p o s i t i v e d i s p l a c e m e n t r a t h e r t h a n t h e customary n e g a t i v e 
d i s p l a c e m e n t . 

The v a l u e o f t h e SP has been d e t e r m i n e d e m p i r i c a l l y t o b e : 
SP - ( 6 0 + 0 . 1 3 3 T ) Log <R / « ) 

Where: ® f 

SP - S e l f - p o t e n t i a l 
T - T e m p e r a t u r e of f o r m a t i o n 
Bjaf® R e s i s t i v i t y o f mud f i l t r a t e ohmaeter 
Rw " R e s i s t i v i t y o f f o r m a t i o n w a t e r o b a a e t e r s 
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The SP curve, then, does give a means of computing the resistivity of 
formation waters and from that determining the equivalent chloride concentra-
tion. 

Resistivity Logs 

There are a number of resistivity logs which have been developed through 
the yearB and these all are used to measure the resistivity of the formations. 
In the normal case only the water in a formation will conduct electrical 
current. Rock matrix, oil, or gas will carry virtually no current. Thus 
the more salt water contained in a formation the lower the measured resis-
tivity. Knowing the specific resistivity of the water in a formation, the 
amount of water per unit volume of formation can be closely estimated from 
a measure of formation resistivity. In a zone containing 100 percent water, 
this Is the porosity. 

The equations relating porosity to resistivity measurements were ori-
ginally developed by Archie (1.) and are; 

<t = (l/F)1^ 

« = (Rxo/Rmf)1^ 
F = R ^ ) 1 / 2 

Where: 

<j) = Porosity 

F = Formation factor 

Rxo=Res:lstivity of zone flushed by mud filtrate ohm-m 
Rmf=Resistivity of mud filtrate ohm-m 
Ro Resistivity of formation 1,00% saturated with water ohm-
Rw= Resistivity of formation water 
S = Saturation of non-conductive fluid 
Rt= True formation resistivity ohm-m 
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Figure 8. Electric logging nomenclature 

Several different approaches have been taken and combinations of curves 
used to measure Rt since the recorded resistivity Ra is influenced by the 
factors illustrated in Figure Q. The various types of resistivity measuring 
logs and their approach toward the determination of Rt are described in the 
following sections. 

Electric Logging 

The standard electric log consists of an SP curve in three or more 
resistivity curves. The resistivity curves are obtained from various elec-
trode spacings which measure the weighted resistivity of increasingly large 
volumes with the increase in spacing. The shorter spaced electrodes sampling 
a smaller volume are useful in measuring the resistivity of the invaded zone 
adjacent to the well bore. They also assist in determining lithology and as 
an aid in correlation between hales. The longer spaced electrodes measure 
proportionately larger volumes of formation. Consequently they tend to measure 
the uncontaminated formation bthind the invaded zone. For the same reason 
these curves do not respond too well to thin beds. 
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The electric log is most useful in areaB where sands and shales pre-
dominate and in porous limestones. For the best results the ratio Rof/R^ 
should be greater than 5. 

Induction-Electric Logging 

The induction-electric log records an SP curve; a short spaced resis-
tivity curve; and a 40 inch induction curve recorded as both resistivity and 
conductivity. The S? and short curves are used as on the standard electric 
log and the induction curves replace the intermediate and long-spaced electric 
log curves for true resistivity determinations. 

The principle of the operation of the induction system is that a flow of 
electrical energy is induced by the imposition of a magnetic field by inductive 
coils within the logging tool. The induction coils are so situated within the 
tool that they tend to focus the current flow and thus measure the resistivity 
of a relatively thin pancake of formation at considerable depth from the bore 
hole. In many cases the resistivity recorded on the induction log can be inter-
preted as the true resistivity of the formation. Tht*. induction log functions 
best when the contrast between mud filtrate resistivity and formation water 
resistivity is greater than 5. The greater this ratio the more effective the 
induction log becomes. This log is the only one which can be employed sucess-
fully in high resistivity muds such as oil base muds. 

Guarded Electrode Logging 

The guarded electrode log records either an SP or Gamma Ray curve and 
one focused resistivity curve. For the most part this log measures the resis-
tivity of the formation encompassed by the thin sheet of current originating 
from a three inch measuring electrode between two five foot guards. Current 
flow from the guards serves to keep the measuring current sheet thin. The 
resulting resistivity curve is virtually unaffected by the adjacent formations 
when the measured zone is thicker than twice the hole diameter. 

When the drilling mud 1B salty Bmf/Rw less than 10 the guarded electrode 
log readings approach a direct reading of Rt for any practical bed thickness. 
This log is useful in all types formation when the mud is salty. In fact, 
as the electric log becomes useless due to salty mud, the guarded electrode 
log becomes more useful. In mud formation resistivity combinations of high 
contrast, the logs' utility decreases because it reads mostly the invaded 
zone resistivity. 

Higher Level Radio Activity Logging 

Radio activity well logs are run to determine formation characteristics 
and for depth correlation with other surveys. The Gamma Ray log ia a measure-
ment of the natural radiation from the formations and is a lithology log of the 
formations traversed in the bore hole. The neutron curve is a measurement of 
induced radiation from the formations and gives an indication of porosity of 
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the formations. Simultaneous radio activity well logs may be run in any type 
fluid, dry holes, and open or cased holes. When run in casing, a casing collar 
log is recorded for positive depth correlation to accurately locate zones for 
perforation or to reconcile depth measurements between two or more logs. 

Gamma Ray Log 
The Gamma Ray log is a measurement of the natural radiation from a 

formation. The source of Gamma Ray emission from the formation is radio-
active potassium, uranium, or thorium, deposited in the formation in varying 
amounts. Generally, dolomites, sandstones, limestones, anhydrites, and salts 
exhibit low radiation levels. Shales, clays, marine shales and rocks of ig-
neous origin have u considerably higher radiation level. Thus, the Gamma Ray 
log, is in effect, a lithology log. 

The Gamma Ray log normally will correlate with a SP log from an electri-
c/3 1 survey. The Gamma Ray log is a ldthology log only in a gross senBe because 
it usually is not possible to differentiate sharply between rocks of various 
characteristics. An example is that the Gamma Ray log of a clean, shale free 
sandstone and a limestone will appear almost identical. The log is valuable 
for delineating contacts of various beds when the exact lithology of the beds 
is determined from another source. 

Neutron Log 
The Neutron log is a measure of the induced radiation from the formation 

produced by bombardment of the formation with fast neutrons. The neutrons 
are slowed down and captured by the atoms of the formation producing secondary 
Gamma Ray emissions from the formation and that is recorded. Two types of 
detectors are utilized: one detects secondary Gamma Rays and the second type 
detects thermal or slow neutrons that are liberated by the bombardment of the 
formation with fast neutrons. Generally, hard, dense limestones, dolomites, 
sandstones, and anhydrites exhibit high radiation levelB on the Neutron log. 
Shales, clays, and arine shales exhibit low radiation levels. Formations 
containing fluids exhibit medium to low radiation levels on the Neutron log. 
The Neutron log may be used to determine the porosity of various formations. 

Because the hydrogen atom has approximately the same mass as a neutron, 
the hydrogen atom is prone to capture neutrons and suppress the secondary 
Gamma emission or emissions of thermal neutrons from the formation. The 
Neutron log then is essentially a measurement of the concentration of the hydro-
gen atom within the formation. For porosity determinations the usual sources of 
hydrogen atoms are contained in fluids within the formation and thus the damp-
ening of secondary radiation by the hydrogen atoms serves as an indication of 
the porosity of the formation. It is an assumption used in evaluating Neutron 
logs that all hydrogen atoms within the formation are contained within the 
interstitial fluids and thus the log is directly related to the porosity of the 
formation. Complications in porosity determinations arise when water of crys-
talization is a part of the mineral structure of the formation as in the case 
of clay minerals contained within water called dirty sandstones. This gives 

28 



an apparent porosity which is false by virtue of the fact that all of the 
hydrogen atoms contained within the formation are not interstitial fluids 
but in part are locked within the mineral structure of the formation Itself. 

Formation Density Log 
In the Density log the formation is bombarded from a source of Gamma 

Rays where they are scattered and deflected by collisions with electrons in 
the formation. Some of the scattered Gamma Raya are deflected toward the 
detector contained within the logging tool. The number of Gamma Rays which 
reach the detector is proportional to the number of electrons encountered in 
the formation ani the number of electrons in the formation is proportional to 
the bulk density of the formation. The Density log therefore consists of the 
sum of the electrical pulses generated by the detector when a Gamma Ray passes 
through it. 

The density of the formation as determined by the density log is a com-
bined density of the formation and its contained fluids. From a knowledge of 
the mineral density and thd lithology of a formation, the density as recorded 
by the log can then be used to determine the porosity of the formation. 

The Density log can also be utilized under ideal circumstances as a 
lithology tool relating the density measurement to the bulk density of various 
rock types. 

Accoustlcal Logs 

All Accoustical logs utilize a high frequency sound pulse generator and 
two receivers within the logging tool. The logs record the velocity and/or 
amplitude of the accoustical signal passing by the first and second receivers 
within the logging tool. The recording of both velocity and amplitude of the 
received signal can be used to evaluate the formation. 

Accoustical Velocity Logging 
The Accoustical Velocity log is for determining the velocity of sound 

through the various formations penetrated by the bore hole. Measurement of 
this velocity is not only useful to the geophysicist for interpretation of 
seismic records, but more importantly can be used to determine the porosity 
of the formations. 

The time required for the sonic signal to traverse the formation from 
the first receiver to the second receiver is referred to as the transit time 
and is recorded in micro seconds per foot of travel. This, in time, can be 
related to the porosity of the formation. 

Transit times can be accumulated to record a total time required for a 
signal from the point of generation to reach the surface of the ground. This 
total transit time then is useful to the geophysicists in the interpretation 
of seismic records. 
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Accoustical Amplitude Log 

The accoustical amplitude log directly measures the amplitude of the 
formation accoustical Bignal at a receiver a fixed distance from the trans-
mitter. This log records the reduction in signal energy at any interface such 
as is present when the interval contains fractures. The reduction of the sig-
nal's amplitude is caused by a certain amount of energy being reflected at the 
interfaces, resulting in a lesser amount reaching the receiver than if the 
fractures were not present. 

Full Wave Train Presentation Accoustical Logging 
The full wave train accoustical presentation records all accoustic 

signal arrivals as light or dark bars representing each half cycle of the full 
signal. The intensity of each bar is proportionate to the amplitude of the 
signal received. The position of the bars on the log shows the time of arrival 
of the signal. 

Since the full wave train Is presented on the log, the arrival of both 
the compression and shear waves can be determined to use in the establishment 
of the elastic properties of the formations traversed. The properties which 
can be calculated are: corrected compression wave and shear wave velocities; 
Poisson's ratio; the modulus of elasticity; bulk modulus; shear modulus; 
density; and porosity. 

The great advantage of this logging analysis is that the elastic proper-
ties of the formations traversed are determined in situ and they can be invaluable 
in the design of stable structures within rock when they are used in conjunction 
with laboratory determinations of the strength of the formation. 

Hydrologic Testing 

During the evolution of investigative procedures for determining the 
suitability of a site for a mined storage cavern, great reliance has been placed 
upon the hydrologic testing of the core holes made for the. site investigation. 
The testing procedures developed for these core holes reveal the permeability 
of the formations penetrated and the piezometric surface of the aquifers pene-
trated. Another application of the equipment used for the hydrologic testing 
which has not been performed but may hold considerable promise is in deter-
mining the minimum in situ stress existant within the rocks penetrated by the 
core holes. 

Testing procedures are relatively sî r>le and of immeasurable value in 
the Investigation of a site for a storage i -irn. 

Injection Tasting 
The technique of injection testing requires that a section of the bore 

hole be isolated between two sealing devices or, in the phraseology of the 
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industry, straddle packers. Injection into the formation isolated between 
the packers Is attempted by imposing a pressure on the pipe from the straddle 
packers to the surface. The testing procedure is to run the straddle packer 
assembly to the bottom of the core hole and set the packers, fill the pipe with 
water and impose a pressure on the pipe at the surface. The normal practice within 
the United Stat.es is to impose a pressure of 75 psi on the pipe at the surface 
and then measure any water loss to the formation either by direct measurement 
from a holding vessel or by a rate measure with a metering device such as a 
rotometer. The normal spacing between packers varies from about 10 to about 

After the lowermost portion of the hole has been tested, pressure im-
posed upon the pipe is released, the packers are released and moved upward in 
the bole a distance equal to the spacing between packers. Successive tests In 
this fashion are performed until the cavern interval and a reasonable amount of 
formation above the cavern interval has been tested. 

Zones of water loss can be identified quite accurately by moving the packer 
setting points up or down some incremental distance less than the spacing between 
packers. Thus, a thin section which is taking water can be identified with a few 
additional packer settings. Figure 9 illustrates the packer assembly and surface 
testing equipment while Figure 10 illustrates how successive packer settings can 
isolate and identify a thin zone of permeability. 

30 feet 

Figure S. Hydrologic test assembly 
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Piezometric Surface Identification 

When formations of permeability have been identified as described in 
the preceding section, the piezometric surface for that formation can be deter-
mined in either of two ways. 

With the packers set in the hole isolating the zone of permeability, 
water can be injected into the formation and then water injection halted. As 
the water level in the pipe from the surface to the packers falls, this fall 
in the water level can be monitored by an electrical probe until the falling 
water level reaches the piezometric surface of the formation. 

The second possible test for measuring the piezometric surface is to 
swab the pipe to the packers and lower the water level within the pipe. The 
rising water level in the pipe can be monitored by the electrical water probe 
until it reaches the piezometric surface at which point the rise will stop. 

All formations encountered by the bora hole will not necessarily have 
the same piezometric surface and it is appropriate to measure the piezometric 
surface in each aquifer penetrated by the bore hole. 

Figure 10. Packer test procedure to isolate a permeable zone 
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Figure n . Build up and drawn down curves 

The rate of rise or fall of the water level in the pipe for a test of 
an aquifer is a measurement of the permeability of that formation as is the 
testing procedure outlined in the preceding section. Figure nillustrates 
the procedure and the jxpected form that the water level rise or fall would 
take with time. 

In Situ Stress Measurement 

This procedure has not been utilized in site investigations for storage 
caverns but it is our belief that the technique holds promise, especially when 
the design perimeters for a cavern require that the cavern remain stable for 
hundreds or thousands of years. 

Hydraulic fracturing of formations as a method of stimulating the pro-
duction of oil and/or gas has been a common practice in the petroleum industry 
for over 25 years. The pressures required to initiate and sustain a fracture 
within a formation are measures of the in situ stresses existant within the 
formation fractured. A number of investigators (3,4.) have developed mathe-
matical models of the fracturing process as related to the stress field existant 
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about the well bore at the time of fracturing. Of these investigators,, 
Kehle (4.) probably has developed the most realistic model. 

Kehle's model is that of a fracture initiated between atrctiAta psckerB 
in an open hole. The model is predicated upon the principle of Ls«»t work 
which states that a fracture will be initiated perpeiviicular to thti direction 
of minimum compressive stress existant at the time of fracturing. After a 
fracture has been propagated some three to five bore hole diameters» th?. effect, 
of the bore hole becomes negligible and when the injection is halted there will 
be an Immediate drop in pressure to one which is just sufficient to hold che 
fracture open against the compressive stress normal to the fracture. Thus the 
instantaneous shut-in pressure represents the in situ stress existant in the 
region of the test hole. 

In an opening which must remain stable for hundreds, or perhaps tvftn 
thousands of years, the determifiation of In situ stress is a representation 
of the strain energy stored within the rock system. The greater the stored 
energy, the greater the likelihood of sudden releases of the in situ strain 
energy through fault zone movements or the generation of new faults in the 
region. 

In tectonically quiet areas where the in situ stress is equal to at 
less than the expected lithostatic streas, it can be projected that the area 
will remain stable for extended periods of time, while areas exhibiting high 
In situ stresses may be subjected tc tectonic movement with potentially damaging 
results to any structure creased within the rock. Of course there is no method 
of predicting when, if ever, the strain energy stored within a r-e.gi.ort will be 
released but regions of high in situ stress or strain energy storage would be 
considered suspect insofar as a long term stable cavern is concerned. 

LABORATORY TEST OF CORES 

The objective of laboratory tests performed on cores is to determine 
additional rock properties In a more specific manner than field testing can 
accomplish. The normal routine analysis which are performed are determina-
tions of: the formation porosity; perneability; bulk density; and unrestrained 
compressive strength. Additional test/3 which might prove of value can include: 
trlaxial compressive strength; capillary pressure x-ray detraction aftalyeie for 
mineral identification; differential thermal analysis; and thermal weight loss 
analysis. 

When the material to be stored within the cavern offers a potential to 
react with or in some way affect the confining rock, the preceding analysis 
can be performed both before and after exposure of the rocks to the material 
to be stored. To give two examples which might adversely affect, the confining 
rock: anhydrous ammonia, which has been stored in caverns, because of its 
affinity for water, was at one time thought to adversely affect clay Minerals 
within a potential cavern rock. The storage of nuclear materials :Lti Diined 
caverns might adversely affect the host rock by virtue of temperature eleva-
tion or irradiation of the rock due to the nuclear decay of the stored 
material. 
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The following sections describe the techniques utilized in measuring 
rock, properties in the laboratory and tho utility of each measurement. 

Porosity 

Porosity is that portion of a gross rock which is unoccupied by solid 
minerals. The porosity of a rock will always be occupied by a fluid of some 
description. Rocks above the local water table will have their porosity 
filled with air and rocks below the local water table will have their porosity 
filled with water or some other fluid. There are two types of porosity. 
First is intergranular porosity, the void space between discrete grains of the 
rock. Secondary porosity is that which has been developed subsequent to the 
deposition of the rock. Secondary porosity may take the form, of vugs or solu-
tion channels in carbonate rocks or joints and fractures in any type of rock. 
Normal laboratory porosity measurements determine only the primary or inter-
granular porosity. No really good technique other than geophysical logs exists 
for the measurement of secondary poroaitiy. 

Porosity measure-units -ire normally performed on small specimens cut 
from larger core and aftwr extracting the specimen by heating to drive off 
the interstitial wator or, in the cane of oil or gas bearing rocks, extract-
ing the hydrocarbons with a volatile solvent, a fluid is injected into the 
pore space of the rock. 

Routine porosity determination typically will involve the injection of 
mercury into the pore space. This is satisfactory for inexpensive routine 
analysis. However, the non-wetting characteristic of the mercury makes It 
difficult to completely fill the pore, space and thus the porosity determina-
tion is usually less than the actual porosity of the sample. A more exact 
technique but slightly more time consuming and thus expensive, is the Boyle's 
law method of porosity determination. In this technique, an extracted sample 
is subjected to an elevated pressure with a gas. The change of gas volume 
is measured with the increase in pressure and this, then, is representative 
of Che total gas volume of the pore space within the sample and the containing 
vessel. The actual pore space is computed from the known volume of the con-
taining vessel and the bulk volume of the rock sample. 

Permeability 

Permeability is that property of a rock which permits fluid to pass 
through the rock. Permeability can be thought of as the reciprocal cf the 
friction restrictions to fluids passing through a rock. Permeability is a 
property of the rock itself and is not dependant upon the fluids flowing through 
the rock, in the absence of a chemical reaction between the flowing fluid and 
the rock itself. 

Routine permeability measurements are usually made by flowing air or an 
inert gas through a sample of rock of known and regular dimensions. The usual 
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procedure is to cut what ie called a perm plug from a larger core and dv 
the faces of the plug to a smooth surface normal to the axis of the plug, 
plug Is then placed In a holder which seals the perimeter and force gas 
through the plug while measuring the rate and pressure. 

Even though the permeability is a unique property of the rock, when per-
meability is being measured with a gas the indicated permeability will vary 
with the pressure utilised to force the gas through the specimen. The permea-
bility constant is predicated on vlscus flow through the sample and elevated 
pressures create turbulent flow within the sample and thus distort the permea-
bility constant. To correct for this effect, a plot of the indicated permea-
bility constant can be made against the reciprocal of the median pressure with-
in the sample. Extrapolation of this plot to infinite pressure or the value 0 
of the reciprocal of pressure then will give a permeability constant which can 
be duplicated by flowing liquids through the sample which are non-reactive with 
the sample. 

To eliminate the problem of turbulent flow of the gas, permeability 
measurements are sometimes made using water as the flowing medium. In this 
particular case, especially when clay minerals are present in the sample, care 
must be exercised in the kind of water vised, to prevent the reaction of water 
and the clay mineral content of the specimen. Ideally the flowing fluid would 
be the indigenous brine present in the formation being tested. Liquids other 
than water can be utilized for the permeability measurement and the most common 
of these are hydrocarbons of some sort. These are not used in routine measure-
ments because of the. costs of the liquids and the potential fire hazard when 
relatively volatile and flammable liquids are employed. 

Bulk Density 

The determination of the bulk density of the rocks penetrated during 
coring has its primary utilization in the determination of loading on cavern 
ribs and pillars and as an indication of the weight of material which roust be 
removed during the mining of the cavern. The use of bulk density in design 
is vital and the density information has significant bearing on the estimation 
of haulage costs during mining operations. 

Unrestrained Compressive Strength 

The unrestrained compressive strength of core samples is a design para-
meter for designing a stable mined opening or the cavern. The unrestrained 
compressive strength is a simple measurement requiring only that a core speci-
men be loaded compressively to destruction in a press. The preparation of 
samples for compressive tests can have a great influence on the measured com-
pressive strength. It is imperative that the ends of the test specimen be 
smooth and parallel. The ends must also be normal to the axis of the test 
specimen. Eccentric loading on the test specimen can result in unreallstlcally 
low compressive strength measurements. 
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The compressive strength of rock Increases with the rate of loading. 
For high rates of loading, as for example, that produced by stress waves from 
blasting, this increase in strength may be appreciable. Also, for very long 
loading periods, a substantially reduced strength may be obtained. However, 
for rates of loading of 100, 200, and 400 psi/stec the difference in the meas-
ured compressive strength of rock has been found to be negligible (6.) 

It has been reported that for cylindrical specimens the effect of speci-
men size is lesa than the normal intra-group variation, provided that the 
length-to-diameter ration L h a s a significant affect on the crushing strength 
which can be correlated by the following: 

0.778 + 0.222 ® 

Where: 

CD « Compressive strength of a specimen having 
a 1:1 length-to-diameter ratio 

C = Measured compressive strength of a specimen 
having a length—to—length 'diameter ratio 
2>(L/D) >1/3 

L a Specimen length 

D =• Specimen diameter 

The preceding equation to compensate for L/D ratios is the one developed 
In ASTM Standards volume II (12.) 

Triaxial Compressive and Shear Strength 

The triaxial compressive shear strength of rock Is of special import-
ance in calculating the bearing capacity of foundation rock for surface struc-
tures and, in a less definite manner, in determining the strength of mine 
pillars in other parts of underground structures. The triaxial test Is effected 
by applying a constant hydraulic pressure to the curved surfsee of a cylindrical 
specimen and at the same time applying to the ends of the specimen a compressive 
axial load which is Incrementally or continuously increased until the specimen 
fails. The specimen is usually jacketed with a sleeve to prevent penetration 
of the hydraulic fluid into the pore space in the specimen. Otherwise the pore 
pressure must be taken into account in the computation of the triaxial compres-
sive strength. 
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The principle stresses in the specimen at failure are: 

a^ = and, B^ m a^ « -P 

Where: 
F » Axial load at failure 
A •» End area of the specimen 
P » Applied Pressure 
a = Stress 

The angla of the fracture plane, with respect to the axis of the specimen 
or its complement, is also measured. 

The triaxial compressive strength of the specimen is not a single value 
but a pair of values. To determine the triaxial compressive strength of a 
given material it is customary to teat a group of about six specimens, each 
at a different value of the radial pressure. The resulting stress values are 
used to establish a functional relationship f(cr). The value of the function 
then specifies the triaxlal compressive strength of the material. 

The data from this group of specimens can also be used to determine the 
triaxial shear strength of the material. To do this a Mohr's circle for each 
pair of stress values is constructed and the envelope curve represents the 
sheer stress as a function of the tangential stress in the specimen. The 
intercept of the envelope with the shear axis is the triaxial shear strength 
of the material. 

Obert (6.) has developed a simple method for measuring triaxial strengths 
in the ranges normally encountered with rock specimens. 

Capillary Pressure Measurement 

Prior to being disturbed by drilling, mining, or withdrawal of contained 
fluids, a rock formation will be in hydrodynamic equilibrium insofar as the rock 
and its contained fluids are concerned. In terms of geologic time, fluids may 
be in movement through the rock even though we are unable to measure the perme-
ability or detect the movement. Even though this be the case, the fluids will 
be in equilibrium with the rock. With drilling, mining, or removing fluids 
from the formation, this equilibrium is upset. In particular, when a cavity Is 
mined in a bed this cavity then becomes a pressure sink, creating a pressure 
difference across the fluid system contained within the rock body which tries to 
initiate flow into the cavity. Conditions of no flow Into the mined cavity 
are not caused by the absence of water within the rock but rather by the fact 
that the capillary retention forces are aqual to the pressure difference created 
by the pressure sink, within the cavity. 
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WATER S A T U R A T I O N S, 

Figure 12. Capillary pressure curves 

Where the rock water system is in contact with the fluidB filling the 
cavern a phase discontinuity exists between the two fluids and the pore struc-
ture of the rock. There is a pressure difference across this phase boundary 
which is known as the capillary pressure. The magnitude of this pressure diff-
erence expresses the magnitude of the capillary forces retaining the water In 
the pore structure of the rock. 

The means of measuring the capillary retention forces or capillary 
pressure is either to saturate or desaturate a sample of the rock with a fluid 
which wets preferentially the rock constituent minerals. In a desaturation 
capillary pressure curve determination, the specimen is saturated with a wet-
ting fluid and then this fluid is displaced by a non-wetting fluid, usually 
air. In the saturating capillary pressure curve the specimen is either evacu-
ated and air saturated or evacuated and saturated with a non-wetting fluid. A 
wetting fluid is then forced into the specimen incrementally with a determination 
of the pressure required for saturation as a function of the wetting phase. 
Figurel2 illustrates the saturating and desaturatlng curves for a typical speci-
men. Normally there is a hysteresis effect between the saturating and desatura-
ting capillary pressure curves which is usually attributed to the difficulty 
associated with resaturating dead-end interstices once they have bean evacuated. 
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Techniques for determining capillary pressure curves include: the use of 
a high speed centrifuge to desaturate a specimen and determine its capillary 
pressure curve; the injection of mercury into a desaturated specimen; and the 
displacement of either air or water from the core by direct application of 
pressure with the displacing fluid. 

Of the techniques described, mercury injection capillary pressures are 
the most rapidly obtained but they must be corrected for the contact angle be-
tween mercury and the minerals within the specimen because mercury is normally 
a non-wetting fluid. If it Is displacing air, which is also normally non-wetting, 
then the capillary pressure curve is not true until a correction is applied for 
the contact angle between the air, mercury and mineral. The second most readily 
obtained capillary pressure curve Is through the utilization of a high speed 
centrifuge where a direct measurement of desaturating capillary pressure is 
possible in a relatively few hours. The slowest method of determining capillary 
pressure is the displacement of one fluid by another through direct pressure 
application. In the case of water and air as the two fluids, appreciable time 
must be allowed for the establishment of equilibrium for each saturation point 
and a complete capillary pressure curve may require 2 to 3 weeks time with, in 
some cases, more than a day required for the system to reach a single equilib-
rium point. 

Capillary pressure curve measurements normally are not employed in cavern 
investigations. Since they are the best description of the poor geometry of 
a rock presently available for caverns which require virtually no water inflow 
over periods of centuries, it would seem that the application of capillary 
pressure data is indicated for the determination of the likelihood of the entry 
of water into the cavern space. It appears that only the application of this 
type of data can describe realistically the situation of water crossing the 
phase discontinuity over very extended periods of time. 

X-Ray Diffraction 

X-ray diffraction analysis is a valuable tool for analyzing the mineral 
constituents of rock specimens and can be utilized to Indicate potential minerel-
ogical changes which might occur through exposure of the cavern host rock to the 
conditions of storage which are anticipated. For this approach to be of value, 
samples would need to be analyzed as recovered from coring and then comparable 
specimens analyzed after exposure to the conditions of storage, i.e. immersion 
in the product to be stored or in the case of nuclear storage, irradiation. 
X-ray analysis is excellent for identifying minerals but the analysis leaves 
something to be desired insofar as making a quantitative determination of the 
mineral content. 

Differential Thermal Analysis 

Differencial thermal analysis, more commonly termed DTA, measures the 
gain or loss of heat content as the temperature of a specimen is elevated. 
This is an identification tool because each mineral has a distinct temperature 
at which it decomposes. In the case of decomposition of calclte to carbon 
dioxide and calcium oxide, it is endothermic or requires the Input of heat to 
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complete the decomposition. In the case of the decomposition of organic 
materials they are normally endothermlc or evolve heat as a result of their 
decomposition. The heat required to complete a reaction or the heat evolved 
during a reaction is a measure of the quantity of that particular decomposing 
mineral. When differential thermal analysis is combine with x-ray analysis 
a confirming analysis of the minerals present is possible in the quantity of 
each mineral constituent determined. 

As with x-ray analysis, the greatest utility for differential thermal 
analysis is a before and after analysis to measure changes which might occur 
in the mineral content of a rock specimen as a consequence of the storage. 

Thermal Weight Loss 

Thermal weight loss analysis is normally accomplished with the same 
equipment which makes the differential thermal analysis and this la a measure-
ment of the weight lost by a specimen at a particular temperature. This is 
also a quantitative tool to determine the quantity of constituent minerals in 
a given specimen. As with the preceding analysis, its greatest utility also 
will be a before and after analysis to determine the possible consequences of 
the storage activity. 
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CAVERN CONSTRUCTION TECHNIQUES 

The techniques utilized for construction of mined storage caverns for 
petroleum products have undergone some evolution of technique primarily in 
the area of equipment utilized for construction. All but a very few of the 
mined caverns constructed to date have utilized room and pillar mining tech-
niques. This is a very simple mining technique and enjoys excellent flexibil-
ity'. Since no mineral of value is normally being extracted when a storage 
cavern is constructed the primary objective is to create stable void space 
for storage of the desired product. Room and pillar mining lecving about 
50% of the original rock in place to act as supporting pillars provides for 
a very stable mining system. Figure 13 illustrates the plan of a storage 
cavern of approximately 400,000 barrels or 2,244,000 cubic feet capacity. 
Figure 14 is sectional views of a typical cavern. The basic plan would not 
materially change for a cavern of different capacity. The underground area 
occupied by the cavern will either increase or decrease proportionately as 
the volume requirement might change. 

The room and pillar mining technique offers a considerable amount of 
flexibility in that if inconsistencies in the ground or water is encountered 
in one heading this heading can be sealed off, if necessary, and the required 
volume for the cavern extracted from other headings. 

The usual mining practice is to take the required volume in bencheB. 
That is to essentially establish the pattern of the cavern with openings of 
perhaps one half the ultimate cavern height and then in the phraseology of the 
mining Industry, take up bottom or remove the lower bench to establish the 
total volume of the cavern. This technique offers advantages in that venti-
lation is established quickly in the cavern and when the lower bench is removed, 
the void above the bench provides a free surface for the blasted rock to move 
toward and this results in better breakage of the rock and lower consumption 
of blasting agents. 

Normally a cavern is constructed from a drilled shaft of diameter from 42 
to 72 inches finished. This shaft would be drilled with equipment comparable 
to that which has been utilized by the Atomic Energy Commission and drilling 
contractors for drilling large diameter holes. The shaft would then be cased 
with fabricated steel casing of appropriate diameter and cemented into r.he 
drilled shaft. Figure 15 illustrates a drilled shaft for cavern construction. 

Ventilation Is established through one or more auxiliary holes which are 
drilled and cased with steel casing to the appropriate depth. These auxiliary 
holes, in the case of liquid products, can serve after construction as points 
of filling or removing the product from the cavern. Except in very large cav-
erns one or two auxiliary holes would serve the ventilation requirements during 
construction, but the number of auxiliary holes is often determined by the 
owner's requirements for removal of product from the cavern rather than construc-
tion ventilation needs. 

With the completion of the initial shaft, mining commences first with drill-
ing one series cf small diameter holes at shaft bottom and blasting to establish 
the first beginning chamber beneath the shaft. This, initial work is virtually 
all hand labor until sufficient volume is achieved to begin placing mechanized 
equipment underground. As the cavern volume grows, additional equipment is dis-
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assembled at the surface, lowered through the shaft to the cavern where it is 
reassembled for mining. Drill jumbos or wheeled vehicles containing two or more 
drilling machines are normally utilized for drilling the mining face in prepara-
tion for blasting. Front end loaders, either rubber tired or tracked are nor-
mally used for removing broken rock from the working face and transporting it 
to shaft bottom. 

The width and height of the mined openings are determined by the compressive 
strength of the core samples. Because of the mining equipment utilized, cavern 
heights have normally been limited to about 20 feet. Widths are variable, depend-
ing upon the strength of the rock which determines the safe clear span. 

As a rule of thumb, caverns mined in shale will probably require roof bolts 
on 4 foot centers in a rectangular pattern. Normally we would also anticipate 
the use of chain link mesh with the bolts or, as a minimum, light channel straps. 
The length of the roof bolts is normally 4 feet, but in some cases 6 foot bolts 
may be indicated, since the longer bolt can achieve a better anchorage such as 
in a carbonate member. 

Only random roof bolts are usually required for carbonate and crystalline 
rocks. In some cases closely spaced joints create a tendency for sections of 
roof to fall as blocks. In cases such as this, which is most common in crystal-
line rocks, roof bolts are indicated to tie the. blocks together and stabilize 
the roof. 

Water inflow into a cavern is normally experienced along joints or fractures. 
In very rare cases water flows have been encountered from porous rock where it 
was encountered either in excavating a sump or drilling a roof bolt hole. 

Pressure grouting has been successful in controlling water inflow to an 
acceptable level but never in completely stopping the inflow. It is a character-
istic of a grouting operation that the first injection may reduce the inflow 
dramatically but subsequent treatments require more and more injection to achieve 
ever decreasing incremental reductions in the water inflow. Because of this an 
absolute shut off of the water inflow has never been attempted. An absolute 
shut off may be possible but the cost of removing the last drip into the cavern 
is bound to be very expensive. 
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Figure 14. Cavern Sections 
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Figure 15. 
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CATALOGUE OF CAVERNS 

I n t r o d u c t i o n 

Since 1950, 75 mined storage caverns have been constructed at 49 sites in the 
United States for the storage of high vapor pressure products. In addition 
to these, about 15 mined caverns have been constructed in Europe for low vapor 
pressure products, such as crude oil, and three high vapor pressure product cav-
erns. The mined caverns have been constructed in formations ranging in geolo-
gic age from Cretaceous to Precambrian. Depths have ranged from very near sur-
face, in the case of low vapor pressure products, to 1,800 feet, in the case of 
high vapor pressure products. 

History 
The first mined storage cavern deliberately constructed for the storage of 
petroleum products was at Breckenridge, Texas, in 1950. The volume of the first 
cavern was 20,000 barrels or slightly over 112,000 cubic feet. The largest cav-
ern constructed to date was completed in 1964 at Tuscola, Illinois. The vol-
ume of this cavern was 864,000 barrels or approximately 4*847,000 cubic feet. 
There is a cavern currently under construction at Marcus Hook, Pennsylvania 
whose volume will exceed 2,000,000 barrels or over 11,000,220,000 cubic feet. 
Caverns have been constructed in shale, limestone, dolomite, chalk, and meta-
morphosed crystalline rocks. Caverns have experienced water Inflows ranging 
from zero to very high rates. 
The following descriptions of caverns were developed from many sources. The in-
formation is meager for some of the older caverns and becomes progressively 
more detailed as the art evolved. 
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LOCATION: Linden, Union County, New Jersey #1, #2, tf3, 04, and #5. 

DEPTH: 320 to 338 
CONSTRUCTION DATE: 1957 and 1958 
GEOLOGICAL DESCRIPTION: This site is located on the Atlantic Coattal 'Plain in 

an area of fairly steeply dipping sediments with the dip being toward th<! 
coast. 
This site encountered only two formations of unconsolidated surface sediments 
to a depth of approximately 20 feet, and Triassic red shale to a depth of 
350 feet which was the depth investigated. It is estimated that the Triassic 
red shale is approximately 2000 feet thick at this site. 

CONSTRUCTION: Five caverns of 150,000; 150,000; 100,000; 125,000; 150,000 barrels 
or 842,000; 842,000; 561,000; 701,000; and 842,000 cubic feet capacity were 
constructed at this site. Construction was by conventional room and pillar 
mining with the rooms being 15 feet wide and 18 feet high.. Supporting pil-
lars were 45 feet square. Roof control was achieved by the utilization of 
roof bolts on a 4 X 4 foot pattern. 

The red shale exhibited fracturing, apparently due to uplift, and perhaps some 
metamorphis which made the shale brittle. Consequently, there was water Inflow 
inflow into the cavern during construction, controlled, but not eliminated, 
by grouting. 

OPERATING HISTORY: These caverns have operated satisfactorily since their completion 
but there has been some evidence of exchange of products between caverns 
with the higher vapor pressure products appearing in the cavernB for storing 
lower vapor pressure product. This exchange, though undesirable, has not 
interfered with the operation of the caverns. 
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LOCATION: Marcus Hook, Delaware County, Pennsylvania #1, 02, #3-, #4, and #5. 

DEPTH: 250 to 290 and 360 to 400 

CONSTRUCTION DATE: 1958, 1960, 1961, 1962, 1975 
GEOLOGICAL DESCRIPTION: This Bite Is located along the north bank of the 

Delaware River north of the fall line which separates the Coastal and 
Piedmont provinces. 
The topography is formed by river alluvial deposits with little relief. At 
one point within the area of this site, bedrock is exposed in outcrop. For 
the most part, however, bedrock is obscured by the alluvial deposits. 

The surface deposits consist of unconsolidated sands, clays, gravels, and 
weathered bedrock remnants. For the most part, the sediments are of Quater-
nary age or Raritan formation of Cretaceous age. 
Underlying the alluvial materials are rocks of the Wissahickon Gneiss of 
Precambrian age and younger intrusives into the Wissahickon, which are pro-
bably also of precambrian age. 
A description of the rocks encountered in corehole #2 follows: 

Top Bottom Description 

0 56 Surface material consisting of silt, river sand and gravel, 
kaolinized granite and clays. 

56 61 Tonalite, pegmatite cut with numerous joints at angles vary-
ing from 15°to 60°. 

61 65 Hornblende, biotite, granite.., -Bark, medium grained. 
65 67 Pegmatite, tourmaline, and garnet. 
67 70 Tonalite and pegmatite. 

70 84 Biotite, granite, light gray, medium grained. 

84 92 Pegmatites cutting biotite granite. 

92 113 Biotite, granite with diabase lensee. Numerous low angle 
joints or fractures. 

113 117 Tonalite, pegmatite. 
117 132 Tonalite soaked with diabase. 
132 137 Diabase with lineation at 45°. 
I37 153 Alternating zones of pegmatite, diabase, and tonalite veins. 

Average zone thickness less than 1 foot joints and/or frac-
tures too numerous to enumerate.. 
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Top Bottom Description 

153 174 Tonalite becoming microcliiie t«:.r,alite porphyry towards base. 
Phenocrysts of microcline up to 2 Inches long in baBe. 

174 252 Microcline tonalite porphyry with diabase layers or patches 
at 185, 227, and quartz veins at 239 and 242. 

252 275 Diabase with tonalite patches or veins disseminated through-
out. '' 

275 305 Microcline tonalite porphyry with diabase patches or bands 
up to 1-1/2 inches thickness throughout interval, horizontal 
joints or fractures on approximately 2 foot centers through-
out section. 

305 312 Thin pegmatite bands intruding microcline tonalite porphyry. 
3 pegmatite bands at 306, 308 and 310. Pegmatites less than 
12 inches in thickness. 

312 345 Microcline tonalite porphyry. 1 diabase wedge at 327. 

345 346 Pegmatite. 

346 368 Microcline tonalite porphyry. 

368 371 Pegmatite. 

371 374 Microcline tonalite porphyry. 

374 376 Pegmatite. 

376 382 Microcline tonalite porphyry with diabase patches in top of 

section. 

382 386 Diorite porphyry. 

386 394 Hornblende, blotite syenite. 

394 396 Diabase. 

396 401 Hornblende, biotite syenite. 

401 408 Microcline tonalite porphyry with diabase patch at 404. 

408 414 Tonalite. 

414 419 Diabase. 

419 424 Pink granite. 

424 442 Grano-diorite with garnet and pyrite. 

442 443 Diabase. 
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443 

446 

459 

460 

465 

472 

473 

479 

430 

481 

484 

485 

490 

Bottom 

446 

459 

460 

465 

472 

473 

479 

480 

481 

484 

485 

490 

49 3 

Description 

GranoTdiorite, 

Diabase with alterations of diabase and grano-diorlte at 449 
to 451!., 

I i 
Grano-diorite, 

I 
i ' Diabase. 

Diabase soaked with tonalite. 

Tonalite. 

Diabase. 

Tonalite. 

Diabase. 

Tonalite. 

Pegmatite. 

Diabase. 

Pegmatite. 

Two caverns of 250,000 barrels or 11402,000 cubic feet each were CONSTRUCTION: 
constructed at the higher elevation 

A 
for the a 

ern of 400,000 barrels or 2,444,000 cubic feet 
rage of propane. One cavern of 75,000 barrels 
city was constructed for the storage of propyl 
1,000,000 barrels or 5,610,000 cubic feet capa 
structed for the storage of propane. The propbne an-\ propylene caverns are 
constructed at the lower elevation because of (their h'V.her vapor pressures 

opage of butane. One cav-
wfcV constructed for the sto-
or\21,000 cubic feet capa-
tene. fifth cavern of over 
ity currently being con-

Construction of all caverns has been by conventional rc>m and pillar mining 
techniques. Room size has been 25 feet in width and 4i\feet in height. 
Supporting pillars have been 40 feet square. Roof control has been re-
quired only at random locations of major joints with rotf bolts. 

v All caverns at this location have been quite wet during Construction and 
extensive remedial grouting to reduce the water inflow hat been required. 
The water inflow has been controlled, but never eliminates, i 

i * 

OPERATING HISTORY: All caverns have operated satisfactorily siica their com-
pletion with the small water inflows constituting a nuisancbut not in-
terfering with the operation of the caverns. 
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LOCATION: Gibbstown, Gloucester County, New Jersey 

DEPTH: 340 to 370 
CONSTRUCTION DATE: 1968 

GEOLOGICAL DESCRIPTION: This area Is located on the south shore of the Delaware 
River, south of the fall line which the Delaware River follows in this area 
and separates the coastal unconsolidated sediment from the Appalachian 
formation. 
The topography is formed by tidal marsh lands with no appreciable relief. 

The surface is composed of unconsolidated sands, clays and gravels of the 
Raritan formation, Cretaceous age, and Quaternary sediments. 

The bedrock in all of the holes drilled was formed by the Wissahickon Gneiss 
of Precambrian age. This formation is composed of gneiss and schist with 
pegmatites and amphibolite in varying amounts. 
There is extreme lateral variation within the Wissahickon Gneiss and a to-
tal of nine coreholes were required to define an area suitable for mining. 
These coreholes represented an area 2,200 feet long and 500 feet wide. In the 
unacceptable area the coreholes had proportions of schist with highly 
micaceous zones, usually soft and fractured with few pegmatites and arophi-
bolites. The acceptable area was much higher in pegmatites and amphibolltes 
with less mica-bearing rock and much greater density. 

A description of the formations encountered in testhole number 6 (one of 
the acceptable testholes) follows: 

Top Bottom Description 

0 132 Light dark gray to greenish-gray,fine to locally medium 
grained gneissic and bands of schistose rock. Medium 
grained, light local gray bands of coarse quartz feldspar 
rock. Bronze colored mica locally. 

132 214 Long section of fine, to minor local medium grained light 
to dark gray feldspar, mica, gneiss with local three inch 
to one foot bands of coarse grained feldspar pegmatic to 
very coarse granite with lathes of mica. 

214 223 Light gray to light greenish gray coarse grained quartz 
feldspar pegmatitic rock with mica lathes and light gray 
one foot bands of mica feldspar gneiss. 

223 236 Banded mixture of fine to medium grained mica feldspar, 
gneiss and schistose rock and light gray bands of quartz 
feldspar pegmatite. 

236 255 Dark greenish-gray highly banded and garnetiferous altered 
amphibolite zone. Foliation 50°. Main mineral mica that 
is derived from hornblende alteration. 
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Top Bottom Description 

255 264 Light gray with tinges of very light green coarse grained 
quartz feldspar pegmatite with lathes of mica. 

264 266 Dark greenish-gray, highly banded and garnetiferous altered 
amphibolite zone. 

266 279 Light dark gray, fine to medium grained mica feldspar gneiss 
with a few thin quartz bands. 

279 305 Widely banded section of light dark gray, fine grained feld-
spar mica gneiss,and light gray to light greenish gray coarse 
gran tic textured quartz feldspar rock containing many tiny 
lathes of mica. Bands of each rock type range from 8 inches 
to 2 feet wide, contacts between rocks and granite generally 
sharp. 

305 329 Light dark gray fine grained feldspar mica gneiss with sev-
eral minor bands of coarse quartz feldspar rock. Foliation 
55°. 

329 333 Light gray coarse grained quartz feldspar rock, pegmatite 
with mica lathes. 

333 393 Long section of fine grained compact feldspar mica gneiss 
with local bands of light gray coarse quartz feldspar rock 
at 336, 342, 351, and 353. Foliation ranges from 30° to 60° 

393 399 Medium to fine coarse mica rich zone, softer than normal 
rock type. Rock more schistose, shows some plucking from 
drilling. 

399 405 Banded medium to dark gray mixture of fine grained mica 
feldspar gneiss and mica rich rock, with several narrow 
bands of quartz feldspar units. 

405 410 Fine grained light dark gray, fine grained mica feldspar, 
gneiss. 

410 418 Light gray, coarse grained quartz feldspar granitic (pegma-
tite) rock containing mica lathes and local three inch to 
eight inch gneissic bands. 

418 423 Fine grained, compact mica feldspar gneiss. 

423 428 Light gray to light greenish-gray, coarse feldspar rock. 

428 432 Banded mixture of coarse quartz feldspar rock and fine to 
medium grained gneissic to schistose rock. 

432 449 Light gray to light dark gray widely banded mixture of fine-
grained feldspar mica gneiss and coarse grained light gray 
quartz feldspar rock with slivers of scattered mica. 
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Top Bottom Description 

449 485 Light gray to light greenish-gray coarse grained granitic 
textured gneiss. Rock containing lathes of mica scattered 
throughout. 

485 500 Light dark gray, fine grained feldspar, mica g n e i s B , locally 
well banded, with several 1 foot bands of light greenish-gray 
coarse, quartz feldspar rock. Foliation 35°. 

CONSTRUCTION: A cavern of 180,000 barrels or 1,010,000 cubic feet capacity was 
constructed at this site. Construction was by conventional room and pillar 
mining with the rooms being 20 feet wide and 30 feet high. Supporting pil-
lars were 30 feet square. No problems were encountered in the course of 
construction other than the development of a water inflow of approximately 
3/4 gallon per minute in one heading from a thin partially closed joint. 
The water inflow was virtually eliminated by grouting with an epoxy grout-
ing material. 

38 core samples from the 3 core holes bracketing the cavern were analyzed 
for unrestrained compressive strength. The average compressive strength 
of these samples was 8,174 psi with a standard deviation of 3,924 psi or 
45%. Because of the good strength of the rock here no roof control measures 
were required during construction. 

OPERATING HISTORY: This cavern has operated successfully since its completion 
with no discernible evidence of water inflow. 

The cavern is unique in that it serves as a receiving vessel for anhydrous 
ammonia to furnish a steady supply of ammonia for a chemical pro-ass. Am-
monia is received into the cavern from refrigerated barges at -28°F. De-
pending upon whether a shipment is being received or not the effluent temp-
erature of the aiunonia going to the process plant varies from -0° to about 
-15°F. The temperature extremes that this cavern has been subjected to 
have had no discernible adverse affects upon the operation of the cavern 
or its integrity. 
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LOCATION: Towson, Baltimore County, Maryland 

DEPTH: 350 to 390 

CONSTRUCTION DATE: 1962 

GEOLOGICAL DESCRIPTION: This site is located on the so called Towson dome which 
ia one of several similar domes in the vicinity of Baltimore. The geologic 
structures of these domes are fairly well known. They are roughly oval In 
outline and are all characterized by core consisting of the oldest rocks 
and a mantle of younger formations resting unconformably on the old core. 

Exact dating of the rocks overlying the core of the dome is somewhat nebu-
lous > but they are of Paleazoic age, Glenarm series. The core of the dome 
is the Baltimore Gneiss thought to be Precambrian in age. All of these for-
mations are then intruded by the gunpowder granite which is of younger age 
than the Glenarm. 
The Glenarm series rocks were deposited as sediments unconformably upon the 
older folded and eroded Baltimore Gneiss. The Towson dome was subsequently 
forced upward by a thrust from the bottom and also received a lateral thrust 
from the northwest. These combined forces were of sufficient strength to 
overturn the southeast flank of the dome. During the doming the sediments 
were strongly metamorphosed and locally intensly folded. 

Erosion then removed the top of the dome exposing the Baltimore Gneiss and 
the Glenarm series as a broad band surrounding the core. 

Description of the rocks encountered in corehole //I follows: 

Top Bottom Description 

0 4 Weathered soil and rock. 

4 46 Fine grained, two-mica granite (probably gunpowder), very 
homogeneous, slightly foliated. A few coarse bands approx-
imately one half inch consisting primarily of quartz and 
feldspar occur. At 40 feet a quarter inch thick mica-rich 
layer with a slight parting is present,adjacent to a coarser, 
pegmatite-like inclusion. 

46 67 Alternating bands of fine and coarse-grained granite. Ir-
regular boundaries, but not schist parting, very compact 
core. At boundaries between the two granites there are 
often one fourth inch thick enrichments of biotite. 

67 83 Fine grained, compact granite with very coarse pegmatite 
bands with irregular boundaries occurring at 66, 68, and 74 
feet. Some crystals in pegmatite up to one-half inch. 

83 109 Fine grained light granite with somewhat coarser feldspar-
rich band at top containing a coarse biotite, pegmatite 
at 86 feet. Pegmatite three Inches thick. 
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Top Bottom Description 

109 112 Fine grained, light granite, very homogeneous and getting 
courser toward the bottom. 

112 113 Transition to coarser, mica-rich gneiss. 

113 150 Gneiss "A". A two-mica gneiss strongly foliated by mica-rich 
layers at about 45" with coarse pegmatite zones at 113, 115. 
Old chlorite fractures at 142, 144, 147, and 148. 

150 154 Gneiss "A". Fine grained gneiss, light and very rich in 
pink potashspar, almost free of foliation, no fractures. 

154 159 Gneiss "B", coarse, free of fractures, but several quartz-
rich veins. 

159 212 Gneiss,"A", fine grained gneiss type "A". In general, strong-
ly foliated at 30° to 60°, alternating one eighth inch to 
one quarter inch thick mica-rich layers with one half inch 
to three inch quartz feldspar-rich bands. Muscovite and 
potash feldspar in general predominate. Fractures present 
at 162, 165, 168, 169, 171, 173, 175. Coarse one inch band 
of pegmatite at 163. At 196-197 there is an apparent transi-
tion to gunpowder granite from the foliated gneiss then back 
to the foliated gneiss type "A". 

212 221 Gneiss "B", coarse, somewhat richer in muscovite than above. 
Very compact, few fractures, becoming finer grained and 
lighter toward bottom. 

221 222 Transition from gneiss type "B" to type "A". 

222 237 Gneiss type "A", fine grained light gneiss, grades towards 
almost quartzltic rock. Poor in mica and feldspars but 
still clearly foliated with a constant angle of about 15°. 
Fractures throughout filled with chlorite and pyrite. 

237 242 Alternating layers of fine-grain biotite amphibolite and 
type "A" gneiss. Layers one half to three inches thick. 
Low angle fractures filled with chlorite, pyrite and carbo-
nate. Fine grained foliated amphibolite six inches thick 
appears at base of zone. 

242 244 Quartz feldspar rock with little muscovite and unfractured 
planes, also some talc, slightly foliated at 10°. 

244 297 Coarse and very pure marble. Grain size approximately 
one eighth inch. Very few Impurities. 

297 322 Alternation between pure marble, very impure marble, and 
amphibolite. Amphibolite layers not more than a few Inches 
thick and also rich in carbonate. Marble throughout, rich 
in termolite and phlogopite. 

57 



Top Bottom Description 

322 327 Pine grained gneiss with carbonate and amphiboles. 

327 338 Fine grained strongly foliated awphibolite. Foliation be-
tween 40 and 70 degrees. Brecciated cone 333 to 334 but 
fractures healed with chlorite and amphiboles. 

338 350 Transition to a fine grained biotite gneiss then alternat-
ing amphibole gneiss and gneiss type "A". Low angle frac-
tures about every foot. 

350 368 Fine grained light two-mica gneiss, looks almost like gun-
powder granite, except for the stronger foliation at about 
20°. Fractures throughout increasing towards bottom where 
zone becomes darker, more fractured and somewhat banded. 

368 374 As above, but darker. Probably contains some hornblende. 

374 417 Gunpowder granite. Fractures every foot. Otherwise homo-
geneous and compact. Pegmatite zones occur at 393, 413, and 
416. 

417 418 Transition zone to marble, rich in tremolite. 

418 425 Coarse grain marble in part, very pure, in other parts rich 
in tremolite. 

425 426 Transition zone to granite, carbonates, coarse micas, tramo-
l i t e , q u a r t z f e l d s p a r . 

426 442 Gunpowder granite, very few fractures, getting somewhat in-
homogeneous, darker, and coarser towards bottom. Foliation 
constant at about 25°. 

442 445 Fine grained foliated, amphibolite. Mica-rich. 

445 447 Gunpowder granite, no fractures. 

447 455 Fine grained very homogeneous amphibolite. Foliated but 

not banded. 

455 457 Coarse, very J.Jght, granitic gneiss. 

457 469 Same amphibolite as above. No fractures visible, becomes 
towards the bottom somewhat less homogeneous due to feldspar 
rich layers. 

469 497 Fine grained foliated gneiss type "A". Looks somewhat like 
gunpowder granite, but is full of one eight inch to one fourth 
inch thick biotite, chlorite layers at 30°. A pegmatite 
band appears at 470 and 489. 

497 500 Transition to a very homogeneous two—mica granite, very much 
l i k e gunpowder except d i s t i n c t l y c o a r s e r . F o l i a t i o n v e r y weak . 
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CONSTRUCTION: A cavern of 150,000 barreln or 842,000 cubic feet capacity waa 
constructed at thin nice. Construction was by conventional room and pillar 
mining techniques with the rooms being 40 feet high and 25 feet wide. Sup-
porting pillars were 40 feet square. No roof control measures were requir-
ed in this cavern. Construction was without incident except for very small 
inflows of water through the fracture or jointing system within the rock. 
The water inflow was controlled, but not eliminated by pressure grouting. 

OPERATING HISTORY: The cavern has operated successfully since its completion 
with no problems other than the very small water inflow, which requires 
that the product be dehydrated prior to sale. 
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LOCATION: Falls Church, Fairfax County, Virginia 

DEPTH: 400 to 440 

CONSTRUCTION DATE: 1962 

GEOLOGICAL DESCRIPTION: This area lies in the rolling Piedmont lowland iust 
west of the flat coastal plain with Its veneer of unconsolidated sediments. 
The Piedmont province is underlain by a variety of Precambrian crystalline 
rocks that have been extensively folded, jointed, and metamorphosed. The 
rocks belong to an extensive igneous and metamorphic complex stretching 
from New England to Alabama. 
The site lies in about the middle of the southwestward trending belt of 
gneiss, four to five miles wide. The rock is rather uniform, medium to 
coarse grained, foliated or banded, bioci' , gneiss, ranging from light 
to medium gray, and couv^sed essential • of quartz, feldspar, biotite, and 
muscovite, with local chloritized zc and concentrations of pyrite. 
Bedrock in the area is covered by . mantle of soil and weathered rock from 
50 to 100 feet thick. 
A description of the roc'ru. encountered in corehole follows: 

Top Bottom Description 

0 63 Weathered overburden. 

63 88 Light gray, coarse grained gneiss, with pr 'r>ent dark 
gray blotite-rich bands, one to six inches mick. 

88 110 Very light gray, coarse grained gneiss. Less weathered 
but badly broken. Biotite-rich bands at 99, 103, and 
105. 

110 111 Quartz vein with one inch band of biotite schist. 

111 115 Light gray coarse grained gneiss, biotite-rich band at 
112. 

115 118 Light gray, gnarly fabric, coarse grained gneiss with 
dark bands of blotite-rich gneiss, and with steep ir-
regular schistosity. A few bands of very coarse gneiss. 

118 122 Light gray, gnarly fabric, coarse grained gneiss. 
!22 140 Light gray, coarse grained gneiss with marked schistosi-

ty and thin biotite-rich bands. Badly broken at 122, 
134 with calcite on fractures. 

140 186 Medium gray, medium grained gneiss with marked 45° 
schistosity. One to three inch bands of lighter coarser 
grained gneiss. Calcite on fractures 140-182. Badly 
broken at 145 and 178. 

60 



Top Bottom Description 

186 188 Healed breccia of gneiss, schist* and quartz. 
188 201 Medium gray, medium grained gneiss. Calcite fractures 

cutting across schistosity at 190, 193, and 197. Chlo-
rite-rich gneiss with irregular schistosity at 190 to 
193. 

201 212 Light gray, coarse grained gneiss with bands or medium 
gray gneiss. Fractures calcite coated. 

212 276 Light to medium gray (mixed) medium grained gneiss, with 
many distinct biotite rich bands and thin bands of light 
gray coarse grained g- Lss. Marked 45° schistosity. 

276 286 Light gray, coar' grained gneiss with some medium gray 
gneiss. 

286 303 Medium gray, medium gneiss nixed with lighter, coarser 
gneiss with irregular schistoiity and Irregular patches 
of biocite-rich gneiss. Contorted schist and vertical 
quartz vein at 290. 

303 351 Medium gray, medium grained gneiss v irregular patches 
of light gray, coarse grained gneiss wi«. ^rk gray bio-
tite-rich bands. The light gray bands tu. chlorite-
rich patches and contorted schistosity at . ,-325. Light 
gray gneiss predominates at 313-318. 

351 383 Fine grained greenish-gray chlorite gneiss with white 
spots and obscure foliation, 351-372. Hematite coated 
joints. 

383 402 Light gray ,coarse grained gneiss with few biotite-rich 
bands. Biotite-rich patches in coarse gneiss easily 
broken at 383-399. 

402 428 Light gray, coarse grained gneiss with conspicuous bio-
tite foliation on bands and steep joints. 

428 500 Light gray, coarse grained gneiss with irregular bio-
tite rich patches and bands. Gnarly, irregular fabric 
at 456-457, and 468-478. 

CONSTRUCTION: A cavern of 300,000 barrels or 1,683,000 cubic feet capacity was 
constructed at this site. Construction was by conventional room and pillar 
mining with the rooms being 25 feet wide and 40 feet high. Supporting pil-
lars were 40 feet square. No roof control measures were required other 
than occasional roof bolting to support jointed ground. 

Considerable grouting was required because of the relatively large number 
of open joints and fractures which were encountered in the course of min-
ing this cavern. Water inflow was controlled, but not eliminated by this 
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grouting, l/pon completion of the cavern the water inflow rate was approxi-
mately 1 gallons per minute. The following plan illustrates the traces of 
the predominant jointing patterns encountered in the course of mining this 
cavern. This is the only cavern, to the writers knowledge, where such a 
fracture or jointing plan has been prepared, but it is typical of condi-
tions encountered in the crystalline rocks of the Piedmont province. 

OPERATING HISTORY: This cavern has operated satisfactorily since its completion 
though some nuisance has been suffered due to the continual water inflow In-
to the cavern and the requirement that the product must be dehydrated be-
fore it can be sold. 
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Jointing and Fault Patterns in Cavern 
Falls Church, Fairfax County, Virginia 
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LOCATION: Mllner, Lamar County, Georgia 

DEPTH: 340 to 370 feet below ground level 

CONSTRUCTION DATE: 1964 

GEOLOGICAL DESCRIPTION: This site is located within the Piedmont province of 
the Atlantic coast which flanks the Appalachian uplift. The surface topo-
graphy of the immediate area is formed by low hills with a maximum relief 
of about 80 feet. On the site itself the relief has a maximum difference 
of. about 17 feet in soft slopes. The surface beneath a soil cover of 
approximately 6 inches it> reddish disintegrated rock lying in its origi-
nal position in which origina. structures are occasionally recognized. 
Six test holes were drilled on the property to determine the feasibility of 
the site for an LPG storage c^-erri. The ; -les were drilled to a tota.1. 
depth of approximaf ° 1 v 580 feer. ti r« U r- v. d from bedrock to total depth. 

The overburden was composed of r; 
characteristics, found to extc.-,̂  
from the overburden contact tc ~a_L 
schists. 

.1 weathering products with clay-like 
•'oths varying from 742 feet. Bedrock 

?h consisted of gneisses and also 

The principal hardroc"- .countered included a i- imbrian. Gneiss which 
had been extensively raigmatlzed with aplite intrub and altered to a 
biotite granitic gneiss and a very micaceous schist -'•) is quartizitic 
with chloritization in some sections. Feldspathic ana z-rich pegmatites 
with garnetiferous descimination occur in the gneiss and _ ists and lenses. 

The zones above approximately 275 feet and below approximate. "0 feet 
indicated open fractures. Water losses occurred in all test h. ; drilled 
in these zones. Serious fracturing was encountered in two of th--; cortholes 
while less fracturing was indicated in another portion of the property. 
This is the reason that six coreholes were drilled and major changes in the 
nature of fracturing occurred even though the property dimensions were only 
about 1200 by 1100 feet. Major variations in the amount of fracturing en-
countered occurred. It was anticipated that open and thin fractures running 
nearly vertically would be encountered in the course of mining the storage 
caverns and this was borne out. A description of the cores recovered from 
hole 111 follows: 

Top Bottom 

0 27 

27 42 

42 50 

50 183 

64 

Description 

Clay-like soil and decomposed rock. 

Foliated biotite muscovite quartz dioritic gneiss com-
posed of about 60 percent feldspar (kaolinized). Fol-
iation 41 degree dip. 

Coarse garnet biotite muscovite quartz dioritic gneiss 
with 1/2 to 2 inch pegmotites rich in quartz, muscovite 
and feldspar. 

Coarse grained biotite, muscovite, quartz, and dioritic 
gneiss. This unit is finer grained than units above; 
contained a few scattered porphyroblasts of feldspars. 



Top Bottom Description 

Interval contains scattered ink garnets. Chlorite 
is locally developed around garnets after biotite. 

405 580 Coarse,highly folded biotite, muscovite, sillima-
nite oligoclase, and quartz-schist with thin local 
feldspathic quartzite layers. Occasionally very thin 
fine grain pure quartzite layers. 

CONSTRUCTION: A cavern of approximately 325,000 barrels or 182,325,000 cubic 
feet was constructed at this site. Conventional room and pillar fining 
was utilized for the construction of this cavern. The room width was 
held to 20 feet and the height io 30 feet. Supporting pillars were 40 
feet square. Water inflows in excess of 200 gallons per minute were en-
countered during the mining of this cverr Extensive grouting was re-
quired to reduce cĥ  "'1 water in-. .-̂ apletion to about 20 gal-
lons per minute. Because or the jo ...id fracturing pattern encoun-
tered during mining, there were - fal_., croof during the course 
of construction and extensive ro. % was required to maintain the 
roof. After construction had .oiiî. cl there apparently was a major 
fall which occurred in one the cav.rn be.'•use a pipeline laid to 
prevent vapors from the to oi the cavern was los.. 

The water inflow into the cavern after completion,tlx undesirable, did 
not prevent the operation of the cavern. Fifty-one ' of core from 
the six coreholes were analyzed for unrestrained compress. strength in 
a depth range from 25 feet Above the cavern roof to 25 feet ''ow the ca-
vern roof. These samples had a compressive strength of 8,62/ with a 
standard deviation of 4,099 psi or 47.5%. The maximum compress strength 
measured was 17,000 psi and the minimum compressive strength was ~ 300 psl. 
Thus based exclusively upon compressive strength measurements, roo' supt'irt 
would not have been indicated. The jointing pattern of the rock, however, 
required extensive roof support and even with roof bolting there were a 
large number of falls of roof during construction. 

OPERATING HISTORY: The cavern has operated since completion in an. acceptable 
manner though seriously handicapped by the continuous water inflow into the 
cavern. Some cavern volume has affectively been lost because of the appa-
rent roof fall which crushed a vent line and prevents venting of vapors 
from one high section in the cavern. 
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LOCATION: Demopolia, Marengo County, Alabama III and If2 

DEPTH: 330 to 355 

CONSTRUCTION DATE: 3 956 

GEOLOGICAL DESCRIPTION: This site is located on an outcrop of the Selma Chalk 
of Cretaceous age. The chalk is 1,200 feet thick at this location with a 
high degree of uniformity. The only variations in the chalk are bands of 
Margo fossils within the micro-fossil rich chalk. 

The chalk has a relatively r.igh porosity> and when over-dried exhibits re-
latively high permeability to air, though when saturated with natural water 
it exhibits no permeability to either air or water. 

CONSTRUCTION: Two cavu - -f 140,000 a,.d .^rrels capacity or 785,000 
and 1,262,000 cubic feec capacity vi., -.tructed at this site. Construc-
tion was by conventional room ar-1. ./ raiv.i.i;- techniques with room size 
being 25 feet high and 15 feet •• . ipporting pillars were 45 feet 
square. Roof control was atte... . i;; "ing roof bolts on a 4 by 4 pat-
tern, but as the chalk deh" due to v_>.r<tii_ ' ion air, the roof bolts 
lost their anchorage and ' ..•>.' cases fell from Mr holes. The roof 
fell and achieved its r.. ... . al arch, then became st̂ . 

OPERATING HISTORY: These caverns have operated successful-^ nee their comple-
tion with no evidence of structural failure or water inl* 

66 



LOCATION: Greensburg, Westmoreland County, Pennsylvania if 1 and #2 

DEPTH: 340 to 365 

CONSTRUCTION DATE: 1964 and 1973 

GEOLOGICAL DESCRIPTION: The surface topography at this site is mature rolling 
country with the hills having a relief ranging from 100 to 400 feet. This 
area is covered with a thin soil mantle of from 10 to 20 feet in thickness. 
Beneath the soil mantle bedrock Is of the Conemaugh series of Penr.sylvanian 
age. The test holes terminated within this Conemaugh series. 

No good marker beds were encouir/ered in the coring operation which would 
permit a more definitive correlation other taan the series correlation. 

The site is located .*'-ie west fit.- . .reensburg syncline. A de-
scription of the cores i^om test h;. . allows: 

m Bottom '"-eacriptlon. 

0 8 Surface sr.*' 
8 12 Yellov ..^coae with some shal- • "Teaks. 
12 49 Shale ranging in color from light t • to green to red 

gray. 
49 51 Very sar.dy light gray shale. 
51 260 Shale varying in color from green to red to x . . c. grayf occasional sandy streaks. 
260 274 Gray and green sandy shale, very sandy. 

274 320 Shale varying in color from dark gray to black to green 
to red, dolomitic stringer at base of section. 

320 323 Dark green sandy shale. 

323 326 Light gray sandstone with dark gray shale seams. 

326 335 Dark gray, slightly sandy shale. 
335 TD Shale varying in color, dark red to light gray to green 

to black. 

CONSTRUCTION: A cavern of approximately 100,000 barrels or 561,000 cubic feet 
was constructed at this site in 1964. A second cavern of approximately 
200,000 barrels or 1,122,000 cubic feet was constructed at this site in 
1973. The caverns were constructed with conventional room and pillar min-
ing. The maximum width of a room was held to 20 feet and the maximum height 
to 25 feet. The supporting pillars were 45 feet square. 

Roof support was achieved with chain link mesh and roof bolts on a 4 x 4 
pattern throughout the caverns. 
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The cores were cut with fresh water and the shale sections deteriorated 
badly on coring and exposure to the air. In an 80 foot interval strad-
ling the cavern elevation it was possible to obtain only 16 core samples 
for compressive strength testing. The balance of the core deteriorated 
so badly during coring and subsequent sampling that it was impossible to 
obtain compressive strength specimens. The average strength of the sam-
ples obtained was 10,888 psi and the standard deviation was 3,254 psi or 
29.9%. This average compressive strength could not be considered as 
representative since so much of the core was destroyed in attempts to 
obtain compressive strength samples. Only the strongest sections of 
core were tested. 

OPERATING HISTORY: The caverns have been operating successfully since their 
completion with no evidence of water inflow or structural failure. 
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LOCATION: Siloam, Greenup County, Kentucky //I and //2 

DEPTH: 380 to 425 

CONSTRUCTION DATE: 1957 

GEOLOGICAL DESCRIPTION: This area forms part of the southeast flank of the 
Cincinnati arch and lies on a regional monocline dipping approximately 
65 feet per mile to the east southeast. The site is in close proximity to 
the Ohio River and there are approximately 80 feet of river unconsolidated 
deposits, chiefly sands wicn clay, silt, and gravel. Beneath the river 
deposits the first bedrock encountered is of Mississippian age vhere 
younger sediments have been reeved by erosion. The sequence is Logan s hale 
to 129 feet, Cuyahoga shale to 200, Sunbury or "Coffee" shale to 279 feet, 
Berea sandstone to 336 feet, Becford shale -;-.d sandstone to 402. The 
Devonian age Ohio black shale Is t n c ~ t 402 and all core holes were 
determined in the Ohio - ik shaJe. .s option of the core from hole 
#1 follows: 

Top Bottom 

0 80 

iription 

Sands, clays w ... ~.e gravel. Typi al river deposition. 
80 129 Logan shale. Slightly sandy, slightl\ *Icareous, blue to 

dark gray in color. A few pyrite string-. scattered through-
out the core. Verticie fracturing evident everal parts 
of the core. 

129 260 Cuyahoga shale, dark bluish gray in spots, sandy very 
sandy, many small relatively pure sand stringers, «„ aging 
about one inch in thickness. Color dark blue. 

260 279 Sunbury or "Coffee" shale. Hard carbonaceous black shale 
containing pyrite nodules and stringers, contact with under-
lying sandstone gradational. 

279 336 Berea sandstone. Very fine grained light gray sandstone with 
both verticie and horizontal fractures. Contains numerous 
shale stringers varyi\ig from approximately 1 inch to several 
feet in thickness. Cor.iltIris dalcite in and near the fractures 
and shale stringers. Some oil traces were found in the middle 
portion of the core. 

336 402 Bedford shale and sandstone. Medium gray shale containing 
numerous sandstone stringers of from 1 inch to 1 foot thick-
ness. Verfcicle fractures appear in the sandstone stringers 
and the smaller sandstone stringers; have calcite cement. Oil 
traces were observed in the upper one half of the core in the 
sandstone stringers. 

402 TD Ohio black shale. Hard, carbonaceous, calcareous shale con-
tains numerous calcite shell fragments and small stringers 
and nodules of pyrite scattered throughout. 

CONSTRUCTION: Two caverns of 210,000 barrels or 1,178,000 cubic feet and 85,000 
barrels or 477,000 cubic feet were constructed at this site. The construction 
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utilized conventional room and pillar mining uath room size being 15 feet 
wide and 25 feet high. Supporting pillars w«re 35 feet square. 

Roof support was achieved by utilizing roof bolts oil a 4 X 4 foot 
pattern. No unusual problems were encountered durinp; the course of the 
mining. 

Only five compressive strength measurements were made and these included 
not only the host rock, but the overlying Berea sandstone. The medium 
compressive strength was 17,565 psi with a standard deviation of 7,403 psi 
or 42.5%. These compressive strengths are probably not representative of 
the strength of the host rock with its immediate overlying and underlying 
sections. All of the shale samples tested exhibited severe decay on immer-
sion in water which leads us to believe that only the strongest section of 
core was sampled for compressive strength determinations. The compressive 
strength is anomalous when compared to other ' 'iale sections from other 
sites. 
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LOCATION: Constance, Kenton Qau> l:y, 

DEPTH: 380 to 410 

CONSTRUCTION DATE: 1961 

C-EOLOGICAL DESCRIPTION: This ||tP|i \a ujh.rtffed , Fliu «n»tej blqagrass r*j'.llin 
northwest of the axis of flJpcJnFMU iH i|, f-n Lhî . particular 
the bedrock is overlain jjjf ̂ ipffWifimlWy p ' n f S^d. c-lW '̂Hl (iinvo.l 
typical river deposits. 1 

Bedrock is most probably S|foglt} Pf inWM-Hft Ordov(.c}rtn 
age. The Eden shale is t;(>«ip i^der^il | | ||fn|4q jll1 'fl aeries formajJons; 
the Cynthiania, Lexingtp^ ftU&H M-Vf)' ' fo^ti-yi; contact* aboy*. tite 

arte nora^llv i,*^ mi f« t content ami this Lexington-Black River cq^;^ ^ e fl { 
was not done in the coresfj fr̂ m fl|fff| 
is sharply defined by U^frtogyi appj | 
show with certainty in tMft p^^QH^f 
from hole #1 follows: ' 
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Top Bottom Description 

black streaks. 

374 375 Bentonite, yellowish-green. 

375 445 Limestone with thin shale stringers. Limestone litho-
graphic birdseye limestone. Shale, gray-green, platy. 

445 446 Bentonite, gray-green, platy. 

445 Total depth. 
CONSTRUCTION: A cavern of 175,000 barrels or 981,750 cubic feet capacity was 

mined at this site. Construction was by conventional room and pillar min-
ing with room sizes 30 fees wide and 30 feet high. Supporting pillars 
were 40 feet square. Roof control was achieved by the random placement of 
roof bolts as dictated by localized conditions encountered during mining. 
This cavern was ideally located between the second and third bentcnite 
zones of the Black River limestone. These bentonite zones above and below 
the cavern assured the integrity of the cavern from migration of water into 
the cavern or product out of the cavern, yet the structural strength of the 
Black River limestone was available for construction. Thirty-seven samples 
were analyzed for compressive strength in the area from 25 feet above the 
cavern roof to 25 feet below the cavern roof and the average unrestrained com-
pressive strength 12,744 psi. The standard deviation was 6,138 psi or 
48.2 %. No sample of less than 3,350 psi was discovered and maximum com-
pressive strength of a single sample was 33,640 psi. Construction-wise and 
operation-wise this was one of the most ideal caverns constructed. 

OPERATING HISTORY: The cavern has been operated since completion with no evi-
dense of structural failure or water inflow. 
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LOCATION: Cincinnati, Hamilton County, Ohio 

DEPTH: 375 to 400 

CONSTRUCTION DATE: 1962 

GEOLOGICAL DESCRIPTION: This site is located near the crest of the Cincinnati 
arch where post-Ordovician rocks were eroded or not (deposited and only a 
thin cover of recent Pleistocene materials covers the bedrock. Immediately 
beneath the unconsolidated materials the Eden shale of the Eden group, 
Covington subseries, Cincinnati series is encountered. This formation 
extends to a deptn of approximately 180 feet where the Champlainian 
series begins with Mohawk subseries, Trenton group. The firsr formation 
is the Cynthiana of the Mount Pleasant which extends to a depth of approxi-
mately 276 feet. This is then followed by the Galena or Lexington forma-
tion of limestone and shale which extends to a depth of 336 feet. The 
Black River group is the next series entered with the Plattville formation 
which extends to a depth of approximately 534 feet. This is then followed 
by the Glennwood formation which is primarily shale and then the Chazy 
s ubseries with the Saint Peter sandstone formation. All core holes were 
terminated while still in the Black-River formation. A description of the 
cores from hole #4 follows: 

Z2E. Bottom Description 

0 56 Recent unconsolidated material. 
56 262 Eden shale formation composed of thirv-bedded alternating 

shales and limestones. Shale blue-gray calcareous, lime-
stones gray, tan, coarsely crystalline, fossiliferous lime-
stones vary in thickness from approximately one-half foot 
to slightly over one foot while the shales vary in thick-
ness from 7 to 20 feet in thickness. The bottom 2S feet 
of this formation largsly limestone with beds averaging 
8-10 inches in thickness. Shale seams of 1-3 inch average 
thickness and jumbled bedding. 

262 332 Lexington foxmation, shale, gray to tannish gray calcar-
eous with numerous thin limestone stringers alternating 
with very coarsely crystalline fossiliferous tan limestone. 
Limestone varies in thickness from 0.8 feet to 12 feet in 
thickness. 

332 Black River formation, limestone finely crystalline to 
litheographic with typical bird's eye character. Two zones 
of meta-bentonite, dark, gray green with abundent flakes 
of biotite mica appear 5 and 20 feet into the formation. 
The bentonite zones are 4 and 9 inches in thickness re-
spectively. 

CONSTRUCTION: A cavern of slightly over 200,000 barrels or 1,122,000 cubic feet 
was constructed at this site. The construction was conventional room and 
pillar with the rooms being 25 feet high and 25 feet wide. Supporting 
pillars were 45 feet square. No water was encountered during mining though 
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an oil well, whose existance was unknown,was encountered when mining. This 
oil well had casing in the hole which was removed by milling for a distance 
of 50 feet above the cavern roof and a distance of 50 feet below the cavern 
roof. The hole was then filled with Portland cement. The age of the well 
was unknown, but it probably had been drilled prior to the turn of the cen-
tury. No problems were experienced as a result of encountering this well 
and construction proceeded normally after plugging the well. 

Roof support was not required but some roof bolts were installed at the 
shaft and auxiliary holes as a precautionary measure. 
A total of 59 samples from the 4 core holes were analyzed for compressive 
strength and the average unrestrained compressive strength was 11,690 pBi 
with a standard deviation of 3772 psi or 32.3%. 

OPERATING HISTORY: The cavern has been operated since 1962 without any evi-
dence of water inflow or structural failure. 
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LOCATION: Middletown, Butler Counly, Ghio, Numbers 1 thru 9 

DEPTH: 390 to 415 

CONSTRUCTION DATE: Numbers 1 thru 4, 1959; Number 5, 1960; Number 6, 1961; 
Number 7, 1962; Nutter 8, 1963; Number 9, 1974. 

GEOLOGICAL DESCRIPTION: One feasibility investigation was made for this site In 
1957. Based upon this single feasibility investigation nine storage caverns 
hava been constructed. 

The area of this site is one of lov rc-.lief with glacial drift to a depth of 
approximately 70 feet. This first contact beneath the glacial drift is 
Ordovician in age, Cincinnatian series, Richmond shale. There are 
no truly distinct formation contacts reported in the examination of the 
cores, but approximate contacts are the Mayesville at approximately 195 
feet. The Eden shale cannot be differentiated from the Mayesville at this 
location. The Cynthiana occurs at approximately 500. feet and the Black 
River limestone. A description of the core from hole Si follows: 

Top Bottom Description 

0 3.0 Dark Clay 
3 52.75 Sand, gravel, (Casing 58'0") 
52.75 67.0 Broken rock 
67.0 82.0 Limy shale 
82.0 97.0 Limy shale. 
97.0 112.0 Limy shale with limestone streaks 
112.0 127.0 Limy shale with limestone streaks 
127,0 140.0 Greenish shale, limestone streaks 
140.0 155.0 Greenish shale, limestone streaks 
155.0 218.0 Gray shale with limestone streak? 
218.0 233.0 Gray shale 
233.0 270.0 Greenish shale with limestone streaks 
270.0 308.0 Gray shale, lime streaks 3" limestone at 290* 
303.0 398.0 Greenish shale, lime streaks 6" limestone at 392' 
398.0 456.0 Dark gray shale 6" limestone at 480.5' 4" limestone at 

at 509' 
456.0 503.0 Dark Gray .shale 6" limestone at 430.5* 
503.0 543.0 Dark gray shale, lime streaks 4" limestone at 509* 
543.0 558.0 Gray shale & limestone oil smear at 545* 
558.0 573.0 Limestone, shale streaks 
573.0 618.0 Limestone with shale streaks 
618.0 693.0 Limestone, top of Black River at 638' 

CONSTRUCTION: Nine caverns of capacity varying from 60,000 barrels or 337,000 
cubic feet to 425,000 barrels or 2,334,000 cubic feet have been constructed 
at this site since 1959. The caverns are located at a major pipeline termi-
nal and are utilized for the storage of various hydrocarbon products at 
different vapor pressures. 
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The shale from which the caverns are mined exhibits bad air slacking ten-
dencies and some spall during construction is caused by the air slacking. 
Roof support is achieved by the utilization of roof bolts and light chan-
nel bands on four foot centers. No construction problems were encountered 
other than the necessity of very close roof control*" to prevent lar|:,e 
falls. 

Since this was one of the earliest feasibility studies performed, only 
six samples of the cores were analyzed for compressive strength. The 
median compressive strength was 7,508 psi and it exhibited a standard devi-
ation of 4,905 psi or 65.3Z. This should not be considered represent ative 
of the strength of the host zone because one sample exhibited a compressive 
strength of 16,891 psi and the low compressive strength was 3,000 psi. Prob-
ably the most realistic estimate of compressive strength would be in the 
3,000 to 4,000 psi range. 

OPERATING HISTORY: The nine caverns constructed at this site have operated 
satisfactorily since the initial cavern was completed in 1959. There hns 
been no indication of migration of products between caverns even though 
there are variations of vapor pressure which exceed 1000 psi. The follow-
ing plat shows the relative locations of caverns 1 through 8. 

76 



Cavern Plans, Caverns 1 through S, Middletown, Bucler County, Ohio 
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LOCATION: Lima, Allen County, Ohio //I and //2 

DEPTH: 494 t.o 510 

CONSTRUCTION DATE: 1969 

GEOLOGICAL DESCRIPTION: This site is located on the axis of the Findlay arch 
which Is a part of the Cincinnati arch. The surface area is fairly flat 
with a maximum topographic relief of approximately 20 feet. 

Glacial drift is exposed at the surface and averages approximately 25 feet 
in thickness. Bedrock at the base of the drift consists of flat-lying dolo-
mite which is assigned to the Cayugan series of the Silurian system. The 
rock is fractured, vuggy, and water bearing, and is underlain by the Clin-
ton formation of the Niagarian series identified as a very vuggy, cherty, 
water-bearing dolomite. 

The Cincinnatian group of Orodivlcian age underlies the Clinton and the con-
tact between the two is poorly defined. The Cincinnatian is composed of 
tight shales, inter-bedded with dolomitic bands to the bottom of the deep-
est hole drilled. 

Of some minor interest is the fact that oil staining was noticed in the 
dolomite section In hole number 1 at about 179 feet and hole number 3 at 
about 393 feet. These indications were minor and the oil appeared to be 
trapped in small vugs. At times during the drilling of core hole number 2, 
a strong odor of hydrogen sulphide was detected coming from the surface 
casing. The apparent sour gas flow was not continuous and was not detected 
below 380 feet. There were some indications that gas was possibly coming 
from the. underlying Trenton formation which is oil productive in the immed-
iate area and the gas was traveling through the broken rock section above 
the static water level from the old oil and gas wells. 

Gamma Ray Neutron, full wave train presentation velocity, and caliper logs 
were taken in hole number 2. 

Clay bands existed within the Cincinnatian formations apparently caused by 
the sedimentational conditions at the time of deposit. The shales of the 
Cincinnatian were rich in clay minerals which wer? not identified but evi-
denced themselves with severe deterioration of the cores when exposed to 
water. A description of the cores from hole //I follows: 

TOP Pottom Description 

0 25 Glacial till. 

25 153 Tymochtee. formation. Cayugan series, Silurian system. 
Dolomite, light-gray to brown, limey, fine-grained, dense, 
hard. Numerous shale partings, dark-gray to black, ir-
regular, disseminated throughout the core. Numerous 
fractures, some of which were sealed, present in the 
upper portion of the formation becoming progressively 
less fractured with depth. Fractures appeared to ter-
minate Ir. a thin shale which occurred at 135 feet be-



Top Bottom Description 

low that point. Shales became prominent, being appro-
ximately 1 foot thick between dolomites of three to 
nine feet in thickness. 
Greenfield formation, dolomite, brown to very-light-
gray, limey, crystalline, occasionally vuggy. 

Clinton formation, undiffere.ntiated Niagarian. Dolo-
mite, white to gray, pure, coarse-grained, greenish 
shale bands and partings, upper portions abundantly 
vuggy with serious fracturing near the contact. A shale 
bed 12 feet thick appeared from 367 to 379. It was 
light green, very sandy, glauconitic, dolomitic, with 
streaks and partings of darker colored shale. Within 
the shale was an essentially pure clay band approxi-
mately 1 foot thick. The dolomite graded to shale 
at the contact with the underlying Cincinnatian. 

Cincinnatian, undifferentiated shale. Light green, 
glauconitic, slightly silty, slightly doloinitic, 
dense. Numerous bands of dolomite appeared as well as 
streaks of limestone. The shale is not uniform, but 
grades from essentially pure shale to very calcareous 
and the color grades into gray. The core broke along 
bedding planes. Almost all of the core did contain 
clay minerals as evidenced by the deterioration of the 
core when exposed to water. It was difficult to obtain 
samples for compressive strength determinations because 
of the rapid deterioration of the core when it was cut 
even though brine was used as the coolant for cutting. 

CONSTRUCTION: A cavern of approximately 455,000 barrels or 2,384,000 cubic feet 
capacity was constructed at this site. The construction was conventional 
room and pillar construction with the rooms being 16 feet wide and 20 feet 
high. The supporting pillars were approximately 45 feet square. 

An intersting feature of this cavern was that the cavern was actually 
mined in two parts with a single connecting drift between the two parts. 
These were later separated by bulkheads and the connecting drift was filled 
with a liquid from a hole drilled from the surface to maintain a hydraulic 
seal between the two segments of the cavern. The purpose of this construc-
tion was to utilize the two parts of the cavern for products of different 
vapor pressure. 

Roof support was achieved by the utilization of roof bolts and chain length 
mesh with the roof bolts being on a four foot pattern. 

A total of 87 compressive strength samples were measured with an average 
compressive strength of 4676. The standard deviation was 2987 psi or 63.9%. 
The lowest compressive strength sample was 900 psi and the highest single 
was 14,500 psi. Because of the deterioration of the core when exposed to 
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water,these compressive strengths are probably not representative of the 
in situ conditions of the rock. 

OPERATING HISTORY: The cavern has been operating successfully since 1969 without 
evidence of water Inflow or structural failure. Operating problems were en-
countered however, by the movement of products between the two segments of 
the cavern apparently by-passing around the bulkheads and liquid seal between 
the bulkheads. 
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LOCATION: Toledo, Lucas County, Ohio 

DEPTH: 560 to 580 

CONSTRUCTION DATE: 1969 

GEOLOGICAL DESCRIPTION: This site is located on the northeast projection of the 
Cincinnati arch. There is no significant faulting or folding and with the 
location being near the crest of the arch dip is very gentle in the north-
easterly direction. 
The ground surface at the site is relatively flat, drainage is poor and the 
surface material is glacial drift. Because of the thickness of the glacial 
drift, the three core holes of this site varied from 91-101 feet in thick-
ness, indicating that the bedrock erosional surface was somewhat Irregular. 

The bedrock is fractured dolomite of the Greenfield f ormatlon, Bass Island 
group Silurian age. Sediments younger than Silurian were either eroded a-
way or not deposited. The basic sequence of formations here is beginning 
with the Silurian age, Bass Island group, Greenfield Dolomite from 102-288 
feet then Niagarian Series, Lockport Do.ioreite from 288-506, then followed 
by the Brassfield Limestone from 506-526. Then Ordoviclau age rocks of 
the Cincinnatian or Richmond group are encountered with the White River 
Shale from 526 to the total depth of the holes. A description of the cores 
from hole #3 follows: 

Top Bottom Description 

0 102 Glacial till, sandy clay. No bedded sand or gravel. 

102 288 Greenfield Dolomite. Dolomite varying in color from tan-
brown. All highly fractured and vuggytsome zones contain-
ing chert nodules. Much of the core from the bottom of this 
formation was recovered as rubble indicating an extreme de-
gree of fracturing and solution channels. 

288 506 Lockport Dolomxte, colo-r varying from light gray to buff, 
mottled. Core very vuggy and reefy looking- Areas of core 
highly broken upon recovery, indicating extreme fracturing 
and/or solution channels through the section. 

506 526 Brassfield limestone, gray, fine to medium crystalline, denser 
than Lockport. Eight foot thick dark gray, dense calcareoua 
shale bed interbedded with fine crystalline limestone in the 
middle of the formation. Lower third of formation fine crys-
talline limestone dolomitic with scattered pinpoint vuggy 
verosity. Scattered shale laminae imbeds from hairline to 
1 inch thick appearing in the lower 1/3 of the formation. 

526 TD White-River shale, green to gray-green fissle shale which 
parts easily along bedding planes. Soft in part, but not clay-
like. Imbedded with calcareous shale and occasionally shaly 
limestone. Bedded contacts are indistinct, wavy, and lack 
continuity. 

Unit is 75-80% shale and shale is not hard or brittle. No 
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fracturing is evident. 

Bottom of section grades to gray tan, fine-grained crystalline 
limestone, dolomitic and argillaceous in part with shale in-
ner beds. 

CONSTRUCTION: A cavern of approximately 175,000 barrels or 982,000 cubic feet was 
constructed at this site. The construction was by conventional room and 
pillar mining with room widths of 15 feet and a maximum height of 20 feet. 
The support pillars were approximately 45 feet square. Roof support was 
achieved by utilizing roof bolts on a 4 foot pattern with chain link wire 
mesh. The shale sections were weak and subject to air-slacking. Support 
was effectively achieved by the utilization of the calcareous shale and 
limestone members as beam sections tied together with the roof bolts. No 
problems were encountered during construction other than some minor sloughing 
due to the air slacking of roof and pillars. 

A total of 102 samples from the three core holes indicate an average unre-
strained compressive strength of 3553 psi with a standard deviation of 3077 
psi or 86.6%. The range of compressive strengths varied from a low of 450 
psi to a high 12,900 psi. These extreme variations were caused by the se-
lection of samples for testing whether they were from the shale segments or 
the limestone or dolomite segments of the core. 

OPERATING HISTORY: The cavern has been operated since 1970 without any evidence 
of water inflow or structural failure. 
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LOCATION: Huntington, Huntington County, Indiana 

DEPTH: 455 to 475 

CONSTRUCTION DATE: 1966 

GEOLOGICAL DESCRIPTION: This site is located within the Wabash River valley 
north of the westward trending axis of the Cincinnati arch. The general 
dip is irregular being mostly flat or very gentle to the east northeast. 
The surface is composed of glacial drift with an average thickness of 10 
to 12 feet. 

Immediately beneath glacial drift,rocks of Silurian age are encountered 
and they are subdivided into the Wabash formation, the Louisville limestone, 
Waldron formation, Salamonine dolomite, and Brassfield limestone. The 
entire section is composed of dolomite vuggy or argillaceous, and with some 
inclusions of chert or pirite. Below the Silurian,0rodivician age rocks 
of liriassigned Cincinnatian series were encountered. This section consisted 
of dolomite and shales. 

Four coreholes were drilled at this site and conditions were fairly uniform 
between coreholes except an increase in dolomitization was encountered in 
the two northerly coreholes. Approximately 1,200 feet separated the c.ore-
holes in the north to south direction and approximately 1,300 feet separated 
the coreholes in an east-vest direction. Description of the cores recovered 
from corehole #4 follows: 

Top Bottom Description 

0 10 Unconsolidated glacial drift materials. 

10 165 Wabash formation dolomite, light shades of gray, tans, and 
ironstain colors. Some greenish-gray impurities along ir-
regular lamanae and stylolites. 

165 175 Louisville limestone. Similar to the Wabash but including 
some reef or reef detrital throughout this interval. 

175 187 Waldron formation dolomite, gray mottled in part, fine grained 
argillaceous, in nodule-like masses that have dark colored 
shale wrapped around them. Some white chalk textured chert 
in the middle part. 

187 317 Salamonie dolomite. Dolomite, dark brown to tan, mostly 
fine grained. Upper portion is dark and coarse but sparsely 
vuggy. Middle portion is light puve and vuggy. Lower por-
tion is gray argillaceous and cherty. 

318 350 Brassfield 1 imestone. Dolomite, gray, grandular, fairly Dure. 
Section is rather light colored pure and coarsely vuggy. Part 
has greenish glauconitic irregular lamanae and other inclu-
sions. Identification of this unit is somewhat uncertain. 
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Top Bottom Description 

350 536 Probably unassigned Cincinnatian Ordovician rocks. 
Assignments are questionable. Dolomite, gray, fairly 
pure to argillaceoua. Abundant pirite noted below 373 
feet. Greenish shale inclusions above 368 feet appear 
to consist of reworked shale. Greenish shale inclusions 
below 368 feet appear to be good innerbeds of up to 5 
inches thickness. Shale grading into dolomite and dolo-
mitic shale begins at approximately 389 feet. Much of 
dolomite appears to be fossil hash rather than primary 
deposition of dolomite. 

CONSTRUCTION: A cavern of approximately 200,000 barrels or 1,122,000 cubic feet 
capacity was constructed at this site. Construction was by conventional 
room and pillar mining with the room width maintained at 15 feet and the 
height at 20 feet. Roof control was maintained with roof bolts on a 4 by 
4 foot pattern throughout the cavern. A small water inflow of less than 
1 gallon per minute was encountered in this cavern during mining. The wa-
ter inflow was an accumulation of small drips and trickles that was not 
stopped. No other problems were encountered during the course of construc-
tion of this cavern. 

OPERATING HISTORY: The cavern has operated successfully since its completion 
with no apparent problems other than the necessity of removing the very 
small water inflow from the product pumped from the cavern. 
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LOCATION: Griffith, Lake County, Indiana #1 
DEPTH: 340 to 370 
CONSTRUCTION DATE: 1967 
GEOLOGICAL DESCRIPTION: The area is located in the broad crestal extension to 

the northwest of the Cincinnati arch. 
The surface is composed of glacial drift and lake deposits with a varying 
thickness of 85 to 134 feet. Below the glacial drift, unassigned carbonate 
shale and sandstone rocks of Devonian age were found. Below the Devonian 
rocks were found the Wabash formation, Louisville 1imestone, Salamonie 
dolomite, and Brassfield 1 imestone of the NiagatLan series, Silurian 3ge. 
The Silurian section was composed of dolomites with few and thin zones of 
limestone or slightly limy, and some cherts, pirites, shale laminations, 
and fossils. 
Vuggy characteristics of reef formations were noticed in the cores of all. 
The Louisville 1 imestone proved tighter than the other Silurian units and 
although there were some fine sparse vugs present, the formation pressure 
test gave good results. 
Some fracturing was noticed in the cores, but in a small proportion, thin; 
of very short lengths, and in most cases sealed or clay filled which should 
have presented no problems in mining operation. 
The context between the formations were gradational and in some units ranged 
up to 30 feet of thickness indicating that the selection of contact depths 
was arbitrary. Differences in thickness of the formation were due to de-
positional conditions rather than .structural. 
The static water level was found to be about 8 feec below the surface and 
strong flows were found in the sands and gravels of the glacial till as 
well as in the upper 10 to 20 feet of the bedrock. 

A sharp definition of formation and age change does not appear in the re-
cord of these core holes. It appears rather that the depositional environ-
ment was relatively uniform throughout Silurian and Devonian time which 
created very little break in continuity of the carbonate rocks. Subsequent 
to Devonian time erosion or lack of deposition removed all younger rocks 
and the Devonian became an erosional surface with weathering, jointing, 
and deep solution channels developing in the carbonate section. This prcb-
ably accounts for the fact that extremely large channels were encountered 
during the mining which were in direct communication with the ground water 
table. A description of the cores from hole #1 follows: 

TO£ Bottom Description 
0 134 Unconsolidated glacial materials consisting of clay, sand, 

gravel, and boulders. 
134 157 
134 157 Undifferentiated Devonian age dolomite of varying kind. 

Mostly light «rav to brown»some tan, some fine grained to 
sublithographic and very finely vuggy in part. Bands of 

85 



Top Bottom Description 

light colored chert, in part chalky textured, appeared in 
the upper two thirds of the section. Some thin bands of dark 
colored shale were observed throughout the interval. 
Silurian age, Wabash formation. Dolomite, gray to light 
gray, very fine grained, earthy argillaceous, tight. Moderate 
amounts of white chalk-textured chert nodules found in the 
lower portions of this formation. 

Louisville limestone. Dolomite with pyrite zones. Dolomite 
is gray, gray-tan, and tan, mottled in part, very fine-grain-
ed argillaceous. Pyrite was found in irregular nodules in 
veins. Open horizontal fractures were noted at .3.18, 326, 
334, 343, 374. Broken core from 365 to 366. 
Salaraonie dolomite. Dolomite, very light gray-tan, fine-
grained, fairly pure, very finely and sparsely vuggy, 
sparsely stylolithic. Zone had some bands of limestone. 
Some fractures were observed between 386 to 395; 401 to 409; 
409 to 413, vertical. Sealed horizontal fractures were 
noted between 429 to 449 and a poorly sealed fracture at 
458. A shaly zone classed either as dolomitic or shaly 
dolomite, gray, very fine-grained, earthy and tight, appeared 
at 490 to 494. Vertical fractures were noted at 514 and 
515. 

CONSTRUCTION: A cavern of 360,000 barrels or 2,020,000 cubic feet was construct-
at this site. Construction was by conventional room and pillar mining 
techniques with the rooms being 20 feet wide and 30 feet high. Supporting 
pillars were approximately 45 feet square. Random roof bolt-<= were utilized 
for roof control but by and large, no special roof control measures were 
required. 

Sixty-one samples of core were analyzed for unrestrained compressive strength, 
representing a depth from approximately 20 feet above the cavern roof to 20 
feet below the cavern roof. These 61 samples had an average unrestrained 
compressive strength of 15,454 psi with a standard deviation of 4,497 psi 
or 29.1%. 

In the course of the feasibility investigation the four coreholes were 
pressure tested between packers and the entire formation below about 150 
feet was found to be tight and impermeable. The feasibility testing not -
withstanding, some very large solution channels were encountered during the 
course of mining and water inflows in excess of 275 gallons per minute were 
encountered. The water inflow was reduced to about 75 gallons per minute 
through pressure grouting. 

Upon completion of the construction of the cavern the standard air pressure 
test was made as a part of the acceptance procedure. The cavern failed to 
hold air pressure above about 80 psi. 

After the failure of the cavern to pass the pressure acceptance test, ad-
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ditional pressure grouting was performed over an extended period of time 
and three additional pressure tests were performed. Each subsequent pro-
gram of pressure grouting reduced the water inflow until the minimum of 
about 20 gallons per minute was reached. After each period of pressure 
grouting the cavern air pressure test was higher, but the cavern was never 
sealed to the point of acceptance. The maximum stable pressure which the 
cavern would hold after the final pressure grouting was approximately 90 
psi. 

As a part of the remedial work, tracer dies were injected into subsequent 
test holes drilled in the vicinity of the cavern and these dies found their 
way into the water flowing into the cavern within a few hours after their 
injection into the test holes. The injection of the dies occurred in the 
extremely weathered contact between bedrock and glacial material. This was 
taken as conclusive proof of direct communication through solution channels 
or fractures between the cavern and the overlying glacial material. 

After a period of approximately 4 months 1 salvage work, the cavern was 
declared a failure and abandoned. 

In retrospect we can conclude that when a carbonate section is in non-
conformable contact with overlying water bearing sediments, then the 
likelihood of solution channels, joints, or fractures will exist which could 
lead to extensive water inflows which would not be predicted based upon 
core tests. Unless the joint pattern or solution channel pattern was ex-
tremely closely spaced it could only be considered a fortunate accident if 
one or more small diameter coreholes were to encounter the water bearing 
system within the carbonate zone. 
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LOCATION: Griffith, Lake County, Indiana //2 

DEPTH: 600 to 620 

CONSTRUCTION DATE: 1970 

GEOLOGICAL DESCRIPTION: This cavern was a replacement for the Griffith, Indiana 
cavern //I which failed Its air pressure acceptance test. The formation 
sequence was the same ao found in cavern /' 1 consisting of glacial till 
lying upon Devonian agfc undifferentiated carbonates followed by the Wabash 
formation, Louisville 1 imestone, Salamonie dolomite, Brassfield 1 imestone 
and the Edgewood formation of Silurian age. The Ordovician age Maquoketa 
ormation was also encountered in the coreholes. The Maquoketa consisted 

of the Brainard member, the Fort Atkinson member and the Scales aembsr. 
A description of the cores from test hole #10 beginning in the Louisville 
limestone follows: 

Top Bottom Description 

0 370 Not logged. 

370 377 Louisville Limestone-Silurian age. Dolomite, light gray, 
mottled, argillaceous, pyritic, and vuggy. Fractured at 
370 to 374 feet. Irregular, horizontal and vertical frac-
tures open to clay-filled. 

378 540 Salamonie dolomite. Dolomite, off-white to gray, fine-grained, 
very fine and sparcely vuggy, abundant chert nodules in 
upper section, argillaceous in part, pyritic in upper section. 
Fractured at 381 feet open; 382, open, dark gray shale and 
fracture plain; 333 open; 385 to 386, open, pyritic. Verti-
cal fracture, 389 open, shale filled. Poorly sealed fractures 
at 398, open; 399, open and badly fractured; 403, open and 
vhite clay filled; 406, open white clay and weathered chert; 
408, open, clay and weathered chert; 409, large vug with 
crystals ; 411, open; 413, weathered chert; 414, open stylo-
lite, plain; 416 weathered white clay and chert, 424 to 
425 open, vertical; 427 to 428 open, vertical; 435-437, sealed, 
vertical; 437 to 438 open; section between 434 to 435 vuggy, 
wet and from 438 to 440; 445 to 447 several open fractures, 
very high pyrite and fracture faces: 451 to 452, open, high 
angle; large vugs at 453, 454, 455, 458; open vertical frac-
tures at 454 to 455; 456 to 457 sealed vertical fractures; 
466 horizontal, open fracture; 474 large vug with pyrite 
crystals; 478 to 479, healed vertical fractures; shale break 
at 501 to 504; vertical fractures at 518, 526, 529; open frac-
tures at 532, 533, 534. 

540 590 Brassfield limestone. Dolomite light tan, medium grained, 
irregular shale partings, vuggy in zones, and chert nodules. 
Increased and more pronounced irregular shale banding (mot-
tled) toward bottom of section. Section grades from dolo-
mite to dolomitic shale with shale content increasing to-
wards the transition into the underlying Edgewood. 
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Top Bottom PescriDtlon 

Edgewood formation. Shale, gray, dolomitic; dense, bands 
and stringers of lighter colored argillaceous dolomite. Dolo-
mite bands becoming more dispersed and regular with depth. 
Core appeared tight and broke along bedding planes 

Maquoketa fbrmation-Ordovician , Brainard member. Shaly 
gray-greenish, occasional dolomite band phosphatic and py-
rite grains disseminated in lower foot. 

Fort Atkinson member. Light gra}* numerous, coarsely vujjgy. 
Large vugs at 640, 641, 642, 6 4 3 6 4 4 , 651. Increase in 
gray shale partings below 652 and decrease in vugginess. 
Shale became present in wider bands below 660. 

Scales member. Shale, gray-greenish, dense, breaks along 
bedding planes,occasional dolomite band with abundant fos-
sil debris in upper 10 feet. Faint brownish colored bands 
parallel to bedding below 755 and Increase in the greenish 
coloring of the shale. Brownish bands decrease in thickness 
toward bottom. Shale became harder in appearance and less 
fissile toward bottom. 

CONSTRUCTION: A cavern of 360,000 barrels or 2,020,000 cubic feet was construct-
ed at this site as a replacement for cavern if 1 which was lost. Construction 
was by conventional room and pillar mining techniques with the rooms being 
16 feet wide and 20 feet high. Supporting pillars were approximately 45 
feet square. Roof control was maintained by the use of rock bol^s on a 4 
x 4 foot pattern with chain link mesh. 

Fifty compressive strength samples were made from the six core holes span-
ning a depth from 20 feet above cavern roof to 20 feet below cavern roof. 
The average unrestrained compressive strength in the vertical direction of 
these samples was 5,926 psi with a standard deviation of 2,585 psi or 43.6£. 
The compressive strengths ranged from a low of 1,800 psi to 16,700 psi re-
flecting the sampling of the cores for compressive strength determinations. 
The more pure shale representing the lower end of the compressive strength 
spectrum and the more pure dolomite the higher end of the spectrum. 

OPERATING HISTORY: The cavern has operated successfully since its completion 
without any evidence of water inflow or structural failure. 
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LOCATION: Kankakee, Kankakee County, Illinois 

DEPTH: 206 to 231 

CONSTRUCTION DATE: 1953 

GEOLOGICAL DESCRIPTION: This cavern was one of the four or five first caverns 
constructed for LPG storage and as a consequence records are very meager. 
The cavern was constructed in the Maquoketa s ha.le of Ordovician age and 
the amount of glacial till overlying the Ordovician age is unknown though 
it probably was in the order of 80 to 100 feet. 

CONSTRUCTION: A cavern of 260,000 barrels or 1,459,000 cubic feet was construct-
ed at this site. The Maquoketa shale at this location wa& rich in clay min-
erals and was extremely sensitive to water,. During the summer months while 
the cavern was being constructed extreme difficulties were encountered with 
maintaining a roof because of air slacking. Approximately 5 feet above the 
roof of the cavern was a parting in the shale which probably should have 
been selected as the roof because the roof tended to fall from the parting 
down to the roof line. A fall of major consequence occurred when a roof 
bolt was being grouted and the roof fell at the parting. 

This cavern was construced as a series of 25 foot high by 25 foot wide 
chambers and connected top and bottom with small drifts. Roof control way 
achieved by roof bolting three inch flagging to the roof with grouted roof 
bolts. 

In light of the experience of constructing some 70 caverns since the con-
struction of this cavern, it would seem probable that an entirely different 
approach toward construction would be utilized if this cavern were construct-
ed today. 

OPERATING HISTORY: This cavern operated successfully for 18 years until there 
was a breakthrough of water into the cavern. This water breakthrough 
was probably associated with a roof fall which continued upward until the 
natural arch of the roof was achieved and the crown encountered the aqui-
fer. Inasmuch as the hydrostatic pressure of the water entering the ca-
vern was less than the vapor pressure of the product stored in the cavern » 
the cavern was operated for a short time as a refrigerated cavern to re-
duce the vapor pressure of the product, but this was terminated for eco-
nomic and safety reasons and the cavern has since been abandoned. 
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LOCATION: Monee, Will County, Illinois #1 and 2 

DEPTH: 490 to 515 

CONSTRUCTION DATE: 1972 

GEOLOGICAL DE3CKIPT10N: This area is located on the Kankakee arch,a broad 
structural feature separating the Michigan and Illinois basins. The arch 
plunges gently southeaster ly from the Wisconsin arch in north central 
Illinois toward a shallow saddle in north central Indiana. The upper 
formation in Northeastern Illinois dips gently into the Michigan basin and 
this is reflected by a local dip of approximately 10 feet per mile east 
northeast. 

The surface consists of Pleistocene glacial drift of sand, clays and 
gravels. The Pleistocene cover varies from 124 to 131 feet at this site. 

The geologic ago of the formation underlying the Pleistocene began with 
the Silurian age Joliet shales and limestones followed by the Osgood 
dolomite, the Kankakee formation, and the Edgewood formation. The Ordovl-
cian age begins with the Maquoketa group consisting of: the Neda formation, 
the Brainard, Fort Atkinson, and the Scales. Following the Maquoketa is 
the Galena formation in which all of the four coreholes stopped. 

A description of the formations encountered in corehole #1 follows: 

To£. Bottom Description 

0 127 Till and Alluvial deposits. 

127 147 Joliet formation, inter-bedded blue gray shale with string-
ers of dolomite. 

147 188 Osgood formation. Blue-gray shale with dolomite stringers 
grading to dark gray shale to very dolomitic shale. 

188 432 Dark, blue-gray dolomite with streaks of pirite in clay near 
the top, developing into alternating dolomite to shaly dolomite 
with thin stringers of dark shale. Dolomite is very vuggy 
near the base. 

432 438 Maquoketa group, Neda red shale. 

438 532 Brainard greenish gray shale with dolomite stringers. 

532 553 Fort Atkinson. Dolomitic shale grading into pure dolomite 
with shale stringers and vuggy in the base. 

553 672 Scales formation. Green shale with dolomitic stringers to 
554 and abundant fossils. 

672 689 Galena dolomite, very vuggy with oil and gas shows. 

CONSTRUCTION: Two caverns were constructed at this site of 200,000,and 115,000 
barrels or 1,122,000 and 645,000 cubic feet capacity. Construction was 
by conventional room and pillar mining with the rooms being 18 feet wide 
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and 25 feet high. Supporting pillars were 45 feet square. Roof control 
was maintained by pattorn roof bolting on a 4 foot by 4 foot pattern. 

Eighty-six samples of the cores from the 4 core holes representing a depth 
interval from 10 feet above cavern roof to 5 feet below the cavern roof 
were analyzed for unrestrained compressive strength. The average compressive 
strength was 3,728 psi with a standard deviation of 1,349 psi or 36.2%. 
The compressive strengths ranged from a low of 1,600 psi to a high of 6,900 
psi. 

No problems were encountered in the course of constructing the two caverns. 

OPERATING HISTORY: The two caverns have operated since completion with no evi-
dence of water inflow or structural failure. 

92 



LOCATION: Lemont, Will County, Illinois #1, 02 and if3. 

DEPTH: 325 to 350 

CONSTRUCTION DATE: 1967 

GEOLOGICAL DESCRIPTION: The area'Is located on the Kankakee Arch which Is a 
broad structural feature separating the Michigan and Illinois basins. The 
area is east of the axis and the dip of the formations beneath the site in 
gently to the east. 

The area is covered by Pleistocene glacial drift of from 125 to 131 feet in 
thickness,, The drift is underlain unconforraably in- undifferentiated 
Silurian age carbonates. Beneath the Silurian lies the undifferentiated 
Maquoketa group of Ordovician composed of shale and dolomite* followed by 
the Galena dolomitlc section and then the St. Peter andstone. A descrip-
tion of the cores from corehole ill follows: 

fop Bottom Description 

0 125 Glacial drift composed of clay and boulders, 

125 157 Top of Silurian. Dolomite, very vuggy, broken, brown dis-
coloration. 

157 162 Shale with dolomite stringers. Blue-graywith brown dis-
colorations. 

162 256 Dolomite, slightly vuggy with shale stringers. Dolomite is 
slightly sandy at top, very vuggy and argillaceous in the 
middle section becoming less vuggy towards the bottom. 

256 392 Top of Maquoketa. Shale, greenish-gray grading to gray in 

color, silty. 

293 402 Dolomite and limestone with shale stringers. 

402 468 Shale, sllty, brownish-gray, firm. 

468 482 Top of Galena. Dolomite, vuggy,. sandy with oil stain. 

482 492 Dolomite, very vuggy in top, vugginess decreasing with depth 

and developing thin shale stringers in lower portion. 

492 529 Dolomite, dense. 

529 531 Dolomite, broken, and vuggy. 

531 573 Dolomite, dense with thin shale streaks . 573 591 Dolomite, broken, sandy, with shale streaks. Bottom of hole. 
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CONSTRUCTION: Thraa caverns were mined simultaneously at this site for the 
storage of 3 separate LPG products. The volume of the caverns is 
250,000 barrels ot 1,402,000 cubic feet. 

The construction was by conventional room and pillar mining with the room 
width being lo feet and the height being 25 feet. Supporting pillars were 
44 feet square. Roof control was maintained by the utilization of roof 
bolts and steal straps. Roof bolts were 4 feet on center; the straps ran 
normal to iihe axis of drifts 4 feet on center. 

Cores from two of the holes were analyzed for unrestrained compressive 
strength in the interval from approximately 25 feet above cavern roof to 
25 feet below cavern roof. The average compressive strength for the 12 
samples analyzed was 4,658 psi with a standard deviation of 1,778 psi or 
38.1%. 

No particular problems were encountered in the construction of these ca-
verns, and no water inflow was experienced. The shale sections of the 
Maquoketa formation were subject to air slacking and excess ventilation 
was maintained to prevent atmospheric condensation during construction of 
the cavern. 

OPERATING HISTORY: The caverns have been operated successfully since completion 
with no evidence of water inflow or structural failure. 
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LOCATION: Aurora, DuPage County, Illinois 

DEPTH: 207 to 232 

CONSTRUCTION DATE: 1953 

GEOLOGICAL DESCRIPTION: This cavern was the third or fourth cavern ever con-
structed for storage of petroleum products and has been abandoned. All 
records of the original construction are unavailable. 

The site is located on the Kankakee arch slightly west of the axis of the 
arch. The surface is composed of Pleistocene glacial drift of probably 
about 100 feet of thickness. Underlying the unconsolidated surface material 
are undifferintiated Silurian age beds of dolomite and shale. Near 200 
feet in depth the Maquoketa formation of Ordoviclan age ie encountered and 
this provides the ho?it shale in which the cavern was mined. 

CONSTRUCTION: A cavern of 50,000 barrels or 280,000 cubic feet capacity was 
constructed at this site. Construction was by conventional room and pillar 
mining beneath a conventionally sunk shaft. Rooms were approximately 25 
feet high and 15 feet wide. Supporting pillars were approximately 45 feet 
square and roof control was achieved by utilizing roof bolts on a h ^ k 
foot pattern. 

OPERATING HISTORY: This cavern operated satisfactorily except that no provision 
for pumping product from the cavern was made in the original design. This 
design defect, required, then, that product be displaced by injection of va-
pors to cause the product to flow to the surface. 

The cavern has since been abandoned and all product displaced by water and 
the cavern is currently standing full of water. 

During the operating life of the cavern, there was no evidence of any water 
inflow or structural failure. 
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LOCATION: Morris, Grundy County, Illinois ill 

DEPTH; 1050 to 1075 

CONSTRUCTION DATE; 1971 

GEOLOGICAL INSCRIPTION: This area 1B located, OU the western flank of the Kankakee 
arch, a broad structural feature separating!the Michigan and Illinois 
basins. The surface consists of Pleistocene glacial drift of sar.d, 
clays, and gravels. The Pleistocene coverj i« approximately 50 feet thick 
at this site. 

The geologic age of the formations underlying the Pleistocene begin with 
the Galena 1 imestone of Ordovician age followed by the Glenwood and St. 
Peter sands also of Ordovician age. Following the St. Peter is the Knox 
m.egagroup of both Ordovician and Cambrian iiges. The Knox m egagroup is 
then followed by Cambrian age, Potosl, Franconia, Ironton, Eau Claire, 
and Elrohurst-Mt. Simon formations. 

A description of the formations encountered in corehole #1 follows: 

Top Bottom Description 

0 52 Surface sand, clay, and gravel. 

52 342 Galena limestone, (drilled) 

342 372 Glenwood sand (drilled) 

372 570 St. Peter sand (drilled) 

570 974 Knox megagroup (coring began at 912). Hard, white to 
gray dolomite with vugular porosity, some fracturing 
and one streak of medium to coarse grained sandstone. 

974 1105 Potosi formation, hard, blue to gray fractured dolomite 
with vugular porosity, some pyrite, glauconite and 
quartz crystals In vugs. Limestone grays to white to 
gray to tan, hard, finely crystalline dolomite with 
very few vugs and fractures towards the bottom of the 
formation. 

1105 1237 Franconia sandstone. Gray to green, fine-grained sand-
stone, very glauconitic and pyritic, silty in part. 
Sandstone becomes streaked with gray dense dolomite 
towards the bottom of the formation. 

1227 1438 Ironton sandstone. Coarse grained, poorly sorted, 
rounded sandstone with hard sandy dolomite streaks. 

1438 1688 Eau Claire formation. Green siltstone streaked with 
shale. Shale occurs in 8 to 12 Inch streaks. Siltstone 
grades into a very fine-grained sandstone streaked with 
15 to 30% shale. Some of the sandstone streaks appear 
to have porosity. 
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Top Bottom Description. 

1688 1741 Gray and brown platy shale with a few hard sandstone 
streaks. 

1741 3.776 Tan, shcly, dolomite with alternating streaks of fairly 
clean dolomite and gray to green shale. 

1776 1794 Gray and green plastic shale with a very few thin sandy 
dolomite streaks. 

1794 1806 Tan to brown dolomite, with hard green shale streaks. 

1806 1852 Gray and green platy shale grading into a hard tan dolo-
mite streaked with silty shale. 

1852 1858 Mt. Simon sandstone, hard, very dark, pyritic sandstone, 
streaked with shale and dolomite. 

CONSTRUCTION: The construction of a cavern was attempted in the Potosi formation 
between approximately 950 and 975 feet. Extensive jointing and solution 
channels were encountered during the course of the attempted construction 
and control could never be achieved of the water inflow. Because of the 
high water inflow, construction was abandoned before the cavern was complet-
ed. 

OPERATING HISTORY: Since the cavern was abandoned during construction there is 
no operating history. 
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LOCATION: Morris, Grundy County, Illinois If2 

DEPTH: 1820 to 1832 

CONSTRUCTION DATE: 1 9 7 1 

GEOLOGICAL DESCRIPTION: This area is located on the western flank of the Kankakee 
arch, a broad structural feature separating the Michigan and Illinois 
basins. The surface consists of Pleistocene glacial drift of sand, 
clays, and gravels- The Pleistocene cover is approximately 50 feet thick 
at this site. 

The geologic age of the formations underlying the Pleistocene begin with 
the Galena limestone of Ordovician age followed by the Glenwood and St. 
Peter sands also of Orodvici&n age. Following the St. Peter is the Knox 
megagroup of both Ordovician and Cambrian ages. The Knox megagroup is 
then followed by Cambrian age, Potosi, Franconia, Ironton, Eau Claire, 
and Elmhurst-Mt. Simon formations. 

A description of the formations encountered in corehole II1 follows: 

Top Bottom Description 

0 52 Surface sand, clay and gravel. 

52 342 Galena limestone (drilled) 

342 372 Glenwood sand (drilled) 

372 570 St. Peter sand (drilled) 

570 974 Knox megagroup (coring began at 912). Hard, white to 
gray dolomite with vugular porosity, some fracturing 
and one streak of medium to coarse grained sandstone. 

974 1105 Potosi formation, hard, blue to gray fractured dolomite 
with vugular porosity, some pyrlte, glauconite and 
quartz crystals in vugs. Limestone grays to white to 
gray to tan, hard, finely crystalline dolomite with 
very few vugs and fractures towards the bottom of the 
formation. 

1105 1227 Franconia sandstone. Gray to green, fine grained sand-
stone, very glauconitlc and pyritic, silty in part. 
Sandstone becomes streaked with gray dense dolomite to-
wards the bottom of the formation. 

1227 1438 Ironston Sandstone. Coarse-grained, poorly sorted, 
rounded sandstone with hard ,sandy dolomite streaks. 

1438 1688 Eau Claire formation. Green siltstone streaked with 
shale. Shale occurs in 8 to 12 inch streaks. Silt-
stone grades into a very fine-grained sandstone streak-
ed with 15% to 30% shale. Some of the sandstone streaks 
appears to have porosity. 
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Bottom Description 

1698 1 7 4 1 Gray and brown platy shale with a few hard sandstone 
streaks. 

1741 1776 Tan, shaly, dolomite with alternating streaks of fairly 
clean dolomite and gray to green shale. 

1776 1794 Gray and green plastic shale with a very few thin sandy 
dolomite streaks. 

1794 1806 Tan to brown dolomite, with hard green shale streaks. 

1806 1852 Gray and green platy shale grading into a hard tan dolo-
mite streaked with silty shale. 

1852 1858 Mt. Simon sandstone, hard, very dark, pyritic sandstone, 
streaked with shale and dolomite. 

CONSTRUCTION: A cavern of approximately 150,000 barrels or 842,000 cubic feet 
capacity was constructed at this site. This cavern is somewhat unique in 
that it was constructed to contain ethane with a vapor pressure of approxi-
mately 600 psi. This accounts for the inordinate depth of this cavern. 

Construction was by conventional room and pillar mining techniques with the 
pillars offset so that no foreway intersection existed. Room sizes were 12 
feet by 12 feet in cross section and supporting pillars were 60 feet square. 
Roof control was achieved by utilizing grouted roof bolts with chain link 
mesh and steel straps across the roof and down each pillar. The average un-
restrained compressive strength of 35 samples is 8,808 psi with a standard 
deviation of 4,015 psi or 45.1%. 

The construction of this cavern was accomplished with a minimum of difficulty; 
however, there was considerable concern for the stability of the openings 
during the entire course of construction. 

OPERATING HISTORY: The cavern has operated satisfactorily since completion stor-
ing ethane at its vapor pressure. There has been no evidence of water inflow 
or structural failure during the operating history, 
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LOCATION: Oakland City, Gibson County, Indiana 

DEPTH: 448 to 470 

CONSTRUCTION DATE: 1961 

GEOLOGICAL DESCRIPTION: The rocl® encountered at this location are o£ the Des 
Moines series, Pennsylvanian age. The upper portion 1B primarily composed 
of sandstones and siltstones with some thin-bedded shale, limestone, and 
coal beds. A description of the formation encountered in corehole VI 
follows: 

Top Bottom Description 
0 8 Yellow clay. 

8 27 Shale (drilled)-

27 29 Coal-

29 71 Shale (drilled)-

71 73 Coal. 

73 81 Sandstone (bottom of drilled hole). 

81 100 Siltstone, gray, massive, slightly carbonaceous, hard, 
slightly sandy with numerous carbonlzad plant remains 
in bottom, 7 -feet. 

100 104 Light gray, fine grained, micaceous sandstone. 

104 120 Gray, siltstone. 

120 130 Inner-bedded light gray, fine-grained micaceous sand-
stone, and gray carbonaceous, slightly micaceous silt-
stone. 

130 142 Light gray, massive, fine-grained, micaceous and car-
bonaceous sandstone. 

142 166 Gray, sandstone ss above but with zones of carbonized 
plant lenses. 

166 172 Gray, massive, friable, medium grained, micaceous, and 
carbonaceous sandstone. 

172 173 Coal. 

173 174 Dark gray, hard, limestone. 

174 185 Dark gray, slightly silty, and carbonaceous shale. 

185 186 Dark gray, hard, silty limestone. 
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Top Bottom Description 

186^ 189 Dark gray, slightly silty, calcareous shale. 

195 196 Gray, silty, carbonaceous, soapy textured with slicken-
sided fracture shale. 

196 204 Coal. 

204 205 Under clay. 

205 212 Light gray, massive, hard, slightly carbonaceous silt-
stone. 

212 222 Light gray, massive, fine-grained, someuhat micaceous, 
and carbonaceous sandstone. 

222 224 Light gray, calcareous, fine-grained, micaceous sand-
stone. 

224 235 Gray, fine-grained, calcareous sandstone. 

235 245 Dark gray, silty, carbonaceous shale. 
» 

245 252 Black, si.Ity, carbonaceous shale. 

252 254 Coal-

254 260 Under clay. 

260 262 Gray, silty, shale. 

262 271 Gray, slightly sandy, massive, extremely carbonaceous 

siltstone. 

271 290 Gray, fine-grained, slightly micaceous sandstone. 

290 295 Gray, massive siltstone. 
295 319 Gray to brown, massive, fine-grained, micaceous sand-

stone. 

319 323 Dark gray to black silty, carbonaceous shale. 

323 324 Coal. 

324 329 Under clay-

329 373 Light gray, fine-grained, massive, micaceous sandstone. 
Sandstone becomes Increasingly carbonaceous toward bot-
tom. 

373 379 Dark gray, clayey, carbonaceous shale. Soapy texture 
toward bottom. 
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Top Bottom Description. 

379 380 Coal. 

380 382 Dark gray to green shtle. 

382 385 Coal. 

385 390 Under clay. 

390 392 Medium gray siltstone. 

392 394 Medium gray silty, clay. 

394 396 Medium gray siltstone. 

396 397 Medium gray sandstone. 

397 400 Dark gray, silty shale. 

400 404 Light gray, silty clay. 

404 405 Medium gray siltstone. 

405 412 Medium gray to black shale. 

412 414 Vadium gray to light brown siltstone. 

414 416 Light gray fine-grained, silty sandstone. 

416 423 Alternating thin beds of medium gray shale and siltstone. 

Average bed thickness approximately 6 inches. 

423 426 Light gray, fine-grained calcareous sandstone. 

426 443 Medium gray, sandy to silty shale. Color darkens to 

almost black at base of bed. 

443 444 Black limestone. 

444 446 Black, fissile shale. 

446 447 Dark gray, dense limestone. 

447 448 Coal. 

448 453 Light to medium gray to light brown to pale gresn under 

clay. 

453 454 Greenish gray shale. 

454 457 Light gray to tan crystalline limestone. 

457 488 Greenish gray to dark gray, silty shale. 102 



Top Bottom Description. 

488 491 Coal. 

491 494 Under clay. 

434 496 Siltstone. 

496 500 Light gray, fine-grained sandstone. 

CONSTRUCTION: A cavern of 175,U00 barrels or approximately 982,000 cubic feet 
capacity was mined at this site. Construction was by conventional room and 
pillar mining with the maximum room height being 22 feet and the maximum 
width being 15 feet. Supporting pillars were 45 feet square. Roof control 
was achieved by the utilization of roof bolts and chain link wire mesh with 
the roof bolts being on a 4 by 4 foot pattern. The average compressive 
strength of 28 samples spanning the cavern interval was 7,264 psi with a 
standard deviation of 2,960 psi or 40.7 %. 

No construction problems were encountered during the. mining of this cavern. 
No water inflows were encountered nor were any massive structural failures 
observed. 

OPERATING HISTORY: This cavern has operated satisfactorily since its completion 
with no evidence of water inflow or structural failure. 
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LOCATION: Crossville, White County, Illinois 

DEPTH: 229 to 250 

CONSTRUCTION DATE: 1953 

GEOLOGICAL DESCRIPTION: This area is located near the axis of the Illinois basin 
which has been a major oil and gas producing province of the United States. 
The surface consists of Pleistocene and Recent glacial and river sediments. 
The unconsolidated cover is approximately 50 feet thick at this site and is 
underlain by undifferentiated Pennsylvanian age sediments. 

This area is a relatively active seismic area associated with the new 
Madrid fault zone. 

A description of the formations encountered in corehole //I follows: 

To£ Bottom Description 

0 45 Unconsolidated sand, clay and graveL 
45 130 Gray shale with occasional fine sand streaks between laminae. 

130 160 Gray to white lime becoming porous in base. 
160 188 Gray shale with sand streaks becoming occasionally sandy shale 

in middle portion. 
188 207 Hard, gray shale with lime nodules becoming streaked with thin 

limestone at base. 
207 239 Dark gray shale with stringers of brown shale near base. 
239 249 Laminated dark gray shale with lime and siltstone stringers. 
249 250 Black shaly coal. 
250 253 Dark gray shale. 
253 315 Calcareous sand with shale streaks in top becoming cleaner towards 

base. 
CONSTRUCTION: A cavern of 50,000 barrels or 280,000 cubic foot capacity was con-

structed at this site. Construction was by conventional room and pillar 
mining with rooms being approximately 15 feet wide and 20 feet high. Su-
porting pillars were 45 feet square. Roof control was achieved utilizing 
roof bolts on a 4 by 4 foot pattern. Access to the cavern level was 
through a conventionally sunk shaft. 

OPERATING HISTORY: This cavern has operated successfully since its completion 
though a few minor leakage problems have occurred because of an imperfect 
seal of the shaft. An earthquake of considerable intensity occurred in 
1968 which did major damage to a number of oil and gas wells in the gen-
eral vicinity of this cavern. This damage manifested itself primarily in 
the shearing of casing. On at least one other occasion, this area has been 
subjected to tremors of considerable magnitude which did surface damage 
in the form of broken windows, toppled chimneys and other similar damage. 
The cavern itself has suffered no damage from any of the tremors which 
affect this area. 

There has been no evidence of water inflow into this cavern nor has there 
been any evidence of structural failure. 
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LOCATION: Tuscola, Douglas County, Illinois //I 

DEPTH: 365 to 387 

CONSTRUCTION DATE: 1954 

GEOLOGICAL DESCRIPTION: No core descriptions are available from the coreholes 
for this cavern, however, cavern //2 is located at the same site nnd 
a description is avni-lable from that cavern. 

CONSTRUCTION: A cavern of approximately 150,000 barrels, or 842,000 cubic feet-
was constructed at this site. This cavern was unique in the mining 
approach which was taken during construction. The cavern consists of five 
drifts or tunnels approximately 325 feet long with a continuous pillar be-
tween drifts. The drifts are connected at the main shaft end with a drift 
of approximately the same width, which is 25 feet. The opposite end of 
these drifts is connected with another drift approximately 12 feet wide 
which served for ventilation during construction. The movement of broken 
rock in the cavern was accomplished with slushers rather than track or 
wheeled equipment as has been the case in virtually all other caverns con-
structed. 

This cavern also was unique in that access to the mining level was through 
a conventionally sunk shaft rather than a drilled shaft which is more pre-
valent. Difficulties were encountered during the sinking of this shaft when 
artesian water was encountered. The flow of water was of sufficient magni-
tude that the local water table was depressed sufficiently enough to cause 
domestic water wells in the immediately surrounding area to go dry. After 
the artesian water was controlled by grouting, the local water table was 
re-established and the local water wells, again, were productive. 

Roof control was achieved by utilizing roof bolts on a 4 X 4 foot pattern. 

The water inflow from the shaft was never completely controlled and there 
was some water inflow throughout construction which did not interfere with 
the construction. 

OPERATING HISTORY: The cavern has operated successfully since its completion 
but there has been a very small inflow into the cavern throughout its oper-
ating history. This water inflow has probably been from the imperfect 
ceiling of the shaft. This has been an inconvenience but has not inter-
fered wich the operation of the cavern. 
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LOCATION: Tuscola, Douglas County, Illinois ill 

DEPTH: 365 to 387 

CONSTRUCTION DATE: 1964 

GEOLOGICAL DESCRIPTION: This area is covered with a mantle consisting of silt, 
sand, and clay materials of the Recent and Pleistocene ages. The materials 
are glacial in origin. 

The mantle is underlain by rocks of Penntiylvanian age. All coreholes were 
terminated in Pennsylvanian rocks. 

Tha Pennsylvanian rocks consisted of shale, siltstones» limestones, and 
thin bands of coal. 

The) area is on a flank between the Illinois basin to the west and the LaSalle 
anticline to the east, Dip is approximately 1 foot per hundred feet as de-
termined by correlations at the contact at the baae of the Millersville 
limestone. 

A description o'i the coree from corehole //I follows and it is comparable to 
the coreholes from cavern //1. 

TOP BOTTOM DESCRIPTION 

0 219 Unconsolidated glacial material consisting of clay, silt, 
gravel, and sand. 

219 222 Shale, dark-gray, very clayey, weathered. 

222 232 Sandstone, gray, argillaceous, friable. 

232 236 Shale, greenish-gray, with silt streaks. 

236 245 Siltstone, greenish-gray, compact, 4 inch clay zone at base, 

245 248 Shale, greenish-gray, blocky. 

248 256 Siltstone, greenish-gray, dense, with shale laminations. 

256 260 Shale, black, thinly laminated, 3ilty. 

260 270 Shale, gree.-iish-gray, uniform, thin laminations of siltsti.ne 
end sandstone, grading into siltstone at 270-

270 280 Siltstone, greenish-gray, friable, argillaceous, carbonaceous 
near base. 

280 285 Shale, greenish-gray with silty zones, carbonaceous near baBe. 

285 287 Coal. 

287 299 Shale, greenish-gray, very clayey, limestone pebbles. 
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Top Bottom Description. 

299 322 Shale, dark-gray to black, calcareous, carbonaceous, laminated. 

322 324 Coal. 

324 346 Shale, greenish-gray, sllty laminations, and limestone in-
clusions. 

346 347 Coal. 

347 351 Clay, with shale fragments and limestone pebbles. 

351 362.5 Limestone, gray, shaly with several clay zones, bottom two 
feet approximately 60% limestone nodules with clay seams. 

362.5 365 Limestone, brownish, sublithographic to medium crystalline, 
minor hairline Irregular fractures, cemented or filled with 
shale or clay material,pinpoint porosity. 

365 380 Limestone, brownish-gray, sublithographic to medium crystal-
line, minor hairline Irregular fractures that are cemented 
or filled with shale or clay materials, pinpoint porosity. 

380 394 Siltstone, greenish-gray, laminated throughout with bands 
of shale, uniform. 

394 406 Shale, black, silty, numerous one half inch discs, carbon-
aceous . 

406 408 Coal. 

408 412 Clay with broken pieces of shale. 

413 431 Sandstone, greenish-gray, argillaceous, and calcareous zones. 
Fine to coarse and appears to be well cemented. Total Depth. 

CONSTRUCTION: A cavern of 864,000 barrels or 4,847,000 cubic feet was construct-
ed at this site. Construction was by conventional room and pillar mining 
with the room width being 20 feet and the room height being 22 feet. Sup-
porting pillars were 45 feet square. The cavern interval was in the bottom 
11 feet of the Millersville limestone and the upper 11 feet of the under-
lying siltstone. This selection gave the advantage of the relatively strong 
limestone roof for the cavern and the ease of mining the underlying ailtstone. 
Roof control was maintained with pattern roof bolts on a 4 X 4 foot pattern. 

Nc problems were encountered in the mining of this cavern and It remains the 
largest storage cavern mined to date. 

19 samples from the two coreholes were analyzed for unrestrained compressive 
strength and the average compressive strength is 8,422 psi with a standard 
deviation of 2,342 pBi or 27.7%. 

No problems were encountered with the construction other than one small 
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pocket of natural gas that was encountered in the siltstone in one heading. 
This gas quickly dissipated itself and offered no Interference with con-
struction. 

OPERATING HISTORY: The cavern has operated successfully since completion with 
no evidence of water inflow or structural failure. 

108 



LOCATION: Farmington, Peoria County, Illinois 

DEPTH: 295 to 315 

CONSTRUCTION DATE: 1965 

GEOLOGICAL DESCRIPTION: The surface at this site is formed by glacial till of 
the Illinolan glacial stage with an average thickness of 25 to 35 feet. 
The topographic features of the area are broad* gently rolling uplands di-
sected by a maze of small valleys. 

Structurally the area is part of a broad shelf lying northwest of the deep-
er part of the Illinois basin and between the Lincoln fold and the LaSalle 
anticline and just south of the axis of the Farmington anticline. 

The Farmington anticline is asymmetrical in the JJrepennsylvanian- with a 
greater relief on the south limb and indications were f->und in the core-
holes of a slight increase in depth due to this asymmetry. 

Beneath the glacial dcift; rocks of Pennsylvanian age are encountered which 
consist of shale, sandstone, underclay, coal, limestone, ironstone, and 
conglomerate and typical sequence forming cyclothems. The maximum thickness 
of the Pennsylvanian is approximately 500 feet. 

Several unconformities with major erosional conditions appear in the Penn-
sylvanian system in between the different cyclothems resulting in discon-
tinuity in the deposition of subsequent beds. These unconformities had no 
effect on the selected horizon for the cavern interval. 

The Pennsylvanian in this area was found in two groups. The McLeansboro 
and Carbondale wi-,h their respective cyclothems. The McLeansboro group 
was found at depth of approximately 35 feet and the Carbondale group at 
155 feet. All coreholes were terminated in the Carbondale group. 

A description of the cores from corehole #1 follows: 

Bottom Description 

35 Surface clay, sand, and gravel. 

71 Pennsylvanian age, McLeansborow group. Shale, soft 
gray to dark hard. Becomes increasingly limy towards 
base. 

75 Limestone, light gray. 

92 Shale, medium gray. 

95 Sandstone. 

101 Shale, greenish gray. 

115 Sandstone. 

Top 

0 

35 

71 

75 

92 

95 

101 
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Top Bottom Description. 

115 116 Coal. 

116 122 Underclay and medium gray shale, 

122 146 Sandstone. 

146 148 Coal, top of Carbondale group. 

148 210 Shale, gray, medium grained, fairly well laminated. 

210 211 Limestone ( St. David ), gray, massive, very argillaceous. 

211 214 Shale, dark gray to black, calcareous, fair to well 
laminated. 

214 222 Coal (Springfield 05). 

222 244 Underclay and shale, light gray mottled gray to dark 
gray, poorly laminated with occasional slip fracture. 
Two limestones of less than 1 foot thickness appear in 
the shale interval. 

244 246 Coal (Summit #4). 

246 258 Underclay and clay shale, gray to light greenish gray, 
calcareous with numerous dark gray nodules. 

258 267 Siltstone, light greenish gray, fine-grained, massive 
with disseminated carbonaceous plant debris. 

267 324 Shale, gray, coarse, silty, fairly well laminated, re-
latively hard. Three very thin gray argillaceous lime-
stones appear in this interval. 

324 325 Coal (Colchester #2). 

325 330 Underclay and clay shale, greenish gray, relatively 
firm, slip fractured, slightly carbonaceous. 

330 334 Siltstone, grading into sandstone, gray, fine-grained, 
with thin carbonaceous laminae and streaks coarsely 
micaceous on partings. 

CONSTRUCTION: A cavern of 400,000 barrels or 2,444,000 cubic feet capacity was 
constructed at this site. Construction was by conventional room and pillar 
mining. Roof control was achieved by pattern roof bolting on a 4 by 4 foot 
pattern. The shale exhibited air slacking tendencies and some falls were 
encountered. Trimming and maintainance of the roof was required throughout 
the construction of the cavern. Thirty-six core samples were analyzed for 
unrestrained compressive strength from 3 of the 4 coreholes in an interval 
from 20 feet above cavern roof to 20 feet below cavern roof. The average 
unrestrained compressive strength of these samples was 5,678 psi with a 
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standard deviation of 2,053 or 36.2%. The range of compressive strengths 
was from a low of 3,200 psi to 8,500 psi. 

OPERATING HISTORY: The cavern has been operated successfully since its comple-
tion with no evidence of water inflow or structural failure. 
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LOCATION: Wood River, Madison County, Illinois Ol & //2 

DEPTH: 450 to 500 

CONSTRUCTION DATE: 1960 and 1961 

GEOLOGICAL DESCRIPTION: This site is located just east of the Mississippi River, 
structurally, on the west flank of the Illinois basin. Surface material 
consists of Pennsylvanian detrital soil, loess and glacial debris of 
Pleistocene.' age. The surface mantle of unconsolidated sediments varies from 
0 to 150 feet and lies upon the eroded, surface of the Pennsylvanian bedrock. 

The Wood River area is one of moderate seismic activity and the area has been 
subjected to occasional earthquakes throughout its history. No earthquakes 
of major consequence have occurred since the New Madrid earthquake of 1812. 
In recent years,since the completion of these caverns, there have been earth-
quakes of minor intensity which have c a u s e d small amount of surface structure 
damage, but there has been no effect on the caverns. A description of the 
cores from corehole #1 follows: 

Top Bottom Description 

0 153 Sand, clay, and gravel. 

153 165 Pennsylvanian age siltstone, gray weak, slickensides, inner-
laminated with thin sandstone. 

165 192 Shale, dark gray to black, carbonaceous, some silt, mostly 
brittle, a few thin sandstone streaks scattered throughout. 

192 202 Top Mississippian age Chesterseries, shale gray to dark 
gray to black, brittle with numerous siltstone or sandstone 
streaks. 

202 210 Limestone, tan, slightly crystalline, oolitic with many dull 
green shale streaks. 

210 214 Dull green, silty, with some slickensides. 

214 228 Sandstone, white to light gray, very fine, silty, compact, 
calcareous, with numerous dull gray to green shale partings 
and thin shale streaks. 

228 237 Shale, dull gray to green mottled purple, brittle, slickensides 

237 256 Limestone, white to light gray with some pink, slightly cry-
stalline, sandy throughout dull, greeny shaly zones scattered 
throughout and shale partings throughout. 

256 307 Siltstone alternating with sandstone, dull greenish-gray 
siltstorvc and white to light gray sandstone, fine to medium 
porous, fr3.&bif. in areas. 

307 376 Valmeyer series, St. Louis Formation, limestone, white to 
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Bottom Description 

faint light gray, finely crystalline with some lithographic 
spots. A few dull green sandy,shaly streaks in the upper 
portion of the formation. Some oolitic limestone appears in 
the lower portion of this zone. 

376 378 Dolomite, gray, porous, finely crystalline. 

378 470 Limestone, light gray to tan, slightly crystalline, fine, 
some areas lithographic, some faintly oolitic. Some chert 
nodules appear at about 417 feet. 

470 471 Shale, dull green, weak calcareous. 

471 478 Anhydrite, white to bluish, very finely crystalline. 

478 493 Limestone varying from greenish to tan to light brown with 
some anhydrite or gypsum splotches and streaks in the upper 
portion. 

493 513 Salem formation, limestone, light brown to brown, slightly 
silty, slightly chalky. 

CONSTRUCTION: Two caverns of 520,000 and 260,000 barrels or 2,917,000 and 
1,459,000 cubic feet capacity were mined at this site. Construction of 
these caverns was by conventional room and pillar mining techniques with 
the maximum room heights of 35 feet and the maximum width 20 feet. Sup-
porting pillars were 40 feet square. No roof control measures were requir-
ed in the construction of these caverns. 

The analysis of 15 core samples for unrestrained compressive strength yield-
ed an average compressive strength of 7,451 psi with a standard deviation 
of 2,653 psi or 35.6%. 

OPERATING HISTORY: These caverns have operated satisfactorily since their com-
pletion with no evidence of product migration between caverns, water inflow 
or structural failure. 
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LOCATION: Wood RWer, Madison County, Illinois #3 

DEPTH: 310 to 345 

CONSTRUCTION DATE: 1961 

GEOLOGICAL DESCRIPTION: This site is located east of and on the flood plain of 
the Mississippi River. Structurally the site is positioned on the west 
flank of the Illinois basin. The mantle at this site consists of river 
deposits and possibly some Pleistocene glacial remnants. Underlying the 
alluvial material are cocks of Mississippian age consisting of the Chester 
series and Valmeyer Series in which all coreholes were terminated. A 
description of the formations encountered in corehole 01 follows: 

Tog Bottom Description 

0 138 Sand and gravel. 

138 142 Pennsylvanian age. Limestone, buff, dolomitic, and fossil-

iferous. 

142 146 Clay, gray, pyritic, and shale gray. 

146 154 Shale, gray tr> dark gray. 

154 158 Coal, black shaly, pyritic. 

158 167 Clay, gray, carbonaceous. 

167 170 Shale, gray, silty, micaceous. 
170 184 Sandstone, gray, fine to medium grained, angular, poorly 

sorted, dirty with clay pellets. 

184 203 Mississippian age, Chester s e ri es. Shale, dark gray, silty, 

slickensided, with limestone pellets in the bottom portion. 

203 207 Limestone, gray-green, very shaly, fossiliferous. 

207 239 Shale, varying from pale gray-green to red fossillferous and slickensided in the bottom. 

239 251 Limestone, pale green, very shaly, with thin green shale 
partings, fossiliferous. 

251 253 Shale, gray, soft. 

253 284 Sandstone, white, fine to medium grained, angular, well sort-
ed, fair porosity and permeability becomes micaceous and 
shaly in the bottom. 

284 290 -Shale, red and green, micaceous, slltv. 

290 308 Sandstone, white, with pink and green grains, medium grained 
angular, cross-bedded, porous and permeable. 
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Top Bottom Description. 

308 335 Valmeyer series, St. Louis formation. Limestone, buff to 
cream with few yellow crystals, crystalline to dense, slightly 
pyritic, fossiliferous in the bottom. 

335 416 Dolomite, cream to buff, finely crystalline to dense, some 
vuggs in mid section. 

i 

416 425 Limestone, buff, finely crystalline, oolitic, fossiliferous, 

425 433 Dolomite, buff, finely crystalline, micro-vuggy. 

433 469 Limestone, buff to brown dense, fossiliferous, dolomitic. 
Green shale pellets appear in lower portion of bed along with 
much pyrite. 

469 490 Anhydrite, white to clear crystalline, containing limestone 
and dolomite nodules. 

490 500 Salem formation. Dolomite, buff, sparingly vuggy, fossili-( 
ferous. 

CONSTRUCTION: A cavern of 240,000 barrels or 1,346,000 cubic feet capacity was 
constructed at this site. Construction was by conventional room and pillar 
mining techniques and no roof control measures were required during con-
struction. Room sizes were 35 feet in height and 25 feet In width with 
supporting pillars being 40 feet square. 

No measured compressive strengths were reported for this site, but the 
compressive strengths are probably comparable to those reported for other 
sites in the immediate area. 

OPERATING HISTORY: This cavern has operated successfully since its completion 
with no evidence of water inflow or structural failure of the cavern. 
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LOCATION: Alton, Madison County, Illinois 

DEPTH: 350 to 380 

CONSTRUCTION DATE: 1962 

GEOLOGICAL DESCRIPTION: The site is located in the flood plain of the MiSBissl-
poi River and structurally is positioned on the west flank of the Illinois 
basin. 

The mantle above bedrock is composed of a combination of river aluvium and 
possibly some glacial material. The first bedrock encountered is of Mis-
sissippian age, Chester series which is found at a depth of 127 feet. 
The Valmeyer s eries containing the Saint Louis 1 imestone is encountered at 
223 feet and the Salem f ormation of the Valmeyer s eries is encountered at 
433 feet. The two test holes were terminated at approximately 500 f«et 
depth in the Salem f ormation. 

A description of the formations logged in corehole if 1 follows: 

Top Bottom Description 

0 127 Recent and Pleistocene alluvial, materials composed of 
sand, clay, and gravel. 

127 143 Chester series, first core description begins at 143 
feet. 

143 149 Sandstone, white, fine-grained, angular, with a few 

green shale particles near top. 

149 153 Shale, green, silty to sandy. 

151 153 Limestone, buff to cream, crystalline, with a few bright green shale pellets, slight pinkish color in part. 

153 163 Sandstone, white to pale green, very calcareous, angu-
lar in lower part. 

163 170 Shale, varying from green to maroon in part slicken-
sided, clay, lower portion becomes increasingly sandy. 

170 191 Sandstone, white, fine to medium grained angular, soft. 

191 197 Shale, varying in color from green to maroon, silty to 
sandy, slickensided in part. Grading to very SsXndy sha3.e 
bottom. 

197 224 Sandstone, white, fine, angular, with some paper thin 
shale partings. 

224 231 Valmeyer series, St. Louis formation. Limestone, buff 
to cream, oolitic, finely sandy, pyritic, and slightly 
glauconitic In part. r 
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Top Bo t torn Description 

231 239 Sandstone, white, fine to very fine, angular to aubround 
and limestone, buff, sandy, pyritlc, pale green color at 
base. 

239 250 Limestone, buff to cream oolitic, with incipient vertical 
fractures. 

250 253 Sandstone, pale green, fine to very fine grained, limy, 

253 279 Limestone, cream to dark brown, mottled in spots, with 
conglomeratic appearance with the green shale pellets 
and calcite crystals in streaks,for the most part lime-
stone is dense. 

279 283 Dolomite, cream, very finely sucrose, micro-vuggy to 

dense. 

283 2.89 Limestone, buff, dense, very doiomitic.. 

289 291 Dolomite, buff, very finely crystalline with vertical fractures. 

291 329 Limestone, cream, dense, doiomitic. Two thin streaks 
of essentially pure dolomite appear in this interval. 
Lime is doiomitic. Some fracturing and some vuggy por-
osity. 

329 332 Limestone, buff, dense, doiomitic, with a few bluish 
chert nodules, 

332 336 Limestone, buff, dense, lithographic in part, doiomitic 
with a few vertical fractures. 

336 345 Dolomite, buff, finely sucrose, micro-vuggy, glauconitic 
with a few gypsum-filled vertical fractures. 

345 375 Limestone, buff, coarsly crystalline to doiomitic. with 
thin dark green shale break at 377. Crystalline gypsum 
white to clear 6 inches thick at base. 

379 383 Limestone, buff, dense, with brown translucent, doloca-
stic, gypsum crystals and clear gypsum filling vertical 
fractures. 

383 401 Anhydrite, white to crystalline, with nodules of lime-
stone, buff, dense doiomitic. 

401 433 Dolomite, buff, finely sucroae, glauconitic, micro-vuggy 
with a few glauconitic chert nodules at 422. 

433 452 Salem formation, limestone, buff, dense, doiomitic, with 
some brown limestone, very dolomitic with a few small 
brown gypsum crystals. 
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Bottom Description 

452 469 Dolomite, buff to cream, dense to finely sucrose, with 
a few scattered gypsum crystals, and occasional vertical 
fractures. 

469 496 Alternating thin beds of dolomite buff, fossilife.rous 
and limestone, brown, shaly, conglomeritlc with sbule 
partings and nodular limestone. Bed thicknesses are 
approximately 3 to 5 feet, alternating between the dolo-
mite and limestone. 

CONSTRUCTION: A cavern of approximately .100,000 barrels or 561,OOCf cubic feet capa-
city was constructed at this site. The construction was room and pillar 
mining with rooms being 25 feet wide and 35 feet high. Supporting pillars 
were 40 feet square. No roof support was required,, other than precautionary 
roof bolts where the cavern roof was penetrated by a shaft or auxiliary hole. 

The cores sampled for compressive strength at intervals beginning approxi-
mately 10 fee'j above the cavern roof to a point approximately 20 feet, below 
the cavern floor. Only 15 samples were analyzed for compressive 
strength. They yielded an average compressive strength of 6S900 psi with 
a standard deviation of 3,548 psi or 51.4%. The unrestrained compressive 
strengths ranged from 2t0Q0 psi to 13,900 psi. 

No difficulties were encountered during the course of construction of this 
cavern and no water was encountered. 

OPERATING HISTORY: This cavern has been successfully operated since completion 
with no evidence of any water entry into the cavern or any evidence of 
falls. 
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LOCATION: Calvert City, Marshall County, Kentucky 

DEPTH: 385 to 420 

CONSTRUCTION DATE: 1963 

GEOLOGICAL DESCRIPTION: This site is covered with a mantle consisting of uncon-
solidated alluvial silt, sand, clay, and gravel of Recent and Pleistocene 
tages. The surface topography is relatively flat since the flite is located 
on the flood plain of the Tennessee River. Beneath the mantle are sedi-
mentary rocks of Mississippian age to the total depth of the core holes. 
Two Mississippian age- formations were encountered in the core holes. The 
Warsaw and Fort Payne formations. The regional depth is approximately 30 
feet per mile to the northeast which is influenced by the local regions 
positioned on a rim between the Illinois basin to the northeast and the 
Mississippi embayment to the southwest. A description of the cores from 
test hole iH follows: 

Top Bottom Description 

0 111 Sand, silty sand, clay, and gravel. Typical alluvial 
mixed faces materials. 

I'll 205 Warsaw sandstone. Coarse to fine-grained, light gray; 
lronstained with both horizontal and vertical fracture'i 
in the upper portion. No fractures appeared below 
159 feet. Some chert appeared in the middle portion of 
the interval fractures in the lower portion of the 
fractloned section appeared to be sealed with calcite. 

205 500 Fort Payne limestone. Fine graiiv dark gray, cherty, 
irregular shale partings, crude oil odor on fresh break. 
Some scattered calcite sealed fractures appeared in the 
core. Chert comprised about 15 to 20% of the formation 
occuring as beds, lenses, and nodules ranging in thick-
ness from 1 to 12 inches. 

CONSTRUCTION: A cavern of approximately 275,000 barrels or 1,543,000 cubic feet 
was constructed at this site. Construction was by conventional room and 
pillar mining with the room being 25 feet and the room height 35 feet. 
Supporting pillars were 40 feet square. No special roof control measures 
were required but some roof bolts were utilized around shaft opo.nings as 
a precautionary measure. No problems were encountered in construction and 
no water inflow was experienced during construction of the cavern. 25 core 
samples from the 75 foot interval gtradling the cavern elevation were ana-
lyzed for unrestrained compresive strength. The average compressive strength 
of the samples was 20,076 psi with a standard deviation of 7,235 psi or 
36.0%. 

OPERATING HISTORY: The cavern has been operated successfully since completion 
with no evidence of structural failure or water inflow. 
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LOCATION: Florissant, St. Charles County, Missouri 

DEPTH: 383 to 408 

CONSTRUCTION DATE: 1972 

GEOLOGICAL DESCRIPTION: This site is located near the borderline between the 
Illinois basin to the east and the Ozark uplift to the southwest. Karat 
topogrophy exists in the area because of numerous sinkholfiis resulting from 
solution cavities in the St. Louis limestone bedrock. 

Very little alluvial cover exists over the bedrock which is Mississippian 
age, St. Louis limestone.. All coreholes were terminated In the Chatanooga 
shale section also of Mlssissippian age. A description of the cores from 
corehole it 1 follows: 

Top Bottom Description 

0 26 Overburden, clay, sand, gravel, and soil. 

26 46 Limestone, buff to cream, very fine crystalline to micro-
crystalline, dense, tight matrix. 

46 49 Dolomite, medium gray, microcrystalline, even textured, 
tight, scattered to pinpoint vuggs. 

49 89 Limestone, buff to light green, very fine to microcrystalline 
to lithographic, dense, trace of oolites, and fossiliferous. 

89 97 Dolomite, brownish-gray, fine to medium crystalline, porous 
vuggy, fossiliferous, fragmental, brecciated in part. 

97 146 Limestone, buff to light tan, microcrystalline to medium 
crystalline to lithographic. Tight, dense, glauconetic in 
top. 

146 161 Dolomite, light brown, fine crystalline, sugary, and porous. 

161 166 Limestone, gray, fine crystalline, argillaceous, inner-lami-
nated with green shale. Quartzitic nodules. 

166 171 Dolomite, buff, microcrystalline, appears porous and even 
textured. 

171 207 Limestone, light brown-tan, fine to medium crystalline grad-
ing into coarsely crystalline in bottom of zone. Fossili-
ferous and some oolitic streaks in bottom of section. 

207 239 Dolomite, tan-buff, very fine to microcrystalline, earthy, 
even textured, cherty and shaly in top three feet becoming 
banded with limestone and chert in lower six feet. 

239 300 Limestone, gray, medium to coarse crystalline, banded with 
buff microcrystalline limestone in upper eight feet. Be-
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Top Bottom Description. 

comes coarser and more even textured gradually toward bot-
tom of unit. 

300 325 Dolomite, drab gray, vary fine to modium crystalline, poroun 
wet, eorthy to v«ry Blight orgillnceouH, fo8nlliferoun, vuggy, 
with calclte inclusions. 

325 346 Limestone, gray to medium crystalline, doiomitic, argillaceous, 
with shale streaks and shale beds. 

346 390 Warsaw shale, gray-green, medium hard, slightly calcareous 
and doiomitic locally. Only slightly fissile. 

390 655 Koekuk-Burlington formation. Limestone and shale inner-bedded. 
Limestone is fine crystalline, argillaceous shaly fossili-
ferous. Shale is slightly calcareous. Limestone grades into 
essentially pure limestone with depth with chert nodules ap-
pearing in the central section of the formation. Limestone 
then grades to light gray fine to coarse crystalline, sili-
ceous in part with gray-blue chert. Shale stringers again 
appear below 600 feet with chert inclusions. Limestone is 
white to light gray-green, fine to coarse crystalline and 
partly argillaceous and siliceous. Shale is laminar, not 
fissile, very limy and occurs in innerbeds from laminae 
thickness to 4 inches in thickness. 

655 706 Fernglen ahale. Pale green, calcareous, fossiliferous 
grading to maroon softer shale, slightly fissile fossilifer-
ous, calcareous. Shale then grades into a transitional 
limestone, calcareous, light gray-green shale and maroon 
shale innerbedded with gray, medium crystalline, fossilifer-
ous, dense limestone. 

706 735 Chouteau formation. Limestone. Gray, very fine to micro-
crystalline with bands of hairline wavy shale laminae. 

735 746 Chattanooga shale. Dark gray-green, laminated, fissile 
shale. 

CONSTRUCTION: A storage cavern of 785,000 barrels or 4,404,000 cubic feet was 
constructed at this site. Construction was by conventional room and pillar 
mining with the rooms having a width of 20 feet and height of 25 feet. 
Supporting pillars were approximately 40 feet square. Roof control was 
achieved by the utilization of chain link wire mesh with roof bolts on a 
4 X 4 foot pattern. 

Mining of this cavern was not without problems because some water inflow 
was encountered from the underlying Keokuk-Burlington zone beneath the host 
Warsaw shale. The shale was water sensitive and some pillar spalllng re-
sulted from the hydration of the pillars. 

Seventy-eight core samples were tested for unrestrained compressive strength 
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and they y i e l d e d an average compressive s t r e n g t h o f 8 , 9 1 6 p e l w i t h a 
s tandard d e v i a t i o n o£ 2 , 9 5 3 p s i or 33 .1%. 

OPERATING HISTORY: The cavern has been s u c c e s s f u l l y o p e r a t e d s i n c e i t s 
c o m p l e t i o n w i t h o n l y v e r y s l i g h t w a t e r i n f l o w i n d i c a t e d I n t o the cavern 
and no s t r u c t u r a l f a i l u r e . 
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LOCATION: Iowa City, Johnson County, Iowa //I 

DEPTH: 469 to 494 

CONSTRUCTION DATE: 1963 

GEOLOGICAL DESCRIPTION: Thlo site is overlain by approximately 100 feet of 
Pleistocene unconsolidated glacial material. The Pleistocene is In contact 
with rocks of Devonian age of approximately 87 feet of thickness. This then 
is followed by Silurian age rocks of approximately 250 feet thickness. All 
coreholes in the cavern were terminated in rocks of Ordovician age. A des-
cription of the formations encountered in corehole //I follows: 

Top Bottom Description 

0 100 Unconsolidated glacial material. 

101 188 Devonian age limestone. Moderated yellowish-brown, fine 
grained, fragmental, and very fossiliferous. There was 
no core recovery and drilling was without returns in the 
bottom 80 feet of this formation. 

188 375 Silurian age Niagarian formation. Dolomite common medium 
light gray, very fine to fine hard dense fractured be-
comes very porous and vuggy toward bottom of zone. 

375 442 Kankakee. Dolomite, bluish gray to medium light gray, 
medium to fine crystalline. Begins to develop inner-
bedding of greenish-gray, fine, intercalated shale in 
base of formation. 

442 508 Ordovician age, Maquoketa formation, Brainard member 
shale, greenish-gray with thin inner-bedded Dolomite. 
Dolomite, very light gray to dark gray, mottled, coarse 
to medium crystalline. 

508 514 Maquoketa formation, Fort Atkinson member, Dclorr.j.ie, 
greenish-gray to dark greenish-gray, mottled with very 
light gray, fine to medium grained. 

CONSTRUCTION: A cavern of approximately 400,000 barrels or 2,244,000 >ubic 
feet capacity was constructed at this site. Construction was by convention-
al room and pillar mining techniques with the room sizes being 25 feet in 
height and 20 feet in width. Supporting pillars were 45 feet square. Very 
litrle roof control was required and this was achieved by the random placi 
ment of roof bolts where visual inspection indicated the need. 

The unrestrained compressive strength of 43 samples from the four coreholes 
which straddled the cavern interval was 6,419 psi with a standard deviation 
of 2,939 psi or 43%. 

The Kaquoketa diale formation of central and eastern Iowa as well as into 
Illinois has been perhaps the most nearly ideal cavern mining horizon be-
cause wf the high structural strength of the Dolomitic shale and the absence 
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of jointing or fracturing which could lead to water inflows into a cavern. 

OPERATING HISTORY: The cavern has operated satisfactorily since its completion 
with no evidence of water inflow or structural failure of the cavern. 
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LOCATION: Iowa City, Johnson County, I own II2 

DEPTH: 725 to 750 

CONSTRUCTION DATE: 1967 

GEOLOGICAL DESCRIPTION: This cavern site is approximately three and one-half 
miles south of cavern //I,located to take advantage of a greater depth of che 
Maquoketa formation for the storage of a higher vapor pressure product. 

The area is overlain with Pleistocene age glacial material to a depth of 
approximately 215 feet beneath the glacial material. Rocks of the Cedar 
Valley and Wapsipinicon formation from Devonian age are encountered. Beneath 
the Devonian are undifferentiated Niagarian series rocks of Silurian age. Be-
neath the Silurian are Ordovician age rocks of the Maquoketa formation con-
sisting of the Brainard, Fort Atkinson, Elgin, and Galena formation members. 
All coreholes were terminated in rocks of the Galena formation. A descrip-
tion of the rocks encountered in corehole if2 follows; 

Top Bottom Description 

0 215 Glacial clay, gray, soft with beds of gravel. 

215 327 ledar Valley formation, Devonian age. Limestone mostly 
cream colored or light gray with occasional bands ol 
dark gray coloration. Limestone is in thin strc . .s 
slightly colomitic and argillaceous. A few neari / 
vertical hairline fractures up here below a cU-;th oi 
275 £te: and terminate at about 300 feet in depth. 
Limestone becomes Increasingly dark In color aa the bot-
tom of the bed is upprc^cned. 

327 372 Wapsipir.icon i'orj:...Ucn. Alternating litaestor-.. dolomite 
and thin shale beds with the average bed thickness oa-
1:1.3 less ih&n two feet. Liaestone is grs.;, . dolomicic 
hard, finely crystalline. Dolomite is soft, tar., g- v 
ular vith sandy texture and porosity. Shale:, .rc ci...k 
gray, do.omitic, medium hard, with in; fusions <• tolo-
mite grading into limestone. 

372 590 Silurian age Niagarian series, undifferentiaL' -; ds. 
Fomatior. consists of dolomite v.ir/ing from cream col-
ored to tan for the most part hard. A thin gray lime-
stone appears at the top of the sequence and two ver;' 
thin shales which are soft green-gray and dolomitic 
appear at 416 and 437. 

490 658 Ordovieiar. age, Maquoketa f ormation, Brainard m emher. 
Shale, t.ray to gray-green, dolomitic and bar"'. 

658 769 Fort Atkinson formation. Nine foot thick gray, dense, 
argillaceous, hard dolomite appears at the top of this 
member. The balance of the member is composed of gray 
to grr. y-green. to blue-gray, hard, dolomitic, massive, 
uniform textured shale. 

125 



Top Bottom Description. 

769 821 Elgin formation. Inner-bedded gray, dense, to very 
fine crystalline dolomite and gray to gray-grcen hard, 
dolomitlc, massive shale. Bed thicknesses vary between 
three inches and five feet. 

821 845 Galena formation. Dolomite, gray, medium to coarse 
crystalline, vugular porosity with partings of dark 
brown dolomitic shale. 

CONSTRUCTION: A cavern of 220,000 barrels or 1,234,000 cubic feet capacity vras 
constructed at this site. Construction was by conventional room and pillar 
mining techniques with the room heights being 25 feet and room widths 20 
feet. Roof support was accomplished by the utilization of roof bolts ami 
chain link mesh with the roof bolts being on a 4 X 4 foot pattern. The 
cavern roof was mined along a. flat bedding plane but because of the depth 
of the cavern and the loading occasioned by the depth, the roof tended to 
fail until a natural arch was achieved. Even though there was failure of 
the roof to the arched shape, there were no falls because the broken a/itcr-
lal vita retained In place by the chain link mesh. This behavior eight sug-
gest that a more appropriate mining pattern would have been to develop the 
natural arch of -he roof rather than the flat bedding plane during con-
struction. 

Forty-nine core samples w^re analyzed for unrestrained compressive strength 
spanning the cavern interval and the average compressive strength was 5,193 
psi with a standard deviation of 928 psi or 492. The differences in com-
pressive strength between cavern //I and cavern if2 rcflect the difference 
between the Brainard member, which is more predominantly shale, mined at 
this site. 

One very small water inflow was encountered in a pump sump wivl :h went be-
low the Fort Atkinson member into the upper portion of the Elgin member 
and a very slight amount of water was encountered. This water was control-
led during the concreting operation for the pump dump and no water inflow 
was actually experienced In the cavern. 

OPERATING HISTORY: This cavern has operated satisfactorily £ . . : cc: ?letion 
and it has had a rather interesting operating history. The product stored 
is a mixture of propane and ethane which has a vapor pressure of rVsut 
650 psi at ambient conditions. There is slightly restricted hydro:."tic 
head above this cavern and to reduce the vapor pressure oi the alorec- pro-
duct, the product is refrigerated to a temperature of approximately 34° r 

to maintain the vapor pressure within acceptable limits. N--> problems have 
been encountered in operating this refrigerated storage even though the 
potential for formation of hydrates or ice build-up should there be water 
inflow would be great. 
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LOCATION: Des Moines, Polk County, Iowa if 1 & 02 

DEPTH: 575 to 600 

CONSTRUCTION DATE: 1967 

GEOLOGICAL DESCRIPTION: This site is in an old river terrace of the Des Moines 
River with flat topography and the mantle consists of Pleistocene and Pecent 
terrace and glacial deposits. 

The mantle is underlain by rocks of Pennaylvanian age with a thickness of 
approximately 85 feet. All coreholes were terminated in rocks of Mississ-
ippian age at depths of approximately 630 feet. A description of the rocks 
encountered in corehole #1 follows: 

Top Bottom Description 

0 90 Recent and Pleistocene age unconsolidated sediments 
(drilled). 

90 175 Pennsylvanian age, dark shales, siltstone, and sand-
stones (drilled). 

175 215 riississippian age, St. Louis formation, (drilled) 
dolomite, silty, and sandstone. 

215 273 Warsaw-Keokuk-Burllngton formation (drilled) dolomite 

shale, with chert. Coring began at 273 feet. 

273 286 Gray shale with brown dolomite stringers. 

286 329 Dense, gray dolomite occasionally grading to tan to 

gray black with very thin stringers of black shale. 

329 331 Gray shale. 

331 399 Dolomite, gray with fractures gypsunv- filled. 
399 403 Banded dark gray and light gray very f ine- ̂ra-incrf dolo-

mite with blue-gray chert nodules. 
403 407 Gray-green shale . 

407 425 Gray dolomite. Dolomite very fine-grained with some 
pinpoint porosity. 

425 530 Hampton formation. Gray, very finely crystalline, 
dense, dolomice with abundant gypsum and scattered chert 
nodules in upper portion of bed. 

530 540 North Hill formation. Light gray to cream gray limestone 
fossiliferous, medium crystallite and slightly vugular. 
Some fracturing is evident and appears filled with fi-
brous gypsum. 
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Top Bottom Description. 

540 547 Prospect Hill formation. Gray siltstonc grading to very 
fine sandstone at base. 

547 622 Maple Mill shale. Green shale inner-bedded with dolomite 
and abundant chert nodules with gypsum. Some traces of 
alabaster and satin spare gypsum appear In the interval 
593 to 611. Shale grades to increasing percentages of 
dolomite in the bottom ten feet of the interval. 

622 646 Aplington formation. Limy, slightly fossiliferous shale 
grading to essentially pure limestone which is fine-
grained with vugs and fractures filled with gypsum near 
the bs.se of the unit. 

CONSTRUCTION: Two caverns were constructed at this site to contain separate pro-
ducts. The caverns were 60,000 and 180,000 barrels or 337,000 and 3,010,000 
cubic feet in capacity. Construction was by conventions! room and pillar 
mining techniques with the roon size being 25 feet in heigh': and 20 feet in 
width. Supporting pillars were 45 feet square and room control was achieved 
by the use of roof bolts on a 4 by 4 foot bolting pattern. 

An analysis of 39 .ore samples for unrestrained compressive strength yjV'k-: 

an average compressive strength of 7,792 psi with a standard deviation of 
3,729 psi or 39%. 

OPERATING HISTORY: These caverns have operated satisfactorily since thei.- com-
pletion with no evidence of vater inflow, migration of products between 
caverns or structural failure of either cavern. 
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LOCATION: Dee Moines, Polk County, Iowa, 03 

DEPTH: 1,385 to 1,440 

CONSTRUCTION DATE: 1970 

GEOLOGICAL DESCRIPTION: This site is the same site described for caverns 01 & 02 
but it is for the storage of liquid ethane at an appreciably higiier vapor 
pressure. No geologic description is available above the Maquoketa formation. 
The descriptions from caverns #1 and §2 should be referred to fax descrip-
tion through the Aplington formation of Mississippian age. A description 
of the Ordovician age Kaquoketa shale follows: 

TO£ Bottom Description 

1262 1275 Red-br own shale mottled with light green "blebs". 

1275 1314 Dense green shaici. 

1314 1335 Greer. ooio;r..itic shale, dense , with some b;.adin[. 

1335 1338 Green -j '.*i 11 j C i 

1338 1352 ;̂ i a h a 1 v .i o i on i I e. 

1352 1459 • J.;..-, gray, v'.ho.rty dolomite. 

CONSTRUCTION: A cavern of K/1 . ' ;;ir1 cr bi-. ,000 cubic feet c cpucity was 
constructed at this sice, v.;>:.strucfio« vaa by conventional roo:". unci 
mining techniques with thi; .:oor being 20 feet high and 15 ijut -.nde 
with supporting pillars being 60 fei; jquare. Roof control maintained 
utilizing chain link mesh end roof bo.ts or. a 4 X 4 foot pattern. No 
particular problems were encountered in the r.:ining of this cavarr. and no 
water inflow was encountered during the mining operation. 

OPERATING HISTORY: This caverr. is interest in,; In that it was the world 1 s • --
ethane storage caverr. v;t'r. th-a a'c'-.a.-se .-.cored at its v;:, . s^vc .. a;- • 
proximately 550 psi at ground temperature. There have bet..-, n > a-
problems with this cavern since its completion and there i?. . '<-•,. -j. of 
water inflow or structural failure. 
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LOCATION: Omaha, Douglas County, Nebraska if 1 

DEPTH: 295 to 315 

CONSTRUCTION DATE: 1960 

GEOLOGICAL DESCRIPTION: This area Is covered with a glacial surface panel of 
Pleistocene age to a depth of approximately 120 feet. This glacis! drift 
consists of layers of clay, mixtures of clay, sand, and gravel; This gla-
cial drift was deposited during the early Nebraska glacial period. The 
drift lies on Pennsylvanian age rocks of the Missouri series. 'A.descrip-
tion of the cores recovered from corehole //l follows: 

Top Bottom Description 

0 110 Soil mantle consisting of dark gray, 'silty clay„ brown clay, 
blue clay, sand, sand and gravel, and pure sand. 

110 135 Pennsylvanian age, Missouri s eries, Bronson g r o u p L i m e s t o n e 
hard, gray, containing many thin horizont/il partings. 

135 139 Shale, hard, black to gray, fissile. 

139 184 Alt- .mating beds of gray to dark gray, s'haly limestone, and 
lijit to oediua gray hard ahale. Bed thicknesses vary from 
three Inches to a maximum of seven and one half feet. 

184 192 Shale, gray with some varicolored mottling, including iron-
staining and maroon color. Very clayey ana stifi, 

192 236 Pennsylvanian age, Des Moines series, Marmatong roup, Bandera 
shale. Alternating beds of limestone with shale partings, 
gray to greenish-gray, hard and shal y, gray with soois: vari-
colored mottl'ng. Thickness of alternating beds varies 
from three inches to twenty-one feet. 

236 240 Pawnee 1 imeston»». Limestone, with thin, hard, avaroo::: .-.haly 
zones. 

240 268 Labette shale. Dark gray with some green, soft. sha'o. Sand-
stone streak from 244 to 250, light ?,ray, shaly vir,n chir. 
shale partings. Thin gray, fossilifarous limestone ac 263. 

268 276 Higginsville limestone. Limestone, hard, slightly shaly. 

276 294 Little Osage shale. Shale* gray, and gray-grecr,, ottled, 
irregularly bedded. 

294 299 Black Jack Creek limestone. Limestone, fossi.liferourt, 
slightly ehaly, light gray, with shale partings. 

299 332 Cherokee shale. Shale varying from black fissile, cc ma-
roon, to light gray. Becomes very slightly sartdy in base 
of shale section. One thin limestone stringttE appears at 
316 feet. 
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CONSTRUCTION: A cavern of 150,000 barrels or 842,000 cabic feet capacity was 
constructed at this site- Conventional room and pillar mining techniques 
were utilized for the construction with the room width being 15 feet and 
the height being 25 feet. Supporting pillars were 50 feet square. Roof 
control was achieved using chain link mesh and roof bolts on a k X 4 foot 
pattern. 

An interesting side to the construction of this cavern was that; the cavern 
height was achieved by benching where the first pattern of the cavern was 
established with conventior/al drilling and blasting, then bottom was re-
moved to achieve the balance of the cavern volume. In the benchins opera-
tion, no blasting was required, but bottom was taken up by pulling a rip-
per through the Cherokee shale. The initial opening for the cavern wa^ 
12 feet wide, but during the course of mining approximately three feet 
spalled from the cavern pillars to give a final opening width of 15 feet. 

36 core samples were tested for unrestrained compressive strength and the 
average of these was 4,168 psi. The standard deviation was 2,408 psi or 
57.7 X. The low compressive strength measured was 1,116 psi and the 
high wa.n 10,25 3 psi found in the Black Jack Creek limestone overlying the 
cavern. 

OPERATING HISTORY; T!-« crnr;;. h.i.j operated satisfactorily since its completion 
with no r/Idet\co W/.L.". inflow or structural failure of the cavern. 
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LOCATION: Omaha, Douglas County, Nebraska 11 2 

DEPTH: 293 to 318 

CONSTRUCTION DATE: 1962 

GEOLOGICAL DESCRIPTION: The cavern is looted approximately six miles north of 
cavern //1. The area is covered with Pleistocene age glacial drift. 
The surface topography is rolling, forming broad hills and narrowed depres-
sions . 

Underlying the Pleistocene drift arc rocks beginning with Pennsylvanian 
age, Missouri series, Kansas City group. A description of Lhe formations 
encountered in corehole ttl follows: 

Top Bottom Description 

0 109 Glacial drift consisting of black soil, blue soil, brown 
clay, green clay, with fine and coarse sand and gravel. 

109 128 Penrisylvanian age, Missouri series, Kansas City group, Win-
terset limestone. Buff to tan to gray, finely crystalline 
to lithographic with calcite concretions. 

128 132 Stark shale. Dark gray to black, very thin calcareous 
streaks. 

132 133 Canville limestone. Light gray, finely crystalline, fossil 
iferous. 

133 137 Galesbury shale. Bluish gray, argillaceous, fossiliferous, 
weathered appearance, and calcareous at base. 

137 152 Bethany Falls limestone. Light to dark gray, earthy, nodu-
lar, numerous irregular shale partings. 

152 156 Kushpuckney shale. Dark gray, compact, cai .«...-eou.-< iteri.J 
clayey in middle. 

156 159 Middle Creek limestone. Light gray, finely crystalline, 
irregular slialy partings. 

159 163 Ladore thaic. Gray with maroon fragments, S T clayey, nth 
brittle, e;.icareous . 

163 166 Herrha lir.î r.one. Light gray, finely crystalline, fossili-
fi>rous, vie;: some irregular partings. 

166 174 Pleasanton shale. Gray to yellowish to maroon, some clayey 
zones, sandy, micaceous. 

174 1S6 Nowata f-hai^. Gray to maroon to brown, with some mot tied, 
clayey and arcosic. 
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Top Bottom Description. 

186 195 Altamont limestone. Gray to greenish-gray, with some maroon 
patches, sublithographic, fossiliferous, has weathered ap-
pearance . 

195 229 Bandera shale. Maroon in green or grccnish-p,ray mottled, 
clayey, firm and silty. Limestone parting .-it 222. 

229 236 Pawnee limestone. Light gray, finely crystalline, thin ir-
regular blue-gray shale partings. 

236 255 Labette shale, Light to dark gray, platy, micaceoua, with 
calcareous zones in mid-section with some sandstones. 

255 268 Higginsville limestone. Blue gray to dark gray to black, 
finely granular with shale and clay partings 

268 281 Little Osage shale. Dark gray to black platy, blue-gray 
clay zones make up a large part of section. Alternating 
three inch layers of limestone with shale appear in middle 
portion of zone. 

281 285 Black Jack Creek limestone. Gray, shaly, fossiliferous, 
bottom six inch transitional zone from limestone to shale. 

285 421 Cherokee Shale group. Varl-colored shales from bluc-gray to 
black, platy to fissile, some very thin limestone breaks in 
shale, soma sandy streaks in shale of less than one half 
foot thickno&s. 

421 447 Mississippian age limestone. Yellowish-brown to blue-gray, 
mottled, fossiliferous, grading to buff brown, sublitho-
graphic, dense, limestone with shaly partings. 

CONSTRUCTION: An attempt was made to construct a cavern of approximately 2Z' "')'• 
barrels or 1,402,000 cubic feet at this site. After approximate 1 y 95,0'J.. 
barrels or 533,000 cubic fest had been excavated, a major floor h^ave closed 
the cavern openings and the cavern was lost with all equipment wh<ch was 
underground at the time of construction. 

During the construction of cavern #1 in the Cherokee shale, extremely 
weak bottom was observed,so that bottom rock was removed by using a ripper 
rather than drilling and blasting and approximately three feot of pillar 
slabbed off during the course of construction, it would appear in this in-
stance that the openings were carried wider than was safe, which crtated an 
inotdinant floor opening with the subsequent heave and 'loss of cavern. De-
sign callod for a maximum cavern width of 15 feet and if the width was open-
ed to 15 feet the width probably became 18 to 20 feet through p-i'lar spalling 
during construction,which effectively increased the floor loading. 
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LOCATION: Omaha, Douglas Comity, Nebraska #3 

DEPTH: 476 to 501 

CONSTRUCTION DATE: .1963 

GEOLOGICAL DESCRIPTION: This cavern la located at the some site t\n cavern 112 
which failed during construction. This cavern is a replacement for 112. 
The area is covered with Pleistocene age glacial drift. The surface top-
ography la rolling, forming broad hills and narrowed depressions. 

Underlying the Pleistocene drift are rocks beginning with Pennsylvanian nit, 
Missouri series,. Kansas City group. A de-'Jcription of the foi-mations en-
countered in corehole #1 follows: 

Top Bottom Description 

0 109 Glacial drift consisting of black soil, blue soil, brown 
clay, green clay, with fine and coarse sand and gravel. 

109 128 Pennsylvanian age, Missouri series, Kansas City group, 
Wintarset limestone. Buff to tan to gray, finely crystal-
liir to lithographic with calcite concretions. 

128 132 Sta'-ic shale. Dark gray to black, very thin calcareous 
streaks. 

132 133 Canville limestone. Light gray, finely crystalline, fossil 
Iferous. 

133 137 Galesbury shale. Bluish gruy, argillaceous, fossiliferous, 
weathered appearance, and calcareous at base. 

137 152 Bethany Falls lir^estcre. Light t.o dark gray, earthy, nodu-
lar, numerous irr^guiax shale partings. 

152 156 Hushpuckney shale. Dark gray, compact., calcareous material 
clayey In middle. 

156 159 Middle Creek 1 imestone. Light gray, finely crys; ai lj r.e, ir 
regular shsly partings. 

159 163 Ladore shale. Gray with raaro'.n fragments, some clayey, oth 
brittle, calcareous*. 

163 166 Rertha 1 imi ii.-one. Light gray, finely crystalline, fossili-
ferous, vith somo irregular partings. 

166 174 

174 186 

Pleasanton shale. Grey to vf-Howish to maroon, scmt: = ,.ay< 
zones, sandy, micaceous. 

Nowata shale. Gray to maroon to brown, with some mottling, 
clayey and arcosic. 



Top Bottom Description. 

186 195 Altamont 1 imestone. Gray to greenish-gray, with some maroon 
patches, sublithographic, fossiliferous, has weathered ap-
pearance . 

195 229 Bandera S . h s l e . Maroon in green or greenish-gray mottled, 
clayey, firm and silty. Limestone partings at 222. 

229 236 Pawnee limestone. Light gray, finely crystalline, thin ir-
regular blue-gray shale partings. 

236 255 Labette shale. Light co dark gray, platy, micaceous, with 
calcareous zones in raid-section with some sandstones. 

255 268 Higginsville limestone. Blue gray to dark gray to black, 
finely granular with shale and clay partings. 

268 281 Little Osage shale. Dark gray to black platy, blue-gray 
clay zones make up a large part of section. Alternating 
three inch layers of limestone with shale appear in middle 
portion of zone, 

281 285 BL.ck Jack Creek iiwestone. Gray, shaly, fossiliferous, 
be torn si.- inch Lrar.s:; clonal zone from limestone to shale. 

285 421 Cherokee s^ale group. Vari-colored shales ire..:! b-uc-jr-.y 
to black, v-.iLs.ty to fissile, some very thin limestone breaks, 
in shale, i,ome sandy streaks in shale of less than one half 
foot thickness. 

421 447 Mississippi an age limestone. Yellowish-brown to blue-gray, 
mottled, fos.siiiferous, grading to buff brown, subijtho-
graphic, dense, limestone with shaly partings. 

CONSTRUCTION: A cavern of 250,000 barrels or I, 402,000 cubic feet wr.r. con-
structed at this site to replace the tailed cavern . Construct m 
of this cavern was in the Mississippi age limestone rather '.'nan ir. ; 
overlying Cherokee shale section of Pennsylvanian age. Cons; rurr for. was by 
conventional room and pillar mining with the rooms being 25 feet wiie and 
25 feet high. Supporting pillars are 40 feet square. No roof control mea-
sures were required during the construction of this cavern. 

The Mississippi limestone exhibited tiome '.weathering and fraetu. in the 
cores and minor water iai\tovs; were evco'i.ntered in this cavern during the 
course of construction, i'cucdial t irg controlled and reduced the 
water inflow at coiu-'ttion :•;-. s t rue t ion to approxi ma t e ly 
three gallons per minui ,. Vne relat . v.?\y small water inflows encountered 
were the only construe•.li.c -roble;:... ssocistea with this cavern. 

OPERATING HISTORY: The c x v : ; OJ.-J._CC: successfully since its completion 
with no problems other ..,,. r,c pical. water ir.ilow which requires that the 
product be dehydrated '^lui, it can be sola. The water inflow is an operat-
ing nuisance but do~s no: ir.terii.re uitn the operation of the cavern. 
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LOCATION: Greenwood, Lancaster County, Nebraska 

DEPTH; 325 to 350 

CONSTRUCTION DATE: 1963 

GEOLOGICAL DESCRIPTION: This area is covered with mantle consisting of uncon-
solidated silt, sand, and clay materials of Recent and Pleistocene ages. 
The surface topography is relatively flat. 

The mantle is underlain by sedimentary rocks of Pennsylvanian age. r..i en-
countered in the testholes, this system consisted predominantly of inter-
stratified shale and limestone beds with transition.between the two litho-
logies. None of the corahoies penetrated below Pennsylvanian age sedi-
ments . 

A description of the formations encountered in corehole #2 follows: 

Description 

Surface material consisting of silt, sand, and clay. 

Per .sylvanian age, Vxrgil series, Shawnee g roup. Limes .o.ie 
li,c ; gray, finely crystalline, weathered appearance, green 
ann maroon shale seams. 

Shale, maroon, calcareous, silty, compact. 

Limestone, lighc gray to gray, finely crystalline, fo^sil-
iferous. 

Shale, dark gray, calcareous, clayey, fissile. 

Limestone, gray, silty, finely crystalline, dense. 

Shale, dark gray, reworked, contains small pebbles. 

Limestone, pinkish to gray, in parts sublet graphic. .! 
part silty, dense. 

Shale, dark gray, very calcareous soft. 

Limestor.a, gray, finely crystalline to sublitnograprac, 
dark green shsia seams. 

Shale, dark gray, very calcareous, soft. 

Limestone, white, finely crystalline, dense. 

Shale, green, friable, reworked, contains limestone frag-
ments . 

Limestone, gray, sublithographic to medium crystalline, 
gray shale saaaa. 

Top Bottom 

0 108 

108 110 

110 119 

119 126 

126 128 

128 132 

132 134 

134 145 

145 147 

147 149 

149 152 

152 155 

155 .156 

156 177 
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Top Bottom Description. 

177 179 Shale, black, fissile, compact. 

179 182 Limestone, gray, sublithographlc, calcite crystals, pyrlte 
specks. 

182 198 Shale, green to gray, calcareous, compact, with limestone 
fragments. 

198 207 Limestone, light gray, finely crystalline, contains 30% 

green shale in seams and concretions. 

207 224 Douglas group. Shale, maroon, compact, dense. 

224 241 Limestone, gray, lithographic to oolitic. 

241 259 Shale, light green, to black to maroon, very calcareous, compact, limestone stringers near bottom. 

259 260 Missouri series, Lansing group. Limestone, gray, finely 

crystalline. 

260 262 Sha*-3V dark gray, fissile, compact. 

262 270 Limestone, gray, finely crystalline, silty, dense. 

270 277 Shale, green tc maroon, very calcareous, limestone stringing 

near base. 

277 2S9 Limestone, gresn to gray, medium crystalline, dense, silty. 

289 291 Shale, black, fissile, compact. 

291 298 Limestone, shaly, light green, dense. 
298 301 Shale, maroon, soft, friable, clayey, small ^reev. uhale in-

clusions , 
301 310 Limestone, gray with some oolites, finely crystalline 

dense with green and maroon shale seams near base. 

' 310 314 Shale, maroon to dark green, calcareous, frial le, to compact. 

314 326 Liifss,tona, light green to gray, finely crystalline to sub-lichographic; numerous green and gray shale stringers. 

326 332 Kansas Cicy group. Shaly limestone, gray, finely crystal-
line, densa. 

332 340 Limes cose, 1. *ht gray, very finely crystalline, dense. 

340 344 Shaly limestone, gray, finely crystalline. 
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Top Bottom D e s c r i p t i o n. 

344 352 Limestone, gray, finely to medium crystalline, dense, silty 

in base. 

352 353 Shale, black, fiasile, compact. 

353 356 Limestone, gray, silty, finely crystalline. 

356 362 Shale, dark gray, fissile, compact. 

362 369 Shaly limestone, dark gray, dense. 
373 382 Limestone, light gray to gray, finely to very finely crystal-

line, small green shale stringers and small vugs near cop, 
brown calcite crystals near base. 

382 385 Shaly limestone, dark gray to green, finely crystalline, 
d e n s e . 

385 386 Shale, black, inner-bedded with dark gray, coarsely crystal-
line limestone. 

386 392 S' ily limestone, dark gray, finely crystalline, yellow 

s cair.ed. 

392 399 Limestone, gray, fine to medium crystalline, dense. 

399 404 Shale, dark gray, compact, dense. 

404 410 Shaly limestone, light green, dense, numerous shale 

stringers. 

410 422 Limestone, stay, fine to medium crystalline, deni.e. 

422 426 Shale, black, fissile, compact. CONSTRUCTION: A cavern cf 4X.0CG barrels or 2,444,000 cub.. sec o.-sp-. U y v.; 
constructed at thics site. Construction was by cor,"cnt̂ .c.-.1 cc:.iauc p.^J tr 
mining with the roons beinc; 20 feet wide and 25 feet higi.. S u p ; . r pil-
lars were 45 feet square. The cavern roof was ir. limestone, but tne n. -
jority of the cavern was <. Kccvaved from shale. The limestone re., »:;•.. 
no roof support measures r.tnev than an occasional roof bolt. 

90 core samples were analyzed for unrestrained compressive strength -ind 
the average oZ these was 4,527 psi with a standard deviation of 2,168 t>«.: 
or 47.9%. 

OPERATING HISTORY: This cavern has rpsratcd successfully sir.ee its completion 
with no evidence of water inflow or structural failure of the cavern. 
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LOCATION: Erskin, Polk County, Minnesota 

DEPTH; 510 to 540 

CONKTIUICT ! ON DATE: \<-)b/ 

(,|'()I,()C ICAI. INSCRIPTION: 'Hi is * -1 i «• is Nu Hed near one of rlie beach r I ili.'< li'lt 
by glacial Lake Anisic. 'I in- mantle i-en.-. i si s of f>lnelnl 'Irilt, e|,o,-,, . 
and gravels with occasional boulders. 
The exact nature of t lie lieilr-.uk underlying the 1'leist OR one mantle is I>) 
considerable academic i n u ^ s i t,u! lue-; assent i a lly defied de f in i t i oti. flu-
name "Krsk i n i rc" was bestowed upon tlie bedrock format ion for lark oi a in i -
tor descriptive name. 

Xrav defrait ion analysis ot the Krskinite determined that il was chiefly 
amorphous, quartz, dokuiute, albite, ami possibly some undifferentiated 
cLav minerals. The t-avk in i t e was thought to he metamorphosed I',-ecamhr ian 
sedimentars' materials but the exact n ê was never determined and this ei. i .• 
well hi- a tit i <»r point . iU-seript ion ni the cores recovered i rom ct.tel. • • • 
,(•'1 follows: 

Top Hoi torn 

0 461 

4hl 571 

Dcsit i f)t ion 

(!< •.•(, . ..iv, >••' ill) ôme boulders. 

•,;> i n i i e . Good core,, hard, dense, tough crystalline ro. I . 
White-gray, mottled with lew thin irregular seam.'-, of -.•••, . • i. 
soft talc, serpent" i ne, and c i 11 o r 11 c:. Few scat tore! .-rii e. 
of pyrile. Some slight tendency for core to hreal i-ori/ <u-
tally. Core is broker. at intervals of a few feet, or loss, 
by smooth faced joints dipping at angles of 45"to 90°. 

The upper section of rJrskiniie in some coreholes j;a«/<- evi-
dence of chemical decomposition and weathering. in generaj 
nil cores of the Erskinite were jointed. 

CONSTRUCTION: A cavern of 300,000 barrels or 1,683,000 cubic fee; was construct-
ed at this s i te . Cons! rue t ion was by conventional room eid pill sini;, 
with the room height being 30 feet and width 30 feet. Suppoi I i a j , liar., 
were 40 feet square. Roof control was achieved with randomly piaceJ root 
bolts to maintain ! he stability of jointed block if the Erskinite ;ock. 

Tt was apparent" from coring operations that n !oiniin,^ system wa.-, likel-j 
to be present in the tavern as mining progressed and this was found In 
the case. Extensive grouting was required to control, water and one hea.i.un 
was bulkheaded and sealed with concrete when the joint encountered i i , 
heading was of to; R r i a size for effective pressure grout i nj', • Other 
than the problem with continual water inflow and the wear and tear on un-
derground equipment occasioned by the extremely abrassive rock, no problems 
were encountered in constructing this cavern. 

Sixty core sauplt-s were analv:;ed i;ir unrestrained compressive strenszth and 
these yielded an average rompressi-.v strength of 14,243 psi with a standard 
deviation of 6,644 nsi or h7.7"'- individual samples exh ib i ted com-
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presslve strengths ranging from 4,185 psi to 41,850 psi. The controlling 
feature of the compressive strength of any given sample appeared to be the 
prominent or not of Inherent joint weaknesses in the sample prrtor to its 
compressive strength testing. 

OPERATING HISTORY: The cavern has operated satisfactorily since its completion 
with the only operating problem being the small steady inflow of water into 
the cavern which necessitates dehydration of the stored product. 
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LOCATION: Jasper, Jasper County, Missouri 

DEPTH: 327 to 343 

CONSTRUCTION DATE: 1967 

GEOLOGICAL DESCRIPTION: This site is located on the northwest flank of the 
Ozark uplift and beneath the weathered carbonace soil are encountered bed-
rocks of Mississippian age, Osagean series beginning in the Burlington-
Koekuk. The entire section encountered in this area is a relatively monot-
onous carbonate section with poor definition of context between formations 
for the most part. The coreholes were terminated in Devonian age rocks p r o -
bably of the Cottex Formation. A description of the rocks encountered in 
corehole if 1 follows; 

Top Bottom Description 

0 30 Residual soil,no recovery. 

30 65 Limestone, light to medium gray, upper portion oolitic. 

65 66 Prominent interval of white, fossiliferous dolomite. 

66 146 Limestone. Light to medium gray, fine to medium crystalline, 
fossilifcrous, occasionally laminated with prominent zones 
of white,broken, recemented, fossiliferous dolomite. 

146 148 Chert. Light gray to white, moderately to strongly broken, 
recemented with calcite. 

148 149 Limestone. Gray, very fine crystalline, moderately frac-
tured, recemented. 

149 163 Chert. Light gray to white, strongly b<n?ken, receKentci 
with do-lomiti and occasional inseam of calcite. 

163 174 Probable top of Grand falls formation. Dolomite ;. 
Chert is fragmented with essentially no - noevne f -g. Grades 
into relatively pure dolomite, medium gray O i. « *. u 1 vill • 
finely crystalline, weakly mottled, nated. 

174 206 Dolomite. Light gray to medium < ray to tar., fine :rystalling, 
mottled, weakly to strongly.. Abundant discordant three inch 
intervals of banded chert. 

206 209 Limestone. Light to medium gray, fine crystalline, moderately 
mottled, frequent one to two inch intervals of light gray 
mottled chert. 

209 223 Probable cop of Reeds Spring formation. Dolomite. Very 
light gray to white to buf^ medium to very firmly crystal-
line, Abundant medi um to dark gray bands of c h t • 

2 2 3 2 2 5 Limestone. Very finely crysralline, abundant regular and ir-
regular intervals of medium to dark gray chert, 
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Top Bottom Description. 

225 231 Dolomite. White to light gray, very fine crystalline, abun-
dant gray, mottled chert. Occasional irregular shale part-
ings. 

231 276 Limestone becoming increasingly cherty. Medium to dark gray, 
finely crystalline, generally mottled, but occasionally 
strongly laminated. Chert constitutes approximately 50% 
of interval and is occasionally weakly fractured. 

276 287 Limestone, white to light gray to greenish-gray,fine to vcre-
fine crystalline, moderately mottled and moderately lamina eta. 

287 323 Probable top Pierson formation. Limestone white to medium 
gray, extra fine crystalline to fine crystalline, abundant 
chert. 

323 327 Dolomite. Gradual color change from white at top to medium 
green -t base, very fine crystalline, moderately laminated, 
becoming shaly at base. Dense, no partings. 

327 343 Nort v'iev shale. Kediuir. to dark green, has abundant,moder-
ate ' preserved edgewise conglomerate, lower portion is 
modi, ate to strongly fissile . Basal two feet is greenish-
gray tc brown, silty, short interval of limestone at 342. 

343 349 Compton formation. Limestone, light gray, very fine cry-
stalline, abundant shaly streaks and styiolite;;. Frequent 
regular and irregular shale. 

349 365 Dolomite. Light gray to white, very fine crystalline, abun-
dant shale streaks, strongly mottled, becoming porous at 
base of section. 

365 380 Slaymooreformation. Dolomite, white to ;uuf, fine crysta.-
line, some pinpoint porosity. Abundant vugs, if-'ongiy mot-
tled in base of section. 

380 443 Probably Powell f ormation. Dolomite. Light gray ; - ;i;ediurn 
gray, extreaeiy fine to medium crystalline, .Tjoderately lat.-
inaeed, occasional vu.g associated with banded cherts. 
Chert bscoisoi increasingly common with depth in the 

443 4&c Probably Co .t.:r f ores:ion. Dolomite. White, fine crystal-
line, moderately laminated to strongly l.'rainatod, by :hin 
medium gray to light green silt and shalo Jcreaks. 

CONSTRUCTION: A cavern of 220,000 barrels or 1,234,000 cubic *ee!. cap: c.ity was 
constructed at this site. Construction v.s by conventiona.1 roots and pillar 
mining with the room heights bei.v; 16 feet ar.d the width of 20 feet Sup-
porting pilla-3 ware 45 feet square. The roof consisted of the Pierson 
Dolomite and no roof support was required during construction. 
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Thirty-seven samples of core were analyzed for unrestrained compressive 
strength and these yielded an average of 8,092 psi with a standard devia-
tion of 3,524 psi or 43.5%. The low compressive strength in the shale was 
3,100 psi and the maximum compressive strength in the overlying roof rock 
was 17,700 psi. 

OPERATING HISTORY: This cavern has operated successfully since its completion 
and there has been no evidence of any water inflow or structural failure 
of the cavern. 

143 



LOCATION: Mt. Vernon, Lawrence County, Missouri 

DEPTH: 291 to 307 

CONSTRUCTION DATE: 1964 

GEOLOGICAL DESCRIPTION: This area is on the northwestern flank of the Oaark 
uplift. Surface material is composed of weathered Mississippian age carbon-
ates with little true soil cover. A description of the formations encount-
ered in corehole #2 follows: 

Top Bottom Description 

0 30 Mississippian age, Osagean series Burlington-Keokuk forna-
tion, clay, red, plastic with large chert nodules. 

30 129 Limestone, gray, medium to coarsely crystalline, fossixiferous 
with chert nodules and bedded inert in the bottom of the sore. 

129 140 Grand Falls formation, limestone, gray to buff, argillaceous, 
fractured, with eo.ual amounts cf light gray chert. 

140 141 Chi- breccia in argillaceous limy matrix. Angular fragments 
of she g-ay chert. Matrix is dark gray to tan. 

141 173 Lii..astone, r̂c.y> finely to medium crystalline, nu^ian bed''--i. 
with lar..',e amounts of light ~ray chert nodules. Limestone 
grades to d dclomitic iimeaiione with abundant light gray 
chert nod;: Its az base of zone. 

173 174 Sandy limestone, gray, coar&.-.ly crystalline thinly bedded. 

174 258 Reeds Soring formation. Limr-fitone, bluish-gray, hard, coarsely 
to medium crystalline, with alternating of light gray chcr:. 
Section of dolotaicic limestone ap^sars in mid-internal an* 
one of chert Breccia appears at 214 £eet. 

258 291 Pearson formation'. "Limestone, gray, medit;: bedd.". . Ji;jm 
crystalline, argillaceous, with large amouiiw ol dense, 
chert nodules. Limestone grades to dolomitic limestone at 
base of formatIon. 

291 304 North View formation, shale greenish-bluc-jjr^ , hard, dense, 
silty. 

304 318 Compten forme . Limestone, light gray, finely cry at: 'Ine, 
to sablithcigrc>hic, thin bedded with gray-grf/en shale par.ink. . 
Snail amount of bluish-gray chert in base of formation. 

318 319 Unassigned Kississippian Devonian age Slayaiore formation. 
Shale, dark-bluish-gray, friable, pyritlc. 

319 338 Quart?.ose sanastone. Gray to dark gray, sand grains are fine 
rounded, spherical, frosted. Almost an orthoquartzite in 
places. 
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Top Bo t torn Description 

338 421 Powell formation. Dolomite, dark gray to gray, medium crys-
talline medium bedded with small amounts of gray chert. 
Upper two feet of zone are clastic dolomite. 

421 500 Cotter f ormation. Dolomite, light gray, argillaceous, ftm: 
to medium crystalline with medium bedding and n few small 
creamy chert nodules. 

CONSTRUCTION: A cavern of 80,000 barrels or 449,000 cubic feet was constructed 
at this site. Construction was by conventional room and pillar mining with 
the room height being 16 fe*Jt and the room width 20 feet. Supporting pillars 
were 45 feet square. This cavern was mined from the north view shale with 
the overlying Pierson formation forming the roof and no roof control mea-
sures were required. No problems were encountered in the course of mining 
this cavern other than a very small amount of water inflow into the bottom 
of the pump sump when it was excavated. This water inflow was controlled 
largely by the construction of the concrete lining of the pump sump. 

OPERATINC HISTORY: This cavern has operated satisfactorily since its completion 
except for a very small water inflow occurring in the bottom of the product 
sump. This has provj to bo. an inconvenience, but not a problem in operat-
ing the cavern since the product delivered to the cavern Is wet and the 
small additional wati-r content picked up in storage is not detrimental to 
the operating proceuures. 

145 



LOCATION: Tulsa, Tulsa County, Oklahoma 

DEPTH: 380 to 400 

CONSTRUCTION DATE: 1966 

GEOLOGICAL DESCRIPTION: This Bite la located in the flood plane of the Arkansas 
River. The area is on the eastern flank of the central Oklahoma platform 
near the beginning of the western flank of the Ozark uplift. 

The surface is composed of typical river alluviatv, sand, clay and gravel 
with ar. approximate thickness of 40 feet. Below the surface alluvial ma-
terial, shales, siltstone, sandstone and minor coal seams of the Coffeyviile 
formation, Missouri series, Pennsylvanian age are found. At total depth 
all core r.ast holes were still in the Coffeyviile formation. A description 
of the formations encountered in corehole //l follows: 

Toj; Bottom Description 

0 43 Alluvial sand, clay, and gravel. 

43 195 Shale, dark gray to black, dense, same clay zones. 
Shale is fissile and horizontal planed with occasional 
thin fractures, calcite filled. 

195 264 Siltstone, light gray, cemented with thin irreguicr 
bands of shale, dark gray to black, siltstone, medium 
hard to hard. 

264 296 Shale, dark-gray to black, dense, sot,iq vertical thin 
fractures filled witn calcite. 

296 298 Coal, black with vertical thin fractures, calcite fill-
ed. 

298 299 Undsrclay, dark gray to black. 

299 315 Siltstone, light gray with bands of shale, da.- gray 
to black. 

315 327 Shale, dark gray to black, dense, fissile along hori-
zontal bedding planes. 

327 348 Shale, inner-bedded, dark gray to black ir. thf.r, t ._r.cs 
with occasional sandstone bands, medium to coarse 
grained. 

448 450 Clay, dark gray to black, soft, gunmiy. 

450 459 Shale, dark gray tc black, soft, dense, fissile. 

459 460 Clay, dark gray to black, soft, gummy, plastic. 

495 Shale, dark gray co black, dense, fissile. 
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CONSTRUCTION: A cavern of 250,000 barrels or 1,402,000 cubic feet capacity was 
constructed at this site. Construction was by conventional room and pillar 
mining with the room widths being 15 feet and the room height 20 feet. Sup-
porting pillars were 45 feet square. Roof control was achieved by utiliz-
ing roof bolts and' chain link mesh on a 4 X 4 foot pattern. 

Some natural gas was encountered in the drilling of the shaft and auxiliary 
holes. This gas continued to vent outside the casing and cement in the 
drilled holes for an extended period of time during construction. This 
small gas flow did ultimately vent itself and it created no problems dur-
ing construction, nor has it since. 

Fifty-seven core .samples were analyzed for unrestrained vertical compressive 
strength and the average of these was 6,816 psi with a standard deviation of 
1,276 psi or 18.7%. The compressive strength exhibited in these cores are 
unusually uniform for shale sections. The low compressive strength was 
3,900 psi and the high compressive strength was 10,200 psi. 

OPERATING HISTORY: This cavern has operated successfully since its completion 
with no evidence of water inflow or structural failure within the cavern. 

147 



LOCATION: Drumright, Creek County, Oklahoma 

DEPTH: 404 to 424 

CONSTRUCTION DATE: 1964 

GEOLOGICAL DESCRIPTION: The area of this site is a much dissected table land 
with the maximum topographic relief of 250 feet. 

The area is located on the east flank of the Cushing anticline that runs 
north and south. The Cushing anticline in turn is a part of the central 
Oklahoma platform which lies to the south and west of the Ozark uplift. 

Beneath the relatively thin soil caver, rocks of the Vamoosa formation of 
the Virgilian group, Pennsylvanian aga are encountered. All test holes at 
this site were terminated within the Vamoosa formation. A description of 
the formations encountered ia test hole ill follows: 

Top Bottom Description 

0 37 Soil cor,sis ting primarily of clay and sand. 

37 42 Sandstone with sqveral clayey intervals. 

42 43 i,ii7,estcr.e, very shaiy and argillaceous. 

43 58 Shale, very clayey, unlaminated. 

58 65 Sandstone, slightly cemented, dense with shale streaks, 
argillaceous. 

65 89 Shale, unlaminated, mottled, maroon, blue, and yellow 

zones. Numerous clay seams. 

89 119 Sandstone, soft, friable., clayey in spots. 

119 129 Silt3tone, shaly, argillaceous with maroou .. :c: ',: xue 

shale. 

129 134 Sands tone, soft, friable. 

134 139 Silt.jt.one, shaly, argillaceous with marojn c..d blu.-

shale. 

139 144 Sandstone, very argillaceous with shale streak;:. 

144 148 Shale, mottled, soft with clay zones. 

148 154 Sandstone, very argillaceous with shale streaks. 
176 Shale mottled, maroon and blue with included sand 

stresk-i and city zones. 184 Sandstone, firm, friable, well cemented. 
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Top Bottom Description. 

184 187 Shale, blue. 

157 219 Sandstone, very soft, slightly cemented, with clay 
streaks. 

219 37tj Shale, red to maroon with bands of light gray shale, 

silty, sandy. 

376 386 Sandstone, very soft. 

386 400 Shale, mottled, soft, laminated, innerbedded coloration of maroon, brown, and gray. 

400 403 Silcstone, very dense, well cemented, argillaceous, 
with shale partings grading into shale. 

403 441 Shale, blue-gray, dense, compact with thin streaks of 
siltstone in upper portion. 

441 468 Sandstone, brown, very coarse, with shale and siltstone 
innerbedding. 

468 519 ihale, silty and sandy with innerbedded laminations of 
siltstones and sandstones. 

519 529 Dark gray shale, dense, homogeneous. 

CONSTRUCTION: A cavern of 225,000 barrels or 1,262,000 cubic feet capacity was 
constructed at this site. Construction was by conventional room and pillar 
mining with the rooms being 15 feet wide and 20 feet high. Supporting pil-
lars were 45 feet square. Extreme difficulties were encountered during the 
construction of this cavern. In the course of drilling a hole for a roof 
bolt a water bearing siltstone was encountered which permitted a small 
water Inflow into the cavern. The shale from which the cavern was con-
structed v;as extremely water yensitive and severe roof problems resulted. 
Ultimate roof control was achieved with timber sets and -olid lagging to 
control the roof. A roof fail of considerable magnitude occurred when wa-
ter was first encountered which permitted an increasing rate of water in-
flow into the cavern. Ultimately the heading where water was first %n~ 
countered was bulkheaded and completely filled with concrete. This re-
duced but did not eliminate the water inflow into the cavern and from that 
point until final completion serious roof problems were common. 

Some water was also encountered in the pump sump which was not completely 
eliminated in the concrete lining of the sump. 

Sixty-seven core samples were analyzed for unrestrained compressive strength 
and the average compressive strength was 5,085 psi with a standard deviation 
of 3,050 psi or 60%. Even though the average compressive strength a p -
pears reasonable and the standard deviation is not completely unreasonable 
the range of compressive strengths was from a low of 900 p a i to a high of 
14,700 psi. Those sections exhibiting the high compressive strengths were 
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very thin beds of siltstone interspersed in the shale. 

OPERATING HISTORY: This cavorn had operating problems from lnccption and after 
approximately ten yeorB of operation, the cavern was abandoned. The operat-
ing problems were associated with the water inflow into the cavern. Though 
the water inflow was never great, there obviously were structural failures 
within the shale as exhibited in one case where the water sump was apparent-
ly filled by a roof fall and the bottom of the water pump casing was broken. 
As a result of the numerous roof falls thought to have occurred within the cav-
ern it became increasingly difficult to vent the vapor space at the top of the 
cavern so that there was a continual reduction in effective storage volume. 

Upon abandonment of the cavern, essentially all of the product was recover-
ed, either as liquid pumpage or vapors and the cavern was then shut in. The 
extent of falls which might have occurred since abandonment is unknown, but 
there has been no surface subsidance to indicate continuing falls. 
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LOCATION: Ponea City, Kay County, Oklahoma 

DEPTH: 350 to 375 

CONSTRUCTION DATE: 1961 

GEOLOGICAL DESCRIPTION: This area is a broad table land dissected by sluggish 
streams with very little relief. A surface mantle of soil and silts is 
underlain by rocks of Permian age. All test holes at this site were termi-
nated in Permian rocks. 

The Permian in this area is characterized by complex stratigraphy and 
changing lithology both laterally and vertically. The depositional environ-
ment during Permian time was changing gradually but irregularly to terres-
trial conditions. Lensing sandstones, intercalated gray shales and limestones, 
the color changes from red to gray shales, and the innerfingering and grada-
tion of these lithologic types both vertically and laterally indicate a pre-
vailing near shore to deltaic environment in which marine and brackish to 
terrestrial sediments were being deposited. 

Because of the rapidly changing lithology both vertically and laterally, 
two sites approximately 1 mile apart were investigated for this storage 
cavern and the first site was rejected but the second site was found to be 
satisfactory due solely to change in facies between the two locations. 

A description of the Permian rocks encountered in corehole //I follows: 

Top Bottom 

0 44 

44 51 

51 54 

54 55 

55 53 

63 102 

102 108 

108 128 

128 129 

Description 

Soil, silt, sand, clay, and gravel. 

Limestone, gray, fine grained to sublithographic, with lo-
cal pink shale partings which become more abundant with 
depth. 

Shaly limestone, pink to purple mottled,grading downward to 
a calcareous shale. 

Shale, slightly calcareous, dark gray to blue. 

Limestone, buff to gray to dark gray in places, hard, soma 
dark gray shale partings becoming more abundant with depth. 

Shaly limestone grading to calcareous shale, gray, crumbly, 
becoming purple to red to dark red to maroon with depth, 
spots of green near base. 

Shale, dark red to maroon, blccky, compact. 

Shale, maroori, crumbly to blocky. slickensides and slip-
surfaces, some well polished with hematite coating, grades 
to silty shale at base. 

Silty shale grading to siltstone, gray to reddish gray, hard 
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Top Bottom Description. 

cross-bedded, micaceous, 

129 134 Shale, blue gray grading to dark red, hard to crumbly and 
blocky, 

134 135 Siltstone, gray to reddish gray, hard, cross-bedded, some 
shaly streaks. 

135 138 Silty shale, light gray to variegated gray and maroon. Grades 
to maroon shale. 

138 142 Shale, greenish gray, hard, crumbly in minor areas, slightly 
silty. 

142 145 Shale, bluish-gray, grading to grayish maroon, hard, compact 

silty laminae. 

145 146 Siltstone, light gray, hard. 

146 168 Shale, dark gray to gray grading to maroon near base. Silty streaks and calcareous. 

168 171 Calcareous siltstone, light gray, mottled red, hard, shaly 
streaks, sparry, calcite in places. 

171 187 Shale, tha above siltstone grades to shale which is vari-
egated green and maroon which in turn grades into dark gray 
compact shale. 

187 189 Shaly limestone or calcareous shale. Dark gray, abundant 
shell fragments on bedding surfaces. 

189 197 Calcareous shale, gray, thinly laminated, grades into silty 

calcareous shale at base. 

197 203 Shale, dark gray, hard to crumbly, numerous fossils. 

203 204 Sandstone, calcareous, light gray, hard, fine grained. 

204 205 Silty shale, gray, hard, fossiliferous. 

205 206 Calcareous sandstone, light gray, fine grained, well rounded quartz grains. 

206 207 Calcareous shaly sandstone, light to dark gray, hard, fine 
grained. 

207 212 Limestone, gray, fairly hard, contains many fossil fragments 
and sparry calcite. 

212 213 Shale, dark gray. 
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Top Bottom Description. 

213 214 Limestone, dark gray, hard, silfcy. 

214 215 Shale, gray, parting with minor calcite. 

215 216 Limestone, dark gray, hard, finely fosHiliferous. 

216 217 Sandstone, limy, light gray, dark mottling, hard, very fine 
grained. Shale partings at top of sandstone. 

217 222 Limestone, light gray, hard, minor shale partings which are 
dark gray. 

222 223 Silty limestone, light gray, mottled with dark gray, shaly 
streaks. 

223 230 Calcareous shale, dark gray, grading to grayish maroon, 

crumbly, platy, slickensides. 

230 238 Calcareous shale, dark red to maroon, compact to blocky. 

238 245 Silty shale, grading to siltstone, red to maroon, hard, blocky, some thin, dark red, shaly layers, micaceou;?. 

245 249 Calcareous sandstone, light gray, hard, pink shaly streaks, 
well rounded quartz. 

249 270 Sandstone, light gray to grayish pink, friable, fine grained, 
well rounded quartz. Well bedded, becomes shaly with' depth 
until it approaches a variegated red and gray silty shale 
with some dark maroon shale. 

270 275 Shale, silty, maroon. 

275 278 Shale, dark gray, compact, mica on some bedding, slickensides. 

278 280 Silty shale, dark gray, irregular slumped bedding, mica on 

bedding planes. 

280 283 Dark gray, hard, compact., 

283 286 Limestone, shaly, light to dark gray, hard, dense, finely crystalline, with shale partings. 
286 308 Shale, greenish-gray in upper part,grays to maroon to black 

to gray, slickensides, becomes more silty with depth. 

308 315 Silty shale to siltstone, gray, hard, slickensides in upper 
part. 

315 322 Sandstone, shtiy, calcareous, mottled purple to buff white, 
becomes gray with depth. 

153 



Top Bottom Description. 

322 330 Calcareous silty shale to shaly slltstone, dark gray, hard. 

330 342 Limestone, silty in top, shaly in base, light gray, with dark 
gray streaks avid laminae, hard. 

342 345 Shale, black to red to gray brown, hard,becomes increasingly 
calcareous with depth. 

345 359 Sandy shale, dark red with irregular spots of gray silt and 
sand. 

359 376 Sandstone, red, friable, subangular to well rounded grains 
admixed clay. 

376 385 Shale, red to maroon, fairly hard, slickensides, becomes hard-
er and more silty with depth. 

385 389 Intercalated shale and limestone, shale is red, limestone 
a light pink, silty and more limy at bottom. 

390 392 Sandstone, calcareous, purple, fine grained, cross-bedded, 
micaceous. 

392 395 Shale, red and green mixed, straight break, calcareous, car-
bonaceous material in green parts. 

395 398 Intercalated, silty shale and limestone, latter predominant 
dark gray shale, laminae shows irregular bedding in light 
gray limestone. 

398 411 Shale, dark gray to maroon to black, hard, calcareous, very 

silty in places, approaching sandstone. 

411 412 Limestone, light gray, hard, dense. 

412 413 Sandstone, shaly, maroon to green, shale breaks $ive irregu-lar beds. 

413 421 Shale, maroon, hard, dense, slickensides. 

421 426 Limestone, shaly grading downward to fossiliferous, lime-
stone, mottled red and light gray. 

426 430 Shale, calcareous, gray-green. 

430 433 Shaly limestone, irregular beds of shale and limestone mixed, 

red and light gray, silty. 

433 434 Shale, maroor., compact. 

434 438 Sandstone, maroon, calcareous, porous. 
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CONSTRUCTION: A cavern of 300,000 barrels or 1,683,000 cubic feet capacity was 
constructed at this site. Construction was by conventional room and pillar 
mining techniques with the rooms being 15 feet wide and 20 feet high. Sup-
porting pillars were 50 feet square. Roof control was achieved by the u t -
ilization of roof bolts on a A X A foot pattern. 

Some slight water Inflow wes encountered in this cavern during the course 
of its mining, but this was controlled by pressure grouting. 

Sixty-nine core samples were analyzed for unrestrained compressive strength 
and the average of these samples of 5,765 psi. The standard deviation was 
3,784 psi or 65.6%. 

OPERATING HISTORY: This cavern has operated satisfactorily with no evidence of 
increased water inflow or structural failure of the cavern. 

155 



LOCATION: Seminole, Seminole County, Oklahoma 

DEPTH: 308 to 332 

CONSTRUCTION DATE: 1954 

GEOLOGICAL DESCRIPTION: This cavern was the sixth storage cavern for LPG con-
structed and precise geological information is lacking. The cavern was 
constructed in the Nellie Bly shale of Penneylvanian age with the Belle 
City limestone of Pennsylvanian age serving as roof. 

We do know that surface rocks are of Pennsylvanian age, thac a small water 
producing sand was encountered from 40 to 44 feet in depth. The Belle City 
limestone was encountered from 298 to 308 and the Nellie Bly shale from 
308 to cavern bottom. 

CONSTRUCTION: A cavern of 110,000 barrels capacity or 617,000 cubic feet was 
constructed at this site. The cavern was constructed by mining a single 
drift around a central pillar. The drift was 15 feet wide and 24 feet high. 
The pillar was approximately 100 feet square. No roof control measures 
were required during the construction of this cavern. 

OPERATING HISTORY: This cavern has operated quite successfully since its com-
pletion with no evidence of water entry or structural failure. 
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LOCATION: Rawlins, Carbon County, Wyoming 

DEPTH: 426 to 446 

CONSTRUCTION DATE: 1966 

GEOLOGICAL DESCRIPTION: The area is located on the eastern plunging nose of the 
Rawlins uplift and prevailing dip in the area Is approximately 14° southeast, 

There is little relief in the immediate area, increasing considerably in 
south and west in the mountains in the approximate distance of 1 u H e . 

The surface is composed of overburden formed by Quaternary age alluvian 
with thickness varying frod 11 to 40 feet. Below the overburden sandy 
shales of the Steele formatiofl* Montana group, Cretaceous age were found. 
The Niobrara and Carlile shales that are found in nearby sections below 
the Steele formation were absent at this site. Below the Steele formation, 
the Frontier formation of the Colorado group, Cretaceous age were found and 
extended to the bottom of the boles drilled. This formation is composed of 
innerbedded shales and sandstones. A description of the formations en-
countered in corehole #1 follows? 

Top Bottom Description 

0 1 1 A l l u v i a l s o i l . 

11 44 Steele shale formation, Cretaceous age. Light gray to 
dark blue^gray, some very fine sand grain scattered 
throughout> slightly calcareous, calcite-healed minor 
fractures. 

44 96 Shale, da'^k blue-gray, calcareous, micaceous, and py-
ritic throughout, with some scattered sand streaks. 
Calcite-filled fractures at 51, 54, 8? 84, and 86 feet, 
fractures dipping 65 to 66 degrees. All fractures were 
tight. 

96 105 Frontier -formation, Cretaceous age shale. Slightly 
silty, dark gray at top becoming light gray to gray 
mottled with sand splits and lenses. 

105 122 Shale, Sandy, light gray to gray mottled with sand 
seaos and splits, calcareous, and pyritic. 

122 123 Sandstone, light gray, silty, very fine grained, cal-
careous, hard, compact. 

123 173 Shale, sandy, gray, contorted bedding common. Sand-
stone layers become abundant in the base of this mem-
ber with thickest layers less than two inches thick. 

173 178 Sandstone, light gray, medium grained, abundant black 
chert, numerous gray shale splits. Cementation clayey 
ana calcareous. 
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Top Bottom Description. 

I yfj ib1* Shnlc, dark gray, acetterefl sand streaks, lighr. gray, 
very fine to fine grained. 

185 ig7 Sandstone, light gray, medium grained, abundant black 
chert, sparse, bright green clay grains. 

187 196 Shale, dark gray to black, sandy, pyritic. 

196 215 Sandstone, light gray to white, medium to coarse grained 
numerous dark gray shale splits. 

215 216 Shale, dark gray, sandy. 

216 270 Sandstone, light gray to white, fine to oediuta grained, 
black chert common in upper portion, abundant clay, 
shale splits, slightly fractured. 

270 321 Shale, very sandy, dark gray, innerbedded with light 
gray, very fine to fine grained tight sandstone, maxi-
mum bed thickness about two inches. Calcite-healed 
fractures. 

321 340 Sandstone, light gray to white, very fine to fine grained, 
tight,clayey and calcitic, cementation 

340 362 Shale, very sandy, dark gray, mottled, with light gray 
to white, very fine to fine grained sandstone layers and 
lenses. Clay cementation in sandstone. 

362 382 Sandstone, shaly, light gray tight, very fine grained, 
white chert, much clay in matrix, numerous shale splits. 
Vertical fractures partially filled with calcite. 

382 392 Shale, very sandy, dark gray, with very fine grained, 
light gray sandstone splits, tight calcareous, 

392 401 Sandstone, light gray, medium grained, black chert com-
mon, tight, clayey, calcitic cementation, s p a r s e coarse-
grained sand at bottom of interval. 

401 434 Beginning with alternating thin beds of black stiale 
and light gray to white, medium grained sandstone be-
comes essentially pure sandstone, light gray to white, 
fine to medium grained. Calcareous, black shale 
streaks, tight. 

434 500 Shale, black, carbon flakes common, pyritic, sandy, 
bentonltic at 460, 466, 469, 486, 487, 492, and 698. 
Vertical fractures unhealed at 450, 456, and 465. 

500 529 Shale, black, pyritic, carbon flakes, and seams com-
mon, sandy, mostly very fine grained, sparse medium 
grained with white chert grains toward bottom, calcite 
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filled fractures common, bentonitlc shale, gray at 528. 

529 597 Shale, sandy, black to dark gray, pyritic, calcareous, 
with calcite filled fractures common in upper portion. 
Middle portion of zone very sandy. Lower portion less 
sandy, black, pyritic, but has abundant seams of very 
fine grained light gray sandstone. 

CONSTRUCTION: A cavern of approximately 200,000 barrels or 1,122,000 cubic feet 
capacity was constructed at this site. Construction was by conventional 
room and pillar mining with the room widths being 15 feet and the height 
20 feet. Supporting pillars were 45 feet square. Roof control was achiev-
ed using roof bolts on a k X 4 foot pattern. All coreholes and the access 
shaft for this cavern experienced artesian flows of water from the fractured 
Frontier formation. During the course of mining quite large water inflows 
were experienced as open fractures and joints were encountered during the 
mining operation. Water flows exceeded 300 gallons per minute. Extensive 
grouting was required to control the water inflow into the cavern and sev-
eral thousand sacks of Portland cement were utilized in the grouting opera-
tion. The water flow was controlled but never stopped and there was a low-
ering of the local water table of approximately 100 feet during the course 
of construction of this cavern. 

Upon completion of the cavern the cavern failed to pass the final acceptance" 
air pressure test. The obvious answer was that ungrouted fractures of suf-
ficient size for countercurrent flow of water and air still existed in the 
cr.vern. 

Upon failure of the cavern to pass its acceptance pressure test additional 
remedial grouting was performed in the cavern but on the second air test 
the cavern,again, failed to pass. 

Because of the failure of the cavern to pass the required acceptance air 
pressure test, the customer refused to accept the cavern and it was de-
clared a total loss. 

Sixty-two cores samples were analyzed for unrestrained compressive strength 
and the average of these was 10,351 psi with a standard deviation of 3,262 
psi or 31.5%. The cavern withstood the stress of construction and 
large water inflows without any detectable deterioration and other than the 
inability of the cavern to pass the acceptance air pressure test, it was 
successfully constructed. 
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LOCATION: Breckervridge, Stephens County, Texas ih and #2 

DEPTH: 250 to 270 

CONSTRUCTION DATE: 1950 and 1952 

GEOLOGICAL DESCRIPTION: These two caserns were the first caverns ever construct-
ed for the storage of petroleum products. Because of the early construction 
detailed geological information is nonexistant for these caverns. 

This site is located on the Bend arch near its axis. Surface outcrops are 
of the Cisco formation of Pennsylvanian age. The Cisco formation extends 
to a depth of approximately 250 feet and is a relatively uniform shale 
section to its base. Underlying the Cisco formation is the Canyon formation 
of Pennsylvanian age which extends to a depth of approximately 1,400 feet. 
The Canyon is composed of shale with intervals of thin bedded limestones 
and sandstones. 

This cavern was constructed in Canyon shale with essentially the entire 
section from surface to the cavern floor being shale. Some jointing or 
fracturing is apparently existant in the shale and there has been water in-
flow In small quantities into the cavern. 

CONSTRUCTION: Caverns c: 20,000 and 30,000 barrels or 112.,000 and 168,000 cubic 
feet capacity were constructed at this site. Construction was by conven-
tional room and pillar mining beneath a conventionally sunk shaft. Roomr, 
were approximately 15 feet wide and 20 feet high. Supporting pillars were 
approximately 45 feet square. Roof control was achieved with roof bolts o . 
a 4 X 4 foot pattern. 

OPERATING HISTORY: These caverns have not been particularly successful because 
of product leakage from the caverns and their inability to hold high vapor 
pressure product without leakage. 

The caverns have been abandoned Insofar as their initial purpose was con-
cerned and are now used as a very low pressure holding vessels for plant 
residue gas which serves to stabilize the fuel gas supply for the city ol 
Breckenridge.Texas. 
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