























CRITERIA FOR SAFE INJECTION 3

permeability; higher porosity generally indicates greater
permeability.

Sandstones of the Appalachian Basin, although they
may be at sufficient depth to be suitable reservoirs, tend to
have low porosity. Most carbonate rock bodies in Ohio also
have low porosity. In some provinces (for example, the Gulf
Coast) where sandstones are younger and have undergone
comparatively less cementation and compaction, porosities
of 20 percent or more are common. Very few of the deep
formations in Ohio have sufficient porosity to be considered
as reservoirs. In Pennsylvania, which has rocks similar in part
to those in Ohio, Rudd (1972, p. 89) concluded that
“...there are no known reservoirs of truly good disposal
qua.lity,”

Permeability.—The unit of permeability is the darcy,
defined as that permeability which will allow a fluid of
1-centipoise viscosity (the viscosity of fresh water) to pass
through a 1-square-centimeter cross-sectional area at a rate
of 1 milliliter per second under a pressure gradient of 1
atmosphere per centimeter. Permeabilities are generally
reported in millidarcys (1/1000 of a darcy). In ground-water
hydrology the unit equivalent to the darcy is the coefficient
of permeability in gallons per day per square foot (1 darcy
equals 18.2 gpd/ft?).

Permeability may be measured from a drill-stem test or
from core analysis. A drill-stem test is a short-term flow test
through the drill pipe; when properly performed this test
gives an accurate reflection of permeability of the unit as a
whole. Core analyses for permeability have some short-
comings. Core permeabilities are commonly determined by
passing a pressurized inert gas through selected small-
diameter (%-inch) plugs taken from the core at 1- or 2-foot
intervals. If permeability is high, there tends to be a

reasonable correlation between permeability to gas and
permeability to water or other liquid. Where permeability is
low, especially below 10 md, complex factors such as
surface-area effects and polar attraction can cause wide
differences between liquid permeability and gas permeability
(Neilson Rudd, personal communication). Furthermore,
core-plug tests are accurate only if the plugs are representa-
tive of the whole rock. Ideally, core analysis should be
performed on sections of whole core rather than on small
plugs and should be measured relative to water or, better
yet, to samples of the effluent liquid.

Sandstone permeabilities range from about 5 to 10 md
for a well-cemented fine-grained sandstone to more than
2,000 md for a loosely packed well-sorted sandstone.
Permeability of shale is commonly as lowas 1 x 10°* to 1 x
10-* md. Permeability of carbonate rocks differs markedly
from place to place. Experience has shown that a formation
permeability of about 25 md or more is necessary for
injection of reasonable volumes of waste on a constant basis
(Donaldson, 1972, p. 35). Few Appalachian Basin reservoirs
have that permeability. In addition, even the best core
analysis or drill-stem test cannot measure the effect which
fractures might have on the permeability of the reservoir or
of the confining beds.

SALINITY

The salinity of the injection zone should be high, at
least above 10,000 mg/1 total dissolved solids. Sea water, by
comparison, has a salinity of about 35,000 mg/l total
dissolved solids. High natural salinity indicates that the
reservoir contains slow-moving fluid which is isolated from
surface and subsurface sources of fresh water. Reservoirs
containing fluid of low to moderate salinity may have future
use for potable-water storage or for desalination and should
be excluded from injection.

In general, salinity of a formation increases with depth.
In Ohio fresh-water-bearing formations occur below 500 feet
in only a few places. Information on the names and depths
of the lowest local fresh-water aquifers in Ohio can be found
in Sedam and Stein (1970). Additional data on depths to
saline water are in Stout and others (1943).

MINERAL DEPOSITS

The injection zone should not contain valuable mineral
deposits. Under Ohio law a permit application may be
denied if oil, gas, or other minerals would be endangered.
Figure 1 shows the areas in Ohio in which oil and gas have
been produced. Large areas of Ohio not now producing may
yield hydrocarbons in the future.

Other mineral deposits in Ohio that might be affected
by disposal operations are natural brine, coal, salt, and
gypsum. Natural brine from Mississippian and Pennsylvanian
beds historically has been a valuable deposit in the lower
Ohio River valley, but the brine is not presently a valuable
deposit elsewhere. Coal is produced in much of eastern
Ohio. Injection operation, if permitted in shallow sand-
stones, could pose a distinct hazard, especially to deep
mines. Rock salt is produced from Silurian beds in north-
eastern Ohio. Gypsum does not occur at the depths injection
is practiced.

CONFINING BEDS

The injection zone must be confined by sufficient
thicknesses of relatively impermeable strata so that vertical
migration of fluids is negligible. Further safety is assured if
there are great thicknesses of rock between the disposal zone
and overlying fresh-water aquifers.

Shale, salt, anhydrite, and certain types of limestone -
and dolomite are good confining rocks. Of these, shale,
anhydrite, and salt are the best because they behave in a
slightly plastic manner when compressed at depth and are
able to flow slightly to seal fractures and small faults.

In order to illustrate the effectiveness of the confin-
ing beds, the following example is given: If an attempt is
made to force fluid to flow through a 1-footsquare cube of
shale of average permeability (1 x 10" md) by applying a
pressure of 100 psi, the resulting flow is only 4 x 10-7 gpd.
If the shale were 1,000 feet thick, only 4 x 10*® gpd could
escape. In an actual disposal operation only a relatively small
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flowing very slowly, if at all, appears to be valid.

Natural flow is not to be confused with radial flow
under pressure of waste fluids. This flow, as discussed in the
next section, might be expected to move wastes as much as a
mile from the well during a span of perhaps tens of years.

Density contrast.—Additional movement of waste fluids
might arise from a downdip or updip flow caused by
emplacing a waste fluid which is either heavier or lighter
than the reservoir fluid. In most cases the resulting velocity
is negligible, either because dip is low or because the density
contrast is small. In the U.S.S. Chemicals #1 well in Green
Township, Scioto County, the density contrast and dip are
more significant. A buoyant force equivalent to a head of 19
ft/mile is created and would yield a velocity of almost | foot
per year (in a northwest direction). Even this rate is not so
high as to cause alarm.

MECHANICS OF INJECTION
PRESSURE EFFECTS

The pore space in deep reservoirs is already filled with
saline water. In order to inject waste fluid it is necessary to
apply pressure to displace the native fluid. It is not necessary
to displace the fluid very far to create an enormous storage
space around the well bore. Given an injection formations
with a thickness of 200 feet and a porosity of 10 percent,
the pore space within a radius of one-half mile of a well in
this formation can be calculated from the formula for the
volume of a cylinder:

V=rnr’hé=4x10"ft’

where 7 = 3.14, r = 2,640 feet, h = 200 feet, and ¢ = 0.10.
One cubic foot of liquid equals 7.48 gallons; thus the storage
space is 30 x 10* gallons. If a well were to inject 3 million
gallons of waste per month, there would be waste storage for
90 years within a one-half-mile radius of the well.

The effect of injection is to increase the reservoir
pressure around the well. The general magnitude of the
pressure increase at various distances from the well can be
calculated by means of the Theis nonequilibrium formula
(discussed by McLean, 1968, p. 25-27). Examples of
pressure increase with distance have been calculated for
three cases in which reservoir parameters approximate those
of the Mt. Simon in Ohio (fig. 4). The calculations are based
on an injection rate of 100 gallons per minute continuously
for 1- to 10-year periods.

Figure 4 shows several important aspects of deep
injection. Note that pressure declines exponentially away
from the well. This is heartening for at least two reasons.
First, old wells penetrating the injection zone at distances of
several miles from the well will not be exposed to high
pressures. Second, the amount of cross-formational flow
through the aquitard depends on both the pressure and the
area. The high pressures are restricted to areas near the bore
hole.

Another factor shown on figure 4 is that injection
pressures increase with time, but the rate of increase
decreases exponentially. In addition, the graph shows that it
is possible to estimate the initial injection pressure by
calculating head at r = 1. The pressure-decline calculations
are based on ideal conditions of isotropic and homogeneous
reservoirs and other assumptions. Such calculations should
be used only as approximations of actual conditions.

Pressure declines rapidly away from the well bore
because the pressure necessary to displace the original
reservoir fluid also compresses both waste and native fluid
and slightly expands pore space by compressing the rock
matrix. Neither water nor rock is very compressible;
however, the volume of each upon which the pressure acts is
so large that enough additional storage space is created
within a relatively short distance of the well bore to absorb
much of the pressure increase which would otherwise be
transmitted laterally great distances. For additional technical
discussion of the mechanism of waste emplacement see
McLean (1968), van Everdingen (1968), and Witherspoon
and Neuman (1972).

For most operations, beyond about 10 to 20 miles from
the site of injection, the pressure theoretically will not be
raised above a few pounds per square inch in the injection
formation. In addition, as discussed in a later section, the
injection pressure has recently been strictly limited by state
agencies so that even near the well bore pressure is not high
enough to cause foreseeable problems.

FRACTURING

Necessity for limit.—There are four primary reasons for
limiting injection pressures: (1) High pressures may lead to
failure of the well-head equipment, rupture of tubing,
packer failure, or other mechanical failure. (2) High pres-
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FIGURE 4. -Pressure increase as a function of time and distance;
based on continuous injection rate of 100 gpm.



MECHANICS OF INJECTION 9

sures may induce artificial fracturing of the receiving
formation as well as of confining beds. (3) High pressures
increase the rate of cross-formational flow across confining
beds. (4) The possibility of initiating seismic activity,
although remote, increases with increasing reservoir pressure.

When artificial fracturing is created in the injection
reservoir, several undesirable situations are produced. In a
normally stressed region such as Ohio, fractures are likely to
be vertical at depths below about 1,000 feet (Hubbert and
Willis, 1957). Such fractures could, if injection pressure is
sufficiently high, rupture the confining beds and allow
escape of wastes from the reservoir. Such cases are known to
exist (Rudd, 1972, p. 27; Howard and Fast, 1970, p. 169;
Felsenthal and Ferrell, 1971, p. 728). Phar (1970) gives an
example in which a routine hydraulic fracture of the
“Clinton” sandstone (Silurian) reportedly also fractured the
underlying shale beds.

If the fluid is transmitted through fractures rather than
through pore space, it is not possible to calculate the radius
of influence; thus a valuable management control is lost.
Fractures tend to propagate in preferred directions, general-
ly parallel to the regional structural strike, and could
transmit fluid some distance from the injection well.

Injection pressure limit.—Recognizing the dangers inher-
ent in the injection of wastes at high pressures, the Division
of Geological Survey in 1971 recommended a maximum
injection pressure of 0.75 psi/ft as an arbitrary limit for
injection wells in Ohio. The Division of Oil and Gas has
adopted this pressure limit, applied as follows:

maximum surface injection pressure = (d x 0.75)-(d x P)

where d = depth to highest perforation or top of open hole,
and P = the pressure gradient in psi/ft of the effluent.
Assuming a well in which the top of the injection zone is
4,000 feet. below the surface and the waste fluid has a
pressure gradient of 0.5 psi/ft, the maximum allowable
surface injection pressure would be:

(4,000 x 0.75) - (4,000 x 0.5) = 1,000 psi

Predicting fractures.— At present there is no foolproof
method by which the exact pressures necessary to induce
fracturing can be predicted. However, some guidelines can
be used to provide adequate protection until additional data
in a given area are available. When wells are artificially
fractured, fluid is pumped into the wells at increasing
pressure until there is a sudden increase in injection volume
without a pressure increase; in some cases there is an actual
decrease in pressure. This is called the breakdown pressure
and is assumed to indicate that the formation has ruptured.
Breakdown pressures have been compiled and published for
different areas of the country (Howard and Fast, 1970, p.
6-8; Matthews and Cesmirosky, 1972, p. 62-63). Breakdown
pressures in poorly consolidated high-pressured sands tend
to be high, between about 0.75 and 1.0 psi per foot of
depth. Carbonates and highly consolidated sandstones tend
to have lower breakdown pressures, between about 0.6 and

0.8 psi/ft. The actual data show a wide spread of pressures
varying according to regional stress, lithology, condition of
the bore hole, number and type of perforations, viscosity of
fracturing fluid, and other conditions. There have been no
data published on fracture pressures in Ohio, but there are
indications that the range is similar (0.6 to 1.0 psi/ft) to
those given above. Most breakdown pressures are higher than
0.75 psi/ft.

Do |t batow |and surface)

FIGURE 5.—Fracture-breakdown pressure versus depth (based on
data from recent Ohio completions).

Breakdown pressures from recent completions in Ohio
are shown in figure 5. Almost all data are from the
“Clinton” sandstone. It is not certain whether fracture
pressures in the ““Clinton” would be similar to those in the
Mt. Simon or other formations, but regional stress patterns
are a causal component of these pressures, and regional
stress should be alike for both older and younger units. It is
noted that fracture pressures in about 80 percent of the
wells are higher than 0.75 psi/ft. In addition, fracture
pressures are significantly lower in formations, such as the
“Clinton,” in which pressure is depleted by production; in
undisturbed units the fracture gradients would be much
higher (Felsenthal and Ferrell, 1971). The few data from
older formations in Ohio show breakdown gradients above
0.75 psi/ft.

In addition to the breakdown pressure, valuable infor-
mation is gained also from the instantaneous shut-in pressure
(ISI) in hydraulic fracturing. At the end of a hydraulic-frac-
turing treatment, the pumps are turned off, and the pressure
declines instantly to a lower pressure (the ISI), from which
it then declines more slowly. This instantaneous shut-in
pressure, believed to indicate the pressure at which the
induced fracture, held open by the injection pressures, closes
(Howard and Fast, 1970, p. 98), is a valuable piece of
information because it is less affected by the many
operational and bore-hole factors that affect breakdown
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pressures. When this pressure is known, it could be used to
regulate injection pressures. If injection pressure is kept
below the ISI, the fracture should not open or propagate.
Unfortunately, the ISI can only be known after fracturing
has occurred; the Geological Survey believes that in general
wells for waste injection should not be fractured as part of a
completion program.

Although data on ISI pressures are rarely reported to
the state, the Dowell Corporation (J. L. Norton and G. P.
Boland, written communication, May 5, 1972) has kindly
supplied ISI values from fracture treatment of some ran-
domly chosen “Clinton” wells representing 25 counties (fig.
6). As expected, the ISI data show less scatter than do
breakdown pressures (fig. 5). The average ISI pressure at the
perforations is 0.733 psi/ft. Some of the data scatter is
probably due to the varying degree of depletion of pressures
in the “Clinton” in each location. If the ISI pressures had
been taken from wells at original pressure, the average would
certainly have been higher than 0.733 psi/ft, probably well
over 0.75 psi/ft.

Only two injection wells in Ohio are known to have had
fracture treatments as part of the completion program. In
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FIGURE 6.—Instantaneous shut-in pressure versus
depth, “Clinton" sandstone.

the Calhio #1 well in Perry Township, Lake County, the Mt.
Simon was fractured at a pressure gradient of 0.77 psi/ft.
The Kerbel section fractured at 1.25 psi/ft. In the U.S.S.
Chemicals well in Scioto County the Mt. Simon was
fractured at a pressure gradient of about 1.24 psi/ft at the
top perforation. The ISI pressure was 1,350 psi, which
would convert to a gradient of about 0.68 psi/ft.

From these limited data, it appears that an injection
pressure limited to 0.75 psi/ft at the perforations or top of
the open hole provides reasonable assurance that artificial
fracturing will be prevented, provided that the formation has
not been intentionally fractured as part of the completion
program or is not a pressure-depleted formation.

Other states and organizations have adopted or recom-
mended injection pressure limits based on pressure gradient
in psi/ft at the formation:

Pressure limit
(total pressure at
formation face in psi/ft)

Location

California 0.75

Kansas 0.60 (Irwin and Morton, 1969, p. 13)

Oklahoma 0.75

Ontario 0.65-0.80 (recommended, McLean, 1968, p. 24)

Pennsylvania 0.75 or 80% of ISI pressure (recommended, Rudd,
1972, p. 43 and 45)

Texas 0.85 approximately (based in part on reservoir

pressure)

Ideally the formation should be sufficiently permeable
to take fluid at pressures much lower than the fracture
pressure. When injection pressures are initially near the
fracture pressure, the life of the well will probably be
determined by this limit, because injection pressures tend to
increase with time.

The arbitrary pressure-injection limit should not be
treated inflexibly. There are many anisotropies involved in
fracturing, and local conditions should be incorporated
wherever possible into the derivation of pressure limits.

DRILLING AND COMPLETION OF WELLS
PERMIT AND FEASIBILITY STUDY

In Ohio, injection is regulated under Chapter 1509 of
the Ohio Revised Code, which gives the Division of Oil and
Gas authority to permit and regulate deep injection. Under
the present law, a permit issued by the Division of Oil and
Gas is required to drill and operate a disposal well. To obtain
a permit the operator must submit an application along with
supporting materials, including a complete feasibility study,
to the Chief of the Division. Copies of the feasibility report
and application are circulated to the Division of Geological
Survey and to the Ohio Environmental Protection Agency.
If the proposed well is near mine workings, the Division of
Mines also examines the application. If all agencies, includ-
ing the Division of Oil and Gas, approve the permit, the
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FIGURE 10.—Relationship between porosity and permeability
in the Mt. Simon Sandstone.

running approximately along the eastern borders of
Hancock, Champaign, and Greene Counties. The Eau Claire
consists of glauconitic siltstone and very fine-grained sand-
stone with thin beds and partings of shale. The unit ranges in
thickness from about 300 to 500 feet. Horizontal perme-
ability in such a unit might be significant along porous sand
lenses, but the numerous shale beds, partings, and lamina-
tions should render vertical permeability negligible. To the
writer’s knowledge, the only permeability tests made on this
unit in Ohio were on core material from the Armco #1 well
in Butler County. The interval 2,859-2,881 feet was re-
ported to have vertical permeability to water generally less
than 1 x 10-* md, with one sample as high as 3.43 x 10-?
md. In ground-water terms these permeabilities would be
equivalent to less than 2 x 10-* gpd/ft* and 6 x 10-*
gpd/ft?. The only other permeability data on the Eau Claire
known to the author are from an Illinois well which showed
vertical permeability less than 1 x 10~* md for 18 core
samples (Bayazeed and Donaldson, 1971, p. 4).

If the average permeability of a 400-foot-thick section
of Eau Claire is 2 x 107* gpd/ft* and the average increase in
reservoir pressure due to injection in the Mt. Simon within a
quarter-mile radius of the well is 100 psi, then it can be

shown that within this radius 0.02 gallon per day of liquid
(assuming a viscosity similar to that of water) could pass
vertically through the Eau Claire (ignoring density differ-
ences). At the higher value, 6 x 10-* gpd/ft?, of permeabil-
ity, 604 gallons per day could leak through the Eau Claire.
The actual permeabilities probably average close to the
lower value. The significance of these figures is that,
although the beds overlying the Mt. Simon are for all
practical purposes adequate confining beds, they are only
relatively impermeable. If sufficient pressure differential is
allowed to exist across the confining beds and if the area
affected by pressure elevation is of large areal extent, then
the amount of fluid passing through the confining beds
could become important. Under present conditions in Ohio,
vertical leakage is not thought to be significant.

East of the limit of the Eau Claire facies the Rome
Formation overlies the Mt. Simon. The Rome is a pelletal
oolitic tight to slightly porous dolomite, more than 700 feet
thick in eastern Ohio, but thinning to less than 300 feet in
the central part of the state, where it consists of sandy
dolomite. The Rome is overlain by shale and glauconitic
siltstone of the Conasauga Formation. The Conasauga ranges
in thickness from 40 to 439 feet and should be an excellent
confining bed.

Many of the formations lying above the Rome and
Conasauga are confining beds, notably the Ordovician shale
sequence, which is as much as 1,500 feet thick, and the
Devonian and Mississippian shales of central and eastern
Ohio. These strata are not discussed in detail in relationship
to the Mt. Simon because it is believed that sufficient
confinement is afforded by the sub-Knox units.

Mineral deposits.—The Mt. Simon Sandstone contains
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no known economically valuable mineral deposits. There are
no wells producing hydrocarbons from the formation, and
only two wells (in Mercer and Allen Counties) have reported
shows of gas. At this time the connate brines have no known
commercial value. In general, the waters in the “Clinton”
and “Newburg” formations (Silurian) are of higher concen-
tration and are shallower, but even these are not generally
considered valuable.

Salinity.— A contour map showing the salinity (as total
dissolved solids, TDS) of the fluid in the Mt. Simon is shown
in figure 12. The increase in salinity (as specific gravity) with
depth in Ohio is graphically illustrated in figure 13. The
values falling to the left of the dashed line may be caused by
erroneously low specific gravities resulting from possible
contamination of the recovered drill-stem-test fluids by
relatively fresh filtrate from the drilling mud.

The lowest salinity reported for the Mt. Simon in Ohio
is about 67,000 ppm TDS recorded in the East Ohio #1
Hoelscher well in Auglaize County. This value is probably
erroneously low. The sample was reported to be muddy and
thus may have been contaminated by fresh mud and mud
filtrate. The next lowest value is for a sample about four
times saltier than seawater; it is unlikely that any desalina-
tion or fresh-water storage project would be feasible in the
Mt. Simon.

OTHER RESERVOIRS

General comments.—Several other potential injection
zones exist in Ohio, but all are less attractive than the Mt.

®  Location of dispossl well and
189,000 concentration (ppm) of dis-
salved solids
o Line of equal Concenation (ppm)
,310 of totel diasolved solids in fluid
of Wi, Simon

FIGURE 12.—Concentration of total dissolved solids in
fluid of the Mt. Simon Sandstone.
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FIGURE 13.—Fluid specific gravity versus depth
in the Mt. Simon Sandstone.

Simon. The generalized reservoir characteristics of post-Mt.
Simon strata which might be considered to have injection
potential are discussed below.

Kerbel Formation.—The Kerbel Formation (Cambrian),
recently named by Janssens (1973), is a fine- to coarse-
grained deltaic sandstone that coarsens upward. The unit lies
between the Conasauga Formation below and the Knox
Dolomite above and ranges in thickness from 0 to 150 feet
(fig. 14). Permeability is probably at a maximum where the
sandstone is thickest. The formation becomes dolomitic
eastward from central Ohio, dolomitic and argillaceous
southward, and silty and argillaceous westward. Flows of.
water and shows of oil and gas have been reported from
wells reaching the Kerbel, but the formation is not presently
productive.

The Kerbel was tested as a disposal zone in the Calhio
well in Lake County. Preliminary reports indicate a fair
injection potential, but the well is not yet being used for
injection. Data are insufficient to describe the hydrodynam-
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FIGURE 14.—Thickness of the Kerbel Formation
(from Janssens, 1973, pl. 5).

ics of the unit.

Confining beds for the Kerbel include the overlying
Knox Dolomite and stratigraphically higher units. The Knox
is absent by erosion in extreme northern Ohio; here shale,
representing post-Knox clastics (Glenwood or Chazy equiva-
lent), directly overlies the Kerbel. The Knox is a dolostone
and as such is a brittle unit, probably fractured; porous
zones are present in places. In addition, the Knox has been
penetrated by about 3,000 wells in Ohio; thus on a regional
basis the unit should be considered a questionable confining
bed. If the Knox is to be considered the confining bed, any
future injection into the underlying Kerbel should be in
areas where the Knox is relatively thick and/or undrilled
(fig. 15). The amount of fluid injected into the Kerbel
Formation over a long term should be restricted because the
Kerbel is not as thick or extensive as the Mt. Simon (hence
pressures regionally would increase more rapidly) nor are the
confining beds as good as for the Mt. Simon.

Knox Dolomite.—The Knox is a widespread generally
thick dolostone containing sandy and oolitic zones. With
few exceptions it does not contain zones of persistent
mappable porosity. The Knox is truncated by an uncon-
formity in Ohio; the unit ranges in thickness from a
featheredge to about 1,500 feet (fig. 15). Permeability is
developed locally at the unconformity surface, most notably

in central Ohio, where production of oil, gas, and water

from buried erosional hills has been prolific.

Areas in which the Knox is too shallow or has been too
densely drilled to be considered for injection are shown in
figure 15. An additional area in northwestern Ohio should
be proscribed because of dense drilling to the overlying
Black River-Trenton strata; this area is shown also in figure

15. In northwestern Ohio, generally where the Knox is
structurally high and relatively shallow, the overlying Black
River-Trenton sequence is dolomitized and the Glenwood or
Chazy equivalent may be absent. In the latter situation the
units would be in lithologic continuity, and the Knox might
be in hydrologic continuity with the Trenton. A great
number of old wells penetrate the Trenton; therefore the
Knox would be a poor injection zone.

In eastern Ohio, where the Knox is sparsely drilled and
relatively deep, potential exists for injection if porous beds
are encountered. With present information, this would be
strictly a wildcat proposition.

Within the Knox, and subcropping along a northeast-
southwest line running through Coshocton County, is a
sandstone and sandy dolomite member informally called the
Rose Run sandstone. The unit has produced water and gas,
especially near the subcrop, but it does not appear that
sufficient porosity for injection of large volumes of waste
would normally be present in eastern Ohio.

Black River and Trenton formations.—In central and
eastern Ohio the Black River-Trenton strata (Ordovician) are
composed primarily of tan lithographic limestone. In west-
ern Ohio the limestone becomes irregularly dolomitized,
ranging from patches to complete replacement. Thickness of
the total sequence is fairly uniform at 500 to 600 feet.
Where dolomitized, the zone is very porous; unfortunately
these areas tend to be densely drilled, hence unsuitable for
injection.

/

=100= Ling of aqusl thickness of Knox Dolomite;
thicknass interval viisble (f]

=== Boundary of srea of axtensive driliing

== Boundsry of ares of moderste drilling

== Boundery of shallow Kno ses

=TT = Bowndary between orem of no injection po-
wential and ares of meager injection po-
tontial

FIGURE 15.-Generalized thickness of the Knox Dolomite,
areas of extensive drilling, and injection potential.
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Eastward the dense limestone may be a fair confining
bed, although it may be extensively fractured. A series of
thin bentonite beds at the base of the Trenton would seem
to offer additional confining potential.

“Clinton” sandstone.—The “Clinton,” an informally
named Silurian sandstone, has been a producer of oil and gas
for many years and has been drilled extensively over much
of east-central Ohio. Where permeability is highest, some
water is produced with the oil, but at most places the sand is
too tight to be very permeable to water. Because of low
permeability (usually 1 md or less) and the great number of
old wells reaching the “Clinton,” the unit appears to have
very slight injection potential, except perhaps for small
volumes of oil-field brines produced from the same strata.
The Rochester Shale, which overlies the “Clinton” sand-
stone, is 100 feet or more thick in eastern Ohio and could be
a good confining unit except for numerous penetrations by
wells.

“Newburg"” porous zone.—*“Newburg” is a drillers’ term
for a porous dolomite usually at or near the top of the
Lockport Dolomite (Middle Silurian). The name originated
in a gas field at Newburg, near Cleveland; the rock was
incorrectly called a sandstone. The name was never rigidly
defined and has been used in various ways by different
operators, but commonly is applied to the first sugary
porous vuggy brown dolomite below the Cayugan Salina
rocks or to any zone producing abundant water, oil, or gas
about 600 to 800 feet below the top (Delaware Limestone
of Devonian age) of the “Big Lime.” A description of the
“Newburg” from a producing field in Wayne County is given
by Multer (1963).

Flows of highly saline water which rapidly fill the bore
hole have been reported from wells reaching the “Newburg”
in nearly every county in eastern Ohio. The large number of
cable-tool holes in which the zone yields water is reflected
by the fact that the zone is also called “Second Water” or
“Big Water” by drillers.

As is true with most carbonate reservoirs, permeability
in the “Newburg” is neither uniform nor predictable. In any
given area, well cards and geophysical logs indicate that
some “Newburg” wells lack porosity. The permeable zones
are so discontinuous that this writer was not able to identify
a specific porous zone within the “Newburg™ and could not
construct a map to delineate good injection potential; thus
any injection site bears the risk that porosity will be
inadequate. Within the Salina Group good confining beds of
halite and anhydrite overlie the “Newburg” zone in eastern
Ohio.

Although the unit may have good reservoir characteris-
tics, the use of the “Newburg” as a disposal zone will be
greatly limited, if not contraindicated, by the large number
of wells drilled into the underlying “Clinton.” The areas in
which “Clinton” drilling has been extensive are outlined in
figure 16, which also shows the generalized structure on top
of the “Newburg.” As is apparent from the map, the
“Newburg” is deep enough (about 2,000 feet) for injection
and lies outside of closely spaced drilling only in southeast-
ern Ohio to the east of current drilling. Potential problems
are seen in siting injection wells in this area. “Clinton”
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FIGURE 16.—Generalized structure on top of the
“Newburg” porous zone and areas of extensive drilling
to or through the “Newburg.”

drilling historically has progressed deeper into the basin. If
disposal is allowed where the “Clinton” is prospective, can
or should oil and gas operators be prevented from drilling
nearby? If they are allowed to drill, who should bear the
additional expense of properly casing the oil wells and, more
important, the expense of adequately isolating the
“Newburg” when the well is plugged? In a sense, usage of
this potential injection zone above a potential producing
zone would constitute a risk to the production of oil and
gas. Under present law, such injection might not be
permissible.

Oriskany Sandstone.—The Oriskany Sandstone (Devo-
nian) is described by Hall (1952, p. 39) as white to brownish
gray and fine to medium-coarse grained. The cement is
generally calcareous, although it is dolomitic or siliceousin a
few wells. The sandstone thins westward in Ohio from about
100 feet along the Ohio River to a featheredge along an
irregular pinchout line running approximately north-south
through Morgan, Holmes, and Medina Counties. Drillers’
names that have been applied to the unit include “Austin-
burg” (northern Ohio), “Cambridge” (southern Ohio), and
“First Water” (general usage). The sand has produced oil,
gas, and water over large areas of eastern Ohio. The locations
of producing fields, line of sand pinchout, and structure
contours are shown by Hall (1952, p. 44, 53).

Where thick the sandstone generally has sufficient
permeability to be attractive as a disposal zone. As is the
case with the “Newburg,” however, dense drilling may
eliminate the most favorable areas from consideration. Two
core analyses provide some permeability data. The Ashland
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#il Canton Refinery well in Canton Township, Stark
County, showed a permeability to water of 106 md, with an
average porosity of 10.3 percent within an 8-foot interval.
Near the sandstone limit in Union Township, Muskingum
County, the Oxford #3 Morrison tested 5.3 feet of sand,
with an average permeability of 10.7 md (to water?) and a
porosity of 6.9 percent. From these limited data it appears
that the sand must have good sorting in order to have high
permeability with relatively low porosity. Farther east,
where the sand is thicker, the Oriskany should have
reasonable injectivity.

The most favorable injection area of the Oriskany
appears to be in northeastern Ohio east of the dense drilling
of the “Clinton,” “Newburg,” and Oriskany. Because the
Oriskany is a sandstone of regional extent, its permeability
should be more predictable than that of the “Newburg.”

Overlying the Oriskany is the Columbus Limestone
(Devonian), which is about 100 to 150 feet thick. The
Columbus is probably too porous and fractured to be
considered a confining bed; however, overlying the Colum-
bus is the thick Ohio Shale (Devonian), which is an excellent
confining bed.

A disposal permit was issued for injection into the
Oriskany at the International Salt Company Mine at
Whiskey Island in Cleveland. The injected fluid is Oriskany
brine, which seeps into the mine shaft.

Mississippian and Pennsylvanian sandstones.—Disposal
in the shallow sands of eastern Ohio involves considerable
hazard. Some 120,000 to 200,000 wells have been drilled in
the area since the late 1800’s, and the locations of many of
these are unknown. Wildcatting was in its heyday, regula-
tions were weak or absent, and early cable-tool rigs were
quite capable of reaching the 2,000-foot depths necessary to
penetrate the Berea Sandstone (Mississippian). Thus it will
never be known, even approximately, how many holes were
drilled and where they are. Possible structural complexities
involving the shallower beds in eastern Ohio may present an
additional hazard. Anticlines and closures mappable on
shallow or surface beds are commonly not present at depth.

With due caution for possible faults and unlocated
wells, and perhaps with suitable monitoring wells, some
minor injection potential conceivably may exist in the Berea
Sandstone. Unlike most of the shallow sands the Berea tends
to be a widespread continuous unit ranging in thickness
from 5 to 80 feet in eastern Ohio (Pepper and others, 1954,
pl. 1). Permeability reported from 21 core analyses in
Hancock County, West Virginia, and Carroll and Harrison
Counties, Ohio (Whieldon and Pierce, 1965, p. 4), ranges
from 2.4 md to 443.0 md, with an average porosity of 16.6
percent. A core of the Berea in the U.S.S. Chemicals well in
Scioto County had an average permeability of 1.5 md and an
average porosity of 12.1 percent over a 23-foot interval.
Where the sandstone is thick, it appears that injectivity may
be adequate.

A very generalized map (fig. 17) shows (1) the area in
which the Berea is below 2,000 feet in depth, (2) structural
contours on the top of the sandstone (R. E. Lamborn,
unpublished data), and (3) the area where the Berea is a
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FIGURE 17.-Generalized structure on the Berea Sand-
stone and locations of deep areas and fresh-water-bearing
areas.

fresh-water aquifer. In the deep area in Washington and
Monroe Counties and adjacent areas the sandstone is shown
by Pepper and others (1954, pl. 1) to be only between 5 and
20 feet thick, which is probably not enough for injection.

Even less potential is present in the shallower Mississip-
pian sandstones. At least four of these, the “Keener,” “Big
Injun,” “Squaw,” and “Weir,” in descending order, have
produced significant amounts of oil, gas, and water, but all
are probably discontinuous and too shallow to be considered
as injection zones.

Pennsylvanian sandstones generally do not lie below
1,000 feet, are heavily drilled, and are discontinuous. For
these reasons, and because of the additional hazard of deep
coal mines at the same general stratigraphic level, these
sandstones are not believed to have safe injection possibili-
ties.

INJECTION WELLS IN OHIO
GENERAL STATEMENT

The locations of wells drilled for the purpose of
industrial injection are shown in figure 18. Also shown in
the figure is the approximate depth required to drill through
the Mt. Simon. Table 3 is a summary of the major facts
concerning the injection wells. The following section dis-
cusses these wells in more detail.
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Wistron  Company name
*2  Disposal well permit numbsr
®  Drilted and tested but parmit mfused

FIGURE 18.-Locations of wells drilled for industrial waste dis-
posal and ggg;oximate depth to top of the Precambrian (after Hen-

nington, 1

ARMCO STEEL CORPORATION

Armco Steel Corporation operates two wells in Butler
County near Middletown. The wells are 1,300 feet apart and
each penetrates about 300 feet of the Mt. Simon Sandstone.
Neither well has reached basement rocks. Each well was
equipped with 13%inch O.D. surface casing cemented
through all fresh-water zones to a depth of about 300 feet.
The long string of 9%inch O.D. inner casing was set in both
wells at the top of the Mt. Simon at a depth of about 2,950
feet and cemented to surface. In 1972, corrosion of the
%%inch casing required that a 7-inch liner be cemented
inside the casing in the second well.

Each well originally injected through steel tubing, but
corrosion problems have forced a switch to fibercast tubing
of 3%-inch diameter. Tubing is set on a packer with oil under
pressure in the annular space. Normal monitoring devices
and surface equipment, including filters capable of removing
solids down to 2 microns in size, have been installed.

Injected fluid is spent hydrochloric acid with the
following reported characteristics (Cleary and Warner,
1969): HCl, 1 percent; FeCl,, 25 percent; and FeCl,, 1%
percent. Prior to injection of wastes a fresh-water buffer was
injected into each of Armco’s disposal wells; the buffer
served to isolate the reservoir fluid from the effluent to
prevent precipitation of solids. The volume of fresh-water
buffer was 3 to 5 million gallons per well.

Injectivity testing on the first well indicated that the
formation would accept approximately 200 gpm at 600 psi,
500 gpm at 750 psi, and 740 gpm at 800 psi. Operational
injection pressures are normally quite low, ranging from 0 to
80 psi at the surface when injection is at a rate of 70 gpm or
less. Only one well at a time is used for injection, the other
remaining on standby.

Cost of one well is reported to be as follows: well
installation, $179,000; surface equipment, $145,000; aver-
age annual operating expense, $50,000.

Cumulative injected volume as of May 1973 was 33
million gallons for well #1 and 42 million for well #2. This
seems an immense volume. However, when area of invasion
is calculated as follows, it appears that the volume injected
in well #2 could be contained within a radius of about 262
feet. The calculation is based on the formula for the volume

of a cylinder:
v \%
1=\7.48 7ho

where 1 = radius of influence, V = volume of injected fluid
(42,000,000 gallons), 7.48 = number of gallons per cubic
foot, m = 3.14, h = thickness of porous formation (200 feet
net), and ¢ = average porosity (0.13). Figure 19 shows a
comparison between volumes of injected waste for each of
the disposal wells.

The first Armco well was cored through a portion of the
Eau Claire Formation (Cambrian) and through the Mt.
Simon. Average porosity and permeability of the Mt. Simon
are discussed in a previous section. Unfortunately, original
reservoir pressure and temperature were not recorded in
either well. Samples of reservoir fluid were obtained, and the
following analysis was reported by the operator:

pH 6.1

Specific resistance 7.8 ohm-cm
Density 9.35 Ib/gal (1.120 g/cc)
Iron, total 24.4 mgfl
Iron, soluble 7.1 mgfl
Total dissolved solids 189,000 mg/1
Sodium 40,200 mg/1
Potassium 940 mg/l
Calcium 20,400 mg/l
Magnesium 2,500 mgfl
Chloride 110,000 mg/1
Sulfate 790 mg/l
Acidity (phenolphthalein) CaCO, 40 mg/l
Alkalinity (methyl orange) CaCO, 7 mgfl

Prior to the establishment of the deep disposal system,
it is reported that the effluent from this plant was released
untreated into the Great Miami River.

VISTRON CORPORATION

Vistron Corporation, a division of Sohio, operates an
acrilonitrile plant near Lima, in Allen County. The waste
consists of a complex mixture of ammonia, sulfate, cyanide,
aldehydes, organic acids, nitriles, and amides. Reportedly,
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FIGURE 19.—Average and cumulative volumes of injected industrial
waste in Ohio as of May 31, 1973.

attempts have been made to treat this waste by incineration
and by biological degradation, but both methods were re-
portedly uneconomical and produced effluents that were
unable to meet standards for water or stack emissions.

The company has installed three injection welis. The
first and second wells drilled through 352 and 382 feet,
respectively, of Mt. Simon strata; neither reached basement
rocks. The third drilled through 390 feet of Mt. Simon and
reached granite at 3,170 feet.

All three wells are reported to have used 10%-inch
surface casing, extending to a depth of about 500 feet, and
7-inch O.D. inner casing, which terminates at the top of the
Mt. Simon, about 2,800 feet below land surface. All casing is
cemented to surface. Injection tubing in the first well is
3-inch 0.D,, in the second, 4-inch 0.D,, and in the third,
4%-inch O.D. All three wells use steel tubing set on packers
at the top of the Mt. Simon at about 2,800 feet. Chemically
inhibited water under pressure is used as the annulus fluid.
Monitoring and filtration equipment are used in conjunction
with special cooling towers. The effluent from the plant is
reported to be difficult to handle in warm weather because
certain solids will not precipitate above the filters. Conse-
quently, downhole precipitation of these solids may have
caused somewhat high injection pressures, especially in the
first well. The addition of the cooling equipment reportedly
has alleviated the problem. The first well had been opera-
tional for some time before the problem was identified, and
it has been necessary to treat the well several times with
acetonitrile solvent to maintain injectivity at safe pressures.
Injection pressures in well #1 have been as high as 1,250 psi.
Since late 1971, injection pressures have been held below
about 840 psi by direction of the Ohio Division of Oil and
Gas. Injection pressures for wells #2 and #3 average about

700 psi and 600 psi, respectively. No problems have been
reported for these wells.

The radius of invasion of the effluent injected in well #2
should be about 600 feet, based on an effective thickness of
300 feet and 14.4 percent average porosity. A cumulative
volume of over 317 million gallons has been injected in well
#1 and 360 million in well #2 as of May 1973 (fig. 19).

An estimate of the costs involved in using the well
disposal system have been provided by the company: cost of
drilling and completing one well, $124,000; surface equip-
ment (including monitoring devices, filters, pumps, piping,
building, heat exchangers), $245,000; annual operating
expenses, $60,000. Prior to installation of the injection
system, the company had incinerated the wastes at a cost of
$600,000 per year (Environmental Science and Technology,
1968). The stack emissions reportedly did not meet effluent
standards.

Injection testing performed prior to the completion of
well #1 indicated good reservoir potential. At a pressure of
700 psi, 380 gpm (16 million gallons per month) were
injected.

A fresh-water buffer pad was not used in well #1. In
well #2, about 6 million gallons of fresh water were injected;
well #3 has been treated similarly.

The Mt. Simon reservoir fluid taken from well #1 was
analyzed by the operator and the composition is reported as
follows:

pH 1.3
Alkalinity to pH 8.2 as CaCO4 0 mg/l
Alkalinity to pH 4.6 as CaCO3 70 mgfl
Chloride as C1 57,500 mg/l
Sulfate as SO, 1,450 mg/l
Calcium as Ca 7,200 mg/l
Magnesium as Mg 1,400 mg/l
Sodium as Na 65,000 mg/l
Barium as Ba low .
Hydrogen sulfide as H,8 negligible
Conductivity 81,200 umhos

U.S.S. CHEMICALS

The disposal well drilled in 1968 near Haverhill, in
Scioto County, by the U.S.S. Chemicals Division of U.S.
Steel reached a total depth of 5,608 feet, ending in granite.
The Mt. Simon was encountered at a depth of 5,514 feet
and is about 66 feet thick. Reservoir fluid recovered from a
drill-stem test was analyzed as reported below:

Specific gravity 1.225

pH 5.5

Total alkalinity as CaCO4 28.0 mgfl
Calcium 50,600 mg/1
Magnesium 7,080 mg/l
Sodium 58,300 mg/l
Barium 0 mg/l
Sulfate 140 mgfl
Chloride 200,000 mg/1
Silica 2 mgfl
Total iron 39 mgfl
Aluminum 0.5 mg/l
Turbidity as Si0, >150 mg/l
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Outline of feasibility report to accompany application for an industrial disposal well

Location

1.

2.

Plat showing locations of plant and proposed well and
property line with relation to cultural and topographic
features. A 7%-minute topographic base showing all wells
within 5 miles of injection site.

Surveyed plat showing location of well(s) with respect to lot
and property lines to conform with NRo-5-05¢ of Oil and
Gas Rules and Regulations.

Geology

1.

Stratigraphy —discussion of stratigraphic section to be en-
countered in well: thickness, depth, and general description
of each unit; depth and nature of fresh-water aquifers in the
area.

Injection horizon and confining beds—description of esti-
mated lithology, thickness, permeability, and porosity of
proposed injection zone; calculation of theoretical pressure
buildup with time in the reservoir at various distances from
the well at the proposed injection rate; description of
thickness, lithology, and predicted permeability of proposed
confining beds; any data bearing on fracture-breakdown
pressures from nearby wells to be included.
Structure—contoured structure map of injection zone or
other mappable zone showing structural configuration of at
least 100-square-mile area; illustration and discussion of any
indications of folding and/or faulting.

Mineral resources—discussion of any indications of mineral
occurrence, including hydrocarbons, salt, or brines, in vicini-
ty of well.

Well design and testing

1.

Drilling, coring, and testing program—cores of disposal zone
and aquitard advisable; drill-stem test of injection zone or

b. Sample record—description of samples and identification
of formations encountered; description of any mineral
resources such as coal, salt, oil, or gas; disposition of
samples.

c. Copies of all geophysical logs run in hole, logs to be
sufficient to determine porosity, water saturation, litho-
logic identification, and correlation.

3.

4,

aquifer and aquitard(s).

Casing program—weight, diameter, length, and type of
downhole components; description of method of cementa-
tion and testing for bond and type and character of cement.
Tubing—size, length, and nature of injection tubing; method
of setting; fluid to be placed in annulus.

D. Surface equipment

. Well-head equipment.

2. Injection pumps and flow lines.

3. Holding tanks—type, capacity, and number of days capacity;
if surface pit or lagoon, type of lining; if not lined, discussion
of permeability of substrate.

4. Filtration equipment

5. Pre-injection treatment, including settling, neutralization, and
additives.

6. Monitoring devices, includingcomplete description of annulus
and injection pressures and volume gauges and recorders,
automatic alarms and shut-down devices.

E. Waste fluid

1. Industrial process from which waste derived.

2. Complete chemical analysis of waste and expected range of
variation.

3. Volume of waste and variation in volume; expected life of
plant or process or time limitation expected for need to
inject.

4. Compatibility of waste with subsurface rocks and fluids;

effect of and steps taken to control any incompatibility.

F. Alternative waste handling—discussion of actions to be taken
with regard to waste if well is unable to receive fluid for short or

extended periods.
G. Alternative treatment methods

other means of determining reservoir quality, fluid charac- 1. Discussion of present treatment method and reason it is not
teristics, original reservoir pressure, and temperature advisa- acceptable.
ble; geophysical-logging program to be included. 2. Discussion of other possible disposal methods, including
2. Reservoir analysis—type of testing, including core analysis those practiced in similar industries.
and injectivity tests, to be performed to establish character of
APPENDIX B
Outline of well-completion report
. Division of Oil and Gas completion form (attached) 3. Testing record
. Additional information a. Drill-stem tests—copies of all DST charts and interpreta-
1. Drilling, casing, and cementing record tions.
a. Chronological drilling record—hole size, dates of signifi- b. Initial reservoir temperature and pressure and method of
cant operations, unusual occurrences, elevation. determination.
b. Casing—size, depth, and characteristics of all casing and c. Analysis of uncontaminated reservoir fluid.
tubing. d. Injectivity test results—note: injection pressure should be
c. Cement—amount, type, and method of cementation. below 0.75 psi/ft pressure limit. Indications of artificial
Record of cementing and how cement quality was fracturing to be reported if such occur during testing.
assured (bond logs, pressure testing, etc.) to be included. e. Compatibility studies; if not compatible, steps to assure
2. Core, sample, and log record injectivity.
a. Cores—intervals cored and names of units; core descrip- f. Buffer zone—describe type, rate, and volume of fluid.
tion; copy of results of lab tests; disposition of core. 4. Summary

a. Character of injection zone and confining beds; suita-
bility of system for injection.

b. Estimates of injection pressure and calculation of theoret-
ical pressure buildup at several distances from well bore
at various times and based on all data.

c. Identification of significant departures of drilling data
from feasibility report.



