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| . BACKGROUND

For many years, the petroleumindustry has successfully disposed

of drill cuttings through a process known as fracture slurry
injection (FSI). Inits basic form this process consists of
grinding the drill cuttings to a relatively fine consistency,

m xing the cuttings with water and/or other liquids to forma
slurry, and disposing of the slurry by punping it down a well at
a hi gh enough pressure that fractures are created within the
target formation. The injected slurry is then enplaced in the
fractures created by the force of injection. Recent work in this
area has focused on extending this technology to the disposal of
contam nated soils and other solid material associated with
Superfund sites. |If the injected waste is classified as a
hazardous waste, an FSI well may be categorized as a O ass |
hazardous waste However, regarding Cass | hazardous waste
well's, 40 CFR 8146.67(a)states:

"Except during stimulation, the owner or operator shal
assure that injection pressure at the well head does not
exceed a maxi mum whi ch shall be calculated so as to
assure that the pressure in the injection zone during
injection does not initiate new fractures or propagate
existing fractures in the injection zone. The owner or
operator shall assure that the injection pressure does
not initiate fractures or propagate existing fractures
in the confining zone, nor cause the novenent of
injection or formation fluids into a USDW"

Here, well stimulation is defined according to 40 CFR 8146.3 as
"... several processes used to clean the well bore, enlarge
channel s, and increase pore space in the interval to be injected
thus making it possible for wastewater to nove nore readily into
the formation, and includes (1) surging, (2) jetting, (3)

bl asting, (4) acidizing, (5) hydraulic fracturing."

A simlar restriction also applies to Cass | non-hazardous waste
injection wells under 40 CFR 146.13 (a) (1). Consequently, the
FSI of waste would require that either the well be categorized as
other than a Class | well, or that 40 CFR Part 146 be revised.
This issue paper contenplates the latter case.

1. TECHNI CAL CONSI DERATI ONS

A. Summary of Basic Theory

An under standi ng of fracture nmechanics can be facilitated by
first defining a coordinate system consisting of x, y, and
z axes, which are mutually orthogonal, with the z-axis



oriented in the vertical direction. At depths over

approxi mately 3,000 feet, due to the weight of the

over burden, the maxi mum principal stress is usually oriented
along the z-axis, and the internmedi ate and | east princi pal
stresses are oriented along the x and y axes. Due to the
fact that fractures propagate perpendicular to the |east
principal stress direction, a vertical fracture wll
propagate in the above described environnent. Figures 1 and
2 depict this situation, with the fracture idealized as a
singl e-planar fracture. As the depth to the target
formati on decreases, the stress due to the weight of the
over burden al so decreases, and the principal stress
direction will deviate fromthe vertical direction.
Eventually with continued decreasi ng depth, the principal
stress direction will re-align itself in the horizontal x-y
pl ane. Consequently, as the depth to the target formation
decreases, induced fractures will change from being verti cal
to horizontal in orientation.

B. Concept of Disposal Domain

There is a great deal of information that |eads to the
conclusion that, except for short term single-event

i njection episodes, long termFSI does not result in the
propagati on of classical single-planar fractures. Rather,
due to the repeated injection episodes, and the rel atively
hi gh vol unes often injected, a "disposal zone", which can be
vi sual i zed as consisting of an array of branched fractures
W th possibly some rock di saggregation, evolves fromthe
singl e-planar fracture. This situation, depicted in Figure
3, develops due to the tip of the fracture becom ng cl ogged
with injected solids to the point where it becones easier
for the fracture to continue as a branch off of the main
fracture. Initially in the formation of this disposal zone,
the branched fractures will tend to re-align thensel ves
parallel to the main fracture. However, repeated injection
epi sodes can alter the stress field wthin the di sposal
domain to the point at which the direction of the |east
principal stress re-equilibrates. Consequently, in the case
of vertical fractures, this will cause the azinmuth of newy
propagating fractures to change. |In theory, with continued
injection, it is possible that the | east principal stress
field can even becone vertical, which would cause fractures
to propagate horizontally. This would be desirable, due to
the elimnation of vertical containment concerns.



C. Vertical Containnent of the Injected Waste

Regardi ng vertical fractures, propagation will initially
occur alnost equally in the vertical and lateral directions.
This process will continue until either (1) a stress barrier
is encountered, a (2) "bleed-off" zone is encountered, (3)
hydraul i ¢ horsepower limtations prevent continuance, or (4)
the fracture "rolls over" due to re-equilibriumof the
stress field. Because horizontal fractures propagate
parallel to the ground surface, the issue of their vertica
cont ai nment, except possibly in the instance of steeply

di ppi ng beds, is noot.

A typical stress barrier, nentioned in (1) above, consists
of arelatively thick shale with a m nimum horizontal stress
significantly greater than that of the injection interval.
Enpl oyi ng the coordi nate system defined above, the fracture
woul d, upon reaching a stress barrier, begin to expend nost
of its energy by propagating laterally. As wellbore
pressure is increased to conpensate for the increasing
frictional pressure losses in the system or due to the
fracture tip becom ng clogged, the fracture wll extend
itself farther and farther, on the order of a few feet, into
the stress barrier.

The bl eed-of f zone nentioned in (2), above, is defined here
as an interval with horizontal perneabilities significantly
greater than those of the injection interval. Upon reaching
such a higher perneability interval, the vertical and
possibly lateral progress of the fracture may be suspended
due to pressure bleed-off into the nore perneabl e zone.

Wth continued injection, filter cake buildup at the edge of
the fracture that intersects the bleed-off zone may
effectively shut off flowinto that zone and all ow
additional |ateral propagation of the fracture. This cycle
may be continually repeated if the fracture continues to
propagate laterally and the fracture continues to cut into
fresh portions of the overlying bleed-off zone.

Regarding (3) above, in order to continue to extend a
fracture, the punp engi nes nmust possess sufficient power to
maintain a fracture tip pressure above the fracture
propagati on pressure. Consequently, the punp engi nes nust
have enough horsepower to overcone the energy | osses of the
system through frictional pressure drops in the tubulars and
in the fracture, pressure | osses due to | eakoff into the
surrounding formation matrix, and still supply the required
energy to the system This can inpose a practi cal



limtation on the vertical and | ateral extension of
hydraul i c fractures.

Regarding (4) above, if neither barriers nor punp power
requirenents Iimt the vertical propagation of the fracture,
at sonme point it will begin to roll over to the horizontal.
This is because, due to the decreasing weight of the

over burden experienced by the fracture as it propagates
vertically, the maxi mum principal stress will at sone point
begin to deviate fromacting dowward along the z-axis. It
wi |l then becone easier for the fracture to begin lifting
the layers of rock than parting those | ayers.

Lastly, it should be noted that properly configured

nmoni toring systens, as discussed in the next section, are
capabl e of nonitoring the height of the induced fracture.
This provides the operator with an inportant control,
allowng, in the case of real tine nonitoring, the shutdown
of the systemif the fracture begins to grow into an

undesi rabl e area.

D. Determ nation of the Height, Length, and Azinmuth of Induced
Fractures

The primary reason for the fracture prohibition clause in
the Cass | regulations was the uncertainty associated with
t he hei ght of induced fractures, and the resulting concern
of contam nating a USDW or the | and surface. Recently,

t echnol ogy has been devel oped that is capable of real tine
nmoni toring of the height, length, and azinmuth of an induced
fracture during injection operations. This technol ogy was
not avail able when the Cass | regul ati ons were pronul gat ed.
In addition, there is a great deal of information avail able
(1.e., nodeling studies, field data, etc.) that denonstrates
that the height of the fracture can be confidently
predicted, as well as controlled, based on the geol ogi cal
and nmechani cal properties of the receiving and overlying
formations, the injection rate, and the hydraulic properties
of the injectate.

There are currently two main nmethods through which the

hei ght, length and the azimuth (in the case of a vertical
fracture), of an induced fracture may be nonitored. These
involve the use of tiltmeters and/or subsurface

m crosei smc nonitoring equi pnent.

Subsurface m croseismc nonitoring involves the downhol e
installati on of geophones or acceleroneters in offset wells,



and/or the injection well itself, and the associ ated surface
equi pnent used to process and store the data. This system
depends on the ability of the equipnent to triangulate the
| ocation of the fracture, through the analysis of the
intercepted mcroseismc events. The accuracy of this
system depends on the nunber of geophones or accel eroneters
installed, and the spatial |ocation of this equi pnent
relative to the loci of the particular mcroseismc events
of interest. The advantage of subsurface m croseismc
monitoring is the ability of the systemto nonitor fracture
geonetry in real tinme. This affords a great deal of contro
over the operation. Although the operator cannot "steer"
the fracture as it propagates, being able to nonitor its
hei ght, length, and azinmth enables the cessation of
operations in the event the fracture begins to propagate to
an undesirable area. The main di sadvantage of m croseismc
monitoring is the relatively high cost associated with the
installation of the deep nonitoring wells, which nust be
conpleted into the sane interval as the injection well.

Tiltmeters are high resolution, angul ar displacenment sensors
that are usually arranged in one or nore circular or
elliptical arrays, usually wthin near-surface borehol es,
surrounding the injection well. They neasure the surface
deformation field that results fromthe creation of
fractures. The fracture geonetry is then inferred froma
geophysi cal analysis of this data, through a mathemati cal
inversion - in effect, an automated procedure in which a

| arge nunber of fracture geonetries are successively
conpared to the data to obtain a best fit. Unlike
subsurface mcroseismc nonitoring, tiltmeter technology is
not capable of nonitoring fracture geonetry in real tine.
However, tiltmeter data can be analyzed and interpreted very
qui ckly. The main advantage of the use of surface
tiltnmeters is the relatively | ow cost of the system
conpared to deep subsurface m croseismc nonitoring.

D sadvantages include (1) the sensitivity of the equi pnment
to noi se, and weather conditions such as heavy rainfall, and
(2) that surface tiltnmeters are usually not accurate at
inferring geonetries of fractures that propagate at depths
bel ow approximately 5,000 feet, a limtation not applicable
to subsurface mcroseismc nonitoring. |In addition, surface
tiltnmeter techni ques are considered inferior to subsurface
m croseismc nonitoring fromboth an accuracy and precision
st andpoi nt..

Recently, tiltmeters have been successfully depl oyed in deep
monitoring wells, installed as vertical arrays in nuch the



sane configuration as the deep mcroseismc nonitoring
equi pnent di scussed above. These "inclinoneter" arrays
overconme sone of the limtations of surface depl oyed
tiltmeters, such as sensitivity to noise, and because they
are deployed in deep nonitoring wells conpleted in the
injection interval, they are not depth limted. In
addition, inclinoneter arrays are capable of "near real
time" nonitoring of the height, length, and azinmuth of the
propagating fracture. This can be acconplished in an

aut omat ed node by periodically analyzing the accumul at ed
data, which simlar to mcroseismc data is acquired in rea
time, in the sanme manner as descri bed above for surface
tiltmeters. |In addition, inclinonmeter arrays can be

depl oyed in the sane nonitoring wells as the m croseismc
arrays, providing an i ndependent assessnent of fracture
geomnetry.

Foll owi ng injection, the height of the fracture can be
determ ned fromvarious types of logs including tenperature
| ogging, and, if the injectate has been tagged by a

radi oactive isotope, through gamma ray logging. |If the
depth of the fracture is shallow enough to enable the use of
surface tiltneters, or if downhol e inclinonmeters have been
enpl oyed, the resultant, effectively permanent, change in

t he surface displacenent can be neasured through the use of
precision |leveling techniques, and the geonetry of the
fracture inferred. Oher than these techniques, there is no
known reliable non-intrusive procedure for neasuring the

| ength and azimuth of an induced fracture follow ng the
cessation of injection.

E. Presence of Wl | bores and Subsurface Discontinuities

Know edge of the location of wellbores, faults, natural
fracture systens, and ot her possi bl e subsurface

di scontinuities nust be a critical part of the site
evaluation for FSI. This is perhaps best illustrated by the
March 17, 1997 incident on the Alaskan North Slope, in which
approxi mately 18,000 barrels of water broached to the
surface as a result of an FSI operation. The liquid phase
of the injection is theorized to have intercepted production
wel | bores and utilized the pathway existing between the
outside of the casing and the formation as a neans to travel
upward to the surface. The suspected intercepted wells are
production wells conpleted in nmuch deeper horizons. These
wel l's are cenented across and i medi ately above the
production horizons. However, these wells are typically not
cenented at the elevation of the FSI operation. The



operation has since been shut down and negotiations are on-
going with the U C Primacy State Agency, as of the date of
this issue paper, for relocating the FSI operation to an
area free of well bores.

It is also possible that a fault plane, or sonme other

geol ogi ¢ subsurface discontinuity could serve to transm t
the fluid phase of the injectate across containnment strata
and to the surface. Consequently, it is recommended that
(1) a thorough geol ogic study of the area be conpleted, (2)
a thorough information search in the study area be perforned
so that all wellbores can be |ocated, and (3) a |large margin
of error be included in any pre-injection prediction of the
di sposal donmai n di nensi ons.

[11. DI SCUSSI ON
A. Advant ages of FSI over Conventional Waste Di sposal Options

The deep injection of waste is the only disposal option that
effectively renoves waste fromthe biosphere. Al other
forms of disposal place the waste either into the air;
landfills which are | ocated above the water table; or rivers
and streanms that serve as recreation facilities, fish and
wildlife habitats, sources of food, drinking water sources,
or that recharge drinking water aquifers. Because injecting
solids-laden fluids into the pore spaces of nost rock would
qui ckly plug it, without fracturing the rock to create the
necessary void spaces, the injection of waste has been
limted to fluids with a very |low solids content. FSI
technol ogy has the capability of extending the benefits of
deep well injection to any solid waste that can be crushed
or ground to a fine enough consistency and m xed with water
and/or another fluid to create a slurry. An obvious
application of this technology is the remedi ati on of RCRA or
Superfund sites. It is projected that FSI woul d conpare
favorably to ot her disposal technol ogies, such as
incineration, in the areas of economcs, tine, and public
relations. In addition, with FSI, disposal is conplete.
There is no residual waste product that nust be disposed,
such as bl ow down salts fromincineration air scrubbers.
Lastly, surface reclamation can be total, in conparison with
t he common Superfund renedi ati on strategy of collecting and
capping the waste onsite, which may require perpetual
nmoni t ori ng and/ or mai nt enance.



B. Potential Uncertainties and Limtations of FSI

Al t hough fracturing formations for the purpose of
stinmulating oil production is a mature technol ogy, portions
of FSI, particularly the nonitoring aspect, are relatively
new t echnol ogi es, having benefitted from advances in the

| ast few years. As such, there are sone risks to the Agency
i n advocating, through the revision of the C ass |

regul ations, this technology as a waste di sposal option.
Should a failure in an FSI operation occur, it would be

mani fested as injected waste | eaving the injection zone and
being transported toward the surface. There are only two
possi bl e ways in which this could occur. The first case
would be if the injected waste cane into contact with a
wel | bore, or a subsurface discontinuity such as a fault.

The second case being if an induced fracture propagated

t hrough the confining zone or to the surface. Prevention of
the first case depends |argely on the confidence in the
geologic review of the site, and in the confidence that al
wel | bores or other possible discharge points have been

| ocated. Regarding the second case, fracture propagation

t heory concludes that a vertically propagating fracture wll
roll over when the fracture becones shall ow enough that the
| east principal stress direction becones vertical. Having
stated this, an account has energed of an induced fracture
reaching the surface. However, attenpts to verify this

i nci dent have been unsuccessful as of the witing of this
docunent. For reasons previously discussed, it is unlikely
that a deep injection well could propagate a fracture to the
surface. In addition, properly configured real tine

nmoni toring can prevent fracturing out of the injection zone
by instantly notifying the operator of any vertical
propagati on out of the injection interval.

FSI is not suitable for all geologic environnments and/or
sites. Principally in the offshore petrol eumindustry, FSI
has been successfully perfornmed using relatively inperneabl e
injection intervals (i.e., shales), in conjunction with
relatively higher perneability barriers as bleed off zones
(i.e., sands) serving to check the vertical extent of
fracture propagation. However, considering |and-based
applications of FSI for the disposal of hazardous waste,
there are a nunber of reasons why the injection interval
shoul d consist of a relatively I ow stress, noderate to high
pernmeability sand, in conjunction with relatively | ower
permneabi lity, higher stress shales, to check the vertical
extent of fracture propagation. These reasons include:



1. Injection into relatively higher perneability zones,
such as sands, favors the production of shorter, nore
conpact fractures, which concentrate the waste near the
wel | bore.

2. Injection into relatively higher pernmeability zones,
results in | ower pressure buildup in the reservoir from
the fluid portion (bleed-off) of the injectate.

3. The | ower perneability of the stress barrier shales
allows themto serve as effective confining zones,
preventing the perneation of the liquid portion of the
injectate into adjacent formations.

| V. RECOMVENDATI ONS

FSI has the potential to positively inpact the cl eanup of many
RCRA and Superfund sites as well as other facilities needing to
di spose of non-hazardous industrial and/or donestic waste.
However, because of the fracture prohibition statenment in the
Class | injection well regulations, 40 CFR 146.13 (a)(1) and 40
CFR 8146.67(a), this technology is effectively prevented from
bei ng i npl emented. The U C Techni cal Wbrkgroup believes that the
potential environnmental benefits of FSI for specific injection
sites may justify the revision of the Class | UC regulations in
order to inplenent FSI practices. Sufficient operational and
nmonitoring controls can be placed on the use of this technol ogy
to ensure that the injected waste remains within the injection
zone, and consequently does not contam nate a USDW Due to the
additional siting and nonitoring requirements that are believed
necessary, a sinple revision to 8146.67(a) is not considered
adequate. Consequently, it is recomended that a separate
subpart to 40 CFR Part 146 be created. Since Subpart His the
next available letter in the series, it should be assigned to FSI
wells. Subpart H, although proposed to be exclusive to FSI
well's, would carry over nuch of Subpart G wth m nor

nodi fications:

8146.62 Mnimumcriteria for siting.

8146. 65 Construction requirenents.

8146. 66 Loggi ng, sanpling, and testing prior to new well
oper ati on.

8146. 67 Operating requirenents.

8146. 69 Reporting requirenents.

8146. 70 Information to be evaluated by the Director.

8§146. 71 C osure.

8146. 72 Post-cl osure care.



8146. 73 Financial responsibility for post-closure care.

The remai nder of Subpart G would be carried over with heavy
nodi fications:

8146. 61 Applicability

8146. 63 Area of review

8146. 64 Corrective action for wells in the area of review
8146. 68 Testing and nonitoring requirenents.

O these, 8146.63 and 8146. 64, which mainly discuss the size of
the Area of Review (AOR) and the plugging of wells contained
within the AOR, would not be appropriate for FSI. |In the place
of these sections, it is proposed that the AOR be defined based
on a nodel ed prediction of the area of the disposal domain, with
the addition of a safety factor. This prediction would be nmade
based on a consideration of the geol ogy of the injection
interval, and the use of a fracture prediction nodel acceptable
to the Agency. 8146.68 would be nodified to include the addition
of mcroseismc and/or surface tiltnmeter nonitoring, with a

provi sion to consider new technol ogy, should it becone avail abl e.
In addition, it is proposed that the degree to which this

nmoni toring be required depend on the geology of the injection
interval and overlying sedinents, the volunme of waste injected,
and the presence of wellbores or other subsurface
discontinuities. Additional sections may need to be created in
order that additional controls nmay be instituted to account for

t he uni queness of FSI technol ogy. Any regulatory changes shoul d
allow for further devel opnent of the technol ogy rather than
restricting it by requiring it to adhere to the current

predi ction and nonitoring framework. This paper does not
recommend any changes to the existing requirenents under Part
148, which remain in effect due to the Land Di sposal Restrictions
under the 1984 Hazardous and Solid Waste Amendnents to RCRA
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FIGURE 2
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FIGURE 3
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