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INTRODUCTION
Industrial waste injection had its origins in the practice of returning brines
resulting from petroleum extraction to subsurface formations .
It was developed
because of problems resulting from earlier oil field brine disposal methods,
often involving the discharge of brine into surface waters or surface evaporation pits .
Gradually these more primitive disposal methods have given way to
waste injection into aquifers already containing saline water .
It is reported
that the number of injection wells for oil field brine disposal has increased
to over 40,000 in the United States .
Injection of industrial wastes other than brines has a relatively brief history .
An inventory conducted in 1964 disclosed the existence of only 30 industrial
wastewater injection wells .
The number had grown to 110 in a 1967-68 survey
and to 246 in 1972, indicating a rather constant average growth rate of about
27 wells per year during the 1964-1972 period .
Data accumulated by the Environmental Protection Agency shows a combined total of 333 municipal and industrial
waste injection wells either constructed or authorized at the end of 1973 "
BASIC CONCEPTS
Deep well disposal of liquid industrial wastes is based on the concept that
such wastes can be injected into confined geologic strata having no other
potential uses of a more beneficial nature, thereby providing long-term isolation of the waste material from man's usable environment . "Deep well disposal"
as used in this study does not include all subsurface waste disposal operations .
Among the operations not encompassed are disposal of solids by landfill operations and emplacement in excavated chambers--the latter a possible means of
disposing of high-level radioactive wastes .
Disposal of intermediate level
radioactive wastes by means of cement slurry injection also is excluded, since
(1) the waste and cement mixture does not remain a liquid, and (2) cement slurry
utilizes impermeable strata which are artifically fractured to give the waste
access, rather than permeable strata as are used in conventional liquid industrial waste injection .
"Deep well disposal" as used in this study also
excludes operations which place liquids in the zone of potable ground water .
This category includes drainage wells, recharge wells, septic tanks, and land
treatment operations such as spreading .
The term "deep well disposal" in this study, then, generally denotes injection
into geologic strata located at depths below the occurrence of potable ground
water or other extractable natural resources .
In some locations, strata suitable for use as a disposal zone occur near the earth's surface ; in others they
exist only at considerable depths or may not exist at all .
Some strata overlying others containing valuable resources may be used for deep well disposal,
provided they are, in each case, isolated from both overlying and underlying
strata by impermeable formations which will effectively confine the waste .
Thus the concept of "deep" is relative and cannot be quantified absolutely .
Only a relatively insignificant percentage of underground space exists in the
form of large cavernous openings .
For this reason, the principal space utilized
in injection operations is either :
(1) inter-granular pore space, when highporosity materials are involved, or (2) space made up of fractures, joints, and

solution channels, when certain other materials such as limestone are involved .
Most of this subsurface space already is occupied by natural water, either
fresh or mineralized to some extent .
Thus injection does not usually involve
filling unoccupied space, but rather consists of compressing or displacing
existing fluids .
Since the compressibility of water is small, creation of
significant volumes of storage space requires disposal strata of large capacity .
Deep well injection Is primarily a process of long-term waste storage, rather
than treatment . A primary characteristic of the wastes commonly injected is
their lack of susceptibility to conventional treatment processes . However, in
certain cases there is evidence of some degree of subsurface treatment . One
of the most obvious situations occurs when acidic wastes are injected into
carbonate rock .
Prolonged contact of these materials, as expected, often results
in at least partial neutralization of the waste . Measurements of borehole size
some time after acids have been injected into such rock have shown an increase
in hole diameter, indicating chemical reaction . Decomposition of organic wastes
also has been noted in certain cases .
For example, studies of organic waste
injected at Wilmington, North Carolina, indicate bacterial decomposition of low
efficiency .
The major zone of decomposition was limited to the periphery of the
mass of injected waste where dilution had occurred . Greater concentrations of
the waste inhibited microbial activity .
The studies concluded that complete
decomposition of the waste would require a much slower movement of the waste
front and therefore a much lower injection rate than the 200 gallons per minute
rate used .
MANAGEMENT PROBLEMS
The practice of deep well waste disposal while still limited, is growing because of its proven technical and economic feasibility under special conditions .
Certain questions need to be answered, however, before wide-scale use of the
technique is promoted . The principal questions concern the geological, economic,
and legal and regulatory implications of deep well waste disposal . Will the
fluids that are injected increase subsurface pressures to the point of stimulating earthquakes? Can the injected fluids be confined to a designated area
so they will not contaminate ground water? Who is liable in the event of an
accident? What controls should be imposed on the process, and who should enforce
them?
In states permitting industrial waste-injection systems, there is a growing recognition that existing regulatory procedures leave something to be desired .
The most important deficiencies are :
(1) inadequate legislative guidelines and
technological criteria ; (2) poorly defined jurisdictional linkages among agencies
traditionally involved with underground resources and those concerned with
pollution control, and (3) regulatory agency staffs unfamiliar with the complex
and often novel aspects of waste-injection practice .
Regulatory agencies need
to be fortified with legislative directives and staffed for appropriate evaluation of geohydrological, technological, and public interest aspects of injection
well proposals .
The need to protect man's environment is more compelling today than ever before .
Although the public must accept higher costs as an inescapable price of an
increasingly complex society, it should not be required to pay a higher price

for traditional environmental protection measures if less costly alternatives
offer similar benefits . Waste disposal by means of deep well injection is one
such alternative that may offer a solution to waste management problems under
certain conditions .
Therefore, regulatory procedures should encourage an
objective evaluation of this and other techniques in terms of total costs-environmental and otherwise .
RESEARCH OBJECTIVES
This study (GI 34815) was funded by the National Science Foundation's Program
on Research Applied to National Needs .
It was designed to identify the various
deep well waste disposal techniques now being used, to determine how they can
be effectively regulated, and to analyze and evaluate the operating policies
of state and federal agencies having broad responsibilities for the physical
environment and resource utilization .
The general goal of this research has
been to analyze the physical, economic, and institutional factors relevant to
the formulation of policy regarding deep well waste disposal . This analysis
of policy issues has been conducted within the framework of comprehensive
environmental and natural resource management to allow evaluation of the potential advantages and disadvantages of injection from the viewpoint of society
as a whole .
A broad perspective such as this has rarely been applied to the
study of subsurface waste disposal, making the design of this research project
unique .
The findings of the study as contained in the report, Deep Well Waste Disposal :
Physical, Economic, and Institutional Considerations , have been reviewed in a
series of meetings and workshops attended by experts from physical, economic,
and legal-institutional disciplines . This publication reports the results of
the review process and workshop proceedings . As background, a summary of the
original study precedes the report of the critical review .

SUMMARY OF DEEP WELL WASTE DISPOSAL :
PHYSICAL, ECONOMIC, AND INSTITUTIONAL CONSIDERATIONS
SCOPE OF RESEARCH PROJECT
Geographically, the research focused on the southeastern United States, including the states of Alabama, Delaware, Florida, Georgia, Maryland, North
Carolina, South Carolina, Tennessee, Virginia, and West Virginia . This regional
emphasis is most evident in the physical study segment . Certain elements of
the economic analysis also are regionally oriented . The institutional aspect
of the study is essentially national in scope, although special emphasis is
placed on the states within the study region .
The primary orientation of the research is toward institutional aspects of deep
well disposal, with physical and economic study elements providing an Information base for analysis of institutional factors . The two basic objectives
within the institutional study element are :
(1) analysis of governmental
controls over disposal wells, and (2) analyses of privately enforced controls
existing in the form of individual rights . With regard to governmental controls, the research sought to compile and analyze all applicable legislation
and other regulatory provisions, as well as administrative organization for
implementation and enforcement of controls . The evaluation of institutional
constraints existing in the form of private property and other individual
rights was included because such constraints exist somewhat independently of
government controls and may be significant determinants of the feasibility of
injection .
Economics also bear on the feasibility of injection wells . The research sought
to identify the significant variables which influence disposal well costs .
One
economic factor is the location of potential users within the region ; this was
determined through an industrial survey .
The economic analysis element of this
study also was directed toward identification of broader social benefits and
costs which must be considered in determining the acceptability of waste
injection .
The physical study element is composed of two principal parts :
(1) identification of the physical requirements for satisfactory operation of deep well
disposal facilities, and (2) the application of these criteria to the study
region for assessment of regional potential .
Application of the criteria
permits delineation of provinces and subprovinces within the region on the
basis of similar physical characteristics .
This assessment of potential does
not eliminate the need for a detailed site investigation before installing an
individual injection well, but rather is designed to serve planning and policy
purposes .
The final purpose of this analysis of physical, economic, and institutional
factors is to prepare guidelines for injection well regulatory programs .
These guidelines are based on the analysis of existing controls and also incorporate the findings of the physical and economic research .

PHYS ICAL FEASIBILITY
Certain basic criteria concerning a disposal operation and its physical
environment must be considered if the process of deep well waste disposal is
to operate in a safe and satisfactory manner .
These criteria apply to receptor
zones, confinement conditions, subsurface hydrodynamics, physical stability,
mineral resource characteristics, and waste compatibility .
First to be considered is a receptor zone . A fundamental requirement for a
deep well waste disposal operation is access to a subsurface zone or zones that
will accept the waste fluid at a rate of injection that accommodates the waste
volumes without the need for extensive surface storage facilities or long
holding times .
The factors that determine receptor characteristics are the
position, permeability, thickness, and area] extent of the receiving unit
(storage area), and the fluid pressure within the unit in relation to injection
pressure .
Suitable confinement conditions for storing wastes are found below rock units
that have sufficiently low permeability and adequate thickness to prevent upward migration of waste fluids .
The confinement area must have hydraulic or
lithologic barriers that prevent vertical movement to higher levels, and also
sufficient areal extent so that rates of movement are infinitesimal in relation
to the extent of migration routes . Confinement is facilitated where the
density of the waste fluid is greater than the density of the formation fluid
and sinks to lower levels .
Subsurface hydrodynamics, or the nature and degree of activity of subsurface
water circulation, also are significant factors .
R . L . Nace of the U .S .
Geological Survey has recognized a generally downward succession of groundwater
zones in which fluid circulation is, respectively, rapid, delayed, lethargic,
and stagnant .
This definition of circulation zones indicates that there is a strong relation
between the hydrodynamic characteristics of the subsurface water system and
water quality .
Water quality could therefore be said to be a function of
hydrodynamic conditions ; hydrodynamic conditions in turn are a function of the
geologic framework, topographic relief, and climate of a particular region .
Because of the need for physical stability in selecting a site for deep well
disposal, areas of high seismic risk should be viewed with caution The
potential for deep well waste disposal in such areas is lower than in similar
disposal environments having only moderate or minor damage potential .
At
present, no systematic approach exists for taking seismic risk into account
in the evaluation of injection well feasibility .
In the Mid and South Atlantic states--the study region of this project--an area
of expected high seismic damage covers an extensive portion of South Carolina .
Areas of "no damage" occur in the southern portion of the Florida peninsula
and in a portion of the East Gulf Coastal Plain . The remainder of the Mid and
South Atlantic area is classified either in "expected moderate damage" or
"expected minor damage" zones .
Another factor affecting the physical

feasibility of deep well disposal

is the

type, character, and disposition of mineral resources, as well as the compatability of the resources with the waste .
These resources may represent
conflicting uses of potential receptor zones, or may impose physical constraints
on the injection process .
Deep well disposal opportunities and constraints require special attention in
areas where the extraction or processing of mineral resources is likely to
produce waste by-products unsuitable for disposal into the surface environment .
Committing a portion of the subsurface to the waste injection use may preclude
its use for extraction of associated mineral resources, at least temporarily .
The placement of disposal facilities also may interfere with the development
or full utilization of resource potentials in zones other than the disposal
zone itself .
Oil, gas, and coal are the major mineral resources of the study region . These
occur primarily in the Applachian Plateaus Province and the Valley and Ridge
Province .
Coal also is found in some of the Triassic basins of the Piedmont
Province and in southwest Alabama .
Furthermore, oil is found in southern
Alabama, Georgia, and portions of Florida (in all cases in the Coastal Plain
or the Valley and Ridge provinces of these states) .
Iron is mined in the
Appalachian Plateaus and Valley and Ridge provinces in a belt approximately
parallel to the lineation of the Valley and Ridge Province . Major phosphate
deposits occur in portions of Florida and southwestern Georgia, eastern South
Carolina and eastern North Carolina .
Several other less abundant mineral
resources also occur in the study region .
REGIONAL ASSESSMENT OF POTENTIAL
A regional assessment permits the definition of general policies that are
compatible with major regional characteristics . Within the context of such
policies, regulations and requirements regarding the use of deep well disposal
facilities within the various sub-regions can be formulated .
Basic physical
constraints and opportunities for deep well waste disposal thus identified also
serve to guide the use of these facilities to those regions where safe and
successful operations can most likely be accommodated .
Between the broad regional assessment such as that made in this study, and
individual site analysis designed for a specific facility, there is justification for intermediate levels of analysis .
The intermediate level would cover
a subregional or local area, generally within a single jurisdictional unit .
This level of analysis would assist in the design of localized management and
regulatory programs .
It also would provide more specific guidelines for site
selection, and for exploration, testing, and monitoring requirements .
As an example of the guidelines to be derived from a broad regional assessment,
the following positive and negative elements are listed as they were considered
in evaluating the physical potential for deep well disposal in the study region :
Positive elements
1 . Presence of receptor zones
2 . Existence of confinement conditions

3.

Existence of mineralized ground water not presently or potentially
usable as a source of supply

Negative elements :
1 . Structural complexity (many abrupt geologic changes in short horizontal distances)
2 . Seismic risk
3 . Presence of potable aquifers capable of yielding economic quantities
of water
Lack of one or more of the positive elements or the existence of one or more
of the negative elements reduces the physical potential for deep well disposal .
The regional assessment made in the study includes an area encompassing portions of five major physiographic provinces :
The Appalachian Plateaus Province,
the Valley and Ridge Province, the Blue Ridge Province, the Piedmont Province,
and the Coastal Plain Province .
The portion of the Coastal Plain Province is
further divided into five subprovinces : The Embayed Section, the Cape Fear
Arch, the Sea Downwarp, the Peninsula Arch, and the East Gulf Coastal Plain .
The structural elements of the Mid and South Atlantic States vary from the
complex folded and highly metamorphosed rock of the Blue Ridge and Piedmont
provinces to the very gently dipping semi-consolidated sediments of the Coastal
Plain Province .
Because of these structural variations, an area's suitability
for deep well disposal is indicated in this report by one of the following
classifications : A . Good Potential ; B . Limited Potential, or C . Poor Potential .
The broad classification of "Good Potential" can be subdivided into two specific classifications :
A1--Regionally extensive, deep lying receptor units, broad structural
basins, regionally extensive confinement ; mineralized water in receptor
units in excess of 10,000 parts per million (ppm) dissolved solids ;
structurally undisturbed ; widespread areas with no aquifers capable
of producing 50 gallons per minute (gpm) or more from geologic units
overlying potential receptor units .
In the study region, the geographic area representing this category is the Appalachian Plateau
Province .
A2--Receptor units fully capped by confining beds ; mineralized water in
receptor units in excess of 10,000 ppm dissolved solids ; structurally
undisturbed and generally overlain by aquifers capable of yielding
50 ppm or more from geologic units overlying potential receptor units .
This category is represented by portions of the Coastal Plain Province .
The broad classification of "Limited Potential" has three subclassifications :
Bl--Receptor units exist ; mineralized water in excess of 10,000 ppm
dissolved solids is present in receptor units ; confinement conditions
not continuous over receptor unit . This category is based on an
analysis of chronostratigraphic units by Phillip Brown and applies
only to that area north of the North Carolina/South Carolina state line .

B2--Receptor and confining units probably present, but high seismic risk .
This category is represented by a large portion of South Carolina .
Presence of high seismic risk does not exclude deep well disposal,
but does indicate a need for extensive local analysis and monitoring
before deep well operations can be considered .
B3--Receptor and confining units probably present, but complex folding
and faulting of rock units occur . This category is not restricted to
any one physiographic province, although the most extensive folding
and faulting is found in the Valley and Ridge Province . Several fault
zones are in the study region as well as some minor uplifts that have
faults associated with them .
Since faults and related structural
deformation might allow the migration of waste products, the potential
for disposal in these areas Is limited .
The "Poor Potential" classification used in this report would inlude condittions described in the following subdivisions :
Cl--Receptor and confining units probably present, but wholly within the
This category is
zone of potable or potentially usable water .
characterized by overlap of the sediments of the Coastal Plain Province
with the rocks of the Piedmont Province . Receptor units are present
in the belt which runs from the northern part of the study region to
the south and southwest .
However, because of the relatively shallow
nature of the crystalline basement rocks, all of the potential receptor units above are still within the potable water zone .
C2--Crystalline rock terrain, receptor, and confinement conditions are not
present .
These characteristics are found in the Blue Ridge and Piedmont Provinces .
Geologic, hydrologic, and water quality relationships that characterize the
individual physiographic provinces and sub-provinces within the Mid and South
Atlantic region strongly influence the pretesting, operational, and monitoring
procedures used in disposal operations .
These relationships provide general
guides to regulatory and information development programs for particular regions .
In the Appalachian Plateaus Province, the presence of a deep sedimentary basin
and the uniformity, continuity, and regional extent of stratigraphic units reduce the need for extensive (and expensive) test drilling to verify subsurface
geologic conditions .
In the Valley and Ridge Province, the complex folding and extensive faulting of
sedimentary rock units call for extensive exploration and testing to substantiate the existence of suitable receptor units and the presence of adequate
confinement conditions .
In the crystalline rock terrain of the Blue Ridge Province and bulk of the
Piedmont Province, lack of suitable disposal conditions indicates that throughout most of these areas exploratory programs for deep well disposal should be
discouraged .
An exception exists in the Triassic Basins sub-province of the
Piedmont, where conditions conducive to deep well disposal are more likely to
be found .

The seaward-thickening wedge of poorly consolidated rocks in the Coastal Plain
Province provide, locally, for deep well disposal environments of good physical
potential .
Nevertheless, extensive programs of exploration, testing, and
monitoring would be needed because geologic and water quality conditions vary
within the province .
The complex local nature of sedimentation patterns require detailed exploratory
drilling to establish the existence of permeable receptor units of suitable
thickness and area offering appropriate confinement conditions .
Although
mineralized water commonly occurs within a few hundred feet of land surface,
water quality can vary with depth .
Because of the distribution of water quality
zones within the Coastal Plain Province, especially in highly mineralized zones,
exploratory programs should be conducted to depths below the zones intended for
disposal .
Also, because of the interbedded nature of much of the Coastal Plain sediments,
monitoring systems for disposal operations must be designed to observe both
lateral migration within the receptor units and vertical migration among
associated permeable units .
The definition and correlation of individual lithic
units will require detailed stratigraphic analysis on both a regional and site
area basis .
High seismic risk exists in the Coastal area of South Carolina .
Therefore, in
addition to testing geologic, hydrologic, and water quality relationships,
studies must be made of potential earthquake damage . The poorly consolidated
nature of the sediments here, however, may make it difficult to establish
earthquake hazards with a high degree of reliability .
The potential for deep well waste disposal beyond the shoreline is difficult
to assess at this time because of the current lack of definitive stratigraphic
information concerning Coastal Plain sediments found from the shoreline to the
Continental Shelf .
Data from past and future off-shore drilling operations
should be compiled and evaluated for use in this respect .
ECONOMIC FEASIBILITY
The economic analysis made in the study identifies and examines concepts and
issues concerning the utilization and regulation of deep well disposal . The
economic evaluation of deep well usage is concerned not only with determining
operating costs, but perhaps more importantly with the question of whether the
allocation of resources to this form of waste management is an efficient and
equitable one from an overall environmental and societal point of view . An
attempt also was made to evaluate the current and potential use of industrial
waste injection in the designated study area .
Attempts to estimate direct costs a firm will encounter in installing a deep
well waste disposal system have met with limited success .
One method for
estimating the cost of injection facilities involves the use of models designed
for that purpose .
In another method, existing cost figures are adjusted to
align with specific site characteristics . The latter technique presented problems because of the numerous variables requiring adjustment, the reluctance on
the part of the private firms to furnish cost data on existing wells, and the

relatively few operation injection wells in the study area on which such
estimates could be based .
For these and other reasons, disposal well costestimating models were judged better suited for the task, particularly those
from Alabama and Texas which are summarized in this study .
These models can
predict the total cost of an injection well installation if given certain
engineering, geological, and economic factors .
Two readily identifiable cost categories of any method of waste treatment are
(1) capital costs, and (2) operating and maintenance fees . Capital components
of an injection well system include expenses encountered in constructing the
facility, such as the pretreatment plant, the pumping system, and the well itself .
The operating and maintenance fees cover the energy requirements for
both pretreatment and operation of the well, repair expenses, labor costs,
interest on initial investment, and costs of monitoring the disposal apparatus .
A third category of costs, less obvious, are the indirect outlays resulting
from legal confrontations, changes in insurance premiums, and the permitobtaining process .
With respect to the direct costs, limited data available from existing wells
suggests that in some cases initial capital outlays for injection systems are
somewhat greater than those for surface treatment facilities .
Perhaps this
results because deep well systems often employ a part of the original surface
treatment facility for purposes of pretreatment .
Hence, there is an outlay
for this component in addition to the well itself .
Injection does seem to
offer direct cost advantage in the area of operating and maintenance fees .
It
should be emphasized, however, that broad generalizations concerning direct
cost advantages of one type of disposal over others are tenuous at best . The
high number of variables at specific sites prevent anything but a case-by-case
evaluation of alternatives in deriving a least-cost choice .
The principal inducement for use of disposal wells has been the cost savings
possible to the user, but other benefits also need to be evaluated .
In
assessing the social benefits of injection, for example, one must consider
the advantages of eliminating alternative forms of waste treatment and/or
disposal .
If complete treatment at the surface is the alternative, benefits
can be determined by comparing the resources used by the two methods .
Relative
energy consumption is of special interest, particularly in view of current
concerns for energy-use reductions .
Also important is the relative magnitude
of the residuals problem that must be resolved in the situations being compared .
Where partial treatment and discharge to the surface environment is the
alternative to injection, potential environmental degradation must be added
to the factors included in the analysis of complete treatment .
In cases where
extensive surface storage facilities are the alternative, considerations of
aesthetics and improved land utilization are especially relevant .
The most significant advantage of deep well waste disposal arises from the
fact that this technique uses an essentially ignored resource--the space
existing within the matrix of subsurface formations .
Development of injection
technology has transformed an otherwise valueless natural commodity into an
economic resource capable of productive use . Where other uses or potential
uses of this subsurface resource exist, allocations must be based on considerations of the productivity of the conflicting applications . Any decision
not to use subsurface space suitable for waste injection or other use

incurs a cost equal to the value of the space if it were applied to that use .
IMPLICATIONS FOR SOCIETY
Projections of the social costs of deep well disposal are based on the possibilities of accidents .
These possibilities exist as a result of imperfect
knowledge concerning the earth's physical system and its response to injection .
Thus the risks are not easily evaluated .
Ground water contamination and earthquake stimulation are the principal social
hazards for injection .
Contamination could result from improperly constructed
wells, abandoned wells, or faults in the confining formation that provide
vertical escape routes .
Horizontal migration of the injected waste also can
result in contamination of valuable resources existing at other locations within the stratum injected .
The risk of ground water contamination from deep
wells cannot be compared accurately with each of the various waste management
alternatives due to the difficulties of measuring the variables involved .
Experience does indicate, however, that several widely used methods have
considerably higher potential for such contamination .
Earthquake stimulation is one possible consequence of the increased pressures
resulting from injection . An earthquake involves the release of natural forces
through natural mechanisms ; therefore the potential for such occurrences
Experience with
varies with geographic location and local geologic structure .
injection wells indicates that the risk of induced earthquakes is essentially
negligible when proper design and site evaluation procedures are followed .
A geographical analysis of the Mid and South Atlantic region indicates that
economic incentives for industrial use of the injection method are greatest
in areas surrounding metropolitan centers . This is to be expected, since the
highest concentration of manufacturers is found in cities and in irmiediately
adjacent urban areas .
Should the use of injection for disposal of domestic
wastewater increase in popularity, the economic potential in urban areas would
be further enhanced .
However, costs of injection in such areas also are likely
to be higher due to the greater value of ground water where it is used for
public supply .
GOVERNMENTAL CONTROLS
Governmental regulation of deep well waste disposal involves both the federal
and state levels . With the exception of radioactive wastes, control traditionally has been provided mainly by the states .
However, the federal role
recently has expanded considerably .
Federal_ Control Program
Existing federal policy concerning injection wells is contained in "Administrator's Decision Statement No . 5," published by the Environmental Protection
Agency (EPA) .
This document states that injection will be opposed unless
there are strict controls and a clear demonstration that there will be no

interference with other uses of the subsurface environment and no ground water
Several criteria are presented
contamination or other environmental damage .
by EPA for evaluation of injection proposals, the most basic of which is that
all reasonable disposal alternatives must have been explored and found less
satisfactory in terms of environmental protection .
Federal control over injection wells has its principal basis in the Federal
Water Pollution Control Act Amendments of 1972 . Although the Amendments have
their main emphasis on control of waste discharges into navigable waters,
The federal permit
certain provisions are applicable to subsurface disposal .
EPA reguprogram established by the law is one important basis for control .
lations express an intent to subject disposal wells to permit conditions where
such wells are operated as part of a total waste disposal program having elements that require a permit . Thus a firm which discharges part of its waste
load to surface water while injecting another portion would find its disposal
well subject to permit conditions .
This requirement apparently also covers
an injection well which replaces a former discharge that was subject to the
permit procedure .
Another significant provision is contained in the list of conditions that must
be met by states desiring to administer the permit program established by the
Act, in lieu of EPA administration .
One of these conditions is that the state
must have adequate authority to issue permits which control the disposal of
pollutants into wells .
This procedure apparently is designed to insure that
regulation of disposal wells will be subject to the state's general water
quality control program .
Federal influence also is extended by a report issued by EPA on control of
pollution resulting from the disposal of pollutants in wells or in subsurface
excavations .
This report, "Ground Water Pollution from Subsurface Excavation,"
describes a number of elements considered essential to a control program,
including site analysis, evaluation of wastes to be injected, well design and
construction, testing and evaluation during well construction, aquifer response
to injection, well operation, equipment, monitoring, and abandonment procedures .
This report is intended for the benefit of state agencies and provides regulatory guidelines for operation of control programs .
State Control - Programs
At the state level of government, the deep well study shows that injection
policy varies over a considerable range of philosophical positions . Several
They are Delaware,
states are opposed to the concept and prohibit injection .
Georgia, Massachusetts, Missouri, Minnesota, New Jersey, North Carolina,
Rhode Island, South Carolina, Vermont, Virginia, and Wisconsin . A majority
of the states, however, have indicated varying degrees of acceptance of the
injection concept . Approximately half of the states have authorized use of
deep disposal wells, although in some cases further approvals appear unlikely .
Some states where injection has not been seriously considered have not yet
taken a policy position .
State controls over disposal wells exist in the form of legislation, official
regulations, policy statements, and informal administrative procedures .
In
several states, controls consist only of subjecting disposal wells to the terms

of general pollution control law or to the jurisdiction of a particular state
agency . A growing number of states, however, have adopted detailed controls
of a formal nature .
Although the range of comprehensiveness is quite broad,
at least 17 states now have specific control measures in effect, with detailed
requirements for disposal wells .
These states include Alabama, California,
Colorado, Florida, Idaho, Illinois, Kansas, Louisiana, Michigan, Mississippi,
Nebraska, New York, Ohio, Oklahoma, Pennsylvania, Texas, and West Virginia .
Although each state's regulatory program Is unique in certain aspects,
principal control provisions may be subdivided into four general areas :
(1) preliminary feasibility studies ; (2) well design, construction, and operation, (3) monitoring, and (4) abandonment .
Information required for feasibility studies varies from state to state, ranging
from comprehensive listings of specific data that must be presented with permit applications to a complete lack of written guidelines . Most state agencies
with regulatory responsibilities for injection well siting have the authority
to require the applicant to supply any necessary information, and this permits
a somewhat informal approach tailored to the individual situation . A more
formal approach could prevent the oversight of relevant considerations .
Although some states have detailed provisions concerning feasibility studies,
very few specific guidelines have been formalized with regard to the final
decision to approve or disapprove a particular proposal . One important exception is found in the water quality limitations in the disposal zones that
certain states have adopted .
These requirements generally attempt to protect
all fresh water and potentially useful brackish water by prohibiting waste
discharge into zones where quality exceeds certain levels as indicated by
The
such quality parameters as chloride or total dissolved solids content .
contain
water
most frequently adopted requirement is that disposal zones must
having in excess of 10,000 mg/I total dissolved solids, although values above
and below this level also have been chosen .
Requirements for well design, construction, and operation also vary considerably .
One approach is to make all aspects of these requirements subject to approval
by the appropriate regulatory agency .
Some states include requirements for
casing, construction materials and procedures, emergency or stand-by equipment,
and operating pressures .
Provision usually is made for completion of the
feasibility study during well construction, since a variety of investigations
and tests can be performed after the well is drilled to confirm preliminary
determinations .
In some cases two separate authorizations are necessary, one
This procefor drilling the well and the second for using it for injection .
dure Insures that information obtained during and after drilling is fully
incorporated into the final approval decision .
State monitoring requirements include measurements at the injection well of
waste characteristics and injection rates and pressures ; pressure and water
quality determinations at other locations in the disposal zone ; pressure and
water quality determinations in other aquifers ; and water quality measurements
from nearby water supply wells, springs, and surface water bodies . Minimum
requirements usually include measurements made at the injection well itself,
with practice concerning separate monitor wells varying considerably .

State controls concerning abandonment are designed to assure proper plugging
of a well so that future migration of fluids between strata can be prevented .
Plugging techniques are essentially the same as those used in the petroleum
industry .
States usually require notification of the regulatory agency prior
to abandonment, and agency approval of procedures to be used .
Interstate Program
An example of interstate control is found In the program of the Ohio River
Valley Water Sanitation Commission (ORSANCO), an interstate river basin
commission representing the states of Illinois, Indiana, Kentucky, New York,
Ohio, Pennsylvania, Virginia, and West Virginia . ORSANCO is not directly
involved in the regulation of waste injection activities but has adopted a
statement of policy on injection and has published administrative guidelines
for state regulatory programs .
The Commission has conducted an injection
feasibility study of the Ohio Valley region, and maintains a registry of waste
injection wells constructed within the signatory states .
PRIVATELY ENFORCED CONTROLS
The right of individuals to take legal action if an injection operation infringes upon their legally protected interests is a second basic area of law
relevant to deep well disposal .
This system of civil law is made up of the
accumulated decisions of the courts and is enforced primarily through litigation between private parties, either in the form of a suit for injunction or
an action for damages .
Requirements imposed on the injector by this system of
law are generally independent of statutory requirements and are not removed or
eliminated by compliance with governmental injection controls .
These private legal controls over injection wells involve two related issues .
The first is the question of whether the landowner can prohibit injection of
waste Into deep-lying strata underneath his property even if there is no
impairment of his use and enjoyment of the property . The ownership of subsurface space is a central factor in this determination . The second issue
concerns liability for physical injury to person or property arising from a
disposal well operation .
Ownership of Subsu rface Space
Subsurface property rights have evolved largely in relation to the development
and utilization of extractable natural resources .
Since subsurface space
rarely has been viewed as a valuable resource in itself, consideration of its
ownership has not been extensive .
Control over use of subsurface space is
complicated by the fact that the space can be used by injection operations
located on land under other ownership where the disposal zone extends across
property boundaries .
In the absence of natural barriers to horizontal movement,
it is generally infeasible to restrict or control fluid migration as long as
injection continues .
Thus the feasibility of a given injection operation may
be determined by this subsurface ownership issue .

The study shows that legal precedent concerning subsurface ownership is unclear, and does not clearly indicate the likely outcome of a property rights
conflict between an injector and another landowner, a position which would give
the owner exclusive control over use for waste injection and storage . At the
same time, there also is support for the position that the landowner has no
rights to subsurface space not associated with his use and enjoyment of his
property .
The concept of exclusive control by the landowner is supported by the ancient
legal principal that ownership of land extends from the sky to the center of
the earth .
In most applications of this principle, the extension of property
rights to unlimited distances goes far beyond the immediate needs of the landowner involved .
However, court decisions supporting infinite ownership
generally have been made at times when the need to restrict the bounds of
private property were not obvious . The concept of indefinite ownership, of
course, has been limited to the extent that a landowner cannot prohibit use of
airspace above his land for aviation purposes when such use does not interfere
with his use of the property .
But ownership still is a viable issue with regard to underground space .
There are specific exceptions to the principle of infinite ownership of
subsurface space .
For example, the rule of capture, as applied to oil and gas
production, is inconsistent with the concept of ownership by the overlying
landowner .
Other situations also exist where restrictions have been placed on
the rights of the landowner to exert exclusive control . The restrictions
primarily have arisen in connection with injection operations for disposal of
oil field brines or for increasing oil and gas production .
In cases where
adjacent landowners have maintained that property rights are violated when
injected fluids cross property boundaries, the courts generally have refused
to interfere with such operations in the absence of proof of actual damage to
the other property involved .
These and other examples indicate that the concept of exclusive control by the landowner can be contested .
Liabi l ity fo r Inject-ion-Related Injury
Responsibility for injury due to deep well operations is a second issue relating to private legal controls .
Regardless of how the question of subsurface
ownership and control is resolved, the injector is likely to face a lawsuit
whenever his operation injures or interferes with the use and enjoyment of
other property .
Injection-related injury may take several different forms,
the most likely of which is ground water contamination .
A second less likely
but often noted possibility is damage from injection-induced seismic activity .
Only a limited number of court decisions have been directly concerned with
liability for injection-related injury, but certain principles that may have
applicability can be derived from other areas of law .
Substantial inconsistency exists in the law concerning liability for ground
water contamination .
In some cases, the courts have refused to impose
liability without a clear demonstration that the contamination was the result of negligence .
A variety of pollution-causing activities have escaped
liability on the grounds that reasonable uses of land carried out in a conventional manner cannot constitute negligence .
In other situations, activities

producing ground water contamination have been held to be nuisances, with the
result that liability is not necessarily dependent on proof of negligence .
A
third basic approach has been to Impose strict liability for ground water
pollution, thereby removing all requirements for proving unreasonableness or
carelessness in connection with the responsible activity . Acceptance of this
concept currently is increasing .
A fourth theory of liability which theoretically might serve as a basis for a contamination suit is that of trespass,
since contamination may involve the invasion of another's property by the waste
material .
This approach has not been used with appreciable success .
One of the problems in ground water pollution cases is establishing a causeand-effect relationship between the polluted water supply and the alleged
source of the pollution .
Conclusive proof of the source of pollution may be
possible in some cases on the basis of the pollutant's chemical composition,
but this is not always possible .
A basic complication that may arise in connection with subsurface injection is the well's contamination by mineralized
water or other natural fluids which migrate in response to pressure alterations .
In this situation, assigning cause to the injection activity would be almost
impossible, although the result may be just as serious .
Because situations often exist in which direct proof of the source of contamination is unavailable, the courts often have accepted indirect proof based on
circumstantial evidence .
It is difficult to generalize concerning what
specific evidence will be adequate in a particular situation, but factors that
have been considered include the proximity of the alleged source, the time
relationship between the alleged pollution-causing activity and the injury,
and the capability of the suspected source to pollute .
Since artificially created earthquakes rarely occur, consideration of liability
in connection with injection-induced seismic activity requires considerable
speculation .
One of the most publicized manifestations of man's potential for
stimulating seismic activity is the series of minor earthquakes associated
with injection at the Rocky Mountain Arsenal near Denver, Colorado .
However,
liability suits apparently have not arisen in connection with these occurrences
because of their relatively minor consequences .
So no occasion has arisen for
testing direct application of the basic concepts of liability for injuries
resulting from injection-induced earthquakes .
A central element in any such determination of liability is the ability of
the injured parties to prove that the earthquake resulted from the injection .
Such proof would have to establish that the earthquake would not have occurred
in the absence of injection--a difficult undertaking indeed, since most areas
historically have demonstrated at least a slight potential for natural seismic
activity .
Research on earthquake prediction and stimulation currently being
conducted by the U .S . Geological Survey will make more knowledge available for
such determinations . Even so, this area of inquiry is likely to involve a
considerable degree of uncertainty for some time .

RECOMMENDATIONS
The basic premise of these policy-oriented recommendations is that subsurface
waste injection, under appropriate conditions, is a viable method of wastewater
management .
The choice of technique should be based on a comparison of the
total costs of each potentially feasible alternative, including social or
environmental costs .
Evaluation of possible environmental costs should include
equal consideration of :
(1) the probability of unanticipated damage, and
(2) the extent of the damage potential .
The position taken here is that federal and state policies that prohibit consideration of injection except as a
"last resort" should be reevaluated .
The following recommendations reflect and develop this general policy position .
A three-part classification is used, under the headings "Management Concepts,"
"Regulatory Guidelines," and "Areas Meriting Further Investigation ."
Management Concep ts
l .

A state agency charged with waste water management should have final
responsibility for approving deep well disposal, but should do so
only after considering legislatively mandated recommendations from
other agencies such as those concerned with environmental protection,
water supply, and mineral resources .

2.

Each state in which injection appears feasible should make a statewide geologic assessment of the physical feasibility of deep well
injection, delineating the potential zones of acceptability and of
special hazards, prior to establishing specific criteria for individual sites .

3.

In formulating regulatory guidelines for waste management using deep
well injection, each state should initiate, at the Governor's level,
some form of bilateral or multi-lateral agreements to insure that
one governmental unit's failure to establish regulations or to adopt
requirements of comparable stringency will not negate or compromise
the control of other contiguous units, where geologic formations are
continuous across state boundaries .

4.

The waste water management agency of each state should keep records
so that the amount of subsurface strata being used for waste disposal
is known or may easily be determined at any time .

5.

The United States Environmental Protection Agency, in cooperation with
state waste management agencies, should adopt a continuing and adequately financed program to evaluate past and current injection
well experience .
This information will provide a more realistic
evaluation of long-range impact .

6.

Each state should enact enabling legislation authorizing the adoption
of formal regulations for deep well waste injection, providing the
necessary safeguards .
The legislation should specify the discre
tionary authority given any management agencies and limit any powers
which might erode or implicitly negate the state's deep well waste
management policies .

7.

To reduce legal uncertainty concerning liability for injectionrelated injury and invasion of property rights, the states should
consider specifying the extent of the injector's responsibility in
any injury and the extent to which private property rights apply to
subsurface space .

Regulatory Gu ideli nes
1 .

A two-stage permit procedure should be considered in each state where
deep well waste injection is to be used . The first phase should
be a preliminary site evaluation, based on information from the
The scope of the evaluation process should be specified
applicant .
by regulations .
Determining what specific information is required
in a particular case should be left to the discretion of the administrative agency, and should depend on geologic complexity and
variability at the site . An agency should guard against requiring
data which is expensive to obtain and bears only peripherally on site
evaluation .
The second stage of the recommended permit process
would be an analysis of information obtained during well construction
and testing, which if favorable would result in final approval of a
well .

2.

A state should develop objective and systematic criteria for
The criteria should include, as a
evaluating injection well sites .
of
such
factors
as water quality restrictions
minimum, consideration
strata, distance to known
zones,
thickness
of
confining
for disposal
potable water or other
disposal
zones,
distance
to
faults, depth to
natural resources, permeability and mineral composition of disposal
and confining strata, and fluid pressures .

3.

State regulations should require an explicit comparison of subsurface
injection with other waste management schemes under consideration,
including specific consideration of social and environmental costs
that cannot be measured in monetary terms .

4.

All aspects of well design and construction, including operating
procedures, should be subject to regulatory controls . Special requirements might include use of such equipment as separate injection
tubing within the casing, corrosion resistant materials, and alarm
and automatic shut-off valves .

5.

Regulations should require contingency plans which would go into
effect if a well became inoperative . A shut-down could occur during
periods of regular maintenance, or because of equipment malfunctions,
non-scheduled repairs, or permanent failure of a well . Contingency
plans, which might include use of stand-by injection wells, surface
storage facilities, or stand-by treatment facilities, could prevent
the destruction or degradation of natural resources .

G.

Each state should formulate a plan for monitoring wells, giving
special consideration to such questions as who should pay for the
monitoring, how much monitoring is required under various physical
conditions, and to what extent monitoring is needed after injection

has ceased .
The monitoring required
with that for other waste management
their respective damage potentials .
not be designed solely to discourage
7.

for injection should be consistent
systems, giving due regard to
Monitoring requirements should
deep well waste management .

Regulations should specify the material and methods to be used to
seal abandoned,wells .
In addition, abandoned wells should be registered with the state so that their location, type, and the volume
of waste injected are a matter of public record .

Areas Meriting Further Investigation
1 .

Basic hydrogeologic data-collecting programs at both the federal and
state levels should be reevaluated to determine whether they need
modification to provide data needed for deep well injection feasibility
studies .

2.

Research is needed to further substantiate and refine certain concepts
of subsurface hydrodynamics, with special emphasis on understanding
the potential for underground waste migration .

3.

Research is needed to develop better techniques for comparing and
evaluating waste management methods--techniques that more effectively
would assign values to all consequences of each method, and account
for risks and uncertainties .

4.

Research is needed to assess the legal implications of artificially
induced instability, such as seismic activity, particularly those
that apply to the use of property .

5.

Research is needed to clarify the extent of private ownership and the
nature of public rights, if any, in the subsurface, and to suggest
appropriate policies for subsurface management .

CRITIQUE
After the report "Deep Well Waste Disposal : Physical, Economic, and Institutional Considerations" was completed, it was subjected to peer review . The
primary purposes of the review were :
1 .

To determine whether the report contained the information needed by
officials of federal and state governments to develop a tentative
deep well policy, giving due regard to such questions as overlapping
jurisdictions, potential liability from deep well disposal activities,
and the problems associated with implementation ; and

2.

To discover any information gaps requiring additional research for
the development of a comprehensive policy .

The National Science Foundation provided financial assistance under its Program
on Research Applied to National Needs (GL 43675) to accomplish the above objectives and to produce the following :
1 .

A version of the report that, in format and content, is most useful
to federal, regional, and state regulatory agencies involved in the
adoption of policy on this use of underground space .

2.

Identification of any additional research required to complete the
This identification
informational base, with priorities indicated .
could be a stimulus for further research by governmental and private
agencies .

3.

A plan for using the results of this research--both the main study
and the conference/workshop critique of it .

PLAN FOR REVIEW PROCESS
The review of the report was conducted in two stages . The first stage involved
small group meetings of experts from selected disciplines for in-depth consideration of special issues associated with each of the three major components
of the report (physical, economic, and institutional) . Controversial aspects
and deficiencies of each component of the report were identified by these
groups, so that revisions could be drafted before the workshop was held .
The
second stage was a workshop at which the experts in each discipline interacted
with each other to balance the review process, to assist in drawing up preliminary policy, and to identify research gaps .
PHYSICAL STUDY ELEMENT PRE-MEETING
Geologists from the United States Geologic Survey, the Alabama Geologic Survey,
and the Ohio River Sanitation Commission were invited to review the geologic
portion of the study in terms of the following :
1 .

An evaluation of the substance of the report in its present form ;

2.

Identifying additional work needed to meet stated objectives, and

3.

Identifying additional objectives which would lead to a more definitive discussion of the physical aspects of deep well waste disposal .

All of the agency representatives have had some involvement with this method
of disposal and therefore were well qualified to comment on both theoretical
and practical geological considerations .
Phy sical_ Study Objectives
The specific objectives of the geologic portion of the study can be summarized
as follows :
1.

Compiling through literature search and case history studies the
geologic, hydrologic, geophysical, and geochemical requirements for
the safe and successful operation of deep well disposal of wastes of
differing chemical characteristics ;

2.

Determining, by using regional criteria, those physical factors and
relationships most suitable for deep well waste disposal ;

3.

Defining the physical

4.

Describing deep well waste disposal regions in the Southeast, listing
the physical characteristics that bear on designation of disposal
zones, exploration requirements, and monitoring requirements ;

5.

Determining the key physical factors which will dictate the type of
regulation needed to safeguard public health, conserve ground water,
and insure economic efficiency in resource development .

provinces and subprovinces in the Southeast ;

These objectives defined two general goals for the physical study element :
(1) to identify and analyze the factors which determine physical feasibility,
and (2) to apply these criteria to the geology of the southeastern United
States study area in order to assess the area's potential for deep well waste
disposal .
Another aspect of the physical study review was an evaluation of the regional
scale of analysis employed in the report .
The regional approach was used to
delineate areas of differing physical potential on the basis of generalized
conditions within their boundaries .
Three scales of analysis were recognized
in the study :
(1) regional ; (2) an intermediate, intra-regional level, and
The geologists decided that a regional
(3) the site investigation itself .
analysis would not replace the need for intermediate studies and detailed
site investigations, but would give a general indication of potential and
could be used as an aid to policy formulation .
Policy often has to be developed and decisions made before all the desired
information is available .
It is therefore obvious that in many cases technical
data must be utilized when it is less than fully developed . Generalized information may have significant value with regard to policy formulation at a
broad level of analysis, but further evaluation of the validity of this
approach is necessary .

Summary of Reviewer s' Comments and Suggestions
In general, workshop participants were in accord with the study approaches,
the criteria for evaluations, and the assessment categories presented in the
study .
They agreed there was a need for broad regional assessments of this
type .
Participants did, however, make the following recommendations :
1 .

Information requirements should be more specific regarding proposed
deep well waste disposal operations .

2.

Operating information should be in greater detail for use by regulating
agencies .

3.

Monitoring requirements should be expanded .

4.

The term "se IsmIc risk" should be modified to reflect degree of
activity rather than risk .

5.

The evaluation categories used--"Good Potential," "Limited Potential,"
and "Poor Potential," should be reviewed .

6.

Subcategories should be modified to incorporate more restrictive
conditions in a portion of the Coastal Plain .

Workshop participants also made the following suggestions concerning supplemental or additional considerations beyond those presented in the report :
1 .

A definition should be given for potentially usable water at least to
sea-water concentration (35,000 ppm) .

2.

Classification systems should be established for waste fluids .

3.

Requirements and criteria for deep well waste disposal
standardized .

4.

Copies of all records of well development, testing and details of
start-up or extensive pre-operational tests should be included in
management agency files and provisions made for preservation of such
information .

should be

Meeting Part icipants :
Mr . Harr E . LeGrand -- Geologist, United States Geological Survey ; familiar
with go og~study area ; long involvement in waste disposal problems relative to ground water contamination ; publications in related areas .
Mr . Steven J . Lewis * -- Co-author of geologic portion of study .
Mr . Robert E . Kidd -- Geologist, Water Resources Division, Geological Survey
of Alabama ; Survey acts as injection well consultant to state regulatory agency .
Mr . Russell A . Brant -- Geologist, Ohio River Valley Water Sanitation Commission ; member of advisory committee on underground injection of wastewaters .
*Deceased .

Dr . James E . Hackett -- Author of physical portion of study ; Department of
Environmenta and Urban Systems, Virginia Polytechnic Institute and State
University .
Dr . William R . Walker -- Principal Investigator for project, Virginia Water
Resources Research Center .
Mr . William E . Cox -- Co-author of institutional portion of study, Virginia
Water Resources Research Center .
ECONOMIC STUDY ELEMENT PRE-MEETING
Three eminent economists, actively working in the field of resource economics
but with no previous involvement with deep well disposal, were invited to
review in detail the economic section of the report .
In addition, a consultant from a firm with a practice devoted exclusively to design and installation
of disposal wells met with the group to provide expertise and immediate
knowledge on the practical aspects of this method of disposal .
The reviewers were asked to evaluate the economic section of the study in
terms of (1) the substance of the report in its present form ; (2) areas of
analyses where additional work is necessary to make the manuscript more
comprehensive in terms of the stated project objectives, and (3) additional
factors or concepts not addressed in the objectives which need to be explored
at some future time to provide a more definitive discussion of the economics
of deep well waste disposal .
Economic Study O bjectives
The economic objectives set forth in the original proposal

include the following :

l .

To identify and select the cost factors and criteria relevant to deep
well disposal .

2.

To establish and evaluate the sensitivity of economic factors considered relevant by the business community in selecting or rejecting
deep well waste disposal as a means of pollution control .

3.

To identify the dominant economic factors considered by regulatory
agencies in the decisionmaking process .

4.

To design, in a general way, an information collection system for
deep well waste disposal which emphasizes costs of constructing and
operating deep well waste disposal facilities, capital and operating
costs of alternative surface water waste disposal facilities, and
savings over surface water treatment costs .

In addition to addressing the objectives above, the reviewers were asked to
give special attention to the appropriateness of benefit-cost analysis in
policy formulation for deep well waste disposal .
The study suggests that the
present methodology for economic analysis of deep well disposal facilities is
inadequate for determining policy .
Benefit-cost analysis suffers from
deficiencies in evaluation of both benefits and costs . Benefits considerations

typically have been limited to direct cost savings to the firm, with little
attention to broader benefits to the public which have much greater potential
significance .
These public benefits include improved surface water quality,
improved land utilization, and decreased energy consumption .
Improvement of
surface water quality would result in such benefits as reduced treatment costs
for other users, greater recreational use, and improved aesthetics . Use of
disposal wells can improve land utilization by decreasing the amount of space
devoted to waste treatment and surface waste storage, uses which are aesthically
displeasing and prevent higher uses of property . The reduction In energy
consumption possible with the use of disposal wells can result in a substantial
environmental benefit, since most forms of energy production involve some degree of environmental degradation .
Evaluation of social costs associated with disposal well usage is complicated
by uncertainty about the magnitude and likelihood of potential consequences
such as ground water contamination and earthquake stimulation . Present methods
of analysis do not attempt to evaluate and interpret the probabilities of these
potential hazards .
Objective evaluation of the probability of a particular
hazard requires consideration of both magnitude and likelihood of occurrence,
with a low probability of occurrence reducing the weight to be given a particular event .
However, uncertainty associated with disposal wells generally
has been evaluated intuitively and with little regard to principles of probability theory, making possible the introduction of subjective biases into the
evaluation procedure .
Injection well experience appears to suggest that the
probability of serious mishaps may be lower than is commonly believed . What
was needed was an approach by the reviewers suggesting how these issues could
be considered In a rational manner by the decisionmaker .
Summary of Reviewer's Comments. and Suggestions
The reviewers of the economics section felt the report did a good job of
achieving project objectives, considering the amount of resources devoted to
the subject and the problem of securing reliable data on which to base more
sophisticated analysis .
A number of suggestions were made regarding the content and organization of the report, as well as concerning further research
needs which lie beyond the scope of the current project . The economic reviewers'
principal comments are below .
The economic study is largely a "state of the arts" report which introduces but
does not analyze some additional problem areas .
The reviewers recognized as
strengths of the study the following achievements :
1 .

It pulls together what is known about costs of deep well waste disposal .

2.

It identifies cost components which need to be considered in decisions
regarding the feasibility and regulation of deep well waste disposal .

3.

It points out problem areas and factors which should be taken into
consideration .

4.

It suggests that policies may not be flexible enough to permit full

consideration of injection as a feasible alternative .
5.

It suggests several areas which should be investigated

in more detail

The report's main weaknesses, as identified by the reviewers, are as follows :
i .

It does not go far beyond what is already known on specific cases .

2.

Costs are presented In bits and pieces and should be reorganized for
presentation .

3.

Not enough cost detail is presented to allow generalization and development of cost curves .

4.

More should be said about potential benefit and cost identification .

5.

Presentation of data needs to be reorganized to give more of an
"economic analysis" tone .

The tone of the reviewers' suggestions is summarized in the items listed below . Although there is some overlap, items listed under Category A refer
primarily to suggestions for revising the current report, and Category B items
are more In the nature of items which might be discussed in the current report
but require further research .
Category A sugg est ions for revising the report :
1 .

The study should present more of an economic framework for decisions,
even if no data is available, to indicate how more thorough economic
analysis could proceed if data were available .

2.

The study should present some data and discussion concerning the municipal use potential of deep well disposal .

3.

If not enough
Alternative costs should be made to stand out more .
data exists, this item should be considered for future research .

4.

Costs of exploration should be considered more fully .

5.

If data permits, segments of a supply (MC) curve for waste treatment
should be constructed .

6.

The types of cost components considered in the report may not reflect
current practice and costs .
Some of the early systems were overdesigned .

7.

Oil

field data may not be transferable as a measure of injection costs .

Category B suggestions for further research :
i .

Compile more sophisticated cost data to enable comparisons between
injection and alternative disposal methods .

2.

Consider subsidies for injection and other types of disposal systems .

3.

Develop a means to determine and measure risks associated with deep
well disposal .

4.

Consider an economic system of incentives and penalties as alternative
to legal constraints . This approach might be more efficient and shift
some administrative costs from the public to the private sector .

5.

Determine why policy is tilted against the use of disposal wells .
Reviewers hypothesized one reason may be the objective function public
officials serve, and their tendency to weigh disadvantages (possibil
ity of damage) heavily and advantages (efficiency gains) very lightly .
This issue is very fundamental and should be explored . Public officials by necessity perceive social costs and benefits differently
than others .
This whole area of decisionmaking should be explored .

6.

Give consideration to developing economic framework for evaluating
costs and benefits of injection as compared to other systems .

7.

Evaluate the issue of whether current legislation forces more expensive waste treatment systems and results in waste of resources .

8.

Study in detail the whole policy thrust .

9.

The functioning of the public decisionmaking process when dealing
with a situation involving some unspecified risk factor and possible
damages .

10 .

Specify the types of social costs and benefits that are not usually
taken into account, but which would be particularly valuable in view
of current environmental and social policy goals and legislation .

Meet ing Part icipants
Dr . Irving Hoch -- Senior Research Associate, Regional and Urban Studies
Program, Resources for the Future, Inc . ; member of the National Research
Council's Study Group of Terraspace Policy Feasibility ; economist with a
wide range of research experience and publications .
Dr . Joseph Havlicek -- Professor of Agricultural Economics, Virginia Polytechnic Institute and State University, economist with research experience
in the area of the economic aspects of waste disposal and environmental quality management ; experience includes probability theory and decision models .
Dr . Howard C . Kunreuther -- Associate Professor of Management, Wharton
Schoo , University of Pennsylvania ; economist with extensive research and
publications concerning operations management and the economic analysis of
natural hazards and related issues .
Mr . Ken E . Davis -- Subsurface Disposal Corporation, Houston, Texas ; consultant
experienced in the design and operation of waste injection wells .
Dr . Burl__F_._~
Long -- author of the portion of the study on economics, Department
of Agricultural Economics, Virginia Polytechnic Institute and State University .
Mr . William E . Cox -- co-author of institutional portion of study, Virginia
Water Resources Research Center .
Dr . William R . Walker -- Principal Investigator, Virginia Water Resources
Research Center .

INSTITUTIONAL STUDY ELEMENT PRE-MEETING
Several attorneys, state regulatory personnel, representatives of industry,
and federal government personnel were invited to review this section of the
study In order to :
(1) evaluate the substance of the report in Its present
form ; (2) identify areas within the scope of the stated objectives where additional factors or concepts not addressed in the objectives that need to be
explored at some future time to permit a more definitive discussion of the
legal and institutional aspects of deep well waste disposal .
Institutional Study Objectives
The study objectives are summarized as follows :
Institute a review of state legislation directly concerned with deep
well waste disposal and enabling legislation delegating aspects or
responsibilities to smaller (cities, counties, authorities) or larger
(commissions, compacts) governmental entities .
2.

Determine whether the legislation concerning deep well waste disposal
enumerates a policy consideration of the state--protection of health,
preservation of natural resources, economic efficiency, the favored
position of one industry, resource, or geographic area over another,
etc .

3.

Determine the type of operating rules or regulations which have
evolved in support of the various types of legislation .

4.

Evaluate the effectiveness of agencies or institutions in carrying
out policies set forth in state legislation .

5.

Determine whether legal mechanisms exist for effective institutional
regulation of deep well waste disposal in terms of physical parameters
extramural to political boundaries .

6.

Institute a state-by-state review of specific legal restraints
applying to deep well waste disposal in the Mid and South Atlantic
region .
Determine the type and effectiveness of regulation of deep well
waste disposal at the local, state, and Federal level (or combination
thereof), giving special consideration to such matters as practicality of national guidelines, the constitutional question of power
to regulate, use of interstate compacts or commissions to regulate
deep well waste disposal where geological formations cross political
boundaries, and potential impact of proposed Federal legislation on
land-use planning .

8.

Determine to what extent regulations which shift responsibility for
design, operation, and monitoring to the user will accomplish the
policy objectives of the governmental entity with primary responsibility .

Determine the type of regulations which encourage economic efficiency,
conservation of ground water resources, and concern for public health .
10 .

Decide to what extent the type of regulatory control frustrates the
use of deep well waste disposal as an economic resource .

11 .

Determine the type of regulators required for the various physical
provinces and subprovinces in the Mid and South Atlantic region and
the extent to which they will vary according to the policy of the
political entity .

The study's analysis of governmental controls indicated much variation in the
form of the controls, the administrative organization for their implementation,
and the substantive provisions of the actual controls . Although a certain degree of flexibility is necessary, a greater amount of uniformity probably is
both possible and desirable .
Establishment of guidelines for a standardized
regulatory procedure requires thorough evaluation of a wide range of control
program factors . Adequate regulatory safeguards must be included to prevent
environmental degradation ; at the same time, the impact of unduly restrictive
provisions on the potential benefits to be derived from this waste disposal
technique must be considered .
In the extreme, excessive regulations may preclude use of subsurface injection and totally negate such benefits .
It
therefore appeared desirable that the study report's preliminary recommendations
on this issue be subjected to careful review by persons having recognized expertise in injection well technology and regulation .
The study also has shown that potentially significant institutional questions
exist concerning the private rights of individuals . The basic property rights
issue is whether the owner of a surface estate can exercise exclusive control
over the use of underlying space for injection and storage of waste materials .
Since to date few courts have considered this question, it remains largely
hypothetical .
If the common law principle of exclusive ownership to the center
of the earth is upheld, the landowner conceivably would be in a position to
prohibit injection into space underlying his surface property even where the
injection would in no way interfere with his use of the property . Another
view involves a restriction on exclusive control to a depth of useful ownership, an interpretation similar to that applied to air space .
The study's
analysis of property rights indicates that existing legal precedent is somewhat contradictory .
Another basic form of private constraint consists of the body of civil law,
which provides a mechanism for accountability where the activities of one
party injure the person or property of another . This law is enforced primarily by means of private litigation and may take the form of a suit for
injunction to restrain the injury-producing activity and/or an action for
damages for injury already produced .
The specific theories of liability upon
which such legal actions can be brought depend to some extent on the jurisdiction .
Since few injection well cases have come before the courts, a variety
of unanswered questions remain concerning application of this body of civil
law to this particular type of operation .
Since the status of private rights has not been well defined concerning possible
interference from injection wells, and is still speculative, the study used

analogy in attempting to apply legal principles developed in related areas .
For this reason, it seemed appropriate to subject this portion of the study
to comprehensive review .
Summary of Reviewer s' Commen ts and Suggestio ns
The general concensus of the reviewers was that the study provides the most
thorough treatment of the subject prepared to date . "The research product
was viewed as a useful source of information for all parties involved in desposal well decision-making, both users and regulators .
Recommendations for refinement and improvement of this portion of the report
identified several areas where the report could be made more comprehensive by
expanding certain discussions and considering additional issues . Among these
areas were :
1 .

Consideration of the impact of citizen action on the administrative
decision-making process, since waste injection is viewed as an explosive emotional issue, perhaps analogous to atomic power plant
siting .

2.

Examination of the environmental impact statement process under the
National Environmental Policy Act with regard to its application to
injection wells .

3.

Fuller discussion of the reasons why governmental control over injection is necessary, to replace the assumption that it is a "given ."

4.

Expanded analysis of the constitutionality of federal controls over
ground water quality .

5.

A more explicit definition of the term "pollution" as it is used
throughout the report .

6.

Clearer definition of the term "resource" as it applies to underground space .

7.

Analysis of whether water quality criteria currently used to define
acceptable disposal zones are reasonable and appropriate for purposes
of this report .

8.

A state-by-state analysis of common law constraints on injection
existing in the study area .

9.

Modification of the statement in the report that injection should
utilize strata having no other uses, to reflect the fact that the
highest use of some strata having some value for other purposes may
be for waste disposal .

10 .

Discussion of alternative approaches to the concept of private
property for allocation of subsurface space to waste disposal purposes .

11 .

Identification of the costs imposed on an injector by regulatory requirements, such as data collection and monitoring .

Certain other areas of potential investigation identified by the reviewers
appear to fall outside the scope of the present study and should be designated
as areas for future research .
Included in this category are the following :
1 .

Extension of the research to include municipal Injection and recharge
operations consisting of discharge of treated wastes Into potable
aquifers .

2.

Exploration of the relationships of subsurface waste disposal to land
use and water quality planning, such as that prescribed under section
208 of P . L . 92-500 .

Another suggestion was that the report should take an advocacy position on
certain issues . This suggestion was voiced with regard to the study's position
dealing with private property rights in subsurface space suitable for waste
injection . The report in its present form indicates that the extent of such
rights has not been clearly defined . Although the report concludes that recognition of private rights will serve as a limitation on injection, it does
not declare whether such right should or should not be recognized .
The reviewers also recommended alterations in the style of the report .
They
suggested that the introduction be expanded and written in a non-technical
style easily understood by the general public, so the report would be more
useful in the widespread dissemination of information .
They also suggested
that the summary be "popularized ."
The following comments are somewhat critical of certain aspects of the
recommendations :
1 .

One reviewer, who endorses a "last resort" approach to injection,
took issue with several recommendations which suggested that deep
well injection be considered a viable alternative for waste disposal .

2.

One reviewer took issue with the idea, expressed in Management Concept 1, that approval for injection wells should rest with the agency
responsible for control of general wastewater discharges .

3.

Several reviewers indicated that the prohibition of hydrofracturing,
as expressed in Regulatory Guideline 4, is too restrictive .

4.

One reviewer questioned the significance of induced earthquakes and
therefore the need for legal research in this area, as indicated
in Research Need 4 .

5.

One reviewer questioned the need for research concerning the ownership of subsurface space, as expressed in Research Need 5 .

Meeting Parti ci p_4 n

s:

Mr . Charles W . Sever -- enforcement division, Environmental Protection Agency
Region IV ; combines regulatory viewpoint with injection well expertise .
Prof . Thomas F . Bergin -- Professor of Law, University of Virginia ; property
law and economics, property law, and legal philosophy .
Prof . Milton S . Heath, Jr . -- Associate Director, Institute of Government,
University of North Carolina ; involved with drafting of environmental
legislation .
Mr . Ray H . Ellison -- Chief, Mineral Wells Section, Geological Survey Division,
Michigan Department of Natural Resources ; responsible for injection well
regulatory program .
Mr . Charles R . Sherman -- Department of Engineering, E .I . duPont de Nemours
and Company, experienced with respect to design, installation, and operation
of industrial injection wells .
Mr . David Sive -- Partner, Winer, Neuberger and Sive ; environmental law specialist ; member of legal advisory committee to the Council on Environmental Quality ;
chairman, Environmental Law Institute ; Planning Chairman (1971 - 73), American
Law Institute, Smithsonian Institution Conference on Environmental Law .
Mr . Richard K . Ballentine -- Chief, Subsurface Pollution Control Section,
Water Quality and Nonpoint Source Control Division, Office of Water Program
Operations, U .S . Environmental Protection Agency ; involved in developing EPA
injection well policy and regulations .
Dr . William R . Walker -- Principal Investigator for project, Virginia Water
Resources Research Center .
Mr . William E . Cox -- co-author of institutional portion of study, Virginia
Water Resources Research Center .
WORKSHOP
Participants included most of the individuals who had attended the pre-meetings,
as well as additional persons having related interests . The workshop was designed to allow full discussion of the interdisciplinary aspects of deep well
waste disposal related to policy formulation, the development of criteria for
controls, and the evaluation of standards for implementation .
Three workshop groups were formed to give detailed consideration to the six
propositions listed below .
Each group included experts concerned with the
three aspects of the report--physical, economic, and institutional .
Under
each proposition, a number of questions were identified to initiate discussion
and to give some indication of the concepts to be considered .
In no sense
were the number of propositions, or items enumerated, to be considered definitive or as a constraint on the scope of discussions .
Each workshop group was asked to prepare a position statement on each of the
six propositions and any other issues deemed relevant . These statements were
considered by the group in reaching its position .
Issues Presented for Discussion
1 .

Deep well waste disposal is not uniformly considered as a waste management alternative equal in acceptability to other alternatives .

There is disagreement as to whether injection should be viewed as
a viable alternative for waste management or considered only as a
"last resort" management technique .

2.

3.

(a)

If injection is viewed as a last resort method only, at what
cost differential does an alternative become infeasible?

(b)

Now should economic incentives be integrated into an injection
regulatory program?

Whether the disposal of wastes underground is considered an equal
alternative with other management techniques or only as a last
resort, acceptable criteria must be formulated to guide the establishment of standards . There is considerable diversity of opinion as to
the amount and type of information necessary to assure that acceptable
safeguards for people and resources, at reasonable costs, are included
in the standards .
(a)

Should deep well waste disposal be considered only in areas
where adequate natural safeguards exist, on the basis that
engineered safeguards are always subject to failure? Should
reliance on engineered safeguards such as sealed casings be
discouraged in regions where suitable disposal zones and con(In areas
fining layers are overlain by potable aquifer units?
where natural safeguards are present, engineered safeguards
would be supplemental ; therefore their failure would have minor
consequences .)

(b)

What policy position should be taken on use of deep well waste
disposal in areas subject to high seismic risks--areas such as
South Carolina, where more frequent and more intense earthquakes
can be expected?

(c)

Are present water quality requirements too liberal for deep
In light of existing and
well waste disposal receptor zones?
potential technology for conversion to usable water, should sea
water be set as a minimum standard?

(d)

To what extent can disposal well design and preliminary testing
programs be standardized and incorporated into general minimum
standards?

The lack of concurrence between physical boundaries and political
boundaries is well known, and is a constant deterrent to most
In deep well waste
effective management of environmental resources .
disposal, such conflicts are particularly evident between regional
physical framework elements and jurisdictional policy and regulatory
practices .
The specific roles of regional and national authorities
should be addressed if effective and equitable management is to be
established .
(a)

What are the political realities of intra-state jurisdictional
controls?

(b)

To what extent can effective management be accomplished through
existing control mechanisms?

(c)

Are present institutional structures adequate to regulate deep
well waste disposal, or should the structures of regulatory
jurisdictions be designed to conform to regional physical entities?

(d)

What are the personnel requirements and budgetary needs for an
adequate Injection well regulatory program?

4.

The legal aspects of using subsurface space for storing waste material
has received little attention .
Consideration needs to be given to the
potential implications of extending private property rights to under
ground space . What alternatives to private control would promote
more efficient use?

5.

Liability for losses arising from activities involving uncertainty
is of special concern .
Risk can be approximated by evaluating the
probability of occurrence and the amount of the potential loss .
Where risks are extremely high or where the benefits are widespread,
distribution of losses by means of insurance or among the private
or government sector should be considered .

6.

(a)

Should the government assume a certain degree of responsibility
for injury resulting from technological activities benefiting
society in general, such as disposal of exotic wastes?

(b)

How should public decisionmakers and injection well users
evaluate risks associated with injection, in view of the fact
that the probability of damage is apparently low while the
potential magnitude of damage is quite high?

In relation to other forms of waste management, deep well waste disposal has received only minimal support and attention from basic and
applied research . To what extent is an expanded research base
justified in developing an effective information base for local and
regional waste management decisions, and how should the responsibility
for such research be distributed between the public and private
sectors?

Summary of Reviewer_' Comments and Suggestions :
Each of the workshop groups worked toward a concensus on the original issues,
but attainment of complete agreement was generally impossible due to the varied
experiences and perspectives of the participants . The groups were, however,
able to define some of the issues more clearly and to make specific research
recommendations .
The reviewers had considerable disagreement concerning the "last resort" concept .
There was general rejection of the concept that deep well disposal
should be considered only after all other alternative waste management methods
had been deemed impossible or unacceptable . On the other hand, however,

some reviewers were reluctant to advocate that deep well disposal should be
considered with all other alternatives on an equal basis . This reluctance
arises out of a recognition that deep well injection may be more difficult
to monitor and regulate administratively, and that "unknowns" appear to be
greater than in the case of surface disposal .
There was substantial agreement
that the present EPA policy is overly restrictive and supports the "last
resort" philosophy .
There was general agreement that evaluation of alternatives traditionally has
not considered the private and social costs .
In the case of deep well disposal
it is difficult to place a value on the space utilized .
There was some agreement that too little attention has been given to the external costs associated
with failure in the case of waste management alternatives .
The role of taxes, surcharges, subsidies, and other economic incentives were
considered, but the consensus was that they should not be integrated into
a regulatory program of deep well waste management at this time . Reviewers
thus recognized that combining economic incentives with regulation merits
further study .
The concept that deep well injection should be considered only where natural
safeguards exist was thought too constraining .
The reviewers generally felt
that injection technology has advanced to the point where engineering risks
associated with the construction, operation, and maintenance of injection
wells are of low magnitude, thereby eliminating the need for complete reliance
on natural safeguards .
This conclusion does not, however, remove the requirement that favorable physical conditions must be present before the injection
well technique is used .
Deep well injection should be used with caution in general geologic terrains
having a large number of faults or a history of high frequency and high intensity earthquakes .
Under these conditions, the site examination should be
more thorough and more intensive monitoring should be required .
Blanket exclusion should not be made, however, until after a complete evaluation of all
costs associated with alternate methods of waste management .
In the past many
areas have been labeled "high risk" largely on the basis of potential earthquake intensity, with little regard for their relative infrequency .
In such
"high risk" areas, background data on seismic activity should be gathered
prior to the installation and operation of a well so that future seismic
activity will not unjustifiably be attributed to the well's presence .
Reviewers felt that establishment of a standard minimum brine concentration
for the designation of acceptable disposal zones was too restrictive . They
recommended authorization for the management agency to make such determinations
with adequate allowances for flexibility to accommodate local conditions .
For
example, an area with declining population might permit deposits of waste into
an aquifer with a relatively low brine concentration because of the remote
possibility that the water later would be reclaimed to accommodate future
growth .
The consensus of the group was that general guidelines for well design and preliminary testing programs had merit, but that it would be impractical to
establish minimum standards to be adhered to under all circumstance . The

emphasis, they felt, should be on acquiring well-qualified individuals in a
regulatory agency rather than relying too much on standards which could not
be uniformly applied .
Problems that arise when political boundaries do not correspond with geologic
formations were discussed at length .
Interstate arrangements were suggested
as one means of alleviating potential problems between states, but limitations
regarding this mechanism were recognized . Politically, interstate agreements
have not been popular . Administratively, they often are ineffective because
of political compromises made at the time of formation .
The group anticipated that the Environmental Protection Agency is likely to acquire more
authority in this area, and that one result may be the propagation of federal
guidelines designed to obtain a fair amount of conformity in state regulations .
Many problems were seen as resolvable at the operational level, on an informal
basis .
Highly competent personnel will be required to effectively administer regulations regarding this waste management technique, the reviewers noted .
They
urged caution, however, that this responsibility not be placed with an administrative agency lacking the required specialized expertise . Vesting of
management responsibilities must be accompanied by the necessary expansion in
staff capabilities .
Budget requirements will depend on whether the agency
responsibility primarily serves a review function or is required to assume a
more active role in monitoring and inspection .
The participants were generally split as to the best method of managing underground space .
Many felt that the matter should be left to the courts, and
the problems resolved on a case-by-case basis . There was some support for
having the state condemn any private interests in the subsurface below a certain level, thereby committing the space to the public domain and exclusive
control by the state .
There also was serious concern as to whether the market
mechanism is the best method of allocation under existing conditions, where
the extent of subsurface ownership is not well defined .
Effective control over the design, maintenance, and operating procedures
for disposal wells by a regulatory agency was thought to be the best mechanism
for avoiding accidents resulting in damage or injury to third parties . The
general view was that ultimate responsibility for damages or injury should
rest with the injector . There was very little support for the concept that
the government should become an insurer, and little interest in the establishment of a compensatory fund from permit fee revenues .
It was generally accepted that the risks of the injection well technique should
be determined by evaluating the probability of the occurrence of injury and
the amount of potential loss .
Most decisionmakers have concentrated on loss
potential, giving little weight to the fact that, in the case of injection
wells, the probability of loss appears extremely low .
The group thus recommended that a detailed study be undertaken of wells which have failed or
have been closed down to determine the nature and source of problems that
have arisen .
They noted the lack of scientific approach in most such evaluations, and that in some cases prohibitive laws have been passed on the basis
of highly emotional arguments having no factual foundation .

Workshop Recommendations :
1 .

2.

A series of case studies should be undertaken to determine :
(a)

The reasons for reputed well failures, which might include such
factors as poor engineering design, poor operation procedures,
inadequate monitoring, improper or insufficient subsurface in
vestigation, and lack of regulatory controls .

(b)

The extent of damage, temporary or permanent, resulting from
injection well malfunction .

(c)

The experiences of states which have followed negative or prohibitive policies with respect to injection wells .

(d)

What well-management practices have been employed, and with what
results--to include wells with both good and bad performance
records .

(e)

The extent that salt water injection of oil brines and the use
of shallow aquifers for municipal wastes have influenced public
policies on use of deep stratum for the storage of industrial
wastes .

Research should be undertaken to evaluate alternatives for the
allocation of injury and/or property damage resulting from deep well
injection, with particular attention for the following :
(a)

How should damages be determined?

(b)

Should potential damage be allocated strictly to the risk generator and, if so, what method is best suited for this purpose?

(c)

Is private insurance coverage presently available at reasonable
costs to cover any damages resulting from deep well operations?

(d)

Is some form of government insurance to cover potential catastrophic losses needed or desirable to make deep well injection a
viable alternative?

(e)

Is there need for a compensation fund, to be financed in part
by some method such as permit fees?

3.

A study should be conducted to identify types of economic incentives
that might effectively be incorporated into a regulatory program for
deep well injection .
The research should evaluate the relative merits
of a combined program as against one that is strictly regulatory in
nature .

4.

Research should be conducted to identify the institutional changes
that might be considered if private property rights remain the basis
for allocating use of subsurface space . Such a study should analyze
the problems of aquifer allocation in this context, and also explore

the need for and feasibility of designating subsurface space as part of the
public domain .

