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ABSTRACT

Groundwater laws in the western states are generally based on

the appropriation doctrine. These statutes usually allow new

withdrawals of groundwater, provided that the amount of interference

with neighboring wells is reasonable. Proposed withdrawals are

typically approved or denied on the basis of hydrologic projections.

This procedure can provide reasonable protection to existing

groundwater users, an objective of the appropriation doctrine. However,

it can also discourage the economic and social development of an area,

contrary to another objective of the appropriation doctrine. As an

alternative system, it is proposed that new withdrawals generally be

allowed. It is proposed that well interference projections be used with

other data to establish cost increases of senior water users as a result

of new withdrawals, and that these costs then be reimbursed by the new

user. This procedure is believed to be more consistent with

appropriation doctrine objectives.
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CHAPTER 1

INTRODUCTION

Water use is governed by state law and the courts. In a more

general sense, water use controls are established by the water use

doctrine of a particular area, upon which laws and court interpretations

are based. In the humid east, the riparian doctrine is the basis of

most water law. The basic tenets of this doctrine are that land owners

abutting streams can make use of water flowing therein, but only on the

adjacent land (Bradley, 1982). The amount of water that can be

consumptively used is determined by either mandating the maintenance of

natural flow or by allowing only a reasonable amount of water use.

In the American west, this doctrine proved to be largely

unworkable. Here, hundreds of miles may separate lands that abut

flowing streams. Potential beneficial  uses of water are rarely confined

to riparian land. Therefore, the appropriation doctrine was developed

(Bradley, 1984). The appropriation doctrine is best known by its primary

tenet of "first in time, first in right-" The right of the senior is

limited, in that the water must be put to a beneficial use. As a general

rule though, the senior water user has the better right, and the

junior's water use must not interfere with that of the senior. Subject

to some limitations, as established by courts and legislatures, the

appropriation doctrine has been applied to the use of groundwater by

most western states. Groundwater use by a junior user is generally

1
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forbidden to impair or interfere with the use of groundwater by a

senior. This requirement has generally been embodied in the laws and

regulatory systems of western states which have enacted groundwater

management statutes (Figure 1).

Impairment of the rights of a groundwater user is generally

defined to result when the withdrawal of water from a new adjacent well

causes an unreasonable drawdown in an existing well. When the American

west was being settled and the appropriation doctrine was being

established, hydrologic methods of analysis to determine the impact of

groundwater pumping on neighboring areas were not available. Since that

time, the science of groundwater hydrology has advanced considerably.

Methods of analysis to project drawdown have been established and

refined by scores of hydrologists.

The objectives of the appropriation doctrine were reviewed.

These were compared with the regulations controlling interference

between wells. It was found that these regulations were often at odds

with the goals of the appropriation doctrine. In addition, the controls

commonly did not depend on well established hydrologic concepts.

The purpose of this investigation was: First, to review

existing methods used by western appropriation states for the regulation

of interference between wells; second, to critique these methods in

light of appropriation doctrine goals and hydrologic concepts; and,

third to develop criteria for the regulatory control of interference

between wells which would be more consistent with appropriation system

goals and hydrologic concepts.
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CHAPTER 2

EXISTING SYSTEMS REGULATING INTERFERENCE BETWEEN WELLS

The statutory and administrative systems regulating interference

between wells in use in most of the western United States are a

derivative of the appropriation system of water rights. A fuller

understanding of statutes and administrative systems controlling well

interference is afforded by a review of the history of the appropriation

doctrine. In this context, the existing laws and administrative

procedures are more understandable and can be evaluated more critically.

The chapter ends with a critique of existing regulatory systems

controlling interference between wells.

The Appropriation Doctrine 

The appropriation doctrine was established in the American west.

Climatic conditions and economic opportunity (first in mining and later

in agriculture) often required that water be diverted from streams and

used at non-riparian locations. The appropriation doctrine was an

informal custom for a number of years and was eventually established

formally in a number of legal cases in various states. The first

reported case was that of Irwin v. Phillips (5 Cal 140 (1855) in Meyers,

1971), a California decision regarding two miners on public land. The

plaintiff, Irwin, who was the senior right holder, sought to enjoin

water use by the defendant, Phillips, the junior right holder. The

4
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trial court and the appellate court both held for the plaintiff. This

was based on the finding that a senior use of water away from the source

was superior to junior use on riparian land, and that the amount of

water used by a prior appropriator was not limited by the English

riparian rule or the American rule of reasonable use. This second

proposition was extended in the case of Butte Canal and Ditch Co. v.

Vaughn (11 Cal 143 (1858) in Meyers, 1971). The court held that in time

of shortage the senior user was entitled to the full quantity he

historically has put to beneficial use before the junior receives any

water, since the junior took the stream as he found it.

As development patterns became established based on

appropriative diversions of water, these development patterns were used

as further justification for use of the appropriation system. In the

Colorado decision of Coffin v. Left Hand Ditch (6 Colo 443 (1882) in

Moses, 1968), the court concluded by stating, "...Deny the doctrine of

priority of right by priority of appropriation and a great part of the

value of all this property is at once destroyed."

In summary, based on existing case law, a property right in the

use of surface water is created by the diversion and beneficial use of

water. The water can be used at any location. In times of shortage

water is allocated on the basis of "the last man to divert and make use

of the stream is the first to have his supply cut off" (Meyers, 1971).

Basically, the appropriation system as applied to surface water

became established and has endured because it has promoted development

by ensuring security of investment (Schaab, 1983; Meyers, 1971).
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Development has been and is a major objective of most western states,

and the appropriation doctrine promoted this objective (Trelease, 1965).

Because of the initial availability of surface water and the

limited use of groundwater, it was a number of years before disputes

arose over the use of groundwater. When disputes over groundwater did

arise in western states, it was the appropriation doctrine which was

typically applied by the courts to settle matters or make decisions

(Meyers, 1971; Hoskin, 1965; Moses, 1968). However, percolating water

(as opposed to groundwater in definable beds and banks) was often

excluded from the appropriation rule (Broadbent, 1958). The

appropriation system, as applied to surface water by the courts, was

used to allocate available flow. As applied to groundwater, the

appropriation system was usually used by the courts to protect seniors

from unreasonable interference or impairment caused by junior

withdrawals. The method used by the courts to protect seniors was

typically the enjoinment of junior pumping.

By the end of the 19th century, groundwater use had increased.

In typical development patterns, senior uses were agricultural and

junior uses were municipal and industrial. These junior uses were often

viewed as the more essential uses by society and legislatures, and there

was some concern that municipal and industrial uses would eventually be

curtailed by the strict application of the court administered

appropriation doctrine, which favored senior agricultural water uses

(Schaab, 1983). Before this could happen to any large extent, court
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administered appropriation systems were replaced (through state

legislation) with administrative control by state executive agencies.

New Mexico was the first state with a groundwater management

statute (Emel, 1983), and most of the western states have since followed

suit. The statutes relating to groundwater are generally based on the

appropriation system, with some basic exceptions. Rather than applying

the strict appropriation rule of "first in time, first in right" to

earlier versus later water users, the statutes typically provided for

parity among all existing (grandfathered) users. As put by Gould

(1979), priority seems to have separated the users from the non-users,

rather than to allocate water among users. Additional withdrawals

beyond the grandfathered amounts were typically provided for by an

appropriation or permit system. Seniors (grandfathers) were protected

from unreasonable interference by these new juniors, but not from

interference from other grandfathers, even if these grandfathers were

actually later appropriators. The strict_ application of the

appropriation doctrine was also modified in that certain uses were

typically given preference over other uses (Gould, 1979; Grant, 1981,

1983; Schaab, 1983; McGuinness,1951). Typically, domestic and municipal

uses were given highest preference, and sometimes stock and/or

industrial uses were given preference over agricultural use.

The protection of senior right holders, a major component of the

appropriation doctrine, was maintained in groundwater statutes through

the concept of non-impairment. The language of non-impairment statutes

is explored in the following sections.
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Legislative Provisions Relating to Control of Well Interference 

Nearly all western appropriation states have legislative

provisions relating to control of interference between wells. In

general, the statutes attempt to provide for protection of a senior's

water level from unreasonable drawdown or interference by a junior water

user. Put another way, the statutes allow for the withdrawal of

additional water beyond the total grandfathered amount, but only under

the condition that any impacts on the water level of a senior

(grandfather) are reasonable. Current statutory provisions relating

to control of well interference were largely compiled by Emel (1983) and

are presented in Appendix A-1.

Additional statutory provisions relating to reasonable

impairment of senior pumpers include regulating the distance between

wells (Nebraska, for example) and the New Mexico statute providing for

non-impairment by allowing the replacement of lost pumping capacity to

impacted seniors (termed the right of replacement statute which is part

of the Mine Dewatering Act). Statutory provisions relating to these two

situations are presented in Appendix A-2.

The similarities and differences among the different well

interference statutes are interesting and sometimes important in

determining how effective they are in protecting senior water rights.

The prevention of undue interference is accomplished in various ways in

terms of statutory wording. Many of the statutes call for the

maintenance of reasonable water levels (Colorado, Idaho, Montana, South

Dakota, Washington), while the Arizona statute provides for the
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prevention of unreasonably increasing damages, and the Oregon statute

refers specifically to the prevention of undue interference. The

wording of the Nevada and North Dakota statutes is framed in the

opposite direction, by allowing a reasonable decline in water level

rather than preventing an unreasonable decline. The effect of the

Nevada and North Dakota statutes may be the same, but the framing of the

words appears to indicate a legislative intent, or a preference, for

additional withdrawal.

Four of the statutes refer to pumping water level as opposed to

static water level, while two statutes refer to static water level.

Four of the statutes refer only to water level or depth to water,

without specifying pumping or static level. Most of the statutes seem to

be concerned only with the lowering of the water table, but the Kansas

statute considers impairment from both lowering and raising of the water

table. Only the Oregon statute contains a provision for establishing

the lowest permissible water level (though New  Mexico does this

administratively).

The economics of the depth to water may be implicit in all of

the statutes, but it is explicit only in the Kansas and Nevada statutes.

Arizona's prohibition against unreasonably increasing damages strongly

suggests the importance of the economic implications of withdrawal. Only

the South Dakota statute contains reference to the reasonable life of a

well.

Control of well spacing is the only method of limiting well

interference specified in the statutes of Nebraska and Oklahoma, which
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is a unique feature among the statutes reviewed. However, Oklahoma also

limits total withdrawals in a basin to the maximum annual yield of that

basin, as determinined by the state Water Resources Board. Other states

which have imposed well spacing controls include Colorado, New Mexico,

South Dakota, and Kansas (Emel, 1983), but in these states, well spacing

controls are used in addition to other means of control of well

interference.

The right of replacement statute in the New Mexico Mine

Dewatering Act is unique among the western states. The statute

provides, in effect, for the protection of the senior's right to an

amount of water as opposed to the protection of a historic water level.

The statute indicates that a new appropriator, in the case of a mining

firm, has the right to withdraw water provided that the impairment of

existing users is prevented or mitigated. The statute allows for

physical solutions, such as the provision of water or monetary

compensation for increased costs, as well as modification of the

proposed pumping regime. The statute also requires that a senior accept

a reasonable offer as determined by the state engineer's approval of a

proposed plan. Finally, the statute requires that compensation (if this

is the solution selected) is payable at the time that costs are actually

incurred by the senior.

Administrative Implementation

Water right legislation is administered by state executive

agencies. The administration is a function of the enabling legislation
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as well as the administrative discretion of the agency in terms of

statute interpretation.

It appears, based on Emel's (1983) discussion, that the methods

of administrative implementation are similar, even in states with

relatively different statutory language. Statutes controlling

interference between wells empower state administrators to make

decisions regarding proposed groundwater pumping where there may be

interference between a proposed withdrawal and an existing well(s).

Decisions by state administrative agencies are made either through the

use of formalized criteria, or on a case by case basis without

formalized criteria. The approaches taken by states in the

implementation of well spacing statutes and the right of replacement

concept (New Mexico) are significantly different, as these approaches

are based on significantly different enabling legislation.

Administratively, well spacing controls are the easiest to

implement. Essentially, the state establishes a review process before a

new well or withdrawal permit is issued. In the review process, the

distances between the proposed well and other wells of record in the

area are determined and compared to the minimum distance criteria. The

criteria are based either on legislative guidance (as in the case of

Nebraska) or determined by the administrative agency (as in Oklahoma).

If the distance criteria are satisfied, the well or withdrawal is

permitted.

The control of well interference through implementation of

reasonable impairment statutes is more difficult and also more complex.
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Of the 13 western states legislatively required to prevent the

unreasonable interference of new withdrawals on senior appropriators,

ten have no formalized criteria to determine what is a reasonable or an

unreasonable impact (Emel, 1983). These states utilize a case by case

review of proposed withdrawals to determine impacts and make decisions

based on the apparent reasonableness of projected interference. The

decisions may be based on internal agency guidelines or on the

professional judgement of the responsible agency official.

Formalized criteria defining reasonable interference are used in

Arizona, New Mexico, and the Odessa area in Washington. These criteria

are expressed as agency rules or regulations and are typically applied

only in designated basins.

The Washington regulations apply in the Odessa control area. In

the Odessa area, the maximum drawdown in the static water level cannot

exceed 30 feet in three years. The determination of the allowable rate

was based on an economic analysis of basin water uses (Emel, 1983).

Proposed withdrawals which are projected to exceed this rate of drawdown

are denied.

In New Mexico, criteria for determination of reasonable well

interference are applied in designated groundwater basins. In the

absence of other management objectives, such as planned depletion, the

rate of decline of static water level is limited to no more than 2.5

feet per year. Proposed withdrawals projected to exceed this rate are

denied. The criterion was established based on analysis of historical

withdrawals and their impact (Emel, 1983).
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In Arizona, regulations controlling interference between wells

apply in designated Active Management Areas. New withdrawals which are

projected to cause ten feet of water level decline or less in an

existing well in five years are permitted. Proposed withdrawals

resulting in projected interference of greater than ten feet for which

there are no mitigating measures are permitted as long as the impacted

well owners give their permission (in writing). This typically means

that the impacted well owners must be compensated to their satisfaction.

The criteria of ten feet specified in the regulation was established

through a review of past withdrawals and their projected impacts.

Details on the administration of the New Mexico right of

replacement statute for mine dewatering are not available because of the

newness of the statute (1980) and because no replacement plans had been

approved as of 1984 (New Mexico State Engineer, 1984).

Discussion of Existing Methods Regulating Well Interference 

Although there are similarities, methods used in the western

United States for regulating interference between wells obviously vary

state to state. The methods are based both on the statutes and

administrative procedures. In evaluating the various methods used, the

first question which needs to be answered is: What are the objectives

of well interference statutes? The answer to this question lies in the

roots of the appropriation doctrine. From this perspective, the various

systems regulating well interference can be more easily evaluated.
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Objectives of Systems Regulating Interference Between Wells

Systems regulating interference between wells are a derivative

of the larger appropriation doctrine. The systems thus have as their

objectives two fundamental and sometimes contradictory goals. The first

is the protection of seniors' rights and early investment (Grant, 1981;

Flint, 1968). This goal is often stated as the objective of providing

maximum security. At the extreme, it is achieved by requiring the

maintenance of historic water levels. The second goal is the

encouragement of economic and social development (Grant, 1981).

In undeveloped basins, the two goals of the appropriation

doctrine are compatible. This is because development (one goal) is

fostered by affording maximum security to individuals that settle first

and take risk (the other goal). Development in the west was fostered by

the use of concepts protecting early investment. However, in a

developed or partially developed basin, the two goals may be in conflict

as the protection of senior rights may preclude -additional withdrawals

and further development. As Hoskin (1965) stated, protecting seniors

often deprives others of their chance at economic success. It also

deprives society of additional economic and/or social development.

In terms of reconciling these two sometimes conflicting

objectives, most jurists agree that strict water level maintenance is

not reasonable (Grant, 1981; Schaab, 1983; Gould, 1979; Broadbent,

1956). Case law has generally held that the lowering of the water

table, in and of itself, does not constitute impairment (Flint, 1968).
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(Utah and Idaho may be exceptions to this general rule, as discussed by

Broadbent (1956) and Hoskin (1965), respectively.)

Further reconciliation of objectives is provided by the concept

that inefficient methods of withdrawal are not protected and that waste

of water is not allowable (Hutchins, 1940; Hoskin, 1965). However,

"wasteful means of diversion and use" has rarely been defined, and when

defined is often based on local (Hoskin, 1965). That wasteful practices

are not protected was stated by the court in City of Colorado Springs 

v. Bender (148 Colo. 458,464,366, P.2d, 552, 556 (1961) in Hoskin,

1965). The senior could not command the entire supply in order to

facilitate taking a portion of the flow. The court implied that the

senior must pay for a diversion of adequate depth.

The concept of non-interference works best in basins that

receive recharge and are not being overdrafted (mined). Often in this

case, the projected level of interference is not significant (depending

on the specific circumstances). In small, shallow, or artesian

aquifers, the concept of reasonable interference may not be applicable

because the total drawdown from new users may be extremely large. In

developed non-recharged basins and in over-developed basins which do

receive significant recharge, additional withdrawals often cannot be

made without large amounts of interference with existing water users. In

these latter situations, the reasonable pumping level concept must be

applied less strictly if additional withdrawals are to be allowed or

encouraged. Ideally, the concept of well interference protection should

be applied to an integrated hydrologic system (Moses, 1968). The impact
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of groundwater withdrawals on surface flow, and the impact of surface

water diversions on groundwater availability should be reviewed. There

should be no legal distinction between underground percolating water and

underground water flowing in definable beds and banks (McGuinness,

1951). In an area where the hydrologic system is not completely

analyzed, the total impacts of a proposed withdrawal may go unassessed.

Aquifer Management Versus Right Protection

Well interference statutes have as their major objective the

protection of a senior water user's right to withdraw groundwater. To

the extent that the water level in the senior's well declines

significantly as a result of a junior's withdrawal, his right has been

impaired.

The primary concern in aquifer management is not the protection

of an individual's rights, but the management of a groundwater basin.

The general goal of aquifer management may be safe yield or planned

depletion, which is usually prescribed in legislation. The management

of a groundwater basin is effected by controlling the existing, and

particularly new, withdrawals of groundwater. The controls can take the

form of prohibiting new withdrawals for particular uses, prescribing

restrictions on existing uses, prohibiting new withdrawals in certain

hydrologic situations, purchasing and retiring existing water rights,

augmenting supplies with new water sources, and/or any number of other

alternatives or combinations of these techniques.

Without the authority to limit total withdrawals, a state water

resources agency is likely to only partially meet the aquifer management



17

objectives of a basin, particularly if the objective is the attainment

of safe yield. According to Emel (1983), only five of the western

appropriation states (Colorado, Kansas, New Mexico, Oklahoma, and

Washington) have the authority to limit total basin withdrawals.

One tool which is used as a surrogate for limitations on total

withdrawals is the well interference regulation. Given a sufficient

density of wells in a basin, limitations on the extent of interference

can function similar to a limitation on total withdrawals. However,

interference regulations cannot be used as a perfect surrogate for

aquifer management, if for no other reason than because a groundwater

basin will never be uniformly covered with wells.

It is the author's opinion that some states, without broad

powers to limit total withdrawals in a basin, are making use of strict

well interference regulations in their place. In most cases this is

probably for the long term good of the public. The primary disadvantage

is that such a system may not allow for management trade-offs, such as

retiring other groundwater rights elsewhere in the basin. Such trade-

offs would be allowable under a system limiting total basin withdrawals.

Analysis of Statutory Differences

This section presents an evaluation of the statutory provisions

enabling the control of interference between wells. The major statutory

alternative of regulating the distance between wells is reviewed first.

The many alternatives within well interference statutes are then

reviewed. Finally, the New Mexico right of replacement statute is

critiqued.
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Regulating Distance Between Wells. The regulation of the

distance between wells is used in Nebraska, Oklahoma, and other states,

presumably to have some impact on the degree of interference between

wells. Statutes enabling the regulation of distance between wells do

allow for some control over well interference. However, the amount of

control afforded is minimal. This is because the amount of interference

between any two or more pumping wells is a function of not only the

distance between the wells, but the rate and schedule of withdrawals,

aquifer characteristics, and well construction characteristics. To the

extent that the regulation of the distance between wells does not

account for these factors, then the actual level of control over well

interference will be diminished in comparison to regulatory systems

which consider these factors. Because the Nebraska well spacing

requirement is state-wide, it is unlikely that the objectives of the

appropriation doctrine will be met on a consistent basis. Because of

variations in aquifer characteristics in different parts of tba_ state,

seniors in different areas will receive differing levels of protection.

On the other hand, because the Oklahoma statute allows for basin-

specific well spacing standards, it is more likely that seniors in

different basins will receive consistent levels of protection in

Oklahoma.

Statutes Regulating Well Interference. The similarities and

differences among statutes controlling the interference between wells

were presented earlier in this chapter. The basic differences relate to

regulation based on static versus pumping water level, the establishment
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of a lowest permissible water level, and the degree to which economics

are considered.

Several statutes require the regulation of the pumping water

level while others require regulation of the static water level. The

pumping water level is the actual level from which a groundwater user

must pump water. This suggests that well interference should be

regulated on the basis of pumping water levels. However, pumping water

levels are generally more difficult to measure than static levels. In

addition, well efficiency affects pumping levels, and another factor is

introduced.

Only Oregon (and in cases, New Mexico) establishes the lowest

permissible water level. Below this level, new withdrawals are not

permitted. At first glance, this appears to be a reasonable concept,

and it probably is a reasonable concept from the standpoint of aquifer

management. However, the depth from which water is withdrawn usually

has little influence on the degree of interference among wells.

The well interference statutes of Kansas and Nevada specifically

require the consideration of the economics of pumping water in the

determination of the level of interference. Arizona's statute also

implies that economics must be considered. There are two major facets

to the economic analysis in the Nevada statute: (1) The economics of

the withdrawal of water; and, (2) the economy of the area in question.

The economics of withdrawal includes such factors as the depth to water,

the efficiency of the pumps, costs of energy, and the economic return of

the use to which the water is put. Analysis of the regional economy
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includes these and many other factors. The increased costs of pumping

due to well interference was, and is, the driving force in the enactment

and enforcement of well interference statutes. Economics of pumping is

a legitimate factor, therefore, in the determination of a reasonable

level of well interference. However, the determination should reasonably

be limited to the increased costs to the senior user due to the new

withdrawals made by the junior user. Costs attributable to the decline

in the regional water level or long term declines due to grandfathered

pumping are relevant only from the perspective of the relative magnitude

of the increased costs attributable to the junior's pumping.

The question of the regional economy is more difficult to

address. The objective of the State legislature may range from

encouraging economic growth to maintaining the advantage of existing

water using businesses. The level of well interference tolerated could

be a function of the economic objectives of the area. However, the

ability of any group, whether it be businesses or a legislature, to

define a single economic objective for an area is often difficult.

The South Dakota statute contains a provision which ties the

rate of decline from well interference to the reasonable life of the

well. The implication is that an old well can be impacted more than a

new well because the old well has a shorter remaining life. This is

similar to providing less protection to older grandfathers than to

younger grandfathers. From this perspective the approach does not seem

reasonable. However, the approach would enable a greater level of

development in a given basin.
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Right Of Replacement Statute. The New Mexico Mine Dewatering

Act, of which the right of replacement statute is a part, was the first

major innovative legislative attempt to satisfy the requirements of the

appropriation doctrine as it relates to interference between wells. The

act only applies to new withdrawals being proposed by a mine. The

framework for settlement of interference complaints basically is that

senior users within the radius of influence of new pumping from the mine

are considered to be unharmed if they continue to receive the same

quantity and quality of water at reasonable cost. Settlement can be

achieved by cost reimbursement, provision of a new source of water, or

by provision with a new well. Reasonable mitigative offers (as

certified by the State Engineer) cannot be refused by the senior user,

and damages are payable at the time they are incurred. This system

concerns itself both with the objective of promoting economic

development and with protecting a senior's right. Ina strict sense,

the issue of controlling the amount of physical interference is largely

sidestepped in the legislation.

Evaluation of Administrative Systems Regulating Well Interference

The administrative implementation of statutes regulating well

interference varies in two major ways. States may adopt formal criteria

to guide decision making or they may decide questions on a case by case

basis. The case for informal versus formal criteria is discussed first,

and the specific formal criteria used in three states are then

discussed. Because the administration of well spacing statutes so

closely follows the legislative language, the administration of the
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distance between wells is not evaluated here. The New Mexico Mine

Dewatering Act (right of replacement statute) is new and has no history

of administrative implementation (New Mexico State Engineer, 1984).

One comment applies to both systems with formal and informal

criteria. Whether decisions are made on a case by case basis or on

fixed criteria, state regulatory agencies generally permit withdrawals

on the basis of the projections of drawdown provided by a hydrologic

analysis. As discussed in the next chapter, methods of analysis have

advanced considerably over the last 40 years. However, even under ideal

conditions, drawdown projections may be accurate to only 20 to 50

percent. In many cases, projections may be accurate only to within a

factor of two or three. It is with this level of accuracy that new

withdrawals are allowed or denied.

Formal Versus Informal Criteria. The desirability of formal

versus informal regulatory criteria for defining what constitutes

reasonable drawdown or interference is a major issue. Informal

criteria, where reasonable interference is defined on a case by case

basis, have the primary advantage of allowing maximum administrative

flexibility. This can often be equivalent to maximum approval of

withdrawal applications by the administrative agency due to the economic

interests of the applicants and the large potential for political

pressure. Informal criteria have been advocated by several observers

including Grant (1983), Schaab (1983), and Gould (1979). It is

interesting to note, however, that Gould was writing from the

perspective of water availability for energy development.
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Formal criteria, on the other hand, leave less flexibility, but

also less potential for political manipulation and/or administrative

indiscretion. Formal criteria are also administratively more easily

applied and can be more efficient in terms of staff time allocation

after the criteria are developed. The development of formal criteria

can be a long arduous task, however, with much difficulty in justifying

any proposed criteria for reasonable interference. Even when officially

adopted, a proposed set of formal criteria will not usually be

applicable in all hydrologic situations and pumping regimes. So there

will have to be some room for administrative discretion even in situa-

tions where formal criteria exist.

Formal Criteria Used in Western States. Formal criteria are

used in Arizona, Washington, and New Mexico. Essentially, all of the

criteria limit the degree of interference to a specific number of feet

per year. In Arizona the rate can be exceeded with the permission of

the impacted well owners.

In the Odessa area of Washington, a level of interference of 30

feet of decline in static water level over three years is allowable.

Approval or denial of a withdrawal application is based on a hydrologic

projection of the level of interference on neighboring wells. The use

of formal criteria in this case obviously allows for less administrative

discretion and has less potential for abuse. The system is more

sophisticated than simply regulating the distance between wells.

However, there are several criticisms that can be levied at this system.

First, the system does not make any allowances for hydrologic
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differences in various parts of the basin. Second, and perhaps more

importantly, this system does not allow for any type of mitigative

measures by the new water user. The fact that a proposed withdrawal

will have an impact on a neighboring well owner of 45 feet in three

years should be a moot point if the new user is willing to provide water

to the senior. Without such a provision the Washington system may fail

to meet the appropriation doctrine objective of promoting development.

The New Mexico system is similar to the Washington system except

that the allowable level of interference is 2.5 feet per year of decline

in static water level. The criticisms of the Washington system are

equally applicable to the New Mexico system.

The Arizona system allows ten feet of decline or less in water

levels at the closest well of record over five years of pumping (Arizona

Department of Water Resources, 1983). If the impact is greater than ten

feet in five years and there are no mitigating measures or circumstances

(economics, regional water levels, etc.), the permit is denied. The

system has several advantages over the systems used in Washington or New

Mexico. Interference greater than ten feet in five years is allowable

provided there are sufficient mitigating circumstances or provided the

senior water user gives his consent in writing. This aspect of the

Arizona system goes beyond the Washington and New Mexico systems in

terms of providing flexibility and consistency with appropriation

doctrine objectives. However, this approach gives much power to senior

well owners. The senior essentially has veto power over any

compensation proposed by the junior. Reasonable and even generous
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offers can be refused, with no recourse for the junior except to make a

more generous offer (or claim the original offer as a mitigating

measure). This hardly seems reasonable from the standpoint of promoting

development. The Arizona system also has the same limitation of not

providing for hydrologic differences in different parts of the basin.

Overall, the Arizona system is the most reasonable system in use by

western appropriation states, but additional changes could improve the

system.

The criteria in use in New Mexico, Arizona, and the Cessa area

of Washington were compared against one another in terms of the spacing

required for a given rate of withdrawal for conditions typical of the

regulated areas. In the Odessa area, transmissivity ranges from 20,000

gallons per day per foot (gpd/ft) to over 100,000 gpd/ft and the storage

coefficient ranges from .0015 to .006 (Luzier and Skrivan, 1975). Based

on calculations shown in Appendix B (which assume no recharge and

continuous pumping), the criteria require spacing of up to 3,000 feet

between a well producing 1,000 gallons per minute (gpm) and existing

wells. For conditions in New Mexico and Arizona, transmissivity was

assumed to range from 20,000 to 200,000 gpd/ft and the storage

coefficient from 0.05 to 0.2. Required spacing in New Mexico between

existing wells and a new well producing 1,000 gpm ranges to 7,000 feet.

In Arizona, spacing ranging to 6,500 feet satisfy the requirements.

Based on average conditions, the New Mexico criteria are the most

stringent, the Arizona criteria are the least stringent, and the

criteria for the Cdessa area of Washington lie somewhere between.



CHAPTER 3

TECHNICAL ASPECTS RELATING TO INTERFERENCE BETWEEN WELLS

Interference between wells occurs when the cone of depression

caused by pumping from one well results in drawdown of the water level

in another well. Methods of analysis for projecting the level of

drawdown surrounding a pumping well have been firmly established. This

chapter provides a review of literature dealing with that subject and

applies several techniques to selected examples. In addition, the

hydrologic principles relevant to regulating interference between wells

are reviewed.

Methods of Analysis 

The methods of projecting the water level surrounding a pumping

well are analogous to methods of evaluating pumping test data, although

the variables and the steps in the calculations are altered. This

section provides a review of that literature and also presents findings

based on the application of selected techniques to specific examples of

drawdown projections. The literature review includes only a brief

resume of the content of the major contributions. Further, the review

concentrates on practical analytical methods as opposed to theoretical

or mathematical methods.

The formula for nonsteady radial flow of water to a well was

developed by C. V. Theis (1935) based on an analogy to heat flow. The

26
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equations of water flow to a well and the methods of analysis of aquifer

test data analysis have been advanced by a number of hydrologists over

the past fifty years.

Significant contributions were made by C. E. Jacob throughout

the 1940's and 1950's. Jacob (1940) was the first to verify Theis'

solution based strictly on hydraulic concepts. In 1944, he introduced

adjustment factors for the analysis of a water table aquifer of limited

depth. Jacob (1946) was the first to present the solution for transient

conditions in a leaky artesian aquifer. He also introduced (1950)

modifications of the Theis solution for certain cases. This simplified

method consists of a straight line plot on semi-log graph paper and

bears his name by tradition.

Analysis of leaky artesian aquifers were further advanced by

Hantush and Jacob (1954 and other dates) and more recently by Neuman and

Witherspoon (1969). Neuman and Witherspoon, separately and together,

have made significant contributions to the theory and mathematics of

solutions to problems containing a relaxation of a number of the

assumptions typically made in the Theis analysis as advanced by earlier

researchers.

Simplified analytical methods were perhaps first pursued by

Wenzel (1942) who tabulated values of W(u) versus u in a large practical

range. The late 1950's and early 1960's saw the publication of a large

amount of information on practical methods of aquifer analysis based on

the theoretical and mathematical framework established by early

researchers.
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In 1962, the Illinois State Water Survey published Bulletin 49

by W. C. Walton, entitled "Selected Analytical Methods for Well and

Aquifer Evaluation." The contents of this bulletin were largely edited

into Walton's (1970) textbook, "Groundwater Resource Evaluation." In

these works, Walton summarized practical methods of aquifer test

analysis under a number of conditions. These included artesian, leaky

artesian, water table, and partially penetrating conditions. He also

summarized image well theory and methods of analyzing pumping regimes

encountering geohydro logic boundaries.

Ferris, Knowles, Brown and Stallman (1962) authored a Geological

Survey Water Supply Paper summarizing the body of knowledge then

available on the theory of aquifer tests. This was followed up by the

Geological Survey in 1963 when a number of yet unpublished papers on

practical methods of analysis were compilied. Ray Bentall (1963a) first

compiled and edited papers by Brown, Ferris, Jacob, Knowles, Meyer,

Skibitzke, and Theis. The most useful papers from the standpoint of

projecting interference between wells included a method of correcting

drawdowns based on partial well penetration by Jacob and a paper by

Theis, Brown, and Meyer presenting a method of estimating transmissivity

from specific capacity data.

Bentall (1963b) also compiled a number of papers on shortcuts

and special problems in aquifer test data analysis. Contributors

included Walton, Drescher, IaRoque, Theis, Brown, Warren, May, Lohman,

Conover, Reeder, Stallman, Cooper, Lang, and Moulder. The papers

presented various graphic methods of analysis and specific type curves
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for different problems. Of particular relevance to the problem of

projecting interference was a chart prepared by Theis for projecting

drawdown, type curves for nonsteady flow in an infinite leaky aquifer by

Cooper, and a discussion of the spacing of wells by Theis.

More recently, theory and methods in groundwater hydraulics have

been summarized by Lohman (1979). Included in that text are numerous

practical methods and examples in aquifer test data analysis.

In general the most useful method for projecting drawdown is the

Theis nonequilibrium formula. Other methods where various assumptions

are relaxed, and the mathematics is more complicated, may be necessary

in certain circumstances. However, type curves, and more importantly,

tabulated values of the well functions for many of these other formulas

are not available. In addition, some of these formulas require

information about the aquifer system which is not available.

As part of this investigation, projections of drawdown were made

using various methods to evaluate the applicability of the Theis

nonequilibrium formula under various circumstances. In addition, the

literature was reviewed for discussion of this same question. The

primary situations that were evaluated included the case of a large

confined aquifer, the case of a semi-confined aquifer with vertical

leakage, the case of an aquifer with partially penetrating wells, and

the case of a large unconfined aquifer. The Theis nonequilibrium

formula is obviously applicable in large artesian aquifers where the

major assumptions of the analysis are met, so this case will not be
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discussed at any length. Several examples of drawdown projections for

this case are shown in Appendix C-1.

Semi-confined aquifers with vertical leakage, or leaky artesian

aquifers, were also considered. If applied to a leaky artesian aquifer,

the Theis formula gives a projected drawdown value at a given distance

that is, in effect, a maximum value. Actual values would be smaller in

magnitude as a function of the amount of vertical leakage. The greater

the amount of vertical leakage, the greater the actual reduction below

the projected value, other factors held constant. Projections of

drawdown under leaky artesian conditions were made using the method

outlined by Walton (1962) based on the work of Hantush and Jacob (1955)

and Jacob (1946). Results are shown in Appendix C-2. Results similar

to these were also achieved using the Theis non-equilibrium method with

simple manipulations. This method yielded projected drawdowns close to

the Jacob-Hantush method, though the time to reach that drawdown was

significantly underestimated (Appendix C-2).

The effect of partial penetration was the third case considered.

If a well penetrates less than the full saturated thickness of an

aquifer, the actual drawdown will be greater than that predicted by the

Theis method (Jacob, 1963; Hydrologisch Colloquium, 1964). Methods

correcting for the effects of partial penetration in an aquifer test

were presented by Walton (1962) based on equations developed by Butler

(1957) and Jacob (1963). These methods are also applicable to the

problem of projecting drawdown surrounding a partially penetrating

pumping well. However, use of these techniques are not necessary when
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aquifer parameters are developed from unadjusted pumping tests

representing similar partially penetrating conditions. In other words,

if the aquifer parameters were developed on the basis of wells which

were partially penetrating (and there were no adjustments for partial

penetration in the original analysis), then these data could be used

directly for predicting the drawdown surrounding a well penetrating the

same zones. The degree to which the Theis projections would diverge

from projections made under the adjusted methods is an inverse function

of the degree of penetration, other factors being equal.

Use of the Theis formula for projecting drawdown surrounding a

well pumping from a water table aquifer can be made under certain

circumstances. The primary areas where the conditions in a water table

aquifer diverge from the assumptions of the Theis formula include

delayed drainage and the reduction of transmissivity due to the

dewatering of a portion of the aquifer. Delayed drainage becomes

unimportant as time increases and the effects of drainage diminish. The

time at which the Theis nonequilibrium formula becomes valid for water

table conditions was reported by Walton (1962) based on a formula

developed by Bolton (1954). The effects of diminishing transmissivity

can effectively be ignored if the thickness of the aquifer is

sufficiently great. Otherwise, adjustments to the drawdown data can be

made to account for this effect based on a formula developed by Jacob

(1944) and included in Walton's (1962) bulletin.

Two special cases of aquifer conditions were also evaluated as

part of this investigation. These included the impact of pumping from
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the lower part of an alluvial aquifer on the water levels in the upper

part, and the impact of pumping in the vicinity of an intermittent

stream. In an alluvial aquifer, the vertical permeability is normally

much less than the horizontal permeability. Equations based on the

assumption of isotropy, such as the Theis nonequilibrium formula,

therefore cannot be used with accuracy for projecting the impact of

pumping from one zone on the water levels in another zone. Based on

observations of water levels and the perforated intervals in wells, and

based on knowledge of subsurface geology in the Upper Santa Cruz Basin

(Upper Santa Cruz Basin Mines Task Force, 1979), pumping from the lower

section in an alluvial aquifer has a significantly delayed or reduced

impact on the water levels in upper sections of the aquifer. The effect

is similar to conditions in a semi-confined aquifer and analogous to the

case of partially penetrating wells in different zones of an aquifer.

The case of a partially penetrating well open to the bottom of an

aquifer and an observation well open at the top of an aquifer was

discussed by Walton (1962) based largely on the work of Butler (1957).

The formula presented in Walton (1962) was used in a hypothetical

example. In addition, the Theis formula was used to project drawdown

the lower section, and the head differential created between the lower

and upper sections was used with assumed values of vertical permeability

to project declines in the upper unit. The results of these two methods

of analysis (for similar values of vertical permeability) are shown in

Appendix C-3. The results for the manipulatedTheis method varied

significantly with values of the aquifer thickness between the
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perforated interval of the wells. The method presented by Walton (1962)

is therefore believed to give better results.

The situation of a well withdrawing water in the vicinity of an

intermittent stream cannot be analyzed by the traditional method of

images because the water table is not in constant communication with the

water in the stream. The most reasonable method of dealing with this

condition, if average long term stream channel recharge is known, is an

iterative process of projecting the effective radius of the well, the

amount of recharge captured, and reprojecting the radius based on

withdrawals minus recharge. This method is shown in Appendix C-4.

The methods for analysis of pumping test data and projecting

drawdown are well established. When methods firmly established in the

literature are unavailable for a particular situation, modifications can

often be made to represent the conditions under consideration. The

larger problem in projecting drawdowns is recognizing the particular

hydrogeologic conditions under consideration. In the analysis of

pumping test data, factors such as geologic boundaries and vertical

leakage can often be inferred from the pumping test data. However, in

the projection of drawdown, such factors may be unknown if pumping tests

have not been done in the particular area. Even if they have been done,

limitations on the quality of input data are usually the more limiting

factor governing the quality of results, as opposed to limitations of

the analytical methods used. A good example of this is related to

specific yield values. Specific yield values obtained from short term

pumping tests may be as much as several orders of magnitude smaller than
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actual values obtained from long term tests in water table aquifers

(Harshbarger, 1971). Use of specific yield values that differ by one

order of magnitude result in projected drawdowns that can differ by 50

percent. Another particularly important factor is that of confining

beds which act to separate aquifers. Such beds may go unnoticed in

terms of regional hydrologic investigations and/or modeling, such as

typically used for regulatory purposes. However, these beds may serve

to effectively limit the impact of withdrawals made from the lower unit

on owners of wells penetrating the upper unit (and vice versa).

Regulatory agencies can properly decide to require that analyses be done

with more conservative assumptions and aquifer parameters when

hydrologic conditions are uncertain. However, the regulatory agency

also bears the primary responsibility for improving the quality of the

data base to ensure that the most effective use is made of a region's

water resources.

General Hydrologic PrincipIes -Relevant to
Regulating Interference Between Wells 

The basic principles relating to aquifer management and to

regulation of interference between wells were covered by Theis in his

early writings (1935, 1938, 1940). Particularly important principles

were discussed clearly and more recently by Harshbarger (1971) and

Bredehoeft, Papadopulos and Cooper (1982).

The most basic principle is that some water must be withdrawn

from storage in order to create a gradient necessary to pump water from

a well. Some water must be mined in order for aquifer development to
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take place. The new stress of this withdrawal must be balanced by an

increase in recharge, a decrease in discharge, loss of water from

storage, or some combination of the three. The cone of depression from

a pumping well will continue to expand until an area of recharge or area

of discharge is encountered. The rate of growth of the cone of

depression is basically a function of the aquifer characteristics. The

cone of depression grows as much as 100 times as fast in an artesian

aquifer as compared to a water table aquifer (Theis, 1940). The rate

at which a new steady state is reached is a function of the rate at

which natural discharge or -rejected recharge can be captured. In theory

(Theis, 1940), wells in artesian aquifers obtain most water by an

increase in recharge or a decrease in discharge. The cones of

depression are relatively large and the entire aquifer can be treated as

a unit. In water table aquifers, on the other hand, cones of depression

are relatively small and most water is derived from storage, though this

can also often be replaced by recharge. For management purposes,

therefore, the entire aquifer cannot be treated as a unit.

These concepts are actually relevant primarily to aquifer

management, as opposed to the regulation of interference between wells.

Aquifer management attempts to control withdrawals to achieve safe yield

(or some other objective). The regulation of interference attempts to

protect individuals from infringement on their rights. The level of

protection in these two related programs needs to be consistent, and

the technical aspects noted above must be accounted for in both aquifer

management and in interference regulation.



36

Any regulatory system should not be unnecessarily strict so as

to prohibit reasonable reductions in storage. The system should

encourage withdrawals that capture discharge and rejected recharge

through the location of wells. In areas of no recharge, the regulatory

system should encourage as uniform a spacing of wells as possible,

consistent with variations in aquifer parameters. Estimates of capture,

through discharge or rejected recharge are particularly relevant to

aquifer management, and thus to well interference regulations.

Capture of such water sources results in an effective increase

in groundwater supplies. However, if the basin is already developed,

this potential water supply may, in fact, have been previously

appropriated. For example, the source of water in a stream may be

groundwater effluent. Groundwater pumping in the vicinity of the stream

could cause a reduction or elimination of stream flow. However, if the

water in the stream was appropriated, such groundwater pumping would

result in interference with the rights of surface water appropriators.

A current example where this question is relevant is the proposed

pumping by the City of El Paso in the Rio Grande basin in New Mexico.



CHAPTER 4

PROPOSED SYSTEM FOR REGULATING INTERFERENCE BETKEDFVEILS

There are a number of shortcomings with the existing regulatory

systems controlling interference between wells. Therefore, an

alternative system for regulating interference between wells is

proposed. The advantages and disadvantages of this proposed system are

then reviewed.

Proposed Regulatory System

The proposed regulatory system is composed of two parts. These

are: (1) The management criteria that determine the allowable well

interference impacts; and, (2) the methods of analysis.

Management Criteria

The goals of the appropriation doctrine are to promote economic

and social development and to protect water right holders. The

objectives of a regulatory system controlling interference between wells

should be: (1) To meet the goals of the appropriation doctrine; (2) to

be simple to administer; and, (3) to be equitable. An additional

objective of most water management agencies is to maintain basin water

use at or less than the sustained yield or renewable supply. Balancing

this last objective with the primary objective of the appropriation

doctrine requires the full utilization of the renewable water supply.

This would provide maximum economic development of the area but would
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also constrain water use to the available renewable supplies. Such

management would have to take note of the basic hydrologic principle

that increased rates of recharge and reduced rates of discharge could

often be induced through the lowering of the regional water table. This

point was made first by Theis (1940), but has commonly been overlooked

by regulatory agencies.

The proposed regulatory system would have as its fundamental

objective the full utilization of renewable water supplies. This

objective would govern well interference regulations as well as aquifer

management regulations. The latter is not considered further in this

discussion. The objective would be tempered with a secondary objective

of protecting water sources and pumping costs of seniors in appropriate

circumstances, as described in the following paragraphs.

The first step in the proposed regulatory process would be the

definition of basin boundaries. This task would be the function of the

appropriate state regulatory agency. The primary factor governing the

definition of boundaries would be the existence and location of

geohydrologic boundaries. For example, areas of low permeability rock

in mountain ranges often separate aquifer areas in the Basin and Range

province of the southwestern United States. Faults can also act a

geohydrologic boundaries. In cases, it may be appropriate to define

sub-basins within basins for management purposes. In water table

aquifers, the impacts of pumping and recharge may be very localized

(Theis, 1940). In water table aquifers with definite recharge areas, it

may be appropriate to designate areas adjacent to recharge zones as
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separate sub-basins. The sub-basin boundary could be determined by

whether or not the cone of depression of a given sized pumping well

would intercept the recharge area. The effects of pumping in a confined

aquifer spread rapidly and are often felt throughout large areas of the

the basin. In this case, the definition of sub-basins for management

purposes would probably be unwarranted. In all cases, the proposed

boundaries of basins and sub-basins within a state should be formally

adopted by the state agency through a process including public hearings.

The second step in the proposed regulatory process would be the

designation of the management objective of each basin or sub-basin. The

management objective could range from a goal of safe yield to a goal of

planned depletion at some rate. In most states, the management

objectives are set by the legislatures. If an administrative process is

used, public hearings should be mandatory before a final decision is

made by the state agency. The management objective would govern both

the well interference regulations and aquifer management regulations.

On the basis of the aquifer management objective and on

hydrologic conditions in each basin, it is proposed that each basin or

sub-basin would be designated as a "Compensation Basin" or a "Non-

Compensation Basin," for the purpose of regulating well interference.

In Compensation Basins, senior water users would generally have to be

compensated by new users for pumping cost increases caused by their

withdrawal. In areas designated as Non-Compensation Basins, any

increased pumping costs due to the junior's withdrawal would have to be
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borne by the senior. This is discussed more fully in following

paragraphs.

The designation of Non-Compensation versus Compensation Basins

is proposed to occur in the following manner. Basins with an aquifer

management objective of some rate of planned depletion would be

designated Non-Compensation Basins. It would be each water user's

responsibility to provide himself with a well of adequate depth. The

rationale for this designation is that in a basin with the objective of

utilization of all available water, there should be as few deterrents as

possible to increased water use. Basins and sub-basins with a

management. objective of safe yield could be designated as Non-

Compensation Basins or as Compensation Basins by the state agency.

The criteria for the designation of a "safe yield basin" as a

Compensation Basin would be the potential for increasing recharge or

decreasing discharge as a result of increased pumping. If basin-wide

recharge could be increased, or if basin-wide discharge could be

decreased, as a result of additional pumping, then the basin or sub-

basin would be designated as a Non-Compensation Basin. If additional

pumping in a particular area would not increase basin-wide recharge or

decrease basin-wide discharge, the basin would be designated as a

Compensation Basin. The rationale for this proposal is as follows.

Withdrawals which increase available supplies, or the yield of a basin,

provide a benefit to society in terms of additional development and

should be encouraged. To the extent that this benefit is provided

within the "safe yield" of the basin, the existing users should absorb
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the costs associated with greater depth to water. Withdrawals which do

not increase supplies primarily provide a benefit to the new water user.

Society gets the benefit of additional development, but at the expense

of withdrawals beyond the safe yield of the basin. To the extent that

societal benefits are marginal, those persons impacted by the withdrawal

should be compensated by the new user. The designation as a

Compensation Basin is proposed to be reversible, based on additional

hydrologic information not available at the time of the original

determination. Undeveloped basins with a goal of safe yield would

initially be designated as Non-Compensation Basins. Rede.signation could

proceed when there was sufficient hydrologic information available to

support the analysis. In all cases, designation of basins as

Compensation or Non-Compensation Basins would include a public hearing

process.

As a general example, floodplain areas in the southwestern

United States, where depth to water is less than 40 or 50 feet, may

support large stands of phreatophytes. Additional pumping could cause

lower water tables, less water use by the phreatophytes, and a net

increase in available water supplies. In such a case, this area (sub-

basin) would be designated as a Non-Compensation Basin until the water

table reached a depth at which phreatophyte water use was minimal. At

this point, the area would be redesignated as a Compensation Basin.

Another example is the case of a basin receiving recharge at a

mountain-front area. In certain circumstances, pumping groundwater from

the aquifer at the base of the mountain could steepen water table
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gradients and increase the rate of recharge. In such a case, the sub-

basin would remain designated a Non-Compensation Basin until conditions

are such that additional withdrawals result in no increase in the rate

of recharge.

As a final example, consider two designated groundwater basins.

Basin A is upgradient of Basin B, and groundwater underf low from Basin A

to Basin B takes place. Basin A is designated as a "safe yield basin"

and Basin B is designated as a "planned depletion basin." If pumping in

the downgradient end of Basin A would flatten water table gradients and

decrease discharge to Basin B, such withdrawals should be encouraged by

designating the downgradient area of Basin A as a Non-Compensation

Basin. This designation should remain as long as outflow could be

further decreased through additional pumping.

A detailed example application of the proposed regulatory system

is given in Appendix E.

An additional point on the designation of Compensation versus

Non-Compensation Basins is in order. Water users in Non-Compensation

basins are responsible for providing themselves with a well of adequate

depth. In order to do this at a minimum long term cost, it is important

to know regional rates of water level decline, as well as the depth to

water at which the designation might be changed to a Compensation Basin.

It should be a responsibility of the state agency to develop and provide

such information. Rates of regional water level change can be

determined through annual water level surveys. The depth to water at

which the designation of the basin might change is more difficult to
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determine. This is essentially the depth at which regional recharge is

being maximized and discharge is being minimized. Such projections may

be relatively simple in the case of phreatophyte discharge areas, but

very complex, or even impossible, in the case of mountain-front recharge

or groundwater underf low areas. To the extent that reasonable estimates

are possible, they should be made available to water users and potential

water users.

In Non-Compensation Basins, the responsibilities of various

water users is clear. Junior (new) users may withdraw water, subject to

other aquifer management requirements, and no compensation to seniors is

necessary regardless of the degree of interference between the new

withdrawal and the existing users. In Compensation Basins, cost

increases of the senior, which are attributable to new withdrawals must

be borne by the respective new user. It is proposed that a threshold

level of impact be determined below which compensation would not be

required. The amount, expressed as feet per year, would be established

administratively. The bases of the threshold are that at some level,

the cost of administering the funds transfer far outweighs the funds

transfer itself, and that the accuracy of the hydrologic projection and

cost estimates are limited.

It is proposed that only the costs associated with increased

pumping lift, increased maintenance, and/or well deepening would be

compensated by the junior. Costs such as repair work that would have

occurred anyway would remain the responsibility of the senior. The

method of calculating cost increases of seniors would be determined by
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the applicant for the new withdrawal and approved by the state

regulatory agency. It is proposed that the state regulatory agency be

required to summarize pumping costs per unit decline in head for the

various Compensation Basins. The method of calculating cost increases

would be vastly simplified with such depth/pumping cost information, and

especially in cases where water levels have been historically measured

and where the energy usage for pump operation was metered separately.

To ensure greater accuracy in projections, the junior could be required

to do a long term pumping test as a condition of a withdrawal permit.

If the new water user's withdrawals would effectively eliminate the

yield of the senior's well, then water would have to be provided to the

senior, either through deepening of the senior's well (at the junior's

expense) or through use of the junior's well. In either case, senior

cost increases due to the junior's withdrawals would have to be borne by

the junior. The senior would continue to be responsible for fixed

costs, costs of repair, historical energy costs plus any increases

attributable to factors other than the junior's pumping (such as

regional water level decline, energy cost increases, or reduced pumping

efficiency).

It is proposed that the senior water user would have no grounds

for objection to the new withdrawal, other than to object to the method

of calculating compensation. If there was an objection, it would be

settled by the state regulatory agency. The basis for the decision would

be the accuracy of the data presented by the respective parties. For

example, if the junior's estimate was based on regional averages of
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pumping costs while the senior had a detailed record of water levels and

pumping costs, the senior's estimates would prevail.

It should be emphasized that while new withdrawals would not be

prohibited on the basis of interference between wells, the state aquifer

management program might prohibit new withdrawals on the basis of

regional water level declines or total withdrawals in excess of safe

yield. If such an aquifer management program were in place in a state,

the requirements would be in addition to those of the well interference

program.

Methods of Analysis

With the proposed criteria for regulatory control of

interference between wells, standard methods of analysis could be

employed for projection of drawdown, as established in the literature.

In Non-Compensation Basins, essentially no analysis would be required

for the permitting of withdrawals. The state regulatory agency would,

however, need to have a basic hydrologic data program to détermine the

extent of available water supplies available for withdrawal. This could

be done through measuring depth to water in key wells and stream flow

gaging

In Compensation Basins, preliminary calculations of drawdown and

interference with existing wells would probably be necessary prior to

permitting new withdrawals. However, these approximations could be

refined at later dates as more information became available,

particularly if a pumping test was a requirement of the withdrawal
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permit. This data would be used to estimate increased pumping costs of

seniors.

Cost estimates would be simple if historic water levels had been

measured and if energy usage for pump operation had been separately

metered. However, even approximate methods for estimating pumping costs

utilizing projected drawdown and regional depth/pumping cost

relationships could be employed (after Hathorn, 1981). An example of

such an estimate is shown in Appendix D. Those estimates would be

simplified and standardized with the state regulatory agency developing

estimates of pumping costs as a function of location (basin), energy

source and depth to water.

Discussion of Proposed System

The proposed regulatory system for controlling interference

between wells has as its roots the goals of the appropriation doctrine.

Some of the proposals of Hoskin (1965), some of the facets of the New

Mexico Mine Dewatering Act, some hydrologic common sense, and a degree

of flexibility have been used in its development..

The most basic advantage of the proposed system is that it

promotes the full utilization of renewable regional water supplies while

giving full protection to seniors in cases where additional water cannot.

be captured. Full utilization is promoted because even in basins with

safe yield as a management objective, new withdrawals are allowed (with

no compensation to seniors for interference) where the withdrawal would

increase recharge or decrease discharge. In "safe yield basins," where

water supplies cannot be increased (recharge cannot be increased and
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discharge cannot be decreased) by new withdrawals, seniors are

compensated for cost increases directly resulting from new withdrawals.

Few of the regulatory systems controlling interference between wells in

use in the west today accomplish the objective of promoting full

utilization or maximum capture. The proposed system also has some

operational advantages over some of the existing regulatory systems.

The proposed system has an advantage over those regulatory

systems employing a case by case analysis in that the criteria for

decision making is clear. This eliminates any problem associated with

arbitrary decision making. Once an area is designated as a Compensation

Basin, all potential new water users must abide by the same rules. The

designation of basin or area boundaries, although guided by a hydrologic

investigation, could possibly be manipulated for political purposes,

however.

One basic advantage over those regulatory systems employing

fixed criteria for approval of proposed withdrawals is that a specific

level or amount of interference does not have to be identified as being

reasonable or unreasonable. This eliminates the problem of having to

establish and defend a specific number (ten feet per year, for example).

The regulatory agency must only defend the designation of an area as a

Compensation Basin, and this decision would be based largely on

hydrologic information with limited subjectivity on the part of the

agency. Rather than denying a permit to withdraw groundwater on the

basis of a hydrologic analysis yielding a specific number (the magnitude

of interference which is unreasonable), the withdrawal permit would be
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issued and the hydrologic analysis would be used to determine the amount

of compensation to the senior (if the basin were designated a

Compensation Basin). It seems much more reasonable to use a general

hydrologic analysis for determining an amount of payment as opposed to

determining whether or not an individual can withdraw groundwater.

The weakest part of this proposal is that seniors in undeveloped

(Non-Compensation) basins are afforded no protection in terms of

declining water levels. This is in contrast to that tenet of the

appropriation doctrine that seniors, who settle first and take risks,

should be rewarded or at least protected for their efforts. Some

protection could be provided to these seniors if the proposed regulatory

system was modified so that juniors and seniors would split the senior's

increased pumping costs in such basins. In the author's opinion,

however, the goal of promoting development is more important than the

goal of protecting a senior's water level, because development is for

the benefit of many people, while the protection of water levels

typically benefits only a few. To the extent that a senior has

established himself, he has probably developed some competitive

advantage over potential competitors in the same business (farming, for

example). In this case the senior could probably afford increased costs

and remain competitive. However, in the case where the junior user is

withdrawing water for a different purpose (mining for example), it may

be feasible for the junior to pump from levels which are economically

disastrous for the senior. This remains a shortcoming of the proposed

regulatory system.
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The proposed regulatory system is also weak in application to

basins that do not receive significant recharge. If such a basin were

to have a management objective of safe yield, every subsequent water

user in the basin would be paying compensation to every prior water

user, and the economics would soon dictate that additional withdrawals

would cease. This result might be consistent with regulatory

objectives. If so, then there would be no problems. If however, the

legislature or regulatory agency wants to foster development in such a

basin, it would have to establish a management goal of long term

depletion of the basin. In this case, the basin would then be designated

as a Non-Compensation Basin.

Another problem in terms of the operation of the proposed system

is that of deciding the method of analysis for determining compensation.

Ideally, guidelines would be developed by the state regulatory agency.

It could also be feasible to allow a number of different methods; a case

by case approach. However, if there were a large number of methods,

regulation of the system could become burdensome after a point.

A final shortcoming of the proposed system is that

administration of the compensation may be a burden. Current systems in

use in the west are relatively simple to administer: An individual

makes application and a decision is made by the regulatory agency.

Under the proposed program, there may have to be annual review of each

previously permitted withdrawal to see that appropriate payments are

made. This process would be simplified with the development of formulas

for calculating costs. If these were developed in a simplified manner,
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each senior user could be made responsible for monitoring annual

payments and notifying the regulatory agency if payment is late or if

the amount is incorrect. If this were not feasible, state

administration could be facilitated with the use of computers. Further,

collective costs of administration could be levied on permittees, the

primary beneficiaries of the system.

Overall, the proposed regulatory system is more consistent with

appropriation doctrine objectives and more equitable than most of the

regulatory systems in use today in western appropriation states.



CHAPTER 5

SUMMARY AND CONCLUSIONS

Western states with groundwater management statutes have as part

of their laws and regulations, provisions controlling interference

between wells. These provisions generally stem from and attempt to meet

the non-impairment objectives of the appropriation doctrine. Most of

the existing regulatory systems meet this objective to some degree.

Few, however, meet the other primary objective of the appropriation

doctrine, which is the full utilization of water resources to the end of

economic development-

Of the existing systems, those relying on uniform well spacing

are believed to be the least desirable and least consistent with modern

hydrologic concepts. Those systems employing formal criteria are

believed to be superior to thoseutilizing case by case analysis, as

chances for administrative indiscretion or political manipulation are

decreased. Of the three sets of formal criteria, those used in Arizona

provide the most flexibility in terms of allowing the mitigation of

impacts on seniors, through both modified pumping regimes and monetary

compensation. Even in Arizona, the proposed mitigation must be formally

accepted by the senior. The right of replacement statute in the New

Mexico Mine Dewatering Act goes one step further in requiring the senior

to accept reasonable compensation or mitigating measures.
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The regulatory systems reviewed, except that established by the

Mine Dewatering Act, use projections of interference (drawdown) to

approve or deny groundwater withdrawal applications. Although available

hydrologic methods can yield reasonable results given accurate input

data and good knowledge of hydrogeologic conditions, the overall

accuracy of such projections is limited by the general lack of technical

information in many areas.

Based on these technical limitations, and based on the

development objective of the appropriation doctrine, alternative

regulatory criteria for the control of interference between wells are

proposed. The proposal set forth in this paper is that well

interference projections should not be used to deny applications for the

withdrawal of additional groundwater. Rather, it is proposed that new

withdrawals be allowed, and that in specific circumstances, interference

projections and other data be used to establish cost increases of

seniors, as a result of new pumping. It is proposed that senior

groundwater users would then be compensated by the new users for the

impairment caused by new withdrawals. In cases where additional

unappropriated water can be captured by the lowering of the water table

associated with new withdrawals, it is proposed that these new

withdrawals be unconditionally permitted. In this case, the costs

associated with greater pumping lifts would have to be borne by senior

water users. It is believed that this proposed system will better

achieve the full development objective of the appropriation doctrine

without unduly compromising non-impairment objectives.



APPENDIX A

STATUTORY PROVISIONS RELATED TO WELL INTERFERENCE

A-1. Statutes Controlling Interference Between Wells

State/Citation	 Statutory Language

Arizona	 The director shall adopt rules and regulations
ARS 45-598A governing the location of new wells and

replacement wells in new locations.. .to prevent
unreasonably increasing damage to surrounding land
or other water users from the concentration of
wells.

Colorado
	 Prior appropriation of groundwater should be

CRS 37-90-102
	 protected and reasonable groundwater pumping

levels maintained, but not to include maintenance
of historic water levels.

Idaho	 ...early appropriators of underground water shall
ICA 42-226	 be protected in the maintenance of reasonable

groundwater pumping levels as may be established
by the... [Director of the Department of Water
Resources].

Kansas	 With respect to whether a proposed use will impair
KSA 82a-711	 a use under an existing water right, impairment

shall include the unreasonable raising or lowering
of static water level.. .beyond a reasonable
economic limit.

Montana
MRCA 89-2918

Withdrawal permits are not given when it would be
beyond the capacity of the aquifer "to yield ground
water within a reasonable or feasible pumping lift
or within a reasonable or feasible reduction of
pressure."

Nebraska	 The Nebraska statute relates only to well spacing.

53



54

State/Citation	 Statutory Language

Nevada	 ...the right of the appropriator.., must allow for
MRS 534.110	 a reasonable lowering of the static water level at

the appropriator's point of diversion. In
determining such reasonable lowering...the State
Engineer shall consider the economics of pumping
water for the general type of crops growing and may
also consider the effect of water use on the
economy of the area in general.

New Mexico
NMSA 75-11-4

North Dakota
NDCC 61-04.06.3

Existing water rights based upon application to
beneficial use are hereby recognized. Nothing
herein contained is intended to impair the same or
to disturb the priorities thereof.

Priority of appropriation does not include the
right to prevent changes in the condition of water
occurrence such as the increase or decrease of
streamf low, or the lowering of a water table, by
later appropriators, if the prior appropriator can
reasonably acquire his water under changed
conditions.

Oklahoma	 The Oklahoma statute relates only to well spacing.

Oregon	 When an application discloses the probability
ORS 537.620,	of.. .undue interference with existing wells..., the
665-700 State Engineer may impose conditions or

limitations...to prevent the same or reject the
same after hearing.... In establishment of a
critical groundwater area, the order of
determination establishing appropriative rights
shall also include...the lowest permissible water
level in each reservoir....

South Dakota
SDCLA 46-6.1

...The water management board is authorized to
adopt rules and regulations controlling the
location and capacity of irrigation, industrial,
municipal and other large capacity wells for the
purpose of ensuring or protecting water for
reasonable domestic use, without the necessity of
requiring maintenance at artesian head pressure in
the domestic use well. ...the rules shall provide
for regulation of the use of large capacity wells
in the degree necessary to maintain an adequate
depth of water for reasonable domestic needs;
...for regulation that will provide for a
reasonable life of all wells.
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State/Citation	 Statutory Language

Utah	 It shall be the duty of the state engineer to
UCA 73-3-8	 approve an application if.. .the proposed use will

not impair existing rights, or interfere with the
more beneficial use of the water.

Washington
WPC 90.44.070

Wyoming

No permit shall be granted for the development or
withdrawal of public ground waters beyond the
capacity of the underground bed or formation to
yield such water within a reasonable or feasible
pumping lift in the case of pumping developments,
or within a reasonable or feasible reduction in
pressure in the case of artesian development.

It is an express condition of each underground
water permit that the right of an appropriator does
not include the right to have the water level or
artesian pressure at the appropriator's point of
diversion maintained at any level or pressure
higher than that required for maximum beneficial
use of the water in the source of supply.

In part after Emel, 1983.
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APPENDIX A (can't)

A-2. New Mexico Mine Dewatering Statute and Nebraska
and Oklahoma Well Spacing Statutes

State/Citation 	 Statutory Language

New Mexico
NMSA 72-12A-4

In all cases involving an appropriation of water
for beneficial use or mine dewatering, the right of
replacement is granted to any person whose
appropriation or mine dewatering would otherwise
impair existing water rights. Application for
replacement of water shall be made to the state
engineer. In all cases, replacement of water shall
be at the sole expense if the applicant and subject
to such rules, regulations and conditions as the
state engineer may reasonably impose.

Nebraska	 ...after August 24, 1979, no irrigation well shall
RSN 46-651	 shall be drilled within one thousand feet of a

registered industrial well and no industrial well
shall be drilled within one thousand feet of a
registered irrigation or industrial well. Such
prohibitions do not apply to wells owned by the
same person.

Oklahoma
OSA 82-1020.17

Before issuing any permits in a groundwater basin
or sub-basin the Board may determine and order a
proper spacing Of wells which, in its judgement, is
necessary to an orderly withdrawal of water in
relation to the allocation of water to the land
overlying the basin or sub-basin.

In part after Emel, 1983.



APPENDIX B

COMPARISON OF FORMAL CRITERIA USED IN WESTERN STATES

Area	 Regulatory Criteria

Odessa Area, Washington	 30 feet/3 years

New Mexico	 2.5 feet/year

Arizona	 10 feet/5 years

Formulas:

W(u) = sT/114.6Q

u = 1.87r25/Tt

Where,

W(u) = well function of u

s = drawdown, feet (ft)

T = transmissivity, gallons per day per foot (gpd/ft)

Q = pumpage, gallons per minute (gpm)

r = distance from pumped well, feet

S = coefficient of storage

t = time, days

Assumptions:

Q = 1,000 gpm

s, t as specified in regulatory criteria



Odessa Area

Part A. Minimum Spacing

T = 100,000 gpd/ft

S = .006 (Luzier and Skrivan, 1975)
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W(u) = (30)(100,000)/(114.6)(1,000)

= 26.178

u = .0000000000024

r2 = (100,000)(.0000000000024)(1095) 1 (1.87)(.006)

r < 1 ft

Part B. Maximum Spacing

T = 22,500 gpd/ft

S = .002	 (Luzier and Skrivan, 1975)

W(u) = (30) (22,500)/(114.6)(1,000)

= 5.8900

u = .001657

r2 = (22,500) (.001657) (1095)/(1.87) (.002)

r = 3,300 ft

New Mexico 

Part A. Minimum Spacing

T = 200,000 gpd/ft

S = .2

W(u) = (2.5)(200,000)/(114.6)(1,000)

= 4.363

u = .0072



r2 = (200,000)(.0072)(365)/(1.87)(.2)

r = 1,200 ft

Part B.	 Maximum Spacing

T = 20,000 gpd/ft

S = .05

W(u)	 = (2.5)(20,000)/(114.6)(1,000)

= .4363

u = .620

r2 = (20,000)(.620)(365)/(1.87)(.05)

r = 7,000 ft

Arizona 

Part A. Minimum Spacing

T = 200,000 gpd/ft

S = .2

W(u) = (10)(200,000)/(114.6)(1,000)

= 17.452

u = .0000000148

r2 = (200,000)(.0000000148)(1865)/(1.87)(.2)

r = 4 ft

Part B. Maximum Spacing

T = 20,000 gpd/ft

S = .05

W(u) = (10)(20,000)/(114.6)(1,000)

= 1.7452

u = .1096
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r2 = (20,000) (.1096) (1865)/(1.87) (.05)

r = 6,600 ft
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APPENDIX C

WELL INTERFERENCE CALCULATIONS

C-1. Large Artesian Aquifer

Formulas:

W(u) = sT/114.6Q

u = 1.87r2S/Tt

Where,

W(u) = well function of u

s = drawdown, feet (ft)

T = transmissivity, gallons per day per foot (gpd/ft)

Q = pumpage, gallons per minute (gpli)

r = distance from pumped well, feet

S = coefficient of storage

t = time, days

Example 1

Assumptions:

T = 100,000 gpd/ft

S = .00001

Q = 2,000 gpm

s = 10 ft

t = 1,825 days

Recharge = 0
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Calculations:

W(u) = (10)(100,000)1(114.6)(2,000)

= 4.363

u = .0072

r2 = (100,000) (.0072) (1,825)/(1.87)(.00001)

r = 265,000 ft

= 50 miles

Example 2

Assumptions:

T = 50,000 gpd/ft

S = .0001

Q = 1,000 gpm

s = 10 ft

t = 1,825 days

Recharge = 0

Calculations:

W(u) = (10)(50,000)/(114.6)(1,000)

= 4.363

u = .0072

r2 = (50,000)(.0072)(1,825)/(1.87)(.0001)

r = 60,000 ft

= 11 miles

Example 3

Assumptions:

T = 162,000 gpd/ft
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S = .0007

Q = 2,000 gpm

s = 10 ft

t = 1,825 days

Recharge = 0

Calculations:

W(u)	 = (10)(162,000)/(114.6)(2,000)

= 7.0681

u = .0004785

r2 = (162,000)(.0004785)(1,825)/(1.87)(.000 7 )

r = 10,000 ft

= 2 miles
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APPENDIX C (con't)

C-2. Leaky Artesian Aquifer

Formulas:

s = [229U0 (r/B)]/T (for steady state conditions)

s = (114.6Q/T)(g(u,r/B)) 	 (nonsteady state conditions)

W(u,r/B) = Ts/114.6Q

u = 2,693r2S/Tt

Where,

r/B = r/[T/(PW)] 112

s = drawdown at distance r, feet (ft)

r = distance from pumped well, feet

Q = discharge, gpm

T = transmissivity, gpd/ft

P' = vertical permeability of confining bed, gpd/ft2

m' = thickness of confining bed, ft

Ko (r/B) = modified Bessel function of the second kind

and zero order (tabulated versus r/B in Walton, 1962)

Overall assumption:

Steady state conditions exist

Example 1

Assumptions:

T = 50,000 gpd/ft

S = .001

Q = 1,000 gpm
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P' = .02 gpd/ft2

m' = 200 ft

s = 10 ft

t = 1,825 days

Calculations:

Distance to s = 10, given t = 1,825

Ko (r/B) = sT/229Q

= (10)(50,000)/(229)(1,000)

= 2.1834

r/B = .12823

r = (r/b)(T/(131 /m' )} 1/ 2

= (.12823)((50,000)/(.02/200)] 1/2

= 2,867 ft

Time for steady state conditions to be reached:

W(u,r/B) = Ts/114.6Q

= (50,000)(10)/(114.6)(1,000)

= 4.363

If r/B = .12823, then

u = .002

t = 2,693r2S/Tu

= (2,693)(2,8672)(.001)/(50,000)(.002)

= 221,000 min

= 150 days
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Example 2

Assumptions:

T = 50,000 gpd/ft

S = .001

Q = 1,000 gpm

P' = .2 gpd/ft2

m' = 200 ft

s = 10 ft

t = 1,825 days

Calculations:

Distance to s = 10, given t = 1,825

Ko (r/B) = sT/229Q

= (10)(50,000)/(229)(1,000)

= 2.1834

r/B = .12823

r = (rib) [TI (p,/m,)]112

= (.12823) [ (50,000)/(.2/200) ] 1/ 2

= 900 ft

Time for steady state conditions to be reached:

W(u,r/B) = Ts/114.6Q

= (50,000)(10)/(114.6)(1,000)

= 4.363

u = .002	 (given r/B = .12823)

t = 2,693r2S/Tu

= (2,693)(900 2)(.001)/(50,000)(.002)
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APPENDIX C-2 (con't)

t = 21,813 min = 15 days

Example 3

Assumptions:

T = 50,000 gpd/ft

S = .001

Q = 1,000 gpm

P' = 2 gpd/ft2

m' = 200 ft

s = 10 ft

t = 1,825 days

Calculations:

Distance to s = 10, given t = 1,825

Ko (r/B) = sT/229Q

= (10)(50,000)/(229)(1,000)

= 2 -.1834

r/B = .12823

r = (r/b)(T/(P 1 /m 1 )] 1/2

= (.12823)[(50,000)/(2/200)] 1/ 2

= 287 ft

Time for steady state conditions to be reached:

W(u,r/B) = Ts/114.6Q

= (50,000)(10) 1 (114.6)(1,000)

= 4.363

u = .002 (given r/B = .12823)
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t = 2,693r2S/Tu

= (2,693)(2872 )(.001)/(50,000)(.002)

= 2,265 min = 38 hrs

Example 4

Assumptions:

T = 50,000 gpd/ft

S = .0001

Q = 1,000 gpm

P' = .02 gpd/ft2

m' = 200 ft

s = 10 ft

t = 1,825 days

Calculations:

Distance to s = 10, given t = 1,825

Ko (r/B) = sT/229Q

= (10)(50,000)/(229)(1,000)

= 2.1834

r/B = .12823

r = (r/b)[T/(P'/m')] 1/2

= (.12823)[(50,000)/(.02/200)] 1/2

= 2,867 ft

Time for steady state conditions to be reached:

W(u,r/B) = Ts/114.6Q

= (50,000)(10)/(114.6)(1,000)

= 4.363
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u = .002 (given r/B = .12823)

t = 2,693r2S/TU

= (2,693)(2,867 2)(.0001)/(50,000)(.002)

= 22,100 min = 15 days

Example 5

Assumptions:

T = 50,000 gpd/ft

S = .0001

Q = 1,000 gpm

P' = .2 gpd/ft2

m' = 200 ft

s = 10 ft

t = 1,825 days

Calculations:

Distance to s = 10, given t = 1,825

Ko (r/B) = sT/229Q

= (10)(50,000)/(229)(1,000)

= 2.1834

r/B = .12823

r = (r/b)[T/(P'/m')] 2

= (.12823)[(50,000)/(.2/200)] 1/ 2

= 900 ft

Time for steady state conditions to be reached:

W(u,r/B) = Ts/114.6Q

= (50,000)(10)/(114.6)(1,000)
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W(u,r/B) = 4.363

u = .002 (given r/B = .12823)

t = 2,693r2S/Tu

= (2,693)(900 2)(.0001)/(50,000)(.002)

= 2,181 min = 36 hr

Example 6

Assumptions:

T = 50,000 gpd/ft

S = .0001

Q = 1,000 gpm

P' = 2 gpd/ft2

m' = 200 ft

s = 10 ft

t = 1,825 days

Calculations:

Distance to s = 10, given t = 1,825

Ko (r/B) = sT/229Q

= (10)(50,000)/(229)(1,000)

= 2.1834

r/B = .12823

r = (r/b)[ 11/(111 /m')] 2

= (.12823)[(50,000)/(2/200)] 1/2

= 287 ft
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Time for steady state conditions to be reached

W(u,r/B) = Ts/114.6Q

= (50,000)(10)7(114.6)(1,000)

= 4.363

u = .002 (given r/B = .12823)

t = 2,693r2S/Tu

= (2,693)(287 2 )(.0001)/(50,000)(.002)

= 220 min = 4 hrs

In addition to the calculations based on the Jacob -Hantush

method shown above, estimates of drawdown were first made by making

simple manipulations of the Theis nonequilibrium formula. These

calculations are not shown because of their volume. The method utilized

an iterative approach. In the first iteration, an assumed value of

average drawdown (over the radius of influence) was multiplied by the

vertical permeability to estimate downward leakage equal to total

pumpage. Based on these results, the radius of influence and average

drawdown were re-estimated until the leakage value approximated total

pumpage. For each iteration, pumping time, the radius of influence, and

drawdown at different points were calculated. When the calculated

values approximated the assumed values and the leakage approximated the

pumpage, iterations ceased. Based on the values in the last iteration,

distance to drawdown equal to ten feet was calculated. The results for

this approximate method are shown with the results of the Jacob-Hantush

method below. This approximate method gave reasonable results for

drawdown and distance but not for time of pumping.
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P' = 2, S = .001

r for s = 10 ft steady state t

Manipulated Theis 230 ft 7 hr

Jacob-Hantush 290 ft 38 hr

P' = .2, S =	 .001

Manipulated Theis 600 ft 44 hr

Jacob-Hantush 900 ft 15 day

P' = .02, S = .001

Manipulated Theis 1,900 ft 19 day

Jacob- Hantush 2,900 ft 150 day

P' = 2, S = .0001

Manipulated Theis 210 ft .5 hr

Jacob-Hantush 290 ft 4 hr

P' = .2, S =	 .0001

Manipulated Theis 640 ft 5 hr

Jacob-Hantush 900 ft 36 hr

P' = .02, S = .0001

Manipulated Theis 1,900 ft 44 hr

Jacob-Hantush 2,900 ft 15 day



APPENDIX C (con't)

C-3. Partial Penetration: W.-11s in Different Zones

Formulas:

W(u) = sT/114.6Q

u = 1.87r2S/Tt

s = [C /(2Cpo - 1)1spo	 PP

Where,

W(u) = well function of u

s = drawdown, feet

T = transmissivity, gallons per day per foot (gpd/ft)

Q = pumpage, gallons per minute (gpm)

r = distance from pumped well, feet

S = coefficient of storage

t = time, days

C = partial penetration constant for observation well,po

fraction (tabulated in Walton, 1962 for typical

conditions)

s = observed drawdown for partial penetrating conditions,
PP

in feet

Other parameters,

P = horizontal permeability, gpd/ft2

P' = vertical permeability, gpd/ft?

a = fractional penetration

m = aquifer thickness, feet
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m' = aquifer thickness between perforated intervals of wells,feet

Assumptions:

T = 15,000 gpd/ft

S= .1

Q = 200 gpm

P' = 2 gpd/ft 2

m = 300 ft

m' = 30 ft

P = 50 gpd/ft2

r = 100 ft

a = .5

t = 10 day

Calculations:

Method 1. Partial penetration method from Walton, 1962

u = (1.87)(100 2 )(.1) 1 (15,000)(10)

= .012467

W(u) = 3.8207

s = (114.6)(200)(3.8207)/15,000

= 5.8 ft

r/m(p/p , ) 2 _- (100/300)(50/2) 1/2

= 1.67 (needed for use of Table 1, Walton, 1962)

C = .99 (from Table 1, Walton, 1962)
Po

s	 = 5.8/[.99 1 (1.98 - 1)]PP

= 5.7 ft



Method 2. Manipulation of Theis method

u = (1.87)(100 2 )(.1)/(15,000)(10)

= .012467

W(u) = 3.8207

s = (114.6)(200)(3.8207)/15,000

= 5.8 ft

Assuming a 5.8 foot head differential between perforated

intervals of wells for ten days of pumping, drawdown in the

(upper) observation well can be estimated as follows:

(5.8 ft)(2 gpd/ft2 )(10 day)(1 ft317.5 gal)/(30 ft)(.1)

= 5.2 ft of decline in the upper well.

However, this method is extremely sensitive to the distance

between the perforated intervals of the wells. The assumed

value (30 feet) yields an estimated drawdown similar to the

previous method only because of that assumed value. Therefore,

this process cannot be accurately used for these type

of projections.
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APPENDIX C (con't)

C-4. Aquifer Underlying Intermittent Stream

Formulas:

W(u) = sT/114.6Q

u = 1.87r2S/Tt

Where,

W(u) = well function of u

s = drawdown, feet (ft)

T = transmissivity, gallons per day per foot (gpd/ft)

Q = pumpage, gallons per minute (glx1)

r = distance from pumped well, feet

re = radius of influence, feet

S = coefficient of storage

t = time, days

Assumptions:

T = 100,000 gpd/ft

S = .1

Q = 1,000 gpm

t = 1,825 days

s = 1 ft at radius of influence

Stream channel recharge = 100 acre feet per mile per year

Calculations:

W(u) = (100,000)(1)1(114.6)(1,000)

= .8726

76



u = .31383

r2 = (100,000)(.31383)(1,825) 1 (1.87)(.1)

re = 17,500 ft

If the well is located adjacent to a stream, the radius of

influence will intercept approximately 6.5 miles of stream

length, or about 650 acre feet of recharge per year. This

makes the effective pumpage approximately 600 gpm. 	Re-projecting

the drawdown to determine the distance to s = 10 ft:

W(u)	 = (100,000)(10) 1 (114.6)(600)

= 14.5433

u = .00000027118

r2 = (100,000)(.000000271138)(1,825)/(1.87)(.1)

r = 16 ft
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APPENDIX D

COSTS CF INCREASED PUMPING LIFT

Assumptions:

Geographic area - Marana, Arizona

Initial lift - 250 ft

Fuel source - electricity

Amount of water - 1,000 acre feet per year

Amount of interference from new well - 10 ft

Pumping efficiency, energy costs, other variables - constant

Increased costs attributable to interference from new well:

(1.024)(10)/(.540)(.05572) + (.009903)(10) = $1.155/AF

(1,000 AF)($1.155/AF) = $1,155 

Where,

1.024 = KWH to -Iift 1 AF of 	 1 ft at 100% efficiency-

10 = increased lift in feet

.540 = overall efficiency

.05572 = power cost per KWH

.009903 = cost of plant repairs, maintenance, lubrication and

attendance per foot of lift

Based on Hathorn, 1981.
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APPENDIX E

EXAMPLE APPLICATION OF PROPOSED REGULATORY SYSTEM

This appendix presents an example application of the proposed

regulatory system. The example is strictly hypothetical and was

developed to illustrate the concepts proposed in this paper.

The hypothetical basin is a broad (80 miles wide and 150 miles

long) alluvial aquifer in the Basin and Range province of the

southwestern United States. The aquifer management objective of the

basin is safe yield, as established by the state legislature. The basin

receives groundwater inflow from another state, and groundwater also

leaves the basin as underflow to the downgradient basin. The

downgradient basin is managed for planned depletion, also as determined

by the state legislature. The only significant source of recharge is an

intermittent stream which traverses the basin. In areas beneath the

stream, depth to water is as little as 20 feet at certain times of the

year. In one particular area, the use of groundwater by phreatophyteS.

is significant. At other places in the basin, depth to water ranges to

500 feet. The stream is an influent, or a losing stream throughout its

entire reach in the basin. The aquifer is primarily unconfined, though

it exhibits semi-confined characteristics at depth. Transmissivity

ranges form 20,000 to 200,000 gallons per day per foot, and the storage

coefficient ranges from 0.01 to 0.2. Saturated deposits are known to be
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at least 5,000 feet thick in places. Historic water uses include

withdrawals for both agricultural and municipal purposes.

If the proposed regulatory system was adopted by the state

legislature and superimposed on this hypothetical basin, the first task

would be the identification of sub-basins, assuming that the basin

boundaries were accurately defined. The hydrologic conditions described

above suggest the consideration of the designation of sub-basins

surrounding the phreatophyte area and at the upgradient. and downgradient

ends of the basin. Such sub-basin definitions would be warranted in

anticipation of the designation of the sub-basins as Non-Compensation

Basins. If there was large public sentiment over the value of the

phreatcphyte area, the decision even to establish a sub-basin should be

carefully considered. Assuming that there was no public opposition to

the designation of all three areas as sub-basins, the task would be to

identify the sub-basin boundaries.

The most reasonable course of action, as proposed in the text,

would be to estimate the maximum distance from each respective area

where pumping could cause water level declines beneath the area in

question. Water level declines beneath the phreatophyte area would

decrease plant water use. Water level declines at the upgradient end of

the basin would steepen gradients and therefore groundwater inflow.

Water level declines at the downgradient end of the basin would flatten

or reverse gradients, and would also increase water supplies. The

determination of the boundaries of the sub-basins could reasonably be

made using projections based on the Theis nonequilibrium formula.
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Because the time of pumping would be great and the aquifer thickness is

relatively large, this method should give reasonable results. For

purposes of analysis, it was assumed that the aquifer was relatively

homogenous and isotropic. Calculations for determining the boundaries

of the phreatophyte sub-basin would be as follows:

W(u) = sT/114.6Q

u = 1.87r2S/Tt

Where,

W(u) = well function of u

s = drawdown, feet

T = transmissivity, gallons per day per foot (gpd/ft)

Q = pumpage, gallons per minute (gpm)

r = distance from pumping well, feet

S = coefficient of storage

t = time, days

Assumptions:

T = 100,000 gpd/ft

S = 0.1

Q = 1,000 gpm

s = 1 ft (assuming a 1 foot decline to be the smallest

significant decline)

t = 15 yrs = 5,475 days (assuming the state agency

estimates that it will take 15 years of projected

withdrawals to eliminate phreatophyte water use)
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APPENDIX E (can't)

Calculations:

W(u) = (1) (100,000)1(114.6) (1,000)

W(u) = .8726

u = .3262

r2 = (100,000) (.3262) (5,475)/(1.87) (.1)

r = 3100 ft

= 6 mi

Based on these assumptions, the sub-basin boundary should be six miles

beyond the perimeter of the phreatophyte area. Calculations would be

similar for the upgradient and downgradient sub-basins.

The next task in the proposed regulatory process would be the

designation of the sub-basins and the larger basin as Compensation or

Non-Compensation Basins. Based on the proposed criteria, the larger

basin (exclusive of the sub-basins) would be designated a Compensation

Basin. This is based on the fact that the basin has the legislatively

mandated objective of safe yield, and that in this area recharge and

discharge are negligible, and thus independent of the depth to water.

The designation of the sub-basins as Non-Compensation Basins would be

justified under the proposed criteria, as water supplies could be

increased (through decrease in discharge or increase in recharge or

inflow) by the lowering of the water table. The proposed designations

would go through a public hearing process prior to final adoption by the

state agency.
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The designation of the sub-basins should be reviewed

periodically, particularly in the case of the phreatophyte sub-basin.

In the phreatophyte area, water level declines below a certain level

will effectively eliminate phreatophyte water use, depending on the

species present. When the water table drops below this level (or when

the total permitted withdrawals are projected to reach this level within

a reasonable period of time), the area should be redesignated as a

Compensation Basin. The upgradient and downgradient sub-basins might

remain designated as Non-Compensation Basins indefinitely, as further

declines in the water table might continue to yield increased water

supplies.

Permitting withdrawals in a Non-Compensation Basin requires

little or no technical review under the proposed system. If there were

independent aquifer management objectives, a proposed withdrawal would

have to undergo technical review for consistency with these objectives.

The permitting of withdrawals in the Compensation Basin is

somewhat more complicated. Initially, the state regulatory agency would

be required to develop a relationship between pumping depth, type of

energy used, cost of the energy supply, and pumping costs. After a

permit application is received, the state agency would need to do a

preliminary check on the projected levels of interference with existing

wells. One aspect of the state agency review would be the adequacy of

existing information on aquifer parameters in the area of the proposed

withdrawal. Assuming that the existing information was not of

sufficient quality for regulatory purposes, the permittee would be



84

required to perform a pumping test to certain specifications (pumping

rate, time of pumping, observation wells, etc.) as a condition of the

permit. The information from the pumping test would be reported to the

state agency. The permittee would also develop a payment schedule based

on withdrawal of the permitted amount and the depth/pumping cost

relationship developed by the state agency. The analysis would include

a projection of drawdown at the neighboring well (s) resulting from the

permitted withdrawal and an analysis of cost increases. The drawdown

projection would be as follows, assuming one existing well in the radius

of influence of the proposed withdrawal:

W(u) = sT/114.60

u = 1.87r2S/Tt

Where,

W(u) = well function of u

s = drawdown, feet

T = transmissivity, gallons per day per foot (gpd/ft)

Q = pumpage, gallons per minute (gpm)

r = distance from pumping well, feet

S = coefficient of storage

t = time, days

Assumptions:

T = 50,000 gpd/ft

S = 0.08

Q = 400 gpm

s = 125 ft
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APPENDIX E (con't)

t = 1 yr = 365 days

Calculations:

u= (1.87)(125) 2 (.08)/(50,000) (365)

= .000128

W(u) = 6.855

s = (114.6) (400) (6.855)/(50,000)

= 6 ft

The estimate of cost increase would be as follows, assuming the

work of Hathorn (1981) applies in the hypothetical basin:

Assumptions:

Initial lift of impacted senior = 200 ft

Fuel source - electricity

Amount of annual water use by senior - 500 AF

Calculations:

[(1.024) (6)/(.5)i C.06) + (.09903)(6) = .80/AF -

(.80)(500) = $400.00/Yr -

Where,

1.024 = KWH to lift 1 AF 1 ft at 100% efficiency

6 = increase in lift caused by new withdrawal

.5 = overall efficiency of well deemed allowable

.06 = senior's cost per KWH

.009903 = cost of maintenance, etc. per ft of lift

500 = annual water use by senior

400 = cost increase attributable to new withdrawal
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The amount of compensation paid would be a function of the

actual amount of water pumped by the permittee as well as the senior.

The compensation would be paid at the end of the water year. The amount

would also include the cost of state agency administration, which would

be paid to the state agency. Changes in the cost of energy could be

worked automatically into annual calculations. Changes in aquifer

parameters as a result of dewatering could be determined by a future

pumping test, done by the party which believes that the existing

information is inadequate.

The calculations reviewed above, and monitoring of annual

compensation could easily be computerized by the state agency. Input

data would include aquifer parameters and distance between wells. The

system could also include annual billing to permittees and pass-through

of compensation to impacted seniors. This would facilitate the

collection of the state agency costs of administration.
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