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CHAPTER 1

INTRODUCTION

Water is an invaluable resource and will becomenewere so in the coming years.
Water shortages have been affecting people inrtievast for several years and in
drought years the people in the east have recsedy that they are not immune. Due to
urbanization and climate change, water shortages)gected to increase in the future.
There are some tools such as water conservatiosg rearvesting, and metering that are
effective throughout the U.S. in managing wateoueses.

The manner in which surface and ground water doeatked varies considerably
across the United States. In general, the hungtbeastates use the riparian doctrine
and the arid western states have adopted the Wedfiprior appropriation. Several
states with a mixed climate have taken characikesiftiom both systems of allocation
and therefore have a hybrid system. This papeevwevthe ways Arkansas, Oklahoma,
Texas, and New Mexico allocate surface and grouasigmand how they treat the
ground-surface water interaction. Arkansas repitsgbe humid east, New Mexico
represents the arid west, and Oklahoma and Tepassent hybrid systems where the
climatic transition takes place. Each state, ddpenon its water allocation system, has
different water management tools available to them.

Each state has adopted specific rules and regasasi@mting how it allocates its water

resources, and therefore they handle water rigidshortages differently. Even among



the states with the same allocation system, thereeveral differences. Arkansas,
Oklahoma, Texas, and New Mexico are no exception.

When considering water policy decisions, Oklahoms the option of reviewing the
water policies of other states, especially thodé similar climatic conditions. There are
several policies that Arkansas, Texas and New Mebkave implemented that may be
used to improve the current policies in Oklahoma tanhelp prepare for future water
shortages due to urbanization and climate chahgeresting alternatives include
metering in Arkansas, water masters in Texas, aatdrwnaster districts and priority-
administration enforcement in New Mexico.

| chose the ground water rules and regulationskidlidma and the Texas Panhandle
Groundwater Conservation District (GCD) to studyrare detail. Though both
Oklahoma and Texas have a hybrid system of wataradion, they permit the use of
ground water in two distinct ways. Oklahoma setground water allocations based on
a one-time estimate of the pumping rate that walllwlv 50% of the aquifer to go dry
after 20 years. The TX Panhandle GCD policy itam an iterative process that
assures 50% of total aquifer storage will remaiBQryears. An important difference
between the two policies is that the Panhandle @&¥i3its the quantity of ground water
permitted every five years, where the Oklahoma germamain constant.

The objective of this thesis was to compare theatdfthat Oklahoma'’s and the
Panhandle GCD’s groundwater policies have on awiall aquifer after 20 and 50 years
of pumping with increasing aquifer development.e Thited States Geological Service
(USGS) model MODFLOW was used to complete the satmds. The study further

analyzed sensitivity of various aquifer and strggrameters on total aquifer storage and



river leakage. The results of this sensitivitylgsia demonstrated which parameters are
most important to study and determine when compiedi stream-aquifer study and

model.



CHAPTER I

COMPARISON OF THE WATER RIGHTS OF ARKANSAS,

OKLAHOMA, TEXAS, AND NEW MEXICO

Background

Water is tomorrow’s new black gold. It is somethmany of us take for granted
until we experience a long drought and realize thate is a finite amount of water.
Most of us simply turn on the faucet and prestdhaee water. Where does that water
come from? Depending on where you live, it eittmnes from surface water such as a
river or lake or from the ground. There is the samount of water on Earth now as
there was three billion years ago: 326 milliorioti gallons. This seems like a lot, but
97% is in the oceans and not suitable for drinki@d.the remaining 3%, approximately
two-thirds are locked up in glaciers, and thereftees than 1% is available to us as
either surface or ground water. There is manydio@mpetition to use this finite
resource. The same water may be sought by farmmersicipalities, factories, power
plants, boaters, fisherman, ecologists, etc.

“Water rights” refers to the rights of the userdake water from a water source
and use it or sell it. At times when there is pfesf water and small demand, there is
generally not much concern over water rights. theotimes, especially in arid areas or
where there is much demand, there are more canéiscto who has the right to the water.

There are two divergent systems: riparian doctaimé doctrine of prior appropriation



Eachstate has adopted one or the other or a combinetithre twc (Figure 1).

Prior Appropriation
[ | Hybrid
[ ] statutory

Legal Systems For Water Allocation

6@
s

Cartography by Aaron Mittelstet

Figure 1. Legal systems of water allocation in the Unitedt&tes

Riparian water rights belong to those landowneresgHancphysically touches a
river, pond, or lake. The riparian landowner Hesright to the water, but it may not

unreasonably detained or diverted, as defined by &&t or regulation The definition

of reasonable varies from state to state. Ripirights are not lost if the water is r

used and do not expire. Riparian rights are ugiratluded with the selling of the lar
The doctrine of prior appropriation asserts “firstime-first in right.” The first
person to divert water and put it beneficial use has priority over those who comerle

These rights permit the user to divert a specifioant of water, at a cert: location, and

for a specified use. The right has a definite dégeriority. Unlike riparian rights




appropriationight can be sold or transferi without regard for land tit, lost through
non-use, and longerm storage is permissibl

Generallyspeaking, the eastern states us ripariandoctrineand the western
states are prior appropriation. The water ri@nd laws of Arkansas, Oklahoma, Tex
and New Mexico illustrate this range. See appeAdiar a summary of each state
water rights.As one moves from the eastern United States wediwae climatic

topographic, and demographic conditions ch. (Figure 2). The eastrn U.S. is more

Average Annual Precipitation

Dt Cotitasrn froem Rip Pdatagatiray (YOS Usds goret
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- v

Figure 2. Map illustrating average annual precipitation from Arkansas to New Mexict

humid with a lowevapotranspiration rate. Evapotranspiration iddks of wate from a
watershed through evaporation and transpiraticangpiration refers to the evaporat
of water from plant leaves. As you move west,dliraate becomes more arid witt
higher rate of evapotranspiration. Arkansas, easdlahoma and easteTexas are
humid, receiving an average of 30 to 60 inchesof per year and therefore have m
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surface water. As you move into central and waestklahoma and Texas and on into
NewMexico, the climate becomes more arid, recei@n@verage of 12 to 20 inches or
less of rain per year. With these changes in ¢éraa you move from Arkansas

westward to New Mexico, it is only fitting that tixater laws in these states also change.

Diffused Surface Water

Diffused surface water is runoff before it entarstream or lake. Once the water
enters a stream, lake, or infiltrates the groundase or ground water regulations apply.
The harvesting of diffused surface water is divided two categories: land-based and
roof-based. Land-based harvesting is water caginran impoundment such as a pond
or reservoir. Roof-based is capturing the raimfrooftops. In Arkansas, Oklahoma,
Texas, and New Mexico, there are not any regulatpaventing landowners from doing
either one of these.

Land-based harvesting aids farmers in capturingalyj storing surplus water,
aesthetics, and conserving other water resourtlesy can then use the stored water for
irrigation, livestock, or household purposes.

Roof-based rainwater harvesting is considered aflméa use and is promoted in
each of the four states. This is different thamesarid states where even roof-based
water may be allocated to down stream users (Fiije2008). It may be the only
source of water supply for some rural areas anchegmalleviate some of the strain
placed on the public water supply systems in udraas (Texas Rainwater Harvesting
Evaluation Committee, 2006). The Texas RainwatawvElsting Evaluation Committee

(2006) calculated that with a collection efficiermfy80%, a rainwater harvesting system



using 2,000 ftof roof area will generate approximately 1,000 gyasl of water for ever
inch of rainfall. In Texas they found that if réall was captured from 10 of the total
roof area in the state, it would hélittle or noimpact on stream flow. Arkanse
Oklahoma, Texas, and New Mex allow roofbased harvesting and some residel
areas in New Mexico require the installation ofiveater harvesting systems. F
example in Santa Fe, rainwater harvestingems are required on all new residen
structures greater than 2,500 square (Texas Rainwater Harvesting Evaluat

Committee, 2006).
Surface Water

Arkansas
The large number of streams and lakes in Arkansaibutes greatly to the w
the peoplare permitted tuse the water. Over 266 Arkansas’s total area is water

1,107 square miles. S Figure 3 for comparison to Oklahoma, Texas, New

Figure 3. Comparison of States’ total area that is surfacevater



Mexico (Statistical Abstract, 2007). The primaight to use water from streams or lakes
is given to those whose land touches a river, strea lake. They are referred to as
riparian landowners (ANRC Surface Water Rules $hehli 8301.3, GG). These
landowners may withdrawal a reasonable amount téne@mmpared to other riparian
landowners. “Reasonable use” is determined by eoimg a given use with uses by
other riparians (Looney, 1998). Whether or nosa ig “reasonable” can only be
determined after the use has commenced. Thisgrolgads to uncertainty as other
riparian landowners alter their diversions, newsigmter the watershed, and as
precipitation varies (Looney, 1998).

A riparian landowner who wishes to divert surfagger must register with the
Arkansas Natural Resources Commission (ANRC SuNdater Rules Subtitle 11 8302.1
A). The exception is if the landowner diverts léssn one ac-ft (326,000 gallons) of
water in any given year, diverts water from a pelyaowned reservoir, natural lake or
pond, or uses diffused surface water (ANRC Surféle¢er Rules Subtitle Il 8302.2 A-
C). These riparian rights may not be sold aparnfthe land. Failure to register is
subject to penalty (ANRC Surface Water Rules Sihtit§302.7).

If research data supports the existence of excats\{25% of the average annual
yield from any watershed above that amount to fyadis current uses (ANRC Surface
Water Rules 301.3R), from a watershed, a non-idpdandowner may apply for a
permit from the Director of the ANRC (ANRC Surfadéater Rules 8304.2, 304.4A).
This includes either transferring water within aibaan interbasin transfer, or between
basins, an interbasin transfer. In calculatingesscsurface water, the ANRC projects

existing riparian uses, instream flow requiremeats] navigation requirements to the



year 2030. These needs are subtracted from tmagerannual flow, and the mandated
25% is used to calculate the “excess.” Usingphixedure, Arkansas has over 10
million ac-ft of excess surface water: 725,000he ©Ouachita Basin; 1,100,000 in the
Red River Basin; 1,700,000 in the White River Ba&i700,000 in the Arkansas River
Basin; and 4,100,000 in the Delta Basin (Looney99

Most non-riparian permits are requested by eithiggators or gas and companies.
Before a permit application will be considered, #pplicant must show proof that he/she
has leased or has received permission from theaip&andowner to form an easement.
The Director will determine whether the proposedeng excess surface water and is
intended for reasonable and beneficial use (ANRGaSa Water Rules Subtitle 1V
8304.2). The Director may grant the permit, buymkace special conditions such as
limiting the withdrawal of water to certain seasongimes (ANRC Surface Water Rules
Subtitle IV8304.6). The non-riparian landowner nhage the permit if any condition of
the permit is violated or if the water is not paitoeneficial use within two years from the
date of issuance (ANRC Surface Water Rules, Sahiitlg304.10 304.12). The
applicant for a permit has the right to protestahgon of the Director in either quantity
of water permitted or in permit denial (ANRC Suda®/ater Rules Subtitle IV§304.16).
A permit renewal fee must be paid before OctoBeegach year and the Director will
issue the permit for a fixed period not to exce@g@ars (ANRC Surface Water Rules
Subtitle IV §304.4, 304.7).

The most important difference in the applicatioogess between an intrabasin
and interbasin transfer is that an interbasin fearrequires the applicant to publish a

notice and the ANRC to hold a hearing to deternfitiege water meets the conditions to
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be transferred (ANRC Surface Water Rules SubtitE305.4). Within 30 days
following the hearing, the Director will grant oemly the application and if granted may
place special conditions on the permit (ANRC Swefiéater Rules Subtitle V §305.7).
Permits for both intra and interbasin transfers tmagold unless the permit is for
irrigation (ANRC Surface Water Rules Subtitle 1V-8304.10, 304.13, 305.13, 305.17).
The permits for irrigation are required to instaflow meter device that measures the
amount of water diverted (ANRC Surface Water RuBaghtitle VI§304.4 D).

If an individual wishes to transfer water (excbpttled water) from Arkansas to
another state, he/she must apply for a separateitpeFhis process is similar to the intra
and interbasin transfer except that the ANRC withim 120 days decide whether to
grant or deny the permit based on the followingtewavailability in Arkansas and in the
state to where it will be sold, the present andreivater demands of water users in
Arkansas, whether there are water shortages innsdsg whether the water to be
transported could be transported to alleviate wattertages within Arkansas, and the
demands placed upon the applicant’s supply intiéte sf intended use (ANRC
SurfaceWater Rules Subtitle VI 8306.5). If the ABIRRcommends the transfer of water,
it will recommend a price to be paid to the stdtAikansas (ANRC Surface Water Rules
Subtitle VI 8306.6.A, B). The Arkansas General é&ably must then approve the permit
(ANRC Surface Water Rules Subtitle VI §306.6.C).

Water shortages have not been much of a problasf#n in Arkansas; however,
the ANRC has developed a system of allocation feemthis situation arises in the
future. The following uses of water are permittégthout allocation: diversions of less

than 1 ac-ft, tailwater, exclusively owned wateffused surface water, captured water,
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or water for non-consumptive usage (ANRC Surfaceeaules Subtitle V118307.2).
When a water shortage occurs, domestic and muhicgga minimum stream flow, and
federal reserved rights must first be met (ANRCf&e Water Rules Subtitle VI
8307.3). Once these needs are met, there is@ratdin hierarchy. The ANRC first
gives priority to agriculture, followed by industiyydropower, and recreation to those
registered riparian landowners. Preference is ¢fivan to riparian landowners who are
not registered but have used the water before ripamnian intrabasin transfer, and then to
riparian interbasin transfer. At the bottom of liséfor allocations and the first ones that
must decrease or cease diversions are out oftsatder and riparian landowners who

have never used the water before (ANRC Surface VRatkes Subtitle VII § 307.4).

Oklahoma

Eastern Oklahoma usually receives enough rain ascéh adequate supply of
surface water, but western Oklahoma is more aril l@ss surface water. Therefore, it is
no surprise that their system of allocating surfaeger is quite different from Arkansas.
All of the surface water in Oklahoma is publiclyimed. The Oklahoma Water
Resources Board (OWRB) has divided the state i@tstleam systems to help establish
the amount of water available to Oklahoma users RBWL995). When determining the
amount of water available for appropriation frorsti@am, the OWRB considers the
mean annual precipitation, run-off in the watershkdve the point of diversion, the
mean annual flow, stream gauge measurements, domsss, and all other existing
appropriations and designated purposes of thenstsgatem. The amount of water

available for appropriation from a lake or resersibased on a 98% dependable yield
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for the reservoir for municipal and industrial @ an 80% dependable yield of the
reservoir for irrigation (Okla. Admin. Code §78%-3-5a(1, 2)).

Before 1963 Oklahoma had a dual appropriation gystie 1963 the Oklahoma
Legislature replaced the hybrid appropriation systéth the doctrine of prior
appropriation, which states that the first persmoolitain a water right has seniority over
all of those who follow. All individuals with staen water rights prior to 1963 were
considered “vested” and were allowed to continuest® their appropriated amount
(Okla. Stat. tit. 82 §105.1A).

Any individual, corporation, or agency who wishesise surface water in
Oklahoma must obtain a permit from the OWRB (OKiat.Sit. 82 §105.1A). The only
exception is the riparian landowners who use watedomestic purposefkla. Stat. tit.
82 8105.9). Domestic use includes irrigation wogxceed three acres, watering of
livestock up to the normal grazing capacity of idned, domestic animals, fire protection,
and all household purposé®kla. Stat. tit. 82 §105.9) Water for domeste may be
stored in an amount not to exceed two years’ sufipkja. Stat. tit. 82 §105.2).

There is no preference in the appropriation ofaefwater as long as the water is
put to beneficial use and is not wasted or poll(@@/RB, 1995). When an individual
applies for a surface water permit, the OWRB deiteesif there is water available, if it
will be put to beneficial use, and if it will infere with current users (Okla. Stat. tit. 82
8105.12A1-3). The date the OWRB receives the agiptin is the priority date. (Okla.
Admin. Code 8785:20-3-7). The applicant must mailkelic knowledge his/her intent to
appropriate (Okla. Admin. Code §785:20-5-1). Arngdrelieving their interests may be

affected by the proposed use of water may pratesissuance of the permit (Okla. Stat.
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tit. 82, 8105.11). Ithe permit is issued, the OWImay include conditions to prote
existing rights and usesd current stream flowsAn application to transfer water out
a stream system will be considered after all n@eelsnet within the stream syst
(Okla. Stat. tit. 82, §112-B)

The Board issues five types of permits for streaet regular, which permits the
individual to use water ye-round;seasonal for specified periods of the yedemporary
for up to three monthiterm for a specified number of years; gordvisional temporary
for up to 90 days. A provisional temporary perisihot renewabland does not require
ahearing or approval by the OWI (Okla. Stat. tit. 82 §105.1C)G Once a permit is
issued, the water must be put to use within twasyaad the authorized amount fu
used within seven years and at le
one year in seven thereer. (OKla.
Stat. tit. 82 §105.16)The OWRB

has approximately 2,600 surfe

D2 1955

water permits offile allocating 2.€
million ac-ft/yr (OWRB, Oklahom: P21922 —_
Water Facts). P11890 —
When water shortages occ
domestic users have rights to- D11895—
surface water first. The rigto

water then goes to permitte

according to seniorit{priority

Figure 4. Example of pricrity administration in
administration). Foexampltas seen Oklahoma and Texas(http://www.okcoutdoornetwork.org)
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in Figure 4, if there is not sufficient water fareey water right holder in the basin,
domestic users (D1 and D2) have priority over #leousers. The water right holder
with a priority date of 1890 (P1) has the next ptyo Once those rights are met, P2 with

the priority date of 1922 may then divert water.

Texas

Texas is similar to Oklahoma as far as being humttie east and arid in the
west. Texas has 15 major river basins and 196megervoirs (Water for Texas, 2007).
Like Oklahoma, the surface water belongs to thiee stad may be appropriated, stored, or
diverted for domestic, municipal, agricultural, usdrial, or any other beneficial use
(Texas Statures Water Code §11.021a-b; 11.023&clpermit is required from the
Texas Commission on Environmental Quality (TCEQ)the appropriation of surface
water (Texas Statutes Water Code §11.021). BExaeptnclude diversion of water for
domestic use or the construction of a dam or reéeon one’s private property with
normal storage of 200 ac-ft. or less for domegiit lavestock purposes, fish and wildlife,
or commercial and noncommercial wildlife managemEeaot further details and
exemptions see the Texas Water Code §11.142, M daP11.1422.

Like Oklahoma, Texas has had different laws goveytine use of surface waters
often leading to conflicting claims over water rigth Therefore, in 1967 the Texas
Legislature directed the predecessor agency td @teQ to settle the confusion over
water right claims. Claimants had to prove wheherg, and for what purpose they
began to use the water. The state district céomtsed over all claims and issued
certificates of adjudication for approved claint&ach certificate was assigned a priority

date based on when the water was first put toRigh{s to Surface Water in Texas,
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2002). This priority date is important since Tegdspted the doctrine of prior
appropriation (Texas Statutes Water Code §11.02Xas courts have adjudicated most
of the 10,000 claims (Rights to Surface Water irdkg 2002).

For all new water rights, permits are issued byltB&Q. The differences
between certificates of adjudication and permiesthat permits require no judicial
review, but they may only be issued if there ispprapriated water available. If there is
water available, aegular permit, where water may be withdrawn year roumd o
seasonal permit, where water may only be withdrawn or digdrduring certain times of
the year, will be granted (Texas Statutes WatereGid .135, 11.137). Unlike
Oklahoma, Texas gives preference to domestic andaipal uses followed by
agriculture and industry, mining, hydroelectric poywnavigation, and finally recreation
(Texas Statutes Water Code 8§11.024).

Unlike Oklahoma, there is not much unallocated watilable in Texas;
however, a term or temporary permit is availableswater that is appropriated, but not
currently being used. ferm permit is granted to industries, mines, and adjticai
enterprises for up to 10 years and may be renefnkd water-right holders are still not
using all the water (Texas Statues Water Code 881)1 Temporary permits are issued
up to three years for road construction projecisjmg, and irrigation (Texas Statues
Water Code §11.1381). If the use of appropriatatewnis willfully abandoned for three
consecutive years or is not used within 10 yearswater right will be forfeited and will
become available for appropriation (Texas StatWater Code §11.030, 11.172).

An appropriator may obtain the right-of-way on jattie property in order to pump

their water to where it is needed. If the partyntieag the easement is not a corporation,
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district, city, or town, an application must be sutbed to the TCEQ (Texas Statues
Water Code §11.035c). A permit or an amendmentdarigent permit or certificate of
adjudication is required to transfer water from basin to another, an interbasin transfer
(Texas Statutes Water Code 811.085a). Beforeigratite permit, the TCEQ holds a
public meeting involving comments from the basirongin and the basin receiving the
water (Texas Statutes Water Code §11.085d). Tpkcapt must publish the intent and
if contested a hearing will take place (Texas $¢stiWater Code 811.085e-g). Before
1997 it was not very difficult to obtain an intedratransfer, but several amendments in
1997 made it more challenging to do so. One n@jange required existing water right
holders whom amend their permit to allow interbdsamsfer to lose their original
priority date (Texas Statutes Water Code 811.08%bk)s makes interbasin transfer
amendments junior to all other water rights, whgh big disadvantage during a water
shortage (Schwartz, 2006)

The surface water permits allocate 20 million agrft to water right holders, but
during a drought only 13.3 million acre-feet is iéadale (Water for Texas, 2007). Of this
amount, only 9.0 million acre-feet can be usedtdyghysical and legal constrains.
Existing surface water supplies are projected tvabese to 8.4 million ac-ft by 2060,
partly due to sediment accumulation in reservalvater for Texas, 2007). Therefore
water shortages are only expected to become megadnt in the future.

When there is a water shortage, water for domesgaeceives first priority
followed by senior water right holders (Texas Stedu/Nater Code 811.027). Priority
administration gigure 4 may work on the honor system as it does in Okizdnor a

watermaster may be appointed. Under the honoesyst is assumed that each
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individual will follow the rules of their water rigs and cooperate with other permit
owners in the basin. This system is inexpensiuenbt everyone follows the rules. If it
is believed that someone is taking more than fa@ishare or diverting water before a
senior water right holder receives his or her wates TCEQ may appoint a watermaster.
One watermaster may be appointed for each watesialiv(Texas Statutes Water Code
811.326). Water divisions, which are created gy TEEQ when necessary, administer
adjudicated water rights. The commission of th&aQ0nay divide the state into water
divisions to secure the best protection of the maggt holders (Texas Statutes Water
Code 811.325). A watermaster monitors one or mwege basins making sure that the
domestic rights and those with seniority receiva@rttvater first. If someone diverts
water that is not theirs, the watermaster has titfeoaity to lock up the pumps. This
allows some coordination of pumping when theresb@tage (Texas Statutes Water
Code 811.327b). To help the watermaster deterthmeguantities of water diverted, the
Commission may require any permittee to construneasuring device (Texas Statutes

Water Code §11.331).

New Mexico

New Mexico has very little surface water and tfaeunlike the other states, it
is appropriated strictly through prior appropriatiolhe surface water is declared to be
public and subject to appropriation for beneficiaé (New Mexico Water Code § 72-1-
1). The surface water rights, established in Neexigb prior to 1907, have been
recognized and confirmed by the state constitutibne date the water was put to

beneficial use is the priority date (New Mexico &faCode § 72-1-2).
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The Water Rights Division, with district offices Albuquerque, Roswell,

Deming, Las Cruces, Aztec, and Santa Fe administ#hssurface and ground water
rights throughout the state (Annual Report 2009630 Most of the surface water in

New Mexico has been fully appropriated and in mpants of the State, the surface water
has been fully appropriated since the early to teid®00’s. Even during periods of
average water supply, demand in many parts of téte 8xceeds supply if all water

rights and permits were fully exercised (New Mex8tate Water Plan, 2003). New
Mexico is currently in the process of adjudicatalgwater rights in the state to determine
who owns what water rights, both surface and gromatdr, and in what quantity.
Although only 20% of all water rights had been dijated as of 2008, 50% are in
progress (Adjudications, New Mexico Office of that® Engineer).

To use water that is not appropriated, a permittineobtained from the State
Engineer (New Mexico Water Code § 72-5-1). Sitneegriority date is so important, an
individual may first file a notice of intent to aeslish the priority date. The application
must then be filed within one year. A notice demtion must include the purpose,
amount, point of diversion, place of use, methodarfveyance, and water use schedule
(New Mexico Water Code § 72-5-1). The State Engjirtermines if there is water
available. If there is no water available, thacebf intention will be rejected (New
Mexico Water Code § 72-5-7)

If no notice of intent was filed, the date the laggtion is filed establishes the
priority date. The application must contain theneanformation as the notice of intent.
The State Engineer then determines if there is pnogyiated surface water available and

that the appropriation will not affect any currerter right holders. If these conditions
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are not met, the application will be rejectedthkdre is water available, the applicant
must then make the proposal to divert surface watblic (New Mexico Water Code 8
72-5-4). Any protest must be filed within 10 dafghe last publication (New Mexico
Water Code § 72-5-5). If the applicant and protgstannot reach agreement, it may go
to a hearing at which time the State Engineerayfrove or deny the permit (New
Mexico Water Code § 72-5-6).

The date of priority is very important in timeswsiter shortages. When there is
not enough water to go around, the senior wateatdrslhave priority over the junior
water holders. In New Mexico, Native Americang@uiagcommunity ditches
recognized by state law as political subdivisiohthe state), and agricultural water users
typically have seniority while municipalities amtlustrial, residential, and recreational
users are typically junior water right holders @ity Administration, Office of the State
Engineer). Currently priority administration, ttemmporary curtailment of junior water
rights, is only fully implemented on the Cimarroiv& and on Costilla Creek in
northeastern New Mexico. Throughout the rest efstate, voluntary agreements are
encouraged by the State Engineer. Some of thekelmshortage sharing, rotation, and
water banking (temporary re-allocation of water aghgoluntary water bank participants
without the need for a formal water right transfechange of ownership) (Frequently
Asked Questions, New Mexico Office of the State iBegr).

Eminent domain may be used to gain access totprigad to transfer water from
its source to its destination (New Mexico Water €8d2-1-5). When a permittee
wishes to change the use of the water, point ardien or anything else, a separate

application must be filed, but the priority datengens the same. An individual may also
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sell the title to a permit or lease it for a periant to exceed 10 years unless it is to a
municipality in which it may be leased for up to yiars (New Mexico Water Code § 72-
6-3). A permit may be canceled if all conditioms aot followed (Surface Water
Administration 819-26, 2.13). If the water is matt to beneficial use for four
consecutive years, the State Engineer will senchawttice. If after one year, the water
still has not been put to use, the permit will bddited (New Mexico Water Code § 72-
5-28). The water will then be available for apprapon.

With the recent drought years, the State Engiresdized that they do not have
the tools to conduct priority administration. Téfere, in 2004 the State Engineer
launched the Active Water Resource Management (AWRMative (Active Water
Resource Management 19.25.13.5). The tools for MAMitlude the following: creation
of water districts, district specific rules and uigions, appointment of water masters,
and measuring and metering. Water master distmetgbe formed wherever the state
engineer deems it necessary for the economicasatmsfactory administration of both
surface and ground water (Active Water Resourcedgdament 19.2512.12.A-D). The
State Engineer will then adopt rules and regulatgpecific to the water master district
(Active Water Resource Management 19.25.13.10)te¥Waasters are in charge of the
diversions and distribution of water in the wateaster district (Active Water Resource
Management 19.25.13.7.EE). To help the water mastminister water rights, the state
engineer can require a meter to be placed on argysiibn within a water master district
and the water master may enter private or pubtid ta perform the duties as are

required to accomplish administration (Active WaResource Management 19.25.13.20,
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19.25.13.25). AWRM is first being develoj in seven high priority basi (Figure 5).

NMOSE Active Water Resource Management
PRIORITY BASINS

Legend

1-Rio Chama Basin

2-Rio Gallinas Basin
3-Lower Pecos Basin
4-Lower Rio Grande Basin
5-Rio Mimbres

6-Nambe-Pojoaque-
Tesuque Stream System

7-San Juan River Basin
November 2006

Figure 5. New Mexico’s seven priority basins where Active \Ater Resource
Management (AWRM) will first be implemented

Interstate Stream Compacts
Interstate stream compacts are intended to resoldgrevent disput over
waters shared with neighboring states and to asBaneceipt of adequate surface flc
and releases from upstream states. Each comgaclyctpells out the quantity ofwat
that a state may store or develop on an interstegam. These comcts also deal with
water quality and pollution problems (Interstatee8m Compacts, OWRB). Arkans
Oklahoma, Texas, and New Mexico are involved iotaltof 12 inerstate compacts

(Table 1).
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Table 1. Interstate Stream Compacts

Compact States Involved
Arkansas River Arkansas, Oklahoma
Red River Arkansas, Oklahoma, Texas, Louisiana
Arkansas River Oklahoma, Kansas
Canadian River Oklahoma, Texas, New Mexico
Pecos River Texas, New Mexico
Rio Grande Texas, New Mexico, Colorado
Sabine River Texas, Louisiana
Colorado River New Mexico, California, Colorado, Nevada, Utah, Wyoming, Arizona
Upper Colorado River New Mexico, Colorado, Utah, Wyoming, Arizona
La Plata River New Mexico, Colorado
Costilla Creek New Mexico, Colorado

Animas-La Plata Project Compact New Mexico, Colorado

Sources: Interstate Stream Compacts, OWRB; Comdetg Mexico Office of the State Engineer;
Texas Statutes Water Code, Title 3 River Compacts.

Ground Water

Arkansas

Although Arkansas has a lot of surface water, 63%h®water used comes from
the ground. From 1985 to 2004, the amount of glouater pumped increased 70% to
6495 million gallons per day. Ninety-five percefithe ground water comes from the
Mississippi River Valley alluvial aquifer (ANRC, 2@). For the 2005 water year, there
were almost 55,000 registered wells reported afd @8re for agriculture (ANRC,
2006). Most of these wells were for irrigatiortie eastern part of the state.

Like surface water, Arkansas landowners may withdyeound water from
underlying aquifers based on “reasonable use”. fijie is not severable from the land
title, and the right to extract and use ground wed@not be sold separate from the land.

Use of water for domestic purposes or those wittaaimum flow rate of less than
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50,000 gallons per day do not have to be regist@BdRC, 2005). All other ground
water use must be registered. As long as the waprrt to beneficial use, property
owners may withdraw all of the water needed. As@nCode Annotated § 15.22-915,
passed in 2001 mandates that any well withdrawrogrgd water from a sustaining
aquifer must have a properly functioning meteriegide. These aquifers include the
Sparta, Memphis, Cockfield, Cane River, Carrizolcdk, Nacatoch, Roubidoux and
Gunter. Domestic wells are exempt.

In some areas the ground water is being withdrawahnfiaster than it can be
recharged. If this trend continues, it may resulamage to the aquifers and a serious
ground water shortage (ANRC Critical GroundwatesiDeation). If an aquifer is
affected by over pumping, the ANRC may list it ai@al (ANRC, 2005). Although two
aquifers have been designated critical, they argetaegulated. However, there are tax
incentives for those who install water conservapoarctices (ANRC Critical
Groundwater Designation). The Water Resource Gueasen and Development
Incentives Act encourages water users to investarconstruction of impoundments to
use available surface water, to convert from gronatér to surface water use, and to
level land to reduce the quantity of water neededrigate agriculture (ANRC Tax
Incentives). If these measures are not successfiaé near future, the State will have to
consider regulatory alternatives to preserve thefeig at a sustaining level (ANRC,
2007).

The ANRC produce$he Ground Water Protection and Management Report
annually providing a summary of ground water protecand conservation programs

administered by the ANRC (ANRC, 2007). It showattivater levels are dropping. A
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Critical Ground Water
Designations
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Figure 6. Map of the critical groundwater designations in Akansas
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Sparta Aquifer ir
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designated critice
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(Figure6). Through
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the declining of the

Sparta Aquifer ha

slowed. The Grand Prairereahowever, continues to decline rapidly. The Cactuel¥

Area, though not yet designated as a critical rggias also showed significant declil

in water level (ANRC, 2007

Oklahoma

Ground water is an important source of w in Oklahoma and is consider

private property. In 2000, 44% of the total 1,Tdi#lion gallons of freshwate

withdrawals came from the ground. TF-fourths of this was for irrigatic (Tortorelli,
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2000). Eighty percent of all ground water withdedswtake place in western Oklahoma.
The majority of this is pumped from the Ogallalahe High Plains Region for irrigation.

The current groundwater law, passed in 1972, allawdowners or lessees to
obtain a permit from the OWRB to use ground wagesell on the number of acres of the
applicant’s land that overlies a ground water hasfkpermit is not required for
domestic use (Okla. Stat. tit.82 §1020.7). The2llaw determined that those individuals
that already had water rights were allowed to cudito use their previously authorized
amounts. Where studies have not been done tawnietethe amount of water in a
ground water basin, temporary permits are giveppraximately half of the ground
water permitted comes from aquifers which haveyebvbeen studied or there is
insufficient data. These permits allow the induadito withdraw two ac-ft of water for
each acre of land owned or leased by the applidastudies have been done in the area,
the permittee is usually allowed slightly more @sd depending on the amount that may
be safely withdrawn. This is based on a minimusirbhfe of 20 years (Okla. Stat. 82
81020.11(B)). As of 2008, hydrogeologic studiegehaeen completed on five major
bedrock aquifers and ten major alluvial and terfacenations (Figure 7) (OWRB,
Ground Water Studies)

A landowner or lessee may file an applicationdoe of four ground water
permits. If a hydrologic study has been done éndtea, aegular permit may be issued
(Okla. Stat. tit. 82 81020.11A). If no study hashb conducted, temporary permit may
be issued. To obtain either a regular or tempgparnnit, an application must be

submitted to the OWRB and the intent published §ORldmin.Code § 785:30-3-1, 4).
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At the hearinghe intent to withdraw water may be protesiOkla. Admin.Code !

Major Basins with Final Order .y | T
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- Cyallala Panhandle
Tiliman Terrace
Wamcosa-Ada
‘Washita River - Reach 1
\Vashita River - Reach 3
] Washita River - Reach 4

Figure 7. Map illustrating the major aquifers in Oklahoma where final order has been ordere

785:30-3-4)and the OWRI must determine that the dgant owns or leases the lar

the land overlies a fresh groundwater basin or asibbthe proposed use is benefic

and there will not be any wasting or pollution loé twater. Once this is all completec
permit may be issug@®kla. Admin Code 8 75:30-3-5). Each yeaa temporary permit
must be revalidatednd it may be protest¢(Okla. Admin Code 85:3(-5-2).

There are alsgpecial andprovisional temporary permits. A specia permit may
be issued for up to six months and renewed upreettines. It permits the withdrawal
more water than a regular or temporary pe(Okla. Stat. tit. 82 §1020.11’ Provisional

temporary permits, often sought by oil compai are issud for up to 60 day A public

hearing is not needed for a provisionermit, but need only to be approved by
director of the OWRROKkla. Stat. tit. 82 §1020.10).
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A ground water permit may not be lost due to nonbsemay be canceled for
failure to report annual usage or suspended fotimgathe water (Okla. Stat. tit. 82
81020.15). A meter is not required on Oklahomadsyélt if the majority of landowners
in a basin desire a meter to be put on a wellO¥#WRB must comply (Okla. Admin.

Code 785:30-13-3).

Texas

Texas’ population is growing at a rapid rate dmetéfore more and more water is
going to municipalities and industries. The TeWster Development Board projects
that by the 2040’s more water will be used by si@d industry than by agriculture
(Texas Cooperative Extension). Fifty-nine peradrihe water used in the state comes
from the 9 major and 21 minor aquifers. Unlikefaoe water, which is state-owned, the
right to use ground water belongs to the ownehefland. Throughout much of the
state, no permit is required and one may withdraxmach water as needed and for any
reason (Texas Water Law). This is called the ofileapture and has been in place since
1904. Basically the deepest wells and biggest pugep the water as the shallower wells
go dry Houston & T.C. Ry. Co. v. East, 1904).

Current Texas Supreme Court rulings stand by thes & priano v. Great Spring
Waters of America, et al, 1999), but courts have imposed a few judicial limitasam the
rule of capture Water must not be wasted, pumped just to hareagdy neighbor, or
pumped from a slant-drilled well that crosses samegise’s property (Texas
Cooperative Extension).

The Texas Legislature has passed a few laws toatastlimited ground water

pumping from the underflow of a river, from the Eahds Aquifer within the jurisdiction
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of the Edwards Aquifer Authoritfrom an aquifer andithin the jurisdiction of a groun

waterconservation district (GCI (Texas Cooperative Extension).

GCD'’s are the state’s preferred method of managiognd wate (Texas Water

Coce 836.0015). The first GCD was formed in 1951 thedTexas Legislature h

encouraged the forming of others. As of Decemb@7297 GCD’<(Figure 8) have

Consavation DSt
[ 1-Andersan Coury UNCD

Confierued Groundwaer

5 2 Rarton € peinga dhesnbs Aquiifor GO
ey

:
H
§
:

:Imtnun Caunty UWCD dod
Irion County WCD

Lianc E stac so UWCD

5%
§8

o]
Lost Hnes GCD

L csen Triits GCTY
MeMallen

o minn(mlnm(el o [0 m(mallel [Tl alnenl wel e
!x’f,!:.!‘rMsp?:M?Mx“”!nﬂ?!ﬂm‘vwzmﬂz

Pecay Valley GO
- B4 Permian Basin UWCD
B, Pineywoods GCO
- . Platewy uwc and Supply Distric

Panding Gmunduater
Consenvatian Districts
] @ Fwwad Carnty G0 « &
O % Laveca Cenmty GO0 + 8
1 90, Mct arnnan Courty GCD + 2
L) 95 Fatverock GCD « 2
P £ ey
S
| meremesy mussmeopurers |

Subsidence Districts

= L
s || e oo fmmioen | uevesme
- ot

L= |y g

et Abep it nu me 7ol
) o l'a--'#«"‘-?-- @ e Teom oviwie peReN D

2
DI5C. AVES o= MY
Thes Wate Devscprant Board o
e s wareace 2t Sz by ¢ comotdtarars .

Irformation shown haren nor bs e pubablity lor umalvm

ecvinat i g earabiy et gal s e,

GROUNDWATER
CONSERVATION DISTRICTS?,
(Confirmed and Pending Confirmation)

— = | &
4
\ -
™
i ki

Map updeted by Wk Maes, GEP
TWDD < 313 sy € 1om e

'awmncnm i ol

AN st oy 33 B e

Wiof fhe Tawa Wader Code.

e oty ot artaining o vl distdes dn
e et et ves

Figure 8. Map illustrating the Groundwater Conservation Districts (GCD’s) in Texa:

29




been created in the state (TCEQ, TWDB, 2007). rlijwaipose is to develop and
implement management plans to conserve and prgteeghd water resources (Texas
Water Code §35.0015).

Each GCD must develop and submit a managementpkiie Texas Water
Development Board (TWDB) within three years of lggfarmed (Texas Water Code
835.1072a). Each plan must address the followiagagement goals, as applicable: (1)
providing the most efficient use of ground wat@y), ¢ontrolling and preventing waste of
ground water; (3) controlling and preventing subsik; (4) addressing conjunctive
surface water management issues; (5) addressingphegsource issues; (6) addressing
drought conditions; (7) addressing conservatiochaege enhancement, rainwater
harvesting, precipitation enhancement; and (8Jresbing the desired future conditions
of the ground water resources (Texas Water Codel838). Once a management plan is
submitted by the TWDB, it must be approved. Astaance every five years, each GCD
must review and resubmit their management plan arithithout any revisions (Texas
Water Code 835.1072e).

Each GCD enforces its management plan through gerghand regulating well
spacing and production (Texas Water Code 835.10'Hdrh ground water user must
obtain a permit to drill and operate a well, althbisome exceptions do apply (Texas
Water Code 835.113a). These can be found in tkasT@/ater Code § 36.117. A
district may regulate the spacing of water welld #re production of ground water in
order to minimize the drawdown of the water tabdegontrol subsidence, to prevent
interference between wells, to prevent degradatfomater quality, or to prevent waste

(Texas Water Code §35.116a).
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New Mexico

Since there is a small quantity of surface watédémv Mexico, ground water is
an invaluable resource. Approximately 90% of teegle depend on this precious
resource for drinking (New Mexico State Water PR003). With most of the surface
water in the state being appropriated, most nevemwaghts are for ground water. The
Office of the State Engineer processes an averay@ @00 water right permits a year
and the majority are for ground water. Approximatahe-third of the ground water
permit applications are for domestic use or stassUyAnnual Report, 2005-2006).
Unlike Arkansas, Oklahoma, and Texas, all grounttmia New Mexico is now publicly
owned and therefore a permit is required to uéstéate of New Mexico Statutes §72-12-
18). Until recently, there were undeclared growder basins that were not under
jurisdiction of the State Engineer. This now madksvater, both surface and ground, in
New Mexico subject to appropriations and is therefdministered and regulated by the
State Engineer. There are four types of groun@maermits available: regular,
temporary, livestock, and domestic.

Much of the ground water in New Mexico is alreagyi@priated. To obtain a
regular ground water permit for unallocated water, theawvatust be put to beneficial
use, not interfere with existing water right hokleand not adversely affect public
welfare and conservation. New Mexico’s water l@esognizes the interaction between
ground and surface water; therefore, the proposmahd water diversion must not
interfere with surface water rights. If the propdgeound water appropriation is in
stream-related basins, the applicant may purchasace water rights to offset the

amount of the proposed application.
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An application must first be filed with the Offiod the State Engineer stating the
amount of water applied for, the location of thdliwbe name of the owner of the land,
where and for what purpose the water will be used,the place of diversion (State of
New Mexico Statutes §72-12-3A). If the proposed Weeation is on private property,
the applicant must obtain written permission fréva kandowner giving the applicant
access to the land to drill and operate a wellt¢StaNew Mexico Statutes §72-12-3B).
The date an application is filed is the priorityeléOffice of the State Engineer, 200681-
2). If the State Engineer finds the applicatiooegatable, a notice of intent must be
published. Anyone who feels that the proposeda@pation will affect their water right
must protest the application within 10 days oflts publication (State of New Mexico
Statutes §72-12-3D). If the application is pratdsia hearing will be held before the
State Engineer (State of New Mexico Statutes §73-E2. If the State Engineer finds
that the proposed water right will not interferétwother water rights and will be put to
beneficial use, a “Certificate and License to Agprate” will be granted (State of New
Mexico Statutes §72-12-3E). The State Engineer piage specific conditions on the
permit to protect existing water right holders.

A temporary permit may be obtained for the following uses:specting, mining,
construction of public works, construction of highys and roads, or drilling operations
to discover or develop natural mineral resourdég.to three ac-ft of water for up to one
year may be granted if it will not permanently inrgxisting water rights (Office of the
State Engineer, 2006 81-15.6). The applicationbsmarenewed and a permit may be
granted in any year to the same applicant for @asposed use (Office of the State

Engineer, 2006 81-15.6.1, 3). The application dldenied if the appropriation will
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take 0.1 ac-ft or more from a fully appropriateckatn (Office of the State Engineer,
2006 81-15.6.4).

A separate permit is required favestock. When a person or corporation applies
for a livestock permit, it is always granted (Staté&New Mexico Statutes §72-12-1.2).
Three ac-ft of water may be withdrawn yearly froacle well. It is recommended that
the wells be spaced at least 50 feet apart.

The fourth permit type and by far the most numeresthose fodomestic use.
Ninety percent of all residents in New Mexico deghen domestic wells. As of 2000,
there were approximately 137,000 domestic welli¢@fof the State Engineer, 2000).
This was up from almost 112,000 in 1995. Of th&,280 wells, over 36,000 were
within one mile of perennial streams and over 30, @@re between one and five miles of
perennial streams (Office of the State EngineedP20 With the large number of wells
and the affect that they can have on other wagétsj the Office of the State Engineer
prepared new rules and regulations for domestitswekhe year 2006. The new rules
and regulations do not affect existing domestidsy&om which three ac-ft rmay be
diverted.

Domestic use includes water for household purposegtion of one acre or
less, and drinking and sanitation purposes for gowental, commercial, or non-profit
facilities (State of New Mexico Statures §72-12}1.To obtain a permit, an application
must be filed with the State Engineer that incluttheslocation and purpose of the well,
the number of households to be served, and theamer where the well is located
(State of New Mexico Statutes 872-12-3). If thdlwgefor a single household, up to one

ac-ft per year may be pumped. The maximum amdwthay be withdrawn from a
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well serving three or more households is threet g¢*f(Office of the State Engineer,
2006 819.27.5.9 1, 2). Most domestic permits aaatgd although there are a few
exceptions: the proposed well location has regiris imposed by a court or it is in an
area the government prohibits or does not recomraagaew wells (Office of the State
Engineer, 2006 §819.27.5.13-A). If the permit ipved, conditions may be included.
A meter is required if the well is for multiple heeholds, within a domestic well
management area, imposed by a court, or for govemtah) commercial, or non-profit
facilities (Office of the State Engineer, 2006 105.13-C).

An area may be declared a domestic well manageaneatif the withdraw of
ground water might affect existing surface watghts. Before an area may be declared
a management area, the state engineer must haololia pmeeting. Anyone who may be
affected may then voice his opinion. In a domestd management area, a single
household may not withdraw more than 0.25 ac-tt(@ffice of the State Engineer, 2006
819.27.5.14 A, B, C). The State Engineer may daantg permit where the person fails
to comply with the conditions of the permit (Offioéthe State Engineer, 2006
819.27.5.14). Domestic wells do receive a priodiye and are subject to priority

administration.
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CHAPTER IlI

USING MODFLOW TO COMPARE MANAGEMENT ALTERNATIVESFO RA

RIVER ALLUVIAL AQUIFER

Background

Ground water is a vital resource for the Unitedéta In 2000, 26% of all water
used came from the ground with the majority beisgdufor irrigation followed by public
water supply (Hutson, 2000). Though 74% of ouravabmes from lakes and rivers,
depleting ground water can affect the baseflomunrivers, which in turn will affect the
guantity of surface water available. When a pumpwed is located near a stream
hydraulically connected to an unconfined aquifeintercepts ground water that normally
would have discharged to the stream as basefldve baseflow of the stream is therefore
reduced. If pumping continues, the hydraulic ggatimay be reversed to where the
stream will discharge only to the aquifer (Chen &ing 2001).

Models can be used to help us predict the effettground water pumping has
on an aquifer and hydrologically connected surfeater. The results of such a model
can be used to help us make water policy decisiéos.example, the New Mexico
Office of the State Engineer has designated cegi@innd water flow models for guiding
administrative decisions about drawdown effectdlé@@a and Silver, 2005). Seventeen
basins in the state have been modeled using MODFI(BaNeau and Silver, 2005).

Balleau and Silver (2005) developed a model usi@¥LOW to study statewide well
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impacts in New Mexico. They consider simplifieagsgications to inform policy
decisions concerning the effect of domestic watishe state’s aquifers and streams
(Balleau and Silver, 2005).

Mukhopadhyay et al (1994) used the VTDN softwarsitoulate ground water
flow in an aquifer system in Kuwait. The systemswi@odeled to evaluate four different
possible future exploitation/development planstfa aquifer system under consideration
(Mukhopadhyay et al. 1994). Pisinaras et al. (20@&d MODFLOW to study the effect
of 87 irrigation wells on a semi-confined aquifgstem in North Greece. They ran four
management scenarios for 20 years to simulatetigeterm aquifer response (Pisinaras
et al, 2006). Rejani et al (2008) chose MODFLOVdalyze the aquifer response to
various pumping strategies in India. They simuldiee pumping scenarios to determine
the best management strategy.

Though there have been several studies completed giound water models to
simulate various management scenarios, | am nateasfany that have utilized
MODFLOW to compare the ground water policies betwen states with one policy
being based on a 20-yearr simulation that is nasited and the other on a 50-year
simulation that is revisited every five years.hbse to compare the ground water polices
of Oklahoma and the Texas Groundwater Conservatistict. The objective was to
compare the pumping rates that each policy perchétel to simulate its effect on an

alluvial aquifer system.
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Sensitivity Analysis

Due to uncertainty with the model parameters nsisigity analysis can indicate
which input parameters are most important in theuations (Johnson, 2007). We chose
to analyze the effect of hydraulic conductivityesiic yield, recharge, and streambed
hydraulic conductivity on river leakage and aqutarage. Hydraulic conductivity (K)
can vary significantly based on the size, shape cannectivity of pores and fractures in
the aquifer (Haan et al. 1994). The K value ofigt@an be as high as*® d* and clay
can be as low as Tfh d*. It can vary greatly vertically and horizontatlyer short
distances.

Specific yield ($), the amount of water that will drain from a sated material
due to gravity, can also vary significantly witmdsahaving a specific yield of 22%,
gravel 19%, and clay 2% (Haan et al. 1994). Speyiéld and temporal changes in
aquifer storage are conceptually well understoatignantifying these components in the
field from aquifer tests and applying these paranseto determine water availability is
challenging (Gehman, 2009). For example, in aystilmhe within the Denver Basin, the
Sy calculated directly from core samples were founbé significantly lower than the S
estimates derived from laboratory analysis andfagtests (Gehman, 2009; Woodward,
2002; Raynolds, 2004). This has resulted in urgdienation of water level decline in the
basin.

There are two sources of recharge (R) to an alwaquifer: precipitation and
river leakage. While physical parameters of a rhadeconsidered static, ground water
recharge rates from precipitation can be highlyalde in space and time (Jyrkama,

2002). Precipitation can vary greatly from yeayéar, but when performing 20, 50, or
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even 100-year simulations, it is impossible to priedFor example, due to unexpected
extreme drought years from 2001-2004 in the ColoRiyer Basin, the simulated
outcomes of the Interim Surplus Guidelines (guitegifor regulating water supplies
during high reservoir conditions) were inaccur&argick et al, 2008).

Streambed conductivity (€ can be one to three orders of magnitude lower tha
aquifer conductivity (Calver, 2001; Larkin and Shat992; Fox, 2007). There are
various methods for calculating streambed condeetdout studies concluded that
making multiple measurements at a stream locasiondre important than the accuracy

of a single technique (Fox, 2007).

Water Laws

Each state appropriates its water resources @iffsr. Some regulate surface and
ground water separately, while others treat thedw/one system. The managers of two
water boards in the Burdekin River Delta in Aus&ralor example, concluded that the
policies on surface and ground water need to bereMgted simultaneously (Hafi, 2003).
The state of New Mexico’s water law recognizesititeraction between surface and
ground water; therefore, a proposed ground watarsiion must not interfere with
current surface water rights (State of New MexitatiBes). However, in Oklahoma and
Texas the allocation of ground water is done withregard to its effects on surface water
(Texas Water Code 35.003; Okla. Stat. 82:10208®)e source aquifers such as the
Edwards Aquifer in Texas and the Arbuckle-Simpsauifer in Oklahoma are
exceptions (Edwards Aquifer Authority; 2008, OKat. 82:1020.9A-B1).

Oklahoma’s ground water law allows landownersessées to obtain a permit

from the Oklahoma Water Resources Board (OWRB}stoground water based on the
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number of acres of the applicant’s land that oesré ground water basin (Okla. Stat.
82:1020.9). Where studies have not been comptetddtermine the quantity of water in
a ground water basin, temporary permits are is§D&th. Stat. 82:1020.11B). These
permits allow individuals to withdraw two acre-&,466 ni) of water for each acre
(0.4047 ha) of land owned or leased by the appii@kla. Stat. 82:1020.11B). If a
study has been conducted to determine the quanititsater available in the basin, the
maximum amount that may be diverted is based omamam basin life of 20 years
(Okla. Stat. 82:1020.9). The law requires thatradt minimum of 20 years, 50% of the
aquifer will retain some saturated thickness, asthrer words half of the aquifer will be
dry (Okla. Admin. Code 785:30-1-1). Dry by thididéion is a minimum of 1.52 m of
saturated thickness for alluvium and terrace agud@d 4.57 m for bedrock aquifers
(Okla. Admin. Code 785:30-1-1).

Throughout much of Texas, no permit is requiredge the ground water, and
one may withdraw as much water as needed for @spre This is called the rule of
capture and has been in place since 1904. Bastballdeepest wells and biggest pumps
get the water as shallower wells go ddpgston & T.C. Ry. Co. v. East, 1904).

However, the Texas Legislature passed a law taeeshlimited ground water pumping
from within the jurisdiction of a groundwater congion district (GCD) (Texas Water
Protection Committee, 2003). The Texas Panhandder@éwater Conservation District
adopted the 50/50 standard in order to have 508amént supplies, or saturated
thickness, still available in 50 years (Panhandieu@dwater Conservation District,

2005). Under this standard, the maximum pumpitgigathen revisited every five years
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to see if the depletion rate needs to be adjustadhi{andle Groundwater Conservation

District, 2005).

Baseflow versus River Leakage

Under normal baseflow conditions, the aquifer losager to the stream, but after
significant pumping, the hydraulic gradient canrbeersed to where the aquifer gains
water from the stream. Chen and Yin (2001) lookediver leakage and baseflow
reduction induced by ground water pumping in neasoyifers. Baseflow is the
discharge from the aquifer to the river and riveatkdage is the discharge from the river to
the aquifer. They concluded that reduced baseflms a longer term impact on
streamflow than river leakage and that its impat continue into the next pumping

season (Chen and Yin, 2001).

Methods and Model Design

In this study the ground water policies of Oklahcend the Panhandle GCD were
compared using a model based on characteristitgedfiorth Canadian River Alluvial
Aquifer in northwest Oklahoma (Figure 9). The alije was to see which of the two
ground water policies is more sustainable undeeasing levels of aquifer development
and to compare the effect that aquifer developrhaaton baseflow and river leakage. |
used MODFLOW's RIVER package, a product of the G8ological Survey (Harbaugh
and McDonald, 1996), to simulate the unconfinedfagistream systerrl. MODFLOW
uses the ground water flow equation to calculatemiovement of water between cells.

The equation for a homogenous, isotropic aquifer is

2 2 2
Ka E‘+Ka r2]+Ka ?=SS@
0X oy 0z ot

-R (1)
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whereK = hydraulic conductivity (L/T), X, y, and z areroponents of the hydraulic
conductivity tensor$; = specific storage (dimensionlesR)F inflow to the system (L/T),
h = head, , antl= time (Anderson and Woessner, 1992). MODFLOWdthsantages

over analytical models because it takes into adctienvertical flow component in the

g North Canadian Alluvial Aquifer

|---_."".'.-|__“>‘
L\u

e« lmigation Wells oy
Morth Canadian River Ay e

] 4 B 16 Miles Cartography by Aaron Mittelstet

Figure 9. The North Canadian Alluvial Aquifer in northwest Oklahoma and its 150 irrigation
wells. Canton Lake in the north and Lake Overholsr in the south are connected by the
North Canadian
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vicinity of the streambed (Chen, 2001). MODFLOWftseambed conductance is

_ Ky w
M

C )

whereKg, = streambed hydraulic conductivityandW = length and width of the stream
in the finite difference cell, andl = depth of the streambed (Fox, 2007). MODFLOW
calculates stream leakage as a product of C anlethe gradient between the river and
aquifer. The relationship betwegrand C is given by (Fox, 2007):

_C_K W
Y,

A

®3)

| used Processing Modflow Pro (Chiang, 2005) amtanface for model setup
and simulations. Data from Christenson (1983) wsexl for model dimensions and
parameters (Figure 10). The simplifications andiaggions of the model limit the
accuracy of data obtained from its simulationse &guifer domain is 100,000 m in
length (the x-direction, or NW to SE in the Northr@dian and 10,000 m wide (the y-
direction). The model has one layer that is homogs, isotropic and made up of 12,500
cells, with the east and west boundaries imperneeabhe total depth is 20 m with a
uniform 15 m originally saturated. Constant headralaries were used to represent the
two lakes, connected by a river. The river was etedl using the RIVER package, 10 m
wide and 1.5 m deep. The RIVER package, whiclséesl to calculate the flux of water
between the stream and the aquifer, assumes thatrtdam stage remains constant
throughout the simulation (Fox and Gordji, 200R)ODFLOW assumes the specific

discharge through the streambegdis proportional to

_Ky 4)
q M Sw
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Model of the North Canadian
Alluvial Aquifer

Canton Lake

North Canadian Rive

Irrigation Wells

Figure 10. Processing Modflow Pro image illustratig the North
Canadian River, Canton Lake, Lake Overholser and 24 irrigation
wells. Width equals 10 km and length equals 100 km
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where q = specific dischargés, = streambed hydraulic conductivity, = streambed
thickness, and, = drawdown defined as the difference between jfdedulic head in the
stream and the hydraulic head in the aquifer (Fak@ordji 2007). Equation (4) holds
true for a fully saturated hydraulic connectionvizetn the stream and the aquifer;
however, if the head in the aquifer drops belowsineambed, MODFLOW'’s RIVER
package assumes that seepage is no longer pro@diothe aquifer head and becomes

dependent on the water level in the stream and M
Ksb
=—2(H, +M
4= (H,+M) (5)

where H,=water level in the stream above the surface ostreambed (Zume and
Tarhole, 2008; Fox and Fordji, 2007). Initiallget stream stage 0.5 m lower than the
water table in the aquifer so the stream would gadter from the aquifer. The K was set
to 30 m d" and Ky to 3 m d or 10% of the aquifer conductivity, with a thiclaseof
streambed of 1.0 m. Based on Christenson’s rels€4983), | set Jto 0.25 and R to

2.54 cm yi.
Model Simulations

Sensitivity Analysis
A sensitivity analysis was performed using the el@d 20% development, 494
wells, for 20 years. The objective was to evaltlageeffect that K, 5 Ksp, and R have

on total storage and river leakage. See Tabte Bhitial and varied parameter values.
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Table 2. Initial and varied parameter values for sasitivity analysis

Parameter Units Minimum Initial Maximum
Value Value Value
K md* 3 30 300
S N/A 0.15 0.25 0.35
R cm yrt 1.27 2.54 5.05
Ksb md* 0.3 3 30

A relative sensitivity coefficient was quantifiedrfoutput y parameter relative to input

parameter x (Heeren, et al., 2009):

Y= Y% *100
S X :—yb (6)
X

.

X=% %100
%

where Jy/x) = relative sensitivity coefficient for outpytrelative to input parameter x, y
= output under consideration, ¥ baseline value for output y, ang xbaseline value

for parameter x. Since K andg¢ary significantly compared to,&nd R, | used the log
of K and K, to make a better comparison withehd R. Therefore, total storage and

stream leakage are gnd y and K, §, Ks, and R are the input parameters x.

Oklahoma/Texas

Oklahoma law specifies a maximum permitted withdreas the pumping rate
where 50% of the cells go dry in 20 years. The rha@es run for 20 years with 2,433
time steps. One irrigation well was placed in gw&ll (12,500) in the model and |
varied the pumping rate until approximately 6,2&0half of the cells went dry.

Once the allowable pumping value was determinagraésimulations were
completed at various stages of aquifer developm&hé objective was to simulate

pumping when the aquifer was 10, 20, 30, 40, 50760and 80% developed. With the
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Figure 11. Graph showing the hydraulic head acrosthe model after the 20-yr simulation at 10%
development. Data taken from the middle of the moel at row 125. The river has the lowest
elevation head (see arrow).

total land area overlying the aquifer being 247,86rés (99,600 ha), 10% aquifer
development would be 247 wells. Each well repres#f0 acres based on average
pumping rate and number of acres irrigated per wwehat part of the state (M. Kizer,
personal communication, February 2009). Each sitimrd was run for 40 periods: 100 d
pumping at 50 time steps followed by 265 d at 15@tsteps. See Figure 11 for graph of
the hydraulic head after simulation at 10% develephand Figure 12Figure 13 for
hydraulic head contour maps at the beginning axdéthe simulation.

The simulations for Texas policy were run with #grpiifer at 20, 40, 60, and 80%
development. The difference was the pumping raeslad to be determined when the
storage decreased by 50% in fifty years. Eachlaition was run for 100 periods: 100 d
pumping at 25 time steps followed by 265 d at 10@ tsteps.

Only irrigation wells were installed in the modé&ice the majority of pumping is

due to agriculture, andume and Tarhule (2008) found that overall theguatbf stream

46



Canton Lake

Ssa Y

Model of the North Canadian
@ Alluvial Aquifer

82.00 m

North Canadian Rive
60.00 m

Irrigation Wells

,,,,,,,,

Figure 12. Contour map showing hydraulic head
from Canton Lake to Lake Overholser before the

20 yr simulation begins. Lake Overholser \
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Model of the North Canadian

Canton Lake Alluvial Aquifer

103.96 m

Irrigation Wells
37.95m

15.94 m

Figure 13. Contour map showing
hydraulic head from Canton Lake to Lake
Overholser after the 20 yr simulation.
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depletion simulated by irrigation wells is simitarthat obtained by pumping all wells within the
aquifer. Data from the OWRB was used to place itilse I50 wells at their true locations
(OWRB). Using excel, wells were then added at oanlgt selected locations until the desired
number of wells was reached. Each well was pumip@dd followed by a 275-d non-pumping

period.

Baseflow versus River Leakage

We analyzed baseflow and river leakage in the alwystem at 10 and 20% aquifer
development (247 and 494 pumping wells). Discharge calculated at every time step in the
MODFLOW simulation. The baseflow and river leakaggre compared after each period (100

d pumping, 265 d no pumping).

Results and Discussions

Sensitivity Analysis

Recharge was the most sensitive parameter fdrdtoieage with a sensitivity coefficient
of 0.0553 for both simulations compared to a K eadfi0.0170 for 3 m d-1 and 0.0731 for 300
m d-1 (Table 3). The K had the greatest influemteiver leakage with a sensitivity coefficient
of 0.6872 and 1.3683, respectively.

These results were comparable to those of Christe(i®83) who tested variations in K,
R, and Ky over a 40-year simulation period with multiple guing wells. Variations in K and R
caused the computed heads to change significamitije the computed heads were relatively
insensitive to changes ingK(Christenson, 1983). Johnson (2007) analyzedehsitivities of
R, K, and vertical anisotropy and found rechargegdhe most sensitive parameter followed by

K. Johnson (2007) found very little sensitivity the vertical anisotropy.
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Table 3. Comparison of K, §, Ks,, and R sensitivity to aquifer storage and river lakage.

Parameter Storage Sensitivity River Sensitivity
% Change  Coefficient Leakage Coefficient
%

Change
K (m d-1)

3 -1.13 0.0170 -44.80 0.6872
300 4.98 0.0731 98.84 1.3683
Sy
0.15 2.47 -0.0620 23.55 -0.5889
0.35 .02 0.0006 -16.12 -0.4031

Kab (m d-l)
0.3 -0.91 0.0044 -16.79 0.0801

30 .09 0.0005 2.55 0.0107

R (cmyr-1)
1.27 -2.75 0.0553 29.48 -0.5088
5.08 5.74 0.0553 -39.63 -0.4152

Baseflow versus River Leakage

At 10% aquifer development (247 wells), the basefitecreased to 38% after 5 years of
pumping, 23% after 10 years, and 16% after 20 yelne river leakage decreased by 25% after
5 years of pumping, decreased by 8% overall aflgrehrs, and increased 18% overall after 20
years (Figure 14). The hydraulic gradient is regdrand the stream becomes a losing stream
after approximately 9 years of pumping (see arrow).

These results were comparable to a similar agunfaorthwestern Oklahoma.
Zume and Tarhule (2008) found that after pumping it@gation wells for 1, 5, and 15 years,
baseflow contributions to streams decreased t83,7and 27% respectively and stream leakage
increased to 35, 44, and 48%.

| found the changes were much more dramatic at 29dfer development with
baseflow decreasing to 14%, 3%, and 2.5% afte®padd 20 years of pumping. The river
leakage increased 255% after 5 years of pumpir@foddfter 10 years, and 692% after 20 years

(Figure 15). After only 3 years of pumping theeatn loses more water than it gains.
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Figure 14. Total baseflow and river leakage after 0-year simulation at
10% aquifer development. Arrow shows where hydraut gradient is reversed.
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Figure 15. Total baseflow versus river leakage aftex 20-year simulation at 20% aquifer development.
Arrow shows where the hyraulic gradient is reversed
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Oklahoma/Texas Simulations

The amount of water that may be pumped from theial aquifer so that 50% of
the saturated thickness remains after 20 yearsrmppng was found to be 69%ai* or 1.03 acre-
ft ac* yr'. With each irrigation well representing 40.47(h@0 acres), the pumping rate for OK
water law is 1270 fhd™ per well for 100 days. This pumping rate remairessame and need
not be revisited. Therefore, as the populationgumehtity of agricultural land increases, more
wells may be drilled into the aquifer, but eachdewner will continue to be permitted 1.03 acre-
ft of water for each acre of land owned or leas€lis water policy works well if there is small
demand for the water, but as the aquifer becomes developed, the rate of water table decline
and river leakage will continue to increase. Baraple, for the simulation at 10%
development, average drawdown per cell after 2@sye@as 0.90 m, but the drawdown increased
to 8.27 m at 80% development (Table 4)

For the Texas simulations at low development, thegng rate was limited to 2.0 ac-ft
ac’ yr! (2466 ni d*) because when more water was pumped from a sindlgteemany cells
went dry. At 20 and 40% development, each indi@idwuld pump whatever they wanted (the
rule of capture concept). At 60 and 80% developmesach well would be limited to 1.14 ac ft
act yr! (1400 ni d*) and 0.50 ac ft akyr* (615 nt d*) respectively to maintain the storage at
50% after 50 years of pumping. Though unlimitechping is permitted at first, the permits are
revisited every five years and the pumping rateljtesded to maintain 50% of total storage after

50 years.
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Table 4.; Pumping rates and percentage of initialterage after various stages of aquifer development

Percentage of Oklahoma  Pumping Rate Texas
Aquifer % of Initial in Texas % of Initial
Development Storage at (acre-ft/acre) Storage
1.03 acre-ft

10 94 N/S N/S
20 84 2.00 64
30 79 N/S N/S
40 70 2.00 58
50 61 N/S N/S
60 55 1.14 50
70 48 N/S N/S
80 45 0.50 50

NS is not simulated

Conclusions

Ground water is an invaluble resource that eadb stgulates differently. The quantity
of water and the policy that determines how ibi§¢ allocated are both instrumental in
maintaining the water level at a sustainable |éwefuture generations. Calculating the quantity
of water in a stream/aquifer system is challenging to uncertainty and inhomogeneity.
Sensitivity analysis showed that K and R are thetrimoportant parameters in modeling an
alluvial aquifer, suggesting that money and effattould focus on these parameters. Any
reasonable estimate ofsgand § should be adequate for analysis of interchangeatér
between the stream and alluvial ground water.

Though several states recognize the interactibmd®sn surface and ground water,
Oklahoma and Texas do not. The current groundndeatethat Oklahoma has implemented
allows efficient utilization of the aquifer withtfie decline of water table while development is
low; however as the aquifer becomes more develdpedjuantity of water that may be pumped
per hectare of land owned or leased remains the.sdinis will cause a significant local

drawdown of the water table, eventually depletimgtesource. On the other hand, the rules of
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Panhandle GCD permit unlimited pumping at first, e depletion rate is revisited every five
years and pump permits are revised such that thiéeagyill never go dry.

This research demonstrates it is not only impottaset a pumping rate based on the
total storage in the aquifer, but it is importamtonsider interchange with the river (baseflow
and recharge) and to retain flexibility to readjpstmits if development exceeds the original
assumptions. The North Canadian Alluvial Aquifam,which this model was based on,
currently has approximately 150 irrigation weliglas therefore about 6% developed. The
model shows that as the number of wells incredmesflow will decline and river leakage will
increase. As the demand increases within the bdmrpumping rate should be revisited and

readjusted accordingly.
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CHAPTER IV

SUMMARY AND CONCLUSIONS

As seen from the water rights of Arkansas, Oklahohexas, and New Mexico,
the location and climate of a state indicates Huay @allocate their water resources and
whether they have adopted the riparian, prior gmpaton, or hybrid doctrine. In the
future, each state will likely experience droughdl avater shortages due to urbanization
and/or climate change. Each state has speclés and regulations in place to deal with
water shortages in the future. There are soms thal every state has available to them,
others that are specific to their water allocasgatem, and other tools that are state-
specific.

There are some tools such as water metering, n@is®m, and water reuse that
can be effective in any region though they areimplemented in every state. Arkansas,
for example, now requires metering on wells frofrsabtaining aquifers, New Mexico is
requiring meters within water master districts, degas is starting to require them
within groundwater conservation districts. Oklalginowever, has not required any
metering thus far. Conservation and water redmeigh not widespread, are becoming
more popular especially in areas where there haea bhortages in the past.

The appropriation doctrine has more flexibilitydamore tools than the riparian
doctrine in times of water shortages. Some ofdlesude permit administration,

watermasters, water rotation, water sharing, anémganking. In theory, Oklahoma,
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Texas, and New Mexico all use priority adminiswatin times of water shortages, yet
only Texas and New Mexico have water masters toreefit. At other times each state
agency relies on other methods such as water gh&amking, and rotation.

Each state has a hierarchy system of water aitycad implement in times of
water shortage. Arkansas gives priority to doncasters and municipalities followed by
registered riparian landowners. Oklahoma and Tgrespriority to domestic users, but
the right then goes to older water rights. Thatrig water during a shortage is based
strictly on priority date in New Mexico.

Arkansas has designated areas as critical whereponmping has occurred and
offers tax incentives to convert from ground tofsce water. Unlike Arkansas,
Oklahoma, and Texas, New Mexico will not permitigrd water use if it will harm
senior surface water right holders. New Mexicals® implementing the Active Water
Resource Management Initiative (AWRM) within sev&asins. Watermaster districts,
watermasters, and metering will all be implement&tin the basins to enforce priority
administration. Texas now has a policy that makespractical to obtain a permit to
transfer surface water outside its basin of origin.

Texas has different rules and regulation baseth®iground water conservation
district and Oklahoma allows varying amounts ofevab be pumped based on whether
or not the basin has been studied or not. Instiidy, MODFLOW was used to compare
Oklahoma’s and the Panhandle Groundwater ConsernvBiistrict’'s ground water
policies on management of a river alluvial grouratev system. The simulations showed
that in an aquifer with little development, Oklah@mground water policy can limit the

decline of the water table, where the Panhandle @@Ry does not. However, as the
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aquifer becomes more developed, the Panhandle GGEY pvould be more sustainable
and the aquifer would not be permitted to go dfya water shortage occurs in the future
and recharge to the aquifer decreases, Oklahormapipg rate can remain the same
causing the aquifer and river to decline rapidBn the contrary, the Panhandle GCD
management plan is revisited every five years hatefore can be readjusted so that
50% of the aquifer storage remains in 50 years.

Each state has adopted a system of water allocatid rules and regulations
based on tradition, population growth, and climaftéhen considering water policy
changes, water managers should enquire how otlitesstith similar characteristics are
implementing their water polices. Based on what\earked and what has not, they can

make the best decision based on their states waddability and future needs.
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APPENDIX A: SUMMARY OF THE WATER RIGHTS OF ARKANSAS

OKLAHOMA, TEXAS, AND NEW MEXICO
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Arkansas Oklahoma Texas New Mexico

State agency that Arkansas Natural Resource Oklahoma Water Resource! Texas Commission on Office of the State Engineer
manages water resources Commission (ANRC) Board (OWRB) Environmental Quality
(TCEQ)
Water allocation system L L . : . : : . :
Modified Riparian Doctrine Hybrid Doctrine Hybrid Doctrine Doctrine of Prior
. Appropriation
Climate/yearly pprop
precipitation Humid/45-64 in/yr Humid in east, arid in Humid in the east, arid in the  Arid/12-20 in; more in the
) west/less than 18 to 54 in/y1 west/less than 14 to 54 in/y mountains
Quantity of Surface
Water (mi?) 1,107 mf; 2.09% of total 1,224 mf; 1.76% of total 6,687 mf; 2.49% of total 234 mf; 0.20% of total
53,075 mf 68,679 mi 268,601 nfi 121,598

Do landowners have the
right to capture diffused Yes Yes Yes Yes
surface water?

Wh f Public for navigable waters
@ (?)WI’]S Sl and riparian landowners for Public Public Public
water? non-navigable waters

Do riparian landowners
need a permit to divert No Yes, except for domestic us'  Yes, except for domestic us Yes
surface water?

Do non-riparian
landowners need a
permit to divert surface
water?

Yes Yes Yes Yes

Quantity of su_rface water As much as they need subje Amount appropriated by the Amount appropriated by the Amount appropriated by the
that may be diverted by  to the needs of other ripariar OWRB based on availability TCEQ based on availability ~ State Engineer based on
riparian landowners availability
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Quantity of surface water
that may be diverted by
non-riparian landowners

Who receives water
during a water
shortage?

Preference given in the
allocation of surface
water

Number of years of
non-use to lose permit

Owner of ground
water

Permit required for
domestic use

Permit required for
other uses

Quantity of water that
may be withdrawn

Meter Required

beneficial use subject to othe

Amount appropriated by the
ANRC based on “excess”
water

Same as above

Domestic users by followed
by registered riparian

Domestic users followed by
senior right holders

landowners

Yes No

Riparian-cannot lose right; Seven
non-riparian-two
For non-riparian irrigation Landowners
permits
No No
No Yes

The amount needed for Two-acre feet of water for
each acre-foot of land owne

competing users more or less in studied basir

For wells in all sustaining
aquifers

No

Same as above

Domestic users followed by
senior right holders

Yes

Three

Landowners

No

In some groundwater
conservation districts

No limit except in
conservation districts
(quantity varies)

In some groundwater
conservation districts

Same as above

Senior right holders

No

Four

Public

Yes

Yes

Quantity available and
needed for beneficial use

In water master districts, for
new domestic wells for
multiple households, and in
domestic well management

areas
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MODFLOW

U.S. GEOLOGICAL SURVEY MODULAR FINITE-DIFFERECE GROUND-
WATER FLOW MODEL

THE FREE FORMAT OPTION HAS BEEN SELECTED
1 LAYERS 50 ROWS 250 COLUMNS

40 STRESS PERIOD(S) IN SIMULATION

MODEL TIME UNIT IS DAYS

BASS -- BASIC MODEL PACKAGE, VERSION 5, 1/1/95 INFT READ FROM
UNIT 1
ARRAYS RHS AND BUFF WILL HAVE SEPARATE MEMORY ALLCATIONS
INITIAL HEAD WILL BE KEPT THROUGHOUT THE SIMULATION

125304 ELEMENTS IN X ARRAY ARE USED BY BAS

125304 ELEMENTS OF X ARRAY USED OUT OF 20000

BCF5 -- BLOCK-CENTERED FLOW PACKAGE, VERSION 5,1993 INPUT READ
FROM UNIT 11

TRANSIENT SIMULATION
CELL-BY-CELL FLOWS WILL BE SAVED ON UNIT 50
HEAD AT CELLS THAT CONVERT TO DRY=-0.10000E+31
WETTING CAPABILITY IS NOT ACTIVE

LAYER LAYER-TYPE CODE INTERBLOCK T

1 1 0 -- HARMONIC
37501 ELEMENTS IN X ARRAY ARE USED BY BCF
162805 ELEMENTS OF X ARRAY USED OUT OF 20000

WELS -- WELL PACKAGE, VERSION 5, 9/1/93 INPUT REABROM UNIT 12
MAXIMUM OF 494 WELLS

CELL-BY-CELL FLOWS WILL BE SAVED ON UNIT 50
1976 ELEMENTS IN X ARRAY ARE USED BY WEL
164781 ELEMENTS OF X ARRAY USED OUT OF 20000

RIV5 -- RIVER PACKAGE, VERSION 5, 9/1/93 INPUT REEAFROM UNIT 14
MAXIMUM OF 246 RIVER REACHES
CELL-BY-CELL FLOWS WILL BE SAVED ON UNIT 50
1476 ELEMENTS IN X ARRAY ARE USED BY RIV
166257 ELEMENTS OF X ARRAY USED OUT OF 20000

RCHS5 -- RECHARGE PACKAGE, VERSION 5, 6/1/95 INPWREAD FROM UNIT
18

OPTION 1 -- RECHARGE TO TOP LAYER
CELL-BY-CELL FLOWS WILL BE SAVED ON UNIT 50
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12500 ELEMENTS IN X ARRAY ARE USED BY RCH
178757 ELEMENTS OF X ARRAY USED OUT OF 20000
OPCG2 -- CONJUGATE GRADIENT SOLUTION PACKAGE, VER3N 2.1, 6/1/95
MAXIMUM OF 50 CALLS OF SOLUTION ROUTINE
MAXIMUM OF 30 INTERNAL ITERATIONS PER CALL TO SOUTION
ROUTINE
MATRIX PRECONDITIONING TYPE: 1
63500 ELEMENTS IN X ARRAY ARE USED BY PCG
242257 ELEMENTS OF X ARRAY USED OUT OF***¥*x*
1

BOUNDARY ARRAY FOR LAYER 1
READING ON UNIT 1 WITH FORMAT: (5I13)

AQUIFER HEAD WILL BE SET TO -999.99 AT ALL NG<LOW NODES
(IBOUND=0).

INITIAL HEAD FOR LAYER 1
READING ON UNIT 1 WITH FORMAT: (5G14.0)

OUTPUT CONTROL IS SPECIFIED EVERY TIME STEP

HEAD PRINT FORMAT CODE IS 0 DRAWDOWN PRINT FRMAT CODE IS
0

HEADS WILL BE SAVED ON UNIT 51 DRAWDOWNS WILIBE SAVED ON
UNIT 52

COLUMN TO ROW ANISOTROPY
READING ON UNIT 11 WITH FORMAT: (1G14.0)

DELR
READING ON UNIT 11 WITH FORMAT: (5G14.0)

DELC
READING ON UNIT 11 WITH FORMAT: (5G14.0)
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PRIMARY STORAGE COEF = 0.2500000 FOR LARE1

HYD. COND. ALONG ROWS = 30.00000 FOR LARE 1

BOTTOM FOR LAYER 1
READING ON UNIT 11 WITH FORMAT: (5G14.0)

0
SOLUTION BY THE CONJUGATE-GRADIENT
METHOD
0 MAXIMUM NUMBER®F CALLS TO PCG ROUTINE = 50
MAXIMUNTERATIONS PER CALL TO PCG = 30
AVIRIX PRECONDITIONING TYPE = 1

RELAXATION FACTOR (ONLYSED WITH PRECOND. TYPE 1)
= 0.10000E+01
PARAMETER OF POLYMOMIAL PRECONB 2 (2) OR IS
CALCULATED: 1
HEAD CHANGE CRITERNOFOR CLOSURE = 0.10000E-02
RESIDUAL CHANGE CRITEBN FOR CLOSURE = 0.10000E-02
PCG HEAD AND RESIDUAL CHANGE PRTOUT INTERVAL = 1
PRINTING FROM SOLVER IS LIMITED(1) OBUPPRESSED (>1) = 0
DAMPING PARAMETER = 0.000E+01

STRESS PERIOD NO.LENGTH = 100.0000

NUMBER OF TIME STERS 50
MULTIPLIER FOR DELF 1.000

INITIAL TIME STEP SIZE 2.000000

494 WELLS

LAYER ROW COL STRESS RATE WELL NO.

127 1270.0

1 1 1
1 2 74 -1270.0 2
1 3 47 -1270.0 3
1 3 9 -1270.0 4
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237
38
71
75
6
20
61
121
176
200
30
180
80
136
197
10
16
33
93
154
197
247
22
27
71
128
138
140
214
241
3
122
142
191
203
32
45
49
141
229
231
34
54
71
152
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1
66
84
97

102
155
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176
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217
29
59
72
78
107
145
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23
28
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134
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193
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221
225
233
242
30
65
91
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155
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12
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273
274
275
276
277
278
279
280
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34
34
34
34
34
34
34
34
34
34
34
34
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
36
36
36
36
36
36
36
36
36
36

37
50
83
90
110
120
151
187
198
201
223
247
15
18
20
24
45
53
61
65
74
95
98
145
150
168
189
195
197
200
201
203
209
223
226
232
4
9
11
28
39
41
72
78
a0
93

-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0

281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
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36
36
36
36
36
36
36
36
36
36
36
36
36
36
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
38
38
38
38
38
38
38
38
38
38
38
38
38

106
121
128
130
137
143
173
191
192
217
222
224
233
243

18
34
53
64
67
69
75
117
119
130
138
149
168
181
187
215
231
240
21
27
58
82
84
86
101
136
153
162
168
188
190

-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0

327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
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38
38
38
38
38
38
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
40
40
40
40
40
40
40
40
40
40
40
40
41
41
41
41
41
41
41
41
41

198
221
223
225
226
233
11
14
16
24
29
47
80
98
102
118
120
121
159
165
174
198
202
211
247
19
28
81
83
111
133
156
175
211
228
241
248
29
32
33
38
69
82
120
163
165

-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0

373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
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41
41
41
41
41
41
41
41
42
42
42
42
42
42
42
42
42
42
42
42
42
42
43
43
43
43
43
43
43
44
44
44
44
44
44
44
44
44
44
44
44
44
45
45
45
45

168
170
180
208
217
223
236
247

21
42
65
79
84
105
106
111
140
156
165
194
214
36
42
53
56
160
163
206
43
83
95
103
128
138
142
147
155
157
187
212
226
19
81
106
110

-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0
-1270.0

419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
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45 117 -1270.0 465
45 128 -1270.0 466
45 151 -1270.0 467
45 221 -1270.0 468
45 233 -1270.0 469
45 237 -1270.0 470
46 7 -1270.0 471
46 13 -1270.0 472
46 63 -1270.0 473
46 72 -1270.0 474
46 73 -1270.0 475
46 74 -1270.0 476
46 75 -1270.0 477
46 83 -1270.0 478
46 128 -1270.0 479
46 139 -1270.0 480
46 140 -1270.0 481
46 157 -1270.0 482
46 191 -1270.0 483
46 200 -1270.0 484
46 201 -1270.0 485
47 34 -1270.0 486
47 52 -1270.0 487
47 70 -1270.0 488
47 132 -1270.0 489
48 138 -1270.0 490
48 166 -1270.0 491
49 38 -1270.0 492
49 57 -1270.0 493
49 79 -1270.0 494

PRRPRRPRRPRRPRRREPRRPEPRPRPRRPRPRREPRREPRRRPRRERRERRE

246 RIVER REACHES

LAYER ROW COL STAGE CONDUCTANCE BOTLEV. REACH NO.

37

114.9 5484. 111.9 1

1 3

1 37 4 1146 0.1200E+05 @11. 2
1 37 5 1142 0.1200E+05 211. 3
1 37 6 113.8 0.1200E+05 &10. 4
1 37 7 1134 0.1200E+05 2410. 5
1 37 8 1129 0.1200E+05 209. 6
1 37 9 1125 0.1200E+05 %09. 7
1 37 10 1121 0.1200E+05 109.1 8
1 37 11 1117 0.1200E+05 108.7 9
1 37 12 111.3 0.1200E+05 108.3 10
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37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

110.9
110.4
110.0
109.6
109.2
108.8
108.4
107.9
107.5
107.1
106.7
106.3
105.9
105.5
105.0
104.6
104.2
103.8
103.4
103.0
102.5
102.1
101.7
101.3
100.9
100.5
100.0
99.63
99.22
98.80
98.39
97.97
97.55
97.14
96.72
96.31
95.89
95.47
95.06
94.64
94.23
93.81
93.40
92.98
92.56
92.15

0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05

107.9
107.4
107.0
106.6
106.2
105.8
105.4
104.9
104.5
104.1
103.7
103.3
102.9
102.5
102.0
101.6
101.2
100.8
100.4
99.96
99.54
990.13
98.71
98.30
97.88
97.46
97.05
96.63
96.22
95.80
95.39
94.97
94.55
94.14
93.72
93.31
92.89
92.47
92.06
91.64
91.23
90.81
90.40
89.98
89.56
89.15
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11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
a7
48
49
50
51
52
53
54
55
56
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37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37

59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

91.73
91.32
90.90
90.49
90.07
89.65
89.24
88.82
88.41
87.99
87.57
87.16
86.74
86.33
85.91
85.50
85.08
84.66
84.25
83.83
83.42
83.00
82.58
82.17
81.75
81.34
80.92
80.51
80.09
79.67
79.26
78.84
78.43
78.01
77.60
77.18
76.76
76.35
75.93
75.52
75.10
74.68
74.27
73.85
73.44
73.02

0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05

88.73
88.32
87.90
87.49
87.07
86.65
86.24
85.82
85.41
84.99
84.57
84.16
83.74
83.33
82.91
82.50
82.08
81.66
81.25
80.83
80.42
80.00
79.58
79.17
78.75
78.34
77.92
77.51
77.09
76.67
76.26
75.84
75.43
75.01
74.60
74.18
73.76
73.35
72.93
72.52
72.10
71.68
71.27
70.85
70.44
70.02
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57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
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37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37

105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150

72.61
72.19
71.77
71.36
70.94
70.53
70.11
69.69
69.28
68.86
68.45
68.03
67.62
67.20
66.78
66.37
65.95
65.54
65.12
64.71
64.29
63.87
63.46
63.04
62.63
62.21
61.79
61.38
60.96
60.55
60.13
59.72
59.30
58.88
58.47
58.05
57.64
57.22
56.80
56.39
55.97
55.56
55.14
54.73
54.31
53.89

0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05

69.61
69.19
68.77
68.36
67.94
67.53
67.11
66.69
66.28
65.86
65.45
65.03
64.62
64.20
63.78
63.37
62.95
62.54
62.12
61.71
61.29
60.87
60.46
60.04
59.63
59.21
58.79
58.38
57.96
57.55
57.13
56.72
56.30
55.88
55.47
55.05
54.64
54.22
53.80
53.39
52.97
52.56
52.14
51.73
51.31
50.89
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103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
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37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37

151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196

53.48
53.06
52.65
52.23
51.81
51.40
50.98
50.57
50.15
49.74
49.32
48.90
48.49
48.07
47.66
47.24
46.83
46.41
45.99
45.58
45.16
44.75
44.33
43.91
43.50
43.08
42.67
42.25
41.84
41.42
41.00
40.59
40.17
39.76
39.34
38.92
38.51
38.09
37.68
37.26
36.85
36.43
36.01
35.60
35.18
34.77

0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05

50.48
50.06
49.65
49.23
48.81
48.40
47.98
47.57
47.15
46.74
46.32
45.90
45.49
45.07
44.66
44.24
43.83
43.41
42.99
42.58
42.16
41.75
41.33
40.91
40.50
40.08
39.67
39.25
38.84
38.42
38.00
37.59
37.17
36.76
36.34
35.92
35.51
35.09
34.68
34.26
33.85
33.43
33.01
32.60
32.18
31.77
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149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
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37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37
37

197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242

34.35
33.94
33.52
33.10
32.69
32.27
31.86
31.44
31.02
30.61
30.19
29.78
29.36
28.95
28.53
28.11
27.70
27.28
26.87
26.45
26.03
25.62
25.20
24.79
24.37
23.96
23.54
23.12
22.71
22.29
21.88
21.46
21.05
20.63
20.21
19.80
19.38
18.97
18.55
18.13
17.72
17.30
16.89
16.47
16.06
15.64

0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05
0.1200E+05

31.35
30.94
30.52
30.10
29.69
29.27
28.86
28.44
28.02
27.61
27.19
26.78
26.36
25.95
25.53
25.11
24.70
24.28
23.87
23.45
23.03
22.62
22.20
21.79
21.37
20.96
20.54
20.12
19.71
19.29
18.88
18.46
18.05
17.63
17.21
16.80
16.38
15.97
15.55
15.13
14.72
14.30
13.89
13.47
13.06
12.64
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195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240



37 243 15.22 0.1200E+05 12.22 241
37 244 1481 0.1200E+05 11.81 242
37 245 1439 0.1200E+05 11.39 243
37 246 13.98 0.1200E+05 10.98 244
37 247 13.56 0.1200E+05 10.56 245
37 248 13.18 0.1018E+05 10.18 246

PR RRRR

RECHARGE = 0.7000000E-04

0

4 CALLS TO PCG ROUTINE FOR TIME STEP 1 INBESS PERIOD 1

8 TOTAL ITERATIONS
OMAXIMUM HEAD CHANGE FOR EACH ITERATION (1 INDICATES THE FIRST
INNER ITERATION):
0 HEAD CHANGE LAYER,ROW,COL HEAD CHANGE LAER,ROW,COL
HEAD CHANGE LAYER,ROW,COL HEAD CHANGE LAYER,R@W/,COL

1 -1553 ( 1,37,222) 0 -0.2074E-02,(36,225) 0 -0.2905E-05 ( 1, 35,226) 1
0.1730E-01 ( 1, 9,140)
0 0.2406E-04 ( 1,10,139) 1 0.3034E-0B (9,140) 0 0.4202E-06 ( 1,10,139) 1
0.5350E-05 ( 1, 9,140)
0
OMAXIMUM RESIDUAL FOR EACH ITERATION (1 INDICATES HE FIRST
INNER ITERATION):
0 RESIDUAL LAYER,ROW,COL RESIDUAL LAER,ROW,COL
RESIDUAL LAYER,ROW,COL RESIDUAL LAYER,ROVCOL

1 2410 ( 1,36,225) 0 0.3265E-0L (35,226) 0 -0.4788E-04 ( 1, 37,248) 1 -
0.3064 ( 1,10,139)

0 -0.4393E-03 ( 1, 9,140) 1 -0.5360E-0P, (10,139) 0 -0.7171E-05 ( 1, 11,138)
1 -0.9455E-04 ( 1, 10,139)
0

HEAD/DRAWDOWN PRINTOUT FLAG =1 TOTAL BUDGET RINTOUT FLAG

=1
CELL-BY-CELL FLOW TERM FLAG
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