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BRAZOS CHLORIDE STUDY 
SALT CROTON CREEK 

PHASE I 

INTRODUCTION 

This report presents the results of investigations conducted along the Brazos River 
Basin to detennine the feasibility of brine removal in the Salt Croton Creek area. The 
Brazos River Basin is extends from eastern New Mexico across the state of Texas to the 
Gulf of Mexico. 

Study Authority 

This report is submitted under the authority of Section 22 of the Water Resources 
Development Act of 1974 (as amended). These laws authorize the Chief of Engineers to 
cooperate with States in the preparation of plans for the development, utilization, and 
conservation of water and related resources of drainage basins located within the 
boundaries of the State. Assistance is provided on the basis of State requests rather than 
through Congressional study authorization. The regulation states that based on personnel 
and funding capabilities, commanders shall cooperate with States by providing planning 
assistance in an effective and timely manner and in accordance with the guidelines. The 
Texas Water Development Board (TWDB) requested an evaluation by the Corps of 
Engineers. This Section 22 study was initiated following a 1992 letter agreement 
between the (TWDB) and the U. S. Anny Corps of Engineers. 

Study Purpose and Scope 

The purpose of this study is to evaluate the technical and economic feasibility of 
controlling the discharge of brine into the Salt Croton Creek in the Dove Creek Salt Flat 
area. The study will also examine the water quality and the availability of water supply in 
the Brazos River Basin. To evaluate the two-fold control process the study will be 
conducted in two phases. Phase I evaluates the technical feasibility of using multi
recovery wells to reduce the brine discharge. The second phase, Phase n, will focus on 
the technical feasibility of deep-well injection disposal of the recovered brine. Phase n 
will fully evaluate the economic feasibility and environmental impacts of both control 
processes. 

Phase I, contained herein, includes the development of a three-dimensional fInite 
element model which was used to optimize the parameters of the recovery wells, design 
the recovery fIeld and develop a preliminary cost estimate. 
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Study Participants and Coordination 

This Section 22 study was directed by the Fort Worth District, Corps of Engineers 
in partnership with the 'IWDB. The study was cost shared on a 70/30 percent basis 
between the Government and the TWDB. A study management team was established for 
this study. The team was comprised of Corps representatives from relevant disciplines, 
the TWDB's Chief of the Water Supplies Section, and Dr. Wesley P. James, an associate 
professor of the Environmental and Water Resources Engineering Department of Civil 
Engineering at Texas A and M University. Throughout the study, coordination was 
maintained with the U.S. Fish and Wildlife Service, Texas Parks and Wildlife 
Departments, and the State Historical Preservation Officer. 

Prior Studies and Reports 

The following studies and reports were referenced in relation to this study: 

Natural Salt Pollution Control Study, Brazos River Basin, Texas, Volumes 1-4, 
and Draft Environmental Impact Statement, U.S. Army Engineer district, Fort 
Worth, 29 June 1973. 

Final Environmental Impact Statement, Natural Salt Pollution Control Study, 
Brazos River Basin, Texas, U.S. Army Corps of Engineers, Fort Worth District, 
January 1976. 

Natural Salt Pollution Control Study, Brazos River Basin, Texas, 95th Congress, 
1st Session, House Document No. 95-101, 16 March 1977. 

Brazos Natural Salt Pollution Control, Brazos River Basin, Texas, Design 
Memorandum No.1, General Phase I - Plan Formulation, Main Report and Draft 
Supplement to Final Environmental Impact Statement, April 1983. 
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STUDY AREA DESCRIPTION 

This section describes the study area and its existing water quality problems from 
a broad perspective. The material discussed includes information ranging from the 
general terrain and climate of the study area to the related water resource problems and 
needs. 

Brazos River Basin Description 

The Brazos River rises in the eastern part of New Mexico, approximately 30 miles 
west of the Texas-New Mexico boundary line, and flows in a general southeasterly 
direction for a distance of 1,210 miles, to its mouth in the Gulf of Mexico. It is one of 
the longest, and has the greatest watershed area of any river in the State of Texas. The 
drainage area is shown in figure 1. 

The watershed area is about 45,000 square miles, of which 2,673 square miles are 
in the State of New Mexico and about 10,000 square miles is noncontributing. The 
watershed has a total length of approximately 640 miles, and is relatively long and 
narrow in shape, increasing gradually from a width of about 60 miles in the headwater 
area to a maximum width of approximately 120 miles in the vicinity of Waco, and then 
gradually decreasing to a width of only about 10 miles near the mouth. 

The upper part of the Brazos River watershed lies in the High Plains, a flat, 
semiarid region with numerous closed basins. With the exception of a very narrow belt 
immediately adjacent to the tributaries, the watershed in the High Plains region consists 
of numerous disconnected sinks and a few streams ending in basins without an outlet. It 
is estimated that there are 9,500 square miles in this region that do not contribute to the 
Brazos River drainage. The contributing drainage area is about 35,720 square miles. 

Descending from the broad smooth plateau of the High Plains, the Brazos River 
traverses a wide area of the strongly rolling and deeply dissected North Central Plains to 
the Balcones fault zone near Waco. Below Waco, the river enters the Coastal Plains, an 
area varying in topography extending to the Gulf. 

The main stem of the Brazos River is formed by the junction of Salt Fork and 
Double Mountain Fork, whose parallel basins form the upper watershed. Below the 
confluence of these streams, the principal tributaries are Clear Fork, Bosque River, Little 
River, and Yequa Creek, which enter from the right bank and the Navasota River, which 
enters from the left bank. In addition, there are numerous smaller tributaries that enter 
the main stream throughout its course. 
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Dove Creek Salt Flat Description 

One of the largest salt flats, Dove Creek, is located at the confluence of Haystack 
and Dove Creeks. These creeks merge to form Salt Croton Creek, a left bank tributary 
to the Salt Fork of the Brazos. A location map of the Dove Creek Salt Flat is presented 
in figure 2. This salt flat may contribute about 50 percent of the brine discharged into the 
Upper Brazos Basin and was therefore selected as the primary area for application for the 
ground water model. 

Environmental setting 

Habitat types existing in the study are: deciduous scrubland (mesquite dominated), 
evergreen scrubland (juniper dominated), grassland (buffalograss dominated), and riparian 
(saltcedar dominated). Land uses in the study area consist of 80 percent pastureland and 
rangeland, 15 percent cropland, and 5 percent miscellaneous. 

The terrestrial habitat is of low qUality. Wildlife species, such as white-tailed 
deer, Rio Grande turkey, bobcat, raccoon and various nongame species, are concentrated 
in the habitats along area watercourses. Population sizes are low in this ecoregion. 
Bobwhite and scaled quail, mourning doves, cottontails and jackrabbits, badgers, pocket 
gophers, and other reptilian and avian species, are found in the upland sites. 

No significant sport fishery exists in the Salt Fork of the Brazos or its tributaries. 
Existing permanent fish populations are not typical of Texas streams in that they include 
several salt tolerant (euryhaline) species of the Cyprinidae (minnow), Poecilliidae 
(topminnow), and Cyprinodontidae (killifish) families. Additionally, Centrarchidae 
(sunfish) and Ictaluridae (catfish) are present under favorable flow and habitat conditions. 

Two major environmental factors account for the limited populations of game fish. 
These are high Total Dissolved Solids (IDS) content and low stream flows with an 

associated lack of adequate cover. Also supporting the lack of game fish is the incidence 
of high water temperatures due at least in part to shallow depths. The saline nature of 
these areas inhibits biological productivity, but supported populations provide a food base 
for certain shore birds, wading birds, and small mammals which frod their place in the 
adjacent arid terrestrial ecosystem. 

Due to the extremely high levels of IDS existing in Salt Croton Creek (mean 
IDS, 47,409 ppm), no aquatic life exists in Salt Croton Creek except during periods of 
high flows. Although no fish exist in Salt Croton Creek, there are zooplankton, 
macroplankton, bluegreen algae and bacteria that tolerate the high salinity. 
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- The mainstem of the Brazos, from its origin at the confluence of the Double 
Mountain and Salt Forks of the Brazos above Possum Kingdom Reservoir, does support a 
sport fishery. This reach contains freshwater fish (Piscivorous) of the Ictaluridae 
(catfish), Catostomidae (sucker), Sciaenidae (drum), Cyprinidae (minnow), Clupeidae 
(herring), Lepisosteidae (gar), Centrarchidae (sunfish), Cyprinodontidae (killifish) and 
Poecillidae (topminnow) families. 

United States Fish and Wildlife Service (USFWS) and Texas Parks and Wildlife 
Department (TPWD) were contacted concerning the proposed action and there are no 
threatened or endangered species in the area or critical habitats. The study area is 
located within the migratory routes of the black capped vireo (Vireo atricapillus), bald 
eagle (Haliaeetus leucocephalus), american peregrine falcon (Falco peregrinus anatum), 
whooping crane (Grus americana), interior least tern (Sterna antillarum athalossos), 
which are listed as endangered, and the arctic peregrine falcon (Falco peregrinus 
tundrius), piping plover (Charadrius medodus), which are listed as threatened by 
USFWS. The TPWD also lists the following species as threatened for the study area: 
Texas kangaroo rat (Dipodomys elator), white-faced ibis (Plegadis chihl), Texas homed 
lizard (Phrynosoma comutum), and the Brazos water snake (Nerodia harteri harten). 

It was determined that the proposed project would not adversely affect any species 
listed or proposed for listing as endangered or threatened or any critical habitat; therefore 
in accordance with the Endangered Species Act a formal Section 7 consultation is not 
necessary. 

The cultural resources work for this study was conducted to follow cultural 
resources law under the National Historic Preservation Act of 1966, as amended 
(PL-96-515), the Archeological and Historical Preservation Act of 1974, as amended 
(pL-93-291), the National Environmental Policy Act of 1969 (PL-90-190), and Executive 
Order #11593 - "Protection and Enhancement of the Cultural Environment". 

The Texas Archeological Research Laboratory (State of Texas central 
archeological records repository) was contacted in April of 1993 for the locations and 
records of any known cultural resources sites and possible National Register of Historic 
Places properties within the project area. A number of cultural resources sites are 
currently known within the general project area. The Texas State Historic Preservation 
Officer was notified of the potential construction project in April 1993. 

Only part of the proposed Salt Croton Creek Project area has been surveyed in the 
past, with 16 known sites recorded by past cultural resources surveys. Prior to any 
construction activities, it will be necessary to conduct a cultural resources survey. The 
objective of the survey is to identify and preliminarily assess the significance and 
importance of potential cultural resource sites in the area of project impact. If significant 
cultural resource sites are discovered, an evaluation to determine their significance is 
necessary. 
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PROBLEM IDENTIFICATION 

The Brazos River basin suffers from natural salt pollution. Sodium chloride 
significantly affect the amount of usable water available from the Brazos. The water in 
the three main-stem reservoirs in the headwaters of the Brazos basin is unsuitable for 
municipal use and irrigation of many crops without the use of costly desalination 
processes. The water quality of the Brazos River varies from the headwaters of the basin 
to the Gulf of Mexico. Previous reports by the C01pS of Engineers indicate that the 
water quality throughout the basin is generally considered unsuitable for municipal water 
supplies in the entire length of the river. According to a 1993 report written by Ralph A. 
Wurbs, Awes S. Karama, Ishtiaque Saleh, and C. Keith Ganze entitled, "Natural Salt 
Pollution and Water Supply Reliability in the Brazos River Basin", the water qUality in 
the Brazos River is degraded due to natural contamination by salts consisting largely of 
sodium chloride with moderate amounts of calcium sulfate and other dissolved solids. 
They identified the groundwater emissions from the Salt Fork of the Brazos River 
watershed, Double Mountain Fork Brazos River, and the North Croton Creek watersheds 
as the primary source of the salinity. These problems signify the need for greater 
understanding of the salt pollution impacts and provides a challenge to develop reliable 
cost effective control measures. 
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PROJECT ANALYSIS 

Grouudwater analysis 

A full three-dimensional fInite element model to simulate groundwater flow under 
steady-state conditions was developed to design and evaluate the recovery system. The 
model was verifled and applied to the Dove Creek Salt Flat area. The model was used 
to detennine the affects of implementaion of the proposed recovery well system on the 
water quality of the Brazos River. The model indicates that a brines recovery system 
located in the discharge zone of the aquifer will eliminate the natural salt springs and 
seeps in the Dove Creek area which contributes half of the chloride concentration in the 
upper portion of Brazos River. Therefore, the recovery system has the potential to 
reduce the chloride concentration in the Brazos River by almost 50 percent. A complete 
of the model and the analysis in presented ion Appendix A. 

Recovery design system 

A recovery design system was developed by Dr. Wesley James, Associate 
Professor of Environmental and Water Resources Engineering at Texas A&M University. 
The report entitled, "Evaluation and Partial Control of Natural Salt Spring and Seeps in 
the Dove Creek Area, Upper Brazos River Basin, Part I Recovery System Design" is 
included as Appendix A. 

The preliminary design consists of ten wells spaced approximately I ,500 feet 
apart, on a north-south line through the Dove Creek salt flat area. A map depicting the 
well sites is shown in Figure 3. The well depth ranges from 65 feet to 195 feet with an 
average depth of 115 feet. It is anticipated that by lowering the hydrostatic head in the 
salt water aquifer, the discharge will be eliminated from the springs and seeps. The 
design also includes measures for reversing the hydraulic gradient at the surface so that 
the direction of percolation is downward to eliminate the build-up of salt at the surface of 
the salt flat. 

The brine will be recovered through the wells and pumped into the buried six-inch 
and eight-inch PVC collector pipes. The pump capacity and motor size for each well 
varies depending on the aquifer characteristics. The collector pipeline will then transfer 
the brine into the collector station for injection into the formation. Additional studies will 
be completed on the brine during Phase II of the study process. Questions concerning the 
content of gases within the brine will be addressed during the second phase. The system 
design will be refmed during the second phase of the Brazos Chloride study. 
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PROJECT COSTS 

Preliminary Cost Estimate 

Based on the information provided in the design report, a preliminary cost 
estimate for the recovery design system was developed. The estimated total project costs 
were approximately $1.8 million. A summary of the cost estimate is shown in table 1. 
The detailed account of the project costs is presented in Appendix B. The cost estimate 
was based on the following data and assumptions: 

a) Ten recovery wells spaced 1,500 feet apart with an average depth of 115 feet. 

b) One injection well with a depth of 5,280 feet. 

c) Lump sum installation of new transmissi 

d) Real estate costs for permanent ease ent 

---
e) A 30 pereent contingency ~ ro, u 

TABLE 1 

ESTIMATED COST OF RECOVERY SYSTEM 

DESCRIPTION ESTIMATED CONTINGENCY TOTAL 
COST COST 

Recovery Wells 129.4 38.8 168.2 

Injection well 806.1 241.8 1,047.9 

Collector Station 27.9 8.4 36.3 

PVC Pipeline 160.7 48.2 208.9 

Data Acquisition System 79.8 23.9 103.7 

Electrical System 168.3 50.5 218.8 

Real Estate 25.0 7.5 32.5 

Total $1,397.2 $419.1 $1,816.3 
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SUMMARY AND CONCLUSIONS 

The fIrst phase of this feasibility analysis has produced a fInite element model that 
assisted in the preliminary design and evaluation of a brine recovery system. The model 
showed that the poor water quality of the Brazos River Basin can be attributed to the 
naturally occurring salt pollution along the Upper Brazos Basin. The model shows that 
50 percent of the chloride is derived from brine aquifers in the Dove Creek area. Based 
on the results of this model, installation of ten wells throughout the Dove Creek Salt Flat 
area will lower the hydrostatic head in the salt water aquifer and signifIcantly reduce the 
natural springs and seeps. Consequentially, the water qUality of the Brazos River should 
improve over time with the reduction of chloride pollution. 

Follow on studies in the second phase will more fully evaluate the costs of a brine 
disposal system using deep-well injection, as well as document the economic and 
environmental impacts from the proposed system. 
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ABSTRACT 

The average salt load in the Brazos River at Possum 

Kingdom Reservoir is 1000 tons per day. Subsurface brine in 

the Dove Creek area has a chloride concentration of 100,000 

mg/l. The brine springs and seeps in the Dove Creek area 

discharge 500 tons per day of chloride with a flow rate of 

only 2.0 cfs. Controlling the brine springs and seeps in the 

Dove creek area has the potential of reducing the chloride 

cncentration in the Brazos River by nearly 50 percent. 

A preliminary design of the brine recovery system was 

presented in this phase of study. A full three-dimensional 

finite element model to simulate ground water flow under 

steady-state conditions was developed to design and evaluate 

the recovery system. The main characteristic of the model is 

that it can consider very anisotropic and heterogeneous media. 

The resulting system of equations is solved using iterative 

Gauss-Seidel method, together with a pointer matrix used to 

save memory and computation time, avoiding the storage of most 

of the zeros of the resulting sparse matrix. 

The model was applied in the evaluation of a brine 
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recovery wells system in the Dove Creek area in the Upper 

Brazos River, Texas, where a natural salt pollution exists. 

From this study it was concluded that: 

1. The water quality in the Brazos River is seriously degraded 

by natural salt pollution in the Upper Brazos River. 

2. Controlling the natural salt springs and seeps in the Dove 

Creek area will reduce the chloride concentration in the 

Brazos River by nearly 50 percent. 

3. There are two brine aquifers in the Dove Creek area that 

contribute to the natural salt pollution of the Brazos River. 

4. A variable density model is not required to evaluate the 

recovery system. 

5. The brine that is discharged as natural springs and seeps 

in the Dove Creek area is from two sources, (l)local recharge 

and (2) deep-basin. 

6. Permeability measurements of the brine aquifer taken 

several miles away from the discharge zone are not 

representative values for the design of the recovery system. 

7. A shallow-well, low-volume, brine recovery system located 

in the discharge zone of the brine aquifer will eliminate the 

natural salt springs and seeps in the Dove Creek area. 
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8. The amount of brine recovery to be pumped from the 

recovery system to control the natural brine springs and seeps 

in Dove Creek area is expected to change very little from year 

to year. 
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INTRODUCTION 

The water quality in the Brazos River is seriously 

degraded and is generally poor because of the natural salt 

pollution. The source of the salt pollution is primarily 

brine springs and seeps in the Salt Fork Brazos River 

watershed. Water quality in the Brazos River improves 

downstream of Whitney Reservoir due to dilution by good 

quality water from tributaries in the lower basin. Water in 

the three main stream reservoirs (Possum Kingdom, Granbury and 

Whi tney) is unsuitable for municipal water supply without 

costly treatment. Natural salt pollution significantly 

impacts water resources development of the basin and the 

state. If the Brazos River is to be a part of the Trans-Texas 

water transfer to South Texas, the water quality of the river 

will have to be improved. 

The area that includes brine seeps and springs is in the 

Rolling Plains in north-central Texas and is bounded by the 

caprock escarpment of the southern High Plains on the west, 

the Salt Fork of the Red River on the north and the Double 

1 



Mountain Fork of the Brazos River on the south. Ground 

surface elevation ranges from approximately 1,600 ft msl at 

the eastern boundary to about 2,800 ft msl at the western 

boundary. Numerous intermittent stream8 cross the area 

flowing generally eastward. The climate of the Rolling Plains 

is semiarid with an average annual rainfall of 22 inches and 

an average lake evaporation of 62 inches per year. 

Salt seeps and springs and salt flats occur along major 

streams. The largest salt flats are Hot Springs and Short 

Croton along Croton Creek in northeastern Kent County, Dove 

Creek and Haystack Canyon in southwestern King and 

northwestern Stonewall Counties, Jonah Creek and Salt Creek in 

northwestern Childress County, and Elm Fork in northern Harmon 

County (Richter and Kreitler, 1986). 

Management of a groundwater system means making decisions 

without violating specified constraints about quantity of 

water to be withdraw per year, location of pumping wells and 

their rates, control conditions at aquifer boundaries, and 

decisions rela ted to groundwater quality. Management requires 

the ability to forecast the aquifer's response to planned 
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operations. The necessary information about the response of 

the system is provided by a model that describes the behavior 

of the groundwater system in response to some action. Because 

~f the heterogeneity of the considered domain, the irregular 

shape of its boundaries, and the complex form of various 

source functions, only numerical mOdel's can provide the 

required forecast. The most important part of the modeling 

procedure is a complete understanding of the processes that 

take place on the considered system, identify those parts of 

the system's behavior that are relevant to the problem, and 

those parts that may be neglected. On these bases, a 

conceptual model is created, .. ·a numerical model is constructed, 

and a computer program is prepared. 

The knowledge of the groundwater flow behavior is 

essential for management decision related with water quality. 

If the fluid's density is unaffected by changes in 

concentration, then the groundwater flow behavior can be used 

as input information for pollution models. Nevertheless, when 

the fluid's density is a function of pressure and 

concentration of the concerned pollutant, then the groundwater 
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flow equation and the pollution equations have to be solved 

simultaneously. 

Depending upon the complexity of both, the geology and 

the groundwater flow, and the required application of the 

results, one-, two-, or three-dimensional flow models can be 

used. A three-dimensional approach is necessary when the 

geology is complex, and the groundwater flow in all directions 

is considered important. 

Many two-dimensional flow models have been created during 

the last decades. Although a three-dimensional model is in 

general a better approach for simulating the three-dimensional 

character of a real aquifer, the development was limited due 

to the requirement of computer with large core storage and 

high speed. Nevertheless, due to the rapid development of 

computers with high memory capacity and fast processing, the 

development of three-dimensional flow models have been 

increasing during the last twenty years. In general, the first 

of those models were developed using the finite difference 

technique, while lately, the finite element method ,has been 

preferred due to its versatility in considering complex 
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the fluid was developed. In the second stage, modifications of 

the constant density model were made in order to consider the 

groundwater flow of two fluids with different densities when 

a si-arp interface between the two fluids exists. Among the 

activities related with the development of the model, are the 

elaboration of appropriate algorithms to generate 

automatically the three-dimensional mesh, and to solve the 

huge system of equations that is normally generated on three-

dimensional approaches. A new method to evaluate the mean 

permeability of each of the elements that intersect more than 

one geologic unit with different permeabilities, is also 

included. 

The model was verified by comparing the results of test 

simulations with available analytical solutions, and with 

other available numerical models for simpler cases. 

Finally, the model was applied to the Dove Creek area, in 

the upper Brazos River, Texas, where a proposed plan of brine 

recovery wells system is being designed in order to reduce 

the natural salt pollution that affects the quality of the 

Brazos River. 
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REVIEW OF GROUNDWATER MODELING LITERATURE 

Numerical modeling of groundwater is a relatively new 

field. Since the mid-1960's, significa'1t progress has been 

made in the development and application of numerical models 

for groundwater-related resources management. The classic 

approach in describing the dynamics of groundwater systems was 

to solve the flow equations together with the appropriate 

boundary and initial conditions. The analytical difficulties 

of solving the equations limit this approach to relatively 

simple cases. A need for general applicable approaches to 

solve the equations of flow for the complex problems 

encountered in real field situations gave rise in recent years 

to digital models. The computer methods provide solutions for 

the equations of flow for complex field problems, and thereby 

provide means for simulating the operation and response of 

very complicated systems. The advent in recent years of high 

speed, large capacity digital computers has increased the 

capability to solve equations of flow for many complex 

problems by digital methods, and digital computers now playa 
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major role in groundwater analysis. 

The first three-dimensional (3-D) models were developed 

in France in the late sixties and in Japan in the early 

,eventies. These models are mentioned in Van der Heijde et al 

(1985), but are not referenced because either the codes or the 

documentation were unavailable. 

One of the earliest contributors to three-dimensional 

modeling was Freeze (1971), who used a finite difference model 

to investigate the nature of base flow generation in a small-

scale hypothetical basin. One of the first documented and 

available three-dimensional models was developed by Huang and 

Wu (1974). They developed a ~ransient finite element model to 

determine the drawdown around a partially penetrating well of 

finite radius, for an anisotropic and heterogeneous confined 

aquifer. Cheung and Skjolingstad (1974) studied the transient 

behavior of free surface groundwater seepage using both, two

dimensional and three-dimensional finite element models. 

France (1974) developed a three-dimensional finite element 

model for analyzing either steady state or transient 

groundwater flow problems. Huang and Wu (1975) presented a 
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three-dimensional finite element model programmed for a high

speed computer for simulating groundwater flow in confined 

aquifers. Trescott (1975) developed a three-dimensional finite 

difference model for predictions of heads, flow rates, and 

drawdowns in anisotropic and heterogeneous porous medium. 

Modified versions of this model include evapotranspi·ration and 

interaction between rivers and upper aquifer. Narasimhan and 

Wi therspoon (1976) developed a general model for both two

dimensional and three-dimensional flow based on the integrated 

finite difference method for saturated and unsaturated flow. 

Gupta and Tanji (1976) used a three-dimensional isoparametric 

fin~te element model in the analysis of flow in Sutter Basin 

in California. This model appears to be better suited for 

steady state cases, as the authors present no evidence of an 

atmospheric boundary capability in the form of a movable 

boundary. Frind and Verge (1978) designed a three-dimensional 

Galerkin finite element model, based on the general saturated-

unsa tura ted con tinui ty equa tions. They also examined practical 

aspects of three-dimensional modeling of groundwater flow. 

Taylor and Huyakorn (1978) also developed a three-dimensional 
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groundwater flow model with convective dispersion. Posson et 

al (1980) developed a transient three-dimensional finite 

difference model to determine heads, drawdown, and water 

balance for anisotropic and hetecogeneous porous medium. This 

model has been extensively modified. Liggett (1983) developed 

a three-dimensional steady-state flow model using the boundary 

integral equation method. Gupta, Cole, and Pinder (1984) 

developed a three-dimensional finite element model (FE3DGW) to 

simulate groundwater flow for multiaquifer systems. Badu and 

Pinder (1984) used a finite element-finite difference 

al ternating direction algorithm to develop a three-dimensional 

groundwater transport model. McDonald and Harbaugh (1984) 

developed a modular three-dimensional finite difference 

groundwater flow model. The major options of this model 

include procedures to simulate the effects of wells, recharge, 

rivers, drains, evapotranspiration, and general-head 

boundaries. This model is widely used. Nawalany (1986) 

developed a model based on the so called Transport Velocity 

Representation (TVR) of groundwater flow. This model can be 

classified as a three-dimensional finite element-finite 
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difference numerical model of steady state groundwater flow. 

Gambolati, Pini, and Tucciarelli (1986) used the conjugate 

gradient method to develop a three-dimensional finite element 

mode] of subsurface flow with automatic mesh generation. 

Huyakorn, Jones, and Peter (1986) developed a finite element 

algorithm for simulating three-dimensional groundwater flow 

and solute transport in multilayer systems of several aquifers 

and aquitards. This formulation take advantage of the nature 

of flow in such multilayer systems. Reeves et al (1986) 

presented one of the last versions of the Sandia Waste-

Isolation Flow and Transport Model (SWIFT). This model was 

developed for use in simula ting the transport of radionuclides 

dissolved in groundwater. It is a finite difference, 

transient, three-dimensional code, which also solves the 

coupled equations for fluid flow, head transfer, and brine 

transport in saturated porous media. It evolved from the U.S. 

Geological Survey code SWIP (Survey Waste Injection Program) 

(INTERCOMP, 1976). Aral (1990) developed a very well 

documented finite element groundwater flow model for 

multilayer aquifers under steady state conditions. 
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THEORETICAL DEVELOPMENT OF A GROUNDWATER HODEL 

The Hass Balance Equation 

If we consider that the mass of water completely fills 

the void space of a porous media, then the mass balance 

equation can be written in the form (Bear and Verruijt, 1987) 

where p 

-v. pij = iJ(np) 
at 

the density of the fluid (M/L
3

) , 

q the specific discharge (LIT), and 

n = the porosity. 

(1) 

Equation (1) states that the excess of efflux over influx 

of mass, per unit volume and per time, which is the divergence 

of the flux vector of mass (j=pq), is equal to the increase in 

water mass per unit volume of porous medium per unit time. 

For an incompressible fluid, and a nondeformable porous 

medium (or for steady flow), a(np)/at=O, and equation (1) 

12 



becomes 

If the fluid is also homogeneous (fluid of constant 

density), then equation (2) reduces to 

The Motion Equation 

(2) 

(3) 

In 1856, Henry Darcy (Darcy, 1856) investigated the flow 

of water in vertical homogeneous sand filter in connection 

with the fountains of the city of Dijon (France). From his 

experiments, Darcy concluded that the rate of flow (volume of 

water per unit time), Q, is proportional to the cross

sectional area A, proportional to the difference in water 

level elevations in the inflow and exit reservoirs of the 

filter (h, -h2 ), and inversely proportional to the filter's 

length, L. The combination of these conclusions give the 

famous Darcy's law 
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( h - h ) 
Q = KA 1 2 

L 
(4) 

where K is a coefficient of proportionality. 

When the flow is three-dimensional, and the medium is 

. 
homogeneous and anisotropic, the generalization of equation 

(4) is (Bear and Verruijt, 1987) 

where q 

n = 

v 

eI> 

z = 

if = [K] I = -[K] ·VeI> - [ k] . (VP + y Vz) 
11 

the specific discharge vector nv (LIT) , 

the porosity of the medium, 

the velocity vector of the fluid (LIT) , 

the piezometric head = z+P/y (L) , 

the elevation of the point (L) , 

P the pressure (M/LT 2), 

(5) 

y the specific weight of the fluid = pg (M/L2T2) , 

p the mass density of the fluid (M/L 3) , 

g the acceleration of gravity (L/T2) , 

[K) the second rank tensor of hydraulic conductivity 

of an anisotropic medium [k)y/ll (LIT), 
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[k) the second rank tensor of permeability of an 

anisotropic medium (L2
), and 

~ = the dynamic viscosity of the fluid (MILT). 

In 8~uation (~', -(VP+yVz) represents the driving force, 

per unit volume of fluid, due to pressure gradient and to 

gravity. This force is balanced by the drag or resistance to 

the flow, at the solid-fluid interface, expressed by q~[kl-l. 

Development of the Governing Equations 

When two miscible fluids like fresh water and salt water 

are in motion within a porous medium, the interfacial tension 

between the two fluids is zero, and the two fluids dissolve 

each other due to the hydrodynamic dispersion, creating what 

is called a transition zone (Bear, 1972) A distinct fluid-

fluid interface does not exist. Yet, in many cases of 

practical interest, the transition zone lS narrow relative to 

the size of the flow domain, such that for practical purposes 

a fictitious abrupt interface may be assumed to separate the 

two fluids. Although t~is is an approximate approach, whenever 
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justified, it appreciably simplifies the treatment of the two-

fluid flow problem. 

Let D denote some porous medium domain occupied by the 

two fluids, 1 and 2 (see Figure 1). Let B, and 3
2 

denote the 

portion of the external boundary of D in contact with the 

fluids 1 and 2, respectively. If the fluids are 

incompressible, a piezometric head h can be defined within 

each subregion. 

P 
hI (x,Y,Z) = z + -

YI 

P 
h2 (x,Y,Z) = z + -

Y2 

(6) 

(7) 

where P is the pressure, z is the vertical coordinate, and Y1 

and Y2 are the specific weight of fluids 1 and 2, 

respectively. 

Because the densities of fluids 1 and 2 are different but 

constant, the continuity equation for homogeneous fluids, 

equation (3), can be used together with the -motion equation, 

equation (5). Introducing equation (5) into equation (3), we 
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WATER TABLE Bl 
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FLUID 2 

~(x,y) D2 
y 

B2 

X 

Figure 1. Definition of variables used to describe the 
flow of two fluids separated by a sharp 
interface. 
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get the two equations that govern the motion of the fluid 1 

within domain 1, and the flow of fluid 2 within domain 2. 

Therefore, the model describing the flow in both regions can 

t'" stated in the following way. Determine hl j~, D an" he in !\ 

such that 

(8) 

(9) 

where kl and k2 are the permeabili ties of media Dl and D2 , 

respectively, and ~l and ~2 are the viscosities of fluids 1 and 

2, respectively. 

Boundary Conditions 

Boundary conditions for hl on Bl and h2 on B2 are the 

usual ones encountered in the flow of a single fluid. That is, 

constant head or Dirichlet boundary condition, and specified 
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flux or Neumann boundary condition. However, the boundary 

condition on the interface requires special attention, because 

as in the case of a phreatic surface, the location of the 

int~rface is ~nknowr until the problem is solved. 

For steady state, the interface surface can be 

represented by an equation whose general form is F(x,y,z)=O. 

Denoting the elevation of points on the interface by ~=~(x,y), 

then F can be written as 

F z - ~ (x,y) o 
(10) 

The pressure at a point P(x,y,~) on the interface is the same 

when approached from both sides. Hence, from equations (6) and 

(7) we get 

~ (x,y) 
(11) 

Once the distribution of hl and h2 are known, then the location 

of the interface can be determined using equation (11). 

19 



The other condition on the interface is that the specific 

discharge must be the same on both sides. Since each fluid is 

confined to its own subregion, and the interface is 

stctionary, the int~rface acts as an impervious boundary to 

each of the two subregions. In each region, only components of 

the specific discharge that are tangent to the interface are 

possible. Because F is the function that define the interface, 

then ~F/I~FI is a unit vector perpendicular to the interface 

at a specified point. Therefore, the condition of impervious 

boundary for the interface can be stated as 

iii . fi l = !2. [k ] ·~h . ~F = 0 
~I I I I~FI 

(12) 

ih ·fi2 = ~ [~] .~h . ~F = 0 
~2 2 I~FI 

Using the definitions of F and ~ we get 
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.!!. [kd ''Vh
l 

. 'V(z - h2 Y2 + hI YI ) = 0 
I-LI Y2-YI Y2 -YI 

on Z = ~ 

(13) 

on Z = ~ 

We can see the nonlinear behavior of these conditions on the 

interface. This fact makes it almost impossible to solve this 

problem analytically. 

The boundary conditions on the phreatic surface can be 

easily derived from the previous analysis of the interface. If 

it is assumed on the interface analysis that the overlying 

fluid is air (subscript=O), and the underlying fluid is fresh 

water, then Yo=O, and from the equation (11) we get 

~p (x,y) hI (14) 

~p denoting the location of the phreatic surface. Similarly, 

from equation (12), we get 

21 



"-

~[kl]'Vhl'n 
1-11 

where ~ is the unit vector normal to the phreatic surface. 

Equa tions (8) and (9), subj ect to the boundary conditions 

(11), (13), (14), and (15), are the equations used to solve 

f or the unknown h, and h2 • 

The boundary condition given by equation 11 is difficult 

to implement in the model, because the piezometric head just 

above and below the interface should be known. Instead, we can 

consider a static salt water, this simplifies the 

implementation of the boundary condition on the interface. 

Defining Sx and Sy as the coordinates along the interface 

in the direction x, and y, respectively, and taking the 

derivatives of equation 11 with respect to Sx and Sy (see 

Figure 2), we obtain 

= sin (X (16) 
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Figure 2. Definition of variables used to describe the 
boundary condition at the interface. 
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a~ Ys ahs 

asy Ys-y, as, 
(17) 

where a is the angle of the interface above a horizontal datum 

in l~e x ~~~e':tisn, 3nd P is the angle of the interface above 

a horizontal datum in the y direction. (ah.laS) and (ahflaS) 

are proportional to the velocity of the two fluids in the 

the velocity of the two fluids in the direction Sy' Applying 

the chain rule to equations (16) and (17), we get 

(18) 

Ys ahs ay (19) 
y. -Y, ay as, 

Because we are using linear interpolation functions for 

the finite element approach, we can approximate (axlaSx)~cosa, 

and (oy/os.) ~cosp. Then, equations (18) and ~19) transform to 
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tan a Y. ah. - --.!L ah, (20) 
Ys-Y, ax Y.-Y, ax 

tanp Y. ah, --.!L ah, (21) 
Y~ -Y, Oy Y.-Y, Oy 

For stable upconing under steady state conditions, 

and assuming a static salt water, the piezometric head 

for the sal t water, hs' is constant, and therefore, 

(ah.lax) = (ah.lay) =0. With this simplification, equations (20) 

and (21) reduce to 

(22) 

(23) 

These conditions can now be easily introduced into the finite 

element formulation. 

If the location of the interface is known at x~O and y=O, 

then the interface can be built from the piezometric head 
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values previously calculated at the nodes that represent the 

interface. Consider that the interface is represented by the 

nodes shown in Figure 3. In term of the indexes i and j, 

equaticns (22) and (23) san be written as 

(24) 

~ (i,j+l) ~(i,j) + -.!L (h/i,j+l) - hf(i,j) 
Ys-Yf 

(25) 

Equations (24) and (25) are the equations used in the model to 

evaluate the interface location. 
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Figure 3. Representation of the interface by nodes. 
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Finite Element Equations 

Because equations (8) and (9) have the same form, but 

v;ritten for different variables and parameters, we can develop 

the finite element equations only for a general type of 

equation. 

In this step, we have to derive an integral formulation 

for the governing groundwater flow equations. This integral 

formulation leads to a system of algebraic equations which can 

be solved for values of piezometric head at each node in the 

mesh. To derive the integral formulation, the method of 

weighted residuals is used. This is a general approach widely 

used in the finite element modeling. 

The Method of Weighted Residuals 

In the method of weighted residuals, an approximate 

solution to the boundary value problem is defined. When this 

approximate solution is substituted into the governing 

differential equation, a residual error occurs at each point 
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in the problem domain. The weighted average of the residuals 

for each node in the finite element mesh is forced to be equal 

to zero. 

Consider a cifferential equation of the f~rm 

L (h(x,y,z)) = 0 (26) 

where L is the differential operator, and h is the field 

variable. An approximate solution h can be defined in the form 

III 

h(x,y,z) = L Ni(x,y,z) hi (27) 
i-I 

where N. , the lnterpolation functions, 

hi the unknown values of the field variable at the 

nodes, and 

m = the number of nodes in the mesh. 

When the approximate solution is substituted into equation 

(26), the differential equation is no longer satisfied 

exactly, and a residual error R is generated. 
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L(h(x,y,z» = R(x,y,z) "# 0 (28) 

The residual varies from point to point within the problem 

domain, therefore, the residual cannot be forced to be zero at 

certain specified points because it may then become 

unacceptable large elsewhere in the problem domain (Istok, 

1989). For this reason, in the method of weighted residuals, 

the weighted average of the residuals at the nodes is forced 

to be equal to zero. 

f f f W(x,y,z) R(x,y,z) dD = 0 (29) 
D 

where W is a weighing function, and D represents the problem 

domain. Substituting equation (28) into equation (29) we have 

for the three-dimensional case 
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f f f W(x,y,z) L(Ii(x,y,z» dD = 0 (30) 
D 

The approximate solution h was defined in equation (27) 

in 'er~s 0: some in' erpolation functions Ni and the unknown 

values of the field variable at the nodes. This applied over 

the whole domain under consideration in which m ref-ers to the 

total number of discrete values or nodes. This concept can be 

modified subdividing the domain into elements, as shown in 

Figure 4, the variable value within that subregion can now be 

defined in terms of discrete values on the boundary or within 

that region. 

In the finite element method, h is defined in a piece-

wise form over the problem domain. The value of h within any 

element e, he, is given by 
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Figure 4. Subdivision of a domain into elements. 
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II 

h '(x,y.z;) = L N;' h; (31) 
;-1 

where Ne 

1 
the element interpolation functions, defining 

one for each node, 

hi the unknown values of the field variable at 

each node of the element, and 

n = the number of nodes within the element. 

The residual now becomes, 

R(x,y.z;) = L(h'(x,y,z» (32) 

such that equation (29) can be rewritten as 

f f f W(x,y,z) LCh'(x,y.z;)) = 0 (33) 
D 

33 



substituting the representative form of equations (8) or 

(9) into equation (33), and assuming that the weighing 

functions for a node are identical to the interpolation 

~~nc~ions used to define the approximate salut'on fi (r-l~~kin 

method), we get 

(34) 

where we have assumed that the specific weight and the 

viscosity of the fluids are constant within each domain D1 and 

Because the second derivative of the approximate solution 

is not defined for most type of elements, Green's theorem can 

be used to reduce the order of the derivatives of fie appearing 

in equation (34) 0 The Green's theorem states: 

f f fF(Voa)dD = f fF(aon)dA - f f faoVFdD (35) 
DAD 
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where D the problem domain, 

A the area of the boundary of such domain, and 

n a unit vector normal to the surface A. 

Jef~"ing 'J:"I_""o:! 
- , anc G='k)~e, then equation (34) ~2n be written 

as 

(36) 

substituting equation (27) into equation (36), we get 

III 

1.. f f f [k]·(E V'N) ·VNjh;dD 
J..I D i=1 

III 

= 1.. f f f.j[k]·(E VNj)·iihidA 
J..I A i-I 

(37) 

or 

(38) 
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where m is the number of nodes in the mesh. 

There is no systematic way of developing reasonable 

interpolation functions Ni for the approximate function h. The 

basic principle of :'he finite element method is that the 

interpola tion functions Ni can be defined piecewise over 

subregions of the domain called finite elements, and that over 

any subdomain, the interpolation functions Ni can be chosen to 

be very simple functions such as polynomials of low degree. 

These interpolation functions must be continuous throughout 

the problem domain. Therefore, we can write equation (38) as 

made by the contribution of all the elements that form the 

mesh. In this way, equation (38) can be rewritten as 

NE 

L 
.=\ 

(39) 
NE 

L 
0=1 
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where NE = the number of elements, 

De element domain, 

Ae 
= area of the boundary of the element domain, and 

n = the number c;: nodes p,r element. 

The term inside the area integral can be identified as the 

groundwater flux across the element's surface. For elements on 

the exterior of the mesh, this term is used to represent 

specified rates of groundwater flow (Neumann boundary 

conditions). This term will be positive if water is entering 

the mesh, and will be zero if no flow is specified. For 

elements in the interior of the mesh, this term for adjacent 

elements will have opposite signs, canceling out its 

contribution for nodes the two elements share (Figure 5). We 

will refer to this term as the flux vector F7. Equation (39) 

can now be written as 

NE " n 

L 
e-I 

[1. L L (f f fVNj"[k]'VN/dDe)h i ] 

Il i=1 j=1 D' 

NE 

= L 
e-I 

F.e 
r 

For a general element, equation (40) can be written as 
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Figure 5. Fluxes through the internal and external faces of 
the elements with respect to the mesh. 
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Although the whole domain can be 

F' 
I 

anisotropic 

(41) 

and 

heterogeneous, the medium within the element is anisotropic 

but homogeneous, and equation (40) can be written in matrix 

form as 

aNI aNI aNI 
aNI aN" hI FI 

ax Oy az 
kx 0 0 ax ax 

.Ifff 0 ky 0 
aNI aN" dxdydt. (42) - = 

11 D< Oy Oy 
0 o kz aNI aN" 

aN" aNn aN" - az az hIt F" ax ay az 

where k., k, and k are the permeabil i ties in the x, y, and z 
x y z 

directions inside the element. Note that the supra index for 
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the element e has been suppressed to simplify the notation. In 

a more simplified way, equation (42) can be written as 

(43) 

where [Mij 1 is the big matrix defined in equation 42. The 

contribution of each element, gives rise to the general system 

of equation 

(44) 

where 

NE 

[M] =.E [M<] 
<=\ 

(45) 

40 



and 

(46) 

where n is the number of nodes per element, and m is the total 

number of nodes in the mesh. An example is shown in Figure 6 

of the assemblage of the global matrix from the element 

matrices, for a three elements, and three nodes per element 

system. How each element contributes to the global matrix can 

be seen. 

In equation (42), after the interpolation functions are 

defined, the integration must be done for all the elements 

that form the mesh. The interpolation functions must be 

continuous along the boundary between adjacent elements, but 

their first derivatives do not have to be continuous. The 

interpolation functions should be defined in such a way that 

makes the solution converges to the true solution as the 

number of nodes and elements in the mesh increase. The value 
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X X X 
X X X X 

GLOBAL MATRIX 

Figure 6. Example of the assemblage of the global matrix 
from the element matrices. 
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of all the element interpolation functions sum to one at every 

point within the element. 

In this research work, eight nodes hexahedron 

isoparametric elements are used. The order of the polynomials 

used for the shape and interpolation functions are the same. 

The integrations in equation (42) are performed 

numerically. The numerical integration procedure is greatly 

simplified if the interpolation functions and their 

derivatives for each node are defined using a local coordinate 

system. In a local coordinate system, a point within an 

element is assigned using a coordinate system origin attached 

to the element (Figure 7). These interpolation functions and 

their derivatives at pach node of the element are given by 

(Istok, 1989). 
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Figure 7. Definition of global and local coordinate systems 
for the elements. 
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(41) 

aN; = "i ( 1 + e. e )(1 + ,. () 
a" 8 I I 

where the coefficients E i , 11i' and Ci for each node i are given 

in Table 1. 

TABLE 1 

Node l 1 2 3 4 5 6 7 8 

E -1 1 1 -1 -1 1 1 -1 

Il i 
-1 -1 1 1 -1 -1 1 1 

1; -1 -1 -1 -1 1 1 1 1 

The matrix [Me] from equation (42) can now be written in 

term of the local coordinate system as 
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aNI aNI aNI 
aNI aNa -

ar. a" a( 

k" 0 0 ar. ar. 
I I I aNI aNs [M1=:1fff [rlf 0 ky 0 [rl] IJldr.d"dc 

~ -1-1-1 a" a" 
0 o kz aNI aNs 

aNs aNs aNs a( a( 
ae a" a( 

(48) 

where the Jacobian [J) is defined as 

aNI aN8 Xl YI Zl 
ae ae 

[J] 
aNI aNs (49) 

= 
a" a" 

aNI aNs 

a( a( Xs Ys Zs 

and the inverse of the Jacobian is given by 
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Oy ax az 
a" a" a" 

[1-1 ] 1 -Oy ax az (50) = --
111 at: at: at: 

Oy ax az 
a( a( a( 

where IJI is the determinant of the Jacobian, which should be 

positive in order to assure a proper transformation. If the 

determinant of the Jacobian is zero, it indicates that the 

volume of the considered element has degenerated into a plane 

or an area. If it is negative, it indicate that the element 

has been turned inside out. Geometrically, a positive value of 

IJI gives the ratio of volumes between the real element volume 

and the transformed one. 

The derivatives of each element in equation (50) are 
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ax = ExiaNi 
ae i=1 ae 

aZ = EZi aNi 
ae i=1 ae 

(51) 

where Xi' Yi , and z are the coordinates of the element nodes 

with respect to the real coordinate system. Details about the 

mathematics of the element transformation are given in Becker 

et al., 1981. 

The numerical integration process is carry out using a 

direct formula, derived from the method of Gauss quadrature, 

which in three dimensions can be stated as (Dhatt and Touzot, 

1984) 

1 1 1 r 

f f f f( e,,,,O de d" d( = L wJ( ei,,,i'() 
-I -I -I i=1 

(52) 
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This formula is capable of integrating monomials Ei~j,k 

exactly, provided that i+j+k~m, where m is the maximum order 

of the monomials. From the definition of the interpolation 

funct:..ons (equations 47), it ~s shown th2t ':he resulting 

monomials inside the integral in equation (48) are not greater 

than three, therefore, m=3 was considered appropriate for the 

present model. The order m, the number of integration points 

r, the coordinates Ei , ~i' and 'i' and the weight used in this 

model are given in Table 2. 

TABLE 2 

Order Number of Integration Coordl. .. dces weight 
m Points r E , ~i 'i Wi 

1 0 0 
-1 0 0 

0 1 0 

3 6 0 -1 0 4/3 

0 0 1 

0 0 -1 
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Mean Permeabilities for the Elements 

One of the main capabilities of the model is that it can 

handle very anisotropic and heterogeneous m~jia. 

As it was shown in the scheme of solution, during the 

iterative process, the location of both the interface and the 

phreatic surface are shifted from their initial location to 

a new location dictated by the boundary conditions given by 

equations (1l) and (14). During this process, the mesh is 

recalculated, and there will be elements that can intersect 

more than one layer with different geologic characteristics. 

In the finite element approach, values of permeabilities in x, 

y, and z directions must be assigned to each element. A new 

methodology was developed to evaluate what is called a 

weighted permeability for each element. This method consist of 

taking one element at a time, finding in which layer, each of 

the nodes of the considered element is located. Then the four 

faces of the element parallel to x and y directions are 

considered separately, as it is shown in Figure 8. For each of 

these faces, equivalent thicknesses b i are calculated in such 
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Figure 8. Definition of the faces of an element, used to 
calculate the weighted permeability of the 
element. 
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a way that the area bi*d, where d can be either dx or dy, is 

equal to the intersection area between the face and each of 

the layers. After the areas are determined for each face, then 

t .. 1e horizontal ai.d vertical permeabili ties 3.re calculated 

using the relations for equivalent permeability for flow 

parallel to the layers, and for equivalent permeability for 

flow perpendicular to the layers, respectively. 

NL NL 

EkHA L hi 
kH 

i k = i (53) 
NL v NL hi E hi E 

; kv. 

where NL number of intersected layers of each face, 

kH horizontal permeability (x or y, depending upon 

which face is being considered), and 

kv = permeability in the z direction. 

Finally, the permeability in the x direction for each 

element is evaluated as the mean value of the permeabilities 

calculated for faces 1 and 2. Similarly, the permeability in 
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the y direction is evaluated as the mean value of the 

permeabilities calculated for the faces 3 and 4. The 

permeability in the z direction for each element is evaluated 

as the mean value of che perme~Dilities ~n t~e z direction 

calculated for the four faces. 
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Automatic Mesh Generation 

One cumbersome aspect of the application of the finite 

eleme~t method to solve a specified problem is the preparation 

of the input data. The input data consist of a description of 

the element mesh topology. The node numbers' and the 

coordinates of the node points, along with the element numbers 

and the node numbers associated with each element, have to be 

provided to the computer program. This process is normally 

tedious if it is done by hand, even for small grid. When 

working with three-dimensional models, this task takes on 

major proportions, because the finite element mesh in these 

cases normally contains hundred or thousands of nodes. 

In the specific case of the model developed in this 

research, the automatic mesh generation became necessary, 

because during the iterative process used to find the solution 

of the problem, the water table and the interface have to move 

in order to accomplish the boundary conditions imposed on 

them. The water table and the interface are- represented by 

surfaces made of nodes, and when these nodes change their 
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positions, the rest of the nodes of the mesh also move. This 

means that the mesh can contract or exp,lld accordingly with 

the new locations of the water table and the interface. 

A simple automatic mesh genera ,=~~n algorithm was 

developed, in order to handle the situation already mentioned. 

Although several types of three-dimensional elements can be 

used to develop three-dimensional grids, the simple linear 

parallelepiped element was used, because it makes the 

calculation of the mean permeability of each element easier, 

when it intersects more than one layer. 

The algorithm with different values of increments along 

the three coordinates axes will generate the grid as shown in 

Figure 9. For simplicity, the nodes are allowed to move only 

along the z coordinate. In the case of constant density model, 

a parameter called LIMIT was introduced, to tell the program 

that the nodes below the plane of nodes given by this 

parameter will remain at the same original location during the 

iterative process. This is advantageous in the case we know 

tha t the drawdown of the water table will not reach the z 

coordinates values of the plane of nodes given by the LIMIT 
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Figure 9. Automatic mesh generation. 
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parameter. In this way, the permeabili ties of the elements 

loca ted below this plane do not have to be recalculated, 

making the permeabilities values of these element more 

accurate, and saving ~xecution time. In tW) :!en~;cies mode .• 

this parameter is not used because of the presence of the 

interface. 
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IMPLEMENTATION OF THE THEORY 

Boundary Conditions 

The theoretical statement of the boundary conditions were 

discussed in the theoretical development section. In this 

section, how the different types of boundary conditions can be 

handled with the finite element method will be discussed. 

Dirichlet Boundary Conditions 

Dirichlet boundary conditions refers to a boundary 

condition in which the values of the variable, in this case 

the piezometric head,' is assigned to some points on the 

boundary of the problem domain. Because we are using the 

iterative Gauss-Seidel method to solve the resulting system of 

equations, the equations whose head values are known, are 

simply excluded from the iterations. To accomplish this 

process, a code (HEADCODE) is defined. Specifically, for those 

nodes in which the piezometric head is known, HEADCODE~2, the 
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corresponding equation is excluded from the iterations. 

Neumann Boundary Conditions 

Neumann boundary condition refers to a boundary condition 

in which the values of the derivatives of the v~riable or 

fluxes are assigned to some of the nodes (eg. wells) or faces 

of the elements (eg. recharge or infiltration). 

In the case we are simulating wells, the screened area of 

the well is simulated as a group of nodes, such that the sum 

of the flux values assigned to each node is equal to the flux 

value assigned to the well (Figure 10). In finite element, 

these fluxes values are easily assigned to each node. In 

equation (40), we showed that the right hand side vector (F
i

) 

represents a flux vector in which each of its components is 

the flux representative of each of the nodes. Similar to the 

Dir ichlet boundary condition case, a code (in this case, 

FLUXCODE) is defined. Specifically, for those nodes in which 

the flux is known, FLUXCODE~2, then the corresponding flux 

vector component is assigned. For those nodes with no flux, 
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Figure 10. Representation of a well in the model. 

60 



then FLUXCODE=O is assigned. 

In the case we are simulating recharge or infiltration 

values, the treatment is a little different. This is because 

infiltration values are normally givE~ va_uE2 o~ ~E:lgtn per 

unit time, per unit area. Therefore, these values have to be 

convert to flux values on the nodes. This is accomplished by 

multiplying the infiltration value (units LIT) of a specific 

element of the mesh by the corresponding area, and then the 

resulting value is divided by 4 which is the number of nodes 

that define one face of the hexahedrical element used in the 

model. 

The introduction of flux and infiltration boundary 

conditions is done by subroutine Ensam. 

When boundaries like the water table and the interface 

are considered, special treatment is required because these 

are boundaries where Dirichlet and Neumann boundary conditions 

are specified. The treatment of these boundaries is explained 

in the section about iterative process. 
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Iterative Process 

From the Theoretical Development section, Development of 

the Governing Equa'c~0ns, it was found 'c12t th-=- piezomet ic 

head variable appears in the boundary condition equations. On 

the other hand, the problem can not be solved unless the 

location of the water table and the interface, and the 

boundary condi tions on them are known. This fact makes it 

necessary to use an iterative procedure to find the solution 

of the problem. Mathematically, the two boundary conditions on 

the water table, equations (14) and (15), and the two boundary 

conditions on the interface, equations (11 ) and (13) , 

compensate the lack of information on the location of these 

boundaries, making the problem solvable. 

In the iterative procedure, the location of the water 

table is updated in each step. An initial estimate for the 

location of this surface is first introduced. The water table 

is then considered as a stream surface (impermeable boundary), 

with unknown head distribution. The distribution of the 

piezometric head in the interior of the domain, and on its 
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boundary is calculated. This lead to values for the 

piezometric head at the water table and at the interface 

nodes. The head values on the water table can then be compared 

with the elevat_on of those points. These v3lues, especially 

at the beginning of the process, will not be the same, and a 

new position for the water table can be assumed taking z=hl 

• (equation 14). This process continue until the absolute values 

of the differences between the old and the new locations of 

the water table be less than some specified error. After each 

iteration, the water table is shifted to its new location, 

then the mesh is recalculated, and the permeabilities of the 

elements are evaluated again. 

After the water table reaches the final location, the 

piezometric head values of those nodes that represent the 

interface, are used together with the boundary conditions on 

the interface, equations (24) and (25), to calculate the 

interface location under the dynamic conditions present in the 

system. 

The evaluation of the location of the-interface in the 

way already explained, is valid only for small changes in the 
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elevation of the interface. This is because the location of 

the interface is not updated each time the location of the 

water table is updated. Nevertheless, because of small 

varj.ations on the water table which normally produce high 

variations on the interface, it is expected that the internal 

values of the piezometric head inside the domain should not 

change too much, making the approach a good approximation to 

evaluate the interface location. 
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Pointer Matrix and Gauss-Seidel Algorithm 

computer memory is used very inefficiently if all 

coefficients of the matrix M are really stored, because most 

of them are zeros. In fact, a coefficient in the position 

described by row i and column j is different from zero only if 

nodes i and j occur jointly in at least one element. When 

hexahedrons with eight nodes are used to represent the 

element, a specific node can be surrounded by no more than 26 

other nodes, as it is shown in Figure 11. Therefore, adding an 

additional position for the considered node itself, no more 

than 27 elements on each row of the matrix are different from 

zero. Thus, most of the memory is used to store zeros, and 

most of the calculations involve multiplications by zero. 

A pointer matrix (Bear and Verruijt, _~u/) is a matrix of 

integers describing the position of the nonzeros in the 

matrix, and can be used to eliminate most of the waste of 

memory and computation time. 

For the hexahedral elements mentioned before, each 

interior node is connected with other 26 nodes. If the grid 

has N nodes or degrees of freedom, then the pointer matrix 
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Figure 11. Elements represented by hexahedrons with eight 
nodes, and showing that one node can be 
surrounded by no more than 26 other nodes. 
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will be a matrix of N rows and 28 columns, 26 columns for the 

surrounding nodes, 1 for the node itself, and the last column 

is used to store the number of nonzero elements of each row. 

Once the pointer matrix has been generated, the nonzero 

coefficients of the matrix M can be store in a matrix of the 

same size than the pointer matrix, in which the last column is 

used to store the vector of data or flux vector F. Figure 12 

shows an example of using a pointer matrix to reduce the size 

of a general matrix [K) old' building an equivalent smaller 

matrix [K)n_. Using the pointer matrix, the memory requirement 

is greatly reduced, specially for large systems. If we are 

dealing with a system of., 10000 nodes, and one degree of 

freedom per node, represented by a square matrix of size 10000 

by 10000 (Figure 13), and assuming that a real number uses 4 

bytes, and an integer number 2 bytes, then the total memory 

requirement for the original matrix M is 10,000*10,000*4 = 

4*10 9 bytes. Using the pointer matrix, the total memory would 

be 10,000*28*4 = 1.12*10 6 bytes for the new matrix M, and 

10,000*28*2 = 5.6*10 5 bytes for the pointer matrix, giving a 

6 
total of 1.68*10 bytes for both matrices. The use of the 

pointer matrix in this case represents a reduction in memory 
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Figure 13. Representation of the matrix [K]~d of size 
10000*10000, the pointer matrix [POINTER], and 
the reduced matrix [K]new' 
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requirements of about 99.58%. Additionally, computation time 

is also saved because most of the multiplications by zeros are 

not done. 

The pointer matrix is built only from the data given by 

the connectivity matrix NG(number of elements, number of nodes 

per element), and assigning the number of columns of this 

matrix NP, which in our case, as was already explained is 28. 

This task is done by the subroutine Pointer. 

The Gauss-Seidel method is used together with the pointer 

matrix to build the algorithm of solution of the resulting 

system of equations. Details about this method and its 

behavior for the different types of systems of equations that 

can be solved are given by Carnahan et al., 1969. 
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RESULTS OF MODEL TESTING 

The model was run to achieve three objectives, 

verification, sensitivity analysis, dnd application. The 

accuracy of the model was tested using analytical solutions of 

simple cases for several conditions. This verification process 

confirmed that the model works properly. The sensitivity of 

the model to various input parameters was also tested. The 

major parameters examined were grid spacing, errors of the 

solution process, and the relative sizes of the element sides. 

Finally, the model was run for the Dove Creek area, in order 

to determine an appropriate distribution and pumping rates of 

a set of wells for brine recovery to avoid the brine seep 

through the ground surface. 

Model Verification 

The purpose of verifying a model is to show that it will 

properly simulate physical situations. Known responses under 

specific conditions are given by analytical solutions and 
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experimental data. For flow through porous media, analytical 

solutions are usually solutions to simple problems, such as 

homogeneous and isotropic media, one or two dimensional 

problems with simple boundaries. Experimental data sets are 

usually more complex. 

The model developed for constant density of the water was 

verified using existing analytical solutions for flow between 

two line sources, leaky aquifer, and flow to a well. 

Flow Between Two Line Sources 

The flow between two line sources was run for the 

rectangular dam shown in Figure 14. The piezometric head on 

the left and right sides of the dam were kept constant at 

10 m and 4 m, respectively. The piezometric head distribution 

in this problem does not depend on the hydraulic conductivity 

of the medium. The analytical solution is given by Mari~o and 

Luthin, 1982. The grid used for the finite element simulation 

consisted of thirteen nodes on the x direction and eleven 

nodes on the z direction. Although five nodes were used along 
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Figure 14. Flow between two line sources through an 
unconfined aquifer without recharge. 
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, , 

the y direction, only two nodes were necessary because there 

is no flow in the y direction. The two solution matched very 

well. 

Figure 15 shows the water table distribution for the 

previous problem, but in this case, a constant recharge rate 

of 0.4 m/s was introduced. The analytical solution for this 

problem is given by Marifto and Luthin, 1982. With the velocity 

option of the model, a mass balance was checked, giving an 

error of 1 %. Introduction of the recharge term retard the 

final solution under the same error condition used to stop the 

iterative processes. The recharge problem required 30 % more 

computer time than the non recharge problem. 

The model was also tested against an analytical solution 

for flow between two line sources, when the impermeable bottom 

is inclined. The same grid was used as in the previous cases 

except the constant head boundary conditions on the left and 

the right sides were changed to 20 m and 5 m, 

respectively ( Figure 16). The analytical solution for this 

one-dimensional problem is given by Marifto and Luthin, 1982. 
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Figure 15. Flow between two line sources through an 
unconfined aquifer with recharge. 
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Figure 16. Flow between two line sources through an 
unconfined aquifer with inclined impermeable 
bottom. 
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The final verification of the model for flow between two 

line sources was for a leaky unconfined-confined aquifer with 

recharge, shown in Figure 17, for which an analytical solution 

is also given b~' Marino and Luthin, 1982. In t~is casp, a grid 

with 11 nodes along x axis, 11 nodes along z axis, and 5 nodes 

along y axis was used. A low permeable layer "2 m thick 

separates the confined and unconfined aquifers. The rest of 

the parameters used are given in Figure 17. From this figure 

it can be seen that the analytical and numerical solutions 

match very well. 

Flow to a Well 

In order to verify the model under pumping conditions, a 

flow to a well problem was chosen. The analytical solution for 

this problem considering infiltration is also given by Marino 

and Luthin, 1982. The problem consist of a well pumping 0.1894 

m3 /s from an unconfined isotropic and homogeneous aquifer 30 

m thick, and hydraulic conductivity of 0.001 m/s. Due to the 

cylindrical symmetry of this problem, only one fourth of the 
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Figure 17. Flow between two line sources through a leaky 
unconfined-confined aquifer with recharge. 
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area around the well was simulated as shown in Figure 18. 

Fluxes through sides A and B were specified as zero, while a 

constant head of 30 m was specified at sides C and D. The 

results of the analytical and numerical solutions for 

infiltration values of zero and 0.0000002 mls are shown in 

Figure 19. 

The previous analytical and numerical solutions prove the 

applicability of the numerical model for the cases already 

mentioned. 

Two Density Model 

The two density model was tested against an analytical 

solution for a single well pumping water from a fresh water 

aquifer which is underlain by a denser saltwater, and 

separated by an abrupt interface. Bear, 1979, used the method 

of small perturbations to study the time dependent interface 

upconing. His results are in agreement with field studies 

carry out by Schmorak and Mercado, 1961. His solution is valid 

only for relatively small interface rises, approximately less 
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Figure 18. Horizontal part of the grid used to simulate the 
flow to a well. 
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than 1/3 the distance from the initial interface to the sink. 

For steady state conditions, his solution reduces to 

~ (r) (54) 

where Y f and Y 5 are the specific weight of fresh and salt 

water, respectively, Q is the pumping rate of the well, and K 

is the hydraulic conductivity of the medium. The elevation of 

the interface <e) with respect to its original location, the 

elevation difference (d) between the original interface 

location and the screened area of the well, and the radial 

distance (r) from the well, are shown in Figure 20. 

The simulation consisted of a well pumping fresh water 

from an aquifer 34 m thick, underlain by saltwater, and 

separated by a sharp interface. The screened length of the 

well was 1 m, and located between 15 m and 16 m below the 

original water table. The other parameters used and the 

analytical and numerical solutions are shown in Figure 21. The 

finite element grid consisted of 11 nodes along x axis, 11 

nodes along y axis, and 9 nodes along z axis. The separation 

between the nodes from the well to the edges of the grid were 
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Figure 19. Flow to a well in an unconfined aquifer. 

81 



than 1/3 the distance from the initial interface to the sink. 

For steady state conditions, his solution reduces to 

~ (r) (54) 

where Yr and Y. are the specific weight of fresh and salt 

water, respectively, Q is the pumping rate of the well, and K 

is the hydraulic conductivity of the medium. The elevation of 

the interface Ce) with respect to its original location, the 

elevation difference (d) between the original interface 

location and the screened area of the well, and the radial 

distance (r) from the well, are shown in Figure 20. 

The simulation consisted of a well pumping fresh water 

from an aquifer 34 m thick, underlain by salt water, and 

separated by a sharp interface. The screened length of the 

well was 1 m, and located between 15 m and 16 m below the 

original water table. The other parameters used and the 

analytical and numerical solutions are shown in Figure 21. The 

finite element grid consisted of 11 nodes along x axis, 11 

nodes along y axis, and 9 nodes along z axis. The separation 

between the nodes from the well to the edges of the grid were 
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Figure 20. Definition of variables for the upconed 
interface formula derived by Bear, 1979. 
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Figure 21. Upconed interface results. 
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10, 20, 20, 50, and 100 meters. Both curves match very well 

except at the left and right sides where there is a small 

difference because Bear's solution is for an infinite 

horizontal aquifer. 
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Sensitivity Analysis 

The sensitivity of a model to input parameters should be 

known and should reflect the response to a change in physical 

properties found in nature. The input parameters investigated 

are the grid spacing, the error values used to' stop the 

iterative Gauss-Seidel solution process, and the relative 

sizes of the element sides. 

The flow to a well problem was used to examine the effects 

of these three parameters. The simulated aquifer consists of 

four layers with the hydraulic conductivities values expressed 

in the Figure 22. The dimensions of the simulated aquifer are 

4,000 ft along x axis, 4,000 ft along y axis, and 55 ft thick. 

Water is pumped from the second and third layers at a constant 

rate of 0.12 cfs. Two different grids were used for the 

simulations. One grid consisted of 11 nodes along x axis, 11 

nodes along y axis, and 9 nodes along z axis. The distance 

between nodes along x axis, and y axis measured from the well, 

located at the center, were 100, 200, 200, 500, and 1,000 ft. 

The other grid consisted of 17 nodes along x axis, 17 nodes 
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Figure 22. Definition of parameters for the flow to a well 
problem used in the sensitivity analysis. 
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along y axis, and 9 nodes along z axis. The distance between 

the nodes along x axis and y axis for this case were 50, 100, 

150, 200, 250, 500, and 500 ft. The magnitude of the errors 

(difference in piezometric head of the new value and the value 

from the previous iteration in each node) used to stop the 

iterative Gauss-Seidel procedure were 0.01, 0.001, a'nd 0.0001. 

The results of the different runs are shown in Figure 23. 

Physically, this is a symmetric problem, because the pumping 

well is located at the center of the horizontal part of the 

grid. Nevertheless, curves c and d do not show such symmetric 

behavior. These curves were obtained using different grids but 

equal iteration errors (E=O.Ol). On the other hand, curves a 

and e show similar symmetric behavior, even though curve a was 

obtained from a denser grid than curve e. The error chosen for 

these two curves was equal to 0.0001. These results show that 

the solution has a strong dependence on the magnitude of the 

error used to stop the iterative Gauss-Seidel solution 

process. Also, we noted that the solution does not depend 

strongly on the two kind of grids used. The magnitude of the 

drawdown is also affected by the grid spacing, and the size of 
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Figure 23. Results of the flow to a well problem used in the 
sensitivity analysis. 
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the error used. Curve b was obtained using an error equal to 

0.001, which is between the error used for the extreme cases 

a and e, and c and d. 

During the assembly process of the element matrix, the 

element integral must be solved. These integral are solved 

using the numerical method known as Gauss quadrature, in which 

one of the steps is the evaluation of the volume of the 

elements. Because this task is performed numerically, problems 

can appear if the relative sizes of the sides of the element 

are too different. This is the case when we are dealing with 

very thin layers that must be represented by elements whose 

areal dimensions are much larger than the vertical dimension. 

For the flow to a· well problem already considered, the 

vertical dimension of the thinner elements was changed, 

reducing their values from 10 ft. The minimum z size for an 

element found before getting a floating point exception error 

was 5 ft, and the maximum x and y dimensions were 500 ft. 

Therefore, for this problem, if an element has an areal 

extension of 500 ft by 500 ft, then the minimum thickness of 

that element cannot be less than 5 ft. 
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APPLICATION OF THE MODEL TO THE 

NATURAL SALT POLLUTION ON THE BRAZOS RIVER 

The Brazos River is a major source of water in Texas: 

however,natural salt springs and seeps in the upper Brazos 

River basin (Figure 24) discharge significant quantities of 

sodium chloride, calcium sulfate and other dissolved solids 

into the river, thereby reducing the downstream water quality. 

Salt springs and seeps could be controlled using recovery 

wells to lower the piezometric surface or water table, and 

deep injection wells to dispose of the brine. 

Rather than developing a single, large project to control 

natural salt pollution in the Brazos River, it will probably 

be more cost effective to control the pollution in stages. 

Each salt spring or seep is unique and will require a unique 

solution. As salt pollution control technology is developed, 

it can be applied at other sites. One of the sites with 

largest potential benefit cost ratio seems to be the Dove 

Creek area on Salt Croton Creek, which is the area of concern 

for the application of the model developed in this work. 
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The average daily load on the Brazos River at Possum 

Kingdom Reservoir is 1,000 tons of chloride. The average daily 

chloride load from Salt croton Creek is about 500 tons or 

50 % of the chloride at Possum Kingdom Reservoir. The average 

discharge on Salt Croton Creek is 5. 6 cfs. The base flow 

ranges from 0.5 to 2.0 cfs and contributes approximately 330 

tons of chloride per day. A properly designed system of 

recovery wells in the Dove Creek area, potentially reduce the 

chloride loading at Possum Kingdom Reservoir by 40 to 50 % by 

pumping and injecting approximately two cfs of brine. 

Lowering the hydrostatic head in the salt water aquifer 

will eliminate the discharge from the springs and seeps. 

Reversing the hydraulic gradient at the surface so that the 

direction of percolation is downward, will also eliminate the 

build-up of salt at the surface of the salt flat. The project 

would reduce the salt load on the Brazos River, both during 

low flows when the salt contribution is primarily from springs 

and seeps and during flood flows when the contribution is from 

removal of the white salt layer at the surface of the salt 

flat. 
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Geology 

Rocks of the Permian Age crop out in the croton Creek and 

Dove Creek areas (Figure 25). The formation consist mainly of 

beds of shale, sandstone, gypsum and dolomite. The westward 

regional dip is about 25 ft per mile and is opposite to the 

regional ground surface slope. 

The Childress dolomite member of the Grayburg formation 

crops out in the bluffs of Dove Creek flat and the canyons of 

Dove and Haystack Creeks (MCMillion, 1958). The thickness in 

the outcrop area ranges from 9 to 13 ft and a similar 

thickness range is recorded or reported in logs of wells west 

of Dove Creek flat. On the outcrop, this rock member consists 

predominantly of gypsum and dolomite, and in the subsurface is 

predominantly of anhydrite and dolomite (MCMillion, 1958). 

Fresh water in contact with anhydrite will result in 

hydration to gypsum. It is not chemically possible for sodium 

chloride brine to alter anhydrite to gypsum when the 

temperature is greater than 67· F. Unless the brine had 

recently saturated the rocks, gypsum should no~ be found below 

the interface between fresh and groundwater and brine (Keys 
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and MacCary, 1973). The amount of anhydrite found above the 

interface probably depends on the rate and depth of 

weathering. 

Lying immediately below the Childress member is banded 

red and green gypsiferous clay of the Dog Creek formation. The 

clay is laminated, jointed, generally friable and conchoidally 

fractured. On the floor of Dove Creek flat, salt water 

saturated clay is hard, tough and resistant (McMillion, 1958). 

Lying above the Childress member is the sandy-textured 

redbed strata of the Grayburg formation. The redbed strata 

that crops out in the northeastern Kent County consist of red, 

poorly consolidated, very fine-grained sand and silt and 

locally poorly cemented sandstone and siltstone interbedded 

with gypsum. Halite beds ranging in thickness from 4 to 75 ft 

are present in the subsurface (McMillion, 1958). Near surface 

halite beds have been removed by dissolution with fresh 

groundwater from precipitation. 
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Groundwater 

The groundwater in the study areas occurs under both 

unconfined and confined conditions. Over most of the area, a 

shallow fresh water l~er overlies saline water. Because of 

the low permeability of the sediments, the water table follows 

closely the steep gradients of the ground surface. The water 

table is generally encountered at depths ranging from 30 to 60 

ft below the ground surface. The relatively fresh water is 

mainly calcium sulfate type that has total dissolved solids 

from 2,000 to 5,000 mg/l and extends to depths very near the 

floor level of the creeks and salt flats. Below this depth, 

the water becomes salty and within a vertical distance of 

several feet changes to chloride type brine with dissolved 

solids more than 200,000 mg/l. The water table intersects the 

land surface along many of the streams. Fresh water seeps 

occur near the head of Haystack Creek in southwest King 

County, while salt water seeps occur in the Croton Creek area 

in northeastern Kent County at Hot springs and Short Croton 

flat (MCMillion, 1958). 
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The brine-fresh water interface is a thin transition zone 

that lies between the fresh water above and the brine below. 

The position of the interface is shown in Figure 25. In 

general, the interface transects lithologic units and is not 

related to stratigraphy or structure. The shape of the 

interface is closely related to the thickness of the overlying 

fresh water. The depth of the interface below the land surface 

is greatest where the thickness of the fresh water is the 

greatest. The depth of the· interface below the land surface 

is generally least where the thickness of the freshwater is 

the smallest (stevens and Hardt, 1965). 

The bodies of brine and fresh water are in hydraulic 

continui ty, their pressures near the interface are very nearly 

equal as it was stated in the theoretical part of this work. 

Therefore, if a well is screened just below the interface, the 

brine would rise approximately to the water table, if the 

brine had the same density as the fresh water. However, the 

brine in the area of interest has a relative density of 1.2, 

then it would rise in such a well to a level somewhat below 

that of the water table. If the vertical components of flow 

are neglected, the height to which the brine would rise above 
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the interface, is the thickness of the fresh water zone 

multiplied by the ratio of the density of fresh water to that

of the brine. By adding this height to the altitude of the 

interface at representative points, Stevens and Hardt, 1965, 

computed the piezometric surface of the brlne shown in 

Figure 26. The movement of brine is enhanced by solution 

openings in the gypsum and by fractures in both the gypsum and 

anhydrite. Anhydrite exists below the brine-fresh water 

interface, while gypsum exists near the land surface. 

The source of the water for the springs and seeps along 

croton Creek is apparently precipitation on the upland area to 

the west where sandy soils are favorable for recharge. The 

lateral movement of the unconfin~d groundwater is generally to 

the east under a hydraulic gradient which appears to conform 

reasonably with the topographic slope. The saline conditions 

of the water at the springs and seeps probably result from the 

percolating water leaching halite from the Grayburg strata as 

it flows from the recharge area to the points of discharge. 

Sinkholes apparently resulting from the dissolution of halite 

occurs in the recharge area to the west. When precipitation 
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increases on the recharge area, the saline discharge along 

Croton Creek also increases (McMillion, 1958). 

The artesian system that discharges saline water at Dove 

Creek flat is hydrologically complex and the source of 

recharge is unknown. Aerial photography of the Dove Creek flat 

area did not reveal any sinkholes (Baker, Hughes and Yost, 

1964). It might be that the solution channels in the Childress 

are connected hydraulically with the unconfined groundwater 

aquifer up the topographic slope to the west of Dove Creek 

flat and form an artesian conduit through which saline water 

moves up dip to discharge points in the flat. On the outcrop 

of the Childress, the anhydrite has been altered to gypsum. 

The groundwater movement has been restricted in this zone 

because the fractures have been closed by the expansion of the 

gypsum (MCMillion, 1958). 

The source of the water discharging in the Dove Creek 

area might also be regional upflow of deep brine. 

The Dove Creek salt study conducted by Mason-Johnston and 

Associates (1955) indicates the flow of brine is through thin 

layers of badly broken shale and seams of gypsum. Borings 

taken in the study indicate that the layers transmitting brine 

101 



are in the upper Dog Creek formation. No flow of brine was 

observed in one of the boring taken in Haystack Canyon. The 

borings taken in Dove Creek salt flat indicated several zones 

of brine flow. The zones were described generally as fractured 

red and green shale or broken gypsum several feet thick. 

Halite - Dissolution Brine and Deep Basin Brine 

Brines that originate in the local area from dissolution 

of halite by recharge precipitation can be expected to exhibit 

chemical characteristics similar to halite. cation exchange 

between sodium in the water and calcium in the shale cause 

deep-basin brines to have a sodium to chloride ratio smaller 

than that in halite. The weight ratio of bromide to chloride 

and iodide to chloride can also be used to distinguish between 

the brine types when the chloride concentrat~on is greater 

than 10,000 mg/l (Richter and Kreitler, 1986). 

Richter and Kreitler (1986) studied the geochemistry of 

salt spring and shallow subsurface brines in the Rolling 

Plains area of Texas. They classified the brines into three 

groups: A, Band C based on the weight ratio of ions. Halite-
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dissolution brines were in group A and deep-basin brines were 

in group C. Group B brines were a combination of halite

dissolution brine and deep-basin brine. Springs in the Dove 

Creek area were group B brines. 

Hydraulic Conductivity or Porous Layers 

Pressure tests were conducted by Mason-Johnston and 

Associates (1955) at borings C-1, C-2, and C-2A (see 

Figure 26). During the test, water was pumped into the boring. 

The flow rate and pressure at the ground surface was recorded. 

A casing and packer were used in the boring so that water was 

injected into a specific layer or seam. The tests were of 

short duration and only lasted for a few minutes. Using the 

Theis equation, the pump-in test can be utilized to estimate 

the hydraulic conductivity of the formation. Since the tests 

were conducted for a very short duration, the hydraulic 

conductivity computed is representative of only a small area 

around the boring. The values of hydraulic conductivity can be 

expected to show large variations. The computed values of 

hydraulic conductivity are listed in Table 3 and range from 12 
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to 320 gpd/ftz• The maximum transmissivity was at boring C-2 

and was 1540 gpd/ft. 

Flow net analysis of the brine aquifer indicates that the 

hydraulic conductivity of the aquifer increases near the 

discharge zone and tnat hydraulic conductivity measurements of 

the formation taken several miles from the Dove Creek 

discharge zone will not be representative values for the 

design of the recovery system. The artesian spring located at 

boring C-4 was reported in 1961 to be discharging 90 gpm 

(Baker, Hughes and Yost, 1964)a, which indicates a high 

hydraulic conductivity at that location. 

An exploration hole drilled about a mile northwest of 

Dove Creek salt flat tapped a btine aquifer at elevation 1655. 

water discharged into the air to a height of 43 ft above the 

ground (1770 ft) for a period of 40 hours. The period of flow 

and the artesian head indicates that the aquifer is very 

permeable and extends over a large area (Baker, Hughes and 

Yost, 1964). 
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Table 3. Computed values of Hydraulic conductivity. 

Test Depth Seam Hydraulic Transmissivity 
Hole to Top Thickness Conductivity 

(ft) (ft) (ft/s) (ft2/s) 

C-1 61. 7 21.8 0.000021 
85.0 7.0 0.000049 0.0008 

C-2 14.0 4.5 0.00037 
94.5 8.8 0.000064 

108.0 5.0 0.000087 0.0027 

C-2A 51.0 2.5 0.00056 0.0014 

C-4 55.0 17.0 0.00310 0.0527 
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Evaluation of a Recovery Walls System for the Brine - Part I 

In order to properly design a system of recovery wells, 

the number of wells used, their location and pumping rates 

must be determined. As a preliminary study, it was considered 

convenient to know the behavior of the groundwater system 

under different array of wells, pumping rates and 

permeabilities of the rocks. 

From previous analytical analysis and physical 

considerations not presented in this work, it was decided to 

simulate an area of 11000 ft along the W-E direction by 22500 

ft along the S-N direction, using only one array of ten 

pumping wells. The relative location of the simulated area is 

shown in Figure 27. The horizontal part of the grid used 

consisted of 31 nodes along the x direction, and 117 nodes 

along the y direction, as it is shown in Figure 28. These 

nodes are more concentrated around the wells where the larger 

gradients of the piezometric head are expected to occur. The 

ten wells used are equally separated 1500 ft from each other. 

Along the vertical direction, nine nodes were used, and seven 

different layers were considered. 32643 nodes and 27840 
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elements were used to build the grid for this simulation. All 

the wells were screened in the lowest Gypsum and Dolomite 

layers, as it is shown in Figure 29. The five nodes below the 

top of the screened area of the wells remain fixed in the 

space during the iterative process to relocate the water 

table, while the elevation of the four nodes above the top of 

the screened area of the wells can vary during this iterative 

process. 

constant piezometric head values were imposed on the 

lateral boundaries of the grid used. These values of the 

piezometric head were taken from Figure 26. 

The first test of the model was a simple calibration 

procedure. The purpose of this test was to compare the 

piezometric surface obtained from the map shown in Figure 26, 

with the piezometric surfaces obtained from the model without 

pumping wells, and for several hydraulic conductivity 

conditions. From the results shown in Figure 30, it can be 

seen that the piezometric surface obtained from isotropic 

layers (condition A) matches well with the surface obtained 

from the map. The piezometric surface obtained when the 

hydraulic conductivity in the z direction is ten times smaller 
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than that in the x direction (condition B), does not matches 

very well with that obtained from the map. In this last case, 

the piezometric surface goes up relative to the piezometric 

surface for the isotropic layers case. This behavior is 

expected from the flow net theory for anisotropic media (see ~, 

cedergren, 1967). 

These results indicate that the real hydraulic 

conductivity values along the z direction are not much 

different than those in the x and y directions. 

The second test consisted of the evaluation of the 

drawdown under several pumping conditions, when the hydraulic 

conductivity on each layer were considered constant along the 

three coordinate directions (isotropic layers). The results 

shown in Figure 31, indicate that the maximum possible pumping 

rate from all the wells was 1.05 cfs, and occurs when each 

well is pumping at the rates indicated in Figure 31 for 

Q=variable. The maximum drawdown is determined when a 

piezometric head value reaches the top of the screened area of 

a well. 

Because the model has to relocate the four nodes along 

the z direction between the top of the screened area and the 
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lowest piezometric head value, the model does not allow the 

piezometric head surface to reach the top of the screened area 

of the wells. If this occurs, the program stop and gives an 

execution error code. In this case, the maximum drawdown must 

be found from the previous iteration results. Since the 

thickness of the elements can not be zero, the spacing of the 

variable elevation nodes between the water table and the top 

of the well screen can not be zero. For this reason, the real 

maximum drawdown could be a little higher than that shown in 

Figure 31. From this arguments, it is estimated that the 

maximum pumping rate from all the wells could be approximately 

1.2 cfs. The previous arguments about the maximum drawdown 

also apply for the following results. 

The third test was to evaluate the effect of reducing the 

hydraulic conductivity along the z direction by a factor of 10 

with respect to those along the x and y direction. The results 

shown in Figure 32 indicate that the drawdown is greater near 

the center of the line of wells than at the end wells, as it 

is expected. Theoretically, the drawdown is inversely 

proportional to the thickness of the aquifer. In Figure 33, 
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the drawdown curves from the second and third test are 

compared, when each well is pumping at a rate of 0.06 cfs. 

The fourth test consisted of reducing the hydraulic 

conductivity used in the third test by a factor of two. The 

results for different pumping rates are shown in~~Figure 34. 

For these conditions, the maximum possible pumping rate from 

the system of wells is estimated in 0.7 cfs. In Figure 35, a 

comparison for the same pumping rate per well conditions, and 

the same hydraulic conductivity values used in tests two and 

four is presented. It can be seen how the maximum drawdown 

occurs near the center of the line of wells, corresponding to 

the case of lower hydraulic conductivity. 

Figures 36 and 37 show the same results from test two, 

three, and four, but now along cross sections oriented in the 

W-E direction and passing by wells 5 and 10, respectively. 

From these figures it can be seen that the piezometric head 

gradient is reversed east of the wells. 

For the values of hydraulic conductivity used in this 

analysis, more than 10 recovery wells will be required to 

eliminate the natural salt pollution in the Dove Creek area. 

To eliminate the natural salt springs and seeps in the Dove 
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Creek area, it will be necessary for the pumping rate of the 

recovery system to be at least 2 cfs of brine. 
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Evaluation of a Recovery Wells System for the Brine - Part II 

From the analysis of the model results in the part I, it 

was decided to extend the area simulated in westward 

direction. In part II of the analysis the area simulated was 

15000 ft in W-E direction and 22500 in S-N direction. The 

location of the problem domain is shown in the Figure 38. Each 

horizontal layer of the grid consisted of 39 nodes in the X 

direction and 105 nodes in the Y direction. Of the 9 nodes or 

layers in the Z direction, 5 nodes remained fixed in elevation 

during the iterative solution process. The screened portion of 

each well consisted of 3 nodes. The horizontal grid with 

relative location of wells is shown in Figure 39. The vertical 

grid was considered to consists of 5 layers. In the first 

simulation of part II, the upper brine aquifer is not 

considered to be permeable medium, and is assigned a 

permeability of 0.00001 ft/sec. As shown in Figure 40, the 

well is screened only in the lower brine aquifer. The lower 

brine aquifer consists predominantly of anhydrite and 

dolomite, and is assumed to have a uniform thickness of 17 ft. 

The application of model considered the non-h0mogeneous 

nature of the brine aquifer. The permeability of the aquifer 
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from which discharge is obtained is not treated as constant. 

The flow net analysis of the brine aquifer based on the 

contour maps of piezometric surface(Stevens and Hardt, 1965) 

indicated that the permeability of the medium increases .-. 
towards to discharge zone. The permeability computed from the 

pressure tests conducted by Mason-Johnson and Associates (1955) 

vary. The resu:' .. .3 frOl .. pressure tests 3.t borings C-1, C-2, 

and C-2A show a large variation. The artesian spring located 

at boring C-4 indicates high hydraulic conductivity at that 

region. Using the steady state Thiem equation, and for a 

constant discharge of 90 gpm the permeability of the aquifer 

was computed to be 0.00310 ft/sec. 

As shown in Figure 41, the brine aquifer was considered 

to consist of different zones with different permeabilities. 

An area 6000 ft by 4000 ft in the discharge zone was 

considered to have permeability of 0.00155 ft/sec, one half of 

the magnitude computed at test boring C-4. An area 8000 ft by 

15000 ft surrounding the discharge zone was assumed to have 

the average permeability (0.000096 ft/sec) of the data obtained 

from the observation wells C-1, C-2, and C-2A. The remaining 

area simulated by the model was assigned a permeability of 
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half of the average value of data from the test wells(0.000048 

ft/sec) . 

As a calibration measure, the area was first simulated 

wit.hout the pumping wells. As shown in Figure 42, the computed 

piezometric surface for equilibrium condition, matches well 

with the one obtained from map (Stevens and Hardt, ~965). The 

results obtained in this case are more compatible with the 

available data than those obtained in the part I, where the 

aquifer is considered to be homogeneous. 

A number of simulation runs were made with the model 

changing the number of wells and well pumping rates. It was 

determined that 8 wells spaced at 1500 ft interval would yield 

a discharge of 2 cfs and would be adequate to stop the flow of 

the natural brine seeps and springs in the area from 

discharging into Dove Creek. A N-S profile of the water 

surface with and without pumping is shown in Figure 43. The 

pumping rate at the wells could be increased if necessary 

because the drawdown at the wells is above the top of the well 

screen. The piezometric surface of the brine with 8 recovery 

wells in operation is shown in Figure 44. Streamline's showing 

the flow of brine towards the recovery wells were added to the 
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plot of piezometric surface by hand and is shown in Figure 45. 

The stream line analysis indicate that a pumping rate of 2 cfs 

is adequate to prevent the natural salt pollution in the Dove 

Creek area. 

SLmulation with two Brine aquifers 

Two brine aquifers exist in the Dove Creek area. As shown 

in the Figure 46, the wells are screened only in the lower 

brine aquifer. The upper brine aquifer is the Childress member 

of the Grayburg and consists of predominantly gypsum (where in 

contact with fresh water) and dolomite. The thickness of the 

Childress varies between 9 and 19 ft (McMillion, 1958). The 

vertical grid was considered to consists of 5 layers. The 

upper brine aquifer was considered as one isotropic layer of 

uniform thickness of 17 ft. In the previous simulations of the 

area, the permeability of Childress aquifer is not taken into 

consideration. To evaluate the effect of vertical permeability 

of the medium and contribution of the Childress brine aquifer 

to the discharge, a simulation run is made by assigning the 

Childress aquifer a significant permeability (0. 000048 ft/sec). 
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The results obtained indicate that the upper brine aquifer 

will also contribute to the discharge from the recovery well 

system. Figure 47 shows a N-S profile of the water table 

through the line of recovery wells for a steady state 

discharge of 2 cfs, with one and two brine aquifers. 

Considering two brine aquifers the pumping rate could be 

increased if necessary. However, the objective of the recovery 

system is to prevent the natural salt seeps and springs with 

a minimum brine recovery. Figure 48 shows the contours of 

piezometric surface of brine, with one and two brine aquifers 

under discharging conditions. From the analysis of the results 

in this simulation, it is shown that the Childress aquifer 
• 

will also contribute to the discharge of the recovery wells. 

This simulation represents the best estimates of aquifer 

conditions in the Dove Creek area. Figure 49 shows the 

piezometric contour map of the area considering eight recovery 

wells pumping at a rate of 2 cfs considering two brine 

aquifers. Under these conditions a pumping rate of more than 

2 cfs is required for 100 percent capture of the brine. 
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Change in Recharge Rate 

Richter and Kreitler (1986) studied the geochemistry of salt 

springs and shallow subsurface brines in the Rolling Plains of 

Texas. Based on the ratio of ions in the brine, they concluded 

that the source of the brine in the Dove Creek area was a 

combination halite-dissolution brine from the local recharge area 

and deep-basin brine. 

In the recharge area to the west of Dove Creek salt flat, a 

shallow fresh water layer overlies the brine. The water table is 

generally less than 100 ft below the ground surface. Because of 

the low permeability of the sediments, the water table follows the 

steep gradients of the ground surface. Below the fresh water zone, 

the water becomes salty and within a vertical distance of several 

feet changes to a chloride type brine with dissoJv~d solids more 

than 200,000 mg/l. The interface transects lithologic units and is 

not related to stratigraphy or structure. The shape of· the 

interface is related to the thickness of the overlying fresh water. 

Baker, Hughes and Yost (1964) studied aerial photographs of 

the Dove Creek area and were unable to detect any sink holes in the 
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recharge zone. The halite beds above the brine interface 

apparently have been dissolved. 

If the precipitation is increased in the recharge zone, the 

recharge will increase. The water table will rise and the brine 

interface will be lower. Fresh water will be in contact with 

hali te beds and the dissolution of halite will increase. The 

piezometric head of the brine will increase in the recharge zone 

and the flow of brine from the recharge zone to the Dove Creek 

discharge zone will increase. Conversely, a decrease in 

precipitation on the recharge zone will result in a decrease in 

brine discharge. The fresh water zone will not be in contact with 

halite beds and dissolution of halite will cease. 

In this study, we were asked to consider the effects that both 

a 20 percent increase and 20 percent decrease in rainfall on the 

recharge zone would have on the brine discharge. A 20 percent 

increase or decrease in rainfall would not result in a 20 percent 

change in brine discharge for three reasons. First, only part of 

the brine originates from the local recharge area. Second, a 20 

percent change in precipitation does not mean that there will be a 

20 percent change in recharge. Deep percolation required for 

recharge of the aquifer occurs during the winter months when the 
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ground is saturated for an extended period of time. Additional 

rainfall during this period will contribute primarily to runoff. 

Third, with a higher water table, more of the groundwater will 

discharge through fresh water springs located in topographic low 

points. It is estimat8~ that a 20 percent change ~1 rainfall will 

result in approximately 5 to 10 percent change in brine discharge. 
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PRELIMINARY DESIGN OF RECOVERY SYSTEM 

A preliminary design of the recovery system for planning 

purposes is presented in this chapter. Because of the lack of 

site-specific information on the hydraulic conductivity in the 

Dove Creek area and because of the expected large variation in 

aquifer parameter values between well sites, the number c: 

recovery wells is not known. In this study two applications 

of the model are presented. One application considers the 

pessimistic values of the aquifer parameters and requires 20 

wells for 100 percent brine reduction while the other 

application considers our best estimate of the aquifer 

parameter values and requires 8 wells for 100 percent brine 

reduction. While we anticipate that less than 10 recovery 

wells will be required to the eliminate natural salt springs, 

for planning purposes we will assume that 10 wells result in 

a 50 percent reduction of natural brine discharge in the Dove 

Creek area and 20 wells would provide a 90 percent reduction 

in the natural brine discharge in the Dove Creek area. Ten 

wells will be spaced on a N-S line through the Dove Creek 

salt flat 1500 ft apart, while 20 wells will be spaced along 
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the same line 750 ft apart. The wells depth along this line 

ranges from 65 ft ot 195 ft with an average depth of 115 ft. 

The wells are to be completed in the dolomite member of the 

Dog Creek formation located about 50 ft below the Dove Creek 

salt flat. No wells will be completed in the Childress 

dolomite member of the Grayburg formation. 

The pumping levels in the wells should be monitored and 

controlled with a real time remote, automated data acquisition 

system ( see Appendix A for cost estimate of data acquisition 

system). In order to have adquate space for the brine level 

sensor and pump, eight inch diameter wells and well screens 

are recommended. The wells should include a 20-ft length of 

well screen, gravel packed in a 20-inch diameter hole. The 

well casing should be PVC pipe and well screen fabricated of 

a sodium chloride corrosion-resistant material. Selection of 

the well screen slot size and gravel pack gradation will not 

be made in this preliminary design. 

The pump capacity and motor size will vary from well to 

well depending on aquifer characteristics. For planning 

purposes, A Gundfos(225S-150) six stage, stainless steel pump 

with a 15HP, 460 volt motor is recommended. The casing should 
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be cut off below the ground surface and pitless connector 

should be used. Both the electrical power line and collector 

pipeline should be buried. A remote-controlled valve should be 

installed in the discharge line of each well to regulate the 

flow so that the pump motor does not cycle off and on 

frequently. 

For planning purposes, the collector pipeline will 

consists of 10,000 ft of buried six-inch PVC and 4,000 ft of 

buried eight-inch PVC. The recovery well pump motors are sized 

to pump the water in the collector pipeline from the well to 

the collector station location on the knoll above the 100-yr 

return flood level (see Figure SO). 

145 



Table 4. Summary of Recovery Well Design 

percent brine reduction 

40 60 80 90 

No. of Wells 8 12 17 20 

Average Spacing (ft) 1500 1070 880 750 

Avo;rage Pumping (gpm) 55 53 52 50 

Well Diameter (in) 8 8 8 8 

Average Depth 115 115 115 115 

147 



SUMMARY AND CONCLUSIONS 

Salient features of the model 

The computer program presented here, is a three

dimensional, finite element model to simulate ground water 

flow under steady state conditions. The model was developed to 

design and evaluate the brine recovery well system in the Dove 

Creek area. The salient features of the model are as follows. 

1. The model can handle anisotropic and heterogeneous media. 

2. The features of the geological formation, such as variable 

slopes in x,y, and z directions can be directly incorporated 

in the model. 

3. The automatic mesh generation algorithm incorporated in the 

model, redefines the position of the nodes, each iteration, 

until a steady state solution is obtained. 

4. The usage of the pointer matrix, makes the model efficient, 

by reducing memory requirement. 

5. The combination of the iterative Gauss-Seidel method, and 

the pointer matrix saves computation time, by eliminating the 

computation of zeros in the sparse matrix. 
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6. The infiltration index used in the model, enables it to 

consider seasonal variations of the infiltration. 

Limitations of the model 

The model developed, is tested for several data sets for 

which analytical solutiol:ls were available in literature. 

Eventhough the model performed satisfactorily for those simple 

problems, the following limitations are applicable for the 

model. 

1. While evaluating the numerical integrals, problems may 

develop, if the ratio of the horizontal and vertical sizes of 

the element exceeds 100. Hence the user must assign the finite 

element proper dimensions, so that the above mentioned ratio 

does not exceed the limit, initially or during the solution 

process. 

2. The model is found to be sensitive to the magnitude of 

convergence limit, for stopping Gauss-Seidel iterative method. 

Depending on the accuracy requirements and computer time 

available, the user must assign proper values for the 

convergence limit. 
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3. The resulting system of equations is solved, using 

iterative Gauss-Seidel method. Hence all the limitations 

applicable for Gauss-Seidel method are also applicable to the 

model. Other i terati ve methods such as Jacobi, Conj ugate 

Gradient etc., can also be incorporated in the model. 

4. Eventhough the model is based on finite element method, the 

problem domain should be approximated as a rectangular domain. 

The formation ·is considered to be consisting of number of 

parallelopiped elements. This is done to facilitate the 

computations of mean permeabilities of elements. 

Model Usage 

The model presented herein, was tested for various kinds 

of data including some field problems. The computer model is 

generally run on VAX platform. The CPU time requirement 

depends upon two factors, i.e., the size of the problem and 

magnitude of convergence limit. Large field problems, such as 

Dove Creek application are run on CRAY Y-MP. A closer initial 

guess of solution in general reduces the, 'CPU time 

requirement. For a problem with approximately 40000 nodes, and 
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Gauss-Seidel convergence of 0.001, the CPU time requirement on 

CRAY Y-MP, is around 2950 seconds. A problem with a magnitude 

of 1000 nodes and convergence of 0.001 requires around 18 

secords of CPU on CRAY Y -MP. These requirements may vary 

slightly, depending upon the nature of the problem. This model 

is primarily developed to design a recovery well system or to 

study the response of the water table elevation with respect 

to discharging conditions. Hence the user must carefully 

convert his problem domain into finite element grid, subject 

to the limitations mentioned above. Availability of computing 

resources, is an important factor while defining the problem 

domain. The smaller the elements, the larger the requirement 

of CPU time. In addition to above mentioned factors, for some 

kinds of data the Gauss-Seidel method used in the subroutine 

GS may not converge. This especially ~~~nens when the 

considered problem is large (more than 25000 nodes) . Truncation 

and round-off errors make the resultant co-efficient matrix 

non- symmetrical. For the convergence of the solution by Gauss

Seidel method, the coefficient matrix should be symmetric 

positive definite. In such cases, those errors can be 

eliminated by adopting double precision at the expense of 

151 



computer time. To eliminate to round-off or truncation errors, 

the resultant coefficient matrix can be converted to symmetric 

matrix by assigning elements (i,j) and (j,i), an average of 

the magnitudes. Various alternatives were st,udied to 

substitute the iterative Gauss-Seidel method in those cases, 

where the Gauss - Seidel method fails. Eventhough number of 

efficient methods were available in literature, most of them 

requires a square co-efficient matrix. This imposes 

limitations on the size of the problem becaus~ of the memory 

requirement. A software package called NSPCG (non-symmetric pre 

conditioned conjugate gradient method), a basic matrix solver 

available in public domain netlib, can be utilized while 

dealing with large scale field problems. Depending upon the 

sparsity and nature of the matrix, ~ifferent forms of storage 

and method of solution can be defined. 
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Conclusions 

1. The water quality in the Brazos River is seriously degraded 

hy' natural salt-Pollution in Upper Brazos River. The primary 

source of the salt pollution is brine springs and seeps in the 

Salt Fork Brazos River watershed. The water quality in the 

Brazos River improves downstream because of dilution with 

fresh water from tributaries. Water quality in the middle 

reach of the Brazos River is poor with chloride concentration 

ranging from 300 to 1000 mg/l. Water from the three main 

stream reservoirs is unsuitable for municipal water supply 

without costly treatment. 

2. Controlling the natural salt springs and seeps in the Dove 

Creek area will reduce the chloride concentration in the 

Brazos River nearly by 50 percent. Approximately 1000 tons per 

day of chloride is being discharged into the Upper Brazos 

River from natural salt springs and seeps. Brine at a 

representation chloride concentration of 100,000 mg/l and flow 

rate of 2 cfs for the Dove Creek area discharge 540 tons per 

day. Approximately half the chloride load in the Upper Brazos 

River is from the Dove Creek salt springs and seeps. 
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3. There are two brine aquifers in the Dove Creek area that 

contribute the natural salt pollution of the Brazos River. The 

brine springs and seeps have been studied by Blank(1955 to 

1956), Mason and Johnson & Associates (1955) , McMillion (1958) , 

Baker, Hughes and Yost(1965), Keys and MacCary(1973) and 

Stevens (1974) . Stevens (1974) mapped the brine aquifers that 

contribute to the naturai salt pollution. The upper aquifer is 

the dolomite layer in the Childress formation while the lower 

aquifer is a dolomite layer in the Dog Creek formation. 

4. A variable density model is not required to evaluate the 

recovery wells system. OVer most of the area, a shallow fresh 

water layer overlies the brine. Below the freshwater, the 

water becomes salty and within a vertical distance of several 

feet, changes to a chloride type brine with dissolved solids 

more than 200,000 mg/l. The brine-fresh water interface is a 

thin transition zone between the fresh water above and brine 

below. In general, the interface transects lithographic units 

and is not related to stratigraphy or structure. 

5. The brine that is discharged as natural springs and seeps 

in the Dove Creek area is from two sources. (I) local recharge 

and (2)deep-basin. Based on the ratio of ions in the brine, 
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Ritcher and Kreither (1986) concluded that the brine was a 

combination of halite dissolution brine from the locat 

recharge and deep-basin brine. The halite beds above the brine 

interface in the local recharge area have apparently been 

dissolved. 

6. Permeability measurements of the brine aquifer taken 

several miles away from the discharge zone are not 

representative values for the design of the recovery system. 

Flow net analysis of the brine aquifer indicates that the 

permeability of the aquifer increases near the discharge zone. 

Observations near the discharge zone indicate that the aquifer 

is very permeable over a relatively large area. 

7. A shallow-well« brine recovery system located in the 

discharge zone of the brine aquifer will eliminate the natural 

salt springs and seeps in the Dove Creek area. Based on our 

best estimate of aquifer paramaters, a relatively inexpensive, 

shallow recovery system with less than 10 wells will be 

required. The recovery wells will be 8 inches in diameter, 

screened only in the lower aquifer, gravel packed with an 

average depth of 115 ft. Preliminary design indicate the wells 

will be spaced along a N-S line through the Dove Creek salt 
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flat. A brine recovery rate of approximately 2 cfs is required 

to lower the piezometric surface and eliminate the natural 

brine springs and seeps in Dove Creek area. 

8. The amount of brine necessary to be---12umped from the 

recovery system to control t'-the natural brine springs and seeps 

in the Dove Creek area is expected to change very little from 

year to year. It was estimated that a 20 percent change in 

precipitation will result only a small change in brine 

discharge. An increase in precipitation in the recharge area 

will result in an increase in the elevation of the fresh water 

table, a decrease in the elevation of the fresh-brine 

interface, and an increase in discharge from fresh water 

springs. 
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• SYl\ERGETICS INTERNATIONAL 

February 3, 1993 

Mr. Wesley P. James 
Civil Engineering Department 
Texas A & M University 
College Station, TX 77843-3136 

Dear Mr. James: 

I'm 
you. 
your 
that 

glad you called with questions. I had been meaning to call 
In the rush of our year end business perhaps our response to 

future requirement was a bit rushed. It was our understanding 
you were after area pricing for planning purposes 

Attached are specification sheets for the various units to be 
in tegra ted. I've included radio transceiver units, for this is 
over the long term the most satisfactory. Replacing wiring 
channeling and labor with hardware will produce a better and more 
troublefree operation. 

Revised costs are as follows: 

o 

o 

Well Site (10) 
Pressure Transducer 
Data Collection Platform with radio modern 
and NEMA Enclosure 
Radio Transceiver with Antenna 
50 ft. of cable 

Central Site (1) 
PC with control software 
Radio/DCP 

o Other 

* - Site survey and radio license 
Training and installation supervision 

- Back up spares 

Total of Estimate 

$800.00 

$1,300.00 
$1,200.00 

$75.00 

$12,500.00 
$2,500.00 

$1,200.00 
$5,000.00 
$2,500.00 

$57,450.00 

* This can range from $500 to $2500 depending on site 
situation. 

Synergetics Intemational.lnc. 1831 Lefthand Circle Longmont. CO 80501 303-678-5200 FAX 303-678-5206 



Page 2 
Feb 3, 1993 
Mr. Wesley P. James 

The above is a general ~~timate based on t0dav's ccnditions. By 
the time you are ready to move forward prices and brands may 
change. 

One other note, while construction and installation is ,in progress 
provision for grounding each of the hardware sites can be done. 
This can be another $100 to $200 worth of miscellaneous hardwar~, 

Please let us know if more information is needed. 

Encs 

RM/jm 

Sincerely 

eot~ 
Robert R. Miner 
Sales Manager 
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Synergetics provides complete systems for remote data 
lcquisition and control applications. These systems allow 
yOU to automate the data collection and operation of your 
field instruments and sensors. You can then conveniently 
etrieve and analyze your field data from your office. 

Typical systems include these three major components: 

• A Remote Terminal Unit (RTU) 
• A Communications method 
• A Central Receiving Station 

Radio 
~ ·VHF 

____ ~~, ·UHF 

• Microwave 

t,,:-,·,~·,- ~-.
~', ", -" .-,;.",-:. ... ~{~ 

· ...... 1 I>"·,, 

'" .. ~ \ .,' GY . ~ \ 
~ 

1 
Telephole • 

"".,\~--- • Leased Line--- 1'\"'" 
--------------..... : g~~~t:~able I f' 

Central Receiving 
Station 

.3TANDARD APPLICATIONS 
• Water Resource Management 
• Water Quality Measurements 
• Ground Water Monitoring 
• Dam Safety Monitoring 
• Nuclear Radiation Monitoring 
• Air Quality Monitoring 
• Climatic Measurements 
• Seismic Monitoring 
• Pipeline Monitoring 
• Flood Warning Systems 

'NSTALLATION 
Synergetics Field Service organization can provide the 

level of support you require, from complete installation to 
on-site customer training. Whatever level you select. your 

ystem will meet your specifications before we turn it over 
) you. 

iERVICE 
Synergetics offers a number of service options that can 

be tailored to your requirements. Services include on-site 
pares, field servicing, factory repair, and extended 
rarranty programs. 

Cl 9/89 SynergetlCs InlernaliOnal, Inc 

SYSTEM COMPONENTS 

Remote Terminal Unit 
The Synergetics RTU is a complete series of control, 

110, and communications modules that can be configured 
to meet your specific data acquisition needs. These field 
proven components operate in harsh environments, with 
low power requirements, high reliability and rugged 
construction. The RTU offers a wide range of sensor input 
capabilities, on-site data processing and control, and 
scheduled transmission of formatted data. 

Communications 
The Synergetics communications architecture provides 

the link between your RTU and the Central Receiving 
Station. Via this component of the system, the RTU can 
transmit data to the Central Receiving Station over: 

• Satellite 
• UHF / VHF Radio / Microwave 
• Telephone 
• Hard-wire 

Central Receiving Station 
The Synergetics Central Receiving Stations control the 

data acquisition system from your office or local operating 
station. The Central Receiving Stations is comprised of a 
complete computer system that will collect, archive, 
process, analyze and display a wide variety of data. 

SYI\ERGEflCS INTERNATIONAL 
1831 Lefthand Circle 
Longmont, CO 80501 
(303) 678-5200 

FAX (303) 678-5206 

-
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SYI\ERGETICS INTERNATIONAL 
Acquisition System 

Model 4170 

The Synergetics Model 4170 is a low cost, powerful Data Acquisition 
System engineered for ease of use and a variety of application 
requirements. Standard features include 16 I/O channels, 64K bytes 
of CMOS RAM, and a numeric lceyboard display. The 4170 has 
complete radio and telephone communication capabilities. 

Application programming in BASIC provides easy modification of 
monitoring conditions and parameters. 

SPECIF1CATIONS 

LOGIC FAMD..Y 
Low DOi.., CMOS (or DOioe immunity. 

RAM 
321( bytcl CMOS static. LirlUum battery back up. 24 mondu 

EPROM 
321( byte. CMOS. 

MEMORY SECURlI'Y 
Write pro,", RAM. Triply redundant ItDrage and voting o( 
critic.1 p.ramete .... Time delay on write protect removal 

WATCHDOG TIMER 
Restarts unit on failure of either main or interrupt softrware. 

AUTOBOOT 
Unil reuru procca that was active prior to power oulllgc. 

KEYBOARD 
s-taI J'6:te, ou.,;c.. 

REALTIME CLOCK/CALENDAR. 
Battery backed .OOS!!; accuracy; sec. min. hr. day. mo. yr. 

SERlALPORT 
RS2321RS422 at 7S 10 19,200 baud. software selected. Interrupt 
contrOlled 80 cha",cte ... transmil and receive ring buffers. 

ANALOG INPUT 
4 channels. 10 bil res •• 4-20 mao pr 0-5 VDC. up 10 2000 
.. mples/..,c. 

DIGITAL INPUTS 

8 channels.lo,;c or dry COD1Act 

DIGITAL OUTPUTS 

4 rel.y drivers. 100 mao per channel. 48 VDC back EMF 

protected. 

SOF1W ARE IN EPROM 

Flo.ting pI BASIC with subroutines. indexed variables. and 

sIring'; 110 .. anned aiul mapped 10 arrays; pulsecounters and 

event timen. Power up autoboot, critical parameter vOling, 

cJock sening. communication set!ing. BASIC (Iult trapping, 

CRC calcul.lion. ploning 10 LCD .nd 10 printer. serill port 

MODEM BOARD 

IN'I'ERRFACING STANDARDS 

Sell 1031212. RS232. RS422. 2·wire telephODC. 4-wire radio 

witb transmit key. CenT compatibility optioaal. 

DIALUP INTERFACE 

Ausoaniwer/aulOdiai. otJl prop .. delCet, lOUchlOne dial and 

detecL 

FIELD TERMINATIONS 

110 connections are acre type termil>alJ so ulliI can be chanced 

out witbout remav;", individual field wire. 

LED INDICATORS 

Oac (or each o( S d;,ital iDpUll and 4 relay outputa. 

110 CONDmONING 

AI CUft'CD1 ..,nsing reailto ... and cun-entivoillge ..,leclO .... DI 

pullup and isolation ... iltDrs. 8 amp relays (or 00', fuoe. 

power filtering and isolation diodes. 

ANALOG 110 EXPANSION 

ANALOG INPUT 

Optically isolated 4-20 ma •• 12 bit clwulol 

POWER &< ENVIRONMENT 

Power 12 VAClDC ±30!!;. 80 mao 10 140 ma •• relay. off. 

Temperature -40" 10 +88'C. except LCD 0" 10 SO'C. Humidity 

S!!; 10 9S!!;. nOll<ondensing. 

ENCLOSURES 

Epoxy painted .teel c.rd clge. with plaslic guide •• in 2 .101. 



f SYI\ERGETICS INTERNATIONAL 

Data Sheet 
SYNERGETICS MODEL 135 
REMOTE MONITORING MANAGEMENT SYSTEM 

Satelhte ~ • GOES 
'ARGOS Now the collection and monitoring of sensor data and the 

control of all remote sites can be effectively managed 
from a PC-based central receiving station. Synergetics 
Model 135 Remote Monitoring Management ~!!!!!! 
System (RMMS) allows you to monitor .:! 
and control a variety of field instruments 
and sensors. The resulting data is 
displayed in colorful charts, graphs, and 
reports that are quick and easy to read. 

Radio 
·VHF 
'UHF 

:~~~O,"' ',:. 

Telephor1e ~T n • Microwave 

• leased line- ~ 
• Dial up ... 4ii"lill~~_-~ 
• Direct Cable " ..... 
• Cellular Central Receiving 

Station 
The Synergetics RMMS can be tailored to your individual application and requirements. For example: A Flood 
Warning System would consist of Synergetics RTUs in the field measuring rainfall, river stage and other customer 
specified parameters, and reporting via radio or telephone to the Central Site RMMS. The RMMS could graphically 
display the entire area or flood basin highlighting the RTU locations. Subsequent displays would concentrate on 
specific regions and graphically detail the rainfall, river level and other parameters providing on-screen warnings where 
appropriate. Standard RMMS features include; Trend Analysis and History Graphs that can graphically compare the 
river levels with precipitation amounts from different locations. The result is a quick view of the entire system combined 
with rapid analysis of trends to allow predictions and correspondingly appropriate action plans. 

SYNERGETICS MODEL135 RMMS FEATURES: 

GRAPHICAL FUNCTIONS CUSTOM REPORTS 

• User defined graphical display 
• Geographic mapping of sensor points 
• Alarm notification, 
• Control of remote sensor sites 

• Numerical or graphical formats 
• Data export capabilities to spreadsheets, 

databases or statistical programs for further analysis. 

• Trend analysis, 
• Historical data summaries. 

APPLICATIONS COMMUNICATION 

• Water Resource Management 
• Water Quality Measurement 
• NPDES Monitoring 

• Telephone - standard switched network or cellular 

• Radio telemetry 
• Remote alarm notification 

• Climatic Monitoring 
• Irrigation Management 

SYSTEM COMPONENTS 

Synergetics can provide a complete system or individual field instruments and sensors. 
The system includes a central site computer, communications hardware, remote terminal units and sensors. 

HARDWARE REQUIREMENTS 

• IBM or compatible computer • 80386 or 80486 CPU 
• Math Coprocessor • VGA Color Monitor 
• 40 MB to 300 MB Hard Disk • Minimum 4 MB RAM 



SYNERGETICS MODEL 135 

A variety of remote monitoring tasks and applications can be accomplished by installing a system composed of RTUs, 
sensors, communication and a Model 135 monitoring station. From remote monitoring to alarm notification and control 
of valves, gates or other functions can automatically be handled by the Synergetics RMMS. The following discusses 
the features and functionality of Synergetics Model 135 RMMS. 

FEATURES FUNCTION 

• Customized Graphical Display The Synergetics Model 135 RMMS will provide site-specific or 
application-specific charts, graphs and reports for instant 
recognition. The Synergetics Model 135 RMMS gives you 
outstanding display capability with graphic animation, multiple 
dynamic color changes, dynamic messages and on-screen trend 
windows. 

• On-Line Monitoring 

• On-Line Graphic Display 

• Local and Remote Alarm 

• Remote SCADA applications 

The run-time system provides on-line data acquisition for color 
graphic display, trending and reporting functions. Data entry fields 
allow you to control set point changes, on-off status changes and 
manual override. 

Synergetics Model 135 RMMS Historical Analysis allows you 
to select from a library of acquisition, mathematical, logic and 
calculation functions. These are displayed on the screen with colorful 
charts, graphs and reports that can be easily read. 

The system allows for alarm logging to the screen, printer or both, 
with or withoUl,an audible alarm. The alarm information can also be 
transmitted to a remote location or pager. Alarm messages are 
displayed in a different color until acknowledged. 

The Synergetics Model 135 RMMS controls the opening and closing 
of mechanical devices such as gates or valves. It compares existing 
conditions to gate or valve positions. When the positions do not 
match the set point, the RMMS sends a signal that triggers the 
appropriate adjustment necessary to maintain the desired position. 

SYNERGETICS MODEL 135 RMMS GIVES YOU MAXIMUM CONTROL 
OVER YOUR MONITORING RESPONSIBILITIES 

Is your application process control, industrial automation or remote SCADA? In any of these applications Synergetics 
Model 135 RMMS provides the ability to react quickly, accurately and efficiently. Synergetics provides the tools and 
expertise to create a monitoring management system that specifically addresses ways for you to increase your efficiency, 
and reduce costs. 

Synergetics Model 135 RMMS gives you the control you need to: 

- Optimize operations!reduce costly mistakes or delays 
- React immediately! save time and cost of operation 
- Increase capabilities! eliminate unnecessary labor costs 

Please call for your free RMMS Demonstration Disk. 
To order the Model135 Remote Monitoring Management System or 

to combine it with other 3400 Series Modules for turnkey systems contact: 
SYNERGETICS INTERNATIONAL 

1831 Lefthand Circle· Longmont, Colorado 80501 U.S.A. 
(303) 678-5200 FAX (303) 678-5206 



PC Specification for Central Site 

o A 80386 CPU or better, running at 20 MHz or faster. 

o 4 Mb of RAM. 

o An Lltel 8087 l.lath coprocessor, or equ~val"nt. 

o A 3.5-inch 1.44 Mb floppy disk drive. 

o An internal hard drive that stores a minimum of 40 Mb of data. 

o A high resolut~.~:1 VGlI. ,caphics card. 

o Expansion slots in the CPU. 

oMS-DOS. 

o A minimum of one serial port and one parallel port. 

o A Microsoft PS/2 serial mouse, or equivalent. 

o A high resolution VGA color monitor. 

• 



Druck 

DEPTH MEASUREMENT 
PRESSURE TRANSDUCER 

Type PoCR 10/0 

High accuracy 
±O. I ~o SSL lor ranQes to 2000 It. waler 

Good long term stability 

Titanium construction 

Totally submersible 
With molded mtegral cable 

Excellent overpressure acceptance 
<4 times rated pressure 

Good thermal stability 
::0.3% total error band 30 to 86-F 

The POCR 1010 transducer has been specifically 
designed for depth measurement In small bore holes, 
reservoirs, the sea and many other applications. The 
titanium body and pressure fittings are electron heam 
welded, and a polyurethane sheathed cable is molded 
to the body to complete the waterproof rugged 
assembly. 

The pressure ranges are normally vented gauge for 
depths less than 300 feet and sealed gauge for greater 
depths. 

Operating pressure ranges 
Standard pressure ranges are expressed in pSi. gauge or 
sealed gauge as lollows. (Approximate equivalents are 
also shown lor leet 01 ground water.) 

1 psi (2.5 It water), 2.5 psi (5.5 II. water), 5 psi (11 ft. water) 
10 psi (22 It water), 15 psi (33 It water). 22 psi (50 ft. 
water) 30 psi (67 It water). 50 psi (112 fl. water), 75 psi 
(168 It water) 100 psi (225 ft. water). 150 psi (337 It 
water). 220 psi (500 It water) 300 psi (675 It water), 500 
psi (1125 ft. water), 900 psi (2025 It water) 1000 PSI (2250 
It water), 2000 psi (4500 It water) 
Sealed gauge nol available lor ranges up to 150 psi. 

Other pressure units can be specilied, e.g. meters, water. 

Overpressure 
The rated pressure can be exceeded by the following 
multiples causing negligible calibration change: 
10 x lor 1 and 2_5 psi ranges 
6 x lor 5 psi range 
4 x lor 10 psi to 2000 psi ranges. 

Pressure media 
FlUIds compatible with Quartz and titanium. 

Transduction principle 
Integrated slltcon strain gauge bridge. 

Excitation '/oltage 
1 OV d.c. regulated @ 15mA max. Polarity is important 
For other supply voltages or ac. operation. please specily. 

Output voltage 
17mV for 1 psi range 
25mV lor 2.5 psi range 
50mV for 5 psi range 
1 OOmV for 10 psi range and above. 
Outputs Quoted are lor standard lineaflty and overloa:!. 
HIgher outputs are possible gIving proportIonal 
Improvement in temperature stability. 

Amplified output avaIlable on request. 

Output impedance 
1000 ohms nominal. 

Load impedance 
Greater than lOOK ohms for Quoted performance. 
For lower load impedances. please specify. 

Resolution 
InfInite. 

Combined non·linearity and hysteresis 
±0.1 % BSL for 1 psi to 900 psi ranges. 
±0.2% BSL for 1000 and 2000 psi ranges. 
±0.06% SSL available for ranges to 300 psi on request, 
and the au/put will be 75mV lor 10 psi range and above. 

Zero offset 
±3mV standard 

Span settms 
±1 OmV standard. Units of the same range are better than 
±3mV from each other. 
More accurate settings 01 zero and span are available fcor 
applicatIOns where InterchangeabIlity IS Important. 



Operating temperature range 
_5° to +175°F (-20° to +80°C) 

Temperature effects 
±0.3% total error band 30° to 86°F (_2° to +30°C). 
For special applications it is possible to give improved 
temperature compensation over a wider temperature 
range. 

Mechanical shock 
1000g for 1 ms in each of three mutually perpendicular 
axes will not affect calibration. 

Weight 
1. 7 5 oz. nom inal 

Electrical Connection/Cable 
3 It cable supplied as standard. This is molded to 
transducer body with polyurethane to provide watertight 
connection. Continuous lengths up to 1500 ft can be 
supplied although it is recommended to use two-wire 
transmitter type PTX 160/0 for lengths beyond 500 ft. 
Cable specification: 
6 conductor (24AWG) shielded 
Polyurethane outer jacket - 0.315 ins. dia 
Kevlar strength member #29/1500 Denier 
Nylon vent tube 
Weight in air, 45 Ibs. per 1000 It 
Weight in water, 10 Ibs. per 1000 ft. 
Breaking strength, 200 pounds 

Pressure connection 
Illustrated front end delrin cone tilted as standard. 

This incorporates a hydraulic damper to protect the device 
from high pressure pulses caused by underwater impact. 

0.69 dia 4.3 

3.55 

<=> 

o 

L.~". '000_0", '0,"00'" 
t/4·· NPTflat end. 

Installation 

Dimensions: inches 

Druck Incorporated 
Miry Brook Road 

7/t6" UNF as MS 33656·4 (1/4 A.N) 
Others available on request. 

Danbury, CT 0681 0 
Telephone (203) 792 8981 
Telex: 643118 

Conducting pressure media 
When used with a conducting pressure media the +Ve 
supply should be at the same or a -Ve potential with 
respect to the pressure media, Le. where media is at 
ground, the +Ve supply should be grounded, or 
alternatively the transducer should be floated with respect 
to the pressure media 

Intrinsic satety (optional) - PDCR 10/0/15 
This transducer can be certified for use with barrier 
systems to EEX ia gas group /lC with a T4 rating at an 
ambient temperature ot 80"C to BS5501 part 7 and 
Cenelec EN5020. 

Options available 
For 4-20mA operation· see PTX 160/0 or PTX 110/0. 
For 0·5 volt output - see PDCF\ ·30/0 
For general purpose applications, differential and absolute 
pressures - see PDCR 10 and other data sheets. 

Ordering intormation 
Please state the following: 
(1) Type number 
(2) Pressure range 
(3) Gauge or sealed gauge 
(4) Temperature range 
(5) Cable length 
(6) Pressure media 
For non·standard requirements please specify in detail. 

Continuing development sometimes necessitates 
specification changes without notice. 

~"""""f----- Integral molded cable boot 

Representative 

Electrical connection 

4 Core shielded cable 
Red Supply posilive 
White Supply negative 
Yellow Output positive 
Blue -Output negative 
Shield N/C 10 transducer body 
Any other cores not connected. 



River monitoring application 

H-300 WaterLog pressure transducer » 

Key Features 
• Simple to install, use, and maintain (no on-site calibration required) 
• Performs extremely accurate measurements: 

- linear deviation is less than 0.02% 
- resolution is 1 part in 5,000 
- measures water pressure accurately over wide temperature ranges 
- automatically compensates for offset 
- pressure measurements can be transmitted over long cable lengths with no error 

• Output Options: Frequency, SDI-12, and RS-232C 
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Resolution 
S~ai as: pr,,_::'l1rc c;~ange detectable II Jutpu: signal 1 

. part in 5.00C 

Linearity 
Less than 0.02% deViation from a straight line referenced 
to end points 

Pressure Hysteresis 
Less than 0.01 % 

Response Times 
F-equency: 2 second update 
SDI-12: 30 second measurement sequence 
RS-232C: 16 second measurement sequence 

Long-term Stability 
Less than ± 0.2S% drift in accuracy per year 

Environmental Restrictions 
Operating Range: 0 to SO degrees C (non-freezing) 
Compensated Range: 0 to SO degrees C 
Storage: -10 to 75 degrees C 

Media Compatibility 
Liquids and gases compatible with glass, ceramic, silicon, 
RTV, and nickel 

Pressure Ports (2) 
With 120 mesh stainless screens, field replaceable 

Power Supply 
Voltage: 9.6 to 16.0 volts DC 
Supply Current: 
- sleep mode: 1 milliamperes max. 
- active (measuring): 50 milliamperes max. 

Frequency Output 
Frequency Range: 100 Hz - 5100 Hz 
Duty Cycle: SO% 
Output Voltage levels: 
- minimum high level: 3.S volt 
- maximum low level: 0.8 volt 
- maximum cable length: 1000 feet (conductor size must 

be equal to 22 AWG or larger) 

... 

I. I . I:~ Output 
, II: Hete: '.200 
I: I: ::::11 SDI-1:2. 8-bit. even parity 
II p 11 v oltar,;e Levels: 
r : n 'nurn .'1lgh level: 3.S volt 
I', Jyr:"'UI1l l:ow I·e'lel: 0.8 volt 
1"1 ;3) rnul1l cable length: 1000 ft. 

RS-232C Output 
Baud Ra:e: 1200 
Pretocoi: RS-23ic. 8-blt. even parity 

Mechanical Data 
Matenal: stainless steel barrel with PVC end caps and 

polyethylene vent tubing 
Weight: 1.83 pounds 
Size: 1.2S inches diameter x 7.0 inches long 
Pressure Overload: less than 2 trmes the rated pressure 

Cables 
Sensor Caele (Waterlog to junction box): shielded. 
polyethylene·encased. vented. three-wire cable: 10 foot 
standard length (longer lengths are available if required) 

Hock-up Cabie (junction box to data recorder): shielded, 
three-wire canle: 10 foot standard length (longer lengths 
are available if required) 

Warranty 
Waterlog is warranted for six months from date of 
delivery. 
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Submersible Pressure Transmitter 
MODEL PS9000 

PS9000 Submersible Pressure Transmitters are 

designed to provide high-accuracy level measurement 

in all types of liquid environments. The PS9000 is a 

4-20mA output device which features the latest in 

silicon micro-machined piezoresistive, strain gauge 

technology. As an industry standard, 4-20mA output is 

compatible with a wide variety of measurement and 

data logging equipment. Other advantages of 4-20mA 

devices include exceptional noise rejection, high signal 

strength. and long distance transmission. All PS9000 

transmitters can be easily serviced and recalibrated at 

the factory. 



MODEL PS9000 
+-20 IDA Olfpul 

Submersible Pressure Transmitter 

Mechanical Specifications 

Transmitter Length: 9.125" 

0.840" 

304 stainless steel 

Vito-JBuna-N 

O.D.: 

Body Material: 

Wire Seal M'l'erial: 

Cable Cable Jacket: Polyurethane 

2-conductor, vented 

Nylon 

Conductor Type: 

Vent Tube: 

Electrical Specifications 

Transmitter LineariTylRepeatabilirylHysteresis*: 

Ordering Information 

Instrumentation Northwest, Inc. 

maximum 

typical 

± 0.25% FSO 

±O.I% FSO 

Maximum Zero Offset (20"C): ± 0.5% FSO 

Sensitivity Accuracy (20"C): 

maximum 

typical 

±0.25% FSO 

±0.125% FSO 

Max. Power Supply Sensitiviry: 0.3% FSO 

"best fit straight lint 

Standard Ranges (PS/G): 

5, 15,30, & 50 

Standard Cable (ft.): 

25',50',75', 100', ISO', & 200' 

Storage Reel: 

200' Capacity 

Diaphragm: 316 stainless steel 

Desiccant Pack: 

Terminating Connector: 

Available 

Available 

O.D.: 

Break Strength: 

Maximum Length: 

maximum 0.28" 

138 Ibs. 

2000 ft. 

Maximum Temperature Error: ± 2.0% FSO 

Thermal Hysteresis: 
the output will typically return to within 
± 0.25% FSO of its initial reading subse

quent to one full cycle over the compensated 
temperature range. 

Transmitter Voltage: 9-24 VDC 

Compensated Temp. Range: 

Operating Temp. Range: -5°C to +70°C 

Standard Desiccant Chamber: 

Standard Capacity 

Standard Connectors: 

Mil-Spec 6 Pin 

Other Transducers available: 

V output, passive and active mV output 

1-800-n6-9355 



MODEL P59OO0 
4-20 mA Output 

Submersible Pressure Transmitter 

ORDERING INFORMAnON 

HOW TO ORDER: 
I. Choose the necessary pressure range for 

your transducer. 

2. Choose a standard or custom cable harness 
for your transducer. (If choosing a custom 
length - specify length). 

3. Choose a desiccant pack. 

4. Select additional options or accessories as 
needed. 

To place an order or for further questions on 
these items. please call us at (800) 776-9355. 
We are happy to help! 

Instrumentation Northwest, Inc. 

Pressure TraDsmiffers 
~ 
S PSI 
1S PSI 
30 PSI 
SO PSI 
100 PSI 

Cable Hamesses 
~ 
2S' 
SO' 
7S' 
100' 
1S0' 
200' 
Custom Length (ttl 

DesiCCCIIII Packs 
S1m 
Standard Capacity 
High Capacity 

OptiOllS 
~ 
M6 Connector 
M3 Connector 
1/4· NPT Adapter Kit 

Accessories 
~ 
Standard Desiccant Refill 
High Capacity Desiccant Refill 
Vent Tube Protector 
Cable Adapter M3M x M6F 
Cable Strain Relief Kit 
Reel - 200' Capacity 
Reel - SOO' Capacity 
Reel - 1S00' Capacity 
Extension Cable - 200' with Reel 

Part Number 
3C20S 
3C215 
3C230 
3C235 
3C240 

Part Number 
3C150 
3C155 
3C160 
3C165 
3C170 
3C175 
3C149 

Part Nymber 
6E455 
6E457 

Part Number 
6E400 
6E415 
6E410 

Part Number 
6E460 
6E470 
6E465 
6E516 
6E517 
6E520 
6E525 
6E530 
6E515 

1-80o-n6-9355 
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"HANDIE-TALKIE" RF LINKS 
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"HANDlE-TALKIE" RF LINKS 
. -----------------------------------------------------------

Introducing a new series of HANDlE-TALKIE RF Links which are 
..:xclusively designed as a practical substitute for certain variations of wire • 
line applications. A choice of model configurations, all incorporating 
established and proven Motorola quality HANDlE-TALKIE transceivers, 
assure flexibility of design and top performance. 

If your system requires wire-line but -

• It isn't available 

• Too costly to install 

• Restricted by construction codes 

• Limited because of inaccessible terrain 

.... 
Or, you are using wire-line but -

• The operations are unreliable 

• Maintenance is too costly 

• Lease rate too expensive 

• System is not flexible 

Then you need to consider the real advantages of an RF audio path 
using Motorola's low power, highly reliable and extremely flexible 
HANDlE-TALKIE RF Links. Whether your need is to control a base 
station, retrieve data, transmit an alarm, provide DNo-way conversation, or 
status control - your system design approach should include a basic or 
package model Motorola HANDlE-TALKIE RF Link. Motorola's 
experience and technological expertise provide a professional approach 
to optimizing system control and interface using RF as an alternative 
to wire-line. 

• 

• 



-HI\,~ ,::- -l~IJ<IE" RF LINK CONFIGURATIONS . . ......... _.,._------------------------------------------------

VHF or UHF Transceiver· Module 

.12 VDC negative ground 
• Interface board 
• 14 Pin Molex connector 

12VDC 
receive and transmit audio 
transmit audio mOdulaTIon (adl) 
push to talk 
carner indication 
receive audio output 
spare pins 

• LED's (3) 
Power on 
Transmitter keyed 
Receiving carner 

• Mounted in metal housing 

"{If Tr01nsmit or ~eee,\I@ Qtltv " 
QeSlrea. one cryStal may De ae..,leGl 

SIMPLEX MODEL 

BASICMODEL 
.PlJJS 

Function Board 
Includes: 

Full Duplex Model (UHF) 
Includes: 
• Transmit transceiver mOdule 
• Receive transceiver module 
• Built-in duplexer (5 MHz separation) 

• All RF connectors BNC 
• Module interconnects are plug-in 

.1101220 VAC power suoply 

.13.8 V regulator" 

.4 wire audio 
• 600 ohm equalization adj, 
• to connector terminal strip 
• Interconnects plug-In 

'Regulal~ wlllltoal 
cna,ge a Sllndby baUery 

Weather Resistant 
Steel Housing, (NEMA '" 12) 



Features Description Benefits 

Choice 01 Models Select a basic transceIver model. a Allows you to select the unit offering the 
sImplex package model. or a full duplex features that most closely meet your 
mOdel. needs. 

Compact Size Basic model transceiver - Allows greater ease and freedom of 
7"Lx2.S"Wxl.4"O installatIon. 
Package modell0"LxS"Wx4"O 
Ouplex model 12"Lxl0"WxS"O. 

Choice 01 P.F. Power 5 watts in VHF and 1 or 4 watts in UHF. Select the power level that best meets 
jour ~EeCs. The 1 watt allows use of the 

. UHF 12.5 KHZ offsets. 

Low Current Drain Transmitter 5 watt 1000 MA Solar power and 12VOC operation are 
4 watt 1050 MA more practIcal. . 
1 watt 4S0MA 

Receiver Receive 4'lMA 
Stancoy 12MA (squc.lch). 

Continuous Duty 1 watt UHF model is designed continuous Allows continuous flow of data 
dUty operation. transmIssion. 

Full Duplex A 1 watt. UHF full duplex model is offered. Simultaneous transmission and receipt of 
Operation data. Also. when used in dispatch systems 

provIdes full control of the station. -
Adaptability Basic model includes a 14 pin Provides easy. effective integration 01 

MOLEX connector. Package model system flexibility. 
has a 10 connector tenminal strip. 

Modular Assemblies Transceiver and function board assembly Maintenance cnecks are fast and easy. , 
cables are plug-in. Should tne mOdule reqUIre in-shop service 

it can be quickly removed . . - . .. 
L.E.O. Indicators Three LE.O:s are used to indicate power Provides a fast. sure visual indication of 

on. transmitter on and receIve audio. operatIonal status. 

Modem Compatible 600 ohm connector allows modem Quick and easy to install. 
interface. P.T.T. to be provided by user. 

4 Wire Audio A standard feature in the 1 watt full duplex Eliminates cross talk and allows fast. easy 
model. installation. 
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Features 

Coded Squelch 

Oust & Ori P Tight 
Industrial Housing 

Battery Charger 

Primary Power 

emergency Power 
Reverting 

Description 

"Private-Line" coded squelch models are 
avaIlable. 

Package models include a 14 gauge steel 
housing. European standard lEe 529. 
IP5S and NEMA type 12. 

Package mOdels include a power supply 
that will float charge a 12 volt battery. 

AllowS 110{220 VAC (SO{50 Hz) or 12 VDC 
operation. 

Au~omatically allows switching to a 
standby 12 VDC power source when 
110/220 power outage occurs. 

Benefits 

Coded squelch systems reduce 
co-channel interference and operational 
fatigue. 

Provides adequate environmental 
protection for most installations. 

Optional 12 volt stand-by power is 
practical. 

Units can be operated from a variety of 
power sources including solar panels. 
Also. power supply will float charge 12 volt 
battery. • 

This feature increases system reliability by 
keeping the link on the air during AC 
power failures. 

RF UNK TRANSCEIVER MODULES 
Performance Specifications 

General 

Model Series: 

Frequency: 

Power Suoply: 

Dimensions (H x W x 0)/ 
Weignt (ounces) 

• Basic ModeJ . ... 
Simplex Package Model 

with Housing 

Duplex Package Model 
with Housing 

w uxeu:.we 1lE ..... 4_Z& _ ..... J"-.. 

VHF UHF 

K33LCF K24LCF. K34LCF 

135-174 MHz 403-430 MHz. 440-512 MHz 

110{220 V AC (SO {50 Hz). 12 V DC (Negative Ground) 

7.00· x 2.50· x 1.44" (10.2S oz.) 

10" x S" x 4" (10 Ibs. 8 oz.) 

12" x 10" x 5" (approx. 1S Ibs.) 

~- aag ii t€?Z 



___ IIi __ '_a __ .' .•• __ I _____________________________________ _ 

Per'orrnanc:'~ Sped 'ic atkms .--------------
~NSMllTE~------- VHF UHF 

R F QutDUt: _____ 5W 4W.1W· 

Current Drain on Transm!!J!~:!yDCl 1000mA 1050 mA 450 mA 
Kev·Up Time to Full Outp.!: - 10 MS Typical 
Frequency Stability: :!:.0005% ::::.0005% 

-30'Cto60·C 
- O'C to 50'C 

f + 2S'C Ret) ~.00025% 
Moau,alJon: 15;:2. 1SF3. 16F9 :::: 5 KHz Max. Devlanon for 100% 

MOdulation (cj) 1000 Hz 
Sgunous & Harmonic Ffequencies: More than 50dB below carner 
Audio Response: Bener lIlan 3002 Grade Line 

(Packace Models) End to End 
(Basic Models) :!: 1. - 3dB from SdB/octave 

Pree"'P_hasis Characteflstlc from 300 - 3KHz 
Audio SenSitivity 
for 3.5 MHz Devlalic", 

Basic Model AdjustaDle 1 VRMS to .1 VRMS 
Package Moael o dBM to - 20 dSM @1000 Hz 

Audio Distortion: Less than 5% @ 1000 Hz 3KHz deViation 
PL Modulation: ·1 KHz Max. - 500 Hz Min. 

RECEIVER I VHF I UHF 
CtlannelSgacinq: I 30KHz I 25 KHZ 
Current Drain (Basic MOdel): Recelva 1 VRMS OUlPut I KHz. 600 Ohm Load 43mA. 

13.6 VOC StandOv (SQuelChed): 12mA 
Usable Band Width: -5KHz 
Auaio Outgut: 

Basic Madel 70 mV to 700 mV 
Package Model - 20 to 0 dBM (SOD ohm) 

Frequency Stability: 
- 30'C to ... 60'C (+ 2S'C ReU . 0010% I .00070/ • 

Sensitivity: I I 20 dB Quieting . 35 mV Max. .5mVMax • 
12 dB SINAO .25 mv Max. .:lSmVMax. 

Selectivity: I More than 75dB @ I More lIlan 70dS @ 
• 30KHz (EIA SINAOI - 25KHz (EIA S!NAOI 

Intermoaulation: More tIlan 65dB at the ad,acent cnannel 
Spunous and Image 

I 
More than 55dB belOW 

I 
More tnan 60dS belOW 

Frequency Rejection: carner (136-140 MHz) carner 
More than 65dB below 
camer (140-174 MHz! 

Squelcn Qpening TIme: ... . 
Carrier Squelch 40MS 
PRIVATE-UNE (PLI 120MS 

Receivinq Quieting Time-: 10 MSTvp. 
Maximum Data Rate 1200 Baud 
RF Inout eNC Conne: ,.;..., onmst 
Data ConnecTion Termlnat StriP 
Power Connection Terminal StriP 

'Time Detween appllcauon of an AF Signal and lIle unsquelched receIVer auolo oUlllut qUieting. 

Support Services 
Wherever MotorOla sells. our product: 
IS backed by ser"tee. In tna U.S .. we 
have 900 aurnonzed or comcany .. 
owned centers. In aedltlOn. our 
proauets are serViced tl"lrougl'\Out 
tna world by a wu'e netWOrk 0' 
comcany or autl'lOrized maependent 
C,Str¢lutor serVice orgamzauons. 

Prlntea In U.S.A. 

MotOlota. Inc. IS an Eaual 
Emptoyment Opportunll vI 

AJflrmat,vl Actton Employer. 

MOTOROLA 
1301 East AlgonQuin Rd_ ScnaumDurg. IllinOis 60196 
(312) 307·1000 

Speci/icahons sUOleel to cha"ge Wltnout nolic:e. 
,':' ,MOTORO~. HANOIE· TALKIE and PRIVATE·UNE are 
trademarkS of MotorOla, Inc. (8409} C.G. 
MOLEX IS a regiStered trademark 01 MOlex Incorgorated. 
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® MOTOROLA Radius Division 

RNet™ SERIES TELEMETRY RADIO 

(Actual Size) 

• Competitively Priced 

• Small, Compact Size 

• Low Current Drain 

• VHF or UHF Frequencies 

• VHF-2 or 5 Watts, UHF-2 or 4 Watts 

• Voice or Data Capable 

• Built-in Time-Out-Timer 

• Two Channel Capability 

• 3 Year Parts and Labor Warranty 

• MADE IN U.S.A. 



rGENERAL RNet'" 450 UHF TELEMETRY SPECIFICATIONS RNet'" 150 VHF TELEMETRY S PECIFICA TIONS 

<=requency 403-416MHz, 416-430MHz and 450-470MHz 136-150.8MHz, 150.8-162MHz and 162-174MHz 

'annels 1 or 2 - switchable via DB-15 front panel connector 1 or 2 - switch able via DB-15 front panel connector .I: 
~ ,annel Spacing 25kHz 25kHz 130kHz 

" 
l""\'Jerating Temperature -30·C to +6O·C -30·C to +60·C 

'pply Voltage (Internally Regulated) 10-17 VDC (2watt) 114-20 VDC (4watt)- 10-17 VDC (2watt) 114-20 VDC (5watt)--

Supply Voltage(inter. Reg. 8ypassed) 6-9 VDC (2watt) 19-13.5 VDC (4watt) 6-9 VDC (2watt) 19-1 3.5 VDC (5watt) 

"aximum Tx Separation 8MHz on two channel models 3M Hz on two channel models 

aximum Rx Separation 3MHz on two channel models 1 MHz on two channel models 

Nominal Dimensions L 3.30·, W 1.52·, H 2.70· L 3.30·, W 1.52·, H 2.70· 

)proximate 'Neigr: 10.2 ounces 10.2 ounces ---
= Connector Front panel mounted BNC 50 ohms Fron. ~'anel mounted BNC 50 ohms 

Interlace Connector Front panel mounted DB-15 pin Front panel mounted DB-15 pin 

- andby Current Drain 16mA 20mA 

RECEIVER 

ensitivity 12dB SINAD < 0.45~V 12dB SINAD < 0.25~V 

requency Stability ±10PPM ±10PPM 

Selectivity 60dB 60dB 

Itermodulation 60dB 60dB 

,~purious Reiection 55dB 55dB 

Image Rejection 50dB 55dB 

lodulation Acceptance ±7.5kHz +7.5kHz 

" M Hum & Noise 40dB 40dB 

I' -iio Output: AC Level 0-600mV Pk-Pk adjustable at pin 8 into 2k ohms load 0-600mV Pk-Pk adjustable at pin 8 into 2k ohms load 

o -1 VRMS adjustable on de-emphasized pin o -1 VRMS adjustable on de-emphasized pin 

l/-IudiO DC Level 2.5 VDC (Pins 8 & 12) 2.5 VDC (Pins 8 & 12) 

IAUdiO Output Impedence 51 ohms 51 ohms 

udio Response 6dB de-emphasis or flat (switch:ftjle) 6d8 de-emphasis or flat (switchable) 

IAudio Distortion Less than 10% Less than 10% 

"arrier Detect Attack Time Less than 1 Omsec Less than 10msec 

urrent Drain 20mA 24mA 

I 
I~RANSMITTER 

:F Power Out 2 Watt or 4 Watt 2 Watt or 5 Watt 

IConducted Spurs -49dBc (2 Watt) & -52dBc (4 Watt) -49dBc (2 Watt) & -53dBc (5 Watt) 

-reouency Stability ±5PPM ±5PPM 

M Hum & Noise 40dB 40dB 

[AudiO Input: Deviation Level -+-5kHz adjustable flat or pre-emphasized ,,5kHz adjustable flat or pre-emphasized 

udio Input Level 40mVRMS for 3kHz deviation 40mVRMS for 3kHz deviation 

.udio DC Level OVDC Data In input pin OVDC Data In input pin 

5VDC Mic Audio IOput pin 5VDC Mic Audio input pin 

,udio Input Impedence 2k ohms Audio In (Pin 4) 110k ohms Data In (Pin 7) 2k ohms Audio In (Pin 4) 110k ohms Data In (Pin 7) 

.udio Response 6dB pre-emphasis or flat (switch able) 6dB pre-emphasis or flat (switchable) 

Audio Distortion Less than 5% Less than 5% 

,ttack Time Less than 10msec Less than 1 Om sec 

, voical Current Drain 865mA @ 2 Watt S70mA@ 2 Watt 

L . _ 1120mA @4 Watt 1275mA @ 5 Watt 

1axlmum Current Drain 1050mA@ 2 Watt 1150mA@ 2 Watt 

1350mA @ 4 Watt 1450mA @ 5 Watt 

I 
:leclflCadons SUbject 10 change without nOllce. 
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® . MOTOROLA 

RNet™ SERIES TELEMETRY RADIO 

I 

'p 

Ll...J....-----I...J' 

\ 1.720" 
) 

2. 50" 

) ..... 

..,------- DB 15 PIN CONNECTOR 

BNC CONNECTOR 

1.238" 

l-L-O.555" 

MOUNTING PLATE 
DIMENSIONS: .XX - +,- .020 

.xxx. +,- .010 

4.75" 

~----
1.27" -2.210" ----

.7S"- V . " ,+ 
.25" ---- 4.250" 

MATERIAL: .OSO THICK ALUMINUM (3033) 

/ ~ 
.S5" 

i 

.I 

.2 o DIA THRU •. 285 DIA X 82 DEGREES 
OUNTERSINK FARSIDE (2 PLACES) C 

.18S" DIA (4 

i , 
1 

L O.OSO" 



® MOTOROLA Radius Division 

RNet™ SERIES TELEMETRY RADIO 

RFINTERFACE 

The RF Interface is a BNC connector with 50 ohm nominal impedance. 

OATANOICE INTERFACE 

The data/voice interface is a standard DB-15 connector. 

08-15 CONNECTOR PIN-OUTS 

PIN NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1 
12 
13 
14 
15 

DIP Switch programmable features: 

For further Information contact: 

RD·RNET 

FUNCTION 
Not Used 
Not Used 
Not Used 
Mic Audio Input (6dB pre-emphasis) 
Channel Select 
B+ Input 
Data Input (flat response) 
Data Output (flat response) 
Not Used 
Not Used 
Squelch Disable 
Audio Output (6dB de-emphasis) 
Carrier Detect 
PTT 
Ground 

PTT enable-logic high or low 
Carrier detect output-active high or low 
Data output-flat or 6dB de-emphasized 
Data input-flat or 6dB pre-emphasized 
60 second time-out-timer -- enabled or disabled 

® MOTOROLA 
Manufactured by the Radius Division 
in Mt. Pleasant. Iowa. U.SA. 
Specifications subject to change without notice •• 
Motorola. Radius. Private-Une. Digital Privat.Une RNet and 
Quik·Call are trademarks of Motorola. Inc. 
e '990 by Motorola Inc. 

1-800-624-8999 Ext.105 



Application 
DeslGree: :or use in areas which 
may -be 'egularly hosed eown or are 
other.vise very wet. Suitable for use 
in dairies. breweries. and similar 
instaliaTicns. Also sUitable for 
outdccr use. 

, 

Construction 
• 16 gauge or 14 gauge steel 
• Seams continuouslY welced and 

grcund smooth, no holes or 
knccKouts 

• Stair.less steel clamps on three 
sides of cover assure watertight 
seal 

·CHNF" NEMA 4 c ontinuous H' Inge CI 
Box Sox Size 
Catalog: Number Gau2e AxBxC 
A-404CHNF 1S 4.00x4.00x3.00 

(102xl02x761 
A-604CHNF 16 6.00x4.00x3.00 

(152xl02x76) 
! A-806GHNF 14 8.00x6.00x3.50 
1 (203x 1 52x89) 

A-606CHNF 16 6.oox6.00x4.00 i (152x152xlO2) 

amp 

A-l006CHNF 14 10.00.8.00x4.oo 
(254)<203x 1 02) 

A-1210CHNF 14 1 2.00x 1 0.00x5.oo , (305)<254x 127) 

I 
A-l0086CHNF 14 10.00x8.00x6.oo 

(254)<203x 1 52) 
A-1212CHNF 14 12.00x12.00x6.oo 

(305x305x 152) 
i A-1412CHNF 14 14.oox12.00x6.00 
i (356.305x 152) 
! A·1614CHNF 14 16.oox14.00x6.oo - (406.356xl52) , 

!lll3.1 r ·, Ili'.:I~r 

) Er I)Y: \: t, r I Ii 1 

1 H~~ )t'~11 11;3 )I 

• ,,=~'I-"-t'siF3n:_F~r~~~: 3-.( ;(Cl€'5.")€ 

• I·! jlL ti Pi( VI':, ["1 f.;" r 1 l1t'rQ 
()l-~-t :J'1a pOJ1'.'ls Jr.d tdJ'f1,.1,i1 , .. ct~s 
in S 1.fl f'.OO x 4.00 (1 ::.~' ( 1 :;2' Jnd 
lar9 '"r 

• SOEe:fy siee to be tWlgec when 
ord"r:n(! custom boxes 

• For optional GSA approveo 
grolJnding see page 435 

Finish 
ANSI 61 gray polyester poweer 
coatin~1 inside and out over 
phosphatized surfaces. Optional 
panels are white enamel. An 
additional protective finish may be 
necessary if the enclosure is located 
in a corrosive outdoor setting. 
Hoffman can supply custom finishes 
based on environmental 
requirements. Consult factory for 
details. 

Industry Standards 
NEMAlEEMAC Type 4, Type 12, and 

Type 13 
UL50 Type 4 
JIC standard EGP-1-1967 
CSA Enclosure 4 (Specify CSA label 

when ordenng) 
IEC 529, IP66 

c over B oxes 
"Panel Catalog Panel Size Mounting OvonU 
Number OxE GxH LxW 
No Panel No Panel 4.75><2.00 5.SOx4.94 

(121xSl) (14Ox125) 
A-6P4 4.88><2.88 6.75><2.00 7.50x4.94 

(124x731 (171x51) (191x125) 
A-8P6 6.75x4.88 8.75x4.oo 9.50x6.94 

(171x124) (222)<102) (241X1761 
A-6P6 4.88x4.88 S.75x4.oo 7.5OXS.94 

(124x1241 (171xl02) (191x1761 
A·lOP8 8.75x6.88 10.75x6.oo l'.50x8.94 

(222)<175) (2730<152) (292)<227) 
A-12P10 10.75x8.88 12.75x8.oo 13.50xl0.94 

(273)<225) (324)<203) (343)<278) 
A-l0P8 8.75x6.88 10.75x6.oo 1'.50xB.94 

(222x175) (273x152) (292x227) 
A-12P12 10.75xl0.88 12.75xl0.oo 13.50x12.94 

(273)<276) (324)<254) (343)<3291 
A-14P12 12.75xl0.88 14.75xl0.oo 15.50x12.94 

(324x2761 (375)<254) (394.3291 
A·1SP14 14.75.12.88 lS. 75. 12.00 17.50"4.94 

(375x327)' (425x305) (445x3791 .. 
Millimeter dimenSions {) are for reference only; do not convert metric dimenSions to Inch . 

xes . 
. A • 

1'; 1990 Hoffman Engineering Company 

Accessories Page 
::orrosion InhilJitors ..................... 402 
electrical Interlocks •..•••••.•.......•.•. 422 
=ast Operating Clamp ................. 418 
_ock Kit.. ...........••....•••.•.••••.....•..•. 417 
IOanels (See table) 
:3wing-Out Panel KiL •••.•••........•• 430 
Terminal Kit Assembly .•••••....••..... 432 
Window Kit.. ..••......••••••••••.......•..•• 414 
Wiring Duct ................................. 403 

Chemical Resistance 
Chart •...•...••.••... pg. 459 

Cross Reference to Small NEMA 
3R Hinged Cover 
Enclosures ••••••••••. pg. 344 

Cross Reference to NEMA 3R 
Lift-Off Hinged Cover 
Enclosures •.••.•••••. pg. 350 

Industry Standards •..•.. pg.451 
Materials and Finishes ••. pg.456 
Price list .....••...•.•. pg. 8 

~M9dlfYrti9 ·yo,!JKEJjgtQ:?u~e_ 
We can modify or customize this 
enclosure to your specs. See page 
446 for more information. 

F K N T V Y 
2.56 1.38 1.38 3.00 
(651 (351 (35) (761 

2.50 2.56 1.38 2.38 3.00 0.31 0.56 
(641 (651 (351 (601 (761 (81 114) 
3.00 3.06 2.38 3.38 5.00 0.25 0.62 
(761 (781 (601 (86) (1271 (61 (161 
3.50 3.56 2.38 2.38 5.00 0.31 0.56 
(891 (901 (601 (60) (127) 181 (14) 
3.50 3.55 3.38 1.00 7.00 0.25 0.62 
(891 (901 (86) [25) (178) (6) (16) 
4.50 4.56 2.00 3.00 9.00 0.25 0.62 
(1141 (116) (51) (76) (229) (6) (16) 
5.50 5.56 3.38 1.00 7.00 0.25 0.62 
(140) (1411 186) (25) (1781 (61 J16) 
5.50 5.50 2.50 2.50 11.00 0.25 0.62 
(140r (141) (641 (64) (2791 (6) (16) 
5.50 5.50 2.00 3.00 11.00 0.25 0.62 
(1401 1141) (5'1 (7S1 (2791 (SI (161 
5.50 5.50 3.50 1.00 13.00 0.25 0.S2 
(1401 (,.') (891 (251 (3301 (S) (lS) 

, 

.. Panets must be ordered separately. Optional stainless steel and aluminum panels are also available for most sizes. See Accessories. 

60 Data subject to change without notice 
900 Ehlen Drive 

Anoka. MN 55303 J 
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FOR 

BRAZOS CH~ORIDE STUDY, SECTION 22 
BRINE RECOVERY SYSTEM 

Upper Brazos River Basin, Texas 

Prepared by: U. S. Army Engineer District, Forth Worth 

Submitted By: 

Corky P. ohern, P.E. 
Chief, Cost Engineering Branch 

~~~--{;)Jd:f=_-----
Lanora Wright. Study Manager 
Planning Division 

Estimate Preparation Date: 17 May 1993 

Effective Pricing Date: 17 May 1993 
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PROJECT NOTES 

U.S. Army Corps of Engineers 
PROJECT ABLENE: COST ESTIMATE FOR . BRINE RECOVERY SYSTEM 

~ECTION 22 

TIME 09: 12:08 

TITLE PAGE 2 

.------------.---------------------------------------- ---------------------------------------~-------------- ---------.-----.-.-

LABCA! 10: ABLENE 

This cost estimate for the proposed Brine Recovery System is based on the 
following assumptions: 

1) The system consists of ten (10) Recovery ~ells with an average depth of 
115 feet, one (1) Injection ~ell at a depth of 5,280 feet, an Automated Data 
Acquisition'System, and a'Collector Station. 

2) Unit costs for the recovery wells and injection well are for 
complete installation (including costs for drilling\casing wells and 
developnent of well heads). 

3) A lump sum cost was included in the estimate to provide for installation of 
new transmission lines, line poles, transfonmers, etc. Electrical costs in 
this estimate are for installation of hardware alone and does not include 
annual electric service. 

NOTE: Electrical service is available through a local Electric Cooperative 
servicing the area where the system will be set up. Powerdemandof the entire 
system was detennined by calculating the power requirements of ten (10) Gundos 
(2255-150) 15 Hp, 460 Volt motors for the recovery wells, a motor for the ~ 
injection well, the Automated Data Acquisition System, and the Collector 
Station. Electric usage for this project assumes runing the system 
continously for 24 hours per day, 365 days per year. 

4) The Real Estate cost is for securing a permanent easement for operation 
and maintenance of the Brine Recovery System. 

5) A 30% contingency is included in the estimate and is considered 
appropriate for this stage of the project. 

EQUIP 10: RG0691 CURRENCY IN DOLLARS CR~ 10: RG0691 UPB 10: RG0691 
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Mon 17 May 1993 u.s. Army Corps of Engineers TIME 09: 12:08 
PROJECT ARLENE: COST ESTIMATE FOR • BRINE RECOVERY SYSTEM 

~ECT!ON 22 SUMMARY PAGE 
** PROJECT OUNER SUMMARY • lEVEL 2 ** 

QUANTY lDI CONTRACT Contngny TOTAL COST UNIT 
; .-----------------------------------------------------------------------------------------------------------------.--------.---

1 Project 

1.01 Recovery lIells, C"""l ete 1150.00 IF 129,369 38,811 168,180 146.24 
1.02 Injection \/ell, C"""lete 5280.00 IF 806,066 241,820 1,047,886 198.46 
1.03 Collector Station 400.00 SF 27,909 8,373 36,282 90.71 
1.04 6" Oia. PVC Pipel ine 10000 IF 106,738 32,021 138,759 13.88 
1.05 8" Dia. PVC Pipel ine 4000.00 IF 53,974 16,192 70,166 17.54 

1.06 Automated Data Acquisition Sys. . 79,769 23,931 103,699 
1.07 Electrical Service 168,328 50,498 218,826 

1.08 Real Estate 25,000 7,500 32,500 
----------- .-------. -_.--------

Project 1,397,153 419,146 1,816,299 

----------- . -------- -_.------- . 
COST EST! MATE FOR 1,397,153 419,146 1,816,299 

LABOR ID: ARLENE EQUIP ID: RGD691 CURRENCY IN DOllARS CREII ID: RG0691 UPS 10: RG0691 



Mon 17 Hay 1993 u.s. Army Corps of Engineers TIME 09: 12:08 
PROJECT ABLENE: COST ESTIMATE FOR • BRINE RECOVERY SYSTEM 

~ECTIOH 22 SUMMARY PAGE 2 
. ** PROJECT INDIRECT SUMMARY - LEVEL 2 ** 

1 Project 

1.01 
1.02 
1.03 
1.04 
1.05 
1.06 
1.07 
1.08 

Recovery \/ells, CCJII'lLete 
Injection \/eL L, CCJII'lLete 
CoLLector Station 
6" Oia. PVC PipeL ine 
8" Dia. PVC PipeL ine 
Automated Data Acquisition Sys. 
ELectricaL Service 
ReaL Estate 

Project 

COST EST! HATE FOR 
Conti ngency 

TOTAL INCL OWNER COSTS 

LABOR 10: ABLENE EQUIP 10: RG0691 

QUANTY- L04 

1150.00 LF 
5280.00 LF 
400.00 SF 

10000 LF 
4000.00 LF 

DIRECT OVERHEAD H.O.Dh. Profit BOND Esc TOTAL COST UNIT 

93,173 13,976 5,357 11,251 1,238 4,375 129,369 112.50 
580,536 87,080 33,381 
20,101 3,015 1,156 
76,874 11,531 4,420 
38,872 5,831 2,235 
57,450 8;-618 3,303 

121,231 18,185 6,971 
25,000 0 0 

----------- --------

70,1007,711 27,258 
2,427 267 944 
9,2821,021 3,609 
4,694 516 1,825 
6,937 763 2,697 

14,639 1,610 5,692 
0 0 0 

806,066 
27,909 

106,738 
53,974 
79,769 

168,328 
25,000 

1,013,237 148,235 56,824 119,330 1312646,401 1,397,153 

1,013,237 148,235 56,824 119,330 1312646,401 1,397,153 
419,146 

1,816,299 

152.66 
69.77 
10.67 
13.49 

CURRENCY IN DOLLARS CREY 10: RG0691 UPB 10: RG0691 



Man 17 Hay 1993 

DETAILED ESTIMATE 

U.S. Army Corps of Engineers 
PROJECT ABLENE: COST ESTIMATE FOR . BRINE RECOVERY SYSTEM 

SECTl~ 22 
1. Project 

TIME 09: 12:08 

DETAIL PP.GE 

1.01. Recovery llells, ~lete CUP.NTlTY UOMMnMr Labor Equip Matrl TOTAL COST UNIT COST 

1. Project 
1.01. Recovery Wells, Complete 

USR AA <02550 0001 > Recovery llells, Complete 
Unit price per linear foot for 
10 wells at an average depth of 
115 feet (per well). 

Recovery llells, Complete 

1150.00 LF 

1150.00 LF 

LP.8OR lD: ABLENE EQUIP ID: RG0691 CURRENCY IN OOLLP.RS 

0.00 
o 

o 

0.00 0.00 81.02 
o o 93,173 

o o 93,173 

81.02 
93,173 

93,173 

81.02 

81.02 

CREW 10: RG0691 UPB 10: RG0691 



Hon 17 May 1993 

DETAILED ESTIMATE 

u.S. Army Corps of Engineers 
PROJECT ABLENE: COST ESTIMATE FOR . BRINE RECOVERY SYSTEM 

SECTION 22 
1. Project 

TIME 09: 12:08 

DETAIL PAGE 2 

1.02. Injection Well, Complete QUANTITY UOMMnHr Labor Equip Matrl TOTAL COST UNIT COST 

1.02. Injection Well, Complete 

USR AA <025500001 > Injection Well, Complete 
Unit price per linear foot for 
1 well at an approximate depth 
of 5,280 feet. 

Injection Well, Complete 

0.00 
5280.00 LF 0 

5280.08 LF o 

LABOR 10: ABLENE EQUIP 10: RG0691 CURRENCY IN DOLLARS 

0.00 0.00 109.95 
a 0 580,536 

o o 580,536 

109.95 
580,536 

580,536 

109.95 

109.95 

CREW 10: RG0691 UPS 10: RG0691 



Men 17 May 1993 u.s. Army Corps of Engineers TIME 09: 12:08 
PROJECT A8LENE: COST ESTIMATE FOR • 8RINE RECOVERY SYSTEM 

DETAILED ESTIMATE ~ECTI()j 22 oETAI L PAGE 3 
1. Project 

1.03. Collector Station QUANTITY I.JOMMnHr Labor Equip Matrl TOTAL COST UNIT COST 

1.03. Collector Station 

USR AA <04000 0001 > Collector Station· Building 
Masonry-type bui lding, conplete. 
Includes slab on grade, roof 
construction, CMU walls, 2 
windows, 1 door, ard 
conponents to provide electrical 
power to the building. 

Collector Station 

0.10 
400.00 SF 41 

400.00 SF 41 

LAlla! 10: ABLENE EQUIP 10: RG0691 CURRENCY IN DOLLARS 

~- -~-~~~-~-~---------

0.92 0.09 49.24 
368 36 19,696 

368 36 19,696 

50.25 
20,101 

20,101 

50.25 

50.25 

CREII 10: RG0691 UPB 10: RG0691 



Men 17 Hay 1993 

DETAilED ESTIMATE 

U.S. Army Corps of Engineers 
PROJECT ABLENE: COST ESTIMATE FOR . BRINE RECOVERY SYSTEM 

SECTION 22 
1. Project 

TIME 09: 12:08 

DETAIL PAGE 4 

1.04. 6" Dia. PVC Pipel ine QUANTITY UOMMnHr Labor Equip Matrl TOTAL COST UNIT COST 

1.04. 6" Dia. PVC Pipel ine 

MIL AA <15064 5121 > 6" pipe, pvc sch40 0.22 3.34 0.08 2.04 5.46 
10000.00 LF 2151 33,365 786 20,400 54,552 5.46 

L MIL AA <02221 1913 > Trenching 0.02 0.39 0.61 0.00 1.00 
2m.78 CY 57 1,084 1,681 0 2,765 1.00 

MI L AA <02221 BOOl > Beddi ng 0.03 . 0.53 0.46 13.60 14.59 
833.00 CY 26 439 382 11,329 12,150 14.59 

L MIL AA <02221 5004 > Backfill Trench 0.01 0.21 0.47 0.00 0.68 
2236.00 CY 22 469 1,057 0 1,526 0.68 

L MIL AA <02221 7002 > Compact Fill 0.12 0.91 0.09 0.00 1.00 
2236.00 CY 269 2,026 210 0 2,236 1.00 

L MIL AA <02221 6001 > lIaste material 0.01 0.19 0.44 0.00 0.63 
5750.68 SY 53 1,120 2,526 0 3,645 0.63 

--.---- ----- --------.-. 
6" Dia. PVC Pipel ine 10000.00 LF 2579 38,503 6,642 31,729 76,874 7.69 

LABOR 10: ABLEHE EQUIP ID: RGD691 CURRENCY IN DOLLARS CREII 10: RG0691 UPS 10: RGD691 

----------------



Men 17 May 1993 

DETAILED ESTIMATE 

U.S. Army Corps of Engineers 
PROJECT ABLENE: COST ESTIMATE FOR . BRINE RECOVERY SYSTEM 

SECTION 22 
1. Project 

TIME 09: 12:08 

DETAIL PAGE 5 

1.05. 8" Dia. PVC Pipel ine QUANTITY I.JOMMnHr Labor Equip Matrl TOTAL COST UNIT COST 

1.05. 8" Dia. PVC Pipel ine 

MIL AA <15064 5122> 8" pipe, pvc sch40 0.26 3.98 0.09 3.23 7.30 
4000.00LF 1026 15,913 375 12,920 29,208 7.30 

L MIL AA <02221 1913 > Trenching 0.02 0.39 0.61 0.00 1.00 
1111.11 CY 23 434 672 0 1,106 1.00 

MIL AA <02221 8001 > Bedding 0.03 0.53 0.46 13.60 14.59 
333.33 CY 11 176 153 4,533 4,862 14.59 

L MIL AA <02221 5004 > Backfill Trench 0.02 0.46 1.04 0.00 1.50 
894.00 CY 20 412 930 0 1,342 1.50 

L MIL AA <02221 7002 > C~ct Fill 0.12 0.91 0.09 0.00 1.00 
894.00 CY 107 810 84 0 894 1.00 

L MIL AA <02221 6001 > Uaste material 0.01 0.19 0.44 0.00 0.63 
2304.00 SY 21 449 1,012 0 1,460 0.63 

------- ----- -----------
8" Dia. PVC pipeline . 4000.00 LF 1208 18,193 3,226 17,453 38,872 9.72 

LA~ ID: ABLENE EQUIP ID: RG0691 CURRENCY IN DOLLARS CREW ID: RG0691 UPB 10: RG0691 



Men 17 May 1993 

DETAILED ESTIMATE 

u.s. Army Corps of Engineers 
PROJECT ABlENE: COST ESTIMATE FOR • BRINE RECOVERY SYSTEM 

~ECTION 22 
1. Project 

TIME 09: 12:08 

DETAIL PAGE 6 

1.06. Automated Data Acq.Jisition Sys. QUANTITY UOMMnHr labor Equip Matrl TOTAL COST UNIT COST , ----------------------------------------.------------------------.---------------.---------------.-----------------.--.--------

1.06. Automated Data Acquisition Sys. 

USR AA <16900 0001 > Automated Data Acquisition Sys. 0.00 0.00 0.00 57450 57450.00 
1.00lS a o 0 57,450 57,450 57450.00 

Automated Data Acquisition Sys. o o o 57,450 57,450 

LABOR 10: ABlENE EQUIP 10: RG0691 CURRENCY IN DOllARS CREW 10: RG0691 UPS 10: RG0691 



Mon 17 May 1993 

DETAILED ESTIMATE 

u.s. Army Corps of Engineers 
PROJECT ABLENE: caST ESTIMATE FOR • BRINE RECOVERY SYSTEM 

SECTICJI 22 
1. Project 

TIME 09:12:08 

DETAIL PAGE 7 

------------------------------------------------------ --------------------------------------~--------------- -------------------
1.07. Electrical Service QUANTITY I.JOMMnHr Labor Equip Matrl TOTAL COST UNIT COST 

1.07. Electrical Service 

USR EL <16301 0001 > Installation: New transmission 
lines, line poles, 
transfonmers, etc. 

Electrical Service 

0.00 
1.00 lS 0 

o 

LABOR 10: ABLENE EQUIP ID: RG0691 CURRENCY IN DOLLARS 

0.00 0.00 121231 121231.00 
o 0 121,231 121,231 121231.00 

o o 121,231 121,231 

CREU ID: RG0691 UPS lD: RG0691 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 



Han 17 May 1993 

DETAILED ESTIMATE 

u.s. Army Corps of Engineers 
PROJECT ABLENE: COST ESTIMATE FOR • BRINE RECOVERY SYSTEM 

SECTION 22 
L Project 

TIME 09: 12:08 

DETAIL PAGE 8 

~----------------------------------------------------- ---------------------------------------'----------------.-----------------
1.08. Real Estate 

1.08. Real Estate 

USR <01000 1000 > Permanent Easements 

Real Estate 

Project 

COST ESTIMATE FOR 

LAIIOR ID: ABLENE EQUIP ID: RG0691 

QUANTITY UOMMnHr Labor Equip Matrl TOTAL COST UNIT COST 

50.00 AC 

CURRENCY IN DOLLARS 

0.00 
o 

o 

0.00 0.00 500.00 
o o 25,000 

o o 25,000 

500.00 
25 ,DOD 

25,000 

3827 57,064 9,904 946,268 1,013,237 

3827 57,0649,904 946,268 1,013,237 

500.00 

CREY ID: RG0691 UPB ID: RG0691 


