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A THREE DIMENSIONAL ANALYSIS OF FLOW 

SOLUTE TRANSPORT RESULTING FROM DEEP WELL 

INTO FAULTED STRATIGRAPHIC UNITS 

Michael Gary Wallace, M.S. 

The University of Arizona, 1989 

Director: Daniel Evans 

An analysis was performed of a Texas gulf coast hazardous waste 

injection well disposal system. The system was complicated by the 

presence of a fault which transected the injection interval. The 

existence of the fault presented the potential for enhanced vertical 

migration of the injected solutes via a tortuous path of interconnected, 

highly permeable sand units. Evaluation of this potential necessitated 

a fully three dimensional model which incorporated the arrangement of 

the alternating shales and sands and their associated discontinuities. 

Computer run time and memory limitations compelled a dissection of the 

problem into components, as well as the utilization of a specific 

mixture of conservative and realistic assumptions. The analysis 

indicated that within 10,000 years, the waste would advance vertically 

no further than one hundred feet into the overlying stratigraphy, and 

laterally no further than 24,000 feet from the point of injection. 

AND 

INJECTION 



1.0 INTRODUCTION 

This thesis predicts the fate of solutes introduced into the subsurface 

via a deep well hazardous waste injection system. It originated as a 

project on which the author worked as an employee of IT Corporation. 

The system consists of two injection wells in the Texas gulf coast, 

Galveston County, Texas, 40 miles southeast of Houston. Process wastes 

from a chemical manufacturer are injected through the wells into a brine 

aquifer approximately 7000 feet below the land surface. The aquifer 

consists of interbedded and often interconnected layers of poorly 

indurated sands and plastic shales which have a strike parallel to the 

coastline (southwest to northeast) and a dip perpendicular to the 

coastline (northwest to southeast). Growth faults are common in that 

domain. One such fault was recently discovered that transected one of 

the two injection wells through the screened zone. This discovery was 

made years after the well had commenced operation. 

Federal environmental regulations have required a petitioning process 

for all hazardous waste injectors that demanded, among other things, a 

prediction of the long-term fate of the solutes introduced from 

injection. This was to be accomplished through the use of some type of 

model. If realistic simulations were not feasible, then simplifying, 

conservative assumptions were to be utilized. For most existing 

injection systems, simple analytical or numerical models using 

cylindrical coordinates have sufficed. However, faults present the 
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potential for additional avenues of contaminant migration that preclude 

the use of simple models. One particular avenue of concern is that of 

an upward tortuous path via juxtaposed sands. 

A numerical simulator was sought that was capable of analyzing this 

problem rigorously and economically. The code chosen was to be capable 

of simulating hydraulically driven flow and contaminant transport in 

three dimensions. The code SWIFT II (Reeves et al., 1986) was selected, 

and its relevant elements are described to the extent pertinent. 

Approximation of the relatively complicated geometry of the deep well 

injection system could only be achieved by the use of a large numerical 

grid, particularly since the code uses finite differencing, as opposed 

to finite element techniques. The existing federal regulations were 

interpreted to require prediction of the fate of the contaminants for at 

least 10,000 years. These two factors, geometry and time, created 

severe constraints on the modeling effort. The approach used to 

accommodate these constraints involved dissection of the overall system 

into one three-dimensional model to investigate vertical transport and 

two horizontal, two-dimensional models to investigate lateral transport. 

This approach followed the mandate of being realistic, where feasible, 

and conservative otherwise. The three-dimensional model closely 

simulated the stratigraphy in the immediate area around the two 

injection wells, including the fault. Through a specific array of 
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assumptions, initial conditions, and boundary conditions, the model was 

used to simulate the transport of the injected solutes up into the 

overlying stratigraphic units. This transport pathway consisted of a 

tortuous route through interconnecting sand units which met along the 

fault plane. The two horizontal models, consisting of a numerical 

pumping period model and a post-pumping period analytical model, were 

used to predict the maximum extent of lateral contaminant migration. 

1.1 Survey of Deep Well Injection Practices in the United States. 

Deep well injection of hazardous wastes is a disposal method that has 

been in practice since the early 1950's (Donaldson, 1964). In the 

majority of cases the wastes are injected thousands of feet deep into 

brine aquifers overlain by units of extremely low permeability. Nearly 

70 percent of all hazardous waste deep well injection activities in the 

United States occur in the states of Texas and Louisiana (Ward et al., 

1987). The process is widely used by the petrochemical industry, steel, 

pharmaceutical, and photo-processing industries, among others (Javandel 

et al., 1988). 

Growing public concern about environmental issues over the past twenty-

five years has led to increased scrutiny of all hazardous waste disposal 

practices. The Safe Drinking Water Act (SDWA) of 1974 mandated the 

protection of underground sources of drinking water from contamina

tion. This led to the latest version of the Underground Injection 
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Control (UIC) regulations, outlined in 40 CFR parts 124,144, 146, and 

148. These regulations cover a wide variety of injection activities, 

including injection of nonhazardous substances such as brine, or fluids 

used in solution mining. Injection of industrial waste, a category that 

includes hazardous waste, falls under the label of a Class I injection 

activity. This activity also falls under the authority of the Resource 

Conservation and Recovery Act (RCRA) of 1976 as well as the Hazardous 

and Solid Waste Amendments of 1984. Pertinent regulations under these 

laws are designed to ensure that no injected hazardous waste shall ever 

contaminate an Underground Source of Drinking Water (USDW) for as long 

as the waste remains hazardous. 

In 1983 there were approximately 180 Class I wells in the U.S. 

responsible for the annual injection of over 10 billion gallons of fluid 

(of which about 5% was dissolved waste) into deep brine aquifers (U.S. 

Environmental Protection Agency, 1985). 
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2.0 ANALYSES OF DEEP WELL INJECTION EFFECTS. 

There has been a shift in the predominant uses of most deep well 

injection mathematical analyses over the past several decades. In the 

early stages of the practice, avoidance of hydrofracturing of confining 

units was a major concern. Later, methodologies were introduced to 

determine the extent of zones of hydraulic influence, defined as the 

radial distance from an injection well to the point where the upward 

hydraulic gradient (into the confining unit) becomes negligible. 

Concurrent with this emphasis were several attempts at numerical 

modeling of flow regimes associated with deep well injection systems. 

Currently, analysts are focusing on contaminant transport issues and 

problems of flow into abandoned boreholes and wells. The purpose of 

this chapter is to discuss the key elements of these models in order to 

provide an historical and technical perspective for discussion of the 

current model. Following this, an overview of the numerical simulator 

is given. 

2.1 Previous Models 

A key paper on the analysis of well injection effects was published by 

Hubbert and Willis (1957). They derived an equation which could be used 

to predict the injection pressure required to maintain and extend 

existing fractures surrounding a well completed in a confined aquifer. 
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Haimson (1967) outlined the coupling of rock mechanics concepts with 

classical well hydraulics methods to derive equations for the prediction 

of injection pressures at which fracturing would initiate. Equations 

such as these were routinely used by the petroleum industry to aid in 

increasing formation yields of oil and gas. They also served the deep 

well disposal operators by providing guidelines for maximum allowable 

injection pressures, as extreme fracturing would compromise the 

integrity of the confining units. 

In step with the advent of new regulations, many investigators used the 

Theis equation along with the principle of superposition (and numerical 

implementations of same) to estimate hydraulic effects from injection 

activities (URM, 1983). The typical form of the equation is: 

AP = Qu(CF1) W(x) 
4 it kb 

where: 

x = ncr^(CF2) 
4tk 

P Pressure (psi) 

Q = Flow rate (gpm) 

Viscosity (centipoise) 

CF1, CF2 Units conversion factors 

W The exponential integral 

k Permeability (millidarcys) 

b Saturated thickness (ft). For confined 
aquifers this is identical to the formation 
thickness. 



17 

c 

n Porosity (fraction) 

Compressibility of aquifer (1/psi) 

r Distance from well (ft), and 

t Time (days) 

All units are defined in the nomenclature section. 

This analysis allows for predictions of both spatial and temporal 

hydraulic perturbations within the affected aquifer. Modifications of 

the Theis equation have made possible prediction of flow into or from 

overlying and underlying units as well. Furthermore, the simplified 

equation for average linear ground-water velocity (Freeze and Cherry, 

1979): 

dh/dl Hydraulic gradient (change in hydraulic head with change 

where: 

K 

v Average linear ground water velocity (ft/day) 

Hydraulic conductivity (ft/day), and 

in distance) (ft/ft) 

can be used in conjunction with the hydraulic analyses to estimate the 

extent of contaminant migration due to existing or planned injection 

activities. 
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Thornhill (1981) utilized an analytical method developed by Warner 

(1979) which was consistent with the Theis equation and the principle of 

superposition to give: 

m Qjii-B; 39.5 n.ii.c.r2. 

f  = e i  •  to- 6  U HbV "I—kTT-^—))  
1=1 1 1  li 

where: 

Pr = Reservoir pressure at radius r (psi) 

P^ = Initial reservoir pressure (psi) 

i = Well number 

m = Total number of wells 

8 = RB/STB 

RB = Reservoir barrels, or barrels of liquid at reservoir 
temperatures and pressures 

STB = Stock tank barrels, or barrels of liquid at standard 
temperature and pressure 

His purpose was to calculate transient overpressures due to multiple 

fields of fully penetrating injection wells in southeast Texas. The 

overpressures caused by injection could be calculated by this method and 

compared to the measured static pressures of overlying fresh water 

aquifers. This allowed him to determine the areal extent about the 

injection well fields where the vertical driving force was strong 

enough, given time, to cause movement of injection fluids up into those 

aquifers. This areal region is called the "area of review" in 

regulatory parlance. 
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In a more focused approach, Miller (1986) derived an equation for the 

prediction of vertical migration of injected wastes: 

v k 1/P 
L = ^? uu ln {(kubb /k 1 /r } 

2 7T 4> k, bb h s c J  wJ 
c h s 

where: 

L = The vertical distance of waste seepage into the 
containment zone in the region adjacent to the well 
over all time (ft) 

V = The total volume of waste to be injected into the 
receiving formation anticipated over all time (ft^) 

kQ = The average vertical permeability of the shale 
(darcys) 

k^ = The average horizontal permeability of the receiving 
formation (darcys) 

'0 The shale porosity (fraction) 

bg = The total thickness of the shale immediately 
overlying the receiving formation up to the base 
of the next significant overlying sand (ft), and 

rt, = The radius of the well (ft) 
W 

This model has apparently been widely used by members of the chemical 

industry who practice deep well injection. However, its published form, 

in many ways, is still limited, since it disregards chemical transport 

features such as reactions or dispersion. In addition, being an 

analytical solution, it is most suited for ideal conditions. Features 

such as faults or facies changes, for example, would present challenges 

requiring extensive modifications. 
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Sauveplane (1984) conducted an extensive analytical and three- dimen

sional numerical modeling study of a deep well injection field in the 

Swan Hills area of Alberta, Canada for the Canadian government. It 

shared some of the deficiencies of the Miller model as it did not 

address chemical transport features. It simulated injection times of 

100,000 years in an attempt to approximate steady state conditions. 

In a recent paper, Javendal (1988) presented an analytical method for 

detecting abandoned boreholes near injection wells based on results from 

conventional analyses of well hydraulic data. This is considered an 

important advancement, since regulations require injectors to account 

for the proper plugging of all abandoned boreholes, and many holes exist 

for which there are no records. 

Recently, Ward (1986, 1987) performed what may be some of the most 

comprehensive and sophisticated deep well waste injection models to 

date. He conducted a series of generic, fully three-dimensional, flow 

and solute transport simulations designed to investigate the importance 

of various parameters in deep well injection simulations. One study 

(1987) studied some of the effects of fractures, abandoned wells and 

other simpler scenarios. The study was concluded with a suggestion of 

seven future areas of investigation. Of these seven areas, the thesis 

addresses three, namely: simulation of cross formational flow via 

faults, incorporation of anisotropy, and detailed simulation study of a 

specific site. 
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2.2 Description of Numerical Simulator 

The purpose of this exercise was to predict as realistically as 

feasible, the fate of solutes introduced into the subsurface by specific 

injection activities. The time frame is 10,000 years following termin

ation of injection. This, along with the presence of a fault that 

transects one of the injection wells, necessitated a complex deep well 

injection model. This model, in a generic sense, builds upon the work 

conducted by Ward (1986, 1987) described in Section 2.1. 

The numerical simulator selected had to be capable of modeling the 

salient stratigraphic, hydrologic, and geochemical features of the 

injection zone. In addition to more standard features, it was desired 

that this program be capable of simulating the following: 

(1) Stratigraphic detail in three dimensions, including faults, 

with primary emphasis on the injection interval and confining 

units, 

(2) Fluid density differences between injected fluids and native 

formation water (brine) of the injection interval, 

(3) Solute migration with dispersion and diffusion both vertically 

and laterally within the injection interval, 

(4) Regional ground-water gradients within the injection interval. 
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It was further determined that the simulation code should be supportable 

on a computer which uses 64-bit precision, and that the source code 

should contain a minimum of system specific job control language so that 

the code can be implemented on a mini- or microcomputer. The precision 

requirement allowed for stricter convergence criteria and minimized 

numerical truncation errors, a necessity for ensuring problem converg

ence and accuracy over the large number of time steps needed to simulate 

the 10,000 year-period. 

The selection process involved a number of candidate simulators, includ

ing SUTRA (Voss, 1984), SWIFT III (Reeves et al., 1986), TRACER3D 

(Travis, 1983), M0DFL0W (McDonald and Harbaugh, 1985), and CFEST (Gupta, 

et al., 1982), which were reviewed according to the above criteria. 

The specifications of capability for handling three dimensional, vari

able density flow ruled out all but three of the initial candidate 

models. The practical considerations of availability and actually util

izing the code on a mini- or microcomputer eliminated two of the three 

final candidates. Based on the selection criteria, SWIFT III Sandia 

Waste Isolation Flow and Transport) was chosen as the best available 

numerical simulator for this application. 

SWIFT III is an updated version of the SWIFT and SWIFT II codes. SWIFT 

evolved from the U. S. Geological Survey Code, SWIP (Survey Waste 

Injection Program), originally written in 1977 to model events associ

ated with the deep well injection of hazardous wastes. SWIFT was 
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developed to evaluate repository-site performance for nuclear wastes. 

It is a transient, three-dimensional simulator, and it is implemented by 

a finite difference code which solves the equations for hydraulically 

driven and variable density driven flow and contaminant transport in 

geologic media (Reeves et al., 1986; Ward et al., 1984). Nine years of 

subsequent development have seen the code grow and gain wide acceptance 

within the ground-water modeling community. It is this relationship 

between the earlier SWIP and SWIFT to injection and fluid-saturated 

repositories that makes the SWIFT III code suitable for simulating deep 

well injection. 

The primary difference between the SWIFT III and SWIFT II versions is 

that SWIFT III has been converted from a CDC (Control Data Corporation) 

64 bit format to a 32 bit (64 bit with double precision) minicomputer 

format. Minor alterations were also made in the input/ output config

urations. In addition, for the purposes of this modeling study, SWIFT 

III was modified with the assistance of John Pietz of IT Corporation for 

implementation on a 32 bit (64 bit double precision) Macintosh II micro

computer. Code performance after implementation on the Macintosh II was 

checked against results from the unmodified code using sample problems 

from Ward et al. (1984). Results showed virtually no differences in 

solutions to problems. 



24 

In addition to simulating deepwell injection of hazardous wastes, the 

SWIFT code has been used in the following applications (Reeves et al., 

• Nuclear waste isolation in both fractured and porous media 

• Contaminant migration 

• Ground-water recovery and contaminant containment design 

• Solution mining 

• Brine waste disposal 

• Salt water intrusion 

• Heat storage in aquifers 

• Pumping test analyses 

SWIFT III solves the partial differential equations of ground-water flow 

and solute transport by the finite difference method. The fluid mass 

balance equation 

1986): 

- v •  (pu) 
convection 

- Q 

Sink/source 
3 (np) 
a t  

accumulation 

and the solute mass balance equation: 

-V •[ (pCu) + V «(pDxx • VC) - C Q 

convection dispersion/ injected 
diffusion brine 

d (npC) 
a t  

accumlation 
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where: 

u = Darcy flux vector (ft/day) 

p = Density (lbs/ft^) 

Dvv = Dispersion tensor, and 
XX 

C = Solute concentration 

are strongly coupled via the density term. The fluid mass balance equa

tion is discretized in time and space as follows: 

Rw = 6 (VpP)/At 

The solute mass balance equation is discretized in a similar manner: 

Rc = 5 (VpPC)/At 

where: 

Rx = Load-vector terms used in numerical analysis of 
primary and radionuclide equations in a particular 
grid block for fluid (X = W) or brine (X = C), and 

V = Pore volume (ft^) 
r 

Minor trace components not affecting density are accounted for by 

separate solute transport equations. SWIFT III is also capable of 

modeling coupled heat and mass transport, in addition to simulating dual 

porosity for fracture modeling. However, these aspects of the code were 

not needed for the current problem. The code is written in FORTRAN 77, 

and is approximately 24,000 lines in length. The code accepts problems 

in one, two or three dimensions in either Cartesian or radial coordi

nates. Matrix equations are solved using either a modified Gaussian 

routine or a LSOR (line successive overrelaxation) routine. The code 



26 

output is available for several variable distributions including velo

city distributions, concentration and density profiles, and hydraulic 

head distributions. 

Ward et al. (1984) documents the verification and field comparison of 

SWIFT against eleven analytical and field problems. These problems were 

selected to exploit a wide range of SWIFT's attributes including 

deepwell injection and variable density flow. SWIFT II, the progenitor 

of SWIFT III, has recently been evaluated for compliance with official 

NRC (Nuclear Regulatory Commission) verification/validation QA 

standards. 
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3.0 FIELD SITE 

The two injection wells being modeled have been licensed and designated 

by the Texas Water Commission as WDW-91 and WDW-196. They are owned and 

operated by a petrochemical processor located in the Galveston Bay 

region of southeast Texas. The processor is a primary producer of 

several intermediate chemicals used in the plastics industry. The 

elevation of the site is approximately ten feet above sea level. 

The owner-operator, hereafter referred to as operator, has had a permit 

for the disposal of aqueous wastes through the operation of Class I deep 

injection wells since 1971. This option is currently exercised through 

the use of two wells, WDW-91 and WDW-196, which are united at the sur

face by common piping. Both wells have annuli which are filled with a 

corrosion inhibitor fluid, maintained at a positive pressure at least 

100 psi greater than the injection pressure. Instrumentation monitors 

the pressure differential constantly to detect well malfunctions. Other 

instruments continuously measure injection tubing pressure, injection 

flow rate, injection volumes, injection fluid temperature, and injection 

fluid pH. 

The operator generates a variety of waste liquids due to its manufac

turing activities. All wastes are aqueous. Of these, some go through 

conventional biological (sewage) treatment. The rest undergo pretreat-
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ment prior to injection. A partial list of these processes include 

temperature adjustment, pH adjustment, and removal of suspended 

solids. Formation cores from the initial well drilling have been tested 

for compatibility with the waste injection fluids. 

Waste stream properties have varied from year to year owing to manufac

turing process changes. On average, the pH has been near neutral and 

the TDS have measured close to 50,000 ppm, within a flow rate just under 

600 gpm. 

The first well, WDW-91, was built in 1975. It was drilled in at an 

angle and is screened from a tubing length of 6,805 to 7,060 feet. It 

began operations in 1977. The second well, WDW-196, was built in 1981 

and is screened from a depth of 6,545 to 7,069 feet below land sur

face. It is separated from WDW-91 by a distance of 900 feet and has 

been in operation since 1982. Table 3.1 summarizes the annual average 

injection rate history for the two wells. Figure 3.1 shows a schematic 

of injection well WDW-196. Injection well WDW-91 has only minor 

variations from this design. 
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TABLE 3.1 

AVERAGE ANNUAL INJECTION RATES (GPM)* 

YEAR WDW-91 WDW-196 

1977 530 

1978 560 

1979 560 

1980 572 

1981 599 

1982 438 201 

1983 198 460 

1984 403 339 

1985 168 345 

1986 151 290 

1987 215 255 

*Rates overestimated intentionally to be conservative. Example: If a well 
was only in operation for 6 months, the avg. rate for that period was 
assigned for the entire year. 



• 20 in Drive Pipe 
to 102 ft 

• 17-1/2 In Borehole 

•G.L. 

• Cement (1,230 sx) 

I J 3-3/8 in Surface Casing 
to 1,655 ft 

• 7 i n. Star Fi berglass i njection Tubi ng 
to 6,538 ft 

• Cement (1,675 sx) 

12-1/4in 
Borehole 

6-5/8in Screen 
6,545 ft - 7,069 ft 

Wire Wrapped Screen 
Openings: 
6,639 ft - 7,069 ft 

Inconel Injection Packer 
6,540 ft 

9-5/8in Protection Casing to 
6,598 ft 

20\40 Gravel Pack Sand ( 620 cu ft) 

Underreemed to 16 in 

-7,069 ft-TD 

Note: All measurements from K. B., 
13.5 ft above G.L. 

Figure 3.1 Current Well Schematic of WDW-196 



31 

4.0 GEOLOGICAL SETTING 

4.1 Regional Geology 

All of the geologic units from the injection zone to the surface are of 

tertiary age or younger. The units as a rule are poorly indurated and 

generally dip to the southeast. The regional geologic system is 

discussed here in terms of depositional history, stratigraphy, and 

structure, with a primary emphasis on the units encompassing the 

injection zone. 

Deposition of sediments throughout the Cenozoic Era (Table 4.1) in the 

Texas Gulf Coast region has been largely controlled by alternating 

coastal advancement and retreat (i.e., marine regression and trans

gression) and deltaic sediment deposition which has produced thick, 

laterally extensive, alternating layers of sand and shale (Spradlin, 

1980). 

Fluvial-dominated sedimentation shifted, over a period of several 

million years, from the Oligocene Epoch to the present, from the Houston 

Embayment in southeast Texas to the Mississippi Embayment in southern 

Louisiana. This has generated a broad pattern of extensive shale beds 

transected by sand channels oriented parallel to the dip (perpendicular 

to the coastline). Generally, these sand lenses are thin and discontin

uous . 
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TABLE 4.1 
RELATIVE GEOLOGIC TIME TABLE 

RELATIVE GEOLOGIC TIME ATOMIC 
TIME 

(Millions 
of Years) 

ERA PERIOD EPOCH 

Quaternary 

Holocene 

Pleistocene 2-3 

CENOZOIC 

Pliocene 12 

Tertiary 

Miocene 

Oligocene 

Eocene 

Paleocene 

26 

37-38 

53-54 

65 
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The third main depositional system associated with this era and region 

is that of the strandplain-barrier bar. This system is characterized by 

relatively thin alternating layers of sands and shales (Boyd and Dyer, 

1964). The two injection wells are completed in this type of deposit. 

Figure 4.1 (IT Corporation, 1988) shows key features of the depositional 

history of the study area. The marine shale unit shown just below the 

injection interval (flnahuac Shale) was deposited during a period of 

marine transgression. This unit is overlain by a limited fluvial 

deposit known as the Upper Catahoula Formation. The injection interval 

is contained within the Oakville Formation, the sand rich core of a 

shore zone depositional system. A subsequent, brief period of coastal 

regression produced the overlying Marginulina Ascensionensis Shale 

Formation. This was followed by a period of marine regression in which 

the Lagarto Formation, a unit consisting of thick mudstones and 

sandstones, was deposited. 

Stratigraphic features of the Northern Gulf Coast region are summarized 

in Table 4.2 (IT Corporation, 1988). Black triangles represent shale 

units that pinch out before they reach the land surface. As described 

earlier, the stratigraphy reflects a history of alternating coastal 

regression and transgression. The hydrologic units of interest are the 

Burkeville Confining System, the Jasper Aquifer, and the Catahoula 

Confining System. The two confining systems are shale rich units 

corresponding to the Lagarto and Catahoula Formations, respectively. 
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TABLE i».2 

STRATIGRAPHIC UNITS IN THE NORTHERN GULF COAST REGION 

SYSTEM SERIES LITHOSTRATIGRAPHIC UNIT BENTHONIC FORAM- HYDROLOGIC UNITS 
Outcrop Subsurface INIFERA MARKERS 

RECENT Undiffentiated alluvium 

Chicot Aquifer 
QUATERNARY PLEISTOCENE Beaumont Formation 

Atta Lx>ma Sand 
PLIOCENE 

L 
A Upper Miocene Evangeline Aquifer 
T Goliad 
E Formation 
M Middle Miocene 

MOCENE 1 Bigenerina humblei 
TERTIARY D Amphisteqina B. shale _ _ Amphistegina B. 

E Lagarto Formation 
_ _ Amphistegina B. 

Burkeville Confining 
A Fleming Robulus chambersi System 
R Group M. ascensionensis shale -M. ascensionensis 

System 

L Oakville Formation ___ Siphonina davisi 
Y Discorbis gravelli Jasper Aquifer 

Anahuac shale^^^^H Bolivina perca 
Jasper Aquifer 

L Upper Frio Heterostegina sp. N. 
A Catahoula \ Marginulina ideomorpha 

cuGOcegE T Formation Middle Frio \ Marginulina vaginata X. 

E \ Marginulina howei Catahoula 
Lower Frio 

\ Marginulina howei 
Confining System 
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The wells inject into the saline Jasper aquifer.t 

Generally, the Cenozoic stratigraphic units dip from the northwest to 

the southeast at an angle slightly greater than that of the topographic 

slope. Furthermore, the units are, as a rule, laterally continuous in 

the strike direction, southwest to northeast, but are occasionally 

disrupted by growth faults in the dip direction. These growth faults 

and gulfward slumping are attributable to differential compaction and 

abrupt changes in sediment loading corresponding with facies changes. 

They are usually steep and their throw generally increases with depth. 

Salt diapirs represent another major class of structure. They originate 

from an underlying Jurassic age bed of relatively low density evapor-

ites. Subsequent loading of higher density sediments has resulted in 

buoyancy forces which drive the salt upward. These masses of salt 

commonly take the forms of columns, ridges, or domes. 

4.2 Local Geology 

The local geology reflects the trends and features of the regional 

geology. Wo salt diapirs have been found but several faults have been 

identified. This discussion will focus on the stratigraphy and 

structural elements of the local area encompassing the injection zone. 

For this modeling study, the region has been defined as a circle of 

radius 40,000 feet, centered at the injection well facility. 
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Figures 4.2 and 4.3 summarize the stratigraphy of the three principal 

units in the strike and dip directions respectively. The lower 

confining unit is represented by the Anahuac Shale, an extensive, 

deltaic deposited mud. Depths from land surface to the top of the 

shale range from 6,700 feet updip to 8,000 feet downdip, within the 

modeling study area. The unit gradually thickens from 2,600 feet in the 

northwest to 4,000 feet in the southeast. The unit almost entirely 

consists of shale. The Anahuac pinches out somewhat beyond the updip 

boundary. The lower confining unit there is represented by the upper 

Catahoula Formation, another low permeability unit. For purposes of 

simplicity, this change is not represented in the model. 

The Anahuac Shale is conformably overlain by the Oakville unit, which is 

also the injection zone. The Oakville unit was likely a series of 

ancient beaches (or an "interdeltaic area"), characterized by extensive 

continuity in the strike direction but probably discontinuous in the up-

and downdip directions due to growth faults and (or) facies changes. 

Within the study area, the top of the Oakville unit occurs at depths 

ranging from 5,400 feet updip to 6,500 feet downdip. The corresponding 

thickness ranges from 1,300 feet to 1,500 feet. The unit is represented 

by alternating sequences of sand and shale. Sand layers comprise about 

500 feet of the injection interval. 
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The Lagarto Formation conformably overlies the Oakville unit. The 

aggradational mudstone and sandstone which make up this unit likely 

originated from ancient deltaic conditions. This formation can be 

subdivided into two major intervals; an upper, sandy part and a lower 

shale rich part. Depths to the lower part within the study area range 

from 4,300 feet updip to 5,500 feet downdip, corresponding to a thick

ness ranging from 1,100 feet to 1000 feet. A wedge of Marginulina 

Ascensionensis Shale may lie between the Oakville and the Lagarto near 

the downdip boundary of the study area. For purposes of simplicity, 

this change has been ignored. 

The strike of the three principal units, the Anahuac Shale, the 

Oakville, and the Lagarto, is oriented east-northeast. The dip averages 

150 feet per mile. Four faults have been discovered in the study 

area. No salt diapirs have been identified. 

The fault of primary interest in the modeling effort is the one recently 

discovered through correlation of the two injection wells. The fault 

cuts WDW-91 at a depth of 5,643 feet and WDW-196 at a depth of 6,704 

feet, which is within the injection interval. At this well the Oakville 

is displaced by over 200 feet. 
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5.0 DEEP WELL INJECTION MODEL 

5.1 Data Development 

For the purposes of this study, data were initially defined as either 

realistic or conservative. "Realistic" implied data or parameters that 

were well understood and characterized. For parameters that did not 

fall into this category, a range of reasonable values was ascertained, 

usually through a literature study. It was then determined which end of 

the range would result in the furthest propagation of the plume either 

laterally or vertically, depending on the purpose of the simulation. 

This value was deemed "conservative" and assigned in the model. 

There were still areas where the assignment of realistic or conservative 

values was not fully adequate. For example, hydraulic conductivities 

and regional gradients were parameters that were understood to an inter

mediate degree. These parameters fell into a gray area between the two 

categories. In the desire to be realistic and still accommodate uncer

tainties, sensitivity analyses were performed on parameters such as 

these. The following discussion on data development utilizes this 

criterion. 

The plume of the combined injected fluids from WDW-91 and WDW-196 will 

have a total volume assumed to consist of that known fluid injected to 

date and a projected injection volume due to the next twenty years of 

activity. The plume was modeled to predict the extent of migration from 
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the point of injection at the wellbores over the 10,000 year study 

period. The model study area is defined as the geographic region which, 

using conservative estimates, would represent the areal extent of the 

injected fluid plume following a period of 10,000 years regardless of 

the radial direction of plume movement. The geological study area for 

the model is described as a "box" whose sides are approximately 40,000 

feet in length, with a thickness of approximately 1500 feet. The box is 

oriented parallel to lines of strike and geologic dip and its center 

coincides with the surface location of well WDW-91. 

The study area was used as the basis to research and obtain the 

available geophysical, geochemical, and hydrological data necessary to 

develop a model. Using well logs of artificial penetrations (i.e., oil 

and gas wells) within the study area, geologic cross-sections and iso-

pach maps were developed. The strike oriented cross-section runs 

generally southwest to northeast. The dip oriented cross-section runs 

generally northwest to southeast. Detailed cross-sections of the injec

tion zone were also prepared and were used to delineate faulting, bed

ding inclination, shale correlation and continuity within the injection 

zone (Figure 5.1). Isopach maps were prepared to provide an understand

ing of the structural geometry of the confining units and the injection 

zone. Since SWIFT III has the capability to emulate sloping aquifers, 

the angle of the dip can be preserved, however, that was unnecessary for 

this particular model. 
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Since there was very little hydraulic data available for the Oakville 

Formation (injection zone) within the area of concern (i.e., pump test 

and drill stem test reports), many parameters such as permeability (k) 

had to be calculated based upon well logs of artificial penetrations and 

existing studies of similar environments. Generally, shale units were 

assigned values of "k" five to seven orders of magnitude lower that 

those "k" values identified for sands. Furthermore, several individual 

sand and clay layers were often consolidated into single grid cells. 

These cells were then assigned mean permeabilities in the horizontal 

direction and harmonic mean permeabilities in the vertical direction. 

These assignments, which follow the methodology outlined in Freeze and 

Cherry (1979), preserve the anisotropic nature of the layered system. 

The lowest permeability assigned was a value of 1 x 10-5 millidarcys for 

shales, which is typical for the Gulf Coast Region (Bryant et al., 

1975). The highest permeability assignments were 1,300 millidarcys for 

some sands. The sand permeabilities were assigned on the basis of whole 

core analysis from the two injection wells. An average porosity of 28 

percent was assigned for all grid cells. Table 5.1 summarizes relevant 

shale permeability and porosity values. In addition, Table 1 on page 13 

of Ward's report (1987) shows values of k for Miocene sands ranging from 

800 to 1200 millidarcys. Permeabilities and porosities fall in the 

"intermediate" category, and as such are candidates for sensitivity 

analyses. 



TABLE 5.1 

SUMMARY OF PUBLI SHED SHALE PERMEABILITY DATA 

MATERIAL DEPTH n k PERMEANT REFERENCE REMARKS 

feet millidarcys 

Gulf coast sediments 

(various locations) 

6562 0.26 

SiIty clay-South Pass 

Mississippi Delta 

6562 0.26 

1.62E-04 

E-05 

351 Seawater Bryant et a I, 

1975 

Not stated Bryant et al, 

1981 

Lab Consolidation Test 

performed on loose 

sediment. Depth of 

burial simulated by 

varying conf inin,g 

pressure on sample. 

Lab Consolidation Test 

Porosity of 26t used 

from Bryant et a I 

1975, which is equiva

lent to a burial depth 

of 6562 feet. 

Marine Sediment 

DSDP Leg 40 

Shale, Orange Co. 

Texas 

6562 

6041 

6562 

0.26 

0.25 

E-05 

3.74E-02 

5.34E-02 

0.25 E-04,E-05 

Not stated 

.2N NaCI solution 

None used 

Bryant et al. 

1981 

URM Technical 

Report, 1986 

Borst, 1983 

Lab Consolidation. 

See remarks above. 

Flex wall permeanieter 

used. Cores tested in 

a dried out expanded 

state. Thus, reported 

permeabilities thought 

to be high. Theoret

ical study based on 

the relationship of 

permeabiIity to other 

pore parameters (por

osity, pore surface 

area, mean pore size) 

and depth of burial 

and age. 



TABLE 5.) 

SUMMARY OF PUBLISHED SHALE PERMEABILITY DATA 

MATERIAL DEPTH 

feet millidarcys 

PERMEANT REFERENCE REMARKS 

Catahoula shale. Live Oak Outcrop 

Co. Texas (01igocene) 

Shale samples: 

1. Colorado Co. Texas 9057 

2. Neves Field Montana 7067 

3. Hdvenweep Field Utah 5880 

4. Stockholm Field OK 4155 

3.33E-03 

4E-04 

6E-04 

7E-06 

8E-04 

High density 

deIonized water 

,2N NaCI solution 

,02N NaCI solution 

.2N NaCI solution 

.2N NaCI solution 

Sanks et a I. 

1975 

Gondouin and 

Seal a, 1958 

Reported permeabili

ties are probably 

higher than the equiv

alent shales in the 

subsurface (see text 

for discussion) 

Shale permeabilities 

measured as part of a 

study on the electro

chemical properties of 

shale. 

Eau Claire Shale 1790-

2050 

.01-

0.15 

<E-03 Water Warner and Whole core analysis of 

Syed, 1984 the caprock of gas 

storage reserve. 

Pierre Shale 

(Cretaceous) 

5250 2.99E-06 Not stated Bredehoeft et 

al., 1983 

Lab Consolidation Test 

Depth given is about 

equal to the testing 

confining pressure of 

15,900 kPa. 

Huron Shale, Ohio River 

Valley (Upper Devonian) 

3325 <.001 7.8E-5 Nitrogen gas Soeder, 1986 Shales are commercial 

gas reservoirs in the 

Appalachian Basin. 

Marcel I us Shale, West 

Virginia (Mid Devonian) 

7449 0.09 1.9°10E-2 Nitrogen Gas 

Wyoming bentonite 

Natural shale 

Kdoli n i te 

0.34 4.16E-06 2.5N NaCI solution 

0.24 I.35E-E5 121N NaCI solution 

0.23 002N NaCI solution 

McKelvey and 

Milne, 1962 

01 sen, 1966 CT> 
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Natural regional gradients of deep saline aquifers in the coa,stal Gulf 

of Mexico were ascertained during the study to be most likely gulf-

ward. The saline waters of the Oakville Formation were calculated to 

move laterally between 1 and 1.6 feet per year. Some studies concluded 

that many regional deep saline aquifers in the Gulf Coast were somewhat 

stagnant due to isolation within extremely large fault blocks having low 

transmissive or "sealing" boundaries. Other very preliminary studies 

have shown extensive cones of influence due to pumping and injection 

activities (Krietler, 1987). Some sensitivity analysis was performed on 

this parameter. 

Table 5.2 summarizes the simulated injection rates for both wells. WDW-

91 is turned on at time = 0 and injects fluid at a rate of 560 gallons 

per minute. After five years of continuous injection, WDW-196, which is 

900 feet downdip from WDW-91, starts up at an injection rate of 320 gal

lons per minute. WDW-91 continues injection at this time, but at a 

lower rate of 265 gallons per minute. These rates are based on average 

rates computed from injection records for the past 10 years, and can 

therefore be considered "realistic". After 11 years from the start, the 

injection rate for both wells is increased to 500 gpm per well. This is 

based on the maximum permitted annual injection volume. After 30 years 

from the start, WDW-91 is shut off. WDW-196 is shut off 35 years from 

the start. 
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SWIFT III is capable of simulating the movement of only one contaminant 

at a time. In the interest of efficiency, it was decided to model a 

composite contaminant. This species represented a composite of the most 

conservative characteristics of the waste stream. The average value of 

total dissolved solids for the waste has been determined to be approxi

mately 50,000 ppm from previous analysis (IT Corp., 1988). Some of the 

waste components had small sorption coefficients and were hence not 

easily adsorbed by the geologic media. Other components had larger 

sorption coefficients. The composite waste stream was assumed to not 

adsorb or react with the geologic media. Based upon the then-current 

interpretation of the pertinent regulations, a six-orders-of-magnitude 

decrease in strength of the composite solute was selected as the lower 

limit of detectability. This corresponds to a value of 0.05 ppm. 

The density of the waste stream fluid averaged 64 pounds per cubic 

foot. This value was derived using a specific gravity of 1.025 for the 

waste stream (IT Corp., 1988). The specific gravity of the formation 

fluid has been measured at 1.095. This results in a density of 68.3 

pounds per cubic foot. The variable density feature of SWIFT III was 

utilized here, but only in a sensitivity run. Variable density runs 

took approximately twice as long as runs without variable density and 

preliminary runs indicated that the buoyancy effect would be minimal. 

Therefore both waste and formation fluids were given densities of 68.3 

pounds per cubic foot. As discussed later in the discussion of results, 

this preliminary assessment was borne out in the sensitivity run. 
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The value of molecular diffusivity was assigned on the basis of 

literature review. Freeze and Cherry (1979) report a range of molecular 

diffusivity of 1 x 10"^ to 1 x 10"^ square meters/second (1 x 10"^ 

to 1 x 10~10 square feet per second). For these simulations, a base 

case value of 5 x 10"^ square meters per second (5 x 10" square feet 

per second) was used. This value is conservative given the ion exchange 

capability of the aluminum oxide lattices present in the shales, and the 

sorption capacity of the residual carbon. The higher temperatures (150 

degrees Fahrenheit) will probably increase the diffusivity in proportion 

to the temperature ratio in degrees Kelvin. However, this increase 

would not be significant. The porosity used in the model was .28. This 

value would be high for shales at depth, however (Pettijohn, 1975 and 

Clark, 1967). Because effective molecular diffusivity, which includes 

the effects of the porous media, is proportional to porosity, the 

molecular diffusivity associated with deep shales should be lower than 

that of shales buried at shallower depths. Because the influence of 

porosity on the storativity is small, lower porosity in the shales will 

primarily affect the result through a lower molecular diffusivity. The 

high electrolytic strength of the native brine can also reduce the 

diffusivity (Reid et al., 1987) for dissociated or charged components in 

the waste. 

The decrease in diffusivity caused by the high ionic strength brines 

tends to offset the increase in diffusivity caused by the increase in 

temperature. These considerations suggest that this assignment of 
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1 1 molecular diffusivity is a valid value. Values close to 1 x 10 are 

probably more realistic. The degree of understanding for this parameter 

is such that it falls under the conservative category. However, the 

model is probably more sensitive to this parameter than any other. 

For the assignment of dispersivities, recent evidence summarized by 

Burnett and Frind (1987) has indicated that relative vertical transverse 

dispersivities are much lower than widely assumed in the past for simi

lar systems. Their study, which addressed the dispersive properties of 

an unstratified sand, utilized a vertical transverse dispersivity value 

of 0.03 feet. For the case of the current model, the layering of sands 

with shales results in a vertical transverse macrodispersivity that is 

likely to be far lower than that value. Because of the numerical re

strictions of the model, however, it was not possible to use a value of 

vertical dispersivity even as low as unstratified sand. A value of 2.5 

feet served as the base case value for vertical dispersivity. Horizon

tal, longitudinal dispersivities for stratified media have been measured 

in the field at values ranging from 0.002 to 8.1 feet (Lake, 1981). 

This model used a base case value for that parameter of 30 feet. This 

is approximately equal to the value assigned in Frind's paper. As cited 

there, it is larger than the outside "range of asymptotic microdisper-

sion values predicted for stratified aquifers" (p. 698). Lake's 

discussion of measurements of dispersivities for multilayered media 

showed the ratio of transverse to longitudinal dispersivity to be 

approximately 1/30. The ratio for this model is approximately 1/12. 
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The higher the dispersivity, the farther a plume front will advance over 

time. The dispersivity assigned for the vertical direction was clearly 

higher than established values. Therefore this assignment is considered 

conservative. Although the dispersivity assigned for the horizontal 

direction was also higher than established values, the magnitude of that 

difference was not as great as for the vertical case. Sensitivity 

analysis was conducted on that parameter, using values of dispersivity 

equal to thirty feet and 200 feet. 

At a depth of 6,686 feet below sea level, the bottom hole pressure at 

WDW-91 during well completion was measured at 3,247 psig. This pressure 

was assigned as an initial condition for the model at the same depth. 

The model then used this information in conjunction with the assigned 

regional ground-water velocity and the grid block elevations to generate 

an initial pressure for every grid block in the model. These assign

ments may be considered realistic. 

Due to lack of sufficient data and uncertainty as to whether the faults 

within the area of review are barriers to flow or merely discontinuities 

in stratigraphy, the modeling effort simulated both cases. For the case 

of barriers, the grid cells which stairstep along the fault plane were 

assigned a permeability of 1 x 10-4 millidarcys, the same as that of the 

tightest shale. For the case of discontinuities, the grid cells were 

assigned permeabilities in the manner previously discussed in this 

section. There are two faults within the model study area. The only 
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.one explicitly modeled is the one which transects the screened portion 

of injection well WDW-196, hereafter referred to as fault #1. The 

second fault, //2, is located approximately 4,000 feet downdip from fault 

# 1 .  

All of this information was incorporated into a template, which was used 

as a foundation for the construction of a "grid block" system to convert 

the geological geometry and representative data fields to an acceptable 

form. The individual sand and shale strata in the strike direction 

showed good continuity. Furthermore, the two wells lie along a line 

roughly parallel to the dip of these geologic units. Because of these 

two orientation features, the flow regime on one side of that line 

should be essentially identical to the flow regime on the other side. 

This effect is known as "bilateral symmetry" and was exploited by using 

the models to simulate one side of the line only. Thus, the required 

amount of model grid blocks to simulate geological and hydrological 

conditions of the study area was reduced by fifty percent. A summary of 

selected input parameter values is included in Table 5.3. A complete 

input listing is presented in the appendix. 

5.2 Simulator Criteria and Model Geometry 

A finite difference simulator such as SWIFT III simulates a real system 

by mimicking the geometry and applying mathematical equations that 

represent the physical forces involved. In order to solve problems 
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TABLE 5.3 

SUMMARY OF SELECTED INPUT DATA 

Parameter Value 

sand permeability 50-1300 md 

shale permeability 1.0 e-5 md 

porosity .28 

longitudinal dispersivity 30 ft. 

transverse dispersivity 2.5 ft. 

molecular diffusivity 4.65e-5 ft.^/day 

density of reservoir fluid 68.3 lbs./ft.^ 

viscosity of reservoir fluid 0.5 cp at 150.0 
degrees(F) 

compressibility of reservoir fluid 3.3 e-6 /psi 

density of injection fluid 68.3 lbs./ft.^ 

viscosity of injection fluid 0.5 cp at 150.0 
degrees(F) 

compressibility of pore structure 3.3 e-6 /psi 

rock density 120 lbs./ft.3 

reference elevation 6,686 feet b.s.l. 

initial pressure at reference elevation 3,247 p.s.i. 

concentration of injected solute 50,000 ppm 
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involving complex geometries or processes, the model must subdivide the 

problem into smaller units. This process of subdividing is commonly 

termed "discretization." The geometrical region of interest is subdi

vided into "modules" or "grid cells." The physical process that occurs 

through time is subdivided into increments called time steps. For a 

viable simulation, the space and time discretizations are subject to 

certain constraints. 

These constraints limit the size of each grid cell and affect the number 

of iterations the computer takes during the solution process. Limi

tations on grid cell sizes imply that cells must be smaller than 

normally desired and thus more are required to map a certain region. 

The more cells required, the more Random Access Memory (RAM) a computer 

will need to solve the problem. Limitations on time step sizes imply 

that a computer will be required to make more iterations than normally 

desired to solve a problem. The more iterations needed, the longer the 

process required. If not properly planned, a simulation can be 

prohibitively long, or require more memory than is available in the 

computer RAM. 

The most limiting of the spatial constraints is the grid Peclet number, 

defined as follows: 

Vx AX 
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where: 

Ax = Grid cell width, length, or height 

This number represents the relative importance of advection versus 

dispersion on the scale of a single grid cell (Kinzelbach, 1987). As a 

rule of thumb, the Peclet number should be less than or equal to one. 

When transverse dispersion is small relative to longitudinal dispersion, 

then some simplifying assumptions may be made. These assumptions yield 

a condition that the grid size should be no longer than the disper-

sivity. Therefore, a realistic estimate of the regional dispersivity is 

key to the creation of an efficient grid spacing. In field situations, 

for sandy aquifers, a dispersivity value of 30 feet is considered con

servative. This normally would translate into a maximum grid spacing of 

about the same length. However, the Peclet number is actually only a 

guideline. Larger grid spacings might be used without causing numerical 

dispersion. The limit of these grid spacing dimensions is convention

ally determined through a process of trial and error. In the three-

dimensional model, grid cells as wide as 300 feet were successfully 

utilized without any numerical problems. 

Another constraint, the Courant time stepping criterion, specifies that 

the distance a particle can be expected to travel in a single time step 

does not exceed the length of the grid cell through which the particle 
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is passing (Kinzelbach, 1987). This condition clearly limits the 

maximum time step. 

Due to these practical limitations, it was not possible to build a 

single model grid large enough to allow examination of vertical and 

lateral plume movement for the entire 10,000 year period. To do so and 

abide by the above criteria would have required over 100,000 grid cells. 

This was well beyond the RAM capabilities of most mainframe and all 

desktop computers, including the Mac II used in the exercise. 

Fortunately for this exercise, a realistic model was not an end in 

itself. As stated in the introduction, if realistic simulations were 

not feasible, then simplifying assumptions were to be utilized. Towards 

this end a specific approach was taken for the modeling effort. Two 

models were developed to conservatively delineate the vertical and 

lateral extent of the injection fluid (Figure 5.2). The first model, 

using the SWIFT III simulator, was fully three dimensional and focused 

on vertical migration near the area around the two wells. The second 

model, which was two-dimensional, was used to predict the maximum likely 

lateral extent of plume movement. It consisted of two submodels. The 

first submodel was a numerical simulation, using SWIFT III, of the 

pumping period only. The second submodel was an analytical simulation 

of the 10,000 year period following pumping. 
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5.2.1 Three-Dimensional Model 

The purpose of the three-dimensional model was to investigate the maxi

mum potential vertical migration of contaminants for the pumping period 

and an additional 10,000 years. It had 6,476 nodes; 32 in the x direc

tion, 7 in the y direction, and 29 in the z (vertical) direction. The 

model covered a volume 3,600 feet long by 1,350 feet wide by 1,525 feet 

high and included both wells. The average z spacing was 50 feet and the 

average x spacing was 50 feet, with some cells as much as 200 feet long 

near the right-hand border. The y spacing varied from 25 feet near the 

wells to 300 feet near the rear border (Figure 5.3). The increased 

vertical resolution of this model accomplished the two-fold purpose of a 

detailed look at both the stratigraphy and the fault that bisects the 

screened portion of injection well WDW-196. The tradeoff for this grid 

was that the lateral extent was severely limited, and thus only a 

fraction of the actual horizontal extent of the solute plume was 

covered. 

Conventional model boundary conditions, such as constant head, constant 

flux, or head dependent flux, would have been difficult to justifiably 

apply for a small system such as this. Since the model simulated two 

different wells turning on and shutting off at different intervals, the 

pressure and flux distribution in the area associated with the model 

boundaries would not remain constant with time, especially since the 

boundaries were so close to the wells., However, there was another 
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boundary condition option available on the SWIFT III code that 

circumvented this constraint. 

Van Everdingen and Hurst (1949) developed analytical equations and 

dimensionless tables showing the relationships between pressure, flux, 

and radius for circular reservoirs having wells at their centers. These 

reservoirs represent a region of interest to the investigator but are 

effectively subunits at the center of much larger circular aquifers of 

finite or infinite extent. 

By application of the principal of superposition to the Van Everdingen 

and Hurst solutions, one may obtain the regional pressure distribution 

at any point in time due to any well configuration and/or pumping rates 

(the same could be done using the Theis equation). One could then 

explicitly determine the pressures along any predefined boundary at any 

time. Carter and Tracy (1960) derived a methodology along these lines 

with the limitation that the boundary be circular. Furthermore, their 

technique involved approximating the time variation of pressure along 

the boundary in a piece-wise linear manner. 

This discretization coincides with the discrete time steps employed in a 

typical numerical analysis. Therefore, this "Carter-Tracy" boundary 

condition is a suitable tool for the numerical analysis of problems such 

as this, where wells inject fluid into vast aquifers of constant 

thickness, but injection rates vary with time and only the immediate 
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locale about the wells may be of interest. Because the method was 

developed for circular regions and the three-dimensional model described 

here comprised a rectangular region, the circular reservoir had to be 

represented by a rectangular model grid. Thus the more square the model 

grid was, the better the approximation. Because of the employment of 

bilateral symmetry in this investigation, the ideal grid area would be 

that of a rectangle whose sides have a length ratio of 2 to 1 (half of a 

square). The three-dimensional model grid had the ratio of 2.6 to 1. 

The methodology employs the assumptions of isotropic homogeneous 

aquifers of constant thickness with wells screened throughout their 

depth. 

5.2.2 Lateral Model 

Splitting the lateral model up into two submodels was done in response 

to several concerns, but mainly arose from a desire to use the tool most 

appropriate for each task. The entire simulation period can be regarded 

as consisting of two major phases; the injection phase and the post-

injection phase. The first phase is punctuated by frequent changes in 

injection rates and the shutting off and turning on of wells. Compared 

to the subsequent 10,000 year period, the area covered by the plume at 

the end of injection is still relatively small. The second phase is 

characterized by the basic processes of plume dispersion and ground

water flow in response to a regional gradient only (no radial flow). 
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Because this model concerns lateral flow only, and the aquifer is 

considered homogeneous, isotropic, and of constant thickness, there is 

no single aspect of either phase that couldn't be simulated using an 

analytical model alone (or a numerical model alone). However, the pro

gram SWIFT III more easily handles the well history associated with the 

first phase than an analytical model would, and an analytical model more 

easily handles the problems of large scale associated with the second 

phase. Therefore the two phases were simulated by a numerical and an 

analytical model, respectively. 

The purpose of the first lateral migration submodel was to investigate 

the areal migration of injection fluids for the 35-year injection period 

plus an additional 10 years following injection. It employed the simu

lator SWIFT III, and had 1334 nodes; 58 in the x direction, 23 in the y 

direction, and 1 in the z direction. The model covered an area 23,650 

feet long by 11,000 feet wide by 268 feet high and included both wells 

(Figure 5.4). This model was large enough to cover the entire lateral 

extent of the plume during the injection period. The model did not 

simulate vertical flow. The same Carter-Tracy boundary conditions are 

employed with this model as the three-dimensional model. Its length 

ratio was 2.15 to 1. 

There are many analytical equations in the literature that will simulate 

the second phase of the problem (a solute plume moving through a con

fined, horizontal isotropic, homogeneous aquifer of constant thickness 
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and infinite lateral extent). One such equation, derived from Baetsle 

(1969) and described in Freeze and Cherry (1979) p. 395, was used for 

this purpose. Its form is: 

C ( X ,  y, z, t) = M - J£L - -z!) 

8(irt)3/2 (DxDyDz)1/2 4Dxt 4Dyt 4Dzt 

where: 

x, y, z = Cartesian coordinate positions 

M = Mass of injection fluid introduced at a point source 

Dx, Dy, = Dispersion coefficient in the x, y, or z direction 

Dz 

X = x - vt 

Y = 

Z = 

For the 10,000-year simulation for lateral movement, the output from the 

first lateral submodel served as input to this analytical solution. The 

analytical solution was then used to track plume movement assuming 

regional flow. The base case value for this regional flow was 1.0 feet 

per year. 
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This solution used a point source and a uniform ground-water flow 

velocity. The superposition principle, along with a mass balance 

requirement, was then used to obtain the final plume location after 

10,000 years. This solution included dispersivity and diffusion. The 

location of the center of mass of the plume was easily given by the 

product of the flow velocity and time. 

All boundary and initial conditions are summarized in Table 5.4. 

5.3 Modeling Approach 

The approach to this modeling effort was dictated partly by the inherent 

geometrical limitations discussed in Section 5.2. The primary intent of 

these models was to simulate the real system as closely as feasible. 

Failing that, a conservative estimate of the vertical and lateral extent 

of injection mass migration over a 10,000-year period was desired. 

Therefore, while every attempt was made to be as realistic as possible, 

several conservative modifications of the real system were justified. 

The first modification was a proposed direction and magnitude for the 

regional ground-water flow. The direction of ground-water flow was 

suggested to be towards the Gulf of Mexico, or southeast, which follows 

the dip. The maximum value of ground-water velocity was suggested to be 

1.6 feet per year (IT Corp., 1988). Since a line drawn between the two 

injection wells would be nearly colinear with the geologic dip and the 
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TABLE 5.4 

BOUNDARY AND INITIAL CONDITIONS FOR MODELS 
(These descriptions apply to Figures 5.3 and 5.4) 

MODEL TYPE BOUNDARY CONDITIONS 

Three-Dimensional 
Numerical 

Impermeable on top and bottom sides. 
Carter - Tracy on left, back, and right sides. 
Impermeable on front (southwest) side, which is 
the plane of symmetry. 

Two-Dimensional 
Numerical 

Impermeable on top and bottom sides. 
Carter - Tracy on left, back, and right sides. 
Impermeable on front (southwest) side, which is 
the plane of symmetry. 

Two-Dimensional 
Analytical 

Infinite aquifer; no lateral boundaries 
(implicitly). 

MODEL TYPE INITIAL CONDITIONS 

Three-Dimensional 
Numerical 

Wells off. 
Constant hydraulic head distribution through
out. Zero solute concentration at all cells. 

Two-Dimensional 
Numerical 

Wells off. 
Constant hydraulic head distribution through
out. Zero solute concentration at all cells. 

Two-Dimensional 
Analytical 

Wells off. 
Regional ground-water velocity of either 1 or 
1.6 feet per year. The final concentration 
distribution from the two-dimensional numerical 
model is input to this model as an initial 
concentration distribution. 
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direction of ground-water flow, and since the stratigraphy in the strike 

direction is highly uniform, additional modifications could be under

taken, namely exploitation of the principle of bilateral symmetry. 

Figure 5.2 shows the two numerical model grids and their orientations 

relative to the proposed regional ground-water flow direction. The 

dotted lines represent the mirror images of the two grids. What goes on 

in the two model areas is "mirrored" within the dotted lines. Therefore 

it is only necessary to simulate one side of the system. This is done 

in the case of the two numerical simulations by setting the two wells 

alongside of one boundary and assigning that side an "impermeable" 

boundary condition (the simulator SWIFT III assigns an impermeable boun

dary condition to any boundary plane by default, in absence of any 

explicit assignments). The wells were assigned injection rates equal to 

half of the actual rates, since only half of the system was modeled. 

The use of more than one numerical model represents the second 

modification. The numerical constraints prevented the use of a single 

model to simulate the injection and subsequent 10,000-year period for 

both vertical and lateral migration. As a consequence, two numerical 

models and one analytical model were utilized. 

The three-dimensional model (Figure 5.3), was designed to focus on the 

vertical migration of injection constituents over the total time 

frame. It incorporated a high degree of vertical resolution. The 
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conservative foundation that this focused model rests on is the fact 

that the strongest vertical driving force for injection fluid migration 

exists at the region immediately surrounding the two injection wells. 

This would be true generally, but is particularly important for this 

case because of the fault that bisects the screened portion of injection 

well WDW-196. This model simulated two cases. The first case con

sidered the fault as merely a discontinuity between stratigraphic 

units. If the fault is truly a discontinuity, then waste might conceiv

ably work its way upward along the fault by a tortuous path via juxta

posed sands. This represented the worst-case simulation. The second 

case simulated the fault as a barrier, having vertical and horizontal 

permeabilities equal to that of the local shales. Figure 5.5 shows the 

assignments of permeability types for each grid cell in the model for 

the first case. These can be compared to the geologic dip cross section 

shown in Figure 5.1. The assignment of a Carter-Tracy infinite aquifer 

type boundary condition allowed the setting of lateral model boundaries 

very close to the wells. Because of this, some injection fluid moved 

horizontally beyond the zone being modeled. However, this was of no 

consequence, as the purpose of this model was to examine vertical 

migration only. 

No regional gradient or geologic dip was assigned to this model. The 

local nature of this model and the absence of a regional gradient made 

assignment of a geologic dip unnecessary. The three dimensional model 



WDW-91 WDW-196 

C O L U M N  N U M B E R  

1 2 3  4  5  7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 32 
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assumed no regional flow gradient over the 10,000 year period. Modeling 

the system without a regional gradient is an important feature of the 

conservative scenario. When a regional ground-water velocity of one 

foot per year is assigned, the bulk of the injection fluid will move far 

away from the wellbore (and the fault) before 10,000 years has passed. 

By constraining (through the lack of a horizontal hydraulic gradient) 

much of the injection fluid mass to remain within the confines of the 

model grid, a different type of gradient was maximized, namely the 

concentration gradient. Molecular diffusion is a transport mechanism 

which is driven by concentration gradients. In the absence of 

significant advection, molecular diffusion emerges as the dominant mode 

of contaminant migration. Although molecular diffusion proceeds 

regardless of advection, the current model configuration creates 

conditions that maximize this process. Even if the model grid were 

large enough to encompass the plume movement for the entire 10,000 year 

period, the dispersion resulting from the movement would laterally 

attenuate the plume far more than if there had been no movement. This 

attenuation would reduce the magnitude of the vertical concentration 

gradient, thereby limiting vertical contaminant migration via molecular 

diffusion. 

The lateral migration model was designed to determine the maximum areal 

extent of injection fluid migration during the injection period. The 

model grid covered a large area but consisted of only a single layer, 
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268 feet thick. This represented the average net thickness of sands in 

the injection intervals. The grid is oriented as shown in Figure 5.2. 

Other important grid features, such as well locations and grid spacings, 

are shown in Figure 5.4. An important aspect of this model was the use 

of only a single layer. By constraining injection fluid movement to 

lateral flow within a layer no thicker than the original injection zone 

sands, the horizontal extent of migration was maximized. In other 

words, vertical dispersion was disallowed. Permeabilities equal to 

those of the most transmissive sands in the injection interval were 

assigned to the entire model grid. The injection rate history is 

identical to that for the three dimensional model. 

Simulation of the 10,000-year lateral plume movement was accomplished by 

application of an analytical solution which incorporates a constant 

regional velocity, dispersion, and molecular diffusion. The superposi

tion principle was used to obtain the global solution from the local, 

point source solution given in Freeze and Cherry (1979). 

5.4 Calibration 

The process of model calibration typically involves adjusting the model 

input parameters (conductivity, dispersivity, etc.) until the model 

output agrees with the observed data. These observed data may include 

pressure, concentration, or flow rate at a certain observation point. 
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As is often the case with deep well injection sites, very little data 

were available for calibration purposes. This was a contributing factor 

to the approach of modeling 'conservatively'. Nonetheless, where 

applicable, calibration was implemented. The process of adjusting model 

parameters to obtain a good fit to observed data must also be related to 

the sensitivity of the model to those parameters. This sensitivity is 

important because all of the model input parameters are to some degree 

uncertain. 

For the injection wells, the primary calibration data show that the 

injection interval fluid concentrations encountered at the second well 

(WDW-196) during drilling were nearly the same as the concentrations of 

fluid injected into the first well, located 900 feet away. As shown in 

Figures 5.6 and 5.7, both the three-dimensional and lateral numerical 

migration models simulate the arrival of a relatively high concentration 

of injection fluid at WDW-196 by the time WDW-196 was drilled. 

The second calibration feature was a general understanding of the behav

ior of well injection hydraulics, particularly those involving pressure 

differentials due to injection. Unusually high or low pressure differ

entials generated by a model would indicate a poor simulation. As shown 

in Figures 5.8, 5.9, and 5.10, both the three-dimensional and lateral 

numerical migration models simulated injection induced pressure 

differentials of approximately 100 p.s.i., a value that was reasonable 

for the given injection rates and the receiving formations. In October 
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1975, the initial bottom hole pressure of the injection zone was 3,247 

psi at 6,686 feet below land surface. The theoretical pressure was 

calculated to rise to 3347 psi, a difference of 100 psi (Injection 

report, IT Corp., 1987). 

When a good match to observable data occurs, it supports the selection 

of the model input parameters. A reasonable pressure distribution and 

the attainment of concentrations comparable to values observed when the 

second well was completed, do not in themselves justify the selection of 

the parameters because the two observation points do not reflect the 

behavior of the entire system, the scale of which is much larger than 

the local scale at the wells. Nevertheless, a good match to observable 

data using model parameters selected from probable ranges increases the' 

confidence in the final results. 

Injection rates are historically well known, and for the predicted 

period are set at maximum permitted rates. Thus there was no need for 

modification of those parameters. 

The local stratigraphy appears to be adequately understood. Some 

additional runs have been made for variation of stratigraphic para

meters. Two cases, 1) the fault as a barrier, and 2) the fault as a 

laterally transmissive discontinuity, were modeled. An additional run 

addressed concerns raised in previous modeling studies by Ward (1986, 

1987). Ward noted that for conditions such as those at Gulf Coast 
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injection wells, vertical solute transport was mitigated by extreme 

permeability contrasts between bedded units. In other words, any 

contaminant that vertically breached a shale layer was swept away within 

the overlying higher permeability sand layer before it could continue 

upward. The three-dimensional model in this study has overlying cells 

with permeability contrasts equal to seven orders of magnitude. 

Therefore it may be implied that this is not a truly conservative 

simulation. Furthermore, the porosity value of 28 percent, while 

realistic, is not the lowest possible value for shales at that depth. 

Lower porosities generate faster ground-water velocities which in turn 

imply greater transport distances. The final sensitivity run assigned a 

blanket porosity of 21 percent. In addition, the stratigraphy was 

simplified. All shale units were given a permeability value of .0001 

millidarcys. All sand units were given a permeability value of 50 

millidarcys. The resulting permeability contrast was lowered to 

approximately five orders of magnitude. The outcome of this analysis is 

discussed in a later section. 

Preliminary modeling efforts, which had simulation lengths limited to 45 

years, addressed the effects of a range of values of longitudinal and 

transverse dispersivity. Further runs for the total 10,000-year period 

may also be justified. However, the current assignments are believed 

adequate and conservative due to the following two features. First, 

constant dispersivities apply to both sands and shales alike. While a 

dispersivity value of 2.5 feet is probably somewhat high for a sand, it 
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is unreasonably high for a shale. The layered, platelike nature of 

shales implies a near-zero vertical dispersivity (Collins, 1988). 

Second, vertical velocities which can dominate the mechanical dispersion 

term are close to zero throughout the simulation period. Furthermore 

the very fact that the three-dimensional model closely emulates the 

stratigraphy may put into question the use of any non-zero value for 

vertical dispersivity, as suggested by Schwartz (1977). Molecular 

diffusion may also be a candidate for sensitivity analysis, but the 

value used for these models is believed to be conservative, as discussed 

previously. There is another important reason against extensive 

sensitivity analyses on these parameters. 

Commonly, the effects of velocity, molecular diffusion, and dispersivity 

are incorporated into the dispersion term. Collins (1988) has discussed 

how the conventional first-order analytical implementation of the 

dispersion term yields concentration distributions with infinite tails. 

In other words, the solution to the advection-dispersion equation gives 

non-zero values for concentration at any distance from the original 

source. This effect has also been observed in the numerical model 

utilized here. The absurd implication is that contaminants can have 

infinite velocities. More to the point, it creates problems on where to 

"draw the line" for final plume migration extent. Because of this, and 

some relevant ambiguities within the regulatory arena, coupled with the 

use in this model of a composite plume, it was decided that sensitivity 

analyses in this area should be postponed until a consensus was reached 

concerning where a simulated plume actually ends. 
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6.0 DISCUSSION OF RESULTS 

6.1 Plume Fate 

The output from the lateral and three-dimensional transport models is 

discussed in this section. Concentration and pressure outputs were con

toured using the microcomputer plotting package SURFER which utilized an 

inverse distance squared contouring algorithm. Plots were drawn by a 

Nicolet pen plotter and then retraced for presentation purposes. All 

final drawings were compared against the original output data to ensure 

accuracy. 

6.1.1 Three-Dimensional Model Migration Front 

The three-dimensional model simulates the vertical migration of the 

injected fluid for a 10,000-year period. It was constructed to provide 

pertinent output at the 5-, 30-, 45- and 10,000-year time marks. A copy 

of the input file is included in the appendix. 

The three-dimensional model construction, input parameters, and ration

ale are discussed in Section 5. One of the factors which led to the 

construction of this model was a requirement to avoid numerical disper

sion and oscillation problems. For the region of interest, this has 

been achieved. That region is the area immediately surrounding the two 

wells and incorporating the fault. Within this area there is very 



83 

little evidence of any instabilities, oscillations, or unusually high or 

low parameter values throughout the 10,000-year time frame. This holds 

despite the severe tests that this model is subjected to, namely: adja

cent grid cells having permeabilities which differ by over 7 orders of 

magnitude; grid Peclet numbers of 20; and close-in use of the Carter-

Tracy infinite aquifer boundary condition on a highly heterogeneous 

matrix. 

The three-dimensional migration model showed excellent concentration 

mass balance and adequate fluid mass balance, the worst case for fluid 

being a mass balance of .79 at time 10,000 years. This is due to 

excessively large time steps towards the end of the simulation. For the 

entire pumping period and well beyond, the average fluid mass balance is 

greater than .99 per time step. 

The SWIFT III model allows a choice of direct or iterative solution 

methodologies. For the three-dimensional migration run, the line 

successive overrelaxation algorithm was selected with a backward in 

time, backward in space protocol. The convergence criteria was set as 

follows. For pressure, the criterion was 0.05 p.s.i. For concentra

tion, the criterion was 1 x 10-8 ppm. 

The three-dimensional migration model predicts the vertical fate of 

injected fluid for several different scenarios, including the effects of 

variable density and two different geomorphologies for the faults. 
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Before going further, it will be beneficial to review the approach to 

modeling the stratigraphy in order to create a frame of reference for 

viewing the output graphics. 

It has been postulated that Gulf Coast growth faults are either barriers 

to flow (and therefore injection fluid migration) or simply abrupt 

changes in the stratigraphy, with limited smearing of shales and 

sands. If the second case is true, then the injection fluid might con

ceivably work its way up through a "tortuous path", consisting of juxta

posed sands. The injection fluid would spread across a fault boundary 

from one adjacent sand to another, then move vertically upward and cross 

back over to a higher sand unit, circumventing what would normally be a 

continuous, intervening shale. The only continuous barriers would be 

areas where shales on one side of a fault rest against shales on the 

other side. Although rather simplistic, thi.s represents the "worst-

case" scenario and one purpose of the three-dimensional migration model 

was to address this possibility. 

Due to the fact that Fault Mo. 1 cuts the region between the two injec

tion wells, which is the area of highest vertical pressure gradients, it 

is maintained that no other fault areas need be addressed, so long as 

they show the same or greater net thickness of shales adjacent to shales 

on the other side of the fault. 
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The three-dimensional migration model, to the extent possible, was an 

attempt to emulate the stratigraphic discontinuities due to the fault. 

Many sand and shale layers within the model study area were finer than 

the minimum 50 foot grid thickness. As discussed in Section 5.1, the 

affected grid cells were assigned composite permeabilities based on the 

relative thicknesses and permeabilities of the associated sand and shale 

layers. Grid cells which were roughly equal to or less than the asso

ciated sand or shale layer thickness, were assigned either sand or shale 

permeabilities. For the sand case, this is another conservative feature 

of the model, since the many relatively impermeable thin shale layers 

which exist within these sands are ignored. Figure 5.1 shows the mapped 

stratigraphy and Figure 5.5 shows the stratigraphy as simulated by the 

model. The concentration plots, which come from the model stratigraphy, 

are presented as overlays on the mapped stratigraphy. These plots will 

demonstrate among other things, that principal shale and sand layers do 

play an important role in the resulting concentration distribution. 

Figure 5.6 shows the concentration distribution after five years of 

continuous injection in WDW-91. The uppermost contour line (0.05 ppm) 

represents the six-orders-of-magnitude decrease in strength from the 

injection concentration of 50,000 ppm. While most of the injection 

fluid is contained below the shale layer at 6,700 feet below sea level, 

some of it has moved across the fault and up into an overlying unit. 
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Figure 6.1 shows the concentration distribution at 30 years. At this 

point well WDW-91 has just shut down. Well WDW-196 has been operating 

for 25 years. The "tortuous path" allowed for in this model is evident 

here. A substantial amount of injection fluid has moved across the 

fault and back over the initial confining shale. The 0.05 ppm contour 

line has vertically advanced approximately 50 feet in the last 25 

years. Another shale "island" is evident at the central right hand side 

of the plot. The waste has not progressed in the downward direction in 

this time frame. 

Figure 6.2 shows the concentration distribution at 45 years. At this 

point well WDW-91 has been off for ten years and well WDW-196 has been 

off for five years. Wo vertical advancement of the plume is evident. 

The 10,000 ppm contour in the upper finger of the plume has advanced 

laterally approximately 50 feet in the last 15 years. 

Figure 6.3 shows the predicted concentration front at 10,000 years. The 

0.05 ppm contour line has vertically advanced, via molecular diffusion, 

approximately 100 feet since the 45-year time plot. 

6.1.2 Lateral Model Migration Front 

A two-dimensional lateral model was constructed to simulate a composite 

injection interval for the injection and recovery period. This model 

employed the same pumping schedule that was used in the three-
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dimensional model. For the 10,000 year time frame, an analytical 

solution was used to simulate movement under a regional gradient. 

The plume distribution resulting from the lateral numerical model for 

the 45 year pumping/recovery period was contoured. Output from the con 

touring package was then used as input to the analytical solution for 

the 10,000 year transport. The mass of the discretized plume was 

determined, and this served as the mass balance for the superimposed 

analytical solution. 

Following termination of pumping, pressures in the injection interval 

return to pre-pumping levels over a recovery period. The plume of 

injected fluid is then subjected to the small regional flow velocity. 

Over the 10,000 year time frame, the plume will move approximately 

10,000 to 16,000 feet in the direction of flow. These distances result 

from the application of a 1 foot per year and 1.6 foot per year flow 

field, respectively. 

The presence of two faults within the potential flow path may affect the 

areal movement of the plume. Two extremes were identified. If the 

faults are barriers, imposition of a regional gradient will result in a 

flattening of the plume originating from the updip side of Fault 1. 

This can be seen from Figure 5.1 , where the stratigraphy is shown for 

the dip cross-section. From the figure, WDW-91 is completed updip from 

the first fault. If Fault 1 is a barrier, flow from WDW-91 will encoun
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ter Fault 1, but ,lateral flow through the fault will not occur. 

Similarly, injection fluid from that portion of WDW-196 screened below 

Fault 1 will not travel through Fault 1. Only injection fluid emanating 

from the upper-most screened interval of WDW-196 will travel downdip 

along the wide interval of sands located at the top of the screened 

interval. For the second case, the faults were assumed to not impede or 

alter lateral flow. 

The designation of the faults as either barriers or laterally trans

parent features represents an attempt to bound the behavior of the 

faults and their effect on injection fluid migration. For the case 

where the faults were assumed to be completely laterally transmissive, 

the faults exert no influence on plume movement neither during the 

injection/recovery phase nor during the 10,000 year period thereafter. 

In this worst case, waste will be transported the greatest distance from 

the injection wells over the 10,000 year period when regional flow will 

be important. This therefore was the extreme that was simulated in the 

lateral model. 

Figure 6.4 shows the location of the plume after 45 years. During the 

pumping period, the principal driving force for waste plume movement is 

the pressure gradient caused by injection. After the wells are turned 

off, the overpressure relaxes to pre-pumping levels. Over the next 

10,000 years, the plume will move in the direction of ambient flow. 

Figures 6.5 and 6.6 show the position of the plume at 10,000 years for 
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regional flow of 1 foot per year and 1.6 feet per year respectively, 

using a dispersivity of 30 feet. From the scale on the figures, the 

plume has moved approximately 10,000 feet and 16,000 feet respectively, 

from the plume position at 45 years. Molecular diffusion is set at the 

base case value used in the three-dimensional model, 5 x 10-11 square 

meters per second (5 x 10-10 square feet per second). The effect of a 

higher dispersivity (200 feet) is shown in Figure 6.7. The increased 

dispersivity causes the plume to spread out in the direction of flow. 

At 10,000 years, the maximum concentration for each case is approxi

mately 10,000 ppm. During the pumping period, Fault 2, located approxi

mately 4,000 feet from WDW-196, experiences a maximum overpressure of 

approximately 15 psi at 30 years, as shown in figure 5.9. The concen

tration at Fault 2 at 30 years is approximately 100 ppm (Figure 6.8). 

This overpressure at Fault 2 dissipates within 5 years after pumping 

ceases. 

6.2. Sensitivity Analysis 

Variation of ground-water velocities and dispersivities for the lateral 

model fall under the category of sensitivity analyses. Several addi

tional scenarios are addressed using this model. The first is the case 

of variable density. This case is identical to the three-dimensional 

(base case) model in all respects except for the density of the injected 

fluid which is 63.9 pounds per cubic foot. Figure 6.9 shows the 10,000-
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year concentration distribution for this case. There is no identifiable 

difference in the position of the 0.05 ppm concentration contour from 

the non-variable density run. Apparently the vertical velocity compo

nents influenced by variable density are insignificant within the 

confining shales. 

The second scenario is for the fault as a barrier to flow. In this case 

the increased vertical barrier might be somewhat counterbalanced by the 

resulting increase in the vertical pressure gradient. It should then be 

sufficient to show that the increase in the vertical pressure gradient 

is insignificant if evident at all. Figure 6.10 addresses the "fault as 

a barrier" case at the 5 years time near well WDW-196. The effects of 

the fault are clearly visible. The figure shows the change in pressure 

compared to the "tortuous path" case. This shows that in the zone above 

the screened interval, the change in pressure due to the presence of the 

fault is only 1 psi, not great enough to make any significant change in 

the results. 

An additional run involved lower permeability contrasts and porosity. 

This run generated results nearly identical to those for the base case 

of the three-dimensional model. This was expected because there was no 

regional gradient in this model. Had there been, then the scenario 

described by Ward and discussed in Part 2 might have been observed for 

both the base case and the sensitivity run, with a significant differ

ence between the two. A summary of sensitivity runs is presented in 

Table 6.1. 
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TABLE 6.1 

SENSITIVITY ANALYSES SUMMARY 

PARAMETERS 

MODEL DESCRIPTION ALTERED PURPOSE RESULTS 

Three-

dimensional 

Base None Simulate vertical 

transport of injection fluid 

for 10,000 years. 

Plume front 100 feet above 

screened zone. 

Three-

dimensional 

Variable 

density 

Injected Check effects of variable 

brine density density on vertical trans

port of injection fluid over 

10,000 years. 

No change from base case. 

Three-

dimensional 

Fault as 

barrier 

PermeabiIities 

along fault zone 

Check effects of 'fault as 

barrier1 on vertical pressure 

driving force. 

Negligible pressure change 

above screened layers. 

Three-

dimensional 

Lateral and 

Analytical 

Lateral and 

Analytical 

Low permeability 

contrasts, 

Low porosity 

Base 

Higher 

regional 

gradient 

PermeabiIities, 

global porosity 

None 

Regional ground 

water velocity 

Check effects of lower permea

bi I ity contrasts (i.e., higher 

shale permeabilities) and lower 

porosities on vertical transport. 

Simulate lateral transport of 

injection fluid for 10,000 

years. 

Check effects of higher ground 

water velocity on lateral trans

port of injection fluid for 

10,000 years. 

No observable change due to 

lack of regional g.w. flow. 

Velocity = 1 foot per year 

downdip. Plume migrates 15,000 

feet downdip. 

Velocity = 1.6 feet per year 

downdip. Plume migrates 

23,000 feet downdip. 
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6.3 Summary 

An investigation was conducted to predict the fate of solutes introduced 

into a subsurface water bearing formation via a deep well injection 

system in the Galveston Bay area of.southeast Texas. A growth fault, 

which transected one of the two injection wells, complicated the 

analysis, thereby precluding the use of simple mathematical models. 

The complicated geometry of the system, coupled with the intent to 

predict the solute fate 10,000 years into the future, created severe 

constraints on the modeling effort, particularly in terms of computer 

memory and time. The approach used to accommodate these constraints 

involved dissection of the overall system into one three-dimensional 

model to investigate vertical transport and two horizontal, two-

dimensional models to investigate lateral transport. 

The three-dimensional migration model was an attempt to predict the 

maximum extent of vertical migration of injection fluid introduced into 

the Oakville sands by the two injection wells. Wherever possible, 

realistic input parameters were employed. When uncertainties did not 

permit this, a conservative approach was adopted in order to bound the 

problem. The model closely simulated the stratigraphy and 

discontinuities associated with the fault albeit within a severely 

limited lateral area immediately about the two injection wells. Wo 

regional gradient was assigned. This created a conservative framework, 
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since, among other reasons, the plume was constrained to remain in the 

immediate region about the wells, thereby maximizing the vertical con

centration gradient (which drives molecular diffusion) over the ten 

millenium period. 

The three-dimensional migration model results showed the movement of the 

injected solute up along the fault via juxtaposed sands. This supported 

the hypothesis that interconnected sands along either side of a growth 

fault may serve as a conduit for the upward propagation of a plume gen

erated by injection activities. However, in the case of this system, 

there was adequate interconnectivity of shales to prevent any signifi

cant upward migration. The model predicted a maximum vertical level of 

the 0.05 ppm concentration interval after 10,000 years at a distance 100 

feet above the uppermost screened area of the injection wells. Subse

quent sensitivity analyses yielded no noticeable changes to this 

estimate. 

The areal migration model was an attempt to model the maximum extent of 

lateral migration of injection fluid introduced into the Oakville sands 

by the two injection wells. Simulations have demonstrated that the lat

eral injection fluid front location at the end of the 10,000-year time 

frame is dependent on the magnitude and the direction of the prevailing 

regional flow and the assigned value of dispersivity. For the values of 

regional flow used, 1 foot per year and 1.6 feet per year, the injection 

fluid front moved approximately 15,000 feet and 23,000 feet downdip from 

the injection point. 



104 

The above conclusion is predicated on the assumption that the faults 

behave as laterally transparent features. This implies that the two 

faults located near the injection point and any additional faults do not 

interfere with the lateral migration of injection fluid. In reality, 

the faults probably behave as lateral barriers over some intervals and 

as transmissive features over other intervals, their disposition being 

determined by the length of the fault throw and the shale content of the 

abutting layers. This was accounted for in the detailed three-

dimensional model for the purpose of looking at the affects of faults on 

vertical migration. However, for the lateral case it is conservative to 

ignore the faults and their delaying effects on horizontal plume 

migration. 
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NOMENCLATURE 

Saturated thickness (ft). For confined aquifers this is 
identical to the formation thickness. 

RB/STB 

The total thickness of the shale inunediately overlying the 
receiving formation up to the base of the next significant 
overlying sand (ft) 

Solute concentration 

Compressibility of aquifer (1/psi) 

Units conversion factors 

Dispersion coefficient in the x, y, or z direction 

Hydraulic gradient (change in hydraulic head with change 
in distance) (ft/ft) 

Dispersion tensor 

Well number 

Hydraulic conductivity (ft/day) 

Permeability (millidarcys) 

The average vertical permeability of the shale (darcys) 

The average horizontal permeability of the receiving 
formation (darcys) 

The vertical distance of waste seepage into the 
containment zone in the region adjacent to the well over 
all time (ft) 

Mass of injection fluid introduced at a point source 

Total number of wells 

Porosity (fraction) 

The shale porosity (fraction) 

Pressure (psi) 
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NOMENCLATURE 
(Continued) 

Initial reservoir pressure (psi) 

Reservoir pressure at radius r (psi) 

Sink or source flow rate (gpm) 

Reservoir barrels, or barrels of liquid at reservoir 
temperatures and pressures 

Load-vector terms used in numerical analysis of primary 
and radionuclide equations in a particular grid block for 
fluid (X = W) or brine (X = C). 

Distance from well (ft) 

The radius of the well (ft) 

Density of fluid (lbs/ft^) 

Stock tank barrels, or barrels of liquid at standard 
temperature and pressure 

Time (days) 

Viscosity (centipoise) 

Darcy flux vector (ft/day) 

The total volume of waste anticipated to be injected into 
the receiving formation over all time (ft-^) 

Pore volume (ft^) 

Average linear ground water velocity (ft/day) 

The exponential integral 

Grid cell width, length, or height 

x - vt 

Cartesian coordinate positions 
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APPENDIX A 

BASE INPUT FILE FOR SWIFT III INJECTION SIMULATION 

STER32.dat SWIFT III input file. Grid modified from STERGR15, x 
length reduced to minimize numerical oscillations. 3-9-88 

M-2 
QM-3-1 
M-3-2 

3.3E-06 3.2E-06 0. 1. 1. Rl-1 
0. 0. 0. 0. 250. 2.5 4.65E-05 Rl-2 
120. 8.67 70.0 68.02 68.02 Rl-3 

0 0 0 2 Rl-6 
150.0 0.5 150.0 0.5 Rl-7 
6800.0 149.0 Rl-11 
5800.0 137.8 Rl-11 

0 0 Rl-12 
150.0 3247.0 6686.0 8000.0 Rl-16 
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1.03 1.03 1.4E-7 .28 0.0 0.0 0.0 
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