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Abstract:
As part of a U. S. Environmental Protection Agency funded project, a groundwater model was
developed for the proposed East Decker coal mine. The model is capable of simulating flow before and
during mining, accounting for drainage into the mine cut and resultant aquifer drawdowns.

The literature was reviewed for previous field research on groundwater flow at existing mines,
modeling attempts made at existing mines, and for available groundwater models. On the basis of the
review, a two-dimensional, finite difference model based on the Prickett and Lonnquist model was
chosen for application at the East Decker site. Modifications of the Prickett and Lonnquist model were
developed to handle mutliple aquifers, merging aquifers, regions of confined and unconfined flow, and
aquifer drainage into the mine cut, all conditions which would exist in the aquifer-mining environment.

Using the site data available, a simulation of the premining conditions was run in order to roughly
calibrate the model for aquifer recharge. This simulation was followed by a simulation of the aquifer
system with the first mine cut in place. The mining simulation produced realistic drawdowns in the
affected aquifers, although no data existed that could be used to verify the results.
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ABSTRACT

As part of a U . S. Environmental Protection Agency funded pro­
ject, a groundwater model was developed for the proposed East Decker 
coal mine. The model is capable of simulating flow before and during 
mining, accounting for drainage into the mine cut and resultant 
aquifer drawdowns.

The literature was reviewed for previous field research on • 
groundwater flow at existing mines, modeling attempts made at exist­
ing mines, and for available groundwater models. On the basis of the 
review, a two-dimensional, finite difference model based on the 
Prickett and Lonnquist model was chosen for application at the East 
Decker site. Modifications of the Prickett and Lonnquist model were 
developed to handle mutliple aquifeirs, merging aquifers, regions of 
confined and unconfined flow, and aquifer drainage into the mine cut, 
all conditions which would .exist in.the' aquifer-mining environment.

Using the site data available, a simulation of the premining 
conditions was run in order to roughly calibrate the model for aqui­
fer recharge. This simulation was followed by a simulation of the 
aquifer system with the first mine cut in place. The mining simula­
tion produced realistic drawdowns in the affected aquifers, although 
no data existed that could be used to verify the results.

r



Chapter I

'INTRODUCTION

In the process of surface mining coal in the Northern Great Plains 

of the United States, large amounts of overburden and interburden ma­

terial are stripped and moved to reach coal seams, As a; result,ground- 

water aquifers that may exist in coal, overburden, and interburden are 

truncated, so that a mine cut can act as a very large groundwater sink 

for these aquifers. Should confined aquifers lie below a mine cut, they 

may also discharge into the cut by leaking through the material above .
X

them. The aquifer discharges will produce drawdowns that can dry up 

springs and wells some distance from a mine. ' '■

After the removal of coal, reclamation of mined-out areas is begun 

by backfilling old cuts with overburden and interburden materials 

(spoils) stripped from new, adjacent mine cuts. Thus, aquifers de­

stroyed by mining are rebuilt with new materials that could have hy­

draulic properties differing from the original aquifer material. If the 

properties are significantly different, the lateral groundwater flow 

through a completely reclaimed mine site may be quite different from 

the flow in the original site. This could also hold true for the ver­

tical flow of groundwater in a reclaimed mine.

A capability to. predict the effects of mining on groundwater flow 

is desirable for several reasons. Estimation of aquifer discharge rates 

into a mine cut would be useful in planning fpr the pumping and treat­

ment of mine water. A prediction- of resulting drawdowns would indicate
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what wells and springs might be adversely affected by a mine. In ad­

dition, a prediction of the quantity and depth of flow through spoils 

material would aid in predicting the degree of groundwater contamina- - 

tion by the spoils-material, and in how deeply toxic spoils (i.e. spoils 

containing soluble metals, etc.) could be placed. • . -

THESIS OBJECTIVE

The intent of this thesis is to produce a model capable of simu­

lating flow in the saturated, shallow groundwater aquifer system sur­

rounding the East Decker coal mine in southeastern Montana. ' The loca­

tion of the mine is shown in Figures I and 2. The model should be ca­

pable of simulating flow before, during, and after mining. This in­

cludes the capacity to approximate the aquifer discharges into the mine 

cut and to estimate the aquifer drawdowns.

SCOPE OF WORK 

The System to be Modeled

The aquifer system at East Decker contains several aquifers that 

will be significantly affected by. mining and that must be included in 

the model. These include the three coal bed aquifers that are the ob­

ject of mining, the clinker aquifers, and the alluvial aquifers that 

lie along the shore of the Tongue River Reservoir and through the valleys 

(Van Voast and Hedges, 1975; USGS, 1977). The clinker, alluvial, and 

coal aquifers, with their very different and variable hydraulic
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properties (Van Voast and Hedges, 1975, 1976), are linked together to 

form an extremely complex groundwater system.

In addition to the nonhomogenous characteristics of the aquifers, 

the coal hydraulic conductivities are probably anisotropic, research at 

the AMAX Belle Ayr and Black Thunder mines south of Gillette, Wyoming 

indicates that flow in coal is limited to the fractures and.is thus 

strongly controlled by the coal fracture pattern (Hasfurther and Rechard, 

1976).

A fracture study in the East Decker area found the major rock frac­

ture direction tp be in the northwest-southeast direction, with a signi­

ficant secondary fracture direction that is northeast-southwest (ERA 

Quarterly Report, 1976). Flow in the coal may be expected to follow 

these fractures.

The East Decker aquifer boudaries are also quite complicated. On 

the southeast side of the site there is a significant fault that forms a 

break in the coal aquifers (a low permeability boundary), while on the 

northwest side the aquifers are linked, directly or indirectly, with the 

Tongue River Reservoir (USGS, 1977). During mining, the mine cut will 

form a large, complete drawdown boundary in the middle of the system. 

This boundary will be moving as mining progresses. Additionally, inter­

aquifer leakage may be occurring between the overlying coal beds. Leak­

age is believed to be occurring between two opal seams on the west side
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of the Tongue River Reservoir (Van Voast, 1974) , an area which has a 

lithostratigraphy ,similar to the east side.

Type of Modeling

The complexity of the East Decker aquifer system dictates the use1 

of a computer modeling technique. Electrical analog, digital, and 

hybrid (a digital-analog combination) computers have all been success­

fully used for modeling complex aquifers (Glover, 1974) and could be 

applied to the problem. Due to readily available equipment, it was 

decided to use a digital computer (numerical) technique for the East 

Decker site. ■

There are two types of digital models in use for groundwater 

modeling, finite difference models and finite element models (Prickett, 

1975). The finite difference type uses discrete forms of the differ­

ential equations of flow and solves them with standard matrix methods. 

Finite element models use variation formulations of the flow equations. 

Because finite difference models have a more straight forward and 

intuitively satisfactory mathematical basis and because of their easier 

data input, it was decided to use this type of modeling for the East 

Decker aquifers.



Chapter II 

LITERATURE REVIEW

Groundwater Flow at Existing Mines 

In order to indicate what problems may be encountered at East 

Decker, the literature was surveyed for research on groundwater flow 

and mining impacts at existing surface mines.

Aquifer Drainage ■ ■ ' , .

An obvious result of mining is the drainage of aquifers, into the 

mine cut. Van Voast (1974) and Van Voast and Hedges (1975) have 

studied this at the West Decker coal mine, located across the Tongue 

River Reservoir from the East Decker site. Observation wells were 

drilled to observe the drawdowns in coal seam aquifers, the D-I, which 

was being mined, and the D-2 (Decker Coal Company designations), a 

thinner coal seam that lies below. Both aquifers are confined and flow 

generally from west to east, discharging into the Tongue River Reser­

voir. It is believed that the aquifers are recharged in the hills west 

of the mine. In the study area the D-2 aquifer is believed to recharge 

the D-I by vertical leakage (Van Voast and Hedges, 1975).

Mining began at West Decker early in the summer of 1974. During 

the first year of mining, discharge into the cut was estimated to be 

350,000 to 400,000 gpd (Van Voast, 1974). The discharge declined only 

slightly in the following two years. After three years of mining, head
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drops of up to 20 feet had occurred in the D-I coal about a mile west'of 

the mine cut. One well over two miles from the cut had a three foot 

drop from mid 1974 to mid 1975. The rate of decline in the wells began 

to decrease after two years of mining. Lesser head drops were also 

recorded in the D-2 coal. This was attributed to increased leakage 

from the D-2 to the D-I coal caused by greater head differences between 

the two aquifers (Van Voast, 1974).

The work of Van Voast and Hedges at West Decker is the only field 

research of consequence reported in the literature on aquifer drainage. • 

However, due to the great similarity of the East and West Decker sites, 

it seems safe to say that aquifer drainage at East Decker can be expec­

ted to be similar to the drainage at West Decker.

Flow Through Spoils

The hydraulic characteristics of the spoils materials have an 

important effect on post mining groundwater flow. 'The type of material 

spoiled is important, as well as how the spoils are placed. Area strip 

mining, the most common type of mining, is usually done by one of two 

methods. Many operations use large draglines for stripping and placing 

spoils. Others, due to a shortage of dragline equipment, use power 

shovels for excavation and haul trucks for transporting and placing 

spoils. In either case, spoils are leveled by bulldozers before being 

topsoiled (Mathematics, Inc., 1975).. •
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In spoils, lateral hydraulic conductivities are often assumed to be 

similar to hydraulic conductivities in coals (Van Voast and Hedges,

1976; Davis, 1976). Van Voast and Hedges (1976) have reported pump test 

results from dragline spoils in the Colstrip, Montana area that, support 

this assumption. Lateral hydraulic conductivities in spoils ranged from

0.04 to 5.7 ft/day. Coal hydraulic conductivities in the same area had 

values ranging from 0.07 to 3.1 ft/day. ■.

Rahn (1975, 1976) has conducted research on the hydraulic proper­

ties of spoils materials in Powder River Basin mines. Pump tests.were 

performed in 20-year old spoils at two mines which had lithologically 

similar overburdens of yellowish-brown sandstone interbedded with carbon­

aceous shale. The mines were the abandoned Hidden Water Creek mine, a 

dragline operation near Monarch, Wyoming, and the active Big Horn mine, 

a shovel-truck operation northwest of Sheridan, Wyoming.

Pump tests produced an oval shaped drawdown pattern in the drag­

line spoils. The oblong pattern was apparently caused by the distribu­

tion of spoils materials. Winczewski (1977) observed significant sort­

ing and segregation of material in dragline spoil banks in North 

Dakota mines. A fairly continuous, permeable basal rubble zone was 

formed between the parallel spoil banks, while finer material was found 

inside the banks. If the material in the Hidden Water Creek mine 

spoils was segregated in a similar manner, an oval drawdown with the
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long axis parallel to the spoil banks would be expected (i.e., drawdown 

would be greater along the interbank rubble, and less in the banks) .

The drawdown pattern observed in the Big Horn mine spoils, where a 

shovel-truck operation was employed, was very irregular, suggesting an 

irregular lateral distribution of material types. Overall, though, the 

same oblong pattern as that observed in the Hidden. Creek spoils was 

seen.

On the basis of these tests along with pump tests in coal, Rahn 

(1976) reported an approximate ratio of hydraulic conductivities of 

dragline spoils to coal to shovel-truck spoils of 2/1/0.3. The great 

difference in dragline and shovel-truck hydraulic conductivities was 

attributed to the greater material consolidation produced by the. latter 

type of operation.

Conclusions * 1

The following conclusions may be drawn from the mine site research 

reviewed:

1. The 'aquifer drawdowns produced by mining can extend several 

miles from the mine cut. At West Decker, Montana, significant 

drawdowns have been observed over two miles from the mine.

2. Lower aquifers not cut by mining may also experience signifi­

cant drawdowns due to vertical leakage.
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3. The spoils material and the type of mining operation have a 

strong impact on the magnitude and variability of spoils 

lateral hydraulic conductivity.

Finite Difference Groundwater Aquifer Models 

Basic Methodology

The equation most commonly used in finite difference models for 

the description of saturated groundwater flow is some form of the two- 

dimensional equation (Prickett, 1975)

'fc<aKX|l> +f?(aKyff> - 5II+9 (la)

k + I? ̂y I?) = S + * (lb)

where

x,y = distances in the x and y directions in the horizon­
tal plane (L)

a = saturated thickness of the aquifer1 (L) .

K f K = aquifer hydraulic conductivities in the x and y 
X ^  directions (L/T)

K T^f K ~  = flow velocities in the x and y direction^ ,respec- 
X 3X ? ^  tively (L/T)

S = aquifer storage coefficient (dimensionless)

h •= head (L)

t = time (T)
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W = source/sink function (L/T) (pumpage, recharge,
leakage, etc., a flow rate per unit surface area)

Tx' Ty aquifer transmissivities in the x and y directions 
(L2/T)

Equation (I) is the equation of continuity for saturated, nonsteady 

flow through an aquifer in which Darcy's law for flow through porous 

media holds and the approximation of horizontal flow is valid. Models 

of three-dimensional flow often use the equation

where Kz is the hydraulic conductivity in the z direction, is spe- 
-1cific storage (L ), and other terms are as previously defined. For 

steady flow, 7— ■ = 0 in both Equations (I) and (2). Finite difference 

solutions of the continuity equations are obtained through numerical 

methods that are briefly discussed below. The equations of flow are 

more extensively reviewed in the following section.

In finite difference models the groundwater system is represented 

by (discretized into) finite volumes, or nodes, usually laid out in a 

rectangular array (grid). For a horizontal flow approximation there is 

only one layer of nodes, each node representing an entire aquifer 

thickness. Three-dimensional models use a three-dimensional array. An 

example of a square node grid for an aquifer horizontal flow approxima-: 

tion is shown in plan view in Figure 3.
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Node Columns

Fig. 3. Plan view of a typical node layout for a two-dimensional 
finite difference representation of an aquifer.
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Using the discretized aquifer of Figure 3 and discretized time, 

Equation (lb) can be written for node 0, employing central difference 

approximations for the second order partial differential terms, as 

(Stallman, 1962)

V a m= " V  : V 0thO " hI1

V V v  V - ftO - V4-0

(3)

a linear equation in which
T , T = aquifer transmissivities between nodes
xn-3 xI-Q 2 ,0 and 3 and nodes I and 0 (IT/T)

P , T 
yO-2 Y4-0

aquifer transmissivities between nodes 0 and 2
2.and nodes 4 and 0 (L '/T)

h , h , h , h , h = aquifer heads at nodes 0, I, 2, 3, and 
0 1 2 . 4 (L)

X, Y = grid dimensions (L)

= aquifer storage coefficient at node 0 
(dimensionless)

= head at node 0 at time t+At, unknown (L)
t+At
hg = head at node 0. at. time t, known (L)



At = time increment (T)
W = aquifer source/sink function at node 0 (L/T) 

This is essentially a water balance equation for node 0, accounting for 

flow into and out of the node and the resultant change in storage. In 

an aquifer simulation using a model of N nodes, Equation (3) is applied 

to every node for each successive time increment. Because all node 

heads at the end of a time increment are unknown, this yields N equa- ' 

tions in N. unknown node heads.

For nonsteady flow problems Equation (3) is usually written, with 

respect to time, in either a forward difference explicit form, a back- . 

ward difference implicit form, or by some combination of the two 

(Huntoon, . 1974; Remson et al., 1971). In the forward difference 

explicit form, the heads at nodes adjacent"to node 0 (ĥ , h^, h^, and 

h4) are values at time t, known values. Thus, the approximations

are used in Equation (3) . This leaves only one unknown'-head in Equa­

tion (3).to be solved for, h . However, to insure solution
°t+At
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stability and convergence, very small time increments must be used 

(Prickett, 1975) . These must, meet the criterion (Smith, 1965)

(X Y )S
At < — ^— 2Ta

where
' ••• i

X3 iYa = average node dimensions (L)

S3 = average node storage coefficient (dimensionless)
2= average node transmissivity (L /T)

The backward difference implicit form uses the approximations

Th Equation (3). In writing Equation (3) exclusively in terms of .heads 

at time t+At, an equation in five unknown node heads results (only hQ 

is known), necessitating a simultaneous solution of all.the node equa­

tions for each time increment. Although the backward difference method 

requires a more difficult solution, it is unconditionally stable and 

convergent for any At used (Huntoon, 1974) . • ■-

Combinations of the forward difference and backward difference 

schemes are essentially averages of the two. ,Examples of-these are the
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Crank-Nicholson implicit method and the alternating direction implicit 

method of Peaceman and Rachford (1955). Combinations■and the implicit 

form are used almost exclusively in two-dimensional aquifer models.

Pf implicit or.combination methods are used, a large number of 

simultaneous linear node equations must be solved for the heads at 

time t+At. Methods have long existed for their solution. Direct • 

methods such as Gauss-Jordan elimination and matrix inversion are 

effective for small sets of equations. Larger sets are more effi­

ciently solved with iterative techniques. Some of these are the Gauss- 

Seidel and Jacobi iteration methods, the Successive Overrelaxation 

(SOR) technique, and the Strongly Implicit Procedure (SIP) (see 

Carnahan et al., 1969). The iterative alternating direction implicit 

procedure (IADI) (Washpress and HabetIer, 1960) is a particularly • 

powerful method of solution.

For even a small set of equations, application of any of the solu­

tion methods can lead to a prohibitive number of hand calculations.

With the advent of the large capacity digital computer, however, solu­

tions of large matrix problems became practical. Digital computers 

became generally available by 1960 (Fleming, 1975), with the first com­

puter models for regional groundwater flow being developed and 

published soon after. There has been concurrent development of petro­

leum reservoir models, which use similar equations of flow (Briggs and
1

Dixon, 1968; Bjordammen and Coats, 1969).
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The primary difference in finite difference computer models pub­

lished since 1962 has been in the numerical method use d for solution of 

the finite difference equations. The models also differ in what is 

included in W,. the source/sink function. Interaquifer leakage, aquifer 

recharge, pumpage, and evapotranspiration losses may all be represented 

by W. Existing models simulate some or all of these with various 

degrees of sophistication. In addition, some models are designed to 

handle unconfined aquifer flow or a combination of confined-unconfined 

flow. A few three-dimensional models couple saturated flow with 

unsaturated flow for a more- complete description of a groundwater 

system.

Published Models • \

■One of the first digital, regional groundwater models published 

was that of Payers and Sheldon (1962). Their model employs a three- 

dimensional form of the continuity equation for the general problem of 

simulating steady, confined flow in an isotropic; nonhopnogeneous geo­

logic basin. A curvilinear,■three-dimensional grid is used because it 

was felt this would best represent curving basin boundaries.1 The • 

simultaneous equations of flow are solved by successive point over­

relaxation. No evidence of model verification was given in their paper.

Tyson and Weber (1964) used a polygonal grid and an implicit 

numerical integration technique to model the lifcss' Angeles coastal plain
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groundwater basin. The model is capable of simulating confined or 

unconfined transient flow in the nonhomogeneous, isotropic basin 

aquifer. For each time step of simulation the equations of flow are 

simultaneously solved with the Gauss-Seidel iteration procedure.

Results of a basin simulation with the model compared favorably with a 

resistance-capacitance (R-C) analog simulation.

The earliest use of a rectangular node system was for the analysis 

of the effects of a proposed reservoir on water levels in a New Jersey 

aquifer (Remson et al.., 1965) . Steady aquifer flow was simulated using 

Equation (3) with a.grid of variable dimensions. Solution of the 

simultaneous equations was by Gauss-Seidel iteration. Confined or 

unconfined flow in a nonhomogeneous, isotropic aquifer can be handled 

by this model.

Freeze has done, considerable work with three-dimensional modeling 

of groundwater basins. Freeze and Witherspoon (1966) used a. three- 

dimensional rectangular grid with nonuniform dimensions for the model­

ing of unconfined, steady, saturated flow in a nonhomogeneous, ani- 

stropic basin. The equation of flow is a finite difference form of 

Equation (2). The extrapolated Liebmann method of overrelaxation is 

used to solve the set of finite difference equations. In order to 

verify the model, a groundwater basin in Saskatchewan, Canada was simu­

lated. Results of the simulation were close to field observations. A
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more thorough discussion of the model and demonstrations of its capa­

bilities are given in Freeze (1969).

Freeze (1971, 1972) expanded on the groundwater basin model by 

including the capacity to simulate unsaturated regions of flow and 

coupling the model with surface infiltration, recharge, and stream 

flow. Integrated forms of Equation (2), for saturated flow, and 

Richards' equation (Richards, 1931)

&  ' V '  &  + 1 ?  Cy, + Ir b -  E ■ < «

(where hydraulic conductivity is a function of the moisture content, 8) 

for unsaturated flow, are used with a nonuniform rectangular grid.. The 

simultaneous equations are solved by line successive overrelaxation.

Pinder and Bredehoeft (1968) developed a two-dimensional model for 

a nonhomogeneous, isotropic, confined leaky aquifer. .A uniform rec­

tangular grid is used for the application of a form of Equation (3).
:

Node equations are solved' using the alternating direction implicit 

method. The results of simulations of several hypothetical test cases 

compared favorably with analytical solutions.

Bredehoeft and Binder (1970) presented a quasi-three-dimensional 

model for simulating nonsteady flow in multiple, overlying, nonhomo­

geneous, isotropic aquifers that leak to each other at nonsteady rates 

through their separating layers. Shying away from use of Equation (2) 

because of the excessive number of nodes, calculations,and computer
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core that would be required, they modeled each aquifer with Equation 

(3) and a uniform, rectangular grid. An analytical relation that 

accounted for separating layer storage was used for calculating the 

nonsteady flow between aquifers. Many of the assumptions of Hantush 

(I960) were used for interaquifer leakage. Linking overlying nodes. 

with the analytical interaquifer leakage equations and simultaneously 

solving the node equations in all aquifers permits simulation of an 

entire system. The model uses an iterative alternating direction 

implicit technique for solution of the equations. The results of 

simulations of several simple problems compared favorably with analy­

tical solutions.

Prickett and Lonnquist's two-dimensional aquifer model (1971) is a 

particularly versatile one. It uses a rectangular grid with nonuniform 

dimensions for application of Equation (3). Node equations are solved 

by the modified iterative alternating direction implicit method (MIADI) 

developed by the authors. With the model variations presented, it is 

possible to simulate transient flow in a nonhomogeneous, anistropic 

aquifer that is confined, unconfined, or that is partly confined and 

partly unconfined. In addition, it is designed to handle- multiple 

■aquifers that are leaking to each other at a steady rate- (through a 

quasi-three-dimensional approach, similar to the Bredehoeft- and Pinders 

model), variable well pumping rates, evapotranspiration, and stream- 

aquifer recharge/discharge. Evapotranspiration and stream-aquifer
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recharge/discharge are handled analytically with -linear relationsThe 

model was verified with a variety of theoretical and field test cases.

The model of Trescott et al. (1976) was built on the earlier work 

of Pinder (1969, 1970) Bredehoeft and Pinder (1970)and Trescott 

(1973). Very similar to the Prickett and Lonnquist model in its capa­

bilities, it can also simulate honsteady interaquifer leakage. A 

rectangular grid with nonuniform dimensions and Equation (3) are used 

for representing aquifer flow. Three methods of solution for the equa­

tions are provided: Line successive overrelaxation (LSOR), a strongly

implicit procedure (SIP) , and an iterative alternating direction 

implicit method (IADI). Comparison ,of solutions indicated that SIP, 

the most complex and computer core demanding of the three, is generally 

the most rapid solution procedure, followed by IADI and LSOR. The com­

parisons are more thoroughly discussed in Trescott et al. (1977).

Rushton has compared solution techniques for two-dimensional 

models and analyzed their limitations in' several studies. Rushton and 

Tomlinson (1971) presented time discretization criteria for simulating 

various types of well discharge problems with a nonuniform, rectangular 

grid model employing ADI. Rushton (1973) , using the nonuniform, two- 

dimensional grid model, developed further time discretization criteria 

for the Crank-Nicholson and ADI solutions of well problems. In com­

paring the systematic overrelaxation method and the- modified iterative
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alternating direction implicit method of Prickett and Lonnquist (1971) ,  

Rushton (1974) found little difference in solution efficiency.

Other models and studies of note are Thrialkill1s (1972), a model 

that can simultaneously simulate laminar and turbulent (non Darcian) 

flow in limestone aquifers, and Lin's (1972) model that uses 

Boussinesq's equation for unconfined flow problems. Davis (1976) has 

used the MIADI method of Prickett -and Lonnquist (1971) with a two- 

dimensional model and applied it to a coal strip mine site in Wyoming. 

Some of the details of this model will be discussed in later sections.

, Equations of Flow

As indicated in the previous section, Equation (lb)

= s + w (lb)

the equation of continuity for horizontal groundwater flow, is often 

used in finite difference groundwater models. Different forms of this 

equation are used for confined and unconfined groundwater flow. The 

two. equation forms and their theoretical basis are reviewed in this 

section.

Confined Aquifer Flow ;

The continuity equation for three dimensional, nonsteady water 

flow through a homogeneous, isotropic, fully saturated porous medium in 

which Darcy's law applies is (DeWeist, 1969) ! 1 :'
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(9a)

or

(9b)

where

x,y,z - cartesian distances (L)

K = porous medium hydraulic conductivity (L/T)

h - piezometric head, measured with respect to an arbitrary 
datum (L)

Ss = pg[n@+(l-n)a] = specific storage, the volumei of water-
released from a unit volume of the porous medium per unit 

-Ihead drop (L )
3p = mass density of water■(M/L )

2g = gravity acceleration (L/T ) 

n = porous medium.porosity (dimensionless)

B..= compressibility of water (LT^/M)
2Ct = vertical compressibility of aquifer (LT /M) 

t - time (T)

with negligible deformation in the horizontal (x,y) plane.

For confined flow in a nearly horizontal aquifer, flow is often 

assumed to be.horizontal. Dropping the vertical flow component from

Equations (9a) and (9b) assume that the medium is perfectly elastic

Equation (9b), the equation becomes
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K A + A; , 3h
's 3T (10)

8x 9y
Rewriting in terms of the entire aquifer thickness b (a constant),

3x 8y ssb E - s=E (ii)

where is the aquifer confined storage coefficient, the volume of 

water released from a vertical aquifer column of unit cross, sectional 

area when a unit head drop occurs. S -= S b, , and thus is a dimen-" C S
sionless number.

If a horizontal aquifer is isotropic but not homogeneous, then K 

and Sc become functions of x and y . In this case. Equation (11) must

be rewritten as (Bear, 1972)

fc S' A  S - 0= S- (12)

I, In addition, if the aquifer medium is also anisotropic (i.e., K is 

a function of direction as well as x and y), and the directions of _ 

maximum and minimum hydraulic conductivities lie along the coordinate 

axes, then Equation (12) is rewritten as

S 'V S (13a)

!_ (I 3h, + 3 (T |h,
3x x 3x By y 3y c 3t (13b)

where I
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= hydraulic conductivity in the x direction (L/T)

Ky = hydraulic conductivity in the y direction (L/T)
2T^ = b = aquifer transmissivity in the x direction (L /Tl
2T^ = b = aquifer transmissivity in the y direction (L /T)

To complete the horizontal aquifer flow equation, vertical aquifer 

discharge or recharge must be accounted for. Recharge or discharge may 

be caused.by well pumping, leakage out of or into the aquifer, evapo- 

transpiration, infiltration, etc. The sum of these is included in the 

term W, volumetric flux per unit area of aquifer surface (L/T). Adding 

W to Equation (13b) (Trescott et al., 1976),

9
»- (14)

This is the confined aquifer form of Equation (lb). W is positive for 

discharge flux.

Unconfined Aquifer Flow

Unconfined, nonsteady, saturated groundwater flow below the 

phreatic surface in a homogeneous, isotropic porous medium is also 

described by Equations (9a) and (9b), subject to the assumptions given 

with. them. However, at the phreatic surface, the boundary condition 

(Bear, 1972)

* - B 2 - B 2 - . f v - K | | = s y f| (15) .

must be satisfied. The specific yield (also known'as effective porosity), 

Sy, is defined as
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S = —— (dimensionless)y v
where

V = volume of water that can be drained

3V = volume of porous medium (L )

In order to avoid the use of Equation (15), which is very diffi­

cult to evaluate, the Dupuit assumptions (as discussed in- Viessman et 

" al., 1972) can be employed. If the aquifer is nearly horizontal and

the slope of the phreatic surface mild, Dupuit assumed that the flow
9lilines are essentially horizontal [i.e., %—  = 0 (Streeter, 1971)].oz

Hydraulic gradient is then a function of x,y, and-t only. Dupuit also 

assumed that the hydraulic gradient of flow equals the slope of the 

phreatic surface in the .direction of flow.

Figure 4 will be used to illustrate the use of the assumptions for 

unconfined flow through a vertical section of unit thickness. Flow 

lines in the section are in the x,z plane.

By assuming that stream lines are horizontal, that hydraulic 

gradients'are equal to the slope of the phreatic surface, and that 

Darcy's law holds for the medium, the transient flow through'the ele­

mental volume of unit thickness, height ĥ ., and width dx may be 

described for one-dimensional flow as _ - .

V

<

by gravity from V
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Ground surfoce 

m '_____
Phreatic surface

Elemental aquifer volume

F lo w -----

/ / / / 7 7  ~r f f / f / Z / f l / / / /

Impermeable bottom

datum

A vertical cross section of unit thickness through an 
unconfined aquifer.
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where

S- h <K 5h) ^ S Si ox s x dx y dt (16)

K - hydra,uli,c conductivity of. the medium in the x direction 
X (L/T)

h - height of the phreatic surface above the datum'(L) 

h^ = saturated thickness of the. aquifer (I)

In using this equation it must be assumed that aquifer dewatering (or 

rewatering) caused by the lowering (or raising).of the phreatic, surface 

occurs instantaneously.

For two-dimensional flow in an anisotropic, nonhomogeneous aquifer 

medium, the flow equation is written as

_ 3hh (K ■r— ) + —  h (K -jp) dx s x dx oy s •. y dy 9t (17a)

L. (T fi) + (T &  = S dx x dx dy y dy y dt (17b)

= f (x,y) = hydraulic conductivity.in the x direction (L/T)

= f(x,y) = hydraulic conductivity in the y direction (L/T)

T = h K = f(x,y,t) =.transmissivity in the x direction '
(ir/T)

T = h K = f (x,y,t) = transmissivity in the y direction 
■ (l 2/t ) '

where
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The horizontal, unconfined flow approximation is completed by 

adding the W term to Equation (17b):
■ an av, . (18)

h '  (Tx H 1 + I? CTy f?’ " sY H + w
This is the unconfined form of Equation (lb).

Forcheimer used the Dupuit assumptions to formulate the Dupuit- 

Forcheimer well discharge (radial flow) steady flow equation. Although 

the equation does not accurately describe the phreatic surface near a 

well (it overestimates the surface drawdown), for given heads it does 

closely approximate the flow rate (Hantush, 1962). The flow rate com­

puted from the equation is believed to be accurate within one percent 

(Boulton, 1951).

Equation (18) approximates saturated flow under the phreatic sur­

face only. It ignores flow occurring above the surface, in.the 

capillary area, which can be significant if the capillary zone is thick 

(Mavis and Tsui, 1939). Furthermore, it should be noted that the capil­

lary zone can be saturated for some height above the phreatic surface 

(Todd, 1959)

Aquifer Boundaries

All aquifers possess flow boundaries, lateral boundaries as well 

as vertical (top and bottom) boundaries. For a completely confined 

aquifer, the top and bottom impermeable boundaries are already ac­

counted for in Equation (14). Similarly, in an unconfined aquifer
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which has an impermeable bottom boundary and a moving top boundary 

(the phreatic surface), Equation (18), subject to the assumptions pre­

viously stated, automatically accounts for the boundaries. Lateral 

impermeable and constant head aquifer boundaries are easily handled in 

finite difference solutions of Equations (14) and (18), as will be 

described in the next chapter. However, complete drawdown lateral 

boundaries (the mine cut boundary) and semipermeable vertical boun­

daries, which will have to be modeled in the East Decker aquifers, are 

much more difficult to treat. A review of methods that have been used 

for these boundaries is given In this section.

Complete Drawdown Boundary

At an aquifer mine cut boundary, a situation such as that shown in 

cross section in Figure 5 is encountered. The unconfined aquifer has 

been completely cut through, resulting in its drainage into the cut. A 

flow pattern similar to that shown with the flow net would occur some 

time after the aquifer was truncated. This type of discharge and draw­

down is expected to happen in the unconfined alluvial and clinker. ' 

aquifers at the East Decker mine.

■ Figure 6 illustrates a truncated confined aquifer. Drainage 

causes a conversion from confined to unconfined flow to occur initially 

at the cut face'and then to move away from the cut with time. This is 

expected to happen in the confined coal aquifers at East Decker.
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-  Ground surface
Premining 
phreatic surface

Phreatic surfaceMINE
CUT Seepage 

face -v

S // S S / S S / /s s s S

Impermeable base

Fig. 5. Drainage of an unconfined aquifer into a mine cut.

Ground surface

Premining
piezometric surfaceMINE

CUT Piezomefric 
surface —Conversion 

po in t —Phreatic 
surface -

In itia lly  confined aquifer

Fig. 6. Drainage of an initially (premining) confined aquifer into a 
mine cut.
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In the flow near an aquifer seepage face, equipotential lines are 

normal to the face. This results in the top flow line tangentially 

approaching the face slope (Lambe and Whitman, 1969). Thus, near the 

face, curvilinear flow with a significant vertical component will occur. 

In evaluating the effect of a seepage face on an aquifer, a three di­

mensional analysis is obviously called for. However, because of the 

size of the site to modeled and the amount and detail of data required 

for a three-dimensional model, it was decided that a two-dimensional, 

horizontal approximation model would be used. Within this constraint, 

the literature was reviewed for methods for approximating drawdown and 

discharge at complete drawdown boundaries. With a good discharge 

approximation it would be possible to pump a mine cut at the computed 

rate and produce realistic drawdowns in the aquifers.

Van Voast and Hedges (1975) and the USGS (1977) believe that the 

groundwater discharged into the East Decker mine will come from three 

sources. These are intercepted natural groundwater flow, induced flow 

from the Tongue River Reservoir to the cut, and flow derived from 

storage in the aquifers. The natural flow can be estimated from an 

application of Darcy's law using the natural groundwater gradients and 

aquifer transmissivities (Van Voast and Hedges, 1975; USGS, 1977) . The 

reservoir to cut flow and the flow from aquifer storage, however-, re­

quire more complex approximations since they are affected by the 

•complete drawdown boundary.



-34-

Flow derived from reservoir. The East Decker mine will be opened

near the Tongue River Reservoir in clinker and alluvial aquifers that

are linked with the reservoir (USGS, 1977). Because the initial cut

will be so close to the reservoir (Figure 2 7shows the initial

Cut location),' the USGS believes that an assumption of steady flow

from the reservoir to the min$ is valid.

Using the Dupuit assumptions, the steady flow rate through a unit

width of unconfined aquifer with hydraulic conductivity K is
dh

-Khs dx (19)

where hg is the height of the water table above the aquifer bottom. 

Assuming the mine cut completely penetrates the aquifer, integration of 

Equation (19) from the reservoir to the mine yields the Dupuit equation

(Todd, 1959).

where I (20)

discharge per unit length of mine cut from the reservoir
(l 2/t ) - •

f =

H = r

distance between the mine cut and reservoir (L)

height of the reservoir surface above the aquifer bottom 
(L)

The Dupuit equation was used by the USGS (1977) for estimating reser­

voir to mine cut flow.
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When the mine cut reaches the level of the D-2 coal (the D-I 

upper and D-I lower seams are not present between the reservoir and 

the cut), flow will begin through the coal from the reservoir to the 

cut. Since the D-2 coal is below the level of the reservoir,'once 

the cut truncates the seam, flow to the cut will be as in Figure 6; 

unconfined flow conditions will exist near the cut face, while flow 

will be confined back towards the reservoir. Nothing was found in 

the literature dealing with such a steady flow problem.

Flow derived from storage. Davis (1976) suggested that the rate 

of discharge from aquifer storage can be computed with a method used 

by Stallman (in Ferris et al., 1962) for calculating nonsteady flow 

from a confined aquifer into a stream whose stage has suddenly dropped. 

The USGS (1977) used this method for estimating coal aquifer discharges 

at East Decker. The method assumes the stream is straight, of in­

finite length, and fully penetrates a semi-infinite, homogeneous, 

horizontal confined aquifer that has an initial head of 0.0 throughout 

(see Figure 7). At time t = 0. the stream stage instantly drops Hq 

from its original stage (0.0). The resulting aquifer discharge is 

normal to the stream direction (one-dimensional) and is derived 

entirely from aquifer storage.

Rewriting the solution of an analogous one-dimensional heat 

flow problem (Ingersoll et al., 1948) in groundwater terms, the 

aquifer drawdown at any time t at distance x frpm the stream is
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Ground surface
Initial stream 
stage (K Q ) * In itia l piezometric surface 

I—  Drawdown
Stream stage 
(t>0.)

STREAM
CONFINED AQUIFER

Fig. 7. Confined aquifer outflow and drawdown caused by a sudden fall 
in stream stage.

Ground surface 
In itia l phreatic surface 

—DrawdownReservoir level 
fo r t$ 0Reservoir level 

for t<0

UNCONFINED

AQUIFERRESERVOIR

s s s /  / /  / > /
Impermeable base

Fig. 8. Unconfined aquifer bank storage outflow due to a sudden 
reservoir level drop (after Glover, 1974).
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H [I - ---° /r r v
du] (21)

where'

T = aquifer transmissivity (L /T)

(4Tt/S .)?s
C •

and other terms are as previously defined. This is the stallman solu­

tion. . "

Evaluating the derivative of s with respect to x at x = 0 and 

multiplying by the transmissivity yields, by Darcy’s law, the aquifer 

discharge rate from storage per unit length of stream:

T<E> 0 = hO 1̂ v 2 ' •; (22)

Davis (1976) observed that for complete drawdown . This results

hS v 2
(23)

Note that in the problem in Figure 7 the aquifer is discharging 

into a body of water. Unlike a seepage face, the head is constant over 

the entire aquifer-stream interface; aquifer flow is confined and hor­

izontal right up to the stream, and the transmissivity remains constant 

in the direction of flow. In a mine cut these conditions may be 

approximated when a confined coal aquifer is first exposed. However,
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once the coal is cut through and removed, the aquifer will discharge 

through a seepage face as shown in Figure .6,-

Equations (21) and (22) are similar to drawdown and discharge 

equations presented by Glover (1974) for an idealized reservoir .bank 

storage problem. This problem is illustrated in Figure 8.

It is assumed that a semi-infinite unconfined aquifer overlying an 

impermeable layer is bounded and fully penetrated on one side by a 

reservoir whose shore is straight and of infinite length. Initially 

the reservoir and water table are at elevation H., At t = 0 the reser­

voir level is instantly dropped Hq7 producing discharge from the 

aquifer that is derived solely from aquifer'storage.

Using Dupuit-Forcheimer assumptions, flow may be described by the 

differential equation

at (24)

with the conditions

h . , . = H a t t = 0x>0

h ' = D for t >. 0.x=0
By assuming that D»H^ and

Glover (1974) gave the following approximate solution for the head at 

any t at distance x from the reservoir:
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where

(25)

" = (4KDb/s'yi/2 (dimensionless)

The resulting aquifer discharge .per unit length of -reservoir shore is 

obtained by differentiating Equation (25) with respect to x. Then

x=0

S KD
V i s r 11/2 (26)

Because Equation (25) assumes that transmissivity through the 

length of flow is a constant KD, Equations (21) and (22) and Equations. 

(25) and (26) have similar forms. The only difference between Equa­

tions (21) and (25) is that Equation (25) is the solution for h rather 

than for drawdown s. ■

Since D = O  for complete drawdown, Equation (25) cannot be used 

for this problem. However, Haushild and Kruse (1962) presented another 

approximate solution of Equation (24) which is applicable to a complete 

drawdown. Assuming that

% & <\> H
K (D + y-)

the solution for h for a complete drawdown (D=O) is
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~u -u , e du (27)

/u

where

(4KHt/2S )1/2
(dimensionless)

The corresponding discharge per unit length of reservoir is
S KH

. q„ K f  < i> H 1UC-) 1/2
x=0 2irt (28)

■ Haushild and Kruse compared solutions from Equation (27) to a com­

plete drawdown experiment (D=O, Hq=H) performed by Keller and Robinson 

(1959). The Keller and Robinson experiment involved drainage of a sand 

filled, horizontal flume from the bottom of one end of the flume floor.

The drawdown after 6.5 minutes of drainage is shown in Figure 9. Also 

shown is the drawdown curve computed from Equation (27) for t=6.5 

minutes. Equation (27) overestimated the actual drawdown, but not. 

drastically so.

Haushild and Kruse (1962) presented another approximate solution 

to Equation (24). By using the approximation employed in deriving Equation

(27) to estimate the flow rate (called here approximation "a")
H 3h

K(D +. ;2) (29)

and equating it to the more accurate approximation "b"
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i Kr use____
Second So

Sand Properties:

.034 ft/sec
0.255

1/2x/(4KHt/2Sy) '

Comparisons of Haushild and Kruse (1962) solutions with 
Keller and Robinson (1959) sand flume— complete drawdown 
experiment. From Haushild and Kruse (1962).
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%  ' “ b 5 7 (30)

and solving for h^, h can be approximated for a complete drawdown (D=0,

H =H). This is done as follows: o

K(aH. 9ha
2 3x

Simplifying

- 8h^ = -

Hh
+ C

and then integrating results in

!v2 2

Because h must equal o at x=0,. C must also equal 0. Therefore,

" .

Since. Equation (27) is the approximate head solution for flow approxi­

mation (a),

h- = h^ =' H ^ \ e du
Ziiir o

U 2-u , -11/2

where

u " I S w a T T i  (dimensionless, 
y

(31)

Applying this equation to the Keller and Robinson experiment produced
,v

the drawdown shown in Figure 9. This Solution is much closer to
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the actual drawdown than solution (27). Taking the derivative of Equa­

tion (31) with respect to x and multiplying by the transmissivity would 

give , the discharge rate.

As noted earlier, both confined and unconfined aquifers will be 

.draining into the East Decker mine. Equation (21) , the- Stallman equa­

tion,. is applicable to a confined aquifer when it is first exposed.

The Haushild and Kruse equations, Equations (27) and (31) , are suitable 

for complete drawdown boundaries in unconfined aquifers. None of the 

equations reviewed, however, are meant for application to a truncated 

.confined aquifer; In such an aquifer the region near the mine cut 

will become unconfined. In the unconfined region, transmissivity 

varies with x and t, and storage effects are.dependent upon specific 

yield. A constant transmissivity and the confined storage coefficient 

are applicable in the confined region of flow. The previously des­

cribed equations do not account for flow in the two different regions.

It is possible that an assumption of steady discharge into the 

mine cut is valid. Davis (1977), on the. basis of observations at two 

mines, believes that mines are opened so slowly that the discharge into 

a cut is closer to steady state than it is to rates computed with com­

plete drawdown equations. The steady discharge is best estimated by 

monitoring the. pumpage from a . cut.
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Interaquifer Leakage

For a rigorous solution- of nonsteady aquifer flow and interaquifer 

leakage, a three-dimensional analysis of the aquifers and their con­

fining layers should be used. However, for certain cases an assumption 

of steady, strictly vertical flow through confining layers is reason­

able, even during transient conditions (Hantush, I960). This assump­

tion was used by Finder and Bredehoeft (1968), Prickett and Lonnquist 

(1971), and Rushton (1974) for interaquifer leakage in their two dimen­

sional models.

In discussing interaquifer leakage, reference is made to Figure 

10, a cross section of an idealized, three aquifer system. The aqui­

fers are confined and separated by semipermeable layers'. Pumping is 

begun out of aquifer 2 at time t = 0 , disturbing the initial equi­

librium of the system.

If storage in the semipermeable layers is negligible and the ratio 

of aquifer hydraulic conductivities to confining layer conductivities 

is greater than 1 0 0, interaquifer leakage may be considered vertical 

and steady (Hantush, 1967). Assuming elastic, homogeneous, isotropic 

aquifers whose hydraulic properties remain constant with time, and 

steady vertical interaquifer leakage, by use of Darcy's law, ;flow in 

aquifer I can be approximated as (Hantush, 1967)

aV
9y-

Y - ) + (h2 - H1) (K1 V b 1')+ (32)
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Fig. 10. An idealized system of three confined aquifers linked to 
each other by leakage through the separating beds.
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where

h ,.h = heads of aquifers I and 2 (L)

K ' = vertical hydraulic conductivity of confining layer 
• 1 I (L/T)

b ' = thickness of confining layer I (L)

A similar equation can be written for aquifer 3. Aquifer 2, how­

ever, is linked with both aquifers I and 3. The flow approximation for 

it is

3% 8 V

3y
-). + (h^ -

+ (h3 - h2) (K2V b 2') c2at + W (33)

If the leakage terms in Equations (32) and (33) are placed to the right 

of the equalities, the isotropic, homogeneous form of Equation (14) 

results. The leakage terms would form part of the W term.

Semipervious layers of elastic clay or silt may have large storage 

capacities. After pumping has begun in one aquifer, an assumption of 

steady flow through the confining layers is not then valid (Hantush, 

1960). Eroodehoeft and Finder (1970) use the parameter "dimensionless- 

time"

K'tt* (34)
S'b’s
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where t is the time since pumping began and is the specific storage of 

the layer, to determine the type vertical flow (steady or transient).

For t' less than 0.5, nonsteady flow is assumed to occur.

Trescott et al. (1976) compute transient leakage from aquifer I to 

aquifer 2 per unit area at time t as , :

qL t  " (h2,o - h )
2 ,  t  TTK11  1 /2

b '1

1+2 exp [-
n=l

(•

-n
"KiT

- ]  t (3 5 )

-)
3b'V  , 

1 S1

+ ET (^1,0 h2,o)

where

h, . = head in aquifer I at t = 0 (L)1,0
h^ 0 = head in aquifer 2 at t = 0 (L)

h = head in aquifer 2 at t > 0 (L)2 , t
-IS' - specific storativity of confining layer I (L ) 

3I -

and other terms are as previously defined. The first term represents 

transient leakage. Beyond t' = 0.5 this term becomes nearly constant 

(steady flow). The,second term-is initial steady leakage between the 

aquifers. . •>

r (



Chapter III

AQUIFER MODEL METHODOLOGY

Equations (14) and (18), the two-dimensional approximations for 

confined and unconfined aquifer flow, were chosen to model aquifer flow 

at East Decker. Two-dimensional modeling was chosen rather than three- 

dimensional because the latter type of modeling requires considerably 

more data input and computer time (Freeze, 1969). Since relatively 

little is known of the subsurface hydraulic characteristics of the East 

Decker site, it was felt that detailed, three-dimensional modeling was 

not warranted.

This chapter presents the development of the finite difference 

flow equations, outlines their method of solution, and shows how the 

boundary conditions are incorporated into the solution. The equations 

are written to conform with the modified iterative alternating ,direc­

tion implicit (MIADI) method developed by Prickett and Lonnquist (1971) 

This method was picked because it has been used successfully for many 

groundwater problems that are similar to those encountered at East 

'Decker.

Finite Difference Forms' of Flow Equations

Confined Flow

Confined, saturated aquifer flow in the Qodel is described by the 

horizontal approximation
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I# + ̂ (14)

In writing Equation (14) in a discrete, finite difference form, 

reference is made to Figures 11 and 12. Figure 11 illustrates the rec­

tangular, horizontal node layout that will be used for. the two dimen­

sional description of an aquifer. Figure 12 gives the dimensions 

associated with each node i,j. Except for the dimensioning, node nota­

tion follows the form used by Huntoon (1974).

The best practical approximation for the space derivatives in 

Equation (14) are central difference approximations (Gerald,•1974).

With these and an approximation of the time derivative, Equation (14) 

is approximated at node i,j as

TX'
i+l/2,j

h H-I,i ~ h i,i
____ _________

- TX' Vj
XI.i-1/2,j i-1 7j

'i,j

TY1
+ i/3+1/2

h l,i-n " h i,i - TY1
i/j-1/2

h,-; ~

"i,j

= S hi,j ~ V , ! + W

(36)

where

TX1 aquifer transmissivity tbetween nodes i,j and-
i+r/2,j i+lfj (l2/T)
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Rows,

j

1 2  3 4 5 6 7 8 9  IO

»4 p — — — —  ̂

Botmdory1 
node G,3

Fig. 11. Example of the finite difference grid used in the model.

Fig. 12. Notation and dimensions associated with each node i,j.
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i-1/2 /j

TY'
i,j+l/2

TY1
i/j-1/2 

. hi,j 

- h°i,j

aquifer transmissivity between nodes i-1 ,j and 
i,j (L2/T)

aquifer transmissivity between nodes i,j and i,j+i 
(L2ZT)

aquifer transmissivity between nodes i,j-1 and. i,j 
(L2ZT)
aquifer head at node i,j at the current time, 
time t+At (L)

aquifer head at node i,j at the previous time, 
time t (L)

confined storage coefficient of node i,j
i,j (dimensionless) 

t = time (T)

At = time increment (T)

Xl,X-2,Yl., Y2 = as defined in Figure 12
-I'discharge flux from node i,j (LT )

Equation (36) is written implicitly Withurespect to tlie node heads,

i>e all of the head values (except ho. .) represent heads at the1 f 3
present time, at time -t+At, and_ therefore are unknown values. This 

is done to- conform to the MIADl solution method.

Following the MIADI method, both sides of the equation are multi­

plied by the area of node i,j,(X2. . Y2. .), givingi/l i/l

- h , .)
W 2lj - i-i xlM



-52-

TX' , .. (h - h
1,3

TY' (h.
i #j+1/2 3

TY'
i/j-1/2

- ho.

1-1 ,j)
Y2t,j

hi,j)
X2i,j .
Y1i,j

I, j-l)
x2i.j

(X2
,1 Y2i,j’. i,i

(37)

For simplifying the solution of the node equations, several of 

the terms are combined in the following way to form "factors":

Y2,
TXi+l/2 ,j TX y Ii+l/2 ,j AXi,j

, (l 2/t ) (38a)

TXi-l/2 ,j TX' Vl
i-1/2 ,j A±i-l,j

; (l 2/t ) (38b)

TYi,j+1/2 T Y 'i,j+1/2 Y1i,j
; (L2ZT) (38c)

TYi,j-1/2 TY
X2i,j

i,j-l/2Y1i,j-l
(L21ZT) (38d)

SFl.. = S  (X2. . Y2. .) , (L)c. ■ 1,3 1,3
I  /  J

(38e)

di,j
W 1 . (X2. . Y2. .) , (L2/T)1,3 1,3 1,3

(38f)
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The Q -factor can represent several things, including well discharge or 

recharge, evapotranspiration, infiltration, etc. Computation of these 

components of Q will be defined as they are encountered..

Inserting these factors into Equation (37) and rearranging terms,

TXi+l/2 ,j (hi+l,j hi,j) + TXi-l/2 ,j (hi-l,j ' hi,j) +

TYi,j+l/2 (hi,j+l " hi,j) + TYi,j-l/2 (hi,j-l " hi,j)

■ ■ ^i-i- ^°i -i
= SFl-. - (39)

For a confined aquifer, Equation (39) is written for all N nodes, 

resulting in N node equations in N unknown heads.

As long as flow is confined, the transmissivity and storage 

coefficient remain constant with time. Combining these values with 

the dimensions at the beginning of a simulation eliminates the need to 

carry the dimensions through all subsequent time increment calculations.

Unconfined Flow

Unconfined, saturated aquifer flow is simulated in the model with 

the horizontal approximation

+f?(Tyi> -syH + w (18)

As with the confined aquifer equation. Equation (18) is written in an 

implicit, central difference form for node i,j. Combining and rear­

ranging terms yields ' -
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h ho
= SF2 At + Q (40)

where

SF2. . = S  (X2. . Y2, .)1,3 . Y. . i,3 1,3
I  /  J

Equation (40) is the same as Equation (39), ekcept that the 

transmissivity factors are functions of water table height which varies

section.

Confined-Unconfined Flow

A more general flow problem occurs in an aquifer which is con­

fined in some areas and unconfined in others. For this problem, the 

equation

with time, and SF2, the uncdnfined storage factor, is used. Cal-i, 3
culation of the transmissivity factors will be discussed in a later

(41)

is used for all nodes. Equation (41) is essentially the same as 

Equations (39) and (40), except that the transmissivity factors are
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determined from average saturated thicknesses in the unconfined

regions, and from aquifer thicknesses in the confined regions. This .

is discussed in the next section. Also, the value used for SF. .is SFl; 1,1
or SF2. ., depending on whether or not a node is confined,i/l

During transient conditions, some of the nodes will be undergoing 

conversion from confined to unconfined conditions (or vice, versa) from 

one time increment to. the next. If this occurs, switching directly 

from SFl to SF2 (or vice versa) can lead to instability in the numeri­

cal solution due to the great difference in the magnitudes of the two 

values. Head values at a node undergoing conversion can behave errat­

ically. To minimize this problem, storage factors are apportioned ■ 

during the transition. For example, for node i,j, in Figure 13, which 

is changing from confined to.unconfined conditions during time At, 

the storage coefficient conversion is smoothed by apportioning the 

SFl and SF2 values as follows (after Prickett and Lonnquist, 1971):

the elevation of the aquifer top. Similarly, if conversion from 

unconfined to confined conditions is occurring,

(ho. . - CR. .) SFl1 . + (CE. . - h. .) SF2. .1,1_____1,1 1,1 1,1 i/l i/l (42)(ho. , - h . .)i/l i/l

where SF1. .is the smoothed storage coefficient factor and CH. .is i/l . i']

SF.i/j.
(43)
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Head at time I

Impermeable top

Phreatic surface 
at time t+At

hoi, i

CHi, j
hi , j

.807;i , i

Impermeable base

Fig. 13. Cross sectioned view of node i,j, which is undergoing 
conversion from confined to unconfined conditions.
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Calculation of Transmissivity Factors

Unconfined, Homogeneous Aquifer Flow

For regions of unconfined flow in a homogeneous aquifer, the 

transmissivity at any point between two nodes A and B varies directly 

with the saturated aquifer .thickness. The problem is to determine an 

average transmissivity that is representative of the length of flow 

between the nodes. The problem is summarized in Figure 14,. a cross 

section of an unconfined aquifer through nodes A and B.

Butler (1957) used a geometric mean for calculating a represen­

tative transmissivity for flow from A to B. In this case.

A-B tB1
1/2 (44)

Using this in Equation (41) for calculating TX^+1^  y  for example,

Txi+ l/2,j - I'h.j " “ " i . j ’ i h cxM 1

- boV m h h c V i ,j

Swhere

BOT = elevation of aquifer bottom (L)

HCX = hydraulic conductivities in the x direction (L/T).
If the aquifer is homogeneous, HCX. . = HCX.1/I r+i,]

Note that h, . and h. , . are unknown values because they are heads at
i,3 i+l,3

time t+At.
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Ground
surfoce

tb : |  lB Ke

Impermeable base

Fig. 14. Vertical cross section through nodes A and B in an unconfined 
aquifer.

Ground surface-----

datum

Fig. 15- Vertical cross section through nodes A and B in a confined 
aquifer.
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Pricket t and Lonnquist (1971,1973) used geometric means for com­

puting transmissivities in simulations of unconfined aquifer well flow 

problems. Their simulated drawdowns agreed closely with the theoret­

ical drawdowns computed from Jacob's (1944) method for adjusting the 

Theis (1935) equation for variable transmissivity.

The geometric mean is used in the model for unconfined flow 

transmissivities in homogeneous regions.

Unconfined, Honhomogeneous Aquifer Flow

In a nonhomogeneous, unconfined region where. K ^ K g, Huntoon 

(1974) suggested that a harmonic mean of T^ and Tg is more represen­

tative of the transmissivity between A and B than the geometric mean 

because the former heavily weights the smaller hydraulic conductivity 

and saturated thickness. For the problem in Figure 14,

■ TA-B
%

ta+t b
(45)

The harmonic mean is used for calculating transmissivities in non­

homogeneous, unconfined regions in the East Decker model, such as at 

the interface between clinker and alluvium.

Confined, Homogeneous or Nonhomogeneous 
Aquifer Flow

The harmonic mean is also used for computing internodal 

transmissivities in all regions of confined glow. ‘ For the

■ •: f:.
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example situation shown in Figure 15, the transmissivity between A 

and B is

TA-B
%

ta+t b
(45)

If the aquifer is homogeneous (K^=Kg) and if = b^, then Equation 

(45) reduces to

A-B B

Modeling confined aquifer flow with Equation (41) , TXi+1/2,j is

i+1/2,j"
2 [(CH1 , -BOT. .) (HCX, .1.3 1,3 1,3
[ (CH, .-EOT. .) (HCX. .1.3 1,3 1,3

i, j
1,3

As in the nonhomogeneous, unconfined flow case, the harmonic mean 

gives heavy weight to the smaller transmissivity when the node 

transmissivities are not equal.

Confined-Unconfined Flow Boundary

In an aquifer that is partly confined and partly unconfined, a 

problem in determination of transmissivity arises along the boundary 

between the confined and unconfined zones. Such an aquifer is shown 

in plan view in Figure 16. Figure 17 is a ctoss-sectional view 

through confined node i,j and unconfined node i+l,j.



-61-

Columns

Line of conversion

Fig. 16. Plcn view of an aquifer that is confined in one portion and 
unconfined in the other.

Ground
surfoce

Piezometric 
surfoce — Line of 

conversion

CONFINED
AQUIFER UNCONFINED

AQUIFER

datum

Fig. 17. Vertical cross section through nodes i,j and i+l,j of the 
aquifer shown in Figure 16.
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Here again, a harmonic mean is used for computing the internodal

transmissivity. For example, TXi+1/2,j is calculated as

TX
2[ (CE. .-EOT. . ) (HCX. .) ] [ (h. , „ .-BOT^1 .)(HC3?.,. .)]_______r,] _____ IxI_____ r+1, j r+1,3 r+1,]

i+1/2,j [(CE. .-EOT. .) (HCX. .)] + [(E1̂ 1 .-EOT ' .) (HCX .)]1,3 1,3 1,3 ■ 1+1,3 ’ 1+1,3' 1+1,3

Y2.i,
XI.i,

I  . 

j

Solution of Equation (41)

At every new time increment. Equation (41), with the, appropriate 

factors, is applied to each node in the aquifer -system. For even a . 

small nodal array this will result in a large number of simultaneous. 

equations. As pointed out by Remson et al. (1971), solution of such a 

set of equations calls for the use of an iterative solution that 

solves the entire equation matrix by parts. The alternating direction 

implicit method of Peaceman and Rachford (1955) coupled with an iter­

ative procedure is such a solution. It can use fairly large time 

increments and still converge to an accurate solution rapidly. It is 

also accurate in dealing with problems involving time dependent 

sources and sinks (Huntoon, 1974).

For solution of the node equations in t h e  model presented here, 

the modified iterative alternating direction- implicit method (MIADI) 

of Prickett and Lonnquist (as discussed in Pjrickett, 1975), which uses
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a combination of the Peaceman and Rachford alternating direction 

implicit method (Peaceman and Rachford, 1955) and the Gauss-Seidel 

iterative method (see Carnahan et al., 1969), was chosen. The method 

is an alternating direction technique because it first solves for all 

node heads by calculations involving columns of nodes (i), then for all 

node heads by row calculations (j). One column-row solution cycle con­

stitutes one full iteration. The method keeps cycling through iterations 

until the head solutions converge within a specified error criterion.

Solution for the node heads at time t+At is begun by roughly 
predicting the heads with a linear extrapolation from the heads at 

time t and t-At. Then the first column-row iteration is performed 

using the predicted head values. The linear prediction (Prickett and 

Lonnquist, 1971) was found to greatly decrease the number of iter­

ations required for convergence in well flow problems.

In calculations by node columns, for every other iteration node 

columns are solved column by column in a sequence from left to right. 

Columns are solved in a sequence from right to left in alternate 

iterations. Alternating the direction of column processing increases 

the overall convergence efficiency.

Before solving for heads in any column i, the equations for all 

NR (Number of Rows in grid array) nodes in the column are written 

using Equation (41). The node heads from columns i-1 anS i+1 that are



64-

included in the column i node equations are the best current estimates

recent iteration or current half iteration (or the predicted heads if 

this is iteration one) and therefore are known values. As a result, 

each node equation in column i' except for the equations for nodes i,I

Because the outer boundary of the grid is automatically treated as an

impermeable boundary, the node equations for i,1 and i,NR contain only

two unknowns each, respectively h. n and h. „, and h. and h, .i,l i,2 i ,NR-l i,NR
(This point will be covered more fully later in this chapter.) There­

fore, column i has NR node equations in NR unknowns.

As an example, for column calculations where columns are being 

processed in a sequence from left to right. Equation (41) is written 

for node.i,j (assuming i,j is not a boundary node) in the Solution of 

column i heads (see Figure 18) as

of those heads at time t+At; they are head solutions from the most

and i,NR, contains three unknown head values, h. . , h. ,, and h.I / D I 3-/3 3-,]+!

+ TX ,h n+1/2 _ n+1/2
i-1/2,j ( i-l,j i,j

+ TY n+1/2 _ n+1/2
i/j+1/2  ̂i,i+l i,j

+ TY Ch n+l/2 _ , n+1/2
i,j-1/2  ̂ i,3-l i,j

= SFi,3 i, jAt (46)
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i- l i i+l
. n-H/2 
h

J I — '

Rows

h„4 , /2

i . r '

hn + 1/2 hn
j — 1 X T "

^VZ

i+l.i

j + i — T F T -

Fig. 18. The node head values included in Equation (45).
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where superscript n indicates a value from the previous iteration, 

iteration n, superscript n+1/2 indicates a value from the current, half 

iteration (column or row calculations constitute a half iteration), 

and therefore .

h. . = known node head at time t+At, from preceding 1+1,3
iteration (L)

^i-I^j = known not̂ e head at time t+At, from preceding 
solution of column i-1 (L)

n+1/2 „ n+1/2 „ n+1/2 „h . . , h. , h. . , = unknown node head values asso--1,3 i,3^1 1,3-1
ciated with node i,j in column i at time t+At- (L)
ho. . = known head at node i,j at time t (L) i,3 ' -

Before column processing is ever begun, all of the 'internodal

transmissivity factors for the unconfined zones in the array are

calculated by using the best available estimates of the node heads at

time t+At. For example, TY1 .• is calculated from hn . _ and h? .,i,3-1/2 1 ,3-1 i,3
and TX. , . is calculated from h? , . and hn .. Doing this rather1-1/2,3 i-l,3 i,3
than using unknown node heads avoids turning Equation (46) into a 

second order equation. It must be stressed that these factors remain 

constant during the processing of all columns.

By combining known and unknown terms in Equation (46) and sim­

plifying, the following equation results:

- W  <Y-l + BBW  hM /2 + CCW  - ™ W (47)
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v;here

AAi,j TYi,j-l/2

BBi,j = "TXi+l/2,j " TXi-l/2,j " TYi,j+l/2 " TYi,j-1/2

- (SE. ./At)i,]

CCi,j = TYi,j+l/2

DDi,j = ™ (TXi+l/2,j hI+!,]5 " (TXi-l/2,j

- (SF

Writing all of the column i node equations in this form produces 

the following tridiagonal matrix system for column i:

BBi,l cci,l 0 0

^ i , 2 BBi,2 CCi,2 0 • • • • 0

0 AAi,3 BBi,3 CCi,3 0 • • 0

• • •

• • • • • 0 AAi ,NR-1 EBi,NR-I CCi,NR-l

0 • • • • • aV nr BBi,NR
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- hn+I/2 - 

i /1. DDi,l

n-H/2
i,2 DDi,2

hnY 21,3 DDi,3

• = •

01̂ i ,NR-I

. C f . .DDi,NR_

In the MIADI method the matrix is solved by Gaussian elimination using 

a Thomas algorithm (described in Van Rosenberg, 1969). After solution 

of the column i heads, columns i+1 through NC (Number of Columns in 

grid array) are solved, column by column, in an identical manner.

On completion of all column calculations (the n+1/2 iteration), 

the row calculations (the n+1 iteration) are begun by first calculating 

all intemodal transmissivity factors using the column calculation 

head solutions. Then the node head equations are solved, row by row, 

in a manner exactly identical to that of the column solutions. Com­

pletion of row calculations completes one full column-row iteration.

If the solution convergence criterion has not been met, another

iteration is begun.
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The convergence check used with the MIADI method involves check­

ing the sum of the changes in head solutions during a full iteration. 

If the sum of the absolute values of the head solution changes for all 

nodes (i.e. | hn - + | hn+"l"//̂  - hn+ |̂ summed for all nodes)

during an iteration is less than a specified convergence, criterion, 

convergence is assumed to have occurred. Calculations for the next 

time increment are then begun.

Prickett and Lonnquist (1971) use the following empirical rela­

tion for calculating a simulation convergence criterion:

Ielit1 ' . '
ermr = IOSF (49)a

convergence criterion

total average net withdrawal rate during simulation
(L3A )

initial time increment used in simulation (T)

average storage factor for all nodes (L^)

based on the use of time increments that are succes- 

by a factor of 1 . 2 J - In other words,

At = 1.2 At11 o

At2 = 1.2 At1

where

error =

M =
At. =, i

SF = a

This equation is 

sively increased
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Because Q (discharge into the mine cut) varies during a simula­

tion of the East Decker site, Equation (49) could be used only as a 

rough approximation. Q was estimated by making an initial run with 

the model, getting discharge rates printed, and then selecting an 

average discharge value for the period of simulation. This value was 

then inserted into Equation (49), and the resulting error criterion 

was used in subsequent computer runs.

Aquifer Boundaries

Zero Flux (Impermeable) Boundaries

Zero flux lateral boundaries occur where an aquifer is bounded by 

impermeable material. At the East Decker site, such a boundary is 

believed.to exist along the faults on the southeast side of the area 

(Van Voastc, and Hedges, 1976) . The fault is shown in Figure1 2.

Across a zero flux boundary, K = O .  Referring to Figure 19, in 

applying Equation (41) to node i , j ' ,

Similarly, for node i,j+1,

™i+l/2,i = °

TXi+l/2,j+1 • °

TYi,j+3/2 °



Rows

Columns

j  +  l -O-

j+ 2  Hh

Fig. 19-. Aquifer with an impermeable lateral boundary.
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It should be noted that the model automatically treats the outer 

edges of• the grid as impervious boundaries. This must be done in 

order to permit the outer node equations to be written.

Surface Water Boundaries

Surface water boundaries occur where an aquifer is directly 

linked with a surface water source. At East Decker, the alluvial' 

aquifers along the shore of the Tongue River Reservoir are considered 

to be directly linked with the reservoir (USGS, 1977) . It is assumed 

that the reservoir level is relatively independent of aquifer inflow/ 

outflow.

If the reservoir level is independent of groundwater flow, then 

at the junction of the aquifer and reservoir

in either Equation (14) or (18) .

A surface water boundary is handled by assigning very large

storage coefficients to boundary nodes (Prickett and Ronnquist, 1971)

Using a very large storage coefficient in Equation (41) maintains an

essentially constant head [(h. . - ho. .) - 0].3-/3 3-/3
Should the boundary water level change with time (such as during 

reservoir filling in the spring), the head values at the boundary 

nodes must be reassigned during a simulation.
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Interaquifer Boundaries

Because the beds separating the East Decker coal seams are silt- 

stones and sandstones(USGS, 1977), and because so little is known of 

the hydraulic properties of these layers, a steady state approximation
i

-for interaquifer leakage was utilized. • If the interaquifer material 

is'-’not a clay or silt material with-a high storage coefficient, this 

assumption is often valid (Hantush, 1960).

Figure 20 is a cross section through column i of a three layer 

node array that would be used for,modeling three , confined aquifers 

that leak to each other through semipermeable layers. It should be 

noted that the nodes for each aquifer lie directly above"and below the 

nodes of the other aquifers. Therefore, all nodes in a "stack" of 

aquifer nodes have the same horizontal dimensions associated with them.

Interaquifer leakage is handled in the model by modeling each

aquifer individually and linking overlying nodes with the
€>

steady state leakage terms of Equations (32) and (33). As an example, 

in writing Equation (41) for node i,j,2 (2 indicates aquifer 2), which 

is linked by leakage to aquifers I and 3, leakage is calculated as

L'i,j,2 [K2 (hi,j,2 hi,j,l)/b2 +

K 3(hi,j,2 “ hi,j ,3)/b3] (X2i,j Y2r,j)

This is included in term Qi, j , 2.
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Vertical cross section through column i of a three-layer node.array used for 
modeling a three aquifer system with semipermeable interaquifer layers.

»

Fig. 20.
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layer thicknesses b^ and b^, and the node

the factors (after Prickett and Lonnquist,

R. . _ = (K'/b')(X2. . Y2. .1,3,2 2 2 i, j i, 3

■ Ri,j,3 = (K'/b:)(X2. .3 3 i,3 Y2i,j

(51a) 

(51b)

values which remain constant with time. Doing this minimizes the num­

ber of calculations and computer memory required.

It is possible that some or all of the aquifers are unconfined.

If, for example, aquifer 2 is unconfined at node i,j,2 (h. . <x, j , 2.
CH. . , the elevation of the aquifer top) then (Trescott et al.,

1976)

L .Ji,j,2 (CHi,j,2 hIf3M j (Ri,j,2J 

+ (hi,j,2 " (Ri,j,3}
(52)

This relation assumes that the vertical hydraulic conductivity of the

aquifer 2 material is much greater than K ', in which case the head2
drop due to vertical leakage through the aquifer 2 material above the 

phreatic surface is negligible in comparison to the head drop across 

semipermeable layer 2.

Solution of a multi-aquifer system for heads at time t+At is 
obtained with a simple variation of the MIADI method (Prickett and ' 

Lonnquist, 1971), An iteration is begun by solving by columns all of 

the node equations in the top aquifer (k=l), followed by column
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solutions of all aquifer 2 '(k=2) node equations, and so on through 

the bottom aquifer (k=NL, the total number of aquifer layers), Row 

solutions are done in an identical manner, starting with aquifer I.

The problem in Figure 20 will be used as an example of how node 

equations are written for multi-aquifer systems. Applying Equation 

(46) to node i,j,2 for column calculations (iteration n+1/2) that are 

processed in a sequence from column i=l to i=NC,

TXi+l/2,j,2 (hi+l,j,2 h I , / ,  2 ) + -

TYi,j+l/2,2 (hi,j+l,2 hi,j(2) +

TY (h114"^^ - hn+"*‘//2)1 x,j-l/2,2 tni,j-l,2 i,j,2;

(53)

■ (hn+1/J - hn+1/hR. . H- (hn+y =1,3,2 x,3,l 1,3,2 1,3,2 h," . )R. .1,3,3 1,3,3

+ 6i,j,2

where

, n ,n
i+l,j,2' i,j,3

n+1/2
Vl,j,2

known node heads from previous iteration, 
iteration n (L)

known head from preceding solution of 
column 1-1 (L)
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known head from iteration n-f-1/2 solution 
of the overlying nodes (L)

ho. . = known head at time t (L)

n+1/2 n+1/2 n+1/2
-i,j-l,2' ± , 3 , 2 '  r,j+l,2 unknown node heads in column i, aquifer 

2 (L)

As with Equation (46), Equation (53) can be rearranged into the form 

of Equation (47),

j,2 hi,j-l,2 + BBi,j,2 hi,j^2 

+ CCi,j,2 hi,j+l,2 = DDi,j,2

in which

AAi,i,2 TYi,j-l/2,2

BBi,j,2 = -TXi+l/2,j,2 “ TXi-l/2,j,2 “ TYi,j+l/2,2 " TYi,j-l/2,2

- - *1 ,3,3

CCi,j,2 = TYi,j+l/2,2 ■ '

DDi,j,2 = " (TXi+l/2,j,2 hi+l,j,2) " (TXi-l/2,j,2 h i - l , 3 , 2 )

(SFi,j,2 At' ] " (Ri,j,2 hi,j,l} " (Ri,j,3 hi,j',3)

+ Qi,j,2

This conforms with the MIADI solution method.

Equations for layers I -and 3 will be the same except one or the 

other of the leakage terms will not be present.
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Aquifer Contact Boundaries

■ At East Decker the two upper coal, seam aquifers, the D-I Upper 

and D-I Lower seams (Decker Coal Company designations), are in contact 

in the alluvial material along Deer Creek and are also joined together 

where the seams combine at the south end of the Tongue River Reservoir 

(Van Voast and Hedges, 1975; see Figure 2). During and.after 

mining all three coal seam aquifers will contact in the spoils 

material, where a single aquifer is expected to form. In order for 

the aquifer junctions to be realistically modeled, the aquifer flows 

must be simulated simultaneously.

A plan view of a three dimensional node array that would be used 

for modeling two aquifers that join together is shown in Figure 21. 

Figure 22 is a cross-sectional view through the column i nodes of both 

aquifers. Note that no nodes, are shown for (i,j,l), (i,j-1,1), etc. 

in Figure 22. Though these nodes would actually be in the computer 

memory, they would be "dummy" nodes - HCX and HCY (hydraulic conduc­

tivities in the x and y directions) would be set equal to 0.

This multi-aquifer system would be modeled in a fashion identical 

to that of multiple leaky aquifers, solution of the node equations 

being obtained with the variation of the MIADI method used for leaky 

aquifers.

A combined aquifer node adjacent to the'' aquifer junction must be 

linked with adjacent nodes in both aquifers; Node i,j,2, for instance,



-79-

Rows

Columns-----------
i-3  i-2  i - l  i i + l i+2 i+3

j+2 h .

Fig. 21. Plan view of node array used to represent two aquifers that 
join together.

Xu-

-Ground surface

COMBINED.,

AQUIFER *> i) j'l|2
AQUIFER 2 *',1+1,2

> j y /  ~r~Jr -7~7

Fig. 22. Vertical cross section through column i of the node array 
shown in Figure 21.
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must be linked with nodes i, j+1,1 and i+1, j rl .̂,s well as with the

adjacent nodes in aquifer 2. In applying Equation (46) to node i,j,2,

additional terms for h. . _ and h. _ . n must be included.. For columni, 3 + 1 , 1 i+l, 3,, I
calculations . (iteration n+1/2) that are processed in a left to right 

column sequence, the node equation for i,j,2 is

TXi+l/2,j,2 (hH-I, j,/ _ hi, j

+ TXi-l/2,j,2 < W , 2  - C ^ 2 >

+ TYi,j+l/2,2 ' C j t i l2 -  < 1 2

+ IYi,i-l/2,2 < « , 2  - C C
= TR\ (hn+1/5; - hn>+1/2i+1/2,j,3/2 i,j,2 i+l,3 ,I

+ TBi,j+l/2,3/2 hi,j+l,l}

+ SF
-n+1/2 ' ,
hi,j,2 h°i,j,2 

i,j,2 At + Qi, j.,2 (55)

where

TRi+1/2,j,3/2 the internodal transmissivity factor between 
nodes i,j,2 and i+l,j,l, computed as a har- 

Pmonic mean (LVT)

TBi,j+l/2,3/2 = the internodal transmissivity factor between
nodes i,j,2 and i,j+1,1, computed as a har- 

2monic mean (L /T)

i+l,j,2 known head value frtim'prpyipus iteration, 
iteration n (L)
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hn+1/2 i,j+1,I'

n+1/2
V l ,  j,2

n+1/2 
1I+!, j , I

n+1/2
'i,j+1,2

known head value from preceding solution of 
column i-1 in aquifer 2 (L):

known heads from current iteration (n+1/2) 
solution of aquifer I nodes (L)

known head at time t (L)

unknown node heads in column i, aquifer 2 
(L)

Combining known and unknown terms and rearranging Equation (55) 

results in

“ 1,3,2 hW l2 + “ 10,2 hM O  + CCiO,2 < W , 2
DDi, j ,2 (54)

where r ■

i,j,2 i,j-1/2,2

j,2 -TX - TX - TY1 1+1/2,j,2 1Ai-l/2,j,2 i,j+1/2,2

TYi,j-l/2,2 - (SFi,j,2/At) TRi+l/2,j,3/2

- TBi,j+1/2,3/2

'i,j,2 i,j+1/2,2
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DDi,j,2 (TXi+l/2,j,2 hi+lrj,2) (TXi-l/2,j,2 h ± ~ l , j , Z }

(SFi,jf2 ) “ <TRi+l/?,j,3/2 hi+/j,l)

(TBi, j+1/2,3/2 + Qi,j,2

Equations for all nodes in aquifers I and 2 adjacent to the aquifer 

junction would be written in a similar manner.

Mine Cut Boundary

Tlie mine presents the most difficult boundary in the system to 

treat. In discussing, how it is handled in the model,, reference will 

be made"to Figure 23, a plan view of an aquifer grid with an initial 

mine cut (an idealization of the East Decker mine), and Figure 24, a 

cross section through the row j nodes. The flow arrows in Figure 23 

indicate the direction of premining groundwater flow. Figure 24 is an 

idealized cross section of the East Decker stratigraphy near the mouth 

of Middle cCreek. '

As pointed out in Chapter II, it is believed that flow' 

into the mine cut can be split'into three components (Van Voast and 

Hedges, 1975; USGS, 1977): intercepted natural flow, flow from

storage, and induced flow from the Tongue River Reservoir. Flow to 

the cut from the reservoir will begin through the alluvium when the 

cut floor reaches below the reservoir surface level (see Figure 24). 

Wlien the initial cut reaches the D-2 coal, water will also begin to



Rows

Columns--------------r-
i-2 i-l I itl

Mine cut

RESERVOIR

Fig. 23. Plan view of a mine cut with an aquifer node grid.



Ground
'surface

Clinker-
Alluvium

D-I U Coal Aquifer IMINE
D-I L Coal Acuifer 2

RESERVOIR

0 -2  Coal

Fig. 24. Cross section through row j of the node grid in Figure 23
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flow through it from the reservoir. Water discharged .on

the other side of the cut will consist of intercepted natural flow

plus flow derived from storage in the aquifers.

Induced reservoir to mine cut flow. Once the initial mine cut.is 

below the reservoir level, flow will begin through the alluvium from 

the reservoir to the mine cut. This flow.is calculated in the manner 

of USGS (1977) with the steady flow Dup uit equation (Todd, 1959).

qr (20)

where

q^ = discharge rate from the reservoir per unit length of mine 
cut (L2/T)

K = hydraulic conductivity of the alluvium (L/T) 

f = distance from the mine cut to the reservoir (L)

h = height of the water table above the aquifer floor, which is 
assumed horizontal (L)

H = height of the reservoir surface above the aquifer bottom (L) 

Note that this equation assumes an instantaneous opening of the cut 

down to and below the level of the D-IL floor.

The D-2 coal is also linked with the reservoir :(Van Voast and 

Hedges, 1975). Steady flow from the reservoir to the mine through the 

coal per unit length of mine cut is estimated with Darcy's law as

qr = T r-c
f (55)
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where

T = transmissivity of coal -(L /r) = Kb ,

b = thickness of coal seam (L)

H = height of reservoir surface above the top of the coal r-c .seam (L)

and other terms are as defined with the previous equation. Equation 

(55) can only be considered a rough estimate of flow through the coal: 

it does not account for the seepage face that will develop at the cut 

face (see Figure .24. Unfortunately, no analytical method 

exists for determining steady flow rates through a length of corifinecj- 

unconfined aquifer.

To simulate reservoir to mine cut flow in the problem in Figure 

23, the k=2 level' (D-IL) and k=3 level (D-2), 1-1 nodes adjacent

to the cut would be pumped at the rate of

Qr = qr WALL, (56)

where q is calculated from either Equation (20) (for the D-IL nodes)
'r »

or Equation (55) (for the D-2 nodes), and WALL is the length of mine 

cut adjacent to a node. This Q would be included in Equation (41) for 

each of these nodes. I
Steady flow rates are used for reservoir to initial mine cut flow 

because the initial cut will be very close to the reservoir and there 

is little water in storage between the cut and the reservoir. •

2
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Intercepted natural flow. Flow into the other side of the mine 

cut will consist of intercepted flow plus flow from storage from both 

the coal and the overlying alluvium and clinker. However,' because of- 

the limited extent of the alluvial and clinker aquifers on the east 

side of the cut, their contribution to mine cut flow is ignored.

The natural flow rate in the coal is calculated with Darcy's lav/ 

as

=°TI ' (57)

where
• 2= the natural flow rate per unit length of cut (L /T)

I = natural (premining) hydraulic gradient (dimensionless)
2T = transmissivity of coal (L /T)

To simulate intercepted flow in the Figure 23 problem, column i+1 

noes adjacent to the mine cut (at the k=2 and k=3 levels) would be 

pumped at the rate of

Q = q WALL (58)
. ni+l,j nwhere WALL is the length of the mine cut adjacent to .the node.■ Inter­

cepted .natural .flow is assumed steady.

Flow from storage. As stated earlier (Chapter II), flow from 

storage in the coal aquifers can be simulated by pumping adjacent 

nodes at steady rates (Davis, 1977). However, this requires knowledge 

of the actual drainage rates into the mine cut. Since there is no 

such data for the East Decker Mine, a nohsteady simulation 

from storage was used. '

for flow



With the nonsteady simulation, flow from storage is estimated 

with a bank storage discharge equation, as.Davis (1976) and USGS (1977) 

have done. If an aquifer is unconfined, or if it cdritains relatively 

little water in confined storage (i.e., when the piezometric surface 

is not much higher than the aquifer top, and S »S^), then the 

Haushild and Kruse (1962) second drawdown solution for unbonfined con­
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ditions (see Chapter 2) may be used:

h = H [}-— \ du]
1/2 (31)

where

h = height of the water table above the aquifer floor (L)

H = original height of the water table above the aquifer 
floor, assumed uniform (L)

x
u = ----------- 1/2(4KHt/2S ) /

Y . '
K = aquifer hydraulic conductivity (L/T)

x = distance from the mine cut
■

t = time since opening of the cut (T)
«5» ■

S = specific yield (dimensionless)
Y -

Nonsteady discharge from storage is calculated with Darcy's law using 

the derivative of h with respect to x at some x>0. For example, the 

nonsteady discharge rate from storage for node i+1,j,2 (see Figure 24)

is calculated as
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where T .

- 9 h
6St.„  . Ti+l,j,2 W M X  y  ' <»>i+l,3,2 J x=c

is the transmissivity at the center of node i+l,],2'i+l,3,2
(calculated with the saturated thickness of the node), c is the dis­

tance from the mine cut to the center of node i+l,j,2, and is 

obtained by differentiating Equation (31). The derivative of Equation 

• (31) with respect to x is (Buck, 1965)

9h 8h3u 
■3x 3u 3x

i  1/2 H (
A  /

- 1 2 -u• e'- du)-!/^ e'-*.
(4KHt/2S ).1/2

(60)

Since Equation (60) cannot be evaluated at x=0, it must be

evaluated at some distance from the mine cut, distance c in this case.

Furthermore, since there is no analytical solution for Equation (60),

it must be solved by a numerical technique. Simpson's One-Third Rule
... , .

was used for solution, and it is contained in a computer program 

subroutine (subroutine EST)'.

Nonsteady flow from an aquifer containing a significant amount of. 

water in confined storage (i.e., the piezometric surface is well above 

the aquifer top), such as the D-2 coal aquifer at East Decker, may be



initially estimated with the use of Stallman's solution for aquifer 

drawdown. Stallman's solution for complete drawdown (H=H ) is
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h £x - —— S "" e-'du]. (21)

where

s = drawdown (L)

H = original height of the aquifer potential head, measured 
from the aquifer floor (L).

(4T t / S Fo c
= original aquifer transmissivity 

■ S^ = confined storage coefficient (dimensionless)

It is believed (see Chapter 2) that this equation is valid when a 

coal seam is first exposed. The flow rate from storage is calculated 

using Darcy's law and the slope (gradient) of s. Calculating the 

discharge from storage for node i+1, j,, 3. (see Figure 24), for example,

3s- (61)

where (Buck, 1965)

3s
3x -H[2- e-"

Ar (4T t/S )i
O C

(62)



Againt Q is added to Q to give the total discharge .
5 i+l,j,3 ni+l,j,3

rate from node i+l,],3.

As time goes on, Equation (21) will become less valid as more of 

the aquifer converts to unconfined conditions and more flow comes out 

of unconfined storage. It is possible that this can be accounted for 

by either switching to the use of Equation (59), or by combining 

Equations (59) and (61). This is discussed further in the next 

chapter.

In the solution of the node equations, nonsteady flow rates are 

recalculated before each half iteration (column or row solution)using 

the best available estimates for transmissivities at time t+At. They 

are calculated at the same time internodal transmissivities are cal­

culated.
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Computer Program Listing

In Appendix B the computer program for the East Decker Ground- 

water model is listed. It is written in Fortran IV. compatible with 

the University's Xerox Sigma 7 Fortran IV compiler.

The program consists of the main program CENTRAL and five sub­

programs. CENTRAL contains, the basic MIADI solution procedure and 

prints out solution results. It calls on five subprograms for input

into the solution procedure.
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Subroutine VALUE reads the initial node data into■computer memory, 

and changes data when appropriate. Subroutine TRANS calculates inter- 

nodal transmissivities before each half iteration (column and row 

solutions). FLOW calculates nonsteady discharge into the mine cut, 

calling on subroutine EST to solve the integral in Equation (60).

FLOW is called at the same point in the program as TRANS, just before 

each half iteration. Subprogram LINK combines (joins) aquifer flows 

where needed, and is called during each half iteration.

Given with the listing are the definitions of the program vari­

ables. The variables match text variables as closely as possible.

A fairly complete explanation of the program routines is also given 

in the listing. ■



CHAPTER IV

APPLICATION OF THE MODEL TO THE EAST DECKER SITE '

The Premining Aquifer. System

The East Decker aquifers that will be significantly affected by 
mining are the alluvial aquifers along Deer Creek and the shore of the 
Tongue River Reservoir, the clinker aquifers, and the coal and sand­
stone aquifers in the upper portion of the Tongue River Member of the 
Fort Union Formation (Van Voast and Hedges, 1975). The most extensive 
and continuous of these are the three coal aquifers, the object of the 
mining. Some of the coal aquifers are linked directly with the allu­
vial and clinker aquifers. The sandstone aquifers occur in discon­
tinuous lenses that appear to be isolated from the other aquifers 
(USGS, 1977).

Geologic Features
The D-2 (Decker Coal Co. designation) coal is the deepest of the 

three coal, seams. In some parts.of the mine area the seam is well over 
350 feet below land surface. It is the most laterally continuous of 
the three seams. Minor outcropping occurs along the reservoir shore 
north of the mine (Van Voast and Hedges, .1975) .

The D-IL and D-IU coal seams are much closer to the surface and 
are more discontinuous. Both seams subcrop into the alluvium along ■ 
Deer Creek and along the Tongue River Reservoir shore, resulting in 
the alluvium acting as a junction between the two coal aquifers (based
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on interpretation of Peter Kiewit Sons, Inc'. drill hole data; see 

Figures 25 nnd '26) . The two seams merge together as a single bed 

within the modeled area, southwest of the mine proper, along a line 

roughly following the course of the Tongue River.

Extensive clinker deposits occur where the D-IU coal has burned, 

mostly in the outcrop area along Deer Creek (see Figure 25). Based on 

structural maps (Peter Kiewit Sons, Inc.) and groundwater maps (Van 

Voast and Hedges, 1975), it is believed that upward folding of the 

strata has left much of the clinker south of Deer Creek dry. This 

folded area forms a high, dry pocket in the D-IU aquifer.

The interburden between coal seams changes considerably in thick­

ness, varying as much as 100 feet over a distance of a mile (USGS, 

1977) . Interburden thicknesses are greatest in the eastern mine area 

and tend to decrease in. the westward direction. Since the Tongue 

River Member was formed from sediments deposited by an alluvial flood 

plain system (Widmayer, 1977), the deposits of sandstone, siltstone, 

and shale that make up the interburden and overburden tend to be 

limited in areal extent (USGS, 1977).

Groundwater Flow

Except for the sandstone aquifers, all of the previously men­

tioned aquifers are included in the East Decker groundwater model.

The sandstone lenses are ignored because of their very limited extent.
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■3500

Clinker

FAST

EAST DECKER AREA
—  —  O-I L andO-IU coal secwa

Junction line
- -  —  Fault line

Fig. 25. Piezometric surface contours of the D-IU aquifer produced 
by the pre-mining, steady state simulation. Also shown 
are the alluvium and clinker beds adjacent to the D-IU 
aquifer.
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EAST DECKER AREA
-------- O-ll. endD-IU coel eeerne

Junction line 
- -  — - Foull line

Fig. 26. Piezometric surface contours of the D-IL aquifer
produced by the pre-mining, steady state simulation. 
Also shown is the alluvium that forms a junction 
between the D-Iu and D-IL aquifers.
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3480

3440

EAST DECKER AREA
----O-IL andD4U cool teeaejunetlon line 
- - -—  Foulf line

Fig. 27. Piezometric surface contours of the D-2 aquifer 
produced by the pre- mining, steady state simulation.
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In describing the modeled aquifers, Figures 25 to 27 will be used. 
These are maps showing simulated, premining piezometric surfaces for 
the D-2, D-I Lower, and D-I Upper coal aquifers. (The simulations 
are described later in this chapter.) .•

In generals all three coal aquifers recharge in areas northeast 
and southwest of the mine, discharging into the Tongue River Reservoir 
in the area around the mouths of Deer, Middle, and Coal Creeks (Van 
Voast and Hedges, 1975). The region of interest is bounded in part by 
two major northeast trending faults, one running through the upstream 
end of the reservoir, the other about one and one-half miles southeast 
of the upper reservoir (see Figures 25 to 27 for locations). Strata 
have dropped as much as 200 feet on the southeast, downthrown sides 
of these faults (USGS, 1977), producing breaks in the coal seams. Van 
Voast and Hedges (1975), on the basis of well observations, believe 
that these form impermeable boundaries for the coal aquifers. Because 
of a regional southwestward dip of the strata (USGS, 1977), the coal 
seams north of the mine area are high and probably contain little or 
no water (based on analysis of structural and observation well data in 
Van Voast and Hedges, 1975).

Hydraulic Characteristics
Except for the coal, the hydraulic properties of the aquifers are 

only sketchily known. Van Voast and Hedges (1975) conducted eight 
short pump tests in the East Decker coal, reporting hydraulic
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conductivities ranging from 0.5 to 19 ft/day. Most values were around 
I foot/day. They also estimated the confined storage coefficient of 
the coal as 0.00003 using Lohman1s method (Lohman, 1972), and 0.00001 
to 0.00002 using Jacob’s method (described in Ferris et al., 1962). 
USGS (1977) estimated coal hydraulic conductivities to be three to 
five feet per day, with a confined storage coefficient of 0.00001.

-It is believed that flow through the coal is controlled by. frac­
tures (Hasfurther and Rechard, 1976). A fracture study at East Decker 
(U.S. E.P.A. Quarterly Report, 1976) indicates two general fracture 
directions. The major fracture trend is northwest-southeast, with a 
significant northeast-southwest trend present also. These fractures 
probably give the coal strongly directional hydraulic conductivities.

USGS (1977) estimates that the alluvium has a hydraulic conduc­
tivity of 50 to 100 ft/day, and a specific yield of 0.20. Clinker is 
estimated to have a hydraulic conductivity of 150-200 feet/day, and a 
specific yield of 0.10.

The Model

The East Decker aquifer system is represented by a three layer 
node grid, with each layer representing a single coal seam. The grid 
is shown in plan view in Figure 28 superimposed over the East Decker 
area map. Node columns and rows are oriented to roughly match the
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Fig. 28. The model grid.
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northeast-southwest and northwest-southeast fracture directions. Rows 
run in the X direction, columns in the Y direction.

The Node Grid
The number of grid nodes used is limited by the memory (core) of 

the university's digital computer, which can handle no more than 2500 
nodes and their associated data. Within this constraint, a three- 
layer grid system of 21 x 39 nodes was designed. Each layer contains 
819 nodes,with a total of 2457 nodes for all layers. The grid size 
is not uniform. The smallest nodal areas (500 x 500 feet) are on the 
mine site; and the largest are beyond the mine site proper, towards 
the grid boundaries. Grid spacings are based on suggestions by" 
Trescott et al. (1976); smaller grid spacings are used in areas of 
expected steep drawdown.

Column 21 forms the impermeable boundary along the fault south­
east of the mine. As noted in Chapter m ,  the model automatically 
treats outer columns and rows as impermeable boundaries. The imper­
meable fault boundary line in the upper reservoir, running along 
column 8, is handled by setting TX factors for the fault nodes equal 
to 0.

The grid extends out several miles to the .northeast and southwest 
of the mine into the recharge areas. Column I extends out several

rmiles northeast.of the mine into the high, dry boundaries of the aqui­
fers.
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Node layer three (k = 3) , the lowest-' layer, represents the D-2 coal 
aquifer. Layer 2 (k = 2) is used to represent the D-IL coal aquifer, 
the D-IL and D-IU combined coal aquifer southwest of the mine, and the 
alluvial aquifer along Deer Creek, where the.alluvium contacts the 
D-1L. Layer I (k = I) represents' the D-IU coal and clinker .aquifers. 
Where the D-IU coal and clinker aquifers combine with the D-IL (in the 
Deer Creek alluvium and at the D-IU and D-IL seam junction), the aqui­
fers are linked as described in Chapter III." All' three aquifers are 
linked to the reservoir in the areas of the Deer* Middle, and Coal 
Creeks mouths. This linkage is accomplished as described in Chapter III. 
The reservoir elevation is assumed to be a constant 3410 feet above 
MSL (USGS, 1977).

Basic Node Data
Data input for each node includes the elevations of the aquifer 

top and bottom, the premining aquifer piezometric head, the hydraulic 
conductivities in the X and Y directions, the.confined storage coeffi­
cient, the specific yield, the discharge or recharge flux (if any), 
and the node integer identification number. The identification number 
(NOD) is used in. several ways. It identifies the type of aquifer 
material (coal, clinker, etc.). It is also used to identify nodes in 
and adjacent to the mine cuts, and nodes at which aquifers are linked 
together. Identification of these nodal characteristics is necessary 
to the model operation.
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Aquifer base elevations were obtained from structural data from 
Van Voast and Hedges (1975), and from structural maps and drill hole 
data provided by Peter Kiewit Sons, Inc. The most complete, data exists 
for the mining area proper,with lesser amounts for the surrounding 
areas.

Since the coal seams display little areal variation in thickness, 
they were assigned constant thicknesses throughout. The aquifer tops 
of the D-2 and D-IL coals were set 15 feet above their respective node 
bases, while in the D-IU coal the tops were set 23 feet above the 
node bottoms. In the unconfined alluvial and clinker aquifers, the 
aquifer tops were set at the node surface elevations as determined 
from topographic maps.

Premining Piezometric heads for the D-2 and D-IL aquifer nodes 
were obtained from piezmotric contour maps presented by Van Voast and 
Hedges (1975). Heads for the D-IU aquifer were determined from a 
piezometr&c contour map prepared by the author from observation well 
data provided by Van Voast and Hedges. The maps were based on water 
level observations from six wells finished in the D-2 coal, ten wells 
finished in the D-IL aquifer, and nine finished in the D-IU aquifer. 
The wells were.concentrated in the proposed mine area.

Because so little is known of the hydraulic properties of the 
aquifers, uniform properties were assigned within the aquifer material 
types. Clinker nodes were assigned hydraulic conductivities of 100
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feet per day and specific yields of 0.1, as estimated by USGS (1977) . 

(Clinker hydraulic conductivity was assumed isotropic because clinker 

is a material that has been fractured primarily by burning coal beds 

rather than directional earth stresses.)

The USGS estimates of the hydraulic conductivity (50-100 feet per 

day) and specific yield (0.20) for alluvium were not used, however, 

because drill hole logs indicated that alluvium along Deer Creek was 

best described as a sandy silt. Tables in Todd (1959) and'Lohman (1972) 

give an approximate specific yield of 0.05 and a hydraulic conductivity 

of 20 feet per day for this type of material. Alluvium nodes were , 

assigned these values.

Coal nodes were assigned directional hydraulic conductivities based 

on the previously mentioned fracture study (U. S. EPA Quarter Report, 1976) 

and also on hydraulic conductivity values given in USGS (1977) and Van 

Voast and Hedges (1975). These values averaged 2 to 3 feet per day.

Because fracture counts indicated about twice as many fractures in the 

northwest-southeast direction as in the northeast-southwest direction, 

a ratio of HCX to HCY of 2:1 was used. HCX was assigned a value of 3 

feet per day.

The coal node confined storage coefficients were assigned values 

of 0.00002, a value estimated by Van Voast and Hedges (1975) . The 

specific yield of coal, for which no field measurements were available, 

was estimated to be 0.005. This was based on^the fact that coal has a
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hydraulic conductivity equivalent to that of silty clay (Lohman, 1972) 

A graph in Todd (1959) indicates a specific yield of less than .01 is 

applicable for this type of material.

Recharge flux values, which were required at some boundary nodes,, 

were based on a premining simulation and are discussed in the follow­

ing section.

Steady State (Premining) Simulation

Before a simulation with the mine cut was attempted:, ■ a simulation 

of nearly two years was run in order to approximate.steady state, pre­

mining conditions. This was necessary because it was recognized that 

there were very probably inconsistencies in the basic data, inconsis­

tencies which might result in an initially unstable and unrealistic 

model performance. Once the piezometric surface positions had 

stabilized, the mine cut could be simulated; head changes occurring 

from this point on would be attributable to the mine cut.

To attain an approximate steady state condition within the model 

area, it was necessary to provide lateral recharge at some model boun­

daries. As noted earlier, recharge in all three coal aquifers appears 

to take place in areas northeast and southwest of the mine. To ap­

proximate the rechage rate for the steady state condition, flow out of 

the recharge areas was estimated with Darcy's law using the coal 

transmissivities and hydraulic gradients frojii the ;piezometric contour
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maps of Van Voast and Hedges (1975). The recharge rates, given in 

Table I, were applied uniformly to the rows' I and 39 nodes, the nodes 

that border the recharge areas.

Beginning with the initially assigned node piezometric heads and 

using the Table I recharge rates, 600 days of system simulation pro­

duced flow that was essentially steady (minimal fluctuation in node 

heads). The simulated steady state piezometric surfaces for the D-1U, 

D-IL, and D-2 aquifers are shown in Figures 25 to 27, pp. 97-99. '.These, 

simulated surfaces exhibit the same general flow patterns shown by the 

piezometric surface maps of Van Voast and Hedges (1975). Surface dif­

ferences, which were not extreme (maximum of 15 feet), were ignored 

since the primary objective of this research effort was the develop­

ment of a modeling methodology rather than the fine tuning of the 

model.

TABLE I: Node Recharge Rates.

Aquifer.

Row I
■ '■ recharge rate 

per unit node area

Row 39
recharge rate 

per unit node area
D-IU .00006 ft^/ft^/day 3 , 2 ,.00003 ft /ft /day

D-IL .00005 .000016

D-2 .000032 ■ .00003
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Mine Cut Simulation

First Simulation Attempt
Procedure. In the first simulation, nodes immediately adjacent to 

the cut on.the side away from the reservoir (all coal nodes) were coded

so that they would be pumped at rates computed from the sum of Equation (58) 
(intercepted natural flow rate),

Qn = (q )(WALL) (58)

where

qn = the natural (premining) flow rate per unit length of
cut (L /T)

WALL = length of the mine cut adjacent to the node (L)

and Equation (59) (nonsteady flow rate from storage),'

Qgt = (T) (WALL) (|̂ ) (59)
X = C

where '

T = K (h-BOTl = transmissivity in the direction of flow at the
node (L /T)

K = hydraulic conductivity in the direction of flow (L/T)

h = head elevation at the node (L)

BOT = elevation of the aquifer bottom at the node (L)

and (3h/3x) is evaluated with Equation (60)
X = C  I

I
(4KHt/2S ) (60)



— 108-

Equation (60) is the derivative with respect to x (flow direction) of 

Equation (31) , the second Haushild and Kruse unconfined aquifer head 

approximation (Equations (31), (58), (59), and (60) are discussed in.

Chapter III.)

Because intercepted natural flow rates were assumed constant, 

flow rates were calculated outside of the program with Equation (58) 

and placed in computer memory with the other node data.

Equation (31), which.is for unconfined nonsteady flow, was as­

sumed applicable to the D-IU and D-IL node, calculations because these 

aquifers did not have significant amounts of water in confined storage 

before mining: around the initial mine cut the D-IU was naturally

unconfined, while the D-IL had a head of only about 20 to 30 feet 

above the aquifer top. Although the D-2 coal had a high initial head,

approximately 80 to 100 feet above the seam with correspondingly more 
<»

confined storage, it was felt that Equation (31) might be applicable 

since initial drainage would rapidly lead to unconfined conditions 

around the mine.

Because (3h/dx) is a function of time, Equation (60) had to be 

reevaluated for successive time increments in the simulation. For 

nodes on the east side of the mine cut, where flow would be in a 

westerly direction, K in Equation (60) was set equal to HCX, the
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hydraulic conductivity in the X direction* Figure 29 shows a plot of

(3h/9x) versus time for K = HCX = 3.0 feet/day. The nodes on the X=C
north and south ends of the cut would experience flow in the y direc­

tion. Figure 30 plots versus time for K = HCY =1.5 feet/

day. Both curves were calculated from Equation (60) for x = c = 250 

feet, half a node width (the distance from the mine cut to an adjacent 

node center) and H = 100 feet.

Calculations for the nonsteady pumping rates for all nodes imme­

diately adjacent to the cut on the side away from the reservoir were 

performed in Subroutine FLOW of the computer program. FLOW is listed 

in Appendix 2.

Nodes adjacent to the,cut on the reservoir side were coded so 

that they could be pumped at steady rate's. For the alluvium which 

contacts and recharges the D-IU and D-IL coals, Equation (20) was used:

ft

h Ti-K- rUS. Hr 
f 1 2 o (20)

where

q = discharge rate from the reservoir per unit length of
r • 9

mine cut (L /T)

'K.= hydraulic conductivity of the alluvium in the direction 
of flow (L/T)

■

f = distance from the mine cut to the reservoir (L)

h = height of the water table above the aquifer floor. Watertable 
S is assumed initially horizontal (L)■
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Fig. 29. Plots of 3h/3x |x=250 and 3s/3x ix=250 VS time for HCX=3.0 ft/day.
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Fig. 30. Plots of 3h/3x |x = 250 and 3s/3x |x = 250 vs. time for HCY =1.5 ft/day.
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H = height of the reservoir surface above the aquifer floor 
r (L)

For the D-2 coal, Equation (55) for confined flow was employed:

qr = (55)

where
2T = transmissivity of the coal (L /T)

= (coal hydraulic conductivity in the direction of flow)
. (cdal seam thickness)

Hr_ = height of the reservoir surface above the top of the coal 
seam (L) -

and other terms are as defined above.

Equations (20) and (55), which are discussed in Chapter 'III, were

used to calculate the steady node discharge flux rates (discharge

rates per unit surface area) given in Table 2. To avoid repeated

TABLE 2: Steady Drainage Flux Rates
Steady State ^

Node Drainage Rate, ft- per square foot
____________ __________  of node per day _____ '

6,27,1 ** .002 ft Vft2/dayI—
I

CDCM .005 ■
8,30,1 .006
8,31,1 .024
9,31,1 .024
10,31,1 .005

/
6,25,2 , 001
6,26,2 .0007
6,27,2 .0005
6,2 8 , 2 - .0006
7,29,2 .001
8,30,2 ■ .001
8,31,2. .001 (cont.)
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Steady State

Node Drainage Rate, ft per square foot
of node per day

6,25,3 .01
6,26,3 .01 '
6,27,3 .01 • ’ '
6,28,3 .01 -

calculation of these steady values, the values were calculated outside 

of the model and placed in computer memory with the other node data.

The program automatically calculated the values, the net node 

reservoir to cut discharge rates, from each node's dimensions.

Results. This first simulation produced drawdowns in all three 

aquifers. However, the.drawdowns produced were unrealistic, especially 

in the D-2 aquifer: extrapolation of drawdown curves to the cut wall

yielded drawdowns much less than the expected full drawdown. ■ Further­

more, after about 15 days of simulation the D-IU and D-IL nodes 

immediately southeast of the mine began to fill. Apparently discharge 

rates were being underestimated,, probably in large part because Equa­

tion (59) ̂ did not account for water released from confined storage.

Second Simulation Attempt

Procedure. This simulation was run in the same way as the first 

simulation, except minor changes were made to account for watpr re-, 

leased from confined storage.

To account for the significant amount of water in confined stor­

age in the D-2 coal, Equation (61) (see Chapter I$i)
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Q =  (T) (WALL) [4s-] ' (61)St dx X=C

was employed to calculate the discharge from confined storage for D-2 

nodes pumped at nonsteady rates (nodes adjacent to the mine cut on the 

side away from the reservoir). This flow rate was added to the flow 

rate calculated from the sum of Equations (58) and (59) to yield the 

total pumping rate for the nonsteadily discharging D-2 nodes.

As was the case with Equation (59) , Equation (61) had'to be 

recomputed at each new time increment since (3s/3x) is a time depen­

dent function. The (3s/3x) gradients were evaluated with Equation 

(62) '

where

23 s ttf- 2 -u I -i9= &F ̂ (4T^t/sy/2 J (62)

x alternate x
u ----------- T n  .. -

(4T t/S ) ' v4Tt/SO C O C

T^ = confined aquifer transmissivity in the direction of flow
(L2/T)

= (R) (coal thickness)

and other terms are as defined in Chapter III..Plots of (3s/3x)^_^ 

versus time are given in Figures 29 and 30 for HCX = 3.0 feet/day and■ 

HCY = 1.5 feet/day. These curves were calculated for x = 250 feet (half 

a node width) and H = 100 feet (the initial head of the D-2 aquiferr.in 

the immediate mine area was about 100 feet above the base of the coal

seam).



Because the D-IU and D-IL nodes southeast of the cut began to 

fill after some time during the first simulation, it was apparent that 

the discharge rates computed from the sum of Equations (58)- and (59) - 

for these D-IU and D-IL nodes were underestimates, at least after some 

time t. Though this was probably due to the fact that confined stor­

age was being ignored, it was felt that use of Equation (61) to 

compute flow out of confined storage in these aquifers wq.uld be 

invalid; most of the water in confined storage was in areas away from 

the mine, and the situation did not come near to the ideal conditions 

for which Equation (61) was derived. Therefore, to deal with the 

underestimation, it was decided to switch to ah essentially steady 

discharge into the cut when t = 10 days, shortly before the nonsteady 

simulation would cause nodes to refill. For t fL 10 days', those nodes 

in the D-IU, D-IL,.and D-2 that had been pumped at nonsteady rates 

were pumped at rates calculated using constant gradients 3h/3x and 

3s/3x (th€s gradient values at t = 10 days) in the appropriate equations 

(D-lL and D-IU node discharge rates were calculated from the sum of 

the steady rate of Equation (58) and the nonsteady rate of Equation 

(59), and the D-2 node discharge rates were calculated from the sum of 

the steady rate of Equation (58) and the nonsteady rate of Equations 

(59) and (61).) Although the D-2 nodes had experienced no refilling 

during the first simulation attempt, the D-2 nodes were also pumped at 

steady rates for the sake of consistency.

-115-
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Holding the gradients constant permitted node discharges to 

fluctuate in direct proportion to the saturated thickness, thus pre­

venting any numerical instabilities if a pumped node dried up (It should 

be mentioned that although 3h/9x and 9s/3x rather than Q were held 

constant, it turned out that total discharge to the cut.-held fairly 

steady for t > 10 days).

Though the decision to use an essentially steady discharge after 

t = 10 days may appear rather arbitrary, there is a rational - basis for 

it. As noted previously in Chapters II and III, Davis (1977) has ob­

served that drainage to mine cuts can be assumed as essentially steady 

after a short period of time.

In the first attempts to run this.simulation procedure, a signi­

ficant problem appeared, a problem which had not shown up in the first 

simulation. Due to the higher discharge rates in this simulation, large 

drawdowns occurred in the D-2 aquifer at the southern grid boundary, 

drawdowns on the order of 30 feet. Drawdowns also occurred in the D-IL 

aquifer in this area. Thus, the initial assumption that row 39 would 

lie beyond the area of significant drawdown was false; row 39 could not 

be treated as a constant recharge boundary as originally conceived. To 

compensate for this without completely reworking the grid and initial 

data, recharge along the row 39 boundary, columns 9-21 ' (see Figure 28), 

was recalculated for the D-2 and D-IL nodes for
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each new time increment by a quasi-steady state method. Head values 

from the previous time increment were used in the Darcy equation to 

estimate recharge for the subsequent time increment. This tactic 

allowed the recharge of this boundary to vary with time when the pit 

drawdowns reached the boundary.

For example, recharge for D-2 node (15, 39, 3) was. calculated . 

for each time increment as

Recharge = HCY
lb,3b,J Y115,38

X=15,39^15,39,3 "

where terms are as previously defined.

During the first portion of a simulation, before drawdowns 

reached the boundary, this procedure yielded essentially constant 

recharge rates; rates were being calculated from the premining 

gradient,.- just as row 39 recharge was calculated for the previous. 

computer runs. However, once drawdowns moved out to rows 3@ and 39, 

the gradients began to steepen and the calculated recharge increased. 

Since the increased recharge was calculated with a steady state equa­

tion for each time increment (hence the term "quasi^steady state"), the 

procedure can only be considered approximate.

Results. With the changes described above, th@ second simulation 

produced the drawdowns shown in Figures 31 - 33 after 356'days of simu­

lation with
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CASTDECKER
MINE

In itia l
cut

EAST DECKER AREA
-------- O-I L endM U  eoel t't-n e

Iunction line 
----------Fau lt line

Fig. 31. Drawdown in the D-IU aquifer 356 days after
introduction of the mine cut.
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Junction line 
- -  —  Fault line

Fig. 32. Drawdown in the D-IL aquifer 3r>6 days after the
introduction of the mine cut.
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EAST DECKER AREA
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- -  —  Foult line

Fig. 33. Drawdown in the D-2 aquifer 356 days after
introduction of the mine cut.
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the mine cut. As was anticipated, the greatest drawdowns were pro­

duced in the D-2 aquifer (see Figure 33), the aquifer with the 

greatest initial piezometric head. Drawdowns in the D-2 aquifer were 

as much as 80' feet. The D-IL aquifer, with its somewhat lower initial 

head, exhibited much less drawdown (see Figure 32). Maximum drawdown 

in the D-IL aquifer was 30 feet. Very little drawdown (Figure 31) was 

seen in the D-IU aquifer. Only at its southern end did the mine pit 

cut into the water bearing portions of D-IU coal and clinker; at the 

northern end the pit cut into dry clinker.

The second'simulation proved to be far more- realistic than the 

first simulation: extrapolation of drawdowns to the- cut walls yielded

the expected full drawdown at the wall face. In aclditionmodes near 

the cut experienced a decreasing rate of dewatering, something to be 

expected in a system that is attempting to regain equilibrium.

*■



Chapter V 

SUMMARY

The object of this thesis work was to produce a digital computer 

model capable of simulating groundwater flow at the East Decker coal 

mine in southeastern Montana. The computer model was intended to pre-r 

diet the drawdowns and mine drainage rates that would be expected to 

result from proposed mining operations.

A two dimensional, finite difference numerical modeling approach 

was selected for the application. The Modified Iterative Alternating 

Direction Implicit numerical method (MIADI) developed by. Prickett and 

Lonnquist' (1971) for the solution of the nonsteady groundwater flow 

equation was adopted as the model basis. To this basic program, 

numerous routines were added to deal with the site specific problems 

at the East Decker mine (special boundary conditions, etc.) A three 

layer array of 2457 nodes was used to represent the three aquifers of 

interest.^

Using somewhat different approaches to modeling the mine cut

boundary, two attempts were made to simulate the groundwater flow

changes that would result from the initial East Decker mine cut. The

first attempt used reservoir bank storage equations for unconfined

aquifers for estimating- the nonsteady discharge from aquifers exposed

by the initial mine cut. Nodes immediately north, east, and south of
!  ■ ;-

the mine cut (the sides away from the reservoir) were pumped at rates
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calcuiated from the bank storage equations in order to produce aquifer 

drawdowns. Flows into the west side of the cut were assumed steady due 

to the close proximity of the reservoir.

The first simulation attempt produced significant drawdowns in all 

three aquifers. However, there were problems with the simulation 

results: extrapolation of drawdowns to the cut walls indicated that

the simulated drawdowns were much less than would be expected, and, 

furthermore, some drawn down nodes began to refill after- sqme time. It 

was felt that these problems indicated that aquifer discharge rates 

were being underestimated, probably because water released from con­

fined storage was ignored in the simulation.

The second simulation was different from the first in two 

respects. First, nonsteady discharge to the mine cut was estimated by 

using the sum of the discharges yielded by the confined and unconfined 

bank storage equations. Secondly, when the aquifer discharge began to 

approach a^constant rate after a period of simulated time, the dis­

charge rates were held essentially constant for all succeeding time

increment calculations. This second change followed a suggestion by
- : .• . ■ ■ 1

Davis (1976) who had observed that discharge to a mine cut could be 

assumed as essentially steady within a short time after the cut opening.

Drawdowns, produced by the second simulation,procedure .were

realistic. Extrapolation of simulated drawdowns to the edge of the

cut yielded the expected full drawdown. Aquifer drawdowns
!
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diminished with time, something to be expected in a system attempting 

to reestablish an equilibrium condition. The drawdowns after 356 days 

of simulation are shown in Figures 31 to 33.

RECOMMENDATIONS FOR FURTHER STUDY AND DEVELOPMENT

It is felt that the following represent the most important points 

warranting further work: , .

1. A better way of handling the mine cut boundary would be desirable. 

The author feels that the two-dimensional analytical equations used in 

the model to represent this boundary were used at their limit of 

applicabilityi It is suggested that a three-dimensional approach 

(possibly a numerical method) holds the most promise.

2. Before any further work is done, the node grid should be expanded to 

the southwest to reach beyond the area of significant aquifer drawdown.

3. To give the model the capability for simulating the long term

effects of mining, a methodology must be developed for moving the mine 

cut during a simulation. This must include development of methods for 

handling flow through spoils material. • ■

4. Graphical printout, showing potentiometric contours, drawdown con­

tours and flow direction, would greatly aid in interpretation of 

simulation results.

5. If possible, an attempt should be made to collect more and better 

site data. Out of necessity, the data used for the previously
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discussed simulations involved some approximations. The practical 

applicability, of the model is of course limited by these approxima 

tions.
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APPENDIX A
Symbols • .

AA = coefficient defined on p. 69 (L2/T) 

a = aquifer saturated thickness (L)

BB = coefficient defined on p. 69 (L2/T)

BOT = elevation of aquifer bottom (see Figure 13, p. 58)' (L) 

b = thickness of a confined aquifer (L)

b' = thickness of an aquifer confining layer (aquiterd) (L) 

CC = coefficient defined on p. 69 (L2/T)

CH = elevation of aquifer top (see Figure 13, p. 58) (L)

D = as defined in Figure 8, p. 38 (L)

DD = coefficient defined on p. 69 (L2/T)

f = distance from mine cut to reservoir (L)

g = gravity acceleration (L/T )

H = original aquifer head level (L)

H == stream or reservoir level drop (L) o
H == height of reservoir surface above aquifer bottom (L)

H = height of reservoir surface above a coal seam (L) r-c
HC x = node hydraulic conductivity in the x direction (L/T)

HCy = node hydraulic conductivity in the y direction (L/T)

h = head at time t+ t (L)

h = head at time t (L)o
h =S saturated thickness of an aquifer (L) ■ s
i == node column number (see Figure 11, p. 52) 

j == node row number (see Figure 11, p. 52)
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K

Kx

KZ
K'

= hydraulic conductivity (L/T) ■

=s hydraulic conductivity in the x direction (L/T,)

= hydraulic conductivity in the y direction (L/T)

= hydraulic conductivity in the z direction (L/T)

= vertical hydraulic conductivity of an aquifer confining layer 
(L/T)•

k = node grid layer number (see Figure 20, p. 76) . .

L s= node interaquifer leakage rate (L3/T)

NC = number of columns in node grid array -

NL = number of layers in node grid array •:

NR ■ == number of rows in node grid array

n == porosity (dimensionless)

n (superscript) == iteration number

Q == node source/sink factor, as defined on p. 54 (L3/T)

Q == q^.-Wall (L3/T)

Q == q Wall (L3/T)r r
<» ' 3 - Q = q ^ Wall (L3/T) •St St

q := discharge rate per unit length (L/T)

= natural flow rate per unit length of mine cut (L/T)

q S= aquifer discharge rate per unit length of mine cut from
reservoir (L/T) ■

qg1_ = aquifer discharge rate per unit length of mine cut from 
aquifer storage (L/T)

R = node vertical hydraulic conductivity factory as defined on 
p. 77 (L3ZT)
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S

Sa
Sc
Ss

s'-s
Sy
SF

SFl

SF2

s

T

Ta
Tx
Ty
TB 

TR 

TX 

TX'

= aquifer storage coefficient (dimensionless)

as average node storage coefficient (dimensionless)

= confined aquifer storage coefficient = S^ b (dimensionless)

= specific storage = Qg (nB + (1-n) Ct) = the volume of water 
released from a unit volume of porous medium per unit head 
drop (1/L)

= specific storage of an aquifer confining layer (1/L) - 

= specific yield (effective porosity) = V^/V (dimensionless)

= node storage coefficient factor as defined'on p. 54 (L2)

= node storage coefficient factor for confined conditions (L2)

= node storage coefficient factor for unconfined conditions (L2) 

= aquifer drawdown (L)

= transmissivity (L2/T)

= average node transmissivity (L2/T)

= transmissivity in the x direction (L2/T)

= transmissivity in the y direction (L2/T)

= intfirnodal transmissivity factor between adjacent nodes in the 
same column but not in the same node layer (see p. 82) (L2/T)

= intemodal transmissivity factor between adjacent nodes in the 
same row but not in the same node layer (see p. 82) (L2/T)

= aquifer transmissivity factor between adjacent nodes in the 
same row (see p. 54) (L2/T)

= aquifer transmissivity between adjacent nodes in the same row 
(L2/T)

TY = aquifer transmissivity factor between adjacent nodes in the 
same column (see p. 54) (L2/T)
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TY1 = aquifer transmissivity between adjacent nodes in. the same 
column (L / I ' )

t = time (T)

t' = "dimensionless time" (see p. 48) 

u =. integral argument, variously defined

Y = volume of porous medium (L3)

= volume of water that can be drained by gravity from V (L3) 

W = source/sink' function (pumpage, recharge, etc.) (L/T)

WALL= length of mine cut'immediately adjacent t o 'a node (L)

X = node grid dimension along x axis (L) ,

= average' node dimension in x direction (L)

XI = node dimension as defined in Figure 12, p. 52 (L)

X2 = node dimension as defined in Figure 12, p. 52 (L)

x = distance along x axis (L) .

Y = node grid dimension along y axis (L) "

Y • ='average node dimension in y direction (L) , •

Y l  -■ node. dimension as defined in Figure 12, p. 52 (L) ■

Y2 = node dimension as defined in Figure 12, p„ 52 (L)

y = distance along y axis (L)

z = distance along z axis (L)

a = vertical compressibility of an aquifer (LT2/M)

3 = compressibility of water (LT2/M)

At = time increment (T) - /; I
d = moisture content (dimensionless) 

p = mass density of wafer (M./L3)
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APPENDIX B

hAMt = HTDR

• FASl DbCKFk OkOUkDkfiTEP .".OOEL »»*t *$**#***$*$****** ****** * ******

IHlS PPOGRfik IF A FINITE OIFrFPFNCE "OOEL OF T HF THkFE LATER 
EAST PICKER AOJJFfk SYSTEM. SOLUTION (IF ThE FINITE DIFFERENCE 
EOLfiT IIINS IS C"TA INFO WITH THE MODIFIED ITERAl IYE ALTERNATING 
OIFICT ION IMPLICIT PE TIIUO LKIAOTA IlfVELOPFO lit PRTCKE Tl ANU LONNQUtST 
(1071).

I Hf PROGRAM CONSISTS CU THE MAIN PROGRAM "CENTRAL," WHICH 
CONTAINS THE SOLUTION PROCEDURE AND P“INTS Pb SUITS, ANO FIVE SUR- 
PRUGkAKS THAT PRO Vl Of INPUT TO 'Cf NTRAL.' SURPRCGRfiP "LINK"
COPDI NE S (JOINS) A-JUiFEP cEOWS. SUKRTUTINL "TRfiNS" CfiLCUVATES 
INTI KMIDAl TkfiNSR I S SI VI T T FACTORS. SUfiRlHtTlNE 'FLUV ' IS USFO TP 
CALCULATE F.ONSIEA DT DISC«ARGF RATES INTO IrF "!Nb, CALLING ON SOR­
R O W  I Nf 'FST' m  SJIVE IrtF INTEGRAL IN FQUfiT KU, (60). SU0OOUTINF 
'VfiLUf ' REfiDS IN THF INITIAL NOOL OfiTfl ANfI PEAOS IN NtW DATA 
WHEN NEEDED.

PROGRAM DATA IS RE AO OUT OF FILE IOS BT 'CENTRAL,' AND OUT CF 
FILE IU6 PT SUMROUT INF. 'VALUE. '

d e f i n i t i o n s  of v a r i a b l e s :•*•»***»•**,,,,**»**•*«*
AAlEFilCC,PO - CObFFJCTF NIS TN EQUATION (47)
AX - AQUIFF R Tm a n s v Is s IVITT AT UUOE I,J ,K IN THE X DIRECTION 

(F T**«!/nAT)
AT Sa AQUIFER TRANSMTSStVITT AT NODE I ,J1K IN THE T DIRECTION 

(FT**?/OflT)
PCI.K), OP P U , K ) - INTERMEDIATE CALCULATIONAL VALUE IN THE THOMAS 

ALGORITHM
BX - AQUIFER TRANSMISSIVITY AT NODE TTl1J tK IN THE X DIRECTION
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( ft ♦ *̂ /0Rr )
KY - AUUIffR IxANSKISSIVIlY AT NODE IlJtl1K IN IhE Y DIRECT ION 

(FTttZZUAY)
AOT(I1J 1K) - ELEV AT ICN PF AQUIFER HCIION (FI)
CDIl(K) - UfFAULT VALUE FOK !IIll(I1J1K)
CM(I1J1K) - ELEVATION HF AQUIFER IUP (FT)
CCh(K) - DEFAULT VALUE FOR CM(I1J 1K) (FT)
UfVlA - IIhf TNCR FNENl (DAYS)
DH(I1J 1K) = HtVALLtU ZX )t K (SEE EQUATION (CO))
DL(I1J1K) - Im f RuEPIATE CALCULAIIUNAL VALUE IN HEAD PREDICTION 

ROUTINE
ERF - INTEGRAL IN EQUATION (60)
ERROR - HIGHEST SUNuEO ERROR PERKITTEO TO MEET CONVERGENCE 

CRIUPION
FK(I1J 1K) = (XZSJRI (AtK tliZZS)) (SfE EQUATION (60))
G(I1K), UK G(J1K) - IUTEnNtDlMF CAlCULAlIONAL VALUE IN THE THO*AS 

ALGORITHM
H(I1J1K) - HEAD AT FM) OF CURRENT TIME INCREMENT (FT)
HA - INTfR-cOlAIt HEAO VALUE IN IHf THO-AS ALGORITHM 
HCX(I1J 1K) - HYDRAULIC CONDUCTIVITY IN TE-E X DIRECTION (FTZOSY) 
H C U T 1J 1K' - HV OK AU LIC CONDUCTIVITY IN ThE Y DIRECTION (FTZDAV) 
hH(K ) - DrFAUET VALUE FCR H(I1J 1K) AM) HULl1J 1K) (FE)
HO(I1J1K) - HEAD AT END OF RRcVIOUS TIIE INCREMENT (FT)
I - GKIO COLUMN NHMPCR 
ISTlR - TD-E INCREMENT NUMBER 
ITFR - MlAOI ITERATION NU-BER 
J - GRID RUV NUMHER 
K - AQUIFER NUMBERJ I = D - I U  COAL 

2 = D-I L COAL 
j = D-Z COAL

KSTEP - !STEP FQP WHICH PRINT OUT DF RESULTS IS DESIRED 
MSTEP - ISTEP FOR WHICH DATA CHANGE (MINING CHANGE) OCCURS 
NC - NUMBER QF QRIO COLUMNS = Zl 
NI - NU-MFR OF GRIU LAYERS = J 
NR - NUMBER OF GRID ROWS = J9 
NOC(I1J1K) - NODE IDENTIFICATION NUMBER#

<$* I = NOCF PUMPED AT NONSTEADY RATE (ADJACENT TO MINE)
? = RESERVOIR BOUNDARY NODE
3 = ALLUVIUM NODE
4 = CLINKER NODE 
6 = CUAL NODE
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9 = DUKfY NODE IHYOfAUlIC CONDUCTIVITIES = 0)
10 = TKTGGfP NU1-RER TG EXIT RlYD ROUTINE IN 'VALUE'
11 - "I M  CUT NOOE (HYDRAULIC CONDUCTIVITIES = 0) 
iO - TKIUUt P. NU-VfR TO EXIT READ ROUTINE IN 'VALUE'
21 = INDICATES AJUIFtR 2 NUOC SHOULD PC LINKED WITH

SURROUNDING AOUITER I NODES 
Jl = INDICATES AJUIFtP 3 NODE SHOULD BE LINKED WITH 

SURROUNDING AUUXFfR 2 NODES 
32 = INDICATES AQUIFER 3 NOOE-SHCULP GE LINKED WITH 

SURROUNDING ACU IF CR 2 AND AUUIFER I NODES 
NSTCRS - TOTAL NUMEK Or TIRE INCRtKENIS EUR WHICH SOLUTION IS 

DESIRED
PP(K) - DEFAULT VALUE FOR HCX(I1J1K) AND HCY(I1J1K) (FTADAY) 
C(I1J 1K) - IU SC HA RA, f FACTOR (FT«« 3/DAY)
CC(K) - DISCHARGE FROH SIU0AGt I M U  MINE CUI FROM EACH ACUIEFit 

(TI** 3/0 AY)
OC(K) - DEFAULT VALUE FOR O(I1J1K) (FT»»s/OAY)
R(I1J 1K) - TNTE RACU TFTk LEAKAGE FACTOR (ET»«2/CAY). ALSO USED FOR 

NONSTtAOY RUKAEO NODES E OR THE INTERCE0TEO NATURAL FLOW 
KATE (TI • »  J / O A Y ) .  SEE CHAPTE K  4 .

RlSE(I1J1K) - CHANGE IN NODE HEAD SINCE BEGINNING OF SIMULATION LFT )
RR(K) - DEFAULT VALUE FOR R(I1J1K)
SI I U  • J 1K ) - STORAGE FACTOR FOR CONf INEO CONDITIONS (I I «»2)
SE X(I1J 1K) - STOKAof FACTOR F t J R  UNCONFINED CONDITIONS (FTt«2)
SI - SATURATED THICKNESS OF AJUIFFk AT NCOE I1J 1K (FT)
Sl(K) - OFF AULI VALUE FOR SFl(I1J1K) (FT»*2>
S2(K) - Off AULT VALUE FGR ST Z(I1J1K) (FIt»2)
TIKE - TI ME SINCE DFGINNING OF SlvULAT ION (OATS)
TX(I1J 1K) - aq u i f e r TPANSKISSIVIIY FACTOR PE TWEE N NODES I1J1K AND 

1*1.J 1K (FT*«?/OAY)
TY(I1J 1K) - ACUIFEK TRANSMISSIVITY FACTOR StTwEfN NODES I1J 1K AND 

I1J U  tK Cf I * «2/P»Y)
Xl(I)1 Xi(I) - NOlTt DIMENSIONS DEFINED IN FIGURE 12 (FT)
Tl(J)1 Y 2 (J ) - NOPE DIMENSIONS OE F I NE Q Ir, FIGURE 12 (FT)
W - INTERMEDIATE C A LCUL AT TONAL VALUE IN THE THUvAS ALGORITHM

O
C*********************************************************************** 
C*********************************************************************** 
C C
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CtNTRdl«•«»•« Kt

Cf)RRON K21,39,T),iO(?l,39,3T,SFl(?l,39,3T,0(?l,39,T),n(?l,39,T), 
ITXi;; , ?e, 3>,n,c 3> ,UlT-), 33,011?! , 3?,?; t Sc;;t21,39,3),ChC«fl I 39,3) tH
2CYC21 ,IlCX (21. jS,3),9UT(?l, 39,3),Mil,(21,39, 3),RISt (21, 39, 3),F
3K(.1,3', ,3), R (21,39,x),I,J.K,NCiNR1Nl,ITEk,TI^c, 0113«,I1STEP,SI(J)1S
* 2 ( 3 ) , O r I ( J ) , C C I - ( J )  , P P ( 3 ) , B  O T T ( J ) t K 3 ( J ) , U 3 ( 3 ) , i ) H ( 2 1 , 3 9 , 3  ) , X  I  ( ? 1  ) ,  K2(  
5 2 1 ) , T l  I 3 9 J , T ? I J 9 J  ,OyC( 3 )

C
C
C I .  THE FOLLOWING SECTION RElOS III SIPUlAT ION PlPAPfTERS, DEFAULT 
C VALUES, NODE DIMENSIONS, AND INITIAL NOOt Oil A. ALL DATA IS
C Rf AC OUT OF riltS I OS AND 106.
C
C
(••*• READ SIPVLATIUI PARAP.ETfRSl NUPGFR OF I C E  INCRtnNTS, INITIAL TlPE 
C I NCPL Pt NT , t P PO R CRI T t M O N l ANO NUWER OF NODE COLUMNS, ROWS, AND
C LAVERS.

RF ADCl95,1CJNSTEP StOElT A,ERROR,NCfNRfUL
10 F D R P A T d N t R F N . ) , 3 1 5 )

C**»* READ NUOE DEFAULT VALUES.
DO 11 K=I,NI

11 KEAOClOf , l?)SHK) ,HHC K J, OOCK ), S2C K), CCHCK ), PR CIO ,?0 TTCX >, PR O O
12 FOPPAHRf 6.0)

C * * F F fILL APkATS WITH DEFAULT VALUES.
on 20 X=ItNL
CmCCKJ=O.O 
DO 20 I=ItNC 
OO RO J=I1NR 
S d d  ,J,Kl = Sl(K)
M(ItJ1K) = HII(K)
HO(I1JtK)=HH(K)
OL(TalJ lK) = O.O 
SF2U , J,K)=S2(K)
C H d  ,J,K J = CCH(K)
HCT(IiJ1K)=PP(K)
HC X( I ,J,U=PP(K)

I
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B m f  i .j .k i -c u t h k )
NOCf I , J,K>=7 
PISICI.J,10*0.0 
FKC I ,J1IO = O.0 
PCI,J1KJ=RPCK)
OHCI,J1KJ=O-O 

?0 O U 1J 1KJ = OOCK)
C ♦ * * * FILL NUDF DIHINSION ARRAYS.

RC Ar Cl JS1 JCJCXl C I J1 I=I1NCJ 
REtDClUS1 JOCXJCI J1I = I1N O  

30 FCFfATCYf if.0)
READClvS1 Jl JCYlC JJ1 J=I1NRJ 
RtArciGS1 Tl JCYOCJJ1J=I1NR)

Jl FUFRSTClJfi.O)
C«t«« CDKPUTt SFl1 ScJ1 R 1 AND Q FACTORS FROK THETR BASIC INPUT VALUES. 

SO OD 44 K=I1NL 
111) <9 I=I1NC 
OU *9 J=I1NR
SFlf I,J 1KJ = SriCI,J1KJKX^ci)AT2CJ)
SFOC I ,J1K J = SFPC I1J1K J» X ?UJ*Y ZC J J 
Rt  I,J1KJ = RC I,J1KJ *XZCI JKYOCJ)

49 C O M  INUf
G«»«« PfPLACt DtFAULT VALUES VIIH ACTUAL NODE OATA1 READ KSTEP VALUE. 

CALL VALUE
Ckkkk STAFF THE SI"ULATION.

KSTEP=I
TIPE=O.

II. SIPULAT ICN VIIH THE KIAOI KftHOD. THIS IS CONTAINED IN THE OO 
Jll LOOP.

OO Jll ISTtP = IlNSTEPS
CK««t DOES A PINING CHANGE OCCUR? IF SO1 READ NEW NODE DATA BY CAL' ING 
C SURGUT INE 'VALUE.'

Il CTSTEP.LI.KSTEP JGO TO 56 
CALL VALUE

CtKtt PREDICT HEADS FOR THE NEXT TIKE INCPEKENT WITH THE PRTCKETY AND 
C LONNOUI SI PREDICTION ROUTINE.

Sfc T IKE =TIKEtOElTA
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DO T b K=I1NL 
0(1 70 I = I 1NC 
DO 70 J=I,NR 
U = I C IiJl KJ-HOC IiJ(K)
HOCI»J,KJ = I U  I I J I K >P = Il
IFcnLU iJ(K I.FO.O.OJGO IO 60 
IFC I SI FPi C l . =OZOlCIiJiK) 
iriF.GI .6)1 =5.3 
IF CF.LI.0.0)F=0.0 

60 OlCI.J,K)=n
HC I I Ji K ) = HC! I J. K)-»0»F

70 IF CDC 11 J t K ) • L11 OO I C 11 Ji K))NC I IJ i K ) =IOT CI » J * K )4 Oi OI 
C*4«* RtMMF FSllMAILS VIIH IHC MlAOI KFIHOO.

ITCP=O
RU IFCIIER.C0.7JG3 TO 305 

t = C.O
ITCk=ITFRll

C»**» ASSIGN I NTCRfiOlJAL IR ANS MI SS IV II T FACTORS.
CALL TRANS

C»»«4 RLCAtCUtAH QCIiJ(K) VALUES.
CALL FLO=

A. COLUMN CALCULATIONS CFIRST HALF ITERATION), THE OO IVO LOOP.
OO 190 K=I1NL
00 190 Il = I ,NX
1 = II
IFCKOOCISTEPHTER1Z).FO.I T I = NC-IH 

C* * * * WRITE I HE NODE EUUATIONS FOR ALL COLUMN I NODES. THIS IS THE 
C FUNCTION OF IHE OO 170 LOOP.

OO 170 J=IiNR
ST=HCI (JiK)-ROT Cl »J|K) i

€•*4 4 ASSIGN NIIOE STORAGE FACTOR.
S=SFJtI,J,KJ
IF C M  I,J,K ).LI. CH C I,JiK)) S = SF 2CI,J,K)
CiP=^OELI A
OO = HOfI,J,K)4SZOt LI A-OCIiJ,K)
IF CCHGC I, J(K)-CHC I, J,KJ )4 CIlC I ,J,K J-CHC I, J, K )). IT. 3.000=00 IICIOC I, J 

),K)-CHCI|J|K))|CS FlCI(JiK)-SFZCI I JiK)JZOCLTA 
C * * 4 * THE FOLLOWING SECTION ACCOUNTS FOR INTtRAOUlFER LEAKAGE. BECAUSE
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IHt ft APHtY IS AL S'! OSLO r-0» IMtRCFPTtO NATURAL H P V  (FLOW OUT 
C= M T F S  AOJACFM IP IHt “INF CUT, NOOtS COOtO WITH NOD - I),THt 
CONO11 IONALS A'inUT NOD ARE INCLUDED.
If-(MIPCI1J 1K).LI.2)C0 TO 88
IF(K.ta.l )00 TO 88
IF(Ni;CU ,J1K-I).LI. ?)G0 TO HS
IF( HC I.J,K-D-P OI ( IiJ1K-I).LT..02.AND.H( I,J 1K-I).GT.H(I1J1K)) CO TOI 88
IF(H(T1J1K)1GT1CH(I1J 1K))GO TO 87 
OO=OOHtRU ,J.KXCHt I1J1K-D-CHCI ,J1K)))
GO TFI 6 "

67 HBshrt1N(I1J1K)
UO=CUUP(I1J1K)1H d  ,J1K-I))

68 AA=O-U 
CC=C1C
IFtNUIK I ,J.K ).LT. ?)G0 TO 89 
IFtK-NL.FC10)0U TO PO 
IF(NCO(ItJ1K1I)1LT1J)GO TO 89
IFtST.11..C2.ANO1 H t I1J 1K).GT.HlI,J1Ktl))G0 TO 89 
IFCHtI1J1Ktl).GI.CHCI,J.Kti))GO TO 881 
ER=HHtRd ,J1KtI)
OO = ODt ( R d 1 J 1Kt I) ,CH(I1J1K t D )
GO TlT 89

8S1 EB = PutRCI1J 1K t D
DD = DOtC P( I, J1Kt D = H d  ,J1Ktl))

t»t COKPI E TE Tut NJDfc t CUAT ION. THE CONDITIONALS CONCERNING
SATUftATFU THICK NFSSFS U= NOOC I1J 1K AND SURROUNDING NODES ARE 
DESIGNED TC PPtVfcM FLOW OUI OF ORT NODES.

89 IF(J-I)SO1IOOtNO
9U IF(h (I,J-I,k )-RGT(I1J-I1K)1LI..02.AND.H(I,J-I1K).GT1H(IiJ1KT)GO TC 

IlOU
IFtST.LT..02.AND.HlI1J1K).GT1H U 1J-I1K D G O  TO 100 
AA=-TTC T1J-I1K)
EE=KHtTT(I1J-I1K)

100 IF(JrNF)U U11 29.1 10
H O  IFtht I,J‘ 11 KJ-IlOT (I ,Jtl ,K).LT..02.AN0.HU, Jt I1KJ1GT.Htl1 J.KJJGO TO

II 2C
IF(ST.LT..02.AND.HCI1J1K).GTtH(I1Jtl1K))GO TO 120 
CC=-TT(I1J1K)
EP=PRtTT(I1J1K)

120 I F t l - D D O 1 IAO1 130
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JiO irtHd-l.J.KJ-i'OI (1-1,J 1K).LT..O^.AND.M d - J1JtK).GT.m(ItJ1IOiGO TO 
IJ40
lF(ST.t,T..OZ.liO. M d ,  J, K). Cl. H d-I ,JiKiiCO TO 140
KH = F iUTXC 1 - 1 ,  J t Kl
UO = l)ii*H(I-l,J,<>«TXd-l, J,K)

140 I F d - I . C M O o , 1 6 0 , 1 5 0
150 IF C Ho I ♦ I , J i K I-Ji OT C I ♦ I ,J ,K I. LT..02. AND.H l V  I , J,K i.GT . K d lJtKJiGO TO 

U O CI FIST.L I..0 2.AND.HC I,J,Ki.GT.IK I♦I,J,KiJGO TO 160 
BB=Hh t x c i  , j , n
UU=ODtHC I XliJiKi = TXCI IJ,KJ 

160 ASSIIA 16? TO K2
C«««« CU TJ 'LINK' 10 CONNECT AQUIFERS IH NECESSARY.

GO TU 500
16? W=PP-AA*BCJ-I,Kj 

HCJiKi=CCXW
I T t J  G O , KJ = I n p - A A t J C J - I , K i i / W

c***» RE-IiTtPAIf COLUPN I NOHf HE 60S WITH THE THOMAS ALGORITHM.
L = EtAHSCH Cl,NP,KJ-GCNR,KJi 
HCI•NR,KJ=GCNHtK)
N=N0-I

IRO HA = CCNiK J-RCNiK i* HC I, K« I. K J 
E=EtABSCHA-HCI,I,KJJ 
Hd,N,Ki=HA 
N=N-I
IFCN.r,T.OiGO TO I RO 
OO IMO N=IiNR
IFCHCI.EtiK J.GT.OOTCIiH,KJiGO TO 190 
E = E-MCU I ,N,KJ-0. OltHCI.N.KJ 
M d ,  Et.K J = P UlC I, NlKJtQ.Ol 

190 C O M  INUE
OUTPUT EiTTER

C* »•* ASSIGN JNT EPNOO AL TRANSMISSIVITY FACTORS.
CALL TR ANS

C * * ♦* RECALCULATE OCT,J,Kl VALUES.
CAlfH FLOW

fi. KOW CALCULATIONS (SECOND HALF ITERAI ION). THIS FAS THE SAKE FORM 
AS THE COLUMN CALCULATIONS ANO IS ALL INCLUDED IN IHE DO 30C LOOP.
OO 300 K=IiNL
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DO ?00 JJ=I1NR 
J=JJ
ic o - u o u s u p t m i i ,  i) j=NR-j«i

C««»» WRITE THL NODE E UUA TI ON S FUR ALL ROW J NODES. THIS IS TIIf FUNCTION C OF Tt1L UO 2 HO LOOP.
OO 7 30 I = I,NC 
ST=HCI,J,rJ-POTCIiJ,O  

C««»» ASSlCN NUDE SMRSGc f AC TUR.
S=SFI(I1J 1K)
IF CF ( I 1J 1K ) .  L I .  CM Cl , J 1K ) )  S = S F Z U 1 J 1K)
F P = S Z O i i i a
OO = HdCl ,J1W S Z D F L T  A-Q(T1J1K)
I F ( C M O U 1J1K)-Cf1C I1J1K))* ( M U  ,J1K)-CH(I1J 1K)).LT .0.0 )CD=DOt (HOC!, J 

I1KJ-CK I ,J1KJJi IS=IU ,J ,K J-SFZ(I1J 1KJ)ZOlL TS 
C»**« THt FOLLOWING SBC TInN ACCOUNTS FOR INI FRAOUIFfR LfAKAGt.

IFfKOPC I,J,K).LT.?)G0 IU 193 
If <K.‘0.1)60 TH 193
IFC K n u u 1 J1K-I).LI. Z)GO TO 193
IFcHU , J1K-D-MOT Cl IJ1K-I ).LT..OZ.ANC.HU, J1K-I >.GT.H U  ,J,K))GO TO 

119«
IFCH(I1J1K)1GT. CH CI1J 1K)) GO TO 197 
00 = 00* CF Cl, J 1W C H C  I1J1 K-I J-CHCI1J 1K)))
GD TC J I"

197 BP = FIitR(I1J 1K)
Cn = OlMCRU f J#K)«M(I ,J1K-I >)

193 AA=C.9 
CC=C.O
IFCKnOCI1J1K).IT.Z)GO TO 199 
IFCK-I L.FQ.OGJ TO 199 
IFCFOOCI.J1Kt I).LI.2)00 TO 199
IF(ST.LI..C?.At9.H(I1J1K).GT.HCI1J1K*!))GO TC 199 
IFChC I1J1K t U 1GT. CHtI ,J1KtDjGO TO 1981 
BP = Fit R U  ,J1Ktl)
OO=ODtCRC I 1J 1K t l J t C H U  , J 1M l ) )GO TU 199

1981 P P ^ M R ( I 1J1Ktl)
OO=OOtCRCI1J1KtlJtHCI1J1Ktl))

Ctttt COKPLfTt THt KUDt EQUATION.
199 1FCJ-DZ0C, 210. ZOO
ZOG IFCHCI1J-I,KJ-POT Cl,J-I,K).lT..OZ.AND.HCI1J-ItK).GT.HCI,J1K ))G0 TO 

1210
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ir( S7.LT. .0?.ZV.D.H( 11 J,K).CT.H(If J-1,K»C0 TO ZlO HIi-FHtlYU ,J-I1K)
UU = OUtKU ,J-I ,K )» TT (I ,J-I ,K )

210 IfIJ -K 11)220,2111ZZV
220 IFO-U ,Jt I, K ) - ,;0T CI , J11 ,K).LI. . O2. 6H0.H( I , Jt I,K) .GT .HO I, J ,K ))G0 TO

IZJO
1F(ST.LT..0Z.AND.H(I,J,K).GT.H(I,Jt I,K))GO TU 230 
OO=VUtHO l,Jt!,K)*TrU,J,K>IiH=FUtTY(I1J1K)

230 IFU-T ) 240,2S0,24 O
Z 4 (■ IFCK(I-I1J 1K)-BOT (I-1, J,K ).LT..Oz.»»lO. KU-1, J,K).GT.H( I ,J1K ))GU TP 

IZOC
IF0<T.LT..02.AND.H(I1J1K).Cl.HCI-l,J,X))GO TO 250 
BP = Pbt I X U-I , J,K)
AA=-IXCI-J1J1K)

250 IFU-FCYZOa1ZTO ,ZOO
260 IcOKCltl ,J1KJ-PfIT ti<l • J ,K).IT..02.A NO.HOltl1J 1K).GT .H(I1J1K)JGO TO 

1270
1P0S1.LT..D2. ANO. H(I1J 1K).GT1H U t l 1J 1K)) GO TO ZTC 
IiV = PBtTX(I1J1K)
CC=-TX(T1J1K)

270 ASSIGN 272 TO K2
C«»«t GO Iu -LINK' TO C ONKEC T AQUIFERS IF NECESSARY.

GO TU 500
ZTZ K=EP-AAtG(I-I1K)

P(I1K)=CCZW
ZPC C U  ,K) = (0n-AA*G<I-1 ,K))/W 

Cttt1 R E - E S U 1-ATf KOz J HIAOS WITH THE THOMAS ALGORITHM. 
E=EtAHS(HCFC1J1K)-G(NC1K))
H(Kr1J1K)=G(HC1K)
N=NC-I

290 HA=G(F1K)-P(N1K)1HtNtllJ1K)
E=EtAhS(H(NlJ1K)-HA)
H(N1J1K)=HA <
N = N- I
I F(H. GT .0)00 TO 290 
OO tSOO N=I1NC
TE CHCF1J1K ).G).BOTCH,J1K)YGO TO 300 
E=E-PCT(N1J 1K)-O.OltHCN,J1K)
H(F1J1K)=BOTCN1J1K)t0.0I 

300 CONTINUE
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OUTPUT F t TT f t t  
C
C C.  DOtS FRROP “ fFT CRITERION? I F  HOT■ RETURN TO 80 .

I l  f t  . f - T .ERROR)  OO TO 80 
I F ( I T t R - L F - J ) O O  TO KU 
IF< I T f k . L T . T . A . ' O .  I S T F P . t Q . D G O  TO 80 

30 8 UO l T t ( l  (FJt S l O ) T I H F t F , T I  ER
310 T O R R A T C T I P f  = ' , f  «•  8 / ,  '  ERROR = '  t  E 2 0 . 7 / t  * 2 1 ER = * ,  I E / / Z )

C
C D- CALCULATE HEAD R ISES.
C

OO 400 K = I t NL 
OO 400  I = I t NC 
DO 400 J = I t NRR T S F d t JtKJ=RISECIt JfK X C H O t JtKi-HOCIt JtK))

400 CONTINUE 
O f l T A = D F L T A = I - ?

C» * » *  D fLTA UAS L I - I T E O  TO A HAKI MUM OF 10 OATS BECAUSE OF CONVERGENCE 
C PRODLfv S-

I F t O E L T A - G f - I  0 . 0 JOE L I A = IO-O 
C
C E-  PRINT SOLUTIONS I P  CE SIRED.
C

I F d S T E P - N t  -KSTEP )G0 TO 311 
C * « « *  PRINT OUT TS CE SIRED AT EVERT 17TH ! S TE P .

KSTFP = K S T f P t l ?
DO 314 K = I t NL 
W O I T E d O B t A O D K

401 F U F P A T C ' I ' t 4S X, ' RE SU LT S  FOR AQUIFER ' , T l )
W R ! I f c d 0 3 t 4P2)TTME

402 FGPPA7C47X,  'AT T I  HF = ' , I F 5 . 1 1 * O A T S ' / / / / )
WRlTECIOKt 4 0 3 )U H CCK)

403 F O PP A T C I X , 'DRAINAGE R ATE= ' ,  I F ? .  Ot  '  C F O ' / )
W R m c i O K t AOA)

404 F O Rp a iC lX  , ’ CHANGES IN NODE HEADS ' )
WRTIE I  I OM, 4 0 5 )

405 EORPATCl Xt ' S IN CE  HI NE OPENING CTIHE = O- O A T S ) : ' / )
KR 176008,406)

406  F0RP.ATC4NX, 'COLUMNS I  -  2 1 ' )
WR lT ECl O8 t 4 0 7 )
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407 FOR^MO 'NODF RfJWa')
DP B13 J=ItNR

313 WRIlK 1 0 k ,  3 3 0 ) J t C R I S F d  tJ,K), 1 = 1 , N O
WPITcC!Rb,400)

406 FUlbiK -v*t 'NODE HtiOS:'/)
WRITFClF 0 , 4 0 6 )WRlTFC108,407)
DO J K  J=ItNR

JlJ WRITFfI08,aj0)J,CHCItJtK),I = ItNC) - 
330 F 08 " i U  IatSXtI OFl 0.4/Cl 3X1CF10.4))
Jls C O M  INUF

C*»*» KFllJkN TO HrGINNINf, OF DO 311 LOOP TO CiLCULAl C HEiOS FOR NEXT 
C TIKF I NCkEKE NT.

311 CONTINUE 
GO TD fcCO

SUBPROGRAM LINK*t*tttt«$t*«*»»**

THIS SURPKOGRAK IS DESIGNED TO CONNECT AQUIFERS WHERE THEY 
JOIN OR MERGE I OGET HEP.

C**»* CiLFULATE TRANSMISSIVITIES AT NODE ItJtK.
500 AX = CUCI ,JtK )-F U K  I , J, K ) ) ̂ HCXC I ,JtK)

IFfFCI t J, K ).GT.C;l Cl ,JtK)) AX = CCHC I , J , K )-8DT C11 J , K ) ) ♦ PCX C I , J , K )
AY = C HC I ,JtKJ-PJ TC ItJiKJXHCYC I ,JtKJ
IFCHC I , JtKJ .GT .CHC I ,J tK )) AT = CCHC I tJ.tX)-RE3T C I tJ tX ))*HCY Cl ,Jt K) 

C»*»» IS IH E NODE COUEO AS UNF IHiT IS LINKED WITH THE AQUIFER(S)
C ARCVt 7 IF NOT, GO TO SOS.

IF(NPOC I,JtKJ.LQ.31.OR.NJOCI,JtK J.E0.32)G0 70 501 
IFCtJSOC 11 JfKJ.EQ. Jl )G0 IO 501 
GO IO 509 

C 
C
C I. THIS SECTION LINKS NODE ItJ tK WITH SURROUNDING NCOES IN THE 
C AQUIFER ABOVE. TRANSMISSIVITIES ARE CALCULATED WIIH IHE HARMONIC



OO
O 

O 
O
O
O
O MEtK. 7Hf CONDITIONALS CONCERNING SATURtTEO THICKNESSES ARE TO 

PREVENT FLOW OUT OF DRY NODES.

501 IFtI.F Q . NCJGO TO 5J2
I F t h C l  « I ,  J 1 K - I  J-O OT Cl < 1 ,  J 1K - I ) . U . . 0 2 )  GO TO S02 
R l  = C HC H I , J 1K- I  J - HO Tt  I K I 1J 1K - I J ) *  HCXl  1 * 1 , J t  K - 1 )
U t h C H  I, J 1K - I ) . G I. CEiC H I .  J . K - 1 ) ) R  I  = CCHC H  I ,  J 1K - D - B O T C m 1 J t K - I ) )  

H H C X t H  I 1J 1K - D
T » l t C 2 . » A X « R H Y 2 C  J ) / X K l ) ) / C A X t R l )
OO = C O t h t H  I , J 1K - I J t T R l  
BR=EHtTRl

502 I f  C l . t t i . D G O  TO 5 03
I F t H t  I - I .  J i K - D - P O T  C I - I  • J .  K - I  ) .  L T . .  3 2 )G 0  TO SOJ 
L H t H C  I - I  , J 1K - I  )-H3TC I - I  , J 1K - I  J J t H L X l  I - I  , J 1K - I  J
H L h t  I - I  , J 1K - D . G  I .  Ch C I - I  , J 1K - D  J L l  = LChC I - I  , J 1K - D - P  OTC I - I i J i K - I  J )  

H H C X C T - I ,  J t K - D
T L l  = C 2 . t  A X i L H Y Z t  J J / X l ( I - D ) Z C A X i  L I )
D D = C O t H C I - I i J i K - I J t T L l  
B B = E b t T L l

SOJ I F t J . E C . I JGO TO 5 OA
IFtHCI , J-l.K-D-UOI (I , J-l, K - 1). 11.. 02)60 TO SOt 
Tl = CHC I,J-ItK-l)-P1T(I,J-I,X-I))tHCY(I,J-I,K-I)
I F t H U  , J - I  , K - I  J . 0 7 .  CMC I | J - 1  , K - D  JT H l C H C  I  , J - I  , K - D - P O T  L I ,  J - I  , K - D  ) 

HHCTC I ,  J - i  , K - I J
T T H C  2 .  t  A Yt  I H X  2C I ) / Y l C J - I )  ) / C  A Y t T l )
OO=DOtHf I  , J - I 1K - D t U l  
BR=POtTTl

SOS I FCJ . I  0 . Np )C0 TO SOS
IFCHCT1J t  I  , K - D - B  OT ( I  , J t l 1 K - I ) . L I . . 0 2 ) 0 0  TO SOS 
B l  = CHf I  , J i  I  , K - I  J-POTC I 1 J ,  I , K - D J t H C Y C I , J t l  , K - D
H C H  (I ,Jtj.K-D.G I. CHC I ,Jtl ,K-DJPl =CChC I,Jtl ,K-D-POT Cl,Jtl1K - D )  

H H C Y C l 1JiltK-D
T P H C 7 .  t  AYt  3 H X 2 C  I ) / Y l ( J )  ) / (  A Y t B D
D P = U O t H t i , J t i 1K - I ) i i a i
BP,=gB-iTPl

t t t  IS  NOPE I 1J 1K l i n k e d  WITH THE NEXT AQUIFER UP? I F  NOT, GO TO 5 0 9 .  
SOS H t N O D L  T i  J . K )  . NE .  32 )G0 TO 509 II.

II. THIS SECTION LINKS NOOL I ,J,X TO THE NEXT AQUIFER UP. IT IS
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c
C
C

C
C

SJHUAR TO SEC) ION I.

IFCT.ru.N O C O  TO SOt
IFUXJtl ,J, UTUtl ,J, K-20.LT.. PZOGO TO 506
«  = UlUt; ,J1K-AO-K ITC U l  ,J,K-?))tHCXC It I ,J.K-2)
If (I (It I,J.K-^1.G T.CHC Itl,J,K-^)ORZ = CCHCItl1JlK-2;-E0T(It I,J.K-2))ItHCXCItl1J 1K-?)
TP?=l?.«£XtH2tr?lJJZXlCIOOZ(AXtRZ)
OO=UUthCItl , J 1K-? 0» IR?BH=EHtTR?

506 IFCI.EU.OGU TO 507
IFCHC1-1,J1K-ZO-OOT Cl-I,J 1K-ZO.IT..OZOGO TO 507 
LZ=ChCI-I,J1K-ZO-nOTcI-I,J1K-ZOJtHCXCT-I,J 1X-ZO 
I K K l - I 1 J 1K-?).GT.CHC I-I ,J ,K-ZO OL Z = CCHCI-I ,J1R-ZO-ROTC I-I1J1K-Z O OItHCXCI-I1J 1K-Z)
Tl Z = C?.tAXtLZtrzcJOZXICI-IOOZ(AXtLZ)
OO=ODtHCI-I,J1K-ZJtTLZ 
PP=FRtTLZ

507 UCJ.ru.1)00 TH 5 OR
IFCHCT,J-I,K-ZO-HOT Cl,J-I1K-Z).LI..OZOGO TO 50b 
TZ = CHCI1J-I .K-Z)-PJTcI1J-I1K-ZOOtHCTlI1J-I,K-ZO
IFChCl1J-I ,K-ZJ .GT.UK I1J-I ,K-ZDT Z = C CHC I, J-I ,K-ZO-PllT C I, J-I1K-Z)) 

I t H O C l 1 J-I1K-ZJ
TTZ=CZ.tA YtTZtXZC I)ZY I CJ-l))Z(AYtT2)
OO=COtHC I,J-I,K-Z)tTI Z 
BP=PHtTTZ

5P8 I=CJ.f2.NROGO TO 521
IFCHCI1JtI1K-Z)-OOTCI,Jtl,K-ZO.LT..OZ)GO TO 5Z1 
KZ=UU I ,Jti ,K-ZO-PUU  I ,Jt I ,K-Z)) tHCYC T1 Jtl ,K-ZO
IFCHCI1JtI1K-Z).GT.CHCI1Jtl1K-?))B? = CCHCI1J*!,K-ZJ-BOTC I,Jt I,K-Z))
ItHCTCl1Jtl1K-=O
TB==C2.«ATtrZtXZCI)ZTlCJ0)ZCAYtPZ)
UO = UOtH(I1Jtl1K-Z)RTeZ
BH=KBtTPZ
GO TO 5 Zl

509 IF(I^1EOD)GO TO 521

III.THIS SECTION LINKS NODE I1J 1K WITH THE SURROUNDING NOPe(S) IN THE 
AQUIFER BELOW THAT AKf COOED WITH NOO = Zl1 31, OR 32.
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c
C

IFCHCTtJ tKJ-ROTU ,J,K).IT..02)00 TO 521 
IFCl.fU. I )GH TJ 5 11
IFCkOnU - I t JtK U )  .tC.Jl. OS.NOOCI-11 Jt Kt I). E0.32)G0 TO 510 
TFCt-UUU-It J. Ki I). t o .  21)00 TO 510 
CO TO 511

. 510 L l H H U -I .JtKt1 )-P J U  I-i ,JtKMJ).HCXC I-I .JtKtl )
IFCHC I-I ,JtKtl J.GT. Ch U - I  ,JtK t D  JLl=CC HCT-ItJtKtD-HOT CI-IiJt Kt I))

I.H C X U -  I ,JtKtl)
T U  = C2.*AX»L1»Y2CJ)/X H  I-1))/C AX tLl)
OO=POthU-ItJ.KtDtTLl 
UH=PHtTLl

511 IFCT.tL.r,C)t,0 TO 513
It Chnoci JtKtI ).E0. Jl.OR.NOOUtl, JtKtl ).E0.32)C0 TO 512 
IFCKOPUt I, JtKt I J.c 0.21)00 TO 512 
CO TO 513

512 Kl = CHCI «11 Jt K t D - O O T C H  I, JtKtl ))«HCXC Itl ,JtKtl)
IFC HC K l tJtKtl).Cl.ChCKl , J tKtl) )R1 = C C HCItl ,Jt Ktl J-ROTCIt I, J1Kt I))

ItHCXUtl1J tKtiJ
TRl = C2..AX.FltY2Cj)/XlC DJ/CAXtRl)
PO=COt H U t l tJ l KtlJtTKl
LO = RPtKii

513 ICC J.FO.l )C0 TO 515
IrCKnoc I, J-I ,Kt I) .c C. 31 .OR.HnpU , J-I ,Kt I). EC. 32)00 TO 515 
IrCNOOCItJ-I,Kt I).EC.21)G0 TO 515 
GO TO 515

515 Tl=CHU ,J-ItKtlJ-PiJTCIt J-I ,Xtl)).HCTCTt J-I ,Kt I)
1FCHU ,J-ItKtl j.GT. CHCI ,J-ItKtl JJTl = CCHCIt J-ItKt] J-POTCIt J-ItXtJJ)

ItHCYCI ,J-ItX t u
TTl = C2.tc.YtTltX2U)/YlCJ-l))/CAYtTl)
OO = P P t H U tJ-I ,Ktl )t ITl
BB=EUtTTl . I

515 IcCJ.EO.NP)GU TP 517
IFCKOOU, J M tKt D.EC.Jl.OR. NOOCI ,JtltKtl). £ 0.32)GO TO 516 
IFC1.O0CT, JtltKtl).EO.21 )G0 TO 516 
GO 5 I T

516 Hl = CtIU ,JtltKtl )-ROTC I ,Jtl ,Kt 1))»HCYC I ,Jtl ,Kt I)
I F C H U t J« ItK tn. GT. CMC I ,JtltKt I) )R I = CCHCI ,JtltKtl )-fiOT Cl, JtltKtl)) 

itHCYu, JtitK t n
T01=C2.»AY.31tX2CIJZYlCJ)J/CATtpi)
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Dn = TfHMO ,Jtl1Iitl )»T3l
HI -=TPt l  Hl

C»»*» IF NQDf I1J1K IS NOT IN AOUIFFK I IK=IJ1 GO TO 521. 
51 I IrCK.GT.IJGO TU 52i

IV. THIS SCO IDN LINKS NOOf I1J1K WITH THE SURROUNDING NODF(S) IN 
AQUIFER 3 IF IHFT ARE CODED WITH NCD = 32.

IFfT.CO.D G O  Tl bill
IFCMinn-I ,J1 Ft 2).NT. 32 )G3 TO 518
L? = (MU-1 ,JtKtJJ-DOTC I-i, J1KtajJtMCXCT-I ,J1KtE)
IF(H(I-I1J 1Kt5J.G I.CHCI-I1J 1XtajJLa = CCM( I-I1J 1KtaJ-ROT(I-IiJtKtE)J 

ItHCXtI-I1J 1KtaJ
Tia=C2.tAXtLEtracJ)/XICI-I))/CAXtl2)
OO = OUtoc I-I ,J1KtajtILE 
Pf=If tTL2

51 8 I Kl.FU.NOGO in" 519
IF ( NODCIt I, J1Kta ).NE.j2)GP TO 519
RE = CHCI t! ,J1KtaJ-PUIC Itl ,J1Kta JJt HCXC It I ,J1Ktaj
IF(HCIt I , J 1Kt aJ.G I.CHCItl,J1KtEJJPE = CCHC It I,J1KtEJ-POTCItl1J1Kta)) 

ItHCXClt I1J 1K f J
TRE = CE.textR2tY2C JJ/XI(I JJZCAXtRa)
DD=UntHCIti1J1KtajiTRa
PO=EBtIRE

519 IFCJ1FO.IJCO TO 520
If c n u o c i 1j-itKtE).Ni.3a)G0 to szo
TE=CHCI.J-ItKtaJ-BOTC I,J-I1KtaJJtHCT(I1J-I1Kta)
I f C H C J - 1,Ktjj.Cl.CHCl,J-1,KtEJJT2=CCHC I,J-I,K12J-BCTC I,J-I,Kt aJJ 

ItHCTCI1J-I1Ktaj
TT2 = C ?.I ATtiatxacIJZTlCJ-I))/(ATtTa)
DO=OOtH(I1J-I1Kta)ITTa
BB=PPtTTa

520 IF(J.FQ.NR)GO TO 521
IFCNunci1Jti.Kta).Nt.3a)G0 to sai
B2=#<CI,JtI,KtEJ-BJICI1JtI1Kta))tHCTCI,Jtl1KtZ)
It CHCI1JtI1Kta).GT.ChCI,Jtl1K t2))PZ = (ChCl1Jtl1Kta)-POTC I,Jt I ,Kta)) 

ItHCTCI1Jtl1Ktaj
TPE = CZ.I ATtPEtXECIJZTlCJJJZCATtB 2)
OO=OOtHCI,Jtl1KtEJtTCZ
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CR = CMTBZ
C«»«» RC TUKN CUkTROL TO 'CENTRAL.* 

iZl CO TO kZ,C16Z,27Z)
C

tOC OUTPUT TIME 
ENC

SUPROUTIhE TRANS
« » * « » « « « » * * « » * * * * *

THIS SUHRUUTINE CALCULATES INTERNOOAL TRAhSP I S SIVlTT FACTORS.

SUPROUTI NF TRANS
COPROF HCZl.AO.3),HOC 21,JO,3),S F K Z l 139,j),CCZl,JO,3),TTCZl,39,3), 
IT * C ?1,39,3),‘*C 39, ’) ,CC 39, 3) ,OLC Zl ,39,3), SE Z C = I, 39,3 ),F ItCZ 1,39, 3 ),H 
Z C K =  I ,3 3,3), IlCZ CZ I, 39,3 3,0 JT CZl. 39,3) , NOOC Z I , 33,3), PI SL CZ I, 39,3),F 
3K( 21,39,3), RCZl ,3 9, 3), I ,J,K,NC,Nk,NL , I U k lTIPf ,01 LTAt-S TC P 1SIC 3), S 
AZC2),HHC3),CCHl 3),PPC3),HOTTC3),RRC3>,OOC3),OHCZ1,39,3J,XU21),XZC 
*5?1),Y IC ?9),YZC39>,U«CC3>
DO 93 K%:,NL 
DO 90 I=I1NC 
DO 90 3=1,NP 
TXX=O-O 
TTY=O-O

C»*«» INITIALLY CALCULATE TXl AMD TTT FOR NODE T,J,K WITH HARRQhIC MEANS 
C ASSUR INF, CCNFTNEU CONDITIONS.

IcCI-FO.NOT,O TQ 79
AX = CCHCT-J,D-HOT CI,J.K))*HCXCI,J,K)
bX=(CHCUl,J,K)-POrU<l,J,K))»HCXCI»l,J,K)
IFCAXCX.IF..01)00 TU 79 
TXX = LZ.»AX* P XJ/CAXR P. Xl 

79 IFCJtfO.NRJGO TO RJ
AV = CCHCI, J1K ) - r ,OT Cl ,J,KJJ=HCYCT, J,K)
CY = CCHCI,JR I,KJ-P or C I,JRl,KJJtHCYCI,JRl,KJ 
IFLAYRHY.LF..Cl JGO TO 60 
TTV = CZ. = AT = PYJZCAYRPYJ
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c»**« IS NnDE I1J 1K c o n f i n e d  UR u n c o n f i n e o ?
8C IFcHc I,J 1KI-CHC I,J,KJ)C1,81,8?
Pl I F CIeFC1NC) (. I) TO 85

C»««» IS NODE H l lJ 1K COOF INFD OR UNCONFINEO? 
IF(h c m , J1KJ-CHC ItllJlK n B i 183,84

I. NODE I1J1K IS UNCONFINED.

C «  SINCE ROTH NOCCS AKI UNCONFINEO, CAlCULAIF IXX WITH THE GFOKETRIQ 
C PFAN. HOWEVER, IF THE NOOES ARE NUNHUPUGE NOUS, R TCALC ULt IE WITH
C THE HARp C M C  RE AN .

83 AX = CHC I,J1K)-"JTC I,J1K))«HCXCI,J1K)
RX = CHfltl1J1K)—RH TC 1*1,J,KJJtHCXC1*1 ,J,K)
1XX = SCRUAXt‘’XJ
IFCNMC I ,J1KJeLTe 3JG0 TO Ra I
IFCNOOCItI,J.KJ.LT.j)GO TO 8)1
IFCNOD(I1JfK).FQ.NOGCItl,J 1KJJGO TO 8)1
IFCAXtR X.L! .. PI JGI' IC P 31
I XX=CJe,A XtRXJ/CAXtFXJ

8)1 AP=CHC I ,J1KJ-n MC It J1KJJXCHCIt I1 J 1KJ-ROTCIt I1J 1K))
RR-=CHCI ,J1KJ-ROTC I t J1 K JtH C I ♦ I ! J» K J-ROT Cl 11, J1 K J JZ J .
IFCAP.LT..20.0R.AR.Gl.5.0JIXX = RPtCHCXCI1J1KJtHCXC It I,J,KJJZZ.
GO 10 85

Ctttt BECAUSt NODE Ttl1J1K TS CONFINED, USE THE HARMONIC PE AN FUR TXX1 
64 AX = CHCI1J 1K J-I'ITC T.J.KJJtnCXCI.J.KJ

FX = CCHC TtI1J1KJ-RCT(1*1,J,KJJtHCXC I*I, Jf KJ 
IFCAXtNXeLEeeOlJGO TO 85 
TXX=CZetAXtBXJZCAXtBXJ

85 IF(JeFGeNR)GO TO 89
C t t t  1S ,, on I I1Jtl1K CllNFIHcO OR UNCONFINEO? 

IF(HCtlJtl1K)-CH(ItJtl1K)JeA1SS1S?
Ctttt GECAUSt HOTH NIOFS I1J1K ANO I1JtllK ARF UNCONFINEO, COMPUTE TYT 
C W I T H  THE GFOPFTRIC RE AN, HOWEVER, If THEY ARE NONHfiPOGENOUS NODES,
C RECALCULATE M T H  THE HARMONIC PE AN.

86 AY = CHCI ,J1KJ-PtITC IlJ1KJJtHCTCI1J 1KJ
BT = CHCI ,Jtl1KJ-OOTC I1Jtl1KJJtHCru ,JtllKJ 
TTr=SCRT(ATtEM)
IFlHOn(T1J1KJeLTe)JGO TO 861 
IF(NGO(I1Jtl1KJeLTe))GO TO 861
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IFU.OIH l,J,IO.FG.NJ0(IiJtl,K))00 TO 861 
If C«»4CT.LI..C1X.0 10 861 
lYI=(8.*ST*FY)/(iY«PT)

661 «" = ( h(l,J 1K Kl-QOTU,JtltK))
H- = Ch(I1J lK)-H IU I, Jl-ItHU ,JtltKl-0OT (I ,Jtl9K))/?*
IFCA-.LT.. ?O.OK.ah. 01.6.0)1 YY = CHCYC ItJ tK)tHCYU, Jt l,K))tBMZ2. 
on TO 8°

Ct««« SINCt NOOF ItJtllK IS CCNc INCOt CPKPUTt TYY WITH THE HAHKONIC KtAN.
PT AY = Ch(I,JtO - 8' Til,JtK D t H C Y U tJtO

PY = CCMC I ,Jt ItK )-h OI ( I ,Jtl ,KDtHCYCIt Jtls K)
IFCAYtHY.U..01)00 TO 89 
TYt=(Z1IAYlQY)Z(AYtPY)
CO TO 89

II. NOCF I1J1K IS CONFINED. IN THIS CASE, POTH TXX AND TYY ARE CALCU­
LATED WIlH THt HAPKPMC KtAH.

8Z 1F(I.EO.NC)G0 TO 88
IF( F U t i tJ 1K)-CH(ItltJtK).CE.0.0)GO 10 86 
AX = CCHC I ,J,O-HOT Cl ,Jt K DtHCXCIt JtK)
0 X = C H i i t i , j,k i-nnu ! ♦ !  , J t K D t  HC X U t i t J 1K)  
I F C A x t P X . C E . . 0 1 ) 0 0  10 88 
TXX = C ? . t a x t  P X I Z ( A X t P X )

86 IF(J.EO.NRlGO IO 69
IFCHCJ ,Jt I ,O-CMC I, Jt ltK).RE.0.0)00 10 89 
AY = C C H U t JtKl-QOUI ,j ,k )) IHCTC I, JtK)
O Y = C H U tJtltK )-30 TCltJtltK D t  HC YCIt JtltK) 
IECA YtifY .LE ..Ol )G0 IU 89 
TYY=CZ.tAYtQY)Z(AYtPT)

III.CONVERl TXX AHO TTY TO TRANSMISSIVITY FACTORS TX(ItJtK) AND 
TT(ItJtK).

89 TXCI ,JtO  = TXXtYZ(J)ZXl(I) 
I Y U t J 1O  = TYYtXZC DZYl(J)

90 CONTINUE 
RETURN
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£N'D

SUBROUTINE FtUV

TUTS SUBF JUT INF CaLCUL4TES RECH1RGE ALONG ROV 39 AND CALCU­
LATES UISCHARGh INTO THE "I NE CUT.

SUBROUTINE FLOV
COFBON HEJlt 39,3) t'<0(21,39, 3),SF 1(21,39, 33,0(21,39,3), TY( 21, 39,3), 

11X121,39,3),« ( 1 9 , 3j, G (3°,3;, DLL?!, 3°,3), S'-2(21, 29,'I,C H( 21,39,J),H 
2CTC21, J“,3),HCX(21,39,3) , « l'T( ?1 , 3° , i),NOO( 21,39,2),P!SE(21, 39. 3),F 
3K(^I,39,3),«(21,Jo,j),I ,J.K,NC.NR.NL,I TE R1TI FE,OE LI A,FST ER,SI(33,S 
92C33,H;'(3 3,CC>(3) ,BP(3),?OTT(33,RR(33,UQ(3),UH(21,3913),Xl(2i3,X2( 
521>,TU39J,T2LI9>,JFCC3) I.

I. CALCULATE RECHARGE ALONG RUV 39 USING DARCY'S LAV.

DO 5 K=I1NL 
OO S I=I1NC 
DO S J=I1NF
IFEJ. LT.39)GO TO 5 A=1?CJ)«*2
IFEK. LT.3)G0 TO A
C d  , J,K)=-(HCI, J, K)-H(I , J-1,K))«22.5/A 
0(I,J,K)=0(I,J,K)«X?(I)*r2(J)
GO TO S

A IFEK.LI.2)G0 TO SCEf“ j,K)=-(H(I,3,K)-H(I,J-1,K))*22.5/A 
C=O(I1J 1K)*.000016 
1FLC.GT.O.O)JEI,J,X)=-.000016
IF(I.IT.1S.EN0.I.GT.7)0CI,J,K)=0(X1JtK)-.00003 
IFCJ.FU.b)C(I1J,K)=-.0000A6
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Q(I1J1K) = C O .  J.K)^xzcljtYZ(J) 
s corn iMUF 01=0.0

IT. CJMCULflTE r.rxSTFAOY flOUTFER OUlFLCIk INTO TMF MINE CUT. FOR FURTHER 
EXPLANATION, SEE CHAPTER 4.

DO 10 K = 1>NL • • 4
DO IU I=I1NC 
DO IU J=I1NR
IF(NUOCI1J 1K).NT.I.AND.NOO(I1J1K).LT.33)G0 TO 10 
T=TlMFIF(T1 FE.(.1.10.0)1 = 10.O 
Q(I1J1K)=O.U

A. COMPUTE OUTFLOW FROM UNCONFINED STORAGE.
II = FKCI ,J1K) = (I./SORT(T))

»* SULVF THf INTEGRAL IN EQUATION (60) DY CALLING EST.
CALL CSY(U1ERF)
CX=CFKCI1J1K)*'?>/T 
IF (I X.GT . I C l .  )G0 TO 10
GRAO=.6311* OU (I ,J1K )!(!./SU RT(ERF*T) )*(!./( XP (EX)ItFK(I1J1K) 
C(I1J 1K) = L H d 1J 1K )-PCT( I1J1KJjtGRAD
I F ( K I 1J 1K)1GT. CH (1,J1K))Q(IIJ1K) = ( CH (I1J1K)-D OT(T1J1K)) *G RAD 
IF(K.LI.J)GO TO 8

fi. THE FOLLOWING IS USFO TO Cn=PUTE OUTFLOW FROM CONFINED STORAGE IN 
AQUIFER 3. ;
FKK=FK(I1J1K)*.0447 
EXX=(FKK«*Z)/T
GRAWt= ^ S Z K l  ./F XP (F XX ))*(!./SQRHT))«FKK
UC = ( C H d 1J 1K ) - - O I C 1J 1K ))»1 6. 7'OHCI1J1 KjtGRA O
i r ( H ( I 1J 1K ) . L T . C I I ( I 1J f K ) ) 3 C = ( H ( I i J 1K ) - a 0 7 ( I 1J l K ) ) « 1 6 . 7 t O H ( I 1J l K ) t G

IRAD
Q(I1J 1K)=Q(I1J1K)FQG 

C. a d d INTERCEPTED NATURAL FLOW TO Q.



o
n

n
 o

o
o

c
io

o
o

o
rt

 
o

n
 n

o
o

n

-157-

fc UC!,J,K)«0(l,J,K)4k(I,J.K) 
9 UI=UT*UlI»J.K)

10 CONTIMU

III.CitCULen IOTit No.-mEint o u t f l o w and i n t e r c e p t e c n i t u r a l f e o w
FOE E ACH AUUlFtR.

11 1)0 15 K = I , M  
CIC(K)=O.O 
01 15 I =I1NC 
CO 15 J = I ,Mt
IFtOtl1J 1K).LI.0.0)00 TO 15 
n c  'Otl1J1K).IT. 1)00 TO 15 
OvttKJ = OKCtKJtJH ,J1K)

15 C O M  n  or 
OUTPUT CT 
RLTUftO LNG

SUBROUTINE FST

THIS SUtROUTINE COMPUTES ERF CTMt INTEGRAL IN EtUATION C60>) 
ST SI KR SUN'S ONE - TIIIRO RULE.

SUFROUT INF ESI(U1ERF)
ERF=O.0
IFftR.lC .0.50)E=0. 0 
IF(U.C,I.3.50.AND. II. IE.I. S3)E=O.50 
IFLU.GT.l.Sl.AND.U. Lt.3.0 J)E = 1.50 
IF(U.Cl .3.00)00 TO 5 
ERF=I./(EKP(UttZ))
F=O.01
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1 lF(F.M.C.qo)Cn Ir 7
rx=(r»(F*cu-i ) n ««2
LPF = L  Kr♦(*.»(I./(EXP(PX))))
F=r«c.cz
GO TO I

2 F=C.0
3 F = M O 1OZ

IF(F.PT.0.905)00 TO 4
EX = (Fi(FP(U-F)))MZ
LPF = IRML^. •(!./( CX P(EX))))
GO TO 3

4 1F(0.IF.0.5DERF=ERF*1.0 
IFfU.GT.O.Su. AI.O. U. I k.l.50)ERF=FRF*0.77e80 
1FUI.C1 .1 .SU.flRO.V.LE .3.UC)ERF=ERF*0.10540 
FRF = ((u.01)‘(U-‘")=Ecr/3.)
IFCU.GT .0.5C.AN0. U. LE .I.SDERF s EKF *0.4612fl 
IF(U. 0 7.I.50.6N 0. U.LF. 3.CO)FRF = ERF*G.85619 
GO TO 17

5 LRF=O.88623 
17 RETURN

END
C
C
C
C SUBROUTINE VALUE
C
C
CC
C THIS SUHPOUTINE »EAOS TN NODE DATA AN!) THE HSTEP VALUE. ITC ALSO APfNOS 0»I A UHfN NE EOF 0.
C NOTE THAT ilASIC VALUES FOR Sc I, SFZ, R, ANO O ARE READ INTO
C THE APR ATS. THE SUBROUTINE THEN CALCULATES THE 'FACTORS' USING
C NODE DIMENSIONS. FOR E XAuPLE• THE SPECIFIC YIELD IS READ IN FORC Sr; AND is Su bSe o u f n t l t m u l t i p l i e d  pt c x z c d m z c j )) to p r u o u c e 
C THFtiiSTORAGE 'FACTOR.'
C

SUBROUTINE VALUE
COMMON H( ?1,19, 3).HO(?I, 39, 3) t SF K  21,39,3), OC 71, 39,3). T 1(21,39,3). 1TXC21,39,3),MU9, 3),G(39,3),PL(21,39,3),SF2(21,39,A),CH(21,39,3),H
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?CYt?l ,39,3J,HCX12I , 39,3 J , fiOU 21,3 9,3 J , NOn( 21 , 3 S , 3 J , C I S C 121.3 9, 3 ) , F 
3K(2J ,39,3), »(2! , 3 9, 3J,Z ,J,K,kC,NK,NL,ITrR,U«lF ,OE LT 6,K SIE P,S1( 3),S 
4 2( ?) ,Hl-L I) ,CCHC 3) ,l-HLl) ,H01U3),R2C3),0013 3,0H(21 , J9,3),X1C21), X2( 
S21),ri(J9),r2(j9),JFCCJ)

C
C
C I. READ IN A FULL SET OF DATA FOR THE NODES.
C
C

S< RE AO UON, AC TI, J, K, SI H I  ,J.K ),St-2( I, J1K 3, CL I, J1K 3, KL I,J,X),HO( I1J 1K 
I 3,CHl I,J,K3,lOTLI,J,K),HCXlTtJ,K3.hCYlI,J,K),NODlI,J,K),DHtI,J.KJ, 
?EKLI,J,K),lLl,J,K)

*0 FOFHATlJit,J£9.3,AHE.2.2F7.1,Il3.3E9.3)
C«««« CAL CUL AT I SF I, Sc ?, P , AND 0 CACTOHS FRO" THE BASIC DATA.

39 Uli,J,K3=OlI,l,K3»X?lI3»Y?lJ)
SF1LI,J,K) = SC1LI,J,K),X?L!)«Y?LJ)
Sr,LI,J,K)-SI2H,J,K)«X2LI)«Y2LJ3
RL1,J,K>-PLI,J,K)»X<LI)«Y2LJ)

C**»* IF NOD = 10 L'P 23, LEAVE THIS READ ROUTINE.
IrINQPlI,J,X).FO.19)00 TO 55 
IF CNODC I,J,K).CO.20.ANO.TIRE.NE.C.O)G0 TO 56 
CO TO 54 

C 
C
C II. READ IN ALL NCDE DATA EXCEPT FOR H AND HD. THIS RE AD ROUTINE 
C IS USED WHEN II IS DESIRED ID CHANGE NODE PROPERI TE S BUT NOT NODE
C HEAD VALUES. IHT S CAN HAPPEN WHEN A MINING CHANGE OCCURS.
C
C

56 READUOt, 42) I, J1K , SFI ( I , J,K ) , SF 211 , J, K) , Cl I , J1K ) ,CHl I , J ,K ) ,« OTt I, J 
I, K ), HC X U,J,K), HC YL I,J,K) ,.NOPL I , J , K ) ,DFiC I , J , K ) ,FK CI , J , K 3, R 11 , J , X)

4 2 FOFHATl j I2,jE 9. 3, 2FE. 2, 2F 7... 113,3E 9. 3)
C»**» CALCULATE Sr I, SF 2, R , ANO O FACTORS FROH THE BASIC DATA.

OCI,J,K)-OtI.J.K3*X2CI3*T2LJ)
SFlll,J,K)=SrIII,J,K)«X21I3«Y2CJ)
SF2*H,JIK) = SF2CI,J.X)«X2C1)*T2CJ)
RLltJ, K ) = P (i,j,K) ,XPlDtYZLJ)

C»«*» IF NOO = 1C, LEAVE THE READ ROUTINE.
IFCNUOLI,J,K).tO.10)G0 10 90 
GO TO 56 

90 DELTA=.25



UUOUo

IIKf=O.c

III.KfAO THE KSTfP VALUE.

55 REAOCJ06,51)KSTfP 
41 F O R K A T C i m  

C 
C
C IV. PRINT OUT THE NOU VALUE S FOR ALL NODES.
C
C

OP 58 K=I1NL 
DO 58 J=I1NR

SE WRITE Cl 08,57JJ1CNOOCT1J1K),!-!,NO)
SI FORK ATC15,5X.10 110/C I 2X10110))RETURN

END



'Tvnical Koie Data Input-
135 3 .2005-0« .5005-02 .OC1CC CO «29.*2
Z J K 3 . 20200* .5005-0 2 .000 5 00 *29.*7
3JS 3 .20000* .5096-02 .000? 00 *29.9*

. *3R 3 • 2CvOC* . 5 OOc-O 2 .0005 00 *29.59
5 3 3 3 .2098-0* .5005-02 .OOUF CO «29.61
6 3 3 3 .20)5-0* .5005-32 .0335 00 *29.62
728 3 .20000* . *005-0 Z .OOOE CO *79.63
333 3 .2 005-0* .5131-02 .0005 03 *37.27
923 3 .2005-0* .5005-02 .0005 03 * * 3 . ? 01039 3 .20000* .5005-02 .OCOE 30 * * 3 . M

U  28 3 .2C9E-0* .5005-07 .0035 CO * * 3. P 912 JS 3 . 2005-0* .5002-02 .UOOt 00 **3.90
1333 3 .2005-0* .5001-02 .OOOt 00 4*3.91
19 3? 3 ..0C5-0* .5005-02 .0035 CU **3.92
1525 3 . 2001 -05 . 5 0 Oi - 0 7 .COoF 00 **3.9*
1638 3 .<005-0* . 5 OOr -I 2 .L-OUE 00 **3.9)
1723 3 .2005-0* .5005-02 .roue 30 «*3.97
18 33 3 . 2005 - C* .53)6-02 .OUOF OS *«4.00
19 23 i .2005-0* .5005-07 .OOOt 00 «**.C*
2 033 3 .2005-0* .5005-02 .OUUE 00 « * * . 0 H
2123 3 . 7C.-r-o* . 5001 -0 2 .UOJE 30 «*«.15
139 3 .70)5-9* .5105-0 2- . JC1UF-C* «3*.78
229 3 .2005-0* .5305-07- . 3005-0* * 3*.82
339 3 .2005-0* .5002-02- .JOOt-Ot «3«.96

• 439 3 .2096-0* . 5001-0 2- .DOUt-Ot «3«.89
539 3 .*021-0* .IOOt -02- .JtvC-It «3«.90
629 3 . 2005-0* .5001 -0 7- .3005-0* «3«. u I
T J9 3 .2005-0* .5005-02- .3005-3* «34.91
829 3 .2005-0* . 50 06—0 2- . 3001--')* **2.61
939 3 .7005-0* . 5') 0i -0 2- •3005-3* *«9.72I 0 j9 3 .7005-0* . 5005-0 ?- .3005-0* ««9.72

1139 3 .2005-0* .5000-02- .3005-0* «*9.22
1229 3 .2005-0* . 5002 -0 2- .3OU 5-0* ««9.72
1339 3 .20)5-0* .50v!'-0 2- .3005-3* «*9.22
1429 3 .2005-0* .5005-07- . 3 out - 0 * ««9.22
15 39 3 •2015-0* .5002-02- .3055-9* «*9.22
16 29 3 .7035-0* .5006-02- .30U5-0* ««9.21
1729 3 .2005-0* .5005-0 2- .3005-0* 4*9.20
I 639 3 .2005-0* .5005-0 2- •303C-0* 4*9.19
1939 3 .2005-0* .5005-02- .3005-0* 4*9.16
2039 3 .2005-0* . 50 05-0 2- .BUUC-Ot **9.12
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RESULTS FOR AQUIFER I  
AT TIME-356.3 OATS

DRAINAGE RATE- 6*9. CFD
CHANGES IN  NOOE MEAL'S
SINCE FINE OPENING (TIME-0. OATS):

COLUMNS I - 21
NODE ROWS 

I 1.9P46 I .9294 1.2239 .9297
.6152 .5933 .5774 .5566

2
• 4 7 T I 

.4377 -.0002 -.2646 -.1143
3

.2061
.9537 .0034 .4170 .2175

. 0 20 3 .0244 .0378 .0403
4

.9920
-.0022 -.0054 .0964 -1.9036

-.1086 -.0652 -.0393 -.0200
$

.0657
.0015 .0059 -.0056 -.1311

. 2046 .2019 .1970 .1768
6

.1436
— .0034 .0063 -.0056 -.0027

.3357 .4150 .2 756 .1316
I

-.13)4
.0068 -.0083 .0042 -.0005
-.5793 1.0117 .1802 -.1248

8
-.5693

-.0054 -.9024 -.0078 '-.0024
. 1450 -.0002 -.0065 . 0244

9
-1.1165

-.0022 -.0022 -.0024 -.0029
.003 0 -.0027 -.0027 -.8142

IO
-1.5171
.0049 -.0039 -.0024 -.0049
-.0049 -.0046 -.0054 -1.0386

.8589
.5393

.7913 
.5 254

.7485
.5137

.6719
.4851

.6443
.4814

-.C405 .0168 .0474 .0811 .0959 .1228
.0627

.0476
.0225

.0564
.0020.0642

-.0039 
. 0796

.0015
.0781

.0129 
. 0852

1.0940
.0005

-.7068
.0173

-.5115
.0288

—.3667
.0532

-.2590
.0625

-.1741
.0637

.0544
.1738

.0942
.1809

.153?
. 1731

.1821 
. 1631

.1899
.1606

.1473
.1504

.0054
.1169

1.2014
-.0210

1.1541 
-.137 5

.7420
-.1038

.4656
-.1038 .3250

-.1167
-.1104

-.3787
2.7290
-1.9561

2.0903-3.0857
1.2104
-2.5928

.4019
-.6975

. 2854 
-.5552

.0046
-.2429

1.7632
-.6650

1.5444
-1.4224 .0000

-1.2925
. 0000
-1.1511

.0000-1.U994
-.0044 
-I.3552

.0009
-1.4773

.0000
-1.4900

.0000
-1.5647

.0000
-1.5852

.0000
-1.5344

-.0076
-1.1326

.0000
-1.2317

.0000
-1.3228

.0000
-1.4573

.0000
-1.5173

.0000
-1.5215

— 1G4-



-1.5393
11 -.0024 -.0044 .0088 —.0068-.0049

-1.4073
-.0049 & -.5300 -.7578

12 .0000 .0000 .0000 .0000-.0046
-1.4292

-.2024 -.4019 -.6045
IJ .0000 .0000 .0000 .0000

-.0049 
-I .4141

-.0337 -.2273 -.4999
14 .0000 .0000 .0000 .0000. 2224

-1.4014
.2063 .0540 -.4053

15 .0000 .0000 .0000 .0000
-.2035 
.007 1

.5732 .5847 .1655
16 .0000 .0000 .0000 .0000

1.0452
.0051

1.0066 .9204 .6177
17 .OvOO .0000 .ocuo .00001.3679

-.0049
1.2222 1.1299 . 8696

18 .OoOJ .0000 .0000 .0000
1.5720
-.0046

1.3594 1.2639 1.0212
19 .0090 .0000 .0000 .0000

2.1169
-.3960

1.6235 1.3118 1.0144
20 .0000 .0000 .0000 .0003

2.2717
-.28.4 1.7690 I.3789 1.0393

21 .0000 .0000 .0000 .0000
2.1731 
-.I°32

1.6919 1.3167 .90 88
22 .0000 .0000 .0000 .0000

1.7066
-.1870

1.4353 1.1313 . 8643
23 .0000 .0000 .0000 .0000

1.2747
-.2405

1.0657 .8542 .6619
24 .0000 .0000 .0000 .0000

.0000
-.8950

.0000-1.0254 .0000
-1.1526

.0030
-1.3306

.0000
-1.4395 .0000

-1.4731
.0000
-.7927

.0000
-.9204

.0000
-1.0557

.0000
-1.2466

.0000
-1.3735

-.0049 
-1.4282

.0000-.7048 iOOOO
-.8772 .0000

-1.0103
.0000
-1.2017 -.00*9

-1.3176 -.00*6
-1.3914

.0000
-.6587 .0000

-.8508
.0000
-1.0059

-.0054
-1.1921

-.0049
-1.3018

-.0054
-1.3679

.0000
-.3137

.0000
-.6536

.0000
-.9580

-.0049
-1.2302

-.0046
-1.2925

-.0046
-1.3552

.0000
.1064

.0000
-.3411

-.0046
-.7920

-.0046
-1.2456

-.0049
-1.2795

1.3865
-1.2956

.0000
.4016

.0000
-.0090

-.0046
-.3940

-.00*9
-.8750

2.2954
-1.0176

1. 754 2 
. -1.3408

.0000
.6033

.0000
.2424

-.0049
-.0781

1.8364
-.4495

2.4807
-.6462

2.1162
-.7271

.0000
.6924 . 0000 

.3950
-.0002

.1294
3.9390 ■

-.1809
2.9182

-.3738
2.5974

-.*604
.0000

.7437
.0003

.4866
5.3323 '

. 253 2
4.9167

-.0212
3.8618

-.1919
2.8970

-.2756
.0000

.7290
2.6240

.4995
5.8213

.3035
4.9365 •

.0652
3.6401
-.0962

2.7891
-.1777

.0000
.6372

2.3499
.4412

2.3267
.2810

3.2400
.0693

2.6763
-.0701

2.2019
-.1543

.0000
.4956

2.0188
.3340

1.2854 
. 2007

1.6221 
. 0293

1.6262
-.0991

1.4837
-.1968

1.8259 .0559 .4402 .5569 .8486 .8755
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. 8030
- . 4 1 5 5

. 6 9 5 8 . 56 1 8 . 4 2 9 0

25 . 0 000 . 0 9 0 0  I > . 0 0 0 0 . 0 0 0 0
. ' .219

- . 8 3 ) 1
. 3 5 6 0 . 2 8 2 7 . 1 990

26 - . 0 1 0 7 - . 0 0 7 9 - . 0 0 4 2 - . 0 1 1 2
.0 717 

- 1 . 1553
. 07 03 . 0317 - . 3 1 8 3

27 - . 0 1 0 7 - . 0 0 7 8 - . 0 9 4 2 - . 0 1 1 2
- . 3 6 4 5

- 1 . 2 3 1 6
- . 2 2 5 9 - . 1 9 1 7 - . 2 9 7 0

28 - . 0 1 3 7 - . 0 0 7 8 - . 0 0 4 2 - . 0 1 1 2
- 4 . 8 6 9 4
- 1 . 2 4 1 7

- 1 . 0 8 9 4 - . 4 8 3 7 - . 4 ) 6 0

29 - . 0 1 3 7 - . 0 0 7 8 - . 0 0 4 2 - . 0 1 1 2
- 1 . 4 1 2 1
- 1 . 2 4 5 1

- . 0 9 0 1 - . 9 1 0 4 - 1 . 2 * 1 2

30 - . 0 1 0 7 - . 0 0 7 8 - . 0 0 4 2 - . 0 1 1 2
- I . 7 713  
- 1 . 2 7 1 0

- 1 . 0 7 5 0 - 1 . 2 2 6 8 - 1 . 3 4 9 6

?! —. 0368 - . 3 1 1 2 - . 0 0 6 3 - . 0 0  37
- 4 . 8 8 7 5  
- I . 1388

- 2 . 4 5 7 0 - 1 . 8 0 1 3 - 1 . 7 2 1 4

32 - . 0 0 5 0 - . 0 1 1 2 - . 0 1 2 9 - . 0 0 5 6
- 4 . 1 3 2 6  
- I .  1594

- 2 . 9 1 8 0 - 2 . 3 3 0 1 - 1 . 9 9 4 4

33 - . 0 0 9 0 - . 0 1 1 2 - . 0 1 2 9 - . 0 0 5 6
- 1 . 7 9 4 2
- 1 . 3 4 3 9

- 1 . 7 6 0 0 - 1 . 6 7 1 9 - 1 . 5 9 4 0

34 - . CuOO - . 0 1 1 2 - . 0 1 2 9 - . 0 0 5 6
- . 1 8 8 4  

- I . 2851
- . 7 8 3 2 - 1 . 0 0 2 9 - 1 . 1 2 5 5

35 - . 0 0 3 4 - . 0 0 5 4 - . 0 1 0 7 - . 0 0 4 4
• - . 3 0 5 0

- 1 . 2  75 3
- . 5 9 0 8 - . 7 5 4 4 - . 9 9 1 6

36 - . 0 0 5 6 - . 0 1 3 7 - . 0 0 7 3 - . 0 1 1 2
- . 4 0 2 3

- 1 . 1 7 5 3
- . 5 5 4 2 - . 6 0 2 1 - . 7 9 3 2

37 - . 0 0 5 1 - . 0 0 4 6 - . 0 1 2 7 - . 0 0 6 6
- . 5 7 0 3 - . 7 0 7 8 - . 8 2 5 0 - . 9 1 1 9

- 1 . 2 0 3 3

. 3 0 6 9 . 1 821 . 0 774 - . 0 4 6 1 - . 1 9 3 3 - . 3 0 5 9

. 7322
. 0 967

- . 0 9 0 3
. 0032

. 9 460
- . 0 8 1 5

. 9 958
- . 2 4 2 4

. 6 057
- . 4 2 4 1

. 4 8 1 7
- . 6 3 3 1

. 0 0 * 9
- . 0 9 7 4

- . 0 1 1 7
- . 1 9 0 2

- . 0 0 9 3  
- . 2 8 7 4

- . 0 0 0 2
- . 5 2 5 6

- . 0 6 * 5
- . 8 3 3 0

. 01 10
- 1 . 1 4 2 6

. 0049
- . 2 6 2 9

- I . 2700  
- . 3 5 6 9

. 0 002
- . 4 9 7 3

- . 2 4 5 4
- . 7 8 4 9

- 3 . 0 1 8 4
- 1 . 0 9 0 1

- 1 . 1 8 6 8
- 1 . 2 3 9 7

. 0 049
- . 5 3 0 5

- . 0 1 1 7
- . 6 2 9 2

. 0 002
- . 7 5 6 6

- . 4 2 9 9
- 1 . 0 1 2 7

- . 6 7 5 5
- 1 . 1 8 5 1

- 2 . 8 3 9 1
- 1 . 2 3 7 3

. 0 049
- 1 . 1 1 7 9

- 1 . 1 7 6 0
- 1 . 1 1 7 4

- 2 . 5 9 8 6
- 1 . 0 2 1 7

- . 0 0 0 5
- 1 . 1 2 1 8

- 1 . 6 1 4 5
- 1 . 2 0 0 9

- 2 . 3 9 2 9
- 1 . 2 4 2 9

. 0 049
- 1 . 5 1 4 2

- 1 . 0 9 9 4
- 1 . 5 9 0 8

- 2 . 2 6 7 6
- 1 . 4 9 6 6

- 5 . 3 7 5 2
- 1 . 2 2 6 3

- . 0 0 0 5
- 1 . 2 1 3 1

- 5 . 9 0 0 1
- 1 . 2 6 4 9

- .0051
- 1 . 6 9 7 3

- . 0 1 1 2
- 1 . 7 0 7 8

- . 0 1 1 7
- 1 . 7 0 7 5

- 6 . 6 0 5 7  - 1 1 . 4 ) 2 4
- 1 . 5 1 5 6  - 1 . 3 4 2 5

- 9 . 0 9 5 7
- 1 . 3 1 5 2

- . 0 0 78
- 1 . 7 9 6 1

- . 0 3 4 6
- 1 . 6 9 8 2

- . 0 0 6 8
- 1 . 6 2 5 2

- . 0 0 6 8
- 1 . 5 4 0 0

- 3 . 6 6 * 2
- 1 . 4 5 3 6

- 5 . 1 7 5 0
- 1 . 3 8 1 1

- . 0 0 76
- I  . 5  374

- . 0 0 4 6  
- I . 4951

- . 0 0 6 8
- 1 . 4 5 7 0

‘ - . 0 0 6 8  
- 1 . 4 1 3 1

- . 8 8 1 3
- 1 . 3 8 2 1

- 1 . 7 0 3 6
- 1 . 3 5 4 5

- . 0  0 79 
- 1 . 1 9 5 1

- . 0 0 4 6  
- 1 . 2 J80

- . 0 3 6 8
- 1 . 2 6 4 9

- . 0 0 6 8
- 1 . 2 7 9 1

- . 0 0 6 8
- 1 . 2 8 2 7

- . 0 3 4 9
- 1 . 2 8 2 0

- . 0 0 4 2
- . 9 9 2 7

- . 0 1 1 5
- 1 . 0 6 1  a

- . 0 0 5 1
- 1 . 1 2 1 1

- . 0 0 5 1
- 1 . 1 7 4 8

- . 0 6 2 0
- 1 . 2 0 1 4

- . 2 3 2 9  
- 1 . 2180

- . 0 0 4 2
- . 8 8 4 3

- . 0 0 5 4
- . 9 7 0 2

- . 0 0 5 6
- 1 . 0 2 5 9

- . 0 0 5 6
- 1 . 0 9 5 7

- . 0 8 4 0
- 1 . 1 3 7 2

- . 2 4 8 5
- 1 . 1 6 8 7

- . 0 0 4 6
- . 9 8 4 1

- . 0 1 1 0
- 1 . 0 4 3 7

- . 0 0 4 2
- 1 . 0 9 3 8

- . 0 0 * 2
- 1 . 1 * 0 4

- . 1 5 8 9
- 1 . 1 7 6 0

- .  3904 
- 1 . 1 9 6 3

-9
9

1
-



38 -.c u t -.0076 -.0063 -.0042 -.o u t -.0056 -.0115 .0300 .0000 -2.0410
-1.8535
-1.3904

-1.T192&. -1.6323 -1.5608 -1.5093 -1.4703 -1.4475 -1.4226 -1.3987 -1.3977
39 -.0117 -.0078 -.0063 -.0042 -.OUT -.0056 -.0115 .0000 .0000 .0000

.0030 .0000 .0000 .0000 -1.6113 -1.5879 -1.5598 -1.5396 Tl.5208 -1.5022
-1.4988

-1
6

7
-



RESULTS FOR AQUIFER 2 
AT UME-356.3 OATS

DRAINAGE RATE* 28T3. CFO
CFANGES IN NODE HEADS
SINCE MINE OPENING (TIME-0. OATS):

COLUMNS I - 21
I -3.3R45 

-2.ASSO
-3.3391

-2.6204
-3.1311-2.5994

-2.9833
-2.5754

-2.8948
-2.5527

-2.8333
-2.5366

-2.7905
-2.5217

-2.7554
-2.4956

-2.7207
-2.4841

-2.6797
-2.4744

I
-2.(T1-A 

-.0063 
-2.0349

-4.2373
-2.0103

— 3.C564 
-1.9785

-2.6062
-1.9636

-2.4019
-1.9470

-2.2830
-1.9299

-2.2212
-1.9216

-2.1577 : 
-1.9048

-2.1084
-1.8916

-2.0693
-1.9921

3
-I•RRoS 

-.0042 
- * B 640

3.8196
-.9148

.5605
-.9568

-.0549
-.9941

-.3379
-1.0293

-.4973
-1.0669

-.5957
-1.0903

-.6729
-1.1204

-.7446
-1.1487

-.8093
-1.1616

4
-1.1692

-.(095
-.400*

1.7744 
-.4658

.6826 
-. 5 286

.3006
-.5918

.1074
-.6489

-.0273
-.6929

-.1025
-.7361

-.1880
-.8013

-.2576
-.8376

-.3306
-.8404

IHO

5
-.3762

-.0079
-.1353

.0066
-.2263

.3555
-.3103

.3042
-.4023

.2507
-.4788

.1926
-.5571

.1396
-.6282

.0967
-.7135

.0195
-.7903

-.0567
-.8345

I

6
-.0440

-.00*4
.0623

.3657
-.0461

. 2644 
-.1807

. 3604 
-.3035

. 3875 
-.4331

.4202
-.5425

.4075-
-.6411

.3694
-.7749

.3013
-.8689

.2026
-.9150

7
-.9377

-.0095
.3013

-.0017
.1055

.2029
-.0859

.3613-.2700
.5034-.4414

.6939
-.5836

.7456
-.7290

.7764-
-.8926

.6653-1.0054 .4895 
-I.0915

8
-1.1023 

-.0090 
. 5354

-.0032
.2317

2.3530
-.0452

.5984
-.2952

.9324
-.5156

1.1794
-.7117

1.2534
-.8872

1.3020
-1.0906

.9919
-1.2432

.6943
-1.3337

9
-1.3564

-.0010
.7126

-.0046
.2720

-.0054
-.1118

1.3010
-.4353

1.4648
-.7156

1.4956
-.9639

1.4819
-1.1748

1.3767
-1.4163

1.1848
-1.5913

1.0063
-1.6982

10
-1.7238

-.0059 -.0032 -.0049 .9629 1.6257 ' 1.5610 1.4955 1.4482 1.3320 1.0439



.5767
-2.0559

.1196 „
I

-.2795
I

-.6331 -.9446 -1.2191 -1.4497 -1.7139 -1.9102 -2.0239
U .0051 -.0032 .0051 3.3018 1.9735 1.6624 1.5896 1.5203 1.4048 .9902

.3913
-2.4546

-.1062 -.5457 -.9321 -1.2644 -1.5513 -1.7974 -2.0994 -2.2896 -2.4082

IZ .0954 -.003? -.0049 .0408 2.0496 1.7410 1.6897 1.617« 1.2302 .6155
. 0474 

-2.9194
-.4705 -.9250 -1.3171 -1.6741 -1.9719

1.7549
-2.2255 -2.5308 -2.7437 -2.5687

13 -.0015 -.0049 .0056 -.0020 1.9692 1.6980 1.3696 .7327 .1296
-.4270

-3.4468
-.9382 -1.4063 -1.8196 -2.1782 -2.4822 -2.7458 -3.0591 -3. 2756 -3.4124

14 .0049 -.0032 -.0049 1.0759 1.7261 1.7351 1.4590 .3237 .1890 -.4275
-.9938 

-4.061O
-1.5193 -1.9949 -2.4075 -2.7708 -3.0903 -3.3577 -3.1777 -3.8*43 -4.0251

IS .0049 -.0039 -.0063 -.0955 1.3774 1.700? 1.1384 .3103 -.4204 -1.0715
-1.6692
-4.7517

-2.1985 -2.6875 -3.1106 -3.4802 -3.7891 -4.0588 -4.3713 -4.5813 -4.7078
16 .034? -.0032 .0010 .45 65 1.0586 .9666 .298 8 -.4353 -1.1567 -1.8256

-2.4453
-5.5142 -2.9963 -3.4905 -3.9175 -4.2783 -4.5945 - 4.C 4o 2 -5.1467 -5.3530 -5.4751

IT . 0049 -.0032 .0005 .3957 .9407 .3977 -.4053 -1.2146 -1.9873 -2.7112
-3.3574
-6.3472

-3.9248 -4.4143 -4.9438 -5.1933 -5.4951 -5.7393 -6.0139 -6.1999 -6.3062
IS .0 7 37 -.0045 .0034 .2354 .8359 -.0254 -1.0745 -2.054 7 -2.9*31 -3.73*4

-4.4153
-7.2332

-4.9963 -5.4858 -5.8967 -6.2329 -6.5078 -6.7244 -6.9673 -7.1233 -7.2144
19 .0037 -.0032 .0005 .9058 .7346 -.4949 -1.8796 -3.0954 -4.1013 -4.9673

-5.6711
-0.1792

-6.2581 -6.7229 -7.0974 -7.3921 -7.6250 -7.9013 -7.9354 -3.1028 -9.1663
ZO . u C 4 9 -.0039 .0020 .3074 .6519 -1.2847 -3.0518 -4.4634 -5.5977 -6.4927

-7.1978
-9.1646

-7-7429 -6.1477 -6.4553 -8.6833 -8.8433 -6.9534 -9.0686 -9.1270 -9.1514
Zl .0049 -.0032 .0029 .1531 -.6589 -3.2947 -4 .9624 -6.3945 -7.5405 -8.4163

-9.0427
-20.1526

-9.4856 -9.7847 -9.9814 -10.0979 -10.1594 -10.1351 -10.1902 -10.1790 -13.1626
ZZ .00 49 -.0046 .0332 -.0056 -2.2974 -5.4365 -7.3328 -8.9063 -10.0530 ■-10.8062

-11.2732
-11.1334

-11.5244 -11.6357 -11.6465 -11.6113 -11.5457 -11.4575 -11.3323 -11.2329 -11.1658
23 .0049 -.0039 .0027 -.0056 -3.4895 -7.8557 -10.3691 -12.2791 -13.3315 -13.7981

-13.91)6 -23.8418 -13.6677 -13.4414 -13.1946 -12.9558 -12.7383 -12.4578 -12.2458 -12.1206-u’.oeiz

— 169-



2* -.0107 -.0039 .0010 -.00 5.5 -4.3406 -10.8462 -14.5898 - 17.3633 -17.789» -17.4307
-16.9478
-14.9473

-16. 3^30 -15.7922 -15.2570 -14.7698 -14.3330 -13.9697 -13.5205 -13.1990 -13.0122
2> -.0197 -.0078 -.0042 -.0056 -4.3926 -15.9933 - 22.4651 - 27.1719 -23.718$ -21.<986

-20.3847
-13.7100

-18.8652 -17.8538 -16.9810 -16.2324 -15.6033 -15.0730 -14.4$68 . -14.0298 -13.7842
26 -.3107 -.0079 -.0042 -.0112 -2.7742 - 10.8679 .0017 - 33.0393 -26.9966 -24.$<79

-2. .6074 
-14.3210

-20.9829 -19.6089 -18.4556 -17.4756 ' -16.6655 -15.9958 -15.2339 -14.7156 -14.4136
27 -.0107 -.0078 -.0042 -.0112 -2.3347 -8.8201 .0007 -38.5366 -23.3667 -26.5178

-24.4056
-14.7515

-22.6077 -20.9521 -19.5547 -18.3882 -17.4360 -16.6606 -15.7922 -15.2004 -14.8618
28 -.0107 -.0378 -.0042 -.0112 -1.7966 -6.1575 .0000 -39.9727 -31.959*5 -28.3174

-26.0925
-15.0032

-23.7454 -21.7988 -20.1907 -10.8921 -17.8430 -17.0110 -16.0940 -15.4675 -15.1172
2V -.0107 -.0078 -.0042 -.0112 -1.0251 -2.9450 — 5.6260 -.0029 -36.1958 -30.3098

-26.9023
-15.9499

-24.1294 -21.9382 -20.2271 -18.8950 -17.8462 -17.0076 -16.0981 -15.4944 -15.1537
30 -.0107 -.0079 -.0042 -.0112 -.0049 -.8745 -3.3955 -8.4788 -.0022 -31.5*50

-26.4509
-'.4.8899

-23.2847 -21.1145 -19.5344 -18.3315 -17.3979 -26.t>528 -15.8384 -15.2996 -14.9=54
31 -.0668 -.9112 -.0063 -.0037 -.0051 -.0112 -1.4932 -7.9470 -17.2170 -24.1025

-22.1023
-14.5569

-20.4263 -19.1184 -18.0862 -17.2383 -16.5513 -15.9802 -15.3406 -14.9009 -14.6418
34 -.000(1 -.0112 -.0129 -.0056 -.0078 -.0046 -.0068 -.6626 -5.4761 -11.0605

-13.6394
-13.77)1

-14.7585 -15.1487 -15.1743 - 15.0271 -14.8008 -14.5698 -14.2366 -13.9856 -13.3306
33 . 6375 .6340 .6292 .5955 .5708 .5647 .5596 -.6245 -9.8960 -10.7944

-11.6970
-12.7893

-12.3704 -12.8018 -13.0391 -13.1335 -13.1389 -13.1018 -12.9958 -12.6679 -12.6076
3* 1.7001 1.6995 1.6897 1.6611 1.6587 1.6533 1.6516 -.5591 -10.2747 -10.4669

-10.7847
-11.6890

-11.0784 -11.3313 -11.5090 -11.6375 -11.7063 -11.7344 -11.7368 -11.7227 -11.6987
35 2.7o49 2.7634 2.7485 2.7375 2.7307 2.7275 2.7266 -.4934 -9.7134 -9.7313

-9.8953
-10.5583

-10.0217 • -10.1536 -10.2688 -10.3618 -10.4397 -13.4905 -10.5291 -10.5557 -10.5586
36 4.1799 4.1819 4.1650 4.1597 4.1563 4.154$ 4.1541 -.4026 -3.4883 -6.5120

-8.5531
-9.0662

-8.6252 -0.6926 -8.7607 -8.8308 -8.88*0 -3.9390 -8.9958 -9.0374 -9.0620
37 6.3162 6.3108 6.3064 6.3030 6.3013 6.2905 6.2905 -.2712 -6.2578 -6.2859

-6.3462 -6.4111 -6.4829 -6.5522 -6.6309 -6.6892 -6.7485 -6.8271 -6.0743 -6.9136

-170-



38

39

-6.9263
9.1653-3.0337

- 4 . 3 2 b !
11 .9976

- 1 . 4 4 : 1
-2.2132

9.1419
-3.2879

11.9951
-1.5137

9.3489
-».4998

11.9927
- 1 . 5 9 6 4

9.1470
-3.6736

11.9915 
-I.o 5 01

9.1460-3.8254
11.9910
-1.7403

9.1458-3.9534
11.9907
-1.8604

9.1458
-4.0569

11.9910
-1.9504

0991 -2.3484
4.1765 -4.2651
1016 -1.3262
2. 0703 -2. 1504

2.7236
-4.3125

1.3823
-2.2004

-171-



RESULTS FOR AQUIFER 3 
AT TIH«»354.3 OATS

DRAINAGE RATE- BIST. CFO
CHANGES IN NODE HEAOS
SINCE "!NE OPENING (TIHE-O. DAYS):

NODE ROWS
I -I.EGiT -2.2361 -2.5950 -2.8237 -2.9656 -3.075* -3.1*53 -3.2007 -3.263*-3.377* -3.*272 -3.*71* -3.5195 -3.5520 -3.5876 -3.6167 -3.6597 -3.68*3
2

-3.7012
-.*365 -1.9236 -2.6680 -3.1016 -3.3*89 -3.5173 -3.6316 -3.7373 -3.83*5-*.0095 -*.088* -*.1626 -*.2227 -*.2793 -*.3328 -4.3838 -*.**31 -*.*63*

3
-*.5190

-1.0330 -2.6968 -3.*976 -3.9983 -*.32*7 -*.5515 -5.6978 -*.8352 -*.9756-5.2265 -5.3*33 -5.**51 -5.5**7 -5.6328 -5.7095 -5.7859 -5.8677 -5.9253
A

-5.9810
-1.0012 -3.3203 -5.1555 -*.7612 -5.17*3 -5.5792 -5.6777 -5.86*5 -6.0513-6.*987 -6.5710 -6.7268 -6.8662 -7.0009 -7.118* -7.2217 -7.3*50 -7.4338

5
-7.50/3

-.0337 -3.6*53 -*.5166 -5.2569 -5.780) -6.17*8 -6.5338 -6.6921 -0.9397-7.4133 -7.0396 -7.8*57 -8.0*20 -8.2178 -8.3738 -8.5095 -8.6890 -8.8059
6

-3.911*
-. O C65 -3.53*9 -*.6077 -5.5220 -6.1677 -6.6582 -6.9802 ' -7.2976 -7.6106-8.202* -8.*810 -8.7*37 -6.9905 -9.201* -9.5055 -9.5732 -9.7915 -9.9*36

T
-10.077*
.0039 -3.223* -*.5896 -5.6829 -6.*509 -7.0383 -7.5209 -7.80*2 ’ -8.1675-6.8730 -9.20*3 -9.5137 -9.8003 -10.0637 -10.2935 -10.5990 -10.7637 -10.9*63

8
-11.0925
-.005* -2.6677 -*.50*6 -5.8152 -6.7288 -7.52*1 -7.8=37 -8.3389 -8.75*4-9.6287 -10.0156 -10.38*0 -10.723* -11.0*25 -11.3201 -11.5657 -11.6691 -12.09*0

9
-12.26*6
-.0115 -2.3979 -*.3850 -5.90*1 -6.9990 -7.8220 -8.3796 -8.9189 -9.4500-10.*71* -10.9387 -11.3813 -11.7878 -12.1563 -12.5956 -12.78*7 -13.1506 -13.4109

10
-13.6177
-.00*6 -2.2*78 -*.2*88 -5.93*1 -7.15*1 -3.0896 -8.7150 -5.3398 -9.9*07 '

-3.323« 
-3.TOZI

-3.9250 
-4.SOSI

-S.0994 
-5•9495

-6.2393
-T.49I5

-7.1965
-S.8S99

-7.9192
-10.0391

-6.5305
-11.0559

-S . 21 A S 
-12.2195
-9.9712
-13.5635

'10.5261

-172-



-11.0947
-14.6392

-ll.623.jgj -12.1196 -12.5815 -13.0066 -13.3835
11 -.004? -2.0244 -4.0610 -5.9250 -7.2959 -8.3701

-11.7764
-15.7691

-12.3811 -12.9458 -13.4673 -13.9326 -14.360*
IZ -.0046 -1.5398 -3.7817 -5.860* -7.4197 -8.6375

-12.5305
-17.0C42

-13.2163 -13.6572 -14.4*36 -14.9741 -15.4460
13 -.0039 -1.0073 -3.4106 -5.7239 -7.5093 -8.9030

-1j .3703 
-It.3762

-14.1409 -14.8625 -15.5310 -16.1218 -16.6519
14 -.0378 -.6699 -2.9102 -5.4817 -7.5439 -9.1672 ■

-14.3042 
-19.8929

-15.1895 -16.0044 -16.7424 -17.4097 -18.0022
15 -.0042 -.4375 • -2.1909 -5.1021 -7.5273 -9.*277 •

-15.3-98
-21.5530

-16.3679 -17.2868 -18.1157 -18.85*7 -19.5032
16 - .  a o »i -.2683 -1.1362 -4.5*27 -7.4*90 -9.o96 0 •

-16.5736
-23.3940

-17.7183 -18.7490 -19.6743 -20.4902 -21.1960
17 -.0066 -.1877 -.3335 -3.7192 -7.3174 -9.9795 •

-17.9=13
-25.3919

-11.2749 -20.4307 -21.4507 -22.3350 -23.0957
18 - • 0 '15 6 -.1777 -.2920 -3.2227 -7.2163 -10.3232 •

-19.6553
-27.5703

-21.1006 -22.3821 -23.4888 -24.4*58 -25.2422
19 -.0066 -.1672 -.2466 -2.6316 -7.0*27 -10.6370 •

-21.6509
-29.9180

-23.2742 -24.6726 -25.8552 -26.8481 -27.6594
20 -.0066 -.1455 -.1931 -1.5215 -6.6167 -11.0393

-24.1030
-32.4343

-25.8970 -27.3840 -20.6118 -29.6035 -30.3921
21 -.0366 -.1311 -.0042 -.0112 -5.7161 -11.3503

-27.1909
-35.0736

-29.1145 -30.6436 -31.8*03 -32.7551 —53.4604
22 -.0066 -.1091 -.0042 -.0112 -5.0229 —11.6665

-31.1729
-37.8259

-33.1304 -34.5679 -35.6133 -36.3547 -36.8779
23 -.0066 -.0916 -.0042 -.0112 -4.2632 -11.612*

-36.4312
-40.6152

-38.1655 -39.2866 -39.9856 -30.3996 -40.6135

- 1 3 . 7 1 0 7  - 1 4 . 1 1 4 5  - 1 4 . 4 0 3 6  - 1 4 . 5 8 5 2

- 9 . 0 7 5 7  - 9 . 7 8 6 4  - 1 0 . 4 7 0 5  - 1 1 . 1 3 4 8
- 1 4 . 7 2 8 0  - 1 5 . 1 8 2 6  - 1 5 . 5 0 2 2  - 1 5 . 7 0 4 1

- 9 . 4 5 3 6  - 1 0 . 2 5 5 4  - 1 1 . 0 3 8 8  - 1 1 . 7 9 9 1
- 1 5 . 8 5 7 2  - 1 6 . 3 5 5 5  - 1 6 . 7 1 6 8  - 1 6 . 9 4 0 2

- 9 . 8 3 9 4  - 1 0 . 7 7 0 3  - 1 1 . 4 7 2 9  - 1 2 . 5 3 9 3
- 1 7 . 1 0 9 4  - 1 7 . 6 6 4 1  - 1 6 . 0 5 8 8  - 1 6 . 3 3 3 5

• 10 .2551  - 1 1 . 3 2 0 1  - 1 2 . 3 5 6 4  - 1 3 . 3 5 7 2
- 1 8  .508». -  19.  1113 - 1 9 . 5 5 0 0  - 1 9 . 6 0 6 2

• 1 0 . 6963  - 1 1 . 9 3 1 6  - 1 3 . 2 3 2 1  - 1 4 . 2 7 7 5
- 2 0 . 0 6 0 3  - 2 0 . 7 2 0 9  - 2 1 . 1 9 2 1  - 2 1 . 4 6 8 3

•11 . 1711  - 1  2 . 6 2 2 6  - 1 4 . 0  159 - 1 5 .  3420
- 2 1 . 7 9 3 0  - 2 2 . 5 0 8 1  - 2 2 . 9 9 7 6  - 2 3 . 2 9 0 5

• 1 1 . 7219  - 1 3 . 4 1 8 7  - 1 5 . 0 4 2 2  - 1 6 . 5 7 5 0
- 2 3 . 7 3 7 8  - 2 4 . 4 7 8 0  - 2 4 . 9 8 7 3  - 2 5 . 2 ° 1 5

- 1 2 . 3 7 3 0  - 1 4 . J 7 0 )  - 1 6 . 2 6 8 8  - 1 6 . 0 3 4 7
- 2 5 . 8 9 7 9 .  - 2 6 . 6 5 6 0  - 2 7 . 1 7 0 4  - 2 7 . 4 6 4 6

- 1 3 . 1 2 9 9  - 1 5 . 4 9 7 1  - 1 7 . 7 4 0 7  - 1 9 . 3 0 4 0
- 2 8 . 3 2 3 1  - 2 9 . 0 6 4 2  - 2 9 . 5 5 1 5  - 2 9 . 8 2 5 7

- 1 4 . 0 1 2 2  - 1 6 . 9 0 2 3  - 1 9 . 5 8 2 ?  - 2 2 . 0 0 5 9
- 3 2 . 0 1 9 1  - 3 1 . 6 8 8 7  - 3 2 . 1 1 6 9  - 3 2 . 3 4 9 9

- 1 5 . 0 9 0 6  - 1 8 . 6 9 6 8  - 2 1 . 9 7 8 3  - 2 4 . 8 2 0 3
- 3 3 . 9 9 1 7  - 3 4 . 5 2 4 7  - 3 4 . 8 5 2 1  - J 5 . C 2 9 8

- 1 6 . 4 5 5 3  - 2 1 . 1 4 0 1  - 2 5 . 2 3 2 2  - 2 8 , 5 7 6 5
- 3 7 . 2 3 2 7  - 3 7 . 5 5 9 8  - 0 7 . 7 2 6 ;  - 3 7 . 8 0 1 0

- 1 8 . 0 4 7 6  - 2 4 . 7 3 8 5  - 3 0 . 0 1 9 5  - 3 3 . 8 2 0 8
- 4 0 . 7 1 3 4  - 4 0 . 7 2 5 6  - 4 0 . 6 7 9 2  - 4 0 . 6 3 3 3

-173-



24 -.0107 -.06:8 -.0042 -.0112 -2.2703
-43.4522
-43.38)4

-44.44^7 -44.8584 -44.9290 -**.815*
25 -.0107 -.0078 -.0042 -.0112 -.0049

-52.4*95
-46.0232

-51.5999 -51.1189 -50.2705 -49.430*
26 -.0107 -.0078 -.0042 -.0112 -.00*9

-62.5369
-44.4490

-69.8147 -57.52*7 -55.575* -53.9292
27 -.0107 -.0078 -.0042 -.0112 -.00*9

-71.3386
-50.5671

-66.3562 -63.2390 -60.2959 -57.9063
28 -."107 -.0073 -.004? -.9112 -.00*9

-77.8962
-52.3022

-72.1982 -67.6067 -63.9199 -60.9797
29 -.0107 -.0078 -.0042 -.0112 -6.4863 •

-82.0132
-53.5940

-75.3193 -70.1360 -66.0813 -62.877*
30 -.0107 -.0078 -.0042 -3.6736 -15.9492 •

-82.2430
-54.4030

-75.4607 -70.4106 -66.513* -53.4565
31 - . ('26 R -.0112 -.0063 -7.2769 -20.6763 •

-70.7412
-14.7534

-72.1331 -69.3906 -65.3076 -62.7715
32 -.0071 -.0095 -.0129 -8.9639 -20.4536 •

-64.3516
-54.4548

-63.9077 -62.6252 -61.4*46 -60.0735
33 -.471? -.9932 -2.3347 -9.6741 -16.2742 •

-58.8730
-53.3750

-58.7554 -58.3245 -57.7024 -55.9795
34 -.8833 -1.7.966 -4.0039 -8.8274 -12.44*8

-55.1006 
-5 1.7485

-54.9778 -54.7258 -54.38*5 -53.9905
35 -1.2000 -2.2751 -4.5713 -7.5828 -9.5720

-51.8420
-49.(510

-51.7310 . -51.5679 -51.3591 -51.1267
36 -1.4363 -2.4919 -4.2801 -5.9*58 -6.9055

-47.8462
-46.7283

-47.7749 -47.6877 -47.5737 -47.4517
37 -1.4138 -2.1963 -3.2137 -3.9*38 -*.3157

-42.2732 -42.2507 -42.214* -42.1672 -42.1223

- 8 . 1 * 9 5  -  J I . I 5 0 ' - J  r .  r ; ? '  - n . n t v-44.5974 -44.J413 -43.9561 -43.6382 -43.4482
-.0117 -20.6772 -47.4446 -51.3347 -52.4895
-48.6499 -47.9666 -47.1155 -46.5000 -46.1443
-.0117 -.0020 -77.5164 -70.4253 -65.8918
-52.5442 -51.3970 -50.0559 -49.1475 -49.6211
-.0117 -.0020 -93.7905 -84.1125 -76.9380
-55.9641 -54.3977 -52.6411 - 5 1 . 4 6 1 4  -53.7922
-.0117 .0005 -101.1529 -92.792? -84.5247
-58.6335 -55.7629 -54.7012 -53.3167 -52.5534
18.3337 -39.3997 .0005 -101.5325 -90.6335
-60.3536 -58.3467 -56.1411 -54.669? -53.967?
31.3848 -47.0327 -65.1507 -.0017 -91.9979
-61.0129 -59.0759 -56.9175 -55.4930 -54.6782

•35.035® -49.6756 -67.0681 -76.1702 -92.4597 I
-60.6912 -58.9927 -57. 0.513 -55. 7603 -54.9950 f-1•xl

•31.3638 -40.2634 -50.6926 -56.8975 -63.2480 *
-58.7856 -57.6416 -56.2444 -55.2500 -54.6555

•21.0310 -23.1132 -46.5139 -58.1187 -58.6165
-56.2480 -55.5457 -54.6328 -53.9397 -53.5149

•14.5957 -15.3547 -42.1396 -55.0953 -55.1235
-53.5671 -53.1418 -52.5730 -52.1267 -51.8174 '

-10.6289 -10.9666 -37.7698 -51.9290 -51.9014
-50.8733 -50.6201 -80.2720 -49.9844 -49.8135

-7.376? -7.1173 -31.9521 -47.9124 -47.8965
-47.3223 -47.1865 -47.0083 -46.8623 -46.7605

-4.5002 -4.554? -23.2314 -42.3083 -42.2896
-42.0635 -42.0149 -41.9399 -41.8865 -41.8359



-Al.8Z86
38 -.6737 -1.2383 JL -1.6*6? -1.90*8 -2.02*7 -2.0793 -2.1023 - 11.6160 -35.2*32 -35.2*93

-35.2*17 -35.2*0r
-35.5*30

-35.2363 -35.2290 -35.2285 -35.21*8 -35.2075 -35.1852 -35.1631 -35.1106
39 -.0520 -.0930 -.13*0 -.16*6 -.17*8 -.18*8 -.18*8 -.0190 -28.*^321 -28.6399

^26.4558 *•28.4797
-29.0669

-28.5115 ‘ -28.5513''-26.5991 -28.6**8 -23.6982 -23.7586 -28.8967 -29.0029

I1.75
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