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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 éapable 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 aquifers, merging aquifers, regions of
confined and unconfined flow, and aquifer drainage into the mine cut,
all conditions which would exist in_thé'aquifer—mining environment.

Using the site data available, a simulation of the premining

conditions was run in order to roughly calibrate
fer recharge. This simulation was followed by a
aquifer system with the first mine cut in place.

the model for aqui-
simulation of the
The mining simula-

tion produced realistic drawdowns in the affected aquifers, although

no data ex1sted that could be used to verify the

results.




Chapter I

" INTRODUCTION

In the process of surface mining coal in the Northern Great Plains
of the United States, large amounts of dverburden an@ interburden ma-—
terial are stripped and moved to reach coal seams. As a: result, ground-
water aquifers that.may exist in coal, oyerburden, and interburden are
tfuncated, so that a mine cut can act as a very large groundwater sink
fo; these aguifers. Should confined aquifers lie below.a,mine cut, they
may also discharge'into the“cut by leaking thréugh tﬁe material éﬁove
‘them. Tﬁe a&uifer discharges will éroduce drawdowns that can dry up
spriﬁgs and wells some distance from é mine. K

After the removal~of coal, reclamation of mined-out areas is begun
by backfilliné old cuts with overburden and interburden materials
(spoils) stripped from néw, adjécent mine cuts. Thug,:aquifers de-
stroyed by mining are rebuilt with new materials thﬁt could havé hy-
draulic properties differing from thé original aquifer materiai. If the-
properties are significantly different, the lateral grodndwater flow
through a completely reclaimed mine site may be quite different from
the flow in the original sité.' This could also hold true for the vexr-
"tical flow of groundwater in a reclaimed mine.

A capability to. predict the effects of mining on grpuﬁdwatér flow
is desiraﬁle for several reasons.' Estiﬁation_of aquifer discharge rates
into a mine cut would be useful in pianning for the punping and treat-

ment of mine water. A prediction of resulting drawdownsg would indicate
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what Qells and springs might be adversély affectea 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 hqw deeply toxic spoils (i.e. spoils
containiné soluble metals, etc.) could be placed.

THESTS OBJEQTiVE

The intent of this thesis ié to produée a moéel capable of simu~
}ating flow in the satufafed, shallow groundwater aquifer system sur-
rounding the East Decker coal mine in southeastern Montana. The loca-
tion of the mine is shown in Figures 1 and 2. The model éhéuld be ca-
pable of simulating fqu before; during, and after mining. This in-
cludes the' capacity to appr%)ximate thé aquifer discharges into the miné
cut and to estimate the aquifer drawdowns.

SCOPE OF' WORK
The-System to be Modeled'

The aquifer system at East Decker contains severalnaquifers that
.will be-significantly affected by mining and that must be included in
the model. These include the three coal’bed aquifers thét ére the ob-
ject of mining, the clinker aquiferé, and the alluviai aquifers that
lie along the shoreof the Tongue River Reservoir and through the valleys
(Van Voast and Hedges, 1975; USGS, 1977). The clinker,‘ailgvial, and

coal aquifers, with their very different and variable hydrauliq
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properties (Van Voast and Hedges, 1975, 1976), are linked togéther to
form an extremely complex groundwater system.

In addition to the nonhomogencus 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 limitéd to the fractures and.is thus
strongly controlled by the coal fracture pattern(Hasfurthé? and Rechard,
1976).

A fracture étudy in the East Deéker area found £he major rock frac-
ture direction to be in the northwest-southeast direction, with a signi-
ficant secondary fracture dirxection that is northeast-southwest (EPA
Quarterly Report, 1976). Flow in the coal may be expected to follow
these'ffactures.

The East Decker aquifer boudaries are also quite complicated. On

. the sgoutheast side of the site there is a significant fault that forms a

.

break in the coal aguifers (a low permeability boundary); while on the
northwest side the aquifers are liﬁked, directly or indirectly, with the
Tongue River Reservoir (USGS, lé??).k During mining, the mine cut will
form a 1érge, complete drawdown boundary in the middle of the system.
This boundary will bg-moving as mining progresses. Additionally, inter-~
aquifer ieakage‘may be occurring between the overxlying coal beds. .Leak—

age is believed to be occurring between two c¢pal seams on the west side
- <
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of the Tongue River Reservoir (Van Vo%st, 1974); an area which has a
lithostratigraphy similar to the east side.
Type of Modeliné‘

The complexity of the East Decker aquifer system dictates the use
of a computér modeling techniéue. Elec£rical ahalog, digital, and
hybrid (a digital-analog combination) computérs have all been success-
fully used for modeling complex aquifers (Giovef,-l974f and could be
applied to the problem. Due to readily gvailable equiémenf, it was
decided to use a digital computer (ﬁumerical) technique fo? the East
Decker site. -

There are two types of digital models in use.fop groundwater
modeling, finite difference modeis and-fini£e element modeié (Pfickett,
1975). The finite difference type uées discrete forms of the diffei—
en;ial equations of flow and solves tﬁem with standaré matrix methods.
Finite elemen£ models use variation formulations of the flow equations.
Because finite difference models ha?e a mofe straight fof&ard'and.
intuitively satisfactory mathematical basis and because éf 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 mnines.

Aquifer Drainage

An obvious result of mining is the dfainage of aquifers. into the.
mine cut. Van Voast (1974) and Van Voast and Hedges ﬁl975) have
studied this at the West Decker coal mine, located.écross the Tongue
River Reservoir from tﬁe East Decker site. Observation wells were
drilled to observe the drawdowns in coal seam aquifers, the.D—l, which
was being mined, and the D-2 (Decker Cpal Company designations), a
thinner coal seam that lies below. Both aquifers are confined and flow
geﬁerally from west to east, discharging into the Tongue River Reser-
voir. It is believed that the aquifers are rechargéd in the hills west
of the mine. In the study area the D-2 aquifer is.believed‘to recharge
the D-1 by vertical leakage (Van Vbast and Hedges} 1975).

Mining began at West Decker early in the summer of ‘1974. During
£he firs£ year of mining, discharge into the cut was estiméted to be‘
350,000 to 400,000 gpd (Van Voast, 1974). Thg dischar9e 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 iﬂ the D-1 coal about a mile west of
the mine cuf. One well over two miles from the cut had a three foot
drop from mid 1974 to mid 1975. The rate of decl;ne in the wells began
to decrease aﬁter two Years of mining. Lesser head drops were also
recorded in the D-2 coal. This’was atfributed to increased leakage
from the D-2 to the D-1 coal caused by greater head difﬁerences between
the two aquifers (Van Voast, 19%4). |

fhe work of Van Voast and Hedges at West Decker is the only field
réseérch of conéequence reported in the literéture on aquifef drainage. -
However, due to the great similaritf of the East and West Decker sites,
it seems safe to say that aquifer drainage at East Decker can be e%pec—

ted to be similar to the drainage at West Decker.

Flow'Through Spoils

Tﬁe hydraulic characteristics of-the spoils materials have an
important effect on post mining groundwater flow. ' The type of materia;
spoiled is iﬁportant, as well as how the spoils are placed.' Area strip
mining, the most common type of mining, is usually done sy one of two
methods. Many operations use large draglines for strippiﬁg‘and placing
spoils. Others, due to a shoftaée of dragline equipment, use po&er
,shovels for excavatioﬁ and haul trucks for‘transporting agd placing
spoils. 1In either ease, spoils are leveled by bﬁlldozers gefore being

topsoiled (Mathematica, Inc., 1975).
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In spoils, lateral hydraulic conductivities are often assumed to bé

similar to hydraulic conductivities in coals (Van Voas

1976; Davis, 1976). Van Voast and Hedges (1976) have
results from dragline spoils in the Colstrip, Montana
this assumption. Lateral hydraulic conductivities in
0.04 to 5.7 ft/day. Coal hydraulic conductivities in

values ranging from 0.07 to 3.1 ft/day.

t and Hedges,
reported pump test
area that support
spoils ranged from

the same area had

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 twoc 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 continuousg, 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 Wateér Creek mine

spoils was segregated in a similar manner, an oval drawdown with the
v _
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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 ig 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 léteral 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 punip tests iﬁ coél, Rahn
(1976) reﬁorted an apéroximate 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
attribute@ to the greater material consolidation produced by'theﬂlatter

type of operation.

Conclusions
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 miuae.

2. Lower aquifers not cut by mining may also experience sigynifi-

cant drawdowns due to vertical leakage.




-11-
3. The spolls material and the type of mining operati on 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 diffédreihce models for
the description of saturated groundwater flow is some form of the two-
dimensional equation (Prickett, 1975)

"3 9h d

'é—}:(a'Kx-a—g +5§(aKyW =S§E‘+W (1a)
or

9 p Oy D o Bn _ Bh, .

% T 3w Tay Ty ey TS ac L (1b)
where

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

a = saturated thickness of the aquifer' (L)
X _, X = aquifer hydraulic conductivities in the x and y
directions (L/T) g
ah oh

K %’ K T flow velocities in the x and y directions,respec-
X Y oY 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, rechérge,
leakage, etc., a flow rate per unit surface area)
Tx' Ty = aquifer transmissivities in the x and y directions

(@?/T)

Equation (1) is the equation of centinuity for saturated, nonsteady
flow through an aquifer in which barcy's law for flow threugh porous
media holds and the approximation of horizontal flow isuvalid. Models

of three-dimensional flow often use the equation

3 Sh, . @ 5h, 8 . 8h _ . oh
ox (Kx §§) + oy (Ky 3y * z (Rz oz’ Ss ot (2)

where KZ is the hydraulic conductivity in the z direction, Ss is spe-

A -1 ) . .
cific storage (L "), and other terms are as previously defined. For
. sh .
at

solutions of the continuity equations are obtained throuyh numerical

steady flow, = 0 in both Egquations (1) and (2). Finiée difference
methoas that are briefly discussed below. The equations of flow are
ﬁore extensively reviewed in the fqllowing section,

In finite difference models the groundwater system is represented
by (discretized into) finite volumes, or nodes, ugually laid out in a
rectangular arréy (grid). For a horizéntal flow approximation there ié
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 aguifer horizontal flow approxima-

tion is shown in plan view in Figure 3.
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Using the discretized aguifer cof Figure 3 and discretized time,
Equation (1b) can be written for node 0, employing central difference
approximations for the second order partial differential terms, as

(Staliman, 1962)

T (h, - h) T (h. -~ h))

xo_3 3 0 : Xl—O 0

X X

X N +

T (h, - h.) T (h. - h,)
4
0-2 2 9 Y4 0

Y Y

Y
h ~h
0 0 )
. At Tt
—-.SO At + Wo . (3)
a linear equation in which
TX v Tx = aquifer transmissivities between nodes
- - . 2
0-3 1-0 0 and 3 and nodes 1 and 0 (L~ /T)
T , T = aquifer transmissivities between nodes 0 and 2
Yo-2 Ya-o - 2
~and nodes 4 and 0 (L /T)
hO, hl' h2, h3, h4 = aquifer heads at nodes 0, 1, 2, 3, and

4 (L)
X, ¥ = grid dimensions (L)
8 = aquifer storage coefficient -at node 0
{dimensionless)

h o= héad at node 0 at time t+At, unknown (L)

= head at node 0. at time t, known (L)

=
1
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It

At

time increment (T)

W

o aquifer source/sink funétion at node 0 (L/T)

This is essentially a water balance equation for node @, 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 incremen£. 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 fdfm, 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 adjaceﬁt'to node 0 (hl, h_, h3, and

2

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

. Py TP o Bo oMy ,
X4 3 X . X1 o X . 8\2 "
e t — X E’X \&
aﬁd
Y v Ty

are used in Equation (3). This leaves 6nly one unknown head in Equa-

tion (3). to be solved for, ho . Howe&er, to insure sclution
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)

(XY )s
A < 22 2
- 2T
: a
where
Xa’Ya = average node dimensions (L)
Sa = averade node storage coefficient (diﬁehéionless)
‘ . 2,
Ta = average node transmissivity (L /T)

The backward difference implicit form uses the approximations

T Lop o L2
¥o-3. X 1.0 % v 5%h ()
X : : t+AT X 2. ‘
9% .
. by, = By o hy = By,
\\ Yo9-2 ¥ o Fao0 ¥ Yoo %n | -
Y , At © Ty oy

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

at time t+At, an equati&n in five unknown node heéds results (only ho

: - ' t
is known), neceésitat;ng a simultaneous solution of all.the node equa-
tions for each time increment. Alfhough the backward difference me?hod
requirés 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 ﬁhe'alternating diréction implicit
method of Peaceman and Rachford (1955). Combinatiois:and the implicit
form are used almost exclusively in two-dimensional aquifer models.

If implicit .or .combination methods are used, a lérge nﬁmber 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.i Larger sets are more effi-
cientl§ solved with iterative techniques. Some of these are the Gauss-
Seidel and Jacobi iteration methods, the Successive ngrrelaxati&n
(SOR) technigue, and thé Strongly Impiicit Procedure (SIP) (see
Carnahan et al., 1969). The itefative alternating direction implicit
procedure.(IADI) (Washpreés and Habetler, 1960) is.a particularly‘-
powerful method of solﬁtion.

| For even a small set of equations, application of any of ‘the soiu~
tion methods can lead to a prohibitive number of hand calculations.
With the adéent.of the large capacit& digital ‘computer, however, solu-

tions of large matrix problems became practical. Digitai computers

. became generally available by 1960 (Fleming, 1975), wifh the first com-

puter models for regional groundwater flow being develbped and

published soon after. There has been concurrent development of petro-

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

i
(o 3

Dixon, 1968; Bjordammen and Coats, 1969).
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The priﬁary difference in finite difference cpmputér models pub-
.lished since 1962 has been 'in the numerical méthod'usé<ifor solution of
the finite differenée equations. The models also differ in what is
included in W,. the source/sink function. Interaquifer leakage, aquifer
recharge, pumpage, and evapotranspiration losses méy all be represented
by W. Existing mcdels simulate some or all of these with various
degrees of sophistication. In addition, some models are designed to
hand}e unéonfined aquifér flow or a combination of cohfin?d—unconfined
flow. A few three-dimensional models.couple saturated flow_With
unsaturatéd flow for a more complete description of a groundwater

system.

Published Models - ' 3 _ T
‘One of the first digital, regional groundwater models'published
was'that of Fayers and Sheldon (1962). Thelr modél‘employs-a three-
_dimensional form of the coﬁtinuity équation‘for‘the general problem of
siﬁulating steady, confined flow in an isotropic; nonhomogeneoué geo;
ldgic basin. A curviiinear,:three—dimensional grid is used because i£
. was felt this would bést ;epresent curviqg basin boundaries.- The~
simultaneous equations of flow are sglved by successi&e point over-
relaxation. No evidence of ﬁodéi verification was given in their paper.
Tyson and.Wéber (1964) used a polygonal grid and an implicit

numerical integration technique to model the Ios Andeles 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 simmlation.

The garliest_usé of a fectangula? node system was fof the analysis
of the effects of a proposed reservoir on water levels in a New Jersey
aquifer (Remson et al.., 1965)7l Steady aqﬁifer flow was simulated using
Equation k3) with a. grid of variable dimensions. Solution of the
simultaneous equations %as by Gauss-Seidel iﬁeration. Confined or
unconfined flow in é nonhomogeneous, isotropic aquifer'can be ﬁandied
by this médel.

>Freeze has doné_considerable work with three—diménsiohal modeling
;f groundwater_basins. Freeée and Witherspoon (1966) used a.three—‘
dimensioﬁal rectangular grid with nonuniform dimensions for the model-
ing of uncoﬁfined,:steady, saturated.flow in a nonhomogeneoué, ani-
stropic basin; The equation_of'flow is a finite éifference fofm of
Equation-(Zi. The extrabolafed.LieEmann’method of overreiaxation is
used to solve the set of finite §ifferepce equations. In order to
verify the ﬁodel, a groundwafer basin in Saskatchewan,'Canada was simu-

lated. Results of the simulation were close to field obsérvations. A

1 - K
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more thorough discussion of the model and deﬁqnstrations of ifs capa-
bilities a?e 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 surfaee infiltration, recharge, and stream
flow. Integrated formg'of Equapion (2), for saturated flow, and
Richards' equation éRichards, 1931)

ohy _ 80 (g

3 Sh, B dn,
9z~ dt

oh
[Kx(e) EEJ + 5§'FKy(e) 5;1 + 5

lQJ

(X, ()

QL

X
(where hydraulic conductivitj is a function of the moisture content, 8}
for unsaturated fléw, are used with a nonuniform rectangular grid.. Tﬁe
simultaneous equations are solved by line successive overrelaxation.
Pinder and Bredehoeft (1968) developed a two-dimensional model for
a nonhomogeneous, isotropic, confined leaky aguifer. A uniform rec—;
" tangular grid ié used for the gpplication of a form of Eqﬁation (3).
Node equations~are solved using thé alternating direction implicit
method. The results of simulationé'of several hypothetical test cases
compared favorably with analytical solutions.
' éredehoeft-and Pinder (1970) presented a quasi~three-dimensional
modei for simulating nonsteady flow in multiple, overlying, nqnhomo—
_ geneoﬁé, isotropic aquifefs that leak to each other at nopsteady rates
through' their separating layers. Shying away from use of Equation (2)

) y
because of the excessive number of nodes, cal¢ulations, and computer
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core ghat would be requiged, they modeled each aquifer with Equation
(3) and a uniform, rectangular grid. An apalytical relation that
accounted.for separating layer storage was used for calculating the
nonsteady flow between aquifers. Many ofhthe assumptions of Hantush
(1960) were used for interaqﬁifer 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 favorabiy with analy-
ticql solutions.

Prickett and Lonnquist's two-dimensional aquifer model (1971) is a
particularly ver;atile one. It uses a rectangular grid with nonuniform
dimensions for'épplication of Equatioﬁ (3). Node eguations are solved
by the modified iterative alﬁernating dipection-implicit method (MIADI)
developed by the authors. With the model variations presented, it is
éossible to simulate pransient flow in a nonhomogeneous, anistropic
aquifer that is confined, unconfined, or that is partly confined and

partly unconfined. 1In 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 Pinder*

model), variable well pumping'rates,'evépotrahspiration, and stream-

aquifer recharge/discharge. Evapotranspiratioh and stream~agquifer
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rechargé/discharge are handlea analytically with ‘linear relations. The
model was verifieé with a variety of theoretical and field test’cases.
The model of Trescott et al.'(l976) was built on the earlier work
of Pinder (1969, 1970), .Bredehoeft and‘Pinder (1970’7 and Trescott
kl973). Very similar to the Prickett and Lonnquist model in its capa-
bilities, it can also simulate honsfeady.interaqu;fer leékage. A
rectangular grid with nonuniform dimensions and Equation (3) are used-
for representing aquifer flow. Three methods of éolution fﬁ; thé equa-
tions are provided: ILine 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'ahd éoﬁputer core demanding of éhe three, is geherally
the most rapid sqlution procedure, followed by IADI and LSOR. The com-
pgrisons are more thoroughly discussed in Trescott et al. (1977).
Rushton has compared solution technigques for two-dimensional .
models and analyzed their limitations in several studies. Rushton and
Tomlinson (1971) presented time discretization criteria for éimulating
various types of well dischafge problems with a nonuniform, rectahgular
grid model employing ADI. Rushton (19735, using the nonuniform, twé—
dimensional grid model, develgped further time discretization criteria
for the Crank-Nicholson and ADI solutions of well problems; In com~

o

paring the systematic overrelaxation method and the modified iterative




-23-

alterngfing direction implici£ method of Prickett and Lonnguist (1971),
Rushton (1974) found little difference in solution efficiency.

Other médels and studies of note are Thrialkili's (19%2), a model
that can simultaneously simulate laminar and turbulént (non Darqian)
flow in limestone aquifers, and Lin's (1972) model that usés
Boussinesqg's gquation for unconfined flo% problemg. Davis £l976) has
"used the MIADI méthod Qf Prickett -and Lonnquist (1971) with a two-
dimensional model and apéliqd it to a coal strip mine site in Wyoming.

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

. BEquations of Flow

As indicated in the previous section, Equation (1b)

) " dn, | d dh  _ _ %h
5 T "oy Yy T 0%

+ W (1b)
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, nohsteady water

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

which Darcy's law applies is (DeWeist, 1969)°




or

where

XiYr2Z

a

t

d dh, . 9 8h, , 9 dh, _ . dnh ‘

5x N5x oy M5y tar Bap) T Ssae (Ga) .
2 2 .2
3°h , 3°h  9°h, _ 9h

K+ =+ =) =8, 50 (9b)
ox oY oz

cartesian distances (L)
porous medium hydraulic conductivity: (L/T)

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

pg[nB+(1-n)al]l = specific storage, the volume: of water
released ‘from a unit volume of the porous medium per unit

head drop (L—l)

mass density‘of waﬁer-(M/ﬁB)

gravity acceleration (L/T2)

porous medium.porosity (dimensionless)
compressibility of water (LTZ/M)

Qertical compressibility of aquifer'(LTz/M)

time (T)

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

with negligible deformation in the horizoﬁtal (x,v) plane.

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

assumed to be horizontal. Dropping the vertical flow component from

Equation (9b), the equation becomes




2. ) 2
2°n 3°h ‘2h
K2+t 2 =% 0 (107
ox dy
Rewriting in terms of the entire agquifer thickness b (a constant),
2 2
d°h '9"h, _ oh _ ‘9h
Kb (5 + =) = SP 3¢ = S 3t - 14D
ox Ay

where Sc is the aquifer confined storage coefficiént, the volume oﬁ
water released from a vertical aquifer column of unit c¢ross sectional
area when a unit head drop occurs. Sc-= Ssb, . ahd thus is a dimen-
sionless number.

If a horizontal aquifef is isétropic but not homogéneou;, then K
'.éna éc become functioné of x and y. 1In this case, Equation (11) must
be rewritten as kBear, 1972)

3 3h, 3 9n- _ . 9h-
sz(Kbﬁ)'l"'a—i;(Kb”-)-—Scat.

Sy’ (12)

Z In additioﬁ, if the.aquifer medium is also anisotropic (i.e., K is
a function of directioﬁ as well as x and y), and the directions of .
-maximum and minimum hydraulic conductivities lie along the goordinate;
axes, then Equatioﬁ (125 is rewritten as

3 "dh,., 9 ohy oh.

e (Kxb E;) + 5;'(Kyb 5;— = Sc e (13a)
oxr
'
] oh ) dh, _ oh
5;'(Tx 5;9 + 5y (Ty Byz\_ < % (13b)

s

where
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Kx = hydraulic conductivity in the i direction (L/i)-

Ky = hydrauiic conductivity in the y direction (L/T)

Tx = Kx b = aquifer transmissivity in the‘x-direction (L2/T)
Ty = Ky h = aquifer transmissivity in the y direction (L2/T)

To cémplete the horizontél aquifer flow equation, vertical aquifér
discharge or recharge must be accouhted 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 are; of aquifer surface (L/T) . Adding
W to Equation (13b) (Trescott et ai., 1976),

3 " 3h. 3 9h 5h

Z— (T ) + =— (T = = + W. ‘
9x ¢ X Bx) oy ( v By) e e " (14)
This is the confined aguifer form of Eguation (lb). W is positive for

discharge flux.

Unconfined Aquifer Flow

Unconfined,_nonsteady, saturated -groundwater flow below the
phreatic surface in a homogeneous, i;otropic porous mediﬁm is aiso
describéd by Equations (9a) and (9b), subject to the assumptions_given
with. them. However, at the phreatic surface, the boundary céndition
(Bear, 1972)

5h, 2 3h,2  _ 3h, 2 oh’ dh

K %;) + K %y) + K %;) ~-K+—=S8 (15) .

3z y ot
muét be satisfied. The specific yield (also'%nOWn*as effedtive porosity),

8y, -is defined as
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v
S = -E-(dimensionless)
y V .
where
VW = volume of water that can be drained by gfavity from Vv
' 3
@)
. ) . 3
V = 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., 1952) can be emplo?ed. If the aquifer is nearly horizontai and
the slope of the phrea&ic surface mild, Dupuit assumed that the fiow )
1ines-are essentially horizontal {i.e., %§'= 0 (Streeter, 1971)].__
Hydraulic gradient is thep a funcéion of x%,y, and-t only. Dupuit also
assumed that the hydraulic éradient 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-gection are.in the x,z plane.

ﬁy assuming that stfeam lines are hofizontal, that hydraulic

' grédients;ére eéﬁal to‘the sloée of the phreatic surface,‘and that
Darcy's law hélds for the medium, the transient flow through:thg éle-

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

described for one-dimensional flow as
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Fig. 4. A vertical cross section of unit thickness through an

unconfined aquifer.
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where
Kx = hydraulic conductivity of .the medium in the x direction
(L/T)
'h = height of the phreatic surface above the datum' (L)
hS = satgrated.thickness of thé.aéuifer (})

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,-nonhomogeneéus aquifer
medium, the flow equation is written as

3 oh 9 oh oh

§§'hs (KX 5;? + §§'hS'FKy Sy = Sy'g;'. - (17a)
" or’ |
O tar Gy tSe am)
where

Kx = f(x,y) = hydraulic conductivitynin the x direction (L/T)
Ky = f(x,y) = hydraulic conductivity in the y direction (L/T)
.Tx = hs?x = f(x,y,t) =.tranémissivity_in the g direction

(L /T)
Ty ='hs§y = f(x,y,t) = transmissivity ié the y direction
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The horizontal,‘unconfined flow approximation is completed by
adding the W term to Equation (17b):

8 . by .8 o 8h _ . 9n

3% Tx e Tay Ty oy T Sy e

+ W B ¢ X))
This is the uﬁconfined form of Equation (1b).

Forcheimer used the Dupuit assumptions to formulate the Dupuit-
Forcheimer well_discharge (radial flow) steady flow equation. Although
the equation does not accﬁrately describe the phreatic_surface near a
well (it overestimates the surféce drawdown), for given heads it does
- closely apprqximate the flow rate (Hantush, 1962). The flow rate com-
puted from the equatibn is believed to be accurate withig‘one percent
(Boulton, 1951).

Equation }18) approximates saturated.flow under the phreatic sur—
face only. It iénores flow occuiring.above'the éurface, in.the
capillary area, which can be.sighificant if the capillary éone is thick
(Mavis and Tsui, 1939). Purthermore, it should pe noted that the capil-

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

(Todd, 1959).

Aquifer Boundaries
All aquifers possess flo& boundaries, lateral boundaries as well
as vertical (top and bottom) boundaries. For a completely confined.
aquifer, the tép and bottom impermeablé 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 boundéries are easi;y handled in
finite-difference solutions of Equations (14) and (18), as Will be
described in the ne#t chapter. However, complete drawdown lateral
boundaries (thé mine cut boundary) and semipermeéble Vertica; boun-
daries, which will have to be modeled in the East beckér.aquifers, are

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

for these boundaries is given .4dn 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 agquifer hag
beenlcompletely cut through, resulting in its drainage into the cut. A
flow éattern.similar to that shown with the flow net would occur some
time after the aquifer was truncated.l 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 truncatéd cogfined aquifér. Drainage
causes a conversion from confined to unconfiﬁed flow to occur initially
at the cut face  and fhen to move away ﬁrom the cut with time. This is

expected to happen in the confined coal.aquifers at East Decker.
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Fig. 5. Drainage of an unconfined aquifer into a mine cut.
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Fig. 6. Drainage of an initially (premining) confined aquifer into
mine cut.
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In the flow near an aquifer seepage facé, equipotential iines afe
normal to the face. This results in the tgp flow line tangentially
approaching the face slope (Lambe and Whitman, 1969). Thus, near the
ﬁacé, curvilinear flow with a significant vertical component will occur.
In evaluating the effect of a seepage face on an aquifer, a three di~
meqéional analysis is ébviously called for. However, because of thé
size of the sife to modeled and.the amount and détail of daté required
for a three—dimenéional model, it was decidgd that a two-dimensional,
horizontal approximation model would be used. Within fhié constraint,
the literature was reviewed for methods for approximating drawdown and
discharge at complete drawdown bbundaries. With a good discharge
. approximation it would be péssible to pump a mine cut af the computed
rate-and produce realistic drawdowns in the.aqu;fers.

Vén Voast and Hedges (1975) and the USGS (1977) believe that the
‘groundﬁafer discharged into the East Decker mine will come from.three
sources. Thesg are intercepted natural groundwater flow, induced flow
from the Tongue River Resefvoif to ﬁhe 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
reservelr to cut flow and the flow from aquifer storage, however, re—‘
quire more complex approximations since they are affected by the

.complete drawdown boundary.
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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 wshows the initial
cut location),’ the USGS believes that an assumption of steady flow

'

from the reservoir to the ming is valid.
Using the.Dupuit assumptions, the steady flow rate through a unit
width of unconfined aquifer with hydraulic conductivity K is
dh '
S

17w (19

where hs is the height of the water table above the aquifer bottom.
Assuming the mine cut completely penetrates the agquifer, integration of
Equation (19) from the reservoir to the mine yields the Dupuit equation

(Todd, 1959).

2.
h " . ,
K S r
q == [ (20)
where r £ 2 o -
q, = discharge per unit length of mine cut from the reservoir '
5 .
(/1) -

f = distance between the mine cut and reservoir (L)

Hr = height of the reservoirx surface above the équifer 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 cqal (thé D-I

uppér-and D~1 lower seams are not present between the reservoir and
the cut), flow Qill begin through the coal from the reservoir to the
cut. Since the D-2 coal is below the'level of.the reservolixr, once
the cut truncates the seam, flow to the cut will be as in Figure 6;
unconfined flow”conditions will e?ist near the cut face, while flow
will be confined baqk towards the reservoir. Nothing waé 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 stbrage can be computed with a method used
by Stallman (in Ferris et al., 1962) for calculating nonsteaéy fléw
from a confined -aquifer into a stream wﬁose‘stage has suddenly droppea.
The USGS (1977) used this method for estimating cpal aquifer discharges
at East Decker. The method assumes the stream.is st:aight, of in-
finite length, and fully pénetrates a semi-infinite, homogeneous;
horizontal confined aquifer that has an initial head of 0.0 throughout
(see Fiéﬁre 7). At time t = 0. the stream stage instantly drops Ho
from its original stage (0.0). The fesulting aquifer discharge is
normal té fﬁe stream direction‘(oné—dimensionél) and is derived
entirely froﬁ aquifer stérage.

Rewriting the soclution 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 from the stream is

¢
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_ .
s=H [1-—2 Sa‘ ™ au ‘ (21)
/’ﬂ'_o o

where-
T = aquifer transmiésivity (L2/T)
B S - '
(4Tt/s .)7

and other terms are as previoﬁsly defined. This is the“S%aIlman solu-
tion.

Evaluating the derivative of s:with respect to x aﬁ x = 0 and
multiplying by the fransmissivity yields, by Darcy's law, the aquifer
discharge rate from stofage per unit length of stream: .

5ot 172

_ods _golc . ,
q =TED =H & 1(22)
i x=0

Davis (1976) observed  -that for complete drawdown Hé:H. This results
in
STt 12 C (23

dep = B~

Note that in thé problem in Figure 7'the aquifer is discharging
into a body of water. Unlike a seepage féce, the head is constant over
the entire aquifer-stream interface; aquifef flow is confined and hor-
izontal right up to the stream, and the transmissivity remains constant
in the direction of flow. 1In a mine cut these conditions may be

approximated when a confined coal aquifer is first exposed. However,




-~38-

once the .coal is cut through And removed,  the aquifer will discharge
'through.a seepage face as shown in Figurelﬁ.

Equations (21) and (22) are ;imilar to drawdown and discharge
equations presented by Glover (1974) for an idealizéd reservoir bank
stoiage problem. Tﬁis problem is illustrated in Figure 8. °

It is assumed that a semi—infipife ﬁnconfined aquifér overiying an
impérmeable layer is.bounded and fully penetratea on one side by a
reservoir whose shore is stréight and of infinite length. Ihitially
the reservoir and water table are at elevation H., At t = 0 the reser-
voir level is ins#éntly dropped Ho, producing discharge from the
aquifer that is derivéd’splely from aquifer storage.

Using ﬁupuit—Forcheimer assumptions, flow may be describea by the

. differential equation

] dh oh
= h(z—) =8 =~ 24
K 3% h(ax). y 9t (24)
with the conditions
hXZQ = Hat £t =20
h =D for t > O.

=0
By éséuming that Ij>>HO and
3 . 3 v 3°h
K = h{ ) = ’
9x = 9x 2
9x

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

any t at distance x from the reservoir:
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2
o u —-
heg 2 e ¥ au A (25)
° .. L
. o . ’

where

X . .
u = (4KDt/Sy)l/2 (dimensionless)

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

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

. SyKD /2 ’
B T (26)

Bécauée Equation (25) assumes that transmissivity through the
length of flow is a constant KD; Equations (21) and (22) and Equations,
(25) and (26) have éimilér forms. The only differgnce between Equa-
tions (21) and (25) is that Equation (25) is the solution for h rather
than for drawdown' s. | |

Since D = 0 for complete drawdown, Equation (25) cannot be used
for this problem. Howéver, Haushild and Xruse (1962) presented anotherx
approximate solution of ﬁquation (24):which is applicablg to a éomplete

drawdown. Assuming that

H .2

3 dh, o, 9°h
K gy g T KD+ g

the solution for h for a complete drawdown (D=0) is

3




. 5 . )
u  -u I
h=H 2 e du (27)
%l
o
where
0= — X (dimensionless)
' (4KHt/28y)l72
The corresponding discharge per unit length of reservoir is
: ' S_KH
- Hh R N v
gy = K 5(5) = Bl (28)

xX=

- Haushild and Xruse éompared solutions from EQuation (27) to a com=
bleéé dréwdgwn expgriment (b=0, HO=H)"performed‘by Keiler and Robinson
k1959). The Keller and Robinson experiment inyolved drainagé of a sand
filled, hor;zontal 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
miputes. Equation (27) overestimated the actual drawdown, but not.
drastically so.

Haushild and Kruse (1962) pre;énﬁed another approximaie solution
to Equation (24). By using the approximation employed in deriving Equation
(27) to estimate the flow rate (called here approximation Paf)

H  dh

g, = KD + 59 2 | | (29)

and equating it to the more accurate approximation "b"
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dh, - -
q = Xn —2 (30)

b Ox
and solving for hb' h can be approximated for a complete drawdown (D=0,

HO=H). This is done as follows:

oh H aha

b — — ———
Khy 3% - XQ) 5%

Simplifying
‘ hb ahb = g.éha
and then integrating results in_
2 2

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

: _ 1/2
- . h = (Hh_)

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

uf -2 g _ © - (31)
. [/T?. ' 5 ) , g ' ' .

o

mation (a),

e

where
u = x_ | (dimensionless)
(4KHt/2S )% : ‘
y .
Applying this equation to the Keller .and Robinson experiment produced

the drawdown shown in Figure 9. This Solution is much closer to
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the "actual drawdbwn than solution (27). Taking the derivative of Equa-
tion (31) with respect to x and multiplying b§ the transmissivity would
’ give_qst, the discharge rate.

As noted éarlier, both confined and ﬁnconfined aquifers will be
draining into the East Decker mine. Equation (21), the Stallman equa~—
tion, is applicable to a confined aquifef'when it is first exposed.

The Haushild and Kruse equgtions, Equations (27) and (31); are suitable
for complete dra&down boundaries in unconfined aguifers. None of the
equations reviewed, howevef, are meant for application to a truncated
.confined aquifer. in such an aéuifer‘ 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
yiela. A constant transmissivity and the cénfined storage coefficient
are applicable in the confinéd region éf flow. The previously des-~
cribed equations do not éccounﬁ fof-fléw in the two different regions.

It is possible that an assumption of steady discharge into Fhe
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 thap'it.is'té rateg computed with com-
plete drawdown equations. Thé 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 analy;is of the aquifers and their con-
fining layers should bé used., However, for certain éases an assumption
of steédy, strictly vertical flow through confining layers is reason-
able, even during transient conditions (ﬁantush,_i960f. ' This assump-
tion was_used'by Pinder and Bredehoeft (1968), Prickett and Lonnquist
'(;971), and Rushton (1974).f6r interaquifer leakage in theix two dimen;
sional models.

In discussing interaquifér leakage, reference is‘maaé’to Figure
10, a cross section of an ideqlized, three aquifer system. The aqui- ‘
fers are confined and separated‘by semipé;meable layers. Pumpihg is
begun out of aquifer 2 at time t =.O, distu;bing the initial equi-
librium of the system.

If storage in the semipermeable layers is negligible gnd the ratio
of aquifer hydraulic conductivities to confining 1éyer conductivitie;
is greater than 100, interaquifer léakage may be considered vertical
and steady (Hantush, 1967). Assuming elastic, homogeneous, isotropic
aquifers whose hydraulic properties remain constant with time, and
steady vertical.interaquifer leakagé, by use of Dércy'é law, ~flow in
aquifer 1 can be approximated as (Hantush, 1967)

2’n,  9°n, | 3h
T (Rt =51 4 (hy - ) (K '/B") =8
_ax dy-

(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
hl;hz = heads of aquifers 1 and 2 (L)
K.' = vertical hydraulic conductivity of confining layer
1 .
1 (@L/m)
bl‘ = thickness of confining layér 1 (W

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

ever, is linked with both aquifers 1 and 3. The flow approximation for

-

it is
Bzﬁé 82h2
T_( + —) + (h, - h )X, '/b_")
252 3y 1 14771
. ah2
+ (h3 - h2) (K2‘/b2') = scza—t—~ + W {33)

If.the leakage texms in Eqpations (32) and- (33) are placed to the fight
of the equalities, the isotropic, homogeneous form of Equation (14)
results. The leakage texms 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
steédy flow through the confining layers is not then valid (Hantu;h,
1960). Rrocdehoeft and Pinder (1970) use the paramete? "dimensionless

time”

- B | (34)
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"where t is the time since pumping began and Sé is thé-specifié 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 1 to

aquifer 2 pexr unit area at time t as

v 1 -n
A\l = — ————————
9,0 = By 6 ") TTE 172 g it2 exp gy 1§ (35)
1. . =1 ‘1
(——§—~ﬁ b 1 (—-5——ﬁ
3blSé 3bi Sé !
1 -7l
Ki
1
+ — (h -
bi ¢ 1,0 h2,o)
where
hl 0 = head in aquifer 1 at t =0 (L)
h, , = head in aquifer 2 at t = 0 (L)
14 A N 8
h2 £ = head in aquifer 2 at £ > 0 (L) ,
14
S'S = gpecific storativity of confining layer 1 (L-l)
1

and other terms are as previously defined. The first term represents
transient leakage. Beyond t' = 0.5 this term becomes nearly constént
(steady flow). The,second term.is initial steady leakage between the

aquifers. _ - o Ca




Chapter IIIX
AQUIFER MODEL METHODOLOGY

Equations (14) and (18), the two-dimensional approximations for
confined and uncénfined aquifer flow, were éhosen 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 tFreeze, 1969). B8ince 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 pf the finite difference
flow equa£i0ns,loutlines their method of so}ution, and shows how the
boundary conditions are iﬁcorporated into the solution. The equations
are written to conform with the modified iterative alternating direc-

" tion implicit (MIADI) method developed by Prickett and Lonnguist (1971).
This method Qas pickéd because it has been used suqcessfgliy for many
groundwater problems that are simiiar to those encogntered at East

‘Decker,
Finite Difference Forms of Flow Equations

Confined Flow

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

horizontal approximation
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2 dh, 2 3h, . 9n
9x (Tx ax) + oy (Ty 5;0 =S, 5t W (14)

In writing Equation (14) in a discrete, finite difference form,
reference is made to Figures 11 and 12. Figﬁre 11 illustxates the rec-
fangular, horizontal node layout fhat will be used for. the two dimen-
sional deséription of an aquifer. Figure 12 gives the dimensions
associated with each node i,j. ﬁxcépp for the,dimeqsioning, node nota-
tion follows the form used by Huntoon (1974).

The best practical épproximation_for the space defivatives in
Equation (14) are centrai difference approximations (Gerald,- 1974).
With these and an approximation of the time derivative, Equatioﬁ (14)

is approximated at node i,j as

-h, ., "h, . -h

h, . . P . .
|I\|};-I l+l}’(i 1,7 - TX' ) l,;{l l"l,j
) i+l/21j ilj ' i—l/2lj i.—llj
: X2, .,
1,3
- - h, . - h,
my 1,3;1 1.3 _ oy 1,;1 i,3~-1
i:j+l/2 irj j-lj"l/2 iij"l
N . (36)
Y2, .
i,J
By T ROy
= LA, 4 +
sC. .. At Wilj
1,7
where
X' = aquifer transmissivityibetween nodes i,j and
s . - 2 . .
i+i/2.3 44,5 amy : -
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Fig. 11. Example of the finite difference grid used in the model.
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Fig. 12. Notation and dimensions associated with each node i,j.
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%! = aquifer transmissivity between nodes i-1,3j and

i-1/2,3 . 2
/ IJ l,J (.L: /T)

TY! = aquifer transmissivity between nodes i,3j and i,j+l
L 241/2 - g
i,j+1/ w2/m)

TY! = aquifer transmigsivity between nédes i,j-1 and i,
i,j-1/2 (L2/T)

hi 3 = aquifer head at node i,j at the current time,
14

time t+At (L)

hoi . = aquifer head at node i,j at the pirevious time,
M) time ¢ (1)
SC = confined storage coefficient of node i,J

i,] (dimensionless)
t = time (T) |
At = time increment (T)
X1,%2,¥1,¥Y2 = as defined in Figure 12
-

W, 5= discharge flux from node i,j (LT )
1’

EQuatiOn (36) is written implicitl¥y withlrespect to the node heads,
i.e., all of the head valges (except hoi,j) represent heads at the
preseﬁt fiﬁe, at time t+At, and therefore are_unknqwn values. This
is done to- conform to the MIADI solution-method.

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

- plied by the area of node i,j,(X2i 3 Y2, j), giving

’ i,

1.3
1 h L - h . — -
I ( i+l,4 . i,j) X1

i+1/2,3




™=, .
i-1/2,3

TY!
i,j+1/2

TY!
i,j-1/2

i,J

(h

(h

(h,
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h
irj i—lrj

1,3+ i3

. h, ..
1,3 i,j-1

- ho

i,3
At

(x2,

Y2, .
) metrd
X1 .
i”lrj

X2

Yi, .
1,]

X2, |
y — ]
Y1,

i,j~1

(37)

For simplifying the solution of the node equations, several of

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

TXiv1/2,5

i-1/2,3

Y .
TY, 44172

Y2, . 2
TX! y11'1 . (L7/T)
i+1/2,3 "Ti,3
Y2, . 5
X! : §1341—— , {L5/T)
i-1/2,3 TTi-1,3
X2, . 5
TY! 7 2e) o (Lo/T)
i,3+1/2 i, 3
X2. . 2 .
™ g M
‘i,3-1/2""1,35-1
2
S (x2, , Y2, ) , {L%)
C, . l,] ll
1,]
3 3
W, . (X2, .Y2, ), @/m
1,3 i,] 1

(38a)

(38b)

: (38¢)

(384d)

“(38e)
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The Q.factor can represent several things, ihcludihg 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,

T . . . T . . + T . . 1, s . . +
Xi+.1/2,3 (h1+l,J hllj) x1—1/2,3 (hl"l!] hl,J)
TY, | . ... —h, ) +TY, . . - h, .
i,5+172 By e T By g) i,-172 P01 7 By Ly
0T, hi 3 - hoi : :
= 5 “'_ ! A -+ . 33
S 1i'j AT Ql’J ' (39)

For a confined agquifer, Equation (39) is written for all N nodes,
resulfing in N node egquations ip N unknown heads.

As long as flow is confined, the transﬂissivity and storage
coefficient remain constant with time. Combining these va;ﬁes with
thé 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 approgimationl

3 3n, . 9 Sh, . %h
5;.(Tx BX) * dy (Ty 5;0 B sy ot f w o (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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TX . (h., . ., - h, .) + TX, . (h, . . -h, )+
i+l/2,3 ( i+1,3 1,3) i-1/2,3 ( i-1,3 hl,j)
TY, . h, . - h, .) + TY, . . - h, .
i, j+1/2 ( i,3+1 113) i,j-1/2 (hlrj—l hl,J)
hi 5 - hoi ; .
- [ L +
Sin’j v Qi,j . (40)
where
SF2 =8 (X2, . Y2 )
1,73 Y. = i,] is]
1,3

Equation (40) is the same as Equation (39), ekcept that the
transmissivity factors are functions of water table height which varies
with time, and SF2i ., the unconfined storage factor, is used. Cal-

r

culation of the‘transmissivity factors will be discussed in a later

" section.

Confined-Unconfined Flow

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

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

equation
h . = h, .)+ TX, . (h, ., = h, .} +
TXi+1/2,j ( i+1,3 - 1,3) 1-1/2,3~( i-1,3 1,3)
h, . - h, ) +7TY, | h, . -~ h, |,
TYi,j+l/2 ( i,3+1 1,3) i,j=1/2 ( i,j-1 1,3)
= SFi .5 Kt FR,4 ' (41

is used for all hodes. Equation (41l) 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 tﬁe next sectién. Aiso,Fhe valug used for;SFi .1s SF1,

’ 1,

or SFZin, dgpending on whether or not a node is confined.

During tfansient conditioné, 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 SF1 to SF2 (or vice versa) can lead to instability in the numeri-
cal solution due to the gre%t difference in the magnitudés of the two
values. Head values at a node undergoing conversion can behave errat-
ically. To minimize this problem, storage factors are apporfioned
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

SF1 and SF2 Valués as follows (after Prickett and Lonnguist, 1971):

(hoi 5 -~ CHi j) SFli 3 + (CHi 5 - hi j) Sin 5
.= 7 »' 7 4 U4 7 7 . 42
i3 o, . - h. ) (42)
1,3 1,7
. where SFi ., is the smoothed sforage coefficient factor -and CHi 3 is .
’ . . : ’ ) K

the elevation of the aguifer top. Similarly, if conversion from
~unconfined to confined conditions is occurring,

th, . - CH, .) SFli ., + (CH, . - ho, .} Sin .
SF - = 1,7 1,] v l,] 1,3 . .,j (43)

i,g. - {n. . - ho, .)
- ( i3 is3
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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 an& point between two nodes A and B varies directly
with the saturated aquifer .thickness. The problem i% to determine an
average transmissivity that is representative of the length of flow
between the nodes. The problem is summarized in Figure'léh a cross
section of an unconfined aquifer through nodes A and B.

Butler (1957) used a geometric mean for calculating a represen-
tafive transmissivity for flow from A to B. In this case.

1/2

TA~B = [TA : TB] (44)

Using this in Equation (41) for calculating TX, ; for example, °

i+1/2,3

TX, , = [(h, . - BOT, .)(HCX, .)
i+l/2,3 i,] i, e
1/2 Y2 .
: , - BOT, . .)(HCX, . ., F¥=""1
(hi+l,j BOll+l,j)( CX1+l,j) ¥ +J
X1, .
1,7
I'd
where
BOT = elevation of aquifer bottom (L)
HCX = hydraulic conductivities in the x direction (L/T).
Ir’the aquifer is homogeneous, chi,j = chi+l,j
Note that h, and hi+l 5 are unknown values hecause they are heads at
i, ’ ' :

time t+At.

v
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Fig. 15. Vertical cross section through nodes A and B in a confined

aquifer.
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Prickett and Lonnquist kl97l,l973) used geometric means for com-
puting trénsmissivitiés in similations of unconfined agquifer well flow
problems. Their simulated drawdowns agreed closely with the theoret-
jcal drawdowns computed ffom Jacob's (1944) method for.adauéting ;he
Theis (1935) equation for variable transmissivity.

The geometric mean is used in the model for unconfined flow

transmissivities in homogeneous regions.

Unconfined, MNonhomogeneous Agquifer Flow

In a nonhomogeneous, unconfined region whereiKA#KB, Huntoon

(1974) suggested that a harmenic mean of TA and T_ is more represen-

B
tative of the transmissivity between A and B than the gecmetric mean
because the former heavily weilghts the smaller hydraulic conductivity

and saturated thickness. For the problem in Figure 14,

2T 7 :
A B

Tas T T | s
A "B

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 internocdal

transmissivities in all rxegions of confined flow. ! For the
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example situation shown in Figure .15, the transmissivity between A

and B is

2T T
A"B -
T = . (45}

A-B -+
TA TB

If the aquifer is homogeneous (KA=KB) and if bA = bB' then Equation

(45) reduces to

deli . . - \ - .
Modeling confined aguifer flow with Equation (41), lXi+l/2,j is
2[(CH, .-BOT, ) (HCX, . . . L-BOT, . .)(HCX_ . .
- ) [( i,3 BOTl’])( C 1,3)][(CH1+1,3 BOT1+l,j) HCX1+1,3)]
i+1/2, 7 H, .-BOT, .)(HCX, .)I]+ . . —~BOT, L) X, .
i+1/2,3  [(C 5,5 1,3)( 1,3)] [(CH g5 OT1+1,3’(HCX1+1,3”
Y2, |
1,7
X1, .
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
betweeﬂ the confined and unéonfined zones. Such an aquifer is shown
in plan view in Pigure 16. Figure 17 is a cross-sectional view

through confined node i,j and unconfined node i+l,7j.
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Fig. 16. Plan view of an aquifer that is confined in one portion and
unconfined in the other.
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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 computihg the internodal

transmissivity. For example, TX, is calculated as

i+1/2,7
2[{(CH, .-BOT, .)(HCX., . .—BOT, . .
i ) [(C i3 1,3)(1CX1,3)”(hi+1,3 BOTl+l’j) (chi+1,j”
Ci+1/2, 3 ,~BOT, ) (HCX, .)1+I[(h, .-BOT, , . . . )1
& / 2l [(cH; | 1,3)( Cx; 401 [.(h1+1,3 -OT1.+1,3-)(.HCX1_+1,3)]
Y2, .
i,
X1, .
1,3

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 .
sﬁali nodal array this will result in a large number of simﬁltaneous,
equations. As pointed out by Reﬁson ét al. (1971), solution of sﬁch a
set of equations calls for the use of an iterative solution that
solves the entire equafion matrix by parts. The aiternating direction
jmplicit method of Peaceman gnd Rachford (1955) coupled with an iter-
ative procedure is such a solﬁtion. It can use fairly iargé time
iﬁcxements and still converée‘to an accurate‘solution rapidly. It is
also accurate in dealing with problems involﬁing time dependent
sources and sinks (Huntoon, 1974).

For solution of the node equations in the model presented here,
the modified iterative alterﬁating direction implicit method (MIADI)

of Prickett anéd Lonnguist (as discussed in Prickett, 1975), which uses

e

-~
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a combination of the Peaceman and Rachfofd alternating direction
implicit ﬁethod (Peaceman and Raéhford, 1955) and the Gauss-—-Seidel
iterative method’(see Carnahan et al., 1969), was cho;en“ The method
is an alternating direction technique because it fiist solves for‘all
node heads by calculations involving columns of nodes (i), then for all
node heads by.row‘calculafions'(j). Oné column—row.solution cycle con-
stitutes one full iteratioﬁ. The method keeps‘cyclihg.throughiﬁerations
until the head solutions converge within a specified error criterion.

Solution fér the node heads at time t+At is begun by roughly
predictiné the heads with a.linear extrapolation from the heads at
time t énd t-At. Then the.fifst‘column—row iteration is performed
using the predicted head values. The linear prediction (Prickett and
Lonnquiét, 1971) was found to.greatly decrease the ﬁumber of iter-
ations required for convergence in well flow problems.

In calculations by node columns, for every other iteration node
célumns are éolvéd column by column in a sequence from left to right.
Columns are solved inva_sequence from righ; to left in alternate
iteratioﬁs. Alternating the direction of column p;ocessing increases
the overall convergence efficiency.

Before sélving for heads in any column i, the equations for ali
NR (Number of Rows in grid ariay) nodes in the column are written

using Equation (41). The node heads from columns i-1 and i*1 that are
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included in the column i node equations are the best current estimates
of those heads at time t+At; they are head solutions from the most
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,l1

and i,NR, contains three unknown head values, h, . ' h, ., and h, . _.
R i,3-1 1,3 i,3+1

Because the outer boundary of the grid is automatically treated as an
impermeable boundary, the node equations for i,l and i,NR contain only

and h, , and h, ' and h, .
i, i

two unknowns each, respectively h, .
¢ TeSP 78y 2 i, NR-1 ,NR

,1
(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 sequeﬁce from left to right, Equation (41) is written
for node.i,j (éssuming i,j is not a bbundary node) in the Solution of

column i heads (see Figure 18) as

n n+l/2
. . {(h, . = h, .
TX1+l/2 23 ¢ i+l 3 hl ] )

n+l/2 - h n+l/2

+ . (h, . ..
TXi—-l/2,j ( i-1,3 i,J )
. n+l/2 n+l/2
+ . .o - . L
TYi,j+l/2 fnl,j+l hl,] )
n+l/2 nt+l/2
+ TY, ., h, | - h, .
i,3-1/2 ( i,j-1 i,] )
+
h? ;/2 -ho, . . :
= SF, |, 4 = 4+ 0. 4
i,3 At Ql,j , (46)

R e D e

et opumrien .
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Fig. 18. The node head values included in Equation (46).
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wherglsuperscript n indicates a value from the previous iteration,
iteration n, superscript n;l/Z indicates a value from the curreht. half
iteration (column or row calculations constitute a half iteration),

and therefore

n . ‘ .
= known node head at time t+At, from preceding

hi+l,j
iteration (L) =~ -
n+l/2 . .
hi—l 3 = known node head at time t+At, from preceding
L4

solution of column i-1 (L)

n+l/2 _n+l/2 n+l/2
h._. r b, - L r [

i,3 i,j7 1 i,j~-1

ciated with node i,j in column i at time t+At’ (L)

= unknown node head values asso-

hoi 3 = known head at node i,j at time t (L)
, 5 ,

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

: - ’ . n n
ti t+At. F xampl TY, .- is calculated from h, . d h. .
ime A or e ple, 1 i,3551/2 culate o i,4-1 an 5,5

and TX, and h? 5 Doing this rather
r

i-1/2,3

than using unknown node heads avoids turning Equation (46) into a

is calculated from h" .
. i-1,3

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:

+ 7 +1/: " ,

n+l/2 nl/2 (47)

. h?+%/2 + BB, . h + cCc, ., h, | = DD, ,
i,3 i,j-1 i,) i,] . i,3 i,j+l i,]
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0 R W 124

> 2 3= 2
BB, . = =1TX oo Sl R 15 LAl e T DY L
30 1142 i-1/2,3 S b L 4 i,j-1/2
)
CCN R, =T
x b i ,9+1/2
n n+l/2
DR = e (S eh ) = (X Mo )
i,J 1125 1+l,3) \ dw1 /2037 A1)
e O
e}
- (SF, ., —9) + 9
( Hig) A ) &1,

the following tridiagonal matrix system for column i:

BB {8l 0 s . 4 . .
+ Wi 6 ST 0
AR BB ole 0 % ¢ . .
i1,2 102 Tl .
0 AA BB, cc 0 . . -
i 1,3 323 L1,3 0
. ; 3 ’ . 0  AA, BB (87
"1, NR-1 i,NR-1 i,NR
0 g ¢ ¥ - . AR - 3
i I

Writing all of the column i node equations in this form produces
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© n+1/2 r -1
1’:1. : /Z DD,
Slar L
nt+l/2
h, DD,
L 0D, 5
n+l/2
e DD,
W, 4 Piis
+1/2
hr_l / DD,
i,NR-1 i,NR-1
nt+l/2
: / DD,
3y NRp- 2L 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+l through NC (Number of Columns in
grid arréy) are solved, column by column, in an identical manner.

On completion of all column calculations (the n+l1/2 iteration),
the row calculations (the n+l iteration) are begun by first calculating
all intern;dal 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 Valqes.of the head solution changes for all

n+l/2 . nt+l

+ )
n n l/2| ]h ~'h summed for all nodes)

nodes (i.e. ]h - h
du;ing an ‘iteration is less than a_specified convergence. criterion,
con&ergence‘is assumed to have occurred. .Calculations for the nekt.
time increment are theﬂ begun.

Prickett and Lonnquist (1971) use the following empirical rela-

tion for calculating a simulation convergence criterion:

ol

error = EBEF;_ (49)

where

error = convergence criterion

IQI= total average net withdrawal fate during simulation
3 v
(L°/T)
Ati = initial time increment used in simulation (T)
SF_ = average storage factor for all nodes (L2)

This equation is baséd on the use of time increments that are succes-

sively increased by a factor of 1.2.. In ‘other words,
At, = 1.2 At
1 o
At = 1.2 At

2 1l
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Because Q (discharge into the mine cut) varies during a simula-
tion of the Easf Decker site, Equation (49f could be used only as a
rough approximation. Q was estimated by making an:initigl 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),Aand the résulting'efrop criterion

was used in subsequent computer runs.
Aquifer Boundaries

Zero Flux (Impermeable) Boundaries

Zero flux lateral boundaries occur where an aquifer is bouﬁded by
. impermeable material. At the East Decker site; such a boundary is
believed.to exist along the faﬁlts,on the southeast side of the area
(Van Voast, and ﬁedges,_l976). The fault is shownvin Figure;z,

Across a zero flux boundary, X = 0. Referring to Figure 19, in
applying Equation (41) to node i;j}

T =0

Ri+1/2,5
" Similarly, for node i,3j+1,
TXi+1/2,j+1 E

v, . =0
T i,3+3/2 :
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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 watér 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 indépendent of groundwater flow, then
at the junction of the aquifer and reservoir
B

5t = 0
in either Equation (14) or (18).
A surface water boundary is handled by assigning very large
storage coefficients to boundary nodes (Prickett and Lonnguist, 1971).
Using a very large storage coefficient in Equation {41) maintains an

essentially constant head [(h., . - ho, .) = 0J].
1,] 1,7
Should the boundary water level change with time (such as during

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

nodes must be reassigned during a simulation.

&
1
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Interaquifer Boundaries

Because the beds separating the‘East Decker coal seéms are silt-
stones and sandstones (USGS, 1977), and because so little is known of
the hydraulic p?operties of these layers, a steady stépe appréximation

~for interaquifer leakage was utilized. - If the interaquiéer ﬁaterial
is''not a clay or silt material with.a high storage coefficient, this
assumption is often valid (Hantu;£, 1960) .

Fiqure 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 othér aquifers. Therefore, all nodes in a "stack" of
aquifer nodes have the same horizontal dimensions associated with’them.

Interaquifer ieakage is handled in the nodel by modeling each
aquifer individually-and linking overlying nodes with the
steady st;;e leékage terms of Equations (32) and (33). As an example,
in writing Equation (41) for nodé i,3,2 (2 indicates aquifer 2), which
is linked by leakaée to aquifers 1 and 3, leakage is calculated as

.o, =[IK:(h, . ~h, . '+
Li,J,2 [ 2(h1,3,2 hl,j,l)/bZ

1 — . 1 2,.Y,,
K3(hi,j,2 hi,j,3)/}33](X i,3 2133)

This is included in term Q. .
i,3.2.




Ground surface

impermeable boundary

e o it P R P P A . T it i B e P GO R A i i

AGUIFER | cx,;-' l Wil ®i,)+i,1

AQUIFER 2 ei,j- ®i,j,2 ei,j+l1,2

TEPeBE (A T\ K \\\\\\!\\\\\\ ANERRARRT
ei,j-1,3 CH; .5l i,j,3 ©i,j+1,3

’ lhl
|

- 77 - T o e QN J S T e T P 7 B G T A 77"/ P AR T AT P YR G A T S I R 5 S ke

Impermeable base

datum

section through column i of a three-layer node.array used for

S
r layer

o
U
u

V c s
modeling a three aquifer system with semipermeable interaquif




_75;_

In the model the vertical conductivity terms Ké and K!, the

! 14
3
layer thicknesses bé and bé, and the node dimensions are combined into

the factors (after Prickett and Lonnguist, 1971)

(Ké/bé)(X2i L Y2, ) (51a)

’ 1,

Ri5.2

(Ké/bé)(xzi,j Y2i,j)’ . (51b)

R, .
i,3,3
values which remain constant with time. Doing this minimizes the num-

ber of calculations and computer memory redquired.

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

If, for example, aquifer 2 is unconfined at node i,j,2 (hi 5,2 <
: . ‘ L, 302
CHi 3,27 the elevation of the aquifer top) then (Trescott et al.,
14 r
1976)
. = (CH, . - h, . R, |
Lirjrz ¢ i,3,2 hlljrl)( 11312)
) . (52)
+ (h, . ~ h ) (R )

i,3,2 i,3,3 i,3,3
This relation assumes that the vertical hydraulic conductivity of the

aquifer 2 paterial is much greater than X in which case the head

é,
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
Lonnguist, 1971). An iteration is begun by solving by columns all of

.y
v

the node equations in the top aquifer (k=1), 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 1.

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

equations are written for multi-aquifer systems.

Applying Equation

(46) to node i,3,2 for column calculations (iteration n+l/2) that are

processed in a sequence from column i=1 to i=NC,

n . n+l/2
; - + .
012,52 Piaa,5,2 7 P,5,20
n+1/2 n+1/2
. » L] - L] Ly ' +
Txi—l/zrjlz (hl_lljrz . hlrjlz).
n+l/2 n+l/2
TYi,j+J_/2,2 i,3+1,2 hi,j,2)
— n+l/2 _.ntl/2
i,j-1/2,2 i,j-1,2 i,3,2
7
h?+%/2 - ho,. .
= SF 1.3,2 1.3.2
i,j3,2 bAt
+ < +
N A A P @2
’ i,3.2 i,j3,1" i,3,2 i,3,2
+ Q. .
Ql,],Z
where
n n

h,, 4 o o0 B L
i+l,3.,2 i,3.3 iteration n (L)
' n+l/2

hio1,5,2

column i-1 (L)

(53)

n
. . IR,
i,3,3 1,3.3

known node heads from previous iteration,

known head from preceding solution of
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+1/2 . ) )
hz '/l = known head from iteration n+l/2 solution
13 ~ of the overlying nodes (L)
ho. . = known head at time t (L)
i,3,2
n+1/2 n+l/2 n+l/2

by 5-1,20 By 5,20 i,j+l,2= gni??wn~node heads in ;olumn i, aquifer

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

of Equation (47),

1,3,2 2?;55,2 BB 5.2 h:f;{é
*CCs 5,2 ?T;ii,z = PP s o
in which

AAi,j,é =T 5-1/2,2

BBy 5,2 = 7Txi+1/2,j,2 B TXi—l/2,j,2‘_‘TYi,j+1/2,2 =T S /9,2
= (SEL 5,2 08 TRy S TRy S |

cci’j:2-= ¥ ,541/2,2

DDy 5,2 = "% 0,4,2 h?+1,j,z) - Xy 1/2,5.2 ?fifg,z) -
F. .- ho, | - ' )
(5F5 5,2 — - Bi9,2 h?f?{i) - Ry g g By gy
Q5,2

This conforms with the MIADI solution method.

Equations for layers 1 -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 Bast Decker the two ﬁpper coal seam aquifers, the D-1 Upper
and D-1 Lower seams (Decker Coal Company designatioﬁs), are in contact
in the alluvial material along Deer Creek and are also joined together
where the seéms combine at the south end of the Tongue Biyep-Reservoir
(Van Voast and Hedges, 1975; sée Figure 2). During and after
mininé all three coal seam aquifet¥s will contact in the spoils
"material, wherxe a single aquifer is expected to form. In oxder for
the aquifer junctions to be réalisticélly modeled, the aquifer flows
nust be simulatea simultaneously. |

A plan view of a three dimensional node array that would be uéed
for moaelihé two aguifers that join togethér is shown ‘in Figure 21.
Figure 22 is a cross—seqtiénal view throﬁgh the colﬁmn i nodes of both
aquifers. Note that ﬁo nodés.are shown for (i,3,1), (i,3-1,1), gtc.
in Pigure 22. Though these nodes would actually be in the computer
memory, tﬂ;y would be "dummy" nodes - HCX and HCY (hydraulic conduc-
tivities in the x and y directions) would be set equél to 0.

This multi-aquifer sysfem would be modeled in a fashion identical
to that of multiple leaky aquifers, éolution of the node equations
being obtained with the variation of the.MIADI method used for leaky
aquifers. |

A combined aquifer node adjacent fo thé’équifer junction must be

liﬁked with adjacent nodes in both aguifers: ©Node i,j,2, for instance,
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Fig. 21. Plan view of node array used to represent two aquifers that
join together.
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must be linked with nodes i,j+1,1 and i+1,3.1 as well as with the
adjacent nodes in aquifer 2. In applying Equation (46) to node i,7j,2,

and h,

i+1,4,1 must be included.

additional terms for h, ., . For column
‘ i,3+1,1 ‘
calculations  (iteration n+1/2) that are processed in a left to right

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

iteration n (L)

n n+l/2
X, . h, . - h, .
Xl'*']-/zlj_r2 ( i+l,3,2 11372)
' n+l/2 n+l/2
+ . . . - h, | .
TX1—1/2,J,2 (hl"'lljrz hlljl?—)
n+l/2 n+l/2
+ TY, | . h,
i, j+1/2,2 i,J+1,2 1,],2)
n+l/2 n+l/2
+ TY, . - h .
™i5-172,2 501,27 PiLy,2)
‘ : nt+l/2 nt+l/2
= TR, . . - h, . o)
i+l/2,3,3/2 i,3,2 i+l,3,1
nt+l/2 ntl/2
+ . - .
. TBi,j+l/2,3/2 (hi,j,2. hl,j+l,l)
+
. h? ;_/2 T 05 .59,2
+ SF.. | et ==+ 9, | 5
SFirj‘lz At erllz (55)
" where
TR, . = the internodal transmissivity factor between
i+l/2,3.3/2 nodes i,j,2 and i+l,j,1, computed as a har-
monic mean (L2/T)
TBi,j+l/2,3/2 = the internodal transmissivity factor between
: nodes i,3j,2 and 1i,j+1,1, computed as a har-
monic mean (L2/T)
? . = known head'vaiue from preyious iteration,
i+l,3,2 "
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+ . :
E_i/? 0 = known head value from preceding solution of
rdre column i-1 in aquifer 2 (L)
+ +
hn 1/2 hn 1/2 = known heads from current iteration (n+l./2)

EEN 7 34 . _ .
i,j+1,1 lll'j’l solution of aquifer 1 nodes (L)

hbi 5,2 = known head at time t (L)
(4 ’
+ + ' -
z %{i 97 2 %/2, = unknown node heads in column i, aquifer 2
"j ? ljl (L)'
n+l/2
i,j+1,2

Combining known and unknown terms and rearranging Equation (55)

results in

. . .
aa, . . BPTY2 0 Lmp  BBT2 4 o0 pPYY2
i,j,2 i,j3-1,2 i,j,2 i,3.,2 i,j,2 i,3+1,2
= DD, |,
i,3.2
where L
AA, ., . =TY, .
iljlz 1,3“1/2,2
. = -TX, . - TX, . -7y, .
BBi,],2 Xl+l/2,j,2 i-1/2,3.2 1,j+l/2,2
- TY,", = (sF. . Aty ~
i,9-1/2,2 = FFi 5, 2/B8) = TRy n 5 a0
L & . .
- TBi,j+1/2,3/2-

.o =TY, ., ..
CCi,J,Z i,3+1/2,2




-82—

n . ) : ntl/2
DD, = ~(TX, . h, . - (TX, . . .o
i,3,2 ( i+l/2,3,2 l+l,j,2? ( X1»1/2,3,2 1@1,],2)
ho, . . nt+1l/2
- (sF. . L, - (TR, . . .
( 1,3,2‘—~37§§i% )= i+1/2,3,3/2 ir1,5,1)
(TB nt+l/2

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

Equations for all nodes in aquifers 1 and 2 adjacent to the aquifex
junction would be written in a similar manner.

Mine Cut Boundary

The mine presents the most difficult boundary in thé 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
Ccross section'through the row j nodes. The flo% arrows in Pigure 23
indicaté the:direction of premining groundwatex flow; Figure 24 is an
idealized cross section of the East Decker stratigraphy near the mouth
of Middle“breek:

As pointed out in Chapter II, it is.beiieved 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 Reszexrvoir. Flow to
the cut from the reservoir will begin through the alluvium when the
cut floor reaches below the reservoir surface léﬁel (see figure 24).

When the initial cut reaches the D~2 coal, water will also begin to
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flow through it from the reservoir. ﬁater dischargea on
the other side of the cut will consist -of interqépted 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 bégin through the alluvium from
the reservoir to the mine cut. This flow is calculated in the mannex

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

K hs2 Hr
4, = F Fji—] (20)
0
where
g = discharge rate from the reservoir per unit length of mine

‘cut (L2/T)
K = hydraulic conductivity of the-allﬁvium (n./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)

Hr = ieight of the reservoir sufface above the aquifer bottom (L)
Note that this eqﬁation assumes an instantaneous opening of ﬁhe cut
-down to and bele the levél of the D-1L floor.

The D-2 coal is also iinked with the reservoir ‘(Van Voast and

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

coal pef‘unit length of mine cut is estimated with Daxcy's law as

9, =T —F— - (55)
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where
T = transmissivity of coal~(L2/r) = Kb
b = thickness of coal seam (L)
Hr— = height'of reservoir surface above the top of the coal

seam (L)
and other terms are as defined with the previous egquation. Equation
(55) can only be considered a rough estimate of flow through the coal:

it does not account ﬁor the seepage face that will develop at the cut

- face (see Figure 24. Unfortunately, no analytical method

exists for ddtermining steady flow rates through a length of confined-

unconfined aquifer.

To simulate reservoir to mine cut flow in the problem in Figure

23,_the k=2 level (D-1L) and k=3 -level (D-2), 1-1 nodes adjacent

to the cut would be pumped at the rate of

Qr = q, WALL, ) (56)

where q,. E? caléulatea from éither Ecuation (20) (fox theAD;lL nodes)
or Equation (55) (for the'D;Z:nddes)!.and WALL is-the'lenéth of mine

cut adjacent to a node. This Q would be included in BEquation (41) for
each of'these‘nodes. :
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.
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Intercepted natural flow. Flow into the other side of the mine

cut will.éonsist of intercepted flow plus flow from storage from both
the coal and the overiying alluvium -and clinker. However,'because of-
the limited extent of the alluvial.and clinker aquifgfs on the east
side of the cut, their contribution to mine cut flow is iénored.

The natural flow rate in the coal i; calculated with Darcy's law
as

'qn=eTI | S 10

where - . '

the natural flow rate per unit length of cut (L2/T)

N

I

natural (premining) hydraulic gradient (dimensionless)

s e 2
T transmissivity of coal (L /T)

To simulate intercepted flow in the Figure 23 problem, column i+l
noes adjacent to the mine cut (at the k=2 and k=3 levels) would be
pumped at the rate of
Qn. o= q, WALL - . ‘ o (58)
- i+l,J . )
where WALL is the length of the mine cut adjacent to the node.  Inter-

cepted natiiral 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 steaay rates (Davis, 1977). Howgver, this reéﬁiﬁes kpowledge
of the actual drainage rates:into the mine cut. Since there 'is no
such data for the East Deckexr Mine; a nonsteady éiMulation for flow

bl
from storage was used. ’
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With the nonsteady simulation, flow from stbragg is estimated
with a pank storage discharge equation, as.Davis (1976) and USGS (1977)
have done. If an aquifer is unconfined, or if it cdntains relatively
little water in confinea storage (i.e., when the piezometric surface
is not muéh higher thah the aquifer top, and Sy>>sc)’ then the
‘_Héushild and Kruse (1962) second drawdown sﬁlution foi‘upbopfined con-
ditioné {see Chapter 25 may be used: . .
h = B2 fu S du:]l/2 (31
B -
where
h ='height of.the water table above the aquifer f;oor kL)

'H = original height of the water table above the aquifer
floor, assumed uniform (L)

%

(4xre/2s, ) 172 ‘

K = aquifer hydraulic conductivity (L/T)
x = distance from the mide“cut

t = time since openiﬂg'of the cut (T)

S

Sy = gpecific yield (dimensionless)

Nonsteady discharge from storage is calculated with Darcy's law using:
the derivative of h with respect to x at some %¥>0. For éxaﬁéle} the

nonsteady discharge rate from stofage for node i+l,3j,2 (see Figure 24)

-is calculated as
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- : oh .
0 = T, . WALL (z—) (59)
Sti+11j 12 l+l’j '2 B aX X=C '
where Ti+l 5,2 is the transmissivity at the center of node i+l,j,2
rJs . .

(calculated with the saturated thickness of the node); c is the dis-
o o oh

tance from the mine cut to the center of node i+l,j,2, and 5;-15

obtained by differentiating Equation (31). The derivative of Equation

(31) with respect to x is (Buck, 1965)

oh _ dh-du
9x  du 0x
1 2.1/2 2 172 —u® 1
=3 () / H ( e ciu)__ Mo TR o o 7 (60)
v g - (41<Ht/2'sy).l

~

Since Eéuation (60) cannot be evaluated at x=0, it must be
evaluated at some distance from the mine cut, distance ¢ in this case.
Furthermozf, since there is no analytical solution for Equation (66),
'.it must be solved by a nqmerical téchniéue_ Simpson's One~Third Rule
was used for sélutién, and it is contained in a compuéér bfogram
subroutine (subroutine EST).

Nonsteady flow froﬁ an aquifer containing a siénificant amount of.

water in confined storage (i.e., the piezometric surface is well above

the aquifer top),”such as the D-2 cgal.aquifer at East Decker, may be
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initially estimated witﬁ the use of‘Stallman'é solution for aquifer
drawdown. Stallman's soiution for complete drawdown (H=HO) is
s =nfl - -2 Svu e—.u2dutf, | (21
yT 3 ’
where
s = drawdown (L)

H = original height of the aguifex potential head, measured
from the aquifer flooxr (L)

< .
U= e T L
47T t T -
¢ o /Sc) ;
To = original aquifer transmissivity
'SC = 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 calculgted
using Darcy's law and the slope (gradient) of s. Calculating the

discharge from storaje for node i+l,7],3 (see Figure 24), for example,

: as: ‘ :
0 =T, ., . WALL: (=) . (61)
Sti+l,j,3 i+l,3,2 0% -

<

hhere (Buck, 1965)

. 2 . .
§§.= ~H[2—-e—u ____2;_____“ ‘j : A 162)
. c S
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Again, Qst is added to Qn to give the total discharge
i+l,3,3 i+1,3,3

rate from node i+l,3j,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 tﬁe use of Equa?iqh (59), or by combining
Equations.(59) and (6l). This is discussed further in the next
chapter.

| In the solution of the node ‘equations, nonsteady flow rates are
recalculated before eacﬁ half iteration (column or row solu£ion)using
the best available estimates for tfqnsﬁissivities at time t+At. They
are calcuiated at the same time internodal tranémissivities are cal-

2

culated.
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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Subgoutine VALUE reads the initial node dafa into. computer memory,
and changes data when appropriate. Subroutine TRANS calculates inter-
nodal transmissivities before each half iteration (column and row
solﬁtions). FLOW calculates nonsteady discharge into the mine cut,
calling on sub;butine 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) aguifer flows
where needed, and is called during each half ite;ation. '

Given with the listing are the definitions of the program vari-
ables. The variables match teét-variables'as closely as possible.
A fairly complete éxplanation 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 éignificantly affected by
mining are the alluvial aquifers along Deer Creek and the shore of the
Tongue River Reservoir, the clinker aquifers, and tle coal and sand-
stone aquifers in the upper portion of the Tongue River Member of the

Fort Union Formation (Van Voast and Hedgés, 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

(UsSGs, 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
noth of the mine (Van Voast énd Hedges, .1975).

The D-1L and D-1U coal seams are much closer to the surface and
are more discontinuous. Both seams subcrop into the alluvium along
Deer Creek and along tﬁe Tongue River Reservoi; 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 datd; see
Figures 25 amnd 26). The two seams merge together as a single bed
withiﬁ-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 Soms, Inc.) and groundwater maps (Van
Voast and Hedges, 1975), it is believed that upward folding of -the
strata has left much of £he clinker south of Deer Cieeﬁ dry. This
folded area forms a high, dr? pocket in the D~1U aquifer.

The interburden bétween coal seams changes considerably in thick-
ness, varying as much as 100 feét over a distance of a mile (USGS, .
1877). 1Interburden thicknesses are greatest in the eastern mine area
and tend to decrease in. the westward direction. Sinde the Tongue
River Member was formed from sediments deposited by an aliuvial flood.
“plain system (Widmayef, 1977), the deposits of sandstone, siltstomne,
"and shale that make up thé‘intérbﬁrden 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 wery limited extent.
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Fig. 25. Piezometric surface contours of the D-1U aquifer produced
by the pre-mining, steady state simulation. Also shown
are the alluvium and clinker beds adjacent to the D-1U
aquifer,
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Fig. 26. Piezometric surface contours of the D-1lL aquifer
produced by the pre-mining, steady state simulation.
Also shown is the alluvium that forms a junction
between the D-1U and D-1L aquifers.
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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 piezometrié surfaces for
the D-2, D-1 Lower, and D-1 Upper'coal aqﬁifers. (The simulations
are described later in this chapter.)

In generﬁl, 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, Miadle, and Céal Creeks (Van
Voast.and Hedges, 1975). The region of interest is bounded in part by
two major northeast trending faults, one running througﬂ tﬁe upstream
end of the reservoir, the other about one and one-half mileé southeast
of the upper reservoir (see Figures 25 to 27 for locations). Strata
have dropped as much as 200 feet on the soptheast, downthrown sides
of these faults (USGS, 1977), producing breaks in the coal seams. Van
Voast and Hedges (1975), én the basis'of-well observations, 5elieve
thét these form impermeable goundaries for the coal aquifers. Because
of a regional soutﬁwestward diplof tﬁe strata (USGS, 1977), thé coal
_seams nor;L 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 ccal, the hydraulic properties of the aquifers are
only sketchily known. Van Voast and Hedges (1975) conducted- eight

short pump tests in the Fast Decker coal, reporting hydraulic
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conductivities ranging ffom 0.5 to 19 ft/day. Most values were around
1 foot/day. They also estimated the confined storage coefficient of
the coal as 0.00003 usiné Lohman's method (Lohman, 1972), and 0.00001
to 0.00002 using Jacob's method (desc;ibed in Ferrié et al., 1962).
USGS (1977) estimated coal hydraulic conductivities to be three to
five feet per day, with a confined storége coefficient of 0.00001.

It is believed that flow through the coal ig controlled by. frac-
tures (Hasfurther and Rechard, 1976). A fracture-study at East Decker
'(U.S. E.P.A, Qua;terly Reporg, 19%6) indicdtes two geﬁe?al,fraéture
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-
tivit§ 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 wield 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
3
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northeast-southwest and nortﬁwest—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 moté 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 féet) are on the
mine site; and the largest are beyond £he mine site proper, towards
the grid boundaries. Grid spacings are baéed'on suggestions bﬁ

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 ITII, the model automatically
<2

treats outer columns and rows as impermeable boundaries. The imper-

meable fault boundary line in the upper reservoir, running along

column 8, ié handled by setting TX factors for the fault nodes equal
to O.

The grid extends out several mileé to the portheast and southwest
of the mine into the recharge areas. Column 1 exéends out_several
miles n&rthéast.of the mine into the high, &ryvboéndéries of the aqui-

fers..
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Node layer three (k = 3), the lowest’layer, represents the D-2 coal
aduifer. Layer 2 (k = 2) is.usgd to represent the D-1L coal aquifer,
the D-1L and D-1U combined coal aquifer soﬁthwest.of thg mine, and the
alluvial aquiferialong Deér Creek; where the. alluvium contacts the
+D-1L. Layer 1 (k = 1) represents the D-1U coal and clinkerﬂaquifgrs.
.Where the D-1U coal and clinker aquifers combine'with tﬁe D-1L (in the
-Deer Creek alluvium and at the D-1U and D-1L seam junction), the aquif
fers are linked as described in Chaptef ITI. All three aquifers are
linked to the reservoir in the areas of the Deer; Middle, and Coal'
Creeks mouths. This linkage is accomplished as describéd 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 elevationé of the aéuifer
‘top and bbdttom, the premining aquifer piezoﬁetric head, the hydraulic
conductivzgies 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 identificatidn number
(NOD) is used in several ways. It.identifies thé type‘bf aquifer
material (coal, clinker, etc.). It is also‘used to identify nodes in
and adjacent to the mine cugs, and nodes at which aquiferé are linked

together. Identification of these nodal chdracteyistics is necessary

to .the model operation.
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Aquifer base elevations were obtained from structural dé?a from
’Van Veast and Hedges (1975), and from structural maps and drill hole
data provided by Peter Kiewit BSons, 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 thidkness,
they were éssignéd constant thicknesses throughout. The aqﬁifer tops
of the D-2 and_Dle coals were set 15 feet above their respecfive node
bases, while in the D-1U coa; the tops were set 23 feet above the
node bottoms. In the unconfined alluvial and clinker aqﬁifers; the
aguifer tops were set at the node‘surface eleyations as determined
from topographic maps.

Premining Piezomet£ic heads for the D-2 and D~1L aquifer nodes
were obtained from piezmotric contour maps p?esented'by Van Voast and
Hedges (1975). Héads for the D-1U aquifer were determined from~a‘
piezometr#c contour map prepared by the author from observatién well

data proﬁided by Van Voast and Hedges. The maps were based on water

level observations from six wells finished in thg D-2 coal, ten wells
finished in the D-1L aquifer, and nine finished in the D-1U 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 aséigned ﬁiﬁhinathe aquifer material

types. Clinker nodes were assigned hydraulic conductivities of 100
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feet per day and specific yields of C.1l, as estimated by USGS (1977).
(Clinker.hydraulic conductivity was assumed isotropie because clinker
is a material that has been fréctured.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 alluv?um were not used, however,
because drill hole logs indicated that alluvium along Deer Creek was
best déscribed as a sandy silt.‘ Tébles in Todd (1959) and Lohman (1972)
give an approximate specific yield of 0.05 and a'hydraulic conductivity
of 20 feét 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 éiven in USGS (1977) and Van
Voéét and Hedges (1975). These values averaged 2 to 3 feet per day.
Because fracture counts indicated about twice as many fractures in the
northwest—gbutheast direction as in the northeast—southwest.direction,
a ratio éf HCX to HCf of 2:1 was used. HCX was assigned a value of 3
feet per éay.

| ‘The coal node éonfined storage coefficients were assigned values
of 0.00002, a vaiue 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 (L&Hman, 1972).
A graph in Todd (1959) indicates a specific yield of less than .0l is
applicable for thié type of material; |
Recharge flux values, which were required at some boundary nodes,
were based on a premining simulation and are discussed:iﬁ 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 piézometric 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 aftain 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 northéést 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 from the piezometric contour
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maps Qf Van Voast and Hedges (1975). The reéharge_rétes, given in
Table 1, were applied uniformly to the rows 1 and 39 nodes, the nodes
that border the recharge areas.

Beginning with the initially assigned node piezometric heads and
ﬁsing the Table 1 recharge rates, 600 days of system simulation pro-
duced flow that was essentially steady (minimal fluctuation in node
heads). The simulated steady state piézometric surfaces for the D-1U,
D-1L, and D-2 aquifers are showﬁ in Figures 25 to 27, pp. 97-99.  These.
simulated surfaces exhibit the same general flow patterns shown by the
piezbmetric surface 'maps of Van Voast and Hedges (1975). Surface diff.
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 mo&eling methodology rather than the fine tuning of the
model.

TABLE 1: ©Node Rechérge Rates.

Row 1 ) Row 39
. ® .»recharge rate recharge rate
Aquifen;;ﬂ ‘per unit node area - per unit node area
3 2 ’ - 3 2
D-1U : .00006 £t /ft°/day  .00003 £t /ft /day
D-1L .00005 ' .000016

-2 - . .- - .000032 . .00003 -
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Mine Cut Simulation

First Simulation Attempt

Procedure. In the firstAsimulation, 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),

Q, = (qn)(WALL) _ : (58)
where
qn = the naEural (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 flbw rate from storage),’

8 .
0 (1) (WALL) ($) : ~ (59)

X=C

st

where ’
\‘

=]
I}

K(h—BOTé = transmissivity in the direction of flow at the
node (L~ /T)

K = hydraulic conductivity in the direction of flow (L/T)
head elevation at the node (L)

L2
BOT = elevation of the aguifer bottom at the node (L)

h

and'(ah/ax)x=c is evaluated with Equation (60)

2 2 1 . :
2. % (u -u "
—) ° H( y € du) . e L (60)
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. Equation (60) is the derivative with respect to x (flow direction) of
Equation (31), the second Haushiid and Kruse unconfined aquifer head
approximatioﬂ (Equations (31), (58), (592), 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.

Equatién (31), which.is for unconfined nonsteady flow, was as-
sumed applicable to the D-1U and D-1L nodé,calculations because these
aquifers did not have significant amounts of water in confined storage
" before mining: around the initial mine cut the D-1U was naturally
unconfined, wﬁile the D-1L 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

£ 2]
confined storage, it was felt that Equation (31) might be applicable

sinée initial drainagé would rapidly lead to unconfined conditions
‘around the mine.

Because (dh/dx) is a funcfion.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 & plot of
l(ah/ax)x=c versus time for K = ﬁcx = 3.0 feet/day. The nodes on the
north and south ends of the cut would experience flowkin the y direc-
Fion. Figure 30 plots (Bryax)x=c versus time for K = HCY = 1.5 feeé/
day. Both curves were calculated from Equatién (60) for x =.c_= 250
feef,vhalf 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 iﬁme-
diately adjacent to -the cut on the side away from the reservolr 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 rates. For the alluvium which

contacts and recharges the D-1U and D-1L coéls, Equation (20) was used:

2
. K h-S H."-
_ K S, ir
qr £ [ 2]o (20)
<3
where
q, = discharge rate from the reservoir per unit length’of

mine cut (L2/T)

K.= hydraulic conductivity of the alluvium in the direction
of flow (L/T)

N

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

h = height of the water table above the aquifer floor. Watertable
is assumed initially horizontal (L) -
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Hr helghL of the resexrvoir surface above the aquifer floor
{L.)

For the D-2 coal, Equation (55) for confined flow was employed:

where

and other

=]
|

q. = T—— (55)

= transmissivity of the coal (L /T)
(coal hydraulic conductivity in the direction of flow)
(céal seam thickness)

1t

helght of the reservoir surface above the top of the coal
seam (L) - -

terms are as defined above.

Equations (20) and (55), which are discussed in Chapter ‘II1I, were

used to calculate the steady node discharge flux ratest(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¥/£t?/day

7,29,1 .005 *

8,30,1 .006

8,31,1 .024

9,31,1 .024

10,31,1 .005

6,25,2 .00Y

6,26,2 .0007

6,27,2 .0005

6,28,2 .0006

7,29,2 .001

8,30,2 oo . . . :

8,31,2 .001 T " (cont.)
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Table 2. (Cont.)
: 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" i .01

calculation of these sfeady values, the vélues were calc;lated outside
of the model and placed in computer meméry with @he other node data.
The program gutomatically calculated the Q. values, théﬂhet node
ieservoir to cu£ discharge rates, from each node's dimensions.
Results. This first simulation produced drawdowné”ia alli three'

aquifers. However, the drawdowns produced were unrealistic, especially

. in the D-2 aguifer: extrapolation of drawdown curves to the cut wall

yieided drawdbwns much less than the expected full drawdown, - Further-
more, after about 15 days of simulation the D-1U and D-1L 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 water re-
leased from confined storage.

To account for the significant amount of water in confined stor-

age in the D-2 coal, Equation (61l) (see Chapier ITI)
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_ : ds -
0., = (T) (WALL) [52] | (61)
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
;ide away from the reservoir). This flow rate was added to the flow
rate calculated from the sum of EquaE}onsl(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 (9s/9x) is a time depen-

dent function. The (3s/9x) gradients were evaluated with Equation

(62)
. , N .
9 o 2 - -
5 =~ e - 1/2 (62)
% (4T t/8 )
o "o’
where
X aiternate X
u = 172 : T
4T . -
( Ot/Sc) 4TOL/Sc
T: = confined aquifer transmissivity in the direction of flow

@?/7)
={K) (coal thickness)

and other terms are as defined in Chapter III.. Plots of (35/3X)X;C
versus time are given in Figures 2§ 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 héad of the b~2 ag@iferrin
the immediate mine area was about 100 feet above the base of the coal

seam) .
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Because the D~1U and D-1L nodes southeast of the cut began to
fill after some time during £he first simulation, it was apparent that
the éischarge raﬁes computed from the sum of Equations (58) and (59)
for these D-1U aﬁd D-1L nodes were ﬁnderestimates, 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 aquifer§.WQuld be
invalilid; most of the wéter‘in confined étorage was in areas away from
the mine, and the situation did not come near to the ideal;condition§
for which Equation (61) was aerivéd. Therefore,-to deal with the
underestimatipn, it was decided to.switch to an esséntially steady
discharge into the cut when t = 10 déYs, shortlf before the nonsfeady
simulation would cause‘nodes'to refill. For t 2 10 days, those nodes
 in the D-1U, DFlL,\and D-2 thét had been pumped:at nonsteady rates
were pumped at rates calculated using constant g;adients ?h/éx and
9s/9x (the gradient values at t = 10 days) in the appropriate equations-
(D~1L and ﬁ—lU node discharge rates were calculated,frém the sum of
the steady rate of Equation (58) and the nonsteady rate of_Equ;tion
(59), and the D-2 node discharge rates were calculated from the sum of
- the steady raté of Equation (58) and the nonsteady .rate of Equations
(59) and (61).) Although the D-2 nodes had experienced no refillling !

during the first simulation attempt; the D~2 nodes were also pumped at

steady rates for the sake of consistency.
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Holding the gradients constant permitted node discharges to
fluctuate in direct proportion to the saturated thickness, thus pre-
venting any nuﬁérical instabilities if a pumped node dried up (It should
be mentioned that although 0oh/dx and 9s/0x rather than Qst were held
constant, it turned out that total discharge to the eut.held fairly
steady for t > 10 days).

Though the decision to use an essentially steady discharge after
t = 10 days may appear rathér 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 highef diééharge rates in this simulation, large
drawdowns occurred in the D-2 aguifer at the southern grid boundary,
drawdo&ns on the order of 30 feet. Drawdowns also occurred iﬁ the D-1L
aquifer in zhis 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 constént recharge boundary as originally conceived. To
compensate for this without completely rewérking 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-1L nodes for
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each new time increment by a quasi-steady state method. Héad values
from the previous time incremént were used in the Darcy eguation to
estimate recharge for the-subsequent time increment. This tactic
allowed the rechérge of this boundary to vary with time when the pit
drawdowns reached the boundary.

For éxample, recharge for D-2 node (15, 39, 3) wasg calculated
for each time increment as |
h

P1s5,39,3 7 Mis,38,3
15,38

[ ]

Recharge = HCY15,38,3

[C 1

%215,30!%%15,39,3 7 B15,30,3
where terms are as previously defined.

During the first portion of a simulation, before dréwdowns
reached the boundary, this procedure yielded essentially constant
recharge rates; rates were being caléulated from the preﬁining
gradient,: just as rcw 39 recharge was calculated for the previous.
computer fhns, However, once drawdowns ﬁoved out to ro&é 38 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, the second simulation

eat

produced the drawdowns shown in Figures 31 - 33 after 356 days of simu-

>

lation with . , L
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Fig. 31. Drawdown in the D-1U aquifer 356 days after
introduction of the mine cut.
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~introduction of the mine cut.
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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 greatést drawdown§ were pro-—
duced in thé D~-2 aquifer (see Figure 33), the .aquifer with the
greatest initial piezometric head. Drawdowns in the D-2 aguifer were
as much as 80 féet. The D~11L, agquifer, with its somewhat lower‘initial
head, exhibited muich les; drawdown (see Figure 32). ﬁaximum drawdown
iﬁ the D-1L aquifer was 30 feet._ Very little drawdown (Figure 31) was
seen in the D=1U aquifer. Only at iﬁs southern end did the mine pit

cut into the water bearing portions of D-1U c¢oal and clinker; at the

northern end the pit cut into dry clinker.

The second simulation proved to be far more réalistic than the

first simulation: extrapolation of drawdowns to the. zut walls yielded

the expected full drawdown at the wall face.  In adldition rriodes 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-
dict the drawdowns and mine drainage rates that would be éxpected 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
Lonngquist' (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, ete.) A three
layer array of 2457 nodes was used to represent the three aquifers of
interest.

Using'somewhat different approaches to modéling the mine cut
boundary, two attempts were made to simulate the gfoundwater flow
changes that would result from thelinitial East Deckexr mine put. The
first attempt used reservoir bank storage equations for unconfined
aquifers for e;timatinq the nonsteady discharge from aquifers exposed
"by the initial mine cut. WNodes immediately north, easé; and south of

. 1 ! : :
the mine cut (the sides away from the reservoir) were pumped at rates
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calculated from the bank storage eqﬁations in order to produce aquifer
drawdowns. [IFlows into the west side of the cut were éssumed steady due
to the close proximity of the: reservoir.

The first simulation attempt produced significant drawdowns in all
£hr§e aquifers, However, there were problems with the simulation
results: extrapolation of d;awdowns to the cut walls indicated that
~the simulated drawdowns were much less than would be expected, and,
furthermore, some drawn dowh nodes began to refill after. some time. It
was felt that these problems indicated that aquifer discharge rates
were being underestimated, probably becau;e water released from con-
fined storage was ignored in the simulation.

The second simulation was different from the first in two
respécts. First, nonstead& discharge to the mine cut was estimated by
usipg the sum of the discharges yielded‘by'the'confinéd and unconfined
bank storage equatiops. Secéndly, when the aquifer discharge began to
approach agconstant rate after a period of simulated time,’the dis~-
charge rateé were held essentially constan£ for aill succeeding time
iqcrement calculations. :This second change followed a sugggs£ion by
Davis (1976) who had observed that diécharge £o a miné:cgé could be
assumed as essentially steady within a,sho¥t time aftex the-cut opening.

Drawdowns, produced by the secend simulatiog”p;ocedutgswere
realistic. Extrapoiation of simulated drawdowns to the eége of the

cut yielded the expécted full drawdown. Aquifer draWdowng

1
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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 ié felt that the following represent the most importént points
warrapting further work: -
1. B better way of handling the Qine cut boundary would be desirable.
The autbor feelé that the two~dimensional analytical equations used in
the model to represent this boundary were used at théir limit of
applicability. It is suggested that a three-dimensional approach
(possibly a numérical method) holds the most promise. I
2. Before any further work is done, the node grid shqﬁld be expanded to
the southwest to reach beyond the area of significant aétifer drawdgwn.
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. oOut of necessity, the data used for:tﬁé previously




~125~
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 (r.2/7)
a = aquifer saturated thickness (L)
BB = coeffiqieﬁt defined on p. 69 (LZ/T)
BOT = elevation of aquifer bottom (see Figure 13, p. 58} (L)
b = thickness of a confined aquifer (L)
b{ = thickness of‘an agquifer confining layer (aquiterd)‘(L)
; CC = coefficient defined on p. 69 (L2/T)
;. . JCH = eglevation of aqﬁifer 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)
HO = stream or reservolr level drop (L)
Hr = heL@ht §f reservoir surface above aguifer bottom (L)
Hr—c= heigﬁt of reservoir surface above a coal sea@ (1)
'Hcg = node hydraulic conductivity in the x direction (L/T)
-HCy = node hydraulic conductivity in the y directiop (L/T)‘
h = head at time t+ t(L)
h_o = head at time t (L)
hS = gaturated thickness of an aqgifer (L)
i = node coiumn number (see Figure 11, p.|525 J

APPENDICES

node row number {sec Figure 11, p. 52)
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K = hydraulic conductivity (L/T) -
KX = hydraulic conductivity in the x direction (L/T)
Ky = hydraulic conductivity in the y airection (L/T)
Kz = hydraulic'conductivity in the z direction (L/T)
K' = vertical hydraulic conductivity of an aquifer confining layer
(L/T) - '
k = node grid layer number (see Figure 20, p. 76) ..
= node interaquifer leakage rate (La/T)
NC = number of columns in node grid array -
NL = number of layexrs 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 (.2 /)
= q -Wall (L3/7
5 q Wall { /T)
3
= W
Qr q, all (L°/T) )
“wall '
= - L
Ot T g M (L=/T)
g = discharge rate per unit length (L/T)
q, = natural flow rate per unit length of mine cut (L/T)
q, = aquifer discharge rate per unit length of mine ecut from
reservolxr (L/T)
q .- = aquifer discharge rate per unit length of mine cut fyrom
st \ . .
: aquifer storage (L/T)
R = node vertical hydraulic conductivity factor; as defined on

p. 77 (L%/T)




SF1

SF2

TR

TX

TX

TY

agquifer storagé coeffiéiept {dimensionless)

average node stofige coefficient (dimensionless)

confined aquifer storage coefficient = SS b (dimengionless)
specific storage = g (nB + (1-n)®) = 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) = VW/V (dimensionless)

node storage coefficient factor as defiged”on p. 54 (L2)

node storage coefficient factor for confined conditions (Lz)
node storage coefficient factor for unconfined conditions (L2)
aquifer drawdown (L)

transmissivity (LZ/T)

average node transﬁissivity (LZ/T)

transmissivity in the x direction (LZ/T)

transmissivity in the y direction (L2/T)

int®rnodal transmissivity factor between adjacent nodegs in the
same column but not in the same nodellayer (see p. 82) (L2 /1)

internodal transmissivity factor between adjacent nodes in the
same row but not in the same node layer (see p. 82) (L2 /1)

aquifer transmissivity factor between adjacent nodes in the
same row (see p. 54) (1.2 /1)

aquifer transmissivity between adjacént nodes in the same row
(1.2 /) '

aquifer transmissivity factor between adjacent nodes in the
same column (see p. 54) (L2/T) '




X1 =

X2 =

Yl =

Y2 =
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aquifer transmissivity between adjacent nodes in, the same
column (L /T) '

time (T)

"dimensionless time" (see p. 48)

. integral argument, variously defined

volume of porous medium (L3)

volume of water that can be arainedlby gravity from V (La)
source/sink function (pumpage, recharge, etc.) (L/T)
length of mine cut'immédiately adjacent teo a npdé (L)

node giid‘dimension along x axis (L) )
average node dimension in X direcfion (L)

node dimension as defined.in Figure 12, p. 52 (L)

node diménsion as defined in Figure 12, p. 52 (L)
distancé along x axié-(L).

node grid dimension along v axis (L)

"average node dimension in y direction (L)

node . dimension as defined in Figure 12, p. 52 (L).

node dimension as defined in Figure 12, p. 52 (L)

distance along y axis (L)

- distance along z axis (L)

vertical compressibility of'an aquifer (LT?/M)
compressibility of water (LT2/M)
time increment (T). .
moisture content (dimensionleés)

mass density of water M/L%)
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APPENDIX B

= HYDR

$2SS0 222040 CRLOEDRIDELILERESORSIBENT
¢ FASY DECKFR GROUNCUWATEPR MODEL =
SEEACILRVN ISP RFTLLLSIRRISDOEIONIODTERLSY

THIS PROGRAVM IS A FINITE DIFFERENCE MODEL OF THF THXRKEE LAYER
EAST DECKER ACUTFFR SYSTEMe SOLUTINN OF THE FINITE DIFFEREMNCE
EQUATIUNS IS C°TAINED WITH THE MODJIFIED ITECRATIVE ALTFRNATING
DIRKTCTION IMPLICIT FETHUD (MIADY) DEVELOPLD BY PRICKETY AND LONKNQUIST
C1971).

THE PROGRAX CIONSTSTYS OF THE “AIN PROGRAM “CENTRAL,® WHICH
CONTAINS THE SOLUYLOM PROCEDURE AND PRPINTS PESULTSy AMD FIVE SUR-
PRUGKAYS ThAT PROVINDE INPUT TO “CENTKALL® SUSPRUGKRAY “LINK®
COMAINES (JUTYNS) AJQUIFEP FLOWS. SURRDUTINL °TRANS® CALCULATES
INTURRUDAL TXRAUSMISSIVITY FACTORS, SUSRONTINE “FLU¥® IS USED TO
CALCULATL AKONSTEADY DISCHARGE KATES INTD Tnf MINE, CALLTHNG OM SUB-
ROUTINE “EST® TN SOLVE TeF INTEGRAL IN FQURATIUN (63). SUPROUTIKE
“YALUE® REANS IN THF INITIAL NODt DATA AND READS Th NEW DATA
WHEN NEEDED,

PROGRAM DATA 1S READ NUT OF FILE 105 BY “CENTRAL,® AND QUT OF
FILE 1Cé& BY SUBRJUTINFE °“VALUE.®

DEFINITIONS OF VARIABLES:
PLAFLIESIPLELITLEUEEBLES

ARGPR,CCyDD =~ COEFFICTIENTS TN EQUATTION (47)
AX = AQUIFFR T ANSYISSIVITY AT NUDE I9JsX IN THE X DIRECTIONM
o (FT822700Y)
AY ST AQUIFER TRANSHISSIVITY AT NODE I9JeXK IN THE Y DIRECTION
(FYse2/DAY)
BCT¢K)y OR B(JsK) =~ INTERMEDIATE CALCULATIONAL VALUE IN THE THOMAS
ALGORITHA
BX - AQUIFER TRANSMISSIVITY AT MNONE I419J,K IN ThE X DIRECTION
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(FYe82/0AY)
BY = AQUIFFR IxANSMISSIVITY AT NODE T,Je¢1l,K IN THE Y DIPRECYION
(FT¢e2/DAY)
ROTCT 3JgK) = ELEVATILN OF AQUTFER KBOTTOM (F1)
EOTICK) = CEFAULT VALUE FOR BOTC(IyJdyK)
CHCT3Js¥) = DLYVATIGN OF AQUIFER TYUP (FT)
CCHCK) = DELFAULYT VALUE 708 CHCIyJ,K) CFT)
DELTA ~ TIMF TNCREMFNT (DAYS)
DHLI3J4K) = HewALL3(I/X)eK CSEE FQUATION (60))
NDLCTsJyK) = JATFRYCOIATE CALCULATIUNAL VALUE IN HEAD PREDICTION
ROUTINE
ERF = INTEGPAL IN SCUATTON (69)
ERRNR = HIGHEST SUMYED ERROR PERFITTED TO MEET CCNYERGENCE
CRITERLON
FXCIgJsK) = (X/7SIPIC49K*H/2S5)) (SEE EQUATION (€92))
GCIyK)y UK GCJy%X) = TMTERYEDIATE CALCULATIGNAL V2LUE IN THE THO®AS
ALGUR YT riv
HCJ9JysK) = HEAD AT FKD OF CURRENT TIME INCRENEMT (FT)
MA = JNTEPMEOTATE HEAD VALUF IMN THE THOMAS ALGCRITHM
HOXCIgJgK) = HYDRAULIC CONDUCYIVITY IN THE X DIRECTICAN (FT/NAY)
HCY(T gJeK) = HYORAULIC CUNDUCTIVITY IN THE Y DIRECTION (FYZDAY)
HHCK) = UEFAULT VALUE FCR MCIsJdyK) AND HUCIgJoK) C(FT)
HO(I9JeK) = HEAD AT END OF PRFVIQUS TIME INCREMENT (FT)
I - GFPID CGLUFN AUMP(R
ISTEP - TIME 1NCREMENT NUMBER
ITER — MTLDI ITCRATION MNUMBER
J = GRID RUW NUMRER

K -~ AQUTFEPR NUMBRER: 1 = D=1 U COAL

2 = D-1 L COAL

3 = D=-¢ COAL
KSYEP -~ ISTEP FOP WHICH PRINT OUTY OF RCSULTS IS OESIRED
MSTEP = ISTEP FOP WHICH UATA CHANGE (MINING CHANGE) OCCURS

NC - NUPRER OF GRID COLUMNS = 21
NL = NUM3FR OF GRID LAYERS = 3
NR = NMUFBLFE OF GRID ROWS = 39
NODCIpJdeK) = NODE INENTIFTCATIOUN MUMRERS
< NODF PUMPED AT NNNSTEANDY RATE C(ADJACENTY YO MINE)
Rt SCPVOIR BOUNDARY NODE
ALLUVIUY NNDE
CLINKER NODE
CUEL NODE

L N
FUN L (I L B |




NSTEPS ~

DESTIRED
PPC(Y) -
CClsd,¥) -
eME(K) -

K(lyJyK) =

SFe(ladsk) -
ST = SATURATED
S1I(K) -
S$2¢K) ~
$1rE = 71N
TXCIsJdpK) =

SINCE
AQUIFEP
I1+1,J,%
AQUIFER
Tedel,K
XZCI) = NON:
¥Y2<(J) = KNNDE

TYCI9deK) =

X1(1),
Y1d{J)
N -
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SURRGUND ING
T10TAL NUPAER

DEFAULT VELUE
CISCHARGE
CISCHARGE FROM STO2AGE INTO MINE CUT FROM EACH AQUTFER
(F1se3/7D2Y) :

QQ(K) - DEFAULY VALUE FOR QCly,JyK) (FTse5/70D2Y)
INTECAQUIFTR LEAKAGE FACTCOR (rTes2/CAY).
NONSTEADY PUMPED NODES

LEGINNTING

dghliﬂrﬁﬂlﬂfE CALCULATIONAL VALUE IN THC
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9 = DPUFAY NIDE (HYDRAULIC CONDUCTIVITIES = 0)

16 = TRIGGLP NUMRER TG EXIT READM ROUTIMF IN “VALUE®

11 = “[NE CUT NODE CHYDPAULIC CONDUCTIVITIES = 0)

20 = TRIGGER NUVHER TN &EXTT PEAN BOUTINE Ih “VALUF®

21 = INDICATES AQUIFER 2 NODL SHUULD PC LINKED WITH
SUFROUMNDING AQUIFER 1 NORES

31 = INDICATLS AQUIFEPRP 3 NOOF SHOULD BRE LIAXKED WITH
SURRNUKDTNG AQUIFER 2 KODES

32 = INDICATLS AQUIFEK 3 NCNE'SHCULD fE LINKED WITH

ACUIFER 2 AND AUUILFER
TIMt LIACREMENTS FOH

1 NJDES

nre whICH SOLUTION

1s

FOR HCX(I,J,K) &MD
FACTOR (FTss2/02Y)

HCY(1,J,K) (FT/7DAY)

LLSQ USEN FCR
FOR THE INTERCEOTED MATURAL FLOW

RATE (FlTes3/DAY). SEE CHAPTER 4.
RISE(T4JyK) = CHANGE IN NOOE HELAU SINCE BEGINNIAG OF SIMULATION
\FT)
RR(K) = DEFAULT VALUE FNR R(I,JeK)
SF1CL4JeK) = STOKAGE FACTOR FOR CNNFINED CONDITIONS (7 Te22)

STORAGE FACTOR FUR UNCONFLINZD CONCITIUNS (FYes2)
THICKNESS
OFFAULT VALUE
DEFLULT vaLus

0F AQUIFFR AT NLDE
SFICTedek) (FTeel)
FUGR SF2CIgJdek) CFTes2)
OF SIMULATION (DAYS)
TRAMSYISSIVITY FACTOR BETWEEN
(FTs22/0AY)

TRANSVMISSIVITY FACTOR SETWEEN NNDES I9J9K AND
(FY*82/DAY)

DIVENSTONS DEFINED IN FIGURE 12 (FT1)
DIMENSIONS DEFINED IN FIGURE 12 (FT)

THOUYAS BALGORITHM

IsJsK (FT)

F0x

NODES TydgK AND

CHI62TE3309 993622229032 2088320482232 00 3042302230888 304C348e802008
CPBDILHS4L2 333043 TC TSB43R 43084833CFCLERES0sTSEEOEORLSE

C
C
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CENTRAL
tateet Lo

COVPON H(214539923)410021,3993)4SF102153953),4002145239533),TYC021,439,13),
1TXCE2929,30 40299 3209L(3%3040L02193992),5%2(21¢3593)+CHC2143%,3)H
2CY(2Y 9099 3) o HCXCLL 459 93)9°2UTC2143932)3MUDC2153992),RISE02193943)F
IKCel93993)97C21039903)919dsXaNCoNRoNL9TTERTIY gL LTAZ¥STEPSIC3)yS
4203)eMHC3),COHC3) 4 PP(3) o BDTTC3)9R2CIDHyUICIIHIHC2143993)yX1C21)9X2¢C
521)9Y1403904Y2(39)9Q%C(C3)

THE FOLLOMING SECTINN READS InN SIMULATION PAPAMETERS, DEFAULY
VALUES, NODE OIMENSTIONS, AND INITTIAL NOOE OATA. ALL DATA IS
READ QUT OF FILES 105 AND 106.

RESGD SIMULATIUN PARRMETERS: NUMBFR OF TIME INCRESEANTS, INITIAL TIME
INCPEVENTy EPROR CRITERION, AND ANUMPER OF NUDE COLUMMNS, R0WS,; AAND
LAYEKS.

READC19591C)NSTEP Sy PELTALZERRORG NCgNRyNL

FORFMAT(1642%he)93T14)

READ NUDL DEFAULT VALUES.

DO 11 r=1,NL

READCLIOE g 12)SICK) gHHAK) 3 QQCK D) 3S2C(KI»CCH(K) yPPCK) yROTT(K)4RRLK)
FOPYAT(QF6.0) f

FILL ELRKAYS WITH DEFAULTY VALUES.

00 20 ¥=14AL

CHC(XI=040

00 20 I=14NC

D0 20 J=14NR

$F1(14J,K)=51(CK) 2
HC1gJsK)=HII(K)

HOCI s Jp KD =HH(K)

oLe?u,x)=0.0

SFe(14JyK)=52(K)

CH(T 4J,%)=CCH(K)

HCYC T g JsKD=PP(X)

HCXC19JaK)=PP(K)
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BOTCLJyKI)=EOTTLCK)

NOCCL 9Jd4K)=T -

RISECIJ,K)=0,0 f
FKCT3JyXK)=0,0

RCIgJyKI=RP(K)

DH(I4J,%)=0.0

Q(T5J,K)=Q00(K)

FILL NUDF DIMENSION ARKAYS,
RELTCII5,30)CXI(T)eI=14NC)
RELDCIVE 30X CI )y TI=14N0)

FCEMAT(TFIC.D)

READCLY59320CY1(J)yJ=1gNR)
REALPCIC5,31)CY2CJ)sJ=15KR)

FUr»aT(15F640)

COMPUTE SFly SF29 Ry AND Q FACTORS FROM THEIR BASIC INPUT VALUES.
09 49 kK=]4ANL

DO 49 1=14NC

DU 49 J=14KR

SFICT g X)=SF1CI oo K)ex2CI)eY2(Y)
SF2CI9JyKI=SF2CTds¥)eX2(1)%Y2(J)
KCToJdoKD=PCT9J9K)¥X2CT)*Y2(J)

CONT INUDE

PEPLACE DEFAULT VALUES wITH ACTUAL NODE OUATAs READ MSTEP VALUF,
CALL VALUF

STAFY THE SIMULAYION.

KSTEp=1

TivE=0,

SIFULATICN WITH THE MIADI METHODe THIS IS CONTAINED IN THE DN
311 LOOP,.

00 311 IS1EP=1,NSTEPS

DNES A MINIKG CHANGE OCCUR? IF SN, READ NEW NODE DATA BY CALLING
SURGHUTINE °“VALUE,®

IFCTISTEPLLT.MSTEPIGD TO 56

CALL VALUE

PRECICT HFADS FOR THE NEXT TIME INCREMENT WITH THE PRICKEIY AND
LONKGUISY PREDICTION ROUTINE,.

TIME=TIME4DELTA




Csess

R0

Ceuss

Cesee

Ceetes

Cetis

Cossse

~141-

DO 70 K=1yNL

DO 70 I=1,4AhC

DO 70 J=14NR

D=t C14J,K)-HOC(I 3J4K)

HO(T gds¥)=H{19JyK)

F=1,

TFAPLCT 4J4K)aEQ,.042)G0 YO 60
IFCISTEPGT2)-=0/0LCI9JeK)

1IFCF .Gl ob5)F=5.)

IF (FoalT40,0)F=0,0

CL(T 4d,K)=D

HCT 3J3K)=H(T4JyK)4DsF .
ITCHCT s JoeK)alEaBOTUT g Ja®¥)DHCT 0 JyK)=80T(1,,J4K)40,.01
REFIMNE ESTIMATILS WITH THE mIADI METHON.
1TeP=0

IFCITER.EQL.TJIGCD TO 305

E=C.0

ITER=ITER] .

ASSTOLM THTERNODAL TRANSMISSIVITY FACTOKS.
CALL TRANS

RLCALCULATE QCI4J4¢X) YALUES.

CalL fFLOw

COLUMM CALCULATIONS C(FIRST HALF ITERATIOMN)y THL 00 190 LOOP,

D0 190 X=1,4NL

00 199 Il=1,4NC

I=11

TIF(FODCISTEPSITER 32)eF041Y I=NC-141 .

(PITE THE AMODE CQUATIONS FORP ALL COLUMN I NODESe THIS IS THE
FUNCTTON OF THE DO 170 LCOP.

D0 170 J=14hR

ST=H(T 4JsK)=B0T (I 904K) i

ASSIGN NUDE STURAGE FACTOR,

S=SFI{IedeK)

IFCHCT 3 oKD e LTACHCI 9JeK))IS=SF2C(I4J4K)

BR=G/NELTA

DO=HOCI ¢ JyX)S/NELTA=QCI Iy KD

IFCOHOC T 9K =CiC T g JgKIDOCHCT pJgX)=CHCI gJ3K D) alTeDaCODO=DDO(HOCTI,J

1K )-CHCT 99K ))(SFLi(T 3J9K)=SF2{IJyKII/DCLTA

THE FOLLOWING SECTION ACCOUNTS FOR INTERLQUIFER LFAKAGE., BECAUSE
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THE R ARREY IS ALSN USED %0OR INVERCEPTED NATURAL FLOW (FLOW OUT
C= M'DFS ADJACFANT TO THE MINEF CUT, NODES COOLD WITH NOD = 1)oTHE
COACITIONALS AUTOUT NOD ARE INCLUDED,
IFChUODC T 9 JdeKDeLTL2)CO TO 88
IFCr.tQ.,1)60 TJ 88
IF(NERLUT 3J9¥=1).LT1.2)GC0 TO RS
ISCHC T 9JgK=1)="0T (1l 9JsK=1)elToee02.ANDHCI 3 J9K=1)GTHC(15J9K)IGO YO
182
IFCHCT3J,K)oeGT.CHCL 3J,X))60 TO 87
DD=CD4(PLY g sk)e(HU Ly JypK=10-CH(TI 4J4KD)))
GO YO e¢
B7 b8=brek(14JyK)
DO=CL+(R(T 9JsK)*H(I 4JyK=1))
66 AA=0.v
CC=0.C
IFCARUDCT4Je%)lT.2)G0 TO 89
IFCK=%L.EC.0)CL-TO 89
TF(RCD(T4J9X41).,LTL2)CO TO 8BS
IFCSTalTaaC2483DaM T9JsK)eGTaHLTIpJyX¢12)G0 10 89
TFCHCL g JdyK#1 ) 0T CH (1 4JeK+1))GO0 10 881
ER=PreR(I9J9eKel)
DN=DD+(RCTsJsX#1)eCH(T 4 JpKe1))
GO 1N K9
891 EB=PU+R(ToJ9Ktl)
DO=LU+CPCTgJy¥+1)eH(T,J,yK21))
Cevee COMPLETE THE %ODE ECUATIONe THE CONDITIONALS COANCERNING
C SATURATFD THICKNFSSFS OF NODE T4JeK AND SURROUNCING NNDES ARE
C DESIGNESD TG PPUVENT FLOW DUT OF DORY NODES.
89 IF(J=-1)90,1004490
SC IFCHRCIpd=1yK)="0T (1 yd=19K)elTea024ARD HCIgd=1yK)aGTHCI,JyX)IGD TO
110v
IFASTul T, e022MDeH T 9 J9X)oGToHC(I3J=14K))GO 10 100
AA==TY(TyJ=1,X) %
BE=BEH4TY() yJ=1,%)
100 TFQA-NF)L1109129,110
110 IFCHCT 3J#1aK)=NDTCL gJ41 3K) ol Tea02.AND HCI9J*19K) BT HC(IoJgK)IGO TO
112¢C
IFCSTelTas02.ANDGHUT Iy X) eCToHCIyJ41,K)ICO0 YO 120
CC=~TY(1yJsK)
PzPR4TY(1,3JsK)
120 IF(1-1)1304140,130

(aXal el
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130 IFCHCT=1pJdoK)=R0T (1190 sK)elTeellaNDeH(TI=19d9K)0TH(14JsKIICO TO

140
150

169
Cesee

16¢

17¢
Ceosse

1R0

190
Cteer

Ceres

ol aNalal
>
.
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IFCSTelTeel242i0eHCIgIyK)GTLH(I=1,0,K))C0 TO 140
FH=EN¢TX(1~19J4K)

UO=DU+n(l=19sdst)eTX(I=14J4K)

IFCTI~KCY1SUsdibl gl 5V

IF(HUT#1 9 JgK)~ROTCI413J3K)elTaa02ANDLHC(T+1,0sK)eGTH(T4JyKIIGO TO

1160

IFCSTalTaal02.2%0eHCT 9 JsK)eGTHCI41,04X))G0 TO 160
BR=FL4TX(T9Je¥)

DOzDDAF (I 41 4 34K)*TX(I 4J4K)

ASSIGN 162 TO X2

GO TJ “LINK® 10 CONMECT AQUIFERS IF NECESSARY,
GO0 10 %00

N=PP=LASHTJ=1,K)

FCJIyKI=CT /W

GCJyK)=(N0=-ARSG(J~14X)) /N

RE=tS3TIPATE COLUMN 1 NONE HEADS XITH THE THOMAS ALGCRITH™,
E=E4AFSCHCI g NP, X )=G(NRyK))

HCI P 3K )=0G Nk yK)

N=hP=-1

HASC (N K )=B(NXD)esH(1,h81,4K)
E=b4ARS(HA-H(I Yy K))

HCIgNgK)=HA

N=N-1

IFCh.GT.0XGD TN 180

DO 190 N=14NR

IF(HCT o heX)aGTaR0TCTI,NgKIIGO TO 190
E=E=HMCTCLyNoKI)= 0o GL+HCI gNyK)

HCT g NeKD)=PLT(IsNsK)40,01

CONTINUE

DUTPUT E,TTER :

ASSIGN JNTEPNNDAL TRANSMISSIVITY FACTORS.

CALL TRANS

RECALCULATE QUT4JsK) YALUES.

CALY™ FLOW

KOW CALCULATIONS CSFCOND HALF ITERATIOM). THIS HAS THE SAFE
AS THt CCLUMN CALCULATIONS AND IS ALL INCLUDED IN THE DO 30

DO 200 K=14NL

FORM
LuuP,
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DC 200 JJI=14NR
J=JJ
IF (MUDCISTHPAITEK, 2).EQe1) J=NR=J4}
Ceoss WRITE THE AUDE SQUATIONS FOR ALL ROV J NODESe THIS 1S THE FUNCTYICN
C NF Ti't U0 280 LDOP.
DO 230 1=)14KhC
- ST=H(TeJde¥)=RAOTCI 3J4X)
Cesva ASSION NUDE STORAGE FACTUR,
S=SF1(ledsK)
IFCFCT g Jo K)o LT CHUL 3 J3K))IS=SF2CI 4J4K)
PR=S/DELTA
DN=HOCY yJyKISsS/0FLTA=G(T4Jd,yK)
lf(("l'1(1,.1.7)-(,|'(Y.J.K))‘(W(I.J'K)-Cr'(I'J,K))-LT.0.3)0()=Df“("0(!,J
LoK)=-CHC13JsKD)e(SE1CT gdy¥)=SF2(IsJsKJ)/DELTA
Ceess THE FOLLUWING SECTION ACCHOUKTS FOR INTERAQUIFER LEAKAGE.
IFCANNC T3 J9X) el T 2)CU TU 198
IFCXK.CUa13GD T -193
TIF(AAU(T 3047 =1D,LT7.2)GO T0 198
TFQHUT g dsK=2)=50T (1 9J3X=1)elToa02¢2NDeHCIsJoK-1)aGToH(1,J,K))GCO TO
119¢
IFCHRCT g J9K) GTLCHOL 3Jd,X)J60 TO 197
D0=0UL4C(K(TI3JsK)e(HCT gy K=1)=CHCI4JdyKD))
6N 16 )Y
197 BR=ER+(I14J,K)
PN=CD4CRCTsJsXIoHC(L g JsK~1))
198 AA=(C.0
CC=0.0
IFANONCT o JgK)el To2)0O TO 199
IF(r-tL.EQ.CIGY TO 199
IFCNNDCT 9 Jy¥+1)elTeg)G0 TO 199
IFCSTalTeal2.2i0.HCTgJyXK)aGT H(I3JyXK¢1))G0 TO 199
IFCHCT 3 Jg K410 GTLCHCI 3J3X+1))G0 TO 1981
EP=FR4L(]pJeK+1)
DO=0C4(RC1yJy¥+1)sCH(TyJyK41))
60 70 199
1581 RR=Prap(r,0,K41)
DO=DD4CR(TsJyVe1l)eH(I4dsK¢1))
Ceses COMPLETE THE NUDE CQUATION,
199 1F(J-1)200421G,200
200 TF(HCTJ=14K)=PNT (13Jd=15K)alTua02sANDSHCI3d~19K)aGT H(IJ,K2)CD TG
1210
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IFCSTalTee02 0D HCT 3 eK)aGTeH{TJ=1,4K))60 10 210
HB=FR4TY(T,J~1,K)
UUZCUHHCL 301 ,K )8 TY (I gJ=1,4K)
210 IFLJ=-KMR)2Z20,2304220
220 IF(HCTgJd+1a¥)~00TCLleJ 41 oK) elToo02,ANDHCT J+13K)aGTaHCIJyK)ICO TO
1230
TFQSTalTaalZ2e AN H(T3J9K)CT.H(T4J+1,4,X))C0C TO 230
DP=0PUAHCTI o J#1 4K D TYLI U5K)
UH=bE4TY(lgJyK)
230 IF(1=1)240,2504240
240 TF(PCI=13JdsK)=B0T(I-19JsK)elTee0leAMDaH(I=19JsK)ehT.HClJ,KD)CU TO
125¢C
IFCST el TaalC2e2vDaHCIgJeX)aGT H(I=1,5J4K)2GCD YO 250
BP=FL4TXCI=19J4K)
AR==TIX(I=14JyK)
250 IFCI-M(CYL604270,4262
260 1FCHCI41404K)=POTCI419J9K)alTee02ANCHCTI4143J9K)aGT HCI4J3K)IGOU TO
1270
IFCST el Taul2. 506 HCTpJpK)aGTeHUTI®14J4X)IGO TO £7C
LE=FB4TXCTgJyh)
CC==TX(T4JeK)
270 ASSIGN 272 TN K2
Ceess GO TU “LINK® TO CONNECT AQUIFERS TF NECESSARY,
GO 10 500
272 W=tP-AL¢D(1=1,K)
R(I4KI=CC/W
2P0 GCIgK)=(ON=AALCI=14K))/W
Ceses RE~ESTIVATF KOw J HEADS WITH THE THOKAS ALGORITHM,.
E=E+2HSC(HCANC s Je XDI=LINCH X))
HOAC 3 Jy %) =G CHO4K)
N=NC-1
290 HA=GUNK)=F(NeX)sHIN®1JsK)
E=E42RS(H(NyJpK)=HA)
H{KkyJyK)=HE .
N=A-1
IF(N.GCT.0)G0 T0 290
DO X090 N=14NC
TFCHCM 9 J3K)eGTNO0TI NIy XI)IGO TO 300
E=F=POT(MyJeK)=0a01+H(N I 9K)
H(hy JgK)=HOT(NsJsX) 40401
300 CONTINUE
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(ool ol

C.

305
210

389 %

402

403

404

405

406

OQUTPUT ELZTTER

DOtS ERROR MEFT CRITERION? IF KOT, RETURN 10 804

INCELCTLERRGR) GO TO RO

IFCTITERSLF o 3)G). T 8O

TFCITEKeLT T4 ANDLISTEPLEQLL1IGO YO 8O
WOLlTe(l039310)TINFLEL,ITER .

FORMATC TINME =" 4FBad/ 3 TRROR =95204T7/4°ITER ="412/777)

CALCULATE HEAD RISES,

D0 400 K=1gNL

00 400 I=14NC

D0 400 JU=1yhR

PTSE(TgJdgKI=RISECT o JgK)4CHCT, JoKI)-HOC(T4J4K))

CONT1INUE -

DELTA=DFLTA21,2

DELTA wWAS LI®ITED TO A MAXIMUM OF 10 DAYS BECAUSE OF CORVERGENCE
PROGLEMS,

IF(PLLTIALGIL10.0)0ELTA=10a0

PRINT SOLUTIONS IF DESIPED.

IFCISTEPLNE LKSTEP DGO TO 311

PRINT CUT 15 DESIRED AT EVERY 17TH ISTEP.
KSTEP=KSTEP#17

DO 314 K=1NL

WOITEC10By401)K

FUFFATC 1% 445X, "RESULTS FOR AQUIFER “511)
WRITE(10Y94402)TTHE

FORMATCAT Xy "AT TIME="31F5419° DAYS®/774)
WRITECICR,403)UXC LK)

FORVATC1Xy “DHAINAGE RATE="91FT7.0," CFD?7)
WRITE(LINH,4404)

FORMRY(1X"CHANGES IN NODE HEADS®)

WO ITE(1085405)

FORMAT(IXy "SINCE HMINE OPENING (TIME=0, DAYS):I®Z)
WRKITECLOB4406)

FORBATC(4YX, “COLUMNS 1 = 217)
KRITEC10B4407)
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FORMAYL *NODE RMOINS®)

DO 313 J=14NR
WRITECL10842330)J3CRISECI$J9K)s1=1,NC)
WPITc(INBe405)

FUFPATC U "¢ “NOUE HEADS:®/)
WRITECICH4406)

WRITEC10UK4407)

0N 312 J=14NK
SITECI08,530)J5,3CHCT3J9K)yI=1,NC)
FORPATL 1945 X9 10F1Cad/7C12X1CF1044))

CONTIMUF

RETUKKN TO BFGINNING OF DO 311 LOOP YO CALCULATE HEADS FOR NEXT
TIFE INCHREPENTS

CONTIMNUE

GO TC 6CO

SURPROGRAM LINK
trateetEOLRLOEEEY

THTYS SUBPROGRAY IS DESIGNED TO CONNECT AQUIFERS WHERE THEY
JOIN OR MERGE TOGETHER,

CALCULATE TRANSMISSIVITIES AT NODE TysJsKe

AX=(HCT 3 dyX¥)=FUT(1sJsKI)I*HCX(T9JyK)

TFCPCT e ®¥)aGTaCilCT g JgKIIAX=CCHCT g JgK) =BT (T3 JsKIISKLXCTHI4K)
AY=(H(T 9o XD=PUT(Tydy¥II)eHCYL(T4JsK)
”("‘(I'J;K).\_ﬂccf’(['JQK))QY=(C"(1tJ‘x)-ﬂllT(ch'K))‘HCY(IQJ;K)
IS THE NONE CODED AS ONE THAT IS LINKEOD WITH THE AQUIFER(S)
ABCVE? IF NOT, GG TO 509,

IFCACDCT g oK) el Qe310RANUD(TJ9KJ.EQ.32)C0 TO 501
IFCMBN(T9Jd9KIetQe21)G0 TO 501

GO 10 509

TH1S SECTION LINKS NODE I4JsK WITH SURROUNDING NCDES IN THE
AQUIFER ABOVE., TRANSMISSIVITIES ARE CALCULATED WITH THE HARMONIC
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MEAN, THE CONDITIONALS CONCERNING SATURATED THICKNESSES ARE 10
PPEVENT FLOW CUT OF DRY NODES,

2 Xakaka)

501 IFCI.EQ.NCIGD TO 502
IFCRCT 41, J9K=1)=0NTCT4]1,J,K=1)e1lT..02)C0 7O 502
K1z(HCTI 4] gJoK=1)=HOT(I41,3J9K=1))eHLXLT#1,3)yK=1)
IFCHCI4 i g e¥=1) e TalChCI#lgdyX=1))R1=CCHCI*1gJyK=1)=BOTCI¢t1sJ9K=1))
‘ 1eHOX(T+1,J0,%~1)
| TP1=2C2.98X¢R1sY2(J)/X1C1))7CAX+R])
) DN=00+HCI41,J,K=1)8TR]
bR=[K+TK]
502 IFC1.£C.1)GO0 TO 503
TF(HCTI=13JyK=1)=P0T(I=14JsK-1)alTe022)G0 TO 503
L1=CHCI=1 gJgK=1)=HOTC1=1,J,K=1))2HLXCI=14JyK~1)
IFCHCT=19J9K=1)oGTaCHCT =13 dyKk=1))L1=CCh{1~14JyK=1)=POT(I~1sJd5K~1))
1#HCXCT=14Js%~1)
TLI=(249AXL1eY2(J)/X1C(T~1))/7CAX+LY)
CO=CO+HCI=14J9K=1)¢TL]
B8=FbLeTL]
503 IF(J.EC.1)G0 T2 504
IFCHCTyJ=14¥=1)-U0T (1 yJ=1,K=1),1T7,..02)G0 TO 504
T1=CHCT 9 J=1 K=1)=FAT(T4J=14X=~1))¢HCY(T yJ=1,4K=1)
IFCRC Y 3d=19K=1)aGTaCHCL gJ=14K=1))T1=(CHCI3J=1,K~1)=POT(TyJ=14K~1))
1#HCY( T4 J=-i,K-1)
TT1=(2.8AY#T1eX2C1)/Y1(J~1))/CAY+T1)
ON=DD4HCT yJd=14X=1)¢TT1
8A=pPR4TTL
504 IFCJ.EQ.YNRIGO TO 505 )
IFCHCT 3 41 4K=1)=40T(14J414X=1)elT..02)CO TO 505
BI1=CHCL 3 J4l4K=1)=ROT(IsJt1sK=1))8HCY(IJ¢14X~1)
TFCHCT 5 J4) 9K=1) o GToCHCT gJ41 9K=1))01=CCH L1 9J41,K~1)=POT(I,J#%14Kk~1))
1$HCY (14 J41,4K=1)
TARI=C2.8AY#318x2C1)/Y1CJ))/CAY+B1)
DN=DN+H(I g J¢]1yK=1)eT31
BR=§veTR]
Cesse 1S NODE I,J0,K LINKED WITH THE NEXY AQUIFER UP? IF NOT, GO 10 509.
505 IF(NOD(T9JsK)NEL32)60 10 509

(alalal

I1. THIS SECTICH LINKS NODC I,J4,X TO THE NEXT AQUIFER UP. IT IS
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SIMILAR TO SECIION I.

[aNaNal

IFCT.FULNCIGCO TN 50¢
TECHCI41 9y X=2)=30T (141 4JyK=2)elToa02)G0 TN 506
R2=(HCT41 gy K=2)=EITCT4]1 3 JsK=2))SHCX(T4+1,4J,K=2)
TEChCI41300K=2)aCTaCHCI#1,3J,K=2))R2=CCHCTI+1,Jd,K=2)=B0T(I+1,J,K=2))
18HCX(T41,J4K=2)
TR2=(2.82X8v28Y2(J)/XIC1)I/(AX*R2)
DD=00D+(T+19JsK=2)%TR2
BH=E4+TR
506 IF(1afUe1dCU TD 507
IFCHCT=13J9K=2)=00T(1-14J,K=2)LT..02)GD T0 507
L2=(H(T =2 gJeK=C)=N0T(I=13JsK=2))8HCX(T=1,J,K=2)
IFCHC1=1305K=2) aGTaCHCI=14JsK=2)L2=CCHCI~14JsK=2)=P0T(I=1,J4K=2))
I8HOX(I=14J,K=2)
TU2=(2. ¢AX#L2Y2C DI/ X1CTI~1))7CAX4L2)
ON=DD+H(TI~] 3 JgK=2)8TL 2
RP=FR4TL2 ’
507 1FCJ.FQCL1D0N TU 508
TECHCT 3 J=14K=2)=HOT (] 3J~14h=2).1T7..02)GD TO 508
T2=(HCT gd=1eX=2)=P0T 1 gd=1,K=2))8HLY(L,3~1,K=2)
IFCHCT 3 =1 4%=2) o0 TaCHC L 9Jd=13K=2))T2=CCHCLpJd=14K=2)~PUT(TyJ=1,K=2))
18HCY( T 4J=14K=2)
TT2=C2.44Y8124X2C1)/Y1C(J=1))7CAY+T2)
DD=CD4ii(13J~14K=2)sTT?2
ES=PB4TT2
S08 IF(J.EQ.NRIGO TO 521
IFCHCT g J41,K=2)=30TC14J41,Kk=2)elT..02)G0 TO 521
B2=(HCT g J+1 9K=2)=RIOT(TgJe¢1,¥=2))8HLY(T4J41,K=2)
IFCH(T e J413Kk=2)oCTaCH(I gJ+1y3K=¢))Bc=(CHC13Jd%] 9K=2)=BO0TCIgJd¢1,X~2))
12HCY (T4 J#1,4K=2)
TBL=(2.0aY2T28X2CI)/7Y1CJ)I/CAYHBL) : :
UD=UDAH (I 4J+14K=2)8TR2
BA=EB+TR2
GO T0 521
509 IF([®E0.J)GO T0 521

ITIZTHIS SECTION LINKFS NODE I,J,K WITH THE SURROUNDING NODECS) IN THE
AQUIFEPR BELOW THAT AKE COOED WITH NOD = 21, 31, OR 32,

(3TN a¥al
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IFCHCT 3JoK)=ROTCI 3J4K)elT..02)G0 TO 521
[FC1.FUL1)G0 TU 511
IFCANOCCT=1509K41) ot Ce31.0ReNON(I=19J,K¢1).EQ.32)GD YO 510
TECRUDCT=14J4K91).60,21)60 T0 510
G0 10 511
S10 L1=(HCI=19JdgK#2)=R0T(I=isJeK41))8HCXCI=]1JsKe1)
JECHECT=19Jde ¥V +1)aCTaCHCT=13J9K+1)IL1=(CHCT>1,3JyK¢1)=BOT(T=1,J,K%1))
1eHCX(T~1,J0K41)
TLa=C2.#AX3L18Y2C ) /X1(I-1))7CAX+L])
DO=DD+MCI=1,J,K¢1)8T0L1 i
BR=PH+TL1
$11 IF(T.FLonCIGO TD 513
TFONNDCT 423 03Ke1) 0,31 0RNODCTI#1,J,K41).EQ.32)G0 10 512
IFLRLDCTI429J9K¢1)eeCa21)6N TO 512
G0 TN 513
512 RI=(H(I+1gJpK#41)=RUTCT419J,K+1))eHCX(I+1,0,K41)
TECHCI#1 3 dg Kol )eGTa CHOIAL 3 JgK41))IRI=CCHCTI 413 JyK41)-POTCI¢#1,J,K¢1))
1eHCXCT+41,J,Ke1)
TRIS(Z.eAXF1eY2C 1) /X1CI))/7CAXERY)
OD=PD+F(I41430,K¢1)8TR1]
LR=PPaTR]
513 IFC(J.FQ.1)GN 10 515
ICENODCT 9 J=19%¢1) oECa31.,0R.NIDCT 4 J=1,K¢1),EQ,.32)G0 TO 514
IFCNODCT9J=-19¥41).EC.212C0 TO 514
G0 10 515
514 T1=CHCI 4J=14K41)=PUTCTaJ=1,F41))SHCY(T sJ=1,K¢1)
TFAHCT g d=13¥ 41 )0TaCHCT 3J=13K¢1))T1=(CH(TyJ=1,K#1)=POT(I,J=-1;K¢1))
18HCYCT gu=1,4K41)
TT1=C2.¢AYST10X2C1)/Y1CJ-1))/7CAY+T])
DO=DD4HC T4 J=14K+412¢TT1
BB=EB+TTL 3 i
515 IFC(J.EQ.LRIGL TO 517
TFENODCT 3001 ,¥41) 08 0e31e0RJNONCIZJ#+1,K#1).EQ432)G0 TN 516
IFQANGCT,Je1yKe1).EQ.,21)G0 TO 516
co0 Y 517
516 B1=(H(LgJ414XK+1)=30TLT,J414K+1))$HCY(T9J41,K+1)
IFCHCT 419X 41)aLTaCHCLgJ#19K#1))RISCCHC I J41,K41)=BOT(IyJe1,K41))
19HCY(T4J041,K¢1)
TO1=(2.3AY*214X2CI)/Y1CJ))/CAY4B])
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‘ DD=PD+H(T,J¢]1,K¢]1)8781

BE=BB4TH]
Csses 1F NODE T4JeK IS NOT IN AQUIFER 1 (X=1), GG TO 521,
‘ 517 IF(KeGT41)GO TU 521

1Ve THIS SCCTION LINKS MODE 1,J0,K WITH THE SURROUNCING NODECS) IN
AQUIFER 3 IF THEY ARt CODED WFTH NCD = 32.

[aXalaNaYaNel

! IFC(T.fCa1)CO T3 518
IFCAONCT=143J,¥42)AFL.32)G) TO 518
‘ L2=CHCI =1 g J oK 42)=LUTCT =19 9K42))SHCX(T=14J9K42)
} IF(HCI-19Jd9X¢2) GTaCHOL=19dgK#2)IL2=CCNCI=1,43JsK42)-B0T(I=1,J0,K42))
18HCXCTI=14JyK42)
TLZ2=2(2.4LXe L2020 ))/X1CT=1))/CAX4L2)
DO=N0+ACLI~1 4% ¢2)8TL2
BF=[FeTL2 0
518 IF(J.EQ.ANCOGO 10 518
TFCMNDCT419J0,K42).%EL32)60 TO 519
F22CHCLI4L 3 oK e2)=D0TCTI41 4JsK42))8HOXCT41,4J,K42)
IFCHCT 413 Je¥42)e0TaCHCI 41 g JgK#2))IPL2=(CH(I415J0yK42)=POT(T415J,K42))
T¢HCX(T41,0,Ke7)
TRL=C( L #LX8R24Y2CJI)/XNICTIDI/ZCAXAR2)
DO=UDsHC141,UsK42)8TR2
POzEB+TR2
519 1FCJ.FC.1)CO T3 S20
TFCANUDCT g J=14%42) %7 .32)60 TG 520
T2=CHCD g J=1oK4)=00T T3 J~14X42))8HCY(T,0=1,K42)
IFCHC T 9J=19K42) 0T CHUL 3Jd=13K42)0T72=(CHLT3J=14K#2)=B0T(LyJ=1,%+2))
1#HCY(T 9 J=1,K+2)
TT2=C2.08YeT24X2C1)/7Y1CI=-1))/CAY+T2)
CO=0UNAHCT yJ=1,K42)8TT2
BR=PR4TT2
520 IF(J.EQ.NPIGD TO 521
IECNUNCT g J#1,Ke2) NEL32)GN TO 521
B2=fa (] yJ#14K42)=ROTCIJ¢1,K$2)I4HCY(TJ41,%42)
IFCh QT3 Jel19¥232) GTaChHCT 3041 ,3K42))P2=(ChQl,J41,K42)-ROT(1,J%1,X42))
18HCY(14J41,4,K42)
TR2=C2.#AY3P2ex2C 1) /Y1CJ))/CAY4B 2)
0D=DN+H{TyJ41,K42)8TE2
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BA=PR+TEB2
RETUKK CONTROL TO °“CENTRAL.”
G0 10O K29C€1625272)

OUTPUT TIKE
END

SURROQUTINKE TRANS
L T R,

THTIS SUNROUTINE CALCULATES INTERNODAL TRANSNMISSIVITY FACTORS.

SUPRQUTINF TkANS

COPMON HC2143943)9HDC2143993)95F1CL193953)50C021439,3)9TY(21353%953),
1TXC219399 290395 3) 3060399 3)9NLC2093993)95F LCe193993)90 110213359 3)9H
CCYCcl93793)aMCXCLL03993)0R0T(C2203993)9 k00019354 3)9FISEC21,39,3),F
IKC21 294 3)5P (0L 33495 2) 31 gy Ko NCohRghl g ITE Ko TIFESDILT2,¥STIP,S1(32,4S
42C2) o MHL3),CCHLT) yPPL) GANTTC(3)9RR(3),00C03),0HC L1439 3)9X1C021)9X2C

"521),Y1C29),Y2039),4¥C(3)

Coses

79

DO 90 K=1,ANL

00O %0 I=i,ANC

D0 S0 J=1,4NR

TXX=0a0

TYV=0.0

INITTALLY CALCULATE TXX AND TYY FOR NODE T,JyK WITH HARMONIC ME ANS
ASSUMING CCAFINED CCNDITIONS.
IFCTEQNCIGO TO 79
AX=(CHCT4JeX) =0T CLsJeXKII*HCXCT9J9K)
BX=CCHCT41,0,K) =0T LI 414J,K))*HCXCI#2,3dyK)
IFCAXsEXelFaa01)60 TU T9

TXX=( 2.8 X)/(AX+EX)

IFC t0.N)G0 TO 99

AY=CCHCT 3 J9X)=00T (1 9JsKIISHCY(T3JsK)
CY=C(CHCT g J41oK)=RO0TC(IoJ4igX))SHCY(I9Jt1l,yK)
IFCAYSEY LFeaClI)G0 TO 80

TYY=C2.8AY+PY)/ CAY+BY)
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83

€31

Ceesns
B4

85
Corse

Ceses

86

1S KNDE T4J,K CONFIMED OR UNCONFINCD?
IFLHELY o JoKD=CHCT4J,K2)01,81,82
IFCI«FLNCIGD TO BS

1S ANODE J41,J,X CORFINED OR UNCONFINED?
IFChCI41,J,K)=CH(I#14J,K))83,83484

NOGE TyJdyK TS UNCONFINED,

STLCE RUTH NDCTS ARE UNCONFINED, CALCULATF TXX WITH THE GFORMETRI(
YEANs hOWEVERy IF THE NONES ARE NUNHOMCGENCUS,y RFCALCULATE WITH
THE HARKFCNIC MEAN,

EX=CHCT g oK)= UTCTgJeK)ISHCX(T9JdgK)

BX=(HCT 41, J,K)=RUTCT4)4J,K))EHCX(I+]4J,K)

TXX=SCKT(AXeP"X) .

IFCHRON(I9JyK)eL T 3)C0 TO 851

IFANID(141,53,¥)aLT.3)G0 TO R31

TFCHODCT e K)ab Qo NONCT#1,J,K))G0 TO 831

IFCAX4EX,LE <o N2DG0 TC 831

ITXX=( 2t XSNX)/(AXETX)

AM=(HCT oo X)="0T( 1o JdsX) )/ (HCI414J4KI-ROT(T¢19JyX))

BY=CHCT 9y K Y=POTCT4JsX)4H (L1429 s KI=ROT(T#1,5Jd4K))/2.

IFCAY el T e o200 aAMe Gl a5ed)IXX=RPeLHIXCT g JgK)HHCXLI#149I4X))72.

G 10 25

BECAUSE NOCE Te¢leJdek TS CONFINEDs USE THE HARMONIC PEAN FUR TXX,
BX=(HCT gy K)=F)TC T3 Jy3X))sHCX(I9dyK)
EX=CCHCT41,0,¥)=R0TCT41,J,K))sHCKCI41,J,K)

IF(AX4"XalEeeC2)G0 TU 85

TXX=(Le*2AXSEX)/CAX+8X)

IF(J.FU.NRIGO TO 89

15 MONEL T4J¢lysK CONFIMED OR UNCONFINED?

TFCHCT 3 I8l g X )=CHC T3 U1 ,K)DBAh486487 I
DECAUST BNTH NINES TeJdsK AND ToJ#14¥ ARF UNCONFIMNED, COMPUTE TYY
WITH THE GFOMITRIC ¥EANe HOLFVER, IF THEY ARE NONHOMOGENOUS NODES)
PECALCULATE WNITH THE HARMONIC MEAN,

AYSCHCT g K )=PUTCT 3 JyK))8HCY(T3J,4K)

BY=(HCT 941 4X)=00TCToJ*1,4KII*HCY(T 3J41,K)

TYY=SCRTCAYSHY) .

IFAHONCT 9Ja¥ )l T 3)C60 YO 861

IF(NGDCT9J#1,K)eLT23)G0 TO 861




IFCRODC13Jd9K)oEQCaNI0CTyJ#1,K))GCO TO B61
IFC2Y+4EY . LE..010G0 TO 8£1
IYY=(2.¢AYePY)/ (LY+RY)
861 AV=(HC1 3 JyKI=FLTCTsJeKII/(HUT 341 ,4K)=BNT(1,d41,K))
B¥=(H{T oJo¥)=8ITCLsds¥)4H(14J01sK)=POT(I,J41,KI)/2,
IFCAP L Tae2000R AR CT L Sa0)TYY=(HCYC L9 doXI+4riCY(IyJe19K))eBM/2,
GO 10 go
Ceess SINCE ANODF TeJelyK IS CONSINCD, COMPUTE TYY WITH THE MHARMONIC MEAN.
BT AY=(n(T3JeK)=H TC1,,JsKIISHLY(TyJ4K)
PY=CCHCT s J4 19¥) =R 0T (L J2leXK))e¢HCY(LgJd#14K)
IFC2Y+8Y,LE.eN1)CGN TO 89
TYY=(2,¢AYe0Y)/ CAY+PY)
GO T0 89

I1. HODFE J,J4X 1S CONFINED, IN THIS CASE, BOTH TXX AND TYY ARE CALCU-
LATED wITE THE HAPNDOANIC MEAN.

(alaNalaNalsl

82 IFCI.EQ.ACIGO TO 88
IF(HCI414Jsk)=CHCI+19J5%)eGE0.0)G0 TO 88
AX=Z(CH( T4y X) =0T (1 9gJgK))sHOX(T9gJyeK)
BX(HLTI41 3 J )X )="OT I+1,J,K))eHCX(T+1,yJ4K)
IFCAX+P X LF W0 01)GO 1O €8
TXX=C(2.92XePX)/ CAXERX)

B IF(J.SNARIGOD TO &Y
IFCHCT 4081 ,K)=CHCT1,341,K).GEL0.0)G0 10O 89
AY=(CHCT 9 JaKD)=0NT(I4JaK))*HCYCT gJdeX)
BY=(HC(IeJ#41sK)=-3B0T(T19J414K))sHCY(IgJ41,4K)
IFC2Y40YLE-aN1D)GO TU 89
TYY=(2.¢AYsDY)/ (AY+RY)

ITILCONVERT TXX AND TYY TO TRANSFISSIVITY FACTORS TX(IyJdeK) AND
TY(14Jd9K)e
B2

(2l NaNaNeRal

B9 TXCIoJok)=TXX2Y2(J3)/7X1C1)
TYCT 9y K)=TYYOX2CTIZ7Y1CI)
90 CONTINUE
RETURN
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SUBRCUTIANE FLUW
teILLEIRCEELEREETS

THIS SURR)IUTIN® CALCULATES RECHARGE ALONG ROW
LATES DISCHARGr IMNTQ THE MINE CUT.

SUCROUTINE FLOY

COFMNN HC2193993)4HNC2193943)9SF1€21,43943),Q021,439
1TXC2193993)5R8C39433)0,603%3),0LC02:93903)y5%2C21426,
2CY(ig3993) 90X C2143593)s"UT(21939,7)400NC214+3942)
3KCe193993)9RC2133905) 9] gJgKoeNCoNReALyITER, TIME JDEL
42C3)HiHC3)sCCHC3)4PPC3),POTTC3I)4RR(3)I,QQC(3),0H(21,
521)9Y1(39)4Y2049),43%C(3)

CALCULATE RECHARGE ALONG ROW 39 USING DARCY®S LAY,

DO 5 K=1,4NL

DO S I=1,NC

DN 5 J=14AF

IFC(J.LT.39)G0 TO 5

L=Y2(J)s%2

IF(K.LT.3)G0 TO 4

QCT gy K)==~(H(T 3 Je XK)=H(I 4J=14K))322.5/A
QCI4Jd4K)=0CT g Jy XD eX2(I)sY2CH)

GO0 10 S

IFC(X.LT1.2)G0 T0 S

QUIN I K)==(H(T4J,K)=H(I3J=1eK))222,5/A
C=0C14JyK)*.000016
1FLCeGTa040)I(I4JyXK)==0000016
IFCTalTel5eltiDelaGTaT)ACTsJ9K)=QC19J9K)=.00003
IFCIaEULbI0CT4J9K)==,000040

39 AND CALCU-

93),TY(21,439,3),
1) ChC2Ll93993) 4K
WPISEC2143943)F
TAy»STEP,S1C3)eS
3993),4X2C21),4X2¢
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QCI4Jd4K)=QCT5JsX)ex2C1)eY2(I)
CONT IMUE
QT=0.0

CALCULATE MOASTEADY AQUIFER OUTFLOW INTO THE MINE CUT. FOR FURTHER
EXPLANATION, SCE CHAPTER 4,

DO 19 K=13NL ol > ¢

00 11U I=1,4nC

DO 10U J=1,4KR

IFCANUDCT 99K )enTa 1o ANDLNODCT 9 JeK)aLT33)GN TO 10
T=TINMF

IFCTIYE«GTa1042)T=1060

QCI4J5K)=0,0

COPPUTE OUTFLON FRJIM UNCONFINED STORAGE.

U=FK(T3J9%)e(1./7503T(T))

SULVE THE INTEGRAL TN EQUATION €60) RY CALLING EST.

CALL EST(UsERF) -

EX=CFKCTyJeKI*$2)/T

IFLEX.0T.109.)50 7O 10

GREN=.531180HCT y U K)o (1 /SURTCERF#TIITC1./7EXPCEX)ISFR(I4J4K)
CCY oK=L oK )=RTT(T,yJsKIISGRAD

TFCHC T 9J9K) «GTaCHCL gdsKIIQUT 9 JeK)=CCHCI»JsK)=0T(T44sKIIsGRAD
IF(K.LT.3)60 TN 8 )

THE FOLLOWING IS USED TO COMPUTE OQUTFLOW FROM CONFIKED STORAGE 1IN
AQUIFEKR 3. :

FXK=EK(T,JeK)s, 0447

EXX=(FKK$$2)/7

CPAR=+4528(1+ /T XPCEXX))#(14/SART(TII*FKK

QC=(CHCT o ¥ ) =0T (I 9JsX )10 T+0OH(T,JyK)#GRAD

IFCHCT 3 ds¥) LT CHCI 39K DIQC=CHCT 3 JyX)=BOTCIsJsKII216.73NH T 9JsKI*G
1RAD :

QCI4J,K)=Q(T4J,K)+QC

ADD INTERCEPTED NATURAL FLOW TO Q.
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B CCT3J9K)=0CT,309K)4RCI3J4K)
9 QI=0T+0(I,4J9K)
10 CONTINUE

ITTLCALCULATE TOTAL NONSTEADY QUTFLOWN AND INTERCEPTFC NATURAL FLOW
FOF EACH AQUIFLR.

11 B0 15 K=1,ML
CMC(K)=0.0
D3 15 T=1,4nC
C0 15 J=1,4hK
IFCOCT 9 JeX)elTL.0.0)C0 TO 15
IF(MOD(TeJeK)eHiTa1DGO YO 15
QUECKI=QMCLKI(T 4 JsK)

15 CONYINUF
QuipPul QT
RETURM
ENDG

SUBROUTINE FST
teetstbestiretts

THIS SUMARNUT INE COMPUTES ERF (TME INTEGRAL IN ECUATION (50))
8Y SI¥PSUN®S ONE = THIRD RULE.

SUKROUTIAE EST(U, ERF)

ERF=0,0

IFE Ll .0.50)6=0.0

IFCUGT 050, MD U LEL1.50)E=0,50
IF(UeGT 415048500 UalEe3.0))E=1450
IF(U.GT1.3.00)G0 TO §
ERF=1./7CEXPCU®22))

F=0.01
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IF(F.GT.C.99)CN TC 2

EX=Cl+C(Fe(U-E)))ss2
LPE=tkr+(4es (L. Z/CEXPCEXD)))

F=F+(0.C2

G0 Y0 1

F=C.0

F=f+0,02

IF(FCT«0.995)60 TO 4

EX=(E4(FeU-F)))e22

ERF=ERFA(La?(1/7C CXPCEXDI))

G0 10 ?

1IF(ULE U H0)ERF=FRF+1.0

IFCULCT o050 A D Usl b o1 .50)ERF=FKF40.T7880
JFQUOCT o150 8% DelloLF 34 UC)ERF=ERF+(0410540
ERF=(CULO1)e(U-F)*EEF/3,)

IFQUaCT a045CaBND UL LE e 1aS0)ERF=ERF#0446128
IFQUGT el e b0 NDoUaLE o 3. 00)ERF=ERF 40485619
GO 10 17

ERF=0.88623

RETURN

END

SURROUTINE VALUE
EEIEEELEEIIVT ORI RS

THTS SURROUTINE QFEADS TN NODE DATA AND THE MSTEP VALUE. IT
ALSO AVENDS DBTA WHEN NEZDED.

NOTE THAT B8ASIC VALUES FDR SFl, SF2, Ry AND O ARE REED INTO
THE ARREYS., THE SUPROUTINE THEN CALCULATES THE “FACTORS® USING
NODE DIMEASTINNS, F0ORK ZXAMPLZ, THE SPFCIFIC YIELD IS READ IN FOR
SF2 AND 1S SURSEQUFNTLY MULTIPLIED RY (X2C¢I)sY2(J)) T0O PRODUCE
THEESTORAGE “FACTOR. "

SUBROUTINE VALUE
CO¥YON H(2143993),H0C2192993)9SF1C2153997),0Q021,29,2),T7Y(2153943),
1TXC2193993)9803993)30CC3993)90LCL193993)9SF2CL193993)9CHC2143993)H




2CY(2193953)9HCXC2143393)9R0TC2153943)9300NC2143553)4R1S0(21439,43),F
3KC2193953)9PC21 5399 3) 51 gy KoNCoNRyNLyITERGTIMFJDELTAWWSTEP,S1C3),5S
42C2) yHHC ) CLHCI) 4P PCI) yHOTTC3)4RRC3)»0003)9DHC2193593)9X1021), X2(C
521)9Y1(39)5Y2(39)42%CC3)

I. READ IN A FULL SEY OF DATA FQOR THE NODES.

(s N alalNalal

56 READCI0E 40T g J g K ySFLICT g g k) gSF2CT9dsKk s CCTaJdgK) g€l JgK)gHNCT 04K
1)sCHCT g M) quMTCT g oK) g HOXC T g J oK) g hCYLT g9 K g NODCT g JsX)30H Y gJyKJ,
PFKCT 9JeK )9t (1lyJdokK)

40 FOFPAT( 519369394 bacdseFTalsll3y38943)

Cesss CALCULATI SFL1, SF2, P, AND Q FACTORS FROY THE R2SIC DATA,.

39 UC14JsXK)=00Ty 1,K)eX2(T)eY2(J)

SFICIaJsk)=SFICTJek)ex2C1)eY2(Y)
SFell4JeX)=SE2CLyJy¥)exe(T)sY2(d)
RCIpJeKI=( Ly JeX)exce(T)Y2CY)

Ceens IF NOD = 10 UP 23y LEAVE THIS READ ROUTIME,
IFA(NONCT 4JyX)oE0Q,10)G0 TO 55
IFCNONC T 9JsK)eiQe 20 ANDSTIMELNELC.0)GOD TO 56
G0 10 54

IT. REZD IN ALL NCDE DATA EXCEPT FOR H AND HO, THIS RLAD ROUTINE
1S USED wHEN TI 1S PESIRED TO CHANGE NODE PROPERTIES RPUT NOT NODE
HEAD VYALUES. THTS CAM HAPPEN WHEN A MINING CHANGE OCCURS.

(s NalaNalaNalal

S6 PEADPCI06942) 99K oSEICT g Jek)ySF2CT9JsX)yClIedsX)yCHCIgJeK)»ROT(T,5Jd
L1oK) g HOXCT g9 ) g HOYC T oo X)) o NODC T oK) o DHCTI g oK) aFK (I3 oK)eRCIgJeK)
42 FOFYAT(3129359¢392F8a292FTaiagll3, 3€9.3)
Cesoe CALCULATE SF1, SF2, ke ANKD Q FACTURS FRO¥ THE BASIC DATA,
QCT9JaK)=0CTaJdsX)eX2(T)eY2CJ)
SEICIqJsK)=SFICT 3 daX)ex2CI)2Y2(d)
SFal% ¢ JyK)I=SF2CT9J,¥)sx2C1)eY2(CJ)
RCY13JgXD=PCT gJaKIeX2CT)eY2(J)
Cesss IF "0OD = 10, LEAVE THE READ ROUTINE,
IFCNODCI4J9K)atQ.10)G0 10 90
GO0 T0 56
90 DELTA=.25
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TIvE=D.

IT1.REZD THE MSTEP VALUE,

55 RE2ZD(1064941)NMSTEP
41 FORPATCIIZ)

IVe PRINT QUT THE NOLD VALUES FOR ALL MODES.

D0 S8 K=14AL
D0 S¥ J=1,AF

SE WRITE(ICH¢S5T)J0(NNOCT9JeK)gI=1,4NC)

ST FORFATCTS5s5X510110/C12X10110))
RETURN
END
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al Noda Data Input:

«20CE-UA
e 200004

-2 ( 04

.
ro

DHNCOOCONCDNNO

-G
-C4
=04
-04
_'_“
-Co

R )
r.-:-q':!—-'t‘\

B R N O L B L VI N )
rv\ v\u-
1
o
>

¥ W s el we
)r 2 ODC G DL
Py =
'
L=
-~

rn
5
-~ o

(SR~

r-n4
VE=CA
E-C4
L-ﬁs
-04
( =04
2200504
< COF =04
e 20TF=04
«CIL=-04

PAed o
2 200E=04%
«2l0f-04
«20CF-04
«200C~04
«¢02k~-04
e 2GUE-04
«204E-04
«202C-04
«Z0NE=04
«2L0E~04
«2C0E~-C4
«200E-0%
«200E~-04

o % AW e
o
20 =
'-\

.
~
«

«5200=02 J00CE 09
.SOVK-OZ .CO'J‘ 30
«50%F=02 L0C0F 02
a5006=02 JGOUE 00O
«500E-02 LO00UE 20
#»50VC=02 LCIJE 0O
«S00F=-02 LU02E 09
«573L =32 JCCUE DD
«S00C=02 JUDUE 0N
«SUL =02 JOCUE 20
«500F-02 LUDJE 00
«50UE =02 LULOVE 90
«500t-02 JOC0NE OO
«50CC-02 CODE QU
«S0UF=02 JO00UE 00
«500r=22 +LOUE 00
20002 LOUOE W
e 500Z=-02 LOUNF 00
s -02 .000F Q0
«5UNS=-02 LOUUE 00
«50Ck=32 ,UUJE 09
‘“”c-“?- J00E=-04
-02-.300€~94
~02-4200E=0%6
ﬂ?-.3~wE-QA

=02=«3UV0E=2%
~32=.3J00t=%
UE-02=.300LE-04
UF-OZ*.30JE-CQ
5000 =02=,300[~24

BE=
'Q

:{-o;_ I00E=06
L -

é

e SCUE=02=-300F~04

»590F=02-4300C-04
»500F=02-4 3J00E~-04
e300E=02-.300E~04

2500 -02-230LE~04

«500E-02~-.300E-0%

«500E-02-.3000~04

+500E=-02-.300F-0¢

«200E-04 +500C-02-.300E~00

652942
420467
627,54
$29.59
429.62
£29.62
429.63
437.217
443.710)
44307
443.09
3.99
443.51
443.92
461,94
443.9%
443.97
446,09
446 ,0h
444,08
454,15
434,78
434.02
434 .84
§34.89
£34.93
634.91
4)4.91
442,42
449.22
49.22
449,42
449422
449.22
§49.22
449422
449,21
449,20
449,19
449.16
44%.12

A29,42
A27AT
429,54

29.59
429.6)
423.02
42043
437,27
ha3, 48
443,89
443.09
444,40
443.91%
443.92
447494
£43.96
443.97
444,07
444,04
444,09
444,15
434,78
434.82
436.006
414,09
434,99
434.91
436,91
442,41
I,I,(;_Zt
449,22
h49.22
449,22
L4 .22
449,22
‘.'-9.12
£49.21
449.2)
449.19
649,16
449.12

J60.00
340400
335.09
335.20
325.00
34ueC
315.00
6) 'Vl
1207
79.00
115.09
130.00
145.00
163.00
170.00
175%.00
182.00
190 .00
194,99
197.00
190 .00
355.09
325.00
5¢5.?0
335.
34. he 00
315.00
53 .40
09
65.00
87.00
5.90
113,03
12v.40
130.092
141400

+155.00

165.00
171.00
175.00
177.00

45,00
325.00
320,00
32%.00
210400
305.C00
301.00
$2.00
61,03
431,00
104.09
115.00
131,09
lks La
1%
1;3.00
167.00
17%.00
179.00
182,00
142.00
340.00
T19.00
Alv.0C
J2u.L0
310.900
309.00
35.00
45.0)
50.090
5%5.00
02.00
95«09

205,10

115.09
126.C0
149,09
150.0)
156.00
160.02

162,00
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it T29 2 «I100F-C% W250E=02 .4520-03 405,00 39500 3.0 1.5 6 «C06F 00 «COCGE 0) «27CC 30
628 2 «10JF-0%& «2505=02 .60JC-03 4G5.00 391.CQ 3.0 1.5 6 00CE 00 «C%0F 09 «CUSE GO
627 2 J10CE-04. .2%06=02 L)0NF=02 394,00 38).00 3.0 1.5 6 0C0% 00 .000E 07 .°0CF AN
€26 2 J1D00F-C4 425(£-02 4100T=02 401.00 386+0) 3.1 1.5 . 6 0G9E 03 .500% R0 .GGSE 32
625 2 S~ICUE=Ch .2507-02 LUUE=02 402.00 3557.u0 3.0 145 6 LG 09 5CoC 00 oLOCF D¢
827 1 «202F 0 +10(F OU +OCUE 0 445,00 400.U0 302.0 100.C 1 o90F €2 J136F 01 .15C(=92
9¢9 1 «1007 00 «100E 00 <UGOE 00 460.00 400.00 10040 100.0 1 9GOE 02 .18565 01 15CL=03
1030 1 +3CG0E QU «300E 00 «OUOE OO0 440400 405400 200.0 1000 1 o900€ G2 1668 V1 <150F=03
! 1031 1 <1GOE 00 4100E 00 450UE=02 440.00 2392.00 260«0 100.9 4 OPOF GI JCURE NA .NBTE 00
f 931 1 «5U05=01 «502E=D1 «240E=01 440400 332,00 20¢0 200 3 +O00GE 00 «00CF 02 .320F 23
831 1 o500E8=01 #5005=01 ,240E=01 430,00 375,00 2540 2040 .7 «000F 00 o000 00 «C0GE 3G
830 1 LI1Q0E 00 «100E 00 «600€~02 44500 395400 100.0 200Us0 4 <UQCUE GO o0U0E 00 502 CC
729 1 «100E €0 o200F 00 4500E=0R 440,00 390460 1000 23000 4 <000E 00 L00GE 00 000t 00
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627 1 «5C0E-01 «500E-01 .250E-02 440,02 400,00 20.0 20.0 2 L00CE 0O .00GE 09 «00CF 00
729 3 .100E-04 «250E-02 .000F 00 319.00 304.00 3.0 le5 1 4900GF Cé& o18KE 01 42337=03
929 3 +1L0E~04 <250E-02 O0GOE 00 315.00 30¢0.00 2.0 1.5 1 +9C0E 02 <186T 01 .2326-33
830 3 «1(0F-04 250E-02 LOUDE 00 315.00 300.00 3.0 Lebh 1 SROUE 02 J31HHE JY 2338=073
1030 32 «1C0E-C4 .2505-02 LOCCE QC 295.00 280.00 340 o5 "1 #9008 02 «186% 01 232F-03
821 3 .1C0FE-04 «250Ff-02 .000F 00 $303.00 288.00 3.0 1.5 1 «90G0FE 02 .18€E 01 .233E-63
931 3 <100E-04 «250E-02 0u0E 00 29500 280400 3.0 1.5 1 .450F 02 +2&3F 01 .232E-33
1021 3 .100F-04 ,25D€-02 ~CCQUE GO 289400 274.00 3.0 1e5 1 90CE C2 J1R6E 01 .223r-03
828 3 J100E-04 «250E-02 L000E 00 315.00 300,00 3.0 1e5 1 «9UCE €2 o196F Ol o223fF=75
827 3 J100E-04 «2505-02 O000E 00 312.0C 297.00 3.0 1e5 1 «9NMOE 02 186E 0PI o254F=-%3
826 3 +100E-04 .250tE-02 .000E 00 311.00 296.00 3.1 le5 1 4900E C2 o186 01 .2335-G3
€25 3 .1C00f-04 .250E-02 LOCOE 00 3u9.00 294.00 3.1 1e5 1 «900F 02 o186€E Q1 +4233E-03 >
725 3 «100E-04 .250E-02 L000E 00 312.00 297.00 3.0 1.5 1 4508 02 o262 01 .232E=-03
625 3 +100F 21 .100FE 21 .100E-01 314.00 299%.00 2040 20.0 2 .000E 00 «0N00E CO OQUEs G
626 3 4100E 21 L100E 21 4100E-Q01 314.00 299.00 200 20,0 2 .000E 00 <000F 00 .CUOF 0O
627 3 «100F 21 <100E 21 1C0E-01 315.00 300.00 20.0 20.0 2 .CCGE 00 .2C0E 00 <COD2F QU
628 3 <100E 21 «100E 21 1C0E-01 317,00 302.060 20.0 20.0 10 ~000E 00 ~000E 00 .0CO0E 00




DRAINAGE

RATE= 649,

CHANGES IN NOOE HEALS

SINCE MINE OPENING

NODE ROWS
1

10

1.98246
«6152
4771

4317
«2061
«05137
«02C3
«0920
=-o0C22
-.1C86
L0657
«0C15
« 2046
«14368
-+0013¢
«3357
-«13)4
«0068
~.5798
~«5638

- 0054

«1450
-1.11585

-a0022

«0000
-1.5171
«0049

-.0049

CFD

1.9294
«5933

-.0002

«0034
0244

~e0054
~+0652

«0059
«2019

0063
«4150

~.0083
1.0117

~.0024
=+0002

-.0022
-.0027

-.0039
-.0048

(TIvE=Q, DAYS)?

1.2239
<5774

~e2646

<4170
.0378

«0964
-+0398

=«0056
«1970

-+ 0056
«2156

«0042
«1802

-.0078
‘=e0085

-.0024
-.0027

- 0024
~. 0054

RESULYS FOR AQUIFER
AT TIME=356.3 DAYS

COLUMNS 1 = 21

‘09297 «5589
5566 «5393
-el143 ~oG405
2178 0627
0403 0476
«1.49036 =1.0940 -
-.0200 0005
~.1311 0544
<1768 1738
-,0027 <0054 1
1316 1169
-.0005 -a1104 2
-.1248 -.3787
‘=a0024 0046 1
D244 ~.2429
-.0029 -a0044
-.8142 =1.3552
“s0049 -eN076

-1.0386 -1.1326

1

«7913
«5254

<0168

«0225
<0564

«7048
0173

«0942
«1809

«2014
~.0210

«7299
=1.9561

«1632
“e6650

«0000
~1.4773

«00C0O
=1.2317

«T425
«5137

«04T4

0020
« 0642

=s5115
0288

«1582
#1731

1.1541
sl 3T S

2.0903
-3.,0857

1.5444
=144224

0000
=1.4900

«0000
-1.3228

«7092
<4988

«0211

=.0039
.0796

=e3667
« 3532

«1821
«1631

«71920
-.1038

1.2104
-2.5928

«0000
=1.2925

«Qoa0
=1.5647

«0000
~1,4573

6719
«4851

«0959

«0015
<0781}

-e2590
« 0625

«1€99
«1606

<4556
~.1038

«4016
=e£975

20000
=1.1%11

« 0000
=1.5852

0000
=1.5173

o 12 ] Ko




11

12

13

14

5

16

7

18

19

21

22

24

-1.5393
«0N024
~e0049
-1.4873
« 0000
-.0044
-1,4292
0000
~.J049
-1.64141
«0000
«2224
~1.4014%
«0C02
-e2095
« 0071
«0320
1.0652
«0051
«0uly
1.3579
-.0049
«0uD0
1.5720
-~ 0046
«0099
¢s1189
=53950
0200
2.2717
-.2896
«0QU0
2.1731
-+1932
«0C20
1.7866
-.1870
<0000
1.2747
-.2405
0000

-.0044

-.0049 %

«0000
-e2024

«0000
=«0337

«0000
<2061

«0000
«5732

«0020
1.0066

«0000
1.,2222

«0009
1.3594

«0200
L1eb6235

0000
1.7690

<0000
1.6919

«0000
14353

«0000
1.0657

0000

.00882
=-.5300

«C000
=e4019

#0000
-.22713

«00C0
« 0549

«0000
« 5847

«0000
«9204

«0000
1.1299

«0000
1.2639

2000
1.3118

o0
1

0
.

-

0
3re9

«00090
1.3167

«0000
1.1313

«0000
«8542

«0000

- 0068
-. 75718

«0000
~.6045

«0000
=e%998

«0020
=+4053

«0000
«1065%

«0000
«6177

«Go20
« 8696

«0000
1.0212

«0000
1.0144

« 0000
1.0333

«0000
«9988

«0000
<8643

«0000
26619

<0000

«0000
-«8950

0000
-e7827

0000
~+7048

0000
~.6587

<0000
-e3137

«0000
«1064

«0000
<4016

0000
«6033

0000
6924

«0000
« 7437

«0000
«7290

«0000
6372

«0000
«4956

3.8259

«0000
=1.0254

«0000
-e2204

40000
-.8772

« 0000
-.8508

<0000
~:6536

«0000
-e3411

«0000
-.0090

«0000
«2424

<0600
«3950

0000
«4BES

2.6240
4985

243499
4412

2.0188
« 3340

0559

«0000
=1.1526

0000
=1.0557

«0000
~1.0103

.00C0C
=1.0059

«0000
-.9580

=+0046
-.7920

=.0046
-3940

=.0049

~-.07181

-.,0002
«1294

5.3822
#2502

5.8213
«3035

2.3267
«2810

1.2854
«2007

«4402

«0000
=1.3306

«0000
=1.2466

«0000

=-1.2017

-.0054
-1.1921

=.0049
-1.2302

=«0046
=1.2456

=.0049
=< 8159

1.83564
~.4 495

3.9390
~«1809

4.9167
-.0212

4.9385
<0652

3.2400
«0693

1.6221
. 0293

«5569

«00090
=1.4395%

«0000
=1.373%

=«0049
-1.3178

~.0049
-1.2018

-.0046
=1e2925

~«0049

-1.,2798

2.2954
-1.0176

2.4807
~ab64b2

2.9182
~«3738

3.8618
-»1919

3.6401
-.0962

2.6763
=.0701

146262
-.0991

«B4856

0000
~1.4731

=. 0049
=1.4282

=+0046
-1.331¢

=«0C5s
=1.3679

~.0048

»1 «3552

1.3865
~1.28%56

1e7542
=-1.0408

2.1162
=s7213

2.5974
= 44048

2.8970
~.2756

2.7891
L i

2.2019
-e X543

1.4807

-.1968

«8755

SO T




25

26

27

-
-

32

w
w

3s

7

+«8030
-.4155
<0000
«4219
-.8211
-e0107
00437
=1.1553
-.0107
=«3645
=-1.2316
-e0137
-4, 48094
=1.2437
-.0107
-1.4121
-1.2451
-.0107
-1.77)3
~1.2710
=.02068
-‘.‘)975
=1.3048
-.309%0
-4.1326
-1.135%4
- 0090
-1.7942
-1.3438
= GL9n
- 3RHA
=1.20851
-, 0034
-,1050)
-1.2253
=.C056
-o%023
-1,1753
=.0051
~-e5703
-1.2000

«6958

<0000
«3569

-,0078
«0703

-.0078
-e2258

-.0078
=1.0894

-.0078
=001

-.0078
-1.0750

=112
=2+4570

-«0112
~2.9380

-.0112
~1.7600

=-.0112
-.7832

=.0054
-.5908

-.0137
~a5542

~«0048
~e7078

5618

@ « 0000

-0

=0

=.0

«2827

042
« 0317

042
«1917

042

=.4807

-.0042

«7104

~«0042

=1

«2268

-.0063

-
4

8013

=-,0129

=.0
=1

=0

el
i

-l

«3301

129
<6719

129
« 0029

107

~e 7544

-0

0r3
«6821

«4290

« 0000
«1990

2

11
o)

[y

93

- 0112
-42770

-.C0112
~e4360

=-s0112
-1.2412

-e0112
=1.3496

=-,00137
-1.7214

-.,0058
=1.9944

© = 0056

~1.5940

= 0056
-1.1255

-.0044
~« 8916

=e0112
-s7932

= 0065
-.%11%

3069

1.7322
« 0967

=.0049
-.0974

=e0049
~e2629

=.0049
-+5305

“. 0049
-1.1179

© ~.0049

=1.5142

-.0051
-1.6973

«ce7e
=1.7961

~.0078
=1.5374

=.00782
=1195%

~«0042
-+ 9927

=o 0042
«8843

~a 0046
-.9041

1221

=072

0032

-.0117
-.1902

=1.2700
~.3569

-.0117
~-«52%2

=-1.1760
=1.1174

=1.0994
-1.5908

-.0112
-1.7078

=a0746
-1.6982

=0046
=]1.4951

=.0046
-1.2280

-.0115
-1.0612

=«0054
-a9702

-.0110
=1.0437

0774

«9450
-.0815

=,0093
=+ 2874

«0002
-.49372

«0002
=s7560

=2.59%86
-1.0217

-2,2676
=-1.4966

=.0117
=1.7075

=.0068
-1.6252

-.0068
=1.4570

=.00¢8
-1.2649

~.0051
-1.1211

=.0058
-1.0259

=.0042
-1.0%38

~.0451

«9958
-a 2424

-.0002
~«5258

=e 2454
-« 7249

-.%299
-1.0127

-«0005
-1.1218

=543752
=142263

=5.56057
=1.5156

=«d008
=1.5400

* =.0068

-1.4131

=.0068
=12791

=.0051
=1.1748

-.0056
=1.0957

=.0042
~1.1404

-«1833

«6057
e 4741

=a0645
-.B8330

=3.8194
=1.09012

-eb755
=1.1851

=1.6145
=1.2299

~,0005
=1.2131

=11.42324
=1.3425

=3.6692
-1.4536

-.8613
-1.3021

-.0058
=1,2827

-.0620
=1.2014

~a0040
-1.1372

=+1589
~1.1760

=2.8391
~1.21373

-2.3829
-1.2429

-5.9001
-1.2649

=909 T
-1.3152

=5.1750
=1.13811

o

=1.70
~143545

[ RV]
w

=« 0248
-1.2820

oA
.
W

o

-
. O

=+2485
=1.1487

=e3504
=1.196)

=GO =




-.0056
=-1.4703

~.0056
~1.5879

W

- /4(-‘; [ =




ORAINAGE RATE= 2873,

CHANGES IN NCOE HEADS
SINCE MINE OPENING (TIME=Q. DAYS)?

NOCE ROVS
1

10

=3.3945

=2.6550
“2.4T24
=40063
-2.0349
=1.%%05
-.0042
-.ELAD
~1.1692
=e(l35
-.4C04
-.4762
-.0078
-e1353
-.1440
~.0044
« 0823
-.9317
=-.0095
3013
-1.1043
-.0098
«9354
=1.3564
«.0010
« 11256
=1.7248
-.0059

CED

=3.3381
=2.6204

-4,2373
-2.0103

3.2196
~.7148

1.7744
~.4658

«N066
~e2261

3657
=461

=.0C17
«1055

-.0032
«2317

-.0046
«2720

-.0032

-3.1311
-2.5994

~3.0564
=1.9785

«5605
~.9568

« 6826

~.5286

3555
-.3103

2644
= 1107

«2029
-.0859

2.3538
~.0452

-« 0054
-.1118

-.0049

RESULYS FOR AQUIFER 2
AT TIME=3564.3 DAYS

COLUMNS 1 = 21

=-2.9083 =2.8948 -2.8333
=2.5754 -2.5527 =2.5366

=2.46062 =2.4019 -2.2820
-1.96136 =1.9470 =1.9299

-e0549 =e¢3379 -e4973
=e9941 -1.0293 -1.0669
3036 01074 -.0273
-.5918 -.6489 -a6929
«3042 «2507 «1925
-.4023 -.4788 =e5511
«3604 <3875 «4202
~.3035 -e4331 ~e5425
«3E13 «5034 «69318
~e 2700 -.4414 -.50886
«5884 «9324 1.1794
-e2952 ~«5156 -.T117

1.2010 1.4648 1.4856

~e4153 ~«7156 =<9639

9629 . 1.6257 " 145610

=2.790%
-L45217

~2.2212
-1.9216

-e5957
-1.0903

-e1025
-.7361

«1396
~«62R2

<4075
-+6411

« 1456
-.72390

1.2534
-.8872

1.4819
=1e17482

1.4958

=2.1554

=2.4956

=2.1577
=1.9048

-a6729
-1.1204

=-.1R80
-.8013

<0867
- 7189

«3694
~aT749°

7764
~.8926

1.2020
=1.0906

1.3767
-1.4163

1.4422

-2.7207
-2.4841

{=2.1084

-1.8916

s 7444
-1.1487

=.2516
-.81376

«0195
=«7903

«3013
-.8689

«5653
=1.0054

«9919
-1.2432

11848
-1.5913

1.3320

=-2.5797
~dehTAS

~2.0692
=1.8921

-. 8093 .
~1.1616

=«3306
=. 8424

=B~

-.0562
-.8345

«2028
~.9150

L4095
-1.0815

<5943
=1.3337

1.0063
-146982

1.0429




11

13

14

15

16

17

18

19

20

21

22

«5T67
-2,0559
o0U51

«3913
~2.45406
« 0054

«04TS
-2.9194

-.0215%
4210
-3,4468
« 0049
-.9948
-4,0610
«L0C49
-1.6092
-4.7517
«034%09
=2.4453
~5.5142
« 0049
-3.3574
-6.3472
«DHN37
-4,4153
-T.24332
« 0037
-5.6T711
-0.1792
«uil49
-7.1978
=9.1646
« 0048
=9,0427
=-10.1526
«0059
-11.2732
=11.13%4
0049
~13,9138
~-12.0852

«1196 -a2795

=-.0032 « 0051
-a1062 -45457

-.0032 =.0049
=s4705 ~+9250

=e0069 «0058
-.9382 =1.4063

-.0032 -.0049

-1.5193 -1.9949
=-.0039 =.0063
-2.1985 =2.6015
-+0032 +0010
-2.9963 =3.4905
=.0032 «0005
=3.9248 -4.4143
=o0C45 «0034
~4.9953 -5.4858
=-.0032 * «0005
~6.2581 ~6.7229
-.0039 «0020
=7-.7429 ~6.1417
-.0032 <0029

-9,4856 =9, 78AT

~s0045 <0032
=11.5244 =11.,6257

-.0039 «0027
=13.8418 =13.6877

=.56331

3.5018
-»9321

<0409
=1.3171

=.0020
-1.8196

1.0759
=2.4075

«0955

=3.1106

4585
-3.9175

3957
~-4,8438

«2354
=5.58967

«9058
=7.0974

<3074
=be4553

«1531
=-9,9814

=.0056
=11.6465

=-.0056
=13.4414

=e944A8

1.2735
~1.26A4%

240476
=1.6741

1.9692
-2.1782

1.726)
-2.7708

1.3774
=3.4802

1.0586
-4.2783

<9407
-5.1938

«B8359
~6.2229

« 7346
=7.3921

«6519
-8.468313

=-e6589
~10.0979

=2.2974
=-11.62123

~3.4895
=13.1948

=1.219% =1.,4497

1.6624 1.5896
~1.5513  =1,7974
1.7410 1.6897
-1.9719 =2.2285%
1.7549 1.6980
-2.4822 =2.7458
1.7351 144590
-3,0903  =3.3577
1.7002 1.1304
-3.7891 ~4,0%88
W9666 L2968
~4.5945 -4,0402
«3977 ~.4053

=5+ 4951 ~5.7393

=.0254 =1.,0745
-6.5078 ~5.T7244

=s4949 =1.8796
=7.6250 ~1.8013

=1.2947 =3.0518

~B8.843) ~6.9534
=3.2947 4.,9624
-10.1594 =10,13851
-5.4365 -7.3328

=11.5457 =11.4575

=7.8557 =10.3491
~12.9558 ~12,7383

171329

1.5203
=2.0894

1.6174
=2.5308

1.369%
-3.0591

«3237
=3.5772

«3103
-4.3713

=s %353
~5.1467

=1s214%
-6.0139

=2.0547
=5.9673

=3.6954
-7.9354

=4.4634
~3.0686

=563945
-10.19%02

=8.9063
-1i.3323

=12.2791
=12.4578

=1.9102 =2.02139
1.40458 9902
~2.2096 -2.40%2
1.2202 «5155
~2.7T437 ~2.3687
«T327 «1296
=3.2756 ~3.4124
«1890 —e4275
=3.8%43 ~4.0251
=-e4204 1,015

-4,5213 -4,7078

=1.1567 =1.826¢
=5.3530 =5.4751

-1.9813 =2.7112
~5.1992 -6.30582

=2.9411 =2.7344%
=7.123) =Te2144

~-4,1013 =-4.9573
-3.,1028 =3.1653

=5.5977 =644927
-9.12710 -9.1514

=T.5405 -0,41561
~101790 ~10.1624

=10.0530 =10.808
=11=232%9 . =11ad

=13.3315 =13.7981
~12.2458 <~=12.1208

=691~




25

26

27

28

29

30

31

R

33

34

35

37

-.0197
-16.9478
=12.9473
-.0107
-20.2047
-13.7100
-.0107
=2.46076
-14.,32L0
-.0107
2444056
=14,7515
=.0107
=26.0925
-15.0032
-.0107
=26.9023
-15.9498
-.0107
-2b644429
-14,8899
-, LN6R
-22.,1023
-14.5569
-.00a0
=13.4639%
=13.7751
«5375
-11.6970
-12.7893
1.7051
=1Ge T84T
-11.6890
2.7049
=9.8953
=10.5583
4.1799
-8.5581
=9.0662
6.3162
~6e3462

=.0039
-16. 3&\’,0

-.0078
-18.8652

-.00N78
-20.9829

-.0078
=22.6077

=.0078
=23.7454

-.0078
=24.1204

-.007R
=23.2847

-.0112
=23.4263

-.0112
-14.7585

«63490
=12.3704

1.6995%
=11.0764

2.7634

-10.0217:

4.1819
~246252

6.3108
-6.4111

0010
=15.7922

=a 0042
-17.8538

-e 0042
-19.6089

-.0042
=20.9521

- 0042
-21.7988

-, 0042
-21.9382

=.0042
=21.,1145

=.0063
-19.1184

-a0129
~15.1487

6292
~12.4018

1.6897
=11.3313

2.7485"
-10.1535%

4.1650
~0.6926

6.3064
-6.4829

=.0C5%
~15.2518

~.0056
-16.9310

-.0112
=1H8.4558

=-.0112
«19,5547

-.0112
-20.19C7

-.0112
=-20.2271

-.0112
=1%7.5344

= 0037
-18.0862

-.0055
~15.1743
-13.0281

1.6611
=11.5090

2.7315
=-10.2688

4.1597
~8.7607

6.3030
-6.5522

~4.3406
-14.7498

-4,3926
=16.2324

=-2.7742
=2:3347
-18.3R82

=1.7966
-18.8921

-1.0251
-18.8950

-.0049
~18.3315

=.00%1

-17.2383

-.0078
=15.0271

«5708
=-13.1335

1.6587
=11.6375

2.7307
=10.3618

4.1562
-8.8208

6.3013
~646309

~10.8462

-14,5330

=15.9933

-15.5033

=10.8679
~17.4756"

~16.6555

=£.0291

=17.42380

~641575
=17.8430

=2.9450
=17.8462

-e8745
=17.391719

-«0112
-16.5513

-.0046
=-14.R8008

«5642
-13.138Y

1.6533
=11.7063

2.7275
-10.4397

41545
~B.8860

642905
-6.6892

=14.5898

=13.9697

-22.4651

~15.0730

<0017
=15.9958

.0007
=16.6606

«0000
-17.0119

=5.6260
-17.0076

=3.3955
=lb.6528

-144932
-15.9802

-.0048
~14.5698

5596
-13.1018

1.6516
=11.7344

2.7266
=-10.4905

4.1541
-8.9270

6.2905
=6.T485

=17.,3633

=13.5205%

=27.1719
=14.4568 .

=33.0393

-15.2339

=38.5365

-15.7822

=39.9727

=16.08490

~.0029
=16.0981

~8.4788
-15.8384

=T7.9470
=15.3406

-.6626
=14.2366

=e6245
-12.9958

=y5591
=11.7368

=y 4938
=10.5291

=-e4028

-8.9958

-e2712

~6.827

=17.789¢
=13.1999

=17.4207
=13.0122

-2 -21.%3%26
~13,7942

37185
-14.0298
=26.9764
=14.7156

24,5579
=14.46105

=28.3687

-15.2004

-26.51178
-14.8618

-31.9595
-15.4675

=28.3174
-15.2172

-36.19%8

=15.4944 ~15,1587

“17.2170 =24.1025

=14.9C009 =-14.6428
=5.47861 =11.06C5
-13.9858 <=13.3%308
=9.8960 <=10,7944
=12.8879 -12.8076
=10.2747 =10.4588
=11.7227 ~=11.8987
=9. 7134 =9.72313
~10.5557 =10.5%86
~8.4083 =-645120
-9.0374 =9.3520
=6.2578 -8.2859
-5.0743 -6.92138

=0Ll~




-+0991 =2.3484 -2.,7236

-8.2263

38 9.1553 9.1519 9.%4&9 9.1470 9.1460 9.1458 9.1458
-3.0337 =3.2819 -¥.4998 =3.6736 =3.b6254 ~3.9534 =4.,0569 ~4.1765 =4,2651 ~443125%
~4.3281

39 11.997¢ 11.9951 11,9927 11,9915 1.9910 11.9907 11.9910 -.1016 -1.3262 -1.3823
=1.442% “1 55337 =1.5964 ~1.06501 =1.7603 ~1.8604 =1.9504 -2.0703 -2.1504 =2.2004
-d . NS

~LL =




ORAINAGE RATE= 8137,

CHANGES IN NORE HEADS

SINCE MINE CPENING (YIME=Q,

NOCE ROWS
1

10

]
CFD
DAYS)t
=1.86¢7 -2.2361 ~2.5950
-3.3714 =3.4272 =3.4714
-3.7012 ;

-eb365 -1.9236 “2.6680
~-4,009% -4,0684 -4,14626
~4.,5190 .

-1.033) -2.6%68 -3.4976
-5.2245 -5.3433 ~-5.4451
-5.9810

«1.0°1 -3.,3203 «4,1555
=6.4747 -6+5710 ~6eT268
-7.5013

-.0327 =3.6453 -4.5166
-7.4133 -1.0396 =~Te4457
=-8.9114

- UCH5 =3.5349 -4,6017
-£.20264 -8.4810 ~be7437

-10.0774
0039 =3.,2234 -4.,5895%
-R.ET730 =9.,2043 95137

=-11.0925

-.CU54 -2.66T7 -4,5046
=9,06287 =10,0156 =10.3840

=-12.2646

=,0115 «2+3979 -4.3850

=10.,4714 <=10.9387 =-11.3813

-13.6177

-« 0046 ~242478 -4,2480

RESULYS FCR RQUITER 3
AT TIMNE=3568.3 DAYS

COLUMNS 1 = 21

-2.8237 ~2.9656 =3.0754
=3.5195 =3.5520 ~3.5876

=3.1016 =3.3489 =3.5173
-Ay2227 =4 2793 =-4,3328

=3.9983 ~4.3247 -4,5515

~5.5447 -5.6328 =5.7095
-4,7612 =5.1743 =5.4792
~6.8662 -1.0009 -7.1184%
=5.2568 =5.7802 =5.1749
-2.0620 -8.2178 8.3738
=5+5220 =6.1617 -6.6582
-6.9705 =-9,2014 ~9.4055
=5.6829 =8.4509 =-7.0381

=948003 =10.0637 =10.2935

~5.8152 ~6.7288 =T.4241
=10.7234 ~=11.0425 =11.3201

=5.9041 =6+9990 -7.8220
=11.7878 <=12.1563 <=12.4956

=5.9341  ~T.1541 ~3.0896

=3.144)
=3.6167

=3.6316
-4,3838

-4.6978
=-5.7859

=5.6777
-1.2217

=b.4338
-8.5095

-6.90802
=953 2

=T.4209
=10.4990

-T.8987
-11.5657

-8.3796
-12.7847

~8.7158

=3.2007
=3.6597

«3,7373
“ho 4431

-4.,81352
-5.8677

-5.9645
~7.2440

-6.6921
-8.5890

=7.2976
=9+ 1915

-7.8042
=10.76137

-8.3389
~11.6691

~-8.9189
-13.1506

-9.3398

=3.2634
=3.6848

=3.8345%

—4.4824

“~4,9756

=5«9295) .

~6.0513
-7.4338

-0e91397
-8.8059

=T7.6106
=9.9416

=8.1675
=10.9463

~BeT7544
=12.0940

~9.4500
~13.4109

~9.9407

=3.3228
=-3.7022

=3.9250
~4.5051

=5.0594
=5.9695

=6.239)
-T.4915%

=-7.1965
-8.8899

-T.9192
-10.0391

-8.5305

~11.0559

=-5.2148
-12.219%

=-9,9712
=13.5638

=10.5281

~ZLT~




11

12

13

14

15

16

17

ie

19

20

21

22

23

=11.0947
=14.6392
-.0042
-11.77L4
-15.7681
= 0046
=-12.5208
=17.0C62
=-.0039
-13.4708
=-lba3742
~a0378
-14,3042
=19.48%209
=e0242
~15.3¢98
=21.5529
« 0PY
=-16.5T73868
-243.3849
-+ 0UEH
~17.9893
-4%s3928
EPRUDLEY
=19.46553
-27.5101
-.0086
=21.56539
=-(9.9189
-.U06A
=-24.1030
=32+4434)
-«02686
-¢7419072
-35.0786
=.0Con
=-31.,1729
=37.8.59
- 0066
~36.4312
=40.6152

-!1-621& =12,1196 ~12,5815 =13,0065 =13.3825 =13.7107 =14.1145 =14.4036 =14.5852

=2.9244 -4.0410 =5.9250 -7.2959 =8.3701 =9.0757 “=9.7R64 =10.4705 ~311.1348
=12.3811 =12.7458 ~13.4AT7T3 <=12,9226 =14,2604 =14,7280 =15.1828 =15,5022 =15.T041

-1.539¢ -3.7817 -5,8604 =7.4107 ~8.6375 =9.4526 =10.2554 =11,0229 =11.7391
=13.2182 =13,05T2 =14,4438 =14.9T741 =15.4460 =15.857 =16e3555 =16.T148 =14,.9402

-1,00713 =3.4105 =5.7239 =7.5093 -8.9080 =9.8396 ~10.77C3 =11.4729 =12.5393
=14.1409 <=154.8625 =15.5310 <=1641218 =164H6519 =17.1094 =17.6641 ~-15.0538 =186.323%

-.6689 -2.9102 =5.481T7 ~T7.5429 =9.1672 =10.2551 =11,3201 =12.3584 =13,1572
=15.1895 =16.0044 <~16.7424 <=1T7,4097 =18,0022 ~1€.508R =19,1113 =19,5%00 =-19.5782

=4375 - =2.1909 -5.,1021 =7.5278 =9427T7T =10.6963 =11.9316 =13.1321 =14,27728
=16.3679 =~17.2868 =~18.1157. =18.8547 =19.5022 =20.0603 =-20.7209 =21.1%21 =21.45823

-.26813 =1.1362 =4h.5421 =7.4490 =9.0960 =11.,1711 =12,6226 =14,0159 =15,3420
=17.718) =18.7490 =19.6743 =20.4902 =21.1960 =21.7930 =22.5081 =~22.9916 =23.290%

-s1877 -+3335 -3,7T192 =T.3174 “949795 =11.7219 =~12.4187 =15.0422 =14.57359
=172T749 =20.4307 =21.4507 <=22.3350 =23.0957 =23.7378 -24.4780 =24.9813 =25,2915

-a1777 =.2920 =3.2227 =7.2183 =10.3232 =12.3730 =14,4701 =14.2688 =1g
~2141006 <=22.3B21 =23.4888 =24,4458 =25.2422 =25.8979, =26.6560 =-27.1704 =~

-.1672 ~a24606 =2.6316 “7.0427 =10,6370 =13.12%9 =15.4971 <=17.7407 =15.804D
=23.2742 =24,6726 =25.8552 =26.8481 =27.6594 =28,3231 =29.0642 =~29.5515 =-29.8257

-.1455 =e1931  =1.5215 =6+6167 =11.0393 =14.0122 =16.9023 =19,5828 =22.0059
~25.8970 =27.3840 =-28.6118 =29.6035 =30.3921 =31.0181 =31.6887 =32.1167 =32.3439

=al313 -.0042 -.0112 =5.7161 =11.3508 =15.09086 =18.6768 =~21.9783 <~z4,.8203
=2941145 =3046436 =3148403 =32.7551 =33.4604 <~33,9917 =34.524T7 =34.8521 =-s5.0298

~.1091 ~«0042 ~e0112 =5.0229 =11.6665 =16,4553 =21.1401 =25.,2322 =20.524%
=33,1304 =34,5679 35,6133 «36.354T =36,8T79 =3T7,2327 =37.5598 =3T.7251 <«3T.EQ10

=.0916 =« 0042 = 0112 ~4,24632 =11.4124 ~=18.0478 =24.7385 =30.0195 =33.8208
=38.1655% =39.2866 =3%.9856 =40.3896 ~-40.6135 -hq.7136 =40.7256 =40.6792 =40.6332

e b=




24

25

26

27

28

29

30

b

32

33

34

as

3s

37

-,0107
“-h3eh532
-43,38)¢4
- 0LiNT
-52,4595
-46,02482
-.0107
-62.5369
-4¥, 6490
-~.0107
=-71.3386
-50.56T71
-.11407
=17.8%82
-52.3042
-.0107
-£2.0132
~=53.5940
-.0107
-02.¢480
=54,4250
- (1268
=lbal412
-84, 75348
=001
-64.3518
=54,4548
=g h 312
-58,87130
-53.3750
-o£E833
=-54%.10%6
=51.7445
=1.20600
~51.8420
=-49.7510
=1e41363
-4T7.8452
~hb6.TLH3
=-1.%138
-42.2732

-.,056828
—~4.««§1

-:0079
=51.5999

-«0078
=59.6147

-.0078
-66.9562

=-0078
-12.1982

-.0078
-75.3193

=-.0078
=-T75.4607

-+0112
-72.1331

-«0095
=63.9077

=«9932
=58.7554

-1.78465%5
-54.9778

=242151

=51.7310.

=2.4919
=47.7749

=2.1%63
-42.2507

-+ 0042
-44,8584

=s 0042
-51.1189

=,0042
~57.5247

-.0062
-63.2390

=.C004?2
-47.06067

=.0042
=T70.1360

- 0042
=70.4%06

=+0063
-68.,3%06

=«0129
-62.8052

=2.3347
=56843245

-4.0938
=54.1258

-4.5713-
=51.5679

=4,2807
~47.6877

=3.2107
~42.2144

-.0112
-64,9290

~a0112
=50.2705

-.0112
=55.5754

~.0112
=60427959

-.0112
-63.9199

=.0112
-66.0813

=3.6736
=66.5134

«T7.2769
=65.307¢6

=8.9639
-61.4446

=G.6741
=5Ta7024

-8.93274
=54.3845

-T.5828
=-51.3591

=5.9458
~4T«5T37

=3.9438
~42.1672

«2.2703 ®8.1A85 =19,5574 =31.1387 =3T7.7554 =41.,4470
~4448154 =4A.59TA =44.3413 ~41.9561 43,0382 =4l.4422
=-.0049 = 0L1T =20.6772 =47.48456 =51.3347 =52,4995
=49.43084 =48.6489 =47.9666 =AT.115%5 =46.5000 <=46.1443
-.0049 =-.0117 =a0020 =77.5164 =70.4253 =65.8918
=53.9292: =52.5442 =51,3870 =50.0559 <=49.1475 =42.6211
=+0049 -.0117 =.0020 =93.7905 =84,.1125 =T76.3389
=579363 =55.9641 ~5443977 =52.6411 =51.4636 =50.7922
~. 0049 -.0117 <0005 =101.9529 =92.7922 =R4.5247
=60e9797 =58.67335 =56.T627 =54.7012 =53.3167 =~52.5554

~6.4863 =18.3337 =39.2997 «0005 =101.5325 =9C.6115
=62.8774 =60,3538 =58.3467 =56.1411 ~54.6E92 -53.82672

=15,9492 =231,3848 =47.0327 =65.1507 =+ 0017 =91.8971
=5344565 =61.0129 ~=59.0759 =56.9175 =55.4980 <=54,4782
=20.6763 =35.0359 =349,675R =4$7.0881 =76.1702 =~R2.4597 !
“6247715 =60.6912 =58.9927 =57.04613 =55.7603 ~54,.9950 ::
=20.,4536 =31.3638 ~40,2634 =50,8926 =58,8975 =£2,2480 '?
=604CT735 =58.78586 ~=57.6418 <=56.2464 <~55,2500 ~54.8555%
=16.2742 =21,0310 =23,1182 =46,5139 =58.,1187 =58.56165
=55e979% =50e24380 =55.5457 =54.6328 <=53.9397 =53.5149
«12.644AR =14,5957 =15.3547 =42,1396 <=55,0903 =55.1235
=53.9905 =53.5671 ~=53,1418 =52,5730 ~52.1267 =51.8174°
=9.5720 ~1066289 =10.9666 =37.7698 =51,9290 =51.9914
~5141267 =50.8733 =50.6201 =50.2720 ~49.9844 ~=49.8135

-6.9055 -T.3782 ~T.5173 =31.9521 =A4T,9124 <~A7.8945
=4 Ta458T =4T7,3223 =47.1865 =40.0088 =~45.8823 <=448.7¢0%

-4.,3157 ~4,5002 =4,5542 =23.2314 ~42.3082 =-42,299%
=4241223 ~42.00635 =42,0149 =41.9399 -~-41.8865 =41.81359




38

39

-41.8286
~ebT57

-35.2417
~35.2430
-.0520

42b.4558
-29.0869

-142383 =1.6467 =1.9048 =2.0247 ~2,0793 «2.1023 =11,6160 <=35,2432 ~35,249)
=35.2490 =~3542363 =35.2290 =25.2285 =35.2148 =35.207% =35.1882 <~35.1631 <35,1106

-.0930 =a1340 ~e1646 1748 ~.)848 =e1248 0190 =28.4321 =28.43937
22844797 =2B45115 " =2845513" "=28.,5991 ~28.6448 =20,6982 =~28.7988 =28.8967 =29.002%

~GLT-
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