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Abstract. Details of steady-state flow in regiunal groundwater basins can be investigated:
using digital computer sulutions of appropriately designed mathematical models, The factors
that must be considered ave: (1) ratio of depth to lateral extent of the basin; (2) water-
table configuration; and (3) stratigraphy and resulting subsurface variations in parmeability.
The results of thiy study - provide a theoretical basis for the following properties of regional
Aow systems: (1) groundwaler discharge will lend Lo be concentrated in mnjor valleys; (2)
recharge areas are invariably larger than discharge arens; (3) in hummocky. terrain, numerqus
sub-basins are superposed on the regiunal system; (4) buried aquifers tend to concentrate
flow toward the principal discharge arca, have o Jimiting cffect on sub-basing, and need not
outerop to produce artesian flow conditions; (5). stratigraphic discontinuities can lead to dis-
tributions of recharge and discharge areas thet sre difficull to anticipale and that are lurgely

" independent of the water-table configuration. (Key words: Groundwaler; computers, digital;

drainage busin characheristics)

INTRODUCTION:
Regional groundwater flow in a nonhomoge-
neous, anisotropie system can be investigated
by means of mathematical models. In Part 1

steady-siale solutions bave heen obtsined by
analytical and numerical meihods, The numeri-
¢al methods, which involve compuler solutions
to -finite-difference equations, proved to be su-
perior to the analytieal methods and were rec-

- dimensional models of groundwater basins,

 In ihig study, potential nets obtained from
two-dimensional hypothetical models are ex-
‘amined qualitatively to show the eflect of varia-
" tions in the controlling parameters on the re-
. gional groundwater flow system. We have chosen
~only a limited number of examples from a much
more comnprehensive study {[Freeze, 19667 to
£ illustrate somie important points. Much more of
_this kind of work can be done, but we believe

ommended for both two-dimensionul and three~,

623

that thess examples will demonstrate the use- ;’
fulness of the digital computer approach to -
- investigations of regional groundwater flow.
In Part 3 of this study, the quantitative sig- -

of this- stucbﬂrmrandﬂﬁtherspamﬁ%&r-mﬂmmﬁﬁm’ﬂﬂ‘ma eal model approach

will be discussed thh field expmples...

It is first neceasnry to define some of the

terms-- that appear throughout this study,

Natural groundwater recharge refers to water -
that percolates down through the unsaturated .

zone to the water-table and actuslly eunters-the
dynamic groundwater flow system. This defimi-.:
tHon excludes that portion of the molsturg'
surplus that enters the ground and inereases the

soll moisture content but does not cntor the .
flow pattern itself. The. term s not to be con- .

fused with the actual areal precipitation which,

in some .cases, may lead to groundwater re-
charge and in other cases may not. Natural -

groundwater discharge is water that is. dig-

charged from the dynamic groundwyler fow °

.

’l"’
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»-systcm by means of stream baseflow, . springs,
- seepage areas, and evapotranspiration. We-have
" not considercd the effeets of artificial discharge

 (wells and well fields) in thig study.

A discharge area is an ares where the diree-
tion of groundwater flow is toward the water-
© ‘fable. A recharge mrea i3 an aren where the
- "direction of groundwater flow is away from the

°: ‘water-table. It is convenient to introducc the

. eoncept of a hinge-line; which is a line on
" the surface of the watcr-table that separates 2
dxscharge area from a recharge area. Its projec-
_ tion on & two-dimensional vertical section will
" be a point on the water-table.

A groundwater basin is 8 three-dimensional
olosed” system that containg the eatire flow
paths followed by all the water recharging the
. basin, The flow paltern within a given basin
" “"may" be zimple, involving only one recharge
“ares and one discharge area, or complex, in-
. volvigg many. A Lwo—dxmensxonal geotion
" ‘through a groundwater basin is repre"mmtave
of the three-dimensional basin if it is taken
parallel fo the direction of dip of tho water-
tablo slope. '

In this study ﬂle waler-tabls is considered to

be ap imagiary surface beneath ground Ievel
. at which the absolute pressure is atmospheric.
« It is-assumed to be the upyper boundary of the
saturated flow system [Freeze and Witherspoon,
1966]

- The potential functmn nsed- throughout thxs

 study is the hydraulic head , which is defined

}-by

e ,.,,)g;i;ﬁﬂi )*4_

_whcrc

" ¢ = hydraulic potential [Hubbert, 1940]
* ¢ -=-acceleration due io gravity

- ‘At apy point in the potential field, ¢ equals U\e

- 'Plemtton above & standard datum of the liquid
. level in a piezometer inserted at that point.

~The manner in which any flow system is
‘ defiried by a potential field is governed by the
: interrelations between three governing faetors:
. (1) sha,pe of the region in which the potential
_ field is defined; (2) existing boundary condi-
~ tions; and (3) nature of the inhomogencitics
> m the flow propertics of the rogion. :
~ .In our case, the potential field is a region
. .reprégented by a two-dimensional, vertical cross

section through a groundwater basin. The rc-
gion is roughly rectangular with vertical im-
permeable sides, 2 horizontal imperreable base,
and an irregular upper boundary (the water-
table). There are two ways by which we can

“control the shupe of this region: (1) by changes

in the water-table configuration, which result in
gmall bul important ehanges in shape, or (2)
by changes in the ratio of depth to lateral ex-
tent of the basin. By varying this ratio, we
can examine all eases from that of a deep basin
of limited lateral extent to the rore ususal case
of a shallow groundwater basin of broad extent.

At the external boundarics, the controlling

‘conditions are explicitly defined by the mathe-

matical medel; only the water-table configura-
tion cun be altered. Within the reginn, the
property of the medium that affeets the nature
of the potentinl field is, of eourse, the perme-

-ability. We must, therelore, examine the effect
" of inhomogeneity and anisolropy of permeabil-
“ity on groundwater flow patterns:

Téth [1962, 1983] hus used an analylieal
golution to arrive at results for the homogene-
ous euse that show the effect of varying the
‘dopth : lateral extent’ rativ. For this study, we
have thercfore chosen a fixed basin size and
sttempted to isolate the effecls of water-table
configuration and snbmri.z.oe .permeability vari-
aliong,

Each of the diagroms in Figures 1 ’t.hmugh 6
depiets the potential pattern in a vertical cross
section through a hypothelical groundwater

“busin. In some euses, random flowlines are In-

chided to clarify the direetion of flow. The
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“diagrams are true scule and ‘dimensionless, 1.,
all dimensiong are given in terms of & the

total length of the basin. The diagrams could

-thns represent flow patterns for systems eover-

ing only a few acres or for those extending over
many haudreds of square miley, -

For this disenssion, we have chosen a basin
with a ‘depth : lateral extent’ ratio of 1:12.
Depth was arhitraiily taken as measuted at the
shallowest paint, ic., at the left-hand cdge of

each disgram, The total relief on the water-

tablé surface was arbitraxily set at 36 the basin
depth for all water-table configurations. The
muchine-plotted equipotential -lines’ were - all
construeted nsing a-constant Ay, which was Yo
of the total available head.

Permeability contrasts are noted on most




rrom (bi3) YYs-3256

The re- ,

cal im-
le base,
water-
we can
changes
sult in
ar (2)
eral ex-
itio, ‘we
1 hasin
ual case
extent.
itrolling
mathe-
nfgura-
( the
2 pature
perme-
1e effect
‘meabil-

1lylical
mogene-~
ring the
ady, wo
tize and
er-table
ty vari-

rough 6
sal cross
ndwater
are in-
W, The
“—ess, i,
g the
18 could
§ COVRT-~
ing’ over

a bagin
of 1:12,
d at the
edge of
. water-
e basin
ns. The
vere  all
was 150

0 most

vrder # 04388313U7V03574399

Wed Jan 28 17:32:49 2004

dlagnms Where & single value is shown within
.8 given formation, the formt1on is wotroplc
n shisotropic eases, both harizontal and verti-
cal permeabilities are indicated. Where no per-
meability is ‘given, the formation is homogene-
ug and isotropie. '

-These perneabilities may also be considered
dimensionless, beoanse it is the permeabilily
atio that controls the nature of the potential
field. For example, in Figure 2A 1lie same po-
ontial net would result from permeabilities of
10 and 100 as exists for 1 and 10. The quantity
f flow through the basin wowld, of course, be
ifferent, )

In some diagrams the closeness of the equipo-
ntizl lines was such that only every other or
every-third line has been repraduced to avoid
.maze of lines, In these instances, the position
of - the missing lines is indicated by tick marks,
a,ud the resuliing gaps in the potential fields
usi not be interpreted as sudden changes in
gradient,

EFFECT OF WATER-TABLE CONFIGURATION
- The .investigation of the effect of the water-
tsble configuration on regional proundwater

Regional . Groundwater Flow

flow patterns-was begun by T'déth [1962, 1963]..
He considered two cases: a constant gentlo re-
gional slope éuch as one would expeet to find in.
the flat prairie, and a water~table with the con-
fizuration of & sine curve, as ane might expect

in hummocky terrain. With the increased versa- .. - - ‘

tility of the methods introduced in .Part 1 of
this study, we can now investigate water-table’
configurations of a more irregular nature, and

ones more representative of actual field econdi-

tions. .
Tn Figure 1, the effect of three dxﬂ'erent
wuter-table conﬁgumtmm, on the flow through 2

Lomogeneous isotropic medinm is shown. The .

“following general comments can be made: .

1. In the recharge avess, the equipotential

lines mect the water-table obliquely with.the
acute angle on the upslope side. In the dis«
chargo areas, the acute angle iz on the down-

slope side. At the hinge-line, the eqmpntenm.l .

meets the waler-table ab nght‘. angles, .
2. The existence of a high in the water: ta.ble

vtonﬁgumtwn, whether it be a major regional

high or » inor reversal in slope, results in .
recharge at that point and for some distance
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* Fig. 1. Effect of water-table configuration on regional sroundwater flow through homogene—
: . ous jsolropic mediums.
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on either side. The existence of a low results
Ain discharge at that point and for some distaneo

. on either side.

3. 1f the spacing between eqmpotentnl eon-
tours is # feet, then an equipotential linc must
. meet -the water-table at cvery point along its
. lengih that represents an increase in elevation
- of = feet. Steep water-tuble slopss therefore
- result in many equipoténtial lines and high

‘gradients near the water-table (and indeed to -

- -some depth). Shallow slopes are conducive fo
low gradients. Where the water-table is flat, it
represents an equipotential surface, and vertical

- gr adients result.

4. T6th [1962] showed that a gentle constant
regional water-table slope over s homogenecous
- .medium resulls in flow which is essentially hori-
" .zontal. Recharge is concenfrated at the up-
stream end of the recharge ares; discharge, at

the downstream end of the discharge ares. The
hinge-line is at the midpoint. By eontrast, when

. there is a major- valley present (Figure 1A),
‘the hinge-line oéeurs midway up the steep val-
ley -flank. Discharge is conceéntrated in the
valley. Recharge oceurs over the entire upland
urea but is eoncentrated in two locations: at
the upstream end of the recharge area and at
the bresk in slope above the steep valley flank,
5. The existence of a hummocky water-table
configuration (Figure 1C) Tesults in numerous
- gub-basins within the major groundwater bagin.
* Water that enters the flow system in a given
~roeharge area may be dischurged in the nearest
* topographic low or may be transmitted to the
" regional discharge area in the bottom of the

~.major valley. In essence, Fignre 1€ shows the—-

. eflect of -the addition of a msajor valley fo

" Téth’s [1983] sine curve configuration (al-
thoigh ihe hwomocks in Figure 1C are not

*_sine eurves but straight line segments). Figure

1B shows & composite situation involving a
-major valley, an area of eonstant slope, and a

" hummocky watex-table in (he upstream end of
the region. .

It should be noted that the second eomment
.ubove holds only for two-dimensional soctions
taken parallel lo the direction of dip of the
water<table slope. Section EE’, Figure 9, in

Part 1 of this study [Freeze and Witherspoon, .

© 1966 provides a counter example of a random
“two-dimensional section through & three-dimen-

sional basin in which a topographic low (near
the interseetion of CC’) acts as a recharge area,
Section HE’ crosses this valley in its upstream
portion, where longitudinal components of flow
parallel to the direction of the valley are more
important than lateral flow components parallel
to the section.

EFFECT OF SUBSURFACE PERMEABILITY VARIATION

Figures 2 through 6 consist of eightcen po-
tentisl nets designed to display the diversity of
regional flow patterns that can -arise from the
consideration of & variahle stratigraphy. and its
resulting subsurfacc permeability vatiations,
The principles are best shown ueing the sim-
plest Tealistio water-table configuration, that of
Figure 1A. Thirteen of the diagrams utilize this
configuration, whereas- the other five show the
cffeet of stratigraphy on flow in hummocky
basins.

Layered Cuases .

Comparison of Figure 24 wilh Figure 1A
shows tho effect of the introduction of a layer
with a permeability 10 times that of the over-
Iying beds. The lower formation. is, in effect,
an aquifer wilh essentially horizontal flow that
is being recharged from -above. As a conse-
quence, the vertical component of flow in Lhe
upper layer is much more pronounced than if
was in the homogencous case (Figure 1A). One
should salso note the downstream increase in
gradient within the aquifer of Figure 2A, caused
by an increasing number of flowlines that enler

the aquifer from the upper layer. Discharge is

concentrated in the valley bottorn; the entire
constant regional slope is 4 recharge area,
These effects can be further altered hy con~
sidering & higher permeability contrast, Fig-
ures 2B and 2C show the effect of increasing
the permeability of the basal aquifer. As the
permeability ratio increases, the following

_ changes can be noted:

1. The vertical upward or downward- flow
through the overlying low-permeubility layer
heeomes more prondunced.- For example, in the

_upstream recharge areas. at the right-hand.side

of the disgrams, the flow becomes more vertical,
the verlical flow exists over a larger ares, and
the vertical gradient increases.

2. The horizontal grﬂdxenl, in the a,quer de-
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Fig. 3. Regional groundwater ‘flow through layered mediums wu.h a hummocky water-lable
. configuration.

- ereases, but the quanlity of flow-(which can be
_ caleulated using Darey’s Law) increases.
" 3. The hinge-line moves upslope, creating
larger discharge areas. This is a result of the
“inereased quantity of water flowing through the
basal ‘zquifer, which must escape ig the influ-
encee of the left-hand vertieal impermeable
boundary is felt. The magnitude of this effect
.may not be entirely realistic, as it is possible
" that, for penmeability ratios of 1000:1 (Figure
' 2(?-), the ‘major valley’ at the lelt of the din=
~. gram would not ereate an Imaginary imperme-
.able boundary. Horizoutal flow throngh the
-aquifer might proceed to the left nntil & more
»pronounch topogmpbic influence was encoun-
tered, . . e

. The thickness of the basal aquifer has little
effect on the nature of the flow pattern, as
" shown by g comparison of Figures 2D and 2A.
The quantity of waier fowing through the sys-
tew re p1e<ented by Figure 2A would, of eourse,
be about. half that Nowing through the system
of Fignre 2D.

Comparison of Figures 25 and 1A shows that
the flow pattern resulting from a two-layer
- -cage, when the. upper layer has the larger
- permenbiliiy, is almost identical to that of the
homogeneous case. The quantity of flow is, of
" -pourse, considerably different in each case. The
fact that a geologic configuration exists that
results in a potential patiern identical to that

of the homogenenus case emphasizes the fact
that good permeability dats arc necessury be-
fore results of piezometer installations ean be
interpreted successfully in terms of quantxta.twe
estimates of regional fow.

Figure 2F shows & three-layer case with the
aquifer in the middle of the section. Aguin we
see (hat a low permeability layer beneath the
aqnifer has little or no effect on the potential
patlern (compare Figures 2B and 2F).

Fignre 3 shows the effeet of stratigraphic
variations on regional groundwater flow when
the water-tuble has a hummocky surfliice. As
shown in Figuie 3A, the effect of the basal
aquiler i to mtensﬁ'y the downward flow

_.through ihe npper layer.- The aquiler provides -

a highway for flow that passes undér the upper

“layer and restricts the sub-basins i the hum-
‘macky region considerably. Figure 3A should

be compared with Figure 1C. In effect, the rela-
live impertance of the discharge area in the
major valley has been increased many fold
owing to the presence of the buried aquifer.

It should be noted that the conditions of
artesian How inferred by the term “‘confined
aquifer’ arc met by several of the potential
nets prescuted in Figures 2 and 3. For'example,
if & piezometer were sunk into the basal aquifer
in Figure 2C, the static .water level would lie
considerably above the top-of the aquifer. In
the vicinity of the major valley, ﬂnwmg ar-
tesian wells would oceur, :
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a.'.rt(fa,l Layers and Lenses

The effect of lenticular bodies of high perme-
bility and the particular importance of their

position in the basin are shown jn Figure 4.

The presence of a partial basal aquifer in the
pstream hall of the basin (Figure 4A) résults
1 o discharge area that occurs in the niddle of
he constant regional slope. The oceurrence of
uch u discharge 2rea under strietly topographie
ontrol wonld, of course, be impossible. The
majority of the flow that has entered the
vstem in the upper half of the basin is dis-
harged at this point. What was orignally a
gingle bagin in the homogeneous case hus be-
¢ome lwo basing under the mﬂupnce of the
partial aquifer.

Regwnul Groundwat#r Flow - < .' 639

When the partial basal acqulfcr oceurs in the '
downstrean half of the basin (Figure 4B), the .
cenitral discharge area does not exist and, mdeed,
recharge in the region over the aquifer is con-
entrated. The zone of most intensive recharge
is thus shifted from the upsirecam portion of
the hasin in the homogeneous cise to the down-
stream porlion because of the presence of ihe. .
partial aquifer. '

* Figure 4C shows the aquifer as 2 stratigraphic -
lens in the regional basin. In this case, there is
recharge over the upstream end of the lens and
discharge over the .downstream end. Thete s
horizontal flow through the leng as well a8 in
the low penuesbility layer beneath. Figime -
4D shows the effect of a lons on the porenfaal
field in a hummocky basin, '
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.- -Sloping Stratigraphy
Figure 5 presents three examples of the effect
~ of sloping stratigraphy. In Figure 5A there i
“.an inereased recharge where the X = 10 layer
outerops, which, of course, is to be expected.

- The point where the upper boundary of this -

- layer meets the water-table ig a major hinge-
line with a large discharge area downstream.
Above the break in slope, a second recharge
‘area 5 evident, and as usual, the major dis-
" :eharge is concentrated in the valley.

. .-An interesting pair of flowlines to consider is
.. shown in Figure 5B. Here, the difference of a
- few feet in the point of recharge will make the

- ‘difference between the water entering a minor
- sub-basin or the major regional system. of
B gromdwater flow. In offect, what was thought

:to be a single basin when we set up this model
- s, in reality, two basins. If the sloping hed is
-reversed as in Figure 5C, a considerably differ-

ent potential field is developed

3 Awmntmpzr For mations

. When anistropy cxists, the problem of ana-
. lyzing regional groundwater flow becomes more

’ FREEZE AND WITHEHSPOON

" complex, The digital computer approach is well

- umse, sinee the Aowlines will not in general inter-

suited to the analysis of such problems, and
Fignre 6 shows three simple cases to illustrale
the method.
- Figures 6A and 6B show the effect of a,maot-
Topy on the regional groundwater How pattern
in 4 homogeneous mediumn bounded by the same
simple water-table slope of Figure 1A, In Fig-
ure (GA the horizontal permeability is 10 times
the vertical. For illuslralive purposes, this situ-
ation is reversed in Figure 6B. The offrct of
these permeability configurations is best realized
by comparing the flowlines of these fignres with
those of Figure 1A for ibe isntropic case. Figure
6C ie a two-layer case that combines the auisot-
ropy conditions of Figures 64 and 6B in oune
system, This system could be representative of
% vettically fractured formation overlying a
Lorizontally stratified layer.

Considerable care must be exercised in the
constretion of flowlines in anisotropic medi-

scet the equipolentials at right angles, Two
methods are avallable. The first [Maaslond,
1057] utilizes the transformed section, wherchy

. 023
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FLOWLIHE

an equivalent homogeneous isotropic syslem is
obtained by suitably expandiug or shrinking
-the coordinates of cach point in the anisotrapie
medium. The transformation is
e = (Ku/Kh)VB-’F
v = (Ko/K)"y
where = and y are the original coordinates; =’ and

Fig. 6. Effect of anisotropy. on regional groundwater fow.

y' the transformed coordinates; K; and K, the

horizontal and vertical permeabilities; and Ko -
is an arbitrary constant having the dlmeusmns
of K, and K,. )

Figure 6D shows the transformed seetion: for.
the two-layer case of Figure 6C. In the upper
layer, we choose Ky = 1; then ' = 2, ¢ =
¥/ V10 10, and the vertical dimension is reduced

by -a factor of \/— In the lower layer, we -

choose K, = 10; then 2’ = 2, ¢ = /10y, -~

Page 10 of 13
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smd t.he vertical chmen%mn is expanded by a
factor of \/ 10. The posntmn of the interlayer

‘boundary AA’ is shown on both diagrams.

Onee the equipotentials have been transferred
froim the real (Figure 6C) 1o the transformed
~(Figute 6D)) section, a homogeneous isatropic
fiownet can be drawn in the transformed séction
and the flowlines transforred back to the true
cago, Several random flowlines. arc shown ‘to
illustrate the direction of flow.

- The method of the transfarmed ‘section indi-
‘cates that the effect, of varying the anigotropic

Tatio in a homogeneous medinm is identical to-

that of varying the ‘depth : lateral extent’
ralio. The dingrains presented by 7'6th [1963],

‘which were designed to show the ellect of the

‘depth :.lateral extent’ ratip in a homogeneous
bqsm bounded by & humimoeky water-table,
“coitld therefore also be interpreted in terms of
“the effects of anisotropy.

Agecond method has recently been described

[Ziokopoulos, 1965] whereby the direction of°

flow at any point in an anisotropic medium can
be determined with the-sid of the permeability

ellipse and without the necessity of a trans-
formed section. Figure GE shows the perme-

ahility ellipses for both upper and lower layers
of Tigure 6C. The direction of flow at any point,

“ean be obtained grophically as follows:

-1. Draw a veetor in the direciion of the hy~

dx aulic gradient (i.e., pérpendieular to the eqm-‘
pmmml ab thie point in guestion). '

" 2. Draw a tangent to the ellipse at the pomf/

“where the vector cuts the cllipse.
-3, The- direction of ﬂow is perpondmu]ar 1o
the tangent lime.

- In the consiructions shown on the two ¢l-

lipges in Figure 6L, the direction of the hy-

‘draulic gradient is the same in each case. The

resulling direction of flow, however, is radically
diflerent -and- is dependent on the prevailing
dn'er‘rmn of anisotropy.

_ Tt should be noted that all Lhe cases ireated
in Figure 6 have axes of anisotropy that coin-
cide with the coordinate directions. The more

general ease of a'skowed anisutropy requires 2
more complicated mnthematieal approach utiliz-

ing‘the concept of permeability in tensor form.
Numerical solntions employing the finite ele-
ment method [Zienkiewicz et al., 1966] appear
to be weil smfed to fhzs problam

DISCUBSION OF RI’.&'(."L’].'

The water-table eonﬁ«rulahon and the varia-
tions in subsurface permeability have been

identificd throughout this study as the broad.

governing factors that control regional ground-
water How within a bugin of given size. Both

“these properties of the hasin can exist-in an

infinite variety, but certain genr»rahmtxo 18 are

.evident on the basis of ihe polential patterns

that have been-developed in this study.

Distribution of Discharge end Recharge Areas

Areas of groundwater discharge oceur under
the influence of at least six distingnishable. cases
of water-table configuration and geologic setiing.

1. The existence of a valley of sufficient mag-

uitude to create an imaginary vertieal im-
permeahle houndary that extends to the full
depth of the hbasin will cause comeentrated
groundwater discharge into the valley.
- 2. Minor topographic lows will also cause
discharge aress. The sub-busins may be suf-
ficient to eapiure the flow from the entire deplh
of the basin [Téth, 1963] or may be restricted
to the upper layers in 4 stratilied system (Fig-
ure 34).

3. A break iu slope even thuugh both slopes

- are positive may be sufficient to cause small
- quantities of groundwater discharge just below

the ‘steep. components ‘of slope. This phenome-

-non is jllustrated in Figure 1B at the base of

the first hwinmock near the mlddlo of the
diagram.

- 4.- Diseharge arcas-that are entirely the rcault
of geologic control can occur at ‘the surface
ahave the pinehont of a buried high-permeabil-
ity aquifer. The extent of the discharge area
and the intensity of discharge depend om: (a)
the position of the partial aquifer within the
basin; and (b) the permeability contrast be-

-tween the aquifer and the surrounding medinm.

. A discharge area can be created below the
outcrop of ' downstrearn slopmg aquifer (Fw—

_ure 5A).

B. A discharge area can oceur at the outcrop
of an upstream sloping aquifer {Figure 5C).

Az can be seen in the various illustrations,

areas of recharge are widespread. However, con-
centrations of recharge can be expected i the

~ following snu'itmns

i In the homo}
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1, Near the topographic divide at-the up-
tream end. of .4 homnogeneous isotropic basin
with a simple water-table configuration (Fig-
‘ure 1A},

> 9 In the.upstream half of hasins with con-

0.

'3.0n and just above steep valley slmes
Figure 1).

‘4. On waler- tab]e hlghs in regions w1th a
ummocky weter-table configuration (Figures
4C; 34, and 3B).

:8. In the area overlying the upstrcam portion
fa parlial aquifer (Figure 4).

6. In the outctop area of a downstream slop~
ing aquifer (Fignre 5A).

Jt.is clear that the distribution of recharge
:and discharge areas is affected by the presence
‘of anisotropy. From the limited number of ex-
amples that we have. examined, few. generaliza-
tions can be made. I_Iowever, two observations
are. worthy of nole: (1) it appears that where
the -horizontal permesbility - is . significantly
greater than the vertical, the quantities of
glnundwatcr c'ntormg thé system are more
evenly distribnted over the recharge area; and
(2)- Figurc 6B brings out the pnradoxieal fact
that high vertical permcabilities do nob ncees-
sorily lead to lurge rates of vertical recharge.

- In general, discharge areas are smaller than
recharge areas, In the two-dimensional hypo-
thetical models of this study, the discharge area
occupies hetween 7% ‘and 409 of the total
length of the. basin. ‘Results of st-udies with
three-dimensions] models show' that the per-
centage in actnal granndwater basing is near the
lower end of this range.

- It hag been shnw’n that hummocky water-
table configurations are conducive to the estab-
lishment of small sub-basins’ within the major
bagin. Under ‘these circumstances, the concept
- of & total basin yield is negated, and each com-
ponent basin must be considered separately. It
s logical, thercfore,.ta examine the factors that
ontrol the depth and lateral exlent of these
ub-basins.

majority of flow takes place near the surface in

nuous layered stratigraphy (Figures 2B aund .

‘regarding the effect of irregnlar geologic con-

Depth. and Lateral E’ctent o,f Graundwater'

In the homogeneous case (Fxgure 1C) the .

Regional Groundwater Flow =~ = 833

small sub-bagins, but a certain amount of flow -~

bv-pas:.eq these near surface systems to enter
the major flow system. At least one flow path’
traverses the entire basin. -Téth [1963] has
shown that the.influence of the hummocks in-
cresses as: (1) the amplitude of the hummocks

increases, and (2) the ‘depth : lateral exteni! )

ratio decreases. The groundwater basin may
even be hroken wp into a series of small sub-

basing with no How iraversing the entire bagin. - -
The effeot of introducing a bigh-permesbility

aquifer into the system is to ereate a highway

for groundwater flow such that thie percenlage

flow traversing the entire basin increases. The

percentage of tolal flow that enters tbe basin-
w;de flow system depends on three paraieters: -

"1. The permeability Tatio belwecen the aqui- ‘
: fe1 and other formations;

2. The ‘deplh ,: Interal extent’ ratio of the

hnmn

hy the high-permesbility layer.

There iy very little generalization. possible

figurations. Tt.is safe to say, however, thut the:

introduction. of discontinnities (pertial layers,
lenses, and sloping beds) will result -in"the: -
formation of smail qub-baumb that did not exst. -

in the homogeneous case,

impermeable formation. The resolution of-this

seeming paradox lics in the fact that there are
- certain geologic configurstions: that have the -

same effcet on the potenlisl pattern as ap im-
permeable boundary. ,
Figure 2A shows a two-layer case w:th

simaple water-table configuration. The equmo-
tential lines cross the X = 10 laver vertically -

and meet the assumed basal impermesble

boundary perpendicularly, as they must. In". .~
- Figure 2F, another low permeability layer has
been added beneath the aquifer, The effeet on- -
the flow pattern is negligible. The equipotential .-~

lines still cross the aguifer vertically and megt -

3. The pereentage of the total depth lakcn upA. B

Effective Depth to a Basal I'mparmeuble Boun-. ;
dary : .

One of the basic assumpiions of this Stud}' ;
[Freeze and Witherspoon, 1966] requires the -
presence of a horizontal impermenble boundary -
at some depth. Another assumption suggests -
that there is no such thing as a completely |

Page 12 of 13
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* ity lower boundary perpendicularly.. They are
not ‘réfracted (except at the extremities of the
. flow net) and -are vertical over most of the
K = 1 layer down to the base of the model.
. Thus, the lower boundary of the X = 10 layer
- has the same effect as an impermeable honundary.
.. It is “concluded that when one is designing
" ‘models of groundwa.ter basing, therc is some
_depth in regions of reagonably horizontal sedi-
- mentation below which the equipotential lines
- will romain vertical. On the basis of our hypo-
1 the‘ucal two-dimensional models; this depth ap-
-pears -to be the Tower boundary of the deepest
aquifer whose permenbility significantly cx-
.. ceeds that of underlying beds. To be on the
“safe side, preliminary studies should probahbly
-begin with a greater basin depth than would
;.‘si_aem necessary. If onc finds vertieal equipo-
" tentials as miggosted by the above, the basin
" depth ¢an be limited accordingly.
..~ The twenty-one potential nects prosented in
~this ‘paper have been chosen from a much
-larger number that appear in the original study
 [Freeze; (1966]. Such -idenlized hypothetical
~‘models provide an excellent insight into the
nature of groundwater flow, but it must be
* recognized that it would take a much larger
- number of models to cover even a fraction of
_all of the possible combinations 6f water-table
- configurations and subsurface permeability vari-
ations, In the ultimate practical use of our
_method, a mathematical ‘model must be de-
_ signed for each individual groundwater b'15m
g under investigation,

CONCLUBIONS -

1. The factors that affect steady-state. re
. gional groundwater flow patterns within a
nonhomogeneous, anisotropic basin are: (a)
‘depth : lateral extent’ ratio; (b) waiér-table
configuration; and ({c) the stratigraply and
resulting subsurface variations in permeability.

2. It 'is possible to study the influence of
_these factors by utilizing digital computer solu-
"tions to appropriately designed mathemw.tzcal
models.

3.Thc presence of a major valley will tend
‘to concentrate discharge in the valley. Where
-the regional water-table slope is. uniform, the
-entire upland area I8 a recharge area. In hum-
-mocky terrain, numerous sub-basing will be
superposed on the regional system.
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4, The presence of a buried aquifer of sig-
nificant pérmeability will have a profound effect
on rogional groundwater flow. It acts as a high-
way that transmits water to the principal dis-
charge ares and affects the magnitude and posi-
tion of the recharge areas, It can also have a
significant effect on the extent and flow eapac-
ity of sub-systems within' the regional basin.
Buried aquifers need not outcrop to produce
artesian How conditions. : B

5. Certain nonhomogeneous basing may have
potential fields that arve indistinguishable from
thoge of the homogeneous case.

6. Stratigraphic pinchouts at depth can cre-
ate recharge or discharge areas where they
would not be anticipated on the basis of tho
water-table configuration.

7. There is some depth in regions of reason-
ably horizontal sedimentation below which equi-
polential lines remain vertical. This condition
allows the effective depth to the basal boperme=
able houndary o be selected when designing a
mathemalical model. '
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