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Abstract. Theoretically, three types of Sow systems may oceur 1z & small basin: local, in-
termediate, and regional. The local systema are separated by subvertiosl boundaries, and the
systems of different order are separated by subhorizontal boundaries. The higher the topo-
graphic relief, the grester is the importanee of the local systema, The flow Lnes of large un-
confined fow systems do not cross major topographic festures, Stagrant bodies of groundwater
geeur st points where fiow systems meet or branch, Recharge and discharge areas alternate;
shus only part of the basin will contribute to the baseflow of itz main stream. Motion af
groundwater i sluggish or nil under extended flat areas, with Bttle chance of the water being
freshened. Water level fiuctuations decrease with depth, snd only a small percentage of the
total volume of the groundwater in the basin participates in the hydrologie ayele.

Introduction. Whereas it is important fo
have a general understgnding of the motion of
groundwater in dealing with groundwater prob-
iems, the careless and frequent uge of the ex-
.pression may subveri it basic meaning. Unill
certain characteristics of the flow systems in-
volved are well defined, groundwater motion in
a given ares cannot be conceived to be generally
Imown. Among the numerous features, a knowi
edge of which is indispensable fo the under-
standing of groundwater motion in an area, the
" following are thought to be the most importans:
the locations and extent of rechsrge and dis-
sharge areas, the direction and veloeity of fow
at any given point in $he region, and the depths
of penetration of the flow systems. It is easy to
appresiate the value of this information if one
considers ouly the difficulfies which may arise
in conmection with problems such as outlining
areas of potentially equal yield, tracing con-
taminants, estimating baseflow of rivers, and
establishing groundwater budgets.

The purpose of ihis paper iz to present 2
theory by mesns of whick groundwater ow in
small drainage basing can be analyzed. Some of
the properties of flow derived from this analy-
#is are obvious and may be observed in the field,
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but others are hidden and may not be revealed
even by expensive test programs. The neglect
of these latier properties could lesd to entirely
wrong conelusions regarding groundwater fow
in small basins either in general or in any par-
ticular case. Even if the theory is not used fo
obtain guantitative results, the gualifative ap-
plication may still coniribute to the general
understanding of groundwater fow in small
basins,

Before starfing with the development of the
theory a brief account will be given of the rea-
sons why a theorstical analysis is believed 4o be
best suited for an initial general study of ground-
water Sow in a given ares.

General. 'The methods of studying ground-
water motion ean be either practical or theo-
retieal. The group of practical methods inchudes
field investigations based on the principles of
geology, geophysies, geochemistry, and hydrol-
ogy, and it i thus based on observations of phe-
nomens contrelling or related to the Sow of
groundwater in nature. The theoretical meth-
ods, on the other hand, make use of electrical
analogs, scale models, and mathematical models
to investigate phenomens resulting from ideal
ized sttastions. In the final analysis the conchu-
sions drawn from the data of both groups should
be considered, and they must be in agreement.
Nevertheless, the writer believes the results ob-
tained by the application of the theoretical
methods to be the more useful in the initial
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stages of an investigation. This view is based
on the presumption that an observed phenome-
non i usually related to only one feature of a
given flow system, whereas it might be brought
about by different esuses in different situafions;
it may be the identical pariicular selution of
several problems,

A few examples may prove helpful in elarify-
ing this statement. For instance, s decrease in
hydraulic head with depth, commonly observed
i water wells, may be produced either by head
losses due to the vertical downward-component
of the water motion or by the water heing
perched in the permeable lzyers of & geological
ferm&tien cozzsisﬁng of a series of more and less
good example is 8 pezenmaé bo&y of zzzzpazzndeé
surface water, Ti may owe s existence exther
conditions ot to contisuous groundwater dig-
charge caused by the genersl patiern of the fow
systems, The cause of a relatively iow baseflow
vield for a river may be even more uncertain
becguse it could be explained by a basin-wide
low permesbility, by good surface drainage, or
by the stream not being the only place of
groundwaier discharge in the basin. It is real
ized, of course, that the larger the variety of in-
dependent investigations, the more precisely the
eharacteristicy of the flow can be outlined. There
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stilf may remain the uncertainty, however, of
whether some of the decisive features have heen
overlocked and whether there may be some
characteristios that cannot be measured at all.
Whereas it is practically impossible te observe
separately all phenomena connected with a re
gime of groundwater flow, a correst theory dig.
closes every festure and draws atfeniion to the
mogt important properiies of the flow.

It is believed that small drainage basing are
the most important units in the groundwater
regime. A good understanding of groundwater
movement in adjacent small basing makes pos-
sible an accurate representation of the motion
of groundwater within the isrge basin that they
form. In working from larger basing to smaller
basing the weight of the uncertainties inoreases,
and 2 vagne and possibly unreliable analysis is
obtained. Apars from this, 2 small basin s com-
monly much less complicated than a large basin
with respect io geology and topography; there-
fore, it lends itself much better to both practi-
cal and theoretical studies.

The definition of a small drainage basin as it
will be understood throughout this paper is: an
aren bounded by fopographic highs, its lowest
parts heing cecupied by an impounded body of
surface water or by the oullel of a relatively
low order stream and having similer physio-
graphic conditions over the whole of its surface.
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The upper limit of area for such basing is usu-

ally several hundred square miles.
Mathematical development. In the mathe-
matical anslysis the region of groundwater flow
at one side of the valley is represented by a
sectangular area {Figure 1). This ares is limited
by & horizontal impermeable boundary at its

‘Bage, by two vertical impermeable boundaries

extending downward from the siream and the
water divide, and by a horizontal line at the ele-
vation of the stream alonp which Hne the Suid-

. potential distribution is supposed fo be the same

as that for the real water table. The assump-
#ion of a horizontal impermeable boundary ss
ihe lower Limit of the basin is justified because,
in the interval sbove this in which no such
boundary is known, all groundwater befongs to
the fiow region of the basin. If, however, & rela-
tively impermeable boundary is present under-
lying the whole basin, the water systems under
it will not significantly interfere with the sys-
tems within the basin. The assumpiion of $he
two vertieal boundaries is, sirietly spesking,
correct only if the surface drainage patfern is
symmetrical--that is, if the basin is bounded
by two parallel and equally removed surface-
water divides of equal topographic elevation, In’
thiz case the potential distribution at both sides
of the stresm is symmetrical and the imper-
meable boundaries may be drawn vertically at
the stream and at the divides. It will be shown
lzter that a small amount of asymmetty in the
topography does not cause a signifieant devia-
tion frem the vertical of these boundaries.

The potential distribution slong the theo-
reticsl surface, although identical with that of
the water table, is along a horizontal surface,
and this restricis the validity of the numerical
resulis to small slopes of about 3° or less. For
the fopography within the basin, a sinusoidal
shape bas been chosen, the highs and lows of
which are thought fo be represeniative of the
hills and depressiony of the natural land surface.

The analysis is also based on the assumption
that the geologic conditions in the basin are
isotropic and homopenecus. Whether or not this
assumnption is justified depends on the oxtent
te which a real case deviates from the ideal con-
ditions.

The assumption that the problem can be
treated as a two-dimensional one is supported
by the recognition that in most smail basing the

GROUNDWATER FLOW IN SMALIL BASINS

4797

slopes of the valley flanks greatly exceed the
longitudinal slopes of the valley foors. This dif-
ference in slope causes the longitudinal compo-
nent of the flow o becoms negligible compared
with the latersl componens. '

The distribution of the fluid potential in a
basin with boundaries as outlined shove is de-
tived from the general expression for the fluid
potential [Hubbert, 1840, p. 8021:

" dp
o B {Z}
where ¢ = fuid potential, g == acceleration due
to the earth’s gravity field, z = elevation above
the horizontal impermeable boundary ss stand-
ard datum, p, = pressure of the abmosphers,
Pp = pressure in the flow region at amy point,
p = density of water.

If the water table is defined as g specific
piezometric surface in the groundwater region

@ == gz -

- at which the gravity potential {s a mazimum

and the pressure potemtial equals that of the
atmosphere, {1} reduces fo

&= g {2

for the water table, where 2, = the topographic
elevation of the water tuble at any point in the
basin, It has been observed in Alberta [Mene-
fey, 1963, pp. 4-12] as well as elsewhere [King,
1892, pp. 15-18; Meinzer, 1923, p. 34; Wisler
and Brater, 1959, Figure 88; Wieckowska, 1960,
p. 647 that the water table is generally similar
in form to the land surface. Thus 2, is found te
¢congist of three components: z, 2, and 2. {Fig-
ure 1}, 2, is a constant, denoting the depth io
the horizontal mpermesble boundary from the
stream bottom, 2, = ¢ fan @, where ¢ i§ the
hosizontal distance of any point in the fow ze-
gion from the valiey botom and « s the aver-
age slope of the valley flank, As long 88 « ie
small, z; may be approximated by '

- a sin (bz/cos a)
408 &

where a s the amplitude of the sine curve,
b = 2=/A is the frequency, snd A is the period
of the sine wave. With the three composenis
imown, the eguation of the water table iz ob-
tained:

z:maﬁ*xtma*%awm
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Upon introducing the abbreviations tan a = ¢,
6/cos @ = &, and b/eos & = ¥, the final form
of z, is written as

2w go b o'z o gf g Bz (3)
From (2) and (3) the poiential at the water
table ig found:

$: = ¢lao + ¢’z + a’sin b5} (4)
Owing to the natural equilibrium of the ground-
water budget in a basin, the average levsel of the
water table iz assumed to be constant. The
problem is thus s steady-state potential prob-
lem which may be solved by applying the
Lapiace equation:

/62" 4 §¢/8,% = 0
The four boundary conditions will be as follows:

9¢/3z = 0 st x = Gands

for 05 z2z<2 (5a, 5b)

0¢/0z =0 at 2=0for 0K 2<s (5
¢ = gleo+ e+ o' sinbz) at z =g
for 0< e (&)

where s is the horizontsl distance between the
valley bottom and the water divide,

The general solution of the Laplace equation
ean be written in the foliowing form:

& = ¢"*( 4 cos kz -+ B sin k)

+ ¢*(3 cos kz + N sin k2)

The arbitrary constants 4, B, M, and ¥ can be
found from the boundary conditions.

Upon performing the derivation we get the
following final eguation for the Suid potential:

¢ = a{zu + =2 + prg (I sos b's)

+2E

]

@' b (1 — cos b's vos mw)
f2 ] 2
R

¢'s’ ]
—1
+ g {oos mw )

_tos {mrz/s) cosh {mvrz/s}} ©

s cogh {murze/s)
Equation § satisfies both the beundary condi-
tiops and the Laplace equation. By means of
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Darey’s law, (6) can be used to obtain the spe-
cific mass discharge in the direction of r [Hub-
bert, 1940, p. 842].

Jr = —po O¢/0r (7a)
or the total Sow vector:
j= ~—pograd o (75

where ¢ = kp/y {(k = coefficient of permeabil-
iy, 9 = viscosity of fluid).

Numerical computations, To analyze the ef-
fect of the geometry of the basin on the ground-
water flow, (6) has been solved for various
parameters. To facilitate visualization of the
flow, the numerical values of the potential sre
expressed in ‘head of water sbove standard
datum. The potential distributions and flow
patierns for the various cases are shown in Fig-
ures 2a to 2.

The horizontal distance between the water
divide and the valley bottom is 28,000 feet in
all computed cases. This distance seems o be
fairly representative for tize balf-width of a %
stnall bagin,

Three values have heen assnmed for the depth
to the impermeable boundary at the valley bot-
tom: 1000, 5000, and 10,000 feet. The 1000-foot
cas¢ i3 likely fo be encouniered in mature,
whereas a relstively homogenesus body of sedi-
ment 10,000 feet thick is a rather hypotheticsl
case. Flow patterns have, however, been evalu-
ated for this situation, for several reasons: frst,
1t represents an extrerse case, and therefore the
general validity of the conclusions arrived at by
employing (6) can be checked; second, the gen-
eral features of the flow patierns are more con-
spicuous in the deeper boundaries than in the
shallow ones; and third, the measure that is the
most characteristic in determining the potential
distribution is the ratio n = {2,/8) of the depth
of the impermeable boundary to the horizontal
distanee between divide and stream. By em-
ploying the three values of 2, a wide variety of
potential distributions for values of n up to 0.5
can be inferred at least qualitatively.

Flow systems in small basins based on inter-
pretation of the mathematical results. Upon
inspection of Figures 22 to 2f we recognize &
certain grouping of the flow lines. {In the fig-
ures the solid Hnes ave ealled lines of force, Un-
der isotropic conditions the lines of foree coin-
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cide with the fow lines.) Such a group of fow
lines is said to form a flow system if it satisfies
the following definition: ¢ flow system 3 g set
of flow Hnes in which eny two flow lines adja-
cent at one point of the flow region remain ad-
jacent through the whole region; they can be
intersected anywhere by an uninterrupted sur-
face across which flow takes place in one direc-
tion only.

Further investigation of the figures shows
that three digtinetly different types of flow sys-
tems ¢an occcupy & basin, namely, local, infer-
mediate, and regional systems (Figure 3). A local
system of groundwater Sow has its recharpe ares
&% a topographic high and its discharge arez at a
tepographic low that are located adjacent to
each other. Local systems can be readily ob-
served on each disgram of Figure 2. The major
characteristic of an intermedigte system of
groundwater flow is that, although its recharge
and discharge areas do not oscupy the highest
and lowest clevated places, respectively, in the
basin, one or more topographic highs and lows
may be loeated between them. Very-well-de-
fined intermediale sysiems can be seen in Fig-
ures 2¢, §, g, h, and 1. The apparent lack of
intermediate systems in those cases for which
# i 1000 feet does not mean that no such sys-
tems may exist in bagins of relatively shallow
depth. As soon as the real land surface departs
from the regularity of the sine curve, the sym-
metrical flow pattern of Figure 2¢, for instance,
wili be somewhat modified, and fow will ceour
between intermediate highs and Iows also. A
system of groundwater flow is considered to be
regional i Hs recharge ares oceupies the water
divide and its discharge arca lies at the hottom
of the basin. Regional systems can be observed
in all the deep cases and in Figure 2¢, where 2z,
is 1000 feet,

Whereas theoretically the boundaries between
different fow sysiems are very well defined,
they do not signify an abrupt change of any of
the physical properties of the flow. Relatively
rapid changes of the chemieal composition of
the water seross the boundaries, however, could
be expected because of the different locations of
the recharge and the different lengths of the
How paths of the different systems. In a small
basin of moderate relief the amount of recharge
water 18 directly proportional to the ares of re-
charge. With this iIn mind 1% iz obvious from
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Figure 2 that the gresiest fow-line densities are
found at shallow depths of the Ipeal systems.
Except at places where local stagnant bodies of
water occur, the density of the flow lines de-
creases rapidly with depth and with the trang-
tion from the local to the intermediate region
and reaches its minimum in the regional system,
provided the latter exists.

This interpretation of the theoretical results
is very much in agreement with views expressed
by Norvatov and Poper {1981, p. 21]. They
recognize “three well pronounced vertical zones
of groundwater fow': :

1. ‘upper zone of setive fow, whose geo-
graphical zonalify coineides with climatie belts,
The lower boundary of this zone coincides with
the local base levels of rivers;

2. ‘medium zone of delzyed Sow, subject to
lesser climstic effect but also geographically
zonal. The lower boundary of this zone i3 the
base level of large rivers;

3. ‘lower gone {of relatively stagnant water),
geographically azonal and lying helow the base
level of large stream systems.”

Taking inte aceount the exient of the re-
charge areas of the regional systems {which are
smali relative 1o those of the Iocal systems), we
see that fow in the regional system is influ-
enced by climatic effecis t¢ & much lesser de-
gree than flow in the apper zone. Climatie or
geographical zonalifies are, therefore, a straight.
forward consequence of the present theory. ‘

In the next few paragraphs an analvsis will
be given of the effects of geomorphological fac-
tors on the flow of groundwater, These factors,
or parameters in (6), are (a) the ratio n of the
depth 2, to the impermeable boundary to the
half-width & of the bagin (for convenience, in
discussing the effect of n, only the depth to the
impermeable boundary will be referred to, s be-
ing the same in all cases}: (b) the average
slope of the valley fanks; and {c) the local re-
Hef.

In analyzing the effect of 2z on the flow of
groundwater, & comparison of the diagrams of
Figure 2 is helpful. Let those diagrams be con-
sidered for which all parameters bud 2z are
equal, for instance, Figures 2d, e, and 4. It ap-
pears that the gpacing of the equipotential lines
15 closer in the shallow case than in the deeper
ones. The flow Iines are more arcuate as depth
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increases and there iz room for intermediate and
regional systems to form in those cases for
which 2 is 5060 or 10800 feet. These features
indieate 2 more evenly distributed flow, there-
fore & less intense motion if 7, inereases. A com-
parison of Figures 2¢ and 2k shows that s re-
gional systern is also possible in a relatively
shallow ecase bui that, with other pararsefers
remaining the same, & much larger amount of
water is transmitted through the regional sys-
tem if z, is large. To summarize the effect of 2,
on the fow gystem it can be stated that, as the
depth of the flow region Inereases, the water
movement will slow down. A slow motion will
probably result in higher minerslization of the
groundwater,

A peners} incresse in the slope of the valley
flank will result in an increased lateral fiow to-
ward the bottom of the valley. The surfisial
areaa of those systerns whose flow lines are di-
rected toward ihe center of the basin extend,
and those of the other systems decrease. Loeal
flow systems may degenerate to stagnant areas
and may even vanish, thus aliowing intermediate
or regional systems to form. Figures 2a, 2¢, 2f,
and 2h illustrate this change well. Owing to the
generally increased veloeity of motion, a larger
range of fluctuation of the plezometric surface
is to be expected for the steeper dope of the
valley Sank.

Increasing topographic relief will tend to in-
crease the depths and the iniensities of the Jocal
flow systems. Whereas in Figure 2¢ 8 well-
developed regionsl How svstem Is observed, in
Figure 24 the entire basin is cccupled by local
systems, The depth ranges of the local systers
in Figure 2f are approximately 1000 feet shal-
lower than those in Figure 2¢. In the exireme
eage where the relief is negligible no local gys-
tems will form. However, sinee well-defined local
flow gystems are found even with the relatively
low relief of approximately 100 feet per 2500
feet {a gradient of 004}, neglecting thelr ex-
istence in theoretical or practical problems can
hardly be justified.

Consequences of the theory. The msjor fea-
tures of groundwater fow and flow systems de-
rived from ibe theory presented here will be
discussed in the following paragraphs,

1. Recalling the effects of the general slope
and loeal reifef on the fow, we see that under
extended flat areas groundwater movement is
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retarded; neither regional nor locsl sysiems ean

dovelop. Groundwater may be discharged only
by evapotranspiration; discharge of this type
will possibly resuit in water-logged areas. If a
relation between mineralization of the water
and veloeity of flow can be assumed, water in

those areas will have high concentrations of solu-

ble salts,

2. If the local relief is negligible and if there
is & general slope only, a regional system will
develop. Theoretically, if the line located on the
surface midway between and parallel to the
valley bottom and the water divide is called the
‘midhine,’ the recharge and discharge aress of
this regional system are located between the
midline and divide, and between the midiine and
valley bottom, respectively [74th, 1062]. Be-
cause of the decreasing veloeities, & gradual
ingrease of dissolved mineral constituents with
depth is to be expected. A good example of po-
tential distribution and fow pattern in this sity-
stion hay been produced by measurements in
Long Island, New York, In comnection with
attempts to solve contamination problems, Fig-
ure 4 shows the results of the measurements
[Geraghty, 1960, p. 38].

3. If the topography has s well-defined
relief, loeal flow systems originate. The higher
the relief, the deeper are the local systems. As
the boundsry between two adjacent systems the
flow is subvertical and downward or upward in
direction. Such & boundary is located under
the highest and lowest elevated parts of local
hills and depressions, respectively. Thus, where-
58 In the basin the underground drainags is not
strictly symmetrienl, imaginary impermesblie
boundaries may be thought o be located at
local lows and highs, at least to the depths of
the local systems. Figure 3 is & good example of
an inferred loeal sysiem [Back, 1960, p. 84].

4. The very pronounced effest of the relief
on the formation of local systems suggests that
ne extended, unconfined regional systems of flow
can extend across valleys of large rnivers o
highly elevated watersheds.

5. As & result of the local systems, aliernat-
ing recharge and discharge areas are found
across 4 valley, This means that the origins of
waters obtained from closely located piases may
not even be related. Rapid changs In chemical
quality may thus be expected.

6. At points where three flow systems meet
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(Figure 2¢}, an area of stagnant water is
formed. A high accumulstion of mineral con-
stituents ig probable at these places. Below such
& stagnani body of groundwater, flow occurs
again and may result I a better quality of
water than that from shallower depths.

7. Decreasing potential with depth In re-
charge areas and incressing potential in dis-
charge aress are direct consequences of the the-
ory and can be observed in all diagrams of
Figure 2. It should be noted, however, that such
a configuration of the equipotential lines is pro-
nounced only in the immpediate vicinities of the
highg and lows. The midiines and their vieinities
are locations of relatively straight, vertical equi-
potential Hnes.

8. From Figure 2 it can safely be sinted that
the major stream of the basin receives ground-
water contributions only from the adiacent
topographic highs and from possible regional
flow. The Iatter is probably unimportant in
most cases because of the low rate of flow. It
is conceivable, then, that the methods in which
baseflow data are used for compuiation of basin-
wide characteristics (average recharge, permea-
bility, ete.} are misleading or erronecus. Fven

i the two flanks of a basin are of low relief, so
that there are no local systems, the bulk of the
basin discharge will take place between the mid-
line and the valley bottom and only a small por-
tion will appear as baseflow,

9. A further consequence of the theory is
that the water levels at shaliow depths are the
most affected by seasonal recharge and dis-
charge. The small intake and cutlet areas of the
intermediate and regionsl zones prevent the
water levels from fluctuating widely, Plotnikov
and Bogomolov {1858, p. 807 mske & distine-
tion between two zones on the basis of fuctua-
tien of the waler levels. They call the firgt ‘zone
of oscillations of underground wafer levels., Ac-
cording io them the volume of water that ocou-
pies the zone of escillation undergoes sessons!
varigtions. This volume would control ground-
water discharge and therefore they eall it ‘con-
t7o! reserves of underground waters.) Their sec-
ond zone includes ali the water that is below the
zone of osciliation, both that in the deeper, stil
homogensous parts of the basin and that I
artesian aquifers; thess are the ‘secalar re-
sourees.” It seems that the ‘zone of sscillation’
and the portion of the ‘secular resources’ that
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s above the first impermeable boundary coin-
eide very well with the ‘Iocal systems’ and with
ibe ‘intermediate and regional systems’ of the
present paper. o

10. Another result of the anslysis is that only
a small portion of the total amount of water
_pccupying the basin participates in the hydro-
logic cycle. The deeper the basin, the smaller is
this portion. This is easily coneeived when one
considers that the greatest part of the surface
of the basin is occupied by the recharge and
discharge areas of local systems which are usu-
ally shallow. But even when the local systems
reach the horizontal impermesble boundary
(Figares 2a, b, d), approximsately 90 per cent
of the total recharge water never penefrates
deeper than 250 o 300 feet. A similar view is
expressed by Ubell [1962, p. 86] who believes
that about 80 o 90 per cont of the ‘static sup-
ply does not participate in the natural hydro-
logical eyele” His experiments, on the basis of
which this conclusion was drawn, indicated that
‘below u certain depth in locse sedimentary
rocks . . . water does not move In the voide until
their state of stress is disturbed by boring’

Summary. It is the writer’s belief that in
drainage basing, down to depths at which basin-
wide extended layers of contrasting low permen-
bility are found, groundwater motion may be
treated as-an uneenfined flow through a homo-
geneous medium. On the basis of this principle
4 mathematical model of a small drainage basin
{as defined in the paper) has been constructed.
Potential distributions have been compuied for
basing of different geometrical parameters, These
computations have led to a number of conelu.
sons regarding features of the groundwater
flow,

In the most general case, groundwaler flow in
s basin can be thought to be apportioned among
three types of flow systems, the regional, inter-
mediate, and local systems. The three systems,
being the results of combinations of three par
tieular solutions of the Laplace equation, can be
superimposed on one snother, I the local varia-
tions in tepography are negligible the fow con-
sists of the combination of only two particular
solutions, and no local systems cccur. This case
has been found in nature by Geraghty [1960]
and hes been theoretically freated in defadl else-
where [T'6th, 1962].
"Th> emphasis in the present paper has been

GROUNDWATER FLOW IN SMALIL BASINS

on the general situation for which loes! topogra-
phy plays a part in controlling groundwater
motion. The distribution of the fSow systems
will, in tumn, have itz efect on the chemisal
quality of local oceurrences of groundwater. The
areaily unrelated origin of local systems, asso-
ciated with local topographic highs and lows,
may result in abrupt changes in the chemical
composgition of relatively shallow groundwater.
Vertical changes in quality may be the result of
local stagnant bodies and of the vertical arrange-
ment of different fow syatems,

1% is thought that (8) may be used for ob-
taining quantitative information aboui ground-
water flow in an area, the surface of which can
be approximated by & harmenic fumetion. It is
hoped also that the resulis of the sbove analysis
will be useful in test programs planning well
fields, solving pellution and #racer problems,
making baseflow studies, and setting up waser
budgets,

Acknowledgments. T am grestly indebted to
Moessrs. B. Newfon and P. Redberger, of the Pe-
troleum Division, Research Council of Alberta,
who adspted the flow equation deseribed in the
peper for solution by digifel computer, Only the
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Discussion of a Paper by ]. Tdth, ‘A Theory of Groundwater Motion
in $mall Drainage Basins in Central Alberta, Canads’
Sranrey N. Davis

Department of Geology, Stanford Unidversity
Stanford, California

Téth [1962] has developed a system of ground.
water circulation (Figure 1} which is used to ex-
plain anomsalous water levels observed in conti-
penial sediments of Alberta. Two of the impor-
tant features of this system are & wide discharge
face downslope from the ‘mid-line’ and & ‘hinge
point’ of zero water-level fluctuation which is
located at the ‘mid-line’

The developmeni of fow systems can be of
great assistance in our understanding of many
of the eomplex problems of hydrogeology. It
can aiso be very misleading unless care is used
in relafing theoretical results to feld conditions.
Unfortunately, Téth has not taken into sceount
some of the essential features of & real system of
groundwater sirculation. At least five major diffi-
culties are apparent:

1. A separation of the recharge area from the
digscharge area at the mid-line is not possible if
groundwater recharge takes place downslope
from the line. This is self-evident because ground-
water on the discharge side is flowing eounter to
the direction of potential recharge. Uniform re-
charge over the entire area would shift the line
separating the recharge zone from the discharge
zone into the bottom of the valley. The actual
width of the discharge faece would vary with the
distribution and quantity of recharge but would
never extend upsiope as far as the middie of the
flow field unless recharge mysteriously stopped
downslope from the mid-line.

2. No mechanism exists for removing the
water from the downslope side of the mid-iine.
According to three of T6th’s diagrams, the water
table is about at the same depth over most of
the basgin; consequently, evapotranspiration Joss
from the groundwater should be more or less
uniformly distributed and eannet be considered
as & mechanism for loealized discharge.

3. Téth’s flow pattern is possible only if un-
natural distributions of either permesbility or
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recharge are assemed, Inasmuch as the medium
is isotropic and homogeneous by definition, only
the peculiar recharge variation will be inspected,
Téth's Figure 3a is redrawn in Figure 1. Only
one-third of the original equipotential fines nre 4
shown, but the configuration is identical 0 the 1
original. The discharge, @, in cach flow channel
is approximated by

@ = RKw Am{Ah/As)

where X is the hydraulic conductivity, Az is e
length of the flow path within the segment of
the flow net, Ak is the head drop between |
equipotential surfaces, Am is the width of the
gegrment of the flow net, and w is the thickness
of the flow system perpendicular to the plane
of the diagram. If the effective porosity, as well
as w, K, and AR, is constant, the groundwater
recharge per uni$ area must be directly propor-
tionsal to Q/2" which in turn i3 proportional o
Am/whs, where 2 iz the horizonisl outerop |
width of each flow channel. The relative recharge
and discharge caleulated in arbitrary units from
Téth’s Figure 8a are shown in Figure 1. Al
though not caleulsted, the recharge patiern
necessary o produce the Sow system in Téth’s
Figure 3b would indicate & much greafer con-
centration of fliow ab the vertical boundaries of
the system. ;

4. The ‘hinge poind’ is impossible with the
postulsted Suctuations, namely, that the crest
area is subject to large water-level finetuations
while “two relatively stable points are at the
valley bottom and at the mid-line’ (p. 4388}
"This is the same as saying that the potential ean
be changed in one part of the flow field without
changing the configuration of the equipo’fmm}'
surfaces throughout the feld, This is possible
only with nonsteady-state flow, which is net
considered in Téth’s analysis.

5. Depth to water and total depth of wells

tg. 1. Téth’s flow patlern
th the required discharge and

not related direcily to the
sone of saturssion. Confus
vident in Toth's discussios
ad m the statements . . . 2
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reotly related to the slope of the topography ...
(pp. 4385-4386) and ‘The piegometrie surface
observed in wells of approximately the same
depth generally follows the topography because
the flow is essentially unconfined.’ (p. 4386}, and
“Minor topographie irregularities may have their
own assogiated flow systems . . 2 {p. 4386).
The configuration of the water table, and hence
of the potential field, 1s only affected by the
topography where it influences the recharge or
discharge of groundwater. Contrary to Téth's
inferences, the water table can commonly rise
under small dry valleys which concentrate re-
charge from storm Tunci. Téth's Figure 8 only
demonstrates that deeper water ables require
deeper wells, A more refined interpretation must
depend on further study of casing records, sle
vation of the water table in each of the aress,
elevation of the water levels in the wells com-
pared with the water table, further details of
the local geology, and estimates of groundwater

recharge.
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In his discussion Davis raises five points of
eriticiem. I helieve that his objections are brought
sbout partly by a misunderstanding of some of
the basie features of the theory and partly by
possibly insufficlent explanations given in the
original paper. Whatever the cause may be,
however, I hope that the following discussion
will satisfactorily answer the points raised by
Davis,

The first point of objection originates obvi-
ously from the regrettable lack of proper termi-
nology regarding the processes involving recharge
and discharge of groundwater, Without aiming
at & coraplete elassification of thes¢ processes a
brief analyzis of the terms recharge and dis
charge ¢ given which should elarify the point
raised by Davig. The terms are both generally
used in two senges:

{g) The quantity of water that iz added fo
or removed from the zone of saturation,

{6} 'The processes by which water iz added
to or removed from any part of the zone of
saturation,

For the purposes of this discussion, it is neces-
sury to consider (b) only. The processes of re-
charge and discharge may be subdivided inte
two main groups:

€1} Processes in which water is exchanged
between the ssturated zone and either the ai.
mosphere or the zone of aeration.

{2) The proeess in which water is exchanged
between different parts of the saturated zone.
"This process is termed herain “the saturated flow
of groundwater.

Cross.sectional areas in which the saturated
flow iz inward with respect to the flow region,
ie. away from the water table, are generslly

1 Contribution no. 201 from the Resenrch Coun-
oil of Alberts.
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known ag ‘recharge areas’ and oross-sectional

areas with saturated flow outward with respect |
to the Sow region, ie. toward the water table, |
are commonly designated ‘discharge areas” How. !
ever, these same terms are used also o deseribs -
the direetion of the water exchange between the |

zone of saturation and the atmosphere or the

zone of serstion, Unfortunately, the dual mean. |
ing of these terms ofien leads fo eonfusion. Such

is apparent in Davig’ first point. By recharge he

appears 1o mean the process by which water ob.
tained from precipifation is added to the sone
of saturation, the long-term average of which is |
conceivably uniform over the entire aren of & |
small basin. He argues then, that ‘uniform re-
charge over the entire area would shift the line -
separating the resharge zone from the discharge

zone inte the bottom of the valley, This argu-

ment implies that the entire ares should be

called a ‘recharge ares,” and that no Hne of sepa-
ration can be present in case of uniform recharge.

The separation between recharge and discharge

areas is made in the original paper, hewever, on
the basis of the direction of groundwater flow in

& vertical plane. Thus, it iz guile pussible to

have water derived from precipitation infil-

trating through the zome of asration tcwa:rd the
water table in areas where the direction of -

groundwater flow is upward, ie. toward the

water table, and it order for the midline fo exist

betwesn an ares of downward flow and an ares
of upward flow it is not necessary for rechargs-
to be ‘mysteriously stopped.” .
Angwers to the objections raised by Davis
his second, third, and fourth points have to be
based on a very important condition, names;
that the theory gives the long-term quercgé _7
the potential distribution. The theory does nob
yield quantitatively transient configurafions 0
the flow pattern and of the water table, This
basic property of the theory has been pointed
out in the paper by my statement, for instance,
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1ot ‘the mean position of the water table, the
erage of that of many dry and wet seasons,
i closely follow the topography’ {p. 4380} or
to find the genera! distribution of the fuid
stential, we disregard the initial period during
hich the region is becoming saturated, as well
g the later transient periods of recharge and
scharge during wet and dry seasons’ {p. 4381}.
alitative conclusions have been reached, how-
or, regarding the nature of the fluctuations of
e water table. The method of arriving at these
nolusions is elucidated in the following para-
phs in a more detailed manner than in the
ginal paper,

Davig’ third point and the accompanying Fig-
¢ 1 are, in faet, quaniitative statements of
hat was said on page 4382, namely, Flow is
ost intense in the vicinity of the divide and
the bottom of the valley, . . 7 This type of
w distribution meang that the dealine of the
ter table is maximum at the water divide.
ng to the assumed constant average eleva-
n of the water igble, the theory calls for a
rger amount of recharge water at the divides
han st any other part of the basin. Fach of the
o following mechanisms will cause the recharge
increase i going from the valley bottom io-
rd the water divide, First, the decreased raie
evapotranspiration during dry seasons owing
the relatively deep water table close to and
the divide means that more water can per-
tolate from the unsaturated zove down to the
wrion of saturated flow in the area of down-
ward flow than in areas close to the bottom of
the valley. Second, s relatively larger portion of
e available precipitation can infilirate in areas
t are far removed from the central drainage
thannet of the valley than in areas adjscent to
{he stream. This must be so because from aress
dhuated close to the stream the water mmming
over the surface reaches the stream before it can
infiltrate. Owing fo the longer period of time,
bowever, during which the water runs over the
srface from remote parts of the basin, there is
time enough for & large portion of the water to
mfltrate, The inereased infiliration at the water
divide relative to that at the valley botiom and
ts mechanism iz treated in detaill by Befani
11961, pp. 21 and 23]. Supported by ‘several
thousand experiments on the determination of
nfiftration’ he developed infiliration formulas in
which he employs the concept of, for instance,

tberta
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‘the critical (maximum) capacity of the aeration
zone near the ridge’ {p. 23). In summary, it can
be stated thait whereas the digtribution of re-
charge and discharge required by the theory
[T'6th, 1962] and caleulated by Davis may seem
to be unconventional, it is probably not as un-
natural as Davis conceives 1t in hig third point.

Davis’ second point bas beepn answered par-
tially by the foregoing discussion. The water
table should be shown shallower in the vicinity
of the ereeks than at the highlands in all the dia-
grams, It is difficult, however, to show this prop-
erly on the geale used. The shallow water table
results in & relatively high rate of evapotran.
gpiration and in an increased amount of seepage.
Also, the vieinity of the ereck is the typieal loca-
tion of Aowing wellz and springs in Alberta. Nu-
merouy creeks are known with distances betwean
their water divides not exceeding 6 miles and
with valley bottoms over } mile in width. These
bettoms are gently sloping and flat and have
hogey, marshy surfaces during and even after
the long, dry and hot sumnmers that are com-
mon in the provinee. These phenomena are un-
mistakable indications of upwardly dirested
groundwater flow, and they provide an aceept~
able explanation of water removal from the
downslope side of the midline.

The eoncept of the hinge point, refuted by
Davig in his fourth point, is based on the theo-
retienl consideration that the changes in the
potential distribution on both sides of the mid-
line are equal and of opposite direction during
the winter, i.e. when recharge and discharge are
Iimited owing to the frozen ground. Throughout
this period the loeation of the hinge point must
theoretically remain constant. During the other
seasong, eontinuing apward flow and infiltration
will counterbalance evapotranspiration and cause
the water table to remain close to the surface In
the lower parts of the basin, as is evidenced by
the many marshy valley bottoms already men-
tioned. In the upper parts of the valley, on the
other hand, the decline of the water table, cansed
partly by evapstranspiration but mainly by the
downward component of the saturated fow,
must be offset by Infiltration within a few months
in the spring in Alberta. Componenis of the
phreatic finctuation other than those due to the
saturated fow will cause both vertical and hori-
zontal shifiing of the hinge point. However, the

major consequence of & theoretical hinge peint
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iz believed to be valid, samely that ‘the phreatic
belt must be wider at the upper half of the val-
ley flank than between the midline and valley
botiom’ (p. 4383).

Davis’ £fth criticism iz directed against rels-
tions between the ‘depth to water’ or the ‘fotal
depth of wells’” and the potential field. In Davig’
opinion, atiempts are made 1o establish these
relations. Figure 3 is intended, however, to show
the variation of the fluid potential with depth
in the region of safurated flow. To this end the
well depth has been used to determine the verti-
eal position of the point in the flow region af
which the potential s measured. This method of
determining the vertical position appears to be
justified because the well depth is usuaily repre-
sentative of the depth of the zone from which
the water is obtained. The fluid potential is ex-
pressed as the clevation of the nonpumping
water level above & standard datem. Depths to
nonpumping water levels are, therefore, indisa~
tive of the fluid potentisls In the zomes from
which the water comes. Thus the inerease in
depth io the nonpumping water level as well
depth increases, Hustrated by the curve for re-

LETTERS

charge areas in ¥igure 5, shows that in a,reag.

theoretical downward flow the measured potg
tials decrease with depth. Figure 5 and its g

cussion do not present conclusions regarding the-

relation between the elevation of the water tgbiy

and the depth of the wells, but rather eoncly.
sions regarding the relation between the fuid
potential and depth. This point apparently has -

been misunderstood by Davis, judging by his

statement, “Téth's Figure & only demonstrates JE

that deeper water tables require deeper wells)

In conclusion it must be said that, whereas 1"
dispgree with the majority of the points rajsed

by Davis, I am sincerely grateful for having

been made awnre of possible vaguenesy in my |

Paper.
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