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AQUIFER BOUNDARIES

One of the assumptions inherent in the Theis equation {and
in most other fundamental ground-water flow equations) is
that the aquifer to which it is being applied is infinite in extent.
Obviously, no such aquifer exists on Eath. However, many
aguifers are areally extensive, and, because pumping will not
affect recharge or discharge significantly for many years,
most water pumped is from ground-water storage; as a conse-
quence, water levels must decline for many years. An excel-
lent example of such an aguifer is that underlying the High
Plains from Texas o South Dakota,

All aguifers are bounded in both the vertical direction and
the horizontal direction. For example, vertical boundaries may
include the water table, the plane of contact between each
aguifer and each confining bed, and the plane marking the
lower limit of the zone of imerconnected openings—in other
words, the base of the ground-water system.

Hydraulically, aguifer boundaries are of two fypes:
recharge boundaries and impermeable boundaries, A recharge
boundary is @ boundary along which flow lines originate, In
other words, such a boundary will, under certain hydraulic
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6 Basic Ground-Water Hydrology

conditions, serve as a source of recharge to the aguifer. Ex-
amples of recharge boundaries include the zones of contact
between an aquifer and a perennial stream that completely
penetrates the aguifer or the ocean,

An impermeable boundary is a boundary that flow ines do
not cross. Such boundaries exist where aguifers terminate
against “impermeable” material. Examples include the con-
tact between an aquifer composed of sand and a laterally ad-
jacent bed composed of clay

The position and nature of aguifer boundaries are of critical
importance in many ground-water problems, including the
movement and fate of pollutants and the response of agquifers
to withdrawals. Depending on the direction of the hydraulic
gradient, a stream, for example, may be either the source or
the destination of a pollutant.

Lateral boundaries within the cone of depression have a
profound effect on the response of an aquifer to withdrawals.
To analyze, or to predic, the effect of a lateral boundary, it is
necessary to “make’’ the aquifer appear to be of infinite
extent. This feat is accomplished through the use of imaginary

REAL SYSTEM
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wells and the theory of images, Sketches 1 and 2 show, in both
plan view and profile, how image wells are used o compen:
sate, hydraulically, for the effects of both recharging and im-
permeable boundaries. (See “Well Interference.”)

The key feature of a recharge boundary is that withdrawals
from the aquifer do not produce diawdowns across the
boundary. A perennial stream n intimate contact with an
anuifer represents a recharge boundary because pumping
from the aquifer will induce recharge from the stream. The
hydraulic effect of a recharge boundary can be duplicated by
assuming that a recharging image well is present on the side of
the boundary opposite the real discharging well. Water is in-
jected into the image well at the same rate and on the same
schedule that water is withdrawn from the real well. In the
plan view in sketch 1, flow lines originate at the boundary, and
equipotential lines parallel the boundary at the closest point
tor the pumping ireal) well.

The key feature of an impermeable boundary is that no
water can cross it. Such a boundary, sometimes termed a “no-
flow boundary,” resembles a divide in the water table or the
potentiometnic surface of a confined aquiter. The effect of an
impermeable boundary can be duplicated by assuming that a
discharging image well is present on the side of the boundary
opposite the real discharging well. The image well withdraws
water at the same rate and on the same schedule as the real
well. Flow lines tend to be parallel to an impermeable bound-
ary, and equipotential lines intersect it at a right angle.

The image-well theory is an essential tool in the design of
well fields near aquifer boundaries. Thus, on the basis of
minimizing the lowering of water levels, the following condi-
tions apply:

1. Pumping wells should be located parallel to and as close as
passible to recharging boundaries,

2. Pumping wells should be located perpendicular to and as
far as possible from impermeable boundaries.

Sketches 1 and 2 illustrate the effect of single boundaries
and show how their hydraulic eflect is compensated for
through the use of single image wells. It is assumed in these
cketrhes that other boundaries are so remote that they have a
negligible effect on the areas depicted. At many places,
however, pumping wells are affected by two or more bound-
aries, Omne example is an alluvial aquifer composed of sand

PLAN VIEW OF BOUNDARIES, PUMPING WELLS,
AND IMAGE WELLS

Imparmeable, Recharge
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3

and gravel bordered on one side by a perennial stream {a re-
charge boundaryl and on the other by impermeable bedrock
{an impermeable boundary),

Contrary to first impression, these boundary conditions can-
n be satisfied with only a recharging image well and a dis-
charging image well. Additional image wells are required, as
sketch 3 shows, to compensate for the efiect of the image
wells on the opposite boundaries. Because each new image
well added to the array affects the opposite boundary, it is
necessary 1o continue adding image wells until their distances
from the boundaries are so great thal their effect becomes

negligible.

Aquifer Boundaries 47
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WELL INTERFERENCE

Well Well
A B
= B =
= N | - - Static potentiometric surfoce
_‘_\_‘__-_‘—-—-.__ PR T LT ST
Cone of _ = LR Cone of
depression with 4 -

well A pumping—

depression if well B were
™ T pumping and well A were idle

well

—
Potentiomefric s”’-’ae

—_—— i — —

Divide

Cone of
depression with both
wells A and B pumping

i2)

Pumping a well causes a drawdown in the ground-water
level in the surrounding area. The drawdown in water level
iorms a conical-shaped depression in the water table or poten-
tiometric surface, which is referred to as a cone of depressiorn,
|See “Cone of Depression.””) Similarly, a well through which
water is injected into an aguifer ithat is, a recharge or in-
jection well) causes a buildup in ground-water level in the
form of a conical-shaped mound.

The drawdown () in an aquifer caused by pumping at any
point in the aquifer is directly proportional to the pumping
cate () and the length of time (f) that pumping has been in
progress and is inversely proportional to the transmissivity (T),
the storage coefficient (5), and the square of the distance (¥
between the pumping well and the point. In other words,

Gt (1

o= T.5.%

44 Basic Ground-Water Hydrology

Where pumping wells are spaced relatively close together,
pumping of one will cause a drawdown in the others, Draw-
downs are additive, so that the total drawdown in a pumping
well is equal to its own drawdown plus the drawdowns caused
at its location by other pumping wells (1) (2). The drawdowns
in pumping wells caused by withdrawals from other pumping
wells are referred to as well interference. As sketch 2 shows, a
divide forms in the potentiometric surface {or the water table,
in the case of an unconfined aquifer) between pumping wells.

At any point in an aquifer affected by bath a discharging
well and a recharging well, the change in waler level is equal
to the difference between the drawdown and the buiidup. If
the rates of discharge and recharge are the same and if the
wells are operated on the same schedule, the drawdown and
the buildup will cancel midway between the wells, and the
water level at that point will remain unchanged from the
static level (3, (See "Aguifer Boundanes.”"}



Discharging
well

Land surface

Recharging
well

Static  potentiometrig

2= RS n//I
Drawdown ™

(3)

We see from the above functional equation that, in the
abserice of well interference, drawdown in an aquifer at the
effective radius of a pumping well is directly proportional to
the pumping rate. Conversely, the maximum pumping rate is
directly proportional to the available drawdown. For confined
aquifers, available drawdown is normally considered to be the
distance between the prepumping water level and the top of
the aquifer. For unconfined aquifers, available drawdown is
nomally considered to be about 60 percent of the saturated
aquifer thickness.

Where the pumping rate of a well is such that only a part of
the available drawdown is utilized, the only effect of well
interference is to lower the pumping level and, therehy,
increase pumping costs, In the design of a well field, the in-
crease in pumping cost must be evaluated along with the cost

of the additional waterlines and powerines that must be in-
stalled if the spacing of wells is increased to reduce well inter-
ference. (See "Well-Field Design."}

Because well interference reduces the available drawdown,
it also reduces the maximum yield of a well. Well interference
is, therefore, an important matter in the design of well fields
where it is desirable for each well to be pumped at the largest
possible rate. We can see from equation 1 that, for a group of
wells pumped at the same rate and on the same schedule, the
well interference caused by any well on another well in the
group is inversely proportional to the square of the distance
between the two wells (1), Therefore, excessive well inter
ference is avoided by increasing the spacing between wells
and by locating the wells along a line rather than in a circle or
im a grid patern,

Well Interference 45
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