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tions of aquifer thickness, velocity of groundwater in the aquifer, concentra~ 
tion gradients in the aquitards, and diffusion coefficients, determine conditions 
under which the water chemistry in the aquifer would be controlled by the 
vert ical flux by molecular diffusion of dissolved solids from the shale into the 
aquifer. Assume that dissolved solids that enter the aquifer are distributed 
uniformly over the aquifer thickness as a result of dispersion. Do you think 
such conditions could occur in nature? 

20. Groundwater A, at Pco, = lO- l, has a composition that results from the 
open-system dissolution of siderite (FeCO l ) in a stratum with no calcite or 
dolomite. Groundwater B, at the same Pc;o" has a composition that results 
from open-system dissolution of calcite in a stratum with no siderite or 
dolomite. These two waters, each having been in equilibrium with their respec­
tive solid phase, are intercepted by a well in which they are mixed in equal 
proportions as pumping occurs. The system has a temperature of 25°C. 
(a) Compute the cation and anion concentrations and pH of each of these 

waters. 
(b) Compute the composition of the mixed water in the well. 
(c) Is this mixture capable of producing calcite or siderite by precipitation? 
(d) After discharge from the well into an open-air storage tank at 25°C, would 

calcite and/or siderite precipitate? 

Groundwater 
Resource 

Evaluation 



In the first seven chapters of this book we have examined the physical and chemical 
principles that gdvern groundwater flow and we have investigated the interrela­
tionships that exist between the geological environment, the hydrologic cycle, and 
natural groundwater flow. In this chapter and the two that fo llow, "'."e will turn to 
the interactions between groundwater and man. We wi ll look at tile utilization of 
groundwater as a resource, we will examine its role ns an agent for subsurface 
contamination, and we will asst:ss the part it plays in a variety of geotechnical 

problems. 

8.1 Development of Groundwater Resources 

Exploration, Evaluation. and Exploitation 

The development of groundwater resources can be viewed as a sequen tial process 
with three major phases. First, there is an exploration stage, in which surface and 
subs urface geological and geophysical techniques are brought to bear on the search 
for suitable aquifers. Second, there is an e1'Olualion stage that encompasses the 
measu rement of hydrogeologic pa rameters, the design and analysis of wells, and 
the calculation of aquifer yields . Th ird , there is an exp/oilation, or management 
phase, which must include consideration of optimal development strategies and 
an assessment of the interactions between gro undwater exploitation and the 
regional hydrologic system. 

It is worth placing these th ree phases in a historical perspective. In North 
America and Europe, nearly aU major aquifers have al ready been located and are 
being used to some extent. The era of true exploration for regional aquifers is over. 
We are now in a period in which detailed evaluation of known aquifers and 
careful management of known resources will take on greater importance. The 
layout of Ihis chapter reflects this interpretation of current needs. We will treat 

305 Groundw,tl!r RUDurc, Ev,lu,tion I Ch. 8 

aquifer exploration in a single section, and place heavier emphasis on the evalua. 
tion and management stages. 
. Let us assume that we have located an aquifer that has some apparent poten. 

tla!. Th~ se~pe of groundwater ~esource evaluation and management studies might 
best be indIcated by the fo llowmg series of questions : 

I. Where should the wells be located ? How many wells are needed? What 
pumping rates can they sustain? 

2. What will be the effect of the proposed pumping scheme on regional water 
levels? 

3. W~at are the long-term yield capabilities of the aquifer? 
4. WIll the proposed development have any detrimental infl uence on other 

com ponents of the hydrologic cycle? 
S. Arc there. likely to be any undesirable side effects of development, such as 

land subSIdence or seawater intrusion, that could serve to limit yields? 

This ~hapter is designed to provide the methodology needed to answer questions 
of thIS .Iype. ~he measurement and estimation of hydrogeologic parameters is 
treated III Sections 8.4 through 8.7. Prediction s of drawdown in an aquifer under 
a proposed pumping scheme can be carried out for simple situations with the 
a~alytical methods presented in Section 8.3. More complex hydrogeological en­
vlronm~nts m~y require the application of numerical-sim ulation techniques, as pre­
sented m SectIOn 8.8, or electrical-analog techniques, as presented in Section 8.9. 
Land subsidence is discussed in Section 8.12, and seawater intrusion in Section 8.13. 

Well Yield, Aquifer Yield. and Basin Yield 

The techniques of groundwater resource evaluation requi re an understanding of 
t~e concept of gr~undwaler Yield, and , perhaps surprisingly, this turns out to be a 
dIfficult and ambIguous term to address. The concept is certain ly pertinent , in that 
one of the primary objectives of most groundwater resource studies is the deter­
mination of the maximum possible pumping rates that arc compatible with the 
hydrogeologic environment from which the water will be taken. This need for 
compatibility implies that yield s must be viewed in terms of a balance between the 
benefit s of groundwater pumpage and the undesirable changes that will be induced 
by such pumpage. The most ubiquitous change that results from pumping is 
lowered water levc\s, so in the simplest cases groundwater yield can be defi ned in 
terms of the maxim um rate of pumpage that can be allowed while ensuring that 
water-level declines are kept within acceptable limits. 
. This concept of yield can be a~plied on several scales. If our unit of study is a 

smgle well, we can define a well Yield; if our unit of study is an aquifer, we can 
define an aquifer yield ; and if our unit of study is a groundwater basin, we can 
define a basi n yield . Well yield can be defined as the maximum pumping rate that 
can be supplied by a well without lowering the water level in the well below the 
pump intake. Aquifer y ield can be defined as the maximum rate of withdrawal that 
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can be sustained by an aquifer without causing an unacceptable decline in the 
hydraulic head in the aquifer. Basin yield can be defined as the maximum rate of 
withdrawal that can be sustained by the complete hydrbgeologic system in a 
groundwater basin without causing unacceptable declines in hydraulic head in the 
system or causing unacceptable changes to any other component of the hydrologic 
cycle in the basin. In light of the effects of well interference that are discussed in 
Section 8.3, it is clear that aquifer yield is highly dependent on the number and 
spacing of wells tapping an aquifer. If all the wells in a highly developed aquifer 
pump at a rate equal to their well yield, it is likely that the aquifer yield will be 
exceeded. In light of the effects of aquitard leakage and aquifer interference that 
are also discussed in Section 8.3, it is clear that basin yield is highly dependent on 
the number and spacing of exploited aquifers in a basin. If all the aquifers are 
pumped at a rate equal to their aquifer yield, it is likely that the basin yield will 
be exceeded. 

These simple concepts should prove useful to the reader in the early sections 
of this chapter. However, the concept of basin yield deserves reconsideration in 
greater depth, and this is presented in Section 8.10. 

8.2 Exploration for Aqui fe rs 

An aquifer is a geological formation that is capable of yielding economic quanti­
ties of water to man through wells. It must be porous, permeable, and saturated. 
While aquifers can take many forms within the wide variety of existing hydro­
geological environments, a perusal of the permeability and porosity data of Tables 
2.2 and 2.4 and consideration of the discussions of Chapter 4 make it clear that 
certain geological deposits are of recurring interest as aquifers. Among the most 
common are unconsolidated sands and gravels of alluvial, glacia l, lacustrine, and 
deltaic origin; sedimentary rocks, especially limestones and dolomites, and sand­
stones and conglomerates; and porous or fractured volcanic rocks. In most cases, 
aquifer exploration becomes a search for one or other of these lypes of geological 
deposits . The methods of exploration can be grouped under four headings: surface 
geological, subsurface geological, surface geophysical, and subsurface geophysical. 

Surface Geological Methods 

The initial steps in a groundwater exploration program arc carried out in the 
office rather than in the field. Much can be learned from an examination of avail­
able maps, reports, and data. There are published geologic maps on some scale 
for almost all of North America; there are published soils maps or surficia~ geology 
maps for most areas; and there are published hydrogeological maps for some 
areas. Geologic maps and reports provide the hydrogeologist with an initial indi­
calion of the rock formations in an area, together with their stratigraphic and 
structural interrelationships. Soi ls maps or surficial geology maps, together with 
top(lgraphic maps, provide an introduction to the distribution and genesis of the 
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surficial unconsolidated deposits and their associated landforms. Hydrogeologic 
maps provide a summarized interpretation of the topographic, geologic, hydro­
geologic, geochemical, and water resource data available in an area. 

Airphoto interpretation is also widely used in groundwater exploration. It is 
usually possible to prepare maps of landforms, soils, land use, vegetation, and 
drainage from the airphoto coverage of an area . Each of these environmental 
properties leads to inferences about the natural groundwater flow systems and/or 
the presence of potential aquifers. Way (1973) and Mollard (1973) each provide a 
handbook-style treatment of airphoto-interpretation methods, and both include 
a large number of interpreted photos, many of which illustrate significant hydro­
geological features. 

However, even in areas where there is a considerable amount of published 
information, it is usually necessary to carry out geologic mapping in the field. In 
view of the importance of unconsolidated sands and gravels as potential aquifers, 
special attention must be paid to geomorphic landforms and to the distribution 
of glacia l and alluvial deposits. Where sand and gravel deposits are sparse, or 
where these deposits are shallow and unsaturated, more detailed attention must 
be paid to the lithology, st ratigraphy, and structure of the bedrock formations . 

The methods of hydrogeologic mapping outlined in Section 6.1 are useful 
in determining the scale and depth of natural groundwater flow systems and in 
mapping the extent of their recharge and discharge areas. 

Subsurface Geological Methods 

It is seldom sufficient to look only at the surficial manifestations of a hydro­
geological environment. It is unlikely that subsurface stratigraphic relationships 
will be fully revealed without direct subsurface investigation. Once again, the 
initial step usually involves scan ning the available records. Many state and pro­
vincial governments now require that geological logs of all water wells be filed in a 
central bank for the use of other investigators. These data, while varying widely in 
quality, can often provide the hydrogeologist with considerable information on 
past successes and failures in a given region. 

In most exploration programs, especially those for large-scale industrial or 
municipal water supplies, it is necessary to carry out test-drilling to better delineate 
subsurface conditions. Test holes provide the opportunity for geological and 
geophysical logging and for the coring or sampling of geological materials. Test 
holes can also be used to obtain water samples for chemical analysis and to indicate 
the elevation of the water table at a site. Test-drilling programs, together with 
published geological maps and available well-log records, can be interpreted in 
terms of the local and regional lithology, stratigraphy, and structure. Their logs 
can be used to prepare stratigraphic cross sections, geological fence diagrams, 
isopach maps of overburden thickness or formation thickness, and lithofacies 
maps. Hydrogeological in terpretations might include water-table contours and 
isopachs of saturated thickness of unconfined aquifers. The results of chemical 
analyses of groundwater samples, when graphically displayed using the methods 
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of Chapter 7, can provide important evidence on the natural geochemical environ· 
ment as well as a direct measure of water quality. 

Surface Geophysical Methods 

There are two regional geophysical techniques that are used to some ex.tent in the 
exploration for aquifers. These arc the seismic refraction method and the electrical 
resisli~ily method. The design of geophysical surveys that utilize these approaches, 
and the interpretation of the resulting geophysical measurements, is a specialized 
branch of the earth sciences. Il is not expected that a groundwater hydrologist 
become such a specialist, and for this reason our discussion is brief. On the other 
hand, it is necessary that the hydrogeologist be aware of the power and limitations 
of the methods. If this brief presentation fails to meet that objective, the reader is 
directed to a standard geophysics textbook such as Dobrin (1960), or to one of 
several revicw papers that deal specifically with geophysical applications in ground­
water exploration, such as McDonald and Wantland (1961), Hobson (1967), or 
Lennox and Carlson (1967). 

The seismic refraction method is based on the fact that elastic waves travel 
through different earth materials at different velocities. The denser the material, 
the higher the wave velocity. When elastic waves cross a geologic boundary between 
two formations with different elastic properties, the velocity of wave propagation 
changes and the wave paths are refracted according to Snell's law. In seismic 
exploration, elastic waves are initiated by an energy source, usually a small explo­
sion, at the ground surface. A set of receivers, called geophones, is set up in a 
line radiating outward from the energy sourcc. Waves initiated at the surface and 
refracted at the critical angle by a high-velocity layer at depth will reach the more 
distant geophones more quick ly than waves that travel directly through the low­
velocity surface layer. The time between the shock and the arrival of the elastic 
wave at a geophone is recorded on a seismograph . A set of seismograph records 
can be used to derive a graph of arrival time versus distance from shot point to 
geophone, and this, in turn, with the aid of some simple theory, can be used to 
calculate layer depths and their seismic velocities. 

In groundwater investigations the seismic refraction method has been used 
to determine such features as the depth to bedrock, the presence of buried bedrock 
channels, the thickness of surficial fracture zones in crystalline rock, and the areal 
extent of potential aquifers. The interpretations arc most reliable in cases where 
there is a simple two-layer or three-layer geological configuration in which the 
layers exhibit a strong contrast in seismic velocity. The velocities of the layers 
must increase with depth; the method cannot pick up a low-velocity layer (which 
might well be a porous potential aquifer) that underlies a high-velocity surface 
layer. The depth of penetration of the seismic method depends on the strength of 
the energy source. For shallow investigations (say, up to 30 m) hydrogeologists 
have often employed hammer seismic methods, in which the energy source is 
simply a hammer blow on a steel plate sCion the ground surface. 
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The electrical resistivity of a geological formation is defined as p = RAIL, 
where R is the resistance to electrical current for a unit block of cross-sectional 
area A and length L. The resistivity controls the gradient in electrical potential 
that will be set up in a formation under the influence of an applied current. In a 
saturated rock or soil, the resistivity is largely dependent on the density and 
porosity of the material and on the salinity of the saturating fluid. In an elect rical 
resistivity survey an electric current is passed into the ground through a pair of 
current electrodes and the potential drop is measured across a pair of potential 
electrodes. The spacing of the electrodes controls the depth of penetration. At 
each setup an apparent resistivity is calcu lated on the basis of the measured poten­
tial drop, the applied current, and the elect rode spacing. Sets of measurements are 
taken either in the form of lateral profiling or depth profiling. In lateral profiling 
the electrode spacing is kept constant as electrodes are leapfrogged down a survey 
line. This method provides areal coverage at a given depth of penetration. It can 
be used to define aquifer limits or to map areal variations in groundwater salinity. 
In depth profiling a series of readings is taken at different electrode spacings at a 
single stalion. Apparent resistivities are plotted agaillst electrode spacing, and 
stratigraphic interpretations are made by comparing the resulting curve against 
published theoretical curves for simple layered geometries. Depth profiling has 
been widely used to determine the thickness of sand and gravel aquifers that overlie 
bedrock. It can also be used to locate the saltwater-freshwater interface in coastal 
aquifers. It is often claimed that the method can "feel" the water table, bUI this 
is questionable except in very homogeneous deposits. In urban areas the method 
is often hampered by tbe presence of pipes, rails, and wires that interfere with the 
current fields. 

Surface geophysical methods cannot replace test drilling, although by provid­
ing data that lead to a more intelligent selection of test-hole drilling, they may lead 
to a reduction in the amount of drilling required. Stratigraphic interpretations 
based on seismic or electrical resistivity measurements must be calibrated against 
test-hole informatioll. 

Subsurface Geophysical Methods 

There is one geophysical approach that has now become a standard tool in ground­
water exploration. This approach involves the logging of wells and test holes by 
the methods of borehole geophysics. The term encompasses all techniques in which 
a sensing device is lowered into a hole in order to make a record that can be inter­
preted in terms of the characteristics of the geologic formations and their contained 
fluids. The techniques of borehole geophysics were originally developed in the 
petroleum industry and the standard textbooks on the interpretation of geophysical 
logs (Pirson , 1963; Wyllie, 1963) emphasize petroleum applications. Fortunately, 
there are several excellent review articles (Jones and Skibitzke, 1956; Patton and 
Bennell, 1963; Keys, 1967,1968) that deal specifically with the application of 
geophysica l logging techniques to groundwater problems. 
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A complete borehole geophysics program as it is carried out in the petroleum 
industry usually includes two electric logs (spontaneous potential and resistivity), 
three radiation logs (natural gamma, neutron, and gamma-gamma), and a caliper 
log that indicates variations in hole diameter. In hydrogeological applications, 
emphasis is usually placed on the electric logs. • 

The simplest electric log is the spontaneous potential (or self-potential) log. It 
is obta ined with the single-point electrode arrangement shown in Figure 8.1 with 
the current source disconnected. It provides a measure of the naturally occurring 
potential differences between the surface electrode and the borehole electrode. 
The origin of these natural electric potentials is not well understood, but they are 
apparently related to electrochemical interactions that take place between the 
borehole fluid and the in situ rock-water complex. 

Voltmeter 

Current 
so"rce 

Surfoce 
electrode 

Ammeter 

Uncased, 
mud· fil led 
borehole 

Borehole 
electrode 

Figure 8.1 Single·poirH elecllode arrangement for spontaneous potential 
and resistivity logging in a borehole. 

The second electric log is a resistivity log. There are several electrode arrange­
ments that can be used, but the simplest and the one most widely used in the water 
well industry is the single-point arrangement shown in Figure 8. 1. The potential 
difference recorded at different depths for a given current strength leads to a log 
of apparent resistivity versus depth. 

The two electric logs can be jointly interpreted in a qualitative sense in terms 
of the stratigraphic sequence in the hole. Figure 8.2 shows a pair of single-point 
electric logs measured in a test hole in an unconsolidated sequence of Pleistocene 
and Upper Cretaceous sediments in Saskatchewan. The geologic descriptions and 
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Figure 8.2 Geologic log. electric logs. geologic description, Bnd hydrologic 
description of a test hola in Saskatchewan (after Christiansen 
etal., 1971). 
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the geologic log in the center are based on a core-sampling program. The hydrologic 
description of the potential aquifers at the site is based on a joint interpretation of 
the geologic and geophysical logs. ]n most common geological environments, the 
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best water-yielding zones have the highest resistivities. Electric logs often provide 
the most accurate detail for the selection of well-screen settings. 

Dyck et a!. (1972) pointed out three disadvantages to single-point electric logs. 
They do not provide quantitative values of formation resistivity; they are affected 
by hole diameter and borehole fluid resistivity; and they have only a shallow 
radius of invest igat ion. To emphasize the first point, the resistivity log on Figure 
8.2 records simply th e resistance measured between the two electrodes rather than 
an apparent resistivity_ Multiple-point electric logs are more versatile. They can 
be used for quantitative calculations of the resistivity of formation rocks and their 
enclosed fluids. These calculations lie beyond the scope of this presentation. Camp­
bell and Leh r (1973) provide a good summary of the techniques . Dyck et al. (1972) 
provide some sample calculations in the context of a groundwater exploration 
program. 

Keys (1967, 1968) has suggested that radiation logs, especially the natural 
gamma log, may have applications to groundwater hydrology. A logging suite 
that might be considered complete for hydrogeological purposes would include a 
driller's log (including drilling rate), a geologic log, a spontaneous potential log, 
a resistivity log, a natural gamma log, and a caliper log. 

Drilling and Installation 
of Wells and Piezometers 

The drilling of piezometers and wells, and their design, construction, and mainten­
ance, is a specialized technology that rests only in part on scientific ane! engineering 
principles. There are many books (Briggs and Fiedler, 1966; Gibson and Singer, 
1971; Campbell and LehT, 1973; U.S. Environmental Protection Agency, 1973a, 
1976) that provide a comprehensive treatment of water well technology. In addi­
tion, Walton (1970) presents material on the technical aspects of groundwater 
hydrology, and his text includes many case histories of water well installations and 
evaluations. Reeve (1965), Hvorslev (1951), Campbell and Lehr (1973), and Kruse­
man and de Ridder (1970) discuss methods of piezometer construction and instal­
lation. In this text we will limit ourselves to a brief overview of these admittedly 
important practical matters. Most of what follows is drawn from Campbell and 
Lehr (1973). 

Water wells are usually classified on the basis of their method of construction. 
Wells may be dllg by hand, driven or jetted in the form of well points, bored by an 
earth auger, or drilled by a drilling rig. The selection of the method of construction 
hinges on such questions as the purpose of the well, the hydrogeological environ­
ment, the quantity of water required, the depth and diameter envisaged, and 
economic factors. Dug, bored, jetted and driven wens are limited to shallow depths, 
unconsolidated deposits, and relatively small yields . For deeper, more productive 
wells in unconsolidated deposits, and for all wells in rock, drilling is the only 
reasible approach . 

There are three main types of drilling equipment: cable tool, rolary, and 
reverse rotary. The cable tool drills by lifting and dropping a string of tools sus-
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pended on a cable. The bit at the bottom of the tool string rotates a few degrees 
between each stroke so that the cutting face of the bit strikes a different area of the 
hole bottom with each stroke. Drilling is periodically interrupted to bail out the 
cuttings. With medium- to high-capacity rigs, 40- to 6O-cm-diameter holes can be 
drilled to depths of several hund red meters and smaller diameter holes to greater 
depths. The cable-tool approach is successful over a wide range of geological 
materials, but it is not capable of drilling as quickly or as deeply as rotary methods. 
With the conventional rotary method, drilling fluid is forced down the inside of a 
rapidly rotating drill stem and out through openings in the bit. The drilling fluid 
flows back to the surface, carrying the dri ll cuttings with it, by way of the annulus 
formed between the outside of the drill pipe and the hole wall. In a reverse rotary 
system, the direction of circulation is reversed . Reverse rotary is particularly well 
suited to drilling large-diameter holes in soft, unconsolidated formations. 

The conventional rotary rig is generally considered to be the fastest , most 
convenient, and least expensive system to operate, expecially in unconsolidated 
deposits. Penetration rates for rotary rigs depend on ~such mechanica l factors as 
the weight, type, diameter, and condition of the bit, and its speed of rotation; the 
circulation rate of the drilling fluid and its properties; and the physical characteris­
tics of the geological fo rmation. In rock formations, drillabililY (defined as depth 
of penetration per revolution) is directly related to the compressive strength of 
the rock. 

The direct rotary method is heavily dependent on its hydraulic circulation 
system. The most widely used drilling fluid is a suspension of bentonitic clay in 
water, known as drilling mild. During drilling, the mud coats the hole wall and in 
so doing contributes to the hole stability and prevents losses of the drilling fluid 
to permeable formations. When even heavy drilling mud cannot prevent the caving 
of hole walls, well casi ng must be emplaced as drilling proceeds. Caving, lost 
circulation, and conditions associated with the encounter of flowing artesian water 
constitute the most common drilling problems. 

The design of a deep-cased well in an unconsolidated aquifer must include 
consideration of the surface housing, the casing, the pumping equipment, and the 
intake. Of these, it is the intake that is most often of primary concern to ground­
water hydrologists. In the first half of this century it was quite common to provide 
access for the water to the well by a set of perforations or hand-sawn slots in the 
casing. It is now recognized that well yields can be Significantly increased by tbe 
use of well screens. The size of tbe intake slots in a properly designed well screen 
is related to the grain-size distribution of the aquifer. Development or a screened 
well by pumping, surging, or backwashing draws the fines out of the aquifer, 
through the well screen, and up to the surface. By removing the fines from the 
formation in the vicinity of the well, a natural gravel pack is created around the 
screen that increases the efficiency of the intake. In some cases, an artifiCial gravel 
pack is emplaced 10 improve intake properties. Figure 8.3 shows several typical 
designs for wells in consolidated and unconsolidated formations. 

The productivity of a well is often expressed in terms of the specific capacity, 
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Figure 8.3 Typical well designs for consolidated and unconsolidalod forma· 
tions. 

COl which is defined as C, = Q/Ah", where Q is the pumping rate and ilh" is the 
drawdown in the well. In this equation, Ah .. = ilh + AhL , where Ah is thedrawdown 
in hydraulic head in the aquifer at the well screen boundary, and I!hL is the well 
loss created by the turbulent flow of water through the screen and into the pump 
intake. I!h is calculated from the standard well-hydraulics equations developed in 
Section 8.3. ilh" can be estimated by methods outlined in Walton (1970) and 
Campbell and Lehr (1973). In general, I!hL <t: I!h. 

8.3 The Response of Ideal Aquifers to Pumping 

The exploitation of a groundwater basin leads to water-level declines that serve to 
limit yields. One of the primary goals of groundwater resource evaluation must 
therefore be the prediction of hydraulic-head drawdowns in aquifers under pro­
posed pumping schemes. In this section, the theoretical response of idealized 
aquifers to pumping will be examined. We will investigate severallypes of aquifer 
configuration, but in each case the geometry will be sufficiently regular and the 
boundary conditions sufficiently simple to allow the development of an analytical 
solution to the boundary-value problem that represents the case at hand. These 
solutions, together with solutions to more complex boundary-value problems that 
describe less ideal conditions, constitute the foundation of the study of well hy-
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draulics , This section provides an introduction to the topic, but the material covered 
is far from all-inclusive. There is a massive literature in the field and the committed 
reader is directed to Walton 's (1970) comprehensive t reatment, to Hantush's 
(1964) monograph, or to the excellent handbooks of Ferris et al. (1962) and 
Kruseman and de Ridder (1970). 

Radial Flow to a Well 

The theoret ical analyses are based on an understanding of the physics of flow 
toward a well during pumping. All the necessary concepls have been introduced in 
Chapter 2. The distinction between confined and unconfined aquifers was explained 
there, as was the relation between the general concept of hydraulic head in a three­
dimensional geologic system and the specific concept of the potentiometric surface 
on a two-dimensional, horizontal, confined aquifer. Definitions were presented for 
the fundamental hydrogeologic parameters: hydraulic conductivity, porosity, and 
compressibility; and for the derived aquifer parameters: transmissivity and Slora­
tivity. 11 was explained there that pumping induces horizontal hydraulic gradients 
toward a well, and as a result hydraulic heads are decreased in the aquifer around 
a well during pumping. What is required now is that we take these fundamenta l 
concepts, put them into the form of a boundary-value problem Ihat represents 
flow to a well in an aquifer, and examine the theoretical response. 

At this point it is worth recalling from Section 2.10 that the definition of 
storativity invokes a one-dimensional concept of aquifer compressibility. The Gt 

in Eq . (2.63) is the aquifer compressibility in the vertical direction. The analyses 
that follow in effect assume that cha nges in effective stress induced by aquifer 
pumping are much larger in the vertical direction than in the horizontal. 

The concept of aquifer storage inherent in the storativity term also implies an 
instantaneous release of water from any elemental volume in the system as the 
head drops in that element. 

Let us begin our analysis with the simplest possible aquifer configuration. 
Consider an aquifer that is (1) horizontal, (2) confined between impermeableforma­
tions on top and bottom, (3) infinite in horizontal extent, (4) of constant thickness, 
and (5) homogeneous and isotropic with respect to its hydrogeological parameters. 

For the purposes of our initial analysis, let us further limit our ideal system as 
follows: (1) there is only a single pumping well in the aquifer, (2) the pumping rate 
is constant with time, (3) the well diameter is infinitesimally small, (4) the well 
penetrates the entire aquifer, and (5) the hydraulic head in the aquifer prior to 
pumping is uniform throughout the aquifer. 

The partial differential equation that describes saturated flow in two horizontal 
dimensions in a confined aquifer with transmissivity T and storativity S was devel­
oped in Section 2.11 as Eq. (2.77): 
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Since it is clear that hydraulic-head drawdowns around a well will pos.sess rad~al 
symmetry in our ideal system .. it is adva.ntageous to convert E~. (2.7~ mto/.radla~ 
coordinates. The conversion IS accomplished through the relatIOn r - -.Ix + y 
and the equation of flow becomes (Jacob, 1950) 

(8.1) 

The mathematical region of flow, as illustrated in the plan view of Figure 8.4, 
is a horizontal one-dimensional line through the aquifer, from r = 0 at the well to 

r = 00 at the infinite extremity. 

Pion --

"',"",,"'77:""" ~Q '$ 

Drowdown h=ho 

'-0'-- ~~5iF~n~ 
,: i \ h (r , I) Potentiometric surface 

Well Piezomete r 

Hydrau lic head contours 

Figure 8.4 Radilll flow to II weI! in II horizontal confined aquifer. 

The initial condition is 

h(r,O) = hlJ for all r 

where ho is the constant initial hydraulic bead. 

(R.2J 
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The boundary conditions assume no drawdown in hydraulic head at the in­
finite boundary: 

h(oo, t) = ho for all t (8.3) 

and a constant pumping rate Q [UJTJ at the well: 

for t > 0 (8.4) 

Condition (8.4) is the resull of a straightforward application of Darcy's law at the 
well face. 

The solution her, t) describes the hydraulic head field at any radial distance r 
at any time after the start of pumping. For reasons that should be clear from a 
perusal of Figure 8.4, solutions arc often presented in terms of the drawdown in 
head ho - her, t). 

The Theis Solution 

Theis (1935), in what must be considered one of the fundamental breakthroughs 
in the development of hydrologic methodology, utilized an analogy to heat-flow 
theory to arrive at an ana lytical solution to Eg. (8.1) subject to the initial and 
boundary conditions of Eqs. (8.2) through (8.4). His solution, written in terms of 
the drawdown, is 

where 

ho - her t) = JL. J" e-~ du 
, 4nT . u 

,'S 
u ~ -

4Tt 

(8.5) 

(8.6) 

The integral in Eg. (8.5) is well known in mathematics. It is called the exponen­
tial integral and tables of values are widely available. For the specific definition of 
u given by Eg. (8.6), the integral is known as the well function, W(u). With this 
notation, Eg. (8.5) becomes 

ho - h = ~W(u) (8.7) 

Table 8.1 provides values of W(u) versus u, and Figure 8.5(a) shows the relationship 
W(u) versus lJu graphically. This curve is commonly called the Theis curve. 

If the aquifer properties, T and S, and the pumping rate, Q, are known, it is 
possible to predict the drawdown in hydraulic head in a confined aquifer at any 
distance r from a well at any time t after the start of pumping. It is simply necessary 
to calculate u from Eq. (8.6), look up the value of W(u) on Table 8.1, and calculate 
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Table 8.1 Va lues of W(u) for Various Values of u 

" 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 

x I 0.219 0.049 0.013 0.0038 0.0011 0.00036 0.00012 0.000038 0.000012 

x 1O~1 1.82 1.22 0.91 0.70 0.56 0.45 0.37 0.31 0.26 

x lO~l 4.04 3.35 2.96 2.68 2.47 2.30 2.15 2.03 1.92 

x 1O~3 6.33 5.64 5.23 4.95 4.73 4.54 4.39 4.26 4.14 

x IO~' 8.63 7.94 7.53 7.25 7.02 6.84 6.69 6.55 6.44 

x 10-$ 10.94 10.24 9.84 9.55 9.33 9.14 8.99 8.86 8.74 

x 10-6 13.24 12.55 12.14 11.85 11.63 11.45 11.29 11.16 11.04 

x 10- 7 15.54 14.85 14.44 14. 15 13.93 13.75 13.60 13.46 J 3.34 

x 10- 1 17.84 17.15 16.74 16.46 16.23 16.05 15.90 15.76 15.65 

x IO-~ 20.15 19.45 ]9.05 18.76 18.54 18.35 18.20 18.07 17.95 

x 10-10 22.45 21.76 21.35 21.06 20.84 20.66 20.50 20.37 20.25 

x 10- 11 24.75 24.06 23.65 23.36 23.14 22.96 22.81 22.67 22.55 

x 10-1l 27.05 26.36 25.96 25 .67 25.44 25.26 25.11 24.97 24.86 

x 10- 13 29.36 28.66 28.26 27.97 27.75 27.56 27.41 27.28 27.16 

x 10- 14 31.66 30.97 30.56 30.27 30.05 29.87 29.71 29.58 29.46 

x 10-1$ 33.96 33.27 32.86 32.58 32.35 32.17 32.02 31.88 31.76 

SOURCE: Wenzel, 1942. 

ho - II from Eq. (B.7). Figure B.S(b) shows a calculated plot of ho ....!. h versus t 
fo r the specific set of parameters noted on the figure. A set of field measurements 
of drawdown versus time measured in a piezometer that is set in an ideal confined 
aquifer with these properties would show this type of record. 

The shape of the function ho - h versus t, when plotted on log-log paper as 
in Figure 8.5(b), has the same form as the plot of W(u) versus Il u shown in Figure 
B.5(a). This is a direct consequence of the relations embodied in Eqs . (B.6) and 
(B.7), where it can be seen that hu - hand W(u), and t and J/u, are related to one 
another through a constant term. 

11 is also possible to calculate values of ho - II at various values of r at a given 
time /. Such a calculation leads to a plot of the cone of depression (or drawdown 
cone) in the potentiometric surface around a pumping well. Figure 8.4 provides a 
schematic example. The steepening of the slope of the cone near the well is reflected 
in the solution, Eq. (S.7). The physical explanation is clear if one carries out the 
simple flow-net construction shown in the plan view of Figure B.4 and then carries 
the hydraulic head values down onto the section. 

For a given aquifer the cone of depression increases in depth and extent with 
increasing lime. Drawdown at any point at a given time is directly proportional 
to the pumping rate and inversely proportional to aquifer transmissivity and 
aquifer storativity. As shown in Figure S.6, aquifers of low transmissivity develop 
tight, deep drawdown cones, whereas aquifers of high transmissivity develop shal­
low cones of wide extent. Transmissivity exerts a greater influence on drawdown 
than docs storativity. 

In that geologic configurations are seldom as ideal as that outlined above, 
the time-drawdown response of aquifers under pumpage often deviates from the 
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Theis solution shown in Figure 8.5 . We will now turn to some of the theoretical 
response c.urves that arise in less idea l situations. Specifically, we wi ll look at (I) 
leaky .aqUlfers, (2) unconfined aquifers, (3) multiple-well systems, (4) stepped 
pumping rates, (5) bounded aquifers, and (6) partially penetrating wells. 
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Comparison of drawdown cones at a given time for aquifers of 
(a) low lIansmissivily; (b ) high transmissivity; (el low stofativity; 

(d ) high storativity. 

The assumption inherent in the Theis solution that geologic formations overlying 
and underlying a confined aquifer are completely impermeable is seldom satisfied. 
Even when production wells are screened only in a single aquifer. it is quite usual 
for the aquifer to receive a significant inflow from adjacent beds . Such an aquifer 
is called a leaky aquifer, although in reality it is the aquitard that is leaky. The 
aquifer is often just one part of a multiple·aquifer system in which a succession of 
aquifers are separated by intervening low·permeability aquitards. For the purposes 
of this section, however it is sufficient for us to consider the three-layer case shown 
in Figure 8.7. Two aquifers of thickness b l and b2 and horizontal hydraulic conduc­
tivities K I and K1 are separated by an aquitard of thickness b' and vertical hydraulic 
conductivity K'. The specific storage values in the aquifers are 5" and S", while 

that in the aquitard is S~. 
Since a rigorous approach to flow in multiple-aquifer systems involves bound­

ary conditions that make the problem intractable analytically, it has been custom­
ary to simplify the mathematics by assuming that flow is essentially horizontal in 
the aquifers and vertical in the aquitards. Neuman and Witherspoon (l969a) 
report that the errors introduced by this assumption are less than 5 % when the 
conductivities of the aquifers are more than 2 orders of magnitude greater than 

that of the aquitard . 
The development of leaky-aquifer theory has taken place in two distinct sets 

of papers. The first, by Hantush and Jacob (1955) and Hantush (1956,1960). 
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, . 
. .": A .qu i f~ r ·2 : (~~pumped ) 

b' K' s~ Aqui tord 

Figure 8.7 Schematic diagram of a two-aquifer "leaky" system. Recall that 
T ~ Kband S ~ S.b. 

pro:ided the original differentiation between the Theis response and that for leaky 
aqUifers. The second, by Neuman and Witherspoon (1969a, 1969b, 1972) evaluated 
the significance of the assumptions inherent in the earlier work and provided more 
generalized solutions. 

The analytical solution of Hantush and Jacob (1955) can be couched in the 
same form as the Theis solution [Eq. (8.7)] but with a more complicated well 
function. In fact, Hantush and Jacob developed two analytical solutions one 
valid only for small t and one valid only for large I, and then interpolated be;ween 
~he two solutions to obtain the complete response curve. Their solution is presented 
III terms of the dimensionless parameter, rIB, defined by the relation 

(S.S) 

In analogy with Eq. (8.7), we can write their solution as 

ho - h = 4~T W(u, r/B) (8.9) 

where W(u, rIB) is known as the leaky wellfunction. 
Hantush (1956) tabulated the values of W(u. r/B). Figure 8.8 is a plot of this 

function against I/u. If the aquitard is impermeable, then K ' = 0, and from Eq. 
(8.8), r/ B = O. In this case, as shown graphically in Figure 8.8, the Hantush-Jacob 
solution reduces to the Theis solution. 

If TI (= Klb l ) and SI (= S"b l ) are known for the aquifer and K ' and b' afe 
known for the aquitard. then the drawdown in hydraulic head in the pumped 
aquifer fo r any pumpage Q at any radial distance r at any time t can be calculated 
from Eq . (8.9), after first calculating u for the pumped aquifer from Eq. (8.6), 
r/B from Eq. (8.8), and W(u, r/B) from Figure 8.9. 

The original Hantush and Jacob (1955) solution was developed on the basis 
of two very restrictive assumptions. They assumed that the hydraulic head in the 
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unpumped aquifer remains constant during the removal of water from the pumped 
aquifer and that the rate of leakage into the pumped aquifer is pr~por~ion~l to the 
hydraulic gradient across the leaky aquilard. The first assumption Imphes. that 
the unpumped aquifer has an unlimited capacity to provide water fo r delivery 
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through the aquitard to the pumped aquifer. The second assumption completely 
ignores the effects of the storage capacity of the aquitard on the transient solution 
(i.e., it is assumed that S: = 0). 

In a later paper, Hantush (1960) presented a modified solution in which 
consideration was given to the effects of storage in the aquitard. More recently, 
Neuman and Witherspoon (1969a, 1969b) presented a complete solution that 
includes consideration of both release of water from storage in the aquitard and 
head drawdowns in the unpumped aquifer. Their solutions require the calculation 
of four dimensionless parameters, which , with reference to Figure 8.7, are defined 
as follows: 

(8.10) 

Neuman and Witherspoon's solutions provide the drawdown in both aquifers 
as a function of radial distance from the well, and in the aquitard as a function of 
both radial distance and elevation above the base of the aquitard. Their solutions 
can be described in a schematic sense by the relation 

he - her, z, t) = 4~T W(u, rlBll> rlBll> PI!> PZ!) (8.11) 

Tabulation of this well function would require many pages of tables, but an indica· 
tion of the nature of the solutions can be seen from Figure 8.9, which presents the 
theoretical response curves for the pumped aquifer, the unpumped aquifer, and at 
three elevations in the aquitard, for a specific set of riB and P values. The Theis 
solution is shown on the diagram for comparative purposes. 

Because of its simplicity, and despite the inherent dangers of using a simple 
model for a complex system, the rIB solution embodied in Figure 8.8 is widely used 
for the prediction of drawdowns in leaky·aquifer systems. Figure 8.10 shows an 
he - h versus t plot for a specific case as calculated from Eq . (8.9) with the aid of 
Figure 8.8. The drawdown reaches a constant level after about 5 X 10' seconds. 
From this point on, the rIB solution indicates that steady-state conditions hold 
throughout the system, wi th the infinite storage capacity assumed to exist in the 
upper aquifer feeding water through the aquitard toward the well. If the overlying 
aquitard were impermeable rather than leaky, the response would follow the dotted 
line. As one would expect, drawdowns in leaky aquifers are less than those in non-
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Figure 8.10 Calculated curve of ho - h versus lfor a leaky aquifer, based on 
Hantush·Jacob theory. 

leaky aquifers, as there is now an additional source of water over and above that 
which can be supplied by the aquifer itself. Predictions based on the Theis equa­
tion therefore provide a conservative est imate for leaky systems; that is, they over· 
predict the drawdown, or, put another way, actual drawdowns are unlikely to 
reach the values predicted by the Theis equation for a given pumping scheme in a 
multiaquifer system. 

Unconfined Aquifers 

When water is pumped from a confined aquifer, the pumpage induces hydraulic 
gradients toward the well that create drawdowns in the potentiometric surface. 
The water produced by the well arises from two mechanisms: expansion of the water 
in the aquifer under reduced fluid pressures, and compaction of the aquifer under 
increased effective stresses (Section 2.10). There is no dewatering of the geologic 
system. The flow system in the aquifer during pumping involves only horizontal 
gradients toward the well; tbere are no vertical components of flow. When water 
is pumped from an unconfined aquifer, on the other hand, the hyd raulic gradients 
that are induced by the pumpage create a drawdown cone in the water table itself 
and there are vertical components of flow (Figure 8.11). The water produced by the 
well arises from the two mechanisms responsible for confined deliv.ery plus the 
actual dewatering of the unconfined aquifer. 

There are essentially three approaches that can be used to predict the growth 
of unconfined drawdown cones in time and space. The first, which might be 
termed the complete analysis, recognizes that the unconfined well-hydraulics 
problem (Figure 8.11) involves a saturated-unsaturated flow system in which 

"" ,., 
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Figure 8.11 Radial flow (0 a well in an unconfined aquifel. 

water-table drawdowns are accompanied by changes in the unsaturated moisture 
contents above the water table (such as those shown in Figure 2.23). The complete 
analysis requires the solution of a boundary-value problem that includes both the 
saturated and unsaturated zones. An analytical solution for this complete case 
was presented by Kroszynski and Dagan (1975) and several numerical mathematical 
models have been prepared (Taylor and Luthin, 1969; Cooley, 1971; Brutsaert et 
aI. , 1971). The general conclusion of these studies is that the position of the water 
table during pumpage is not substantially affected by the nature of the unsaturated 
flow above the water table. In other words, while it is conceptually more appealing 
to carry out a complete saturated-unsaturated analysis, there is little practical 
advantage to be gained, and since unsaturated soi l properties are extremely diffi­
cult to measure in situ, the complete analysis is seldom used. 

The second approach, which is by far the simplest, is to use the same equation 
as for a confined aquifer [Eq. (8.7)J but with the argument of the weJl function 
[Eq. (8.6)] defined in terms of the specific yield 5, rather than the storativity S. The 
transmissivity T must be defined as T = Kb, where b is the initial saturated thick­
ness. Jacob (1950) has shown that this approach leads to predicted drawdowns 
that are very nearly correct as long as the drawdown is small in comparison with 
the saturated thickness. The method in effect relies on the Dupuit assumptions 
(Section 5.5) and fails when vertical gradients become significant. 

The third approach, and the one most widely used in practice, is based on the 
concept of delayed water-table response. This approach was pioneered by Boulton 
(1954,1955, 1963) and has been significantly advanced by Neuman (1972, 1973b, 
1975a). it can be observed that water·level drawdowns in piezometers adjacent to 
pumping wells in unconfined aquifers tend to decline at a slower rate than that 
predicted by the Theis solution. In fact, there are three distinct segments that can 
be recognized in time-drawdown curves under water-table conditions. During the 
first segment, which covers only a short period after the start of pumping, an 
unconfined aquifer reacts in the same way as does a confined aquifer. Water is 
released instantaneously from storage by the compaction of the aquifer and by the 
expansion of the water. During the second segment, the effects of gravity drainage 
are felt. There is a decrease in the slope of the time-drawdown curve relative to 
the Theis curve because the water delivered to the well by the dewatering that 
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accompanies the falling water table is greater than that which would be delivered 
by an equal decline in a confined potentiometric surface. In the third segment, 
which occurs at later times, time-drawdown data once again tend to conform to a 
Theis-type curve. 

Boulton (\963) produced a semiempiricaJ mathematical solution that repro­
duces all three segments of the time-drawdown curve in an unconfined aquifer. 
His solution, although useful in practice, required the definition of an empirical 
delay index that was not related clearly to any physical phenomenon. In recent years 
there has been a considerable amount of research (Neuman, 1972; Streltsova. 
1972; Gambolati, 1976) directed at uncovcring the physical processes responsible 
for delayed response in unconfined aquifers. It is now clear that the delay index is 
not an aquifer constant, as Boulton had originally assumed. It is related to the 
vertical components of flow tbat are induced in the flow system and it is apparently 
a funct ion of the radius r and perhaps the time t. 

The solution of Neuman (1972, 1973b, 1975a) also reproduces all three seg­
ments of the time-drawdown curve and it does not require the definition of any 
empirical constants. Neuman's method recognizcs the existence of vertical flow 
components, and the general solution for the drawdown, ho - h, is a function of 
both rand z, as defined in Figure 8.11 . His general solution can be reduced to one 
that is a function of r alone if an average drawdown is considered. His complex 
analytical solution can be represented in simplified form as 

(8.12) 

where W(u..j, u
1l
,,,) is known as the unconfined well/unction and" = r2Jb~. Figure 

8.12 is a plot of this function for various values of". The type A curvcs that grow 
out of the left-hand Theis curve of Figure 8.12, and that are followed at early time, 

are given by 

ho - h = 4~T W(U,4,,,) (8.13) 

where 

and S is the clastic storativity responsible for the instantaneous release of water to 
the well. The type B curves that are asymptotic to the right-hand Theis curve of 
Figure 8.12, and that are followed at later time. arc given by 

where 
,'S 

UB =--' 4Tt 

(8.14) 
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Figure 8.12 Theoretical curves 01 W (11,4. lIa.,,) versus 1/11,4 and 1/1111 for an 
unconfined aquifer (aftar Natrman, 1975a). 

and S" is the specific yield that is responsible for the delayed release of water to 
the well. 

.For an ani.sotropic aquifer with horizontal hydraulic conductivity K, and 
vertical hydraulic conductivity K .. the parameter" is given by 

,, = ~:? (8.15) , 

If the aquifer is isotropic, Kz = K" and 1f = r~Jbl. The transmissivity T is defined 
as T = K,b. Equations (8.12) through (8.15) are only valid if S »S and h -
h«b. " 0 

. The prediction of the average drawdown at any radial distance r from a pump­
Ing wcll at any time t can be obtained from Eqs. (8.13) through (8.15) given Q. 
S, Syo K" K" and b. 

Multiple -Well Systems, Stepped Pumping Rates. 
Well Recovery. and Partial Penetration 

The drawdown in hydraulic head at any point in a confined aquifer in which more 
than one well is pumping is equal to the sum of the drawdowns that would arise 
from each of the wells independently. F igure 8.13 schematically displays the draw­
down ho - h at a point B situated betwecn two pumping wells with pumping rates 
QJ = Ql' If QJ :;:t: Ql' the symmetry of the diagram about the plane A - A' 
would be lost but the principles remain the same. 
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Figura 8.13 Drawdown in the potentiometric surface of a confined aquifer 
being pumped by two wells with a 1 .. Q2-

For a system of n wells pumping at rates QI> Q2"'" Q~, the arithmetic sum­
mation of the Theis solutions leads to the following predictive equation for the 
drawdown at a point whose radial distance from each well is given by T , > '2' •.• • r. 

where 
,'S u/ =-' -
4Tt/ 

+ 4e'r W(u.) 

i = 1,2, .. . , n 

and t/ is the time since pumping started at the well whose discharge is Q{. 

(8.16) 

The summation of component drawdowns outlined above is an application of 
the principle of superposition of solutions. This approach is valid because the 
equation of flow [Eq. (8. 1)] for t ransien t flow in a confined aquifer is linear (Le., 
there are no cross terms of the fo rm ahla, . ah/at). Another application of the 
principle of superposition is in the case of a single well that is pumped at an initial 
rate Qo and then increased to the rates QI> Q2' .. . • Q .. in a stepwise fashion by ~he 
additions .1Q I> .1Q~ •.. .• .1Q ... Drawdown at a radial distance r from the pumpmg 
well is given by 

+ ~~T W(u.) (8.17) 
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where 

j = 0, 1,2, .. . , m 

and I} is the time since the start of the pumping rate Qj. 
A third application of the superposition principle is in the recovery of a well 

after pumping has stopped . If t is the time since the start of pumping and t' is the 
time since shutdown, then the drawdown at a radial distance r from the well is 
given by 

(8.18) 

where 

and 

Figure 8.14 schematically displays the drawdowns that occur during the pumping 
period and the residual drawdowns that remain during the recovery period. 
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Figure 8.14 Schematic diagram of the recovery in hydraulic head in an 
aquifer after pumping is stopped. 

It is not always possible, or necessarily desirable. to design a well that fully 
penetrates the aquifer under development. This is particularly true for unconfined 
aquifers, but may also be the case for thick confined aquifers. Even for wells that 
arc fully penetrating, screens may be set over only a portion of the aquifer thickness. 

Partial penetration creates vertical flow gradients in the vicinity of the well 
that render the predictive solutions developed fo r full penetration inaccurate. 
Hantush (1962) presented adaptations to the Theis solution for partially penetrating 
wells, and Hantush (1964) reviewed these solutions for both confined and leaky­
confined aquifers . Dagan (1967), Kipp (1973), and Neuman (1974) considered the 
effects of partial penetration in unconfined aquifers. 

I 



Bounded Aquifers 

When a confined aquifer is bounded on one side by a straight-Hne impermeable 
boundary, drawdowns due to pumping will be greater near the boundary [Figure 
8. l5(a)] than those that would be predicted on the basis of the Theis equation for 
an aquifer of infinite areal extent. In order to predict head drawdowns in such 
systems, the method of images, which is widely used in heat-flow theory, has been 
adapted for application in the groundwater milieu (Ferris et aI., 1962). With this 
approach, the real bounded system is replaced for the purposes of analysis by an 
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331 Groundwater Resource Evaluation I Ch. 8 

imaginary system of infinite areal extent [Figure 8.15(b)].ln this system there are 
two wells pumping: the real well on the left and an image well on the right. The 
image well pumps at a rate, Q, equal to the real well and is located at an equal 
distance, XI> from the boundary. If we sum the two component drawdowns in the 
infinite system (in identical fashion to the two-well case shown in Figure 8.13), 
it becomes clear that this pumping geometry creates an imaginary impermeable 
boundary (i .e., a boundary across which there is no flow) in the infini te system at 
the exact position of the real impermeable boundary in the bounded system. With 
reference to Figure 8.15(c), the drawdown in an aquifer bounded by an imper­
meable boundary is given by 

where 

ho - h = 4~T[W(u,) + W(u/)J 

,'5 
u, = 4'Tt and ,'5 

U1 =-' -
4Tt 

(8 . (9) 

One can use the same approach to predict the decreased drawdowns that 
occur in a confined aquifer in the vicinity of a constant-head boundary, such as 
would be produced by the slightly unrealistic case of a fully penetrating stream 
[Figure 8. I 5(d)]. For this case, the imaginary infinite system [Figure 8. I 5(e)] includes 
the discharging real well and a recharging image well. The summation of the cone 
of depression from the pumping well and the cone of impression from the recharge 
well leads to an expression for the drawdown in an aquifer bounded by a constant­
head boundary: 

(8.20) 

where u, and u/ are as defined in connection with Eq . (8 .19). 
It is possible to use the image well approach to provide predictions of draw­

down in systems with more than one boundary. Ferris et al. (1962) discuss several 
geometric configurations. One of the more realistic (Figure 8.16) applies to a 
pumping well in a confined alluvial aquifer in a more-or-Iess straight river valley. 
For this case, the imaginary infinite system must include the real pumping well 
R, an image weill) equidistant from the left-hand impermeable boundary, and an 
image well 12 equidistant from the right-hand impermeable boundary. These image 
wells themselves give birth to the need fo r further image wells. For example, I, 
reflects the effect of 12 across the left-hand boundary, and I. reflects the effect of 
1\ across the right-hand boundary. The result is a sequence of imaginary pumping 
wells stretching to infinity in each di rection. The drawdown at point P in Figure 
8.16 is the sum of the effects of this infinite array of wells. In practice, image wells 
need only be added until the most remote pair produces a negligible effect on 
water-level response (Bostock, 1971). 
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Figu re 8.16 Image-well system for pumpage hom a confined aquifer ill a 
river valley bounded by impermeable boundaries. 

The Response of Ideal Aquitards 

The most common geologica l occu rrence of exploitable confined aqui fers is in 
sedimentary systems of interbedded aquifers and aquitards. In many cases the 
aquitards are much thicker than the aquifers and although their permeabilities arc 
low, their storage capacities can be very high . In the very early pumping history of a 
production well, most of the water comes from the depressurization of the aquifer 
in which the well is completed. As time proceeds the leakage properties of the 
aquitards arc brought into play and at later times the majority of the water being 
produced by the well is aquitard leakage. In many aquifer-aquitard systems, the 
aquitards provide the water and the aquifers transmit it to the wells. It is thus of 
considerable interest to be able to predict the response of aquitards as well as 

aquifers. 
In the earlier discussion of leaky aquifers, two theories were introd uced: the 

Hantush-Jacob theory, which utilizes the W(u, rIB) curves of Figure 8.8, and the 
Neuman-Witherspoon theory, which utilizes the W(u, rlBI!> rfB z !> PI!> PlI) curves 
of Figure 8.9. In that the Hantush-Jacob theory does not include the storage prop­
erties of the aquitard, it is not suitable for the prediction of aquitard response. 
The Neuman-Witherspoon solution, in the form of Eq. (8. 11 ) can be used to pre­
dict the hydraulic head h(r, z, t) at any elevation z in the aquitard (Figure 8.7) 
at any t ime t, at any radial distance r, from the well. In many cases, however, it 
may be quite satisfactory to usc a simpler approach. If the hydraulic conductivity 
of the aquitards is at least 2 orders of magnitude less than the hydraulic conduc­
tivity in the aquifers, it can be assumed that flow in the aquifers is horizontal and 
leakage in the aquitards is vertical. If one can predict, or has measurements of, 
h(r, t) at some point in an aquifer, one can often predict the hydraulic head h(z, t) 
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at an overlying point in the aquitard by the application of a one-dimensional flow 
theory, d~veloped by .Karl Terzaghi, the founder of modern soil mechanics . 

C~nslder an aqUltard of thickness b' (Figure 8.17) sandwiched between two 
producmg .aquifers. I.f the initial condition is a constant hydraulic head h = ho 
m the aqmtard, and If th~ drawdowns in hydrau lic head in the adjacent aquifers 
can be represented ~s an IDst~nlaneous step funct ion Il.h, the system can be repre­
sented by the following one-dImensional boundary-value problem. 

, 

, " 
,,0 .. c-'t~ ... '7.,, ~. I.,.. .. 

h 

Figure 8.17 Response of an ideal aquilard 10 II slep drawdown in head 
inlhe two adjacent aquifers. 

From Eq. (2.76), the one-dimensional form of the flo w equation is 

d'h _ pg(.' + n'p) dh 
TzI - K' at (8.21) 

where the primed parameters are the aquitard properties. The initial condition is 

h(z. 0) = ho 

and the boundary conditions are 

h(O, t) = ho - Il.h 

h(b', t) = ho - Il.h 

Terzaghi (1925) provided an analytica l solution to this boundary-value problem. 
He noted th,at for ~ lays n'p «:rx' in Eq. (8.21). He grouped the remaining aquitard 
parameters lOto a Single parameter c. , known as the coefficient of consolidation and 
defined as 

K' , ~--
• pgrx' (8.22) 
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He further defined the dimension less time factor, T" 35 

(8.23) 

Given the aquitard parameter c. and the geometric parameter b', onc can calculate 
T, for any time t. 

Figure 8.17 is a graphical presentation of Terzaghi's solution h(z. T,). It allows 
the prediction of the hydraulic head at any elevation z at any time t in an aquitard 
sandwiched between two producing aquifers, as long as the drop in hydraulic head 
All can be estimated in the aquifers. It is also possible to interpret this solution 
fo r an aquilard that drains to only one aquifer. For example, if the lower boundary 
of the aquitard on the inset to Figure 8.17 is impermeable, only the upper half 
of the curves shown in the figure are used for the prediction of h(z, f). The z = 0 
line passcs through the center of the figure, and the parameters c, and T, are 
defined as above . Wolff (1970) has descri bed a case hi story that utilizes the con­
cepts of one-dimensional aquitard response. 

Predictions of aquitard response, and the inverse application of this theory 
to determine aquitard parameters, as discussed in Section 8.6, are also important 
in assessing contaminant migration (Chapter 9) and land subsidence (Section 8.12). 

The Real World 

Each of the analytical solutions presented in this sect ion describes the response to 
pumping in a very idealized representation of actuaJ aquifer configurations. [n the 
real world, aquifers are heterogeneous and anisotropic; they usually vary in thick­
ness; and they certainly do not extend to infinity. Where they are bounded, it is 
not by straight-line boundaries that provide perfect confinement. In the real world, 
aquifers are created by complex geologic processes that lead to irregular stratig­
raphy, interfingering of strata, and pinchoulS and trendouts of both aquifers and 
aquitards. The predictions that can be carried out with the analytical expressions 
presented in this section must be viewed as best estimates. They have greater worth 
the more closely the actual hydrogeological environment approaches the idealized 
configurat ion. 

In general, well-hydraulics equations are most applicable when the unit of 
study is a well or well field. They arc less applicable on a larger scale, where the 
unit of study is an entire aquifer or a complete groundwater basin. Short-term 
yields around wells are very dependent on aquifer properties and well-field geo­
metry, both of which are emphasized in the well-hydraulics equations. Long­
term yields on an aquifer scale are more often controlled by the nature of the 
boundaries. Aquifer studies on the larger scale are usually carried out with the 
aid of models based on numerical simulation or electric-analog techniques. These 
approaches are discussed in Sections 8.8 and 8.9. 

The predictive formulas developed in this section and the si mulation tech­
niques described in later sections allow one to calculate the drawdownsin hydraulic 

8.4 

335 Groundw,ttr Re$ourc. Ev,/u,tion I Ch. 8 

head that will occur in an aquifer in response to groundwater development through 
wells. They require as input either the three basic hydrogeological parameters: 
hydraulic conductivity, K, porosity, n, and compressibility, a; or the two derived 
aquifer ~arameters: transmissivity, T, and storativity, S. There is a wide variety 
of techmques that can be used to measure these parameters. In the next section 
we will discuss laboratory tests; in Section 8.5, piezometer tests; and in Section 8.6: 
pumping tests. In Section 8.7, we will examine some estimation techniques and in 
Section 8.8, the determination of aquifer parameters by inverse simulati~n. The 
formulas presented in this section are the basis for the pumping-test approach that 
is described in Section 8.6. 

Measurement of Parameters: Laboratory Tests 

The laboratory tests described in this section can be considered as providing point 
values of the basic hydrogeologic parameters. They are carried out on small 
samples that arc collected during test-drilling programs or during the mapping of 
surficial deposits. If the samples are undisturbed core samples, the measured 
values should be representative of the in situ point values. For sands and gravels, 
even disturhed samples may yield useful values. We will describe testing methods 
for the determination of hydraulic conductivity, porosity, and compressibility in 
the saturated state; and we will provide references for the determination of the 
eharacteristic curves relating moisture content, pressure head, and hydraulic con­
ductivity in the unsaturated state. We will emphasize principles; fora more complete 
description of each testing apparatus and more detailed directions on laboratory 
procedures, the reader is directed to the soil-testing manual by Lambe (1951), the 
permeability handbook of the American Society of Testing Materials (1967), or 
the pertinent articles in the compendium of soil analysis methods edited by Black 
(1965). Our discussions relate more to soils than to rocks, but the principles of 
measurement are the same. The rock mechanics text by Jaeger (1972) discusses 
rock-testing procedures. 

Hydraulic Conductivity 

The hydraulic conductivity, K, was defined in Section 2.1, and its relationship to 
the permeability, k, was explored in Section 2.3. The 'Saturated hydraulic conduc­
tivity of a soil sample can be measured with two types of laboratory apparatus. 
The first type, known as a constant-head permeameter, is shown in Figure 8.18(a); 
the second type, a/alling-head permeameter, is shown in Figure 8.18(b). 

In a constant-head test, a soil sample of length L and cross-sectional area A 
is enclosed between two porous plates in a cylindrical tube, and a constant-head 
differential H is set up across the sample. A simple application of Darcy's law 
leads to the expression 

(8.24) 
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Figure 8.18 (a) Constant-head permeameter; (b) falling-head permeameter 
(after Todd, 1959), 

where Q is the steady volumetric discharge through the system. It is important that 
no air become entrapped in the system, and for this reason it is wise to use deaired 
water. If disturbed samples are being tested in the permeameter, they should be 
carefully saturated from below as they are emplaced. 

In a falling-head tcst [Figure 8.18(b)], the head, as measured in a tube of cross­
sectional area a, is allowed to fa ll from Ha to H I during time t. The hydraulic 
conductivity is calculated from 

K = aL[n(H.) 
At H I 

(8.25) 

This equation can be deri ved (Todd, 1959) from the simple boundary-value problem 
that describes one-dimensional transient flow across the soil sample. In order that 
the head decline be easi ly measurable in a finite time period, it is necessary to 
choose the standpipe diameter with regard to the soil being tested. Lambe (l95t) 
suggests that for a coarse sand a standpipe whose diameter is approximately equal 
to that of the permeameter is usually satisfactory, whereas a fine silt may neces­
sitate a standpipe whose diameter is one-tenth the permeameter diameter. Lambe 
also suggests that the point ,.JHeH! be marked on the standpipe. If the time 
required for the head decline from He to ,.JHoH! is not equal to that for the 
decline from ,.JHoHl to HI> the test has not functioned correctly and a check 
should be made for leaks or entrapped air. 

Klute (1965a) notes that the constant-head system is best suited to samples 
with conductivities greater than 0.01 em/min while the falling-head system is best 
suited to samples with lower conductivity. He also notes that elaborate, painstaking 
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measurements are not generally required for conductivity determinations on field 
samples. The variability among samples is usually large enough that precise deter­
mination of the conductivity of a given sample is not warranted. 

For clayey materials the hydraulic conductivity is commonly determined from 
a consolidation test, which is described in the subsection on compressibility below. 

Porosity 

In principle, the porosity, n, as defined in Section 2.5, would be most easily mea­
sured by saturating a sample, measuring its volume, Vr, weighing it and then oven 
drying it to constant weight at 105°C. The weight of water removed could be 
converted to a volume, knowing the density of water. This volume is equivalent to 
the volume of the void space, V.; and the porosity could be calculated from 
n = V~/Vr' 

In practice, it is quite difficult to exactly and completely saturate a sample of 
given volume. It is more usual (Vomocil, 1965) to make use of the relationship 

(8.26) 

which can be developed by simple arithmetic manipulation of the basic definition 
of porosity. In Eq. (8.26), Ph is the bulk mass density of the sample and P. is the 
particle mass density. The bulk density is the oven-dried mass of the sample divided 
by its field volume. The particle density is the oven-dried mass divided by the 
volume of the solid particles, as determined by a water-displacement test. In cases 
where great accuracy is not required, P. = 2.65 g/cm 3 can be assumed for most 
mineral soils. 

Compressibility 

The compressibility of a porous medium was defined in Section 2.9 with the aid 
of Figure 2.19. It is a measure of the relative volumetric reduction that will take 
place in a soil under an increased effective stress. Compressibility is measured in a 
consolidation apparatus of the kind commonly used by soils engineers. In this 
test, a soil sample is placed in a loading cell of the type shown schematically in 
Figure 2.19(a). A load L is applied to the cell. creating a stress u, where (1 = L/A, 
A being the cross-sectional area of the sample. If the soil sample is saturated and 
the fluid pressure on the boundaries of the sample is atmospheric (i.e., the sample 
is free-draining), the effective stress, u., which leads to consolidation of the sample, 
is equal to the applied stress, (1. 

The reduction in sample thickness, b, is measured after equilibrium is achieved 
at each of several loading increments, and the results are converted into a graph 
of void ratio, e, versus effective stress, u., as shown in Figure 2.19(b). The compres­
sibility, IX, is determined from the slope of such a plot by 

IX = _de/(I + eo) 
du, 

(8.27) 
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where eo is the initial void ratio prior to loading. As noted in Section 2.9, IX is a 
function of the applied stress and it is dependent on the previous loading history. 

Lambe (1951) describes the details of the testing procedure. The most common 
loading method is a lever system on which weights of kno",:,"n magnitude are hung. 
There are two types of loading cell in common usc. In the fixed-ring container 
[Figure 8. 19(a)], all the sample movement relative to the container is downward. 
In the floating-ring container [Figure 8.19(b)], compression occurs toward the mid­
dle from both top and bottom. In the floating-ring container, the effect of friclion 
between the container wall and the soil specimen is smaller than in the fixed·r ing 
container. In practice, it is difficult to determine the magnitude of the friction in 
any case, and because its effect is thought to be minor, it is normally neglected. 
Cohesionless sands are usually tested as disturbed samples. Cohesive clays must 
be carefully trimmed to fit the consolidometer ring. 

Porous 
stone 

Ring 

L 

(0) 

~ , .;~::;~o?'VRi"' 
[l ~ .". :4:".4." . .... ~ ll-sose 

(b) 

Figure 8.19 (a) Fi)(ed·rjng consolidometer; (b) floating·ring consolido· 
meter (after Lambe, 1951). 

In soil mechanics terminology, the slope of the e - G. curve is called the 
coefficient of compressibility, a~. The relationship between o. and IX is easily seen to 

be 
-de \,., 

a o = -d = (l + eoJV­". 
(8.28) 

More commonly, soils engineers plot the void ratio, e, against the logarithm of 
G •• When plotted in this manner, there is usually a significant portion of the curve 
that is a straight line. The slope of this line is called the compression index, C., 

where 

- de e ~ 
• d(logG.) 

(8.29) 

In most civil engineering applications the rate of consolidation is just as 
imporlant as the amount of consolidation . This rate is dependent both on the 
compressibility, IX, and the hydraulic conductivity, K. As noted in connection with 
Eq. (8.22), soils engineers utilize a grouped parameter known as the coefficient of 

8.5 
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consoiidation, COl which is defined as 

K , ~--
~ pglX (8.30) 

At each loading level in a consolidation test, the sample undergoes a transient 
drainage process (fast for sands, slow for clays) that controls the rate of consolida. 
tion of the sample. If the rate of decline in sample thickness is recorded fo r each 
loading increment, such measu rements can be used in the manner described by 
Lambe (1951) to determine the coefficient of consolidation, c., and the hydraulic 
conductivity, K, of the soil. 

In Section 8.1 2, we will further examine the mechanism of one.dimensional 
consolidation in connection with the analysis of land subsidence, 

Unsaturated Characteristic Curves 

The characteristic curves, K(IjI) and 8('11), that relate the moisture content, 8. and 
the hydraulic conductivity, K, to the pressure head, 'II, in unsaturated soils were 
described in Section 2.6. Figure 2.13 provided a visual example of the hysteretic 
relationships that are commonly observed. The methods used for the laboratory 
determination of these curves have been developed exclusively by soil scientists, 
It is not wit hin the scope of this text to outline the wide variety of sophisticated 
laboratory instrumentation that is available. Rather, the reader is directed to the 
soil science literature, in part icular to the review articles by L. A. Richards (1965), 
Klute (l965b), Klute (l965c), and Bouwer and Jackson (1974). 

Measurement of Para meters: 
Piezometer Tests 

It is possible to determine in situ hydraulic conductivity values by means of tests 
carried out in a single piezometer. We wi!! look at two such tests, one su itable for 
point piezometers that are open only over a short interval at their base, and one 
suitable for screened or slotted piezometers that are open over the entire thickness 
of a confined aquifer. Both tests are initiated by causing an instantaneous change 
in the water level in a piezometer through a sudden introduction or removal of a 
known volume of water. The recovery of the water level with time is then observed. 
When water is removed, the tests are often called bail tests; when it is added, they 
are known as slug tests. It is also possible to create the same effect by suddenly 
introducing or removing a solid cylinder of known volume. 

The method of interpreting the water level versus time data that arise from bail 
tests or slug tests depends on which of the two test configurations is felt to be most 
representative. The method of Hvorslev (1951) is for a point piezometer, while 
that of Cooper et aL (1967) is for a confined aquifer. We will now describe each in 
turn. 
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. d t is that of Hvorslev 
The simplest interpretation of plczometer-recov7ry a ~ . Ii "te medium in 

(1951). His initial analysis assu~ed a hom~~~:e~~hl~~~~~:~~~ I~O ~~e bail test of 
which both soil and water arc mcompressl '. at the iezometcr tip 
F' 820(a) Hvorslev reasoned that the rate of mfio.w: q, p . d 
a~g::; ti'me t is propor~iona l to the hydraulic ~onductlVlty, K, of the 50] \ an to 

the unrecovered head difference, H - h. so tha 

q(t) = nr1 ~~ = FK(H - h) 
(8.31) 

h ha e and dimensions of the piezometer 
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Hvorslev defined the basic time lag, To. as 

"" To = FK 
(8.32) 

When this parameter is substit~ted i~ ~~. (8.31~,. the s:ution to~h; i:eSUltiOg 
ordinary differential equation, with the IOl1lai condition, h - Ho at I • 

H - h = e-.IT. 
H H, 

(8.33) 

.'. 
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A plot offield recovery data, H - h versus I, should therefore show an exponential 
decline in recovery rate with time. If, as shown on Figure 8.20(b), the recovery is 
normalized to H - Ho and plotted on a logarithmic scale, a straight-line plot 
results. Note that fo r H - hl H - Ho = 0.37, In (H - hl H - Ho) = -I, and from 
Eq . (8.33), To = t. The basic time lag, To. can be defined by this relation; or if a 
more physical definition is desired , it can be seen, by multiplying both top and bot· 
tom of Eq. (8.32) by H - Ho, that To is the time that would be requ ired for the 
complete equalization of the head difference if the original rate of inflow were 
maintained. That is, To = V/qo, where V is the volume of water removed or added. 

To interpret a set of fie ld recovery data, the data are plotted in the form of 
Figure 8.20(b). The value of To is measured graphicaliy, and K is determined from 
Eq. (8.32). For a piezometer intake of length L and radius R [Figure 8.20(a)), with 
LIR > 8, Hvorslev (1951) has evaluated the shape factor, F. The resulting expres· 
sion for K is 

K = rl In (LIR) 
2LTo 

(8.34) 

Hvorslev also presents formulas fo r anisotropic conditions and for a wide variety 
of shape factors that treat such cases as a piezometer open only at its basal cross 
section and a piezometer that just encounters a permeable formation underlying 
an impermeable one. Cedergren (1967) also lists these formulas. 

In the field of agricu ltural hydrology, several in situ techniques, similar in 
principle to the Hvorslev method but differing in detail, have been developed for 
the measurement of saturated hydraulic conductivity. Boersma (1965) and Bouwer 
and Jackson (1974) review those methods that involve auger holes and piezometers. 

For bail tests of slug tests run in piezometers that are open over the entire 
thickness of a confined aquifer, Cooper et al. (1967) and Papadopoulos et al. (1973) 
have evolved a test·interpretation procedure. Their analysis is subject to the same 
assumptions as the Theis solution for pumpage from a confined aquifer. Contrary 
to the Hvorslev method of analysis, it includes consideration of both formation 
and water compressibilities. It utilizes a curve--matching procedure to determine 
the aquifer coefficients T and S. The hydraulic conductivity K can then be deter· 
mined on the basis of the relation, K = Tlb. Like the Theis solution, the method 
is based on the solution to a boundary·value problem that involves the transient 
equation of groundwater flow, Eq. (2.77). The mathematics will not be described 
here. 

For the bail·test geometry shown in Figure 8.2 I(a), the method involves the 
preparation of a plot of recovery data in the form H - h/H - Ho versus t. The 
plot is prepared on semilogaritbrnic paper with the reverse format to that of 
the Hvorslev test; the H - hI H ~ Ho scale is linear. while the t scale is logarithm ic. 
The field cu rve is then superimposed on the type curves shown in Figure 8.2 1(b). 
With the axes coincident, the data plot is translated horizontally into a position 
where the data best fi t one of the type curves. A matcbpoint is chosen (or rather, a 
vertical axis is matched) and values of t and Ware read off the horizontal scales 
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Figura 8.21 Piezometer test in a confined aquifer. (a) Geometry; (b) type 
curves (after Papadopoulos el ill.. 1973). 

at the matched axis of the field plot and the type plot, respectively. For ease of 
calculation it is common to choose a matched axis at W = 1.0. The transmissivity 
T is then given by 

w,' 
T ~­

I 
(8.35) 

where the parameters are expressed in any consistent sct of units. 
In principle, the storativity, S, can be determined from the a value of the 

matched curve and the expression shown on F igure 8.21(b). In practice, since the 
slopes of the various a lines arc very similar, the determination of S by this method 
is unreliable. 

The main limitation on slug tests and bail tests is that they are heavily depen· 
dent on a high-quality piezometer intake. If the wellpoint or screen is corroded 
or clogged , measured values may be highly inaccurate. On the other hand, if a 
piezometer is developed by surging or backwashing prior to tcsting, the measured 
values may reflect the increased conductivities in the artificially induced gravel 
pack around the intake. 

It is also possible to determine hydraulic conductivity in a piezometer or 
single well by the introduction of a tracer into the well bore. The tr~cer co.ncentra· 
tion decreases with time under the influence of the natural hydrauhc gradient that 
exists in the vicinity of the well. This approach is known as the borehole dilution 
method, and it is described more fully in Section 9.4. 

8.6 Measurement of Parameters: 
Pumping Tests 

In this section, a method of parameter measurement that is specifically suited to the 
determination of transmissivity and storativity in confined and unconfined aquifers 
will be described. Whereas laboratory tests provide point values of the hydro· 
geological parameters, and piezometer tests provide in situ values representative 
of a small volume of porous media in the immediate vicinity of a piezometer tip, 
pumping tests provide in silu measurements that are averaged over a large 
aquifer volume. 

The determination of T and S from a pumping test involves a direct applica· 
tion of the formulas developed in Section 8.3. There, it was shown that for a given 
pumping rate, if T and S are known, it is possible to calculate the l ime rate of 
drawdown, ho - h versus t, at any point in an aquifer. Since this response depends 
solely on the values of T and S, it should be possible to take measurements of 
ho - h versus t at some observational point in an aquifer and work backward 
through the equations to determine the values of T and S. 

The usual course of events during the initial exploitation of an aquifer involves 
(I) the drilling of a test well with onc or more observational piezometers, (2) a 
short·term pumping test to determine the values of Tand S, and (3) applicat ion of 
the predictive formulas of Section 8.3, using the T and S values determined in the 
pumping test, to design a production well or wells that will fulfill the pumpage 
requ irements of the project without leading to excessive long·term drawdowns. 
The question of what constitutes an "excessive" drawdowQ and how drawdowns 
and well yields are related to groundwater recharge rates and the natural hydrologic 
eycle are discussed in Section 8.10. 

Let us now examine the methodology of pumping·test interpretation in more 
detail. There are two methods that are in common usage for calulating aquifer 
coefficients from time-drawdown data. Both approaches are graphical. The fi rst 
involves curve matching on a 10g· log plot (the Theis method), and the second 
involves interpretations with a semilog plot (the Jacob me/hod). 

Log-Log Type ·Curve Matching 

Let us first consider data taken from an aquifer in whieh thc geometry approaches 
that of the idealized Theis configuration . As was explained in connection with 
Figure 8.5, the time·drawdown response in an observational piezometer in such an 
aquifer will always have the shape of the Theis curve, regardless of the values of 
T and S in the aquifer. However, for high T a measurable drawdown will reach 
the observation point faster than for low T, and the drawdown data will begin to 
march up the Theis curve sooner. Theis (1935) suggested the following graphical 
procedure to exploit this curve·matching property: 
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1. Plot the function W(u) versus I /u on 10g·log paper. (Such a plot of dimen· 
sionless theoretical response is known as a type curve.) 
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2. Plot the measured timc-drawdown values, ha - h versus t, on log-log paper 
of the same size and scale as the W(u) versus l /u curve. 

3. Superimpose the field curve on the type curve keeping the cocr?inatfc txes 

parallel. Adjust the curves until most of the observed data pomts a I on 

the type curve. . 
4. Select an arbitrary match point and read off the paIred values of W(u), 

Ilu, ho - h, and t at the match point. Calculate u from l /u. . . 
5. Using these values, together with the pumping rate Q ~nd t~e radIal dIstance 

r from well to piezometer, calculate Tfrom the relatIOnshIp 

T _ QW(u) 
- 4n(hQ h) 

(8.36) 

6. Calculate S from the relationship 

s = 4u;f , (8.37) 

Equations (8.36) and (8.37) follow directly from Eqs. (8.7) and (8.6). They 
are valid for any consistent system of units. Some authors prefer to present the 

equations in the form 

T ~ AQW(u) 
ho - h 

(8.38) 

(8.39) 

where the coefficients A and B are dependent on the units used for the various 
parameters. For SI units, with ho - hand r measured in meters, t in seconds~ Q 
in ml/s, and Tin mlls, A = 0.08 and B = 0.25. For the inconsiste~t set of p.ractlcal 
units widely used in North America, with ho - hand r measured to feet , t In days, 
Q in U.S. gal/min, and Tin U.S. gal/day/ft, A = 114.6 and B = 1.87. For Q and 
T in terms of Imperial gallons, A remains unchanged and B = 1.56. . 

Figure 8.22 illustrates the curve-matching procedure and. cal7ulatl.ons for a 
set of field data. The alert reader will recognize these data as bemg Identical t.o th.e 
calculated data originally presented in Figure 8.5(b). It would probably be mtu(­
tively clearer if the match point were taken at some poin~ on the coi~cident por­
tions of the superimposed curves. However, a few qUIck calculatIOns should 
convince doubters that it is equally valid to take the matcbpoint anywhere on the 
overlapping fields once they have been fixed in their correct relative positions. For 
ease of calculation, the matchpoint is often taken at W(u) = 1.0, u = 1.0. . 

The log-log curve-matching technique can also be used for leaky aq~lfers 
(Walton, 1962) and unconfined aquifers (Prickett, 1965; Neuman, 1975a). FIgure 
8.23 provides a comparative review of the geometry of these syste~s and.the types 
of ho - h versus t data that should be expected in an observatIOnal pIezometer 
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in each case. Sometimes time-drawdown data unexpectedly display one of these 
forms, thus indicating a geological configuration that has gone unrecognized dur­
ing the exploration stage of aquifer evaluation. 

For leaky aquifers the time-drawdown data can be matched against the leaky 
type curves of Figure 8.8. The riB value of the matched curve, together with the 
match point values of W(u, ri B), u, ho ~ h, and t, can be substituted into Eqs. 
(8.6), (8.8), and (8 .9) to yield the aquifer coefficients T and S. Because the develop­
ment of the riB solutions does not include consideration of aquitard storativity, 
an riB curve matching approach is not suitable for the determinat ion of the 
aquitard conductivity K'. As noted in the earlier subsection on aquitard response, 
there are many aquifer-aquitard configurations where ~he leakage properties of 
the aquitards are more important in determining long-term aqu ifer yields than the 
aquifer parameters themselves. In such cases it is necessary to design a pumping­
test configuration with observational piezometers that bottom in the aquitards as 
well as in the aquifers. One can then use the pumping-test procedure outlined by 
Neuman and Witherspoon (l972), which utilizes their more general leaky-aquifer 
solution embodied in Eqs. (8.6),(8.10), and (8.1l). They present a ratio method 
that obviates the necessity of matching field data to type curves as complex as 
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those of Figure 8.9. The method only requires matching against the Theis curve, 

and calculations are relatively easy to carry out. 
As an alternative approach (Wolff, 1970), onc can simply read o~ a Tf ~alue 

from Figure 8.17 given a hydraulic head value ~ mcasu~ed in an ,aqultard piezo­
meter at elevation =- at time f . Knowing the aqultard th ickness, b, one can so~; 
Eq. (8.23) for c.- If an 0: value can be estimated. Eq. (8.22) can be solved for. . 

For unconfined aquifers the time-drawdown data should be matched agamst 
the unconfined type curves of Figure 8.12. The 11 value of the matched curve, 

. I rW( ) u u h -h and t can be together with the match-pomt va ucs 0 uA , U}I' 11, A' }I'. (I '. S 
substituted into Eqs. (8.13) through (8.15) to yield the aqUifer coeffiCIents T: ' 
and Sy. Moench and Prickett (1972) discuss the interpretation of data at sItes 
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where lowered water levels cause a conversion from confined to unconfined con­
ditions. 

Figure 8.23(d) shows the type of log-log response that would be expected in 
the vicinity of an impermeable or constant-head boundary. However, bounded 
systems are more easily analyzed with the semi log approach that will now be 
described. 

Semilog Plots 

The semilog method of pump-test interpretation rests on the fact that the exponen­
tial integral, W(u), in Eqs. (8.5) and (8.7) can be represented by an infinite series. 
The Theis solution then becomes 

_ Q ( u2 u 1 

ho - h - 4nT -0.5772 - In u + u - 2.21 + 3.31 + (8,40) 

Cooper and Jacob (1946) noted that for small u the sum of the series beyond In 
u becomes negligible, so that 

ho - h = 4~T( -0.5772 - In u) (8.41) 

Substituting Eq. (8.6) for u, and noting that In u = 2.3 log u, that - In u = In 
l/u, and tbat In 1.78 = 0.5772, Eq. (8.41) becomes 

(8,42) 

Since Q, r, T, and 5 are constants, it is clear that ho - h versus log I should plot 
as a straight line. 

Figure 8.24(a) shows the time-drawdown data of Figure 8.22 plotted on a 
semilog graph. If 1:J.h is the drawdown for one log cycle of time and to is the time 
intercept where the drawdown line intercepts the zero drawdown axis, it follows 
from further manipulation with Eq. (8.42) that the values of T and 5, in consistent 
units, are given by 

As with the log-log methods, these equations can be reshaped as 

s _ DTto - ,.-

(8.43) 

(8 .44) 

(8,45) 

(8,46) 
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0 

where C and D are coefficients that depend on the units used. For I1h and r in 
meters, t in seconds, Q in m 3/S, and T in m2/s, C = 0.18 and D = 2.25. For I:J.h 
and r in feet, t in days, Q in U.S. gal/min, and T in U.S. gal/day/ft, C = 264 and 
D = 0.3. For Q and Tin terms ofImperial gallons, C = 264 and D = 0.36. 
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TOdd (1959) states that the semilog method is valid for u < 0.01. Examination 
of the definition of u [Eq. (8.6)] shows that this condition is most likely to be 
satisfied for piezometers at small r and large t. 

The semilog method is very well suited to the analysis of bounded confined 
aquifers. As we have seen, the influence of a boundary is equivalent to that of a 
recharging or discharging image well. For the case of an impermeable boundary, 
for example, the effect of the additional imaginary pumping well is to double the 
slope of the h~ ~ h versus log t plot [Figure 8.24(b)]. The aquifer coefficients S 
and T should be calculated from Eqs. (8.43) and (8.44) on the earliest limb of the 
plot (before the influence of the boundary is felt). The time, t 1> at which the break 
in slope takes place can be used together with Eqs. (8.19) to calculate ' t, the distance 
from piezometer to image well [Figure 8. I 5(c)].It takes records from three piezom­
eters to unequivocally locate the position of the boundary if it is not known from 
geological evidence. 

Advantages and Disadvantages of Pumping Tests 

The determination of aquifer constants through pumping tests has become a 
standard step in the evaluation of groundwater resource potential. In practice, there 
is much art to successful pump testing and the interested reader is directed to 
Kruseman and de Ridder (1970) and Stallman (1971) for detailed advice on the 
design of pumping-test geometries, and to Walton's (1970) many case histories. 

The advantages of the method are probably self-evident. A pumping test 
provides in situ parameter values, and these values are, in effect, averaged over 
a large and representative aquifer volume. One obtains information on both 
conductivity (through the relation K = T/b) and storage properties from a single 
test. In aquifer-aquitard systems it is possible to obtain information on the very 
important leakage properties of the system if observations are made in the aquitards 
as well as the aquifers. 

Thcre are two disadvantages, one scientific and one practical. The scientific 
limitation relates to the non uniqueness of pumping-test interpretation. A perusal 
of Figure 8.23(b),(c), and (d) indicates the similarity in time-drawdown response 
that can arise from leaky, unconfined, and bounded systems. Unless there is very 
clear geologic evidence to direct groundwater hydrologists in their interpretation, 
there will be difficulties in providing a unique prediction of the effects of any 
proposed pumping scheme. The fact that a theoretical curve can be matched by 
pumping test data in no way proves that the aquifer fits the assumptions on which 
the curve is based. 

The practical disadvantage of the method lies in its expense. The installation 
of test wells and observational piezometers to obtain aquifer coefficients is proba­
bly only justified in cases where exploitation of the aquifer by wells at the test site 
is contemplated. In most such cases, the test well can be utilized as a production 
well in the subsequent pumping program. In geotechnical applications, in con­
tamination studies, in regional flow-net analysis, or in any flow-net approach that 
requires hydraulic conductivity data but is not involved with well development, 
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the use of the pumping-test approach is usually inappropriate. rt is our opinion 
that the method is widely overused. Piezometer tests are simpler and cheaper, 
and they can provide adequate data in many cases where pumping tests are not 
justified. 

8.7 Estimation of Saturated Hydraulic Conductivity 

It has long been recognized that hydraulic conductivity is related to the grain-size 
distribution of granular porous media. In the early stages of aquifer exploration 
or in regional studies where direct permeability data are sparse, this interrelation­
ship can prove useful for the estimation of conductivity values. In this section, we 
will examine estimation techniques based on grain-size analyses and porosity 
determinations. These types of data are often widely available in geological reports, 
agricultural soil surveys, or reports of soil mechanics testing at engineering sites. 

The determination of a relation between conductivity and soil texture requires 
the choice of a representative grain-size diameter. A simple and apparently durable 
empirical relation, due to Hazen in the latter part of the last century, relies on the 
effective grain size, d l a , and predicts a power-law relation with K: 

K = Adro (8 .47) 

The d!o value can be taken directly from a grain-size gradation curve as determined 
by sieve analysis. It is the grain-size diameter at which 10 % by weight of the soil 
particles are finer and 90 % are coarser. For K in cm!s and di D in mm, the coefficient 
A in Eq. (8 .47) is equal to 1.0. Hazen 's approximation was originally determined 
for uniform ly graded sands, but it can provide rough but useful estimates for most 
soils in the fine sand to gravel range. 

Textural determination of hydraulic conductivity becomes more powerful 
when some measure of the spread of the gradation curve is taken into account. 
When this is done, the median grain size, d ,o , is usually taken as the representative 
diameter. Masch and Denny (1966) recommend plotting the gradation curve [Figure 
8.25(a)] using Krumbein's ¢ units, where ¢ = - Iogld, d being the grain-size 
diameter (in mm). As a measure of spread, they use the inclusive standard deviation, 

G" where 

(8.48) 

For the example shown in Figu re 8.25(a), d ,o = 2.0 and a , = 0.8. The curves 
shown in Figure 8.25(b) were developed experimentally in the laboratory on pre­
pared samples of unconsolidated sand. From them, one can determine K, knowing 
d, o and a/. 

For a fluid of density, p, and viscosity, jJ , we have seen in Section 2.3 [Eq. 
(2.26)] that the hydraulic conductivity of a porous medium consisting of uniform 
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Figure 8.25 Determination of saturated hydraulic condllctivily from grain­
size gradation curves for unconSOlidated sands (after Masch 
end Denny, 1966), 

spherical grains of diameter, d, is given by 

(8.49) 

For a nonuniform soil, we might expect the d in Eq. (8.49) to become d,. , where 
dIll is some representative grain size, and we would expect the coefficient C to be 
dependent on the shape and packing of the soil grains. The fact that the porosity, 
~, rep.resents an integrated measure of the packing arrangement has led many 
iOvestlgators to carry out experimental studies of the relationship between C and 
n. The best known of the resulting predictive equations for hydraulic conductivity 
is the Kozeny-Carmen equation (Bear, 1972), which takes the form 

(8.50) 

tn most formulas of this type, the porosity term is identical to the central 
element of Eq. (8.50), but the grain-size term can take many forms. For example, 
the Fair-Hatch equation, as reported by Todd (J959), take the form 

K - (pg) [ n' J[ I ] 
- Ii (1 n)' m(,~ 2: :.r (8.51) 

where m is a packing factor, found experimentally to be about 5; 8 is a sand shape 
factor, varying from 6.0 for spherical grains to 7.7 for angular grains; P is the 

, 
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percentage of sand held between adjacent sieves; and d", is the geometric mean of 
the rated sizes of adjacent sieves. 

Both Eqs. (8.50) and (8.51) are dimensionally correct. They are suitable for 
application with any consistent set of units. 

8.8 Prediction of Aquifer Yield 
by Numerical Simulation 

The analyt ical methods that were presented in Section 8.3 for the prediction of 
drawdown in multiple-well systems are not sophisticated enough to handle the 
heterogeneous aquifers of irregular shape that are often encountered in the field. 
The analysis and prediction of aquifer performance in such situations is normally 
carried out by numerical simu lation on a digital computer. 

There are two basic approaches: those that involve afinite-difference formula­
tion, and those that involve a finite-element formulation. We will look at finite­
difference methods in moderate detai l, but our treatment of finite -element methods 
will be very brief. 

Finite-Difference Methods 

As with the steady-state finite-difference methods that were described in Section 
5.3 , transient simulation requires a discretization of the continuum that makes up 
the region of How. Consider a two-dimensional, horizontal, confined aquifer of 
constant thickness, b; and let it be discretized into a finite number of blocks, each 
with its own hydrogeologic properties, and each having a node at the center at 
which the hydraulic head is defined fo r the entire block. As shown in Figure 8.26(a), 
some of these blocks may be the site of pumping wells that are removing water 
from the aquifer. 

Let us now examine the flow regime in one of the interior nodal blocks and 
its four surrounding neighbors. The equation of continuity for transient, saturated 
flow states that the net rate of flow into any nodal block must be equal to the time 
rate of change of storage within the nodal block . With reference to Figure 8.26(b), 
and fo llowing the developments of Section 2.11, we have 

(8.52) 

where S,. is the specific storage of nodal block 5. From Darcy's law, 

Q K hI - hs .. b 
1 ' = U 8y uX 

(8.53) 

where KIS is a representative hydraulic conductivity between nodes 1 and 5. 
Similar expressions can be written for Qw QB. and Q4S' 
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Figure 8.26 Discre tization of II two-dimensional. horizontal. conf ined aqui fer. 

Let us first consider the case of a homogeneous, isotropic medium for which 
K LS = KlS = KlS = K 4S = K and S" = S" = S" = S" = S,. If we arbitrarily 
select a square nodal grid with Ax = Ay, and note that T = Kb and S = S b 
substitution of expressions such as that of Eq. (8.53) into Eq. (8.52) leads to . , 

(8.54) 

The lime derivative on the right-hand side can be approximated by 

8h J _ hJ(t) - /z J(1 - lll) 
Tt - 81 (8.55) 

where At is the time step that is used to discretize the numerical model in a time­
wise sense. If we now convert to the ijk notation indicated on Figure 8.26(c), where 
the subscript (I",j) refers to the nodal position and the superscript k = 0, 1,2, ... 
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indicates the lime step. we have 

h' h' h' + h' 4hl- S &xZ(ha h" - I
) 1,1-1 + H I,/ + I_ I .} I, J ~ I - I. J = T 6.1 1,1 - 1, 1 

(8.56) 

In a morc general form, 

(8.57) 

where 

(8.58) 

B = C= D = E= ! (8.59) 

(8.60) 

Equation (8.57) is the finite-difference equation for an internal node (i,j) in 
a homogeneous, isotropic, confined aquifer. Each of the parameters S, T, l1.."(, and 
AI that appear in the definitions of the coefficients are known, as is the value of the 
hydraulic head, hi,}. at the previous time step, k - 1. In a similar fashion, it is 
possible to develop fin ite-difference equations for boundary nodes and corner 
nodes, and for nodes from which pumping takes place. In each case, the finite­
difference equation is similar in form to Eq. (8.57), but the expressions for the 
coefficients will differ. For boundary nodes, some of the coefficients will be zero. 
For an internal pumping node, the coefficients A, H, C, D, and £ arc as given in 

Eqs. (8.58) and (8.59). but 

F ""(S h'-' w) = T Ilr' 1.1 + 1. 1 
(8.61) 

where W
I
•
I 

is a sink term with units [LIT]. W is related to the pumping rate, Q 
[L'ITJ. by 

(8.62) 

Sometimes W is given a more general definition, 

(8.63) 

where R
I
• I is a source term with units {LIT] that represents vertical leakage into the 

aquifer from overlying aquitards. In this case Eq. (8.61) is used for all nodes in 
the system and W I• I 

is specified fo r every node. Lt will be negative for nodes accept~ 
ing leakage and positive for nodes undergoing pumping. 

It is possible to develop Eq. (8.57) in a more rigorous way, starting with the 
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partial differential equation that describes transient flow in a horizontal confined 
aquifer. In Appendix IX, the rigorous approach is used to determine the values for 
the coefficients A, B, C, D, E, and F, in the general finite~diJfe rence equation for an 
internal node in a heterogeneous, anisotropic aquifer. In such a system each node 
(i,1') may be assig.ne~ its own specific valucs of SI.}, (T"JI.}, and (T,)I,I' where Til 
and T, are the prinCIpal components of the transmissivity tensor in the x and y 
coordinate directions. The derivation of Appendix IX is carried out for a rectan~ 
gular nodal grid in which Ilx =-/:; Ily. A further sophistication, which is not consid~ 
ered there, would a llow an irregular nodal grid in which the Ilx and .&y vaJues are 
themselves a function of nodal position. irregular nodal spacings are often required 
in the vicinity of pumping wells where hydraulic gradients tend to be large. The 
concepts that underlie the development of these more complex finite-difference 
formulations is identical to that which led to Eq. (8.57). The more complex the 
finite-difference equations embodied in the computer program, the more versatile 
is that program as a numerical simulator of aquifer performance. 

It is possible, then, to develop a finite-difference equation, at some degree of 
sophistication , for every node in the nodal grid. If thcre are N nodes, there are N 
finite-diffe rence equations. At each time step, there are also N unknowns: namely, 
the N values of hi.) at the N nodes. At each time step, we have N linear, algebraic 
equations in N unknowns. This set of equations must be solved simultaneously 
at each time step, starting from a set of initial conditions wherein hi, } is known for 
all (;,1'), and proceeding through the time steps, k = 1,2, .... Many methods are 
available for the solution of the system of equations, and numerical aquifer models 
are often classified on the basis of the approach that is used. For example, the 
method of successive overrelaxation that was described in Section 5.3 for the numer~ 

ical simulation of steady~state flow nets is equally applicable to the system of equa~ 
tions that arises at each time step of a transient aquifer model. More commonly a 
method known as the allernaling-direction implicit procedure is used. Remson et 
al. (1971) and Pinder and Gray (1977) provide a systematic and detailed presenta­
tion of these various methods as they pertain to aquifer simulation. Advanced 
mathematical treatment of the methods is available in the textbook by Forsythe 
and Wasow (1960). The original development of most numerical~simulation tcch~ 
niques took place in the petroleum engineering field, where the primary application 
is in the simulation of oi l~reservoir behavior. Pinder and Bredehoeft (1968) adapted 
the powerful a lternating-direction implicit procedure to the needs of groundwater 
hydrologists. 

There are two aquifer~simulation programs that have been completely docu~ 
mented and widely applied in North America. One is the U.S. Geological Survey 
model, which is an outgrowth of Pinder and Bredehoeft's original work. Trescott 
et al. ( 1976) provide an updated manual for the most recent version of the computer 
program. The other is the Illinois State Water Survey model, which is fully docu­
mented by Prickett and Lonnquist (1971). Bredehoeft and Pinder (1970) have also 
shown how a sequence of two-dimensional aquifer models can be coupled together 
to form a quasi-three~dimensional model of an aquifer-aquitard system. 
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As a practical example, we will consider the analysis carried out by Pinder 
and Bredehoeft (1968) for an aquifer at Musquoduboit Harbour, Nova Scotia. 
The aquifer there is a glaciofluvial deposi t of limited area l extent. Figure 8.27(a) 
shows the initial estimate of the areal distribution of transmissivity for the aquifer 
as determined from the rather sparse hydrogeological data that were available. 
Simulations with this transmissivity matrix fa iled to reproduce the drawdown pat­
tern s observed duringa pumping test that was run near the center of the aquifer. The 
aquifer parameters were then adjusted and readjusted over several computer runs 
until a reasonable duplication was achieved between the measured timc-drawdown 
data and the results of the digital model. Additional test-well logs tended to support 
the adjusted parameters at several points. The final transmissivity distribution is 
shown in Figure 8.21(b). The model was then put into prediction mode ; Figure 
8.21(c) is a plot of the predicted drawdown pattern 206.65 days after the start of 
exploitation by a proposed production well pumping at a rate of Q = 0.963 ftl /s. 

Render (1971, 1972) and Huntoon (1974) provide additional case histories 
of interest. 

Finite-Element Methods 

The finite-clement method, first noted in Section 5.3 in connection with the simula­
tion of steady-state flow nets, can also be used for the simulation of transient aquifer 
performance. As in the finite-difference approach, the finite-element approach 
leads to a set of N algebraic equations in N unknowns at each time step, where the 
N unknowns are the values of the hydraulic heads at a set of nodal points distrib­
uted through the aquifer. The fundamental difference lies in the nature of the nodal 
grid. The finite-element method allows the design of an irregular mesh that can be 
hand-tailored to any specific application. The number of nodes can often be 
significantly reduced from the number required for a fin ite-difference simulation . 
The finite-element approach also has some advantages in the way it treats bou ndary 
condi tions and in the simulation of anisotropic media. 

The development of the finite-element equations for each node requires an 
understanding of both part ial differential equations and the calculus of variations. 
Remson, Hornberger. and Molz (197 1) provide an introductory treatment of the 
method as it applies to aquifer simulation. Pinder and Gray (1977) provide an 
advanced treatment. Zienkiewicz ( 1961) and Desai and Abel (1972) are the most 
widely quoted general reference texts. The finite-element method was introduced 
into the groundwater literature by Javandel and Witherspoon (1969). Pinder and 
Frind (1972) were among the first to utilize the method for the prediction of regional 
aquifer performance. Gupta and Tanji (1976) have reported an application of a 
three-dimensional finite-element model for the simulation of flow in an aquifer­
aquitard system in the Sutter Basin , California. 

Model Calibration and the Invelse Ploblem 

If measurements of aquifer transmissivity and storativity were available at every 
nodal position in an aquifer-simulation model, the prediction of drawdown patterns 
would be a very st raightforward matter. In practice, the data base on which models 
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Figure 8.27 Numerical simulation of aquifer performillce at Mvsquoduboit 
Herbour, Nova Scotie (elter Pinder and Bredehoeft. 1968). 
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must be designed is often very sparse, and il is almost always necessary to calibrate 
the model against historical records of pumping rales and drawdown patterns. 
The parameter adjustment procedure that was described in connection with Figure 
8.27 represents the calibration phase of the modeling procedure for that particular 
example. In general, a model should be calibrated against one period of the histor· 
ieal record, then verified against another period of record. The application of a 
simulation model for a particular aquifer then becomes a three-step process of 
calibration, verification, and prediction. 

Figure 8.28 is a flowchart that clarifies the steps involved in the repetitive 
trial-aod-error approach to calibration. Parameter correction may be carried out 
on the basis of purely empirical criteria or with a performance analyzer that 
embodies formal optimization procedures. The contribution by Neuman (l973a) 
includes a good review and a lengthy reference list. The role of subjective in forma­
t ion in establishing the constraints for optimization was treated by Lovell et a!. 
(1972). Gates and Kisiel (1974) considered the question of the worth of additional 
data. They analyzed the trade-off between the cost of additional measurements 
and the value they have in improving the calibration of the model. 
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Figure 8.28 Flowchan of the trial -and ·error calibration process (alte. Neu­
man, 1973a). 

Parameter 

corrector 

The term calibration usually refers to the trial-and-error adjustment of aquifer 
parameters as outlined in Figure 8.28. This approach involves the repetitive applica­
t ion of the aquifer model in its usua l mode. In each simu lation the boundary-value 
problem is set up in the usual way with the transmissivity, T(x, y), storativity, 
S(x,y), leakage, R(x,y, I), and pumpage, Q(x,y, I), known, and the hyd raulic 
head, h(x, y, t), unknown. It is possible to carry out the calibration process more 
directly by utilizing an aquifer simulation model in the inverse mode. In this case 
only a single application of the model is required, but the model must be set up as 
an inverse boundary-value problem where h(x, y, t) and Q(x, y, t) are known and 
T(x, y), S(x, y), and R(x, y, I) are unknown. When posed in this fashion, the cali­
bration process is known as tbe in verse problem. 

In much of the literature, the term parameter identification is used to encompass 
all facets of tbe problem at band. What we bave called calibration is often called 
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the indirecl approach to the parameter identification problem, and what we have 
called the iI/verse problem is called tbe direct approach. 

The solution of the inverse formulation is not, in general, unique. In the first 
place there may be too many unknowns; and in the second place, h(x,y, t) and 
Q(x, Y. t) are not known for all (x, y). In practice, pumpage lakes place at a finite 
number of points, and the historical records of head are available at only a finite 
number of points. Even if R(x, y, /) is assumed constant or known, the problem 
remains ill-posed mathematjcally. Emsellem and de Marsjly (1971) have shown, 
however, that the problem can be made tractable by using a "Oat ness criteria" 
that limits the allowable spatial va riations in T and S. The mathematics of their 
approach is not simple, but their paper remains the classic discussion of the inverse 
problem. Neuman (l973a, 1975b) suggests using available measurements of T 
and S to impose constraints on the st ructure of T(x, y) and S(x, y) distributions. 
The contributions of Yeh (1975) and Sagar (1975) include reviews of more recent 
developments. 

There is another approach to inverse simulation that is simpler in concept but 
apparently Open to question as to its validity (Neuman, 1975b). It is based on the 
assumption of steady-state conditions in the flow system. As first recognized by 
Stallman (1956), the steady-state hydraulic head pattern, hex, y, z) in a three­
dimensional system can be interpreted inversely in terms of the hyaraulic conduc­
tivity distribution, K(x, y, z). In a two-dimensional, unpumped aquifer, h(x, y) 
can be used to determine T(x,y). Nelson (1968) showed that the necessary condi­
tion for the existence and uniqueness of a solution to the steady-state inverse 
problem is that, in addition to the hydraulic heads, the hydraulic conductivity or 
transmissivity must be known along a surface crossed by all st reamlines in the 
system. Frind and Pinder (1973) have pointed out that, since transmissivity and 
flux are related by Darcy's law, this criterion can be stated alternatively in terms 
of the flux that crosses a surface. If water is being removed from an aquifer at a 
steady pumping rate, the su rface to which Nelson refers occurs around the cir­
cumference of the well and the well discharge alone provides a sufficient boundary 
condition for a unique solution. Frind and Pinder (1973) utilized a finite-clement 
model to solve the steady-state inverse problem. Research is continuing on the 
question of what errors are introduced into the inverse solution when a steady­
state approach is used for model calibration for an aquifer that has undergone a 
transient historical development. 

8.9 Prediction of Aquifer Yield 
by Analog Simulation 

Numerical simulation of aquifer performance requires a moderately large computer 
and relatively sophisticated programming expertise. Electric-analog simulation 
provides an alternative approach that circumvents these requirements at the 
expense of a certain degree of versatili ty. 



Analogy Between Electrical Flow 
and Groundwater Flow 

The principles underlying the physical and mathematical analogy between electrical 
flow and groundwater flow were introduced in Section 5.2. The application under 
discussion was the simulation of steady-state flow nets in two-dimensional vertical 
cross sections. One of the methods described there utilized a resistance-network 
analog that was capable of handling heterogeneous systems of irregular shape. 
In this section, we will pursue analog methods further, by considering the applica­
tion of two-dimensional resistance-capacitance networks for the prediction of 
transient hydraulic-head declines in heterogeneous, confined aquifers of irregular 

shape. 
Consider a horizontal confined aquifer of thickness b. If it is overlaid with 

a square grid of spacing, .6XA [as in Figure 8.26(a)], any small homogeneous portion 
of the discretized aquifer [Figure 8.29(a)J can be modeled by a scaled-down array 
of electrical resistors and capacitors on a square grid of spacing, .6xM [Figure 
8.29(b)]. The analogy between electrical flow in the resistance-capacitance network 
and groundwater flow in the horizontal confined aquifer can be revealed by examin­
ing the finite-difference form of the equations of Bow for each system. For ground­

water flow, from Eq. (8 .54), 
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Figure 8.29 Small homogeneous portion of discrstized aquifer and analo­
gous resistor-capacitor network (after Pdckett, 1975). 

For the electrical ci rcuit, from Kirchhoff's laws: 

~ (VI + Vz + Vl + V, - 4V~) = C ~;: 
Comparison of Eqs. (8 .64) and (8.65) leads to the analogous quantities: 

(8.64) 

(8.65) 

I . Hydraulic head, h; and voltage, V. 
2. Transmissivity, T; and the reciprocal of the resistance, R, of the resistors. 
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3. The p.roduct of the storativity, S, times the nodal block area, .6x~; and the 
capacItance, C, of the capacitors. 

4. Aquifer coo~dinates, x" and YA (as determined by the spacing, .6x,,); and 
model.coordmates, X M and YM (as determined by the spacing, .6x

M
). 

5. Real t ime, t A ; and model time, t M • 

In addition, if pumpage is considered, there is an analogy between: 

6. Pumping rate, Q, at a well; and current strength, I, at an electrical source. 

Resistance-Capacitance Network 

The network of resisto.rs and capacitors that constitutes the analog model is usually 
mounted on a Masomte pegboard perforated with holes on approximately I-inch 
centers. There are four resistors and one capacitor connected to each terminal. 
The resistor network is often mounted on the front of the board, and the capacitor 
network , with each capacitor connected to a common ground , on the back. The 
boundary of the network is designed in a stepwise fashion to approximate the 
shape of the actual boundary of the aquifer. 

The design of the components of the ana log requires the choice of a set of 
scale factors, FI> Fz, F l , and F" such that 

h 
F1= v (8.66) 

Fl = .6x" 
AXM 

(8.67) 

Fl = ~ 
1M 

(8.68) 

F, = ~ (8.69) 

~eterog~neous and tran~versely anisotropic aquifers can be simulated by 
choosmg r.esl~tors and .capacltors that match the transmissivity and storativity 
at e~ch pomt 10 the a~uzfer. Comparison of the hydraulic flow through an aquifer 
sectIOn and the electncal flow through an analogous resistor [Figure 8.30(a)J leads 
to the relation 

R = F. 
F,T (8.70) 

Comparison of the storage in an aquifer section and the electrical capacitance of 
an analogous capacitor (Figure 8.30(b)J leads to the relation 

(8,71) 
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Figu re 8.30 AQuifer nodal block and analogous (8) resistor and (b) capacitor 

(after Pricken,1975). 

The resistors and capacitors that make up the network are chosen on the basis 
of Eqs. (8.70) and (8.71). The scale factors, F l , Fl , F l , and F., must b,e selectc~ in 
such a way that (1) the resistors and capacitors fall with in the r~ngc of ,mexpenslve, 
commercially avai lable components; (2) the size of the modells ~ractlcal; ~n~ (3) 
the response t imes of the model are within the range of available excitatIOn-

response equipment. . . 
Figure 8.31 is a schematic diagram that shows the arrangement of excltatlOn­

response apparatus necessary for electric-analog simulation using a Tesistance­
capacitance network. The pulse generator, in tandem with ~ wavefo~m. generator, 
produces a rectangular pulse of spccific duration and amplitude. ThiS Input pul.se 
is displaycd on channel I of a dual-channel oscilloscope as it is fed through a reSIS­
tance box to the specific terminal of the resistance-capacitance network that repre­
sents the pumped well. The second channel on the oscilloscope i~ used .to d!splay 
the time-voltage response obtai ned by probing various observatIOn pOints iO the 
network. The input pulse is analogous to a step-function increase in pumping .rate; 
the time-voltage graph is analogous to a time-drawdown record at an observatIOnal 
piezometer. The numerical value of the head drawdown is calculated from the 
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Figure 8.31 Excitation-response apparatus for electrical-analog simulation 
using a resistance-capacitance network. 

voltage drawdown by Eq. (8.66). The time at which any specific drawdown applies 
is given by Eq. (8.68). Any pumping rate, Q, may be simulated by setting the current 
strength, I, in Eq. (8.69). This is done by controlling the resistance, R I , of the 
resistance box in Figure 8.31. The current strength is given by I = VII R" where 
VI is the voltage drop across the resistance box. 

Walton (1970) and Prickett (1975) provide detailed coverage of the electric­
analog approach to aquifer simulation. Most groundwater treatments owe much 
to the general discussion of analog simulation by Karplus (1958). Results of analog 
simulation are usually presented in the form of maps of predicted water-level 
drawdowns similar to that shown in Figure 8.27(c). Patten (1965), Moore and 
Wood (1967), Spieker (1968), and Render (1971) provide case histories that 
document the application of analog simulation to specific aquifers. 

Comparison of Analog and Digital Simulation 

Prickett and Lonnquist (1968) have discussed the advantages, disadvantages, 
and simi larities between analog and digital techniques of aquifer simulation. They 
note that both methods use the same basic field data, and the same method of 
assigning hydrogeologic properties to a discretized representation of the aquifer. 
Ana log simulation requires knowledge of specialized electronic equipment; 
digital simulation requires expertise in computer programming. Digital simulation 
is more flexible in its ability to handle irregular boundaries and pumping schemes 
that vary through time and space. It is also better suited to efficient data readout 
and display. 

The physical construction involved in the preparation of a resistance-capaci­
tance network is both the strength and the weakness of the analog method . The 
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fact that the variables of the system under study are represented by analogous 
physical quantities and pieces of equipment is extremely valuable for the purposes 
of teaching or display, but the cost in time is large. The network. once bu ilt, 
describes only onc specific aquifer. In digital modeling, on the other hand, once a 
general computer program has been prepared, data deck s representing a wide vari· 
ety of aquifers and aquifer conditions can be run with the same program. The 
e!Tort involved in designing and keypunching a new data deck is much less than 
that involved in designing and building a new resistance-capacitance network. 
This Rexibility is equally important during the calibration phase of aquifer 
simulation. 

The advantages of digital simulation weigh heavily in its favor, and with the 
advent of easy accessibility to large computers, the method is rapidly becoming 
the standard tool for aquifer management. However, ana log simulation will 
undoubtedly continue to playa role for some time, especially in developing coun­
tries where computer capacities are not yet large. 

8.10 Basin Yield 

Safe Yield and Optimal Yield 
of a Groundwater Basin 

Groundwater yield is best viewed in the context of the full three-dimensional 
hydrogeologic system that constitutes a groundwater basin. On this scale of study 
we can turn to the well-established concept of safe yield or to the more rigorous 
concept of optimal yield. 

Todd (1 959) defines the safe yield of a groundwater basin as the amount of 
water that can be withdrawn from it annually without producing an undesired 
result. Any withdrawal in excess of safe yield is an o~·erdraft. Domenico (1972) 
and Kazmann (1972) review the evolution of the term. Domenico notes that the 
" undesi red results" mentioned in the definition are now recognized to include 
not only the depletion of the groundwater reserves, but also the intrusion of water 
of undesirable quality, the contravention of existing water rights, and the dete­
rioration of the economic advantages of pumping. One might also include excessive 
depletion of streamflow by induced infiltration and land subsidence. 

Although the concept of safe yield has been widely used in groundwater 
resource evaluation, there has always been widespread dissatisfaction with it 
(Thomas, 1951; Kazmann. 1956). Most suggestions for improvement have encour­
aged consideration of the yield concept in a socioeconomic sense within the overall 
framework of optimization theory. Domenico (1972) reviews the development 
of this approach, citing the contributions of Bear and Levin (1967), Buras (1966). 
Burt (1967). Domenico et al. ( 1968), and others. From an optimization viewpoint, 
groundwater has value on ly by virtue of its use, and the optimal yield must be 

determined by the selection of the optimal groundwater management scheme from 
a set of possible alternative schemes. The optimal scheme is the one that best meets 
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a set of economic and/or social objectives associated with the uses to which the 
water is to be put. In some cases and at some points in time, consideration of the 
present and future costs and benefits may lead to optimal yields that involve mining 
groundwater, perhaps even to depletion. In other situations. optimal yields may 
reflect the need for complete conservation. Most often, the optimal groundwaler 
development lies somewhere between these extremes. 

The graphical and mathematical methods of optimization, as they relate to 
groundwater development, are reviewed by Domenico (1972). 

r fansient Hydrologic Budgets and Basin Yield 

In Section 6.2 we e.xamined the role of the av~rage annual groundwater recharge, 
R. as a component 10 the steady-state hydrologic budget for a watershed. The value 
of R was determined from a quantitative interpretation of the steady-state. regional, 
groundwater flow net. Some authors have suggested that the safe yield of a ground­
water basin be defined as the annual extraction of water that does not exceed the 
average annual grou ndwater recharge. This concept is not correct. As pointed out 
by Bredehoeft and Young (1970), major groundwater development may signif­
icantly change the recharge-discharge regime as a function of time. Clearly. the 
basin yield depends both on the manner in which the effects of withdrawa l are 
transmitted through the aquifers and on the changes in rates of groundwater 
recharge and discharge induced by the withdrawals. In the form of a transient 
hydrologic budget for the satu rated portion of a groundwater basin . 

Q(t) ~ R(t) _ D(t) + dS 
dt 

where Q(t) = total rate of groundwater withdrawal 
R(t) = total rate of groundwater recharge to the basin 
D(t) = total rate of groundwater discharge from the basin 

dS/dr = rate of change of storage in the satu rated zone of the basin. 

(8.72) 

Freeze (197 Ia) examined the response of R(t) and D{t) to an increase in Q(t) 
in a hypothetical basin in a humid climate where water tables are near the surface. 
The response was simulated with the aid of a three-dimensional transient analysis 
of a complete saturated-unsaturated system such as that of Figure 6.10 with a 
pumpi~g well added. Figure 8.32 is a schematic representation of his findings. 
The d\agrams show the time-dependent changes that might be expected in the 
various terms of Eq. (8.72) under increased pumpage. Let us first look al the case 
shown in Figure 8.32(a). in which withdrawa ls increase with time but do not 
become excessive. The initial condi tion at time to is a steady-state flow syst~m in 
which the recharge, RD. equals the discharge, D o. At times II> 11, IJ' and I" new 
wells begin to tap the system and the pumping rate Q undergoes a set of stepped 
increases. Each increase is initially balanced by a change in storage, which in an 
unconfined aquifer takes the form of an immediate water-table decline. At the 
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Figure 8.32 Schematic diagram of transient rela tionships belween IDcharge 
rates, dischargefaleS. and withdrawal ' 8tes (after Freeze, 1 971 0). 

same time, the basin strives to set up a new equi librium under condi tions of 
increased recharge, R. The unsaturated zone will now be induced to deliver greater 
flow rates to the water table under the influence of higher gradients in the satu­
rated zone. Concurrently, the increased pumpage may lead to decreased discharge 
rates, D. Tn Figure 8.32(a), after time '4 ' all nalural discharge ceases and the 
discharge curve rises above the horizontal axis, implying the presence of induced 
recharge from a stream that had previously been accepting its baseflow component 
from the groundwater system. At time Is, the withdrawal Q is being fed by the 
recharge, R, and the induced recharge, D; and there has been a significant decline 
in the water table. Note that the recharge rate attains a maximum between t] and 
t 4 • At this rate, the groundwater body is accepting all the infiltration that is avail­
able from the unsaturated zone under the lowered water·table conditions. 

In Figure 8.32(a), steady-state equilibrium conditions are reached prior to 
each new increase in withdrawal rate. Figurc 8.32(b) shows the same sequence of 
even ts under conditions of continuously increasing groundwater development 
over severa l years. This diagram also shows that if pumping rates are allowed 
to increase indefinitely, an unstable situation may arise wherc the declining water 
table reaches a depth below which the maximum rate of groundwater recharge R 
can no longer be sustained. After this point in time the same annua l precipitation 
rate no longer provides the same percentage of in filtration to the water table. 
Evapotranspiration during soil-moisture-redistribution periods now takes more 
of the infi ltrated rainfa ll before it has a chance to percolate down to the ground­
water zone. At t4 in Figure 8.32(b), the water table reaches a depth below which 
no stable recharge rate can be maintained. At t s the maximum available rate of 
induced recharge is attained. From time t , on, it is impossible ror the basin to supply 
increased rates of withdrawal. The only source lies in an increased rate of change of 
storage that manifests itself in rapidly declining water tables. Pumping rates can 
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no longer be maintaincd at their originalleve/s. Freeze (197Ia) defines the value 
or Q at which instability occurs as the maximum stable basin y ield. To develop a 
basin to its limit of stability would, of course, be foolhardy. One dry year might 
cause an irrecoverable water-table drop. Production rates must allow for a factor 
of safety and must therefore be somewhat less than the maximum stable basin 
yield. 

Thc discussion above emphasizes once again the important in terrelationships 
between groundwater flow and surface runoff. If a groundwater basin were devel­
oped up to its maximum yield, the potential yields of surface·water components 
of the hydrologic cycle in the basin would be reduced . It is now widely recognized 
that optimal development of tbe water resources or a watershed depend on the 
conjunctive use or surface water and groundwater. The subject has provided a 
fertile field for the application of optimization techniques (Maddock, 1974; Yu 
and Haimes, 1974). Young and Bredehoeft (1972) describe the appl ication of digital 
computer simulations of the type described in Section 8.8 to the solution of manage­
ment problems involving conjunctive groundwater and surfacc-water systems. 

8.11 Artificial Recharge and Induced Infiltration 

In recent years, particularly in the more popUlated areas of North America where 
water resource development has approached or exceeded available yield, there 
has been considerable effort placed on the management of water resou rce systems. 
Optimal development usually involves the conjunctive use of groundwater and 
surface water and the reclamation and reuse of some portion of the available water 
resources. In many cases, it involves the importation of surface water rrom areas 
of plenty to areas of scarcity, or the conservation of surface water in times of plenty 
for use in times or scarcity. These two approaches require storage facilities, and 
there is often advantage to storing water underground where evaporation losses 
are minimized. Underground storage may also serve to replenish groundwater 
resources in areas of overdraft. 

Any process by which man fosters the transfer of surface water into the 
groundwater system can be classified as artificial recharge. The most common 
method involves infiltration from spreading basins into high·permeability, uncon­
fined, alluvial aquifers. In many cases, the spread ing basins are formed by the 
construction of dikes in natural channels. The recharge process involves the growth 
of a groundwater mound beneath the spreading basin. The areal extent of the mound 
and its rate of growth depend on the size and shape of the recharging basin, the 
duration and rate of recharge, the stratigraphic configuration of subsurface forma­
tions, and the saturated and unsaturated hydraulic properties of the geologic 
materials. Figu re 8.33 shows two simple hydrogeological environments and the 
type of groundwater mound that would be produced in each case beneath a circular 
spreading basin. In Figure 8.33(a), recharge takes place into a horizontal uncon­
fined aquifer bounded at the base by an impermeable formation. In Figure 8.33(b), 
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recharge takes place through a less-permeable format ion toward a high-permeabil­

ity layer at depth. h b' ct of a large number of predictive analyses, 
Both cases, have been t .e su !:ins but also for rectangular basins and for 

not only for clrc~lar ~preadtng b. The latter case, with boundary conditions 
recharge from an Infimtely long stnp. !icalian to canal and river seepage. 
like those show~ in .Fjgu~e 8.33(b)'bals~:ua:earP~965), Jeppson (1968), and Jeppson 
It has been studIed 10 thIs context y. F' 833(a) which also bas application 
and Nelson (1970). The case shown In Igure.. sal' onds and sanitary landfills, 
to the develop~en~ of mounds bene~th ;as~a~~~~ (1~67) provides an analytical 
bas been studied III ~v:n greater etal .. n the initial water-table height. hat the 
solution for the predl~tiOn 0: her. f), give te R and the hydraulic conduc­
diameter of th~ spr~ad\Og baSin. a'o~t~:e~~~:~~~ed ·aq~ifer. His solution is limited 
tivity and speCific .Yleld. ~ and ~f' d a recharge rate that is constant in time and 

~o :c~m~;:~~~~~~~~~eo~~~:t~~ ~~sl~;iled to a water-ta~le ris~ that is ~ess l~::~h~: 
p al'lo 50% of the initial depth of saturation, he' This requlTement Imp b 
i~ K. Bou~er (1962) utilized an electric-analog model to analyze the same pro -
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lern. and Marino (l975a. 1975b) produced a numerical simulation. All three of 
these analyses have two additionallimitalions. First, they neglect unsaturated flow 
by assuming that the recharge pulse traverses the unsaturated zone vertically and 
reaches the water table unaffected by soil moisture-conditions above the water 
table. Second, they utilize the Dupuit-Forchheimer theory of unconfined flow 
(Section 5.5) which neglects any vertical flow gradients that develop in the saturated 
zone in the vicin ity of the mound. Numerical simulations carried out on the com­
plete saturated-unsaturated system using the approaches of Rubin (1968), Jeppson 
and Nelson (1970), and Freeze (197Ia) would provide a more accurate approach 
to the problem, but at the expense of added complexity in the calculations. 

Practical research on spreading basins bas shown that tbe niceties of predictive 
analysis are seldom reHected in the real world. Even if water levels in spreading 
ponds are kept relatively constant. the recbarge rate almost invariably declines 
with time as a result of the buildup of silt and clay on the basin floor and the growth 
of microbial organisms that clog the soil pores. In addition, air entrapment between 
the wetting front and the water table retards recharge rates. Todd (1959) notes 
that alternating wet and dry periods generally furnish a greater tota1 recharge 
than does continuous spreading. Drying kills the microbial growths, and tilling 
and scraping of the basin floor during dry periods reopens the soil pores. 

There are several excellent case histories that provide an account of specific 
projects involving artificial recbarge from spreading basins. Sea burn (1970) 
descri bes hydrologic studies carried out at two of the more than 2000 recharge 
basins that are used on Long Island, east of New York City, to provide artificial 
recharge of storm runoff from residential and industrial areas. Bianchi and Haskell 
(1966, 1968) describe the piezometric monitoring of a complete recharge cycle 
of mound growth and dissipation. They report relatively good agreement between 
the field data and analytical predictions based on Dupuit-Forchheimer theory. 
They note. however, that the anomalous water-level rises that accompany air 
entrapment (Section 6.8) often make it difficult to accurately monitor the growth 
of the groundwater mound. 

While water spreading is the most ubiquitous form of artificial recharge. 
it is limited to locations with favorable geologic conditions at the surface. There 
have also been some attempts made to recharge deeper formations by means of 
injection wells. Todd (1959) provides several case histories involving such diverse 
applications as the disposal of storm-runoff water, the recirculation of air-condi­
tioning water, and the buildup of a freshwater barrier to prevent further intrusion 
of seawater into a confined aquifer. Most of the more recent research on deep-well 
injection has centered on utilization of the method for the disposal of industrial 
wastewater and tertiary-treated municipal wastewater (Chapter 9) rather than for 
the replenishment of groundwater resources. 

The oldest and most widely used method of conjunctive use of surface water 
and groundwater is based on the concept of induced infiltration. If a well produces 
water from alluvial sands and gravels that are in hydraulic connection with a 

I 
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stream, the stream will act as a constant-head line source in the manner noted in 
Figures 8.15(d) and 8. 23(d). When a new well starts to pump in such a situation, 
the pumped water is initially derived from the groundwater zone, but once the cone 
of depression reaches the stream, the sou rce of some of the pumped water will be 
streamflow that is induced into the groundwater body under the influence of the 
gradients set up by the well. In due course, steady-state condi tions will be reached, 
after which time the cone of depression and the drawdowns withi n it remai n con­
slant. Under the steady flow system that develops at such t imes, the source of all 
the pumped groundwater is streamflow. One of the primary advantages of induced 
infiltration schemes over direct surface-water utilization lies in the chemical and 
biological purificat ion afforded by the passage of stream water through the alluvial 
deposits. 

B.12 Land Subsidence 

In recent years it has become apparent that the extensive exploitation of ground­
water resources in this century has brought with it an undesired environmental 
side effect. At many localities in the world, groundwater pumpage from uncon­
solidated aquifer-aquitard systems has been accompanied by significant land su b­
sidence. Poland and Davis (1969) and Poland (1972) provide descriptive summaries 
of all the well-documented cases of major land subsidence caused by the withdrawal 
of fluids. They present several case histories where subsidence has been associated 
with oi l and gas production, together with a large number of cases that involve 
groundwater pumpage. There are three cases-the Wilmington oil field in Long 
Beach, California, and the groundwater overdrafts in Mexico City, Mexico, and 
in the San Joaquin valley, California- that have led 10 rates of subsidence of the 
land su rface of almost I m every 3 years over the 35-year period 1935- 1970. In 
the San Joaquin valley, where groundwater pumpage for irrigation purposes is 
to blame, there are three separate areas with significant subsidence problems. 
Taken together, there is a total area of 11,000 km~ that has subsided more than 
0.3 m. At Long Beach, where the subsiding region is adjacent to the ocean, sub­
sidence has resulted in repeated flooding of the harbor area. Failure of surface struc­
tures, buckling of pipe lines, and rupturing of oil-well casing have been reported. 
Remedial costs up to 1962 exeeded $100 million. 

Mechanism of Land Subsidence 

The depositional environmen ts at the various subsidence si les are varied, but 
there is one feature that is common to all the groundwater-induced sites. In each 
case there is a thick sequence of unconsolidated or poorly consolidated sediments 
forming an interbedded aquifer-aq uitard system. Pumpage is from sand and gravel 
aquifers, but a large percentage of the section consists of high-compressibility 
clays. In earlier chapters we learned that groundwater pumpage is accompanied by 
vertical leakage from the adjacent aquitards. It should come as no surprise to find 
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that the process of aquita rd drainage leads to eompaction* of the aquitards just as 
the process of aquifer drainage leads to compaction of the aquifers. There are two 
fundamen tal differences, however: (1) since the compressibility of clay is 1- 2 
orders of magnitude greater than the compressibility of sand, the total potential 
compaction of an aquitard is much greater than that for an aquifer; and (2) since 
the hydraulic conductivity of clay may be several orders of magnitude less than the 
hydraulic conductivity of sand, the drainage process, and hence the compaction 
process, is much slower in aquitards than in aquifers. 

Consider the vertical cross section shown in Figure 8.34. A well pumping at 
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Figure 8.34 One·dimensional c:onsolidetion of an &qllitard. 

a rate Q is fed by two aquifers separated by an aquitard of thick ness b. Let us 
assume that the geometry is radially symmetric and that the transmissivities in the 
two aquifers are iden tical. The time-dependent reductions in hydraulic head in the 
aquifers (which could be predicted from leaky-aquifer theory) will be identical 
at points A and B. We wish to look at the hydraulic-head reductions in the aquitard 
along the line AD under the inHuence of the head reductions in the aquifers at A 
and D. If h,,lt) and h.(t) are approximated by step functions with a step I1h (Figure 
8.34), the aquitard drainage process can be viewed as the one-dimensional, transient 
boundary-value problem described 10 Section 8.3 and presented as Eq. (8.21). 
The initial condition is h = ho all along AD, and the boundary conditions are 

·Following Poland and Davis (1%9), we are using the tc:nn "compactioo" in its geological 
sense. In engineering jargon the: term is often reserved for the increase in soil densit), achieved 
through the use of rollers, vibrators or other heavy machinery. 

I 
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h = ho - Ilh at A and at B for aliI > O. A solution to t his boundary·value prob­
lem was obtained by Terzaghi (1 925) in the form of an analytical expression for 
h(z. I). An accurate graphical presentation of his solution appears as Figure 8.17. 
The central diagram on the right-hand side of Figure 8.34 is a schematic plot of his 
solution; it shows the time-dependent decline in hydraulic head at times to. t I' ... • 

r .. along the line AB. To obtain quantitative results for a particular case. one must 
know the thickness b', the vertical hydraulic conductivity K' , the vertical compress­
ibility 0;', and the porosity n' of the aquitard. together with the head reduction lih 

on the boundaries. 
In soil mechanics the compaction process associated with the drainage of a 

clay layer is known as consolidation . Geotechnical engineers have long recognized 
that for most clays (1,:» np, so the latter term is usually omitted from Eq. (8 .21). 
The remaining parameters are often grouped into a single parameter c •• defined by 

K ' , --­• pgrx.' 
(8.73) 

The hydraulic head h(z, t) can be calculated from Figure 8.17 with the aid of Eq. 

(8.23) given c •• !J.h, and b. 
In order to calculate the compaction of the aquitard given the hydraulic bead 

declines at each point on AB as a function of time, it is necessary to recall the effec­
tive stress law : CIT = CI. + p. For CIT = constant, dCl. = - dp. In the aquitard, 
the head reduction at any point z between the times I I and / 1 (Figure 8.34) is dh 
= hl(z, I I) - hl(z, tl)' This head drop creates a fluid pressure reduction : dp = pg d", 
= pgd(h _ z) = pg dh, and the fluid pressure reduction is reflected by an 
increase in the effective stress dCl. = -dp. It is the change in effective stress, acting 
through the aquitard compressibility «', that causes the aquitard compaction 
!J.b'. To calculate lib' along A Bbetween the times tl and t l , it is necessary to divide 
the aquitard into m slices. Then. from Eq. (2.54), 

M;,_ro = b ' t pga: dhl ,. , (8.74) 

where dh, is the average head decline in the jth slice. 
For a multiaquifer system with several pumping wells, the land subsidence 

as a function of time is the summation of all the aquitard and aquifer compactions. 
A complete treatment of consolidation theory appears in most soil mechanics texts 
(Terzaghi and Peck, 1967; Scott, 1963). Domenico and Mifflin (1965) were the 
fir st to apply these solutions to cases of land subsidence. 

11 is reasonable to ask whether land subsidence can be arrested by injecting 
groundwater back into the system. In principle this should increase the hydraulic 
heads in tbe aquifers, drive water back into the aquitards, and cause an expansion 
of both aquifer and aquitard. In practice, this approach is not particularly effec­
tive because aquitard compressibilities in expansion have only about one-tenth 
the value they have in compression. The most successful documented injection 
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scheme is the one undertaken at t he Wilmington oil field in Long Beach, California 
(Poland and Davis, 1969). Repressuring of the oil reservoi r was initiated in 1958 
and by 19631herc had been a modest rebound in a portion of the subsiding region 
and the rates of subsidence were red uced elsewhere. 

Field Measurement of Land Subsidence 

If there arc any doubts about the aquitard-compaction theory of land subsidence, 
they shou ld be la id to rest by an examination of the results of the U.S. Geological 
Survey subsidence research group during the last decade. They have carried out 
field studies in several subsiding areas in California, and their measurements pro­
vide indisputable confirmation of the interrelationships between hydraulic head 
declines, aqui tard com paction, and land subsidence. 

Figure 8.35 is a contoured map, based on geodetic measu rements, of the land 
subsidence in the Santa Clara va lley during the period 1934-1960. Subsidence is 
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Figure 8.35 Land subsidence in feet, 1934-1960. Santa Clara valley, Cali. 
fornia (a tter Polilnd and DavIs, 1969). 

confined to the area underlain by unconsolidated deposits of alluvia l and shallow­
marine origin . The centers of subsidence coincide with the centers of major pump­
ing, and the historical development of the subsidence coincides with the period 
of settlement in the valley and with the increased utilization of groundwater. 

Quantitative confirmation of the theory is provided by results of the type 
shown in Figure 8.36. An ingeniously simple compaction-recorder installation 
[Figure 8.36(a)] produces a graph of the time-dependent growth of the total 
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t recorders were estab· Near Sunnyvale in the Santa Clara valley, thre,e compac iOn 
lished at different depths in the confined aquifer system that exists there [Figure 
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8.36(b)]. Figure 8.36(c) shows the compaction records togelher with the total land 
subsidence as measured at a nearby benchmark, and the hydrau lic head for the 
250- to 300-m-depth range as measured in an observation well at the measurement 
site. Decreasing hydraulic heads are accompanied by compaction. Increasing 
hydraulic heads are accompanied by reductions in the rate of compaction, but 
there is no evidence of rebound. At this sile "the land subsidence is demonstrated 
to be equal to the compaction of the water-bearing deposits within the depth tapped 
by water wells, and the decline in artesian head is proved to be the sole cause of 
the subsidence" (Poland and Davis, 1969, p. 259). 

Riley (1969) noted that data of the type shown on Figure 8.36(c) can be viewed 
as the result of a large-scale field consolidation test. If the reductions in aquitard 
volume reHected by the land subsidence are plotted against the changes in effective 
stress created by the hydraulic-head declines, it is often possible to calculate the 
average compressibility and the average vertical hydraulic conductivity of the 
aquitards. Helm (1975, 1976) has carried these concepts forward in his numerical 
models of land subsidence in California. 

It is also possible to develop predictive simulation models that can relate 
possible pumping patterns in an aquifer-aquitard system to the subsidence rates 
that will result. Gambolati and Freeze (1973) designed a two-step mathematical 
model for this purpose. In the first step (the hydrologic model), the regional hydrau­
lic-head drawdowns are calculated in an idealized two-dimensional vertical cross 
section in radial coordinates, using a model that is a boundary-value problem based 
on the equation of transient groundwater How. Solutions are obtained with a 
numerical finite-element technique. In the second step of the modeling procedure 
(the subsidence model), the hydraulic head declines determined with the hydrologic 
model for the various aquifers are used as time-dependent boundary conditions 
in a set of one-dimensional vertical consolidation models applied to a more refined 
geologic representation of each aquilard. Gambolati et al. (1974a, 1974b) applied 
the model to subsidence predictions for Venice, Italy. Recent measurements 
summarized by Carbogn in et al. (1976) verify the model's validity. 

8.13 Seawater Intrusion 

When groundwater is pumped from aquifers that are in hydraulic connection with 
the sea, the gradients that are set up may induce a How of salt water from the sea 
toward the well. This migration of salt water into freshwater aquifers under the 
influence of groundwater development is known as seawater intrusion. 

As a first step toward understanding the nature of the processes involved, 
it is necessary 10 examine the nature of the saltwater-freshwater interface in coastal 
aquifers under natural conditions. The earliest analyses were carried out indepen­
dently by two European scien tists (Ghyben, 1888; Herzberg, 1901) around the 
turn of the century. Their analysis assumed simple hydrostatic conditions in a 
homogeneous, unconfined coastal aquifer. They showed [Figure 8.37(a)] that the 
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F" 837 Saltwater_freshwater interface in an unconfined coastal aquifer 
IgUUI. (a) under hydrostatic conditions; (b) under conditions 01 steady­

state seaward fl ow (after Hubbert,1940). 

. . salt water of density P. and fresh water of densit~ ,PI must 
Interface separating "r 1 • < 90° Under hydrostatic conditIons, the 

ro"ect into the aqUl er at an ang e· . 
P .J h r nit column of fresh water extending from the water table to the mtcr­
~elg. t ~ t ~ed by a unit column of salt water extending from sea level to the same 
d:~t~ asat~: point on the interface. With reference to Figure 8.37(a), we have 

0' 

(8.75) p,gz, = Pig(z, + z .. ) 

z = PI Z 
• P. - P, .. 

(8.76) 

For PI = 1.0 and P, = \.025, 
(8.77) 

z, = 4Oz .. 

Equation (8.71) is often called the Ghyben.Herzbe~g relation. f E (871) 
If we specify a change in the water·table elevatIOn of Il.z .. , l?en .rom q. '1 ' 

, _ 40' If the water table in an unconfined coastal aquifer IS lowered m, 
uZ _ uZ". 

th; s~!tw~~:: i~:;~f:~:~!~:!~et: ~hyben.Herzberg relation underestimates the 

depth to the saltwater interface. Where freshwatcr flow .to the sea ta~efiS dPlaAce, ~~: 
. r h Gh be H rzberg analYSIS are not satls e. m 

hydrostatic assumpuons 0 t e Y n- e f f F 837(b) 

;:~I::~~d~~:~;: ~:~::~:~~~;r:o~~~;:~{~~ZJi:i[;~~O~;~:~~ :~:.u~;~~: 
~~~i~~ ~~: ~el~t~onships shown on Figure 8.37(b) fo r the intersection of eqUlpoten-
. 1 r th water table and on the interface. 

lIa ~~~ ~:ncee ts outlined in Figure 8.37 do not rcflcct reality in yet anot~er way. 
Both the hydro~tatic analysis and the steady-state analysis assume that the mterface 
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separating frcsh watcr and salt waler in a coastal aquifer is a sharp boundary. 
In reality, there tends to be a mixing of salt waler and fresh water in a zone of 
diffusion around the interface. The size of the zone is controlled by the dispersive 
characteristics of the geologic strata. Where this zone is narrow, the methods of 
solution for a sharp interface may provide a satisfactory prediction of the fresh­
water flow pattern, but an extensive zone of diffusion can alter the flow pattern 
and the position of the interface, and must be taken into account. Henry (1960) 
was the first to present a mathematical solution for the steady·state case that 
includes consideration of dispersion. Cooper et aL (1964) provide a summary of 
the various analytical solutions. 

Seawatcr intrusion can be induced in both unconfined and confined aquifers. 
Figure 8.38(a) provides a schematic represcntation of the sa ltwater wedge that 
would exist in a confined aquifer under conditions of natural steady-state outflow. 
Initiation of pumping [Figure 8.38(b)J sets up a transient flow pattern that leads 
to declines in the potentiometric surface on the confined aquifer and in land migra­
tion of the saltwater interface. Pinder and Cooper (l970) presented a numerical 
mathematical method for the calculation of the transient position of the saltwater 
front in a confined aquifer. Their solution includes consideration of dispersion. 

waler 

Inlerloce 

{oJ Ibl 

Figure 8 .38 (e) S.ltwater.f.eshwaler inlerface in a confined coastal.quife. 
under conditions of st&tldy-tllte seawerd flow; (b) lKIawatll. 
intru. ion due to pumping. 

One of the most intensively stud.icd coastal aquifers in North America is the 
Biscayne aquifer of southeastern Florida (Kohout, 196Oa, 1960b). It is an uncon­
fined aquifer of Iimestonc and calcareous sandstone extending to an average depth 
of 30 m below sea level. Field data indicate tbat the saltwater front undcrgoes 
transient changes in position under the influence of seasonal recharge patterns 
and thc resulting water·table fluctuations. Lee and Cheng (1974) and Segol and 
Pinder (1976) havc sim ulated transient conditions in the Biscayne aquifer with 
finite-element numerical models. Both thc field evidence and the numerical model· 
ing confirm the necessity of considering dispersion in the steady-state and transient 
analyses. The nature of dispersion in groundwater flow will be considered more 
fully in Chapter 9 in the context of groundwater contamination. 
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Todd (1959) summarizes five methods that have been considered for control­
ling seawater intrusion: (\) reduction or rearrangement of the pattern of ground­
water pumping, (2) artificial recharge of the intruded aquifer from spreading 
basins or recharge wells, (3) development of a pumping trough adjacent to the coast 
by means of a Hoe of pumping wells parallel to the coastline, (4) development of 
a freshwater ridge adjacent to the coast by means of a line of recharge wells parallel 
to the coastline, and (5) construction of an artificial subsurface barrier. Of these 
five alternatives, only the first has been proven effective and economic. Both Todd 
(1959) and Kazmann (1972) describe the application of the freshwater-ridge concept 
in the Silverado aquifer, an unconsolidated, confined, sand-and-gravel aquifer 
in the Los Angeles coastal basin of California. Kazmann concludes that the project 
was technically successful, but be notes that the economics of the project remain 

a subject of debate. 
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Problems 

1_ (a) Show by dimensional analysis on Eq (86) th t . d· . (b) Show b d ' . .. a u lS ImenslQnless 
y lmens!onal analysis on Eq (8 7) that We ). d' .' 

(c) Show that the values of the coeffi' .. . U !~ !menslQnless. 
Eqs. (8.38) and (8 39) c!ents A an.d B gIven m connection with 
monly used in N~rth a~e co~rect. for t~e engmeering system of units com­
gallons. menca m which volumes are measured m U.S. 

2. A fully penetrating well pumps water from an inti . . 
~~~og~/neou~ js~tropic aquifer at a constant raten~;, 2~0;~:~~~a~ ~~nlfi~e~, 
( ) e

ml 'Ian SIS 2.0 x IO - ~, make the fOl/owing calculations · . 
a a cu ate the drawdown that w ld· . 

from the pumping well at times o~u occur m an observ~l ion well 60 m 
of pumping Plot the I 1,5,10,50, and 210 mm after the start 

(b) Calculate the dr d se va ues on a log-log graph of ho - h versus t. 
at distances 1 rna; :w,n

5 
tha~owould ~ccur in a set of observation wells 

a time 210 min after the st~;t of
m, an . 300 m from the pumping well at 

g
"ph of h h pumpmg. Plot these values on a semilog 

a - versus r. 

3. A confined aquifer with T = 7.0 X IO- l m~/s d - - , . 
by two wells 35 m a art 0 . an S - 5.0 x 10 IS pumped 
Plot the drawdown hP . ne well I~ pumped at 7.6 t Is and one at 15.2 lIs. 
two wells at a time 4 °h ~f;e:St:/,Utnacttwnr of po~ition along the line joining the 

r 0 pumpmg. 

4. (a) Why is a la-day pumping test better than a IO-h . 
(b) Why are I .. . pumpmg text? 

for confin:;:~~~~~;: /or unconfined aquifers so much l arge~ than those 

(c) ~hat kind of ~umping-test arrangement would be required to d t . 
t .e exact locatIOn of a straight, vertical impermeable boundary? e ermme 

5. (a) LIst the assumptions underlying the Theis solution 
(b) Sketch two plots that sho th . . 

the time drawdown c ~ e apprOXImate shape you would expect for 
urve rom a confined aquifer if' 

(I) The aquifer pinches oul to the west. . 

(2) r~e 0fverlYi~g confining formations are impermeable but the under-
ylfig ormatlQns are leaky. ' 

(3) Th . e pumpmg well is located near a fau lt that is in h dr' 
to a surface stream. y rau IC conneclton 

(4) The well is on the shore of a tidal estuary 
(~) The pump br~ke down halfway through the test. 
e ) The barometnc pressure increased at the pump lest site. 

6. (a) PI~t the values of u versus W(u) given in Table 8 I I I 
(b) ~tlls only necessary to plot those values lying in the r~n:enl~ -~~ ~g ::Ph. 

ot these same values as I/u versus W(u) on a log-log graph. . 
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. I onfincd homogeneous, isotropic aquifer of 
7. The thickness of a ~onzonta A ewell fully penetrating the aquifer was con-

infinite areal extent IS 30 m. f 0 1 'Is for a period of I day. The 
. d at a constant rate 0 . m . 

tmuously pu~pe . hed table were observed in a fully pene~r~tl~g 
drawdowns given In the attac . II Compute the transmissIvity 
observation well 90 m from the pumprng we . 

and the storativity by using: h' [ 'ng the type curve prepared in 
(a) The Theis method of log-log mate 109 USI 

Problem 6(b)]. . 
(b) The Jacob method of semilog plottmg. 

ho - h ho - h ho - h 
t (min) ho - h (m) 

0.39 40 0.66 100 0.8\ 
0.14 7 

0.90 I 50 0.70 200 
0.22 8 0.40 2 0.71 400 0.99 
0.28 9 0.42 6IJ 3 

0.44 70 0.73 800 1.07 
0.32 10 4 

0.55 80 0.76 1000 1.l0 
0.34 21 5 

0.62 90 0.79 
6 0.37 30 

r (min ) h~ - h (m) ho - h h o - h h o - h 

2.50 " 3.11 88 3.70 
II 2.13 21 

3.29 100 3.86 
2.27 28 2.68 6IJ 

4.01 14 
74 3.41 112 

2.44 35 2.80 18 130 4.14 
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10. The straight4li ne portion of a semilog plot of drawdown versus time taken from 
an observation well 200 ft from a pumping well (Q = 500 U.S. gal/min) 
in a confined aquifer goes through the points (t = 4 X 10- 4 day, ho _ h 
= 1.6 ft) and (t = 2 x 10- % day, ho - h = 9.4 ft). 
(a) Calculate T and S for the aquifer. 
(b) Calculate the drawdown that would occur 400 ft from the pumping well 

10 h after tne start of pumping. 

11. (a) The hydrau lic conductivity of a 30-m-thick confined aquifer is known from 
laboratory testing to have a value of 4.7 x 10- 4 m/s. If the straight-line 
portion of a Jacob semilogarithmic plot goes through the points (t = 10-3 
day, ho - h = 0.3 m) and (t = 10- 2 day, ho - h = 0.6 m) for an observa­
tion well 30 m from a pumping well, calculate the transmissivity and stor­
ativity of the aquifer. 

(b) Over what range of time values is the Jacob method of analysis valid for 
this observation well in this aquifer? 

12. You are asked to design a pump test for a confined aquifer in which the trans­
missivity is expected to be about 1.4 X 10- 2 m2/s and the storativity about 
1.0 x 10- 4

• What pumping rate would you recommend for the test if it is 
desired that there be an easily measured drawdown of at least I m during the 
first 6 h of the test in an observation well 150 m from the pumping well? 

13. (a) Venice, Italy, has subsided 20 cm in 35 years; San Jose, California, has 
subsided 20 ft in 35 years. List the hydrogeological conditions that these 
two cities must have in common (in that they have both undergone sub4 
sidence), and comment on how these conditions may differ (to account 
for the large difference in total subsidence). 

(b) The following data were obtained from a laboratory consolidation test 
on a core sample with a cross-sectional area of 100.0 cm2 taken from a 
confining clay bed at Venice. Calculate the compressibility of the sample 
in m2/N that would apply at an effective stress of2.0 X 106 N/m2• 

Load (N) o 2000 5000 10,000 15,000 20,000 30,000 

Void ralio 0.98 0.83 0.75 0.68 0.63 0.59 0.56 

(c) Calculate the coefficient of compressibility, Gv, and the compression index, 
Cc, for these data. Choose a K va lue representative of a clay and calculate 
the coefficient of consolidation, c •. 

14. It is proposed to construct an unlined, artificial pond near the brink of a cliff. 
The geological deposits are unconsolidated, interbedded sands and clays. 
The water table is known to be rather deep. 
(a) What are the possible negative impacts of the proposed pond ? 
(b) List in order, and briefly describe, the methods of exploration you would 

recommend to clarify the geology and hydrogeology of the site. 
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(c) List four possible methods that could be used to determine hydraulic 
conductivities. Which methods would be the most reasonable to use? 

The least reasonable? Why? 
15. An undisturbed cylindrical core sample of soil 10 cm high and 5 cm in diameter 

weights 350 gm. Calculate the porosity. 
16. If the water level in a 5-cm-diameter piezometer standpipe recovers 90 % 

of its bailed drawdown in 20 h, calculate K. The intake is 0.5 m long and the 
same diameter as the standpipe. Assume that the assumptions underlying 

the Hvorslev point test are met. 
17. Assume that the grain-size curve of Figure 8.25(a) is shifted one if> unit to the 

left. Calculate the hydraulic conductivity for the soil according to both the 
Hazen relation and the Masch and Denny curves. 

18. (a) Develop the transient finite-difference equation for an internal node in 
a three-dimensional, homogeneous, isotropic nodal grid where I1x = toy 

= toz. 
(b) Develop the transient finite-difference equation for a node adjacent to an 

impermeable boundary in a two_dimensional homogeneous, isotropic 

system with I1x = l1y. Do so: 
(I) Using the simple approach of Section 8.8. 
(2) The more sophisticated approach of Appendix IX. 

19. Assume that resistors in the range 1O·- 10s n and capacitors in the range 10-
12

_ 

10-
11 

F are commercially available. Choose a set of scale factors for the analog 
simulation of an aquifer with T -::::. lOs U.S. gal/day/ft and S -::::. 3 X 10-

3

• 

The aquifer is approximately 10 miles square and drawdowns of lO's of feet 
are expected over 10'5 of years in response to total pumping rates up to 10

6 

U.S. gal/day. 

Groundwater 
Contamination 



During recent years much of the emphasis in groundwater investigations in 
industrialized count des has shifted from problems of groundwater supply to con· 
siderations of groundwater quality. As a result of our consumptive way of life, 
the groundwater environment is being assaulted with an ever-increasing number 
of soluble chemicals. Current data indicate that in the United States there are at 
least 17 million waste disposal facilities emplacing more than 6.5 billion cubic 
meters of liquid into the ground each year (U.S. Environmental Protection Agency, 
1977). As time goes on, the vast subsurface reservoir of fresh water, which a few 
decades ago was relat ively unblemished by man 's activi ties, is gradually becoming 

degraded. 
The problem of water quality degradation of rivers and lakes has been evident 

for a long time. In general, solutions to this problem have been found in the imple­
mentation of effective legislation for discontinuing contaminant emissions. Already 
in some parts of the world, effective emission abatement measures have led to 
great improvements in surface-water quali ty. Unfortunately, problems of ground· 
water quality degradation are in many ways more difficult to overcome. Because 
of the heterogeneities inherent in subsurface systems, zones of degraded ground­
water can be very difficult to detect. The U.S. Environmental Protection Agency 
(1977) has reported that almost every known instance of aquifer contamination 
has been discovered only after a wateNupply well has been affected. Often by the 
time subsurface pollution is conclusively identified, it is too latc to apply remedial 
measures that would be of much benefit. From a water quality viewpoint, degrada­
tion of groundwater often requires long periods of time before the true extent of 
the problem is readily detectable. Long periods of groundwater flow are often 
required for pollutants to be flushed from contaminated aquifers. Groundwat.er 
pollution often results in aquifers or parts of aquifers being damaged beyond repaIr. 

Whereas the problem of achieving acceptable quality of surface waters focuses 
mainly on decreasing the known emissions of pollutants to these systems, the prob­
lem facing scientists and engineers involved in the protection of groundwater 
resources is to identify the areas and mechanisms by which pollutants can enter 
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groundwater flow systems and to develop reliable predictions of the transport of 
contaminants within the flow systems. This is necessary as a basis for minimizing 
the impact of existing or proposed industrial, agricultural, or municipal activities 
on groundwater quality. 

The purpose of this chapter is to provide some insight into the physical and 
chemical factors that influence the subsurface migration of dissolved contaminants. 
To this cnd the behavior of nonreactive solutes and of solutes that undergo reac­
tions during subsurface migration will be considered. Following this, more specific 
contamination problems related to activities such as agriculture, mining, nuclear 
power development, and disposal of refuse, sewage, and industrial wastes will be 
briefly reviewed. 

Throughout this chapter aU solutes introduced into the hydrologic environment 
as a result of man's activities are referred to as contaminants, regardless of whether 
or not the concentrations reach levels that cause significant degradation of water 
quality. The term pollution is reserved for situations where contaminan t concentra­
tions attain levels that are considered to be objectionable. 

The emphasis in this chapter is on the occurrence and processes that control 
the migration of dissolved contaminants in groundwater. Groundwater can also 
be contaminated by oily substances that exist in a liquid slate in contact with water 
in a manner that does not lead to mixing of the oi ls in a dissolved form. The oily 
liquid is said to be immiscible in the water. The physical processes that control 
the movement of immiscible fluids in subsurface systems are described by Bear 
(1972) and are introduced in Section 9.5. 

9.1 Water Quality Standards 

Before proceeding with discussions of the principles of contaminant behavior in 
groundwater ftow systems and of sources of groundwater contamination, we will 
briefly examine some of the more important water quality standards. These stan­
dards serve as a basis for appraisal of the results of chemical analyses of water in 
terms of suitability of the water for various intended uses. The most important of 
these standards are those established for drink ing water (Table 9. t). The recom­
mended limits for concentrations of inorganic constituents in drinking water have 
existed for many years. Limits for organic constutuents such as pesticide residues 
arc a recent addition. There is considerable controversy with regard to the specific 
organic constituents that should be included in drinking water standards and the 
concentration limits that should be established for them. 

ln Table 9. 1 the major constituents for which recommended permissible 
limits are listed are total dissolved solids (TDS), sulfate, and chloride. Consump­
tion by humans of waters with concentrations somewhat above these limits is 
generally not harmfu l. In many regions groundwater used for drinking-water 
supply exceeds the limits of one or more of these parameters. Several hundred 
milligrams per liter of chloride must be present in order for saltiness to be detected 
by taste. 
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Table 9.1 Drinking Water Standards 

Constituent 

Inorganic 
Total dissolved solids 
Chloride (el) 
Sulfate (504 z-) 
Nitrate (NO,) 
iron (Fe) 
Mangaoese (Mn) 
Copper (C\J) 
Zinc (Zo) 
Boron (8) 
Hydrogen sulfide (HzS) 

Arsenic (As) 
Barium (Ba) 
Cadmium (Cd) 
Chromium (CrV!) 
Selenium 
Antimony (Sb) 
Lead (Pb) 
Mercury (Hg) 
Silver (Ag) 
Fluoride (F) 

Organic 
Cyanide 
Endrine 
Lindane 
Methoxychlor 
Toxapbene 
2,4-D 
2,4,S-TP silvex 
Phenols 
Carbon chloroform ClIlraC! 
Synthetic detergents 

Radionuclides and 
radioactivity 

Radium 226 
Strontium 90 
Plutonium 
Gross beta act ivity 
Gross alpha activity 

Bacteriological 
Total wliforrn bacteria 

A8(:ommended 
coneentration limit· 

(mg/ l) 

soo 
250 
2SO 
4Sj 

0.3 
O.OS 
1.0 
s.o 
1.0 
0.05 

Ma)(imum permissible concentrationl 
0.05 
1.0 
O.QI 
O.OS 
0,0] 
0.01 
O.OS 
0.002 
O.OS 

1.4-2.4§ 

0.05 
0.0002 
0.004 
0.1 
0.005 
0.1 
0.01 
0.001 
0.2 
O.S 

MaKimum permissible activity 
(pCi/ t) 

S 
10 

50,000 
30 
3 

I per 100 mt 

SOURCES: U.S. Environmental Protection Agenc)" 1975 and World 
Health Organiution, European Standards, 1970. 

·Recommcnded concentration limits ror these constituents are mainly 
10 provide acceptable esthetic and taste characteristics. 

t Umi! for NO) cKpressed as N is 10 mgJe according to U.S. and 
canadian standards; according to WHO European standards, it is 
11.3 mgJt as N and SO mgJt as NOj. 
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Hardness of water is defined as its content of metallic ions which react with 
sodium soaps to produce solid soaps or scummy residue and which react with 
negative ions, when the water is evaporated in boilers, to produce solid boiler 
scale (Camp, 1963). Hardness is normally expressed as the tota l concentration of 
Ca2 + and Mg2+ as milligrams per liter equivalent CaCO,. It can be determined by 
substituting the concentration of CaH- and Mgl-t-, expressed in milligrams per 
liter, in the expression 

total hardness = 2.5(Ca1 +) + 4.I(Mg2+) (9.1) 

Each concentration is multiplied by the ratio of the formu la weight of CaCO} 
to the atomic weight of the ion; hence the factors 2.5 and 4.1 are included in the 
hardness relation. Water with hardness values greater than 150 mg/t is designated 
as being very hard. Soft watcr has values less than 60 mg/t. Water softcning is 
common practice in many communities where the water supply has a hardness 
greater than about 80-100 mg/t. Water used for boiler feed will cause excessive 
scale formation (carbonate-mineral precipitation) if the hardness is above about 
60-80 mgJt. 

Of the recommended limits specified for minor and trace inorganic constitu­
ents in drinking water, many have been established for reasons other than direct 
hazard to human health. For example iron and manganese art botb essential 
to the human body. Their intake through drinking water is normally an insignifi­
cant part of the body requirement. The recommended limits placed on these metals 
in the Standards is for the purpose of avoiding, in household wattr use, problems 
associated with precipitates and stains that form because oxides of these metals 
are relatively insoluble (Camp, 1963). The recommended limit fo r zinc is set at 
5 mgtt to avoid taste produced by zinc at higher concentrations. Concentrations 
as high as 40 mg/t can be tolerated with no apparent deteriment to general health. 
Zinc concentrations as low as 0.02 mgft are, however, toxic to fish. Zinc contamina­
tion can be regarded as severe pollution in ecological systems where fish are of 
primary interest but may be only of minor significance if human consumption is 
the primary use of the water. 

The most common identifiable contaminant in groundwater is nitrate (NOi). 
The recommended limit for nitrate in drinking water is 45 mg/e expressed as NOi 
or 10 mgtt expressed as N. In Europe the limit recommended by the World Health 
Organization is 50 mgft as NOi and 11.3 mg/t as N. Excessive concentrations 
of NOi have potential to harm infant human beings and livestock if consumed 
on a regular basis. Adults can tolerate much higher concentrations. The extent 
to which NOi in water is viewed as a scrious pollutant therefore depends on the 
water usc. 

The constituents for which maximum permissible concentration limits have 

t Maximum permissible limits are set according to health criteria. 

§Limit depends on average air temperature of the region j fluoride is 
toxic at about S- IO mgJt if water is consumed over a long period of time. 
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been set in drinking water standards (Table 9.1) are all considered to have signifi. 
cant potential for harm to human health at concentrations above the specified 
limits. The specified lim its are not to be exceeded in public water supplies. If the 
lim its for one or more of the constituents are exceeded, the water is considered 
to be unfit for human consumption . The limits indicated in Table 9.1 are represen­
tative of the current standards in the United Stales and Canada. The limits are 
continually being appraised and modifications occur from time to time. As more 
is learned about the role of trace constituents in human health, the list of constitu­
ents for which maximum permissible limits exist may expand, particularly in the 

case of organic substances. 
In many regions the most important uses of groundwater are fo r agriculture. 

In these situations it is appropriate to appraise the quality of groundwater relative 
to criteria or guidelines established for livestock or irrigation. Recommended 
concentration limits for these uses are listed in Table 9.2. The list of constituents 
and the concentration limits are not as stringent as for drinking water. These water 
qual ity criteria do serve to indicate, however, that concentration increases in a 
variety of constituents due to man's activities can cause serious degradation of 
groundwater quality even if the water is not used for human consumption. 

Table 9.2 Recommended Concentration Limits 
for Water Used for livestock and 
Irrigation Crop Production 

Total dissolved solids 
Small animals 
Poultry 
Other animals 

Nitrate 
Arsenic 
Boron 
Cadmium 
Chromium 
Fluoride 
Lead 
Mercury 
Selenium 

Livestock: 
RBcommBnded 
limits (mgt t) 

3000 
'000 
7000 

" 0.2 , 
0.05 
1 
2 
0.1 
0.01 
0.05 

Irrigation crops: 
Recommended 
limits (mg/t) 

700 

0.1 
0.75 
0.01 
0. 1 
1 , 
0.02 

saURel':: U.S. Environmental Agency, 1973b. 

9.2 Transport Processes 

The common start ing point in the development of differential equations to describe 
the transport of solutes in porous materials is to consider the flux of solute into and 
out of a fixed elemental volume within the flow domain. A conservation of mass 
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statement for this elemental volume is 

[;~~~~~e o~f ~a~s] ~ [':I:t~f out] _ [:~l:t~finto] [~~S:o~:t!a;ass] 
of solute within of the the ± due to 
the element element element reactions 

(9.2) 

The physical processes that control the flux into and out of the elemental volume 
are advection and hydrodynamic dispersion. Loss or gain of solute mass in the 
elemental volume can occur as a result of chemical or biochemical reactions or 
radioactive decay. 

Adv.ection is the component of solute movement attributed to transport by 
the flowing groun~water. T he rate of transport is equal to the average linear 
groun~water v.eloclty, v, where v = v/n, v being the specific discharge and n the 
porosity (Section 2. 12). The advection process is sometimes called convection 
a term thai in th is t,:xt is .reserved for use in discussion of thermally driven ground~ 
wa~er ~ow as ?escr~bed In. Chapter I I. The process of hydrodynamic dispersion, 
which IS descnbed In SectIOn 2.13, occurs as a result of mechanical mixing and 
molecular diffusion. 

Mathematical descriptions of dispersion are currently limited to materials 
t~at are i.solropic ~ith respect to ~ispersion properties of the medium. The principal 
~Ifferentla l equatlOn that descnbes transport of dissolved reactive constituents 
In saturated isotropic porous media is derived in Appendix X. This equation is 
known as the advection-dispersion equation. Our purpose here is to examine the 
p'hysical significance of the terms in this equation (advection, dispersion, and reac­
tlOn). We will start with the physical processes and then turn our attention to the 
chemical processes. 

Nonreactive Constituents in Homogeneous Media 

T.he one-dimensional form of the advection-dispersion equation for nonreactive 
dissolved constituents in saturated, homogeneo.us, isotropic, materials under 
steady-state, uniform flow [Eq. (A 10. 11), Appendix Xl is 

(9.3) 

,,;here I is a curvilinear coordinate direction taken along the flowline, v is the average 
hnea.r gr~undv:ater velocity, D/ is the coefficient of hydrodynamic dispersion in the 
longlludlnal dIrection (i.e., along the flow path), and C is the solute concent ra­
tion. The effects of chemical reactions, biological transformations and radioactive 
decay are not included in this form of the transport equation. ' 

The coefficient of hydrodynamic dispersion can be expressed in terms of two 
components, 

(9.4) 
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here (I, is a characteristic property of the porous medium known as the dynamic 
~ispersi~ity or simply as dispersivilY [L], and D* is the coejfici~nt of molecular 

. . f' h I te in the porous medium [LlIT]. The relatIOn between D* 
diffusIOn or t e so u ..' d ·b d· S 

ffi · t f diffusion for the solute species In water IS escn e In ec­
and the coe clen 0 f fth h' I 
t' 34 Some authors have indicated that a more accurate arm a .e. mec amca 
IOn .. t f the dispersion coefficient is (l,jjm, where m is an emplflcally de~er­

co.mponen 0 I d 2 Laboratory studies indicate that for practIcal mmed constant between an . . . 
purposes m can generally be taken as unity for granul~r geologic mateflal~. 

The classical experiment shown in Figure 9. I(a) IS one of the most direct ~ays 
of illustrating the physical meaning of the one-dime~sional form of the adv~tlOn-
.' . In this experiment a nonreactive tracer at concentration Co 

dispersIOn equation. , . h t d of 
is continuously introduced into a steady-state flow r~g1me at t. e ups ~eam en 

I k d ·th a homogeneous granular medIUm. For Illustrative purposes 
acoumnpac e WI • h' od . 
it is assumed that the tracer concentration in the column pnor to t e lnt.r ~ctlOn 

It .,< convenient to express the tracer concentratJOn 10 the of the tracer is zero. .. 

Cont inuouS supply 
of Iracer 01 
concenlral ion Co 
alter lime to ~ 

If 
.:.:.:< x::::;::,: 

I I I I 
QulilO ..... wilh Iracer 
01 concentrotion C 
after t imet' 

( 0 ) 

C/C:\, !, __ 
0---,----

o 

CICo 

Time-

( 0) 

F irst 
appearance 1, 

V breokthrough,l2. 

EHeclof 
: dispersiO<l \ oU,---=-~<"-J---

to Time-

(" 

(0) 

Figure 9.1 longitudinal dispersion of a Iracer passing through a col~mn of 
porous medium. (a) Column with steady flow and conlln.uous 
supply of tracer after time to; (b) step-function-type trace. Input 
relatioll; (c) relative tracer con~entratioll ill outflow ' . .00:' co~umll 
(dashed lille illdicates plug flow cOlldition alld solid hne ~IIUS-. 
trates elfe~t of mechallical dispersion alld molecular dlffusIOIl). 
(d) concelltratioll prolile in the column 8t various times. 
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column as a relative concentration, defined as CICo , where C is the concentration 
in the column or in the output. The tracer input can therefore be represented as 
a step function , as shown in Figure 9.I(b). The concentration versus time relation 
of the column outflow, known as the breakthrough cun'e, is shown in Figure 9. I (c). 
If it is assumed that the tracer moves through the column with no mechanical 
dispersion or molecular diffusion, the tracer front will pass through as a plug and 
will exit from the column as a step function . This condition is shown as a vertical 
dashed lin e in Figure 9.r(c). In real situations, however, mechanical dispersion 
and molecular diffusion occur and the breakthrough curve spreads out causing 
the tracer to begin to appear in the outflow from the column (at time 11) before 
the arrival of water traveling at the velocity of v (time ( 1)' This is represented in 
Figure 9.1(c). 

Figure 9.I(d) shows instantaneous " pictures" of the dispersion interface 
inside the column at various times prior to breakthrough. The tracer fronl is spread 
out along the flow path. The spread of the profile increases with travel distance. 
The positions represented by points I and 2 in Figures 9.1 (d) correspond to times 
(I and t2 in Figure 9.I(c). Mechanical dispersion and molecular diffusion cause 
some of the tracer molecules to move faster than the average linear velocity of the 
water and some to move slower. The average linear velocity of the water in the 
column is determined by dividing the water input rate (Q) by nA , where A is 
the cross-sectional area of the column and n is the porosity [Eq . (2.82)]. 

The boundary conditions represented by the step-function input are described 
mathematically as 

qo, I) = Co 

C(oo , t) = 0 

I :? 0 

I ~ O 

For these boundary conditions the solution to Eq. (9.3) for a saturated homogene­
ous porous medium is (Ogata, 1970) 

(9.5) 

where erfc represents the complementary error function, which is tabulated in 
Appendix V; I is the distance along the flow path; and jj is the average linear water 
velocity. For conditions in which the dispersivity of the porous medium is large 
or when lor t is large, the second term on the right-hand side of the equation is 
negligible. Equation (9.5) can be used to compute the shapes of the breakthrough 
curves and concentration profiles illustrated in Figure 9.1(c) and (d). Analytical 
solutions for Eq. (9.3) with other boundary conditions are described by Rifai et 
al. (1956), Ebach and White (1958), Ogata and Banks (1961), Ogata (1970), and 
others. 
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The spreading out of the concentration profile and ~rea~through curve of 
tracers or contaminants migrating through porous matenals IS caused by both 
mechanical dispersion and molecular diffusion. Figure 9.2 shows a conce~tration 
profile for the experimental conditions represented in Figure 9.1(a). In this graph 

c 
f 

v posillon of input 
woter at I,me t 

I, Dispersed 
] Irocer fronl 

2 
"''0 -

. ~ !: 3 
Tracer front il 
diHu sion only 

<; c:....... 0 .5 
~eu r 
Q:C- 1\ 

8 o L--------------------"'-~------" 

Figure 9.2 

Distance ~ -
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the contribution of molecular diffusion to the spread of the curves is indicated 
schematically. At a low velocity, diffusion is the important contributor to the dis· 
persion, and therefore the coefficient of hydrodynamic. dispe.rs.ion .equals th~ dif· 
fusion coefficient (Dr = D*). At a high velocity, mechanical mlX!ng IS the dommant 
dispersive process, in which case Dr = atii. Larger dispersivity of the mediu~ pro­
duces greater mixing of the solute front as it advances. Lab?ratory expen~ents 
on tracer migration in saturated homogeneous granular matena~s hav~ estabh.shed 
relations between the influence of diffusion and mechanical dispersIOn, as zllus­
trated in Figure 9.3. The dimensIOnless parameter iidl D* is known as the Peclet 
number where the average particle diameter is denoted by d. The exact shape of 
the rel~tion between the Peclet number and Dd D* depends on the nature of the 
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Johnston, 1963). 
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porous medium and on the fluid used in the experiments. The general shape illus­
trated in Figure 9.3 has been established by various investigators on the basis 
of experiments using different media (Bear, 1972). 

In situations where the boundary condi tions specified for Eg. (9.5) are appli­
cable and where the groundwater velocity is so small that mechanical dispersion 
is negligible relative to molecula r diffusion, Eq. (9.5) reduces to the one-dimensional 
solution to Fick's second law. This "law" is described in Section 3.4. The rate 
at which one-dimensional diffusion occurs is expressed graphically in F igure 9.4, 
which shows, for periods of diffusion of 100 and 10,000 years, diffusion distances 
as a function of relative concentration. The diffusion distances were obtained 
using Eg. (3.47) with diffusion coefficient values of I x lO- ln and I X 1O- ! I ml/s. 
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Figure 9.4 Positions of contaminant liOn! migrating by molecular diffusion 
away from a source where C '" Co at t > O. Migration times are 
100 and 10,000 veals. 

These values are representative of a range typical of nonreactive chemical species 
in clayey geologic deposits. Values fo r coarse-grained unconcolidated materials 
can be somewhat higher than I x 10- 1 0 m~/s but are less than the coefficients for 
the chemical species in water (i.e., < 2 X IO-J ml/s). Figure 9.4 indicates that 
over long periods of time, diffusion can cause contaminants to move considerable 
distances, even through low-permeability materials. Whether contaminant migra­
tion on this time scale is important depends on the nature of the problem. In the 
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case of subsurface disposal of radioactive wastes or high ly toxic inorganic Or 

organic compounds, diffusion can be an import~nt pr~ess. . . 
One of the characteristic features of the dispersive process IS that Jt causes 

spreading of the solute, if the opportunity is avai labl,e, i~ directi,on,s ~ransverse 
to the flow path as well as in the longitudinal flow dlrcc,tloO: This ]S lllustratc~ 
schematically for a two-dimensional horizontal flow field In Figure ?5(a). In this 
experimental sand box, a nonreactive tracer is introduce~ as a ,con tmuous stea~y 
input to the uniform flow field. Dispersion in t~is two-dlmen.slon~ 1 flow domaIn 
is illustrated in a different manner by the experiment shown In Figure 9.5(b). In 
this case the tracer is introduced as an instantaneous point source (i.e .• a slug of 
tracer) into the uniform flow regime. As the tracer is transported along the flow 
path, it spreads in all directions in the horizontal plane. The '?Ial m~ss of ~he 
t racer in the flow regime does not change. but the m~ss O~CUPI~S a~ iO~rea~mg 
volume of the porous mediu m. The process of mechamcal dispers10n IS directIOn­
a lly dependent even though the porous medium is isotropic with respect to textural 
properties and hydraulic conductiv ity. Figure 9.5(b) shows that the tracer zo~e 
develops an elliptical shape as the tracer is transported through th~ sys t~m. T.hls 
occurs because the process of mechanical dispersion is anisotropIc .. DI~per~lon 
is stronger in the direction of flow (the longitudinal dispersi on) than In dmctlOns 

normal to the flow line (transverse dispersion). 
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One-dimensional expressions for the transport of dissolved constituents, 
such as Eq. (9.5), arc useful in the interpretation of laboratory column experiments, 
but are of limited usc in the analysis of field problems because dispersion occurs 
in the transverse di rections as well as in the longitudinal direction. As an example 
of a solution to the advection-dispersion equation in three-dimensions [Eq. 
(AI 0.9), Appendix X), we will follow an approach described by Baetsle (1969). 
As in Figure 9.5(b), the con taminant is assumed to originate as an instan taneous 
slug at a point source at x = 0, y = 0, z = O. The mass of contaminant is then 
carried away from the source by transport in a steady-state uniform flow field mov­
ing in the x-direction in a homogeneous isotropic medium. As the contaminant 
mass is transported through the flow system, the concentration distribution of 
the contaminant mass at time r is given by 

M (Xl yl Zl ) 
C(x, y, t,l) = 8(xr)l/2 -./ D~D,D< exp - 4D~t - 4D/ - 4D.r (9.6) 

where M is the mass of con tam inant introduced at the point source, D", D" and 
D, are the coefficien ts of dispersion in the x, y, t directions and X, Y, and Z are 
distances in the x,y, t directions from the center of gravity of the contaminant 
mass. The position of the center of gravity of the contaminant mass at time I will 
lie along the flow path in the x direction at coordinates (x" y .. z,), where y, = t, 
= 0 and x, = til = VEin, where v is the average linear velocity, v is the specific 
d ischarge, and n is the porosity. In Eq. (9.6), X = x - iir, Y = y, and Z = t. 

It is apparent from Eq. (9.6) that the maximum concent ration is located at the 
center of gravity of the contaminant cloud, where X = 0, Y = 0, and Z = O. 
The mass of the contaminan t introduced at the source equals CaVa, where Co is 
the initial concentration and Va is the initial volume. In the mathematical formula­
tion of the initial conditions, the contaminant input occu rs at a point and therefore 
has mass but no volume. In practice, however, this is expressed by the quantity 
CoVo· 

From Eq. (9.6) it follows that the peak concentration that occurs at the center 
of gravity of the contaminant cloud is given by 

C _ Co Va 
"'ox - 8(71t)lO:<jD

Jl
D,D, 

(9.7) 

The zone in which 99.7% of the contaminant mass occurs is described by t he ellip­
soid with dimensions, measured from the center of mass, of 30' .. = -./2D .. I , 

30' ... = -./2D;, 30', = ,.J2i5;i, where 0' is the standard deviation of the concentra­
tion distribution. This is illustrated in the xy plane in Figure 9.5(b). At low velocities 
molecu lar diffusion is the dominant dispersive mechanism, in which case the 
migrating contaminant cloud is circular. Because these equations arc based on 
idealized conditions, such as the instantaneous point source and uniform flow, 
they have limited usc in the analysis of most field sit uations. In simple hydrogeo­
logic settings, however, they can be used to obtain preliminary estimates of the 
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migration patterns that may arise from small contaminant spills or, from lea~h~ng 
of buried wastes (Baetsie, \969). A variety of other analytical solutIons descn~mg 
the migration of contam inants in two- and three-dimensional space arc described 
by Fried (1975) and Cadell and Schreiber (in p~ess): . 

Mechanical dispersion in the transverse duectlon IS a much weaker process 
than dispersion in the longitudina l di rection, but at low veloei,ties where m~lec~lar 
diffusion is the domi nant dispersive mechanism, the coefficIen ts of IOngl.tudmal 
and transverse dispersion are nearly equal. This is illustrated by the experimental 
results shown in Figure 9.6, which indicates small dispersion coefficients.ove.r a 
range of low velocities. Because mechanical dispersion in the trans~erse ~lTectlOn 
is much weaker than in the longitudinal direction, the transverse disperSion coef­
ficient remains diffusion-controlled unti l the flow velocity is quite high. 
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Figure 9.6 Coefficients of longitudinal and transverse dispersion for trans­
port in a homogeneous sandstone at various flow rates (aher 
Crane and Gardner. 1961). 

The forms of the transport equation described above are based on the assump­
tion that there is no significant densi ty contrast between the contaminant or tracer 
fluid and the groundwater in the surrounding flow domain. Eq.uat~ons that make 
allowance for density contrasts are more complex. As a quahtatlve example of 
the effect of density contrasts, consider the sinking contaminant. plume in .an 
initially un iform flow field, as illustrated in Figure 9.7. If the contammant solutIOn 
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Figure 9.7 
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Effect of density on migration of contaminant solution in uniform 
flow field. (a) Slightly more dense than groundwatEtr; (b) and 
(c) largEtr density contrasts. 
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entering this flow regime has the same density as the groundwater, the contaminant 
plume will spread in a shallow zone close to the water table. If the contaminant 
solution is considerably more dense than the groundwater. the plume will sink 
steeply downward into the groundwater flow system. Prediction of contaminant 
migration patterns requires accurate knowledge of the density of the contaminant 
solution as well as that of the groundwater. 

Nonreactive Constituents in Heterogeneous Media 

If it were not for the effects of heterogeneities in natural geological materials, 
the problem of prediction and detection of contaminant behavior in groundwater 
flow systems would be easily solved. Advection is the process whereby solutes are 
transported by the bulk mass of the flowing fluid. Advection is normally considered 
on the macroscopic scale in terms of the patterns of groundwater flow. These pat­
terns are defined by the spatial and temporal distributions of the average linear 
velocity of the fluid. Flow patterns and flow ncts have been described extensively 
in Chapters 5 and 6. Our purpose here is to consider in morc detail the effects on 
flow lines and velocities exerted by various types of heterogeneities. 

To illustrate the effect of simple layered heterogeneities on transport patterns, 
the cross-section flow-domain illustrated in Figure 9.8(a) is used. It is assumed that 
steady-state groundwater flow occurs through the cross section and that the 
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flow domain is isotropic with respect to hydraulic conductivity. To illustrate the 
effect of stratigraphic variations on the transport paltern of contaminants entering 
the system in a recharge area, a contaminant input zone is located on the cross 
section. In field situations this could represent seepage from a waste lagoon, sani· 
tary landfill, or some other surface or ncar-surface source. Figure 9.8(b), (c). (d), 
and (e) shows the patterns of contaminant transport that would occur with various 
hypothetical stratigraphic configurations. The contaminant is assumed to be non· 
reactive and the effect of dispersion is neglected. The flow lines that depict the 
limits of the contaminant migration patterns were obtained by solution of the two­
dimensional form of the steady-state groundwater flow equation [Eq. (2.69)J, 
using the finite-element method in the manner described by Pickens and Lennox 
(1976). Figure 9.8(b) indicates that in situations where the How domain is homo­
geneous, the contaminant migration pattern would be simple and relatively easy 
to monitor. The conditions for the flow system shown in Figure 9.8(c) are similar 
to the previous case, with the exception of the inclusion of a thin, higher_condUC_ \ 
tivity horizontal layer that extends across the flow domain. This would cause the 
contaminants to move through the flow system almost entirely in this th in layer. 
The total travel time would be one-fifth of the nonstratified case illustrated in 
Figure 9.8(b). The thin higher conductivity bed has a conductivity 100 times larger 
than the rest of the system and exerts a very strong influence on the migration 
patterns and velocity distribution. If the lower-K medium (K1) represents a very 
fine-grained sand, the higher-K bed (K1) could represent a medium- or coarse­
grained sand. In stratigraphic studies of waste disposal sites, a thin medium· 
grained sand bed in an otherwise fine-grained sand deposit cou ld easi ly be 
unnoticed unless carefu l drilling and sampling techniques are used. 

In Figu re 9.8(d) a discontinuous layer of low-conductivity material exists 
in the cross section. The contaminant migration zone moves over the first lense 
and under the second one. To reach the discharge area, it passes through the second 
lense near the end of its flow path. 

Figure 9.8(e) shows the contaminant migration pattern that would exist if 
a thin higher-conductivity bed is discontinuous through the central part of the 
cross section. The discontinuity causes a large distortion in the contaminant migra­
tion pattern in the middle of the cross section. The contaminated zone spreads out 
in the central part of the How system and extends to the water·table zone. In 
situations where contaminants can be transferred through the unsaturated zone 
by advcction, diffusion, or vegetative uptake, this condition could lead to spread 
of the contaminants in the biosphere. Figure 9.8(e) also illustrates some of the 
difficulties that can arise in monitoring contaminated flow systems. If little infor­
mation were avai lable on the stratigraphy of the system, there would be no reason 
to suspect that the type of distortions shown in Figure 9.8(e) would occur. Lack of 
this information could result in inadequate monitoring of the system. In nature, 
geologic cross sections typically include many stratigraphic units with different 
hydraulic conductivities. Large conductivity cont rasts across sharp discontinuities 
are common. Relative to real situations, the effccts of stratification illustrated in 
Figure 9.8 are very simple. 

399 Groundwater Cont,min, tion I Ch. 9 

In the discussion above, layered heterogeneities on the scale that could, if 
necessary, be identified and mapped by carefu l drilling, sampling, and geophysical 
logging were considered. Heterogeneities in another category also exist in most 
geologic setti ngs. These are known as small-scale heterogeneities. They cannot 
be identified individually by conventional methods of field testing. Even if identifi­
cation is possible using special coring techniques, these heterogeneities usually 
cannot be correlated from borehole to borehole. In granular aquifers, heterogenei. 
ties of this type arc ubiquitous. Hydraulic conductivity contrasts as large as an 
order of magnitude or more can occur as a result of almost unrecognizable varia­
tions in grain-size characteristics. For example, a change of silt or clay content of 
only a few percent in a sandy zone can have a large effect on the hydraulic con­
ductivity. 

Figure 9.9 illustrates the effect of two types of small-scale heterogeneities 
on the pattern of migration of a tracer or contaminant in granular porous media. 
In Figure 9.9(a) the pattern of dispersion is regular and predictable using the 
methods described above. In Figure 9.9(b) the lense-type heterogeneities cause the 
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tracer front to advance in a pattern commonly referred to as fingering. In this case 
the contaminant is transported morc rapid ly in the lenses or beds of higher hydrau~ 
lie conductivity. Figure 9.9(c) illust rates results obtained by Skibitzke and Robert­
son (1963) using dye tracers in a box model packed with fine sand and long sinuous 
lenses of coarser sand . These authors observed that a large angle of refraction at 
the boundary between sand of contrasting permeability caused accelerated spread­
ing of the tracer zone. 

In onc of the very few detailed three-dimensional studies of contaminant 
movement in sandy deposits, Childs et al. (1974) observed that "plumes migrate 
along zones ... thai, although they are texturally similar, show subtle differences 
in fab ric that result in slight variations in permeability. Bifurcations indicate that 
detection of a shallow plume does not negate the existence of the other plumes of 
the same constituent at depth" (p. 369). 

Nearly all studies of dispersion reported in the literature have involved 
relatively homogeneous sandy materials under controlled conditions in the labora· 
tory. These studies have indicated that the dispersivity of these materials is small. 
Values of longitudinal dispersivi ty are typically in the range of 0.1 to 10 mm, 
with transverse dispersivity values normally lower by a factor of 5-20. Whether or 
not these values are at all indicative of dispersivities in field systems is subject to 
considerable controversy at the present time. Many investigators have concluded 
that values of longitudinal and transverse dispcrsivities in field systems are signif­
ican tly larger than values obtained in laboratory experiments on homogeneous 
materials or on materials with sim ple heterogeneities. Values of longitudinal dis­
persivily as large as 100 m and lateral dispersivity values as large as 50 m have been 
used in mathematical simulation studies of the migration of large contaminant 
plumes in sandy aquifers (Pinder, 1973; Konikowand Bredehoeft , 1974; Robertson, 
1974). 

To illustrate the effect of large dispersivities on the migration of contaminants 
in a hypothetical groundwater How system, a cross-sectional How domain similar 
to that shown in Figure 9.8(a) and (b) will be used . Figure 9.10 shows the effcct 
of dispersivity on the spreading of a contaminant plume that emanates from a 
source in the recharge area of the flow system. Although the cross sections shown 
in Figure 9.10 are homogeneous, dispersivities for the system are assumed to be 
large as a result of small-scale heterogeneities. With assigned values of dispersivity 
the patterns of contaminant distribution can be simulated using a finite-element 
approximation to the transport equation expressed in two-dimensiona l form for 
saturated heterogeneous isot ropic media [Eq. (A I0.13), Appendix XJ: 

a (ac) a (ac) a _ ac % D, ~ + rs, D, rs, - %(v,C) = Tt (9.8) 

where s, and s, are the directions of the groundwater Howlines and the normals 
to these li nes, respectively. The finite-element model used to obtain the contami­
nant distributions shown in Figure 9.10 is described by Pickens and Lennox (1976). 
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Figure 9.10 Di$persion of a contaminant during transport in I shallow 
groundwater flow ~tem. Porosity 30%; hydraulic conductivity 
0.5 m/day; «d«, .. 20 ; transport time 15 years; concentrat ion 
contours at CICo • 0.9, 0 .7, 0.5, 0.3, and O. t (after Pickens end 
Lennox, 1976). 

Other numerical models have been developed by Reddell and Sunada (1970), 
Bredehoeft and Pinder (1973), Pinder (1973). and Schwartz (1975). The simulations 
presented in Figure 9. 10 indicate that if dispersivity is large, contaminants can 
spread to occu py a portion of the flow system many limes larger than would be 
the case in the presence of advection alone. If the transverse dispersivity is very 
large as indicated in Figu re 9.10, contaminants transported along relatively 
horizontal How paths can migrate deep into the flow system. The longitudinal 
and transverse dispersivities represented in the simu lated contaminant transport 
patterns shown in Figure 9.10 indicate that if dispersivity values are orders of 
m.agnitude larger than the values obtained from laboratory experiments, dispt:rsion 
';]]] ~xert a strong influence on contaminant transport. Whether or not dispersivi­
ties In nonfractured geologic materials under field conditions have magnitudes 
that are this large remains to be established by detailed field experiments. This 
topic is discussed further in Section 9.4. 



Transport of Reactive Constituents 

In this section we wil! consider the tra nsport of solu,tes Ihat ,behave as tho~e 
d 'b d b bul with the added innuence of chemIcal reactIOns. Changes In 

esen e a ave, kif 1y 
concentration can occur because of chemical reactions that ta e p ace en Ire 
within the aqueous phase or because of the transfer ~f the solute to or from ,other 

hases such as the solid matrix of the porous medIum or Ihc gas phase m the 
p d The myriad of chemical and biochemical reactions that can alter unsaturate zone. d ' . 
contaminant concent rations in groundwater Aow systems c,an be gro~pe In .Sl~ 
categories: adsorption-desorption reactions, aci~-base .r~act]ons, solutlOn~preclpl­
tation reactions, oxidation-reduction reaction.s, Ion paln.ng or complexall?n, a.nd 
microbial cell synthesis. Radioactive contamman ts are ml1uenc~d by. radl?actlve 
decay in addition to the nonradiogenic pr.ocesses .. In the follo.wmg dlSCuss.lon we 
will focus on adsorption as a concentratlOn-altenng mechanism. In SectIOn 9.3 

ot her types of reactions arc considered . . 
For homogeneous satu rated med,ia with st,eady-state n o~. the one-dlmen-

sed III a manner that sional form of the advection-dispersIOn equatIOn expres . . 
includes the influence of adsorption {Eq. (AIO.14), Appendix Xl IS 

(9,9) 

h 
' th bulk mass density of the porous medium, /I is the porosity, and S 

werep.lse . fh 
is the mass of the chemical constituent adsorbed on the sohd ~art 0 t e P?rous 

d
' " ass of solids as/at represents the rate at wh Ich the constItuent 

mc,um~U",m, " , 
is adsorbed {MIMTj, and (Pb/n)(dS/d!) represents the change III concemratlon In 

the fluid caused by adsorption or desorpt ion 

M M M I 
VMT = UT 

Adsorption reactions for contaminants in groundwater are normally vi~wed 
as being very rapid relative to the flow velocity. The ~mo~nt of the contamll1~nt 
thai is adsorbed by the solids (i.e. , the degree of adsorptIOn) IS commonly a functIOn 
of the concentration in solution, S = f(C). It follows that 

as as ac 
- di ~ dt·Tt 

(9,10) 

and 
(9,11) 

in which the term aSlae represents the partitioning of the contaminant between 

the solul ion and the solids. 

402 

403 GfoundWllef Cont.min.ri<1fI I Ch. 9 

The partitioning of solutes between liquid and solid phases in a porous medium 
as determined by laboratory experiments is commonly expressed in two-ordinate 
graphical form where mass adsorbed per unit mass of dry solids is plotted against 
the concentration of the constituent in solution. These graphical relations of S 
versus C and their equivalent mathematica l expressions are known as isotherms. 
This term derives from the fact that adsorption experiments are normally conducted 
at constant temperature. 

Results of adsorption experiments arc commonly plotted on double-loga­
rithmic graph paper. For solule species at low or moderate concentrations. straight­
line graphical relations are commonly obtained over large ranges of concentration. 
This condition can be expressed as 

log S = b log C + log KII 

0' 

(9, 12) 

where S is the mass of the solute species adsorbed or precipitated on the solids per 
unit bulk dry mass of the porous medium, C is the solute concentration, and KII 
and b are coefficients that depend on the solute species. nature of the porous 
medium, and other conditions of the system. Equation (9. 12) is known as the 
Freundlich isotherm. The slope of the log-log adsorption relation is represented 
by the term b in Eq. (9. 12). If b = I (Le., if the straigh t-line relationship between 
Sand C on a log-log plot has a slope of 45°), then the S versus C data will also 
plot as a straight line on an arithmetic plot. Such an isotherm is termed linear, 
and from Eq. (9.12) with b = I, 

(9,13) 

where KII is known as the distribution coefficient. This parameter is widely uscd in 
studies of groundwater contamination. KII is a valid representation of the parti­
tioning between liquid and solids only if the reactions that cause the partitioning 
are fast and reversible and only if the isotherm is linear. Fortunately, many con­
taminants of interest in groundwater studies meet these requirements. A compre­
hensive treatment of adsorption isotherms is presented by Helfferich (1962). who 
provides detailed information on many important types of isotherms in addition 
to the Freundlich isotherm. 

The transfer by adsorption or other chem ical processes of contaminant mass 
from the pore water to the solid part of the porous medium, wh ile flow occurs, 
causes the advance rate of the contaminant front to be retarded. To illustrate this 
concept, the classical column experiment shown in Figure 9.I(a) will again be 
considered. It is assumed that two tracers are added to the water passing through 
the column. One tracer is not adsorbed and therefore moves with the water. The 
other tracer undergoes adsorption, and as it travels through the column part of 
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its mass is taken up by the porOllS medium. The two tracers arc added instantane· 
ousty to the water at the column input (step-function input as shown in Figure 
9.I(b)J. As transport occurs, the two tracers are distributed in the column in the 
manner represented schematically in Figure 9. 11. The transporting water mass 
represented by the nonreactive tracer moves ahead of the react ive u acer. The 
concentration profile for the nonadsorbed Iracer spreads out as a result of disper­
sion. The concent ration profile of the front of the reactive tracer also spreads out 
but travels behind the front of the nonreactive tracer. The adsorbed tracer is 
therefore said to be retarded. 
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Figure 9.1 1 Advanceof adsorbed and nonadsorbed solutes through a column 
of porous materials. Partilioning of adsorbed species is described 
bV K~. Relative velocity - 1/[1 + (pJn)K~l. Solute inputs are 
at concentration Co al t > O. 

For cases where the partitioning of the contaminant can be adequately 
described by the distribution coefficienl (i.e., fast reversible adsorption, with 
li near isotherm), the retardation of the front relative to the bulk mass of water is 
described by the relation 

(9.14) 

where v is the average li near velocity of the groundwater and V. is the velocity 
of the CICo = 0.5 point on the concen tration profi le of the retarded constituent. 
Equation (9.14) is commonly known as the retardation equal ion. The term 
I + (p~/n) • Kd is referred to as the retardation/actor. The reciprocal of the retardation 
fac tor is known as the relative velocity (v.lv). Equation (9.14) was originally devel­
oped on an empirical basis for use in chemica l engineering by Vermeulen and 
Hiester (1952). It was fi rst applied to groundwater problems by H iggins (1959) 
and Baetsle (1967, 1969). Baetsle ind icated that it can be used to determine the 
retardation of the center of mass of a contaminant moving from a point source 
while undergoing adsorption. 

To gain a more quantitative appreciation for the effects of chemical retarda­
tion on contaminant migration, some representative parameter values will be used 
in conjunction with Eq. (9.1 4). For unconsolidated granular deposits, porosity, 

40' GrOllndWlltI' CDntaminatlon I Ch. 9 

expressed as a fraction. is commonly in the range 0.2- 0.4. The average mass density 
of minerals that constitute unconsolidated deposits is approximately 2.65. The 
range of bulk mass densities, Pt, that correspond to the porosity range above is 
1.6-2.1 gJcm' . For these ranges of porosity and bulk mass density, pJ n values 
range from 4 to 10 g/cm ' . An approximation to Eq. (9.14) is therefore 

(9.15) 

The only major unknown in Eq. (9. 15) is the distribution coefficient KII . The 
distribution coefficient can be expressed as 

K = mass of solute on the solid phase per unit mass of solid phase 
II concentration of solute in solution 

The di mensions for this expression reduce to L'/M. Measured Kd values are 
normally reported as mi ll il iters per gram (ml/g). 

Distribution coefficients for reactive solutes range from values near zero 
to 101 mllg or greater. From Eq. (9.15) it is apparent that if Xd = 1 ml/g, the 
midconcentration point of the solute would be retarded relative to the bulk 
groundwater flow by a factor between 5 and 11. For Kd values that arc orders of 
magnitude larger than 1, the solute is essentially immobi le. 

To further illustrate the effect of Jiquid- to solid-phase partitioning, a cross­
sectional flow domain similar to the one represented in Figures 9.8 and 9.10 is 
used. The pattern of contamination in this cross sect ion caused by an influx of 
water with contaminant species of different distribution coefficients is shown in 
Figure 9.12. The patterns were obtained by Pickens and Lennox (1976) using a 
finite-element solution to the transport equation with the reaction term described 
by Eq. (9. 11 ). The case in which K~ = 0 shows the zone occupied by a contaminant 
species that is not affected by chemical reactions. Under this condi tion the pro­
cesses of advection and dispersion cause the contaminant to gradually occupy 
a large part of the flow domain. The t ransport pattern is controlled by the con­
taminant input history, by the velocity distribution, and by dispersion. Con­
taminant species with Kd val ues greater than zero occupy a much sma ller portion 
of the flow domain. If Kd = 10 ml lg, most of the contaminant mass migrates only 
a very short distance from the input zone during the specified migration period. 
This situation can be anticipated from consideration of the magnitude of tbis Kd 
val ue in Eq. (9.15). There is an extensive zone beyond the CjCf = 0.1 contours 
shown in Figu re 9.12 in which the contaminant occurs at very low concentrations. 
If the contaminant is harmful at low concentrations, this zone can be extremely 
important, even though it includes only a small portion of the total contaminant 
mass in the flow system. 

When a mixture of reactive contaminants en ters the groundwater zone, each 
species will travel at a rate depending on its relative velocity. v./v. After a given 
time I, the origina l contaminant cloud will have segregated into different zones, 
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Figure 9.12 Effect 01 the distribution coefficient on contamirulnt retardation 
during transport in a Shallow <jjfoundwillel flow system. Porosity 

0.3: hydraulic conductivity 0.5 m/day; (l / * to m: fl, .. 0.5 m; 
Ifansport time 60 years : concentration contours at Cleo - 0.9, 
0.7,0.5,0,3. and 0.1 (after Pickens and Lennox, 1975). 

each advancing in the same direction at different velocities. Considering.t~e instan­
taneous point-sou rce example described by Eqs. (9.6) and (9.7)',the posl~Lon of the 
center of mass of the migrating cloud is obtained from the relative velocllY defined 
by the reciprocal of V!v< calculated from Eq. (9.14): Equation (9.~) can b~ used.to 
calculate the concent ration distri bution of the dissolved react ive speCIes, WIth 
substitution of l' for t, where l' = I(VJjj). Since the total standard deviation of 
a given distribution is a function of time as well as distanc~ traveled, both param­
eters influence the dispersion pattern of each retarded specIes (Baetsle, 1969). . 

The distribution coefficient approach to the representation of chemical pa~tl­
tioning of contaminants in groundwater flow systems is based on .the. assumptJ~n 
that the reactions that partilion the contaminants between the hqUld and sohd 
phases are completely reversible. As a contaminant plume advances ~long flow 
paths, the front is retarded as a result of transfer of part of the co~ta~lI1an~ mass 
to the solid phase. If the input of con tam inant mass to the system IS dlscontlllu.ed, 
contaminants will be transferred back to the liquid phase as lower-concentratiOn 
water flushes through the previously contaminated zone. In this situation the con­
taminant moves as a cloud or enclave through the flow system. This is illustrated 
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Figure 9.13 Migralion of a reactive conlaminanllhrough a Shallow grollnd­
water flow system. (a) Concenuation verSlIS 'ime relat ion for the 
conlaminanl source; (b) concenlf<lIion distribulions after 20. 
35. lind 50 years. Porosily 0.3; hydraulic conductivity 0.5 m/day; 
iJl • 10m; iJ, - 0.5 m; concentralion contours al CICo - 0.9. 
0.7.0.5.0.3. and 0.1 (alter Pickens and Lennox, 1976). 

in Figure 9.13, which shows the migration of a contaminan t enclave through the 
cross section ill ustrated in Figures 9.10 and 9.12. Jnitially, the contaminated zone 
is localized beneath the input area. After the input of contaminated water is discon­
tinued, the contaminant mass moves along the flow paths. leaving a zone of less­
contaminated water beneath the input area. As time goes on, the contaminants are 
flushed out of Ihe flow system. if the partitioning reactions are completely revers­
ible. all evidence of contamination is eventually removed from the system as com­
plete desorption occurs. Thus, if the reactions are reversible, contaminants cannot 
be permanently isolated in the subsurface zone, even though retardation of the 
concentration front may be strong. In some situations a portion orthe contaminant 
mass transferred to the solid part of the porous material by adsorption or precipi­
tation is irreversibly fixed relative to the lime scale of interest. This portion is not 
transferred back to the pore water as new water passes through the system and is 
therefore isolated in the subsurface environment. 

When the distribution coefficient is used to determine contaminant retarda­
tion, it is assumed that the partitioning reactions are very fast relative to the rate 
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of groundwater movement. Many substances. however, d,D not react suffi~iently 
fast with the porous medium for this assumption to be valid. When contammants 
of this type move through porous media, they advance more rapidly than would 
be the case if the reactions produce K~ type partitioning relations. This is illustrated 
in Figure 9.14, which shows the nonequilibrium front in a position between the 
front of a nonretarded tracer and the front of a retarded tracer described by the Kd 
relation. Analysis of the movement of contaminants that undergo partitioning in 
a manner that cannot be described by equilibrium relations requires information 
on the rates of reaction between the contaminant and the porous medium. This 
information is difficult to obtain . In field studies the retardation equation described 
above is often used because of its simplicity or because there is a lack of informa­
tion on reaction rates. This can lead to scrious errors in prediction of rates of con­
taminant migration in systems whcre kinctic factors are important. 

Figure 9.14 

Corllinuous Irocer supply 01 lime 1>0 

b , 

Oisloncc-

o I 
I 

Advance of reactive end nonreactivB cOJ"\taminaJ"\ts through a 
column. (m) Dispersed Iront of nonretarded solute; (b) ffont of 
solute that undergoes equilibrium partitioning between liquid 
and solids; (c) front 01 50lute that undergots slower rate of 
transfer to the lolids. 

Transport in Fractured Media 

Although contaminant transport in fractured geologic matcrials is governed by 
the same processes as in granular media- namely, advection, mechanical dispersion, 
molecular diffusion, and chemical reactions- the effects in fractured media can be 
quite diffcrent. The effective fracture porosity of fractured rocks and of con­
solidated cohesive materials that arc fractured, such as jointed till, silt, or clay, 
is normally very small. Values in the order of 1-0.001 %, or lO-LJO- s expressed 
as a fraction, arc not unusual. Although the porosities are small, the groundwater 
velocities can be large. The reason~ for this can be deduced from the modified 
Darcy relation (Section 2. 12) 

_ K dh 
tt = -- ­

nr dl 
(9.16) 

where Ii is the average linear velocity of water in the fractures, K the bulk hydraulic 
conductivity of the fractured medium, n, the bulk fracture porosity, and dh/df 
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the hydrauli~ gradient. This relation treats the fractured medium as an equivalent 
porous ~edJUm. !he pa~ameters in the equations relate to a volume segment of 
the m~dJUm that IS suffiCIently large to be described by hydraulic conductivity and 
poro.sHy averaged over the bulk mass. In this approach each fracture opening is 
~onsldered to be very small relative to the bulk volume of the domain over which K 
IS measur.ed. The.number of fractures in this domain therefore must be large. 

Fo~ I.llustratlve purposes we will consider a medium that has a bulk hydraulic 
conductlv~t~ of ~O- · ml s and a fracture porosity of 10- 4 • These values could repre­
sen.t co.ndJt.IO~S 10 a slightly fractured granite. Using a hydraulic gradient of IO-~ , 
WhlC~ IS w,thlO the range commonly observed in field situations, the groundwatcr 
velOCIty computed from Eq. (9.16) is 10 m/yr. Compared to veloci ties in fine­
grained unfraClUred granular materials, this velocity is very large. For example, an 
~n:ractured granular medium, such as a silt deposit, with this hydraulic conduc­
tJVlty.and gradient and an intergranular porosity of 0.3 would have a groundwater 
velo~lty of about O.OO~ m/yr. The flux of water (volume of water per unit time 
passlOg through a speclflcd cross-sectional area) in these two cases is the same and 
~s extremely small. Although Eq. (9.16) can be used 10 compute average velocities 
10 fractured media, it provides no indication of the velocities in individual fractures 
Depending on .the fracture aperture and wall roughness, the velocity of ground~ 
water may deVIate from the average by orders of magnitude. 

It was indicatcd above that in the mathematica l analysis of mechanical dis­
p~rsion. i~ granul~r media , the media are assumed 10 be isotropic with respect to 
dlsperslvlty. That IS, longitudinal dispersivity at a point in the medium has a single 
value regardless of the direction of the velocity vector. Each of the transverse 
d~spersivities has a single va lue relative to the longitudinal dispersivity. The 
dIfferences betwecn longitudinal and transverse dispcrsivities are related to the 
mechanism of dispersion rather than to directional properties of the medium. 
Fracture? geo.logic materials, however, are notoriously anisotropic with respect 
to the Oneniallon and frequency of fractures . lt can be expected that the dispersion 
of solutes during Iransporl through ·many types of fractured rocks cannot be 
?cscribed by the cquations developed for homogeneous granular materials. Lillie 
IS k.nown about dispersion in fractured media. A common approach in field investi­
gatiOns of contaminant migration in fractured rock is to treat the problem in thc 
same manner mathematically as for granular porous media. The scale at which this 
approach becomes valid in the analysis of field si tuations is not known. As a con. 
cluding comment on this topic, the statement by Castillo et al. (1972) is appropriate: 

Although the basic theoretical aspects of .. . (dispersion) ... have been 
treated at length for the case where the permeable stratum is composed of 
granular materials, the classical concept of flow through a porous medium is 
generally inadequate to describe the flow behaviour in jointed rock, and it 
becomes increasingly unsuitable fot the analysis of dispersion. Pespite these 
limitations, little work has been directed toward extending these ideas to 
handle flow through jointed rock formations (p. 778). 
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A modification in approach is necessary for the distribution coefficient or 
isotherm concept to be applicable in the analysis of the migration of reactive 
contamin ants th rough fractured media. For granular materials the amount of 
solute adsorbed on the solid part of the porous media is expressed per unit mass 
of the bu lk med ium in a dry state. For convenience the unit mass of the porous 
medium is used as a reference quantity. A more mechanistic but less conven ient 
approach would be to use a unit surface area orthe porous med ium as the reference 
quantity. This would be a reasonable approach because adsorption reactions are 
much more closely related to the surface area of the solid medium than to the mass 
of the medium. Nevertheless, for granular materia ls such as sands, siits, and clays, 
the use of mass density in the definition of the distrib ution coefficient normally 
produces accept able results. With this approach, measurements of effective surface 

area are not necessary. 
In the case of con taminant migration through fractured materials, it is more 

appropriate , as suggested by Burkholder (1976), to express the distribution coef­

ficient KG on a per_u nit_su rface _area basis. 
It is therefore defined as 

K _ mass of solute on the solid phase per unit area of solid phase 
• - concentration of solute in solution 

The di mensions for this expression are [MILl · U IM] or [LJ. The units that are 

common ly used are millil iters per square centimeter. 
The retardation equation therefore becomes 

~ = 1+ AK. (9.17) 
v, 

where A is the surface area to void-space (volume) ratio [I lL] for the fractu re 
openi ng through which the solute is being transported. It is apparent from this 
relation that fractures with smaller apertures produce greater retardation of reac­
tive solutes. The distri bution coefficient in this reta rdation expression has the same 
inherent assumpt ions as Eq. (9.14), namely: the partitioning reactions are reversible 

and fast relative to the flow velocity. 
Equation (9.17) is simple in conceptual terms, but it is difficult to apply to 

natural systems. If information can be obtained on the aperture of a fracture and 
if the fracture su rface is assumed to be planar, A = 21b, where b is the aperture 
width (Section 2. 12). Fracture surfaces usually have small-scale irregularities and 
therefore can have much larger surface areas than planar surfaces. In the deter· 
mination of the adsorption isotherm or distribution coefficient fo r the fractu re, 
the partitioning of the contaminant between fl uid in contact with the fracture and 
the fracture surface is measured. If the fracture surface is irregular or contains 
a coating of weathered material or chemical precipitates, the actual surface area 
with which the contaminant reacts is unknown. Without an elaborate experimen­
tal effort. it is indeterminant. A practical approach is to express the K. relative 
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to t~e area of an assumed planar fracture surface, ,'n relatIOn becomes which case the retardation 

~ = I + 2K. ", b (9.18) 

It should be kept in mind thai E (9 17) . . 
in which the porosity of the 5 I"d q. b IS on ly valid for fractured materials 
contaminants occur in rracture~ \h ma~s etwe~n fractures is insignificant. When 
bet ween the fracture fluid and th fler.~ I~ a gradIent of contaminant concentration 
fractu re. If the solid matrix is p e UJ m t ~e unfractured material adjacent to the 
by molecular diffusion from tho:or"" t

a po~tlOn °hfthe contaminant mass will move 
.... rac UTe mto t e m t' Th' . 

removed, at least temporarily from the fl .. a TlX. IS mass IS therefore 
Figure 9.15 illustrates the effect oro; re~lme. m t~e open fracture. 

dist ribution of nonreactive and react" atr.lx dlffus.lOn ? n the concentration 
in a medium with a porous m t . lve co~tamma~ts mlgratmg through a fracture 
dispersion within the fract",- ,.~ ~nl: .. F?fir dl ustcratlve purposes it is assumed that 

. . ......... I "Igm cant. omparison f F' 9 
(b) mdlcates that diffusion into the t' 0 Igure .15(a) and 
to diminish gradually toward the f:~tTiXfc;husesdthe c?ncenl ratio~ in the fracture 

bulk mass of the advancing contaminant ~one ~n ~h:~~~~~~r~~~~:~~~:tb:~~~~r!:~ 
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Figure 9.15 

" 
t:ffe~t of d iffus ion on contaminant migration in p%us fractured 
medIUm. (a) Un.idirectional hydraulic transport in a ffacture in a 
nOrlpo~OU~ med,um; (b) unidifectional hydraulic transport with 
~ ,gratlon mto matrix as a result of molecular diffusion; (c) uni ­
dllectlo~al hydr~ulic transport w ith molecular diffusion and 
adS~rptiorl (prOfIles 01 relative concentration of reactive con­
tamInant within iraclure shown at tima t ,) . 

• • 
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b ause art of the contaminant mass is transferred to the matrix. The gen~ral 
~c e of~he longitudinal profile is somewhat similar to that produced by long.ltu­

'd' aP
I dispersion in granular materials. If the contaminant undergoes adsorpt~on> 

Ina . on a much larger surlace 
he effcct of diffusion is to cause adsorptIOn to occu r . . .' 

t h ld be the case if the contaminant mass remamed entirely wlthm the 

~::;t~r:.n AW;~rtion of the con~ami.nant is adso.rbed on th~ su rface of ~~e f~a~~~~~ 
and as diffusion occurs a portion IS adsorbed In the matrix. The. c~m me 

. n the fracture surface and adsorption in the matriX IS to cause the 
~~:~:~~~~tn:ass in the fracture to be retarded relative to the advance that would 

occur in the absence of adsorption [Figure 9.15(c)]. , . . t 
The contaminant distribution in a porous f~act~red aqUifer rcc.emng wasne 

from a su rface source is illustrated schematically m Figure 9.16. ~s time goes 0 • 
the zone of contamination will diffuse farther into the por?us matrIX. If the ~our:~ 
of contamination is discontinued, the contaminant mass m the porous matrix Wl 

eventually diffuse back to the fracture openings as fresh water flushes through the 

fracture network. 

, .... , '.' ", ' ~ -.,. ~: 
" .~;' . :;." ,,~"' ,. . , ~ '","'" , 

. "'Oiffusion inlo ' , 
~>", '~':-":I' ..... ' • .". • ~ porous rock . 
r.·, .. >". ., . --: _,~, , •... _". • '.' 

,--;, ". ~.' .,,'." ,.,,~ 

. f • I migraliOn from I sur· Figure 9.16 SchematiC representatIon 0 contamlna.n 
face source through I!actured porous limestone. 

Molecular diffusion is a process that occurs at a sufficiently rapid ~le to e~~rt 
a strong influence on contaminant behavior i~ many types of ~r~cture, mat:~:its. 

n ranite has appreciable primary porosity and permeab.lh.ty,. With po Y 
Eve g I 005-10°1 and hydraulic conductiVity In the order of 
values commonly as arge as. . 10 . d' how that 
10- 11 m/s. In the main limestone aquifer in ~ritain," detailed stu ICS s . flu­
subsu rface distributions of tritium and nitrate m the limestone are ~trongly I~urs 
enced by diffusion of these constituents from the fract.ures, w~cre rapid flo~ oc . a' 
into the porous rock matrix. (Foster, 1975). In the PlaiOs RegiOn of North ~e~tli~~ 
deposits of glacial till and glaciolacust rine clay are commonly fractured ( 
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4.4). Grisak et al. (1976) indicate that although the fractures are generally a major 
avenue of groundwater flow, the chemical evolution of groundwater is controlled 
by diffusion of dissolved reaction products from the clayey matrix into the fracture 
network. 

9.3 Hydrochemical Behavior of Contaminants 

In this section, the hydrochemical behavior of groundwater contaminan ts will be 
discussed. It is not feasible for all the hydrochemical processes that affect contami­
nants in groundwater to be considered in this text. Our purpose is to illustrate some 
of the most important processes that control the behavior of several groups of 
contaminants with different hyd rochemical properties. The origi n and causes of 
groundwater contamination are discussed in Section 9.4. 

Nitrogen 

The most common contaminant identified in groundwater is dissolved nitrogen in 
the form of nitrate (NO; ). This contaminant is becoming increasingly widespread 
because of agricultural activities and disposal of sewage on or beneath tbe land 
surface. Its presence in undesirable concentrations is threatening large aquifer 
systems in many parts of the world. Although NO; is the main form in which nitro­
gen occurs in groundwater, dissolved nitrogen also occurs in the form of ammo­
nium (NH;), ammonia (NH,), nitrite (NOi), nitrogen (N1), nitrous oxide (N10), 
and organ ic nitrogen. Organic nitrogen is nitrogen that is incorporated in organic 
substances. 

Nitrate in groundwater generally originates from nitrate sources on the land 
surface, in the soil zone, or in shallow subsoil zones where nitrogen-rich wastes 
arc buried (Figure 9.17). In some si tuations NO; that enters the groundwater 
system originates as NO; in wastes or fert ilizers applied to the [and surface. These 
are designated as direct nitrate sources in Figure 9.[8. In other cases, NO; origi­
nates by conversion of organic nitrogen or NH-;, which occur naturally or are 
introduced to the soil zone by man's activities. The processes of conversion of 
organic nitrogen to NH; is known as ammonification. Through the process of 
nitrification, NH! is converted to NO; by oxidation. Ammonification and nitri­
ficati on are processes that normally occur above the water table, generally in the 
soil zone, where organic matter and oxygen are abundant. Thus, in Figure 9.18 
these processes are represented as NO; producers outside the boundaries of the 
groundwater flow system. 

Concentrations of NO} in the range commonly reported for groundwater 
are not limited by solubility constraints. Because of this and because of its anionic 
form, NO; is very mobile in groundwater. In groundwater that is strongly oxi­
dizing, NO} is the stable form of dissolved nitrogen. It moves with the groundwater 
with no transformation and little or no retardation. Very shallow groundwater 
in highly permeable sed iment or fractured rock commonly contains considerable 
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dissolved 0
1

" It is in these hydrogeologic environments where NO; commonly 
migrates large distances from input areas. . ' . 

A decline in the redox potential of the groundwater can, In some Slluat.lOns. 

cause denitrification, a process in which NO; is r~uced to N10 o~ Nl (Flgu~e 
9. 17). This process is represented chemically in T~ble 3.~ I.. In ~n Ideal systc u; 
which can be described by reversible thermodynamIcs, demtr~ficatlOn would OCC

nd at a redox potential of about 4.2 as p£ (or + 250 mv as Eh) In water at pH 7 a 
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25"C. At this redox potential, the water would be devoid of dissolved Ol (i.e., 
below the detection limit). The NO; is reduced to NlO and then, if the redox 
potential declines further, the NzO is reduced to N l . These reaction products 
exist as dissolved species in the groundwater. If the water moves into the unsatu­
rated zone, a port ion of the N10 or Nl may be lost by off-gassing to the soi l air 
(Figure 9.18). 

Figure 9.18 indicates that in addition to the denitrification pathway for the 
reduction of NO l , there is a pathway that leads to NH:. For biochemical reasons 
only a small fraction of the NO) that undergoes reduction follows this reduction 
path. If NH: is produced in groundwater by this process, most of it would even· 
tually be adsorbed on clay or silt-sized particles in the geologic materials. 

From a water-quality viewpoint, denit rification in groundwater is a desirable 
process. Increased concentrations of dissolved Nl and N10 are not detrimental 
to drinking water. In contrast, NO; at concentrations above 45 mg/l renders 
water unfit for consumption by human infants. If water has more than 450 mg/l 
of NO), it is unsui table for consumption by livestock. 

Denitrification is a process that has been observed in numerous investigations 
of soil systems in the laboratory and in the fie ld. Given a source of organic matter 
and abundan t NO;, bacterial systems in soil are capable of denitrifying large 
amounts of NO;. Denitrification in the groundwater zone, however, is a process 
about which little is known. It appears that a lack of suitable types or amounts of 
organic matter in the groundwater zone commonly inhibit the growth of deni­
trifying bacteria in groundwater. This limits the rate of denitrification, even if the 
redox system has evolved toward reduci ng condit ions. However, since groundwater 
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commonly Hows at low velocity, a slow rate of denitrification may nevertheless 
be significant with respect to the nitrate budget of the subsurface environment. 
For discussions of field situations in which evidence indicating denitrifica'tion in 
aqui fers is presented, the reader is referred to Edmunds (1973) and Gillham and 

Cherry (1978). 

Trace Metals 
In recent years the mobility of Irace metals in groundwater has received consider­
able allention. Of special interest are the trace metals for which maximum per­
missible or recommended limits have been set in drinking water standards. These 
include Ag, Cd, Cr, Cu, Hg, Fe, Mn, and Zn (see Table 9. 1). During the next 
decade this list may grow as more is learned about the role of trace metals in human 
health and ecology. Although these clements rarely occu r in groundwater at con­
cen trat ions large enough to comprise a significan t percentage of the total dissolved 
solids. their concentrations can, depending on the source and hydrochemical 
environment, be above the limits specified in drinking waler standards. Most of the 
clements listed above arc in an elemental group referred to by chemists as the 
transition elements. Many of these clements are also known as heavy metals. 

Trace meta ls in natural or contaminated ground waters, with the exception 
of iron, almost invariably occur at concentrations well below I mg/e. Concentra­
tions are low because of constraints imposed by solubility of minerals or amorphous 
substances and adsorption on clay minerals or on hydrous oxides of iron and 
manganese or organic matter. Isomorphous substitution or coprecipitation with 
minerals or amorphous solids can also be important. 

A cha racteristic feature of most trace metals in water is their tendency to form 
hydrolyzed species and to form complexed species by combining with inorganic 
anions such as HCO,. CO}l-. SO.l- . CI - , F- , and NO,. In groundwater environ­
ments contaminated with dissolved organic compounds. organic complexes may 
also be important. Expressed in terms of the products of hydrolysis, the total con­
centration of a trace metal MT that in the unhydrolyzed form exists as M-+ is 

If the total concentration , Mn is known, the concentrations of the other species 
can be computed using mass-action equations with equilibrium constants derived 
from thermodynamic data (Leckie and James, 1974). Using zinc as an example, 
the hydrolyzed species and inorganic complexes that would form would include 
ZnOH+, Zn(OHn, Zn(OH)4 l -. ZnCI-, ZnSO~, and ZnCO; . The occu rrence and 
mobility of zinc in groundwater requires consideration of these and other dissolved 
species. Chemical analyses of zinc in groundwater provide direct information only 
on the total zinc content of water. The percent of the total concentration existing 
as hydrolyzed species increases with increasing pH of the water. Complexes of 
zinc with CI - . SO.l-, and HeO, increase with increasi ng concentrations of these 
anions in solution . In Section 3.3, it was shown that dissolved species in ground-
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water resulting from the formation of complexes with major ions can be com uted 
from analyses of total .concentrations of major constituents. In much the ~ame 
manne~, the concentration of trace-metal complexes can be computed using con­
~entratlOn lda~a from laboratory analyses. Capability to predict the mobility of 
race meta, s In groundwater can depend on the capabili ty for prediction of the 

concentratIOns 0: the mo.sl important complexes formed by the element in the 
;ater. Although In.formatlOn on the free and complexed forms are often required 
~r an. understandl~g of the mobility of trace metals, the concentration values 

listed In water quality standards are total concentrations. 
Nearly all. t.he trace metals of interest in groundwater problems arc influenced 

by riox conditions, ~s a result either of changes in the oxidation state of the trace 
meta or of non~e~alhcel~ments with which it forms complexes. The redox environ­
~en\~aYhaISo I.ndlrectly Influence t race-metal concentrations as a result of changes 
In so I p .ases.1n the. porous medium that cause adsorption of the trace metal In 
tho df?'.lowmg diSCUSSion, mercury is used for illustration of the influence of redox 
con IllOns and complex in O' f C _. g .. !agrams 0 pE- pH for Hg, in water that contains 

w • 

I and dissolved sulfur speCies, are shown in Figure 9.19. Figure 9.19(a) indicates 
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the main solid compounds of mercury that occur in the various pH- pE stability 
fields and the field in which liquid mercury occurs. The dominant aqueous Hg 
species in equilibrium with these solid phases containing appreciable concentra­
t ions O[SO.l- and Cl - are shown in Figure 9.19(b). In high-Cl- water, HgCl~ is the 
dominant dissolved species of Hg in the normal pH range of groundwater under 
oxidizing conditions. At low Cl - concentrations, HgO is the equilibrium solid 
phase and Hg(OHn is the dominant dissolved species at high redox potential. 
The main equilibrium reaction in this pH-p£ environment is 

HgD + H.O = Hg(OH)~ (9.19) 

At 25°C, log K for this reaction is - 3.7. The equilibrium Hg(OH)~ concentration 
from this reaction is therefore 47 mg/t. This concentration is 4 orders of magnitude 
above the maximum permissible level for drinking water. In most of the pH-pE 
domain below the HgO(s) stability field, solubility constraints produce equilibrium 
concentrations of total dissolved mercury considerably below this level. In much 
of the redox domain, the equilibrium concentrations are below the maximum levels 
permitted in drinking water. 

Some of the other trace metals also have large equilibrium concentrations in 
waters with high redox potential. In anaerobic ground waters, the relative insolu­
bil ity of sulfide minerals can lim it trace metals to extremely low concentrations. 
In nonacidic ground waters with high concentrations of dissolved inorganic carbon, 
solubi lity of carbonate materials will, if equilibrium is achieved, maintain concen­
t rations of metals such as cadmium, lead, and iron at very low levels. This is the 
case provided that excessive amounts of inorganic or organiccomplexing substances 
are not present in the water. 

In addition to the constraints exerted by solubilities of solid substances and 
the effects thereon caused by the formation of dissolved complexes, the occurrence 
and mobi li ty of trace metals in groundwater environments can be strongly influ­
enced by adsorption processes. In some ground waters, many of the trace 
metals arc maintained by adsorption at concentrations far below those that would 
exist as a result only of solubil ity constraints. Trace-metal adsorption in subsurface 
systems occurs because of the presence of clay minerals, organic matter, and the 
other crystal1ine and amorphous substances that make up the porous media . In 
some geologic materials trace-metal adsorption is controlled by crystalline or 
amorphous substances that are present in only small quantities. For example, 
Jenne (1968) indicates that hydrous oxides of Fe and Mn furnish the principal 
control on the fixation of Co, Ni, Cu, and Zn in soils and freshwater sediments. 
In oxidizing environments, these oxides occur as coat ings on grains and can 
enhance the adsorptive capability of the medium far out of proportion to their 
percent occurrence relative to the other solids. The hydrous oxide coatings can act 
as scavengers with respect to trace metals and other toxic constituents. 

Hydrous iron and manganese oxide precipitates are usually denoted as 
Fe(OH>s(s) and Mn02(s). FeOOH(s) is sometimes used to designate the iron oxide 
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precipitates. The oxides of iron and manganese may be X-ray amorphous (i.e., 
noncrystalline) or crystalline_ In crystalline fo rm hydrous iron oxide is known as 
the mineral goethite, or if the composition is FetO l , as hematite. Hydrous iron 
oxide precipitates are generally mixtures of different phases. Crystall ine forms such 
as goethite and hematite form as a result of long-term aging of amorphous precipi. 
tates (Langmuir and Whittemore, 1971)_ 

A pH- Eh diagram for iron in water that contains dissolved inorganic carbon 
and dissolved sulfur species is shown in Figure 9.20_ Within the pH range typical 
of groundwater, Fe(OHMs) is thermodynamically stable at moderale to high pE 
values. In groundwaters with appreciable dissolved inorganic carbon and sulfur, 
FeCO;(s) (siderite) and FeSl(pyrite or marcasite) are stable at lower pE values. 
In Figure 9.20 the boundaries of the Fe(OH)ls) field have considerable uncertainty 
because of uncertainty in free-energy data for Fe(OI:-lMs). Nevertheless, the pH­
p£ diagram serves to illustrate that the existence of Fe(OH)l(s) is dependent on 
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the redox conditions. From Ihis it follows that the Irace-metal adsorption capability 
of a groundwater system may vary greatly from one zone to another. If man's 
activities disturb the pH-p£ regime, a zone that initially has a strong capability for 
trace-melal adsorption may lose this capabi lity, or the reverse situation may occur. 

In summary, it can be concluded that the environmental chemistry of trace 
metals is complex. It is difficult 10 predict their transport behavior within ground_ 
water flow systems. In many subsurface environments adsorption and precipitation 
reactions cause fronts of these elements to move very slowly relative to the velocity 
of the groundwater. It is not surprising, therefore, that relatively few instances of 
trace.meta l pollution of groundwater have been reported (Kaufman, 1974). In 
situations where t race-metal contaminati on does occur, however, the consequences 
can be serious. 

More comprehensive rcviews of trace-metal behavior in aqueous systems are 
provided by Leckie and James (1974) and Leckie and Nelson (1977). The occurrence 
and controls of trace metals in natural and contaminated ground waters have been 
reviewed by Matthess (1974). 

Trace Nonmetals 
Of the many nonmetals listed in the periodic table of the elements, only a few have 
received much attention in groundwater investigations. These include carbon, 
chlorine, sulfur, nitrogen, fluorine, a rsenic, selenium, phosphorus, and boron. 
Dissolved forms of carbon (H COi, COl

1 - , COl' HICD), of ch lorine (Cn, and of 
sulfur (SO/- , HS-, HIS) occur in abundance in most natural and contaminated 
ground waters. The geochemical origin and behavior of these constituents is 
described in Chapters 3 and 7 and need not be pursued here. Nitrogen in ground­
water was discussed previously in this chapter. Our purpose here is to briefly 
review the hydrochemical behavior of the other important nonmetallic, inorganic 
constituents that OC(;ur as contaminants or as tOltic natural constituents in ground­
water. The following constituents will be considered: arsenic, fluo ride, selenium, 
boron, and phosphate. These constituents are rarely present in natural or con­
taminated waters at concentrations above 1 mg/t. Limits for the first four constit­
uents on this list are included in the drinking water standards (Table 9. 1). 

Arsenic and its compounds have been widely used in pigments, as in secticides 
and herbicides, as an alloy in metals, and as chemical warfare agents (Ferguson 
and Oav is, 1972). Synthetic organic compounds have now replaced arsenic in 
most of these uses, but because of past usage and contributions from ore processing 
wastes and from natural sources, arsenic is still an element of interest in terms of 
envi ronmental quality. Based on a review of arsenic data from water supply and 
surface water envi ronments, Ferguson and Oavis (1972) concluded that arsenic 
concentrations in natural waters often approach or eltceed the limits specified in 
drinking water standards . 

The geochemistry of arsenic has been described by Onishi and Sandell (1955). 
Fcrguson and Gavis (1972) have reviewed the arsenic cycle in natural waters. 
Arsenic occurs in four oxidation states, + V, + 1II, 0, and -111. The - 111 state 
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is stable only at elttremely low pEvalues. In the pH range typical of groundwater, 
the stable solid arsenic forms are AsIO,(s) and As2 0)(s). These solids are soluble 
enough for dissolved arsenic species to exist at concentrat ions well above the per­
missible concentration in drinking water. Under oltidizing conditions, the following 
species of dissolved arsenic a re stable: H,AsO:, RzAsO;, HAs04 2- , and As0

4
' - . 

Under mildly reducing conditions, H,AsO~, HlAsOi, and HAsO)2- are predomi­
nant. At low pE values in waters with moderate or large concentrations of dissolved 
sulfur species, the sulfides As1S, and AsS are stable. Under these conditions, total 
dissolved arsenic is limited by solubili ty constraints to concentrations far below the 
limit for drinking water. At higher pE conditions, however, dissolved arsenic 
species can occur at equilibrium concentrations that are much above the permissible 
limit for drinking water. The fact that the dominant dissolved species are either 
uncharged or negatively charged suggests that adsorption and ion exchange will 
cause little retardation as these species are transported along groundwater flow 
paths. 

Of the various nonmetals for which maltimum permissible limits are set in 
drinking water sta ndards, two of these, fluoride and selenium, are of interest 
primarily because of contributions from natural sources rather than from man. 
derived sources. Although within the strict usage of the term, these constituents 
derived from natural sources a re not contaminants even if they do occur at tOltic 
levels, their occurrence will be discussed in this section. 

Selenium is a nonmetallic element that has some geochemical properties similar 
to sulfur. Selenium can eltist in the + VI, + IV, and - II oxidation states, and 
occurs in appreciable concentrations in such rocks as shale, in coal, in uranium 
ores, and in some soils (Lewis, 1976). Tbe aqueous solubilities of selenium salts 
are in general greater than tbose of sulfate salts. In dissolved form in groundwater, 
selenium is prescnt primarily as SeO, 1 - and Se04

4 - ions. Experimental studies by 
Moran (1976) indicate that selenium concentrations in groundwater can be con­
trolled by adsorption on coatings or colloidal particles of hydrous iron oltide. In 
many groundwater systems, however, there is so little selenium present in the 
rocks or soils that availability is the main limiting factor. There are, however, 
eltceptions to this generalization. For example, Moran (1976) has described an 
area in Colorado in which waters from many wells have seleni um concentrations 
that eltceed the permissible limits for drinking water. 

Fluoride, because of the beneficial effects on dental health that have been 
claimed for it and consequently because of its use as a municipal water-supply 
additive in many ci ties, is a constituent that has received much attention in recent 
decades. Fluoride is a natural constituent of groundwater in concent rations varying 
from less than 0.1 mglt to values as high as 10-20mg/l. Maximum permissible 
limits specified for drink ing water range from 1.2 to 2.4 mglt (Table 9.1), depending 
on the temperature of the region. Concentrations recommended for optimum 
dental health are close to 1 mg/l, but also vary slightly depending on the tempera­
ture of the region. Natural concentrations of F - in groundwater depend on the 
availability of F - in the rocks or minerals encountered by the water as it moves 
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along its flow paths and on solubility const raints imposed by fluorite (CaF1) or 
fluorapatite, Ca

l
(PO')1 "CaF1 • Equilibrium dissolution-preci pitation relations for 

these minerals in water afe 

log Kll'C = - 9.8 (9.20) 

log KH'C = - 80 (9.21) 

Because of the lack of PO.'- in most groundwater environments, CaF1 is probably 
the mineral phase that exerts the solubility constraint in situations where F - is 
available from the host rock . However, as can be determined by substit uting 
values in Eq. (9.20), Ca H concentra tions of many hundreds of milligrams per liter 
are required for this solubility constraint to limit F- concentrations to levels 
below drinking water standards. The fact that nearly all ground waters are under­
saturated wi th respect to fluorite and fl uorapatite suggests that the F - content of 
groundwater is generally limited by the availability of F- in the rocks and sedi­
ments through wh ich the groundwater moves rather than by the solubility of these 
minerals. Groundwater with F - contents that exceed drink ing water standards is 
common in the Great Plains region of North America and in paris of the south­
western United States. This suggests that F - is more readily avai lable from the 
rocks of these regions than in most ot her areas of North America . 

Although phosphorus is not a harmful constituent in drinking water, its 
presence in groundwater can be of considerable environmenta l significance. Phos­
phorus additions to surface-water bodies in even small amounts can, in some 
circumstances, produce accelerated growth of algae and aquatic vegetation, 
thereby causing eutrophication of the aquatic system. Because of this, phosphorus 
is regarded as a pollutant when it migrates into ponds, lakes, reservoirs, and 
streams. The occurrence and mobili ty of phosphorus in grou ndwater is important 
in situations where there is a potential for groundwater to feed phosphorus into 
surface-water environments. Through the widespread use of fert il izers and dis­
posal of sewage on land, the potential fo r phosphorus influx to surface-water 
systems as a result of transport through the groundwater zone is increasing. 

Dissolved inorganic phosphorus in water occurs primarily as H JPO. , H 1PO;, 
HPO.1- . and PO. ' - . Since H )PO. is a polyprotic acid [see discussion in Section 3.3 
and Figu re 3.5(b)], the relative occurrence of each of these forms of dissolved 
phosphorus is pH-dependenl. In the normal pH range of groundwater, H 1PO. 
and HPO. 1- are t he dominant species. Because these species are negatively charged, 
the mobility of dissolved phosphorus in groundwater below the organic-rich 
horizons of the soil zone is not strongly limited by adsorption. The dominant 
control on phosphorus in the groundwater zone is the solubility of slightly soluble 

phosphate minerals. 
Solubili ty control is usually attributed to one or more of the following miner­

als: hydroxylapatite, Ca,(OH)(PO')J; strengite, FePO,· 2H10; and varisite. 
AJPO,.2H10. From the law of mass action, equilibrium expressions for precipita-
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lion-dissolut ion reactions of these minerals in water can be expressed as 

K. = (Ca1+l'[OH -J[PO,J-p Jog K. = - 58.5 (9.22) 

K, = [FeJt J[H1PO.l[OH -P log K, = - 34.9 (9.23) 

K. - [AI' · IIH,PO;1I0H-]' log K. = - 30.5 (9.24) 

where x.. ~ K .. and K. arc the equi librium constants for hydroxylapatite, strengilc, 
and :ansl,te, .respectively. The log K va lues a re for 2S"C and I bar. These solubil ity 
rela.tl.on~ mdlcate that the concentrations of Cal"' , Fe'+, and AP '" can control the 
eqUl hb~JUm concentra.tion of dissolved phosphorus in solution. Equilibrium con­
centratIOns of tOl.al d ~ sso l ved pha.sphorus computed from the solubility relations 
above are shown 10 FIgure 9.2 1. SlOce the solubi lities of hydroxylapatite. strengite, 
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figure 9.21 Tota l phosphate solubilily as a junction 01 pH. Oissolved phos­
pha!e in equilibrium w ith (3 ) var isei!e; (b) st.engite; (c) and 
(d) hydroxylapatite ilttwo calcium act ivit ies. 

and varisit~ .dep~nd . on t~e concentrations of Ca1+, FeH , and AP +, respectively, 
each ~~lub~hty hne IS va lId on ly fo r a specified concentration of these ions. Two 
solu~llIty hnes for hydroxylapatite (lines c and d) are shown in order to illust rate 
the I~~uen~e Of. Ca1 + .on the equilibrium phosphate concentration. The varisile 
solubIlity hne (lme a) IS based on the assumption that the AI H concentration is 
~a.verned by the solubility of gibbsite, AI(OH )'(s). For st rengite solubility (line b) 
It IS assumed that Fe(OHMs) limits the Fel+ concent ration. 

From Figure 9.21 it is apparent that equilibriu m concentrations of total dis­
solved ph osphate are large in waters that have low CaH concentrations and pH 
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values near or below 7. In anerobic groundwater, Fe H rather than Fe l
" is the 

dominant form of dissolved iron. In this situation strengite solubility is not a 
limiting factor in phosphate occurrence. Groundwaters with these characteristics, 
namely, low Cal" concentrations and reducing redox conditions, occur in many 
regions that are underlain by crystalline igneous rocks or by deposits derived from 
these rocks. In regions such as the Precambrian Shield region of Michigan, Minne­
sota, and parts of Canada, migration of dissolved phosphorus from septic systems 
through shallow groundwater regimes into dear-water lakes poses a significant 
water-quality problem. Small increases in phosphorus influx to many of these lakes 
can cause extensive growth of algae and undesirable aquatic vegetation. Pho­
sphorus mobility in groundwater can be a significant factor in the environmental 
impact or cottage and recreational developments near lakes. 

For a more extensive review of the hydrochemical controls on phosphorus 
in aqueous systems and soils, the reader is referred to Stumm and Morgan (1970) 
and Beek and De Haan (1974). 

Organic Substances 

In Chapter 3, it was indicated that all groundwater normally contains small 
amounts of dissolved organic substances of natural origin. These substances, which 
are referred to as humic and fulvic acids, are of little concern from a water quality 
viewpoint. Organic substances produced by man, however, are of great con~e.rn. 
The number of identified man-made organic compounds now totals near 2 mllhon 
and is growing at a rate of about 250,000 new formulations annually, of which 
300-500 reach commercial production (Giger and Roberts, 1977). 

Increasing numbers of these substances are relatively resistant to biological 
degradation. Many resist removal in sewage treatment plants. 11 is estimated that 
up to one-third or the total production or today's synthetic organic compounds 
eventually enters the biosphere (Iliff, 1973). More than 1200 individual man-made 
organic substances have been identified in drinking water supplies (Shackelford 
and Keith, 1976). This number is increasing rapidly as investigations of organic 
compounds in water supplies are intensified. 

The question that should be addressed here is: To what extent and under what 
circumstances are organic compounds causing degradation of groundwater quality? 
Unfortunately, this question cannot be answered at present. Since there have been 
so few investigations of organic compounds in groundwater, it is not possible at 
the present time to draw any general conclusions. Our purpose here is to briefly 
review some of the factors that are expected to playa major role in the migration 
of organic compounds into groundwater systems. 

Organjc chemicals make their way to the land surface as a result of the use of 
pesticides, the use of land for sewage disposal, the use of sanitary landfills or refuse 
dumps for disposal or organic compounds, burial of containers with organic ~om· 
pounds at special burial sites, leakage from liquid waste storage ponds, and acclden· 
tal spills along highways or other transportation routes. There are hundreds of 
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thousands of locations in North America and Europe in which organic compounds 
may be a threat to groundwater quality. 

Fortunately, there are several mechanisms that tend to prevent or retard the 
migration or most organic substances from the land surface or soil zone into deeper 
parts or the subsurface environment. These mechanisms include chemica l precip­
itation, chemical degradation, volatilization, biological degradation, biological 
uptake, and adsorption. 

Many organic substances have extremely low solubility in water. This generally 
limits the possibility for appreciable migration of large quantities in groundwater. 
However, because many of these substances are toxic at very low concentrations, 
solubility constraints are often not capable of totally preventing migration at 
significant concentration levels. For example, comparison of the solubilities and 
maximum permissible concentrations in drinking water of some of the common 
pesticides (Table 9.3) indicates that the sol ubilities gcnerally exceed the permissible 
concentrations of these pesticides. A more comprehensive description of pesticide 
compositions and solubilities is presented by Oregon State University (1974). 

Table 9.3 Comparison of Maximum Permissible 
Concentration limits in Drinking Weter 
and the Solubitities of Six Pesticides 

Maximum permissible Solubility 
concentration in water 

Compound (mg/l) (mg/l) 

Endrine 0.0002 0.2 
Lindane 0,(>04 7 
Methoxychlor 0.1 0. 1 
Toxaphene 0.005 3 
2,4·D 0.1 620 
2,4,5·TP silvex 0.01 

NOTE: Solubilities from Oregon State University, 1974. 

Many organic substances are lost from the soil zone as a result of volatilization 
(i.e., conversion to the va por state). When the substances transform from the solid 
phase or from the dissolved phase to the vapor phase, they are lost by diffusion to 
the atmosphere. This process can greatly reduce the concentrations available for 
transport in subsurface water. For volatilization to occur, however, a gas phase 
must be prescnt. Therefore, this process cannot be effective if the compounds 
migrate below the water table, where species occur only in dissolved form. 

Nearly all pesticides and many other organic substances that make thei r way 
to the land surface and hencc into the soil zone undergo biochemical degradation. 
The soil zone contains a multitude of bacteria that can convert and consume count­
less numbers of organic compounds. If it were not for these organisms, the 
biosphere would long ago have become intolerably polluted with organic com-
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pounds. In terms of environmental contamination. the major concer~ is ~ocus~ 
on those organic substances that are not readi ly degraded by bacteria, either m 
the soil zone or in sewage treatment facilities. These substances are known as 
refractory compounds. Their presence in the su rface environment is becoming 

increasingly pervasive. . 
The organic substances that pose the greatest threat to the quality of ground. 

water resources are those that are relatively soluble, nonvolatile, and refractory, 
The main mechanism that prevents most of these compounds from readily migrat_ 
ing from the land surface into aquifer systems is a~sorption. ~jnerals and amo~­
phous inorganic and organic substances in the 5011 zone and In deeper geologIc 
materials all provide surfaces for adsorption of organic compounds. Unfortun~t~ly, 
adsorption isotherms are available for only a small percentage of the eXIsting 
organic chemicals that are entering the biosph.ere. These i s?t~erms relate to only 
a sma ll number of permeable geological materials under a hm lted range of hydro­
chemical conditions. Because of this paucity of adsorption data, it is not possible 
to draw gencral conclusions on the potential magnitude of the ha~ard to ~round­
water resources posed by increasing use and dependence on organIc chemIcals. 

For readers interested in obtaining more information on the occurrence, 
classification and movement of organic substances in groundwater and surface 
waters, the following introduction to the literature may be usefuL Giger and 
Roberts (1977) describe the problems associated with characterizing refract0l}' 
organic compounds in contaminated waters. A classification scheme for org~n lc 
compounds in water is presented by Leenheer and Huffman (1977). The cherrucal, 
ecological, and adsorptive properties ofa wide variety of insecticides and herbicides 
are described by the Oregon State U niversity ( 1974). Malcolm and Leenheer (I~73) 
indicate the usefulness of dissolved organic ca rbon measurement as a contamma­
tion indicator in groundwater and surface-water investigations. Based on an exten­
sive literature review, Shackelford and Keith (1976) summarized the reported 
occurrences of organic compounds in groundwater and other waters used for 
drinking water supplies. The behavior of petroleum substances such as oil and 
gasoline in water is described by McKee (1956). Adsorption isotherms .for several 
organic compounds in selected soils are described by Kay and Elnck (1967), 
Hamaker and Thompson (1972), Davidson et al. (1976), and Hague et aL (1974). 

9.4 Measurement of Parameters 

Velocity Determination 

There are three groups of methods for determination of the velocity of ground­
water. The fi rst group includes all techniques that are directly dependent on use 
of the Darcy equation. The second group involves the use of artificial tracers. 
The third group consists of groundwater age-dating methods using environme~tal 
isotopes such as tritium and carbon 14. Darcy-based technique~ r~uire inforn;tatlOn 
on the hydraulic conductivity, hydraulic gradient, and porosIty III the portIon of 
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the flow field in which velocity estimates are desired. From these data the average 
linear velocity v can be computed using Eq. (2.82). Methods by which field values 
of hydraulic conductivity, hydraulic gradient, and porosity are determined are 
described in Chapters 2,6, and 8. They need nOI be pursued here, other than to 
note that velocity estimates based on use of these parameters in Darcy-based 
equations have large inherent uncertainties that generally cannot be avoided. 
In field si tuati ons hydraulic conductivity determinations often have large uncer­
tainties. Errors in hydraulic conductivity measurements combined with the errors 
associated with determination of the grad ient and porosity result in considerable 
error being associated with the computed velocity. In some situations better accu­
racy can normally be achieved by use of artificial groundwater tracers, although 
this may involve greater expense. 

The most direct method for groundwater velocity determination consists 
of introducing a tracer at one point in the flow field and observing its arrival at 
other points. After making adjustments for the effect of dispersion, the ground­
water velocity can be computed from the t ravel time and distance data. T he litera­
ture is replete with descriptions of experiments of this type. Many types of 
nonradioactive and radioactive tracers have been used, ranging from such simple 
{'racers as salt (NaCI or CaCI1), which can be conveniently monitored by measure­
ments of electrical conductance, to radioisotopes such as 3H, ISI I, uBr, and 
"Cr-EDTA (an organic complex with Her), which can be accurately monitored 
using radioactivity detectors. Radioisotopes have the disadvantage of government 
licensing requirements for their usc and of being hazardous when used by careless 
workers. Fluorescent dyes (fluoroscein and rhodamine compounds) have been 
used by many investigators. In field tests, visual detection of the dye can sometimes 
yield adequate results. Dye concentrations can be measured quantitatively to very 
low concen trations when necessary. Recent work suggests that Freon (CI,CF) may 
be one of the best of the artificial tracers for use in groundwater velocity tests 
(Thompson et al., 1974). It is nonreactive with geologic materials and can be used 
in extremely small concentrations that are nonhazardous in public waters. For 
reviews of tracer techniques in groundwater investigations, the reader is referred 
to Knutson (1966), Brown et al. (1972), and Gaspar and Oncescu ( 1972). 

The direct tracer method of groundwater velocity determination described 
above has four main disadvantages: (I) because groundwater velocities are rarely 
large under natural conditions, undesirably long periods of time arc normally 
required for tracers to move significant distances through the flow system; (2) 
because geological materials are typically quite heterogeneous, numerous observa­
tion points (piezometers, wells, or other sampling devices) are usually required to 
adequately monitor the passage of the tracer through the portion of the How field 
under invest igation; (3) because of (1), only a small and possibly nonrepresentative 
sample of the flow field is tested; and (4) because of (2), the fl ow field may be 
significantly distorted by the measuring devices. As a result of these four factors, 
tracer experiments of this type commonly require considerable effort over extended 
periods of time and are rarely performed. 



428 
GtOUndwllttll Cont,mlnlltion J Ch. 9 

A tracer technique that avoids these disadvantages was developed in the .US~R 
in the late 1940's. This technique, which has become known as the borehole dilutIOn 
or poi nt-dil uti on method, is now used extensively in Europe. Borehole dil~tion 
tests can be performed in relatively short periods of time in a single well or ~lezo­
meter. The test provides an estimate of the horizontal average l~ncar velOCity. of 
the groundwater in the formation ncar the well screen. A schcm~tlc representatIOn 
of a borehole dilution test is shown in Figure 9.22(a). The test IS performed tn a 
segment of a well screen that is isolated by packers from Ovc~lyin~ and ~nder1ying 
portions of the welL Into this isolated well segment a tracer IS qUickly mtroduced 
and is then subjected to continual mixing as lateral groundwater flow gradually 
removes the tracer from the well bore. The combined effect of groundwater 
through-flow and mixing within the isolated well segment prod.uces a dilution versu.s 
time relation as illustrated in Figure 9.22(b). From this relation the average hon­
zonta! velocity of groundwater in the formation beyond the sand or gravel pack 

Recorder 

10 ) 

(O) 

T .me ofter trocer Input 

Figure 9.22 BOlehole dilution tes t (e) Schematic diagram 01 apparatus ; 
(b) dilution of uIce, with lime. 
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but close to the well screen is com puted. The theory on which the computati onal 
methods are based is described below. 

Although adjustments in field technique and analytical methods can be made 
to take into account the effects of flow with a significant vertical component, the 
borehole dilution method is best suited for velocity determination in steady-state 
I~teral flow regimes. We will proceed on thi s basis and with the additional stipula­
tion that complete mixing of the tracer in the well-screen segment is maintained 
with no significant disturbance of the flow conditions in the formation . 

The effect of the well bore and sand pack in a lateral flow regime is shown in 
Figure 9.23. The average linear velocity of the groundwater in the formation 
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Figure 9.23 Distortion of flow patteln caused by the presence of the well 

screen and sand or grayel pack. 

beyond the zone of disturbance is V. The average bulk velocity across the center 
of the well bore is denoted by v·. It will be assumed that the tracer is nonreactive 
and that it is introduced instantaneously at concentration CD into the isolated 
segment of the well screen. The vertical cross-sectional area through the center of 
the isolated segment is denoted as A. The volume of this well segment is W. At 
time t > 0, the concentration C in the well decreases at a rate 

which, upon rearrangement, yields 

de 
c~ 

A • v· . C 
w 

A· v· ·dt 
W 

Inlegration and use of the initial condition, C = Co at I = O. leads to 

;' ~-~)n(~) 
A . t Co 

(9,25) 

(9,26) 

(9,27) 
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Thus, from concentration versus time data obtained during borehole dilution 
tests, values of v· can be computed. The objective of the lest, however, is to obtain 
estimates of v. This is accomplished using the relation 

-. - . v =---", 

na (9.28) 

where n is the porosity and a is an adjustment faclOT that depends on the geometry 
of the well screen, and on the radius and hydraulic conductivity of the sand or 
gravel pack around the screen. The usual range of a for tests in sand or gravel 
aquifers is from 0.5 to 4 (Drost ct al., 1968). 

Borehole dilution tests performed al various intervals within a well screen 
can be used to identify zones of highest groundwater velocity. These zones arc 
orten of primary interest because contaminants can move through them at veloci­
ties much higher than in other parts of the system. Identification of the high­
velocity zones, which may occur in only a thin segment of an aquifer system, can 
provide for efficient design of monitoring networks for groundwater quality. 

The borehole dilution method is described in detail by Halevy et ar. (1967) 
and Drost et at. (1968). In most borehole dilution tests described in the literature, 
radioactive tracers were used. The recent advent of commercially available elec­
trodes for use with portable pH meters for rapid down-hole measurement of Cl ­
or F- has made it feasible to conduct borehole-dilution tests with these readily 
available tracers in a more convenient manner than was previously the case. An 
example is described by Grisak et at. (1977). An even simpler approach involves 
the use of salt as the tracer with down-hole measurement of electrical conductance 
as the salt is flushed from the well screen. Borehole dilution tests, like many other 
types of field tests used in groundwater studies, can be accompl ished using simple, 
inexpensive equipment or more elaborate instrumentation. The choice of method 
depends on factors such as the hydrogeologic setting, avai lability of instrumenta­
tion , and the experimental precision and reproducibility that is desired . 

Dispersivity 

From a measurement point ofvicw, the most elusive of the solute transport param­
eters is dispersivity. Longitudinal dispersivity can be measured in the laboratory 
by passing a nonreactive t racer through cylindrical samples collected from bore­
holes or excavations. These experiments produce break-through curves as illus­
trated in Figure 9.I(c). The dispersivity of the sample can be computed by fitting 
solutions of the advection-dispersion equation to the experimentally determined 
breakthrough curvc. Jf the breakthrough curve is obtained from a column test 
with step-function tracer input, Eq. (9.5) can be used in the analyses of the curve. 
The velocity is obtained by dividing the specific discharge of water through the 
column by the porosity. Dispersivity is then obtained as the remaining unknown 
in the equation. Dispersivity values obtained from column tests on disturbed or 
undisturbed samples of unconsolidated geological materia ls inva riably yield values 

r 
431 Groundw,Ulf Conlamination I Ch. 9 

in the range 0.01 - 2 em. Based on 2500 column dispersion tests of this type, Klotz 
and Moser (1974) observed that values of longitudinal dispersivity depend on grain 
size and grain-size distribution and arc independent of grain shape, roughness, 
and angularity. 

Longitudinal dispersivity valucs determined by column tests are generally 
viewed as providing lillie indication of the in situ dispersivity of the geologic mate· 
rials. Dispersivity has the distinction of being a parameter for which values deter­
mined on borehole-size samples are commonly regarded as having little relevance 
in the analysis of problems at the field scale. 

It is generally accepted that longitudinal and transverse dispersivities under 
field conditions are larger than those indicated by tests on borehole samples. in 
other words, tracer or contaminant spreading in the fie ld as a result of dispersion 
is greater than is indicated by laboratory measurements. This difference is normally 
attributed to the effects of heterogeneities on the macroscopic flow field. Since most 
heterogeneities in geological materials occur at a larger scale than can be included 
in borehole samples, dispersivity values from tests on small samples can be viewed 
as representing a property of the medium but at a scale of insufficient size for 
general use in prediction of dispersion in the field. 

Studies of contaminant migration under field conditions require dispersivity 
measurements in the field. Although this premise is generally accepted, there is 
little agreement on the types of field dispersivity tests or methods for test analysis 
that are most appropriate. This state of affairs may be the resu lt of the fact that 
relatively few dctailed field dispersivity tests have been conducted, rather than a 
result of excessive difficulties of the task. It has only been in recent years that dis­
persivity at the field scale has received much attention. In comparison to the many 
thousands of fie ld hydraulic conductivity and transmissivity tests that have been 
conducted in the common types of geologic materials, only a fe w tens of field 
dispersivity tests are reported in the literature. 

There are four main types of field dispersivity tests. These are (I) single-well 
withd rawal-injection tests, (2) natural-gradient tracer tests, (3) two-well recir­
culating withdrawal-injection tests, and (4) two-well pulse tests. In each of these 
tests a nonreactive tracer is introduced into the groundwater system. In the single­
well test, the tracer is pumped in for a set time period followed by pumping from 
the well and monitoring the concentration levels. The dispersivity of the formation 
near the well screen is computed from the concentration response data (Percious, 
1969; Fried et ai., 1974). In the natural-gradient test the tracer is introduced into 
the system without much disturbance of the flow regime. Its migration is then 
monitored at one or more sampling points (Fried, 1976). In the two-well recirculat­
ing test, the tracer is injected into the flow regime at one well. It is pumped out of 
a second well and then rccirculated through the withd rawa l-injection system. The 
concentration versus lime response at the withdrawal well serves as a basis for 
computation of the dispersivity using analytica l or numerical models (Grove and 
Beetem, 197 1; Pickens et al., in press). in the two-well pulse test a tracer is intro­
duced into a well situated within the drawdown cone caused by pumping of a 
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second well. Concentration data from the pumping well ' are used for calculation 
of a dispersivity value for the segment of the formation between the two wells 
(Zuber, 1974). 

Fried (1975) presents an outline of the test methods and the mathematical 
basis for analysis of data from the fi rst three Iypes of tests indicated above. In each 
case dispersivity values are obtained by fitting an analytical or numerical model 
to the experimental data. Zuber (1974) emphasizes that the dispersivity value 
obtained from a given field experiment depends, sometimes to a high degree, on 
the mathematical model used in the analysis, and on the scale of the experiment. 
Aquifers are commonly stratified and tracers travel at different rates through the 
different layers. Even though the differences in hydraulic conductivity between 
layers may be almost imperceptible, the design of wells used for sampling can exert 
a dominant influence on the dispersivity values computcd from concentration 
response data. Tests in which monitoring wells with large screened intervals are 
used can yield la rge apparent dispersivities because of mixing in the well screen. 
Pickens et al. (in press) describe a multilevel point-sampling device that is well 
suited for use in dispersion tests in sandy aquifers. Castillo et a!. (1972) show that 
the dispersive nature of fractured rocks can exhibit great complexities in com­
parison with that expected of granular materials. 

Chemical Partitioning 

Reactive contaminants transported by groundwater are distributed between tbe 
solution phase and other phases. Reactions between the dissolved species and the 
geological materials may cause a portion of the dissolved species to be transferred 
to the solids as a result of adsorption or ion exchange. Reactions primarily among 
the contaminant, other dissolved constituents, and the geological materials may 
cause a portion of the contaminant concentration to be incorporated into a solid 
form as a result of chemical precipitation. Above the capillary fringe, where a 
continuous gas phase normally exists in part of the void space, reactions may cause 
some of the contaminant mass to be transferred from the solution phase to the gas 
phase, such as occurs during denitrification in the unsaturated zone. In each of 
these processes the contaminant is partitioned between the solution and other 
phases. The ultimate fate of the contaminant in the subsurface zone can depend on 
the degree of irreversibility of the reactions. Prediction of the rate and concentra­
tions at which a contaminant will be transported in groundwater requires knowl­
edge of the rates and extent to which this partitioning will occur. 

In this brief discussion of this broad topic, we will focus on the partitioning 
of contaminants between the liquid and solid phases. There are four main 
approaches to the determination of this type of partitioning. These include (1) use 
of computational models based primarily on thermodynamically derived constants 
or coefficients for equi librium systems, (2) laboratory experiments in which the 
contam inant in solution is allowed to react under controlled conditions with sam­
ples of the geologic materials of interest, (3) field experiments in which the degree 
of partitioning is determined during passage of contaminant solutions through 
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a small segment of the groundwater system and (4) studies of existing sites at which 
contamination has already occurred. 

Insight into the computational approach based on equilibrium thermodynam­
ics can be acquired from Chapters 3 and 7. If it is expected that the concentration 
of the contaminant in solution is controlled by precipitation-dissolution reactions 
and if the necessary thermodynamic data on the aqueous and solid components 
of the system are available, the equilibrium concentration of the contaminant in 
solulion under specified conditions can be computed. Although the necessary 
computational techniques are well developed, th is method has limited application 
for many types of contaminants because of uncertainties with regard to chemical 
composition and the free energies of the controlling solid phases or because of 
sluggish rates of the dominant reactions. In many cases the contaminant species 
of interest are transported in solutions that are chemically very complex. The 
presence of organic compounds can cause contaminant mobility to be enhanced 
considerably beyond tbat predicted based on inorganic considerations alone. 

In the laboratory, t he degree of contaminant partitioning is determined in 
column experiments and in what afe known as batch experiments. In column experi­
ments (Figure 9.1), prepared solutions or natural waters to which the contaminant 
is added are passed through cylindrical samples of the geologic materials of interest. 
If the flow rate and input water chemistry is regulated to approximate tbe field 
conditions and if disturbance of the sample prior to emplacement in the column 
has not caused the material to acquire properties that deviate significantly from 
field conditions, the degree of partitioning and retardation obtained from this type 
of experiment provides an indication of wbat will take place in the fie ld. Column 
experiments, however, are rarely conducted with adherence to all of these require­
ments. There is considerable uncertainty. therefore. in application of the results 
to field situations. Column experiments are described by Rovers and Farquhar 
(1974) and Griffin et al. (1976) using sanitary landfill leachate, by Routson and 
Serne (1972) using trace concentrations of radionuclides, by Kay and Elrick (1967) 
and Huggenberger et al. (1972) using lindane (a pesticide), by Doner and McLaren 
(1976) using urea, and by many other investigators using various chemical 
constituents. 

In batch experiments the contaminated solution and the geologic material 
in a disaggregated state a re brought into contact in a reaction vessel. After a period 
of time that normally ranges from hours to days, the degree of partitioning of the 
contaminant between the solution and the geologic materials is determined. 
For partitioning data from these experiments to be applied with confidence in the 
analysis of field situations, comparisons with results of column or field tests are 
necessary . Batch tests have the advantage of being relatively quick and inexpensive 
to conduct. For some contaminants, the batch test is a standard method for estab­
lishing adsorption isotherms or selectivity coefficients in ion exchange reactions. 
Sample disturbance and the lack of representation of field flow conditions can 
detract from the validity of the results in the analysis of field situations. Samples 
used in batch tests are usually exposed to oxidizing conditions (i.e., to oxygen in 
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the air) during sample preparation and during the tests. Since the adsorpt ive 
capabilities of oxidized materials can be much different than reduced materials, the 
test results can be invalid for analysis of contaminant behavior in field systems. 

The most direct but rarely the most convenient method for determining the 
partitioning and retardation orlhe contaminant is to conduct field tests. Injection of 
a solution of appropriate composition into a small segment of the groundwater 
system followed by moni toring of its behavior can provide, in favorable circum­
stances, a basis for prediction of contaminant behavior elsewhere in the system. 
Field tests of this type can be time-consuming and expensive. In order to obtain 
adequate information, numerous tests may be required. In some situations the 
need to obtain reliable information on contaminant behavior is great enough to 
justify this effort. 

Another approach for obtaining information on the partitioning and retarda­
tion of contaminants during transport in groundwater is to conduct investigations 
at existing sites where groundwater pollution has already occurred. For results 
of these investigations to have more than site-specific significance, not only must 
the distributions of the contaminants in the water and on the porous media be 
determined, but the factors that influence these distributions must also be investi­
gated. During recent years an appreciable number of detailed studies of sites 
with subsurface contamination have been reported in the literature. Some of the 
more notable examples are those by McKee el al. (1972), Childs et al. (1974), 
Suarez (1974), Ku et al. (1978), Goodall and Quigley (1977), and Gillham and 
Cherry (1978). 

9.5 Sources of Contamination 

Land Disposal of Solid Wastes 

In North America approximately 3 kg of refuse per capita is produced daily. More 
than 20,000 landfil ls across the continent accommodate more than 90% of the solid 
waste that is produced by municipal and industrial activities. According to Yen 
and Scanlon (1975), a city of I million people generates refuse with an annual 
volume equivalent to 80 ha covered 5 m deep. Although materials recovery and 
incineration may eventually decrease the amount of waste that is disposed of by 
land filling, landfills will continue to be the primary method of disposal of these 
wastes during at least the next few decades. 

The design, construction, and operationa l aspects of land disposal of refuse 
are described by Mantell (1975). For purposes of this discussion Ihis information 
is not required, other than to recognize that much of the solid waste (refuse) that 
is now disposed of on land is emplaced in engineered disposal systems known as 
sanitary landfills. In sanitary landfi lls, solid waste is reduced in volume by compac­
tion and then is covered with earth. Ideally, the earth cover is placed over the refuse 
at the conclusion of each day's operation, but in practice less frequent cover appli­
cation is common. The landfill, consisting of successive layers of compacted waste 
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and e~rth, may be constructed on the ground surface or in excavations. In North 
Amenca a large number of the older sites that receive municipal wastes are open 
dumps or poorly ~pera.ted landfills. Newer sites are generally better situated and 
better operated. It IS estimated that 90 % of the industrial wastes that are considered 
to be hazardous. are landfilJed, primarily because il is the least expensive waste 
management optIOn. 

Our purpose here is to consider some of the effccts that refuse disposal c 
have o~ the .groundwater envi ronment. With the exception of arid areas, bur i~~ 
ref~se In samtar~ landfills and dumps is subject to leaching by percolating water 
denved from rain or snowmelt. The liquid that is derived from this process· 
~nown .as leachate. Table 9.4 indicates that leachate contains large numbers ~~ 
Iflorgamc contaminan ts and that the total dissolved solids can be very h' h 
Leachate ~lso c.on lains many organic contaminants. For example, RObertso~g e~ 
al. (1974) Ide.ntlfied more than 40 organic compounds in leachate-contaminated 
groundwater In a sandy aquifer in Oklahoma. These authors concluded that many 
of these compounds were produced by leaching of plastics and other discarded 
manufactured items within the refuse. Not only do the leachates emanating from 

Table 9.4 Representative Ranges for Various 
Inorganic Constituents in Leachate 
From Sanitary Landfills 

K' 
N,' 
c." 
M.' 
a­
SO.l­
Alkalinity 
Fe (total) 
Mo 
Co 
Ni 
Zo 
Pb 
H. 
NOj 
NH; 
P as PO. 

Parameter 

Organic nitrogen 
TOlal dissolved organic carbon 

COD (chemical oxidation demand) 
Total dissolved solids 
pH 

Representative range 
(mgt l) 

200-1000 
200-1200 
100-3000 
100-1500 
300-3000 

10-1000 
500-10,000 

1- 1000 
O.OHOO 

< I. 
O.OJ - I 
0. 1- 100 

< 5 
< 0.2 

0. 1- 10 
10-1000 
1- 100 

10-1000 
200-30,000 

1000-90,000 

5000-40,000 
4--8 

SOURCES; Griffin el aI., 1976; Leckie et at, 1975. 
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landfills contain contaminants derived from solids, but many leaehates contain 
toxic constituents from liquid industrial wastes placed in the landfill. 

Concern has developed in recent years with regard to the effect of landfills 
on the quality of groundwater resources. Garland and Mosher (1975) cite several 
examples where groundwater pollution has been caused by landfills. A case where 
leachate migration caused serious pollution of a large aquifer used as a city's 
water supply is described by Apgar and Satherthwaite (1975). It is expected that 
the cost of rectifying this situation will eventually total many millions of dollars. 

Numerous investigations in North America and Europe have shown that 
in nonarid regions, infiltrat ion of water through refuse causes water table mounding 
within or below the landfill. The mounding process is si milar to that described in 
Section 8.11. Water-table mounding causes leachate to flow downward and outward 
from the landfill as il!ustrated in Figure 9.24. Downward flow of leachate may 
threaten groundwater resources. Outward flow normally causes leachate springs 
at the periphery of the landfill or seepage into streams or other surface-water 
bodies. If the paths of leachate migration do not lead to aqui fers containing potable 
water, downward movement of leachate will not pose a threat to groundwater 
resources. 

Precipl totion 

Groundwotl!r l one 
conlominoted by leochote 

Figurll 9.24 Walel-t~ble mound benellth IIlandtili. causing lellchate springs 
and miglatic)fl ot contllminants deeper into Ihe groundwater 
zone. 

In situations where landfills are located in relatively permeable materials 
such as sand, gravel, or fractured rock, leachate migration may cause contamina­
tion over areas many times larger than the areas occupied by the landfills. An 
example of such a case is shown in Figure 9.25. At this landfill site on moderately 
permeable glaciodeltaic sand, a large plume of leachate-contaminated water, 
represented in Figure 9.25 by the CI - distribution, has penetrated deep into the 
aquifer and has moved laterally several hundreds of meters along the paths of 
groundwater flow. This contamination developed over a period of 35 years. 
lnfiltration of water through the landfill will continue to produ~e leachate for many 
decades. Transport by groundwater flow in the sand will ca use the zone of con­
tamination to greatly expand. In this particular casc, however, the aquifer is not 
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used for water supply. The spreading contaminant plume is therefore not regarded 
as a significan t problem. At a landfill on sa nd and gravel on Long Island , N.Y., 
Kimmel and Braids (1974) delineated a leachate plume that is more than 3000 m 
long and greater than 50 m in depth. These two examples and others described in 
the lit~rature indicate that if leachate has access to active groundwater flow regimes, 
pollutIOn can spread over very large subsurface zones. Physical and chemical 
processes arc sometimes incapable of causing appreciable attenuation of many of 
the toxic substances contained within the leachate plume. 

If landfills are situated in appropriate hydrogeologic setti ngs, both ground­
water and surface-water pollution can be avoided. It is commonly not possible, 
however, to choose sites with ideal hydrogeologic characteristics. In many regions 
land of this type is not available within acceptable transportati on distances or 
it may not be situated in an area that is publicly acceptable for land filling. For 
these and other reasons most landfills are located on terrain that has at least some 
unfavorable hydrogeologic features . 

Although it is well established that landfills in nonarid regions produce 
leachate during at least the fi rst few decades of their existence, litHe is kn own 
about the capabilities for leachate product ion over much longer periods of time . 
In some cases leachate production may continue for many decades or even hun­
dreds of years. It has been observed, for example, that some landfills from the 
days of the Roman Empire arc still producing leachate. Many investigators have 
concluded that at the present time there have been very few occurrences of leachate 
contamination of aquifers that are used for water supply. Whether or not it will 
be possible to draw similar conclusions many years from now remains to be estab­
lished . 
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Farvoldcn and Hughes (1976) have concluded that solid waste can be buried 
at almost any site without creating an undue groundwater pollution hazard, pro­
vided that the site is properly designed and operated . A testing program to define 
the hydrogeological environment is essential. These authors indicate that if uncon­
trolled leachate migrat ion is unacceptable, the leachate should be collected and 
treated as a liquid waste. One feasible way to ensure that no leachate leaves the 
site is to establish a hydraulic gradient toward the site, perhaps by pumping. 
Liners for emplacement beneath landfills are currently being evaluated as a cont rol 
method but have not yet been established in practice. Some examples of controls 
on leachate migration using drains or wells are shown in Figure 9.26. These types 
of control measures require that the collected leachate be treated or otherwise 
managed in an appropriate manner. 

In add ition to the production of leachate, infi ltration of water into refuse 
causes gases to be generated as biochemical decomposition of organic matter 
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Figure 9.26 Control of Icachateln a I8niTary landfill by (a) Tile drain or ditch 
and (b) pumped well (altel Hughes el al.. 1971). 
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occurs. Gases such as COl' CH., HIS, H1> and Nl are commonly observed. CO2 

and CH. are almost invariably the most abundant of these gases. CH. (methane) 
has a low solubi lity in water, is odorless, and generally is of little influence on 
groundwater quality. In the envi ronmental impact of landfills, however, it can be 
of great importance because of its occurrence in gaseous form in the zone above 
the water table. It is not uncommon for CH. to attain explosive levels in the refuse 
air. In some situations CH 4 at dangerous levels can move by gaseous diffusion 
from the landfill through the unsaturated zone in adjacent terrain. Migration of 
CH. at combustible levels from landfills through soils into residences has occurred 
in urban areas. In recent years, instaUation of gas vents in landfills to prevent 
buildup of methane in the zone above the water table has become a common 
practice. 

In addition to hazards caused by the potential for methane explosion, gaseous 
migration from landfills can result in extensive damage to vegetation and odor 
problems. Case histories of gas migration from land fi lls have been described by 
Flower (1976). Mohsen (1975) has presented a theoretical analysis of subsurface 
gas migration from landfill sources. The interactions of the various factors that 
influence gas production in landfills have been described by Farquhar and Rovers 
(1973). 

Sewage Disposal on Land 

Sewage is placed on or below the land surface in a variety of ways. Widespread usc 
of septic tanks and drains in rural, recreational, and suburban areas contributes 
filtered sewage effluent di rectly to the ground. Septic tan ks and cesspools are the 
largest of all contributors of wastewater to the ground and are the most frequently 
reported sources of groundwater contamination in the United States (U.S. Environ· 
mental Protect ion Agency, 1977). Twenty-nine percent of the U.S. popUlation 
disposes of its domestic waste through residential disposal systems. An increasing 
percentage of the municipal sewage in industrialized count ries is being processed 
in primary and secondary sewage treatment plants. Although this decreases su rface· 
water pollution, it produces large volumes of solid residual materials known as 
sewage sludge. In many areas this sludge, which contains a large number of poten­
tial contaminants. is spread on agricultural or fo rested lands. In some regions 
liquid sewage that has not been treated or that has undergone partial t rea tment is 
sprayed on the land surface. Application of liquid sewage and sewage sludge to 
the land provides nutrients such as nitrogen, phosphorus, and heavy metals to the 
soil. This can stimulate growth of grasses, trees, and agricultural crops. Land that 
is inferti le can be made ferti le by this practice. One of the potential negative impacts 
of this type of sewage disposal is degradation of groundwater quality. 

Primary- and secondary·t reated sewage is being spread on forested land and 
crop land in an increasing number of areas in Europe and North America. For 
example, in Muskegon County, Michigan, more than 130 million liters per day of 
sewage effluen t is sprayed on the land surface (Bauer. 1974). For many decades 
cities such as Berlin , Paris, Milan, Melbourne, Fresno, and many others have been 
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using sewage for irrigation of crops. Not only are the nutrients in sewage effluent 
valuable, but the waler itself is a valuable resource in many regions. In some situa­
tions intensely treated sewage effluent may be used as a source of artificia l recharge 
for aquifers that serve for municipa l water supply. lnjection of treated sewage 
into coastal aquifers may serve as a means of controlling the intrusion of salt 
water. 

Considering the many ways in which liquid and solid constituents from 
sewage reach the land surface and subsurface zones, it is reasonable to expect that 
over the long term the quality of groundwater resources in many areas will reflect 
the extent to which hydrogeologic factors are considered in the overall planning 
and operation of sewage management systems. In a textbook of this type it is Dot 
feasible to look specifically at the hydrogeologic and geochemica l factors that are 
important in each of the land-application or disposal-of-sewage options that a re 
in use. Before proceeding to other topics, however, we will provide a brief guide 
to some of the more important studies that have been conducted. For a detailed 
guide to the literature in this area, the reader is referred to the U.S. Envi ronmental 
Protection Agency ( 1974a). 

During the 1950's and early 1960's it was observed that one of the most serious 
consequences of land disposal of sewage by way of septic systems was contamina· 
tion of groundwater by alkyl benzene sulfonate (ABS), which was a major com­
ponent of household detergents. ASS is relatively non biodegradable and exists 
in water in anionic form . In the 1960's, numerous cases of shallow contamination 
of sand and gravel aquifers were reported. The problem was most acute in areas 
where septic systems were draining into unconfined aquifers in which there were 
numerous shallow water supply wells. Case histories of this type of problem in 
Long Island and in Southern California are described by Perlmutter el al. (\964) 
and Klein (1964). 

In the mid- 1960's the detergent industry replaced ABS with linear alykl 
sulfonate (LAS), a compound that is readily biodegradable in aerobic environ· 
ments. Cases of LAS and ABS contamination of wells have been a rare occurrence 
since LAS gained widespread use, a somewhat surprising situation considering 
that many septic systems drain into anaerobic groundwater environments where 
the effects of biodegradation are probably minimal. LAS may undergo considerable 
retardation as a result of adsorption. 

Effluent from septic systems includes many other types of contaminants. 
One of the most frequently reported of these contaminants in groundwater is 
nitrate. As indicated in Section 9.3 , nitrate commonly does not undergo complete 
biochemical reduction to Nl even if the groundwater system is anaerobic. Nitrate 
emanating from septic systems into groundwater is transported along the ground­
water flow paths. A detailed case history of the migration of nitrate and other 
contaminants in groundwater as a result of discharge from septic systems was 
presented by Childs et al. (1974). 

[n some areas the primary concern with regard to contaminant migration 
from septic systems is surface-water quality rather than groundwater quality. 
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This is particularly the case in areas of recreational lakes where cottages and 
tourist facilities use septic systems located near lakes. Transport of nitrogen and 
phosphorus through the groundwater zone into lakes can cause lake eutrophication 
manifested by accelerated growt h of algae and decrease in water clarity. Some 
examples of hydrogeologic investigat ions in recreational lake environments arc 
described by Dudley and Stephenson (1973) and Lee (1976). 

Another concern associated with the disposal of treated or untreated sewage 
on or below the land surface revolves around the question of how far and how 
fast pathogenic bacteria and viruses can move in subsurface flow systems. This 
problem is also crucial in the development of municipal water supplies by extrac. 
tion of water from wells located adjacent to polluted rivers. The literature is replete 
with investigations of movement of bacteria through soils or granular geological 
materials. As bacteria are transported by water flowing through porous media, 
they are removed by straining (filtering), die-off, and adsorption. The migration 
of the bacterial front is greatly retarded relative to the velocity of the flowing water. 
Although bacteria can live in an adsorbed state or in clusters that clog parts of the 
porous medium, their lives are generally short compared to groundwater flow 
velocities. In medium-grained sand or finer materials, pathogenic and coliform 
organisms generally do not penetrate more than several meters (Krone et aI., 
1958). Field studies have shown, however, that in heterogeneous aquifers of sand 
or gravel, sewage-derived bacteria can be transported tens or hundreds of meters 
along the groundwater flow paths (Krone et ai., 1957; Wesner and Baier, 1970). 

Viruses are very small organic particles (0.07-0.7 J.lm in diameter) that have 
surface charge. There is considerable evidence from laboratory investigations 
indicat ing that viruses are relatively immobile in granular geological materials 
(Drewry and Eliassen, 1968; Robeck, 1969; Gerba et aI., 1975; Lance et a l., 1977). 
Adsorption is a more important retardation mechanism than filtering in highly 
permeable granular deposits. Problems associated with sampling and identification 
of viruses in groundwater systems have restricted the understanding of virus behav­
ior under field conditions. Advances in sampling technology (Wallis et a l., 1972; 
Sweet and Ellender. 1972) may lead to a greatly improved understanding of virus 
behavior in aquifers recharged with sewage effluent. 

Although there is considerable evidence indicating that bacteria and viruses 
from sewage have small penetration distances when t ransported by groundwater 
through granular geologic materials, similar generalizations cannot be made for 
transport in fractured rock. It is known that these microorganisms can live for 
many days or even months below the water table. In fractured rocks, where ground­
water velocities can be high, this is sufficient time to produce transport distances 
of many kilometers. 

As man relies more heavily on land application as a means of disposal for 
municipal sewage effluent and sludge. perhaps the greatest concern with regard 
to groundwater contamination will be the mobility of dissolved organic matter. 
Sewage effluent contains many hundreds of dissolved organic compounds, of 
which very little is known about their toxicity and mobility. Some of these cOrn-
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pounds may eventually be shown to be more sign ificant in terms of degradation 
of groundwater quality tha n nilralc. trace metals, bacteria, or viruses. 

Agricultural Activities 
or all the activities of man that influence the quality of groundwater, agriculture 
is probably the mosl important. Among the main agricultural activities that can 
cause degradation of groundwater quality are the usage of fertilizers and pesticides 
and the storage or disposal of livestock or fowl wastes on land. The most wide· 
spread elTects result from the use of fertilizer. In industrialized countries most 
fertilizer is manufactu red chemically. This type of fertilizer is known as inorganic 
fertilizer. In less developed countries, animal or human wastes are widely used 
as organic fertilizer. 

Fertilizers arc categorized with respect to their content of nitrogen (N), 
phosphorus (P), and potassium (K). These are the three main nutrients required 
by crops. The annual application rates of fertilizers vary greatly from region to 
region and from crop to crop. Nitrogen applications, (expressed as N), generally 
vary from about 100 to 500 kg/ha.yr. Because fert ilizer is used year after year, 
it is to be expected that in many areas some of the N, P, or K is carried by infil­
trating water downward to the water table, where it can migrate in the groundwater 
flow regime. For reasons explained in Section 9.3, nitrogen in the form of NOj" is 
generally much more mobile in subsurface flow systems than dissolved species of 
phosphorus. Cation exchange causes K" to have low mobility in most nonfractured 
geologic materials. 

Of the three main nutrients in fertilizer, N in the form of NOj" is the one that 
most commonly causes contamination of groundwater beneath agricultural lands. 
High NO) concent rations have been delineated in extensive areas in many parts of 
the world, including Israel (Saliternik, 1972), England (Foster and Crease, 1972), 
Germany (Groba and Hahn, 1972), California (Calif. Bureau Sanitary Eng., 1963 ; 
Nightingale, 1970; Ayers and Branson, 1973), Nebraska (Spalding et ai., 1978), 
sou thern Ontario, and southern Alberta. Many wells in these areas have NO; 
concentrations that exceed the recommended limit for drinking water. In areas 
where NO; contamination is areally extensive, fertilizer rather than anima l wastes 
from reedlots or lagoons or septic field seepage is usually identified as the primary 
nitrogen source. Nitrate is the principal dissolved nitrogen component, with ammo­
nium and organic nitrogen present in much lower concentrations. Although in 
many aquirers that are con taminated by NO;, the concentrations are below the 
limits recommended ror drinking water, it is disturbing to note that gradual 
increases in NO; have been observed. The widespread use of inorganic fertilizers 
began arter World War II. The major impact on groundwater quality resulting 
rrom thi s change in agricultural practice is proba bly not yet fully developed. Nitrate 
contamination is rarely reported at depths of more than about 10-100 m below the 
water table. As time goes on, however, NO; contamination may extend to greater 
depth in areas where there are significant downward flow components. For exam· 
pie, NOj in deep wells in Calirornia, ranging in depth from 240 to 400 m below 
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ground surrace, increased rrom approximately 1 mg/t in 1950 to 10-17 mg/t in 
1962 (Broadbent, 1971). The extent to which denitrification occurs as water moves 
along regional flow paths is a major uncertainty inherent in predictions of long­
term NO; increases in aquifers. 

In England, NOi contamination of a large regional carbonate-rock aquirer 
~s wides~read. Analysis of the occurrence and movement or NO; in this aquirer 
IS complicated by the fact that NOj" is carried in groundwater flowing in a network 
or joints and solution channels, while some of the NO; is lost from the active 
flow regime as a result of diffusion inlo the porous matrix or the limestone (Young 
et aI., 1977). If at some time in the future the NOj" concentration in the flow net­
work declines, NOj" will diffuse from the matrix back into the flow regime. 

Although extensive NO; contamination of shallow groundwater can orten 
be attribu ted to leaching of fertilizer, NO; in shallow groundwater in large areas 
in southern Alberta (Grisak, 1975), southern Saskatchewan, Montana (Custer, 
1976), and Texas (Kreitler and Jones, 1975) is not caused by ferti lizer use. In these 
areas it appears that most or the NOi is derived by oxidation and leaching of natu­
ral organic nitrogen in the soil. The greater abundance and deeper penetration of 
oxygen into the soil has occurred as a result or cultivation. In some areas the 
initial turning or the sod as settlers moved on the land was probably a major ractor. 
In other areas continual deep cultivation during the modern era offarming has been 
a major influence. 

In many agricultural areas shallow groundwater has become contaminated 
locally as a result of leaching of NOj" from livestock and fowl wastes. The conver­
sion or organic nitrogen in these wastes to NO; takes place through biochemical 
processes. Relatively small source areas such as farm manure piles, fowl-waste 
lagoons, and feedlots contribute NOj" to groundwater, but jf these contaminant 
sources are not directly underlain by aquifers. the contamination is rarely very 
significant. Specific cases or groundwater contamination rrom animal wastes are 
reported by Hedlin (1972) and by Gillham and Webber (1969). In agricultural 
areas contamination or shallow wells by NOi and other consituents commonly 
occurs because or raulty well construction. U wells are not properly scaled by grout 
or clay along the well bore above the screen, contaminated runoff can easily make 
its way to the aquirer zone near the well screen. 

Concurrent with the widespread increase in the usc or chemical fertilize rs 
since World War II has been the rapid development and use or a multitude of 
organic pesticides and herbicides. In a report on groundwater pollution in the 
southwestern United Slates, Fuhriman and Barton (1971) concluded that pollution 
by pesticides must be listed as an important potential hazard. However, they 
obtained no direct evidence indicating significant pesticide contamination of 
groundwater. Kaufman (1974), in a review of the status of groundwater contamina­
tion in the United States, indicates that this conclusion appears to characterize 
today's situat ion- that or a potential but as-yet-unrealized problem. Based on 
a literature review and field studies in Kent, England, Croll (1972) arrived at a 
si milar conclusion. It is well known rrom laboratory experiments that many 
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pesticides and herbicides with appreciable solubility in water have significant 
mobi lity in some types of geologic materia ls, particularly clean sands and gravels 
(Burns and Mclaren, 1975; Adams, 1973).11 is not unreasonable to expect that 
the use of these chemicals in agricult ure will eventually cause parts of some aquifers 
to become contaminated. Davidson et al. (1976) have pointed out that because of 
the immense size to which the pesticide industry has grown, the problems associated 
with the disposal of surplus and waste pesticide materials and empty or partially 
em pty pesticide containers has become acute. High concentrations of pesticides 
in groundwater can result in greater mobility than at lower concentrations. At 
higher concentrations, the exchange sites are more readily saturated with the pesti­
ddc, or the biodegradation capabilities of the medium may be exceeded. 

Petroleum Leakage and Spills 

In industrialized countries hundreds of thousands of steel gasoline storage tanks 
lie buried at filling stations. Many thousands of kilometers of underground 
pipelines carry petroleum products across continents. Tanker trucks wit h oil and 
gasoline are continually on the move. It is not su rprising, therefore, that leakages 
and spills from these sources are an increasing threat to groundwater quality. 
Most of the buried storage tanks at fi ll ing stations were placed in the ground since 
World War II. Bccause stringent requirements for tank testing and replacemen t 
are only gradually being implemented in most countries, leakage problems caused 
by older tanks arc common, particularly in regions of high water tables and 
frequent infiltration . 

Contamination of groundwater by petroleum products from leaky tanks, 
from pipelines, or from spills is a much ditTcrent type of problem than those 
described elsewhcre in this chapter. The major difference lies in the fact that oils 
and gasoline are less dense than water and are immiscible in water. As a conse­
quence of this, oil or gasoline from leakages or spills migrate almost exclusively 
in the unsaturated zone. The processes of petroleum movement in the unsaturated 
zone have been described in detail by Schwille (1967), van Dam (1967), and Dietz 
(1971). T he following discussion is based primarily on these references. 

Figure 9.27 illustrates the main subsurface migration stages that occur when 
oi l seeps in the ground . In this case, the hydrogeologic conditions are simple. 
There is appreciable depth of unsaturated zone beneath thc level of oil entry into 
the system. The term "oil" is used here to refcr to both crude oil proper and its 
liquid derivatives, such as gasoline. 

In the fi rst migration stage, the oil movement is primarily downward under 
the influence of gravitational forces. During this seepage stage, capillary forces 
produce some lateral migration. This causes a zone, referred to as the oil wetting 
zone, around the core of the infiltration body. Jt is comparable in origin to thl? 
natural capillary fri nge on the water table. In the oil wetting zone, the degree of 
oi l satu ration decreases outwardly and capillary fo rces (surface tension) are dom­
inant. In the main seepage zone, on ly gravitational forces exist. 
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Figure 9.27 Stages of migration of oil seeping from II sur1ace source (alter 
Schwille.1967). 

Downward seepage of oil ceases when the seepage front reaches the water 
table. Although it might be expected that the oi l would spread laterally on top 
of the capillary fringe rather than along the water table, experimental and field 
evidence indicates that considerable migration occurs within the capillary fringe 
at or very near the water table. Since oil is immiscible in water and is less dense 
than water, it may slightly depress the water table. Except for small amounts of 
hydrocarbons that go into solution, the oil docs not penet rate below the water 
table. As oil accumulates on the water table, tbe oil zone spreads laterally, initially 
under the influence of gradients caused by gravity and later in response mainly 
to capillary forces . Capillary spreading becomes very slow and eventually a 
relatively stable condition is attained. In theory, stability occurs when a condition 
known as residual oil saturation or immobile saturation is reached. The experience 
of oil production engineers is that below a certain degree of saturation, oil is held 
in a relatively immobile state in the pore spaces. If the percent oil saturation is 
reduced further, isolated islands or globules of oil become the dominant mode of 
oil occurrence. Over the range of prcssure gradients that can occur, these islands 
are stable. As the mass of oil spreads laterally due to capillary forces, the residual 
oil saturation condition must eventually be attained, provided that the influx 
of oil from the source ceases. This is referred to as the stable stage. 

When the oil spill or leakage volume is small relative to the surface available 
for contact as the oil moves through the zone above the water table, the oil migra­
tion zone may attain residual satu ration and become immobile before penetrating 
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to the water table. The volume of porous medium required to immobilize a given 
amount of oil depends on two factors: the porosity and the nature of the hydro­
carbons thai comprise the oil. The volume B of porous geologic materials that is 
required to immobilize a spill or leakage volume can be estimated from the relation 

B = l!..!. 
nS. 

(9.29) 

where 8
0 

is the vol ume of oil entering Ihe system, n the porosity, and So the residual 
oil saturat ion. If the depth to waler table and values for n and So are known, 
this relation can be used to estimate the likelihood that spilled oi l wi\l penetrate 
to the water table (American Petroleum Institute, 1972). Van Dam (1967) presents 
equations thai describe the shape of the stable layer of oil if p.enet:ation t~ the 
water table occurs. In practice, however, it is generally not pOSSIble In field sItua­
tions to obtain sufficient data on the distribution of relative permeabililies for 
more than a qualitative analysis to be made (Dietz, 197 1). Laboratory model 
experiments by Schwille (1967) have demonstrated that minor differcnces in per­
meabilities laterally or vertically can cause st.rong distortions in the shape of the 
oil migration zone. 

Because oil leakages or spills usually do not involve large fluid volumes of 
oil, and because migration is limited by residual oi l saturation, one might expect 
that oil is not a significant threat to groundwater quality. This is unfortunately 
not the case. Crude oil and its derivatives contain hydrocarbon components that 
have significant solubility in watcr. In general,lhe lighter the petroleum deri.v~tive, 
the greater is the solubility. Commercial gasoline, for example, has solubIlity of 
20-80 mgJ!. h can be detected by taste and odor at concentrations of less. than 
0.005 mg/! (Ineson and Packham, 1967). Because the solubility o~ the '!ghler 
hydrocarbons greatly exceeds the concentration levels at which water IS conSIdered 
to be seriously polluted, it is not difficult to envision situations where the effect of 
hydrocarbon dissoluti on is of much greater concern in terms of groundwater 
quality than the localized immobile zone of immiscible hy~roc~rbons on and above 
the water table. For example, in the situation represented In FIgure 9.28, the lateral 
flow of groundwater bencath the zone of immobilized oil could cause soluble 
hydrocarbons to be transported large distances along the groundwater flow paths. 

• 

-
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Figure 9.28 Migration of dissolved and gaseous hydrocarbons f.om a zone 
01 oil above the w'ter table (alter Schwille. 1967). 
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In sit uations where oil penetrates to the water-table zone and then spreads 
out and becomes relatively immobile, the effect of water table fl uctuations can be 
important. If the water table falls, much of the oil remains in the newly created 
zone as a thin coating on the surface of the porous medium. This film is not removed 
by water flushing or air ventilation. The problem can be ameliorated by the effect 
of bacteria. There exist species of aerobic and anaerobic bacteria that grow rapidly 
in the presence of oil or gasoline if the other necessary nutrients are also available. 
In favorable circumstances, bacterial ox idation can consume much of the oil or 
gasoline thaI accumulates above the water table as a result of leakages or spills. 
A fluctuating groundwater table is believed to promote the processes ofbiodegrada­
tion. 

Of the many examples of petroleum contamination of groundwater that 
have been reported, the case history described by McKee et a l. (1972) is particu­
larly illustrative of the problems and processes involved and remedial measures 
that can be used to minimize the damage to subsurface water quality. Control and 
remedial procedures are described by the American Petroleum Insti tute (1972). 

Disposal of Radioactive Waste 

It has been several decades since nuclear engmeers and scientists at an Idaho 
research station watched four household Ught bulbs flicker to life as a result of 
man's fi rst generation of electricity from atomic energy. From this modest begin­
ning, nuclear-power-generating facilities have grown to the point where tbey now 
produce more than 15 % of the electricity in the United States and Canada and larger 
percentages in some European countries. By the turn of this century it is expected 
that in North America and Europe, the percentages will be much larger. Feared 
by many as a threat to mankind's future and hailed by others as the answer to the 
world's energy problems, nuclear generation of electricity has sparked controversy 
around the globe. At the present time there are several uncertainties inherent in 
activities associated with the generation of nuclear power. One of them is man's 
capability to safely isolate radioactive wastes from the biosphere for long periods 
of time. Because of its hydrogeologic nature, this nuclear-power-related tOpiC is 
worthy of discussion in this text. 

The hydrogeologic aspects of the nuclear power industry wi ll be considered 
within the framework of the nuclear fuel cycle. This expression refers to all the 
stages in the nuclear power industry in which nuclear fuel is developed and used 
and in which radioactive wastes are generated. This includes uranium mining, 
milling, refining, uranium enrichment, fuel fabrication, fuel consumption in reac­
tors, fuel reprocessing, waste solidification, and burial of solidified waste or unre­
processed spent fuel in deep geological repositories. The "fronl end" of the nuclear 
fuel cycle involves mining and milling of uranium ore. An undesirable by-product 
of these activities is the production of large volumes (hundreds of millions of 
cubic meters per year in North America) of waste rock from mining and tailings 
from milling. Waste rock and tailings are usually placed in piles on the land surface 
or as fill material in topographic depressions confined by small earth embankments 
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or dams. Because they contain isotopes of uranium, thorium, and radium, waste! 
rock and tailings afC a form of solid low-level radioactive waSle. Radium 226 
(~l4 Ra). with a half-life of 1620 years, poses the greatest environmental hazard. 
Table 9.1 indicates that the maximum permissible conccnlration of lURa in drink­
ing water is 3 pei/l , which is equivalent to JO-' mgft . This concentration is so 
small that it is orders of magnitude below the maximum permissible concentrations 
for trace metals such as lead, mercury, or cadmium (Table 9. 1). Extremely small 
amounts of llliRa leached from waste rock or tailings into groundwater can there­
fore cause the water to be unfit for human consumption. Uranium mining in North 
America generally occurs in areas remote from population centers and from indus~ 
trial or agricu ltural developments. In these areas, groundwater quality has, until 
recently, not been a subject of significant concern. The extent to which 126Ra and 
other hazard ous constituents from waste rock or tai lings arc enteri ng groundwater 
and their fate within groundwater flow systems is not known. We can expect, how­
ever, that in the next decade hydrogeological factors will playa much greater role 
in the design and evaluation of disposal siles for uran ium mining and milling wastes 
than has previously been the case. 

The next stage in the nuclear fuel cycle is uranium refining, a process in which 
the mill product is upgraded in preparation for uranium enrichment into nuclear 
fuel (the U.S. and European approach) or unen riched fuel fabrication (tht! Cana­
dian approach). In the refining process, small quantities of solid or sem isolid, 
low-level radioactive wastes are generated. The chemical nature of these wastes 
varies from refinery to refinery, but the wastes generally contain zH Ra, BOTh , and 
ZliU in what are normally small but significan t concentrations. As in the case of 
mining and milling wastes, lURa is the isotope of main concern. The refinery wastes 
are assigned to ncar-surface burial grounds that are located near the refineries. 
After more than 20 years of use, the burial ground at the principal uranium refinery 
in Canada (Port Hope, Ontario) was found in the mid- 1970's to be emitting leachate 
with zU Ra, as well as other nonradioactive contaminants. Although no aquifers 
were in jeopardy, remedial measu res include excavation of the wastes with sub­
sequent reburial at a site with hydrogeologic capability for longer-term isolation 
of the wastes from the biosphere. 

The next major waste-generation stage in the nuclear fuel cycle is the operation 
or nuclear reactors for power production, weapolls production, or research. In 
this stage, low-level solid radioactive wastes in the form of discarded equipment, 
assorted slightly radioactive refuse, and ion-exchange materials from decontamina­
ti on facilities arc produced. These wastes are known as reactor wastes. The term 
"lOW-level " is used here in a qualitative sense to distinguish these wastes from the 
very highly radioactive materials in used nuclear fuel or material derived directly 
rrom the used fuel. 

Since the start of nuclear power production on a commercial basis in North 
America the total volume of accumulated reactor wastes has amounted to about 
40,000 ~l (as of 1975). These wastes have been emplaced in shallow burial sites 
at II major locations in the United States and four major locations in Canada. 
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[n the United States, the volume is expected to rise to 50,000 ml by 1980 and then 
to more tha~ 300,00? ml by the year 2000 (Nuclear News, 1976). By use of existing 
and economlcaJiy VIable technology, the projected volumes can be reduced by a 
factor of 2 or 3. It is hoped, of course, that new waste processing methods will 
be developed to provide further volume reduction. 

In spite of the improvements that may develop, the volumes of reactor waste 
arc expected to be enormous in comparison with the volumes that have been 
hand led in the past. Since the standard method of managing reactor wastes is to 
assign them to shallow burial sites, these mounting waste volumes can be viewed 
as a potential source of contamination to groundwater and other environmen ts. 
The past history of sha llow low-level waste burial in the United States is less than 
satisfactory. Of the 11 existing sites a t which radioactive wastes resulting from 
commercial power production have been buried, three are leaking radioactive 
constituen ts 10 the environment (Ground Water Newsletter, 5, no. 3, 1976). 
Although at present th is leakage to subsurface flow systems docs not present a 
hazard to potable water supplies, it is striking evidence that undesi rable conse­
quences of inadeq uate hydrogeologic studies of waste management sites can become 
evident many years or decades after site usage begins. There is now little doubt 
that at the time most of these sites were established many years ago, more attent ion 
was given to the economics of handling the wastes, the ready availability of land 
for burial use, and proximity to transportation routes than was given to the uhimate 
fate of the wastes. With these lessons in hand, the problem facing hydrogeologists 
now is to en~ure, through use of proper site search and evaluation methodologies, 
that future sItes for shallow bu riaJ of solid low-level wastes have adequate radio­
nuclide con tainment capabilities and that proper subsu rface monitoring facilities 
are installed and operated. 

Reactor wastes contain a variety of radionuclide species, with half-lives 
ranging from seconds to many decades or longer. Of these nuclides, IUCS, ,0Sr, 
and ,oCo, with half-lives of 28, 33, and 6 years, respectively, are usually regarded 
as posi ng the most significant environmental hazard. Wastes with these radio­
nuclides need several hundred years to decay to very low radioactivity levels. 

Figure 9.29 illustrates severa l types of waste-burial options. Although other 
situations exist, these will serve as a basis for discussion of some of the main con­
cepts used in the development of burial facilities. In Figure 9.29(a), the wastes are 
placed in strong engineered co ntainers constructed of materials such as concrete 
and steel situated on the ground surface. In these containers they can remain in 
storage in areas from which the public is excl uded. Deterioration of the containers 
can be readily mon itored. If problems arise, the containers can be repaired or the 
wastes can be placed in new containers, provided , of course, that a responsible 
organization remains in charge of the faci lities. The facilities shown in Figu re 
9.29(b) a re simila r, except that the storage containers are covered with earth mater­
ials. If these materials arc properly designed, they will protect the conta iners from 
weathering and thereby extend thei r life expectancy. The earth materials can be 
thought of as an engi neered hydrogeological environment. In Figu re 9.29(c) and 
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Cd), the wastes are stored in containers situated a few meters below ground surface, 
either above or below the water tablc. In the case shown in Figure 9.29(c), earth 
material from the excavation is used as backfill around the containers. In Figure 
9.29(d), part of the fill in the excavation is designed to provide enhanced contain­
ment capabilities for the system. If the containers are located above the water 
table and if there is good reason to believe that during periods of water-table 
fluctuation, the water table will not rise into the burial zone, therc will be liule 
possibility of radionuclides escapi ng in to the environment. If the water table 
fl uctuates within the zone of burial, the containers are subjected to variable 
hydraulic and geochemical conditions. Their life expectancy and the fate of radio­
nuclides in the event of container failure is much less ccrtain than in the case of 
burial entirely above the water table. 

In Figure 9.29(e) and (f), the comainers are buried in large holes about 10 
to 20 m deeper than in the previous examples. In nona rid regions the permanent 
water table in these situations wou ld normally be above the containers. In the case 
depicted in Figure 9.29(e), the hole is simply backfilled with materia l originally 
removed from the site. In Figure 9.29(f) the excavated zone around the containers 
is packed with geological material such as bentonitic clay chosen to improve the 
long-term containment capabi lities of the burial facili ty. 

Nearly all of the burial sites for reactor wastes in the United States and Canada 
are in the category represented by Figure 9.29(c), with the water table within or 
just slightly below the bu ria l zone. Some of the wastes have been placed directly 
in the ground without the protection of watertight containers . Most of the sites 
are located in poor hyd rogeologic settings. It is not surprising, therefore, that sub­
surface migration of radionuclides from the burial zones is a commOn circumstance. 

To avoid problems of subsurface radionuclide migration at future sites, 
numerous investigators have proposed that fu ture sites be located in hydrogeologic 
environmen ts that are shown to have long-term containment capability. To achieve 
Ihis capability, the site shou ld have the following characteristics: geomorphic and 
structural stabili ty, isolation from fractured bed rock or other subsurface flow 
regimes that are too complex for development of reliable pathway analyses (i.e., 
the site shou ld have a simple hydrogeologic framework), absence of subsurface 
flow lines that lead directly to the biosphere or to subsurface zones of potable 
water, and low predicted radionuclide velocities resulting from favo rable combina­
tions of groundwater velocity and chemical retardation. In addition to hydro­
geologic criteria such as these, various investigators have indicated that the water 
table should be deep enough to permit waste burial to occur entirely in the un­
saturated zone (Cherry et aI. , (974). The predicted upper level ofthe range of water­
table fluctuation over many centuries should be below the bOHom of the burial 
zone. The criteria outlined above, if adhered to, would lead to the development 
of waste· burial faci lities that would provide considerably better long-term contain· 
mcnt than is the case for existing sites. Unfortunately, in most humid and semi­
humid regions of North America, this desired ideal combinat ion of hydrogeologic 
properties is rare, or even nonexistent, within areas that also meet social and 
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economic criteria. Water-table depth is generally shallow, which prevents estab­
lishment of burial zones at appreciable depth below ground su rface. Wastes that 
arc buried within a fe w meters, or even within 5- 10 m of ground surface, are 
generally not considered to be in isolation from fulure generations d uring the 
hundreds of years or more that will he necessary for decay to reduc: radioactivity 
in the waste to low levels. 

As an alternative approach to the si ting of burial grounds fo r low-level solid 
radioactive waste, Cherry ct al. (in press) proposed Ihal in humid and semihumid 
regions, bu rial zones be localed in unfractured clayey aquitards in the manner 
represented in Figure 9.29(f). According to this scheme, burial wou ld occur at the 
bottom of large (2-5 m in diameter) auger holes more than 15 m below ground 
surface. The burial zone would be at considerable depth below the water table and 
below the zone of active weathering. The wastes would therefore be isolated from 
the bi osphere in a hydrogeologic environment in which groundwater velocity is 
extre mely low and chemical retardation is greal. Accidental unearthment of the 
waste by future generations would be much less probable than is the case for shal­
low, above-water-table waste burial. For this approach to be evaluated in detail 
it will be necessary to direct research toward the hydrogeologic properties of clayey 
aquitards such as clayey till, glaciolacustrine clay, and soft shale. 

For add itional information on the hydrogeologic as pects of the management 
of low-level solid radioactive waste (primarily reactor waste), the reader is referred 
to Peckham and Belter ( 1962), Richardson ( 1962a, 1962b). Mawson and RusselI 
( 1971). Chcrry et al. (1973), and pferd et al. ( 1977). 

In the nuclear reactors that are currently used for power production. fuel 
rods composed of solid uranium oxide undergo fission reactions that release heat 
and decay particles. After a period of time in the reactor, the fuel rods are replaced. 
The spent fuel contains a wide va riety of toxic rad ioact ive isotopes produced from 
the uranium and from other elements. The ultimate fate of these man-made radio­
nuclides is the core of what has become known as the high-lel'el radioactil'e waste 
disposal problem. Numerous proposed solutions to this problem have been sug­
gested, each with the objective of isolating the radionuclides from the biosphere 
for the life span of their radioactivi ty. This is th e fina l stage of the nuclear fuel 
cycle. 

Disposal options such as burial within the Antarctic ice cap, em placement 
in the ocean floor at locations where natural burial beneath migraling continental 
plales will occur, and rocket transport beyond the earth's gravity fi eld have been 
excluded because of impracticalities during the next few decades. It is now generally 
hoped that a satisfactory solution can be obtained by em placing the radioactive 
material in an engineered repository in geologic strata in which it will be isolated 
from zones of active groundwater flow. This approach is common ly referred to as 
terminal storage. This implies that fo r a generation or two the repository environ­
ment will be monitored, and that if all goes well the wastes will then be regarded 
as having been permanently disposed . 

In the Uo ited States, four main hydrogeologic possibilities are being in vesti-
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gated for suitability for respository development. These are ( I) deep salt beds, 
(2) deep crystalline igneous rocks, (3) deep shale st rata, and (4) thick unsaturated 
zones in arid regions. Because of differences in climate, option (4) is not available 
in Canada or in European countries. The most critical question in the evaluation 
of these options is whether or not the wastes will be isolated from the biosphere 
for periods of time that are considered to be acceptable. 

The waste will contain numerous radionuclide species, bu t by the year 2020, 
99% of the projected accumulation of radioactivity will be due to the presence 
of ,oSr and mcs (Oera and Jacobs, 1972) which have half-l ives of 28 and 33 
yea rs, respectively, and which will decay to very low levels within about 1000 years. 
Much longer periods of time, however, are required fo r decay to low levels of 
long-lived transuranic nuclides in the wa ste, namely, 2l1PU, 2" PU, HOPU, HIA m, 
and HIAm, wit h half-lives ranging from 89 years for2 l1 Pu to 24,000 years for 2UPU. 

Radioactive decay of these elements in the waste produces other radionuclidcs, 
known as daughter products (l17Np, 226 Ra, lU I, UTe, and others). If these are 
taken into acco unt , the material will remain hazard ous for millions of years, 
although at much lower radioactivity levels than will occur during the first th ou­
sand years. 

The radionuclides can be placed in the repository in their original form as 
spent fuel or they may be incorporated into other materials after the spen t fu el 
has been reprocessed. Reprocessing is a chemica l treatment in which spent fuel 
is dissolved in acid and plutonium is separated from the other radionuclides. 
Plutonium is viewed by the nuclear power industry as a valuable commodity 
because it can be used to produce power in fast-breeder reactors. After the extrac­
tion of plutonium, a hot. high ly radioactive waste solution containing the remaining 
radionuclide species and some plutonium residue remains as waste. It is now gen­
erally agreed by the nuclear regulatory agencies in the various countries working 
on the problem that these wastes must be solidifi ed and incorporated into solid 
relatively inert materials such as ceramics or glass. This must be done before 
proct:cd ing wi th commitment to any scheme for long-term subsurface storage 
or disposal. From the chemical reprocessing plant the waste will proceed, after 
a period of interim storage, through a solidificati on plant. After being solidified 
and encapsulated , the waste will then be ready for emplacement in a su bsurface 
geologica l repository. Alt hough reprocessing removes most of the plutonium from 
the spent fue l, the waste that remains after reprocessing is st ill highly radi oactive. 
From a hydrogeological viewpoint, isolation of spent fu el or isolation of solidified 
waste from reprocessing are fundamentally the same problem. 

For a subsu rface repository to be viewed as satisfactory within the above­
mentioned time framework, it must be capable of protecting the wastes from the 
effects of landscape erosion caused by wind, water, and even glaciers. It must be 
loca ted in an area that does not have a significant seismic hazard or potenlial 
for volcanic activity. The protective materials within which the wastes are placed 
in the repository and the hydrogeologic environment outside the repository must 
be capable, within an exceptionally high degree of predictive confidence, of 
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preventing migration of radionudides in groundwater from the repository into' 
the biosphere. lt is this lattcr criterion that is the most difficult to establish at the 
level of confidence that is required. Never before in the history of mankind have 
engineers and scientists been asked to provide safety analyses relevant to such a 
long period of time. The feasibility of achieving long-term waste isolation in each 
ofthe four hydrogeologic reposilory options listed above is cu rrently under evalua­
tion. The deep-salt option is discussed by Bradshaw and McClain (1971) and by 
Blomeke et a!. (1973). The potential for repository development in shale is described 
by Ferro ct aJ. (1973). Winograd (1974) reviewed the hydrogeologic aspects of the 
arid region/unsaturated zone option. For a broader view of the high-level radio­
active-waste-disposal problem, the reader is referred to Kubo and Rose (1973) 
and Cohen (1977). 

Deep- Well Disp osal of Liquid Wastes 

Injection of liquid wastes, mainly of industrial origin, has been widely adopted as 
a waste disposal pract ice in North America. The purpose of th is procedure is to 
isolate hazardous substances from the biosphere. As the discharge of pollutants 
to rivers and lakes has become increasingly objectionable, and as legislat ion for 
protection of surface water resources has become more stringent, the use of deep 
permeable zones for liqnid waste disposal has become an increasingly attractive 
waste management option for many industries. Inventories of industrial liq uid­
waste injection wells in the United States were conducted in 1964, 1967, 1968, 
1972. and 1973. During this period the number of waste injection wells increased 
from 30 in 1964 to at least 280 in 24 states in 1973 (Warner and Orcutt, 1973). In 
Canada in 1976 at least 80 injection wells were in use. Injet:tion wells used for return 
of brines extracted during oil or gas field pumping arc normally not categorized 
as waste inject ion wells. There are more than 100,000 of these wells in North 
America. Chemical, petrochemical, and pharmaceutical companies are the largest 
users of waste injection wells. Other important users are petroleum refineries, gas 
plants. steel mills, potash mines. uranium mills, and processing plants. In Florida, 
Hawaii, Louisiana, and Texas, inject ion of sewage emucnt into sa line-water aquifers 
occurs on a minor scale. Nearly all the waste injection wells are in the depth range 
of 200-4000 m. Most are between 300 and 2000 m deep. The injection zones are 
genera lly located in sandstones, carbonate rocks, and basalt. 

Most injet:tion wells are operated at injection pressures less than 7 X IOJ 
kNJm1 . The trend in recent years is toward lower injection pressures and injection 
rates in the range of 500-1400 t Jmin. The effect of an inject ion well on the hydro­
dynamic conditions in a hypothetical horizon tal aquifer in which there is regional 
flow, arc shown in Figure 9.30 . The injection well causes a mound in the poten­
tiometric surface. The mou nd extends unsymmetrically in the direction of regional 
flow in the aquifer. As injection continues the areal exten t of the mou nd spreads to 
occupy an ever-increasing area. This process can be viewed as the inverse of the 
effect of a pumping well in a confined aquifer, and in fact is described mathemat-
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ically by the same equations, modified fo r the effect of injection rather than 
pumping (Warner, 1965). If injection wells are located close together, the poten­
tiometric mounds coalesce in a manner analogous to the d rawdown interface in 
fields of pumping wells. The spread of the front of the potentiometric mound is 
very rapid in comparison to the spread of the zone of injet:ted waste. The frOnl of 
the potentiometric mound spreads by pressure translation. The front of the waste 
zone spreads as volume displacement occurs. The waste zone spreads in direct 
proportion to the cumulative volume of waste that is forced into the aquifer. The 
interface between the formation water and the waste will be gradat ional as a result 
of dispersion. 

Based on reviews of status and impact of waste injection practices in the 
Uni ted States and Canada, Warner and Orcutt (1973) and Simpson (1976) can . 
cluded that documented cases of even minor disposal system failure and rclated 
contamina tion of su rface and near-surface waters are rare. This may not continue 
to be the casc, however, as waste injection becomes an increasingly common waste 
disposal practice and as the length of t ime that strata have received wastes increases. 
One of the few reported instances in which waste injection has caused surface 
contam ination occurred in sonthern Ontario near Sarnia. where most of the 
Canadian pet rochemical industry is located. Contamination was caused by five 
injection wells, the first of which was drilled in 1958 and the others in 1960. Refinery 
caust ic and phenolic waters were injected down the wells at rates less than 400 



456 Groundw,ter Cont,mimltion I Ch. 9 

( Imin into carbonate rock strata at depths between 200 and 260 m below surface. 
In the late 1960's and early 1970's, phenol occurrences in fluids reaching the surface 
in the Sarnia district were observed (Simpson , 1976). It is believed that the con­
tam ination occurred because of upward leakage of the wastes through abandoned 
unplugged wells. There may be as many as 30,000 unplugged wells in southwestern 
Ontario in the vicinity of Sarnia (va n Everdingen and Freeze, 1971). Many of these 
were drilled decades ago before plugging of abandoned wells was required. The 
hazard represented by unplugged wells in areas of waste injection is a particularly 
insidious onc because the locat ion of many of the wells is unk.nown. Some no 
longer even exist at ground surraee but provide vertical connections belo~ ground 
surrace. T here may be more than I million unplugged, unlocated wells In North 
America. In regard to the long-term effect or deep-well injection or noxious wastes, 
van Everdingen and Freeze (197 1) have suggested that vertical connections pro­
vided by unplugged wells may well be the most important ha zard. 

Another major hazard associated with the practice or waste injection is the 
inducement or earthquakes as a result or increasing pore-water pressures along 
raults. T his topic is discussed in Chapter II . 

As a concluding statement on deep-well disposal, the comments by A. M. 
Piper (1970) or the United States Geological Survey seem appropriate: 

In its predilection for grossly oversimplifying a problem and seeking to 
resolve all variants by a single massive attack, the United States appears to 
verge on accepting deep injection of wastes as a certain cure for all the ills of 
water pollution (p. 2). 

Injection does not constitute permanent disposal. Rather, it detains in 
storage and commits to such storage- for ail time in the case of thc most 
intractable wastes- under-ground space of which little is attainable in some 
areas, and which definitely is exhaustible in most areas (p. 6). . 

Admilledly, injecting liquid wastes deep beneath the land surface IS a 
potential means for alleviating pollution of rivers and lakes. But , by no stretch 
of the imagination is injection a panacea that can encompass all wastes and 
resolve all pollution even if economic limitations should be waived. Limita­
tions on the potentials for practical injection are stringent indeed- physical, 
chemical, geologic. hydrologic, economic and institutional (including legal) 
limitations (p. 5). 

Other Sources 

There are many other so urces that contribute contaminants to the groundwater 
zone. In the northern Un ited States and in Canada large quantities of salts are 
applied to roads to combat adverse ice conditions during the winter months. 
Contamination of shallow aquifers along roads that receive sa lt is not uncommon 
in these regions. Since salts such as NaCI and CaCl z are highly soluble and rela­
t ively mobile in groundwater. there is little that can be done to preven t this situa­
tion other than to decrease the amount of salt usage. • 
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Activities of the mining industry are another potential cause of groundwater 
contamination. The effects range from changes in groundwater chemistry caused by 
min ing to infi ltration of leachate from tailings and other wastes. The extensive 
occurrence of acid water drainage from abandoned coal mines in the Appalachian 
region of the United Stales is the most visible example of adverse effects of mining 
on groundwater and surface water. 

Seepage from industrial waste lagoons is another cause of groundwater con· 
tamination. Across North America there are thousands of artificial ponds and 
lagoons that contain countless types of liquid wastes. In many cases the lagoons are 
not lined with impermeable barriers, thereby providing opportunity for seepage of 
wastes downward into the subsurface environment. In situations where potable­
water aquifers are located nearby, this can cause serious problems. Many years 
may pass, however, before the extent of the problem becomes evident. 

In some regions urbanization is spreading into the recharge areas of major 
aquifers. Even if centralized sewage treatment facilities rather than septic systems 
arc used , urban aClivities produce numerous sources of contaminat ion to the 
ground. Prcdiction of the long·term effect of urbanization on groundwater quality 
is a difficult task but a necessary one if we are to develop methods of land use 
planning that will minimi ze adverse impacts on the groundwater environmen t. 

As an introd ucti on to the literature on groundwater contamination and related 
topics. the reader is referred to Hall (1972), Summers and Spiegal (1974), Todd and 
McNulty ( 1976), and Wilson et al. (1976). An indication of the nature and regional 
extent of groundwater contaminat ion in the United States is presented in the 
reviews by Fuhriman and Barton (1971), Scalfet aL (1973), Miller et aL (1974), and 
Scalf ( 1977). A summary of waste disposal practices and their effects on ground· 
water in the United States has been described by U.S. Environmental Protection 
Agency ( 1977). A review of recent research activities related to chemical problems 
in hydrogeology has been presented by Back and Cherry (1 976). 
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Problems 

1. A chemical analysis of groundwater yields the following results (mg/t): 
K+ = 3, NaT = 110, CaH = 80, Mg2+ = 55, HCOl = 420, Cl - = 220, 
50/- = 35, NOl = 15, Fe(total) = 0.8, Mn(total) = 0.2, F- = 0.6, As = 
0.03, Pb = 0.08, B = 0.9. Comment on the suitabil ity of this water for the 
following uses: 
(a) Municipal water supply. 
(b) Irrigation of vegetable crops. 
(c) Livestock. 
(d) Brewing of beer. 

2. Wou ld water with the composition indicated in Problem I normally be softened 
for household use? How would the process of water softening be expected to 
alter the composition? 

3. Using a cy lindrical column (10 cm in diameter and 30 cm long) of relatively 
homogeneous sand, an experi ment wi th a step-function input of a nonreactive 
tracer is conducted (sec Figure 9.1). The porosity of the sand is 35%, the 
steady-state flow rate is I l /h, and the hydraulic gradient is 0.1. The ClCo = 0.5 
point on the breakthrough cu rve arrived 0.8 h after the tracer initially entered 
the column. The CjCo = 0.25 point arrived at 0.7 h and the C/Co = 0.75 
point at 0.9 h. Estimate the dispcrsivity of the sand. 

4. A contaminant zone is migrating through an aquifer composed of medium­
grained sand. The average hydraulic gradient is 0.01. A representative value 
of the hydraulic conductivity of the sand is I x 10- 5 m/s. Is the movement of 
nonreactive contaminants influenced primarily by advection and mechanical 
dispersion or by molecular diffusion? Explain. 

5. A sani tary landfill is located on a deposit of dense clay that is 5 m thick over­
lying an aqu ifer that provides drinking water to a small town. A zone of 
leachate-contaminated groundwater has accumulated at the base of the 
landfill on the clay surface. Observations in the aquifer indicate a steady 
piezometric level of 250.5 m above mean sea level. The surface of the waler 
table in the landfill is at abou t 251.3 m. The hydraulic conductivity of the clay 
is approximatciy 2 X 10- 11 mIs, and the porosity is 19 %. Est imate how long 
it will take for nonreactive contaminants to move through the clay into the 
aquifer. Express your answer as a rangc of val ues that you consider to bc 
reasonable in light of the available data. 

6. As a result of the ru pture of a storage tank, 10 m' of liquid waste containing 
100 kg of dissolved arsenic rapidly infiltrated into a shallow. unconfined, sandy 
aquifer in which the flow is horizontal. The ayerage groundwater velocity in 
the aqu ifer is 0.5 m/day, the dispersivity is 0.1 m, and the coefficient of molec­
ulardiffusion is 2 x 10- 10 ml/s. As the contaminated zone moves through the 
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aquifer, the arsenic does not undergo significant adsorption or precipitation. 
Estimate the maximum arsenic concentration after the contaminant cloud has 
moved a distance of 500 m. What will be the approximate dimensions of the 
cloud? Assume Ihat the leakage from the storage tank can be approximated as 
a point source and that the aquifer can be treated as a homogeneous medium 
with uniform flow. 

7. High-level radioactive waste is buried in a cavern jn unfractured shale at a 
depth of 1000 m below groun d surfacc. The buria l zone is separated fro m the 
nearest overlying aquifer by a vert ica l thickness of 100 m of sha le. The shale 
has a hydraulic conductivity of the order of 10- 11 m/s and vertical hydraulic 
gradient of about 10-1 directed upward. In the shale, nonreactive radio­
nuclides have effective diffusion coefficients in the order or 10- 10 ml/s. It is 
expected that the wastes will become wet at some time during the next l(XX) 
yea rs and wili then move slowly out into the shale . Is it reasonable to expect 
that radionuclides wi ll remain entirely wi thin the sha lc during the next 100,000 
years? Ignore the potent ial effects of fau lting, glaciation , and so on, as a cause 
of radionuclide transfer th rough the shale. Consider on ly the influence of now, 
mechanical dispersion, and molecular diffusion. 

8. Field observations in a granitic area indicate bulk hydrau lic conductivities on 
the order of 10- 6 cm/s. The granite has a cubic array of joint s with a repre­
sent ative spacing of 10 cm bet ween joint planes. Estimate the average ground­
water velocity for a zone in wh ich the flow is horizonta l and the hydraulic 
gradient is 10- 1 . 

9. In laboratory experiments using a pesticide and samples from a sandy aquifer, 
it is observed that when water with the pesticide is equilibrated at various 
concentrations with the sand sam ples, the partition ing of the pesticide between 
the liquid and solid phases is as follows: test I, 100 pg/g adsorbed at 10 mg/ml 
in solution; test 2, 300 pg/g adsorbed at 220 mgfm l in solution; test 3, 600 
I1gjg adsorbed at 560 pgJml in solution ; test 4, 1000 pg/g adsorbed at l(XX) 
mgJml in solution. What distribution coefficient is indicated by these data? 
Express you r answer in milliliters per gram. In sand (porosi ty = 35%) below 
the water table, estimate the relative velocity at which the pesticide wou ld 
migrate in an advection-controlled system. 

10. Studies of the behavior of a toxic chemical compound in a sandstone aquifer 
indicate the following parameter values: porosity 10 %, average li near velocity 
0. 1 em/day, and distribution coefficient 75 ml/g. Estimate the velocity at 
which the center of mass of a zone contami nated with the compound would 
travel. 

II . Hydrogeological studies of a site fo r a proposed lagoon for storage of toxic 
liquid wastes indicate that the hyd raulic gradient at the site is downwa rd . The 
water table is located at a depth of4 m below the ground surface. Samples from 
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piezometers at depths of 5, 10, IS , 20, 25, 30, 40, and 5001 below ground sur­
face have tritium concentrations of75, 81 , 79, 250, SID, 301 , 50, and JO tritium 
units. The site is located in the interior of North America. The piezometers are 
situated in a th ick deposit of shale. Provide an interpretation of the tritium 
data. What is the nature of the permeability of the shale? 

12. Groundwater in a sandstone aquifer at a temperature of 25°C has the following 
composition CmgJt) : K+ = 12, Na+ = 230, CaH = 350. MgH = 45, HeO; 
= 320, Cl - = 390, and SO.l- = 782; pH 7.6. If F- is supplied to the water 
from minerals in the aquifer and if the F- concentration is not limited by 
availability, will solubili ty constraints be expected to maintain the F- con­
centration at a level below the limit specified for drinking water ? Explain . 

13. Effluent from a septic (sewage disposal) system infiltrates into an unconfined 
gravel aquifer. Upon mixing with the groundwater, the contaminated part of 
the aquifer has the following content of inorganic constituents (mg/t): K+ 
= 3. 1, Na+ = 106, CaH = 4.2, Mg2+ = 31, HCOl = 81, CI - = 146, and 
SO/- = 48; pH 6.3, Eh = - 0.1 V, DO = 0, temperature 2r c. Assuming that 
equilibrium occurs and that mineral precipitation-dissolution reactions control 
the concentration of dissolved inorganic phosphorus, indicate (a) the mineral 
that would provide the solubili ty constraint on the phosphorus concentration; 
(b) the dominant dissolved species of inorganic phosphorus; (c) the equi librium 
concentration of dissolved phosphorus. 

14. A borehole-dilution test is conducted in a well with an inside diameter of 10 cm. 
The packer-isolated interval in which the tracer is introduced is 100 cm long. 
After 2 h the tracer concentration declines to one-half of its initial value. The 
flow in the formation is horizontal, the well has no sand or gravel pack, and the 
tracer is nonradioactive and nonreactive. Estimate the average linear velocity 
in the formation. 

15. A disposa l well for liquid indust rial waste commcnces operation in a horizontal 
isotropic confined limestone aquifer that has the following characteristics: 
thickness = 10 m, secondary porosity = 0.1 %, bulk hydraulic conductivity 
= 5 x 10- s mIs, specific storage = 10- 6 cm- I • The injection rate is 100 l lmin. 
(a) To what distance from the injection well will the front of the potentiometric 

mound have extended after I month ? 
(b) To what distance from the injection well will the front of contamination 

have moved after I month? Neglect the effects of regional groundwater 
flow and dispersion. Assume that the aquifer is homogeneous and that the 
primary permeability of the limestone matrix is negligible. 

16. Studies of an unconfined aquifer indicate a shallow zone that contains dis­
solved oxygen in the ra nge 2- 6 mg/l and NOl in the range 30- 50 mg/l. The 
source of the NO) is fertilizer. Below this zone there is no detectable dissolyed 
oxygen and no detectable NOl . Hydraulic-head data indicate that groundwater 
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flows from the upper zone to the lower zone. All the water in the aquifer is very 
young. Suggest a hydrochemical hypothesis to account for the large decrease in 
NOl as the water moves downward in the aquifer. What additional data would 
be desirable as a basis for testing your hypothesis? 

17. Salt (as Nae! only) applied to a highway during the winter for prevention of 
icing problems has caused contamination of a shallow unconfined aquifer near 
the highway. It has been observed that the CI - content of water from many 
domestic wells, which was formerly soft, has become hard as the Cl- has risen. 
The large increase in hardness can be attributed to the effect of road-salt 
contamination. Outline a geochemical hypothesis to explain the hardness 
increase. 

18. Natural water in a deep sandstone aquifer composed of quartz, feldspar, and 
a small amount of clay has the following composition (mg/l): K "'" = 18, 
Na+ = 850, Ca2 + = 41, Mg2+ = 120, HeOl = 820, CI - = 470, and SO.l- = 
1150; pH 8.1. Wastewater that contains abundant dissolved organic matter is 
put into the aquifer through a disposal well. After injection commences. 
observation wells in the aquifer near the disposal well yield water in which 
abundant H 2S and CH~ are detected. Prior to waste injection, the observation 
wells showed no detectable H2S and CH~ . The wastewater injected into the 
aquifer did not contain these gases. Outline a geochemical hypothesis to 
account for the occurrence of H~S and CH. in the observation wells. Would 
you expect the pH of the water to increase or decrease? Explain, with the aid of 
appropriate chemical equations. 

19. An unlined lagoon is used intermittently for recharge of water from a secondary 
sewage treatment plant. The water has moderate concentrations of major ions 
(K+ , Na+, CaH , MgH , CI -, SO.l- , and HCOl) and an appreciable content of 
NHt. bacteria, and organic matter. The treated sewage infiltrates from the 
lagoon downward into a sand y aquifer. Observation wells used to monitor the 
change in groundwater chemistry caused by the artificial discharge system 
indicate that the aquifer water in the zone of influence has total hardness, 
nitrate, and dissolved inorganic carbon concentrations that are considerably 
above the natural levels in the aquifer. No bacteria are detected in the aquifer. 
The NH: concentrations are very low. Account for these chemical characteris­
tics of the water. Include appropriate chemical equations as part of your 
explanation. 

20. In an area of strip mining for coal, the noncoal geologic materials removed 
during mining (referred to as cast overburden) are returned to the stripped 
areas as part of a land reclamation program. The average porosity of the cast 
overburden is 30 %. The average degree of saturation of the material is 40 %. 
Assuming that the water and en trapped air in the voids do not migrate, and 
assuming that all the oxygen in the air and water in the voids is consumed by 
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oxidation of pyrite, estimate the following: 
(a) The 50/- content of the pore water. 
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(b) The pH of the pore water (assume that no carbonate-mineral buffering 
occu rs. 

(e) The amount (weight percent) of calcite that would be necessary in the cast 
overburden to neutralize the acid product by pyrite oxidation . 

(d) The amount of pyrite necessary for consumption of all the oxygen by the 
oxidation reaction. 

(e) Would the amounts of calcite and pyrite obtained in parts ee) and Cd) be 
noticeable by normal means of examination of the geologic materials? 

• 
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