Chapter 1

Introduction

Groundwater hydrology may be defined as the science of the occurrence, distribution, and
movement of water below the surface of the earth. Geohydrology has an identical connotation,
and hydrogeology differs only by its greater emphasis on geology. Utilization of groundwater
dates from ancient times, although an understanding of the occurrence and movement of sub-
surface water as part of the hydrologic cycle is recent.

The U.S. National Research Council (1991} presented the following definition of hydrology:

Hydrology is the science that treats the waters of the Earth, their occurrence, eirculation, and
distribution, their chernical and physical properties, and their reaction with the environment,
including the relation to living things. The domain of hydrology embraces the full life history
of water on Earth.

Section 1.3 describes in further detail the concepts of the hydrologic cycle,

The importance of groundwater (hydrelogy) in the hydrologic cycle has been the subject of
extensive technical research and publishing by many investigators over the past decades. Many
of these publications are introduced in this book. Also, many books written on the subject of the
fate of water have caught the attention of the general public, especially those interested in saving
our resources. These include books by Carsen'® and de Villiers,” among others,

1.1 SCOPE

Groundwater (referred to without further specification) 1s commonly understood to mean water
occupying all the voids within a geelogic stratum, This saturated zone is to be distinguished
from an wunsamrated, or aeration, ¢one where voids are filled with water and air, Water con-
tained in saturated zones ts irmportant for engineering works, geologic studies, and water sup-
ply developments; consequently, the occurrence of water in these zones will be emphasized
here. Unsaturated zones are usually [ound above saturated zones and extend vpward to the
ground surface: because water here includes soil moisture within the root zone, it is a major
concern of agriculture, botany, and soil science. No rigid demarcation of waters between the two
zories is possible, for they possess an interdependent boundary, and water can move from zone
t0 zone in either direction. The interrelationships are described more fully in Chapter 2.
Groundwater plays an important part in petroleum engineering. Two-fluid systems,
invalving ail and water, and threg-fluid systems, involving gas, oil, and water, oceur frequently
in development of petroleum. Although the same hydrodynamic laws govern flows of these
systems and groundwater, the distinctive nature of water in petroleum reservoirs sets it apart
from other groundwater, Major differences exist in water quality, depth of occwrrence, and
methods of development and utilization, all of which contribute to a separation of interests and
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applications. Therefore, groundwater in petroleum reservoirs will not be treated specifically in
this book. It should be noted, however, that groundwater hydrology has gained immeasurably
from rescarch conducted by the petroleum industry.

1.2 HISTORICAL BACKGROUND

1.2.1 Qanats

Groundwatey development dates from ancient times.” """ The Old 'Testament contains numerous
references to groundwater, springs, and wells, Other than dug wells, groundwater in ancient
times was supplied from horizortal wells known as ganats.” These persist to the present day and
can be found in a band across the arid regions of Southwestern Asia and North Africa extending
from Afghanistan to Morocco. A cross section along a ganat is shown in ldgure 1.2.1. Typically,
a gently sloping tunnel dug throogh alluvial material leads water by gravity tlow from beneath
the water table at its upper end to a ground surface outlet and irrigation canal at its lower end,'
Vertical shafts dug at closely spaced intervals provide access to the tunncl.®! Qanats arc labori-
ously hand constructed by skilled workers employing techniques that date back 3,000 years.*
Iran possesses the greatest concentration of qanats; here some 22,000 ganats supply 75
percent of all water used in the country. Lengths of ganats extend vp to 30 km, but most are
less than 5 km."* The depth of the ganat mother well (se¢ Figure 1.2.1) is normally less than
50 m, but instances of depths exceeding 250 m have been reported. Discharges of ganats vary
scasonally with water table fluctuations and seldom exceed 100 m’/br. Indicative of the den-
sity of ganats is the map in Figure 1.2.2. Based on aerial photographs of the Varamin Jlain,
located 40 km southeast of Tehran, this idenfifies 266 qanats within an area of 1,300 km?,

1.2.2 Groundwater Theories

Utilization of groundwater greatly preceded understanding of its origin, oceurrence, and move-
ment. The writings of Greek and Roman philosophers to explain origins of springs and ground-
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Figure 1.2.1, Vertical cross section along a qanat (after Beaumont'>).

" Superscript numbers refer to references at the end of the chapter.

" Qanat comes from a Semitic word meaning “to dig." There are several variants of the name, including karez, fog-
gara, and fafaj, depending on location; in addition, there are numerous differences in spc]]ing.zf‘

* Ilustrative of the tremendous humar effort expended to construct a ganat is a caleulation by Beaument.! The
longest ganat near Zarand, Iran, is 29 km long with a mother well depth of 96 m and with 966 shafts along ils
length; the total volume of material excavated is estimated at 75,400 m



1.2 Historical Background 3

water contain theories ranging from fantasy to nearly correct accounts.:® As late as the sev-
enteenth centary it was generally assumed that water emerging from springs could not be
derived from rainfall, for it was believed that the quantity was inadequate and the earth too
impervious to permit penctration of rainwater far below the surface, Thus, carly Greek philoso-
phers such as Homer, Thales, and Plate hypothesized that springs were formed by seawater
conducted through subterranean channels below the mountains, then purified and raised 1o the
surface. Aristotle suggested that air enters cold dark cavems under the mountains where it con-
denses into water and contributes to springs.

The Roman philosophers, including Seneca and Pliny, [ollowed the Greek ideas and con-
wributed little to the subject. An important step forward, however, was made by the Roman archi-
tect Vitravius. He explained the now-accepted infiltration theory that the mountains receive large
arnouits of rain that percolate through the rock strata and emerge at their base te form streams.
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Figure 1.2.2. Map of qanats on the Varamin Plain, Iran (after Beaumont”).
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The Greek theories persisted through the Middle Ages with no advances until the end of
the Renaissance. The French potter and philosopher Bernard Palissy (c. 1510-1589) reiterated
the infiltration theory in 1580, but his teachings were gencrally ignored, The German
astronomer Johannes Kepler (1571-1630) was a man of strong imagination who likened the
earth to a huge animal that takes in water of the ocean, digests and assimilates if, and dis-
charges the end products of these physiological processes as groundwater and springs. The
scawater theory of the Greeks, supplemented by the ideas of vaporization and condensation
processes within the eacth, was restated by the French philosopher Kené Descartes
(1596-1650).

A clear understanding of the hydrologic cycle was achicved by the latter part of the sev-
enteenth century. Yor the first time, theories were based on observations and quantitative data.
Three Europeans made notable contributions, although others contributed to and supported
these advances. Pierre Perraalt” (1611-1680) measured rainfall during three years and esti-
mated runoff of the upper Seine River drainage basin. 11e reported in 1674 that precipitation
on the basin was about six times the river discharge, thereby demonstraling as false the carly
assumption of inadequate rainfall,’” The French physicist Edme Mariotte (¢, 1620-1684) made
measurements of the Seine at Paris and confirmed Perrault’s work. His publications appeared
in 1686, after his death, and contained factual data strongly supporting the infiltration theory.
Meinzer’ once stated, “Mariotte . . . probably deserves more than any other man the distinc-
tion of being regarded as the founder of groundwater hydrology, perhaps 1 should say of the
entire science of hydrology.” The third contribution came from the English astronomer
Edmund Halley (1656-1742), who reported in 1693 on measurements of evaporation, demen-
strating that sea evaporation was sufficient to account for all springs and stream flow.

1.2.3 Recent Centuries

During the eighteenth century, fundamentals in geology were established that provided a basis
for understanding the occurrence and movement of groundwater. During the first half of the
nineteenth century many artesian wells were drilled in Prance, stimulating interest in ground-
water. The French hydraulic engincer Ienry Darcy (1803-1858) studied the movement of
water through sand. His treatise of 1856 defined the relation, now known as Darcy’s law, gov-
erning groundwater flow in most alluvial and sedimentary formations. Later linropean contri-
butions of the nineteenth century emphasized the hydraulics of groundwater development.
Significant contributions were made by J. Boussinesq, G. A. Dauobrée, J. Dupuit, P Forch-
heimer, and A. Thiem. In the twentieth century, increased activity in all phases of groundwa-
ter hydrology occurred. Many Europeans have participated with publications of either
specialized or comprehensive works, There are too many people to mention them all, but R.
Dachler, E. Imbeaux, K. Keilhack, W. Koehne, J. Kozeny, E. Prinz, H. Schoeller, and G. Thiem
are best known in the United States.

* Pierre Perrault was a lawyer by profession and held administrative and financial positions in the French govern-
ment; hence he is not well known in seientific circles, Ilis interest in gronndwater, leading to publication of

De §'Origine des Fontaines in 1674, can be traced to the stimulus of the Dutch mathematician, astronomer, and
physicist, Christiaan Huygens, who was then living in Paris and to whom the book is dedicated. Also, Pierre
Perrault is often overshadowed by his four distinguished brothers: Jean (c. 1610 1669, a lawyer; Nicolas
(1624-1662), a noted thealogian; Claude {1613 1688), a physician, architect, and scientist, who is regarded as onc
of the most eminent French scholars of his time; and Charles (1628 1703), author and critic, who 1s best known for
his Mother Goose fairy tales,
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American contributions to groundwater hydrology date from near the end of the nine-
teenth century. In the past 110 years, tremendous advances have been made, Important early
theoretical contributions were made by A. Hazen, F. H. King, and C. S. Slichter, while detailed
field investigations were begun by men such as T. C. Chamberlin, N. 11. Darton, W. T. Lee, and
W. C. Mendenhall. O. E. Meinzer, through his consuming interest in groundwater and his
dynamic leadership of groondwater activities of the U.S. Geological Survey, stimulated many
individuals in the quest for groundwater knowledge. In recent decades the publications of
M. 5. Hantush, C. b Jacob, G. B. Maxey, C. I.. McGuinness, and R, W, Stallman are note-
worthy. Within the last 40 years the surge in umiversity research on groundwater problems, the
establishment of professional consulting firms specializing in groundwater, the advent of the
digital computer, and the extensive development of computer software have jointly produced
a competence for development and management of groundwater resources.

1.3 TRENDS IN WATER WITHDRAWALS AND USE

The U.S. Geological Survey® estimated the total fresh and saline withdrawals in the United
States doring 1995 1o have been 402,000 million gallons per day (Mgal/d) for all off-stream
waler-use categories (public supply, domestic, commercial, irrigation, livestock, industrial,
mining, thermoelectric power). This estimate is nearly two percent less than the withdrawal
estimate for 1950, Table 1.3.1 and Figure 1.3.1 provide a comparison of total water with-
drawals by water-resources region. This comparison indicates that the California, South
Atlantic—Gulf, and Mid- Atlantic regions account for one-third of the total water withdrawn in
the United States.

National water-use compilations began in 1950 and are conducted at five-year intervals.®®
Estimates in Table 1.3.2 and Figure 1.3.2 summarize the water use—withdrawals, source of
water, reclaimed wastewater, consumptive use, and in-stream use (hydroelectric power)—at
five-year intervals, Figure 1.3.3 illustrates the trends in water withdrawals by water-use cate-
gory and total withdrawals for 1960-1995. Table 1.3.2 also illustrates the percentage change
in the 1990 and 1995 surmmary estimates. Estimates indicate that the general increase in water
use [rom 1950 to 1980 and the decrease from 1980 to 1993 can be attributed in part to the fol-
lowing major factors:®?

» Most of the Increases in water use from 1950 to 1980 were the result of expansion of
irrigation systems and increases in energy development,

* 'I'he development of center-pivot irrigation systems and the availability of plentiful and
inexpensive groundwater resources supported the expansion of irrigation systems.

» Higher energy prices in the 1970s, and large drawdown in groundwater levels in some
greas increased the cost of irrigation water, In the 1980s. improved application tech-
niques, increased competition for water, and a downturn in fam economy reduced
demands for irrigation water.

* The transition from water-supply management to water-demand management encour-
aged more efficient use of water.

» New technologies in the industrial sector that require less water, improved plant effi-
ciencies, increased water recycling, higher energy prices, and changes in laws and reg-
ulations to reduce the discharge of pollutants resulted in decreased water usc and less
water being returned to natural systems after vse.

* The enhanced awareness by the general public of water resources and the active con-
servation programs in many states have contributed to reduced water demands.
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Table 1.3.2 Trends of Estimated Water Use in the United States, 1950 95

Percentage
Year change
1950° 1955' 19607 1965° 19707 1975% 1980* 19857 19907 1995%  1990-95
Population {millions) £50.7 164.0 179.3 193.8 205.9 216.4 2296 2424 2523 267.1 +0
Offstrean use
Total withdrawals 180 240 270 310 370 420 4407 399 A08 402 2
Public supply i4 17 21 24 27 20 34 36.5 38.5 10.2 +3
Rural domestic 3.6 ER¢ 3.0 4.0 4.5 4.9 5.6 7.79 7.89 B.EG  +13
and livestock
Irrigation 89 110 110 120 130 110 150 137 137 1341 -2
[ndustrial
Thermoeslectric 40 72 100 130 170 200 210 187 185 160 -3
power use
Other industrial use 37 39 38 46 47 45 45 30.5 289 291 3
Source of water
Ground
Fresh 34 47 50 60 68 82 83 732 194 76.4 4
Saline (6) 6 4 5 1 1 9 H52 122 1.11 -8
Surface
Fresh 140 180 190 210 250 260 290 265 2509 264 +2
Saline 10 18 i1 43 53 69 71 59,6 68.2 507 12
Reclaimed wastewater ) 2 6 i 5 5 5 579 750 1.02 436
Consurnptive use (" 4] 6] 77 87’ 96’ 1007 9237 o4 1007 +6
Instream use
EHydroelectric power 1,100 1,500 2,000 2,300 2,800 3,300 3,300 3050 3290 3,160 4

L 48 Srates and District of Columbia

% 50 States and District of Columbia

7 Revised

¢ Data not available,

* 50 States and District of Columbia, and Puerto Rico ¥ Freshwater only

* 50 States and District of Columbia, Puerto Rico, and Virgin Islands

Source: Solley™
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Figure 1.3.2. Irends in fresh groundwater and surface- water withdrawals, and population, 1950-95.%%



1.4 Uiilization of Groundwater 9

300 50D
. Public supply
| 480
l .
250 B ree Total withdrawals
5 [:] Irrigagian - 400 g,;
UD) x Thermoalectric 450 E 5
Q |
E Jusg
2o 20 [T moustiag 8
39 {aw Ea
eZ Eg
9 2]
e R 250 23
o 2 6
2z wp 32
=5 200 35
é :l'l g E :‘:
zE 150 = =
E — W
# ] z26
i} 100 o
50 [=
L ] 5{]
0 L )

1960 1985 1970 1975 1980 1885 198G 1995

Figure 1.3.3. Trends in water withdrawals (fresh and saline) by water use category and total (fresh
and saline) withdrawals, 1960 95.%

1.4 UTILIZATION OF GROUNDWATER

Groundwater is an important source of water supply throughout the world. Its use in irrigation,
industries, municipalities, and rural homes continues to increase. Figure 1.4.1 strikingly illus-
trates the dependence of an Indian village on its only water source—groundwater from a sin-
gle dug well. Cocling and air conditioning have made heavy demands on groundwater because
of its characteristic uniformity in temperature. Shortages of groundwater in areas where exces-
sive withdrawals have occurred emphasize the need for accurate estimates of the available sub-
surface resources and the importance of proper planning to ensure the continued availability
of water supplies.

There is a tendency to think of groundwater as being the primary water source in arid
regions and of surface water in humid regions. But a study of groundwater use in the United
States, for example, reveals that groundwater serves as an important resource in all climatic

Figure 1,41, Villagers laboriously Lifting and carrying water from a deep dug well in northern India
{photo by David K. Todd).
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7ones.>® Reasons tor this include its convenient availability near the point of use, its excellent
quality (which typically requires little treatment), and its relatively low cost of development.
Furthermore, in humid locales such as Barbados, Tamaica, and Hawaii, groundwater predom-
inates as the water source because the high infiltration capacity of the soils sharply reduces suor-
face runoff.

Figure 1.4.2 illustrates the relative proportion of water source and disposition and the gen-
eral distribution of water from source to disposition for 1995. Table 1.4.1 lists the total off-
streamn water use by state for 1995—breaking down the withdrawals into groundwater and
surface water and subdividing these into fresh and saline water. The total groundwater with-
drawal was 77,500 Wgal/d and the total surface-water withdrawal was 324,000 Mgal/d. Table
[.4.2 lists the groundwater withdrawals by water-use category and water-resources region for
1995, The significant proportion of groundwater used for irrigation purposes is clearly indi-
cated by the fact that 49,000 Mgal/d of the total 77,500 Mgal/d is used for irrigation,
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Table 1.4.2 Groundwater Withdrawals by Water Use Category and Water Resources Region, 1995

Public Comuner- T.ive- Thermo-
Region supply  Domestic  cial Irrigation  stack Indusmrial Mining electric Total
Fresh Fresh Fresh Fresh Fresh Fresh  Saline Fresh Saline  Fresh Fresh Saline

New England 335 168 64 47 6.4 53

o 2.9 U} 48 725 0
Mid-Atlantic 1,270 485 217 128 79 344 0 159 1.0 11 2,690 1.0
South Atlantic-Gulf 2,760 719 114 2,280 188 87 0 177 5.1 79 7,110 16
Great Lakes 383 354 A 170 30 20 36 31 1.0 e 1,510 4.6
Ohio 380 323 91 61 60 379 o 113 22 0 1,980 22
Tentesses 125 64 3.6 87 19 35 o 3.7 4 0 258 0
Upper Mississippi 1,150 3l 94 430 216 328 0 22 4.2 24 2,570 4.2
Lower Mississippl 741 73 13 6.930 740 611 ] 3.1 0 69 5,180 ]
Souris-Red—Rainy 34 17 2 43 17 17 0 A 0 0 115 0
Missouri Basin 643 137 19 8,030 253 102 0 1™ 38 30 9,320 38
Arkansas—White—Red 378 103 16 6,660 130 78 ] 30 284 37 7,490 284
Texas—Culf 978 115 34 4,370 82 214 3 118 324 50 5,960 324
Rio Grande 336 25 17 1,420 27 10 0 53 60 16 1,930 61
Upper Colorada 35 1 3.6 38 4.2 24 0 20 14 0 116 14
Lower Colorado 176 4 22 2.210 33 42 4] 126 12 43 3,000 12
Great Basin 330 13 10 1,090 9.2 G0 1 71 19 26 1,610 56
Pacific Northwest 917 253 37 4,030 44 215 o 6.5 0 5 5,500 0
California 2,730 112 7T 10,900 231 322 10 16 151 36 14,600 185
Alaska 30 8.3 11 Nl 1 EX 0 0] 73 4.2 58 73
Hawaii 200 24 45 173 7.3 19 5 5 0 67 518 1%
Caribbean a5 6.4 1.3 33 4.3 10 2 34 0 22 156 2
Total 15,100 3,350 939 49,000 2,260 4.050 15 1,070 1,010 565 76400 1110

Figures may not add to totals because of independent rounding. All values in million gallons per day
Source: Solley?®

The largest single demand for groundwater is irrigation, amounting te 67.3% percent of
all groundwater used in 1995, More than 90 percent of this water is putnped in the western
states, where arid and semiarid conditions have fostered extensive irrigation development.

1.5 GROUNDWATER IN THE HYDROLOGIC CYCLE
1.5.1 Hydrologic Cycle

The central focus of hydrology is the hvdrologic cyele consisting of the continuous processes
shown in Figure 1.5.1, Water evaporates from the oceans and land surfaces to become water
vapor that 18 carried over the earth by atmospheric circulation. The water vapor condenscs and
precipitates on the land and oceans. The precipitated water may be intercepted by vegelation,
become overland flow over the ground surface, infiltrate into the ground, flow through the soil
as subsurface flow, or discharge as surface runoff. Evaporation from the land surface comprises
evaparation directly from soil and vegetation surfaces, and transpiration through plant leaves.
Collectively these processes are called evapotranspiration. Infiltrated water may percolate
deeper to recharge groundwater and later become springflow or seepage into streams to also
become streamflow:
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Figure 1.5.1. Hydrologic cycle with global annual average water balance given in units relative 10 a valoe of 100 for the rate of

precipitation on land.”

A hydrologic system is defined as a structure or volume in space, surrounded by & bound-
ary, that accepts water and other inputs, operates on them internally, and produces them as out-
puts.m‘22 The structure (for surface or subsurface flow) or volume in space (for atmospheric
moisture flow) is the totality of the flow paths through which the water may pass as through-
put from the point it enters the system to the point it leaves. The boundary is a continuous sur-
face defined in three dimensions enclosing the volume or structure. A working medium enters
the system as input, interacts with the strocture and other media, and leaves as output. Physi-
cal, chemical, and biclogical processes operate on the working media within the system: the
most common working media invelved in hydrologic analysis are water, air. and heat energy.

The giobal hydrologic cycle can be represented as a system containing three subsystems:
the armospheric water system, the surfuce water systern. and the subsurface water system as
shown in I'igure 1.5.2. Another example is the storny rainfall - runoff process on a watershed,
which can be represented as a hydrologic system. The input is rainfall distributed in time and
space over the watershed and the output is streamflow at the watershed outlet. The boundary
is defined by the watershed divide and extends vertically upward and downward 1o horizontal
planes.

Drainage basins, carchments, and watersheds are three synonymous terms that refer to the
topagraphic area that collects and discharges surface streamflow throngh one outlet or mouth,
Catchments are typically referred to as small drainage basins but no specific area limits have
been established. The drainage basin divide, watershed divide, or catchment divide is the line
dividing land whose drainage flows toward the given stream from land whose drainage flows
away from that stream. Think of drainage basin sizes ranging from the Mississippi River
drainage basin Lo a small urban drainage basin in your local community or some small valley
in the countryside near you.
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Figure 1.5.2. Block-diagram rcpresentation of the glebal hydrelogic system.”

1.5.2 The Groundwater System in the Hydrologic Cycle

Ciroundwater constitutes one portion of the earth’s water circulatory system known as the
hydrologic cycle. Figure 1.3.1 illustrates some of the many facets involved in this cycle. Water-
bearing formations of the earth’s crust act as conduits for transmissicn and as reservoirs for
storage of water. Water enters these formations from the ground surface or from bodies of sur-
face water, after which it travels slowly for varying distances until it returns o the surface by
action of natural flow, plants, or humans. The storage capacity of groundwater reservoirs com-
bined with small flow rates provide large, extensively distributed sources of water supply.
Groundwater ernerging into surface stream channels aids in sustaining streamflow when sur-
face runoff is low or nonexistent. Similarly, water pumped from wells represents the sole
water source in many regions during much of every year.

Practically all groundwater originates as surface water. Principal sources of natural
recharge include precipitation, streamflow, lakes, and reservoirs. Other contribotions, known
as artificial recharge, occur from excess irrigation, scepage from canals, and water purposely
applied to augment groundwater supplies. Even seawater can enter underground along coasts
where hydraulic gradients slope downward in an inland direction. Water within the ground
moves downward through the unsaturated zone under the action of gravity, whereas in the sat-
urated zone it moves in a direction determined by the surrounding hydraulic situation.

Discharge of groundwater occurs when water emerges from underground. Most natural
discharge occurs as flow into surface water bodies, such as streams, lakes, and oceans; flow to
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the surface appears as a spring. Groundwater near the surface may return directly 1o the
atmosphere by evaporation from within the soil and by transpiration from vegetation. Pumpage
from wells constitutes the major artificial discharge of groundwater.

In this section we will discuss in general some of the aspects of the movement of ground-
water in the hydrologic cycle. The groundwater flow system comprises the subsurface water,
the geologic (porous) media containing the water, the flow boundaries, the sources (outcrop
areas, streams for recharge to the aquifer), and the sinks (springs, interaquifer {low, and wells
for flow from the aquifer). Water flows through and 15 stored within the grouzndwater system.
Under natural conditions, the ¢ravel time of groundwater can range from less than a day to
more than a million years. The age of the water can range from recent precipitation to water
trapped in sedirnents that were deposited in geologic time. Chapter 3, Groundwater Movement,
discusses the mechanics of groundwater movement.

The water that is withdrawn from a groundwater system initially comes from storage. The
effects of the withdrawal from storage are propagated through the system, over time, as water
heads (the water table) decrease at greater distances from the point of withdrawal. Ultimately,
the effect of the withdrawal reaches a boundary such as a stream. At the stream, either
increased recharge (water added) to the groundwater system occurs or increased discharge
from the system occurs, Figure 1.5.3 shows the sources of water supplying pumpage from ten
major regional aguifer systems in the United States. The figure illustrates the variability of
aquifer response to long-term pumping and the extent to which changes in recharge and dis-
charge can exceed changes in storage. It is important to guantify recharge, despite the difficulty
of that undertaking,

Typically, most water from precipitation that infiltrates does not become recharge, but
instead is stored in the soil zone and is eventually returned to the atmosphere by evaporation
and plant transpiration.” The percentage of precipitation that becomes diffuse recharge is
highly variable and depends upon many factors, such as depths to the water table, properties
of surface soils, aquifer properties, and many other factors.

Interactions of surface-water systems with groundwater systems depend npon many fac-
tars, including positions of the surface-water systerns relative to the groundwater systems;
characteristics of the surface-water systems and their underlying materials; and the climate set-
tin g,?" 80 Figure 1.5 .4 illustrates the effect of transient recharge from precipitation on the con-
figuration of a water table and the associated groundwater flow, The exchange of water across
the interface between surface water and groundwater can result from downstream movement
of water in and out of streambeds and banks, as iliustrated in Figure 1.5.5. Other exchanges
result from tides, wave action, filling or draining of reservoirs, and transpiration from vegeta-
tion at the edges of wetlands and other surface water sources, Most studics of exchanges have
focused on streams.

Flows within groundwater systems can be on a local, intermediate, and regional basis, as
illustrated in Figure £.5.0, The recharge and discharge areas in a local system of groundwater
How are adjacent to each other. The recharge and discharge in an intermediate groundwater
How svstem are separated by one or more topographic high and low. In regional groundwater
flow systems, recharge areas are aleng groundwater divides and discharge areas are located at
the hottom of major drainage divides. Not everv aquifer has each of these types of flow sys-
tems.™ ' In an aquifer system, the largest amount of groundwater flow is commonly in the
local flow systems which are mostly affected by seasonal variations in recharge. Recharge
areas of these local systems make up the largest part of the surface of a drainage basin, are rcl-
atively shallow, and have transient conditions. Regional groundwater flow systems are less
transient than local and intermediate flow systems.

A conceptual model of an aquifer system, as llustrated in Iigure 1.3.6 for the Midwest-
ern Basins and Arches aquifer system (see Figure 1.5.7 for location), is a simplified qualitative
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Figure 1.5.3, Sources of waler that supply wilhdeawals frorm major aguifer systems in the United States are highly variahle, as
shown by these results from modcl] simulations for various periods (Tohnston, 1997), The Floridan and Edwards-Trinity aquifer sys-
tems, which cquilibrate rapidly after pumping, were simulated as steady-state with no long-term change in storage. In conirast, the
Southern High Plains (with most natural discharge occurring far from pumping wells) and the deeply buried Great Plains aguifer
system have had substantial changes in groundwater storage. The distinction between changes in recharge and changes in discharge
is a function of how the system was defined (i.e., a gain to one system may result in a loss from an adjoining system). For example,
groundwater withdrawals from confined aquifers (Northern Atlantic Coastal Plain, Gulf Coastal Plain) can cavse flow to be diverted
(recharged) into the deeper regional flow regime that would otherwise discharge to streams in the outcrop areas or cauvse vertical
leakage across confining units. Groundwater recharge in a region can be increased as a resvlt of human modifications, such as
return flow of excess irrigation water (California Central Valley). Note that the areal extent of the Southeastern Coastal Plain aquifer
systemn overlaps the areal extents of the Floridan and Gulf Coastal Plain aquifer systems.”
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description of the physical systern.** Conceptual models may include a description of the
aquifers and confining units that make up the aquifer system, the boundary conditions, flow
regimes, sources and sinks of water, and general directions of the groundwater flow.

Candifions before recharge event— Some groundwater
discharges lo surface water

A,

Initial eMects of recharge event— Water table mounds near
surface-water bodies where infiltration distance is smallest;
groundwater discharge to surface water increases

B,

Later affects of rechame event— Llevated water table rmirties
fand surface, gronndwater discharge to surface water remains
alevatad as compared to pre-recharge conditions

[o%

Conditlons after effects of recharge event— Groundwater
discharge to surface weler decreasss

+——  Direction of groundwater flow — Light arrows are assoclated with shallow,
sf— translent groundwater fiow systerns. Heawy arrovs are assoclated with
maore stabla groundwater low systemns

¥—  Water level
Figure 1.54. Diagrams showing the effect of transient recharge from precipitation on the configuration of a water table and associ-

ated groundwater flow.™
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Figure 1.5.5. Local geomorphic features such as streambed topography, streambed roughness, mean-
dering, and heterogencitics in sediment hydraulic conductivitics can give rise to localized flow sys-
terms within streambeds and banks. The near-stream subsurface environment with active exchange
between surface water and groundwater is commonly referred to as the Ayporheic zone, although the
transition between groundwater and surface water represents a hydrologic contimmm, preventing a
precise separation.’

4 miles

Bl

R S ——

. Not 1o scale
[:] Glacla! deposits — Local groundwater flow path

Carbonate-rock aquifer «—— |ntermediate graundwater flow path
Basal confining unit ~—— Regional groundwater flow path

-« Indicates flow simulatad by the regional grountdwater
== flow modei constructed for this invostigation

Figure 1.5.6. Diagrammatic conceptual model of the Midwestern Basins and Arches aquifer sysiem showing flow paths associated
with local, intermediate, and regional flow systems’! and flow systems simulated by the regional groundwater flow model.
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Fipure 1.6.1. Components of hydrologic
cycle in an open systemn: the major inflows
and outflows of water from a parce! of land.
Source: W.M., Marsh and I. Dozier,
Landscape: An Introduction to Physical

R Geography. Copyright © 1986 by Wiley.
Groundwater Reprinted by permission of John Wiley &
outfiow Sons, Inc.

logic cycle for that system becomes a mass balance equation in which the change of storage
of water (cS/df) with respect to time within that system is equal to the inputs (J) to the system
minus the outputs (@} from the system.

Considering the open system in Figure 1.6.1, the water balance equation can be expressed
for the surface water system and the groundwater system in units of volume per unit time sep-
arately, or for a given time period and area, in depth,

Surface Water System Hydrologic Budget
P+Qin—'Qoul+Qg"" Es - Tj'"I:ASp (1.61)

where P is the precipitation, @, is the surface water flow into the system, @, 15 the surface
water flow out of the system, @ is the groundwater flow into the stream, £, 3s the surface evap-
otation, 7, 1s the teanspiration, [is the infiliration, and AS| is the change in water storage of the
surfiace water system.

Groundwater System Hydrologic Budget
I+ G- Gy —Q, —E, T, =AS,, (1.6.2)

where G, is the groundwater flow into the system, G, is the groundwater flow out of the sys-
tem, and AS, is the change in groundwater storage. The evaporation, £, and the transpiration,
T, can be significant if the water 1able is near the ground surface.

System Hydrologic Budget
The system hydrologic budget is developed by adding the above two budgets together:

P—(Qou— Qi) — E + E) — (T + T — (G — Gip) = ALS, + 5) (1.6.3)

Using net mass exchanges, the above system hydrologic budget can be expressed as

P-Q-G-E-T=AS (1.6.4)
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EXAMPLE 1.6.1

SOLUTION

FEXAMPLL 16,2

SOLUTION

{a)

T Figure 1.6.2. Diagrams illustrating water
budgets for a groundwater systemn for
— predevelopment and development condi-
tions.” (a) Predevelopment water-budget
diagram illustrating that inflow equals
cutflow. (&) Water-budget diagram show-
ing changes i flow for a groundwater
syslem being pumped. The sources of
water for the pumpage are changes in
recharge, discharge, and the amount of

Recharge DNEch arge

~ Y| Groudwiter system

(b} B Fumpage

NGTEASE T Nec-ease in , X ' Patel '
iy drichag water stored. The initial predevelopment
It . values do not directly enter the bodget
calculation.

Hydrologic budgets can be used for numerous studies related to groundwater including

« Estimating groundwater exchange with lakes, % %9-36.60. 63, 63,72

+ Estimating surface water and groundwater interaction.® #- &

+ Computing recharge from a well-hydrograph data.™
A diagram lustrating water budgets for a groundwater system for predevelopment and
development conditions is presented in Figure 1.6.2. A groundwater budget for part of Nassau

and Suffolk Counties, Long Island, New York, is shown in Figure 1.6.3. Both of these water
budgets assume equilibrium conditions with littie or no change in storage.

During 1996, the water budget terms for Lake Annie in Florida®® included precipitation () of 43 inch/yr,
evaporation {£) of 33 inch/yr, surface water inflow (Q ) of 1 inch/vr, surface outflow (2, ) of 173
inch/vr, and change in lake volume (AS) of - 2 inch/¥r. Determine the net groundwater flow (the ground.
water inflow minus the groundwater outflow).

Assuming T, — 0, the water budget equation (1.6.4) to define the net groundwater flow for the lake is

G AS-PHE-Q, +Q

~e=Dul
P =2-A34 5314173

~ 180 inchfvr |

During Jarary 1956, the water budget terms for Lake Annie in Florida™ included precipitation (P) of 1.9
inch, evaporation (F7) of 1.5 inch, surface water inflow (@;,) of O inch, surface outflow (Q,,) of 17.4 inch,
and change in lake volume (AS) of 0 inch. Determine the net groundwater flow for Janvary 1996 (the
groundwater inflow minus the groundwater outflow).

The water budget equation to define the net groundwater flow for the lake is

G :AS-PvE-Q, +0,, ~0-19+15 0+ 174 =17 inch for January 1996 |
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OVERALL PREDEVELOPMENT GROLUND-WATER PREDEYELOPMENT
WATER-BUDGET ANALYSIS o WATER-BLIDGET ANALYSIS
INFLCW TO LONG ISLAND Pounic INFLOW TO LONG ISLAND CUBIC
HYDROLOGIC SYSTEM © FEET PER GROUNDG WATER 5YSTEM FEET PER
e BEGOND SECON)
1. Pracipitation 2,475 7. Ground water racharge 1278 ¢
OUTFLOW FROM LONG ISLAND QUTFLOW FROM LONG ISLAND :
HYDROLOGIC SYSTEM GROUND-WATER SYSTEM
2. Evapatrany af pr ion 1,178 3. Ground-water discharge It streams a0
3. Groung-water discharge to s9a 725 | 9. Ground-water discharge ip sea 725
4, Streamfiow dischargs to sea 426 10, Evap i of pround water 26
. Ewap o of groynd watar 28 1. Spring Aow 25
6. Spring How 25 Total putfow 1275
Total outhow 2475

Figure 1.6.3. Groundwater budger for part of Nassaun and Suffolk Counties, Long Island, New York.* Block diagram of Tong
Island, New York, and tables listing the overall water budget and groundwater budget vnder predevelopment conditions. Both water
budgets assume equilibrium conditions with little or ne change in storage.

The components of hydrologic budgets are either measured, calculated, or estimated.
Evaporation, for example, may be obtained from measured pan evaporation data or calculated
from the energy balance method, the aerodynamic method (such as the Thornthwaite~ITolz-
man equation), or a combination of these methods (such as the Priestley—1aylor evaporation
method). Detailed discussions of these methods are presented in References 22, 49, and 52.
Precipitation data are measured or is obtained from recorded data, and in some cases are esti
mated based upon recorded data for other time periods of interest. Depending upon the time
period of the budget, average monthly values could also be used. In the case when the hydro-
logic budgets are of lakes, lake volume changes are needed and they can be computed using
actual lake-stage measurements and relationships between lake stage and lake volume. Using
estimates of lake volume changes, evaporation, and precipitation, estimates of net groundwa-
ter flow to a lake can be made. The individual components of net groundwater flow are the
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groundwater inflow to the lake and the leakage from the lake, which can be determined
through groundwater simulation medels. Groundwater simulatien models (Chapter 9), how-
ever, need to be calibrated, which requires the monitoring of groundwater levels (hydraolic
heads, Chapter 2), lithographic data (Chapter 12), results (hydranlic conductivities) from pump
tests (Chapter 4), or slug tests (Chapter 3). With a calibrated groundwater flow model, the
groundwater flow into a lake and the leakage from a lake can be determined using simulated

groundwater flow fields.

Grubbs™ described the hydrologic budgetary analysis that was
performed for Lake Five-O (a seepage lake), located in Bay
County in northwestern Florida (see Figures 1.60.4 and 1.6.5). This
hydrologic budget (Table 1.6.1 and Figure 1.6.6) was determined
using both coliected data and model simulation results (see Chap-
ter 9). Lake Five-O is located in an area characterized by coastal
errace deposits that have been modified by extensive karst devel-
opment. Soils in the area are deep, excessively drained, and con-
sist of very permeable, Iakeland serics sands. Maximum lake
depth ranged from 13.5 m to 15.4 m. Surface area ranged from
10.4 te 11.3 hectares, and the lake volume ranged from 9.09 x 10°
to 111 % 108 m”.

The net groundwater flow (groundwater inflow minus leak:
age) was determined by lhe water balance approach utilizing
measurements of precipitation, lake evaporation was determined
using the energy budget method, and lake volume changes were
estimated from lake stage measurements and a relationship
between lake stage and lake volumne. ‘The analysis was utilized to
make qualitative assessments of the significance of lake—ground-
water exchanges during the study period. A groundwater simula:

LOCATION QF
BAY COUNTY

Figure 1.6.4. Location of Lake Five-Q study area.

tion model was used to determine the groundwater inflows and
seepage from the lake. The simulation model was developed using
lithographic data to define the three geohydrologic units, a net-
work of monitoring wells to define the hydranlic heads over the
time of the hydrologic budget, previcusly published data, and lim-
ited slug tests to help determine hydraulic conductivities, The
analvsis made it possible to develop quantitative gstimates of min-
immom groundwater inflow and leakage rates not only during the
study period, but also for long-term average conditions.
The hydrologic budget for Lake Five-O 18 expressed as

AS=P-E+ Q-

The hydrelogic budget by Grubbs® showed that the ground-
water inflow to the Jake and leakage from the lake to the ground
waler system are the dominani components, respectively, in total
inflow (precipitation plus groundwater inflow) and total outflow
{evaporation plus leakage) budgets of the lake. The groundwater
movement, including the head distribution and groundwater flow
near Lake Five-0, is discussed in Section 3.6.6.

N [ I~ T JACKSON
30030 L WASHINGTON — 1 COUNTY_]
WALTON )" COUNTY
COUNTY * | Founthin
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Table 1.6.1 Mouthly Net Groundwater Flow to Lake Five O, 1986 op
Standard
deviation {percent
Average lake  Change in lake Net grovud- Standard of net ground-
Month volume volume Precipitation  Evaporation water flow deviation water [low)
1989
Jan. 989,700 - 26,100 3,800 3,200 26,700 2.300 9
Feb. 964,000 21,900 6,500 4,100 24,700 2,600 10
Mar. 943,300 ~13,900 17,700 7,800 - 23,100 3.300 14
Apr. 035,700 —8.700 10,600 11,000 8,300 2,800 34
May 922,500 --14.°400 8,900 13,800 -9,900 2,500 29
June 945,600 69,100 36,800 12,000 24,400 8,300 38
July 1,024,800 66,700 26,300 13,300 53,700 5,100 10
Aug. 1.068 A00 26,200 20,900 12,300 17.600 3,700 21
Sept. 1,091,800 22,300 21,500 16,800 17,700 3,700 21
Oct. 1.133.100 3.100 15,100 13,000 1.000 2,700 270
Nov. 1,108,200 4,100 13,800 0.400 - 300 2,300 170
Dec. 1,102,700 1,000 13,500 7.900 —4,600 2,300 50

(continues)
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Table 1.6.1 (continued) Monthly Net Groundwater Flow to Lake Five-0O, 1985-90

Maonth

Tan,
Feb.
Mar.
Apr.
May
June
July
Aug.
Sept,
Oct.
Nov,
Dec.

Average lake
volume

1.107.000
1,103,000
1,092,000
1.076,100
1,058.600
1,04 1,300
1,046,400
1,055,600
1,033,300

998,600

963,200

932,000

volume Precipitation  Evaporation
1990

-3.1300 3.800 3,300
4,800 5,700 4,800
-15,500 5,600 8.600
-17,800 12,000 11,100
-22,000 9.400 15,100
9.100 23,700 14,300
17,900 31,300 15,000
-2.400 16,000 15,600
35,600 3,900 17,500
35,100 5,500 15,400
-35,600 800 11,300
—-28.900 7,000 7.A00

Change in lake

Net ground-
water flow

-3,500
5,800
-16,500
—-18,700
16,300
18,500
1,600
2,800
21,600
-25,200
-25.100
—28,500

Standard
deviation

1,500
1,300
2,000
2,400
2,400
4,200
5,300
3,600
2,900
2,800
2,600
2,600

Standard
deviation (percent
of net ground-
water flow)

43
22
12
13
15
23
330
130
13
11
10
S

All units are in cubic meters, unless otherwise noted. Standard deviation is the error component of the net gronndwater flow estimate, Negative
values of net groundwater flow indicate that leakage exceaded groundwater inflow,

ICUBIC METERS)

VOLUME

WOLUME (CUBIC METERS;

YOLUME (CUBIC METERS}

160,000 T T T T T Ty
b *  GHOUNOWATER INFLOW:]
L]
H90 - O PRECIFITATION
*
60,000 |- o] RETY e “
[ L] LN * k
anat* L ° sta * o
| * o o 4
Y N au a A
| Hn Roa pag o o
QB s me Ll L
L 4
21,000 B
A L TP bbb b % "
100,008 T ——
r 4 LEAKACE -
60.000 1 8 EVARDRATION
i pipn .N
641,000 L] e L
?. -d. .....D. ]
wt
42000 .t g
b J
20,000 p- J
| _oAoogPog nnnnmn“n
T L L U il
20,000 1 §
40.00U ||||||||||| | N T S T S T A S A T N 1
100,000 —rT T T
L * RESIGUAL
60,000 - O LAKE YOLUME CHAKBE
L . J
80,000 - E
AL D00 _.
L o J
20000 |- a o 4
[ » Ampa 4, v, ]
Oh-ma«y—-!v-_ﬁu.a._....;;v »»»»»
L . d
20,000 b O nes Dun i
a a
40000 b, un.n,

PSS R A SN I S AT SR,
FMAMI JASONDI FMAMJJASGND
1989

1980

Figure 1.6.6. Monthly hydrologic budget compo-

nents for Lake Five-0, 1989-90.%
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The components of a hydrologic budget, whether they are measured or calculated, have
associated errors. These errors are based on the degree of uncertainty of the measurements,
limitations of methods, and the asswmptions made to calculate the values. In many situations
information on the rainfall, surface cutflow, and withdrawal for supply may be the most reli-
able. Calculated values of lake evaporation and lake storage may be less reliable because off-
site pan evaporation and estimated pan coefficients are used, Lake stage data may be less
reliable because of the uncertainty in assessing the surface area of the lake. Groundwater flow
is typically the least reliable. When the measured or calculated components are used in the
budget calculations, imbalances between the inflow and ocutflow components, called residuals,
occur. The residual term in a hydrelogic budget is an accumulation of all the errors in the com-
ponents of the budget. The previous hydrologic budget equations do not reflect residual terius;
however, the analysis by Grubbs® describes the residuals in detail.

1.7 PUBLICATION SQURCES
1.7.1 Internet Resources

The Internet has changed the availability of scurces of information on groundwater hydrelogy.
Now we can access many types of data and publications very rapidly through the use of a com-
puter. Appendix A provides a list of U.S. government and nongovernmental organizations’
Web sites.

Much of this book has been developed to serve as a portal to the vast resources on ground-
water hydrology that now exist on the Internet. Hopefully this book will help guide the student,
the professional, and the researcher to the general decuments, program plans, field project
details, software, and other information found on the Internet, Many of the new figures and
tables in this edition have been taken from various Web sites, in particular the 11.8. Geologi-
cal Survey site. These items not only provide specific information but also serve as samples of
graphics and tabulations available on the Internct, making the style of this book more variable
than that of most textbooks. The majority of Web sites referenced in this book are mamtained
by government agencies and established organizations, and therefore should be accessible for
many years to come. Several end-of-chapter problems throughout the book are based upon
Internet exercises.

1.7.2  U.S. Geological Survey Publications

In the United States, a majority of the field measurements and investigations of groundwater
have been conducted by the U.S. Geological Survey (USGS). Most work has been on a coop-
erative basis with individual states. Results are published by the Survey as cireulars, digital
data series, fact sheets, hydrologic atlases, open-file reports, techniques of water-resources,
water data reports, water-resources investigation reports, professional papers, and water-sup-
ply papers. Table 1.7.1 describes the various types of U.S. Geological Survey reports, and
‘lable 1.7.2 describes how to find and reference on-line 'SGS water resources reports. Since
1935 records of groundwater measurements in key observation wells have been published in
water-supply papers under the title Groundwater Levels in the United States. The 1.8, Geo-
logical Survey publishes at irregular intervals other papers on the geology and groundwater
resources of local areas, Invariably, these intensive investigations concern areas containing
important groundwater problems and are carried out in cooperation with local agencies.
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Table 1.7.1 Types of U.S. Geological Survey Reports

Cirelars—Purpose: To present to general or scientific audiences short summaries or articles of short-term, popular, or local interest.

Digital Data Series—The Digital Data Series encompasses a broad range of digital data, including computer programs, interpreted
results of investigations, comprehensive reviewed databases, spatial data sets, digital images and animation, and multimedia presen-
tations that are not intended for printed release. Scientific reports in this series cover a wide variety of subjects and facets of 1.5,
Geological Survey investigations and research that are of lasting scientific interest and value, Releases in the Digital Data Series
offer access to sclentific information that is available in digital form; the information is primarily for viewing, processing, and (cor)
analyzing by cormputer.

Fact Sheets: Purpose: To describe Waler Resources Division (WRD) programs, projects, products, and waler resources Lopics 1o
either a general or professional audience. Water Fact Sheets are concise and timely publications that increase the understanding and
visibility of WRID activities and accomplishments.

Hydrologic Adases—Purpose: To present reports on hydrology or geohydrology in map format to a wide range of hydrologically ori-
ented audiences.

Cpen-File Reports—Purpose: To make available (1) data reports, (2) reports preliminary findings that would be of interest to few
persons other than the cooperating agency, (3) reports and maps pending publication elsewhere but requiring immediate release, and
(4) timely information describing programs, projects, products, and water-resources topics.

Professional Papers Purpose: To present comprehensive or topical reports on any field in the earth sciences. This series is com-
monly used for summaries of wide popular, scientific, or geographic interest, and for significant scientific contributions  generally
on topics other than hydrology.

Techniques of Water-Resources—Purpose: To present to technically oriented avdiences reports on methods and techniques used in
collecting, analyzing, and processing hydrologic data.

Water Dara Reports A series of annual reports that decument hydrologic data gathered from the U.S. Geological Survey's and
cooperating agencies’ surface and groundwater data collection networks in each state, Puerto Rico, and Trust Temiteries. These
records of streamflow, groundwater levels, and water quality provide the hydrologic information needed by state, local, and federal
agencies, and the private sector for developing and managing our Nation's land and water resources.

Warer-Resources Investigations Reports--Purpose: To (a) present to interdisciplinary audiences comprehensive or topical interpre -
tive reports and maps that are mainly of local or short term interest; (b) provide a medium of release for reports and maps that would
not be feasible in any other series or journal or that would be published quickly.

Water-Supply Papers—Purpose: To present significant interpretive results of hydrologic investigations of broader than local interests,
Warer Frrata Sheers  Changes made to reports after publication,

Source: hrtp/fwalerusgs.gov/pub.html

Table 1.7.2 How to Find and Reference Online 17SGS Water Resources Reports

Many USGS reports on waler resources topics are now being served online. You can access them by their series and number. For
exatnple, to see Circalar 1123, yvou should enter CIR 1123 in the search box at the following URL: hitp:/fwaterusgs.gov/pubs.

Constructing a reference

Use one of these prefixes for the report series, followed by the report number. Dashes and underlines are permitted (and ignored), but
blanks are not allowed. Case is insensitive.

Report Series Preferred Prefix Alternate Prefix(es) Allowed
Fact Sheet FAC FSFACTES |
Open-File Report OFR OF
Water-Resources Invesligation WRI WR WRIR
Professional Paper PRO PROFF PP
Water-Data Report WDR WD DATA
Circular CIR CIRCC
Watet-Supply Paper WSPp W5
Bulletin BLUL BULI

Techniques of Water-Resources Investigations TWRI TWRI
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Table 1.7.2 (continued} 1low to Find and Reference Online UUSGS Water Resources Reports

Referencing parts of a document

Using only the series and number will reference the home page (index html) of the document. You also can reference a specific part
of a docament in kiml format, even if it’s not on the home page. For example, to find the section named HRD4 in a file of Circular
1123 called gverview hrmf, use this URL: hitp:/pubs. waterusgs. govicir | 123 overview htmi# IDR4. This fechnique will work for any
sub-page or figure of the html document.

The “pubs.waterusgs.gov” reference is persistent!

The USGS is committed to supporting this relerencing system for the indefinite future. This means you can safely incorporate a
“pubs.water.usgs.gov" reference in your Web pages and even in your printed documents and it will still work many vears later.

When viewing a document, your browser’s location may show you another URI. that corresponds to the current physical location of
the document. Do not use this physical location as a ““persistent” reference! As onr system grows. these locations will change but the
“pubs.waterusgs.gov” reference will not.

Source: htpfiwater.usgs gov/pubs/referencing huml

1.7.3  Publications
The following journals provide articles on various topics of groundwater:

Environmental Science and Technology, American Chemical Society

Ground Water, National Ground Water Association

Groundwarer Management, Water Well Journal Publishing Co.

Ground Water Monitoring and Remediation, Groundwater Publishing Company

Hydrological Science and Technology, American Institute of Ilydrology

Journal of the American Water Resources Association, American Water Resources
Association

Journal of Contaminant Hydrology, Elsevier Scientific Publishers

Journal of Hydraulics, American Society of Civil Engineers

Journal of Hydrology, Vlsevier Scientific Publishers

Jowrnal of Water Resources Planning and Management, American Society of Civil Engineers

There have been many books published on the subject of groundwater, Farlier books include
References 4, 5,7, 17,19, 23, 26, 20-31, 40, 41, 43, 56, 58, 59, 61, 67, 70, 73, and 74.

Over the past three decades there are several previous books that have been published on
groundwater including Applied Hydrogeology™, Aquifer Hydraulics®; Contaminant Hydroge-
ology**, Groundwarer™®; Ground Water Contamination: Transport and Remediation'”,
Groundwater Engineering®; Groundwater Hydrology'®, Groundwater Hydmiog_}-‘ég: Ground-
water Hydraulics and Pollutanr Transport’™, Groundwater Mechanics™; Groundwater Sci-
ence®®; Groundwater Systems Planning and Management’’; The Handbook of Groundwater
Engineering” ; Hydraulics of Groundwater'’; Manual of Applied Field Hydrogeology™®; Mod-
eling Groundwater Flow and Pollution'', Principles of Groundwater Engineering%; and
Quanritative Hvdrogealogy. o

L8 DATA SOURCES

Table 1.8.1 lists the principal types of data and data compilations that are required for the
analysis of groundwater systems. The lists are for the physical framework, hydrologic budg-
ets and stresses, and the chemical framework. One of the sources of data used frequently by
groundwater hydrologists is the U.S. Geological Survey NWIS system.



30 Chapier ! Introduction

Table 1.8.1 Principal Types of Iata and Daga Compilations Required for Analysis of Groundwater Systems

Physical framework

Topographic maps showing the stream drainage network, surface water bodies, landforms, cultural features, and locations of struc-
tures and activities related to water

Geologic maps of surficial deposits and bedrock

Hydrogeologic maps showing extent and boundaries of aquifers and confining units

Maps of tops and bottoms of aquifers and confining units

Saturated: thickness rmaps of unconfined (water-table) and confined aquifers

Average hydraulic conductivity maps for aquifers and confining units and transmissivity maps [or aguifers

Maps showing variations in storage coefficient for aquifers

Estimates of age of groundwater at selected lacations in aquifers

Hydrologic budgets and stresses

Precipitation data

Evaporation data

Streamflow data. including measurements of gain and loss of streamflow between gaging stations

Maps of the stream drainage network showing extent of normally perennial flow, normally dry channels, and nermally seascnal flow

Estimates of total groundwater discharge to streams

Measurements of spring discharge

Measurements of surface water diversions and retum flows

Quantities and locations of interbasin diversions

Iistory and spatial distribution of pumping rates in aquifers

Amount of groundwater consumed for each type of use and spatial distribution of return flows

Well hydrographs and historical head (water-level) maps for aquifers

Location of recharge areas (areal recharge from precipitation, losing streams, irfigated areas, recharge basins and recharge wells),
and estimates of recharge

Chemical framework

Geochiemical characteristics of earth materials and naturally occurring groundwater in aquifers and confining units
Spatial distribution of water quality in aquifers, both areally and with depth

Ternporal changes in water quality, particularly for contarninated or potentially vulnerable unconfined aquifers
Sources and types of potential contaminants

Chemical characteristics of artificially introduced waters or waste liquids

Maps of land cover/land use at different scales, depending on study needs

Streamflow quality (water-quality sampling in space and time), particnlarly during periods of low flow

Source Alley et al’

1.8.1 NWISWeb Data for the Nation

The U.S. Geological Survey is the principal federal water data agency in the United States. ‘The
USGS collects and disseminates about 70 percent of the water data currently being used by
numerous state, local, private, and other federal agencies to develop and manage water
resources. The National WATer Data STOrage and REtrieval System (WATSTORE) was estab-
lished in 1972 to provide an effective and efficient means for the processing and maintenance
of water data collected through the USGS and to facilitate release of the data to the public, In
1976, the USGS opened WATSTORE 1o the public for direet aceess.

The U.5.G.S. Nattonal Water Information System (NWIS) has replaced WATSTORE and
is referred to as NWISWeb (http://waterdata.usgs.gov/nwis). NWIS is a very large collection of
data and information on the water resources of the United States. This database contains current
and historical water data from more than 1.5 million locations across the nation. The data cate-
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gories are real-time data, site information, surface water data, groundwater data, and water qual-
ity. Real-time data includes data transmitted from selected groundwater sites. Site information
includes descriptive site information, including latitude, longitude, well depth, aquifer, and site
use. The groundwater database includes groundwater site inventory, groundwater level data, and
water-quality data. The groundwater site inventory consists of more than 850,000 records of
wells, springs, test holes, tunnels, drains, and excavations in the United States. The groundwater
data can be obtained at http://waterdata.usgs.gov/nwis/gw.

1.8.2 Real-Time Data

Real-time groundwater data include data that are automatically collected, transmitted, and made
available to the public at least once a day according to the U.S.GLS. (I'act Sheet 09001, Decemn-
ber 2001). These data can be transmitted by land-lined telephone, cellular telephone, land-
based radio frequency (RE) technelogy, satellite telemetry, or a combination of these
technologies. Within the 1.8.G.S., satellite telemetry is the most common method for real-time
data transmission. Water levels are the most common data transmitted in real time by the USGS.
Figure 1.8.1 illustrates a real-time data collection and transmission system. With this methoed,
water-level data are recorded by a data-collection platform (DCP) (see Figure 1.8.2) and trans-
mitted, often on a four-hour schedule, by satellite telemetry to a 1.5.G.8. ground station. 'The
data are then displayed at http://water.usgs. gov/imwis/gw.

Real-time data have many inherent advantages over data collected and distributed by tra-
ditional means, inclading timeliness, data quality, data availability, and cost. Additional infor-
mation on real-time groundwater data can be obtained at hitp://water.usps.govinwis/gw or
from the following address: Office of Groundwater, 11.S. Geological Survey, 411 National
Center, 12201 Suvarise Valley Drive, Reston, Virginia 20192, 703-648-5001.

e

sl ool Rl

Figure 1.8.1, Real-time data collection and transmission system.™
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i

Figure 1.8.2.

PROBLEMS

1.6.1 Using the data for Lake Five-0) in Table 1.6.1, show that the
net groundwater flow for Decernber 1989 15 —4,600 cubic meters.

1.6.2 Using the data for Lake Five- O in Table 1.6.1, show that the
net groundwater flow for December 1990 is . 28,500 cubic meters.

1.6.3 Determine cumulative net groundwater flow for Lake Five-
0O during 1989.

1.6.4 Dectermine cumulative net groundwater flow for Lake Five-
QO during 1950.

1.7.1 Perform a search of the U.S. Geological Survey online pub-
lications (including circulars, fact sheets. open file reports, pro-
fessional papers, water-resources investigation reports, and warer
supply papers] to determine what studies, if any, have been per
fortned on the regional aquifer systern closest to where you live.
1.7.2 Develop an inventory of wells in the county where you live
using the USGS data sources for your state. Select a well that has
a time history of water levels and print the hydrograph.

bvfdeeny
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Muitiple sensor data-collection platform (DCP) installation in Kansas.*

1.7.3 Perform a search of U.8.G.8. publications Tor the topic
“hydrologic budget and water budget.” To perforin the search, go
to hitp:/fusgs georef.cos.com. How many publications are listed?

1.7.4 Perform a search of UU.S.G.8, publications for the Tligh
Plains Aquifer. To perform the search, go to httpi/fusgs geo
ref.cos.com. How many publications are listed?

1.7.5 Perform a search of U.5.G.S, publications Tor the Edwards
Aquifer. To perform the search, go to httpi/fusgs-georef.cos.com.
How many publications are listed?

1.7.6 Perform a search of U.S.G.S. publications for the topic of
karst terrains. To perform the search go to hitp:/fusgs geo
ref.cos.com. How many publications are listed?

1,7.7 (Go to the site http/fwaterusgs.gov/sofiware and obain a
list of the groundwater software that the U.5.G.S. has available.
1.7.8 Write a description of the U.S.(G.58, Ground Water Resources
Program. Use the site http:/Awaterusgs. gov/ogw/GWRE html.
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