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Preface

This book, describing select springs and bottled waters around the world, provides a
broad spectrum of information on springs, as they have provided man with a source
of water and have materially affected the evolution and development of civilization.
Springs have played a prominent role in history, agriculture, military campaigns, re-
ligion, and science. Dr. O. E. Meinzer, the father of hydrogeology, once made the state-
ment that certain parts of the Bible read like a water supply paper. To prove his point,
he cited the stories of Rebecca at the well, and Moses “smiting” the rock and “water
gushed forth”. Perhaps the most famous religious springs would be Ayun Musa near
Suez in northwest Sinai, or the springs at Kadesh Barnea in northeast-central Sinai,
both associated with springs of the Exodus story in the Bible and the Koran.

In the preparation of this book data was obtained from major hydrogeologic data
bases of the principal water resources investigatory groups around the world, for
example, the US Geological Survey, the State Geological Surveys in the USA, and from
contacts with leading hydrogeologists with knowledge about springs. References were
also obtained from publications of scientific societies such as the American Geologi-
cal Institute, American Geophysical Union, Geological Society of America, American
Water Resources Association, American Institute of Hydrology, International Asso-
ciation of Hydrogeologists, Geological Surveys of Ireland, Sweden, Great Britain,
France, China, Japan, and many others. A select group of scientists voluntarily wrote
about famous springs that they know, providing a wide variety of site-specific geo-
logical, geographical, historical, and regulatory information. Their help is gratefully
acknowledged.
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Chapter 1

Introduction

PuiLie E. LAMOREAUX

1.1 Purpose and Scope

Springs and Bottled Waters of the World is a combined
text and data reference book, designed to provide infor-
mation for the general public, politicans considering
legislation, legal and scientific professions, and to gov-
ernmental employees about springs, springs that pro-
vide humans with a major source of water around the
world. The book has been prompted by the explosive
development of water for private, municipal, and indus-
trial use as well as for the relatively new bottled water
industry. The role of springs is described for ancient civi-
lizations, military campaigns and in more recent times,
for tourism and health spas around the world (see also
Chap. 8 for significant historical facts on springs and
bottled waters). No effort has been made to identify all
bottled waters or describe them. The editor and authors
have travelled extensively around the world and a large
collection of bottles and labels for bottled waters has
been brought together with a significant number of bro-
chures, technical and popular reports, and newspaper
articles on the subject. It is from this source of informa-
tion that a selected set of bottled waters has been de-
scribed and illustrated and from which examples of
development, use, legislation, regulations, and rules gov-
erning bottled waters has been taken. Chapter 8, Famous
Springs, provides selected historical material on springs
and spring studies along with descriptions of famous
springs by leading scientists from different countries.
These papers follow a general agenda: source, occur-
rence, history of development and use, and methods for
development.

One of the earliest scientific works about springs in
the USA was published in 1841, a memoir of the First
Delaware Geological Survey by James C. Booth. This re-
port describes spring water, its chemical composition,
use in geological mapping and for medicinal purposes.
A more comprehensive book, Mineral Springs of North
America by J. ]. Moorman, M.D., Physician to White Sul-
phur Springs and a Professor of Medical Jurisprudence

and Hygiene at Washington University, Baltimore, docu-
mented his 35 years of experience and investigation of
the nature and medicinal applicability of mineral wa-
ters. His work, accomplished during his residency at
White Sulphur Springs, described his observation of ef-
fects of the water on a variety of diseases. This fascinat-
ing book was published by J. B. Lippincott & Co. in 1873
and describes mineral waters in general, mineral waters
used as medicines, and classified springs as to red sul-
phur, sweet, sweet chalybeate, hot, warm, alum, and heal-
ing springs.

There are many other early publications on springs
and mineral waters and spas in Europe. One of the ear-
liest of these is Les Sources de France by Me Stanislas
Meunier published by the Libraire Hachette et Cie in
Paris 1886. Subsequently, there have been hundreds of
scientific and popular reports, pamphlets, and books
written on the subject. Again, it would be extremely dif-
ficult to list all of these references, however, a selection
has been made to aid more detailed research as the need
arises.

1.2 The History of Mineral Water Exploitation in
China

In China, the modern mineral water industry has been
described by Dr. Yuan Daoxian, the Director of the In-
stitute of Karst Geology at Guilin, Guangxi, China as fol-
lows (Daoxian 1996):

According to historical documents, Chinese people knew about min-
eral water, especially hot springs, for a long time. A book, Annota-
tion on Water Scripture, by Li Daoyuan who lived in the Beiwei Dy-
nasty (a.p. 386-543), described 41 hot springs, most of them in North
China, but also 9 in South China. In Volume 38 of the Geography
Dictionary,compiled in the time of Kangxi Emperor (a.D. 1662-1722)
of the Qing Dynasty, 78 hot springs were noted. The knowledge
on mineral and hot springs grew rapidly in China, and in the book
Study on Hot Springs in China (Chen Yanbing 1939), 584 hot springs
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were described, including 103 from Guangdong Province, and one
from Tibet. Another book Major Hot Springs in China (Zhang Hong-
zhao 1956, Geological Publishing House), collected data of 972 hot
springs in China. In Methodology for Geothermal Water Survey and
Exploration, compiled by the Institute of Hydrogeology and Engi-
neering Geology (MGMR, Geological Publishing House 1973), more
than 2000 hot springs and exploration wells were identified and
shown on a map.

As the middle reach of the Yellow River is the cradle of Chinese
culture, and the political center of China originated in North China,
the exploration of mineral and hot waters was also started in the
north,and expanded gradually to the south. For example, the Lishan
hot spring, 25 km to the east of Xian City, now the provincial capi-
tal of Shaanxi province, but which used to be the capital of China
for thousands of years (1134 B.C.—A.D. 907), has been used by many
monarchies of China for medical treatment since the time of King
Guangwu (a.p. 25-56) of the eastern Han Dynasty. When General
Su Wenda remained there because of serious pernicious malaria,
a kind of vital subtropical disease, and was not able to return to
the capital (Luoyang, Henan Province) with his army, Su was soon
cured by daily bathing in the hot spring. The Xinzi hot spring at the
south of Lushan Mountain, a well-known summer resort in Hiangxi
province on the middle reach of the Yangtze River, it was recorded
from the time of the eastern Jin Dynasty (a.p. 317-907), that Xue
Yong, the governor of Xixian County was cured from an epidemic
by bathing in it.

The first scientific summary of mineral water in China was
made by Li Shizhen (a.p. 1518-1593), the great ancient Chinese phar-
macologist in Ming Dynasty. In his book, Compendium of Mate-
ria Medica, he classified mineral water in China according to vari-
ous criteria and gave examples. For instance, according to the
chemical contents, he classified mineral waters into sulfur springs,
cinnabar springs, vitriol springs, reagar springs, and arsenic
springs. On the basis of water taste, he classified mineral waters
into sour springs, bitter springs, salty springs, cold springs, and
hot springs. He also made remarks on the medical effects of min-
eral waters for treatment of dermatosis, rheumatism, etc.

1.2.1 The Uses of Mineral Water in Ancient China

The most popular use of mineral water in ancient China
was for medical treatment. However, there were also
records of employing hot springs for cooking and agri-
culture.

Medical Use. In the book, Annotation on water scrip-
ture, published in Beiwei Dynasty (a.p. 386-543), Li
Daoyuan wrote, “the Huangnu hot spring on the Shahe
River, Lushan, Henan is so hot that rice can be cooked in
it. A Taoist Prist drinks it three times a day in addition
to bathing in it. All his diseases were cured in 40 days.”
According to historical records, the King Yingzheng, the
first Emperor of Qin Dynasty (221-210 B.C.), cured his
dermatosis, King Li Shiming (a.p. 627-649) of Tang Dy-
nasty recovered from rheumatism by taking a bath in
the Lishan hot spring at the east of Xian City.

Agricultural Use. In the book, History of Han Dynasty
(continued), written by Sima Biao in the period of Jin
Dynasty (a.D. 265-420), it is recorded that there is a hot
spring 3 km to the south of Cunzhou City, Hunan prov-
ince. Several hectares of ricefield downstream from the
spring, irrigated by warm water, can be sown in Decem-
ber and cropped in March of the next year. Using water
from the hot spring, the ricefield has three crops every
year. Similar practices are recorded using water from
Dongze hot spring, Xingyang county, Hubei province.
In the Tang Dynasty (A.D. 618-907), melons are irrigated
by water from Lishan hot spring at the east of Xian and
can be cropped in February (Daoxian 1996).

The first commercial bottled mineral industry in
China was Laoshan Mineral Water near the coastal city
of Qingdao, Shandong province. It was started in 1931,
but stopped during the Second World War. Since 1962,
the production of Laoshan Mineral Water has been re-
stored and sold on the Hong Kong market. Meanwhile,
production from several other mineral water enterprises
have also been put onto the market since the 1960s, in-
cluding the Weina Mineral Water of the Inner Mongolia
Autonomous Region, Longchuan Mineral Water of
Guangdong province, the Pikou and Tanggangzi Min-
eral Waters of Liaoning province. In 1987, the Standard
for Natural Drinking Mineral Water of the People’s Re-
public of China (GB-8537-87) was issued by the National
Technology Supervision Bureau. In less than 10 years,
the known sites of mineral water in China have in-
creased to more than 2000, with an exploitable resource
of 280000000 m3/yr. Among them, more than 500 sites
have been authenticated, and about 250 sites exploited,
with an annual production of more than 1 million t. It is
expected that the annual production of bottled mineral
water in China will be about 5 million t in the year 2000.

In the United States, the US Geological Survey pub-
lished Bulletin US 32,1886 the Analyses of Mineral Springs
in the USA. One of the earliest and most comprehensive
references on mineral waters from springs is contained
in the book Mineral Waters of the United States and
American Spas by William Edward Fitch, M.D., a mem-
ber of the International Society of Medical Hydrology, as
well as a surgeon, gynecologist, and educator. This book,
published by Lea & Febiger, 1927, contains 799 pages of
information on mineral water classification, dosage and
physiological impact, application of mineral waters to the
treatment of disease, and a comprehensive chapter on
the mineral waters of the United States by state.
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4. Assessing groundwater flowtype using spring flow
characteristics, in: The Professional Geologist vol. 33,
No. 8, pp. 4-7, (Werner 1996).

s. Short report on IGCP 379 Meeting “Karst Processes
and Carbon Cycle”, Lipu, Guangxi, China, 26-30 April
1997. The Deep Source CO, by Dr. Do Tuyet (The In-
stitute of Geology and Mineral Resources of Vietnam)
reported that there are many geothermal springs in
Vietnam along the northwest-oriented plate margin
zone. The hottest one is at Bang, Le Chuy district of
Guang Pinh province. It is 105 °C. Dr. Ching-Nan Liu
(Taroko National Park Headquarter, Taiwan, China,
and others reported one of the systems along Liwi
Hsi River, north of Hualien County (Daoxian 1997).

6. An example of a current international symposium is
Mineral and Thermal Groundwater, organized by the
Romanian Association of Hydrogeologists, under the
auspices of the International Association of Hydro-
geologists, 24-27 June 1998, Miercurea Ciuc, Roma-
nia.

From the above, it can be determined that there is a
broad base of references that one should avail oneself
of, which include individual scientific efforts, plus local,
state, and national agencies, and national and interna-
tional societies that have objective research and data
collection on groundwater, springs, and bottled waters.
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CHAPTER 2

Historical Development

PuiLir E. LAMOREAUX

2.1 Introduction

From the beginning of time water has been essential for
survival. Thus, it is not surprising that evidence of the
earliest civilizations has been found along the banks of
rivers: the Tigris and Euphrates in Mesopotamia, the Nile
in Egypt, the Indus in India, the Huang-He (Yellow River)
in China and near large springs. The Chinese classified
their emperors as being ‘good’ or ‘bad’ depending on
whether they maintained their waterworks carefully or
whether they allowed them to fall into disrepair. The ear-
liest hydrologic concepts evolved by man concerning
springs and the accepted description of the hydrologic
cycle began to evolve during the Hellenic Civilization
(600 B.C.).

According to Aristotle, “The earth floats on the wa-
ter”, and “Water is the original substance, and hence is
the material cause of all things” Aristotle’s experience
was based on the knowledge of springs issuing from
limestone rocks in Greece. The Egyptian priests believed
that the earth was created out of the primordial waters
of Nan and that such waters were still everywhere be-
low it and that springs discharged these primordial wa-
ters. Xenophanes of Colophon lived within the period
570 to 470 B.c. He believed that the “sea is the source of
water, and the source of wind. For neither could (the
force of the wind blowing outward from within) come
into being without the great main (sea), nor the stream
of rivers, nor the showery water of the sky; but the
mighty main (sea) is the begetter of clouds and winds
and rivers.” Thus Xenophanes presented an argument
to prove his point stating that clouds, rains, springs, and
streams all originate from the sea.

2.2 Origin of Rivers and Springs

One of the most complete sets of references to the ori-
gin, occurrence, and concepts related to the hydrologic
cycle, groundwater and the occurrence of springs is con-

tained in the book History of Hydrology (Biswas 1970).
It must be recognized that the earliest concepts of water
on earth evolved philosophically in early Greek times
and the discussions by Plato, Tartarus, Pliny, Critias,
Vitrivius, Aristotle, and in early biblical documents, for
example, Ecclesiastes. Biswas’ research on these early
concepts is thorough and commendable.

Plato was born in the month of Thargelion (May-June)
of the 1st year of the 88th Olympiad (428-427 B.c.). He
accepted the concept of the four basic elements of mat-
ter, fire, air, water, and earth. Two possible explanations
are available in the dialogues of Plato on the origin of
rivers and springs, of which the most quoted hypothesis
is the Homeric ocean concept. Plato believed that there
were numerous interconnected perforations and pas-
sages, broad and narrow, in the interior of the earth. He
imagined the existence of a huge subterranean reservoir
called Tartarus. This was the largest of all chasms, and it
penetrated the entire earth. The watery element had nei-
ther a bed or a bottom; it always surged to and fro. Plato
wrote, “the water retires with a rush into the inner parts
of the earth, it flows through the earth into those regions,
and fills them up like water raised by a pump. When it
leaves those regions and rushes back hither, it again flows
into the nearby hollows, and when these are filled, it flows
through subterranean channels and finds its way to sev-
eral places, forming seas, lakes, rivers, and springs”. All
waters of rivers and streams flow back to Tartarus di-
rectly or through a circuitous route. Like the Egyptians,
Plato was aware of one of the fundamental principles of
water, that it always flows downhill. Perhaps that was
why he stated that the exit of the rivers back into the
earth was always lower than the level at which they origi-
nated. The flow from Tartarus to the rivers and vice versa
was a continuous process.

An alternate explanation of the origin of springs and
rivers is in Critias. Referring to conditions at Athens
about 9 000 years before his time, Plato said:
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2.2.1 Evaporation and the Origin of Springs

There was a fundamental difference between the expla-
nation of the French scientists and the English astrono-
mer on the origin of springs. Perrault and Mariotte con-
cluded that springs originated from intermittent rains,
but Halley stated that water is being continually con-
densed out of vapor on the long mountain ridges, and:
“it may almost pass for a rule, that the magnitude of a
river, or the quantity of water it evacuates is proportion-
able to the length and height of the ridges from whence
its fountains arise.”

2.2.2 Capillary Theory of Springs

Reverend W. Derham (1657-1735), in his book, Physico-
theology, first published in 1713, put forward the capil-
lary theory of the origin of springs. Switzer described
the concept as follows:

As to the manner how waters are raised up into mountains, and
other high lands, and which has all along puzzled so many great
men (Mr. Derham says) may be conceived by an easy and natural
representation, made by putting a little heap of sand or ashes, or a
little loaf of bread, into a basin of water, where the sand will rep-
resent the dry land, or an island, and the basin of water the sea
about it; and as the water in the basin rises up to or near the tops
of the heap in it, so does the water of the sea, lakes, etc. rise in
hills: which case he takes to be the same with the rise of liquids in
capillary tubes, or between contiguous plains or in a tube fill'd
with ashes ...

Switzer fully agreed with Derham’s concept and con-
sidered that the origin of streams and rivers cannot be
entirely due to precipitation. He stated that Derham’s
idea was based on his own meteorological observations,
and thus they were very exact, and, hence, beyond dis-
pute.

One of the major chapters of the book Le spectacle
de la nature by N. A. Pluche (1688-1761), published in
1732, was devoted to the origin of springs. The capillary
theory was put forward very clearly and concisely by
one of the characters of the book:

I firmly believe that the seawater deposits its salt on the sands
below, and that it rises little and little, distilling through the sands,
and the pores of the earth, which have such a power of attraction
as is not easily accounted for; and that not only sand, but other
earthly bodies have the power of attracting water,I am well assur’d
of from an observation which occur’d to me but this very day. When
I threw a lump of sugar into a small dish of coffee, I found that the
water immediately ascended thro’ the sugar, and lay upon the sur-

face of it. Yesterday I observed, likewise, that some water which
had been pour’d at the bottom of a heap of sand, ascended to the
middle of it. And the case, as I take it, is exactly the same with
respect to the sea and the mountains.

This approach, very similar to that of Bernard
Pallisey’s Theory and practice, used a main character, the
pundit of the book, who vigorously opposed the theory
on three counts. First, water cannot rise more than 32 ft
in dry sand, and even then that height is very seldom
achieved. Second, the growth of algae will prevent the
passage of water after some time, and finally, if it was
true, seawater, for the same reason, would saturate all
the plains adjoining the coast. Pluche believed in the plu-
vial origin of springs, and firmly discounted Descartes’
concept on the subject. He calculated that if 1 ft* of sea-
water contained only 11b of salt instead of the usual 2 Ib,
the daily flow of the river Seine alone (288 million ft®, as
calculated by Mariotte) would deposit 288 million 1b of
salt every day. Obviously, the quantity of salt that would
be deposited by all the rivers of the world would be too
vast for the theory to be true.

2.3 Groundwater Utilization

Undoubtedly, the greatest achievement in the utilization
of groundwater in ancient times was the building of
ganats (or kanats). A ganat is an artificial underground
channel which carries water over long distances, either
from a spring or from water-bearing strata, and it solved
several problems in water resource engineering. Qanats
kept water cool and free of surface pollutants. Figure 2.7
is an aerial photograph of qanat systems originating in
the talus deposits at the foot of the mountain near
Kashan in Persia. Figure 2.8 shows a typical water sup-
ply system by qanats; the cross section shows the slop-
ing main channel and entrance shafts along the tunnel
used during excavation to remove the excavated mate-
rial. The qanats literally brought groundwater along a
“spring line” down a slope or gradient to a point of dis-
charge convenient for the use of the water.

A primitive type of water meter was used at the
Gadames oasis in North Africa more than 3 0oo years ago,
and it is still being used without modification. This oasis
has a small spring called Ain el Fras (“Spring of the
Mare”) which, according to legend, was discovered by the
horse of an Arabian conqueror. The spring discharges
around 180 m*/h. The water is collected in a basin and
distributed through a main canal and two side canals.
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Evapotranspiration. Loss of water from a land area
through transpiration of plants and evaporation from
the soil. Also, the volume of water lost through evapo-
transpiration.

Transpiration. The process by which water absorbed by
plants, usually through the roots, is evaporated into the
atmosphere from the plant surface.

Runoff (Water). That part of precipitation appearing in
surface streams. It is more restricted than stream flow,
as it does not include stream channels affected by arti-
ficial diversions, storage, or other human works. With
respect to promptness of appearance after precipitation,
it is divided into direct runoff and base runoff; with re-
spect to source, into surface runoff, storm seepage, and
groundwater runoff. It is the same as total runoff used
by some workers (Langbein and Iseri 1960). May be ex-
pressed as average depth over watershed.

Recharge. The processes involved in the addition of
water to the saturated zone, naturally by precipitation
or runoff, or artificially by spreading or injection; also,
the amount of water added.

Storage. (1) Artificially impounded water, in surface or
subsurface reservoirs, for future use. Also, the amount
of water so impounded. (2) Water naturally detained in
adrainage basin, e.g. groundwater in an aquifer, depres-
sion storage, and channel storage.

Discharge. The rate of flow of surface water expressed
as volume per unit of time.

As part of the hydrologic cycle, some of the water fall-
ing on the land returns to the sea as overland runoff, or
enters the soil zone and percolates downward to satu-
rate the underlying rocks. The water level in the satu-
rated rock rises to a position sufficiently high to cause
water to discharge into streams or ponds. A lagtime is
introduced into the hydrologic system in that some wa-
ter is stored in the rocks for variable periods of time.
Ultimately, however, the system is balanced and, over a
long period of time, the input into the rocks (or aqui-
fers) must equal the output: groundwater discharge must
equal groundwater recharge. Thus, the water in storage
in the rocks must equal a constant in the hydrological
equation. This equation in ordinary terms (assuming no
groundwater pumping) can be expressed as follows:

P=ET+R+AS (3.1)
with:

* P = precipitation

* ET = evapotranspiration

= R =runoff (or streamflow) and

* AS = change in groundwater storage

Precipitation and runoff are relatively easy to meas-
ure. Over a long period of time (usually a few years),
change in groundwater storage (AS) must equal zero but,
for short periods (weeks or months), water may be added
to or withdrawn from the aquifers. Where a sufficient
number of observation wells are available, changes in
the quantity of water in storage in the aquifers are shown
by changes in the position of the water levels.

An exception to this could occur where geohydrologic
conditions provide a means for water to move out of a
stream basin and discharge into another basin, or into
an estuary bay, or the ocean. Generally, as an example, in
the Piedmont and Appalachian regions of the USA, the
surfacedrainage basin coincides with the ground-
water basin. An exception to this also may occur with
surfacedrainage basins in limestone terrains where some
of the undergrounddrainage systems may not coincide
with the surface drainage. Another exception may occur
in mining areas where water is pumped from an operat-
ing mine and transferred to another drainage basin.

3.2.1 Precipitation

The source of all water issuing from springs is pre-
cipitation. For example, in a humid continental cli-
mate where the average annual precipitation is about
50 inches as in the Appalachian Ridge and Valley prov-
ince in the eastern USA, the rainfall can be highly vari-
able, ranging from 30-60 in. The temperature is also
highly variable. Thus, spring discharge would vary with
temperature and rainfall. Barometric pressure can also
affect spring flow.

East of the mountains in the Piedmont province or
in the Gulf and Atlantic Coast Plains, the average an-
nual precipitation increases as the climate is affected by
the moisture-laden winds moving northward into the
area and dropping their moisture as rain or snowfall.
Thus, the flow in these areas may be affected substan-
tially by a factor of 10 or more times during a hydro-
logic cycle.

37















42

3 - Geologic/Hydrogeologic Setting and Classification of Springs |

1800s early settlers used the flow of spring water for
powering gristmills, flour mills, sawmills, and cotton gins
(Brune 1975, p.9) Some settlements, like Huntsville, Ala-
bama, depended on spring water for their water supply.
By the late 1800s in the USA, medicinal or health_spas
began to flourish, touting the virtues of the therapeutic
or regenerative value the waters had on the body. Springs,
like Silver, Rainbow, Glenwood, Saratoga,and Hot Springs,
Arkansas became popular for recreational purposes.

Water was a primary resource on which people’s lives
depended. Like wild foods and herbs, ancient people
whose daily survival depended on the knowledge of the
natural world, would depend on handed-down wisdom
and folklore of the area. Springs were a popular topic of
discussion of ancient people and the earliest written
records of the Greeks, Muslims, and Christians related
stories about springs as sources of water.

3.4.1 Spring Identification by Human Senses
Springs were sources of water easily identifiable by our
five senses. With the eyes, springs could readily be spot-
ted as flowing waters not necessarily near a river, creek,
lake or ocean. The size of the spring was often noted by
the size of the opening to the spring. The flow of a spring
could visually be observed to be fast, moderate, slow, or
not flowing. Objects like bamboo, pumice, or sticks could
be thrown into the water to see where the object traveled
as well as how rapidly it traveled, and, for example, the
springs of Sidon of the Bible were first studied by throw-
ing a shaft into the water and watching it move. The clar-
ity of water could also be visually assessed. People be-
lieved that the clearer the water, the more pure it was.
Thus,iron was distasteful and caused “red waters”. Touch
immediately indicated the temperature, texture,and sen-
sation of the water. Smell helped develop a trust in drink-
ing the water. Sulfur in spring water causes a rotten egg
odor, an example of how scent creates an aversion to
water taste. Some springs are naturally bubbly or car-
bonated due to the presence of gases which had a tin-
gling effect on the nostrils. Many of the mineral waters
of Europe are highly carbonated and are sold as gase-
ous or non-gaseous. Hearing helped detect the flow of
water, therefore, using the senses and observation skills,
a first-time visitor to a spring evaluated a source of wa-
ter before attempting to drink. If the water tasted good
or helped a person to feel better, they would most likely
note the spring and come again and bring others.

3.5 Classification Prior to the 17th Century

Classification of springs prior to the 17th century was a
verbal recitation of the location, size, temperature, and
drinkability of water from the spring.

In Ancient Greece, the numerous caves, springs, and
karst features influenced Greek philosophers who at-
tempted to explain the origin of water and springs. One
school of thought was that water was forced from the
sea and driven into rocks and upwards whereby salt
would be extracted once it hit the ground surface. An-
other school of thought, championed by Aristotle, be-
lieved springs originated from condensation of mois-
ture in caves.

The Arabs and Persians were knowledgeable in the
construction of water supply systems and aware of the
importance of springs. The Turks transferred this tech-
nology to the Yugoslavian area to build the first water
supply system in Sarajevo around 1461 using a gravita-
tional system from a karst spring.

In the American West where surface water was scarce,
springs had a strong significance and folklore. Indian
trails, then wagon trails and cattle trails, predictably in-
tercepted the locations of springs. The trails of Coronado
in the 1500s, La Salle in the 1600s, the Chisom Trail, etc.
all were famous historically and passed by many springs.

The first classification of springs was based on
whether the water was drinkable. The next most impor-
tant aspect was whether it was seasonal or perennial.
Lastly, the size of the spring determined its adequacy as
a water supply. Was the flow large enough to provide
groups of people and livestock with plenty of water? Was
the water supply enough to sustain the growth of a tribe,
town or community? Or, was it just large enough to pro-
vide a temporary or sporadic source of supply? Ther-
mal springs or mineral springs were noted and used for
medicinal or recreational purposes.

3.5.1 Scientific Awakening

At the close of the 17th century, the ancient greek theories
about the origin of springs began to be questioned and the
scientific community began to investigate anew the origin
of springs. Edme Mariotte and Perrault (1674) began to
consider the source and movement of rainfall, stream flow,
and groundwater and from their works, a new classifica-
tion of would evolve. Perrault, in his book Origins of
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Springs, refuted the long-standing theories of ground-
water movement and origin. Based on his experiments and
observations, he argued that rainwater was a catalyst for
the movement of groundwater, but was not the origin of
springs. He likened springs to daughters of rivers.

By the 19th century, Paramelle (1856) also wrote a book
about the origin of springs and credited Perrault with
discovering how to measure the flow of a spring and rain-
fall as a sufficient amount of water to account for the wa-
ter levels in rivers. But, it was not until the 20th century
that Keilhack (1912) attempted a complete classification
of springs. He recognized that the origin of springs
needed to be understood and universally acceptable be-
fore a classification could be developed. In Keilthack’s clas-
sification, types of springs are not mutually exclusive but
are primarily separated by whether a spring is ascend-
ing (aufsteigende) or descending (absteigende).

3.5.2 Instrumentation and Quantification

In the late 18th Century, instruments to measure the
natural events of rainfall and discharge were developed
and with the advent of scientific tools there existed ex-
tensions to the five senses. The microscope and binocu-
lar would allow us to enlarge our vision. The clock and
stream gage would allow us to quantify flow rates of riv-
ers and springs. Pipes and pumps would extend our
“touch”and “taste” by bringing water to the surface. Thus,
measuring and quantifying of observed relationships
and theories could be documented. Earliest data records
of a scientific type-water levels, flow rates, temperature,
chemical character of water, was begun and the segments
of the hydrologic cycle placed on record. There were ear-
lier records obtained, for example the nilometers that
measured heights of the Nile in uneven units of pics and
carrots, and some rates of flow of springs and streams
prior to the 18th Century. However, the first systematic
measurements with instruments did not begin until the
1700s.

3.5.3 Scientific Specialization

Philosophers attempted classifications and elaborate
systems to explain the origins of the universe, natural
world and human existence. Following the philosophi-
cal approach, mathematicians and physicist incorpo-
rated quantification and classification into their writ-

ings. Through this process and the growth of civiliza-
tion, science began to branch from mathematics, phys-
ics and astronomy into chemistry, geology, and biology,
beginning a trend of specialization. The sciences, like
tools, also became an extension of our senses allowing
us to quantify and classify those processes which were
observable and quantifiable. Geology and chemistry
would become the main sciences to quantify and explain
the occurrence of springs and groundwater. Geology
would ultimately become the branch of science used to
classify springs on the basis of rock types, stratigraphy,
lithology, and geological structure or deformation of
rocks by stresses in the earth’s crust creating joints, frac-
tures, faults, folds, and solutioning or forces creating sec-
ondary porosity.

3.5.4 Exploration

Most of the major springs were discovered by people
exploring new territories. As populations grew, explo-
ration and mapping of new areas became a driving force
for compiling detailed topographic maps on which pre-
viously known springs and new springs could be
marked. Maps became a universal graphical represen-
tation of the world which were found in some form in
most cultures. With the exchange of maps, an increas-
ing knowledge of springs and their locations developed.
Exploration led to curiosity about the different types of
springs, as scientists began to determine the origins of
existing springs and the mechanisms which caused dif-
ferent types of springs.

3.6 Documentation and Classification of Springs -
Early 1900s

In the early 1900s, the documentation and classification
of springs by scientists worldwide began in earnest.
Much of this early work was done by government agen-
cies such as geological surveys. In 1902, M. E. Fournier
with the Services de la Carte Geologic de la France pub-
lished two bulletins concerning the origins of ground-
water and springs: Etude sur les sources , les resurgences
etles nappes aquifers du Jura Franc Comtois,and Etudes
sur les projets d’alimentation, le captage, la recherche et
la protection des eaux potables. In Germany, K. Keil-
hack published in 1912 Lehrbuch der Grundwasser-
und Quellenkunde which was one of the first attempts
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1

For springs due to non-gravitational forces or deep-
seated waters and not subject to seasonal fluctuations
he had two main categories (1) volcanic springs and
(2) fissure springs.

For springs resulting from gravitational forces or
springs due to shallow water and subject to seasonal
fluctuations he categorized them as shown in Fig. 3.7
(from Todd 1980, Groundwater Hydrology, p.48).

Key To The Classification of Springs by Kirk Bryan (1919)

L

II.

Springs due to deep-seated waters, juvenile and connate, ad-

mixed with deeper meteoric water; do not flow under hydro-

static head and are usually not subject to seasonal fluctuation.

A. Volcanic Springs. Associated with volcanism or volcanic
rocks; water commonly hot, highly mineralized and contain-
ing gases. Grade from gas vents into springs of normal tem-
perature indistinguishable from those due to other causes.

B. Fissure Springs. Due to fractures extending into deeper
parts of the crust; water usually highly mineralized and
commonly warm or hot.

1. Fault Springs. Associated with recent faults of great mag-
nitude.

2. Fissure Springs. No direct structural evidence as to ori-
gin, but because of temperature and steady flow believed
to have deep origin.

Springs due to meteoric and occasionally other waters mov-

ing as groundwater under hydrostatic head; many fluctuate in

flow with the rainfall.

A. Depression Springs. Due to land surface cutting water ta-
ble in porous rocks.

1. Dimple Springs. Due to depressions in hillsides.

2. Valley Springs. Due to abrupt change in slope at edge of
flood plain.

3. Channel Springs. Due to depressions in flood plains or
alluvial plains caused by channel cutting of stream.

4. Border Springs. Due to change in slope at border between
alluvial plains and playas, lake beds, or river bottoms;
relative imperviousness of central clay deposits assists
flow.

B. Contact Springs. Due to porous rock overlying impervi-
ous rock.

1. Impervious rock has a horizontal and regular surface.
a) Underlying bed is of large extent; common in con-

solidated sedimentary rock.

(1) Gravity Springs. Overlying material is soft.

(2) Mesa Springs. The overlying material is hard,
usually sandstone or lava flow; water contained
in pores and joints of the rock.

b) Underlying bed is of small extent; common in
unconsolidated alluvium; impervious bed is usually
clay, cemented gravel, “mortar bed,” caliche, or
hardpan.

(1) Hardpan Springs.

2. Impervious bed has an inclined and regular surface; all
springs on the low side unless the overlying bed is very
thick and the dip low.

a) Underlying bed is of large extent.

(1) Inclined Gravity Springs. The overlying material
is soft.

(2) Cuesta Springs. The overlying material is hard;
of same character as mesa springs.

b) Underlying bed is of small extent; as in hardpan
springs.

(1) Impervious layer dips away from hill; spring pos-
sible.

(2) Impervious layer dips into hill; spring possible
only in ravines.

3. Impervious bed has irregular surface.

a) Overlying porous material is thick and of wide ex-
tent; contact is unconformity. Gravity, inclined grav-
ity, mesa, and cuesta springs may occur, but springs
will be sharply localized at lowest parts of contact.
Pocket Springs. Overlying porous material is un-
consolidated and more or less discontinuous, re-
sidual soil, talus, landslide debris, alluvium, till,
stratified drift, wind-blown sand, or volcanic ash.
¢) Overflow Springs. Irregular floor is not continuous, but
porous bed is saturated and overflows at lateral con-
tacts; common at receiving end of artesian systems.
Rock Dam Springs. Irregularities of the rock floor
under an alluvial plain force water to surface; these
may be projections of floor of basin, projections of
partly consolidated older alluvium, igneous dikes,
or volcanic plugs.

e) Fault Dam Springs. Dam caused by faulting.

C. Artesian Springs. Due to pervious bed between impervi-
ous materials.

1. Dip Artesian Springs. More or less regularly bedded
rocks; tilted porous bed crops out in valley; usually sedi-
mentary, also alternations of lava flows, flow breccias,
tuffs, gravels.

2. Siphon Artesian Springs. Similar rocks; folded and with
outcrops in valley.

3. Unbedded Artesian Springs. Rocks not regularly bedded,
but mass of porous material is exposed so as to receive
water and crops out in valley; occur in till and perhaps
in other rocks.

4. Fracture Artesian Springs. All the conditions above, ex-
cept that lower end of porous bed does not crop out but
an opening allows water to escape. Opening due to frac-
turing with or without faulting.

D. Springs in Impervious Rock.

1. Tubular Springs. Due to more or less rounded channels
in impervious rocks.

a) Solution Tubular or Cavern Springs. Due to solution
channels in limestones, calcareous sandstones, gyp-
sum, salt.

b) Lava Tubular Springs. Due to caverns and tunnel in
lava flows.

¢) Minor Tubular Springs. Due to channels made by move-
ment of water, decay of tree roots, sand streaks, or
shrinkage cracks, usually in unconsolidated sediments.

2. Fracture Springs. Due to fractures consisting of joints, bed-
ding planes, columnar joints, openings due to cleavage, fis-
sility, schistosity, cross-bedding planes, and faults in im-
pervious sedimentary, igneous, and metamorphic rocks.
a) Quadrille Fracture Springs. Due to more or less

rectangular system of fractures, one of which is par-
allel to the horizon.

b) Crosshatch Fracture Springs. Due to more or less rec-
tangular system of fractures, inclined toward the ho-
rizon.

¢) Inclined Fracture Springs. Due to inclined fractures,
not necessarily systematic.

b
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Shuster and White (1971) did a hydrogeologic study
of the Nittany Valley in Pennsylvania, underlain by a car-
bonate aquifer. they established a relationship between
physical and chemical properties of springs which lead
them to classify springs according to the type of flow
they exhibited. Diffuse flow springs are caused by water
flowing, often laminarily, through primary pore spaces
like fractures, joints and bedding planes or secondary
small scale pore spaces (in centimeters or less) largely
unmodified by solution. Conduit springs are caused by
water flowing, often turbulently, through integrated sys-
tems of solution passages measured in centimeters or
meters.

Scanlon and Thrailkill (1987) studied the Inner
Bluegrass Region of Kentucky using dye tracers to de-
termine if there was a relationship between physical and
chemical properties of springs in that region. They de-
termined that there was no variation in the chemistry
between the local high-level springs discharging from
shallow flow paths and major low-level springs discharg-
ing from a deep integrated conduit system. Since this
type of classification was determined to be dependent
on the hydrogeologic setting, it would be considered an
incomplete classification.

3.8 Present Documentation and Classification

From the 1920s through World War II, the growth of the
scientific community continued with more specializa-
tion. For example within geology, specialization into the
fields of hydrogeology, geochemistry, meteorology, ocea-
nography, and hydrology. Books, journals, and the na-
tional scientific organizations and societies continued
using the classifications established by Bryan, Meinzer,
and others. The classification of springs employed by a
scientist may have more to do with their experience and
use of a classification system rather than on the merits
of the classification system itself. For example, a geo-
chemist would be more comfortable using a chemical
classification system rather than a discharge classifica-
tion system.

For example, plant taxonomy, the classification
of plants, became a subfield specialty of the bota-
nist, although there was already an established classi-
fication for plants. The natural or phlyogenetic classi-
fication of plants was based on the genetic character
relationship between plants. The overall classifica-
tion of plants traces the evolution of plants and groups

them into units based on their structural complex-
ity. Thus, the classification was hierarchically arranged
as:

= Division
® (Class

= QOrder
* Family
= Genera
= Species
= Varieties
= Forms

A scientific name was given to each plant and the sci-
entific name constitutes an internationally accepted
name that eliminates ambiguity and misunderstandings.
So even though the lily, Erythronium grandiflorum, has
many common names such as Dogtooth Violet, Fawnlily,
Glacier Lily, Snow Lily, and Adder’ Tongue, it still has
only one unique scientific name.

The divergence here is important to illustrate a pos-
sible internationally acceptable classification of springs.
Herein lies the difficulty however, because who is to say
whether springs are similar? As already shown, depend-
ent on the scientist’ persuasion similar may mean geo-
logic origin, discharge, or chemical composition, etc.
With plants, there were other classification systems re-
ferred to as “artificial classifications” which attempted
to group plants based on their habitats or colors or
number of stamens, but these classifications were con-
sidered incomplete because they could not classify com-
pletely or handle exceptions well.

Classifications traditionally have aided in research and
in the universal sharing of information. Scientific associa-
tions have helped serve as watchdogs on professionalism
and played a big role in the dissemination of scientific in-
formation and discoveries. Scientific journals, conferences,
and memberships all share the common goal of further-
ing the body of scientific knowledge by peer review, pro-
viding scientific accuracy and accountability. Government
agencies worldwide have promoted scientific research and
donated monies to worthy scientific endeavors. Changes
in naming a plant, rock type or geologic name, have been
traditionally accepted as being strictly monitored by sci-
entific committees and organizations. For example,
changing the name of a geologic formation would go
through a formal review by national and international
committees. Perhaps this process should be followed in
developing a final classification of springs.
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3.8.1 Instrumentation and Quantification

After World War II, technological advances in in-
strumentation and the advent of computers began to
change the way the scientific community operated.
Surveying tools evolved from chains and rods, to tran-
sits, to total systems surveying and satellite navigation.
Maps were made more accurate and more detailed.
Aerial photography and satellite images changed the
way maps were compiled and interpreted. Plus, the
growth in the geosciences, engineering, and mechanics
of water instrumentation and measurement helped
make water data more complete and meaningful. Tech-
nological advances in general made acquiring and
processing data more complete, usually faster, and more
precise.

Finally, with the advent of computers, telecommuni-
cations, and videos, the “information age” is driven by
the fast global exchange of data. For the scientific com-
munity this has allowed virtually instantaneous knowl-
edge exchange and awareness of scientific events and
discoveries worldwide.

3.9 Classification of Springs Documented by
Computer Databases

Computers and the growth of database design to hold
large volummes of data allows greater variability for
developing a classification system. The relational data-
base design and computer hardware combined create
vast storage capability and allow countless searches by
sorting on common fields and codes. Computers allow
greater and more rapid sharing of data, relative to uti-
lizing a particular database. For example, an interna-
tional database of springs that could provide all the first
order magnitude springs in the world that had carbon-
ate waters. Codes and search criteria must be developed
to allow for the correct entry of each spring, but once
the database is created, a powerful tool emerges that
could automatically classify a spring based on its geo-
logic origin, physical properties, chemical composition,
discharge rates, etc. Through global networks and the
use of geographic software packages, locations of springs
as well as the description of springs could be put in and
updated rapidly. This information then could be im-
ported into other programs or used to create hydrogeo-
logic computer models etc.

There are already existing databases which hold in-
formation on springs. For example, one database has the
following fields and information on springs:

Potable/non-potable

. Water quality parameters
Perennial/intermittent

. Discharge rate

Primary water type (geochemical)
Usage

Location

. Geological type/occurrence

N oY b » b

A publication by the West Virginia Geological Sur-
vey used a computer database for classification of Springs
of west Virginia (McColloch 1986). As with earlier clas-
sifications, a primary criterion is necessary to initially
divide up springs into groups. In West Virginia, the size
of the spring based on discharge was the main criterion,
however, the size of the spring could either be a major
or minor criterion. In the west Virginia classification, a
major spring had a discharge equal to or greater than
2 gal/min or was historically important. A minor spring
had all discharge measurements less than 2 gal/min. As
a catchall, a third field of “unknown” was added for
springs with no available discharge information. The
classification of the spring then became more of an in-
ventory. This database included:

1. Location
- USGS longitude and latitude designation
- elevation (feet above land surface)
- 7.5 quad series name
- hydrologic basin (8-digit code by Office of Water
Data Coordination)
2. Topographic (according to WATSTORE User’s Guide)
- depression
- flat
- floodplain
- hillside
- hilltop
- sinkhole
- stream channel
- terrace
- undulating
- valley
3. Ownership
- private
- company



50

3 - Geologic/Hydrogeologic Setting and Classification of Springs |

- water district
- municipal
- county
- state/federal
4. Water use (defined by WATSTORE User’s Guide)
- abandoned
- air conditioning
- bottling
- commercial
- domestic
- other
- recreation
- unused
- industrial
- institutional
- irrigation
- mining
- observation
- public supply
- stock supply
Geology (where spring emerges - bedrock formation)
. Rock type
Physical and chemical analyses
. Comments
. References

© N oW

The Illinois Geological Survey has developed a
classification system for their spring inventory that
generally follows Fetter (1980), Freeze and Cherry
(1997), Knighton (1984), and Meinzer (1923a). These
include physical, chemical and biological parameters
at the spring head and within the spring outflow chan-
nel.

Thermal springs, like mineral springs, have been
more extensively classified based on geochemical pa-
rameters. The studies of oceanography, plate tectonics,
and geochemistry have all led to a greater understand-
ing of the mechanisms and occurrence of thermal
springs worldwide. Bliss (1983) created a classification
of thermal springs based on geochemical parameters
and used it to design the GEOTHERM database for the
United States.

One of the major problems with geographic and geo-
logic computer databases is coordinating efforts among
national organizations, governmental agencies, and in-
ternational groups to agree on the database design and
data entry. Centralization of database design would help
eliminate duplication of data, incomplete information or
erroneous data. For classifications, it could support some

form of national or international standardization. In the
United States, the USGS has developed WATSTORE, the
Water Information and Retrieval System. On a national
scale, as an agency, it has tried to evaluate ways to en-
hance the utility of this database, however, it is not an
easy task for an agency or corporation. And, tracking
information on a global scale among different languages,
scientific groups, and government agencies becomes a
political problem as well as a scientific endeavor. Fund-
ing, personnel, computer expertise, etc. are all real fac-
tors which can hinder efforts to develop computer
databases with complete water information including a
classification of springs.

3.10 Future Trends

Classification of springs is an academic pursuit worthy
of scientific scholars’ attention. In the 1990s, and as
the 21st century approaches, water resources and water
issues are becoming increasingly important. Natural
resource management and planning call for tools
which will create a better understanding of our natural
world and allow better utilization of finite resources
such as water. Looking at water usage will be a key crite-
rion in deciding how water is allocated. Many springs
are sources of potable water, so the importance of clas-
sifying and locating these springs worldwide will
become more commonplace as “pure” water becomes an
increasingly valuable commodity. The market for “bot-
tled waters” is one recent trend where the public
is buying “pure” water coming from natural springs
as an alternative to traditional municipal water supply
systems.

3.11  Process

Three different types of processes should be considered:
chemical, thermal, and geo/structural. In most cases, no
single process is responsible for the resultant landform
associated with springs.

3.12 Karst Springs

The formation of a karst landscape is generally related
to the occurrence of carbonate rocks that are soluble
and leave little or no residue, e.g. evaporites and car-
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becomes turbulent and disappears into the ponor. After
only 50 min the muddy water returns, fills the lake and
flows down to the Susica riverbed. The existence and
nature of estavelles functioning in this manner provides
ample proof that catchment areas in karst change in time,
depending on water levels in the karst mass.

Sub-lacustrine. These springs can form in one of three
ways. First, the spring may form after the lake due to
water pressure in the rock exceeding the hydrostatic
pressure of the lake water. Second, division of an exist-
ing water course due to erosion, may create such as
spring, as seen in glacially over-deepened Alpine val-
leys. Third, submergence of a karst spring at a valley
margin by morphological or tectonic processes may
form a sub-lacustrine spring. Water emerging sub-
aqueously into a lake can be recognized by bubbling at
the surface, temperature differences, lime content and
by cloudiness or color. The Lac d’Annecy, Switzerland,
is a good example of a lake containing karst springs due
to glacial erosion into karstified limestones.

Vruljas. These emerge from small and large karst joints.
They frequently emerge from submarine caves and their
openings occur at the bottom of inundated sinkholes.
Their existence is due to the lowering of the karst ero-
sion base during the Pleistocene. The change in the po-
sition of the springs along coasts depends on the local
geologic structure of the coastal belt. The presence of a
lot of channels at different levels through which water
circulates below and above sea-level results in mixing
of fresh and saline waters. Generally, water in vruljes is
brackish, salinity increases in dry periods and decreases
in wet periods.

Submarine springs, or vruljas (Croatia), are fre-
quently only one element of a larger spring system.
Alfirevic (1966) concluded an extensive study of the
vruljas of Kastela Bay. He postulates that morphologi-
cally, these vruljas correspond to inundated fossil dolines
from the pre-alluvial age formed in the continental phase
of Dinaric coastal karst. The salinity and temperature
of their waters are directly influenced by precipitation
in the catchment area. Vruljas occur worldwide, although
they are most frequent in the area of the Mediterranean
basin, and those with the greatest capacities occur along
the coasts of Libya, Israel, Syria, Greece, France, Spain,
Italy, and Croatia. About 80% are in water up to 10 m in
depth and only a few are located at depths up to 50 m.
Discharge capacity varies throughout the year and only

a few function permanently as springs. Air photogra-
phy and heat-sensing imagery are helpful in locating
Vruljas.

Brackish karst springs occur along the coast and in
submarine environments. According to Kohout (1966)
and Breznik (1973, 1978), they may be classified as:
(1) springs contaminated due to the hydrodynamic ef-
fect, (2) springs contaminated due to the convectional
circulation of saline groundwater induced by geother-
mal leaking, and (3) springs contaminated due to the
high density of seawater. Figure 3.19, depicts the func-
tioning of brackish vrulje in fresh, brackish, and coastal
springs. In recent years, more attention has been paid to
the potential development of sub-marine springs. Potie
and Tardieu (date not available) have been working at
Port Miou, Marseille over a 10-year period in an attempt
to gain a better understanding of submarine springs. An
extensive diving program has allowed them to chart the
exact topography of the submarine channels, collect
samples and make physical and chemical tests in situ.
They have noted the difference between the fissure and
the channel systems and the independence of the two
and their different hydraulic laws at any given time. New
methods of investigation are being explored, namely the
use of microgravimetric and microseismic logs to lo-
cate the interface and fractured zone.

Karst springs in regions of sub-arctic karst are insig-
nificant quantitatively but do exist and so merit a men-
tion. Nahanni karst occurringat 61° N and 124° W isa com-
plex subarctic karst system extending for 28 miles in an
11-mile-wide bank. All water falling on this area (yearly
precipitation of 23") eventually discharges to one of two
springs, both having catchment areas of approximately
100 mile?. White Spring issues from dolomites and in July
1973 had an average discharge of 190 ft*/s. Bubbling
Spring resurges from the Nahanni Formation limestones,
the water forcing its way through the unconsolidated
sands. In August 1973 its average discharge was 260 ft’/s.

Studies performed in the north-eastern United States
have indicated that glacial deposition has had a greater
effect on present karst groundwater systems than gla-
cial erosion (Palmer 1977). Many pre-glacial springs were
blocked by glacial till causing diversions of groundwater
flow to new, generally higher levels, increasing the local
storage capacity. In addition, the hydraulic inefficiency
of partially blocked springs has been known to cause
severe periodic flooding of solutional conduits in the
vacluse zone resulting in wide-scale fissure enlarge-
ments.





















| 3.14 - Structurally Controlled Springs

composed of Jurassic and Cretaceous limestones. Within
the limestone body mixing occurs between karstic wa-
ters of surface origin and thermomineral ascending wa-
ters resulting in considerable instability in yields and
chemistry.

Most of the warm springs in the eastern United States
are in the folded and faulted Valley and Ridge Province
of the Appalachian Mountains. Most discharge from
sandstone or limestone and are located in a valley on
the crest or flank of an anticline. Topography, lithology
and structure are the contributing factors in their oc-
currence. Topography controls the potentiometric head
relations which allow the deep circulation patterns to
develop. The fact that the water remains hot until its re-
turn to the surface indicates the presence of effective
flow channels; which are dependent on lithology and
structure. Structural features favoring vertical perme-
ability include: openings along bedding planes, open ten-
sion fractures, and open faults. Satellite imagery has been
used to identify linear features, some of which repre-
sent faults or fracture zones. More detailed geological
interpretation by Kulander and Dean (1972) was based
on the conjunctive use of seismic, well, gravity and mag-
netic data. Weinman (1976) working in Perry County,
Pennsylvania, determined that warm springs frequently
occurred at the intersection of lineaments identified
from color-composite ERTS imagery. He also determined
that the discharge of thermal water was readily identifi-
able on low altitude thermal imagery.

Many lineaments have been mapped in the warm
springs area of Virginia. Denison and Johnson (1971)
suggested that these thermal springs are a result of
Eocene volcanism or alternatively may represent a
younger source of heat (magmatic). However, regard-
less of whether intrusion has occurred, the combina-
tion of deep fracturing, local geology, high relief and
structure favors deep groundwater circulation.

Lineaments mapped from a satellite image near
Lebannon Springs, New York, agree with evidence that
thermal springs occur in valleys where lineaments or
faults cut steeply dipping sandstone or limestone beds.
Although thermal springs commonly do occur on the
crests or flanks of anticlines, the anticline itself is not
the sole factor contributing to their occurrence. Tension
fractures that run parallel to the anticlinal axis and the

4 Fig.3.23. Map showing locations of major thermal springs
and major fault zones in Utah (Mundorff 1970)

dipping rocks are conducive to deep circulation paral-
lel to the structure. However, vertical faults or lineaments,
rock type, dip and subsurface thrust faults may be far
more important.

There are a number of probable scenarios regarding
flow systems in thermal springs. Three situations and
probable flow systems which would develop in each are:
(1) in a valley near the crest of an anticline; (2) on the
flank of a ridge formed by an anticline; and (3) on the
flank of a ridge formed by a limb of an anticline.

The three hottest thermal springs of Utah occur in
areas of late Tertiary Quaternary vulcanism and range
in temperature from 185-189 °F. Nearly all occur on fault
zones and although few actually issue from volcanic
rocks, they are all close to faulting. Figure 3.23 shows the
location of the major spring and fault zones. Becks Hot
Springs occur on the line of contact between valley fill
of Quaternary age and limestone of Paleozoic Age. Thus,
the issuing point is due to lithology differences, but the
conduit for the thermal water is the Warm Springs Fault.
Volcanic rocks of tertiary age are exposed about 2.5 miles
southeast of the springs, but are not believed to be the
heat source. Circulation of meteoric water to depths of
several thousand feet and contact with saline sediments
probably result in the temperatures of 130 °Fand the dis-
solved solids content of 13 0oo ppm.

3.14 Structurally Controlled Springs

Tectonic events and the resultant structures can effect
springs in a number of ways, mainly due to differences
in permeability. In general, faults and fault zones are of-
ten zones of greater permeability than joints or bedding
planes. In some cases this does not hold true and faults
have been known to retard groundwater flow. An im-
permeable fault plane will divert flow to other horizons,
direct flow along the fault plane, or force water to the
surface as springs. Obviously the effects of faults varies
with structure and texture of the fault surface. Dip-slip
faulting may juxtapose soluble beds against insoluble
beds thereby creating a boundary to groundwater flow.
Springs, when they occur along the trend of a fault zone,
commonly do so on the upthrown side where conduits
are near to the surface. Balcones Fault zone in Texas has
six springs located on the down-faulted blocks of the
Cretaceous Edwards Formation. Fault controlled con-
duits may carry water directly to springs where fault
planes intersect the surface.
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Interpretation of Landsat imagery from Madison
County, Alabama has shown a concentration of high
yield springs along lineaments. Most of the area is un-
derlain by a thick sequence of carbonate rocks of Mis-
sissippian Age with clastics capping the carbonate units
in outlier hills.

A series of large springs occur in the area and dis-
charge outlets are controlled by geologic structure.
Huntsville Spring is an example and was originally de-
veloped as the city’s water supply. There are many other
large springs in Madison County, Alabama (LaMoreaux
1975) that are structurally controlled. A well-developed
series of parallel lineaments constituting part of the
Huntsville lineament complex in northeast Alabama
traverse the area and intersect at a group of high yield
springs. The springs fall in a 28 X 3 mile band passing
south of Huntsville, the axis strikes N 43° W along one
of the strongly developed lineament trends. Fourteen
large springs in the 50-1000 gal/min range have been
identified as either springs issuing from bedrock or
resurges from soil. The evidence indicates that the
springs are joint and fracture controlled.

A series of springs occurring on both sides of the
Colorado River in Arizona discharge from solution wid-
ened fractures in the Mississippian Redwall limestone.
Vassey Springs, at River Mile 32, is an example of these
springs. The water discharges from the Fence Fault or
nearby fractures which trend across Marble Canyon.
Temperature and water quality data reveal that the
spring water is a mixture of distinct waters derived from
opposite sides along the fault zone. The groundwater cir-
culates along the fractures. The faults provide laterally
and vertically continuous planes of greater permeabil-
ity through an otherwise massive rock. A series of hori-
zontal conduits and vertical hydraulically continuous
channels develop through a series of Paleozoic confin-
ing beds. This allows recharge to the groundwater stor-
age. Gradients within the fractures are governed by the
fact that the Colorado River serves as a regional sink.
The heads at the springs along the river are equal to or
slightly greater than the elevation of the river. The Fence
Fault is different from other faults traversing the Colo-
rado River in that it has large thicknesses of carbonate
rocks that occur below river level allowing the develop-
ment of a sub-river circulation system.

In the Sierra Madre Oriental hydrogeological region of
the United States, most of the large springs (= 1000 l/s)
occur along fractures or valley floors. On the Ozark Pla-

teaus,an area characterized by limestones and dolomites
drained by dissecting streams, numerous springs occur.
Over 165 have been mapped with minimum discharges
of 28 1/s. The springs typically emerge from large
solutional openings that follow fractures down to the
water table. These are a good example of springs formed
due to karst processes and structural effects. Many of
these springs have developed solutional openings be-
low the water table and circulation paths up to 240 m
deep have been found.

The Mesozoic Tripolitza carbonates of the Molai area
of Greece have two distinct flow systems; the western
one of which discharges to the shore and the sub-ma-
rine springs at Glyfada. The catchment area is connected
to the springs by a narrow conduit related to a fracture
zone in marbles that accompany the Molai Fault. The
unusual nature of karst in this area has been attributed
to continuous tectonic activity which has prevented the
completion of various stages of karst development, thus
precluding the development of the usual type of karst
springs.

Some thermal springs are fault controlled, e.g. Ayun
Mousa Springs of the Suez Gulf and just east of the City
of Suez on the south end of the Suez Canal in Sinai.
Twelve springs occur along two parallel lines relating to
two distinct faults. The springs are fed from the under-
lying Miocene confined sandy aquifer at a depth of
300 m. In recent years, exploration for coal, during which
test holes were left open, has allowed the discharge of
brine to the land surface and large salt water marshes
have resulted.

The occurrence in parts of the Niger Delta of seepages
of potable water to the sea has been studied in relation
to the economic viability of tapping this source as a pub-
lic supply. It is thought that due to changes in lithology,
groundwater has been forced to the surface at the coast.
The surface hydrologic system of the area is character-
ized by streams flowing down the structural basin from
the deeply fractured basement complex to younger sedi-
mentary formations at the coast. It is thought that wide-
spread conduits due to fracturing are present in the ig-
neous and metamorphic rock. These conduits intercept
some of the surface water and convey it along diffuse
channels to emerge at the coast. These seeps are due dif-
ferential permeability, as a result of fracturing of the
basement complex.

In Texas, the Marble Falls and the Ellerburger-San
Saba limestones are hydrologically interconnected in
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flow from either the Suwanne or older formations such as
the Avon Park Limestone. Lake Tarpon, southeast of Tar-
pon Springs presents a interesting but complex hydrologic
situation. The lake drains intermittently through a sink in
the lake bottom that connects with Tarpon Springs in
Spring Bayou about 2 miles to the northwest. The condi-
tions leading to the beginning and end of drainage are vari-
able and are a combination of water levels in the lake, in
Spring Bayou and in the aquifer in addition to the relative
densities of water in all the various parts of a tidal system.

The effect of tidal fluctuations on spring water levels
is illustrated in Fig. 3.25. Obviously, with increasing dis-
tance from the coast, the effect diminishes and the time
lag increases.

The discharge of springs and seeps in permafrost
areas provide very useful information regarding the
availability of groundwater in a generally deficient
groundwater zone. Temperature and composition of the
water helps identify the zone as either supra-, intra-, or
subpermafrost. Perennial springs commonly discharge
water from the subpermafrost zones and derive their
water from subpermafrost aquifers via open faults, as
shown in Fig. 3.26. Seasonal discharge does occur from
supra-permafrost zones.

Springs in areas of glacial deposits in southern Swe-
den exhibit a marked contrast in terms of discharge de-
pending on whether they issue from “hummocky mo-
raine” which is supraglacial or drumlins. In general,
springs issuing from drumlins have yields which are
1-2 orders of magnitude greater than the others. This
has been attributed to contrasts between stratigraphic
continuity and hydraulic continuity.

In Ohio near Ashland (Norris 1961), a spring on the
side of a small tributary valley issues from a glacial
outwash deposit of silt and sand with some coarse gravel
interbedded with thick till. The spring has a median dis-
charge of about 165 gal/min. This spring illustrates the
effects on the regional hydrology of a permeable deposit
of bedded-in till. This deposit acts primarily as a con-
duit through which water from the more extensive bed-
rock part of the aquifer is discharged to the surface. The
relatively large discharge indicates the potential impor-
tance of such interbedded deposits as sources of
groundwater in a glacial terrain. Deposits of sand, silt
and gravel commonly occur in till, many at disconform-
ities between different age till sheets. Buried sand and
gravel that originated as outwash plains may be several
tens of feet thick.

Fig. 3.25. 6
Water level in Isabella Spring
(824-239-A) and estimated tide

at Indian Bay (Wetterhall 1965) 5
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CHAPTER 4

Extracting Methods for Spring Waters

ZHoU W ANFANG

4.1 Introduction

Public awareness regarding the importance of the qual-
ity and reliability of drinking water has increased the
popularity of spring waters. The increasing consump-
tion of bottled waters is just one trend where the public
is buying “pure” water coming from natural springs as
an alternative to traditional municipal water supply sys-
tems. Many bottled water products are labeled with “pure
spring water”, “mountain spring water”, or “natural
spring water”, suggesting that the term “spring water”
carries a special connotation of consistently high water
quality and good taste.

As defined by Meinzer (1923a,b) and used by the
United States Geological Survey and the American Geo-
logical Institute (1960 and 1976), a spring is a place
where, without the agency of man, water flows from a
rock or soil upon the land or into a body of surface wa-
ter. Thus, water appropriately termed “spring water” must
have a clear hydrological association with a spring. In
its model bottled water regulation, the International
Bottled Water Association (IBWA) defined spring water
as “... water derived from an underground formation
from which water flows naturally to the surface of the
earth ... and is not derived from a municipal system or
public water supply” (IBWA 1991). According to these
definitions, water appropriately termed “spring water”
must meet the basic requirement that springs be a natu-
ral discharge.

Many of the largest selling and most recognizable
brand-name bottled spring waters are collected using
boreholes that tap the source of spring waters. Use of
the borehole method to extract spring water is accept-
able and widely practiced. If boreholes or other engi-
neered interception systems are used, controversy may
arise concerning definition and proper labeling of the
bottled products. However, to utilize a source of spring
water while preserving its integrity and protecting the
purity of the water from contamination, protective ex-
tractive technologies have to be employed.

Because of the prominence that bottled groundwater
has acquired, many countries and states have promul-
gated regulations or standards which control how spring
water may be collected, bottled, labeled, and distributed.
Some organizations and agencies on national and in-
ternational scales have issued guidance and regulations
pertaining to commercially bottled spring water. The
Food and Drug Administration (FDA) has proposed to
amend its regulations to, among other things, define
spring water. The FDA definition for spring water pro-
vides for the tapping of the source in a way that will
ensure sanitation, and therefore, FDA proposed collec-
tion of spring water “... at the spring or through a
borehole adjacent to the point of emergence...” Also, the
“... water shall be from the same underground stratum
as the spring and shall retain all the physical properties
and be of the same composition and quality as the wa-
ter that flows naturally or would flow naturally to the
surface of the earth if not for its collection below the
earth’s surface” A more complete description of the le-
gal aspects of spring waters is given in Chap. 7.

4.2 Collection Systems for Spring Waters

Most groundwater that serves as a source of a spring or
of a mineral water is meteoric water, i.e. groundwater
derived from rainfall and infiltration within the normal
hydrological cycle. Although rain is nature’s form of dis-
tilled water, it typically contains between 10 and 20 mg/l
of dissolved materials (Price 1985). Near coastlines, the
concentration of sodium chloride may increase, and
downwind of industrial areas, sulphur and nitrogen
compounds can be more in evidence. The chemistry of
meteoric groundwater changes during its passage
through rocks, the changes depending on such factors
as the minerals with which it comes into contact, the
temperature and pressure conditions, and the time avail-









4.4 - Advantages of Proper Extraction of Spring Water

Nearly the entire State of Florida, southern Georgia,
and southeastern Alabama, are underlain by the Floridan
Aquifer. The State of Florida passed legislation in the
early 1970s and developed regulations applied to large
withdrawals of groundwater. These regulations require
strict adherence to defining the impact on surface wa-
ter, shallow surficial aquifers, and the deeper aquifers
within the Floridan Aquifer System. The regulations re-
quire the development of a Regional Impact statement
and a Consumptive Use Permit. To meet the require-
ments of these permits, it is necessary to perform sur-
face- and groundwater studies, extensive geologic and
hydrologic studies, pumping tests and to collect detailed
water level and stream flow monitoring and water qual-
ity data. These permits are under the jurisdiction of the
Florida Department of Environmental Regulations and
are administered under five Regional Water manage-
ment districts, such as the Southwest Florida manage-
ment district. These regional district offices have a regu-
latory hearing board, hold public hearings that are prop-
erly advertised, and have a support staff of geologists,
engineers, chemists, and biologists (LaMoreaux 1989).

Discharge from the Floridan Aquifer occurs through
springs and by seepage to streams. Florida has 27 springs
of the first magnitude at which the average discharge
exceeds 2.83 m>/s (100 ft3/s). The largest, Silver Springs,
has an average discharge of 23.2 m>/s (530 million gal/d)
and reached a maximum discharge of 36.5 m’/s on 28 Sep.
1960. Water supplies are obtained from the Floridan Aq-
uifer by installing casing through the overlying forma-
tions and drilling an open hole in the limestone and
dolomite comprising the aquifer. Large withdrawals of
groundwater have significantly lowered groundwater lev-
els in some areas, and have affected springs. Thus, in lo-
cating a spring for commercial or industrial use, consid-
eration of existing groundwater supply development
must be included in the evaluation. There are many ex-
amples of adverse affect on either springs or wells near
large groundwater development facilities.

A comprehensive study of groundwater and karst
springs in the United States at Huntsville, Alabama, was
carried out by the United States Geological Survey in co-
operation with the Alabama Geological Survey and pub-
lished as a series of environmental atlases (LaMoreaux
1975). The study was prompted by the contamination of
the Huntsville Springs that was the source of water for
municipal use in the area. A spring inventory, test drill-
ing, pumping test, groundwater trace test, water quality
analysis,and land use practices were investigated in great

detail along with the complex recharge, storage, and dis-
charge system in the area. The results of these studies
have been used as a guide to the development of water
for municipal and industrial use and are the basis for
municipal regulations applied to construction and de-
velopment and for coordination of withdrawals of wa-
ter from springs, wells, and surface water.

Understanding the aquifer system from which water
flows, flow direction, and the rate of water withdrawn
allows determination of the area around the associated
spring in which environmental restrains should be im-
posed on development. Some of the spring sources are
covered bylegislation and regulations. For example, the de-
velopment of the Figeh spring area near Damascus, Syria
is controlled by environmental guidelines (LaMoreaux
et al. 1989). Nearly every state in the United States has
regulations under the US Drinking Water Act, or the
Well/Spring Head Protection Act, or companion state
regulations (LaMoreaux et al. 1996). One of the most
comprehensive documents controlling industrial devel-
opment in a karst area is the Final environmental im-
pact statement for regulatory action associated with the
Olin Corporation, remedial Action Plan to isolate DDT
from the people and the environment in the Huntsville
Spring Branch-Indian Creek System, Wheeler Reservoir,
Alabama (US Army Corps of Engineers 1986).

In southern France, one of the most detailed series
of studies of spring flow, water management for munici-
paluse has been carried out by Professor Jacques V. Avias
and his students in their studies of the karst spring
Source Du Lez. This spring supplies the city of Mont-
pelier, France (Avias 1972, 1977).

4.4 Advantages of Proper Extraction
of Spring Water

The following objectives help achieve quality, sustain-
able use of spring water:

1. Protect and ensure the quality and integrity of the
spring water and the spring water source by reducing
their vulnerability to alteration or contamination as the
result of accidental or intentional introduction of for-
eign substances such as chemicals or microorganisms.

2. Facilitate the control and conveyance of the water
from springs; and

3. Minimize waste of the water resource during capture
and management of the water.
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Measures to achieve these objectives:

1. Minimizing opportunities for the source water to
become contaminated or otherwise altered physically,
chemically, or biologically from exposure of the
source water to human, other biota, silt,chemical,and
other foreign substances from the atmosphere, adja-
cent land surface, and adjacent surface water body.

2. Delineating protection zones in which environmen-
tal restraints can be imposed and eliminate develop-
ment that may cause physical or chemical change, or
give pollution access near surface-solution cavities
and rock fractures that are connected to the water in
the spring.

3. Develop engineered collection and conveyance systems
which facilitate the collection, control, and conserva-
tion of the water and provide protective isolation.

Because of the need to protect and ensure the quality
and consistency of the intercepted spring water, exposed,
unprotected surface withdrawal/diversion storage sys-
tems are inappropriate for collecting spring water in-
tended for public consumption. Some examples of un-
suitable collection methods include:

1. Open collection boxes and natural, open, unprotected
springs accessible to human beings and other animals.

2. Collection systems constructed from unsanitary, un-
stable, or potentially toxic materials.

3. Collection wells or shafts constructed without proper
casing seals and other protective measures.

4. Collection wells or shafts in contact with potentially
toxic or unsanitary materials such as adjacent or over-
lying contaminated areas (waste disposal sites, chemi-
cal spills and so on).

4.5 Extracting Methods for Spring Waters

The type of interception method appropriate for a par-
ticular spring depends on several site-specific factors,
including the quantity of flow to be intercepted, loca-
tion, recognition and illumination of potential sources
of adverse impacts to the spring, type of use intended
for the water, and location of processing facilities such
as a bottling plant or a treatment facility.

The principle types of interception methods to de-
velop spring water are summarized below. Interception
methods can be part of an integrated sanitary system

aimed at collecting spring water for human consump-
tion or for a rural domestic water supply. Also, one
method can be combined with another to effectively
intercept spring waters.

Methods of interception can be classified as direct or
indirect. Direct methods are those which collect the
water after it has issued from the natural surface dis-
charge point. Indirect methods are those which inter-
cept the water before it emerges from its discharge
points. Each of these two types of interception methods
can be suitable for a broad range of spring conditions,
and each has particular advantages and disadvantages.

4.6 Collecting Spring Water at Original Point
of Spring Discharge

This involves constructing a surface structure using
appropriate materials to provide a conveyance system
to obtain and divert water for delivery to the point of
use. The structure could be masonry or concrete with
connecting pipes. If water issues from rock fractures,
the individual openings should be cleaned and enlarged,
as needed, to provide an increase in flow. A fine exam-
ple of this type of spring development is at Huntsville,
Alabama. Big Spring has a maximum discharge of over
30 million gal/d. A sump and pumping system at the
spring, coordinated with pumping wells strategically
located in a Mississippian rock karst aquifer system pro-
vides the city with water. Studies leading up to the karst
spring development are described in Atlas 8, Environ-
mental Geology and Hydrology of Madison County, Ala-
bama (LaMoreaux 1975). The water from these individual
openings can be collected and conveyed to a central
sump or spring box by means of a tile or perforated pipe-
line or by a gravel-filled ditch. The collection works
should be an adequate distance below the elevation of
the opening to permit free discharge.

If water issues from a single opening, such as from a
karst spring or a tunnel in lava, the opening should be
cleaned or enlarged as needed. A spring box or sump
should be installed at an elevation that will not allow
the water to pond over the spring opening at a depth
that will not reduce the yield.

Perched or contact springs occur where an imper-
meable layer outcrops beneath the base of a water-bear-
ing layer. These springs should be developed by inter-
cepting and collecting the flow from the water-bearing
formation. French drains or collection trenches extend-
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A primary concern with the borehole method of pro-
ducing water from a spring source is providing assur-
ance that the extracted water is the same water that feeds
a specific spring. Criteria for testing this requirement
include:

1. Equivalent chemical and physical characteristics of
the waters

2. The same source aquifer between the borehole and
the spring

3. Hydraulic connection between the borehole and the
spring

4.10.1 Hydrogeologic Methods

If a borehole close to a spring is in the same aquifer that
provides the spring with groundwater, the borehole and
the spring will produce the same water. To ensure that
waters extracted from a borehole and a spring are the
same, the borehole should be completed adjacent to the

Groundwater flow direction

L1
\Adjace,nt
borehdle
Spring
location
‘_‘ Capture zone width %;

Fig.4.9. Borehole capture zone

spring. The State of California informally defines “adja-
cent” as a distance of approximately 250 ft (Sheahan and
Zukin 1993). Although the State’s definition is somewhat
arbitrary and does not consider existing geologic con-
ditions for a site adequately, it is an easily-interpreted
and usable rule. Hydrogeologic methods can be used to
verify the applicability of the rules and show that either
the spring is within or immediately downgradient of the
adjacent borehole’s capture zone or hydraulic continu-
ity exists between a spring and the adjacent borehole.
The capture zone of a spring or borehole is the por-
tion of the aquifer that is influenced by discharge from
either the spring or borehole, and that groundwater
within the aquifer in this zone of influence could even-
tually enter the spring. If a spring is within or immedi-
ately downgradient of a borehole’s capture zone
(Fig. 4.9),then the borehole is likely to intercept the same
water that would have naturally discharged at the spring.
If an adjacent borehole is within a “capture zone”
(Fig. 4.10), then that borehole is also likely to be inter-
cepting the water that would naturally enter the spring.

Groundwater flow direction

Adjacent
boréholé Spring

location

——‘ Capture zone width '4‘

Fig.4.10. Spring capture zone
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Hydraulic continuity between a spring and an adja-
cent borehole should be proven using at least two or
more of the accepted hydrogeologic methods:

1. Comparison of water level and spring flow measure-
ments by monitoring

. Aquifer-test analyses in the borehole and/or spring

Flow net analyses

. Tracer tests; and

Geophysical methods including conductivity test,

geothermal test and Geo-bomb test

(VN

4.10.2 Geochemical Methods

The chemical quality of the groundwater extracted from
a spring and from an adjacent borehole may be chemi-
cally compared to determine that major dissolved min-
eral contents are the same. Several scientific graphical
methods are commonly used by hydrogeologists for wa-
ter quality comparison. A graphic technique commonly
used is the Piper trilinear diagram. The Piper diagram,
shown in Fig. 4.11, uses percentages of common cations
and anions to identify the chemical facies of a water. The

Fig.4.11. Piper trilinear diagram method

(after Sheahan and Zukin 1993)
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concentration of total dissolved solids in the water is not a
factor in the Piper diagram methodology, thus the method
eliminates extraneous variability from such factors as air-
borne contamination and evaporation in spring areas.

In using the Piper trilinear diagram for comparing
spring water and borehole water, the chemical variabil-
ity due to natural variations can be accounted for by plot-
ting water analyses of the spring water on the trilinear
diagram, and defining the field of variation by encom-
passing the spring analyses with a tight circle. A per-
centage adjustment to the field variation, to account for
other factors such as laboratory variability, can be made
by drawing a second circle around the field of variation.
A comparison of water extracted from a borehole and
the spring can then be made by plotting analyses of water
collected from the borehole on the trilinear diagram and
showing whether or not the water falls within the ad-
justed field of variation. An example of this method is
given by Sheahan and Zukin (1993), as shown in Fig. 4.11.

Spring waters are often exploited as they have spe-
cial chemical compositions or unique physical charac-
teristics. Under these circumstances, those special
chemical compositions and physical characteristics
should be addressed and monitored regularly.
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411 Conclusions

Large-scale development of spring water must conform
to existing regulatory practices in an area. A universally
accepted definition of spring water is a difficult issue
that must be addressed on a site-specific basis. The As-
sociation of Food and Drug Officials (AFDO) and the
IBWA have been active in trying to help regulatory bod-
ies implement technically sound, practical and consist-
ent regulations governing collection methods and sani-
tary protection of bottled spring water. Both IBWA and
AFDO have adopted the model bottled water regulation
(IBWA 1991; AFDO 1986), under which the practice of
extracting water from a spring water source aquifer is
explicitly permitted. This aspect of spring development
is covered in more detail in Chap. 7.

Following the IBWA Model laws, many different meth-
ods can be used effectively for collecting spring water. It
is recognized that a wide range of collection methods
have been developed at various springs through the
world, serving as sources for public water supplies as
well as bottled waters. Adjacency to the spring and qual-
ity of water provisions are two important factors to se-
lect the interception methods. Physical modifications to
areas of spring discharge and/or other engineered meas-
ures such as covered collection boxes, sealed intercep-
tion wells upgradient of the discharge area, or encased
subsurface collection drains are preferable. Acceptable
extraction methods include: surface collection struc-
tures at the discharge point of the spring, interception
channels, shaft and gallery systems, and boreholes. The
surface collecting method is the oldest form of collect-
ing spring waters and can be used in most hydrogeo-
logical conditions, provided that the site around the
spring is suitable. Diverting and collecting spring water
by blocking the original discharge point is mostly ap-
plicable to fracture and karst springs. Subsurface chan-
nels may be suitable for contact springs and fractures
springs. Subsurface extraction methods by boreholes are
developed and widely used and are less likely to be con-
taminated by surface sources of pollutants. Several
hydrogeological and geochemical methods are described
that can be used to verify that extracted water from the
borehole is the same as the water that feeds an adjacent
spring.

Two relatively simple criteria may be used to assess
the appropriateness of a spring water interception
method:

1. Principal chemical and physical characteristics of the
intercepted water should correspond to those of the as-
sociated spring water at the point of natural discharge.

2. The interception system must be located correctly so
that it can be demonstrated through standard hydro-
geological principles and investigative practices that
the intercepted water is, in fact, the water that would
emerge as spring discharge if not intercepted by the
collection system (especially important for the bore-
hole interception method).

There are many circumstances in which water col-
lection or extraction systems might not meet the basic
criteria described above. In such cases, the system would
either be unsuitable as a reliable, sanitary sources or the
water provided should not qualify technically as spring
water. If an interception system cannot be demonstrated
with a reasonable degree of scientific certainty to satisfy
the conditions outlined above, then the water produced
by that system should not qualify as spring water. Some
examples of unsuitable interception systems include:

1. Wells that tap groundwater that would not normally
discharge to a nearby natural spring or springs asso-
ciated with the interception system.

2. Surface sources that do not completely consist of
spring water.

3. Systems that capture water that differs consistently
and substantially in chemical or physical character-
istics from the natural spring water supposedly as-
sociated with the interception system.

4. Interception systems that materially alter the chemi-
cal or physical characteristics of the water from those
characteristics of water normally discharged by the
associated spring.

The use of any of the extraction methods requires
spring source protection as the major requirement for
an acceptable quality program in the bottled water in-
dustry. To ensure high quality of water at the spring or
from boreholes or other subsurface extraction methods,
bacterial, parasitic (Giardia, Cryptosporidium, etc.) and
viral contamination must not occur. In the United States,
industry practice typically dictates that bottled water
shall be subjected to ozonation, filtration, or other proc-
esses, which remove, destroy, or prevent contamination
by Giardia or lamblia cysts. In Europe, ozonation and
some other treatment processes can affect allowable
labeling such as prohibition of the term “mineral wa-
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ter”. Protection of the source also implies that its re-
charge mechanism must be protected by natural filtra-
tion so that any particles including microbes entering
the upgradient end of the pathway must be filtered out
long before they enter the aquifer.
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CHAPTER 5

Quantitative Analysis of Springs

BasHIR A. MEMON

5.1 Introduction

Concern for groundwater resources has increased in the
last decade owing to its greater development and use. Strict
environmental regulations and growing competition for
alimited resource have led to many groundwater investi-
gations. These investigations generally include the determi-
nation of aquifer properties, hydraulic conductivity, trans-
missivity, storativity and leakage, determined primarily
by pumping tests. There follows a summarization of quan-
titative methods that are available to analyze aquifers or
aquifer systems hydraulically connected to springs.

A pumping test with observation wells and springs is
one of the most reliable means of quantifying hydraulic
characteristics and the response of natural springs to dis-
charge and pumping because it yields results that are rep-
resentative of a large area of the aquifer system in which
the spring occurs, rather than results from single points. A
pumping test is defined as an in situ field study, directed
at obtaining controlled aquifer system response data. Usu-
ally, a spring and/or production well is pumped at a con-
stant, predetermined rate, and water levels are measured
atfrequent intervals in the spring or welland nearby obser-
vation wells and springs. Time-drawdown and distance-
drawdown data are analyzed with conceptual analytical
models such as type-curve matching, straight-line meth-
ods, or inflection-point selection techniques ( Theis 1935).

Important conditions which may influence pumping
test field data are: (1) nearby geologic or hydrologic
boundaries or discontinuities; (2) geologic structure and
lithology of the aquifer; (3) continuity and character of
contiguous beds; (4) aquitard storativity and drawdown
in source bed; (5) decreased transmissivity with water
table decline; (6) interference from nearby production
wells, streams, or lakes; (7) changes in barometric pres-
sure; (8) physical changes to the aquifer system (e.g., cat-
astrophic collapse); (9) tidal fluctuations and/or stream
stages; and (10) climatic changes - rain, freezing, etc.

Water level records must be analyzed before, during,
and after the tests for climatic changes, barometric pres-

sure, stream stage, and tide changes. Adjusted water level
data are plotted and matched to the selected appropriate
well function type curve for the conceptual analytical
model and equations that best suit the site-specific aqui-
fer system and conditions for the interpretation of test
data. Match-point coordinates are substituted into equa-
tions to determine hydraulic characteristics. There are
numerous conceptual analytical models and correspond-
ing equations available for analysis and interpretation of
pumping test data (see the references for examples).

5.2 Test Design Characteristics

The pumping test design must be based on a pretest
conceptual understanding of geologic structure, hydro-
geologic setting, initial aquifer system, hydraulic char-
acteristics, boundaries, discontinuities, and well con-
struction and operational features based on available
lithologic and hydraulic data.

The purpose of a pumping test design is to ensure
that a proposed test site and associated equipment will
yield accurate results, and to minimize uncertainties and
errors in data collection and analysis. Some important
design criteria that must be determined prior to per-
forming a test are:

1. The diameter, depth, areal, vertical limits, and posi-
tion of all intervals open to the aquifer system in the
spring and observation well(s) should be determined.

2. The spring/well should be equipped with a reliable
pump, and discharge-control equipment.

3. The wellhead and discharge lines should be accessible
for installing, regulating, and monitoring equipment.

4. It should be possible to measure water levels in the
spring/well before, during, and after pumping.

5. The water discharged should be conducted away from
the spring/well to minimize or eliminate recirculation.
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Darcy’s Law, can be used to compute transmissivity from
measurements of drawdown in two observation wells.
In the development of this equation, Thiem made a
number of simplifying assumptions about the geometry
and hydraulic behavior of the aquifer, including: (1) the
aquifer is isotropic and homogeneous and of infinite
lateral extent, (2) the pumping well is screened over the
entire saturated thickness of the aquifer (the pumping
well is said to fully penetrate the aquifer), (3) the aqui-
fer is bounded above by an aquiclude that is horizontal
and of infinite lateral extent, (4) the pumping rate is con-
stant, and (5) pumping has continued for a sufficient
length of time to achieve equilibrium conditions.
Theis (1935) was the first to introduce the concept of
time to the mathematics of groundwater hydraulics and
derived the nonequilibrium formula to solve problems of
groundwater flow. The Theis formula is based on the fol-
lowing assumptions: (1) the aquifer is homogeneous and
isotropic, (2) it has infinite areal extent, (3) the discharge
well penetrates and receives water from the entire thick-
ness of the aquifer, (4) the transmissivity is constant at all
times and at all places, (5) the well has an infinitesimal (rea-
sonably small) diameter,and (6) water removed from stor-
age is discharged instantaneously with decline in head.
Collectively, these assumptions constitute a concep-
tual model for the aquifer system. A large number of
alternate conceptual models have been proposed by vari-
ous authors such as Wenzle, Jacob, Cooper, Lohman,
Hantush, Walton, etc. (Table 5.1) for use in the analysis
of pumping tests data, and each of these is based on a
different set of simplifying assumptions. In practice, the
analyst selects a conceptual model based on a variety of
data including: geologic descriptions of the aquifer ma-
terials obtained from drilling logs, geological maps, etc.,
the construction records for the production well and one
or more observation wells, the drawdown data collected
during the test, and a set of assumptions about the ge-
ometry and hydraulic behavior of the aquifer system.
Analytical solutions to the equations describing ground-
water flow during pumping tests have been developed
for each of these conceptual models to determine hydrau-
lic properties of the aquifer system feeding the springs.
Because the computed values of aquifer properties de-
pend on the choice of conceptual model used to analyze
the test data, the selection of an appropriate conceptual
model is the single most important step in the analysis
of aquifer test data. It must be noted that a thorough
study that characterizes the geology of the spring must
be available to properly interpret quantitative results.

5.4 Analysis of Aquifer Systems Hydraulically
Connected to Springs

Determination of the structure and physical properties of
an anisotropic and heterogeneous aquifer poses practical
problems because their characteristics can be poorly de-
fined, and water flow into them is of a very particular type.
Yet it is essential for water resources estimation, planning
and management to be able to answer questions as how
much water can be used, where is it coming from,and what
are the physical parameters characterizing the aquifer.

With direct observations limited to springs, wells and/
or boreholes, inputs and outputs, the rest of the aquifer
response can be deduced. A realistic approach is one that
uses available information on subterranean conditions
to clarify the structure of the aquifer system and to help
explain its observed response to recharge-discharge phe-
nomena. Although each aquifer is unique in its individual
characteristics, some structural components are widely
found, although they vary in relative significance in dif-
ferent systems. A good example was the study of a karst
aquifer system involving pumped wells and spring meas-
urements for the Corps of Engineers, Red River project,
Childress County, Texas (Fig. 5.1 and 5.2).

Atkinson (1985) suggests that a three end-member
spectrum may be a more appropriate way of visualizing
the concept of granular, fracture, and conduit aquifers.
This conceptual classification of flow media is then re-
lated to phreatic flow regimes (Fig. 5.3).

An alternative method of qualitative and quantita-
tive classification is to use the system approach, start-
ing with precipitation leading to discharge.

Comprehensive analysis of aquifer systems involves
determining the following:

Areal and vertical extent of the system

. Its boundary conditions

. Input and output (discharge) sites

. Interior structure of linkages

. Capacities and physical characteristics of the storage

. Response of storage and output to recharge
System’s response under different flow conditions

. Potential for physical changes within the aquifer sys-
tem before, during, and after the test

ON AV AW D

The information required can be obtained by taking
four complementary approaches: water balance estima-
tion, borehole analysis, spring hydrograph analysis, and
water tracing.
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Timely, synoptic data in conjunction with point meas-
urements can be used to expand the information base
to an entire watershed. However, application of remote
sensing data requires an understanding of data needs,
hydrogeologic phenomena and models, and capabilities
afforded by remote sensing technologies.

Development of new methods for processing, analy-
sis and interpretation of remote sensing data are widely
used for a better understanding of diagentic and tectonic
processes, as well as the effects of these processes on
groundwater occurrence and movement. Landsat images
(RBV and bond 4 MSS images) and digital data are used
to detect large underwater springs, seeps, and shallow
geothermal groundwater by anomalous snow melt pat-
terns. Potential applications of remote sensing technol-
ogy are as diverse as the scenes that might be photo-
graphically recorded while overflying the entire world.

Earth Resources Technology Satellite (ERTS) imagery,
high- and low-level aerial photography, and side-look-
ing airborne radar (SLAR) have been used to map sur-
face manifestations of joints, fractures, and faulting. For
geological and hydrogeological investigations, compre-
hensive overlaps are prepared to assist field geologists
and hydrogeologists in detailed investigations of the fea-
tures and to facilitate the planning of geophysical field
exploration and drilling programs.

Interpretation of aerial photographs using stereo-
photo techniques provides information that could be
used to delineate lithologic units, geomorphological fea-
tures, historical land use, structural features (faults, frac-
ture, joints), lineaments (alignments of drainage, topog-
raphy or vegetation) and preferential flow zones.

National Aeronautics and Space Administration
(NASA) flown aerial photography, ERTS data, and other
aerial photography can be acquired from the Earth Re-
sources Observations Systems (EROS) Center,which has
been established by the US Geological Survey of the
Department of the Interior at Sioux Falls, South Dakota.

5.8 Spring Hydrograph Analysis

The hydrograph is a graphic presentation of a plot of
discharge from a hydraulic or hydrologic unit or system
such as river, drainage basin, or spring versus time. The
duration for which distribution of flow of the spring is
sought varies from a few days to a year. A sufficient
number of values should be plotted to indicate ad-
equately all significant changes in the slope of the

hydrograph. The study of the hydrograph of a spring
before, during, and after its recharge area is affected by
a storm is particularly helpful in determining the
amount of natural replenishment that recharges the
aquifer-sustaining spring; the shape of the outflow
hydrograph recorded for a spring is a unique reflection
of the response of the aquifer to recharge.

The form and rate of recession provide significant
information on the storage, lithological composition,and
structural characteristics (fissures, fractures, joints) of
the aquifer system sustaining the spring. Therefore,
analysis of spring hydrographs contributes to the un-
derstanding of the nature of the aquifer system and the
operation of the drainage system. The understanding
of the system is further enhanced by simultaneous analy-
sis of both hydrographs (quantity variation) and chemo-
graphs (quality variations).

The duration and intensity of precipitation strongly
influences the form of flood hydrographs for springs,
but it is well known that basin characteristics such as
shape, size, slope drainage density, lithology and veg-
etation modify the spring response. In addition, ante-
cedent conditions of storage strongly influence the pro-
portion of the rainfall input that discharges as spring
flow and the lag between the input event and the output
response. However, for a particular climatic regime, lith-
ology emerges as one of the dominant controls on hydro-
graph form. Impermeable rocks yield strongly peaked
hydrographs because of little storage and rapid discharge,
whereas basins composed of highly permeable forma-
tions such as glacial outwash, limestone, and basalts tend
to have flatter, broader, and more delayed responses.
There is a continuum of rainfall-response functions in
nature, with karst terrains with diffuse flow characteris-
tics lying near the permeable end of the spectrum.

In karst systems there is considerable variety in the
extent and degree of groundwater reservoir development
as well as various mixes of antigenic and allogenic in-
puts; thus, there are many variations in the outflow re-
sponses of karst springs. Some outflow hydrographs are
highly peaked, others are oscillatory,and many are broad
and relatively flat. According to Smart (1983a,b), a flat-
topped apparently truncated hydrograph is an indica-
tion that it is an underflow spring, the “emitting” peaked
remainder of the hydrograph is emerging at an inter-
mittent high water overflow spring draining the same
aquifer. In interpreting hydrograph form, it is impor-
tant to have a knowledge of the spring output, and to
monitor the entire output of the drainage system.
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5.9 Hydrograph Recessions

The output for a spring can show certain discharge re-
sponses to a given precipitation leading to a discrete re-
charge event over a basin. Those responses are charac-
terized by: (1) a lag time before response occurs, (2) a rate
of rise to peak output (the ‘rising limb’), (3) a rate of reces-
sion as spring discharge returns towards its pre-storm out-
flow (the‘falling limb’),and (4) small bumps on either limb,
although these as best seen on the recession (falling limb).
These bumps are caused by interference and anomalies
related to discharge from nearby wells and/or springs
tapping the same aquifer and external stresses on arte-
sian aquifers such as changes in barometric pressure.

When the hydrograph is at its peak, storage in the
system is at its maximum. The rate of withdrawal of
water from that storage is indicated by the slope of the
subsequent curve.

Quantitative analyses of hydrograph recession is
based on Eq. 5.2 given by Maillet (1905), who proposed
that the discharge of a spring is a function of the vol-
ume of water held in storage and is described by an ex-
ponential equation. If this curve is plotted on semi-
logarithmic graph paper, it is represented as a straight
line with slope f:

0; = Q" (52)
or
log Q,=logQ, - 0.4343¢” (5:3)
and
1 -1
p =08 —logQ (5.4)

0.4343(t, - ;)

where

Q; = discharge (m*/s) at time ¢

Q, = discharge (m*/s) at time zero

t = time elapsed (in days) between Q; and Q,
e =base of the napierian logarithmic

B = recession coefficient (T™!)

The value of the recession coefficient in Eq. 5.4 de-
rives from the hydrogeological characteristics of the
aquifer, especially effective porosity and transmissivity.
When f1is large and the half-flow period ¢, s (defined as

the time required for the baseflow of the spring to halve,
hence 2Q; 5= Q,), is small, the recession is steep, indi-
cating rapid drainage of conduit or porous media and
underground storage. If no recharge is occurring but 8
is small and ¢, 5 is large, then very slow drainage of the
aquifer probably occurs from an extensive fissure or
porous network with a large storage capacity and high
resistance to recharge throughout.

It is important to perform recession analysis of the
spring hydrograph to determine volume of water held
in storage, lag time, and duration of meteorologic events
which influence the discharge at the spring.

Recession analysis of Figeh Spring, Syria, which is one
of the largest springs in the world, discharging in the
range of 12-15 m*/s was performed to evaluate the im-
pact of regional and local variations in climatic condi-
tions, lag time, and geophysical compartmentalization
within the aquifer system on the storage and discharge
spring. The study indicated that geologic setting and the
variations in the intensity of rainfall and snowmelt
across the recharge area affect the intensity of the im-
pulse at discharge.

5.10 Water Tracing Techniques

The exceptional and complicated natural water phenom-
ena in karst have excited the fancy of the average man
as well as the educated specialists. Several connections
between the ponors (sinkholes) and springs have been
made by accidents and only seldom by conscious trac-
ing by tracers, such as cottonhulls, sawdust, pine nee-
dles, water turbidity, charcoal from burnt-out places, etc.
Gradually, these tracing methods have been improved,
and more accurate observations and scientific evalua-
tions have resulted.

Water tracing over a period of a century is one tool
for the hydrogeologist to determine catchment bounda-
ries, groundwater flow velocities, areas of recharge, and
sources of pollution. Chemicals such as common salts,
ammonium sulfate, and fluorescein have been used for
water tracing for more than a century.

The first documented tracer experiment was per-
formed by Tom Brink in 1869 by introducing aniline red
dye to determine the hydraulic connection of the Dan-
ube River to Aach Spring in Hegane, Germany. Brink and
Knop repeated the experiment in 1877 by simultaneously
injecting three tracers; shale oil, fluorescein (this was
the first hydrogeological use of this very well known
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tracer) and sodium salt into the river. All three tracers
appeared in Aach Spring, confirming the hydraulic con-
nectivity of river water with Aach Spring.

Several studies were performed by injecting various
tracers such as fluorescein dyes, salt, colored spores, and
nonpathogenic germs to determine underground flow
velocity and the catchment area of the Aach Spring.

Extensive research is being carried out to understand
groundwater flow in karstified carbonate rock. Meth-
ods used include tracing techniques and isotopic stud-
ies to provide definitive knowledge of the geology, strati-
graphy and structure, degree of solutioning and inter-
connectively of fracture systems, which control ground-
water occurrence and flow in karstified carbonate rocks.

These studies identify in detail the relationship of
bedding, fissure, fracture and joint systems, folding and
dissolutioning processes, and provide relevant informa-
tion to support more precise interpretation of quantita-
tive results.

Back and Z6tl (1975) reviewed the full range of mod-
ern techniques from naturally occurring tracers to arti-
ficially introduced radioisotopes. Two classes of water
tracing agents are available: natural tracers, which in-
clude flora and fauna (principally microorganisms),ions
in solution, and environmental isotopes; and artificial
tracers, which include radiometrically detectable sub-
stances, dyes, salts, and spores.

5.11 Use of Naturally Occurring Tracers

5.11.1 Naturally Occurring Microorganisms

Bacteriological and virological examination of a spring
can be undertaken to establish the hygienic quality of wa-
ter and, if contaminated, to help trace possible sources of
pollution. Karst aquifers are notoriously bad water fil-
ters; thus, transmission of microorganisms is expected.
There is extensive literature on the movement of bacteria
through porous media (Romero 1970; Gerba et al. 1975).

5.11.2 lons in Solution

Chloride has long been used as a natural tracer to de-
termine the freshwater-saltwater interface in coastal
aquifers and to detect possible intrusion of seawater into
wells used for water supplies in coastal areas. The loca-
tion of water emerging at springs can be determined by

concentration and changes in the concentration of dif-
ferent water quality characteristics. This is the basis of
spring chemograph separation. The nature of the flow
system sustaining the spring is also interpretable from
such data (Shuster and White 1971; Bakalowicz 1977).

5.11.3 Environmental Isotopes

The use of naturally occurring environmental stable and
radioactive isotopes in groundwater hydrology has made
enormous advances in recent years (International Atomic
Energy Agency 1981, 1983, 1984; Fritz and Fontes 1980;
Lloyd 1981). Hydrogen possess 'H, 2H (deuterium, D) and
*H (tritium, T), the last being radioactive. Oxygen iso-
topes include two of interest in hydrology: '°0 and '®0,
both being stable. Because hydrogen and oxygen consti-
tute the water molecule, they are the best conceivable trac-
ers of water. They occur in various combinations, such as
['*0], H,0, [**0]H,0, HDO, and HTO. Other important
environmental isotopes commonly used in groundwater
investigations are: 1*C, *C, and 'C. Less frequently used
are isotopes of argon, chlorine, helium, krypton, nitro-
gen,radium, radon, silicon, sulphur, thorium and uranium
(International Atomic Energy Agency 1983,1984).

The main applications of environmental isotopes to
groundwater investigations are to provide a signature of
aparticular groundwater type that can be related to its area
of origin, to identify mixing of waters of different prov-
enance, to provide velocities and directions, and to pro-
vide data on underground residence time of the water.

5.11.4 Radioactive Isotopes

Radioactive isotopes are unstable and undergo nuclear
transformation, emitting radioactivity. Their decay is
spontaneous and unaffected by external influence. It oc-
curs at a unique rate for each radioisotope, defined by its
half-life, T} ,, which is the time required for half of the ra-
dioactive atoms to decay, according to an exponential law:
N=Noe™™ (5.5)
where
N = number of radioactive atoms present at time ¢
Ny, = number of radioactive items present at the com-
mencement of decay
A = half-life or decay constant
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The half-life for *H is 12.43 years and for '*C is
5730 years. Consequently, *H is useful for dating waters
up to about 50 years in age, whereas '*C has an upper
limit of approximately 35000 years (Fontes 1983).

Interpretations of radioisotope data at a spring de-
pends very much on the model of flow and mixing
adopted (Yurtsever 1983). Several alternatives have
been suggested with the piston flow model at one ex-
treme and the completely mixed reservoir model at
the other. Piston flow assumes that recharge occurs as
a point injection, and that a discrete slug of tracer
moves through the groundwater system. In nature,
this never occurs perfectly because of mixing and dis-
persion effects; nevertheless, the flow behavior of well-
developed karst is sufficiently similar to it. By con-
trast, the completely mixed reservoir model assumes
uniformity at all times, each episode of recharge mix-
ing instantaneously. It also assumes stationary condi-
tions with respect to reservoir volume, discharge and
infiltration rate.

Actual tracer behavior in most groundwater systems
lies between these two extreme cases. Dispersive mod-
els have also been proposed to describe intermediate
situations, taking into account mixing and dispersion
within the system but assuming that pulse variations in
tracer output can be related back to concentration vari-
ations in recharge events.

In many aquifers, including karst, the water may have
components of different residence time, and to assign
one mean age may be misleading. This point was well
made by Siegenthaler et al. (1984) in regard to a spring
in the Swiss Jura. Strong evidence showed that in peri-
ods of base flow a relatively homogeneous old water
sustains the spring, whereas after a storm or meltwater
event rapid runoff of new water is also important. It is,
therefore, important to determine the average residence
time of the older reservoir water.

Tritium concentration has been largely thought of as
a means of dating water but, in view of the currently de-
creasing *H values in reservoirs, it is becoming less im-
portant for that purpose. Rozanski and Florkowski (1979)
and Salvamoser (1984) suggest that as a consequence, the
use of environmental krypton-85 (T}, = 10.8 yr) should
be considered for dating. In several respects, it is an ideal
tracer: its amount is still increasing, it shows no marked
seasonal variations, it has virtually no sinks outside of
radioactive decay, and its atmospheric concentration in
the Southern Hemisphere is only 10-20% lower than in
the North.

5.11.5 Stable Isotopes

Stable isotopes undergo no radioactive decay; D, '*0 and
%0 occur in the oceans in concentrations of about
320 mg/l HDO, 2 000 mg/l ['®0]H,0, and 997 680 mg/l
['°O]H,0. Variations in these proportions are measured
by mass spectrometry and compared with the compo-
sition of standard mean ocean water (SMOW). The ra-
tios of D/H and '*0/'°0 are expressed in delta units,
which are parts per thousand (per mil) deviations of
the isotopic ratio from these standards:

Rsample - Rtandard X 1000

S 0/100 =
Rstandard

(5.6)

where
R = isotopic ratio of interest

Differences in the isotopic composition of water
samples reflect the fraction processes that occur in
the hydrological cycle. The heavy isotope molecules
(HDO, ['®0]H,0) have slightly lower saturation
vapor pressures than the ordinary water molecule,
['°0]H,0; hence, when changes of state occur du-
ring evaporation and condensation, a slight fracti-
onation takes place. For example, when evaporation
occurs from an open water surface, the vapor is de-
pleted in heavy isotopes in relation to the remaining
unevaporated water, whereas when condensation occurs
the initial precipitation is slightly enriched so that later
precipitation becomes increasingly depleted with re-
spect to SMOW.

Temperature is an important factor in fractionation:
the lower the temperature, the greater the depletion in
heavy isotopes. This influence is reflected in both lati-
tude and altitude differences in heavy isotopic compo-
sition of precipitation (Dansgaard 1964). Back and Zotl
(1975) identified four general rules for stable isotope
fractionation:

1. In regions of moderate climate, precipitation is
isotopically lighter in winter than in summer.

2. Precipitation becomes isotopically lighter with in-
creasing latitude and altitude.

3. D and 0 in precipitation shows a good linear cor-
relation.

4. Enrichment of D and '®0 occurs in lakes because of
evaporation.
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The relationships that exist in the natural distri-
bution of stable isotopes in water have been valuable
in determining the recharge area and recharge seasons
of groundwaters, especially where allogenic inputs
are involved. Autogenic recharge is usually so well
mixed in the epikarst that seasonal patterns and recharge
events are difficult to identify (Yonge et al. 1985; Even
et al. 1986). An application of isotope hydrology elu-
cidates the complex relations between confined
karst groundwaters, geothermal waters and ground-
waters in shallow, basaltic, and alluvial aquifers (Issar
etal. 1984).

5.11.6 Use of Artificial Tracers

Artificial tracers should have the following criteria to
be suitable for water tracing experiments:

1. Nontoxic to the handlers, to the karstic ecosystem,
and to potential consumers of the labelled water

2. Soluble in water, in the case of chemical substances,
with the resulting solution having approximately the
same density as water

3. Neutral in buoyancy and, in the case of particulate
tracers, sufficiently fine to avoid significant losses by
natural filtration

4. Unambiguously detectable in very small concentra-
tions

5. Resistant to adsorptive loss, cation exchange, and
photochemical decay; and to quenching by natural
affects such as pH change in temperature variation

6. Susceptible to quantitative analysis

7. Quick to administer and technologically simple to
detect

8. Inexpensive and readily obtainable

Only a few of the tracers satisfy all of the above crite-
ria, but several do satisfy to a significant extent and are
used for tracing experiments. Nontoxicity is the most
important characteristic that has to be evaluated before
any artificial tracer is used for tracing experiments.

5.11.7 Radiometrically Detectable Tracers

Guidelines provided by IAEA (International Atomic
Energy Agency 1984) for the selection of artificial iso-
topes for water tracing are as follows:

1. The isotope should have a life comparable to the pre-
sumed duration of the observations. Long-lived iso-
topes will create pollution, and health hazards.

2. Theisotopes should be resistant to adsorption by soils
and rock.

3. Theradioactivity emitted by isotopes should be meas-
urable in the field. Therefore, gamma emitters are
preferred in general, although f3 emitters are also suit-
able for tracing experiments.

4. The isotope must be readily available at reasonable
cost.

Isotope *H is identified as perfect tracer because it is
a part of the water molecule itself. It is also identifiable
in a very low concentration, to 1:10". However, based
on the criteria 1and 3,>H is eliminated. In situ detection
of °H is not possible.

Isotopes °H, ®2Br as a bromide, and **S as a sulfate are
considered to be the best isotopes for tracing experi-
ments (Lallemand and Grison 1970).

The public health disadvantages of using radioactive
isotopes may be overcome for some species by the post-
sampling activation analysis technique. The method in-
volves injection of an initially non-radioactive tracer that
is later sampled and irradiated with neutrons in a reac-
tor. If the tracer is present in the sample, it is detectable
by its activity. As with the radioisotope tracers, chela-
tion with EDTA (ethylene dinitrotetra acetic acid) forms
a negatively charged complex ion that minimizes ad-
sorption losses. Added advantages of the activation tech-
nique are that it makes possible the simultaneous use of
several tracers (for example, Br, In, La) and problems of
half-life can be disregarded.

Nevertheless, despite the advances of the last 25 years
or so, Burdon and Papakis (1963) and Back and Zétl
(1975) recommend that before turning to radioactive
tracers, which are costly, hazardous, and need skilled
handling by personnel supported by atomic laborato-
ries, it is better to try to use colored or chemical tracers
for tracing experiments.

5.11.8 Dyes as Water Tracers

Artificial dyes are the principal and most successful
water tracers at the present time. Dyes have been used
to trace undergroundwater for more than a century. The
green dye fluorescein (C,,H;,05) was discovered in 1871
and first used as a karst water tracer at a stream/sink of
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the Upper Danube River in 1877. Tracing with fluorescein
advanced considerably when it was determined that the
dye is adsorbed by charcoal grains from which it may
later be released by an elutant of potassium hydroxide
in 5% ethanol. The field requirement is simply to sus-
pend small mesh bags containing a few grams of granu-
lar activated carbon in a moderate current in the moni-
tored springs. Rhodamine WT is also adsorbed and may
be eluted with a warm solution of 10% ammonium hy-
droxide in 50% aqueous 1-propanol (Smart and Brown
1973). The great advantages of this technique are that
detector bags can be changed when convenient and
many sites may be easily monitored. There are no time
constraints on when analysis must be undertaken, al-
though air drying of detector bags is required if more
than a few days will elapse between collection and ex-
amination. Charcoal bag detectors also work effectively
in the sea should resurgences be submarine or intertidal.
With careful elution and use of a fluorometer, the char-
coal method may be used semi-quantitatively (Smart
and Friederich 1982).

The most recent important element in dye tracing
techniques has been the advent of quantitative fluoro-
metric procedures following the work of Kass (1967) in
Europe and Wilson (1968) in North America. Kass ex-
amined two dyes (uranin and eosine, yellow and red,
respectively) and two orange dyes (rhodamine B and
sulphorhodamine B) and showed uranin to possess the
strongest fluorescence of the four and to be detectable
in solutions down to 0.01 mg/m”.

Fluorescent substances emit light immediately upon
irradiation from an external source. The emitted fluo-
resced energy usually has longer wavelengths and lower
frequencies than the adsorbed irradiation. This prop-
erty of dual spectra makes fluorometry an accurate and
sensitive analytical tool, because each fluorescent sub-
stance has a different combination of excitation and
emission spectra (Wilson et al. 1986). Since some natu-
rally occurring substances, such as plant leachates, phy-
toplankton, and some algae also fluoresce, it is impor-
tant to know the background fluorescence of the water
being traced before any experiments are conducted. In-
dustrial and domestic wastes also introduce background
problems. Natural substances tend to fluoresce in the
green wave band; thus the use of dyes with an orange
emission overcome problems of possible misidenti-
fication.

Although elutants from charcoal may be used in a
fluorometer, much more significant dye concentration

data are obtained from direct sampling of the spring
waters. These can be taken by hand sampling or by au-
tomatic water samplers collecting at fixed intervals or
taking time-integrated samples.

The most accurate quantitative water tracing is ob-
tained by continuous fluorometry, that is, passing water
from a spring or other sampling point directly and con-
tinuously through an adapted fluorometer. The shape
of the dye discharge pulse is then compared with other
continuously monitored variables such as discharge rate,
conductivity, and temperature.
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Chapter 6
Uses of Spring Water

Lors D. GEORGE

6.1 Introduction

The many uses of spring water around the world span
history. Spring water has been used for basic survival,
medicinal purposes, and for man’s entertainment, pleas-
ure, and dalliance. Hippocrates and ancient Greek phy-
sicians were versed in the health benefits of mineral wa-
ter therapy. In early recorded history, the Egyptians and
Arabians discussed the use of mineral waters for healing
the ill. Mythology and legend date the thermal springs
of Bath, England, to 800 8.c. Hannibal refreshed himself
with bubbling spring water at Vergeze on his way to at-
tack Rome in 218 B.c. Therapeutic application of mineral
waters was very popular in the late 1800s and early 1900s.
Significant expenditures were made throughout Europe
and the United States to develop lavish resorts and vaca-
tion spots at new famous spas near mineral springs.

The Romans may have initiated the uses of mineral
waters, but the French are traditionally the modern de-
velopers and promoters of bottled waters. Evian was
exported to the United States as early as 1905. Mountain
Valley, of Hot Springs, Arkansas, has been bottled since
1871. Poland Spring water of Maine has been distributed
since the mid-1800s. Spring water has become the health
drink of today. Uses of spring water through time, fa-
mous springs and famous consumers of spring water,
and the therapeutic attributes of spring water are sum-
marized in this chapter. Research includes technical,
nontechnical, and trade information. This chapter pro-
vides a retrospective of historical aspects of the devel-
opment of spring waters, a concise summary of medici-
nal characteristics of spring water, and insight into the
commercial enterprise of bottling water.

6.2 Bottled Water

The traditional reason for drinking bottled or mineral
water was to supplement one’s health. Europeans, his-
torically the aristocratic Romans, developed somewhat

of a preoccupation with consumption and immersion
in mineral waters. Sipping Vichy water was associated
with the wealthy and considered high fashion. The Ro-
mans may have initiated the uses of mineral waters, but
the French are traditionally the modern developers and
promoters of bottled waters. Bottled water has become
the health drink of today. As a result of environmental
and health conscientiousness, rejuvenated interest and
widespread consumption of “pure waters” has led to in-
creased “production” of bottled water.

According to Green and Green (1985), authors of The
Best Bottled Waters in the World:

To many Europeans, of course, this is nothing new. The French
and Belgians are already drinking over 501 (13 US gallons) a head
of mineral waters annually (compared to a mere splash of 11 in
Britain). West Germans and Austrians quaff mineral water in large
quantities, often mixed with white wine as a spritzer. And in Spain
and Portugal it is equally customary to order a bottle of wine and
a bottle of agua minerale to complement a good meal in a restau-
rant. The natural Italian reaction to any crisis, whether a strike or
an earthquake, is to rush out to stock up on bread, wine, and min-
eral water, the basic necessities of life. An Italian going into a hos-
pital or clinic traditionally arrives with a bottle of pure Sangemini
tucked under the arm.

The connoisseur will choose the right water for the right occa-
sion, just like wine. Thus the sharp sparkle of Perrier from France
or Apollinaris from West Germany makes a good aperitif, the
lighter natural carbonation of Frances’ Badoit, Italy’s Ferrarelle
and Belgium’s Bru goes well with food; and the pure still waters of
Evian, Vittel or Volvic from France, Panna from Italy or Font Vella
from Spain are not only good table waters, but recommended for
baby formulas. Chic Frenchwomen, anxious to preserve their fig-
ures, keep a bottle of the more highly mineralized Contrexeville
on hand as a diuretic, while Vichy Celentins may be preferred to
ease the digestion.

Currently there are hundreds of bottled water com-
panies in the world, over 250 in the USA, and 150 in Spain,
and the industry is a multi-billion dollar business. The pro-
ducts range from still water to sparkling water, carbon-
ated water or spring water, all from a variety of sources
around the world. The packaging and marketing of bot-
tled water is aggressive and attractive. The text by Green
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Evian, Perrier, and Vittel, control over 90% of mineral
water sales. Annual incomes of $400 million, $125 mil-
lion, and $110 million, respectively, are realized. Forty-
five percent of the water from Source Perrier is exported
to 150 countries (Green and Green 1985).

In 1853, George Kreuzberg, a farmer in the Ahr Valley,
Germany, started selling spring water in earthenware
bottles. The water from the Apollinaris Spring (named
after St. Apollinaris by Kreuzberg) was shortly thereaf-
ter termed the “Queen of Table Waters”, when a London
shipowner arranged exclusive exports rights from
Kreuzberg. By 1900, over 27 million bottles of Apollinaris
were sold, of which over 25 million were exported. Con-
sumption by the Germans did not exceed exports until
the 1950s.

The German mineral water market is unique and in
contrast to other parts of Europe for three reasons.
The renown of Apollinaris with foreign consumers com-
pared to native drinkers is in stark contrast to the his-
tory of bottled water in other European countries such
as France and Italy. Sales of the German bottled waters
are predominantly regional with limited export busi-
ness. Furthermore, Germans’ consume predominantly
carbonated bottled water rather than the still waters
preferred throughout the remainder of Europe. By law,
German waters are divided into two categories:
Heilwasser or health waters and Quelle, spring waters or
table waters.

Fachingen water, licensed as a Heilwasser, is the
favored health water by the Germans. The German poet
Goethe wrote of the water in 1843 “the next four weeks
are supposed to work wonders. For this purpose I hope
to be favored with Fachingen water and white wine, the
one to liberate the genius and the other to inspire it.” In
the 18th century, the water was bottled in stone jars,
sealed with corks and dispatched. Today, the water is
bottled in the plant adjacent to the Fachingen well. Only
one percent of production is exported (Green and Green
1985). )

Apollinaris, Gerolsteiner Sprudel,and Uberkinger are
the top three mineral waters sold. Gerolstein Spring is
the source of the Gerolsteiner Sprudel water, which was
first bottled in the mid-19th century. The bottles were
initially stone and replaced with glass in the 1930s. Only
2.5% of production is exported. The company also bot-
tles a Heilwasser, St. Gero, which competes for sales with
the Fachinger.

Four springs producing four quality types of water
are located at Bad Uberkingen.

The Uberkinger water in the Alb Mountains of Baden Wiirttem-
berg was known in the middle ages, when visitors bathed in
its hot springs and drank the cooler waters. From the end of the
Thirty Years War (around 1750), the drinking water was put
into stone jars and sold in the locality and by 1870 a glass bottling
plant and a spa with thermal treatments had developed. But it
was only after 1950 that the bottling company at Bad Uberkin-
gen, armed with the communal bottle of all German mineral
water producers, which can be returned to any bottler and used
up to 40 times, and good modern roads, was able to take its
water all over southern Germany and especially to the prosper-
ous triangle of Stuttgart, Munich and Nuremberg (Green and
Green 1985).

Italy is rich in mineral waters, with each region hav-
ing at least one commercially bottled water. As a valued
resource, the mineral waters belong to the Italian na-
tion, as natural patrimony, and bottling companies are
granted concessions. The ancient Romans initiated in-
terest in and developed a way of life in “taking of water”
with their preoccupation of the idea of mens sana in
corpore sano - a healthy mind in a healthy body. Italian
law covers the definition and supervision of waters for
bottling and for spas. The laws required to determine
water purity were enacted in 1919.

Italy’s leading water groups are San Pellegrino,
Sangemini, Ferrarelle, and Bognanco. Marketing and
distribution of the products are hampered by the geog-
raphy and topography of Italy, therefore the consump-
tion of the three leading products and local waters is
somewhat localized.

Many of the sources commercially bottled today were
well known in Roman times. Ferrarelle Spring was re-
puted to have provided waters to Hannibal and his troops
while resting before sacking a nearby Roman village.
Pliny the Elder and Cicero praised the waters of Ferra-
relle for its qualities - an aid to digestion, eased kidney
stones, and mingles well with wine such that the Ro-
mans could drink all day and night without hangovers.
Since 1925, the Farrarelle waters have been controlled
by the Sangemini group. Export sales only amount to
about 10% of distribution.

Acqua Panna, Italy’s top bottled water, was first bot-
tled in the 1880s. The water is piped 1128 m down the
slope of Mount Gassaro in the Tuscan hills near Flor-
ence. In the early days of bottling, the water vessels were
demijohns and fiaschi - straw covered glass flasks. Corks
were used as stoppers until the 1930s when the present
system of metal capping was initiated. Panna was the
first still water in Italy to be produced in plastic bottles.
Panna is one of the San Pellegrino group’s premier op-
erations.

109





















116

6 - Uses of Spring Water |

reticaction (increase in urination), and some a diaphoretic
action (increase in perspiration). The nature and extent
of the reactions are dependent on the predominant chem-
ical constituents and the magnitude of concentration.

Various diseases have been treated by the adminis-
tration of mineral waters. A listing of generic diseases
includes (see also Table 6.2):

= Diseases of metabolism
Obesity
Diabetes
- Gout
- Rheumatism
= Diseases of the alimentary tract
- Chronic constipation
- Chronic diarrhea
= Diseases of the liver
- Hyperemia
- Jaundice
= Diseases of the urinary tract
- Kidney stones
- Dropsy
* Diseases of the circulatory system
- High blood-pressure
Cardiac palpitation
Cardiac disease
- Anemia
= Diseases of the respiratory system
Rhinopharyngitis
- Pharyngitis
- Laryngitis
- Emphysema
= Fever and infection

For the French la médecine douce (alternative medicine) is widely
accepted and is often paid for by social security. Doctors can pre-
scribe “taking the waters” to aid kidney and digestive ailments,
rheumatism and arthritis; physiotherapy and massage with wa-
ters is sometimes recommended after accidents.

... people drink from a selection of different waters, more var-
ied in mineral content and temperature than the water selected
for bottling. At Vichy, apart from the cool water of Source de
Celestins, which is bottled, there are the hot waters of Source Hos-
pital, Source Chomel, and Source Grande Grill, and the cooler
waters of Source du Parc and Source Lucas; the precise quantities
of each, to be drunk at carefully charted intervals during the day,
are prescribed individually. The busiest time in the drinking halls
of Contrexeville, Evian, Vittel or Vichy is between 11:30 a.m. and
noon, when a ceaseless passaggiata of people, equipped with glass
drinking mugs marked in centiliters and housed in little wicker
baskets, line up at the gryphons through which the water flows
ceaselessly. Everyone carefully fills up to the recommended level,
and then goes to sit in the sun, sipping judiciously and chatting
with friends. (Green and Green 1985)

The Heilwasser Fachingen is well documented in
German medical literature. Technical papers have been
written describing the effects in curing infantile vomit-
ing, eliminating kidney stones and preventing recur-
rence, its use in treating ailments of the gastro-intesti-
nal tract, liver and gall bladder. The water is used regu-
larly in German hospitals as the high levels of calcium
and magnesium make it a useful diuretic.

The skin of the average male is about 1.4 m” in area.
Bathing in hot or cold waters has many benefits to the con-
dition of the epidermis and the circulation of blood through
the multilayered system of the human skin. The primary
benefits of application of heat include: dilation of blood
vessels, excitation of nerves, quickening and facilitation of
respiration, decrease in acid production in the stomach,
and increased production of urea. The application of cold
slows deepens respiration, increases red blood cells, ex-
cites kidney action, increases production of stomach ac-
ids and activity, and diminishes activity in skin tissue.

6.6 Mineral Exploration Using Artesian Well
Spring Water

Hot springs or gas exhalations from geyser areas often
indicate either mineral deposits in the formative stage
or evidence of existing minerals. Some solids resulting
from the discharge and evaporation of hot springs are
the source of some economic minerals. In some cases,
springs occur in the lodes themselves, e.g. Comstock
Lode. Spring waters, seeps or effluence from mining
operations can also present a very serious environmen-
tal problem due to the emission of high concentrations
of iron, sulphur, arsenic and other sulfates.

It is not uncommon in mines at depths of 1000 ft or
more to observe substantial water penetration with
temperatures of 110 °F or more. Examples of this are
Telluride, Colorado, Cripple Creek, Colorado and others.

Springs and wells often discharge water in mineral-
ized zones that contain a wide variety of chemical con-
stituents, including metals such as lead, zinc, copper,
gold, and silver. In areas of mineralized water, the local
vegetation commonly picks up traces of these organics
and inorganics. A rather unique example is from Cyprus
where tree roots extend into a mineralized copper zone
and flecks of native copper occur in sections of the tree
trunks (Beyschlag et al. 1916).

A newsletter of the Virginia Geological Survey con-
tains the article, Ancient Warm Springs Deposits in Bath
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6.7 Spas of Renown

As discussed previously, springs in the Eastern Hemi-
sphere have been formally developed as spas since the
early ancient history. Historical writings place Socrates,
Hannibal, Roman aristocracy, Michelangelo, and royalty
at the famous springs and spas of their time including
the hot springs of Bath, England, Vichy in France, and
Fiuggi in Italy.

The Karlovy Vary (Carlsbad), the largest and cur-
rently the best known Czechoslovak spa, has been fash-
ionable as a thermal spring since the 14th century. Dur-
ing the 19th century the area was an architectural and
cultural center. Twelve major springs are located at
Karlovy Vary. The spring water is of hydrocarbonate-
sulfate-sodium-chloride composition with a tempera-
ture of 71°C. The Thermal Spa Hotel at Karlovy Vary
offers spas facilities, spa programs and treatment and
the latest balneotherapeutic equipment, medical super-
vision and laboratory tests.

The “cure” at Vichy dates back to Roman times. The
thermal waters from 12 springs are often the sodium bi-
carbonate type and are comprised of a combination of
therapeutic metals such as iron, lithium, fluorine, iodine,
and radon gases. The Grand Etablissement Thermal in-
clude the Institute De Vichy. The famous spa facilities
include hydrotherapy and individualized thermally
based medical programs approved by the institute and
recreational spa facilities.

Fiuggi, near Rome, provided restorative powers from
spring water to Michelangelo. Current facilities at the
spa provide thermal showers, an array of spa treatments
and a specialty of application of hot phytoplankton mud.
Montecatini, near Florence, is acclaimed for numerous
thermal springs and nine spas. The spring water is ra-
dioactive, of chloride-sulfate and sodium bicarbonate
chemical character and typically is 24-34 °C. Carbonic
baths, sulphur baths, oral balneotherapy, various irri-
gations, skin treatments, and radioactive treatments are
offered at the spas. Many celebrities, including Sophia
Loren and Princess Grace, have come to Montecatini for
Spa treatments.

Fitch (1927) wrote “we have in our own country every
variety of mineral water found in other parts of the
world, and without fear of contradiction we can safely
assert that our American waters are just as good, just as
potent, just as efficacious, and not only equal to any in

the world, but in some instances, superior.” Fitch de-
scribed many of the greater American spas as directed
by eminent physicians and equipped with the proper
equipment of treatment and bathing establishments
which make it “no longer necessary for physicians to
subject their patients to long, tedious, expensive and, in
many instances, hazardous sea voyages to secure treat-
ment at a foreign mineral spring or spa. At the turn of
the century many grand hotels and establishments for
health and recreation were constructed at natural
springs throughout the United States.

Legend has it that Ponce de Leon sought the Foun-
tain of Youth in the Ozark region of the country and
that De Soto and his explorers visited the thermal
springs of Hot Springs National Park in the 16th century.
Today, Hot Springs, Arkansas, remains as one of the re-
nown area of spas in the Western Hemisphere. The bath-
ing establishments were initially operated under the
rules and regulations of the Secretary of the Interior.

Radioactive spring waters from Manitou Springs,
Colorado, and French Lick Springs in Indiana provided
“striking improvement” of musculoskeletal conditions
when first established as spas.

Other vintage springs, such as White Sulphur Springs
at Sharon Springs, New York; Saratoga Springs, New York;
Hot Springs, South Dakota; and White Sulphur Springs,
West Virginia still provide hydrotherapy in conjunction
with other health and beauty activities.
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CHAPTER 7

In Search of a Uniform Standard For Bottled Water

KAREN L. BryaAN

7.1 Introduction

Bottled water, as distinguished from drinking water de-
rived through a piped water distribution system (“tap
water”), has unique characteristics that justify its regu-
lation apart from tap water. First, the bulk of bottled wa-
ter is used specifically for human consumption through
drinking, cooking, and food preparation. Second, the
perception that bottled water meets or exceeds the stand-
ards of tap water is widespread and is supported by the
fact that people commonly pay a higher unit cost for
bottled water than for tap water, from 500 to 1000 times
greater, depending on the brand of the bottled water and
local market conditions. Third, the time and vessels in
which bottled water and tap water are carried to the con-
sumer are different. Unlike tap water, which may be ex-
posed to a variety of conduit materials during its fairly con-
stant time of travel to the consumer, the residence time of
bottled water in a single container made of a single mate-
rial can be days, weeks, months, or years. Fourth, bottled
water has the potential for widespread distribution far
beyond its point of origin, including different cities, re-
gions, and countries. Lastly, consumers of bottled water
are subject to a myriad of individual labeling possibili-
ties, whereas there are no such labels for tap water.

In response to the fact that drinkable water is essen-
tial to humans, and the fact that bottled water is ubiqui-
tous, would it not be useful to have a uniform standard
for a quality of bottled water that can be consumed safely
by everyone throughout their lifetime, rather than the
diverse and inconsistent patchwork of regulations and
directives that currently prevail worldwide?

7.2 Social, Economic, Cultural, and Environmental
Impacts on Bottled Water Use

To understand why there are so many systems of regu-
lations and directives, or absence of regulations alto-
gether, it is essential to consider bottled water use in the

context of local or national environmental, social, eco-
nomic, and cultural conditions. Drinking bottled water,
including natural mineral water, is an important part of
many cultures of the world. “Taking the waters”, not only
to get a refreshing, better tasting water than the local
water supply, but for curative reasons as well, is a long-
standing tradition in many places. In Europe, for exam-
ple, for hundreds of years, some bottlers of mineral wa-
ter shipped sealed jugs made of clay all over the conti-
nent. The products were in high demand and were
known in European courts of royalty.

In contemporary Europe, different types of water are
marketed, each strictly defined by regulations. Mineral
water is treated separately from any other type of water,
and it is not judged by standards for tap water or for
other forms of bottled water. Mineral water is not drink-
ing or processed water, it is not seltzer or club soda, and
it is not distilled or demineralized water, rather mineral
water is water from a spring or a well that contains min-
erals naturally present in the water as it flows from the
source. European mineral water has a high, upscale im-
age. It is frequently taken with a meal. It is considered
by many to be an integral part of the daily European
lifestyle.

In Ireland, bottled water consumption in 1995
was 36.7 million I; and in the United States the con-
sumption has increased more than fourfold, from
487.7 million gal in 1979 to 2 014.2 million gal in 1991.
These enormous sales of bottled water around the
world have been attributed by consumers to a variety
of factors, including better taste and real or perceived
health benefits, including an absence of contaminants.
In a1990 survey, Californians’ Views On Water (The Field
Institute 1990), about half of the consumers surveyed
said that they drank bottled water because it tasted
better than water from the tap, about one-fourth gave
safety and health reasons, and one-fourth believed that
bottled water was free of contaminants. Similar results
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were reported by a nationwide survey, Public Attitudes
Towards Drinking Water Issues (Audit and Surveys,
Inc. 1985).

Although bottled drinking water is an important seg-
ment of the bottled water industry, it is not the only part.
The bottled water industry includes specialty waters too,
such as distilled waters used for pharmaceutical pur-
poses, mineral waters and carbonated spring waters used
for beverage purposes, and other bottled waters that are
not consumed as a primary source of drinking water.

7.3 Regulatory Environment

7.3.1 United States of America

In the United States, two primary federal laws protect
the public from contaminants in drinking water: the Safe
Drinking Water Act (SDWA) and the Federal Food, Drug
and Cosmetic Act (FFDCA). The Food and Drug Admin-
istration (FDA), an agency of the US Department, Health
and Human Services, is responsible for protecting the
public from unsafe food or drink. The role of FDA in
the regulation of bottled water stems from the classifi-
cation of bottled water as “food” under the FFDCA. Un-
der Section 201(f) of the FFDCA, food means “articles
used for food or drink by man or other animals and com-
ponents of such articles.” By this definition, water is con-
sidered a food.

The SDWA of 1974 gave the Environmental Protec-
tion Agency (EPA) federal jurisdiction over drinking
water. EPA is responsible for public water systems and
sets primary and secondary water quality standards for
them. Primary water quality standards establish legal
maximum levels for certain contaminants in drinking
waters in an effort to protect human health. Secondary
water quality standards set recommended maximum
levels for contaminants related to taste, odor, and other
aesthetic concerns (see Table 7.1, 7.2).

A June 1979 Memorandum of Understanding (1979
agreement) between the FDA and EPA outlines the ar-
eas of authority for both agencies concerning water.
Based on the express provisions of Section 410 of the
FFDCA, FDA retains authority over bottled drinking
water. The jurisdiction of FDA starts where water enters
a food manufacturing or processing establishment. The
1979 Agreement states that all substances in water used
in the preparation or processing of food are “added sub-
stances” and are subject to the provisions of the FFDCA.

However, no substances added to the public drinking
water system before the water enters the food process-
ing establishment are to be considered a food additive.

7.3.2 Federal Food, Drug and Cosmetic Act:
Regulatory Scheme of FDA over Foods
Generally

The FDA, is responsible for protecting the public from
unsafe food or drink. Bottled water is one of many foods
that the FDA monitors to insure compliance with the
FFDCA and other statutes. Specifically, Sections 402 and
403 of the FFDCA serve as the pillars for enforcement.

Section 402 addresses adulterated food. Food, includ-
ing bottled water, is forbidden under Section 402(a)(1)
from containing any substance in amounts that may be
injurious to health. Water quality standards are not neces-
sarily enforced by FDA. Under Section 402(a)(1), food is
adulterated if it contains a poisonous substance which
may render it injurious to health. Under Section 402(a)(4),
food is adulterated if it has been prepared, packed, or
held under insanitary conditions whereby it may become
contaminated with filth or rendered injurious to health.
By comparison, SDWA which controls tap water, con-
tains no such prohibition and no such enforcement pro-
visions with respect to public water supplies. The EPA
can protect tap water consumers through enforcement
of primary drinking water standards (maximum con-
taminant levels, MCLs, or required treatment tech-
niques) which are set through rule-making by the EPA
but only for specific contaminants. Unlike bottled water
quality standards set by the FDA, tap water MCLs must
be set by the EPA in light of a balancing of consumer
safety against the cost and the feasibility for the tap water
industry of meeting the maximum contaminant levels.
The FDA is under no such restrictions in providing qual-
ity assurance for bottled water.

Section 403, the second pillar of enforcement of the
FFDCA, addresses misbranding of foods. Food, includ-
ing bottled water, is misbranded if its labeling is false or
misleading in any way, or if the label does not bear the
common or usual name of the food. Also, the label must
provide alist of ingredients if the food is fabricated from
two or more ingredients. The term “labeling” includes
labeling on the product in any written, printed or graphic
material accompanying the product. FDA regulations
detail the food labeling requirements, such as promi-
nence of statements in nutrition labeling requirements.
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Bottling under sanitary conditions

. Collection of samples by bottlers for bacterial analysis

Collection of samples by bottlers for chemical analysis

. Quality control to assure bacteriological and chemi-

cal safety of water

Protection of water source from contamination

. Frequent checks on processing equipment

7. Sanitation and protection of containers prior to fill-
ing and capping

8. Coding on labels of bottled water

O

o

GMPs were designed to establish a comprehensive set
of good manufacturing practices for bottled water prod-
ucts, including bottled mineral water, and to serve as a cor-
ollary to the standard of quality. In 21 CFR Part 129.3(b),
FDA defines bottled drinking water to include “all water
which is sealed in bottles, packages, or other containers
and offered for sale for human consumption, including
bottled mineral water”. Thus, the GMPs of FDA found
in 21 CFR Part 129, as well as the strong protection of
the FFDCA itself, have always applied to mineral water.

As in the case of quality standards, GMPs have been
amended several times. GMP regulations do not apply
to tap water.

To insure that bottlers meet Federal regulations, FDA
uses a multi-pronged approach. First, FDA requires bot-
tlers to use water sources (wells, springs, public drinking
water systems, etc.) that have been inspected, tested and
approved by appropriate regulatory organizations, such
as EPA or state agencies. Second, FDA inspects domestic
bottling plants for proper operating practices in cleanli-
ness. Third, FDA requires bottlers to test their source
water and bottled water periodically to insure compli-
ance with bottled water quality standards. Finally, FDA
tests selected samples of domestic source waters and
domestic and imported bottled waters for contaminants.

FDA does not have sufficient resources to check every
bottler and inspect and sample all food products every
quarter, or even every year. The regulatory context un-
der which the FDA operates places the responsibility on
bottlers to insure that their products are safe, whole-
some and truthfully labeled in full compliance with the
FFDCAL. It is the responsibility of the bottled water plant
operator to run sufficient quality control checks on the
ingredients, during the processing and on the finished
product, to insure that every lot complies with statutes
and regulations. For bottled water, this means that manu-
facturers need to analyze their water as often as neces-
sary for all potential contaminants that may render the

water product injurious to health, whether or not FDA
has set a specific maximum level for the contaminants.
Self-regulatory efforts by bottled water manufacturers
are therefore an important adjunct to the quality con-
trol efforts by the federal government.

7.3.4 Current USA Food and Drug Administration
Regulations

The current status of regulations in the United States is
taken from the Federal Register dated Monday, 13 No-
vember 1995. In its application, appropriate agencies in
each state will incorporate the Federal regulations as a
minimum requirement for bottled waters. In summary,
these regulations are as follows:

The Food and Drug Administration (FDA) is establishing a stand-
ard of identity for bottled water. At the same time, the agency is
recodifying the standard of quality for bottled water. FDA is re-
vising the definition for bottled water in the quality standard to
include mineral water and ingredient uses of this product. In ad-

» <« »

dition, FDA is defining “artesian water”, “groundwater”, “mineral
water”,“purified water”,“sparkling bottled water”,“spring water”,
“sterile water”, and “well water”. FDA is exempting mineral water
from certain physical and chemical allowable levels. FDA is tak-
ing these actions, in part, in response to a petition submitted by
the International Bottled Water Association (IBWA). FDA finds that
the regulations will promote honesty and fair dealing in the inter-
est of consumers as well as the interests of the regulated industry.

Effective Date: 13 May 1996. The Director of the Office of the
Federal Register approves the incorporations by reference in ac-
cordance with 5 U.S.C. 552(a) and 1 CFR part 51 of certain publi-
cations at 21 CFR 129.35(a)(3)(ii), 129.80(g), and 184.1563(c), effec-
tive 13 May 1996.

7.3.5 Regulatory Environment at the State Level
and Self-Regulation in the United States of
America

The jurisdiction of FDA pertains to interstate commerce
only, leaving the regulation of intrastate products to in-
dividual states. The International Bottled Water Asso-
ciation (IBWA), a private association representing all
segments of the bottled water industry in the United
States of America, including many foreign bottlers who
export to the USA, wanted uniform bottled water regu-
lations to be promulgated to govern intrastate commerce.
IBWA took their case to the states (Table 7.3).

IBWA estimates that 60 to 70% of bottled water is
shipped intrastate. Although individual states within the
United States of America are responsible for regulating
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the world. They are based on scientific criteria defined
by dose-response relationships, analytical data on the
frequency of occurrence and concentrations commonly
occurring in drinking water, and toxicological evidence.

7.6.2 WHO Radioactive Materials

WHO Guidelines values are based on an assumed per
capita daily intake of 2 1 of water for 1 year and are calcu-
lated on the basis of the metabolism of an adult. Guide-
lines are based on the conservative assumption that only
the most toxic radionuclides are the cause of gross ra-
dioactivity and take into account radiation due to both
man made as well as natural radioactivity. The Guide-
lines represent a value below which water can be consid-
ered potable. Because groundwater is both the most fre-
quent source of bottled water and groundwater contains
significant radioactivity much more frequently than
surface water, WHO Guidelines address the radioactiv-
ity of water in water quality standards for bottled water.

7.6.3 Labeling

Clear labeling with sufficient information for the con-
sumer to make an informed choice is deemed good prac-
tice to protect the consumer, particularly in view of indefi-
nite storage times at temperatures that are usually warmer
than tap water. WHO Guidelines advocate that the date of
bottling, lot numbers and the concentrations of chemical
constituents are all items that should appear on labels.

7.7 Conclusions

Clearly bottled water, including mineral water, has
unique characteristics that justify its regulation sepa-
rate and apart from tap water. Its very presence in the
market place as a commodity to be purchased at a pre-
mium rather than a service to be provided to the gen-
eral public places a special burden on bottlers to deliver
a product better than tap water and a burden on the
consumer to be informed as to the many types of and
differences among bottled waters.

In maintaining a balance between normal market
forces and regulations, it is critical to be aware of the
position of the consumer, who may become confused or
disenfranchised by inconsistent and unfamiliar regula-

tions. Consumers want and need clear, useful informa-
tion. Only then can they make informed decisions to
purchase the type of bottled water that fits their need.
Thus, in an economy where bottled water may be pro-
duced on one side of the world and sold on the other, it
is imperative for the consumer and the bottler alike that
there be a uniform, globally accepted standard.

Governments, private industry, and interested third
parties alike must respond by promoting a truly inter-
national and collaborative effort to develop and imple-
ment comprehensive and consistent global regulations
that address all types of bottled water. Technically an-
chored rules and regulations for the many phases of the
bottled water process, with clear definitions for all bot-
tled waters of the world that allow for cultural diversity,
would help to clarify a sea of murky national, state, and
self-imposed regulations. Uniform, worldwide regula-
tions would usher in a new era of better understanding
and fair trade for all.
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CHAPTER 8

Famous Springs and Bottled Waters

PuiLip E. LAMOREAUX
(Individual authors are given for each spring subsection)

8.1 Introduction

Grandmother used to think of bottled water as a heat-
ing pad to keep her feet warm on a cold night. Today,
few Americans would have trouble relating to the terms
bottled water, spring water, sparkling water, or mineral
water, all of which now come in vessels of different
shapes, sizes, colors, and labels that appear on super-
market shelves. They are premium products in today’s
marketplace. Many of the worlds famous springs supply
water for bottling and for sale.

Historically, the use of spring waters dates back to
the earliest civilizations. Legend reports that Hannibal,
after crossing the Alps, rested his troops and elephants
at a spring near Nimes, France, a spring now known as
Les Bouillens, the source of the original Perrier water.
The principal source of water at the ancient Biblical city
of Palmyra in Syria is the spring called Efca. It is on the
east flank of Gebel Muntar, south of the gate to Damas-
cus. The spring provides 5000 m® of water a day. The
water is warm, 33 °C. It is also sulphurous and radioac-
tive and it is believed by some to have curative powers.
The spring bubbles up in a grotto that is the termina-
tion of a lengthy underground canal, reported to be at
least 600 m long. The last 50 m are straight, the more
interior part of the channel curving, with two or three
branches, possibly a form altered by man. Similar tun-
nels which tap underground water occur at Shobek,
Kirhareshet in Moab, Lachish, Jerusalem, Gibeon, and
Megiddo, as well as at Hazor and Gezer.

Dr. Dora P. Crouch, in her book, Water Management
and Ancient Greek Cities (Crouch 1993), describes a
unique and very interesting relationship between karst,
water supplies (springs), and the location and develop-
ment of ancient Greek cities. She relates that in ancient
Greece, cities were located based on the perennial avail-
ability of water in areas suitable for agriculture, proxinity
to trade routes, aesthetic landscapes, and their defensi-
bility. Her chapter, Karst: The hydrogeological basis of
civilization, describes the early historical interrelation-

ship between springs, water supplies and development.
It is very interesting reading.

In Europe, the famous springs at Bath, England, are
among the earliest to have been developed and have an
international reputation based on a long history of use
of the warm water. Legend implies the water was used
for curing the disease of leprosy suffered by Prince
Bladud (who later became the mythologic god-kingand
father of King Lear) and his pigs about 863 .c. When
the Romans came with their enthusiasm for hot springs,
the small town of Bath became a fashionable resort for
rest and recuperation. For a period of 4 centuries, the
hot springs were famous throughout the Roman Em-
pire. The Royal Mineral Water Hospital was established
at Bath by the British Parliament in 1739 and it evolved
into a modern treatment facility using the thermal wa-
ter for physical therapy in the treatment of rheumatic
diseases.

More than 25 centuries after Prince Bladud discov-
ered the curative power of the springs at Bath, the popu-
larity of springs and baths generated the desire for du-
plication in the United States, and one of the early popu-
lar spas was named Bath (now Berkeley Spring, West
Virginia). Native Americans used those springs for hun-
dreds of years for medicinal purposes, especially for
treating rheumatism. American Indian tribes from the
Great Lakes to the Carolinas, including the Six Nations,
Delawares, Tuscaroras, and Catawbas came to the
springs. In 1748, George Washington was at Bath, West
Virginia, as part of a surveying party to establish the
western limit of Lord Fairfax’s land grant. Thereafter,
Washington visited these springs often and in 1761 wrote,
“I think myself benefitted by the water and I am not
without hope of their making a cure for me.” He had a
cottage built at the springs which can be considered the
first summer White House. Similarly, Franklin Delano
Roosevelt had a cottage at Lithia Springs, Georgia, USA,
and even ordered a special study made of the spring by
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0.E. Meinzer, Chief of the Groundwater Branch of the
US Geological Survey.

In this early period of hot or mineral spring use in
the United States, it was generally accepted that medical
value could be obtained from drinking the water from
mineral springs, or more from the mineral bath. As a
result, spas and mineral springs were developed at many
places in the USA. This was also a time when the study
of mineral water for bottling was a topic of active re-
search. Some great scientists, including English chem-
ists Joseph Priestley (1733-1804) and William Henry
(1774-1836) were involved in mineral water development
and production. The Schweppes Company, the earliest
bottler of carbonated water, regards Joseph Priestley as
“the father of our industry”. Jacob Schweppe’s associa-
tion with Priestley in developing “aerated” waters for
commercial sale began in Geneva in 1783. Carbonated
waters were developed to imitate the popular and natu-
rally discharged waters from other famous springs.
Priestley suggested that carbonated water might be use-
ful in curing or preventing sea scurvy. In 1781, Thomas
Henry, father of William Henry (who developed Henry’s
Gas Law in 1802), described a prescription of making
carbonated waters for use at sea. His recipe, slightly
modified, is as follows: to every gallon spring water add
1 scruple of magnesia, 30 grains of Epsom salt, 10 grains
of common salt, and a few pieces of iron wire or filings.
The operation was then to proceed impregnating the
water with fixed air. If intended for keeping, the water
must be put into bottles closely corked and sealed.

In America, the renowned geologist, Benjamin
Silliman, Professor of Chemistry and Pharmacy at Yale
University, also known for his research on oil from the
first producing well in the USA (the Drake Well), began
to produce bottled soda water on a commercial scale in
1807. He most likely developed his interest in carbon-
ated water during his trip to England, Scotland, and
Holland in 180s5. In Philadelphia, Joseph Hawkins was
issued the first US patent for the preparation of imita-
tion mineral water in 1809. However, as would be ex-
pected, making mineral water was not accepted by the
producers of natural mineral water from springs. In 1806,
S.R. Stoddard published his book, Saratoga Springs, Its
Mineral Waters,and wrote “Artificial mineral waters are,
if possible, avoided. Nature can only be imitated, never
equalled” The 122 springs in Saratoga Springs are heav-
ily charged with carbon dioxide gas and contain vari-
ous proportions of bicarbonate, chloride, calcium, so-
dium, and magnesium. The first iodine discovered in

the United States was in Saratoga water in 1828. These
springs made Saratoga one of the most fashionable wa-
tering places in North America. It was widely recognized
in the United States as “the Queen of Spas”. However, it
lost much of its aura of respectability with the intro-
duction of horse racing in 1863 and the opening of the
casino in 1867.

The discovery of many springs towards the end of
the 18th century led to the development of spas in the
eastern states and many spas opened along the Appala-
chians. Westbound settlers found mineral springs in
every state except North Dakota. The Rocky Mountains
were particularly rich in mineral waters. Wyoming, rich-
est of all with 2244 springs, also has the largest hot
spring in the world, the Big Horn Spring, with a flow of
60 million | a day. In 1886, the US Geological Survey
(USGS) listed 2822 American spring localities with a
total of 8 843 springs, of which 223 were sources of com-
mercial mineral waters.

By the middle of the 19th century, bottling of min-
eral waters was a well-established American industry
that provided water for table and medical use, some of
which were exported to European cities. Saratoga
Springs was a major source of bottled water during the
19th and early 20th centuries. By 1900, many large wells
were drilled for the production of carbon dioxide to be
used in the manufacture of soda pop and other drinks.
The artificial well pumping severely decreased the spring
flow. To preserve the natural resources, the Saratoga
Park-Reservation was established. Through the author-
ity of State ownership, it was possible to preserve this
mineral resource by closing many wells and carefully
regulating the flow of water and gas from the producing
wells. Hydrogeologists played a key role in the legal
and legislative battle that led to this early conservation
measure.

By recognizing the value of mineral waters, the United
States government built its Army and Navy General
Hospital in Hot Springs, Arkansas in 1882. The Hot
Springs area was the first land to be preserved as a fed-
eral reservation. Through the height of its popularity,
Hot Springs consisted of 17 concessionaire bathhouses
and was host to many famous visitors.

Thermal springs have played a major role in devel-
oping the National Park System. Of the current 51 parks,
13 contain hot springs. Yellowstone National Park is
among the largest and its establishment in 1872 made it
the first land to be set aside specifically for a park.
Hydrogeologists made a significant contribution to un-
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derstanding the hydrology and geochemistry of the ther-
mal system. Thermal springs were also instrumental in
establishing the small national parks. The Platt National
Park consisted of 1.42 acres in southern Oklahoma and
was established as a reservation in 1906. The recreation
area contains 32 springs, each having slightly different
chemistry, of which 18 have high levels of sulphur, four
have high levels of iron, three have bromide, and seven
have no significant mineralization. The two largest
springs discharge about 5 million gal/d.

In recent years, springs have taken on even greater
importance for humans with the increasing popularity
of commercially bottled water as a result of public aware-
ness regarding the importance of the quality and reli-
ability of drinking water. Bottled spring water produced
by hundreds of different bottled water companies
around the world is marketed to and consumed by peo-
ple in virtually every nation of the world. The compa-
nies involved are making an increased number of re-
quests for hydrogeological and geochemical informa-
tion and advice. Although in modern times in the Unites
States this industry has not received much professional
consideration from hydrogeologists and medical pro-
fessionals, people have given the terms “spring”, “spring
water”, and “mineral water” special meanings. Many
bottled water products are being labeled with terms such
as “pure spring water”, “mountain spring water”, and
“natural spring water”, implying that “spring water” car-
ries a special connotation of high quality, good taste and
healthiness.

Spring and bottled water development spans history
over the world. An international standard definition of
spring water is badly needed. Water appropriately
termed as “spring water” must be clearly associated with
a groundwater source feeding a spring or group of
springs. In a news article in US Water News (December
1994), the National Spring Water Association released a
position on bottled water, “what does not flow naturally
is not a spring”. They correctly state that many bottled
waters labeled as “spring water” come from wells. This
issue is discussed more in Chap. 7.

One of the most active groups involved with present
day research and case histories of springs and thermal
and mineral waters of the world is the Commission on
Mineral and Thermal Waters of the International Asso-
ciation of Hydrogeologists (IAH). The Commission
meets once a year in a well organized meeting. Techni-
cal, as well as administrative discussions are held and
each year the meeting is described in detail by the Ex-

ecutive Secretary. The minutes of the Commission are
included in an annual book titled Internal Communica-
tions and represent research work by the members of
the Commission on Mineral and Thermal Waters. These
papers are not just case histories but contain some very
detailed research results. Unfortunately, the annual meet-
ing books that contain detailed descriptive material
about the geology, hydrology, and geochemistry of
springs, mineral and thermal waters, geothermal energy,
and the environment are not widely distributed except
to the membership. This material comprises a very ex-
cellent source of reference material for those doing re-
search on mineral, thermal and bottled waters of the
world.

During the last half of the 20th century, the earliest
quantitative studies on spring discharge and quality were
carried out. Some of the most detailed studies were un-
dertaken at Huntsville Spring in Madison County, Ala-
bama, USA. This work included detailed studies of sat-
ellite imagery, sequential air photography, geological
mapping, well and spring inventories, test drilling and
establishment of monitor wells and springs, water qual-
ity studies and detailed pumping tests at springs and
wells. A number of reports were published on these stud-
ies. One of the most detailed, Geology and Groundwater
of Madison County is by Mamberg. A final report, An
Environmental Atlas integrated all of this information
in the first atlas of its type (LaMoreaux 1975).

Extensive studies have also been made of a number
of springs in the United States: Silver Springs, Florida,
discharging from the Ocala; and Hot Springs in Hot
Springs, Arkansas. Probably the most detailed exami-
nation of geologic and hydrologic controls for springs
are the studies of the Edwards Aquifer in Texas as de-
scribed in an unpublished report of the US Geological
Survey (1994). Comal Spring, one of the largest springs
in Texas issues from the Edwards Formation. It is hy-
drogeologically connected in a system that provides
water to municipalities including the city of San Antonio,
Texas, the military, and extensive agricultural and in-
dustrial use. Minimum requirements for spring flow have
been established to protect the environment.

A rather detailed study emphasizing the importance
of geologic structural and stratigraphy with detailed
water quality information, pumping test and recession
curve analyses has been completed for Figeh Spring near
Damascus, Syria (LaMoreaux et al. 1989).

While preparing material for this book, the Senior
Editor requested well-known scientists/hydrogeologists
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around the world to provide information about the most
interesting springs in their countries. These scientists,
all members of the International Association of Hydro-
geologists (IAH), are a part of a membership of about
2000, representing over 69 countries. IAH was organ-
ized in 1956 with several Commissions. Those that are
directly involved with research about springs are: the
Commission on Mineral and Thermal Waters, the Karst
Commission, and the Commission on Groundwater Pro-
tection. The following series of selected reports about
springs will provide a background on different kinds of
springs and how these springs have been developed, how
the water is used, historical background, and some legal
aspects of spring development and protection.

W. ScHMmIDT

8.2 Silver Springs, Florida, USA

8.2.1 Introduction

Silver Springs has long been considered the largest fresh-
water spring in Florida when considering the long-term
average discharge. The spring is a classic example of dis-
charge from the extensive Floridan aquifer system which
extends from southern Alabama through Georgia into
South Carolina, and underlies all of Florida. The springs
have been commercially developed since the late 1800s
including the world famous glass bottom boats.
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8.2.2 Location

Silver Springs is just northeast of the city of Ocala,
Florida at lat. 29°12's7" N, and long. 82°03'11" W. From
downtown Ocala on US Highways 301 and 441, the
springs can be found by driving about 6 miles east on
State Route 40. At the large sign for the entrance to the
nature theme park, turn right into the parking area. The
address is, 5656 E. Silver Springs Blvd., Silver Springs,
Florida 34 488.

8.2.3 Background and Description

Silver Springs, which is the headwater of the Silver River,
is one of Florida’s original tourist destinations. As early
as 1878 the now world famous glass bottom boats were
first in operation. The springs currently are a commer-
cially developed tourist attraction. Attractions include:
a jungle cruise, a jeep safari, a lost river voyage, animal
shows, a petting zoo, and the famous glass bottom boats,
along with numerous gift shops and restaurants. Sev-
eral movies have been filmed in the spring pools over
the years. These include six original Tarzan movies and
the television series Sea Hunt.

The springs are located along the western edge of the
Oklawaha River Valley. The spring run (the Silver River)
flows into the Oklawaha River in east central Marion
County after winding through dense cypress swamps
for about 8 km. The Oklawaha in turn flows north and
then east until it empties into the St. Johns River in
Putnam County. The St. Johns flows into the Atlantic
Ocean at Jacksonville.
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8.3 Springs of Great Britain

Predictably, in a country such as Britain, with its pre-
ponderance of consolidated, sedimentary, mainly fis-
sure-flow aquifers, there is a very large number of
springs, many of which are, or have been, used for pub-
lic supply. Migratory springs are a feature of the British
(Ur. Cretaceous) chalk, the most important British aq-
uifer. The chalk’s low specific yield and high capillary
moisture retention together give rise to very consider-
able water level fluctuations in wells (more than 33 m in
some areas) of the unconfined water table. Along the
gentle dip slopes of the chalk (North and South Downs
of southern and southeastern England) springs may
migrate laterally for several miles, giving rise to seasonal
streams locally known as “bournes” or “lavants”. How-
ever, springs such as at Duncton, West Sussex, at the base
of the much steeper scarp slopes of the chalk, form point
sources, the flows from which tend to be relatively steady;
such springs commonly supply and are the original rea-
son for the existence of many of the small towns and
villages that nestle along the bases of the chalk scarps
of Sussex and Kent.

Where the chalk forms coastal cliffs, a number of
springs break out at the base of the cliff between high
and low tide levels; there are major chalk coastal springs,
for instance, at St. Margaret’s Bay (Kent) and at Arish
Mells, east of Lulworth Cove, Dorset. Such springs are
not used for direct supply (their salinity is usually too
high) but are indicators of the presence of local reserves
of groundwater for possible future development.

Perhaps one of the most (historically) famous of chalk
springs is the Chad Well, to the north of London in Hert-
fordshire, and the original source of the capital’s piped
water supply. In the days before the chalk of the London
Basin became heavily overdeveloped, with accompany-
ing decline in water levels, the Chadwell Spring is re-
ported to have had an average flow of 9-13 million 1 per
day (million/d).

By far the largest chalk spring (or group of about
20 springs) occurs at Bedhampton, Hampshire, and has
an average flow of about 9o million/d, with minimum
and maximum flows of 64 and 164 million/d, respec-
tively. The springs drain a catchment of about 64 km?
and supply, or partly supply, the city and surrounding
conurbation of Portsmouth. This group of springs dis-
charges along an axis at the head of a tidal inlet, at a

height of a few meters above mean sea level, by an anti-
cline, with accompanying syncline. A few kilometers to
the east, similar hydrogeological conditions result in
another smaller group of springs at Fishbourne, used to
supply the city of Chichester.

Farther to the north, in Lincolnshire, the Lincolnshire
Limestone of Jurassic Age forms a locally important
aquifer which dips gently eastward beneath overlying
clays. In south Lincolnshire, and within the artesian over-
flow area that results, individual spring flows of more
than 20 million/d have been recorded.

During the latter part of the last century, it became
fashionable to “take the waters” at a number of spa towns
throughout England, Scotland and Wales, where min-
eral or thermal waters occurred. Perhaps the most fa-
mous of these is the English town of Bath where ther-
mal waters have been utilized for bathing since Roman
times; the waters are said to have health-giving (or re-
storative) properties. However, not all the clients of such
spas had their health restored. In 1766 the 31-year-old
17th Earl of Sutherland visited the Roman baths at Bath,
contracted typhoid, and died while being nursed by his
countess, who herself contracted the disease and died
shortly afterwards. The warm and highly mineralized
waters at Bath occur in beds of Triassic Age, but are be-
lieved to have their origin in the underlying Carbonif-
erous Limestone, which crops out in the Mendip Hills
some 19 km distant. The nearby spa town of Chelten-
ham is also well known for its therapeutic waters which
issue from Jurassic limestones.

In recent years, there has been a dramatic growth in
the bottled water industry in the United Kingdom, all
the more marked, perhaps, because usage of bottled
water seems to have lagged behind that of continental
Europe. Perhaps the British, in their dogged insularity,
put a greater faith in the purity and quality of their public
water supplies than their continental counterparts, but
whatever the reason, nowadays the supermarket shelves
all carry a good selection of “still” and “carbonated”
“natural mineral water”. Most is genuine spring water,
but in at least one case the water is derived from a well,
although, of course, it is none the worse for that. In Eng-
land, perhaps one of the best known sources occurs
at Malvern, where a number of springs issue from
rocks within a Pre-Cambrian inlier. Individual springs
here have low but relatively constant flows and are suit-
able for bottling. An analysis (1985) of water from the
Grimeswell Spring indicate the constituents shown in
Table 8.2.






144

8 - Famous Springs and Bottled Waters |

R. T. SniEGockr

8.4 The Waters of Hot Springs National Park,
Arkansas, USA - Their Nature and Origin
8.4.1 Introduction
The springs of Hot Springs National Park, Arkansas,
USA, issue from the plunging crestline of a large over-
turned anticline, along the southern margin of the
Ouachita anticlinorium, in the Zigzag Mountains. The
flow of the hot springs is highest in the winter and spring.
The dissolved solids of the waters range from 175 to
200 mg/l. Based on carbon-14 analyses, the major por-
tion of the water is 4 400 years old.

8.4.2 Hot Springs - Their Flow, Chemical
Characteristics and Age

Rocks in the vicinity of the hot springs range in age from
Ordovician to Mississippian. The rocks - cherts, novacu-
lites, sandstones, and shales - are well indurated, folded,
faulted, and jointed. The springs emerge from the Hot
Springs Sandstone Member of the Stanley Shale near
the anticlinal axis, between the traces of two thrust faults
that are parallel to the axis of the anticline.

The combined flow of the hot springs ranges from
2838.750 to 3595.750 m>/d (32.9 to 41.6 I/s). The flow of
the springs is highest in the winter and spring and is
lowest in the summer and fall. The temperature of the
combined hot-springs waters is about 62 °C.

The radioactivity and chemical composition of the
hot-water springs are similar to that of the cold-water
springs and wells in the area. The dissolved-solids con-
centrations of the waters in the area generally range from
175 to 200 mg/l. The main differences in the quality of
hot water, compared with nearby cold groundwaters, are
the higher temperatures and the higher silica concen-
trations of the hot springs. Cold waters in the area gen-

erally range from 15.0 to 26.8 °C. The silica concentra-
tions of cold waters range from 2.6 to 13.0 mg/l, whereas
the silica concentration of the hot springs is about 42 mg/l.
The high silica concentration of the hot springs is due
to the increased solubility of silica in hot water. The silica
concentration of the hot springs indicates that the maxi-
mum temperature of the hotspring water is no more than
a few degrees higher than the temperature at which the
springs emerge.

Tritium and carbon-14 analyses of the water indicate
that the water is a mixture of a very small amount of
water less than 20 years old with a preponderance of
water being about 4 400 years old. The deuterium and
oxygen-18 concentrations of the hotspring waters are not
significantly different from those of the cold ground-
waters.

The presence of radium and radon in the hotspring
waters has been established by analysis. Analyses done
in 1973 showed the radium concentration to be 2.1 pCi/l.
Analyses made in 1953 of the radon gas, a radioactive
decay product of radium, ranged from 0.14 to 30.5 nCi/L

Mathematical models have been employed to test
various conceptual models of the hot-springs flow sys-
tem (Bedinger et al. 1979). The geochemical data, flow
measurements, and geological structure of the region
support the concept that virtually all the hotspring wa-
ter is of local, meteoric origin. Recharge to the hotspring
artesian-flow system is by infiltration of rainfall in the
outcrop areas of the Bigfork Chert and the Arkansas
Novaculite. The water moves slowly to depth, where it is
heated by contact with rocks of high temperature. Highly
permeable zones, related to jointing or faulting, collect
the heated water in the aquifer and provide avenues for
the water to move rapidly to the surface.
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8.5 Main Karstic Springs of Israel

8.5.1 Introduction

A series of karstic springs in Israel belongs either to the
western (Mediterranean) or eastern (Rift Valley) water-
sheds. Most of them are presently managed or diverted.
Salinities range from very fresh through brackish to very
saline waters.

The main karstic springs of Israel drain karstic, hard
carbonate aquifers of Jurassic to Eocene age. Among
these, the largest regional aquifer is that of the Ceno-
manian-Turonian aquifer which builds the mountain
crest of Israel.

The different springs belong either to the western
watershed, issuing along the foothills, or to the eastern
watershed, in connection with the Rift Valley base level.
The discharge of most of the big springs has been di-
minished and is presently managed by nearby exploita-
tion wells or by diversion canals. The data given here
are therefore historical, prior to the management of the
springs.

8.5.2 Western Watershed
8.5.2.1 Rosh Ha’ayin Springs

These springs used to drain a large watershed of the
Cenomanian-Turonian aquifer of central Israel, the av-
erage discharge being over 200 x 10° m’/yr. Average chlo-
rinity of the waters is about 200 mg/l.

of approximately 50 x 10® m’/yr. The average chlorinity,
several hundred milligrams per liter, is a result of mix-
tures between freshwater and intruding seawater.

8.5.2.4 Kabri Springs

They drain the Cenomanian-Turonian aquifer of the
western Galilee Mountains with average historical dis-
charges of approximately 10 x 10° m*/yr. Due to the low
chlorinity, below 20 mg/l, they were used in the past to
manufacture bottled mineral waters.

8.5.3 Eastern Watershed
8.5.3.1 Jordan River Sources

These include the three big springs, namely the Banias,
Dan, and Hazbani Springs, with a cumulative average
discharge of approximately 500 X 10° m*/yr. These
springs drain the large Jurassic karstic aquifer of Mt. Her-
mon to the Jordan River which flows southward through
Lake Tiberias to the Dead Sea. The chlorinity of waters
is very low, about 20 mg/l.

8.5.3.2 ‘Einan Springs

They drain the western Galilee Cenomanian-Turonian
aquifer at a historical average discharge of approximately
20 X 10° m*/yr, with a chlorinity of a few tens of milli-
grams per liter. At present, the waters are managed and
pushed upward to the mountain area.

8.5.2.2 Taninim Springs

Draining the Cenomanian-Turonian aquifer of the
Samaria and Carmel Mountains, the average discharge
is approximately 25 x 10% m*/yr. The waters are brackish
and the chlorinity is up to 1000 mg/l, due to the mixture
of freshwaters with seawater and/or deep-seated brines.

8.5.2.3 Afeq Springs

They drain the Cenomanian-Turonian aquifer of west-
ern Galilee Mountains with average historical discharges

8.5.3.3 Lake Tiberias Saline Springs

They drain the eastern Galilee Cenomanian-Turonian
and Eocene aquifers, along the western shores of Lake
Tiberias and at the bottom of the lake, some of which
are thermal. The onshore known cumulative average
discharges are approximately 30 X 10° m*/yr, with chlori-
nities ranging between those of freshwaters to those of
Mediterranean waters. Salinity is attributed to the mix-
ture of freshwater with either deep-seated brines, and/
or seawater that emerges along the Rift Valley border
faults. The brackish waters are presently diverted to pre-
vent salination of the lake waters.
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8.5.3.4 Bet Shean Valley Spring

This drains the Cenomanian-Turonian and Eocene ag-
uifers to the Rift base level. The cumulative average dis-
charge is approximately 85 X 10° m*/yr, and the chlorini-
ties range from a few hundred to 1 000 mg/l due to a mix-
ture with saline end-members.

8.5.3.5 Dead Sea Saline Springs

A few springs along the western fault escarpment of the
Dead Sea drain the Cenomanian-Turonian aquifer, with
average discharge of a few million cubic meters per year.
These waters are partly mineral and thermal and are
used as spas. The chlorinity, up to a few thousand milli-
grams per liter, is a result of mixture of freshwater with
calcium chloride concentrated brines.

A. S. IssAR + PHiLip E. LAMOREAUX

8.6 Kadesh Barnea

The spring mentioned frequently in the Bible as a camp
of the tribes of Israel was Kadesh Barnea. From here the
mission headed by Joshua and Caleb went to find the
promised land and from here the first attempt to enter
the promised land was made. Kadesh Barnea is an ideal
place for the concentration of people in the middle of
the desert.

Alarge spring issuing from the limestones of Eocene
rocks emerges at the lower slope of an anticline of the
Ramon, which is the highest mountain of the Negev (at
an altitude of 1000 m above m.s.l) and receives more
precipitation. The water infiltrates into solution chan-
nels in the limestone rocks of Middle Eocene age until
it reaches impermeable chalk layers of Lower Eocene
age and marls of Paleocene age, on which a regional
perched water table is formed (Fig. 8.6). In addition to
the main spring of Kadesh Barnea, special geological
conditions create many small springs and seeps from
the rocks in this area. One spring still has the name Ein
Qadis. The outlet of the narrow valley of Kadesh Barnea
is into a broad valley at the small town of Al-Quseime.
Here, many small brackish springs seep from the ground,
supporting shrubs, palms, and grasses. Today the spring
of Ein Qudeirat flows at about 40 m’/h. This quantity
may be sufficient for supplying drinking water for a few
tens of thousands of people provided they water their
stock from the brackish springs in the lower valley. Re-
alizing that a more humid period would have caused an
even larger flow, one can understand the rationale in
making Kadesh Barnea the pivot point for the wander-
ing tribes.

It is more difficult to understand the story about the
need to strike the rock to get water at Kadesh. Was the
story based on another place in order for the tribes to
move to a more permanent location or did the spring of
Kadesh also fail, thus necessitating excavation into the
rock? According to records known to date, this spring
did not dry up even after a series of a few dry years,
although its flow did diminish. One possible explana-
tion is that the last stages of the establishment at Kadesh
Barnea were the start of a dry period, which caused the
springs to dry up, requiring the digging of wells. The
same dry period forced the Israelis to try and break out
of the desert into the more humid lands. The less con-
servative approach suggests that this story was attrib-
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caused the depletion of the source of water supply and
the desertion of the city by most of its people. Spells of
wet years during the Upper Bronze period caused the
water table to rise and, as the sites of wells or springs
were well known to the semi-nomads who dwelt in the
surrounding area due to tradition passed from father to
son, and they would again gather around it. Thus, it can
be understood that a site such as Arad with a well or
springs, like other sites in the vicinity, were settled.

At some stage, the Israelis decided to avoid a direct
assault across the desert border, where too strong an
opposition was encountered, and to circumnavigate it.
They tried to march through the Land of Edom, most
probably the present Central Negev but were denied free
passage. They then pressed southward toward the Gulf
of Elat, crossing somewhere north of the gulf, to reach
the more humid heights of the mountains of Moab and
Ammon where they avoided war by abstaining from
harassing the local inhabitants whom they considered
kin. They moved northward, defeated the Amorites in-
habiting the Gilead and Bashan heights and were ready
to cross the Jordan. After they had crossed the Rift Val-
ley and proceeded up the mountains of Trans-Jordan,
no more complaints of thirst were reported. During this
part of their journey the tribes experienced an event
connected with the excavation of a water well, an occa-
sion that prompted the composing of a special hymn:

Spring O Well, sing ye unto it. The princes digged the well, the
nobles of the people digged it, by the direction of the lawgiver,
with their stave. (Numbers 21:17,18)

In conclusion and significant about these stories of
Biblical wells and springs is that the hydrogeologist us-
ing the tools of his trade is able to contribute scientifi-
cally to the archaeological history of an area.
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8.7 Mallow Springs, County Cork, Ireland

8.7.1 Introduction

Because of its copious and reliable rainfall Ireland has
an abundance of springs. Many of the larger ones issue
from the Carboniferous limestone that occur in over 40%
of the country. The spring water is mainly a calcium bi-
carbonate type with a temperature of about 10 °C. In the
18th century, warm and cold springs were developed as
spas in various parts of Ireland. The popularity of these
springs was short and most were in major decline by
1850. Today, only one cold water spa at Lisdoonvarna,
Co. Clare is still operating. Springs in Ireland were places
of religious significance for the pre-Christian Druidic
religion. In the Christian period they became holy wells,
under the patronage of various saints, and cures for
many different ailments were attributed to water from
these wells or springs.

Ireland is located in a seismically stable region
with no extensive deep aquifers or hot springs (Fig. 8.7).
The average thermal gradient in Ireland is 20 °C/km
and lukewarm water springs of 20-23 °C occur only in
two areas. One such area is at Mallow in north County
Cork.

8.7.2 History of Mallow Springs

A number of springs rise in an area known locally as
Spa Glen. Since warm springs are rare in Ireland it is to
be expected that they would have been a source of awe
and reference in historic times. With the advent of Chris-
tianity one of the Mallow Springs was dedicated to the
national apostle of Ireland - St. Patrick. The largest of
the group is known as Lady’s Well.

The belief that the spring had medicinal properties
stems from the work of Dr. Rogers of Cork. Called to
treat a patient in Mallow in 1727, he learned that the
water from the spring was the only liquid she was able
to retain. Her subsequent recovery was attributed to
the spring, and Dr. Rogers invited J. Rutty from the
Bristol Spa to visit Mallow. Rutty was very excited by
what he observed and in his book Mineral Waters of Ire-
land, published in 1757, he wrote with obvious enthusi-
asm of the valuable medical properties of Mallow water.
He compared it favorably to the English springs at
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Ain El Gudeirat issues from the lowermost part of
the highly fractured limestones at a daily rate of 1500 m’.
The spring water flows in a small channel and is used to
irrigate several hundred feddans (1 feddan = 1.04 acre)
of olive trees and is a source of water supply for the lo-
cal villagers.

El Gudeirat water has a total dissolved solids content
of 1440 ppm. Chemical analyses shown in Table 8.6, in-
dicates that the water from this spring is of sodium chlo-
ride type. Groundwater age dating studies indicate that
the age of water from Ain El Gudeirat is 14 0ooo years B.p.,
indicating that the recharge to this spring is late
Pleistocene.

8.9.3 Springs in the Western Desert

In the Western Desert,a number of springs emerge from
the Nubian Sandstone aquifer along through faults or
joint zones. These structures provide the avenue for the
upward movement of groundwater from deep sandstone
beds under artesian pressure. These springs issue in
desert depressions where the ground surface elevation
is low and the piezometric head of the aquifer is high
enough for groundwater to discharge at the land sur-
face. This spring water has been utilized for centuries
by inhabitants of the oases for agriculture. They were
mentioned by Herodotus over 2500 5.p.

8.9.4 Nubian Sandstone Aquifer System in the
Western Desert, Egypt

Al Sahara Al Gharbiya, the Western Desert of Egypt, is a
typical desert region, one of the very driest and hottest
climates in the world. Precipitation ranges from zero to
about 15 mm/yr. The relative humidity has a mean value
of 4% in winter and 27% in summer. The absolute maxi-
mum temperature is 50 °C while the minimum is zero.
Sediments of Paleozoic, Mesozoic,and Tertiary ages dip
gently to the north and overlie the Precambrian Basement
Complex. Sediments become progressively younger in age
from the southern boundary to the shores of the Mediterra-
nean Sea (Fig. 8.13). Superimposed on this great north-
ward dipping monocline are various structural trends,
including anticlines, synclines, and folds and faults.
The Western Desert Nubian aquifer system underlies
the Western Desert. It extends to the high massif of
Ennedi, Eridi, and Tibesti in the southwest; to the north-

ern confines of Darfour and Kordofan of Sudan in the
south; to the Tibesti-Sirte structural high in the west; and
to the Red Sea pre-Cambrian Mountain range in the east.

This aquifer consists of a thick sequence of coarse,
clastic sediments of sandstone with intercalations of
sandy clay, shale, and clay beds. The more clayey imper-
meable beds restrict the vertical movement; thus aquif-
erous zones are formed within the Nubian Sandstone
that constitutes a regional single aquifer complex. It in-
creases in thickness from south to north. It has a thick-
ness of 800 m in Kharga Oases, 1500 m in Dakhla Oa-
ses, and about 1800 m in Bahariya Oases. At Farafra
Oasis, the total thickness of this complex is estimated to
be 2800 m, and is 3500 m thick at Desouky, as deter-
mined from an exploratory oil well south of Siwa.

Based on the piezometric map in Fig. 8.14 (modified
after Ezzat and Abu El Atta 1974), groundwater moves in
general from the Eridi and Ennedi region on the bor-
ders of Chad Basin, in a southwest-northeast direction,
discharging mainly from springs, wells, and diffuse seep-
age flow into the depression areas of Kharga, Dakhla,
Farafra, Siwa, and Qattara.

The evaluation of groundwater resources of the Nu-
bian aquifer system indicated that 1020 million m*/yr
can be exploited in the Western Desert, New Valley Oa-
ses in Egypt. At present, about 600 m® are being used
annually for irrigation. Centuries ago, this Nubian Sand-
stone aquifer was the source of many springs. In recent
generations, hundreds of wells tapped this very large
aquifer system, lowering the pressure surface. Today
most water in the area is from wells.

The results of test drilling in the Western Desert
Farafra Oasis (Fig. 8.15) to 1200 m depth, indicate that
three Nubian aquifer zones have been penetrated with
different piezometric.

To illustrate the natural springs in this hydrogeologi-
cal setting of the Western Desert, a number of springs at
different Oases are described.

8.9.4.1 Ain El Bishmo

Ain El Bishmo is in Bawiti, the capital of Bahariya Oa-
ses (Fig. 8.12). Folding and faulting controls the topog-
raphy of Bahariya Oases Depression, which is sur-
rounded by steep escarpments. Bahariya Oases origi-
nally depended on natural springs for water supply.
Springs that owe their existence to these structures. A
pattern of cross faulting creates conditions favorable for
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8.9.4.3 Ain El Bousa

Ain El Bousa is in Kharga Town, Kharga Oases (Fig. 8.12).
The Kharga depression is oriented with its long axis
north and south and is surrounded by a steep, step-like
escarpment in which is exposed Upper Cretaceous and
Eocene limestone, chalk, and shale. The floor of the de-
pression is covered by thick variegated shales that con-
fine the underlying Nubian Sandstone aquifer.

Kharga Oases is an eroded anticline intersected by a
N-S§ system of faults at the contact with the eastern pla-
teau. The fault forms an impermeable barrier to lateral flow
of groundwater. A north-south fault cuts across the north-
ern end of the oases where most springs are located.

Ain El Bousa is one of the rare springs still flowing in
Kharga Oases and discharges water low in TDS. The re-
sults of the chemical analyses of water from Ain El Bousa
are given in Table 8.6. The water is of chloride sodium
type with a total dissolved solids content of 290 ppm.

8.9.5 Springs of Siwa Oasis

Siwa Oasis occupies the westernmost depression in the
Western Desert. It is perhaps the most famous and remote
oasis in Egypt and springs provided the water supply from
ancient times. It is here that Alexander the Great went to
meet the “Great Oracle”. Siwa is near the Libyan-Egyp-
tian border, about 250 km south of the Mediterranean
Sea. It is the furthest Egyptian depression from the Nile
Valley. It is about 80 km long and ranges in width from 9
to 28 km covering an area of about 1000 km Four salt
lakes occur in Siwa. The Marmarika Limestone plateau
forms the northern boundary of this depression, while
on the south it is bounded by an elevated plain. The el-
evation of the depression floor ranges from -10 to -18 m.

Springs in western Siwa issue from the Miocene lime-
stone, and in the eastern part from the Eocene lime-
stones. Water discharges upward from the underlying
Cretaceous Nubian Sandstone aquifer. The occurrence
and magnitude of the fractures in the limestone control
the distribution of the springs, their flow rates and min-
eral content.

In recent years, drilling of exploratory oil wells has
revealed that the upper zone of the Nubian Sandstone
contains freshwater. Water wells drilled to the upper
Nubian sandstone during the 1990s provide freshwater
that was recharged to the aquifer 30 ooo years B.p.,based
on radioactive dating.

8.9.5.1 Ain El Arayes

Among the 200 existing springs in Siwa Oasis, Ain El Arayes,
“The Brides Spring”, is most famous. In Arabic, Arayes is
the plural of Arousa. Before the Islamic era, the spring was
called in the Siwan unwritten language “Tamous”.

The springis in the eastern vicinity of the town of Siwa.
Its water emerges from fractures and solution springs
from limestone at a daily rate of 485 m* with a tempera-
ture of 27 °C. The chemical analysis of the spring water,
shown in Table 8.6, indicates the water from the spring
has a total dissolved solids content of 2112 ppm.

Ain El Arayes owes its fame to being the spring that
brides use on their wedding day. Also,women who are wid-
owed go to the spring after 40 days of mourning following
their husbands’ death. During the 40 days, the widow is
detained in a house. She is not to see or be seen by anyone.
Her food is dropped from a hole in the wall. Siwan myths
tell us that the widow is transformed to a “ghoula,” which
in Arabic is the feminine of ghoul. Ghoula is a harpy simi-
lar to the harpies of Greek and Roman myth. Although the
Egyptian harpy is a rapacious monster that has a woman’s
face with untidy hair and claws, it does not have wings.
The Siwan myths assure that anyone who sees or is seen by
El Ghoula (The Harpy) will become “bewitched” and con-
sequently will die or be transformed into a mad person.
Such myth is to ensure no contact with the widow. At the
end of the 40-day mourning period, the village announcer
declares that El Ghoula may leave her home and go to Ain
El Arayes for bathing and be transformed into a normal
woman. Everyone must clear the road, houses and shops
along the route to the spring are closed. On her way back
home, the widow is no longer a ghoula.

In Upper Egypt in remote areas, a widow stays bare-
footed at home for forty days after the death of her hus-
band. In Sudan, widows stay at home for the same period
of time with the female relatives of the deceased husband.
They do not use beds or chairs during this mourning pe-
riod. The treatment of Siwan women is mild and the au-
thor has witnessed a lady Sudanese Cabinet Minister re-
fraining from going to her office for the mourning period
in honor of that tradition.
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8.15 Thermal Mineral Water Springs in Karlovy Vary

8.15.1 Introduction

In the western part of the Czech Republic about
130-180 km west of the capital of Prague, in an area of
about 300 km?, several dozen mineral springs occur
from various origins, with water of different chemical
characteristics, temperatures, and levels of carbonation
and radioactive intensity. Mineral waters are widely uti-
lized, in particular for spa treatment of a broad range of
ailments as well as for bottling (curative and table wa-
ters), industrial uses of carbon dioxide, evaporation for
the salts dissolved in them and the thermal waters are
used for local heating.

8.15.2 Mineral Waters in Western Bohemia

The best-known spa resorts in western Bohemia include
Marianske Lazne, Frantiskovy Lazne, Jachymov, and
Karlovy Vary. Thermal (40-73 °C), carbonated (75 /s of
gaseous CO, and 400-1000 mg/l of free CO, dissolved
in water) mineral waters rich in dissolved solids (TDS
6 400 mg/l) with a total discharge of 30 I/s help cure dis-
eases of the stomach and the digestive tract. About
85000 patients are treated every year in Karlovy Vary
during 3- to 4-week stays. Thousands of visitors use the
spas’ sport and recreational facilities for short relaxa-
tion stays.

8.15.3 Historical Background

Discharging from the Tepla riverbed (tepla means warm
in Czech), the Karlovy Vary thermal springs were known
by the Slavonic tribes that settled in that region in the
6th century a.p. Artifacts of the Stone Age settlements
have also been found near Karlovy Vary. The never-freez-
ing mineral springs issuing into the Tepla River were
known as “vary” (boiling, in Czech). The town of Karlovy
Vary was founded by Czech King and Roman Emperor
Charles IV in 1348, who conferred on it special privi-
leges to be used for its thermal waters. The following
beautiful romantic legend associated with the founda-
tion of the town:

King Charles set out from the Loket Castle (about 12 km from
Karlovy Vary) to hunt in the surrounding deep forests. However,
the hunt was not successful. At dusk, upon returning back to
the castle, the royal entourage beheld a stately deer. They started
to chase it. The deer tried to flee from the hunters and their
dogs; it was pursued to the top of a steep rocky cliff and jumped
into an abyss below. When the hunters climbed down into the
deep valley they saw geysers of hot springs. “These are boiling
waters” said the Royal Burgrave, “I wanted to show them to your
Royal Highness for a long time but the deer came first.” The
king, enchanted by the beauty of the natural sight, said: “I will
found a city on this place, and a castle to bear my name. They
will enjoy all the royal privileges and will return health to those
who ail. Let the rock from which jumped the deer that has led us
to the hot springs be called the Deer’s Jump for eternal memory.”
The statue of a deer on the rocky outcrop over the town, and the
name of Karlovy Vary (Charles’s Hot Springs) shall always remind
us of their history.

The first written reports on physicians’ recommen-
dations to use the Karlovy Vary mineral waters for cura-
tive purposes date back to the early 16th century, and
sound amazingly modern. Doctor Vaclav Payer recom-
mends alternating drinking of thermal water and bath-
ing in it, plus a diet. Fifty years later, and throughout the
Baroque period, the medical community’s views of min-
eral water cures were quite controversial. Physicians pre-
scribed drastic dosages: drink 60 cups of water a day
and spend 12 h/d in the thermal water baths until “the
skin cracks and the disease is allowed to leave the body”
Treatment of patients as we know it today was intro-
duced by Dr. Becher as late as 1750.

The spa’s importance began to grow from the mid-
17th century. In the early 18th century, Karlovy Vary
was already a social center popular with European
rulers, nobility, and aristocracy (Fig. 8.30). New bath
houses, hotels, a theater, and a colonnade were built
there. Historical documents list 247 patients in 1756,
5000 patients in 1848, and 70 000 patients in 1912.
Books kept by spa houses register repeated calls and
stays of geniuses of the world’s music, literature, and
arts: Bach, Beethoven, Goethe, Schiller, Chopin, Wagner,
Dvorak, Brahms, Paganini, Tchaikovski, etc. After 1945,
a tradition was started in Karlovy Vary. International
music and film festivals and scientific congresses were
held there.

The first reports on the chemical composition of the
Karlovy Vary Springs date back to 1522. The first analy-
sis, on a par with current methods, was made by
Dr. Becher in 1749. The first credible measurements of
the mineral waters’ discharge (yield >2200 1/min) were
from the same period.
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8.15.4 Geologic and Hydrologic Setting

The Karlovy Vary region lies in the western part of the
Bohemian Massif, which forms the easternmost part of
the European Hercynian folding (Meso-Europe) and
covers Bohemia and the western part of Moravia. The
development of the Bohemian Massif has been affected
by major geotectonic cycles - Cadomian orogeny (which
consolidated the base of the Bohemian Massif), Caledo-
nian, Hercynian (characterized by disintegrating the
Bohemian Massif into blocks of different development),
and Alpine (neoid tectogenesis manifested in rejuvena-
tion of the Epihercynian platform and vulcanism asso-
ciated with Saxonian tectonics).

Of decisive importance for the genesis of mineral
waters (cold, hot, carbonated) was the Ohersky Rift,
which came into being by the resumption of neoid
tectogenesis in an ancient mobile zone. The rift sepa-
rates two important geological units of the Bohemian
Massif: the Ore Mountains block (an area of intensive
Hercynian tectogenesis) and the Tepla-Barrandien block
(a stable Varisan intermontane block). The Ohersky Rift
is delineated by two rift faults of a northeast-southwest
direction and a distinct central fault along the longitu-
dinal axis of the rift (Kopecky 1971).

The Ohersky Rift is part of the European-African
system and has all the characteristics typical of an in-
tercontinental rift (Kopecky 1971). In terms of hydro-
geology and genesis of mineral water, the important fac-
tors are an asymmetric terraced trough with a mark-
edly alkaline magmatism, the existence of a gravimet-
ric minimum, an intensive thermal flow, migration of
neoid tectonic and volcanic activity in the direction of
the structural axis (from northeast to southwest), and
allied occurrence of CO, in the aftermath of active
volcanism. Since the early 20th century, various authors
have been pointing out the relation between the occur-
rence of CO, and neoid volcanism. The genesis of re-
gional distribution of mineral waters in the Bohemian
Massif in relation to old neoid-rejuvenated structural-
tectonic lines was first noted by Vrba (1964; Fig. 8.31).

The Karlovy Vary thermal mineral waters are geneti-
cally linked to the Karlovy Vary Pluton as part of a com-
plex of Hercynian intrusive rocks (Carbon-Perm) of
granitoid composition. The Karlovy Vary Pluton is ori-
ented crosswise to the Ohersky Rift and is composed of
porphyric, biotitic, two-mica, and muscovitic granite to
granodiorite, in some places heavily weathered to kao-

lin (to a depth of 50 m) and hydrothermally transformed
(along the fracture systems). Pluton emerged in two in-
trusions separated in time - the older “montane gran-
ite” some 300 million years ago, and the younger “Ore
Mountains granite” 250 million years ago. Thermal wa-
ters are associated with the latter. The Karlovy Vary
Pluton surfaces include a large outcrop covering about
1000 km?.

The occurrence of Karlovy Vary Springs, concentrated
in a short stretch of the Tepla Valley thermal zone, is
predisposed tectonically and associated with the inter-
sections of faults of two directions. The west-east to
WSW-ENE direction, which corresponds to the Ohersky
Rift, is of transregional importance. Of local importance
is a system of faults in the NNW-SSE direction (azimuth
330°, inclined 70-80° towards southwest), which is re-
ferred to as the Karlovy Vary Thermal Spring Line. Geo-
physical investigations identified the depth of the
Mohorovici¢ discontinuity as 30-32 km, the thickness
of the granite pluton at about 10 km, a high geothermal
activity of 80-90 mW/m? (Cermak 1979), and the high-
est negative values of Bouguer anomalies in the Bohe-
mian Massif.

Fossil and recent carbonated mineral waters have
been identified in the thermal zone. The tectonically
predisposed shatter belts are as much as 6 m thick, the
rocks in them are disturbed by strong cataclastic to
mylonitic deformations. They were subsequently
silicified and filled with chert veins containing small
crystals of barite, which is evidence of their hydrother-
mal origin. On the surface of the thermal zone there are
layers of different types of sinters, as much as 8 m thick,
including aragonite, a chemically almost pure calcium
bicarbonate that crystallizes rhombically over 50 °C and,
characteristic of Karlovy Vary, pisolite (colloquially
called pea-stone in Czech).

The fractures with active inflows of thermal water
are open; as determined in the instance of an inclined
investigation borehole, and terminated at a depth of
133 m due to a massive influx of thermal water. A sound
log (length 1050 mm, width 36 mm), sunk in the
borehole passed through the footwall of the borehole
and into an open fracture to a depth of 370 m. The di-
rection of the open fracture corresponded with the
Karlovy Vary Thermal Spring Line.

The discharge of the Large Springs is controlled, ac-
cording to Vylita and Pecek (1981), by a fault system of
the Karlovy Vary Thermal Springs Line (NNW-SSE) at
the points where it crosses deep faults genetically asso-
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The young, dynamic morphology is determined by
the relative position of the Danube and Rhine River
drainage systems. Favored by the deep base level in the
upper Rhine Graben (Fig. 8.36), the Rhine River gradu-
ally captures more of the old Danube drainage area. This
affects not only the surface drainage but also the
groundwater and has led to one of the most spectacular
karst phenomena of Germany, the “Donauversickerung”,
the loss of the Danube water in the western part of the
Swabian Alb to the Aach Spring, a tributary of the Rhine
system. The hydrogeologic details of this phenomena
and its development are described herein.

8.17.2 Geological Setting

The Swabian Alb is part of the main tectonic block of
southern Germany (Geyer and Gwinner 1984,1986). This
area is associated with one of the Variscian orogenic
zones, which was folded, overthrusted, metamorphosed,
and intruded by granitic plutons. During the Upper Car-
boniferous and Permian, the area was uplifted and
eroded forming the “basement” which now crops out
with granite and gneiss in the Black Forest.

The new epicontinental sedimentary cycle started
during the Lower Triassic with a sandy continental se-
quence. Marine carbonates with an evaporitic interca-
lation succeeded during the Middle Triassic. In the Up-
per Triassic, continental influence prevailed. During the
Jurassic, clayey, marly, and carbonaceous sediment se-
quences were deposited. The most conspicuous sequence
is the more than 300-m-thick Upper Jurassic carbon-
ates. These consist of light colored, regularly bedded
limestone and marl which pass partly into massive al-
gal-sponge limestone with tower-like structures.

At the end of the Jurassic, the area of the Swabian Alb
became subaerial and vast parts have remained so.
Strong weathering and karstification occurred on the
flat carbonate landscape especially during the Creta-
ceous and Early Tertiary with the warm and humid cli-
mate. The topography of the recent landscape originated
from the tectonic events of the Middle and Late Terti-
ary. In the south, the overthrusting of the Alps caused
the foredeep basin of the molasse. With the table-like
uplifting of the Black Forest in connection with devel-
opment of the upper Rhine Graben, the Swabian Alb
tilted southeastward, toward the Molasse Basin. The
Molasse Basin then controlled further orientation of the
drainage pattern.

8.17.3 Development of the Danubian
Drainage Pattern

With the tilting of the Swabian Alb during the mid-Ter-
tiary,a system of consequent streams was formed. These
pre-Danube rivers followed the slightly dipping surface
toward the Molasse Basin (Schreiner 1974). After the fill-
ing of the basin, mainly due to the sediments derived
from the Alps in the south, the sea retreated eastward in
the Late Miocene. The drainage channels followed the
retreating sea, and the early Danube was formed during
the Late Miocene and Early Pliocene (Fig. 8.37). It com-
prised a huge catchment area, including that of the Aare,
along with vast parts of the western Swiss Alps (Wagner
1961; Villinger 1986). The early Danube River drained
more than 20 000 km? in one section of the Swabian Alb,
which now has a drainage area of 9oo km? (Hotzl 1973).

During the Pliocene, tectonic displacement and addi-
tional uplifting of the northwestern part of the Alb caused
a gradual movement of the Danube toward the southeast.
Later, it started to dissect the Upper Jurassic limestone, and
by the Middle Pliocene it had reached a base level of 200 m
below the old surface. The remnants of this old meander-
ing valley are represented as meander-scar terraces about
50 m above the recent valley floor (Wagner 1961). Only the
main tributaries within the Alb followed this deep dissec-
tion. Because of the increasing karstification, larger areas
of the new Alb high plains began draining into the subter-
ranean discharge systems. Vertical tectonic displacements
during the Pliocene (Illies 1965) caused additional critical
changes in the drainage pattern outside the Alb.In the west,
the Saonne River, a tributary of the Rhone River, captured
- by eastward erosion - one of the main headwaters of the
early Danube, the Aare River. Therefore, the main part of
the former upper Danube catchment along with vast parts
of the Swiss Alps was draining westward through the
Burgundian gate directly to the Mediterranean Sea. In the
Late Pliocene, the Danube catchment area was reduced
gradually but still included the Alpine Rhine and the early
Eschach River with its catchment in the central Black For-
est, now part of the Neckar system (Fig. 8.37).

The final phase of development of the drainage area
was caused by the activation of the upper Rhine Graben
in the Late Pliocene (Illies 1965). The downwarping of
the graben basin coupled with additional uplifting of
the graben edges, Black Forest and Vogese, produced a
new, deeper base level with a short flow path to the North
Sea. This was the birth of the new Rhine discharge sys-
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limestones of the Hegau Alb could drain southward and
the newly beginning karstification of them followed that
direction. This was the initial stage of the Danube-Aach
system, which, at that time, was only an early Aach sys-
tem and can be dated 400 000-450 000 years s.p.

The thick ice sheet of the Riss glacial, reaching up
the Hegau Alb to an elevation of more than 650 ma.s.l.
temporarily stopped the further development of the
karst, but with the melting of this ice sheet even deeper
erosion channels were formed. Their bottoms are about
50 m below the recent valley floor. One of the main inter-
glacial valleys could be traced by geophysical surveying
up to about 5 km south of the recent Aach Spring (Schrei-
ner 1978). It can be assumed that the dewatering of the
karst during the last interglacial period with preferen-
tial water paths was oriented toward this deep exposure
of the limestone, where the Aach Spring was originally
situated, which was being covered by gravels and
moraines of the last glacial event. An indication that this
former karst outlet is still partially functioning can be
determined from the results of the tracing experiments
of 1969. An artesian well tracer from the Danube intro-
duced 18 km away was detected 8 days after injection.
The short travel time can only be explained by the well-
defined karst conduits (Batsche et al. 1970). This under-
ground drainage system was blocked once again by the
huge ice sheets of the Wiirm glaciation, which covered
the whole Hegau Basin up to an elevation of nearly
600 m a.s.l. The recession of the ice cover started soon
after its maximum extension at 20 0oo years s.p. The re-
cession stages in the Hegau are very well marked by end
moraines as well as by partly refilled meltwater chan-
nels in front of them. One of these channels, which is
dated from 18 000 to 16 000 years B.p., was cut into the
limestone so deeply that one of the former preferential
flow paths leading to the pre-Wiirm main groundwater
outlet 5 km south was opened. Thus, a new main
groundwater outlet, the Aach Spring, was formed for the
drainage system which had been developed since the
mid-Pleistocene.

The time when the headward progression of under-
ground erosion reached the Danube Valley located 11 km
away could not have been dated until now. The first
mention of the complete loss of Danube water in his-
toric documents was made only 300 years ago and the
first observation of the complete water loss of the Dan-
ube occurred in the middle of the last century, indicat-
ing a very recent inclusion of the Danube Valley into the
underground southward-directed drainage system. This

verifies the interpretation that the underground connec-
tion of the Danube with the Rhenish Aach system is of
Holocene age (Hotzl 1973). Based on the well-developed
underground karst system or from the large relief dif-
ference, other authors consider that the inclusion of the
Danube is older than the Wiirm glaciation (Schreiner
1974; Villinger 1977).
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The aqueduct worked perfectly for over one century.
In 33 B.c. Agrippa carried out the first of many repair
works. In 11-4 B.c., Augusto modified the aqueduct struc-
tures by collecting more springs, thus doubling the wa-
ter discharge. In A.p. 79 Tito and later Adriano and Severi
restored and kept the aqueduct working. In a.p. 212-213,
Caracalla collected new springs (Aqua Antoniniana) to
increase the discharge as needed by the huge thermal
baths. Diocleziano was ordered to collect new karst
springs, promoting the renewal of the entire structure
of the aqueduct and its terminal. More restoration work
occurred during the time of Arcadio, Onorio, and Popes
Adriano I, Sergio II, and Nicola L.

Frontino states that the aqueduct was 91.33 km long.
The water ran 80.28 km through underground tunnels
and arched bridges (aquae pensiles) (Fig. 8.49). The
springs discharged 194504 m°/d (2.25 m*/s), although
30% of it was lost before reaching Rome due to unau-
thorized private connections, one of the earliest doc-
umentations of water theft.

8.18.6 Aqua Tepula and Aqua Julia

Consuls C. Servilio Cepione and L. Cassio Longino in
125 B.C. promoted the catchment of Aqua Tepula. These
springs were in the Albano volcanic area near Marino-
Castel Savelli. The quality of the water, according to
Frontino, was rather poor due to its temperature of 16—
17 °C. The name tepula means lukewarm. At this source
the water from many small springs was also collected
by aqueduct.

In 35 B.C., during Agrippa’s rule, many additional
springs were identified near Grottaferrata and aqueduct
restoration was carried out to mix with water from Aqua
Tepula to improve its taste and physical characteristics.
There was a piscina limaria (settling basin) downstream
for the mixing of the water from the two groups of
springs. The water was then channeled in two pipes,
underground and overland on the Marcia arched bridges
about 10 km to Rome. The distance to Tepula Springs to
Porta Maggiore (ad Spem Veterem) was about 17.8 km.

Frontino states that the Tepula Springs discharge was
7550 m*/d (87 1/s) supplemented with 10108 m*/d (117 I/s)
drawn from Aqua Marcia and Anio Novus aqueducts. The
total discharge of Julia-Tepula Springs at the settling pool
was 47952 m°/d (555 1/s). Before reaching Rome, Julio
aqueduct received about 751/s from Aqua Claudia.

8.18.7 Aqua Virgo

Frontino and Plinio the Old wrote a story about a young
girl (virgo) who showed the location of some springs to
Roman soldiers. Therefore the aqueduct was named af-
ter her, however, more probably the name of virgin is
due to the purity of the water, which has been praised
by the poet Marziale. The Virgo aqueduct is the only one
that operated from the time of Augusto up to the present.
The aqueduct is underground in volcanic rocks. It
reached Agrippa’s thermal baths, near Trevi and Navona
square fountains that are fed by the Aqua Virgo.

The construction of the aqueduct was ordered by
Agrippa and its inauguration took place on 9 June 19 B.C.
It was mainly supplied by Salone Springs and its discharge
was 99519 m*/d (1150 I/s) according to Frontino. Along
its route lateral drainage tunnels branch off 210 I/s of the
total discharge. The springs were at the northern bor-
der of Albano Volcano, east of Rome, in a marshy area
near Aniene River. Restoration works were carried out
during the time of Emperor Tiberio, A.p. 36-37; Claudio,
A.D. 46-47; and Constantino at the beginning of the
4th century. The slope of the aqueduct tunnel is 4.2 m
over a distance of 19 km (0.22%).

8.18.8 Aqua Alsietina

The quality of this water was poor. At the time, however,
there was no option to supply the 14th district of the
city since that district (Trastevere) is on the right bank
of Tiber River, opposite the terminal of the major aque-
ducts of the town. The water was conveyed to Rome in
2 B.C. mainly to supply the monuments built by Augusto
near the Gianicolo. The surplus of water was used to
supply the imperial and private gardens and Trastevere
fountains (Fontino).

Naval battles or shows (naumachia) were performed
in a large pool supplied by Alsietino aqueduct and lo-
cated in a huge park area where a monumental complex
was also built (Fig. 8.50). The elliptical basin (whose axis
were 533 and 355 m long) was 1.5 m deep with a storage
capacity of 200 000 m’ of water.

The spring catchment was in the volcanic area of the
Sabatini Mountains at the border of Martignano Lake
(Lacus Alsietinus), north of Rome. The water of a lake
was diverted at an altitude of 207 m by a tunnel. Augusto
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tricts of Rome (called Augusto regions) through 92 sub-
sidiary reservoirs (Frontino). The Aqua Claudia aque-
duct was 69.75 km long, of which 54.5 km of tunnels and
15.2 km trough arcades were originally built in tuff
(tophus).

duct was 32.5 km long. Most of it was underground and
partially on arcades. It supplied mainly the Trastevere
area and Traiano baths on Colle Oppio. The aqueduct
was partially utilized by Pope Paolo V in 1608 and its
name at that time changed to Aqua Paola.

8.18.10 Anio Novus

The construction of the Anio Novus aqueduct was be-
gun by Caligola in A.p. 38 and completed by Claudio
about a.p. 50. Historically, the Anio Novus and Aqua
Claudia aqueducts are closely related. Important modi-
fications to both aqueducts were made by Traiano
(A.D. 109), and several maintenance and restoration
projects are recorded up to the 4th century.

According to Frontino, the aqueduct Anio Novus was
built in opus reticolatum (tuff wall) and opus latericium
(brick wall). The catchment area was near the Aqua
Claudia Springs along Aniene River, from which the ag-
ueduct collected part of its natural discharge, mainly
represented by karst groundwater. A large settling basin
(piscina limaria) was built near the banks of the river as
surface water was muddy during major floods.

To improve the resource quality, some springs of
Rivus Hercolanus were collected and drawn to the same
aqueduct, and Frontino states that the water quality had
the same standard as the celebrated water from Aqua
Marcia. Total discharge of Anio Novus is 196 490 m®/d
(2274 1/s); the aqueduct was 86.876 km long, 73 km of
which was in tunnels.

8.18.11 Aqua Traiana

The aqueduct was built by Traiano in A.D. 109-110 to sup-
ply the 14th district of Rome (Trastevere) with good,
drinkable water. The district was previously supplied by
the poor-quality water of Aqua Alsietina. Few data are
available about Aqua Traiana as Frontino died and the
following civil servants in charge (curatores aquarum)
did not register data about new aqueducts.

Many springs were collected to supply the aqueduct.
They were scattered in the volcanic area north of
Bracciano Lake, northeast of Rome. Although many of
the springs have not been located, it is believed that they
are those that appear in an 18th century map showing
the aqueduct of Pope Paolo V. The Aqua Traiana aque-

8.18.12 Aqua Alexandriana

Emperor Alessandro Severo (.p. 222-235) decided to
build the aqueduct given his name during the last
years of his reign. It was the last great aqueduct built
in Rome in ancient times. The Emperor intended to
supply water to the Campo Marzio baths built by Nerone
in A.D. 6 and restored in A.p. 227. The catchment area
of the springs is in the volcanic area east of Rome
near ancient Gabi, not far from Aqua Appia Springs.
During the Gothic War (a.p. 537), the aqueduct was
destroyed to cut the water supply of besieged Romans.
In 1585 the springs were collected anew to supply
Felice aqueduct built by Pope Sisto V. This aqueduct was
22 km long, 8 km in tunnels and 14 km on arcades.
Repair works are recorded up to A.D. 500. The Alexan-
driana and Vergine aqueducts were kept in use during
the Middle Ages.

8.18.13 Water Potential and Use in Antiquity

Aqua Virgo and Aqua Traiana-Paola are the aqueducts
built during Roman times which are still in use. Total
discharge of the ancient aqueducts (excluding Aqua
Traiana and Aqua Alexandriana, whose data are miss-
ing) was 24360 quinariae (1010258 m*/d [11.69 m%/s]).
The population of Rome at the end of the 1st century a.p.
was about 500 000; consequently, a mean of 1550 1/d per
capita (Fig. 8.52).

At the beginning of the 4th century a.p., the large
monuments of Rome supplied by aqueducts are: 11 large
baths, 856 public baths, 15 monumental fountains,
1352 fountains (nimpheos) and basins, and 2 naumachiae
(naval battle basins). According to Frontino, water con-
sumption included: 17.2% by the emperor; 38.6% by citi-
zens; and 44.2% by public services. Today, Rome is sup-
plied with 1987200 m’/d (23 m’/s) of groundwater,
mainly from karst aquifers. Its population is 3.5 million,
with a per-capita water availability of 500 1/d, including
industrial uses.
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8.18.17.5 Paolo-Traiano Aqueduct

In the early 1600s the population of the Trastevere ur-
ban area had no option but to use the water of the Tiber.
The inhabitants of the areas on the left bank of the river
could benefit from good quality water from the Vergine
and Felice aqueducts. Pope Paolo V Borghese (1605-1621)
therefore ordered the reconstruction of the Aqua Traiana
imperial aqueduct that had fallen into neglect. In 1946
Pope Innocenzo X Pamphili promoted the development
of the aqueduct with a catchment of more springs in the
Anguillara volcanic area and later diverted the outlet of
the Bracciano volcanic lake (Arrone River).

At present, ACEA’s management has further increased
the discharge of Paolo-Traiano aqueduct by pumping
water from Lake Bracciano to a yield of about 1 m*/s. In
case of emergency due to the breakdown of Roman aq-
ueducts, a temporary additional discharge of 8 m*/s is
possible by drawing the water from Bracciano Lake to
the Bracciano aqueduct. To reduce the fluorine content
of the water, Paolo-Traiano aqueduct converges at a mix-
ing plant supplied by karst water from the Peschiera-
Capore aqueduct.

8.18.18 Water Wells

The increasing population on the outskirts of Rome, new
residential settlements, and more agricultural and in-
dustrial water demand resulted in the drilling of many
private wells. The wells are up to 200 m deep and top
aquifers in volcanic terrains whose base level is repre-
sented by Tevere (Tiber) and Aniene Rivers. In this area,
the so-called mineral water is a commercial activity with
several bottling plants and brands. The pH of the water
ranges between 6.7 and 7.2, has a salinity between 0.3
and 0.6 g/1, and a temperature between 14 and 18 °C.

1. Povara

8.19 Thermal Springs in Baile Herculane (Romania)

8.19.1 Introduction

In southwestern Romania, in the neighborhood of Biile
Herculane Spa, a major positive geothermal anomaly
occurs. The anomaly occupies the southern extremity, a
transcrustal intra-Carpathian fault, over 300 km long,
that starts in the central part of the southern Carpathians,
crosses the Danube and extends southward into the Re-
public of Yugoslavia. North of Bdile Herculane, over a
distance of 60 km, the fault splits to form a narrow
graben, sunken by some 1000 m with respect to the ad-
joining structures. The 600-m-thick carbonate forma-
tions and the upper part of the underlying granite,
trapped inside the graben, form water reservoirs.
Thermo-mineral sources occur along the entire length
of the western fault of the graben, the most important
of them being situated in the neighborhood of Bdile
Herculane (see Fig. 8.54).

8.19.2 Baile Herculane - Historical References

1. The first facilities were built by the Romans, after
A.D. 105, the Roman “termae”being under the auspices
of god Hercules. Many votive tables dating from be-
tween A.p. 107 and 287 confirm the therapeutical
qualities of the water.

2. In 1736, Count Hamilton, sent by Charles III, rebuilt
some of the facilities on the old Roman sites.

3. After 1817 (Franz Joseph), the first modern baths and
hotels were built.

4. In 1847, Prince Carol presented the spa of Biile
Herculane with the bronze statue of Hercules.

5. In 1884 the first thermal water intake well was drilled
(Neptun I, 27 m deep).

6. Between 1968 and 1984 seven new hotels, provided
with their own balneotherapy facilities were built,and
an integrated water distribution system completed.
The current lodging capacity of the spa exceeded
3000 places.

7. Eleven new wells drilled between 1968 and 1978 pro-
vided an additional discharge of 23 I/s. The minimum
cumulated discharge currently provided by wells and
natural springs is 55 /s (4750 m?/d).
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8.20 Ecology, Geochemistry and Balneology of
Natural Medicinal Water Springs Used for Health
Treatment (Tuva’s Arzhaan Project, Russia)

8.20.1 Introduction

There are many natural water springs in Tuva that are
used by native people for medicinal purposes. They are
called Arzhaans. According to people’s opinions, the
treatment at the Arzhaans is very effective. It’s an old
natural tradition closely connected to the Tuvinian way
of life. Every year more than 10 000 people are treated
at the Arzhaans without medical control. The therapeu-
tic methods used by the Arzhaans traditionally are
drinking the spring water, and taking showers and baths.

This tradition is a part of the way of life of people in dif-
ferent central Asian countries and, perhaps, of other coun-
tries of the world. Studying this tradition is important
because it is a part of world ethnic and cultural diversity
that is one of the elements of sustainable development.

The Tuva’s Arzhaans can be divided into two groups:
mineral springs and fresh springs. The mineral Arzhaans
have chemical and physical characteristics which cor-
respond to present teaching about medicinal mineral
waters. The balneological properties and the mechanism
of balneofactor action are more or less known.

From a generally accepted point of view, the fresh
Arzhaans are considered to be non-effective because they
do not contain balneologically active components. How-
ever, the native people are treated by using them for dif-
ferent diseases. The medicinal effect of freshwater springs
is not explained by well-known balneological concepts.

Ongoing research includes scientific substantiation of
natural spring waters balneological factors and the mecha-
nism of its action on humans, using the physiological ef-
fects on Tuvan native people treated with fresh Arzhaans.

Specific tasks for research are:

1. Determination of chemical and microbiological com-
positions of water from fresh Arzhaans during the
year. Ecological monitoring of them and creation of
the corresponding data bases.

2. Studies on the hydrogeological conditions of forma-
tion of the natural medicinal water springs. Finding
out possible ways for protecting them.

3. Investigation of the physical properties and, if possi-
ble, molecular structure of Arzhaan’s waters.

4. Determination of the geophysical field structure at
the outlet places of the fresh Arzhaans.

5. Epidemiological research on uncontrolled medicinal
treatment by the fresh Arzhaans. Classification of
them on the basis of the balneological effects.

6. Determination of the correlation between data bases.

Scientific substantiation of the medicinal effect.

8. Ethnographic study of native peoples’ traditions of
using natural waters for treatment.

~

Results so far:

1. The National Scientific Laboratory on Natural Me-
dicinal Water Springs of the Republic of Tuva was
created in 1993.

2. Hydrochemical research was carried out in 1989-1994.
About 80 Arzhaans were investigated and a data base
developed.

3. Microbiological, geophysical and radiological stud-
ies have been carried out at some of the mineral and
fresh Arzhaans.

4. Medical-sociological research was carried out in 1991
during uncontrolled medicinal treatment at 3 Arzhaans.

5. Medical-epidemiological research was carried out on
uncontrolled medicinal treatment at 3 Arzhaans in
1993. More than 300 people with various clinical
symptoms were interviewed.
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