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Prolegomena
The evolution of water supply throughout the
millennia

Since the dawn of humankind on Earth, the adequacy of available water has been of utmost importance for
survival and prosperity. Assurance of an adequate supply of water to an ever growing and developing
population of today is a world-wide problem. Water scarcity has become a major global concern, with a
major part of the world facing water shortages. Rapid population growth with the resulting change in
demographics has become the world’s greatest problem associated with water resources. Cities around
the world have been experiencing water shortages and scarcity coupled with water quality problems.
This situation is expected to worsen due to the population growth and relocation to urban areas,
particularly in the developing countries. The effects of climatic variability exacerbate the problem even
further, particularly when water management practices are poor. Even areas with an abundance of
available water are recognising water supply as a natural resource superior to all others.

There have been a great deal of unresolved problems related to the management principles, such as the
decentralisation of the processes, the cost effectiveness, the durability of the water projects, and
sustainability issues. In the developing parts of the world, such problems have been intensified to an
unprecedented degree. Moreover, new problems have arisen such as the contamination of surface- and
ground-water. The intensification of unresolved problems has led societies to revisit the past and to
reinvestigate the successful past achievements. To their surprise, those who attempted this retrospect,
based on archaeological, historical, and technical evidence were impressed by two things: the similarity
of principles with those of the present, and the advanced level of water engineering and management
practices.

Technological advancements related to water during the 20th century created a disdain for the past
achievements. Many have felt the achievements of the past are not solutions for the present and the
future. Past water technologies, were regarded to be far behind those of the present. However, many of
those technologies developed in ancient times could be solutions for many parts of the world. Many of
the technologies developed during the Bronze Age could be considered in today’s development and
management plans.
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xxii Evolution of Water Supply Throughout the Millennia

Many of our present water technological principles have a foundation dating back three to four thousand
years ago. These achievements include technologies such as dams, wells, cisterns, aqueducts, baths,
recreational structures, and even water reuse. These hydraulic works also reflect technical and scientific
knowledge, which for instance allowed the construction of tunnels from two openings and the
transportation of water both by open channels and closed conduits under pressure. Certainly,
technological developments were driven by the necessities for efficient use of natural resources in order
to make civilizations more resistant to destructive natural elements and to improve the standards of life.
With respect to the latter, certain civilizations developed an advanced, comfortable and hygienic
lifestyle, as manifested from public and private bathrooms and flushing toilets, which can only be
compared to our modern facilities which were re-established in Europe and North America at the
beginning of the last century.

The Evolution of Water Supply Throughout the Millennia examines some of the major achievements in
nearly all scientific fields of water supply technologies and management by ancient civilizations. This Book
provides valuable insights into the ancient water supply technologies with apparent characteristics of their
durability, their adaptability to the environment, and their sustainability. A comparison of the water
technological developments in several civilizations is also undertaken. These technologies are the
underpinning of modern achievements in water engineering and management practices. It is the best
proof that “the past is the key for the future.” The ancient technologies and water management practices
will be a useful tool for future cities’ planning.

Thirty-six authors from several disciplines developed the chapters in this book. The disciplines include
archaeology, water sciences, engineering, life sciences, environmental sciences, health sciences, biology
and geosciences. The geographical coverage is very wide, with prominence in the Mediterranean world.
However, several other civilizations from other parts of the world, such as Asia (Iran, China) and
America (south-western United States, Mexico, South America) are included. The book is organized in
four parts. The first four chapters are introductory and refer to general subjects. The next 11 chapters
refer to different civilizations over the globe. The next five chapters deal with major cities with long
histories. In the last chapter, conclusions and lessons learned are included. The themes of the chapters
included are from prehistoric to medieval and even modern times.

Publication of a book of this scope and magnitude could be accomplished only with the help of many
people, and our appreciation is gratefully offered to the authors of the 21 chapters. Their contribution to
the quality of this book is evident. Also, the editors would like to express their gratitude to IWA
Publishing and to Dr. Maggie Smith of IWA, for her patience and understanding, and her valuable
managerial advice. We sincerely appreciate the work of 20 reviewers, who provided valuable assistance
and authoritative guidance for each of the chapters which were reviewed by at least two reviewers.

Andreas N. Angelakis, Institute of Iraklion, National Foundation for Agricultural Research (N.AG.RE.F.),
71307 Iraklion, Greece, info@a-angelakis.gr

Larry W. Mays, Civil and Environmental Engineering Group, School of Sustainable Engineering and the
Built Environment, Arizona State University, Tempe, Arizona, USA, mays@asu.edu

Demetris Koutsoyiannis, Department of Water Resources, School of Civil Engineering, National
Technical University of Athens, Heroon Polytechneiou 5, GR-15780 Zographou, Greece, dk @itia.
ntua.gr

Nikos Manassis, Department of Water Resources, School of Civil Engineering, National Technical
University of Athens, Heroon Polytechneiou 5, GR-15780 Zographou, Greece, nikos @itia.ntua.gr
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Chapter 1
Ancient gods and goddesses of water

L. W. Mays and A. N. Angelakis

1.1 INTRODUCTION: MYTHOLOGY, GODS AND GODDESSES

Water is the beginning of everything
Thales of Miletus (636—546 BC)

To ancient civilizations and cultures, water was considered as a potential destructive element, but also a
necessity to life, next to food, safety and hygiene; usually some deity was associated with water. Also,
water was important for purifying the body and for cleaning. Dieties associated with water or various
bodies of water were important in almost all mythologies. Deities and religious beliefs prescribed its
uses, collection and purification. Minoans, Babylonians, Greeks, Romans, and the American Indians all
had gods and goddesses for water irrigation of crops as well as water purity. Temples water delivery
systems were often built to honour these gods and certain elements were incorporated to honour the god.
Also gods and/or goddesses were associated with making rain in order to face severe droughts (Haland,
2007). Water deities were usually more important among civilizations when a sea or an ocean, or a great
river was important.

Gods and goddesses have had a significant influence on the human society since the ancient times. This
Chapter explores some of the ancient gods and goddesses of rain, water, rivers, and sea. The gods are
considered collectively as a “pantheon” of a particular mythology. Many ancient societies had a “Creator
God” and many lower levels of gods and goddesses. Most ancient societies had a belief system that was
“polytheistic,” meaning they worshipped many gods. They believed that there was a god for every aspect
(or element) of the Earth such as the sun, the moon, wind, lightning, rain, water, etc. In many ancient
cultures the moon was seen as gentle and feminine in contrast to the sun which was seen as masculine.
Ancient Egyptians believed that the gods and goddesses maintained the balance of chaos and order on
earth. Some ancient gods and goddesses are still worshipped today, such as Chac, the Mayan god of
rain. Gods and goddesses could be aspects of one another and could have shifting roles and levels of
importance such as the Vedic gods in the Vedic religion in India.

Gods and goddesses have been depicted by various cultures in many different ways. For example ancient
Indian gods and goddesses have been depicted with many arms showing a sign of great power, with multiple
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2 Evolution of Water Supply Through the Millennia

heads, and with combined human and animal characteristics. Sun gods were often depicted with attributes of
wheels, while sky gods were depicted as hammers to symbolise thunder. Ancient Egyptian gods and
goddesses took on many human and animal forms. The gods of the ancient Greeks were almost all
conceived of as being human in form. Other gods, such as those at the founding of Rome, were numina
(divine manifestations, faceless, and formless) but no less powerful. For the Romans everything in nature
was thought to be inhabited by numina, explaining the large number of deities in the Roman pantheon.
Gods and goddesses of the Tibetan Buddhism take on a variety of forms ranging from the fierce to the
peaceful. Goddesses, in some cultures, are associated with earth, motherhood, love, and the household,
while in other cultures, they rule over war, death, and destruction as well as healing.

In the following sections the major water gods and goddesses in several ancient civilizations and/or
religions are presented and discussed. Emphasis is given to Mesopotamians and Egyptians, to the Bronze
era, to Hellenistic and Roman civilizations, to the Celtic and Hindu mythologies and to the ancient
Mesoamericans (e.g. Aztecs, Mayas, and Incas).

1.2 ANCIENT MESOPOTAMIAN MYTHOLOGY

In Mesopotamia humans were created to alleviate the gods from the hard work they had to do. Mesopotamia,
“the land between the rivers,” that is the Tigris and Euphrates Rivers, is in the Fertile Crescent. During the
time of ancient Mesopotamia urban civilization grew, the wheel was invented, arts and sciences flourished,
writing was pioneered, and humankind began to create a record of the past. All life originated with water for
these people (Woolf, 2005).

Water was ever present in all aspects of Mesopotamian life, including religion, politics, law, economy,
international affairs, war, etc. Enuma Elish is the Babylonian creation myth recorded on seven clay tablets
in Old Babylonian. The Enuma Elish indicated that in the beginning water already existed, distinguishing
between Apsu, conceived as a male god of freshwater (sweet) waters, and Tiamat, his spouse, a goddess of
salt water. Also, Apsu denotes the freshwater upon which the earth floated. As underground waters, Apsu
may be reached when laying the foundations of a temple, and also appears naturally in pools and marshes
(Jacobsen, 1946). The Apsu is the domain of one of the most important gods in the Mesopotamian pantheon,
Enki (Sumerian) and later Ea (Akkadian), who was depicted with cascade of water emanating from his
shoulders, or holding a vase from where water emerges, as shown in Figure 1.1a. Enki, as master of the
fresh water was a creator god, a wise god, always ready to help humans. The god Murdak (Figure 1.1b)
was recognised as the son of Ea. His powers and attributes were passed to him from Ea and another god, Enlil.

Tablet I from the Atra-Hasis epic about the creation and early history of man begins: “When the gods
like men / bore the work and suffered the toil...”. The heavy work included digging and maintenance of
canals. But the lesser gods did not tolerate this state of affairs, and they rebelled (‘... they set fire to their
tools, / fire to their spades they put / and flame to their hods ...”). As a result, mankind was created: ...
Let the birth-goddess create offspring / and let man bear the toil of the gods ...”. And men ‘with picks
and spades they built the shrines, / they built the big canals’ banks / for food of the peoples, for
sustenance of the gods’. However, ‘Twelve hundred years had not yet passed’, the peoples multiplied
and with their noise disturbed the gods who decided to exterminate mankind. At this point, Enki
intervened and alerted one man, Atra-Hasis, who was instructed on how to escape from the plan of the
gods and let mankind survive. Tablet II refers to one of the ways the gods attempted to eradicate
mankind from the earth: ‘... Adad (god of weather) should withhold his rain, / and below, the flood
should not come up from the abyss / .... / let the fields diminish their yields ...”. Famine arose not only
from the drought, but also because the soil became unsuitable for agriculture due to salinisation: ‘... the
black fields became white, / the broad plain was choked with salt ...”. Not succeeding with famine (due
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Ancient gods and goddesses of water 3

to Enki’s intervention), the gods decided on a devastating flood that ‘tear up the mooring poles’ and ‘make
the dykes overflow’. Tablet III describes that ‘for seven days and seven nights / came the deluge, the storm,
the flood’.

Figure 1.1 Mesopotamian gods. (a) Enki (Sumerian) or Ea (Akkadian) and (b) Marduk, considered as the son
of Enki (Source: Wikipedia Commons, in public domain).

The Sumerian version of the flood (Lambert & Millard, 1999) explicitly says that construction and

maintenance of water channels was a god’s decision ‘... he (the god) did not stop the yearly flood, but
dug the ground and brought the water, / he established the cleaning of the small canals and the irrigation
ditches ...’.

1.3 ANCIENT EGYPT MYTHOLOGY

Ancient Egyptian civilization was centred about its highly complex religion (Woolf, 2005). In ancient
Egypt all aspects of human life were reflected in the divine world and the range of associations held
by the deities and goddesses (Oakes & Gahlin, 2003). They believed that the balance of order
and chaos in the universe could only be maintained by the gods and goddesses and their representative
on earth (the king or the pharaoh). Ancient Egyptian gods and goddesses took on many different
human and animal different forms. For example Aker the earth god, appeared as two lions
back-to-back on a tract of land with lion or human heads at either end. Anat, the goddess of war
appeared as a woman with a lance, axe and shield. Many of the deities were worshipped in temples and
shrines throughout Egypt. Hundreds of deities were in the Egyptian pantheon. Many of these
originated as local gods who became the central focus of important cults and others borrowed from
different cultures.

For thousands of years the people of Egypt have owed their very existence to a river that flowed
mysteriously and inexplicably out of the greatest and most forbidding desert in the world (Hillel, 1994).
The ancient Egyptians depended upon the Nile not only for their livelihoods, but they also considered
the Nile to be a deific force of the universe, to be respected and honoured if they wanted it to treat them
favourably. Its annual rise and fall were likened to the rise and fall of the sun, each cycle equally
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4 Evolution of Water Supply Through the Millennia

important to their lives, though both remaining a mystery. Since the Nile sources were unknown up until the
19th century, the ancient Egyptians believed it to be a part of the great celestial ocean, or the sea that
surrounds the whole world. Shown in Figure 1.2 is Hapi — the Nile god, first shown as one god and then
as two gods, portrayed with breasts to show his capacity to nurture.

(b)

Figure 1.2 Egyptian gods associated with the Nile River: (a) Hapi shown as one god with breasts (Source:
lllustration from the Encyclopaedia Biblica, a 1903 publication, now in the public domain), (b) Hapi shown
as a pair of gods symbolically tying together upper and lower Egypt (Source: Wikipedia Commons,
licensed under Creative Commons, GNU Free Documentation Licence), and (c) Sobek, god of crocodiles
who created the Nile by Jeff Dahl (Source: Wikipedia, under GNU Free Documentation Licence, Version 1.2).

Ancient Egyptians considered the sun (the dominant factor in Egyptian life) to be a potent life force along
with the annual inundation of the Nile, which was responsible for the successful harvests. Re or Ra, meaning
“the Sun,” was the pre-eminent god of solar and appeared as a ram or falcon head with sun disc and cobra
headdress. The cult centre for Re was in Heliopolis. For further reading on ancient Egyptian gods and
goddesses refer to Wilkinson (2003).

1.4 THE BRONZE ERA

The Minoan civilization (ca. 3200-1100 BC) was based on the island of Crete, a very fertile land. The
importance of religion of the Cretans is somewhat sketchy because they built no great temples or carved
statues of gods. However the Cretans did leave behind many other items such as small shrines, and
representations of sacred birds, trees, bulls, and snakes. They also built lustral basins (rooms possibly set
aside for cult worship), temple repositories, double-axes, and sacral horns. They also used sacred caves
and shrines set aside on mountain peaks. Religious scenes are shown in Figure 1.3 and lustral basins are
shown in Figure 1.4a.

Goddesses seem to have had the dominant role in Cretan religion as they played a dominant role in their
society (Graham, 1987). A so-called Poppy goddess, with three incised poppy seeds on her head that was
found at a small ritual shrine suggests that opium was used to induce religious ecstasy (Freeman, 2004).
Referring to Figure 1.4b women had a dominant role as they had elaborate costumes indicating their
importance. The colourful frescos of women found in palaces may indicate a more feminine influence
than other societies of the ancient times. In fact archaeologist Jacquetta Hawkes in her book, The Dawn
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of the Gods (London, 1968) argued that Minoan Crete was essentially a feminine society. Also Minoan ritual
included the possible sacrificing of children (Freeman, 2004).
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Figure 1.3 Scenes from Hagia Trida Sarcophagus: (a) Offerings and (b) bull sacrifice (Source: Graham (1987).

Figure 1.4 Lustral basins: (a) North lustral basin at Knossos (Evans thought that these basins were used for
purification ceremonies and that Knossos palace was a sacred place) and (b) Lustral basin at Kato Zakros
(with permission of L.W. Mays).
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6 Evolution of Water Supply Through the Millennia

1.5 GREEK MYTHOLOGY

Hydros (or Hydrus) was the protogenos of the primordial waters. In the Orphic Theogonies Water was the
first being to emerge at creation alongside Creation (Thesis, goddess of creation) and Mud. The primordial
mud solidified into Gaia (Earth) and with Hydros produced Kronos (time) and Ananke (compulsion). These
two in turn caught the early cosmos in the coils, and split it apart to form the god Phanes (creator of life), and
the four ordered elements of Heaven (fire), Earth, Air and Sea (water). The Orphic Rhapsodies later
discarded the figures the Kronos and Ananke, and have Phanes instead born directly from Hydros and
Gaia [Homer, Iliad 14. 200 [f (trans. Lattimore) Greek epic CSth BC].

In Greek mythology the Twelve Olympians were the principal gods of the Greek pantheon, residing atop
Mount Olympus. There were, at various times, fourteen different gods recognised as Olympians, though
never more than twelve at one time. In Greek mythology, the twelve gods and goddesses ruled the
universe from atop Greece’s Mount Olympus. These Olympians, all related to one another, had come to
power after their leader, Zeus, overthrew his father, Kronos, leader of the Titans. Later the Romans
adopted most of these Greek gods and goddesses, but with new names.

1.5.1 Olympian gods and goddesses

Achelous (Figure 1.5), named after the Achelous River (largest river in Greece), was the chief of all river
deities. The name is pre-Greek and the meaning unknown. Every river had its own river spirit. Tethys
was a Greek deity who oversaw the fresh water rivers of the world and the mother and grandmother of
thousands of other deities.

Figure 1.5 Achelous was often reduced to a bearded mask, an inspiration for the medieval Green Man.
Shown is floor mosaic of Achelous in Zeugma, Turkey (Source: Wikipedia Commons, in public domain).

Tethys (Figure 1.6) was a goddess who most probably was a primordial deity in Archaic Greece, but who
was seen in Classical myths as the deity responsible for the fresh water rivers of the world and the progenitor
of thousands of water deities. Tethys was described in classical myths as the deity responsible for the fresh
water rivers of the world and the progenitor of thousands of water deities. Tethys was considered as an
embodiment of the waters of the world making her also a counterpart of Thalassa, the embodiment of the sea.

Demeter (Figure 1.7), the goddess of earth, agriculture, water and fertility, was the second daughter of the
major Titans Rhea and Cronus, after Hestia, the goddesses of the hearth. Demeter was a peace-loving deity
and the source of all growth and life; she was the goddess who provided all nutrition on the earth and taught
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mortals how to cultivate the earth and ease life. Demeter was most appreciated for introducing wheat to
mankind, making man different from animals.

Figure 1.6 Mosaics of Tethys: (a) Mosaic from Phillopolis that dates to the mid-fourth century (Source:
Wikipedia Commons, licensed under Creative Commons, GNU Free Documentation Licence) and (b)
Mosaic on the floor at the bathhouse of Garni with the image of Tethys, constructed between the first and
third centuries AD (Source: Wikipedia Commons, in public domain).

Figure 1.7 Demeter: (a) Votive relief of Demeter, on the left, during a ritual holding a sceptre in her left hand
offering wheat to Triptolemos, son of the Eleusinian King Keleos, for bestowing on mankind. On the right
Persephone, with a mantle and holding a torch, blesses Triptolemos with her right hand. This is the largest
and most known votive relief (ca. 440—430 BC), which was found in Eleusis, and now resides in the
Archaeological Museum of Athens, Greece. The relief was apparently famous in antiquity and was copied
in the Roman period with one copy now in the Metropolitan Museum of New York. (with permission of
A. N. Angelakis) and (b) Demeter and Metanira. Detail of the belly of an Apulian red-figure hydria, ca. 340
BC (Source: Wikipedia Commons, in public domain).
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8 Evolution of Water Supply Through the Millennia

1.5.2 Zeus or Poseidon of rain

The ancient Greeks worshipped Zeus or Poseidon (Figure 1.8) god of rain and in colloquial speech one can
say “Zeus is raining” (Haland, 2007). Children in Ancient Greece sang: “Rain, rain, o dear Zeus, on the
fields of the Athenians.” According to the tradition, Zeus was the god of rain (Hes. Op. 488).

Figure 1.8 Poseidon (a) Poseidon holding a trident (Corinthian plaque, 550-525 BC) from Penteskouphia at
Louvre Museum, photographed by Marie-Lan Nguyen, Jastrow (2006) (Source Wikipedia Commons, in public
domain); (b) Bronze statue of Zeus or Poseidon (from Archaeological Museum of Athens). It is certainly the
work of a great sculptor of the early Classical period ca. 460 BC (with permission of A. N. Angelakis); and
(c) Head of Poseidon, photographed by Marie-Lan Nguyen, Jastrow (Source: Wikipedia Commons,
licensed under the Creative Commons Attribution 2.5 Generic licence).

Fully-fledged rain-magic is found in the cult of Zeus Lykaios in Arkadia, where nevertheless one of the
Nymphs who reared him also has something to say: if a severe drought lasts a long time the priest of Zeus
will go to the spring of the Nymph Hagno, make a sacrifice, and let the blood run into the spring (Haland,
2007). Then, after prayer, he dips a branch from an oak (the sacred tree of Zeus) into the water, and forthwith
a vapour will rise up from the spring like a mist, ‘and a little way off the mist becomes a cloud, collects other
clouds, and makes the rain drop on Arkadian land, (Haland, 2009).

Among the ancient Greeks, a king is often a magician in the service of the gods. Part of his duty is to be a
weather-king. He is “making the weather”, and this means that he is making rain, for example by shaking
rattles or by other means trying to make thunder and lightning. In ancient Thessaly, when the land suffered
from drought, they shook a bronze wagon by way of praying the god for rain, and it was said rain came. This
was a traditional public ceremony for the making of rain (Haland, 2007).

According to (Haland, 2009) ‘Greece had been withering under a drought: neither inside the isthmus (of
Corinth) nor outside it would rain, until they sent to Delphi to discover the reasons and ask for relief. The
Pythian priestess told them to placate Zeus, but, if he were to listen, it had to be Aiakos who made the ritual
supplication. They sent men from every city to beseech Aiakos son of Zeus; he sacrificed and prayed to
Panhellenic Zeus, and brought rain to Greece; so the Aiginetans made the portraits of the ambassadors’
(Haland, 2007).

1.5.3 Nymphs

In Greek mythology a nymph was a female minor nature deity typically associated with a particular location
or landform. Nymphs were generally regarded as divine spirits who animated nature, and were usually
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depicted as beautiful, young maidens who loved to dance and sing. Water nymphs (Hydriades or
Ephydriades) included freshwater nymphs (naiads or naides) who presided over fountains, wells,
springs, streams, and brooks, but not rivers. Naiads (see Figure 1.9) were either daughters of Poseidon or
various Oceanids, who were the patrons of a particular spring, river, sea, lake, pond, pasture, flower or
cloud. Oceanids were the three thousand daughters of Oceanus and Tethys. Water nymphs associated
with particular springs were known all through Europe at locations with no direct connection with Greece.

Figure 1.9 A naiad, a water nymph approaches the sleeping Hylas by Artist John William Waterhouse, 1893.
In Greek mythology, Hylas, the son of Hercules, was kidnapped by nymphs of the spring of Pegae (Source:
Wikipedia Commons, in public domain).

Limnades or leimenides were naiads that lived in freshwater lakes, whose parents were river or lake gods.
Pegaeae were naiads that lived in springs and were often considered daughters of the river gods (Potamoi).
They established a mythological relationship between a river and its springs. Crinacae were naiads
associated with fountains or wells. Eleionomae were naiads associated with living in marshes and often
misled travellers with their illusions that were images of a traveller’s loved ones. They also lured young,
virgin boys seducing them with their beauty (see Figure 1.9).

1.6 ROMAN MYTHOLOGY

The Etruscans were a continuous population during the Mediterranean Iron Age in the second half of the first
millennium BC, located in the Po Valley and some of its alpine slopes, southward along the west coast of
Italy. The Estruscans were at their peak around 500 BC, having a significant maritime power with a
presence in Sardinia and the Aegean Sea. They had a distinct language and culture during the period of
earliest European writing and worshipped a pantheon of twelve gods. In fact they were very dedicated to
religion, doing nothing without proper consultation with the gods and signs from them. These practices
were later taken over by the Romans. Roman mythology definitely took on many Greek things, including
the Greek gods. The Dii Consentes, a group of twelve gods were especially honoured by the Romans. The
number of twelve gods came from the Etruscans; however the Dii Consentes were identified with the
Greek Olympian gods, even though the original character of the Roman gods was different.
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10 Evolution of Water Supply Through the Millennia

One of the twelve Roman gods was Neptunus. In Roman mythology and religion Neptune (Neptiinus)
was the god of fresh water (from rivers and springs) and the sea (see Figure 1.10). Similarly to Poseidon,
Neptune was also worshipped as a god of horses, under the name Neptunus Equester, a patron god of
horse-racing. The festival of Neptunalia is celebrated on July 23. Hadrian, the emperor, ordered the
construction of the Pantheon as a sanctuary dedicated to all the gods. Roman temples were the main
centers of religion serving as symbolic homes for the gods, which were represented by statues.

@ | G

Figure 1.10 Neptunus or Neptune (a) [Source: Wikipedia Commons, licensed under Creative Commons,
GNU Free Documentation Licence] and (b) Mosaic at the Museo archeologico regionale di Palermo,
(Photo by Giovanni Dall’Orto, licensed under the Creative Commons Attribution-Share Alike 2.5 Generic
licence).

Cloacina (cloaca: “sewer” or “drain”) was the goddess of sewers who presided over the Cloaca Maxima
(“Great Drain”), which was the main trunk of the system of sewers in Rome. She was originally derived from
Etruscan mythology. The Romans placed a great deal of faith and trust in her for the wellbeing of Rome’s
sewers (and workers) which was very important to their desired way of life and good health through
sanitation. The Shrine of Venus Cloacina was a small sanctuary on the Roman Forum, honouring the
divinity of the Cloaca Maxima, the spirit of the “Great Drain” or Sewer of Rome. Two images of the
“Shrine of Venus Cloacina” in the Forum are shown in Figure 1.11.

Figure 1.11 Two images of the “Shrine of Venus Cloacina” in the Forum Romanum from Hulsen, Christian
(1906), The Roman Forum — Its History and Its Monuments, Ermanno Loescher and Co: Publishers to
H. M. the Queen of Italy, p. 138.
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Roman mythology also included nymphs. A couple examples of naiads include Albunea and Appias.
Albunea was a prophetic nymph or Sibyl, who was a naiad who lived in the sulphuric spring near Tibur
(Tivoli). Appias was one of the Crinaeae, who was a naiad who lived in the Appian Well outside the
temple to Venus Genitrix in the Roman Forum.

Finally, in the left side of the crypt of the famous Cathedral in Bari, Italy, which was built between the
late 12th and late 13th centuries, one sarcophagus contains the relics of Saint Columba, recently restored,
who is related to the rain and fire. She was pagan and became Christian when she was 16-years old.
She escaped from Spain (257—273 AD) due to Emperor Adriano’s persecution (Figure 1.12). She went
to Sens in France where she was kept and imprisoned anyway. The legend says that a prison officer tried
to rape her but a bear from the nearby amphitheatre saved her. Then, she was sent to the stake but a
strange rain saved her from fire. That’s why people pray for her in the case of water being needed to
extinguish a fire. She was killed later due to Emperor Aureliano’s persecution.

Figure 1.12 Saint Columba di Sens (Spain 257 AC-Sens 273 AC) in the crypt of the Cathedral, Bari, Italy
(with permission of A. N. Angelakis).

1.7 CELTIC MYTHOLOGY

Celtic mythology is the mythology of Celtic polytheism, or the religion of the Iron Age Celts. In Europe, as
early as the Bronze Age, the association between water and spiritual power was evident. The reverence for
water was a hallmark of the Celtic religion, as rivers and springs were very important in Celtic myth. The
ancient Celtics had a great deal of trust for the curative powers of springs. Springs were therefore sites of
great sanctuaries. Sequana was the goddesses of the Seine River in France. She was often depicted in a
duck-shaped boat. Her sacred place was among the springs at the headwaters of the Seine River in
Burgundy. Goddess Sulis Minerva had her sanctuary at the ancient springs of Bath, England. Lakes were
important sites for ritual activities.

Arausio was a local Celtic water god who gave his name to the town of Arausio (Orange) in southern
Gaul. Dea Icaunis was the goddess of the Yonne River in Gaul in Gallo-Roman religion. In Celtic
mythology, Condatis (waters meet) was a deity associated with the confluences of rivers (in particular
the Tyne and the Tees). He was worshipped primarily in northern Britain and in Gaul. Latis was the
anglo-Celtic goddess associated with water. She was originally a lake goddess who became a goddess of
ale and mead. There were many other gods and goddesses related to specific rivers in the Celtic mythology.
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1.8 HINDU/VEDIC MYTHOLOGY

As in other mythologies, deities associated with water or various bodies of water are known in Hindu
mythology. As already mentioned, water deities were common in civilizations (e.g. Hindu) in which the
sea or ocean, or a great river played an important role in their development. Thus, Varuna was the Lord
of the oceans and Apam Napat was the god of fresh water, such as in rivers and lakes (Darian, 2001).

To understand the river Ganga means to understand a significant part of India. It holds a place unique in
all mythologies, theologies and beliefs of the world. In no other culture was a natural feature assumed so
religious and of psychological significance. The Ganga is so intertwined with the Indian imagination that
even for people who never live nearby, it will always be the supreme river (Darian, 2001). In such
circumstances, it is not surprising that the Ganga River is also one of the most popular goddesses in
India (Figure 1.13). Jawaharlal Nehru, First Prime Minister of India stated: “The Ganga, especially, is
the river of India, beloved of her people, round which are intertwined her memories, her hopes and fears,
her songs of triumph, her victories and her defeats. She has been a symbol of India’s age long culture
and civilization, ever changing, ever flowing, and yet ever the same Ganga”. Also various rivers are
associated with goddesses in the Rigveda, such as Sarasvati (Sarasvati River) and Yamuna.

Figure 1.13 In the cannons of Indian art, Ganga is
visualised as all other major Indian goddesses are,
voluptuous and beautiful. Their ample breasts and,
sturdy, child bearing hips, giving adequate testimony
to their fecundating powers (with permission of K. Vipin)
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1.9 ANCIENT MESOAMERICA
1.9.1 The Aztecs

Mesoamericans had a large number of fertility gods and goddesses, of which the rain god was among the
most senior. The nucleus of the Aztec Empire was the Valley (or Basin) of Mexico starting in the 12th
century. The ancient city of Tenochtitlan, located on a reclaimed island in Lake Texcoco, was the capital
of the Aztec Empire. The Aztecs were faithful worshippers of the rain god, Tlaloc, also known as
Nuhualpilli, whose cult dates back as far as the Olmec civilization (Woolf, 2005). Tlaloc (Figures 1.14
and 1.15) was honoured with sacrifices in the form of blood and other offerings. He stored rainwater in
four huge jars, which he kept in the north, south, east, and west, and from the eastern jar he sent life
giving rains, and from others storms and droughts.

Figure 1.14 Tlaloc the rain god: (a) From the Collection of E. Eug. Goupil, Author unknown, 17th century) and
(b) Tlaloc as shown in late 16th century, Codex Rios (Source: Wikipedia Commons, in public domain).

Figure 1.15 Fragments of a brazier depicting Tlaloc from Stage IVB of the Templo Mayor in Mexico City
(Source: Wikipedia Commons in public domain).
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Tlaloc was greatly feared among the Aztecs, who drowned children to appease him. They believed that
Tlaloc was responsible for both floods and droughts, and that he had been created by the other gods. Tlaloc
was depicted as a goggle-eyed blue being with fangs. Human sacrifices, usually children, were often made in
his honour. Before the victims were actually sacrificed, their tears were collected in a ceremonial bowl, to
serve as an offering. Tlaloc was also worshipped in pre-Aztec times, by the Teotihuacan and
Toltec civilizations.

1.9.2 The Maya

The Mayan civilization survived the longest of all the great cultures of ancient America. This was also the
widest spread of all these cultures. The ancient Maya lived in a vast area covering parts of present-day
Guatemala, Mexico, Belize, and the western areas of Honduras and El Salvador. Mayans were fascinated
by time and the heavens, charting the stars and planets, and developed the most accurate calendar in
existence before modern times (Woolf, 1987).

Mayans settled in the last millennium BC and their civilization flourished until around 870 AD The
Mayas settled in the lowlands of the Yucatan Peninsula and the neighbouring coastal regions. The large
aquifer under this area is in an extensive, porous limestone layer (Karst terrain), which allows tropical
rainfall to percolate down to the aquifer. Because of this and the fact that few rivers or streams exist in
the area, surface water is scarce. One important water supply source for the Maya, particularly in the
north, was the underground caves (see Figure 1.16) called cenotes (se-NO-tes), which also had religious
significance (portals to the underworld where they journeyed after death to meet the gods and ancestors).
In Yucatan there are over 2,200 identified and mapped cenotes.

Figure 1.16 Sacred cenote at Chichen ltza (which means mouth of the well of the Itzas). The word cenote is
derived from tz’onot, the Maya term for the natural sinkholes. This cenote, which measures about 50 m form
north to south and 60 m from east to west, was used for sacrifices of young men and women, warriors and
even children to keep alive the prophecy that all would live again. Shown at the left are the remains of a
building once used as a steam bath, or femezcal, to purify those to be sacrificed. Those sacrificed were
tossed from a platform that jutted out over the edge of the cenote (with permission of L.W. Mays)

The Mayans believed in many gods and goddess, having a god or goddesses for almost everything. Chaac
or Chac (Figure 1.17), the god of rain, lightning and thunder, was both adored and feared as the rain was for
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growing crops, but if the rain was too heavy the crops could be destroyed. The storms and lightning could
also cause death and disaster. He is often depicted as blue symbolising rain. Today Chac is still worshipped
by the Maya, where in the Yucatan toward the end of the dry season shrines are prepared. Small boys are tied
to the corners of altars and croak like frogs to urge Chac to cause the rains.

Figure 1.17 Chac, Mayan rain god: (a) Terra cotta image of Maya Rain God Chac at San Francisco’s deYoung
Museum (Source: Wikipedia Commons, in public domain) and (b) Chac, artist unknown. Source: Francis
Robicsek: The Maya Book of the Dead. The Ceramic Codex, University of Virginia Art Museum (1981)
(Source: Wikipedia Commons, in public domain)

1.9.3 The Inca

The Inca civilization emerged from fragmented independent societies by ca. 1000 AD (D’ Altroy, 2003).
The extent of the Inca Empire included parts of modern day Columbia, Ecuador, Peru, Bolivia, Chile,
and Argentina. The city-state of Cuzco became the capital. Incas developed water technologies to supply
water for irrigation and domestic uses in addition to religious purposes.

Wiraqocha (or Viracocha) Pachyachachic, “Creator of All Things”, emerged from the water of Lake
Titicaca into an empty world of darkness. He peopled the world, fashioning the first men and women
from solid stone. After creating this new world in darkness, humanity became miserable because of
greed and conflict. Wiraqocha then turned some of the men and women he had created into stone and
had some swallowed up by the ocean or earth. Then he caused sixty days and nights of rain so that the
resulting floods washed away his first creation with the exception of two that were saved (possibly his
sons). So now he created the light, calling forth the sun and moon, from the waters of Lake Titicaca to
the sky, so they could take turns illuminating the Earth. Even though Wiraqocha was the creator of the
cosmos he probably played a small role in the everyday functioning of the Inca universe. The everyday
functioning was shared by a pantheon of gods and goddesses, the most prominent of them being
Wiraqocha’s son Inti. Inti married Mama-Quilla, the goddess of the moon. Inti-Ilapa was the thunder
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god, the feared warrior in the sky, who also obtained water for the rain from the Milky Way, thought to be a
starlit river.

1.10 SUMMARY AND CONCLUSIONS

The availability of water played an important role in the selection of the location for establishing a
community in most of the ancient civilizations. The water was thought to be particularly healing and
purifying during the rituals and festivals. Gods and goddesses of water have been depicted by various
cultures in many different ways as illustrated in this chapter. People have traditionally expressed their
beliefs through rituals connected to purity and water by fetching Holy water from the caves dedicated to
these divinities. Water seems to have had the dominant role in Minoan religion as it played a unique role
in the society. This was probably the main reason for the great water technologies achievements during
the Bronze Era.

In ancient Mesopotamia the Enuma Elish indicated that in the beginning water already existed. Enki
(Sumerian), and later Ea (Akkadian), was the master of the freshwater. Ancient Egyptians believed that
the gods and goddesses maintained the balance of chaos and order on earth and that the Nile was a deific
force of the universe with the Nile god Hapi. In Roman mythology, Neptune (Neptiinus) was the god of
freshwater (from rivers and springs) and the sea. Similar to the Greek god, Poseidon, Neptune was also
worshipped as a god of horses. Tlaloc, the Aztec god was greatly feared among the Aztecs, who
drowned children to appease him, believing the he was responsible for both floods and droughts, and
that he had been created by the other gods. Inti-Ilapa was the Inca thunder god, the feared warrior in the
sky, who obtained water for the rain from the Milky Way. Chac, the Mayan god of rain, lightning and
thunder, was both adored and feared as the rain was for growing crops, but if the rain was too heavy the
crops could be destroyed. Some ancient gods and goddesses are still worshipped today, such as Chac.
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Chapter 2

Water for human consumption through
history

L. W. Mays, M. Sklivaniotis and A. N. Angelakis

2.1 PROLEGOMENA

In the long history of humankind the basic, most powerful, propelling force that shaped his action was the
need to secure food and water. Air was beyond his control. This is shown practically in all excavations of
prehistoric human habitations. They all had one thing in common; all were located near sources of a spring,
river, lake or stream.

Humans have spent most of their history as hunting and food gathering beings. Only in the last 9000 to
10,000 years did they discover how to grow crops and tame animals. Such revolution probably first took
place in the hills to the north of Mesopotamia. From there the agricultural revolution spread to the Nile
and Indus Valleys. During this agricultural revolution, permanent villages replaced a wandering
existence. About 6000 to 7000 years ago, farming villages of the Near East and Middle East became
cities. During the Neolithic age (ca. 5700—3200 BC), the first successful efforts to control the flow of
water were driven by agricultural needs (irrigation) and were implemented in Mesopotamia and Egypt.
Remains of these prehistoric irrigation canals still exist (Mays ef al. 2007).

Urban hydraulic systems are dated at the Bronze Age (ca. 3200—1100 BC). There are several astonishing
examples of urban water systems from about the mid-third millennium BC. Mohenjo-Daro, located in the
province of Sindh, Pakistan, one of the largest settlements of the ancient Indus Valley Civilization,
developed a sophisticated system for water supply and sewage. Built ca. 2600 BC, it was one of the
world’s earliest major urban settlements, existing at the same time as the civilizations of ancient Egypt,
Mesopotamia, and Minoan Crete. Water came from more than 700 wells and supplied not only domestic
demands but also a system of private baths and a Great Bath for public use (Jansen, 1989). The
Mesopotamians were not far behind (Adams, 1981). An example is the city of Eshnunna (80 km
northeast of the present Baghdad) dated in the same period, where archaeological excavations exposed
sewers constructed of brick, with laterals connecting to houses (Gray, 1940). In the Sumerian city of
Nippur the excavations exposed clay pipes as well as tee- and angle-joints. Rainwater harvesting and
collection in cisterns for urban water supply was practised at about the same period in Jawa in
north-eastern Jordan (Abdel Khaleq & Alhaj Ahmed, this issue). Another collection system, this time for
groundwater, was developed in Persia, again in the same period (Hassan, 2003). This is the well-known
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20 Evolution of Water Supply Through the Millennia

“ganat” — a subterranean system of tunnels connecting wells and dug using vertical shafts, designed to
collect and transport water, sometimes over long distances, from highlands to low-lying farming land.

Amazing characteristics of the latter technology are its application over a tremendously long period up to
modern times and the durability of the systems constructed. For instance, in Iran, over millennia, 22,000
ganat units were constructed, comprising more than 270,000 kilometres of underground channels. In the
1960s, 75% of all the water used in that country for irrigation and domestic consumption was provided
by such systems (Wulff, 1968). Over the centuries, the technology was transferred to all civilizations and
become known with different names such as “karez” (Afghanistan and Pakistan), “kanerjing” (China),
“falaj” (United Arab Emirates) and “foggara/fughara” (North Africa). A “foggara” in Algeria is shown
in Figure 2.1. According to UNESCO recommendations, some of those projects are protected as
monuments of world heritage (Mays et al. 2007).

Figure 2.1 A foggara at Adrar, Algeria: (left) shaft; (right) distribution and metering weir at the foggara outlet
(Mays et al. 2007)

As in the Indus Valley civilization, the history of water supply engineering on Crete dates back more than
ca. 5000 years. From the early Minoan period (ca. 3200—2300 BC) issues related to water supply were
considered of great importance and were accordingly developed. Archaeological and other evidence
indicate that during the Bronze Age advanced water management and sanitary techniques were practised
in several settlements in Crete (Angelakis & Koutsoyiannis, 2003). The emergence of the palaces reveals a
remarkable development of water management in the urban context. Moreover, during the Middle Minoan
and the beginning of the Late Minoan periods (ca. 2000—1500 BC) a “cultural explosion” occurred on the
island. A striking indication of this is manifested, inter alia, in the advanced water management techniques
practised in Crete at that time (Angelakis & Spyridakis, 1996; Koutsoyiannis et al. 2008). These included
various scientific fields of water resources, such as wells and ground-water hydrology, aqueducts and
domestic water supply according to local conditions in terms of climate and geomorphology. Additionally,
the constructions and use of sanitary and purgatory facilities, even the recreational uses of water, signify
attitudes of life and taste (Angelakis ez al. 2005; Antoniou & Angelakis, 2011).

Minoan hydraulic technologies were developed further in Greece during several stages of the Greek
civilizations. New more advanced water technologies were also invented there, with a peak in the
Hellenistic period which followed Alexander the Great, during which they spread over a geographical
area from Greece to India to the east and Egypt to the south. The Romans, whose empire replaced the
Greek rule in most part of this area, inherited the technologies and developed them further also changing
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their application scale from small to large and implementing them in almost every large city. The Greek and
Roman water technologies are not only a cultural heritage but are the underpinning of modern achievements
in water engineering and management. The durability of some of the constructions that operated up to
modern times, as well as the support of the technologies and their scientific background by written
documents, enabled these technologies to pass to modern societies despite regressions that have occurred
through the centuries (e.g. in the Dark Ages).

The availability of drinking water is an essential condition for the development of human civilization. For
thousands of years this factor has been critical for the choice of location for the development of the cities.
The first great civilizations developed close to rivers both for the availability of water suitable for human
needs as well as agricultural and transportation purposes. Initially the water purification was very
limited. It is only the last 200 years that water processing has been developed aiming at the improvement
of hygiene and aesthetic conditions.

Every settlement of the humankind basically depends on a sufficient water supply. This applies especially
for arid and semi-arid climate conditions in the regions around the Mediterranean basin and the Near East,
where water resources availability is extremely limited mainly during the summer. Meanwhile, in these
regions the first cultures rose. The scope of this Chapter is to present the main achievements in selected
fields of potable water management chronologically including water supply technological principles and
consumption by humans, extending from the earliest to the present. It is not an exhaustive presentation
of what is known today about water treatment, related technologies and their uses in water supply since
the beginning of humans’ quest for water supply systems. Emphasis is given to the periods of great
achievements.

2.2 NEOLITHIC AGE

There is an intriguing similarity between the lives of these people in spite of the distances that separated
them. Water canals for drinking purposes and irrigation of the land were very much in use by them.
Incidentally, and perhaps by coincidence, they were the first to use the land and developed early forms
of agriculture instead of depending on nature alone to provide food for them as was the case with
primitive man. We find similar man-made water canals and other water-saving devices in ancient Egypt
as early as ca. 4000 BC.

The Egyptians believed in life after death and spoke freely about it. They prepared themselves all through
life for what they would do or what they would say when the time came to go to that unknown after-death
world. Water was sacred to the Egyptians. On one of the stone slabs unearthed was inscribed the
“confession” of a man who was readying himself for that journey and who was prepared to say that he
had not ‘held up water in its season’ nor had ever ‘built a dam against running water’.

During the Neolithic age (ca. 10,000—3000 BC), the first successful efforts to control the flow of water
were driven by agricultural needs (irrigation). Irrigation probably began to develop at a small scale during
the Neolithic age in the so-called “fertile crescent” (Figure 2.2), an arc constituting the hills of Syria —
Palestine and the feet of the Tauraus and Sagros mountains, as well as the southeast of the Caspian Sea
(Viollet, 2006).

Mesopotamia, named by the ancient Greeks as being the land between the Euphrates and Tigris Rivers
and its tributaries, is basically the eastern side of the fertile crescent. This area roughly comprises modern
day Iraq and Syria. Larger scale irrigation developed when early cultivators settled in the low plains where
the Tigris and Euphrates Rivers join. The large alluvial plain between the Tigris and Euphrates Rivers has
been occupied by humans since around 5000 BC, with the beginning of the Sumerian civilization. The large
scale diversion of water by humans probably had its origin in ancient Mesopotamia.
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Shusharra

Figure 2.2 Fertile Crescent (Source: www.Wikipedia.org, GNU Free Documentation Licence)

2.3 BRONZE AGE

When the human mind overcame the barriers of nature and man was no longer a total slave to its
uncontrolled powers, when man had risen to a position that enabled him to harness or manipulate the
forces of nature, the basis for a well-conceived and fairly social type of organisation started to develop.
Water could be brought from long distances by human effort by detouring streams, using ditches or
channels and gradually by constructing cisterns, digging wells or building aqueducts (Phillips, 1972).

One of the early Bronze Age civilizations was Mohenjo-Daro (Mound of the Dead) one of the major
urban centres of the Harappa Culture or Indus Civilization (Mays, 2010). Mohenjo-Daro, located on the
right bank of the Indus about 400 km south of Karachi, Pakistan, was a deliberately planned city built
around 2450 BC over a relatively short time period (Jansen, 1989). This planned city, located in a
semi-arid environment, was serviced by at least 700 wells, with an average frequency of one in every
third house (Jansen, 1989). The cylindrical well shafts were constructed using wedge-shaped bricks.

The following, from ancient Sanskrit writings (ca. 2000 BC) concerning medical treatment, give
evidence of the first writings of water purification. From the Sus’ruta Sambhita, ‘impure water should be
purified by being boiled over a fire, or being heated in the sun, or by dipping a heated iron into it, or it
may be purified by filtration through sand and coarse gravel and then allowed to cool’. The Sanskrit
Ousruta Sanghita included, ‘It is good to keep water in copper vessels, to expose it to sunlight, and filter
through charcoal,” according to Francis Evelyn Place (in 1905) who studied Sanskrit medical lore.

The technologies for water resources for urban areas of Mesopotamia during the Bronze Age included
short canals connected to rivers in cities such as Uruk, Ur, Mari, and Babylon (all cities in the Tigris and
Euphrates valleys). Other examples including gutters and cisterns for collecting and storing rainwater
were used in Mari, and wells were used in Ugarit (Syria). The shaduf, a device for lifting water from a
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source, a well, or a river, were used in Mesopotamia, as evidenced by a shaduf represented on a cylindrical
seal from Mesopotamia dated around 2200 BC.

The Minoan culture flourished during the Bronze Age in Crete. A systematic evolution of water
management in ancient Greece began in Crete during the early Bronze Age, for example, the Early
Minoan period (ca. 3200-2300 BC). Wells, cisterns, water distribution, fountains, and even recreational
functions existed. In prehistoric Crete rivers and springs provided people with water. Starting the Early
Minoan period II (ca. 3200-2300 BC), a variety of technologies such as wells, cisterns, and aqueducts
were used. Also the Minoan architecture, including flat rooftops, light wells, and open courts, played an
important role in water management. The rooftops and open courts acted as catch basins to collect
rainwater from which it flowed to storage areas or cisterns.

Historically, drinking water has been considered the clear water. Considering the scientific knowledge of
that era, this simplification was totally justified. Without the tools of chemistry and microbiology, even
today, clarity (and probably taste) is the main criterion for classifying water as fit for human
consumption. Therefore, the first treatment attempts were aiming at the improvement of the aesthetic
conditions of water. An ancient Hindu source presents, probably, the first water standard, dated 4000
years ago. It dictates that the dirty water should be exposed to the sun and then a hot copper bar be
inserted seven times in it, before filtration, cooling and storage in a clay jar.

Archaeological and other evidence indicate that during the Middle Bronze Age a “cultural explosion”,
unparalleled in the history of other ancient civilizations, occurred on Crete. A striking indication of this
is manifested, inter alia, in the advanced urban water management techniques practised in Crete at that time.
One of the salient characteristics of the Minoan civilization (ca. 3200—1100 BC) was the treatment devices
used for water supply in palaces, cities, and villages from the beginning of the Bronze Age. It is truly
amazing that the most common water quality modification technique for providing suitable domestic water
supplies was known to Minoan engineers. Thus, according to Dafner (1921), a strange, oblong device with
an opening in one of its ends, was used to treat domestic water (Figure 2.3a). The device was constructed in
a similar manner and with the same material as the terracotta water pipes. Spanakis (1982) theorised
this device as a hydraulic filter which was probably connected to a water supply reservoir by a rope passing
through its outside holds. Its operation relied on local, high speed, turbulent conditions in order
to continuously clean the porous surface thus allowing the continuous flow of filtered water to the jar.
For cleaning purposes after extensive solids accumulation, it was possible to release it from the pipe end
by loosening the rope in the holes. Also, an Egyptian clarifying device pictured in the tomb of Amenophis
II and later in the tomb of Rameses II is shown in Figure 2.3b. This device allowed impurities to settle out
of the water and then the clarified water was siphoned off and stored for later use.

Figure 2.3 Bronze Age water purification devices. (a) Minoan water treatment device (Defner, 1921) and
(b) Egyptian clarifying device (Baker & Taras, 1981)
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Two other examples are:

(a) Inthe Tylissos houses the water was transported through an aqueduct to the three Minoan houses from
the Agios Mama Spring, a distance of about 3 km. Terracotta infiltration devices were discovered
in Agios Mamas, the location of the spring from where water was transported to the Tylissos village
(Figure 2.4). These devices were filled with charcoal, thus playing the role of activated carbon
treatment processes for removing both organic and inorganic constituents. In addition to these
devices, a terracotta pipeline of 42 m length, similar to those used in Knossos, was discovered in the
north-western site of House B. Other remains of the aqueduct are shown in Figure 2.5. A small
cistern of stone was used for the removal of suspended solids from the water before its storage
in the main cistern (Figure 2.5a). This cylindrical-shaped cistern (Figure 2.5b) was located at
the northern site of House C and was considered as a part of the aqueduct (Hatzidakis, 1934).

Figure 2.4 Two terracotta conical tubes probably used as refinery devices from Agios Mamas spring in
Tylissos (Archaeological Museum of Iraklion), Iraklion (with permission of M. Nikiforakis, EFIAP)

Figure 2.5 Small cistern (sedimentation basin) of stone (a) used for removal of suspended solids of water
before it flowed to the main cylindrical-shaped cistern (b) used for water supply of the house (with
permission A. N. Angelakis)
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(b) In the palace of Phaestos, as in other cities and villages in Minoan Crete, the water supply system
depended directly on precipitation: here, the rainwater was collected from the roofs and yards of
buildings and stored in cisterns. In Phaestos the water supply system was dependent directly on
surface runoff; there, rainfall water was collected in spatial cisterns from the roofs and yards of
buildings. Special care was taken with the hygiene of water collection by: (a) cleaning the surfaces
used for collecting the runoff water (Figures 2.6a and 2.6b) and (b) filtering the water in coarse
sandy filters before it flowed into the cisterns in order to maintain the purity of water (Figure 2.6b)
(Angelakis & Spyridakis, 1996). It was estimated that about 8 Mm® of rainwater were collected in
an average year. That water was mainly used for washing clothes and other cleaning tasks.

Figure 2.6 Open yard (a) and special cistern (b) with sandy filter in the Phaestos palace (with permission
A. N. Angelakis)

2.4 AFTER THE BRONZE AGE (IRON AGE)

InJerusalem at times of siege (before ca. 1,000 BC) or when water from the Gihon spring was not accessible, the
water supply was from the cisterns that could possibly supply water only for urgent drinking and cooking
purposes alone at 3—5 L/inh-d for as many as 30,000 people (Shuvial, 2009). However, studies by
anthropologists in developing countries show that in communities without direct access to potable water
sources, the domestic water use is in the range of 10—20 L/inh - d. In such villages all water has to be
carried in pots and buckets some distance from the water source to the home. For a family of six that would
mean 60—120 L of water each day weighing 60—120 kg. It would hardly be feasible to carry much more
water than that every day. Shuvial (2009) is assuming that after ca. 1000 BC in ancient Jerusalem, the water
requirement for drinking, cooking, washing and minimal other domestic uses was about 20 L/inh -d and
that half of the water of the minimum flow Gihon spring (650 m®/d) was for such domestic purposes. Based
on this assumption there would be more than enough water to support a population of 20,000-30,000.

Since the prehistoric era the availability of water sources was the primary criterion for the selection of
small site settlements. All other criteria such as the natural protection of the site, the good soil and the
ease of approach, were considered as secondary.

Gradually, as the small settlements grew into cities, during the archaic and classic period, the sources of fresh
water within the boundaries of the city were not sufficient for the needs of the larger population. So they had
to be enhanced with water quantities brought from sources outside the boundaries of the city. These sources
had to be as close as possible in order to make the transportation of water easy and safe. The Mycenaean
cities had constructed tunnels under the walls that provided safe underground passages to water sources,
in order to secure adequate supply of water during seizures. During the same period important water projects
were accomplished such as the draining of Lake Kopaes and the dam near Myticas in west Greece.
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2.5 ARCHAIC AND CLASSICAL GREEK PERIODS

In the archaic (750—480 BC) and the classical (480-323 BC) periods of the Greek civilization, aqueducts,
cisterns, and wells were similar to those built by the Minoans and Mycenaeans. However, the scientific and
engineering progress during those stages enabled the construction of more sophisticated structures. An
example is the Peisistratean aqueduct, constructed in Athens during the time of the tyrant Peisistratos and
descendents ca. 510 BC. This aqueduct carried water from the foothills of the Hymettos mountain
(probably from east of the present Holargos suburb for a distance of 7.5 km to the centre of the city near
the Acropolis (Tassios, 2002). The pipe segments of the Peisistratean aqueduct are shown in Figure 2.7.
For safety reasons, aqueducts were always subterranean, either tunnels or trenches. At the entrance of the
city, aqueducts would branch into the city and would feed cisterns and public fountains in central
locations. Along the bottom of trenches or tunnels of aqueducts, pipes usually made of terracotta, were
laid, allowing for protection. A single pipe, or two or more pipes in parallel, would be used depending
upon the flow to be conveyed.

Figure 2.7 Peisistratean aqueduct terracotta pipe segments that were laid in a channel. Pipe joints were
made of lead and the elliptical pipe openings were for cleaning purpose (with permission of A. N. Angelakis)

Hippocrates (460—377 BC), the Greek physician, wrote the first work on public hygiene (Air, Water, and
Places) in which he noted that water varied in quality (taste and weight) and that it could be purified. His
purification process, using what was later called “Hippocrates Sleeve”, was to use a cloth bag through
which he poured the water after it was boiled to trap sediments that caused bad taste and smell. This
device was used for his patients.

2.6 HELLENISTIC GREEK PERIOD

Later, during the Hellenistic period [323 BC (death of Alexander the Great) — 146 BC (conquest of Greece
by the Roman Empire)], further developments were made by the Greeks in hydraulics, such as the
construction and operation of aqueducts, cisterns, wells, harbours, water supply systems, baths, toilets,
and sewerage and drainage systems. During that period the political and economic situation changed
leading to much more architectural development and urban beautification, of which aqueducts played a
major role. Progress in science during the Hellenistic period provided a new technical expertise.
Hellenistic aqueducts usually used pipes, compared to the late Roman masonry conduit. Furthermore,
following the classical Greek tradition, the aqueducts continued to be subterranean for security reasons
(not to be exposed to aliens, e.g. in case of war) but also for the safety of the construction during
earthquakes which are frequent in the area. Again the Hellenistic technology contrasts with the later
Roman technology, whose apparent characteristic was the use of arches and aqueduct bridges.
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The water supply system to Pergamon, discussed further in Chapter 12, was built by the Greeks and
the Romans (Ozis, 1996). The Madra Dag aqueduct to the acropolis was 42 km long (built by Eumenes
IT (197—159 BC). The aqueduct was constructed of triple terracotta pipelines of approximately 0.18 m
in diameter and a wall thickness of 3.5 cm. The last stretch of 3.2 km of the siphon was under a
maximum pressure of 190 m. No sign of lead pipes has survived, however soil samples close to the
pipeline location proved to have 50 times higher lead-content than soil samples further away (Fahlbush,
2010).

During the historic years, after the eighth century BC, the settlements and cities obtained drinking water
from springs, wells, rivers and precipitating water collected from roofs and stored in reservoirs. The use of
remote sources required water transportation. The Hellenes (Greeks is a name imposed later by the Romans)
used mostly clay pipes. Since every City-State had a limited ruling domain the water sources had to be as
close as possible to the walls so the protection of the water system could be effective. The most impressive
remote water transportation system was constructed in the island of Samos by the Tyrant Polycrates who
constructed a 1000 m underground tunnel through the mountain based on the design of the famous
engineer Eupalenos. This particular tunnel is an engineering marvel, since the construction started
simultaneously from the two opposite ends and at the meeting point the deviation of the two axes was
just 1.8 m. Later the King of Pergamos, Eumenes the 2nd (197—159 BC) constructed the first complete
Hellenic water transportation and storage system based on branching pipes. This aqueduct is proved to
have been operated for several hundred years. It is looked upon as the peak of Hellenistic water supply
technology (Fahlbusch, 2010).

Despite the fact that during the classic era Hellenes had both the financial and technical capacity
(the technology of arch construction was known since Mycenaean years) for large scale constructions,
they did not build long, above ground, open water transportation systems for a number of reasons.
First of all, for political reasons the organisation of relatively small City-States resulted in frequent
conflict. Open and long water transportation systems were vulnerable. Underground pipe systems are not
visible and not easy to reach and inflict damage upon. City-States are relatively small. They did not need
huge amounts of water, therefore, relatively small clay pipes of manageable size for that level of
technology, would suffice. Closed pipe systems are also known to offer the best protection against
natural pollution. Hippocrates probably influenced the choice towards closed systems. He had identified
the significance of good water quality for good health. He indicated that it is preferable to use water
from a good source than attempting to treat water from an inferior source. This approach has also been
adopted by Article 7 of the European Water Framework Directive established in the year 2000 AD (EU,
2000). Moreover, he is credited with the development of the “Hippocrates sleeve” made of cloth and
used to filter rainwater.

The small diameter closed water transportation systems had two particular problems, besides the
usual structural and leakage problems: calcium carbonate deposits and lead. The predominance of
limestone formations in the Balkan Peninsula as well as in many places across Europe, result in high
concentrations of calcium carbonate in surface and underground water as well as relatively alkaline pH
values. These conditions cause high rates of calcium salts depositions on the surface of pipes, which in
practice cannot be removed. So, the pipes gradually had their diameter reduced and the amount of
water flow considerably diminished. This problem has been noticed in many excavations of ancient
water pipes. Lead was used as a sealing medium in clay pipes of larger diameters as well as to form
pipes of small diameters. As far as we know, ancient civilizations ignored the epidemiology of lead, but
the problems arising from lead use would be the same as they are today. For the construction of
lead pipes specialised workshops were set up. Their remains have been uncovered in a number of
excavations.
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2.7 ROMAN PERIOD

Springs were the most common sources of water for the Romans. Water sources included not only springs,
percolation wells, and weirs on streams, but also reservoirs that were developed by building dams which is
discussed further in Chapter 12. To properly discuss Roman water supply it is important to be aware of
the treatises of Marcus Vitruvius Pollio, a Roman architect and engineer who lived in the first century
BC. His “Ten Books on Architecture” or “De Architectura” (Morgan, 1914), in Book VIII (Water
Supply) discussed the various elements of water supply. In Chapters 5 and 6 of Book VIII, Vitruvius
addressed the quality of water.

Chapter III (Various Properties of Different Waters):

(a) 20. Then there are springs in which wine seems to be mingled, like the one in Paphlagonia, the water
of which intoxicates those who drink of the spring alone without wine. ...

(b) 21.In Arcadia, is the well-known city of Clitor, in whose territory is a cave flowing with running
water, which makes people who drink of it become abstemious. ...

(c) 22.Intheisland of Zeas is a spring of which those who thoughtlessly drink lose their understanding,
and an epigram is cut there to the effect that a draught from the spring is delightful, but that he who
drinks will become dull as a stone. ...

(d) 23. At Susa, the capital of the Persian kingdom, there is a little spring, those who drink of which lose
their teeth.

(e) 24. There are also in some places springs which have the peculiarity of giving fine singing voices to
the natives, as at Tarsus in Magnesia, and in other countries of that kind. ...

Chapter IV (Tests of Good Water):

(a) Springs should be tested and proved in advance in the flowing ways. ...
(b) Andif green vegetables cook quickly when put into a vessel of such water and set over a fire, it will
be proof that the water is good and wholesome. ...

Chapter V (Aqueducts, Wells, and Cisterns):

(a) There are three methods of conducting water, in channels through masonry conduits, or in lead
pipes, or in pipes of baked clay. ...

(b) 10. Clay pipes for conducting water have the following advantages. ... Secondly, water from clay
pipes is much more wholesome than that which is conducted through lead pipes, because lead is
found to be harmful for the reason that white lead is derived from it, and this is said to be
hurtful to the human system. ...

2.7.1 Roman water supply systems

Various components of the Roman water supply system are illustrated in Figure 2.8. Aqueducts were used to
transport water from the source to the locations where the water was needed, either for irrigation or for urban
water supplies. Rome was an empire, the internal safety was not at danger and therefore the open aqueducts
were not a problem for water safety. Roman aqueducts were built to promote quality of life and in general
were built to serve existing urban centres, in many cases where prosperous life had existed for centuries
before the aqueducts had been built. The Romans built aqueducts largely to supply baths and were an
expression of civic pride. Many of the Roman inhabitants obtained their drinking water from wells prior
to the construction of the aqueducts. The location and delivery point of the aqueducts were determined
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by geographical, economic, and social factors. Secondary lines (vamus) were built at some locations along
the aqueduct to supply additional water. Also subsidiary or branch lines (ramus) were used. At distribution
points water was delivered through pipes (fistulae) made of tile or lead.

Urban water distribution system

Venter bridge

Figure 2.8 Components of the Roman water supply system (copyright with L. W. Mays)

Roman aqueducts included open channels and pipes. The most common was the open channel
constructed of masonry conduit. Also open channels were made of cut stone and an open clay-lined leet.
Aqueduct bridges were probably the most spectacular feature of the aqueduct systems. The Romans used
siphons throughout the empire. The siphons included a header tank for transitioning the open channel
flow of the aqueduct into one or more pipes, the bends called geniculus, the venter bridge to support the
pipes in the valley, and the transition of pipe flow to open channel flow using a receiving tank.

There were many components in the Roman urban water distribution system. Water flowed by gravity
through enclosed conduits (specus or rivus), which were typically underground, from the source to a
terminus or distribution tank (castellum). Above ground aqueducts were built on a raised embankment
(substructio) or on an arcade or bridge. Settling tanks (piscinae) were located along the aqueducts to
remove sediments and foreign matter. These pipes were connected to the castellum by a fitting or nozzle
(calix). These pipes were placed below ground level along major streets. Two approaches to laying out
the pipe network were followed: (a) using a main pipe from the secondary castellum with smaller branch
pipes attached to serve individual customers, and (b) not using main pipes but using individual pipes laid
from the secondary castellum to the individual customer, which was the normal Roman practice (Hodge,
2002).

The Romans made extensive use of cisterns. Cisterns were used extensively for storing water from
rainfall collection and from aqueducts. The households and public buildings both had very interesting
systems to collect and store rainwater. Buildings with peaked roofs had gutters along the eaves to collect
the rainwater and downspouts to carry the water to the cisterns located under the building. Downspouts
were made of terracotta pipes and were often set inside the wall.

As the cities and states grew bigger and more confident, especially during the Roman period, they shifted
their technology to longer and bigger water transportation systems, namely the open aqueducts. Typically
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brick was used for the aqueduct construction. The remains of Patras aqueduct in western Greece are shown
in Figure 2.9. The Carthage water transportation system was 132 km long above ground. The first Roman
aqueduct supported on consecutive arches, known as Aqua Marcia, was constructed in 144 BC by Marcius
Rex. It was 90 km long and the last 9 km was supported on arches. When the Romans concluded the
occupation of the Hellenic states, after the era of emperor August, a great deal of long aqueducts were
constructed in the Hellenic region as well as all over Europe. However, the vulnerability of these open
systems never ceased to be a problem. In 537 AD the aqueduct of Rome was destroyed by the Goths and
was used as a weak point to enter the city.

Figure 2.9 Sections of the aqueduct of Patras in western Greece (Sklivaniotis & Angelakis, 2006)

The extensive use of open aqueducts was aided by the technology of the strong bonding mixture called
pozzolana for bricks, which made the construction of aqueducts both inexpensive and fast to execute.

The distribution of water inside the cities was achieved through pipes: clay and lead for smaller
diameters, brickwork sealed with specialised hydraulic plaster for larger diameters (Figures 2.10 and
2.11). These distribution systems were operating under pressure which allowed the construction of
recreational jet fountains. It is known that the water system in ancient Pergamos, 45 km long, reached
inside the city with a pressure of 20 atm. Ceramic pipes were usually of cylindrical shape.

Figure 2.10 Lead water pipe of the Roman period, Greece (Sklivaniotis & Angelakis, 2006)
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Figure 2.11 Ceramic water pipes from an excavation in Aigio in western Greece (Sklivaniotis & Angelakis, 2006)

Despite the availability of a public water supply, individual houses maintained their own water sources.
Where there was available underground water, a well was constructed. The internal surface of the well was
covered with built stones or clay rings, which at regular intervals had holes to facilitate access to the bottom
of the well for maintenance (Figure 2.12). They also utilised the rainwater which was collected from the
roofs of the houses and stored in cisterns, usually underground. Such a cistern used to collect rainwater
is shown in Figure 2.13. This water was mostly used for cleaning the house if running water was
available for human consumption.

Figure 2.12 Cylindrical terracotta rings, for coating the walls of a Roman well (Sklivaniotis & Angelakis, 2006)

During the Classic period and mostly during the Roman period, water was extensively used for human
personal hygiene. Baths were both private and public. Public baths were more than places for hygiene. They
were places for social conduct and recreation. The “complete” Roman bath included a cold bath called the
frigidarium, followed by a warm bath called the tepidariuma, followed by a hot bath called the caldarium.
The bath houses were heated by hot air passing through clay pipes inside the walls and in the empty space
under the false floor. Remains of Roman thermae and a public bath in western Greece are shown in Figures
2.14a and b, respectively.
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Figure 2.13 House cistern used to collect rainwater in the Atrium of a Roman house in Patras in western
Greece (Sklivaniotis & Angelakis, 2006)

Figure 2.14 Roman baths: (a) Baths Hypocaust columns of Roman bath at Lucentum, near Alicante, Spain
(with permission of L. W. Mays) and (b) An early Christian bath in Patras in western Greece (Sklivaniotis &
Angelakis, 2006)

2.7.2 Water consumption

As for other ancient periods one unresolved problem, during the Roman period is the quantity of water
provided by the aqueducts. In general, data provided by archaeological evidence and written accounts
fall short of that required for the computation of either per capita supply or per capita use. The
cross-sectional areas of the aqueducts are known, but one cannot be sure that the conduits ever ran at
their maximum capacity. Sizing of the channels was probably determined as much by the need for work
space as by the volume needed for water (Hansen, 1983). It was certainly a rare occasion when the
aqueducts were all working at the same time. Another uncertainty is the population of Imperial Rome.
No accurate estimate exists for any particular period. It is generally assumed that during Frontinus era
the population of Rome was approximately one million (Parker, 1967).

Hansen (1983) reported that the amount of water delivered by the aqueducts varied from a low of 322,000
to a high of 1,010,623 m’ /d. There is also little consensus among more recent estimates. Bruun (1991)
prefers a water rate of 600,000 m®/d. This latter figure computes a very high water supply value of
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0.6 m®/d - inh. However, he also makes an estimate of the per capita usage of the middle and lower classes.
According to Frontinus, the aqueducts served 591 lacus (or major delivery points), and each, on average,
delivered 60 m®/d. He estimates that each delivery point served 900 individuals on an average basis.
This computes to a water use of 67 L/d-inh. This figure is considerably lower than all previous
estimates, but it is not too low when it is considered that Romans could also recycle and reuse
wastewater from baths, toilets, and other establishments. In addition, they could probably store and use
rainwater and/or water directly from Tiber River. A water consumption of 67L/d, only includes the
water consumed from the lacus. It would seem that for the ordinary Roman, this quantity or water was
satisfactory, but not lavish. Contemporary residential customers in the USA require approximately 350
L/inh - d (Hansen, 1983).

Roman water supply in comparison with modern times’ water usage rates appears to be problematic. It is
commonly felt that water supply in Roman cities was delivered at a constant flow rate instead of on-demand
(as with modern systems). For example, water flowed through a latrine in one continual stream, not just
when flushed as is the case with the modern toilet. According to Hansen (1983) fountains probably ran
night and day. Thus, to compare water use (on L/inh -d basis) in the Roman period with that in 20th
century is problematic.

Bruun (1991) disagrees somewhat with the idea that Rome’s water supply was constant and continuous.
Arguably the Romans considered water flowing day and night as a particular sign of richness and a high
standard of living. But this does not necessarily mean that they paid little attention to the storage of
water, or to regularising the water flow. In fact there exists sundry evidence that measures for saving
water had been adopted. It is often maintained that the Romans did not make use of taps and similar
devices in this distribution net; for example Frontinus never even once refers to such objects. But as a
matter of fact archaeological discoveries have brought forward a large amount of evidence for their use
(Hansen, 1983).

The Romans also diverted water into storage tanks. Archaeologists have uncovered large cisterns in
Rome, many received water from the aqueducts. Bruun (1991) argues that Romans were better water
managers than we commonly give them credit for. It is safe to assume that Rome received an impressive
supply of water, and that the rich and influential received a disproportionate amount. But the water
supply for the common Roman was still sufficient. By historic standards, the Romans’ water supply was
a very impressive accomplishment (Hansen, 1983).

2.8 BYZANTINE PERIOD

The Byzantine Empire and Eastern Roman Empire are names used to describe the Roman Empire during
the Middle Ages, with the capital in Constantinople (Istanbul). During the thousand-year existence of the
empire the influence spread widely into North Africa and the near East during the Middle Ages. Several
water byzantine cisterns are known in various places in Greece (e.g. Athens, Amorgos Island, Mistra,
Leontari Arkadias, Monemvasia, and Iraklion Crete). A byzantine cistern at the base of Acropolis in
Athens is shown in Figure 2.15a. Another one at the castle of Leontari village in Peloponnesos
(Arkadia), known as the cistern of “Goula” is shown in Figure 2.15b. This village was the basis of the
brother of Constantine Paleologos (Antoniou, 2011).

The Halkai water conveyance system, dating from the early Byzantine period, was the first of three main
systems supplying Constantinople (Ozis, 1987). The most interesting part of the water system of the
Byzantine period is the cisterns in Constantinople. During the Byzantine times in Constantinople at least
70 cisterns were constructed (Cinis, 2003). The Basilica Cistern or in Turkish the “Yerebatan Sarayi”, is
one of the largest (140 x 70 m* and with a capacity of 80,000 m®) known covered cisterns, probably
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completed in the early sixth century. This cistern, shown in Figure 2.16a, is an underground cistern, having
336 marble columns each 9 m high. The columns are arranged in 12 rows each with 38 columns, spaced 4.9
m apart. The cistern was built underneath the Stoa Basilica which is a large public square on the First Hill of
Constantinople during the reign of Emperor Justinianos I in the sixth century. Water was supplied to the
cistern by an aqueduct from springs in Marmara, which is west of the city.

Figure 2.15 Byzantine cisterns in Greece: (a) at the base of the acropolis in Athens and (b) at the castle of
Leontari village in Peloponnesos (with permission of L. W. Mays & G. Antoniou, respectively)

Another very well known cistern in Constantinople is the Philoxenous cistern located on the opposite side
of the present Courthouse close to the Sultanahmet square (Figure 2.16b). The name comes from the Roman
Senator Philoxenous who built the Philoxenous palace during the period of Great Constantinus (324—337
AD). Another theory suggests that the cistern was built in the middle of the sixth century by the Emperor
Justinianos I based on the style and materials used. The cistern has a rectangular shape of dimensions
64.0 x 56.4 m?. It incorporates 16 rows consisting of 14 pillars each (total of 224 pillars) spaced 3.8 m
apart. (Cinis, 2003). The pillars are connected via arches and carry diagonal beams and simple pyramid
shaped headings. This cistern is also known as the “1001 post” cistern because of the many posts
it incorporates. As a result of drying out in subsequent years, the Ottomans used the cistern as a
thread-manufacturing workshop until the beginning of the 20th century. Other underground cisterns
in Constantinople are those of St. Sophia (five; two of which are below the church), the Grand
Palace cisterns (various), the Theodosius cistern, the Forty Martyrs cistern, the Botniates cistern, the
Myrelaion cistern, the Fatih cistern, the Studios cistern, the Zeyrek-Pantokrator cisterns (two), and the
Sishane cistern.

In addition to the underground cisterns in Constantinople there were at least four open-air cisterns (above
ground). The Elephant Dome or Fildami cistern is one of the four biggest reservoirs of antiquity in
Byzantium, Constantinople (Figure 2.16c). Different than most of the other cisterns in Constantinople,
the Fildami cistern is not situated in the historical peninsula which is covered by Land Walls constructed
by Theodosius. It is an extraordinary monument, compared to the others, which have survived until now.
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The Fildami cistern is an open-air reservoir of the early Byzantine Empire, 1.5 km away from the coast of the
Marmara sea on the west side of the Cirpici stream. It is constructed next to the Magnaura and Jucundianae
palaces (Crow et al. 2008). The dimensions of the cistern are 127 x 76 m and its depth is 11 m, indicating a
total volume of more than 105,000 m>. The walls are visible to a height of about 10 m. Therefore it is
estimated that its original shape was deeper than its form today. In total area it is somewhat smaller than
the other open reservoirs within the Land Walls. It is only 1000 m?® larger in area than the Basilica
Cistern. Other known open-air cisterns are Aspar, St. Mocius, and Aetius (Cinis, 2003).

Figure 2.16 Byzantine cisterns in Constantinople: (a) inner view of basilica cistern, (b) an old engraining of
Philoxenus cistern and (c) The Elephant Dome or Fildami cistern (with permission of M. Nikiforakis, EFIAP)

The total capacity of the underground cisterns was 200,000 m> and that of open-air cisterns was 800,000
m? (Cinis, 2003). With the ancient population of Constantinople estimated to be 50,000 inhabitants, these
cisterns were sufficient to provide fresh water for a period of more than one year. Thus, during the Byzantine
period an average water consumption of less than 55 L/inh.d is assumed.
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2.9 OTTOMAN PERIOD (CA. 1669—-1898 AD)

Water was connected to Islam, so that during the Ottoman period there was a water tap in all mosques.
Hammams, which are presently also referred to as Turkish bathes, played an important role in the
Ottoman culture and served as places of social gathering, ritual cleansing, and as architectural structures,
institutes etc. The cleansing of the body symbolises the cleansing of the soul, according to the Koran.
The hammam is a very old Ottoman institution and was established in all the regions of the Ottoman
Empire. Following the very old Moslem tradition, water supply to hammams and fountains was the
major hydraulic works developed during the Ottoman period. Such a domed fountain is shown in
Figure 2.17a.

Figure 2.17 Ottoman cistern and fountain: (a) Fountain in Iraklion, Greece and (b) Domed circular cistern in
southwest Anatolia (with permission of A. N. Angelakis & L. W. Mays, respectively)

The most remarkable water systems of the Ottoman period served Constantinople (Istanbul). There are
also cisterns from this period that were circular-shaped, domed or other (Figure 2.17b) located in several
Mediterranean countries. These cisterns were constructed primarily in the 16th century (Ozis, 1987) in
various places occupied by Ottommans. Some of these are still in use for livestock water supply. They
originally served the Ottoman army at military logistic points.

2.10 MODERN TIMES

As in every other field of art and science, during the Middle Ages there was no progress in the area of water
treatment except for limited references in the Arab world. During the eighth century AD the Arab alchemist
Gever distilled water to render it free from evil spirits and in the 11th century AD the Persian physician
Avicenna advised travellers to boil the water or at least filter it through a cloth.

2.10.1 17th century

The British philosopher and scientist Francis Bacon, who managed to transform nature probing to scientific
conclusions, devoted considerable effort to studying water purification techniques. In 1627 he published
experimental results on percolation, filtration, distillation and coagulation.

In 1680 Dutch naturalist Antony van Leeuwenhoek discovered the microscope and in 1684 gave a first
account of bacteria observed in water which he named “animacules”. These findings were dismissed by the
scientific community as unimportant curiosities. It took another 200 years for the importance of the van
Leeuwenhoek’s findings for public health to be understood.

In 1685 the Italian Lu Antonio Porzio designed the first multi-pass filter containing a straining section
and two sand filtration passes (see Figure 2.18).
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Figure 2.18 Porzio’s multiple filter system. Showing the three filters: one floating, and two for land used for
well water. (from Militis in Castro Sanitate Tuenda, 1685, translated into English as the Soldier's Vade
Mecuum, 1747)

2.10.2 18th century

In the 18th century France took the lead. In 1703 the scientist Phillippe La Hire presented a home filter
suitable for treating rainwater consisting of a sand filter and a storage tank. He also noticed that the
water which came from underground aquifers was rarely polluted. In 1746 Joseph Amy received the first
patent for a water filter that in 1750 he put on the market. Figures 2.19 and 2.20 illustrate Amy’s filters.
The filter was made of sponge, wool and sand. However, it was the British architect James Peacock that
managed to claim a patent for a sand filter with backwashing.

Figure 2.19 Amy’s machine to purify water. This filter was approved by the French Academy of Sciences in
1745. The floating filter box and clear-water trailer are shown. Sponges were inserted in the sides of the filter
box and if required were placed in the partitions of the trailer. (Source: Machines et Inventions Approuvees par
L’Academie Royale des Sciences)

2.10.3 19th century

In 1804, Paisley, Scotland, became the site of the first filter facility to deliver water to an entire town. This
filter is illustrated in Figure 2.21.

In 1806, a large water treatment plant opened in Paris, using the River Seine as a source. Water was
settled for 12 hours prior to filtration then run through sponge pre-filters that were renewed every hour.
The main filters consisted of coarse river sand, clean sand, pounded charcoal, and clean Fountainebleau
sand. The filters were renewed every six hours. A simple form of aeration was also part of the process,
and pumps were driven by horses working in three shifts (steam power was too expensive). This plant
operated for 50 years. In 1807 in Glasgow, Scotland, filtered water was piped directly to customers.
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Figure 2.20 Amy’s sextifold filter box for army garrisons. This filter system consisted of three pairs of down-up
filters. Water flowed through 54 cm of sand. The tank was either lead-lined wood or masonry, 54 x 9 cm?in plan
and 18 cm deep. The design closely resembled one described by Porizio in his 1685 book on military camp
sanitation (Source: Amy’s 1754 book)

Figure 2.21 Filter system for Paisley, Scotland completed in 1804 by John Gibb. This is the first known filter to
supply an entire city according to Baker (1948). Water flowed through a stone-filled trench to a ring-shaped
settling chamber followed by flow through two lateral-flow filters to a central clear-water chamber. Water
was then delivered to a tank on the hillside from where it was carted to consumers. (From description in
Sinclair's Code of Health and Longevity, London, 1807; as presented in Baker (1948)

In 1832 the first slow sand filtration plant in the United States was built in Richmond. In 1833, the
plant had 295 water subscribers. A small upward-flow filter of gravel and sand in the water works
proved to be a failure for the turbid water of the James River. This was replaced by a downward flow
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approach which also failed. The filters were too small to handle the highly turbid water. The next US plant to
open was in Elizabeth, New Jersey, in 1855. Slow sand filters were introduced in Massachusetts in the
mid-1870s. Sand filters and other treatments were primarily designed to improve the aesthetic quality
of water.

The evolution of rapid filters (Figure 2.22) in the USA began with developments by Patrick Clark and
John W. Hyatt. Clark suspended a shallow filter in a river and provided surface-jet wash from a
perforated revolving arm, with the loosened dirt being swept downstream (Baker, 1948). This filter was
installed at Rahway, New Jersey waterworks around 1880. Hyatt superimposed several Clark filters in a
closed tank and serviced them with a common pipe system (Baker, 1948). This method was first applied
at Somerville & Raritan Water Co., New Jersey in 1882.

Figure 2.22 Rapid filtration advances by Clark and Hyatt. (a) Clark suspended shallow filter (from US patent
drawing, June 21, 1881) (b) Hyatt superimposed several Clark filters in closed tank (from “The multifold water
filter,” Engineering News, January 1, 1882)

During the decades 1880 and 1890 the rapid sand technology matured and it became evident that in
addition to the suspended solids removal, extensive bacteria removal is achieved. The first attempts to
use chlorine and ozone for disinfection are made.

Regarding water availability and consumption, a water shortage at the end of 1861 in Athens, Greece
was reported by Lambrou (1999). Total available water supplies were 600 dramia water in September
and October of 1861 whereas the deficit to meet the water requirements of the city during that period
was 450 dramia of water (one drami is equal to about one m?). Lambrou (1999) considered
1.5 dramia/family -yr as an indicative water supply for the Athens Municipality. Similar water
consumptions were reported by Soulis (1884).

2.10.4 20th century

In 1906 ozone was used for the first time for disinfection in Nice (France) and became very popular in
Europe. In the USA, chlorine was mostly used for disinfection due to the complexity and the cost of the
ozone equipment. The Europeans were particularly negative against chlorine due to its use in chemical
warfare during the 1st world war. In 1908 sodium hypochloride was used in Jersey (USA) for
disinfection and in 1917 chloramines were used first time for disinfection in Ottawa (Canada) and
Denver (USA). The first serious efforts in water desalination technology were made during World War II
for the supply of units which encountered difficulties in securing drinking water.
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2.11 EPILOGUE

Water for human consumption has had a long and very interesting history. It is closely related to the
development of civilization and thus a great deal of related events occurred around the world. All great
civilizations had a large chapter written for water transportation, treatment and management of potable
water. In this Chapter the evolution of urban water management in ancient civilizations is considered.
The important steps in water supply history relevant to water treatment and hygienic technologies are
chronologically presented and discussed. During the oligarchic periods the emphasis was on the
construction of large-scale hydraulic projects, whereas in democratic periods the focus of water
management was on sustainable small scale, safe and cost efficient management practices and
institutional arrangements related to both the private and the public sectors. Such practices and
institutions are relevant even today, as the water related problems of modern societies are not very
different from those in antiquity.

As previously discussed several technologies for improving the water supply of settlements were
accomplished very early in recorded history. Few basic principles have been added up to the present.
However, the technological skill has been improved steadily such that world records in some fields have
been achieved in antiquity for many, many centuries. The water supply of some ancient cities amounted
to several hundred litres per day per inhabitant, a number which today is provided for cities only in a
few highly industrialised countries. The fact that the water supply systems for many big cities in Central
Europe were constructed in the last century, following the Greek and Roman examples, may indicate the
high standard, which was achieved in several ancient civilizations (Fahlbusch, 2008). Thus, scientists of
the 21st century can admire these achievements and hope that this standard will soon be gained worldwide.

Relationships based on exchange are known between the Minoans and continental Greece, Egypt, and the
Levant. There is no doubt that some hydraulic practices and water management had been transferred from
Mesopotamia and Syria to Crete by that time since such several works concerning the management of water
had already been applied in these areas. However, the Minoans applied this skill and developed it, especially
in urban hydraulics, in the palaces, cities and villages, up to a degree which had never been reached before
(Lirintzis & Angelakis, 2006). Thus, the first indication for the development of some technology relevant to
the treatment of urban water and hygienic water supply lies in Minoan civilization. It seems likely that these
technologies were transferred to the Mycenaeans in continental Greece (Angelakis & Spyridakis, 1996).
Classic period Hellenic states and Romans capitalised on this knowledge and made great advances in
potable water management (Petropoulos, 2006; Fahlbusch, 2010). The unfortunate Middle Ages, a
period of stagnation, was followed by the revival of letters and technology. Slow in the beginning, but
faster and faster as time was passing, progress in drinking water transportation, treatment and
management was made. The fast progress has created huge problems and the ease of communication has
made the problems global. As usual the problems are emerging from politics in the broad sense. Looking
to the future we wonder: What is going to grow faster, the problems or the technology than can solve them?
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Chapter 3
History of water and health

Joanna M. Pope, Mark H. Weir and Joan B. Rose

3.1 INTRODUCTION

Our relationship with water and its influence on human health continues to evolve as new illnesses emerge
and new technological advancements are introduced to counter agents of disease. Water-related issues
adversely affect human health, with contributing factors such as poverty, civil unrest, natural disasters and
failures in water treatment processes exacerbating the effects of poor quality source water. These
problems often occur in regions of the world where vulnerable populations cannot avoid drinking tainted
water, although this is not exclusively the case. This Chapter discusses waterborne disease through
history, introducing the origins of disease terminology and outlining the influence of civilization on water
and sanitation. It continues with accounts of our susceptibility to waterborne illness with the analysis of
mummified Egyptian tissue samples, historical records from the plague of Athens, and medical accounts
from the US Civil War, which is a reminder of the extent to which water-related disease can influence the
outcome of conflict. The ongoing effects of using groundwater as a drinking water source in the Indian
sub-continent is examined, where, in an attempt to improve the water quality from a microbial
perspective, millions of people have been exposed to elevated levels of arsenic. These examples are
discussed, accommodating evidence of outbreaks and epidemics, the influence of population density,
sanitation and water treatment, and medical and legal advancements. Bringing us into contemporary
times, events such as the 1993 cryptosporidiosis outbreak in Milwaukee, the 2005 hurricane in New
Orleans and the 2011 Japanese tsunami explore how natural disasters, engineering failures and other
incidents influence water quality. Finally we offer some thoughts on how the risks from water-associated
health effects can be quantified and overcome to protect health, and how our understanding of historical
events can improve our responses to future water quality issues.

3.2 THOUGHTS ON WATERBORNE DISEASE THROUGHOUT HISTORY

The history of the world is full of descriptions of people and major events (particularly wars) but there has
always been a fascination around diseases, epidemics and outbreaks. Perhaps in the modern world with the
emergence of new diseases and their rapid spread such as SARS and HINT influenza, this seems as if this is
something unusual, that modern medicine, our public health structure and vaccines should be enough
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to address these illnesses. (Note: The World Health Organization reported that during the SARS epidemic
about 29 countries reported about 6903 probable SARS cases, including 495 deaths. According to flucount.
org by 7 December, 2009, the HIN1 had racked up 1,438,880 cases and 14,337 deaths in 195 countries.) Yet
it must be recognised that transmission is an important component of disease and the pathway for pathogen
movement from host to host is influenced by people’s behaviours, our societal structures and physical
infrastructures. We are facing unprecedented global population, displacement of people into temporary
shelters due to conflict, wars and natural disasters including droughts (influencing food security),
earthquakes, hurricanes and flooding. These global events are now highlighted quickly through our
communications system, yet it seems we are powerless to address the on-going risk of disease and have
failed to learn from our history.

Clean and safe water is the most important consideration of a healthy population, community, and
economy, and is important for food and overall security. Without access to water life ceases to exist but
without access to safe water the death toll can be unimaginable. The current numbers of waterborne
pathogens which still plague the globe, including Vibrio cholera and poliovirus, and water-based
diseases such as malaria should be of great concern and deserve much more attention. While only these
few are reported at the global level, there are hundreds of other waterborne and water-based pathogens,
such as Salmonella typhi, E. coli 0157:H7, Campylobacter, Leptospira, Helicobacter, Arcobacter,
Cryptosporidium, Giardia, and hundreds of viruses, including coxsackievirus, foot and mouth
enterovirus, hepatitis and norovirus (Table 3.1).

In 2010 cholera cases were estimated at 317,534 with 7543 deaths in 49 countries (WHO, 2011a) and
currently in Haiti the estimates as of 31 July, 2011 were 419,511 cases, of those 222,359
hospitalisations, and 5968 deaths due to cholera (http://www.who.int/hac/crises/hti/en/). Polio was
reported at 966 cases from 21 countries in the world statistics and Malaria dwarfed all of these with an
estimated 81,735,305 cases with about 100 countries reporting (WHO, 2011b).

Table 3.1 Select waterborne pathogens and their symptoms/diseases.

Pathogen Disease/symptoms

Viruses

Adenovirus Respiratory infections; gastroenteritis; febrile disease; conjunctivitis
Astrovirus Diarrhoea and vomiting; skin rashes

Coxsackievirus Myocarditis; pericarditis; aseptic meningitis

Echovirus Myocarditis, aseptic meningitis

Enterovirus

Hepatitis virus
Norovirus/Calicivirus
Rotavirus

Bacteria

Arcobacter
Aeromonas hydrophila
Campylobacter
Helicobacter pylori
Legionella spp.

Gastroenteritis; meningitis; respiratory disease; encephalitis
Gastroenteritis; hepatitis

Diarrhoea with vomiting

Diarrhoea

Diarrhoea

Gastroenteritis

Acute gastroenteritis; reactive arthritis
Gastroduodenal disease; ulcers; gastric cancer
Legionnaires disease; Pontiac fever

(Continued)

Downloaded from https://iwaponline.com/ebooks/book-pdf/523726/wio9781780401041.pdf
bv IWA Publishina user



History of water and health 45

Table 3.1 Select waterborne pathogens and their symptoms/diseases (Continued).

Pathogen Disease/symptoms

Mycobacterium avium Pulmonary disease

Escherichia coli Haemorrhagic colitis; haemolytic uremic syndrome

Pseudomonas aeruginosa Nosocomial infections in immunocompromised patients; urinary tract and
wound infections

Yersinia enterocolitica Gastrointestinal infections

Parasites

Cryptosporidium parvum Self-limiting diarrhoea; severe diarrhoea in infants and
immunocompromised persons

Cyclospora cayetanensis Diarrhoea; abdominal cramps; low grade fever

Giardia lamblia Diarrhoea; can be chronic, severe diarrhoea in infants and
immunocompromised persons

Microsporidia Diarrhoea; cholangiopathy in immunocompromised people

Toxoplasma gondii Flu-like illness; swollen glands in neck, armpits or groins

Other

Cyanobacteria toxins Poisoning; gastrointestinal disease

Source: NRC, 2004

3.2.1 The faecal-oral cycle

Much of the global burden of disease is due to the faecal pollution of water and the faecal-oral cycle that
influences not only water but the food supply (Figure 3.1). Any pathogen shed in faeces should be
considered a waterborne pathogen. Thus water safety and security, sanitation, food safety and disease
risks cannot be considered in isolation of one another. Water quantity and human control of water
resources are well studied, known and documented through history, but water quality is not well
understood even today and little attention has been paid to the waste side of the equation.

-,

~ |

Figure 3.1 Waterborne disease cycle
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Figure 3.2 Water system at Machu Picchu (Photograph by Tom Rose)

All life on earth needs water, early humans found their way to freshwater systems that supported their
drinking water, food (fish as well as game that also needed water) and eventually transportation. We
suggest that as humans moved from hunters and gathers to farmers and developed communities and
cities, the pollution of water with both human waste and animal waste led to the widespread introduction
of disease into a community which could then easily be transmitted via contaminated hands, fomites,
and food.

As disease began to reverberate throughout communities and as humans began to write down their
experiences and history, the language and story of infectious diseases also emerged. We now have a
language of disease that has evolved but the picture of water pollution and waterborne disease remains
murky. Some of the most important records are probably found during wars as the events and activities
were documented. In addition, early in the history of the human race, symptomatology (description of
the condition of the patient) was used to describe the diseases. While some may have been distinctive,
we now know that more than one pathogen can often cause the same symptoms, and infected individuals
who become better, or in some cases have no symptoms at all are “contagious” and spread the disease to
the environment and to others. Scientific tools and inquiry have now begun to elucidate waterborne
disease pathways and the subsequent rippling effects. The use of molecular tools in particular has begun
to shed some light on the pathogens and their spread throughout history.

3.2.2 A brief history of disease and water

Table 3.2 describes some of the history of the world’s various civilizations and challenges us to think
about our past in regard to water. During the Palaeolithic era with the evolution of a variety of
human species, groups ran in small bands and were nomadic moving to where there was access to both
water and food. Faecal excretion and urination were likely done in the open on the ground or perhaps in
rivers. Thus disease spread was probably via contaminated hands. These groups were often isolated and
new members entering from elsewhere bringing in disease may have been rare, however zoonotic
pathogens (those spread from animals to humans) could have entered via the consumption of raw meat.
As Homo sapiens emerged and controlled fire was used, this would have decreased the potential for
foodborne and zoonotic diseases but there is no evidence of boiling water for purification until much
later in history.
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The use of shallow hand dug wells for water supply appears to date back to ca. 8100—7500 BC (before
the common era, Pre-Pottery Neolithic B settlement of Atlit Yam in Israel). Water quality for drinking
purposes at that time could only be judged by clarity, smell and taste. Since water treatment was not
practised, groundwater then, like today was probably deemed cleaner, better tasting and safer. It could be
imagined that springs were great finds and often could have been the core of the structure and security of
the community.

As societies grew in their sophistication and technology, both agriculture and the domestication of
animals were possible due to the development of some type of waterworks. This often was simply a
series of canals, but reservoirs, cisterns for storage and finally various types of water treatment for
drinking water were developed and discovered dating from about 2000 BC onward including sunlight,
boiling, use of copper pots, siphoning (after sedimentation), and filtration (Baker, 1930). This ability to
have a secure supply and running water nearby seems that it would lend itself to the use of any drainage
system for urination and defecation. Animals were also excreting faeces, thus both the contamination of
the water and a closer link between water and foodborne diseases emerged. It is no accident that most of
the foodborne diseases can also be waterborne and that zoonotic pathogens once again may have found a
pathway to move readily from animal hosts to human hosts.

One can speculate about whether Alexander the Great died of a waterborne disease in 323 BC in
Babylon. Cunha (2004) and Oldach et al. (1998) suggested that the symptoms described during his
last days were congruent with typhoid. While West Nile Virus had been previously suspected,
phylogenetic studies of the flaviviruses have indicated that the virus may not have existed at that time.
In the description of Alexander’s last days, it is the fever which has been used as the definitive
symptom to assign the etiological agent. From investigation of the timeline it appears that the
incubation time was about nine days from the onset of the fever to death (Oldach ef al. 1998). This is
very similar to the incubation described by Thucydides (see section below) who found that with the
peak of the fever many people died but if they survived went on to exhibit severe diarrhoea.
Alexander was in Babylon (Ancient Iraq, south of Baghdad) at the time, where the Euphrates River
supplied water directly to the city. Elaborate waterworks and irrigation systems were scattered along
the river and brought water into an otherwise very dry region, very rough estimates suggest about
60,000 people lived in the area. The month was June and the river may have been slowing in its flow
as the rain fed (and snow melt) system is generally at peak flows in April and May. The water was
probably polluted but it is really not known how much. It was said that Alexander bathed every day
thus exposure to contaminated water could have occurred through drinking as well as bathing.
Typhoid is a well-known waterborne disease and in countries with sewage and drinking water
treatment the disease has been eradicated (with only imported cases reported). Risk estimates show
how likely it is to see very low levels of infections in a community with lower doses of exposure and
with the very poor documentation of disease, “outbreak” conditions would not be noted (less than
10% infection).

There is now strong evidence that urbanisation (probably due to a number of factors, including
population density, new infections from new people entering the community and subsequent spread via
hands, fomites, water and food) has led to an increase in infectious disease (Barnes et al. 2011). The
study of populations ranging from 6000 BC to 1919 AD in Africa, Asia (Japan and India) and the
Middle East contrasted the proxy urbanisation dates and the frequency of a genetic marker associated
with exposure to infectious disease (SLC11A1 allele frequencies). The use of molecular studies on
ancient remains has provided information on population exposures to pathogens and the subsequent
impacts based on genes which then confer resistance. The authors surmise that one of the key pathogens
was tuberculosis and do not reject the ideas of zoonotic disease transmission.
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3.2.3 The language of infectious disease

Ancient medicine addressed diagnosis of illness via the description of symptoms. Early in the history of
medicine it was proposed that bad air, putrid waters, and crowding were all associated with disease and
it was recognised that these maladies were contagious. One of the quotes from Hippocrates, the father of
medicine, demonstrates that water was considered an important issue for the populace’s health. In The
Quest for Pure Water, M. N. Baker reported in 1948 as follows: ‘whoever wishes to investigate
medicine properly should consider the seasons of the year, the winds and the waters in relation to health
and disease.” As the ‘qualities of the waters differ from one another in taste and weight as they differ
much in their [other] qualities, one should consider the waters which the inhabitants use whether they be
marsh and soft, to hard and running from the elevated and rocky situations and then if saltish and unfit
for cooking ... for water contributes much to health.” But the concept of pathogens and disease was not
understood at this time, nor was the idea of “waterborne” disease affecting communities broadly.

“Plagues” were described and in particular associated with the decimation of the Greek Army near the
end of the Trojan War (ca. 1190 BC) and with massive epidemics in Roman history in 790, 710 and 640
BC (Sherman, 2006). The understanding of the ability of pathogens to be transmitted from person to
person “contagion” was said to arise during the Plague of Athens (See below).

Douglas Harper has put together a wonderful collection of the history of words and a description of what
words meant hundreds and thousands of years ago (http://www.etymonline.com/abbr.php). Table 3.3
shows how our language has evolved from some of the early ideas on disease. Today this language has
led us toward description of specific pathogens and exposure pathways and finally the use of quantitative
microbial risk assessment to study, understand and ultimately prevent waterborne disease.

Table 3.3 The language of infectious disease. (From the online etymology Douglas Harper, http://www.
etymonline.com/abbr.php).

Word Date Etymology

Contagion c. 1400, old Contagion, from Latin contagionem (nom. contagio) a “touching, contact,
French contagion”, related to contingere “touch closely”

Disease Early 14c “discomfort, inconvenience,” from Old French desaise “lack, want; discomfort,

distress; trouble, misfortune; disease, sickness,” from des- “without, away”
(see dis-) + aise “ease” (see ease). Sense of “sickness, illness” in English first
recorded late 14c.; the word still sometimes was used in its literal sense early
17c.

Infection Late 14c., “infectious disease; contaminated condition;” from OIld French:
infeccion “contamination, poisoning” (13c.) and dir. from Late Latin:(spoken
and written c. 300-c. 700) infectionem (nom. infectio), noun of action from pp.
stem of Latin: inficere (see infect). Meaning “communication of disease by
agency of air or water” (distinguished from contagion, which is body-to-body
communication), is from 1540s.

Epidemic c.1600 From French: épidémique, from épidemie “an epidemic disease,” from
Medieval Latin (spoken c. 700-c. 1500): epidemia, from Greek: epidemia
“prevalence of an epidemic disease” (especially the plague), from epi “among,
upon” (see epi-) + demos “people, district” (see demotic). As a noun, from
1757; earlier epideme (see epidemy).

(Continued)
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Table 3.3 The language of infectious disease. (From the online etymology Douglas Harper, http://www.
etymonline.com/abbr.php) (Continued).

Word

Date

Etymology

Outbreak

Plague

Pestilence

Quarantine

Pathogen

Sicken

Transmission

c.1300
c.1600
c. 21st

Late 14c

c.1300

14c

1852

c.1200

1610

First used as a verb in Middle English to erupt (see below)

Used as a noun “eruption” (of disease or hostilities)

Modern use is mostly associated with water or food:

More than one person ill from a common exposure; Also used when associated
with a venue Day care, nursing home, cruise ships US Centers for Disease
Control suggest that: a sudden increase in disease over a short amount of time
usually due to a common exposure. Gastroenteritis Outbreaks in Long Term
Care Facilities B. An outbreak of gastroenteritis is defined as three or more
residents from a single ward or unit, or 3% or more of the entire facility.
Cruise ships participating in the Vessel Sanitation Program are required to
report the total number of gastrointestinal (Gl) illness cases (including zero
cases) evaluated by the medical staff before the ship arrives at a US port, when
sailing from a foreign port. A separate notification is required when the Gl illness
count exceeds 2%.

For day cares:

Three or more cases of Gl (in a child or staff) within a program group in a 3 day
period. OR One or more case(s) of a reportable enteric disease. OR Greater
than 10% absenteeism above baseline due to Gl iliness within the program on
one day.

“Affliction, calamity, evil, scourge,” also “malignant disease,” from Middle
French: plague, from Late Latin (spoken and written c. 300—c. 700) plaga, used
in Vulgate for “pestilence,” from Latin: plaga “stroke, wound,” probably from
root of plangere “to strike, lament (by beating the breast),” from or cognate with
Greek: (in the classical period, ca. 8c. BC—4c. CE) (Doric) plaga “blow,” from
Proto-Indo-European* (5500 years ago) plak- “hit” (cf. O.E. flocan “to strike,
beat,” Goth. flokan “to bewail,” Ger. fluchen, O.Fris. floka “to curse”).

From Old French pestilence, from Latin: pestilentia “plague,” noun of action
from pestilentem (nom. pestilens) “infected, unwholesome, noxious,” from
pestis “deadly disease, plague.”

Quarantina giorni, lit. “space of forty days,” from quaranta “forty,” from

L. quadraginta. So called from the Venetian custom of keeping ships from
plague-stricken countries waiting off its port for 40 days (first enforced at
Ragusa late 14c).

“producing disease,” from Fr. pathogénique, from Greek pathos “disease” (see
pathos) + Fr. génique “producing” (see-gen). Earlier pathogenetic, Related:
Pathogenicity

“to become sick,” originally the verb was simply sick (mid-12c.),

from sick (adj.) + -en (1). Transf. sense of “to make sick” is recorded from
1690s. Related: Sickened. Sickening “causing revulsion” is first recorded
1789.

“conveyance from one place to another,” from Latin: (Classical Latin, language
of ancient Rome until about 4c.) transmissionem (nom. transmissio) “a sending
over or across, passage, pass on,” from transmissus, pp. of transmittere”

(Continued)
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Table 3.3 The language of infectious disease. (From the online etymology Douglas Harper, http://www.
etymonline.com/abbr.php) (Continued).

Word Date Etymology

Risk 1660s Risque, from French: risque, from It. risco, riscio (modern rischio), from riscare
“run into danger,” of uncertain origin. The Anglicised spelling first recorded
1728. Spanish: riesgo and German: Risiko are Italian loan-words. The verb is
from 1680s. Related: Risked; risking. Risk aversion is recorded from 1964; risk
factor from 1971; risk management from 1963; risk taker from 1944.

3.3 EVIDENCE OF WATER-RELATED DISEASE IN EGYPTIAN MUMMIES
3.3.1 The influence of The Nile

Life in Egypt historically and currently centres on the Nile, the second longest river in the world. It is
composed of two major tributaries, the White Nile and the Blue Nile, and its watershed covers
approximately 3.25 million square kilometres, which is about 10% of the area of Africa. The Greek
historian Herodotus wrote that “Egypt was the gift of the Nile” (Marozzi, 2008). As a desert nation,
water is understandably a valuable commodity, and although our ideas of modern water treatment
systems were not conceivable in Ancient Egypt, it would not be unreasonable to assume that the instinct
for consuming clean, tasteless and odourless water would supersede stagnant, turbid drinking water.
Urbanisation compromises the integrity of natural water sources, and Egypt was one of the first
urbanised areas in Europe and Africa (Vuorinen ef al. 2007). Sanitation in ancient Egypt probably did
not keep human waste out of drinking or irrigation water, the spread of water-related disease may have
become a significant threat to urban populations. Construction and irrigation would have facilitated the
spread of waterborne and water-related vector diseases, with practices such as flooding of fields a
common means of irrigation (Abdel-Wahab, 1982). Water would have been channelled onto the fields
and retained for a number of weeks to allow the silt to settle and the water to infiltrate into the soil.
Partially-drained fields would be replanted, and the pools of slow-moving water in and around the fields
would provide enticing breeding areas for insects and molluscs. Given limited pest control measures in
Ancient Egypt, these creatures would probably affect human health, and evidence discovered in
mummified remains has shown that one specific water-based vector-borne disease has a long history of
impacting the health of the residents of the Nile.

One such parasite associated with disease in ancient Egypt is Schistosoma which causes intestinal, liver
and spleen infections and is associated with abdominal pain, bloody diarrhoea and fatigue. A faecal-water
cycle is part of the life cycle of the parasite in which once the ova are excreted by humans and enter a snail,
they can enter the next host via penetration of the skin. This can occur while working in an agricultural
setting, bathing or washing.

3.3.2 Life of the Schistosoma

Today, Schistosomiasis affects at least 200 million people worldwide, and more than 700 million people live
in endemic areas (WHO, 2010a). The majority (55%) of cases are found in Africa (WHO, 2010b), and it is
currently considered a Neglected Tropical Disease by the World Health Organization as it affects the world’s
poorest populations in low-profile communities and areas. The manifestation of the disease is dependent on
the species of trematode (flatworm) parasite causing the infection. Five predominant species of Schistosoma

Downloaded from https://iwaponline.com/ebooks/book-pdf/523726/wio9781780401041.pdf
bv IWA Publishina user



History of water and health 53

have been identified as causing disease in humans, and the most common species currently prevalent in
Egypt are S. mansoni, S. japonicum and S. haematobium (Lambert-Zazulak et al. 2003). S. mansoni and
S. japonicum cause intestinal and hepatosplenic schistosomiasis, manifested as abdominal pain, bloody
diarrhoea and fatigue. S. haematobium infects the veins draining the bladder, and can cause urinary tract
disease, lesions and haematuria.

The life cycle of Schistosoma is defined by three factors, namely a vertebrate host, a molluscan host and
water. The sexual or adult schistosome resides in the vertebrate host, the asexual stage occurs in the
molluscan host, and the pathway between the two stages is water. S. mansoni and S. japonicum ova are
released from the vertebrate host in faeces, whereas ova from S. haematobium are released in urine.
Upon entering environmental waters, the ova hatch releasing miracidia, or free-living larvae. These
larvae penetrate the molluscan host, and in the Nile valley these freshwater snails have been identified as
Bulinus spp., Biomphalaria spp., and Oncomelania spp. The larvae infect the snails’ hepatopancreas,
developing into the next larval stage as cercariae. Huge numbers of the cercariae are released from the
snails back into the water ready to penetrate the skin of a vertebrate host. Exposure can occur through
prolonged exposure to infected water, such as from working barefoot in contaminated irrigation water.
As this occurs, the cercariae lose their tail to become schistosomules and enter the lymphatic system and
bloodstream towards the liver. It is here that the male and female trematodes mature, and travel to the
bowel or bladder to reproduce, thus completing the cycle.

Symptoms of schistosomiasis depend on the level and duration of exposure. Early onset symptoms
include cercarial dermatitis or “swimmer’s itch”, a water-related condition that independently has an
interesting history of affecting humans. From 1928 to 1955, Dr. William Walter Cort of the Department
of Helminthology at the Johns Hopkins School of Hygiene and Public Health published a series of
articles describing, analysing and summarising the distribution and manifestation of swimmer’s itch
throughout the world (Cort, 1950). Cort documented the global nature of the affliction that is reflected in
the variety of names given to the lesions, such as “kabure” and “koganbyo” (Japan), “sawah” (Malaysia),
“El Caribe” (Cuba) and “bathers’ rash” (UK). In the Great Lakes Basin in the USA, schistosome
dermatitis was at one time such a public health concern, that in 1939 the State of Michigan established
the Division of Water Itch Control to quantify the extent of the problem and develop experimental
chemical treatments for the eradication of schistosome-infected snails at recreational beaches.

Symptoms of chronic Schistosoma exposure can include intestinal lesions, blood in the urine or stools,
anaemia, calcification of the bladder, pulmonary vascular lesions, and hepatosplenomegaly (simultaneous
enlargement of both the liver and the spleen). Although schistosomiasis is believed to currently have a
low mortality rate, overwhelming infection with schistosomes can prove fatal. Primary contributing
factors in schistosomiasis-related death include dysentery, anaemia, circulatory failure and pellagra
(Abdel-Wahab, 1982).

3.3.3 A history of mummification

Mummification in Ancient Egypt was developed in response to a gradual change in the burial preferences of its
deceased. The artificial preservation of bodies, both human and animal was practised in Egypt from circa 2686
BC until the beginning of the Christian era (David & Tapp, 1984). The earliest Egyptians were buried in the
sand, typically in the foetal position to reduce the size of the hole that would need to be excavated, and the
hot, dry climate would desiccate the body (Fleming et al. 1980). The physical features of the body would
be retained, and this lifelike appearance of the corpse may have supported the belief of an afterlife. As burial
practices became more sophisticated, with the construction of elaborate tombs and monuments to the
dead, the bodies of the deceased were no longer buried in the desert sand. However, as belief in the afterlife
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and rebirth was fundamental to Egyptian burial practices, mummification was developed to artificially preserve
the body in readiness for the journey to the underworld and to be judged by Osiris (David, 1978).

Mummification practices were based primarily on status, and thus closely related to the cost of the
procedure. “First-class” mummification involved the removal of the brain through the nasal cavity,
evisceration of all internal organs (minus the heart and the kidneys), and desiccation of the body. The
body would be anointed with oils, resins or other unguents and wrapped in strips of cloth. The internal
organs would be treated, wrapped and returned to the corpse. Resin, plant gum, waxes or bitumen would
be included within the layers of cloth to further preserve the body and maintain the integrity of the
wrappings. “Second-class” mummification involved evisceration of the internal organs by injecting oil
into the body and allowing the fluidised organs to be drained away, and “third-class” mummification
was to purge the internal organs, prior to desiccating the body (Lambert-Zazulak et al. 2003).

The examination of Egyptian mummies has helped develop the field of paleoepidemiology, because
minimal changes in Egypt’s population dynamics in the last 5000 years have facilitated the study of
disease evolution (David, 1997). Technological advancements in medical diagnostic procedures have
also shown how diseases such as schistosomiasis are manifested in mummified tissue. To prevent the
destruction of fragile mummified tissue, efforts have focused on minimally invasive diagnostic tools, as
opposed to the historically typical unwrapping and clinical observation of mummies. As previously
mentioned, calcified ova have been observed in histological kidney specimens by rehydrating, fixing,
and selective staining of mummified tissue. Schistosome eggs can also be identified using UV light
inspection and fluorescent microscopy to take advantage of the auto-fluorescent eggs, X-ray examination
of potential calcification in the liver, kidney and bladder, enzyme-linked immunosorbent assay (ELISA)
targeting schistosome antigens, and polymerase chain reaction-based methods targeting schistosome
DNA (Contis & David, 1996). DNA and antibody analyses lend themselves particularly well to the
diagnosis of infectious disease, but they can be controversial as they require the removal of small
amounts of tissue, in the order of milligrams. Contamination with sand, mummification products and
other foreign material can also compromise the analyses (Dunand & Lichtenberg, 2006).

3.3.4 Examining the mummies

The first microscopic examination of mummified tissue was in 1911 by Sir Marc Armand Ruffer, President
of the Sanitary, Maritime and Quarantine Council of Egypt, and Professor of Pathology at Cairo University.
Ruffer identified the calcified ova of the parasitic flatworm Schistosoma, also known as Bilharzia, in the
kidneys of two twentieth dynasty mummies, circa 1187 to 1064 BC. (David & Tapp, 1984).
Unfortunately the social class or occupations of these mummies are not described in Ruffer’s account,
but his description of the discovery is worth quoting:

‘At the present time there is perhaps no disease more important to Egypt than that caused by the Bilharzia
haematobia. So far no evidence has been produced to show how long it has existed in this country, although
medical papyri contain prescriptions against one of its most prominent symptoms-namely, haematuria. The
lesions of this disease are best seen in the bladder and rectum, but unfortunately these are just the two
mummified organs which I have not been able to obtain so far. Nevertheless, in the kidneys of two mummies
of the twentieth dynasty I have demonstrated in microscopic sections a large number of calcified eggs of
Bilharzia haematobia, situated, for the most part, among the straight tubules. Although calcified, these eggs
are easily recognisable and cannot be mistaken for anything else’ (Ruffer, 1910).

It is the longevity of the ova and calcified lesions in the internal organs of mummies that has made
schistosomiasis a particularly worthy target for infectious disease historians. The study of one particular
mummy from 1200 BC has provided evidence of schistosomiasis in ancient Egyptians. Nakht (ROM 1)
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is known as such because hieroglyphics on his coffin signify his Egyptian name as Nakht, whilst ROM is the
abbreviation for the Royal Ontario Museum, where the medical examination took place. In addition to
giving his name, the hieroglyphics also described Nakht as a weaver. At the time of death, Nakht was a
teenager, and the mummification method and wrappings suggest that he was not from a wealthy family.
It was possible to examine the internal organs of Nakht (ROM 1) in situ as his body had not undergone
evisceration. A multi-disciplinary team from Toronto, Detroit, Philadelphia and Cardiff identified
calcified ova of Schistosoma sp. in the liver and kidneys; and calcified ova of both Schistosoma and
Taenia spp. (tapeworm) in the large and small intestines (Hart et al. 1977; Ziskind, 2009).

The examination methods used on Nakht (ROM 1) included a general study of his anatomy, radiology,
paleohistology, blood group testing, and chemical and microbiological analyses. The radiological
examination suggested that Nakht was between 14 and 18 years and his teeth were in good condition.
Anatomical observation showed hair, eyelashes and internal organs (heart, lungs, liver, gall bladder,
spleen, intestines, urinary bladder, and prostate) still present, and no evidence of artificial mummification
agents (e.g. natron). The histological investigations provided evidence of a number of parasites in the
internal organs. Tissue samples were removed from the mummy, rehydrated and stained for microscopic
examination. Within the intestinal lumens, liver and kidneys, calcified parasitic ova were numerous. No
Schistosoma were visible in the urinary bladder, but red blood cells on the mucosal surface suggested
that Nakht suffered from blood in the urine. Given the numerous locations of Schistosoma in the body,
coupled with a lack of clear evidence suggesting the cause of death, it has been suggested that this
otherwise healthy Egyptian teenager died from multiple parasitism (Cockburn et al. 1998).

As the examination of Egyptian mummies continues, it is fair to wonder what is the value of
paleohistology and paleoepidemiology in the pursuit of knowledge. The International Ancient Egyptian
Mummy Tissue Bank at Manchester Museum in England is a key example of how the development of
techniques to analyse ancient human remains can influence modern science. This repository was
established to improve understanding of schistosomiasis in ancient Egypt and compare the data with
epidemiological research in modern communities, such as the distribution of disease by age, sex and so
on (e.g. Miller et al. 1992). Although the disease prevalence in modern Egypt has decreased, thanks to
improved sanitation, snail control, diagnostic techniques and chemotherapy, both S. haematobium and
S. mansoni are endemic in the population, affecting up to six million people (WHO, 1993). These data
have not changed significantly since the early 1990s because although control programs are
implemented, increasing population numbers in endemic areas help to sustain the disease. The
identification and genetic analysis of ancient schistosome eggs can help scientists understand how
schistosomiasis manifested itself in people without access to modern medicine, how historical
schistosome species differed genetically from modern species, and perhaps most importantly the
distribution of modern drug-resistant species compared to their drug-susceptible counterparts. Research
on waterborne and water related disease in history allows data from modern public health issues to be
compared with palaeopathological evidence. In turn, this enables the history of disease in ancient
civilizations to be viewed within a wider context, providing a unique historical perspective to current
water quality and health considerations.

3.4 THE PLAGUE OF ATHENS: A WATERBORNE DISEASE STORY

‘The greatest war in the past was the Persian War: yet in this war the decision was reached quickly as a result of
two naval battles and two battles on land. The Peloponnesian War, on the other hand not only lasted for a long
time but throughout its course brought with it unprecedented suffering for Hellas. Never before had so many cities
been captured and then devastated, whether by foreign armies or by the Hellenic powers themselves (some of
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these cities after capture, were resettled with new in habitants); never had there been so many exiles; never such
loss of life — both in actual warfare and in internal revolutions. Old stories of past prodigies, which had not found
much confirmation in recent experience, now became credible. Wide areas for instance were affected by violent
earthquakes; there were more frequent eclipses of the sun than had ever been recorded before; in various parts of
the country there were extensive droughts followed by famine; and there was the plague which did more harm and
destroyed more life than almost any other single factor. All of these calamities fell together upon the Hellenes after
the outbreak of war.’

(Translated 1954 Rex Warner; Thucydides, History of the Peloponnesian War p. 48.)

One of the best described plagues occurred in Athens in 430 BC. The epidemic which devastated Athens as
reported by the Greek historian Thucydides is often referred to as a medical mystery (http://www.perseus.
tufts.edu/GreekScinence/Thuc.+2.47-55.html). In 430 to 426 BC a massive epidemic was recorded, killing
about 30,000 people. Illnesses were identified and described by the symptoms. The “plague of Athens”
description included fever, inflammation, blisters on the skin, open sores, nervousness, and severe ulceration
and watery diarrhoea followed by death. It was noted that it was contagious and that there was some
immunity as those that recovered were not attacked twice. Hypotheses have been developed on the
aetiology including influenza, smallpox, bubonic plague, typhus and Staphylococcus (Langmuir, 1985).
Some have suggested that this is an ancient disease that has since died out (Langmuir, 1985). Typhus was
suggested yet it was not until 19th century that typhus and typhoid were distinguishable (1856, Corfield, 1902).

Many of the symptoms do follow those now known and ascribed to the disease typhoid. Symptoms
generally associated with typhoid resemble Thucydides’ description, including: a high fever from 39°C
to 40°C (103°F to 104°F) that rises slowly, chills, bradycardia (slow heart rate), weakness, diarrhoea,
headaches, myalgia (muscle pain), lack of appetite, constipation, stomach pains, in some cases, a rash of
flat, rose-coloured spots called “rose spots”, and extreme symptoms such as intestinal perforation or
haemorrhage, delusions and confusion are also possible.

Rose and Masago (2007) evaluated the data and suggested that multiple pathogens could have been
involved with this epidemic but that typhoid was the principal disease associated with sewage
contamination of the water supply. Recent molecular evidence from bodies exhumed from a mass grave
(buried during the epidemic) has supported typhoid fever as a probable cause (Papagrigorakis et al.
2006). DNA was extracted from the teeth from an ancient Greek burial pit. The study led by
Papagrigorakis of the University of Athens, found DNA sequences similar to those of the organism that
causes typhoid fever. Exposure to contaminated water could have also spread viral pathogens associated
with respiratory disease and Staphylococcus, which has been suggested as the cause of the gangrene
(Langmuir, 1985).

Water in Athens was supplied by a series of public fountains, wells and cisterns (Crouch, 1993).
Springs as well as engineered and piped water (rock cut tunnels and aqueducts) fed these systems
which included rainwater (in the case of the Klepsydra, rainwater drained from the Acropolis).
Drainage from storm water and sewage was flushed through drains in the alley or on the side streets
between houses. Channels may have run outside the community to areas where the water was reused
for crops, having recognised nutrient value as well (Crouch, 1993). Cesspools were also discovered
and it is uncertain when these were no longer used in favour of drainage and flushing away from the
home. There is evidence that water pipes were laid and set near or within the drainage channels, or
channels with freshwater were adjacent to those carrying wastewater. Combined sewer overflows
where both storm water and sewer were mixed and captured were common. As the population
increased to about 300,000, along with previous droughts a focus on enhanced water management
including approaches used for water storage, collection of rain and runoff, transport, reuse and
drainage in the karst terrain and limestone created a situation in which one could envision sewage
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cross-connections, and transmission of waterborne disease via drinking, bathing and through the irrigated
food supply.

Translation of the original text suggested that the disease was seen first in Ethiopia. “The plague
originated, so they say in Ethiopia in Upper Egypt, and spread from there into Egypt itself and Libya and
much of the territory of the King of Persia. In the city of Athens it appeared suddenly, and the first cases
were among the population of Piraeus, where there were no wells at that time, so that it was supposed by
them that the Peloponnesians had poisoned the reservoirs.’

The description of the plague by Thucydides suggested that there were many dead bodies which were
lying unburied and that because of the fever and thirst many of the sick plunged into the water-tanks. It
appeared that the incubation times ranged up to eight days prior to its height and subsequently the
diarrhoea appeared. A description of the attack rates was found in one of the campaigns to capture
Potidaea lead by Commander Hagnon. The plague and disease were still widespread and as Hagnon set
up a siege of the city disease broke out in the troops. He returned with his ships to Athens and 1050
hoplites of 4000 troops died (an attack rate of 26%) in a span of 40 days (Translated, 1954; Rex Warner;
Thucydides, History of the Peloponnesian War p. 158).

3.5 WATER, DISEASE AND DEATH IN THE AMERICAN CIVIL WAR:
1861-1866

‘The manpower loss in internecine warfare by micro-organisms within an army was far greater than that lost in
battle between enemy armies’ (Steiner, 1968). The following section is taken primarily from the fascinating book
Disease in the Civil War, Natural Biological Warfare in 1861—1865, written by Paul E. Steiner, a professor and
M.D. at the University of Pennsylvania in 1968.

By 1860, about 125 cities in the USA had piped water and underground sewers, while in the country, wells
and outdoor latrines/cess pits were used but chlorination was not being practised for drinking water. While
advances were being made in medicine with smallpox vaccine development and better infectious disease
documentation, it had only been a few years earlier that definitive waterborne disease transmission of
cholera was documented in London (John Snow) (Beck, 2000). Thus while clean water was known to be
important, the role of contaminated water in disease transmission was not understood and there were few
options for treating water.

Sanitation and hygiene were the order of the day due to aesthetic reasons (bad odours) which were
still associated with ill health. But even then the role of contaminated hands, the cross-contamination of
food or spread of infections during surgery were not clear. It was not until after 1860 that the physician
and surgeon, Joseph Lister in studying Pasteur’s work on micro-organisms found through
experimentation that use of carbolic acid (phenol) for hands and instruments would vastly reduce infections.

The US population was 31 million by 1860 census (http://www.thelatinlibrary.com/chron/civilwar.
html) and the Civil War was associated with disease estimates of 6,029,560 cases (this is after
subtracting wounds, accidents and injuries (Steiner, 1968)). The troop force during the war was
estimated to be about 1.5 million for the north and 1 million for the south, but according to Steiner this
did not account for thousands of short term soldiers.

Steiner summarized data from Medical and Surgical History of the War of the Rebellion, Vol. I, Part L.,
listed by diagnosis of the time. Table 3.4 shows the list of those possibly associated with contaminated water
which equaled 2,121,541 cases with an average of 4% mortality. In addition, the water based diseases,
malaria, described as “Intermittent and remittent fevers” were responsible for 1,315,955 cases and
10,063 deaths and yellow fever for 1371 cases and 436 deaths.
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Table 3.4 Possible waterborne infectious diseases in the military during the US Civil War.

Diagnosis Cases Deaths*

Diarrhoea and dysentery, acute and chronic (Bacteria such as 1,739,135 44,558 (2.6%)
Shigella and viruses and parasites (Entamoeba, Giardia) may
have been the culprits)

Cholera morbus 26,366 305 (1.1%)
Typhoid 148,631 34,833 (23.4%)
Jaundice, endemic, epidemic (likely caused by hepatitis A virus) 77,236 414 (0.5%)
Acute inflammation of the liver (parasite Entamoeba histolytica and 12,395 327 (2.6%)

bacteria including Bacteroides, Enterococcus, Escherichia coli,
Klebsiella, Staphylococcus and Streptococcus 1)

Inflammation of brain, meninges and spinal cord (caused by a variety 3,999 2660 (66.5%)
of bacteria and viruses)

“Other miasmatic diseases” not classified (associated with hygiene 94,997 2363 (2.5%)
unclear what were the symptoms as Typhus associated with filth was

on the list)

Debility in miasmatic diseases 18,782 153 (0.8%)
TOTAL 2,121,541 85,613 (4%)

*Mortality rates
Source: Steiner (1968).

Interestingly, listed among the non-infectious diseases were many chronic conditions probably
associated with the previous infections experienced by the soldiers. This included acute and chronic
rheumatism (286,863 cases and 710 deaths) which is a chronic condition due to many different types of
bacterial infections, neuralgia (58,774 cases, 18 deaths) a possible complication of measles and other
viruses and dyspepsia (37,514 cases and 31 deaths). Dyspepsia is Latin for “bad digestion” and is
characterised by chronic pain in the abdomen, it has been suggested that Helicobacter pylori infection,
which can result in ulcers could be responsible for symptoms of dyspepsia.

It is unclear what diseases and pathogens were really a part of the category of miasmatic origin. Some
described these as being associated with intermittent or continued eruptive fevers that could not fit into
other categories, but it may have been a catch all category referring to the unsanitary conditions and the
“bad air and environment”. In 1864, W. D. Husband presented his thoughts on infant mortality at the
York meeting of the United Kingdom National Association for the Promotion of Social Science
(Hastings, 1864). He wrote in the transactions:

‘Let us then take a hasty glance at those different causes. First with regard to miasmatic and infectious
diseases, we have the authority of those who have carefully attended to sanitary matters that all who die of
miasmatic diseases die of causes that may be easily prevented. It may be the want of sanitary regulations
which takes away health and strength which enable a person to resist infectious or contagious disease;
for remember this, that there must be a condition of public health favourable to the diffusion of disease
before it spreads to any great extent and it depends much on the condition of the population and sanitary
regulation that prevail, whether that disease will or will not sweep away thousands from the town or
locality in which it springs up.’

Key campaigns were found to be particularly devastating and the role of water was highlighted
throughout via Steiner’s descriptions, summarised in Table 3.5 (Steiner, 1968).
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There are some examples here and there of the devastation that followed the problems associated with
water, sanitation and hygiene. The Meridian Hill area in DC was the campsite for the Union troops with
a hospital in the area that was notorious for the spread of enteric infections (Steiner, 1964). The city’s
water supply (1850) had spring or well water piped in along the streets of Pennsylvania Avenue. http://
www.dcwater.com/wastewater_collection/history.cfm). The sewer had been put in starting in 1810. The
population was increasing during the war straining the city’s water supply. The Army Corps of
Engineers constructed a new aqueduct that brought in 10,000 gallons of untreated fresh water to the city
each day from the Potomac. During the Peninsular campaign the illness rates in April, May, June July
and August were 23.4%, 26.1%, 31.4%, 40.5% and 30%, respectively contributing to 124,027 cases of
disease in a troop strength of 397,917. The primary illnesses were acute, chronic dysentery and diarrhoea
(Steiner, 1964). An epidemic at Harrison’s Landing resulted in 2805 cases of typhoid and 1161 cases of
jaundice. Dr George Miller Sternberg was a prominent physician who served as the Surgeon General of
the US from 1893 to 1902. He was appointed an assistant surgeon for the United States Army on May
28, 1861, and he participated in the Peninsular campaign where he contracted typhoid fever while at
Harrison’s Landing (http: //www.arlingtoncemetery.net/gmsternb.htm).

Good sanitary measures for these troops included some key elements such as: (a) wells dug for water, (b)
soil added to the latrine trenches once per day, (c) fresh vegetables used, (d) food prepared at the higher level
by company and not by squads, (e) baths taken once per week, (f) camps located away from the woods and
swamps, (g) tents raised and camps moved to new ground once per week, and (h) refuse from stables and
dead animal burned or deeply buried. Yet in reality most of these conditions could not be met. There seemed
to be consistent problems with new troops coming in and disease spreading quickly through the camp.
Airborne person-to-person pathogens such as measles came first followed by gastrointestinal diseases
such as typhoid, and in some cases followed by jaundice. These were related to routes of exposures and
varying incubation times.

Multiple pathogens were found and are likely to have been associated with factors including poor
nutrition. One such interaction has been reported with measles and diarrheal disease, where co-morbidity
was found in communities in Africa and relationships indicated similar associations between the various
shared risk factors and each of the two co-occurring diseases (Fenn et al. 2005).

3.6 ARSENIC EXPOSURE IN BANGLADESH: “SAFE” DRINKING WATER
SOLUTIONS
3.6.1 History and geography

Bangladesh is one of the most densely-populated countries in the world, with approximately 160 million
citizens living in an area of 148,000 km?. It is also a country where efforts to provide its citizens with
clean drinking water have left a legacy of chronic illness, due to a contaminant that is unseen, tasteless
and odourless. Cholera had been and remains today a chronic problem in Bangladesh, affecting millions
via the faecal-oral route. The rainy season is consistently associated with the disease and the bacterium
Vibrio is now known to reside in the marine environment, interacting with zooplankton and reseeding
many populations (Giebultowicz et al. 2011). Sewerage, wastewater treatment and drinking-water
treatment were not adequate and thus international efforts to supply microbiologically-clean water to
Bangladeshis, shifted efforts to providing groundwater as has been done throughout history. These
actions inadvertently and catastrophically exposed the majority of the population to elevated levels of
arsenic (As). The transition from consuming surface water contaminated with pathogens and faecal
bacteria to drinking water free of microbial pollutants but rich in As is an example of a well-meaning but
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poorly-executed attempt to improve water-related morbidity and mortality. In addition, without disinfection
ground water supplies are not immune to faecal contamination. Efforts to remediate the situation are
on-going but as more and more communities have their water tested, the scale of the problem increases,
stretching the ability of the government and international organisations to rectify the situation. The
situation in Bangladesh is an important reminder of how actions to deliver drinking water assumed to be
safe may not be as worthy as they first appear.

Located on the Ganges-Brahmaputra Delta, Bangladesh’s subsurface is fertile alluvial soil washed into
the delta by the dozens of rivers that crisscross the country. Surface water is plentiful in the tropical
climate, with the monsoon season from May to August providing the majority of the annual rainfall,
although the lack of management compromises its quality. In addition, 93% of the surface water
flowing in the rivers originates from the neighbouring countries of India and Myanmar, meaning that
pollutants from Bangladesh’s neighbours enter the water en route. Predominant geological features of
the subsurface include the Rangpur coal fields, Madhupur clay and Jaypurhat sediments, with
naturally-occurring As concentrations of 8 to 35 mg/kg (Alam et al. 2002). Population demographics
have shown significant changes since 1971, with a decrease in the population growth rate since the
1980s, and although the metro population of the megacity of Dhaka is approximately 13 million,
Bangladesh remains a rural country with in excess of 70% of the population living outside of urban
areas. The country is divided into seven administrative divisions (Barisal, Chittagong, Dhaka, Khulna,
Rajshahi, Rangpur and Sylhet), named after the main city in each area, and each are divided into
districts (zila) and sub-districts (upazila).

In the early 1970s, when Bangladesh was a newly-independent country, infant mortality accounted for
approximately 140 deaths per thousand live births (Caldwell et al. 2003). Diarrheal disease accounted for
many of these deaths, and the food and surface water consumed by many Bangladeshis was shown to be
of poor microbial quality. Relying on surface water for consumption, either directly as drinking water, or
for washing or cooking food items, exposed the majority of the population not on mains water supplies
to pathogenic micro-organisms. However the underlying geology of aquifers was understood to be a
reliable source of safe drinking water, not susceptible to climatic changes or anthropogenic pollution.
Community treated water supplies in urban areas have historically been drawn from groundwater, and
rural areas are punctuated with deep tube wells or shallow dug wells. Data from 1940 indicates at that
time 40,000 tube wells were used throughout the region that was to become Bangladesh (Mukherjee &
Bhattacharya, 2001). In the mid-1990s there were approximately 600,000 tube wells and by 2000 the
number of wells had increased to an estimated 2 million (Anwar, 2000). Although the number of
government-run and regulated wells has increased since the 1940s, the proportion of wells dug privately
has increased far in excess of the government wells. Identifying and monitoring private wells for water
quality issues is particularly problematic for improving water quality standards for the predominantly
rural population.

3.6.2 Technological developments

In the 1970s health and policy experts from many countries, development institutions and charitable
organisations sought to address the high incidence of diarrhoeal disease and associated mortality in
Bangladesh. Efforts to improve the health of Bangladeshis focused on reducing a reliance on surface
water sources by increasing the exploitation of groundwater. The predominantly rural communities rely
on agriculture and coupled with limited clean water and sanitation infrastructure serving these people,
contamination of surface waters with faecal bacteria is inevitable. Prior to this international attention,
rural households with traditional shallow tube wells were outnumbered by those relying on surface water
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sources for domestic use. It is understood that reliance on untreated surface water for everyday domestic use
means that consumers are more likely to be exposed to waterborne pathogens, hygiene standards
are negatively impacted, consistent quantity cannot be assured and the labour burden for carrying water
to the home is increased (Caldwell et al. 2003). This last factor is particularly true for women and
children who are typically the primary providers of water to the household. More time spent carrying
water means less time spent in education, in employment or as a caregiver. As such, the appeal of having
an on-site water source close to the home extends far beyond the promise of a product that will not make
the consumer ill.

Technological development programs initiated the construction of government-run tube wells. These
wells were classified into three types, namely hand pumped (HPTW), shallow (STW) or deep (DTW), as
shown in Table 3.6. As the name implies HPTWs rely on the labour of the user to draw water from the
subsurface, whereas the STW and DTW alternatives are combined with engine-driven pumps to extract
the water.

Table 3.6 Summary of the operational parameters for hand pumped, shallow and
deep tube wells.

Type Depth Bore size Discharge
HPTW <14m <5cm <0.001 m*/sec
STW 24-42 m 5-10 cm 0.001 m®/sec
DTW >50m >10 cm >0.05 m*/sec

3.6.3 International involvement in water quality issues

The organisations behind the effort to shift source water from the surface to underground were motivated by
the fundamental assumption that water drawn from aquifers was of a better quality. However, the pace of the
construction of tube wells increased exponentially, partly driven by the low cost and low technology
requirements of the excavations. By the early 1990s, it was estimated that 95% of rural Bangladeshis
were drinking groundwater obtained from 2.5 million tube wells (Caldwell ef al. 2003). Data on infant
mortality rates in Bangladesh do indeed show a rapid decline during the period of tube well construction.
In 1980, infant mortality was approximately 129 deaths per thousand live births, and by 2001 this figure
had dropped to 51 per thousand births (The World Bank, 2005). However during the same period, an
increase in the use of oral rehydration therapy, improved hygiene and access to health care were also
instrumental to better health standards in Bangladesh and throughout South Asia (Caldwell et al. 2003).
In September 2001, the UK Observer newspaper published an article titled “Scientists sued over
‘poisoning’: Britons face world’s largest action over arsenic in Bangladesh water” (Spiller, 2001). It
described the legal representation of hundreds of Bangladeshi villagers, and the accusation against the
British Geological Survey (BGS) was of a failure to adequately test groundwater for elemental
contaminants. The case revolved around the omission of tests specifically to determine the concentration
of As in groundwater pumped to serve as drinking water in rural communities. The article continued
with a discussion on other aid agencies implicated in the case, particularly the United Nations Children’s
Fund (Unicef). The maximum acceptable As concentration in drinking water, as defined in 1993 by
WHO is 0.01 mg/L, while the Bangladesh government’s standard is 0.05 mg/L. However, had the BGS
(or any other agency) tested the tube well water, they could have found drinking water with As
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concentrations up to and in excess of 2.5 mg/L (Nordstrom, 2002). In their haste to provide
microbiologically clean water, the development organisations omitted to test for a contaminant that they
did not expect to find. The legal action against the BGS was dismissed as it was determined that the
agency had not been obligated to test for As and did not vouch for the safety of the water for drinking
purposes. Regardless of any litigation, estimates of the number of Bangladeshis affected by excessive As
consumption range from 20 million to 85 million, and this figure is likely to increase as efforts to reduce
the number of people relying on tube wells for potable water is offset by an increasing population and
the slow adoption of alternative water sources and As-removal methods.

3.6.4 Arsenic abundance and utilisation

Arsenic is ubiquitous in the environment, and is considered an essential micro-trace element and has been
around since the beginning of time. As-bearing minerals vary widely by geography, but are predominantly
found to be As sulphide, As tri-sulphide and arsenopyrite. As-rich sediments include shales and clays (up to
490 mg/kg) and coals (up to 80 mg/kg) (Mukherjee & Bhattacharya, 2001). Environmental As is either
organic or inorganic, with the organic species considerably less toxic to humans than the inorganic
species. Inorganic As has two main oxidation states, namely trivalent arsenite and pentavalent arsenate.
Used in a multitude of industrial and agricultural applications, even the ingestion of As was once
encouraged. Advertisements for beauty aids such as “Dr Rose’s French Arsenic Complexion Wafers” in
the 1902 Sears, Roebuck & Co. catalogue were designed to develop ‘a transparency and pellucid
clearness of complexion, shapely contour of form, brilliant eyes, soft and smooth skin, where by nature
the reverse exists’. Fowler’s solution was another mechanism of ingesting arsenic, whereby a tonic of
potassium arsenite was used as a treatment for a variety of skin conditions in the mid-20th century
(Chappell et al. 1994). With changing times, the intentional consumption of As is discouraged, except in
certain situations such as the administration of drugs, for example the use of arsenic trioxide as
anti-cancer chemotherapy. Occurrences of elevated As levels in the environment can be attributed to
either manmade or naturally-occurring deposits. Arsenic is used in a variety of applications including
pesticides, herbicides, wood preservers, feed additives, drugs and poisons. Mining activities for the
extraction of As for use in these applications can significantly increase exposure to people living or
working in a naturally As-rich area.

Ingestion, inhalation and dermal exposure can all contribute to the body burden of As. For the people of
Bangladesh, the vast majority of As exposure has been via ingestion, specifically from drinking water but
also from the consumption of crops grown in As-rich soil such as rice or consumption of fish from As-rich
water. Rice accounts for 80% of arable land in Bangladesh and relies on huge volumes of water for a
successful harvest (Hossain, 2006). A study of trace elements in crops grown in soil considered
uncontaminated with arsenic showed that rice would typically contain 110 to 200 pg/kg As based on dry
weight (Kabata-Pendias & Pendias, 1992). However As concentrations in rice grown in Bangladesh have
been shown to reach 46 pg/g, which is over 200 times greater than the reported “typical” values
(Meharg & Rahman, 2003). In comparison the 2008 United States Food and Drug Administration Total
Diet Study reports a mean arsenic concentration of 0.071 ug/g in cooked, white US rice. It is also
important to note that since rice grown in contaminated soil is likely to be cooked in contaminated water
from the same area, an additional As burden is placed upon the consumer. This was described in a small
study published in the Lancet, where residents were asked to cook locally purchased rice in tube well
water. The mean values of five experiments conducted by the authors showed that 1,700 g of rice
absorbed on average 1,200 g of water, and the As concentration in the cooked rice increased by
approximately 84% (Bae et al. 2002).
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When arsenic was first identified in the water coming from the tube wells in the mid-1980s, various
theories were offered with regard to possible sources. Despite widespread use of As in agricultural and
industrial applications the distribution of As-tainted wells interspersed with well producing water
containing lower concentrations did not universally support the theory of anthropogenic contamination.
In addition, prior to the 1990s the illnesses associated with acute As toxicity were not widespread in
Bangladesh. Analysis of the geology and geomorphology of the sub-surface began to reveal correlations
between alluvial deposits and the most contaminated aquifers. However there is little predictive power
when trying to determine how many wells in a community might be affected. This requires each well to
be individually tested, and communities to be visited in turn to quantify the number of people suffering
from As-related health issues.

Ingestion of organic arsenic rarely causes health issues because it is readily excreted from the human
body. However inorganic arsenic is not easily metabolised and thus, it gets deposited in tissues. The acute
minimal lethal dose of arsenic in adults is estimated to be 70 to 200 mg or 1 mg/kg/day, but acute arsenic
toxicity below the lethal dose typically manifests itself as gastrointestinal irritation and garlic-smelling
breath (Chappell et al. 1994). Chronic inorganic arsenic poisoning is much more insidious, and the
symptomatology can be highly variable, depending on the exposure route, dose and duration of
exposure. Symptoms include dermal diseases, cancers at multiple internal sites, and peripheral vascular
disease, and are collectively known as arsenicosis. As-related skin disorders are often the first
indication of chronic exposure, as they are readily visible and have the shortest latency period,
suggested to be anything from 2 years to 10 years from initial exposure to contaminated drinking
water (Rahman et al. 2001; Smith et al. 2000). Hyperkeratosis is a thickening of the skin, and this
can be accompanied by hyperpigmentation and skin cancers. Internal cancers are most commonly
diagnosed in the bladder kidneys and lungs, and take 20 years or more to become apparent. Peripheral
vascular disease, particularly gangrene is also widely observed in persons suffering from acute As
toxicity. It is possible that the elevated levels of arsenic in the diet coupled with generally poor
levels of nutrition uniquely combine to cause a very specific type of gangrene, also known as black
foot disease. This is a colloquial name specifically associated with arsenic-related gangrene found
in Taiwan.

3.6.5 The scale of the arsenic problem

In Bangladesh, the number of people suffering from arsenicosis is reported in widely varying numbers,
typically quoted to be 21 million, 40 million, or 85 million (Caldwell et al. 2003; Alam et al. 2002;
Hossain, 2006). The discovery of dangerously high levels of As in Bangladesh’s groundwater was a
chance observation in neighbouring districts of India. Routine surveys of tube well water in West Bengal
in 1983 found As concentrations in excess of the WHO permissible limit at that time (0.05 mg/L).
Preliminary analyses of well water in Bangladesh funded by the World Health Organization was
undertaken in 1993 but a concerted effort to identify the scale of the problem was not really undertaken
until 1995, when the Bangladesh Department of Public Health Engineering worked in collaboration with
the British Geological Survey to survey approximately 3 to 4 million wells (Hossain, 2006). This was
three years after the BGS first surveyed tube well water, and nearly found itself the subject of the
aforementioned class action lawsuit. At this point, scientific interest and public health concern in the
quality of water from the millions of tube wells increased exponentially. It was discovered that the hand
pumped tube wells extracting water from less than 12 metres below the surface were not typically
contaminated with As, whereas the shallow and deep tube wells extending 21 to 60 metres below the
surface did contain elevated As levels (Alam et al. 2002). This was an important finding from two
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perspectives: (a) had development organisations not encouraged the digging of deeper wells to move away
from the microbially-contaminated surface water, the As-rich groundwater would not have become the
predominant drinking water source, and (b) the fact that As contamination increased with depth
suggested that this was a geological as opposed to anthropogenic problem, and any treatment solution
would not be easily initiated in a predominantly poor, rural country.

3.6.6 Remediation strategies

Solving the problem of drinking water quality and quantity continues, and the number of international aid
agencies, government organisations and scientific teams continues to increase as the scale of the problem has
become apparent. From 1998 to 2006, a notable effort called the Arsenic Mitigation Water Supply Project
was funded by the World Bank for a total amount US $44.4 million, and aimed to evaluate and mitigate
arsenic contamination with the Bangladesh Ministry of Local Government, Rural Development and
Co-operatives, in collaboration with the British Geological Survey and the Swiss Agency for
Development and Cooperation. The focus of this project was to implement on-site mitigation, improve
understanding of arsenic and health, and strengthen technical assistance and development (The World
Bank, 2007). Arsenic concentrations were screened in 190 of the 482 upazilas (in excess of 3 million
wells) and one outcome of this project was the identification of wells that were safe, and thus painted
green, in comparison to those that were found to be unsafe, and painted red. A second achievement was
the provision of arsenic safe drinking water to 1808 villages, although the original target had been 4000
villages. Mitigation methods included rainwater harvesting, sand filters and dug wells, and a lesson
learned from the intervention was the difficulty in implementing As-reduction methods that were
sustainable, low-maintenance and cost-effective.

Returning to a reliance on surface water is not a desirable solution, as the microbiological quality has not
shown an improvement and the frequency of droughts and floods adversely affects supply. Therefore
attention turns to remediation of the groundwater supply, to deliver a product that is fit to drink.
Table 3.7 outlines the frequently tested methods for arsenic-removal.

Table 3.7 Commonly-used remediation technologies for arsenic-contaminated drinking water.

Treatment
name

Treatment
description

Arsenic removal
effectiveness

Reference

Precipitation
& coagulation

Sorptive
techniques

Filtration

Flocculation
& disinfection

Ferric chloride + oxidiser
(hypochlorite, permanganate,
hydrogen peroxide)
Activated carbon

lon exchange
Iron filings + sand
“3-pitcher” method (iron chips,

sand, charcoal)

Commercial point-of-use water
treatment

92% removal of As reported in
water containing 158 pg/L

84% removal of As reported in
water containing 1000 ug/L
>98% removal of As reported in
water containing 100 pg/L
>90% removal of As reported in
water containing 500 pg/L
>99% removal of As reported in
water containing 1100 pg/L
99.5% removal of As reported in
water containing 430 pg/L

Meng et al. 2001

Huang & Fu, 1984
Greenleaf et al. 2006
Leupin et al. 2005
Khan et al. 2000

Souter et al. 2003
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These methods are typically cost-effective, in terms of the technology and raw materials required, which
does make their adoption more practical. For example, the “3-pitcher” filter is based on an indigenous
method of filtration. Traditionally, two local clay pitchers (called kolshi) are used to filter water, where
the top pitcher is partially filled with sand and charcoal, with a small hole in the bottom. A piece of cloth
over the hole prevents sand from being lost from the system. Suspended matter is removed from surface
water as it passes through the top pitcher, and the filtered water is stored in the bottom pitcher. A
contemporary version of this system uses buckets, and the third pitcher added to the traditional two
pitcher arrangement is placed above the sand/charcoal pitcher, and filled with iron filings to provide a
source of iron oxide that adsorbs more As.

3.6.7 Diagnosis and treatment of arsenicosis

Treating the people who are suffering from the effects of consuming the arsenic-rich groundwater has been a
priority for health professionals, aid agencies and development organisations. Assessing the severity and
magnitude of the situation required the implementation of diagnostic tools and medical expertise in areas
that would usually be beyond the reach of such techniques. Prolonged exposure to arsenic results in an
accumulation in ectodermic tissue. Concentrations in exposed populations are typically measured from
samples of urine, blood and hair. Normal arsenic levels in hair are in the range of 0.08 to 0.25 mg/kg, in
fingernails 0.43 to 1.08 mg/kg and in urine 0.005 to 0.040 mg/kg (Alam et al. 2002). In contrast,
epidemiological studies of tissues samples collected from Bangladeshis in areas of high arsenic
contamination have reported As-concentrations of 1.1 to 19.84 mg/kg in hair, 1.3 to 33.98 mg/kg in
nails and 0.05 to 9.42 mg/L in urine (Karim, 2000). When results such as these are discovered,
intervention strategies to improve the health of the affected individuals and prevent further poisoning are
needed. The first line of attack is typically the withdrawal of arsenic-contaminated water, and this is
where the importance of adopting suitable mitigation strategies as described in Table 3.2 comes into
play. Improving nutrition and increasing consumption of essential vitamins can help the body excrete
excess arsenic. Chelation therapy using agents such as d-penicillamines, DMSA (dimercaptosuccinic
acid) and DMPS (dimercapto-propane sulphonate) has been developed to reduce arsenic body burden.
Developed in response to chemical warfare in World War One, chelating agents can be delivered
intravenously, intramuscularly, or orally, and bind to the heavy metals in the body, preventing them from
being deposited in the tissues. The agent-metal complex is then excreted from the body in the urine.
Considerations for this method include the concurrent excretion of essential vitamins, which need to be
supplemented and possible side-effects of the therapy need to be managed, such as vomiting, diarrhoea
and more serious effects such as cardiac arrest and hypotension.

The current situation for the people drinking arsenic-rich waters in Bangladesh is the continued
identification of affected areas, the adoption of remediation strategies to improve the environmental
situation, and the treatment of individuals identified as sufferers of acute As toxicity. Agencies such as
WaterAid, WHO, Unicef, and The World Bank are working with the Government of the People’s
Republic of Bangladesh to increase the availability of safe drinking water, improve the infrastructure for
water and sanitation requirements of people in both rural and urban areas, and de-stigmatise arsenicosis
to encourage people to seek treatment. Decentralising the treatment of drinking water and encouraging
in-kind co-operation of citizens to build and maintain a better water infrastructure has been shown to
improve the utility and maintenance of new technologies. Teaching citizens that even drinking water that
appears to be clean can be the cause of chronic illness and mortality is central to the education efforts.
On-going testing of existing and new water sources is needed to correctly identify susceptible
populations that may need assistance with mitigation strategies and medical intervention. Finally as a
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central component of the Millennium Development Goal to halve, by 2015, the proportion of people without
sustainable access to safe drinking-water and basic sanitation, there should not be a trade-off between
microbiologically-clean drinking water and water contaminated with elemental or chemical toxins.
Eliminating disparities in drinking water quality and sanitation in Bangladesh is still work in progress,
and overcoming technical and logistical difficulties is key to helping some of the most vulnerable people
in the world.

3.7 CONTEMPORARY OUTBREAKS OF WATER-RELATED DISEASE

Advancements in water treatment technologies and engineering have made outbreaks of water-related
disease more of a rarity for those people fortunate to have sewage treatment and access to drinking water
that is consistently clean and safe. However due to a combination of factors, illness and death due to
diseases such as cholera, typhoid and cryptosporidiosis continue to affect millions of people throughout
the world. Although serious outbreaks of cholera and typhoid are observed in developing countries, other
pathogens including parasites and viruses are present and documented waterborne disease occurs
throughout the economic strata. Poverty is an important issue in water supply, however evidence from
recent disease outbreaks shows that it is not the only driving force that needs to be addressed to reduce
the impact of water-related disease.

3.7.1 Conflict and disease

Civil unrest can lead to the destruction of infrastructure and the displacement of populations into camps with
inadequate sanitation and water supply. Coupled with the vulnerable health status of displaced persons, this
enhances the probability of widespread and devastating outbreaks of water-related disease. In times of conflict
the ability of healthcare services to monitor the health status of a country’s citizens and respond to a disease
outbreak is compromised, further exacerbating the effect of illness. In recent periods of unrest, these factors
have unfortunately been evident in many countries, affecting millions of people. Wars in Africa and the
Middle East have resulted in some of the most devastating outbreaks of water-related disease. The
Rwandan Civil War in the early 1990s resulted in the deaths of approximately 800,000 Tutsi and
pro-peace Hutu civilians in a genocide for which the region has become infamous. In addition to these
victims, thousands more refugees died of cholera and dysentery in camps throughout the country, and the
problem was further compounded by the development of drug resistant strains of Shigella dysenteriae. In
one Rwandan camp of 20,000 refugees, the attack rate of S. dysenteriae was 32% and the case fatality rate
was 4% (Gayer et al. 2007). Unrest in Iraq has also been punctuated by outbreaks of cholera, most notably
in 2003, 2007, and 2008. Documentation from the WHO’s integrated global alert and response system for
public health emergencies shows that cholera outbreaks were predicted based on the conflict situation and
lack of water and sanitation infrastructure. From August to October 2007, the largest outbreak affected
approximately 30,000 Iraqis throughout the country, with a case fatality rate of 0.52%.

3.7.2 Natural disasters

The long-term effect of natural disasters extends far beyond the initial occurrence. Earthquakes, floods and
other extreme weather events can devastate vital infrastructure and if the natural disaster occurs in an already
fragile region, there is potential for water-related disease to cause widespread morbidity and mortality
amongst the affected population. The January 2010 earthquake that struck Haiti caused approximately
250,000 deaths, left 300,000 injured and displaced in excess of 1.3 million people (Walton & Ivers,
2011). Haiti’s history is chequered with slavery, debt and hostile occupation, and, coupled with long
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periods of political upheaval, this has resulted in an extremely vulnerable populace. Not typically affected by
cholera, Haiti suffered its first outbreak in more than 100 years in October and November 2010. According
to the Pan American Health Organization’s Cholera Haiti Health Cluster Bulletin dated August 16, 2011, the
outbreak has caused 419,511 cases to date, of which 222,359 have been hospitalised and 5968 died, with a
case fatality rate of 1.4%. Not only was the outbreak devastating in terms of the health impacts, but
identification of the cholera serotype (Vibrio cholerae O1, serotype Ogawa, biotype El Tor) showed that
the infection is likely to have originated from a human host from South Asia (Walton & Ivers, 2011).
This increased social and political friction between the Haitians and aid agencies, has hindered the
rebuilding efforts of the international volunteers.

The effect of natural disasters on water and health is not limited to countries with few financial resources.
Two recent events show that climatological and seismic events can critically affect water quality in countries
that would not typically be seen as having vulnerable populations. When Hurricane Katrina made landfall
in Louisiana, USA in August 2005 its effects on water quality and infrastructure were unprecedented.
Contaminants such as volatile and semi-volatile organic compounds, arsenic and faecal coliform bacteria
were found to be elevated in New Orleans floodwaters (Pardue er al. 2005), increasing their ability to
intrude into damaged sanitary infrastructure. Evacuation centres immediately began reporting illnesses as
the displacement of people from New Orleans escalated. Chronic illness (e.g. diabetes, asthma,
emphysema, and cardiovascular disease) accounted for 33% (4786) of the 14,531 doctor visits reported,
and gastrointestinal illness, the second most commonly reported illness, accounted for 27% (3892) of
total visits (September 1—22, 2001) (MMWR, 2006). Meanwhile, approximately 13,000 evacuees were
taken to the Reliant Astrodome in Houston, where a norovirus outbreak resulted in 4.6 doctor visits per
1000 persons per day among the evacuees (Yee et al. 2007).

More recently, in the aftermath of the 2011 Japanese tsunami, the possibility of water-related disease
outbreaks was of concern, due to the complex nature of the sludge that remained after the tsunami had
receded (Kelley, 2011). In addition to the biological and chemical contaminants that posed a human
health threat, the demographics of the affected area compounded the possibility of widespread illness. As
the disaster hit a country with an aging population, certain additional considerations needed to be taken
into account to prevent a predominantly vulnerable population from succumbing to disease from
contaminated water. Yamamoto et al. (2011) describe the efforts in tsunami-affected communities to
minimise outbreaks of infectious disease:

‘A possible infectious disease outbreak was also a concern. Tap water and sewage systems were destroyed,
and evacuees were advised to wrap their stools in newspaper and place them in a plastic bag. But when
patients with acute gastroenteritis suggestive of norovirus infection were found, we facilitated improvement of
hygiene measures, introduced chlorine-based disinfectants, and promoted accurate knowledge of virus
transmission.’

The outcome in Japan was very unlike that which occurred during the Tsunami of 2004, in the case of
Aceh Province. Most communities reported wide spread diarrhoea as the main cause of morbidity (85% of
the cases were in children under five years of age), however no increases in mortality were reported and no
outbreaks of cholera were reported (Brennen & Rimba, 2005).

3.7.3 Poverty

By far one of the most influential factors indicative of the likely spread of water-related disease is poverty.
According to the most recent (2005) data from The World Bank, more than 40% of the people of
sub-Saharan Africa and South Asia live on less than $1.25 per day, as compared to 17% in East Asia and
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the Pacific, and less than 10% in Europe and Central Asia, Latin America and the Caribbean, and the Middle
East and North Africa. It is no coincidence that the 2005 data for the percentage of people with access to
improved sanitation facilities mirror the poverty statistics. For sub-Saharan Africa and South Asia, 30%
and 33% of people had adequate access to excreta disposal facilities, respectively. This compares to 61%
in East Asia and the Pacific, and greater than 78% in Europe and Central Asia, Latin America and the
Caribbean, and the Middle East and North Africa. In the developing countries, a combination of factors
can accentuate the detrimental effects of poverty on the health status of vulnerable people. For example,
rapid urbanisation puts stress on existing water and sanitary infrastructure, and changes in weather
patterns cause flooding that spreads waterborne contaminants (Ashbolt, 2004). As such, deprivation in
tandem with other factors can have devastating consequences on the ability of people to access safe water.

In 2008 and 2009, Zimbabwe experienced the largest cholera epidemic seen in Africa to date. The most
recent WHO report on the outbreak dated 30 May 2009 identified 98,424 suspected cases with 4276
deaths, signifying a case fatality rate of 4.3%. Social, medical and infrastructure weaknesses combined
with widespread poverty to create a “perfect storm” of waterborne disease (Mason, 2009). Hospital
closures, a lack of clinical diagnostic services and a shortage of medical staff prevented the outbreak from
being identified quickly and responded to in a timely and effective manner. Coupled with a lack of
running water supply and subsequent dependence on water extracted from shallow wells, the poverty
stricken Zimbabweans could not avoid succumbing to the cholera outbreak and were not able to access
treatment. Additionally, rather than dispensing oral rehydration salts, the government recommended
homemade rehydration solutions. This was a futile effort as many people could not afford to buy the sugar
and salt needed to make up the solution, and lacked access to potable water to prevent reinfection
(Koenig, 2009). Prior to 2008, cholera outbreaks in Zimbabwe were infrequent, small and reasonably
well-contained. However in a country with an unemployment rate of 95%, hyperinflation of its currency
and widespread endemic illnesses such as tuberculosis and HIV/AIDS, it is likely that water-related
diseases such as cholera will continue to affect a very large number of people unable to adopt measures to
protect themselves.

3.7.4 Engineering/treatment failure

Some outbreaks of water-associated illness can be attributed to a singular event, or chain of events, directly
related to the treatment or distribution system. In these circumstances, it may be impossible for the consumer
to avoid the adverse effects of a breakdown in the procedure designed to ensure the delivery of safe
potable water. In the United States, since 1996, problems with the distribution system have been the
cause of 45% of all outbreaks reported in community water systems, and most of these incidents were
attributed to contamination from cross-connections and back siphonage (Craun & Calderon, 2001).
Therefore, it is important to acknowledge that even in countries with economic and technical advantages,
water-related adverse health outcomes continue to be an issue that should be preventable, and in less
developed countries engineering failures can have even greater consequences for human health (Lee &
Schwab, 2005).

Failures in water distribution systems can lead to the intrusion of contaminants into water that has already
been through treatment processes and is on its way to the consumer. Pumping, piping and storage networks
need to be adequately maintained to ensure that breakages, loss of hydraulic integrity or the contamination of
storage tanks does not occur (Reynolds ez al. 2008). In addition, failures in the disinfection efficacy can
affect the residual disinfectant intended to maintain a pathogenically clean water supply.

Perhaps one of the most infamous outbreaks of water-related disease linked to treatment failure is the
cryptosporidiosis outbreak in Milwaukee in the spring of 1993. Two water treatment plants supplied the
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city of Milwaukee, and from the end of March into the beginning of April, elevated turbidity levels were noted
in the Lake Michigan source water. Widespread gastrointestinal illness led to an investigation and the water
company issued a boil water notice and temporarily shut down the affected treatment plant. The treatment
processes at the water plants comprised of coagulation using polyaluminium chloride, rapid mixing,
mechanical flocculation, sedimentation and rapid sand filtration (Mac Kenzie et al. 1994). However,
Cryptosporidium oocysts in the turbid lake water were not adequately removed by the treatment process,
specifically during coagulation and filtration, and this allowed for widespread infection of residents and
visitors to the city. The Milwaukee cryptosporidiosis outbreak was the largest outbreak of waterborne
disease ever reported in the United States. It is estimated that 403,000 people suffered watery diarrhoea,
cramping, nausea and fever, of which an estimated 354,600 persons (~88%) did not seek medical
attention; 44,000 persons (~11%) were seen as outpatients; and 4400 persons (~1%) were hospitalised
(Mac Kenzie et al. 1994; Corso et al. 2003). Fifty-four deaths were attributed to the outbreak, and of these
fatalities, 85% had HIV /AIDS and 7% had coccidiosis, an intestinal disease mediated by parasites such as
Toxoplasma gondii (Hoxie et al. 1997).

The financial cost of this massive outbreak per case of cryptosporidiosis was estimated to be US $79 for
medical costs and US $160 for losses to productivity, totalling US $31.7 million and US $64.6 million
respectively (Corso et al. 2003). The cost to the confidence of consumers was also substantial, particularly
as the cause of the treatment failure was unclear. A combination of factors including the high turbidity of
the source water, the recycling of filter backwash and an inadequate response to deterioration in the raw
water quality allowed the oocysts to enter the distribution system (Mac Kenzie et al. 1994). Nonetheless,
lessons learned from the Milwaukee cryptosporidiosis outbreak have helped prevent further comparable
incidents in countries served by water treatment systems usually considered adequate, in terms of scale
and likely cause.

3.8 LESSONS LEARNED OR NOT

It is the interplay between the building of knowledge in science, medicine and engineering that has lead us
into the 21st century where safe water sits within its current definition. We can test water for almost any
contaminant known, we have new tools such as genomics that provides us with insight into the
biological nature of a “healthy” system and we have toxogenomics and physiological models which help
us to understand better the human system as it is exposed to contaminants. The World Health
Organization, the European Union and the United States Environmental Protection Agency have all lead
the way to provide criteria and standards to protect, restore and treat water for ensuring safety. All are
supporting quantitative microbial risk assessment (QMRA) (Haas et al. 1999) as a framework to
integrate science, medicine and engineering toward meeting the goals of safe water. The latest WHO
Guidelines for Drinking Water Quality recommend QMRA for health based target setting (WHO,
2011c). This has also been used for the establishment of water regulations, within the US Safe Drinking
Water Act (SDWA), via institutions like the USEPA, and it has been shown that it is possible to address
water safety (Public Law, 1974) using science-based approaches. New issues will always emerge which
will need to be addressed such as the emergence of Cryptosporidium and other important issues such as
the removal of lead from plumbing which in the US was enacted in the 1986 amendments, and solidified
in the lead and copper rule (McGill, 1993). A substantial investment is needed in the field of risk
analysis for water to lead to appropriate decision analysis tools (Kammen & Hassenzah, 1999). Overall
the quality of drinking water in developed countries has been improved through the various regulations
and standards evidenced through the reduction of drinking water outbreaks of disease in countries with
strong regulations. Since the focus is to reduce or eliminate water-related disease, energy and effort are
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focused to continuously improve water systems to attain these goals. A major focus of late is the ability to
predict potential outbreaks and prevent them through engineering systems. QMRA is a multidisciplinary
tool which gives decision makers and engineers a means of assessing current or potential health impacts
from contaminated drinking water. This field of risk assessment is an iterative set of modelling
frameworks developing a continually evolving field. The power of decision support tools is that they
allow for a perspective into how hazards can affect the health of populations of various sizes.

Exploring the past demonstrates that there are several issues which remain the key to understanding
the risk.

(a) Potency of the organism (or chemical): The dose-response function provides the yard stick that
helps us to measure the level of risk associated with the level of the exposure (level of the
contamination).

(b) The consequences of the outcome (type of morbidity and mortality) which are influenced by the
genetic characteristics of the pathogen, the host’s specific make up in regard to susceptibility
and immune status.

(c) The excretion of the pathogen into the environment and its survival. And

(d) The environmental conditions, particularly the climate which influences the transport and
ultimately the temporal and spatial nature of the exposure.

The historical evidence on waterborne disease shows that schistosomiasis, typhoid, dysentery and cholera
which have a faecal-water pathway caused widespread and serious disease, dramatic attack rates and
high mortality. In a modern day society these diseases can be eradicated. Yet these diseases have global
staying power as the science, medical and engineering knowledge has not been used. Sanitation has never
received as much attention as drinking water and has been more difficult to tackle. Even with sophisticated
water systems in ancient civilizations, waste was still handled with cess pits or with pots until sewers were
brought into play. Even then wastewater treatment has not advanced to address nutrient recovery, energy
recovery and safe water recovery globally and has only recently been getting the attention deserved.

We live in a world where in an instant we can watch and see what is happening around the globe. We see
droughts, floods, famine, disasters and wars. The one thing all of these have in common is the need
to provide water and sanitation to the people. The massive cholera outbreak in Haiti need not have
happened, if the lessons from the past were heeded.

Bill Gates in 2011 (http://www.nytimes.com/2011/02/01 /health/01polio.html) restated his continued
support for eradication of polio via vaccination programs (funded largely by the Bill and Melinda Gates
Foundation). The disease caused by poliovirus is transmitted via faecally-contaminated hands, food and
water. Poliovirus belongs to the Picornaviridae family which includes many enteric viruses spread by
the faecal-oral route and can be classified as a waterborne disease causing agent. While the vaccination
program for this disease has been successful globally, at the same time the developed world was
investing in water treatment for both sewage and drinking water. It is no accident that poliovirus remains
a threat in areas where there is no sanitation and inadequate water treatment. Waterborne disease caused
by faecal pollution will continue to have an important impact on communities until water treatment is in
place which would not only help to eradicate polio but hundreds of other diseases.

It should be remembered that cholera and typhoid, two important faecal-oral waterborne pathogens, were
eradicated in the developed world not through vaccinations but through water treatment. These ancient
diseases still plague developing countries due to polluted water. Water quality diagnostics and targeted
programs for corrective measures are needed.

Those of us who are microbiologists, environmental engineers and public health epidemiologists have
received an integrated education. This broad overview is needed to address global health problems such
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as the fight against waterborne diseases. Only then will strategies and investments be maximised so that the
precious dollars spent really do decrease the global burden of disease.
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Chapter 4

Diachronic evolution of water supply
In the Eastern Mediterranean

K. Voudouris

4.1 INTRODUCTION

The problem of water supply for domestic, irrigation and industrial use is a crucial issue for humanity. It is
pointed out that, the socioeconomic development of a region is usually associated with the availability of
water resources, in terms of amount and adequate quality. In Mediterranean countries, it is not only the
water quantity but also quality deterioration that endangers the future use of water. The main pressures
on water supply are: the population growth, the intensification of agriculture (80% of the total water
consumption), overexploitation, urbanization-changes in land uses, disposal of untreated waste effluent
in rivers and abandoned wells and quarries, deforestation, development of lignite mines and so on
(EEA, 2007, Chartzoulakis et al. 2001; Voudouris, 2009).

About 7000 years ago the general climatic conditions in the Eastern Mediterranean became similar to the
present day, with less rainfall and warmer temperatures thereafter (Bar-Matthews & Ayalon, 1997). The
most recent glacial period ended 12,000 years ago followed by a warm period up to the present
(Holocene). This period is characterised by the development and spread of agriculture and increased
water demands.

In the Eastern Mediterranean, Near and Middle East brilliant civilizations of antiquity flourished. At the
earliest stage, ca. 8,000 years ago people performed all their activities close to the rivers, since they could not
live without water. There was great dependence on surface water from rainfall and this was the driving force
for ancient people to explore the groundwater (Zhou et al. 2011). In the dry regions of the Mediterranean, the
scarcity of water and the dominance of agriculture resulted in the early development of the art of
constructing galleries, dug wells, aqueducts and other hydraulic works for water supply. The network of
channels constructed by Hammurabi in the plain between Tigris and Euphrates (1760 BC) is remarkable.
Accounts of well construction occur frequently in ancient literature and are especially well known in the
Biblical reference of Genesis (Davis & DeWiest, 1964). The springs were the earliest water resource
used by ancient people.

The Roman period extended from the 1st century BC to the end of the 4th century AD, while the
Byzantine period extended from the 5th century AD to the 12th century AD in the Middle East or the
14th century AD in Greece, when the Ottomans occupied this region. The Romans had constructed water
supply systems to transfer water for domestic use in the cities, as well as for irrigation purposes. The
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aqueducts that carried water to the Roman cities from a long distance (100 km) are admirable; the surviving
remains of many aqueducts demonstrate their strong technique (Haut & Viviers, 2007).

In the Byzantine period, the construction of aqueducts was abandoned and emphasis was put on the
construction of tanks or cisterns. The tanks and cisterns were constructed in order to collect rain water. It
is pointed out that the modern percussion methods of well or boreholes were developed in Western
Europe. One of the first wells was dug in 1126 AD by monks near to Lillers (Davis & DeWiest, 1964).
The methods of drilling for water have improved rapidly during the past 150 years.

Mediterranean countries are characterised by 1) a long coastline that favours hydraulic communication
between coastal aquifers and seawater, 2) non-homogeneous distribution of rainfalls and water resources, 3)
non-homogeneous water demands and 4) semi-arid climate conditions. Water resources are characterised by
high water requirements for agriculture and tourism during the dry period (late April to early October) when
water availability is low. Water needs are mainly covered by groundwater abstracted from the aquifers via
numerous wells and boreholes. As a result, a negative water balance is established in the coastal aquifer
systems triggering seawater intrusion which has negative consequences in the socioeconomic
development of these areas. Many aquifer systems are reported to be affected by quality deterioration
(salinisation and nitrate pollution) due to irrational management (Daskalaki & Voudouris, 2007).

To cope with the growing water demands, the study of ancient hydraulic works will help solve the current
water problem in many arid areas. This chapter describes the diachronic evaluation of water supply in the
Eastern Mediterranean. Firstly, the availability of water, especially in Near and Middle East, including the
most remarkable hydraulic technologies for water supply, is examined. Secondly, characteristic examples of
water supply practices from ancient Greece are presented.

4.2 AVAILABILITY OF WATER

The water availability is correlated with the climate conditions of a region, as well as with the management
of water resources (surface water, groundwater and springs). Water scarcity is endemic in many regions of
the Mediterranean, making these countries particularly vulnerable to any reduction in supplies (Karas,
1997). Water needs are mainly met by exploitation of aquifer systems and surface water. The
overexploitation of limited water resources in the Mediterranean region, in conjunction with future
climatic changes, has led to a concern over their sustainability (Fantechi et al. 1995; Suppan et al. 2008).

Climatic changes will have a significant impact on the availability of water, as well as leading to an
intensification of the hydrological cycle, resulting in high risks of more extreme and frequent floods and
drought. Climate changes have been hypothesised as the cause of, or at least a major factor contributing
to, the deterioration of early civilizations. The collapse of many ancient civilisations is related to
extreme climate changes, for example, the Akkadian empire, centred in what is now Syria. Under the
rule of Sargon of Akkad, the first empire was established between about 4300 and 4200 years before
present (BP) on the broad, flat alluvial plain between the Tigris and Euphrates Rivers. The Akkadian
empire collapsed abruptly at 4170+ 150 years BP. It has been recently proposed (De Menocal, 2001)
that the collapse of this civilization was due to a prolonged period of intense aridity starting at 4025 +
150 years.

The ancient civilizations were dependent upon sophisticated systems of water supply. Water was one of
the most critical issues for the survival of mankind and played an important role on the creation of the
settlements. Human effort was first made to utilise surface waters and springs and therefore the
settlements were close to them (Tigris, Euphrates, Nile). Groundwater has been a source of water supply
since the dawn of human history and agricultural activity. A spring is the natural emergence of
groundwater, so many springs can be directly used without any digging (Zhou et al. 2011).
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The ancient Greeks, as opposed to other people, avoided living near rivers, probably for protection from
floods and water related diseases, for example, malaria (Koutsoyiannis et al. 2008). The first settlement of
many of their towns was on a hill and the water demands were met by springs. When the water demands were
increased in connection with irrigated agriculture, the groundwater exploitation was expanded with the
construction of ganats and dug wells. Groundwater development dates from ancient times.

Well construction in the Near East was accomplished by man and animal and was aided by hoists and
primitive hand tools (Davis & DeWiest, 1964). Egyptians had developed drilling systems in rocks as
early as 3000 BC. Ancient Chinese also developed a drilling tool for water wells which, in principle, is
similar to modern machines. Based on the C-14 dating of the well wood, it was concluded that the oldest
well in China was built in 3710+ 125 BC (Zhou et al. 2011). There is evidence that, during the Minoan
period (3500-1200 BC) in the island of Crete, wells (with a depth of 10-20 m and diameter less than 5
m) and springs were used for water supply. Advanced hydraulic technology, including small dams,
channels, cisterns and so on was developed in the Aegean islands during the Cycladic period (3100—
1600 BC), as well as on mainland Greece during the Mycenaean period (1600-1100 BC) (Papademos,
1975; Koutsoyiannis & Angelakis, 2004; De Feo et al. 2011).

Securing the necessary quantity of water for a city by transferring it more than 50 km requires knowledge
and large technical works. Many impressive hydraulic engineering works have been found in regions of the
Middle East (Mesopotamia, Arabian Peninsula, Persia, Greece and so on), as deduced from the references of
Herodotus (Avgoloupis & Katsifarakis, 2009). The groundwater exploitation in Cyprus started 7000 years
ago and it is connected with the oldest dug wells of the world. The oldest dug well dates from ca. 6500 years
ago near to Paphos with a depth of 8.5 m. It is noted that in this region there are neither springs nor rivers. Itis
noted that in this area there are no springs, rivers or torrents. Some cities of the island developed beyond the
capacity of local water supply and for their sustainability they had to transfer water from big springs up to 40
km away (Konstantinou & Konstantinou, 1999). During the Hellenistic and Roman period the water supply
of cities relied on the springs and rivers. In the case of extended dry periods, the water supply was assisted by
the exploitation of groundwater from shallow aquifers. These works are located in areas which are faced
with the problem of water shortage today.

Ancient peoples used mainly horizontal works for water supply (tunnel, galleries, aqueduct, and ganats)
as opposed to using modern vertical works (deep boreholes). The aqueduct consisted of channels, tunnels
and water bridges. The study of how to meet the needs in ancient times will help solve the current problem.
Below, three representative examples of hydraulic works from ancient Greece are presented.

4.3 HYDRAULIC WORKS
4.3.1 Ancient Korinthos-Hadrian’s aqueduct

The issue of the water supply in Korinthos has always been, and continues to be, the major problem for the
town. The ancient town is located in the southern semi-mountainous area at a distance of 5.5 km from the
modern town and flourished during the 5th century BC. The water supply of the ancient town was based
on springs within the walls (Figures 4.1 and 4.2), but mainly on the Hadrian aqueduct; admirable work for
their era.

Pausanias, a traveller and geographer of 2nd century AD, notes in Korinthiaka ‘...kpnvor 8¢ moAdod uév
VG TNV TOALY TETOINVTOL TEGHY GTE 0pBOVOL PEOVTOS GPIGLY VAOTOG Ko O 8N Bactheg Avoplovog
eonyoyev €x Xtopeniov ...’ (there are many fountains in the city of Korinthos, plenty of water
transferred from Stymfalia by Emperor Hadrian).

Based on investigations of Lolos (1997, 2010) who has traced the entire course of the aqueduct and
described the surviving remains in detail, the Hadrian aqueduct with a length of 84-85km was
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constructed by the Emperor Hadrian during the period 117-138 AD, in order to bring water from Stymfalia
basin to Korinthos. In Figure 4.3, the course followed by the Hadrian aqueduct is shown. The aqueduct is
still visible at various points between the two sites. It is noted that, after 1900 years the new city of Korinthos
meets its water needs for domestic use (3.5 x 10® m? per year) from the Stymfalia area via a transfer pipe
following the same course (Pana & Voudouris, 2008).

Figure 4.1 Fountain Peirini in Ancient Korinthos. (with permission of K. Voudouris)

Figure 4.2 Fountain Glafki in Ancient Korinthos. (with permission of K. Voudouris)
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Figure 4.3 The course of the Hadrian aqueduct (left) and underground gallery (right) (Lolos, 1997, with
modifications)

Similar aqueducts have been found in others places in Greece, for example, Athens, Argos, Megara, Samos,
Knossos, Nikopolis (Crouch, 1993; Longfellow, 2009) (Figure 4.4). The aqueduct of Athens was constructed
by Hadrian (134-140 AD). The Hadrian’s aqueduct of Athens consisted of an underground tunnel with
length 25 km and was built manually through solid rocks by slaves using simple tools. The aqueduct
transferred water by gravity from the mountain of Parnitha (Tatoi area) to a final tank at the hill of
Lycabettus and collected water from various sources (shallow wells or springs) along the course.

SL6l

3445 a

Figure 4.4 Sites of aqueducts in ancient Greece
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Another example is the case of Dion, South Greece (Karadedos, 2000). In order to meet the needs
for domestic use, water from a distance of 6 km was transferred by an open conduit. The main tank
had a capacity 100 m> and consisted of three water distribution conduits (earthen) for different uses
(public baths, private houses and public fountains). From the aforementioned examples, it is
concluded that ancient people had developed a technology (including aqueducts, tunnels, galleries,
dug wells, tanks, small dams and so on), for transporting water long distances in order to supply
water to cities.

4.3.2 Qanats in Greece

The greatest achievement in groundwater exploitation by ancient peoples was in the construction of long
galleries or qanats, which collected water from alluvial deposits and soft sedimentary rocks. Qanats or
Kariz, which means chain of wells, are a most remarkable technology of water supply (Figure 4.5). They
are gently sloping, artificially constructed underground galleries, which bring groundwater from the
mountainous area to the lowlands where water is needed, sometimes many kilometres away
(Weingartner, 2007). Many qanats are still in use stretching from China in the east to Morocco in the
west, and even to the Americas (Keshtkar et al. 2005).

Figure 4.5 Simplified cross-section of a ganat. Explanation: 1 = infiltration part of the tunnel, 2 = water
conveyance part, 3 =open channel, 4 = vertical shafts, 5=small storage pond, 6 =irrigation area, 7 =
sand and gravel, 8 = layers of soil, 9 = groundwater surface (Adapted from Woulff, 1968 with modifications)

At the highest point of the mountain the initial (mother) well is constructed in order to ascertain the
presence of groundwater. A windlass is set up at the ground surface and the excavated soil is hauled up
in buckets (Figure 4.6). Every 10-30 m, vertical wells (shafts) are dug for the removal of soil and
ventilation of the tunnel (Vavliakis, 1989). Furthermore, the shafts enable access for repair-works. Then,
a tunnel is constructed downstream with a height of 1.2-2 m and a width of 0.8—1.5 m. Qanat tunnels
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were hand-dug, just large enough to fit the person doing the digging. In unstable soils, reinforcing rings are
installed in the tunnel to prevent cave-ins (Keshtkar & Salajegheh, 2005). The water moves along the bottom
of the tunnel. The maximum length is approximately 40-50 km. The first qanats were constructed in Persia
(ancient Iran) and then spread towards Arabian Peninsula and Egypt (Lightfood, 2000). One extensive qanat
built about 500 BC in Egypt is said to have irrigated 4700 km?” of fertile land west of the Nile (Davis &
DeWiest, 1964). In Iran there are still about 20,000 qanats in operation. East of Iran the qanats expanded
towards Pakistan, Afghanistan and along the oases of Silk Road to China (Weingartner, 2007). The
longest ganat near Zarand, Iran, is 29 km long with a mother well depth of 96 m and with 966 shafts
along its length (Beaumont, 1971).

Figure 4.6 Constructing a gqanat (Woulff, 1968 with modifications)

The expansion of Islam led to diffusion of qanats in Mediterranean countries (Spain, Italy, Cyprus and so
on). In north and central Europe, water supply works constructed with qanat technology can be found in
Germany (Trier, Saar-Mosel), Luxembourg, and the Czech Republic (Weingartner, 2007). In Figure 4.7,
sites of gqanats evidence in the Mediterranean are shown.

The technique of tunnelling had been used during the prehistoric period in ancient Greece. In the Kopais
basin (Viotia, Greece), a tunnel of length 2.2 km with 16 vertical wells was discovered. This tunnel was
constructed during 1450 BC by Minyes in order to drain the basin, which would flood during wet
periods. The existence of qanats of the classical period has been recorded in Greece, for example, Samos
and after the occupation by Ottomans in Serres, Chortiati (Thessaloniki), Thrace and so on. The largest
tunnel of Greece is the tunnel of Samos (1 km), but the largest in total length (tunnel and transfer
conduit) is that of Chortiati, Thessaloniki (20 km) with a water discharge of 80 m’/h.

It is pointed out that there are two types of pipelines for transporting water: open and closed (Figure 4.8).
The open conduits consist of a canal built with stones and covered with mortar to reduce the losses. They are
gently sloping and the water flows by gravity. The closed conduits consist of linked earthen pipes and the
water flows with pressure.
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Figure 4.8 Open conduits in Cologne Germany (left). Closed conduits in Pergamos (right) (with permission of
G. Karadedos, 2000)
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In Figure 4.9 a representative qanat in the Fyllida area (Serres, north Greece) is shown. The initial
(mother) well and the sequence of wells (shafts) were dug in alluvial sediments and the bottom of the
tunnel at the contact of permeable and impermeable deposits (metamorphic rocks, marls). Consequently,

1—— MOUNTAINOUS ZONE ' ZONE OF ALLUVIAL DEPOSITS 1— PALEO-GLACIS ZONE—,

[ Yo U
2 Ill-_
A
[7~J Metamorphic unpermeable rocks [ a y deposits (Permeable) Upper groundwater level
=] Neog ! I ) =71 Groundwater zone (%] Faul

Figure 4.9 Sketch of a ganat in the Fyllida area, Serres, Greece (Vavliakis, 1989 with modifications)

Figure 4.10 Left: The initial well (shaft) of a qanat in Nea Zichni (with permission of K. Voudouris). Right: The
tunnel of a ganat at Chortiati, Thessaloniki constructed in the 18th century (with permission of K. Voudouris)

the phreatic aquifer of the area is exploited. The initial well of the ganat at Nea Zichni (Serres) is shown in
Figure 4.10. The tunnel of this qanat had a length of 1 km and is used today to cover the water demands
of the village.

4.3.3 Tunnel of Samos

The oldest aqueduct in Greece is the tunnel of Samos, which is one of the greatest engineering achievements
of ancient times. This tunnel was constructed by Eupalinos during the sixth century BC (ca. 2500 years ago),
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based on Persian technology. Herodotus mentions and describes the existence of the tunnel. It is a water
tunnel 1036 m long that was excavated through mount Castro on the Greek island of Samos in the sixth
century BC.

Delivering fresh water to growing populations has been an ongoing problem since ancient times.
Therefore, Polycrates, the tyrant of Samos, engaged engineer Eupalinos of Megara to build a tunnel that
would provide his city with a secure water supply. The goal was to transfer water into the town from a
spring that existed at a village, Agiades, northwest from the city (Figure 4.11). The tunnel that was built
for this purpose was dug through limestone by two separate teams advancing in a straight line from both
sides of the mountain (Apostol, 2004).
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Figure 4.11 Longitudinal section of tunnel of Eupalinos (Adapted from Apostol, 2004, with modifications)
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Furthermore, an inner, sloping, rectangular channel was excavated adjacent to the tunnel floor, along its
eastern edge. Also, several shafts were built along the tunnel, for inspection and for helping with the
excavation. In the system created, the water was brought from its source in Agiades to the northern
mouth of the tunnel by an underground conduit that followed an 850 m sinuous course along the
contours of the valley, passing under three creek beds en route. Once inside the tunnel, whose floor was
level, the water flowed in the inner sloping channel. The water channel then left the tunnel a few metres
north of the southern entrance and headed east in an underground conduit leading to the ancient city
(Apostol, 2004). The tunnel, an outstanding engineering achievement representing the peak of ancient
hydraulic technology, which was built 2500 years ago, has been preserved through time. Today, the
tunnel is a popular tourist attraction and can be visited through its southern entrance (Figure 4.12).
Koutsoyiannis et al. (2008) describe analytically the reasons for which the tunnel of Eupalinos is both
remarkable and admirable.

Figure 4.12 The tunnel of Eupalinos in Samos (with permission of K. Voudouris)
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4.4 DISCUSSION AND CONCLUSIONS

The socioeconomic development of a region is usually associated with the availability of water resources.
Mediterranean countries are characterised by semi-arid climate conditions. After the last glacial period
ended 12,000 years ago, climate changes were small and variable from region to region. Many areas
today are facing the same problem of water shortage as they did in the past. An integrated strategy for
water resources management, aimed at the mitigation of the impacts of water shortage, is therefore
necessary at a local and regional scale. The ancient technologies and water management practices are a
useful tool for current-day engineers.

At the earliest stage, people performed all their activities near rivers and streams and surface water was
the main source of water supply. However, the surface water resources were influenced by the seasonal
precipitation. For this reason people started to explore groundwater. Springs are the natural emergence of
groundwater. Thus, many springs were used directly for water supply.

The ancient peoples devised wonderful hydraulic works, including tunnels, wells, aqueducts and so on, to
supply the cities with water. These works are located in areas which today are faced with water supply
problems. The Roman period is characterised by the construction of admirable aqueducts that carried
water to the cities from a long distance. In the Byzantine period, the construction of aqueducts was
abandoned and tanks and cisterns were constructed in order to collect rain water. The Ottoman period is
characterised by the construction of ganats and the exploitation of springs. In the case of extended dry
periods, the water supply was assisted by the exploitation of groundwater from shallow aquifers.

The greatest achievement in groundwater exploitation by ancient peoples in the Near and Middle East
was in the construction of ganats. Many ganats in Greece were constructed during the Ottoman period;
the largest in total length (tunnel and transfer conduit) is that of Chortiati at 20 km. The ganats consist of
one underground tunnel and a sequence of shafts (wells) that convey water from shallow aquifers in
highlands by gravity to lowlands and some of them are still in use today. In addition, the aqueducts
consisting of channels, tunnels and water bridges, as well as small dams, cisterns and so on, are
admirable hydraulic works of ancient people to transfer and store water. The oldest aqueduct in Greece is
the tunnel of Eupalinos in Samos, which is one of the greatest engineering achievements of ancient
times, representing the peak of ancient hydraulic technology.

Given the current climatic conditions, the period of dryness in Mediterranean countries ranges between 3
and 6 months. Water consumption has doubled during the last four decades. Agricultural demand for
irrigation water is a major share of the total water demand in Mediterranean countries (60-85%). It
should be mentioned that during the dry years the abstraction rate for agricultural purposes increases (up
to 25%), because of the prolonged irrigation period, the land under irrigation and the amount of water
applied per irrigated area (Chartzoulakis e al. 2001). Demand for domestic water also increases during
drier periods. Droughts also contribute to the quality deterioration of surface water because they cause a
decline in river and stream discharge (EEA, 2007). It is pointed out that coastal aquifer systems in
Mediterranean countries are already threatened by seawater intrusion due to human activities and
geological conditions.

The aforementioned works demonstrate that the ancient people in Mediterranean countries had
an outstanding engineering knowledge of water supply. The study of these works will help solve the
current water problem in many areas. The horizontal works (tunnels, galleries, and qanats) have the
advantage of avoiding seawater intrusion problems in coastal areas. Furthermore, these water supply
works have the advantages of saving energy (no pumping water) and reducing water losses from
evaporation. Finally, these works are effective for water harvesting in arid or semi-arid areas of
Mediterranean countries.
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Chapter 5

Water and water supply technologies
In ancient Iran

Seyed Ali Mahmoudian and Seyed Navid Mahmoudian

5.1 INTRODUCTION

As a vital element, water has played a focal role from the very beginning of life and humans have always
either tried to settle close to a watercourse or have attempted to br