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Preface to "Water Engineering in Ancient Societies”

The Special Issue ‘Water Engineering in Ancient Societies’ addresses the hydrological
engineering underlying the design, construction and operation of many of the ancient World
Heritage archaeological sites in South America and the Middle East. Manuscripts published in
the literature on these sites mainly focus on describing architectural sites, socio—political-economic
issues, anthropological and historical studies and social organizational structure, but infrequently
delve into the water-engineering practices ancient engineers used to design, construct and manage
the urban and agricultural water systems of these sites.

To address this issue and highlight aspects of ancient water engineering, modern fluid mechanics
analysis methods are applied to existing descriptions of ancient canals, aqueducts and channels used
in urban and agricultural settings of ancient archaeological sites to determine a modern description
of ancient engineering practice. Using this procedure, ancient hydraulic engineering principles used
by different ancient civilizations are known in terms of modern hydraulic-engineering solutions
and notations. As few ancient technical literature manuscripts describing their water supply and
distribution systems have survived to provide an understanding of ancient engineering notations
and design principles, it is likely that water-engineering principles do exist in antiquity, used for the
design of water-supply and -distribution systems similar to those used in modern-day engineering
practice. Ancient water-engineering principles must therefore exist, albeit in manuscript notations
presently unknown to present-day scholars.

Of the scarce literature available from Roman sources, there are no direct Latin language
counterparts to velocity, flow rate, pressure, velocity head, detailed time-measurements and other
modern hydraulic terms. We now can assume that some equivalent terminology for the technical
terms vital for the design of water conveyances, together with an understanding of basic hydraulic
principles, was available in some elementary form through nature and experimental and observation.
As most ancient hydraulic structures functioned at a high level of efficiency, this could only occur as
a result of knowledge of basic water engineering principles.

The purpose of this book is to show which ancient design principles, expressed in modern
hydraulic-language terms, were used by water engineers to construct their hydraulic works. The
following chapters continue my earlier research work on ancient water engineering, as published in
the 2010 Oxford Press book ‘Water Engineering in the Ancient World” and the later 2020 Routledge
Press book ‘“The Hydraulic State: Science and Society in the Ancient World’, and present new findings
and interpretations for readers of Water with an interest in historical aspects of water engineering.
As there was no known written language in ancient Peru and Bolivia to describe their version of
water engineering principles, the chapters related to hydraulic engineering at several of the key
ancient South American sites reveal use of modern hydraulic principles well in advance of their
‘official” discovery in western science some 2000 years later. To a large degree, for Roman, Nabataean
and several South American sites, the modern use of critical flow dynamics is apparent, as several
chapters illustrate. Further, in the chapter describing the ancient (600-1100 CE) site of Tiwanaku in
Bolivia, the aquifer water table height was maintained throughout seasonal rainfall changes using
an elaborate systems of spring-fed water channels, together with an elaborate drainage system for
urban and agricultural use. This degree of water-engineering sophistication is indicative of the
advancements of water engineering of an ancient society.

This book discusses many new discoveries at other New- and Old-World archaeological sites,



illustrating that a deep hydraulic engineering knowledge base existed in ancient times. It therefore
helps to fill the reportage gap in the current archaeological literature regarding the technical
achievements of ancient societies. Though hydraulic engineers are familiar with modern solution
methodologies, the present book contains chapters on the history of water engineering as developed
by their water-engineering ancestors.

The chapters in this book arose from participation in several major archaeological projects, as
well as many individual trips to remote archaeological sites in South America, the Middle East and
Asia. Of special note are associations with Drs. Alan Kolata, Michael Moseley, Ruth Shady Solis, Tom
Dillehay, John Janusek, Dora Crouch and Phillip Hammond, who shared their knowledge of world
ancient archeological sites with me throughout many years of my work investigating ancient water

technology.

Charles R. Ortloff
Editor
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Abstract: The pre-Columbian World Heritage site of Tiwanaku (AD 600-1100) located in highland
altiplano Bolivia is shown to have a unique urban water supply system with many advanced hydraulic
and hydrological features. By use of Computational Fluid Dynamics (CFD) modeling of the city water
system, new revelations as to the complexity of the water system are brought forward. The water
system consists of a perimeter drainage channel surrounding the ceremonial center of the city.
A network of surface canals and subterranean channels connected to the perimeter drainage channel
are supplied by multiple canals from a rainfall collection reservoir. The perimeter drainage channel
provides rapid draining of rainy season rainfall runoff together with aquifer drainage of intercepted
rainfall; water collected in the perimeter drainage channel is then directed to the Tiwanaku River then
on to Lake Titicaca. During the dry season aquifer drainage continues into the perimeter drainage
channel; additional water is directed into the drainage channel from a recently discovered, reservoir
connected M channel. Two subterranean channels beneath the ceremonial center were supplied by M
channel water delivered into the perimeter drainage channel that served to remove waste from the
ceremonial center structures conveyed to the nearby Tiwanaku River. From control of the water supply
to/from the perimeter drainage channel during wet and dry seasonal changes, stabilization of the
deep groundwater level was achieved—this resulted in the stabilization of monumental ceremonial
structure’s foundations, a continuous water supply to inner city agricultural zones, water pools
for urban use and health benefits for the city population through moisture level reduction in city
ceremonial and secular urban housing structures.

Keywords: pre-Columbian; urban Tiwanaku; Bolivia; hydraulic/hydrological analysis; surface canals;
CFD; perimeter drainage channel; moat; subterranean channels; societal structure

1. Introduction

Archaeological studies of ancient pre-Columbian Peru and Bolivia have not thus far brought
forward the technical engineering achievements at major archaeological sites in those countries.

To address this missing element of Andean archaeology, the new field of PaleoHydrology is
intended to bring forward new perspectives on what ancient New and Old-World water engineers
accomplished together with the scientific base they used for their hydraulic engineering works.
While many urban and agricultural water delivery and transport structures of the ancient world are
well known from the archaeological literature, the engineering methodologies and theoretical basis used
by ancient water engineers in their design and operation of complex water systems await discovery.
Surviving literature from ancient authors on water engineering methodologies reveals the absence of
hydraulic engineering principles and parameters vital to any water conveyance design—yet recent
analysis using modern hydraulic engineering methodologies to analyze ancient water conveyance
structures reveals use of versions of modern water engineering principles—albeit in indigenous formats
yet to be discovered. By use of Computational Fluid Dynamics (CFD) methodologies and modern
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hydraulic engineering principles, ancient water structures of South America, the ancient Mediterranean,
and dynastic Asian societies can now be modeled and analyzed to extract ancient versions of the water
technologies used in their design. From investigations of this nature, the civil engineering base used
by these societies can be brought forward together with the knowledge base used to support their
water system designs. Use of CFD methodology involves the numerical solution of the Navier-Stokes
mass, momentum and energy conservation equations governing water flow. A CFD model (shown as
Figure 1a) of the Tiwanaku urban center showing the network of surface and subterranean canals
and channels, the sub-ground surface aquifer and surface drainage channels shows the components
of the complete water supply and distribution system of the Tiwanaku urban center. Since these
networked water transfer features interact with each other to transfer surface and groundwater in
different ways during the rainy and dry seasons, the water flow transfers through these interacting
features is computed using CFD methodology to show the water engineering put into practice by
Tiwanaku water engineers’ design and construction of their urban water system. The investigation to
follow then provides insight into the engineering technology that underlies the water control system at
the Tiwanaku urban center.

The present paper is intended to bring forward in detail the water engineering used at the AD
600-1100 pre-Columbian World Heritage site of Tiwanaku located on the high (~4000 m) altiplano of
Bolivia; this site demonstrated an advanced use of hydrologic and hydraulic science for urban and
agricultural applications that is unique in the Andean world. From recently discovered aerial photos
taken of the site in the 1930s prior to excavations that began in the early 1980s, new perspectives
of the water system of the city that extend previous interpretations of the dividing moat between
ceremonial and secular parts of the city is possible based upon a network of water channels not
previously known but now displayed from the early aerial photographs surrounding the ceremonial
structures of urban Tiwanaku. The perimeter drainage channel served as the linchpin of an intricate
network of reservoir and spring supplied surface canals and subterranean water channels that served
many hydraulic and hydrological functions. These functions include: (1) collect and drain rainy
season rainfall runoff and aquifer seepage from infiltrated rainwater into the nearby Tiwanaku River
to limit flood damage; (2) accelerate post-rainy season ground drying by collecting aquifer seepage
from infiltrated rainwater into the perimeter drainage channel and transfer collected water to the
nearby Tiwanaku River to lessen ground moisture to promote health benefits for the city’s population;
(3) provide water from a newly discovered M channel to two subterranean channels under ceremonial
core structures to flush human waste to the nearby Tiwanaku River; (4) maintain the groundwater level
constant throughout rainy and dry seasons to stabilize foundation soils underneath massive pyramid
structures to limit structural deformation; (5) facilitate rainy season water accumulation drainage
from the floor of the Semisubterranean Temple into the groundwater layer to rapidly dry the temple
floor; and (6) provide drainage water to inner city agricultural zones. The water control network in
urban Tiwanaku is analyzed by CFD modeling of transient surface and groundwater aquifer flows to
illustrate the function of the perimeter drainage channel in both rainy and dry seasons as well as its
role in the (1) to (6) functions.
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(e)

Figure 1. (a) Representative FLOW-3D Computational Fluid Dynamics (CFD) model of hydrological
and architectural features of the Tiwanaku ceremonial center. The CFD model is a best-estimate
representation of the site geometry scaled from aerial photos, historical sources and ground survey.
Line a-b represents a later drainage path interpretation compared to earlier curved versions by
Poznansky 1945 and Bandelier 1911 used for the model. The A’-B’ channel represents the Tiwanaku
River. (b) Schematic of several main ceremonial sites within the perimeter drainage channel; P and Q
represent subterranean drainage channels under the Putuni’s palace floor. The perimeter drainage
channel surrounds this area (Figure 1a). (c¢) Excavated P subterranean channel section located below
the Putini floor- note scale from Figurel. (d) Two top-slab excavated canals below floor level at La
Karafa leading water to subterranean channels P and Q. (e) Slab-covered channel originating from
the top platform of the Akapana and running at high slope down the side of the Akapana pyramid to
drain the room complex located on the top platform.

2. Overview of the Hydrological Regime of Tiwanaku

The pre-Columbian AD 300-1100 city of Tiwanaku located in the high altiplano (~4000 m.a.s.])
region of Bolivia demonstrated use of advanced hydraulic/hydrologic principles to maintain city
drainage during the long rainy season through a complex network of surface and subterranean channels
coupled into a main perimeter drainage channel. The urban water control system was designed
to regulate seasonal deep groundwater levels constantly by regulating rainfall runoff and aquifer
drainage into the perimeter drainage channel during the rainy season and by providing supplemental
water supplied from a reservoir to surface canals connected to the perimeter drainage channel to
maintain constant groundwater level during the dry season. This was accomplished by the perimeter
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drainage channel bottom designed to intersect the seasonally maintained deep water table top surface
so that excess drainage water arriving into the perimeter drainage channel bottom during the rainy
season was not infiltrated into the saturated perimeter drainage channel bottom surface but rather
drained away to the Tiwanaku River. In the dry season, additional water supplied from a reservoir
supplied M channel plus continued aquifer seepage to the perimeter drainage channel maintained a
constant deep groundwater height. Excess water entering the saturated bottom perimeter drainage
channel was delivered to the Tiwanaku River by a separate channel. Constant groundwater height
maintained by the presence of the perimeter drainage channel through seasonal rainfall changes
promoted many hydraulic/hydrological engineering functions. These include year-round surface
dryness in urban Tiwanaku through continuous aquifer drainage into the perimeter drainage channel
that promoted health benefits to city inhabitants together with maintaining constant monument
foundation soil strength properties to limit monument settling distortion. The spring and reservoir
supplied canal network coupled to the perimeter drainage channel together with dual subterranean
channels under the ceremonial center bounded by the encircling perimeter drainage channel provided
comprehensive hydraulic system design and demonstrated complex hydrologic engineering not
seen at any other pre-Columbian South American site. The city’s ceremonial center, composed of
monumental architecture and elite residential compounds circumscribed by the perimeter drainage
channel, is shown in Figures 1b, 2 and 3 with W-D-V-X describing the perimeter drainage channel.
Figures 2 and 3 are derived from aerial photographs taken in the 1930s prior to excavations started in
the early 1980s; Figure 4 is derived from Google photographs. Figure 1a is a CFD model representing
the Tiwanaku urban water system based upon early explorer diagrams of the site features, CFD model
dimensions approximate the scale of the site features as determined from aerial photographs and site
exploration measurements.

channel

»?

Akapana East

=,
Mollo Kontu
channel

Figure 2. Aerial photograph view of the inland perimeter drainage channel (denoted above as the
Moat) surrounding the ceremonial core of Tiwanaku indicating the intersecting Mollo Kontu M canal,
qocha regions and the Tiwanaku River to the north.

Previous researchers interpreted a main purpose of the encircling perimeter drainage channel as a
boundary ‘moat’ separating sacred and secular urban areas of the city [1,2]; the perimeter drainage
channel additionally served as a vital part of a complex network of supply and drainage channels
together with aquifer drainage to promote rapid post-rainy season soil dry-out with health benefits to
city inhabitants. Excess water collecting into the perimeter drainage channel from aquifer drainage,
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rainy season runoff and flow to and from surface and subterranean canals then rapidly exited through
a connecting canal to the Tiwanaku River connection to Lake Titicaca thus forming an integrated
hydraulic/hydrological network designed to perform the (1) to (6) functions listed above.

Figure 3. Details of the (red) intersection path of the Mollo Kontu M channel with the southern arm of
the perimeter drainage channel. Note that excess perimeter drainage channel water is drained to the
Tiwanaku River through channel C and the floodplain agricultural (green) area C’. The Akapana East
Channel shown supplies water to qocha agricultural and (green) pasturage areas to the southwest and
served to drain excessive water to the perimeter drainage channel to maintain required moisture levels
for agriculture and pasturage.

MOLLO KONTU (M) CANAL A-B

Figure 4. The Mollo Kontu M channel and surface features from Google Earth satellite imagery used to
compose Figure la.
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Shown in Figures 2 and 3 are the 1930s aerial photographs of the main ceremonial center enclosed
by the perimeter drainage channel; Figure 4 is a recent Google aerial photograph of the same area.

Of major interest is the trace of a canal not previously noted in research studies—the Mollo Kontu
channel (Figures 1a and 2, Figures 3 and 4) is now designated the M channel. The M channel segment
shown in Figures 2—4 aerial photographs is supplied through a stone-lined transfer channel constructed
through a marsh region supplied from springs and reservoirs located at the base of the Corocoro
Mountain range to the south of the ceremonial center. The newly discovered M channel adds the
missing link to the design function of the urban water system conceived, designed and implemented
by Tiwanaku hydraulic engineers. With the discovery of this canal and its function, the ingenious
water supply and distribution system of urban Tiwanaku, new insights about the water engineering
knowledge base of a pre-Columbian society are revealed for the first time in report sections to follow.
Figure 5 indicates the presence of one (P) of the two subterranean canals (P and Q) whose location
is given in Figure la,b. This discovery adds a third dimension to the intricate water supply and
distribution network not previously known. The totality of this water network’s design and use and
the water engineering involved is described in sections to follow.

Figure 5. Photo and plan view of the excavated portion of the subterranean channel P.

Figure 5 is illustrative of one of the dual subterranean water channels located under structures
within the ceremonial center bounded by the perimeter drainage channel. These subterranean channels
are designated the P and Q channels with their positions illustrated in Figure 1a,b. Given the preliminary
details of the ceremonial area and its encircling perimeter drainage channel, the network of surface
canals and subterranean channels connected to the perimeter drainage channel is illustrated in the
Figure 1a model together with detail of ceremonial structures within the perimeter drainage channel
shown in Figure 1b. The FLOW-3D CFD model consists of several million grid cells necessary to
preserve accuracy for both surface water and internal aquifer water flows. Canal and channel water
flows are characterized by a k-e turbulence model; aquifer flow physical properties are given in a
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subsequent section. Transient calculations initiate from initial conditions on water flow rates at canal
origin locations and initial aquifer fluid fraction (ff) saturation values within the phreatic evaporation
layer surface and groundwater layers. Figures 6-10 represent sample CFD calculation results of
transient aquifer and ground surface fluid fraction levels occurring during water transfer processes
and illustrate aspects of the urban water system in operation. Boundary conditions are estimated canal
flow rates at canal origin locations on the computational grid boundaries.

During the dry season, continued aquifer seepage from rainy season infiltrated rainwater and
flow from the M channel recharged the groundwater to maintain and stabilize its height through
seasonal changes. During the rainy season, excess runoff and aquifer seepage water was directed into
the perimeter drainage channel. With the depth of the perimeter drainage channel set at approximately
the height of the stabilized groundwater profile, the saturated perimeter drainage channel bed limited
further internal seepage past the perimeter drainage channel bottom and thus transferred arrival
water to dispersal areas by the C channel to the Tiwanaku River and the C’ farming area (Figure 1a).
Water directed to the Tiwanaku River by transfer from the perimeter drainage channel then flowed
directly into Lake Titicaca. Figure 1b illustrates the major sites within the perimeter drainage channel
boundary shown in Figure 1la; although two subterranean channels P and Q are known through
excavation, more subterranean channels likely exist as several surface channels with major structures
have slopes that lead water away from P and Q drainage exits.

Figure 1d illustrates two canals below the floor of the La Karafia complex (Figure 1a) that extend to
and drain into channels P and Q. The extension of additional perimeter drainage channels surrounding
three sides of the base of the Akapana are as yet unexcavated but must have a channel path either on
the ground surface or a subterranean channel (or both) connection to the perimeter drainage channel.
Of interest is a large highly sloped channel that runs from the top platform of the Akapana down the
pyramid’s side to the pyramid’s base; the slab-covered top platform part of this channel is shown in
Figure le.

In summary, one additional effect of the stabilized groundwater level through rainy and dry
seasons was to maintain the bearing strength of soil under large monuments within the ceremonial
center to limit structural distortions [3]. Water accumulating in the perimeter drainage channel from
aquifer drainage and channeled spring water flow provided flow through dual subterranean channels
P and Q (Figure 1a,b) to flush human waste delivered into the subterranean channels from elite
compound structures to maintain hygienic conditions in the compounds. Figure 1c illustrates a section
of the P canal below the Putini floor.

The multi-faceted hydrological aspects of the perimeter drainage channel served city environmental
and hygienic conditions through rapid soil drying in city housing areas while promoting structural
stability for the site’s many monuments as well as aiding in rainy season drainage from the
Semisubterranean Temple floor (F, Figure 1a,b). While groundwater control mastery is apparent in
the urban setting, additional research on Tiwanaku raised-field agriculture [4-20] indicates similar
advances in use of groundwater control technology in urban settings.

To demonstrate the seasonal interaction of surface and aquifer water flows more fully, the porous
media aquifer CFD model (Figure 1a) is utilized in later discussions using CFD analysis to demonstrate
the perimeter drainage channel’s role as a hydrological control element vital to the city’s sustainability
during wet and dry seasons.

3. Settlement History

The ancient city of Tiwanaku, capital of a vast South American empire, has been the subject of
research starting from early 20th century scholars that continues to the present day [21-30]. The city,
located at the southern edge of the Lake Titicaca Basin in the south-central portion of the South
American Andes at an altiplano altitude of ~4000 m.a.s.l. incorporated an elite area bounded by an
encompassing perimeter drainage channel that enclosed temple complexes, palace architecture and
the seven-stepped monumental Akapana pyramid (Figure 1b) designed to serve ceremonial sacrifice
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functions and provide rooms on the top surface for special ceremonies. Recent excavation of one of the
top rooms indicated a large collection of llama bones used in ceremonial functions. Outside of the
center lay a vast domain of secular urban housing structures. An intricate network of canals acting in
conjunction with the perimeter drainage channel performed hydrological functions that included rapid
ground drainage during both wet and dry seasons to promote health advantages for the city’s 20,000
to 40,000 inhabitants as well as flood defense to preserve the ritual center and surrounding urban
structures. The management of water systems within the city demonstrates hydrologic engineering
expertise consistent with that found in Tiwanaku’s raised field agriculture and demonstrates Tiwanaku
hydrologic engineering mastery. The 1930s aerial photographs provide data to interpret the extent of,
and insight into, the hydrologic function of the perimeter drainage channel. The early photographs
reveal traces of the perimeter drainage channel’s north and south arms in addition to the Mollo Kontu
M channel as well as traces of the support structures within the ceremonial center (Figures 1a and 2,
Figures 3 and 4). Additional channels intersecting the southern part of the perimeter drainage channel
southern arm are indicated in Figure 1a. The perimeter drainage channel collected flow from adjacent
channels and canals, rainfall runoff and infiltrated rainfall seepage from the saturated, near-surface
phreatic layer of the aquifer as well as from the deep groundwater aquifer as the perimeter drainage
channel depth intersected to top portion of the deep groundwater layer to transfer water into the
nearby Tiwanaku River during the rainy season to prevent deep groundwater recharge. During the
dry season, continued phreatic aquifer seepage into the perimeter drainage channel plus water from
the intersecting M channel maintained the deep groundwater aquifer level relatively constant while
surface evaporation and recession of the near-surface phreatic aquifer served to rapidly dry the ground
surface promoting health and livability benefits for city inhabitants. The design intent of the builders
of the perimeter drainage channel thus envisioned control of the deep groundwater level through wet
and dry seasons to maintain the physical integrity of monumental structures by preventing the dry-out
settling of the deep aquifer soils underlying the main ceremonial core as water continually occupied
aquifer pore spaces. Given a stable upper boundary of the deep groundwater layer throughout the year,
physical strength properties of foundation soils were maintained thus limiting structural distortion
and settling of the massive platforms of the Kalasasaya and Akapana pyramid (R, Figure 1a,b) within
the ceremonial center. Additionally, with the stable groundwater layer well below the floor of the
Semisubterranean Temple (F, Figure 1a), rainy season drainage from the site floor into the aquifer
region above the deep groundwater level was facilitated. This excess water then percolated toward the
perimeter drainage channel’s sidewalls for delivery to the Tiwanaku River. Thus, beyond the perimeter
drainage channel’s role in creating a ritual and social boundary between the elite residence ceremonial
center and secular residential city districts, its engineering design contributed many practical benefits
to living conditions for city residents throughout wet and dry seasons.

4. Tiwanaku Hydraulic Analysis

To demonstrate the perimeter drainage channel’s hydrologic functions, multiple data assemblages
used to construct a CFD hydraulic/hydrological model (Figure 1a) include results of archaeological
mapping and excavation [31-33], Google Earth imagery and the aerial photos taken over the site of
Tiwanaku. These aerial photos reveal the site decades before modern urbanization and monument
reconstruction began and were taken at a time of year when many features held water thus providing
a clear view of Tiwanaku’s hydrological features. From these 90-year-old photographs, the outline of
the perimeter drainage channel is shown in Figure 2 as the dark encircling boundary to the ceremonial
center. The curvature of the drainage canal V-D-W-X shown in Figure 1a is derived from earlier
observations of the channel made before years of erosion and soil deposition infilling that continues to
the present day Previous explorers of decades past listed in [13,14,17,18] provided the foundation for
current studies of the perimeter drainage channel.

The east drainage canal arm (denoted ‘Moat’ in the east arm in Figure 2) averages 5 to 6 m deep and
ranges 18 to 28 m in top width. Subterranean canals originating from the perimeter drainage channel’s
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south arm were drainage conduits for Tiwanaku’s monumental and elite residential structures [2,34-38].
Since the south arm of the perimeter drainage channel is shallower in depth than the north arm as
determined by ground contour measurements, a fraction of the water that accumulated in this arm
flowed down-slope through the perimeter drainage channel’s east and west arms toward the Tiwanaku
River while a portion of accumulated water in the south arm flowed into the dual subterranean P and Q
channels (Figures 1a and 5) underlying the ceremonial center. Given the two-degree declination slope
of the subterranean channels, water accumulating in the perimeter drainage channel’s bottom during
the wet and dry seasons provided flush water cleaning for the Putuni palace’s waste removal/drainage
facilities (Figure 1b). North of Tiwanaku’s monumental center, the shallow alluvial plain drops sharply
downward toward the Tiwanaku River’s marshy floodplain. One portion of the east arm of the canal
turns west and disappears into the floodplain (C’, Figure 2) while canal C continues north toward the
Tiwanaku River. One portion of the west perimeter drainage channel arm led into the marsh north of
the Kalasasaya Platform (Figures 1a and 3) while an ancillary arm continued northeast toward the river.
The north portion of the perimeter drainage channel divided into several branch canals that intersected
the floodplain and drained accumulated water from the north arm of the perimeter drainage channel.
Water not directly shunted to the Tiwanaku River through canal C (Figures 1a and 5) drained water in
the floodplain’s aquifer into the Tiwanaku River. The floodplain area served as a nearby productive
agricultural area for the urban center.

5. The Perimeter Drainage Channel in the Urban Hydrological Network

Where the groundwater surface emerged from depressed land areas, springs formed. Several canals
in the southern portion of Tiwanaku were engineered to utilize the canal’s water input. The westernmost
Choquepacha area’s canal [36] is derived from a natural spring on a bluff southwest of the Pumapunku
complex (Figure 1b). The spring was fitted with a reservoir basin that included several incised stones
carved to convey water. Combined with the output of an adjacent stream that drained the marshy
area, the Choquepacha area supported extensive terrain amenable to pastoral grazing and farming
immediately to the west of the Tiwanaku urban area. Other features relate directly to the hydrological
function of the perimeter drainage channel. The first feature is the north-south Mollo Kontu region
M canal that supplied water from springs and reservoirs originating from the southwest portion of
the site near the Pumapunku complex into the southwest portion of the perimeter drainage channel
(Figure 1(S-M), Figure 2(M), Figure 3(M) and Figure 4(M)). The second feature is an interlinked
cluster of sunken basins (qochas) that occupied the southeast portion of the site (Figures la and
2). Qochas are pits excavated into the aquifer layer that capture and store rainwater and serve to
expand planting surfaces and pasturage while creating micro-lacustrine environments that attract
waterfowl [37]. Figure 2 depicts a series of canals dendritically linking the qochas to one another
with a branch connecting to the Akapana East canal (L, Figure 1a) that drained into the east arm of
the perimeter drainage channel. The third major feature is a long, narrow, outer canal (J) on the east
side of Tiwanaku (Figures 1a, 2 and 3). While the role of this canal is unclear, its southern portion is
straight and follows an alignment that mirrors that of the Pumapunku complex to the west; its northern
portion shifts course and bounds the east edge of the site. The east canal (L, Figure 1a) links with the
perimeter drainage channel (Figure 1a (W-D-V-X)), Figure 2) by connector canal I and indicates that
the outer canal was part of an encompassing urban hydraulic network. The areas immediately east
of the perimeter drainage channel contain Tiwanaku’s residential sectors that include Ch’ijiJawira,
a barrio of ceramic producers that depended on a constant water supply [39]. Immediately east of
the Ch'ijiJawira sector is a low brackish marsh; from this marsh, the outer canal (J) provided fresh
water from springs for Tiwanaku’s easternmost residential sectors and drainage of excessive canal
flow during the rainy season.

The east and west arms of the perimeter drainage channel directed water around the monumental
complex area toward the Tiwanaku River to the north (Figure 1A’-B” and Figure 2). The C’ floodplain
was an integral part of Tiwanaku'’s larger hydraulic network that served to facilitate drainage of both
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groundwater seeping from the perimeter drainage channel arm D-V (Figure 1a) and rainwater runoff
during rainy season peaks. Intricate surface canals and dual subterranean stone-slab constructed
canals (Figure 1a,c,d and Figure 5) provided additional drainage and water transfer within the elite
compound area bounded by the perimeter drainage channel. The elaboration of surface canals on
the interior floor of the Semisubterranean Temple (F, Figure 1a) and areas outside the Kalasasaya
(G, Figure 1a) indicate a drainage connection to either (or both) the perimeter drainage channel and
the subterranean channel P (Figure 1a,b); additional drainage by seepage into the stabilized low
groundwater layer below the temple floor helped to keep the temple floor dry throughout the rainy
season. The Akapana pyramid (R, Figure 1a,b) incorporated an intricate, stone-lined canal that routed
water from the uppermost level down through successively lower platforms and finally out through
several portals in its basal terrace (Figure le). Water delivered to several open surface basins draining
into vertical pipes (and/or surface channels leading to the perimeter drainage channel) conveyed water
into the subterranean channels (Figure 1c,d) then into the perimeter drainage channel arm V, Figure 1a.
Subterranean channel P (Figure 1a,b and Figure 5) provided flushing water to remove human waste
from the Putini residential compound bounded by the perimeter drainage channel for conveyance to
the Tiwanaku River. Water was temporarily pooled in the sunken courtyards near platform monuments
rendering them lakes for ritual events and reservoirs for controlled water distribution.

Excavations between Putuni and Kerikala complexes (Figure 1b) indicated structures within the
ceremonial core region that articulated with Tiwanaku'’s subterranean drainage network. This area
housed high status groups until, at approximately AD 800, the construction of the Putuni palace
repurposed the space to support recurring state-sponsored ceremonies [40—-43]. Located~2.5 m below
the current ground surface, subterranean channel P (Figures 1 and 5) consisted of sandstone slab
masonry with vertical side slabs approximately 1. 0 m high and horizontal slabs about 0.8-0.9 m
in width. Several vertical pipes consisting of multiple stacked, perforated stone disks conducted
surface water from features within the Putini into the lower subterranean channel P (Figures 1a and 5).
Water from the perimeter drainage channel’s southern arm V supplemented by water from canals L
and M (Figure 1a) together with seepage water from both phreatic and top portions of the deep aquifer
was used to flush waste water through subterranean channels P, Q located in the west portion of the
monumental core.

6. Water Management at Tiwanaku

To demonstrate insights related to the hydrological function of the perimeter drainage channel,
use of CFD is made for cases that address seasonal variability in water input. Here the equations
were numerically solved by finite difference methods [44] governing aquifer percolation [45,46] to
show transient water transfer within the aquifer for two seasonal water availability cases. Case 1
considers effects existing at the termination of a rainy season on Tiwanaku’s canal systems and city
open surface areas. The rainy season in the south-central Andean altiplano generally runs from
November through March. Case 2 considers effects of limited water input from springs and aquifer
seepage into the deep groundwater layer during the April through October dry season. Data from
aerial photographs, Google Earth imagery, contour maps and ground survey provided the basis for the
CFD computational model (Figure 1a) to demonstrate hydrological features of the perimeter drainage
channel and its encompassing hydrological network. A porous soil model of the subsurface aquifer is
used to demonstrate hydrological responses of the canal network and perimeter drainage channel for
the two cases. The Figure 1a CFD model surface and subterranean features are on the same scale as
Figures 2—4 and represent best estimate water supply and distribution network canal paths inferred
from photographic and ground survey data. The canal inlets shown (J, N, O Figure 1a) are sourced
by canalized Corocoro springs and reservoirs located south of the modeled area as are canals (S-M)
leading from the Pumapunku area. Key monument architectural and hydrologic features are:

A’-B’: the Tiwanaku River, flow direction A’ to B’

C: perimeter drainage channel to A’-B’ Tiwanaku River
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C’: floodplain drainage and agricultural complex supplied from the perimeter drainage channel
V:arm

E: La Karana residential complex

F: Semisubterranean Temple

G: Kalasasaya Platform

H: Putuni Palace

I: Connecting channel between canals L-K-L and ]

K: multiple interconnected qocha region supplied by canal N arm D

L: Akapana East canal, which drained qocha region K toward perimeter drainage channel

M: Mollo Kontu canal linking supply canals O and S to perimeter drainage channel arm W

N: Supply canal to qocha region K

O: Connecting canal to canal M

P and Q: subterranean channel pair with declination slope of two degrees to the Tiwanaku River;
channels P and Q run underneath the Putuni Palace H (Figure 1b)

R: Akapana seven-stepped truncated pyramid

S: branch canal to Mollo Kontu canal M

T: lateral transverse canal to L; shunt canal I to canal ] and/or canal drainage to the perimeter
drainage channel U: Mollo Kontu monument

Z: the Kalasasaya compound—a connection to the perimeter drainage channel indicated in Figures la
and 6-10.

W-D-V-X: the perimeter drainage channel circuit around the monumental core of Tiwanaku; original
depth of the channel estimated at~5-6 m at location D.

Y: drainage canal from V to the Tiwanaku River (from the 1930’s aerial photographic source); its
inclusion in the model has a minor drainage effect compared to drainage features C, C’ P, Q originating
from the perimeter drainage channel’s Z canal below the west side of the Akapana (R, Figure 1a)
draining toward drainage canal segment D. (Figure 1a).

The CFD model is composed of a porous medium aquifer duplicating soil material properties
(porosity, permeability) found at the site through which aquifer water percolates. The CFD model
incorporates both the east-to-west ground slope declination and a south-to-north declination observed
from field measurements. The momentum resistance to flow in the porous medium representation of an
aquifer [46] is expressed as a vector drag term Fq u where Fj is the porous media drag coefficient and u
the velocity vector u = qx i +qy j + q, k with qx, gy, q- velocity components in the i, j, k (x, y, z) coordinate
directions (Figure 1a). The permeability k is defined ask = V¢ u/p Fq where V¢ is the volume fraction
(open volume between soil particles/total volume), u is the water viscosity and p the water density.
For the present analysis, k is on the order of ~10~!! cm? based upon the site soil type [43] within the
model area excepting elite monumental paved areas for which k is on the order of ~107% cm?. For model
area soils, 0.43 < V¢ < 0.54. Based on these estimates, the average drag coefficient Fy is estimated to be
~0.80. While deviations from this value occur due to varying soil properties with depth and location,
flow delivery rates from the saturated part of the aquifer to the perimeter drainage channel’s seepage
surface (defined as the exposed interior wall soil surface of the perimeter drainage channel exposed to
the atmosphere) will be affected but calculations will nevertheless demonstrate qualitative conclusions
regarding the perimeter drainage channel’s function. In the CFD model, the deep groundwater layer
is composed of saturated soil and is stabilized throughout the year at ~5 to 6 m below the ground
surface as well probe data indicate. The saturated phreatic aquifer layer is assumed to lie above
the deep groundwater surface for Case 1 calculations indicative of an intense, long duration rainfall
period. The bottom depth of the perimeter drainage channel intersects the upper portion of the deep
groundwater layer in the Figure 1a CFD model and the capillary fringe zone and saturated phreatic top
surface water layers provide seepage water into the perimeter drainage channel together with runoff
water and canal water supplied by springs and reservoirs south of the city (Figure 1a). For a less intense
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rainfall period, a capillary fringe zone extends upward from the deep groundwater zone to intersect the
bottom reaches of a surface saturated phreatic layer; the contact region size depends upon the amount
of intercepted rainfall. Thus, deep aquifer recharge can occur when the surface phreatic layer extends
sufficiently downward to penetrate the groundwater capillary fringe zone during long duration rainy
periods. For minimal rainfall, surface phreatic layer is considered a small depth evaporation zone
that vanishes in depth as the dry season continues. Again, when seasonal rainfall is intense and of
long duration, the phreatic and deep groundwater layers merge; for this case, aquifer seepage into
the saturated perimeter drainage channel bottom cannot occur and excess drainage water is rapidly
shunted to the nearby Tiwanaku River. This effect limits the height excursion of the deep groundwater
layer to the base depth of the perimeter drainage channel.

For Case 1 analysis, the post-rainy season phreatic layer is saturated and lies above the saturated
deep groundwater layer; as no further infiltrated rainwater can be absorbed into the deep saturated
groundwater layer’s bottom surface, water accumulation occurs by aquifer seepage from the perimeter
drainage channel walls. The aquifer drainage flow into the perimeter drainage channel then flows
out to the Tiwanaku River through channel C and seepage to the C’ farming area. As the dry season
progresses, surface evaporation shrinks the phreatic layer upward toward the ground surface and soil
drying occurs to a depth enhanced by aquifer drainage. In 1000-1400 AD times of extended drought,
the phreatic top layer and ultimately the deep groundwater layer contracted leading to soil dry-out
conditions to a large depth. This climate condition is the basis for the extended drought reason for
collapse of Tiwanaku’s raised-field agricultural systems in the AD 1000-1100 time period (Figure 17)
that ultimately led to Tiwanaku’s demise [47-50].

7. Case 1—Post-Rainy Season Ground Saturation Conditions

Case 1 examines post-rainfall conditions typical of the end of the altiplano rainy season
characterized by phreatic zone saturation and continuous water flow through canals O, S, N, M
and ] from Corocoro springs and reservoirs (Figure 1a). Aquifer seepage to the bottom of the perimeter
drainage channel from the saturated phreatic layer is transferred to perimeter drainage channel arms
D, Vand W to X-Y and then to the Tiwanaku River (A’-B’, Figure 1a) and ultimately to Lake Titicaca as
all canals and channels have a down-slope toward the river. Additional seepage occurs from the top
reaches of the deep groundwater layer into the perimeter drainage channel. Water from the perimeter
drainage channel’s east and west arms then led to the Tiwanaku River through the C canal branch
and seepage from to C’ area. Water arriving into inlet N (Figure 1a) was conducted by canals K and L
into either (or both) canals D and then from I to J. A summary of rainy season water inflows/outflows
from a representative section of the perimeter drainage channel is shown in Figure 11 and indicates
seepage from the top surface saturated aquifer region together with runoff from the saturated soil
surface collecting at the saturated drainage canal bottom then transferring down-slope to the Tiwanaku
River (A’-B’ in Figure 1a). For dry season conditions (subsequently discussed in a later section),
Figure 12 summarizes continued seepage flows from the vadose near-surface aquifer region and input
flows channeled from the Corocoro spring/reservoir region by the M channel deposited on to the
saturated perimeter drainage channel bottom then directed down-slope to the Tiwanaku River. For
both cases, additional drainage from the eastern branch of the perimeter drainage channel is provided
by subterranean channels P and Q (Figure 1a) directly to the Tiwanaku River.

In figures to follow, the (red) fluid fraction ff = 1 indicates aquifer saturation; ff = 0 indicates no
water content to dry aquifer soil; intermediate ff values indicate intermediate levels of water content in
aquifer soils. Numerical solutions of equations governing saturated aquifer and surface/subterranean
canal flows give a picture of transient water transfers to and from the perimeter drainage channel
from aquifer seepage and canal flows given estimates of flow rates based on supply flow rates in
canals. Given Case 1’s post-rainy season conditions, surface runoff has been largely collected into
the perimeter drainage channel and transferred to the Tiwanaku River; further water transfer to the
bottom of the perimeter drainage channel is from aquifer seepage and adjacent canal M water flow
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input—a fraction of this water supply goes into subterranean channels P and Q with accumulated
water in the perimeter discharge channel’s V arm discharged into the Tiwanaku River. Figures 6 and 7
show a time progression of water seepage from the perimeter drainage channel’s open surface area and
progressive surface drying as the phreatic layer deflects downward due to drainage into the perimeter
drainage channel.

Figure 6. Post rainy season fluid fraction detail from FLOW-3D calculations of the east arm of the
perimeter drainage channel showing the perimeter drainage channel’s surface walls conducting seepage
water to the saturated bottom of the perimeter drainage channel and the start of progressive surface
drying for Case 1 conditions.

A

fraction of fluid

Figure 7. Later time fluid fraction surface drying achieved by aquifer seepage and surface evaporation
at the end of the rainy season; note that channel M continues to provide water flow to subterranean P
and Q channels and the perimeter channel bottom. Note low values of fluid fraction starting eastward
on the drying ground surface for Case 1 conditions as the dry season initiates.

Rapid water removal from the perimeter drainage channel via channels C and C’ to the Tiwanaku
River (Figure 1a) limited water transfer from the phreatic aquifer to the deep groundwater layer causing
deep groundwater level stabilization. The Akapana monumental internal core experienced limited
rainfall infiltration due to extensive terrace and side wall paving and compound roofing that ultimately
promoted runoff into the perimeter drainage channel aided by the exterior Akapana sloped channel
(Figure 1e) originating from the Akapana top surface. Water that managed to infiltrate between paved
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areas of the Akapana then drained into the interior of the Akapana where it reemerged from base
openings to join drainage canal and subterranean channel extensions P and Q (Figures 1a, 5 and 8)
that directed water to the Tiwanaku River through C" drainage and C, channels. As the perimeter
drainage channel depth extended to the top fringe of the deep groundwater layer, water drainage in
the rainy period and water addition during the dry period helped to stabilize the deep groundwater
level through season changes.

_ fraction of fluid

1.000

Figure 8. Case 1 fluid fraction results at P-Q depth from the ground surface; water input from channel
M to subterranean channels P and Q flush wastewater from the Putuni Palace complex to drainage canal
arm V then on to the Tiwanaku River A’-B” and Lake Titicaca. Z indicates a water channel connection
from the Kalasasaya Platform to the perimeter drainage channel.

The location of the Semisubterranean Temple floor (F, Figure 1a) above the stabilized deep
groundwater level and its nearness to the perimeter drainage channel helped to promote a dry floor
through seasonal changes. Rainfall accumulating on the temple floor infiltrated into the phreatic layer
then drained to the nearby perimeter drainage channel and groundwater layer. Fluid fraction results
at the inner face of the perimeter drainage channel bounding the ceremonial center confirm runoff
and aquifer seepage was minimal from what little infiltrated rainwater existed in this largely paved
and roofed elite area. What little infiltrated water was conducted to the saturated perimeter drainage
channel’s bottom and quickly removed by canals C and field area C’ aquifer water transfer to the
Tiwanaku River. From the paved elite areas, rainy season rainfall runoff constituted a major water
contribution to the perimeter drainage channel. Figure 8 shows the water transport in subterranean
channels P and Q in the dry season (Case 2). Channel P lies below the floor of the Putuni palace;
channel Q lies at the same depth as P but ~10 m west of P. Vertical pipes connected drainage areas
in the Putuni courtyard and palace to canal P with collected water directed toward the V arm of the
perimeter drainage channel (Figure la—c). The P and Q subterranean channels required a constant
input of flowing water from canal M and aquifer seepage water into the perimeter drainage channel
arm W to maintain dry elite residential area hygienic conditions. As the P, Q channels, the C canal,
the C’ area and the perimeter drainage channel bottom all sloped downhill toward the Tiwanaku
River, water flow from the perimeter drainage channel arm W directed water and waste solids into the
Tiwanaku River.

8. Case 2—Dry Season Initiation

Case 2 considers the perimeter drainage channel function under dry season initiation conditions
(zero rainfall and continuous, but limited, water supply from Corocoro springs and reservoirs into
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surface canals N, O, S and M as well as regions K and C’. Figure 9 indicates that water supply from
the M canal plus aquifer seepage continues to supply subterranean P and Q channels to flush human
waste from the Putuni Palace compound structures during dry season initiation. Figure 10 shows the
situation during the late part of the dry season—only limited aquifer seepage and water from the M
canal constitutes the near total water supply into the perimeter drainage channel.
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Figure 9. Dry season (Case 2) fluid fraction results on a plane below the ground surface; moisture
levels in qocha region K and depressed area C’ indicate sustainable pasturage and agriculture due to
contact with the deep-water table and discharge from the V arm of the perimeter drainage channel.
Water input from canal M delivers water to the perimeter drainage channel that enters subterranean
channels P and Q.
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Figure 10. Late dry season (Case 2) fluid fraction results for the east arm of the perimeter drainage
channel indicating dry season decreased seepage water into the perimeter drainage channel and
extensive surface drying.
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The C" and K regions (Figure 1a) remained functional due to their depth penetration into the
receding phreatic zone water level indicating agriculture and pasturage were possible during the dry
season. By transfer of seepage water and M channel water, the deep-water table remained stabilized
throughout the dry season. Figure 10 indicates the situation well into the dry season with dry ground
conditions and aquifer seepage from the perimeter drainage channel walls minimal; the ground surface
is dry (fluid fraction approaches zero) and the W arm of the perimeter drainage channel indicates
water supply mainly from the M channel. Figure 12 summarizes the water transfer mechanisms
associated with dry season operation. Subterranean channels P and Q have continued water transport
and flushing activity from perimeter drainage channel segment W as the dry season progresses with
the M channel providing water supply during the dry season.

9. Newly Discovered Features of the Perimeter Drainage Channel

During the construction of the platform base of the Akapana pyramid, the phreatic aquifer layer
was compressed by the heavy construction base’s rock and gravel fill within stone compartments.
As a result of the compression, water was expelled from the pyramid base aquifer into the nearby
perimeter drainage channel. As additional heavy platforms were added (seven total) and the structure
weight increased, further consolidation and compression of the aquifer below the pyramid resulted
in reduction in aquifer porosity. While some rainfall infiltration into the increasingly consolidated
foundation base soil occurred, less water was available due to low foundation soil porosity and
increased aquifer drainage into the nearby perimeter drainage channel. As platforms were added and
the compressive structural weight increased, a consolidated foundation impervious to water infiltration
was created ensuring further minimal structural deflection and distortion. It is likely that Tiwanaku
city planners included the creation of the perimeter drainage channel contemporary with construction
of heavy ceremonial core region structures to promote monument stability. The Akapana to this day
still retains its structural integrity without settling distortion as a testament to this original planning.

10. Rainy and Dry Season Groundwater Profiles

Figure 8 shows a constant depth transect through location D (Figure 1a) that indicates a fluid
fraction of unity (ff = 1) consistent with ground saturation during the rainy season. As the rainy season
concluded, seepage from the perimeter drainage channel side walls from adjacent saturated soil areas
accelerated ground surface drying. Figure 11 summarizes all water supply and drainage paths relevant
to maintain the deep groundwater level constant during the rainy season; Figure 12 summarizes all
water supply and drainage paths during the dry season. Figures 11 and 12 summarize drainage and
water supply conditions necessary for deep groundwater level stabilization during seasonal rainfall
change. Figure 13 indicates a y plane transect through the Figure 1a CFD model—under heavy rainfall
conditions, the aquifer is completely saturated down to the deep groundwater level as indicated by the
fluid fraction ff = 1 as the CFD calculation verifies. With the onset of the dry season, the surface aquifer
region contracts due to seepage into perimeter drainage channel together with surface evaporation
while the deep aquifer level remains constant.

Additional water arrives into the Tiwanaku urban area by percolation from infiltrated rainfall
into areas far to the east of the site. Given the slow percolation rate of water through an aquifer,
intercepted rainfall originating from past decades arriving to the site from distant sources is a further
contribution to groundwater level maintenance although the rate of water delivery is not constant
due to the randomness of post year climate events that influence rainfall rates and amounts of water
infiltrated into groundwater. Under severe long-term drought conditions in the 10-11 century AD
time period, the Titicaca Lake level dropped severely [43,44] affecting the lowering of the groundwater
level close to the lake edge; this effect then reduces the water level in raised-field swales and severely
contracts agricultural production [45-48].
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Figure 11. Summary fluid fraction diagram on water input/output flows on a typical perimeter drainage
channel section near Figure 1a, and represent typical flow conditions near the end of the rainy season.
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Figure 12. Dry season (Case 2) fluid fraction results for the monumental center with decreased water
supply from spring-supplied canals; rainfall infiltration and seepage limited by large paved and roofed
areas of the ceremonial center.
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Figure 13. Constant y transect through the D drainage channel (Figure 1a) of groundwater profile for
rainy season ground saturation conditions. The ff = 1 fluid fraction condition indicates layer aquifer
saturation and bottom saturation of the perimeter drainage channel bed proceeding from design depth
of the perimeter drainage channel.

The perimeter drainage channel bottom (e) depth is designed to intersect the top of the seasonally
stabilized groundwater layer. In a severe rainy season, infiltrated water penetration may extend to
the depth of the deep groundwater layer; in a normal rainy season, ground saturation extends the
depth of the near-surface evaporation layer. For normal rainy season conditions, water infiltration
drainage and surface runoff into the perimeter drainage channel proceeds to drain the evaporation layer;
for normal dry season conditions, limited evaporation layer drainage continues but now Corocoro
spring and reservoir water channeled into the perimeter drainage channel is added to maintain the
deep groundwater level. Note that in the rainy season, Corocoro spring water continues to flow into
the perimeter drainage channel but the excess beyond that to maintain the deep groundwater height is
shunted into both the subterranean channels P and Q and the perimeter drainage channel to discharge
into the Tiwanaku River. Figure 12 indicates that the role of water input from M channel prevents
further recession of the deep groundwater layer as the dry season progresses. Thus, the intersection
of the perimeter drainage channel bottom with the deep groundwater layer provides groundwater
stabilization that underlies the conclusions of the prior sections. Although a case has been made for
large monument foundation stability and its relation to the perimeter drainage channel, this result may
have been fortuitous as knowledge of aquifer dynamics under compressive forces known to Tiwanaku
engineers is as yet subjective with the present case the only known example to draw from.

11. Hydrologic Applications Exterior to City Precincts: Further Examples of Tiwanaku

Mastery of Groundwater Science

Research conducted on Tiwanaku's raised-field agricultural systems in the Pampa Koani region and
water systems under Tiwanaku influence on the northwest regions of Lake Titicaca have indicated use
of advanced hydrological methodology underlying crop sustainability and yield improvement [51-53].
Raised-fields are described as trenches dug to penetrate the water table by about 1.0 m with excavated
soil piled up to form planting surface berms. Typical aerial views of berm geometry and placement are
shown in Figures 14 and 15. Among the advances in agricultural science is the use of solar heat transfer
technology to limit crop destruction by freezing during cold altiplano nights [4] as well as hydrological
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and hydraulic control mechanisms providing groundwater height control to stabilize raised-field swale
water height through seasonal changes in water availability. Additionally, raised-field technology
has been shown to be the most efficient design choice to limit short term drought effects on crop
yield—this is due to continual groundwater supply from intercepted rainfall over vast eastern collection
areas continually flowing toward the Lake Titicaca basin. Further analysis [54] demonstrates that
Tiwanaku raised-field berm design is optimum to yield the maximum agricultural output per unit
land area. Analysis of groundwater control mechanisms in the Pajiri agricultural area [52] reveals
different berm heights and swale water depths appropriate to different crop types. These observations
coupled with management of different nutrient chemical compositions of swale water from different
springs and river sources necessary for maximum growth of different crop types point to an advanced
agricultural science used by Tiwanaku water engineers to maximize and sustain crop yields in the
Tiwanaku heartland.

TARACO RIDGED FIELDS

Figure 14. Tarraco raised-field aerial view.

B mound
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B canal
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Figure 15. Lakaya sector raised-field geometry in the Pampa Koani system.
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In the Pampa Koani and northwest Tarraco regions of Lake Titicaca, different patterns of raised-field
lengths, widths, orientations and berm heights are frequently inserted within more regular patterns
(Figures 14 and 15) with each pattern is appropriate for the water needs of different crop types [49].
Excavation of raised-field berms in the Pampa Koani area indicated stone base lining and clay layers
to limit cold capillary water transfer from deep groundwater regions into berm interior regions;
capillary water transfer to the berm interior region is mainly provided from swale water.

Due to higher swale water temperature from solar radiation input [4] the additional storage heat to
berm interior regions limits berm outer surface convection and radiation heat withdrawal during cold
altiplano nights to prevent freezing damage to crop root systems. The latent heat removal for water to
ice transition within berm interiors during cold altiplano nights is limited by additional heat transfer
from elevated temperature swale water heat transfer into berm interiors Examination of early Tarraco
raised-field berm patterns [54] in northernmost regions of Lake Titicaca and raised-fields in the Pampa
Koani region north of urban Tiwanaku reveals an average berm shape consistency. Figures 14 and 15
show that swales are interconnected leading to a continuous water path surrounding berms. When a
typical berm is described as an elongated ellipse with major axis a and minor axis b, then the a/b ratio
from 10 to 15 appears to characterize the average of berm geometries. This ratio for an elongated
ellipse (a >> b) is significant in that the ellipse perimeter is a maximum for the given berm surface area
(7t a b) for this class of ellipse. This indicates that the average berm pattern configuration yields the
maximum wetted berm perimeter [54] and thus requires a minimum of interconnected swale widths
to provide capillary water transfer to narrow berms. Thus, the berms can be placed closer together to
maximize agricultural surface per unit field area. Here the narrow berms provide an easy path for
elevated temperature capillary water to reach berm interiors. This, in turn, reduces the exposed water
surface area of the interconnected swales reducing evaporation loss that helps to locally maintain a
constant groundwater profile to maintain swale water height. The net effect is that a greater number
of closely spaced berms can be watered properly per unit field area to maintain the crop freezing
defense while the greater area under cultivation produces more agricultural yield per unit field area.
These advantages are a key indicator of an advanced agricultural science being employed to protect and
increase the yields of raised-field agricultural systems. Thus, the a/b ratio of individual berms contains
important information related to Tiwanaku water engineering practice as their design incorporates a
level of optimization to limit swale water area to reduce evaporation losses and maximize the farming
area per unit field area. Further analysis results [54] show that a/b ratios from 10 to 15 are an optimum
berm design to yield the maximum wetted boundary perimeter for berms.

The conclusion that applies for the Tarraco raised-field geometry also applies in the Pampa Koani
region as Figures 14 and 15 indicate similar use of a technology to maximize agricultural land area
per unit field area. Although regional differences exist in raised-field designs at different locations
built at different times and the Tarraco system design reflects different groundwater water availability,
ambient air temperatures and crop types than those for the Tiwanaku Pampa Koani raised-field design,
both systems reflect knowledge of berm designs to maximize agricultural production per unit field area.

12. Retrospectives on Tiwanaku Societal Structure

Ceramics and other objects in Tiwanaku style are widely distributed throughout the south-central
Andes from the southern coastal valleys of Peru and Chile to the lowland eastern slopes of the Andes.
The distribution of Tiwanaku cultural artifacts exhibit stylistic variations with different types and
quantities of Tiwanaku style materials occurring in different regions. The governance principles
operational in the Tiwanaku polity that led to the distribution of cultural material provides insight
about the social structure of the Tiwanaku polity and their expansionist policies. Current theories
related to Tiwanaku territorial and agricultural expansion are broadly summarized as:

(1)  The distribution of high-status cultural artifacts results from Tiwanaku imperial expansion outside
the Titicaca Basin with colonies and conquest aimed at lowland, highland and tropical base
resource extraction.
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(2) Thewidespread distribution of cultural materials results from the growth of an archipelago system
where discontinuous territorial and ecological niches were exploited through placed colonies.

(3) Tiwanaku style materials spread spatially through trading networks headed by the Tiwanaku
administrative polity.

(4) Tiwanaku expansion was ideological and/or ritual in nature devoid of political control from the
central government of Tiwanaku. Tiwanaku expansion occurred as a combination of these paths
and is characterized by a cultural rather than military expansion policy.

From the analysis thus far detailed and its relevance to the characteristics of Tiwanaku expansion
policy, the increase and diversity of agricultural resources available to the Tiwanaku urban center,
it is apparent that technical transfer of Tiwanaku water technologies to outlying areas and societies
provided an additional economic and social inducement to associate with the central Tiwanaku polity.
For the Tiwanaku urban center, agricultural systems incorporated groundwater-based raised-fields,
rainfall supplied terraces, spring and groundwater-supplied raised-field areas, qochas and urban
canal-supplied agricultural basins (K, Figure 1a). For sites distant from the Tiwanaku heartland
that exploited different ecological conditions for farming, typical agricultural systems incorporated
lowland valleys with river supplied canal irrigation systems, channeled spring-supplied agricultural
fields and a variety of field systems located at different altitudes with different soil, water supply
and temperature conditions that permitted a different range of crop types not possible to cultivate
at the high altiplano elevation of urban Tiwanaku. Individual satellite sites required mastery of
different hydrological regimes for irrigation. From the analysis of Tiwanaku urban and raised-field
hydraulic/hydrological knowledge aspects of this technical base were likely exported to remote sites
to maximize food production to economically justify the effort to maintain extensive trade and food
import supply networks. The presence of cultural artifacts at many Tiwanaku colonies and subject areas
verifies that association with central Tiwanaku had occurred based upon mutual economic benefits for
all concerned. As some site areas were already occupied by different societies, some cooperative and
others not accommodating an intrusion from a dominant competing society for use of limited water
and land resources, the existing agricultural technology at distant areas outside of direct influence from
the Tiwanaku urban core may not have initially generated sufficient surplus to interest incorporation
into the Tiwanaku archipelago. However, by incorporation of advanced agrotechnical knowledge
from urban Tiwanaku’s hydraulic/hydrology experts, the agricultural output could be increased to
justify mutually beneficial import/export status and cooperation between independent societies and
the Tiwanaku core administrative region. Thus, the establishment and economic success of satellite
archipelago sites appears influenced from a central authority based in the Tiwanaku urban center
that included advice and council of technical experts versed in hydraulic and hydrological matters.
This observation is best stated [55] as the challenge of new technologies: “ ... certain individuals were
probably empowered by technological or knowledge status and decisions made regarding the adoption,
invention and use of certain technologies must have been made by technocratic and expert-centered
individuals...” Thus, technical knowledge was a valuable export item. While trade in sumptuary
goods to outlying societies was prevalent in the Tiwanaku sphere of influence and served to expand
Tiwanaku influence and cultural traits into outlying areas, the exportation of agricultural knowledge
had value to outlying societies that promoted economic benefits of association with the Tiwanaku urban
core. While export of ally groups and technical experts from the Tiwanaku urban core experienced in
agricultural production was manifest, the conversion to full agricultural potential of new resource-rich
areas, given the different ecological conditions and challenges than those existing in the Tiwanaku urban
core altiplano heartland, required indigenous creativity and invention in hydraulic and hydrological
science. Given the sophistication of the urban Tiwanaku water system thus far described, it is clear
that engineering creativity was a major focus of the Tiwanaku administration. In this respect, the many
surface and subterranean canals that were found associated with the urban Tiwanaku perimeter
drainage channel as well as water control canals in the outlying Pampa Koani raised-field heartland
contain a comprehensive technology base that would be of vital use in the Tiwanaku-influenced
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Moquegua Valley canal irrigated areas of Omo and Chen Chen. While some researchers claim that
that individual farming communities could invent optimum agricultural field systems in a bottom-up
manner without the need of a central controlling administration overview group, they underestimate
the technical complexity involved in surface and groundwater control related to agricultural production
over vast raised-field areas together with city water control engineering. Thus, a central planning
(top-down) administration able to collect and invent farming methodologies and urban water control
systems for use in areas under its direct control and manage the labor force for implementation of
complex water technologies was vital to the expansion, development and integration of satellite areas
to the Tiwanaku Empire.

The subterranean channels P and Q (Figure 1a,b) are examples of advanced technology applied to
this end. The ~25,000 hectares of Pampa Koani raised-fields required expertise in local groundwater
height control by means of a canal supply and drainage network operational over vast areas to provide
tailored agricultural berm moisture levels and different berm geometries for different crop types.
The agricultural system at the outlying site of Pajchiri is a prime example of water control mechanisms
of this type developed for specialty crops. Thus, extrapolating from the bottom-up agricultural success
at the local level by small independent allyu kin groups exploiting small farming areas to what is
required to reliably support food supply for an urban Tiwanaku population of 20,000-40,000 through
seasonal variations in groundwater and swale water level water, the management structure must
logically incorporate a top-down overview structure [56] capable of assigning and relocating local
and satellite agricultural zones to maintain a constant city food supply throughout seasonal weather
changes. Despite this capability in agricultural technology, during the last stages of the 10-11th century
drought, the groundwater level coupled with declining lake levels [5] forced abandonment of near lake
edge raised-field agriculture as groundwater levels declined below swale bottom levels. This caused
agriculture to move to the outer fringes of Pampa Koani, as noted by [54], where the water table
remained high in swales far from Lake Titicaca due to incoming intercepted groundwater from distant
sources and earlier rainfall events. This drop in agricultural output from major field system areas
then led to city population dispersal to sustainable farming zones by different segments of the city
population and the ultimate decline of the Tiwanaku Empire.

Summarizing, an overview of vast agricultural land and water management to ensure successful
agricultural yields required knowledge of optimum berm designs and groundwater height control only
possible from a top-down overview perspective of land, water and labor management for vast areas
under their control. While other sites had value for imports of non-agricultural resources, sites with the
potential for optimization of agricultural resources could be improved by optimization technologies for
raised-fields and other agricultural methodologies at coastal valley sites to improve the economic basis
for agricultural imports. Clearly optimization of river/spring source irrigation, raised-field agriculture
and control of urban water supplies for hygienic advantage to the city population demonstrated that
exported Tiwanaku oversight to apply engineering methodology to optimize food production and
city living benefits would of advantage for candidate sites to associate with the Tiwanaku hierarchy
and share the mutual benefits of association. It would be expected that this oversight activity was
applied to rate potential archipelago satellite sites for incorporation given that the economic burden of
long-distance transport of perishable goods to urban Tiwanaku. Within the Tiwanaku governmental
structure were religious rites, rituals and ceremonies elaborated with elaborate ceremonial, royal and
administrative architecture to provide the religious accompaniment to the worldly success of their
agroscience, both locally and distant from the urban core of Tiwanaku. Thus, aspects of all the above (1)
to (4) categories provided the basis and rationale for Tiwanaku expansion from its heartland—this was
only made technically and economically possible with the underlying centrally planned agrotechnical
base provided by a top-down corporate management structure at urban Tiwanaku. Thus, the Tiwanaku
corporate structure provided the success basis for satellite trade networks in agricultural goods together
with the export of cultural traits and artifacts from the urban center of Tiwanaku to cement cultural
ties back to the homeland source as observed from the archaeological record. A further argument for a
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top-down Tiwanaku management structure can be posited on an economic advantage basis. From
similitude analysis methods [54] a mathematical model of two competing ally groups is considered:
the first arrival group (1) sets up localized, near lake raised-field agriculture supplied with a local
spring-fed canal system; the second group (2) arriving at a later time sets up available outlying
raised-field system with long canal lengths to irrigate their distant fields. The first group clearly has
an economic advantage due to better water access (shorter canals) requiring less labor to tend to the
agricultural land. Analysis [54] shows a computable economic advantage for both (1) and (2) groups
to combine land and water resources by use of a newly designed canal irrigation network that more
effectively irrigates both land areas and reduces labor input from both groups to maintain the combined
agricultural land area while raising the agricultural output of the combined land area. The advantages
to both groups to combine their resources under collective management that demonstrates economic
advantages to both groups serves to promote top-down oversight of the combined raised-field area to
the advantage of all participating ally groups through a governing organization that provides direction
and oversight on project activity. Here the formalism of the similitude methodology [54] permits a
calculation of the increase in food production through collective top-down management oversight
compared to the bottom-up system of disconnected groups managing localized field plots.

While certain researchers suggest less centralization and more local autonomy in the Tiwanaku
core region as opposed to other archaeologist’s vision of a highly centralized state-directed agrarian
production, the present discussion demonstrates that the agricultural engineering base together with
knowledge of urban Tiwanaku water control design and operation essentially defines the success of
the Tiwanaku society. Thus, massive public reclamation and construction projects requiring a large
and coordinated labor force supported by an advanced technology base much in the same way that
modern progressive societies function appears to verify top-down management directing complex high
technology projects. As to the demise of Tiwanaku colonies located in the Moquegua Valley, collapse
dates are consistent with, or follow somewhat, the final collapse dates of Tiwanaku urban complexes.
As detailed by Sharatt et al. [57], evidence of Moquegua colonies persisted into Ilo-Tumilaca-Cabuza
coastal phases and highland Tumilaca Phases 1 past~1000 AD, indicating in many cases the extension
of some of the Tiwanaku city traditions and stylistic practices in textile and ceramic designs. As the
slow development of altiplano drought initiates in the 10th century AD, the rainfall runoff-based canal
agriculture of Moquegua Valley colonies invariably responded to rainfall runoff decrease in vulnerable
valley rivers challenging the continuity of their irrigation agricultural field systems. This leads to
ultimate population contraction of Moquegua societies. The establishment of Moquegua Valley
Estuquifia highland valley society at higher altitudes with higher rainfall levels is a natural survival
consequence compared to valley societies dependent on river-sourced agriculture. As groundwater
decline for the altiplano Tiwanaku is a slow process due to recharge from distant infiltrated rainwater
sources continually flowing through the aquifer toward Lake Titicaca, slow groundwater level decline
permits longer continuation of raised-field agriculture in outlying regions of the Pampa Koani area
well past that of rainfall runoff river supplied agricultural system of the outlying Tiwanaku Moquegua
colonies. Thus, it is expected that the colonies also ultimately diminish in size due to drought but at a
different rate than hardier raised-field systems of highland Tiwanaku due to their different agricultural
water supply means. To assign the Tiwanaku societal collapse to socio-political mechanisms would
likely reflect the catalytic effects of drought-induced agricultural contraction on the sustainability of a
society. The Tiwanaku collapse appears to be a slow process over decades as the near lake raised-fields
decline first as the Titicaca lake level subsides due to rainfall decrease. Agriculture continues at a minor
level at more distant raised-fields where groundwater decline lags that of near lake fields.

13. Visions of the Last Days of the City of Tiwanaku

The final stages of urban Tiwanaku due to extended drought are described in [44]. Establishment of
extended drought conditions that led to the gradual demise of urban Tiwanaku and its associated
raised-field systems is well substantiated through geophysical means originating from ice core data.
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Figure 16 summarizes the drought decline by integration of the nine year moving averages of ice cap
thickness derived from [49,50,58] references. As drought initiates, yearly rainfall declines leading to
smaller distances between successive ice deposit layers. Essentially the drought slowly lowered the
water table supporting raised-field agriculture for the Tiwanaku city’s 20,000 to 40,000 inhabitants;
additionally, nonexistent water levels in raised-field swales promoted loss of any surviving crops
to freezing events and water unavailability to plant root systems. Given the vast area devoted to
raised-field agriculture, restoration of the fields by excavating swale depths to penetrate the declining
groundwater level together with lowering field system berm heights to accommodate crops with
root system depths necessary for plant growth proved to be an impossible task given the vast labor
requirements to perform these tasks. Evidence of use of raised-field systems remote from the edge of
Lake Titicaca where the groundwater height remained high exist requiring relocation of elements of
city population to distant areas from the city. The presence of scattered qocha farming pits excavated to
groundwater phreatic levels located distant from the city center indicated population fragmentation in
order to conduct localized survival farming. New information pertinent to the last days of Tiwanaku
city life [57,59] is available from the use of multiple stable isotope methods involving analysis of
skeletal remains dating from the ~1100 AD time period which corresponds to city abandonment dates
at the contemporary site of Wari. Noted are dietary changes from previous norms experienced by city
population as drought intensified: these changes include absence of fish from the diet and no reported
instances of child remains incorporating nutrients from fish or marine sources. This later observation
may represent partitioning high nutrient food types to the most productive society members capable
of generating food resources in emergency situations. As population decline and migration continued
in this time period, specialized industries randomly lost key members necessary to sustain the group’s
function effectively; hence the loss of skilled fisherman can diminish the amount of fish available from
the lake source. From modern observation of villages’ use of lake resources, small minnows can be
gathered from the near shoreline by nets which provide a protein source for site inhabitants.
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Figure 16. In the time period AD 800-1400, the 9 year moving average of Huascaran Mountain ice
core yearly deposit layer thickness begins a decline indicating the start of extended severe drought
conditions. Ordinate scale is in centimeters [49,50].

However, as lowered lake levels resulted from extended drought conditions, limited access to
shallow shoreline depths together with increased salinity that affected fish stocks, marine resources
by lake fishing and shoreline collection was likely reduced from previous norms. Results from
Miller et al. [60] indicate the substantial presence of maize as a food source in the ~1000 AD time
period—this indicates a likely increase in importation from different satellite areas where this crop
could be successively raised and transported in dried kernel form. Throughout the existence of
Tiwanaku, maize importation constituted a large fraction of the population’s diet and source of chicha
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for celebratory, social binding rituals. Although the totality of effects on population decrease and
dispersion are yet to be brought forward under extended drought conditions, the use of stable isotope
methods opens new paths to understand the final days of Tiwanaku city closure. Recent studies [59]
detail the societal collapse of a contemporary Middle Horizon Wari site due to food shortages in the
same time period; here dietary shifts, associated with the extended AD 10-11th century drought,
assign limited food resources to productive society members and leadership individuals capable of
sustaining and guiding the society into a recovery period. As both highland societies are contemporary
and experience the same drought period conditions, it is of interest to note similar responses to protect
vital members of their societies. Figure 17 indicates that severe drought conditions at AD 1000-1100
and AD 600-700 altered the survival fate of different societies—in some cases, certain societies survived
by altering their farming methodologies (or conquest of other societies with significant land and water
resources) while other societies disappear from the archaeological record (Figure 17), of interest is the
Medieval Warming Period post-drought recovery period in the 13-14th century AD period (Figure 17)
that led to Inka expansion and control over vast areas of Peru and Ecuador with no state level polities
left to contest their dominance.
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Figure 17. The AD 10-11th century drought led to societal decline for both the highland Tiwanaku
and Wari polities as well as for Peruvian north coast societies. Occurrences of El Nifio, La Nifia and
other ENSO climate change effects on continuity of major Andean societies constitute a vital part of
understanding Andean prehistory.

14. Conclusions

CFD results suggest that the perimeter drainage channel accelerated Tiwanaku’s ceremonial
center and the surrounding urban areas seasonal dryness throughout the year’s seasonal changes in
rainfall promoting the city’s hygienic benefits. For example, reduction of dampness in indoor habitable
structures limits the occurrence of many respiratory and mould-borne diseases [61]. In the rainy
season, the deep groundwater level was stabilized by runoff and aquifer drainage into the perimeter
drainage channel. In the dry season, additional seepage from the aquifer and the M channel flow kept
the deep groundwater boundary from subsiding. The resulting stabilization of the deep groundwater
level prevented the settling of monumental structures in the ceremonial core that originated from the
design feature of the perimeter drainage channel’s depth intersection with the top fringe of the deep
groundwater layer and introduced the possibility of water resource availability during local drought
periods. The stable groundwater level promoted the existence of wells and qochas for localized water
supplies (Figure 2) to urban districts and inter-city agricultural zones. Subterranean channels P and Q
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largely served the hygienic requirements of the Putuni and Kerikala structures by providing continuous
water flow from perimeter drainage channel aquifer seepage water and the M channel water arriving
into perimeter drainage channel arm W. Each major monumental structure maintained an intricate
drainage system that simultaneously served practical and symbolic purposes as exemplified by the
Akapana’s elaborate drainage network that limited rainfall infiltration into its compartmentalized
earth-fill interior to preserve its structural integrity. Canals O and N south of the perimeter drainage
channel directed water to the qocha complex K for inter-city agricultural and pasturage purposes
(Figure 2). Rainy season runoff water that washed into canals N, O and S exceeding their carrying
capacity was diverted into canals L, I and ] leading to the Tiwanaku River, thus protecting urban
regions from canal overflow flooding. In totality, the perimeter drainage channel was the linchpin of
an intricate hydraulic network that controlled surface and aquifer flows as rainfall amounts varied
from rainy to dry seasons.

Analysis of the perimeter drainage channel’s hydrological function indicates that qochas and
wetland systems C” and K were an integral feature of urban Tiwanaku. Interlinked by canals fed
by Corocoro springs and reservoirs, qocha clusters C’ and K occupied massive portions of the city
and likely supported camelid herds and caravans brought to the center during key social gatherings.
Recent excavations in adjacent Mollo Kontu residential compounds support the hypothesis that llama
and alpaca herds were important in this part of Tiwanaku and were served by C” and K qocha pasturage
areas. Raised-field and qocha systems that occupied the edges of some of the city’s canals are evident
from aerial photos of the edges of canals I, ], L and C to support localized in-city agriculture and
pasturage. The C’ floodplain at the south edge of, and several meters below, the main portion of the
city area of Tiwanaku supported an extensive cluster of integrated raised-field networks and qochas to
support additional intra-city agriculture and pasturage.

Prior studies focused on Tiwanaku'’s hinterland demonstrated an understanding of hydrologic
principles to develop intensive raised-field farming systems. Present research indicates that the
urban center of Tiwanaku incorporated a complementary intricate hydrological network focused on
the perimeter drainage channel that effectively managed seasonal water variations through surface
canals, subsurface channels and aquifer drainage manipulation. CFD results detail many practical
hydrological features of the perimeter drainage channel related to environmental and population
livability concerns—these include rapid drying of subsurface soils surrounding elite ceremonial and
secular housing districts to limit soil dampness and its negative health effects on the city’s population.
The perimeter drainage channel further supplied water to flush the subterranean channel network
underlying the elite ceremonial core region to transfer human waste material to the nearby Tiwanaku
River. These health-related features and remarkable plumbing features are the first reported for
any Andean pre-Columbian city. Tiwanaku city planners demonstrated an extraordinary level of
knowledge regarding hydrologic and structural maintenance principles based upon surface and
groundwater manipulation to maintain high livability standards for their population under harsh
altiplano environmental conditions. Building on prior studies of the groundwater-based raised-field
systems that supported agriculture for the large population of Tiwanaku, analysis results demonstrate
that knowledge of surface and groundwater flows within urban Tiwanaku merit further consideration
in assessing New World engineering science.

The raised-field technology devised by the ancient Tiwanaku has been brought back to life once
again after ~1000 years of raised-field abandonment by inhabitants of local altiplano villages many
of whom participated in the original NSF Proyecto WilaJawira project. Restoration of segments
the ancient raised-fields followed by planting native crops resulted in yields~5X over that of their
current agricultural practice. The lesson here is that reexamination and restoration of agricultural
methodologies of societies in past millennia may have great benefits for third world societies with large
labor resources but who have limited access to modern machinery and chemical fertilizer supplements
that are beyond their means to acquire.
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Abstract: The Late Archaic Period (2600-1600 BC) site of Caral, located ~20 km inland from the
Pacific Ocean coastline in the Supe Valley of the north central coast of Peru, is subject to CFD analysis
to determine the effects of ENSO (El Nifio Southern Oscillation) events (mainly, El Nifio flooding and
drought events) on its agricultural and marine resource base that threatened societal continuity. The
first step is to examine relics of major flood events that produced coastal beach ridges composed of
deposited flood slurries—the C14 dating of material within beach ridges determines the approximate
dates of major flood events. Of interest is the interaction of flood slurry with oceanic currents that
produce a linear beach ridge as these events are controlled by fluid mechanics principles. CFD
analysis provides the basis for beach ridge geometric linear shape. Concurrent with beach ridge
formation from major flood events are landscape changes that affect the agricultural field system
and marine resource food supply base of Caral and its satellite sites- here a large beach ridge can
block river drainage, raise the groundwater level and, together with aeolian sand transfer from
exposed beach flats, convert previously productive agricultural lands into swamps and marshes.
One major flood event in ~1600 BC rendered coastal agricultural zones ineffective due to landscape
erosion/deposition events together with altering the marine resource base from flood deposition over
shellfish gathering and sardine and anchovy netting areas, the net result being that prior agricultural
areas shifted to limited-size, inner valley bottomland areas. Agriculture, then supplied by highland
sierra amuna reservoir water, led to a high water table supplemented by Supe River water to support
agriculture. Later ENSO floods conveyed thin saturated bottomland soils and slurries to coastal
areas to further reduce the agricultural base of Supe Valley sites. With the reduction in the inner
valley agricultural area from continued flood events, agriculture, on a limited basis, shifted to the
plateau area upon which urban Caral and the satellite sites were located. The narrative that follows
then provides the basis for the abandonment of Caral and its satellite Supe Valley sites due to the
vulnerability of the limited food-supply base subject to major ENSO events.

Keywords: Peru; Archaic period; Caral; CFD models; beach ridges; ENSO events; landscape change;
site termination

1. Introduction

The presence of ENSO (EI Nifio Southern Oscillation) climate variations in the form
of long-term drought, flooding, aeolian sand transfer, and sediment deposition/erosion
transfer events, and their effect upon the agricultural and marine resource-base sustain-
ability of Peruvian coastal societies, is of importance to understand the influences that
affected Andean historical development. While the timing and intensity of El Nifio flood
landscape deposition and erosion events is manifest from the geophysical analysis of the
observed deposition sand and flood slurry layers and erosion/deposition profiles, the soil
transfer and deposition geophysics causing landscape changes affecting the agricultural
and marine resource zones as a result of such events remain elusive. To understand the
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geophysics underlying such events, Computational Fluid Dynamics (CFD) analysis is of use
using a landscape model of a portion of the Peruvian coastline subject to an El Nifio flood.
This event produces runoff consisting of a highly viscous slurry mixture containing silt,
gravel, rocks and soil particles that proceeds to further erode the rain-saturated landscape
to settle and deposit slurry mixed with the captured landscape soil sediments to form
a deposition layer on the pre-existing landscape. In the present study, CFD analysis is
performed on a model of the Santa-Viru Peruvian north central coastline; the fluid mechan-
ics CFD analysis then duplicates the acts performed by nature to alter the landscape by
erosion and deposition flood events. The CFD investigation results substantiate that slurry
deposition deposits create coastal linear beach ridges as a result of the flood transported
slurry interaction with ocean currents. While linear beach ridge structures are noted in the
literature [1-7], the underlying geophysics of their linear structural formation is a problem
in fluid dynamics amenable to solution by use of the CFD methodology- this methodology
is used in the subsequent sections to present the evolution of coastal and interior valley
landscape changes resulting from the ENSO events. Once the fluid dynamics connection
between the El Nifio flood events and beach ridge formation is established by CFD analysis,
then, together with the fluid mechanics origin and dating of major beach ridge formations
on the Peruvian coastline, their effects on the agricultural landscape and marine resource
base provides information on the sustainability and continuity of the food-supply base of a
society as related to the ENSO flood events. As the change in the landscape brought about
by the ENSO flood events alters the agricultural field system base of a society, as well as
causing damage to the marine resource base through the disturbance of offshore fisheries
and shellfish gathering beds, societal continuity and sustainability can be adversely affected.
Such ENSO events are subsequently shown to influence and affect the sustainability of
Peruvian north central coast (Norte Chico) societies in the Preceramic, Late Archaic Period
(2600-1800 BC) as further analysis reveals. Again, the main purpose of the CFD analysis is
to show the fluid mechanics physics behind the landscape alteration that caused ancient
coastal societies to ultimately collapse as their agricultural lands and food resource base
were compromised by climate-related events.

While field system modifications and defensive technologies against flood events
play a vital role in societal sustainability, in a worst case condition, flood damage can
be irreversible, and the abandonment of pre-existing agricultural field systems occurs,
leading to societal dispersal and termination. Changes derived from the ENSO flood and
drought events affecting both the agricultural landscape and the ocean littoral affecting
the marine resource base of a society are then key elements to understand and interpret
societal structural change events. The chapters that follow provide examples of the use
of the CFD methods to provide information as to the modification of the agricultural and
marine resource base of the Late Archaic society based at Caral, centered in the Supe Valley
of Peru, due to multiple major ENSO events—such events present a case for the ultimate
collapse and abandonment of Supe Valley and other Norte Chico sites in the ~1800 BC
time frame.

2. Evolution of Late Archaic Sites in the Peruvian Supe Valley

The Late Archaic Period north central coast sites in Peru witnessed increased El Nifio
ENSO flood events that transferred flood sediments from coastal valleys into ocean currents
forming a series of extensive beach ridges. The coastal beach ridges containing C14 datable
material are therefore key to date major flood events. Typical interior valley landscape
sediment layers and beach ridges resulting from datable multiple deposition/erosion events
confirm the timing of major ENSO events, as well as intermediate stable climate periods
that permit societal continuity and development between destructive ENSO events. As a
result of the formation of multiple barrier beach ridges formed from a sequence of the ENSO
flood events, the geophysical history of coastal littoral zones reveals that the river drainage
to ocean currents was impeded, resulting in bay infilling and the development of coastal
marshes behind the beach ridges. This, together with aeolian sand deposits that infilled
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agricultural land behind and in front of the beach ridges, compromised the productivity of
food supply from agricultural lands. In ancient times (and continuing to present times),
aeolian sand-dune incursion into the Supe Valley from constant northwesterly winds
from exposed beach flats in valleys south of the Supe Valley compromised Supe Valley
agricultural lands. Evidence of this transfer process in Late Archaic times is evident from
datable sand layers containing organic material noted in excavation test pits. Thus, beach
ridge formations and interior valley sand and flood slurry debris deposition layers from a
series of the ENSO events datable to the end of the Late Archaic Period in the Supe Valley
provide the basis for agricultural land shrinkage and the changes in the marine resource
base that played a major role in the collapse of coastal and valley societies in the Late
Archaic Period, as revealed in the subsequent chapters.

Many sites within the Supe Valley, with its ceremonial center at Caral, were based
upon the trade of marine resources from coastal sites exchanged with agricultural products
from valley interior sites [8-16]. Figure 1 details the location of the major Archaic Period
sites; Figure 2 details the existence time of major Supe Valley sites while Figure 3 provides
the architectural details the Caral site. A probable, but no longer existing, inner city canal
is implied from an excavated canal cross-section profile the existence of this early canal is
subject of further research as Caral excavations proceed. ENSO landscape disturbances
with no possibility of return to previous norms for the agricultural and marine resource
of the Supe Valley society of 18 sites (Figure 4) pose a probable reason for the valley site’s
abandonment after ~1600 BC and indicate that the dynamic landscape change, as a result
of the ENSO events, played a role in the collapse of Late Archaic Period sites in the Norte
Chico region of Peru.

Culebras

Huarmey

Pacific
Ocean

Figure 1. Site map of the coastal Norte Chico river valleys of Peru; the numbers represent major
Archaic Period sites. Site 4 is Caral within the Supe Valley. Site 3 is Aspero. The North direction is in
the vertical direction. The Chancay to Santa Valley distance is ~400 km.

The Norte Chico region of Peru is characterized by many Preceramic sites (Figure 1)
with different existence dates (Figure 2). Within the Supe Valley are many neighboring
individual sites to central Caral (Figures 3 and 4), characterized by complex social organiza-
tion and urban centers with monumental architecture dominated by truncated, stone-faced
pyramid structures of which Huaca Major is typical (Figure 5). The T-T and W-W date
band notations (Figure 2) refer to a climate anomaly period [17] influencing worldwide
oceanic current shifts with probable influence on the frequency and intensity of El Nifio
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events. As these changes occurred towards the end of the Late Archaic Period, some effect
on the study areas may be inferred, but further research is needed to track their specificity

to Pacific coastal areas.
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Figure 2. Time duration of the major preceramic sites in the Supe Valley shown in Figure 4 and
Appendix A.
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(B)

Figure 3. (A) Caral site map. Note the proposed internal site canal (red line) in the region between
the upper north and lower south areas based upon the canal profile data taken next to the Caral
excavation house in the Residential Area. (B) Continuation Excavated canal cross-section profiles
taken at the leftmost red-line canal extension Residential Area shown in Figure 3A thought to exist
between the upper and lower regions of Caral.

Figure 4. Site locations in the Supe Valley along the Rio Supe (site names given in Appendix A). The
site of Aspero is located on a coastal prominence west of Site 1. Length scale from Site 1 to site 18 is
~80 km.
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Figure 5. Caral Major Pyramid (Huaca Mejor)—location presented in Figure 3.

The earliest Preceramic societies from the northcentral coast of Peru developed a
cooperative economic model based on agricultural trade, irrigation agriculture, and the
exploitation of marine resources to sustain large populations in the Late Archaic Period [8].
The nearby sites associated with Caral in the Supe Valley formed a collective integrated
societal complex (Figure 4) participating in this exchange network. Coastal sites exploiting
marine resources (fish, shellfish and edible seaweed types) traded with inland sites for
agricultural and industrial crops, particularly cotton for fishing nets and lines, as well as
gourds for net floats. In the Supe Valley alone, 18 sites (Figure 4) evidenced the success of
this economic exchange system [8-16] over long time periods (Figure 2), which experienced,
and successfully survived, changes in environmental conditions brought about by Holocene
sea level stabilization, Peru Current establishment and the increased frequency of El Nifio
flood events [17-19]. Again, major flood events were the basis for sedimentary beach
ridge deposits inducing river drainage blockage, the creation of coastal marshlands behind
drainage barriers, valley water-table height elevation and changes and aggraded sand
sea formation behind and in front of beach ridges subject to aeolian sand transport and
deposition, all of which influenced the agricultural and marine resource base of valley
and coastal sites. Despite these challenges to the food resource base, societal continuity
prevailed through relocations of agricultural field systems from coastal to inner valley areas
over long time periods; only when ENSO events reached a level of severity without options
to continue the food supply base that was sufficient to supply an increasing population did
the coastal societies experience a challenge to their continuance.

The beach ridge dates on the north central Peruvian coast and their locations are
presented in Figure 6. Note that most of the earliest north central coast beach ridges appear
in the ~2000-1600 BC date range, an important period for major site landscape changes, as
discussed in the following sections.

Strong coastal winds were the source of aeolian sand dune transfer to interior Supe
Valley farming areas from the exposed beach flat areas, as noted by datable sand layers from
the excavation pits. The aeolian sand transfer to interior Supe Valley areas originated from
the vast sand seas in the Huara Valley south of the Supe Valley. Here, strong northwesterly
winds carried sand across the low mountains separating the two valleys, to be deposited
on the southern slopes and interior valley margins of the Supe Valley (Figure 7); this effect
continues to the present day. As the formation of a major beach ridge from a major ENSO
event is noted in the Late Archaic Period record, this initiates a chain of events that threaten
both the agricultural and marine resource bases of both coastal and interior valley sites.
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Figure 6. Beach ridge date ranges and locations along the coast of Peru. Band height ranges represent
date 10 values from the mean value; descending (blue) lines indicate beach ridges in a specific area
and their dates. Color bands reflect different information sources.

Figure 7. Aeolian sand deposits on the southern side of the Supe Valley produced from aeolian winds

from the southern Huara Valley.

As flood-induced sediment transfer into ocean currents and the formation of beach
ridge deposits are fluid mechanics phenomena, recourse to CFD FLOW-3D techniques [20]
provide an insight into the sediment formation and deposition processes involved during
major ENSO flood events.

To substantiate the CFD details of linear beach ridge formation, recourse to Google
Earth satellite photographs of an actual linear beach ridge formation created after a recent
major El Nifio flood event in the Supe Valley and adjacent valley areas was apparent.
The source of this new linear beach ridge on the north Peruvian coast within years after
the large 1982 El Nifio flood event then verifies that El Nifio floods were the origin of a
linear beach ridge formation over a relatively short time period. As beach ridge formation
dates (Figure 6) are contemporary with large flood sequences occurring in the Late Archaic
Period, the CFD analysis provides the rationale that fluid dynamics govern their formation
and the geometry behind their linear shape. The fact that later multiple ENSO events
occurring after an original beach ridge deposition event may influence dating results
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through deposition/removal of datable organic material is considered in Figure 6 to provide
the mean and one sigma deviation band for an original deposition event. As a major El
Nifo event leads to a singular deposition ridge, the time sequence of sequential deposition
events and the El Nifio flood event that caused them can then be determined.

Coastal progradation stemming from sediment accumulation behind the barrier beach
ridges is demonstrated by the C14 dating of different mollusk species known to occupy
different shallow-water depths; when different mollusk species are found far inland, this
indicates the coastline existing at that datable time (Daniel Sandweiss, personal communi-
cation). Figure 8 provides an example of shoreline littoral change over time related to the
ENSO-induced events, as indicated by the dates associated with waypoint test pits.

~WAYPOINT 48
s 4800*?0 BP

z
B WAYPOINT 47

B

Figure 8. Shoreline changes over time in the area south of the Supe Valley. The dates measured from
marine mollusk analysis indicate the variability of the shoreline shape due to ENSO sediment deposi-
tion/scouring events over time. (Figure courtesy of Daniel Sandweiss, personal communication).

The geophysical landscape changes affecting the agricultural and marine resource
base of Late Archaic societies played a catalytic role in the fate of many Late Archaic Period
sites. While research continues into the social, political and economic structure of Late
Archaic Period sites and their response to climate change environmental stress to determine
the details of societal structure modification [21-28], the present discussion focuses on
the underlying fluid dynamics of beach ridge formation and the consequences of induced
geophysical changes by flood and aeolian sand transfer events that affected the agricultural
and marine resource base of Late Archaic Period sites.

3. The Supe Valley Caral Site

From previous research studies [29-36], it was recognized that complex societies based
on irrigation agriculture and marine resource collection arose during the Late Archaic
Period on the desert coast of north central Peru (Figures 1 and 4). Labor groups built monu-
mental structures of increasing size and complexity indicating the development of societal
structural change with the evolution of a governing managerial class to direct construction
projects involving consensual communal labor participation and organization. The earliest
Norte Chico region platform constructions contained restricted access rooms [32], indicating
some degree of social differentiation [21]. Recent research by Shady and associates [8-15] in
the Supe Valley [30-33] demonstrated that this early cultural florescence took place in other
north central coast valleys and grew to a size and complexity not previously recognized
by earlier researchers. Recent research indicates that Late Archaic Period temples of the
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north central coast were abandoned by ~1800 cal BC [9,13-15,32-34,36,37], as indicated in
Figure 2. Past this period, the Norte Chico region was never again a center for cultural
florescence, although a small number of Formative and Initial Period agricultural sites in
mid-Peruvian valleys temporarily reoccupied a few of the previously abandoned sites [36].
Several sites at the margins of the northcentral coast originated towards the end of the Late
Archaic Period, with sites at El Paraiso in the Chillén Valley to the south and Las Salinas de
Chao to the north, and survived hundreds of years well into the Formative/Initial Period
as preceramic sites.

For the present analysis, the discussion is focused on Caral in the Supe Valley. The
site is located 182 km north of Lima and 24 km inland from the city of Haucho on the
central Peruvian coast (Figure 1). Figure 3 indicates major building complexes at Caral.
A foundation element for the concentration of Supe Valley sites was an abundance of
water for agriculture to support the valley population. Since coastal rainfall is limited
to a few centimeters per year, Supe Valley water for agriculture was mainly supplied by
springs originating from valley bottomland areas sourced by seepage water transferred
from Sierra lakes and man-made reservoirs through valley geologic faults augmented by
aquifer seepage from the Supe River; such systems are designated amunas (sierra runoff
capture-pits and reservoirs to augment the valley groundwater supply). An additional
water source amplification of the valley groundwater level originated from canalized
lagoons and water reservoirs that formed in low-valley bottomland areas that penetrated
the groundwater level (Figures 9-11). These reservoirs, created from penetration of valley
depression areas, had irrigation canals to lower valley areas to permit multiple-cropping to
sustain valley population increases. As the near-surface water-table surface varies about
one meter from the wet to dry seasons, many springs were canalized to irrigate specific
bottomland agricultural areas devoted to specialty crops, including varieties of beans,
squash and maize types, as well as many fruit varieties and industrial crops, such as cotton
and gourds.

Figure 9. Typical interior Supe Valley pool derived from low-valley areas intersecting the high water table.
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Figure 11. Major reservoir interior to the Supe Valley derived from groundwater penetration into a
low-lying area.

As the water-table height was sustained close to a permanent level, valley-bottom field
systems (Figure 12) permitted multi-cropping to occur throughout the year. Other archaic
Norte Chico valley sites (in the Nepefia Valley in particular) were likewise associated with
functional springs and large dams traversing upland valley gullies to trap rainfall runoff
water to provide off-season irrigation water for crops supplied only by canals emanating
from intermittent river water sources. The typical reservoirs shown in Figures 9-11 are of
ancient origin and are still in use today to support extensive valley agriculture.
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Figure 12. Supe Valley bottomlands below the southern elevated plateau that situates Caral and other
sites shown in Figure 3. The Supe River separates current northern and southern agricultural fields.

4. Early Canal Development in the Supe Valley

Figure 12 indicates the current Supe Valley bottomlands and irrigated areas served by
high water-table agriculture and canals originating from springs and reservoirs located on
valley bottomlands. The Ramped Canal of the Late Archaic Period age was constructed
on the upper plateau sidewall (Figures 3, 12 and 13) that transported water from a Supe
River inlet (Figure 14) to the western part of Caral and further on to the inland site of
Chupacigarro on a channel built on top of a ramped mounded aqueduct structure. The
careful surveying associated with the ramped portion of the canal and its continuance over
many kilometers to the Chupacigarro site is notable, given its estimated early provenience
at ~2500 BC. This canal system is one of the oldest aqueduct canals yet discovered in Peru
and is notable for its length and low channel declination angle. Figure 15 indicates the
totality of canal systems in the Caral plateau area.

Figure 15 indicates that the Ramped Canal extension was the water source for the
canals on the Caral plateau as well as the water source for the older Chupacigarro site
(Figure 4). Figure 16 shows the Ramped Canal path leading to the inland Chupacigarro
site now largely buried by drifting sand. The Figure 3 Continuation shows the canal
cross-section profiles located near the Supe Valley project excavation house Residential
Area; although the source of water for the different canal cross sections remains to be
determined by further excavation, it is likely that the water source is from a branch canal
from a Ramped Canal extension that supplied an early transverse ‘red line’ canal running
laterally across Caral as indicated in Figure 3. Presently, a large erosion gully divides the
north upper and south lower areas of Caral so traces of an earlier transverse canal segment
are no longer present to extend the data obtained from the cross-sectional profiles shown
in Figure 3 Continuation. Figure 16 shows the remains of the Ramped Canal extension
to the Chupacigarro site now buried in sand; traces of its path are evident from a filled
earth upstream aqueduct supporting the canal that have been recently excavated. The Supe
Valley had (and still has) the advantage of a continuous water supply to source agriculture
throughout the year, while adjacent Late Archaic Forteleza, Pativilca and Huara Valley sites
only had access to intermittent rainy season runoff for canal irrigation.
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Figure 13. The plateau edge above the steep embankment leading from valley bottomlands to the
plateau. Along the embankment (now hidden by brush) is the Ramped Canal indicated in Figure 3,
leading to the early Chupacigarro interior valley site indicated in Figure 15.

Figure 14. Interior channel from upper reaches of the Supe River leading river water to valley bottom
agricultural and reservoir areas.
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Figure 15. Path of the Ramped Canal to the Chupacigarro site. Current agricultural (brown and black)
areas extend to both sides of the Supe River. Figure 14 and the current figure show the canal inlet (A)
located in the far upstream reaches of the Supe River. The notation B denotes Early Formative Period
sites; C and D canals supplied the early site of Chupacigarro located at (red) F. The E and G locations
are modern in-use bottomland fields irrigated by high groundwater levels.

Figure 16. Trace of the canal leading to the Chupacigarro site.

5. Late Archaic Period Climate Change Evolution

Excavation data from Caral [8-15] indicates that marine products transferred from
coastal sites were plentiful at interior valley sites, as evidenced by large marine shell and
fish bone deposits at locations within Caral. Gourds and cotton grown at interior Supe
Valley sites were traded and used for fishing nets and lines at coastal sites indicating that
cooperative trade underwrote the valley’s economic base. Ancient Supe Valley farming
products within coastal valleys included guayaba (psidium guajava), pacae (inga feuillei),
achira (canna edulis) as well as avocado, beans, squash, sweet potato, maize varieties
and peanuts, attesting to the wide variety of comestibles available for coastal trade. The
identification of agricultural products results from current seed-extraction analyses. The
key to the importance of Caral and subsidiary Supe Valley sites is that they comprise
the earliest New World example of an integrated valley economic unit deriving benefits
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from valley bottomland spring-sourced canalized irrigation systems, a plateau agricultural
ramped canal system (Figure 15) and amuna groundwater-level water supply systems for
agriculture. This, together with multiple stone-faced pyramid structures within a complex
city architectural environment (Figure 3) originating in and past ~2500 BC, designates Caral
the place in history as the first city of ancient Peru. The Late Archaic Supe Valley inland
and coastal sites initiated and characterized by complex societal development would have
developed further complexity, perhaps up to state level for the Norte Chico sites, were
it not interrupted by large-scale ENSO environmental-change effects in later phases of
its existence.

6. Sea-Level Stabilization, El Nifio Floods and Beach Ridges

Sea-level stabilization between 6000 and 7000 cal BP set the stage for Late Archaic
Period developments [5,19]. The onset of El Nifio rains about 5800 cal BP after a mid-
Holocene hiatus had implications for the social processes that found expression in the
temple centers of Supe and the surrounding valleys [4,5,18,19]. By ~1500 BC, several prece-
ramic north central coast sites were abandoned (Figure 2), suggesting a common influence
of a large-scale environmental change affecting all areas of the Peruvian northcentral coast.
Prior to ~1800 BC, the agricultural and marine resource base developed over time in a
relatively stable climate period. Accretion processes influencing the geomorphology of the
Peruvian north central coast littoral and inland valleys were determined by the deposition
of large sediment loads originating from El Nifio flood events interacting with oceanic
and wave-induced near-shoreline northward flowing currents, together with major aeo-
lian sand incursion events from beach flat areas and wind-borne sand from the southern
Huanca Valley; these effects challenged the continuity of the Supe Valley sites. In the
later phases of the Late Archaic Period sites, around ~1800 BC, significant changes in the
geophysical environment were brought about by a major ENSO flood event and amplified
aeolian sand transfer into the interior valley lands, this challenged the continuity of the
valley agricultural and marine resource base. Sediment transport and offshore sediment
deposition patterns into the Pacific offshore seabed depend upon El Nifio flood magnitude,
rainfall duration and spatial distribution, valley landscape geometry, landscape soil types,
sediment and slurry physical properties, seabed shelf angle, coastal uplift/subsidence
and geometric details of river channels and watershed collection areas. Flood sediment
load is influenced by earthquake activity that produces large quantities of loose surface
material available for runoff transport. Large rainfall events cause changes in the equilib-
rium profiles of drainages affecting sedimentation and drainage patterns that influence the
amount of flood-transported sediment and the formation of offshore sediment deposits
in the form of beach ridges. Sediment transfer processes result not only from El Nifio
flood events, but also from rivers that flood during rainy seasons from high Sierra rainfall
runoff and carry sediment into ocean currents and/or deposit sediments behind beach
ridges which served as barriers to river drainage into ocean currents. North of 9° S, the
continental shelf abruptly widens, and extensive beach ridge plains exist, formed from
sediment deposits that trail north from the largest rivers of Peru, which are the Santa, Piura,
Chira, and Tumbes rivers. Beach ridges formed from flood sediment slurry deposits are
present at Colan, where El Nifio rains have eroded an uplifted marine terrace [3,37]. All
the northern beach ridge plains originally consisted of eight to nine separate beach ridges,
and each plain formed well after late Holocene sea-level stabilization. The beach ridge
sequence indicates that the furthest ridge away from the current shoreline formed from
the earliest flood event that also altered the coastline shape before the beach ridge. A later
flood event acting on the earlier altered coastline littoral, deposited a further beach ridge
closer to the shoreline with a further slurry deposit addition ahead of the latest ridge to
alter the shoreline littoral. Now there is influence of the later flood event and beach ridge
formation on the earlier beach ridge due to erosion and deposition activity to further bury
it with later slurry and sand deposits. As later flood events occur, a progression of beach
ridges forms together with deposition increments to add to the shoreline. Beach ridge
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sequences occurring over time continue to modify and add to coastline extension. This
process, when subject to CFD analysis in a later chapter, indicates that this sequence of
events can be recreated through fluid dynamics analysis.

South of latitude 9° S, where the continental shelf is narrower and the seabed angle
steeper [35], Figure 6 shows dated beach ridge formations from a 4.8° to 12.0° south latitude
on coastal Peru. The earliest beach ridge dates are from Chira, Piura and Santa coastlines,
while the remaining dates are for beach ridges at Salinas de Huacho and El Paraiso, and
are shown with their latitude positions in Figure 6. The earliest beach ridges appear at far
southern latitudes at 4.8° S, with later ridges occurring to the north. This trend implies that
early El Nifio activity as a source of deposition material was prevalent after ~5500 BC (but
not earlier), consistent with late Holocene sea-level stabilization.

As the shoreline transgressed during post-glacial sea-level rise, prograding beach
ridge plains could not form. Subsequent sediment deposits from aeolian sand transfer,
intermittent flood and oceanic current sources and silt entrained in farming drainage runoff
over millennia promoted bay infilling to constitute the present day shoreline. Only with
the relatively stable sea level of the last 6000 years could beach ridge plains form and alter
landscape geomorphology and littoral resource suites along the coast. Sea-level stabilization
is linked to climate change in the Pacific Basin, with El Nifio events starting after a hiatus
of about three millennia [5,19], during which northern Peru was characterized by annual
warming and a fishery composition absent of small schooling fish, such as anchovy and
sardine. With ecological changes accompanying the northward extension of the Peru
Current at the start of the Late Archaic Period, small fish species began to dominate the
fishery, calling for different capture strategies that required intensive production of cotton
nets, fishing lines and gourd floats consistent with cotton dominant among domesticated
plant assemblages in all the Late Archaic coastal centers [1,9-12]. The founding dates of
Aspero, Vichama and Bandurria on the shoreline of north central coast valleys preceded
dates of the inland Late Preceramic temple centers [32], suggesting that access to irrigated
agricultural lands was linked to intensified production of cotton and gourds and was key
to the integrated economic model existing in the north central coast area.

7. Geophysical Origins of Beach Ridge Formation

Various types of beach ridges observed at different locations along the Peruvian
coastline (Figures 17 and 18) result from the complex interaction of river-borne El Nifio
flood sediments with oceanic and wave action currents to produce beach ridge sequences.
Figures 19 and 20 illustrate inland deposition layers originating from the same events.

Post-sea-level stabilization, sediments and aeolian sand transfer began to accumu-
late west of the Quaternary sea cliff that marks the back of the original Supe Bay and
the smaller Albufero and Medio Mundo inlets to the south and the Paraiso Bay, south of
Huacho. In time, narrow beach ridges developed from a series of ENSO events inducing
sand accumulation behind each ridge; this period was followed by stable progradation
that buried each minor ridge by aeolian sand transfer and dune formation. In about ~1800
BC, a major ENSO event created the large Medio Mundo beach ridge along ~114 km of
coastline sealing off former fishing and shellfish gathering bays. This event created large
scale sand flats that accumulated behind beach ridges and promoted the large-scale aeolian
sand dune inundation of coastal plains and inland valley areas compromising a significant
part of the agricultural base of the Supe Valley society. The coastline geomorphic change
affecting the marine resource base of Norte Chico societies was affected by a combination
of flood sediment accumulations amplified by aeolian sand transfer processes that infilled
previously established fishing and shellfish gathering areas. Although river-borne sediment
constitutes a major source of slurry transport during flood events, additional opportunistic
drainage paths originate from areas between river valleys to provide addition sediments to
ocean currents. Again, many north central coast preceramic sites terminated occupation by
~1800 BC, suggesting that a major geophysical change over a wide coastal area compro-
mised their economic base, thus, the importance of understanding the geophysics of beach
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ridge formation and its consequences on the agricultural base of archaic societies. The
abandonment of major preceramic sites, with limited Formative Period reoccupation of a
limited number of former sites, motivates the discussion to follow as to what these changes
were to the economic base of archaic societies and their relation to beach ridge formation.

Figure 17. A linear beach ridge deposit along the Peru coastline resulting from an El Nifo flood
event. Note the marsh region behind the ridge resulting from the ridge blocking rainfall, river amuna
discharge. The origin of such deposition events in history (Figure 6) is detailed in the next section.

Figure 18. A further early coastal ancient linear beach ridge, now partially covered by aeolian sand
drifts; further stranded beach ridges are to be found closer to the shoreline resulting from later El
Nifo flood events. Ongoing tectonic uplift helps to strand and separate a sequence of beach ridges.
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Figure 20. Interior Supe Valley silt and sand deposition layers from sequential El Nifio flood events
and aeolian sand transport.

Tectonic coastal uplift rate differences from north to south latitudes influence beach
ridge typology. A significant uplift rate may strand and separate sequent ridges from
individual flood events, while, in the absence of uplift, single subsea ridges form and
sediment deposits accreting landward from the ridge appear to strand a ridge above the
land /water interface. Additionally, offshore undersea ridge formation may alter the deposi-
tion history of subsequent later ridges by altering seabed shape, river mouth geometry and
river positional shifts. Later flood events may also erode and erase previously deposited
ridges, and aeolian sand incursion may bury segments of earlier ridges; all these factors,
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operational over millennia, influence the remains of ridges. The relation between flood
events, beach ridge formation and agricultural landscape change, as demonstrated by CFD
computer-modeling results, are subsequently detailed to illustrate their connectivity to
provide the basis for conclusions supporting the observed geophysical transformations of
Supe Valley agricultural and littoral areas in Late Archaic times.

To illustrate the fluid mechanics basis of ridge formation, a three-dimensional com-
puter model of the Peruvian coast from Santa to Viru Valleys was created (Figure 21) using
FLOW-3D software [20]. The minor intermediate Chao Valley drainage between the Santa
and Viru Valleys was omitted from the CFD model, due to its minor effect on the beach
ridge formation compared to the major Santa and Viru river drainages. The intent of the
CFD calculations are to show the fluid mechanics transformation of flood slurry movement
into ocean currents during an El Nifo event that can produce an extensive linear beach
ridge; this linear beach ridge formation is unexpected and, intuitively, one may not asso-
ciate a chaotic flood event and chaotic slurry transport into ocean currents as the source
producing a linear beach ridge structure.

Viru River

Santa River

Figure 21. FLOW-3D CFD model of the Peruvian coastline from the Santa to Viru Rivers. The Benthic
Zone is the Pacific Ocean; the arrows originating from the Santa and Viru River Valleys represent E1
Nino flood sediment transfer paths into the Pacific Ocean and offshore arrows denote the direction of
the northward Peru Current and the shoreline drift current.

The use of a CFD model is made to demonstrate how fluid dynamics can duplicate
observed geophysical events that occur during a major El Nifio flood event. Details
from the CFD analysis can uncover the geophysics behind field observations and help to
understand nature’s role in the formation of deposition and erosive landscape structures
observed in field studies. The CFD model area in Figure 21 was selected due the availability
of data [4,6,7] in the Santa-Viru coastal zone that allows for the qualitative verification
of modeling results compared to field observations. It is expected that the CFD results
obtained on beach ridge formation in the Santa—Viru coastal area are qualitatively similar
to the ridge development in the nearby Supe Valley coastal area, given that the same
fluid mechanics-based geophysics applies. Shown in the Figure 21 CFD model are the
sloped offshore seabed and coastal land areas, with southern Santa and northern Viru River
Valleys providing known data as to beach ridge formation from an El Nifio flood event
where sediment conduits to the ocean current are the source of beach ridge formation.
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During a major flood event, slurry material from the eroding landscape is transported into
local rivers and conducted into ocean currents. The interactive geophysics of the slurry
interaction with ocean currents and the settling of the slurry to form a beach ridge is then
predicted by CFD analysis. Inherent to the CFD analysis are the details of the formation
of landscape change from erosion/deposition events as well as beach ridge formation
processes; while field observations only record the results of flood events, CFD analysis
provides the fluid dynamics mechanisms behind their creation.

The composition of flood-transported slurry material is drawn from the size, gradation,
cohesivity and stratification of erodible bank sediments over the coast-to-mountain area
watershed and surface material washed into the streambed. Profiling a selection of beach
ridge cores provided an indication of the percentage by weight of different-sized sediment
particles. High concentrations of large-sized particles (gravel and small boulders) in the
wash load damp slurry turbulence, increase the apparent viscosity of the slurry flow and
reduce their settling slurry velocity, enabling the early settlement of coarser grains and a
larger bed-material load compared to finer grade slurry material. While only river-borne
sediment transfer is considered for CFD model purposes, additional opportunistic drainage
channels and ephemeral streams develop during flood events, leading to sediment transfer
to lower coastal areas that contribute additional sediment to ridge formation/accretion
processes and landscape change.

A two-fluid CFD model represents slurry sediment-ocean mixing interaction. Fluid 1
is ocean water characterized by kinematic viscosity v; and density py; Fluid 2 is sediment-
laden flood water slurry characterized by high values of kinematic viscosity v, and density
p2 compared to ocean water. Here, v = 1/p, where p is the absolute viscosity. Depending
on the sediment load of the floodwater, v,/v; can range from 1 (no river-borne flood
sediment) to 10% (heavy river-borne sediment loads with very high absolute viscosity).

For purposes of demonstrating the fluid dynamics phenomena involved, a selection of
input properties typical of observed sediment composition is presented. Due to local
variations in sediment composition, only a generic, illustrative slurry composition is
presented that is typical of the conditions in the area of study. Model river-current velocity
is set to a value to induce riverbed erosion and sediment transport mobility. For silt
(<0.001 mm diameter, ~15% by weight), sand (0.1 mm diameter, ~30% by weight), gravel
(0.1 to 5 mm diameter, ~35% by weight) and an assortment of rock-particle sizes (5 mm
to 100 mm diameter, ~20% by weight) composing the sediment solids, estimates of both
properties and critical mobility stress levels are provided by [2,38—42] to substantiate
the typical vy /vy values used in the CFD simulation. The northward offshore current
velocity is set low to represent near cessation during El Nifio events. A near-shoreline,
northward drift current is induced from the difference between the incoming wave vector
angle and a normal vector to the shoreline. The model sea level is set to the stabilized
~5000 BC level. By using model length scales (model area is ~1035 km?) and slurry velocity
ranges approximating actual values, Reynolds and Froude numbers are duplicated, and
the computer time is equal to the real beach ridge formation time. The results provide
a lower-bound time to determine the flood duration required to deposit beach ridges of
known sizes and volumes. Note that the early Quaternary version of the shoreline consisted
of deep river-downcut bays consistent with the lower sea level, and that wave-cut bluffs
(now inland from the present-day accreted shoreline) resulted from rising sea levels, the
subsequent deposition of sediment over millennia is from floods, river, and aeolian sand
transport that served to infill this landscape. The present computer model is qualitatively
representative of an intermediate stage in this landscape transition process during a flood
event. The results of the CFD computations then represent the early stage of beach ridge
formation: subsequent millennia of accretion and erosive effects then serve to represent
current day observed shoreline patterns.

The results of Santa—Viru coastal zone simulation are subsequently summarized.
This zone has a well-documented ridge sequence [4,6,7] and is used to test computer
predictions with observed geomorphic features that have survived from early creation
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stages to present-day stages. Figure 22 shows the initial offshore sediment deposition
density distribution from a single, large El Nifio flood pulse concentrated in the Santa—Viru
Valley area; the density scale ranges from 1.94 slugs/ ft3 (1000 kg/ m?) for seawater to
5.40 slugs/ft3 (2783 kg/m?3) for heavy flood slurry. For a lower-limit slurry grain size
of 0.01 mm, erosion, transport and entrainment are maintained from 0.001 to >10 m/s
velocity; for a grain size of 10-100 mm, erosion, transport and entrainment are maintained
for >1.0 m/s velocity [2,42]. On this basis, a river near-surface velocity is assumed to be
~1.0m/s, for purposes of demonstrating the sediment-ocean current mixing and deposition
process by CFD simulation. Since slurries of the type encountered in flood debris are highly
non-Newtonian power law fluids, shear thickening with an increasing shear rate is expected.
Here, a higher apparent viscosity applies, and the kinematic viscosity proposed is used for
purposes of the demonstration problem. An observation made of highly viscous slurry
motion in river valleys during the catastrophic El Nifio flood event in 1982 during my
stay on the Peruvian north coast gives credence to the slow slurry velocity used in CFD
calculations. Although the velocity profile for Newtonian, viscous channel flow can vary
from that determined for non-Newtonian slurries [40], for the present demonstration
problem, the slurry is assumed to have a constant absolute viscosity, rather than a shear
rate dependent value. The offshore Peru Current velocity is approximated to be ~5 cm/s
and the coastal drift current is ~3-5 cm/s, with local drift velocity values computed based
upon the geometry of the coastline (Daniel Sandweiss, personal communication). The
elapsed time is ~35 hour of continuous El Nifio flood activity, with v, /vy = 10° indicating a
high absolute viscosity, heavy sediment load carried by the flood currents. The offshore
average seabed slope is ~0.15° from horizontal for the Santa—Viru north central coast area;
the offshore seabed slopes after 3800 BC are estimated from Barrera [35] Figure 11 and
Pulgar Vidal [40], as well as the values for oceanic current velocity.

(y multiplied by 1X10™)

-1.6742 0.9129
x (x 1x10™)

Figure 22. Offshore deposit of sediments. The right hand scale represents sediment density in
slugs/ft® as described in the text; ocean water has the 1.94 slug/ft> scale representation. Intermediate
scale values represent the mixing of flood derived slurry with the ocean current.

Figure 22 indicates the formation of a long sediment deposit beach ridge on the
coastline; the scale shades represent the mixture density of seawater and the initial flood
slurry density emanating from the rivers. Notable is the early deposit of (green) heavy
materials and the further offshore deposit of lighter (yellow-orange) slurry component
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materials. The northward current, together with the near-shore drift current, enhances the
northward deposition of the sediment. The predicted high density, larger size sediment
compositions appear along the ridge length, as observed from field studies [4], while the
transport and sorting of sediment fines continues in time from wave-induced drift currents.
For steeper seabed angles, the formation of a close-in ridge deposit to the shoreline occurs;
here, a steeper seabed angle results in a greater sea depth closer to the shoreline and, as
resistance to a sediment particle’s forward motion is related to the hydrostatic pressure
encountered on its front projected area (in addition to viscous drag and dynamic pressure
effects), sediment deposition occurs more rapidly for steeper benthic seabed angles.

A velocity vector plot (Figure 23) shows that the out-rushing sediment stream creates a
flow reversal pattern when encountering ocean and shoreline currents, leading to deposits
of lighter sediments back towards the shoreline where low drift velocities prevail. The
‘U-turn’ of the sediment stream is consistent with the path of least resistance of small
and intermediate sizes, low-inertia sediment particles that alter the direction away from
the increased hydrostatic pressure resistance encountered further from the shoreline. As
offshore Peru and drift current directions are not aligned, the agitation and transport of
the deposited fines cause a gradual northward ridge extension over time. Of interest is
the disturbance of the ocean current both near and far offshore by the river borne slurry
injection as well as currents that show northward flows from the river mouth that influence
sediment deposition far north of the river mouth. The CFD calculation results provide a
qualitative relation between an El Nifio flood event and details of ridge formation: floods
with large sediment loads can produce extensive near-shoreline subsea deposits whose
size depends upon flood duration and amount/type of sediment available for transport by
ocean and drift currents.

For Figure 22, the density of the slurry stream is 5.2 times that of ocean water. Many
beach ridges observed in the Santa—Viru sequence are composite, indicating large accu-
mulations from multiple, closely-spaced-in-time flood events; where aggraded sediment
material separates ridges, a longer time interval had occurred between major flood events:
the use of C14 dating on organic material within the ridges then present the dating of ENSO
flood events. Beach ridges contain mollusk shell material indicative of seabed sediments
being agitated and entrained during flood events. Once the ridges are stranded on land
by surrounding aggraded material, later flood events create new subsea deposits that
accrete material to create the ridge sequence noted in the Santa-Viru coastal area, where
shallow seabed angles prevail (Figures 23 and 24 illustrates this occurrence). South of this
zone, where steeper seabed angles prevail, a composite, a unitary ridge type is predicted.
Situations occur in which loose surface sediment is minimal and/or the surface runoff
water velocity too low to carry or erode sediment, so that ridge formation is minimal or
absent during lower-magnitude flood events.

Figure 24 shows what happens when a later flood event occurs after an earlier beach
ridge deposit. Trace sediment deposits occur seaward and inward from the earlier main
ridge; this trace ridge alters the river outlet shape and influences river discharge patterns
(Figures 22, 24 and 25), as well as altering the local seabed slope from the settled sediment,
all of which alter conditions under which subsequent ridges form. In Figure 24, a trace
subsea ridge (yellow-brown) was formed close to the shoreline behind a (grey) ridge formed
from a prior flood event. The inner sediment deposit is the source of bay infilling and
marsh creation from rainfall, river deposits and later flood events. The outer sediment
deposit is the source of coastline shape alteration from sediment deposits. A sequence
of distinct ridges form from later flood events that gradually accrete sediment between
them to both form a ridge sequence typical of that observed in the Santa—Viru area together
with alteration of the coastline shape. Based on the observations of the Santa—Viru ridge
sequence formed from datable multiple flood events, computer predictions provide the
underlying fluid mechanics mechanism to explain ridge formation and their observed
orientation, shape, width and composite nature. From Figure 24, previous flood deposition
events affect and influence both the inland and offshore deposition history of later flood

51



Water 2022, 14, 1403

events that contribute to shoreline growth and shape change as well as river mouth shape.
This effect is manifest in Figures 17 and 18 which show inland beach ridges buried by sand
aeolian sand deposits and many flood erosion events millennia after their creation.

Figure 23. Velocity vector plot indicating turbulent flow at the Supe River outlet indicating the source
of differential particle size sediment settling. Velocity scale is in ft/s; length scale is in km.

Time Frame: 59.980 FLUID DENSITY (slugs/cu.ft)

5.965
5.294
4.623
3.953
3.282
2.611
1.940

Figure 24. CFD calculated sediment deposition history of a later El Nifo flood event interacting with
the sediment deposit from an earlier flood deposit event (offshore grey bar ridge area). Note the
formation of a water-laden backfilled marsh area between the shoreline and the beach ridge.
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Figure 25. Flood slurry deposition: f = 1 is the ocean water, f = 0 is the flood slurry. Intermediate f
values represent the slurry/ocean water mixture. Note the formation of a linear offshore beach ridge
from the slurry deposition close to the shoreline as dependent on the ocean bottom slope. Length
scale in km.

Figure 25 represents a case in which the seabed slope in the Supe Valley area from
the Huara to Forteleza Valleys is steeper than that for the Santa—Viru calculations shown
in Figure 22. Figure 26 how a flood deposition event alters the coastline shape deposition
event—this is the fluid mechanics version that underlies coastal shape changes shown in
Figure 8. The results indicate ridge deposition closer to the coastline, owing to the higher
hydrostatic pressure close to the shoreline encountered by low-mass, low-inertia sediment
particles; here higher-pressure drag resistance leads to rapid particle settling closer to the
shoreline. Subsequent flood events combine to produce a unitary, composite, multi-layered
ridge, which is continually reworked and redistributed as currents shift deposits and extend
the deposition length.

It is noted that, although many of the above results shown apply to the Santa to Viru
Valley coastal area, the results show that large beach ridges well over 50 miles in length can
be generated by major El Nifio flood events that involve large portions of the Peru coastline
over the length scale of the CFD model. The Santa to Viru Valley distance of ~100 km is
on the order of the Pativilca-Supe—-Huara Valley distance and, typically, major El Nifio
flood events cover very large portions of the Peru coastline. CFD results applied to similar
coastline areas can generate a lengthy beach ridge during a major El Nifio flood event, as
such events share the same hydrological physics.

Figure 27 is a Google satellite view of the present Supe Valley coastline, indicating a
portion of the Medio Mundo beach ridge that created a marsh area from the Supe River
blockage. The CFD model counterpart is Figure 24 that indicates a similar marsh area
behind an established beach ridge.
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Figure 26. Later El Nifio flood events creating a deposition sediment area behind an established beach
ridge; the infilling phenomenon infills bays and creates marsh areas behind previously established
beach ridges as well as extensions of previous shorelines, as the Figure 26 CFD model demonstrates.

Figure 27. Google Earth satellite photograph of a part of the Medio Mundo beach ridge and infilled
marsh area behind the ridge in the Supe Valley coastal area that limits river flows to the ocean.
A ridge of this magnitude results from a catastrophic El Nifio event (or closely spaced events) and
subsequently alters the deposition placement of subsequent El Nino-derived beach ridge placements
in different sections of the Peru coastline.

The Figure 26 CFD result represents a case in which an existing offshore submerged
sediment ridge allows sediment infilling of a previously existing bay area from a flood
event. For this case, the previously existing marine resource base consisting of shellfish
and sardine and anchovy net gathering no longer exists, forcing fish gathering at greater
offshore distances to sustain the protein food-supply base. As this food-supply change
takes time to develop an equal marine base resource to previous values, a major flood
event has immediate consequences to sustain the large population of inland sites. Once
the beach ridge deposits are in place, the accretion of sediment from later flood, river
and aeolian sand transport events leads to the gradual infilling of the shoreline littoral.
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That the aeolian sand transfer from the southern Huara Valley was also a continual threat
to Caral’s city environment was demonstrated by the multiple stone wall capture sand
barriers constructed in open inland areas south of Caral (Figures 28-30).

Figure 28. A further stone wall aeolian sand transfer barrier placed at the Ostra base camp to the
north of the Santa Valley; such defenses were typical of preceramic societies in the north central coast.

Figure 29. Further stone wall aeolian sand barrier closest to Caral city limits.

CFD-generated Figures 24 and 26 detail the effects of a later flood event that superim-
posed sediment deposits upon a previously established subsea ridge with results specific to
shallow seabed angles. Shown in Figure 25 are the fluid fraction results: f = 1.0 represents
ocean water, f = 0.0 represents the sediment slurry stream and intermediate f values indicate
slurry—ocean water mixture states. Sediment deposits on top of, and on each side of, the
original subsea ridge provide the barrier mechanism for accretion of inland sand and
flood deposits. A trace ridge accumulates seaward of the main sediment ridge and affects
subsequent ridge development as the sea bottom geometry has been altered together with
the river discharge outlet geometry. This result, when repeated for multiple flood events,
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qualitatively demonstrates how sand and flood sediment accumulates inland and behind
(and to a lesser degree, in front of) a beach ridge by multiple flood, river, canal drainage,
and aeolian sand/fines transport. Such changes in the seabed geometry from multiple
ENSO events alter the composition of fish species available, as well as the availability of
shellfish types that can only exist at certain water depths.

Figure 30. Furthest stone wall aeolian sand barrier. The barrier sequence represents efforts to limit
sand inundation into urban Caral.

The current research [36] demonstrates the time change in marine-resource dietary
patterns derived from beach ridge formations originating from ENSO events occurring over
along time period on the Peruvian shoreline. Here, the cumulative effect of ridge formations
proceeding seaward on the seabed from sequential ENSO events gradually infills bays
(Figures 24, 26 and 27) and creates a changed marine environment, accommodating different
fish species and shellfish types over time. For a major ENSO event, such as that which
occurred in the Supe Valley area in the Late Archaic Period, adaptation to a changed marine
environment, coupled with induced changes in the valley agricultural environment from
coastal zones to limited inland valley bottomlands, eventually led to limitation in the areas
in which general agriculture products and certain agricultural varieties could be grown. As
each coastal valley had different soil types and landscape geometries, it is expected that the
effect of a major ENSO flood event would have different effects on different valleys and
affect local sources of food supply.

The composition of beach ridges depends on the soil composition of individual valleys;
due to the northward ocean current carrying of dilute slurry materials, beach ridges
occasionally contain a mixture of flood sediments from adjacent southern valleys. In certain
cases, beach ridges subject to current analysis ~4600 years after their formation may have
continuity gaps, due to millennia of landscape erosion and deposition events.

When a mega El Nifio flood simultaneously affects multiple river valleys with a steep
offshore seabed slope, sediment fields coalesce to form a large unitary ridge spanning the
coastline typical of the ~100 km long Medio Mundo ridge observed to span the littoral
of five north central coast river valleys. A result of prograding processes behind ridge
barriers results in the formation of brackish water lagoons and marshes, such as those
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observed at the Supe Valley river mouth that represent the physical reality of the CFD
prediction. Figure 27 shows a Medio Mundo beach ridge segment and the marsh area that,
prior to a major ENSO event, was a large part the agricultural area for the Archaic Period
coastal site of Aspero [35], whose existence from ~3600 to 2400 BC is noted in Figure 2.
After ~2400 BC, new interior Supe Valley sites proliferated, as additional highland rainfall
supplied amuna water transfer to the Supe Valley served to elevate the groundwater level
and permit extensive interior valley-bottom agriculture [3,35]. As ~1600 BC was the start
of major ENSO events [19,37], as noted in Figure 2, it is likely that a major flood event (or
sequence of events) negatively influenced nearby coastal agricultural field systems.

To date, the continuous extent of the Medio Mundo beach ridge is not available due to
millennia of erosion/deposition events compromising sections of the beach ridge; given
its relation to the demise of Preceramic Archaic Period sites in the 1600 BC time period
due to a major El Nino event (or events), its approximate formation date is on the order of
1600 BC. However, a more reliable estimate of its formation date can be made by examining
the broader history of beach ridges along the northern coast of Peru (Figure 6). The Medio
Mundo beach ridge could not have been deposited prior to sea-level stabilization, so it
is younger than ~6000 cal BP. Given the ridge-forming processes identified in the region,
El Nifio floods were active for Medio Mundo to form; this provides a maximum limiting
date of 5800 cal BP. Furthermore, rains associated with El Nifio events are attenuated to
the south. Given these formation date limits, the northernmost dated beach ridge plain
(Chira and Colan) began forming ridges earlier than the ridge plains further south. The
available dates place the origin these ridges between about 5000 and 5200 cal BP [37,38]. To
the south, the earliest Piura date is around 4100 cal BP, and the earliest Santa ridge date
is around 4000 cal BP [37,38]. Following this trend, the Medio Mundo ridge should date
between ~3900 and 3700 cal BP. This time span overlaps the latest dates for most of the
north central coast Late Archaic centers and exists in a time frame necessary to influence
the marine resource base of Norte Chico societies.

A further CFD result relates to the Salinas de Huacho area in which vast aeolian sand
accumulation infilled bays. During El Nifio events occurring in the southern reaches of
the north central coast, flood sediment was mainly composed of sand transferred from the
Chancay and adjacent southern rivers valleys; a calculation of sand-rich sediment emanat-
ing from the Chancay River (slurry density is approximately ~2.34 slugs/ft®> = 1206 kg/m?)
indicates sand transfer to the Salinas de Huacho area ~25 km north of the Chancay River.
Multiple flood events would continue the infilling processes to create the observed vast
beach flat area. Again, individual velocity vector patterns, according to the geophysical
values (Figure 23), prevail to create different types of near-shore deposits.

The C14 dates of shallow-water mollusks that lived 0.5-1.0 m below shoreline sands
indicate the 4000-4500 BC shoreline was about 3 to 4 km from the present-day shoreline
(Figure 8), indicating that large scale sediment accretion continuously altered both the
marine and inland farming area resource bases through numerous flood and sand transfer
processes, similar to what Figure 26 predicts. Similar shoreline and inland infilling processes
behind the massive Medio Mundo ridge characterize the north central coastal valleys
bounded by that ridge.

A further example illustrates the ridge-formation process in the presence of the irreg-
ular coastline of the Sanu Peninsula, which forms the southern boundary of the bay on
which Bandurria and Aspero are located (Figure 1). The far offshore Peru Current velocity
is ~4 cm/s, while the shoreline drift currents are ~3 to 7 cm/s but vary northward due to
coastal geometry effects. Figure 31 indicates that the coastal current caused the shifting and
deposit of sediment, creating a curvilinear bay ridge and an inland marsh area, as sediment
drainage was blocked by the ridge (Figure 26).
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Figure 31. Dot trajectories of the sediment transport paths from the coastal valleys south of the Sanu
Peninsula. North of the Sanu peninsula, extreme ocean turbulence and induced rotational flow in the
upper concave shoreline region enhance particle settling, resulting in the shoreline shape modification.

Figure 31 shows the dot trajectories of light sediment particles from flood runoff enter-
ing the coastal current from southern reaches. Here the shape of a portion of the coastline
has influence on the shape of its northward reaches due to the influence on the ocean
current velocity distribution. The sediment trail loops around the (gray) Sanu promontory
(near site 1 in Figure 1) to deposit sediments along the shoreline, adding to the expansion
of the original pre-ENSO event shoreline area. The northward dot sequence shows vortical
currents depositing sediment to form a further coastal shoreline extension. The CFD results
indicate the qualitative nature of the prograding process; the quantitative determination
involves detailed knowledge of the rainfall intensity and duration, geographic extent,
event-time duration and the amount/type of surface material available for transport by the
eroding action of floods. Sediment transport from the upper-valley areas from flood events,
river and aeolian transport, as well as sand transport from southern valleys from ocean
currents, accelerated coastal infilling both ahead of and behind the Medio Mundo beach
ridge extending from the Huara to the Fortelaza Valley. Based on a survey of the lower
Supe Valley, ~3 to 5 km of accreted sand, fines and clays deposited to a depth of 3 to 5 m
over the Holocene beach littoral inland of the present shoreline since El Nifio floods began
at the time of sea-level stabilization. The sand seas in the Huara area, south of the Supe
Valley, subject to strong onshore winds, sourced the aeolian transport of vast quantities
of sand over the southernmost mountain chain that bounded the Supe Valley to inundate
the inland valley farming areas. Sand accumulations appear on the north and south sides
of the Supe Valley, as the small, intermittent discharge Supe River presented no barrier to
across river valley aeolian sand transport. Buried sand layers covered over by later farming
surfaces are present throughout the Supe Valley profiles (Figure 20), indicating continuous
aeolian sand and flood sediment transfer events over millennia. As a consequence of the
infilled bays and lagoon formation landward of the ridges, coastal lagoons dominated by
reeds were created under brackish water conditions; this environment exists in lower valley
plains landward of Aspero.
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8. Changes in the Agricultural Landscape of the Supe Valley

Figures 23 and 25 show the beach ridge formation from a single large-scale El Nifo
event to produce the Medio Mundo ridge. This large-scale event sealed off the bay at the
Supe Valley and the shallower Albufero and Medio Mundo inlets and the Pariso bay below
Huacho and to the South, created the Salinas de Huacho sand flats. To the north, bays
and inlets through Bermejo were closed off [1]. With this ridge in place, northward ocean
currents narrowed the width of the ridge in time and deposited material westward of the
ridge to form new beach areas. In time, another El Nifio event followed, with river-borne
material cutting through the earlier ridge and depositing new material further westward of
the earlier ridge on the beach deposited by the prior El Nifio deposit. This process leads
to sequentially spaced ridges propagating westward into the ocean; due to northwesterly
winds carrying sand, the land between the ridges was gradually buried, leading to the
beach ridge areas shown in Figures 17, 18 and 27. The sequences of ridges formed in
this manner are clearly observed in the infilled Supe Bay, as well as in the Santa Valley
areas among other nearby valleys. With exposed beach flats covered with aeolian sand,
plus sand transport over the northern mountains of the Supe Valley, large sand dunes
formed in the lower Supe Valley, limiting agricultural land areas. The high water table
in the Supe Valley with moist soils provides for increased erosion transport during El
Nifo flood events, further reducing valley-bottom arable land; this, in combination with
sand incursion and a loss of marine resources because of a sequence of major El Nifio
events, clearly limited Caral’s survival. Limited agriculture on the plateau adjacent to Caral
(Figure 19) provided the only option left to sustain the small population left in Caral post
the ~1600 BC time period.

9. Groundwater Amplification Processes Affecting Supe Valley Agriculture

The limitations to the groundwater drainage due to hydraulic conductivity resistance
from accreted sediment and clays behind beach ridges affected areas and led to the gradual
elevation of the up-valley groundwater profile, causing numerous springs and water pools
to appear in the upper reaches of the Supe Valley (Figures 9-11). Since the lower valley
near the coastal delta areas originally comprised most of the agricultural lands, farming
land loss and reduced soil fertility due to sand accumulation overlays and deposited flood
sediments consisting of eroded sierra gravels and stones, gradually led to agriculture being
transferred further inland to narrow bottomland and plateau locations nearer to Caral
(Figure 4). This transition was further reinforced by flood events that compromised coastal
farming areas. In the near-coastal areas, sediment buildup caused the water table to appear
lower with respect to the ground surface limiting spring formation; in the mid-valley
locations, the water-table height increased due to near-shoreline clay deposits increasing
the aquifer-flow resistance as well as a subterranean geological ‘choke’ contraction on
the Supe River that elevated the local upvalley water table height. To provide surface
water to coastal field systems, river or spring flows would have to be channeled from far
upriver locations to achieve elevation over coastal plains; no such channels are apparent on
valley mountainside margins, indicating the abandonment of coastal agricultural zones.
The rough mountain corridor topography incised by erosion gullies and sand deposits
covering Supe Valley margins prevented long canals originating from valley neck areas
to be extended along valley sidewalls to provide water to lower elevation lands. The
reconnaissance of the southern Supe Valley mountain corridor areas yielded no trace of
long, high-elevation canals.

As a result of flood sediment accretion over the coastal farming zones and sediment
infilling of coastal zones behind the coastal beach ridges forming the Medio Mundo ridge,
only narrow, mid-valley bottomland farming areas irrigated by spring-sourced, short canals
and amuna water supplies remained to replace extensive coastal-zone agricultural areas.
As coastal rainfall is on the order of a few centimeters per year, producing an intermittent
Supe River flow, springs resulting from inland groundwater elevation and sierra amuna
sources (lakes and reservoirs) supported valley agriculture throughout the year, albeit
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in narrow inland valley bottom areas. As testament to the high volume of groundwater
underlying the Supe Valley, a current drainage channel adjacent to the access road to Caral
from the Pan-American Highway flows continuously throughout the year, with a high
velocity drainage flow indicating that water abundance, rather than shortage, to support
multi-cropping throughout the year in the present, as in the past. This drainage channel,
presumed to have an ancient counterpart, was vital to drain fields of excess irrigation water;
this, in turn, limited the salt deposits in agricultural fields that, over time, would limit field
system productivity.

A survey of the Supe River choke point revealed Canal A with a river inlet (Figures 1, 14 and 15)
to support the ramped canal to Chuapacigarro. Due to the riverbed meander and braiding
characteristics of low-slope rivers, rainy season canalized flow to valley bottomland farm
areas proved unreliable as the river channel frequently deviated from the established canal
inlets. As springs developed in the valley bottomland areas distant from the coastline from
amuna-based groundwater elevation as shoreline prograding progressed, the changeover
to spring-supplied canals provided reliable, year-round irrigation systems that additionally
maintained the high-valley groundwater level.

The long, low slope, ramped canal (whose entrance and path is now obscured by dense
plant growth (Figures 12 and 13)) supported the spring-sourced Canal A-C (Figure 15) to
provide water to the plateau field areas. The embankment ramped canal brought water
to Caral and Chupacigarro and was the remedy to add plateau agricultural land areas to
supplement the limited narrow inland bottomland areas subject to flood erosion and/or
coverage by flood sediment. As an anecdotal note, one local farmer employing valley
bottomland for agriculture reported that, as a result of the 1989 El Nifio event, 50 hectares
of his farmland were washed away; this observation also held true in ancient times, so that
devastating floods reduced valley bottomland agriculture irreversibly requiring new lands
to be developed on the Caral plateau (Figure 15) to avoid land loss. In the Supe Valley,
the excavation house indicates that a canal provided water integral to Caral city precincts,
although its path remains unexcavated and is no longer available due to landscape erosion.
Canals E, G and C served the site of Chupacigarro, canal D serves modern field systems
and an early Canal B-C (Figure 1) provided irrigation water from a spring at the origin
point of the ramped embankment canal.

10. Sand Incursions Affecting the Supe Valley Agricultural Base

With the formation of the Medio Mundo beach ridge in the ~1600 BC time frame, sand
flats and marsh areas formed near the Supe Valley river mouth near the modern shoreline.
Figure 32 illustrates the aeolian sand transport from the southern Huara Valley south of
the Supe Valley originating from northwesterly winds. Sand accumulations exist from the
archaic times to the present day (Figure 7) in the Supe Valley margins that compromise
agricultural soil fertility and, in Late Archaic period, required sand barriers (Figures 27-29)
to limit sand incursion into the site of Caral proper. The sand incursion extended to swamp
areas behind the Medio Mundo beach ridge and compromised formerly productive coastal
agricultural lands in the Late Archaic Period, as well as in the present day.

Figure 32 summarizes the following processes: localized El Nifio flood drainage paths
(1) combined with river fluvial sediment from Fortelaza, Patavilca, Supe and Huara rivers
delivered sediment to coastal areas; (2) flood sediment coalesced into an existing segment
of the Medio Mundo beach ridge with ridge geometry determined by sequential sediment
transport amounts and the oceanic/drift current magnitude; and (3) sand areas trapped
behind the Medio Mundo ridge subject to onshore winds further compromised inland
agricultural land areas through inland dune transport. Remnant sand accumulations on
the Supe Valley northern side limited river flow, reducing the agricultural potential of the
coastal delta area. Increased hydraulic resistance to groundwater drainage from sediment
deposits and clay formation in saturated coastal soils backed up the groundwater height
and led to increased numbers of springs appearing in the valley bottom areas inland from
the coast. This effect was amplified by the northside mountains close to the Supe River exit
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region that choked the groundwater passage; this subterranean contraction effect required
a groundwater height change to provide the hydrostatic pressure necessary to increase the
groundwater flow velocity through the choke-point region.

Figure 32. Aeolian sand deposit areas in the Huara valley south of the Supe Valley and urban Caral
transferred by constant northeast winds (Google Earth satellite photograph).

Aeolian sand transport over the low mountains between the Huara and Supe Valleys
resulted in burying lower valley agricultural fields with overlays of sand, as shown in
Figures 7 and 32; additional aeolian sand transport to the urban center of Caral was
countered by sand barriers (Figures 28-30) sequentially placed in the southeast canyon
open area between the mountain areas. Figure 4 shows the limited extent of the Supe Valley
inland bottomlands and the still-existing marsh areas at the Supe Valley mouth bounded
by the still-existing Medio Mundo ridge. As sand inundation is constant and compromises
soil fertility, modern farmers are forced to use fertilizer additives to sustain maize crops.
Figure 15 indicates that a small part of the lower Supe Valley, nowadays has been restored
for use; this was achieved as clay deposits near the river mouth region have increased
aquifer flow resistance causing a groundwater height amplification that can sustain certain
marginal crop types with less water needs not requiring irrigation canal networks in the
near coastal bottomlands.

Further east of the valley, amuna water supplies and canalized reservoirs (Figure 11)
to mid-valley farm areas (Figures 12 and 15) now mainly support maize crops for the
very limited population that currently exists in the valley. The aeolian sand-transfer
process continues to the present day, and it is surmised that, in the Late Archaic times,
sand incursion episodes were major and extended up to the site of Caral, compromising
agricultural fields far down the river to the coast. This conclusion is supported by a ~3 cm
sand incursion layer deposited atop the final archaic occupational flood sediment deposits
in many test pit areas of the site, as illustrated by Figure 20.

In certain Supe Valley areas, the sand layer is stratigraphically overlaid by early
ceramic bearing middens dating to the Initial Period (1600-800 BC), indicating some minor
reoccupation of the Supe Valley sites, other than Caral proper in the valley in which limited
agriculture could exist. Excavation pits reveal that this sand layer is now largely overlain by
soil deposits from extensive modern-day farming. Eventually, the Rio Supe carved a stable
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path to the sea and localized agriculture was returned to near-river margins, in the present
day, but both sides of the valley still show remains of the early inundation of archaic sand
seas. As sand inundation in the post-Medio Mundo epoch compromised valley agricultural
lands and further compromised the marine resource base, an argument for the demise of
the Supe Valley society may be proposed at a time close to the creation of the Medio Mundo
beach ridge in the Late Archaic Period.

11. Conclusions

Based upon the estimated formation date of the Medio Mundo ridge, a major El Nifio
event (or sequence of events) started a progression of geophysical landscape changes that
compromised both the Supe Valley near coastal agricultural field systems and the coastal
marine resource base through flood sediment infilling. Additionally, the flood erosion of
thin valley bottomland saturated topsoil led to the reduction in available productive farm
areas. ENSO flood and sand incursion into wide expanses of lower-valley bottomlands
led to the abandonment of near-coastal agricultural lands and the use of narrow upper-
valley land areas that limited agricultural production to lower levels beyond that necessary
to maintain high population levels. Further flood events in the ~1800 BC period led to
agriculture being moved to small terrace areas (Figure 15) close to urban Caral, which
limited the food supply for the growing population of the Supe Valley. This climate crisis
also affected other nearby preceramic sites (Figure 2). The effects of the Medio Mundo beach
ridge barrier and subsequent closely spaced in time flood events (Figure 6) reduced the
agricultural and marine resource base to the extent that large valley populations dependent
upon the pre-existing food resource base experienced a collapse of the coastal-inland trade
network established during earlier periods in which major flood events were not occurring
to any degree. Based upon the decline of food resources related to ENSO events, Supe
Valley sites underwent abandonment, as Figure 2 indicates. Figure 6 confirms the frequency
of major flood and beach ridge events in the ~1600 BC time period to support the reduction
in the agricultural and marine resource base. As further research may show, the large
number of sites in the upper Supe Valley region (Figure 4) may have been an attempt to
redistribute the valley population around transitory functioning land and water sources, as
water and farmland availability for agriculture rapidly decreased in the lower bottomlands
part of the valley over a short time period. Although rainfall continued to charge sierra
basins during El Nifio events, the amuna source of water to the Supe Valley bottomlands
only made matters worse by contributing additional flood water over highly saturated
farmland soils. Estimates of the maximum Caral population size [8,10,13] are on the order
of several thousand, based upon the number and the extent of excavated housing areas;
the reduction in food supplies from increasingly smaller agricultural areas, together with a
reduction in the marine resource base, then made life untenable past ~1600 BC.

Ancient (and modern) civilizations of Peru experienced recurrent ENSO episodic
climate change patterns inducing floods, drought and landscape change through inflation
and deflation cycles that affected their cities and agricultural base. Despite these challenges,
several of these societies demonstrated continuity throughout time by relocating their
population to areas with more land and water resources and/or instituting large-scale
inter- and intravalley water-transfer projects [43,44]. While such changes provided a form
of societal continuity for several societies, other societies vanished from the archaeolog-
ical record when their agricultural systems did not respond or permit modification to
use alternate water sources for their agricultural fields. While some societies managed
to overcome environmental challenges by technological innovations applied to modify
agricultural landscapes to maintain food productivity, other Andean societies unable to
implement successful modifications, due to the irreversible damage to agricultural and
marine resource areas, and unable to return to their current resource base, terminated their
existence from the archaeological record [22,27,43-45]. For Late Archaic Period Norte Chico
societies, landscape changes induced by the establishment of large beach ridges from a
major ENSO flood event severely altered the agricultural and marine resource base, to

62



Water 2022, 14, 1403

the extent that the intra-valley trade network no longer functioned. As food resources di-
minished from reduced farming areas and decreased marine resource availability, changes
in social structure to accommodate a population out of balance with the available food
supply was a likely source of population decline or resettlement to other life-sustaining
areas, although further details of this transformation of Caral society structure is now only
in its early stages of research.

El Nifio flood deposition events formed subsea ridges that initiated progradation
processes infilling coastal zones trapped by the ridges. A comparison of the duration
dates of preceramic coastal societies (Figure 1) to beach ridge dates (Figure 2) indicates an
overlap period accompanied by intense El Nifio activity. By ~1800 BC, most local sites were
depopulated (Figure 2), indicating a common cause for the abandonment of the central
north coast area. The effects of the gradual loss of the marine and agricultural base of north
central coast societies were likely contributing factors to the abandonment of these major
sites (Figure 2). Evidence of flood events from depositional silt layers and later marsh
formation in the regions west of Aspero [34] verify major flood-event consequences in the
Late Archaic Period. Within the Supe Valley, excavation profiles reveal sedimentary layers
dispersed with sand layers indicative of major erosion and deposition events from ENSO
events. Recent research [36] in the Norte Chico region related to subsistence changes in the
Preceramic and Initial Periods indicates that the presence of littoral changes brought about
by ENSO events caused a shift in the dietary composition of site inhabitants. Bay infilling
in the Huaca Negra area (close to the present-day town of Barranca) was apparently slower,
due to different landscape and valley geophysical conditions than in bay areas to the north,
permitting longer-term shellfish gathering in shallow-bay areas, as well as a shift in netting
small schooling fish to catching fish species found in deeper offshore waters. The gradual
changes in the landscape and offshore bed geometry particular to different coastal valleys
from sequential ENSO events permit, in certain cases, continued, but limited, availability
of a modified food resource base sufficient to reinstitute previous food supply norms. Only
when such transformations are possible, can societal continuance occur, but, in a limited
condition, compared to previous norms.

Since the inland valley bottomlands and sierra foothill areas at the western edge
of the Cordillera Blanca Andes were the source of most springs and water basins that
penetrated the groundwater level (Figures 9-11), agriculture was limited to up-valley
narrow bottomlands and limited ramped canal plateau areas (Figure 19) as a result of
the geophysical landscape changes and aeolian sand incursion from exposed beach flats.
As marine resource extraction was the purview of coastal communities and inland sites
that supported farming, reciprocal product trade diminished between inland and coastal
communities as a result of a major ENSO event (or series of events) that altered previous
trade-basis norms.

To sustain large-scale agriculture in the gradually infilling coastal environment, river
or spring water would have to be channeled onto land surfaces lower than the riverbed
choke point; this would require canal inlets originating far upriver to achieve elevation
over the near-coastal land surface and canal construction on the steep and erosion-incised
mountainside corridor topography on the upper reaches of the Supe Valley to revitalize
lower-valley agricultural lands.

Sand accumulation on mountain slopes limited ambitions for canal extension to lower-
valley areas. Extensive surveys of the southern mountain corridor flanks of the Supe
Valley revealed no high-level canal construction. Thus, the coastal area was progressively
removed from agricultural exploitation and could not be irrigated by canalized river
sources. Since coastal areas decreased in agricultural productivity over time from erosion
of topsoil, overlays of flood sediments and aeolian sand deposition, transfer of agriculture
to narrow valley-bottom farming areas in inland valley locations could not support a large
population. The disruption of the marine resource base from bay infilling and sediment
deposits over mollusk shell beds accompanied the loss of farmlands and the viability of
the economic model upon which Supe Valley society was based. A later Formative/Initial
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Period occupation occurred at some valley sites with limited construction overlay over
earlier temple sites; the sand layers between the construction phases attest to large sand
incursions during the hiatus period.

The results presented relate to the investigations conducted in the Supe Valley and
reconnaissance of the coastal areas of the adjacent Fortaleza, Patavilca and Huara valleys.
These valleys contain Late Archaic Period sites and yield terminal C14 dates for these
sites consistent with those sites in the Supe Valley [30,31,41]. The present analysis extends
investigations [34] detailing reasons for the collapse of the agricultural and marine re-
source base of the Supe Valley society in the Late Archaic Period from the geomorphic
changes described to date and are causative elements contributing to societal disruption
from previously established societal norms established over long time periods with stable
environmental conditions.

Several climate-driven events that altered the ecological conditions beyond recovery
have influenced Andean prehistory. Notable is the collapse/transformation of the southern
Moche V society in the 6-7th Century AD by cycles of high rainfall, severe drought and
sand incursion into their Moche-Chicama Valley homeland [1]; the collapse of the altiplano
Tiwanaku society in the 12th Century AD due to extended drought [37,43,44]; the collapse
of the Lambeyeque Valley Sican and Wari societies in the 12th Century AD due to extended
drought; the collapse of the Chimd intravalley (Moche Valley) canal systems in the 11th
Century AD [43] and El Nifio flood catastrophes experienced by the Chirabaya [45] in
far-south Peru. To this list, Caral is a further example based on the rapid decline in
the agricultural and marine resource base, which exerted a profound influence on the
continuance of the economic model of Supe Valley sites. Given the abandonment of major
Late Archaic sites in ~1800 BC in nearby valleys, the environmental change based upon
the formation of the Medio Mundo beach ridge was likely a key event for the similar fate
experienced by the Supe Valley societies.

12. Further Text Notes

1. Evidence of the ENSO events: Refs. [5-7,37]; Figure 6 shows the sequence of events in
the Medio Mundo date range over the extensive length of the Peruvian coastline.

2. Bay infilling results: Figure 27 shows a satellite view of the infilled bay at the mouth
of Supe Valley due to the beach ridge blockage of river drainage paths creating a
marsh area.

3.  Farming of the Supe Valley bottom areas: as later phases of coastal Aspero were
contemporary with early phases of Caral origination in 4600 BC, early agriculture
was located close to the Supe River coastline, close to Aspero, with its high water
table and flood transferred fertile sierra soils. The land area was extensive, prior to a
Medio Mundo ENSO flood event that transformed the land area into the later marsh
area location.

Mid-valley Caral amuna water systems for agriculture then provided a safer mid-
valley location for Caral and subsidiary sites, given its amuna water supply that could
accommodate substantial population increases. As later ENSO events created sediment
blockage of previous coastal farming areas and marsh creation, mid-valley agriculture with
mainly amuna water supplies and reservoir-based (Figures 9-11) canal systems permitted
agricultural expansion to support the population increase.

1.  Contemporary ENSO events and unsuitability for agriculture: Santa-Viru coastal
area flood events were contemporary with Forteleza-Huara coastal area flood events
caused by a major Medio Mundo event (or closely timed series of events); the de-
struction of mid-valley agricultural soils from flood-amplified, valley bottomland
erosion further amplified by anmuna supplied saturated soli thin farming layer erosion,
together with the fact that the Supe River runs over relatively flat land causing the
Supe River to meander under a flood event and overspill its banks and erode river-
side farming areas, indicates that Caral food supply sustainability was continually
challenged by flood events in early phases of its development.
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Drainage channels: these are seen in modern times alongside the entry road to Caral;
due to the amuna supplied high water-table amplification, drainage channels were the
only means to regulate local water-table height for specific crop types, both in ancient
and present times. Since ancient mid-valley agricultural systems were likely in form
similar to what exists today, it is likely that a similar drainage system was in use in
ancient times.

Level of groundwater post-flood and duration: Supe Valley groundwater remains
within a meter of the farming surface due to the continuous amuna water supply that
continues from ancient times to the present day. The Supe Valley is unique compared
to most other Peruvian valleys as it has too much water and needs a drainage network
to control the water-table height for agriculture. Later ENSO events threatened
agricultural sustainability as flood water easily washed away thin saturated farming
topsoil, given the current-event example described in the manuscript.
Abandonment of the valley bottom: Figure 15 indicates the valley-bottom story;
initially, agriculture in the early Late Archaic Period was close to the Supe Valley
coastline area in which sediments over large river-mouth areas had fertile farm soils
washed down from mountain areas. Later, as flood events became more common,
flood events and beach ridges created marsh areas in which farmland once existed;
as mid-valley near-river farm areas were the next alternative after coast area aban-
donment, these areas were, in time, also compromised as saturated amuna thin soil
layers were easily washed away from floods. What remained, as Figure 15 shows,
was that agriculture was moved to the upper plateau area on which Caral was located,
along with far up-valley sites where Supe River water could be used for local, but
smaller, agricultural fields. There were long stretches of time between destructive
events on agricultural systems, where mid-valley agriculture could be successively
used between major El Nifio flood events. Presently, Figure 12 (photo taken about
30 years ago) shows the current status of mid-valley agriculture, where amuna water
still supplies the high groundwater now mainly used for maize crops; the earlier 1959
El Nifio event compromised existing near-river lands and, after several years, with
a new soil layer deposited from mountain soil deposition and commercially added
fertilizers, lands were used, once again, to continue agriculture.

Productivity of areas: Supe valley crop types used in Late Archaic times are described
in the text; the variety of inner-valley crops (plus extensive cotton-planting areas)
provided reciprocal export trade comestibles to coastal areas for their fish and shellfish
exports. The productivity and fertility of crop types was likely enhanced by plowing
under leaf material for their mineral content; this decomposition fertility increase was
aided by the high moisture level of mid-valley farming soils. There were valley areas
of different heights that provided different groundwater moisture levels for different
crop types; for example, cotton growth requires constant water availability, so cotton
plants would be situated on lower-height land areas where the groundwater height
was closer to the land surface. Other crops would accordingly be assigned to land
areas in which the moisture level was appropriate for their growth.

Population supportable with agriculture before and after Enso events: initially, at
the early phases of the Late Archaic Period with the limited Supe Valley population,
Caral and near-coastal sites were in the preliminary stages of development using
near-coastal valley delta agricultural lands. Population levels were likely on the
order of hundreds and likely drawn from local valley tribal groups realizing the
agricultural potential of the Supe Valley from its water abundance. Later, as ENSO
events originated and intensified, coastal lands, once fertile sources of agriculture
and marine resources, diminished in productivity leading to mid-valley agricultural
land development; this proved a positive move, as population growth could then
be continually supported from the high water-table amuna water supply for multi-
cropping of a wide variety of crops. Population levels were in the low thousands after
this relocation which likely promoted additional valley sites (Figure 4) and provided

65



Water 2022, 14, 1403

the labor source for new pyramid constructions (Figure 5). As ENSO events progressed
and intensified, agricultural lands and marine resources were compromised in later
time stages leading to site abandonment of most Supe Valley sites as Figure 2 indicates.
This led to the collapse of inland to coastal trade, as food resources diminished to
non-survivorship levels.

7. From field reconnaissance visits starting from approximately 20 plus years ago to a
recent revisit in 2010, notable landscape features were apparent: linear beach ridge for-
mations and coastal landscape changes from recent ENSO activity (Figures 17 and 18).
In order to determine their origins and given that their features derived from the fluid
mechanics of El Nifio flood events, recourse to CFD methods were initiated to show how
these feature could originate. The manuscript’s many computer results (Figures 21-26)
now demonstrate the feature origins and help remove conjecture and speculation as to
their origins. To date, the CFD results prove how beach ridges form linear shapes and
how landscape change originated from El Nifio flood events conclusively.

Funding: All finding provided by author.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in this
study given in the Acknowledgement section to follow.

Data Availability Statement: All data provided by author.

Acknowledgments: The author wishes to acknowledge the contributions of his colleagues Michael
Moseley, Daniel Sandweiss, Donald Keefer and especially Ruth Shady-Solis, the official director of
Caral excavations during five years of fieldwork at Caral. All the above-individuals cited contributed
their specialist knowledge and research findings to this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A Supe Valley Site Names

(1) Bandurria; (2) Vichama; (3) Aspero; (4) Upaca; (5) Pampa San Jose; (6) Caballete; (7)
Vinto Alto; (8) Haricanga; (9) Galivantes; (10) Culebras; (11) Las Aldas; (12) La Galgada;
(13) Caral; (14) Rio Seco; (15) Las Shicras; (16) Kotosh; (17) Huarico; and (18) Piruru. The
Allpacota site (Figure 15) lies between sites (8) and (9).
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Abstract: The Inka site of Tipon had many unique hydraulic engineering features that have modern
hydraulic theory counterparts. For example, the Tipon channel system providing water to the
Principal Fountain had a channel contraction inducing critical flow as determined by CFD analysis-
this feature designed to induce flow stability and preserve the aesthetic display of the downstream
Waterfall. The Main Aqueduct channel sourced by the Pukara River had a given flow rate to limit
channel overbank spillage induced by a hydraulic jump at the steep-mild slope transition channel
location as determined by use of modern CFD methods- this flow rate corresponds to the duplication
of the actual flow rate used in the modern restoration using flow blockage plates placed in the
channel to limit over-bank spillage. Additional hydraulic features governing the water supply to
agricultural terraces for specialty crops constitute further sophisticated water management control
systems discussed in detail in the text.

Keywords: Inka; Tipon; precolumbian; CFD; water systems; flow rates; aqueduct; fountain;
critical flow

1. Introduction

The site of Tipon, located in the proximity of Cuzco, provides an example of Inka
hydraulic engineering knowledge and civil engineering practice as demonstrated by the
design and operation of the site’s complex water system. The water engineering knowl-
edge base is revealed by analysis of the Tipon’s use of river and spring-sourced surface
and subterranean channels that transport, distribute, and drain water to/from multiple
agricultural platforms, reservoirs, and urban occupation and ceremonial centers. Complex
intersecting surface and subterranean channel systems that regulate water flows from di-
verse sources provide water to Tipon’s thirteen agricultural platforms to maintain different
ground moisture levels to sustain specialty crops. Additionally, within the site are fountains
and multiple water display features that combine sophisticated hydraulic engineering with
aesthetic presentation. To understand the water technology used by the Inka to design the
site’s water system, use of modern hydraulic theory is employed to examine key elements
of the Principal Fountain and the Main Aqueduct to determine the design intent and civil
engineering knowledge base used by Inka engineers. Results of the analysis show an Inka
hydraulic technology utilizing complex engineering principles similar to those used in
modern civil engineering practice centuries ahead of their formal discovery in western
hydraulic science.

2. Site Description

The site of Tipon, located in Peru approximately 17 km east of Cuzco along the
Huatanay River at south latitude 13°34” and longitude 71°47" at 3700-4000 masl is known
for its many unique hydraulic features coordinated in a practical and aesthetic manner
to demonstrate Inka knowledge of water control principles. The site indicates an early
Middle Horizon (600-1000 AD) presence evidenced by an encircling 6.4 km long outer
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wall (Figure 1) attributed to Wari control of the enclosed area [1]. The ~2 km? interior
site area was under Inka control past ~1200 AD and was later converted into the royal
estate of Inka Wiracocha in the early 15th century [2—4] as evidenced by the royal residence
and ceremonial compounds of Sinkunakancha and Patallaqta shown in Figure 1. The site
was composed of thirteen major agricultural platforms [5] as shown in Figures 1 and 2;
the lowermost platforms are associated with nearby ceremonial centers (Figures 1 and 3).
The agricultural platforms were irrigated from water supplied from a branch of the Main
Aqueduct sourced from the Rio Pukara (Figure 1); further branches of the Main Aqueduct
provided water to the lowermost ceremonial areas (Figure 1). Each agricultural platform
had a drainage channel at its base that collected post-saturation aquifer groundwater
seepage as well as rainfall runoff; excess water was led to side channels (Figures 4-8)
directed to lower site occupation and ceremonial use areas. A fraction of the collected
water was used to irrigate the next lower agricultural platform while a further portion of
a platform’s drainage channel water was directed to an easternmost collection channel
to provide water to lower-level ceremonial and domestic occupation buildings and site
drainage. A further portion of water from agricultural platform seepage collection channels
passed through a series of interconnected surface and subsurface channels to provide water
to special water display areas (the Principal Fountain in particular) and then on to domestic
and elite residential and ceremonial areas (Figure 1) at lower site areas.

Figure 1. The site of Tipon close to the Inka capital of Cuzco. Note multiple site water channels
derived from the northern Rio Pukara through terrace systems at Pukura that supplied Main Aque-
duct water directed to the thirteen agricultural terraces. Note the dashed-line easternmost drainage
channel east of the agricultural platforms shown in Figure 2 directing water to the Patallaqta area.
(Map courtesy of Ken Wright, Wright Water Engineers, Boulder, CO).
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Historically, Inka rulers had the state privilege to build a private retreat away from the
central administrative center in Cuzco, to balance their civil duties with an environment
that can facilitate the intimacies of family life with friends and associates and where they
could enjoy a contemplative life with attendants to serve all needs. These centers had the
highest technical level of architecture and water systems that Inka engineers could produce
consistent with the elevated status of Inka royalty. Notable in this regard was the site of
Machu Picchu serving the Inka Pachacuiti, the site of Choquequirao serving Topa Inka, the
site of Chinchero serving Inka Tupac Yupanqui and the site of Quispiquanca serving Inka
Huayna Capac among other royal sites. The Tipon site, as further discussion reveals, is a
further example of the best water engineering known to Inka water engineers.

Figure 2. View of the thirteen agricultural terraces at Tipon. The terraces are located to the right of
the Plaza Ceremonial shown in Figure 1. (Photo by C. Ortloff).

=

Figure 3. View of the walled Sinkunakancha ceremonial plaza location shown in Figure 1 with water
supply from a lower branch channel from the Main Canal and a leftmost channel from the northern
Pukara area from Rio Pukara. (Photo by C. Ortloff).
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The multiplicity of channels and their water sources serving different agricultural
platforms and display fountains are described in [4,5] to show the complexity of Tipon’s
water supply and distribution systems. Figures 4, 5 and 7 illustrate several of the overfall
channels between agricultural platforms sourced by sequential seepage collection channels.
The origin water source to the uppermost agricultural platform is from the Pukara River
supplied Main Aqueduct (Figure 1) and a local high level spring source; all interconnected
channel structures are indicative of a complex water control design distributing water from
higher to lower elevation agricultural platforms. Figures 4-8 illustrate the continuance of
overflow channel water from elevated platforms shown to continuation channels leading
water to lower elevation destinations. Figure 8 shows a channel intersection from a base
aquifer seepage channel, to supply water, to the Waterfall display structure shown in
Figures 9 and 10. The totality of water supplies to the Waterfall display structure is given
in [5] (p. 47); all the water supply systems had flow rate supply and drainage controls to
ensure a constant water supply to the Waterfall display fountain during seasonal water
availability changes, preserving the aesthetic display of the Waterfall display structure
throughout the year. As the Rio Pucara flow rate supply to the main Aqueduct was
seasonally variable, use of blockage elements and additional water supply control features
in adjoining water distribution and drainage channels was employed to maintain a given
flow rate to the Waterfall display structure through seasonal water supply changes—this
is a further indication of the water engineering technical base available to Inka engineers.
Note that the water intake from the Rio Pukara to the site has a flow rate drainage control
to the Rio Qoyawarkuna (Canals 1 and 3, Figure 1) to limit site water supply during the
rainy season. Figure 9 shows an additional water display feature in the easternmost water
collection channel (Figure 7). A spillage basin is supplied by an overfall stream originating
from the east drainage collection channel water to direct water to lower site areas (Figure 8);
this feature is a further example of an aesthetic display expected from a site occupied by
Inka royalty where the best available engineering practice was in use for both practical and
display purposes.

Figure 4. Drop structure conveying water from a higher to lower agricultural platform. Typically, a
portion of the received water into the lower platform channel was distributed laterally into a channel
network to provide irrigation water for the next lower platform; excess water was channeled to an
easternmost drainage channel. This drop structure is associated with the base of one of the lower
platforms shown in Figure 1. (Photo by C. Ortloff).
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Each of the higher elevation agricultural platforms contained a base open channel
collecting aquifer drainage and rainfall runoff, a portion of which was subsequently passed
on to lower platforms as irrigation water or drainage water led to other site areas (Figure 5).

Measured amounts of passage water from one platform to a lower platform was
necessary to provide the correct moisture level to grow different crops on different indi-
vidual platforms—this consideration explains the multiplicity of water portioning struc-
tures derived from multiple drainage paths and the inherent complexity of the site water
control system.

Figure 5. Successive Water drop structures collecting excess agricultural platform drainage water
beyond that necessary for agricultural purposes from upper platforms and channeling water to lower
site ceremonial, reservoir and occupation areas. This terrace drainage structure is to the right of the
Plaza Ceremonial shown in Figure 1. (Photo by C. Ortloff).
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Figure 6. Typical water collection channel at the base of a lower platform shown in Figures 1 and 2. A
fraction of the aquifer seepage collection water was directed further to a lower agricultural platform
while remaining water was directed through a series of channels to the easternmost water collection
channel and/or to lower occupation, ceremonial and reservoir areas. The easternmost collection
channel is located to the right of the terraces shown in Figure 2. (Photo by C. Ortloff).
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Figure 7. Multilevel side channel collecting individual platform aquifer seepage, excess rainfall
runoff and excess water not used for specific purposes directed to lower site levels and the east-
ernmost drainage channel. The figure is associated with the three lowermost platforms shown in
Figures 1 and 2. (Photo by C. Ortloff).
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Figure 8. Typical seepage collection channel at a platform base collecting water to distribute to a
lower terrace and/or a channel to direct water to various areas of the site. This typical structure is to
be found at the base of platforms shown in Figure 2. (Photo by C. Ortloff).
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Figure 9. Spillage basin supplied by the easternmost drainage channel directing water to lower site
occupation and reservoir areas. The easternmost channel is located to the right of all platforms shown
in Figure 2 and is to the right of the Plaza Ceremonial shown in Figure 1. (Photo by C. Ortloff).

¥ 3

Figure 10. Waterfall display sourced by upper platform seepage water, several auxiliary channel
water supplies and a spring source [5]. This structure is associated with platform 10 as described in
the text and located in the terrace system shown in Figure 1. (Photo by C. Ortloff).

Agricultural platform numbering convention [5] (p.34-35) starts with Platform 1 at
the lowermost south altitude and sequentially proceeds upward to Platform 13 at the
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highest altitude (Figures 1 and 2). In one case, water was led from Main Aqueduct sources
to combine with a natural spring source on agricultural platform 11 to provide water to
the Principal Waterfall Fountain (Figure 10) designed for aesthetic as well as for drainage
control and water distribution purposes. The Rio Pukara (Figure 1) was the river water
source [5] (p. 39) for the uppermost altitude platforms 11-NW, 12 and 13 through the Main
Aqueduct (Figure 1 and shown later in Figures 16 and 17) while the spring on platform 11
was the water source for platforms 1 to 10 and part of 11 as well as several side platforms
(Figure 1). Among the more prominent hydraulic features of Tipon, the Principal Fountain
on platform 11 had an elaborate spring supplied, multichannel branched water delivery
system leading to the Waterfall (Figure 10) with its four independent waterfall streams.
One challenge to Inka water engineers was the design and flow rate regulation of the
water distribution system upstream of the Waterfall to promote equal flows in each of the
four water distribution channels (as indicated in Figure 10); this required use of a settling
basin area upstream from the four overflow streams so that each overflow stream had the
same water height and velocity to produce similar overfall stream geometry in each of the
four channels with no basin currents to distort the equal flow conditions to each overflow
channel. How this was done is described in detail in the subsequent Principal Fountain
section by use of a unique water control system upstream of the Waterfall Fountain shown
in various viewpoints in Figures 11-13.

Figure 11. Channel cross-section geometry change made to induce critical flow in the contracted
channel section to downstream channels supplying the Figure 9 Waterfall. This structure is associated
with the upstream water supply to the Waterfall. (Photo by C. Ortloff).
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Figure 12. Transverse surface wave structure in the downstream contracted channel section indicative
of induced critical flow conditions. This is an alternate view of the water flow pattern shown in
Figure 11. (Photo by C. Ortloff).

Figure 13. Alternate view of the channel cross section change supplying water to the Waterfall.
Transverse surface wave pattern typical of critical flow is apparent in the contracted channel section.
This is an alternate view of the water flow pattern channel shown in Figure 11. (Photo by C. Ortloff).

Yet a further hydraulic feature is the Main Aqueduct (Figure 1, Figures 15 and 16)
vital to supply water from the Rio Pukara source to central Tipon through different branch
channels. Inherent to the water regulation system is the main drainage channel [5] (p. 34)
shown in Figure 12 located at the eastern edge of several of the platforms to convey excess
water past that required for different crop types on individual platforms to a lower drainage
area. Figure 8 shows a water redistribution basin derived from the easternmost drainage
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channel (Figure 14) with a water overfall directed to provide water to a lower elevation
destination. Encoded within the complex multi-channel water supply and distribution
system of Tipon are examples and demonstrations of the hydraulic science base available to
Inka hydraulic engineers. The following discussion explores, by use of modern hydraulic
engineering methods, the hydraulic knowledge base available to Inka engineers and used
to construct the elaborate water system supplying the multi-channeled Waterfall (Figure 10).
The analysis presented serves to yield added information about Inka water technology
not previously reported in the literature and provide refined estimates of important flow
parameters in two main hydraulic structures at Tipon.

Figure 14. View of a portion of the easternmost drainage channel directing terrace seepage and rainfall
runoff to lower occupation and ceremonial areas as well as for excessive water site drainage. The
easternmost channel is located to the right of the Plaza Ceremonial terraces shown in Figures 1 and 2.
(Photo by C. Ortloff).
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3. The Principal Fountain

Channel measurement data [5] (p. 42) is used for the Principal Fountain analysis
and calculations related to its water supply; this data is for channel sections that precede
later century repair and reconstruction modifications. In conformance with modern civil
engineering practice, English unit convention is used for hydraulic engineering calculations.

A first example used to determine the scope of Inka water technologies used at Tipon
derives from examination of the channel system shown in Figures 11-13 supporting water
flow to the Principal Fountain Waterfall. A channel contraction occurs from a 0.9 m width,
~2.5 m long channel to a 0.4 m width, ~10.5 m long channel upstream of the Principal
Fountain area on platform 11 as illustrated in these figures. Both channel sections have a
rectangular cross section and have the same mild (low) slope [5] (p. 47). The water source to
the upstream wider channel section derives from eight separate water supply conduits [5]
(p. 47) together with a major spring indicative of the totality of water control systems used
to maintain a constant flow rate to the Waterfall during seasonal changes in water supply.
Measured flow rates into the (reactivated) wide channel from two different tests yielded
0.68 ft3/s and 0.58 ft3 /s leading to an average 0.63 ft3/s (0.02 m3/s) flow rate [5] (p. 47).
The question arises as to the water engineering design intent of the abrupt width change of
the channel section shown in Figures 11-13.

To understand Inka hydraulic engineering in terms of modern hydraulics technology,
use of the Froude number (Fr) is convenient to explain water behavior [6-10]. For shallow
depth D (ft) flows, the Froude number definition is given as Fr = V/(g D)'/2 where V is the
water velocity (ft/s), and g is the gravitational constant (32.2 ft/s?). Physically, Fr is the
ratio of water velocity V to the gravitational wave velocity (g D)'/2—when Fr > 1, water
velocity exceeds the signaling gravitational wave velocity so that water has no advance
warning of a downstream obstacle—this leads to the creation of a sudden hydraulic jump
at an obstacle as illustrated from a flume test shown in Figure 19. In this figure, a shallow,
high velocity water flow (Fr >> 1) encounters a plate obstacle at the leftmost exit region of a
hydraulic flume causing an elevated, highly turbulent elevated hydraulic jump. In physical
terms, for Fr >1, there is no upstream awareness of the presence of an obstacle until the
obstacle is encountered by the water flow as the gravitational wave signaling velocity that
informs the flow that obstacle exists (g D)'/? is much less than the V flow velocity. For
Fr < 1, the gravitational wave signaling velocity travels upstream of the obstacle faster than
the water velocity V to inform the incoming water flow that an obstacle lies ahead. This
causes the water flow to adjust in height and velocity far upstream of an obstacle to produce
a smooth flow over the obstacle. Calculation of the upstream water height readjustment for
such Fr < 1 flows is given in [6-10]. Here the ‘obstacle’ for the present application is the
large contraction in channel width shown in Figures 11-13. In the proceeding discussion
to follow, Fr > 1 flows are denoted as supercritical, Fr < 1 flows are denoted as subcritical
and Fr =1 flows are denoted as critical. While the presence and characteristics of subcritical,
critical, and supercritical flows can be calculated from modern hydraulic theory, a simpler
method exists to determine flow types that were used by Inka engineers. Insertion of
a thin rod into a flow that produces a downstream surface V-wave pattern is indicative
of supercritical flow; if the surface pattern shows upstream influence from the rod, then
subcritical flow is indicated. If only a local surface disturbance around the rod is noted,
then critical flow is indicated. This simple test can determine different flow regime types to
promote the various usages associated with the different Fr flow regimes. This knowledge
base was known to Inka water engineers and recorded in some form yet unknown to
researchers; as the Inka had no known writing system, details of their water technology
only remain from modern analysis methods applied to their water systems.

Figure 15 is derived from the Euler fluid mechanics continuity and momentum equa-
tions and is useful to describe the flow transition from sub- to supercritical flow in the
Principal Fountain supply channel shown in Figures 11-13 where water frictional effects
are minor consideration effects on flow patterns. As all water motion is governed by the
mass and momentum conservation equations, Figure 15 indicates flow transitions based
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on Froude number change due to channel geometry changes. The x-axis represents (1/2)
Fr2 incoming flow conditions into a channel; the (1/2) Fry? conditions represent outgoing
flow conditions in a resized channel section. The W2/W1 curves represent width ratios of
the incoming to the downstream channel shape change. W2/W1 > 1 represents channel
expansion and W2/W1 < 1 represents channel contraction such as shown in Figures 11-13
that illustrate different views of the same channel contraction section. While modern
conservation differential equations are a method of summarizing governing water flow
principles, comparable results were obtainable by codified and recorded observation meth-
ods developed by Inka water engineers albeit in notations yet to be discovered. Note that
Figure 15 assumes no base height change along the Figure 11 channel.
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Figure 15. Flow plot describing flow transitions in channels. The x-axis describes Froude number
channel entry (IN) conditions; the y-axis describes Froude number channel exit conditions (OUT).
The W2/WT1 curves describe the contraction (W2/WT1 < 1) or expansion ratio (W2/W1 > 1) of a
channel sequence. Figure derived from [10] (Bakhmeteff 1932:254, his figure 193b). Here the high
Froude number range is applicable to the Main Aqueduct segment in the hydraulic jump area as later
detailed. (Figure additions by C. Ortloff).

Using the subscript notation (1) for flow conditions in the wide channel section and
(2) for contracted width conditions, the Figure 10 width contraction ratio is W2/W1 = 0.44.
The (1) flow entry value using the average flow rate is based on a ~0.3 ft water depth
for which V; = 0.72 ft/s and Froude number is Fr; =V /(g D)2 =0.23, (Fri2/2 = 0.03 in
Figure 15). The contracted channel (2) Froude number is Fr, ~ 1.14, (Fry2/2) = 0.65 in
Figure 15 based on ~0.3 ft depth. The channel contraction shown in Figures 11-13 takes
water flow from subcritical flow (Fr < 1) in the wide channel to a near critical (Fr ~ 1) flow
in the narrowed channel. From [5] (p. 34-35), the flow rate per unit width in the contracted
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rectangular cross section channel is qp = 0.68/W2 = 0.52 ft3 /s ft and the critical water depth
is given by yc = (q22/g)!/? = 0.2 ft in agreement with the previous critical water depth value
calculated for near critical Fr ~ 1 flow in the contracted width (2) channel. The special case
for which Fr = 1 is accompanied by flow surface wave instability derived from the presence
of translating large scale vortex motion within the body of the water. Figures 12 and 13
illustrates a surface ripple pattern consistent with near critical Fr ~ 1 flow in the contracted
channel region as well as a slight decrease in water depth resulting from the (1) to (2) width
change transition.

The parallel ripple wave structure normal to the flow direction is consistent with
sin 0 = 1/Fr, where 0 is the half angle of the surface wave so that when Fr ~ 1, 6 ~ 90°
verifying the transverse surface ripple wave structure shown in Figures 12 and 13. Surface
wave instabilities associated with Fr = 1 flow are to be avoided in the supply channel as a
uniform, stable flow is required to produce the proper aesthetic display in the downstream
fountain waterfall channels.

Figure 15 illustrates the flow Froude number transition arrow (K to J) resulting from the
wide (1) to narrow channel (2) shape change that incorporates transition from sub- to near
critical flow. This indicates that Inka engineers designed the (2) contracted channel section
to support near-critical Fr ~ 1 flow, but not exact critical Fr = 1 flow. In modern channel
design practice, ~0.8 < Fr < ~1.2 is the prescribed Fr range to obtain highest flow rates that
accompany Fr ~ 1 flows to avoid surface wave instabilities associated with translating large
scale vortex motion below the water surface associated with exact Fr = 1 critical flow. The
Fry Froude number range in the contracted (2) channel lies between ~0.8 < Fr < ~1.2 and the
compute Fry ~ 1.14 value is consistent with near stable flow according to modern hydraulic
engineering standards. The width reduction construction shown in Figures 11-13 thus
yields the narrowest supply channel (2) at the maximum flow rate per unit channel width
without significant internal surface wave structures causing transient flow instabilities to
be passed on further downstream to the Waterfall area. Observing the narrow channel
leading to the stilling reservoir ahead of the waterfall, it appears that Inka hydraulic
engineers wanted to limit disturbances and currents within the reservoir upstream of the
overflow streams to help promote equal, stable flows into the four Waterfall channels.
The contracted channel (2) then serves this purpose as no upstream influence exists from
flow disturbances in the downstream direction for Fr > 1 flows. The contracted width
channel led to transecting channels which when blocked, served as a reservoir with a
further channel to the platform immediately ahead of the four-channel waterfall (Figure 10).
This channel design promoted near symmetrical flow conditions in the reservoir so that
waterfall channels on each side of the inlet channel had symmetrical input flows from
the reservoir. As flow into the channel is directed into a smaller channel directly across
from the supply channel (Figures 11-13), there is an increase in the Froude number—but
this value is still close to the critical Froude number as shown in the Figure 15 process
path connecting F to G. With Fr > 1 flow in contracted channels ahead of the waterfall, no
upstream disturbances can affect the stability and aesthetics of the Waterfall.

Further, near critical flow is associated with the maximum flow rate per unit channel
width that a channel can support; this is closely achieved for Fr, = 1.14 conditions. Flow
stability is achieved when Fr is either slightly less than or more than the critical Fr = 1
condition—knowledge and use of this hydraulic engineering practice is evident in the
Principal Fountain design and is vital to produce a constant, stable water delivery flow to
the Waterfall area. The presence of near critical flow in both channel (2) and its continuance
channel had the advantage of preventing upstream influence of any downstream channel
flow resistance element (channel bends, wall roughness effects, non-symmetric flow into
reservoirs creating surface waves and vortices disturbances) from creating flow instabilities
in the subcritical (1) wide channel that would translate instabilities into downstream flow
patterns. For Fr > 1 flows in all downstream channels, uniform flow to the waterfall is
guaranteed to preserve its aesthetic display.
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The contracted channel flow design is important as: (1), the flow from the spring source
channeled into the wide channel (1) to a downstream narrow width channel (2) is associated
with the maximum flow rate per unit channel width; (2) the near critical flow values in
the two channels downstream of the wide section channel (1) eliminate flow disturbances
propagating upstream derived from flow into the reservoir connecting channel and other
downstream resistance sources that would alter the stability of flow to the Waterfall;
(3) the channel leading to the reservoir immediately upstream of the Waterfall, when par-
tially blocked to induce slow water entry into the reservoir, serves to create a stilling basin to
help eliminate any reservoir water motion that would challenge symmetrical flow delivery
to the fountain area and; (4), any disturbances from flow into the downstream stilling basin
are not propagated upstream into the wide (1) near critical flow channel to destabilize
its flow to downstream channels. Why is limiting upstream influence important? If Inka
engineers chose a channel design that had a wider width throughout than those shown
in Figures 11-13, then the value of Fr < 1 would exist in all channels so that unstable
disturbances from flow width transitions to the Waterfall display area would propagate in
both up- and down-stream directions. An example disturbance associated with subcritical
flows into sequentially wider channels would be a sudden water velocity decrease that
would be felt as an “obstacle” and have an upstream influence on the subcritical flow in
the upstream wider channel section. The low velocity, unstable upstream water height
changes would then interact with the incoming spring flow producing transient surface
wave instabilities that propagate downstream in all wider channels and would lead to
an erratic, non-aesthetic waterfall display. This negative design was anticipated by Inka
engineers and avoided by their design shown in Figures 11-13 with its many benefits.

An overview of the Inka technology used for the Principal Fountain reflects modern
hydraulic design principles to preserve fountain aesthetics during seasonal water supply
changes. Knowledge of channel width change effects on flow regime change from sub- to
supercritical lows to achieve stable flow at the maximum flow rate to the Principal Fountain
is apparent in the channel and is consistent with modern practice.

As the Late Horizon Inka society (1400-1532 AD) was familiar with water systems
of conquered and occupied territories, the Inka had access to the hydraulic knowledge
base of contemporary and earlier societies appropriate for use in their royal estates, cities,
urban areas, and agricultural systems. As surveys of several contemporary and earlier
Andean societies’ water system technologies are available in the literature [3,11-39] as well
as descriptive expositions of water systems at other Inka and Wari sites it is instructive to
determine if water technologies used by the Inka, particularly at Tipon, had borrowings
from earlier predecessors. Given that application of different water technologies from
different predecessor and contemporary societies were specific to their environmental and
water resource conditions, only a limited number of these technologies would be applicable
given the mountainous terrain and water resource constraints in the main Inka occupied
Cuzco area compared to those conditions for Peruvian coastal societies.

A further question, beyond observation and analysis of Tipon water systems and the
water technologies used in the design of these systems, relates to indigenous innovation not
previously noted from hydraulic engineering precedents derived from Inka and from other
ancient Andean societies. Given the multiple sources of water engineering knowledge
available to the Inka, a further question arises as to how close to modern hydraulic engineer-
ing practice Inka water systems were. As codified observations of hydraulic phenomena
provide a common basis for hydraulic engineering construction in both ancient and modern
practice, analysis of the Inka hydraulic constructions at Tipon reveal an early application of
hydraulic principles predating their later discovery in western science many centuries later
as subsequent discussion reveals.

While appropriated usage of hydraulic engineering knowledge was available to Inka
engineers from Inka conquered domains, native innovation and inventiveness would have
played a role given the mountainous terrain of the Inka homeland that would require spe-
cial technologies to irrigate and productively farm. As many different land area types were
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available for farming by mit’a labor extracted from Inka conquered populations transferred
to different geographical regions together with the reciprocity and gift giving strategy of
the Inka to assimilate different Andean societies into their multiethnic state, transferred
water control and distribution technologies were an important part of the Inka strategy to
expand and control their state structure. Additionally, control of water systems for urban
and agricultural use demonstrates aspects of political power exercised by Inka elites over
states conquered by the Inka military as well as symbolic manipulation of sacred water
symbols [3,25-35] important to show Inka connections to deities controlling rainstorms
and droughts. The importance of understanding Inka water control technologies lies in
its importance to maximize agricultural production through elaborate irrigation systems
both within the Cuzco area and Inka conquered territories; here surplus production was
vital for Inka storage facilities [36] that served as a defensive measure against extended
drought periods. As Inka royalty controlled portions of agricultural lands for state gov-
ernance functions involving ritual bonding ceremonies that included social participation
of all classes of Inka society, agricultural success through knowledge of water irrigation
technology was vital to demonstrate the management intelligence and reliance on the Inka
elite class to the civilian population. While agricultural success based upon water control
technology was a key concern of the Inka state, the provision of potable water to Cuzco
inhabitants (and at other Inka sites) through display fountains and water basins involved
aqueduct design technologies and pressurized pipeline systems to provide water from
distant spring and river sources. Investigation and analysis of water technologies used for
the Principal Fountain and the Main Aqueduct are therefore vital to expose aspects of Inka
water technology.

As for Andean precedents for channel width change to regulate Froude number,
examples from the Late Intermediate Period (~900-1300 AD) Chimu Intervalley Canal
show a similar hydraulic technology designed to regulate Froude number within the
~0.8 < Fr < ~1.2 range to ensure stable flow conditions at a prescribed maximum flow rate
of 4.6 ft3/s to reactivate drought desiccated irrigation canals in the Moche Valley. This
was achieved by changing the channel cross section geometry consistent with channel
slope and wall roughness variations to make the required flow rate close to maximum
flow rate the channel can transport with Fr ~ 1 flows. In this sense, the Inka use of
channel width changes to regulate Froude number may derive from the Chimu precedent
as both technologies involve creation of stable, near critical flows maintained by channel
cross sectional shape changes. Unstable, pulsing flow in the Chimu Intervalley Canal
would have the effect of accelerating erosion of unlined canal banks as well as causing
oscillatory forces on canal stone-lined banks that would cause leakage into unconsolidated
foundation soils. The Inka use of a subsidiary channel to maintain the design flow rate
to the fountain during seasonal changes in spring flow rate is further acknowledgment
that flow addition/subtraction water control engineering was necessary to preserve the
fountain’s aesthetics. It is noted that the Inka transferred experts from conquered societies
to their Cuzco homeland to support advances in ceramic, textile, and metal-working
technologies—likely such transfers also included water engineering experts to support
Inka dominance and occupation of their conquered territories.

Noting that the Figure 10 Waterfall streams are close to the back wall, the x distance of
impact of the overfall stream from the vertical wall on to the flat bottom base platform is
x = Vg (22/g)"/? where V) is the water velocity just before the fountain overfall edge and z
is the height difference between the overfall edge and the flat bottom base here given as
~4.0 ft. As x is approximately ~0.25 ft, then Vj ~ 0.5 ft/s. As the input flow rate (assuming
canal extraction/supplements are not present) is ~0.63 ft3/s and, as four channels supply
the fountain, then the water height in each of the four channels is ~0.3 ft which is consistent
with the four-waterfall input channel depth measurements. The point made here is that
to achieve an aesthetic fountain display, a precise and equal water velocity into all four
channels was required. This was achieved by the channel geometry change (Figures 11-13)
to transition Fr < 1 flow in the wide channel to a near critical Fr > 1 flow in subsequent
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contracted channels to eliminate downstream flow resistance effects on upstream flow
conditions. Additionally, as seasonal rainfall varies, affecting supply/drainage canal
flow rates and the platform 11 spring flow rate, the supply channel’s upstream flow
additions/subtractions from aqueduct and spring were necessary to maintain a constant
flow rate to the fountain.

The realization that the channel contraction effect (W2/W1 in Figure 15) leads to an
Fr ~ 1 near maximum flow rate in the contracted (2) channel was a necessary first step in
the Inka design. This feature was necessary to deliver a stable water flow to the downstream
delivery system to eliminate instabilities that would compromise equal water delivery to
all four Waterfall channels. The attention paid to flow stability and elimination of upstream
influence effects that would compromise downstream flow delivery stability demonstrates
Inka water management techniques to achieve waterfall aesthetics. In modern hydraulic
engineering terms, the Froude number of the incoming water stream determines the
Froude number in an expansion W2/W1 > 1 or contraction W2/W1 < 1 stream (Figure 15).
Here Inka water engineers demonstrated knowledge of this concept to design channel
expansion/contraction control of water flows as being Froude number dependent. Together
these design features indicate a sophisticated hydraulic technology in use to preserve
fountain characteristics during water seasonal supply changes.

4. The Main Tipon Aqueduct

The Main Canal’s aqueduct [5] (p. 60, PLATE) upstream of the site of Intiwatana
(Figure 1) demonstrates several additional facets of Inka hydraulic engineering. A 40 by
25 m reservoir above the Intiwatana sector conducted water from the Main Aqueduct
supplied from the Pukara River (Figure 1) to supply fountains in the adjoining main plaza
(Figure 1) as well as branch canals to the Main Fountain. Section 4 of the Main Aque-
duct included a long, steep channel of ~16 degrees measured declination slope followed
downstream by a ~1.7-degree mild slope (Figures 16 and 17). Channel width dimensions
range from ~0.65 to ~0.8 ft while channel depths range from ~0.8 to ~1.0 ft indicating
near-constant dimensions of the rectangular cross section aqueduct channel [5] (pp. 53-63).
Upstream of the aqueduct is a built-in water diversion channel [5] (pp. 53-63) activated by
a movable sluice plate to control the water delivery flow rate to the aqueduct—excess flow
was diverted to a drainage channel. As flow in the steep section is supercritical (Fr > 1) and
approaches normal depth asymptotically on a steep slope [5] (pp. 6-9, p. 47, p. 35), when
the flow approaches the downstream mild slope, horizontal channel section, a hydraulic
jump occurs early in the flat channel section [5] (p. 60) as no channel width and shape
change is present to lower or cancel the hydraulic jump. Figure 18 schematically shows the
formation of the hydraulic jump (HJ) at the lower slope segment of the aqueduct.

This hydraulic structure occurs at the slope transition A-B coordinate location shown
in Figure 17. A typical hydraulic jump shown in Figure 19 is representative actual jump at
the A-B location. (Drawing by C. Ortloff).

In terms of the Froude number, supercritical Fr > 1 flow on the steep section of the
aqueduct is converted to subcritical Fr < 1 flow in the aqueduct flat section through creation
of a hydraulic jump. For flow downstream of the hydraulic jump on the near horizontal
mild slope (Fr < 1), the aqueduct slope continues downbhill on a mild slope to the final
destination in the city center. In this part of the aqueduct, although the water velocity
increases, the post-hydraulic jump flow has no significant upstream effect on the location
and height change of the hydraulic jump. The hydraulic jump feature provides a means to
calculate the flow rate in the aqueduct channel given that the hydraulic jump flow height
produced by the supercritical to subcritical flow transition is to be contained within the
channel wall height to eliminate spillage from the channel. As water spillage represents a
waste of precious water intended for agricultural and urban use purposes, the canal design
reflects Inka engineer’s concern to eliminate water wastage. To determine the correct
canal flow rate to eliminate spillage, modern hydraulic engineering analysis methods
are employed. Here trial water depths and the associated flow rate calculated from the
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Manning equation [5] (p. 39) were used to determine if the hydraulic jump height produced
at the base of the steep aqueduct section is contained within the channel wall height
dimensions. As the correct flow rate in the Main Aqueduct is as yet unknown to eliminate
spillage, trial water flow heights (h;) and associated trial flow rates for different steep
slopes [5] (p. 60) together with the water velocity consistent with trial heights and slopes,
permits trial Fr; values to be calculated at the base of the steep slope. From the trial Fr;
and h; values, the hydraulic jump height relation shown as Equation (1) below [5] (p. 47) is
used to determine the hydraulic jump height hy; the post hydraulic jump Froude number
Fr; on the mild aqueduct slope is determined [9] by Equation (2). Based on calculations of
the trial hydraulic jump water height change from Equation (1), the correct hydraulic jump
water height and the correct aqueduct flow rate is determined when the h, water height is
fully contained within the channel height to eliminate channel spillage. The height change
h; from the original trial water height h; due to a hydraulic jump is given as:

ha/hy = (1/2) [(1+8 Fry?)!/2 —1] )
and the post hydraulic jump Froude number Fr; is from [7-10]:

Fry = {(1/8) [1 +2 (hy /hy)]* — 1/8)* @

Figure 16. Main Aqueduct Canal Section 4 showing the steep sloped channel section and adjacent
stairways. Hydraulic jump occurs at midpoint in figure where channel angle changes from steep
to a mild, near horizontal slope. The channel section shown is part of the “aqueducto’ (Figure 1)
that supplies water to the terraces (Figure 2) and is located near to the Plaza Ceremonial (Figure 1).
Coordinate locations, vertical from A, horizontal from B, give the location of the hydraulic jump.
(Photo by C. Ortloff).
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Figure 17. Alternate view of the Main Aqueduct Section 4 canal steep slope section shown in
Figure 17. The hydraulic jump location occurs where the channel slope angle changes from steep to
near horizontal shown on left side of figure. The hydraulic jump location on the aqueduct is located
at the junction at the A and B coordinates. (Photo by C. Ortloff).
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Figure 18. Schematic representation of the formation of a hydraulic jump (HJ) due to the aqueduct
slope change from a steep to a mild near-horizontal slope.
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Figure 19. Actual hydraulic jump caused by a high velocity (right-to-left) Froude number water flow
(Fr >> 1) encountering a submerged plate obstacle at the leftmost exit of a hydraulic flume. (Photo by
C. Ortloff).

Using elements of [5] (p. 60) Table for different trial water depths at different trial
slopes where the volumetric flow rate is in ft*/s, H is the post hydraulic jump total water
height in feet, Fr; the supercritical Froude number characterizing flow at the base of the
steep slope channel, Fr; is the subcritical Froude number characterizing the post hydraulic
jump flow, hy /h; is the hydraulic jump height change ratio, the h, water height can be
determined. Dy, is the trial lower height normal depth at the base of the sloped section for
trial flow rates. From Equations (1) and (2), Table 1 results follow.

Table 1. Flow Rate Results for the Major Aqueduct.

Dy (in) Slope (Degrees) Velocity (ft/s) Flow Rate (ft3/s) Frq hy/hy H (ft) Fry
2 8.53 6.6 0.80 2.85 3.65 0.61 0.42
2 11.3 7.6 0.92 3.29 4.18 0.70 0.24
2 16.7 9.3 1.12 4.01 5.19 0.87 0.34
4 8.53 8.6 2.08 2.63 3.25 1.08 0.45
4 11.3 9.9 2.40 3.03 3.81 1.27 0.41

Based on Table 1 results, the maximum flow rate (assuming the aqueduct flow diver-
sion channel plate is completely raised and flow in the aqueduct is from the Rio Pukara
River source only), is on the order of ~1.12 ft3/s (~0.03 m?/s) and is sufficient for water to
be safely contained in the channel without spillage given the ~1.0 ft depth and ~1.0 ft width
of the channel [5] (p.62). Note here that the flow rate obtained in [5] by a different analysis
method is of the same order of magnitude as the presently determined value. For this
case, the 16.7° slope case closely matches the measured aqueduct steep slope. For higher
aqueduct flow rates on the same steep slope, Table 1 indicates a large degree of spillage as
the hydraulic jump water height exceeds the channel wall height dimension. An upstream
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Section 1 part of the channel has a water diversion structure [5] (p.56) used in conjunction
with an adjustable height sluice plate used to divert a fraction of the Main Aqueduct’s
water into a side turnout irrigation canal. This diversion structure was used in times of
heavy rainfall periods to divert water from the aqueduct channel to prevent spillage in
downstream portions of the Main Aqueduct. Some evidence of a slight widening of the
channel is apparent from Figure 16 in the near-post hydraulic jump region. This effect,
if deliberate and more substantial in width, would reduce spillage and permit a higher
flow rate on the order of ~2.0 ft3/s. This feature, however, is not evident in the aqueduct
design. The Figure 15 Q-P arrow indicates the Froude number transition from supercritical
Fr to subcritical Fr, due to the hydraulic jump located at the steep-mild slope transition
point for contained flow within the channel; results shown indicate consistency with the
governing equations of fluid motion. For a flow rate higher than ~1.12 ft3 /s, only the lower
amount would be deliverable to destination sites and the rest subject to aqueduct channel
bank overflow. This consideration defines the intent of Inka water engineers to design the
aqueduct for the maximum flow rate fully contained within the aqueduct channel. Based
upon Figure 1, the upstream channel ahead of the steep slope section appears to have a
mild slope supporting subcritical flow; therefore, only the steep to mild slope segment
of the aqueduct shown in Figures 15 and 16 prove useful in determining the aqueduct
maximum flow rate. Since the Main Aqueduct was to supplement site water supplies
during the drier parts of the year when the Rio Pukara source was at a low flow rate, the
water contribution to the urban Intiwatana area (Figure 1) and its storage reservoir would
be vital to maintain its potable water source for site inhabitants as well as to supply adjacent
canal systems for agricultural use throughout seasonal changes in the river water supply.
Again, the sluice plate placed far upstream in the aqueduct channel together with supply
and drainage offshoot channels served the purpose to regulate the channel flow rate to a
design value to eliminate flow spillage during seasonal changes on water supply.

The question arises as to why the Main Aqueduct flow rate is important to determine.
As the aqueduct was the water source for the ceremonial plaza fountains and reservoir
and had connection to several of the agricultural platforms (Figure 1), knowledge of its
maximum flow rate determined the geometry of several downstream channels designed to
accommodate its water flow without overflows or spillage. Additionally, water delivery
amounts (ft® /s-unit land area) for specialty crops on different agricultural platforms with
different soil compositions were important to provide the correct moisture levels for plant
growth and determine water supply and reservoir structure dimensions within the plaza
to maintain their functionality and aesthetic presentation. Thus, Inka designers had the
means to determine channel width, depth, channel slope, and wall roughness to tailor flow
characteristics dependent upon Froude number to support different delivery flow rates
to different agricultural platforms, the aesthetic Waterfall display, and ceremonial plaza
usages much in the same way that modern hydraulic engineering practice dictates.

As for hydraulic engineering precedents observed from earlier Andean societies by
Inka water engineers, particular attention was paid to limiting canal flow rate beyond
design values to prevent canal over-bank spillage. In a (possibly late Moche or Chimu)
Jequetepeque Valley Canal, a choke consisting of opposed stones a given distance apart
(throat) was installed in a water conveyance channel to limit canal flow rate to a design
value. Here the dual stone separation distance determines critical flow at the throat limiting
the flow rate. Excessive runoff from El Nifo rains flowing into the canal causing a flow
rate excess over the design flow rate (as determined by the choke geometry) causes water
to be backed up ahead of the choke; the excessive water height was then shunted into an
elevated side weir upstream of the choke that emptied water into a lower drainage area
thus limiting damaging erosive overbank flow spillage. Elsewhere along the ~50 mile long
Chimu Chicama-Moche Valley Intervalley Canal built in the 900-1000 AD time period
between the Chicama and Moche valleys of north coast Peru, drainage chutes were placed
high up along canal walls to convey excessive water from El Nifio flood events away from
the main canal [22,24]. For this canal, for excessive flow rates over the design flow rate
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(4.6 ft3/s), sophisticated channel shaping was used to create vortex regions in concave
channel side pockets that effectively narrowed the streamline path of the channel flow to
convert a sub- to super-critical flow. The amplified water height from the hydraulic jump
was then diverted into an elevated side weir and then conducted to a diversion channel
that led to a lower farming area. From known cases observed from Chimu (and possibly
late Moche) hydraulic engineers’ work, special attention was paid to preserving water
transport canals from erosive damage due to water spillage over canal banks. As the Inka
incorporated the Chimu Empire by conquest, water technology experts were exported
back to the Cuzco Inka capital to serve in advisory roles for hydraulic engineering projects.
The preoccupation of Chimu (and hydraulic engineers from different societies) to preserve
their agricultural systems by innovative adaptive strategies under climate change duress
(principally flood and drought) is documented in [21]. Given the same preoccupation
of the Inka society to preserve their vital agricultural and urban water supply systems,
importation of relevant hydraulic technology was a vital concern. As a further example
of technology available to Inka engineers, the complex channel shaping noted at the exit
of a steep sloped channel at Tiwanaku’s Lukurmata area created a hydraulic jump of zero
height necessary to limit erosion damage of an unlined canal; this was accomplished by
channel geometry change to induce critical flow at the exit of the steep sloped channel. The
technology to raise the channel’s flow rate by reducing or eliminating the hydraulic jump
height by widening the canal width and changing the local slope to limit the hydraulic jump
height, although available to Inka engineers, was not evident to limit over bank spillage as
Figure 16 indicates no substantial channel width or slope change in the approximate flat
slope part of the canal. In modern hydraulic practice, a hydraulic jump can be eliminated
when the aqueduct mild slope section is made equal to the critical slope together with
channel widening to produce a neutralizing reach condition.

A further precedent involving control of groundwater for agricultural purposes in-
volves Tiwanaku raised field agricultural systems. Water supplied to raised field swales
(located between elevated crop-planted berms) through a channel was used to regulate
groundwater /swale water height for different crop growth requirements This provides, in
theory, an analog to Tipon's controlled moisture content for different crops on their agricul-
tural platforms. An elevated channel side weir cut into in the Tiwanaku Pampa Koani water
supply channel directed excess water above the weir bottom height to an adjacent channel
that led drainage water directly to Lake Titicaca. Remaining water was then transported
to raised field system swales to set the local groundwater/swale level. The elevated weir
flow control regulated the flow rate from the main channel to supply the correct amount of
water to the field system swales for different crop water requirements. This control system
was vital to maintain the productivity of the raised field systems bordering Lake Titicaca
during high seasonal rainfall periods as the supply channel side weir could be blocked
thus transporting all water directly to Lake Titicaca. This water control system limited field
system saturation destructive to agriculture to maintain the required groundwater and
swale water height to support crops on raised field berms. Given differences in distance be-
tween Bolivian altiplano Tiwanaku and Peru’s Cuzco, and centuries between the Tiwanaku
Middle and Inka Late Horizon times, necessary agricultural water supply technologies
were vastly different, yet it remains questionable if the Inka understood and utilized as-
pects of the Tiwanaku technology to control berm moisture levels for different crop types.
As all Andean societies were aware of water control technologies to maintain the correct
moisture level in field systems (or platforms) for different crops, this consideration was
independently developed by societies inhabiting different ecological niches to provide the
agricultural support base of their society. Inka water engineers were aware of different
water supply systems developed by different societies in different ecological zones as Inka
conquest of all lands and societies necessitated continued use and further development of
these lands for their occupation.
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5. The Site of Moray

Given the complex water supply system of Cuzco that included multiple spring-
supplied channels as well as pressurized pipe systems supplying potable fountain water
to city inhabitants, Inka water technology was in an advanced state of knowledge. It may
be speculated that the complex terrace system at Moray (Figure 20) near Cuzco played a
role as an experimental facility to help Inka engineers design the many water transport
facilities used in agriculture and urban use in the Inka realm. The site has temperature
and moisture level variations on terraces that vary with altitude from the lowest level base
surface that may have played a role in determining the best conditions for different crop
types. The terrace moisture level changes derive from their height intersection with the
local aquifer water content which varies with depth from the ground surface. Given that
the site is located in a high rainfall zone in the Andean foothills, the uppermost terraces
experience a high aquifer water content given their closeness to the ground surface; lower
terraces at greater depths from the ground surface experience low aquifer water content.

Figure 20. The Inka agricultural platform system at the site of Moray located some ~15 km southwest
of the Cuzco area. (Photo by C. Ortloff).

Given that the individual platforms at Tipon (Figure 2) have regulated water content
through a complex water distribution network to provide the optimum aquifer moisture
conditions for given specialty crops, it may be surmised that Moray served as an Inka
agricultural test center to determine best water supply conditions for specialty crops in
advance of the Tipon design. The knowledge gained from the Moray site would then
be of use to design Tipon’s individual terrace water control systems in advance. While
this interpretation of the function of the Moray site is controversial with some researchers
appropriating a ‘ceremonial” or ‘religious” function of the site given the intelligence of
the Inka to design complex water systems using their advanced knowledge of hydraulic
principles as demonstrated at Machu Picchu and other Inka royal estates [37-39], nothing
is left to chance in the design of water systems that have a practical use. As previously
discussed, the Inka had access to water engineering specialists brought to Cuzco from
conquered territories to develop their water engineering base—this is reflected in the many
Inka sites with elaborate water engineering structures.

Of interest are the many words in the Quechua language used by the Inka related to
water. Many words relate to the hydraulic technology that was prevalent in Late Horizon
Inka times such as pincha, a water pipe, rarca, an irrigation ditch, patqui, a channel, and
chakan, a water tank, while other words describe water motion such as pakcha, water falling
into a basin, and huncolpi, a water jet. While these words were commonplace among the

92



Water 2022, 14, 102

Inka public given their dependence upon water for agricultural and urban use, there must
have been a more complex vocabulary to describe more complex hydraulic phenomena
used by Inka hydraulic engineers involved in the design Tipon, Machu Picchu and other
water systems given the complex water technology used in those systems.

6. Conclusions

The utilization of multiple spring water sources together with a river sourced aqueduct
used to supply surface and subsurface channel networks controlling the water supply and
drainage systems of Tipon was part of an intricate Inka design to control the moisture
content of the agricultural platforms for specialty crops suitable for the royal occupiers of
the site. The use of subsidiary channels with independent water sources intersecting main
channels was part of a complex water control system designed to supplement (or drain)
water to achieve design flow rates to key site areas. For the Principal Fountain, the input
water flow rate was carefully controlled by subsidiary canals, a spring source and aqueduct
flow to control the flow rate to ensure fountain aesthetics during seasonal changes in spring
water supply. For the Main Aqueduct, the flow rate into the aqueduct from the Rio Pukara
source was regulated by a movable sluice gate to ensure wasteful aqueduct spillage was
eliminated. The maximum aqueduct delivery flow rate (for the sluice gate in full-open
position) was determined by the maximum contained water height in the hydraulic jump
region of the aqueduct to eliminate overbank spillage. The realization that a control sluice
gate to divert excess flow from the aqueduct beyond its design flow rate was a necessary
part of the aqueduct system design to eliminate spillage was acknowledgement of the
thought process behind Inka hydraulic engineering practice. In summary, the presence
of intersecting canals as part of the design for both the Principal Fountain and the Main
Aqueduct indicate supplemental (or drainage) water controls designed to achieve precise
flow rates necessary for the intended destination purpose of these hydraulic features. As
revealed by modern hydraulic theory illustrated by Figure 13, the relation between input
channel Froude number (Fr;) and its relation to the Froude number (Fr;) in an expanded (or
contracted) channel is a complex hydrodynamic procedure. As observed from the analysis
of the Principal Fountain and the Main Aqueduct, Inka engineers understood, likely by trial-
and-error observations and recordings, that the channel contraction geometry they chose
for the water supply to the Principal Fountain converted the low speed subcritical flow in
the wide channel to high speed, near critical flow, in the contracted channel section to give
the Principal Fountain its proper function and aesthetics. The use of near critical flows in
the supply channels to the Waterfall Fountain eliminated upstream resistance influence that
would influence flow stability and waterfall aesthetics. As with all hydraulic engineering
projects, both ancient and modern, application of an engineering knowledge base underlies
the design and function of complex water supply and delivery systems to ensure successful
operation. In modern hydraulic engineering practice, test work involving models placed
in a hydraulic flume provide visual confirmation of theoretical flow predictions and, for
many cases, empirical correlation equations derived from test observations to describe flow
phenomena. It may be assumed that a similar form of observational data was available to
Inka engineers to know in advance how to design channel geometry changes to achieve
a desired effect. Inherent to the design of the Tipon water network is as yet unknown
Inka format for analyzing and recording observations of water engineering experiments
and tests necessary to achieve the Tipon system’s success. This process would involve
pre-scientific notations for water velocity, flow rate, water height change, flow stability and
farming aquifer moisture levels, among other parameters, and their mutual interaction to
predict water flow patterns and efficient farming productivity results.

The engineering base used to design complex water facilities would involve use of
yupanas (and quipus) for analysis and recording of flow phenomena much in the same way
that a canal surveying problem can be represented by yupana calculations used by Chimu
water engineers. The use of multiple canal water supply and drainage systems for agricul-
tural, royal, and commoner living compounds, ceremonial center functions, experimental
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agricultural research as well as for the aesthetic fountain displays at Tipon and within
Cuzco, are prime examples of Inka knowledge of hydraulic engineering principles and
constitute a notable contribution to the history of hydraulic engineering. The water system
designs exhibited at Tipon are notable in their reliance on a modern water engineering
practice and, as such, anticipate discovery of modern hydraulic principles by western
science by many centuries.

Itis of interest to compare the state of hydraulic knowledge in ancient Andean societies
with that of continental Europe in similar AD centuries. The water engineering technology
exhibited by 300-1100 AD Tiwanaku, 900-1480 AD Chimu and the 1480-1532 AD Inka
societies and further Andean societies indicate a reservoir of advanced hydraulic technolo-
gies comparable in many ways to modern technology. Roman water technology exhibits
comparable levels of advanced hydraulic knowledge. For both ancient Old and New World
societies thus far investigated, accumulated hydraulic knowledge relied upon test, exper-
iment, and nature observations put into codified formats and recording procedures that
are, unfortunately, lost due to lack of surviving written records or other forms of recording
hydraulic knowledge.

To recover ancient societies’ versions of hydraulic science, use of modern hydraulic en-
gineering methodologies involving computer simulations, theoretically derived equations,
and laboratory test procedures applied to analyze ancient water structures provide one
way to uncover the lost knowledge used in their design and operation to bring forward the
design intent of ancient engineers—although their techniques of obtaining and applying
this knowledge and the format and data recording and data storage methods used to
produce sophisticated water system designs is as yet unknown. Only in the 17th and 18th
centuries in Europe did the invention of mathematical descriptions of physical phenomena
using calculus methodologies together with concepts of mass, momentum, and energy
conservation equations lead to basic calculation methods applied to predict fluid motion.
In this regard Bernoulli’s 1738 publication Hydrodynamica initiated and advanced hydraulic
calculation methodology to levels that continued in complexity to the present day. That
ancient societies of both Old and New Worlds utilized advanced hydraulic technologies
remains a subject from which future research can uncover further details—most fascinating
is that ancient hydraulic science demonstrates alternate ways to describe and utilize the
hydraulic knowledge base only discovered in later centuries.
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Abstract: The water engineering achievements of the Inca at Machu Picchu, when defined in technical
terms common to modern engineers, demonstrate that the Inca were masterful planners, designers,
and constructors. They demonstrated their technical skills through the planning, design, and
construction of water supply, fountains, terraces, foundations, walls, and trails. The site of Machu
Picchu was a difficult place to build, with high precipitation, steep terrain, and challenging access.
Nonetheless, the Inca had the uncanny ability to plan public works and infrastructure in a manner
that fit this problematic site and lasted for centuries.

Keywords: Machu Picchu; Inca; ancient water engineering; hydraulics

1. Introduction

It was in the 1913 issue of National Geographic magazine that Hiram Bingham first
announced to the world that the “Inca were good engineers” [1]. History Professor Bingham
came to this conclusion after his 1912 clearing and mapping of Machu Picchu.

Started in A.D. 1430-1450 as a royal estate of the emperor Pachacuti, the Machu Picchu
site was an unlikely place to build what would become, 550 years later, South America’s
most well-known archaeological site (Figure 1).

Figure 1. The Machu Picchu site is abutted by the mountains of Machu Picchu and Huayna Picchu.

When we think of Machu Picchu, we picture its perfectly battered walls and intricately
carved temples, huacas, and niches. While these features, alone, are a testament to the engi-
neering skills of the Inca craftspeople, this article explores the water-related infrastructure
of Machu Picchu and the remarkable ingenuity and foresight that it demonstrates.

Machu Picchu is an unlikely place to construct a royal estate due to its remoteness,
geologic faults, water availability, and landslide potential. Built on a ridge between the two
mountains of Machu Picchu and Huayna Picchu to house a resident population of 300 and
a peak population of 1000, the Inca engineers worked with nature to create a community
with a reliable water supply, good storm drainage, flat areas for agriculture, and building
foundations that would meet the challenges of steep, unstable slopes and high rainfall.
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They constructed a remarkable road system, which would connect Machu Picchu with the
outside world, not only via Cusco, but also downstream to the Vilcabamba region.

An analysis of the Inca civil engineering achievements at Machu Picchu, ranging
from their use of hydrologic and hydraulic principles to their erosion control and soil
stewardship, makes it clear that they adopted technologies from other peoples and the
earlier empires of Wari and Tiwanaku [2]. Then, as now in the twenty-first century,
technology transfer was a key component to successful engineering achievements.

While Machu Picchu is judged to have been mostly abandoned by A.D. 1540, final
abandonment did not happen until A.D. 1572 [3]. The site sat alone and isolated, except for
a few Quechua Indians, until Bingham made his discovery in 1911 [4].

2. Materials and Methods

Andean archaeologist Alfredo Valencia Zegarra and I led a team of water engineers
and hydrologists from Wright Paleohydrological Institute, who conducted approximately
eight site visits to Machu Picchu over a six-year period. Our goal was to use our professional
expertise as a basis for examining the remains of this ancient site to (1) document the site
from an engineering, hydrological, and hydraulic perspective, and (2) develop a theory
of what the designers and builders of the site knew about engineering, hydrology, and
hydraulics. The team used photographic documentation, measurements, notes, excavations,
interviews with experts, laboratory testing, ice core data, and outside research to develop a
picture of what the Inca knew. Some of this was accomplished by what we call “reverse
engineering,” the process of evaluating existing systems to determine the principles that
were used in their design. A series of papers on these topics was developed, which
served as the basis for detailed mapping and a book, Machu Picchu: A Civil Engineering
Marvel [5]. This article provides an overview of the team'’s findings.

3. Results
3.1. The Physical Setting

The ridge-top site of Machu Picchu, at an elevation of 2430 m, lies between two
regional geologic faults (Figure 2), and is a steep 450 m above the Urubamba River. These
faults formed a graben upon which Machu Picchu was built, and which relates to the
up thrusted twin peaks of Huayna Picchu and Machu Picchu to the north and south at
13°9’ south of the Equator in the headwaters of the Amazon River basin. Machu Picchu
experienced moderate temperature variations and high annual rainfall of approximately
2000 mm, as shown in Table 1 [5].

Table 1. Estimated annual precipitation at Machu Picchu by decade based on comparison of modern
climatological data at Machu Picchu to data from the Quelccaya ice cap [6], located approximately
250 km southeast of Machu Picchu. Average annual precipitation at Machu Picchu was estimated at
1960 mm. (Reproduced from Machu Picchu: A Civil Engineering Marvel [5], with permission from
the American Society of Civil Engineers [ASCE], the publisher.)

Decade Equivalent Annual Precipitation (mm/yr)
1450-1459 1770
1460-1469 1900
1470-1479 1830
1480-1489 1770
1490-1499 1860
1500-1509 2020
1510-1519 2150
1520-1529 1980
1530-1539 2220
1964-1977 1960

98



Water 2021, 13, 3049

/_HUAYNA

\ " RI0O URUBAMBA

-PRIMARY-SPRING -~ _

# S~ SECONDARY
— . SPRING e
N =

~— DOMESTICWATER

T\SUPPLY CANAL -~

-—

| INopTH |
| GRAPHIC SCALE

| -
| =200 S0~ 200
CONTOUR INTERVAL = 50 METERS /

Macay )/
PicCHY |

Figure 2. Machu Picchu lies between two faults. (Reproduced from Machu Picchu: A Civil Engineering Marvel [5], with
permission from ASCE, the publisher.)

The rainfall, typical ground slopes of 50 percent, local faulting, and soils that are prone
to landslides presented the Inca engineers with many challenges to overcome. Overcome
them they did, for Bingham’s 1912 photographs and descriptions show Machu Picchu to
have been nearly free of damaging landslides and failed foundations after 340 years. It is
known, however, that the Inca did experience some failures such as a large earth slide near
the Main Drain (Figure 3 shows the layout of Machu Picchu and key features such as the
Main Drain).
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Figure 3. Site map showing layout and key features of Machu Picchu site.

3.2. Water Supply Canal

The Machu Picchu geologic fault caused fracturing and crushing of the adjacent hard
granite rock, which in turn resulted in a natural spring water source on the north slope of
Machu Picchu Mountain. [5]. The Inca, using a clever groundwater interception structure
(Figure 4), carefully developed this spring, which then fed a long domestic water supply
canal (Figure 5). The canal traversed the steep mountainside on a narrow terrace formed by
a sturdy and well-founded wall—in some places, 4 m in height. The canal, 749 m in length,
was built at an engineered slope with a typical hydraulic cross-section of 13 cm x 12 cm,
making it capable of handling up to 300 L per minute. The measured spring yield is 23 to
125 L per minute, as shown in Figure 6.
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Figure 4. Cross-section of the Inca Spring collection system, which enhanced the domestic water
supply for Machu Picchu. The yield of the spring was maximized by a permeable stone wall set into
the steep hillside and a collection trench, which in turn fed the canal shown below (Reproduced from
Machu Picchu: A Civil Engineering Marvel [5], with permission from ASCE, the publisher.)

Figure 5. The canal at Machu Picchu runs past grain storehouses on a finely constructed terrace.
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of several months. Based on interpretations of Quelccaya ice cap data [6], modern precipitation data correspond closely
with estimated precipitation during the period of Machu Picchu occupation. (Reproduced from Machu Picchu: A Civil
Engineering Marvel [5], with permission from ASCE, the publisher.).

The Inca engineers were in the process of constructing a branch canal off the main
canal at the time of abandonment, which would have taken advantage of the excess capacity
of the main canal.

3.3. Fountains

The Inca canal delivered its water supply by gravity to Fountain #1 at an elevation of
2437 m, which then defined the location of the entrance to the Royal Residence, allowing
the emperor to have first use of the pure spring water. Here, the Temple of the Sun, the
Sacred Fountain, and the Wayrona were also built. Additionally, incorporated into the
special complex were Fountains #2 through #6 (Figure 7).

Downbhill, another ten fountains were constructed in series for domestic water supply
purposes with the last fountain being a private water supply accessible only from the
Temple of the Condor. The remaining water was then carried in a buried conduit and then
an open channel for discharge as waste into the Main Drain (a.k.a. Dry Moat) (Figure 8).

The fountains of Machu Picchu are well engineered for the volume and flow of water
provided by the Inca Canal. The approach channels were carefully carved to create a jet that
would allow for the filling of Inca water vessels called aryballos (Figure 9). The hydraulic
design of the fountains allowed for reasonable operation for a flow of between 10 and 100 L
per minute. At flows of more than 100 L per minute, a control orifice in Fountain #4 would
reject excess water for overflow down the granite stairway of the fountains [5].
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Figure 7. Map of canal and fountains showing relationship to Royal Residence. Fountain #3 (F-3)
is the Sacred Fountain. (Reproduced from Machu Picchu: A Civil Engineering Marvel [5], with
permission from ASCE, the publisher.)

Figure 8. The main drain or “dry moat” was the route for wastewater to exit the Machu Picchu
site. The wastewater flowed to the rainforest below, where lush vegetation minimized the erosive
potential of the drainage.
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(b)

Figure 9. Inca engineers designed water jets that were sized perfectly for the range of flows (a) and which allowed for clay
Inca water jugs known as aryballos (b) to easily be filled.

3.4. Agricultural Terraces

The numerous agricultural terraces at Machu Picchu total 4.9 ha in area and were
built to withstand the ravages of gravity and time. This is made clear by photographs
Hiram Bingham took of Machu Picchu in 1912 that showed intact walls. The longevity of
the agricultural terraces was due in part to advanced drainage design that incorporated
adequately sloped surfaces, good subsurface drainage, and a remarkable network of
surface drains. Another aspect of the terrace construction that assured stability was the
carefully-thought-out wall foundations that resisted both settlement and sliding.

The terraces had an annual nutrient-producing capability of some 172,000,000 k] of
nutrients—enough to furnish annual sustenance to approximately 55 people. Therefore, it
is assumed that food was imported from the floodplain of the Urubamba River below and
perhaps from outlying terraced areas such as Intipata [5].

3.5. Drainage, Erosion Control, and Soil Stewardship

Nowhere are the fruits of good drainage, erosion control, and soil stewardship more
evident than at Machu Picchu. The terraces were found by Bingham to be free from
erosion and sedimentation even after nearly 400 years of lying unattended because the
Inca engineers were as good at engineering substructure as they were at engineering the
beautiful walls for which they are known. Narrow, steep terraces climb up every possible
slope, including the Intiwatana pyramid and the crown of Huayna Picchu, to keep soil in
its place and erosion at bay. Figure 10 shows the typical subsurface drainage employed in
the fill between the terrace walls.
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Figure 10. Good subsurface drainage in the agricultural terraces ensured that much of the rainfall
percolated down into the permeable zone. (Reproduced from Machu Picchu: A Civil Engineering
Marvel [5], with permission from ASCE, the publisher.)

With nearly 2000 mm in annual precipitation, it was imperative that extensive storm
drainage engineering be incorporated not only into the agricultural terraces, but also that
urban drainage be planned and engineered throughout the ridge-top royal estate. To
this effect, there were a total of 129 formal drainage outlets incorporated into the urban
sector wall construction. These are not ordinary wall holes, but carefully planned and
adequately sized structural openings established at just the right elevation to drain interior
floor surfaces.

Runoff from thatched roofs and compacted urban surfaces was high, and for that
reason a relatively safe set of drainage criteria was used that accounted for the high rainfall
amounts. By examining the size and pattern of drainage outlets at Machu Picchu, it was
possible to define the empirical hydraulic criteria used by Inca engineers, as shown in
Table 2 [5].

Table 2. Urban surface runoff criteria ! for wall drainage outlets. (Reproduced from Machu Picchu:
A Civil Engineering Marvel [5], with permission from ASCE, the publisher.)

Primary Magnitude
Tributary area per drainage outlet > 200 m?
Drainage outlet size, typical 10 cm by 13 cm
Drainage outlet capacity, maximum 650 L/min
Design rainfall intensity 200 mm/h
Rational formula runoff “C” 0.8
Design flow per drainage outlet 500 L/min

! The author does not assume that Inca had formalized criteria. Parameters shown represent approximate
empirical equivalents. > The Temple of the Condor is an exception with only one drainage outlet for approximately
0.045 ha; however, subterranean caverns under the Temple of the Condor drain most of the surface runoff.
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The masterful engineering of Machu Picchu is not only what is visible to the eye, but
also the 60 percent of the building effort that lies underground in the form of foundations
and subsurface drainage.

3.6. Inca Trail

In an empire that stretched nearly 4000 km from north to south, and crossed mountain
ranges higher than the alps, the Inca built a road system that was a wonder of the ancient
world. They had the design skills, labor forces, and organizational capacity to build a trail
system that represented not just routes for travel from one place to the next, but a stunning
achievement in road development.

The Inca Trail is a well-constructed road with carefully placed stones. A roadway
network as grand as the Inca Trail system needed supporting infrastructure in the form
of terraces and culverts to manage unstable hillsides and provide drainage. The outside
walls of these terraces, even the highest ones, are distinctive in that they are often vertical,
without the sloping pitch of typical Inca architecture. Stations to house military guards to
control trail use were placed at regular intervals.

My team and I studied the Inca Trail system extending from the hub of Machu Picchu,
including the well-known trail hiked by many tourists from the Kilometer 88 Railroad
Stop to Machu Picchu, and the long-buried East Flank trail from Machu Picchu to the left
bank of the Urubamba River. There, the trail linked with the trail that took ancient runners,
military personnel, and Inca travelers down into the Amazon basin [7].

The Inca Trails features many of the same hallmarks of modern road systems: tam-
bos (overnight rest stops), fountains (cafes), and grade-controlled paths that allowed for
good drainage and comfortable travel. Terraces are integrated for erosion control and to
form flat land surfaces for farming. Finely built granite stairways are provided where
the terrain is steep. Many sets of convenient “flying stairways” allowed the field work-
ers ready movement from one terrace level to another without having to return to the
access staircases.

During our East Flank excavations, we unearthed two ceremonial fountains, which
sprang into life and flowed again after the debris was removed (Figure 11). To assure that
the two ceremonial fountains would not overflow during periods of excessive water yield, a
hydraulic bifurcation was built upstream of the upper fountain so that excess water would
be diverted into a stone-formed conduit for discharge to an adjacent drainage channel.
This is evidence that the Inca engineers understood the fundamental mechanics of water
flow, and that they had the ability to enhance the hydraulic operation of the fountains to
account for periods of low flow.
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Figure 11. This long-buried fountain along the Inca Trail still operated after centuries of neglect. This
photograph was taken a year after it was uncovered during East Flank trail clearing.

4. Discussion

Inca design standards were relatively uniform. The building construction details at
Machu Picchu demonstrate consistent engineering that followed Imperial Inca standards.
Building groups, individual buildings, entrances, and niches at Machu Picchu help tell
a story of centralized authority. Building designs that are thousands of miles apart have
been well documented by Inca scholars as to shape, style, and spacing. The uniform
batter of Inca walls helped to ensure stability. The placement of stone in a course to avoid
planes of weakness also contributed to soundness and longevity, but the Inca investment
in geotechnical site preparation and foundations was the most important reason why the
public works construction has endured.

The Inca transportation system included paved trails, stone stairways, tunnels, re-
taining walls, and hanging bridges over rivers and gulches for which abutments still exist.
Then, high above the trails, the Inca built storehouses for foodstuffs, so that a traveling
military legion or the local people would did not go hungry.

The ultimate testaments to the sound engineering of Machu Picchu are that the site has
withstood the moist elements of Peru for 550 years and that many of its features—canals,
fountains, walls, terraces, and drainage systems—still function as designed. The Inca did

107



Water 2021, 13, 3049

References

SRS

not have a written language and they left behind no designs or plans to demonstrate their
engineering skills. The remaining structures at Machu Picchu and the insight that not all
things that are constructed do last, inform my judgement that the Inca knew what they
were doing.

5. Conclusions

The water engineering work at Machu Picchu, ranging from the Inca Spring and canal,
to the fountains and drainage, to the engineering of the trail system, represents extensive
Inca knowledge of the fundamentals of hydrology and hydraulics. The design of the spring
collection works and canals shows that the Inca knew how to efficiently maximize their
water supply. They also understood the volume and variability of the water supply, in that
the Inca canal provided the proper grade and capacity for the volume of water. The Inca
created fountains that were not only beautiful, but provided jetted water streams for filling
water vessels and an overflow system to address higher volumes of flow. The Inca also
understood good drainage and erosion control practices, as demonstrated by the longevity
of Machu Picchu despite annual average precipitation of approximately 2000 mm. The Inca
trails further demonstrated their builders’ understanding of drainage, erosion control, and
water supply. All of this was accomplished in a challenging location with steep, unstable
slopes and high rainfall. In short, the Inca engineers knew how to build public works and
infrastructure in a manner that fit this difficult site and lasted for centuries.
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Abstract: The Andes are defined by human struggles to provide for, and control, water. Nowhere
is this challenge more apparent than in the unglaciated western mountain range Cordillera Negra
of the Andes where rain runoff provides the only natural source of water for herding and farming
economies. Based on over 20 years of systematic field surveys and taking a political ecology and
resilience theory focus, this article evaluates how the Prehispanic North-Central highlands Huaylas
ethnic group transformed the landscape of the Andes through the largescale construction of com-
plex hydraulic engineering works in the Cordillera Negra of the Ancash Province, North-Central
Peru. It is likely that construction of these engineered landscapes commenced during the Middle
Horizon (AD 600-1000), reaching their apogee under the Late Intermediate Period (Huaylas group,
AD 1000-1450) and Inca (AD 1450-1532) period, before falling into disuse during the early Spanish
colony (AD 1532-1615) through a combination of disease, depopulation, and disruption. Persistent
water stress in the western Pacific-facing Andean cordillera was ameliorated through the construction
of interlinked dams and reservoirs controlling the water, soil, and wetlands. The modern study of
these systems provides useful case-studies for infrastructure rehabilitation potentially providing
low-cost, though technologically complex, solutions to modern water security.

Keywords: central-Andes; engineered landscapes; political ecology; Prehispanic; resilience; water
security; wetland management

1. Introduction

Water is a critical human resource, and cultural transformations in the Prehispanic
South American Andes have been defined by how they have managed and harnessed
it [1-3]. Nowhere is the need to control this resource more evident than along the drier
western Pacific-facing Andean mountain-range [4]. Here, aside from the Cordillera la
Viuda in central Peru [5], the whole of the mountain range is bereft of glacial ice cover and
therefore relies exclusively on seasonal rainfall and winter sea-fog (gartia) for hydrological
replenishment. Furthermore, yearly precipitation in the Cordillera Negra is half (c. 500 mm)
of the average levels for the nearby ice-capped Cordillera Blanca (c. 1000 mm) [6]. Therefore,
the Cordillera Negra not only does not benefit from glacier runoff but is also considerably
drier than the other mountain ranges in the region.

In this article, I study the Ancash highlands of the north-central Andes focusing
primarily on the Late Intermediate Period (AD 1000-1400) and the Huaylas ethnic group
that inhabited this mountain range. As one of a large number of balkanized ethnic groups
following the demise of the Middle Horizon (AD 600-1000) Wari in the central Andean
highlands [7], the Huaylas constituted a very loosely bonded cultural unit with a com-
mon language, economy, set of beliefs (ancestor worship and especially water cult), and
material culture.

In the latter case, the Huaylas shared a crude ceramic style, known generically as
Aquilpo [8], with other neighboring ethnic groups to the north and south of the Ancash
region. Practicing a highly specialized form of late Prehispanic agropastoralism [9], the
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Huaylas settled the area roughly bounded by the Cordillera Negra to the west, Cordillera
Blanca to the east, the Central Andean Huayhuash Cordillera to the South and the Cafion
del Pato and Santa Valley to the North [10], during the period immediately preceding the
Inca expansion into the area.

Against a backdrop of a long highland drought [2] followed by fluctuating climate
and water availability [11] for the 500 years following c¢. AD 1000 in the Andes, and taking
an explicitly political ecology approach [12,13], this article analyses how the Huaylas gen-
erated societal resilience through large-scale landscape transformation. This involved the
wholesale construction of dams, reservoirs, artificially irrigated wetlands, terraces, canals,
and other hydraulic infrastructure, which, in turn, converted this otherwise marginal
landscape into a highly productive zone able to sustain substantial human populations.

Landscape transformation and water availability were generally generated through
the construction of reservoirs and dams towards water storage both physically and geolog-
ically [14]. Although scholars [15,16] have previously argued that the available evidence
indicates that dams and reservoirs (represas, reservorios, and estanques) were not a major hy-
drological feature of either Prehispanic water storage or water flow regulation in the Andes,
this has recently been revised given the overwhelming evidence for these features across
large swathes of the central Andes, e.g., [17-21], with their use extending into Northwest
Argentina [22].

That this use of technology provided the wherewithal for large local populations is
attested by the large number of Late Intermediate Period settlements in the area. Perhaps
surprisingly, this intricately constructed landscape was instigated and maintained by the
Huaylas at a community and village level (respectively the ayllu and llacta) without obvious
elite or state interference contrario sensu stricto [23], see also [24].

Incorporation into the Inca Empire brought with it state-sanctioned modifications to
the hydraulic system without overtly affecting the underlying economic lifestyle and soci-
etal rationale of the Huaylas, beyond a shift to greater internal social hierarchy, including
the possible Inca appointment of hereditary curaca or chiefs, such as Huacachillac Apu,
Lord of the Huaylas [25]. Nevertheless, given the mountainous and often inaccessible
nature of the central Andean highlands, small-holder farming has persisted and is still a
way of life throughout the region [26-28]. In such cases, water management, as in the past,
tends to still be organized at the community level [29].

Here, I evaluate the Huaylas landscape and hydraulic transformation in the Cordillera
Negra as an important proxy for how community-based societies during the Late Interme-
diate Period in the Andes actively modified their environment providing the means for
successful exploitation of the local ecology, especially water, under the aegis of a vibrant
agropastoralist political economy [30], thus, leading to increased water security for these
Prehispanic populations. In turn, these segmented acephalous ethnic groups were the
backbone of Late Intermediate Period highland society and represented the constituent
blocks of the later Inca and their eponymous empire.

In turn, I use this Huaylas case-study as a proxy for how technologically savvy groups
can harness hydrological resources to provide resilience and water security under climate
stress. Taking this comparison further, we advocate that Huaylas, and late Inca, landscape
transformation and integrated approach to water management during the Prehispanic Period
provides a potential model towards a modern best-practice use of available water resources,
especially in a time of renewed hydraulic demand and deteriorating climatic conditions.

1.1. Climate and Community during the LATE Intermediate Period

The Middle Horizon (AD 600-1000), the period immediately prior to the Late Inter-
mediate Period (AD 1000-1400), in the highlands was characterized by a long cycle of
higher than average precipitation [11] and with it a concomitant cultural effervescence
seen in the emergence of large consolidated cultural entities, such as the Central Andean
Tiwanaku [31] and Wari polities [32]. These subsequently collapsed during the eleventh
and twelfth century ushering in a period of balkanized highland communities [7].
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While interpretations based around deteriorating climatic conditions are fraught with
difficulties [33], nevertheless, climate post-AD 1000 took a definite turn for the worst. A
recently published article shows that drought conditions in the Southern Andean highlands
commenced in the mid-tenth century with arid condition extending into the thirteenth
century [34], see also [35,36] for pertinent revisions of Arnold et al.’s article. It is during the
Late Intermediate Period that we have the start of the warmer Medieval Climate Anomaly
(MCA) dated at between ~1050 and ~1300 AD followed by a highly unstable phase leading
to the onset of the Little Ice Age (LIA) ~1400 AD [37,38].

Variations on this theme see the LIA starting somewhat later at ~1500 A.D., although
this is based solely on the Quellcaya data whose results are skewed by the Amazon Basin
signal [39]. Nevertheless, the various authors coincide that there is a warmer, drier period
during the early LIP followed by a long period of unsettled climatic conditions before
the advent of colder, wetter conditions towards the end of the LIP [11,40]. These broad
conclusions are also lent support by proxy data from sedimentary 5180cal levels taken at
Laguna Pumacocha located in the eastern Central Andes, which suggests that the period
between AD 900-1100, during the MCA, was particularly arid, whilst the late phase
between AD 1400-1820, during the LIA, was very wet [41].

Therefore, the paleo-environmental evidence would suggest that, although the agri-
cultural frontier might have benefitted from the warmer conditions prevalent during the
eleventh to early fourteenth century, the increased aridity would likely have necessitated a
greater investment in water procurement technology. In turn, this might have been a prime
motivator behind increased terrace construction during and after the Middle Horizon [42]
as well as potentially, investments in wetland management [43].

It is possible that rural communities at this stage gravitated around the use of an
Andean highland resource suite involving maize (and potatoes) combined with domesti-
cated camelid exploitation concentrated on the intermediate kichwa/suni (2300-4100 m)
ecozones [44]. While it is likely that this agropastoralist economic package had a long
pedigree [45], the increasingly specialized agropastoralism enhanced through recourse
to hydraulic engineering was most likely a late Middle Horizon and Early Intermediate
Period innovation.

The unsettled climatic conditions that pervaded throughout most of the Late Interme-
diate Period might have favored an increase in pastoralism given the mobile nature and
environmental threshold tolerance of camelid vis-a-vis individual plant species. Likewise,
this possibly led to increasing herder predominance within these bimodal, segmentary
agropastoralist communities, e.g., [46,47].

Needless to say, segmentary social organization is very prevalent in herder-dominated
societies both in the Andes and elsewhere [48,49], lending support to the idea that Late
Intermediate Period segmentary organization may well have had its roots in the increasing
importance of herding and herder society during this period [50]. Similarly, scholars have
noted the segmentary organization prevalent in community anarchism as a potential viable
model for understanding past Andean kin-group and village organization [51]. This type of
organization has also been described as ‘ordered anarchy’ [52] and describes an acephalous
political structure without clearly defined leaders or rulers.

In this regard, the Cordillera Negra Huaylas population of the Late Intermediate
Period combined a remarkable number of hydrological technologies, which included
dams, reservoirs, canals, and irrigated terraces with a patent lack of internal socio-political
hierarchy. Ethnohistoric evidence [53,54] for Huaylas hierarchical social organization is
likely a reflection of later social changes under Inca and Spanish hegemony, rather than the
state of affairs during much of the Late Intermediate Period. Instead of institutionalized
elites for the Huaylas we have a much more fluid situation in which few chiefs are born
into power, rather there was a favoring of transient leadership with political power vested
in the existing corporate lineage groups otherwise known as the ayllu.

Indeed, two types of authority seem to have existed throughout the Andean highlands,
and among the Huaylas, at this time; authority-in-death by which important personages in
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life, once dead became venerated kin known as mallqui [55] with influence over day-to-day
actions, and that of religio-technical authorities, such as water adjudicators, otherwise
known as cilquiua [56] or water camayuc or cochacamayuc [57]. Similar to the modern
varayoc or alcalde de agua (water mayor) [58-61], these individuals or specialized groups
were responsible for the equitable distribution of water, as well as maintenance of the
existing hydrological infrastructure through recourse to community faenas or labor, known
generically as the minka, which included terrace upkeep, the dredging of reservoirs, and
canal cleaning among others [24].

For the Late Intermediate Period, it was usually the herders within these agropastoral-
ist communities who exercised the greater political control, and potentially control over
water resources [62,63]. This pre-eminence of herder groups is well documented for the area
of the central Andes 47, where subservient lower yunga (500-2300 m) populations were in-
ducted into repairing the high-altitude dams controlled by the agro-pastoralist kichwa/suni
(2300-4100) and puna (4100-4800) dwellers. As such, these agro-pastoralists were followers
or ‘sons’ of the Andean thunder-God, purveyor of water, fertility, and animals.

Consequently, irrigation water for use in farming by lower-lying agriculturalists
was often dependent upon alliances and bargaining with the herder component of these
unequal, moiety-organized agro-pastoralist societies. In the study area, crucial water
storage infrastructure, including dams and anthropogenically altered wetlands, were
located within the herding specialized uplands. Furthermore, extant evidence shows
that within these Late Intermediate Period landscapes, herder economies where not just
restricted to the puna ecozone but vied, depending on climate, environmental and landscape
conditions, with agriculture to extend the pastoralist boundary altitudinally downwards to
cover a large chunk of the agricultural suni (3500-4100) ecozone, this served to increase the
available pasturage in certain areas by as much as 50% [64].

1.2. Survey and the Study Area

The research area lies between 89°77 to 90°04’ North and 171°70’ to 171°81’ within
the Cordillera Negra, in the Ancash Province of Peru (Figure 1). Here, the Cordillera Negra
mountain-range reaches a maximum height of c. 5200 m. More specifically, the research
area encompasses part of the northern section of the Cordillera Negra bounded by the
Chaclancayo River in the south and the Uchpacancha River to the north, comprising the
Pamparomas watershed, centered on the eponymous town.

The eastern peaks of the Cordillera Negra divide this area from the north-south
running intermontane Santa Valley, forming the eastern boundary of our study region.
Towards the west the limit of the area of research is set at 2300 m, the altitudinal division
between the yunga and kichwa eco-zones. Downstream, both these highland rivers join the
Colcap and Loco rivers to form the coastal Nepefia River down to the Pacific.

Geologically the upper Cordillera Negra is composed of Tertiary Volcanic Calipuy
formations interspersed with pockets of earlier Cretacian geology, such as the Inca, Chulec,
and Pariahuanca/Pariatambo formations; these are mainly solid Andesite conglomer-
ates that are known for their hard though brittle nature (Figure 2). The predominance
of Andesite in this cordillera makes for a rock-type with low permeability averaging
10-20 m [2,65], which permits the formation of substantial natural water basins or lakes;
the fracturing of the brittle Andesite in turn generates a higher degree of permeability
through crack porosity of the rock. Fresh Andesite has an 8% porosity, while weathered
Andesite has porosity between 10-20% [66].
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Figure 1. Map of the study area.

Figure 2. Geology of the study area showing the main groups, formations, and types [67].

Andesite porosity reinforces geological water storage through the replenishment of
underground aquifers that then feed into pugquios or natural springs. The presence of a large
area of igneous granite around the modern town of Pamparomas, on the lower limit of
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the survey area along the Chaclancayo River, provides an important quarrying source for
stone construction material, especially for the dams and other hydrological features found
in the area. Seismically, it is an area of considerable activity as can be evidenced by the
numerous fault-lines throughout these still-young fold mountains. This is a key factor in
the creation of fissures and the weathering of the underlying Andesite rock of this region.

This region of the Cordillera Negra also represents the intersection between two
major recognized eco-zones: the pdramo and puna. The Pdramo is a cold and humid
landscape scarred by ancient glacial action; the average temperatures gravitate around
12 °C with extreme shifts between —23 °C and 23 °C. The often-water-logged soils are acidic
(pH 3.7-5.5) and composed of humic black to dark brown earth. As the elevation increases,
rock and sand proportions increase leading to a general decrease in water retention. Low
atmospheric pressure, intense ultra-violet radiation, extremes of heat loss and accumulation
lead to the endemic plant suites whose growth is slow and with low productivity. If severely
disrupted, this ecosystem can take a long time to recover [68].

Similarly, the puna, is traditionally described as a harsh, usually dry Alpine meadow
tundra located above the treeline; its soils are also highly humic, although with restricted
sedimentation [69]. Our area is on the boundary of the puna type identified as humid [70].
The humid puna has daily temperature fluctuations between 25 and —20 °C; ground
frost occurs some 300 days a year. The upper puna or puna brava has less sedimentation
and is increasingly rugged, cold, and harsh. Traditionally thought of as a setting for a
predominantly herding economy, the humid puna nevertheless has a long tradition of
agricultural cultivation, usually of bitter potatoes (Solanum x juzepczukii and Solanum x
curtilobum) [71].

Both the pdramo and puna are what have been described as alpine type ecozones where
it is, ‘summer every day and winter every night’ [72]. In the case of the Cordillera Negra,
precipitation averages a yearly 500 mm, which is sufficient for rainfed agriculture and for
the replenishment of existing pdramo /puna wetlands. Nevertheless, the main problem in
the Cordillera Negra is, and has always been, the lack of a reliable water supply throughout
the year [73]. This means that, if unimpeded, the seasonal rains flow swiftly downslope
to the sea. Natural lakes and springs, whilst common to the area [67,74], are not normally
very large and are insufficient for local needs.

Prehispanic people appear to have tackled this longstanding problem through the
construction of a series of dams and reservoirs that spanned side-valleys and ravines
possibly as part of an integrated management of water resources that stretched across
whole tributaries and covered the Andean highland section of drainages.

Viewed as whole-of-tributary systems, they potentially significantly increased the
water-holding capacity of the affected areas and, in turn, held back a large proportion of
the rich highland sediments that would otherwise have been eroded downwards to the
coast. Furthermore, scholars have been at pains to highlight the importance that herding
and subsequently the puna and pdramo ecozones had in the past, with some stating that the
herding economy was at least equal to, or greater, than that of agriculture [75].

1.3. Hydraulic Infrastructure and Watershed Management

Elsewhere, I have described how it is useful to think of water technology in the
Andes in terms of ‘dry’ or ‘wet’; in which ‘dry” designates those in which water flows
intermittently, for instance terraces, and ‘wet’ are those features in which water is almost
always present, such as dams [3]. The same article provides dense descriptions of the main
different types of hydrological features found in the Andes. For our purposes here, I will
summarize the main features of the technologies pertinent to our study area (Table 1).

A crucial aspect of these hydrological features is that they are not present in isola-
tion, rather they are found as packages across the Cordillera Negra, likely creating an
interlaced system that links water management strategies from the herding-intense puna
down through the mixed herding-farming suni and subsequently to the predominantly
agricultural kichwa. In end-effect we appear to have a seamless system of water man-
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agement linking these agro-pastoralist communities across the gradient of the Cordillera
Negra. Nevertheless, this seamlessness is possibly the result of centuries of technological
accumulation across watersheds.

Within our study area, I surveyed a total of over 100 archaeological sites, including
settlements, tombs, and sacred standing stones. Within this total, there are 21 specific
hydrological features and areas (Figure 3). These hydrological features and groups of
features were the lynchpin towards harnessing the regions scarce water resources leading
to greater economic productivity. A cursory appraisal of the survey data on Figure 3
suffices to show the potentially integrated nature of hydrological technology found in the
Pamparomas watershed.
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Figure 3. Map of the study area showing the location of hydrological features, including relict terrace
areas and wetlands (bofedal).
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The Pamparomas watershed is essentially fed by two large rivers the southern Cha-
clancayo and the northern Uchpacancha. These two water sources are mentioned in an
important local historical document pertaining to a long-running court case over land and
water rights between Dominican monks and the local community dating to the end of the
18th and beginning of the 19th century [76]. Here, the Uchpacancha River is known as
‘Rio Grande’ or big river, with three other rivers, including the Chaclancayo and its three
main tributaries, making up the main water sources for the Pamparomas watershed area

(Figure 4 & Table 2).

Figure 4. Map of the Pamparomas area showing the main water sources, Anexo de los Religiosos de
Predicadores de Sto. Domingo con los Indios de Pamparomds (Huaraz, setiembre 1803).
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Table 1. Types and categories of hydrological features referred to here.

Category Type Description
g Built steps or benches creating cultivation platforms on
B Dry Terraces loped .
< sloped terrain
& Irrigation canals Canals distributing water to fields and land features
=)
<
:::n Wet Water dams Artificial lake
'% Water reservoirs Artificial pond
5 Silt dam Large artificial silt trap or check dam
E' Silt reservoir Small artificial silt terrace or small check dam
Table 2. The dam and reservoir infrastructure in the study area by the principal river.
Site Code Site Name Altitude (m) Surf(al;:lez;\ rea Notes
Pa3 Tayapucro 4250 286 Estancia/lake
Uchpacancha Pa4 Racracocha 4350 7850 Water dam
River Uc2 Agococha/Negrahuacanan 4525 68,750 Water dam
Uc3 Tsaquicocha 4300 16,000 Silt dam
Rac2 Sacracocha 4590 35,000 Water dam
Rac3 Huaytacocha 4500 22,500 Water dam
Sisuran Rac 4 Iscaycocha 4575 13,392 Water dam
River Rac 5 Yanacocha Macho 4725 32,291 Water dam
Rac 6 Yanacocha Hembra 4725 21,875 Water dam
Rac7 Alichococha 4325 17,500 Water dam
Pa5 Tsaquicocha 4625 1027 Silt dam
Colla'pampa Pa6 Carhuacocha 4550 38,392 Water dam
River Rac1 Huancacocha 4425 17,500 Silt dam
Cho 1 Yanacocha 4550 55,468 Water dam
Cho 2 Oleron Cocharuri 4200 53,125 Silt Dam
Cho 6 Orconcocha 4660 35,000 Water dam
Cho 7 Putacayoc/Kaukayoc 3900-4050 150,000 Silt reservoirs
Cho 8 Llanapaccha 3600-3900 170,000 water reservoirs, canal to Pukio, terraces
Chac!ancayo G1 Nununga 3800 340 Water reservoirs
RizcH G4 Represa Decision 3890 480 2x Silt Reservoirs
Co1l Collpacocha 3825 284,375 Silt dam
Co2 Intiauran 3985 75 Silt reservoir
Ra1l Ricococha Baja 4485 20,625 Water dam
Ra2 Ricocochoa Alta 4560 18,750 Water dam

Extrapolating from the modern map of the area (Figure 3) I can identify the other
two smaller rivers in the 1803 map as the modern Sisuran and Collapampa rivers. In toto,
these four collect their waters from natural lakes or anthropogenic dams located in the
high-altitude puna/pdramo headwater zone directly in respect to the Uchpacancha, Sisuran,
and Collapampa rivers or indirectly, as in the case of the Chanclancayo, which gathers it
from three smaller tributaries—the Chorillos, Rico, and Colpa.

In fact, the hydraulic system in the study area can be divided into two large blocks,
with the Sisuran and Collapampa feeding into the larger Uchpacancha drainage consti-
tuting one of these and the Chaclancayo and its tributaries the other. In this respect, the
Uchpacancha includes ten water and three silt dams, while the Chaclancayo has four
and two, respectively. The large number of water reservoirs positioned above the circum-
Pamparomds basin would have sustained the kichwa and suni ecozone agriculture of this
area. Nevertheless, the more undulating Chaclancayo drainage also includes the huge
Collpacocha silt dam [Co 1], as well as large areas of silt reservoirs making it a particularly
productive pastoralist landscape.

Throughout the system, other smaller streams and springs feed into all these rivers,
but these constitute the hydrological mainstay of the watershed and, thereby, the areas in
which past populations built their hydrological infrastructure. In some instances, these
waters fed directly onto terrace systems, and three large areas of abandoned or relict
terraces have been identified. It is probable that there were others, but they were most
likely dismantled by sub-modern and modern cultivation.
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Terrace agriculture is no longer practiced in the area; yet, in the past, these terrace
systems were very well integrated into the larger water management system of the area.
In this regard, water from the Chorrillos side-valley located in the Chaclancayo drainage,
especially from the huge Yanacocha water dam [Cho 1] was diverted by means of an
irrigation canal to the Pukio terraces located above the modern town of Pamparomas
Figure 5.

Photo left: Chorrillos-Pukio
Canal as it negotiates the
Yurakpecho-Shunak Massif
from silt reservoir [42], Cho 7E

Photo right: Detail of
Chorrillos-Pukio Canal flowing
west towards Pukio. Note that
canal has a stone-lining

Figure 5. Stone-lined Chorrillos-Pukio canal.

The crucial point to understand about the construction of this hydraulic infrastruc-
ture is the likely interconnectedness of the different features through time. Essentially,
beginning in the late Middle Horizon (AD 600-1000) and Late Intermediate Period (AD
1000-1400), the local populations invested heavily in hydraulic engineering to offset in-
creased water insecurity.

It is probable that, through a long process of accretion, these local Huaylas generated
an integrated system of water, silt and land management that stretched from the top of the
cordillera down to the confluence of the Uchpacancha and Chaclancayo rivers at the site
of Tincu near the village of Ullpan (c. 1400 m), thereby, combining herding and farming
across this whole altitudinal range. Even so, significant local tributary differences existed.
In this regard, altitude is a key determinant in how the hydraulic system of this valley were
constituted such that the four main types of ‘wet” hydrological features invariably occurred
in a particular order:

1.  water dams,

2 silt dams,

3.  silt reservoirs, and
4 water reservoirs.
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These structures also share a common constructive technique given that they are built
of granite blocks on the outside along both faces, while the area between the wall is infilled
with a compacted coarse gravel and soil/clay admixture (Figure 6). The stone used in the
construction of these features are usually rough-cut, although two, Collpacocha [Co 1] and
Yanacocha Hembra [Rac 6], have better cut stone in their construction, perhaps suggesting
a later construction date, possibly linked to the Inca expansion into the area.

v .
- =t

Figure 6. Profile of the Estanque Dam [Ti 1] showing the inner and outer stone walls, including the central soil and

stone infill.
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For instance, Collpacocha [Co 1] is located alongside a small Inca administrative
site [77]. This construction technique lends the structures robustness and durability, but
importantly not fixed rigidity, allowing the structures to resist seismic movement, a com-
mon occurrence in this part of the Andes. By way of comparison, modern micro-dams in
the area are built using steel rods and cement creating rigid structures, which are all too
susceptible to fracture during seismic events [78].

1.3.1. Water Dams

On an individual basis, all these structures are found at different altitudinal heights,
with water dams located above 4150 m, within the puna/paramo ecozone. At this altitude,
there is little sedimentation from the surrounding geology. Even today, the dammed lakes
have little accumulated sediment. It is also likely that the dams were built to augment
already pre-existing glacial lakes located within Andesite rock basins. Of all the lakes
identified in the study region only one, Itchicocha, was natural providing an example
of how these lakes looked like before human intevention. These Prehispanic structures
are gravity dams, which use their weight and bulk to provide the wherewithal to hold
back water, as such they are roughly triangular with a broader base and narrower crest,
mimicking the triangular nature of water pressure.

Water pressure is proportionally greater at the base of a dam, whilst that at the top
it is negligible. Normally, the base of modern gravity dams is equal to, or greater than,
0.7-times the height of the dam. Ancient dams typically exceeded this ratio, as seen in all
the dams within the study area. Constructively, the gravity dams usually anchor or seal at
least one, and where possible both, of their walls onto the natural rock outcrops that exist
in this rugged landscape. This is a simple way of giving greater stability and strength to
the structure.

The water dams in the study area usually have a varying number of sluice outtakes
(known locally as desfogues), whilst a few of the dams have a single sluice located at the
base of the structure allowing for a single on-off unregulated flow, likely through the use of
a stone-plug. It is possible that the base-level sluice was also used to rid the basin of excess
sediment, although it is likewise likely that this would not have been all that effective
leading to gradual sedimentation of these structures, especially the lower-lying silt dams
(see below).

Some of the more complex structures, such as Yanacocha Hembra [Rac 6], have two
sluices, one at the base and one at the crest of the wall, while other examples, such as
Ricococha Baja [Ra 1A], have up to six sluices (Figures 7 and 8), allowing for a greater
regulation of water flow from the dam, this is similar to the Prehispanic Yanascocha dam
registered in the Central Andes by Frank Salomon [17], reiterating that these type of
constructions were likely ubiquitous across large stretches of the Andes, especially along
the drier Pacific-facing cordilleras.
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Figure 7. External face of Ricococha Baja [Ra 1] showing six sluices.
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*1-6 right, shows the different
sluices of the Ricococha Baja Dam

RICOCOCHA BAJA
RA-1A

4485 msnm
ParaCo 2013

Director: Dr. Kevin Lane
Dibujo: Dr. Catriel Greco y Lic. Cora Rivas

Figure 8. Plan and profile of Ricococha Baja [Ra 1].

1.3.2. Silt Dams

Ethnohistoric evidence shows that, during the Prehispanic period, there was anthro-
pogenic wetland or bodedal management [56]. This has been validated both archaeologically,
e.g., [14], and anthropologically, e.g., [79]. In principle, the basic concept behind this is that,
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through wetland management and enlargement, large areas of the puna can be turned into
a rich plant biota for camelids, especially the more delicate and softer plant-eating alpaca
(Lama pacos) [80].

The difference is striking, while a Ha. of normal puna pasture is adequate for between
1 and 2.25 animals [81], a Ha. of bofedal is sufficient for 3.25 animals [82]. In the study area,
I have two main types of bofedal or wetland creation: silt dams and silt reservoirs. Both are
integral elements to the Prehispanic agropastoralist economies of the area.

In this regard, silt dams bear striking similarities to normal water dams in that they are
roughly the same size, constructed of double-faced walls, in-filled with compacted earth,
gravel and clay, making an impermeable barrier behind which sediment and water are
stored, sometimes they are also anchored or sealed onto natural rock outcrops, although
this is not always the case (Figures 9 and 10). The central section of most of the dams is
further reinforced by step-like walling, most likely because of the added pressure present
in this segment of the structure.

The main difference with water dams is the altitude at which these structures appear,
between 3800 and 4450 m. With the sole exception of the small silt dam at Tsaquicocha [Pa 5],
located at 4625 m, all the other silt dams are altitudinally lower than their water cousins and
in three cases, Tsaquicocha [Uc 3] on the Uchpacancha River, Oleron Cocharuri [Cho 2], and
Huancacocha [Rac 1] on the Sisuran River, they are located directly below important water
dams, respectively, Negrahuacanan [Uc 2], Yanacocha [Cho 1], and Sacracocha [Rac 2], as
part and parcel of an integrated water and soil management system.

Figure 9. Huancacocha silt dam [Rac 1].
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Figure 10. Plan of the Huancacocha silt dam [Rac 1].

Nevertheless, it is also possible that these structures represented an earlier construction
phase of water dams at a lower altitude, and it was only after they had sedimented over,
effectively becoming silt dams, that this new role was then envisaged for them. Only
further research, especially the dating of the lake sediments, e.g., by isotope ratios or
pollen, will resolve this issue. That said, it is likely that the construction of these silt dams,
whether intentional or not would have been preceded by a period when the area behind
the dam wall would have contained an ever-decreasing water basin. This is evident from
the soil-sampling data from Collpacocha (Co 1, see below).

Although these features in the area have been interpreted as secondary erosion
dams [83] to counteract the effects of periodic landslides known as huaicos, they had
more than this one function. Silt dams, like the silt reservoirs that I will describe later,
were more than simply features to stop erosion flooding; rather, the silt platforms that they
created allowed better pasture to flourish while retaining rich deposits of mineral salts that
could also animals ingest through soil-munching. This underscores one of the reasons why
silt dams were located altitudinally in areas where sedimentation naturally occurred.

Other differences with water dams existed, for instance, silt dams are not necessarily
anchored onto rock outcrops, and they usually have only one discernible outtake sluice
located along the base of the structure, usually at its centre. The basic principle governing
the silt dam is that of geologic water storage [84]; in this case, the accumulated soil basin
acting as an aquifer in which water is stored, filtered and purified through the soil. Since
the soil also acts as a barrier to water seepage, the sluice should be viewed rather as a ‘sieve’
drain that siphons excess water out of the basin, whilst the soil retains enough saturated
moisture for the growth of bofedal-type conditions for animals.
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Silt dams were the result of a slow process of soil accretion or varve-formation [85]
through years of careful nurture. Therefore, it is highly probable that some of the larger
silt dams retained a small spectrum of water until this was eventually silted over. This
seems to have been the case with Collpacocha [Co 1] where soil auguring revealed that the
area nearest the dam wall was a lake for a considerable period of time [18]. Likewise, the
overflowing conditions experienced today on many of these silt dams, such as Collpacocha
[Co 1] and Huancacocha [Rac 1], are not indicative of the way they would have looked
during the Prehispanic period.

It is likely that periodic partial de-silting of the structures occurred, with this ex-
cess mineral-rich silt possibly reused on nearby terraces and fields for use in agriculture.
De-silting has been evidenced in similar structures, such as in the Indian gabarband silt-
traps [86], providing a useful analogy for what might have happened in the Andes. Nor
is the idea of soil removal a new one in Andean studies, it had already been documented
ethnohistorically in the Sixteenth Century [87] and has been suggested as a wide-ranging
practice during the Prehispanic period and subsequently [88].

In total, our study area evidences five silt dams: Oleron Cocharuri [Cho 2]; Collpacocha
[Co 1]; Tsaquicocha [Pa 5]; Huancacocha [Rac 1]; and Tsaquicocha [Uc 3], covering an area
totalling 372,027 m? of anthropogenically enhanced bofedal sufficient to maintain a herd
of over 1000 animals for a year, although we also have to consider that these silt dams
and their wetlands would likely only have been used at the end of the dry season (July—
September) when these might have represented some of the last extant good pasturage
before the highland rains.

1.3.3. Silt Reservoirs

Altitudinally below the silt dams, there are a series of irregular, accidented open areas
or pampas, especially on the Chorrillos and Rico side-valleys, within which, a series of
small, horseshoe-shaped walls were built (Figure 11). This elevation range is significant as,
these reservoirs represent a natural progression from the slightly higher-placed silt dams,
while also impinging into what has traditionally been viewed as agricultural land along the
upper suni range, but which, during the Late Intermediate Period (AD 1000-1450), seems
to have been given over to herding [64]. These features trap silt and water behind the wall,
thus, creating small bofedal-like wetlands.

I refer to these features as ‘silt reservoirs’, from the local Spanish term for them—
reservorios de limo. They occur below the silt dams and above the agricultural terraces and
fields, between c. 3900 and 4400 m, ranging between 7 and 20 m in length, with an average
height that ranges between 0.6 and 2 m. These features are similar to erosion-controlling
check terraces [89], but are here used to generate small compact wetlands for pasture. They
tend to be thicker at the centre of the wall, varying between 0.6 and 1.2 m, although some
of the larger constructions reach widths of up to 1.6 m across the center. As with the water
dams that they resemble, albeit not in scale, they have a drainage sluice along the central
base of the structure, from which excess water seeps out.

Analogous to the other stone features reviewed here, these silt reservoirs are also
built with a double-faced stone wall, in-filled with compacted rock and clay. They are
set perpendicular to water flow, impeding its uninterrupted movement; this acts as a silt
trap and as an erosion barrier to the annual hill-wash episodes and high energy highland
discharges that periodically occur in these largely tree-denuded landscape. In turn, the
entrapment of silt permits the creation of small bofedal micro-environments behind the walls.
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Figure 11. Two silt reservoirs from Putacayoc-Kaukayoc [Cho 7].

Like the silt and water dams, these silt reservoirs utilise, where possible, the natural
rock outcrops, although, as with silt dams, this is not always the case. In total, across the
study area, the silt reservoirs cover an approximate area of 300,415 mz, representing over
300 Ha. of bofedal. Together with the silt dams above, this totals in the region of c. 700 Ha.
of improved pasture reiterating yet again the importance of these types of technology for
the provision of pasture at a local level.

1.3.4. Water Reservoirs

Next, there are what Andean scholars have defined as water reservoirs, likely translat-
ing from reservorio the Spanish for pond or tank, a small water catchment structure [15,88]
similar in principle to the water dams but at a much-reduced scale. Reservoirs have been
documented on the coast usually in close association with irrigation canals and the agricul-
tural fields they feed into [90]. Reservoirs in the highlands follow a similar pattern [91],
with the added take that these agricultural fields can also be terraces, such that reservoirs
serve to regulate water into agricultural terrace systems. This close association between
cultivated fields and reservoirs means that these features are normally located at a lower
altitude, within the kichwa and suni ecozones.

In our study area, reservoirs appear between 2500 and 3800 m, hugging the limits of
viable cultivation. These reservoirs come in a variety of shapes and sizes; round, ovular or
roughly rectangular, contorting themselves to the available space, while varying between
10 to 15 m in relative diameter or length, with an average depth of between 1.5 and 3 m.
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Construction is of a rough coursed-stone internal wall and either a similar external wall or
an earthen embankment (Figure 12).
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Figure 12. Sketch of the internal plan of a reservoir adapted from [91].

Reservoirs are fully enclosed structures so that walls bound the structure on all sides.
In turn, a canal, either earthen or stone-walled, acts as a feeder channel, diverting water
towards the reservoir. An outtake sluice is located at the bottom of the reservoir near to an
outtake canal that channels the water from here to the irrigated fields.

As with all hydraulic structures, they are difficult to date, especially if they are found
disassociated from datable archaeological sites. Nevertheless, the Prehispanic reservoir of
Nununga [Cj 1] (Figure 13) is closely associated to mortuary structures or chullpas [Cj 2]
with late Middle Horizon and Late Intermediate Period (AD 900-1400) material providing
a potential terminus ante quem for the construction and use of this reservoir. Likewise, in
the Chorrillos side-valley, dating of ceramic material found in the adjacent settlements and
tombs gives us a similar use date (late MH-LIP). In this side-valley, the water reservoirs are
directly placed alongside the agricultural terrace systems of Llanapaccha [Cho 8], thereby,
providing water to them.
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Figure 13. Water reservoir of Nununga [Cj 1].

1.3.5. Agricultural Terraces

Finally, below the silt terraces there are agricultural terraces. As previously mentioned,
these are all now in disuse, but two major types exist in their abandoned state within the
study area: sloping field terraces and bench terraces. In all cases, while overall cultivation
land is lost through terrace construction, this is ameliorated by the deeper soil matrix
created by their construction [15]. Aside from this greater potential productivity, terraces
also control erosion and humidity, creating a more sustainable micro-climate amenable to a
greater variety of crops, such as maize [75].

Sloping field terraces are the most common type of terracing found in the Andes,
usually in side-valleys away from rivers or intermittent streams [15]. Sloping field terraces
are built along the natural slope with soil accumulation occurring behind a retainer wall.
Although the cultivation zone itself is sloped, the terrace wall acts to level the slope through
soil accumulation, allowing for the control of erosion, water run-off, and moisture retention.
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Chorrillos River

Profile Line

Sloping field terraces are usually partitioned into discrete parcels incorporating side walls;
these can act as conveyors or deflectors of water flow.

These terraces are sometimes irrigated by overhead feeder canals, although the vast
majority sustain themselves on the yearly rains, localized springs or slope seepage. These
features are, therefore, not regimented into equidistant parallel strips but can occur haphaz-
ardly along a mountain flank. The vast majority of these terraces have been documented
for areas above 3500 m. In the Central Andes, at this height, there is usually sufficient
rainfall for at least one crop a year. In the study area, sloping field terraces have been found
at the top of the Chaclancayo Valley around the Huaylas-Inca site of Intiauran [Co 2] where
the land opens up into a wide undulating expanse of suni-puna located between 3800 and
4300 m.

Nevertheless, the study area has larger expanses of abandoned bench terraces. Bench
terraces convey a classic image of Andean highland agriculture in which close-fitting stone
retaining walls, usually between 1 and 5 m in height, step upwards along the valley sides
usually arranged in parallel vertical rows. The walls slope inward, presenting a level
planting surface that is typically fed by some form of integrated canal irrigation system.

The terraces of Llanapaccha [Cho 8B], for instance, incorporated a system of main
canals fed by catchment reservoirs built alongside the Chorrillos River, from where water
was diverted to feed the terraces (Figure 14). Internally, water from the three main canals,
offset at the top, middle, and lower parts along the terraced slope would have cascaded
downwards throughout the whole system.

Profile

Intake Canal 4

e Reservoir

Outtake Canal

Reservoir to terrace feeder system
located at Llanapaccha [Cho 8B]

Coordinates UTM: 175939 E/ 8993206 N
3561 mASL
Location Chorrillos

Figure 14. Right image—Bench terraces of Cho 8B Llanapaccha; Left image—Plan of reservoir and bench terraces at Cho 8B

Llanapaccha.

Excavation at one of the bench terraces at Intiauran [Co 2] revealed that the terrace
had a base of small to large cobbles over which a richer humic soil level was present. The
first level allowed for good drainage of the terrace, while the second provided the soil
matrix necessary for successful agriculture. This is similar to what other researchers have
documented across the Andes [88], e.g., [92-94]. Bench terracing is found at the lower end
of the Chorrillos side-valley, where the Rico Valley joins the Chaclancayo and in a wide
area above the modern town of Pamparomads, this last was fed by an important stone-lined
canal that connected Chorrillos to the Pukio area (see above).

As can be seen, this area of the Cordillera Negra during, at least, the Late Intermedi-
ate Period (AD 1000-1400) and likely earlier, manifested a highly intricate management
of water that straddled both herding and farming zones as part of integrated, complex
agropastoralist Huaylas communities. Given that the Huaylas settled the Cordillera Negra
from at least the Fortaleza River in the South to the Santa in the North, this water manage-
ment system and the concomitant agropastoralist organisation unpinning it most likely
extended itself across this whole mountain range.
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Evidence from further north seems to bear this out [21], and, while extensive research
to the south is still lacking in this respect, preliminary unpublished surveys by research
colleagues seem to show the same pattern emerging in the southern Aija Valley [95].

2. Discussion

The above review details the strong technological interconnectedness within a bounded
area across relatively short rivers and side-valleys highlighting the rich hydrological suite
employed by the ancient Huaylas populations to counteract the persistent effects of water
insecurity in the Cordillera Negra during the Late Intermediate Period and subsequently.

Furthermore, it was this insecurity that must have precipitated these technologi-
cal investments in the first place. Fluctuating water availability in the face of wors-
ening climatic and environmental conditions, possibly from the late Middle Horizon
(AD 600-1000) onwards, necessitated further and sustained technological investment, and
it was through these cumulative actions that resilience was generated within the ecological
system providing water security to the communities in the area [96].

Resilience within ecological systems is affected by both slow-moving and fast-moving
variables in the social sphere that can impact, negatively or positively, these same sys-
tems [97]. These social variables can be as important as ecological ones in the long-term
stability and equilibrium (or not) of the system, with human ability to adapt to these
variable conditioning how a given socio-ecological system bounces back to an appropriate
state of equilibrium after disturbance [97].

In this sense, the increasing relevance of the social in ecological systems pushes us to
consider the interrelatedness between resilience studies and the wider political ecology
behind human decisions in regards to their environment [98-100]. In this regard, it is then
possible to chart the development of hydraulic technology and the variables determining
its success and failure within the context of the Cordillera Negra.

While Middle Horizon (AD 600-1000) Wari or Wari-inspired changes in food pro-
duction through recourse to hydraulic technology might well have provided the impetus
towards the wholescale technological transformation of the Cordillera Negra landscape at
this time; it is evident that it was only under the Late Intermediate Period (AD 1000-1400)
that small-scale communities move towards stabilising water security played out in its
most technologically complex expression.

As previously stated, against a backdrop of increasingly dry and erratic weather
patterns commencing towards AD 900, Huaylas communities in the Cordillera Negra ne-
gotiated increasing water insecurity through recourse to technology. Herein, it is possible
to see a series of slow-moving social and ecological variables that underpinned human
strategies in the region, these included the ecological spectrum, climate change, accom-
panying land degradation, and changes in the water regime, with social variables that
emphasised the emergence of community-centred, specialised agropastoralism employing
accretional and incremental technological transformation of the landscape to abet wetlands
and provide the water security necessary for successful farming and herding production
across the vertically stacked ecozones of the region.

From a political ecology standpoint, these small-scale, acephalous communities had
little centralised leadership or outside interference, with water and engineering managed
and controlled at the local level. Nevertheless, no system is entirely stable [101], and against
the slow-moving variables described above, there would have been other fast-moving
social and ecological variables that would have affected the resilience of the ecological
system, such as persistent drought [2] due to fluctuating patterns of ENSO (El Nifio—
Southern Oscillation) [102] and SASM (South American Summer Monsoon) [41] during the
early Late Intermediate Period, combined with the social variables of rising internecine
warfare and raiding as the struggle for resources became more acute throughout the Late
Intermediate Period.

This was especially so post-AD 1250, after which there was a general move by human
groups to more-easily defended ridge and hill-top settlements [103,104]. It is likely that,
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this human migration to higher areas, especially in the suni and puna ecozones, further
reinforced the socio-economic power of herders within these societies, given that these
areas were much better suited to an intensive, specialised pastoralism than any other
economic activity.

The incorporation of the Huaylas region into the Inca Empire (AD 1400-1532) bought
new social variables into the ecological system, mainly regarding a more extractive political
economy. In the short-term, this led to further investments in hydraulic technology in the
area, especially around the important wetland of Collpacocha [Co 1] associated with the
nearby Inca administrative site of Intiauran [77] and elsewhere in the study area [105].

Nevertheless, the Inca empire likely brought with it greater political stability, largely
ameliorating the effects of internecine warfare and raiding, which, in turn, would have
helped guarantee water security and with it a more secure economic return from the re-
gion’s ecological system. It is during this period that local population numbers probably
reached their Prehispanic peak, with the study area being part of the Inca guaranga (nom-
inally 1000 households) of Mato [106], later the Spanish colonial district of San Luis de
Macati, modern-day Macate [25].

At this time and throughout much of the Sixteenth Century, Huaylas was still con-
sidered the richest and most populated of the north-central provinces, a reflection of the
prosperity and importance that this area held throughout the Inca period and subsequent
early colonial era [107]. Even so, Spanish colonisation of the Andes and the Huaylas
brought with it new social variables that strongly impacted the prevailing resilience of the
study area’s ecological system.

The social (and biological) variables that adversely affected Huaylas resilience were
principally two: disease and depopulation. Conservative estimates for the study area put
population decline between AD 1534 and 1629 at 63% [18], although the final figure was
likely higher given that the Andes experienced considerable population decline already
prior to the arrival of the Spanish in AD 1532. European diseases predated the arrival
of Francisco Pizarro by at least eight years, decimating in the region of 25-50% of the
indigenous population before the Spanish even made landfall in the Central Andes [108].

Even in the Nineteenth Century, travellers to Pamparomds noted the abject poverty
as well as reduced state and population of the area [109]. These two factors played
havoc on the prevailing ecological system as human depopulation led to the wholesale
abandonment of huge swathes of the highlands, especially the upper suni and puna areas,
which were largely emptied of people and animals. A declining population required
significantly less water, leading to the neglect of much of the ancient installed hydrological
capacity of the region, including the water dams, anthropogenically enhanced wetlands
and terrace systems.

Only since the mid-twentieth century and, in particular, since the 1970s, has the
population recovered sufficiently to start re-stressing the ecological system, a system that is
now ill-equipped from a technological standpoint to ensure resilience and water security.
There is a danger that new pressures on the system, such as the introduction of water-
intense cash crops, for instance avocado, coupled with the greater human use of water due
to changing hygiene habits together with climate change will tilt the prevailing ecological
system into irreversible crisis, as ecological system transformation leads to ill-adaptation
and eventual collapse.

A governmental and NGO-led political ecology emphasising the construction of steel
and concrete micro-dams [110] offers short term resilience and a partial solution to water
security given that these modern dams, often located on top of, and destroying, their
Prehispanic ancestors have a shelf life of some 100 years; considering that endemic seismic
activity and a lack of maintenance in the region could reduce this to effectively between
20 and 30 years. New thinking is urgently required if we are to break this cycle of water
insecurity and undue stress on the resilience of the region’s ecological system.
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3. Conclusions

To conclude, the sheer ubiquity of ancient water engineering systems in the Cordillera
Negra is countermanded by their almost complete abandonment in the present. On the
basis of a recently funded project, I aim to start reverting this condition through the
rehabilitation of part of these ancient systems, while respecting modern rural economic
practices that emphasis farming, rather than herding.

Using the past as our model, the underlying aim is to reinstall some of the pre-existing
Prehispanic resilience into the modern water management systems of this increasingly
water insecure region. Indeed, water insecurity is understood by experts as the single-most
important human threat resource in the face of climate change and ever-retreating tropical
glaciers [111]. In the non-glaciated Cordillera Negra, this is a particularly pernicious
concern, a sentiment echoed by local communities and populations.

While both old and new dams control water and soil erosion, feed subterranean
aquifers, and provide water for people’s livelihoods, modern concrete micro-dams are
expensive, rely on non-local expertise, and have a curtailed functional lifespan. When they
break down, the funds to repair them are not readily available, leading to a significant
decrease in existing water levels for the impacted communities.

By way of contrast, the ancient dams of the area were the product of century-long
engineering projects that seamlessly integrated these technologies with their immediate
landscape. They were based on local know-how and were easily maintained by the
community. Crucially, for these cash-strapped regions, these stone and clay constructions
are cheap to build and upkeep. They are also resilient, after close to 1000 years of negligible
maintenance, most of them are still standing and potentially functioning.

In this regard, our rehabilitation project is rooted in a respect for community and local
knowledge and allied to flexible modern engineering to shore up the effectiveness of these
ancient structures. I contend that modern engineering can only provide partial solutions to
increasing water insecurity in the Andes, and that the marriage between past and present
knowledge and technology can deliver a better, locally informed answer to future water
security and climate change in the Cordillera Negra.

Thinking ahead, ancient dams are common to the Andean highlands; therefore, success
on this rehabilitation project will provide a further cheap, easily applicable, community-
based solution to water scarcity across large areas of these hydrologically challenged
highlands. Let us hope it does.
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Abstract: The principal water supply and distribution systems of the World Heritage site of Petra
in Jordan were analyzed to bring forward water engineering details not previously known in the
archaeological literature. The three main water supply pipeline systems sourced by springs and
reservoirs (the Siq, Ain Braq, and Wadi Mataha pipeline systems) were analyzed for their different
pipeline design philosophies that reflect different geophysical landscape challenges to provide water
supplies to different parts of urban Petra. The Siq pipeline system’s unique technical design reflects
use of partial flow in consecutives sections of the main pipeline to support partial critical flow in
each section that reduce pipeline leakage and produce the maximum flow rate the Siq pipeline can
transport. An Ain Braq pipeline branch demonstrated a new hydraulic engineering discovery not
previously reported in the literature in the form of an offshoot pipeline segment leading to a water
collection basin adjacent to and connected to the main water supply line. This design eliminates
upstream water surges arising from downstream flow instabilities in the two steep pipelines leading
to a residential sector of Petra. The Wadi Mataha pipeline system is constructed at the critical angle to
support the maximum flow rate from a reservoir. The analyses presented for these water supply and
distribution systems brought forward aspects of the Petra urban water supply system not previously
known, revising our understanding of Nabataean water engineers’ engineering knowledge.

Keywords: Petra; Nabataean; water systems; hydraulic analysis; CFD; canals; reservoirs; pipelines;
flow stability

1. Introduction

The history of Petra’s monumental architecture and historical development has been described
by many authors [1-6]. Some scholars have concentrated on technical and location aspects of water
supply and distribution systems within Petra [7-21], while other surveys [16,22-27] have concentrated
on the water control and distribution technology available to Nabataean water engineers from Roman
and other eastern and western civilizations through trade and information transfer contacts during
Petra’s expansion period (100 BC-AD 300) period. This paper was designed to add further depth to
the hydraulic engineering technology used in the design and operation of Petra’s three major pipeline
water supply systems serving the urban center of Petra: The Siq system sourced from the Ain Mousa
spring, the Ain Braq system, and the Wadi Mousa system.

Petra’s openness to foreign influence is demonstrated in the city’s monumental architecture
that reflect elements of Greek, Persian, Roman, and Egyptian architectural styles integrated into
Nabataean monuments [1-6,28,29]. Later Roman occupation of Petra past 106 AD exhibits Roman
pipeline technologies employed to expand the marketplace, the Paradeisos Pool Complex [8,9], and city
precincts responding to increased water demands for an expanding population as the city’s status
advanced as a key trade and emporium center. Petra’s ability to manage scarce water resources
to provide constant potable water supply for its permanent population of ~20,000 citizens with
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reserves for large caravan arrivals and drought periods was vital to its centuries of prominence as
the nexus of a trade network between African, Asian, and European cities for luxury goods. While
knowledge of hydraulic technologies from foreign sources was available, the rugged mountainous
terrain, distant spring water sources, and brief rainy periods posed unique water supply challenges
that required technical innovations consistent with the site’s ecological and geophysical constraints.
Effective utilization of scarce and seasonally intermittent water supplies required technical expertise to
ensure optimum system functionality from the use of distant interconnected spring-supplied pipeline
transport and distribution systems (Figure 1) that guided water to the city’s densely populated urban
core and surrounding agricultural districts.
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Figure 1. Site map of Petra: Site names corresponding to numbers given in the Appendix A.

Examination of three of Petra’s major water conveyance pipeline systems using computational
fluid dynamics (CFD) analysis permitted discovery of the rationale behind design selections utilized
by Nabataean hydraulic engineers. Solution of fluid dynamics equations using CFD finite-difference
methodology together with models of existing pipeline structures [30] within Petra’s urban center
graphically demonstrate internal water flow patterns within pipelines that revealed damaging hydraulic
phenomena that would be observationally familiar to Nabataean engineers from past trial-and-error
experience. What the CFD solutions revealed were the problems and their solutions used to guide their
pipeline design/selection progress to avoid system failures. CFD results demonstrating flow patterns
within pipelines showed what Nabataean hydraulic engineers intended (or avoided) in their hydraulic
designs and give insight into their civil engineering knowledge base. Given the low survival rate of
documents and descriptions of hydraulic phenomena from ancient authors and from the descriptions
of water engineering phenomena from the few surviving ancient documents, the descriptions are given
in prescientific terms with little correlation to modern terminology to understand the ancient author’s
meanings of hydraulic phenomena. Given this lack of descriptive material to interpret the water
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engineering base underlying their water system designs and functions, the analysis of internal flow
patterns within pipelines using CFD methodology presents a viable recourse to calculate, visualize,
and analyze hydraulic engineering problems Nabataean hydraulic engineers encountered and solved
in their piping network designs. Within the archaeological remains of Petra’s pipeline systems lies
insight into Nabataean technical processes and the knowledge base available to their water engineers
that served as the foundation for their engineering decision making. Use of CFD analysis provided
graphic displays of problems encountered and solutions developed by Nabataean water engineers and
helped to understand what lay behind field observations of archaeological remains relevant to Petra’s
water supply and distribution systems.

Additionally, descriptive terms from ancient texts describing hydraulic phenomena given in
prescientific terms unfamiliar to western notations can now be associated with actual phenomena
through CFD modeling of the flow patterns through water conveyance structures.

2. The Water Infrastructure of Petra

To begin the discussion of Petra’s water system development and progress toward utilizing all
possible water resources to meet population requirements and the greatly increased water demands
from arriving caravans (which according to the ancient author Strabo, consisted of many hundreds
of camels and hundreds of accompanying support personnel), the solid and dashed lines of Figure 1
detail the known water supply and distribution pipeline systems leading water into the city’s urban
core. Numbered locations denote major site features listed in the Appendix A. Shown are major
and minor catchment dams and multilevel stepped dams (-d, d, D), cisterns (c), water distribution
tanks (T), and springs (s). The (-d) dams located across streambeds are stone barrier structures
built to hold large quantities of rainfall runoff water for redistribution to urban structures and local
agricultural areas. Dams denoted (d) are minor catchment structures that stored water in mountainous
areas to limit descent and flooding of Petra’s low altitude urban center and have channels leading
water to cisterns. Solid lines represent original pipeline paths originating from distant springs which
in many cases now show only barren channels that once contained interlocked terracotta piping
elements. The superimposed grid system (A, B, C; 1, 2, 3) defines 1.0-km? grid boxes to enable the
location of numbered Appendix A features. Figure 1 represents the present state of knowledge of the
location of pipeline structures from personal field exploration and survey results from previous site
explorers [7-16,18,21]. Due to erosion and soil deposition landscape degradations over ~2000 years,
as well as reuse and pillaging of piping elements by later inhabitants of the area, many terracotta
pipeline sections are now missing from their original holding channels, obscured by subterranean
placement, or are yet to be discovered. Extrapolation of pipeline continuance between available
visible pipeline segments then represents the pipeline paths shown in Figure 1 and is, at best, a first
approximation to the entirety of the total pipeline system as much of the site remains unexcavated
and subject to landscape change from millennia of soil erosion and deposition events caused by flood
episodes, landslide events, and frequent earthquakes. Further hidden subterranean pipelines buried for
defensive security purposes may exist to supplement the known pipelines shown in Figure 1. Recent
on-site discoveries appear to add new information in this regard: For example, Site 66 in Figure 1
represents a large newly discovered (in 2016) platform with a centrally located temple structure yet to
be excavated to determine its role in Petra’s administrative and ceremonial life [28]. The water supply
system serving this newly discovered complex remains to be discovered but surely exists given that all
ceremonial structures presently known are accompanied by elaborate water systems for both aesthetic
display and supply of potable water.

Additionally, as elements of major pipelines were intentionally built subterranean and as yet
undiscovered due to limited excavations performed in the urban center and distant reaches of Petra,
Figure 1 can be considered a first approximation of the total piping network. Some major monuments
located at high altitude exclude the possibility of canal water supplies from springs located at lower
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levels; in this case, channels directing rainfall capture to cisterns located nearby provided the water
supply to high-level sites.

Petra’s urban core lies in a valley surrounded by rugged mountainous terrain. Figure 2
demonstrates a section of the mountain terrain behind the ~10 m-high Q’asar al Bint temple (Feature 29,
Appendix A) located at the base of the Jebel al Deir mountain and gives a perspective on the rugged
mountainous terrain encompassing the urban core of Petra. Seasonal rainfall runoff passes into the
valley through many streambeds and was drained out primarily through the Wadi Siyagh streambed
in antiquity (Figure 1, A-2). Although present measurement of the Wadi Siyagh streambed slopes now
precludes drainage resulting from water-transferred sediment deposits over millennia, this path was
the main drainage channel during the city’s existence. Water flow into the city [10] originated from
captured rainfall runoff into cisterns from Wadi al Hay to the north, Wadi al Hudayb to the south,
and from the watershed area supplying runoff into the Wadi Mousa streambed. Surface flows from
these sources passed through the Siq (Figure 1, D-1 to C-1; Appendix A Feature 10) which is the ~2 km
long narrow entry passageway into the urban center of Petra (Figures 1 and 2A). The Siq is a natural,
narrow passageway through the Jebel el Khubtha mountain range, varying from 5 to 10 m in width;
the north and south walls of the Siq are near vertical with maximum heights up to 80 m.

By construction of a diversion dam and tunnel shown in Figure 3 (Figure 1; Feature 8 in
Appendix A) in the first century AD, flood water from the Wadi Mousa River was deflected from the
Siq entrance and led to Wadi Mataha (Figure 1, C-2, 3) that linked up with the section of the Wadi
Mousa streambed within the city center; water then drained into Wadi Siyagh (Figure 1, A-2) through
a channel passing through the city center. This dam and tunnel construction served to divert the
silt-laden floodwater away from entry into the Siq that would compromise the structural integrity
of many of the monuments within Petra’s urban core region. At present, the Wadi Siyagh drainage
path is partially blocked from silt deposits, causing flooding of Petra’s urban center during the rainy
season. As the chemical composition of Petra’s stone monuments contain different salt varieties [31],
exposure to flood water causes destructive flaking from monument walls; this effect is apparent from
observation of many of Petra’s urban sector monuments. Runoff water from the southern sector Wadi
Thughra, Nmeir, Farasa, and northern sector Wadi Kharareeb, Ma’aiserat, and Turkamanya gullies
(Figure 1) additionally drained rainfall runoff into the Wadi Siyagh away from the city center [10].
In sector B-2 of Figure 1, a local depressed low area lies between the Jebel el Khubtha Mountain and
sites to the west. Currently, a modern bridge crosses over the southern narrow end of this area. If the
southern narrow drainage end of this basin was dammed in antiquity, rain water or a Wadi Mataha
diversion channel could produce an internal shallow lake within city confines that would serve local
gardening, nearby ceramic and metal working workshop areas as well as city aesthetic beautification
purposes consistent with Nabataean plans to utilize all available water before disposal into the Wadi
Siyagh drainage. As mentioned in Strabo ([32]), “ ... the inside parts (of Petra) having springs both
for domestic purposes and for watering gardens ... ”, which would be consistent with an internal
shallow lake within city precincts whose borders and groundwater could serve as gardening areas
and for specialty crops. At this stage of research, this feature awaits verification for its existence in
ancient times.
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(B)

Figure 2. (A) The Q’asar al Bint Temple at the base of Jebel al Deir Mountain. (B) Narrow part of the Siq
passageway; note the figure located on the passageway for scale of the height of Siq near vertical walls.
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Figure 3. Nabataean drainage tunnel leading water away from the Siq entry to the Wadi Sayagh
through channels extending from and parallel to the Wadi Mataha streambed (Figure 1, solid line path
through 2-D, 3-C, 2-C sectors).

Spring-fed water supply to the city before the first century BC was through a slab-covered,
open channel dug into the floor of the Siq, conducting water from the distant Ain Mousa spring
into the urban center of the city. A trace of this system in the vicinity of the south Nymphaeum
along Colonnade Street may exist from GPS data [33]. This channel perhaps extended as far as the
Temenos Gate (Figure 1, B-2; Feature 43 in Appendix A) later built in early Roman occupation times
past AD 106 to honor the visit of Hadrian in 131 AD. First century BC and first century AD Nabataean
builders replaced this early Siq channel water supply system with a pipeline system along the north
wall of the Siq supplied by a ~14-km pipeline carrying water from the Ain Mousa spring. Details
of most of this pipeline system from the Ain Mousa spring are largely unknown due to later urban
construction overlay except for a pipeline segment before the Siq entrance. First century BC and
early century AD construction revealed a more integrated approach to site water system management
as demonstrated by new and novel features. The major Siq northern wall channel supporting a
pipeline (Figure 4) was an additional feature eliminating earlier use of the Siq floor channel (Figure 1;
B-C-D-1 sectors). New features included surface cisterns to capture rainfall runoff, deep underground
cisterns (one located in the eastern part of the site, Appendix A Feature 28, Figure 1), multiple pipeline
systems sourced by different springs and storage reservoirs, floodwater control through diversion
dams and tunnels, and pipeline supply system redundancy to ensure water delivery from multiple
spring and high-level reservoirs—notably the massive Zurraba reservoir that supplied lower level
smaller distribution and water storage reservoirs such as the M reservoir (Figure 1, D-2 and Figure 5B.
The Figure 5B M reservoir no longer exists due to construction expansion of the nearby town and may
have been one of several other distribution reservoirs sourced by networks of canals from the Wadi
Mousa spring.

Figure 5A, Appendix A Feature 1, shows the high-level Zurraba reservoir supplied by a branch
channel from the Ain Mousa spring that supplied water to high population concentration parts of
the city. This reservoir also served as a drought remediation measure and served to provide large
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water supply storage and delivery for large caravan arrivals into the city. The lower level M reservoir
(Figure 5B, Figure 1, 2-D) was connected to the upper level Zurraba reservoir through a pipeline;
this lower reservoir provided water for occupation zones close to the Siq entrance. Due to modern
road building and urban construction obliterating many of the ancient pipeline connections between
reservoirs, the totality of the reservoir network pipeline system sourced by the Wadi Mousa spring
remains to be determined.

Major pipelines, primarily on the north wall of the Siq, provided sediment particle filtration and
removal basins (Figure 6) and served a sophisticated hydraulic function particular to partial pipeline
flow as described in detail in a later section. The Siq south-side water open channel, perhaps sourced by
a south-side spring, likely served as the water supply for camels and horses accompanying personnel
passing through the Siq. The north-side Siq pipeline had four open basins supplying potable water
for personal use (typical of Figure 6); this feature was an integral part of the hydraulic design of the
pipeline as discussed in detail in a later section.

Figure 4. Channel cut to support pipeline water supply to the city center along the north wall of the
Siq passageway. Pipeline continuation extends to the Outer Siq and further on to the city center.

(A)

Figure 5. Cont.
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(B)

Figure 5. (A) Upper level Zurraba reservoir (Figure 1, 2D), (B) Lower-level M reservoir.

Figure 6. Typical open basin between segments of the Siq pipeline.

The new hydraulic features developed at later times reflected the need to bring high-quality
potable water into the city center and serve city hillside occupation zones above the valley floor.
Late first century BC and early first century AD developments demonstrated continual evolution
of the Petra water system and reflected application of acquired technologies from exterior sources
integrated with indigenous hydraulic engineering innovations to respond to the water needs of the
city as a sustainable population center. Contingency water needs resulting from caravan arrival and
water restocking anticipating transit to distant cities in North Africa and Mediterranean cities were
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vital considerations to maintain Petra’s importance as a vital trade emporium. Beyond serving as a
transit center for foreign goods to distant areas through known trade routes, the Nabataeans had a
monopoly on incense trade originating from Southern Arabia—a vital and profitable product that the
ancient world valued for ceremonial functions.

In summary, the means to capture and store a fraction of rainfall runoff through dams and cisterns,
to build flood control systems, and build pipelines and channels to deliver water from distant springs
to provide a constant water supply to the city was vital to understand Nabataean contributions to
hydraulic engineering and water management practice. While water storage was vital to the city’s
survival, springs internal and external to the city (Ain Mousa, Ain Umm Sar’ab, Ain Braq, Ain Dibdiba,
Ain Ammon, Ain Beidha, and Ain Dibidbeh) supplied water channeled and/or piped into the city
to provide the main water supply (Figure 1). Several spring-supplied reservoirs exterior to the city
(M—Zurraba, Figure 5A,B) provided additional water storage reserves. No accounts of other lower level,
near city reservoirs exist at present due to modern urban construction; thus the complete reservoir
water storage system remains unknown. Additional on-demand use of reservoir water for industrial
ceramic and metal working workshop areas located at the base of the Jebel el Khubtha Mountain and
for ceremonial use to supply triclinium rituals for tomb celebratory functions are indicated in [4,10,12].
Of the many springs used in antiquity, the Wadi Siyagh spring near the quarry (Figure 1, Appendix A
Feature 31) remains functional for local inhabitants living in remote sections of the ancient city together
with the Ain Mousa spring which now provides water for the modern town of Wadi Mousa and the
water display structure in the town center. Water taken from the open channel within this structure has
ritual use as evidenced by members of holy sects collecting water in containers for ceremonial functions.

3. Details of the Siq Pipeline System

The main city water supply of ancient Petra originated from the Ain Mousa spring about 7 km
east of the town of Wadi Mousa (Figure 1, D-1), combined with the waters from the minor Ain Umm
Sar’ab spring. The flood bypass tunnel (Figure 3, Appendix A Feature 8) at the Siq entrance, together
with an entry dam and elevated paving of the Siq floor, reduced flooding into the urban center from
rainy season runoff into the Wadi Mousa River. Part of the early slab-covered channel water supply to
the urban core of Petra now lies under hexagon slab pavement in front of the Treasury construction
attributed to Aretas IV (9 BC-AD 40). Recent excavations of this area revealed an empty tomb structure
below the front part of the Treasury (Figure 7), although the intended use remains conjectural.

Later construction of the early Nabataean Siq water channel was replaced by the Siq pipeline
water supply system supplied from the Ain Mousa spring source. The four open surface water basins
between Sig piping segments (Bellwald, principal Siq excavator, personal communication) typical of
those shown in Figure 6, give indication as to the hydraulic technology available to Nabataean water
engineers as further discussion indicates. It is of note that in several locations along the ~2-km length
of the Siq pipeline, top portions of the pipeline have been opened up, revealing heavy sinter deposits
on pipeline bottoms that taper off about halfway up the pipeline side walls. This observation would
indicate that a partial flow existed in at least some portions of the pipeline by observation of the sinter
deposit patterns. If a partial flow in Siq pipeline sections was the original design intent of Nabataean
water engineers, then opening up the top part of the pipelines made no difference in the pipeline
flow rate and may have had the additional benefit of flow observance and access to cleaning sinter
from pipeline inner surfaces. Additionally, if partial flow in the Siq pipeline was the design intent,
then the Siq pipeline system was not full-flow pressurized as an air space existed over the partial flow,
thus reducing the possibility of pressurized water leakage at pipeline joints. Details of the design intent
of the Siq pipeline based upon these preliminary observations are next considered to proceed toward
hydraulic analysis of the Siq pipeline and its Outer Siq continuation to the city center.
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Figure 7. The Treasury, located at the Siq exit.

With increasing water needs for increasing population in early centuries AD, an elevated ~1-km
long, north-side pipeline extension (Figure 8; LS, Outer Siq, Figure 1 1-B, C) extended the utility
of the Siq pipeline system [14-16,25,27] to supply potable water to further reaches of Petra’s urban
core. This pipeline extension provided water supply to structures located in the Figure 1 B-2 district,
as well as providing pipeline water supply to the Nymphaeum ( Appendix A Feature 42, Figure 1).
Further pipelines emanating from the Nymphaeum to the Temple of the Winged Lions (Figure 9),
major tombs fronting the Wadi Mataha housing structures, and elite palace structures in early stages
of excavation [18,19] existed, although details await further excavation. Continuance of water flow
through a pipeline to a bridge across the Wadi Mataha led water to the south side of the site as further
discussion details.
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Figure 8. Elevated Outer Siq pipelines located ~6 m above the current site surface. These pipelines
lead to an extension of the Siq pipeline to the city center. Several meters below the current site surface
is the original paved floor of the area in front of the Treasury.

Figure 9. Temple of the Winged Lions [4].

To fully analyze the design intent of the Siq pipeline, note first that within pipelines, destructive
hydraulic instabilities may exist [34]. These include transient pressure waves, flow intermittency,
internal pipeline hydraulic jumps, transient turbulent drag amplification zones, partial vacuum regions,
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and subcritical to supercritical (and vice versa) flow transitions—these instabilities largely depend
upon pipeline slope and internal pipeline wall roughness—all of which affect flow stability and pipeline
flow rate. Such hydraulic problems affecting the design of pipeline systems required development of
advanced technologies to produce stable pipeline flows that matched a sizeable fraction of the Ain
Mousa spring source input. The total pipeline design from the Ain Mouse spring source to the Siq and
through the Outer Siq needed to be designed to produce the maximum flow rate the total pipeline
system could sustain. Further design considerations involved limiting full flow conditions within
pipelines (pipeline cross-section fully occupied by water) to limit hydrostatic pressure within a pipeline.
This design consideration limited leakage at the thousands of terracotta pipe-joint-connections along
long lengths of pipelines. For a typical pipe element length of ~0.35 m and total pipeline length over
~14 km from the Ain Mousa spring origin location to the end of the Siq and Outer Siq pipeline with
a total height drop well over ~50 m (data derived from the contour Map of Petra), high hydrostatic
pressure in a full flow pipeline would increase the likelihood of pipeline element connection joint
leakage at~42,000 pipeline joint connections. Solutions to mitigate many of the design and operational
problems provide insight into Nabataean water management expertise.

CFD calculation [30] of full-flow volumetric flow rates in 14 cm diameter(D) piping were made
for internal wall roughness ¢/D > 0.01 (where ¢ is the mean-square internal pipeline roughness height);
this ¢/D value holds for roughness typical of terracotta internal pipeline walls, demonstrating casting
corrugations and erosion usage pitting [35] for typical Reynolds number Re ~10° values. For pipelines
at 2-, 4-, and 6-degree declination slopes for 1.0 and 3.0 m supply head, Figure 10 reveals that past
~400 m pipeline length, an increase of input head does not substantially increase the flow rate [17].
Past this length range, even a 3x head increase does not substantially increase flow rate. The implication
for the ~14-km long Ain Mousa spring-supplied pipeline to the Sig and Outer Siq extension is that
sophisticated hydraulic engineering had to be in place to match the estimated [12,13] maximum
Ain Mousa spring output 0f~1000-4000 m®/day; (~0.01-0.04 m%/s) through the Siq pipeline without
invoking any of the flow instability problems previously alluded to. Flow transmitted through the Siq
pipeline at the maximum Ain Mousa output flow rate clearly required knowledge of flow conditions
in the pipeline before the Siq entrance (which is likely full flow due to internal pipeline wall roughness
flow resistance considerations and low pipeline slope) coupled with knowledge of Siq and Outer Siq
pipeline designs that mitigate flow resistance and flow instabilities that would propagate upstream
into the subcritical supply flow pipeline.

FLOW RATE (CU M/SEC)

0 500 1000 1500 2000 2500 3000
PIPE LENGTH (M)

Figure 10. Flow rate in full flow pipelines as a function of supply head (m), pipeline slope (deg.),
and pipeline length (M) for a given ¢/D value.
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The internal pipeline flow rates shown in Figure 10 are based upon a low pipeline wall roughness
of ¢/D ~0.01; higher ¢/D ~0.07 values that account for pipe element connection socket roughness reduce
flow rates substantially, leading to Figure 10 curves being shifted downward by a factor of ~3 for
typical Re ~10° Reynolds number values. On this basis, the observed Siq rough internal wall pipeline
at a 2-degree slope permitted a 0.023 m®/s flow rate and, at a one-degree pipeline slope, permitted a
0.017 m%/s flow rate corresponding to ~1.5 and ~1.1 m/s mean velocity in the 14-cm internal diameter
pipeline with corresponding flow rates of ~80 (0.02 m3/s) and ~60 m3/h (~0.02 m3/s) compared to the
Ain Mousa flow rate of 0.01 to 0.04 m3/s. Thus, even high head values from the Ain Mousa spring to the
Siq entrance pipeline had little effect of increasing the flow rate given the long 14-km supply pipeline
as Figure 10 implies. The additional ~2-km Outer Siq pipeline lengths to the 14-km Ain Mousa spring
to Siq exit length added additional flow resistance due to additional pipeline internal wall roughness
resistance; all these elements had to be considered for a substantial fraction of the Ain Mousa spring
flow rate to enter the total pipeline length under maximum flow rate conditions without instabilities
and leakage problems. For lower flow rate conditions due to Ain Mousa spring seasonal rainfall
absorbance conditions, only a trickle flow would go through the Siq pipeline, emphasizing the need for
available storage reservoir water supplements to maintain potable water supply for the city’s ~20,000
population and caravan trade. Any excess flow beyond the Siq extraction flow rate from the Ain Mousa
spring was likely used to recharge upper and lower level reservoir systems for on-demand water usage.
Here, normal flow to the Siq may have been temporarily stopped to serve lower reservoir filling—this
being done by pipeline blockage—and for upper reservoir filling, pipelines from the Ain Musa spring
likely served this purpose. Given the ~10,000 m® capacity of the main Zurraba reservoir (Figure 5A)
and that of several additional minor reservoirs, the additional Ain Mousa flow rate capacity not used
for the total Siq pipeline system served to provide additional reservoir water storage for on-demand
and drought remediation use as well as for pipeline maintenance shut-offs where alternate pipeline
water supplies were available from reservoirs. In summary, to this point it appears that a sizeable
fraction of the Ain Musa spring flow rate could be transmitted through the Siq pipeline with provision
for system shut-off to refill lower reservoirs for drought condition water availability, caravan water
supply, and pipeline maintenance; however, there is more to this story to demonstrate the engineering
that this water system contains.

Along the Siq north-side pipeline, several typical open basin features (Figure 6) are found at
intervals along the pipeline. Each basin permits an accumulation of water serving as a head tank for its
downstream piping length segment. Figure 10 reveals that hydrostatic head substantially influences
flow rate for pipeline lengths less than ~500-m, and more so for shorter pipeline lengths. The head
is reset at the origin of each of the piping lengths between basins so that flow through each piping
segment is only sensitive to its local head tank head value. This modification led to partial flow
(pipeline cross-section partially occupied by water) in Siq pipeline segments reducing overall flow
resistance. As pipeline flow extending ~14 km from the Ain Mousa spring to the Siq entry point was
mostly subcritical full-flow due to the high pipeline internal wall roughness flow resistance and low
slope, the lowered resistance of Siq pipeline segments at ~3-degree hydraulically steep slopes between
basins induced partial flow in distal portions of the ~14-km Ain Mousa spring supply pipeline to the
Siq pipeline. The slightly lowered flow resistance could help to raise the overall system flow rate
due to lowered back pressure and partial flow frictional wall resistance decrease. In simpler terms,
lowering the frictional flow resistance in the end regions of a pipeline permitted a higher flow rate to
be achieved through the entire pipeline system.

The four Siq north-side open basins (Bellwald, Siq principal excavator, personal communication)
additionally served to provide drinking water along the Siq narrow passageway (Figure 2A) and
access for cleaning of silt particles entrained in the flow to enhance potable water quality. Atmospheric
pressure in the air space above the partial flow water surface in the Siq pipeline segments reduced
pipeline joint leakage as would occur under a pressurized, full-flow condition design. To achieve
a piping design based on a 14-cm pipe inner diameter at the declination angle of the Siq, ideally
partial, critical flow at unit Froude number (Fr = 1) at critical depth (y./D~0.8-0.9) would provide
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the maximum flow rate the piping could convey. As open basins were sequentially lower than their
predecessor upstream basins due to the declination slope of the Siq pipeline, each basin water height
supplied head for its adjoining downstream piping section. Thus, partial flow existed throughout most
of the Siq piping sections where flow entering a ~3-degree slope pipe section from a basin transitioned
to a partial-flow, critical depth. This result indicates that the Froude number for the Siq pipeline flow
is on the order of unity at close to the permissible ~96 m3/hr flow rate. As the main purpose of the
Siq water supply system was for the maximum flow rate to the urban center, any flow resistance
changes that would increase flow rate were part of Nabataean water engineers’ design intent. This was
apparently achieved to gain a larger portion of the Ain Mousa flow rate to be used to supply the
urban center’s water needs. The thick sinter build-up in the (now visible) open bottom-most part of
Siq piping supports the deposition pattern resulting from partial flow conditions existing in the Siq
pipeline segments.

In the area immediately west of the Treasury, the Outer Siq pipeline (Figure 1, LS, B, C, and Figure 8)
continued the Siq pipeline and was set at a slightly lower angle than the supply Siq pipeline. Given the
Siq pipeline flow rate, a further consideration arises as to the stability of the flow in piping sections
within the Siq as well as for water arriving to the Nymphaeum (Figure 1, Appendix A Feature 42)
through the further Outer Siq pipeline extension subject to the input Siq flow rate. Any flow resistance
from the Outer Siq pipeline extension would have a small effect on the upstream flow rate given the
near-critical flow rate sections in the Siq pipeline that limit upstream influence. For water delivery
from the Outer Siq portion of the total pipeline, if water delivery was pulsating into open basins
within the Nymphaeum, then spillage and sloshing occurs amplifying flow instabilities that would
compromise the aesthetic display of fountains and open pools in the Nymphaeum and induce forces
within adjoining distribution pipelines promoting joint separation and leakage. For an examination of
flow stability within the Outer Siq pipeline extension, CFD models were made for a ~1220-m section of
the piping extension with a higher declination slope than that in the Siq pipeline; this length represents
the approximate distance from the exit of the Siq pipeline to the Nymphaeum (Feature 42, Figure 1).
Previous research [10] has indicated a further south-side Nymphaeum structure across the Wadi Mousa
streambed serving the marketplace area with an extension of the south arm of the Siq pipeline; traces
of elevated reservoirs providing pressurized water to the south Nymphaeum are described in [25].

FLOW-3D computer solutions (Figure 11) for 0.305(A), 0.610(B), 1.54(C), and 3.05(E) m/s water
velocities were made with observed ¢/D values typical of the interior surface of piping elements at
the higher declination slope of the Outer Siq segment; here water velocity is expected to be higher
than in the supply Siq pipeline. Figure 11(D) results are for a smooth interior pipe element wall
at 1.54 m/s velocity to demonstrate the effect of wall roughness on flow patterns at the same water
velocity as 1.54 m/s (C). For an illustrative example, water at ~96 m3/hr was accepted into the Outer Siq
piping—average pipeline water velocity was then ~1.73 m/s. Given the flow was slightly supercritical
at this velocity, the flow approximated critical depth for Cases (B), (C), and (D). For flows close to
critical, the normal depth was close to the critical depth [35]. As partial flow existed in the extension
section (similar to that in the Siq piping) and had approximately the ~96 m3/h flow rate at about the
steeper declination angle as the Siq piping, near critical flow conditions existed throughout the Outer
Siq extension pipeline. Figure 11 shows the transition to lower water depths from the entry boundary
condition for all supercritical (B), (C), (E) and (D) cases, primarily due to the steeper declination angle.
For the subcritical Case (A), water was at a low level due to low flow velocity. Figure 11, Case (B) at
~1.2 m/s approximated the flow effect at a mean velocity of ~1.75 m/s and indicated that only minor,
random height excursions occurred in water flowing within the Outer Siq pipeline—this indicated that
the water supply system through the Outer Siq extension to the Nymphaeum was stable, which was
advantageous for proper operation of the Nymphaeum water display system. At twice this velocity,
Figure 11(C) indicates large height fluctuations in the water surface, indicating unstable flow delivery
occurring in the pipeline system. This indicates that the flow rate selected from the Ain Mousa spring
by Nabataean engineers was a deliberate design choice to achieve stable flow in the total system.
For Case (E), the high flow rate case shows susceptibility to a hydraulic jump creation due to the
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amplified supercritical flow interaction with pipeline internal roughness. This case serves as limit on
the declination angle that could be implemented by Nabataean engineers. Here Cases (A) and (B)
likely serve to give the declination angle of the Outer Siq extension pipeline due to the small flow
disturbances indicated; Cases (C) to (E) would require a mandatory settling basin design to ensure
smooth flow on to city center locations. Such an intermediate settling basin was observed in practice
most likely to smooth the passage pipeline flow on to the city center and Nympheaum indicating a
safety measure to ensure smooth flow for any of the Cases shown for any of the different declination
angles shown that supported higher flow rates.
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Figure 11. Internal pipeline flow stability results relevant to the Outer Siq pipeline for Cases A to E;
right (IN) to left (OUT) flow direction for all cases.

Comparison of Figure 11, Cases (C) and (D) indicates that internal pipeline wall roughness
amplified large-scale turbulent eddies that contributed to flow unsteadiness; this effect was included
in the Case (B) result. Tracking the distal end of the Outer Siq extension pipeline revealed it was
intercepted by a head reset open basin, indicating a further feature to ensure flow stability for flow
continuing onto further pipeline branches and the Nymphaeum.

In summary, the total Siq system was designed to optimally transfer close to the Ain Mousa spring
output flow rate of ~96 m>/hr with partial flow conditions in several pipeline segments. This design
largely eliminated large hydrostatic pressure conditions associated with full flow designs that would
cause pipeline joint leakage at high hydrostatic pressures. Additionally, open basins along the Siq
pipeline permitted removal of sediment debris that would ultimately clog the Siq system and destroy
its functioning. In total, the various hydraulic flow regimes designed into the Siq pipeline (Fr < 1
subcritical, Fr > 1 supercritical, and Fr = 1 critical) and its Outer Siq extension necessary to capture
a large fraction of the Ain Mousa spring output flow rate indicates an advanced knowledge of
hydraulic science.
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4. The Wadi Mataha Pipeline System

The water supply systems of Petra employed springs (s, Figure 1) both within (Ain Siyagh)
and outside city limits (Ain Dibidbeh, Ain Mousa, Ain Braq, and Ain Ammon) to bring water to
city monuments through pipelines. Reservoirs fed by the Ain Mousa (M—-Zurraba, Figure 1) as well
as other springs and reservoirs (no longer in existence due to modern urban expansion) provided
supplemental water on-demand for arriving caravans or other utilitarian purposes. Pipelines composed
of short interlocking terracotta pipeline elements, with sealed at joint connections by hydraulic cement,
were typical of pipeline construction. Nabataean pipe elements were typically ~0.35-m long with an
inner diameter range of ~14 to 23 cm, as observed from sample pipeline sections on display at the Petra
on-site museum. As technologies developed over centuries, many different pipeline types developed
with improved features to reduce internal pipeline wall frictional resistance. One special design of
Nabataean tailored internal wall roughness minimized drag resistance ([25], pp. 268-271) according to
modern hydraulic engineering theory and laboratory tests—if intentional from early observations and
tests, this hydraulic science development occurred some ~2000 years before its “official” discovery in
western hydraulic science.

Later Roman modifications to existing Nabataean water systems in the Great Temple area [20,21]
(Figure 12) include small diameter lead piping and Roman standardized pipe diameter designs [22]
for Roman extensions of the marketplace and Cardo Street areas, as well as for the Paradeisos Pool
areas. The Roman standards for what a city under its control should have (fountains, baths and other
water display structures) were an inherent part of Roman reconstructions present in post-106 AD Petra
together with standardized piping size elements and lead piping. Excavations in the Cardo area show
standardized Roman pipelines grafted onto existing Nabataean pipelines originating from Siq pipeline
extensions to this area that expanded the marketplace area with fountains. For the Wadi Mataha
pipeline, construction details of the channel on the Jebel al Khubtha mountain face (C-2, Figures 1
and 13, A-C) carry partial pipeline remains permitting analysis of its design and function.

Figure 12. The Great Temple.
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The presence of pipeline segments, as opposed to an open channel conveying water (in the
Wadi Mataha pipeline for example, Figure 13, A-C), is evident by noting that flow accelerating on
a hydraulically steep open channel encountering bends would form surface height excursions and
hydraulic jumps, causing channel overflow. For an open channel design, only a trickle flow from the
upper reservoir could be contained in the channel without spillage. As water conservation was a
prime concern, open channel systems subject to evaporation and spillage were not considered viable
compared to pipeline systems. Some outer slab-covered sections of the Wadi Mataha channel are
evident from and typical of Nabataean methods to provide a defense against water heating from direct
sunlight exposure. Additionally, by surrounding embedded pipelines in channels with stabilizing
soil to limit pipeline motion caused by water frictional forces and flow instabilities, leakage could be
reduced at pipeline connection joints. Figure 10 governs admissible flow rates for full flow conditions
such as would apply to pipeline flows originating from the M—Zurraba reservoir; for partial flow
conditions as indicated in Figure 11, theoretical means are available for flow rate estimates [35,36].
Note also that open channels carrying water from distant springs were not a design option due to
evaporation loss of scarce water supplies.

The pipeline along the eastern face of Jebel al Khubtha originated from a pipeline branch originating
from the M—Zurraba reservoir complex. Typical full flow maximum flow rate estimates from Figure 10
are on the order of ~0.05 m3/s, which would satisfy on-demand water supply requests; lesser flow
rates would be possible by using a flow control valve originating from the reservoir. Piping from
the high-level reservoir source proceeds to a lower reservoir elevated above the Sextus Florentinus
Tomb area( Appendix A Feature 22, Figure 14), then proceeds southward toward the royal compound
area [19] (Figure 15, Figure 1, 2-C), then on to monumental royal tomb architecture (Figure 15) near the
Palace Tomb and a nearby fountain [10], then further on to the Nymphaeum for further pipeline water
distribution to other parts of the city together with multiple basin/reservoir areas created by multiple
dams along the Wadi Mataha streambed (-d, Figure 1).

(A)

Figure 13. Cont.
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©

Figure 13. (A) The Wadi Mataha pipeline channel on the Jebel al Khubtha mountainside. (B) Continuation
of the Wadi Mataha pipeline above the Sextus Florentinus Tomb (Figure 14). (C) Continuation of the
Wadi Mataha channel is above workshop areas.
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Figure 15. Royal compound structures 1, 2, and 3 in the Wadi Mataha area [18].
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This flow network provided water to cisterns associated with ceramic and metal workshop areas
and for celebratory triclinium functions associated with monumental royal tomb structures (Figure 1,
Appendix A 62, 63, 64, and 65; B in region 2-B) and additionally made available upper reservoir water
as a drought remediation measure. Recent research [18,19] indicates that several royal compounds exist
(Figure 15) in the terminal pipeline area supplied by the Wadi Mataha pipeline (Figure 1, B, region 2-C).
In conjunction with water from the Outer Siq pipeline extension directed into this area, ample water
supply to royal compounds, even in drought periods, was assured as royal compound water needs for
both consumption and aesthetic water displays dictated. Pipeline connections to the multiple royal
compounds await excavation, but given nearby multiple water sources from the Wadi Mataha and Ain
Mousa springs through the Outer Siq pipeline extension, as well as the upper reservoir water supply,
abundant water supplies from multiple sources would be available to serve multiple palace structures.
Water continued by pipeline past the Nymphaeum southward to city center areas and ultimately was
transferred by a pipeline across a bridge to the commercial marketplace and fountain area district to
supplement Siq pipeline water to the marketplace area. Final water discharge from all pipeline sources
was ultimately led to the Wadi Siyagh natural drainage path. The present-day bridge in the Q’asar al
Bint area contains visible ancient pipeline elements remaining after modern modifications to the earlier
Nabataean bridge; this pipeline permitted water to cross over the bridge to sites on the south-side
marketplace, Great Temple (Figure 12) and al Bint (Figure 2A) areas. Multiple pipeline water supplies
to the same site areas would permit pipeline cleaning outages given redundant water supplies from
other parts of the city, as well as a pedestrian transit path across the Wadi Mataha streambed.

Given the slope (~2.8-degrees) and construction detail of the entire Wadi Mataha pipeline,
the question arises as to the engineering behind the selection of a pipeline slope that would yield the
maximum flow rate given a variety of possible design options. Given the necessity to construct an
elevated basin carrying the pipeline on the near vertical face of the Jebel al Khubtha mountainside
(Figure 13, A-C) and the surveying required for the pipeline slope over a considerable length,
a preliminary engineering analysis was necessary preceding construction. Analysis of alternate
pipeline slope choices that have the potential to maximize the flow rate, while minimizing leakage
from the many connecting joints between piping elements, was vital to a successful design. Details
of flow patterns within the pipeline connecting the upper to the lower reservoir were analyzed by
computer simulation to provide insight into the decision-making rationale underlying the Nabataean
water engineers’ choice of the most efficient pipeline slope.

Starting from an elevation of ~910 masl (meters above sea level) near the Mughur al Mataha and
Jebel al Mudhlim areas (Figure 1, point R), the pipeline on the face of Jebel al Khubtha extends ~1.5 km
to the lower reservoir near, but offset and above, the Sextus Florentinus Tomb (Figure 14) area located
at ~770 masl. The upper water source is from the M-Zurraba reservoir connection supplied by a Wadi
Mousa spring branch possibly augmented by a local spring. A ~15 m lower reservoir elevation above
the tomb base at 770 masl yields an observed pipeline declination slope of ~2.8 degrees measured
from the horizontal. While this slope was the ultimate choice of Nabataean hydraulic engineers,
an alternate shallower slope choice of one-degree declination would require a yet higher elevation
reservoir, requiring a high support base built onto the near-vertical Jebel el Khubtha mountainside.
While this construction had the benefit of allowing the pipeline to extend further to the south to provide
water to urban habitation areas, this design option was redundant given water supplies through
the Siq and Outer Siq providing water to the same area of the city. For a one-degree declination
slope option (slope measured from the horizontal origin point R of the pipeline as it switches to the
western face of the mountain as shown in Figure 1), the elevation of the lower reservoir would be
much higher above the ground surface, requiring an extensive base construction support. Beyond
structural difficulties involved in this construction, computer modeling of water flow patterns in a long
pipeline at one-degree declination slope revealed a problem. To expose this problem, a FLOW-3D CFD
model (Figure 16, Case A) consisted of a left-most upper reservoir connected to a lower right-most
reservoir by a pipeline at a one-degree declination slope; CFD calculations qualitatively duplicated
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hydraulic phenomena present in the pipeline flow from the upper reservoir UR to the lower reservoir
LR. Figure 16, Case A results demonstrated the pipeline cross-section was fully occupied by water (full
flow) given the submerged pipeline exit condition into the lower reservoir. A design with the pipeline
exit above the lower reservoir water level would still support mostly full-flow conditions over most
of its length, but be subject to ingested air slugs moving counter to the flow direction ingested at the
pipeline exit, causing unstable flow conditions [34]. A volumetric flow rate of ~0.05 m3/s entered the
pipeline from the upper reservoir; this was the permissible full-flow rate for ¢/D ~0.1 pipeline internal
roughness over long pipeline distances (Figure 10) at a one-degree declination slope. Increasing
the upper reservoir head did not result in a proportionate increase in volumetric flow rate for long
pipelines over 400-500 m length as indicated by Figure 10. CFD results for Figure 16, Case A indicated
full-flow for a submerged outlet pipeline under high hydrostatic pressure near the end reaches of the
pipeline—this increased the likelihood of pipeline joint leakage due to full flow conditions under high
hydrostatic pressure. Based on the combination of leakage problems and the difficulty of building a
high-elevation reservoir with a steep connecting pipeline to the Nymphaeum, hydraulic engineers
rejected the one-degree declination slope pipeline design as impractical.
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Figure 16. FLOW-3D computational fluid dynamics (CFD) results for Cases A-C. The hydraulic jump
shown(directly under B) in Case B causes pressure oscillations, inducing separation forces at pipeline
connection joints amplifying the potential for joint leakage and does not support the highest flow rate
possible despite its steeper slope.

A further design option involved a steeper pipeline slope choice of four degrees with a volumetric
flow rate adjusted to 0.08 m3/s. The intuitive (but incorrect) observation that the steeper the pipeline
slope, the faster the water velocity will be serving the on-demand rapid water delivery maximum flow
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rate requirement best, is an observation that may have guided the steeper slope choice. The steeper
slope design option would result in a lower reservoir height from ground level but would require an
additional length of piping to carry water on to the tomb structures (Figure 1, Appendix A site numbers
62, 63, 64, and 65) as water would be delivered to ground level cisterns distant from these structures.
Further piping to the (North) Nymphaeum and the nearby sites including the Temple of the Winged
Lions (Figure 9) required pipeline construction which, at low slope, may have further impeded the flow
on to further water distribution centers across the lower bridge to south-side sites. Based upon the easier
design option construction of a low-level reservoir on the el Khubtha mountainside, this option appears
to have had positive benefits for workshop areas north of the monumental tomb structures; however,
hydraulic analysis of this design option reveals a problem. For a steep pipeline slope transitioning
from a mild slope, the high velocity supercritical internal flow developed a hydraulic jump with an
upstream partial vacuum above the partial flow water surface (Figure 16, Case B). The flow height
approached normal depth [35] for supercritical flow in a hydraulically steep pipeline. This result,
approximated as flow resistance, was amplified by the high partial flow velocity that converted flow
from supercritical (Fr > 1) to subcritical (Fr < 1) through a hydraulic jump within the pipeline as
Figure 16, Case B calculation shows. This effect was largely caused by pipeline wall roughness and the
high-water velocity used for Case B. The hydraulic jump is indicated below B in Case B. Froude number
(Fr) was defined as Fr = V/(g D)"/2, where V is the average flow velocity, g the gravitational constant
(9.82 m/s?), and D is the hydraulic depth [36]. While partial-flow in the upper supercritical portion of
the pipeline helped eliminate pressurized full flow conditions that promoted leakage, the full-flow,
post-hydraulic jump region within the downstream reaches of the pipeline promoted air entry into the
pipeline exit to counter the partial vacuum region that promoted unstable flow pressure variations that
caused pipeline joint leakage. Since water in the lower reservoir may have undergone sloshing and
transient height changes during this process, the hydraulic jump position could be oscillatory due to
sporadic air ingestion slugs countering the partial vacuum region from the pipeline exit downstream
of the hydraulic jump. This effect contributed to sloshing in the lower reservoir and pipeline forces that
compromised connection pipeline joint stability. While a design option existed to have the pipeline
outlet above the lower reservoir water level under free fall conditions, this only amplified air ingestion
to counter the partial vacuum region and flow instability. The computer solution shown in Figure 16,
Case B, verified the formation of a hydraulic jump showing the interaction between the incoming
supercritical partial flow delivered by the submerged pipeline to the lower reservoir. The hydraulic
jump established a pressurized, full-flow water region extending downstream from its location in the
pipeline to the reservoir. Provided the lower reservoir maintained constant height by limiting flow
into piping directed toward the Nymphaeum and basin regions, the hydraulic jump position could
be stabilized; nevertheless, the full-flow, pressurized water region constituted a potential pipeline
leakage and flow instability problem. Given problems associated with the steep-piping slope choice
(regardless of the pipeline exit submerged or with a free-fall delivery condition), flow instabilities arose
from an oscillatory hydraulic jump position. On this basis, this design option was not implemented as
an oscillatory hydraulic jump would cause pressure fluctuations inducing pipeline joint leakage.

Given the ~2.8-degree pipeline slope declination design option selected by Nabataean engineers
and given an allowable input flow from the upper reservoir of 0.062 m>/s for full-flow conditions
into a long stretch of the 3.5 km pipeline upstream of point R in Figure 1, three criteria had to be
met for acceptance of this design option:(1) An easy-to-build and maintain low reservoir that would
provide observation of pipeline exit flows to check for flow problems; (2) a stable, high volume
flow rate with an atmospheric pressure airspace above the (partial flow) water surface to eliminate
hydrostatically pressurized connection joint leakage; and (3) easy access to the tomb structures for
ritual events. Regarding these conditions, Figure 16, Case C provides insight into design criteria that
satisfies conditions (1) to (3).

Theoretically, a flow approximating critical flow at Fr ~ 1 would yield the highest flow rate
possible with flow occupying a fraction of the cross-section of the pipe with an air space above the
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water surface. Calculations for a 0.062 m®/s full-flow volumetric flow rate based on a ~2.8-degree slope
and upper reservoir hydrostatic head values from one to three meters indicated that average velocity
in the pipeline was on the order of V ~1.5 m/s with (g D) ~ 1.5 m/s, leading to Fr ~ 1.0, indicating
that a near critical flow condition was approximated at the ~2.8-degree declination slope. Given the
near-critical flow observed at a~2.8-degree declination slope (corresponding to the observed slope)
and observing computer results (Figure 16, Case C) that indicate that this condition would produce an
air space over the water free surface approximating y./D ~ 0.8, an approximate critical flow condition
existed at the ~2.8-degree declination slope. The significance of this is that the 0.062 m3/s volumetric
flow rate was the maximum value that this long pipeline design could sustain due to pipeline internal
wall frictional effects and that the critical flow water height in the pipeline, although close to full-flow
conditions, left an atmospheric pressure airspace over the water surface over a long length of the
pipeline to limit pressurized leakage. Additionally, the presence of a critical flow eliminated the
upstream influence from downstream disturbances thus promoting a stable flow within the critically
sloped pipeline. Therefore, among the choices of the pipeline slope available to Nabataean engineers,
the ~2.8-degree declination slope was selected. This slope option produced the maximum transport
volumetric flow rate possible, which is what an on-demand water system is set to accomplish.

5. The Ain Braq and Theater Area Pipeline Continuance System

The upper reaches of Ain Braq water system (Figure 1) consisted of a channel cut into bedrock
and surface soils that earlier supported a pipeline; its continuance to the plateau north of Wadi Farasa
(Figure 1) by a supply line continues to the B-3 area shown in Figure 1 and supplied water to sites 12
to 18 (Appendix). A branch of this system may have extended to the eastern reaches of the housing
district south of the Great Temple, as further excavations may indicate. A pipeline originating from the
theater frontage area (Figure 17), given the land contours shown in ([37], p.136), would support a canal
path to this area and sites along its path. The plateau shown in the Weis reference (Abb.5, p.136) [37]
indicates many water structures consistent with this water supply system.

Figure 17. Theater with a seating capacity of 5000 to 6000 persons. Frontal pipelines extend to elevated
basins above the south bank marketplace area to support fountains with (a probable) pipeline extension
to areas above the Great Temple.
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A survey of the area from the Ain Braq, Ain Ammon springs (Figure 1) revealed channels cut into
mountain sides that supported a pipeline water supply from the two main springs to sites shown in
Figure 1. Some traces of an attempt to bridge a large valley by a siphon are indicated in Figure 18.
This design choice originated from a spring originating above the Wadi Mousa town that was likely
abandoned early due to the necessity of constructing a large siphon across a deep valley to reach city
precincts. The main Ain Braq and Ain Ammon springs supported a pipeline that sent water to the
Lion Fountain (Figure 19, Appendix A Feature 14) and sites 12 to 18.

Figure 18. Remains of an abandoned early pipeline channel that would employ a large siphon to cross
a valley originating from the spring source located north of the modern town.

Figure 19. The Lion Fountain.

Figures 1 and 20 show surface water distribution features in the Wadi Farasa area (B-1, Figure 1),
together with the subterranean pipeline basin pit A connecting to the distribution junction E. Further
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exploration of possible contour pipeline paths threaded through mountainous areas to lower sites is
necessary to establish the water supply source to D, the Lion Fountain (Figure 19), the Soldier’s Tomb
area, and associated water basin structures sources by a branch of the Ain Braq pipeline. The contour
map of the hill area south of the Great Temple (Figure 12) area indicated the possibility of a water
supply from a Southern Siq channel passing by the theater frontage (Figure 16), but erosion changes in
the landscape over millennia and multiple earthquake landscape disturbances have made the water
supply connection to D difficult to establish.

Figure 20. Details of pipeline components located above the Great Temple area. Pipeline (A) is
immediately adjacent and connected to (E) and empties into a pit basin.

Of interest is the water supply to the Great Temple area. Starting from the hilltop junction
(Figure 1) above the Great Temple, a pipeline component assemblage exists (Figure 20). While likely
sourced by a Siq extension pipeline from the theater frontage area, there may have been a branch
pipeline originating from the main Ain Braq, Ain Ammon pipeline as indicated in the B-3 area of
Figure 1. Independent of confirmation of this water source to the hill area above the Great Temple,
the assemblage of water transfer components (Figure 20) indicated water transfer to downhill housing
areas with a probable pipeline water transfer to the Great Temple area. Combining excavated details of
the Figure 20 components, a FLOW-3D computer model is surmised in Figure 21. One of the pipelines
B from E led water to the lower Zhanthur housing district ([37], p. 136), while another pipeline branch
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C also served the same purpose; a possible branch of the C pipeline may have led to the upper reaches
of the Great Temple and lower Paradeisos area [8,20,21] as further excavations may verify. On site
conversations with Brown University personnel during excavation of the Great Temple area indicated
that a pipeline element was found heading downhill to the Great Temple, but was now covered over
from excavation soil from the Great Temple renovation activity. Independent of verification of this
pipeline water supply to the Great Temple’s upper levels, much can be learned from existing Figures 20
and 21 components that give insight into the hydraulic engineering knowledge base of Nabataean
water engineers.

The FLOW-3D computer model (Figure 21) composed of Figure 20 components utilized an input
water velocity consistent with Figure 10 for full flow conditions into pressurized pipeline D. The water
supply input into D was from the theater district (or from an Ain Braq branch pipeline) with a level
portion of the pipeline existing before pipeline branches E-C and E-B continued water flow on to
steeper terrain to supply downhill housing destinations and possibly the Great Temple upper level
areas. A basin pit A shows a connection pipeline adjacent to and connected into the E pipeline.

fraction of fluid

1.000
0.833
0.667
0.500
0.333
0.167

0.000

(A)

Figure 21. Cont.

162



Water 2020, 12, 3498

fraction of fluid

1.000

0.833
0.667
0.500

Bo.333

167

(B)

fraction of fluid

1.000

©

Figure 21. FLOW-3D CFD model of the pipeline connections constructed from Figure 20 components
and downhill exposed pipeline elements. (A) Incipient filling of pit basin A due to hydraulic jump
instability (or an E-B, E—C blockage) causing transient back flow conditions that are damped by water
flow into the A pit basin. (B) Partial filling of pit basin A after pipeline instabilities are damped; note
partial flow in high slope pipelines E-B and E-C. (C) Alternate view of Figure 21B conditions.

For one hydraulic function, the basin pit pipeline A (Figure 21) served to divert flow away
from the dual downhill pipeline E-B and E-C branches if these were blocked during repair or if the
input flow at D had flow surges past what the remaining downstream pipelines could accommodate.
The blockage then diverted water to basin pit A in Figure 21. The flow into the basin pit continued
until a pressure balance of water accumulated in basin pit A balances with the pressure in water supply
pipeline D promoting an automatic system shut-off if the lower exit ports B and C (Figure 21) were
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blocked. The more sophisticated hydraulic engineering use of the Figure 21 configuration originated
from the observation that subcritical full flow conditions existed in the lengthy, low slope supply
pipeline D. Due to the hydraulically steep declination angle in dual pipelines E-B and E-C, input full
flow past the junction area was converted to supercritical partial flow in both steep pipeline branches.
This flow transition induced a local partial vacuum region above the partial flow water surface. As the
branch pipeline exits were submerged into housing area reservoirs at their destination locations,
then air was drawn into pipeline exit openings toward the upstream partial vacuum regions by flow
patterns described in [34]. The intermittent air bubble stream proceeded upstream into the dual steep
declination pipelines’ branches to counter the partial vacuum region leading to flow intermittency
and oscillatory hydraulic jumps in both the dual pipeline branches. This hydraulic phenomenon
affected the flow stability of the entire system, leading to pulsating discharges into the downstream
reservoirs as well as affecting the stability of input flow into D. The pulsating flows induced internal
pressure changes that could affect pipeline joint connections causing leakage. If pipeline exit flow
into housing area reservoirs was free-fall, then the flow instability condition was even more severe as
there was easier access of air going upstream to partial vacuum regions. A further cause for pipeline
flow instability was the creation of a hydraulic jump within the pipelines due to internal pipeline wall
roughness when subject to upstream supercritical flow. Many situations arose then that caused flow
instabilities, leading to pulsating flow delivery tohousing area reservoirs and pressure variations that
induced pipeline joint leakage.

A cure to unstable flow conditions was anticipated by Nabataean water engineers when air was
supplied through basin pit pipeline A as shown in Figure 21. Air led into the partial vacuum region
where it occurred canceled the partial vacuum region and air bubble transfer from pipeline exits
and subsequent flow instabilities in the dual subterranean pipeline branches. The hydraulic jumps
still occurred in E-B and E-C pipeline branches, but with the partial vacuum regions eliminated,
the hydraulic jumps and flow within pipelines remained stable. In Figure 21 A-C, the fluid fraction ff
= 1 denotes water, ff = 0 denotes air, and intermediate ff values denote evaporative moisture levels.
These figures indicate the transfer of air into the upstream reaches of E pipelines through the basin pit
pipeline A. In summary, the basin pit pipeline connection served to minimize transient water surges
originating from air pulses entering partial vacuum regions by providing an air passageway to E and
elimination of transient water instabilities in the downstream high declination slope dual pipelines.
This was done by transferring backup water caused by transient hydraulic jump motion into the pit
basin, thus preventing its effect on flow input stability. Figure 21A shows incipient water transfer into
the pit basin A due to pipeline blockage. Figure 21C shows continued filling of the pit basin until a
pressure balance was achieved, shutting down further input water flow from D. Figure 21B shows
that with air input from the connecting pipeline in A to the main E-B and E-C pipelines, the partial
vacuum regions were eliminated, producing stable partial flow in these pipeline branches.

Excavation of the Great Temple area over many years by the Brown University team under the
direction of Martha Joukowski [20,21] revealed that rainfall seepage from a hillside wall south of
the temple was collected into a drainage channel [25] that led water to an underground reservoir on
the east part of the site. A further subterranean channel starting from the surface entrance to the
reservoir led water to the front platform part of the Great Temple site and likely served as an overflow
drain channel activated when the reservoir was full. These additional water transfer features indicate
that water supply to the Great Temple (and Paradeisos area) may have had an additional pipeline
source from another branch of the Figure 21 assemblage, which is yet to be discovered. Given Great
Temple water supplies from the extension of the theater district piping at lower levels, possible higher
level water supplies originated from the collection trench above the Great Temple north wall ([25],
pp. 265-267), as well as a possible connection from the Figure 21C channel as previously noted.
Previously, this trench was assigned a drainage collection channel role from rainfall seepage to protect
the foundation stability of the Great Temple, but other uses were possibilities. Given the elaborate
upper level community assemblage structure that likely represented [20,21] a site leadership meeting
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place, access to water at higher Great Temple levels appeared a necessity. Given that discussions with
Brown University personnel involved in the excavation indicated that a pipeline existed coming down
from the hill above the temple, now covered with excavation soil, gives credence to the water supply
from a branch canal from pipeline C shown in Figure 21 or an extension pipeline from the theater
system (Figure 1). Future excavations are necessary to establish these connections to show the source of
enigmatic structures that may have association with water transfer at upper levels of the Great Temple.

The Monastery Temple (Figure 22) at high elevation above the urban city center had no apparent
pipeline water supply system due to the absence of high-level springs, but rather a series of nearby
water collection basins that collected rainfall runoff.

Figure 22. The Monastery Temple.

6. Conclusions

Three pipeline water supply systems supplying urban Petra required different hydraulic
engineering approaches to overcome problems to optimize the water supply to Petra’s city center.
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In each case, problems were overcome by engineering designs requiring empirical knowledge of fluid
mechanics principles known in a prescientific format predating western science’s “official” discovery of
similar principles some ~2000 years later. Given the constraints from limited excavation data and given
that the Nabataean hydraulics knowledge base is not known from surviving literature, its breadth may
be gauged by use of CFD recreations of solutions that inform of thought processes and technical means
available to Nabataean hydraulic engineers. As many of their solutions exhibit modern approaches,
one can now attribute a role in the history of hydraulic science to Nabataean engineers.

Funding: This research received no external funding. Initial site exploration was conducted as part of Phillip
Hammond'’s Temple of the Winged Lions NSF funded excavations; further site trips involved work with Talal
Akasheh, Head of the Queen Rania Heritage Foundation, followed by individual trips to Petra over a period of
five years.
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Appendix A (Figure 1 Site Captions)

1 Zurraba-M reservoirs

2 Petra rest house

3 Park entrance

4 Early B-C-D Siq Covered Floor Channel
5 Dijn monument

6 Obelisk tomb and Triclinium
7 Siq entrance elevated arch remnants
8 Flood bypass tunnel and dam
9 Eagle Monument

10 Siq passageway

11 Treasury (El Kazneh)

12 High Place sacrifice center
13 Dual obelisks

14 Lion fountain monument

15 Garden Tomb

16 Roman Soldier Tomb

17 Renaissance Tomb

18 Broken pediment Tomb

19 Roman theater

20 Uneishu Tomb

21 Royal Tombs (62, 63, 64,65)
22 Sextus Florentinus Tomb

23 Carmine fagade

24 House of Dorotheus

25 Colonnade Street

26 Winged LionsTemple

27 Pharaoh’s column

28  Great Temple

29 Q’asar al Bint

30 Museum

31 Quarry

32 Lion Triclinium

33 El Dier (Monastery)

34 468 Monument

35 North city wall

36 Turkamaniya Tomb

37 Armor Tomb

38 Wadi drainage

39 Aqueduct
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Al Wu'aira crusader castle
Byzantine tower

North Nymphaeum
Paradeisos, Temenos Gate area
Wadi Mataha major dam
Bridge abutment

Wadi Thughra tombs
Royal tombs

Jebel el Khubtha high place
El Hubtar necropolis

Block Tombs

Royal Tombs

Obelisk Tomb
Columbarium

Conway Tower

Tomb complex

Convent tomb

Additional Tomb complex
Pilgrim’s spring

Jebel Ma’aiserat high place
Snake monument
Zhanthur mansion

Palace Tomb

Corinthian Tomb

Silk Tomb

Urn Tomb

Rectangular platform/temple
South Nymphaeum
Pipeline

Buried channel

B Dual pipeline supplied basin area
d Catchment dam
c Cistern
s Spring
D Multi-level dam
A Kubtha aqueduct
T Water distribution tank
-d Major dam
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2
Abstract: The water distribution castellum at the terminal end of the Pont du Gard aqueduct serving
the Roman city of Nemausus in southern France is analyzed for its water engineering design and
operation. By the use of modern hydraulic engineering analysis methods applied to analyze the
castellum, new aspects of Roman water engineering technology are discovered not previously reported
in the archaeological literature. Analysis of the castellum’s 10 basin wall flow distribution pipelines
reveals that when a Roman version of modern critical flow theory is utilized in their design, the
10 pipelines optimally transfer water to city precincts at the maximum flow rate possible with a
total flow rate closely approximating the input flow rate from the aqueduct. The castellum’s three
drainage floor ports serve as additional fine-tuning to precisely match the input aqueduct flow rate
to the optimized 10 pipeline output flow rate. The castellum’s many hydraulic engineering features
provide a combination of advanced water engineering technology to optimize the performance of the
water distribution system while at the same time enhancing the castellum’s aesthetic water display
features typical of Roman values. While extensive descriptive archaeological literature exists on
Roman achievements related to their water systems both in Rome and its provinces, what is missing
is the preliminary engineering knowledge base that underlies many of their water system’s designs.
The present paper is designed to provide this missing link by utilizing modern hydraulic engineering
methodologies to uncover the basis of Roman civil engineering practice—albeit in Roman formats
yet to be discovered.

Keywords: Roman; Pont du Gard; water engineering; castellum; aqueduct; CFD analysis; hydraulic
design; critical flow

1. Introduction

The Pont du Gard aqueduct, built during the reign of Claudius (40-60 AD), involves
many unique hydraulic engineering components and strategies [1-4] (pp. 181-188 [1]) that
collectively worked to deliver water to the Roman city of Nemausus [2,3,5]—now the city
of Nimes in southern France. Water from the Fontaine d’Eure spring at Uzes was conducted
to a regulation basin at Lafoux with an overcapacity diversion channel to the Alzon River
(Figure 1); the aqueduct was designed to deliver 40,000 m®/day through the ~50 km long
aqueduct channel [2]. The Pont du Gard aqueduct/bridge spanning the Gardon River
(Figure 2A—C) is located ~25 km from the spring source; a further 25 km extension of
the aqueduct channel constructed partway through a tunnel delivered water to the basin
distribution center (castellum) located ~17 m above the city of Nemausus. Changes to the
original Roman aqueduct were made over the centuries: Figure 2B shows a 1743-1747
pedestrian walkway addition to the original Roman structure devised by French engineer
Henri Pitot; further restoration was done in 1850-1855 by Napoleon III to reinforce the
original structure. Figure 3 shows structural details of the original aqueduct base; the
triangular base structure incorporates Roman knowledge to reduce the flowing water
pressure on the foundation base. As the included angle of the aqueduct base exceeds the
separation angle, turbulent, large-scale water rotational vortices keep sediment particles
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in suspension during passage under the bridge thus preventing sediment deposits under
the bridge. Water delivered through the castellum basin tunnel opening (Figures 3-5) was
further conducted through multiple pipelines to city reservoirs and site locations. The
~5.5 m diameter, ~1.0 m high castellum basin wall supported 10 centenum-vicenum ~30 cm
terracotta inner diameter pipelines (Figure 6) with three additional pipelines of similar
diameter (Figure 6) originating from the basin floor to complete the 13 pipeline distribution
system. A sluice plate located at the tunnel opening to the basin regulated basin water
height—this feature would prove vital to the design and function of the castellum as later
discussion reveals.
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Figure 1. Map of the Pont du Gard aqueduct water system path from the Fontaine d’Eure source spring at Uzes to the
destination castellum.
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(©)

Figure 2. (A) The Pont du Gard aqueduct/bridge. (B) Later (1743-1747) roadway passage addition to the original Roman
Aqueduct. (C) Base structure of the Aqueduct. Note foundation triangular structures to reinforce the aqueduct base and
lower river water hydrodynamic pressure forces on the base structure.
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Figure 4. View of the front of the Nimes castellum.
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Figure 5. View of structures in front of the Nimes castellum.
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(b)

Figure 6. (a) Interior view of the Nimes castellum showing three floor drainage ports. Port covers can be moved to adjust
flow drainage flow rate output to match aqueduct input flow rate. (b) Typical calyx insert adjoining a pipeline marked with
a flow rate value (in quinaria) for attachment to a pipeline to limit its flow rate to a prescribed value.

The Pont du Gard aqueduct/bridge crossed the Gardon River near the town of Vers-
Pont du Gard and was a vital element of the ~50 km long aqueduct providing water to
Nemausus. The straight-line distance between the Fontaine d’Eure spring source and the
terminal distribution castellum was ~25 km; the final channel path selected by Roman engi-
neers was a winding route measuring ~50 km because of construction difficulties associated
with the mountainous Garrigues de Nimes direct route. Roman surveyors selected the
longer channel path to avoid difficulties associated with building numerous tunnels and
bridges through mountainous terrain that would accompany the shorter length path that
led directly from the spring source to the castellum. In addition to construction difficulties
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associated with the mountainous and deep gorge terrain in the northern section of the
proposed aqueduct channel path, further routing changes were necessary to circumvent
the southernmost foothills of the Massif Central known as the Garrigues de Nimes. These
foothills, covered in dense vegetation and indented by deep valleys, would prove difficult
to cross with the shortest length water channel as they required construction of many
small bridges and tunnels through a long section of hills and ravines that required a tunnel
between 8 and 10 km long depending on the starting point. A diversion course around the
eastern end of the Garrigues de Nimes mountain range (Figure 1) proved to be the only
practical way of transporting water from the origin spring to the city to reduce construction
time and minimize labor costs. Ahead of the aqueduct/bridge, a covered continuation
channel and terminal tunnel led water to the castellum basin through the sluice gate port
shown in Figures 3-6. The aqueduct was designed and built to carry a given maximum
flow rate of 40,000 m3/day—the challenge to Roman engineers was to efficiently design the
castellum to transport the input flow rate through a minimum number of pipelines to city
destinations in the most hydraulically efficient manner. The innovative castellum design
devised by Roman engineers to accomplish this end is described in sections to follow and
gives a penetrating look into Roman hydraulic engineering practice.

In the first century AD, Nemausus was a prosperous Roman colony whose resource
base consisted of Rhone Valley agricultural fields and vineyards to support trade and
export to central Rome. The colony’s prosperity reflected population growth from 20,000
to 40,000 over a short time span leading to designation of official city status by the central
Roman administration. The original Nemausus fountain the base of Mount Cavalier did
not provide the expanded city population city with its daily need of potable drinking water
nor provide additional water for the baths, fountains, temples, theaters, government and
commercial sector buildings and garden areas that Roman cities incorporated as standard
city design practice. Based upon the need for increased water supply for the expanding
population of the city, planning of an advanced design aqueduct from the Eure Uzés spring
source to Nemausus anticipated the future water needs of the city. It is estimated that
approximately 70% of the aqueduct channel pathway consisted of excavated stone-lined
trenches with slab or arched roof covering with the remainder channel pathway in the form
of short length tunnels and small bridges. As a major construction challenge, the Gardon
River valley crossing required engineering design and construction innovations on a scale
exceeding previous aqueduct designs to transport water across the extensive width of the
river gorge area.

The planning and construction of the aqueduct during the ~19 BC time period is
credited to Augustus’ son-in-law and aide, Marcus Vipsanius Agrippa then serving as
the senior magistrate aedile responsible for managing the water supply of Rome and its
colonies. Espérandieu [3] writing in 1926 linked the construction of the aqueduct with
Agrippa’s visit to Narbonensis; later excavations [2,5,6] suggest the construction may have
taken place between 40 and 60 AD. Earlier built tunnels bringing water from several local
springs to the city were not considered in modification plans originated by the builders
of the new aqueduct due to the greatly increased water needs required by the growing
city population. Coins discovered in Nemausus’ outflow pipeline catchments are no older
than the reign of the emperor Claudius (41-54 AD) to more securely date construction
time. On this basis, a team led by Guilhem Fabre [3] argued that the aqueduct must have
been completed in the middle of the first century AD and have taken approximately fifteen
years to build, employing between 800 and 1000 workers.

2. The Pont du Gard Aqueduct/Bridge Design

The Pont du Gard aqueduct/bridge has three tiers of arches, stands 48.8 m high and
descends only 2.5 cm over its length of 274 m (a gradient of 1 in 18,241). The water channel
from the Fontaine d’Eure spring source to the castellum descends by only 17 m height over
its entire ~50 km length—this is indicative of the challenge in surveying precision that
Roman water engineers utilized in the aqueduct design. Average slopes in meters per
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kilometer (and degrees per kilometer) over long sections of the channel from the Fontaine
d’Eure spring at Uzes (Figure 7) to the castellum indicate mean constant slopes over long
stretches of the aqueduct channel; local slope variations along channel path lengths were
necessary due to local landscape surface irregularities and accuracy limits of surveyor’s
instruments [1]. The water supply system may have been in use as late as the sixth century,
with some parts used for significantly longer times, but lack of maintenance after the
fourth century led to accumulation of channel sinter deposits that eventually limited the
water flow rate [2]. Construction details (Figures 3-5) of the castellum indicate 10 castellum
basin wall ports from which 10 terracotta pipelines directed water to individual fountains,
nymphea, baths, temples, gardens, theaters, commercial sector and administrative buildings,
private homes and intermediate reservoirs around the city. Three pipeline ports (Figure 6)
on the floor of the castellum basin served for adjustable basin drainage, flow diversion
during repairs and cleaning of the castellum and, when partially opened by movable cover
plates, served as an adjustment mechanism to guarantee that the ~40,000 m®/day aqueduct
delivery rate closely matched the design output flow rate from the 10 basin wall pipelines.

) 80 m
Source
0,67 m/km St. Bonnet St. Gervasy
| Aqueduct A ' 70
0.04 degrees 0.07m 0.17 m/km 0.03 m/km
0.004 degrees 0,01 degrees 60
0,002 degrees
e ‘ 0
g 10 2 30 40 50 km

Aqueduct Bottom

Figure 7. Average slopes of sections of the Pont du Gard aqueduct in m/km and equivalently in
degrees.

The Fontaine d’Eure spring, at 76 m above sea level, is 17 m higher than the castellum
above the city of Nemausus; this provided sufficient gradient to sustain gravity flow
of aqueduct water to Neamausus. The aqueduct’s average gradient is ~1/3000 but the
local channel slope varies widely along its course [2,3] being as small as ~1/20,000 in
some sections (Figure 7). The average gradient between the start and end of the aqueduct
(0.34 m/km) is far shallower than usual for Roman aqueducts being only approximately
one-tenth of the average gradient of some of the eleven aqueducts supplying Rome. The
reason for the change in gradients along the water system’s route is that a uniform gradient
would have meant that the Pont du Gard aqueduct/bridge would have an extreme height
and thus present a formidable construction challenge given the limitations of Roman
construction technology. By maintaining a steeper gradient along the channel path ahead
of the aqueduct/bridge (Figure 7), Roman engineers were able to lower the height of the
aqueduct/bridge by 6 m to a total height of 48.7 m above the Gardon River bed. This height
limit governed both the up- and downstream channel gradients of the aqueduct as well
as limiting the weight of the aqueduct. Despite the weight saving design, the substantial
as-constructed weight of the multi-tiered stonework created a slight depression in the
middle of the aqueduct/bridge that created a slightly increased water depth in the center
of the aqueduct channel. The initial gradient profile originating from the spring source
before the aqueduct/bridge is relatively steep descending 0.67 m/km but descends by only
6 m over the remaining channel length to the castellum (Figure 7). In one channel section,
the winding route between the Pont du Gard aqueduct/bridge and St. Bonnet (Figure 1)
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required an extraordinary degree of accuracy from Roman engineers who had to survey
for a channel decline of only 7 mm per 100 m of the aqueduct.

It is estimated that the aqueduct supplied the city with a minimum of 20,000 m3/24 h
to a maximum of ~40,000 m>/24 h and that water took 28 to 32 h to flow from the Uzés
spring source to the city [2,5]. The different limits in aqueduct flow rate reflect the season-
ally variable spring discharge rate dependence upon groundwater recharge from infiltrated
rainwater and received groundwater from surrounding infiltration areas. The castellum
was designed for use at the maximum 40,000 m®/day flow rate that the Uzés spring source
could supply on a steady basis—this being necessary to provide sufficient water for the
large city population. Average water velocity was on the order of ~0.5 m/s according to one
estimate [2] corresponding to the total maximum flow rate of ~40,000 m*/day. Aqueduct
water arrived to the castellum—an open, shallow, circular basin ~5.5 m in diameter by
~1.0 m deep (Figures 3-6)—and was surrounded by a (now lost) balustrade within an
enclosure under a small, but elaborate, pavilion. When the castellum was first excavated,
traces of a tiled roof, Corinthian columns and a fresco decorated with fish and dolphins
were discovered in fragmentary condition. As to details of the construction of the castellum,
adjoining curved stone slabs (Figures 3-6) lined the receiving basin inner rear wall and,
for the 10 basin wall pipeline ports, large arced adjoining stone blocks were pierced by
10 circular openings to accommodate pipeline insertion with leakage prevention cementing.
The three floor ports were carved through the stone floor with right angle turn passage-
ways below the floor permitting horizontal pipelines to emerge from outside the basin
(Figures 5 and 6). The basin floor has an outer rim upon which the arched basin wall blocks
were placed. Although not apparent from the current state of the castellum remains, likely a
thin layer of bitumen (or cement) between basin blocks provided leakage protection. The
entry slope of the supply tunnel (0.002°, Figure 7) was vital to lower aqueduct water veloc-
ity and raise its height prior to basin entry; further flow area expansion from the narrow
tunnel entrance opening into the wide basin further lowered the water entry velocity to
the multiple basin wall pipelines. A (now lost) movable sluice gate (Figures 3-5) regulated
the basin water height into the 10 basin wall pipelines and played a vital design role in
the operation of the castellum. Conjecture as to the design and function of the entrance
sluice gate structure [2,3] prevails with no current resolution as to the design intent of
its function to regulate castellum water height and velocity—the resolution of this issue
is addressed in subsequent sections. A series of holes penetrating the top plate of the
entrance structure exist [2,3] but as to the sluice plate lifting mechanism controlling the
water entrance opening height, no current information exists.

The precise control and regulation of the maximum design flow rate from the aqueduct
to the castellum was an important Roman design consideration to avoid basin spillage from
the low wall height of the castellum basin and overflows from the aqueduct and supply
channels. As the cross section of all channels was rectangular with a constant base width,
local variations in flow rate from intercepted local rain storm runoff that would cause water
height changes in the low slope channels were anticipated by Roman engineers by local
height increases in the channel walls where spillage was likely to occur. Although water
containment in channels during rainfall events was anticipated by the channel wall height
design, the use of the three castellum basin floor ports to dispense excess water arriving to
the castellum over the design flow rate kept the basin from overflowing thus maintaining
its aesthetics even during rainfall events.

3. The Castellum Floor Ports: Hydraulic Design Considerations

Aqueduct water entered the castellum through a rectangular tunnel opening, 1.2 m
wide by 1.1 m high (Figures 3-6), and circular holes in the basin wall, each ~40 cm in diam-
eter, give indication of the pipeline dimensions that directed water into the 10 basin wall
pipelines. The three floor pipeline ports (Figure 6) if fully open, presuming a continuous
aqueduct water supply, would induce a vortex over each floor entrance port inducing rota-
tion of water in the basin [7]. This effect would alter the equal distribution of the water flow

180



Water 2021, 13, 54

into the 10 wall ports. As this effect would influence the 10 pipeline design, the three-floor
port opening cover plates would have been used sparingly for input flow rate regulation
to produce near equalization of flow into the 10 separate pipelines. This requirement then
mandated a castellum design that would closely regulate the aqueduct input flow rate to
closely match the sum of output flow rates from the 10 basin wall pipelines with only minor
flow rate corrections provided by the three-floor port opening areas. The rotating flow in
each floor pipeline, given its passage through elbows below the basin floor (as Figure 5 in-
dicates) would transition pipeline entry full flow to partial flow within the sloped pipeline
extensions due to gravitational acceleration increasing pipeline flow velocity and lowered
pipeline water height. Here a pipeline cross-sectional area fully occupied with water is
denoted as full flow; a pipeline cross-sectional area partially occupied with water is denoted
as partial flow. For high speed flow in highly sloped pipelines emanating from the castellum
with significant internal pipeline wall roughness, a hydraulic jump may occur downstream
in the pipeline. Between entry full-flow and downstream post-hydraulic jump full-flow
regions, a partial vacuum region exists in the intermediate partial flow region. Unless these
regions within pipelines are relieved by upper pipeline holes to admit air at atmospheric
pressure, flow delivery instabilities arise as air enters the floor pipeline inlet by means
of an air-entraining vortex extending from the water basin surface [7] together with air
entering from the pipeline exit (for either submerged or free overfall conditions) to relieve
the partial vacuum region. A further source of flow instability arises from large internal
pipeline roughness slowing flow velocity and raising its height to transition partial to full
flow. As upstream water length buildup occurs ahead of the full-flow hydraulic jump
water region, accumulated water mass weight suddenly overcomes frictional resistance
and causes the elongated water mass to rapidly transfer out of the pipeline to freefall into a
reservoir. This clearing effect then restarts the creation of another full-flow region leading
to periodic flow delivery to a reservoir. These effects for both high and low speed entry
flow to wall pipelines cause transient, oscillatory water motion in pipelines resulting in
castellum basin water level oscillations and unstable flow entering into pipelines. These
effects are largely governed by pipeline water entry velocity, pipeline slope and diameter,
internal pipeline wall roughness, pipeline segment connection joint roughness and hint
of the complexity that Roman engineers contended with to produce a castellum design
providing stable flow to city destinations. As Roman engineers had concerns about flow
instabilities that induced pipeline vibrations [8] that loosened connection joints between
pipeline elements to cause leakage, flow stability concerns related to castellum design were
a major problem to be addressed and eliminated by an advanced castellum design. As the
elimination of transient flow instability effects was an important consideration in castellum
design, Roman engineers required design considerations to eliminate pipeline flow insta-
bilities that could propagate upstream to the castellum basin and disturb the aesthetics of
the basin water surface. The design considerations would therefore involve in some way
the use of the controllable three-floor port opening size selection together with solutions
associated with pulsating flow delivery and uneven flow rate delivery to the 10 basin wall
pipelines. Further design considerations involve design of specific pipeline slopes selected
by Roman engineers to limit unsteady hydraulic jump formation and transient pressure
pulses to induce steady flow in pipelines.

How a design solution was accomplished by Roman water engineers to deal with and
eliminate these complex interacting hydraulic effects by innovative castellum and pipeline
designs is described in following sections. Although it has been previously suggested that
the three floor ports were mainly used for flooding the amphitheater for mock naval battles
(naumachia) [3,6], the allowable flow rate through three bottom ports alone is far lower than
the input flow rate from the aqueduct as derived in a later section. The three floor ports
may additionally have served the purpose of continuous flows to important sites but are
inadequate, by themselves, to carry the 40,000 m3/ day aqueduct flow rate without several
(or all) of the 10 basin wall pipelines simultaneously in use as a later section details. If
aqueduct flow is diverted by blockage and flow diversion to the Alzon River for aqueduct
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cleaning and repair functions, then the bottom ports would well serve to completely drain
the castellum basin after the water level falls below the 10 basin ports pipeline openings.
Among the reasons for the use of the floor ports, the main function of the floor ports, used
with partially open covers (Figure 6) during normal daily operation of the aqueduct, was
to drain away excess aqueduct supply water to exactly maintain the design 40,000 m?/day
input aqueduct flow rate as apparently this rate was critical to the hydraulic design of the
pipeline system of the castellum.

4. The 10 Castellum Wall Ports: Hydraulic Engineering Design Options

Candidates for the pipeline types emanating from the basin wall ports are the (120A)
centenum-vicenum with a diameter of 22.83 cm and inner cross-sectional area of 409.4 cm?
and the larger (120B) centenum-vicenum with an inner diameter of 29.5 cm and a cross-
sectional area [3,4,9] of 686.6 cm?. To include known Roman pipelines allowing for pipeline
wall thickness of at least ~2.54 cm, then several standard Roman pipeline sizes [3] are
basin entrance flow candidates. In the discussion to evaluate their merits of different
flow rate measurement devices available to Roman water engineers, calices mounted in a
horizontal pipeline section are considered as they are typical of Roman practice for flow
rate measurement and can be used to regulate and/or limit flow rates when used as chokes
(Figure 6b). In this figure, a typical calyx placed on the left is adjoined to a pipeline shown
to the right. Flow direction is from left to right.

A table of calyx sizes and the use of a calyx—pipeline connection [3,10] in the 50, 80
and 100 digit sizes with diameters of 27.8, 45.5 and 57.4 cm, respectively, may have been
considered by Roman water engineers to regulate the amount of water flowing in different
pipelines to different destinations with different prescribed water needs. While Roman
pipeline types have known standards [3,4,9], large bronze calices placed directly into the
10 basin wall entrance holes were a design option to match the sum of pipeline flow rates to
the aqueduct flow rate input. Given that calices work only under full-flow conditions, their
use by Roman engineers in the castellum pipeline entry ports may have appeared useful
for precise flow rate delivery to destination sites given that full flow at basin wall pipeline
entrances could be maintained by means of a horizontal pipeline elements before pipeline
declination slope continuance converted full to partial flow in pipeline extensions to the
lower city. This design option would require that the sluice gate was fully open and that
basin wall height exceeded the observed wall height shown (Figures 3-6) to ensure full-flow
entry into basin wall pipelines. The higher basin wall height design would require a higher
elevation of the tunnel supply line and an even lower aqueduct slope leading to the tunnel.
Sustaining entry full flow into basin wall pipelines would rely on constant water height
in the elevated wall height basin just to support full-flow calyx usage. The advantages of
full entry flow incorporating calices placed at the start of horizontal piping branches with
markings to indicate that the output flow rate (in quineria) had yet a further disadvantage
beyond height reconfiguration of the inlet tunnel. Calices used at the entrances of all
10 basin wall pipelines theoretically provided the sum of their flow rates and therefore
were vital to match the aqueduct design flow rate. As calyx sizes appropriate for the ~30 cm
inner diameter pipelines give erroneous flow rates based on the nozzle diameter rather than
the square of the diameter appropriate to the cross-sectional area of the nozzle, the correct
flow rate prediction would ultimately be a problem if installed due to the inaccuracy of
calyx flow rate measurement. An analysis of calyx use [10] describes inaccuracies associated
with large flow rate measurements. Since accurate flow rate measurements were necessary
in a system design to balance aqueduct input exactly to 10 pipeline water transfer output,
calyx flow rate inaccuracies would compromise the castellum design that requires precise
measurements of flow rates particularly if the use of only calices for flow rate determination
precluded the use of the three floor ports as a flow rate adjustment. If the calyx design
option were pursued then major redesign and reconstruction of the castellum would follow
upon flow rate proof tests using the full aqueduct design flow rate. As the existing castellum
design is vastly different from that utilizing this design option, this indicates that Roman
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engineers were aware of the precision difficulty of calyx water measurement devices and the
near impossible reduction in the lead-in aqueduct slope and tunnel elevation underlying
calyx usage. As the existing tunnel entry slope is already small (0.002°, Figure 7), an even
lower slope design would severely challenge surveying accuracy measurement capability
as well as requiring significant modification of the aqueduct slopes upstream of the tunnel.

Apparently the concept of water velocity and its measurement were recognized as
important to determine flow rates but such considerations were not readily available
to Roman engineers due to lack of precise time measurement devices [1,3]. From these
considerations, it was apparent that a calyx-based design option was not practical and
Roman engineers would need to choose a more refined design option that eliminated
problems associated with the calyx design option as well as flow instability problems. What
then was the final Roman casfellum design that solved all the problems mentioned to match
aqueduct input and pipeline output flow rates exactly?

As no traces of actual pipelines or calices exist at the present castellum site, pipeline
connection details, as well as the exact pipeline diameter used, remain conjectural. Never-
theless a reasonable estimate of pipeline diameter may be made for flow rate estimation
based upon the castellum retaining wall diameters shown (Figures 3-5) and the three-floor
port geometry (Figure 6). Based upon the above discussion, for the three castellum floor
ports used to rapidly flood the nearby amphitheater for naumachia, this function would
require the addition of several (or all) of the 10 wall outlet ports to work in conjunction
with the floor ports to accommodate the 40,000 m?/day aqueduct flow rate. The naumachia
function would necessitate that valves were available in basin wall pipelines to redirect
additional flow to the amphitheater. That such large valves were in the Roman engineer’s
purview has been demonstrated [9]. For the present analysis, however, it is assumed
that all 10 side wall ports were in continuous use but not the three floor ports (except for
fine adjustment of the input 40,000 m*/day flow rate to wall pipelines)—this conclusion
underlies pipeline flow rate results to follow.

Since the castellum was elevated well above the Roman city and few traces of the
multiple water destinations and connection pipelines now exist, it may be assumed that
pipeline lengths were on the order of a fraction (or more) of a kilometer from the castellum
to different city destinations. A typical Roman arrangement of pipelines from the castellum
to a lower reservoir (Figure 8) would be designed to regulate flow to destination sites. Each
city destination may have had time variable flow rate requirements (particularly baths and
private houses) from cisterns and stilling basins so that overflow cisterns were necessary to
captures excess water flows and direct water to collection basins serving gardens, pools
and storage basins that did not require steady water input. Similar designs to those shown
(Figure 8) were in use at the Roman site of Pompeii [4,11]. Based on this design complexity
for a city water distribution system, emphasis on stable pipeline flow delivery would be
an important consideration that minimized maintenance and the use of supplemental
downstream settling basins and thus was a prime consideration inherent to the castellum
design.

The early writings of Vitruvius and Frontinus on Roman hydraulic engineering prac-
tice [12] are replete with pre-scientific notations of hydraulic phenomena related to flow
velocity, flow rates, time and hydrostatic pressure that were used for water flow rate
measurement. On this basis, there is much to recommend Roman hydraulic engineering
practice as largely based on an observational recording basis based on pipeline slope effects
on flow delivery as opposed to results derived from theoretical calculations. The basic
problem in determining flow rate was the accurate measurement of time and water velocity
which eluded precise Roman definitions as indicated by Roman water administrator’s
book descriptions. In this regard, Greek hydraulic engineers demonstrated progress in
measuring average water velocity and flow rates appropriate to fountain and water outlet
designs at Priene [13]. In this case, a large basin of known volume (V) was filled by water
flow from a level pipeline; a time measuring device (water clock, candle burn time, as
examples) provided an estimate of the time (T) to fill the basin. The flow rate (Q) for
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the pipeline is then Q = V/T. This same methodology could be used for different calices
mounted on a pipeline to determine an estimate (or correction) of their quineria flow rate
marking if indeed this was part of Roman technology yet to be elucidated.
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Figure 8. Aqueduct supplied water to the castellum showing the redistribution network structure typical of Roman cities.

To understand pipeline flow phenomena dependent upon pipeline slope and pipeline-
basin attachment choices, discussion is next focused on the hydraulic positives of an
alternate design choice for flow rate measurement. Here the castellum design contains
elements of advanced Roman hydraulic technology thoughtful of the effects of pipeline
slope choices and effects derived from knowing how to produce stable flow rates. From the
analysis to follow, design elements noted in the actual castellum construction are revealed
that demonstrate the design of an optimum water delivery system that effectively matched
aqueduct input flow rate to the castellum output flow rate, produced maximum flow
rates with pipelines to limit the number of pipelines used and eliminated flow instability
problems.
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5. Toward the Optimum Castellum Design

Many Roman pipeline designs transferring partial flow had top hole openings to
eliminate partial vacuum regions [14,15] (pp. 314-320 [15]) but use of this feature for the
present case is not known due to absence of pipeline remains. In the absence of pipeline top
openings, transient air ingestion at the pipeline exit port, or from the basin water surface,
occurs to counter a partial vacuum region that induces pulsating forces acting on pipeline
joints that promote leakage. Such partial vacuum regions occur when subcritical entry full
flow transitions to a partial critical (or supercritical) flow in the declination sloped pipeline
continuance from an initial horizontal pipeline section; when a downstream hydraulic
jump occurs due to inner pipeline roughness, then the partial vacuum region is trapped
between these two separating flow conditions. This condition exists for either free or
submerged pipeline exit conditions into a reservoir as for either case, atmospheric air
enters the entrance and exit regions of the pipeline to counter the partial vacuum region
inducing transient flow instabilities as the hydraulic jump location is unstable due to
air ingestion rate differences and the transient, variable pressure and size of the partial
vacuum region. A further contribution to flow instability occurs when the upstream size
of the subcritical hydraulic jump region increases to a point where the weight of this
region causes a flushing of the region out of the pipeline exit; when this flushing is done,
the previous flow conditions restart once again inducing flow instabilities. When post-
hydraulic jump subcritical pipeline flow delivery to a reservoir (Figure 8) is erratic, induced
flow oscillations propagating upstream in a flow pipeline cause erratic motion of water
flow to adjoining distribution basins as well to castellum basin water thus destabilizing
smooth flow delivery and cancelling water basin aesthetics by surface wave occurrence. As
flow stability considerations were known to Roman engineers, their castellum and pipeline
designs must reflect a design that would eliminate erratic flow oscillations in pipelines
and in the castellum basin and provide resolution of all flow instability problems through
knowledge of preferential pipeline slopes in some manner. A further consideration known
to Roman water engineers was that maximum pipeline flow rates are associated with
critical partial flow—not full flow—conditions and that this is related in some way to the
declination slope of a pipeline. Noting that the pipeline entrances are very close to the top
rim of the castellum basin (Figure 6), this feature indicates that the castellum design reflects
knowledge of inducing partial critical flow into pipeline entrances and this is related to
achieving total maximum flow rate through the 10 pipelines equal the input aqueduct flow
rate in an optimum manner. If pipelines could be designed to transmit the maximum flow
rate possible, then this would reduce the need for additional pipelines emanating from the
castellum.

As a first consideration of the observed castellum design, the water height entering
pipelines is controlled by lowering the sluice gate to precisely control the basin entry
water height to the pipelines (Figure 9). Provided this water height from the basin bot-
tom comes up to half the pipeline diameter, then from the aqueduct input flow rate of
~40,000 m3/day to the castellum, the average flow rate for a single pipeline is 1.63 ft®/s;
for 13 ports open, the average single pipeline flow rate is 1.26 ft°/s. From hydraulic
engineering theory [16], for D the pipeline diameter (~30 cm) and g the gravitational con-
stant (9.82 m/s?), Q/D? (g D)'/2= 0.29 for 10 open pipelines and 0.22 for 13 open pipelines.
From [11], Henderson’s Figures 2-12, y./D = 0.5. This means that the y. critical depth
entering pipelines, regulated by the height position of the sluice gate, is equal to half of
the pipe diameter (Figure 12). Thus water enters the 10 wall pipeline entry ports at half
the pipeline diameter height at critical (Fr = 1) Froude number [11,16-19]. The Froude
number is defined as Fr = V/(g Dm)!/? where V is water velocity, g the gravitational
constant and Dy, the hydraulic depth [11-13,19]. From critical entry flow, the continuance
of partial critical flow in pipelines is determined by pipelines set at the critical slope range
(6, Figure 12).

The physical significance of establishing critical flow conditions in pipelines [11-13,16,19]
emanating from the castellum lies in the fact that when pipelines are set at a critical slope,
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this minimizes the energy expenditure to transport the flow at the highest flow rate. The
lower the energy expenditure to transport pipeline flow, the less reliance on supplemental
ways to increase flow rate such as an elevated castellum basin wall height and increased
water height to provide additional hydrostatic pressure to increase flow rate. As partial
critical flow can be maintained (or somewhat extended) over the entire pipeline length
given smooth interior pipeline walls, atmospheric pressure exists over the partial flow
from air entry into the open pipeline exit. Pipelines set at the critical slope are therefore
free of hydrostatic pressure that would induce leakage under full-flow conditions. Most
importantly, critical flow (Fr = 1) conditions throughout entire pipeline lengths produce the
highest pipeline flow rate [10,15-19]. Pipeline designs that sustain flows equal to or close
to partial critical flow (Fr = 1) over long distances would largely eliminate flow instability
concerns from hydraulic jump creation as only a small water contact area with the interior
pipeline wall roughness exists under partial flow conditions thus lowering flow resistance
effects that would lead to internal hydraulic jump formation. As critical flow is maintained
in critically sloped pipelines, no upstream influence from downstream resistance elements
(pipe bends, contractions, bifurcations, hydraulic jumps) can propagate upstream to disturb
basin water height and stability conditions [10,16-19]. Such considerations related to
the effects of pipeline slope to produce stable flows must have been known to Roman
engineers from observation of the many hydraulic engineering projects they implemented;
in this regard, several elements of the pipeline system at Ephesus [14] constitute a prime
example. With the advantage of flow stability derived from a critical flow design, the use
of downstream accumulators, water towers, settling basins and open basin reservoirs and
settling tanks (Figure 8) used to stabilize flow conditions between pipeline exit flows to
different destinations with specific flow rate needs can be minimized. In the discussion to
follow, the English unit system is used as this underlies many of the empirical hydraulic
relations used in the analysis.
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Figure 9. Basin exit wall flow dynamics (not to scale).
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Figure 11. The Maison Carré Roman Temple in central Nimes.
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Figure 12. The Roman amphitheater located in central Nimes.

The critical, partial flow entry velocity for 10 pipes is V. = (g yc)l/ 2 =401 ft/s and
5.8 ft/s for the 13 ports open case. The Froude number is Friy ~ 1 for the 10 port open
case and Fri3 =~ 1.3 for the 13 port open case. The important conclusion is that wall port
entry Froude numbers are either near critical (Fr ~ 1) or slightly supercritical (Fr > 1).
Again, the importance of this design feature, as regulated by the sluice gate height position
(Figure 12), is that with critical (Fr = 1) and near supercritical (Fr =~ 1) entry port flows
that continue critical (or near critical) in pipelines, this eliminates downstream resistance
influence that may induce upstream flow instabilities and destabilize the input flow rates
to the pipeline ports. This positive effect is induced with smooth interior wall pipelines
with little if any connection joint roughness—an option likely available for optimum water
transfer flow conditions to the city. This is a most important design feature of the actual
castellum and its sluice gate regulation mechanism. In modern hydraulic terminology,
upstream influence derived from downstream resistance obstacles does not occur for
Fr =1 critical or Fr > 1 supercritical flows [10,15-19]. The 6. angle (Figure 10) is derived
from the Manning equation [19] where 7 is an empirical resistance constant indicative of a
likely worst case internal pipeline wall roughness (given here as n = 0.034) and connection
joint roughness accumulated from the thousands of piping connection sections of ~0.5 m
length that comprise long pipelines from the castellum to destination sites. Here Ry, is the
hydraulic radius given by the cross-sectional area of the critical flow (A.) divided by its
wetted perimeter. The critical pipeline angle 0. is given by:

O =tan~" (1 V¢/1.49 Rp2/%)? = tan~'(n Q/1.49 AR,>/%)? 1)

Substituting, for the 10 basin wall ports open case, 8. ~ 4.6° and for the 13 port open
case, 6. =~ 7.1° with an average value of ~ 5.8°. For the 3 basin floor pipelines closed,
pipeline slopes emanating from the castellum should have declination slopes in the range
of ~4.6° (or somewhat higher). For all 13 ports open, the pipeline declination slopes
should be a bit higher at ~7.1° to maintain partial critical flow. As a later section demon-
strates, the 10 basin wall pipelines set at 6. are sufficient to transfer the 40,000 m3/ day
(1.41 x 10° ft3/day) aqueduct flow rate indicating the minimal use of basin floor pipelines
for fine-tuning of the input flow rate to 40,000 m®/day. Thus the three basin floor ports are
considered closed (or partially open) to fine tune the y. water height and design critical
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flow rate at pipeline entrances. When final destination site locations are distant from the
castellum, pipelines emanating from the basin should have slopes in the ~4.6° < 6. < ~7.1°
range. The higher slope value is for high internal pipeline roughness over longer pipeline
lengths that likely induce a downstream hydraulic jump (Case B, Figure 9) unless the use
of smooth pipeline interior walls for longer pipelines is in place to maintain critical or
near-critical flow advantages. Based on the surveying accuracies obtainable by Roman
engineers [1,3,4,9] such slope accuracies are easily within their surveying capabilities.

6. Pipeline Destination Types Served by the Castellum

As critical pipeline slope configurations are observed as having flow stability and
high flow rate benefits, the next task is to examine both critical and off-design, non-
critical pipeline slopes that may occur if destination sites mandate higher or lower pipeline
slopes to reach. As different pipeline slopes yield different flow rates, the task ahead
is to determine what slope choices associated with different destination uses produce
flow rates to match the 40,000 m3/day input aqueduct flow rate. Three possible pipeline
configurations (A, B, C) determined by their slopes originating from the castellum basin wall
are examined using FLOW-3D Computational Fluid Dynamics [20] CFD models (Figure 9).
The use criteria involving different pipeline slopes are determined by computing the output
flow rate (Table 1) from all 10 pipelines configured at different A, B or C slopes to determine
whether the total output flow rate is lower, matches, or exceeds the input aqueduct flow rate.

Table 1. Flow rate results for Cases A, B and C.

Flow Velocity Flow Volume 13 Ports Open 10 Ports Open

Type (m/s) (m®/s) (m3/day) (m’/day)
A 0.20 0.02 ~22,400 ~17,200
B 0.51 0.04 ~51,500 ~39,600
C 122 0.1 ~52,000 ~42,000

Figure 9 CFD model results show plane views of three-dimensional centerline interior
pipeline flows for different pipeline slope conditions. The centenum-vicenum pipeline with
a diameter of ~30 cm is used for the CFD model. The LHS model region represents the
castellum entry port with a sluice gate position set to have critical entry flow to pipelines;
the model RHS shows a submerged reservoir catchment at the end of a pipeline with a
bottom drainage leading water by a further pipeline (or channel) to a destination site or
intermediate reservoir. Although only a short pipeline length is illustrated in the models,
the results are typical of flow patterns within longer pipelines as once a uniform flow
profile is established, it continues over a long distance. Figures are characterized by an
average full-flow 1.63 ft/s input velocity to a single basin wall pipeline; individual inlet
velocities to pipelines are slightly different due to their relative locations with respect to
the supply inlet.

The first figure (Case A, Figure 9) shows flow velocity conditions for a near level
pipeline leading from the castellum. This configuration would provide water to hillside
housing located at approximately the same height as the castellum) and water supply to
upper-level reservoirs designed to store water at night to later discharge water through
additional pipelines to sites with large, immediate water demands (such as baths) exceeding
the continuous aqueduct supply rate over a given time period. Flow velocity is low in the
near level pipeline due to full-flow wall friction effects and, for the low velocity subcritical
(Fr < 1) flow, upstream influence exists so that distant exit reservoir flow stability conditions
play a role in determining the delivery flow rate. This usage would require upper-level
reservoirs to store water so that when fully charged, valves on pipelines to destination
baths would open and have drainage rates higher than the aqueduct supply rate. Once
water was delivered, then valves were closed and reservoirs refilled. This cyclical use could
be made consistent with bath water change timing provided near-horizontal piping has
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the capability to transfer water at the aqueduct supply rate—a question addressed in the
next section.

The second figure (Case B, Figure 9) represents pipeline slopes exceeding the optimum
pipeline critical slope. Pipelines at these slopes are consistent with the height difference
and the distance between the castellum and some of the nearby flat areas of present day
Nimes that once held the streets of Nemausus. Initial entry port flow is full subcritical
flow and, at a downstream location, partial supercritical flow develops in the pipeline until
a hydraulic jump (HJ) occurs due to large internal pipeline friction effects at high water
velocity converting supercritical partial (Fr > 1) flow to subcritical (Fr < 1) full flow. As
Figure 9, Case B indicates. A smooth internal pipeline wall would delay the appearance of
a hydraulic jump but for the present example case, very rough pipeline internal walls and
connection joints are assumed (for smooth wall roughness, 6. values would decrease). For
significant internal wall roughness, an internal hydraulic jump is created isolating a partial
vacuum region between full entry and post-hydraulic jump flow regions as previously
noted. If openings were placed along piping top regions over the partial vacuum region,
then a stable flow rate would be enhanced. Again, as no extant pipelines exist, the presence
of pipeline top openings is conjectural but well within Roman technology as observed
on Ephesus pipelines and the Laeodocian site [3,4,15]. Pipeline designs with Case B flow
characteristics without a terminal stilling basin would be devoted to lower priority sites
that do not require a stable water delivery rate such as gardens, reservoirs, latrine flushing
channels and intermittent household use. Other uses may include pipeline water transfer
to fountain houses that have multiple chambers supporting different hydrostatic head
values [4] to transfer water at different flow rates to different destinations; such terminal
fountain houses were likely part of a city flow network. Figures 10 and 11 show typical
Roman flow destinations still existing in present day Nimes served by one or more of the
castellum’s 10 pipelines. The Maison Carré Roman Temple to Apollo (Figure 11) constructed
in the period 10-16 BC required a later water supply addition for ritual and ceremonial
purposes; the second century AD Roman amphitheater (Figure 12) also required ample
water supply for large public gatherings for events and spectacles and likely required the
output of several of the castellum pipelines for this purpose. This could be accomplished
by water storage in lower reservoirs elevated above the amphitheater level with suitable
valve systems to control the flow rate to drinking fountains and water basins within and
adjacent to the amphitheater.

For display fountains, nymphaea, high-status administrative buildings, and elite resi-
dential areas, critical flow designs (Figure 9, Case C) are preferred as all destinations would
benefit from a stable, high delivery flow rate without the use of intermediate distribution
reservoirs and stilling basins (Figure 8) and thus have an immediate economic benefit to
reduce construction costs and system complexity. Case C represents the optimum critical
slope condition for which the volumetric flow rate is the maximum possible and, as an
air space exists over a long stretch of the pipeline length, pressurized pipeline leakage is
largely eliminated thus producing lower maintenance requirements. This pipeline choice
can be used for city sites reachable in the slope range ~4.6° < 6. < ~7.1° depending on
the number of basin ports open. This consideration helps city planners place structures
requiring large flow rates and helps determine the placement of main reservoirs (Figure 8)
from which additional pipeline branches emanate to destination sites. Given that deliberate
use of the Case C pipeline design was within Roman hydraulic engineer’s knowledge base,
it may be surmised that the lower priority pipeline slopes of the Case B type required a
stilling basin attachment before distribution to other destinations (Figure 8) and would
be of secondary use while the higher priority pipelines requiring a high, steady flow rate
directly to a destination site of the Case C type were preferable. As the slope difference
between Cases B and C is small and direct use of a Case C design with a precise slope has
the constraint of direct access to a destination site by a pipeline of that slope, most probably
Roman engineers constructed pipelines as close as possible to a critical slope design to
obtain the many benefits listed.
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Based upon CFD results, an estimate of the volumetric flow rate is next made for each
of the Case A, B, and C pipeline designs for 10 basin ports open and results compared to
the aqueduct input flow rate of 40,000 m3/day. If the input aqueduct flow rate exceeds any
of the Case A, B and C 10 pipeline outlet flow rates, then such pipeline configurations are
not feasible as castellum basin overflow would result. If the input aqueduct flow rate is
equal to the total out flow from 10 pipelines for pipeline configurations given in Cases A,
B or C, this gives indication of a probable pipeline slope usage. Here the pipeline slopes
range from ~1.0 degree (near horizontal) for Case A, ~7.1° slope for Case B, to a critical
angle slope for Case C of ~4.6°. Table 1 summarizes the CFD computed output flow rates
for A, B and C pipeline configurations.

For Case A, full flow exists (Figure 9) in near-horizontal pipelines with a submerged
exit into a reservoir. For Case B, full flow into the pipeline entrance transitions to su-
percritical, partial flow on a steep pipeline slope; a hydraulic jump is formed within the
pipeline induced by the deceleration of flow by pipeline wall frictional effects together with
submerged exit flow into a reservoir. For Case C, critical flow exists in a pipeline at a ~4.6°
slope yielding the maximum pipeline flow rate. The high water velocity is consistent with
low partial flow height thus lessening the water contact area with the rough interior surface
of the pipeline—this largely minimizes the creation of a hydraulic jump from water-wall
frictional effects. The pipeline exit flow is assumed to be free fall into a receiving reservoir.

From Table 1, Case A low-slope pipelines appear to be of minor (or no) use as the
total of 10 pipelines open (three bottom ports closed) permit a much lower output flow
rate (17,200 m3/day) through all pipelines than the input aqueduct input flow rate of
~40,000 m3/ day. Even with all 13 ports open, the output flow rate of 22,400 m3/ day is
well below the input 40,000 m®/day aqueduct flow rate. The interpretation is that the
input aqueduct flow rate far exceeds the capability of Case A near-horizontal pipelines to
transport such high flow rates. The use of many near-horizontal pipelines filling high-level
reservoirs then appears not to be the principal design intent of the castellum.

For three bottom ports closed, the calculated Case B flow rate is ~39,600 m3/day
which is close to the estimated aqueduct flow rate of ~40,000 m3/ day. This close flow
rate matching produces a steady water height in the castellum that guarantees steady flow
throughout the water distribution system; here partially open floor ports are useful to
exactly match flow rates (Figure 10). This close match signals the Roman engineer’s design
intent of the castellum to provide water to city distribution locations by pipelines of slopes in
the ~4.6° < 6. < ~ 7.1° range. Although a hydraulic jump may occur due to wall roughness
effects, it may largely discounted if Roman engineers utilized smooth inner wall pipelines
to promote flow stability. The near flow rate match indicates the hydraulic technology to
make a castellum design to closely match the input aqueduct flow rate in advance of the
building and flow rate testing of installed pipelines. For a 0.25 km long pipeline sloped at
~4.6°, the altitude drop from the castellum to the city area is ~18 m which is a reasonable
value given a personal downhill walking tour from the castellum to the city center.

Case C critical flow pipelines appear to have the delivery capacity close to the
~40,000 m3/day aqueduct flow rate and preferably would be in use as there is only a
minor slope difference between Cases B and C. Since Case C slopes would reduce the
occurrence of an internal pipeline hydraulic jump, this design would be preferable, but not
always achievable, due to surveying accuracy constraints or destination site requirements
that dictate pipeline lengths and slopes. The critical slope on the order of ~4.6° may have
played a role in locating city structures that demanded rapid, stable transfer of water, such
as nymphaea and elite housing with internal water display structures. Given the ~4.6°
pipeline slope and considering a height difference from the castellum to a potential city
level reservoir, the pipeline lengths would be on the order on ~0.25 km; this may influence
the placement of intermediate reservoirs.

From Table 1, the likely pipeline candidates in use were Cases B and C examples used
in conjunction with three partially open (or closed) floor ports. The Case B flow delivery
capacity approximates the aqueduct water supply water of ~40,000 m®/day. Case B and C
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designs are practical for 10 basin wall entrances operating continuously as pipeline slopes
on the order of ~4.6° to ~7.1° guarantee stable (or close to stable) water transfer from the
high elevation castellum to lower city level sites. The remaining three floor ports, if open,
would rapidly drain the castellum as flow from all 13 ports exceeds the input aqueduct flow
rate as Table 1 indicates. It is important to note that for Case B and Case C the pipeline
transfer flow rate approximates the input aqueduct flow rate and that a steady, smooth
water height is maintained in the castellum basin close to the basin top rim which was the
aesthetic design intent of Roman engineers. For situations for which several (but not all)
of the pipelines are at the critical slope, then a mixed array of pipeline slopes with more
than, less than, and equal to the critical slope exist. Here the use of the three floor ports for
flow rate adjustment would be critical to match the aqueduct input flow rate to the sum of
output flow rates from the castellum to maintain constant castellum water height.

7. Off-Design Hydraulic Function

To this point, flows exceeding the input design flow rate are adjusted back to the
design flow rate by adjustable floor port openings. For cases for which the flow rate is
somewhat less than the design maximum, flow into the castellum basin will back up in
height until the water height reaches the basin wall lower pipeline port openings. This
discharge causes an upstream transient water height wave to propagate upstream in the
low slope aqueduct channel upstream of the entry port to the castellum basin. As the
transient water height begins to discharge into the castellum basin wall ports, oscillatory
wave motion on the basin water surface will follow and propagate upstream into the
supply aqueduct channel. This effect induces a periodic discharge into the basin wall
pipelines, destroying the desired aesthetic effect of a smooth castellum basin water surface
as well as inducing periodic flow into the pipelines that, given their long length, may
transition partial to full flow due to pipeline interior wall roughness. This flow condition
then has transient flow instabilities that affect the stability and aesthetics of the water in
the receiving castellum basin and the downstream reservoir. Provided baffles are installed
in the reservoir, them flow oscillations can be damped thus providing a stable flow rate to
further downstream destinations. On this basis, the importance of maintaining the design
flow rate is of prime importance as lower flow rates flow rates fail to accomplish the main
purpose to provide adequate water supply to the city.

For cases for which aqueduct flow into the castellum basin is significantly less than the
design flow rate, again upstream flow backup occurs until basin water height reaches the
lower parts of the basin wall port openings. In this case, a stable trickle flow occurs into
the pipelines with no instabilities occurring. Thus for either of the off-design situations,
the castellum still functions to provide limited water supply to final destinations but at an
aesthetic disadvantage.

8. Conclusions

The challenge to Roman engineers was to eliminate sources of flow instability by a
castellum and pipeline design that transferred input aqueduct water at the highest stable
flow rate possible through the 10 basin wall pipelines. The castellum design demonstrates
Roman hydraulic knowledge at work in many ways—particularly in the use of a shallow,
wide-diameter basin with the retaining basin wall slightly higher than the top of the pipeline
entrance ports. This design initiates basin input flow from the aqueduct water entrance port
into pipeline entrances at critical, partial flow conditions; its continuance as critical or near-
critical flow is guaranteed by appropriately sloped pipelines to important city destinations.
Given Roman experience with flow instabilities associated with pipeline internal wall
roughness, it is likely that selection of smooth interior walls was the design preference. As
the 10 pipeline cumulative flow rate approximates the maximum aqueduct input flow rate
for Cases B and C, it is clear that the design intent of the castellum recognized advantages
in selecting pipeline slopes to largely limit or eliminate hydraulic jump occurrence—this
occurs when Case B near-critical flow conditions apply. As the basin wall height is close to
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the top of the pipelines; partial entry flow into the 10 wall pipelines was the design intent
of Roman engineers; this made possible by the positioned height opening of the sluice
gate. Given the pipeline critical or near-critical slope range of ~4.6° to ~7.1°, CFD results
indicate that the 40,000 m3/ day aqueduct flow rate is transferred at the near maximum
pipeline flow rate by Case B and C designs. Note that this 0. range is only 2.5° difference
to ensure critical or near-critical pipeline flow. This matching is necessary to maintain
a constant water height in the castellum and minimize the number of pipelines that can
successfully transmit the aqueduct input flow rate. If critical and near-critical designs were
not considered, then a castellum design with more than 10 basin wall pipelines would be
necessary thus increasing the size and cost of the present design.

The conclusion of the present analysis is that Roman hydraulic engineers designed the
castellum to match the input aqueduct flow rate to the 10 basin wall pipeline transfer flow
rate by employing a critical and/or near-critical flow conditions. This option presumes
a series of lower-level reservoirs at pipeline termination locations that support pipeline
branches to different sites (Figure 8). As different pipeline flow rates occur within different
pipelines with slopes at critical, near-critical and higher and lower slopes to supply spatially
dispersed sites with different water demands, this necessitates partial opening of the floor
ports to match the design water output to the given aqueduct input flow rate. For situations
where the flow rate may exceed 40,000 m3/day, again the floor ports’ cover openings can
be adjusted to eliminate excess flow over the design maximum of 40,000 m®/day that the
critical and near-critical pipelines can convey.

Provided the 10 basin wall pipeline slopes can be maintained in the ~4.6° to ~7.1°
slope range, this design option provides the most efficient and stable way to match the
aqueduct input flow rate and eliminate maintenance problems associated with flow in-
stabilities inducing pipeline joint leakage. The totality of the Pont du Gard aqueduct and
castellum design demonstrates a coordinated engineering design of all subsidiary hydraulic
components that supply the castellum.

In summary, the total Pont du Gard aqueduct and castellum design includes (1) flow
rate regulation through a far upstream intersecting side channel to drain away flows
exceeding the design intent aqueduct input of a ~40,000 m®/day flow rate. (2) The partially
open bottom three castellum floor drains that can be used to remove excess aqueduct input
water to achieve the 40,000 m®/day design input flow rate to the castellum. (3) Use of the
low aqueduct slope preceding the castellum tunnel chosen so that pipelines emanating
from the basin wall can be appropriately sloped to provide the pipeline maximum flow
rate consistent with the supply aqueduct flow rate to the city below—this slope range
is on the order of ~4.6° to ~7.1°, and this condition largely explains why the terminal
channel slope to the castellum entrance port tunnel is very low to facilitate critical pipeline
slopes to destination city sites. (4) Aqueduct channel width, depth, side wall height and
slope dimensions were designed to contain the design intent of a ~40,000 m®/day flow
rate without spillage as well as rainfall-induced temporary water flow rate overages. (5)
The low channel slope entry (0.002°) to the castellum is designed to slow water velocity
and raise its height to the near top of the supply tunnel (Figures 3 and 4). (6) The sluice
gate (Figure 10) height adjustment is used to produce the desired basin entry pipeline
water critical height to permit critical (or near-critical) entry flow to pipelines. (7) The
~40,000 m®/day aqueduct input flow rate closely matches the 10 basin wall pipelines
output flow rate (with floor ports closed) under Case B near- and Case C exact-critical flow
conditions, Table 1). This flow rate match condition is necessary to maintain a smooth,
constant operational water height in the castellum basin. (8) Critical flow conditions at 10
pipeline entrances are produced by making the sluice gate opening height equal to half
the pipeline diameter (Figure 10), and this ensures critical entry flow to pipelines [16-19].
Critical and near-critical flow in pipelines is continued by pipeline slopes of ~4.6° to ~7.1°.
Note that this pipeline slope range is approximately equal to the hill slope angle down
to the main flat part of the city showing the design intent to place the tunnel at a specific
height to achieve this result. (9) Production of critical or near-critical flow conditions in
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pipelines eliminates the influence of downstream flow resistance elements (bends, chokes,
pipeline angle change, hydraulic jumps) that can propagate upstream to produce unstable,
transient oscillations and unstable flow delivery from, the castellum basin. (10) The use of
the critical and near-critical flow pipeline slope design produces the maximum, stable flow
rate possible in pipelines and reduces pipeline joint leakage as an atmospheric airspace
exists over the partial critical flow eliminating pressurized full-flow conditions that induce
pipeline joint leakage; critical and near-critical flow are maintained in the pipeline to
produce the benefits indicated above. Note that if the pipeline declination angle is lower
than the 6. range (~4.6° to ~7.1°) then downstream disturbances can propagate upstream
to cause unstable basin oscillations that destabilize steady state behavior and cause spillage
from the top of the castellum rim. For pipeline declination angles greater than the 6. range,
upstream disturbances cannot propagate upstream but the output flow from the 10 basin
wall pipelines is less than 40,000 m®/day. Based upon these many technical considerations
inherent to the castellum design, the integrated, coordinated design of all components of the
Pont du Gard aqueduct reflect Roman engineer’s hydraulic engineering knowledge and
thus serve to add to the compendium of Roman practices and water engineering inventions
thus far described in the open literature.
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Abstract: In Roman times long distance water transport was realized by means of aqueducts. Water
was conveyed in mortared open channels with a downward slope from spring to destination. Also
wooden channels and clay pipelines were applied. The Aqua Appia, the oldest aqueduct of Rome, was
constructed in the third Century BCE. During the Pax Romana (second Century CE), a time of little
political turmoil, prosperity greatly increased, almost every town acquiring one or more aqueducts to
meet the rising demand from the growth of population, the increasing number of public and private
bath buildings, and the higher luxury level in general. Until today over 1600 aqueducts have been
described, Gallia (France) alone counting more than 300. Whenever a valley was judged to be too wide
or too deep to be crossed by a bridge, pressure lines known as ‘inverted siphons’ or simply ‘siphons’
were employed. These closed conduits transported water across a valley according the principle
of communicating vessels. About 80 classical siphons are presently known with one out of twenty
aqueducts being equipped with a siphon. After an introductory note about aqueducts in general,
this report treats the ancient pressure conduit systems with the technical problems encountered in
design and function, the techniques that the ancient engineers applied to cope with these problems,
and the texts of the Roman author Vitruvius on the subject. Reviewers noted that the report is rather
long, and it is. Yet to understand the difficulties that the engineers of those days encountered in
view of the materials available for their siphons (stone, ceramics, lead), many a hydraulic aspect will
be discussed. Aspects that for the modern hydraulic engineer may be common knowledge and of
minor importance when constructing pressure lines, in view of modern construction materials. It
was different in Vitruvius’s days.

Keywords: Roman aqueducts; inverted siphons; static pressure; pressure surges; lead pipes; stone
conduits; air entrapment; Vitruvius

1. Some Aspects of Roman Aqueducts

In Roman times aqueducts with mortared open channels, often roofed to limit evapo-
ration loss and temperature rise, had a regular (but not necessarily uniform) downward
slope from source to destination (Figures 1 and 2) [1]. The longest aqueduct known is that
of Constantinople, 250+ km. The Carthago and the Cologne aqueducts each were 95 km
long, the Tempul aqueduct of Cadiz (Roman Gades, Spain) 83 km, while four of Rome’s
eleven aqueducts surpassed 50 km (Table 1) [2].

The route of an aqueduct usually ran, for at least a part, through mountainous and
uneven terrains. To guarantee that the water would flow from source to destination, bridges
were constructed, tunnels were dug, and, at times, the channel was cut right out of the
vertical rock face (Figure 3).

The terrain complexity frequently required great expertise in surveying techniques,
planning and design [3]. The often-anonymous engineer, who had been given the task to
bring good quality water to a town and to solve the problems that were encountered on the
way, usually is lost to history together with the available engineering tools [4]. While bricks
and natural stones were the main materials the mortared channels were constructed from,
only few wooden-lined channels have been identified. Supported by a solid foundation
and with thick walls the mortared channels were covered by a barrel vaulting, less often by
flat slabs. Dimensions of the channel ranged widely (Table 2, Figures 4 and 5).
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Figure 1. Map of known aqueducts in the Roman Empire.

Figure 2. Remains of two of Rome’s aqueducts, the Aqua Claudia, crossing the Roman Campania,
piggyback carrying the Aqua Anio Novus on its top (Fratelli Allesandri no. 476, 19th c. photo).
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Table 1. Length of some classical aqueducts. Constantinople: Cegen 1996; Crow 2012; Stirmelihindi
et al. 2021. Carthago: Rakob 1983. Cologne: Haberey 1972; Grewe 1986. Rome: van Deman 1934;
Ashby 1935; Blackman 1978; Hodge 1992. Cadiz: Casado 1985, 319; Pérez et al. 2014. Lyon: Burdy
2002. Pergamon: Garbrecht 1978, 1987, 2001. Nimes: Fabre et al. 2000. Arles: Leveau 1996. Cherchel:
Leveau and Paillet 1976. Alcanadre: Mezquiriz 1979. Noviomagus: Kessener 2017a.

Location Country Length (km)
Constantinople Turkey >250

Carthage Tunesia 95
Cologne Germany 95
Rome (Aqua Marcia) Italy 91
Rome (Anio Novus) Italy 87
Cadiz (Tempul) Spain 83
Lyon (Gier) France 75
Rome (Aqua Claudia) Italy 69
Lyon (Brevenne) France 66
Rome (Anio Vetus) Italy 64
Romen (Aqua Traiana) Italy 58
Pergamon (Kaikos) Turkey 50
Nimes France 50
Arles France 48
Cherchel Algeria 45
Alcanadre Spain 30
Noviomagus Netherlands 5

Figure 3. Side aqueduct (Turkey). Channel, alongside the Manavgat River, cut out of the vertical rock
face (author’s photo).
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Table 2. Dimensions of some aqueduct channels.

Inside Channel Dimension

Aqueduct City/Country (Height x Width, cm)
Degirmendere Ephesos/Turkey 245 x 80
Aqua Marcia Rome 240 x 90
Carthago Tunesia 190 x 85
Brevenne Lyon/France 166 x 120
Cologne Germany 142 x 70
Aspendos Turkey, south coast 90 x 50
Mont d’Or Lyon/France 74 x 44
Patara Turkey, south coast 35 x 40

Figure 5. Channel of the Carthago aqueduct (author’s photo).
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For maintenance and repair channels were made accessible from the top by means of
an opening, either round or square, spaced at regular intervals, at times combined with a
vertical shaft in case of an underground course (manhole, inspection shaft, ‘regard” as the
French say, ‘Einstieg-Schacht’ for the Germans). Such vertical shafts were also dug when
constructing tunnels, by connecting the shafts underground (Figure 6a,b).

Figure 6. (a,b) Inspection shaft of an underground section of the Degirmendere aqueduct of Ephesos
(author’s photo).

The planning of an aqueduct route was an involved task. Vitruvius (First Century
BCE) describes an instrument, called ‘chorobates’, a 20-foot-long narrow table with legs at
square angles and vision-sights at either end (Figure 7), which he esteems the most accurate
for leveling [5]. Plumb bobs would guarantee the horizontal orientation of the table, and in
case of ‘windy weather” water could be poured in a 5 foot long, 1 inch wide, and 1.5 inch
deep hollow in the table top. When the water level is the same at both ends of the groove,
the table top is oriented horizontal, and ‘one knows how large the slope (of the channel) is’,
Vitruvius adds.

Figure 7. A chorobates.
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In the same section Vitruvius refers to Archimedes ‘who is known to state in his
writings’ that ‘water surfaces coincide with a sphere concentric with the center of the
sphere of the earth’. But that does not affect the leveling, Vitruvius adds, as long as the
water level at both ends of the groove is at equal distance from the table top [6]. The
consequence, however, is, that when one takes the horizontal level at location A, the
sighting to location B will result—because of the curvature of the earth—in a position that
is above the corresponding horizontal level at B (Figure 8). The greater the distance is, the
worse this error becomes [7]. And for water to flow from A to B the channel should arrive
below the corresponding horizontal level at B. For small distances the error is insignificant,
increasing substantially for greater remoteness (Table 3). When surveying from a water
source to the city, that is in downstream direction, repeated errors result to in failure for
water to arrive where planned; when leveling upstream from city to source, the errors, if
the source is reached, guarantee that water will arrive at destination.

Horizontal level in A

e c

Water
course

Horizontal level in B

Circumference
40.075km

Diameter
12.756 km

Figure 8. Taking the horizontal in A will result in an error C at B (C =R e (1/cosp — 1), R = radius of
the earth). The slope of a channel should be such that the channel arrives below the horizontal (at the
same radius R of the earth) at B (drawing by author).

Table 3. Leveling error C due to the curvature of the earth. The error increases rapidly with the
distance between A and B. Back-sighting from B to A will result in a similar error at A. Correcting for
this error at B gives the horizontal at that point. One may then lower the level at B for the required
slope of the channel.

Distance Error
100 m 1 mm
500 m 2cm

1 km 8 cm

5km 2m
10 km 7.8 m
100 km 784 m
250 km 4.9 km
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Grewe 2014 is aware of the leveling problem and suggests that the course of an
aqueduct should be leveled by having the chorobates repetitively installed by turning it
around for 180 degrees and set it up at the end of its former position (Figure 9). Repeating
the measurement will even out errors of the instrument itself as well as to allow for the
curvature of the earth [8]. This method would theoretically do the job, but is quite if
not entirely impractical in mountainous and wooded terrains, not to speak of the time
consuming effort to repeatedly install the 6 m long chorobates. Some authors think that the
chorobates is not at all suitable for leveling and suggest that the Roman engineers used the
course of roads, rivers, and streams to plan their aqueduct [9].

Figure 9. Proposal by Grewe for applying the chorobates eliminating errors of the instrument and
compensating for the curvature of the earth: ‘Durch Drehung des Chorobates nach jedem Messgang
werden Gerétefehler eliminiert’ (‘By turning the chorobates after every measurement the errors of the
instrument will be eliminated”’) (Grewe 2014, 38).

Yet a solution for eliminating the error is to have a chorobates put up at both locations
A and B (or set up an indication of its level at position A), then perform a back-sighting
from B to A, and correct at location B for the error C that may be determined from the
back-sighting. Then the slope may be set by lowering this new level at B for the required
slope-level. Also the unfinished channel itself may serve as a large leveling instrument
to determine the slope, as was common practice for instance in mid 20th century Turkey
(Figure 10) [10].

Figure 10. Constructing a channel with the required slope. By having temporary dams installed at
regular distances (arrows) and introducing water in the channel as a water level, the required slope
may be set straightforwardly (Biiytikyddirim 2017, 72).
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In case low lying terrain had to be crossed, the channel was built on sequential arches
so that the required slope could be maintained, the water arriving at the town at a height as
planned. The aqueducts of Rome are known for the endless rows of arches in the Campania
plains of which sections still stand (Figure 2), where at times channels were positioned on
top of existing ones saving considerable costs and efforts. The 95 km Carthago aqueduct
ran for 17 km on arches up to 30 m high to cross the Miliane plain (Figure 11) [11].

Figure 11. Remains of the Carthago aqueduct bridge crossing the 17 km Miliana plain south of Tunis.
Further down, the piers, now destroyed, were up to 30 m high (author’s photo).

The slope (gradient) of the channel varied for each aqueduct and along its trajectory.
Often the initial section was steep, while on approaching its destination the slope became
less. The 50 km aqueduct of Nimes with its famous Pont du Gard (Figure 12) started at
present day Uzes with a gradient of 67 cm per kilometer from the spring that is situated only
17 m above the aqueduct’s end. After the 15 km stretch to the Pont du Gard it continued
at only 7 cm/km for another 10 km, in extremely hilly terrain, incorporating another four
bridges, a great achievement of precision even by today’s standards [12].
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Figure 12. The Pont du Gard in heavy weather (2002 flood). The bridge withstood nature’s force
undamaged; this was not so for the 1260 CE bridge crossing the river Gardon 15 km upstream
(https:/ /www.academie-pontdugard.com/le-gardon-lenfant-terrible/ (accessed on 15 May 2020)).

Not far downstream from one of its two springs the aqueduct of Aspendos (south
coast of Turkey) had a slope of an estimated 160-170 m/km [13]. The Carthage aqueduct
has a slope of 95 m/km for the first 6 km from the spring at Zaghouan. After French
repairs in the 19th c. the Carthage aqueduct runs again today for a stretch of 70 km,
providing Tunis with water and serving local populace on its way (Figure 13). The ruined
Miliana bridge was substituted by a steel siphon. In 1995 its discharge was 150 L/s, almost
13,000 cubic meters/day.

Figure 13. Carthage aqueduct, supplying local villagers, late 1990’s (author’s photo).
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To limit leakage, the inner walls of the channels were covered with ‘opus signinum’,
a special type of mortar resistive to temperature changes and cracking [14]. Because
the Romans often tapped karstic springs, over time calcareous incrustations (‘sinter”)
accumulated on the walls and floor of the channels at a rate in the order of several mm’s
per year. This could lead to a substantial reduction of channel dimensions and discharge.
The 120 cm wide channel of the Nimes aqueduct has deposits up to 50 cm wide on both
inner walls, indicating continuous operation for many centuries (Figure 14). In later times
large sinter blocks taken from the Nimes channel were used for construction purposes. In
contrast Lyon’s Gier aqueduct shows no sinter at all as it was supplied from a non-karstic
(granite) area.

Figure 14. Channel of the Nimes aqueduct, not far downstream of the Pont du Gard. Substantial
calcareous incrustations (sinter) on walls and floor of the 120 cm-wide channel. Dotted line: inner
surface of channel wall and floor (author’s photo).

The sinter of the Cologne aqueduct, having grown in thickness of just 1 mm/year, is
of a high quality. In medieval times the up to 30 cm wide the incrustations in the channel
were broken out to be reworked and polished, showing a travertine like structure from
the seasonal deposits. It was regarded as a valuable material and served for altar slabs,
ornaments, funerary ornaments, and pillars in churches in Cologne and surroundings.
Known as “aqueduct marble’ the material was exported to Denmark, England, and Holland
(Figure 15) [15]. Unworked sinter slabs from the Aspendos aqueduct were applied as grave
stones in Selguk cemeteries [16].
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Figure 15. Columns of aqueduct marble at St. Servaas church, Maastricht, the Netherlands (Grewe
2014, 368).

By analyzing isotopes of oxygen and carbon the deposits may serve as a high resolution
paleo-environmental record [17]. Sinter imprints collected from the Barbegal mill complex
in the south of France served to reconstruct the functioning of the 16 water wheels [18].
The 246 km fourth and fifth century CE aqueduct of Constantinople, longest of all Roman
aqueducts and functioning for at least 700 years, is said to have been regularly cleaned of
its massive calcareous deposits [19]. The eleven aqueducts of Rome had an estimated joint
discharge of over one million cubic meters per day, a figure similar to the water provision
of Paris in the 1970s. The 95 km aqueduct of Cologne conveyed 21.000 cubic meters per
24 h from the Eifel. The four aqueducts of Lyon delivered 75.000 cubic meters/24 hr [20].

2. Pressure Conduits: Inverted Siphons

The Roman engineer had only one force available to transport water over long dis-
tances: gravity. He had to make sure that the water could flow downstream from start
to finish. Whenever a valley was too wide to be circumvented or too deep to be crossed
by a bridge an ‘inverted siphon” was constructed. With a siphon the water was made
to flow to the other side of the valley by means of a closed conduit according to the
principle of communicating vessels, a technique already applied in Hellenistic times
(Figures 16 and 17) [21,22]. Water from the aqueduct entered a ‘header tank’, from where it
went into a pipe that ran down the slope of the valley, crossed the lowest part, then rose
again on the other side. There the water ended in a ‘receiving tank” at a level somewhat be-
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low the header tank. From the receiving tank the water continued its course to destination
in an open channel again.

. tunnel with
Spring vertical shafts
Castellum
underground tunnel dug divisorium
channel from 2 sides channel
aqueduct bridge on arches

y ressure

\ earthern v gonduit

wall |} ) (siphon)

D/ \Q

v

Figure 16. Elements of an aqueduct, including a pressure conduit, a ‘siphon’ (adapted from Fahlbusch
1992, 86).

header
tank

channel

downgoing ramp head receiving

closed conduit

static
pressure

siphon

Figure 17. Elements of a siphon (adapted from Kessener 2004, 19).

In the lowest part of the valley, the conduit was often installed on a ‘siphon bridge” to
have the river or stream there pass without damaging the line. The pressure in the conduit
down in the valley could be considerable (Table 4) [23].

Table 4. Length, maximum depth, and hydraulic gradient of some classical siphons.

. . Material of Max Depth Hydraulic
City Aqueduct Siphon Conduit Length (m) (m) Gradient (m/km)
Gades (Spain) Tempul de la Playa stone 19,500 20 not known
Smyrna (Turkey) Kara-Bunar Kara-Bunar clay/stone 4400 158 1.1 (estimate)
Lyon (France) Yzeron Craponne-Lyon lead 3600 91 9.2
Gades Tempul de los Arquilles stone 3555 50 3.1
Lyon Mont d’Or d’Ecully lead 3500 70 3.1
Grange- .
Lyon Brevenn Blanche lead 3500 90 4-5.6 (estimate)
Pergamon (Turkey) Madradag Madradag lead 3250 190 12.6
Alatri (Italy) Alatri Alatri lead 3000 100 9 (estimate)
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Table 4. Cont.

. . Material of Max Depth Hydraulic
City Aqueduct Siphon Conduit Length (m) (m) Gradient (m/km)
Lyon Gier Beaunant lead 2660 122 3.0
Lyon Yzeron Grezieux- lead 2200 33 32
Craponne
Aspendos (Turkey) Aspendos Aspendos stone 1670 45 8.3
Termm.l .Imerese Cornelio Barratina lead 1300 40 3.8
(Sicily)
Lyon Gier Soucieu (le lead 1210 93.5 not known
Garon)
Laodikeia ad o o
Lykum (Turkey) Laodikeia Laodikeia stone 800 50 26
Lyon Gier St. Genis lead 700 79 8.3
Lyon Gier St. Irenée lead 575 38 4
Oinoanda (Turkey) Oinoanda Oinoanda stone 500-700 22 6-16 (estimate)
Lyon Mont d’Or Cotte-Chally lead 420 30 19
Patara (Turkey) Patara Delik Kemer stone 260 20 18.5

The highest pressure was reached in the 3150 m long Hellenistic Madradag-siphon at
Pergamon, Turkey, 19 bar, corresponding to a max depth of 190 m (Figure 18). The siphon
was fed by an over 40 km long ceramic unpressurized triple pipeline. Second with 15 bar
is the Second Century BCE Kara-Bunar siphon of Smyrna of which virtual nothing has
remained due to the enormous population increase of present day Izmir. In contrast the
course of the Madradag siphon of Pergamon has not been disturbed and can be walked,
in rather uneven and difficult terrain, where one passes bridges of later aqueducts and
less deep Roman siphons [24]. From the header tank a free view of the acropolis exists
(Figure 19). When leveling with a chorobates the error from the earth’s curvature amounts
to 1.66 m, which is small compared with the level difference of 41 m between header tank
and receiving tank. Viewing with a chorobates from the envisaged receiving tank on top of
the acropolis towards the northern mountains, one may locate a spot on the slope almost
40 m down from the extant header tank. It was then to decide the construction location of
the header tank above this point, but how the engineers knew how high one had to go up
the hill from that point to have sufficient hydraulic gradient for their siphon remains open
to question.

i 3250 m N|

Header tank
76 m

Hydrauic gradiont ing 41 "‘i Acropolis

Caputlu Tepe 33 m

234 m Kaleardi Tepe
235m

—Zz

Hagios
Georg_igs N

(Headei w
Tank) .
\ >

Figure 18. Profile and plan of the Madradag siphon of the Hellenistic Pergamon aqueduct (after
Fahlbusch 1982).

207



Water 2022, 14, 28

r"—

Cadiz
Castellum aquae

e ek 7N

Figure 19. View from the location of the header tank towards the Pergamon acropolis (centre), with
intervening hills Caputlu Tepe and Kaleardi Tepe just visible (photo courtesy M. Baykent).

The longest pressure line is that of Cadiz on the south coast of Spain, Roman Gades,
ending at the distribution tank in the town (Sifén de la Playa): 19.5 km (Figure 20) [25].
Conduit stones of the Sifén de la Playa have been recovered from the shore line and put
up for inspection in a small Cadiz park (Figure 21). Not much remains of the header tank
of the siphon de la Playa (Figure 22). Half way down from the Tempul spring, there is a
second siphon (‘Sifén de los Arquillos’), to be discussed below.

N N Sifén de los Arquillos 3.5 km

Sifén de la Playa
19,5km

Figure 20. Aqueduct of Gadez, length 80 km, equipped with two siphons. The siphon ‘de la Playa’
ran for a substantial part on the Mediterranean shore line (Pérez, Bestué, Ruiz 2012).
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Figure 21. Conduit stones of the ‘de la Playa’ siphon retrieved from a Cadiz beach (author’s photo).

Figure 22. Remains of the presumed header tank of the ‘de la Playa’ siphon (author’s photo).

The four aqueducts of Lyon (France) had a total of nine siphons (Figure 23). The Gier
aqueduct, with 75 km the longest of Lyon’s aqueducts, had four siphons, up to 120 m deep
and 3.5 km in length [26]. For the required capacity, nine to eleven 20 cm diameter conduits
made of lead were laid out in parallel. The amount of lead for these siphons which all

209



Water 2022, 14, 28

together had a length of 16.6 km, is estimated to have been 10,000 to 15,000 tons [27]. The
lead has disappeared to be reused for roofs of churches, dwellings and other purposes. A
number of header tanks and receiving tanks have survived as well as siphon bridges and
parts of sloping ramps (Figures 24 and 25). Some of the tanks have been partly restored.
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Figure 23. Lyon’s 4 aqueducts, du Mont d’Or, de 1'Yzeron, de la Brevenne, and du Gier. Blue arrows
point to the siphons of the 75 km Gier aqueduct (red line). From south to north the siphon of la
Dureze, the Garon siphon, Yzeron siphon, and the Trion siphon (after Burdy 1996 and 2001).

Figure 24. Gier aqueduct upstream from header tank of Yzeron siphon (author’s photo).
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Figure 25. Remains of header tank of the Yzeron siphon with descending ramp (Gier aqueduct). The
floor of the roofed header tank is at 10.5 m above ground level, vaulted roof partly destroyed. Nine
parallel conduits of 20 cm diameter made from lead ran down the ramp towards the bottom of the
valley 125 m below the header tank (author’s photo).

The materials of the siphon-conduits were diverse: lead, stone, terracotta, or combi-
nations of these have been used. They were assembled from prefab pipe elements having
varying lengths: 40-70 cm for terracotta pipe elements, 50-100 cm for perforated stone
blocks, up to 3 m for lead pipes. The pipe elements were joined by bringing the end of
one pipe element into the somewhat larger end of the next (for terracotta conduits) or by
means of socket and flange (for stone and terracotta conduits). The up to 1 m wide stones
conduit elements of the siphons of Aspendos, Cadiz, Patara, Kibyra, and Laodikeia ad
Lykum are of the latter type, as are the smaller 50 cm cubic conduit stones at Oinoanda
(all in Turkey except Cadiz) (Figures 26 and 27). Lead pipes were either cast, or—more
often—made of leaden sheets that were bent around a wooden pole and soldered at the
seam (Figure 28) [28]. Cast lead pipes could be joined with a stone element in between as
found in Ephesos, or by means of a lead sleeve slid over both ends [29].

Figure 26. Conduit stone of the Aspendos siphon, 90 x 90 x 50 cm, with a bore of 28 cm (author’s
photo).
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Figure 28. Production of lead pipes. Pouring molten lead to a sheet, bending it around a wooden
pole, and soldering the seam (after Hodge 1992, 309).

The pipes, depending on the quality of the water, were subject to calcareous incrustations—
just as the open channels. Over the years the inner cross section would be reduced hamper-
ing the flow (Figure 29). The estimated 3000 conduit stones of the 1650 m long Aspendos
siphon, destroyed by an earthquake in the 4th century CE, served as construction material
for a new bridge over the nearby Eurymedon river. They were reused again centuries later
by the Seljuks for a bridge they built on the ruins of the Roman predecessor. A number of
conduit stones, with incrustation, can be seen in the fabric of the remains of the Roman
bridge, as well as of its Seljuk counterpart that still stands today (Figures 30 and 31) [30].
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Figure 29. Conduit stone of the Laodikeia a/L siphon, with considerable incrustations (sinter)
(author’s photo).

Figure 30. Conduit stones of the Aspendos siphon reused for the mole of the Roman bridge crossing
the Eurymedon River (author’s photo).
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Figure 31. Conduit stones of the Aspendos siphon in the fabric of the 13th century Seljuk bridge
(author’s photo).

The Karabunar siphon of Smyrna is said to have been made of stone elements alter-
nated with terracotta pipes [31]. The joints of stone and ceramic conduits were sealed with
a mixture of live chalk, oil, and herbs, which expands when moisturized [32].

Sections of lead siphon-conduits have been preserved. A 90 cm long fragment with
diameter 31-34 cm, is all that remained from a find of about 10 tons of lead conduit
that was retrieved in 1980 from the Rhone river near Vienne at extremely low water
level (Figures 32 and 33). Regretfully the pipes have been melted down without prior
investigation, only the 90 cm fragment remaining. The find shows that at Vienne the Rhone
river was crossed with a siphon on the river bed. The pipe section that was put ‘dans
la four’, in the oven, to be melted down is estimated to have been an astonishing 80 m
long [33].

Figure 32. A 90 cm-long fragment of lead conduit retrieved from the Rhoéne River
near Vienne, France, with one small and one large stamp. The large stamp reads
IMP-M-AVR-ANTONINO-PIO-AUG-IIII-ET-BALBINO-II-COS (under the 4th consulate of Emperor
Marcus Aurelius Antoninus Pius Augustus and the 2nd consulate of Balbinus). The second stamp
reads L-VIR-SATTO-V (Lucius Virius Satto of Vienne made it). From the large stamp, it could be
dated 213 CE (after Burdy and Cochet 1992).
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Figure 33. Vienne lead conduit fragment, dimensions. (adapted from Burdy & Cochet 1992).

Near Arles, France, 33 lead pipes were recovered from the Rhone river over the years
1570-1825. Now in the Arles museum they have been investigated by J. Hansen of Denmark
(Figure 34) [34]. The pipes, with a length of 3 m and an inner diameter of 10-12 cm have
a lead seam along their length and were part of a siphon that also crossed the Rhone,
between Arles and Trinquetaille. The pipe elements were fixed to each other by inserting
one end into the larger end of the next pipe, and driving a large nail through both ends.
Subsequently the joint was sealed with a thick layer of soldered lead that also covered the
nail that must have hampered the flow to some extent (Figure 35).

Figure 34. Lead pipes recovered from the Rhone river near Arles. They were part of a siphon crossing
the river on the river bed between Arles and Trinquetaille (Haberey 1972, 157). A number of pipes
are on exposition in