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Abstract: Sedimentation is a major issue for water systems worldwide, but the need for sustainable
sediment management is rarely addressed. This article surveys the problem of sedimentation in the
contemporary sphere in addition to drawing on archaeological evidence of past unsustainable and
sustainable sedimentation management practices. A compact characterization scheme is presented
for identifying the scale of sedimentation management, both past and present. The results of the
research illustrate that communities have grappled with issues of sedimentation for as long as water
storage has existed. System failure from sedimentation is therefore not inevitable, but arises from a
combination of social and biophysical factors.
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1. Introduction

Rivers carry not only water, but also sediment. While most sediment moves suspended in the
water column by turbulence (mud, silt, and sand), larger particles can move along the bed by rolling,
sliding, and bouncing (the “bedload”, consisting of sand and gravel) [1]. By impounding water,
dams induce the deposition of sediment, interrupting the natural continuity of sediment transport [2].
Sedimentation is a major concern for water storage systems world-wide. It is a particularly acute
problem above dams, which can accumulate vast amounts of sediment depending on the size of the
reservoir and sediment yield of the upstream catchment. Dams typically trap 100% of bedload and a
percentage of suspended load that depends on the ratio of the reservoir storage capacity to the river’s
mean annual flow [3]. As they fill with sediment, the functions of the reservoir are compromised,
and eventually storage capacity can be entirely lost.

Small dams, such as those built to supply water to mills, were ubiquitous in the landscape of the
eastern United States into the 19th century, when their functions were gradually supplanted by other
sources of power [4]. Most of these dams were destroyed or filled with sediment, and those remaining
are typically of such small scale that they can now be removed (e.g., to improve passage for fish and
recreational boaters) with only minor concerns over the release of accumulated sediment. However,
when larger dams fill with sediment, they can present safety risks from dam breaches (which can be
triggered by large floods, earthquakes, or structural deterioration [5]), and decommissioning costs
can be high [6], as illustrated by the 2015 removal of the San Clemente Dam on the Carmel River,
California, which cost at least $83 million USD (http://www.sanclementedamremoval.org/?page_id=
1045, accessed October 2017). Increasing awareness of problems posed by the loss of storage capacity
in reservoirs has been reflected in recent efforts to better account for sedimentation in the management

Water 2018, 10, 117; doi:10.3390/w10020117 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
https://orcid.org/0000-0001-5639-9995
https://orcid.org/0000-0002-6372-3578
http://www.sanclementedamremoval.org/?page_id=1045
http://www.sanclementedamremoval.org/?page_id=1045
http://dx.doi.org/10.3390/w10020117
http://www.mdpi.com/journal/water


Water 2018, 10, 117 2 of 14

of dams [5,7], including an initiative by the Global Solutions Group on Hydropower and Dams of
the World Bank, which produced a 2016 report “Extending the Life of Reservoirs: Sustainable Sediment
Management for Dams and Run-of-River Hydropower” [6] and the US National Reservoir Sedimentation
and Sustainability Team (a group of US federal agencies, academics, and consultants working to
highlight the issue within the US, https://acwi.gov/sos/nrsst/).

In this paper, we consider water reservoir management and sustainable regimes in the human
past, and in what ways these examples can provide insight into reservoir management in the present.
While modern dams differ in important ways from those built in the more distant and recent past
(e.g., changes in the vegetative cover of catchment areas, advances in dam building technologies,
and multiple functions of many modern dams), we propose that there are still potentially fruitful
comparisons that can be drawn between past and contemporary structures. In particular, we focus on
the archaeological evidence for dams and reservoirs in and around the Mediterranean and semi-arid
climatic zones of Eurasia, especially the portion extending from the Indian subcontinent to the Iberian
peninsula. Mediterranean and semi-arid areas are particularly illustrative because of (a) a rich tradition
of archaeological research that has produced a sizeable physical corpus of recovered water supply
features; (b) numerous documents left by past societies that allow for greater understanding of the
decision making processes related to water supply; and (c) unique environmental challenges presented
by these bioclimates, such as a high degree of inter-annual variability in precipitation, which occurs
almost solely during the winter months [8].

The archaeological and historical examples presented here indicate that sedimentation seems to
have been acknowledged and managed by human communities as long as they have been diverting,
storing, and supplying water, which is of particular relevance for current management. Specific sediment
management techniques have depended on the methods of diversion and storage employed, in turn
reflecting scales and kinds of populations served, the local climate, as well as topographic and
hydrologic constraints and opportunities. Finally, the filling of reservoirs with sediment was not
inevitable, as some reservoirs have been sustainably—albeit intermittently—managed until the present.

2. Accounting for Sediment in Dam and Reservoir Design

In contemporary dam planning and design, a “design life” of 50–100 years is commonly assumed,
over which the costs and expected financial returns are calculated [5,6]. Sediment is commonly
accounted for (if at all) simply by designing “dead storage” sufficient to absorb the anticipated sediment
load over the reservoir’s design life. Even if the costs of future sedimentation and decommissioning
were considered, they would typically be rendered trivial by the application of a discount rate,
which reduces future costs and benefits in comparison to the present [7,9]. The flurry of dam building
that occurred globally since the Second World War has reflected this short-term perspective, as these
dams have not included decommissioning costs in their cost–benefit analyses, nor have they addressed
the loss of reservoir capacity over time from sedimentation. The concepts of sustainability and
intergenerational equity suggest the need for a longer-term view, in which reservoir storage capacity is
treated as a non-renewable resource, recognizing that the supply of good reservoir sites is limited [7].

Nevertheless, the vast majority of dams in use on the planet have been built since the mid-20th
century, so most dams have existed for less than a century, and thus most have yet to manifest the
problems associated with long-term sedimentation. Exceptions are the dams built on rivers with
high sediment yields—notably those in geologically active regions such as Taiwan [10] and coastal
California [11]. To gain insights into sedimentation challenges over the long-term, we can look back to
earlier dams and their potential sustainability.

One of the largest Roman-era masonry dams, near Karyatein, Syria, illustrates the problems of
long-term sedimentation, as it filled with sediment many centuries ago, and subsequently breached.
In the ensuing centuries, its stored sediment was deeply gullied, but most remained behind the dam
as of the late 20th century [5,12]. By contrast, another structure from the Roman-era (first or second
century CE)—the Prosperina Dam near Mérida, Spain—still functions. As explained by Morris and
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Fan [5], the 6 Mm3 reservoir had a large storage capacity relative to its watershed area: it receives
direct runoff from only 7 km2, and the water filling it comes via small canals that divert flow from an
additional 13 km2. Thanks to the gentle topography and lack of land disturbance in the catchment,
and the fact that the small canals cannot convey large flows during the high flows that carry most
sediment, the reservoir was spared serious sedimentation problems and continued to function (with
recent maintenance in the 1990s). Such extended service without sedimentation problems is unusual,
and is attributable largely to the favorable siting and design. In other cases, ancient dams have
continued to function by the active management of sediment, such as the so-called “Spanish Method”
of periodically flushing fine sediments, as was implemented in the Almansa Dam (built in 1384 and
operating continuously since) in Alicante, Spain, whose >3 m2 low-level outlet allowed accumulated
sediments to be scoured downstream [5,13].

The Spanish method of flushing exemplifies one of many possible strategies to sustainably manage
sediment in river systems. As detailed by Morris and Fan [5], Wang and Hu [14], Sumi et al. [15],
Annandale [7], and Kondolf et al. [16], there are many approaches to reducing sediment accumulation
in reservoirs, some better adapted to certain conditions than others. The best way to manage
sediments is to avoid accumulation in reservoirs in the first place, by passing sediment around
or through dams. A sediment bypass diverts part of the incoming sediment-laden waters into a
tunnel around the reservoir, so they never enter the reservoir at all, but rejoin the river below the dam.
An off-channel reservoir can avoid sedimentation if water is diverted to it from the mainstem only
during lower flows, when water is relatively sediment free, and modest sediment load is induced to
settle out in a sedimentation basin before it enters the off-channel storage site. During high flows,
sediment-laden waters are allowed to pass by in the main river undiverted.

There are several other ways to prevent or mitigate early sediment accumulation.
Sediment sluicing involves maintaining sufficient velocities through the reservoir to pass sediment
without allowing it to deposit, as intended in the design of the Three Gorges Dam on the Yangtze
River [14]. In contrast, drawdown flushing scours and re-suspends deposited sediment from the
reservoir, and transports it downstream. It involves the complete emptying of the reservoir through
low-level gates. Density current venting involves opening dam outlets when turbidity currents pass
through the reservoir so that they can remain intact and exit the reservoir via the outlets, carrying most
of their sediment with them, a technique well-developed in some reservoirs in China, such as Xiaolanqi
Dam on the Yellow River [14]. Mechanical removal in a drawn-down reservoir can be done with
scrapers, dump trucks, and other heavy equipment, or if the reservoir is not drawn down, by dredging
using hydraulic pumps on barges with intakes [16]. In some cases, such as the Three Gorges Dam,
sand and gravel are excavated from the delta, which provides a source of construction aggregate and
also helps to reduce the rate of coarse sediment accumulation in the reservoir to some degree. Where
dams are built in series (often termed “cascades”), such as the series of mainstem dams on the Lancang
River in China, the sediment supplied to downstream reservoirs is reduced, though tributary inputs of
sediment in between reservoirs can still create problems in downstream dams.

The reservoir sediment management classifications of Morris and Fan [5] and Kantoush and
Sumi [17] both distinguish among three broad categories of management approaches that include
the methods discussed above: those that route sediment through or around the reservoir, those that
remove sediments accumulated in the reservoir to regain capacity, and those that minimize the
sediment arriving to reservoirs from upstream, as illustrated in Figure 1 [16]. The flushing approach
used to maintain reservoir capacity of the Almansa Dam would be considered as “drawdown flushing”
in the sixth (farthest-right) column in Figure 1. The Prosperina Dam exemplifies the “off-channel
reservoir” approach (third column of Figure 1), whereby sediment-laden flows were allowed to
pass undiverted from most of the drainage area. A related approach—on a much smaller scale—is
exemplified by the “flood trap” at Bir Huweinel at the bottom of Ras as-Slimane, in the Nabataean city
of Petra, where flood waters were diverted into a cistern after traversing a 9-m-deep decanting basin
designed to settle out sediment, and from which sediment could be cleaned out after the flood [18].
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The Bir Huweinel approach included components of both the “trap sediment above reservoir” strategy
(second column) and the “off channel” strategy (third column). In general, flushing is effective in
reservoirs that impound less than 4% of mean annual flow of the river, and methods such as flushing,
sluicing, and sediment bypasses are not suitable for all damsites. Nonetheless, it is striking how rarely
these proven technologies are implemented in modern dam construction [7].
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Figure 1. Sustainable sediment management strategies, as categorized by Morris and Fan [5] and
Kantoush and Sumi [17].

3. Water Supply Technologies in the Past

As mentioned in the examples above, communities have stored and manipulated water for the
purpose of supply for several thousand years world-wide [19]. In the Mediterranean basin there is
evidence of early sustained water capture from the Neolithic (ca. 9000 BCE) to the present, with some
of the earliest evidence from the island of Cyprus ([20], cf. [21–24]). Nevertheless, there has been
significant variability in the factors that influenced the creation and maintenance of water supply
systems. This includes where communities have chosen to site water engineering structures, why they
have chosen to capture or supply this water, how they chose to do so, and when these practices first
began to appear. Apart from the specific social and cultural configurations of these communities
that influenced the organization of their labor, there were also biophysical factors that exerted equal
influence on where and how water was stored and supplied. This included site topography, depth of
soil, local hydrology and water sources, and precipitation [19,22]—many of which are noted above in
the case of the Prosperina Dam.

Therefore, the social and environmental factors that led to the development of water supply structures
were—and are—interdependent, and are most productively approached from a socio-environmental
perspective. These perspectives recognize the relative weight of the sociocultural and biophysical variables
that affect human communities’ ability to construct and maintain (among other things) water supply
structures [25]. For example, understanding the construction and placement of dams throughout the
Roman Mediterranean (ca. 200 BCE–500 CE) means not just identifying the specifics of the engineering
that underline the masonry, outlets, and shape of the structures [26], but also the social logic of the
stakeholders who determined which locations were valuable, the hydrology of the areas, and the
properties of local soils and sediments ([27] cf. [28]). Moreover, water supply structures became more
prominent with the increasing incorporation of domesticated plants into food production and the
corresponding need to provide water to them during critical moments of their growing periods.
Even then, reservoirs and especially dams are only found in abundance with the advent of more
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sedentary village-based and urban settlements [19,22]. Accordingly, the following discussion will
focus more on the latter communities, which are often referred to in the archaeological literature as
“complex” societies.

In pre-industrial “complex” societies, there appear to be several factors that influence the nature
and scale of reservoir and dam construction. These are the degree of urbanism, or the density of
nucleated settlements [22], the size of the human (and non-human animal) population served, which
is often highly correlated with density of settlements [29], and the degree to which a population
was dependent on agriculture and/or animal husbandry [20]. It is possible to envision these factors
as situated on a continuum. For instance, the smaller Early Bronze Age societies of the eastern
Mediterranean coast (ca. 3000 BCE) contained relatively less urban and dense populations [30],
with more than half of their dietary intake derived from agriculture on one end, to the enormous and
densely populated cities of Mesoamerica such as Tenochtitlan (ca. 1300–1500 CE) that were entirely
dependent on agriculture [31], on the other.

The population densities, settlement patterns, and agricultural intensification schemes that
characterized the socio-environmental dynamics of these communities were not static, but fluctuated
throughout the past ten thousand years [32,33]. Syntheses of climatological, paleohydrological, pollen,
and archaeological evidence in the Mediterranean basin reveal alternating wet and dry climatic
episodes, with humid and aridifying periods over thousand-year cycles, in a geographic arc stretching
from Spain to Lebanon [34]. Recognizing the dynamic variability of these factors—particularly through
time—is one way in which to avoid simplified uni-lineal histories that view the development of water
supply practices as necessarily from “simple” to “complex”, and from “small-scale” to “large-scale”.
Instead, a socio-environmental approach encourages those searching for sustainability in past water
supply systems to identify the specific contexts that characterized them, whether they are temporal,
geographic, social, or environmental [25].

3.1. Water and Storage Intensification in the Mediterranean and West Eurasia

Although there are relationships between agricultural production, human population, settlement
organization, and large-scale water distribution in many “complex” societies, this does not necessarily
support Karl Wittfogel’s well-known “Hydraulic Hypothesis” [35]. Wittfogel argued that the construction
of irrigation and reservoir structures for intensive agricultural production also necessitated a
“despotic” political body to oversee and manage the infrastructural needs of such a complex
system. Numerous empirical studies from several parts of the world have falsified this hypothesis,
including Mesopotamia [36], Yemen [37], the Andes [38], and East Africa [39]. There are some
positive assessments of some of the general correlative claims of this hypothesis [40,41], however,
in that most large-scale reservoir and damming operations have been organized by agricultural state
societies usually accompanied with a high degree of sedentism. [19] The latter includes the large-scale
engineering projects of the Romans and the Inca, both of whom dealt with water engineering issues on
a wide geographic, social, and environmental scale [26,42].

The history of the development of water supply practices in the greater Mediterranean basin
is particularly instructive due to a rich corpus of well identified and dated structures alongside the
availability of written media, in some places, that provide insight into the social logic of decision
making, maintenance, and construction. Within this large temporal and geographic span, it is arguable
that there are several distinct moments of water storage practice which occur after the adoption of
agriculture. Although there is evidence of water supply structures during the early Neolithic in
southwest Asia (i.e., during the period when agriculture was gradually adopted ca. 10,000–6000 BCE),
this is primarily in the form of wells, such as at Sha’ar Hagolan, located in the State of Israel [43], whose
placement has been attributed to “accidents of local geography” [21] (334) or otherwise attributed to
“ritual uses” [20] due to the evidence of the intentional deposition of human bodies within the well.

Nonetheless, the first relatively uncontroversial period of the sustained creation of dams begins
during the fourth millennium BCE in southwest Asia, close to the eastern Mediterranean littoral [21].
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This is exemplified by the remains of what have been argued to be incipient villages or semi-sedentary
meeting points, represented best by the archaeological sites of Jawa in northeast Jordan and Khirbet
al-Umbashi in southern Syria. The communities of both of these areas created dams for the purpose of
water storage and supply [44].

Dams and reservoirs designed to impound and re-supply water at the small-to-medium spatial
scale seem to have served communities around this broader area for quite some time until the
emergence of large-scale empires. It is during the period in which empires begin to proliferate
that enormous damming and water diversion operations impounded millions of cubic liters of water
to feed huge cities with tens of thousands of people and the plants and animals upon which they
depended [45]. Many of these features are still visible on the landscape, and many were utilized
until relatively recently. The last of the major phases in dam and reservoir construction in this region
occurred only very recently, in the mid and late 20th century as discussed above, when these structures
were supplanted by more industrialized forms of water capture and supply [46,47]. In many cases,
these new dam constructions were orders of magnitude larger than those that had been previously
built, and with rising urban density, failures of sediment-filled dams near these heavily inhabited areas
will pose greater threats to human life.

3.2. Toward a Taxonomy of Ancient Water Reservoirs

During each of these major moments in the history of water storage and supply, the scale of
operation of reservoir and dam systems was highly variable. There were water storage and supply
systems that required a considerable amount of human intervention, such as those that involved
physically scraping out and removing accumulated sediments (the third option in Figure 1). There were
also systems designed to independently agitate sediment in order to lessen the amount of physical
intervention needed in cleaning (the second option in Figure 1). Many archaeological sites around the
world provide evidence of the independent creation of these kinds of sediment-management strategies
in dams and reservoirs. This geographic and temporal breadth in design provides the evidence of
success in the design of these systems and also their failure due to breaches caused by the accumulation
of sediment. Recognizing the failures of these systems through time is a critical factor in understanding
their sustainability or lack thereof [48].

To better understand these water storage systems, we offer a taxonomy of past water storage and
supply that includes structures such as reservoirs and dams, but excludes smaller-scale structures like
cisterns and basins.

There are already several taxonomies that classify the observed variability in water redirection and
storage structures in the past. For instance, Beckers et al. [49] proposed a taxonomy of water storage
for the Mediterranean and western Asia that focuses on what they call “autogenic” water supply
techniques, that is locally generated water by rainfall, runoff, and intermittent flooding. Another survey
of water management in nonindustrial complex societies by Scarborough [19,22] identified four different
types of “major earth-moving investments”: wells, reservoirs, dams, and canals—the latter of which
should be analyzed independently, as it is a flow-water scheme rather than a still-water scheme [19].
Both of these perspectives provide a unifying framework for these structures, albeit focusing on
different aspects of water capture, storage, or supply. The recombination of elements from these
frameworks yields:

1. Wells and “qanats” used for groundwater storage and supply
2. Terraces and diversion dams used in floodwater and high precipitation event water harvesting

and redirection
3. Reservoirs and impoundment dams used for surface water storage and supply
4. Canal systems used to redirect and supply existing water capacities

Within these categories, reservoirs and dams are located on the furthest end of the spectrum
of labor and material investment. Accordingly, sedimentation within these systems contains scalar
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and temporal properties (Figure 5). Scale is related to the size of the sedimentation basin in terms
of surface area; the greater the scale of the storage system, the easier it is to prolong reservoir life
and manage sedimentation. Time is the other factor, and is influenced by the frequency of sediment
removal required by the water management system. The relationship of scale and time can delay the
onset of symptoms associated with sedimentation. Therefore a broad classification focused on issues
of sedimentation can serve as a complement to these other taxonomies that identify types of water
capture and storage in the past, and provides a framework for the identification of the sustainability of
contemporary and past dams and reservoirs.

The first type—small-scale supply systems—only require somewhat infrequent cleaning, often by
hand. These include such “flow-through” water transportation infrastructure as qanats, or storage
features such as wells. The second—medium-scale systems—use settling basins or other methods to
physically postpone the cleaning of sediment (i.e., there is some storage capacity for sediment built
into the system). The third and final system is the very-large-scale, which includes reservoirs and dams
that utilize large surface areas to mitigate the problem of sedimentation cleaning; in this case, storage
is latent in the system. Below is a brief overview of the history and functioning of these systems in the
broader Mediterranean and west Eurasia to highlight the longevity and issues associated with each of
these systems.

3.3. Water Supply Systems in the Wider Mediterranean and West Eurasia

Small-scale water supply systems were common in agricultural communities across west Eurasia
through a form of landscape modification known as the qānāt or karēz. These are subterranean water
sources that originate in naturally occurring mountain aquifers or the high water tables of the upper
parts of alluvial fans. A series of vertical well-shafts are dug that tap into this water source, connected
by a subterranean tunnel to transport water downslope to the valley floor by gravity. Gravity also
transports sediment to its ultimate area of deposition, which is typically a canal. These systems can
extend for several hundred kilometers and can be dug tens of meters deep [50–52]. Data collected
on qanats in the recent past have recorded the transport of an average of about 100 liters of water
a minute, with some qanats capable of 1500 L a minute, and they typically extend about 4 km in
length [50]. The archaeological evidence of their use extends back to ca. 1000 BCE, although there
is some disagreement as to whether they arose in the Iranian plateau or the Arabian Peninsula [53].
Qanats were used in contemporary Iran, for instance, until industrialized water storage via large-scale
damming projects was introduced in the 1940s and 1950s [52], and they were used in Syria until
large-scale damming projects precluded their use in the 1990s [46]. Cleaning is often necessary in the
event of structural failures, as these structures are often dug into softer sediments, but it is a costly
endeavor that requires considerable human labor and social coordination [47,50]. Most archaeological
qanats do not show evidence of failure due to sedimentation considering their almost constant flow,
but instead due to a lack of maintenance, without which they quickly become inoperable.

The medium scale of water storage and supply is well represented at the archaeological site
of Petra, located in the south of the Hashemite Kingdom of Jordan (Figure 2). Built in the late first
millennium BCE, the Nabataean builders of the city of Petra were faced with an environment that
produced only 100 mm of water a year. As a result, the city contained over 200 cisterns and generated
over 360 L of water a day for each individual inhabitant, who may have numbered 20,000 or more
during the time of its densest habitation between 150 BCE and 300 CE [54] (107). There is evidence
of numerous sediment-settling tanks used in water-diversion to reservoirs that allowed sediment
to accumulate in easily accessible areas for manual removal [54] (105), [55] (24–26). Water would
be introduced into a primary settling tank via a canal, piping, or other water transport structure,
fill the basin, and the spillover of that water diverted into another reservoir. Cleaning of these basins
would entail temporarily halting the flow of water into the primary basin to allow for the removal of
sediment. Given the large numbers of cisterns present in the city of Petra, the use of settling basins
was a solution to reduce the amount of direct human intervention needed, although the scale of water
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storage would increase as the numbers of reservoirs increased, rather than through the enlargement of
any one reservoir.

Figure 2. A schematic map of the approximate locations of the dams discussed in this section. Redrawn
based on [19].

The large scale is represented by two separate examples, the first and earliest being that of the
mid to late fourth millennium BCE site of Jawa in the arid north-east of Jordan, with evidence
of both medium-scale flood water management and large-scale reservoir use [56]. An average
annual precipitation of less than 100 mm alone in the area of Jawa could not have supported the
population practicing agriculture (numbering no greater than 6000, although there is disagreement
as to the maximum total [57,58]), which depended on the reservoirs that were created there [21].
There were several water storage and supply structures—by one estimate totalling 52,000 cubic
meters [56]—that drew upon a catchment that could have supplied 2 million cubic meters of water
a year [56]. An impoundment dam was built early in the history of the settlement (radiocarbon
dated between 3500 and 3000 BCE, [59], see Figure 3) that held back the flow of the nearby Wadi
Rajil to impound this water, but it failed due to what appears to be a build-up in sedimentation [60].
Considering the relative novelty of dam construction, which seems to have been aimed at animal and
human consumption rather than irrigation, preventing sediment accumulation may not have been a
priority of the Jawa community [61]. Indeed, expedient dam constructions for the purpose of water
impoundment, again in contrast to water diversion, with subsequent rapid sediment accumulation
can be seen elsewhere. Another example is a fourth century BCE dam located on the west coast of
Greece, in the Mytikas valley opposite the island of Kalamos. The dam was 11 m high, about 25 m
long, and was actively fed by a stream about 2 km away. Despite its relatively robust masonry, one
estimate is that it was inoperable due to sedimentation within a decade or two of its construction [62].

While Jawa may represent some of the earliest large-scale damming and reservoir constructions,
some of the largest scale operations were overseen in the “imperial period” of the Roman Eastern
Mediterranean and Sasanian Iran, roughly between 200 and 700 CE. An example is the Harbaqa dam,
found in contemporary Syria, which was one of the largest dams in the region before the advent of
contemporary dams, although the date of the construction of the dam is still contested, likely at some
point between 300 and 750 CE [63,64]. It is a gravity dam 345 m in length, 20.5 m in height, and it is
18 m wide at the base, built to impound water diverted off of the Wadi al-Barda. The base of the dam
was made especially wide to counteract horizontal pressure from sudden floods [63]. Three separate
outlets were created for this dam over time, two of which appear to have silted immediately, and a
third was created in response to this infill of sediment. As with systems with so much capacity for
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latent sediment storage, there is no evidence of its inoperability due to sedimentation apart from the
evidence of the outlets—it was used almost continuously until the present, when sediments finally
reached the height of the dam. The silts accumulated behind the dam are now actively cultivated.

Figure 3. The Jawa dam, with the interior of the dam facing the viewer. Note the donkey for scale.
c©Bernd Müller-Neuhof (DAI-Orientabteilung), used by permission.

In comparison, in the northeast of Iran near the contemporary city of Gorgan, and close to the
border of Turkmenistan, a nearly 700 m-long earthen dam was constructed between 500 and 600 CE,
during the period of the Sasanian Empire and roughly contemporaneous with the Harbaqa dam.
This dam spanned a portion of the Gorgan valley to supply water to numerous feeder canals for
irrigating large agricultural plots near an active military frontier. Despite its massive size, it is clear
that this was an expedient construction, as it was likely breached at some point early in its life due to
rapid sediment accumulation. The latter is identifiable by the lack of sedimentation in basins upstream
of the dam, and it appears that bedload was permitted to flow directly into the reservoir itself [65].
Canals were built to divert water at the highest point of the reservoir, thereby avoiding the sediments
that accumulated at the base of the dam and providing filtered water down the system, but did not
offer any way to sustainably manage the sediments that accumulated at the base of the dam [66].
As a result, there is no evidence of any use of the dam beyond its short life in association with this
military frontier.

While there are numerous other examples from across the world of both successful and
unsuccessful ancient dams (see especially [19,31]), a nearby analogue with a different monsoonal climate
is the Sanchi dam complex located in contemporary Madhya Pradesh, central India. Sixteen separate
dams have been identified that date between the second century BCE to the fifth century CE,
with heights between 1 m to 6 m, and lengths from 80 m to 1.5 km, impounding well over a million cubic
meters of water [67,68]. All of these dams appear to be associated with an ancient Buddhist monastic
site, and provided water for both human and animal consumption, with some irrigation of cultivated
fields [69]. Intriguingly, the reason for the ultimate failures of some of these dams was flood damage
from rapid discharge due to monsoonal precipitation patterns, rather than sedimentation. Inscriptions
from south India during this period mention the payment for regular de-sedimentation of large
reservoirs, which may analogize to some degree to the Sanchi area, which may have also maintained
an effective labor pool for removing accumulated sediments [70]. There are other contemporaneous
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dams and reservoirs in Sri Lanka which illustrate similar principles of construction to those found on
the subcontinent, especially with respect to spillways to control floodwaters [71].

4. Conclusions and Future Directions

While water supply around the world has been revolutionized by technological developments
such as the tube well and centrifugal pump (with depletion of groundwater supplies as a result in
some cases), many contemporary societies with developed economies still depend on reservoirs to
supply water, and water supply is essential to societal well being, even if the cost of this water is a
small part of the overall economy. As observed by Annandale [7], this storage is being progressively
lost to sedimentation: total water storage in reservoirs has been decreasing (from sedimentation) faster
than new reservoir storage has been built (Figure 4) [7].

Figure 4. Changes in total and per capita global water storage, projected to 2040, showing losses to
sedimentation exceeding new capacity. Source: [7], used by permission.

As we have tried to demonstrate in this paper, sedimentation problems have occurred in
water-supply infrastructure for as long as humans have built such infrastructure. Societies have
responded to the inevitability of sedimentation in different ways. In some cases, such as the canals
built by some communities in southern Mesopotamia to divert water from rivers, “it was easier to
abandon these canals and build new ones” than to maintain the canals by removing accumulated
sediment [18]. This is essentially the approach now being taken with respect to dams in most of the
world today, which are designed with a 50–100-year “design life”, and without consideration of what
happens after that. As observed by Annandale et al. [6],

“Dams have traditionally been designed under the ‘design life’ paradigm, which entails
estimation of the sedimentation rate and trap efficiency, and provision of a sediment storage
pool volume equivalent to the design life (typically 50 or 100 years). Under this paradigm,
consequences beyond the design life are not addressed, leading to decommissioning.
In many regions, however, new reservoirs are both costly and difficult to construct because
the best (least costly) dam sites have already been used, and because there is intense
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resistance to the flooding of additional lands due to competing land uses and social and
environmental concerns. The cost of dam decommissioning may also be very high.”

As documented by Zarfl et al. [72], “[a]t least 3700 major dams, each with a capacity of more than
1 MW, are either planned or under construction, primarily in countries with emerging economies.”
Very few of these new dams are designed to sustainably manage sediment, so the dams can be seen as
the modern-day equivalents of some of the water supply structures mentioned previously: expedient
technology rather than infrastructure designed to function sustainably. This approach is short-sighted,
because once the best reservoir sites are constructed, they are used up, and subsequent dams will be in
less favorable sites, and thus less efficient and more prone to problems. As discussed above, there are
strategies to sustainably manage sediment that can be applied to many reservoirs, but they are rarely
implemented today. It is instructive to realize that communities in the drylands of the Mediterranean
and beyond implemented sediment management techniques that allowed for the sustained use of
water dams and diversions over centuries.

Considering ancient water management strategies from a sediment-sustainability perspective,
we can see that some systems required more frequent maintenance (clearing of sediment) than others.
Dams and reservoirs were larger systems and required relatively less-frequent maintenance. However,
even the larger dams in the ancient world (plotting on the lower-right end of the x-axis in Figure 5)
would rank as small systems today, which suggests an insight into why it has been possible for 20th
century dam developers to ignore sedimentation in reservoirs in most cases. The long period over
which most modern reservoirs can accumulate sediment before they require maintenance, combined
with the short-term economic analysis that drives reservoir design, allows dam developers to stay in
denial about the reality of sedimentation, putting the problem off to future generations. While we
do not mean to imply that all dams should function indefinitely over the centuries, the record from
past communities reminds us that sedimentation must be addressed for water supply systems to be
sustainable over time. We hope in this paper to encourage a longer temporal view of the question, one
that would go beyond the 50–100 years usually considered as the dam’s “design life”.

Figure 5. Schematic representation of the relationship of time and scale, with various kinds of water
supply structures depicted.
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