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Preface

A most remarkable achievement in our long history with water is the engineering and excavation of 90,000 underground aqueducts over several millennia. Many of these works were abandoned through the ages but more than 46,000 still flow today.1 Largely hidden from view, long tunnels with their connected wells run for many kilometers through alluvium and bedrock to bring flowing channels of water to farm fields and settlements where reliable, natural streams are scarce or lacking. These features, widely known as qanats, make life possible in the drier regions where they are typically found. This ingenious and sustainable water technology, indigenous to the Arab/Persian Gulf region, has been widely used throughout the Old World for more than 3,000 years and was implanted in the New World by the sixteenth century. Qanats or their extant traces can be found in forty-six countries and territories around the world.

This is a global story of local invention and the grand sweep of empires, a story of people adapting to marginal environments, the diffusion of ideas and technology, and the adaptive reuse of ancient works to facilitate contemporary development. Qanats tell a story of human ingenuity, interaction, and survival across continents and through millennia. Qanats are an important part of the history of water and civilization.

This story draws from the work of others and has heavily relied on my own “dusty boots” fieldwork in arid and semi-arid places, pursuing themes that explore human and physical environments, historic landscapes, agriculture and water technology, groundwater assessments, and people’s relationships to their water. This book is an integral part of these journeys—the culmination of thirty years of research on the geography and ecology of qanat water supply—and has involved rambling through more than twenty countries in search of qanats. Because more than half of the qanats known to have been constructed over the past 3,000 years are still flowing today, this book is both a history and atlas of qanats, and a story of contemporary qanats in a modern world.

I first “discovered” qanats in 1992 while working with historians and archaeologists as part of the Moroccan-American Project at Sijilmasa, in the Tafilalt oasis in southeastern Morocco. While roaming the palm-dotted farm fields and the outer perimeters of that large oasis, I kept coming across long chains of wells, created by the piling of alluvial debris removed from qanat tunnels below. The more I learned of these khettara, as qanats are known in the Tafilalt, the more I wanted to know, and in the course of my field surveys and interviews as part of my investigations into the environmental history of the Sijilmasa landscape, I collected a parallel set of data on the khettara of the Tafilalt. Following the publication of that paper I was given an opportunity to teach in Aleppo, Syria, in winter 1993, at a time when a post-Soviet Syria was searching for new connections. For a few weeks during that visit, I was given a wonderful opportunity to explore the whole country in search of qanats.

With dedicated funding to return in 1994 to complete my survey of qanats in Syria, and extend this work to Jordan, I produced additional reports on the history, ecology, and contemporary use of qanats in those two countries. Subsequent funding and months-long field seasons in Yemen (1998), Uzbekistan and Tajikistan (2001, 2003), Cyprus (2007), Tunisia (2008), Iraq (2009), Canary Islands/Spain (2012), and Germany-Czech Republic (2018), together with shorter trips to (among other things) investigate qanats in Iran, Iraq, Pakistan, India, Oman, UAE, Jordan, Egypt, Algeria, Morocco, and several European countries between 2009 and 2018, allowed me to complete these regional and countrywide surveys and to fill gaps in the global story of qanat water supply. Targeting countries and regions where details about qanats were lacking or absent allowed the missing pieces of the puzzle to be completed, which gradually made the evolving picture of global qanats more complete. Together with the field research and reporting by local specialists and international scholars across all the countries where qanats are found, this book has come together to present the most complete picture of qanats since the publication of Henri Goblot’s excellent book Les Qanat: Une Technique d’Acquisition de l’Eau more than forty years ago. Much has been learned in this field of qanat studies over the past four decades. It is time for an update.

This book is a record compiled from three decades of scholarship on qanats. Research sources utilized have been collected by the author from libraries, government archives, special collections, and from individuals in many countries. Sources include unpublished materials such as aerial photos, web-based documents, field notes and sketches, letters and emails, information from interviews, and theses/dissertations together with published sources (books, monographs, journal articles, proceedings, technical reports, maps, and government documents) in more than twenty languages. To help visualize this global story, a more complete geography of qanats has been created with the use of GIS and a database, and modern tools from the internet including Google Earth, Google Maps, and OpenStreetMap. Three chapters (Arabian Peninsula/Yemen, Iraq, and Syria/Jordan) have been excerpted and updated from previously published work by the author. Several other chapters report on never-before-published field research by the author conducted as regional surveys of qanats and water history in Morocco, Tunisia, Uzbekistan-Tajikistan, Cyprus, Canary Islands, and Germany-Czech Republic.

This book presents information past and new to bring current our view of the distribution, history, and current status of qanats. Chapter 1 provides an overview of the importance, form, and function of qanats and makes clear what is and is not a qanat. Chapter 2 describes the process of designing, constructing, managing, and maintaining qanats, provides a list of qanat terms and associated countries, and a map showing the locations and distribution of qanats around the world. The list of countries where qanats are found is the most complete ever published, the associated terms the most comprehensive, and the global map of qanat locations offers the most detailed view available. Chapter 3 presents the origins and diffusion of the qanat, beginning with the conventional wisdom repeated by most scholars reflected against current and sometimes contradictory evidence from more recent archaeological field reports and regional surveys of qanats. Separate regional and country chapters (Chapters 4–15) present greater details of the history, ecology, and contemporary story of qanats in every place where they are found, and collectively provide the most detailed atlas of the qanat ever published. Some regional chapters cover several countries and some deal with a single country or area in greater detail. Chapter 16 provides an overview of recent efforts to accurately date qanats, summarizes existing views of the world of qanats, and by updating and filling the missing gaps in these views, helps us to re-visualize the global picture of qanat water supply. This work concludes (Chapter 17) with a global view of qanat abandonment, maintenance, and modern movements to refurbish and utilize this ancient technology. Integral in these efforts are the growing number of international workshops, conferences, and training courses aimed at understanding and restoring qanats and better integrating them into the milieu of contemporary irrigation and water supply.

Despite modern demands and preferences for newer technologies, many old qanats still function and flow. Both on the landscape and as public knowledge, qanats are at once ubiquitous and invisible, essential yet ignored. This book aims to render them more visible so that these timeless, subterranean streams are better understood within the wider world of water supply.
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The Tradition and Global Diffusion of Qanats





CHAPTER 1

 Form and Function of Qanats


Water Flows Downhill

The story of qanats is a story of water. It is a story of adaptation to places, shaped by tools and technology that changed little over the centuries to channel resources that are still used today. The protagonists of this story were creative, inventive people who understood gravity1 and refined a technology to harness that force to fill their need for water, for sustenance, for a lifeline that allowed them to settle, farm, and raise livestock, grow their families, build villages and towns, and practice their religion. Being rooted to a landscape changed and made hospitable by their efforts, they developed an identity tied to place and a life sustained by the waters of a qanat.

Gravity offers us a dictum. Rivers and streams all adhere to the principle, as does rainfall on rooftops and water in canals. We can employ human labor or ingenious devices to pull water from wells or force it uphill through siphons, but trained engineers and autodidacts have all worked for centuries secure in their knowledge that water always flows downhill. It is gravity that produces a qanat—gravity mixed with human ingenuity, need, and the right combination of geology, terrain, and environment. In different times and places, the story is the same; bring water downhill, from where it is found to where it is needed, and let gravity do the work.

In the hill country of Tuscany in the medieval 1330s, Giacomo di Vanni Ugolini and his son Giovanni, aided by a small group of laborers, dug a tunnel to carry water to their hilltop town of Siena.2 This Italian town, like others in the region, had been growing and the wells and short bottini (lateral tunnels in the aquifer that augmented flow to cisterns) were not keeping pace with demand. Laying out a path from a source of underground water outside of the town, the workers used mallets and chisels, picks and shovels to bore a tunnel deeper into the soft tufa toward the aquifer where the tufa rock was saturated with water. At regular intervals they dug vertical shafts to provide air and light along the tunnel, and to facilitate the removal of excavated rock. Working by tallow candles and lamp light in a tunnel barely wide and high enough to move through, these workers used rudimentary methods—plumb lines to gauge the tunnel gradient and sight lines along strings of lamps—to mark the path of the tunnel in the darkness. After the tunnel was rough-hewn, they enlarged it before additional workers moved in to reinforce it with arches, piers, and wall casings made of brick or stone. Their quest: infiltrate the aquifer and bring the water that seeps into the tunnel downhill to Siena, then distribute this water, through siphons, to public water fonts. Giacomo, who eventually acquired the appellation Giacomo dell’Acqua (Giacomo of the Water), died before work was completed, but his vision and design led eventually to a new water source and the famous Gaia Fountain. It is possible that these self-taught engineers independently fashioned their qanat tunnel by improving on the older and shorter bottini tunnels found around Siena. It is also possible they were mimicking one of the many cuniculi found elsewhere in the region, water tunnels with a chain of surface wells built long ago by the Etruscans and Romans to drain the landscape and provide water to settlements.

More than six centuries later, Mahalinga Naik, an enterprising farmer near Adyanadka, a small village in southwestern India, swung his pickaxe as he worked his way deeper into the tunnel he was digging in the hillside near his home.3 The laterite rock was soft enough and progress was good, though the labor was difficult in the heat and humidity of the tunnel, where there was no breeze. The flame on his lantern was steady and cast shadows on the walls of the small tunnel he was excavating, a tunnel just wide enough to move through and just tall enough to stand in while digging. This was the fifth tunnel he had attempted; the first four produced no water. Ever hopeful, he started another one. His latest tunnel was already 50 meters deep into the hillside, and if he kept up this pace for a few more days, he hoped that he might see water seeping through the wall at the head of the tunnel where he was digging, and that might soon turn into a trickle of water running to the bottom of his tunnel. If he could bore this tunnel into the aquifer, fresh water would eventually fill the channel in the floor of the passageway. His tunnel had been excavated with a slight incline as he worked his way into the hillside, so any water that collected inside would flow to the exit. This man was not a trained engineer, or a professional excavator, but he knew that some of his neighbors had provided water for their families in this fashion. He also knew that water was sorely needed during the dry season and that water always flows downhill. And if nature would not provide a stream of water flowing to his farm, then he might create a flowing stream of water by digging this suranga.

Over a span of decades in the early 1900s, a group of farmers from Peristerona and Orounda villages in the western Mesaoria Plain of Cyprus pooled resources, formed a water company, and dug a series of tunnels into the saturated alluvium along the Peristerona River.4 These tunnels were designed to carry groundwater to canals that distributed water to their farms and villages. The Peristerona River dwindled to a trickle, its flow often ceasing during the dry Mediterranean summers. Their hand-drawn wells provided enough water for household use but were insufficient for irrigating crops. Perennial streams of water, continuously carrying fresh water to holding tanks and canals, would much improve life in these villages and increase crop production, too. They had seen tunnels that carried water to the surface in nearby villages. Villagers there had called this underground aqueduct a laoumia. They wanted a laoumia of their own. They were not trained engineers, but they understood gravity and knew that water flowed downhill. They were clever and figured out how to measure the slope of the tunnel floor using a glass half full of water placed on a long board laid out along the tunnel floor, with a slope reference line marked on the glass, to maintain a constant gradient—too much slope and the flowing stream in the tunnel could erode the tunnel floor; too little slope and water would not flow well, and sediment could build up on the floor and choke the stream. They all contributed labor to the effort, carbide lamps for light, and chisels, pickaxes, and shovels for tools. The tunnels they constructed were so long—up to 5 kilometers in length—that, after some days of digging, they could not get enough air or light in the tunnel, so they dug vertically into the tunnel from above to create a shaft for air and light. From the surface, this shaft looked like a well. At regular intervals they dug additional shafts, creating a chain of wells that could be followed along the surface. “Chain of wells” was another name used in Cyprus for these tunnels that carry underground water to the surface as a flowing stream. There were already many similar tunnels scattered around this Mediterranean island, though the people using them were not sure who had built them, or how long they had been there.

The chain wells of Cyprus have been there for a long time. Similar water tunnels in Italy and India have also been used for centuries. Long before these vernacular engineers created new underground aqueducts, the cumulative efforts of Spanish New World colonists, Arab Old World empires, Roman military engineers, ancient Greeks, Achaemenid Persians, and Iron Age farmers were adding these water-bearing infiltration galleries to landscapes around the world. Most of these were built by skilled laborers and trained specialists but Black haratin slave labor was used to excavate qanats in the Saharan oases of Libya, Algeria, and Morocco, and Romans employed both slaves and soldiers in this work. Many galleries were longer and deeper than the Italian, Indian, and Cypriot examples. Some had special features attached, like water-powered grinding mills or sugar mills (even a sawmill), cooling towers for air conditioning, water reservoirs, and decorative fountains. They were tens of kilometers in length, or only a few hundred meters. They were tens of meters deep, or shallow and near the surface. They were excavated in soft alluvial deposits or solid rock. They provided water to crops, or houses, for livestock, bathrooms, washing houses, or palaces. But they all had one thing in common. They carried water underground and downhill. Water infiltrated a source well and tunnel walls and was carried along the shallow gradient of the tunnel floor to the exit, where this perennial stream of water provided so many possibilities for life in drier places where nature had not provided a flowing stream of water. Regardless of the length of the tunnel, the depth of the wells, or the type of rock excavated in the search for water, this infiltration gallery and underground aqueduct is known as a qanat.

Most people have never heard of qanats. In some places, people know them well because their lives and livelihoods depend on them. But this experience is being lost as the demand for water grows and newer generations abandon older lifeways. Because qanats exist, because they remain useful in many places yet most of us know little about them, we should learn all that we can before the use of this traditional technology is lost and before the vestiges of abandoned qanats have disappeared from the landscape.



Why a Qanat?

A qanat provides water and without water there is no life. Qanats have provided essential water to many people in many places for many centuries. A qanat may be the only source of water or may provide supplementary water for daily needs, both sacred (e.g., ablution water in a mosque) and profane (e.g., flushing toilets). Qanats have been a catalyst in the creation and continuity of many settlements and have often shaped social relations through communal maintenance and water sharing. In arid oasis communities, qanats have sometimes impacted the morphology or shape of settlements as different village activities were laid out in a progression—a public source of drinking water, then a mosque, then houses, then washing places, livestock watering, field irrigation—beyond the exit of a qanat. In many cases qanats were constructed as a settlement became larger, when a growing population required more water or more reliable supplies. The addition of qanats and the expanding availability of water shares also meant an expansion of agriculture, opportunities to focus on commercial production, and the accumulation of wealth that accrues to those with land and water in agrarian societies. Qanats often came into existence as a collective response to climate and environmental change which shifted focus to groundwater supply after springs and surface water sources began shrinking.5 In general, and principally, qanats are an adaptation to dryland environments; places with few other options. They are sometimes involved in the genesis of settlements and, where found, always an essential resource.

Qanats offer a low-cost, practical solution to the problems of water supply, especially in arid regions with high evaporation rates, because water in a qanat is channeled underground and the evaporation of this water is much reduced, compared to water flowing in surface canals. Because qanats rely only on gravity to move water, there is no need for pumps or sources of diesel or electricity to operate the system. Because of this requirement for fuel, and accounting for differences in maintenance expenses, pumped well water is often twice as expensive per volume of water produced and, over a twenty-year span, a qanat may be five times cheaper to operate than a pumped well.6 Construction costs for a qanat can be quite expensive—a million dollars or more for an 8-kilometer-long qanat with an average tunnel depth of 15 meters, for example—but a qanat can be maintained for centuries and, with a low cost of water delivered once the system is complete, the initial investment is recouped after about thirty years.7 Qanats flow continuously yet do not diminish the aquifer—a sustainable alternative to diesel or electric-pumped wells that often withdraw too much groundwater, resulting in a lowering of the water table. Qanats are constructed to exploit aquifers that are seasonally recharged. These aquifers are usually shallow—a few meters to tens of meters deep—and located in areas of permeable surface rock, thus allowing regular recharge to the aquifer below.

Qanats rely on traditional technology (hand tools/hand labor) to find and deliver water and can be built and operated without specialized machinery or advanced engineering, unlike pumped wells and surface reservoirs. Some qanats were constructed by divining a subsurface water source and tapping this aquifer with qanat tunnels and wells. Similar galleries were sometimes built through incremental enhancements of existing springs (boring into or enlarging springs); opportunistic adjustments to natural features that created spring tunnels. Many qanats were added to the landscape as a result of incentives by empires to improve lands and (therefore) tax collections. Some were ad hoc constructions built entirely through local efforts designed to emulate older water-bearing tunnels used for generations in a nearby farm or village.

My work on qanats, spanning three decades and many regions and continents, has revealed three truisms that were not obvious when I started these journeys. It was only after years of research and gaining cross-cultural and cross-temporal perspectives that these facts became clear.


	Qanats were built for many reasons—irrigation, town water supply, air conditioning, water mills—and these purposes often shifted through the ages with new owners and new priorities, as when water-powered grinding mills were added to existing qanat channels during the Venetian period in Cyprus, or communal water tanks were added to store qanat water for distribution through an expanding irrigation canal network.

	There is no continual spread—no contiguity in time or space—in the diffusion and global story of qanats. Areas of independent invention and leapfrog diffusion can be found, and refurbishments and re purposing add further complexity to the layers of qanat history. There were many hands from many places—state and local actors—that contributed to the spread of qanats, producing a crazy quilt of design contributions and construction. My earlier research (e.g., Lightfoot 2000b), like that of others, echoed a more simplistic prevailing view (i.e., Iranian origins and spread by Persians). The fuller picture is more complex and much more interesting.

	A qanat can take many forms—a long tunnel or short, a chain of wells or a tunnel without surface shafts—as it conforms to local geology, local topography, and local skill sets and tool kits. If water infiltrates a dug tunnel that was constructed to supply water (i.e., not for drainage) and the water flows by gravity to the exit of the tunnel it may be considered to be a qanat, though different terms may be used to define this feature, depending on its location and configuration. The source of a gallery’s water may further distinguish qanats from qanat-like spring tunnels.





Form and Function

The construction and maintenance of a qanat is a dirty and dangerous business, but the essence of a qanat—its form and function—is beautiful, and the life that springs from it essential. A qanat at its core is a tunnel, but more; it is a system of water for delivery and store. The birth and history of many settlements are linked to the building and maintenance of qanats.

A qanat is a subterranean aqueduct or horizontal well that collects water from an aquifer for delivery at the surface. You can get water to the surface by using a vertical well, but that is a single point source of water. A qanat carries groundwater to the surface as a stream, using no source of power but gravity, to bring a flowing channel of water to villages and towns where reliable surface streams are scarce or absent.

A qanat is engineered to collect groundwater in a source well, or “mother well” (Persian madari chah) sunk into an aquifer upslope from settlements needing water or fields requiring irrigation (Figure 1.1). Water seeps into and collects in the qanat source well—and any portion of the wells and tunnel that pass through the saturated zone of an aquifer—and is conveyed by gravity through a gently sloping tunnel. Because the shallow gradient of the tunnel is less than the slope of terrain at the surface, the tunnel exits the surface at some point to discharge its stream into a surface canal, or covered canal or other piped passages that carry the water to agricultural fields or settlements that are far removed from the aquifer source (hundreds of meters to tens of kilometers away). The aquifer being tapped may lie at the base of a mountain or range of hills (Figures 1.2 and 1.3), within gravel imbedded in old alluvial fans, or adjacent to rivers or intermittently flowing stream channels (Figures 1.4 and 1.5).8


[image: A diagram showing a settlement beside terraced fields, water flowing from higher ground through channels toward cultivated areas and wells.]

FIGURE 1.1: A village and its fields watered by a qanat (illustration by Glen Lightfoot).




[image: A diagram of a qanat system showing cross-section and aerial view.]

FIGURE 1.2: Diagram typical of qanats on uplands or plains that draw water from hills or alluvial fans.




[image: An aerial view of a desert landscape showing faint ground lines, scattered structures, and a row of evenly circular features across the terrain.]

FIGURE 1.3: Qanats fed by an aquifer in a range of hills, Jamal Kariz, Afghanistan, 32°12’11.19”N 64°22’47.75”E (Google Earth image).




[image: A diagram showing a cross-section and aerial view of a qanat water system.]

FIGURE 1.4: Diagram typical of qanats sited in stream valley alluvium.




[image: An aerial view of the qanat irrigation system in Darband, Afghanistan, fed by an aquifer in a stream valley.]

FIGURE 1.5: Qanat fed by an aquifer in a stream valley, Darband, Afghanistan, 32°07’20.36”N 64°03’28.78”E (Google Earth image).



Many surface wells may be found in a chain along a tunnel’s path, shafts that provide light and fresh air to workers in the tunnel and convenient points for the removal of soil or rock material from construction or annual maintenance. Wells or shafts are visible surface expressions of a qanat and may be visible even long after the qanat has been abandoned, wells have filled in, and spoil heaps have blurred into their surroundings. But a qanat is a qanat not because of surface shafts, but because of a tunnel extended into water-bearing strata that allows groundwater to seep into the tunnel so this water can be conveyed, eventually, to the surface.

Largely hidden from view, long tunnels with their connected wells may run for many kilometers through alluvium and bedrock. Some shorter qanats excavated into rocky hillsides do not exhibit surface shafts, as local geology and topography may restrict such construction, and the short tunnel length does not require access shafts for light, air, or detritus removal. Some of these short tunnels may be classified as spring tunnels, qanat-like galleries that are fed by spring water which emerges through fractured bedrock and is carried subsurface or discharged into surface canals that carry the water to the arable lands of a nearby valley or mountain basin.

Qanats allowed agriculture to expand by opening new areas for cultivation by intrepid migrants, and new sources of water served as a catalyst for the intensification of agriculture that fed the people, the armies, and the economies of states and empires. Many qanats are associated with the spread of empires and, no doubt, state initiatives and actors (e.g., tax incentives, military engineers) sometimes played a role in construction. However, it is mostly at the landowner/village level that qanats have been funded, constructed, and maintained, and, where used, they have influenced patterns of land ownership and tenure, and the socio-economic organization of villages. With few exceptions, these investments in qanat irrigation were made in dry and marginal environments, as a way of providing water in places where nature had not provided sufficient water, and it was the local conditions of natural environment and human ability that shaped the configuration and appearance of each qanat.


Variations in Appearance: Qanats and Spring Tunnels

There are tens of thousands of qanats spread across dozens of countries, each a unique creation adapted to unique combinations of geology, slope, water source, and skill set. Local builders use their ingenuity to find local solutions to these variables, creating many variations on the system of groundwater delivery through a tunnel. There is no standard 
design or configuration in the development of qanats, which vary widely according to length, depth, presence or absence of well shafts, spacing between shafts, spoil heaps around shafts, dimensions and shape of the tunnel profile, the lining of tunnels and wells with brick, mortar or stone, the conveyance of water through natural rock tunnels or inlaid terra-cotta pipes, tunnels bored through alluvium, limestone, or other geology, the configuration of canals, cisterns, or aqueducts associated with a qanat, and the methods and tools used to construct and maintain them.

Because appearances vary widely, the matter of “what is and what is not a qanat” is subject to disagreement and varying typologies. Clearly, there must be an underground tunnel that conveys water, but there are so many tunnels that served this purpose with wide ranges in configuration and genesis that the matter of qanat definition can become confused. While it is true that qanats are complex systems “adapted to geographical conditions in such a way that their modes of operation differ in both space and time,”9 a different mode of operation does not necessarily mean that a tunnel is not a qanat. It only means that there are many different forms of infiltration gallery that, collectively, are referred to as qanats. Some authors have tried to reduce confusion by creating classifications that distinguish between qanats on the basis of length of the tunnel, characteristics of the terrain, shallow versus deep aquifers, reliability of discharge, location of aquifers (mountains, piedmonts, plains, streams, depressions), type of aquifer (confined, semi-confined, or unconfined), the type and age of geology exploited, whether tunnels run through alluvium or bedrock, whether there is only a single mother well or a chain of wells, whether adjacent qanats run parallel or converge, or differing categories of ownership of the system.10 An excellent typology recognizing a dozen different configurations of the drainage gallery was diagrammed and employed by the ESTEPA team of Spanish scholars who have classified and inventoried more than 8,000 subterranean galleries in Spain since 2003.11 Distinctions are important in the design of a qanat, in the terrain it must conform to, and in the character of the aquifer being tapped. Distinctions are also helpful for cataloguing or inventory, to make clear the type of feature (qanat or other infiltration gallery) that is being recorded. However, classifications may introduce arbitrary distinctions (i.e., how short must a “short qanat” be and how deep is a “deep aquifer”) that may apply in a particular place but do not fit the entire inventory of qanats worldwide. And even with a well-designed typology in hand, unique and hybrid forms may still be encountered.

Most differences in qanat configuration can be attributed to the many different hands that built qanats, over different eras, in different cultures and political regimes. Familiarity (or lack thereof) with qanat technology must account for some of the variation in form; human solutions, designed locally and in the moment, to adapt the basic design and function of a qanat to one’s time and place, within the constraints of their environment (geology, slope, climate, and water supplies). Experience and expediency account for much difference and present a less-than-clear picture to contemporary scholars who must wrestle with matters of definition and typology.

A qanat can take many forms but must (1) be bored as a tunnel through bedrock and subsoil (i.e., not a covered trench) that (2) extends into the saturated zone of an aquifer so that water can infiltrate and pool in the subterranean gallery and then flow underground along the gentle gradient of the qanat channel. All other features are optional. The transport section of the tunnel is the underground aqueduct that delivers water to field and fountain and is usually dug through impervious or unsaturated bedrock or alluvium (i.e., it remains dry, except for the water channel flowing along its base that carries water from the source of the qanat). However, it is possible to find (usually short) qanat tunnels that run entirely along the contact between the porous aquifer bed and the impermeable bed below, meaning that the entire tunnel will be in the saturated zone. Just because a gallery does not have a dry (unsaturated) transport section does not, necessarily, exclude it from being a qanat. Some qanats incorporate trenched and covered sections of canals to transport their stream, but the presence of a cut-and-cover canal does not disqualify a gallery as a qanat, as long as the entire gallery is not a covered trench and the source area, at least, includes a subterranean tunnel that gathers water through infiltration from the underflow of streams or from the aquifers of hills and plains. Also, a qanat usually includes surface shafts, but not always. Some short qanats do not have a surface shaft, or they may have only a mother well and no intermediate shafts (not needed for light, air, or access points if the tunnel is very short). This matter of surface shafts can blur the line between a qanat and a spring tunnel, but the geology of the two is different.

Spring tunnels (aka spring flow tunnels) employ tunnels that carry water from aquifers to users. They often exploit water from a spring that was in use before the spring tunnel was built. The source of spring water may originate at the surface (e.g., collected in a cistern or surface basin and, therefore, not a qanat), but spring flow may be enhanced by excavating a tunnel into the source, which then infiltrates the walls of the tunnel to be channeled downhill. Some spring tunnels include surface shafts, though this is not common because they tend to be rather short and bored laterally into a hillside. Some spring tunnels employ bedrock mining to penetrate impervious rock to liberate groundwater that is confined behind the watertight bed. In such cases, the source is not a natural spring but an artificial spring created by (in a manner of speaking) pushing a straw into an aquifer to liberate the impounded groundwater. The galerías on Tenerife and La Palma in the Canary Islands were all created in this fashion.12

A spring tunnel is an entirely excavated, subterranean tunnel and not a cut-and-cover canal. The aquifer source is subterranean, the water enters the tunnel through infiltration of the tunnel walls, and water flows by gravity to exit the tunnel as channeled surface flow (through surface channels or pipes). Though distinctions between spring tunnels and qanats are commonly drawn—because their geology, construction, and water sources are different—qanats and spring tunnels are functionally similar. Both are underground aqueducts involving the use of gravity to deliver groundwater through an infiltration tunnel gallery.



Extremes in Form and Function

All qanats share basic commonalities—for example, the infiltration of groundwater into a tunnel for the delivery of channeled flow—but the depth, length, and character of qanats vary widely. Qanats may be found in very shallow aquifers with source wells only a few meters deep, but a typical source well is about 10–30 meters deep. The deepest qanats in the world are near Gonabad, Iran (almost 350 meters below the surface) and near Birjand, Iran (300 meters deep).13 Extremely deep wells, such as these, were dug in a stepped series of vertical shafts so there is a small landing at, say, 100 meters depth before the shaft continues downward in a different line for another 100 meters. The rate of flow from the most prolific qanats may approach 900 liters per second but a more typical flow is closer to 20–40 liters per second.14 A flow greater than 200 liters per second is considered high.15 Qanats may flow perennially or dwindle to a trickle, or dry up altogether, during annual dry seasons or after a prolonged drought.

The shortest qanats (source well to tunnel exit) are less than 100 meters. The longest qanats include a 70-kilometer tunnel near Gonabad and an 80-kilometer gallery that terminates at Yazd.16 Shorter qanats are more common in hilly or mountainous terrain where the geology is more difficult to excavate, and the steep topography soon truncates the travel of a horizontal tunnel. Longer qanats are more typical of piedmont plains and valleys where more easily tunneled alluvium and sedimentary rock usually form the substrate and where a flatter topography requires that a gently sloping tunnel be quite long before it breaks the surface. A more typical length for a qanat is 0.5–2 kilometers and the vast majority are less than 5 kilometers long.17

The combined length of all qanat tunnels is difficult to comprehend and must rate these laborious constructions as one of the wonders of the world. There are more than 1,500 kilometers of qanat (foggara) tunnels in Libya and 1,450 kilometers of qanat (kahriz) tunnels in Azerbaijan.18 The combined length of the qanats (karez) in China exceeds 5,000 kilometers and draws comparisons to an “underground Great Wall” regarding the effort involved in creating them.19 More than 310,000 kilometers of qanat tunnels irrigate more than 6 million hectares of arable land in Iran—as much as half of the irrigated area of that country.20

Qanats were constructed for provisioning water, but some tunnels and associated features exhibit a degree of architectural shaping that exceeds the needs of utilitarian function. The exits of some qanats were incorporated into public fountains and water basins, or mosque ablution pools, and are more decorative than those that exit at fields and gardens. The interior tunnels of many qanats were made with higher, vaulted ceilings with pointed or rounded arched profiles that appear more decorative than would be needed for headroom alone (Figures 1.6 and 1.7). Most qanat tunnels appear without such embellishments and are rectilinear in profile (Figure 1.8), though sometimes rounded and enlarged to an oval through erosion (Figure 1.9).


[image: A narrow stone tunnel extends forward with rough rock walls and a shallow stream of water flowing along the floor toward a lit opening.]

FIGURE 1.6: Rounded arch ceiling inside the flowing qanat of Oued El Kis, Tunisia (photo by Dale Lightfoot 2008).




[image: A narrow underground passage with pointed arch ceilings, showing a person standing inside a dimly lit stone water tunnel.]

FIGURE 1.7: Pointed arch ceiling in the interior of a qanat at Ghayl Ba Wazir in the Hadramaut region of eastern Yemen (photo by Dale Lightfoot 1998).




[image: A person holding a flashlight in a dark tunnel.]

FIGURE 1.8: The author in a qanat, 45 meters beneath the surface of the Iranian Plateau, near Yazd, Iran (photo from Dale Lightfoot, taken by Joshka Wessels 2009).




[image: Two people stand inside a cave, one standing upright and one crouching, with a rough stone floor and a tunnel opening visible behind them.]

FIGURE 1.9: Profile of a qanat at Al-Bab, Syria, that has been enlarged through the erosion of tunnel walls (photo by Dale Lightfoot 1993).



The qanat tunnel may be bored through loosely consolidated alluvium or conglomerate, or travel through solid limestone, sandstone, or any porous, water-bearing earth material. In a few rare instances the tunnels were bored through igneous or metamorphic geology (basalt, granite, gneiss), though this hard bedrock was usually avoided by qanat diggers. The walls of most tunnels are left natural, with the alluvium or bedrock through which the tunnel passes serving as the tunnel wall, though portions of some tunnels, and many surface shafts, have been cased or lined with stones, brick, terra-cotta, or cement. Many surface shafts have round or square raised casings built above ground level to prevent water and debris from washing into the well. Surface shafts are commonly found open, 

exposed to the sky, but may be covered with metal hatches or blocked by brush, wood, old tires, or other debris to reduce the likelihood of people or animals falling into the wells. The shafts often have mounds of earth accumulated around them—built up from the removal of tunnel fill during many years of excavation and maintenance—and these raised mounds help to prevent rainfall runoff and floods from entering the wells, which is especially helpful where qanats follow stream beds and valleys (Figures 1.10 and 1.11).


[image: A wide desert landscape with rippled sand in the foreground and several low rocky hills rising across the flat terrain under an open sky.]

FIGURE 1.10: Earth mounds piled around the surface shafts of a qanat in the Tafilalt oasis, Morocco (photo by Dale Lightfoot 1992).




[image: An aerial view of a landscape marked by numerous circular pits arranged in lines and clusters, intersected by narrow paths across open ground.]

FIGURE 1.11: Landscape as palimpsest is reflected here in the mounds around wells and the lines of qanats in this view from Gur, Iran. (Estate Georg Gerster, Switzerland, www.GeorgGerster.com).



Qanat water may be distributed to irrigate fields, orchards, and gardens, discharge into public wells or livestock troughs, or flow to a mosque for ritual cleansing before prayer (ablution). Qanats have watered public fountains and public toilets and, combined with a ventilated surface tower above the stream of subterranean flow, provided an early form of air conditioning to cool living quarters and food storage areas. Some qanats were constructed at multiple depths, with water flowing on parallel floors at two different levels. The flow of a qanat often varies throughout the year as recharge to its aquifer changes, with discharge dropping during a dry season or during periodic drought. To better regulate a variable flow, several modifications may be employed inside the tunnel or beyond the exit of the qanat. Some qanats flow into subterranean reservoirs or underground water houses that store a great volume of flow for later use.21 A qanat may incorporate a sluice gate or check dam to impound the stream of water before it exits the tunnel; many qanats today exhibit these features and some from antiquity show evidence of having once had dams or gates installed (Figure 1.12). Qanat flow may exit unimpeded through a surface channel to agricultural fields but often discharges its water into a pool or basin before flowing further through surface canals that distribute the water to villages and fields. Some of the Roman qanats in Spain, Cyprus, Tunisia, Algeria, and Italy provided the water that supplied surface aqueducts that ran overland to nearby cities.22 Some of the qanats in Iran, Iraq, Oman, Syria, Tunisia, Italy, Spain, Luxembourg, Bavaria, and Cyprus were designed or later repurposed (by Persian, Arab, Roman, Venetian, and Ottoman designers) to carry water that turned the millstones in grinding mills.


[image: A narrow rock tunnel extends forward with rough stone walls, a dirt floor, and a large, angled rock resting along one side.]

FIGURE 1.12: Stone slab check dam leaning against a tunnel wall, replaced more recently by a concrete check dam that is still blocking the channel inside the Goller qanat at Förstenreuth, Germany (photo by Dale Lightfoot 2018).





False Qanats

Though there are many variations on the basic theme of a tunnel infiltration gallery, some underground aqueducts are so far removed from the norm that they are considered qanat-like, or false qanats. This is not to suggest that one form is superior or preferable, but distinctions must be made. Is a 6-meter deep notch in a bedrock cliff (to enhance spring flow) enough of a “tunnel” to be considered a qanat? Is a 100-kilometer-long aqueduct a qanat because it conveys groundwater or spring flow, even though long sections of the channel traverse the surface (i.e., surface canals) between adjacent hills? Variations exist, but not every rock notch or aqueduct is a qanat.

Some aqueducts carry groundwater that seeps naturally to the surface as spring flow and is channeled artificially as surface flow (e.g., aini aflaj in Oman). Sometimes this surface spring flow is channeled through a canal that has been covered by stone slabs that are buried by rubble and soil so that the channel appears as an underground aqueduct. However, the source of these spring flow channels is at the surface and diverting this flow does not involve tunneling but the excavation of a (covered) trench to channel and deliver spring water. In place of a source well and infiltration, some underground aqueducts receive surface water from a lake, a man-made water tank or reservoir, or the overflow from an adjacent river (e.g., tunnels known as alcavón in Spanish). These surface-fed tunnels may even have a line of wells for ventilation and light, mimicking a qanat, but the water source is diverted surface flow and not groundwater infiltration. Classification becomes murkier when a tunnel is supplied from both surface flow and groundwater inside the tunnel, like the alcavón and hybrid qanat in the village of Los Molinos near Sorbas, Spain.23 Another false qanat collects and diverts water that infiltrates through the walls of an excavated surface trench which, when covered, will—like a spring flow channel—appear from the inside as a tunnel with water flowing through it. Other water channels include tunnels that conduct surface water (e.g., from a river) along an underground section of a canal (e.g., where a surface canal encounters an intervening hill and must pass through it). Canals associated with many Roman aqueducts include such tunnel segments. Some channels run entirely underground and collect water by infiltration but are designed to drain the landscape; to remove unwanted water, not provide it. These are all false qanats and include spring tunnels, tank aqueducts, hyponomoi, trench seepage channels, canal tunnels, inverse qanats, sinnors, and some cuniculi (drainage emissari) (Figures 1.13–1.16).


[image: A diagram showing two profile views of a thin rod embedded along a flat layered surface.]

FIGURE 1.13: False qanats: a. Spring tunnel; b. Artesian spring (illustrations by Glen Lightfoot).




[image: A diagram showing two views of underground channels, with water entering from one side and flowing through stepped passages and openings.]

FIGURE 1.14: False qanats: a. Trench seepage channel; b. Tank aqueduct or drainage cuniculus (illustrations by Glen Lightfoot).




[image: A diagram showing two cross-sectional views of underground water channels with sloped passages, vertical shafts, and arched guiding water flow.]

FIGURE 1.15: False qanats: a. Inverse qanat; b. Canal tunnel (illustrations by Glen Lightfoot).




[image: A diagram showing two cross-section views of underground channels, with sloped tunnels, vertical access shafts, and water collected at one end.]

FIGURE 1.16: False qanats: a. Sinnor (with walk-in well or cistern at the terminus); b. Modern sinnor (with pumped well at the terminus) (illustrations by Glen Lightfoot).



A tank aqueduct is designed to collect and drain water from a small reservoir (pond or lake) impounded behind a bund or small dam laid across a ravine in hilly terrain. The aqueduct is, in effect, the water pipe for delivery of reservoir water. Labbaf Khaneiki has called these “karezvoirs” since they are reservoir-fed karez galleries.24 Some of the ghaili aflaj in Oman are so configured. Similar features have also been constructed to collect natural surface water from small lakes and from the bends in rivers and streams and to carry this water through tunnels to recipients downhill. Historic water tanks, ranging from small ponds to large reservoirs with steps for walk-in access, have been used all over the world for water supply and many continue to be used today alongside modern tanks that are built using concrete and lined with plastic. Some of the cuniculi in Etruscan Italy were tank aqueducts that drained lakes,25 though typically they were infiltration tunnels built into porous bedrock through hills and alongside stream channels. Several tank aqueducts exist in the Deccan Plateau of southern India alongside a few true qanats built at least a century before and during Mughal rule.26 Not all water tanks have an attached aqueduct but, where added, the tunnel, often complete with surface shafts, carries diverted surface water to a distant location. In this way, a tank aqueduct functions as a qanat and mimics the 
appearance of one, except for the water source. In place of a source well and infiltration, the tank aqueduct is provisioned from surface ponds and lakes and the tunnel functions only to transport water. In a qanat, the tunnel is both the source and means of conveyance of water: an integrated collection and transport system for water that remains entirely underground and unseen until the tunnel exits at the surface.


Hyponomoi, the subterranean drainage galleries that connected hundreds of cisterns lying beneath the streets of ancient Alexandria (Egypt), date from the Hellenistic or Ptolemaic period of Egypt and continued to be developed and used during the Roman, Byzantine, and Arab periods of the city’s history.27 These channels are sometimes likened to qanats because they are underground galleries with sloped gradients that carried water and connected to the numerous cisterns under Alexandria, which may have grown to 700 at one point and still numbered 129 when inventoried in 1896.28 Leveau describes the Alexandrian hyponomoi as collecting groundwater from sandstone aquifers and flowing between the many cisterns which served as infiltration wells in the porous sandstone under the city.29 If this is how they functioned then the hyponomoi may very well be a type of infiltration gallery, though no description of surface wells is offered, nor the method of boring the tunnels. McKenzie describes and maps the hyponomoi network of cisterns and subterranean galleries but sources the water that flowed through the galleries as having originated in the Canal of Alexandria, which was supplied by Lake Mareotis to the south of the city.30 Thus the surface canal flowed into the underground galleries, which drained toward the sea, passing (and presumably supplying) many cisterns en route. A few underground galleries continued as drainage channels to the sea. Additional descriptions and drawings of the construction of these features also make clear that these were cut-and-cover canals (though large enough for a person to walk through) and not mined or bored tunnels.31 The method of construction, the fact that no surface wells were included, and the source of water for the galleries (surface canal) all suggest that the Alexandrian hyponomoi are not true qanats.

Trench seepage channels, often known locally as “karez” or “qanat,” collect water through infiltration by excavating a surface trench into a shallow aquifer, typically in the alluvium that fills the bed of an intermittent stream channel. Water that seeps from the exposed aquifer will collect in the trench and flow through this excavated channel. Portions of the channel may be roofed with rock slabs and topped with earth fill so the channel appears as a tunnel. A line of surface shafts for aeration, often built into these trenched tunnels, will further mimic the appearance of a qanat. Trench seepage channels are not true qanats because the infiltration and channeling of water takes place in a surface-cut channel. The channel, though relying on infiltration from an aquifer, is not entirely subterranean, or is at best a “cut-and-cover” canal roofed by stone slabs and does not involve the bored tunnel or tunnel and well system of a qanat. Good examples of these effective water delivery tunnels are the minas de agua found in intermittent stream channels on the island of Gran Canaria, Spain, or the cimbras that lie beneath (usually) dry riverbeds in Granada and Almería provinces in Spain.32 A qanat may also incorporate a cut-and-cover canal (in addition to a surface canal) to carry the qanat water from the tunnel exit to its destination, but from water source to tunnel exit a true qanat is entirely subterranean.

Other qanat look-alikes include water tunnels—sometimes very long tunnels with surface shafts at regular intervals—that allow a surface canal to pass through an impeding hill or high ground. They were often constructed using a counter-gallery technique of boring a tunnel from two ends to meet in the middle. Some of these canal tunnels or aqueduct tunnels were used in antiquity. The Sennacherib tunnel near Erbil (seventh century BC) and the Negub tunnel southeast of Mosul (eighth century BC)—both in Iraq—were canal tunnels that resemble qanats (complete with surface shafts) but conveyed surface canal water through an intervening hill.33 Around 530 BC the Greeks built such a tunnel—the Tunnel of Eupalinos, mentioned by Herodotus—through the body of Mount Kastro on the island of Samos.34 A similar canal tunnel was built 25–15 BC by the Romans at Bologna to carry water from the Setta River via an 18-kilometer aqueduct that travels underground to the old center of the city.35 Romans excavated a 1,660-meter-long water tunnel, complete with more than 100 surface shafts, as part of an aqueduct that passed under the Drover Mountain south of Düren in western Germany.36 Similar water tunnels in France are associated with aqueducts around Aix-en-Provence, Lyon, and Carhaix, and canal tunnels (aka alcavónes) are also part of aqueducts in Spain.37 The longest of the false qanats may be a 94-kilometer-long underground section of aqueduct built between AD 90–210 that carried water from an ancient swamp in southern Syria (now dry) 170 kilometers to the Roman city of Gadara in northwest Jordan. Several sections of tunnel, each between 9 and 62 kilometers in length, carried the surface water through the limestone hills of northern Jordan.38

About 80 percent of all Roman aqueducts were subterranean and channeled water through cut-and-cover canals.39 These, like the canal tunnels, served as underground conduits of water that originated from surface sources, but canal tunnels were dug trenches covered in stone slabs and then re-buried. Because they channeled water underground, they are sometimes confused with qanats.

Inverse qanats may appear in every way to be a qanat as they feature a mother well, intermediate surface shafts, and a tunnel bored through bedrock, except that the flow of water moves from the adit, or tunnel opening, toward the mother well—the reverse of qanat flow. The source of water for an inverse qanat could be a river, a canal that directs water from a stream, or water raised to the adit using a shaduf (counter-weighted water-lifting pole) or water wheel (noria) to funnel water into the tunnel opening so it can flow under gravity, along a gently inclined gradient, to the mother well which becomes, in effect, a cistern. While the purpose of a qanat is to provide a flowing stream of water where none exists, the purpose of an inverse qanat is to provide water to a single point—a well cum cistern—where good aquifer sources are otherwise too deep, or produce insufficient water to support an infiltration well. An example of this type of false qanat can be found in Almería, Spain—described by an Arab chronicle in 1066—where water wheels supplied the gallery that sent water to a deep well inside the Alcazaba of Almería, the large walled fortress built to protect this important port and market in Muslim Spain.40

Some infiltration tunnels drain water to a collection point underground that is accessed by a walk-in well (with steps to gain access to the underground water supply), or the water is lifted to the surface from the end of the tunnel by means of a bucket, shaduf (counter-weighted lifting pole), noria (water wheel), or is pumped to the surface. Ancient versions were typically used to supply water beneath a hilltop settlement and could be secretly accessed via the tunnel passage from within a city’s fortifications, thus ensuring access to water if the city was besieged. These short spring tunnels, known as sinnors, never flow to the surface and the entire system—from seepage in the head of the tunnel to the water collection point at its end—remains subterranean.41 Examples, more commonly found in Syria and Palestine, include the 533-meter-long Siloam water tunnel leading from the Gihon Spring to the Pool of Siloam constructed around 1800 BC beneath the City of David near Jerusalem, the second millennium BC water tunnel constructed at Tel Gezer between Jerusalem and Tel Aviv, the Megiddo water system, the water tunnel at Gibeon (Al-Jib), the shaft and pool beneath the city of Lachish, and a sinnor that joins two springs in the city of Tell Ta’annek in the Jezreel
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