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ABSTRACT

This paper explores the relation between population and water in the Yucatan Peninsula of southeastern
Mexico, and how issues related to water have affected the inhabitants of the region from the time of
the ancient Maya to today. The paper also discusses how water issues will affect the future population
of the region. Water has historically been a scarce resource in the Yucatan. Despite a relatively humid
climate, a combination of geologic and geographic conditions limit the availability of water in the
region. The inhabitants of the region, from the ancient Maya to the present day population, have
devised different strategies for coping with that scarcity. In recent years, however, the population of
the Yucatan has grown rapidly as a result of economic development, especially the expansion of the
tourism sector. With that rapid growth have come increased problems with both water supply and
wastewater disposal. These problems are likely to be further magnified in the future as the population
of the region continues to expand. This paper discusses future water needs of the Yucatan and different
possibilities for meeting those needs. The paper also includes an annotated bibliography which provides
some short notes about some of the most useful references cited and where they can be easily located.
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WATER AND POPULATION IN
THE YUCATAN PENINSULA

Richard J. Gelting

1. INTRODUCTION

The Yucatan Peninsula is located in southeastern Mexico and contains the Mexican Federal States of
Campeche, Yucatan and Quintana Roo (see Figure 1). Natural boundaries of the peninsula based on
geology or vegetation may also include parts of Guatemala, Belize, and the Mexican States of Tabasco
and Chiapas. However, for the purposes of this paper, the Yucatan Peninsula (also referred to herein
as “the Yucatan”) is considered to consist of the three states of Campeche, Yucatan, and Quintana Roo.
The region contains the beach resorts of Cancun and Cozumel and many well known Mayan ruins

including Chichen tza, Uxmal, and Tulum.
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Figure 1. Location map showing states of the Yucatan Peninsula (from Garduiio, 1985).
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Water has historically been a scarce resource in the Yucatan. Despite a relatively humid climate, a
combination of geologic and geographic conditions limit the availability of water in the region. The
inhabitants of the region, from the ancient Maya to the present day population, have devised different
strategies for coping with that scarcity. In recent years, however, the population of the Yucatan has
grown rapidly as a result of economic development, especially the expansion of the tourism sector.
With that rapid growth have come increased problems with both water supply and wastewater disposal.

This paper explores the relation between population and water in the Yucatan Peninsula and how issues
related to water have affected the inhabitants of the region from the time of the ancient Maya to today.
The paper also discusses how water issues will affect the future population of the region. Following
the introduction provided here in Section 1, Section 2 describes the hydrologic setting of the Yucatan
and the reasons why water is a scarce resource in this humid region. It also discusses the problems
posed by the hydrologic environment for water supply and wastewater disposal in both ancient and
modern times. Water use in the Yucatan is discussed in Section 3, which includes projections of future
water demand based on population growth scenarios for the region. Section 4 explores different
possibilities for meeting future demands and the applicability of different technologies and management
strategies to the situation in the Yucatan. Finally, the paper closes with a summary and conclusions in
Section 5. An annotated bibliography follows the paper, and provides some short notes about some of
the most useful references cited and where they can be easily located.!

2. HYDROLOGIC SETTING

2.1. Climate

The Yucatan Peninsula is characterized by a fairly humid climate, with precipitation averaging about
1200 mm/year over the entire region (Gardufio, 1985). That precipitation varies widely over both space
and time, however. Rainfall is higher in the southern part of the peninsula, with the areas bordering
Guatemala and Belize receiving as much as 2000 mm/yr (Dahlin, 1983). The northern part of the
peninsula is characterized by a somewhat drier climate, with rainfall as low as 600 mm/yr along the
northwestern coast (Wilson and Williams, 1987). In addition, rainfall is highly seasonal throughout the
peninsula, with the majority occurring during the rainy season from May to September. These levels
of precipitation mark the Yucatan as significantly more humid than average for Mexico. The country
as a whole has average annual precipitation of 780 mm, a level that is about the same as the average
for all of Europe. With precipitation 35% higher than average for Mexico, the region of the Yucatan
might be expected to have relatively abundant water supplies. However, the geology and topography
of the peninsula (which are described below), have contributed to a situation in which the availability
of water has historically been and continues to be limited.

2.2. Geography and Geology

The Yucatan Peninsula has little topographic relief, especially in the north, which is an almost level
plain. Elevations gradually rise towards the south where small hills in the state of Campeche reach
elevations up to several hundred meters. Despite this lack of relief, the terrain is extremely rugged
since the landscape is broken up by numerous erosional features including small bare rock ridges and
sinkholes.

L Copies of many of the articles cited herein are available at IIASA, in the Population Project's Yucatan
project file, as indicated by the notes in the annotated bibliography.
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This rugged nature of the Yucatan landscape is due to the geology of the region, which consists largely
of flat lying beds of limestone. Carbonate rocks like limestone are subject to dissolution by water
containing carbon dioxide. Zones of dissolution are often related to structural geologic features such
as faults or fractures which may provide initial paths for subsurface water flow. When dissolution of
limestone occurs, features such as sinkholes at the surface and underground solution channels and
caverns are formed. Such a weathered limestone terrain is known as karst.? In the Yucatan, the
weathering of limestone has formed a karstic landscape with numerous subterranean solution channels
connected to the surface by sinkholes and other smaller openings. The rock is therefore very permeable
and water can flow into and through it very quickly. Precipitation infiltrates almost immediately into
the subsurface in the Yucatan, so there is little surface water in the peninsula. Indeed, no rivers or
streams at all exist in the northern part of the peninsula.

Water not only infiltrates quickly in this type of karst landscape, but also flows through the numerous
interconnected channels in the rock relatively quickly, eventually discharging into the ocean along the
coasts of the peninsula. Although this flow occurs in the subsurface, it is not always the type of pore
to pore seepage found in many other aquifers, but can actually be more like pipe flow through solution
channels and fractures. Because of the extremely high permeability of the rock, water can flow through
the groundwater system quite easily and quickly. In contrast, in other types of aquifers made up of
different rock types or other unconsolidated materials, groundwater flow requires some pressure head
to build up to drive the pore to pore seepage that is characteristic of many aquifers. Because a greater
volume of water builds up to provide the pressure head needed to drive flow through the system,
greater storage capacity is created in these types of aquifers. The differences between these two types
of groundwater systems are illustrated in Figures 2 and 3. Both figures are schematic diagrams of a
peninsular aquifer that consists of a lens of freshwater that discharges into the ocean and is underlain
by saline groundwater. Figure 2 shows a schematic diagram of a low permeability aquifer in an area
with some topographic relief. Because of the low permeability of the aquifer, groundwater flow is slow
and an appreciable volume of freshwater storage builds up in the aquifer to drive flow through the
system. In contrast, Figure 3 shows a schematic diagram of the situation in the Yucatan, a high
permeability aquifer in an area with little topographic relief. Water flows through the aquifer system
rapidly and discharges into the ocean rather than building up in a thicker lens of freshwater as in the
low permeability aquifer.

The surficial geology of the Yucatan also contributes to the rapid nature of flow into and through the
aquifer. The peninsula consists almost exclusively of pure limestone which can completely dissolve in
water (Back and Lesser, 1981). Sediments such as sand or silt that are the products of weathering of
other types of rock formations are consequently largely absent in the region. The high permeability that
results from the dissolution of limestone is therefore not subsequently reduced by the filling in of
solution cavities with sediments such as sand or silt. This lack of sediments also contributes to a lack
of soil formation in the region. Soils tend to be shallow and rocky, and exposed rock is common in
some parts of the peninsula.

This combination of geography and geology produces an aquifer system in much of the Yucatan that
contains little available water relative to the amount of precipitation in the region. Because of the low
relief of the landscape and high permeability of the limestone, precipitation infiltrates rapidly to the
water table. Once it reaches the groundwater, water flows quickly through the aquifer because of the
extremely high permeability of the limestone. Very little pressure head is required to drive flow
through the system because of the high permeability, so little storage builds up in the aquifer, resulting
in-relatively little available water.

2 Karst landscapes are not exclusively weathered limestones; other soluble rocks such as dolomites can form
similar terrains that are also known as karsts.
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In the southern portion of the Yucatan Peninsula, somewhat different geologic environments exist,
creating different environmental conditions. For example, surface water is evident in southern Quintana
Roo, where swampy areas and some lakes have formed in depressions caused by down-dropping of
large limestone blocks between faults (Lesser and Weidie, 1988). Water is maintained at the surface
because clay and other less permeable materials have washed into the depressions, allowing them to
retain some precipitation. The Rio Hondo, which forms the international border between Quintana Roo
and Belize, also runs along one of these faults in the limestone.

In addition, in the extreme southwestern part of the Yucatan, in southern and southwestern Campeche,
a transition from the karst environment of the northern Yucatan to a non-karstic environment occurs.
The geology of this zone consists of a mix of limestone and other types of rock, creating a different
hydrologic regime not entirely controlled by karstic features. Surface water, including streams, lakes,
and swamps, is evident, most notably in the Candelaria River drainage. This river originates in southern
Campeche and northern Guatemala, and drains into the Gulf of Mexico through a large lagoon known
as the Laguna de Terminos. Because of the presence of surface water in this area, water availability
presents less of a problem than in most of the Yucatan. However, the region is relatively sparsely
populated and not close to the rapidly growing tourist destinations in the northern Yucatan. For these
reasons, this paper concentrates on dealing with water-related issues in the karstic regions of the
Yucatan.

2.3. Water Sources

Because of the lack of surface water in most of the Yucatan (as discussed above), groundwater
provides the most significant source for water supplies. The ancient Maya drew groundwater from
cenotes (large natural wells formed from collapsed sinkholes in the limestone) and from caves
intersecting the water table. In some coastal areas, cenotes contain only a thin layer of freshwater
ﬂoatin§ on brackish or saline water, and water supplies were drawn off this top layer (Back and Lesser,
1981).° Extensive construction of wells to augment these natural points of access to groundwater
began after the Spanish conquest, at first with hand tools. Water was lifted from these wells by means
of rope and bucket, either by hand or with the assistance of pack animals. Mechanical drilling and
pumping equipment, including the use of windmills, were introduced in the 1800s and permitted a large
expansion in the number of wells. Drilled wells equipped with electric pumps now provide the majority
of water for the cities of the Yucatan. In coastal areas, the freshwater lens overlying saline groundwater
is often quite thin. Excessive pumping of groundwater can therefore lead to saline water intrusion into
aquifers and contamination of water supplies. This is illustrated in Figure 4, which shows how
groundwater pumping can lead to drawdown of the water table and upconing of the underlying saline
water into the zone of the well. To avoid this, drilled wells in these areas are often screened in the zone
of freshwater and sealed in the underlying zone of saline groundwater. The well therefore draws from
the freshwater part of the aquifer and the lower, sealed part of the well provides a small reservoir for
freshwater flowing into the well. The storage provided by this sealed well casing allows the well to
continue yielding water while maintaining a low rate of pumping to help avoid saline intrusion.

Local exceptions to the exclusive use of groundwater have occurred in both modern and ancient times.
To retain rainwater, the Maya constructed reservoirs in natural depressions in the limestone called
aguadas by lining them with paving stones and clay (Back and Lesser, 1981). Natural depressions are
still used to provide water for drinking and for agricultural purposes such as mixing and dilution of
agricultural chemicals (Remmers and De Koeijer, 1992). Cisterns to collect and store rainwater were
also constructed by the Maya, and cisterns are still used in some areas for storing rainwater.

3 The following discussion of groundwater use draws from Back and Lesser (1981).
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2.4. Wastewater Sinks

The hydrologic environment described above presents problems for disposal of wastes as well as for
water supply. Because of the high permeability of the limestone and lack of substantial soil cover in
many parts of the peninsula, wastewater can infiltrate rapidly to the water table. Consequently, local
contamination of groundwater often results from disposal of sewage into cenotes or waste pits. The lack
of soil and rapid infiltration result in little natural organic decomposition or filtering of wastes (Back,
1983). Bacteria and virus laden sewage can therefore easily reach the water table. Once there, the karst
environment provides more hospitable conditions for these organisms than most other subsurface
environments. Groundwater typically provides an anaerobic (oxygen-free) environment in which many
bacteria would not persist. However, karst aquifers with high permeability and rapid flow can maintain
aerobic conditions in which many pathogens can persist. The warm climate of the Yucatan also helps
to promote the growth of these organisms (Back, 1983). Water-quality studies of wells used for
drinking water supply have found high levels of bacterial contamination in many wells in the Yucatan.
For example, of 24 wells sampled by Doehring and Butler (1974), only four were uncontaminated, and
seven samples contained levels of bacterial contamination that would be classified as unsuitable for
drinking water even after treatment. Despite these problems, the authors note that water from these
wells was not receiving any treatment before use. Septic tank outfalls can also contaminate groundwater
with inorganic contaminants such as nitrates. Rapid infiltration and lack of soil reduce the effectiveness
of the natural treatment processes that would help remove these compounds as they filtered through
soil and/or rock. Contamination of groundwater by organic substances like sewage is not an irreversible
process, and natural flushing and organic degradation could eventually help to improve groundwater
quality. However, as long as disposal of wastes takes place in a manner that continues to contaminate
the groundwater, water quality in the aquifers will not improve.

Contamination of groundwater by sewage has forced the abandonment of many wells, especially where
population is concentrated in cities. For example, Merida, the capital of the state of Yucatan, once had
thousands of windmills pumping groundwater from household wells. These wells have been abandoned
because of groundwater contamination by sewage. Water is now pumped from a well field outside the
city and piped through a distribution network to residents (Back and Lesser, 1981). Several alternatives
exist for disposal of municipal sewage in Yucatan cities. For cities near the coast, wastewater can be
pumped offshore through pipelines and dispersed through diffusers which spread out the sewage so that
it is not highly concentrated. Pathogenic organisms in sewage generally cannot survive in seawater, so
that if any of the waste does circulate back to the shore, it would no longer be harmful if the diffusers
were properly designed. Another alternative is to inject treated sewage into deep wells that penetrate
the saline groundwater underlying the freshwater aquifer (Back and Lesser, 1981). Both alternatives
are expensive and disposal of wastes directly into the ground will probably persist, especially outside
of the larger cities.

Contamination of groundwater by pesticides and other agricultural products may also present problems
in the Yucatan in the future. The region has seen a rapid expansion of agriculture with intensive use
of pesticides and fertilizers, especially in Quintana Roo. Because agricultural chemicals may be carried
into the subsurface by water infiltrating into the ground, they may present additional problems of
groundwater contamination in the future.

2.5. Marine Environment

The Yucatan Peninsula has a large number of coves and lagoons along its shoreline. Along the eastern
shoreline of the peninsula, many of the coves and lagoons are a result of dissolution of limestone along
fractures in the rock and have no surface drainage into them. Rather, groundwater discharges directly
into the ocean through openings in the limestone. Because of this, any contaminants contained in the
groundwater may also reach the coves and lagoons.
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In contrast, the large Laguna de Terminos in southwestern Campeche has a large number of rivers
flowing into it. These rivers include several that originate within the Yucatan, such as the Candelaria
River, as well as others that originate from other regions. Because Campeche is one of the major rice
and sugar cane producers in Mexico, contamination with agricultural chemicals presents a concern for
Laguna de Terminos (Gold-Bouchot et al., 1993). This is especially true because the area is also a
major source of shrimp, which may accumulate contaminants such as pesticides and therefore present
a health hazard to those eating the shellfish. Recent studies of the Rio Palizada, one of the rivers
flowing into Laguna de Terminos, show that levels of pesticide contamination were generally low in
shellfish and sediments in both the river and lagoon, and were not considered dangerous (Gold-Bouchot
et al., 1993). Nevertheless, the presence of these compounds in shellfish and sediments from both the
river and lagoon indicate that contamination with agricultural products is occurring and may present
larger problems in the future.

Coral reefs occur along the Yucatan coastline, notably around offshore islands such as Cozumel, and
direct sewage discharge into the ocean negatively affects these reefs. Offshore oil development off the
southwestern coast of Campeche also presents additional potential hazards to the marine environment
of the Yucatan. A large oil spill occurred in these offshore fields in 1979 when an oil well blew out,
releasing huge amounts of crude oil in the Gulf of Mexico. The spill was considered one of the worst
ever at the time, and it took several months to cap the well and stop the release of oil.

3. WATER USE AND MANAGEMENT

3.1. Water Use in the Yucatan Peninsula

Per capita water use in the Yucatan Peninsula is significantly lower than in Mexico as a whole, for
several reasons. Irrigation, which is by far the largest consumer of water in Mexico, is much less
common in the Yucatan than in the rest of the country. For example, in 1977, 96% of agriculture in
the Yucatan was rain-fed while 30% of the cultivated area nationwide was irrigated (Garduiio et al.,
1978). In addition, hydroelectric power generation, which accounts for the majority of water
withdrawals in Mexico, is generally not utilized in the Yucatan because of the lack of surface water.
In discussing water use, it is important to note this distinction between water consumption and water
withdrawal. Water that is consumed is unavailable for use elsewhere. In contrast, water that is
withdrawn may not necessarily be consumed, as when it is used for hydroelectric power generation.
So, for example, water used for irrigation or domestic purposes is largely consumed while water used
in hydroelectric power generation is still available for other uses.

Table 1 shows overall water use in terms of both consumption and withdrawals for Mexico as a whole
and the Yucatan Peninsula for various years between 1970 and 2000. Figures in the table are based on
information taken from various sources as indicated in the table.* The figures for 2000 are based on
water use projections made in 1985.

4 As can be seen on the table, more information was available for Mexico as a whole than for the Yucatan
Peninsula. More information about water use in the Yucatan, as well as information about trends in water use
in specific sectors (such as tourism) in the region would be available in Spanish language government documents
most easily obtained in Mexico.
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Table 1. Water use in Yucatan and Mexico. All figures are in cubic meters/person/year unless
otherwise noted.

Mexico as a whole

1970 1975 1980 1994 2000

(estimated)

withdrawal 2280 921 2300 2180 4620
consumption 630 733 733 744 1000
total withdrawal (cubic km/year) 110 54 154 185 478

Yucatan Peninsula

1970 1976 1980 1994 2000

(estimated)

withdrawal --- 348 304 --- 460
consumption - - 202 - 390

Sources of information:

1970 figures: Gonzalez-Villareal (1973) and 1970 census data.

1975 figures (Mexico): WRI (1994) for withdrawal, Olaiz (1981) for consumption, and population estimates
made from interpolations between 1970 and 1980 census data.

1976 figures (Yucatan): Back and Lesser (1981) and population estimates as above.

1980 figures: Gardufio (1985) and 1980 census data.

1994 figures: Gonzalez-Villareal and Gardufio (1994) and population estimates made from 1990 census data.
2000 figures: Gardufio (1985) and population estimates based on 1980 census (latest census available when these
estimates of water use were made).

For Mexico as a whole, with the exception of 1975, per capita withdrawals based on actual information
(rather than future projections) remain fairly constant at about 2250 cubic meters/person/year.5 The
anomalous nature of the 1975 numbers for Mexico as a whole appears even more striking when
looking at total withdrawals, as shown in Table 1. It is doubtful that total withdrawals would decrease
by over 50% (from 110 cubic kilometers to 54 cubic kilometers) between 1970 and 1975, a period
when the Mexican population was increasing by over 3% per year. The 1975 total withdrawal figure
for Mexico, therefore, appears to be based on erroneous or out of date information. As mentioned
above, if this anomalous 1975 figure is ignored, per capita water withdrawals for Mexico as a whole
remain fairly steady. Similarly, as shown on Table 1, per capita water consumption for the entire
country between 1970 and 1994 is fairly constant at just over 700 cubic meters/person/year. Despite
the projections of sharp increases in water use in Mexico by 2000, both per capita withdrawal and
consumption have remained fairly constant. This does not imply that total water use is not increasing,
only that population and water use are both increasing at the same time, resulting in fairly constant
levels of per capita water withdrawal and consumption.

The available information for the Yucatan, although less complete than for the entire country, also
indicates that per capita water use remained fairly constant between 1976 and 1980, the period of most
rapid population growth in the region. Again, this does not imply that total water use in the region did

3 Fluctuations oceur in the figures in the table for both Mexico and the Yucatan, and water use can appear
to go down over time. This, however, is probably more of a result of the difficulties in measuring water use and
population rather than an actual trend.




10

not increase, only that both population and water use increased at about the same rate. As mentioned
above, both per capita withdrawals and per capita consumption are far lower in the Yucatan than for
the rest of Mexico due to the lack of irrigation and hydropower in the region. Table | shows that
withdrawals for the period 1976-1980 were between 300 and 350 cubic meters/person/year, or 13 to
15% of the per capita withdrawal for Mexico as a whole.®

3.2. Water Use and Total Water Availability

Compared to some other regions of Mexico, such as Mexico City or the dry areas in the north of the
country, the Yucatan Peninsula uses a small percentage of its available water resources. For example,
Lesser (1976)7 estimated that water withdrawals in the form of groundwater pumping in the northemn
part of the peninsula were only about 4% of total groundwater recharge in that zone. Total withdrawals
in 1980 for the entire Yucatan Peninsula were estimated to be 3% of the natural availability in the
region by Gardufio (1985). The same author projected (in 1985) that total withdrawals in the Yucatan
would rise to 12% of natural availability by 2000, although, as noted above, water use does not appear
to be rising as rapidly as originally predicted. These calculations suggest that large additional supplies
of water could be developed in the Yucatan; however, such conclusions need to be qualified by several
caveats. As noted above, the lens of fresh groundwater in the Yucatan is quite thin, and excessive
pumping can lead to saline intrusion and contamination of groundwater supplies. This problem is
especially acute near the coasts, where many of the larger urban centers are located. The volume of
usable water is therefore much more limited than the total natural availability in the entire region. Still,
there are possibilities for increasing current levels of water use, and they are discussed in Section 4
below.

3.3. Projections of Future Water Demand

Projections of total future water demand in the Yucatan can be made by utilizing the information from
Table 1 on water use and future population projections for the region. Such projections can give an
idea of hypothetical future water demand based on certain assumptions regarding water use and
population growth. This hypothetical water demand can then be compared to the actual situation to see
if water availability would present a problem in the future given the assumptions made. The
assumptions made regarding future water use and population growth in the Yucatan are outlined in the
following paragraphs.

Although Table 1 shows that per capita water use for all of Mexico appeared to be fairly stable, water
use information for the Yucatan was less available and less consistent. Therefore, the largest calculated
per capita water use, or about 350 cubic meters/person/year, was chosen for making estimates of future
water use.

Future population in the Yucatan was estimated through the use of several simple population scenarios
for the region. These projections utilize a simple discrete exponential population growth function and

6 As noted in Table 1, the withdrawal figure for the Yucatan in 1976 is not based on the same information
as the withdrawal figure for all of Mexico for 1975, and they do not appear to contain the same anomalous
information.

7 As cited in Back and Lesser (1981).
8 With increased development of tourism in the future, per capita water use in the Yucatan may rise because

hotels and resorts tend to use large amounts of water. However, for the purpose of estimating overall future water
demand in this paper, this figure based on available information was utilized.
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are based on information about past population growth in the Yucatan and several assumptions.9 Table
2 shows population data for the states in the Yucatan Peninsula from census data for 1960 to 1990.
The table also gives the total population for the entire Yucatan Peninsula and for Mexico, and the
annual population growth rates for all of these areas. As can be seen on the table, population in the
Yucatan has grown more rapidly than in Mexico as a whole in recent years. This is especially true in
Quintana Roo, which only attained statehood in 1974. Since that time, expanding tourism and federal
government policies to settle the area have contributed to very rapid population growth.

Table 2. Population growth over time: Yucatan States, Mexico.

Area Population Population Growth (%/yr)
1960 1970 1980 1990 1960-70 1970-80 1980-90
Campeche 168,219 251,556 420,553 535,185 4.11 5.27 2.44
Quintana Roo 50,169 88,150 225,985 493,277 5.80 9.87 8.12
Yucatan 614,049 758,355 1,063,733 1,362,940 2.13 3.44 2.51
Yucatan Peninsula 832,437 1,098,061 1,710,271 2,391,402 2.81 4.53 3.41
Mexico as a whole | 34,923,129 48,225,238 66,846,833 81,249,645 3.28 3.32 1.97

The scenarios used to estimate future population in the Yucatan were based on information from Table
2 and several assumptions. The first scenario assumes that population growth will continue at the same
overall rate of growth experienced by the entire peninsula during the period 1980-1990, or 3.4% per
annum. In the second scenario, growth slows down gradually to the current national rate of growth in
Mexico, which is about 2%. In this scenario, population growth in the Yucatan proceeds at a 3%
annual rate for the period 1990-2025 and then slows down to 2% per annum during 2025-2050. The
third scenario assumes that population growth in the Yucatan will be about the same as the national
rate of growth in Mexico. In this scenario, the Yucatan population grows at a rate of 2% per year until
2025, and then slows down to a rate of 1.5% per year for the period 2025-2050. The resulting
populations in the Yucatan Peninsula under these three scenarios are shown in Table 3, along with the
population of the region in 1990.

Table 3. Population growth scenarios for the Yucatan.

Population
Scenario 1990 2025 2050
1. Current growth continued 2,391,402 7,730,000 17,880,000
2. Gradual slowing to national level growth 2,391,402 6,730,000 11,040,000
3. National level growth 2,391,402 4,780,000 6,940,000

% 1t needs to be emphasized that these scenarios and the methods of calculation used in them are simplistic
and have been generated for the purpose of estimating hypothetical future water demand in the Yucatan given
certain assumptions. More refined population estimates would undoubtedly yield better predictions of future
population growth in the region. :
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Given these population estimates and the level of per capita water use discussed above (350 cubic
meters/person/year), total annual future water use can be calculated. This total annual water use can
then be compared to average annual water availability as well. Table 4 presents both of these results.
Total annual water use is calculated simply by multiplying the number of persons by per capita water
use. The percentage of annual water availability represented by this level of water use is then calculated
and shown on the table. In computing this percentage, the estimated annual amount of groundwater
recharge for the entire peninsula is taken as annual water availability (13 billion cubic meters/year).]0
Although there is surface water available in some parts of the Yucatan (as discussed above in Section
2), groundwater is the principle resource utilized for water supply, and most population centers are
generally not located near surface water supplies. Over the entire region, surface waters represented
only about 3% of overall water withdrawals in 1980 (Gardufio, 1985).

Table 4. Future water use in the Yucatan.

Billion cubic meters/year (% of natural availability)

Scenario Withdrawal 2025 Withdrawal 2050
1. Current growth continued 2.7 21%) 6.2 (48%)
2. Gradual slowing to national level growth 2.4 (18%) 3.9 (30%)
3. National level growth 1.7 (13%) 2.4 (18%)

Given recent levels of growth in the Yucatan Peninsula (as shown in Table 2), it appears likely that
population growth in the region will continue at rates higher than the national average. Table 4 shows
that levels of growth in the Yucatan above the national average (i.e., scenarios 1 and 2) will result in
a hypothetical water demand of about 20% of natural groundwater availability by 2025 and 30 to 50%
by 2050. These water demands represent levels of groundwater extraction that are probably neither
feasible nor sustainable, especially for the year 2050. As discussed above in Section 2, the geology and
geography of the Yucatan have contributed to a situation in which groundwater tends to flow quickly
through the hydrogeologic system rather than building up in storage. The amount of groundwater that
can be pumped in any single location is therefore limited. Excessive pumping in limited areas could
create or exacerbate problems such as saline intrusion. Pumping over wider areas would allow a greater
overall yield, but introduce additional costs of water transport. As the population of the Yucatan is
increasingly concentrated in urban areas, much of the groundwater is too far from centers of population
to be economically developed. Other factors also limit the amount of groundwater that can be pumped.
For example, as discussed above, some groundwater is polluted by sewage or other waste products and
consequently is not suitable for all uses. In addition, in some areas such as the hilly region of southern
Campeche, the depth to groundwater is too great to permit economical development of the resource.
Because of these problems, it is more useful to talk about the level of sustainable groundwater yield
in specific areas in the Yucatan with specific water needs rather than for the peninsula as a whole.
Methods for determining sustainable yields for specific zones are discussed in Section 4 below.
Nonetheless, the analysis of overall hypothetical future water demand in the entire region is useful in
that it indicates that current patterns of water use in the Yucatan cannot be sustained given future
population growth. Section 4 also discusses different methods for meeting future water demands in the
Yucatan.

As a greater proportion of available water resources is utilized, the potential consequences of natural
occurrences such as droughts will also be greater. With more intense water use, the impacts of water

10" from Gardufio (1985).
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shortages will be more acute and widespread. Although the Yucatan has a humid climate, droughts are
not unknown in the region. In the 1820s and 1830s, the peninsula suffered from several severe
droughts, turning the region into “a disaster zone” (Sancho y Cervera and Perez-Gavilan, 1981). Dahlin
(1983) also presents evidence that prolonged drought may have forced the abandonment of some
Mayan cities in the northern Yucatan. In the future, with a larger population using a greater proportion
of the available water resources, droughts will have the potential to once again severely affect the
region.

3.4. Institutional Setting for Water Management

The institutional setting surrounding water use and management in Mexico is currently undergoing
several important changes with the implementation of new policies.“ According to the Mexican
Constitution, water resources are owned by the state and water users require a concession or license
from the federal government. So, for example, a city in the Yucatan such as Merida generally has a
concession from the federal government to develop water supplies for that municipality. Likewise, all
other users, public or private, require a permit or concession from the federal government to use water.
Regulation of water use is the responsibility of the Comision Nacional de Aguas (CNA or National
Water Commission), which was created in 1989 as a single federal agency charged with water
management. CNA has established a water rights public register, in which concessions and permitted
uses are being recorded. Under Mexico’s new water policy, charges for rights of water use have been
established. The new National Water Law of 1992, which emphasizes the nature of water as a
commodity rather than a free good, also allows transfers of water rights under the supervision of CNA.
In addition, the National Water Law encourages cost recovery from investments made in water
infrastructure through higher tariffs for water use. With all of these mechanisms in place, privatization
of some water supply systems is anticipated in the future.

4. MEETING FUTURE DEMANDS: METHODS TO MATCH WATER
SUPPLY AND DEMAND

The population of the Yucatan Peninsula is increasing at a relatively rapid rate (see Table 2), creating
larger demand for water supplies. Traditional methods for ensuring adequate supplies of water have
focused on increasing supply by developing additional resources or importing water from other regions.
However, increased attention is also being paid to dealing with the demand side of the equation
through more emphasis on water conservation and efficient use. In the context of the Yucatan, potential
methods to increase supply include additional groundwater pumping, desalination, and use of rainwater
and reclaimed wastewater, all of which are discussed in this section. Efforts to increase efficiency and
promote conservation are also discussed, as they form a principle part of Mexico's water policy under
the new National Water Law adapted in 1992.

4.1. Increased Pumping of Groundwater

Because groundwater represents the principle water resource in most of the Yucatan Peninsula,
additional pumping of groundwater to meet growing water demands is probably inevitable in the
region. Traditional storage reservoirs are not viable due to the lack of surface water in the form of
rivers or streams. In addition, the highly permeable nature of the limestone means that surface
reservoirs simply would not hold water without some form of grouting or sealing (LeGrand, 1973). For
all of these reasons, groundwater will continue to be the main source of water supply for the Yucatan.
Increased exploitation of this resource may lead to problems, however, if it is not carefully managed.

" This section draws largely from Gonzalez-Villareal and Garduiio (1994).
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As mentioned above (and illustrated in Figure 4), excessive pumping of groundwater can lead to
contamination of wells with saline water. The Yucatan aquifer consists of a thin lens of fresh
groundwater floating on top of saline groundwater. Depth to the saline groundwater is related to the
elevation of the fresh water table above sea level: for every foot of freshwater above sea level, the
freshwater-saline water interface is depressed about 40 feet below sea level (Back et al., 1982).12
Localized pumping of wells causes the water table to become depressed as water flows towards the
pumping well. The resulting cone of depression around the well lowers the elevation of the water table
and allows saline water from below to form a cone rising up towards the well. Because of the
relationship described above, this upwelling of saline water will be about 40 times greater than the
drawdown of the water table. Since the Yucatan freshwater aquifer is quite thin, even small drawdowns
can cause problems of saline groundwater upwelling into wells. This upwelling of saline groundwater
is not an irreversible process. Once pumping is stopped, aquifers usually quickly recover, at least under
present conditions of relatively small withdrawals relative to natural availability.

In order to avoid such contamination, pumping rates can be varied to minimize drawdown around wells
and new wells can be located so as to avoid cumulative effects. Another technique that can be used
is to drill horizontal shafts within the fresh groundwater zone, thereby drawing water from a wider area
and minimizing drawdown (Doehring and Butler, 1974). Although accumulated knowledge may
provide heuristic procedures for managing groundwater extraction to avoid saline intrusion problems,
computer modelling can also be a very useful tool for aquifer management. Computer models of
groundwater flow can be employed to simulate the effects of different pumping schemes and can help
in identifying optimal locations and pumping rates for wells. Two phase groundwater flow models,
which model the flow of two different fluids (in this case, fresh groundwater and saline groundwater),
can be used to model how the interface between the two fluids moves in response to different pumping
schemes. For example, Rivera et al. (1990), use a two-phase groundwater flow model to simulate how
the salt water-freshwater interface moves in response to different rates of pumping in coastal wells in
Veracruz, Mexico (not in the Yucatan). By predicting how that interface moves, the model can help
to show what pumping schemes might lead to saline intrusion into pumping wells and how to manage
pumping to avoid that problem. Such models may also be useful for the Yucatan, although they have
certain limitations. Sufficient data is not always available to permit computer modelling of groundwater
systems and computational requirements may be large. In addition, groundwater modelling in karst
areas is often problematic because of the highly irregular nature of karst aquifer geology. Because
subsurface water can flow through multiple solution channels and take many paths, karst aquifers often
have very unpredictable flow patterns which are difficult to model.13

The use of groundwater flow models could help in assessing the effects of different proposals for future
development of groundwater and assist in identifying well location and pumping schemes to minimize
problems of saline intrusion. This would probably be most useful to do for specific zones where
groundwater is extensively utilized rather than on a regional basis for the entire peninsula. Groundwater
modelling could be used to help create a set of different scenarios for specific areas within the Yucatan
based on proposed plans for additional groundwater development. The scenarios would contain

12" This relationship comes from the Ghyben-Herzberg Principle which was developed to describe the

position of a salt water-freshwater interface under idealized, static (i.e., no flow) conditions. Since it was first
elaborated independently by Ghyben in 1889 and Herzberg in 1901, further work has modified it to reflect actual
conditions, including groundwater flow and mixing and dispersion between the two fluids. Nonetheless, the
Ghyben-Herzberg Principle still provides a tool for thinking about how changes in groundwater elevations change
the position of the freshwater-saline water interface.

13 See Cullen and LaFleur (1982) for a discussion of the issues involved in simulating groundwater flow in
karst aquifers.
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information about where additional wells would be located, how much water could be pumped, and
whether saline intrusion would be a problem within that given scenario. Users of a Yucatan PDE model
would be presented with a range of possible alternative plans for additional utilization of groundwater
resources in certain zones, for which results are already available and stored within the PDE program.
This approach would be somewhat less flexible than linking a groundwater flow model to the PDE
model, but it would be computationally much simpler and faster, and a range of possible alternative
plans could be included.

4.2. Desalination

Desalination has been utilized in Mexico to supply water for domestic or industrial use since the 1960s,
but on a relatively small scale. The federal government has been involved in constructing over 65
desalination plants, mostly to supply small coastal fishing or tourist communities in dry areas like Baja
California in northwestern Mexico (Siller, 1985). Industrial use of desalination is actually larger, mainly
to provide high quality water for industrial uses and also to provide drinking water on offshore oil
platforms. Some desalination facilities utilize brackish water rather than seawater which can lower the
costs of the process (Probstein and Alvarez, 1976). Still, the costs of desalination tend to be high,
“three to four times more expensive than conventional sources of freshwater” (WRI, 1992). Because
of these high costs, desalination is not widely employed in the Yucatan. However, as the rapidly
growing population puts more and more pressure on limited water resources, desalination may become
a more viable option, especially since large amounts of brackish groundwater are relatively close to
the surface in some parts of the peninsula.

4.3. Rainwater Harvesting

Rainwater harvesting has been practiced in the Yucatan since the time of the ancient Maya, who
collected precipitation in natural depressions and specially constructed cisterns. In some rural areas,
natural depressions and cisterns are still used to collect rainwater to supplement other sources of water.
Especially in the southern Yucatan Peninsula where rainfall is higher, rainfall catchment may provide
an alternative for individual households to augment their water supplies. Other humid areas like the
Hawaiian islands have continued to successfully apply age old practices to harvest rainwater (Fok et
al,, 1979), and these techniques may become increasingly popular in places like the Yucatan as more
and more stress is placed on other water resources.

44. Wastewater Reclamation

The reuse of reclaimed wastewater is practiced in some larger Mexican cities that have severe water
supply problems, including Mexico City and Monterrey (Martinez, 1981). Utilizing treated wastewater
for some industrial and municipal uses, such as cooling and watering parks and gardens, reduces the
amount of high quality water needed. In the case of Mexico City, treated wastewater is reused to both
reduce the amount of water that must be imported into the Valley of Mexico to supply the huge urban
population and also to reduce the volume of wastewater, much of which also needs to be re-exported
from the valley. Monterrey is located in the dry north of Mexico and needs to reuse treated wastewater
due to limited natural water supplies. Tijuana, located across the border from San Diego, California,
also reuses treated wastewater for irrigated agriculture, and small settlements whose residents farm the
irrigated fields have sprung up near the wastewater treatment facility.

Although wastewater reclamation and reuse entail treatment costs to ensure that the reused water does
not cause health problems, it has some distinct advantages, especially for areas with scarce water
resources. Wastewater reuse reduces the extent to which new water supplies need to be developed,
because some uses of water are supplied with reclaimed water. The cost of treating wastewater for
reuse may actually be smaller than, for example, developing new and distant sources and transporting
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water to where it will be used. Wastewater reuse may also reduce water pollution problems and it
represents a reliably available resource (Martinez, 1981). For these reasons, wastewater reclamation
may present one viable element of a water resources management strategy for the Yucatan. As more
pressure is placed on the water resources in the Yucatan, wastewater reclamation and reuse will
probably become an attractive alternative to supply some uses. Because of the lack of irrigated
agriculture in the region, the primary uses of reclaimed wastewater would probably be municipal and
industrial. Reclaimed water could even be utilized in the tourism industry for some uses, such as
watering lawns and gardens in hotels and resorts. Certain domestic uses, such as flushing of toilets,
would even be suitable for reclaimed wastewater. However, this would require retrofitting of dwellings
or hotels with double piping systems, one for reclaimed water and the other for high quality water, a
procedure that is generally considered too expensive.

4.5. Water Conservation Efforts

One of the principle components of Mexico's new National Water Law, which was passed in 1992, is
to promote efficient use and conservation of water. Recognizing the increasing scarcity of water
resources in Mexico, new programs promoting more efficient use of water in both agriculture and in
urban areas have been put into place (Gonzalez-Villareal and Gardufio, 1994). Elements of these
programs include efforts to reduce leaks in water distribution networks in Mexican cities and the
installation of water conserving appliances such as low consumption toilets. Such conservation efforts
will become increasingly important in the Yucatan in the future as the ability to tap new supplies
decreases. Attention will have to be turned to demand side management, including conservation
measures, in order to ensure adequate water supplies.

5.  CONCLUSION

Because of its rapid population growth and limited water resources, the Yucatan Peninsula faces serious
challenges in the future to ensure adequate water supplies and protect its groundwater resources from
further degradation by sewage and other waste products. Although the region has a relatively humid
climate, a combination of geographic and geologic conditions contribute to a situation in which water
is neither plentiful nor easily accessible. Most of the peninsula obtains its water supply from a thin,
somewhat fragile groundwater aquifer that is underlain by saline water. The aquifer is contaminated
by municipal sewage and other waste products in some locations, a result of disposal of wastes directly
into the ground. The marine environment of the Yucatan faces potential threats from runoff
contaminated with agricultural chemicals and oil spills.

Projections of hypothetical future water demand based on estimates of future population and water use
indicate that current patterns of water use cannot be sustained in the long run if population continues
to grow at a rate higher than the national average for Mexico. In addition to the development of new
supplies, reductions in per capita water demand through more efficient use and conservation will be
necessary. Additional development of groundwater supplies in the Yucatan appears inevitable to meet
future demands, but will have to be carefully managed to avoid problems such as saline intrusion. Non-
traditional techniques such as desalination do not yet appear to provide economical solutions but may
do so in the future. Water conservation, more efficient use, and wastewater reclamation all offer
possibilities for helping to meet future needs. By reducing demand for new supplies, these methods can
help to reduce pressure on limited groundwater resources.

In much the same way the ancient Maya had to adapt their culture to the water scarce environment in
the Yucatan, modern day residents of the peninsula will be required more and more in the future to
adjust their habits to reflect the scarcity of this vital resource.
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