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Abstract - Agricultural irrigation with wastewater is widely practised in Mexico, often in
areas where the underlying aquifers are used for potable water supply. Studies in two areas
of the country have examined the fate and behaviour of contaminants from untreated
wastewater. The use of b^°O and b^H isotopes was integrated with hydrogeological
techniques such as core drilling, geophysics, major ion and trace element analysis of water
samples, soil sampling and simple modelling. In both study areas, the isotope data helped to
confirm the hydrochemical results. Conventional plots of b^H and b^O provide indications
of altitude differences and evaporation processes in looking at sources of recharge. Plotting
b*°O against chloride provides a convenient way of distinguishing groundwater types. In
Leon, isotopic data confirmed that recharge to the deep volcanic-rock aquifer underlying the
area of wastewater irrigation came partly from the surrounding mountains where this
formation outcrops. In the Mezquital Valley, recharge to groundwaters beneath the valley
floor originates from infiltration of wastewater. Comparison with data from 25 years ago
indicated that isotopic compositions at some locations have become significantly less depleted
in b^O, suggesting that the contribution from irrigation water had increased. The study has
demonstrated the importance of establishing good conceptual models at an early stage of such
investigations, particularly where multiple and changing sources of groundwater recharge
are anticipated.

1. INTRODUCTION

Water is a scarce resource in semi-arid regions, such as north and central Mexico. The
very rapid urban growth of recent decades has produced increasing demands for potable water,
and the need for greater food production is readily apparent. As a result of this growth and
industrialisation, surface water resources are either fully utilised or now of poor quality. The
improved coverage in large cities of water-borne sewerage systems produces enormous
volumes of wastewater for disposal, and increasing recognition is being given to the value of
wastewater as an important resource. The use of wastewater for irrigation is well established
and strategies for improved management are likely to be required. The principal benefit of
water reuse is the conservation of natural water resources, with more water being available to
grow crops. Properly planned reuse of wastewater can alleviate surface water pollution and
take advantage of the nutrients for crop growth.

Stable isotope studies have comprised an integral component of two major,
multidisciplinary projects. The present paper is focused on the isotope component, drawing on
the wider hydrochemical studies as required for clarity and when appropriate for the
interpretation of results. In low-temperature hydrogeological environments, the main use of
oxygen and hydrogen stable isotopes is to provide information on the physical processes
which groundwaters have been subjected to. The two main processes which could be
operating in these cases are those caused by altitude differences and by evaporation. The first
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of these is indicated by an increase in heavy isotope depletion in rainfall from greater
altitudes. In practice, this means that 6 O and 62H values become more negative when
recharge occurs at higher altitudes.Typical altitude-related depletions are of the order of
0.25%o 6 O and 2%o 8 H per 100 m. However much the altitude of origin may change, the
isotopic content of recharge should fall on the local 0 / H meteoric slope. With evaporation,
however, isotopic ratios are enriched along gradients with generally a lower slope of around 5
for open water and as low as 2 for soil water evaporation. Most groundwaters showing signs
of evaporation are the result of comparatively rapid infiltration of previously-ponded surface
water, and tend to fall on slopes with gradients of 4-5. The stable isotopes of water are,
therefore, well suited to assist investigations in which the hydrogeology is complex and in
which it is anticipated that there may be several sources and mechanisms of recharge. They
can provide additional insight into these mechanisms, particularly when used in conjunction
with conventional inorganic hydrochemical results, as in the present studies.

The overall objective of the investigation was to determine the effects of wastewater
reuse for irrigation on the underlying groundwater, under conditions typical of semi-arid
regions. The possible impacts from increased recharge, and in terms of deterioration in
groundwater quality, were examined in two areas of Mexico. The specific objectives were to:

• determine the influence of wastewater irrigation on groundwater recharge, flow and
discharge regimes,

• identify controls on groundwater quality and the effectiveness of infiltration
through the soil in attenuating pollutants originating in the wastewater,

• establish whether the groundwater systems were in equilibrium with respect to
quality, and

• define requirements for protecting groundwater quality.

The work was carried out under the technical cooperation programmes of the UK
Department for International Development and the European Commission. Therefore,
developing methodologies for such studies which could be taken up by partners from the
National Water Commission of Mexico was also an important objective.

2. WASTEWATER REUSE AND GROUNDWATER

Reuse of wastewater can have major impacts on groundwater. In some situations, the
substantial volumes of additional recharge may completely alter the local hydrogeology.
Perched aquifers and new groundwater flow regimes and discharge points may be created.
Impacts may be simultaneously positive in terms of water resource conservation and negative
as some degradation of groundwater quality can be expected. Municipal wastewater generally
contains high concentrations of dissolved inorganic and organic constituents. The content of
nitrogen, phosphorus and potassium, as well as many micronutrients is likely to be high
enough to supply crop requirements, and excess nutrients in the water infiltrating beneath the
fields can produce unacceptable groundwater pollution with either ammonium or nitrate.
Other inorganic constituents such as sodium, chloride and sulphate may be present at
concentrations which could pose a threat to groundwater quality. Domestic wastewater can
contain some trace heavy metals, but these may reach much higher concentrations where there
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is a substantial component of industrial effluent in municipal wastewater. In this case, organic
compounds such as the chlorinated solvents may also be present in the wastewater. The
contaminants which are probably of most immediate concern are pathogenic micro and macro
organisms. Those which are most persistent in the subsurface environment and have a low
minimal effective dose will pose the greatest risk to potable water supplies.

Thus, improper disposal of untreated wastewater directly into aquifers which are also
used for water supply could cause serious health risks. On the other hand, properly controlled
and managed disposal of untreated or partially-treated wastewater at the ground surface for
irrigation can provide significant additional resources of acceptable quality water. However,
adequate knowledge of the hydrogeology, infiltration processes and movement and natural
attenuation of pollutants is required for effective design and management of such systems.
The two projects were designed to obtain such knowledge, and the way in which the isotope
studies contributed is described in the following sections of the paper. Full descriptions of the
main studies are given in BGS et al. (1996, 1998) and Chilton et al. (1998).

3. LEON

3.1 Physical and Hydrogeological Setting

The city of Leon, in Guanajuato State, is situated in a wide upland valley at an altitude
of 1800 m, about 500 km north of Mexico City. It has one of the fastest growing populations
in Mexico, currently about 1.2 million, which is highly dependent on groundwater resources
for public water supply. The climate is semi-arid, with an average annual rainfall of about
600 mm, so there is also a heavy dependence on irrigation for agricultural crops. As is
commonly the case for intermontane basins such as this, the highly variable geology produces
complex hydrogeological conditions. The basin is underlain by a sequence of acid volcanic,
lacustrine and alluvial deposits. Within this sequence, ignimbritic tuffs form a complex
regional aquifer, which also outcrops on the valley flanks. Groundwater is drawn from this
complex aquifer system within and downstream of the city, including areas which have been
subjected to wastewater reuse for agricultural irrigation for up to 40 years (Figure 1).
Groundwater is also heavily exploited for agricultural irrigation and for industrial activities.
As a consequence of the heavy abstractions, falling groundwater levels have been observed for
some years in the area to the south of the city. In the area of heaviest abstraction, levels are
falling by 1-3 m/a, and the total decline may be of the order of 90 m between 1959 and 1995
(Chilton et al., 1998). In contrast, in the area of wastewater irrigation, groundwater levels are
within 5-10 m of the ground surface and are relatively stable, indicating the influence of the
additional infiltration from the irrigated fields.

A conceptual model of the evolution of groundwater conditions in the valley is
suggested in Figure 2, in which a) represents the initial conditions with a relatively shallow
regional water table and natural recharge on the valley floor and from the mountains. As the
population increased, groundwater usage for potable supply and irrigation grew, and the
wastewater collected from the city began to be used for irrigation. Sketch b) represents
conditions around 15-20 years ago. More recently, the increased abstraction for public supply
and irrigation has produced the drawdowns referred to above and the cone of depression
shown in c). Beneath the area of wastewater irrigation, downward hydraulic gradients could
be induced close to the deep pumping boreholes, and this would encourage deeper penetration
of poorer quality water.
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Leon generates wastewater which is likely to be highly polluting due to effluent
derived from the leather processing and shoe manufacturing industry, which is one of the most
prominent in Latin America. Several of the leather manufacturing processes carried out at the
more than 500 individual premises give rise to highly polluting effluents. Sodium chloride,
used to preserve hides before tanning, and hexavalent chromium used in curing are of
particular concern. These effluents are combined with domestic wastewater via sewers which
feed into a series of open canals carrying the wastewater directly into the irrigation area.
About 85% of the city's population is provided with mains sewerage, and some 2600 to 2900
1/s of wastewater is used to irrigate about 3000 ha of land to the south-west of the city along
theRioTurbio(Fig.l).

3.2 Sampling

Groundwater quality in the study area was determined by means of a programme of
regular sampling to provide representative geographical coverage of the city and surrounding
rural areas and zone of wastewater irrigation, and of the deep and shallow parts of the aquifer
sequence. Sampling included supply boreholes of SAPAL - the municipal water undertaking,
private boreholes and wells and the lagoons and canals of the wastewater distribution system
(Fig.l). Samples were collected two or three times each year during the project for major
ions, minor ions, trace elements and faecal coliforms. In all, some 45 water samples were
collected in 1993 and 1994 for stable isotope analyses, which were carried out at the
laboratories of the British Geological Survey.

3.3 Results and Discussion

The regular sampling indicated that regional groundwater quality in the sequence of
volcanic and lacustrine aquifers is good, consistent with its meteoric origins. Overall
background levels of mineralisation are low, and this allows groundwater affected by
infiltrating wastewater to be readily distinguished from unpolluted waters (Chilton et al.,
1998) by the elevated concentrations of most major ions, including calcium, sodium,
bicarbonate, chloride, sulphate and nitrate and by low dissolved oxygen. Comparison of
groundwater chloride concentrations in the vicinity of the Rio Turbio in 1984 and 1994
(Chilton et al., 1998) indicates the rapid growth of the area of shallow groundwater affected as
the wastewater irrigation has extended south-westwards along the course of the river (Fig.l).

9 I ft

Plotting 8 H against 8 O in the conventional way (Fig. 3) demonstrates that the
greatest isotopic depletion, which is normally associated with recharge originating at the
highest altitude, is found in groundwater samples from the south and south-east of the study
area, beyond the area of wastewater irrigation. These are the open squares towards the left side
of Figure 3. This supports the conceptual model that the ignimbritic aquifer deep beneath the
valley floor is recharged predominantly by infiltrating rainfall where this formation is exposed
in the surrounding mountains (Figs. 1 and 2). Samples from closer to the high ground on the
northern edge of the Turbio Valley (Fig. 1) appear to be recharged more locally. Waters which
are unaffected by post-precipitational modification can be regarded as those which are more
depleted than about -10%o 818O and -70%o 82H. On this basis, all of those waters which are
affected by such modification lie within the area of wastewater irrigation, or are associated
with surface water.
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Plotting chloride concentration against 81 O allows the sampled waters to be resolved
into the four main types numbered on Figure 4:

1) waters apparently unmodified by evaporation, more depleted than -10%o 518O and
almost always having less than 100 mg/1 chloride;

2) waters to the north of the city (Fig. 1) from wells of the SAPAL city wellfield, which
are apparently related to simple evaporative concentration of rainfall which alters the

1 ft ")

6 O and to a lesser extent the 8 H more noticeably than the chloride concentration;

3) wastewaters in which evaporative concentration of 8 O and chloride has been
supplemented by further input of chloride from anthropogenic sources;

4) a similar but rather more widely-scattered set of groundwaters which appear
isotopically not to be more evaporated than the wastewaters, but have generally higher
chloride concentrations.

Most of the samples forming the last of these types are from within the area of
wastewater irrigation (solid squares on Fig. 4) and their chemical and isotopic compositions
imply significant impact of wastewater infiltration on the underlying groundwater and
penetration of poor quality water to the intake horizons of the irrigation wells and boreholes.
The public supply boreholes within and close to the area of wastewater irrigation remain in the
first group listed above, even including borehole Turbio 2 with its elevated chloride
concentration (Stuart and Milne, 1997).

Four samples were collected for I3C analysis. Although there are few data, the
following points can be made. From the two groundwater samples collected outside the area
irrigated with wastewater, the background 8 C-DIC values are similar at -9.16 and -9.34%o.
This is thought to represent a simple case of reaction between soil CO2 at around -16%o (as the
freshwater-irrigated plants such as maize are C4 types, which produce CO2 which is
significantly "heavier" than that from most other plants) and carbonate minerals in the range -
3 to 0%o, without farther exchange reactions having taken place. In the area of wastewater
irrigation, plant CO2 may be supplemented by CO2 from the oxidation of waste organic
matter. If there were some organic matter with the more usual 8 C signature of around -
26%o, it would explain the somewhat more negative 813C-DIC value of -10.71%o of the
groundwater sample from the outer, more south-westerly part of the irrigated area (Fig. 1).
The heavier value of -7.26%o from the centre of the area of wastewater irrigation is either a
sign of long residence time (leading to exchange with carbonate minerals) or, more likely,
dissolution of sodium carbonate crusts which would have a "heavy" value owing to exchange
with the atmosphere. The sodium concentration of this sample is indeed significantly higher
than that of the other samples. More data would be required for a more confident
interpretation.

4. THE MEZQUITAL VALLEY

4.1 Physical and Hydrogeological Setting

The Mezquital Valley contains one of the largest and oldest schemes for agricultural
irrigation using urban wastewater in the world, having commenced in 1896 and grown
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steadily since with the expansion of the city and greater availability of wastewater. The valley
is situated in the south western part of Hidalgo State, about 50 km north of Mexico City, from
which it currently receives about 70% of the sewage effluent from an estimated population of
over 20 million. Presently about 40,000 1/s of wastewater are used to cultivate some 45,000 ha
of previously semi-arid land (Fig. 5). This effluent constitutes the main source of water
sustaining all development in the Mezquital Valley, which has very limited natural water
resources.

Canals and tunnels convey the wastewater through the interfluve from Mexico City. A
complex system of reservoirs, principal canals and laterals has been developed to control and
distribute the water to the irrigated land. The reservoirs collect some freshwater from
surrounding hills and mountains. Distribution losses from the wastewater canal system and
infiltration from the irrigated land have resulted in increased groundwater recharge, creating a
new aquifer system in an area of previously limited groundwater resources. This provides the
potable water-supply for the estimated 500,000 people living in the area. Groundwater levels
have risen and new groundwater discharge zones and springs have appeared. There are also
now localised problems of soil water logging and salinisation in some of the groundwater
discharge zones. Extensive lining of canals was carried out in the 1980s and 1990s.

Like Leon, the climate is semi-arid, with an annual rainfall of about 450 mm on the
valley floor, rising to 600 mm over the surrounding hills. The general geological setting is
similar to that of Leon, with the result that the hydrogeology of the valley is complex,
consisting of a series of multilayered aquifers with the general directions of groundwater flow
from south to north in the west of the valley (Fig. 5), associated with the Rivers Tula and
Salado and to the east in the eastern part of the valley towards the River Actopan. Thermal
springs are present at the southern edge of the valley at Actopan and Vito and beyond the
northern limits of the valley (Fig. 5). Further details of the hydrogeology are given in BGS et
al. (1998).

Because the wastewater system is so long-established, no data exist for the natural
conditions. The conceptual hydrogeological model (Fig. 6) suggests that the natural
groundwater system would have been maintained by limited groundwater recharge either by
infiltration of storm runoff at the valley margins or by subsurface inflow, supplemented by
limited direct infiltration from occasional storms on the valley floor. Local base levels and
controls on groundwater discharge would have been provided by the incised valley of the
River Tula (Fig. 6a) and the Actopan, and groundwater levels would have been relatively deep
(>50 m) over much of the valley. The prolonged irrigation with wastewater has completely
modified the groundwater recharge and flow regime, in effect creating a new shallow aquifer
system (Fig. 6b). Infiltration from the distribution system and the irrigated land came to
dominate the recharge on the valley floor. Although the early stages of this process cannot be
confirmed by observations, it is clear that rising groundwater levels and new spring discharges
have resulted. As this new groundwater system became established, more new discharge
points were created and groundwater levels in some discharge areas have reached the ground
surface, causing local waterlogging and salinisation (Fig. 6c).

As early as 1962, there was concern about degradation of groundwater quality and
chemical analysis of shallow groundwater in the Mezquital valley showed contamination by
wastewater. A study carried out on behalf of the IAEA by Payne (1976) concluded that the
Cerro Colorado spring, the most significant source for public water supply in the valley, now
contained a significant proportion of irrigation water. Further work in the 1980s (Del Arena],
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1985) and early 1990s confirmed the influence of wastewater infiltration on groundwater
quality, but the present study provided the first comprehensive picture of quality throughout
the valley.

4.2 Sampling

As for Leon, groundwater quality was determined in the present study by means of a
programme of regular sampling. Again sampling points were selected to provide good
geographical coverage (Fig. 5), links to existing data from previous studies and an indication
of quality at different depths. Forty three samples were analysed for stable isotopes.

4.3 Results and Discussion

Payne (1976) analysed a number of samples from various points in the wastewater
system in 1971-1972, before completion of the Emisor Central wastewater tunnel from
Mexico City. Plotting these data on a 6-diagram with distinguishing symbols for wastewaters
originating from three parts of the system (Fig. 7), showed that the dataset has a fairly linear
form with slope parallel to the regional meteoric line (Cortes et al., 1997). At that time, the
Presa Endho (Fig. 5) contained relatively fresh water. Water from the exit was the most
isotopically depleted in this dataset (Fig. 7), reflecting its origin as rainfall on the surrounding
mountainous catchment. Successive samples from downstream along the Rio Tula (the open
triangles on Fig. 7) are indicative of increasing evaporation. As this is unlikely to have
occurred during its short transit in the river bed, it supports the suggestion in the conceptual
model (Fig. 6) that the Rio Tula must be receiving groundwater discharge and drainage from
the irrigated fields. Water in the main canal from the Presa Requena (the solid diamonds on
Fig. 7) and the Rio Salado (the solid triangles) were isotopically indistinguishable at that time.
The Presa Requena (Fig. 5) received water from the Rio del Salto as well as fresh water, and
the Rio Salado (Fig. 5) was the main wastewater input to the valley. Evaporation from the
Presa Requena is suggested by the lower slope between the entrance and exit samples (Fig. 7).

Examination of the stable isotope data from the present study (Fig. 8) in the context of
the map of the study area (Fig. 5) indicates that, at the perimeter of the wastewater irrigation
area, groundwaters are rarely more enriched than -9%o 8 O and -65%o 6 H. The
exceptions, for example Xochitlan (Fig. 8), are waters abstracted from the large limestone
massif which outcrops between the Tula and Actopan River valleys on the northern edge of
the Mezquital Valley (Fig. 5). Piezometric data from the study (BGS et al., 1998) suggest
there may be deep groundwater throughflow from the area of wastewater irrigation towards
Maguey Blanco (Fig. 5), where the quality of the springs are clearly influenced by wastewater.
These can therefore be regarded as the limiting values for groundwater recharged outside the
valley areas. Payne (1976) assumed that the most depleted waters which he found (at El Mexe
and Tepatepec, Fig. 5) originated from local precipitation. The present study shows that the
groundwater system may have changed and that the most depleted water (Fig. 8) is found at
sites in the east of the Actopan valley and at Ajacuba and Vito, along the southern margins of
the valley (Fig. 5). The altitude range suggested by isotope values for these samples is of the
order of 600 m, apart from Vito, which has an extremely depleted isotopic composition (Fig.
8), suggesting a source of recharge at high altitude, the possible cause of which is not clear.

Plotted on the conventional 5-diagram (Fig. 8), the dataset has a fairly linear form,
well within the bounds of typical rainfall variation, though somewhat displaced from the
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regional meteoric line. There is no marked break of slope at the limits for external recharge
proposed above (-9%o 6 O and -65%o 6 H), which suggests that evaporative processes may
not have had a particularly important effect on the local groundwaters. Indications are that in
the Tula Valley some groundwaters are the result of local, unmodified recharge, whereas in
the Actopan Valley most recharge appears to originate externally. Most of the dugwell and
ambient spring groundwaters appear to be local in origin with some probably affected by
minor evaporation (eg Cerro Colorado, Fig. 8).

In 1971-72 the depleted stable isotope content of Pozo Grande (Fig. 5) suggested local
recharge of non-evaporated water but this has now changed. Generally the sites analysed at
that time and again during the present study have become significantly less depleted in 618O,
suggesting a greater contribution from irrigation water (Fig. 9).

The thermal springs would be expected to be supplied by high-altitude recharge
sufficient to drive deep circulation. The high sulphate concentration found in some of these
springs, due presumably to dissolution of gypsum, is also seen in groundwater from a
borehole at El Llano (Fig. 5). This borehole is situated near a canal which carries of
wastewater originally abstracted from the area of these thermal spring sources. The respective
isotopic values support the sulphate data in suggesting that water from the canal, somewhat
evaporated, may have contaminated the well water.

1 8

Plotting chloride against 6 O allows the waters to be resolved into three main types,
which are numbered on Figure 10:

1) waters apparently unmodified by evaporation, more depleted than -9%o 818O and
having less than 50 mg/1 chloride. These come mainly from beyond the southern
perimeter of the area of wastewater irrigation.

1 Q

2) waters apparently little modified by evaporation, more depleted than -9%o 8 O and
having more than 50 mg/1 chloride. These come from boreholes close to the perimeter
of the irrigated land, from areas currently under development, such as Ajacuba, and the
Tlaxcoapan area, which has a long history of irrigation with relatively saline water
from the Rio Salado.

3) waters modified by evaporation and having more than 50 mg/1 chloride. These include
the majority of the samples from the lower-lying parts of the area and include Pozo
Grande, Cerro Colorado, the major discharges to the Tula and sources in the northern
limestone, and are more likely to reflect the impact of irrigation with wastewater.

Payne (1976) also measured tritium activity in groundwater samples in 1971-1972.
Cerro Colorado (Fig. 5) had the highest content measured during the survey (36 TU), showing
that even a few years after first appearance of the spring the content of modem water was
relatively high. Other groundwater discharges in this area (Mangas and Tezontepec, Fig. 5)
were also high in tritium. In the San Salvador area (Fig. 5), tritium contents were moderate
and indicative of relatively recent water (10-20 TU). Together with stable isotope content and
chemical analyses, this was strongly indicative of irrigation water.

The group of thermal springs to the north of Maguey Blanco (Fig. 5) showed
consistently low tritium content (1-2 TU) and the water was estimated to be more than 40
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years old. No tritium was present at El Mexe or Tepatepec (Fig. 5). These boreholes are
reputed to be 400 m deep but there is no information on screen depth. The author concluded
that the water was more than 50 years old.

5. CONCLUSIONS

A combination of hydrogeological techniques have been used to study the impact of
wastewater reuse on groundwater in two areas of Mexico. In both areas, conceptual models of
the local hydrogeological system were developed at an early stage of the studies, illustrating
the multiple sources and complex processes of groundwater recharge. As these various
sources are of very different quality and have changed in importance with time, understanding
and quantifying them was a key objective of the studies.

At Leon, the deep ignimbritic aquifer of the valley floor continues to receive recharge
from its outcrop on the valley flanks, whereas the upper part of the aquifer sequence beneath
and close to the area of wastewater irrigation has been strongly affected by infiltrating
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wastewater. Plotting chloride concentration against 6 O allowed the origins of waters to be
resolved, and confirmed the findings of conventional hydrochemical analyses in supporting
the conceptual model proposed. The geophysical survey, drilling programme and groundwater
sampling confirmed the deep penetration of poor quality water, and the most persistent and
mobile contaminant originating from the wastewater was chloride.

The stable isotope data for Mezquital confirm that, for groundwaters beneath the
valley floor, most of the current recharge originates by infiltration of wastewater. The more
isotopically-depleted samples are located towards the edges or outside the valley, and reflect
recharge from local rainfall. The initial conceptual hydrogeological model has been largely
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supported by the subsequent data. Again, plotting 8 O against chloride provides a convenient
way of distinguishing water types. Comparison with data from a previous study some 25
years ago indicated that isotopic compositions at some sites had become significantly less
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depleted in 6 O, suggesting that the contribution from irrigation water had increased.

The study has demonstrated the importance of establishing conceptual models at an
early stage of such investigations, particularly where multiple and changing sources of
groundwater recharge are anticipated. Conceptual models should be used to guide the
investigations, including deciding on methods to be used, and sampling regimes to be set up.
In such studies, isotopic interpretations should be undertaken within the conceptual
hydrogeological framework established, and in conjunction with conventional hydrochemical
data. Taken together, hydrochemical and isotopic data can confirm the proposed
hydrogeological framework, as was largely the case in the present study, or suggest ways in
which it should be modified.
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