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ARTICLE INFO ABSTRACT

Keywords: Mexico City is an example of intense socio-ecosystem interactions, particularly in water management. The
Shallow aquifers groundwater under this city has complex structures and dynamics due to the coexistence of aquifers located at
Pedregal different depths. Through groundwater extraction, the main aquifer supports 71% of the water demand of the
Infiltration city. In this research, we describe the dynamics between aquifers and the surface, particularly in preserved
E:Ei;gﬁater spaces located south of the city. The results indicate the presence of a shallow aquifer that is relatively in-

dependent to the main one. The water of both aquifers has the same origin (rainwater) and the same water flow
direction, but it has different recharge areas and residence times. Apparently, there is a strong interaction be-
tween the shallow aquifer and the surface, in which the small proportion of preserved green spaces (27 km?), in
relation to urbanized ones (53km?), may produce negative consequences on the quality and quantity of
groundwater. The lack of knowledge about the dynamics of the shallow aquifer leads to its underappreciation for

the water management of the city.

1. Introduction

Cities are complex systems with constant interactions between their
social and ecological variables, which generate the so-called socio-
ecosystems (Fischer et al., 2015). In these interactions, green spaces are
relevant because they increase landscape properties (Hough, 2004) that
are critical providers of direct and indirect benefits to human well-
being and health (Bennett et al., 2015). These areas must be properly
managed to stimulate inclusive, sustainable and resilient cities
(McPhearson et al., 2014). Thus, there are two approaches used to
promote the preservation of these green spaces (Tallis and Lubchenco,
2014). The first is the instrumental approach, which focuses on the
benefits, i.e., ecosystem services, that the green spaces provide to the
urban population (Reid, 2006), and the second is the intrinsic value
approach, which is used to preserve biodiversity (Acosta and Esperanza,
2011).

Mexico City is an example of intense interactions between ecolo-
gical and social variables, especially regarding water. This city, with 22
million inhabitants, has a water demand of 77 m®/s (Mazari-Hiriart
et al., 2014). Part of this demand (71%) is supplied by groundwater
extraction through wells from the main aquifer. The depth of this

* Corresponding autor.
E-mail address: zambrano@ib.unam.mx (L. Zambrano).
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aquifer ranges from 70 to 500 m, and it is an heterogenous unit with
granular materials and fractured volcanic rocks. Previous studies have
divided this aquifer into two sub-units due to an increase of clays ma-
terials at 150 m of depth: the first sub-unit at 70-180 m and the second
at 180-500m (Morales-Casique et al., 2014). The main aquifer is
overexploited to satisfy the water demands of human population. Ac-
cording to the National Commission of Water (CONAGUA in Spanish),
this overexploitation is reflected in an annual extraction of
1103.98 Mm®, which surpasses the amount of water that is infiltrated
(CONAGUA, 2015). These numbers do not consider the water required
by ecosystems dynamics, and therefore, values must be recalculated to
have a more realistic understanding of the watershed hydrodynamics
(Rohde et al., 2017). The overexploitation of the main aquifer has
different consequences, such as the draining of shallow aquifers to the
main one, which can generate land subsidence in different areas of the
city— and consequently, more vulnerable citizens to earthquakes—and
fissures in superficial water bodies (Kralisch et al., 2012; Legorreta,
2006).

The groundwater system has a complex structure due to the coex-
istence of aquifers that are located at different depths. These aquifers
are nourished with water from diverse ecosystems that have multiple
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types of soil; therefore, numerous groundwater dynamics are generated
(T6th, 2015). This dynamics diversity starts from the regions in which
they are recharged, and includes the distance and the speed at which
the water travels. Each rocky area, lake, woodland, or urban region has
different fluxes dynamics, which generate differences in the quality and
quantity of water that is infiltrated into the groundwater system.
Shallow aquifers are the most susceptible of being polluted by surface
activities because of their proximity, and according to the character-
istics of the surface, these aquifers are susceptible to different type
pollutants. However, most of these aquifers are interconnected and, in
consequence, pollution can spread throughout the water system, and all
of them can be affected by the overexploitation of the main aquifer (Lee
et al., 2015). The amount of sources of groundwater pollution in Mexico
City (Soto et al., 2000) increases the urgency of understanding the
water flow dynamics among the overexploited aquifers.

In Mexico City, the main sources of groundwater pollution are in-
dustries, solid waste disposal, the sewage system, gas stations, fuel
tanks, the urban zone, and the abandoned water extraction wells (Soto
et al., 2000). Within Mexico City, three municipalities are located above
the shallow aquifer: Alvaro Obregon, Coyoacan, and Tlalpan. According
to Soto et al. (2000), these municipalities have several sources of pol-
lution that could affect the groundwater. Alvaro Obregon Municipality
is mainly affected by pollution, and fuel tanks represent a major threat.
Tlalpan Municipality is the least affected by pollution, and the main risk
is generated by solid waste. Coyoacan Municipality has an intermediate
level of risk, and urbanization is the major threat (Soto et al., 2000).
Therefore, managing the sources of pollution on the surface above the
shallow aquifer is crucial due to groundwater susceptibility of pollu-
tion.

In Mexico City, green spaces have become a cornerstone to provide
water source to feed aquifers. The Pedregal is a good example of a
preserved area in Mexico City. This area was formed by basaltic rock
from the Xitle volcanic eruption that occurred approximately 1670
years ago, and this rocky formation has low presence of soil, which
explains its name: Pedregal (rocky area). The Pedregal has an average
annual temperature of 16.1 °C and an annual accumulated precipitation
of 870.2 mm (Cano-Santana et al., 2009).

Due to the urban expansion that has occurred over the last century,
the Pedregal has suffered a dramatic fragmentation and area reduction
from 80 km? in 1954 to 40 km? in 1984. Currently, there are only two
important green spaces within the original extension of the Pedregal:
the Reserva Ecolégica del Pedregal de San Angel (REPSA) and the
Tlalpan's forest. The Tlalpan's forest does not have the original char-
acteristics of the Pedregal because it suffered human-related transfor-
mations in the creation of this urban park. Therefore, the provision of
ecosystem services of the Tlalpan's forest has been influenced by hu-
mans (Calderén-Contreras and Quiroz-Rosas, 2017). The REPSA is a
natural protected area where the pristine characteristics of the Pedregal
have been preserved (Calderén-Contreras and Quiroz-Rosas, 2017).
Currently, the REPSA is considered the last remaining area of the
Pedregal, with only 2.37 km? based at the Universidad Nacional Au-
tonoma de México (UNAM) (Alvarez Sanchez et al., 1994; Rojo Curiel,
1994) (Fig. 1). The fragmentation and reduced area of the Pedregal has
a negative impact on the biodiversity and the ecosystem dynamics.
However, the Pedregal still provides ecosystem services to the popu-
lation of Mexico City (Nava-Lopez et al., 2009).

The lack of green spaces can generate a reduction in the amount
water infiltration because the soil in urbanized areas is practically im-
permeable, and the rainwater in this area is diverted to sewage systems.
This often results in floods in the lowlands of the city (Zambrano et al.,
2017). Despite having a large sewage system, the rainwater diversion
process in Mexico City is inefficient (Candiani, 2014), particularly
under extreme storms, which will be commoner with climate change
(Zambrano et al., 2017). Because of the low presence of soil and the
characteristics of the subsoil, the zone of the Pedregal has high hy-
draulic conductivity. Since this area promotes a fast water infiltration,
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the REPSA provides ecosystem services related to the regulation of
water quality and quantity of the aquifer (Nava-Lopez et al., 2009).

The human population living in the Pedregal ecosystem has always
used water from the shallow aquifer, using the scattered springs that
occur in the area. However, this water is underappreciated by man-
agers, possibly because of the lack of knowledge on the dynamics of the
aquifer. For example, throughout the entire city, it is common to re-
direct the water from springs to the sewage system once it appears
while an infrastructure project is being built. The lack of knowledge
about the characteristics of the aquifer may result in the detrimental use
of water and the pollution of this scarce and valuable resource in the
city.

Therefore, the objective of this research is to understand the re-
lationship between the aquifers and to evaluate the influence of the
surface area of the preserved Pedregal in the southern part of Mexico
City.

2. Methods

Geological sections provide stratigraphy information, which helps
to understand how groundwater moves between aquifers. To obtain
information from the geological sections, the lithological columns from
the water extraction wells that surround the REPSA were analyzed
(data from SACMEX, which stands for Water System of Mexico City in
Spanish). The lithologies were clustered according to the geological
local map of Carrillo Trueba (1995). Twelve lithological columns from
wells were used in Section I (direction: northeast to southwest), and
eleven lithological columns from wells were used in Section II (direc-
tion: west to east) (Fig. 1).

Water sampling was made in June 24, 2016, at seven sites within
the Pedregal (Fig. 1). Four of these sites were natural springs in private
spaces (i.e., D, E, F and G), and three (i.e., A, B and C) were water
extraction wells that were property of SACMEX. The water field para-
meters [electrical conductivity (EC), total dissolved solids (TDS), pH,
temperature (T), redox potential (Eh)] were measured at all sites using
multi-parameter equipment (Hanna Instruments 9812).

Water samples were collected to determine the main anions
(HCO5 ™, C17, SO4%, NO3, PO,>), the main cations (Na™, K+, Ca®*,
Mg?") and the trace elements (Al, As, Ba, Cd, Cr, Cu, Fe, Mn, Na, Pb
and Zn). At the collection site, samples were filtered through 0.45-um
Millipore cellulose nitrate filters. The samples collected for cation and
trace element analyses were also acidified with HNO;3 to pH ~ 2 (Appelo
and Postma, 2005). All samples were stored in a cooler at approxi-
mately 4 °C and transported to the Institute of Geology at UNAM. An-
ions and cations were analyzed by liquid chromatography in the
Chromatography Laboratory, and trace elements were analyzed by in-
ductive coupling plasma (ICP) with an optical emission spectro-
photometer (OES) (ICP-OES) in the Atomic Spectroscopy Laboratory
(Institute of Geology, UNAM). Cations and anions had a charge-balance
error (CBE) from 0.7 to 5.3. Acceptable water analyses have CBE values
less than = 5% (U.S.G.S, 2007). Samples for stable isotopes (d180 and
d2H (Wassenaar et al., 2009)) were collected and analyzed by laser
spectroscopy in the Isotopic Laboratory of Davis University, California,
United States of America. The results were expressed as the relative
abundance with respect to the Vienna standard mean ocean water
(VSMOW) and were compared to the local meteorological line. This line
was determined based on rain water samples that were obtained from
the Sierra del Ajusco at the top of the basin and complied with the
equation: d2H =7.95 d180 + 11.77 (r = 0.989) (Cortés and
Farvolden, 1989). Additionally, the altitude above medium sea level
where the recharge of the groundwater system occurred was calculated
and complied with the equation d180 = (-2.13z — 3.2)*1000, which
was based on isotopic data from Cortés and Durazo (2001).

The topographic elevation of the land was used to establish the al-
titude of the water table, because groundwater moves from high pres-
sure to low pressure areas (Darcy, 1856; Domenico and Schwartz, 1990;
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Fig. 1. The Pedregal location in Mexico City, including original and current extension. The zoom image shows the sampled sites. Water wells with dots and springs

with stars. Lines are geological sections.

To6th, 1963). The altitude of the water table was calculated with the
equation: topography elevation (m.a.s.l.) — water table depth (m). The
water table is where the surface water head is equal to the atmospheric
pressure (Freeze and Cherry, 1979). The altitude of the water table in
each well and the topographic elevation in springs were used separately
to create isolines. The groundwater movement is perpendicular to these
isolines. Therefore, flow network was created based on the direction of
the groundwater movement and the isolines obtained from wells and
springs (Domenico and Schwartz, 1990). In addition, the value of the
flow was determined using the technique of Section Area and Speed at
one of the sites (site E).

3. Results

Geological sections in the study area had three main layers. The first
was composed of recent basalts, where the shallow aquifer was located;
the second contained fluvio-lacustrine sediments and tuffs; and the
third was based on andesites, where the main aquifer is located (Fig. 2).
Based on these results it is possible to consider two aquifers: the shallow
and the main one.

Not all the sampled springs have natural origin, springs E, F and G
are outcrops of groundwater as a result of deep excavations. Spring E
outcrops at 40 m depth, and springs F and G emerge at 8 m depth with
respect to the original natural terrain. The average temperature of
water in sampled springs was 19.4 °C, while the temperature of water
from wells was 17.0 °C. pH values of the water samples fluctuated be-
tween 6.41 and 8.64 and the highest values were obtained at site D. The
TDS values ranged from 154 mg/1 to 347 mg/1; however, springs F and
G were more similar to the water extraction wells than to the other

375

springs, where the values were considerably lower (Table 1). Water
from springs and wells has a similar chemical composition based on the
concentration of major ions (Table 2). As can be seen in the Piper
Diagram (Fig. 3) the samples are grouped in the central part due to this
chemical similarity.

Stiff diagram (Fig. 4) shows that the water from wells A, B, C had
the same behavior in the preferential cations: Na + K and Mg. Water
from springs D, E, F and G was more enriched in Ca than water from
wells. Anion values had a similar behavior: while springs had depleted
values of Cl, wells were enriched. In addition, springs F and G, located
in the excavated area site, have higher concentrations of Cl than other
springs of the study area.

Isotopic results from water samples are distributed along a trend
line, corresponding to the evaporation process (Fig. 5). Wells A, B and C
are the closest to the local meteorological line, while springs D and E
are located furthest away, suggesting that the latter two are more in-
fluenced by the evaporation process than springs A, B and C.

The direction of water flow was from southwest to northeast in both
aquifers (shallow and main). The flow value (obtained only from site E)
was 77.78 m>/d in dry season and 10,160.64 m>/d in rainy season. The
results locate the REPSA and Tlalpan forest in the middle of the shallow
aquifer. Therefore, their influence of these green spaces is towards the
northeast region (Fig. 6a and b). Based on these results, a synthesis
figure was generated to illustrate the position, the depth and the dis-
tance of both, shallow and main, aquifers (Fig. 4).

The water isotopic values of d2H ranged from -—50.4%o to
—72.9%0, while the values of d180 ranged from —6.71%o0 to
—10.20%o. Fig. 4 shows the local meteoric line (LML - continuous line)
determined by Cortés and Farvolden (1989). Here, isotopic data are
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Table 1

Physico-chemical parameters in study sites.
Site Type of site Coordinates Temp. (°C) pH Eh (mV) EC (uS/cm) TDS (mg/1)

X y Z

A Well 484025.41 2136952.19 2260 17.03 7.16 - 125 684 342
B Well 483570.14 2137232.65 2267 17.83 6.64 - 9.6 594 297
C Well 484079.36 2137538.63 2253 16.16 6.41 —-9.5 654 327
D Spring 484253.67 2137713.53 2244 20.32 8.64 - 135 308 154
E Spring 481783.89 2135938.80 2274 17.96 7.66 - 124 365 183
F Spring 483865.91 2137455.71 2251 18.7 6.72 - 3.6 660 330
G Spring 483865.91 2137455.71 2251 20.53 6.68 -39 693 347

Table 2

Major ions data of wells and springs. LOD: Limit of detection.
Site Type of site HCO5™ (mg/1) Cl' (mg/1) NOs™ (mg/1) PO4> (mg/1) $0,4% (mg/1) K* (mg/) Ca®* (mg/1) Mg>* (mg/1) Na* (mg/1)
A Well 190.1 101.6 12 < LOD 25.7 7.53 12.37 25.29 77.17
B Well 141.9 62.4 30 < LOD 40 6.63 10.13 19.48 60.32
C Well 151.6 59.5 28.2 < LOD 46.7 7.4 11.81 21.32 58.61
D Spring 99.4 20.5 7.9 < LOD 34.8 10.44 20.19 8.05 24.67
E Spring 78.3 33.6 52 < LOD 47.9 6.54 22.08 12.86 33.37
F Spring 126.5 72.8 82.8 9.2 81 12.46 27.87 19.1 73.61
G Spring 154.4 78.7 81.2 10.3 98.5 14.41 33.74 20.26 81.83

aligned following the trend of an evaporation line (EL - dotted line).
Springs D and E showed greater evaporation, while the other sampled
sites remained close to the LML, which suggests that all sites have a
common water source.

Water analyzed from wells A, B and C was infiltrated at an elevation
of 3200 m above sea level (Fig. 7). Water from the springs F and G was
infiltrated at an elevation of 2800 m above sea level (Fig. 7). The results
for springs D and E were not considered due to the apparent high in-
fluence of evaporation.

There were low concentrations of most of the trace elements
(Table 3), and some elements had concentrations lower than the level of
determination (LOD). A possible exception is the concentration of Fe
found in water of the well A, which can be interpreted as a consequence

of basalt weathering at the site that resulted in clays that are rich in this
element (Hem, 1992). With the exception of the mentioned variables,
there were no other chemical differences between the samples, which
suggested that all the groundwater was from the same water source.

4. Discussion

After analyzing the isotopic results from springs and wells
(Appendix 2), two different components of the groundwater systems
were identified: the shallow component and the main one. The main
groundwater component was reported by Morales-Casique et al. (2015).
However, the shallow component has never been reported before.
Contrary to the main aquifer, this shallow component is unconfined.
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A combination of conglomerate, tuff and clay layers separate these
two components (geological sections, Fig. 2). This separation is due to
the low hydraulic conductivity in these materials. The hydraulic con-
ductivity assigned to clay is 0.000006 m/d (Based on data from Fetter,
2001), However, the aquifers can be hydraulically connected in zones
where there is no presence of the layer with low conductivity or its
thickness is small.

In addition, results suggest that the main aquifer is recharged at an
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altitude of 3200 m.a.s.l., which corresponds to the foothills of the Sierra
del Ajusco, while the shallow aquifer is recharged at the elevation of
2800 m.a.s.l, which is in the high areas of the Xitle volcano. Although
the soil and subsoil of the original extension of Pedregal provide a high
infiltration zone, the majority of this region is occupied by urban area
(63%). Therefore, the main recharge of the shallow aquifer occurs in
the area close to Xitle volcanic cone. However, an important part of this
infiltration may come also from the preserved green spaces.

The water tables of both aquifers in the geological sections provide
an important tool for understanding aquifer dynamics and interactions.
Through the geological section analysis, some characteristics of the
shallow aquifer were identified, like the shallow aquifer thickness that
has an average of approximately 10 m.

The isotopic and hydrochemical results suggest that both aquifers
have the same origin, possibly from rainwater infiltration in the
southern part of the valley, and that both receive the same mineral
inputs. Additionally, places of the wells for water extraction (i.e., A, B
and C) are close to the local meteorological line, suggesting they are
principally originated from rainwater and they are not heavily affected
by the evaporation process. Those places were springs are located are
more distant from the local meteorological line, suggesting they may be
more affected by the evaporation process (Craig, 1961). This high
evaporation can explain the results from D and E, which are farther
than the rest of the sampled springs. The level of evaporation suggests
that the water from the extraction wells circulates in a deeper compo-
nent than the water in springs that circulates near the surface. This is
consistent with spring evaporation (E, F and G) that is shown in the
Piper diagram.

The water chemical composition of both aquifers is similar, since
water interacts with rocks from volcanic origin. Processes such as
water-rock interaction could dominate behavior in wells and springs.
Therefore, results suggest that wells are more influenced than springs
by the water-rock interaction process. The ionic content is relatively
low and similar in both aquifers. Because springs D and E (in the
northeastern and southwestern regions respectively) have the lowest
hydrochemical value, it is likely that water was recently infiltrated and
had a short course through the subsoil (Chebotarev, 1955; Domenico,
1972; Freeze and Cherry, 1979).

The water flow of the shallow aquifer is contained in the basalt
associated with the Xitle lava spills (Delgado et al., 1998; Siebe, 2000).
The circulation of groundwater occurs through interconnected frac-
tures, vacuoles and lava-flow tunnels. This generates highly variable
groundwater flows most of them at high speeds compared to other
groundwater dynamics. In the main aquifer the water circulation occurs
in two types of rock with high hydraulic conductivity from the Qua-
ternary age: dacite and andesite (Arce et al., 2015; Morales-Casique
et al., 2015).

The same direction of groundwater flow (from southwest to north-
east) indicates that the water in the strata of both aquifers moves
gravitationally from the recharge zones in high topographic areas to the
lower areas of the valley. These lower regions are located outside of the
limit of the shallow aquifer, but it is probable that the isolating con-
glomerate and clay layers are highly reduced here, and both aquifers
may be hydraulically connected. This assumption appears to be con-
firmed because the basalt strata from the Xitle ends in this region
leaving only the basalt strata from the Ajusco, which was under the
Xitle strata in higher areas. To support this, there is no record of springs
or other type of water discharges from the shallow aquifer to the surface
in the border area were Xitle strata ends. However, this potential hy-
draulic connection should be evaluated in future studies.

The extension of the shallow aquifer seems to correspond to the
original extension of the Pedregal (80 km?), and therefore enhances the
potential influence of surface activates on the shallow aquifer. The land
use in this area is divided into two categories, urban and green spaces,
which respectively represent 73% and 27% of the original extension of
the Pedregal (Lot and Cano-Santana, 2009). Additionally, green spaces
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above the shallow aquifer can be divided into two categories: green
spaces that have suffered human modifications (e.g., parks), and green
spaces with original characteristics (e.g., urban forests) (Calderén-
Contreras and Quiroz-Rosas, 2017). The first type of green spaces, built
with artificial materials and including exotic vegetation, represent 7%
of the volcanic influence region and 47% of the green spaces. The
second type of green spaces represent 8% of the volcanic influence
region and 53% of the green spaces (based on Lot and Cano-Santana,
2009). There are also private gardens that have the same characteristics
as the urban parks, but their size and distribution are unknown and thus
they were excluded from the analysis.

Nevertheless, because decision makers do not recognize the shallow
aquifer, there has not been any planning or management strategy re-
lated to it (Kralisch et al., 2012). All the management strategies are
focused on the main aquifer that it is overexploited and influenced by
processes that occurred thousands of years ago, while the shallow
aquifer is affected by recent events, such as urbanization south of the
city. The absence of management implies short-term consequences for
the city. These consequences are even more relevant since the shallow

aquifer could be a complementary source of water supply if it is
properly managed. In addition, due to the depth of the urban shallow
aquifers and the types of rock and soil that are above them, these
aquifers are highly sensitive to pollution from different kinds of sources
on the surface, like industries, disposal of solid waste, sewage system,
gas stations, fuel tanks, urban zone and abandoned water extraction
wells (Soto et al., 2000). Therefore, the need of a proper planning and
management strategy that includes land use, green spaces persevera-
tion, is needed to prevent and reduce the pollution of both aquifers.

5. Conclusion

The results confirm the presence of a shallow component of the
groundwater system in the south of Mexico City. The shallow aquifer is
unconfined and hydraulically independent from the main aquifer, but it
is possible they have a connection close to the border of the shallow
aquifer. This aquifer could be considered as a complementary source of
the water supply for the city. However, a deeper analyses of water
quality and its relationship with the main aquifer is needed to under-
stand its impact on water supply for the city. Green spaces located in
zones above the shallow aquifer seem to be important for the recharge
of the aquifer in urban zones, and land use management must consider
this interaction.

Around the world, the importance of shallow aquifers are increasing
for a sustainable hydric management. The time scale of their fluxes is
short enough to react to human activities, and therefore, this allows to
evaluate the effect of human actions on the water supply. On the con-
trary, deeper aquifers have large time scale geological processes, im-
plying that the present activities would modify water management
thousands of years in the future.
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Appendix 1. List of the water extraction wells used to do the geological sections

Coyoacan Municipality

D Well name Coordinates
X y z
1 AUXILIAR XOTEPINGO 3 - A 483462.90 2134632.80 2258.20
2 LA CIENEGA 482675.41 2137817.85 2252.59
3 METRO C.U. 481711.74 2136494.21 2271.56
4 PEDREGAL DE CARRASCO 482103.09 2134828.63 2284.41
5 PEDREGAL DE SAN FRANCISCO 482721.19 2138261.74 2253.41
6 PEDREGAL DE SANTO 482113.00 2136070.00 2287.00
DOMINGO

7 PERIFERICO 3 485033.09 2134582.44 2241.10
8 PERIFERICO DIRECTO # 18 489229.00 2136506.00 2254.00
9 PERIFERICO DIRECTO # 19 488842.00 2136963.00 2238.00
10 PERIFERICO DIRECTO # 21 479702.91 2134315.98 2326.00
11 PERIFERICO DIRECTO # 24 482104.73 2135355.80 2302.00
12 PERIFERICO DIRECTO # 25 482888.62 2137328.47 2264.00
13 SANTA URSULA COAPA 483913.91 2134494.33 2252.22
14 PERIFERICO DIRECTO N° 17 482120.00 2134094.31 2260.47
Tlalpan Municipality

D Well name Coordinates

X y z

15 BELIZARIO DOMINGUEZ 481310.51 2133122.66 2287.99
16 FUENTES BROTANTES No. 1 481285.01 2132363.97 2316.55
17 JARDINES DE LA MONTANA 1 479035.24 2133959.74 2376.00
18 JARDINES DE LA MONTANA 2 478453.00 2133987.00 2264.00
19 PADIERNA PICACHO 476859.00 2134206.00 2439.00
20 SAN FERNANDO TLALPAN 481499.32 2133539.36 2282.00
21 VILLA OLIMPICA No. 2 480485.47 2134005.18 2292.24
22 XOCHITL 480772.03 2132665.91 2320.03

Appendix 2. Isotopic results from springs and wells

Site Type of site d180 d2H

A Well —10.20 —-729
B Well - 9.90 - 69.5
C Well —9.88 - 70.5
D Spring - 6.71 —50.4
E Spring —8.24 —-61.4
F Spring — 8.96 - 617
G Spring —8.92 —64.5

References Mooney, H.A., Nel, J.L., Pascual, U., Payet, K., Harguindeguy, N.P., Peterson, G.D.,

Prieur-Richard, A.-H., Reyers, B., Roebeling, P., Seppelt, R., Solan, M., Tschakert, P.,
Tscharntke, T., Turner II, B.L., Verburg, P.H., Viglizzo, E.F., White, P.C.L.,

Acosta, A., Esperanza, M., 2011. La naturaleza con derechos: de la Filosofia a la Politica. Woodward, G., 2015. Linking biodiversity, ecosystem services, and human well-
Abya-Yala. being: three challenges for designing research for sustainability. Curr. Opin. Environ.
Alvarez Sanchez, F., Carabias, Lillo, J., Meave del Castillo, J., Moreno, Casasola, P., Nava, Sustain. 14, 76-85. https://doi.org/10.1016/j.cosust.2015.03.007.
Fernandez, D., Rodriguez, Zahar, F., Tovar, Gonzalez, C., Valiente-Banuet, A., 1994. Calderén-Contreras, R., Quiroz-Rosas, L.E., 2017. Analysing scale, quality and diversity of
Proyecto para la creacién de una reserva en el Pedregal de San Angel. In: Cuadernos green infrastructure and the provision of urban ecosystem services: a case from
de Ecologia No. L. Fac’ultad de Ciencias. 1986 - En A. Rojo (Comp.) Reserva Ecolégica Mexico City. Ecosyst. Serv. 23, 127-137. https://doi.org/10.1016/j.ecoser.2016.12.
“El Pedregal de San Angel”. Ecologia, Historia Natural y Manejo, México, pp. 004.
343-369 (045510, D.F.). Candiani, V.S., 2014. Dreaming of Dry Land - Environmental Transformation in Colonial
Appelo, C.A.J., Postma, D., 2005. Geochemistry, Groundwater and Pollution, second ed. Mexico City Stanford. Stanford University Press, California. https://doi.org/10.
Taylor and Francis Group. 11126/stanford/9780804788052.001.0001.
Arce, J.L., Layer, P., Martinez, 1., Salinas, J.I., Macias-Romo, M., del, C., Morales-Casique, Cano-Santana, Z., Dominguez-Alvarez, L.A., Moyers-Arévalo, R.L., Lopez, R., Garcia-
E., Benowitz, J., Escolero, O., Lenhardt, N., 2015. Geologia y estratigrafia del pozo Jiménez, C., 2009. La Reserva Ecoldgica del Pedregal de San Angel: Estudios
profundo San Lorenzo Tezonco y de sus alrededores, sur de la Cuenca de México. Bol. Ecositémicos, Memorias in extenso CoFC1507e-25 VII Congreso sobre Areas
la Soc. Geol. Mex. 67, 123-143. Naturales Protegidas de México. San Luis Potosi, S.L.P. Jul. 13-17. Organizado por
Bennett, E.M., Cramer, W., Begossi, A., Cundill, G., Diaz, S., Egoh, B.N., Geijzendorffer, SEMARNAT, Comisién de Areas Naturales Protegidas y el Gobierno del Estado de San
LR., Krug, C.B., Lavorel, S., Lazos, E., Lebel, L., Martin-Lopez, B., Meyfroidt, P., Luis Potosi.


http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref1
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref1
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref2
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref2
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref2
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref2
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref2
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref2
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref3
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref3
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref4
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref4
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref4
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref4
https://doi.org/10.1016/j.cosust.2015.03.007
https://doi.org/10.1016/j.ecoser.2016.12.004
https://doi.org/10.1016/j.ecoser.2016.12.004
https://doi.org/10.11126/stanford/9780804788052.001.0001
https://doi.org/10.11126/stanford/9780804788052.001.0001

M. Canteiro et al.

Carrillo Trueba, C., 1995. El Pedregal de San Angel. UNAM, México, D.F.

Chebotarev, LI., 1955. Metamorphism of natural waters in the crust of weathering.
Geochim. Cosmochim. 8, 22-48.

CONAGUA, 2015. Actualizacion de la Disponibilidad Media Anual del Agua en el Acuifero
Zona Metropolitana de la Ciudad de Mexico (0901), Distrito Federal.

Cortés, A., Durazo, J., 2001. Sobre la cerradura hidrogeoldgica de la cuenca de México.
Ing. Hidrdulica En. México 16, 195-198.

Cortés, A., Farvolden, R.N., 1989. Isotope studies of precipitation and groundwater in the
sierra de las cruces, México. J. Hydrol. 107, 147-153.

Craig, H., 1961. Isotopic variations in meteoric waters. Science 133, 1702-1703 (80-.).

Darcy, H., 1856. Les Fontaines publiques de la ville de Dijon. Exposition et application des
principes a suivre et des formules a employer dans les questions de distribution d’eau,
etc. Paris.

Delgado, H., Molinero, R., Cervantes, P., Nieto-Obregén, J., Lozano-Santa Cruz, R.,
Macias-Gonzalez, H.L., Mendoza-Rosales, C., Silva-Romo, G., 1998. Geology of Xitle
Volcano in Southern Mexico City -a 2000 year- old monogenetic volcano in an urban
area. Rev. Mex. Cienc. Geoldgicas 15, 115-131.

Domenico, P.A., 1972. Concepts and Models in Groundwater Hidrology. McGrawn-Hill,
New York.

Domenico, P.A., Schwartz, F.W., 1990. Physical and Chemical, 2nd ed. John Wiley &
Sons, Inc.

Fetter, C.W., 2001. Applied Hydrology, 4th ed. Pretince- Hall.

Fischer, J., Gardner, T.A., Bennett, E.M., Balvanera, P., Biggs, R., Carpenter, S., Daw, T.,
Folke, C., Hill, R., Hughes, T.P., Luthe, T., Maass, M., Meacham, M., Norstrém, A.V.,
Peterson, G., Queiroz, C., Seppelt, R., Spierenburg, M., Tenhunen, J., 2015.
Advancing sustainability through mainstreaming a social-ecological systems per-
spective. Curr. Opin. Environ. Sustain. 14, 144-149. https://doi.org/10.1016/j.
cosust.2015.06.002.

Freeze, R.A., Cherry, J.A., 1979. Groundwater. Prentice-Hall, Inc, Englewood Cliffs, New
Jersey (07632).

Hem, J.D., 1992. Study and Interpretation of Chemical Characteristics of Natural Waters,
third ed. U. S. Geological Survey Water-Supply.

Hough, M., 2004. Cities and Natural Process, 2nd ed. Routledge.

Kralisch, S., Steiner, F., Wolf, L., Escolero, O., 2012. Risks and Potentials Related to
Shallow Urban Aquifers — A Mexican Example Urban Aquifer Management. 153.
IUWM, pp. 34-41 (fit-for-use. gwf - Wasser|Abwasser).

Lee, D.G., Roehrdanz, P.R., Feraud, M., Ervin, J., Anumol, T., Jia, A., Park, M., Tamez, C.,
Morelius, E.W., Gardea-Torresdey, J.L., Izbicki, J., Means, J.C., Snyder, S.A., Holden,
P.A., 2015. Wastewater compounds in urban shallow groundwater wells correspond
to exfiltration probabilities of nearby sewers. Water Res. 85, 467—475. https://doi.
org/10.1016/j.watres.2015.08.048.

Legorreta, J., 2006. El Agua y La Ciudad de México: de Tenochtitlan a la megal6polis del
siglo XXI, 1ra ed. Universidad Auténoma Metropolitana, Unidad Azcapotzalco,
Divisién de Ciencias y Artes para el Disefo, Departamento de Evaluacién del Disefio
en el Tiempo, Tamaulipas.

Lot, A., Cano-Santana, Z., 2009. Biodiversidad del ecosistema del Pedregal de San Angel.
Universidad Nacional Auténoma de México, México, DF. https://doi.org/10.1016/j.
chembiol.2014.08.006.

Mazari-Hiriart, M., Pérez-Ortiz, G., Orta-Ledesma, M.T., Armas-Vargas, F., Tapia, M.A.,

380

Groundwater for Sustainable Development 8 (2019) 373-380

Solano-Ortiz, R., Silva, M.A., Yafiez-Noguez, I., Lépez-Vidal, Y., Diaz-Avalos, C.,
2014. Final opportunity to rehabilitate an urban river as a water source for Mexico
City. PLoS One 9. https://doi.org/10.1371/journal.pone.0102081.

McPhearson, T., Hamstead, Z.A., Kremer, P., 2014. Urban ecosystem services for resi-
lience planning and management in New York City. Ambio 43, 502-515. https://doi.
org/10.1007/5s13280-014-0509-8.

Morales-Casique, E., Escolero, O.A., Arce, J.L., 2015. Estimacién de parametros mediante
inversién y andlisis de las pérdidas hidraulicas lineales y no-lineales durante el de-
sarrollo y aforo del pozo San Lorenzo Tezonco. Bol. la Soc. Geol. Mex. 67, 203-214.

Morales-Casique, E., Escolero, O.A., Arce, J.L., 2014. Resultados del pozo San Lorenzo
Tezonco y sus implicaciones en el entendimiento de la hidrogeologia regional de la
cuenca de México. Rev. Mex. Cienc. Geol. 31, 64-75.

Nava-Lépez, M., Jujnovsky, J., Salinas-galicia, R., Alvarez-sénchez, J., Almeida-lefiero, L.,
2009. Servicios ecosistémicos. In: Lot, A., Cano-Santana, Z. (Eds.), Biodiversidad Del
Pedregal de San Angel. UNAM, Reserva Ecolégica Del Pedregal de San Angel y
Coordinacién de La Investigacion Cientifica, D.F. México, pp. 51-60.

Piper, A.M., 1944. A graphic procedure in the geochemical interpretation of water--
analyses. Trans. Am. Geophys. Union 25, 914-924.

Reid, W.V., 2006. Nature: the many benefits of ecosystem services. Nature 443, 749-750.
https://doi.org/10.1038/443749b.

Rohde, M.M., Froend, R., Howard, J., 2017. A global synthesis of managing groundwater
dependent ecosystems under sustainable groundwater policy. Groundwater 55,
293-301. https://doi.org/10.1111/gwat.12511.

Rojo Curiel, A., 1994. Plan de manejo Reserva Ecolégica El pedregal de San Angel. In:
Rojo, A. (Ed.), Reserva Ecolégica “El Pedregal de San Angel”. Ecologia, Historia
Natural y Manejo. UNAM, D.F. México, pp. 371-382 (Comp.).

Siebe, C., 2000. Age and archaeological implications of Xitle volcano, southwestern Basin
of Mexico-City. J. Volcanol. Geotherm. Res. 104, 45-64. https://doi.org/10.1016/
S0377-0273(00)00199-2.

Soto, E., Mazari, M., Bojérquez, L., 2000. Entidades de la zona Metropolitana de la Ciudad
De México propensas a la Contaminacién de Agua Subterrdnea. Investig. Geograficas
43, 60-75.

Stiff, H.A.J., 1951. The interpretation of chemical water analysis by means of patterns. J.
Pet. Technol. 3, 15-17.

Tallis, H., Lubchenco, J., 2014. A call for inclusive conservation. Nature 515, 27-28.
https://doi.org/10.1038/515027a.

T6th, J., 2015. Geothermal phenomena in the context of gravity-driven basinal flow of
groundwater. Cent. Eur. Geol. 58, 1-27. https://doi.org/10.1556,/24.58.2015.1.

Téth, J., 1963. A theoretical analysis of groundwater flow in small drainage basins. J.
Geophys. Res. 68, 4795-4812. https://doi.org/10.1029/JZ068i016p04795.

U.S.G.S. - U.S. Geological Survey, 2007. Hydrochemistry software PhreeqC.

Wassenaar, L.I., Van Wilgenburg, S.L., Larson, K., Hobson, K.A., 2009. A groundwater
isoscape (8d, 8180) for Mexico. J. Geochem. Explor. 102, 123-136. https://doi.org/
10.1016/j.gexplo.2009.01.001.

Zambrano, L., Pacheco-Muiioz, R., Ferndndez, T., 2017. A spatial model for evaluating the
vulnerability of water management in Mexico City, Sao Paulo and Buenos Aires
considering climate change. Anthropocene 17, 1-12. https://doi.org/10.1016/j.
ancene.2016.12.001.


http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref8
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref9
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref9
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref10
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref10
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref11
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref11
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref12
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref13
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref13
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref13
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref13
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref14
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref14
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref15
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref15
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref16
https://doi.org/10.1016/j.cosust.2015.06.002
https://doi.org/10.1016/j.cosust.2015.06.002
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref18
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref18
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref19
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref19
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref20
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref21
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref21
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref21
https://doi.org/10.1016/j.watres.2015.08.048
https://doi.org/10.1016/j.watres.2015.08.048
https://doi.org/10.1016/j.chembiol.2014.08.006
https://doi.org/10.1016/j.chembiol.2014.08.006
https://doi.org/10.1371/journal.pone.0102081
https://doi.org/10.1007/s13280-014-0509-8
https://doi.org/10.1007/s13280-014-0509-8
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref26
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref26
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref26
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref27
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref27
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref27
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref28
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref28
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref28
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref28
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref29
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref29
https://doi.org/10.1038/443749b
https://doi.org/10.1111/gwat.12511
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref32
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref32
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref32
https://doi.org/10.1016/S0377-0273(00)00199-2
https://doi.org/10.1016/S0377-0273(00)00199-2
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref34
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref34
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref34
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref35
http://refhub.elsevier.com/S2352-801X(17)30138-8/sbref35
https://doi.org/10.1038/515027a
https://doi.org/10.1556/24.58.2015.1
https://doi.org/10.1029/JZ068i016p04795
https://doi.org/10.1016/j.gexplo.2009.01.001
https://doi.org/10.1016/j.gexplo.2009.01.001
https://doi.org/10.1016/j.ancene.2016.12.001
https://doi.org/10.1016/j.ancene.2016.12.001
https://www.researchgate.net/publication/330087362

	Relationships between urban aquifers and preserved areas south of Mexico City
	Introduction
	Methods
	Results
	Discussion
	Conclusion
	Acknowledgements
	Funding
	List of the water extraction wells used to do the geological sections
	Isotopic results from springs and wells
	References




