
The following article appeared in Hydrological Processes 31(13): 2365-2380 
(2017); and may be found at:  https://doi.org/10.1002/hyp.11182 

This is an open access article under the Creative Commons Attribution 
4.0 International (CC BY 4.0) license 
https://creativecommons.org/licenses/by/4.0/  

https://doi.org/10.1002/hyp.11182
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by/4.0/


Received: 16 December 2015 Accepted: 20 March 2017
DO
I: 10.1002/hyp.11182
R E S E A R CH AR T I C L E
Understanding the dynamics and contamination of an urban
aquifer system using groundwater age (14C, 3H, CFCs) and
chemistry

Jürgen Mahlknecht1 | Arturo Hernández‐Antonio1 | Christopher J. Eastoe2 |

Carol Tamez‐Meléndez1 | Rogelio Ledesma‐Ruiz1 | José A. Ramos‐Leal3 |

Nancy Ornelas‐Soto1
1Centro del Agua para América Latina y el

Caribe, Tecnológico de Monterrey, Monterrey,

NL, Mexico

2Department of Geosciences, University of

Arizona, Tucson, AZ, USA

3División de Geociencias Aplicadas, Instituto

Potosino de Investigación Científica y

Tecnológica, San Luis Potosí, SLP, Mexico

Correspondence

Jürgen Mahlknecht, Centro del Agua para

América Latina y el Caribe, Tecnológico de

Monterrey, Ave. Eugenio Garza Sada 2501,

Monterrey, NL 64849, Mexico. Arturo

Hernández Antonio, Centro del Agua para

América Latina y el Caribe, Tecnológico de

Monterrey, Ave. Eugenio Garza Sada 2501,

Monterrey, NL 64849, Mexico.

Email: jurgen@itesm.mx

Funding information

Fundación FEMSA
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

This is an open access article under the terms of th

the original work is properly cited.

© 2017 The Authors. Hydrological Processes Publ

Hydrological Processes. 2017;31:2365–2380.
Abstract
The quality of the groundwater supplying drinking water to the Guadalajara metropolitan area has

deteriorated due to both endogenic and exogenic processes. Previous studies of this complex

neotectonic volcanic environment suggest that the sources of contamination here are under-

ground fluids derived from an active volcanic center and surface wastewater derived from

regional land‐use intensification. This study uses isotopic, gaseous, and chemical signatures to

more comprehensively characterize this groundwater flow and its contamination paths. Ground-

water is mainly recharged at the La Primavera Caldera to the west and is discharged into the

Santiago River to the east. The exception to this trend is the Toluquilla area, where groundwater

most likely represents rainfall originating from outside the basin limits. Evaporation affects

groundwater in these areas, especially waters that have been affected by recycling below urban

areas in the Atejamac area and by intensive agricultural activity in theToluquilla area. Additionally,

we present evidence that groundwater flow through alluvial sediments and tuffs in deeper wells

mixes with a lower aquifer unit in basaltic‐andesitic rocks, which are in contact with hydrothermal

fluids. Groundwater ages range from postbomb in the western and northwestern regions of the

study area (i.e., the Atemajac aquifer unit) to Late Pleistocene in the southern and southeastern

regions (i.e., the Toluquilla aquifer unit). Recently recharged water records little mixing and is

located mostly in or near the La Primavera volcanic system. As groundwater undergoes gravita-

tional flow towards discharge areas, it mixes with older water components. Chloride and sodium

concentrations above natural background levels are primarily related to volcanic activity, nitrate is

associated with human activities, and sulfate originates from both anthropogenic sources and

water–rock interactions. Nitrate originating from land‐use activities (such as sewers, septic tanks,

landfills, and agricultural fields) that is introduced into the deeper part of the groundwater system

is expected to travel with the groundwater to the discharge areas because oxidizing conditions

will prevent microbial reduction.

See Supplementary Information.
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1 | INTRODUCTION

The determination of groundwater age is fundamental to most ground-

water issues. This groundwater age represents the transit time of

water through a catchment and is therefore a useful parameter for

describing catchment processes, such as rainfall response, streamflow

generation, and sources and rates of recharge (Cartwright &

Morgenstern, 2012; Mahlknecht, Gárfias‐Solis, Aravena, & Tesch,

2006a; Stewart, Morgenstern, & McDonnell, 2010). The groundwater

age allows workers to identify and distinguish the impacts of anthropo-

genic and geological contamination and is necessary for understanding

the dynamics of groundwater flow and contaminant transport (Harvey

et al., 2006; Horst, Mahlknecht, Merkel, Aravena, & Ramos‐Arroyo,

2008; Morgenstern & Daughney, 2012; Morgenstern et al., 2015).

Determining groundwater age also provides important information for

assessing an aquifer's vulnerability to contamination (Eberts, Böhlke,

Kauffman, & Jurgens, 2012; Mahlknecht, Medina‐Mejía, Gárfias‐Solis,

& Cano‐Aguilera, 2006b; Plummer et al., 2008). Thus, knowledge of a

catchment's groundwater age may help to improve water security and

can be used to manage water resources (Böhlke, Jurgens, Uselmann,
FIGURE 1 Location of study area in Mexico (box), surface geology, water tab
displayed in Figure 2. GMA = Guadalajara metropolitan area. Black line indica
& Eberts, 2014; Broers, 2004; Kazemi, Lehr, & Perrochet, 2006;

Mahlknecht, Horst, Hernández‐Limón, & Aravena, 2008).

Ideally, the groundwater age of a sample represents the transit

time of a water parcel in an aquifer system from an inlet (recharge area)

to an exit (e.g., a well or spring). This may apply to short‐screen tube

wells or confined aquifers, where the groundwater recharge area is

small relative to its distance from the exit (Małoszewski & Zuber,

1982). However, it must be emphasized that groundwater can undergo

hydrodynamic dispersion or mixing in many aquifer configurations.

Therefore, the measured groundwater age in a particular well or spring

typically represents a combination of different groundwater ages

within the aquifer. This may be the case in catchments with a large

recharge area and/or long‐screen tube wells, where stratification of

the groundwater age is often present (Appelo & Postma, 2005;

Morgenstern et al., 2015; Zuber et al., 2005).

There is compelling evidence that the groundwater below the

Guadalajara metropolitan area has been increasingly impaired for

drinking water purposes as a consequence of both natural and anthro-

pogenic processes (IMTA, 1992; SIAPA, 2004). The magma chamber

below La Primavera Caldera generates hydrothermally active systems
le distribution, locations of wells sampled in the study area, and sections
tes the delimitation of the Atemajac and Toluquilla aquifer units
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that are responsible for the vertical upward movement of hydrother-

mal fluids through faults, which then mix with regional groundwater

that may undergo recharge outside of the border of the basin

(Hernández‐Antonio et al., 2015; Sánchez‐Díaz, 2007). This groundwa-

ter circulates through basaltic and andesitic rocks, forming the deeper

Atemajac–Toluquilla aquifer unit below theToluquilla Valley (Figure 1).

It is characterized by elevated temperatures, salinity, and Cl, Na, and

HCO3 contents, and contains Li, Mn, B, and F. However, exogenic

groundwater pollution occurs mainly from the infiltration of runoff

and sewage effluents throughout the urban area of Guadalajara, as

well as from return flow from agricultural fields in theToluquilla Valley

(Hernández‐Antonio et al., 2015; SIAPA, 2004). These waters are

characterized by their low temperatures, variable salinity, and high

concentrations of NO3 and SO4, as well as by their elevated

concentrations of Cl and Na.

Guadalajara's aquifer is a typical complex groundwater system,

featuring a relatively deep water table (up to 150m below ground level)

and vertical flows that preclude the use of a simple flow model. How-

ever, relatively little information is available about its hydrogeological

settings, well constructions, and water table configuration. Preferential

groundwater flow may also account for additional local groundwater

discharge (Hernández‐Antonio et al., 2015). Thus, we propose an

appropriate method for evaluating groundwater age distribution in

order to evaluate the flow dynamics and contamination in this region.

Three‐dimensional distributed‐parameter groundwater‐flow

models with particle tracking have been successfully used by numerous

investigators to anticipate the effects of non‐point‐source contaminant

loading at the water table on production wells (Eberts et al., 2012;

Kauffman, Baehr, Ayers, & Stackelberg, 2001; McMahon et al., 2008).

However, these methods are generally expensive and time‐consuming.

As a cost‐effective alternative, we propose a lumped‐parameter model

(LPM) coupled with tracer input functions and measured

concentrations (Maloszewski & Zuber, 1996; Morgenstern et al.,

2015; Zuber, 1986). LPMs are based on simplified aquifer geometries

and flow configurations and may account for the effects of mixing

and dispersion in the aquifer and at the borehole well. They relate the

tracer concentration measured in a sample to the history of the tracer

input in recharge to the aquifer (Jurgens, Böhlke, & Eberts, 2012).

Numerous studies have used isotopes and gaseous tracers in

combination with LPMs in complex groundwater systems around the

world to monitor the security of the global drinking water supply

(e.g., Darling, Morris, Stuart, & Gooddy, 2005; Eberts et al., 2012;

Jurgens, Böhlke, Kauffman, Belitz, & Esser, 2016; Morgenstern et al.,

2015; Morris, Stuart, Darling, & Gooddy, 2005; Plummer et al., 2008;

Turnadge & Smerdon, 2014). To date, however, only a few of these

studies have been implemented in Mexico, using simplified LPMs such

as piston flows or exponential mixtures (e.g., Horst et al., 2008;

Mahlknecht et al., 2006a, 2008).

Tritium and chlorofluorocarbons (CFCs) are environmental pulse

tracers derived from the atmosphere that are used as dating tools of

young water (i.e., on timescales of 50 years or less; Cook & Solomon,

1997; Newman et al., 2010). Dating of these tracers is based on knowl-

edge of the local input function and the measured concentration of tri-

tium in the groundwater. The tritium concentration in the atmosphere

—and thus in young groundwater—recently decreased in North
America from its maximum value at the bomb‐tritium peak of the

1960s, ultimately reaching prebomb values around 1992 (Eastoe,

Watts, Ploughe, & Wright, 2012). Horst et al. (2008) estimated the

local input function of tritium in an area near Guadalajara using Inter-

national Atomic Energy Agency/Global Network of Isotope in Precipi-

tation data from its two closest stations (Chihuahua and Veracruz). In

contrast, the historical atmospheric concentration of CFCs—and thus

the air‐mixing ratios recorded in groundwater—is very well docu-

mented (Clark & Fritz, 1997; Cook & Solomon, 1997; Kendall &

McDonnell, 2012; Leibundgut, Maloszewski, & Külls, 2009).

Radiocarbon (14C) is the leading tool for estimating the age of paleo‐

and fossil groundwater, which can be used to date samples that are

hundreds of years to approximately 35,000 years old (Clark & Fritz,

1997; Li et al., 2015). Radiocarbon dating is usually performed by

measuring the loss of the parent radionuclide (14C) in the dissolved inorganic

carbon (DIC) of a given groundwater sample. Because chemical reactions

and the evolution of carbonate systems may dilute the initial 14C activity

in the DIC, this age must be adjusted geochemically (Clark & Fritz, 1997;

Kalin, 2000;Vogel, 1970). Carbon‐13‐mixingmodels (e.g., Fontes&Garnier,

1979; Ingerson & Pearson, 1964) are very useful in correcting 14C ages.

These adjustment models use measured 13C, combined with 14C activity

and a series of other parameters (e.g., alkalinity, pH, and temperature).

The objectives of this study are four‐fold: (a) to evaluate groundwa-

ter flow patterns in theGuadalajara area, (b) to estimate groundwater res-

idence times, (c) to assess contamination trends and aquifer vulnerability

to surface sources, and (d) to provide recommendations for groundwater

protection and management. The combination of methods presented

here may also be applied to other catchments in Mexico.

This study uses the classification scheme developed by

Hernández‐Antonio et al. (2015). Based on groundwater composition

and M3 (Laaksoharju, Skårman, Gómez, & Gurban, 2009), which is a

principal component analysis code, groundwater samples were classi-

fied into four groups: cold groundwater, hydrothermal groundwater,

polluted groundwater, and mixed groundwater. Cold groundwater

(group CG) refers to water characterized by low temperatures, salinity,

and Cl and Na concentrations; this groundwater is predominantly of

the Na‐HCO3‐type. Typically, CG originates as recharge in the La

Primavera Caldera and is predominantly found in wells in the upper

Atemajac Valley. Hydrothermal groundwater (group HG) is character-

ized by its high salinity, temperatures, and Cl, Na, and HCO3 content;

it also contains minor elements, such as Li, Mn, and F. This water is a

mixed‐HCO3‐type found in wells fromToluquilla Valley and has under-

gone regional circulation through basaltic and andesitic rocks. Polluted

groundwater (group PG) is characterized by elevated nitrate and sul-

fate concentrations and is usually derived from urban water cycling

and agricultural return flow. Mixed groundwater (group MG) features

properties between those of the cold, hydrothermal, and polluted

types and is predominantly found in the lower Atemajac Valley.
2 | STUDY AREA

The Guadalajara Metropolitan Area (GMA) is located in the western

portion of the Mexican Volcanic Belt, a Plio–Quaternary E–W‐trending

alkaline and subalkaline volcanic province (Campos‐Enríquez,
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Domínguez‐Méndez, Lozada‐Zumaeta, Morales‐Rodríguez, &

Andaverde‐Arredondo, 2005), consisting of nearly 8,000 volcanic

structures and several intrusive bodies (Demant, 1978). The Mexican

Volcanic Belt (which is approximately 1,000 km long) crosses central

Mexico from the Pacific Ocean to the Gulf of Mexico. The study area

(1,368 km2) has a warm temperate climate with an average annual

temperature of approximately 19.5 °C and an average annual rainfall

of 989 mm in the north‐central region and 904 mm in the south‐cen-

tral region (CONAGUA, 2015a, 2015b). The most important waterway

in this area is the Santiago River, which flows through a canyon that is

over 500 m deep to the east and north of the GMA (Figure 1). The

Atemajac and Toluquilla Valleys comprising the GMA are bordered

by hills, volcanic cones (El Cuatro, San Martín, and El Colli), plateaus

(Tonalá), and volcanic calderas (La Primavera), among other features

(Sánchez‐Díaz, 2007). A more detailed description of the tectonic set-

ting is given in Hernández‐Antonio et al. (2015).

The Atemajac and Toluquilla Valleys feature a relatively thin cover

of Quaternary lacustrine deposits overlying a thick section of Neogene

volcanic rocks, including silicic domes, lava and cinder cones, lithic tuffs,

basalts, ignimbrites and other pyroclastic rocks, andesitic lavas and vol-

canic breccias, and an Oligocene granite basement (Campos‐Enríquez

et al., 2005; Gutiérrez‐Negrin, 1988; Urrutia‐Fucugauchi et al., 2000).
FIGURE 2 Hydrogeological sections of the Atemajac–Toluquilla aquifer s
according to groups. PFM = piston flow model; EPM = exponential piston‐
Hydrogeologically, these valleys are underlain by two aquifers

(Figure 2). The upper aquifer consists of alternating layers of pumice

sand and ash flow tuff (the Tala Tuff) with interbedded lava flows.

These units comprise a 450‐m‐thick unconfined aquifer with hydraulic

conductivities ranging from 1.6 × 10−7 to 2.0 × 10−4 m/s (CONAGUA,

2015a, 2015b; Sánchez‐Díaz, 2007). The groundwater recharge

sources of this aquifer are rainwater and water ascending vertically

from the lower aquifer (Gutiérrez‐Negrín, 1991). Here, groundwater

flows through faults and theTalaTuff towards the central and northern

regions of the study area. Pumping wells are drilled in the upper aqui-

fer, reaching depths of 500 and 380 m in the Atemajac and Toluquilla

Valleys, respectively. Figures 1 and 2 display a map and cross‐sections

of the aquifer. The water table is 150 m below ground level in the

Atemajac Valley and 50 m below ground level in the Toluquilla Valley

(SIAPA, 2004). In the Atemajac Valley, the direction of groundwater

flow is mainly oriented from the southwest to the northeast, moving

from topographically higher areas towards the Santiago River, with

possible recharge originating from normal faults west of Guadalajara

city (Figure 2, Section I). In contrast, groundwater flow inToluquilla cir-

culates from the northwest to the southeast (Figure 2, Section II;

SIAPA, 2004; CONAGUA, 2009). Over the past several decades,

depression cones resulting from excessive pumping have locally
ystem as indicated in Figure 1. Lumped parameter models are applied
flow model; EMM = exponential mixing model
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modified these flow paths. Most discharge occurs through wells and

from springs in the escarpment of the Santiago River Canyon

(CONAGUA, 2015a, 2015b; SIAPA, 2004). Due to this heavy extrac-

tion from the aquifer system, water table levels are falling by an aver-

age of 2.2 m/year and 0.3 m/yr in the Atemajac and Toluquilla aquifers,

respectively (SIAPA, 2004).

The lower aquifer consists of Pliocene‐age andesites, rhyolites,

and rare basalts with secondary permeability caused by fractures and

hydraulic conductivities ranging from 10−8 to 10−4 m/s. Groundwater

in this semiconfined to confined aquifer undergoes regional flow circu-

lation in a southeast‐northeast direction (Ramírez, del Razo, & Mata,

1982). This aquifer contains geothermal fluids and features a vertical

upward flow, especially in the Toluquilla Valley (Venegas et al., 1991;

SIAPA, 2004). Chloride mass balance calculations indicate that approx-

imately 11% of water in the upper aquifer of the La Primavera caldera

originates from the lower aquifer (Sánchez‐Díaz, 2007).
3 | MATERIALS AND METHODS

3.1 | Field and laboratory methods

Twenty water samples collected from wells were analyzed for their

major and minor ions, isotopic ratios (2H, 18O, 13C), activities (3H,
14C) and gaseous concentrations (CFCs). Field parameters, such as

temperature, pH, electrical conductivity (EC), and dissolved oxygen

(DO), were measured using portable meters (Orion Star, Thermo Fisher

Scientific, Waltham, MA, USA). Alkalinity was determined in the field

using volumetric titration (0.02 N H2SO4) to achieve a pH of 4.3 in fil-

tered water samples. At each sampling site, new and prerinsed low‐

density polyethylene bottles were filled with filtered (0.45 μm) sample

water for analysis of anions, cations, stable water isotopes, and tritium.

All groundwater samples were obtained by tapping wells during pro-

duction. Borehole depth and water table depth varied from 24 to

300 m below ground level and from 25.0 to 94.6 m below ground level,

respectively (Table 1). Wells were almost always completely screened.

Samples used for cation and silica measurements were acidified

using ultrapure HCl to reach a pH of <2, and all samples were stored

in the laboratory at a constant temperature of 4 °C. Dissolved cations

and anions were measured using inductively coupled plasma mass

spectrometry and ion chromatography, respectively. Duplicates of

selected samples were analyzed using inductively coupled plasma opti-

cal emission spectrometry and ion chromatography, following standard

methods (APHA, 2012).

Samples analyzed for their δ18O‐H2O and δ2H‐H2O compositions

were collected in 0.1‐L glass bottles and measured using the H2O‐H2

equilibration method (2H), which has an analytical precision of

±1.0‰, and the H2O‐CO2 equilibration method (18O), which has an

analytical precision of ±0.15‰ when obtained with an isotope ratio

mass spectrometer (MM 903; VG Isogas Ltd, Middlewich, UK). These

results are reported as δ‐values with respect to the Vienna Standard

Mean Ocean Water standard.

Sample collection and measurement of CFC‐11 (CCl3F), CFC‐12

(CCl2F2), and CFC‐113 (CCl2FCClF2) were performed using the

methods described by Oster, Sonntag, and Münnich (1996). Samples
were collected in 500‐mL glass flasks with ground necks that were

stored in water‐filled containers to prevent contamination. After under-

going preconcentration using a purge‐and‐trap technique, analyses were

performed at Spurenstofflabor, Wachenheim, Germany, on a gas chro-

matograph with an electron‐capture detector. These results are reported

in pmol/L. The detection limit was close to 10−4 pmol/L, thus allowing

the measurement of CFC concentrations as low as 0.01 pmol/L. For

water samples, the measured 1σ reproducibility was better than ±5%.

Tritium (3H) was analyzed at the Environmental Isotope Labora-

tory, University of Arizona (Tucson, AZ, USA). The electrolytical enrich-

ment method used was similar to that of Oestlund and Werner (1962).

Counting was performed using a Quantulus 1220 liquid scintillation

spectrophotometer (PerkinElmer, Waltham, MA, USA). Tritium con-

centrations are reported in tritium units (TU), in which 1 TU is equal

to one tritium atom in 1018 hydrogen atoms. The detection limit was

0.3 TU, and the analytical precision of each measurement was typically

better than ±10%.

Carbon‐13 (13C) measurements were performed, using a Finnigan

Delta S spectrometer (Thermo Fisher Scientific, Waltham,

Massachusetts, USA), on carbon dioxide previously released by acidify-

ing sample water (McCrea, 1950). These results are reported in δ13CDIC

with respect to the Vienna Pee Dee Belemnite (VPDB) standard and

feature an analytical precision of 0.15‰ (1‐σ). Radiocarbon activity

was measured by accelerator mass spectrometry at the NSF‐Arizona

Accelerator Facility for Radioisotope Analysis (Tucson, AZ, USA) and is

reported as percent modern carbon (pMC). The analytical precision

(1‐σ) ranged from 0.1 pMC (for pMC values near zero) to 0.5 pMC (for

pMC values near 100 pMC).
3.2 | Interpretation methods

Chlorofluorocarbons are environmental tracers that can be used to

date young groundwater (Mahlknecht et al., 2006b; Newman et al.,

2010; Stewart, Morgenstern, McDonnell, & Pfister, 2012). The atmo-

spheric concentration of CFCs is relatively uniform in the Northern

Hemisphere, which facilitates the calculation of initial mixing ratios in

groundwater. However, local sources from cities and industries, sorp-

tion, or even the sampling process may affect the levels of CFCs mea-

sured within a sample (Plummer et al., 2001). Additionally, microbial

degradation may occur under reducing conditions (Cook & Solomon,

1995; Plummer et al., 1998). In the aquifer system studied here, it is

unlikely that microbial degradation of CFCs has taken place due to its

generally oxic conditions, in which the DO content ranges between

3.3 and 7.9 mg/L (Table 1). However, contamination from local

sources, such as industries and landfills, as well as return flow from irri-

gated land, makes it challenging to perform accurate age dating on

these samples. In several cases, various CFCs do not yield concordant

ages. Tritium concentrations are frequently near the limit of detection,

which also prevents correct age dating. Thus, in this study, CFCs and

tritium were only used as qualitative age tracers.

Radiocarbon was used to evaluate older (>1 ka) groundwater in

the Atemajac–Toluquilla aquifer system. Unadjusted 14C ages were

calculated from measured 14C activities of DIC using the Libby half‐life

(5,568 years) and assuming an initial 14C activity (a0) of 100% modern

carbon (pMC). In the age‐adjustment process, samples were divided
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into two groups and treated differently. Age adjustments for samples

in the recharge area (group CG) were made using the formula‐based

F&G adjustment model (Fontes & Garnier, 1979). This model considers

a two‐stage evolution of recharge waters, accounting for the dissolu-

tion and isotopic exchange of carbonate minerals with CO2 in the

unsaturated zone, as well as isotopic exchange with carbonate rocks

in the saturated zone (Clark & Fritz, 1997; Plummer & Glynn, 2013;

Plummer, Prestemon, & Parkhurst, 1991).

Age adjustments for nonrecharge samples (groups MG and HG)

were performed using NetPathXL (Parkhurst & Charlton, 2008), which

is a revised version of NETPATH (Plummer, Prestemon, & Parkhurst,

1994) that runs under Windows operating systems. NETPATH is a

computer program that uses inverse geochemical modeling techniques

to calculate net geochemical reactions that can account for changes in

the chemical and isotopic compositions of water between initial and

final evolutionary waters in hydrologic systems. It can also estimate

radiocarbon ages of dissolved carbon in groundwater. The inverse geo-

chemical approach was applied along approximate flow sections, and

these results represent chemical transfer rates between initial and final

wells.As demonstrated in a previous study (Hernández‐Antonio et al.,

2015), normal faults can facilitate the vertical upward flow of hydro-

thermal fluids from lower regions to upper units; this must be taken

into consideration during the geochemical modeling process. There-

fore, we attempted to model the evolution of each final water sample

(represented by nonrecharge samples from groups MG and HG) as the

result of mixing recharge water (represented by samples from group

CG) with hydrothermal fluids. The composition of the hydrothermal

fluid was defined as that of deep well PP‐1 (T = 255 °C,

Cl = 851 mg/L, B = 120 mg/L, Li = 9.9 mg/L, and Na = mg/L), which

is located in the La Primavera geothermal field (Maciel‐Flores &

Rosas‐Elguera, 1992). Reaction equations were derived from the

NETPATH database. The constraints used in these models were Ca2

+, Mg2+, HCO3
−, SO4

2−, Cl−, SiO2, and carbon‐13; the phases used

were CO2 (gas), calcite, gypsum, albite, potassium feldspar, biotite,

halite, amorphous silica, Ca/Na ion exchange, and kaolinite. These

phases are believed to be reactive, based on lithological and mineralog-

ical data (Mahood, 1980, 1981; Sánchez‐Díaz, 2007) and geochemical

stability calculations (Morán‐Ramírez, Ledesma‐Ruiz, Mahlknecht, &

Ramos‐Leal, 2016). The initial 14C value (A0) is adjusted for the

modeled geochemical reactions along a flow path between the initial

and final water samples. The program constructs a series of geochem-

ical adjustment models to estimate the 14C content of TDC in water

from well B without radioactive decay (And). The travel time between

A and B can be calculated from the decay equation as follows:

Δt ¼ 5730
ln2

ln
And

Aobs
;

where Aobs represents the measured 14C values of groundwater samples.

A series of models (original data, mass balance, Vogel, Tamers, Mook, and

Fontes & Garnier) were used to compute And, and a range of obtained

ages are reported to account for uncertainty (Plummer et al., 1994).

Several assumptions were made for both the recharge and

nonrecharge waters. The 14C activity and δ13C value of dissolved car-

bonate minerals were set as 0 pMC and 0‰ VPDB, respectively. The
14C activity of soil CO2 in all samples is approximately 100 pMC (Kalin,

2000), with the exception of sample no. 35, which is clearly a modern

water sample and therefore has a higher initial activity of 105 pMC, as

has been reported in previous studies (e.g., Horst, Mahlknecht, López‐

Zavala, & Mayer, 2011). The δ13C value of soil CO2 was set as −18‰

VPDB to account for the assortment of C3 and C4 plants in the

recharge area. Isotopic fractionation factors were calculated using

the methods of Vogel, Grootes, and Mook (1970); Mook, Bommerson,

and Staverman (1974); and Deines, Langmuir, and Harmon (1974).
4 | RESULTS

4.1 | Groundwater chemistry and stable isotopes

Analytical results for physicochemical parameters, ionic concentra-

tions, and isotopic ratios are listed in Table 1. Groundwater samples

record relatively neutral pH values, ranging from 6.2 to 8.7 (with an

average value of 7.0), temperatures ranging from 21.8 to 36.4 °C (aver-

age 27.4 °C), and highly variable EC values ranging from 108 to

2310 μS/cm (Table 1). DO concentrations vary between 3.3 and

7.7 mg/L, suggesting variable oxidation conditions. In general, the

dominant cations are Na > > Ca > Mg > K, and the dominant anions

are HCO3 > > Cl > SO4 > NO3 > F. Chloride, nitrate, sulfate, and fluo-

ride are of particular interest because they were considered to be con-

taminants in several previous studies (IMTA (Instituto Mexicano de

Tecnología del Agua)., 1992; SIAPA, 2004; Sánchez‐Díaz, 2007). The

concentrations of these elements measured in this study range from

0.3 to 229 mg/L (chloride), 0 to 25.4 mg/L (nitrate), 0.2 to 95.2 mg/L

(sulfate), and 0 to 4.9 mg/L (fluoride).

Stable water isotopes may provide information about the origin of

groundwater and its subsequent evaporation processes. Oxygen‐18

and 2H concentrations vary from −10.3 to −5.7‰ and from −72.2 to

−47.5‰, respectively (Table 1). Figure 3a compares these groundwa-

ter values with those of with global (Rozanski, Araguás‐Araguás, &

Gonfiantini, 1993) and regional (Wassenaar, Van Wilgenburg, Larson,

& Hobson, 2009) meteoric water lines (GMWL and RMWL, respec-

tively). This comparison suggests that the groundwater sampled in this

study is of meteoric origin that has undergone varying degrees of

evaporation and mixing with hydrothermal fluids (Figure 3a,b). Previ-

ous investigations (IMTA (Instituto Mexicano deTecnología del Agua).,

1992) observed a similar trend. Hydrothermal groundwater records a

narrow range of 18O (−9.3 to −8.8‰) and 2H (−68.4 to −64.7‰) values

(Table 2). In general, it tends to fall slightly below and parallel to the

RMWL, likely representing the incorporation of precipitation of a dif-

ferent origin, such as rainstorms originating from outside the basin

limits (e.g., Mahlknecht, Schneider, Merkel, de Leon, & Bernasconi,

2004). These samples also record isotopic depletion, indicating that

recharge by meteoric water is low; this is further supported by the

presence of a deuterium excess ranging from 4 to 8‰, with an average

value of 5.5‰ (Hernández‐Antonio et al., 2015).
4.2 | Groundwater age

A direct indicator of groundwater flow and the migration of contami-

nants is that of groundwater age. Age tracer results are shown in



FIGURE 3 (a) Deuterium and oxygen‐18 compositions in groundwater from the Atemajac–Toluquilla aquifer system, based on well groups and
findings from previous studies (IMTA (Instituto Mexicano de Tecnología del Agua)., 1992; SIAPA, 2004); (b) oxygen‐18 vs. chloride
concentrations. GMWL = global meteoric water line (Rozanski et al., 1993); RMWL = regional meteoric water line (Wassenaar et al., 2009);
VSMOW = Vienna Standard Mean Ocean Water
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Table 2. Tritium values in groundwater samples range from 0.3 to

3.0 TU. The activity of 3H in rainwater in Central Mexico has been

decreasing since the 1960s and finally dropped below 3 TU in 2007

(Horst et al., 2008); it is estimated that the current tritium level has

since stabilized between 2 and 3 TU (Figure 4). A graph of 3H and
14C values reveals two different trends (Figure 5a). First, samples with

elevated 3H values (>1.5 TU) and relatively high 14C values (>80 pMC)

represent young waters or recent recharge that have undergone little

mixing with other waters; these are located primarily in the La Prima-

vera volcanic system. These waters record increasing δ13C with

increasing 14C (except for sample no. 9; Figure 5b), low EC, Cl, DIC,

and temperatures (Figure 5c, d), and high nitrate concentrations

(NO3‐N > 1 mg/L; Figure 5e). The high 14C/δ13C endmember has a

δ13C value of approximately −8‰. The second trend observed in

Figure 5a is vertical, in which all samples record low concentrations

of tritium (largely <1 TU) and variable 14C values (1 to 60 pMC). In this

trend, δ13C increases from −14 to −2‰ with decreasing 14C values.

Samples in this set mainly consist of prebomb water samples. The pres-

ence of a small but detectable amount of tritium in many samples with

very low 14C values (< 10 pMC) indicates that some mixing with

postbomb recharge may have occurred, even in samples that appear

to represent the oldest prebomb groundwater samples. However, as

mentioned above, low tritium values close to the detection limit

(<0.7 TU: No. 5, 16, and 22) may not be true values, as the detectable

tritium values in hydrothermal and mixed groundwater samples could

easily have come from bore leakage. Low‐14C waters are found mostly

inToluquilla and record elevated EC, Cl, and DIC values and low nitrate

concentrations (NO3‐N < 0.1 mg/L, Figure 4e). They have enriched 18O

values (−8.7 to −9.3‰) relative to cold water (−9.3 to −10.4‰), which

are lower in 18O; isotopic values of mixed waters lie between these

two endmembers, as is expected (Table 1, Figure 5f).

All samples record detectable levels of CFCs (Table 2). which indi-

cates that all sampled groundwater contains at least a small fraction of

water recharged after 1940. Closer analysis of these results reveals

additional information. For example, sample 12 (Agua Azul), which

was collected from the Guadalajara urban area, is an outlier, indicating

that it was affected by local pollution and is therefore not viable for
age dating. Figure 6a demonstrates that samples 22 (Rancho Alegre)

and 35 (Vivero Los Amigos) do not fall on the CFC‐11/CFC‐12 model

curves, thus indicating that they have been contaminated by CFC‐11

and CFC‐12. Sample 35 was collected from the recharge area, and

sample 22 was collected from a recreational area far from any urban

area or obvious CFC source. Therefore, their increased CFC concentra-

tions may be attributed to contamination with CFC compounds during

sampling or from a nearby landfill. The anomalous CFC‐11/CFC‐12

ratios plotting off the model line could also be due to the degradation

of CFC‐11 or CFC‐12 (Plummer, Busenberg, & Cook, 2006). Figure 6b

indicates that most CFC‐12 and CFC‐113 data plot along the exponen-

tial mixing and dispersion line, thus demonstrating the viability of these

two LPMmodels. As mentioned above, points lying off of this curve may

indicate that contamination or degradation of CFC‐12 and/or CFC‐113

has occurred (Plummer et al., 2006). Samples 29 (Tesistan 56) and 30

(Tesistan 70) were obtained from the recharge area and may thus

reflect contamination occurring during the sampling process. The

relatively high proportion of contaminated samples can be explained

by the fact that several samples were collected from sites in urbanized

and industrialized areas, where potential CFC sources are ubiquitous.

Analysis of the spatial distribution of CFCs from noncontaminated

sites in the study area indicates that CFC concentrations are generally

higher in the Atemajac area than they are inToluquilla (Figure 7a). This

can be attributed to relatively shorter residence times in the fractured

and fissured media of Atemajac. Inside the Toluquilla area, regions of

higher concentrations coincide with elevated areas along the western

border. Springs and wells tapping lower aquifer units in the southern

and southeastern regions of the area have generally low CFC‐12 con-

centrations compared to those observed in younger rocks in the north-

western and western regions. A similar trend is observed for

radiocarbon concentrations (Figure 7b).

Radiocarbon age dating results are shown in Table 2. Unadjusted
14C ages range from zero age to 39 ka. Adjusted 14C ages for samples

from recharge zones (group CG) are generally modern. More geochem-

ically evolved samples (i.e., nonrecharge samples) yield ages ranging

from modern to 14 ka in mixed groundwater samples and from 13 to

27 ka in hydrothermal water samples.
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FIGURE 4 Atmospheric concentrations of transient tracers measured
as a function of time. Tritium input function is estimated using the
IAEA‐GNIP network data from the two closest stations, Veracruz and
Chihuahua (Horst, Mahlknecht, & Merkel, 2007). Chlorofluorocarbons
(CFCs) were measured at Niwot Ridge, Colorado, USA (USGS, 2015)
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5 | DISCUSSION

5.1 | Evaluation of groundwater flow patterns

Hydrogeological, chemical, and isotopic data indicate that local

groundwater recharge is primarily caused by the infiltration of rainfall

over the La Primavera caldera in the central‐western region of the

study area. Groundwater flows to the northeast (Atemajac Valley), east

(Guadalajara), and southeast (Toluquilla Valley) through the upper
FIGURE 5 Radiocarbon activity in the Atemajac–Toluquilla aquifer sys
(e) temperature, and (f) oxygen‐18
alluvial sediments towards the valley floor and the Santiago River. This

groundwater is of the Na‐HCO3 water type, which is characterized by

low temperatures, salinities, and Cl and Na contents, as well as ele-

vated NO3 concentrations and relatively high tritium (0.5–2.9 TU),

CFC‐12 (generally >1.0 pmol/L), CFC‐13 (0.8–2.2 pmol/L), and radio-

carbon (68–103.5 pMC) activities (Table 2). These data indicate that

little mixing of flow paths has occurred and that recent recharge orig-

inated from pristine soils and return flow from agricultural plots.

In general, the temperature and salinity of the groundwater

increase along the flow path through the upper aquifer (alluvial sedi-

ments and Tala Tuff) due to the admixture of regional groundwater

from the lower aquifer unit (basaltic‐andesitic rock formations) and

hydrothermal fluids produced by the magma chamber below La Prima-

vera Caldera. Geochemical modeling indicates that the contribution of

hydrothermal waters approaches 0.5% in the northern‐central region

(Atemajac Valley) and 20% in the southern region (Toluquilla Valley;

Table 2). Groundwater in deep wells from the Toluquilla area are Mg‐

HCO3 and mixed HCO3 waters, characterized by elevated tempera-

tures, salinity, and Cl, Na, and HCO3 contents, as well as low contents

of tritium (<1.7 TU), CFC‐12 (0.3–0.5 pmol/L), CFC‐13 (0.03–

0.07 pmol/L), and radiocarbon (0.9–6.6 pMC). The isotopic composi-

tion of this groundwater thus confirms that the waters from shallow

and deep rock materials are interconnected.

A second, more local trend is observed in groundwater that

circulates through the upper aquifer (i.e., the Tala Tuff Formation) in

the direction of urban Guadalajara. These waters are affected by

anthropogenic pollution, resulting in the generation of a Na‐SO4 to

mixed‐HCO3 water type with relatively high contents of SO4, NO3,

Na, Cl, and tritium (>2 TU). In general, these sites record CFC con-

tamination that can potentially be attributed to landfills or industrial

processes.
tem vs. (a) tritium, (b) carbon‐13, (c) alkalinity, (d) nitrate content,



FIGURE 6 Mixing ratios of chlorofluorocarbons (CFCs) for collected
groundwater and selected models: (a) CFC‐11 vs. CFC‐12 mixing
ratios; (b) CFC‐113 vs. CFC‐12 mixing ratios. PFM = piston flow model;
EMM = exponential mixing model; DM = dispersion model. Sample 12
falls outside the plot area
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5.2 | Assessment of groundwater ages

To a first order, the presence of detectable CFCs and tritium in ground-

water is evidence that post‐1950 recharge has occurred in the study

area. However, the presence of CFCs and tritium in more evolved

groundwater samples indicates that water leakage has occurred

between the upper and lower aquifer units in the well. This is a very

common aspect of Mexican public wells, which are almost always

completely screened and thus capture different aquifer units. These

wells may also be affected by return flow in irrigated areas, especially

in Toluquilla (Horst et al., 2008; Mahlknecht et al., 2006a; Mahlknecht

et al., 2008).

The cold groundwater of the upper aquifer likely underwent

mixing with lower‐aquifer water to a detectable extent, so that its

CFC concentrations were not attenuated. The geochemical data pre-

sented in Figure 5 are consistent with mixing between upper and lower

aquifer waters (i.e., mixed and hydrothermal group waters); waters in

the upper aquifer's “cold groundwater” category are consistent with

having undergone mixing with different types of dissolved rock carbon.

The interpretation of CFC gas tracers depends on the age of the

atmosphere preserved in the infiltrating water as it reaches the water

table, which ranges in its depth from 25.0 to 95.6 m below ground level
(Table 1). Because of diffusion processes, travel time delays or lag

times of up to 30 years can occur. This indicates that mean residence

time values must be reduced by these lag time values in order to obtain

correct age estimates. Cook and Solomon (1995) and later Engesgaard

et al. (2004) each developed an analytical correction model assuming

exponential or linear increases, respectively, of CFCs in the unsatu-

rated soil zone; these models can be applied to correct for this lag time.

However, these correction models do not take into account the con-

tinuously declining water table (which has receded by some tens of

meters over the past 50 years), barometric pumping (Nilson, Peterson,

Lie, Burkhard, & Hearst, 1991), and considerable groundwater fluctua-

tions (Li & Jiao, 2005). Therefore, residence times computed from

CFCs are erratic.

Radiocarbon activities are generally less influenced by water table

fluctuations, pumping, and sampling because the atmospheric partial

pressure of CO2 is lower than that of soil CO2, and degassing only pro-

duces minor fractionation (Clark & Fritz, 1997). This explains why CFC‐
14C tracer‐tracer plots often do not match. Additionally, the CFC age

values of hydrothermal water are older than the maximum age that

can be measured by CFC age dating (50 years), which makes this tracer

a less reliable age indicator. These observations demonstrate that mea-

sured CFC values can better serve as an indicator of potential surface

contamination than as an age dating tool.

The combination of PCO2, DIC, and δ13CDIC data can reflect

recharge conditions (Li et al., 2015). The calculated PCO2 of samples

12 and 35, which have shallow well depths of 40 and 25 m, respec-

tively, is similar to that of soil (approximately 10–1.8 units; Clark & Fritz,

1997), which represents calcite dissolution occurring under open con-

ditions (Table 1). In contrast, the δ13C values of these samples (−9.0

and −8.6‰, respectively) indicate that the δ13CsoilCO2 is approximately

−18‰ under the given pH conditions (7.1 and 6.6 pH units). This value

represents a combination of C3 and C4 organic material, which is con-

sistent with the mixed vegetation appearing in recharge areas, namely,

grassland and shrubland with Quercus and Pinus as their major taxa,

according to Zárate‐del‐Valle, Ramírez‐Sánchez, Fernex, Simoneit,

and Israde‐Alcántara (2011).
5.3 | Assessment of contaminant evolution and
aquifer vulnerability to surface sources

Wells and springs with different groundwater travel times (i.e., differ-

ent geochemical ages) can be used to evaluate chemical differences

in groundwater. In this study, groundwater ages are used to investigate

possible chemical interactions and how they affect the geochemical

evolution of the Atemajac–Toluquilla aquifer system. Analysis of 14C

data makes it possible to view differences between groups and

observe changes along a flow path. We are thus able to determine rela-

tionships between groundwater ages and water quality parameters

(Figure 8). For example, concentrations of chloride, Na, Li, and Mn

are greater in hydrothermal waters than they are in cold and mixed

waters, and their concentrations increase with increasing 14C age.

In contrast, NO3 contents are relatively high in some local cold

waters but are insignificant in hydrothermal and mixed waters. This is

important because all sites with high NO3 contents are located in

and near recharge zones in the western region of the study area (i.e.,



FIGURE 7 Spatial distribution of age tracers in groundwater of the Atemajac–Toluquilla aquifer system: (a) CFC‐12 mixing ratios, (b) 14C activities

FIGURE 8 Radiocarbon and chlorofluorocarbons (CFCs) correlating to
residence times vs. selected chemical elements
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Nextipac, La Venta del Astillero). Their locations indicate that NO3

inputs are derived partly from the urban drainage system and partly

from the use of fertilizers. Much of this increase in NO3 concentration
has occurred during the past few decades, reaching NO3‐N values of

up to 25 mg/L. These increased NO3 values are expected to persist

over the next few decades, regardless of whether NO3 pollution con-

tinues, because the microbial reduction of NO3 is precluded at the

measured DO contents of 3 to 8 mg/L. However, the previously

described mixing of groundwater between the upper and lower aqui-

fers may mitigate the effects of this contamination, except in recharge

areas.

Sulfate concentrations appear to follow two different trends: First,

young waters contain elevated concentrations of up to 95 mg/L, which

can likely be attributed to surface sources such as ammonium sulfate

fertilizers; second, hydrothermal waters also contain elevated concen-

trations, thus reflecting a geothermal influence. Bicarbonate patterns

are similar to those of Na and record relatively high concentrations in

hydrothermal waters compared to other waters. Alkali and alkaline

earth metals, Cl, and HCO3 tend to increase with groundwater age

due to water–rock interactions (Figure 7; Tables 1 and 2). Strontium

isotopes (87Sr/86Sr ratio) measured in water can be used to character-

ize sources and processes responsible for elevated concentrations of

SO4 and other groundwater constituents (Horst et al., 2011).

Fluoride concentrations above the drinking water standard have

been detected in cold and hydrothermal waters in several communities

(San Juan de Ocotlán, San Sebastián El Grande, Santa Anita, Los

Gavilanes, La Tijera, El Palomar, south Zapopan, and west

Tlaquepaque), which supports the findings of a previous study

(Sánchez‐Díaz, 2007). In general, fluorite and hydroxyl minerals such

as muscovite, biotite, and apatite may be the source of this F. Biotite

is a common accessory mineral in igneous rocks within the study area

(Morán‐Ramírez et al., 2016). Cold waters with elevated HCO3 and Na

contents are alkaline and have relatively high concentrations of
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hydroxyl ions, which can replace F in fluoride‐bearing materials and

release F into the groundwater (Guo, Wang, Gao, & Ma, 2007).

The high values of F in hydrothermal waters indicate the presence

of an additional source of F, such the process of evaporation. In gen-

eral, a solubility control on calcium fluoride (CaF2) produces an inverse

relationship between Ca and F ions. After evaporation, calcite is pre-

cipitated, which reduces the concentration of Ca and consequently

enriches the concentration of F in the remaining groundwater. In the

Guadalajara aquifer system, only hydrothermal waters are

oversaturated with calcite, possibly due to evaporation, and the precip-

itation of calcite may thus promote the dissolution of calcium fluorite,

as has been previously suggested by Morán‐Ramírez et al. (2016).

In the cold and polluted groundwater samples, there is a general

correlation between SO4 and NO3 (r2 = .7, p = .01), but not between

Cl and NO3 (r2 = .0; p = .90); an anticorrelation exists between F and

NO3 (r
2 = .2; p = .43). These data suggest that, in most cases, fertilizer

(rather than human or animal waste) may represent the source of NO3

in these sample, thus confirming that F and NO3 have distinct sources.

Nitrate isotopes could be used to test this hypothesis (Pastén‐Zapata,

Ledesma‐Ruiz, Harter, Ramírez, & Mahlknecht, 2014).

The map of CFC‐12 concentrations in Figure 7 indicates a degree

of vulnerability to surface sources of contamination. A trend can be

observed in which sites with higher CFC concentrations have greater

expected contributions from vertical surface sources. This distribution

suggests that the Atemajac aquifer system, which includes much of the

GMA, is highly vulnerable to surface contamination. The Toluquilla

aquifer system records relatively low vulnerability, with the exception

of those sites located near the La Primavera Caldera. This interpreta-

tion is consistent with the pattern of recharge outlined above and is

supported by the distribution of measured NO3 concentrations in the

study area. Unfortunately, due to the limited number and inadequate

spatial distribution of samples in this study, our ability to assess intrin-

sic vulnerability is limited. For instance, the eastern part of the study

area is not sufficiently covered by sampling sites. However, it is

expected that groundwater vulnerability increases towards the Santi-

ago River.
6 | SUMMARY AND CONCLUSIONS

Natural and anthropogenic processes have impaired the groundwater

quality of the aquifer system that underlies and provides water to

the GMA. Faults in this complex neotectonic environment facilitate

the vertical upward movement of hydrothermal fluids from the magma

chamber below the La Primavera Caldera. These fluids mix with

regional groundwater in the lower aquifer unit and local groundwater

in the upper aquifer unit. This groundwater is also polluted by urban

wastewater sewage and agricultural irrigation cycling. In this study,

several elements of interest (i.e., chloride, nitrate, sulfate, and fluoride)

were investigated in detail in relation to groundwater flow patterns.

Local groundwater is formed primarily by the infiltration of rainfall

over the La Primavera Caldera in the central western region of the

study area, followed by the variable influence of evaporation. Ground-

water flows to the northeast in the Atemajac Valley and to the south-

east in theToluquilla Valley, before discharging into the Santiago River.
Groundwater from recharge zones is of the Na‐HCO3 type and records

little mixing. In contrast, groundwater from nonrecharge zones is of the

Mg‐HCO3 and mixed‐HCO3 type, which records mixing with prebomb

waters, and the Na‐SO4 to mixed HCO3 type, which records urban

anthropogenic pollution.

This mixing phenomenon is mainly caused by bore leakages. Geo-

chemical models indicate that the contribution of hydrothermal waters

reaches a maximum of 0.5% in the upper aquifer portion of the

Atemajac Valley and a maximum of 20% in the upper aquifer portion

of the Toluquilla Valley. Radiocarbon age dating reveals that ground-

water from recharge zones is generally modern, whereas the age of

groundwater from nonrecharge zones varies from zero age to 27 ka.

Although the spatial distribution of CFC concentrations correlates with

those of tritium and radiocarbon, these tracers may not produce reli-

able age estimates due to evaporation effects and uncertain lag times

in the thick unsaturated zone. Additionally, several sites in urbanized

and industrialized areas are contaminated, which makes it impossible

to determine ages.

Elevated nitrate levels in groundwater are mostly concentrated in

or near recharge zones in the western region of the study area. These

inputs come from urban drainage systems and fertilizer use over the

past several decades. Nitrate levels are expected to continue increas-

ing in the future, regardless of whether nitrate pollution is controlled.

Sulfate contamination originates from two different sources: ammo-

nium sulfate fertilizers in cold groundwater and mixing with hydrother-

mal fluids in other waters. Fluoride contamination is most likely caused

by fluorite‐containing minerals such as biotite. A secondary potential

source is that of fluoride‐bearing minerals exchanging fluoride with

hydroxyl ions on their surfaces. It is also likely that calcium fluoride

controls fluoride concentrations in hydrothermal waters.

We recommend that a more detailed investigation be performed

to study contamination on a local level. Strontium and sulfate isotopes

may assist in identifying and characterizing the sources and processes

responsible for elevated sulfate concentrations, and analyses of nitrate

isotopes and halogens may improve our understanding of the sources

and processes responsible for elevated nitrate concentrations. The

upper groundwater system is vulnerable to surface sources of contam-

ination, and the upper aquifer region below the Atemajac Valley and

most of the GMA is more vulnerable than the region located below

the western Toluquilla Valley. Therefore, it is imperative to protect

the groundwater sources in and near recharge areas, to develop addi-

tional studies to delimit priority areas for groundwater protection

and an effective water table, and to establish a water quality monitor-

ing program. These activities should be used to help formulate man-

agement policies, such as the protection of recharge zones,

adaptation of permits, and control of water extraction. Supplementary

Information describes with more detail the recommendations for

groundwater protection and management.
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