
Université du Québec 
Institut national de la recherche scientifique 

Centre Eau-Terre-Environnement 

Évaluation des effets de pompage sur la subsidence: une approche par des relevés de 
terrain, la télédétection et la modélisation numérique 

(Pumping effects on land subsidence: assessment usingjield data, remote sensing and 
numerical modeling) 

Président de jury de thèse et 
examinateur interne : 

Examinateur externe: 

Examinateur externe: 

Directeur de recherche : 

Co-directeur de recherche : 

Co-directeur de recherche : 

Co-directeur de recherche : 

Par Angus 1. Calderhead 

Thèse présentée pour l'obtention du grade 
de Philosophiae Doctor (Ph. D.) 

en Sciences de la Terre et Environnement 

Jury d'évaluation 

Dr. Claudio Paniconi 
INRS-ETE 

Dr. David Rudolph 
The University of Waterloo 

Dr. Vern Singhroy 
Centre canadien de télédétection 

Dr. Richard Martel 
INRS-ETE 

Dr. Alfonso Rivera 
Commission géologique du Canada 

Dr. Jaime Garfias 
Universidad Autônoma deI Estado de México 

Dr. René Therrien 
Université Laval 

© droits réservés de Angus Jan Calderhead, 2009 





Résumé 

Dans plusieurs villes du monde (e.g. Venise, Las Vegas, Shanghai, Mexico), la surexploitation de 

l'eau souterraine entraîne la compaction de couches argileuses et crée de multiples problèmes dont 

l'effondrement des sols, des dommages importants aux infrastructures, et la création de fractures 

dans les sédiments en surface. 

L'objectif de cette thèse est de présenter une méthodologie multidisciplinaire, combinant les 

méthodes utilisées dans les domaines de l'hydrogéologie et de la télédétection, pour mieux quantifier 

et prédire l'affaissement régional des sols dans un aquifère hétérogène intercalé de couches 

argileuses. 

La zone d'étude est localisé dans la vallée de Toluca, Mexique, une zone ayant les critères propices à 

l'affaissement : soient un pompage excessif avec un bilan d'eau souterraine déficitaire, et la présence 

de couches argileuses compressibles. Contrairement aux autres villes mentionnées ci-haut, ce bassin 

a peu de donnés historiques sur l'affaissement régional. 

La méthodologie entreprise comprend: (1) une revue de la littérature et une revue de rapports avec 

des données utiles à l'étude de cas, (2) des travaux de terrain (puits, extensomètres, et prélèvement 

de sol), (3) l'évaluation détaillée du bilan en eau à l'aide d'un modèle numérique de recharge multi­

paramètres, (4) la génération d'un modèle géologique 3D, (5) l'utilisation de l'interférométrie radar 

(InSAR) pour obtenir des données de subsidence, (6) le couplage (compaction instantanée + 

écoulement d'eau souterraine), la vérification, et la mise en œuvre d'un modèle numérique, (7) la 

simulation de plusieurs scénarios pour prédire l'affaissement futur. 

Les travaux détaillés avec les modèles de recharge et la géologie 3D permettent d'avoir une plus 

grande confiance dans les simulations. De plus, l'utilisation des techniques d'interférométrie radar 

permettent de localiser et mesurer les zones en affaissement. Aussi, en combinant les données 

InSAR, les données du bilan d'eau, le modèle géologique, et les données d'affaissement avec les 
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extensomètres, il est possible de mIeux estimer les propriétés d'emmagasinement spécifique 

squelettique et de mieux caler le modèle numérique. 

Plus spécifiquement, le travail démontre qu'il y a un déficit en eau souterraine dans la vallée de 

Toluca depuis environ 1962. Des scénarios de recharge (utilisant le modèle HELP3) et de pompage, 

incluant l'impact des changements climatiques, démontrent une diminution de la recharge et une 

augmentation du pompage dans les 50 prochaines années. Le déficit continuera à augmenter jusqu'à 

une moyenne de 292 Mm3/année (million de mètres cubes par année) ou un maximum de 456 

Mm3/année en 2050. 

D'après les simulations, depuis 1950 l'affaissement maximal a atteint près de 2 m. Les taux de 

compaction sont variables dans le temps et dans l'espace et dépendent du taux de pompage et des 

caractéristiques géo-mécaniques des sols. Le taux d'affaissement maximum dans la vallée est 

environ 15 cm/an. Les prévisions moyennes estiment que l'affaissement maximal dans la vallée sera 

d'environ 1,2 m dans les prochaines 40 années. La subsidence totale maximale en 2050 atteint 2,2 m 

pour le pire des scénarios, 1,4 m pour le meilleur scénario, et 1,6 m pour la subsidence moyenne 

attendue. Diminuer les exportations du bassin de 50% et déplacer les centres de pompage à des 

endroits avec une faible épaisseur d'argile, engendre un effet positif sur le bilan global de l'eau et 

ralentit la subsidence. 

Cette étude a permis de contribuer à une meilleure compréhension du bilan en eau, de la structure 

géologique, et le processus d'affaissement du sol dans la vallée de Toluca. L'utilisation de cette 

approche multidisciplinaire pour quantifier les processus et les paramètres de compaction d'argile 

pourrait être appliquée à d'autres bassins ayant des problèmes semblables. 
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Resumen 

En vanas ciudades deI mundo (por ejemplo, Venecia, Las Vegas, Shanghai, México), la 

sobreexplotaci6n de las aguas subtemineas provoca la compactaci6n de las capas de arcilla y crea 

muchos problemas, inc1uyendo problemas de colapso, dallO a la infraestructura, y fractura en los 

sedimentos de la superficie. 

El objetivo de esta tésis es presentar una metodologia multidisciplinaria, combinando los métodos 

utilizados en las disciplinas de la hidrogeologia y la teledetecci6n, para tener la capacidad de 

cuantificar mejor y predecir la subsidencia regional en un acuifero heterogéneo con capas 

intercaladas de arcilla. 

El area de estudio se centra en el valle de Toluca, México, una zona con criterios favorables a la 

subsidencia: el bombeo excesivo de agua con un déficit de las aguas subterraneas, y la presencia de 

capas de arcilla compresible. A diferencia de las ciudades antes mencionadas, la cuenca deI valle de 

Toluca tiene pocos estudios hist6ricos sobre la subsidencia regional, haciendo la tarea mas dificil. 

La metodologia inc1uye: (1) una revisi6n bibliografica y una revisi6n de los reportes para obtener los 

datos disponibles deI estudio de caso (2) trabajo de campo (construcci6n de pozos, extens6metros, 

caracterizaci6n de los arcillas) (3) una evaluaci6n detaUada deI balance de agua utilizando un 

modelo digital con varios parametros, (4) la generaci6n de un modelo 3D geo16gico, (5) el uso de 

interferometria radar (InSAR) para obtener los datos de subsidencia regionales, (6) acoplamiento 

(compactaci6n instantanea + flujo de aguas subterraneas), la verificaci6n y la aplicaci6n de un 

modelo numérico (7) la simulaci6n de diferentes escenarios para predecir la subsidencia futura. 

El trabajo detallado sobre los modelos de la geologia 3D y la recarga permiten una mayor confianza 

en las simulaciones. El use de las técnicas de interferometria radar permite localizar y medir la 

subsidencia. Ademas, con los datos InSAR combinado con los datos de la balanza de agua, el 

modelo geol6gico, y los datos de compactaci6n de los extens6metros, es posible estimar mejor las 

propiedades de almacenamiento especifico deI esqueleto y calibrar mejor el modelo numérico. 
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Concretamente, el trabajo demuestra que existe una escasez de aguas subternineas en el valle de 

Toluca, desde alrededor de 1962. Escenarios de la recarga (utilizando el modelo de HELP3) y de 

bombeo, incluyendo el impacto deI cambio climatico, muestran una disminucion en la recarga y el 

aumento de bombeo de agua en los proximos 50 anos. Este déficit aumentara a un promedio de 292 

Mm3/ano (millones de metros cubicos por ano) 0 un maximo de 456 Mm3/ano en 2050. 

Seglin las simulaciones, desde 1950 la subsidencia maxima ha alcanzado casi los 2 m. La tasa de 

compactamiento es variable en el tiempo y el espacio y dependen deI ritmo de bombeo y las 

caracteristicas géo-mecanicas de los suelos. El porcentaje maximo de hundimiento de la tierra en el 

valle son de unos 15 cm/ano. Las previsiones estiman que el promedio maximo de subsidencia en el 

valle es de 1.2 m en los proximos 40 anos. La subsidencia maxima total en 2050 alcanzo el 2.2 m en 

el peor de los casos, 1.4 m en el mejor de los casos, y 1.6 m para el caso promedio. Reducir las 

exportaciones de la cuenca de 50% y desplazar de los centros de bombeo en areas con bajo 

contenido de arcilla, crea un efecto positivo en el balance global de agua y la subsidencia 

disminuye. 

Este estudio contribuira a una mejor comprension deI balance hidrico, la estructura geologica y el 

proceso de subsidencia en el Valle de Toluca. El uso de este enfoque multidisciplinario para la 

cuantificacion de los parametros deI proceso y la compactacion de la arcilla podria aplicarse a otras 

cuencas con problemas similares. 
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Abstract 

Excessive pumping of groundwater from compressible clay layers causes land subsidence. Many 

cities around the world (eg, Venice, Las Vegas, Shanghai, Mexico) experience subsidence in the 

form of collapsing ground, the formation of fractures in the surface sediments, and damages to 

infrastructure. 

The objective of this thesis is to present a multidisciplinary approach, combining the methods used 

in the fields of hydrogeology and remote sensing, to better quantify and predict regional land 

subsidence in a heterogeneous aquifer interbedded with layers of clay. 

The study area focuses on the Toluca Valley, Mexico where excessive pumping and compressible 

clay layers are found. Unlike the cities mentioned above, the basin has few historical studies or data 

on regional subsidence. 

The methodology includes: (1) a literature review and a review of reports with data of the case study 

(2) fie1dwork (installing wells, extensometers, and consolidation tests on clays) , (3) a detailed 

assessment of the water budget using a multi-parameter recharge numerical model (HELP3), (4) 

generating a 3D geological model, (5) the use of radar interferometry (InSAR) to obtain regional 

subsidence data, (6) coupling the numerical model (instantaneous compaction + groundwater flow), 

verification, and implementation of the mode l, and (7) simulating various scenarios to predict future 

subsidence. 

Detailed work on the recharge and 3D geology models lead to more confidence in the simulations. 

Moreover, the use of radar interferometry techniques assists in locating and measuring subsiding 

areas. Also, combining InSAR data, water budget data, the geological model, and extensometer data, 

it is possible to better estimate skeletal specific storage parameters and to better calibrate the 

numerical model. 

More specifically, the work shows that there has been a groundwater deficit in the Toluca Valley 
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since about 1962. Recharge scenarios (using the HELP3 model) and pumping estimates, including 

climate change predictions, show a decrease in recharge and increased pumping in the next 50 years. 

The deficit will increase to an average of 292 Mm3/year (million cubic meters per year) or a 

maximum of 456 Mm3/year in 2050. 

According to the simulations, since 1950 the maximum subsidence has reached nearly 2 m. The 

compaction rate is variable in time and space and depends on pumping rates and geo-mechanical 

characteristics of soils. The maximum subsidence rate in the valley is about 15 cm/year. The average 

estimates show that the maximum subsidence in the valley will be approximately 1.2 m in the next 

40 years. The total maximum subsidence in 2050 reached 2.2 m for the worst case, 1.4 m for the best 

scenario, and 1.6 m for the average expected scenario. Reducing exports by 50% and moving the 

pumping centers to areas with low clay content creates a positive effect on the overall balance of 

water and slow subsidence. 

This study contributes to a better understanding of the water balance, the geological structure, and 

the process ofland subsidence in the Toluca Valley, Mexico. Using this multidisciplinary approach 

for quantifying clay compaction parameters and processes could be applied to other basins with 

similar problems. 
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Avant-propos 

L'ensemble de cette thèse se concentre sur l'affaissement des sols dû au pompage d'eau 

souterraine. Le document suivant s'articule en deux parties distinctes. La première partie 

(chapitre 1), une synthèse, permet de faire le point sur la contribution des travaux et des 

publications dans le domaine de l'affaissement des sols dû à l'extraction de l'eau 

souterraine. Elle comprend également des informations complémentaires aux écrits de la 

partie suivante. La deuxième partie (chapitres 2 à 5) présente 4 articles soumis ou sur le 

point d'être soumis à des revues scientifiques avec comité de lecture (nommées en A de 

cette section). Plus précisément, le chapitre 2 focalise sur le bilan d'eau, nécessaire pour 

quantifier l'affaissement. Le chapitre 3 examine la télédétection comme méthode pour 

quantifier l'affaissement des sols. Le chapitre 4 présente un modèle numérique couplant 

la compaction à l'écoulement d'eau souterraine ainsi qu'une représentation de 

l'affaissement dans la vallée de Toluca. Enfin, le dernier chapitre (chapitre 5) propose des 

scénarios afin de prédire l'affaissement futur des sols dans la vallée de Toluca. 

Trois articles publiés dans le cadre de conférences nationales et internationales avec 

comité de lecture (présenté en B de cette section; voir Annexe A pour les articles 

complètes) et deux communications orales accepté sur résumé et publier dans les actes de 

colloques (section C) complètent la contribution de l'étudiant a ce projet. Bien que ces 

articles fournissent des informations pertinentes sur l'affaissement des sols dans la vallee 

de Toluca, les résultats présentés sont considérés comme complémentaires. Par 

conséquent, ces documents ne sont pas intégrés dans la deuxième partie afin d'éviter 

certaines répétitions, mais incorporé al' annexe A. 

Dans le cadre de sa thèse, l'auteur a pu apporter des contributions pertinentes au domaine 

choisi à travers des articles de revues scientifiques publiés ou soumis et des articles et/ou 

communications réalisés dans le cadre de conférences internationales. Il faut cependant 

mentionner que les communications sans arbitrage ne sont pas rapportées ici. Dans tous 

les cas, le premier auteur est l'auteur correspondant. En qualité de premier auteur, 
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l'étudiant a rédigé entièrement tous les articles après révisions et suggestions pertinentes 

des co-auteurs: Dr. Richard Martel, Dr Alfonso Rivera, Dr. Jaime Garfias, Dr René 

Therrien et Dr Pierre-Jean Allasset (voir section D). 

De plus, l'auteur a pu apprendre une troisième langue au cours de cette thèse (voir section 

E). 

A. Articles de périodique composant la seconde partie: 

Calderhead A. J., Martel, R. Rivera, A., Garfias, J., Therrien, R., An increasing 

groundwater budget deficit induced by urbanization, industrialization, and climate 

change in the Toluca Valley, Mexico. Hydrological Pro cesses (to submit in October 

2009a) 

Calderhead, A. I., Martel, R., Allasset, P-J., Rivera, A., Garfias, J, Land subsidence 

induced by groundwater pumping, monitored by C-band D-InSAR and field data in the 

Toluca Valley, Mexico. Canadian Journal ofRemote Sensing (accepted 2009b) 

Calderhead A. J., Therrien, R, Rivera, A., Martel, R. Garfias, 1., Simulating pumping­

induced regional land subsidence in a complex aquifer system Advances in Water 

Resources (to submit in October 2009c) 

Calderhead A. I., Martel, A., Garfias, J., R. Rivera, Therrien, R., Groundwater pumping 

scenarios for minimizing land subsidence in the Toluca Valley, Mexico: tools for policy 

design. Water Resources Management (to submit in October 2009d) 

B. Articles de conférences avec comité de lecture: 

Calderhead, A I; Martel, R; Rivera, A; Therrien, R.; Garfias, J, Pumping-induced 

regionalland subsidence: calibrating a flow and compaction model with remote sensors 

and field data. 62nd annual and lQth Joint International Association of Hydrogeologists 
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/Canadian Geotechnical Conference, Canadian Geotechnical Society, Halifax, NS, 

Canada, GeoHalifax 2009, September 20-24,2009, pp 1400-1407 

Calderhead, A 1; Martel, R; Rivera, A; Garfias, J; P-J Alasset; C-BAND D-INSAR AND 

FIELD DATA FOR CALIBRATING A GROUNDWATER FLOW AND LAND 

SUBSIDENCE MODEL. In: IEEE International Geoscience & Remote Sensing 

Symposium, Cape Town, South Africa, July 12-17, 2009 

Calderhead, A. 1.; Martel, R.; Garfias, J. (2006) A STUDY OF GROUNDWATER 

RESOURCES AND LAND SUBSIDENCE IN THE TOLUCA VALLEY, MEXICO 

In: 59th annual and i h Joint International Association of Hydrogeologists /Canadian 

Geotechnical Conference, Canadian Geotechnical Society, Vancouver, BC, Canada, 

Sea to sky Geotechnique 2006, pp 848-855. 

C. Communication avec résumé dans acte de colloque 

. Calderhead, A 1; Martel, R; Rivera, A; Garfias, J; Therrien, R. Interférométrie Radar: 

Une application à la subsidence des sols due à l'extraction de l'eau souterraine dans la 

Vallée de Toluca, Mexique. Conférencier invité au 13e CONGRÈS DE 

L'ASSOCIATION QUÉBÉCOISE DE TÉLÉDÉTECTION, Trois-Rivières Québec. 

April, 2008. 

Calderhead, A 1; Martel, R; Rivera, A; Garfias, J; Therrien, R. Groundwater Resources 

and Land Subsidence investigations in the Toluca Valley, Mexico. Presentation at the 

American Geophysical Union (AGU), Joint Assembly Acapulco Mexico. May 2007. 

D. Contribution de l'auteur pour les travaux et la rédaction des articles 

La compilation des données et la revue de littérature ont été entièrement réalisées par 

l'étudiant. L'ensemble des travaux décrits dans les articles Calderhead et al., (2009a); 

(2009b); (2009c); et (2009d) ont été réalisés par l'étudiant. Les travaux de terrains ont été 
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effectués ou supervisés par l'étudiant avec la participation du Dr. Jaime Garfias, Dr. 

Richard Martel et le Dr Alfonso Rivera et aussi avec l'aide de Monsieur Javier Salas, 

Mme Marcela Maga1l6n Andal6n et le Dr Ondra Stacek. Deux stagiaires d'été à l'INRS 

ont contribué à la compilation des données du modèle HELP et la géologie 3D: Mr. Alain 

Gravel et Mme Geneviève Parent. La conception du couplage de module de compaction a 

été faite par l'étudiant tandis que le Dr. René Therrien a fait le travail de couplage. Le 

Dr Pierre-Jean Allaset a contribué à l'interprétation des images interférométriques. 

E. Apprentissage de l'espagnol par l'auteur 

Pendant plus d'un an, l'auteur a séjourné au Mexique et s'est donc exposé à la riche 

culture mexicaine en plus d'apprendre une troisième langue, l'espagnol. L'auteur peut 

donc communiquer dans cette langue autant à l'écrit qu'à l'oral. 
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1 INTRODUCTION 

Les ressources souterraines en eau potable de la vallée de Toluca connaissent une forte 

demande de la part des secteurs industriel et agricole, mais surtout de la part de la 

population urbaine, ce qui inclut non seulement les habitants de la vallée, mais aussi ceux 

de la populeuse capitale nationale, la ville de Mexico. Par conséquent, un grand 

pourcentage de l'eau souterraine est exporté à l'extérieur du bassin. Le bassin subit un 

déficit en eau souterraine, c'est-à-dire qu'il y a plus de pompage qu'il y en a de recharge. 

Cette surexploitation de l'aquifère entraîne la réduction du stockage de l'eau, ce qui cause 

une subsidence régionale importante dont les symptômes sont des effondrements 

superficiels du sol et de l'infrastructure, ainsi que la formation de fractures dans ceux-ci. 

La subsidence due au pompage de l'eau a été bien documentée dans d'autres bassins aux 

États-Unis (Relm, 1975; Amelung et al., 1999; Galloway and Roffman, 2007), en Italie 

(Gambolati, 1972; Teatini, et al., 2005; Ferronato et al., 2006), en Chine (Shearer, 1998; 

Li et al., 2006) ainsi qu'au Mexique (Ortega et al., 1993; Rudolph et Frind, 1991; Rivera 

et al., 1991; et Ortega et al., 1999), mais aucune étude a comme point de mire la Vallée 

de Toluca; bien qu'on y observe d'importants déplacements de terrain et l'apparition de 

fractures. 

Depuis les années 1970, l'évaluation de l'affaissement des sols dû au pompage d'eau 

souterraine a surtout été étudiée par voie de modèles numériques calés avec des données 

de terrain (voir Annexe B). Généralement, les modèles, de plus en plus sophistiqués, 

couplent les principes d'écoulement de l'eau et la théorie de consolidation ID de 

Terzhaghi (1925) ou 3D de Biot (1941). Jusqu'à présent cette approche demeure la 

meilleure pour représenter et prédire l'affaissement. La précision de ces modèles couplés 

dépend grandement des données de terrain qui sont souvent déficientes, dispendieuses à 

obtenir, très locales et dispersées - rendant les résultats parfois douteux. Il est peut-être 

possible de représenter tous les paramètres de tous les processus d'un système 

multicouche à l'aide d'un modèle numérique, mais un tel modèle risquerait d'être très 

complexe, très théorique, et de rester un simple outil académique. 
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L'objectif de cette thèse est donc de présenter une méthodologie pratique capable de 

représenter l'affaissement régional des sols -dans un aquifère multicouche surexploité. 

Une approche multidisciplinaire est proposée afin d'arriver à une meilleure représentation 

de l'affaissement régional des sols. Des techniques interférométriques de télédétection 

ainsi que des données de terrain acquises ou déjà existantes sont utilisées pour caler un 

modèle numérique couplé afin de quantifier l'affaissement. Les travaux réalisés dans le 

cadre de cette thèse poursuivent ceux de Galloway et al., (1998), Amelung et al., (1999) 

et Hoffman et al., (2003a) en présentant une méthode pour isoler l'emmagasinement 

spécifique squelétique (skeletal specifie storage) des couches individuelles dans un 

aquifère multicouche. De plus, une meilleure compréhension du bilan d'eau, de la 

stratigraphie 3D, ainsi que des processus d'affaissement de du terrain à la vallée de 

Toluca, est entrepris_ 

Ce chapitre est divisé comme suit: (1) Introduction (2) Mise en contexte (3) Travaux de 

terrain (4) Évaluation du bilan d'eau (5) Génération d'un modèle géologique 3D (6) 

Télédétection (7) Modélisation (8) Scenarios pour aider à la gestion de l'aquifère (9) 

Conclusions et perspectives (10) Les aspects innovateurs de la thèse. 

2 MISE EN CONTEXTE DE LA VALLÉE DE TOLUCA 

Situation géographique 

Le bassin de la Vallée de Toluca a une superficie d'environ 2100 Km2
. Le bassin est 

adjacent à la vallée de Mexico et la chaîne de montagne Las Cruces forme une frontière 

naturelle entre les deux bassins (figure 1). Sa position géographique, au centre du pays et 

à proximité de Mexico, ainsi que le développement rapide des infrastructures, ont permis 

à la ville de développer une zone industrielle majeure pour le pays. L'étude de la 

subsidence pour cette thèse a été faite à l'échelle régionale en mettant l'accent sur le 

corridor industriel. Ce corridor industriel situé près de la ville de Toluca a été en grande 

partie formé par les industries qui se sont déplacées de la vallée de Mexico à la suite du 

séisme de 1985. 
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Basin de la vallée 
de Toluca 

Nevado de Toluca 

10Km 

~cIe 
Â fallPCJge l.aI'r'Ia 

• NIl cie PQlIIPCJge 

Figure 1 : Position de la vallée de Toluca et la zone d'étude par rapport au Mexique et l'État de 
Mexico 

Population 

Selon le recensement de 2005 (INEGI, 2005), la région métropolitaine de Toluca 

comprend 12 municipalités. En plus d'être la cinquième plus grande zone métropolitaine 

au Mexique, elle est la plus grande de l'État de Mexico. La population totale de la vallée 

de Toluca en 2005 se situait autour de 1,7 million de personnes (INEGI, 2005). De 1960 

à 2005, la population de la vallée a doublé environ tous les 20 ans (INEGI, 1960-2005). 

Climat, réseau hydrique et géologie 

La vallée est caractérisée par un climat tempéré avec des hivers secs. La vallée a une 

température annuelle moyenne de 12-15 oC et reçoit généralement 700 mm de 

précipitations par année. La température moyenne annuelle, du plus haut point dans la 

vallée, le Nevado de Toluca, est de -2 a 5 oC et plus de 1200 mm de précipitations (CNA, 

2006) (voir Chapitre 2 pour une description plus détaillée du climat). 
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Étant donné le pompage intensif depuis plusieurs décennies, la rivière Lerma, qui débute 

aux sources des Lagunes dans le Sud-est du Bassin et sort du bassin dans le Nord-Ouest, 

a peu de contact hydraulique avec la nappe phréatique. Beaucoup d'industries et de 

municipalités déversent leurs eaux usées dans celle-ci, ce qui en fait une rivière 

contaminée agissant plutôt comme un canal qu'une rivière. L'évapotranspiration élevée 

dans la vallée fait en sorte qu'il y a très peu de tributaires qui se déchargent dans la 

Lerma. 

Le bassin est généralement constitué de deux aquifères, dont la composition minérale 

varient en fonction de l'origine des matériaux géologiques (voir section 5 ou Chapitre 4 

pour une description détaillée de la géologie). L'aquifère inférieur est composé de roches 

fracturées. L'aquifère supérieur est quant à lui complexe et intercalé d'alluvions et 

d'argile/silts d'origine lacustre. C'est d'ailleurs ce dernier qui constitue l'objet de nos 

travaux. 

Utilisation de l'eau 

Puisque la plupart des plans d'eau de surface dans la vallée sont contaminés, la 

consommation d'eau potable provient presqu'exclusivement de l'eau souterraine. La 

demande en eau répond aux besoins de quatre usagés: domestique (52 %), exportation 

vers la capitale Mexico (38%), industriel (7%), agriculture (3%) (lMTA, 2003) (voir 

figure 2). 

Exportations vers 
Mexico: 180. 0 

Mm1Iy(J8%) 

Usage 
domestique 

242.1 Mm1 /J' (52%) 

Figure 2: Utilisation de l'eau souterraine dans la vallée de Toluca (valeurs tirées de lMTA 
(2003) et figure modifié de Calderhead et al. (2009a) 
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L'extraction exceSSIve de l'eau souterraine dans la vallée de Toluca depuis les 50 

dernières années a provoqué une réduction du stockage d'eau, la diminution du niveau 

phréatique, le changement des directions régionales de l'écoulement souterrain, la 

diminution et parfois l'extinction des débits des sources dans les régions montagneuses 

environnantes. Cette réduction du stockage d'eau entraine l'affaissement du terrain dans 

les milieux argileux, génère multiples fractures et entraîne des phénomènes 

d'effondrement en surface. 

Exportations vers Mexico 

Depuis les années 1960, le bassin de Toluca fournit une quantité importante d'eau potable 

à la ville de Mexico. Une série de 236 puits, nommée le Systema Lerma, fournit 

actuellement quelque 6.0 m3s-1 d'eau à destination de Mexico, ce qui équivaut à environ 

7% des ressources de la vallée de Toluca et 8% de la demande totale d'eau potable pour 

la ville de Mexico (Legorreta, 1997). La majorité des puits installés ont une profondeur 

variant entre 200 et 300 m. 

3 TRAVAUX DE TERRAIN 

Il Y a eu plusieurs phases de travaux de terrain entre février 2005 et juillet 2008. La 

section des travaux de terrain est divisée comme suit: 3.1 Cueillette des données en 

provenance de la littérature; 3.2 Installation de deux extensomètres; 3.3 Mesures 

d'affaissement dans les extensomètres; 3.4 Récupération des données de niveau d'eau; et 

3.5 Forages pour obtenir des données sur les paramètres géo-mécaniques. D'autres 

travaux ont été faits dans le contexte d'un suivi à long terme des ressources en eau de la 

vallée de Toluca, mais ne sont pas utilisés dans cette thèse. Ils sont présentés à l'annexe 

c. 

3.1 Cueillette de données en provenance de la littérature 

Une revue des données sur la vallée de Toluca colligées dans différents rapports est 

entreprise pour maximiser les informations utilisées dans les modèles. Ceci dit, cette 

phase de terrain a permit d'établir une typologie du fonctionnement de l'aquifère et a 
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servi à délimiter avec une plus grande précision l'étendue du secteur d'étude. Un 

inventaire des données météorologiques (CNA, 2006) et géologiques (Lesser y 

Associados, 1992; Ariel y Consultores, 1996), en plus des journaux de forage pour le 

Systema Lerma et le système multi-piézomètres a été entrepris. L'obtention des rapports 

sur le bilan en eau dans la vallée (OEE, 1970; Lesser and Asociados,1992; Ariel and 

Consultores, 1996; CNA, 2000, GTZ-CNA 2004; INEGI, 1960-2005; voir Calderhead et 

al., (2009a) pour autres références), a été fait. De plus, les études d'affaissement et de 

fractures (Figueroa, 1990,2004; Consultee, 1978; Minor, 2007) dans la zone d'étude ont 

aussi été utiles pour caler le modèle numérique. 

3.2 Installation de deux extensomètres 

L'installation d'extensomètres permet de mesurer la compaction du sol avec une 

précision millimétrique. Deux extensomètres ont été installés, le premier en mai 2006 

(Extensomètre-2) et le second en juillet 2006 (Extensomètre-l). La figure 12 montre la 

position des extensomètres. Des extensomètres se retrouvent à proximité des zones 

d'affaissement maximal où on retrouve des fractures en surface. Plusieurs fractures sont 

retrouvées dans les environs du corridor industriel où les niveaux de la nappe diminuent à 

des rythmes allant jusqu'à 1.4 m par année. Puisque nous n'avions pas en notre 

possession le logiciel de traitement d'image satellite avant l'installation des 

extensomètres, nous ne pOUVIOns pas placer les extensomètres dans les zones 

d'affaissement maximal (environ 15 cm/année). En fait, les extensomètres se retrouvent 

dans une zone ou il y a de l'affaissement modéré (1 cm/année). 
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Figure 3: Schéma d'un extensomètre à senseur magnétique. Les variations de swface 
piézométrique (hl et h2), ainsi que la position du système d'acquisition de pression (pressure 
transducer) sont également indiqués. Le dessin n'est pas à l'échelle. 

L'installation des extensomètres fut une tâche ardue étant donné les profondeurs des 

forages. Le matériel acquis pour les extensomètres était conçu pour des profondeurs 

maximales d'environ 20 m (Roctest, 2009). Plusieurs modifications ont été faites pour 

obtenir des données à de plus grandes profondeurs Gusqu'à 120 m). Les extensomètres 

installés dans la vallée de Toluca consistent en un réseau de cibles magnétiques placées à 

6 m d'intervalle le long d'un tube en pve dans un forage (Figure 3). Les sections de tube 

en pve de 6 m sont fixées à la paroi du forage au moyen d'un ancrage dont le centre 

contient un aimant. Les sections de pve sont connectées l'une à l'autre par des sections 

télescopiques, permettant un mouvement vertical une fois fixées dans le forage. Une 
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sonde à commutateur à lames détecte la profondeur des aimants quand elle est descendue 

dans le tube. Le détecteur est suspendu à un ruban gradué recouvrant le filage 

d'alimentation électrique. La graduation du ruban sert à déterminer, avec une précision 

milimétrique, la compaction entre les aimants tout le long du forage. Idéalement les 

extensomètres se rendraient à la roche-mère, mais étant donné des contraintes budgétaires 

et la complexité d'installer l'appareil à ces profondeurs, nous nous sommes limités à 120 

m (Extensomètre-1) et 80 m (Extensomètre-2). 

3.3 Mesures d'affaissement dans les extensomètres 

La majorité des lectures dans les extensomètres ont été prises en même temps que le 

captage d'images satellitaire de la vallée d'ENVISAT et RADARSAT-1 entre décembre 

2007 et mai 2008. La Figure 4 montre la distribution des dates de lecture prise dans les 

extensomètres ainsi que la compaction totale mesurée dans les 107 premiers mètres 

d'Extensometer-l. Les dates de lecture sont les suivantes: 20-déc-06, 29-mai-07, 25-janv-

08, 04-mars-08, 08-avr-08, 24-mai-08, 23-juil-08. 

107,21 

107,20 

107,20 

107,19 

107,19 

107,18 

107,18 

............ 
~ ----- ~ 

~ 
~ • 

107,17 

01-oct.-06 28-févr.-07 28-juil.-07 25-déc.-07 23-mai-08 20-oct.-08 

Figure 4 : Distance entre le senseur 12 (profondeur ~ 107 m) et le sol pour Extensometer-l. 

3.4 Récupération des données de niveau d'eau 

La collecte de données piézométriques dans les extensomètres a fait partie des campagnes 

de terrain. Ces niveaux d'eau, ainsi que ceux du système d'acquisition automatique avec 

une sonde à pression, ont été mesurés tous les 12 heures de juillet 2006 à juillet 2008. 

Pour complémenter ces lectures, les données des niveaux piézométriques en provenance 
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du réseau de 52 multi-piézomètres, (CNA, 2008), ont été aUSSI mIses à Jour 

régulièrement. 

3.5 Forages pour obtenir des données sur les paramètres 
géomécaniques 

Trois forages ayant une profondeur de 22 mètres ont été réalisés pour déterminer les 

paramètres géomécaniques tel que pour la porosité, l'indice des vides, la teneur en eau, et 

le coefficient de compressibilité des argiles. Les forages devaient être localisés dans des 

milieux où il y a une forte concentration en argile saturée. Voir Annexe D et Figure 13 

pour les résultats de ces essais géomécaniques. 

4 BILAN EN EAU 

L'évaluation du bilan en eau de l'aquifère est un aspect fondamental pour la 

caractérisation d'un système subissant de l'affaissement. Deux grands paramètres, la 

recharge et la décharge sont examinés en détail dans cette section. 

La croissance urbaine, l'industrialisation et les changements climatiques peuvent entraîner 

une augmentation du déficit du bilan d'eau. Une méthodologie est proposée pour 

améliorer le modèle du bilan en eaux souterraines dans le but de quantifier les déficits 

passé, présent et futur dans la vallée de Toluca, au Mexique. 

La recharge est calculée avec une variation spatiale, déterminée à partir de données 

historiques sur le climat, les prévisions des changements climatiques, ainsi que les 

multiples paramètres utilisés dans le modèle Hydrologie Evaluation of Landfill 

Performance (HELP3) (Schroeder et al., 1994). HELP3 est un modèle quasi 2D pour 

évaluer la recharge d'un système hydrique. Le modèle accepte des données de météo, 

d'emmagasinement des sols, de fonte de neige, de ruissellement, d'infiltration, 

d'évapotranspiration, de végétation, de drainage latéral souterrain, de drainage non-saturé 

vertical et les paramètres de lixiviation. 
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Pour évaluer l'effet des changements climatiques sur la recharge, l'étude utilise la 

méthodologie proposée par Jyrkama et Sykes (2007) où seulement les scenarios de 

changements climatiques régionaux sont simulés. La particularité de cette méthodologie 

repose sur le fait que l'accent est placé sur le budget global des eaux souterraines et 

l'impact du changement climatique est considéré comme un facteur parmi plusieurs autres 

dans le budget. 

Legend 

Recharge (mm/year) 

00-44 
1/145 - 92 
893-135 
_136-170 
_171-199 
_200-236 
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Figure 5: Distribution spatiale de la recharge moyenne dans la vallée de Toluca [mm/année] en 
utilisant le modèle HELP3 (tirée de Calderhead et al., 2009a). 

La vérification du modèle a été fait avec raide de modèles d'évapotranspiration (Voir 

chapitre 2 et Annexe E). La distribution de la recharge est présentée dans la figure 5. La 

recharge est plus grande dans les régions montagneuses et plus petite dans le centre de la 

vallée (136-170 mm/an). Dans les zones argileuses au Nord du bassin, il y a peu 

d'infiltration (0-44 mm/an). 

En utilisant les données historiques et les prévisions de recharge et décharge (Calderhead 

et al., 2009a), le déficit est alors calculé (Tableau 1, Figure 6). 
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Tableau 1 : Résumé du budget d'eau souterraine entre 1970 et 2050. '.' signifie 
données non disponibles (tiré de Calderhead et 200 
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Figure 6: Résumé du budget en eau souterraine entre 1970 et 2050. Entre 1970 et 1999 les 
données réelles de la recharge sont présentées. Entre 2000 et 2050, la prédiction moyenne 
incluant les changements climatiques est démontrée. Le déficit est calculé par la somme de la 
décharge et de la recharge (tirée de Calderhead et al. 2009a). 

Les ressources en eau renouvelables sont actuellement exploitées à des taux 

préoccupants. 38% des ressources en eaux souterraines sont exportés du bassin. Le 

transfert inter-bassin et la demande locale croissante ont des effets néfastes sur 

l'approvisionnement' en eau souterraine dans la vallée de Toluca. Les volumes 

actuellement exportés vers la ville de Mexico (6 m3/s, figure 2), sont supérieurs au déficit 
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moyen actuel (tableau 1). Ainsi, si demain la Vallée de Toluca devait arrêter tous les 

transferts d'eau, elle ne serait plus dans une situation déficitaire. 

Cette évaluation détaillée des deux composantes les plus importantes du cycle de l'eau 

(recharge et décharge) montre clairement que la raréfaction de l'eau dans le bassin de 

Toluca est due principalement au pompage des eaux souterraines (Tableau 1). Les 

changements climatiques sembleraient jouer un rôle dans l'augmentation du déficit, mais 

ses effets ne sont pas encore significatifs. L'analyse montre que le pompage actuel des 

eaux souterraines n'est pas durable. Le déficit actuel est estimé entre 140 et 170 Mm3 fan. 

À moins de changements drastiques, il est prévu que ce déficit pourrait augmenter jusqu'à 

456 Mm3 fan d'ici l'an 2050. En faisant l'hypothèse selon laquelle le bassin était en 

équilibre en 1962 (figure 6, par extrapolation vers l'arrière), et en intégrant la courbe de 

déficit moyen de 2008 à 1962, le volume total d'eau enlevé du stockage s'élève à environ 

3840 Mm3
. Suite aux résultats de cette étude, ce volume ne peut pas être considéré 

comme une ressource renouvelable. Le déficit se produisant dans la vallée de Toluca peut 

être considéré comme un sérieux problème et les projections pour la consommation en 

eau et les changements climatique renforcent la nécessité pour une gestion responsable de 

la ressource en eau. 

5 GÉOLOGIE 

Des roches volcaniques andésitiques fracturées d'âge miocène forment le sous-sol du 

bassin (figure 7). La roche fracturée forme une cuvette au centre de la vallée, atteignant 

des profondeurs supérieures à 600 m et affleurant à la surface en bordure de la vallée. La 

formation volcanique andésitique du Nevado de Toluca est située à l'ouest. La roche 

fracturée est recouverte par des couches d'argiles lacustres (semi-perméables) et par la 

formation aquifère Chalma (Ariel et Consultores, 1996), composée d'un mélange de 

sable, de gravier et d'argile. L'aquifère de la formation de Tarango, mis en place après la 

formation Chalma, s'étend à partir des flancs de la chaîne de montagne las Cruces à l'est 

jusqu'au pied du volcan Nevado de Toluca. Cette formation est un mélange hétérogène 

de matériaux volcaniclastes (Lesser y Asociados, 1992). L'aquifère composé de roches 

16 



basaltiques et des flux de cendres de la formation Chichinautzin a été déposé dans la 

partie orientale de la vallée de Toluca. Dans la partie moyenne supérieure de la vallée, où 

la plupart du pompage d'eaux souterraines se produit, on retrouve des couches inter­

mélangées d'argile lacustre (semi-perméable) et des dépôts d'alluvions (aquifères). 
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Figure 7: 7A : Modèle conceptuel et géologie de la vallée de Toluca. 7B: Agrandissement cie la 
géologie de la zone d 'étude (tirée de Calderhead et al., 2009c). 

Pour faire face à la complexité de la stratigraphie de la vallée de Toluca, des journaux de 

forage sont utilisés pour générer une représentation régionale du modèle géologique 3D. 
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Un total de 211 journaux de forages (Figure 8A: Lerma 151 puits de pompage, 48 multi­

piézomètres, et 12 puits supplémentaires) de la vallée de Toluca ont été utilisés pour créer 

le modèle géologique 3D. 22 types de matériaux géologiques, allant d'argile et de sable 

fin jusqu'à un gravier grossier et de la roche volcanique fracturée ont été simplifiés en 10 

types de matériaux. En se fiant aux journaux de forage et les sections transversales, le 

logiciel GMS 6.5 utilise une série d'algorithmes (GMS, 2009) pour l'attribution 

d'horizons, pour créer des sections transversales entre les forages et, enfin, produire les 

couches géologiques. Au total, 34 couches géologiques (figure 8B) ont été générées et 

regroupées par la suite. En effet, l'examen attentif de la stratigraphie de chaque puits 

combiné avec la comparaison des sections transversales (Ariel Consultores, 1996) a été 

nécessaire pour obtenir une simplification détaillée de la représentation géologique du 

bassin. 

.. 
A) B) 

Figure 8: Génération du modèle géologique (8B) à partir de logs de forage (8A): 

Puisque la grande majorité de la compaction se manifeste là où se retrouvent les argiles, il 

est important d'identifier la position ainsi que l'épaisseur des couches d'argile. 

En utilisant le modèle géologique présenté dans la figure 8B, il a été possible d'identifier . 
et d'isoler les couches d'argile majeures. La figure 9 présente les deux couches majeures 

(A et B) ainsi que la somme verticale des épaisseurs d'argile (C). 
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Figure 9: Épaisseurs des couches argileuses majeures (9A-9B) et la somme verticale des 
épaisseurs des couches argileuses (9C) (tiré de Calderhead et al., 2009c). 

6 TÉLÉDÉTECTION 

Introduction à InSAR 

Les techniques interférométriques ont étés utilisées pour créer des cartes topographiques 

(e.g. Zebker et Goldstein (1985), Gabriel et al (1989)), pour observer les courants 

océaniques (Zebker et Goldstein, 1987; Goldstein and Zebker, 1988), mesurer les 

déplacements de la surface des volcans (Mas sonnet et al., 1993, 1995) et beaucoup 

d'autres processus naturels qui ont lieu à la surface de la terre. Galloway et al., (1998) 

ont été les premiers à utiliser un interférogramme pour caractériser la subsidence, 

appliqué au cas de la vallée d'Antelope en Californie. Amelung et al., (1999) ont présenté 

des cartes de subsidence pour mesurer les variations des taux de subsidence selon la 

saison (été - hiver). Plus tard, Hoffman et al., (2003a) ont utilisé des interférogrammes 

pour estimer des coefficients d'emmagasinements en 2D. 

La technique InSAR (Interferometrie Synthetic Aperture Radar) consiste à comparer des 

images multiples de radar satellitaires acquises avec des points de vue quasiment 

identiques dans l'espace, mais à des instants différents. Les schémas d'interférence des 

radars ou "interférogrammes" sont corrigés pour prendre en considération les subtiles 

différences topographiques et atmosphériques ou barométriques. Les variations sur le 

terrain se reflètent dans les interférogrammes et procurent ainsi des mesures précises à 
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quelques millimètres près, sur des superficies pouvant atteindre plusieurs dizaines de 

kilomètres. 

Mentionné brièvement dans Calderhead et al., (2009b), le modèle conceptuel de la 
méthodologie pour obtenir des images de subsidence est présenté dans la figure 10. 

Formation de 
l'Image de SAR 

• 
Co-registration de 1 
l'image 

•• 
Formation de 1 
l' interférogram 

Retrait de la phase topographique en 
utilisant un DEM 

• 
Filtrage et Reduction 
de bruit 

Déroulement 
de la phase 

1 

Enlèvement de l' inclinaison 
orbital en utilisant des ' tie 
points' 

Modifié de Hoffinan (2003) 

Figure 10. Modèle conceptuel de la méthodologie pour obtenir des images de subsidence par 
InSAR. 

Voir Annexe F pour la théorie de base et les limitations de l'InSAR. 

L'utilisation des techniques InSAR dans la Vallée de Toluca 

Nous avons obtenu et utilisé des données de l'Agence Spatiale Européenne (ESA) 

provenant des satellites ERS-l, ERS-2 et ENVISAT, ainsi que de RADARSAT-l de 

l'agence spatiale canadienne (ASC). Les images Synthetic Aperture Radar (SAR) sont 

disponibles sporadiquement pour les années 1996 à 2008 (voir tableau 2). 
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Tableau 2: Images SAR de la vallée de Toluca acquises entre 1995 et 2008 (tiré de 
Calderhead et al., 2009b) 

Mission Date Track Frame Pass 
ERS-1 12/12/1995 26 3213 descending 
ERS-1 28/01/1996 191 369 ascending 
ERS-1 07/04/1996 191 369 ascending 
ERS-2 21/0312001 26 3213 descending 
ERS-2 17/10/2001 26 3213 descending 
ERS-2 15/0512002 26 3213 descending 
ERS-2 28/08/2002 26 3213 descending 
ENVISAT ASAR 26/03/2003 2026 3213 ascending 
ENVISAT ASAR 09/07/2003 2026 3213 ascending 
ENVISAT ASAR 13/08/2003 2026 3213 ascending 
ENVISAT ASAR 04/02/2004 2026 3213 ascending 
ENVISAT ASAR 14/04/2004 2026 3213 ascending 
ENVISAT ASAR 15/12/2004 2026 3213 ascending 
ENVISAT ASAR 19/01/2005 2026 3213 ascending 
ENVISAT ASAR 08/06/2005 2026 3213 ascending 
ENVISAT ASAR 30/11/2005 2026 3213 ascending 
ENVISAT ASAR 05/12/2007 2026 3213 ascending 
ENVISAT ASAR 13/02/2008 2026 3213 ascending 
ENVISAT ASAR 23/04/2008 2026 3213 ascending 
ENVISAT ASAR 28/0512008 2026 3213 ascending 
Mission Date Abs.Orbit Cycle Pass 
RADARSAT-1 (F4 beam) 05/12/2003 42196 122 ascending 
RADARSAT -1 (F4 beam) 29/12/2003 42539 123 ascending 
RADARSAT-1 (F4 beam) 10/03/2004 43568 126 ascending 
RADARSAT -1 (F4 beam) 01/08/2004 45626 132 ascending 
RADARSAT-1 (F4 beam) 29/11/2004 47341 137 ascending 
RADARSAT -1 (F4 beam) 23/12/2004 47684 139 ascending 
RADARSAT-1 (F4 beam) 14/11/2007 62n6 182 ascending 
RADARSAT-1 (F4 beam) 25/01/2008 63805 185 ascending 
RADARSAT-1 (F4 beam) 13/03/2008 64491 187 ascending 
~DARSAT-1 (F4 beam) 24/05/2008 65520 190 ascending 

Un total de trois images ERS-l , quatre images ERS-2, 13 images ENVISAT ASAR, ainsi 

que 10 images RADARSAT-1 ont été obtenues. Toutes les images obtenues entre le 14 

novembre 2007 et le 28 mai, 2008 ont été demandées par l' étudiant, c'est-à-dire qu'après 

une demande formelle, les agences spatiales ont accepté de prendre les images de 

spécification SAR, Single-Look-Complex à ces dates. Toutes les autres images étaient 

disponibles en archive. À partir de décembre, 2007 tout échantillonnage sur le terrain a 

été coordonné avec des dates d'acquisition de données de RADARSAT-1 et ENVISAT 

AS AR. 
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Tableau 3: Interférogrammes de la Vallée de Toluca avec origine des images (mission) 
pour faire l'interférogramme, date d'acquisition d'images, ligne de base (baseline) 
perpendiculaire (b perp.) et ligne de base (baseline) parallèle (b parai.) en mètres, 
décalage de temps en jours (d_days), ainsi qu'une description de la pertinence de 
l'interférogramme (tiré de Calderhead et al., 2009b). 

IMlssion Date 1 Date 2 b perp. b paraI. d days useful 
ERS-1 1996-01-28 1996-04-07 26 22 70 yes 
ERS-2 2001-03-21 2001-10-17 7121 2723 210 no 
ERS-2 2001-10-17 2002-05-15 126 114 210 no 
ERS-2 2002-05-15 2002-08-28 516 126 105 no 
ENVISAT ASAR 2003-03-26 2003-07-09 869 413 105 no 
ENVISAT ASAR 2003-03-26 2003-08-13 858 400 140 no 
ENVISAT ASAR 2003-03-26 2004-02-04 74 77 315 yes 
ENVISAT ASAR 2003-07-09 2004-02-04 505 126 210 yes 
ENVISAT ASAR 2004-02-04 2004-04-14 310 73 70 yes 
ENVISAT ASAR 2004-02-04 2004-12-15 64 14 315 yes 
ENVISAT ASAR 2004-02-04 2005-01-19 120 46 350 yes 
ENVISAT ASAR 2004-04-14 2004-12-15 374 87 245 yes 
ENVISAT ASAR 2004-12-15 2005-01-19 56 32 35 yes 
ENVISAT ASAR 2004-12-15 2007-12-05 100 74 1085 no 
ENVISAT ASAR 2005-01-19 2005-06-08 243 125 140 yes 
ENVISAT ASAR 2005-01-19 2005-11-30 94 40 315 yes 
ENVISATASAR 2005-06-08 2005-11-30 149 85 175 yes 
ENVISAT ASAR 2005-11-30 2007-12-05 217 88 735 yes 
ENVISAT ASAR 2007-12-05 2008-02-13 29 33 70 yes 
ENVISAT ASAR 2007-12-05 2008-04-23 85 86 140 yes 
ENVISAT ASAR 2007-12-05 2008-05-28 185 2 175 yes 
ENVISAT ASAR 2008-02-13 2008-04-23 172 41 70 yes 
ENVISAT ASAR 2008-02-13 2008-05-28 323 108 105 yes 
ENVISAT ASAR 2008-04-23 2008-05-28 151 149 35 yes 
RADARSAT-1 2003-12-05 2003-12-29 1052 869 24 no 
RADARSAT-1 2003-12-05 2004-03-10 592 456 96 yes 
RADARSAT-1 2003-12-05 2004-11-29 1291 1074 360 no 
RADARSAT-1 2003-12-29 2004-03-10 459 412 72 yes 
RADARSAT-1 2003-12-29 2004-08-01 1125 942 216 no 
RADARSAT-1 2003-12-29 2004-12-23 841 659 360 yes 
RADARSAT-1 2004-03-10 2004-08-01 695 636 144 yes 
RADARSAT-1 2004-03-10 2004-11-29 698 617 264 yes 
RADARSAT-1 2004-08-01 2004-11-29 1393 1253 120 no 
RADARSAT-1 2004-08-01 2004-12-23 312 389 144 yes 
RADARSAT-1 2004-11-29 2004-12-23 1081 865 24 no 
RADARSAT-1 2004-11-29 2007-11-14 1125 595 625 yes 
RADARSAT-1 2004-08-01 2007-11-14 267 310 1200 no 
RA DA RSAT-1 2004-12-23 2007-11-14 44 78 1056 yes 
RADARSAT-1 2007-11-14 2008-01-25 521 452 72 yes 
RADARSAT-1 2007-11-14 2008-03-13 28 5 120 yes 
RADARSAT-1 2007-11-14 2008-05-24 754 654 192 yes 
RADARSAT-1 2008-01-25 2008-03-13 492 446 48 yes 
RADARSAT-1 2008-01-25 2008-05-24 1239 1015 120 no 
RADARSAT-1 2008-03-13 2008-05-24 746 568 72 yes 
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Le tableau 3 montre les 44 interférogrammes générés par l'étudiant avec le logiciel 

Earth View InSAR (MDA, 2007). Des 44 interférogrammes, seulement 31 sont considérés 

comme pertinents, c'est-à-dire qu'il est possible d'obtenir de l'information sur la 

compaction. 

En raison de la décorrélation temporelle et de grandes lignes de base perpendiculaires 

(perpendicular baselines - Annexe F pour description), les images provenant d'ERS-2 

n'étaient pas utilisables pour notre étude. Seulement une paire ERS-l était utilisable. Les 

autres paires d'images utilisées dans l'étude proviennent soit d'ENVISAT ASAR ou soit 

de RADARSAT-l. 

.r:=-_-==:.l __ KM 

o 5 10 15 20 

Figure Il : a) et b) démontrent la cohérence dans la vallée de Toluca pour une paire d'images 
ENVISAT ASAR acquissent le 5 Décembre 2007 et le 28 Mai, 2008. c) et d) démontrent 
l'interférogramme de la même paire d'images. b) est un zoom de a) et d) est un zoom de c) (tirée 
de Calderhead et al., 2009b). 
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Les figures lIa et lIb montrent la cohérence dans la vallée de Toluca pour une paire 

d'images ENVISAT ASAR acquisse le 5 décembre 2007 et le 28 mai, 2008. Avec une 

cohérence élevée, il est plus facile de détecter un mouvement de terrain. La couleur 

blanche représente une cohérence élevée et les couleurs foncées représentent une faible 

cohérence. La cohérence est plus élevée dans les zones urbaines et diminue fortement 

dans les zones végétales et lorsque les images sont acquises pendant la saison de 

croissance végétative (mai à novembre). De plus, une cohérence élevée est obtenus 

lorsque les images acquises ont un écart entre les acquisitions de moins d'un an. Dans 

certain cas il a été possible d'utiliser un écart entre les acquisitions d'image plus long 

Qusqu'à 3 ans de différence). 

Les conditions atmosphériques entraînent des variations dans les interférogrammes. 

Cependant, les zones d'affaissement ont été observées dans tous les interférogrammes 

utilisables, donc le signal détecté n'est pas du aux variations atmosphériques. Une zone 

d'intérêt, où la subsidence est détectée et mesurée, est évidente aux Figures lIc et lld. 

Sachant qu'ENVISAT ASAR utilise le radar en bande C (longueur d'onde de 5,6 cm), les 

estimations préliminaires des mouvements de terrain sont obtenues à partir de 

l'interférogramme. Une frange complète, rouge-vert-bleue, ou un cycle 2n de phase, 

représente un déplacement de terrain de À / 2 (2,8 cm) quand le sol est plat (souvent le cas 

dans la Vallée de Toluca), o~ est la longueur d'onde du capteur SAR (voir figure 11). 

Les relevées de terrain, c'est-à-dire les mesures d' affaissement dans les extensomètres, 

aident à vérifier les résultats obtenus par cette méthode. 

Figures llc et lld démontrent l'interférogramme de la même paire d'images (5 décembre 

2007 et mai 28, 2008) pour la vallée de Toluca. Les grandes franges de la figure lIc 

indiquent les zones où la cohérence est suffisante pour détecter les mouvements de 

terrain. Les pixels épars représentent des zones où l'information ne peut pas être utilisée 

en raison d'une faible cohérence. Dans la plupart des cas, à l' extérieur des zones 

urbaines, il est impossible d'obtenir des informations utiles, puisque l'usage des sols est 

surtout caractérisé par la croissance végétative. 
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Figure 12: Description de la zone d 'intérêt dans la vallée de Toluca; position des extensomètres, 
points de contrôle, puits d'observation, puits de pompage, et les taux d 'affaissement mesurés avec 
InSAR entre décembre 2007 et mai 2008 (tirée de Calderhead et al., 2009b). 

La figure 12 montre un exemple du produit final d'InSAR. On perçoit une carte de 

défonnation du corridor industriel. La région d'affaissement maximal est de couleur 

rouge. Cette zone est détectée dans tous les interférogrammes mentionnés dans le tableau 

3, donc elle n'est pas causée par des perturbations atmosphériques. Dans cette image, le 

plus haut taux d'affaissement est estimé à 7.2 cm en 175 jours ou 15 cm/an. 

7 MODÉLISATION 

La théorie de compaction, discutée plus en détail au Chapitre 4 (Calderhead et al., 

2009c), se base sur le principe de Terzhagi (1925). Voir Annexe B pour une liste de 

modeles de compaction. En observant les argiles de la vallée de Toluca (e.g. Figure 13), il 

est possible de constater qu'elles se défonnent tant de façon élastique qu'inélastique. 

25 



0.600 

0 .590 

0 .580 

0.570 

8 0.570 
CI) 

0.560 

0 .550 

0.540 

0.530 

0.520 
0.1 0.2 0 .3 0.4 0.5 1.0 

Cc 0.066 

Cs 0.011 

<Jpre 0.8 Kg/cm2 

2.0 3.0 4.0 5.0 10.0 

Figure 13: Exemple de résultats de tests de compression d'une argile typique de la Vallée de 
Toluca (de UAEM, 2008): Indice des vide (e) versus la contrainte effective ((J'), ou (J (pre) est la 
contrainte effective de préconsolidation, Cc est l 'indice de compression inélastique et Cs est 
l'indice de compression élastique (tirée de Calderhead et al. , 2009c) 

La compressibilité (a ), l' emmagasinement spécifique squelettique élastique (S' ske) et 

l'emmagasinement spécifique squelettique inélastique (S ' skv) peuvent être obtenus de 

tests de consolidation en utilisant Cc et Cs (Figure 13 et Calderhead et al. , 2009c). 

Pour tenir compte de la modification significative de l' emmagasinement spécifique 

squelettique, lorsque la contrainte effective dépasse la contrainte effective de 

préconsolidation, deux valeurs distinctes sont souvent utilisées. Pour des contraintes 

supérieures à la contrainte de préconsolidation, S'skv est utilisé, et S'ske est utilisé pour des 

contraintes inférieur à la contrainte de préconsolidation (figure 13). Dans une certaine 

mesure, cette approche linéarise la contrainte non-linéaire de la relation de compaction à 

l'égard de la contrainte de, préconsolidation. En observant la figure 13 et autres courbes e 

- log cr'zz à partir d'essais de consolidation des argiles de la Vallée de Toluca (Minor, 

2007), la loi constitutive résultante (représentée par l'équation 8 dans Calderhead et al., 

2009c) est une bonne estimation de ces argiles, mais elle n'est qu'une approximation des 

processus de compaction des sédiments. 
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De plus, nous constatons qu'il y a des délais de compaction, d'environs 4 mois, avec la 

baisse du niveau piézométrique (e.g. voir figure 8 du chapitre 2). Étant donné que les 

délais ne sont pas très grandes par rapport a la longueur des simulations (1 00 ans), il est 

supposé qu'en simulant la compaction instantané, les différences avec les simulations et 

la réalité sont négligeables. 

Maintenant que les processus de compactions des argiles de la Vallée de Toluca ont été 

introduits, l'étape de la modélisation suit et se divise en cinq parties distinctes (1) 

couplage d'un module de compaction avec le modèle HydroGeoSphere; (2) vérification 

du nouveau modèle; (3) conception et mise en œuvre du modèle numérique de la vallée 

de Toluca; (4) calage; et (5) résultats des simulations 

7.1 Couplage d'un module de compaction 

Une partie importante de cette thèse consiste à intégrer le processus de l'affaissement dû 

au pompage dans le logiciel de HydroGeoSphere (HGS) (Therrien et al., 2009). HGS est 

un modèle numérique complet et entièrement intégré décrivant l'écoulement 2D des eaux 

de surface et l'écoulement souterrain 3D à saturation variable en plus du transport de 

masse dissout et du transport réactif. 

HGS a été amélioré en incorporant un module capable dè simuler la déformation 

instantanée de milieux poro-élastique · et poro-inélastique, afin de prendre en 

considération les phénomènes réversibles et irréversibles. L'accent a été mis sur la 

déformation inélastique due à la subsidence irréversible des matériaux de l'aquifère qui a 

lieu dans la Vallée de Toluca. Le module simulant la déformation a été couplé au module 

d'écoulement HGS pour prendre en considération la compaction instantanée du milieu 

poreux. La théorie pour représenter le couplage HGS-compaction est présentée au 

chapitre 4. 

La formulation utilisée pour le couplage a été précédemment mise en œuvre dans le 

modèle en différences-finies, MODFLOW (Leake et Prudic, 1991; Hoffman et al., 2003b, 

Leake et Galloway, 2007) (Voir chapitre 4). Une différence importante avec les modules 
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MODFLOW est que le couplage a été fait avec un modèle d'éléments-fini et la méthode 

de solution implicite utilise l'itération Picard (Calderhead et al., 2009c). 

En combinant les termes de compaction à l'équation d'écoulement de HGS, nous 

obtenons (Voir aussi Chapitre 4): 

(1) 

Le couplage ignore les délais de compaction dus à une dissipation lente des charges 

hydrauliques transitoires dans les argiles et suppose que les charges s'équilibres partout 

instantanément avec la charge dans l'aquifère environnant. Bien que les délais peuvent 

être importants dans certaines argiles (par exemple, Mexico), les argiles de la vallée de 

Toluca ont une réponse de compaction rapide quand il y a une diminution de la charge. 

(voir figure 19, comparaison de compaction dans l'extensomètre et charge hydraulique 

dans l ' extensomètre). 

7.2 Validation du nouveau modèle 

Les modules de MODFLOW-SUB et la partie relative à l'écoulement de HGS ont été 

vérifiés par des solutions analytiques (Hoffmann et al., 2003b; Therrien et al., 2009) et 

ont été appliqués avec succès à plusieurs études de cas (Galloway and Hoffman, 2007; 

Therrien et al., 2009). Le nouveau module de compaction dans HGS est ainsi vérifié en le 

comparant avec MODFLOW-SUB dans la résolution d'un problème. Le scénario (Figure 

14) est tiré de Hoffmann et al. (2003b) et décrit dans le Chapitre 4. 
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Figure 14: Problème de vérification - Corifiguration du modèle utilisé pour simuler une variation 
saisonnière de la contrainte. Les seuls entrants et sortants dans le système sont la recharge ou la 
décharge par le(s) puits et l'emmagasinement dans l'aquifère et la couche d'argile. Le modèle 
MODFLOW-SUB en différences-finies utilise un seul puits pour la recharge et la décharge. La 
méthode d'éléments-finis de HGS utilise les 8 coins du bloc pour les puits (W1-W8), avec le 
pompage et les débits d'injection, respectivement, divisés par 8 pour chaque puits (tiré de 
Calderhead et al., 2009c). 

La simulation HGS utilise un modèle en éléments-finis et les charges hydrauliques sont 

donc simulées aux nœuds, et non dans le centre de cellules comme avec MODFLOW. 

Dans HGS, un élément 3D massif avec 8 nœuds est utilisé. Les taux de pompage sont 

également répartis entre les 8 nœuds, à l'inverse de MODFLOW où un seul taux est 

appliqué au centre de la cellule. 

Les résultats de la simulation démontrent que les charges hydrauliques calculées à chaque 

nœud sont égales pour les deux modèles (Figure 15). La compaction totale (subsidence) 

en HGS (Figure 15) est calculée par la somme verticale de la compaction de chaque 

nœuds qui ont les mêmes coordonnées x, y. 
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Figure 15: Résultats de vérification démontrant la charge hydraulique et la compaction totale 
pour les simulations HGS-COMPACTION ET MODFLOW-SUB (tirée de Calderhead et al. , 
2009c). 

Les charges hydrauliques et la compaction totale de la couche calculées dans 

MODFLOW-SUB et dans HGS-compaction sont présentées à la figure 15. Pour chaque 

modèle, nous notons que les charges hydrauliques et les valeurs de compaction sont 

identiques. En utilisant les équations de couplage et les time weighting schemes 

(implicites) identiques, des résultats identiques ont été obtenus avec les deux modèles. 

7.3 Conception et mise en œuvre du modèle numérique dans la Valle 
de Toluca 

Cette section présente la configuration du modèle numérique. Les paramètres qui ont été 

incorporés dans le modèle régionale sont: les conditions initiales et limites, la recharge, 

le pompage, la méthode de solution (tableau 4), et le modèle géologique 3D (Figure 16). 
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Tableau 4: Conception du modèle numérique de la vallée de Toluca (tirée de 
Calderhead et al., 2009). 

SIMULATION SETUP 

Boundary Conditions 

Unifonn vertical recharge 

Constant head boundary 

Initial conditions 

Hydraulic head 

Simulations begin date 

Total pumping 

1950-1969 

1970-1977 

1978-1993 
1994-2004 

2005-2010 
Solution 

Solution method 
Absolute convergence criteria 

Maxirrnnn iteration 
Initial timestep 

Maxirrnnn timestep 

DESCRIPTION 

13 5 rnmIyear 
Nodes at top oflayer 1; See Figure 

8D for xy location ofboundary 

Estimated hydraulic head values 
from 1950 (based on CN A (2008) 

January 1 st, 1950 

312 Mni'3/year 
346 Mni'3/year 

401 Mni'3/year 
456 Mni'3/year 

494 Mni'3/year 

Picard Iteration 
1.0e-4 

15 
1 day 

100 days 

Pour faire face à la stratigraphie complexe de la vallée de Toluca, une chaîne de 

traitement utilise des journaux de forage pour générer un maillage 3D utilisable dans 

HGS (Figure 16). Voir chapitre 4 pour plus de détails. 

31 



Boreholes 3D Geology 

2D Mesh . Mesh Layers 3D Mesh 

Constant head 
boundary 

E) F) 

Figure 16: Chaîne de traitement pour l'obtention du modèle en éléments finis 3D. Les journaux 
de forage (A) sont utilisés pour générer la géologie en 3D (B et C), puis en utilisant les couches 
géologiques et le maillage 2D (D), la topographie des couches géologiques est extraite (E). Enfin, 
le maillage 3D (F) est généré (tiré de Calderhead et al., 2009c). 

7.4 Calage 

Charge hydraulique 

Le calage des charges hydrauliques a été effectué en utilisant les charges hydrauliques ou 

le rabattement mesuré dans les piézomètres à niveaux multiples situés dans la vallée et 

dans les extensomètres. Les simulations du rabattement (figure 17) suivent, en générale, 

la charge hydraulique et les valeurs mesurées au PL-201 , PL-20S, et à Extensometer-l. 

32 



-QI e 
>-:n ; 
CU 0 
.-t'ô 
QI :t 

c:x: CU 
~ 
0 

10 

20 

30 

40 

50 

60 

70 

..... ..... 

---.-PL-201 

_PL-205 

----Extensometer -l 

- •• HGS s~ulation at Extentometer-l 
80 

1965 1976 1987 

Drawdown at 
Extensometer-l 

~,.J 
~ 

1998 2009 

Figure 17: Rabattement relatif mesuré et simulé à l'Extensometre-l ainsi qu'une comparaison 
avec les rabattements aux piézomètres multi-niveaux à proximité (PL-20l et PL-205) (tiré de 
Calderhead et al., 2009c). 

Estimer S'skPour une couche individuelle 

En utilisant l'épaisseur des couches argileuses (voir Calderhead et al., 2009c), les 

interférogrammes (e.g. Figure 18B), les données de pompage (lMTA, 2003) (figure 18A) 

et les mesures de charge hydraulique, S'ki peut être contraint pour une couche individuelle 

i, appartenant au système de couches N. S'K représente le coefficient de stockage 

squelettique du système aquifère des N couches en un lieu donné sur le plan xy, et est 

décrit par: 

N N 

S\ = IS'ki = IS'Ski bi (2) 
i=1 i=1 

où bi est l'épaisseur de la couche i. En utilisant les données des journaux de forage, la 

fraction de matériel compressible (Ài) peut être estimée pour toutes les couches N. En 

assignant la fraction de matériel compressible pour chaque couche, il est possible 

d'estimer S'sk pour les couches individuelles d'argile (S'ski). Le chapitre 4 présente la 

méthode pour assigner les valeurs de S 'ski pour chaque couche. 
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Figure 18: A) Somme verticale des épaisseurs de couches argileuses et position des puits de 
pompage avec leurs débits respectifs_ Les zones blanches-gris-noires représentent la somme 
verticale des épaisseurs des couches argileuses_ B) Interférogramme différentiel de la vallée de 
Toluca avec un intervalle d'acquisition de 70 jours_ Les images ENVISAT ASAR ont été acquises 
le 5 décembre, 2007 et 13 février, 2008. Un cycle bleu-rouge-jaune représente l'affaissement vers 
le bas (2_8 cm), et à l'inverse, un cycle bleu-jaune-rouge représente un soulèvement. Les lignes 
noires représentent la somme verticale des épaisseurs des couches argileuses (à partir de 18A) 
(tirée de Calderhead et al., 2009c). 

Compaction 

La figure 19 montre la compaction totale simulée et mesurée à l'Extensometer- 1 par 

ENVISAT ASAR, RADARSAT-l, les valeurs prélevées sur le terrain à Extensometer-1, 

et simulé avec HGS. Lors des simulations, le pompage, ' Ss, S' skv, et S' ske ont été modifié 

pour obtenir une représentation respectable de la compaction (voir la section sur le calage 

dans Chapitre 4 et annexe H pour plus de détail). 
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Les rabattements (WL) simulés et mesurés à l'Extensometer-1 sont aussi montrés. Les 

simulations de compaction totale suivent relativement bien les résultats InSAR ainsi que 

les données de terrain. . 
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Figure 19: Compaction totale simulée et mesurée à Extensometer-1 par ENVISAT ASAR, 
RADARSAT-1, Extensometer-1, et les simulations HGS en fonctions du temps. Les rabattement 
(WL) simulé et mesuré à Extensometer-1 en fonction du temps sont aussi montré (tirée de 
Calderhead et aI2009c). 

7.5 Résultats des simulations de compaction 

L'affaissement régional est simulé pour la vallée de Toluca entre 1950 et 2010. La 

compaction totale pour les années 1952, 1963, 1978, 1991,2003, et 2009 est présentée à 

la figure 20. On note qu'il y a peu d'affaissement avant 1978 et qu'à partir de cette date 

l'affaissement est surtout situé dans le centre de la vallée, là où il y a un pompage 

important et où les couches d'argiles sont épaisses. En 2009, un affaissement totale 

maximal de près de 2 mètres est simulé. Le rabattement de la charge hydraulique est 

présenté dans la section suivante. 
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Figure 20: Évolution de l'affaissement régional dans la vallée de Toluca de 1960 à 2009 simulé 
avec HGS-Compaction (tirée de Calderhead et al., 2009c). 

En comparant les simulations avec les resultats InSAR (figure 21), il est possible de 

constater qu'ils ne sont pas identiques. Par contre, les résultats sont acceptables et les 

simulations ainsi que les résultats InSAR reproduisent un affaissement semblable. 
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Figure 21: A) Simulation HGS-compaction (lignes solides noires) superposée à la carte de 
subsidence D-InSAR (remplissage en couleur) dans les 175 jours entre le 5 décembre 2007 et le 
28 mai, 2008. L'emplacement des puits de pompage avec les taux de pompage est également 
indiqué. B) L'emplacement de la zone de compaction ainsi que la compaction régionale. (tirée de 
Calderhead et al. , 2009c) 

8 GESTION DE L'AQUIFÈRE 

Huit scenarios avec des combinaisons différentes de taux de pompage, taux de recharge, 

et localité de pompage sont présentés afin d'aider à comprendre les possibilités 

d'affaissements futurs. Les scénarios 1-3 (Tableau 5) examinent les scenarios de recharge 

et de pompage dans le pire des cas (Scenario 1), le meilleur des cas (scenario 2), et les 

tendances moyennes attendues (scenario 3) (basés sur Calderhead et al., 2009a; et le 

IPCC (2007)). Les exportations vers Mexico augmentent (8 m3/s) dans le pire des cas, 

diminue (3 m3/s) dans le meilleur des cas, et reste constant (6 m3/s) pour le scénario 

moyen. Un scénario probable est que le pompage vers Mexico diminue. Ainsi les 

scénarios 4 et 5 voient les exportations vers Mexico diminuer à 0 m3/s et 3 m3/s 

respectivement, tout en gardant des valeurs moyennes pour tous les autres paramètres. Le 

scénario 6 examine la possibilité de diminuer le pompage à Toluca (-25%) et Mexico (-
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50%) à un taux plus durable. Les scénarios 7 et 8 utilisent le modèle de l'épaisseur 

d'argile (Calderhead et al. , 2009c) pour déplacer les puits de pompage des zones à forte 

teneur en argile vers des zones à plus faible teneur en argile. Le scénario 7 utilise le 

pompage moyen attendu et le scénario 8 diminue les taux de pompage (aux valeurs du 

scénario 6). En diminuant le pompage pour l'usage local, les scénarios 6 et 8 impliquent 

une importation de l'eau à partir des bassins environnants. 

Tableau 5: Scenarios de pompage 2010-2050 (tiré de Calderhead et al., 2009d). 

Lerma pumping 

Scenario (to Mexico City) Toluca Pumeing Recharge Descrietion 

33% increase worst case worst case 
Worst case expected with 33% increased Lerma 
pumping 

2 50% decrease best case best case Best case expected with 50% decrease in Lerma 

3 constant at 6m3/s a-.erage a-.erage case 
A-.erage case with Lerma pumping constant at 
6m3/s 

4 
Stop Lerma 

a-.erage a-.erage case A-.erage case with stopping Lerma pumping 
pumping (Om3/s) 

5 50% decrease a-.erage a-.erage case 
A-.erage case with a 50% decrease in Lerma 
pumping 

6 50% decrease decrease by 25% a-.erage case 
Decrease Lerma pumping by 50% and decrease 
Toluca Basin pumping by 25% 

7 constant at 6m3/s a-.erage a-.erage case 
Mo-.e pumping centres to locations with less clay 
(see figure 4) 
Mo-.e pumping centres to locations with less clay 

8 50% decrease decrease by 25% a-.erage case (see figure 4) and decrease Toluca Basin pumping 
by 25% and Lerma Pumping by 50% 

La figure 22 présente les simulations de la distribution du rabattement de la charge 

hydraulique depuis 1950, pour le scénario 3 (tableau 5) entre 1962 et 2050. Le 

rabattement régional commence vers 1962 et augmente au cours des années à cause de 

l'augmentation du déficit en eaux souterraines. En 1990, il ya déjà un rabattement marqué 

de plus de 40 mètres dans le centre de la vallée. Ceci progresse de manière significative 

au cours des 60 années qui suivent, en augmentant jusqu'à plus de 120 m dans le corridor 

industriel en 2050. 
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Figure 22: Rabattement de la charge hydraulique simulé depuis 1950 et présenté pour les années 
a) 1962, b)1977, c)1990, d) 2010, e)2030, etj)2050 (tirée de Calderhead et al., 2009d). 
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Figure 23: Distribution de la subsidence totale entre 1962 et 2050 (scénario 3) (tirée de 
Calderhead et al., 2009d). 

La Figure 23 montre la progression de l'affaissement total dans la vallée de Toluca. Les 

résultats de 1962 à 2050 sont basés sur le scénario moyen prévu (scénario 3). Les 

simulations débutent en 1950 et en 1962 la subsidence totale est locale et négligeable 

«0,4 m). Les affaissements sont progressivement plus importants à partir de cette date et 

parviennent à un affaissement total maximum de 3,8 m en 2050. La zone d'affaissement 
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maximale est située dans le corridor industriel (figure 1) où il y a des taux de pompage 

élevés, un rabattement élevé, et où il y a d' épaisses couches argileuses compressibles. 
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Figure 24: Résultats des simulations pour les scenarios 1-8 (tirée de Calderhead et al., 2009d). 

La figure 24 présente les résultats de compaction total entre 2010 et 2050 pour les huit 

scénarios. Les scénarios 1 à 3 présentent respectivement les effets du pire, du meilleur, et 

du moyen scénario, en ce qui concerne les changements climatique et les paramètres de 

pompage. Calderhead et al. (2009a) a démontré que les changements climatiques ne sont 
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pas le facteur le plus important dans le bilan d'eau et donc le pompage excessif sera 

responsable de la grande majorité des effets de la subsidence. La subsidence totale 

maximum atteint 2,2 m pour le pire des cas (scénario 1), 1,4 m pour le meilleur scénario 

(scénario 2), et 1,6 m pour le scénario présentant les tendances moyennes attendues 

(scénario 3). En comparant ces scénarios, l'étendue spatiale de la zone affecté est 

similaire et les différences maximale entre le pire et le meilleur scenario est de 0,8 m pour 

la période de 40 ans. 

Il n'y a que des différences subtiles entre complètement arrêter les exportations (scénario 

4) et les réduire de la moitié (scénario 5). Toutefois, il existe des différences 

significatives entre les exportations constantes (scénario 3) et la réduction des 

exportations de moitié (scénario 5). 

Le changement le plus marqué dans la subsidence se produit lorsque les centres de 

pompage sont déplacés (scénarios 7 et 8) à des endroits où il n'y a pas d'argile. La 

compaction totale peut être considérablement réduite, simplement en déplaçant les 

centres de pompage à différents endroits dans la vallée. Les résultats les plus souhaitables 

(scénario 8) montrent un affaissement maximal de <0,3 m en 2050. Ailleurs il n'y a que 

de l'affaissement limité dans toute la vallée. 

9 CONCLUSIONS ET PERSPECTIVES 

Bilan en eau 

En ce qui concerne le bilan en eau, cette étude des deux composantes les plus importantes 

du cycle de l'eau (la recharge et le décharge) montre clairement que la diminution de la 

disponibilité de l'eau dans le bassin de Toluca est principalement due à des effets 

anthropiques et que le taux de pompage actuelle n'est pas soutenable. De plus, les 

estimations de changement climatique doivent être prises en considération car elles seront 

potentiellement un facteur important sur le déficit budgétaire des eaux souterraines dans 

l'avenir, surtout dans les régions vulnérable aux sécheresses. 
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InSAR 

En comparant les résultats D-InSAR au données de compaction des extensomètres, il est 

possible de constater qu'il existe une corrélation directe. D'après les résultats, 

l'affaissement régional est bien quantifié par la méthode InSAR. En contrastant les 

images des capteurs ENVISAT ASAR et RADARSAT -1, il a été constaté que les lignes 

de bases (baselines) courtes « 500 m) et des acquisitions d'images à intervalle de temps 

petite « 1 an) conduisent à des résultats plus précis et mieux corrélées. Les argiles dans 

le couloir industriel se compactent d'une façon relativement linéaire, où les différents 

taux de compaction sont fonctions des propriétés géologiques et du taux de pompage. Les 

taux de subsidence maximale actuelle sont estimés à 15 cm/an à certains endroits. 

L'affaissement total maximal d'un point situé dans la vallée entre novembre 2003 et mai 

2008 est d'environ 40 cm. 

Modélisation 

L'interférométrie radar, le modèle géologique 3D, les données de terrain acquises et 

existantes ont permis à contraindre le modèle numérique écoulement-compaction. Les 

charges hydrauliques, le rabattement, et l'affaissement régional et local sont observées. 

Les résultats D-InSAR, les extensomètres, et les simulations numériques de la subsidence 

coïncident relativement bien. Il est constaté que la partie supérieure de l'aquifère est la 

partie la plus compressible. Des simulations montrent que, depuis la subsidence régionale 

a débuté dans les années 1960, elle a atteint 2 m dans le couloir industriel, là où le 

pompage est excessif et ou les couches d'argile sont épaisses. 

Gestion de l'aquifère 

Concernant les scenarios, complètement arrêter les exportations vers la ville de Mexico 

n'est pas le facteur le plus important pour le contrôle de la subsidence, car le système de 

pompage se situe principalement dans les régions à faible teneur en argile. Toutefois, 

diminuer les exportations de 50% et déplacer les centres de pompage à des endroits avec 

une faible teneur en argile, engendre un effet positif sur le bilan global de l'eau et la 

subsidence. Une grande partie des affaissements aurait pu être évitée s'il y avait eu une 

politique en place pour limiter le pompage dans les zones compressibles. 

43 



10 LES ASPECTS INNOVATEURS DE LA THÈSE. 

Cette partie récapitule les contributions significatives de cette thèse à l'avancement des 

connaissances dans le domaine de l'hydrogéologie, l'affaissement des sols, et la 

télédétection. 

Plus spécifiquement, les contributions scientifiques sont les suivantes : 

Une amélioration de la compréhension du bilan en eau souterraine (recharge et 

décharge) pour la vallée de Toluca avec une méthodologie distincte (Chapitre 2) 

Des inclusions de changements climatiques dans les scénarios de comportement 

de recharge pour la vallée de Toluca (chapitre 2 et 5) 

Une amélioration du modèle géologique 3D, ainsi que la délimitation des couches 

compressibles pour la vallée de Toluca (chapitre 4) 

L'obtention d'images SAR pour la vallée de Toluca (Chapitre 3) 

L'utilisation de l'InSAR pour quantifier la compaction régionale dans la vallée de 

Toluca (Chapitre 3, 4) 

Les interférogrammes avec des images provenant de deux satellites différents 

(RADARSAT-l et ENVISAT ASAR) sont comparés (Chapitre 3) 

Des méthodes de terrain novatrices pour l'installation d'extensomètre ont été 

entreprises (Chapitre 1) 

L'installation du réseau de suivi de niveau d'eau souterraine la vallée de Toluca 

(Chapitre 1) 

L'amélioration du modèle numérique HydroGeoSphere avec un module de 

compaction (Chapitre 4) 

L'utilisation d' InSAR, un modèle géologique 3D, et des données de pompage 

pour contraindre les paramètres de compressibilité (S' sk) (Chapitre 4) 

Des scenarios de pompage interbassin (présenté dans le Chapitre 5) pour la 

gestion de l'eau du bassin pouvant servir d'exemple pour tout autres bassin 

présentant cette problématique de subsidence et de surexploitation de l'aquifère. 

44 



Références 

Amelung, F., Galloway, D. L., Bell, J.W., Zebker, H. A., & Laczniak, R. J. (1999). 

Sensing the ups and downs of Las Vegas: InSAR reveals structural control of land 

subsidence and aquifer-system deformation. Geology, 27, 483-486. 

Ariel and Consultores, 1996. Hydrodynamic modeling study and design optimization of 

the monitoring well networks for the aquifers of Caldera, San Luis Potosi and Toluca 

(Part 3: Aquifer of Toluca) Estudio de Simulacion Hidrodinamica y Diseno Optimo de 

las Redes de Observacion de los acuiferos de Calera, San Luis Potosi y Toluca (Tomo 

3: Acuifero de Toluca). CNA (Comisi6n Nacional del Agua) México, DF, Unitecnia pp. 

308. 

Biot, M.A. (1941) General the ory ofthree dimensional consolidation. Journal of Applied 

physics. 12: 155-164. 

Calderhead A. I., Martel, R. Rivera, A., Garfias, J., Therrien, R., An increasing 

groundwater budget deficit induced by urbanization, industrialization, and climate 

change in the Toluca Valley, Mexico. Hydrological processes. (to submit in October 

2009a). 

Calderhead, A. I., Martel, R., Allasset, P-J., Rivera, A., Garfias, J, Land subsidence 

induced by groundwater pumping, monitored by C-band D-InSAR and field data in the 

Toluca Valley, Mexico. Canadianjoumal ofremote sensing (accepted 2009b). 

Calderhead A. I., Martel, R. Rivera, A., Garfias, J., Therrien, R., Simulating pumping­

induced regional land subsidence in a complex aquifer system. Advances in water 

resources (to submit in October 2009c). 

Calderhead A. I., Martel, A., Garfias, J., R. Rivera, Therrien, R., Groundwater pumping 

scenarios for minimizing land subsidence in the Toluca Valley, Mexico: tools for policy 

design. Water Resources Management (to submit in October 2009d) 

CNA, 2000. Determinacion de la disponibilidad de agua en el acuifero Valle de Toluca. 

CNA (Comisi6n Nacional deI Agua) México, DF, Unitecnia: 26. 

CNA, 2006. Datos climatol6gico, Servicio Meteorol6gico Nacional, Comisi6n Nacional 

del Agua. 

CNA 2007. Base Aquiferos Nacional y Regional. Comisi6n Nacional deI Agua 

45 



CNA 2008. Zonas de Reserva de Agua Potable para la ciudad de Toluca. Gerencia de 

Agua Subterania, Comision Nacional deI Agua, Subdirection Tecnica. 

GTZ-CNA, 2004. Modelo de Simulaci6n Hidrodimimica deI Acuifero deI Valle de 

Toluca, Estado de México. Deutsche Gesellschaft fur Technische Zusammenarbeit -

Comisi6n National del Agua. 

Consultec (1978). Study of the behavior of fractures in the upper Lerma river basin 

reports I-III . Estudio deI compotamiento de grietas en el valle del Alto Rio Lerma. 

Informes I-III. 

DGCOH, 1992. Regional hydrogeologic study of theValleys of Toluca and Ixtlahuaca: 

Part I. Estudio Hidrogeologico Regional de los Valles de Toluca e Ixtlahuaca: Tomo 1: 

214. 

Ferronato, M., Gambolati, G., Teatini, P., Baù, D. Stochastic poromechanical modeling 

of anthropogenic land subsidence (2006) International Journal of Solids and Structures, 

43 (11-12), pp. 3324-3336. 

Figueroa Vega, G. E., (1990) Estudio sobre el comportamiento reciente deI acuifero de la 

ciudad de Toluca y su relacion con el problema de agrietamientos de la zona poniente 

de la misma. CEAS, The state of Mexico, May 1990. 

Figueroa Vega, G. E, (2004) El agrietamiento de la ciudad de Toluca, Consejo consultivo 

de Agua, December 2004. 

Gabriel, A.K., Goldstein, R.M., Zebker, H.A. Mapping small elevation changes over 

large areas: differential radar interferometry (1989) Journal of Geophysical Research, 

94 (B7), pp. 9183-9191. 

Galloway, D.L., Hudnut, K.W., Ingebritsen, S.E., Phillips, S.P., Peltzer, G., Rogez, F., & 

Rosen, P .A. (1998). Detection of aquifer system compaction and land subsidence using 

interferometric synthetic aperture radar, Antelope Valley, Mojave Desert, California. 

Water Resources Research, 34,2573-2585 

Galloway, D.L., Hoffmann, J. The application of satellite differential SAR 

interferometry-derived ground displacements in hydrogeology (2007) Hydrogeology 

Journal, 15 (1), pp. 133-154. 

Gambolati, G., 1972. A three-dimensional model to compute land subsidence. Bullet. Int. 

Ass. Hydrolog. Sci. 17 (1972), pp. 219-:-226. 

46 



GMS, 2009~ GMS 6.5 User guide, GMS - Salt lake City, Utah. 

Goldstein, R.M., Zebker, H.A. Interferometric radar measurement of ocean surface 

currents (1988) Nature, 328 (6132), pp. 707-709. 

GTZ-CNA, 2004. Modelo de Simulaci6n Hidrodinamica deI Acuifero deI Valle de 

Toluca, Estado de México. Deutsche Gesellschaft fur Technische Zusammenarbeit -

Comisi6n National deI Agua. 

Harbaugh, A.W., Banta, E.R., Hill, M.C., and McDonald, M.G., 2000, MODFLOW-

2000, the U.S. Geological Survey modular ground-water model-User guide to 

modularization concepts and the ground-water flow process: U.S. Geological Survey 

Open-File Report 00-0092, 121 p. 

Hawksworth, J., 2006. The World in 2050: How big will the emerging market economies 

get and how can the OECD compete?, Pricewaterhouse Coopers, London. 

Helm, D. C., 1975. One-dimensional simulation of aquifer system compaction near 

Pixley, Califomia, 1, Constant parameters, Water Resour. Res., Il,465-478, 

Hoffmann, J., Galloway, D. and Howard, A. J., 2003a. Inverse Modeling of Interbed 

Storage Parameters Using Land Subsidence Observations, Antelope Valley, Califomia. 

Water Resource Research, VoL 39, No.2, 1231. 

Hoffmann, J., Leake, S.A., Galloway, D.L., and Wilson, A.M, 2003b, MODFLOW-2000 

ground-water model-User guide to the Subsidence and Aquifer-System Compaction 

(SUB) Package: U.S. Geological Survey Open-File Report 03-233, 46 p. 

IMTA, 2003. Censo deI utilizaci6n deI agua en eI valle de Toluca. Instituto Mexicano de 

Tecnologia dei Agua. 

INEGI, 1960. Censo general de poblaci6n y vivienda 1960. Instituto Nacional de 

Estadistica, Geografia e Infonmitica. 

INEGI, 1970. Censo general de poblaci6n y vivienda 1970. Instituto Nacional de 

Estadistica, Geografia e Infonnatica. 

INEGI, 1980. Censo general de poblaci6n y vivienda 1980. Instituto Nacional de 

Estadistica, Geografia e Infonnatica. 

INEGI, 1990. Censo general de poblaci6n y vivienda 1990. Instituto Nacional de 

Estadistica, Geografia e Infonnâtica. 

INEGI, 2000. Censo general de poblaci6n y vivienda 2000. Instituto Nacional de 

47 



Estadistica, Geografia e Infonmitica. 

INEGI, 2001. Instituto Nacional de Estadistica, Geografia e Informâtica, Sinthesis of 

geographic information for the state of Mexico. Sintesis de informaci6n Geogrâfica deI 

Estado de Mexico 

INEGI, 2005. Censo general de poblaci6n y vivienda 2005. Instituto Nacional de 

Estadistica, Geografia e Informâtica. 

IPCC, 2007. Climate Change 2007: The Physical Science Basis. Contribution of 

Working Group 1 to the Fourth Assessment Report of the Intergovernmental Panel on 

Climate Change [Solomon, S., D. Qin, M. Manning (eds.)]. 

Jyrkama, M.I., Sykes, J.F. 2007. The impact of c1imate change on spatially varying 

groundwater recharge in the grand river watershed (Ontario). Journal of Hydrology, 

338,237-250 

Leake, S.A., and Prudic, D.E., 1991, Documentation of a computer pro gram to simulate 

aquifer-system compaction using the modular finite-difference ground-water flow 

model: U.S. Geological Survey Techniques ofWater-Resources Investigations, book 6, 

chap. A2, 68 p. 

Leake, S.A., and Galloway, D.L., 2007, MODFLOW ground-water model-User guide 

to the Subsidence and Aquifer-System Compaction Package (SUB-WT) for water-table 

aquifers: U.S. Geological Survey, Techniques and Methods 6-A23, 42 p. 

Legorrreta, J., 1997. Rainfall, the key to the future of the Valley of Mexico. La Jornada 

Ecologica, 5(58): 1-12. 

Lesser y Asociados, S.A., 1992. Diagnostic study of the aquifer of the Valley of Toluca 

to implement a program for the extraction of groundwater. Estudio para el Diagnostico 

deI acuifero deI Valle de Toluca, para implementar la reglamentaci6n de la extracci6n 

deI agua subterrânea. 

Li CJ, Tang XM, Ma TH (2006) Land subsidence caused by groundwater exploitation in 

the Hangzhou-Jiaxing-Huzhou. Plain, China. Hydrogeol J 14:1652-1665 

Massonnet, D., Rossi, M., Carmona, C., Adragna, F., Peltzer, G., Feigl, K., & Rabaute, T. 

(1993). The displacement field of the Landers earthquake mapped by radar 

interferometry. Nature, 364, 138-142 

Massonet, D., Briole, P., & Arnaud, A. (1995). Deflation of Mount Etna monitored by 

48 



spacebome radar interferometry. Nature, 375, 567-570. 

MDA, 2007. EV-InSAR Users Guide, Version 4.0. MDA Geospatial Services, Nepean, 

Ontario. Canada. 

Metropoli, 2008. Pierde Edomex batalla legal sobre acuiferos. In: Metropoli (Editor). 

Metropoli, Mexico, Mexico, last accessed June 4th 2008. 

http://www.metropoli.org.mx/modules.php?name=News&file=article&sid=3439 

Minor Villar, A-M. 2007. Determinaci6n deI esfuerzo de corte de los distintos tipos de 

arcilla deI Valle de Toluca bajo diferentes condiciones de humedad. Masters Thesis, 

UAEM, March 2007. 

OEE, 1970. Los acuiferos deI alto Lerma pub. No. 7, . report for Oficina de estudios 

especiales (OEE) de la CHCVM-SRH 

Ortega, A., Cherry, J.A. and Rudolph, D.L. 1993. Large Scale Aquitard Consolidation 

Near Mexico City. Groundwater, vol. 31 :5, p. 708-717. 

Ortega, A., Rudolph, D.L. and Cherry, J.A. 1999. Analysis of Long-term land 

Subsidence near Mexico City: Field Investigations and Predictive Modeling. Water 

Resources Research, vol. 35: 11, p. 3327-3341. 

Rivera, A., E. Ledoux and G. de Marsily, 1991. Nonlinear modeling of groundwater flow 

and total subsidence of the Mexico City aquifer-aquitard system. FISOLS (IV Inter. 

Symposium on Land Subsidence); 12-17 May 1991 Houston Texas, USA. IAHS 

Publication no. 20; pp 45-58. 

Roctest (2009) R-4 magnetic reed switch probe extensometer system, Roctest 

http://www.roctest.comlmodules/ AxiaIRealisation/imgJepository/files/ documents/R 4-

E5013D-W.pdf 

Rudolph, D.L., Frind, E.O. Hydraulic response of highly compressible aquitards during 

consolidation (1991) Water Resources Research, 27 (1), pp. 17-30. 

Rudolph, D.L., Sultan, R., Garfias, J. and McLaren, R.G., 2006. Significance of enhanced 

infiltration due to groundwater extraction on the disappearance of a headwater lagoon 

system: Toluca Basin, Mexico. Hydrogeology Journal, 14(1-2): 115-130. 

Schroeder, P.R. Dozier, T.S., Zappi, P. A., McEnroe, B. M., Sjostrom, J.W., Peyton, R. 

L., (1994). The Hydrologic Evaluation of Landfill Performance (HELP3) Model: 

Engineering Documentation for Version 3, Environmental Protection Agency Office of 

49 



Research and Development, Washington, DC. 

Shearer TR (1998) A numerical model to calculate land subsidence applied at Hangu in 

China. Eng GeoI49:85-93 

Teatini, P., Ferronato, M., Gambolati, G., Bertoni, W., Gonella, M. A century of land 

subsidence in Ravenna, Italy (2005) Environmental Geology, 47 (6), pp. 831-846. 

Terzaghi, K. (1925). Earthworks mechanics based on soil physics. Erdbaumechanik auf 

bodenphysikalisher Grundlage, Franz Deuticke, Vienna. 

Therrien, R., .G. McLaren, E.A. Sudicky, S.M. Panday (2009) User Guide: 

HydroGeoSphere - A Three-dimensional Numerical Model Describing Fully-integrated 

Subsurface and Surface Flow and Solute Transport. University of Waterloo. 

UAEM, 2007. Compilation of clay compressibilities of the Toluca Valley, Mexico. 

UAEM, 2008. Universidad Autonoma del Estado de. Mexico, Faculdad de Ingeneria, 

Laboratorio de Materiales. Report on consolidation and linear contraction tests- August, 

2007 

UNEP. 2008. Mexico's Annual population Growth Rate. United Nations Environment 

Programme data, http://www.unep.org/. 

Zebker, Howard A., Goldstein, Richard M. TOPOGRAPHIC MAPPING FROM 

INTERFEROMETRIC SYNTHETIC APERTURE RADAR OBSERVATIONS. 

(1985) Digest - International Geoscience and Remote Sensing Symposium (IGARSS), 

pp. 113-117. 

Zebker, Howard A., Goldstein, Richard M. INTERFEROMETRIC SYNTHETIC 

APERTURE RADAR OBSERVATIONS OF OCEAN WAVES (1987) Digest -

International Geoscience and Remote Sensing Symposium (IGARSS), p. 783. 

50 



Liste des Tableaux 

Tableau 1 : Résumé du budget d'eau souterraine entre 1970 et 2050.'-' signifie données 

non disponibles (tiré de Calderhead et al., 2009a) ........................................... 15 

Tableau 2: Images SAR de la vallée de Toluca acquises entre 1995 et 2008 (tiré de 

Calderhead et al., 2009b) .................................................................................. 21 

Tableau 3: Interférogrammes de la Vallée de Toluca avec origine des images (mission) 

pour faire l'interférogramme, date d'acquisition d'images, ligne de base 

(baseline) perpendiculaire (b perp.) et ligne de base (baseline) parallèle (b 

paraI.) en mètres, décalage de temps en jours (d_days), ainsi qu'une description 

de la pertinence de l'interférogramme (tiré de Calderhead et al., 2009b) ........ 22 

Tableau 4: Conception du modèle numérique de la vallée de Toluca .............................. 31 

Tableau 5: Scenarios de pompage 2010-2050 (tiré de Calderhead et al., 2009d) ............. 38 

51 



---------------------- ---------------------------



Liste des figures 

Figure 1 : Position de la vallée de Toluca et la zone d'étude par rapport au Mexique et 

l'État de Mexico ................................................................................................. 7 

Figure 2: Utilisation de l'eau souterraine dans la vallée de Toluca (valeurs tirées de 

IMTA (2003) et figure modifié de Calderhead et al. (2009a) ............................ 8 

Figure 3: Schéma d'un extensomètre à senseur magnétique. Les variations de surface 

piézométrique (hl et h2), ainsi que la position du système d'acquisition de 

pression (pressure transducer) sont également indiqués. Le dessin n'est pas à 

l'échelle ............................................................................................................ Il 

Figure 4: Distance entre le senseur 12 (profondeur :::: 107 m) et le sol pour 

Extensometer-1 ................................................................................................. 12 

Figure 5: Distribution spatiale de la recharge moyenne dans la vallée de Toluca 

[mm/année] en utilisant le modèle HELP3 (tirée de Calderhead et al., 2009a) . 

.......................................................................................................................... 14 

Figure 6: Résumé du budget en eau souterraine entre 1970 et 2050. Entre 1970 et 1999 

les données réelles de la recharge sont présentées. Entre 2000 et 2050, la 

prédiction moyenne incluant les changements climatiques est démontrée. Le 

déficit est calculé par la somme de la décharge et de la recharge (tirée de 

Calderhead et al. 2009a) ................................................................................... 15 

Figure 7: 7A: Modèle conceptuel et géologie de la vallée de Toluca. 7B: 

Agrandissement de la géologie de la zone d'étude (tirée de Calderhead et al., 

2009c) ............................................................................................................... 17 

Figure 8: Génération du modèle géologique (8B) à partir de logs de forage (8A) ........... 18 

Figure 9: Épaisseurs des couches argileuses majeures (9A-9B) et la somme verticale des 

épaisseurs des couches argileuses (6E) (tiré de Calderhead et al., 2009c) ....... 19 

Figure 10. Modèle conceptuel de la méthodologie pour obtenir des images de subsidence 

par InSAR ......................................................................................................... 20 

Figure 11 : a) et b) démontrent la cohérence dans la vallée de Toluca pour une paire 

d'images ENVISAT ASAR acquissent le 5 Décembre 2007 et le 28 Mai, 2008. 

c) et d) démontrent l'interférogramme de la même paire d'images. b) est un 

zoom de a) et d) est un zoom de c) (tirée de Calderhead et al., 2009b) ........... 23 

53 



Figure 12: Description de la zone d'intérêt dans la vallée de Toluca; position des 

extensomètres, points de contrôle, puits d'observation, puits de pompage, et les 

taux d'affaissement mesurés avec InSAR entre décembre 2007 et mai 2008 

(tirée de Calderhead et al., 2009b) ................................................................... 25 

Figure 13: Exemple de résultats de tests de compression d'une argile typique de la Vallee 

de Toluca (de UAEM, 2008): Indice des vide (e) versus la contrainte effective 

(cr'), ou cr'(pre) est la contrainte effective de piconsolidation, Cc est l'indice 

de compression élastique et Cs est l'indice de compression inélastique (tirée de 

Calderhead et al., 2009c) .................................................................................. 26 

Figure 14: Problème de vérification - Configuration du modèle utilisé pour simuler une 

variation saisonnière de la contrainte. Les seuls entrants et sortants dans le 

système sont la recharge ou la décharge par le(s) puits et l'emmagasinement 

dans l'aquifère et la couche d'argile. Le modèle MODFLOW-SUB en 

différences-finies utilise un seul puits pour la recharge et la décharge. La 

méthode d'éléments-finis de HGS utilise les 8 coins du bloc pour les puits 

(WI-W8), avec le pompage et les débits d'injection, respectivement, divisés par 

8 pour chaque puits (tiré de Calderhead et al., 2009c) ..................................... 29 

Figure 15: Résultats de vérification démontrant la charge hydraulique et la compaction 

totale pour les simulations HGS-COMPACTION ET MODFLOW-SUB (tirée 

de Calderhead et al., 2009c) ............................................................................. 30 

Figure 16: Chaîne de traitement pour l'obtention du modèle en éléments finis 3D. Les 

journaux de forage (A) sont utilisés pour générer la géologie en 3D (B et C), 

puis en utilisant les couches géologiques et le maillage 2D (D), la topographie 

des couches géologiques est extraite (E). Enfin, le maillage 3D (F) est généré 

(tiré de Calderhead et al., 2009c) ..................................................................... 32 

Figure 17: Rabattement relatif mesuré et simulé à l'Extensometre-l ainsi qu'une 

comparaison avec les rabattements aux piézomètres multi-niveaux à proximité 

(PL-201 et PL-205) (tiré de Calderhead et al., 2009c) ..................................... 33 

Figure 18: A) Somme verticale des épaisseurs de couches argileuses et position des puits 

de pompage avec leurs débits respectifs. Les zones blanches-gris-noires 

représentent la somme verticale des épaisseurs des couches argileuses. B) 

Interférogramme différentiel de la vallée de Toluca avec un intervalle 

d'acquisition de 70 jours. Les images ENVISAT ASAR ont été acquises le 5 

décembre, 2007 et 13 février, 2008. Un cycle bleu-rouge-jaune représente 

l'affaissement vers le bas (2.8 cm), et à l'inverse, un cycle bleu-jaune-rouge 

54 



représente un soulèvement. Les lignes noires représentent la somme verticale 

des épaisseurs des couches argileuses (à partir de 18A) (tirée de Calderhead et 

al., 2009c) ......................................................................................................... 34 

Figure 19: Compaction totale simulée et mesurée à Extensometer-l par ENVISAT 

ASAR, RADARSAT-l, Extensometer-l, et les simulations HGS en fonctions 

du temps. Les rabattement (WL) simulé et mesuré à Extensometer-l en 

fonction du temps sont aussi montré (tirée de Calderhead et al2009c ........... 35 

Figure 20: Évolution de l'affaissement régional dans la vallée de Toluca de 1960 à 2009 

simulé avec HGS-Compaction (tirée de Calderhead et al., 2009c) .................. 36 

Figure 21: A) Simulation HGS-compaction (lignes solides noires) superposée à la carte 

de subsidence D-InSAR (remplissage en couleur) dans les 175 jours entre le 5 

décembre 2007 et le 28 mai, 2008. L'emplacement des puits de pompage avec 

les taux de pompage est également indiqué. B) L'emplacement de la zone de 

compaction ainsi que la compaction régionale. (tirée de Calderhead et al., 

2009c) ............................................................................................................... 37 

Figure 22: Rabattement simulé depuis 1950 et présenté pour les années a)1962, b)1977, 

c)1990, d) 2010, e)2030, et f)2050 (tirée de Calderhead et al., 2009d) ........... 39 

Figure 23: Distribution de la subsidence totale entre 1962 et 2050 (scénario 3) (tirée de 

Calderhead et al., 2009d) .................................................................................. 40 

Figure 24: Résultats des simulations pour les scenarios 1-8 (tirée de Calderhead et al., 

2009d) ............................................................................................................... 41 

55 





Partie 2 

57 



---- ----------



Chapitre 2: 

An increasing groundwater budget deficit 
induced by urbanization, industrialization, 
and climate change in the Toluca Valley, 

Mexico 

59 





Résumé 

La croissance urbaine, l'industrialisation et les changements climatiques peuvent entraîner 

un pompage supérieur à la recharge des eaux souterraines. Une méthodologie est 

proposée pour améliorer le modèle du bilan des eaux souterraines dans le but de 

déterminer la disponibilité de l'eau et de déficit passé, présent et futur. La méthodologie a 

des applications à des régions de plus en plus urbanisé, industrialisé et avec les tendances 

de sécheresse, dont la vallée de Toluca, au Mexique. Cette étude comprend l'étude de la 

recharge variable dans l'espace déterminée à partir de données historiques sur le climat, 

les prévisions de changement climatique, et les multiples paramètres utilisés dans le 

modèle HELP3. D'après HELP3, la recharge moyenne du bassin Toluca au cours des 35 

dernières années est estimé à 376 millions de mètres cubes par an (Mm3/an). En 

examinant les prévisions de changement climatique, d'ici 2050, le scénario moyen 

projette que la recharge diminuera de 15 Mm3/an, et dans le pire des cas, jusqu'à une 

baisse maximal de 88 Mm3/an. Le pompage des eaux souterraines a augmenté 

régulièrement depuis 1970 et est actuellement estimé à 484 Mm3/an. Le déficit actuel est 

estimé à plus de 150 Mm3/an avec la projection moyenne à plus de 292 Mm3/an en 2050. 

L'utilité dû modèle HELP3 est démontré, mais il est important de ne pas compter 

uniquement sur ce modèle pour déterminer la recharge et que la vérification des résultats 

avec d'autres modèles d'évapotranspiration et de ruissellement est nécessaire. Cette étude 

de deux des composantes les plus importantes du cycle de l'eau (la recharge et la 

décharge) montre clairement que la diminution de la disponibilité de l'eau dans le bassin 

de Toluca est principalement due aux effets anthropiques et que le taux de pompage ne 

sont pas durables. 
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Abstract 

Urban growth, industrialization, and climate change can often result in groundwater 

pumping exceeding recharge. A methodology is proposed to improve the groundwater 

budget model by determining past, present, and future recharge and dischage. The model 

is applied to an increasingly urbanized and industrialized region with drying tendencies: 

the Toluca Valley, Mexico. This study includes spatially-variable recharge determined 

from historical climate data, climate change predictions, and the multiple parameters used 

in the Hydrologic Evaluation of Landfill Performance (HELP3) mode!. The change to the 

virgin recharge and discharge rates from pumping is also considered. Using HELP3, the 

average recharge for the Toluca basin in the past 35 years is estimated at 376 million 

cubic meters per year (Mm3/year). When considering climate change predictions, by 

2050 the average scenario projects recharge to decrease by 15 Mm3/year, and in a worst 

case scenario up to a maximum decrease of 88 Mm3/year. Groundwater pumping has 

increased steadily since 1970 and is presently estimated at 484 Mm3/year. CUITent deficit 

estimates are over 150 Mm3/year with average projections increasing to over 292 
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Mm3/year by 2050. This study of two of the most important components of the water 

cycle (recharge and discharge) clearly shows that the decreasing water availability in the 

Toluca basin is due mainly to anthropogenic effects and that the current pumping rates 

are not sustainable. Climate change estimates should also be considered as they are 

potentially an important factor on the groundwater budget deficit in the future, especially 

in regions with high drying tendencies. 

1 INTRODUCTION 

Several major cities in the world are growing at a rate that creates mounting pressures on 

water resources. Over the past 50 years, several studies in the south western United States 

and central and northern Mexico have documented the deterioration of water quality and 

resources. Climate change patterns in this general region show that precipitation will 

likely decrease and temperature will increase (IPCC, 2007). It is now important, more 

than ever, in areas with increasing population, intensive industry and agriculture, and 

increasing drying tendencies, to properly quantify the water budget of groundwater basins 

in order to enable decision makers to act according to the findings. 

The increased groundwater extraction from the aquifer system has caused a reversaI in 

the direction of vertical hydraulic gradients, the disappearance of artesian springs and 

wetlands and land subsidence within the basin. The groundwater budget in the Toluca 

Valley has been evaluated by OEE (1970); Lesser and Asociados (1992); Ariel and 

Consultores (1996); CNA (2002) and GTZ-CNA (2004). These studies, however, lack a 

detailed analysis of recharge and present, in most cases, an incomp~ete survey of the 

pumping. To evaluate recharge, the above studies did not take into account several 

parameters and in several cases results were averaged over large territories. Jyrkama et 

al., (2002), Allen et al. (2004), Scibek and Allen (2006), and Jyrkama and Sykes (2007) 

use the spatially variable HELP approach for quantifying recharge with an emphasis 

placed on the effects of climate change in northern climates. In terms of recharge and 

climate change, this study follows the Jyrkama and Sykes (2007) approach where only 

general climate change scenarios are simulated. The difference in this study from other 
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climate change and groundwater studies is that the emphasis is placed on the overall 

groundwater budget with the impact of climate change considered as one of several 

factors in the budget. 

The objective of this work is to improve the groundwater budget model in order to 

determine the past, current, and future deficit and water availability of the temperate­

with-dry-winters climate of the Toluca Valley Basin. Using both observed climate data 

and climate change scenarios, this work applies a spatially variable version of the 

Hydrologic Evaluation of Landfill Performance (HELP/HELP3) model (Schroeder et al. , 

1994) over a watershed to obtain CUITent and future recharge distributions; additionally, 

in using past and future discharges from the basin based on observed pumping, water 

levels, and consumption predictions of the basin. The deficit is then obtained and the 

findings can be used to manage the resources in a sustainable way. 
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2 THE TOLUCA VALLEY 

The Toluca Valley basin (figures 1 and 2) covers an area of approximately 2100 Knl. 

The basin is adjacent to the Mexico City Valley, with the Sierra Las Cruces forming a 

natural border between the two basins. The Toluca Valley's geographic position in the 

center of the country and proximity to Mexico City, as weIl as its rapidly developing 

infrastructure, have allowed the city to grow into a major industrial zone for the country. 

Study Area: 
Toluca valley basin 

Nevado de Toluca 

10Km 
Figure 1: Location map of the Toluca Valley within the Republic of Mexico and the State of 
Mexico. Over 935 pumping wells are in operation in the Valley, including the 230 pumping weil 
system, located along the Lerma river on the eastern edge of the valley, and pumping water to 
Mexico City. 

According to the 2005 census (INEGI, 2005), the metropolitan area of Toluca, including 

12 neighbouring municipalities, is the fifth most populous metropolitan area in Mexico 

and the largest within the State of México. The total population of the Toluca Valley in 

2005 was just over 1.7 million people (INEGI, 2005). From 1960 to 2005, the population 
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of the valley has doubled every 20 years (INEGI, 1960-2005). Based on United Nation 

projections for Mexico (UNEP, 2008), the population of the valley will reach a plateau of 

2.2 million people in 2050. 

The cQnceptual model of the Toluca Valley basin, including general water cycling, 

groundwater pumping and the major geological features found within the basin, is shown 

in figure 2. Historically, for wells located near the ancient lakes on the eastem basin 

floor of the Toluca Basin, groundwater levels were either near surface or emerged above 

the land surface (Lesser and Asociados, 1992). Currently, there is a significant decrease 

in the water level within the basin primarily due to groundwater pumping, and the loss is 

increasing with time. There are presently more than 935 pumping wells in the Toluca 

Valley. Increasing local demand for water and climatic drying tendencies also add to the 

stresses on the aquifer. 

Inter-basin water transfer in the Toluca Valley occurs in the form ofwater being exported 

from the basin. The Lerma system wells are a groundwater pumping system operated by 

Mexico City and consisting of 396 pumping wells located along the upper section of the 

Lerma River (Figure 1). The system has been in operation since the late 1960's and 

captures a large portion of the recharge water entering from the Sierra Las Cruces, which 

is then exported to Mexico City at a rate approximately equal to 6.0 m3/s. 

Consolidated, volcanic andesitic rocks from the Miocene age form the basement material 

in the basin (Figure 2). The fractured rock forms a bowl in the centre of the valley, 

reaching depths greater than 600 m and cropping out to the surface at the edges of the 

valley. The andesitic volcano formation of the Nevado de Toluca core is located to the 

west. The fractured rock is overlain by layers of pure lacustrine clays (aquitard) and by 

the Chalma formation aquifer, composed of a mixture of sand, gravel and clay. The 

Tarango formation aquifer, deposited after the Chaim a formation, ex tends from the flanks 

of the Sierra las Cruces mountains in the east across the basin floor to the foot of the 

Nevado of Toluca volcano. This formation is a heterogeneous mixture of volcaniclasitc 

materials (Lesser and Asociados, 1992). The basaltic and ash-flows aquifer of the 
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Chichinautzin formation were deposited in the eastem portion of the Toluca Valley. In 

the upper midd1e portion of the valley, where most of the groundwater pumping occurs, 

comp1ex interlayering of 1acustrine clay (aquitard) and alluvium deposits (aquifer) is 

found. Aiso included in figure 2 are the HELP3 layers, which will be examined further in 

section 3.1 . 

Precipitation 
3500 

Nevado III de Toluca Evapotranspiratlon 

3250 ((( 

Precipitation 

~~~ 

3000 

2750 

~= 
~~ 2500 
w 

2250 

2000 Tarango Formation 

AQ: Aqul1er .. --------------------+~ B AQT:Aqultard A~ 
0 6000 12000 18000 24000 30000 

CMtonce (m) 

Figure 2: 2D view of the conceptual modelfor the Toluca Valley Basin including geologic layers 
and HELP 3 layers. Cross section A-B is located on figure 1. Modified from Ariel and Consultores 
(1996) and Rudolph et al., (2006). 

3 METHODOLOGY 

The basic water budget equation can be written as: 

R = D + P +/- aV/al = 0, (1) 

where Ris groundwater recharge defined with units [e/T] (for purposes ofthis work, the 

units are assigned Mm3/year or millions of cubic meters per year), generally assumed to 

come from precipitation and be unaffected by pumping, D is groundwater discharge 

[Mm3 /year] or water that is not captured by pumping su ch as discharge to streams and 

lakes, evaporation, evapotranspiration, and P is the net rate of extraction from pumping 
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wells [Mm3/year]. av/at is the rate ofremoval ofwater from storage [Mm3/year]. The 

sign of av lat is negative ifthere is a deficit and positive ifthere is a surplus. 

Theis (1940), Bredehoeft (2002), Sophocleous et al. (2004), and Devlin and Sophocleous 

(2006), argue that this frequently used equation usually excludes the impact of pumping 

on recharge and discharge. Bredehoeft (2002) modified equation 1 to consider both 

discharge and recharge as a function of pumping: 

av 
(Ro +t1Ro)-(Do+Wo)-P+/--=O 

al 
(2) 

where Ro is the virgin recharge rate prior to pumping (same as R in equation 1 ) 

[Mm3/year], LlRo is the change to the virgin recharge rate due to pumping [Mm3/year], Do 

is the natural or virgin discharge rate [Mm3/year], LlDo is the change to the virgin 

discharge rate due to pumping (Mm3/year). LlDa can be defined as the sum of the yearly 

change to the discharge rate due to pumping LlDyi [Mm3/year] - since pumping began, by 

the following relation: 

n 

Wo=L:Wy; (3) 

where i is the year 1,2,3, ... n, since pumping began. 

Each parameter of equation 2 is examined for the case of the Toluca Valley. Additionally, 

equation 2 is modified to represent the virgin natural recharge (Ra) as a function of the 

parameters used in HELP3. HELP3 is a quasi 2-D hydrologic model which was 

originally used for calculating the water budget at landfill sites. HELP3 considers 

climatic and geologic data and it simulates snow melt, runoff, infiltration, 

evapotranspiration, plant growth, soil humidity, subsurface runoff, and unsaturated flow 

(Schroeder et al. 1994). The HELP/HELP3 model has been extensively tested and used to 

evaluate infiltration (Fleenor and King, 1995; Woyshner and Yanful, 1995; Benson and 

Pliska, 1996; Khire et al., 1997; Chammas et al., 1999; Berger, 2000; Gogolev, 2002; 

Risser et al., 2005, and Croteau, 2006). 
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With the objective of combining equation 2 with the parameters used in HELP3, and 

considering the hydrologic behaviour of the Toluca Valley, the water budget for the 

Toluca Valley is described by equation 4: 

(4) 

where the parameters used in HELP3 to compute Ra are described in table 1. 

Since HELP3 considers evaporation, evapotranspiration and runoff, and considering that 

there is limited interaction between surface water and groundwater in the Toluca Valley 

(Lesser and Asociados, 1992), discharges from equation 4 are assumed to come from 

natural groundwater flow (GWflow [Mm3/year]), spring discharge (Sp [Mm3/year]), and 

pumping (P) [Mm3/year]. GWflow and Sp both decrease with increasing groundwater 

pumping and consider LlDa. Artificial recharge (RART) [Mm3 /year] is added to equation 4 

to account for induced recharge from infiltration wells. Artificial recharge in the Toluca 

Valley cornes in the form of precipitation captured from roofs and infiltrated into the 

aquifer. 

Schroeder et al. (1994) glves a more detailed description on how recharge (Ra) is 

computed in terms of the various parameters of the HELP3 model. To date, the water 

budget model presented is the only one available in the literature that uses the Bredehoeft 

(2002) approach, which takes into account the change to the virgin recharge and 

dis charge rates due to pumping, combined with spatially-variable recharge and c1imate 

change computed with HELP3. 

The Logical Model (figure 3) describes how the various data are used and processed to 

obtain the groundwater budget. A description on how Qon (total recharge) [Mm3/year] 

and Qoff (total discharge) [Mm3/year] are obtained is given in sections 3.1 and 3.2 

respectively. 
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Figure 3: Logical Madel for determining the groundwater budget at a given time where Qon and 
Qojf are respectively total recharge and total discharge (including pumping) from the basin and 
av/at is the change in storage. 

The overall approach of this study is to use aIl available data to simulate the groundwater 

budget of the Toluca Valley. HELP3 simulations enable a spatially variable 

representation of historical and predicted (with average, best, and worst case scenarios) 

recharge using daily data input values to obtain yearly recharge estimates. Historical and 

predicted yearly discharge from the aquifer (with average, best, and worst case scenarios) 

are calculated as a function of extraction from pumping wells, the groundwater flow off 

the basin, the change to the virgin discharge rate, and spring discharge. Total discharge 

and recharge are summed with the objective of quantifying historical and projected 

groundwater deficit. 

3.1 Total Recharge (Qon) 

The total recharge (Qon) is a function of the virgin recharge rate Ro, artificial recharge 

(RART), and the change in recharge due to pumping iJRo. To summarize the process for 

obtaining the recharge, from figure 3, recharge (Ro) is estimated by using climatic, 

topographie, soil, geologic, land use, and vegetation data obtained from various sources 

(table 1). The conceptual model is fonned and the data is discretized into 1 km2 cells. The 
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recharge data is then processed with the HELP3 model to obtain values for recharge. The 

sum of recharge for aU ceUs gives the total recharge. Artificial recharge (Rart) and change 

in recharge (L1Ra) values are added to Ra to obtain the total recharge (Qon). Below the 

methodology in obtaining Ra is described. 

72 



Table 1 Description of HELP3 parameters and source of data. 

Parameter 

RLat 

Ros 

Rscs 

Re 

Rwp 

RDD 

RSL 

Name 

Precipitation 

Temperature 

Solar Radiation 

Quarterly relative 
humidity 

Latitude 

Growing season 

Leaf area index 

Evaporative depth 

Soil Conservation 
Service curve 

number 

Layer thickness 

Porosity 

Wilting point 

Field capacity 

Saturated hydraulic 
conductivity 

Distance trom 
drain 

Slope 

Uoits 

% 

[0 lat] 

[days] 

[-] 

[m] 

[-] 

[m] 

[-] 

[-] 

[-] 

[mis] 

[m] 

[-] 

Source of data 

Weather stations (15062, 15229, 15293, 
15056) (CNA, 2006). Climate change data 
based on CNA (2006) and IPCC(2007). 

Weather stations (15062, 15229, 15293, 
15056) 
(CNA, 2006). Climate change data based on 
CNA (2006) and IPCC(2007). 

Stochastically simulated as a function of 
temperature, precipitation, and latitude 
(Schroeder et al., 1994) 

From Schroeder et al., 1994. 

Longitude and latitude map 

Weather stations (15062, 15229, 15293, 
15056) (CNA, 2006) 

Vegetation cover map (SICHEM 1999) and 
empirically derived table (Scurlock et al. 
2001) 

Vegetation corner map (SICHEM 1999) 

Pedology map (SICHEM 1999) and Land 
use map (IMT A 2003) and empirical tables 
trom Purdue (2008) 

Pedology, geology maps (SICHEM 1999) 
and borehole data 

Pedology and geology maps (SICHEM 
1999) and descriptions based on Machorro 
(1978), INEGI (2001) 

Pedology, geology and vegetation cover 
maps (SICHEM 1999) and descriptive 
tables (Schroeder et al., 1994) 

Pedology, geology and vegetation cover 
maps (SICHEM 1999) and descriptive 
tables (Schroeder et al., 1994) 

Pedology and geology maps (SICHEM 
1999) and descriptions based on Machorro 
(1978), INEGI (2001) 

Based on Croteau (2006) 

DEM (NASA, 2008) 
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Recharge Domain for HELP3 

The spatial extent in the X-y plane is based on the basin limits. The Toluca Valley basin 

was discretized into a square grid with nodes placed 1000 m apart. There are a total of 

2117 nodes each representing 1 km2
. The resolution of the available data did not warrant 

a much larger number of nodes. Infiltration over several years was calculated for each 

node and the sum of aIl infiltration values is considered to be the recharge to the aquifers 

in the basin (Ro). Further in this section artificial recharge (RART) and the effects of 

pumping on recharge (L1Ro) are considered. 

When determining parameters at each node, values were, in most cases, obtained from 

available GIS maps. The maps include pedology, geology (see appendix G), land use, 

vegetative coyer, and a digital elevation mode!. For the mapped parameters, values were 

extracted from the maps at each of the 2117 nodes using routines available in ArcGIS 9.2 

and the desired parameter was either used directly or empirically derived. For example, 

the extracted slope value was obtained directly from the DEM and the vegetative coyer 

map was used to determine the Leaf Area Index (LAI) based on empirical tables 

describing LAI as a function of vegetation type. 

HELP3 uses 3 types of layers. A 'type l' layer is characterized by vertical flow and it is 

where aIl the evapotranspiration occurs. A 'type 2' layer is a lateral drainage layer and a 

'type 3' layer is a low permeability layer acting as a barrier. A 'type 2' layer is always 

found immediately above a 'type 3' layer and its hYdraulic conductivity is generally 

higher than a type 3 layer. 

A topographie map, a soil map, a geologic map, and borehole data were used to construct 

the recharge domain. The 3D geological setting is highly variable in the Toluca Valley. 

For simplification purposes, the HELP3 recharge domain is divided evenly into 3 layers, 

throughout the basin, having each a thickness of 1.5m (figure 2), for a total thickness of 

4.5 metres starting at the land surface. This assumption is made because of the 

complexity of the geology and because 3 layers totalling 4.5 metres is sufficient for 
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representing the influx if the permeability's are sufficiently weIl defined. Ksat is the 

dominant parameter controlling infiltration and over long periods, larger layer 

thicknesses will not affect total infiltration. Layer 3's Ksat was assigned as a function of 

the lowest Ksat in the unsaturated zone below each node, which varies between 10-6 to 10-8 

mis. In the valley, the impermeable layer is often in the form of a clay barrier, and in the 

higher altitudes the low permeability layers are in the form of consolidated rocks 

(SICHEM, 1999). Another assumption is that even though the water level decreases, aIl 

percolation below 4.5 metres is recharge. The first layer of the model is assigned a type 1 

and the properties are based on soil maps and their descriptions (Machorro 1978; INEGI, 

2001; SICHEM, 1999). Layer 2 is assigned a 'type 2' and Layer 3 is assigned a 'type 3'. 

For aIl nodes in Layer 2, it is assumed that the physical properties were identical to Layer 

3, which is based on the geologic map, excluding hydraulic conductivity which was set to 

1-2 orders of magnitude higher than Layer 3's. 

Historical Climate data approach used with HELP3 

The spatially-variable version of HELP3 normally uses only one climate station. 

However, due to the large variability in climatic conditions of the Toluca Valley, four 

climatic regions for the model are considered. The four regions are primarily dependant 

on altitude and are as follows: High Nevado, Middle Nevado & High Sierra, Lower 

Nevado & Lower Sierra, and Vallley (table 2). The climate conditions described in table 

2 are based on available data from weather stations. Occasionally daily data was not 

available from the data set and missing values were interpolated. The total annual rainfall 

varies from averages of 1,250 mm in the highest areas to 700 mm in the valley (figure 4). 

A large portion (85%) of the rainfall occurs between May and October. In the valley, the 

average annual temperature ranges from Il to 16 oC, with May being the warmest month 

and January the coldest. The Nevado de Toluca's annual mean temperature ranges from-

2 to 5 oC. Figure 4 shows the variability in annual precipitation at two weather stations. 

For aIl parameters, daily values are input into the model and yearly output are used for 

the analysis. Meteorological data is extrapolated over missing periods. 
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Table 2: Climate datafor 4 climatic regions of the Toluca Valley based on CNA (2006) 

Location and Weather Altitude 
Reading data span station # (masl) 

Higher 
Nevado max 

1969-1986 15062 3800 - 4690 min 
average 

Mid Nevado max 
& High Sierra 15229 3100 - 3799 min 

1978-1986 average 
Lower Nevado max 

& Lower 15293 2700 - 3099 
Sierra min 

1994-2001 average 
Valley max 

1978-1991 15056 2500 - 2699 min 
average 

1700 

:---High Nevado 

1~O 

Ê 1300 

.s 
c 
,g 1100 
:Il! 
c­u 
I!! 900 

11. 

700 

high:1626mmin 1969 

Valley 
low:583mmin 1982--__ 

Precipitation 
Year 

(mm) 

1626 1969 
909 1983 
1249 
1489 1984 
786 1982 
993 
1234 1995 

685 1994 
1010 
888 1978 

563 1990 
793 

End of data for High 
Nevado climate station 
/ 

Growing 
Wind 
Speed 

season 
(kmlh) 

May 1-
June 10 

16.2 

Feb 7-
Dec 21 S

! 

14 

Year 
round 

12 

Year 
round 

11 

--+- High Nevado 
-o-Valley 

Valley 
high:1041 mm in 1998 

/ 

~o+-------~--------~------~--------~--------~------~---
1969 1974 1979 1984 1989 1994 1999 

Figure 4: Yearly precipitations at the Valley and High Nevada weather stations 1969 -2000 (afler 
CNA,2006). 

Climate change 

Estimating the change III climate variables in the future with a reasonable level of 

confidence is very difficult and involves large uncertainty. If one is to downscale the 

predicted results from a Global Climate Model (GCM) to the scale of a basin, additional 

error and uncertainty is added to the analysis. Following the approach used by Jyrkama 
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and Sykes (2007), the objective of this climate change analysis is not to determine with 

any degree of confidence what will specifically happen in the future as a result of climate 

change in the Toluca Basin. Based on historical climate. data and generally accepted 

climate change predictions, recharge patterns are simulated and observed. 

The generally accepted climate change predictions are based on the International Panel 

on Climate Change's (IPCC) 4th report. Regional averages of temperature and 

precipitation projections from a set of 21 GCMs form the multi-model data set (MMD) 

for the AIB scenario (The AIB scenario provides a good mid-line scenario for carbon 

dioxide output and economic growth). The mean temperature and precipitation responses 

are first averaged for each model over aIl available realisations of the 1980 to 1999 

period from the 20t~ Century Climate in Coupled Models (20C3M) simulations and the 

2080 to 2099 period of AIB (IPCC, 2007). 

From the 21 models, the IPCC reported the following general predictions in the general 

area of the Toluca Valley over the next 100 years (IPCC, 2007): 

1. Precipitation is projected to decrease with an average change over 100 years of -
9% for all models, with models predictions ranging between an increase of +9% 
and a decrease of -48%. 

2. Temperature is projected to increase with an average change over 100 years of 
3.2°C for aIl models, with a minimum increase of 1.8°C and a maximum increase 
of5°C. 

3. Incoming solar radiation willlikely decrease due to increases in greenhouse gases. 

4. Mexico, and to a greater degree Northern Mexico, are among the zones 
worldwide with the highest drying tendencies over land in the 21st century. 

Based on the predictions above, the climate change scenarios shown in Table 3 are 

examined. For these scenarios, simulations are run from 2000 until 2050. Yearly values 

are used and assumed to increase or decrease linearly from 2000 to 2100, which is the 

period covered by the climate models. For example, in the case of average precipitation 
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for scenario 2, the total decrease in 2050 would be half of -9%, or -4.5%. Greenhouse 

gases are expected to increase and reduce solar radiation, however, upon running several 

simulations and varying solar radiation by large proportions, very negligible differences 

were noticed in the output, thus varying solar radiation is not considered in the scenarios. 

Table 3: Climate change scenarios. Scenario 1 is the base case and scenarios 2-4 are run from 
2000 to 2050. 

Scenario 

2 

3 

4 

Description 

Base case Average of availab le historical daily temperature, precipitation, 
and simulated solar radiation from 1969 to 2000 

Model average: Precipitation decreases by -9 %, Temperature increases by 
3.2°C 
Worst case Precipitation decreases by -48%, Temperature increases by 
5.0°C 
Best case : Precipitationincreases by +9%, Temperature increases by 1.8°C 

Calibration of the HELP3 Model 

River discharges could not be used to calibrate the HELP3 recharge model because the 

Toluca valley is a wide basin in a temperate c1imate with dry winters, where 

evapotranspiration is the dominant parameter and because there is very little interaction 

between the river and the aquifer. The Toluca valley is on the border between a semi-arid 

c1imate and a temperate c1imate (Mcnight & Hess, 2000). HELP3 can have difficulty in 

estimating water balances in arid c1imates where upward fluxes can be high (Jyrkama and 

Sykes, 2007). Using HELP3 for this type of c1imate and basin did not yield good results 

for the evapotranspiration and runoff calculations; however the recharge values are in line 

with other recharge estimates. Runoff values were high and evapotranspiration values 

were low; thus it was found that most of the HELP3 calculated runoff probably 

evaporated into the atmosphere. To better understand the recharge, evapotranspiration 

and runoff was examined more c1osely. Evapotranspiration was calculated at 39 weather 

stations in the valley with the Thomthwaite, Hargreaves, Hannon, and Turc methods. The 

results from these calculations were used to better calibrafe the HELP3 mode!. It was 

found that by considering the runoff as evapotranspiration, the results were acceptable. In 

this temperate c1imate with dry winters, it was found that it is important to not rely solely 

on the HELP3 model for determining recharge. The advantage of the HELP3 model over 
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the other models is that it considers soil properties, vegetation, and land use and the 

spatially-variable version of HELP3 is very useful in determining the spatial distribution 

of the recharge. Additionally, general climate change data is easily integrated into the 

model. 

RART and ARo 

From equation 4, the artificial recharge (RART) is not accounted for in HELP3. Current 

estimates of artificial recharge were obtained from CNA (2002) and are shown in table 5. 

In addition to new bylaws requiring industrial buildings to capture and inject water from 

precipitation into the upper aquifers. Carillo-Rivera (2008), J. J. and Gaskin (2008) 

mention that artificial recharge from treated water sewage is another potential source for 

recharge in Mexico City. It is expected that Toluca can capitalize on this technology in 

the coming years; thus in the projections, artificial recharge is expected to increase. 

Due to the difficulty in obtaining data representative of the change to the virgin recharge 

rate due to pumping (l1Ro), sorne assumptions are made. Adjacent basin aquifers, such as 

the Mexico City aquifers are also depleting due to growing populations and excessive 

groundwater pumping (Ortega and Farvolden, 1989; Rivera et al., 1991; Carrera­

Hemandez and Gaskin, 2008). If the adjacent aquifers are depleting at a similar rate to 

the Toluca basin, then there is a smaller influence from l1Ro. Additionally, precipitation is 

considered the dominant recharge variable, thus l1Ro is considered negligible and 

assigned a value of 0; however the value is most likely higher. 

3.2 Discharge (Qoff): 

From figure 3, the groundwater dis charge conceptual model is obtained by using aIl the 

groundwater pumping data from census information (IMTA, 2003, CNA, 2003), 

quarterly groundwater level observations from CNA (2008), and hydrogeologic 

properties (Ariel and Consultores, 1996; GTZ-CNA, 2004) from 1970 to 2008. The 

discharge value (Qoff) is verified by measuring the change in storage data obtained from 

differences in piezometric surfaces based on CNA (2008), and yearly deficit estimates 
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(CNA, 2007). Given the recharge values, the difference in peizometric surfaces gives us 

the c1earest estimate of the change in groundwater storage and therefore the discharge. 

Excessive groundwater pumping in the Toluca Valley has lowered the water table to a 

point where the river system has little contact with the groundwater system (Lesser and 

Asociados, 1992). HELP3 measures the net infiltration to the aquifer and, since there is 

very little interaction between the aquifer and the river, and semi arid c1imate leads to 

high evapotranspiration rates, it can be assumed that river and stream discharges are 

accounted for in the HELP3 model. HELP3 does not consider spring discharges (Sp), it 

inc1udes Sp as recharge entering the aquifer, however, this water later cornes to the 

surface and discharges; therefore this parameter will be accounted for in the discharge 

model. HELP3 does not consider pumping therefore historical and predicted discharge 

from the aquifer is measured as a function of extraction from pumping wells (P), the 

groundwater flow off the basin (GWjlow), and spring discharge (Sp). 

Groundwater extraction from pumping wells (P): 

Industrial (7%) and agricultural (3%) uses account for a re1atively small percentage ofthe 

total volume compared to the domestic (52%) use and volume exported to Mexico City 

(38% or 6.0 m3/s) (figure 5)). 

Agriculture 
Exported to 14.8 Mm 3 -1' (3%) 

Mexico City: 180.0 

Mm3 &(38% 

Industrial: 
32.0 Mm'! & (7%) 

Domestic Use: 

242.1Mm3 & (52%) 

Figure 5: Groundwater use in the Toluca Valley based on IMTA (2003) 
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In making projections for future consumption, several assumptions are made. Projections 

on domestic use of groundwater are based on the population growth (INEGI 1960-2005) 

and UN projections of population growth for Mexico (UNEP, 2008). Given the total 

pumping volumes in 2010, the projected volumes are assigned values proportional to 

their population. Over a 40 year period (2010-2050) projected annual growth rates 

gradually decrease by 1.36 (1.34 to -0.2) for the average case (UNEP, 2008), 0.34 (1.34 

to 1.0) for the worst case, and 1.64 (1.34 to -0.5) for the best case. 

Projected industrial use ofwater is based on Mexico's projected Gross Domestic Product 

(GDP) (Hawks worth, 2006) - assuming a constant percentage of industrial pumping 

(Figure 5). Worst case and best case scenarios respectively add and subtract 8% of 

expected industrial use water volumes. 

Exports to Mexico City have not significantly increased in the last 10 years (Legoretta, 

1997; CNA, 2007), therefore a constant export volume is assumed for aIl projections. It is 

believed that legal action between the State of Mexico and Mexico City (Metropoli, 

2008) will deter additional inter-basin transfer because the state of Mexico will be more 

protective of its water resources. This reinforces the assumption that the exported volume 

will not increase, or perhaps even decrease. 

Between 1989 and 1999, agriculture using irrigation fluctuated around 153 000 ha with 

no significant increase or decrease (INEGI 2001); therefore it is assumed that agricultural 

use of water remains constant for aIl scenarios. 

Groundwater flow (GWflowJ 

Based on topography, the only region with natural groundwater discharge (GWflow) is at 

the north-west corner of the basin, at the location where the Lerma river exits the Toluca 

basin and enters the Ixtlahuaca basin. Darcy's law (equation 5) is applied to determine 

differences in the groundwater flux (q) [LIT] discharged from the basin 

ah 
q = -K ax' (5) 
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where K is the hydraulic conductivity and ah represents the hydraulic gradient. The flux ax 
is then multiplied by the discharge area (A) to obtain the discharge flux (Q) [Mm3/year] 

(equation 6) 

Q=q·A (6) 

Monitoring well data is used to obtain hydraulic gradients (dh/dx) from equipotential 

lines (see figure 7 ofresults). 

av 
3.3 Change-of-storage (--) 

at 
The groundwater deficit in the Toluca Valley has been evaluated by OEE (1970); Lesser 

and Asociados (1992); Ariel and Consultores (1996); CNA (2002) and GTZ-CNA 

(2004). Toevaluate recharge, the above studies did not take into account c1imate change, 

soil, vegetation, and land use properties and in several cases results were averaged over 

large territories. The OEE (1970) study averaged the recharge over the entire basin; 

According to the IMTA (2003) study, Lesser and Asociados (1992) and Ariel and 

Consultores (1996) underestimated the amount of pumping wells in the valley. Only the 

latest budget study, GTZ-CNA (2004), considered the more complete water use census, 

IMTA (2003). 

In the Toluca Valley Qoff is greater than Qon therefore the difference between Qon and 

Qoff is the rate of removal of water from storage (-av/at) or "deficit" [Mm3/year] 

(equation 7). This deficit leads to other issues on water availability that will be addressed 

in the discussion. 

(7) 

Two approaches for obtaining the deficit are implemented. The first relies upon 

subtracting the calculated discharge from the recharge (equation 7) using sections 3.1 and 

3.2. The second approach involves calculating the volume of water that has been 
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removed from storage through means of subtracting one drawdown map from another. 

The second method is described below. 

For the Toluca Valley case, observed hydraulic head data, surveyed by the Gerencia de 

Agua Subterranea, Comisi6n Nacional deI Agua (CNA, 2008) is used to create 

piezometric surface maps. For recent deficit estimates, the data from February 2006 and 

2008 are used to create the maps. Spatial variability is taken into consideration by using 

1209 nodes spaced in rows 1 km apart in the center ofthe valley. ArcGIS 9.2 is used to a) 

interpolate weIl data from both dates using the spline method b) obtain drawdown then 

interpolate the drawdown values and c) extract drawdown values at each of the 1209 

nodes (see Figure 9 in results section for locations). Due to a lack ofhydraulic head data 

in the mountainous regions, only nodes in the center of the valley are included in the 

calculation of the deficit between 2006 and 2008. It is also assumed that the drawdown in 

the mountainous regions does not represent a large volume. The drawdown map is 

converted into a yearly quantity of water removed from the basin. Based on field data it is 

assumed that the average porosity is 0.30 (Ariel Consultores, 1996). 

4 RESULTS 

4.1 Recharge simulations 

A problem in calibrating the HELP3 model was that sorne parameters were very sensitive 

to minor fluctuations in values. Although many of the parameters were adjusted, the 

hydraulic conductivity (RKsat) was most used to calibrate the model. RKsat was especially 

sensitive and slight changes would affect the overall Ra result. As mentioned in section 

3.1, another problem encountered with the HELP3 model is that since the Toluca Valley 

is a wide basin with a small drainage channel (Lerma river), the evapotranspiration values 

calculated by HELP3 were low and the runoff values were high. To compensate for the 

high values, it was assumed that the excess runoff calculated by HELP3 actually 

evaporated. This approach led to reasonable results, possibly because HELP3 is more 

accurate in temperate climates. 
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Figure 6: Spatially variable distribution of average recharge (Ro) in the Toluca Valley [mmiyearJ 
based on the HELP3 mode/. 

Figure 6 shows the distribution of the average simulation (c1imate data from 1969-2000) 

where the total recharge (sum of recharge for a112117 nodes) is 376.2 Mm3/year. For the 

historic data, two more scenarios were examined: a year with high values of precipitation 

and a year with low values of precipitation. The choice of the precipitation value was 

based on observing the entire data set and selecting the respective years according to the 

amount of precipitation (figure 5). Since there were four different c1imatic regions with 

varying data ranges, the wettest, driest and average precipitation years were selected for 

each of the four c1imate regions. Based on maximum and minimum precipitation, average 

high and low values were 466 Mm3/year and 298 Mm3/year, respectively. Other average 

recharge estimates from the literature vary between' 256 Mm3/year (Ariel and 

Consultores, 1996), using groundwater levels to infer recharge, and 430 Mm3/year (CNA­

GTZ 2004), using the method of a uniform coefficient of vertical infiltration. Pumping 

can interfere in the interpretation of recharge when using water levels and compared to 

the HELP3 method, and uniform infiltration coefficients are a simplistic approach to a 

complex problem. 
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Comparing climate change results (table 5), it is seen that with the average climate 

change scenario, the average recharge in 2050 decreases 15.2 Mm3/year or -4% from an 

average scenario without climate change. In the worst case scenario, the average recharge 

decreases by 88.2 Mm3/year or -23.4% and in the best case scenario the recharge 

increases by 8.8 Mm3/year or +2.3%. 

As would be expected from Figure 6, recharge is highest in the mountains. The low 

permeability soils in the north central part of the basin is the main reason for the low 

infiltration rates. Higher recharges in the south are mostly attributed to the soil and 

geologic context. Where the City is located, in the centre of the basin, higher recharge 

rates are the result of very little vegetation - shorter evaporative depth, the SCS curve 

number, and wilting point. 

The 240-340 mm of recharge in the sierra Las Cruces is on the lower end of estimates by 

Ortega and Farvolden (1989), who estimate that recharge in these areas is in the 30-50% 

range of total precipitation. 

It should finally be noted that the approximately 6m3/s pumping rate exported to Mexico 

City using the Lerma System represents 61 % of the recharge from the Las Cruces 

mountain chain. 

4.2 Discharge results 

Results for the discharge parameters (GWflow, ""Do, W yù Sp, P) are presented below . . 

Natural groundwater flow (GWj1ow), Change in Virgin Discharge Rate due to 
Pumping (Mo), and yearly Change in Virgin Discharge Rate due to Pumping 
(MyJ: 

The piezometrie surfaces of 1970 and 2004 are compared. The saturated hydraulic 

conductivity was obtained using a borehole log (PL-226) and pumping tests in the valley. 

Based on the boreholes, an impermeable layer is found below an elevation of 2413 m. 
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The hydraulic gradient is used to determine the lateral extent of the discharge area (A) , 

and the vertical extent of the area (A) is obtained from the average saturated thickness 

exiting the basin in 1970: 146 m, and 2004: 122 m. Hydraulic conductivity is estimated at 

5.0 x10-? for a sand/clay and graveVclay aquifer. 

The results from this section can be used to obtain values for the yearly change to the 

discharge rate due to pumping (L1Dyi) for 1970 and 2004 and estimate the decrease in 

GWflow over time. 
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Figure 7: Piezometrie surface of the Toluca Valley used to quantifY diseharge from the basin; a) 
February 1970 and b) February 2004. 

Table 4: Natural groundwater jlow (GWj1ow) exiting the basin: estima tes for February 1970 and 
2004 

Parameter Units 1970 2004 

dh/dXi -2,54E-03 -1,49E-03 

K Mm/year* 1,58E-05 l ,58E-05 
q Mm/year* 4,OlE-08 2,36E-08 

A Mm2** 1,l7E+00 1,02E+00 

Q Mm3/year -4,67E-02 -2,41E-02 

*Mm/year represents millions of meters per year 
**Mm2 represents millions of square metres 
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From the piezometric head data and using equation 3, it is possible to calculate the 

average yearly change in discharge rate due to pumping between two yeaTs: 

t1D yI -!1D y2 
!1D = ---'---------'--

y_ave y2-yl (8) 

Although pumping has increased in a non-linear fashion, W y_ave is useful at estimating 

I1D (equations 2-4). The calculated discharge in 2004 is approximately half of that in 

1970 (table 4): I1Dy2oo4 - Wy1970 = 0.023 Mm3/year. Therefore, over 34 years, W y_ave = 

673 m3/year. Assuming that a close-to virgin discharge rate last occurred in the mid 

1950's, it is estimated that I1Do is weIl under 0.04Mm3/year. Although an exact virgin 

discharge rate is not provided above, the general tendency for W o is observed. GWflow, 

I1Dy_ave, and I1Do, are several orders of magnitude smaller than the other dis charge 

parameters thus they are considered negligible. From figure 7, in 1970 the general 

groundwater flow was from the Nevado and the Sierra towards the center of the valley, 

with groundwater exiting at the' North-West corner of the basin. Increased pumping of 

deep wells throughout the basin has altered groundwater flow directions, forming a 

depression cone in the metropolitan area of the valley and a net decrease in groundwater 

flow (GWflow) exiting the basin is observed between 1970 to 2004. The decreasing GWflow 

pattern is expected to continue into the future until GWflow tends to 0 or negative values. 

Negative values would imply flow from adjacent basins is entering the Toluca Basin. 

Spring discharge (Sp) 

The DGCOH (1992) and others suggest that spring discharges (Sp) have been steadily 

decreasing with time. CNA (2005) estimates that spring discharges account for a total of 

54 Mm3/year. To compensate for the decreasing piezometric surface it is assumed that the 

value was as high as 65 Mm3/year in 1970 and will decrease to 45 Mm3/year in 2050 

(table 5). Future studies on discharges and water budget should include field work 

examining the spring discharges with the objective of better quantifying the decrease in 

spring discharges. 
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Groundwater pumping (P): 

Obtaining a representative estimate of aIl pumping in the Toluca Valley is challenging. A 

reliable census requires an accurate depiction of the real pumping occurring in the valley. 

Based on the most recent data (IMTA, 2003; CNA-GTZ, 2004), in 2002 an estimated 933 

wells withdrew a total 462 Mm3/year (table 5 and Figure 8). Observed and projected 

pumping rates are shown in figure 8. In terms of projections, the best case and worst case 

scenario are shown as low and high respectively. 
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Figure 8: Observed and expected groundwater extractionfrom pumping wells - 1970 to 2050. 

4.3 Deficit 

Using the average historical values (1970-2000) obtained for recharge in section 4.1 and 

the pumping estimates based on the IMTA (2003), the extrapolated total deficit for 2010 

is 172 Mm3/year (table 5, figure 10). The minimum, average, and maximum pumping 

projections are shown in table 5 and figure 10. 
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Figure 9: Difference in hydraulic heads between February 2006 and 2008. Measurements were 
taken in the lower aquifer at 150 m depth. Locations of extracted drawdown points and multilevel 
monitoring wells are indicated on the map. 

Based on the drawdown map method (Figure 9), the total difference in volume of water 

between February 2006 and February 2008 is 282 Mm3
. Therefore the average yearly 

deficit is 141 Mm3
• Using the same method from 1970 to 2004 there is a difference of 

2664 Mm3
; this works out to an average loss of78 Mm3/year. Although little information 

is available on the methods used for calculating the deficit, the Comisi6n Nacional dei 

Agua's most recent deficit estimate for 2007 is 139 Mm3/year. This estimate is low due, 

possibly, to unregistered pumping wells. Comparing the drawdown map method to the 

projections based on IMTA (2003), one notices that there is a discrepancy of 26 

Mm3/year. It can be argued that the value of 141 Mm3/year is too low because it does not 

take into account the entire basin. For that reason, the true deficit could be higher. 

Table 5 and figure 10 summarize the values obtained for the recharge, the discharge, and 

the deficit for the Toluca Valley. Historical data dating back to 1970 is used and 
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projections start from the year 2000 when the calculated deficit is 145 Mm3/year. It is 

acknowledged that there is error in the historical estimates; however it is assumed this 

error is minor and therefore uncertainty is limited to the projections. Recharge values, 

including induced recharge (Rart) , from 1969 to 2000 are actual recharge values; the 

overall yearly average for that time period is estimated at 376.2 Mm3/year. Recharge 

projections are based on the average value mentioned above and Climate Change (CC) 

average variations (IPCC, 2007), and not yearly minimum and maximum recharge. The 

discharge projections account for the best case and worst case scenarios discussed in 3.2. 

The projected deficit is the sum of the recharge and discharge for each scenario. By 

background extrapolating the deficit curve, one can notice that the last year without 

deficit occurred around the year 1962. The average estimate shows a deficit of 165 

Mm3/year in 2007 and, in a worst case scenario, reaching a yearly deficit of up to 456 

Mm3/year by 2050. 

Table 5: Summary of the observed and expected groundwater budget from 1970 to 2050. '-' 
implies data is not relevant. In the deficit section, average, worst case, and best case scenarios 
are summed respectively with the corresponding case and additional parameters (Ram GWjloW1 
Sp) are included in the calculation. Climate change simulations are based on average recharge 
and 21 climate models (IPCC, 2007). 
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Figure 10: Observed and expected groundwater recharge, pumping, and deficit from 1970 to 
2050. Recharge values include induced recharge (RarJ. From 1969 to 1999 actual recharge 
values are shown; the average for that time period is estimated at 376.2 Mm3/year. Recharge 
from 2000 to 2050 is based on the average value mentioned above and Climate Change (CC) 
average variations (IPCC, 2007). Historical discharge is based on the literature and 
groundwater levels and future discharge is based on the projections discussed in section 3.2. The 
deficit is the sum of the recharge and the discharge. 

In both cases of LlRo and LlDo, the estimated values do not represent a significant volume 

compared to the overall recharge and pumping occurring in the basin. The estimates 

clearly show that the deficit gets worse with time until tapering off due to a decrease in 

population growth. The consequences of this deficit are already quite apparent in the 

Toluca Valley: disappearing wetlands, land subsidence due to clay compaction, changes 

in flow patterns, wells drying up and the need to drill deeper for water. 

5 DISCUSSION AND CONCLUSION 

Urbanization, intensive industrial practices, and climate change are expected to play an 

important role on the groundwater budget of many urban centers of central and northern 

Mexico and the south-western United States in the coming years. Worldwide, several 

areas are expected to experience drying tendencies over the next century; these areas, 

where urban centers are found, include south-western Australia, the Western Cape 

Provinces of South Africa, the southern Andes, the Mediterranean and Mexico (IPCC, 

2007). Applying the methodology from this study to these areas where water resources 
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are threatened, would be of use not only in determining recharge variations, but also the 

expected deficit. This work has provided valuable insight into the groundwater budget of 

the Toluca Valley basin. It is important to consider the most complete set of parameters 

possible when quantifying the present and future groundwater budgets. Applying the 

spatially variable HELP3 model over the entire watershed with observed climate data and 

general climate change predictions is useful in observing the distribution and differences 

in recharge throughout the basin. It was found that, in the case of the temperate-with­

dry-winters climate of the Toluca Valley, it is important to not rely solely on the HELP3 

model for determining the recharge value and that verifying the results with river 

discharges or other evapotranspiration and runoff models is necessary. The advantage of 

the HELP3 model over the other models is the relative distribution of recharge over the 

entire basin, and it also considers a range of climate parameters, soil properties, 

vegetation, land use, and general climate change scenarios are easily implemented. Upper 

and lower estimates based on past precipitation allow us to set limits on annual recharge. 

Climate change scenarios provide insight into possible future average recharge rates. 

Conceming discharge, a reliable water-use census and accurate groundwater level data 

are important in obtaining accurate discharge estimates. 

Average estimates show pumping will stabilize around 2050, however following the 

ICPP (2007) report, the deficit will continue to increase due to climate change (figure 

10). The decreasing deficit rate does not imply that the resources will not be exhausted. 

In this study the term "water availability" is used as a relative term to indicate the 

presence of a renewable water resource; that is, the yearly surface water runoff and 

groundwater recharge; whereas groundwater stored in the aquifer is considered a non­

renewable resource. The renewable part of the groundwater system can be considered as 

a yearly flux, while the groundwater stored in the aquifer can be considered a pool. If one 

extracts a net annual volume of the fluxes for groundwater (recharges minus discharges), 

then the system is said to be in hydrodynamic equilibrium and it is considered to be 

sustainable. However when a deficit in the water budget is created and maintained for 

long time, the water extraction in the system is said to be unsustainable. Depending on 

the circumstances, the total water availability may also be considered as the sum of the 
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fluxes and the pools, the renewable and non-renewable resource. But that is a 

management decision based on several factors and its discussion is beyond the scope of 

this study. 

With respect to changes in recharge and discharge due to pumping, it has been shown that 

pumping has an effect on natural groundwater flow (GWflow) and an average value has 

been found for the yearly change in discharge !J.Dy (673 m3/year) between 1970 and 2004. 

GWflow, !J.Dy, and therefore W, are several orders of magnitude smaller than the other 

discharge parameters thus they are considered negligible: As discussed in section 4.1, it is 

estimated that !J.Ro is also negligible. If more infiltration wells are built and new 

technologies allow, the artificial recharge (RART) could become an important parameter in 

setting off part of the deficit. A more thorough study of the spring discharges would be 

useful to properly define the natural discharge from the aquifer. Another source of 

potential artificial recharge not considered in this study is leaking pipes and sewage 

systems in the city of Toluca. It is estimated that this form of recharge accounts for 9.5 

m3/s for Mexico City with a population of 15 million (Birkle et al., 1998). Since Toluca's 

population is approximately 1/8 the size of Mexico, one could expect a loss in the order 

of Im3/s. These values were not inc1uded in the budget calculation however they could be 

considered for future budget estimates. 

Although the Toluca Valley's non-renewable water resources are being exploited at 

worrying rates, still 38% of the groundwater resources are exported out of the basin. 

Inter-basin water transfer and growing local demand is having detrimental effects on the 

groundwater supply of the Toluca Valley. Comparing the volume currently exported to 

Mexico City (6 m3/s, figure 5), it is less than the CUITent average deficit shown in table 5. 

Thus, iftomorrow the Toluca Valley stopped aIl water transfers, they would no longer be 

in a deficit situation. It is of interest that the approximately 6m3/s pumping rate exported 

to Mexico City using the Lerma System represents 61 % of the recharge from the Las 

Cruces mountain chain. 
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This detailed assessment of two of the most important components of the water cycle 

(recharge and dis charge ) clearly shows that the decreasing water availability in the 

Toluca basin is due mostly to groundwater pumping (Figure 1 0). To a lesser degree, 

climate change may play a role in the increasing deficit. The analysis shows that the 

CUITent groundwater pumping is not sustainable. The CUITent deficit is estimated to be 

between 140 and 170 Mm3/year. Unless there are drastic changes, it is anticipated that 

this deficit could increase up to, 456 Mm3/year by the year 2050. Assuming that the last 

time the groundwater budget was at equilibrium was the year 1962 (figure 10 by 

backwards extrapolating), integrating the average deficit curve from 2008 to 1962, the 

total volume ofwater removed from storage is circa 3840 Mm3
. Following the results of 

this study, this volume can not be considered as a renewable resource. The CUITent deficit 

-occurring in the Toluca Valley can be considered problematic and projections based on 

expected water consumption and climate change reinforce the need for management of 

the water resources to be addressed. 
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Résumé 

Le pompage excessif de l'eau souterraine dans les aquifères compressible conduit à la 

subsidence, et peut potentiellement causer des dommages importants aux bâtiments et 

aux infrastructures. DifferentiaI Synthetic Aperture Radar Interferometry (D-InSAR) est 

une technique utilisée pour détecter la déformation de surface avec une precision de 

moins d'un centimètre. L'objectif de ce travail est de présenter une approche qui utilise 

D-InSAR et les données de terrain pour quantifier la subsidence induit par le pompage 

des eaux souterraines, avec un focus de la vallée de Toluca, au Mexique. De plus, les 

résultats des différents capteurs D-InSAR sont comparés et contrastées. La région 

d'intérêt a été portée sur le couloir industriel de la vallée de Toluca, au Mexique. Les 

images SAR (synthetic aperture radar) étaient disponibles entre décembre 1995 et mai 

2008. Un total de 30 images SAR d'ERS-l, ERS-2, ENVISAT ASAR et RADARSAT-1 

en bande C ont été acquises et traités. Quarante quatre paires D-InSAR ont été traitées 

dont 31 interférogrammes et cartes de subsidence sont utilisables. La vérification des 

résultats a été fait à partir de deux systèmes d'extensomètre. De plus, les niveaux des 

eaux souterraines ont été utilisés pour indiqué la localisation potentiel de la subsidence. 

La vallée de Toluca, avec un climat semi-aride-tempéré, une concentration urbaine 

importante, et une subsidence lente, sont des conditions très appropriés pour l'application 

de la technique D-InSAR. Pour tous les paires d'images D-InSAR, de grandes lignes de 

base (base lines), les effets atmosphériques, décorrélation temporelle, et la couverture 

végétale ont été les facteurs limitant l'obtention d'un maximum d'interférogrammes 

utilisables. En comparant les résultats D-InSAR avec les extensomètres, nous remarquons 

qu'il existe une corrélation directe. En contrastant les images des capteurs ENVISAT 

ASAR et RADARSAT-1, il a été constaté que les lignes de bases (baselines) courtes « 
500 m) et des acquisitions d'images à intervalle de temps petite « 1 an) conduisent à des 

résultats plus précis et mieux corrélées. Les argiles dans le couloir industriel se 

compactent d'une façon relativement linéaire, où les différents taux de compaction sont 

fonctions des propriétés géologiques et du taux de pompage. Il y a environs 4 mois de 

délais entre la baisse du niveau piezométrique et la compaction. Les taux de subsidence 

maximale actuelle sont estimés à 15 cm/an à certains endroits. L'affaissement total 
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maximal d'un point situé dans la vallée entre novembre 2003 et mai 2008 est d'environ 40 

cm. Il est estimé que le montant total maximum de subsidence depuis 1962 est de plus de 

2,0 mètres. 
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Résumé 

Le pompage des eaux souterraines a provoqué l'affaissement des sols dans de 

nombreuses zones urbaines à travers le monde. Depuis les années 1970, des modèles 

numériques de plus en plus sophistiqués ont été développés afin de simuler l'affaissement 

des sols induits par le pompage de l'eau souterraine. Une des limites principales de la 

représentation adéquate de la subsidence est le manque de données représentatives. Une 

approche multidisciplinaire est présentée ici pour quantifier la subsidence dans un 

système d'aquifère avec une stratigraphie complexe. La méthodologie consiste en: (1) le 

couplage du principe de la compaction instantanée ID de Terzhagi avec l'équation de 

l'écoulement des eaux souterraines avec le modèle HydroGeoSphere; (2) la validation du 

nouveau modèle, et (3) La mise en œuvre du modèle pour la vallée de Toluca. 

DifferentiaI Interferometric Synthetic Aperture Radar (D-InSAR), un modèle géologique 

3D, des extensomètres, le suivi du rabattement, et l'utilisation des données disponible, 

sont utilisées pour contraindre le modèle. L'écoulement des eaux souterraines et la 

subsidence régionale et locale sont observés. La subsidence mesurée avec D-InSAR, les 

extensomètres, et les simulations numériques se ressemble relativement bien. Il est 

constaté que la partie supérieure de l'aquifère est la partit le plus compressible. D-InSAR 

montre que les taux de subsidence peuvent atteindre jusqu'à 15-20 cm/an dans certains 

endroits, les taux d'affaissement sont variables dans le temps et l'espace. Des simulations 

montrent que, depuis la subsidence régionale a commencé au début des années 1960, il Y 

a eu jusqu'à 2 m de subsidence dans le couloir industriel, la où le pompage dans les 

couches argileuses se trouvent. 
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Abstract 

Groundwater pumping has caused land subsidence in many urban areas around the world. 

Since the 1970's, increasingly sophisticated numerical models have been developed to 

simulate land subsidence induced by groundwater pumping. A major limitation to the 

proper representation of land subsidence, however, remains the lack of representative 

data. A multidisciplinary approach is presented here to quantifying land subsidence in a 

heavily pumped aquifer system with complex stratigraphy. The methodology consist in: 

(1) coupling Terzhagi's ID instantaneous compaction principle to the groundwater flow 

equation using the HydroGeoSphere model; (2) validating the new model; and (3) Mode! 

setup for the Toluca Valley, Mexico and calibration. DifferentiaI Interferometrie 

Synthetic Aperture Radar (D-InSAR), a generated 3D-geological mode!, extensometers, 

monitoring wells, and available literature, are used to constrain the model. The model is 

used to simulate pumping induced land subsidence within the complex stratigraphy of the 

Toluca Valley basin, Mexico. Regional and local groundwater flow and subsidence 

patterns are observed. The D-InSAR measured subsidence, extensometers, and numerical 

simulations of subsidence agree relatively weIl. It is found that the upper portion of the 

aquifer is the most compressible part. D-InSAR shows that although subsidence rates can 

reach up to 30 cm per year in certain locations, the magnitudes are variable in time and 
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space. Simulations show that since regional subsidence began in the early 1960's there 

has been up to 2m of subsidence in the industrial corridor, where heavy pumping and 

thick clay layers are found. This study shows that multidisciplinary approach is useful in 

estimating and cons training the vertical component of the inelastic skeletal specific 

storage. 

1 INTRODUCTION 

Many cities around the world experience land subsidence due to their geologic setting 

and decreasing groundwater levels. Population growth, and intensifying industry and 

agriculture are often the principal reason for the increasing groundwater demand and 

resulting subsidence problems.Coupled groundwater flow and compaction models are 

useful tools to analyze land subsidence and they represent one of the best methods 

available for predicting subsidence. 

Since the emergence of numerical groundwater flow models in the 1970s, several have 

coupled compaction to groundwater flow. Since Gambolati and Helm's pioneering work 

in the early 1970's (Gambolati, 1972; Helm, 1975), most models have represented 

compaction by applying Terzhagi's ID compaction principle with a finite difference 

solution method (Helm, 1975, Rivera et al. 1991; Hoffman et al., 2003b; Liu and Helm 

2008); however, Biot's 3D derivation (Biot, 1941)) is sometimes used (Safai, and Pinder, 

1979; Lewis and Shrefler, 1978), usually with the finite element solution method. Over 

the years, various compaction aspects have also been included in models such as 

dependence of compaction on hydraulic conductivity (e.g. Rudolph and Frind, 1991; 

Rivera et al., 1991), time delays (e.g. Hoffman et al., 2003a), and effects ofmoving water 

tables (e.g. Leake and Galloway, 2007; and Liu and Helm 2008). 

The availability of field data remains a major limitation to model applications and to the 

reliability of their predictions. Except for a few heavily studied major urban centers such 

as Mexico City, Venice, the Antelope Valley, Califomia, and Shanghai, subsidence data 

is often incomplete mostly because extensometer installations needed to measure land 
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subsidence are expensive. Even where extensometers exist, there is often a lack of long 

term monitoring data needed for model calibration. Over the last two decades, however, 

the emergence of synthetic aperture radar interferometry (inSAR) has revolutionized 

subsidence studies. InSAR can monitor land movement at the regional scale, with sub­

centimeter vertical precision, thus providing data to calibrate subsidence models even 

where a few extensometer field subsidence data is available. Due to little interaction 

between remote sensing communities and hydrogeologists, only a handful of subsidence 

. studies have combined groundwater flow and compaction numerical models with remote 

sensing techniques and field data. Amelung et al. (1999) has contrasted clay thickness 

maps with D-InSAR subsidenc~ patterns and Galloway et al. (1998) and Hoffman et al. 

(2003a) have presented finite difference delayed-compaction models constrained by D­

InSAR results and field data for several subsiding locations in Nevada and California. 

There is a need to further explore the use of InSAR data to calibrate numerical model that 

simulate land subsidence. 

This paper extends the HydroGeoSphere (HGS) (Therrien et al., 2009) finite element 

groundwater flow and transport model by accounting for instantaneous compaction. The 

coupling of the flow model with compaction is verified and the model is demonstrated by 

reproducing land subsidence caused by pumping in the Toluca Valley, Mexico. 

Simulations are constrained by remote sensing and field data for the complex aquifer 

system of the Toluca Valley. Hoffmann et al. (2003a) demonstrates that D-InSAR is 

useful for deriving the total inelastic skeletal storage coefficient (S' sk) of an aquifer. Their 

approach, however, does not consider the vertical variability of S' sk. In complex aquifer 

systems, such as in the Toluca Valley, Mexico, with vertically variable material 

properties, assigning inelastic skeletal storage coefficient for individual clay layers 

becomes more problematic and requires other sources of data. This work extends the 

general approach used by Galloway et al. (1998), Amelung et al. (1999), and Hoffmann 

et al. (2003a) by using D-InSAR subsidence estimates and further constrains the 

groundwater flow-compaction model with a 3D geologic model to derive S' sk for 

individual clay layers. Additionally, multiple remote sensors are used over a 5-year 

period, thus increasing confidence in D-InSAR estimates. 
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2 BACKGROUND 

With the objective of representing land subsidence in the Toluca Valley, Mexico, a 

compaction module was added to the multipurpose 3D finite elementgroundwater flow 

model HGS. The compaction component is based on Terzhaghi's ID effective stress 

principle as applied most recently by Hoffmann et al. (2003b), Leake and Galloway 

(2007b), and Liu and Helm (2008). 

The total stress, cr, at any point in a porous medium is given by the geostatic 10ad of the 

overlying saturated and unsaturated sediments. According to Terzaghi (1925), changes in 

the effective stress can result from changes in the total stress or changes in pore pressure 

according to 

(1) 

where cr'ij [M'L-2
] is a component of the effective stress tensor, crij [M'L-2

] is a component 

of the total stress tensor, and p [M' L-2
] is the fluid pore pressure. 

If layers forming an aquifer system are assumed to be horizontal and laterally extensive 

with respect to their thickness, the changes in pore-pressure gradients will be primarily 

vertical. If it is further assumed that the resulting strains are also primarily vertical, with z 

being the vertical coordinate, the following one-dimensional form of equation 1 can be 

used: 

(Y' zz = (Y zz - P (2) 

An important assumption is that the total stress remains constant in time, that is, ~crzz = O. 

Thus, the method presented applies only to sediment compaction in confined aquifers 

subject to a constant geostatic load. 

Saturated groundwater flow systems are commonly described with hydraulic head as 

opposed to pore pressure. Total hydraulic head is the sum of the pressure head and the 

elevation head, 
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h =-.L + hz (3) 
Pwg 

where h [L] is the total hydraulic head, pw = the density of water [M· L-3
] g is the 

gravitational acceleration constant [M· r 2
], and hz [L] is the elevation head referenced to 

an arbitrary datum. 

A change in effective stress resulting from a given head change generally differs in 

confined and unconfined aquifers. In an unconfined aquifer, a change in head 

corresponds to a draining or re-wetting of pore space and results in a change in the 

geostatic load or the total stress on the underlying sediments as weIl as the pore pressure. 

The change in effective stress caused by a head change in the saturated portion of an 

unconfined aquifer can be described as (Poland and Davis, 1969): 

(4) 

where ~(j' zz is the change in vertical effective stress (positive for increase), n [-] is the 

aquifer porosity, nw [-lis the moi sture content in the unsaturated zone above the water 

table, as a fraction of total volume, and ~h is the change in hydraulic head. 

It should be noted that changes in head in an unconfined aquifer constitute a mass change 

in that aquifer. This represents a change in the total stress for aIl underlying confined 

aquifers. In a confined aquifer, the total stress changes negligibly with changes in pore 

pressure as water is released from or is taken into storage by the saturated porous medium 

as a result of the compression or expansion of the medium and (or) the water. The change 

in water density associated with the expansion or compression of the water is negligible. 

Thus the change in effective stress for a given change in head can be expressed as 

(Poland and Davis, 1969) 

(5) 
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The HGS compaction module is designed to simulate instantaneous compaction and 

storage changes in confined aquifer systems and is thus based on equation 5. For 

compressible layers in the saturated part of an unconfined aquifer, where hydraulic head 

variations are occurring, this approach will overestimate the change in effective stress, 

and thus overestimates sediment compaction by the factor equal to (1 - n + nwfl (see 

Equation 4). 

Changes in effective stress (f1(j'zz) cause compaction and expansion of the sediments 

constituting many aquifer systems. In this paper, the term compaction is used to describe 

a reduction in the thickness of a horizontal compressible layer. A negative compaction 

implies an expansion or increased thickness of the compressible layer. Neglecting 

horizontal displacements, the one-dimensional compressibility (a) [Pa-1 or M·L-1r 2
] can 

be defined as 

db 
- b 
a=--

d(j'zz 
(6) 

where db is the change in thickness of a control volume with initial thickness b. 

If the change in effective stress is due only to a change in the pore pressure, equation 5 

can be used to'express equation 6 as: 

Pwgab = S'sk b = S'k = ~: (7) 

where S'sk [L-1
] is the skeletal specifie storage, equal to Pwga , S'k [-] ~s the skeletal 

storage coefficient, equal to S 'skb, al}d dh [L] is the change in hydraulic head. 

Laboratory consolidation tests on sediment cores and measurements of aquifer-system 

compaction obtained from borehole extensometers indicate that compressibility, and thus 

the skeletal specifie storage, can assume very different values depending on whether or 

not the effective stress exceeds the previous maximum effective stress, termed the 

preconsolidation stress (Johnson and others, 1968; Riley, 1969; Jorgensen, 1980). 
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For sorne sediments, inelastic compaction is approximately proportional to the logarithm 

of the effective stress (Jorgensen, 1980). However, in many cases applicable to aquifer­

system compaction where incremental changes in effective stress are typically small (e.g. 

the Toluca Valley - Figure 1), the relationship (equation 7) can be linearized as 

(8) 

where S'k is the skeletal storage coefficient. To account for the marked change of the 

skeletal specific storage when the effective stress exceeds the preconsolidation stress, two 

separate values are often used: 

{

S' fi 1 1 ske or CT zz < CT zz (pre) 
S' = 

sk 1 1 > 1 
S skv for CT zz - CT zz(pre) 

(9) 

where S'ske [L-1
] is the elastic skeletal specific storage, S'skv [L-1

] is the inelastic, or 

vlrgm, skeletal specific storage, and a'zz (pre) [M·L-2
] is the preconsolidation effective 

stress. 

Compressibility (a ), elastic skeletal specific storage (S' ske) and inelastic skeletal specific 

storage (S' skv) can be obtained from consolidation experiments by using both the inferred 

inelastic (Cc) and the elastic (Cs) compression indices obtained by plotting the void ratio e 

[-] (volume of voids/ total volume) against the log effective stress (e - log (J 'zz curve) 

(Figure 1). 
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Figure 1: Example of compression test results of a Toluca Valley clay ([rom UAEM, 2008) 

The slope of the ine1astic compaction curve is defined as the compression index Cc' 

eo -e -de Cc = =----

1 dzz d(1ogdzz ) 
og~ 

0-0 for , > ' cr zz cr zz(pre) (10) 

The derivative of void ratio with respect to effective stress is given by: 

de = de 0.434 = C 0.434 
da'zz d(1oga'zz) a'zz c o-'zz 

(11) 

On the basis of the definition for aquifer compressibi1ity (Fetter 2001), and using 

equations (11), we obtain: 

~c =_ dTlv = de =0.434 _Cc-=------_ 
da' (1 + e)do-' zz (1 + e) 0-' zz 

(12) 
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where dVis the change in aquifer volume, Vis the original volume, and dŒ' is the change 

in effective stress. Combining equations 7 and 12, we obtain: 

S'skv = P ga c = 0.434 CcP g 
(1 + eo)a'zz 

for (j' zz > (j' zz(pre) (13) 

ln the above formula, the compression index Cc can be used only when (j' 'ZZ is greater 

than the pre-consolidation stress. Otherwise, the expansion index Cs can be used instead 

of Cc to obtain: 

S's/œ = P gae = 0.434 CsP g 
(1 + eo)a'zz 

C '<' lor 0' 'ZZ 0' 'ZZ(pre) (14) 

If the effective stress remains less than the preconsolîdation stress, a further increase in 

effective stress (or decrease in hydraulic head) causes a small elastic compaction in both 

coarse- and fine-grained sediments. This compaction is recoverable if the effective stress 

retums to its initial value. If the effective stress remains consistently above or below the 

preconsolidation stress, the compressibility and skeletal specific storage are a function of 

the effective stress (Figure 1). 

For stresses greater than the preconsolidation stress, S'skv is used, and S'ske is used for 

stresses less than the preconsolidation stress (Figure 1). To a certain extent, this approach 

linearizes the nonlinear stress/compaction relation with respect to the preconsolidation 

stress. By observing figure 1 and other e - log a 'zz curves from consolidation tests of 

Toluca Valley clays, the resulting constitutive law represented byequation 8 1S a 

reasonable estimate for these clays, however it only approximates the true 

stress/compaction relation of the sediments. The consolidation and subsidence process 

depends on the rate in migration of the decrease in pressure head through the 

compressible layers and is controlled by the hydraulic diffusivity. The resulting 

subsidence is the integrated response of the pressure decrease migrating upward through 

the sediment sequence since pumping began. Thus a delay term is often required in the 
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conceptualization of the compaction process. Observing delays between a decrease in 

head and clay compaction (e.g. figure Il), it is noticed that, at Extensometer-l, there 

appears to be approximately a 4 month delay. There is no other data to suggest the 4 

month delay in compaction is due processes that occurred at an earlier time. It can be 

further argued that the Toluca valley clays are significantly different than the Mexico 

City clays, where delayed responses are dominant. Additionally, considering the length of 

time that the simulations represent (~ 100 years), the 4 month delay in compaction is 

considered insignificant and the use of an instantaneous compaction coupling is 

considered sufficient for the purpose of representing and predicting consolidation and 

subsidence of the Toluca Valley. 

3 METHODOLOGY 

The methodology used for this study includes (1) coupling compaction to the 

groundwater equation; (2) validating the model; and (3) Setting up and calibrating the 

model for the Toluca Valley 

3.1 Coupling compaction to the groundwater flow equation 

The following equation is used to describe HGS's modified version ofthree-dimensional 

transient subsurface flow for a fully saturated porous medium (Therrien et al., 2009): 

_ n "r + Q - S ôh vq+L,. ex- - s 
ôt 

with the fluid flux q [L·rl
] given by: 

q=-KY'h 

(15) 

(16) 

and where the hydraulic head h is defined in equation 3. Ss is the specific storage [L- I
] 

and the hydraulic conductivity, K [L·rl
], is given by: 
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K = Pwg k 
f.1 

(17) 

where gis the gravitational acceleration constant, fi [M·L-I·r l
] is the viscosity ofwater, k 

[L2
] is the permeability tensor of the porous medium and pw [M·L-3

] is the density of 

water. 

Fluid exchange with the outside of the simulation domain, as specified from boundary 

conditions, is represented by Q [L3·L-3·rl
], which is a volumetric fluid flux per unit 

volume representing a source (positive) or a sink (negative) to the porous medium 

system. In Equation 15, rex [L3·L-3·r1
] represents the volumetric fluid exchange rate 

between the subsurface domain and all other types of domains of the HGS model and it is 

expressed per unit volume of the other domain types. HGS can simulate several 

processes; however, except for wells these other capabilities are not used here. 

The term on the right hand side of equation 15 describes the rate of flow into or out of 

storage per unit volume of aquifer material. The compaction formulation presented below 

was previously implemented in the finite difference code MODFLOW (Leake and Pudic, 

1991; Hoffman et al., 2003b, Leake and Galloway, 2007). If the aquifer system includes 

compressible sediments, this term can be multiplied by (1 - y*), where y* [-] is the 

fraction, by volume, of compressible interbeds in the aquifer system. The storage of the 

compressible interbeds is represented by a second term added to the right hand side. 

Equivalently, the water entering the flow system from interbeds can be added to the 

source term Q. 

The flow per unit volume for the compressible material [L·r l
] is as follows: 

- ah 
q=y*S' -

sk al with S' = {S' ske for h > hmin 

sk s' skv for h :$ hmin 

(18) 

where hmin is the lowest previous head or the equivalent preconsolidation stress expressed 

in terms of preconsolidation head. S'sk is the skeletal specific storage, which assumes an 

elastic or inelastic (virgin) value depending on whether the head is above or below hmin. It 
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is assumed that hmin defines the preconsolidation stress in terms of a preconsolidation 

head. Note that this is equivalent to equation 9, with the assumption that the total stress 

remains constant, and therefore assumes that the water levels in any overlying unconfined 

aquifers remain approximately constant. Similarly, the compaction of these interbeds can 

be determined directly from equation 8. 

Thus, combining the compaction term to the govemmg groundwater flow equation 

yields: 

ôh 
- 'V.q + Irex ± Q = [(1- r*)* Ss +r* S'sJal (19) 

The coupling ignores time-delays from slow dissipation of head transients within the 

interbeds and assumes that heads everywhere equilibrate instantaneously with the head in 

the surrounding aquifer. Although delays can be important in certain c1ays (e.g. Mexico 

City), the Toluca Valley c1ays exhibit rapid compaction response to head dec1ine. For an 

example see Figure Il for comparison between hydraulic head and compaction at 

Extensometer-1. 

Discretization 

HGS uses the control volume finite e1ement method with fully implicit time-weighting 

(Therrien et al., 2009). Based on equation 19 the following discretized porous medium 

flow equation, with compaction, is obtained: 

r(l-r*)S (hL+l_hL)+r*q*]2= ~ SIl ., /it 

"r*. (h L+1 _hL+l)_{"rL+l) . +Q~+l ~ If ] 1 \L ex v, - 1 

jE1]i 

where : 

* - S,L+l (h L+1 hL) S' (hL hL) q i - ki \i - min + ske\min- i 

(20) 

(21) 

159 



with 

StL+l = ske 

{
S' Elastic storage fior h,L+l > hmL"n 

kl S'skv Inelastic storage for hiL+l ~h::lin 
(22) 

and where hi is the head for control volume i as defined in equation 3 and 

(23) 
v 

for the interpolation functions N defined for the 3-D porous medium elements and where 

the control volume associated with a given node is given by: 

(24) 
v 

Because an implicit representation is used, equation 20 is non linear and an iterative 

solution is required. The Picard method is used to linearize the equation. 

3.2 HGS model verification 

Both the MODFLOW-SUB package and HGS's flow solution accuracy have been 

verified by analytical solutions (Hoffmann et al., 2003b; Therrien et al., 2009) and have 

been successfully applied to several case studies. The new compaction module of HGS is 

thus verified by comparing a sample problem solution to MODFLOW-SUB. 

The scenario, selected from Hoffmann et al. (2003b), simulates the effects of seasonally 

fluctuating stresses on heads in an aquifer and on subsidence history. A confined aquifer 

with a thickness of 500 m and a storage coefficient (S) of '1.44 x 10-3 was simulated in a 

single model cell (Figure 2). The cell extends 1,000 m in both horizontal dimensions and 

500 m vertically. No-flow boundaries were specified on the sides and bottom of the cell. 

Starting heads and preconsolidation heads were specified as 0 m. A 20-meter thick, 

laterally extensive clay lens is interbedded in this aquifer. The compressible material was 

assigned values of 5 x 10-5 m-I and 5 x 10-3 m-I for e1astic (S'ske) and inelastic (S'skv) 

ske1etal specific storage, respectively, and 1.125 x 10-10 mis for vertical hydraulic 
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conductivity (K'z). The stresses were modulated by seasonal pumping and recharge 

during 5 years: for 6 months, 118.3 m3 Id was withdrawn by pumping followed by a 6-

month period during which 20 percent (23.66 m3/d) of the extracted water was recharged 

through the well; this cycle was repeated 5 times in the simulation. The model setup is 

shown in Figure 2. 

The HGS simulation uses a finite element model and heads are therefore simulated at 

nodes, and not at cell centers like MODFLOW. For HGS a 3D brick element with 8 

nodes is used. Pumping rates are equally distributed between aH 8 nodes, as opposed to 

MODFLOW where only one rate is applied at the cell center. 
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Figure 2: Verification problem - Model configuration used to simulate seasonally fluctuating 
stresses. The only sources and sinks of water in the system are the discharge or recharge through 
the well and the storage in the interbed and aquifer. The finite difference model uses a single well 
for recharge and dis charge and the finite element uses the 8 corners of the block as wells (w 1-
w8), with the pumping and injection rates respectively divided by 8 for each well. 

The resulting computed head at each node is equal for both models and is the head shown 

in Figure 3. On the other hand, nodal compaction has to be added up vertically to obtain 

the total subsidence shown in Figure 3 (i.e. the compaction is added up for two nodes that 

have the same x,y coordinates). 

The resulting hydraulic heads and compaction of the layer for MODFLOW -SUB and 

HGS-compaction are shown in Figure 3. For each model, we observe that both the 
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hydraulic heads and the compaction values are identical. By matching the coupling 

equations and the time weighting scheme (implicit) identical results were achieved with 

both models. 
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Figure 3: verification results showing hydraulic head and total compaction for the HGS and 
MODFLOW simulations 

4 TOLUCA VALLEY BACKGROUND 

The Toluca Valley basin (Figures 4 and 5a) covers an area of approximately 2100 Km2
. 

The basin is adjacent to the Mexico City Valley, with the Sierra Las Cruces forming a 

natural border between the two basins. The Toluca Valley's geographic position in the 

center of the country and proximity to Mexico City, as well as its rapidly developing 

infrastructure, have allowed the city to grow into a major industrial zone for the country. 
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10Km 

Figure 4: Location map of the Toluca Valley and model domain boundary within the Republic of 
Mexico and the State of Mexico. Over 935 pumping wells are in operation in the Valley,including 
the 230 Lerma system wells pumping water to the Mexico City Basin. 

According to the 2005 census (INEGI, 2005), the metropolitan area of Toluca, inc1uding 

12 neighbouring municipalities, is the fifth most populous metropolitan area in Mexico 

and the largest within the State of México. The total population of the Toluca Valley in 

2005 wasjust over 1.7 million people (INEGI, 2005). From 1960 to 2005, the population 

of the valley has doubled approximately every 20 years (INEGI, 1960-2005). 

The following sub-sections describe the available data and associated pre-processing: 

Geological information is used to generate a 3D geological model; and the D-InSAR 

technique is used to obtain subsidence maps 

Geology 

Volcanic andesitic rock from a Miocene-age buried volcano in the centre of the valley 

forms the basement in the basin (Figure 5A). The bedrock forms a bowl in the centre of 

the valley, reaching depths greater than 600 m and cropping out to the surface at the 

edges of the valley. The andesitic volcano formation of the Nevado de Toluca core is 

located to the West. The bedrock is overlain by a confining layer of pure lacustrine c1ays 
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and by the Chalma fonnation aquifer, composed of a mixture of sand, gravel and clay. 

The Tarango fonnation aquifer, deposited after the Chalma fonnation, extends from the 

flanks of the Sierra Las Cruces Mountains in the East across the basin floor to the foot of 

the Nevado of Toluca volcano. This fonnation is a heterogeneous mixture of 

volcaniclastic materials (Lesser and Asociados, 1992). The basaltic and ash flows of the 

Chichinautzin fonnation were deposited in the eastem portion of the Toluca Valley and 

act as an aquifer. In the upper middle portion of the valley, where most of the 

groundwater pumping occurs, complex interlayering of lacustrine clay (aquitard) and 

alluvium deposits (aquifer) are found. The industrial corridor, adjacent to the Lenna 

River (Figure 4, 5A), is located on what used to be a flood plain. Occasionally, during 

heavy rainfall, parts of the industrial corridor become a flood plain, yielding more 

compressible sediment. The complex sequence of layers in this area is shown 

schematically in Figure 5B. 
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Figure 5: 5A: 2D view of the conceptual model for the Toluca Valley Basin including geologic 
layers (Modified from Calderhead et al. (2009a)) and 5B: a close up of the indus tria/ corridor 
study area with a generated cross section. Locations of observation points in B are /ocated in 
plane view on Figures 8 and 15. Cross section A-B is /ocated on figure 4. 

Clay materials are known to be significantly more compressible than other common 

materials such as sand, gravel, or consolidated rock. It is thus important to delineate the 

clay layer boundaries for a proper representation of a compaction model. Amelung et al. 

(1999) describe the correlation between InSAR derived subsidence and aggregate clay 

thickness (the sum of clay layer thicknesses at a given xy-location). There are several 
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types of clays in the Toluca valley, varying from very low compressibility (a = 2e-s Pao)) 

to moderate1y high compressibility (a = 3e-6 Pa- I
). From the geological model presented 

in the previous section, four distinct clay layers are delineated in addition to the 

computed aggregate clay thickness. Figure 6 presents the 2 major (Figures 6A and 6B), 

and aggregate (Figure 6C) clay layers. 
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Figure 6: Clay layer thickness (6A and 6B) and aggregate clay thickness (6C) 

Water budget 

The rainy season generally occurs during the months of April through to October. 

Annually, the basin valley receives an average of 695 mm of precipitation (Lesser y 

Asociados SA 1992), whereas the higher altitudes receive larger amounts of rain, in the 

range of 1,200 mm/year. Annual precipitation cycles and amounts in the basin have been 

relatively constant since the first year of available data in 1942 (Lesser y Asociados SA 

1992). Recharge values, needed for the flow simulations, are based on meteorological 

data between 1970 and 1999 (Figure 7). An average recharge value is used for the period 

2000-2010 (CNA 2006). 

Based on 48 multilevel piezometers operating in the Toluca Valley since 1969, CNA 

(2008) documents drawdown within the valley over a 4 de cade period. Drawdown is 

induced by over 935 pumping wells with varying pumping rates located throughout the 

Toluca Valley (Figure lOA). For simplification purposes, 167 representative wells at 
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selected locations are used to represent aIl pumping occurrences. Based on IMTA (2003) 

and Calderhead et al. (2009a), total pumping is distributed evenly between the 167 

representative wells. 
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Figure 7: Groundwater recharge, discharge (natural and anthropogenic), and deficitfrom 1970 
ta 2010. From 1970 ta 1999 actual recharge values are shawn. From 2000 ta 2010 an average 
expected recharge is shawn. Recharge, discharge and deficit values are based on Calderhead et 
al. (2009a). 

By backwards extrapolating, Calderhead et al. (2009a) show that there has been a water 

budget deficit in the Toluca Valley since the early 1960's (Figure 7) and this deficit 

continues to increase with time. Considering the increasing deficit within the basin, it was 

determined that over a long time (> 10 years), seasonal head fluctuations did not have a 

significant impact on the total subsidence. Therefore, oruy yearly, as opposed to monthly 

or daily, recharge, dis charge, and budget deficits were used for the simulations. With the 

assumption of the increasing deficit, subsidence (not uplift or clay expansion) is the 

dominant process and therefore more importance is given to the inelastic skeletal specific 

storage (S' skv) as opposed to the elastic skeletal specific storage (S' ske). 

Subsidence measurements 

Although several previous studies of the Toluca Valley have described the location and 

orientation of fractures (Figueroa, 1990; 2004) and the compressibility of clays near the 

surface (Consultec, 1978; Minor, 2007), a very limited amount of quantitative subsidence 
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data is available from the literature. Field data was obtained by installing two borehole 

extensometers in regions with noticeable subsidence down to depths of 120m and 

gathering data over a two-year period. Consolidation tests were performed on clay 

samples taken from representative locations. And fmally, D-InSAR was used to locate 

and quantify magnitudes of subsidence zones. Borehole extensometers and D-InSAR data 

are briefly described below. 

Boreho/e extensometers 

The objective of installing the extensometers was to obtain accurate field measurements 

of subsidence at point locations. Two R-4 magnetic reed switch probe extensometer 

systems, manufactured by Roctest® (Roctest, 2009), were installed in the Industrial 

Corridor (Figure 5B). Boreholes with a 15 cm diameter were bored by a rotary drill and 

reached depths of 115 and 78 meters for Extensometer-1 and Extensometer-2, 

respectively. For this study, reading frequencies from the extensometers varied from 1 to 

6 months and spanned two years beginning in July of 2006 and ending in July of 2008. 

InSAR 

InSAR derived subsidence maps are used to estimate and decrease the uncertainty 

associated with of specific storage values. The interferograms and deformation maps are 

useful for locating compacting regions and quantifying the amount of subsidence. SAR 

images were obtained from ERS-l, ENVISAT ASAR, and RADARSAT-1 between 1996 

and 2008. Calderhead et al. (2009b) present the complete D-InSAR results for the Toluca 

Valley. Figure lOB shows an example of an interferogram of two images taken 70 days 

apart in late 2007 and early 2008. 

5 MODEL SETUP AND CALIBRATION 

This section presents the model setup and describes the calibration process. 

5.1 Model setup 
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To deal with the complex stratigraphy of the Toluca Valley, a processing chain uses 

borehole logs for generating a representative regional 3D geologic model. A total of 211 

geologic well logs (Figure 8A: 151 Lerma pumping wells, 48 multi-Ievel piezometers, 

and 12 additional wells) from the Toluca Valley basin were used to create the 3D 

geologic model domain. The 22 geologic types ranging from clays and fine sands to 

coarse gravel and volcanic fractured rock were simplified into 10 material types. Based 

on the weIl data and existing cross sections, the GMS 6.5 software uses a sequence of 

algorithms (GMS, 2009) for assigning consecutive layer horizons, creating cross sections 

between boreholes and finally generating the solids. In total, 34 solid layers (Figure 8B 

and 8C) were generated. Careful examination of the stratigraphy of each well combined 

with comparisons of existing cross sections (Ariel and Consultores, 1996) were necessary 

to obtain a simplified, yet detailed, geologic representation of the basin. While preserving 

the general geologic topography, the 34 layers with 10 material types were further 

simplified to 14 layers with 6 material types. Using the GridBuilder software (McLaren, 

2005), the final 2D mesh of 27225 nodes (Figure 8D), representing the horizontal extent 

of the simulation domain, was generated with a mesh refinement around the location of 

167 representative wells. The topography of the 14 geologic horizons was sequentially 

extracted at each no de by 15 2D mesh layers. The 3D mesh (Figure 8F) is created by 

superposing the 15 2D mesh layers in the 3rd dimension (Figure 8E). The 3D mesh has a 

total of 408375 nodes and 760284 elements. 
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Figure 8: Processing chain for obtaining the 3D finite-element model domain. Boreholes (A) are 
used to generate 3D geology (B and C), then using the geologic layers and the 2D mesh (D), the 
topography of the geologicallayers are extracted (E) . Finally the 3D mesh (F) is generated 
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Table l presents the boundary conditions, initial conditions, pumping incrementation, and 
the solution method. Table 2 gives a description of the material properties used for the 
simulations. 

Table 1: Problem setup 

SIMULATION SETUP 

Boundary Conditions 

Uniform vertical recharge 

Constant head boundary 

Initial conditions 

Hydraulic head 

Sinrulations begin date 

Total pumping 

1950-1969 

1970-1977 
1978-1993 
1994-2004 

2005-2010 

Solution 

Solution method 
Absolute convergence criteria 

Maximum iteration 
Initial timestep 

Maximum timestep 

DESCRIPTION 

135 II1Ill"year 
Nodes at top ofJayer 1; See Figure 

8D for xy location ofboundary 

Estimated hydraulic head values 
from 1950 (based on CNA (2008) 

January 1 S\ 1950 

312 Mm'" 3/year 

346 Mm"3 /year 
401 Mm"'3 /year 
4 5 6 Mm'" 3/year 

494 Mm"'3 /year 

Picard Iteration 
1.0e-4 

15 

1 day 

100 days 

Table 2: Description ofmaterial properties for the Toluca Valley. 
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Layer Elastic lnelastic 

number Average Hydraulic Specific 
Fraction of 

skeletal skeletal 

(from top 
Description 

thickness Conductivity Storage 
Porosity compressible 

specific specific 

to bottom) 
mate rials 

storage storage 

b[m] K[mls] Ss [lIm] e [-] y* H S'ke [lIm] S'kv[lIm) 

Layer 1 clays 1 45,9 2,OE-06 7,OE-03 0.40 0,7 9,2E-07 3,7E-06 

Layer 2 sand and gravel 18,0 4,OE-04 8,9E-03 0.35 1,00E-04 3,6E-08 1,4E-07 

Layer 3 fine grains 16,9 3,OE-05 3,4E-03 0.30 1,00E-04 8,4E-08 3,4E-07 

Layer 4 clay 2 2,1 2,OE-06 7,OE-03 0.35 0.7 3,OE-07 4,2E-07 
Layer 5 fine grains 17,1 6,OE-05 3,4E-03 0.35 1,00E-04 8,6E-08 3,4E-07 

Layer 6 coarse grains 19,0 1,OE-03 4,OE-03 0.35 1,00E-04 3,3E-08 1,3E-07 

Layer 7 sand and gravel 10,6 4,OE-04 8,9E-03 0.35 1,00E-04 2,lE-08 8,5E-08 

Layer 8 vo\canic solids 6,7 6,OE-04 1,7E-03 0.30 1,00E-04 1,7E-12 6,7E-12 

Layer 9 clays 3 21 ,9 5,OE-07 7,OE-03 0.35 0,7 2,lE-07 4,4E-06 
Layer 10 conglorœrate 7,3 6,OE-05 3,OE-03 0.30 1,00E-04 1,8E-12 7,3E-12 

Layer 11 sand and gravel 6,8 4,OE-04 8,9E-03 0.35 1,00E-04 1,4E-08 5,4E-08 

Layer 12 clays 4 3,7 6,OE-06 7,OE-03 0.35 0,7 1,9E-07 7,5E-07 

Layer 13 fine grains 9,8 6,OE-05 3,4E-03 0.35 1,00E-04 4,9E-08 2,OE-07 

Layer 14 sand and gravel 2,0 4,OE-04 8,9E-03 0.35 1,00E-04 4,OE-09 1,6E-08 

Zones A-G Righ compressibiIity 30,0 2,OE-06 
areas of Layer 1 

7,OE-03 0.35 1,00E-04 1,OE-06 2,4E-06 

5.2 Calibration 

The model was set up by using field data for assigning the aquifer and aquitard physical 

properties (Table 2), initial hydraulic head conditions, and boundary conditions. Several 

points, or numerical observation wells, were used to monitor the calibration process. 

Namely, the points used were located at Extensometer-l, Extensometer-2 and the 

Pecuario weIl, located in the region where most of the compaction is observed. This is 

also where a significant amount of InSAR work was focused. 

Initial simulations showed that the hydraulic heads were not decreasing and compaction 

was not increasing as rapidly as measured in the field. Certain parameters of the model 

were adjusted to achieve an acceptable degree of calibration. 

Pumping location and rates were used to calibrate the hydraulic heads. This is described 

further in the following section. Increasing the specific storage (Ss) values of the non-clay 

layers by an order of magnitude greater than field observations significantly improved the 

calibration of head and compaction. The values shown in table 2 are approximately one 

order of magnitude greater than those measured in the field. Finally, the inelastic skeletal 

specific storage (S' skv) was fine tuned to match the observed field compaction. The 
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calibration ofhydraulic head and inelastic skeletal specific storage S'skv are described in 

more detail in the following sections. A description of the drawdown and compaction 

agreement is also discussed. 

Head calibration 

Calibrating the hydraulic head involved both using hydraulic head and drawdown values 

from multilevel piezometers located throughout the valley and by varying pumping. The 

total pumping rate of the entire valley (based on Calderhead et al., 2009a) however 

remained constant for all simulation. A higher grid resolution was placed on the industrial 

corridor where a large portion of the pumping and the largest drawdowns are observed. 

Yearly total pumping was estimated in 5 to 15 year increments (Table 1), the simulated 

drawdown is shown in Figure 9. The general trend follows the hydraulic head and 

drawdown values at PL-20I, PL-205, and the limited information at Extensometer-l. 

Seasonal head variations could be of interest, however, considering that the groundwater 

levels are in a steady decline, only yearly data has been considered. 
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Figure 9: Measured and simulated relative drawdown at Extensometer 1 contrasted with relative 
drawdown of nearby long-term monitoring wells PL-201 and PL-205 (see figure 15 for 
locations). 

Estimating S'skfor an individu al clay layer 

Figure lOA shows pumping locations, and pumping rates, overlaying the generated 

aggregate clay thickness (from Figure 6); and Figure lOB is a representative D-InSAR 
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interferogram of the entire valley showing localized subsidence zones over a 70 day 

period. Figure 10B suggests that there is very limited interferometric coherence - or 

detectable surface movement - in the North-East and South-West corners, thus limiting 

its usefulness. However, usable results are obtained throughout the central part of the 

valley, where subsidence is the largest. Note that the interferogram is not optimised for 

parameter retrieval in zone E; this zone of maximum subsidence is studied in more detail 

in the results section. For the 70 day period between December 5th and February 13th
, 

zones A though Gare 'hotspots' with very clear subsidence patterns observed. If one 

observes the zoom on zone A (Figure 10B), two colour cycles (clockwise: yellow-blue­

red; see legend of Figure 10B) are observed and represent a total subsidence of 56 mm 

for the given period. This translates to subsidence rates of 29 cmlyear. As noted by 

Calderhead et al. (2009b) in their D-InSAR study of the Toluca Valley, maximum 

subsidence rates depend on the geological context, the pumping rates, and the season and 

are therefore often variable in space, time, and magnitude. Considering this, actual 

maximum yearly subsidence at a specifie location is closer 15 cmlyear. 
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Using clay layer thicknesses (Figures 6, 9A), interferograms (e.g. Figure lOB), pumping 

data (IMTA, 2003) (Figure 10A) and hydraulic head measurements, S \i can be 

constrained for an individuallayer i, belonging to a system ofN layers. S\ represents the 

skeletal storage coefficient of the entire aquifer system ofN layers at a given location on 

the xy plane, and is given by: 

N N 

S'k = IS'ki = IS'Ski hi (25) 
i=1 i=\ 
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where hi is the thickness of layer i. Using data obtained from borehole logs, the fraction 

of compressible interbeds (Âi) can be estimated for all N layers. A layers with no clay 

content is assigned a value of 0, conversely a layer with pure clay is assigned a value of 

1. The borehole logs assist in assigning the fraction of clay in each layer (Table 2). 

Assuming the given fraction of compressible interbeds for each layer, it is then possible 

to estimate S' sk for individual clay layers (S 'ski). 

Borehole logs, clay compressibility data from the Toluca Valley (UAEM, 2007) and 

empiricaUy derived compressibility tables (Marsily, 1986) as si st in assigning S' sk values 

to the layers. Only layers with clay content are considered compressible and aU other 

layers are considered to have negligible compressibility. According to Figures 5B and 6, 

of the 14 material layers, the most influential layers in terms of compressibility are layers 

1 and 9. The others are considered to either be of negligible compressibility or too small 

of a layer to have a significant impact. Field data is not available for zone H, shown in 

Figure lOB, however the InSAR data is useful in cons training S' ski for this zone: although 

there is a high aggregate clay thickness (Figure 6C) and significant groundwater pumping 

(Figure 10A) in zone H, all usable interferograms from 1996-2008 show very little to no 

subsidence in this zone. Observing Figure 6 further, we notice that the thickness of clay 

layer 3 (Layer 9) is significant (40-80 m) in zone H, implying that the S'ski value for this 

layer is most likely small and that Layer 1 has the highest S' ski and is the dominant 

compressible layer in this region. This phenomenon could be explained by the fact that 

oIder and deeper clays of clay layer 3 tend to be less compressible than more recent clays 

in Layer 1. This in tum could explain why the extensometers readings, with data from the 

top 120m of the system, coincide with the InSAR results and show that the large majority 

of compaction is occurring in the upper portion of the aquifer. 

Thus the large majority of the total S' sk (equation 26) is attributed to layer 1. By using the 

3D geological model, pumping occurrences, and D-InSAR results, we are able to isolate 

the most compressible clay structure and assign more probable values to individual 

layers. Thus the uncertainty associated with the estimation is reduced to better constrain 
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the S' sk values. Table 2 is a summary of the assigned material properties used for the 

simulation. 

Head and compaction agreement 
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Figure Il: Simulated and measured total compaction at Extensometer 1 by ENVISAT ASAR, 
RADARSAT-1, Extensometer-1, and HGS simulation. Simulated and measured drawdown (WL) 
at Extensometer-1 are also inc/uded. 

At Extensometer-1, similar subsidence patterns are observed from ENVISA T ASAR, 

RADARSAT-1, Extensometer-1, and the HGS compaction simulation (Figure 11). From 

December 2006 to July 2008, a pressure transducer at Extensometer 1 measured the 

hydraulic head every 12 hours. From Figure l1, it is seen that approximately 1 metre of 

drawdown leads to 1 cm of compaction. Additional hydraulic head data at extensometer 1 

would enhance the calibration process. 

6 RESULTS 

Three locations in the industrial corridor, where drawdown has been monitored over a 40-

year period and noticeable subsidence is observed, are examined more closely: 

Extensometer-l (seen in the calibration section above), Extensometer 2, and the Pecuario 

weIl location (Figures Il, 12, and 13 respectively). Two of the three observation points 

have 2 years of extensometer data. Due to delays in obtaining subsidence maps, only D­

InSAR data is available for the Pecuario weIl location; on-site surveys at this location are 
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not available. The nearby monitoring wells, PL-201 and PL-205, are used for long tenn 

monitoring of hydraulic head or drawdown at an approximate depth of 150 m. 

Subsidence at Extensometer-2 is observed in Figure 12. The extensometer data slope 

coincides relatively weIl with the D-InSAR results and the numerical model. The 

magnitude of subsidence is similar to Extensometer-1's values with approximately 9 cm 

of compaction between November 2003 and May 2008. Considering the proximity of 

Extensometer 2 to Extensometer 1, hydraulic head is assumed to decrease at a rate similar 

to that observed at Extensometer 1 (Figure 9). Considering the similar head decline at 

both locations, and that compaction magnitudes are similar for both locations (Figure Il 

and 12); the total skeletal specific storage values are also assumed to be similar. 
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Figure 12: Total compaction as a function of time at Extensometer 2 iocation. Shown are 
compaction observed with the extensometer, compaction measured by ENVISAT ASAR and 
RADARSAT-l, and compaction simulated with HGS. 

Skeletal specific storage (S'sk) appears higher at the Pecuario welliocation (Figure 13) 

because the same amount of drawdown in this region (1 m) produces more compaction (8 

cm) than elsewhere. According to the D-InSAR results, the Pecuario well location has 

had over 37 cm of total subsidence between November 2003 and May 2008. This point is 

close to the area where the highest subsidence rates are detected and it is estimated that 

the maximum total subsidence in the valley for the same period is in the order of 40 cm. 
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Figure 13: Total compaction at the Pecuario weil location measured by ENVISAT ASAR 
RADARSAT-I, and the numerical model between March 2003 and January 2009. 

From Figures 11-13, it can be inferred that, from 2003 to 2008, the industrial corridor 

clay compacted in a relatively linear fashion with varying compaction rates as a function 

of differing drawdown and geo-mechanical properties. It can be argued that the linearized 

approach used by HGS is applicable to the Toluca Valley since the clays are not as 

compressible as sorne other clays (e.g. Mexico City). 

Although most of the D-InSAR data available for the Toluca Valley are from 2003 to 

2008, one D-InSAR pair was obtained from the 1996 ERS-l archives. The simulated 

'compaction rates in 1996 at Extensometer-l agree with the subsidence map generated 

with the ERS-l sensor images (Figure 14). Between 1996 and 2008 a total of 30 cm of 

subsidence is estimated at the Extensometer-l location. 
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Figure 15A shows the HGS compaction result superimposed on a D-InSAR subsidence 

map for the period from December 5th 2007 to May 28, 2008. Simulations do not exactly 

match subsidence occurrences however the region of maximum subsidence' is in the same 

location for both methods. Magnitudes are slightly higher with D-InSAR, possibly 

because the measurements were taken during the dry season, when maximum drawdown 

and subsidence occurs. Seasonal compaction patterns could have been · simulated, 

however, since there is a growing groundwater deficit over a 50 year period, subsidence 

occurrences on a larger time scale were preferred. 
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The groundwater deficit in the valley first occurred in the early 1960's and has increased 

steadily ever since. From the simulations, minor compaction occurrences are observed in 

1963 (Figure 16) and total compaction reaches 2 metres by 2009. As seen in figures 10-

15 the simulation results agree reasonably weIl with the measured compaction 

occurrences between 2003 and 2008. There is a lack, however, of regional subsidence 

data before 2003 with only a handful of studies examining subsidence occurrences in the 

Toluca Valley over the past 40 years (Consultec, 1978; Figueora, 1990; 2004). These 

studies are mostly limited to the formation of fractures and none examine regional 

subsidence. N evertheless, assuming the model is representative of the groundwater 

budget and material properties before 2003, it is estimated that the model is also 

representative of the subsidence occurrences before 2003. 
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Figure 16: Evolution of regional land subsidence tn the Toluca Valley from 1960 to 2009 
simulated with HGS 

The simulation results agree with increased pumpmg over time, the subsidence 

occurrences have proportionally increased and are located in areas where compressible 

clay thickness is high. Maximum subsidence rates in the valley are in the order of 30 

cmlyear, however the areas with maximum subsidence are spatially variable (Calderhead 

et al. 2009a), and thus rate magnitudes will vary in time at a specifie location. 

7 DISCUSSION AND CONCLUSION 

Limitations exist for the new HGS-compaction numerical model in representing 

subsidence. Both the solution approach and the use of representative data are major 
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factors in obtaining re1iab1e mode1 results. However, the rapid decrease in head in 2008 

(Figure Il) followed 4-5 months later by a rapid compaction rate can lead one to think 

that the compaction delays in the Toluca valley system are relatively fast compared to 

other systems (e.g. Mexico City), thus, based on the limited data, an instantaneous 

compaction representation for the Toluca Valley is acceptable. It should also be noted 

that what has been defined as clay layers in the model setup often implies interlayering 

with coarse alluvial deposits, often with relatively thin clay layers, implying that the 

migration of the pressure head to the surrounding aquifer can be relatively fast. A longer 

time span of compaction data coupled with hydraulic head information will enhance the 

understanding of the clay behaviour. 

Using the linearized form of the constitutive law introduces representation errors. Leake 

and Prudic (1991) have estimated the error of this method by comparing the linearized 

equations of computed compaction with a more complex treatment of computed 

compaction using S 'skv proportional to log cr'zz. Their results indicate that using the 

linearized form overestimates compaction by approximately one-half the percentage 

increase in effective stress. 

The new numerical model has helped in reproducing subsidence of the Toluca Valley. 

The new HGS-compaction code gives very reasonable estimates for instantaneous 

subsidence in confined aquifers; however there is room for improving the estimates by 

including aspects such as dependence on hydraulic conductivity, non-linear deformation, 

time delays, effects of moving water tables, and extending to a 3D representation of 

deformation. 

The industrial corridor of the Toluca Valley has both compressible clay and heavy 

groundwater pumping with the model showing up to 2 meters of subsidence occurring 

over the last 50 years. Although there is a groundwater deficit in the Toluca Valley Basin, 

the steady increase in the extent and magnitude of regional subsidence is observed from 

1952 to 2009. It is found that the upper clay layer of the aquifer system is the most 
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compressible unit. This information assists in assigning better estimates of the S' sk values 

to the system. 

Although an extensive groundwater level monitoring system has been in place in the 

Toluca Valley since the late 1960s, more detailed information on the underlying geologic 

parameters would greatly enhance the predictive capability of the numerical model. A 

better 3D geological model could be achieved by including more borehole logs and 

consolidation tests. According to the InSAR results and the numerical model, it appears 

that most of the compaction is occurring in the upper 120 m of the aquifer. To enhance 

confidence, additional extensometers reaching immobile bedrock would increase our 

confidence in subsidence measurements at specifie locations. Benchmarks should also be 

used to monitor the subsidence. Additionally, a more detailed census on the groundwater 

pumping tendencies occurring in the Toluca valley would enhance the understanding of 

groundwater flow. Seasonal subsidence information could be of interest, however, 

considering that the groundwater levels are in a steady decline, only yearly data has been 

considered. 

While not discussed in detail, the D-InSAR data was very useful, especially in locating 

areas with significant subsidence and extracting the specifie storage (S' sk) values from 

individuallayers. InSAR, whether its differential (D-InSAR) or permanent scatter (PS­

InSAR), has a large potential for mapping subsidence. The study would have been very 

difficult to undertake without the satellite data. With a steady increase in the number of 

InSAR capable satellites being launched, more data and software will likely become 

available. Although several factors influence the suitability of InSAR use for deformation 

mapping, the usefulness of InSAR is bound to improve. 

Based on the available data, the results appear to be reliable. The multidisciplinary 

approach of using a 3D geological mode l, pumping estimates, hydraulic head 

measurements, D-InSAR, and extensometers to constrain the numerical model enables a 

very reasonable representation of the system. 
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Résumé 

Des scénarios de gestion des eaux souterraines sont examinés avec l'utilisation d'un 

modèle tridimensionnel d'écoulement d'eaux souterraines couplé à un module de 

compaction instantané. Plusieurs scénarios sont examiné dans vallée de Toluca, Mexique 

en faisant varier 4 paramètres principaux: la recharge, les exportations vers d'autres 

bassins, la consommation locale, et de la relocalisation des centres de pompage. Il est 

évident que poursuivre au rythme actuel de consommation d'eau amènera à un 

affaissement de plus de 1,4 m sur une période de 40 ans (2010-2050). Arrêter 

complètement les exportations vers la ville de Mexico n'est pas le facteur le plus 

important dans le contrôle de la subsidence, car le système de pompage se situe 

principalement dans une région à faible teneur en argile. Toutefois, en diminuant les 

exportations de la moitié et en déplaçant les centres de pompage à des endroits avec une 

faible teneur en argile ont un effet positif sur le budget global de l'eau et la subsidence. 

En se basant sur les résultats de simulations, il semble qu'une grande partie de la 

subsidence aurait pu être évité s'il y avait une politiques pour limiter le pompage dans les 

régions avec une concentration élevé de matériaux compressibles (argiles). L'approche 

adoptée dans cette étude pourrait être appliquée à d'autres régions ayant des problèmes 

similaires, en vue de déterminer l'option la plus viable pour l'approvisionnement en eau. 
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Abstract 

Groundwater management scenarios for the Toluca Valley, Mexico, are examined with a 

three dimensional groundwater flow model coupled to a one dimensional compaction 

module. Several scenarios are tested by varying 4 main parameters: recharge, exports to 

other basins, local consumption, and relocating pumping centers and quantifying their 

impact on land subsidence in the Valley. It is apparent that continuing at CUITent rates of 

water consumption will lead to subsidence of over l.4m over a 40 year period (2010-

2050). Completely stopping exports to Mexico City is not the most important factor in 

controlling subsidence because the pumping system is mostly located in regions with low 

clay content, where subsidence is lower. However, decreasing exports by half and 

relocating the pumping centres to low-clay-content areas does have a positive effect on 

the overall water budget and subsidence. Based on simulation results, it appears that 

much of the land subsidence could have been avoided had water policies been applied to 

restrict pumping in regions of compressible materials (clay). The approach taken in this 

study could be applied to other locations with similar problems in order to determine the 

most viable option for water supply. 
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1 INTRODUCTION 

Growing cities are forced to increase their clean water supply in order to meet the 

demand from households and industries. When possible, increasing local pumping is an 

economically viable option. However, a direct consequence of heavy groundwater 

pumping in aquifers that are in hydraulic connection with thick compressible clays is the 

formation of fractures and land subsidence. Clay compaction yields to costly 

infrastructure repair. The Toluca Valley has experiencedsuch problems since it became, 

in the 1960's, an important fresh water supply for the nearby, effervescent Mexico City. 

The Toluca Valley's water resource and land subsidence problems are ofinterest because 

the basin was formally seen as an important source of water to the Mexico City basin, yet 

today the Toluca Valley basin can no longer support its own growth let alone provide for 

Mexico City's. Exporting water to Mexico City has had a negative outcome in the case of 

Toluca, however, importing to the Toluca basin could become a viable alternative, if 

better management practises are taken into account. 

The use of numerical models to represent and predict subsidence (e.g. Gambolati 1972; 

Helm, 1975; Leake and Galloway, 2007) has greatly enhanced the understanding and 

predictive capabilities of subsiding systems. It should be noted, however, that the 

theoretical assumptions and modeling approximations combined with a lack of 

representative geological, geomechanical, and hydraulic data can sometimes lead to 

numerical predictions that are not always reliable. Nonetheless, the application of 

consolidation theory to numerical models remains the best approach for examining and 

predicting subsidence. Studies examining water resource management options (e.g. 

Rejani et al., 2008; Loukas et al, 2007, Sayan and Yazicigil, 2004) rarely consider land 

subsidence. Studies that have examined future subsidence (e.g. Rivera, 1991; Ortega­

Guerrero et al., 1999; Teatini et al., 2006) usually focus on groundwater pumping as the 

maj or factor influencing subsidence. Climate change (e. g. Larson et al., 2001), 
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optimizing pumping locations (e.g. Bayer et al 2009), and inter-basin water transfer are 

rarely considered. No studies have considered a combination of the above factors. 

In view of the strategie importance of these resources in the region, and the conflicting 

evidence of potential impacts of excessive groundwater withdrawals and land subsidence, 

the main goal of this paper is to develop a groundwater flow/compaction model of the 

aquifer system based on extensive characterization and calibration studies. The resulting 

model is then used to evaluate the consequences of alternative groundwater pumping and 

management scenarios. 

The paper uses a previously calibrated finite-element 3D groundwater flow and ID 

instantaneous compaction model of the Toluca Valley, Mexico (Calderhead et al., 2009) 

and simulates various scenarios for determining the extent of land subsidence in the 

period from 2010 to 2050. The four parameters considered are: varying recharge (with 

respect to climate change), exportlimport water volumes to/from adjacent basins, local 

pumping volumes, and re10cating pumping wells within the valley. 

Geographie Setting 

The Toluca Valley basin (Figure 1) covers an area of approximately 2116 km2 in the 

south-centre of Mexico. The basin is adjacent to the Mexico City Valley, with the Sierra 

Las Cruces forming both a topographie and a hydraulic border between the two basins. 

The Toluca Valley's proximity to Mexico City and rapidly developing infrastructure has 

allowed the city to grow into a major industrial zone for the country. The industrial 

corridor (Figure 1) located to the East of downtown Toluca has a high concentration of 

industrial activity and is the area where most of the subsidence occurs. 
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Toluca valley basin 

1 1 
• PuTPVWIII Nevado de Toluca 

lOKm 

Figure 1: Location map of the Toluca Valley and model domain boundary within the 
Republic of Mexico and the State of Mexico. Over 935 pumping wells are in operation in 
the Valley, including the Lerma System wells exporting water to Mexico City. The 
simulated region boundaries are shown in figures 5 to 8. 

Population growth 

The total population of the Toluca Valley in 2005 was just over 1.7 million people and it 

is expected to increase to over 2.2 million by 2050 (Figure 2). From 1960 to 2005, the 

population of the valley has doubled approximately every 20 years (Figure 2). Based on 

United Nations projections (UNEP, 2008), the population of the valley will reach a 

plateau around 2050 with a population of approximate1y 2.2 million people. 
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Figure 2: Recorded and expected population of the Toluca Valley from 1960-2050 (based 
on INEGL 1960-2005 and UNEP, 2008) 

Hydrogeology and Groundwater pumping 

The Toluca Valley basin consists oftwo aquifer systems; an alluvial aquifer in the upper 

portion and a fractured aquifer at the bottom. In the upper aquifer there are layers of clays 

that induce a local confinement. Before the 1960's, groundwater levels in the Toluca 

Valley were either near surface or emerged above the land surface (Lesser y Asociados, 

1992). Since the late 1960's, Mexico City began importing water on a large scale from 

other basins, including the Toluca Valley, to accommodate its water shortages. The 

Toluca Valley has continued to grow over the last four decades and presently, more than 

935 pumping wells in the Toluca Valley are pumping over 469 Mm3/year (million cubic 

meters per year) (Calderhead et al., 2009a). Over one third of the total pumping cornes 

from the Lerma system wells: a groundwater pumping system consisting of 396 pumping 

wells located along the upper section of the Lerma River. The system captures a large 

portion of the recharge water entering from the Sierra Las Cruces, and is then exported to 

Mexico City at a rate of approximate1y 6.0 m3/s (CNA, 2007). 
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Figure 3: Groundwater use in the Toluca Valley based on IMTA (2003) and modified 
from Calderhead et al. (2009a) 

As of the latest water use census (IMTA, 2003), water consumption is divided as follows 

(Figure 3): The majority of the groundwater pumped is for domestic/household use 

(52%), the second most important share (38%) is exported to Mexico City (at 6.0 m3/s). 

Industrial (7%), and agricultural (3%) uses presently account for a relatively small 

percentage of the total volume. 

2 METHODOLOGY 

Modelsetup 

Simulations are based on the previously calibrated 3D-flow and I-D compaction finite­

e1ement numerical model of the Toluca Valley, Mexico (Calderhead et al., 2009c). A 3D 

geologic model domain (Figure 4A) is created from 211 borehole logs and available cross 

sections. While preserving the general geologic topography, the generated 34 layers with 

10 material types were simplified to 14 layers with 6 material types. The topography of 

the 14 geologic horizons was sequentially extracted at each node by 15 2D mesh layers. 

Using the GridBuilder software (McLaren, 2005), the final 2D mesh of 27225 nodes 

(Figure 4B), representing the horizontal extent of the simulation domain, was generated 

with a mesh refinement around the location of 167 representative wells. The 3D mesh 

(Figure 4D) is created by superposing the 15 2D mesh layers in the 3rd dimension 

(Figure 4C). The 3D mesh has a total of 408375 nodes and 760284 elements. Table 1 
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presents the boundary conditions, initial conditions, pumpmg increments, and the 

solution method. Table 2 presents the material properties for the 14 layers. 

3D Geology 2D Mesh Mesh layers 3D Mesh 

+ 

Figure 4: Processing chain for obtaining the 3D finite-element model do main. The 3D 
geology (A) is generated with the use of borehole logs and available cross sections, then 
using the 2D mesh (B) and the topography of the geologic layers, 15 topographically 
variable 2D layer meshes are extracted (C) and used to generate the 3D mesh (D) . 
Location of the constant head boundary is also shown in B. Modified from Calderhead et 
al.,2009c. 
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Table 1: Problem setup 
SIMULATION SETUP DESCRIYfION 
Boundary Conditions 
Uniform vertical recharge 

Constant head bOlmdary 

Initial conditions 

Hydraulic head 

Simulations begin date 

Total pumping 

1950-1969 

1970-1977 

1978-1993 
1994-2004 

2005-2010 

2011-2020 

2021-2030 

2031-2040 

2041-2050 

Solution 

Solution rœthod 

Absolute convergence criteria 

Maxinnnn iteration 

Initial timestep 

Maxinnnn timestep 

135 mmlyear 

N odes at top oflayer 1; See Figure 

4B for xy location ofbOlmdary 

Estimated hydraulic head values 

frOID 1950 (based on CN A (2008) 

January I S\1950 

312 Mm"3/year 

346 Mm"3/year 

401 Mm"3/year 

456 Mm"3/year 

494 Mm"3/year 

534 Mm"3/year 

571 Mm"3/year 

599 Mm"3/year 

618 Mm"3/year 

Picard Iteration 

1.0e-4 

15 

1 day 

100 days 

Table 2: Description of layer material properties for the Toluca Valley (afler 
Calderhead et al, 2009c). 
Layer 

Fraction of 
Elastic Inelastic 

number 
Description 

Average Hydraulic Specific 
Porosity compressible 

skeletal skeletal 

(from top thickness Conductivity Storage 
mate rials 

specific specific 

to bottom) stora~e storage 

b[m) K [m's) Ss [lIm) e [-) y* [-) S'ke [lIm) S'kv[l/m) 

Layer 1 clays 1 45,9 2,OE-06 7,OE-03 0.40 0,7 9,2E-07 3,7E-06 

Layer 2 sand and gravel 18,0 4,OE-04 8,9E-03 0.35 1,00E-04 3,6E-08 1,4E-07 

Layer 3 fine grains 16,9 3,OE-05 3,4E-03 0.30 1,00E-04 8,4E-08 3,4E-07 

Layer 4 clay 2 2,1 2,OE-06 7,OE-03 0.35 0.7 3,OE-07 4,2E-07 

Layer 5 fine grains 17,1 6,OE-05 3,4E-03 0.35 1,00E-04 8,6E-08 3,4E-07 

Layer 6 coarse grains 19,0 1,0E-03 4,OE-03 0.35 1,00E-04 3,3E-08 1,3E-07 

Layer 7 sand and gravel 10,6 4,OE-04 8,9E-03 0.35 1,00E-04 2,1E-08 8,5E-08 

Layer 8 volcanic solids 6,7 6,OE-04 1,7E-03 0.30 1,00E-04 1,7E-12 6,7E-12 

Layer 9 clays 3 21 ,9 5,OE-07 7,OE-03 0.35 0,7 2,1E-07 4,4E-06 

Layer 10 conglorœrate 7,3 6,OE-05 3,OE-03 0.30 1,00E-04 1,8E-12 7,3E-12 

Layer Il sand and gravel 6,8 4,OE-04 8,9E-03 0.35 1,00E-04 1,4E-08 5,4E-08 

Layer 12 clays 4 3,7 6,OE-06· 7,OE-03 0.35 0,7 1,9E-07 7,5E-07 

Layer 13 fine grains 9,8 6,OE-05 3,4E-03 0.35 1,00E-04 4,9E-08 2,OE-07 

Layer 14 sand and grave] 2,0 4,OE-04 8,9E-03 0.35 1,00E-04 4,OE-09 1,6E-08 

206 



Focus is placed on projections of four parameters: recharge, pumping volumes for local 

use, export volumes to Mexico City and/or importing from less populated basins, and 

relocating pumping wells within the valley. For simplicity, and to avoid excessive 

computation time, 173 representative wells are used with a relaxed mesh to simulate the 

more than the 935 pumping wells; and 14 material layers are used to simplify the 

complex geology of the Toluca Valley (Calderhead et al. , 2009c). Pumping rates are 

representative of the total pumping. Although higher pumping rates from fewer wells can 

locally lead to a misrepresentation of the drawdown and subsidence, the regional extent 

of the drawdown and subsidence is generally representative of the observed behaviour 

(Calderhead et al. , 2009c). 

Table 3 summanzes the variations of recharge used in the simulations. Projections 

involved using the HELP3 recharge model of the Toluca Valley (Calderhead et al. 

2009a). Recharge was assumed to change as a function of climate change as outlined in 

the IPCC 2007 report (IPCC, 2007). Historical data and climate change predictions for 

the area were input into the model from 1970 to 2050 as shown in table 3. Recharge 

variations are not the focus of this study; for more information on recharge predictions 

for the Toluca Valley, see Calderhead et al. (2009a). 

To consider past pumping volumes of groundwater for local use, historical studies were 

used (OEE, 1970; Ariel and Consultores, 1996; CNA, 2002; IMTA, 2003) and projections for 

future consumption were made using several assumptions. Projections of domestic use of 

groundwater are based on the population growth (INEGI 1960-2005). Over a 40 year 

period (2010-2050) projected annual population growth rates gradually decrease hy 1.36 

(1.34 to -0.2) for the average case (UNEP, 2008), 0.34 (1.34 to 1.0) for the worst case, 

and 1.64 (1.34 to -0.5) for the best case. Pumping for domestic was assumed to increase 

proportionally to the population increases. 

The State of Mexico presently contributes to 9.7% of Mexico 's Gross Domestic Product 

(GDP) (INEGI, 2009). If it is assumed that this percentage remains constant in time and 

that the Toluca Valley' s percentage of GDP remains constant in time, then Toluca' s 
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projected industrial use of water can also be based on Mexico' s projected GDP 

(Hawks worth, 2006). Between 1989 and 1999, agriculture using irrigation fluctuated 

around 153 000 ha with no significant increase or decrease (INEGI 2001); therefore it is 

assumed that agricultural use of water remains constant. 

Export volumes to Mexico City have not increased in the last 10 years (Legoretta, 1997; 

CNA, 2007), therefore a constant export volume (6.0 m3/s) is assumed for the average 

projection. It is believed that legal action between the State of Mexico and Mexico City 

(Metropoli, 2008) will deter water exports from the Toluca Valley basin, and even 

decrease or stop altogether because the state of Mexico will be more protective of its 

water resources. Toluca and Mexico City are now faced with building new pumping weIl 

networks to provide for the growing water demand. As was done with the Toluca Valley 

over 40 years ago, adjacent basins are being drawn upon to provide for the more 

populated regions. The upper portion of the Balsas river basin (Systema Cutzamala) and 

areas around Valle de Bravo are currently being used or are seen as good possibilities to 

provide for Mexico City and Toluca (GEM, 2000). 

Figure 5 shows the simulated pumping wells used for the various scenarios presented in 

table 4. Clay thicknesses are used to locate desirable areas for moving valley pumping 

wells (scenarios 7 and 8). The removed valley wells are mostly located in the urbanized 

part of the valley where clay thickness is high. 
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Figure 5: Simulated pumping wells with aggregate clay thickness 

Table 3: Summary of the observed and expected groundwater recharge and pumping 
from 1970 to 2050. '-' implies data is not relevant. Recharge estimates are based on 
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The following section explains the different combinations of the parameters in Table 3 · 

that make up the scenarios. 

Scenarios 

Scenarios 1-3 (Table 4) examine worst case, best case, and average expected values 

based on table 3. Recharge (based on Calderhead et al. , 2009a; and IPCC (2007)) and 

pumping are assigned their respective scenario based on table 3 with pumping divided 

into (A) exports to Mexico City and (B) local use. The pumping is divided into these two 

categories because local pumping is seen more as a function of a growing population 

whereas exports to Mexico City are largely considered to be a political issue and legal 

battles could potentially lead to decreasing exports. Exports to Mexico City are expected 

to increase (8 m3/s) in the worst case scenario, decrease (3 m3/s) in the best case scenario 

and remain constant (6 m3/s) in the average expected scenario. A probable scenario is that 

pumping to Mexico City decreases thus scenarios 4 and 5 decrease exports to 0 m3/s and 

3 m3/s respectively while keeping average estimates for aIl other parameters. Scenario 6 

examines the possibility of decreasing pumping in Toluca (-25%) and Mexico City (-

50%) to a more sustainable rate. Scenarios 7 and 8 make use of the clay thickness model 

(Figure 5) for moving pumping wells in areas with high clay content to areas with lower 

clay content. Scenario 7 assumes average expected pumping and scenario 8 decreases 

pumping rates to scenario 6 values. By decreasing pumping for local use within the 

valley, scenarios 6 and 8 imply inter-basin water transfer from surrounding basins. 
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Table 4: Pumping scenarios 2010-2050 
Lerma pumping 

Scenario (to Mexico City) Toluca Pumping Recharge Description 

1 33% increase 

2 50% decrease 

3 constant at 6m3 /s 

4 
Stop Lerma 
pumping (Om3 /s) 

5 50% decrease 

6 50% decrease 

7 constant at 6m3 /s 

8 50% decrease 

3 RESULTS 

worst case 

best case 

average 

average 

average 

decrease by 25% 

average 

worst case Worst case expected with 33% increased Lerma pumping 

best case Sest case expected with 50% decrease in Lerma pumping 

average case Average case with Lerma pumping constant at 6m3 /s 

average case Average case with stopping Lerma pumping 

average case Average case with a 50% decrease in Lerma pumping 

Decrease Lerma pumping by 50% and decrease Toluca 
average case Basin pumping by 25% 

Move pumping centres to locations with less clay (see 
average case figure 4) 

Move pumping centres to locations with less clay (see 
decrease by 25% average case figure 4) and decrease Toluca Basin pumping by 25% and 

Lerma Pumping by 50% 

Figure 6 presents the drawdown distribution, beginning from 1950 levels, for scenario 3 

between 1962 and 2050. The regional drawdown began around 1962 and increases over 

the years because of the increasing groundwater budget deficit. By 1990 there is already 

a marked drawdown of over 40 m in the centre of the valley. This progresses significantly 

over the following 60 years by increasing to over 120 m, in the industrial corridor, by 

2050. The simulated groundwater level dec1ine between 1970 and 2009 agrees quite weIl 

with observed field data (Calderhead et al. , 2009c). 
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Figure 6: Simulated drawdown from 1950 levels in the valley between 1962 and 2050 
(scenario 3). 
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Figure 7: Total subsidence distribution between 1962 and 2050 (scenario 3). 

Figure 7 shows the progression of total subsidence occurrences in the Toluca Valley. 

Results from 1962 to 2050 are based on the average expected scenario (scenario 3). 

Simulations begin in 1950 and only small occurrences of subsidence « 0.4 m) are 
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observed in 1962. The occurrences are progressively larger from that point on and reach a 

maximum total subsidence of3.8 m in 2050. The area of maximum subsidence is located 

in the indus trial corridor (Figure 1) where high pumping rates, high drawdown, and thick . 

compressible clay layers are observed. 

Although very few studies have examined regionalland subsidence in the Toluca Valley, 

remote sensing techniques and field data were used to calibrate the model (Calderhead et 

al., 2009b and Calderhead et al., 2009c) giving more confidence in the 2010 case (Figure 

7d). 
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Average case except 
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b) Scenario 2 
Best case 

e) Scenario 5 
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c) Scenario 3 
Average case 

f) Scenario 6 
75"10 Toluca Pumping 
50"10 Lerma Pumping 

Legend 
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Figure 8: Simulation results for scenarios 1-8 showing total subsidence between 2010 
and 2050. 

Although pumping began before the 1960's it is estimated that regionalland subsidence 

did not begin until heavy water exporting began in the late 1960's. 
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Figure 8 presents the total compaction results between 2010 and 2050 for the 8 scenarios. 

Scenarios 1-3 demonstrate the effects of worst, best, and average case scenarios for the 

climate change and pumping parameters. Maximum total subsidence reaches 2.2 m for 

the worst case scenario (scenario 1), 1.4 m for the best case scenario (scenario 2), and 1.6 

m for the average expected subsidence (scenario 3). Compared to other scenarios, the 

spatial extent of the affected area is similar and the differences in subsidence magnitude 

are within 0.8 m for the 40 year period. 

Comparing scenarios 3, 4 and 5 is of interest. There are only subtle differences between 

stopping exports (scenario 4) and cutting exports in half (scenario 5). However, there are 

noticeable differences between constant exports (scenario 3) and cutting exports in half 

(scep.ario 5). 

The most marked change in subsidence occurs when movmg the pumpmg centres 

(scenarios 7 and 8) away from compressible clays. Total compaction can be drastically 

reduced by simply moving the pumping centres to different locations within the valley. 

The most desirable results (scenario 8) show a localized maximum subsidence of < 0.3 m 

in 2050, otherwise there is only limited subsidence throughout the valley. 

4 DISCUSSION 

It is possible that the theoretical assumptions and modeling approximations, combined 

with a lack of representative geological, geomechanical, and hydraulic data has lead to 

unreliable numerical predictions. However, the calibration process for the Toluca valley 

flow and subsidence model (discussed more thoroughly in Calderhead et al. , 2009c), 

increases our confidence in the simulation results. 

Although the major factors controlling subsidence were varied in the simulations, for 

simplicity, sorne parameters that have an influence (e.g. geomechanical properties, extent 

of clay layers) were not varied. There is also uncertainty in the chosen parameters. For 

instance the population growth is based on UN estimates for the country. An earthquake 
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or a volcanic eruption in the valley would greatly throw off the population growth curve; 

hence the results should be viewed with caution. 

Climate change plays only a minor role in the occurrence of subsidence (Table 3). The 

most important parameters controlling subsidence are export volumes to Mexico City, 

local pumping volumes, and relocating pumping wells within the valley. It is apparent 

that continuing at the current rates of water consumption will lead to more subsidence. 

Even in the best case scenario (scenario 2), maximum subsidence occurrences over a 40 

yearperiod (2010-2050) will reach 1.4 m. 

Considering that the system pumping groundwater to Mexico City is mostly located in 

regions with low clay content and little difference is observed between scenarios 4 and 5, 

completely stopping exports to Mexico City (scenario 4) is not necessary for controlling 

the subsidence. However, decreasing exports by half, decreasing domestic-use pumping, 

and relocating wells, does have a positive effect on the overall water budget and 

subsidence. It can be argued that aIl scenarios will require inter-basin water transfer at a 

later date because the water budget deficit is not sustainable. 

Importing water from adjacent basins becomes necessary when decreasing pumping 

within the valley. However, inter-basin water transfer alone is not sufficient for 

controlling the subsidence. It is shown that a very effective way of controlling subsidence 

is by relocating the pumping centres to other locations with low clay content. Had 

pumping not occurred in the in the most compressible layers and a pumping system been 

in place to pump water to the urbanized part of the valley, much of the land subsidence 

could have been avoided. When planning water imports to the Toluca Valley from 

untapped basins, one could leam from the past and avoid drilling new wells in locations 

with thick compressible clay units - whether for exporting or local use. 

It is probably not feasible to stop, or even decrease, pumping in the urbanized part of the 

valley. A costly infrastructure project would be required to import the water into the 

basin and supply the water to us ers in the urbanized part of the valley. Considering the 
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. likelihood of pumping continuing at current or greater rates, wells within the valley will 

probably be drilled to greater depths, further tapping the non-renewable resources and 

drawing on deeper, less potable water. 

Simulating scenarios with the numerical model is a viable tool when considering water 

management for limiting subsidence occurrences. The approach can be useful to other 

cities currently considering expanding their water supply and results can be used by 

decision makers for better management practices. 

Acknowledgements 

We are thankful to the Ministère des Relations Internationales du Quebec, INRS-ETE, 

NSERC (a discovery grant held by Richard Martel), the Autonomous University of the 

State of México (UAEM), CONACyT, AUCC/IDRC, and the Ministère de l'Éducation 

du Québec for their financial support. We are appreciative of Sergio Murillo from the 

Commission National deI Agua for logistical support on the field. 

References 

Ariel Y Consultores (1996). Hydrodynamic modeling study and design optimization of 

the monitoring well networks for the aquifers of Caldera, San Luis Potosi and Toluca 

(Part 3: Aquifer of Toluca) Estudio de Simulacion Hidrodinamica y Diseno Optimo de 

las Redes de Observacion de los acuiferos de Calera, San Luis Potosi y Toluca (Tomo 

3: Acuifero de Toluca). CNA (Comisi6n Nacional dei Agua) México, DF, Unitecnia 

308. 

Bayer, P., Duran, E., Baumann, R., Finkel, M. (2009) Optimized groundwater drawdown 

in a subsiding urban mining area. Journal ofHydrology 365 (1-2), pp. 95-104. 

Calderhead A. I., Martel, R. Rivera, A., Garfias, J., Therrien, R., An increasing 

groundwater budget deficit induced by urbanization, industrialization, and c1imate 

change in the Toluca Valley, Mexico. Hydrological processes. (Submitted 2009a). 

Calderhead, A. I., Martel, R., Allasset, P-J., Rivera, A., Garfias, J, Land subsidence 

218 



induced by groundwater pumping, monitored by C-band D-InSAR and·field data in the 

Toluca Valley, Mexico. Cana di an journal ofremote sensing (accepted, 2009b). 

Calderhead A. 1., Martel, R. Rivera, A., Garfias, J., Therrien, R., Simulating pumping­

induced regional land subsidence in a complex aquifer system. Advances in water 

resources (to submit in November 2009c). 

CNA, 2002. Determinacion de la disponibilidad de agua en el acuifero Valle de Toluca. 

CNA (Comisi6n Nacional deI Agua) México, DF, Unitecnia: 26. 

CNA 2007. Base de datos de los Aquiferos Nacional y Regional. Comisi6n Nacional deI 

Agua. 

Gambolati, G., 1972. A three-dimensional model to compute land subsidence. Bullet. Int. 

Ass. Hydrolog. Sci. 17 (1972), pp. 219-226. 

Hawksworth J. 2006. The World in 2050: How big will the emerging market economies 

get and how can the OECD compete?, Pricewaterhouse Coopers, London, UK. 

HeIm, D. c., 1975. One-dimensional simulation of aquifer system compaction near 

Pixley, Califomia, 1, Constant parameters, Water Resour. Res., Il,465--478, 

IMTA, 2003. Censo deI utilizaci6n deI agua en eI valle de Toluca. Instituto Mexicano de 

Tecnologia deI Agua. 

INEGI, 1960. Censo general de poblaci6n y vivienda 1960. Instituto Nacional de 

Estadistica, Geografia e Informâtica. 

INEGI, 1970. Censo general de poblaci6n y vivienda 1970. Instituto Nacional de 

Estadistica, Geografia e Informatica. 

INEGI, 1980. Censo general de poblaci6n y vivienda 1980. Instituto Nacional de 

Estadistica, Geografia e Informatica. 

INEGI, 1990. Censo general de poblaci6n y vivienda 1990. Instituto Nacional de 

Estadistica, Geografia e Informatica. 

INEGI, 2000. Censo general de poblaci6n y vivienda 2000. Instituto Nacional de 

Estadistica, Geografia e Informâtica. 

INEGI, 2001. Instituto Nacional de Estadistica, Geografia e Informatica, Sinthesis of 

geographic information for the state of Mexico. Sintesis de informaci6n Geografica deI 

Estado de Mexico. 

INEGI, 2005. Censo general de poblaci6n y vivienda 2005. Instituto Nacional de 

219 



Estadistica, Geografia e Informatica. 

INEGI, 2009 Instituto Nacional de Estadistica, Geografia e Informatica, Sinthesis of 

geographic information for the state of Mexico. Aportaci6n al Producto Intemo Bruto 

(PIB) nacional/ Contribution to Gross Domestic Product (GDP) 

http://cuentame.inegi.org.mx. 

IPCC, 2007. Climate Change 2007: The Physical Science Basis. Contribution of 

Working Group 1 to the Fourth Assessment Report of the Intergovernmental Panel on 

Climate Change [Solomon, S., D. Qin, M. Manning (eds.)]. 

OEE, 1970. Los acuiferos deI alto Lerma pub. No. 7, . report for Oficina de estudios 

especiales (OEE) de la CHCVM-SRH. 

Larson, K.J., H. Basagaoglu, M.A. Marino. (2001) Prediction of optimal safe ground 

water yield and land subsidence in the Los Banos-Kettleman City area, Califomia, 

using a calibrated numerical simulation mode!. Journal of Hydrology 242 (1-2), pp. 79-

102. 

Leake, S.A., and Galloway, D.L., 2007, MODFLOW ground-water model-User guide 

to the Subsidence and Aquifer-System Compaction Package (SUB-WT) for water-table 

aquifers: U.S. Geological Survey, Techniques and Methods 6-A23, 42 p. 

Legorrreta J. 1997. Rainfall, the key to the future of the Valley of Mexico. La Jomada 

Ecologica, 5(58): 1-12. 

Lesser y Asociados, S.A. (1992). Diagnostic study of the aquifer of the Valley of Toluca 

to implement a program for the extraction of groundwater. Estudio para el Diagnostico 

deI acuifero deI Valle de Toluca, para implementar la reglamentacion de la extraccion 

deI agua subterranea. 

Loukas, A.; N. Mylopoulos; L. Vasiliades. 2007. A Modeling System for the 

Evaluation of Water. Resources Management Strategies in Thessaly, Greece. Water 

Resour Manage (2007) 21: 1673-1702 

McLaren, R.G. (2005) User Guide: GRID BUILDER A pre-processor for 2-D, triangular 

element,finite-element programs, University of Waterloo - Groundwater Simulations 

Group. 

Metropoli, 2008. Pierde Edomex batalla legal sobre acuiferos. In: Metropoli (Editor). 

Metropoli, Mexico, Mexico, last accessed June 4th 2008. 

220 



http://www.metropoli.org.mx/modules.php?name=News&file=article&sid=3439. 

Municipio de Toluca (1999). ANÂLISIS DE PELIGROS POR REMOCION EN MASA 

EN LA COLONIA RANCHO LA MORA Y LA DELEGACION DE SAN PEDRO 

TOTOLTEPEC. Municipal Report 1999. 

Ortega-Guerrero, A., D. Rudolph, and J. Cherry (1999), Analysis of Long-Term Land 

Subsidence Near Mexico City: Field Investigations and Predictive Modeling, Water 

Resour. Res., 35(11), 3327-3341. 

Rejani, R. Madan K. Jha; S. N. Panda; R. Mull. 2008. Simulation Modeling for 

Efficient Groundwater Management in Balasore Coastal Basin, India. Water Resour 

Manage, 22:23-50. 

Sakiyan, J. and Yazicigil, H. 2004. Sustainable development and management of an 

aquifer system in western Turkey. Hydrogeology Journal, 12:66-80. 

Terzaghi, K. (1925). Earthworks mechanics based on soil physics. Erdbaumechanik auf 

bodenphysikalisher Grundlage, Franz Deuticke, Vienna. 

Teatini, P., M. Ferronato, G. Gambolati, and M. Gonella (2006), Groundwater pumping 

and land subsidence in the Emilia-Romagna coastland, Italy: Modeling the past 

occurrence and the future trend, Water Resour. Res., 42, W01406, 

doi: 10.1 029/2005WR004242. 

Therrien, R., .G. McLaren, E.A. Sudicky, S.M. Panday (2009) User Guide: 

HydroGeoSphere - A Three-dimensional Numerical Model Describing Fully-integrated 

Subsurface and Surface Flow and Solute Transport. 

UNEP. 2008. Mexico's Annual population Growth Rate. United Nations Environment 

Programme data, http://www.unep.org/. 

221 



--- -- -- ---------- ------------~ 



List of tables 

Table 1: Problem setup ................................................................................................... 206 

Table 2: Description of layer material properties for the Toluca Valley (after Calderhead 

et al, 2009) ...................................................................................................... 206 

Table 3: Summary of the observed and expected groundwater recharge and pumping 

from 1970 to 2050.'-' implies data is not relevant. Recharge estimates are 

based on Calderhead et al. (2009a) and IPCC (2007) .................................... 209 

Table 4: Pumping scenarios 2010-2050 .......................................................................... 211 

223 



----------------



List of figures 

Figure 1: Location map of the Toluca Valley and mode1 domain boundary within the 

Republic of Mexico and the State of Mexico. Over 935 pumping wells are in 

operation in the Valley, including the Lerma System wells exporting water to 

Mexico City. The simu1ated region boundaries are shown in figures 5 to 8 . 

...................................................................................................................... 202 

Figure 2: Recorded and expected population of the Toluca Valley from 1960-2050 (based 

on INEGI, 1960-2005 and UNEP, 2008) ..................................................... 203 

Figure 3: Groundwater use in the Toluca Valley based on IMTA (2003) and modified 

from Ca1derhead et al. (2009a) .................................................................... 204 

Figure 4: Processing chain for obtaining the 3D finite-element mode1 domain. The 3D 

geo1ogy (A) is generated with the use of borehole logs and available cross 

sections, then using the 2D mesh (B) and the topography of the geologic 

1ayers, 15 topographically variable 2D layer meshes are extracted (C) and 

used to generate the 3D mesh (D). Location of the constant head boundary is 

a1so shown in B. Modified from Calderhead et al., 2009c ........................... 205 

Figure 5: Simulated pumping wells with aggregate clay thickness ................................ 209 

Figure 6: Simulated drawdown from 1950 levels in the valley between 1962 and 2050 

(scenario 3) ................................................................................................... 212 

Figure 7: Total subsidence distribution between 1962 and 2050 (scenario 3) ............... 213 

Figure 8: Simulation results for scenarios 1-8 showing total subsidence between 2010 and 

2050 .............................................................................................................. 215 

225 





ANNEXES 

227 





ANNEXE A - ARTICLES DE CONFÉRENCES 

229 





ANNEXE A 1- IAH/CNC 2006, VANCOUVER 

231 





L’INRS ne détient pas les droits pour diffuser cette version de l’article.   
 
Calderhead, A. I.; Martel, R., and Garfias, J. A study of groundwater resources and land 
subsidence in the Toluca Valley, Mexico. Dans. 59th Canadian Geotechnical 
Conference and 7th Joint CGS/IAH-CNC Groundwater Specialty Conference - Sea to 
sky Geotechnique 2006; Vancouver, Canada. Vancouver: BiTech Publishers; 2006: 
1337-1344. 

 
 



ANNEXE A 2 - IEEE IGARSS 2009, CAPE TOWN 

241 





L’INRS ne détient pas les droits pour diffuser cette version de l’article.   
 
Calderhead, A. I.; Martel, R.; Rivera, A.; Garfias, J., and Alasset, P. J. C-BAND D-
INSAR and field data for calibrating a groundwater flow and land subsidence model. 
Dans. IGARSS'2009 IEEE International Geoscience and Remote Sensing Symposium; 
Cape Town, Afrique du sud.  2009. 

 
 



ANNEXE A 3 - IAH/CNC 2009, HALIFAX 

247 





L’INRS ne détient pas les droits pour diffuser cette version de l’article.   
 
Calderhead, A. I.; Martel, R.; Rivera, A.; Therrien, R., and Garfias, J. Pumping-induced 
regional land subsidence : calibrating a flow and compaction model with remote sensors 
and field data. Dans. 10th Joint IAH-CNC and CGS Groundwater Specialty Conference, 
62nd Canadian Geotechnical Conference - GeoHalifax 2009; Halifax, Canada.  2009. 

 
 





ANNEXE B Résumé des modèles numériques couplés 

261 





Annexe B: Summary of cou pied groundwater flow and compaction numerical models 

Author Model Name Variables in space Numerical method Constitutive Relation Case study Verified 

aquife 
r 

aquitard deformation flow deformation 

Gambolati (1972) Nia - NI A(l inear) compressibili ty Venise No 

Gambolati et al. 1973, 1974 X,Y Z Z FE OF (Iinear) compressibility Yes 

Helm (1975) COM PAC Z Z Z FD DF (non linear) Terzaghi Yes 

Trescot et al. (1976) X,Y - - FD nia (linear) - none No 

Narasimhan and Witherspoon 
X,Y Z Z Terzaghi 

( 1977) 

Safai, and Pinder ( 1979) X,Y,Z FE 

Newman et al (1982) FLUMPS X,Y FE FE (non linear) Califomia 

Gambolati et al. (1986) MAINFLW X ,Y Z - FE nia (Iinear) - none No 

Chorley and Frind (1978) - X,Y Z - FE nia (l inear) - none Yes 

Herrera et al. (1976) (1 977) 
- X,Y Z - FE nia (Iinear) - - No 

(198 1) 

Veruj ijt and Barends (1987) - nia Z Z nia FE (linear) Terzaghi none Yes 

Lewis and Shrefler (1987) PLASCON X,Y Z X,Y FE FE (non linear) Biot Venice No 

Bear and Corapcioglu (198 1) 
- X,Y X,Y X ,Y NIA NIA (linear) - none No 

( 1982) 

Cruikshank (1 984) X,Y Z - FD FD (non linear) - Pixley No 

Rivera et al. (l99l) NEWSAM X,Y Z Z FD FD (non linear) Terzaghi Mexico Yes 

Leake and Prudic, (199 1) lBS 1 (MOOFLOW) X,Y Z Z FO FO (non linear) Terzaghi many Yes 

Shrefler and Zhan (1993) - X,Y X,Y X,Y FE FE (non linear) Biot none · Yes 
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Teatini , Gambolati & Tosi (1995) X ,Y,Z Z Z FE FE (non linear) Terzhagi Venice yes 

Yeh et al. (1996) - X,Y X,Y X,Y FE FE (non linear) Biot none Yes 

-
Shearer (1998) IDP (MODFLOW) X ,Y Z Z FD FD (non linear) Terzaghi Hangu, China Yes 

Guvanasen and Chan (2000) MOTIF X ,Y,Z X,Y,Z X ,Y,Z FE FE Biot none Yes 

Lipnikov (2002) - X,Y X ,Y X,Y,Z FE/FD FEIFD Biot None No 

Chen et. al. (2003) X,Y,Z Z Z FD Terzaghi 
Suzhou, 

Yes 
China 

Hoffmann et al. (2003b) 
SUB (MODFLOW 

X ,Y Z Z FD FD Terzaghi Many Yes 
2000) 

Leake and Galloway (2007) SUB-WT X,Y Z Z FD FD Terzagbi Many Yes 

Liu and Helm (2008) X,Y Z Z FD FD Terzagbi Yes 

This thesis HydroGeoSphere X ,Y,Z Z Z FE FE (non linear) Terzaghi Toluca Yes 
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ANNEXE C - Autres travaux de terrain 
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ANNEXE C : Autres travaux de terrain fait dans le contexte de monitoring à long 

terme mais pas présenté dans les résultats de cette thèse. 

Même si les résultats de certains travaux de terrain ne sont pas complètement utilisés dans 

cette thèse, l'étudiant, l'INRS, la CNA, ainsi que l'UAEM ont collaboré pour installer 

deux puits d'observation ainsi qu'un système de capteur de pression automatique. Les 

résultats de ces travaux ne sont pas présenté dans cette thèse, par contre les travaux seront 

utile pour la population de la vallée à long terme. 

Installation de deux puits d'observation ainsi qu'un système de capteur de pression 

automatique 

Deux puits d'observation ont été installés dans la vallée de Toluca pour complémenté la base de 

donne sur le système de multi-piézomètres (CNA, 2008) et font partie du réseau de capteurs de 

pression automatique décrite plus bas. Ces donnes assisteront aux mesures de la recharge, 

l'extraction d'eau souterraine, ainsi que le comportement hydrique dans la vallée de Toluca. Les 

deux puits ont été installés dans des endroits géographiquement opposé dans la vallée. Le puits 

de Santiago Tianguistenco (figure 1) se situe au sud est du bassin et le puits du CIRA (figure 3) 

se situe dans la partie nord-ouest du bassin. Dans les deux cas, les forages ont atteint 80 m de 

profondeur et la partie ouverte permettant l' entré d'eau a 40 m de longueur commençant a 40 m 

de profondeur. 

De plus, l'équipe de la CNA et l'étudiant ont installé un réseau de capteur de pression 

automatique pour prendre des mesures de niveau d'eau à toutes les 12 heures. Ces 

capteurs de pression serviront à évaluer les niveaux d'eau dynamique dans la ,vallée. Les 

capteurs ont été installées dans des ancien puits de production par contre avant la mise en 

place des capteurs ces puits ont été inspectés à l'aide d'une camera vidéo (figure 5) afin 

de vérifier l'intégrité du tubage d'acier et l'état général des parois. 
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Localizaci6n de los 'data loggers' 

Leyenda 

® nuevos pozos 

* data Iogger 

X extensometro con logger 

... extensomelro plalllficado 

* 
** 
* 

* x 
... x 

1 i Iii i 1 1 
o 5,000 10.000 20.000 MeterS 

Figure 1 : Distribution du réseau de capteur de pression dans la Vallée de Toluca 

La plupart des capteurs de pression sont distribué dans les plaines de la Vallée de Toluca, 

qui couvre une superficie d'environs 2100 km2 et se situe à une altitude d'environ 2650 

m. Le réseau de capteurs de pression fournit de l'information importante sur la recharge 

ainsi que les baisses de niveau d'eau dans la vallée. La CNA planifie d'ajouter d'autres 

capteurs de pression au réseau. Les extensomètres qui contiennent des capteurs de 

pression sont aussi indiqués par une croix. La localisation l'altitude et la profondeur sont 

compilé au tableau 1. 
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Tableau 1 : La localisation, l'altitude, et la profondeur des puits du système d'acquisition de pression automatique. 

Wall nlvel dei agua dillantra nlvel dei agua profDnclldad dei logger dl_ndaantra Altitucl of 
Nombre dei pozo Locallzacl6n (UTM) AItItucI daptlt r.cha (ra' bara) bara y brocal (raf bara) 'dallogger abaJo dei nival de agua bara y Ioggar logger frequancy cl data collection 

X y (mali) (m) (m) (m) (m) (ml iml (ma III 
PMPA·14 CIRA 425073 2144992 2661 80 12·jany.{)6 19,885 0,1 19,985 SN (CIRA/INRS) ·7,805 27,49 2653 cada 12 haras, empieza al 0:00:00 
PMPA.06 Ba rce 1 432610 2133858 2630 101 11·jany.{)6 30,08 0,05 30,13 SN (CNA) ·35 65,08 2595 cada 12 horas, emoieza al 0:00:00 
PMPA~3 DGCOH 51-A 448413 2118942 2588 31 18·jany.{)6 21,504 0,05 21 ,554 SN 51498 (CIRA/INRS) ·7 28,504 2559,5 cada 12 haras, emoieza al 0:00:00 
PMPA-04 DGCOH 44-A 448202 2120249 2586 114 18-jany.{)6 28,92 0,039 28,959 SN 48134 (CNA) -20 48,92 2536 cada 12 horas, empieza al 0:00:00 

San Miguel 
PMPA-12 Totollepec 439761 2136995 2595 99,5 19-jany.{)6 37,571 0 37,571 SN 48091 (CNA) -20 57,571 2536 cada 12 haras , empieza al 0:00:00 

San Crislobal 
PMPA-13 Huichochitla n 434237 2137905 2614 73 19-jany.{)6 41 ,235 0,045 41,28 SN 48145 (CNA) -20 61,235 2553 cada 12 haras, empieza al 0:00:00 

San Carlos, 
Metepec 434222 2130367 2635 67,6 19-jany.{)6 64,43 not applicable 64,43 SN 08395 (CIRA/INRS) -2,57 67 2568 cada 12 horas, empieza al 0:00:00 

PMPA-l1 Celanece 434855 2134561 2626 85,43 21-jany.{)6 71,135 0,089 71 ,224 SN 48106 (CNA) -10 81 ,135 2545 cada 12 haras, empieza al 0:00:00 

PMPA~ San Buenaventura 429011 2131870 2705 132 21-jany.{)6 38,193 0,055 38,248 SN 48147 (CNA) -20 58,193 2647 cada 12 horas, empieza al 0:00:00 

PMPA~2 DGCOH75-A 446517 2115861 2575 123 2006-01-26 18,335 0,07 18,405 SN 48104 (CNA) -20 38,335 2575 cada 12 horas, empieza al 0:00:00 
PMPA~5 Marquesa 457855 2135953 3033 >200 m 2006-01-26 143,15 0 143,15 SN 48136 (CNA) -20 163,15 2870 cada 12 horas , emoieza al 0:00:00 

Santiago 
PMPA-l Ocatenco 451355 2114805 2635 80 2006-03-06 30,685 0,075 30,76 SN 44943 (CIRA/INRS) -7 37,665 2598 cada 12 haras, empieza al 0:00:00 

PMPA-l0 Lodo Prieto 426999 2132502 2735 173 31/0502007 brocal 52,71 52,71 30,57 83,28 cada 12 horas , emoieza al 0:00:00 

Izcalli 
PMPA~7 Cuahutemoc 443779 2126472 2580 140 2006-02-09 43,61 43,61 (CNA) -20 63,61 cada 12 horas, emoieza al 0:00:00 

Extensometer 1 
PMPA-16 Casa Sa n Pedro 439666 2134469 2660 132 2006-11-15 42,551 CIRA cada 12 horas, emoieza al 0:00:00 

Extensometer 2 
PMPA-15 (Coca-Cola) 439197 2133532 2631 120 2006-07-10 32,79 CIRA 6,59 16 iunlo 20071 cada 12 haras, emoieza al 0:00:00 

PMPA-14 CIRA (barometro) 425073 2144992 2661 80 12-'any.{)6 19,865 0,1 SN (CIRA/INRS 9,915 9,97 2651 elerv 12 haurs stratiino at 0:00:00 1 

DGCOH 51-A 
PMPA~3 (barometro) 448413 2118942 2630 101 11-jany.{)6 30,08 0,05 SN (CNA) 28,08 2 2858,08 elery 12 haurs stratiinQ at 0:00:00 
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ANNEXE D - Résultats des tests de consolidation 

275 



276 



Universidad Aut6noma dei Estado de México 
Facultad de Ingenieria. 
Laboratorio de Materiales. 

Ciudad Universitaria, Toluca Méx. , a 09 de Julio de 2007. 

DR. MARTiN CARLOS VERA ESTRADA 
DIRECTOR DE LA FIUAEM. 
PRESENTE. 

Arn. DR. CARLOS DIAZ DELGADO. 
COORDINADOR DEL CIRA. 

Por este conducto, le informo a usted que a la techa se han concluido los trabajos de campo y 
laboratorio dei primer sondeo ubicado en el 60RDO DE CONFINAMIENTO DE LA LAGUNA, 
ALMOLOYA DEL Rio, para el proyecto de Investigaci6n Universidad de Québec-FICIRA-UAEM, a 
cargo dei Dr. Jaime Garfias. 

Unicamente se realizo el ensaye en una de las tres muestras obtenidas, debido a que se localizaron arenas 
limosas en dos de ellas. 

Es importante indicar que la muestra ensayada es de un Limo de Alta Compresibilidad. No se localizaron 
arcillas en el sondeo realizado. Los valores de LL e IP estan tuera de los rangos considerados para el indice 
de compresi6n (Cc), con el que se pretenden correlacionar, segun 10 tratado en la tesis de licenciatura 
"Oeterminaci6n dei esfuerzo de corte de los distintos tipos de arcilla dei Valle de Toluca , bajo diferentes 
condiciones de Humedad", de Ing. Ana Maria Minor Villar (FIUAEM, Marzo 2007) . 

d El monta de os trabajos realiza os se muestra en a slguiente ta bl a. 
Concepto Cantidad P.U. 

Perforaci6n en suelo 22 $ 350,00 
Traslado de brigada y equipo de perforaci6n 1 800,00 
Muestreo con tubo Shelby 3 400,00 
Oensidad de s6lidos, contenido de agua, granulometria y 1 825,00 
limites de consistencia 
Consolidaci6n unidimensional 1 1 500,00 
Tiempo extraordinario dia sabado 23 de Junio 1 350,00 

Sub-total 

Estân pendientes la realizaci6n de los trabajos de perforaci6n en dos puntos: 
Puente vehicular entre San Mateo Atenco y San Pedro Tultepec. 
Puente vehicular carretera Toluca-Temoaya sobre Rio Lerma. 

Importe 
$ 7 700,00 

800,00 
1 200,00 

825,00 

1 500,00 
350,00 

$ 12 375,00 

Es importante que se soliciten los permisos' asi como las medidas de protecci6n, ante las 
autoridades municipales 0 estatales correspondientes, ademâs de que se asigne a una persona dei 
CIRA, para que acompafie a la brigada durante los trabajos de perforaci6n e indique las 
profundidades de muestreo. 

Para cualquier duda 0 aclaraci6n de la presente, quedamos de usted: 

ATENTAMENTE 
PAT RIA, CIE N C 1 A Y T RAB A J 

... .. ,,~50 Aniversario Luctuoso deI Poeta Enri e 

NORO DiAZ CAMACHO. THER ANTONIO SALINAS. 
R 0 LE EL AREA DE INVESTIGACI6N BORATORIO DE MATERIALES 

DEL LABORATORIO DE MATERIALES 

Cerro de Coatepec SIN Ciudad Ulliversitaria, Toluca, Méx. c.P. 501 30, Tel (01722) 2 140855, 2 154512 Ex!. 256 



UNNERSIDAD AUTONOMA DEL ESTADO DE MEXICO. 
UAEM Facultad de Ingenier/a. Hoja: 1/4 

LABORATOR/O DE MATER/ALES DE LA FACULTAD DE /NGEN/ERIA DE LA UAE.M. 

CURVA DE COMPRESIBILIDAD 

Companfa: PROYECfO DE INVESTlGACIO UNlVERSIDAD DE QUEBEC-FIClRA-UAFM. 

Obra: DbTERMlNACIO DE LOS VALORES DE C(J@RESIBILIDAD DE LAS ARClILAS 
DEL VALLE DE TOillCA. 

Muestra Protundidad Ss Wi Wf ei No. (ml 1%1 1%1 
SPT-l 1,5-1,9 2,14 289 , 04 216,44 6,453 

PRESION EFECT/VA" 0,870 kgf/an2 
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Universidad Aut6noma dei Es ta do de México. 
Facultad de Ingenieria 
Laboratorio de Materiales. 

Hoja: 2/4 

RESULTADOS DEL ENSAYE DE CONSOLIDACION UNIDIMENSIONAL. 

Compaliia : 
Nombre: 

PROYECTO DE INVESTIGACION UNIVERSIDAD DE QUEBEC-FICIRA-UAEM 
DETERMINAR LOS VALORES DE COMPRESIBllIDAD DE LAS ARCILLAS DEL 
VALLE DE TOLUCA. 

Ubicaci6n: PRESA DE ALMOLOYA DEL RIO, ESTADO DE MÉXICO. 

DATaS DE LA MUESTRA 

No. de ensaye: CIRA-01 CALCULOS ANTES DE LA PRUEBA 

Muestra No. 1 Ws (g)= 14,60 Vvi (cm3)= 44,034 

S.P.T. No. 1 Whi (g)= 56,80 Vwi (cm3)= 42,20 
Profundidad (m) 1,5-1,9 Wwi (g)= 42,20 yhi (kg/m3)= 1117 
Densidad de s6lidos: 2,14 Whf (g)= 46,20 Wi (%) = 289,04 

Ârea dei anillo cm2 25,428 Vi (cm~= 50,856 Gi (%) = 95,84 

Altura dei anillo cm 2,00 Vf (cm3)= 36,507 ei (%) = 6,453 

cro kg/cm2 0,180 Vs (cm3)= 6,822 
Peso anillo + suelo (antes) gr: 187,30 
Peso anillo + suelo (después) gr: 176,70 
Peso anillo + suelo seco (gr): 145,10 
Peso anillo 130,50 

JEFE DE SECCI6N 

DR. M 

Cerro de Coatepec SIN, Ciudad Universitaria, Toluca Méx., C.P. 50100 Tel. (722) 21 40855,2140534 Ext. 114, Fax: 2 15 

DES PUÉS DE LA PRUEBA 

Ss= 2,14 

yhf (kg/m3)= 1266 
Wf (%) = 216,44 
Gf (%) = 100,00 

ef (%) = 4,349 

DIRECTOR 



Uaiyersidad Aut6noma deI Estado de México. Hoja: 3/4 
Facultad de Ingenierfa 
Laboratorio de Materiales. 

INFORME DEL ENSAYE DE DENSIDAD DE SOUDaS 

Compaiifa : PROYECTO DE INVESTIGACION UNIVERSIDAD DE aUEBEC-FICIRA-UAEM 
Obra: DETERMINAR LOS VALORES DE COMPRESIBILIDAD DE LAS 

ARCILLAS DEL VALLE DE TOLUCA. 
Ubicaciôn: PRESA DE ALMOLOYA DEL RIO, ESTADO DE MËXICO. 

MATERIAL QUE PASA LA MALLA No 4 

ENSAVE No. CIRA-01 ClRA-01 

Sondeo No: SPT-1 SPT-1 

Profundidad: 1,50-1,90 1,50-1,90 

MATRAZ No. 2 4 

Temperatura t ·C 18 18 

Wmws gr 683,1 682,2 

Wmw gr 669 666,9 

Ws gr 26,6 28,4 

Ws + Wmw - Wmws 12,5 13,1 

K 0,9986 0,9986 

Ss 2,13 2,16 

DENSIDAD DE SUELOS (promedlo) 2,14 

Ws : Peso de! suelo seco 

Wmw : Peso deI matraz + agua a 

Wmws : Peso dei matraz + agua + muestra a 

Ss : Densidad de s61idos WsK 
Ws + Wmw - Wmws 

K : Densidad deI agua a t 

Observaciones: ~uestra obtenida con tubo shelby. 

Notas: Los resultados son validos s610 para los elementos ensayados. 

Reporte No. 
No. de Orden: 

Fecha de Muestreo: 
Fecha de Reporte: 

Este informe s610 es valido en su forma orIginal. No debe ser reproducldo, sin la aprobacl6n por escrlto 

deI Laboratorio de Materiales de la Facultad de Ingenleria de la UAEM. 

Jefe de secciôn. 

Dr. 

Cerro de Coatepec, Ciudad Universitaria, Toluca Méx., C.P. 50100 Tel. (72 ) 214 08 55, 214 05 34, 2154512 Ext. 256, 

DENS-CIRA-01 
INVEST-01 

2007-06-13 
2007-07-04 

Director 



Universidad Aut6noma dei Estado de México. 
Facultad de Ingenieria. Cerro de Coatepec SA'J, Ciudad Universitaria, Toluca México CP. 50130. 
Laboratorio de Materiales. Tel. ( 722) 2 14 0855, 2 140534 Ext 260. Fax Ext. 110. 

INFORME DE CLASIFICACION DE MATERIALES TERREOS. 

No Presup ' IIVEST-01 Ensaye No ClRA-01 No Informe' IDEN·CIRA.Q1·2007 Hoja' 
4/4 .. 

Muestra No: 01 ; Sondeo S.P.T.-1; Profundidad: 1,50 m a 1,90 m. 
Fecha de toma de la muestra: 2007-Jun-13. Muestreo realizado por personal dei Laboratorio de Materiales. 

Fecha de realizaci6n de ensayes: 2007-Jun-23. 
Fecha de Reporte: 2007-Jul-04. 

CompaiUa: PROYECTO DE INVESTIGACION UNIVERSIDAD DE QUËBEC-FICIRA-UAEM 
Obra: DETERMINAR LOS VALORES DE COMPRESIBILIDAD DE LAS 

ARCILLAS DEL VALLE DE TOLUCA. 
Ubicaci6n: PRESA DE ALMOLOYA DEL RIO, ESTADO DE MËXICO. 

FRAGMENTOS DE ROCA GRANDES (75 cm a 200 cm) 0% 
(PORCIENTO EN PESO) MEDIANOS (de 20 cm a 75 cm) 0% 

CHICOS (de 7,6 cm a 20 cm) 0% 
:;UI:LU:; (t-'UKLIt:N 1 U t:N t't:::iU) PA~A LA MALLA DE 7,6 cm (3") 100Yo 

Tabla 1. Resultados dei analisis 
GRAVAS (G) ARENAS (S) FINOS (F) 

_ . ~- .. _ .. - .. - .. - .. - .. - .. .... .. - .. - .. - .- . - .. - . - . - . _ . - r " - .- .. - .. - .. .... . 

1 é' granu om trlco 

Puig. mm '10 plrclll 
~. que pas. retenido 

GRAFICA DE COMPOSICION GRANULOMÉTRICA 

2" 50,0 0 100 100 
.-E 

1 Y," 37,5 0 100 80 
r ,---1 ~JI --

.= ,~ 1-= ,~ 
0 ~ I=- - -

1" 25,0 100 
'1." 19,0 0 100 
}f," 12,7 0 100 
3/," 9,50 0 100 

No. 4 4,75 0 100 

0 80 ., 
w ... 70 
15 
~ eo 

" :E $0 

.- -: 
~ 

I ~ 
- 1= 

1::- :---. = 1= 1:-

~:. r:::~ 
:~. ---- t-= .... j: . ~. 

'''':''' .',-- ,--: 

lU- - --No. 10 2,000 0 100 S : .. : .. ::::: ;::--
No. 20 0,850 1 99 " .0 ., 1- ._f--- .. :::: ,.:::, . -

" -E::--: -
No. 40 0,425 

No.SO 0,250 

NO.100 0,150 
No.200 0,075 

0 1." Sin oato 

0",= Sinoato 

Cu = No .pllea 

2 97 
3 94 
4 90 
5 85 

0 30 " Sin Oato 

en mm 

Cc = Noapllea 

Il. f1--
W 30 :> '--r--
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l' 20 

10 

~~. ~c-
:! _. 

0 
:j: ~ 

100 000 

_._- . .= - --'- - .-
r- - - ~ 

== i== 1= _. .-
...... ,= .:i 

10.000 1.000 

otAMETRO DE LA PARTICULA EN mm 

Tabla 2: Caracteristicas dei material retenido hasta la malla 4,75 mm (No. 4) 

~"-

1. 

~I . 
:.. 

0.100 

Tamario Maximo: 9,5 mm Aristas: No aplica Grado de alteraci6n: No aplica 
Forma: No aplica Dureza: No aplica No aplica 

Tabla 3: Resultados de los limites de consistencia 

Limite Liquido (%) 

Limite Plastico (%) 
Indice Plastico (%) 
Contracci6n Lineal (%) 

167,3 

152,0 

15,3 
5,7 

Tabla 4: Resultados de la mas a Volumétrica. 

IMasa Volumétrica Seca Suelta kg/m3 

Contenldo de aguI delluglr. 175,0% 

ICIasificaci6n S.U.C.S MH 

~ 

.-

M6todos de enalye Incluldoa en el proceso ·SERVICIOS DE EXTENSION DEL LABORATORIO DE MATERlAlES·, CERnFICADO CON LA NORMA ISO 9001:2000 

NMX-C ..... 16-0NNCCE-2003. INDUSTRIA DE LA CONSTRUCCI6N-GEOTECNIA. Mueslteo de estructuras térreas y métodos de prueba Capltulo 2: Muestreo 

Capitulo 3: Procedimlento para la preparaci6n de muestras. Capitulo 4. Oeterminaci6n dei contenldo de aoue Capitulo 5. Oetermlnaci6n dei snéhsis grsnulométrico. 

Capltulo 6: Oeterminac:l6n de tos limites de consistencia. Capltulo 7: Oetermlnad6n de la contracci6n lineal 

Notas: Los resultados son validos s610 para los elementos ensayados. 
Este informe s610 es valido en su forma original. No debe ser reproducido, sin la aprobaci6n por escrito, 
dei Laboratorio de Materiales de la Facultad de Ingenieria de la UAEM. 

IOBSERVACIONES: IMaterial color gris-café. Muestra obtenida con tubo shelby. 

Jete de secci6n. 

c.Ef~~no. 
e Materiales Director 

~~~~~ ________________________________ ~~ __ ~~~S_i~s_œ_m_a_d_e~G=e_s~ti~~~~ ____ _ 

• " Universidad Aut6noma dei Estado de México 

-

. 

-= 

:-

-
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-
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Unlversidad Aut6noma dei Estado de México. 

Facultad de Ingenieria. 
Laboratorio de Materiales. 

Cerro de Coatepec SIN, Ciudad Univers/tafia, To /uca Méx • CP 50130 
Tel (722) 2 14 08 55. 2 1545 12 Ext 256-254 Fax-Exl 110 

INFORME DE LOS ENSAYES DE liMITES DE CONSISTENCIA y CONTRACCI6N LlNEAL. 
PRUEBA EN MATERIAl TAMIZADO POR LA MAlLA No 40 

Ord Trab.: INVEST-Ol Ensaye No CIRA-02 No Informe LlMIOCIRA-02-2008 HOja 1/16 

Muestra No; 01. Tipo: Alterada, Sondeo SPT-1; Profundidad 9.00 m 

Fecha de toma de la muestra- 2007-0ct-1 S. Muestreo reallzado por personal dellaboratono de Materiales 

Fecha de ensaye 

Fecha de reporte 

Compal'iia 

Obra 

Ublcacl6n 

Vodno Ma •• humeda + 
Numero de d. relo) vidno 

gOlpes No Wm+T(l) 
9 

40 17 45,47 

25 16 51 .94 

20 

10 14 48.24 

Vodno Ma .. humed. + 
dorelOj vidrao 

LIMITE 
No Wm fT(7) 

pLASTICO 
li 

13 30.91 

13 30.91 
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t 0 t 
n i J ! 
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t ! J • ~ t n 
1 i i 
d l i ! 0 

! 

~ . 
(%) 

S 

2007-Nov-07 

2007 -Nov-14 

PROYECTO DE INVESTIGACIÔN UNIVERSIDAD DE QUÉBEC-FICIRA-UAEM 

OETERIIo'IIAR LOS VALORES OE COMPRESIBIUDAO OE LAS ARCILLAS OEL VALLE DE TOLUCA 

RIO LERMA. TEMOAYA. ESTADO DE MÉXICO 

LIMITE llQUIDO 
Masa.eea • Masa oel 

vldrio v,dno de relo] 
Wd + T(2) T (3) 

9 9 

40,21 26,72 

44 ,50 26,78 

41.52 26,74 

Masa seea ' Mass oel 
vodno vldno d. rolo) 

Wd + T (8) T(9) 
9 Il 

30,00 26,89 

30.00 26,89 

COnlel1ldo de agus Mua de suelo COnlenodo do Agu. 
Ww (4) seca Ws (5) w(6) 
4 = 1 - 2 5 = 2 - 3 6= 4 15 x 100 

9 9 'Yo 

5.26 13.49 39,0 

7.44 17.72 42.0 

6.72 14,78 45.5 

! conlenldo de aguI Masa De. suelO U>nteruoo de AgU' 

410 

3G 0 

370 

Ww(10) 
10 z 7-8 

Il 

0,91 

0,91 

seca Ws (11) w (12) 
11- 8 - 9 12-1011,.,00 

g % 

3.11 29,3 

3,1 1 29.3 

CONTRACCION l lNEAL 
MOLOE No 1--__ -=3.::.0 _ __ ; 

Lectur. 'nlcial mm (13) 1--__ ....:9:;:9:.:;.7'-__ -1 

Ledur. f,nal mm (14) 1--__ ....:9""4"'.9:.-__ -1 

%CL~ 100- "'4)1(13) • 100) 4,8 

RESULTADOS 
Umit. Liquida LL (%) 420 

Umlte PlasUco LP (%) 29.3 

(ndlce PlhUco LP (%) 12.7 

Conlruclôn IIneol (%) 48 
N..-od.goI~ 

ML ClASlFlCACtOH DEL IUELO FINO 

CARTA DE PLASTICIDAD 
PARA CLASIFICACION DE SUELOS DE PARnCULAS FINAS 

60 

r 50 

0 40 
0 
1= 

~30 
IL 
w 
~ 20 
~ 

10 

0 

0 10 20 30 40 50 60 70 80 90 100 
LIMITE LIOUIDO 

"'.odo de ,.uye in<lu,do en el prou •• ·SERIIICIOS DE EXTENSi6N DEL LABORATORlO DE MATERIALES-. CERnFICADO CON LA NORMA ISO '001 :2000 

NM)(-(;-<II&--ONNCCE-2003 INDUSTRIA DE LA CONSTRUCCION~EOTECNIA· M .. slreo de ultllC\1JroSlètTe.s y mélodas de prueb. 

Capltulo 6 Oetermlnlabn de~, limlles de eonsistenda Cap.tulo 7 Oelermlnadém de Il cootracd6o Jtoeal 

IOBSERVACIONES Material color gns en condicion hûmeda 

Notas : los resultados son val1dos s610 para los elementos ensayados. 
Este informe ,610 es valldo en Su forma original No debe ser reproducido. sin la ap obacl6n por escritD, 
dei Laboratorio de Materiales de la Facultad de Ingenieria de la UAEM. 

Jefe de SeCClon 

Universldad Aut6noma dei Eslado de México 



Universidad Autônoma deI Estsdo de México. 
Facu/tad de Ingenierla. 
Laboralorlo de Maleria/es. 

C«ro de Cool.pee SIN Cludod Un/ve,..,.,.. Toluco "'.<1"" CP sal30 
T./(722) 214 oa ~ 2140534 Ert 260 Fox Exl 110 

INFORME DE CLASIFICACION DE MATERIALES TERREOS. 

No Ord Trab ' INVEST 01 .. Ensaye No ClRA-02 No Informe IDEll OCIR ... 02 2001 Hoja 2/16 

Muestra No: 01 . T.po Alterada. Sondeo SPT·' . Profundidad 9.00 m 
F echa de loma de la muestra 2007·0ct·15 Muestreo reahzado por persona! dei Laboratono de Materiales 

Fecha de reahU/ClOn de ensayes: 2oo7·Nov·05 
Fecha de RepOr1e 2007·Nov·14 

Compania PROYECTO DE INVESTIGACION UNIVERSIDAO DE OUËBEC-FICIRA-UAEM 
Obra DETERM'NAR LOS VALORES DE COMPRESIB.LIOAO DE LAS ARC ILLAS DEL VAllE DE TOLUCA. 

Ublcac.6n RIO LERMA. TEMOAYA, ESTADO OE MËXICO 

FRAGMENTOS DE ROCA GRANDES (75 cm a 200 cm) 0% 
(PORCIENTO EN PESO) MEDIANOS (de 20 cm a 75 cm) 0% 

CHICOS tde 7,6 cm a 20 cmJ 0% 
ISUELOS ,t'v",,,,,,,,,'u EN PESO) PASA LA MALLA DE 7,6 cm (3") 100% 

GRAVAS(GI ARENAS (5) FINOS(F) 

T bl 1 R 1 a It d esu a os dia Ars ' e n • • s - · -1 . ~ - _. - + - - - - -1-

granulométrlco 
GRAF ICA DE COMPOSICI6N GRANULOMÊTRICA y. ".,1;111 

Puig- mm r ... nldo % que plSa .00 

~ 
2' 50.0 0.0 100,0 ., 

1 y," 31,S 0,0 100,0 

." 25,0 0,0 100,0 0" -
%" 19.0 0.0 100,0 /!l 
!/," 12.7 0.0 100,0 

.. .. 
z ... 

"t 9.50 0.0 100,0 ~ - - --
No • 4.75 0.0 100,0 '" 

No. 10 2.000 03 99.7 ; .. 
No 20 0.850 7,9 91 ,8 '" 5.' ~ .. 
No " 0 0.425 86,7 .. 

'" No 60 0.250 3.7 83.0 ~ ,. 

" No 100 0.1 50 2.3 80.7 
., 

3.8 
lU 

No 200 0.075 76,9 

010- $ln dito o.- Slnd.tD •• 
0 .. - Sin dalo en mm 0 

Cu = No aplle. Cc = N.apliu 

Tabla 3: Resultados de los limites de conslstencla 

Limile Llquldo (%) 42.0 

Lim.te Plàstlco (%) 
Indice Plashco (%) 
ContraCCl6n lIneal (%) 

29.3 

12.7 
4.8 

- -

'0000 ........ ElRO DE Lk'l1.RTlCutA EN .... .'00 

Tabla ~ : Resultados de la masa Volumétrlca. 

Masa Volumèlnca Secs Suelta kg/m' 

Contenldo d. ~U. daJ IUO.' 

IClas/flcac/ôn S.U.C.S ML 

~61odM de en .. ye Inclu~ an et proce.o ""SERVlCIOS OE EXTENS.ow DEL LA8QRATORMl DE MATERlAlES". CfRTIFtCADO CON LA NOMMA lSQ 1OO1 .2OOG 

NMX~"15-ONNCCE-200l INOU$TRIA DE LA CDNSTRUCCI6N -GE01EC"'IA. ~ •• de ... \ICIU1 .. ltnu. y m 'odoc de p<utbl Col" 2 "'_ •• 

C.,,1tukJ l P,oee6nwnto pat. "preparaQ6ft de mueQQ C.'lihAo 4 Oe.I~rNnIiclorl" con1tMlo de agui C"IUo 5 Oetermr..à6" dei an6Wt. gr., •• unnlco 

C&pltu60 8 ' ~t~'mNlc»On dt kM limrt.el df: C0fW6tetlQ.J C.pfhH 1 De1e~c;.Gn dl" contracQàn lneat 

Notas: Los resultados son valldos sOlo para los elementos ensayados. 
Este informe s610 es valida en su forma original No clebe ser reproducldo, sin la aprobacl6n por escrito, 
dei Laboralorlo de Materlales de la Facultad de Ingenleria de la UAEM. 

OBSERVACIONES: Malenal color ris en condici6n hùmeda 

Jef, d. seec>on 

.macho 

Univers.dad Aul6noma dei Estado de México 

O.lltl) 



Universidad Autonoma dei Estado de México. 

Facultad de Ingenieria. 
Laboratorio de Materiales. 

Cerro de Coalepec SIN. Ciudad Universilaria , Toluca MéK , CP. 50130 
Tel (722) 2 140855, 2 1545 12 EK/ 256·254 Fax ' Exl 110 

INFORME DE LOS ENSAYES DE LiMITES DE CONSISTENCIA y CONTRACCION LlNEAL. 
PRUEBA EN MATERlAl TAMIZADO POR LA MAlLA No 40 

Drd Trab INVEST 01 Ensaye No CIRA·03 No Informe lIMIOCIRA·03·2008 Hoja 3/16 

Muestra No. 02, Tlpo: Alterada. Sondeo SPT·1; Profundldad 15m 

Fecha de toma de la muestra 2007 ·Oet·15 Muestreo reallzado por personal dellaboratono de Matenales 
Feeha de ensaye 2007 -Oct-22 
Fecha de reporte 2007-0ct·29 

Compafiia PROYECTO DE INVESTIGACION UNIVERSIDAD DE QUÉBEC-FICIRA-UAEM 

Obra DETERMINAR l OS V"lORES DE COMPRESIBIUDof.O DE V.S "RCIllo\S DEL Vof.llE DE TOlUC" 
Ubicaei6n RIO LERMA. TEMOAYA, ESTADO DE MÉXICO 

LIMITE lIQUIDO 
Vodna Masanumoda < Masa soca < Misa dei contenodo 00 agua Masa Oe suelo l;OOten'dO ~oe Agua 

Numero de derelo/ v/dna Yldna vldno de relo) Ww(4) seca Ws (5) w(6) 
gOlpes No Wm +T(1) Wd +T (2) T (3) 4=1 -2 5 = 2 - 3 6= 4 /5xl00 

9 9 9 9 9 % 

40 

25 8 42.72 36.03 23,28 6.69 12.75 52,S 

20 

10 

v/dna M. " numeda + Milsa seea + M ... oel l'onten/dO. ~.agua Masa oe SU~lO. vonlen/oo oe I\QU8 

de '"lot \lldoc vldna vodna d. rolol Ww (10) seca Ws (1 1) W ( 12) 

LIMITE 
No Wm+ T (7) Wd + T (8) T(9) 10 z 7·8 11- 8- 9 12 = 10/11 x 100 

9 9 9 9 9 % 
pLASTICO 

24 28.53 27.03 23.26 1.50 3.77 39.8 

24 26.53 27.03 23.26 1.50 3.77 39,6 

$70 CONTRACCION LlNEAL ! ' ! : TtH-H! :;:: . , 
~L ;d . 

C t l j 11- Hl~ 
~i ! hr ; ~j 23 Q ; i ::! ~n 

,""OLOE No 
n 55.0 
1 

. , 
! H i ' Hf! ~ ~.: l :1:; ~ l Hi m il LeClura /nlC/al mm (13) 99,8 

• t i 1 !. .i: Hf !! 
n 

, f ; ! :; i ;;; ;'1 :1 ledu," ftnal mm (1 4) 95,3 530 
1 

~ 
i f 1 j 1 i i! i 1 :. : 'q ~~ lîtH 

ill U, :1 
d i ,.-i .. r 1 

1 t,; Î--:-i- ni ~if :IT 4,5 i 1 i: 1 il! % CL = 100· «(1 4)/(13) x 100) 
0 ! ::' 

510 

RESULTADOS 
'90 Limite Uquldo LL (%) 52,S 

~ 1 

~l t '70 
limite Plhlico LP ('hl 39,8 

Indice Plbtlco LP (%) 12,7 

5 '0 2$ 30 40 
' 50 Cont raccl6n IIn •• 1 ('h) 4 5 

NUmero de go/poo 
MH 

60 

50 

0 40 

~ 
~30 
G. 
w 
~20 
.~ 

o 10 

CLASlnC.ACKtN DU . UElO ,tHe). 

CARTA DE PLASTICIDAD 
PARA CLof.SIFIC"CION DE SUElOS DE PARl1cUV.S ANof.S 

1 

i CH j 
CL 

t 

t MH 

l 
20 30 ~O 50 60 70 80 90 100 

LI/d/TE LlOUIDO 
M6todo d. enuye inclu ldo en el proctlo "'SERVIClOS DE EXTENS16N DEL LABORATORIO DE MATERIALES-. CERTlftCAOO CON LA NORMA ISO '001:2000 

NM)(~"'16-0NNeCE-2003 INDUSTRIA DE V. CONSTRUeCIÔN-GEOTECNIA. ,""u .. lroc de •• tNcWrIs 1611' •• ' y mëlodo. do prulbl 

C,pJtulo 6 o.termlnaciOn de toi limIteS" de con~,te.ncl. C.pltulo 7 DelermlnactOn dl la eontraeo6n lineat 

IOBSERVACIONES Matena) color gris en condiCl6n hûmeda 

Notas : Los resu ltados son vAlidas 5610 para los elementos ensayados. 
Este Informe sOlo es vAlIdo en su forma original. No debe ser reproducido, sin la probacl6n por escrito, 
dei Laboratofio de Matertales de la Facul18d de Ingenieria de la UAEM. 

Universidad Aut6noma dei Estado de México 



Universidad Aut6noma deI Estado de México. 
Facultad de Ingenie ria. 
L .. boratorio de Materia/es. 

~rro de C<>aI.pec SIN C'udod Un",.,.".". Toluc. M' .. eo CP 50130 
Te' r 722) 2 14 08 55 2 14 05 34 Ex' 260 F •• EKl 110. 

INFORME DE CLASIFICACION DE MATERIALES TERREOS. 

No Ord Trab INVEST 01 Ensaye No CIRA-03 No Informe' IDEN OClRA-03 2007 Ho)a 4/16 

Muestra No 02, T.po: Allerada, Sondeo SPT-1, Profundidad' 15 m 
F eella de loma de la mueslra 2007-0ct-15 Mueslreo reallzado por personal dei Laboratono de Materiales 

Fecha de realizaci6n de ensayes 2007 ·Ocl-22 
F echa de Reporte: 2007 -Oct-29 

Compania PROYECTO DE INVESTIGACIQN UNtVERStDAD DE OUÉBEC-FICtRA-UAEM 
Obra: DETERMINAR lOS VAlORES DE COMPRESIBIUDAD OE LAS ARClllAS DEL VAllE DE TOLUCA. 

Ublcacl6n' Rt O LERMA, TEMOAYA, ESTADO DE MÉXICO 

FRAGMENTOS DE ROCA GRANDES (75 cm a 200 cm) 0% 
(PORC lENTO EN PESO) MEDIANOS (de 20 cm a 75 cm) 0% 

CHICOS (de 7,6 cm a 20 cm) 00/0 
1 SUELOS l''V'''''tN lU EN PESO) PASA LA MALLA DE 7,6 cm (3") 100% 

GRAVASIGI ARENAS fSI FINOS IFI 
Tabla 1 Resultados dei anillsis -1 . _ . - . - . _ . ~ - - - + - - _ . ~ 

grenulométrleo 

PUig mm %parcl.1 
% que Pl" ret.nklo 'co 

.- 50,0 0,0 100,0 .. 
11'," 37,5 0.0 100,0 

'" 25,0 0,0 100,0 ~IO 
V .. ·' 19,0 0,0 100,0 

0,0 " " -V." 12,7 100,0 ~ ', .. , 9.50 0,0 100,0 ~ .. --
No • 4,75 0,0 100,0 " No. 10 2,000 2,0 98,0 5'" -

No. 20 0.150 6,5 91,5 ~ .. 
No 00 0,425 6,7 84,8 

'" No. 60 0,250 5,4 79,4 8 "" -
No.l00 0,150 2.6 76,. 

.,. 
4 7 

20 
No 200 0,075 72,1 

0,.- SlnDato O." ~ 
'0 

0 .. - SlnO.to enmm 0 

Cu = No .pll.' Cc = No .pll •• 

Tabla 3: Resultados de los limites de conslstenel. 

Limite LiqUldo (%) 52,5 

Llmile PlâsUco (%) 
Indice Plâslico (%) 

ContraCCl6n Llneal (%) 

39,8 

12.7 

4.5 

GRAFICA DE COMPOSICI6N GRANULOMÉTRICA 

~ 
- - -

-

10 COD CMMETRO ce LÀ'll'ÀRTIClJ!A EN ...... 010< 

Tabla 4: Resultados de la masa Volumétrie • . 

Masa Volumétrica Seca Suetta kg/m' 

ICIaSificaCi6n S.U.C .S MH 
""CodOI de .nuy. )ncluld~. en" Pfocuo "SERVtCtOS DE EXTENSI6N CEL LABORATORIO DE MATERlALf.S" CERTlflCAOO CON LA NORMA ISO 0001.2000 

N ... X~ l8-ONNCCE-2003 INOUSTRIA DE LA CONSTRUCclON-GEOTECNIA ......... do •• tucu .. 1"'." y mtl_ d. po""" C ........ 2 ~,.,....o 
Caplllfo 3 p,oced!n\ltntO para le pteparaci6n ~ munlru CapftlM 4 OetIeffJWlaci6n dei conl"'" de.gue, C.pftLAo 5 De trnnadèn dt-I ln'" granulolnttllco 

CapRlAo 6 Oetffmnaa6n de Sos bmrtea d. COfI$&tenQI CapfkAo 1 Oelemwnloon do" c:onCraeQ6n ft_1 

Notas: Los resultados son va lidos s610 para los elementas ensayados. 
Este informe 8610 es Va lido en su forma original. No debe ser reprodueido, sin 1. aprobael6n por escrlto, 
dei Laboratorio de Materiales de la Facultad de Ingenierie de la UAEM. 

OBSERVACIONES; Malerial color ris en cond.ci60 hûmeda 

Jef. de Stlccl6n 

C aeho 

Universidad Aulonoma dei Estado de México 

001(1 



Univers idad Aut6noma dei Estado de México. 

Facl4/tad de Ingenieria , 
Laboratorio de Mater/ales. 

Cerro de Coatepec SIN, Ciudad Universitaria , Toluca Méx., C.P 50130 
Tel (722) 2 14 OB 55, 21545 12 Ex/. 256·254. FlIx ' Ex l 11 0 

INFORME DE LOS ENSAYES DE liMITES DE CONSISTENCIA y CONTRACCION LlNEAL. 
PRUEBA EN MATERIAL TAMIZADO POR LA MALLA No 40 

Ord Trab.. INVEST·01 Ensaye No CIRA·04 No. Informe LlMIOCIRA·04-2008 Hoja 5/16 

Muestra No. 01 , Tlpo. Alterada Sondeo SPT·1; Profundldad. 7,00-7,50 m 

Fecha de toma de la muestra 2007-Ago-27 Muestreo realizado por personal dei Laboratono de Materiales. 

Fecha de ensaye 2007-Sep·11 . 

Fecha de reporte: 2007-Sep·18 

Compai\ia. PROYECTO DE INVESTIGACI6N UNIVERSIDAD DE QUÉBEC-FICIRA-UAEM 

Obra' OETERMINAR LOS VALORES OE COMPRESIBIUDAD DE LAS ARCIUAS DEL VALLE DE TOLUCA. 

Ublcaclôn RIO LERMA. SAN MATEO ATENCO, ESTADO DE MÉXICO 

LIMITE L1QUIDO 
Vldno . Mosa hum.da .. Ma.a seça .. Masa de 1 \;Ontemdo de agua p;fasa de suero <:onton,do do Agu. 

Numero de de reloj vldno v,dno v,dno d relo) Ww(4) seca Ws (5) W(6) 
90lpes No Wm+T(1) Wd < T (2) T (3) 4 = 1 · 2 !> = 2- 3 6= 4 /5xl00 

9 Il Il Il Q % 

40 5 51 ,56 40,53 26,87 11,03 1366 80,7 

25 4 47 ,77 3649 22,89 11 ,28 13,60 82,9 

20 

10 6 46,61 35,83 23,31 10,78 12,52 86,1 

vlano MOS8 numed ... Masa seC8 + Masa de Contemdo de 'gua Mesa de sue 0 Coole n,do aeAgua 
de relo) Vldno \tldoo v,drio de relo) Ww(10) seca Ws (11) W(12) 

liMITE 
No Wm .. T(7) Wd + T(8) T(9) 10=7 · 8 11= 8· 9 12= 10/11 x 100 

pLAsTico SI Q Q Q 0 0/0 

C 

g 

i 
!. 

1 

1 : 

7 

7 

52,81 

52,81 

, 
! 

f t , ~ 
, 
, 

t H-
~rt~~~, 

38,75 

38,75 

:i : , : 1 : , , , !-1-1 , i i Hl 
i : ~ l ., i : ni , , ! 

i 
, , i 

~ i ~ i , 
i , 

20,15 

20,15 

, , 
f ~ ~ ilt il } , i i i i 1: +H 

;ii! ii ;1; 

:iH l' j :~~ ~it 11 

H 
, L 11= 

H ! li i ~n : !' '" 

900 

88 0 

860 

~ 0 

820 

14,06 

14,06 

18,60 75,6 

18.60 75,6 

CONTRACCION LINEAL 

MOLDE No 1-----=-------1 

Letturalnlcial mm (13)~ __ ..;9::;9~,.:::3 __ -l 

Lecture final mm (1~)~ __ ..;9::::6:::,.:::6 __ -l 

% CL = 100· «14)1(13) x 100) 2,7 

RESULTADOS 
LImite L1quldo LL (%1 82,9 

li ;: 

ilt 
1100 

i 
; ,: 

~ ~~~-+-~--1~~+-~~~~HH~~~~!+~~~ 
LImite Plistlco LP (%) 75,6 

;Ï 

li li m 78 0 
20 2S 30 10 50 

(%) lodlee PIAltieo LP 1%
) 7 3 

Contraccl6n IIn •• t (%1 2,7 5 '0 
Numero do golpn 

CLASIF.c.\CH5n DEL SUELO 'I~O OH 

CARTA DE PLASTICIDAD 
PARA CLASIFlCACl6N DE SUELOS DE PAR'I1CULAS FINAS 

60 T 

50 

f CH 

0 40 

l 0 
CL 1= 

-5 30 
IL 

1 

w 

~20 MH 
1li 

10 L l le 
0 

0 10 20 30 40 50 60 70 80 90 100 

UMITE L'QUIDO 
M'todo d. en.ayelnclutdD en el proee.o "SERVlCtOS De EXTENSION OEL LABORATORIO DE MATERlAlES", CERTlFJCAOO CON LA NORMA ISO 9001 :2000 

NMX-C--:416-0NNCCE-2003 INDUSTRIA DE LA CONSTRUCCIÔN-<lEOTECNIA· Muellreo de •• II\Ietur .. lérr ... y mélodo. de P/Ufb. 

Capltulo 6 ' Determmaa6n de los l,mite. de con.~lenCl. Capitula 7; DelermlnaCl6n de 1. conb"acoon Ilneai 

IOBSERVACIONES Matenal color negro en condicI6n hümeda 

Notas: Los resultados son vAlidos 5610 para los elementos ensayados. 
Este Informe s610 es valldo en su forma orIginal. No debe ser reproducldo, sin la aprobaci6n por escrlto, 
dei Laboratorlo de Materlales de la Facultad de Ingenlerla de la UAEM. ' 

Universidad Aut6noma deI Estado de México 



Unlversidad Aut6noma deI Estado de México_ 
Facultad de Ingenieria. 
Labora/orio de Maleria/es. 

Cerro de C<>aIepec S/fV Ciudlld UOIV"'''''' •. Toluc. MéXICO CP. SOIJa 
Tel (722 J 2 140855 214 05 34 EKI 260 Fa. Ex' 110 

INFORME DE CLASIFICACION DE MATERIALES TERREOS_ 

No Ord Trab INVEST-O' Ensaye No CIRA-04 No Inlonne' IDEN OCIRA-O' 2007 6/16 

Mueslra No: 01. Tlpo: AUerada. Sondeo SPT-l . Profundldad 7.00-7,50 m 
Fecha de loma de la muestra' 2007-Ago-27 Mueslreo reallzado por personal dei Laboralorio de Malenales 

Fecha de realizaet6n de ensayes 2007-Sep-11 
Fecha de Repor1e 2007-Sep-18 

Companla PROYECTO DE INVESTIGACIÔN UNIVERSIDAO DE QU~BEC-FICIRA-UAEM 
Obra DETERMINAR l.OS VALORES DE COMPRESIBIUDAD DE LAS ARCILLAS DEL IIALLE DE TOLUCA. 

Ublcaci6n RIO LERMA, SAN MATEO ATENCO, ESTADO DE MÉXICO 

FRAGMENTOS DE ROCA GRANDES (75 cm a 200 cm) 0% 
(PORCIENTO EN PESO) MEDIAN OS (de 20 cm a 75 cm) 0% 

CHICOS (de 7,6 cm a 20 cm) 0% 
15UI:LU5 ,'-v"',,'cr 1 v I:N t-'1:::iU] PASA LA MALLA DE 7,6 cm (3") 100% 

Tabla 1 Resullados dei anali515 - --1 

granulométrico 

PolO mm '" p.rclaJ % que pua rei.nldo , .. 
2· 50,0 0,0 100,0 

0.0 100,0 
JO 

""- 37,S ,. 25,0 0,0 100,0 0" 
'II." 19.0 0,0 100,0 ï 10 Yt" 12,7 0,0 100,0 ~ 

,-
'l," 9,50 0,0 1000 ~ .. ,-...... '.75 0.0 100,0 < 

No. 10 2,000 6,9 93,1 S" 
No 20 D,ISO 9,7 83,4 c 

No. 40 0,'25 6,8 76.6 
i~ 

'" No 6O 0,250 4,7 71 ,9 2: '" 
NO.100 0,150 3.8 68,1 ~ 

20 
"'0200 0.075 4.7 63,4 

0,.-~ 0 ... SIn alto 
,. -

0 .. " SlOdato enmm • 
Cu = No .plle. Cc = No .plle. 

Tabla 3: Resullados de los limites de conslstenela 

limite Liquida (%) 82.9 

limite PlàsliCll (%) 
Indice PlâsllCIl (%) 
Conlracco6n Lineal (%) 

75,6 

7,3 
2,7 

GRAIIAS (G) 
. -l. - -

ARENASIS) 
.- + 

flNOS IF) 

GRAFICA DE COMPOSICIÔN GRANULOMÉTRICA 

~ 

, .... """ o.AMETRO DE LA PAATtelA,A EN lt'fI'fl 
0'00 

Tabla 4: Resultados de la masa VOlumétrie • . 

Masa Volumélrica Seca Suella kg/m' 

IClasificacl6n S.U.C.S OH 

~il.OdD. de en •• ,.. Incl~jldo, en el fWo«to "SERVfCroS De EXTENSI6N OEllABORATORIO DE MATERiAUS" CEATlFIC400 CON lA NOAU41S0 1001:2000 

NMX-e-.416-oNNCCE-2003 INOUSTRJA DE LA CONSTRUCCfON-GEOTECN:4 M',.., ... de utruc:tlI'.u l ,tU y fnttOOol dt pnitN C.plllAo 2 Muell1eo 

C.~ltlio 3 Procect.m.enlo ~r. Il pt'tparac600 de mun1r •• Capftulo. OetelfnnadOn dit çornen.do de.,QUa CapitlJo $ Ottetl1Wlad6n d~ eN" IJatUOf'ftitnco 

Caplloto fi Otttrmlf1ldOn de," limtlf" d~ ~nc Il CaPltUIo 7 Oete.'l1W1loor1 de 1. cooncQ6n ha' 

Notas: Los resultados son vâlidos 5610 para los elementos ensay.dos. 
Este Informe 5610 es lIâlldo en su forma original. No debe ser reproducldo, sin la aprobacl6n por escrito, 
dei Labaratorio de Materiales de la Facultad de Ingenierla de la UAEM. 

OBSERVACIONES: Malerial color ne ro en condici6n humeda 

ln 

UnaverSldad Aul6noma dei Eslado de MéxlCll 

GOlO 



Universidad Autonoma deI Estado de México. 

Facultad de Ingenieria. 
Laboratorio de Maleria/es. 

Ce/TO de Coatepec SAY, Ciudad Univers/tana, Toluca Mél( , CP 50130 
Tel (722) 214 OB 55, 21 545 12 Ext 256-254 Fax Ext 110 

INFORME DE LOS ENSAYES DE LIMITES DE CONSISTENCIA y CONTRACCION LlNEAL. 
PRUEBA EN MATERIAL TAMIZADO POR LA MALLA No 40 

Ord Trab INVES1-01 Ensaye No CIRA-05 No InfDmne' L1MIOCIRA-05-2008 Hoja 7/16 

Mueslra No' 02, Tlpo Alterada, Sondeo SPT- l ; Profundidad. 28,00-28,20 m 
Fecha de loma de la muestra 2007-Ago-27 Muestreo realizado por personal dei Laboralono de Malerlales 

Fecha de ensaye: 2007 -Oct-ll 
Fecha de reporte' 2007-OcI-18 

Compania PROYECTO DE INVESTIGACION UNNERSIDAD DE QUËBEC-FICIRA-UAEM 

Obra DETERMINAR lOS VAlORES DE COMPRESIBILIDAD DE LAS ARClllAS Del VALLE DE TOLUCA 
UblC8Cl6n: RIO LERMA, SAN MATEO ATENCO, ESTADO DE MÉXICO 

LIMITE LI QUI DO. 
vICmo Ma.a hum.oa + Masaseca + Masa oel COI110nloo oe agua Masa de .uelo 

Numero de de relO) vldno IIIdno .,dna de relo] WW(4) seca Ws (5) 
contenloo (je Agu. 

w(6) 
gOlpes No 

40 10 

25 16 

20 

10 1 

VKlno 
de reJo] 

LIMITE 
No 

P!ASTICO 

c 
D 
n 
1 

• 
" i 
d 
D 

37 

37 

, 

i - ,'-, 

I _i,-+~! 1 
i 

1 i 1 
i i t t t 

5 
Nu"*" d. ud~ 

60 

0 40 
u 
1= 

~30 
CL 
w 
~ 20 

.~ 

o 

f 
, 

~-
t 

Wm+T(l) Wd .l (2) 1 (3) 4 = 1 - 2 5 = 2 - 3 6 = 4 / 5 X 100 

JI 9 g 9 g % 

50,56 46,11 26,80 4.45 19,31 23,0 

52,84 47,93 26,78 4,91 21,15 23,2 

49,70 45,33 26,75 4,37 le.s8 23.5 

Masa numeaa .. Masa . &ca .. Mau ael contemdo !le aguI Masa ae suelo vonlentao ae Agua 
vidno vldrlo Vldno de reiO] Ww (10) seca Ws (11) w(12) 

Wm+ T (7) Wd + T (8) T (9) 10 = 7 - 8 11=8 - 9 12= 10/11 x 100 

9 9 g Q 9 % 

34,80 34,04 2g,49 0.76 4.55 16,7 

34 .80 34 ,04 29,49 0,76 'l ,55 16,7 

270 CONTRACelON LlNEAL 

lHt ~H :Ht 
::! l';lf t i i in .... i MOlOE No 29 id !d: :H 25.0 

.1_L ~UJJ~ litt ;Pi dU iH fn li! Lecturalnlcial mm (13) 99,7 
1 lfi 1r . :;j Lectu," final mm (1 ~ ) 96,8 , !jli IW :H~ :~Ir aH ;H 

230 ::t 
r .. ': % Cl = 100 - (( 14)1(13) )( 100) 2,9 i !.! ! , Hi :.! =g 

210 

RESULTADOS 
180 Limite Llquldo Ll ('.41 23,2 

170 
Llmll PlhUco LP {%I 167 

Indic. Plhtlco LP ('Io ) 6S 
ISO Contracci6n llneal (%) 29 

ev.s""ACIOH DEL ' UElO f JMJ CL-ML 

CARTA DE PlASTICIDAD 
PARA CLASIFlCACI6N DE SUElOS DE PARl'1CULAS flNAS 

10 20 30 40 50 60 70 80 90 100 
U"-ITE LlOUIOO 

Metodo de 8n.sayelnckudo 8n.' pfoeeso "SER~S DE EXTENSt6N DEl LA80RATORK) DE MATERIALES"". CERTlFtcAOO CON LA NORMA.sa t001:20oa 

NM)(~I&-ONNCCE-2003 INDUSTRIA DE LA CONSTRUCCION-GEOTECNIA. Mues\reo d. e'WcturU térr ... y m610d0. de p",oba 

C.pihJlo 6 Oetermmldôn de IOlllmdel de conl1stenaa C.pituJo 7 Oetermmlg6n data eonttacc:tôn Ilna.1 

10BSERVACIONES Materlal color gris en condlCl6n hllmeda 

Notas: los resultados son dlldos s610 para los elamentos ensayados. 
Este Informe s610 es vA lido en su forma ori9inal. No debe ser reproducido, sin la aprobaci6n por escrito, 
dei laboratorio de Maleriales de la Flcultad de Ingenieria de la UAEM. 

Untversldad Aut6noma dei Estado de México 



Universidad Aut6noma deI Estado de México. 
Facultad de Ingenieria. 
LBboratorio de Maleria/es. 

Cent> do ColII.~ SIN C",d.d Unlvo,.~an. ToI" ca M~ .. co c.p SCl30 
Toi / 722 } 2 14 OB 55 21405 34 En 260 Fo, Etl lIa 

INFORME DE CLASIFICACION DE MATERIALES TERREOS. 

No Ord Tmb INVEST~I Ensaye No CIRA 05 No Informe IDEN OCIRA OS 2007 Hoja 8116 

Mueslra No 02, Tipo. Allerada, Sondeo SPT-1, ProllJnd.dad. 28,00-28.20 m 
Fecha de toma de la muest.ra· 2007-Ago-27 Mueslreo realtzado PO( personal dei Laboratorio de Matenales 

F echa de realtzaci6n de ensayes 2oo7-Oct-06 
Fecha de Reporte . 2oo7-Oct-13 

Companla PROYECTO DE INVESTIGACIDN UNIVERSIDAD DE OUËBEC-FICIRA-UAEM 
Obra DETERMlNAR LOS VALORES DE COMPRESlBlLlDAD DE LAS ARCllLAS DEL VAlle DE TOLUCA. 

Ub.caciOn . 

FRAGMENTOS DE ROCA 
(PORC lENTO EN PESO) 

ISUELOS ~U"v.t:N' u EN PESO) 

T bl 1 R a a esu tados d el an hsis 
granulométrico 

'.4 ."rci., 
PuIg mm retenldo % que pasa 

2" 50.0 0,0 100,0 
1 \1'," 37.5 0,0 100,0 

'" 25.0 0.0 100,0 
"/ .... 19.0 0.0 100,0 
Y," 12,7 00 100,0 

"." 9.50 0.0 100,0 

No' 4,75 0.9 991 

No. 10 2.000 0.6 98,S 
No. 20 0,150 3.1 954 
No. 40 0,425 6,3 89,1 
No. 50 0,250 1512 73,9 

NO 100 0,150 14.3 59,6 
110200 0,075 18.8 40,8 

0,.- Sin data 0,. . Sin dito 

010- Smd.ta en mm 

Cu = No .plle. Cc = NOlpllea 

RIO LERMA, SAN MATEO ATENCO, ESTADO DE MËXICO 

GRANDES (75 cm a 200 cm) 0% 
MEDIANOS (de 20 cm 8 75 cm) 0% 
CHICOS (de 7.6 cm a 20 cm) 0% 
PA:sA LA MALLA DE 7,6 cm (3") 100% 

GRAVAS IGI ARENAS ISI ANOS tF) 
- - - - _ .. - - - - .- -- - - + - _ .. -

GRAFtCA DE COMPOSICIDN GRANULOMËTRICA 

"" 
ID ,-

D IO -
~ 70 -z 
"' ~ .. I ~ 

~ .. 
~ cc 
" " 0 
# .. 

\0 

--
-- ---

-

10ao.. DWlnReDEJ"I"~,R1ICUl.AEN .... 0 1 

No apltca 
No aplica 

Tabl. 3: Resultados de tos limites de conslstencla Tabla 4: Resultados de la masa Volumétrica. 

Limite Liquide (%) 

L.mole Plàstico (%) 
Ind.ce Plàslico (%) 
Contraccl6n L.neal (%) 

23,2 

16,7 

6,5 

2.9 

Masa Volumétnca Seca Suelta kglm' 

Cotttenido de -slwa dellug.t 

(Clasificaci6n S.U.C.S SC-SM 

Mltodoa de en • • y. ,nc.luido. en .. ptOeHO '"Sf.A'V1CI05 DE EXTE"SKtN DEL LABORATORIO DE ~"TEItIALES" . CERTIFICADO CON LA. ,",ORMA ISO 1001 ·1000 

N'AX.-C-A ' S·ON t~CCE-2003 INOU3TRIA DE LA CONSTRUCCION-GEOTECN\A MUftUeo ft estructt.au !Wu. '1 mt-todos de prueba CapltIÂG 2 Moenu 

c..plUAo 3 P'~rneo p.' li Pfflp6raclOn dt mllUQ'''' CaplUo " Oet~mNld6n daI contenldo de . p CaplbJo 5 DetrftfW\aQbn MI anA .. O'lirIIAorntfdOO 

Capttao 6 Deltff'1W\aClOn dt toi IlrMu de ~tenaI Capftuto 7 Oetefrftltl&C:t6n ChI .. contrac06n lne-ail 

Notas: Los resultados son vA lidos s610 para 10$ etementos ensayados. 
Este Informe 5610 es vA lido en su fonna original. No debe ser reproducido, sin la aprobacl6n por escrlto, 
dei Laboratorio de Materiales de la Facultad de Ingenleri. de la UAEM. 

OBSERVACIONES Materlal color ris en condici6n hûmeda 

Labo"' lonst. 1 
~E~ 1/1(((; ln 

Un.vers.dad Autonoma dei Eslade de México 
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Universidad Aut6noma dei Esfado de México. 
Facultad de Ingenieria 
Laboratorio de Materiales. 

INFORME DEL ENSAYE DE DENSIDAD DE SOUDaS 

Compafiia : PROYECTO DE INVESTIGACION UNIVERSIDAD DE QUEBEC-FICIRA-UAEM 
Obra: DETERMINAR LOS VALORES DE COMPRESIBILIDAD DE LAS 

ARCllLAS DEL VALLE DE TOLUCA. 
Ubicacién: RIO LERMA, TEMOAYA, ESTADO DE MÉXICO. 

MATERIAL QUE PASA LA MALLA No 4 

ENSAYE No. CIRA-02 

Sondeo No: SPT-l 

Protundidad: 9,00 

MATRAZ No. 1 

Temperatura t oC 19 

Wmws gr 696,9 

Wmw gr 667,1 

Ws gr 50,4 

Ws + Wmw - Wmws 20,6 

K 0,9984 

Ss 2,44 

DENSIDAD DE SUELOS (promedio) 2,44 

Ws : Peso dei suelo seco 

Wmw : Peso dei matraz + agua a 

Wmws : Peso dei matraz + agua + muestra a 

Ss : Densidad de sélidos :: WsK 
Ws + Wmw - Wmws 

K : Densldad dei agua a t 

Observaciones: Muestra obtenida con tuba shelby. 

Notas: Los resultados son validos solo para los elementos ensayados. 

Reporte No. 
No. de Orden: 

Fecha de Muestreo: 
Fecha de Reporte: 

Este informe solo es valido en su forma original. No debe ser reproducido, sin la aprobacion por escrito 

dei Laboratorio de Materiales de la facultad de Ingenieria de la UAEM. 

Jete de secci6n Responsable de los Servlcios de Extensién 

Hoja: 9/16 

DENS-CIRA-02 
INVEST-Ol 
2007-10-15 
2007-11-28 

az Cama cha 

Cerro de Coatepec! Ciudad Universltaria, Toluca Mêx , C.P 50100 Tel. (722) 2 140855,2140534, 2154512 Ext. 256, FAX Ext. 110 



Universidad Autonoma deI Estado de México. 
Facultad de Ingenieria 
Laboratorio de Materiales. 

INFORME DEL ENSAYE DE DENSIDAD DE SOUDOS 

Compafiia : PROYECTO DE INVESTIGACION UNIVERSIDAD DE QUEBEC-FICIRA-UAEM 
Obra DETERMINAR LOS VALORES DE COMPRESIBILIDAD DE LAS 

ARCILLAS DEL VALLE DE TOLUCA. 
Ubicaciôn: RIO LERMA, TEMOAYA, ESTADO DE MÉXICO. 

MATERIAL QUE PASA LA MALLA No 4 

ENSAYE No. CIRA-03 

Sondeo No SPT-1 

Protundidad: 15,00 

MATRAZ No. 2 

Temperatura t oC 20 

Wmws gr 672,5 

Wmw gr 654,7 

Ws gr 29,8 

Ws + Wmw - Wmws 12 

K 0,9982 

Ss 2,48 

DENSIDAD DE SUELOS (promedio) 2,48 

Ws . Peso dei suelo seco 

Wmw Peso dei matraz + agua a t 

Wmws Peso dei matraz + agua + muestra a 

Ss . Densidad de sôlidos = WsK 
Ws + Wmw - Wmws 

K : Densidad dei agua a t 

Observaclones: Muestra obtenida con tuba shelby. 

Notas: Los resultados son validos solo para los elementos ensayados. 

Reporte No. 
No. de Orden. 

Fecha de Muestreo. 
Fecha de Reporte' 

Este informe solo es valido en su forma original. No debe ser reproducido, sin la aprobaclôn por escrito 

dei Laboratorio de Materiales de la Facultad de Ingenieria de la UAEM. 

Jete de secciôn Responsable de los Servlclos de Extensiôn 

91////// / 
C. E~dano 

10/16 

DENS-CIRA-03 
INVEST-01 
2007-10-15 
2007-11-28 

Matenales 

Cerro de Coatepec, Ciudad Unlversitana, Toluca Méx., C P. 50100 Tel. ( 722) 2 14 0855, 2140534, 2154512 Ext. 256, FAX Ext. 110 



Universidad Aut6noma dei Esfado de México. 
Facultad de Ingenieria 
Laboratorio de Materiales. 

INFORME DEL ENSAYE DE DENSIDAD DE SOU DOS 

Compaiiia : PROYECTO DE INVESTIGACION UNIVERSIDAD DE QUEBEC-FICIRA-UAEM 
Obra: DETERMINAR LOS VALORES DE COMPRESIBILIDAD DE LAS 

ARCILLAS DEL VALLE DE TOLUCA. 
Ubicacién: RIO LERMA, SAN MATEO ATENCO, ESTADO DE MÉXICO. 

MATERIAL QUE PASA LA MALLA No. 4 

ENSAYE No. CIRA-04 CIRA-04 

Sondeo No: SPT-1 SPT-1 

Profundidad: 7,00-7,50 7,00-7,50 

MATRAZ No. 2 4 

Temperatura t · C 19 19 

Wmws gr 685,7 683,3 

Wmw gr 669,2 667,2 

Ws gr 28,9 28,4 

Ws + Wmw - Wmws 12,4 12,3 

K 0,9984 0,9984 

Ss 2,33 2,31 

DENSIDAD DE SUELOS (promedio) 2,32 

Ws : Peso dei suelo seco 

Wmw : Peso dei matraz + agua a 

Wmws : Peso dei matraz + agua + muestra a t 

Ss . Densidad de séhdos = WsK 
Ws + Wmw - Wmws 

K : Densidad dei agua a t 

Observaciones: Muestra obtenida con tuba shelby, 

Notas: Los resultados son vâlidos solo para los elementos ensayados. 

Reporte No. 
No. de Orden' 

Fecha de Muestreo: 
Fecha de Reporte: 

Este Informe solo es vâlldo en su forma original. No debe ser reproducido, sin la aprobaei6n por eserito 

dei Laboratorio de Materiales de la Faeultad de Ingenieria de la UAEM. 

Jefe de seccion Responsable de los Servicios de Extensl6n 

CE~no Ing. José 

Hoja: 11/16 

DENS-CIRA-04 
INVEST-01 
2007-08-27 
2007-11-28 

Cerro de Coatepec, Ciudad Unlversitana, Toluca Méx , C.P 50100 Tel. ( 722 ) 214 08 55, 2140534, 2154512 Ext. 256, FAX Ext. 110 



Universidad Autonoma dei Estado de México. 
Facultad de Ingenieria 
Laboratorio de Materiales. 

INFORME DEL ENSAYE DE DENSIDAD DE S6L1DOS 

CompalÎia : PROYECTO DE INVESTIGACION UNIVERSIDAD DE QUEBEC-FICIRA-UAEM 
Obra: DETERMINAR LOS VALORES DE COMPRESIBILIDAD DE LAS 

ARCILLAS DEL VALLE DE TOLUCA. 
Ubicacion: RIO LERMA, SAN MATEO ATENCO, ESTADO DE MEXICO. 

MATERIAL QUE PASA LA MALLA No 4 

ENSAYE No. CIRA-05 CIRA-04 

Sondeo No. SPT-1 SPT-1 

Profundidad' 28,00-28,50 28,00-28,50 

MATRAZ No. 2 4 

T emperatura t ·C 20 20 

Wmws gr 699,2 697,4 

Wmw gr 668,9 667,1 

Ws gr 49,2 48,8 

Ws + Wmw - Wmws 18,9 18,5 

K 0,9982 0,9982 

Ss 2,60 2,63 

DENSIDAD DE SUELOS (promedio) 2,62 

Ws . Peso dei suelo seco 

Wmw Peso dei matraz + agua a t 

Wmws : Peso dei matraz + agua + muestra a 

Ss Densidad de solidos = WsK 
Ws + Wmw - Wmws 

K . Densidad dei agua a t 

Observaclones' Muestra obtenida con tubo shelby. 

Notas: Los resultados son validos 5610 para los elementos ensayados. 

Reporte No. 
No. de Orden: 

Fecha de Muestreo: 
Fecha de Reporte: 

Este informe 5610 es valido en su forma original. No debe ser reproducido, sin la aprobaci6n por escrito 

dei Laboratorio de Materiales de la Facultad de Ingenieria de la UAEM. 

Jete de seccièn Responsable de los Servi ClOS de Extension 

c . ~dano 

12/16 

DENS-CIRA-05 
INVEST-01 
2007-08-27 
2007-11-28 

Cerro de Coatepec, Ciudad Unlversitana, Toluca Méx , C P 50100 Tel ( 722) 214 08 55, 2140534 2154512 Ext. 256, FAX Ext. 110 



Universidad Aut6noma deI Estado de México. 
Facultad de Ingenleria 
Laboratorlo de Materlales. 

CURVA DE COMPRESIBILIDAD 

Compaiiia: PROYECTO DE INVESTIGACION UNIVERSIDAD DE QUEBEC-FICIRA-UAEM 
Nombre: DETERMINAR LOS VALORES DE COMPRESIBILIDAD DE LAS ARCILLAS DEL 

VALLE DE TOLUCA. 
Ubicaciôn ' RIO LERMA, TEMOAYA, ESTADO DE MÉXICO. 

No. de S .P.T. 
Muesua No 

Profundidad 
No. muestreo (m) s 01, (%) ù), (O"'l e, e, 

ensaye 

CIRA-02 1 2 15,0 2,48 62,97 63,60 1,67 1,593 

1.670 .... ·f 
• 

1.660 

1.650 : .. 

1.640 

1.630 

... 1.620 
.2 
u .. 
> 1.610 
Il 
'tI 

c 1.600 ' 0 
'ü .. 
li « 1.590 

1.580 

1.570 

1.560 \. 

1.550 

HOja 13/16 

No O<den CON5-CIRI\·Ol 

Fecma rrues e 2007-0eI.15: 1 
Fee/la ptUd>o 2007·Nov-05 

Feche repone 2007 ·Nov-30 

Presiôn 
Gw, (%) Gw, (%) efectiva 

(kg/cm2
) 

93.47 98,99 5,7 

. . 
1 . .540 L ............ u ••• U" • •• • : ........................... u ........ J ............. : ••••• ~. .. ... -: .... ... : ............ .. 

0.1 1.0 10.0 

MÉTODOS DE ENSA YE UTiLIZADOS 

ASTM D 4186-89 STANDART TEST METHOD FOR ONE-DIMENSIONAL CONSOLIDATION PROPERTIES OF SOILS USING CONTROLLED­

STRAIN LOADING 

Nolas: Los resultados son validos solo para los elementos ensayados. 
Este informe solo es valido en su forma original. No debe ser reproducido sin la aprobacion 
por escrito dei Laboratorio de Materiales de la Facultad de Ingenieria de la U.A.E.M. 

OBSERVACIONES 

~7J}jFf~r 
C E~~EDANO 

DE EXTENSI6N 

ING SAT M ENI 

Cerro de Coatepec SIN Ciudad UOIver.,ta". Toluca Méx. C P 50100 Tel (722) 2 140855 21405 34 EJct 114 Fait 2 15 4512 



Universidad Autonoma dei Estado de México. 
Facultad de Ingenie ria 
Laboratorlo de Materiales. 

CURVA DE COM PRESIBILIDAD 

Compatiia' PROYECTO DE INVESTIGACION UNIVERSIDAD DE QUEBEC-FICIRA-UAEM 
Nombre: DETERMINAR LOS VALORES DE COMPRESIBILIDAD DE LAS ARCILLAS DEL 

VALLE DE TOLUCA. 
Ubicaciôn: RIO LERMA TEMOAYA, ESTADO DE MÉXICO. 

No. de S.P.T. Muestre Profundidad 
ensaye No. No muestreo (m) Os ro, (%) rot (%) e, ef GWI (%) 

CIRA-02 1 1 9,00 2 ,~4 38,56 42,08 101 0,971 93,19 

HOJa 14/16 

No Orden CONS.CIRA·02 

Fecha Il1Jeslr 2007·0c~15 

F echa prueba 2007-0~22 

Fecha repOl1e 2007·Nov·30 

Presl6n 
GWf (%) efeoblla 

(kg/Cm' ) 

100,00 1,65 
...... .......... .............................. ....... ............................... ...... .................. ............... ... .. ................................. 

Curva de Compresibilidad 
1.010 " .............. . ............... " ....... . 

. . ~. . :1.... . ........ "'r 
~. * i ... 

..... .... ······1· ··j· .. t······ .. · .. ········ .. · .. ···!· 1.000 
+ 

. r !.;;. ............. ; ........ : .. '" ..... : .. .......... ; 
: ............... , 

.. '· .. ·1· .......... · ·· .. · .. · .... 1 .... · 0.990 

i i ; .. 
. 2 

..................... :. ... ...................... 1 .... "~''''''U'' .... u .............. i .... t:·.~~ ... . 
t 

~ 0.980 

Il .., 
C 

' 0 

; . : 
~ 0.970 
li 

..... ": ... ~. . ... .. _ .. ~ .............. " .......... ... 
0: 

-.~ ... -\-._-~"'-LL~ .......................... [ ................. ~ ......... , .... -
.. , ; -~ 

l ~" .. ;... . ">~ 
; ---1 ~-" , 

0.960 

0.950 

0.940 

0.1 1.0 10.0 

Esfuerzo (kgf/cm2) 

MËTODOS DE ENSAYE UTILIZADOS 

ASTM D 4186·89 STANDART TEST METHOD FOR ONE·DIMENSIONAL CONSOLIDATION PROPERTIES OF SOILS USING CONTROLLED · 

STRAIN LOADING 

Notas: Los resultados son validos solo para los elementos ensayados. 
Este informe 5610 es va lido en su forma original. No debe ser reproducido sin la aprobacion 
por escrlto dei Laboratorio de Materiales de la Facultad de Ingenierla de la U.A.E.M. 

OBSERVACIONES 

E EXTENSIÔN 

JARDO M 

Cerro de Coalepec SIN Ciudad Unoversltana Toluca Méx . C P 50100 Tel (122) 2140855, 214 0534 Ext 114 Fax. 2 15 45 12 

~ 



Universidad Autonoma deI Estado de México. 
Facultad de Ingenleria 
Laboratorio de Materiales. 

CURVA DE COMPRESIBILIDAD 

Compar'ila : PROYECTO DE INVESTIGACION UNIVERSIDAD DE QUEBEC-FICIRA-UAEM 
Nombre: DETERMINAR LOS VALORES DE COMPRESIBILIDAD DE LAS ARCILLAS DEL 

VALLE DE TOLUCA. 
Ubicaci6n: RIO LERMA, SAN MATEO ATENCO, ESTADO DE MÉXICO. 

No. de S P.T. Mvena Profundidad 5s e, e, GWj (%) 
ensaye No No muestreo (m) ro, (%) ro, (%) 

CIRA-03 1 1 7,00-7,50 2,32 191 ,96 113,57 5,00 2,690 89,05 

HOla 15/16 

No. Orden ONS-CIRA-04 

Feche muesln 2007-.27 

F~ptueb. 2007,sep009 

Fech. reporte 2007-Nov-30 

Presi6n 
Gw, (%) efectiva 

(kg/cm') 

97,96 054 

•••••••••••• • ••••••••••••••••••• • ••••••••• • •••••••• • ••• ••• •••••• •• •••••• •• •••••••••••••• o •• • ••••••••••••••••••••••••••• • •••••• • ••••••••• • ••• • ••••••••••• H ......................................... . .............. . .. . ... . .... . .. . .. :,~ 
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Figure 1: Etude comparative de l'évapotranspirations (Thornthwaite, Hargreaves, Hamon, Turc) à 39 stations météorologique dans 

la vallé de Toluca. 
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Annexe F: D-InSAR description and discussion on limitations 

D-InSAR description 

The basic D-InSAR geometry is highlighted in the following diagram: 

SI - Master Image 

S2 - Slave Image 

d - Object displacement 

e 

r 
H 

z 

Figure 1: D-InSAR geametry ta ca/cu/ate surface disp/acement (Madified fram 
Raisinghani, 2007) 

In figure 1, the surface point with height z is displaced a distance d in the ad direction. 
Hence, the target range for the slave image is now rd' . 

To estimate error, let the following relation apply: 
41r 

<D(x,r) = T& (1) 

Where <D(x,r) is the phase difference for each image pixel. Thus From the phase 

information obtained by radar satellites, the slant range difference can be obtained. 

Â 
t5r = -i1<D(x,r) 

41r 
Â 

i1(t5r) = -i1<D(x, r) 
41r 

(2) 

(3) 

Taking, for example, a system operating with C-band (À = 5.6 cm) and the error in the 
phase difference (iJifJ(x,r)) of30°, gives iJ(c5r) = 2.3mm. 
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In the figure above, the surface point with height z is displaced a distance d in the ad 
direction. Rence, the target range for the slave image is now rd'. From equation (2) above, 
the following relation is obtained: 

(4) 

(5) 

Rence, the phase has contributions from both the target slant range displacement values 
and the topography or; the latter contribution arising due to the presence of a baseline b. 
Thus, in the ideal case where the mas ter and slave image passes occur on exactly the same 
orbit (b = 0), there are no topographic contributions and from the above geometry: 

Ord >:::: d cos(90° - B + ad) = d sin(B - ad) (6) 

Essentially, using D-InSAR, one can obtain the slant range displacement values ord' from 
which they can then determine d by prior knowledge of the landscape slope ad. 

Rowever, the assumption that b= 0 is not realistic, so there will be sorne topographical 
displacement contribution. This is why small baselines are sought when using the D­
InSAR technique to minimize that contribution. In addition, higher-resolution DEM's 
lead to better accuracy in determining or which then leads to greater accuracy in 
determining or d. 

Consider the following equation: 

rsin9 
& = .& 

Z b & 
.L 

(7) 

Where Ez represents the height accuracy of the object and Eor is the corresponding 
accuracy on the topographic height profile (the negative sign is omitted since dealing with 
just the magnitude). If one uses the SRTM DEM, then êz = 90m and from the above 
equation, Eor =1.6cm. This error is then transferred to ord when the or contribution is 
subtracted (Franceschetti and Lanari, 1999). 

Limitations of D-InSAR 

Several factors influence the quality of an interferogram and the output products such as a 
deformation map. Five important points to consider are: 
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1- Perpendicular baselines between acquisitions have upper limits. Typical values for 
maximum usable baseline separation are less than 600 m for ERS-ll2, ENVISAT ASAR, 
and RADARSAT-1. In certain conditions RADARSAT-l can have up to 800 m of 
perpendicular baseline. JERS-l and ALOS allow for larger baseline however normally 
the baselines should be less than 1.5 km (Wegmüller et al. , 2006). RADARSAT-2 is 
expected to have relatively smaU perpendicular baselines - suitable for InSAR processing 
(MDA, 2009). 

2- Atmospheric effects - The ma n error term concerni ng the deformcti on rcte a:nJrocy 
ochievct>le for erSE of SJfficient coherence, is relctoo to the hEterogeneity of the 
ctmospheric péih dela)' (Zebker Et a. , 1997). Spéiia verict>ility of the ctmosphere 
chéllges with time thus fringes producOO by ctmospheric effEds (essentialy in the 
i onosphere éIld in the troposphere - i.e. d ouds) shoul d not have fi xoo googrél>hi c posi ti on 
in interferomEtric pcirstci<en ct different times. 

3- The terrain being imaged may change between passes of the SAR. This may result in 
one of two types of effects on the phase information: 

• Systematic phase effects caused by large-scale motion during the time interval 
between the passes, for example: a city may subside. In this case if movement of 
the terrain between the acquisitions is larger than ').)2 (equal to interferometric 
fringe) only the phase between 0 and 2n of the deformation is obtained and not the 
whole n2n+~ . Thus in the case of C-band (À = 5.6 cm) the maximum detectable 
movement in the LOS between acquisitions is 2.8 cm. This restricts the 
applicability ofD-InSAR to relative slow moving deformation. 

• Random phase effects caused by decorrelation of the phase contributions of 
scatterers within the resolution cells. We caU this temporal decorrelation. This 
often results in cells or entire areas being of little use for interferometry (MDA, 
2007). Vegetation growth or movement is a common cause of the random phase 
effect. 

4- As with aU SAR imagery, high spatial resolution greatly influences the utility of the 
imagery for a particular application. With respect to the sensors, RADARSAT-2 (3 .0 
metres) and TerraSAR-X (1.0 metre) have among the finest resolutions. The DEM 
resolution is also an important factor in properly removing the topographic phase 
component. A higher resolution DEM will lead to proper removal of the topographic 
phase, and thus better deformation information. 

5- Band type and wavelength - Differences in sensor wavelength have a varying effect on 
InSAR results. Several band types exist from different sensors (Table 1). C-Band is a 
mid-spectrum frequency, where the midsized wavelength enables better resolution than L­
band yet worse than X-band. However, C-Band tolerates higher vegetative coyer than X­
band yet less than L-band. Incomplete spatial coverage caused by temporal decorrelation 
and problems in resolving high spatial phase gradients are limitations of C-band and X-
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band INSAR (WegmüUer et al., 2006). With L-band these limitations are reduced due to 
the longer wavelength. Strozzi et al. (2003) demonstrated that L-band coherence over 
forest can be high enough to permit interpretation of the interferometric phases, not 
possible with C-band. X-band has an even smaller wavelength than C-band, thus for 
longer acquisition intervals, its use is limited to areas with minimal vegetation. However, 
assuming ideal conditions (minimal vegetative coyer, smaU spatiaVtemporal 
decorre1ation), higher resolution is obtained by the shorter wavelength. Advantages and 
disadvantages are found for aU wavelengths, and each wavelength might be more suitable 
for a particular application. Due to the availability of data, this study uses C-Band radar 
data from ERS-l, ERS-2, ENVISAT AS AR, and RADARSAT-l. 
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Legend 
NOMBRE 

Pedology 

Figure 1: 2D Pedology of the Toluca Valley used for the HELP3 Model. 

Table 1: Pedology values used for porosity, Field Capacity, Wilting point, Ksat. and SCS 
Curve number. 

SCS 
Curve # 

Help Field Wilting Type 
Soil name code Code # code porosity Capacity Point Ksat (A,B,C,D) 

ANDOSOL T o 3 0.457 0.083 0,033 3,1 E-03 B 
PLANOSOL W 1 24 0,365 0,305 0.202 2,7E-06 C 
LUVISOL L 2 26 0,445 0,393 0.277 1,9E-06 C 
FEOZEM H 3 6 0,453 0,19 0.085 7,2E-04 B 
VERTISOL V 4 28 ' 0,452 0,411 0.311 1,2E-06 D 
CAMBISOL B 5 3 0.457 0.083 0,033 3,1 E-03 B 
water 6 na na na na na na 
LEPTOSOL 1 7 1 0,417 0,045 0.018 1,OE-02 A 
HISTOSOL 0 8 29 0,451 0,419 0.332 6,8E-06 D 
REGOSOL R 9 4 0,437 0,105 0.047 1,7E-03 A 
FLUVISOL J 10 2 0,437 0,062 0.024 5,8E-03 A 
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Legend 20 Geology 

Figure 2: 2D Geology of the Toluca Valley used for the HELP3 Model. Included are 
values for porosity, Field Capacity, Wilting point, Ksat, and SCS Curve nuniber. 

Table 2: Geology values used for porosity, Field Capacity, Wilting point, Ksat, and SCS 
Curve number. 

Total Field Wilting SCS 
Code # Porosity Capacity Point Ksat Curve # 

Volcanoclasts 0 0,3 0,45 0,1 7,OOE-04 B 
Andesite 1 0,3 0,45 0,1 2,OOE-04 C 

Sedimentary Brechia 2 0,3 0,45 0,1 5,OOE-03 C 
Alluvial 3 0,437 0,062 0,024 3,OOE-03 A 

Conglomerate 4 0,3 0,45 0,1 2,OOE-04 B 
PRESA 5 0,2 0,5 0,4 2,OOE-05 C 

Lacustrial 6 0,451 0,419 0,332 2,OOE-07 D 
BORDO 7 0,3 0,45 0,1 2,OOE-04 B 
Basait 8 0,3 0,5 0,4 5,OOE-04 C 

Toba Basico 9 0,3 0,45 0,1 2,OOE-04 B 
Basic Volcanic Brecia 10 0,35 0,45 0,1 2,OOE-04 C 

Intermediate Volcanic Brecia 11 0,3 0,45 0,1 2,OOE-04 C 
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Annexe H - Sources ofUncertainty 
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In this appendix, the uncertainty in the quantification of land subsidence of the Toluca 

Valley is examined. There are several sources of uncertainty ranging from field data, 

remote sensing methods, and numerical modeling. With field data, the quality of the data 

gathered is a source ofuncertainty, uncertainty can be attributed to measured parameters 

such as h, Ss S'skv, S'ske, K, e, compaction (Chapters 2, 3, 4), in tum uncertainty can be 

attributed to the quality of the generated products: 3D geological model (Chapter 4), the 

the water balance (recharge, discharge, deficit) (Chapter2). 

With InSAR generated results, there are also several sources ofuncertainty. The quality of 

the satellite image gathered, the method for generating the interferogram, the quality of 

the subsidence maps (unwrapping techniques used) are all sources ofuncertainty. It 

should be noted that the quality of the DEM can reduce uncertainty. In Chapter 3 it is 

noted that a higher resolution DEM was not available for the Toluca Valley, thus an 

SRTM 90 m was used. 

In addition to the above uncertainties, the modeling aspect of the work presented in this 

thesis is also a source ofuncertainty. Using an instantaneous compaction approach to 

modeling the behaviours of the Toluca Valley clays are also a source ofuncertainty. 

Incorporating other physical characteristics, such as time delays, hydraulic conductivity 

dependence, and other could improve the uncertainty. Additionally, the numerical method 

used to solve the equations: finite difference vs. fini te element or implicit vs. explicit 

solution techniques are sources of uncertainty .. 

Thus, the choice of the parameters chosen to analyze uncertainty in the subsidence of the 

Toluca Valley is arbitrary. Since pumping scenarios for future simulations (best case, 

worst case, average case) (Chapter 5), and climate change (Chapter 2) were examined, the 

focus of this uncertainty analysis focuses on the material properties and more specifically 

on varying the elastic skeletal specific storage (S' skv) . This parameter is by far the most 

sensitive material property parameter to compaction representation. 
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Based on table 1, the S' skv for the clay layers were varied by both 0.5 and 1 order of 

magnitude. That is to say that the clay layers (layers 1, 4, 9, and 12) were varied upward 

and downward by half an order of magnitude. The values were varied based on field 

observation. 

Table 1.' Description of material properties for the Toluca Valley . 

Clay layer Average case Best case Worst case 

Clay layer 1 3,7E-6 8,7E-7 8,7E-6 

Clay layer 2 4,2E-7 9,2E-8 9,2E-6 

Clay layer 3 4,4E-7 9,4E-8 9,4E-7 

Clay layer 4 7,5E-7 2,5E-7 2,5E-6 

The results of the simulations are presented in Figure 1. As predicted, results show that 

S'skv is a very sensitive parameter. There are very 

Best case Average case Worst case 

Total CompacHon 

2.0 

1.0 
o 

Figure 1 Total compaction (m) for the best case, average case and worst case, varying 

S 'skv 

The average expected subsidence is 1.3 m. Maximum subsidence in the best case and 

worst case scenarios are 0.9 m and 2.0 m respectively. The exercise has shown the 

importance of accurate and a large quantity of field data. A better characterization of the 

geological structure and better estimates for S'skv will decrease uncertainty in the results 

and improve predictions. 
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