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Abstract

Regional land subsidence accompanying groundwater abstraction in the Toluca aquifer-system is a
challenge for managing groundwater resources and mitigating associated hazards. In order to
improve this situation, groundwater management scenarios for the Toluca Valley are examined with
a three dimensional groundwater flow model coupled to a one dimensional compaction module.
Subsequently, the land subsidence evolution was investigated by integrating SAR interferometry
and geological and hydrogeological data to shed insight on the underlying processes governing
subsidence. The results indicate that continuing at current rates of water consumption will lead to
subsidence of more than 1.6 m 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. From 2003 to 2016, groundwater level declines
of up to 1.6 m/yr, land subsidence up to 77 mm/yr, and major infrastructure damages are observed.
Groundwater level data show highly variable seasonal responses according to their connectivity to
recharge areas. However, the trend of groundwater levels consistently range from -0.5 to -1.5
m/yr regardless of the well location and depth. By analysing the horizontal gradients of vertical land
subsidence, we provide a potential ground fracture map to assist in future urban development
planning in the Toluca Valley. The approach taken in this study could be applied to their locations
with similar problems in order to determine the most viable option for water supply.

Key words: Subsidence, aquifer exploitation, ground fracturing, horizontal gradient, INSAR,
Toluca.



1 Introduction

Regional aquifer-system compaction is a natural or anthropogenic hazard that produces a
downward displacement of the ground surface affecting large areas and important cities throughout
the world (Galloway and Burbey, 2011; Calderhead et al.,, 2011). In many affected areas,
increasing groundwater extraction is the only 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. The problems of groundwater
depletion in response to groundwater abstractions include damage to housing and other civil
infrastructures. The Toluca Valley has experienced such problems since the 1960’s because of its
geological setting and important groundwater pumping (Figueroa Vega, 1990; Figueroa Vega,
2004; Calderhead et al., 2011). The Toluca Valley's water resource and land subsidence problems
are of interest because the basin was formally seen as an important source of water to the Mexico
basin, yet today the Toluca Valley basin can no longer support its own growth let alone provide for
another basin.

Several studies have focused on the hydrodynamics, hydrochemistry, groundwater depletion, and
the related subsidence within the Toluca aquifer. Esteller and Andreu (2005) and Esteller et al.
(2012) provided information on the changes in groundwater chemistry due to groundwater
depletion. Rudolph et al. (2006) described the progressive hydrodynamic changes in the valley,
which include the gradual extinction of lagoons, springs, and wetlands. Calderhead et al. (2011)
provided an insight into groundwater dynamics and related aquifer-system compaction rates by
integrating INSAR results and groundwater flow modeling to simulate future compaction rates
(Calderhead et al., 2011, 2012a, 2012b). Similarly, Davila-Hernandez et al. (2014) used InSAR to
compare hydraulic head losses in observation wells and land subsidence rates. Chaussard et al.
(2014) and Castellazzi et al. (2016a) provided an overview of land subsidence problems in several
cities of Central Mexico, including Toluca, by using time-series INSAR.

Alternatively, 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, constrained by
field data and remote sensing techniques, remains the best approach for examining and predicting
regional land subsidence (Galloway and Burbey, 2011; Calderhead et al., 2011; Gambolati and
Teatini, 2019). Studies examining water resource management options (e.g., Rejani et al., 2008;
Loukas et al., 2007; Sakiyan and Yazicigil, 2004) rarely consider land subsidence. Studies that
have examined future subsidence (e.g., Rudolph and Frind, 1991; Ortega-Guerrero et al., 1999;
Teatini et al., 2006) usually focus on groundwater pumping as the major factor influencing
subsidence. Climate change (e.g., Larson et al., 2001), 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 strategic importance of these resources in the region, and the conflicting evidence of
potential impacts of excessive groundwater withdrawals and land subsidence, this study aims to
establish a management policy for the sustainable development and management of the Toluca
aquifer system for minimizing land subsidence. To that end it was envisaged to achieve the
following objectives: i) to obtain a better understanding of the consequences of continued pumping
of the Toluca Valley aquifer following existing trends; (ii) to determine the best scenarios for
decreasing subsidence and maintaining a water supply to both the Toluca Valley and Mexico City
and its metropolitan area and (iii) to investigate this evolution by integrating SAR interferometry
and geological and hydrogeological data to evaluate the deformation features of hydrostratigraphic
units. Given the increasing availability of archives from SAR satellites from all three generations
of SAR satellites, it is now possible to follow subsidence rates over larger time-series and to



provide insight into the decadal-scale evolution of subsidence patterns. Such monitoring is
particularly useful as the urban area and the transportation infrastructures are developing at
alarming rates and as the groundwater crisis remains unsolved.

2. Description of the study area

2.1 Geographic Setting and Population Growth

The Toluca Valley is part of the Lerma-Santiago-Pacifico (LSP) water basin. It is located in the
State of Mexico (Fig. 1) and extends over 2116 km® The basin is adjacent to the Mexico Valley,
with the Sierra Las Cruces forming both a topographic and a hydraulic border between the two
basins. The Lerma River originates in the lagoons of the south central part of the Toluca Valley; it is
the second longest river in Mexico, emptying into Lake Chapala in the state of Jalisco. 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 (Fig. 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.

According to the 2015 population estimates by region (CONAPO, 2015), the metropolitan area of
Toluca, including 15 neighboring 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 2015
was just over 2.2 million people (CONAPO, 2015). From 1960 to 2015, the population of the valley
has doubled approximately every 20 years (INEGI, 1960; CONAPO, 2015). Fig. 2 shows a
graphical comparison of the metropolitan urban area expansion in the Toluca Valley delimited using
Landsat color-composite images from 1973 to 2015. As shown in this figure, the metropolitan
urban area of the Toluca Valley expanded from 20.38 km® in 1973 to 478.57 km” in 2015 at an
average rate of 10.9 kmzlyr. This expansion can be understood as natural urban growth due to
economic and industrial development. The state of Mexico is an industrial centre with a range of
economic activities; it is ranked second in the nation in terms of its GDP contribution, about 9.5
percent.

2.2 Geology and Hydrogeology

The Toluca Valley basin consists of two aquifer systems (Fig. 1); an alluvial aquifer in the upper
portion and a fractured aquifer at the bottom (Lesser and Asociados, 1992; Ariel and Consultores,
1996). In the upper aquifer there are layers of clays that induce a local confinement. The Toluca
Valley aquifer system is considered an unconfined aquifer because there is hydraulic connection
between the alluvial aquifer and the fractured aquifer. Before the 1960’s, groundwater levels in the
Toluca Valley were either near surface or emerged above the land surface (Lesser and Asociados,
1992). Since the late 1960’'s, Mexico City and its metropolitan area 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 Mm®/yr (million cubic meters per year)
(Calderhead et al., 2012b). Over one third of the total pumping comes from the Lerma system
wells: a groundwater pumping system consisting of 230 pumping wells located along the upper
section of the Lerma River. Most of the screens of the pumping wells cross both aquifer formations,
therefore, water come from wells that draw from both aquifers. The system captures a large portion
of the recharge water entering from the Sierra Las Cruces, and is then exported to the Mexico
Valley and its metropolitan area at a rate of approximately 6.0 m*/s (Rudolph et al., 2006;
CONAGUA, 2007).

Regional groundwater flow, for the most part, is controlled by topography, where the primary
recharge to the aquifers is in the mountains. Outcrops of fractured andesitic and basaltic rocks and
pyroclastic material in the Nevado de Toluca and the Cruces mountains facilitate the direct



infiltration of precipitation to the aquifer, which then flows horizontally towards the centre of the
valley (Eteisa, 1997; Grupo Herram, 1992). Groundwater flows preferentially in the aquifers through
more permeable layers and channels in the fractured materials (Eteisa, 1995). Whereas
historically, groundwater discharged in springs along the edges of the valley, and into the Lerma
River system and the chain of lakes in the valley, extensive extraction from pumping wells
throughout the valley have modified the historical groundwater flow patterns (Eteisa, 1995; Grupo
Herram, 1992). Since the early 1950s, the regional groundwater flow field has been significantly
affected by local groundwater extraction with the largest impacts associated with the Lerma system
wells (Fig. 1), which has drawn flow towards the eastern flanks of the basin (CONAGUA, 2002;
Eteisa, 1997). Based on measured hydraulic head conditions, the groundwater flow is now focused
towards the Lerma system wells in the vicinity of the study site. Rudolph et al. (2006), Hancox et al,
(2010), Calderhead et al. (2012b) provide additional background on analysis of the regional
groundwater flow of the Toluca aquifer system.

3. Methodology

The research approach consists in presenting how the geologic model and mesh were constructed
followed by a description of the various parameters chosen. The parameters discussed are:
recharge with respect to climate change, pumping volumes for local use, export volumes to Mexico
City and its metropolitan area, and relocating pumping wells within the valley. Finally, a combined
analysis was applied to conduct a qualitative assessment by integrating SAR interferometry using
13 years of InSAR-derived ground displacement measurements.

3.1 Groundwater flow and subsidence simulation models

The HydroGeoSphere groundwater flow and transport model (Therrien et al., 2009) has been
extended to improve the assessment and analysis of aquifer-system compaction. Within this
framework, the integrated 3D-flow and 1-D instantaneous compaction finite-element numerical
model was verified and applied to the Toluca aquifer system, Mexico (Calderhead et al., 2011).
Simulations were constrained by remote sensing data (ranging from 2004 to 2008), extensometer
readings (ranging from 2006 to 2008) and also hydraulic heads (measured quarterly since 1970)
(Calderhead et al., 2010, 2011). Calderhead et al. (2011), Gallowey and Burkey (2011), Liu and
Griffiths (2015) provide additional background on analysis and modeling of land subsidence
accompanying deformation of aquifer systems. The simulated results from previous studies
reproduced groundwater flow and aquifer-system compaction until the year 2009. In this approach,
the study’s model is based on the previous model; however, predictions are made using several
scenarios until the year 2050.

In this context, a 3D geologic model domain (Fig. 3a) was 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 material layers with 6 material types. Thus, the
topography of these 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 (Fig.
3b), representing the horizontal extent of the simulation domain, was generated with a mesh
refinement around the location of 167 representative wells. The 3D mesh (Fig. 3d) was created by
superposing the 15 2D mesh layers in the 3rd dimension (Fig. 3c). The 3D mesh has a total of
408375 nodes and 760284 elements. Table 1 presents a summary of the material properties for
the simulated geologic layers. For additional details about the boundary conditions, initial
conditions, pumping increments, and the solution method readers are referred to Calderhead
(2009) and Calderhead et al. (2011).

For the purposes of this study, and to avoid excessive computation time, 167 representative wells
were used with a relaxed mesh to simulate the more than the 935 pumping wells (Calderhead et al.,
2011). In spite of all this, 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., 2011).

3.2 Spatial distributed recharge

As emphasized by some researchers (Sophocleus, 2005), uncertainty and potential impacts of
climate change on recharge are essential in determining the quantity and sustainability of a
groundwater resource. Considering this fact, recharge was assumed to change as a function of
climate change as outlined in the IPCC 2007 report (IPCC, 2007). Thus, historical data and climate
change predictions for the area were input into the model from 1970 to 2050. Table 2 summarizes
the variations of recharge used in the simulations. Spatially variable recharge was simulated using
the HELP3 recharge model of the Toluca Valley (Calderhead et al., 2012b). 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, only yearly,
as opposed to monthly or daily, recharge, discharge, and budget deficits were used for the
simulations. For more details concerning the multiple parameters and source of data used in the
HELP3 model, as well as recharge predictions for the Toluca Valley, the reader can refer to
Calderhead et al. (2012b).

3.3 Groundwater pumping volumes

Groundwater pumping is one of the most difficult components to simulate groundwater flow
because it has never been directly measured. For the present study, several assumptions have
been made in creating this figure. Thus, to consider past pumping volumes of groundwater for local
use, historical studies were used (OEE, 1970; Ariel and Consultores, 1996; CONAGUA, 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, 2005).
Over a 40 year period (2010-2050) projected annual population 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. Likewise, pumping for domestic use 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 projected industrial use of
water can also be based on Mexico’'s projected GDP (Hawksworth, 2006). Between 1989 and
1999, agriculture using irrigation fluctuated around 153 000 ha with no significant increase or
decrease (INEGI, 2001); for lack of more information, it is assumed that agricultural use of water
remains constant.

Prediction of environmental impacts of groundwater extraction requires detailed investigation of
discharge processes. In this respect, export volumes to Mexico City have not increased in the last
10 years (Legorreta, 1997; CONAGUA, 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 determine 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.

3.4 Location of pumping alternatives

The fraction of recharge that can theoretically be extracted from an aquifer under steady-state
conditions will depend on the geometry of the aquifer system, and, in particular, on the location of
the pumping wells relative to the natural recharge and discharge zones (Bredehoeft et al., 1982;
Sphocleous, 2005). For this reason, Toluca and Mexico City and their metropolitan areas are now
faced with building new pumping well 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 (Sistema Cutzamala) and
areas around Valle de Bravo are currently being used or are seen as good possibilities to provide
for Mexico City and its metropolitan area and all municipalities located in the Toluca Valley (GEM,
2000).

In order for a groundwater system to be sustainable, pumping must be balanced by an equal
capture of discharge and/or recharge. As an alternative, in order to improve this situation in the
Toluca Valley, a series of scenarios with relocated wells is analyzed to evaluate the effects of
existing and proposed pumping well networks on land subsidence. In that context, scenarios 1-3
(Table 3) examine worst case, best case, and average expected values based on Table 2.
Recharge (based on Calderhead et al. (2010); and IPCC (2007)) and pumping are assigned their
respective scenario based on Table 2 with pumping divided into (a) exports to the Mexico Valley
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 the Mexico Valley are largely
considered to be a political issue and legal battles could potentially lead to decreasing exports.
Exports to the Mexico Valley are expected to increase (8 m3/s:) in the worst case scenario, decrease
(3 m®/s) in the best case scenario and remain constant (6 m°/s) in the average expected scenario.
A possible scenario is that pumping to the Mexico Valley decreases thus scenarios 4 and 5
decrease exports to 0 m%s and 3 m’/s respectively while keeping average estimates for all other
parameters. Scenario 6 examines the possibility of decreasing pumping in the Toluca Valley
(-25%) and the Mexico Valley (-50%) to a more sustainable rate. Scenarios 7 and 8 make use of
the clay thickness model (Fig. 4) for moving pumping wells from 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
Toluca Valley, scenarios 6 and 8 imply inter-basin water transfer from surrounding basins.

Alternatively, other scenarios could have been considered such as including scenarios with efficient
water use and expected artificial recharge, however it is estimated that these parameters are
insignificant compared to values of groundwater pumping. For example, Calderhead et al. (2012b)
estimates that a maximum artificial recharge would be in the order of 10 million cubic meters per
year (Mm®/year) for the entire Toluca Valley; this maximum value only represents less than 3% of
the total recharge estimated at approximately 376 Mm®/year.

3.5 Land subsidence detected by INSAR time series

3.5.1 Groundwater level monitoring and INnSAR data

During this research, more than 10 water level data loggers (Solinst levellogger model 3001 or
equivalent) were placed in monitoring wells in 2007, 2009 and 2012. The disaffected extraction
wells in which pressure loggers were installed were chosen according to the recommendations of
local water managers. In 2015, the loggers were retrieved and the recorded data were analyzed
and entered into Matlab 2015a for analysis. No information on the stratigraphy of these
observations wells is available. As the study focuses on the long term level variations, no
barometric corrections are applied.

In order to estimate the aquifer-system compaction, 93 selected subsets of SAR images were
used. They are all centered on the city of Toluca and cover from 7 to 15 km of distance in any
direction from the city center. Based on these data, the SBAS-INSAR algorithm was applied over
33 Envisat ASAR IMS images, 19 Radarsat-2 Fine images, and 41 Sentinel-1A Interferometric
Wide (IW) images covering different time periods (Castellazzi et al., 2017). For all InSAR
processing, the topographic component of the phase variation signal was corrected using a Digital
Elevation Model (DEM) with a 30 m resolution (ASTER GDEM Validation Team, 2009).



A comprehensive overview of the INSAR processing strategies used in this study and others is
given by Crosetto et al. (2016). SAR data were processed using the Small BAseline Subset
(SBAS-InSAR) algorithm (Berardino et al., 2002) and a Persistent Scatterers Interferometry (PSI)
algorithm (Ferretti et al., 2001), both incorporated into the ENVI platform through the SARSCAPE
5.2 module (http://www.sarmap.ch/). SBAS is used for all three SAR time-series to produce
combinable ground subsidence maps with the highest spatial coverage possible, thus highlighting
the temporal evolution of subsidence patterns for the period 2003-2016. The PSI technique is only
applied to the Sentinel-1A dataset to produce a gradient map at the highest resolution possible and
for the most recent time-period. Its ability to precisely delineate ground fractures related to
differential subsidence is tested. For more details concerning PSI and SBAS processing, as well
as the methodology applied to produce interferograms using SAR images for the Toluca Valley, the
reader can refer to Castellazzi et al. (2017).

3.5.2 Horizontal gradients and fracture delineation

As pointed out by Galloway and Burbey (2011), ground ruptures and fracturing can occur as a
result of differential subsidence. They potentially causes important damage to urban
infrastructures such as buildings, roads, pavement, communication and electricity lines, and water
pipes, hence the need to monitor them. This phenomenon occurs mainly where subsidence
patterns are spatially variable, as localized differential subsidence induces strain, bending of the
surface layer, and ultimately result in tension cracks and fractures (Holzer and Johnson, 1985). In
this study, horizontal gradients of vertical subsidence are analyzed in order to map areas prone to
ground fracturing and thus provide operational support to urban planning. Castellazzi et al. (2017)
provide additional background on the horizontal gradient calculation related to differential
subsidence.

Taking into consideration the above results, a potential ground fracturing map was created by
delineating manually the main features of the horizontal gradient map derived from the PSI vertical
displacement map. In order to verify the occurrence of these potential fractures, a field validation
survey was conducted in January 2017 and January 2019 to visit several easily accessible
locations chosen throughout the study area. Signs of fractures and damages to infrastructures
were checked at the vicinity of the delineated features. At several locations, local inhabitants
greatly helped in identifying the effects of land subsidence. This field validation step is essential to
assess the validity of the final PSI-derived potential ground fracturing map. The final map will be
provided to the City of Toluca and to groundwater managers as guidance for urban development
planning. It may also be provided to other cities of the region as an example.

4. Simulation of groundwater flow and regional land subsidence

In order to achieve a better understanding of the environmental impact of groundwater extraction,
Fig. 5 presents the drawdown distribution for scenario 3 with pumping beginning in 1950 and results
shown for years ranging 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. Hence, this progresses
significantly over the following 60 years by increasing to over 120 m, in the industrial corridor, by
2050. The simulated groundwater level decline between 1970 and 2009 agrees quite well with
observed field data (Calderhead et al., 2011).

Based on the simulations of the aquifer-system deformation, Fig. 6 shows the progression of total
land subsidence occurrences in the Toluca Valley for different modeling scenarios. 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 observed in 1962. In that context, the
occurrences are progressively larger from that point on and reach a maximum total subsidence of
3.8 min 2050. Likewise, the area of maximum subsidence is located in the industrial corridor (Fig.
1) where high pumping rates, high drawdown, and thick compressible clay layers are observed.



According to previous studies (Figueroa Vega, 2004), even though pumping began before the
1960's it is estimated that regional land subsidence did not begin until heavy water exporting began
in the late 1960’s. In such a context, very few historical studies have examined regional land
subsidence in the Toluca Valley, however, recent remote sensing techniques for measuring
regional subsidence and field data were used to calibrate the model (Calderhead et al., 2010, 2011)
giving more confidence in the 2010 case (Fig. 6d) and future scenarios. As mentioned before,
within the content of this study, SAR interferometry was applied using 13 years of INSAR-derived
ground displacement measurements.

In order to complete this section, Fig. 7 presents the resulting total compaction between 2010 and
2050 for the 8 scenarios. Note that this is cumulative compaction since 2010 and not since 1950 as
presented in Fig. 6. 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.

As can be seen in Fig. 8, comparing scenarios 3, 4 and 5 is of interest for characterization land-
surface motion in the Toluca Valley. 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 (scenario 5).

It should be noted, however, that the most marked change in subsidence occurs when moving the
pumping 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. Looking strictly at maximum
vertical compaction (not regional extent) and comparing scenario 8 to the likely scenario 3, where
pumping to the Mexico Valley remains constant and average expected pumping occurs (from 2010
to 2050), there is a maximum subsidence of over 1.6 m. In this context, in terms of maximum
subsidence one can expect, vertically, 4 times more subsidence with scenario 8 compared to
scenario 3.

5. Groundwater exploitation and subsidence conditions

It is possible that the theoretical assumptions and modeling approximations, combined with a lack
of representative geological, geomechanical, and hydraulic data has led to unreliable numerical
predictions. Nevertheless, the calibration process for the Toluca Valley flow and subsidence model
(discussed more thoroughly in Calderhead et al., 2011), increases our confidence in the simulation
results.

Under the conditions simulated, although the major factors controlling subsidence were varied in
the simulations, for simplicity, some parameters that have an influence (e.g., geomechanical
properties, extent of clay layers) were not varied. Likewise, there is also uncertainty in the chosen
parameters. For instance the population growth is based on UN estimates for the country. Thus,
an earthquake or a volcanic eruption in the valley would greatly throw off the population growth
curve; hence the results should be viewed with caution.

As an alternative, climate change plays only a minor role in the occurrence of subsidence (Table 2).
The three most important parameters controlling subsidence are local pumping volumes, relocating
pumping wells within the valley, and export volumes to the Mexico 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 year period (2010-2050)
will reach 1.4 m.

Considering that the system pumping groundwater to the Mexico Valley is mostly located in regions
with low clay content and little difference is observed between scenarios 4 and 5, completely
stopping exports to the Mexico Valley (scenario 4) is not necessary for controlling the subsidence.
Considering this fact, 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 all scenarios will require inter-basin water transfer at a later date because the water budget
deficit is not sustainable.

Based on the above analysis, importing water from adjacent basins becomes necessary when
decreasing pumping within the valley or there is an increase in the demand. In that context, 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 (scenarios 7 and 8). Hence, had pumping not occurred 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 learn from the past and avoid drilling new wells in locations
with thick compressible clay units, whether for exporting or local use.

In practice, however, it is probably not feasible to stop, or even decrease, pumping in the urbanized
part of the Toluca Valley. In this schema, a costly infrastructure project would be required to import
the water into the basin and supply the water to users in the urbanized part of the valley.
Considering the 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 (Gérfias et al., 2008; Hancox et al., 2010).

As illustrated in this study, 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
resource managers and stakeholders for better management practices.

6. Characterization of the regional aquifer-system deformation

6.1Groundwater depletion and land subsidence

As mentioned previously, a total of 93 SAR acquisitions from three orbital sensors were used to
retrieve ground deformation data over 13 years: Envisat ASAR for 2003-2010, Rdarsat-2 for 2012-
2014 and Sentinel-1A for 2014-2016. Based on these data, the accumulated compaction is as
much as 1007 mm for the period of 2003-03-26 to 2016-04-12 (Fig. 8), corresponding to a mean
rate of approximately 77 mm/yr. The highest subsidence rates are found on the western side of the
urban area, along the industrial corridor located along the Toluca-Mexico highway, as have been
observed previously within a preliminary study by Calderhead et al. (2011). Groundwater level vs
subsidence time-series are shown in Figs. 9 and 10.

As illustrated in Fig. 6, wells 1, 2, 3, and 4 are located in highly subsiding areas. Seasonal
variations of the water levels vary highly depending on the connections between the screened
layer and the recharge zones. However, all of the four wells show negative level trends ranging
from -1.12 to -0.28 m/yr. Well 2 and 3 are located in the industrial area, where important
groundwater consumers are located. Water level from well 2 is notably influenced by a pumping
well located nearby, and a highly varying groundwater level recovery and drawdown pattern is
observed in relation to the pumping cycles of the extraction well. Important negative level trends
can be observed in well 1, 2, and 4, while level variations in well 3 show an unexpected recovery
from 2012, which could be potentially due to the decommissioning of a nearby pumping well. Well



4 is screened at the same depth as well 1, and both show similar level trends. However, a
noticeable difference in the seasonal cycles suggests different hydraulic connections to their
contributing recharge areas. Well 5 is located downgradient in the groundwater flow system,
along the Toluca-Ixtlahuaca transportation axis, and away from the pumping centers. Even if only
2 years of data are available at this well, its shows both a seasonal signal and a strong negative
level trend of —0.79 m/yr. This well, located on the lowest altitude of the Toluca valley, and along
the groundwater discharge area of the Toluca Valley aquifer and away from all pumping centers
provides information about the varying groundwater discharge rates, which are likely impacted by
the groundwater extraction upstream.

As shown in Fig. 10, wells 6, 7, 8 and 9 are located outside of the INSAR subsidence survey. Well
6, 7 and 9 are located closer to the recharge area of the Sierra Las Cruces mountain range. Well 6
is strongly influenced by a pumping well driled 20 m away, and it shows frequent sudden level
variations as much as 8 m. The influencing pumping well is related to the Lerma system, providing
water for exportation to the Mexico Valley. Well 7 and 8 do not show the typical ample temporal
patterns expected near a recharge area and are probably poorly connected to it. However, they
both show slightly negative trends reflecting the regional scale groundwater depletion occurring
within the valley. On the contrary, well 9, located higher in the mountain range, shows very
important amplitude and seasonal recharge patterns as much as 10 m typical for a well located in
the Sierra Las Cruces, where the recharge rates are the highest of the valley.

6.2 Land subsidence rates and horizontal gradients

As described before, PSI processing was performed with 41 Sentinel-1A IW images to select and
invert the phase variations into displacement for 567728 detected coherent ground targets spread
over 750 km? (about 1/3 of the total Toluca basin area) and centered over the City of Toluca (Fig.
11). Vertical ground motion rates range from 0 to -80 mm/yr. The south-east and south-western
sides of the urban area are facing generally increasing land subsidence rates. The latest
measurements show that important land subsidence (superior to 50 mm/yr) is spreading to the east,
along the Toluca-Mexico axis, and where important transportation infrastructure developments are
planned to take place (Mexico News Daily, 2015). The subsidence is also spreading to the west,
which now shows rates of subsidence up to 55 mm/yr. As a result, the industrial complex, several
housing districts, and the airport are affected by important and spatially varying land subsidence
patterns (Fig. 11a). The largest rates of subsidence are found in the lacustrine sediments (Figs. 1
and 11a), and the smallest rates occur where slightly coarser-grained alluvial sediments occur, or
where alluvial sediment layers are thinner.

The methodology used to compute gradient allows delineating fractures without showing the typical
artifacts related to interpolation in areas of low PS point density (Fig. 11b). Important gradient
patterns occur within the valley, and their patterns differ significantly from the latest surficial
mapping determined by the Ayuntamiento de Toluca (2013-Fig. 11b). As the work by the
Ayuntamiento de Toluca (2013) is based on local knowledge and field observation, it might overlook
the less noticeable fractures where population density is lower or where no complaints from local
inhabitants were received. In addition, several fractures noticed in the field before 2004 do not
show differential movements from 2014 to 2016, confirming the variable dynamics of compaction of
the Toluca aquifer, with respect to variable temporal and spatial distributions of groundwater
extraction and accompanying groundwater level drawdown and recovery. The most noticeable
fractures (Figs. 11a and b) showed a differential displacement rate of around 30 mm/yr. Several
subsidence horizontal gradient features show shapes aligned with mapped basaltic flows (Fig. 11b),
which reflects the volcanic/alluvial history of the Toluca aquifer system controlling the sediment
thickness and the subsidence patterns.
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6.3 Field validation of the InSAR-derived ground fracturing map

We suggest that the ground fracture mapping is more complete and reliable when derived from
INSAR than when solely based on field observations (Figueroa Vega, 2004; Ayuntamiento de
Toluca, 2013). This hypothesis was tested through a field survey, which consisted in visiting
several easily accessible potential fractures observed by InSAR (Fig. 12). Thus, as can be
observed in Fig. 13, in some locations, obvious linear ground fractures are found (e.g. sites 1, 8,
and 4), while in others, only discontinuous subsidence effects can be observed (e.g. sites 7 and
9). The latter can be interpreted as secondary effects of structural damage suggesting the possible
occurrence of differential subsidence and ground ruptures.

Based on PSI processing, linear fractures were easily identified in the field at most locations (Sites
1,2, 346,38, 11, and 12 — Figs. 12 and 13). No obvious fractures were identified at the locations
5,9, 10 and 7 (Fig. 12). The detection of important subsidence gradients does not directly imply
that a fracture is observable. Three factors are likely to compromise the identification of fractures in
the field. First, we suggest that infrastructures close to the city center (Sites 9 and 10) are better
maintained and quickly repaired after been affected by differential subsidence. Second, the
presence of high horizontal gradients of vertical subsidence does not necessarily imply observable
ground fracturing. We suggest that where the strain is relieved progressively, in ‘steps’, it is divided
over several smaller fractures, which compromises their identification. At these locations, damages
to infrastructures might not be obvious enough to be observed while surveying, and might require a
more in-depth and time-consuming field inspection. Third, the Gaussian filtering required to smooth
out the noise (isolated unstable targets) and produce a usable gradient map leads to a decrease in
resolution proportional to the Gaussian filter radius. It implies that fractures cannot be identified
with a spatial precision sufficient for direct and effortless identification in the field. In most locations,
the help of local inhabitants was essential to identify the fracture, which was not observable exactly
in the field where it was drawn on the INSAR-derived map.

Taking into consideration the above results, and how there were also found ground fractures in 2/3
of the locations visited (e.g., Fig. 13), and given the difficulty of identifying such patterns in the field
(i.e., some might have been missed), we conclude that the PSI-derived ground fractures map is
generally reliable enough to provide guidance for urban development planning. Such a map can be
used as is, i.e. as a potential ground fracturing map, but we recommend its use as an a priori map
supporting a field-based ground fracture monitoring.

6.4Limitations and perspectives

The Toluca aquifer system is highly heterogeneous, and hydraulic connections between aquifers
and recharge areas are not fully understood. Consequently, it is notably difficult to accurately
estimate the regional scale groundwater depletion using only a few observation wells. However,
given the drawdown rates observed in 9 wells monitored as part of this study, it is reasonable to
estimate the regional groundwater level decline between 50 cm/yr to 80 cm/yr. This groundwater
depletion leads to a land subsidence rate as much as 77 mm/yr during 2003-2016 and recurrent
damages to infrastructures in both the eastern and western parts of the city. The city center,
located on a thinner sediment layer deposited on an andesitic volcanic cone, does not face land
subsidence issues. It is also one of the main geological structures controlling distribution and
thickness of the compressible sediment and associated fracturing.

The latest surficial fracture map was published in 2013 (Ayuntamiento de Toluca, 2013), and shows
different patterns than the ones revealed by the InSAR analysis in this study. Fractures are
regularly monitored neither by the scientific community nor by local governments, suggesting that
related prevention or mitigation programs in place are insufficient. In the meantime, major
infrastructure developments are planned to better link Toluca and Mexico, suggesting the
acceleration of the expansion and densification of the city of Toluca. Nevertheless, the
groundwater depletion issues remain unresolved.
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Sentinel-1 IW data are particularly suitable for the application presented in this article. PSI
processing can provide high-resolution ground displacement maps over urban areas, but is also
more sensitive than SBAS to inversion errors when displacement rates are important or non-linear.
The 12 day orbital repeat path frequency (or 6 days when using both Sentienl-1 satellites) greatly
helps in solving the phase ambiguity during the PSI phase/time to displacement/time inversion. In
addition, the temporal density of the Sentinel-1 system allows performing PSI-derived fault detection
analysis such as presented in this article over much shorter periods of time (i.e. the last 4-6
months). Such analysis is of great interest for cities, as fractures would be detected at their most
early stage and as field validation would potentially be easier, without a time gap allowing residents
to repair or hide the fractures.

Theoretically, 30 C-Band images per year (corresponding to a 12 days repeat path frequency) can
reveal up to 42 cm/yr of subsidence without unwrapping error and using a typical PSI-type
processing (Crossetto et al.,, 2016). As compacting aquifer-systems produce subsidence rates
usually ranging from a few mm/yr to around 30 cm/yr, Sentinel-1 SAR data are perfectly suitable for
such application. The use of both Sentinel-1 satellites, simulating a 6 day repeat path frequency, is
useful to double the threshold of maximum measurable displacement, and most of all to better
remove the atmospheric phase shifts and obtain a better vertical precision and detection threshold.
It also opens perspectives for studying fractured rock aquifers (Schuite et al., 2015) or the least
compressible sedimentary aquifers.

The low 3D perpendicular baseline (usually within the 20-100 m range for any given image pair)
and the high orbital precision also greatly help in providing clean interferograms without important
residual fringe patterns. Given the availability of the Sentinel-1 IW data and the maturity of both
INSAR algorithms and processing platforms, INSAR-derived ground fracturing maps can be routinely
provided to cities built over compacting aquifers in the near future. This will allow water-planners,
hydrologists, police makers, and others stakeholders to develop water management plans, and
make informed decisions based on the most recent and comprehensive data.
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Table 1. Description of calibrated material properties for the Toluca aquifer system
obtained using the HGS model. Note that vertical hydraulic conductivity is assumed to be
equal to horizontal hydraulic conductivity (modified from Calderhead et al. (2011)).

Layer AT* HC* SS* | F* ES* IS*
number Description ' '

(From top b K S, 0 ¥ S S

to bottom) [m] [m/s] [1/m] [-] [-] [1/m] [1/m]
Layer 1 clays 1 459  2.0E-06 5.6E-06 0.40 0.7 9.2E-07 3.7E-06
Layer 2 sand and gravel 18.0 4.0E-04 1.2E-06 035 1.0E-04 3.6E-08 1.4E-07
Layer 3 fine grains 16.9  3.0E-05 1.4E-06 030 1.0E-04 8.4E-08  3.4E-07
Layer 4 clay 2 2.1 2.0E-06 1.7E-06 0.35 0.7 3.0E-07 4.2E-07
Layer 5 fine grains 17.1  6.0E-05 1.4E-06 035 1.0E-04 8.6E-08  3.4E-07
Layer 6 coarse grains 19.0 1.0E-03 1.2E-06 0.35 1.0E-04 3.3E-08 1.3E-07
Layer 7 sand and gravel 10.6  4.0E-04 1.1E-06 035 1.0E-04 2.1E-08  8.5E-08
Layer 8 volcanic solids 6.7  6.0E-04 1.0E-06 030 1.0E-04 1.7E-12  6.7E-12
Layer 9 clays 3 219  5.0E-07 5.6E-06 0.35 0.7 2.1E-07 4.4E-06
Layer 10 conglomerate 7.3  6.0E-05 1.0E-06 0.30 1.0E-04 1.8E-12  7.3E-12
Layer 11 sand and gravel 6.8 4.0E-04 1.1E-06 035 1.0E-04 1.4E-08 5.4E-08
Layer 12 clays 4 3.7  6.0E-06 1.9E-06 0.35 0.7 1.9E-07  7.5E-07
Layer 13 fine grains 9.8  6.0E-05 1.2E-06 035 1.0E-04 4.9E-08 2.0E-07
Layer 14 sand and gravel 2.0 4.0E-04 1.0E-06 035 1.0E-04 4.0E-09  1.6E-08

* AT: Average thickness, HC: Hydraulic Conductivity, SS: Specific Storage, P: Porosity, F: Fraction of compressible
materials, ES: Elastic skeletal specific storage, IS: Inelastic skeletal specific storage.



Tabla 2. Summary of the observed and expected groundwater recharge and pumping from
1970 to 2050. Total pumping is divided into domestic use and exports to Mexico City. Dates
and scenarios with relocated wells are also indicated (modified from Calderhead et al.

(2012a)).
1970 1985 2000 2010 2020 2030 2040 2050
Recharge (Mm’/yr)
Historical 385.0 373.9 376.2 - - - - -
Averege - - 376.2  373.0 370.0 367.0 364.0 361.0
Wors case - - 376.2 3584  340.8 3232  305.6  288.0
Best case - - 376.2  377.8  379.6 3814 3832  385.0
Pumping (Mm’/yr)
Domestic use Historical -157.6  -2122  -266.8 - - - - -
Average - - - -305.3  -345.6 -382.6 -409.9 -428.7
Worst case - - - -248.0 -294.8 -3448 -3984 -456.9
Best case - - - -396.1 -4264 -4489 -461.5 -463.1
Export to Mexico City Historical -189.2  -189.2  -189.2
Average - - - -189.2  -189.2 -189.2 -189.2 -189.2
Worst case - - - -2523  -2523  -2523  -2523  -2523
Best case - - - -94.6 -94.6 -94.6 -94.6 -94.6
Relocation of wells
Scenarios (1-6) current current current current current current current current
Scenarios (7-8) current current current moved moved moved moved moved
Note: see Figure 5 for location of moved wells and Table 3 for description of pumping scenarios. ‘-’ implies

data is not relevant.
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Table 3. Summary of pumping scenarios simulated with HGS between 2010 and 2050 to
estimate land subsidence in the Toluca aquifer system (after Calderhead et al. (2012a).

. i Toluca L.
Scenario Lerma [.)ump.l ng 0 u? Recharge Description
(to Mexico City) pumping

1 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
pumping

3 constant at 6 mS/s average average Average case with Lerma pumping constant at 6
m3/s

stop Lerma ) _ _

4 pumping (0 ma/s) average average Average case with stopping Lerma pumping

5 50% decrease average average Average case with a 50% decrease in Lerma
pumping

6 50% decrease decrease average Decrease Lerma pumping by 50% and decrease

by 25% Toluca Basin pumping by 25%

7 Constant at 6 m3/s average average Move pumping centres to locations with less clay

(see Fig. 4)
decrease Move pumping centres to locations with less clay
8 50% decrease . average (see Fig. 4) and decrease Toluca Basin pumping
by 25% by 25% and Lerma Pumping by 50%
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Figure 1. Three-dimensional schematic model of the Upper Lerma River Basin showing
principal physiographic features and the extent of the Atlacomulco/Ixtlahuaca basin to the

north and the Toluca basin to the south. Also shown is the metropolitan area for 2015
delimited using Landsat images.
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Figure 2. Map of the Toluca Basin showing a graphical comparison of the metropolitan
urban area expansion in the Toluca Valley delimited using Landsat color-composite images

from 1973 to 2015. The images are available from the USGS LandsatLook Viewer
(https://landsatlook.usgs.gov/).
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Figure 3. Processing chain for obtaining the 3D finite-element model domain. 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. (2011)).
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Figure 4. Distribution of simulated pumping wells for groundwater management scenarios
for the Toluca aquifer system and spatial distribution of aggregate clay thickness (modified
from Calderhead et al. (2012a)). Also shown is the metropolitan area for 2015 delimited
using Landsat images.
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Figure 5. Evolution of regional drawdown in the Toluca Valley aquifer system from 1962 to
2050 simulated with HGS using 1950 levels as initial condition (scenario 3, modified from
Calderhead et al. (2012b)).
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Figure 6. Evolution of regional land subsidence in the Toluca Valley aquifer system from

1962 to 2050 simulated with HGS (scenario 3, modified from Calderhead et al. (2012b)).
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Figure 7. Simulation results for scenarios 1-8 showing total land subsidence simulated with
HGS between 2010 and 2050 (scenario 3, modified from Calderhead et al. (2012b)).
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Figure 8. Total vertical subsidence for the period 2003-2016 produced by cumulating
INSAR measurements from three SAR sensors. Some areas of the city have undergone 1 m
of subsidence in 13 years. Temporal variation of the groundwater levels are shown in Figs. 9
and 10 for the monitoring wells 1-9.
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Figure 9. Groundwater level change in monitoring wells 1-5 and InSAR-derived vertical
subsidence at their vicinity. For the general location of monitoring wells refer to Fig. 8.
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Figure 11. (a) Vertical displacement rates for the period 2014-2016 measured by
processing 41 Sentinel-1A images using the PSI algorithm; (b) By solving the phase
ambiguity individually for each ground target, PSI allows ground displacement
measurements at the ground target resolution. Also shown is the latest ground fracturing
map determined by the Ayuntamiento de Toluca (2013).
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Legend
— Ground fractures as observed by Figueroa Vega (2004)
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Figure 12. Comparison between potential surficial fractures manually drawn from the PSI-
derived horizontal gradient map of vertical subsidence (Fig. 11) and the latest surficial
fracture map from the Ayuntamiento de Toluca (2013) based on field observations.
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Figure 13. Examples of ground fractures observed in the field while surveying
the areas identified by PSI. The locations visited are all marked on Fig. 12.
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