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Abstract

The Toluca Valley Aquifer (TVA) is considered one of the most overexploited aquifers in Mexico
because of the high rate of groundwater extraction for supplying urban and industrial water to
Mexico City and Toluca City, which causes land subsidence in urban and suburban areas. In this
paper, we propose a multi-temporal analysis that uses persistent scatterer interferometry (PSI)
method to evaluate the subsidence processes in Toluca Valley. The PSI results revealed differen-
tial movements of the ground of as much as 83 mm/year. A spatial variation of PSI results was
identified with respect to previous studies using the conventional Din SAR methodology. The spa-
tial distribution and density suggested the possibility of an expanding trend of subsidence process
at north, northeast and east of the TVA, which corresponds to the region with the highest density
of pumping wells for industrial and agricultural use.
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1. Introduction

Differential movement of ground is caused by geological instabilities at different scales and depths. Specifically,
most subsidence in urban areas results from anthropogenic causes: gradual settlement of soil results from
groundwater overexploitation, which is principally associated with irrational use of pumping wells. The steady
decline of groundwater levels leads to soil compaction, particularly on porous granular material, which causes
soil faults, fissures, or vertical movements. Although land subsidence occurs on the scale of millimeters, with
time, it causes the significant damage to urban and rural infrastructure.

Radar data have been demonstrated to be effective for multi-temporal monitoring of land subsidence in
densely urbanized environments [1]-[11]. In the last ten years, differential synthetic aperture radar interferome-
try (DInSAR) has been the most conventional technique for evaluating any type of vertical ground movement,
such as volcanic activity [12]-[14], glacial retreat [15] [16], slope mass movements [17] [18], coal mining [2]
[19], and tectonic process [20]-[22]. However, the most significant limitation of using DINSAR observations
taken in multiple passes is the decorrelation of radar information. This decorrelation is caused by several error
sources, including temporal decorrelation due to physical terrain changes, low coherence due to changes in the
backscattering mechanisms of the signal, and principally, delay in phase propagation as a result of the signal’s
interaction with atmospheric conditions [23]-[25]. Persistent scatterer interferometry (PSI) is a method devel-
oped by Ferreti et al. [1] [26] [27], in which the land deformation may be detected at the scale of millimeters.
Unlike traditional DInSAR, PSI permits reducing the atmospheric phase contribution considerably by selecting
backscatter points or “persistent scatterers” (PSs), which serve as “coherence pixels” because the magnitude of
the radar signal at these points should remain constant throughout the synthetic aperture radar (SAR) time series.
These PSs enable one to filter out the phase linked to atmospheric effects from the SAR time series data. The
selected stable reflector PSs usually correspond to urban areas, which host manmade structures that are not af-
fected by residual noise or temporal decorrelation. In Mexico, several studies have used DINSAR and PS tech-
niques to assess subsidence processes within principally urban zones in the center of the country that are princi-
pally affected by groundwater overexploitation [4] [8] [11] [28]-[30]. In this paper, we studied the subsidence
processes in the Toluca Valley Aquifer (TVA) and its surroundings during the period 2003-2010 based on mul-
titemporal Envisat-ASAR images and historic piezometric data. In contrast with previous work [28] [29], we
used PSI because it has been demonstrated to be the most accurate method for collecting data regarding vertical
ground deformation in urban environments.

2. Characterization of Study Area

Toluca City (TC) is located 70 km west of Mexico City (MC), is part of the TVA, and belongs to the upstream
basin of the Lerma River in Central Mexico. The study area extends in latitude from 19°9'30" to 19°24'18" and
longitude from 99°28'36.10" to 99°47'27" and covers an area of 900 km?. Nearly 1.8 million people live in TC.
However, the population is increasing in the western, northern, and northeastern areas of the city. Land use
within TC and the surrounding areas is characterized by habitation, seasonal agriculture, and industrial corridors
along the eastern valley (Figure 1). Because of poor land-use planning within TC, new residential and industrial
development has occurred in the aquifer recharge zone north and east of the hydrological basin. This spatial dis-
order has negatively impacted the environment by decreasing the TVA groundwater level. In turn, groundwater
withdrawal has caused clay-soil compaction and land subsidence.

The TVA and Geology

The proximity of the TVA to Mexico Valley is another negative factor for the TVA. MC is located in the Mex-
ico Valley, 70 km from the TVA. Nearly 20 million people live within the MC metropolitan area, and it is
ranked among the top-10 most populated in the world. Since 1952, approximately 256 pumping wells were built
throughout the TVA to supply drinking water to MC. To date, more than 500 pumping wells have been distri-
buted within the TVA and represent 30% of MC’s water supply. The increased drilling of pumping wells around
urban and industrial areas has also caused the gradual extinction of springs, wetlands, and groundwater recharge
areas [31]. The TVA has become the second-most overexploited aquifer in Mexico [32].

The TVA is a volcanic aquifer with high permeability due to its fractured basaltic bedrock. It is bordered on
the east by the Sierra Chichinautzin mountain system and on the west by the Nevado de Toluca volcanic system.
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Figure 1. Study area location: Toluca Valley area within the border of the TVA. The blue points represent pumping wells.

Both of these systems correspond to Quaternary activity that is characterized by pyroclastic flows and unconso-
lidated material derived from volcanic explosive phases. These systems provide the principal means of aquifer
recharge because of the rocks’ high permeability. According to the geologic section shown in Figure 2, the
geologic sequence in the study area can be characterized by three principal units. First, an explosive volcanic ac-
tivity from Miocene to Quaternary with a rhyolitic to dacitic composition [33] [34]. Subsequently, the surficial
geology is composed of sequences of lava flows and lahar deposits, over which there are settled lacustrine depo-
sits that are composed of silt and clay sediments, principally located in the basin’s center and eastern parts, and
derived from relict lakes. Finally, alluvial deposits are distributed along the basin’s flat area; these deposits ori-
ginated from movement of upslope granular materials.

3.Data
We acquired 31 C-band Envisat-ASAR images taken along descending orbits, track 2190, for the period of
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March 2003 to August 2010 (Table 1). Unfortunately, because of the failure of Envisat in April 2012, it was not
possible to collect more recent radar data. A digital elevation model (DEM) proposed by INEGI (Instituto Na-
cional de Estadistica Geografia e Informatica) was used as an external DEM to remove the topographic phase
from the differential interferograms. The images have a resolution of 30 m and were projected to the Universal
Transverse Mercator (UTM) coordinate system with vertical coordinates specified by the World Geodetic Sys-
tem (WGS 84). PSI processing was performed using the ENVI SARSCAPE 5.0 software package, which has
been specially calibrated for Envisat-ASAR data based on a linear model. To ensure optimal functioning of the
software, 20 radar acquisitions must be considered at a minimum, and the software’s accuracy may be increased
by using radar acquisitions that are closely spaced in time.

4. Methodology

As mentioned above, the methodology to assess subsidence processes in the TVA is based on a linear model in
which a constant velocity is considered as function of time. This assumption implies that variation in the dis-
placement rate over time is not considered. Thus, the methodology can be explained as follows. The core of the PS
analysis is the selection of point target candidates. As a result, criteria for implementing the method must be
considered. The amplitude dispersion rule was used for the selection of point target candidates Ferreti et al. [26]
[27]:

Da = ob Q)
pa

where Da is the amplitude dispersion and ob and pa represent the standard deviation and mean of the pixel
amplitude over time, respectively. Thus, a pixel with low amplitude dispersion has a stable phase and is selected
as a point target candidate. The selection and homogeneous distribution of point target candidates across the
study area enables one to estimate the atmospheric contribution. A master image is selected to maximize the
correlation (coherence) among all interferograms, which depends on the temporal and perpendicular baselines
and differences in the Doppler centroid frequency along the baseline track [6] [9]. For the PSI analysis within

©,
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Table 1. Baseline information for Envisat-ASAR.

Date Normal baseline Temporal baseline Layer type
26/03/2003 0 0 Master
09/07/2003 805.355 105.000 Slave
13/08/2003 910.537 140.000 Slave
04/02/2004 200.026 315.000 Slave
10/03/2004 494.118 350.000 Slave
10/11/2004 672.672 595.000 Slave
15/12/2004 382.021 630.000 Slave
19/01/2005 32.079 665.000 Slave
08/06/2005 568.318 805.000 Slave
17/08/2005 113.325 875.000 Slave
30/11/2005 498.156 980.000 Slave
08/02/2006 635.861 1050.000 Slave
24/05/2006 462.351 1155.000 Slave
20/12/2006 15.830 1365.000 Slave
28/02/2007 162.101 1435.000 Slave
13/02/2008 249.502 1785.000 Slave
23/04/2008 196.653 1855.000 Slave
28/05/2008 100.487 1890.000 Slave
15/10/2008 54.675 2030.000 Slave
24/12/2008 146.143 2100.000 Slave
04/11/2009 15.786 2415.000 Slave
09/12/2009 390.494 2450.000 Slave
13/01/2010 1.350 2485.000 Slave
17/02/2010 62.130 2520.000 Slave
24/03/2010 123.901 2555.000 Slave
28/04/2010 19.817 2590.000 Slave
02/06/2010 74.799 2625.000 Slave
07/07/2010 49.727 2660.000 Slave
11/08/2010 141.117 2695.000 Slave
15/09/2010 122.686 2730.000 Slave
20/10/2010 155.645 2765.000 Slave

this area, the image acquired during February 2003 was selected as master, with a coherence limit of 0.75. In
addition, a maximum spatial baseline of 500 m and a maximum temporal baseline of 2590 days were selected.

O,
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5. Results

After transforming the range to terrain correction, the PSI results were overlaid on a mosaic of Envisat-ASAR
images (Figure 3) that show the line-of-sight (LOS) mean deformation velocity (mm/year). Considering all in-
dependent grids as a unique study area, 52,055 pixels were identified as PSs, with a density of 58 points/km? In
the remainder of the study area, PS pixels are non-existent because of lost of coherence between all radar pairs.

The results of the LOS map indicate maximum land subsidence at a rate between —55 and —83 mml/year (i.e.,
color shades from orange to red on the map), getting a very close result in comparison to previous studies; how-
ever, potential areas and spatial variations of subsidence were determined.

A spatial comparison of the PS locations and the characteristics of the study area was performed. Almost 35%
are PS pixels with a subsidence rate greater than —55 mm/year associated with the range greatest values of sub-
sidence. The area that contains these PS pixels is located in the quadrant that is north-northeast-east of the his-
toric downtown, which includes the villages of San Nicolas Tolentino, San Pedro Totoltepec, San Pablo Auto-
pan and the airport area; where the subsidence processes come into land use of urban corridors with a high den-
sity of groundwater pumping, agricultural areas and industrial equipment. The second area with high subsidence
values corresponds to the western border of TC; this area exhibits a subsidence rate of —40 to —60 mm/year
(color shades from yellow to orange on the map) and a low density of 9% of PS pixels. The land use in this area
is primarily characterized by peri-urban settlements and agricultural areas with a low density of groundwater

pumping.
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Figure 3. PSI results for the evaluation of subsidence in Toluca Valley for the period 2003-2010 using 31 Envisat-ASAR
images.
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6. Validation of PSI-Time Series Analysis and Discussion

Worldwide, there are numerous examples that demonstrate the intrinsic relationship between ground subsidence
(identified using DInSAR techniques) and groundwater overexploitation in urban environments [4] [8] [10] [28]
[29] [35]-[37]. In Mexico, several case studies have reported an intrinsic relationship between the location of
ground subsidence and soil compaction (of the upper layers of soils rich in clay) due to decreases in the
groundwater level. This effect is especially evident in MC, where the maximum total subsidence was approx-
imately 400 mm for the period from 2002 to 2010; this value is considered the maximum vertical deformation
associated with ground subsidence process throughout Mexico [4].

To determine the accuracy of the results obtained from PSI, a comparison of PSI and piezometric monitoring
was realized to analyze the vertical fluctuations of groundwater level at different depths through time and to
compare the spatial distribution of groundwater fluctuations with that of vertical ground deformation (i.e., the
LOS mean deformation). Near to 150 multi-piezometers are distributed across the basin and were installed at a
rate between 5 and 350 m of depth. We chose those sensor multi-piezometers specifically located at 3 depths of
50, 100, and 150 m. Finally, only 31 multi-piezometers were selected for the validation process. According to
the lithological sequence of the multi-piezometers selected, its conformed in 2 units associated to the Late Pli-
ocene-Quaternary [38]. The first unit is characterized by overlaid volcanoclastic and lacustrine deposits, which
are predominantly composed of clay; the second unit is a minor layer of unconsolidated alluvial deposits (which
is composed of gravel, silt, and clay).

Three final maps were generated using an algorithm based on a geo-statistical interpolation method:

Y(X)=2AY (%) @

where Y (X;) is the predicted measurement at location i, 4 is an unknown weight of the measured value at
location i,and Y (XO) is the prediction at location i . This formula considers the data-weighted sum, where
the spatial correlation is considered for a given set of points (within a specified radius), thus obtaining a measure
of the accuracy of the predictions about unmeasured locations.

Thus, the maps in Figure 4 show the spatial evolution of the groundwater level through the period 1970-2010,
considering only the following 3 levels of depth: 50, 100, and 150 m. Interpolation of the piezometric time series
demonstrates that a minimum vertical fluctuation of the groundwater level occurs at shallow depths (Figure
4(A)). The maximum fluctuations occur at depths greater than 100 m, with an oscillation greater than 47 m.
Specifically, there is a spatial correlation between isolines linked to maximum piezometric fluctuations and sub-
sidence rates of greater than —40 mm/year, which indicates a possible expanding trend of subsidence process at
north, northeast and east of the TVA (Figure 4(B) and Figure 4(C)).

To show the patterns of aquifer depletion through time with respect to the PSI results, we selected 4 profiles
along different windows with the same dimensions extracted from subsidence LOS map. The criterion for locat-
ing of the windows was based on a spatial limit between low, medium, and high values of subsidence with re-
spect to the nearest piezometer (see Figure 4). The graphics in Figure 5 correspond to the multi-piezometers
PL-130, PL-201, PL-202, and PL-205 and consider the same period of time as the PSI analysis (2003-2010).
PL-130 (Figure 5(A)) is located at the eastern edge of the TVA, the graphic represents the evolution for three
different groundwater levels: 151 m, 121 m, and 11 m; which exhibit constant behavior for the time period con-
sidered. However, according to the PS values, the total land subsidence reaches —37 mm/year, with a major den-
sity of PSs in the period 2009-2010. PL-201 is the piezometer that is nearest to the historic center of Toluca City,
and its spatial position represents the limit of the medium subsidence values, with rates of —40 to —65 mm/year.
The graphic shows the evolution of the vertical gradient for the aquifer’s shallow levels at depths of 12 m, 23 m,
and 50 m (Figure 5(B)); the maximum fluctuation is approximately —5 m for the sounding lines at 23 m and 50
m, which is not a significant change in the vertical gradient of the aquifer. Nevertheless, the sounding line at 12
m indicates a recovery in the level water of approximately 4 m for the period 2005-2009. PL-205, which is lo-
cated at the northeast edge, measured the greatest values of subsidence over the entire LOS map (rates between
—55 mm/year and —83 mm/year) and exhibits a similar behavior for the shallow sounding lines (17 m of depth).
Otherwise occurs with the sounding lines greater than 100 m, where there is a negative tendency for groundwa-
ter levels with an abatement gradient of —40.99 m to —45.99 m (Figure 5(C)). Finally, PL-202 exhibits a similar
behavior for sounding lines at depths of greater than 100 m: the graphic (Figure 5(D)) shows an abatement of

©,
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Figure 4. Distribution of PSs with respect to isolines of maximum piezometric
fluctuations for the period 1970-2010 considering only three levels of depth: 50
m (A), 100 m (B), and 150 m (C).
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the groundwater table during all periods of time (2003-2010). Specifically, the sounding line at a depth of 150 m
is where the maximum abatement gradient of the groundwater level is —28.27 m.

Thus, according to the validation that compared the PSI and piezometric data, there is no evidence of a direct
relationship between ground subsidence and the static level of groundwater in the TVA at depths less than 50 m.
This finding could be attributed to local confinement of the aquifer, which is conformed by sequences of lacu-
strine and alluvial deposits that are interconnected by the lateral flow of water. Alternatively, there is a direct
correlation between a high rate of subsidence derived from PSI multi-temporal analysis and historical piezome-
tric data along chosen profiles, specifically for sounding lines that are up to 100 m deep. This finding also con-
siders that the maximum isoline’s density corresponds with the maximum rate of depletion of the static ground-
water level, which could be an indicator of a spatial trend in land subsidence. This trend would imply that the
sector to the north, northeast, and east of the city exhibits the possibility of an expanding trend of subsidence
process.

7. Conclusion

In this paper, we presented an approach for detecting land subsidence in the TVA based on PSI method. A high
spatial correlation was identified for PSs with a rate between —55 and —83 mm/year and maximum groundwater
level depletion rates of up to —47 m, considering historical piezometric data at depths of up to 100 m for 1970-
2010. Because of overexploitation of the aquifer, the spatial distribution of PS pixels and the behavior of abate-
ment isolines possibly indicate increasing land subsidence in the northeast quadrant of the TVA, where the
highest density of pumping wells for industrial and farm use is located. The PSI method in combination with hi-
drological data is a potential technique for the spatial and temporal monitoring of subsidence, which should be
considered for decision-making about land planning programs in urban and suburban areas.
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