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A B S T R A C T   

Groundwater overexploitation occurs throughout Central Mexico and is a major threat to the sustainable 
development of the region. The two most direct impacts are on groundwater/surface water interactions and 
uneven land subsidence causing ground fracturing. The latter implies frequent and costly repairs to linear urban 
infrastructure such as roads or water/gas distribution conduits. In 2011, the state of Querétaro drastically 
changed the water management scheme to solve the groundwater depletion and ground fracturing issues in the 
Querétaro Valley. Groundwater extraction was decreased by half and the missing portion was replaced by water 
imports transported through a major 123 km-long aqueduct infrastructure. In this paper, we evaluate if this 
change in the water sourcing strategy has helped reducing groundwater overexploitation and the related ground 
fissuring. We present four consecutive radar interferometry-derived ground deformation time-series covering 
~75% of the period 2004–2020. We observed that maximum ground deformation has drastically decreased by a 
factor of ~5 after 2011, from − 25 to − 50 mm/yr to ~− 10 mm/yr, suggesting the effectiveness of the drastic 
water management change. However, while groundwater static pressure has recovered in the range [4, 10] m in 
the six years following the change, extraction has been constantly increasing. Interferometric observations based 
on Radarsat-2 and Sentinel-1 data, in 2013–2014 and 2017–2020 respectively, detect increasing subsidence rates 
up to ~− 15 mm/yr. This suggests that the water management change only reduced the problem, and that a 
longer-term strategy will have to be implemented to fulfill the ever-increasing water demand in the region.   

1. Introduction 

Land subsidence often occurs as a result of unsustainable ground
water extraction. Groundwater storage loss and level decrease imply a 
hydrostatic pressure change in the aquifer. In compressible aquifer 
systems, typically containing high proportion of clay and/or silt either as 
parts of aquitards or discontinuous interbeds, the pressure change in
duces reconfiguration of the sediment matrix and compaction (Terzaghi, 
1925; Biot 1941). Typically, compaction is partly elastic (recovered if 
hydrostatic levels recover, typically with a time lag) and partly inelastic 
(unrecoverable); the proportion of elastic vs. inelastic compaction 
depending on the pre-consolidation state of the sediment matrix. 
Compaction of the compressible matrix is visible as ground deformation 
at the surface. As compaction occurs in relation to spatially and 

temporally variable parameters, i.e. sediment compressibility, hydro
static pressure change (related to aquifer storativity and confinement; 
see Castellazzi et al. 2016 for a detailed explanation) and aquifer 
thickness, ground level changes is also uneven and vary in time and 
space. Uneven aquifer compaction leads to ground fissuring, drastically 
affecting the structural stability of infrastructure. 

Most cities of Central Mexico are facing major aquifer compaction 
and ground fissuring issues, and several of the most internationally 
known cases of groundwater-related land subsidence occur across the 
region: Mexico City (Osmanoğlu et al., 2011; Solano Rojas et al., 2015; 
Sowter et al., 2016), Toluca (Calderhead et al., 2010, 2011; Castellazzi 
et al., 2016, 2017); Querétaro (Pacheco et al., 2006; Castellazzi et al., 
2016; Carreón-Freyre et al., 2016), Aguascalientes (Pacheco-Martínez 
et al., 2015a, 2015b; Cigna and Tapete, 2021), Morelia (Cigna et al., 
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2012; Castellazzi et al., 2016; Suárez et al., 2018) and Ciudad Guzman 
(Brunori et al., 2015). Encompassing most of these cities, Chaussard 
et al. (2014) presents a large-scale ground subsidence map for the entire 
region and for the period 2007–2010, which was later extended north
ward in Castellazzi et al. (2018). Typically, these subsidence hotspots 
occur when groundwater is extracted from alluvial and lacustrine 
aquifers comprising clayey aquitards and interbeds. In some cases, 
discontinuous volcanogenic sediments occur in between lacustrine and 
alluvial layers (e.g. Mexico City, Toluca). In other cases, the sedimentary 
aquifer is within a graben structure controlling its thickness and the 
ground fracturing observed at the surface (e.g. Celaya, Querétaro, 
Aguascalientes; see e.g. Pacheco-Martínez et al., 2015a). 

Interferometric Synthetic Aperture Radar (InSAR) techniques have 
largely contributed to map, quantify, and understand groundwater- 
related land subsidence issues (Galloway and Hoffmann, 2007). It has 
been applied over numerous cities across Central Mexico, some exam
ples among many others include Cigna et al. (2012), Chaussard et al. 
(2014), Sowter et al. (2016), Castellazzi et al. (2017). InSAR uses time- 
series of spaceborne radar images taken from similar orbital positions 
and analyses the temporal changes of the phase signal. Phase shift maps, 
also called interferograms, are generated and interpreted as a combi
nation of different contributing signals, such as atmospheric delay, 
topographic phase (related to spatial baseline and parallax issue due to 
subtle change in satellite positioning and related inaccuracies), and 
ground deformation. After correction (for topographic phase removal), 
stacking and filtering (a frequent strategy adopted for atmospheric 
phase removal), the residual phase shift can be interpreted as a distance 
change between the satellite position and the ground. Numerous InSAR 
processing strategies have been developed in the last two decades. 
Typically, they either focus on (1) producing many interferograms from 
a SAR image time-series and fit a deformation model to the interfero
gram stack (Small BAseline Subset, or SBAS-InSAR; Berardino et al., 

2002), or (2) track the phase shifts over the most coherent ground tar
gets (Persistent Scatterers Interferometry, or PSI; Ferretti et al., 2001). 
While both techniques have their respective advantages, numerous 
variants attempt to combine the advantages of both (Crosetto et al., 
2016). In Central Mexico, both techniques have been applied and show 
similar results (Castellazzi et al., 2017). In that region, the deformation 
signals are significant (cm-scale), progressive in both time/ space and 
occur usually over highly coherent, urban land use. Thus, they are 
typically easy to retrieve using InSAR. 

Aquifer overexploitation and ground fissuring occur throughout 
Central Mexico; mitigation measures focus on regulatory aspects of 
groundwater extraction. Typically, groundwater extraction permits are 
unobtainable or limited in depleting aquifers, which in theory, prevent 
worsening of the groundwater depletion and ground fissuring issues 
(Moreno et al., 2010; Hatch Kuri, 2017). However, due to constraint in 
controlling the extraction rates of authorized users and the constantly 
increasing demand for water, groundwater extraction is, in most cases, 
still constantly increasing (Carrera-Hernández et al., 2016). As a result, 
groundwater depletion, aquifer compaction and ground fissuring still 
occur despite important consequences on the environment (Esteller and 
Diaz-Delgado, 2002; Rudolph et al., 2006; Hancox et al., 2010). 

A major water importation infrastructure has been inaugurated in 
2011: the ‘Acueducto II’. This 123-km water pipeline system allows 
importing water to the city of Querétaro from a nearby mountain range. 
For the first time in Central Mexico, imported water allows reducing 
local groundwater extraction, depletion and related ground fracturing 
issues, meanwhile providing sufficient water for the local populations 
and the economic development of the region (CEA Querétaro, 2016). 
While forecasting scenarios of groundwater level recovery have been 
tested in a three-dimensional groundwater flow modelling effort (Car
rera-Hernández et al., 2016), no direct assessment of level recovery and 
subsidence has been published to date. In this paper, we fill this science 

Fig. 1. Location of the study area on global (A), regional (B) and local (C) maps. Areas where land subsidence above 1 cm/yr occurred over 2007–2011 are shown 
(Chaussard et al. 2014; Castellazzi et al. 2018). The Lerma-Santiago-Pacifico basin is the main water basin of the region (B). The Querétaro-Celaya-Irapuato corridor 
faces important groundwater depletion-related land subsidence issues (C). 
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gap by producing a 16-year-long ground deformation time-series from 
InSAR which encompass the time-period of the water management 
changes. The interpretation of the deformation time-series is supported 
by groundwater level measurements and in situ observations. 

2. Study area 

The City of Querétaro (lat/lon: 21.12/-101.68) lies within the 
Querétaro Valley, a 2,700 km2 valley in Central Mexico. It is approxi
mately 200 km northwest of Mexico’s capital City, Mexico City (Fig. 1). 
The valley’s elevation is ~1800 m asl and is delimited by mountains to 
the Northwest and Northeast with elevations in the range [2100, 3400] 
m asl. The City of Querétaro is the main city within the valley, with a 
total population (metropolitan area of Querétaro) of 1,161,458 in
habitants in 2010 (INEGI, 2011) and 1,594,212 inhabitants in 2020 
(INEGI, 2021), i.e. it increased by +37% in 10 years. The urban area of 
the Querétaro Valley expanded from 10.65 km2 in 1973 to 207.33 km2 

in 2015. This is an average spatial expansion rate of 4.7 km2/yr related 
to the economic and industrial development within the valley (for more 
information, see Fig. S1 in the Supplementary info. document). 

Geologically, the Querétaro Valley is part of the Trans-Mexican 
Volcanic Belt (TMVB). The valley is formed by a graben, where lies a 
sedimentary aquifer. The sediment (and aquifer) thickness is largely 
controlled by another, smaller-scale graben (Aguirre-Díaz et al., 2005). 
As other valleys of the region, the sedimentary filling, source of most of 
the local groundwater extraction, is interrupted sequences of volcano- 
clastic material, tuffs, and andesitic and basaltic flows of the Pliocene 
(Fig. 2). Hydrologically, the valley is part of the Lerma-Santiago-Pacifico 
watershed (Fig. 1) and is connected to the Lake Chapala system, mostly 
through a relatively limited surface water flow. Average precipitation is 
~550 mm/yr and average temperature is ~18.7 degrees Celsius (Villa 
Alvarado et al., 2014). 

The regional hydrogeological setting, as described in Ochoa- 
González et al. (2018) and Carrera-Hernández et al. (2016), is a creta
ceous basement covered by a sequence of alternating layers of tertiary 
volcanic rocks and sedimentary material. According to the stratigraphic 
sequence of some wells, a normally graded sedimentary sequence of 
conglomerates, gravels, sands, silts and clays fills the central area of the 
valley (Fig. 2). Based on the geologic units of the Querétaro aquifer, the 
conceptual model has been defined as a multilayer, faulted, unconfined 
and semiconfined system, as similarly mentioned by Carreón-Freyre 
et al. (2005, 2016), and more recently by Ochoa-González et al. (2018). 
Regional groundwater flow, for the most part of the Basin, is controlled 
by hydraulic head differences and lithology. The main recharge area for 
the aquifer is in the mountains to the north and south of the valley, and 
in the Cañada area (east of the city of Querétaro). Local and intermediate 
groundwater flow systems occur within the aquifer system and a 
regional flow system occurs through the major faults systems, which 
may have horizontal and vertical components, frequently related to 
hydrothermal flows associated with the recent volcanic activity reported 
in the area (Aguirre-Dıáz and López-Martıńez, 2001; Ochoa-González 
et al., 2015). Carreón-Freyre et al. (2005) proposed that the north-south 
and east-west faulting systems delimit compartments for local and in
termediate groundwater flow systems based on the analysis of piezo
metric level variations. Analysis of piezometric levels allows inferring a 
direction of groundwater flow from the NE and the NW towards the 
center of the Querétaro Valley and towards the Apaseo Valley in the 
state of Guanajuato (west of Querétaro), due to the continuity of the 
aquifer units. 

The local groundwater extraction has increased five folds from 1970 
to 2010, with extraction volumes going from 21.0 Mm3/yr to 61.8 Mm3/ 
yr. This leads to ever-worsening groundwater level drawdowns and 
depletion, at least until the potentially drastic changes related to the 
start of the ‘Acueducto II’ system in 2011 (CEA, 2016; Carrera- 
Hernández et al., 2016). According to Pacheco et al. (2006), maximum 
values of water-table drawdown rates ranged between [4, 6.6] m/yr, 
with numerous wells showing drawdown close to 3 m/yr. According to 
Carreón-Freyre et al. (2005), maximum drops in water table between 
1970 and 2002 were approximately 160 m in the central area of the 
valley. In terms of water balance, 105 Mm3 (Millions of cubic meters, 
also abbreviated as MCM in other studies) were extracted from the 

Fig. 2. Geological map of the Querétaro Valley, with extent of the urban area 
and location of the groundwater extraction wells (A). A geological, conceptual 
cross-section (B) and two vertical lithological recordings (C) are also presented. 
Cross section (B) is modified from Carreón-Freyre et al. (2005). 
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Fig. 3. Ground fracturing in the Querétaro Valley as reported by the State Water Commission of Querétaro (CEA, 2011).  

Table 1 
Details of the SAR imagery used to measure differential ground displacement in the Querétaro Valley from 2003 to 2017. (ASC: Ascending orbital track; DES: 
Descending orbital track; IMS: Image Mode Single Look Complex; FBS: Fine Beam Single polarization; FBD: Fine Beam Dual; IW: Interferometric Wide; VV: Vertical- 
Vertical emitting and recording; HH: Horizontal-Horizontal emitting and recording).  

Data source Mode Path Direction 
Polarization 

Start and end of the time 
series 

Number of images/ 
interferograms 

Looks (Rg ×
Az) 

Approx. LOS angle 
(deg.) 

Coherence 
threshold 

InSAR 
Envisat 
ASAR 

IMS 
DES 
VV 

2004-01-19 
2005-12-19 

18/85 1/7  23.2  0.2 

Interpolation Interpolated from 2005-12-19 to 2007-01-30 using the mean of the two vertical velocities calculated from (1) the last year of the previous time-series and (2) the first 
year of the subsequent time-series 

InSAR 
ALOS 

FBS/FBD 
ASC 
HH 

2007-01-30 
2010-11-10 

15/64 4/9  38.7  0.3 

Interpolation Interpolated from 2010-11-10 to 2011-02 using the mean vertical velocity of the last year of the previous time-series and from 2011-02 to 2013-01-03 using the mean 
vertical velocity of the first year of the subsequent time-series. 

InSAR 
Radarsat-2 

Ultrafine 
ASC 
HH 

2013-01-03 
2014-11-06 

11/49 16/14  47.8  0.2 

Interpolation Interpolated from 2014-11-06 to 2016-10-09 using the mean of the two vertical velocities calculated from (1) the last year of the previous time-series and (2) the first 
year of the subsequent time-series 

InSAR 
Sentinel- 
1A 

IW 
DES 
VV 

2016-10-09 
2020-03-22 

98/426 4/1  41.7  0.3  
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Fig. 4. Combined connection graph for the four SAR time-series processed using SBAS-InSAR. Spatial baselines of SAR acquisitions are in reference to the master 
image (red dot), all lines represent an interferogram. Note the decrease in spatial baselines with recent SAR sensors, helping with several processing steps such as 
coregistration of image pairs and topographic phase corrections. 

Fig. 5. Sources of water supply in the Querétaro Valley from 2009 to 2017 (A; CEA, 2017). ‘Other source’ refers to importation from nearby locations such as 
Amazcala, Huimipan and San Juan del Río. Groundwater level fluctuations at six monitoring wells in the Querétaro Valley Aquifer over two different periods: 
overexploitation period in 1970–2011 and recovery period in 2011–2017 (B). 
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aquifer in 2002 through 304 active pumping wells. Based on the public 
registry of water rights (REPDA), there were 469 active extraction wells 
in the Querétaro Valley, among which 313 are in the state of Querétaro 
and 156 in the state of Guanajuato (Fig. 2). The ‘Acueducto II’ water 
importation system has allowed reducing the local groundwater 
extraction, and its consequences on groundwater levels has been 
modelled by Carrera-Hernández et al. (2016), who projected a short- 
term recovery of groundwater levels followed by depletion, with 
groundwater levels reaching again 2010′s levels in 2020 and decreasing 
further from there. 

Ground fracturing has been studied in Querétaro (Pacheco et al., 
2006; CEA, 2011; Ochoa-González et al., 2014) and a series of ground 
fractures have been identified (Fig. 3). As for other cities of the area 
facing regional-scale groundwater depletion, the sediment thickness and 
compressibility are the major controls for spatial patterns and amplitude 
of land subsidence (Fig. 2C). The underlying fault system has controlled 
the deposition of volcanogenic and lacustrine sediments during the 

geological history of the valleys, leading to largely uneven thickness of 
compressible sediment layers. This leads to a varying sensitivity to poro- 
elastic compaction when integrated over the total thickness of the 
aquifer (1D-integrated). Uneven land subsidence creates ground rupture 
lines, or fractures, often aligned with the topography of the hard rock 
basement and major faults systems. In Querétaro Valley, this has been 
confirmed by Carreon-Freyre and Cerca, (2006) who used Ground 
Penetrating Radar to map buried faults. They concluded that the major 
ground fracture (the ‘5 de Febrero’ fracture) is aligned with a buried 
fault scarp. Differential deformation has been studied in Pacheco et al. 
(2006) and in several studies using InSAR (Farina et al., 2008; Chaussard 
et al., 2014, Castellazzi et al., 2016). According to these studies, vertical 
deformations in the range [− 80, − 30] mm/yr occur. They all report 
steep spatial gradients of deformation and ground fracturing due to 
discontinuous compressible sediment layers, spatially controlled by 
buried faults and grabens and typical in the cities of the region. 

3. Materials and methods 

3.1. Monitoring ground deformations with InSAR 

To retrieve the subsidence rates that occurred before and after the 
change in water management, the Interferometric Synthetic Aperture 
Radar (InSAR) technique was applied over four SAR imagery time-series 
from Envisat, ALOS-1, Radarsat-2, and Sentinel-1A. The four time-series 
encompass the period 2004–2020 with few temporal gaps: ~13 months 
between 2010-11-10 and 2013-01-03 and ~23 months between 2014- 
11-06 and 2016-10-09 (Table 1). The InSAR processing follows the 
Small Baseline Subset Interferometry (SBAS-InSAR) technique devel
oped by Berardino et al. (2002). 

InSAR processing was performed with SARSCAPE 5.5.4; the main 
processing parameters and the connection graphs for each processing 
are presented in Table 1 and Fig. 4. They were optimized to retrieve 
displacements at a 30-m spatial resolution, by adjusting the resolution 
factors (looks) according to the original resolution of each imagery 
products (Table 1). The topographic phase was extracted from all in
terferograms using a 30 m resolution Digital Elevation Model derived 
from optical imagery (ALOS-3D; Takaku et al., 2014). The phase-to- 
displacement inversion was computed by fitting a linear deformation 
model to the interferogram stack. A spatio-temporal atmospheric 
filtering of 500 days (high pass) and 1200 m (low pass) was applied to all 
time-series but Sentinel-1A, which was filtered with a 365 days filter 
(high pass). All InSAR processing but Sentinel-1A were optimized to 
retrieve mean velocities over their respective observation periods, with 
the potential tradeoff that seasonal variation of deformation signals 
might be interpreted as atmosphere delay and extracted during the SBAS 
inversion procedure. The four SAR time-series were acquired with 
different Line-Of-Sight (LOS) angle. As aquifer compaction mainly im
plies vertical deformation, all InSAR-derived LOS deformation time- 
series were converted to vertical displacements assuming the horizon
tal displacement negligible (Castellazzi et al., 2016, 2017; Chaussard 
et al., 2014). After processing and conversion to vertical deformation, 
the resulting vertical displacement maps were aggregated into one time- 
series by filling temporal gaps using the linear interpolation approach 
detailed in Table 1. Throughout this article, negative deformation rates 
mean ground subsidence, positive rates mean ground uplift. 

3.2. Auxiliary datasets 

The piezometric history of the Querétaro aquifer was developed from 
well level time-series of 15 monitoring wells provided by the National 
Water Commission (CONAGUA). This dataset allowed tracking the 
evolution of the water-levels from 1970 to 2017. The water-level data 
from the monitoring wells were converted from depth-below-surface 
data to water-table-elevation data (meters above sea level). These data 
were then projected on a map of the Querétaro Valley and lines of water 

Fig. 6. Water table drawdown in the Querétaro Valley aquifer from 1994 to 
2011 attributed to groundwater overexploitation (A), Recovery of groundwater 
levels in the Querétaro Valley aquifer from 2011 to 2017 (B). 
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table drawdown were drawn from 1994 to 2011 (overexploitation 
period) and from 2011 to 2017 (recovery period). The interpolation 
between the observation points at the monitoring wells required to 
produce continuous potentiometric groundwater level maps is based on 
a kriging approach. 

4. Results and discussion 

4.1. Groundwater level response to the water management change 

The long-term evolution of water sources for the City of Querétaro is 
presented in Fig. 5A. The water management shift of 2011 is obvious, 
and local groundwater extraction was cut by half and compensated by 
water imports from the ‘Acueducto II’ system. While the water imports 
from the Acueducto II system have fluctuated in the range [2.9, 3.9] 107 

Mm3/yr, the local groundwater extraction has been in constant increase 
since 2012, one year after the implementation of the water import sys
tem. The graph (Fig. 5A) shows that the import system has allowed a 
drastic decrease in local extraction. It also shows that the increasing 
water demand is fulfilled through increased pressure on existing 
groundwater extraction infrastructure. 

Groundwater level curves are presented in Fig. 5B and piezometric 
level changes are presented in Fig. 6. We note the fast decline of 
groundwater levels occurring in the Querétaro Valley prior to 2011 
(Fig. 5B and 6A). Some wells are showing a total groundwater level 
decrease of 100 m during the 1970–2010 era, with up to 70 m of 
piezometric level drawdown during the 1994–2011 era (Fig. 6A). An 
average groundwater decrease rate of 2.5 m/year is measured, which 
agrees with observation from Pacheco et al. (2006). 

The implementation of the water import scheme marks an important 
breaking point in all groundwater levels curves. A level recovery is 
observed in the subsequent years (Fig. 6B). Most of the wells impacted 
by this decrease in extraction rates are located at the margin and not in 
the centre of the drawdown area, allowing the important recovery of the 
groundwater hydraulic head in the Northern and North-eastern part of 
the city. We note, however, that for four of the six water level curves 
presented, the recovery is significantly slower than the groundwater 
depletion observed prior to 2011 (Fig. 5B). This suggests that, without 
accounting for the non-linearity of the water level reaction, the related 
changes in discharge/recharge fluxes (Bredehoeft, 2002) and assuming 
groundwater extraction as stable in the future (which is not supported 
by Fig. 5A), the recovery processes should be occurring for a longer 
period than the depletion has already occurred (at least 40 years). 

4.2. Ground level response to the water management change 

Fig. 7 presents a summary of the InSAR results, including the total 
subsidence for the entire study period (Fig. 7A), the mean vertical ve
locity prior to (Fig. 7B) and after (Fig. 7C) the water management 
change. Figs. S2 and S3 (Supplementary info.) present the InSAR- 
derived ground deformation rates and the precision of the InSAR ob
servations separately for each sensor. As significant changes in 
groundwater levels are observed, significant changes in land subsidence 
amplitude and spatial patterns are expected. It is important to keep in 
mind that the two phenomena are not synchronous, and a time delay is 
expected. For example, Calderhead et al. (2011) analysed extensometer 
data and observed a 4–5 months delay between groundwater draw
downs and compaction in the Toluca Valley. The same study considers 

Fig. 7. Total InSAR-derived vertical ground displacement from 2006/02 to 2020/03 (A); Vertical displacement velocity before (B) and after (C) 2011/02. Below each 
figure, a zoomed view over the ‘5 de Febrero’ fracture (differential deformation) is shown. 
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that as a relatively rapid reaction compared to e.g. Mexico City. No 
estimation of the time delay is available for the Querétaro Valley to this 
date. 

While most of the city is stable, with total InSAR deformation in the 
range [-50, 50] mm in 16 years (Fig. 7A). This coincides with an 
acceptable InSAR measurement noise level of approximately [− 3, 3] 
mm/yr, which is typical for SBAS-InSAR in such favorable, highly 
coherent, urban settings (Fig. S3). A major land subsidence feature is 
observed west of the ‘5 de frebrero’ fracture, which generates the dif
ferential ground deformation and the constant fissuring along that 
fracture. This subsidence pattern coincides with an important increase in 
the thickness of the sedimentary and volcanoclastic filling as shown in 
Fig. 2B/C. Most of the area west of the fracture shows total subsidence in 
the range [− 180, 300] mm, with a limited area subsiding up to − 550 
mm in its center. The subsidence area extends westward in a U-shape 

pattern, with the highest rates close to the fracture line. 
Mean deformation rates prior to the 2011 water management change 

are presented on Fig. 7B and Fig. 8A, where similar patterns to Fig. 7A 
can be observed. The mean vertical velocity west of the ‘5 de Febrero’ 
fracture is in the range [− 50, − 30] mm/yr. This is slightly less than the 
subsidence rates of [− 80, − 50] mm/yr measured for 2003–2005 by 
Farina et al. (2008), who used Differential-InSAR (single interferogram) 
and Envisat imagery. However, it is in good agreement with Chaussard 
et al., (2014), who studied the period 2007–2010 with ALOS and 
measured deformation in the range [− 50, − 30] mm/yr (see Fig. S2 for 
results of individual InSAR time-series). The results prior to 2011 pre
sented here (Fig. 7B) are based on the same radar imagery as Chaussard 
et al. (2014), but also integers significantly longer Envisat observations 
to covers the time-period 2004–2006. 

InSAR results for the period post-2011 are based on processing 

Fig. 8. North-South and East-West transects of mean ground deformation before (A1-A2-A3) and after (B1-B2-B3) the water management shift of 2011/02. Note that 
A2 vertically aligns with A1, and B2 vertically aligns with B2. 

Fig. 9. 16 years of ground displacements in eight selected locations in and around the City of Querétaro (A: locations, B: ground deformation time-series). Time 
windows corresponding to the four InSAR time-series and start of the Acueducto II system are overlaid on the graph (B). 
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Radarsat-2 and Sentinel-1 imagery products. The mean absolute vertical 
velocity is significantly lower than prior to 2011 (Fig. 7C, Fig. 8, 
Fig. S2C/D). The subsidence area west of the ‘5 de Febrero’ fracture is 
still visible, but the signal amplitude is greatly reduced to [− 5, − 12] 
mm/yr of vertical velocity. These rates are still relatively low but still 
beyond a typical SBAS-InSAR detection threshold (Fig. S3C/D). This 
suggests that low rates of subsidence still occur post-2011 and that the 
fissuring along the ‘5 de Febrero’ fracture is still active. Another low- 
amplitude, spatially progressive subsidence patch is also observed 
North of the City. This anomaly was not observed during any InSAR 
survey for the period prior 2011 (Fig. S2C) and is only observed in the 
Radarsat-2 deformation time-series (2013-01 to 2014-11; Fig. 2C). 
There is, to this date, no explanation for the presence of this subsidence 
feature. Small-scale uplift signal beyond detection threshold is also 
detected (Fig. 8B2; 8B3, S2). 

The temporal evolution of land subsidence rates is presented in 
Fig. 9, where deformation time-series are drawn for 7 selected pixels 
across the InSAR coverage. Points 3 and 5 are located east of the ‘5 de 
Febrero’ fracture and in the city center, respectively. They show similar 
InSAR signal without any apparent deformation anomaly. Point 7 is west 
of the city, far from the ‘5 de Febrero’ deformation area and is also 
stable. Point 4 and 6, located west of the ‘5 de Febrero’ fracture, are 
representative of medium subsidence rates for that area, with ~− 15 
mm/yr prior to 2011, and ~− 5 mm/yr post-2011. Points 1 and 2, 
located in the area with the highest subsidence rates, west of the ‘5 de 
Febrero’ fracture, show subsidence rates of − 50 mm/yr prior to 2011, 
and mean rates in the range [− 8, − 10] mm/yr after 2011. 

Fig. 10 compares yearly, vertical ground deformation values and 
yearly averaged depth to groundwater levels. It allows observing the 
ground level reaction to groundwater level stabilization and/or recovery 
after the 2011 water management change. The graphs start at 0 for both 
data at the first year for which both measurements are available, and 
every subsequent point corresponds to a subsequent year. Due to the 
challenges of interpreting groundwater heads in individual wells (lith
ological heterogeneity and varying degrees of connectivity to the 
regional aquifer for each well and accuracy of the level measurements), 
we provide a general interpretation, but we do not discuss the head/ 
deformation relationship specifically for each well. First, we note that, 
as observed previously, groundwater levels have increased after 2011. 
We observe level recovery in the range [5, 15] m in the four years 
following the management change in most wells. Second, we confirm 
that the breaking points for most graphs corresponds to 2010–2011, 
when the groundwater management change occurred. Levels in wells 10 
and 12 have started to rise earlier that 2010, suggesting that other local 
controls on groundwater levels occur for some wells, e.g. extraction have 
stopped in a nearby well. Third, we observe that for some wells (6, 7, 8 
and 11), the ground level stabilized while the groundwater level 
recovered. For other wells (3, 10, 13, 15), a slight uplift is detected while 
groundwater levels increase. Fourth, we note that, after a recovery in 
2011–2015, groundwater level started to decline again during the 
period 2015–2017 for most wells (1, 3, 6, 7, 10, 11 and 15). This analysis 
highlights the spatially varying nature of the reaction between 
groundwater pressure and ground levels, and a varying portion of elastic 
vs. inelastic deformation. As expected for this region, the reaction can be 
considered as largely inelastic. This is confirmed by the deformation 
behavior at well 6, where the most subsidence occurred prior to 2011, 
which does not show any major elastic uplift signal after 2011. In 
addition, the InSAR measurement can be considered as being accurate 
around that well: it is where the InSAR signal-to-noise ratio is the most 
favorable. Contrastingly, the analysis over wells with small deformation 
rates (e.g. 10 and 11) might be influenced by InSAR noise (Fig. S3). 

4.3. Recent ground deformation in Querétaro 

This section analyses solely the InSAR results produced with 
Sentinel-1 and representative of the most recent period: 2016-10 to 
2020-03 (Fig. 11, with corresponding precision estimates presented in 
Fig. S3D). Sentinel-1A, with its repeat path frequency of 12 days and its 
relatively short spatial baselines (Fig. 4) provides adequate InSAR pre
cision to analyze the small amplitude deformations occurring in Quer
étaro over the recent years (2017–2020). While groundwater level 
observations were not available for that study period, the increasing 
groundwater extraction trend shown on Fig. 5A and the groundwater 
level decline observed in some wells after 2015 (Fig. 10) might lead 
again to groundwater extraction beyond sustainable levels, as prior to 
2011. 

The mean vertical velocity map derived from Sentinel-1A data shows 
that the major subsidence area corresponding to the differential defor
mation east of the ‘5 de febrero’ fracture is still active (Fig. 10-a), with 
rates in the range [-15, − 10] mm/yr. We note, however, that the ‘bowl’ 
shape of the deformation (Fig. 6A) has changed to a spatially diffuse 

Fig. 10. Yearly changes in hydraulic pressure in the aquifer (in m; Y axis) 
compared with yearly changes in ground level (in mm; X axis) at 15 locations. 
Both data are expressed in terms of change (starting at 0) from the first 
groundwater pressure measurement. 
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deformation signal (Fig. 11). A subsidence area with lower amplitude in 
the range [-5, − 8] mm/yr is also observed north of the city (Fig. 11b). 
Few localized uplift area in the range [+12, +17] mm/yr are detected 
(Fig. 11c,d,e). No definitive explanation is available for these localized 
uplift areas to this date. They seem unlikely related to a potential 
groundwater level recovery occurring during that time-period, as these 
small-scale areas were not identified as groundwater-related subsidence 
hotspots in this paper nor in any previous work. A more likely expla
nation is provided by Pacheco et al. (2006), who identified localized 
uplift deformation from expansion of surficial clay lenses after rainy 
seasons. It is important to note that the diffuse, low amplitude subsi
dence anomaly west of the ‘5 de Febrero’ subsidence area and present on 
Fig. 7C does not appear on Fig. 11. Fig. 7C presents a combination of the 
Radarsat-2 and Sentinel-1 InSAR observations (2013–2020), suggesting 
that such anomaly is detected solely in the Radarsat-2 InSAR maps (see 
also Fig. S2C/D). In other words, it occurred in the 2013–2014 period, 
but not in 2016–2020, highlighting the variable nature of subsidence 
spatial patterns and rates, as noted earlier. Finally, we note the presence 
of minor deformation signals at the margin of the urban, coherent areas 
(e.g. south-east of square c, Fig. 11), which we do not interpret as real 
ground deformation, but rather as a processing artefact related to a 
higher level of InSAR noise (Fig. S3D). 

Given the usual, monthly-scale, time gap from decline in 

groundwater levels to compaction/subsidence in the region (Calderhead 
et al., 2011), residual, time-lagged deformation from past groundwater 
level decline seems unlikely to be the only reasons for the recent sub
sidence rates. Thus, the only remaining hypothesis to explain the reac
tivation of the subsidence is that increasing groundwater extraction 
(Fig. 5A) observed from 2012 has led to additional groundwater draw
downs beyond critical heads (past minimums). The depletion rate is, 
however, likely much smaller than prior to 2011. This interpretation is 
supported by the results shown on Fig. 11 and by the decadal time-series 
presented on Fig. 9 (Points 1 and 2): the subsidence rates observed by 
Sentinel-1 in 2017–2020 are slightly more important than the ones 
observed by Radarsat-2 (2013–2014). This suggests that the 2011 
groundwater management change has been efficient to reduce the 
important groundwater depletion, important subsidence rates and 
related fracturing in the short-term (2011–2017). The increasing water 
demand has pushed groundwater extraction to unsustainable levels 
again over the recent years. Such observation is generally consistent 
with groundwater budget forecasting provided by scenario 1 in Carrera- 
Hernández et al. (2016), who suggested that the implementation of the 
‘Acueducto II’ system will only decrease and delay the groundwater 
depletion issue. They estimated a short-term recovery of groundwater 
levels followed by a decline, with levels of 2010 reached again in 2020. 
Their simulation, however, assumed the groundwater extraction rates to 

Fig. 11. Mean ground vertical velocity map produced by InSAR and based on 98 Sentinel-1A images acquired between 2016-10-09 and 2020-03-22. The density of 
Sentinel-1 allows better precision than the three other InSAR processing presented in this study over the same area. The map presents the recent rates of deformation, 
with notable features highlighted by squares a-b-c-d-e. 
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be constant after 2011. As groundwater extraction has followed a pos
itive trend since 2011 (see Fig. 5A), the predicted switch between pos
itive to negative aquifer water budget might have occurred slightly 
earlier than predicted by their simulation, and their forecasting of water 
levels might have been slightly optimistic (higher than actual). 

5. Conclusions 

The city of Querétaro faces long-term groundwater depletion issues 
and prone to medium rates of ground subsidence for the region up to 50 
mm/yr. More importantly, the land subsidence patterns are highly 
heterogenous in space, with a major fracture system with differential 
deformation going from zero deformation (on one side of the fracture) to 
maximum rates (on the other side). Typical for the region, this is known 
to be spatially related to buried fault systems and grabens controlling the 
compressible sediment thickness. From 2011, a large water importing 
project was implemented to reduce local groundwater extraction by half 
and solve the related issues. This paper studies the changes in both 
groundwater levels and subsidence rates as a result of this project. 

Decadal-scale decline of groundwater levels of ~2.5 m/yr were 
observed prior to 2011. As predicted by groundwater models and level 
forecasts previously published (Carrera-Hernández et al., 2016), 
groundwater levels recovered in 2011 due to the reduced extraction 
rates in the valley. Land subsidence was reduced by a factor of ~5 in the 
subsequent years (2011–2015), down to a maximum of 10 mm/yr. Few 
years later, in the period 2015–2017, groundwater levels started to 
decline again, at significantly smaller rates than prior to 2011. Land 
subsidence also started to show minor signs of increase during that 
period, as observed by the Sentinel-1 InSAR time-series covering 
2017–2020. 

The case of Querétaro is the first large-scale implementation of a 
major groundwater depletion and subsidence-mitigating project in 
Central Mexico. Given that all major cities of the region (e.g. Toluca, 
Morelia, Aguascalientes, Celaya) are facing the same issues, it is 
particularly interesting to observe how such a drastic change is efficient 
in solving the issues. We note, however, that the different geographical 
and hydrological settings of major cities in Central Mexico allow for 
different solutions, and that the case of Querétaro is not transposable to 
others. In some cases, the local water sources must be shared with 
nearby cities, as it is the case in Toluca and Mexico City. 
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transformación de su gestión. In: Denzin, C., Taboada, F., Pacheco-Vega, R. (Eds.), El 
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