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Supplementary Text
S1. Reports of malfunctioning and damage to the Metro system relevant to the differential land subsidence analysis.

The following list of events summarises damage reports on the Metro system due to land subsidence from 2010 to 2022.

In 2010, structural collapses, faults, cracks, deformation of the railways and apparent emersion were reported in Lines
4,5, 9, A and B, as well as horizontal and vertical displacements of the railway’s base that produced instability in the
elevated sections, compromising structures in the section Puebla-Pantitlan, and the elevated aisles of stations Talisman,
Bondojito, Consulado (Line 4) and south side of Pantitldn station'. The elevated section of Line B and 60% of Line
9 experienced apparent emersions with velocities from 3.6 to 4 cm/yr at the time that railways in lines 4 and 5 stand
deformation that forced speed limit reductions of the trains'.

In March 2014, the Metro system suspended operations in 11 of the 20 stations of line 12 (corresponding to the elevated
segment) for a period of 20 months?. This occurred only 17 months after the line’s inauguration in October 2012. Repairs
were needed after reported railway deformation and excessive friction between the railways and the train steel wheels,
allegedly due to errors in planning, design, construction and operation, and lack of maintenance of the also called golden
line*~©. Such service interruption increased the commuting time for users by up to 40 minutes’.

In August 2014, the National Labor Union of workers of the STC reported the presence of subsidence-related points of
interest along line A, that proliferate in the segment from Tepalcates to La Paz®.

In May 2015, a crash occurred in Station Oceania (Line 5). The crash was attributed to human error when activating the
braking system during a heavy storm, leaving 12 people injured”. This took place in a surface segment of the Metro where
the slope has increased due to the compaction of the soft soils in the surroundings of Pefién de los Bafios. Consequently,
in July 2015 the Metro announced the construction of a tunnel to go through the Pefién de Los Baifios, in order to avoid
the deforming area'’. The original slope of 3.5% had changed to 7.2% from 1981 to 2015 due to regional subsidence,
well beyond the maximum slope of 4% established by the local regulations'® !

In June 2015, the Metro system announced a 10-week service suspension on 5 of the 10 Line A stations. This happened
in the sector from Pefién Viejo to La Paz, during operations of re-levelling of the railroads affected by differential
subsidence!?. It was the fifth time in 24 years that the line was repaired due to differential subsidence in the area.
After the repairs, trains were announced to reach speeds of 90 km/hr instead of 45 km/hr before repairs'®. Official
sources report damage to infrastructure, including railways and foundations due to differential movements of the ground,
producing longer commute times, risk to passengers, accessibility issues, and loss of comfort for riders. The foundation
and walls are permanently compromised as part of the deformation process, as well as corrosion in the metallic parts of
the structure, especially between Guelatao and La Paz Stations, where re-levelling is performed periodically'*.

In July 2015, riders reported subsidence-induced ramps in the surface of up to 50 cm in station Pantitldn (Line 915 and
Oceania'®, as well as differential movements that have affected the railways, producing waves and changes in the slope,

and consequently affecting the speed of the trains!>.

In October 2015, the system announced major repairs in lines 1, 2 and 3, including re-levelling of the railways'”.

In March 2016, a crash was reported in Line 5. Two passenger cars derailed after a mechanical malfunction while a train
was arriving at station Politécnico, leaving only material damages'8. However, this accident was not related, apparently,
to ground deformation.

Several railway-flood events led to service interruptions of the metro Line A after heavy precipitation (e.g. 13 June
20139, 24 Sept 20162°, 14 June 2018, 13 May 2021%?) between Peiién Viejo and La Paz Stations. Additionally,
repeated re-levelling operations along LA have increased the elevation difference between the railways and the streets
parallel to them as shown in Fig. 1D, and therefore, water flow towards the railways is facilitated in those railway sections
standing at a lower elevation than the adjacent streets?!.

In September 2018, the city’s government releases a document describing and providing solutions to the main problems
affecting the Metro system, among which the subsidence affecting lines 3, 5, and 9 is mentioned>>.

In February 2019, the speed of trains travelling along line B is reduced, reportedly due to differential displacements

affecting the line’s electrical supply lines>*.
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In July 2019, street-level stations Indios Verdes, Deportivo 18 de Marzo, Potrero, and La Raza were closed for two
weekends due to subsidence producing unevenness in the railways>.

In March 2021, line A’s elevated stations Ciudad Deportiva, Puebla, and Pantitldn were closed to correct unevenness
26

along the railways due to differential subsidence of the supporting columns~".

+ On May 3", 2021, an overpass segment of Line 12 collapsed onto the road as a train was travelling over it, very close to
Olivos Station®’. The collapse left at least 79 people injured and 24 dead?®. Following the collapse, the government
promised a forensic analysis?®, for which the company DNV was hired, delivering two preliminary reports on the
apparent reasons leading to the accident®”3°. Such analysis pointed out deficiencies in the design, construction, and
maintenance of the collapsed structure, and indicated that differential displacements between columns could have played
arole in the collapse, even when no measurements of such were available to be included in the analysis.

* During May 2021, and following the Olivos station overpass collapse, the structural health of several other structures
raised concerns. For instance, the trains travelling along line 9’s elevated overpasses, from Jamaica to Pantitlan stations,
reduced their speed from 75 to 35 km-hr3!. Several other areas, such as Pantitldn, Oceania, Romero Rubio, San Lazaro
and line A raised concerns as well>2.

* On May 11, 2022, Mexico City’s government disallows the third and final report developed by the company DNV about
the root causes leading to the May 3rd Olivos accident, despite the two preliminary reports previously delivered to the
government>>34 The government deemed such a final report inadequate due to three main reasons>":

— The analysis indicated a lack of routinary inspections, even though results from 2019 and 2020 inspections were
provided to DNV.

— The third report indicates that pre-collapse damage is identifiable from Google Street View imagery. However, the
second report indicates that structural damage was not recognizable from in-situ pre-collapse imagery and visual
inspections.

— Limit states indicated in the third report were not evaluated considering the tolerable thresholds indicated in the
local construction codes.

« In August 2022, damage is reported at San Lézaro station (elevated segment along Line B)*, which led to prompt action
from the government a few days later to ensure the stability of the line.
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Figure S1. Temporal and perpendicular-baseline (Bperp) networks for each dataset. (a) TSX (b) COSMO1 and (¢) COSMO2
single-master networks, where each line represents an interferogram constructed with the information in Supplementary Table
S2 and S3. Perpendicular baselines in COSMO1 and COSMO?2 datasets are clearly larger than in the TSX one. However, the
TSX dataset includes interferograms with longer temporal baselines due to the longer temporal coverage. (d) Sentinel
Ascending and (e) Sentinel descending multi-master networks. Notice the larger temporal coverage of both Sentinel datasets, as
compared to (a-c).

19.4°

D Surface seg.

-99.2° -99.1° 99°  .99.2° -99.1° -99°

19.3°

-99.2° -99.1° -99°

Figure S2. Vertical velocities along the Metro lines from the three X-band datasets. (a) TSX, (b) COSMOI, and (¢) COSMO2
vertical velocities along the trace of both surface (the focus of this study, indicated by gray patches) and underground Metro
line segments.
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Figure S3. Vertical velocity profiles and calculated velocity gradients along surface segments of the Metro system. Labels
correspond to the location of surface segments indicated in Fig. 2C. The presented velocities represent 30x10 rectangles along
each metro line. In the case of COSMO1, COSMO2 and TSX results, the velocity corresponds to the average calculated from
all available samples within such rectangles and is presented along with an error bar. In the case of Sentinel results, the
displayed velocity corresponds to the sample closest to the centre of each rectangle. Below each velocity profile, the calculated
velocity gradient from COSMO?2 and Sentinel vertical velocities are presented. Red and blue patches correspond segments with
subsidence-related damage reports along Line A and Line 12, respectively (compare to damage reports indicated in Fig. 2C).
Vel= Vertical velocity, and V.G= Velocity gradient.
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Figure S4. Comparison of velocity gradient results. Histograms of the results from calculating the velocity gradient from
Sentinel data and from COSMO 2 results. These data for each histogram include the gradients shown in Supplementary Fig. S3
for all lines.
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Figure S5. Examples of wrapped interferograms around Pefién Viejo. COSMO?2 interferograms formed by the dates
2012/04/03-2012/05/13 (a) and 2012/04/03-2012/06/30 (b), and TSX interferograms formed by the dates
2012/02/06-2012/03/21 (c), 2012/02/06-2012/05/04 (d), and 2012/02/06-2012/10/27 (e). Sampling points correspond to the
location of PSs selected in the StaMPS processing of each dataset. Notice that TSX interferograms have larger areas with poor
PS density, as compared to COSMO2 results. The black polygon delimits the area used to generate the profiles in
Supplementary Fig. S6.
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Figure S6. Results of performing 1D phase unwrapping to Supplementary Fig. S4 data along the transect shown in Fig. S5A.
(a, b) 1D phase unwrapping results from COSMO?2 40 and 80-day interferograms. (c-¢) 1D phase unwrapping results from TSX

44, 80 and 264-day interferograms. Notice that fewer sample points (i.e. fewer available PS) and larger gaps in the TSX dataset
lead to unwrapping errors even for a 44-day interferogram (compare (a) and (c)). The profiles are vertically shifted for clarity.
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Figure S7. Range of subsidence velocities along infrastructure features worldwide. Maximum velocity range reported from
the literature as compiled in Supplementary Table S4.

7/16



(@) (b) (c) (d) <
Sent. Asc. (6 mo.) Sent. Asc. (1yr) Sent. Asc. (6 yr) COSMO2 (6 mo.) ° =
© ; N - ' TRE .
s . | 52
X " % 3
n ©
| o Q
— | o 9
=< 5 a
T & 1
= - G °
N ; _ o A Rak 0 10 20 30
2 e o I. uncertainty [+/- mm/yr]
-99.2 -99 -99.2 -99 -99.2 -99 -99.2 99 V& ¥ y

lon [*] lon [*] lon [°] lon [°]

Figure S8. Comparison of velocity uncertainties obtained from Sentinel data in Ascending orbit as compared to COSMO?2
dataset.(a) Uncertainties resulting from inverting only the SAR scenes acquired in the first six months of data from the start
date of Oct 2014. (b) Same as (a) but for one-year worth of data. (c) Uncertainties calculated from inverting the whole dataset,
which corresponds to six years of data. (d) Uncertainties corresponding to the COSMO?2 dataset, which was calculated using
PSI. (e) Histograms showing the distribution of the uncertainties shown in (a)-(d).
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Figure S9. Comparison of velocity uncertainties obtained from all the datasets processed in this work. (a) and (b) show the
uncertainties from the two six-year-long C-band datasets processed using SBAS. (c)-(e) show the results from processing the
three X-band datasets processed using PSI. (f) Boxplots showing the distribution of the data shown in (a)-(e) for comparison.
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Figure S10. Examples of time series from Sentinel results in both Ascending and Descending orbits. The coordinates of the
displayed data are shown in the upper right corner of each pane.

9/16



Table S1. Summary of reports of damage or malfunctioning on the Metro system (2010-2022).
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Table S2. X-band SAR scenes from the three X-band datasets used in this study.

TSX COSMO1 COSMO2
Date Bperp. Date Platform  Bperp. Date Platform  Bperp.
18-May-2011  -145.8 | 9-Jun-2011 CSKS2 6912 | 29-Dic-2011  CSKS2 10504
29-May-2011 24 10-Jun-2011  CSKS3 6269 | 22-Jan-2012  CSKS1  240.2
9-Jun-2011  -116.4 | 25-Jun-2011  CSKS2  -606.2 | 30-Jan-2012  CSKS2  374.6
1-Jul-2011 -27.6 | 26-Jun-2011  CSKS3 3459 7-Feb-2012 CSKS1  -4444
23-Jul-2011  -141.3 | 11-Jul-2011  CSKS2  -248.1 | 15-Feb-2012 CSKS2  484.3
14-Aug-2011  199.5 | 12-Jul-2011  CSKS3 357 23-Feb-2012  CSKS1 950
5-Sep-2011 -46.4 | 27-Jul-2011 CSKS2  468.8 | 10-Mar-2012 CSKS1  -104.4
27-Sep-2011  -194.6 | 12-Aug-2011  CSKS2 0 18-Mar-2012  CSKS2 41.5
19-Oct-2011  -94.5 | 13-Aug-2011 CSKS3  719.6 | 26-Mar-2012  CSKS1 61.8
10-Nov-2011 -93 28-Aug-2011  CSKS2  479.5 3-Apr-2012  CSKS2 0
13-Dec-2011  -93.2 | 29-Aug-2011 CSKS3  -176.6 | 11-Apr-2012  CSKSI1 839
24-Dec-2011  -254 | 13-Sep-2011  CSKS2 2869 | 19-Apr-2012  CSKS2  -450.1
15-Jan-2012 23.1 14-Sep-2011  CSKS3  633.2 | 27-Apr-2012  CSKS1  -284.6
6-Feb-2012 0 29-Sep-2011  CSKS2  807.1 | 5-May-2012  CSKS2 14.7
28-Feb-2012  -259.2 | 30-Sep-2011  CSKS3  1164.8 | 13-May-2012 CSKS1 -318.2
21-Mar-2012 4.3 21-May-2012  CSKS2  900.3
12-Apr-2012  61.8 29-May-2012 CSKS1  237.6
4-May-2012 24.3 6-Jun-2012 CSKS2 213
26-May-2012  10.6 14-Jun-2012  CSKS1 5475
17-Jun-2012  164.4 22-Jun-2012  CSKS2 49.1
9-Jul-2012 -81.5 30-Jun-2012  CSKS1  -342.5
31-Jul-2012 -9.2
13-Sep-2012  -72.5
5-Oct-2012 171
27-Oct-2012 0.5
18-Nov-2012 294
10-Dec-2012  76.5
14-Feb-2013  -26.2
8-Mar-2013 -105
30-Mar-2013  -86.9
21-Apr-2013  -196.6
13-May-2013  -1.2
4-Jun-2013 -88.6
26-Jun-2013  -159.5
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Table S3. Characteristics of the five SAR datasets used in this study for InNSAR processing.

Parameter Dataset
TSX COSMOL1 COSMO2 Sentinel Asc.  Sentinel Desc.
Satellite(s) TerraSAR-X ~ COSMO-SkyMed - COSMO-SkyMed g i1 1A, B Sentinel-1A, B
2 and 3 1 and 2
Average incidence angle [°] 30.4 26.7 38.8 43.97 43.99
Area covered [km2] 1035 1815 1681 1515 1515
Number of acquisitions 34 15 21 241 297
Acquisition mode StripMap HIMAGE HIMAGE w w
Acquisition direction Descending Ascending Ascending Ascending Descending
Start date 18-May-2011 9-Jun-2011 29-Dec-2011 23-Oct-2014 3-Oct-2014
End date 26-Jun-2013 30-Sep-2011 30-Jun-2012 15-Oct-2020 13-Oct-2020
Max. temporal baseline [days] 506 64 96 48 48
Max. perpendicular baseline [m] 259.2 1164.8 1050.4 162 178
Polarization HH HH HH \'AY \'AY
Master date 20120206 20110812 20120403 Multiple Multiple
Master scene absolute orbit 25770 19885 23366 2950 2665
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Table S4. Non-comprehensive compilation of studies on infrastructure features affected by subsidence worldwide.

Velocity
Feature observed = Reference Observation Geodetic Max. in  Min. in Max. Min. Range
and country period technique Direction study study along along along
areas area structure structure structure
(mm/yr)  (mm/yr) (mm/yr) (mm/yr)
Betan-Heihe 38 2012 InSAR LOS N/A N/A 0 -40 40
expressway, China
Beijing Subway 39 InSAR,
Line 6. China 2010-2014 levelling LOS 20 -76 -5 -43 38
Beijing-Tianyin 4 2004-2010 InSAR Vert. 20 136 -6 80 74
railway, China
Beijing-Tianjin 41 2008-2009 InSAR LOS* 0 19 0 -10 10
railway, China
Beijing-Tianjin 2 2003-2004 InSAR LOS* 5 141 0 83 83
railway, China
Beijing-Tianjin = 2003-2015 InSAR, Vert. 0 115 0 85 85
railway, China leveling
Berlin Central 44 2008-2013 InSAR LOS N/A N/A 12 15 27
Station, Germany photogrammetry
Madrid-Barcelona
high-speed line, 4 2003-2010 InSAR LOS N/A N/A 2.1 9.7 11.8
Spain
Mexico City i ork 2011-2013 InSAR Vert. 20 406 0 310 310
Metro, Mexico
Qinghai-Tibet 4 2007-2010 InSAR LOS 20 -20 N/A N/A N/A
Railway, China
) P - n > < -
Qinghai—Tibet 41 2003-2012 InSAR LOS 20 20 20 20 40
Railway, China
Shanghai Metro
and highways, 48 2009-2010 InSAR LOS* 5 25 N/A N/A N/A
China
Taiwan High Leveling,
Speed Rail, 49 2003-2006 GPS, Vert. N/A N/A 0 -50 50
Taiwan monitoring
wells
Taiwan High Leveling,
Speed Rail, GPS,
Taiwan 30 2006-2007 monitoring Vert. 0 -122 N/A -60 N/A
wells,
InSAR
Taiyuan South
Ring Expressway, 3 2006-2009 InSAR Vert.* -10 -110 -10 -90 80
China
Tehran Metro 52 2003-2017 InSAR Vert. 0 <-250 0 -250 250
System, Iran leveling
Lake Urmia 53 2004-2017 InSAR Vert. 0 -100 0 -100 100

Causeway, Iran

N/A: Not Available from the reference.
*Measurement direction was not specified in the reference, but inferred from the study’s context
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Data S1. (S1_Date_SAR_scenes_ascending.txt).
Acquisition dates of the Sentinel SAR ascending track scenes used to produce the velocity map shown in Fig. 3D.

Data S2. (S2_Date_SAR_scenes_descending.txt).
Acquisition dates of the Sentinel SAR descending track scenes used to produce the velocity map shown in Fig. 3E.

Data S3. (S3_street_level_gradients.kmz).
Kml file containing velocity gradients along street-level railways of the Metro system. When opened in Google Earth,
displayed colours coincide with Fig. 7a colour scale.

Data S4. (S4_elevated_gradients.kmz).
Kml file containing velocity gradients along elevated segments of the Metro system. When opened in Google Earth,
displayed colours coincide with Fig. 8a colour scale.

Data S5. (S5_Santa_catarina_ CKS1.kmz).
Kml file containing a subset of COSMO/1 velocity results from Fig. 3B over Sierra de Santa Catarina.

Data S6. (S6_Santa_catarina_CKS2.kmz).
Kml file containing a subset of COSMO?2 velocity results from Fig. 3C over Sierra de Santa Catarina.
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