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Advanced analysis of satellite data reveals ground
deformation precursors to the Brumadinho Tailings
Dam collapse
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Catastrophic failure of a tailings dam at an iron ore mine complex in Brumadinho, Brazil, on
25th January 2019 released 11.7 million m3 of tailings downstream. Although reportedly
monitored using an array of geotechnical techniques, the collapse occurred without any
apparent warning. It claimed more than 200 lives and caused considerable environmental
damage. Here we present the Intermittent Small Baseline Subset (ISBAS) technique on
satellite-based interferometric synthetic aperture radar (INSAR) data to assess the course of
events. We find that parts of the dam wall and tailings were experiencing deformation not
consistent with consolidation settlement preceding the collapse. Furthermore, we show that
the timing of the dam collapse would have been foreseeable based on this observed pre-
cursory deformation. We conclude that satellite-based monitoring technigues may help
mitigate similar catastrophes in the future.
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mine complex in Minas Gerais, Brazil, on 25 January 2019

caused a catastrophic mudflow that resulted in the death of
more than 200 people and affected the whole region’s ecosystem!.
Dam I, constructed using the upstream method, contained some
11.7 million m? of tailings and was inactive having not been used
for tailings disposal after 2015 (ref. 2).

Despite passing stability tests just months prior?, video footage
of the moment of collapse suggests the dam underwent a sudden
failure that extended across the full 720 m width and 86 m height
of the dam*. The report of the expert panel® suggests that the
cause of Dam I collapse was the result of a flow (static) lique-
faction mechanism, resulting from internal creep combined with
the loss of suction induced by heavy rainfall during the annual
wet season (from about October 2018 to the time of the failure).
Therefore, information on the deformation of the dam prior to
the collapse is crucial to understanding the cause and nature of
the collapse. An enhanced understanding can subsequently aid
the design of a more effective monitoring framework for the
many dams of the same type worldwide, and thus help to mitigate
the risk posed by similar future catastrophes.

The dam was being monitored using a combination of
methods, including the use of survey monuments, inclin-
ometers, piezometers and ground-based radar, although none
of these were reported to have shown significant deformations
or any other precursors to failure®. With direct access to the
monitoring data not readily available, we studied ground sur-
face displacements over Dam I in the 17 months preceding the
collapse using satellite interferometric synthetic aperture radar
(InSAR). A variety of InSAR techniques are widely used in the
measurement of land surface motion, including the relatively
recent application to monitoring tailings impoundments®’.
Several of these techniques have been used to reveal large dis-
placements rates of up to —25 cm/year at the rear of the Dam I
tailings beach®? (also see Supplementary Fig. 1) and more
subtle displacement rates (—25 mm/year) nearer the centre of
the beach during the year preceding the collapsel?, although the
observed deformation trends appear consistent with con-
solidation settlement. The ability to effectively detect pre-
cursory accelerating displacements in these cases could have
been limited by a lack of measurements and degraded accuracy
over the vegetated dam surface, as is common for many con-
ventional InSAR techniques owing to poor coherencell>12, In
this study, an advanced method, called the Intermittent Small
Baseline Subset (ISBAS) technique!, was applied to synthetic
aperture radar (SAR) images acquired by Europe’s Sentinel-1
mission with the aim of detecting any anomalous deformation
that may have occurred prior to the collapse of Dam I. The
ISBAS technique is a coherent scatterer technique—as opposed
to the more common permanent scatterers technique—and was
employed as it has been demonstrated to overcome the major
InSAR limitation of obtaining sufficient spatial coverage at
millimetre-level accuracy over bare soils and vegetated sur-
faces!*. Moreover, ISBAS is a multi-temporal stacking techni-
que, which helps to eliminate the contribution of the
atmospheric component to the observed phase difference and
subsequent ground displacement measurements!>~17.

The data used are freely available Sentinel-1 C-band SAR
imagery. Two overlapping image stacks acquired from adjacent
descending orbit tracks (tracks 53 and 155) during the period
August 2017 to January 2019 were processed to provide inde-
pendent observations. With a 12-day revisit time over the site
(increased to 6 days over Europe), the processing of these
Sentinel-1 stacks provides a synoptic view of any precursory
deformation within Dam I to be resolved at high temporal
resolution.

The collapse of Dam I at the Cérrego do Feijdo iron ore

Results and discussion

Deformation of the dam. Firstly, average line-of-sight (LOS)
rates of motion were derived for each track using the ISBAS
technique (Methods). Data from both tracks indicate widespread
ground surface displacements across the dry, vegetated tailings
beach behind the dam wall for the period 2017-2019 (Fig. 1); this
deformation is not adequately detected using a conventional
Small Baseline Subset (SBAS) approach (Supplementary Fig. 2),
which provides only 3.3% coverage of the entire dam structure
compared with 99.5% using ISBAS. The stack for track 53 reveals
LOS displacement velocities typically between —7 mm/year and
—6 mm/year (i.e., downward/westward motion) over the central
area of the tailings beach, with displacement greatest immediately
behind the crest at rates of up to —8 mm/year (Fig. 1b). A similar
displacement pattern is observed for the adjacent track to the east
(track 155), with the majority of LOS velocities between —6 mm/
year and —5 mm/year over central parts of the tailings beach and
up to —6 mm/year behind the crest (Fig. 1c). The difference in the
magnitudes of LOS velocities over the dam structure between the
two tracks can be primarily attributed to the variation in their
incidence angles (Fig. le). This is because larger incidence angles
(45° for track 155 vs. 32° for track 53) are less sensitive for
detecting the vertical component of motion in the LOS direction,
subsequently leading to an underestimation of the velocity. Irre-
spective of some minor noise likely due to residual atmospheric
effects on the periphery, the consistency of the observed patterns
over the dam structure between the two independent displace-
ment maps provides verification that the tailings were prone to
some form of deformation within the 17-month period before the
collapse.

Average rates of motion provide useful information regarding
summative trends during a specified time interval, and in this
case prove consistency between the two sets of observations.
However, in many cases, landscape evolution is nonlinear!$.
Therefore, a time-series of surface motion was extracted
independently for each track!®, enabling further investigation
of the deformation history of Dam I over the observed period(.
The results illustrate that some distinctive deformations observed
on the dam wall, and front and back of the tailings beach were
indeed nonlinear (Fig. 2). The time-series analysis also reveals
the spatial evolution of the deformation. This analysis reveals
that between August 2017 and 17 January 2019 widespread
cumulative LOS displacement in the region of —6mm is
observed across most of the tailings beach for track 155, with a
maximum displacement of up to —15 mm confined to a point
towards the back-centre of the beach at location 3 (Fig. 2a). The
time-series reveals that most of this cumulative LOS displace-
ment occurred quite rapidly from December 2018 onwards,
following what appears to have been a 10-month period of very
slow settlement (Fig. 2¢; location 3). A consistent amount of
displacement is also observed at the corresponding location from
the adjacent track, with the time-series for location 6 also
showing a 10-month period of slow settlement prior to a
somewhat sudden displacement, albeit slightly earlier in mid-
November 2018 (Fig. 2b, c¢). The onset of the accelerated
deformation at the back of the tailing beach is strongly correlated
with increased rainfall between mid-October and mid-December
2018 (Fig. 2¢). Differences in the pattern and timing of the onset
deformation between the two tracks are most likely attributable
to a combination of factors associated with the offset in the
timing of the image acquisitions between tracks, the effect of
which will be amplified during the period of increasingly
dynamic deformation preceding the failure. At the front of the
tailings beach (location 5), deformation is widespread across the
central portion, with several patches experiencing greater
cumulative LOS displacement on the order of —18 mm for
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Fig. 1 Location and deformation of the Brumadinho tailings dam, Brazil (20.12° S, 44.12° W). a Map showing the location and failure extent (white
dashed line) of the dam collapse. b InSAR-derived average line-of-sight (LOS) rate of ground surface deformation for August 2017-January 2019 from track
53, and ¢ track 155. d Post-collapse image of the dam. e Comparison of the incidence angle-normalised LOS velocities of the dam between the two tracks.
Negative LOS velocities indicate motion away from the satellite. Basemap images © 2020 Maxar Technologies.

August 2017-22 January 2019 (Fig. 2b). This widespread LOS
deformation at the front of the beach (location 2) is also captured
from track 155 (Fig. 2a). Overall, the time-series reveals that the
deformation at locations 2 and 5 developed quasi-linearly
(Fig. 2c), reducing with time, which is typical of consolidation
settlement of tailings impoundments?!. However, a sudden
change in the rate of displacement is observed at location 5
between the last two observations made just prior to the dam
failure (10 January-22 January 2019).

There is no evidence of significant or sustained deformation in
the centre of the dam wall (location 1) between August 2017 and
17 January 2019 (Fig. 2a), although some weak (~+2mm)
periodical displacement is apparent (Fig. 2c). This fluctuating
minor deformation is on a ~9-month cycle that is in phase with
the main rainy season, probably representing an elastic response
of the dam wall to seasonal ground water level variation and
associated pore pressure change in the tailings impoundment?!.
Piezometer data corroborate this by showing short-term changes
in the water level in the lower part of the dam that coincide with
the rainy season®. The analysis for track 53 shows two arms of
deformation extending down either side of the front of the dam
wall (Fig. 2b), which coincide with the extent of the failure. The
deformation is greatest on the right toe of the dam wall (looking
towards the dam) at location 4, where the cumulative displace-
ment is on the order of —18 mm in the LOS. Based on the time-
series, this area was largely stable prior to subtle deformation in
mid-October 2018 following an increase in rainfall, and then a
subsequent accelerated displacement into January 2019 just
2 weeks prior to the collapse (Fig. 2¢; location 4).

Consolidation settlement of the tailings would be expected to
reduce with time as water is removed from the tailings. This is
evident from the early trends at most of the presented locations,

where there is initial downward/westward movement that reduces
with time, approaching a period of stability that suggests
consolidation was either complete or nearing completion.
However, the sudden accelerated displacements established at
locations 3, 4, 5 and 6 from the latter part of October 2018 to
January 2019 cannot be explained by a consolidation process.
There is the possibility that the rate could accelerate during a
period of drying, as evapo-transpiration from the ground surface
could induce additional consolidation settlements. However, the
increased rate of displacement is associated with wetting periods
rather than drying periods. This implies that the deformations are
associated with infiltration and wetting of the soils, leading to
reduction in suction at the surface of the tailings® and hence
reduction in soil strength. It is therefore likely that the short
periods of observed accelerated deformation would contribute to
internal strains (described as internal creep by the report of the
expert panel®) that could induce static liquefaction in the brittle
materials, eventually culminating in the collapse of the
tailings dam.

As we have satellite observations from two different positions
in orbit, it is possible to perform a stereo analysis in order to
resolve the LOS motion into east-west and up-down compo-
nents for a comprehensive contextual evaluation of the site.
Unlike optical satellite and photogrammetric techniques, the
ability to resolve the two components between two SAR images is
dictated by the difference in incidence angle, rather than orbital
baseline?2. The optimum accuracy is achieved when the angular
separation is small in terms of opposite-side stereo pairs, and
large for same-side pairs. Although opposite-side SAR pairs offer
the most accurate results, they are normally considered
unsuitable for stereo applications owing to illumination differ-
ences and overwhelming layover, shadow and foreshortening

COMMUNICATIONS EARTH & ENVIRONMENT | (2021)2:2 | https://doi.org/10.1038/s43247-020-00079-2 | www.nature.com/commsenv 3


www.nature.com/commsenv
www.nature.com/commsenv

ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-020-00079-2

17 January 2019 (Track 155)

Relative LOS
displacement
[mm]

R

15

Relative LOS
displacement
[mm]

R

18

1200817 1211017 12M217 120218 171042??2/0&18 120818 1211018 121218
=== Rainfall * 80 E
2lumyn, 4| S\ | =, .-' AL 2 \‘ 6o 3
.E. 2 e ﬂ LT .. . ..- :40 E
E !
1 -10 m ﬂ \M IJL . " M| I: (2)0 s-
2 [l == Rainfall “ i '80 8
5 2 "y . !750 %
E -6 [ ﬂ “{llll LI " ..-. l 1 '..! 40 '_;
gx@ﬂn i1 nw?a
4 === Rainfall | : 80 §l
0 .l...l.l ‘ | '60 -}
x -4 . ag"amm," i : E
M W iiaant s
sy | il A} 2 2
10 = Rainfall : 80 P
2" '. | \ A | Lo 3
%i‘; ‘J‘l ul LI Ikl
g == Rainfall | : 80 D
E 2 -'...'l ‘lll i 760 §.
%‘ 6 wi .l'“. -...-_.“.. o o Lk. | l40 E
gom b LT T -2
2 18 !
E : by = J | — Rainfall | ::z g
X 5 . -1- --.Iﬂl T T . ..... b} - I 40 %
12 {20 3
22 “ \J\m H| l]\l, hm l || L ”.[ H l : y é-

o

Fig. 2 Time-series of InNSAR-derived deformation of the Brumadinho tailings dam. a Cumulative LOS displacement between August 2017 and 17 January
2019 (from track 155), and b 22 January 2019 (from track 53). Negative LOS displacements indicate motion away from the satellite. White dashed line
represents the failure extent of the dam. ¢ Time-series of mean LOS displacement at locations 1-6 indicated on a, b, and daily rainfall. Grey shading

represents the cumulative uncertainty of the standard error of the ISBAS solutions plus the standard deviation of the LOS displacements observed at each
location. The star and vertical dashed line indicate the occurrence of the dam collapse on 25 January 2019. Basemap image © 2020 Maxar Technologies.

effects in the presence of topography?3. As a consequence, it is
far more common for radargrammetric surveys to use same-side
pairs. For this site, the Sentinel-1 mission acquires only same-
side data from descending passes, which allows for a same-side
stereo analysis using the overlapping tracks 53 and 155.
However, an angular difference in the geometries of only ~13°
between tracks limits the ability to determine the motion
components to only a low level of accuracy. For example, a
typical LOS accuracy of 2 mm in each case would amplify to 4
mm in up-down and 6 mm in east-west directions respectively,
which, given the low rates of motion detected, may not be
sufficient to determine small changes in the direction of motion
on the dam itself. Nonetheless, the stereo analysis indicates that
the deformation observed on the dam wall and front and back of
the tailings dam in the LOS is predominantly in the vertical
direction (Supplementary Fig. 3). This is in agreement with the
findings of the expert panel report®.

Timing of the dam collapse. The InSAR time-series for locations
on key features of the dam exhibiting accelerated deformation
characteristics (locations 3, 4, 5 and 6; see Fig. 2) were subjected
to the well-established inverse velocity analysis?4, in order to
determine whether effective estimates of the date of the failure
would have been possible?>. Performed on velocities derived
from displacement observations for the period corresponding to
the final acceleration phase2%, the analysis predicts a time interval
for when the dam failure was expected to occur. In this case, we
are identifying an acceleration of internal movements that are

thought to be sufficient to induce the static liquefaction
mechanism that caused the collapse. This is based on the
observations of the expert panel that the tailings showed brittle
strength loss due to their bonded nature and that very small
strains were sufficient to reach peak strength’. The back-analysis
of the observed deformation enabled a forecast of the collapse
time interval for location 3 of 513 to 537 days after the initial
InSAR observation (made on 19 August 2017), 512 to 537 days
for location 4, 515 to 527 days for location 5, and 523 to 551 days
for location 6 (Fig. 3a, b). The dam collapse occurred 524 days
into the monitoring period, meaning that the failure date was
within every one of the ranges forecasted using the InSAR
observations at all four locations. We also performed a sensitivity
analysis to determine how early and reliably a correct collapse
date might have been predicted if the dam had been subject to
systematic monitoring using the Sentinel-1 InSAR measure-
ments. From this (Fig. 3c), we see that the correct time interval
may have been forecastable as early as 75 days before the collapse
(i.e., 11 November 2018) based on the InSAR-derived velocity
measurements for location 6. However, it would not have been
possible to predict a correct failure date by incorporating the
additional successive InSAR observations, meaning that the
failure date would not have been reliably predicted based on
the precursory deformation observed at location 6 in track 53.
The corresponding location 3 in track 155 shows similar beha-
viour in that a correct timing prediction was initially possible as
early as 44 days before the collapse, but then not when the next
successive InSAR observation is considered. However, a reliable
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Fig. 3 Predicting the timing of the Brumadinho tailings dam collapse. a Inverse velocity analysis for final movement phase exhibited at locations 3, 4, 5
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the number of days since the initial INSAR measurement (19 August 2017). Horizontal dashed black line in ¢ represents the timing of the dam collapse.

prediction of the correct timing again becomes possible from
20 days before the failure. At location 5, the accelerated dis-
placement occurred suddenly between the last two Sentinel-1
observations acquired just 3 days before the actual dam collapse.
These two observations alone enable a prediction date of within
2 weeks of the actual failure. Location 4 offers the most con-
clusive evidence of precursory deformation indicative of the
occurrence of a collapse, with correct failure date predictions that
could have been reliable made as early as 51 days prior (from 5
December 2018). When considered together, the variation in the
predictions attests the importance of monitoring deformation
over the whole dam structure, rather than focussing on specific
areas (e.g., only the dam wall), in addition to utilising multiple
SAR viewing geometries where available. Nonetheless, at all of
the locations analysed (i.e., locations 3-6), the data points toward
a potential failure of the dam.

If implemented as part of a comprehensive operational early-
warning system, a systematic inverse velocity analysis producing
three overlapping failure time intervals for the same or different
locations on the dam would likely be cause to flag a potential
issue with its stability. The data suggest that this would have
occurred 44 days before the collapse occurred (Fig. 3c), offering
40 days of notice between when this third overlapping
prediction was made and the beginning of its respective failure
time interval. Even when factoring in the 1 day of ISBAS
processing time currently required to update the displacement
time-series once a new SAR acquisition is performed, this is still
likely to have been adequate notice for appropriate action to
have been taken—whether that be implementing more detailed
monitoring using different types of sensor or other mitigation
measures.
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Dam monitoring implications. Concerns regarding the stability
of other upstream dams in the region have since been raised,
including that of the Sul Superior dam at the Gongo Soco mine in
Bardo de Cocais. The area was evacuated as a precautionary
measure on 8 February 2019 following concerns that movement
detected on the northern pit wall of the mine may subsequently
affect the stability of the inactive dam 1.5 km away?’. We applied
InSAR analysis to the SAR data for the single Sentinel-1 track
covering this area, which revealed evidence of downslope motion
(an average rate of <15mm/year) along the northern and
northwestern walls of the pit (location W) during the past 2 years
(Fig. 4a). After an initial phase of motion followed by 4 months of
relative stability, movement was re-initiated on the slope in
December 2018 concurrent with a period of intense rainfall
(Fig. 4b). Fragments of the northern pit wall were reported to
have slid into the pit on 31 May 2019 (ref. 28), however, our
results show continued motion of parts of the northern wall and
most of the northwestern wall into early June 2019. Deformation
of the Sul Superior dam is also detected, with similar rates of
displacement observed on both the tailings beach and dam wall at
locations Y and Z, respectively (Fig. 4a). The dam as a whole
appears be deforming uniformly and the deformation trends
observed are consistent with consolidation settlement, showing a
reducing rate of movement with time (Fig. 4b). Additionally, the
spoil heap behind the dam (location X) also appears to be subject
to settlement (Fig. 4), albeit at a higher average rate (up to —15
mm/year) than that of the dam and tailings. The uniform rate and
pattern of settlement observed at Sul Superior is in contrast to the
differential deformation observed prior to the collapse of Dam I,
which suggests no apparent degradation of the stability condi-
tions of the Sul Superior dam during June 2017-June 2019.
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Fig. 4 Deformation of the Sul Superior tailings dam at the Gongo Soco mine, Bardo de Cocais (19.96° S, 43.60° W). a InSAR-derived average line-of-
sight (LOS) rate of ground surface deformation for June 2017-June 2019. Negative LOS velocities indicate motion away from the satellite. b Time-series of
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at each location. Basemap image © 2020 Maxar Technologies.

Nevertheless, continuous ongoing monitoring of the dam is
imperative for detecting any changes in its deformation and
future stability.

While monitoring the stability of tailing dams is vital for
avoiding catastrophic loss of life and livelihood, their vast extents
can pose practical engineering challenges in monitoring them
using traditional geotechnical techniques?!. Although not a
standalone monitoring technique, satellite InSAR has been
incorporated into integrated monitoring programmes in recent
years to develop more cost-effective means of monitoring dams
and assist early-warning systems?®. A key benefit of exploiting
satellite InSAR is that it can provide widespread coverage to
compliment the often limited discrete point measurements
acquired using ground-based techniques, and indeed our results
attest the necessity for monitoring the entire tailings dam
structure. However, the use of satellite InSAR for monitoring
dam stability is restricted to relatively slow rates of deformation,
since sudden collapses can cause loss of coherence, the
introduction of phase ambiguity, or occur on a time-scale shorter
than the revisit time of the satellite2. The presence of water on
the tailings beach or vegetation can also affect coherence and
therefore limit the density and spatial distribution of displace-
ment measurements that can be obtained; the effect of the latter
has been shown here to be particularly limiting for conventional
InSAR techniques. Nonetheless, through the application of the
advanced ISBAS InSAR technique in conjunction with freely
available Sentinel-1 imagery, we have demonstrated the potential
to perform detailed deformation monitoring over dry, vegetated
tailings dams in a cost-effective manner. Moreover, this was
achieved without the need for ground infrastructure, meaning

that such an approach can be utilised independently by mine
operators, regulators or any third party to help support the
monitoring of any site around the world. Where stereo analysis is
not possible due to an absence of orbit tracks with sufficiently
different viewing geometries, a SAR image stack acquired with a
small angle of incidence is recommended due to the increased
sensitivity to vertical deformations.

The application of an advanced InSAR technique has provided
valuable insight into precursory deformation prior to the collapse
of Dam I at Brumadinho on 25 January 2019. We observed
widespread deformation across the dam wall and tailings from
two independent satellite tracks, revealing areas subject to
consolidation settlement. However, in contrast to attempts using
other InSAR techniques, we also detected evidence of anomalous
deformation not consistent with consolidation on the dam wall
and tailings beach, instead exhibiting a clear accelerated rate of
deformation from about late October 2018 following a period of
increased rainfall. An empirical approach based on the inverse
velocity at these locations enabled correct predictions of the time
interval for the collapse of the dam, which demonstrates the
importance of monitoring deformation over the entire tailings
dam instead of solely the dam wall. We analysed a similar dam
thought to be at risk of collapse and found that it does not
currently exhibit the same anomalous pre-failure deformation
behaviour as Dam I, instead showing characteristics of con-
solidation settlement.

Methods
InSAR data and analysis. We mapped deformation of the Brumadinho Dam I
using SAR imagery acquired from the Sentinel-1 mission. In the absence of
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coverage from an ascending orbit, the deformation was investigated using data
acquired from two overlapping descending orbit tracks (tracks 53 and 155) cov-
ering approximately the same time period. The track 53 dataset consisted of 45
images acquired from 12 August 2017 to 22 January 2019 at an incidence angle of
32° measured from the vertical. The track 155 dataset comprised 45 images
acquired between 7 August 2017 and 17 January 2019 at an incidence angle of 45°.
Both datasets were processed independently with the ISBAS technique!®. The
ISBAS technique, invented in 2012, is an adapted version of the established low-
resolution SBAS Differential InSAR (DInSAR) time-series algorithm3%31. It was
designed to improve the density and spatial distribution of survey points to return
measurements in vegetated areas, where conventional DInSAR processing algo-
rithms habitually struggle due to incoherence!>32. The ISBAS algorithm is
implemented using Terra Motion Limited’s in-house Punnet software, which
covers all aspects of processing from the co-registration of Single Look Complex
(SLC) data to the generation of time-series>3. Phase unwrapping was implemented
using an in-house implementation of the Statistical-cost, Network-flow Algorithm
for Phase Unwrapping (SNAPHU) algorithm3%. Measurements in each case were
calculated relative to a reference point situated in an urban area; for Brumadinho
Dam I, the same reference point in the town of Brumadinho was used for both
tracks. Using restrictions on maximum orbital and temporal baselines of 100 m and
1 year, respectively, average LOS velocities (Fig. 1) and displacement time-series
(Fig. 2) for each pixel were derived at a spatial resolution of 20 m, according to the
previously described approaches!3°, using a multilook factor of 7 x 2 pixels. All
outputs were geocoded to a Universal Transverse Mercator (UTM) projection
using the Shuttle Radar Topography Mission (SRTM) digital elevation model
(DEM)3¢. There were small inconsistencies in geolocation over the mines due to
the age of the SRTM DEM, created in 2000, manifesting themselves as a slight
difference in the shape of the lake extent between satellite tracks. No smoothing
was applied as part of the processing; however, the velocity and displacement maps
shown (Figs.1b, ¢, 2a, b, 4a and Supplementary Fig. 3) were smoothed using a 3 x 3
pixel averaging filter for the sole purpose of aiding visual interpretation. A com-
bination of this filtering and slight differences in the accuracy of the orthor-
ectification is responsible for the apparent differences in coverage between the two
tracks—e.g., the inconsistent shape of the lake on the neighbouring tailings dam.

Pixels were processed only if they met an average coherence threshold of 0.45.
As discussed in Cigna and Sowter3!, the standard error of the velocity, e; is related
to the number of best coherence interferograms used, #;, and can be modelled as:

e L mm/year 1
Py M

Short baseline pairs generally produced very good interferograms over the dam
and examples are shown in Supplementary Figs. 4 and 5. The ISBAS method uses
good-quality phases only for the measurement of displacement. For tracks 53 and
155 over the Brumadinho Dam I, n; was set to be a minimum of 430 and 498
interferograms, respectively, meaning that the standard error in the LOS was
always better than 0.53 mm/year. Maps of the number of best coherence
interferograms (n;) for the two tracks are shown in Supplementary Fig. 6. For Sul
Superior, n; was 720 meaning for that site the maximum standard error is even
better at 0.41 mm/year.

An ISBAS stereo analysis of the two Brumadinho time-series stacks was
attempted®’, with modifications to account for the same-side geometry and along-
track directions associated with tracks 53 and 155. Firstly, given the 5-day offset on
acquisitions between the two tracks, a linear temporal interpolation was applied to
ensure that the dates coincided. Next, we performed the 2-D stereo analysis on the
two time-series, on a date-by-date basis, to derive displacements in the vertical
up-down (dyp) and lateral towards—away across-track (dr,) directions as given by:

dyp = (LOSs; x sinf55 — LOS, 55 x sinfs3) /sin(6}55 — 0s3), (2)

dpp = (LOS 55 x costs; — LOSs; x cosys5) /sin(0,55 — bs3), (3)

where LOSs; and LOS; 55 are the LOS displacements measured from tracks 53 and
155, and 053 and 6,55 are the incidence angles for tracks 53 and 155. Given the
small difference between the incidence angles, the precision in the up-down and
towards-away directions is 2-3 times worse than in the LOS directions (although
slightly better in up-down than towards-away). Thus, the stereo analysis
undertaken here is only useful for detecting relatively large displacements. It was
not feasible to resolve directly into the east-west direction as the geometry between
the observations is almost identical in this case. However, as the angle of climb of
the Sentinel-1 orbit is less than 10° at this latitude, we therefore assume that the
lateral towards—away motion is entirely in the east-west direction. The results of
the stereo analysis for the Brumadinho dam are shown in Supplementary Fig. 3.

For the Sul Superior dam site, Sentinel-1 imagery was only available from a
single track (track 155) from a descending orbit. A total of 59 images were available
for 8 June 2017 to 10 June 2019. The data were processed according to the
approach outlined above, using the ISBAS technique and the same orbital and
temporal baseline limits as the Brumadinho Dam I site to derive average LOS
velocities and time-series for each pixel (Fig. 4).

With the aim of detecting and characterising any anomalous precursory
deformation that occurred prior to the collapse, the entire InSAR time-series data
for each track were closely inspected. This was performed by first dividing the dam
into sectors representing its main structural elements (e.g., dam wall, front part of

the tailings beach, rear of the tailings beach)? and then systematically inspecting the
time-series data to identify locations exhibiting distinctive deformation within each
sector. Representative time-series for these locations were then obtained by
averaging the individual time-series for a subset of 25-208 contiguous pixels within
the locality, depending on the spatial extent and uniformity of the respective
deformation pattern. The uncertainty associated with each average deformation
time-series was then computed as the accumulation of the standard deviation of the
subset time-series at each location, plus the maximum standard error of the ISBAS
solutions associated with the respective track.

Alongside ISBAS, we also implemented two additional InSAR techniques over
the Brumadinho Dam I site. Firstly, for comparison, we performed standard
coherent scatterer analysis on tracks 53 and 155 to extract average LOS velocities
using a conventional SBAS time-series approach (Supplementary Fig. 2), following
Berardino et al.>>. The SBAS processing is the same as for ISBAS except that only
pixels meeting the coherence threshold of 0.45 throughout the entire stack are
considered. A disadvantage of all multi-temporal DInSAR approaches—including
ISBAS—is the limited maximum rate of deformation that they are able to measure
due to the inherent interferometric phase ambiguity?’. Therefore, to complement
the ISBAS results, we also implemented a DInSAR stacking technique to help
identify fast deformation over the dam. This technique uses differential
interferograms generated using only consecutive image pairs in order to maximise
temporal coherence. The consecutive-pair interferograms are filtered using the
modified Goldstein filter®® in the computation of average LOS velocities and the
displacement time-series (Supplementary Fig. 1).

Daily rainfall data. Rainfall data for the Brumadinho and Sul Superior sites were
obtained from the Brazilian National Institute of Meteorology (INMET). For each
site, we sourced available data from the nearest automatic meteorological station,
which, for Brumadinho was located 15 km away in Ibirité (Rola Moga-A555), and
for Sul Superior was located 38 km away in Belo Horizonte (Cercadinho-F501).
The rainfall data from these weather stations was summed to generate daily rainfall
totals (mm) for direct comparison with the InSAR deformation time-series.

Temporal prediction of the dam collapse. The timing of the failure of Dam I at
Brumadinho was estimated using the well-established inverse velocity
method?42639-41 which involves fitting a straight line to inverse velocity values
that decrease over time to zero on the approach to a slope collapse. To achieve this,
the velocities at each time point were computed from the change in displacement
observed between successive InSAR observations made at 12-day intervals. In order
to reduce the effect of noise on the timing prediction, the time-series of LOS
velocities were smoothed by applying a 3-point moving average filter prior to the
calculation of the inverse velocities?>. Inverse velocities were only computed for
deformation time-series exhibiting accelerated deformation (Fig. 2; locations 3, 4, 5
and 6), and only for the observations constituting the final movement phase on the
approach to the failure?. The inverse velocities were then plotted against time in
days after the initial InSAR measurement (19 August 2017) and linear regression
was used to establish the best-fit straight line, with the extrapolated intercept on the
time-axis indicating the predicted timing of the collapse (Fig. 3a). Determining
whether the failure could have been correctly predicted is dependent on the
number of observations used in the regression analysis. Therefore, to increase the
objectivity of the regression analysis, we follow the same approach as Carla et al.2%,
by using the consecutive inverse velocities preceding the collapse that produced the
highest coefficient of determination, R2—which ranged between four and five data
points. By also employing the same logic of Carla et al.?>, any anomalous data
points clearly affected by either phase wrapping or noise were discarded from the
regression analysis; this resulted in the removal of only a single point for location 6.
Time intervals for the estimated collapse date (Fig. 3b) were computed using the
standard error associated with each regression.

We also undertook a sensitivity analysis to determine how early and reliably a
correct collapse date could have been predicted using the systematic Sentinel-1
InSAR observations, by iteratively performing the regression analysis for an
increasing number of successive inverse velocity measurements obtained during the
final movement phase at each location (Fig. 3c). In each case, the onset of the final
movement phase was identified as the point in the time-series at which there was a
marked acceleration in the deformation. For location 5, the duration of this final
phase of increased displacement was short, only spanning the two Sentinel-1
observations acquired just before the actual dam collapse.

Data availability

The hourly meteorological data are freely available to download for the Ibirité (Rola
Moga-A555) station at https://tempo.inmet.gov.br/GraficosAnuais/A555 and the Belo
Horizonte (Cercadinho-F501) station at https://tempo.inmet.gov.br/GraficosAnuais/
F501. The Sentinel-1 datasets are freely available and can be obtained by searching and
downloading the Interferometric Wide (IW) swath mode products for orbit track
numbers 53 and 155 through the Copernicus Open Access Hub (https:/scihub.
copernicus.eu/dhus/#/home). The processed interferometric data and deformation maps
are commercially sensitive and may be made available on reasonable request by email
addressed to the corresponding author (S.G.). Additional data that support the findings
of this study are available at https://data.mendeley.com/datasets/pfox7375vd/1.
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Code availability

InSAR data were processed using the Punnet software (Terra Motion Limited).
Deformation maps contained within the figures were created with the aid of ArcMap™
(Copyright © Esri. All rights reserved).
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