P Fundacdo D Cabral
SLO E Nova ::na.ahgf\ian‘:s (?er:;is.aBr;zail @

STABILITY 2024

BELO HORIZONTE - BERASIL

Applications of INSAR for Early Indication of Mine Slope
Instability: Back Analysis of Satellite Displacement Data

Josef Bourgeois National Institute for Occupational Safety and Health, Spokane, USA
Sean Warren National Institute for Occupational Safety and Health, Spokane, USA
Samir Sbai National Institute for Occupational Safety and Health, Spokane, USA
Jacqueline Salzer SkyGeo Inc., Sausolito, USA

Armel Meda SkyGeo Inc., Sausolito, USA

Tye Lasich Kinross Gold Corporation, Elko, USA

Abstract

Conventional ground-based instrumented displacement monitoring can be labor
intensive and time consuming, particularly when monitoring a large or complex mine
environment. Satellite-based Interferometric Synthetic Aperture Radar (InSAR)
provides a safe, economical monitoring option in providing coverage of large areas and
critical interests of mine sites. In April 2023, researchers at the National Institute for
Occupational Safety and Health (NIOSH) collaborated with SkyGeo Inc. and industry
partners of the Highwall Safety project to back analyze recent slope failures in Nevada
and identify whether there were early indicators of instability leading up to the events.
This paper presents the results of each back analysis and outlines a path forward on
continuation of this work throughout the duration of the NIOSH Highwall Safety project.
This research coincides with the development of a comprehensive slope failure
evaluation database as discussed by NIOSH at Slope Stability 2022 in Tucson,
Arizona.

1 Introduction

Two past slope failures that occurred at the Bald Mountain Mine, an open pit gold mine 2
complex located in White Pine County, Nevada, and operated by Kinross Gold i
Corporation, were back-analyzed using Interferometric Synthetic Aperture Radar 5
(InSAR) to determine whether the monitoring method could identify early indicators of %
instability leading up to the events. Both events were analyzed using two independent 3
Sentinel-1 descending satellite datasets. The first slope failure that was back-analyzed 2
occurred at the East wall of Top Pit in December 2014 while the second occurred at the g
North wall of Saga Pit in January 2023. Sentinel-1 data is available at this location &
starting in November 2014 and continues to be operational, providing the opportunity to =
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evaluate the displacement patterns associated with both events and relate them to
activities and observations on-site.

2 Background

2.1 Use of INSAR Monitoring in the Mining Industry

Successful use of satellite-based INSAR has been proven in multiple industries and has
been increasingly utilized to monitor open pit mines (Hadjimitsis, Papadaki et al. 2013,
Athayde Pinto, Paradella et al. 2015, Colombo 2015, Paradella, Ferretti et al. 2015,
Raventos and Sanchez 2018, Carla, Intrieri et al. 2019, F. Gama, Mura et al. 2020,
Lépez-Vinielles, Ezquerro et al. 2020, Sertabipoglu, Ozer et al. 2020, Tang, Motagh et
al. 2020, Bar and Dixon 2021, Gong, Lei et al. 2021, Moon and Lee 2021, Lee, Moon et
al. 2022). Results are typically provided as periodical reports with the ability to visualize
movement data in online portals and/or spatial formats for use in common software
packages, such as ArcMap and Google Earth. Current use of InSAR in the mining
industry is predominantly by larger mine operations. Williams, Ross et al. (2021)
provides a detailed example of successful INSAR back-analysis of the Manefay failure
in the United States. INSAR could be used at smaller mines and quarries at relatively
low economic costs compared to ground-based radar monitoring.

When compared to ground-based monitoring systems, satellite-based InSAR presents
advantages including the ability to monitor large areas with up to 1-2 millimeters of
precision as well as the ability to analyze historical data (Williams, Ross et al. 2021).
Additionally, this type of monitoring can be done remotely by use of satellite data
without the need to install equipment in the mine, providing a safety benefit to its use.
These advantages presented by INSAR monitoring are being explored by researchers
and collaborators of the Highwall Safety project, which is being conducted by the
National Institute for Occupational Safety and Health (NIOSH), to mitigate the impact of
large-scale slope failure by catching the ground movement earlier on and better
characterizing its size and shape for improved safety and mine management.

2.2 NIOSH Highwall Safety Project

In October of 2021, the Geomechanics Team at NIOSH Spokane Mining Research E
Division (SMRD) started the Highwall Safety project, which will run until 2026. This E
project is a continuation of a pilot project conducted by Warren, Chambers et al. (2021) 8
where one of the main goals is to quantify the performance of available criterion for 3
rockfall catchment bench design in a variety of bench configurations and optimize said ;’
criterion based on field calibration. During the development of the project proposal, it a
was requested to add a research objective focused on improving slope performance 0|
monitoring capabilities at open pit and quarry sites by working with vendors on existing -
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monitoring technologies and expanding their use in the mining industry. As a starting
point, researchers at NIOSH collaborated with SkyGeo Inc. to back-analyze slope
failures at partnering mine sites using INSAR to help spread awareness of the
technology and its applications for improved mine site monitoring. This paper presents
the results of the first round of INSAR back-analysis at Bald Mountain Mine with the
goal of continuing the campaign at other mine sites in the United States throughout the
duration of the Highwall Safety project.

2.3 SkyGeo Inc. & INSAR Processing Approach.

SkyGeo is a supplier of products and services derived from InSAR data, including
operational monitoring for open pit mines. Based on their broad experience monitoring
and investigating ongoing slope instabilities, SkyGeo has developed a catalogue of
typical patterns potentially associated with on-site risks. The collaboration with their
customers and on-site teams is a key element for understanding patterns in the data
and was also key to achieve the outcomes presented in this paper.

SkyGeo performs INSAR processing using proprietary small baseline subset (SBAS)
and Persistent Scatterer (PS) algorithms. The combination of algorithms enables them
to accurately map displacement dynamics occurring over different temporal and spatial
scales. For both cases presented in this paper, a historical baseline analysis was
conducted on the site using two independent stacks of SAR imagery acquired by the
standard resolution Sentinel-1 satellite.

Due to the locations of the failures and orientation of the walls on which they occurred,
only descending orbit datasets were processed (see sections 3.1.1 and 3.2.1). The two
datasets have incidence angles of 34 and 44 degrees. Due to topographic and
geometric effects, descending orbits provide better coverage on the area that failed,
and a higher sensitivity to displacements therefore increasing the likelihood of detecting
any precursors. The ascending orbit datasets were excluded since they would provide
no coverage of the failure areas in question.

3 Bald Mountain Mine Back-Analysis Case Studies
3.1 Case Study 1 — December 2014 Top Pit

3.1.1 Satellite Dataset

The December 2014 event followed the beginning of satellite acquisitions over the
failure area by only a month. Therefore, the pre-failure data availability is limited. The
images processed into displacements estimates are shown in Figure 1.
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Figure 1. Sentinel-1 satellites used to analyze Top pit East wall slope failure.

3.1.2 Event Information and InSAR Analysis

The Top pit East wall slope failure occurred on December 21, 2014. At that time, only 1
out of the 96 prisms on the East wall caught movement prior to failure. Furthermore, a
storm event that took place December 20" caused a gap in the prism data prior to the
failure. Figure 2 shows a side-by-side of the failure area, as mapped after the event,
and prism locations.

Figure 2. Top pit East wall failure area (red outline) and prism location.

There was no significant displacement measured by the prism in the failure zone until
after December 9™, 2014 (Figure 3) which is the date of the last Sentinel-1 descending
71 pre-failure acquisition. This provided an opportunity to see if INSAR could pick up
displacement prior to the prism. Figure 4 shows the InSAR differential line-of-sight
displacements from November 15, 2014 to December 9", 2014. Negative displacement
(orange-red) indicates movement away from the satellite’s line of sight while positive
indicates movement towards the satellite’s line of sight.
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Figure 3. Timeline of 7820-10 prism located in Top pit East wall failure area showing
displacement after December 9, 2014 and failure on December 21, 2014.
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Figure 4. Sentinel 1 descending 71 data of Top pit East wall failure area with prism
locations showing differential line of sight displacements from November 15,
2014 to December 9, 2014.
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The displacements estimated with INSAR shown in Figure 4 show up to -30 millimeters
in the 24 days leading up to December 9", 2014. The direction of the movement
indicates a downslope direction. This displacement occurs at the location of the prism
that measured movement after December 9", 2014 showing that INSAR detected
displacement before the prism.

3.2 Case Study 2 — January 2023 Saga Pit

3.2.1 Satellite Dataset

For the January 2023 event, the same satellite orbits were selected for processing as
for the 2014 failure in Top pit. The last images prior to the failure were not included due
to heavy snow cover, which negatively impacts the quality of the results. The time line
of images used as well as the timing of the failure is shown in Figure 5.

" Saga pit failure
Temporal Overview 2023-01-20
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Figure 5. Sentinel-1 satellite orbits and acquisitions used to analyze Saga pit North
wall slope failure.

3.2.2 Event Information and InSAR Analysis

The Saga pit North wall slope failure occurred on January 20, 2023. The failure area as
well as displacement rate estimated by INSAR between July 30, 2022 and December 5,
2022 is shown in Figure 6. A negative displacement rate (red colors) indicates
movement of the ground away from the satellite, when projected onto the satellite line
of sight. The white dashed area in Figure 6 highlights a clear spatial anomaly in the
failure area along the crest of the pit with displacement rates reaching up to -100
millimeters a year. It's important to note that there is no INSAR coverage below the
crest due to mining activity.
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Figure 6. Displacement rates estimated from Sentinel-1 descending orbit 71 data for
the period July 30, 2022 to December 5, 2022. Background: pre-failure
optical image of the Saga pit North Wall. Red outline: failure area. White
outline: group of INSAR points showing an increase in displacement rate
preceding the failure.

Focusing in on some of the points with higher displacement on the crest allowed
researchers to better follow trends of displacement rates as well as determine when the
data started to become inconsistent prior to failure as shown in Figure 7. When
investigating the individual points shown in Figure 7, movement is seen along the crest
of the slope beginning in July, 2022 and an acceleration is observed in November,
2022.
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Figure 7. Sentinel-1 descending 71 and Sentinel 1 descending 173 data of Saga pit
North wall failure area showing displacement map and average time series
of the crest points within the blue shaded circle selected for analysis.

4 Discussion of Results

4.1 Case Study 1 — December 2014 Top Pit

While there was limited Sentinel 1 data available prior to the December, 2014 Top pit
failure, as shown in Figure 1, some insight was gained by evaluating differential
displacement maps generated by SkyGeo Inc., revealing movement up until December
9, 2014, which was not caught by the prism. Due to the timing of the satellite
acquisitions, the displacements mapped by the satellite do not capture the acceleration
as seen in the prism in the 3 days leading up to the failure. However, the spatial
displacement anomaly mapped via satellite in the earlier stage of the development of
the instability could have been raised as an area of concern if INSAR monitoring was in
place at the time, enabling the team on site to take precautionary measures, such as
limit access to the pit, or optimize their ground based monitoring, e.g. relocating a
ground-based radar unit from a different pit. Moving forward, in cases like this, use of
INSAR in the slope monitoring program can help fill gaps in displacement data where
installation of prisms is not feasible and can complement data being gathered by
prisms.
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4.2 Case Study 2 — January 2023 Saga Pit

When comparing the satellite data availability for the two case studies, the catalog of
historical Sentinel-1 data is more extensive for the January 2023 failure in the Saga pit.
Both two descending datasets used consistently showed a long-term displacement
pattern in the failure area as well as shorter term acceleration which could have been
raised as a concern if IN'SAR monitoring was in place at the time.

For this event, a longer time period of data is available prior to the failure. This enabled
SkyGeo Inc. to provide additional insights into the event, such as the point in time
where there was an onset of instability, and correlating it to operational activities, such
as the mining of new benches at the time. The early identification of the formation of
instabilities could potentially enable remediation measures that are only feasible while
the displacement rates are minor, such as the installation of a stabilizing berm.

A case study like this provides a good example in the importance of integrating both
ground-based radar and satellite INSAR data as the InSAR data can detect
displacements above the mine crest where most of the detachment zone may be
located. An additional example of this type of situation and the benefit of combining
both ground-based radar and satellite INSAR data within a mine monitoring program is
outlined in Carla, Farina et al. (2018).

5 Conclusions

This paper represents a first step in the NIOSH Highwall Safety project’'s INSAR back-
analysis campaign to spread awareness of the technology and its applications for
improved mine site monitoring. Moving forward, the NIOSH research team will continue
to partner with mining operations and companies that provide displacement monitoring
services to provide a collection of case studies for increased knowledge sharing to
ultimately benefit the mining industry. Finally, the case studies gathered as part of the
INSAR back-analysis campaign will be integrated as appropriate into a slope incident
database (Sbai, Bourgeois et al. 2022), a collaborative effort between NIOSH and the
University of Arizona’s Geotechnical Center of Excellence (GCE), which aims to act as
a tool that progresses the development of trigger action response plans through
utilization of machine learning to improve predictive slope failure modeling.

6 Disclaimers

The findings and conclusions in this report are those of the author(s) and do not
necessarily represent the official position of the National Institute for Occupational
Safety and Health, Centers for Disease Control and Prevention. Mention of any
company or product does not constitute endorsement by NIOSH, CDC.
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