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Abstract: Persistent Scatterer interferometry (PSI) represents a powerful tool for the
detection and monitoring of tiny surface deformations in vast areas, allowing a better
understanding of its triggering mechanisms, planning of mitigation measures, as well as to
find better solutions for social and environmental issues. However, there is no record
hitherto of its use in active open pit mine in tropical rainforest environment. In this paper
we evaluate the use of the PSI technique for the detection and monitoring of mine slope
deformations in the N4W iron mine and its surroundings, Para State, Northern Brazil. The
PSI processing was performed with 18 ascending SAR scenes of the TerraSAR-X satellite
acquired in the dry season of 2012. The results showed a significant number of widely
distributed persistent scatterers. It was observed that most of the study area was stable
during the time span. Nevertheless, high deformation rates (312 mm/year) were mapped
over the mine waste piles, but do not offer any hazard, since they are expected
displacements of meters in magnitude for these manmade land structures. Additionally, it
was mapped tiny deformation rates in both the east and west flanks of pits 1 and 2. The
main underlying reasons can be assigned to the accommodation phenomena of very poor
rock masses, to the local geometric variations of the slope cuts, to the geological contact
between ironstones and the country rocks, to the exploitation activities, as well as to the
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major geological structures. This study showed the applicability of the PSI technique using
TerraSAR-X scenes in active open pit mines in tropical moist environment. However, the
PSI technique is not capable in providing real-time warnings, and faces limitations due to
SAR viewing geometry. In this sense, we strongly recommend the use of radar scenes
acquired in both ascending and descending orbits, which would also provide a more
complete understanding of the deformation patterns.

Keywords: persistent scatterer interferometry; surface deformation monitoring; open pit
mine; tropical environment; Carajas Mineral Province

1. Introduction

One of the most important open pit iron mines in Brazil is the N4W, located in the Carajas Mineral
Province, Amazon Region (Figure 1). Its production in 2010, together with the N4E and NS5 iron
mines, were equivalent to US $8.7 billion [1]. The N4W mine has shown some slope instabilities in the
last few years [2], which caused concerns in the resident geotechnical team of the Vale S.A. mining
company. In order to avoid such a problem, geotechnical monitoring systems in areas considered as
critical are usually employed. In spite of being known for having a high precision, these traditional
techniques present operational, logistical, and economic disadvantages, such as the cost against the
size of the monitored area [3—5]. In this sense, the persistent scatterer technique, PSI [6,7], which uses
the phase information (proportional to the sensor-target distance) of SAR (Synthetic Aperture Radar)
scenes acquired at different times (from the past to the present depending on the availability of the
scenes), provides a synoptic view of the distribution and the activity status of unknown surface
motions [8—14]. This approach consists in identifying statistically pixels, which include stable
scatterers (e.g., outcrops, manmade structures, efc.) from a relatively large number of SAR scenes
(>15), based on its reflectivity pattern, allowing use of them as benchmarks.

In this work the PSI technique was used for the mapping and monitoring of surface displacements
of the N4W iron mine, and its surroundings (e.g., infrastructure, roads, mine waste piles, etc.). For this
purpose a set of orbital SAR data was processed, which consisted of 18 TSX-1 (TerraSAR-X) complex
scenes acquired during 11 days during the dry season of 2012. The N4W mine has approximately an
area of 4 km? and 300 m in depth and is comprised of poor rock masses [15], where crops out archean
ironstones (Fe content as high as 66%) and metavolcanic rocks striking N-S included in the Grao Para
Group [16,17].

This work is organized as follows. In Section 2, is presented the geological and tectonic settings. In
Section 3 the lithostructural and geomechanical features of the N4W mine, as well as its instabilities
records are described. In Section 4 the fundamentals of the PSI technique is presented. In Sections 5
and 6 the dataset used and the results obtained are described. In Section 7 we discuss our findings from
a geological perspective and in Section 8, we present some concluding remarks.

This study is part of an innovative research among INPE-FAPESP-Vale that aims for the
application of orbital radar imaging to the detection of possible surface displacements affecting the
active open pit iron mines of the Carajas Mineral Province, Para State, Northern Brazil.
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Figure 1. Location of the study area with indications of the main mineral deposits of the
Carajas Mineral Province and the Itacaiinas Shear Belt, Northern Brazil. Adapted

from [16,18,19].
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The Carajas Mineral Province (CMP) is one of the most important mineral reserves in Brazil,
containing the world’s largest iron deposits (18 billion of tons with an average content of 66% Fe),
besides Cu, Au, Mn, Ni, Zn, and Pt [20]. The CMP lies along the Itacaitinas Shear Belt (ISB) with
E-W-trending (Figure 1) [21], which was originated in a ductile sinistral transpressive event (2.8 Ga)
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that initially affected basement rocks, reactivated until early Phanerozoic times [19,22]. The ISB
comprises a mid-Archean basement containing gneiss and migmatites of the Xingti Complex and
orthogneisses of the Pium Complex. The basement is unconformably overlain by a low-grade volcanic
and sedimentary rock of the Itacaitnas Supergroup and layered mafic-ultramafic complexes [23].
Over the cover assemblage lies marine to fluvial clastic rocks (e.g., arenites, siltites, calcarenites, and
conglomerates) of the Rio Fresco/Aguas Claras and Gorotire (Pareddo) formations [22,24-26].

The metavolcanosedimentary sequences of the Itacaiunas Supergroup are divided into five groups:
Grao Pard, Igarapé Salobo, Igarapé Pojuca, Igarapé Bahia, and Buritirama [16]. The Grao Parda Group
(2.76 Ga) [27] comprises a large amount of volcanic rocks (basalts, andesites, and riolites) and
ironstones grouped in the Parauapebas and Carajas formations. The large iron deposits found in the
region are included in the jaspilites and iron ores (hematite) of the Carajas Formation, and can reach up
to a thickness of 400 meters [20,28,29].

The CMP was also subjected to intense granitic magmatism most of them from Archean ages (3.0
to 2.5 Ga) and Paleoproterozoic ages (1.88 Ga) [30,31]. Many of the mineral concentrations found in
the CMP were influenced by granitic intrusions [32]. In addition to the granitic magmatism, the CMP
was also intruded by mafic sills and dykes (2.64 Ga) [33] attributed to a sin-depositional vulcanism of
the “Grao Pard” Basin [34], as well as to a regional distension event during Mesoproterozoic [35].

3. The N4W Mine

In the N4W mine a few lithological units, that can be briefly described as follows, were mapped. In
its core, crops out ironstones (banded iron formations and jaspilites), surrounded by metavolcanic
rocks (andesite, basalt, and rhyolite) dipping to the west. Basic dykes and sills are emplaced into these
units that are covered by thickly layered iron duricrusts and laterite soils. Weathered rocks
predominate and show varying degrees of alteration that are responsible for the differences in
hardness. Recognized in [15] are four main structural features in the N4W mine (notation dip
direction/dip): (a) joints with variable attitudes affecting all units; (b) banding with attitudes of 275/41;
(c) ductile shear faults with attitudes of 275/43 and 104/41; and (d) faults with attitudes of 015/60.

Reference [36] presented the results of strength tests for the main units of N4W mines, back-
analysis of slope failures, and data compiled from other studies. The results showed that the bulk of the
units are classified as soft ground (<250 kPa) [37]. According to [15], in the N4W mine crops out
mainly rock masses of very low geomechanical quality, RMR V and IV [38], while fair to very good
rock masses (RMR III to I) crop out locally as isolated bodies.

3.1. Slope Instability Records

Reference [2] describes that the slope cuts of N4W mine were subjected to four large planar to
circular failures between the years 2003 and 2008 (Figure 2). The authors mentioned that the failures
were due to the effect of “hidden” geological features (the geological contact between banded iron
formations and mafic sills/dykes dipping into the pit) and to the loss of slope base support due to the
mining of the pit face. The authors do not mention any rain preceding the slope failure events.
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Figure 2. Slope failure due to a geological fault involving at least four cut slopes of the
east flank of Pit 1. Note the dismantling of the slopes due to erosional effects, which
indicates the dominance of low-cohesion materials. Picture taken on 15 March 2012.

4. Persistent Scatterer Interferometry

Unlike optical imaging systems, the radar systems are responsible for producing their own source of
energy, present lateral viewing geometry, and operate within microwave frequencies (electromagnetic
wavelength, A = 1-100 cm). SAR systems capture the amplitude and phase signal backscattered from
ground targets and store it as a digital complex number for each resolution cell of an illuminated scene.
The amplitude of the backscattered signal represents the reflectivity of the targets and depends on
target and system parameters, such as geometry, dielectric constant, roughness, etc. On the other hand,
the phase of the signal indicates the cycle stage in which the wave is at a given moment. This angular
quantity varies from 0 to 2r radian and depends, among other things, on the sensor-target distance [39].

SAR interferometry (InSAR) is a remote sensing technique, which exploits the phase differences of
homologous pixels of SAR scenes, acquired from different spatial and temporal positions. The
temporal and spatial distances are known as baseline. The combination of two or more SAR scenes in
an interferogram represents a map of phase differences. The InSAR technique was first applied to map
the surface topography [40]. Years later, [41] used a similar approach to measure surface
displacements in California, USA, what became known as DInSAR (Differential SAR Interferometry).
DInSAR exploits the phase differences of two or more SAR scenes. However, it can be seriously
affected by the atmosphere, which led to the development of the so-called permanent scatterers
interferometry, PSINSAR™ [6,7]. This technique assumes that the reflectivity of some targets, such as
outcrops, manmade structures, efc., keep stable during time. These targets, called permanent or
persistent scatterers (PS) can be identified statistically based on their phase and amplitude stability in
the time domain. However, the interferometric phase differences of each target in the interferogram “i”
bears some contributions [13]:

AO;= (47'5/7\.)AR to+n+ q)topo (1)
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where, AR = target displacement, o. = atmosphere, n = noise due to decorrelation and ¢ipo = phase
residues due to the digital elevation model (DEM) inaccuracies. A DEM is used in the processing
chain in order to remove the topography phase related contribution from the interferograms. Thereby,
the goal of the technique is to isolate the component due to deformation from the other contributions.
This can be done by exploiting the characteristics of each one of the components in the space and time
domains. For this purpose, it is necessary to generate a sufficient number of interferograms (>15 SAR
pairs), which allows to reach milimetric precision for displacement measurements. A comprehensive
and recent review of this subject can be found in [42,43].

Currently, there are many approaches which use this principle [44-48], being collectively
designated as persistent scatterers interferometry (PSI). An important aspect of the PSI technique is
that its results (measures of the distances between the sensor and the ground targets) are not absolute in
time and space domains, but are referred to as a “master” scene in time, and calculated with respect to
a reference stable point in space.

Like traditional geotechnical monitoring systems, the PSI technology faces some limitations [10].
The first of them is that it is only capable of measuring displacements in the line-of-sight (LOS). In
order to derive the E-W (PSI technology is not sensible to N-S displacements) and the vertical
deformation vectors, it is necessary to combine SAR scenes acquired from both ascending and
descending orbits. Another limitation of the PSI technique is the maximum detectable displacement,
which depends on the electromagnetic wavelength, the temporal resolution and the spatial density of
the scatterers. The last factors that pose strong restrictions to the use of the PSI technique are the temporal
decorrelation of the SAR scenes, phase unwrapping problems and spatial gaps among scatterers.

5. Dataset

In this work were processed 18 TerraSAR-X complex scenes at full resolution (ascending orbit;
StripMap mode; polarization HH; incidence angle = 41° (center of the scene); temporal resolution =11
days; A = 3.1 c¢cm), acquired in the dry season of 2012, from March to September. The location of the
study area within the footprint of the TSX-1 is indicated in Figure 3. Using a panchromatic
high-resolution (0.5 m) GeoEye-1 stereopair, acquired over Carajas on 1 July, 2012, a DEM with Root
Mean Square error in elevation of 1.5 m and pixel spacing of 2 m was produced in order to model the
topographic phase [49]. The SAR scenes were processed in the GAMMA software, IPTA module [48].
The map projection used in this work is the WGS84-UTM?22S.

6. Results

The cut slopes of the N4W mine and its surroundings show a great variety of orientations due to the
pit geometry. Even though, dominates slopes dipping to east-southeast and west-southwest (Figure 4a).
Slopes striking N-S dipping more than 41 degrees, to the east, are affected by shadows (Figure 4b),
while slopes striking N-S dipping to the west are prone to be affected by foreshortening phenomena.
Both geometric distortions limit the use of the PSI technique.
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Figure 3. Footprint of TSX-1 with indication of the N4W mine and its surroundings.
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Figure 5 illustrates the temporal decorrelation problem between the first and the last SAR scene
used in the IPTA radar processing. As can be seen, there are significant changes in the topographic
surface due to mining activities in the west flanks of pits 1 and 2, as well as in the waste piles, NW-I
and NW-II. The interferometric coherence map represents a way of quantifying this effect, where
darker regions indicate strong changes, and lighter regions the opposite. According to Figure 5c, there
was a significant change in the last SAR scene (09-23-2012) in comparison with the first one
(03-20-2012). However, as one can see through the visual inspection of the SAR scenes, particularly
over the waste pile W, mining activities are not the only factor affecting coherence.

Figure 5. The figures depict the decorrelation effect of radar scenes over N4W iron mine:
(a) and (b) amplitude scenes acquired on 20 March and 23 September 2012, respectively;
and (c¢) coherence map derived from the SAR scenes. White areas indicate no surface
changes while black areas indicate the opposite. For the locations of pits and mine waste
piles refer to Figure 4b. Perpendicular baseline = 231.5 m. The pictures are in slant range

coordinates.

Figure 6 depicts the PS population and deformation rates superimposed on the lithostructural and
geomechanical maps of the N4W mine. The IPTA processing allowed the identification of 43.482 PS
in an area of near 15 km?% even in the regions affected by geometric distortion effects described
previously. The figures also show that there is a wide spatial coverage of persistent scatterers, 2.898
PS/km®. This result represents a large number, as the N4W mine is not urbanized, and is subjected to
intense rains and constant surface changes due to mining activities (Figure 5). One must keep in mind,
that the displacement rates were measured along the LOS. Figure 6 shows that most of the study area
can be considered to be stable during the time span of the scene acquisitions (greenish regions).
Nevertheless, very high deformation rates were detected over the waste piles (~312 mm/year) and
small deformation rates (<40 mm/year) were mostly detected in the cut slopes of the left flank of N4W
mine. The accuracy of the detected deformation rates can be evaluated by their temporal standard
deviation. The high standard deviation values observed (Gaverage = 5.6 mm/year) are due to the small
number of SAR scenes processed and the short observation period (seven months).
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Figure 6. LOS deformation measurements (mm/year) derived from the IPTA processing of
18 SAR scenes superimposed on the generalized lithostructural (left) and on the
geomechanical map (right) of the N4W iron mine. The background map was adapted
from [15] and it uses an outdated topographic base map. For details about the highlighted
circled areas, consult the text. The picture (below) depicts the re-sloping of a highly
weathered rock mass composed of metavolcanic rocks (RMR V). View to southwest.

Picture taken on 25 October 2012.
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Since surface deformations and slope stability are essential issues to mining operations in the area, a
network of leveling measurement points, using total station and reflecting prisms, was available for the
validation to establish vertical movements. In order to make representative comparisons, the vertical
optical leveling data was converted to the LOS of the TSX-1 satellite [50]. The conversion was done
by multiplying the optical leveling measurements by the cosine of the incidence angle (6 = 41°). This
procedure provided 1.5 mm of accuracy, and was achieved by using the method of uncertainty
propagation. With the purpose of ensuring that the values obtained by both, interferometry and optical
leveling, refer to the same place, we selected only the closest data pairs. It is important to mention that
the planimetric accuracy of the orthorectified GeoEye-1 scene is one meter only. The available field
data is related to six sites located in the cut slopes that lead to the mine waste pile NW-1. These slopes
are constituted of highly weathered metavolcanic rocks (Figure 7).

Figure 7. The left-side picture corresponds to the optical leveling and PS locations. The
background image is a GeoEye-1 colored composition. The right-side picture is a general
view of the monitored slopes. The picture was taken on 15 March 2012.
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Figure 8 shows the plots of displacement values versus time for both optical leveling and
interferometric (IPTA) approaches for the six sites. As one can see, the agreement is poor. Most of this
result was also confirmed by the Mann-Whitney non-parametric statistical test, adopting a level of 5%
of significance. The divergence of the measurements can be due to the effect of thermal
expansion/contraction as they were taken on different days and at different times, as well as to the high
values of standard deviation. Even taking these factors into account, both approaches showed small
values of deformation (<|12 mml|). Moreover, the results do not show any distinguishable deformation
trend, which indicates that the slope cuts were stable during the time span. This result was also
confirmed by the local geotechnical team of Vale S.A. mining company.
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Figure 8. LOS deformation history derived from optical leveling and the IPTA processing
for the period from June to September 2012, for the six sites. The differences in spatial
location between the PS and the optical leveling are of few meters. The accuracy of each
approach is indicated by its standard deviation.
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7. Discussions

The LOS deformation maps coupled with geological and field data indicate that the displacements
found over the mine waste piles are due to the vertical compaction or to consolidation mechanisms of
the discarded material. Reference [51] describes that, under dry conditions, settlements up to 7% of the
waste dump height have typically been reported. Thereby, for the waste piles of the study area, vertical
settlements of a few meters are expected. The results also showed that the deformation rates tend to
decrease radially from the top to the base of the waste pile W, which is an indication of its stability.

With respect to the small deformation rates detected over the cut slopes in the left flank of N4W
mine, most of them can be attributed to the accommodation of highly weathered metavolcanic rocks
and to small variations in the slope geometry (orientation, inclination, and height). In these areas poor
rock masses were mapped (RMR IV and V), in which structures strike nearly parallel to the local slope
orientation (Figure 6). Looking in more detail this region, it can be seen two small areas in Pit 2,
highlighted in Figure 6 (circles), near to the geological contact between ironstones and country rocks
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that have shown peculiar deformation patterns. Both areas overlie or are limited by E-W-trending
faults. As most of the rock masses show to be very fractured, it is possible to consider that part of the
detected deformation was influenced somehow by these major structures. Another key factor that must
be taken into account to explain the tiny deformations observed in the area located in the west flank of
Pit 2, is the ore exploitation in downhill cut slopes, which can be clearly visible in the amplitude
SAR scenes.

8. Concluding Remarks

This study showed the applicability of the PSI technique using ascending TerraSAR-X scenes in the
monitoring of an active open pit mine in the tropical rainforest environment of the Amazon. The IPTA
processing allowed the identification of a large number of widely distributed persistent scatterers even
in a complex area, such as the N4W iron mine, in Carajas, Brazil. Moreover, it showed that the study
area was stable during the time span in agreement with field observations. Nevertheless, high
deformation rates up to 312 mm/year were detected on the mine waste pile W. The quality of the
results is somewhat reduced as compared to cases where much longer time series were available.

The investigation has shown that relevant high-resolution ground deformations can be
systematically provided including the overall stability around and within pits, waste piles,
infrastructures, etc. However, several aspects need to be addressed. Firstly, the PSI technique is not
capable of providing real-time data. One possible solution is to acquire high-frequency images (e.g.,
every four days) coupled with rapid SAR processing. Recently, [52] have shown a different approach
in order to manage such a problem. Secondly, the technique faces limitations due to SAR viewing
geometry. As an alternative, we strongly recommend the use of SAR scenes acquired in both
ascending and descending orbits, which would also provide a more complete and clear understanding
of the deformation patterns. With ascending and descending passes, both sides of the pit can be viewed
and vertical and horizontal deformation components can be derived. In addition, the use of amplitude
information can be important to determine where strong changes are occurring.

The next step of this work is to evaluate the behavior of the N4W mine slopes and their
surroundings in the wet season, which is considered the most critical period.
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