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ABSTRACT

PSI (Persistent Scatterer Interferometry) analgklarge area is always a challenging task reggrttie removal of the
atmospheric phase component. This work presenisastigation of ground deformation measurementetbaon a
combination of DINSAR Time-Series (DTS) and PSitgques, applied in a large area of the open pit imines
located in Carajas (Brazilian Amazon Region), agrén detect high rates of linear and nonlinear igdodeformation.
These mines have presented a historical of ingttalihd surface monitoring measurements over seabthe mines
(pit walls) have been carried out based on growasdh radar and total station (prisms). By usingi@ignformation
regarding the topographic phase error and phagtadesnent model derived from DTS, temporal phaserapping in
the PSI processing and the removal of the atmosppbases can be performed more efficiently. TheSD&sults
provided the first estimate of the topographic eaad the phase displacement model for the PSysisal A set of 33
TerraSAR-X-1 images, acquired during the periodmfrdéarch 2012 to April 2013, was used to performsthi
investigation. The DTS analysis was carried oua@tack of multi-look unwrapped interferogram usamgextension of
the SVD to obtain the Least-Square solution. Thghieerrors and deformation rates provided by tHeSxpproach
were subtracted from the stack of interferograrpeform the PSI analysis. This procedure improVveddapability of
the PSI analysis to detect high rates of deforma®well as increased the numbers of point depsitye final results.
The proposed methodology showed good results faritoring surface displacement in a large miningaashich is
located in a rain forest environment, providingyeseful information about the ground movementgdtanning and
risks control.
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1. INTRODUCTION

Taking advantage of multi-temporal SAR acquisititims use of A-DinSAR techniques improves the cdjtalbd detect
deformation phenomena. DTS technique have beerogedpand used successfdifyThis technique using a small
baseline (SBAS) subsehas been applied by several autfdfsPSI approack™® based on a stack of differential
interferograms, relies on identifying pixels whasmttering properties vary little with time and kaangle, allowing a
temporal analysis of the interferometric phasendfiidual point targets, and providing an accurafermation related
to the surface target displacements. PSI proviégeibaccuracy than that of DTS technique. The éoroan better
model and diminish the effect of the atmospheriageh which is related to the path delay heterogewkiring the
acquisitions times, whereas the latter can detagfel deformation rates and provides a more honemgenand
extensive information related to the ground defdroma but at the cost of a loss in spatial resotuti

This study presents an application of A-DINSAR teghes to monitor surface deformation in a largeaasf the open
pit iron mines, located in Carajas Mineral ProviiBeazilian Amazon region). In the next sectionescatiption of this
particular mining area as well as some related gtaleformation instabilities are presented. Theliped approach
based on DTS and PSI techniques using 33 StripM&x-T scenes is presented in the section 3. Thdtsesthe
combined techniques are presented in section 4llfirthe potential and the results of this apphofar monitoring
ground movement in a large mining area are disdusse



2. STUDY AREA

The most important Brazilian mineral province isdted in the Amazon Region, Carajas-PA, encompas$niron
bodies with reserves of 18 billion tons, with aeaapf 120,000 K This province is marked by mountainous terrains,
characterized by a set of hills and plateaus (akis from 500 to 900 m) surrounded by southernnamtthern lowlands
(altitudes around 200 m), deep chemical weathevigch produces thick oxisols (latosols), totallyvemed by
Ombrophilous Equatorial forest communities with ptew and multilevel canopies and numerous spégies.

The iron deposits are covered by thick, hard imrst (lateritic duricrusts) developed over volcamarzks and
ironstones. Specific low-density savanna-type \&tg®t (campus rupestres) is associated with thesiksp and shows a
strong contrast (clearing) with the dense equdtfoiast. Fully owned by Vale S.A. mining compatiye exploration in
Carajas is carried out through state of the arbhgpebenching. The current mining activities aetated to two iron
orebodies (N4 and N5) and were started by 1984 thi¢ghN4E mine and the N5SW mine in 1998. Carajasimgin
Complex (N4 and N5 bodies) (Figure 1) produces @pprately 300,000 metric tons of iron ore per §ay.

Surface instabilities can be expected at any miaictgity. Open pit operations usually have sigrfit areas of extent
and can also influence large portions of terraja@ht to the pit crest. Rock mass movements arfdcgudeformations
potentially lead to slope instabilities or wallltaies due to regular open pit mining operationds Beenario in Carajas
gets worse over time due to intense deep excasgatiorsaprolitic soil and rock masses of very lovorgechanical

quality, coupled with blasting practices and heavgcipitation of the moist tropics, with deletersoeffects on the
overall stability. Vale’s geotechnical team has itaved the presence of fractures on bench wallsside cracks on

berms and road ramps, through visual inspectiaal station/reflecting prisms measurements andrgtdased radar.
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Figure 1. Location of Carajas iron complex in thra&lian Amazon region (Para State), showing thenqguts, waste
piles and related mining infrastructures.



3. METHODOLOGY

The proposed approach described in this papeisrsin Figure 2, where the combination of two teghes, DTS and
PSI, are used in order to improve the capabilitthefPSI technique to detect nonlinear deformatiemoval of the orbit
phase trend error, removal of the atmospheric ptelss in large area, as well as increase the nisdepoint density
of the final results. The deformation model and EHeEM errors estimated by the DTS are subtractenh filme master
referenced differential interferogram and the nesidphases are processed with PSI technique. Fpsoach was
already applied to detect nonlinear deformation small area of the Carajas Mineral Proviticén this work we focus
on the removal of the atmospheric phase compomelarge area, where it is expected that it is motstant over the
area.
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Figure 2. Block diagram of the proposed approach

3.1 DTS technique

The use of standard Differential SAR Interferomgi®ynSAR) technique for monitoring surface deforioathas been
applied since the early 9@BInSAR technique aims to measure deformation orgtband using a pair of SAR images
acquired at different times and different positiohthe satellite between the two acquisitions. Thierferogram
generated from these two co-registrated images piese’'s components contributions from the topograph
deformations, atmosphere and noise. By knowingtsitions of the satellite and the surface topduyapis possible to
subtract the topographic phase component and tsureedhe deformation. Performing this previous gealing what
remains in the differential interferogram is a cimttion due to the ground displacement betweeniaitipns added
with other undesirable component, represented by:

D= G T Tl TG TG 1)

where @ief is the phase change due to the displacement @ixkkin the satellite line-of-sight (LoS) direatiogh is the

topographic phase errofaim is the atmospheric phase del@p, is the residual phase due to orbit errors ghds the
phase noise.

The ambiguity of Z in the differential interferometric phase (frin@sakes it impossible to interpret this phase imge
of absolute range change. However, it is possibledtimate the relative range change between paiiitsn a
differential interferogram, by integrating the nuenbof fringes between them, using a process knowmplaase

unwrapping:® Ground deformation monitoring is suitable when aef exceeds the other four phase components
represented in the equation (1), for this reas@n ube of a precise DEM is desirable to compensaie ¢§ the
topographic phase error; a spatial filtering (mldtk) can reduce the phase noise, however thesgtmaoic phase delay
and the residual phase due to orbit errors cammfittbred out or estimated, respectively.



Taking advantage of multi-temporal SAR acquisititins use of A-DinSAR techniques has improved thgabdity to
detect deformation phenomena. DTS and PSI algosithmave been developed do better address the slaDteESAR
limitations, by using a redundant number of diffdi@ interferograms with potential to determingasally and
temporally ground displacement, where the desrdbformation information can be separated fronogogphy error,
atmospheric delay and noise.

Considering a set of M differential interferogragenerated from a set of N+1 SAR images acquird¢ideadrdered time
(to, 11, ...,tx), where each differential interferometric paircmnstructed in a given time intervalt], as represented in
equation (1), following the rule of small time intal between acquisitions or small baseline sufSBAS). The
observed multi-look unwrapped phase values offihist in relation to the reference point may beaniged in a vector
of M elements, represented by the equation (2).

Q\-I;ILOb = [G1s PuzrBum ] (2

Being N the number of unknown phase values relet¢de range displacement of the selected poititeabrdered time
(t,to,...,tn), considering ¢as a reference epoch (zero deformatith® displacement vector can be represented by the
equation (3).

B = [Oh1 (), B2 (t),-- G (1) ] (3)

The relation between range displacement (3) analBerved data (2) can be represented as one sgétdnequation
and N unknown variables in the matrix form in equat(4), where A is a M by N matrix of the operatdi#1, -1, 0)
between the unwrapped interferometric pairs.

A @iy = Baron (4)

The solution of equation (4) can be obtained inlthast Squares (LS) sefAsA physically sound solution can be found
in terms of mean phase velocity among time-adjaaequisitions using the SVD decomposifiamd a final integration
can be used to achieve the final solutg@risp. The estimation of the topographic errgb{opo) can be determined by
the coefficient of a linear regression that relates topographic phase with the normal baselinas dbmposes the M
interferograms, based on the following relation,

_4n
ARsing

where) is the wave length, R arftlare the slant range distance and incidence arigleeanaster image used to co-
registrated the stack of images and Bn is the abbaseline

(Bras Bz By ] = [Bnl’ BB ®)

In this study the inversion of the system of equrativas performed by using an extension of the S\ifh & set of
additional weighted constrain on the acceleratibrihe displacement to control the smoothness oftime-series
solutions® Temporal smoothing is enhanced using a finiteedéfice approximation constraint, assuming less
deformation to occur during short period of timéneTsmoothing constraint and the height error rdlaeem were
incorporated into the inversion of the system téites the observed unwrapped interferograms phidlseéhe average
displacement velocit§f Details of this subject with an example of appimain Carajas were already preserfted.

A stack with 33 TSX-1 Strip Map scenes was usegedorm the investigation. The Single Look Comp(&tL.C)
images were acquired from March 2012 to April 2@t®ler ascending passes (look azimuth ~ 80°), incel@ngle
range of 39.89° - 42.21°, spatial resolution of h.X 3.49 m (range x azimuth), pixel spacing 061x3L.90 m (range x
azimuth) and swath width of 30 km. A GeoEye-1 siguair images acquired on July 1, 2012 was usqutdduce a
high-resolution digital elevation model (DEM) andhmimages (panchromatic and multispectral), withtigl resolution
of 2 meters in order to improve the differentiakifierometric processirfg.

It was planned do have one image every 11 dayshimisequence failed twice, creating discontingité 22 and 44
days. In order to cover the time span of acquisitid was simulate the differential interferometpiairs for a time
interval up to 45 days and a maximum perpendidugaeline up to 400 meters as shown in Figure idVisspection
was used to discard interferograms with compromigimase unwrapping errors. Most of the selected palong to the
shortest time interval among acquisitions (11 days)



300

200

—
E
o L ]
e 100
]
s 0
o0 r ]
e
g
3 oo f ‘ ]
o N AN Y I i
= A = i I
8 200 [ L. .y / ]
= N AN N y \ /
2 ‘!*.j;__:-" / | -‘f || 1 / f
-300 | ¥ \ N Y \ ]
\\gj - g%perp min: 1.0 max: 400.0
-400 | ! elta_T:min: 1.0 max: 45.0
[ z z w w = - =z = -
3 & § £ 8§ 7 8§ &g § ¢
= = = N = = ST R =
- N ~ N N] N w w @ w

Figure 3. Interferometric pairs selected basetherstack of 33 TSX-1 images.

The results of the DTS, ground displacemaitdisp) and topographic errogitopo), are resampled for full resolution,
in order to have the same pixel spacing as thahefdifferential interferograms for the PSI anayétigure 2). An
important transformation is performed to change pghase displacemengdisp) to the PSI phase model, which is
referenced to the master image, as used in tharRBlsis, represented by:

m;ispModd =%isp(tl) - %isp(tMa)'%isp(tZ) - %isp(tMa) 1y %isp(tN ) - %isp(tMa) (9)

The phase displacement model in the equation @rjporates the phase rate (linear deformation)thachonlinear
deformation in relation to a reference point, ledain a stable area.

3.2 PSI technique

The Persistent Scatterer Interferometry techni@®&)(relies on identifying pixels whose scattenmgperties vary little
with time and look angle in a stack of co-regigtaELC images. The idea of PSI is to analyze thmpoeal and spatial
characteristics of the interferometric phase ofiviidial point targets. These point targets are oafiteeven for the
interferometric pairs with long spatial baselinesl a&emain stable over long time periods to permétgsis of the phase
history**®

PSI analysis was carried out using the IPTA mogGamma RS softwaréf.The IPTA processing sequence includes
SAR SLC image co-registration to generate the staHcinterferograms (the master scene was selecasddbon a
configuration that has low perpendicular baselingpatsion and near to center of the image sequestajk of
differential interferograms generation, point targendidate determination (based on spectral ptasesity and low
intensity variability). IPTA is based in two-dimeosal regression (phase model indicates a linepem#ence of the
topographic phase on the perpendicular baselineaudindicates a linear time dependence for dedftiom rates) and
model refinement (update the DEM, update deformatives, baseline refinement).

For the PSI analysis, a stack of 33 co-registr&ted images was used to generate the interferonyeiis in relation to
a master image, whose selection was made basedvarelpendicular baseline dispersion and neartlyeatenter of the
time series, as shown in Figure 4. PS candidatesstimated based on the amplitude dispersiorxiadd low spectral
diversity at each pixel of the stack of the costgited images. Considering a reference pointdddata stable area and
a selected generic PS, the observed wrapped phasss\of this point in relation to the referencenpoan be organized
in a vector of N elements, as

W;b = [Gus Buzs B ]- (10)
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Figure 4. Interferometric pairs selected basethermaster images (Oct. 04 2012).

The vector of wrapped phase represented in (1LOxHesomponents of deformation, topographic ermtmospheric
artifacts, orbit errors, and noise. In this work prepose using a priori knowledge of some phasepooents to improve
the performance of the PSI analysis.

The results obtained from the DTS analysis, theodogphic error¢btopo, and the phase deformation model
@DispModel, represented by (9), are subtracted ttwrobserved phase (10) in order to reduce thetsféd these phase
components, aiming at improving the PSI analysiee PhasepDtopo is subtracted (modulgep from the observed
phase vector (10), resulting in the first residwahpped phase, which is then subtracted (modu)di®m the phase
displacement model, as shown in Figure 2, resultiryresidual wrapped phase represented in thetiequ11).

des = %b - W-cr)po_ (%ispModel (11)

The residual phase represented in (11) preseatatthospheric phase component, the phase noisthanesidual
phase due to the errors occurred during the DT8epsging in the estimation of the topographic eaomwell as errors
related to the phase model in (9), which contagdbmponents of the linear and nonlinear deformat@Zonsidering
that the larger phase components (topography drigh, rate and nonlinear movement) have been reghiovgl 1), the
PSI processing can be better performed the renudvthke atmospheric phase and noise, improving #terthination of
the final ground displacement.

Perform PSI analysis of large area is always alahgihg task regarding the removal of the atmodphphase

component. An important aspect of IPTA techniquihés possibility of a step-wise, iterative improwarhfor different

parameters to estimate the topographic error, gihesc phase delay and ground displacement. Invibik it was

performed three interactions in order to estimaig @moval of the atmospheric phase. Atmospheras@tdelay may
account for most of the linear regression deviafi@sidues) related to the linear deformation. Témdue layers can
presents phase unwrapping errors, including pdictetiue to the local reference used. In ordervwerapme this
problem the layers with phase unwrapping errorteaesformed to complex format, filtered spatially afterwards

unwrapped again until all layers have been unwragpeperly. This step can be repeated until firaigable box size
for the filter. Figure 5 shows an example of theeé atmospheric phase components determined araled in three
interactions, for the interferometric pair compossdthe imagens acquired on Oct 17 2012 and O@M®2. We can
note from Figure 5 that the greatest disturbangehase was found in the first interaction.

The final solution for the deformation was obtairf®y adding the PSI result to the DTS phase disptenit model,
represented by the equation (12), and for the fo@bgraphic error, by the addition of the compdadrom PSI analysis
with the DTS, as represented in equation (13). @myPS present in tHS_mask were validated (Figure 2).

T I T
Bs_dip = Bsdip T Dhispmode - 12)

@S_topo = ¢g8| topo + ¢gtopo . (13)
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Figure 5. Example of atmospheric phase comporahiténed after three interactions for the paihefitmages acquired
on Oct 17 2012 and Oct 28 2012

4. RESULTS AND DISCUSSION

Ground displacement map obtained with the propasetthodology using 33 TSX-1 scenes, covering the 8pan from
March 2012 to April 2013 (dry and wet seasonshiawn in Figure 6. PSI processing, using previaf@ination about
phase displacement model and DEM error derived tterDTS, allows detection of ground movement large area,
covering the complex of the N4 and N5 open pit imines (Figure 1).
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Figure 6. PSI displacement map, expressed by #r@age LoS velocity, using the 33 TSX-1 images enpdnchromatic
GeoEye image, providing a synoptic view of the defation affecting the Carajas complex.



Relevant ground displacement was found relateti¢cot/erall stability around and within pits, wapties and mining
infrastructures (green-bluish regions, Figure &wiver, high deformation rates (yellow-reddish oegi Figure 6) with
negative values corresponding to motion away froendatellite (mm/yr) were also detected over thstevailes NW-1
(letters A), W (letter B) and SIV (letter C). Fuetimore, it was also possible to detect evidenceefafrmation over the
slopes of the N5SW mine (letter D). For the wastlesithe detected displacement was interpretedelased to
settlements, showing values normally expected s manmade structure. On the other hand, lithostral and
lithogeomechanical attributes have played a ke iial the displacements related to cut slopes. Thgimum

accumulated displacements (along the LoS and ameay the satellite) were -93 cm (waste pile NW-1teleA), -68 cm
(waste pile W, letter B), -48 cm (waste pile S-Idtter C), and -36 cm (cut slopes of N5SW, lett¢r D

A set of measurement points using total statiosfpsi were available for the validation. In ordentake representative
comparisons the vertical prism measurement dataceragerted to the LoS of the TSX-1 satellite. Thewersion was

performed by multiplying the prism measurementghgycosine of the incidence angB~(41°). With the purpose to
ensure that the values obtained by both interfemaenand prism measurement refer to the same plaeas selected

only the closest data pairs. The available fielthda related to six sites located in the cut dapat lead to the mine
waste pile NW-I. These slopes are constituted ghllyi weathered metavolcanic rodRsFigure 7 shows the PSI
displacement map, the positions of the prism aadetated displacement measurements of both teobsiq
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The results shown in Figure 7, despite the pooeegent between the different measurements techmipressm
measurements have a high variability probably dutané positioning of the total station at each roemment) do not
show any distinguishable deformation trend, whiatlidates that the slope cuts were stable duringitiee span. This
result was also confirmed by the local geotechnieain of Vale S.A. mining company.



During the period of TSX-1 acquisitions tkbbpes of NSW mine was monitored with total station/prismi. was
compared the available prism measurements from 24r2012 up to Sept 28, 2012 with PSI results\{le& selected
nearby the prisms locations) at the acquisitioe flam May 03, 2012 up to October 04, 2012 evergdys. The results
are shown in Figure 8.
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Figure 8. Ground displacement map (LoS directarihe slopes of N5SW with prism locations (on tkf)lobtained

from March 2012 to April 2013, and the related tispment graphs (from May 03, 2012 up to Octobe2042) for
both techniques (on the right)

Figure 8 shows that the topographic measurementsthly station/prisms have a high variability, pbly due to the
positioning of the total station at each measurém&ne computed error among the PSI and prism measurements
provided the following results: mean difference aqto 0.082 cm, 1.12 cm and 1.27cm for the prisn2 Bnd 3,
respectively; RMSE of 0.24 cm, 2.27 cm and 1.84f@nthe prism 1, 2 and 3, respectively. Despits¢herrors, there is

a good agreement with PS displacement in termenoflf for the three prism locations.

5. CONCLUSIONS

The combination of DTS and PSI techniques togethiir high-resolution TerraSAR-X data, acquiredelatively short
intervals (11 day) and covering the time span fMdarch 2012 to April 2013, allowed detecting a higte of linear and
non linear deformation on the overall mining arBfae main affected sectors were the waste pileshieg accumulated
value up to 93 cm on thewaste pile NW-1 (Figure 1) (letter A in Figure @nother sector affected by ground
displacement was the slopes of N5W (letter D iruFegs) reaching accumulated value up to -36 cmp@eavations
in rock masses of low geomechanical quality couplétl blasting practices and heavy precipitationtdbuted to this
ground displacement. This work presented a metloggalhat can be applied to monitor linear and rioaar ground
displacement in large mining area providing spattalerage and useful information about ground meverfor mining
planning and risk assessment.
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