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ABSTRACT  11 

This study combines TerraSAR-X radar satellite data from ascending and descending orbits 12 

with ground-based radar (LiSALab) to calculate 3D displacement vectors for the Jettan 13 

rockslide, Troms, Northern Norway, classified as a high-risk object. Using calculated 3D 14 

displacement vectors, aspect data and strain rates in conjunction with structure, 15 

geomorphology, slope topography and borehole data of the unstable area, we identify zones 16 

undergoing displacement, e.g.  extension/compression, displacement into or out of the slope 17 

and/or various degrees of tilting. 18 

Our results show variable 3D displacement velocities, plunge and azimuth directions along 19 

strike from north to south, that segment the rockslide into distinct domains. In most places 20 

displacement patterns are structurally controlled, as spatial variation in azimuth and plunge of 21 

3D displacement vectors can be related to variation in attitudes of the host rock fabrics, i.e. 22 

gneiss foliation, brittle faults and fractures. For example, 3D vectors azimuth directions are 23 

towards WNW and the plunge is shallower and spatially discontinuous in the northern part of 24 

the rockslide, compared to azimuth direction towards NW with steeper and spatially more 25 

continuous plunge in the south. Internally, the northern part of the rockslide consists of a 26 

complex graben system surrounded by orthogonal NW-SE and NE-SW trending ridges, 27 

scarps, terraces, depressions and crevasses, showing a repeated stepping 3D displacement 28 

pattern that may indicate complex fault geometry at depth with several stepped and 29 

discontinuous slide surfaces. Further, the 3D displacement vectors show displacement into the 30 

slope in the upper part and out of the slope in the lower parts of the northern area, which we 31 

interpret to be planar fractures becoming curved (listric) gliding surfaces towards depth, 32 

resulting in back-rotation of antithetic blocks. Correspondingly, 3D displacement velocities 33 

decrease downslope, possibly due to discontinuous sliding surfaces at depth, in combination 34 

with internal zones of compression, related to thrust stacking of blocks. Small-scale forward 35 

rotational movement in segmented domains of the rockslide possibly indicates ongoing 36 

toppling and tilting on adjacent planar sliding surfaces. 37 

In the southern area N-S trending scarps, ridges and depressions arranged parallel to hillslope, 38 

and gently dipping terraces show a more homogenous displacement pattern. 3D displacement 39 

vectors show downslope increase in velocity and shallowing of plunge, indicating that 40 

displacement here is concentrated along hillslope parallel fracture sets and more continuous, 41 

planar fracture surfaces at depth. The data further suggest movement on listric faults at depth 42 
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giving back-rotation of blocks, thus creating inward extension, and local displacement out of 43 

the slope near the scarps.  44 

We propose a structural-controlled slope displacement model including alternate planar and 45 

wedge failure along one or more of the orthogonal fracture sets in the unstable area, in 46 

addition to displacement along planar fractures curving to listric fractures at depth where they 47 

possibly also merge into gently downslope dipping foliation surfaces. Using the Jettan 48 

rockslide as a case study, we convincingly show how remote sensing data may contribute to 49 

examine structural and topographic control on rockslide kinematics, thus giving new insights 50 

into controlling subsurface geometry.  51 
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1 INTRODUCTION 52 

Use of ground- and satellite-based radar for observation and monitoring of ongoing 53 

displacement combined with structural and geomorphological studies of e.g., complex 54 

rockslides, is an evolving field. The technique is used in a variety of applications, spanning 55 

from surveillance of human made structures and mines (Tarchi et al., 1999; Gourmelen et al., 56 

2007; Pieraccini, 2013),  monitoring of displacement patterns in natural processes like 57 

earthquakes, glacier flow (Goldstein et al., 1993), volcano deformation (Massonnet et al., 58 

1995), subsidence (Strozzi et al., 2001; Chaussard et al., 2014) to rockslides/landslides 59 

(Berardino et al., 2003; Tarchi et al., 2003; Lauknes et al., 2010).     60 

Both ground- and satellite-based radar instruments have proven to be reliable tools to measure 61 

displacement with main advantages including: (1) large spatial sampling and, (2) all-day all-62 

weather capability, (3) possibility to observe displacement velocity ranging in scale from mm 63 

yr
-1

 to 10s m yr
-1

. 64 

However, remote sensing using single geometry radar datasets is limited to measure 65 

displacement in the instruments Line-Of-Sight (LOS) direction, while sensitivity to 66 

displacement in other directions is underestimated. If the direction of displacement is 67 

orthogonal to the instruments LOS-direction, the displacement will be invisible to the 68 

instrument. Several approaches have been proposed to increase sensitivity by combining 69 

overlapping displacement datasets. Techniques for resolving deformation in three dimensions 70 

(3D) for earthquakes and glaciers, such as azimuthal offsets (Fialko et al., 2001; Fialko et al., 71 

2005) and offset tracking (Nagler et al., 2012) show good results for deformation in the order 72 

of decimeter to meter yr
-1

.   73 

Unfortunately, studies combining radar datasets having displacement in the order of mm yr
-1

 74 

to cm yr
-1

 are limited due to, e.g.  low availability of overlapping ground and satellite dataset 75 

in time and space. In this study, we combine ground- and satellite-based radar data to 3D 76 

displacement vectors for areas with velocity in the order of millimeters to centimeters yr
-1

. For 77 

areas covered by the TerraSAR-X (TSX) satellite- (ascending and descending) and ground- 78 

based radar (LiSALab) campaign, we derive 3D vectors (magnitude and direction) for the 79 

Jettan rockslide, Troms, northern Norway.  80 

This study attempts to gain new insight into the kinematics and movement patterns of the 81 

Jettan rockslide in Troms, northern Norway, using 3D vectors, and further, to discuss the 82 
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possibilities and limitations by using 3D vectors for interpretation.  We first compare 3D 83 

surface displacement vectors to mapped surface geological structures, slope and aspect 84 

directions of the topography, to examine overall structural and topographic control on 85 

rockslide kinematics and the interpreted, subsurface structural architecture. Then we 86 

investigate displacement patterns in more details along cross-sections, comparing kinematics 87 

in the northern and the southern part, and the upper and lower part of the rockslide. By using 88 

differences in combined 3D surface velocity, azimuth, plunge, slope dependency, aspect 89 

dependency and strain rate as diagnosing kinematic parameters we infer areas with 90 

displacement into and out of the slope, zones of compression and extension. 3D vectors are 91 

compared to a network of permanent global navigation satellite system receivers (GNSS) in 92 

the Jettan rockslide, making data applicable for resolving surface kinematics for landforms 93 

and deformation phenomena if covered by three or more individual radar datasets.   94 
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2 STUDY AREA    95 

The Jettan rockslide covers an area of 0.9 km
2
 from sea level to 800 m a.s.l., with a mean 96 

gradient of ~30˚ on the western side of the Nordnesfjellet on the Nordnes Peninsula in Troms 97 

County (Fig. 1), northern Norway. The Jettan rockslide has been classified as high-risk due to 98 

the severe consequences should a catastrophic failure occur, creating a tsunami in the nearby 99 

fjord system threatening the lives of thousands of people. The total volume of the currently 100 

active unstable area bounded by two active back-scarp fractures is c. 5-6 mill M
3 

(Blikra et al., 101 

2015). The rockslide has been extensively studied using multiple approaches including 102 

logging of boreholes cores (Ganerød, 2013, 2014), televiewer data (Elvebakk, 2013, 2014), 103 

ground- and satellite-based radar (Lauknes et al., 2010; Kristensen, 2011; Kristensen et al., 104 

2011; Kristensen, 2013; Skrede, 2014), geophysical investigations (Tønnesen and Dalsegg, 105 

2006; Rønning et al., 2008), geological mapping (Henderson et al., 2008; Blikra et al., 2009; 106 

Skrede, 2013), stability analysis (Nystad, 2014), interpretation of in-situ monitoring data 107 

(Nordvik et al., 2010), and study of ground thermal regime and deformation patterns (Blikra 108 

and Christiansen, 2014).  109 
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3 MATERIALS, METHODS AND DATA PROCESSING 110 

3.1 TERRASAR-X INSAR PROCESSING 111 

Using the Norut GSAR software (Larsen et al., 2005), snow-free scenes from 2009–2014 112 

captured by the spaceborne TSX satellite in ascending and descending orbits were multi-113 

looked, 6 × 6 and 8 × 6, respectively, processed to two stacks of interferograms, ~160 each,  114 

having a temporal baseline less than 55 days. The noise level in the interferograms was 115 

reduced using Goldstein filtering (Goldstein and Werner, 1998) and contribution from 116 

atmosphere filtered by estimating a phase delay elevation profile for each interferogram 117 

(Cavalié et al., 2007). The phase signal in each interferogram was unwrapped using the 118 

SNAPHU-unwrapper (Chen and Zebker, 2001), before manually removing interferograms 119 

having unwrapping errors. Assuming atmospheric contribution to be uncorrelated in time, 120 

interferograms from ascending and descending orbit were averaged (stacked) as described in 121 

Peltzer et al. (2001), producing two datasets showing phase mean difference based on all 122 

years observed from ascending and descending orbit. Finally, the ascending and descending 123 

mean phase datasets were converted to mean velocity (mm yr-1) and geocoded to 12x12 m 124 

resolution in map geometry using the 10 m DEM from NMA. 125 

3.2 GROUND-BASED RADAR PROCESSING 126 

Ground-based radar data were collected by NVE using an instrument from the Italian 127 

company Ellegi LiSALab s.r.l. Radar data were processed by Ellegi software (Ellegi srl, 2009: 128 

LISALab Technology: Methods and feasibility). The radar was located close to sea level 129 

below the rockslide, look up ~30°, scanning a sector from ENE to SE. NVE did a ground-130 

based radar campaign from 07. May–17. September 2013 (133 days) with an acquisition each 131 

8 minute. All images were processed and atmospheric noise removed. Then all images in five 132 

days intervals were statically processed to obtain one representative phase image free from 133 

atmospheric noise for every five days. The length of the five days interval was chosen by 134 

studying the movement seen in the radar images, as data wrapping does not occur in this time 135 

span. The entire dataset of representative phase images were then analyzed in order to provide 136 

displacement maps in the form of interferograms and cumulated images. Finally, accumulated 137 

displacement was geocoded on a DEM with a spatial of resolution of 1.2 x 1.2 m. 138 

 139 
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3.3 3D PROCESSING OF SATELLITE- AND GROUND-BASED RADAR 140 

Based on the georeferenced ground-based radar dataset and position of radar we calculated 141 

the unit vectors for the ground-based radars LOS vectors for all pixels in the datasets. Further, 142 

we calculated the unit vectors for ascending and descending TSX datasets from radar 143 

geometry. With knowledge of magnitude along LOS for all three datasets, an inversion of a 144 

system with 3 linear equations with three unknown can be set up: 145 

 𝐴 ∗ 𝑥 = 𝑏 146 

 𝑥 = 𝑖𝑛𝑣(𝐴) ∗ 𝑏  (Eq. 1) 147 

For each pixel in the common areas of the ground- and satellite-based radar displacement 148 

(input) dataset the resulting combined deformation vector x are calculated. A is a matrix 149 

representing the LOS unit vectors of the input datasets as columns, b a vector with 150 

deformation along LOS-direction for the input datasets, and x the resulting combined 151 

deformation vector in 3 dimensions. 152 

We compared displacement patterns from 3D displacement vectors with GNSS-stations 153 

located in the rockslide area. We compute a mean yearly displacement vector for each GNNS 154 

station based on measurements for the same time period as covered by the TSX 155 

interferograms. 156 

For combining ground and satellite datasets, an equal spatial resolution is needed. Equal 157 

spatial sampling was achieved by resampling of the fine resolution ground-based dataset (1.2 158 

x 1.2 m) to the coarser resolution satellite dataset (12 x 12 m) using a nearest neighbor 159 

approach. InSAR measurements are relative, meaning that the dataset must be referenced to a 160 

known velocity for a point or area spatially covered. Usually an area assumed to be stable is 161 

used to calibrate the InSAR data. 3D processing demands that all in-datasets are equally 162 

referenced to a common area. However, we were unable to find a common stable area covered 163 

by all three in-data datasets. Therefore, we did a rough calibration of input data to the overall 164 

trend of GNSS network using the two-step calibration routine described in (Eriksen et al., 165 

2017) before processing 3D displacement vectors. Lastly, we fine-tuned the calibrated InSAR 166 

data using an iterative workflow including (1) comparing GNSS displacement from the period 167 

covered by InSAR-data to averaged velocity, azimuth and plunge from displacement vectors 168 

originating from areas close to GNSS-stations 3, 5, 6 and 9, (2) recalibrating InSAR-input 169 

data and (3) 3D processing using recalibrated input data.  170 
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3.4 GEOLOGICAL, STRUCTURAL AND GEOMORPHOLOGICAL DATA     171 

In order to compare 3D displacement vectors and  geological structures we used structural 172 

maps and  field orientation data compiled  by Skrede (2013) and Hernes (2014). To further 173 

investigate the relationship between displacement (kinematics), geological structures and 174 

geomorphology of the Jettan rockslide, we used 3D displacement vectors from a NNE-SSW 175 

reference longitudinal cross-section A–A’ along-strike and parallel to hillside slope from 176 

north to south of the study area (Fig. 7 and Fig. 8). From this reference section, properties of 177 

the 3D surface displacement were plotted and discussed including velocity, azimuth, plunge, 178 

slope of topography and three values calculated from 3D displacement, displacement into or 179 

out of slope, aspect of the topography and its control of 3D displacement, and strain rate 180 

(downslope acceleration and deceleration). For comparison we investigated internal variations 181 

of 3D surface properties for the northern and southern part of the Jettan rockslide (Fig. 10). 182 

The same approach as in A–A’ were used along two traverse cross-sections B–B’ from ~450 183 

to ~700 m a.s.l. using a 60 m buffer, and C–C’ from ~430 to ~625 m a.s.l using a 130 m 184 

buffer. These cross-sections were used to discuss internal 3D displacements of the cross-185 

sections and their relation to displacement recorded by GNSS-stations, mapped geological 186 

structures, geomorphology, slope and aspect of topography. Finally, we proposed geological 187 

models to explain the synthesized 3D displacement vector data.  188 

3.5 ORTHOPHOTOS AND DIGITAL ELEVATION MODELS  189 

In addition, we used orthophotos (0.5 × 0.5 m and 1 × 1 m resolution), provided by 190 

Norwegian Mapping Authority (NMA) and aerial photographs provided by NVE, for more 191 

detailed interpretation of observed displacement patterns. We produced contour lines, 192 

topography slope maps, aspect maps and hill shade maps using a digital elevation model 193 

(DEM) based on LIDAR data from 2014 (1 × 1 m resolution) supplied by NMA. For areas not 194 

covered by the LIDAR DEM we used a 10 × 10 m resolution DEM 195 

(http://data.kartverket.no/download/content/digital-terrengmodell-10-m-utm-33) also from 196 

NMA. 197 

3.6 GNSS 198 

Displacement data from the GNSS-network at the Jettan rockslide were provided by NVE. 199 

We validate 3D vectors using GNSS data from four stations (Fig. 3) at the Jettan rockslide, by 200 

using a stable reference frame, data from the Norwegian Permanent GNSS network (Kierulf 201 

http://data.kartverket.no/download/content/digital-terrengmodell-10-m-utm-33
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et al., 2014) were combined with GNSS-data from Jettan, as described in Eriksen et al. 202 

(2017). We computed the mean annual velocity vectors for GNSS-stations based on data from 203 

the same time interval (snow-free season from June to October 2009–2014) as covered by the 204 

interferograms in the TSX ascending and descending dataset (see Table 1 in (Eriksen et al., 205 

2017).  206 
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4 RESULTS 207 

4.1 3D DISPLACEMENT VECTORS COMPARED TO GNSS-NETWORK 208 

After calibration, we compare 3D displacement vectors and GNSS-vectors, by plotting North-209 

South, West-East and Up-Down components based on data from the same time-periods.  210 

The largest deviations are in the north and height component (Fig. 4a, c). Especially the north 211 

component for the GNSS 3 area differ by having direction towards North (positive) in the 3D 212 

data and towards South (negative) in the GNSS-data (Fig. 4a), also resulting in some 213 

deviations in azimuth of the displacement (Fig. 4e). 214 

The deviation between the annual GNSS displacement and the GNSS displacement from the 215 

time periods we focus on (snow-free season from June to October 2009–2014) due to seasonal 216 

variations are minor, and account for a difference of maximum 4 degrees in plunge of GNSS-217 

vectors in the West-East Up-Down plane. 218 

4.2 LOS-DIRECTIONS USED IN 3D INVERSION AND SENSITIVITY TO 219 

DISPLACEMENT 220 

The orientation of LOS-vectors of the input data decides the reliability of the produced 3D 221 

vectors. The LOS-vectors for ascending and descending TSX data are constant over the 222 

rockslide, but the LOS-vectors of the ground-based radar vary (Fig. 5b). This variation results 223 

in variations in the LOS unit vector matrix A and the resulting vector 3D displacement vector 224 

x (Eq. 1). By calculating the condition numbers of the LOS unit vector matrix A, we get a 225 

relative quality estimate of the 3D displacement vectors. Condition numbers show how 226 

sensitive the resulting 3D displacement vectors (vector x in Eq. 1) are to variations in the 227 

input displacement data along the GB-radar, TSX ascending and descending LOS vectors 228 

(vector b in Eq. 1). The more parallel the LOS vectors of the input data are, the more 229 

numerically unstable (ill-conditioned) the 3D inversion will be, resulting in high condition 230 

numbers. Our results show that the condition number increases when the azimuth of the GB-231 

radar LOS vector approaches the same azimuth direction as the plane span by the TSX 232 

ascending and descending LOS vectors (TSX LOS-plane) (Fig. 5a). The plunge of the GB-233 

data LOS vector is relative stable, and therefore does not influence on condition numbers. The 234 

3D vectors with the highest condition numbers are located in the north of the dataset, 235 
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coinciding with the northernmost GNSS-station (GNSS 3) with most pronounced deviations 236 

in the north component (a and Fig. 5b).  237 

4.3 GEOLOGY AND STRUCTURE OF THE JETTAN ROCKSLIDE 238 

The study area consists of Caledonian bedrocks comprising well-foliated gneisses and 239 

intercalated marble and schists (see cliffs in Fig. 2c and Fig. 6b) (Zwaan, 1988), with an 240 

undulating foliation dipping on average, gently to the NW (i.e. downslope). The bedrock of 241 

the rockslide is underlain by a high frequency of brittle fault-fractures, and bounded by two 242 

main, orthogonal steep back-scarp fracture sets (Fig. 2a, Fig. 6c, Fig. 7, Fig. 9) trending ca. 243 

NE-SW (in south) and NW-SE (in north), respectively (Braathen et al., 2004; Skrede, 2013). 244 

Similar oriented, smaller orthogonal, steep and planar fracture sets are abundant throughout 245 

the rockslide (Fig. 6b), and especially below the NW-SE master back-scarp in the north, 246 

separating internal orthogonal or wedge-shape blocks. In addition, a subsidiary ca. N-S 247 

striking and steeply W-dipping fracture set (Fig. 9a), which is subparallel to the general hill 248 

slope, and numerous other fracture-related discontinuities occur in the unstable area (Fig. 9). 249 

In the north a dominant NW-SE striking back-scarp fracture and subsidiary NE-SW and N-S 250 

fractures make up oblique, wedge-shaped blocks, graben-like features and variably tilted fault 251 

blocks with internal, disintegrated materials, bounded by synthetic (oblique downslope) and 252 

antithetic (toward hillside) fractures/faults (Fig. 2b, c, Fig. 3, Fig. 6c, Fig. 9a-d). Fractures, 253 

foliation and scarps in the north all show an increased dip from top to downhill in the northern 254 

part (Fig. 3, Fig. 8, Fig. 12). In the southern area, a simpler geometry with gently downslope 255 

dipping foliation, cut steep by ENE-WSW and predominating hillside-parallel NNE-SSW 256 

fractures (Fig. 8, Fig. 9e, f). Scarps and foliation show a steepening in dip as in the northern 257 

part, contrary, dip of fractures have a shallower dip from top to bottom in the southern area 258 

(Fig. 8, Fig. 13).  Notably, some fractures in the south have opened in an oblique manner, 259 

more in the southern than in the northern part of the fractures as documented by Skrede 260 

(2013) (see the large fracture above GNSS-station 4 in Fig. 8). 261 

The rockslide at Jettan also comprises structurally related surficial geomorphological 262 

elements, e.g. gently downslope and inward dipping terraces underlain by modest dipping 263 

bedrock foliation, fracture-bounding scarps, trenches, gullies, and ridges (Fig. 3). In total, 264 

these features classify the area as an unstable, complex rock slide/field area (Braathen et al., 265 

2004), thus providing a structural framework for interpreting the displacement pattern (see 266 

below).  267 
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4.4 DISPLACEMENT TRENDS VERSUS STRUCTURE 268 

Results from 3D processing show that displacement is highest in the upper and northernmost 269 

areas of the rockslide close to GNSS 3. Here, blocks in the graben-structure bonded by the 270 

NW-SE striking back-scarp and subsidiary NE-SW fractures, have a maximum velocity ~65 271 

mm yr
-1

 (Fig. 3, Fig. 7, Fig. 8). 3D surface displacement vectors azimuth is towards WNW 272 

(280°) Fig. 7, Fig. 8, Fig. 10a), indicating that both NW-SE and NE-SW fractures to be 273 

contributing as controlling factors (Fig. 9, a-d).  274 

In the southern area (Fig. 8), velocity is highest in the lower part, i.e. ~35 mm yr
-1

, and ~25 275 

mm yr
-1 

in the upper part. The azimuth of the 3D displacement vectors is fairly uniform and 276 

NW-directed (290°) in the southern areas. 3D displacement are orthogonal to NE-SW 277 

trending fractures and scarps (Fig. 9e, f), indicating a clear structural control on the 278 

displacement direction. 279 

The general plunge for 3D displacement vectors for the Jettan rockslide show a pattern of 280 

uniform and steeper plunges in the southern area compared to more shallow and varied 281 

plunges in the northern area (Fig. 10b and inset histogram). In the north there is a downslope 282 

shallowing in plunge from the upper to the lower parts. 283 

4.5 DISPLACEMENT TRENDS VERSUS TOPOGRAPHY AND GEOMORPHOLOGY       284 

We calculated the aspect of the topography and its relation to surface displacement by 285 

subtracting azimuth direction of 3D displacement vectors from aspect of the topography for 286 

each pixel (Fig. 10c). For the Jettan rockslide, there is a general pattern of 3D displacement 287 

azimuth trending more towards north than the aspect of the topography, given by more 288 

positive than negative values in Fig. 10c and inset histogram. Further, we observe about the 289 

same topographic control on displacement direction in the northern and the southern area, 290 

from the same variance in aspect dependency (Fig. 10c inset histogram). This means that 291 

azimuth directions of 3D vectors in both areas vary about equally with respect to the aspect of 292 

the topography. 293 

4.6 DISPLACEMENT INTO AND OUT OF THE SLOPE  294 

We determined areas where displacement is into and out the slope by subtracting plunge of 295 

displacement vectors from slope of topography. Our results show variable patterns both in 296 

north and south (Fig. 10d). Notably, the southern area has a larger continuous area of 297 
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displacement into the slope. In the north plunge of 3D vectors vary more between into and out 298 

of the slope (Fig. 10d inset histogram).  299 

4.7 3D DISPLACEMENT FROM LONGITUDINAL (NORTH-SOUTH) AND 300 

TRANSVERSE CROSS-SECTIONS 301 

The maximum 3D displacement velocity values occur in the northern part of the Jettan 302 

rockslide (Fig. 8, Fig. 11a), while there is a gradual decrease in the velocity southward. A 303 

corresponding change in azimuth of 3D displacement vectors is observed, from dominantly 304 

W-directed (~275°) and with gentle and varied plunge and displacement patterns in the north 305 

(Fig. 11b, c), to fairly uniform NW-directed (~287°) and steeper 3D vectors in the south (Fig. 306 

11b, c). 307 

As observed in map-view (Fig. 8) the overall displacement velocity decreases from north to 308 

south in the reference longitudinal cross-section A–A’ (red line in Fig. 11a), whereas, by 309 

contrast,  internal variations in the northern and southern area show the opposite pattern with 310 

velocity increasing towards south (gray lines in Fig. 11a). 311 

Azimuth direction of 3D displacement vectors vary from a north trend in the southern area to 312 

a south trend in the northern area, but internal opposite trends do exist (grey lines in Fig. 11b). 313 

Plunge of 3D displacement is steeper in the southern part than in the northern part of cross-314 

section A–A’, but also here an internal opposite trend do exist (grey lines in Fig. 11c).  315 
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5 DISCUSSION      316 

Below we first discuss reliability (validation) of the calculated 3D surface displacement 317 

datasets, then proceed with analyzing 3D data and their relation to structures and 318 

geomorphology in the Jettan rockslide, and finally, summarize all data, proposing a geological 319 

model. 320 

5.1 EFFECT OF ALIGNED LOS-PLANE AND LOS-VECTORS  321 

By comparing 3D displacement vectors and displacement data from the different GNSS 322 

stations in  the Jettan rockslide, the most pronounced deviation between the two measurement 323 

techniques is shown for the north component in the area near GNSS station 3, while most of 324 

the other GNSS-stations display smaller deviations (Fig. 4a). This deviation may be due to 325 

intrinsic properties of the 3D-inversion in this area, e.g. the spatial alignment of LOS vectors 326 

of the input datasets yielding numerically unstable 3D inversions. The result is higher 327 

condition numbers in the northern parts than in the south, as shown in Section “Ground-Based 328 

Radar Processing” (Fig. 4a). Ill-conditioning of the 3D inversion in this area will affect the 329 

accuracy of the North-South component because this is the direction orthogonal to the 330 

ground-based LOS when parallel with the TSX ascending-descending LOS plane. The ill-331 

conditioning of the 3D inversion does not necessarily affect the sensitivity in the West-East 332 

Up-Down plane (Fig. 4b). Contrary, the deviation in the 3D north-component observed for 333 

GNSS 3, is not found for GNSS station 9, even though it is located in the northern area (Fig. 334 

4a), also with high condition numbers (Fig. 5). This deviation may be due to a difference in 335 

monitoring technique. While GNSS-station 3 recording displacement owing to a single block, 336 

radar data observe averaged displacement from 12 x 12 m areas. When comparing point 337 

measurement from GNSS stations located in a such a complex and highly fractured rockslide 338 

like in Jettan, spatially averaged measurements, one should expect some deviations (see 339 

(Eriksen et al., 2017)). 340 

5.2 EFFECT OF STEEP TOPOGRAPHY  341 

The topography inside the rockslide at Jettan is undulating with repeated fracture-related 342 

scarps, ridges and gullies, and terraces underlain by gently dipping bedrock foliation (Fig. 3, 343 

Fig. 7, Fig. 8). 3D data can only be calculated for areas where the ground-based and the two 344 

satellite-based radar datasets overlap. Due to its position at almost sea level and undulating 345 

topography inside the rockslide, the ground-based radar limits these common areas to steeper 346 



16 

 

parts of scarps and lowermost convex part of terraces. GNSS station 3 and 9 are located close 347 

to the edge of scarps with steep surface relief below (Fig. 3, Fig. 7). 3D data selected for 348 

comparison with these GNSS stations therefore capture the mean displacement from mostly 349 

blocks in steep topography, while the GNSS stations record point measurement of more 350 

gentle topography of terraces above the scarps. The height component may therefore be 351 

overestimated explaining the deviation between the two measurement techniques (Fig. 4c). 352 

Other implications of excess vertical movements for calculated 3D-vectors may be that they 353 

display higher velocity (Fig. 4d) and steeper plunge (Fig. 4f) than recorded by GNSS-stations. 354 

However, the effect of a deviating height component is not so severe for GNSS 5, because 355 

this station is not located on the edge of a scarp. Nevertheless, we find the 3D data acceptable 356 

for interpreting surface displacement, though some caution must be taken regarding higher 357 

condition numbers affecting the North-South component in the northern area, the difference in 358 

measuring technique due to spatial sampling (point versus area), and overrepresentation of 359 

sampling of steeper areas in the 3D data. 360 

5.3 EFFECTS OF TEMPORAL AND SPATIAL SAMPLING 361 

Spatial and temporal sampling of satellite-based radar datasets differ from the ground-based 362 

radar dataset used in the 3D-inversion. For example, InSAR processing of TSX satellite data 363 

is based on temporal sampling (acquisition) every 11 day from June to October 2009–2014, 364 

while the ground-based radar data are based on continuous acquisitions every 8 minute from 365 

10. May –15. September 2013 (128 days) though only averages for every five days were used 366 

here. Previous data and results of in-situ instrumentation show that the deformation pattern at 367 

Jettan follows a repeated distinctive seasonal pattern (Blikra et al., 2015). They found an 368 

abrupt increase to high deformation in spring, lasting over summer, then a gradual reduction 369 

occurs after snow cover has established, and finally a reduction to almost no deformation 370 

during winter. Because of this annual repeated velocity signal, and that all three datasets are 371 

from the  snow-free season, we assume the same mean annual velocity for the TSX data, as 372 

for the ground-based radar campaign, and thus consider the mean velocities to be comparable 373 

and suitable as input to the 3D inversion. However, the computed mean annual velocity for all 374 

three in-datasets are most likely overestimated, because they originate from the time period 375 

where in-situ instrumentation record the highest deformation in the repeated seasonal 376 

deformation pattern (Blikra and Christiansen, 2014). The difference in spatial sampling is 377 

resolved by down-sampling the ground-based radar dataset to the 10 x 10 m pixel size of the 378 

TSX data from the ascending and descending orbit. 379 
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5.4 3D SURFACE DISPLACEMENT DATA RELATED TO GEOLOGICAL 380 

STRUCTURES 381 

By combining InSAR data from TSX ascending and descending satellite orbit to 2D InSAR 382 

displacement data, (Eriksen et al., 2017) divided the most active part of the Jettan rockslide 383 

into a northern, a southern and a upper part with different displacement patterns. These areas 384 

largely, seem to coincide with the mapped and interpreted structural domains that segment the 385 

rockslide (Skrede, 2013). In the following sections, we use 3D surface displacement vectors 386 

(Fig. 8 and Fig. 10) to investigate further differences in displacement patterns between the 387 

northern and southern, upper and lower areas, as well as internal variation. Finally, we 388 

compare and correlate 3D vector data (Fig. 8, Fig. 10) with geological structures (Fig. 9, Fig. 389 

12, Fig. 13) and geomorphological elements (Fig. 3), using constructed geological cross-390 

sections (see overview in Fig. 8, and cross-sections in Fig. 11 and Fig. 14). 391 

Velocity decreases from north to south in the longitudinal cross-section A–A’ (Fig. 11, red 392 

line), and contrasting internal variation with increasing velocity towards south (Fig. 11a, gray 393 

lines), may be what have caused larger fracture in the southern area to move and open in an 394 

oblique manner as noted by Skrede (2013). The obtained variations in 3D displacement data 395 

along the cross-section A–A’ (Fig. 11) showing repeated sets of internal variation, can be 396 

used to infer the presence of segmented (compartmentalized) domains of the Jettan rockslide. 397 

The change in azimuth direction of 3D displacement vectors from a north trend in the 398 

southern area to a south trend in the northern area (Fig. 10a), is more prominent when plotted 399 

in a cross-section (Fig. 11b). The internal variations in azimuth direction in the southern area 400 

of cross-section A–A coincide with a trend in both velocity (grey line in Fig. 11a), and in 401 

plunge (grey line in Fig. 11c), indicating that 3D displacement vectors with azimuth directions 402 

towards north have steeper plunge, and higher velocity.  403 

Steeper plunge towards south may be controlled by the vicinity of steeply west-dipping 404 

fractures, and/or combined NW-SE and NE-SW fractures, that may have acted as sliding 405 

surfaces there  (Braathen et al., 2004).       406 

In the changing terrace-slope-terrace topography of the northern area, the combined trends 407 

from the top and downhill includes a decrease in 3D surface displacement velocity (black 408 

stippled line in Fig. 14a),  steeper plunge (black stippled line in Fig. 14c), transition from 409 

displacement into the slope to out of the slope (red colors in the upper part and green in the 410 

lower part of B–B’ in Fig. 10d), and a transition in internal downslope velocity gradient 411 
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(strain rate) from overall extension (positive) towards compression (Fig. 14g). These trends 412 

indicate surface extension and displacement into the slope in the upper part and surface 413 

compression and displacement out of the slope in the lower part the northern area. Further, 414 

these data support a change in surface structure, e.g. large and still ongoing displacement into 415 

the slope in the upper part where a major NW-SE back-scarp bounds a frontal graben 416 

structure with several NE-SW and NW-SE trending orthogonal depressions and blocks with 417 

excess toppling material (Fig. 2a-c, Fig. 3, Fig. 7). By contrast, the downhill area displays a 418 

much simpler structure with dominant NW-dipping ridge-parallel fracture sets. We interpret 419 

the reduced downslope velocity in the lower northern area to be an effect of more intact 420 

underlying bedrock working as a stabilizing structure, similar as proposed by Blikra and 421 

Christiansen (2014) for the area in the south near GNSS 7. 422 

For the azimuth of the 3D vectors we observe a weak and variable trend from WNW in the 423 

upper part to NW-directed in the lower parts of cross-section B–B’ (Fig. 14b). This change in 424 

azimuth values suggests a change in direction of displacement on different sliding surfaces, 425 

i.e.  likely controlled by attitudes of fractures and/or foliation surfaces (Skrede (2013). 426 

Possibly a rotation of subsurface structures from the upper area to the lower area, as shown by 427 

stereoplot of fractures in loose blocks and scraps (Fig. 9c rotated to Fig. 9a, and Fig. 9d to Fig. 428 

9b). For example, the more varied, WNW-directed displacement pattern in the upper part of 429 

cross-section B–B’, may be explained by complex kinematic interaction in a graben zone 430 

between two orthogonal fracture sets. This fracture architecture would favor downslope 431 

wedge failure (Wyllie and Mah, 2004), i.e. slip along the line of intersection of the orthogonal 432 

fractures (Fig. 3, Fig. 7). A calculated approximately NNW-oriented and 40 degrees plunge of 433 

the intersection line in the northern area, based on the two dominant  fracture sets there (Fig. 434 

9c), showing some deviation from the WNW-directed displacement pattern. Thus failure 435 

mechanisms in addition to wedge failure must also be active in this area. 436 

The aspect values of the topography (Fig. 10c) and their relation to surface displacement 437 

(aspect control) also vary from the upper part to the lower part of cross-section B–B’ (black 438 

stippled line in Fig. 14f). The change from north-directed aspect control to south-directed, 439 

from the upper part to the lower part of cross-section B–B’ (Fig. 14f), is the opposite trend 440 

compared to the azimuth of the 3D vectors (Fig. 14b), suggesting  that, aspect of the 441 

topography has little influence on the 3D displacement. However, since condition numbers 442 

(see Fig. 5), describing 3D inversion quality, increase towards north in our dataset, they 443 

would affect the reliability of the 3D azimuth direction data. Therefore, caution must be made 444 
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when interpreting azimuth of, and aspect dependency on 3D displacement in the northern 445 

area. In the southern area, the azimuth dependency of 3D displacement is lowest in the middle 446 

of cross-section C–C’, but there is no clear relationship between aspect of topography and 447 

azimuth of 3D displacement. 448 

Furthermore, regarding aspect and topography, we observe internal downslope increase in 449 

displacement velocity in the northern area coinciding with similar sets of steeper topography 450 

(Fig. 14a; red lines), and a downslope steepening in plunge of 3D displacement vectors (Fig. 451 

14c; red lines). Hence, slope of topography may be a controlling factor for displacement. On 452 

the other hand,  by plotting dip of geological structures mapped by Skrede (2013) (Fig. 3) 453 

collected along the cross-section B–B’ in the northern part of the Jettan rockslide, the average 454 

dip of  fractures, scarps and foliations increase downslope (Fig. 12). This trend of steeper dip 455 

is also recorded by GNSS-stations 2, 3 and 9. (Fig. 12). Therefore, we suggest a combined 456 

topographic and structural control on displacement in the northern area. 457 

Furthermore, by subtracting dip of topography from plunge of 3D displacement vectors, we 458 

see variations of displacement into slope and out of slope taking place inside individual 459 

domains along cross-section B–B’ in the northern area. We interpret the internal change from 460 

out of slope to into slope in the middle and upper domains (red lines in Fig. 14e at 129–172 m 461 

and 238–296 m along B–B’) to be a forward rotational movement, possibly due to an ongoing 462 

toppling-process. The opposite trend is observed in the lower part of cross-section B–B’ 463 

(~43–90 m in Fig. 14e), could indicate compression due to stacking of blocks as in thrust-464 

imbricated zones. Similar processes have been described for nearby rockslides at 465 

Nomedalstinden (Husby, 2011) and Nordmannviktinden (Braathen et al. (2004). 466 

By comparison, the northern area  comprises a high number of relatively small blocks of 467 

partly or fully disintegrated and variably NE- and SW-ward tilted or rotated fault blocks in a 468 

triangular-shaped zone in between the two merging NW-SE and NE-SW striking, orthogonal 469 

fracture sets (Fig. 2a, Fig. 3, Fig. 6a, Fig. 7).  These observations are further supported  by 470 

detailed mapping and calculations by Nystad (2014), showing that both toppling and wedge 471 

failure processes are possible in the northern area.  472 

Seasonal variations in the water table at ~90 m depth in borehole 2 (Elvebakk, 2014) 473 

correspond with the varying surface deformations measured by in-situ surface deformation 474 

(Blikra and Christiansen, 2014). It is not clear whether variations in the water table influences 475 

displacement at depth.  476 
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By comparison, the southern area of the Jettan rockslide (Fig. 8; cross-section C–C’) displays 477 

a much more continuous 3D displacement vector pattern. Notably, we observe only one set of 478 

downslope increasing velocity (Fig. 14a), and a corresponding  steeper plunge of the 3D 479 

displacement vectors in the upper part, constant in the middle part and shallower plunge in the 480 

lower part of C–C’ (Fig. 14c; curved trend). Structural orientation data for surface-related 481 

fractures along cross-section C–C’ support the shallowing plunge of 3D displacement vector 482 

data from GNSS-stations (Fig. 13), i.e. verifying these structures acted as sliding/movement 483 

surfaces along the cross-section C–C’. Furthermore, field observations of back-rotated slide 484 

blocks (Eriksen (2013), several observations by Skrede (2013) of steep fractures becoming 485 

listric (curved) (Fig. 6b) and outcropping of two low-angle, foliation-parallel detatchments in 486 

the cliff face (Braathen et al. (2004), all indicate that that the same structures may be present 487 

at depth as well, and likely responsible for displacement patters observed by 3D vectors.  488 

The southern areas of the unstable Jettan rockslide define a more coherent and intact bedrock 489 

structure than in the northern area. Foliation is gently (<30 degrees) dipping downslope, and 490 

cut by the dominant NNE-SSW striking brittle fracture set parallel to the hillside, and the 491 

subsidiary and ENE-SSW striking set (Fig. 6d). We interpret the 3D vector data yielding more 492 

uniform NW-movement pattern here to reflect a displacement pattern controlled by repeated 493 

sets of planar and/or listric slope-parallel back-rotated surfaces/discontinuities. When steep 494 

fractures cut through more gently dipping foliation surfaces, a step-vise structural pattern with 495 

gradually more back-rotated blocks (or foliation surfaces) at depth may appear cf. Braathen et 496 

al. (2004) (see example from outcrop in Fig. 6b) (Fig. 14). At some places displacement may 497 

follow antithetic fractures and possibly, back-rotated foliation into the hillside. 498 

5.5 SUBSURFACE STRUCTURE AND KINEMATICS 499 

Regarding subsurface displacement pattern of the Jettan rockslide, movements are likely more 500 

complex in the northern area than in the south, and include a combination of several 501 

mechanisms. DMS monitoring and borehole data show that most displacement is directed 502 

toward NW and takes place on surfaces located between 40 and 50 m depths in borehole 2 503 

close to GNSS 3. Logging by televiewer suggests that this displacement is a result of 504 

interactions between heavily fractured zones trending NW-SE steeply dipping towards SW,  505 

and foliation dipping at ~55–75° mostly towards W  (Elvebakk, 2014). Alternatively, 506 

displacement may be controlled by an interaction between the two orthogonal steeply SW- 507 
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and NE-dipping fracture sets. If similar subsurface structures exist as those observed at the 508 

surface this would increase the probability of a wedge-failure collapse in this northern area. 509 

In southern area, the most favorable sliding surfaces would be the ductile Caledonian 510 

foliation, alternatively, brittle NW- and/or SW dipping fractures that e.g. have become listric 511 

and merging into the foliation at depth (cf. Fig. 6b). From borehole 1 in the southern area such 512 

foliation-parallel fractures do occur at  20 to 40 m depth (azimuth towards W and plunge 513 

between 15-20°), together with a fracture-set dipping  ~40° towards NW, documented by 514 

televiewer at ~45 m depth (Elvebakk, 2013). DMS data confirm that most of the deformation 515 

takes place at this depth (crushed zone) ~45 to 46 m  with direction towards W (Blikra et al., 516 

2015) (see red arrow at 45 m depth in borehole 1 in the southern area (Fig. 14). This is 517 

interpreted to be the main sliding surface in the upper part of the southern part of the Jettan 518 

rockslide. In the lower part of the southern area the main sliding surface is located deeper. 519 

Televiewer data from borehole 3 document foliation parallel West-dipping fractures from 520 

~75–80 m depth (Elvebakk, 2014), DMS data show that highest cumulative deformation is 521 

taking place between ~77–87 m depth, congruent with a crushed zone at ~80 to 81 m  522 

(Ganerød, 2014). The downslope shallowing in plunge of 3D displacement vectors (Fig. 14c) 523 

is thought to be controlled by decrease in plunge of fractures as observed from the surface 524 

(green line in Fig. 13) and intersection lines between steeper fractures, and/or rotated 525 

structures due to listric fracture sets.  526 

Allthough not documented in later measurements, an unexpected displacement pattern was 527 

recorded by the DMS-column in borehole 1 in the upper part of the southern area. Below 45 528 

m depth, displacement direction is towards east (Blikra et al., 2015). This trend was very 529 

weak and inside the uncertainties, but it may be, as noted by (Nystad, 2014), an effect of 530 

back-rotation due to active movement along a listric (curved) fault/fracture at ~150 m depth 531 

(Elvebakk, 2013; Ganerød, 2013). We speculate that this could be a large scale version of 532 

antithetic movement along fractures and foliation as confirmed by observations on the surface 533 

(Fig. 6b) and discussed above. Such back-rotation of blocks and antithetic movement could 534 

create inward extension and produce local uplift near scarps, causing of the inferred uplift of 535 

the terrace above cross-section C–C’ as documented by Eriksen et al. (2017)  using 2D 536 

InSAR.    537 

Permafrost is not present in any boreholes, though, local patches of sporadic permafrost in 538 

deep fractures have been documented (Blikra and Christiansen, 2014). Therefore, some of the 539 
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observed 3D surface displacement in the Jettan rockslide may originate from shallow 540 

deformation due to permafrost controlled rockslide deformation. 541 

5.6 ROCK-SLOPE FAILURE MODEL BASED ON SURFACE AND SUB-SURFACE 542 

STRUCTURES   543 

In a structurally controlled, complex field-type rockslide as in Jettan, various structural 544 

models may be applied to account for the 3D displacement data obtained, and local failure 545 

mechanisms can be proposed (cf. Braathen et al. (2004) and Wyllie and Mah (2004). The 546 

surface displacement signature of a deforming rockslide is the sum of all displacement taking 547 

place at depth. Usually sparse subsurface information about displacement patterns and 548 

geological structures make it hard to pose a reliable geological model. However, for the Jettan 549 

rockslide, 3D vector and surface geological data supplemented by data from boreholes, 550 

provide an important input for localizing tentative sliding surfaces at depth, and forms the 551 

basis for a tentative overall failure model for the northern and southern areas of the Jettan 552 

rockslide (Fig. 14h).  553 

 554 

We favor a combined, “complex field” model (Braathen et al., 2004) for the unstable 555 

rockslide at Jettan by addressing (1) internal zones of extension in the upper northern part, 556 

with backward-rotational movements due to e.g. curved, listric and maybe discontinuous 557 

sliding surfaces at depth (cf. Rasmussen (2011), possibly combined with (2) internal zones of 558 

compression related to stacking of unstable, rotated blocks similar to that of  thrust-imbricate 559 

zones (Braathen et al., 2004; Husby, 2011). In this tentative model for Jettan,  the main 560 

orthogonal, NW-SE and NE-SW striking fractures, and corresponding smaller scale sets, 561 

define a fracture architecture that would favor downslope wedge failure collapse (Fig. 7) 562 

(Wyllie and Mah, 2004). This includes slip along the line of intersection of the orthogonal 563 

fractures, which is again closely perpendicular to the subsidiary NNE-SSW striking fractures. 564 

Such a scenario  would favor the foliation as gliding surface, or alternatively, some of the 565 

steep planar fractures becoming listric toward depth (as observed in Fig. 6b), and/or when/if 566 

they merge into the gently NW-dipping foliation surfaces (see Fig. 14h). Such a change in 567 

subsurface structure may produce or be accompanied by inward rotation of antithetic blocks, 568 

thus creating inward extension, local uplift near the scarps, and compression in the downward 569 

section of the rockslide, due to buttress effects (see (Braathen et al. (2004); Blikra and 570 

Christiansen (2014))). 3D displacement confirm our model with a trend from displacement 571 
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into the slope in the upper part to out of the slope in the lower part of both the northern part 572 

(cross-section B–B’) and the southern part (cross-section C–C’) (Fig. 14e). Listric faulting 573 

may be active both in large and small scale, as observed in the field as steep fractures curve to 574 

lower dip within meters (Fig. 6b), as they alternate between cutting and following foliation. 575 

This model may apply for a “worst case scenario” estimated by Nystad (2014), i.e. if bedrock 576 

masses down to 45 m depth (5.5 - 6 million m
3
) between the two main fracture scarps (Fig. 3, 577 

Fig. 7) move synchronously down slope. This mechanism may also account for possible 578 

smaller orthogonal-shaped blocks e.g. in the northern and central parts of area, where local 579 

and more varied movements patterns and a number of potential brittle fractures may be used 580 

as gliding surfaces (Fig. 3, Fig. 8, Fig. 10).  581 

Another reliable model and accompanied displacement mechanism is planar-failure (Wyllie 582 

and Mah, 2004), i.e. inferred for  the southern area, where one dominant NW-dipping back-583 

scarp fracture set provides the controlling structure for downslope movement on e.g. west- to 584 

NW dipping, slope-parallel fractures, in conjunction with minor, transverse fractures 585 

perpendicular to them.    586 
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6 CONCLUSION     587 

1) The use of remote sensing techniques to understand slope processes and controlling factors 588 

is a progressive evolving field. This paper shows how to combine three InSAR radar datasets 589 

to calculate 3D displacement vectors, and exploit 3D displacement properties such as 590 

velocity, azimuth, plunge and strain rate. 3D displacement properties are related to 591 

topography (displacement into or out of the slope and aspect), structure and geomorphology 592 

of the Jettan rockslide, Troms, northern Norway, where the deformation is in the order of mm 593 

to cm yr
-1

.  594 

2) We combine displacement patters and mechanisms by relating 3D displacement vectors 595 

and properties outlined above, in map view and cross-sections to displacement from GNSS-596 

stations, host rock fabrics and borehole data. The 3D displacement data support the observed 597 

structural and geomorphological data in the Jettan rockslide and also, enable us to discuss 598 

displacement surfaces along host rock structural fabrics. 599 

3) Movement pattern from 3D displacement vectors are different in the northern and southern 600 

parts of the Jettan rockslide. In the north, 3D vectors azimuth directions are towards WNW, 601 

and plunge is shallow and spatially discontinuous. In the south azimuth directions are toward 602 

NW, with steeper and spatially more continuous plunge. These data divide the rockslide into 603 

segmented domains.  604 

4) In the northern area, the 3D vector attributes can be explained by the presence of a complex 605 

graben system. It is surrounded by orthogonal NW-SE and NE-SW trending ridges, scarps, 606 

terraces, depressions and crevasses, showing a repeated stepping 3D displacement pattern. 607 

This may indicate a complex fault geometry at depth, with several stepped and discontinuous 608 

sliding surfaces produced by the gently outward dipping foliation cut by steep fractures 609 

creating a step-wise attitude. Observed downslope decreasing velocity and increasing 610 

compression maybe related to stacking of blocks. Rotation of 3D vectors’ azimuth from a 611 

WNW trend in the upper part to NW in the lower, is linked to change in azimuth of structures. 612 

5) The displacements slope dependency, 3D vectors plunge compared to slope of terrain, 613 

suggest displacement into the slope in the upper part, and out of the slope in the lower, 614 

possibly as part of steep planar fractures becoming listric gliding surfaces towards depth. 615 

Where fractures merge into gently NW-dipping foliation surfaces, the resulting back-rotation 616 

of antithetic blocks give displacement inward along rotated foliation-parallel fractures. 617 
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Smaller internal variations in plunge (into and/or out of the slope) indicate forward rotational 618 

movement, possibly due to ongoing toppling.  619 

6) In the southern area, 3D displacement vectors show downslope increase in velocity and 620 

shallowing of plunge, indicating that displacement here is concentrated along more 621 

continuous hillslope parallel fracture sets. NE-SW to NNE-SSW trending scarps, ridges and 622 

depressions arranged parallel to hillslope, and gently dipping terraces there support a more 623 

homogenous displacement pattern. The data further suggest movement on listric faults at 624 

depth giving back-rotation of blocks, possibly creating inward extension, and local uplift near 625 

the scarps.  626 

7) We propose a structural-controlled slope displacement model including alternate planar- 627 

and wedge-failure collapse along one or more of the orthogonal fracture sets in the unstable 628 

area, that evolved from planar into curving (listric) fractures at depth, and where they possibly 629 

also merge into gently downslope dipping foliation surfaces, enhancing rotation of separate 630 

fault blocks.  631 

8) Using the Jettan rockslide as a case study, we show how 3D displacement vectors from 632 

ground- and satellite-based InSAR data, may contribute  to understanding structural and 633 

topographic control on rockslide kinematics, and ongoing displacement-failure processes. The 634 

approach used is applicable to study any displacement phenomena spatially and temporally 635 

covered by three radar datasets.  636 
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7 FIGURES 637 

 638 

Fig. 1 – Location of the Jettan rockslide at the Nordnes Peninsula, in Troms County, 639 

northern Norway, east of the Lyngen peninsula. Contour interval is 100 m. 640 

  641 
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 642 

Fig. 2 – Overview of the Jettan rockslide with back scarp (white solid annotated line) 643 

separating stable from unstable bedrock and location of GNSS-stations and boreholes 644 

marked with black arrows. Cross-sections, or part of cross-sections, A–A’, B–B’ and C–C’ 645 

are marked where they are visible. a. Outline of the complex graben system in the uppermost 646 

active part of northern area. Prominent SW and NW dipping fractures sets are marked. Note 647 

separate blocks of variably tilted bedrock, some moving outward and inward against the 648 
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master SW-dipping back-scarp (towards the hillslope in the far right of the photo. See also 649 

cliffs in the distance in Fig. 2c). A topographic terrace occurs to the left, with linear 650 

depressions marking fractures dipping NW, that are orthogonal to the back-scarp at the right. 651 

The entire wedge-shaped mass moves downslope toward WSW (large white arrow). GNSS 652 

station 3 and container with borehole instrumentation (DMS ) for boreholes 2 are located on a 653 

large block in relief to the fjord, and GNSS station 2 just above. In the distance GNSS 4 and 654 

borehole 1 is visible. b. Overview of the chaotic northern area with graben structures in the 655 

upper part, and ongoing toppling from scarps. In the distance open NNE-SSW trending 656 

fractures are visible in the southern area. Note the ~8 m long white barrack above the back 657 

scarp in the northern area for scale, it is marked with a white arrow in the upper left corner. c. 658 

The slope-terrace-slope topography of the northern area with line of cross-section B–B’, and 659 

transition from northern to southern area with line of cross-section A–A’. The well-foliated 660 

gneisses and intercalated marble and schists (white banded) NW-SE trending cliffs in the 661 

distance marks the northern extent of the rockslide   662 
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 663 

 664 

Fig. 3 – Hillslope map showing geological structures and geomorphological elements in 665 

the Jettan rockslide. The northern area  is characterize by NW-SE and NE-SW trending 666 

orthogonal ridges, scarps, depressions and crevasses filled by disintegrated bedrock and block 667 

materials (cf. Fig 1b). In the southern area N-S to NE-SW trending scarps, ridges and 668 

depressions are arranged parallel to hillslope, bounding repeated sets of uniform terraces 669 



30 

 

dipping gently WSW. Map is modified from Skrede (2013). GNSS-stations marked with 670 

circles and boreholes with triangles.  671 
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 672 

Fig. 4 – Combined 3D radar surface displacement compared to GNSS station 673 

displacement. a. North component. b. East component. c. Height component. d. 3D radar 674 

vector length compared to GNSS vector length. e. Azimuth of displacement. f. Plunge of 675 

displacement.  676 
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 677 

Fig. 5 – Sensitivity to displacement for 3D inversion at Jettan. a. Azimuth direction of unit 678 

vectors used in the inversion plotted with condition number. b. Overview of Jettan rockslide 679 

with colors representing condition number diagnosing the 3D inversion. Highest condition 680 

number means that small errors in the input data will have large consequences for the 681 

outcome of the 3D inversion. High condition numbers in a) are represented by red colors in 682 

raster. Position of ground-based radar by the fjord is marked by a yellow square and LOS-683 

direction marked with white stippled lines. Insets show the TSX satellite LOS-directions in 684 

ascending and descending orbits. GNSS-stations are marked with circles and boreholes with 685 

triangles.   686 
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 687 

Fig. 6 – Fractures and structures in the northern and southern area. a. Smaller-scale 688 

unstable bedrock wedges in northern part of cross-section C–C’ in the southern area, bounded 689 

by orthogonal fractures striking WNW-ESE and NNE-SSW, dipping NNE and NW 690 

respectively. b. Steep fractures curve to lower dip within meters (becomes listrics) in host 691 

rock gneisses outcropping on the steep NE-SW striking back-scarp in northern part, behind 692 

blocks in a. The outcrop shows the principle movement in a wedge-failure (Wyllie & Mah 693 

(2004), along intersection of two pre-existing fabrics, a steep NW-SE striking fracture set and 694 

a gently dipping foliation (flat fabric). Movement directions (with arrows) are recorded by 695 

open cavities between the two fabrics, notably here, with sliding along the foliation, 696 

controlled by foliation and one fracture set. c. Downslope view along major NW-dipping 697 

sliding surface (with tallus) bounded by orthogonal NE-dipping fracture (in front left) in the 698 

lower part of section B–B’, indicating combined planar-failure movement downslope toward 699 

NW, i.e. perpendicular to fracture strike, and along intersection line between the two major 700 

fracture sets, i.e. toward WNW in upper part (right). Annotated scarp to the right are the same 701 

as pictured in Fig 2b. d. Close-up view of slope-parallel open fracture set in southern area 702 

(figure f), acting as sliding surface for downslope planar failures.      703 

704 
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 705 

Fig. 7 – 3D displacement vectors and slope map draped on a digital elevation model 706 

(DEM) of the Jettan rockslide. Dark colors represent steep terrain, light color are flatter 707 

areas. Back scarp marked with red line. GNSS-stations marked with yellow circles and cross-708 
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sections with stipples yellow lines. DEM and slope maps are based on 1 × 1 m resolution 709 

LIDAR data from 2014 supplied by the NMA     710 
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 711 

Fig. 8 – 3D displacement vectors and GNSS displacement vectors from the Jettan 712 

rockslide with geological structures (back scarp and scarps) and geomorphological 713 

elements (scarps) after Skrede (2013). Direction (azimuth) and length (mm yr
-1

) of 3D 714 

vectors (black arrows) and GNSS vectors (red arrows) are comparable. In addition to length 715 

of black arrows the mean yearly velocity of 3D vectors is given by red to white raster. 716 

Location of cross-sections A–A’, B–B’ and C–C’ are marked by gray solid lines. Location of 717 

borehole (BH) and GNSS stations are marked. Extent of map marked in inset in Fig. 3     718 
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 719 

Fig. 9 – Structural data from the northern and southern area. Orientation of fractures 720 

(great circles) and 3D surface displacement vectors (orange dots) plotted in lower-hemisphere 721 

stereograms, for loose blocks and scarps in lower (a. and b.) and upper along (c. and d.) 722 

northern area along cross-section B–B’, and fractures (e.) and scarps (f.) from the southern 723 

area. Individual fractures are drawn as thin black great circles, and dominant trends as thicker 724 

great circles (blue and red colors).  N-values indicate number of measurements. Black  arrows 725 

and stippled lines indicated difference between azimuth of structures in the upper and lower 726 



38 

 

area. Note the different trend in displacement vectors from in the northern and the southern 727 

area.  728 

 729 

Fig. 10 – Properties of 3D displacement vectors and relation to topography and 730 

structures for the Jettan rockslide. Inset rose diagram and histograms show deviations in 731 

main azimuth and plunge trends of 3D displacement vectors in  the northern and southern area 732 

of the rockslide. Extents of northern and southern area are marked with stippled lines, cross-733 

sections A–A’, B–B’ and C–C’ marked with dark-gray lines. a. Azimuth of 3D displacement 734 

vectors in degrees. b. Plunge of 3D displacement vectors in degrees. c. Difference between 735 

azimuth of 3D displacement vectors and aspect of the topography, giving aspect dependency 736 

for displacement in degrees. Positive values (red color) mean displacement more towards 737 
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north than aspect, zero mean equal azimuth direction, negative values (blue color) mean 738 

displacement more towards south than aspect. d. Areas with displacement into the slope (red 739 

color) and out of the slope (green color) from comparing plunge 3D displacement vector with 740 

slope of the topography. Positive values mean displacement into the slope, zero values mean 741 

equal plunge, negative values mean displacement out of the slope.  742 
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 743 

Fig. 11 – Properties of 3D vectors along cross-section A–A’ and nearby GNSS-stations, 744 

including a. mean yearly velocity, b. azimuth of displacement, c. plunge of displacement, d. 745 

slope of topography, e. degree of uplift (slope dependency), and f. displacement direction 746 

towards north or south compared to aspect of topography (aspect dependency). Grey lines 747 
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indicated the linear internal trends. The boundary between the northern and the southern areas 748 

(vertical stippled line) are marked together with location of cross-sections B–B’ and C–C’.  749 

 750 

Fig. 12 – Dip of fractures, scarps and foliation mapped Skrede (2013) collected using a 751 

320 buffer along cross-section B–B’. Mean plunge of GNSS-station from snow-free season 752 

2009-2014) marked for GNSS stations 2, 3 and 9. 753 

 754 

Fig. 13 – Dip of fractures, scarps and foliation mapped Skrede (2013) collected using a 755 

320 buffer along cross-section C–C’. Mean plunge of GNSS-station from snow-free season 756 

2009-2014) marked for GNSS station 4, 5, 6 and 8. 757 
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 758 

Fig. 14 – Properties of 3D displacement and relation to topography, GNSS-stations and 759 

borehole data, along cross-sections B–B’ and C–C’ from the northern and southern area 760 

of the Jettan rockslide, with proposed rock slope failure models. Three mechanisms are 761 

inferred from the cross-sections: (1) Back-rotation can be imaged as a step-wise structural 762 

pattern formed by steep NW and SE dipping fractures cut through the foliation, and/or follow 763 
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more gentle dipping foliation, leading to gradually more back-rotated blocks at depth, with 764 

movement along fractures and foliation into the surface. (2) Wedge-failure collapse along 765 

planar intersection lines between NE and SW-dipping fracture sets symbolized as straight 766 

stippled lines. (3) Planar failure, also symbolized as straight stippled lines. a. 3D displacement 767 

velocity, b. azimuth and c. plunge. d. slope of topography. e. relation between slope of 768 

topography and plunge of displacement. f. relation between aspect of topography and azimuth 769 

of displacement. g. downslope velocity gradient (strain rate) denoting areas with compression 770 

and extension. h. geological cross-sections with data from DMS and core logging of 771 

boreholes (Elvebakk, 2013, 2014; Ganerød, 2013, 2014), mapped geological structures 772 

(Skrede, 2013), 3D surface displacement draped as black arrows and GNSS displacement as 773 

red arrows. All structures and displacement are projected into the trend of the cross-sections.        774 
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