Geology, Geophysics & Environment e 2012 e \ol. 38 ¢ No. 2 e 209-220
http://dx.doi.org/10.7494/geol.2012.38.2.209

APPLICATION OF THE SAR INTERFEROMETRIC METHODS
TO IDENTIFY THE MOBILITY OF THE AREA
ABOVE THE SALT DIAPIR IN INOWROCLAW
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Abstract: Remote sensing interpretation presents the linear structural elements correspond to the tectonic-structural
pattern and suggest a block-type character of the pre-Permian basement. They may also indicate the existence of
active movements of salt bodies and point at tectonic zones being active during almost recent past. The research on
terrain mobility in the Inowroctaw salt dome area and regional salt structures was conducted with the use of SAR
interferometry techniques: PSI and InSAR. All archival scenes (both descending and ascending) available from sat-
ellites ERS-1/2 and ENVISAT were used in order to determine the nature of displacement during the last 15 years.
To identify the mobility of the pilot study, locally and regionally, the results from SAR interferometry techniques were
analysed together with all types of collected data: tectonics, geophysical, geological, geodetic, and structural data.
That gave indications about the uplift and subsidence in the salt dome area, as well as information about the types and
causes (natural and induced) of mass movements.
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Tresé: W ujeciu regionalnym tektonika blokowa w podtozu kompleksu permskiego byta jednym z wazniejszych czyn-
nikéw inicjujacych i warunkujacych dzwiganie sie antyklin solnych ku gérze. W wypadku wysadu solnego Inowrocta-
wia wystepowat naturalny proces dzwigania koputy wysadu o réznym stopniu nasilenia, a jego skutkiem jest powolna
aktywnosc¢ stref tektonicznych. Przyblizone wartosci przemieszczen terenu lokalnie w rejonie wysadu i regionalnie
w rejonie struktur solnych zostaty okreslone na podstawie wynikéw badan interferometrii satelitarnej SAR metoda-
mi PSINSAR i DInSAR. Do wyznaczenia wartosci przemieszczen powierzchni terenu w ostatnich 15 latach zostaty
wykorzystane wszystkie dostepne sceny archiwalne (zaréwno descending, jak i ascending) satelitow ERS-1/2 oraz
ENVISAT. W celu wyznaczenia stref aktywnych tektonicznie wyniki interferometrii radarowej zostaly zanalizowane
przy uzyciu wszystkich zgromadzonych typéw danych: tektonicznych, teledetekcyjnych, geofizycznych, geologicznych,
geodezyjnych oraz danych strukturalnych. Pozwolito to na scharakteryzowanie procesu podnoszenia i osiadania terenu
w wymiarze lokalnym oraz regionalnym oraz wykazanie wyraznych zwiazkéw z naturalnym procesem halotektoniki.

Stowa kluczowe: badanie ruchéw powierzchni terenu, wysady solne, struktury solne, interferometria satelitarna,
PSINSAR, DInSAR
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INTRODUCTION

The purpose of this study is to demonstrate realistic possibilities of using the remote
sensing methods, based on interferometric analysis, for the determination of ground surface
movements in the areas of salt structures. Our studies are supported by a detailed spatial
analysis of geological and structural data, lithology and other important conditions not only
of natural character.

The geological structure of the Inowroctaw salt diapir (Fig. 1) is one of many salt for-
mations which appear in Central Poland (the Kujawy Region) where, according to previous
studies, the salt anticlines are the oldest and have the best conditions to form (Dadlez &
Marek 1974, Dadlez 1980, Hus et al. 1996, Marek & Pajchlowa 1997, Dadlez et al. 2000,
Bujakowski 2003).

LEGEND
SALT STRUCTURES

I salt domes
salt plugs
salt pillows

Fig. 1. Location of study area

Fig. 1. Lokalizacja obszaru badan

The Inowroctaw salt dome is located directly under the Inowroctaw town. Existence of
this highly urbanised area that preserves interferometric coherence over the time creates an
exceptional possibility to apply the SAR interferometry method to obtain highly precision.
(Graniczny 1989, Perski et al. 2008, Graniczny et al. 2011, Pigtkowska et al. 2011). The
greatest advantages of SAR interferometry are the ability of large area coverage, and the high
spatial data density of obtained measurements. It helps the data interpretation and further in-
terpolation of the area of the Inowroctaw town and its surroundings.
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OBJECT OF STUDY

The Inowroctaw diapir was subjected to underground salt exploitation. Therefore, take
into account the causes of its ground mobility in the context of the rock mass stress pattern
associated with salt mining and the natural diapir uplift.

On the regional scale, the block tectonics of the Permian complex was one of the
most important factors, which initiated and conditioned the uplift of salt anticlines. In the
Inowroctaw case, the natural dome uplifting process was continued with various rates, and it
also resulted in small activities of the tectonic zones associated directly with the diapir. The
tectonic zones continuing from the deep substratum to the surface layers. They were reju-
venated and they also contribute to the present-day ground mobility. Identification of these
zones thanks to remote sensing analysis allows us to determine linear structural components
that can indicate the existence of present-day tectonic zone activities in the Inowroctaw area
(Piatkowska 1989, 2003, 2007).

The mechanism of land surface mobility above the Inowroctaw diapir can be a reference
for regional analysis. The process is associated with current halo-tectonic activity.

However, we should assume that many other factors are responsible for terrain uplifting
or subsidence. They include for example the following:

— lithology (e.g. the reaction of the gypsum cap with underground water, causing either
the increase of the rock volume or and gypsum complex subsidence owing to loss of
humidity);

— plastic properties of the salt complex (the “flow” phenomenon within the salt-bearing
deposits);

— overburden weight causing the reduction of salt complex thickness under pressure;

— regional stress pattern around the salt diapir;

— rejuvenation of old tectonic structures, including especially halotectonics;

— changes in the ground-water table and interference of water relationships within old
mine workings;

— changes in the local stress pattern in the mine working areas.

INTERFEROMETRIC DATA

To carry out research on the demonstration of the correlation between the geology of
salt-bearing complexes (of diverse spatial range) and the land surface movements, we ap-
plied, archive data on the local geology and tectonics, and the SAR interferometry data that
indicate land surface deformation.

The SAR interferometry method is based on satellite images such as ERS-1 and ERS-2.
Deformation measurements consist in the calculation of the phase differences of the corre-
sponding pixels of two SAR images acquired during subsequent satellite passes over the same
area. In that method, based on two SAR images, we can obtain an interferogram presenting
phase difference of the whole area covered by imaging. The deformation rates are calculated
on the basis of single interferograms are not always accurate enough. The limiting factors that
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reduce the credibility of interferometric data are related to the phenomena, which occur in the
troposphere (mainly diverse vapour content), errors in orbit calculation, and the changes oc-
curring in the environment (e.g. vegetation). The INSAR method is proven well in case of land
subsidence studies with large deformation rates, for example on coal or copper mining areas
(e.g. Popiotek et al. 2002, Krawczyk et al. 2007, Perski 2010, Huanyin et al. 2011), or large
tectonic deformations associated with extensive earthquakes (Perski & Hanssen 2005).

To study small long-term displacements, we apply the interferometric methods based on
the analysis of the so-called Persistent Scatterers (PS). Those methods use series of SAR images
(usually more than 20), recorded over many years. The Persistent Scatterer Interferometry (PSI)
assumes the use of the phenomenon of occurrence of the objects, which maintain coherence
in the environment, thus ensuring reflected radar signal’s phase and amplitude stability. Such
objects (mainly building corners, roofs, pylons, or rock outcrops) constitute stable scatterers.
In the PSI methods, we identify permanent scatterers (PS) on the series of SAR interferograms
based on amplitude dispersion (Ferretti et al. 2001) or phase characteristics (Hooper 2008), fol-
lowed by the analysis of only those stable points (Perski & Mréz 2007). We should remember
that the calculation of deformation rates in the PSI methods is conducted with the assumption
of a specific deformation model (usually a linear one), and such measurements are relative. The
measurements refer to one or more benchmarks identified on the area for which no deformation
is assumed. The time reference consists in the assumption of one of the SAR scenes as reference
scene (Kiihn 2011, Graniczny & Pigtkowska 2005, Perski & Mréz 2007, Refice et al. 2011).

The PSI method calculation result consists in the collection of points where each PS
point has an assigned numerical value corresponding to the average deformation velocity
(mml/year). In addition, for each of the points, we determine the deformation rate for each
SAR scene, which allows us to construct a graph showing the deformation time series in the
function of time (Fig. 2).

In case of the Inowroctaw diapir, SAR data processing was carried out for the MELA Proj-
ect (Morphotectonic of the European Lowland Areas) purposes by the SPINUA-CNR-ISSIA
of the Polytechnics of Milan and Bari, Italy.

As the input data a series of SAR scenes acquired by the European satellites ERS-1/2
were used. The processing results were presented in the form of PS point dataset of aver-
age velocities ranging from -5 mm/year to +10 mm/year. For analytical purposes PS data
were interpolated to create the displacement isoline maps. For comparison purposes, the
mentioned SAR data were processed on the regional scale of 40 km/40 km, corresponding
to the range of ca. 1/4 of the ERS-1/2 satellite scenes. The data were processed by Z. Perski
and T. Wojciechowski under the project called The Application of Satellite Radar Interfer-
ometry to the Identification of Ground Mobility over the Salt Diapir in the Inowroc/aw Area
No. 61-9202-1101-00-0, financed from the resources allocated to the activities conducted un-
der PIG PIB’s statutory operations. The respective analysis was applied to 31 ERS-1/2 SAR
images of 1992-2007, with the use of PSI and SBAS methods (Lanari 2003), implemented in
the StaMPS scientific software (Hooper 2008). In total, 31,773 PS points were obtained, with
the average density of ca. 20 PS/km?. The relative deformation sizes range from —10 mm/year
to +10 mm/year, although the majority of the points (90% each) indicated the deformations
in the range from -5 mm/year to +5 mm/year.
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Fig. 2. Distribution of PS points in the Inowroctaw Old Town area; uplifting trend with the average
elevation of 3 mm/year

Fig. 2. Rozktad punktéw PS w rejonie Starego Miasta; mozna przyja¢ tendencje wynoszenia
srednio 3 mm/rok

ANALYSIS AND RESULTS

The comparative studies of the geological structure of salt formations, in the context
of the ground mobility observations, conducted on the basis of the ERS-1/2 SAR and EN-
VISAT observations, covered the period of 1996-1999. The analysis was conducted on the
local scale (the Inowroctaw diapir) and the regional scale on the fragments of salt anticlines
of Inowroctaw, Gopto, Barcin, and Gora.

We can infer from the presented interferometric data on the PS point value distribution
in respect of the Inowroctaw salt diapir that its central part is elevating (mostly in steps vis-
ible at the Time Series graph of figure 2). A slow uplifting movement is also indicated by
the PS points situated in the following places: Old Town of Inowroctaw, Rabin and Nowe
Osiedle housing estates, and the Sktadowa Street, with the values from 0 to +8 mm/year
(Fig. 2). The slow diapir mass uplifting movement indicates a natural process of the phenom-
ena subjected to the laws of halotectonics (Seni & Jackson 1983, Hardy & Langer 1984). The
PSI research results (Figs 3, 4) show the correspondence to the tectonic zones and suggest
that the current activity is associated with continuous halotectonic processes.

However, the areas displaying a tendency to subside from —2 mm/year to -1 mm/year
are probably associated with the gypsum-silt cap complex. The subsidence values ranging
from —4 mm/year to -1 mm/year appear in the areas of abandoned extraction shafts. The
concentration of the PS points showing a tendency to subside occurs in the areas of the
Piastowskie and Zacisze housing estates and the Zapadte Str, which was confirmed by geo-
detic studies based on repeated precise levelling data (Szczerbowski 2002).



214 A. Pigtkowska, M. Surata, Z. Perski & M. Graniczny

We should emphasize that there is a clear relationship between the vertical movement
rates and the changeability of lithological gypsum cap formation, including its thickness.

Attempts at the classification of the nature of movements in respect of their origin
associated with both natural and induced phenomena led to the conclusion that both types
of factors, natural and induced, are intermingled with various rates in the case of the

Inowroctaw diapir.
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Fig. 3. Selected PS points on the background of a conceptual map of vertical movement trends

Fig. 3. Wybrane punkty PS na tle przyblizonej mapy trendéw ruchéw pionowych
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Fig. 4. Results of preliminary PSI studies show correlation with tectonic zones and suggest current
salt dome activity (halotectonic activity)

Fig. 4. Wyniki wstgpnych badan PSI wykazuja zwiazek ze strefami tektonicznymi oraz sugeruja
wspdiczesna aktywnosci koputy solnej (halotektonika)

Similar observations were made on a regional scale upon analysis of the following an-
ticline areas: Barcin (west of Pako$¢), Géra, Gopto (south of Kruszwica), and Inowroctaw.
The observations and a detailed analysis of the Inowroctaw diapir were used as the interpre-
tation key and indicators for the evaluation of the interdependence of kinematic salt complex
properties and their influence on the land surface dynamics in the area of the above-specified
salt structures.

We also found a clear correlation between the morphology of the pre-Quaternary surface
and the recent movements. The deformation velocities obtained from PSI compared with
isoline map of Quarternary sediments base (compilation made by the data from: Listkowska
1991, Wrotek 1993, Jeziorski 1995, Brzezinski 2009) is presented on figure 5. An additional
cross-section illustrates the identified interdependence: the positive values of PS points (up-
lifting) correspond to the morphological uplifts of the pre-Quaternary surface morphology.

The kinematic mechanism of Inowroctaw salt structures is clearly translated into a re-
gional salt structure. In figure 5, the salt formations and the respective locations on land
surface corresponding to the pre-Quaternary surface uplifts show the tendency of uplifting.
An example of the correspondence of PS velocities and the current uplifting phenomena is
demonstrated by the anticline form of Barcin, situated west of Pakos¢. An additional element,
which influences the land mobility, is intense and large-scale open-pit extraction of Jurassic
limestone (on the surface and underground). That mining operation certainly influences the
rock mass stress-relieving nature, within the studied structure, augmenting the elevation ef-
fect (Pigtkowska 2003).
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Fig. 5. Distribution of PS points against the isoline interpretation of Quaternary bed interpretation,
with a general outline of salt formations

Fig. 5. Rozmieszczenie punktow PS na tle izoliniowej interpretacji podtoza czwartorzedu
i z orientacyjnym zarysem form solnych

When analysing the occurrence of salt structures, we should mention compensation
troughs, associated with the “outflow” of salt masses from the surroundings of the salt body
being elevated to its centre. That phenomenon is also reflected in the land surface move-
ment (Baraniecka 1980). Ground subsidence, documented by PS points, indicates excep-
tional matching with the compensation troughs situated in direct vicinity of the salt diapirs.

Interpolation maps (Fig. 6 — drawings A and B), show the interpretations of the pre-Qua-
ternary surface morphology, in comparison to the interpolated values of the PS velocities.
The figure is a graphic expression of the interdependences presented on the cross-section,
where A is the pre-Quaternary morphological surface and B is the surface showing the inter-
polated PS point relocation rate values.

Such correlations could be more accurate when recognition of the pre-Quaternary sur-
face better recognized by drilling and geophysical investigations.
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Fig. 6. Location of the cross-section which shows the relationship between pre-Quaternary
morphological surface (A) and the surface representing interpolated PS velocity values (B)

Fig. 6. Lokalizacja przekroju, na ktérym przedstawiona zostata zaleznos¢ pomigdzy uksztattowaniem
powierzchni morfologicznej — podczwartorzedowej (A) a powierzchnig przedstawiajaca
zinterpolowane wartosci predkosci ruchu PS (B)

CONCLUSIONS

The PSI ground displacement estimations obtained for the salt structures situated on
the Polish Lowlands indicated a considerable potential of the remote sensing methods in the
recognition of land surface movements. They can be used in both local (Inowroctaw) and
regional studies.

Main interpretation results:

1. Both, natural and induced ground movements were observed and confirmed at the local
scale in the Inowroctaw region.

2. General, the salt structures mobility in the regional scale was confirmed in the basis of
the interferometric data. The rate of those movements is comparable to the geodetic me-
asurements.

3. The PSIn SAR analysis, in the vicinity of salt domes has contributed to better recogni-
tion of per-Quatrenary surface morphology and estimation of the trends of contempora-
ry small vertical movements.

Our regional studies indicated cohesion with the assumptions of the rock salt complex
mechanics, and they can be used in planning of infrastructure projects associated with salt
formations, e.g. for hydrocarbon storage and carbon dioxide capture and storage.
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Streszczenie

Wysad solny Inowroclawia jest jedng z form geologicznych wystepujacych na obsza-
rze Kujaw i typowsa dla rejonu centralnej Polski (Fig. 1). W ujeciu regionalnym tektonika
blokowa w podtozu kompleksu permskiego byta jednym z wazniejszych czynnikdw inicju-
jacych i warunkujacych dzwiganie sie antyklin solnych ku gérze. W wypadku Inowroctawia
wystepowat naturalny proces dzwigania koputy wysadu o réznym stopniu nasilenia, a jego
skutkiem jest powolna aktywnosc¢ stref tektonicznych (Fig. 2). Propoagacja stref tektonicz-
nych od gtebszego podtoza ku warstwom przypowierzchniowym ulegata i ulega nadal od-
mtodzeniu. Przy identyfikacji tych stref pomocna byta analiza teledetekcyjna, umozliwiajaca
wyznaczenie liniowych elementéw strukturalnych, ktére moga wskazywaé¢ na wspétczesng
aktywnos¢ stref tektonicznych w rejonie Inowroctawia. (Fig. 3, 4)

Przypuszcza sig, ze mechanizm mobilnosci terenu nad wysadem solnym Inowroctawia
zwigzany jest ze wspotczesng aktywnoscia halotektoniczna, a za wypigtrzanie lub osiadanie
terenu odpowiedzialnych jest wiele innych czynnikéw. Sg to miedzy innymi: litologia (np.
reakcja czapy gipsowej z roznymi poziomami wadd, powodujac zwigkszenie objetosci skaty
lub przez utrate wilgoci — osiadanie kompleksu gipsowego); tektonika (uskoki, tektonika wy-
sadu solnego); wptyw eksploatacji gérniczej; zmiany poziomu waéd gruntowych.

Przyblizone wartosci przemieszczen terenu w rejonie wysadu solnego i w rejonie struk-
tur solnych okreslaja wyniki badan interferometrii satelitarnej SAR metodami PSInSAR
i DINSAR. Do wyznaczenia wartosci przemieszczen powierzchni terenu w ostatnich 15 la-
tach zostaly wykorzystane wszystkie dostgpne sceny archiwalne (zarowno descending, jak
i ascending) satelitow ERS-1/2 oraz ENVISAT (Fig. 5).

W celu wyznaczenia stref aktywnych tektonicznie zostata przeprowadzona szczegoto-
wa analiza geologiczno-strukturalna. Zakres prac obejmowat analize danych archiwalnych
kartograficznych odnoszacych sie do struktur geologicznych i obszaréw kopaln solnych. Zo-
stata stworzona baza danych GIS zawierajaca dane tektoniczne, teledetekcyjne, geofizyczne,
geologiczne, geodezyjne oraz dane strukturalne.

Pozwolito to na scharakteryzowanie procesu podnoszenia i osiadania terenu w wymia-
rze lokalnym oraz regionalnym oraz wykazanie wyraznych zwiazkdw z naturalnym prcesem
halotektoniki (Fig. 6). Zaprezentowane wyniki badan pokazuja wage i potencjat wykorzy-
stania metody PS oraz technik satelitarnej interferometrii radarowej do badania ruchdw ma-
sowych dla terenu nad loklanymi strukturami solnymi oraz w wymiarze regionalnym dla
struktur solnych w rejonie Kujaw (centralna Polska).



