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Ab stract: Re motely ob tained geo detic sur vey data can be used to de tect anoma lies in the ter rain sur face over
dif fer ent geo logi cal struc tures, like faults or de posit bounda ries. Some com puter tech niques are help ful to ex tract
the in flu ence of geo logi cal phe nom ena on typi cal dis tri bu tion of the meas ured ele va tions. Cer tain dis tur bances in
pro file lines can be con sid ered as ad di tional, human- induced ef fects or caused by geo logi cal pro cesses. The pa per
dem on strates such an analy sis bas ing on geo detic data with some sup port of geo physi cal re sults. The ex am ined
mor pho logi cal pro files and pro files of sub si dence bowls caused by min ing in the area of Inow ro claw (cen tral
Po land) il lus trate the prob lem of an un der es ti mated mecha nism in non- geological dis ci plines. For ge olo gists this
is an other ex am ple of en vi ron mental in ter ac tion be tween relief- forming pro cesses and sub sur face con di tions.
Fur ther more, it brings ad di tional in for ma tion about pro cesses of min ing sub si dence, which is the pri mary topic of
this study.

Mu tual re la tion ships be tween ver ti cal dis place ments in duced by min ing or other fac tors and mor pho logi cal
pro files point to the domi nant role played by mo bil ity of geo logi cal struc tures, as shown by cor re la tion be tween
geo detic and geo physi cal data.
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IN TRO DUC TION

Fre quently car ried out lev el ling sur veys in the area of
Inow roc³aw, cen tral Po land, brought some un ex pected data
per tain ing to the in flu ence of geo logi cal struc tures on sub si -
dence pro cesses. The sub si dence of the ter rain sur face, re -
sult ing mostly from min ing ex ca va tion, used to be ob served
for dec ades. Clo sure of the “Solno” mine and back fill ing of
ex ca va tion halted sig nifi cant ground dis place ments. Pe ri -
odi cal sub si dence bowls dis played spe cific char ac ter is tics,
which have not yet been stud ied. Re cent sur veys con ducted
for civil en gi neer ing pur poses have brought even more
spec tacu lar re sults. The aim of this pa per is to com bine data
sup plied by geo detic and geo physi cal sur veys to es ti mate
the ef fects of mo bil ity of sub sur face geo logi cal struc tures
on the present- day re lief and dis place ments of ground sur -
face in a se lected area of the city of Inow roc³aw. To achieve
this goal, an in te grated study of topo graphic pro files, lev el -
ling sur vey data, gra vimet ric and seis mic pro fil ing, as well
as field ex ami na tion of min ing con di tions was ini ti ated. The 
pre sented geo detic and geo physi cal sur veys were car ried

out to as sess de for ma tion in duced by min ing, and in cluded
those re lated to the former sub si dence bowls as well as re -
cent ver ti cal dis place ments. The meas ure ments were lim ited 
to the north ern part of Inow ro claw.

LO CAL GEO LOG I CAL SET TING
AND MIN ING AC TIV ITY
IN INOWROCLAW AREA

Geo logi cal struc ture of the Inow roc³aw area is domi -
nated by a Zechstein salt dome situ ated 120–190 m be low
the ter rain sur face. The salt body is more than 3 km thick.
The ex ist ing ele vated area is a visi ble ef fect of the ris ing
dome. The city plan is di rectly con trolled by to pog ra phy:
the cen tral part (main mar ket) is lo cated above the cen tre of
the salt dome, while streets tend to fol low con tour lines of a
topo graphic high ris ing above the salt body.

Theo ries con cern ing the mecha nism of mo bi li za tion
and flow of the salt were dis cussed by Tarka (1991, 1992),
while co- existing pro cesses, such as: re cent ver ti cal move -
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Fig. 1. Map view (data in ter po lated by tri an gu la tion method, con tour in ter val 1 m, lo cal co or di nate sys tem in metres; up per di a gram)
and geo log i cal cross-sec tion based on Bujakowski (1986) (lower di a gram), show ing min ing ex ca va tions and the Solno 2 shaft



ments, sub ro sion and karst phe nom ena were dealt with by
Bu dryk (1933), Po bor ski (1957), Niewia rowski (1983),
Poborska-M³yn ar ska (1984), Tarka (1988), and re cently by
Mo lewski (2007, 2008). An other line of study con cerned
the in ter nal struc ture of the de posit it self (Bu jakowski,
1986; Tarka, 1992). This prob lem was ex am ined ow ing to
data gath ered from nu mer ous drill ings and ob ser va tions ob -
tained from un der ground min ing works. The over all geo -
logi cal struc ture of the dome is quite sim ple and typi cal. In
plan view the de posit is el lip ti cal. Both the east ern and
west ern sides of the salt struc ture are steeply dip ping or
even up right (par ticu larly in the east ern part).

The Per mian salt is sur rounded by the crushed Ju ras sic
com plex, which is di vided into per me able sandy rocks in
the west and car bon ates (dolo mites, lime stones and marls)
in the east. The re flec tion of this di vi sion is a dif fer ence in
per me abil ity of cap rocks, which are lo cated at the con tact
be tween the Ju ras sic and Per mian strata. The gyp sum and
gypsum- clayey cap rocks are typi fied by dif fer ent per me -
abil ity, which is the main cause of di ver si fied in ten sity of
karst phe nom ena (sink holes, caves), most of them oc cur ring 
in the west ern part of the city. Fig ure 1 shows the bound ary
of the per me able gyp sum cap rock with lo ca tion of sink -
holes, which oc curred in this zone in the past, as well as the
po si tion of faults in ter preted by Bu dryk (1933) as fos ter ing
wa ter mi gra tion from the north to the south, around the de -
posit. This mi gra tion led to un der ground karst pro cesses,
dis cov ered at the end of the 19th cen tury dur ing shal low
min ing works, and fa voured for ma tion of sink holes scat -
tered around the fault lines. The over ly ing sedi ments are
com posed of Pleis to cene tills, few to 70 m thick, and thin
Holo cene sands.

MIN ING BACK GROUND

More than 100 years’ long his tory of min ing of the de -
posit in Inow roc³aw wit nessed ex ploi ta tion car ried out in
dif fer ent pe ri ods with the use of dif fer ent meth ods, such as:
un con trolled bore hole min ing in the roof part of the dome,
min ing in the roof part of the dome, brine in take and flood -
ing the mine, un sus tain able ex ploi ta tion of the flooded
mine, or ex ploi ta tion with deep bore holes. The last method
was in volved in the 1920s, and this ac tiv ity con sisted in wet
un der ground ex ploi ta tion with pillar- chamber sys tem car -
ried by the Solno mine (Fig. 1). The mine was closed down
and min ing ac tiv ity in this area was defi nitely ter mi nated in
1991, when all un der ground ex ca va tions were flooded by
sa line wastes.

Con tinu ous and dis con tinu ous de for ma tions (small
sink holes) re sult ing from the min ing ac tiv ity were oc cur ring 
in the city up to the end of the 20th cen tury. De pend ing on
min ing situa tion, dif fer ent sub si dence bowls were formed
on the ter rain sur face: first ex trac tion works caused de for -
ma tion in the south ern part of the city, while ex ca va tion
works from the 1960s to the 1980s pro duced the north ern
sub si dence bowl. Dur ing the salt mine op era tions col lapses
hap pened very rarely, and deep min ing re sulted in not very
sig nifi cant sub si dence. The maxi mum to tal value of ver ti cal 
dis place ments was less than 40 cm. Regu lar geo detic ob ser -

va tions (lev el ling, GPS cam paigns) were re sumed in 2002.
The aim of these meas ure ments was de ter mi na tion of
ground sta bil ity af ter mine liq ui da tion, and de tec tion of
geo dy namic pro cesses and moni tor ing ground sta bil ity of
the Church of the An nun cia tion of the Blessed Vir gin Mary
and its sur round ings. The church con struc tion was af fected
both by old min ing and natu ral pro cesses, and on go ing sur -
veys are car ried out for reno va tion pur poses.

GEO PHYS I CAL SUR VEYS

Seis mic and mi cro gra vimet ric in ves ti ga tions aim ing at
de ter mi na tion of the rock mass state in the vi cin ity of the
church were car ried in 2002, in the frame work of a re search
proj ect (Szczer bowski, 2003). The re sults of seis mic pro fil -
ing en abled to con struct a deep, 3D model of the rock mass
of the test field. Con clu sions re lated to the shal low part of
the rock mass were ob tained mostly with the use of mi cro -
gra vimet ric net work sur veys.

On the ba sis of re flec tion and re frac tion pro fil ing and
spe cial meas ure ment ge ome try, some pieces of in for ma tion
about the lo ca tion of zones of weak ness and near- surface
struc ture of the rock mass were ex tracted. The re sults pro -
vided some hints as to the causes of frac tur ing in the church
wall (Pilecki et al., 2003), re sult ing from the pres ence of a
N–S ori ented fault situ ated right be low the church.

Mi cro gra vimet ric meas ure ments were car ried out in the 
church area along lines mak ing a grid with sur vey points
spac ing of 7.5 m. The ob tained grav ity anoma lies were cal -
cu lated with re spect to gra vimet ric re duc tions. These
anoma lies (dif fer ences be tween the ob served grav ity and
some theo reti cal grav ity value pre dicted at the meas ure ment 
point) mark, af ter re mov ing the re gional trend, the re sid ual
grav ity ar eas. Such re sidu als are re garded as an ef fect of lo -
cal fea tures hav ing a den sity con trast with the sur round ing
rocks. Fig ure 2 pres ents a dis tinc tive anom aly pass ing
through the church. Its ge ome try sug gests the pres ence of a
fault line, which was men tioned above. This agrees with the
re sults of seis mic sur veys, and in both cases the de tected
anom aly con firms the lo ca tion of the fault line al ready sug -
gested by Bu dryk (1933).

An other gra vimet ric sur vey was car ried out for the pur -
pose of a re gional study. Part of the sur vey in cluded ob ser -
va tions along an East–West trend ing pro file that crossed the 
dome area in its north ern part, with grav ity sta tions spaced
every 50 m. The sig nifi cant anom aly ob served along the
pro file line is the gravi ta tional ef fect of the salt de posit rep -
re sent ing a den sity change in the earth. The dis tri bu tion of
grav ity val ues show the mass cen tre and bounda ries of the
de posit. The bounda ries are much bet ter visi ble on the chart
show ing the dis tri bu tion of gra di ent val ues (dgB/dL – Bou -
guer grav ity change per dis tance). Fig ure 3 pres ents the dis -
tri bu tion of Bou guer grav ity and cal cu lated gra di ent val ues
along the east ern part of the pro file that passes through the
test field area. A rapid change of these val ues marks the lo -
ca tion of the east ern bound ary of the salt de posit. This lo ca -
tion has al ready been known from bore hole data, but the re -
sults of gra vimet ric sur veys brought an other proof in this
mat ter.
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The main aim of pre sented geo physi cal data is to in di -
cate the lo ca tion of some tec tonic fea tures ob served with the 
use of geo detic sur veys as well. The next part of the study is
de voted to the lev el ling re sults.

LEV EL LING SUR VEYS: MIN ING 
INDUCED SUB SI DENCE

All lev el ling sur veys dis cussed in this pa per were car -
ried out for prac ti cal pur poses. The re sults dealt with be low
docu ment use ful ness of such sur veys in geo mor phic analy -

sis. The lev el ling data are con sid ered as ele va tions or ele va -
tion changes. In both cases they re flect some geo logi cal fea -
tures, like the lo ca tion of fault zones and bounda ries of salt
de posit.

Due to on go ing min ing works and de for ma tions in -
duced by salt ex trac tion, a number of bench marks were
placed to es tab lish a net work for moni tor ing sur face de for -
ma tions (mostly ver ti cal dis place ments). The net work was
be ing ex tended un til the Solno mine was closed down. The
regu lar lev el ling ob ser va tions car ried out in the city area en -
abled to de ter mine pe ri odic sub si dence of the ter rain sur -
face. From doz ens of sur vey cam paigns only some have
been se lected. The number of bench marks in volved in the
sur veys was great est in the 1980s. There fore, this pe riod
was ana lysed with re spect to sub si dence de ter mi na tion. The
re sults of re cent sur veys car ried out to es ti mate de for ma -
tions in duced by geo logi cal ef fects were ana lysed as well.
Fig ure 4 por trays a map of to tal sub si dence that was ob -
served dur ing the min ing ac tiv ity of the Solno mine, in the
north ern part of the area. An other fig ure (Fig. 5) dem on -
strates pe ri odic height changes along the W–E trend ing line. 
The most in ter est ing as pect of the analy sis is quali ta tive
char ac ter is tic of ground ver ti cal dis place ments de rived
from lev el ling of a quite dense net work of the ob served
bench marks. Dis tur bances marked on the graph are dis tinc -
tive. One of them is lo cated nearly at the east ern bound ary
of the bot tom of sub si dence bowl, the oth ers are placed be -
tween 200 m and 1200 m of the pro file length that passes
the sub si dence bowl along the W–E line.
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Fig. 2. Po si tion of the grav ity anom aly (af ter Szczerbowski, 2003) and seis mic pro file at the Church of the An nun ci a tion of the Blessed 
Vir gin Mary (af ter Pilecki et al., 2003)

Fig. 3. Vari a tions of Bouguer grav ity val ues [dgb; mGal] and
the cal cu lated grav ity gra di ent [dgb/dL; mGal/m] along the pro file 
dis cussed in the pa per. Lo cal co or di nate sys tem in metres



LEV EL LING AT THE CHURCH OF THE
AN NUN CI A TION OF THE BLESSED

VIR GIN MARY

Spe cial ized lev el ling sur veys mon i tor ing de for ma tions
of the church have been car ried out ev ery six months since
2005. One of these sur veys re lates to a grid of bench mark
height changes. The benchmarks are placed in the church
walls and other parts of its con struc tion. Dur ing three years
of ob ser va tions they dem on strated small height changes,
slightly ex ceed ing the mea sure ment er ror val ues. Mi nor dif -
fer ences in the mea sure ment re sults pro vide a hint as to the
tech ni cal con di tion of the build ing and its po ten tial dam age. 
The idea of es tab lish ing such a net work orig i nated dur ing
ob ser va tions of three wall benchmarks that have dem on -
strated spe cific long-term de for ma tions since the be gin ning
of the 20th cen tury (benchmarks 112, 731 and 732). The net -

work was ex tended and cur rently it in cludes more points.
The next group of benchmarks was es tab lished on the foun -
da tion ped es tal in 2005.

Reg u larly con ducted mea sure ments show pe ri odic sea -
sonal dis place ments with dis tinct di ver si ties in height
changes that do not cor re spond to the con struc tion con di -
tions. The de for ma tion pro cesses pro ceed dif fer ently in the
west ern and east ern parts of the church. Al though ver ti cal
dis place ments are gen er ally sim i lar, the ob served di ver si ties 
are sig nif i cant. Pro files of dis place ments of the north ern
(1964–2008) and south ern (2005–2008) walls are avail able. 
The pre sented di ver si ties oc curred also in other pe ri ods, in -
di cat ing dif fer ent ground con di tions or stress field caus ing
the dis place ment. In both cases the di ver si ties of the dis -
place ments are not ac ci den tal, and they do not re late to con -
struc tion prop er ties of the struc ture. The low ered val ues of
the dis place ments shown in Fig. 6 are a kind of anomaly that 
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Fig. 4. Pat tern of sub si dence caused by the Solno mine in the area of Inowroc³aw in 1956–1991 (data in ter po lated by tri an gu la tion
method, con tour in ter val 0.02 m) and lo ca tion of the W–E line. Lo cal co or di nate sys tem in metres



174  Z. SZCZERBOWSKI

Fig. 5. Re cent height changes in the area of Inowroc³aw in dif fer ent time pe ri ods (data in ter po lated by tri an gu la tion method, con tour
in ter val – 0.005 m): A – 1991–2005; B – 1995–2005; C – 1992–2005. Lo cal co or di nate sys tem in metres



corresponds to that determined by geophysical observa-
tions.

TOP O GRAPHIC PRO FILE
OF THE TEST FIELD

The el e va tion data were ob tained thanks to tachymetric
sur veys car ried out for microgravimetric pro file sur veys
dis cussed be fore. The ac cu racy of the ob ser va tion was less
than in typ i cal lev el ling mea sure ments (er ror of de ter mined
heights was about 1 cm), but it was suf fi cient for quan ti ta -
tive anal y sis of el e va tion changes. The re sults are shown in
Fig. 7. The mor pho log i cal pro file re sem bles that of grav ity
anom aly, al though show ing cer tain highs and lows, which
are marked in Fig. 8. These do not cor re spond to man-made
fea tures of the ter rain. It is clear that the bound ary of the de -
posit is marked on the pro file line, but quite re mark able is a
peak in its mid dle part. This is the same lo ca tion as that
men tioned be fore with a ref er ence to sub si dence anal y sis,
co in cid ing with the trace of a fault line pass ing along the
dome.

DIS CUS SION

The pre sented study in volves sur vey data re lated to the
static ki netic sta tus of the ter rain sur face. The ex ist ing mor -
pho log i cal pro files por tray up lift of the ground sur face due

to halotectonic move ment of the rock salt. The sec ond cat e -
gory of data con cerns ver ti cal dis place ments of the ter rain
dur ing pre vi ous min ing ac tiv ity, and re cent move ments
caused mostly by geo log i cal pro cesses. In both cases data
dis tri bu tion dem on strates some peaks, the lo ca tion of which 
is re lated to the de posit bound ary. The lo ca tion of a fault
that prob a bly passes through out the en tire length of the salt
de posit is prob a bly marked in ver ti cal dis place ments of the
sur face only. Higher val ues of dis place ment ob served in
pre vi ous years (due to min ing in flu ence) made it pos si ble to
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Fig. 6. The W–E pro files through the sub si dence bowl in dif -
fer ent time pe ri ods (sub si dence in metres)

Fig. 7. The dis place ments of benchmarks placed in the south ern base ment of the church in dif fer ent time pe ri ods



de tect de for ma tion dif fer ences be tween the east ern and
west ern parts of the sub si dence bowl that was formed in the
north ern part of the de posit. The line sep a rat ing these parts
is SE–NW ori ented, like the tec tonic line dis cussed in some
pa pers. The lo ca tion of the bound aries of the salt de posit is
well known from geo log i cal and geo phys i cal data; hence,
geo detic sur veys brought an other con tri bu tion to de tec tion
of geo log i cal struc tures. Nev er the less, the re la tion be tween
the lat ter and to pog ra phy is not al ways clear. In the study
area, the north ern bound ary of the salt body is placed be low
the top o graphic el e va tion. Data per tain ing to the con nec tion 
be tween dis place ments and lo ca tion of geo log i cal struc tures 
is im por tant in civil en gi neer ing prob lems, like that re lated
to de for ma tion de tected in the Church of the An nun ci a tion
of the Blessed Vir gin Mary. This func tional as pect of the in -
ves ti ga tion is es pe cially im por tant in geo log i cally active
areas.

This study helped to iden tify the lo ca tion of a fault,
prob a bly the main fault of the salt struc ture, and part of the
west ern bound ary of the de posit.

FI NAL RE MARKS

The pre sented ex am ple il lus trates well the in flu ence of
mo bil ity of geo log i cal struc tures on fea tures of the ter rain
sur face or ob served dis place ment pro cesses. Top o graphic
pro fil ing aided by re peated lev el ling and geo phys i cal sur -
veys proved very help ful in Inowroc³aw area, where rocks
over ly ing the salt dome are rel a tively ho mo ge neous. Spa tial 
dis tri bu tion of the de tected lo cal el e va tions and de pres sions
re flects to a cer tain ex tent the am pli tudes of up lift and sub si -
dence, mod i fied as well by pro ceed ing ero sion pro cesses.

The re flec tion of geo log i cal struc tures in re cent to pog -
ra phy and sur face dis place ments is an im por tant el e ment of
an in for ma tion sys tem that should pro vide all data nec es -
sary for pre dic tion of haz ards re lated to geo log i cal and
geotechnical en vi ron ments (EN 1997 Eurocode 7, 2004).
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Fig. 8. Dis tri bu tions of heights [H; m] and the cal cu lated height 
gra di ents [dH/dL; mm/m] along the pro file dis cussed in the pa per

Fig. 9. Vari a tions of height gra di ents [dH/dL; mm/m] and grav -
ity gra di ents [dgb/dL; mGal/m] along the pro file dis cussed in the
paper


