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Abstract. The leakage of water in the salt mine caused considerable
deformation of the surface. This article shows the vertical displacement in
the area of leakage to the mine excavation, measured by precision leveling,
carried out from the first days of leakage in 1992 until 2012. The geological
and hydrogeological conditions of the mine, as well as the associated water
hazards were described, which in conjunction with the inconvenient location
of the excavation site in the northern frontage of the Carpathians and also
inadequately conducted mining operations, contributed to the risk of flooding
mine. The analysis of the vertical movements of the surface — subsidence and
uplift — were present as well as the process of formation of the depression
trough in the form of maps and graphs. The analyzes were based on 49
measurement series, starting from the first days of the disaster within the
next 20 years. The course of development of the depression trough and the
condition of the surface after stopping the water from the rock mass has
been shown, which caused the surface to uplift. Key words — salt mining,
surveying, subsidence monitoring.

1 Introduction

Salt mining has been operating in Poland for more than seven centuries, starting with
excavations near the surface of the earth and now reaching below 1000 meters below the
surface level. Due to the mining activity, which particularly violate the surface of the rock,
it presents a great deal of danger. The catastrophic leakage of water along with rock material
into the mining pit of one of the mines is the proof of that. Minor spills have been occurring
in this area for more than 100 years, therefore the geological-mining service was aware of
the existing threat, that was associated with the breach of the protective plaster mine by
mining activities prior to the age. In spite of this, no one predicted such a catastrophic leak
in 1992, which caused massive damage beneath the surface, flooding and destroying some
of the mines in the historic mine, and also in areas where rapid deformation have emerged.
In 2012 the 20th anniversary of this event took place, which allowed to do some analyzes
covering this period of time and a summary of revealed process of the surface deformation.
This article focuses on the vertical surface movements which are one of the basic indicators
of deformation. The area where the depression trough has developed has been monitored
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and its growth dynamics has been observed in almost 50 series of elevation observations of
precision levelling on a network of controlled points, which were established for this
purpose, covering the area in question. Based on them, the course of the deepening of the
depression trough and the present state of the surface of the area is presented, the same as in
2012, in which practically no vertical movement of the surface was observed.

2 Characteristics of the mine area — a historical outline of the

transverse area

In the course of 700 years of operation, the salt mine carried out mining operations at 9 levels
reaching 327 m below the earth’s surface. 26 shafts were drilled, around 2050 chambers and
over 300 km of excavations. The volume of selected voids is approximately 7.5 million m?.
Some of the excavations from level I to I were considered historic and were protected by
creating a historical zone. Depth of the deposit is from 30 to 330 m below the surface and
the thickness is up to 400 m. The salt layer can be divided into two contrasting parts: a solid
layer in the higher parts and the layer below a deck. The first structure (at a depth of 60-140
m below the surface) are solids of salt composed of various shapes and sizes, distributed
irregularly in the rock. And this is where the oldest chambers and historical part of the mine
are located. The deck layer is strongly corrugated, with layers of salt of different lithium with
ganglionic rocks. Figure 1 shows a geological section through the layer.
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Fig. 1. Geological section through the central part of the deposit [1]

The most important rule in salt mining is to prevent the formation of hydraulic contacts
between the mining excavations and the water stored in the rocks. The natural cover in this
area are loamy anhydrite chalk, which together with so-called the igneous rock around the
reservoir are a natural dam to protect the layer from water from the tertiary waters of the
area, which are consisting of the stratocycles, consisting mainly of sandstones filled with
deep water, migrating between the upper layers of the salt deposit [2]. Then there are also
tributaries of the surface and subsurface layers of the Quaternary. They also come through
the shafts and the slits in the rock. Such unfavorable hydrogeological conditions, together
with some mining works that broke the insulation decades ago, have allowed uncontrolled
water inflows to the mine [3]. This threat is connected with the phenomenon of suffication,
consisting in leaching and flushing of rock particles from water permeable rocks, mainly
dusty, resulting in the formation of underground channels and caverns, which weaken the
stability of the rock surrounding the excavation.

Discussed crosswise was a excavation already hollowed in the nineteenth century at
a depth of 150 m below the surface and was about 400 m long, forming a research pavement
and then transformed to the transporting one. Unfortunately, the final section of the crosswise,
at a length of 15 meters, went beyond the boundaries of the layer, thus piercing the gypsum
plaster cast, which secured the layer from aquifer tertiary deposits. Over the excavation are
chambers operated in the nineteenth and twentieth centuries, and few in the upper levels.
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3 Disaster in the transverse

The damage of the protective layer in the transverse has opened the hydraulic connection with
the waters in the sandstones of chodenite layers already in 1910. Leakage was not eliminated,
due to the small inflow, but constant monitoring of this phenomenon was implement. By
1992, about 226 thousand m? of water were imported to the mine. Despite the decline of
water supply, the water still penetrated lower levels, washed out cavities and cracks, and
threatened uncontrolled leakage. This contributed to the decision to carry out security work
in the form of liquidation of the leak. Since 1990 covering the leakage has started, but was
performed with some interruptions, related to the elimination of voids and croaks around
the transom. In 1992 there was a sudden and uncontrolled leakage of variable efficiency,
reaching up to 330 I/min. The outflow appeared in various places and was a mixture of fresh
water with silt, sand and clay content (Fig. 2).

Fig. 2. Place of transverse leakage

In spite of the rescue operation, it was not possible to fully protect the tributary and one
month later another flow occured and reached 5000 I/min and on 30 September it reached
even 20 000 I/min. It was only after several months that the inflow decreased and stabilized
at the level of 1.5 I/min, which made it possible to build a dam about 7 m from the transverse
face. Unfortunately, this caused the waters to pile up behind the dam and generated further
water repellents until 1994 when the leak was successfully managed.

Fig. 3 Deformation of the track and destruction of the wall and cracking of the soil in the monastery’s
garden [4]

Water supply to the transom was the largest and catastrophic leakage of water into the
mine, and could have destroyed it. It caused many losses and damage, and the multi-month
struggle for survival of the mine was enormous. Water rapidly penetrated the lower excavations,
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practically destroying level IX, which was eventually liquidated by flooding. Water flooding
the mine also threatened the city located above the mine. As a result of the disaster, significant
deformations occurred on the northern front of the mine, and after a spill in 1992, a subsidence
of a 0.3 m drop was observed, which deepened at an extremely fast rate from day to day. The
trough covered by its impact railways and threatened the buildings of the nearby monastery,
eventually causing the wall to collapse. (Fig. 3). These spots are located north of the transverse
front, which indicates the size of the area covered by the water inflow. Figure 4 shows the
surface deformation in relation to the transverse run that is visible at the bottom of the picture.

Immediately, after the inflow was revealed, protective work was started, which was
based not only on the execution of the dam but also on the drilling of wells [3, 5]. Observation
wells and subsequent ones forming the so-anti-filter and injection barrier [4]. Due to the
unsatisfactory effectiveness of these activities in 1993, the drainage holes of the dam were
made and the rock injections were started by drilling around the transverse in the so-called.
“Range”. In total, 102 injection holes were drilled, including almost 2000 m* of mortar ore.
By the year 2000, the outflow stabilized at around 120 1/min, similarly saturated NaCl to
about 3 g/l and insoluble (from 240 g/l to 10 g/1).

4 Surveying monitoring

During the catastrophic effects of leakage, a number of studies based on geophysical
measurements, such as gravimetric and electrofusion, were conducted. However the most
frequently performed tests were surface deformation measurements in the form of precision
leveling on an established control network [6] covering the extent of the fallen depression
from September 1992. For the control of successive states also used InSAR [7] and laser
scanning [8]. Initially, the network consisted of 55 ground points distributed regularly every
50 m and two wall-mounted repairs on the walls of the monastery. After further flows of
water, the net was enlarged in the north and east direction and was thicken to a mesh of 25 m
as well as a number of wall markers were stabilized in the surrounding buildings (Fig. 4).

Fig. 4. Location of observation points of fallen trench along the course of transverse

These points were also stocked with precision centering marks for performing situational
measurements. Due to the renovation of the railway network, the redevelopment of the
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deformed area in the following years was destroyed but some of the points survived, allowing
the analysis of surface changes, for over 20 consecutive years after the catastrophe in the
transverse, which is presented in this article.

Initially, the height of the points were determined at several intervals (June — October
1992), then monthly, later quarterly (November 1992 — September 1994) and after calming
the impact, as the surface movements ceased, observations are made once per year since 1995.
Average errors in point height (£ 0.5-2 mm) were obtained by referencing the network to
a fixed repertoire, which was set 3.5 km away from the deformation region and later referring
to GPS points, which also served as reference for angular linear measurements. In this way,
the spatial coordinates for some parts of the points, with the accuracy of £ 3 mm, were
obtained. In total, between 1992 and 2012, 49 series of researches and several series of
situational measurements were carried out, which allowed to perform a number of analyzes
of the phenomenon of deformation at the discussed area throughout the 20 years.

5 Analysis of the results of conducted measurements

Initial measurements from June to September 1992 showed no significant changes in the
surface area. Maximum reductions reached 22 mm in the two points of the observation network
during that time. A sudden vertical displacement occurred at the beginning of September as
a consequence of another rapid flooding of the water to the transverse, along with a large
amount of rock material. The largest subsidence within 4 days reached almost 40 cm, and in
the following week increased by another 21 cm. The situation of the depression formed at
that time is shown in Figure 5. The reduction covered almost 3 ha and its volume amounted to
over 3,800 m’, which gives an idea of the amount of material displaced in the transverse region.
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Fig. 5. Subsidence basin —September 1992

Over the next month, the surface moved twice, resulting in further deepening of the

subsidence. At its lowest point, the decrease was registered at 1.5 m. Till April 1993, no
surface movements had been registered and the recorded monthly cycles of deepening of
the area had a value of several millimeters.
At the end of April 1993 there was another sudden spill, causing the trough to deepen to
2 m. After this incident the area was settling at an uneven speed until the end of 1994, when it
was mastered and the leak was closed. The map below (Fig. 6) shows the state of deformation in
1995, after mastering the leakage. The trough covers an area of almost 8 hectares and its volume
reaches 30000 m>. The largest decreases occur all the time at the same point of the observation
network, reaching the value of 2.3 m. The comparison of the spatial shapes of the basin from
1992 and 1995, when recorded its greatest development, is presented in Figure 7.
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Fig. 6. Subsidence basin — state for 1995, after mastering the leak

Since the leak has been mastered, geodetic measurements have been started in annual
cycles. For the next 15 years, the area did not show any significant vertical movements, and
the subsidence returned to pre-disaster levels of several mm per year.

Fig. 7. The development of the subsidence basin in 1992—-1995

Figure 8 shows the state of the subsidence basins of the 2012 subsidence. Long-term and
slow summation of the reductions has led to the expansion of the basin to more than 12.5
hectares and its volume has increased to almost 37,000 m>. The center of the basin has decreased
by an estimate of about 2.4 m (unfortunately the point of the network has been damaged).
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Fig. 8. Subsidence basin — August 2012

The 2012 series did not show any real reductions compared to 2011, but began to observe,
since 2007, a few millimeters uplifts, significant from the point of the accuracy of the
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observations. It has been reported even in the years 2007-2008 that the uprising reached up
to 20 mm. This is probably due to the rebuilding of the water column in the ground, after
the water has completely stopped draining from the front of the transverse dam [9]. The
following years of observations confirmed the revealed tendency to rise at an average of
several mm per year in the discussed area. On the map shown in Figure 9, the summary uplifts
from 2007 to 2012 are shown, reaching up to 50-70 mm, which suggests that the average
annual value of the uplifts oscillates within 10 mm/year. The centers of reductions and uplifts
initially overlapped, but later the maximum uplift shifted north.
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Fig. 9. Uplifts recorded in the period 2007-2012

The nature of elevation changes can be shown not only on the basis of surface analysis.
Very good dynamics of changes are reflected in the graphs, that show the behavior of individual
points of the research network. The first period, when catastrophic changes occurred (1992),
presents a graph of changes in the height of one of the points shown in Figure 10a, and 10b
presents the reductions over the period of 20 years (1992-2012). On the first one, there is
a visible, instantaneous process of revealed deformation, however after this period, the
reductions take a character similar to the curve striving for, almost asymptotically, zero
altitude changes. The end of this curve is again increasing and as mentioned before, it presents
the process of upliftment, which as you can see, is not a random phenomenon.

a) Wykres 2. Presmatscrens ponswe puskty 1-5 (3060 « roky 2 b) Wykres 1 Przemieszczenia pionowe punkly s-5 (s-300) w latach 1992-2012.

Fig. 10. The dynamics of reduction points in 1992 (a) and during the period 1992 to 2012 (b)

Conclusions

The leakage in the salt mine was, so far, the biggest disaster the mining service had to face,
threatening the mine's existence (primarily historic excavations listed at the UNESCO) and
the city because of the deformations, that threatened nearby monastery and destroyed the
railroad track. All vertical movements observed on the surface were preceded by intense leaks
into the transverse, thus the largest land degradations were recorded between 1992 and 1994.

https://doi.org/10.1051/e3sconf/20183504003
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The character of that process was irregular with a settling velocity of several to several hundred
mm per day. In the following years the orogen calmed down and the subsidence returned to
the typical values of salt orogen. Since 2007, a regular uplift of the surface has been observed,
covering almost the whole area of the uplift, which is probably related with the restoration
of the natural hydrogeological conditions, after stopping dewatering the transverse. A similar
phenomenon is also reported in the paper [10], in which is characterized the uplift of the rock
with high permeability and low mechanical stiffness, which activates after a few months of
injection. Based on the recent measurement cycles, it can be stated that the ground movements
are small now and do not pose a threat to the infrastructure rebuilt on it, but the reductions
and uplifts that still appear, indicate that the orogen is constantly subjected to processes which
are associated with the reaction to the violation of its structure.
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