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Abstract

Rock-salt mines deform through chamber closure and vertical translation of the surround-
ing rock mass, yet these responses are commonly evaluated separately. This study integrates
underground levelling, convergence monitoring, and mine geometry to identify the depth
at which vertical motion changes from subsidence to uplift in the Kłodawa Salt Mine,
Poland. The database comprises levelling campaigns conducted between 1962 and 2021
and 337 convergence series containing 7671 observations. Annual vertical velocities were
calculated between actual survey epochs. The zero-vertical-velocity zone (ZVVZ) was
estimated between adjacent measured levels with opposite median velocities; bootstrap
resampling and mutual-nearest benchmark pairing quantified sampling uncertainty and
local consistency. No transition was bracketed within the monitored 450–630 m interval in
1987–1992. In 1992–1994, shallow levels continued to subside while deeper levels uplifted,
yielding crossing depths of 570.4 m in Field 1, 514.4 m in Field 2, and 476.8 m in Field
3. Field 1 retained the reversal in the 1994–2021 average, with a crossing near 585.3 m,
although that long interval cannot resolve intermediate changes. Independent, mostly
later convergence records show a marked increase in closure below 690 m and increasing
horizontal dominance with depth. The ZVVZ is therefore a spatially variable kinematic
boundary within a mining-modified deformation field, not a strain-free horizon: roof
descent and floor uplift may generate rapid closure while mean vertical translation remains
near zero. The method provides a reproducible monitoring state for deep salt mines. Future
work should re-adjust the historical levelling networks, acquire synchronous levelling and
convergence data at 690–780 m, and test excavation, geology, and backfilling controls using
a calibrated three-dimensional viscoplastic model.

Keywords: rock salt; underground mining; mining geodesy; levelling; convergence; floor
heave; deformation monitoring; zero-vertical-velocity zone

1. Introduction
Rock salt exhibits time-dependent creep under sustained deviatoric stress, so under-

ground openings continue to deform long after excavation. Deformation rate and mode
depend on stress, temperature, loading history, and the active creep mechanism [1–3]. Al-
though increasing depth generally raises the stress acting around an opening, the response
is also controlled by excavation geometry, non-salt interbeds, excavation-induced damage,
and constitutive behaviour [4–7]. Laboratory and numerical studies further demonstrate
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that transient, steady-state, and tertiary creep represent distinct stages and should not be
treated as a single process [8,9].

Interpretation also depends on the measured quantity. Convergence represents short-
ening of a roof–floor or wall–wall baseline, whereas levelling records vertical translation
of individual benchmarks within a survey network. Consequently, a chamber may close
rapidly while its mean elevation changes only slightly, for example, when roof descent
and floor uplift are of comparable magnitude. Damage and dilatancy may further modify
the local response [10,11]. Reliable interpretation therefore requires chamber closure to be
distinguished from benchmark translation.

Most field investigations capture only one component of this coupled system. Re-
peated lidar has resolved local closure in a salt gallery and supported rheological cali-
bration [12], while levelling, GNSS, and InSAR have mapped surface deformation above
deep salt extraction [13]. Satellite studies have also identified extraction-related sinkholes,
regional diapir movement, and adjacent zones of surface uplift and subsidence [14–17].
These findings demonstrate that opposite movement signs can coexist, but they do not
locate the depth at which the sign changes inside a multi-level mine.

The Kłodawa Salt Mine provides a rare setting in which this internal transition can be
examined. The Zechstein salt structure is strongly folded and contains halite, potash-rich
units, anhydrite, and other interbeds [18], with spatially variable mechanical properties [19].
Previous studies documented simultaneous roof lowering and floor heave in an individual
chamber, characteristic convergence at great depth, site-scale deformation, and advances in
monitoring methods [20–24]. Backfilling is an additional potential control because its stiff-
ness, extent, and age can redistribute load and influence the long-term interaction between
excavated voids and creeping salt; international experience therefore identifies backfill
performance as an important component of deformation and subsidence control [25]. At
Kłodawa, however, the year-by-year backfilling record is not yet sufficiently complete for
causal attribution.

Despite these advances, the available literature leaves three linked gaps: the internal
depth at which vertical movement changes from subsidence to uplift has not been located;
the uncertainty and local spatial consistency of that depth have not been quantified; and
levelling-derived translation has rarely been interpreted together with convergence-derived
closure. Resolving these gaps is necessary to represent multi-level salt-mine deformation
as a coherent vertical system rather than as disconnected monitoring records.

The internal transition is termed the zero-vertical-velocity zone (ZVVZ). This desig-
nation is strictly kinematic: it does not denote a geological contact, a plane of zero stress,
or a strain-free horizon, but the depth band in which measured vertical velocity changes
sign. A stress-reversal surface has been described theoretically in moving salt sheets [26],
whereas the ZVVZ defined here is derived directly from mine-survey observations and
refers to benchmark translation.

Accordingly, the analysis addresses four questions: (1) whether exact-epoch levelling
reveals a repeatable change from subsidence at shallow levels to uplift at greater depth;
(2) whether the transition occurs at the same depth in different mining fields; (3) whether
local benchmark pairs support the field-scale estimates under alternative pairing distances;
and (4) whether the deeper mine is characterised by stronger and more directional conver-
gence. By integrating these elements, the study provides a reproducible basis for identifying
vertically partitioned deformation, prioritising resurvey levels, evaluating mining and back-
filling controls, and defining uncertainty-aware state variables for a future predictive mine
model. The current implementation is explicitly diagnostic rather than predictive [27,28].
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2. Materials and Methods
2.1. Geological and Mining Setting

The Kłodawa Salt Mine exploits an Upper Permian Zechstein salt structure in central
Poland. Competence contrasts and repeated salt flow have produced heterogeneous folding,
sheath folds, and subordinate diapiric forms [18]. Studies of impure salt further show that
rheological layering can guide long-term strain localisation and folding [29]. The mine
contains vertically stacked chamber-and-pillar workings in several fields; Fields 1, 2, and 3
were selected because they provide the most complete overlap between historical levelling
and convergence records.

The analysed workings extend from the nominal 450 m level to the 780 m level. The
harmonised geometry contains 838 chamber polygons at 450–660 m and 714 generalised
outlines at 690–780 m. Because extraction progressed downward, the early observations
represent a shallower mining configuration than the later observations. Consequently, the
absence of uplift during an early interval may indicate either that a deep uplift regime
had not yet developed or that it lay below the levels then monitored; the available record
cannot fully distinguish between these explanations.

2.2. Monitoring Record

Table 1 summarises the monitoring archive and its analytical role. The convergence
archive contains 337 series and 7671 observations. Quality screening preceded rate calcu-
lation: records lacking valid dates, usable baseline lengths, documented metric units, or
positive observation intervals were excluded from quantitative analysis, and unsupported
absolute rates above 50 mm yr−1 were rejected. P1 and P2 series have documented met-
ric baselines and were retained for closure analysis. The P3/P5 subset contains 76 series
and 937 observations, but its source unit is not recorded consistently; these records re-
main available for qualitative screening and in the Supplementary Materials but are not
combined with P1/P2 in mm yr−1. Complete instrument-calibration histories are not
available for the entire historical archive, so instrument-specific corrections could not be
reconstructed uniformly.

Table 1. Monitoring and spatial data used in this study.

Data Source Available Record Coverage Role in This Paper

Convergence P1 79 series; 3030 observations 3 August 1978 to 1 July 2025;
median span: 19.5 yr Metric closure analysis

Convergence P2 182 series; 3704 observations
9 October 1980 to

16 November 2023; median
span: 12.9 yr

Metric closure and deep-level
analysis

Convergence P3/P5 76 series; 937 observations
31 December 2003 to

31 December 2025; median
span: 8.0 yr

Included in the
Supplementary Materials

only; source unit not
confirmed

Underground levelling 1242 station records;
1115 usable geometries

Levels: 450–630 m; key
epochs: 1987, 1992, 1994, and

2021

Vertical profiles and
zero-vertical-velocity zone

(ZVVZ)

Surface levelling 329 station records; 295 usable
geometries Context interval: 1992–1999 Far-field-movement sign only

Excavation geometry 838 chamber polygons;
714 deep-level outlines Levels: 450–780 m Spatial matching and map

context

Geology and infrastructure Level geology, contacts, salt
top, shafts, water, and hazards Multi-level spatial database Context and future control

analysis
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The underground levelling database contains 1242 station records, including 1115 with
usable geometry. Survey epochs are available for 1962, 1980, 1981, 1983, 1985, 1987, 1992,
1994, and 2021, with the most complete common coverage between 450 and 630 m. Actual
consecutive survey intervals were analysed: 1987–1992 represents the preceding regime,
1992–1994 provides the clearest common comparison across three fields, and 1994–2021 is
retained as a single 27-year average only to assess long-term persistence. Surface levelling
from 1992 to 1999 provides the far-field-movement sign but is not synchronous with the
principal underground interval.

2.3. Integrated Spatial Data Model

All source layers were inventoried, checked, and harmonised in a GeoPackage-based
model in EPSG:2180. Common identifiers link mining fields, chambers, convergence
centres, benchmarks, survey epochs, geological units, and infrastructure. Original values,
units, file names, provenance, and quality flags were retained so that every derived result
can be traced to its source and quality-control decision.

Figure 1 summarises the spatial framework and the non-uniform monitoring coverage.
Unequal station density can weight a field median toward intensively surveyed corridors,
missing levels can prevent a sign bracket from being identified, and sparse local pairs limit
lateral validation. These effects were reduced by stratifying the analysis by field and level,
reporting medians and bootstrap intervals, and using mutual-nearest benchmark pairs as
an independent check. The local constraints follow monitored corridors and do not justify
interpolation of a continuous mine-wide ZVVZ surface.

The integrated database is the analytical platform rather than the principal scientific
result. Its current maturity is that of a campaign-based descriptive–diagnostic monitoring
framework: it stores geometry and monitoring history, applies reproducible quality control,
and derives uncertainty-aware diagnostic variables. Figure 2 separates this implemented
stage from a predictive digital twin, which would additionally require scheduled data
assimilation, calibration of a three-dimensional viscoplastic model, formal uncertainty
propagation, and agreed operational response thresholds.

2.4. Comparable Survey Intervals and Vertical Velocities

For benchmark i observed at two actual survey epochs, t1 and t2, the annual vertical
velocity was calculated using Equation (1):

v_z,i = 1000 [H_i(t2) − H_i(t1)]/∆t (1)

In Equation (1), H_i(t) is the benchmark elevation adopted from the archived network
solution, and ∆t is the exact elapsed interval in decimal years. Any corrections applied
during the original survey processing are therefore embedded in H_i(t). Complete raw
readings, atmospheric-refraction logs, rod-calibration records, and instrument histories
were not available for every historical epoch, and no additional uniform correction was
imposed. The result v_z is reported in mm yr−1; positive values denote uplift and negative
values denote subsidence. Residual network and datum uncertainty is evaluated separately
in Section 2.7.

Only benchmarks with numerical elevations at both epochs and usable geometry were
included. Missing coordinates and placeholders were excluded from spatial pairing, while
rates with |v_z| > 50 mm yr−1 were retained only when independently supported. The
final 1992–1994 underground layer contains 745 valid stations. For cartographic display,
|v_z| ≤ 1 mm yr−1 is classified as near zero to prevent over-interpretation of very small
annualised motions. This ±1 mm yr−1 band is an operational visual tolerance rather than a
statistical detection limit; the ZVVZ calculation and inferential tests use the original signed
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velocities without recoding them as zero. Field profiles are summarised by medians and
interquartile ranges to reduce sensitivity to local outliers and unequal station counts.

Figure 1. Generalised mine layout and integrated monitoring coverage. The map combines mining
fields, workings, salt-top contours, shafts, underground and surface levelling stations, convergence
centres, and local zero-vertical-velocity zone (ZVVZ) constraints. Relative coordinates and generalised
workings protect operational information. The distribution of observations identifies both areas of
data overlap and sectors in which the transition remains weakly constrained.

Survey intervals were not forced to a common duration; each displacement was di-
vided by its actual elapsed time. The 1987–1992 and 1992–1994 periods can therefore be
compared as annual rates, although their different durations remain relevant when inter-
preting short-term variability. The 1994–2021 value is a 27-year average and may conceal
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one or more intermediate reversals, accelerations, or periods of stability; it establishes only
the net sign and average rate between its endpoints. Surface rates from 1992 to 1999 are
used solely as non-synchronous context for continued surface subsidence.

Figure 2. Data-to-decision framework for long-term salt-mine deformation monitoring. The upper
pathway links physical observations, four-dimensional data management and quality control, diag-
nostic states, and management use. The lower pathway distinguishes the current campaign-based
descriptive–diagnostic monitoring framework from the additional steps required for a predictive dig-
ital twin. The ZVVZ is treated as a kinematic monitoring state, not as a geological contact, zero-stress
plane, or strain-free layer.

2.5. Estimating the Zero-Vertical-Velocity Zone

Within each field, monitored levels were ordered from shallow to deep. The first
adjacent pair with a negative median velocity at the shallower level and a positive median
velocity at the deeper level was taken to bracket the transition. If the level depths are z_u
and z_l and the corresponding median velocities are v_u and v_l, the crossing depth z_0 is
estimated by Equation (2):

z0 = zu + [−vu/(vl − vu)] (zl − zu) (2)

Equation (2) performs linear interpolation only within the two measured levels of
opposite sign; it does not assume that the complete velocity profile is linear or that the
same gradient continues outside the bracket. Sampling uncertainty was quantified with
50,000 bootstrap resamples. A crossing was retained only when a resample preserved
v_u < 0 and v_l > 0. The 2.5th and 97.5th percentiles define the reported 95% interval, while
the proportion of all resamples that retained the sign bracket is reported as a separate
robustness measure.

2.6. Local Benchmark-Pair Validation

Because field medians can conceal lateral heterogeneity, benchmarks on adjacent levels
were paired using a mutual-nearest-neighbour rule in plan. Maximum plan distances of 5,
10, 20, and 30 m were tested to quantify sensitivity to spatial tolerance and to prevent one
station from being reused in several pairs. The field-profile estimate remains the primary
result; local pairs provide an independent spatial consistency test rather than a replacement
for the field-level profile.
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The 1992–1994 dataset produced 238 adjacent-level pairs, of which 52 changed from
subsidence at the shallower station to uplift at the deeper station. The principal validation
used the same level brackets as the field profiles: 525–600 m in Field 1, 500–525 m in Field 2,
and 450–525 m in Field 3. These brackets contain 36 pairs, including 23 direct sign crossings.

For each principal pair, the deeper-minus-shallower velocity contrast was calculated
using Equation (3):

∆v = vl − vu (3)

A one-sided exact binomial test assessed whether more than half of the contrasts
were positive, and a one-sided Wilcoxon signed-rank test assessed whether the contrast
distribution exceeded zero. When a pair changed from negative to positive velocity, a local
z_0 value was calculated using the same within-bracket interpolation.

2.7. Sensitivity to a Common Vertical Datum Shift

Historical network adjustment may introduce a common velocity offset for all bench-
marks within one field and survey interval. The observed velocity can therefore be written
as Equation (4):

v_obs = v_true + δ (4)

where δ is the common offset. Because the same δ is added to both levels, the deeper-minus-
shallower contrast is unchanged, as shown in Equation (5):

(vl + δ) − (vu + δ) = vl − vu (5)

A spatially uniform offset can change the numerical depth of z_0 but cannot remove a
positive deeper-minus-shallower gradient. Accordingly, the range of δ values that preserves
a negative shallow median and a positive deep median was calculated for each field. This
test does not establish datum stability. A non-uniform shift—such as field-specific, level-
specific, or locally distorted network adjustment—would not cancel in Equation (5) and
could alter both the gradient and the sign bracket. Absolute ZVVZ depths must therefore
remain provisional until the original networks are re-adjusted consistently.

2.8. Convergence Processing and Depth Comparison

Convergence was derived from dated baseline lengths, with negative signed rates
denoting shortening. Intervals shorter than 30 days, records without documented metric
baselines, and unsupported absolute rates above 50 mm yr−1 were excluded from quanti-
tative analysis. Series-level behaviour was represented by robust medians and Theil–Sen
slopes, with recent observations used when a sufficient number of accepted intervals
was available. Closure speed is reported as the positive magnitude of shortening. This
procedure limits the influence of short-interval noise and accommodates the non-linear,
history-dependent deformation of salt [2,8,12,24].

The deep comparison uses P2 horizontal and vertical series in Field 2 at 660, 690, 720,
750, and 780 m. Level medians and 10th–90th percentiles describe the distributions. For co-
located centres, H/V is defined as horizontal closure divided by vertical closure; H/V > 1
denotes horizontal dominance. The 780 m result is exploratory because each direction is
represented by one centre observed for approximately 0.92 years. Most deep convergence
records post-date the 1992–1994 levelling interval, and later mining or deepening may itself
increase closure. Treating these records as synchronous validation would therefore risk
attributing a temporal change to depth. They are used only as independent evidence of the
later deep deformation regime, not as proof of a contemporaneous cause.
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2.9. Interpretation and Reporting Rules

Direct results are restricted to the measured sign change, the positive deeper-minus-
shallower gradient, their sampling uncertainty, and the observed convergence distributions.
Progressive mining depth, interactions among stacked workings, creep, geology, and back-
filling are plausible controls, but causal attribution requires a validated annual extraction
and backfilling history. Similarly, the absence of an early crossing means only that no sign
reversal was bracketed within the levels then observed.

For monitoring, the database stores z_0, its bootstrap interval, sign-bracket retention,
local crossings, the deeper-minus-shallower contrast, horizontal and vertical closure, H/V,
data age, provenance, and quality flags. The available data do not support a universal
minimum sampling density or hazard threshold. For implementation at Kłodawa, a
provisional reporting rule is proposed: update the ZVVZ after every complete levelling
campaign and at least annually in active deep fields, as well as after major extraction or
backfilling changes; require at least 10 valid benchmarks on each bracketing level, at least
five spatially distributed mutual-nearest local pairs, and ≥90% bootstrap sign-bracket
retention. Estimates that do not satisfy these criteria should be reported as “insufficiently
constrained”. These values are survey-design criteria to be calibrated prospectively, not
universal safety limits.

3. Results
3.1. From an All-Subsiding Profile to a Two-Direction Profile

During 1987–1992, median vertical velocity remained negative throughout the com-
monly monitored 450–630 m interval in Fields 1–3 (Figure 3). The profile was therefore
dominated by downward movement, and no adjacent pair of field medians bracketed a
change from subsidence to uplift.

Figure 3. Vertical-motion profiles by mining field and survey interval. The horizontal axis progresses
from subsidence to uplift, and depth increases downward. Points denote field medians and bars
denote interquartile ranges. Horizontal orange lines mark the estimated ZVVZ depths. Surface
observations from 1992 to 1999 provide non-synchronous context only.

The pattern changed in 1992–1994: shallow levels continued to move down-
ward, whereas deeper levels moved upward. In Field 1, the median changed from
−21.50 mm yr−1 at 525 m to +14.00 mm yr−1 at 600 m. In Field 2, it changed from
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−6.75 mm yr−1 at 500 m to +5.00 mm yr−1 at 525 m and remained positive at the deeper
monitored levels. In Field 3, the median changed from −5.00 mm yr−1 at 450 m to
+9.00 mm yr−1 at 525 m. The resulting profile is vertically bidirectional rather than a
simple increase in subsidence with depth.

The surface remained within the downward-moving domain over the broader
1992–1999 interval. Median surface rates were −1.52 mm yr−1 in Field 1 and −4.16 mm yr−1

in Field 2; Field 3 contained only one benchmark within the field polygon, with
−0.86 mm yr−1. These data support continued surface subsidence but are not synchronous
with the 1992–1994 underground interval and cannot be used to calculate a transfer ratio.

Field 1 provides a later persistence test. Over 1994–2021, the 525 m level retained a
negative average velocity of −6.67 mm yr−1, whereas the 600 m level retained a positive
average velocity of +1.63 mm yr−1. After exclusion of one sign-inconsistent source value,
42 of 43 stations at 600 m indicated uplift, placing the long-period crossing near 585.3 m.
This 27-year average does not reveal whether intermediate reversals occurred. Fields 2 and
3 cannot be assessed equivalently because the intermediate levels needed to bracket a 2021
crossing were not remeasured; their later transitions are unobserved rather than absent.

Figure 4 presents the same transition in map view for Field 1. During 1987–1992, both
the 525 and 600 m levels were dominated by negative velocities. A small number of near-
zero or locally positive observations occurred at 600 m, but they were sparse and lacked
spatial coherence; the level median remained −10.2 mm yr−1. During 1992–1994, the 525 m
level remained negative, whereas positive velocities became spatially coherent at 600 m.
The reversal was therefore a field-scale pattern rather than the effect of a single benchmark.

Figure 4. Emergence of the vertical-motion reversal in Field 1. The left panels represent 1987–1992
and the right panels represent 1992–1994. Colour denotes annual vertical velocity and symbol size
denotes magnitude. Isolated non-negative values at 600 m during 1987–1992 do not alter the negative
level median; spatially coherent uplift appears at 600 m only in 1992–1994.
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3.2. The Transition Depth Differs Between Fields

For 1992–1994, the field-scale estimates place the ZVVZ at 570.4 m in Field 1, 514.4 m
in Field 2, and 476.8 m in Field 3 (Table 2). The approximately 94 m range demonstrates
that the transition is not a single horizontal plane across the mine.

Table 2. Field-scale crossing depths for 1992–1994. Positive vertical velocity denotes uplift; surface
rates are provided only as non-synchronous 1992–1999 context.

Field Bracketing
Levels (m)

Median Velocity,
Shallow/Deep
(mm Year−1)

Stations,
Shal-

low/Deep

ZVVZ
Depth (m)

95%
Bootstrap

Interval (m)

Bracket
Retained

(%)

Surface
Context

(mm Year−1)

1 525–600 −21.5/14 33/56 570.42 565.0–575.8 100 −1.52

2 500–525 −6.75/5 40/114 514.36 504.4–517.2 94 −4.16

3 450–525 −5/9 65/48 476.79 473.5–480.5 100 −0.86

The corresponding 95% bootstrap intervals are 565.0–575.8 m, 504.4–517.2 m, and
473.5–480.5 m. The sign bracket is retained in 100% of resamples for Fields 1 and 3 and
in 94% for Field 2. These intervals quantify sampling uncertainty within the observed
level brackets but do not include non-uniform datum distortion or unmeasured curvature
between levels.

Figure 5 displays the measured levels that bracket each field-scale transition. Within
each field, the shallower level has a negative median and the deeper level has a positive
median, while individual stations vary around those medians, particularly in Field 2. The
ZVVZ is therefore estimated from a population of spatially uneven observations and should
not be interpreted as a perfectly uniform layer.

Figure 5. Measured levels bracketing the 1992–1994 ZVVZ. Each column represents one field. The
upper panel shows the shallower, subsiding level and the lower panel shows the deeper, uplifting
level. The field-scale crossing depth and bootstrap interval lie between the measured levels, with no
extrapolation outside the bracket.
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3.3. Local Pairs Support the Field-Scale Pattern

Across all adjacent-level transitions, 52 mutual-nearest benchmark pairs change from
subsidence at the shallower station to uplift at the deeper station (Figure 6). Twenty-
three occur within the three primary field brackets. Because the pairs follow monitored
corridors, they provide local constraints rather than a continuous surface; their appropriate
interpretation is as spatial support for the field-scale depth brackets.

Figure 6. Spatial support for the 1992–1994 transition. Grey points represent all 52 local subsidence-
to-uplift crossings, and coloured points represent the 23 crossings within the primary field brackets;
colour denotes locally interpolated crossing depth. Field labels report the profile estimate and
95% bootstrap interval. Blank areas indicate missing suitable pairs, not necessarily the absence of
a transition.

Figure 7 and Table 3 summarise the pairwise evidence. Field 1 contains only three
primary pairs; all become more positive at 600 m and all cross from subsidence to uplift.
Their median deeper-minus-shallower contrast is +28.0 mm yr−1, and local z_0 values
range from 557.1 to 562.5 m. The agreement supports the field result, although the sample
is too small for strong stand-alone inference.

Field 2 contains 18 primary pairs. Sixteen have a more positive velocity at 525 m than
at 500 m, and seven cross zero. The median contrast is +14.0 mm yr−1. The exact sign test
gives p = 6.56 × 10−4 and the Wilcoxon test gives p = 2.67 × 10−4. The seven local crossings
have a median z_0 of 512.8 m, close to the field estimate of 514.4 m.
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Field 3 contains 15 primary pairs. All pairs become more positive at 525 m, and 13 cross
zero. The median contrast is +13.5 mm yr−1. The exact sign test gives p = 3.05 × 10−5 and
the Wilcoxon test gives p = 3.27 × 10−4. The local median z_0 is 474.1 m, close to the field
estimate of 476.8 m, although the local range is wider.

Figure 7. Vertical velocities in mutual-nearest benchmark pairs across the primary transitions. Each
line connects one shallow and one deep benchmark. Orange lines cross from negative to positive
velocity; grey lines retain the same sign at both levels. The original three-field arrangement is retained
at full text width to show both the dominant deeper-more-positive tendency and the remaining
lateral variability.

Table 3. Statistics for mutual-nearest benchmark pairs across the primary field transitions.

Field Level Pair
(m) Pairs

Deeper More
Positive/

Direct
Crossings

Median
Contrast

(mm Year−1)

Sign/Wilcoxon
p

Local Crossing
Depth, Median

(Range), m

Datum-Shift
Range Retaining

Bracket
(mm Year−1)

1 525–600 3 3/3/3 28.0 0.125/0.125 559.4
(557.1–562.5) (−14.00, 21.50)

2 500–525 18 16/18/7 14 6.56 × 10−4/
2.67 × 10−4

512.8
(509.0–514.6) (−5.00, 6.75)

3 450–525 15 15/15/13 13.5 3.05× 10−5/
3.27× 10−4

474.1
(465.0–498.4) (−9.00, 5.00)

3.4. The Depth Gradient Is Robust, but the Absolute Crossing Depends on the Datum

The field-median deeper-minus-shallower contrast is +35.5 mm yr−1 over 75 m in
Field 1, +11.75 mm yr−1 over 25 m in Field 2, and +14.0 mm yr−1 over 75 m in Field 3.
These values correspond to positive gradients of 47.3, 47.0, and 18.7 mm yr−1 per 100 m,
respectively. A spatially uniform datum shift does not change these contrasts.

The absolute negative-to-positive bracket is more sensitive. It is retained for uniform
velocity offsets from −14.0 to +21.5 mm yr−1 in Field 1, −5.0 to +6.75 mm yr−1 in Field 2,
and −9.0 to +5.0 mm yr−1 in Field 3. Field 2 has the narrowest tolerance. Its deeper-more-
positive gradient remains strong, but the crossing depth of 514.4 m should be checked
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against a consistent re-adjustment of the original levelling network before being interpreted
as an absolute physical surface.

3.5. Closure Increases Sharply Below 690 m

Field 2 provides the clearest deep convergence record (Figures 8 and 9; Table 4). The
median horizontal closure is 7.05 mm yr−1 at 660 m and 9.38 mm yr−1 at 690 m, increasing
to 22.83 mm yr−1 at 720 m and 34.57 mm yr−1 at 750 m. The median vertical closure at the
same levels is 4.25, 6.22, 18.89, and 25.26 mm yr−1. The larger 780 m values are exploratory
because each direction is represented by one short series.

Figure 8. Spatial concentration of deep closure in Field 2 at 660, 690, 720, and 750 m. Circle area
represents the mean paired closure rate, and the numbers inside the circles give the corresponding
values in mm yr−1. Colour indicates the horizontal-to-vertical closure ratio (|H|/|V|), where H and
V denote horizontal and vertical closure rates, respectively. Ratios greater than 1 indicate horizontal
dominance, whereas ratios below 1 indicate vertical dominance. Closure is spatially heterogeneous
and concentrated in particular chamber groups.

The depth association is stronger for horizontal than for vertical closure: Spearman’s ρ
is 0.833 for the horizontal direction and 0.447 for the vertical direction. Directional balance
also changes, with the median H/V increasing from 0.983 at 660 m to 1.518 at 750 m.
Horizontal and vertical closure are therefore approximately balanced at 660 m, whereas
horizontal closure is clearly dominant at 750 m.

The increase is not spatially uniform within each level (Figure 8). Larger values
occur in specific monitored chamber groups, so the map should be interpreted as a spatial
distribution rather than solely as a sequence of level averages.
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Large closure at depth does not imply acceleration with calendar time. A repeated-
interval model for P2 yields a coefficient of approximately +0.060 mm yr−1 per calendar
year for the signed rate. Because shortening is negative, the positive coefficient indicates
that rates became modestly less negative on average. Deep workings may therefore exhibit
high closure magnitudes while individual series stabilise over time.

Figure 9. Depth dependence of Field 2 convergence. Panel (a) compares horizontal and vertical
closure, with bars showing the 10th–90th percentile range; panel (b) shows median H/V for co-located
centres. The dashed vertical line at |H|/|V| = 1 denotes equal horizontal and vertical closure rates;
values above 1 indicate horizontal dominance, whereas values below 1 indicate vertical dominance.
The largest change occurs between 690 and 720 m. Open markers at 780 m are exploratory. Because
these records mostly post-date the 1992–1994 levelling interval, they are interpreted as independent
later-regime evidence rather than a contemporaneous validation of the ZVVZ.

Table 4. Deep Field 2 convergence and horizontal-to-vertical anisotropy.

Level (m) Horizontal
Series, n

Horizontal
Closure

(mm
Year−1)

Vertical
Series, n

Vertical
Closure

(mm
Year−1)

Co-Located
Pairs, n

Median
H/V

Evidence
Class

660 4 7.045 5 4.247 3 0.983 Primary

690 5 9.383 6 6.221 4 1.052 Primary

720 4 22.826 5 18.894 3 1.165 Primary

750 3 34.571 2 25.263 2 1.518 Primary

780 1 46.93 1 37.934 - - Exploratory
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4. Discussion
4.1. ZVVZ Distinguishes Vertical Translation from Chamber Closure

The central result is a vertically partitioned deformation field. During 1992–1994,
shallow benchmarks moved downward while deeper benchmarks moved upward, and
the transition was independently identified in three fields. The 94 m range in field-scale
crossing depths shows that the ZVVZ is spatially variable rather than a single mine-wide
horizon. Field 1 additionally retains the bidirectional profile in the 1994–2021 average,
although the long interval does not resolve its internal chronology.

The ZVVZ separates the signs of benchmark translation but does not represent zero
strain. Roof descent and floor uplift contribute additively to roof–floor convergence even
when their mean vertical translation is near zero. This distinction resolves the apparent
contradiction between a zero-velocity band and rapid chamber closure and is consistent
with earlier chamber-scale observations of floor heave accompanying greater roof lowering
at Kłodawa [20].

The principal contribution is therefore methodological as well as descriptive: exact-
epoch multi-level levelling, an explicit negative-to-positive bracket, interpolation of z_0,
bootstrap uncertainty, local-pair validation, and directional convergence are integrated into
one reproducible interpretation. The evidence supports a mining-modified deep-squeeze
regime with internal uplift below the transition, but it does not establish natural uplift
of the entire diapir. Such a claim would require an external stable datum, synchronous
deep and surface observations, coherent uplift over a larger rock volume, and a model
separating regional salt flow from excavation-induced creep [14,16].

Figure 10 illustrates the kinematic interpretation. The dominant translation changes
from subsidence above the ZVVZ to an uplift or floor-heave component below it, while
opposite roof and floor motions can produce substantial closure near zero mean translation.
The transition must therefore not be treated as a stable, safe, or strain-free layer.

Figure 10. Physical interpretation of the ZVVZ. (a) Vertical velocity changes from negative above the
transition to positive below it; the shaded band represents uncertainty in crossing depth. (b) Roof
descent and floor uplift may yield near-zero mean vertical translation while producing large roof–floor
closure. Zero vertical velocity therefore does not imply zero deformation.

4.2. Spatial Variability Reflects Mining, Geological, and Backfilling Controls

The approximately 94 m difference among field estimates is mechanically plausible
because Kłodawa is not a homogeneous salt body. Folding, anhydrite- and potash-rich units,
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and spatially variable material properties produce a complex internal structure [18,19],
while rheological layering can localise deformation over long timescales even where halite is
dominant [29]. Chamber dimensions, level spacing, overlap, excavation age, and interlevel
shelves add further spatial variation.

Progressive deepening provides a plausible, but not uniquely demonstrated, mechan-
ical control. Greater depth increases stress around openings, and a growing number of
stacked levels strengthens interaction among chambers, pillars, and shelves. In creeping
salt, these changes can intensify lateral inflow, roof descent, and floor heave, with geometry,
non-salt interbeds, loading path, and constitutive behaviour determining which component
dominates [4–9]. Historical failure cases further show that floor response, pillar loading,
and surface movement may form one coupled process [30,31].

Backfilling may modify the same stress-transfer system by reducing void volume, sup-
porting excavation boundaries, and changing load redistribution through time. Experience
with tailings-based backfill technologies emphasises their relevance to deformation control
and sustainable underground construction [25]. The present database contains backfilling
information, but its annual completeness and spatial resolution are insufficient to isolate
a backfill effect from depth, excavation age, geology, and chamber overlap. Backfilling is
therefore treated as a testable control rather than an established cause.

Chronology imposes an additional constraint. No crossing was bracketed within the
monitored range in 1987–1992, which may mean either that the deep uplift regime had
not yet developed or that it lay below the available observations. The 1992–1994 interval
identifies when the reversal became observable, not its initiation date, and the 1994–2021
average is strongly interval-censored. A causal test requires annual histories of the deepest
active horizon, extracted volume, excavation age, chamber overlap, and backfilling.

The crossing depth should consequently be represented conceptually as z_0 (x, y,
t), not as one fixed mine-wide number. Current observations constrain it at field scale
and at selected local crossings but do not define a continuous three-dimensional surface.
The observed spatial variation is part of the result rather than noise to be averaged away;
assigning a single neutral depth to the whole mine would conceal the influence of local
stress, geology, excavation architecture, and monitoring density.

Below approximately 690 m, the later convergence archive records a marked increase
in closure and a growing horizontal component. This pattern is consistent with stronger
lateral inflow or interaction among stacked openings, but baseline convergence alone
cannot determine whether opposing walls move symmetrically or whether the chamber
translates. Wall–wall observations should therefore be combined with roof–floor levelling
and repeated three-dimensional scanning [12], while closure magnitude, temporal trend,
direction, spatial coherence, and uncertainty remain separate decision variables.

4.3. Operational Monitoring Criteria and Digital-Twin Integration

The ZVVZ is useful as an uncertainty-aware monitoring state rather than as a single
hazard threshold. It reduces a multi-level velocity profile to a crossing depth, confidence
interval, sign-bracket retention, local crossing support, and datum-invariant depth contrast.
Combined with horizontal and vertical closure, H/V, data age, provenance, and quality
flags, these variables provide a compact description of deformation and evidence strength.

Operational updating should follow each complete levelling campaign, occur at least
annually in active deep fields, and be repeated after major extraction or backfilling changes.
Because no universal sample-size criterion can be derived from the present archive, the
proposed Kłodawa reporting rule is provisional: at least 10 valid benchmarks are required
on each bracketing level, at least five mutual-nearest pairs should be distributed across
more than one monitored corridor, and bootstrap sign-bracket retention should reach 90%.
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Failure to meet these conditions should trigger an “insufficiently constrained” status rather
than a numerical ZVVZ used in decisions.

The framework also identifies where additional observations have the highest value.
Levels immediately above and below the current bracket are optimal for detecting migration
of the transition; areas with high H/V require both wall–wall and roof–floor measurements;
and sectors in which field-scale and local estimates disagree require denser control. These
principles are transferable to deep salt mines, cavern fields, and storage systems with
monitoring distributed across multiple depths.

A functional digital twin must connect incoming observations to interpretable states,
update calibrated models, propagate uncertainty, and support decisions [28]. The cur-
rent Kłodawa implementation remains a campaign-based descriptive–diagnostic mon-
itoring framework rather than a predictive twin. Progression to the predictive stage
requires scheduled data assimilation, synchronous deep observations, a calibrated three-
dimensional viscoplastic model, probabilistic forecasting, and agreed operational response
thresholds [27,32–35].

4.4. Causal Attribution Requires Synchronous Monitoring and Model Validation

The temporal mismatch between levelling and deep convergence is a principal lim-
itation. Most convergence records from 690 to 780 m were acquired after the 1992–1994
levelling interval, when deeper extraction, altered chamber interaction, or changed backfill-
ing conditions may already have modified the deformation regime. The observed increase
in closure with depth could therefore partly reflect temporal evolution. It supports the
interpretation of a later deep-squeeze regime but cannot validate the contemporaneous
mechanism or cause of the 1992–1994 ZVVZ.

Causal proof requires four coordinated steps: (1) re-adjustment of the 1987, 1992, and
1994 levelling networks from original height differences, closure errors, and reference-
benchmark histories; (2) extension of absolute levelling or three-dimensional control to
690–780 m so that translation and convergence are observed synchronously; (3) validation
of annual extraction depth, excavated volume, overlap, excavation age, and backfilling; and
(4) calibration of a three-dimensional viscoplastic model that tests whether these controls
reproduce both the sign reversal and its field-specific depths, including constitutive and
dilatancy uncertainty [6,9–11]. The P3/P5 source unit must also be confirmed before its
937 observations are combined quantitatively with P1/P2. These limitations affect causal
interpretation and absolute crossing depth but do not remove the observed deeper-more-
positive gradient.

5. Conclusions
Integration of levelling, convergence, and mine geometry provides a coherent vertical

description of deformation in the Kłodawa Salt Mine. The principal conclusions are
as follows:

1. The monitored profile changed through time. All commonly observed levels subsided
in 1987–1992, whereas the 1992–1994 profile combined continued shallow subsidence
with uplift at deeper monitored levels.

2. The sign reversal defines a spatially variable ZVVZ. Its 1992–1994 depth was 570.4 m
in Field 1, 514.4 m in Field 2, and 476.8 m in Field 3, demonstrating that the transition
is not a single horizontal mine-wide layer.

3. Field 1 retains the reversal in the 1994–2021 average, with the 525 m level subsiding
and the 600 m level uplifting and a crossing near 585.3 m. The 27-year average may,
however, conceal intermediate changes in sign or rate.
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4. Local benchmark pairs support the field estimates: 23 primary pairs cross directly
from negative velocity above to positive velocity below. The deeper-more-positive
gradient is invariant only to a spatially uniform datum offset; non-uniform network
adjustments remain a limitation, and absolute ZVVZ depths require re-adjustment of
the historical networks.

5. Independent convergence records show a marked increase below 690 m and growing
horizontal dominance toward 750 m. Because these observations mostly post-date the
1992–1994 levelling interval, they indicate a later deep deformation regime but do not
prove the contemporaneous cause of the ZVVZ.

6. For monitoring, the ZVVZ should be updated after each complete campaign and
reported together with its bootstrap interval, sign-bracket retention, local-pair sup-
port, datum sensitivity, H/V, and data age. The proposed minimum sampling cri-
teria are provisional survey-design rules and must not be interpreted as universal
safety thresholds.

7. Future research should re-adjust the historical levelling networks, establish syn-
chronous translation and convergence monitoring at 690–780 m, validate annual
extraction and backfilling histories, and calibrate a three-dimensional viscoplastic
model capable of testing the observed reversal and its spatial migration.

The study provides a reproducible method for locating where subsidence changes to
uplift, quantifying the uncertainty of that location, and explaining why rapid closure can
coexist with near-zero mean vertical velocity. The evidence supports a mining-modified,
vertically partitioned deformation field, but it does not yet establish natural uplift of the
entire Kłodawa diapir.
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