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Abstract: The contemporary retreat of glaciers results in the development of glacial forelands which
constitute excellent areas for studies on the initial stages of weathering. This research concentrates
on weathering rinds developed on glacially abraded Dachstein limestone surfaces (Eastern Alps)
liberated from glacial ice since LIA (mid-19th century). We performed measurements of rock surface
micro-roughness and strength (Schmidt hammer), spectral reflectance, and petrographic and microbi-
ological analyses in SEM. There was a time-dependent increase in micro-roughness, decrease in rock
strength and decrease in spectral reflectivity, but only within visual light. Rock surfaces on older sites
reflected infrared radiation significantly better than younger ones. SEM analysis revealed that angular
micro-structures inherited from glacial abrasion dominated in younger sites, eventually giving way
to more rounded micro-structures. The structure of rock (micrite versus spar, phlogopite veinlets,
etc.) plays a significant role. On older sites, microorganisms were detected within the studied weath-
ering rinds, which probably results in better infrared reflectivity. We advocate the potential role of
microorganisms (mainly heterotrophic) in the dissolution of limestone, and the role of cyanobacteria
in the formation of the secondary porous limestone layer (extracellular biomineralization).

Keywords: weathering rind; limestone; proglacial environment; Little Ice Age; Hallstätter Glacier;
spectroscopy; geomicrobiology

1. Introduction

Glaciers are the agents of rock surfaces erosion [1], and due to contemporary deglacia-
tion [2] new abraded rocks every year and at the global scale become subject to subaerial
weathering—a complex interplay of physical, chemical, and biological processes leading to
rock decay [3]. In a variety of geological settings, there are growing glacial forelands that
constitute excellent polygons to study the short-timescale weathering of limestone since the
Little Ice Age (LIA) mid-19th century glacial maxima. Established chronosequences allow
us to gain insight into the initial stages of weathering in cold environments, assuming that
glacial erosion removes signs of the previous weathering.

The weathering alteration of limestone plays a role in shaping the content of at-
mospheric CO2, thus influencing the greenhouse effect [4]. Human-made accelerated
weathering of limestone is used to capture CO2 from effluent gas streams [5], so it is impor-
tant to acquire a better understanding of the dynamics of limestone decay under different
environmental conditions and at different scales. It is frequently difficult to distinguish
between different types of weathering, as they often coexist and interplay, leading to rock
breakdown [3]. The role of bacteria and fungi should especially be emphasized [6]. When
the bedrock is limited to limestone, dissolution (karstification) is the dominant chemical
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alteration of rock [7,8], but the role of previous glacial abrasion, frost shattering, and the
influence of micro-organisms should not be disregarded. Moreover, disruptions to min-
eral lattices by subglacial processes can increase rock dissolution rates [9]. The effects of
subglacial precipitation of dissolved minerals is frequently seen on lee sides of bedrock
protrusions (within glacial forelands) as a fragmented thin coating, especially on carbonate
rocks [10]. Such a coating obviously influences the subaerial weathering in the place of
its occurrence.

Numerous studies have been published about karstic landforms [11] developed at
a variety of scales, ranging from mogotes and caves [12,13] to solution flutes [14]. Other
interesting examples of karstic landforms are cited by Ford and Williams [8]. Numerous
studies on the micro-scale erosion of limestone rock surfaces have been conducted with
the use of micro-erosion meters [15–20], as summarized by Stephenson and Finlayson [21]
and Moses et al. [22]. Limestone dissolution nanomorphologies have been experimentally
produced and studied by Viles and Moses [23]. However, very few studies have focused
on the shape and internal composition of the micro-structures developed in the limestone
weathering rind in a contemporary glacial foreland [24].

The aim of this article is to show the effects of a short time scale (up to the 172 years
which have passed since the LIA glacial maximum extent) of limestone weathering in
a cold, proglacial environment in the Dachstein Massif (Alps)—the Hallstätter Glacier
foreland. A pilot study on micro-weathering in this foreland has already been performed
by Dąbski et al. [24], and this article presents further developments as more methods were
employed. Micro-roughness measurements were supplemented with Schmidt hammer
tests, reflectance spectrometry measurements and photogrammetric surveys. Additionally,
many more rock samples were analyzed and the samples were collected with more care.
Laboratory analyses of rock samples were not limited to petrographic analysis under
scanning electron microscopy [24], but also included analysis under transmitted light and
under the Keyence Digital Microscope. However, most importantly we performed a set of
microbiological analyses. We studied the interplay between a record of the glacial abrasion
of limestone, and subaerial weathering, petrographic conditions, spectral characteristics,
and the development of microbiota.

2. Materials and Methods
2.1. Study Site

The study site was located in the recently exposed proglacial area of the Hallstätter
Glacier, which is the largest glacier on the Dachstein Massif located in the Eastern Alps in
Austria. The Hallstätter Glacier resides within a wide cirque facing northeast at altitudes
between 2270 and 2950 m a.s.l. Climate-induced glacier retreat exposed an area of 2.6 km2

between the last maximum glacier extent in the mid-19th century (LIA) and 2022 (Figure 1).
The proglacial zone is almost completely free of vegetation and soils and contains only
limited debris accumulations. Towards the lower limits, small ponds and one small lake
(Eissee) have formed after the glacier retreat. The central part of the forefield is a shallow
trough valley that contained the central glacier tongue during most of the 20th century and
the LIA period.

The Dachstein plateau is the typical locality of Dachstein limestone, deposited in the
Upper Triassic [25]. It is a fine-grained limestone with frequent occurrences of micro-fossils
such as conodonts and foraminifera [26]. Numerous sedimentary discontinuities and
fossil micro-karstic features within the rocks hint at frequently interrupted sedimentation
patterns [26,27].

The Dachstein massif is conditioned by a cool, temperate, and moist climate with
high precipitation rates due to its location at the northern margin of the Alps and the
associated orogenic effects on westerly storm fronts. The 0 ◦C isotherm of the mean annual
air temperature is at about 2000 m a.s.l., and permafrost conditions are considered probable
in the steep headwalls surrounding the glacier [28]. Prevailing northerly winds exceed
6 ms−1 on average [29], which causes a high frequency of bedrock wetting and drying.
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Figure 1. Location of the test sites in the Hallstätter Glacier foreland; pink dashed lines mark consec-
utive positions of the glacial snout (background DEM data source: basemap.at); DEM of the glacial
trough under study based on own UAV survey; glacial retreat and LIA limit after Bruhm et al. [30],
Fischer et al. [31,32], and Buckel and Otto [33].

2.2. Methods

Methods employed included in-field measurements of micro-roughness, rock strength
(Schmidt hammer rebound values), and spectral reflectance of glacially abraded rock
surfaces along a transect from the glacial snout to the outermost moraines from the Little
Ice Age (Figure 2), covering circa 172 years of subaerial weathering in the proglacial alpine
environment. Sampled rocks were subject to detailed microscopic analysis of petrography,
micro-structures, and microbiota developed in weathering rinds. GNSS RTK (Global
Navigation Satellite Systems with Real Time Kinematic positioning) and UAV (Unmanned
Aerial Vehicle) surveys of the studied area were performed to obtain Digital Elevation
Models (DEMs) and allow for detailed comparative studies in the future.

2.2.1. Location and Dating of Test Sites

In the foreland of the Hallstätter Glacier, five test sites were designed along the
transects from the youngest surface near the glacier snouts to the LIA moraines (Figure 1,
Table 1). Site 1 was very close to the glacier (undergoes weathering for 1–2 years), site 2 was
in the zone c. 10 years old, site 3 was in the zone c. 50–51 years old, site 4 was in the zone c.
105–106 years old, and the last one (site 5) was on the LIA moraines, where the duration of
weathering is c. 167–172 years (Figure 1). The sites were located on bedrock or boulders
embedded in the moraines with distinct traces of glacial abrasion, allowing us to infer that
older weathering rind (developed before glacial accumulation) has been eroded. The sites



Minerals 2023, 13, 530 4 of 23

were selected based on their age, homogenous petrography, accessibility, and suitability for
micro-roughness measurements. Similar sites (but not the same) were selected in the pilot
study by Dąbski et al. [24].
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Figure 2. (A)—Upper part of the Hallstätter Glacier foreland, (B)—Little Ice Age moraine.

Table 1. Position of centrally located rock surfaces within each test site.

Site Latitude Longitude Elevation m a.s.l

1 47◦29′13′′ N 13◦37′07′′ E 2272.9
2 47◦29′20′′ N 13◦37′18′′ E 2190.0
3 47◦29′32′′ N 13◦37′27′′ E 2080.3
4 47◦29′47′′ N 13◦37′51′′ E 2083.3
5 47◦30′02′′ N 13◦38′28′′ E 1963.8

The dating of the test sites is only an approximation based on information obtained
from Fischer et al. [31,32] and Buckel and Otto [33]. They provided detailed extents of
Austrian glaciers during various stages, compiled in aerial-photo-based glacier inventories—
GI 1 (1969), GI 2 (1998), GI 3 (2006), and GI 4 (2015)—and complemented with the LIA
inventory based on digital elevation models (DEM) and the mappings of Groß [34]. More-
over, Bruhm et al. [30] elaborated the 3D visualization of the Hallstätter Glacier retreat since
the LIA. Glacier extent data combined with DEM data allowed us to properly locate the test
sites (Figure 1), date them, and obtain information on the duration of subaerial weathering.

Within each test site, we selected ten specific rock surfaces (c. 100 cm2 each), with
clear signs of glacial abrasion, for the measurements of micro-roughness, Schmidt hammer
rebound (rock strength), and spectral reflectance. Later, 3 rock samples were taken from
each test site (15 in total) for further laboratory analysis.

2.2.2. Micro-Roughness, Rock Strength, and Spectral Measurements

Rock surface micro-roughness was measured with the use of the Handysurf+ electronic
profilometer (ACCRETECH (Europe) GmbH, Munich, Germany), similar to that used by
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Dąbski [35,36], Dąbski and Tittenbrun [37] and Dąbski et al. [24], in the three smoothest
lichen-free places on each rock surface under study (giving a total of 30 readings per test
site), along profiles parallel to striation in order to omit visible erosional features on the run
of the profilometer. Patches of calcitic coating were avoided (they stood out from the gray
limestone bedrock due to their white or pink color). The calibration of the profilometer was
checked at every test site using a reference roughness specimen. We used the Rz roughness
parameter for further analysis (it shows average micro-scale denivelations). Rock strength
was assessed using a Schmidt hammer (SH), N type, manual, and tests were performed on
the same surfaces previously checked for micro-roughness. SH blows were at least 1 cm
apart from each hit point and at least 6 cm away from any visible irregularity on the rock
surface. All studied rock surfaces were horizontal or nearly horizontal. Altogether, there
were 100 readings of rebound values (R-values) per test site. The normality of distributions
of micro-roughness and SH rebound readings were checked with the use of the Shapiro–
Wilk test. A significant part of the populations did not have normal distributions, and
therefore the non-parametric Kruskal–Wallis and multiple comparison post hoc tests were
employed in order to check the differences between the test sites. Statistical calculations
were performed with the use of Statistica 13.3 software, assuming a significance level
of α = 0.05.

Spectral reflectance measurements were performed with the use of a field spectrora-
diometer ASD FieldSpec 4 (Malvern Panalytical Ltd., Malvern, UK) (350–2500 nm) fitted
with a contact probe (ASD Plant Probe). The measurements were preceded by spectrometer
optimization and calibration. The measurements were made directly on rock surfaces using
a fiber cable (25◦ field of view (FOV)) placed in the ASD Plant Probe, which takes measure-
ments from one cm of FOV circle area of rock surfaces in the ASD Plant Probe. Spectral
measurements were collected at the same 10 rock surfaces selected for micro-roughness
measurements and SH tests. Each spectral measurement was composed of an average
of 25 instantaneous measurements. The obtained spectral characteristics were exported
to ASCII files for further statistical analysis. Statistically significant differences were ana-
lyzed between the spectral characteristics from the studied sites at the level of significance
α = 0.05 (Shapiro–Wilk test, non-parametric Kruskal–Wallis and multiple comparisons post
hoc tests). The calculation of 1st and 2nd order derivates of spectral reflectance curves was
also used in order to better illustrate differences between the test sites. A scaling effect was
used to enhance spectral features at the scale of the specified sampling interval and remove
noise or features smaller than the sampling interval.

2.2.3. UAV and GNSS RTK Surveys

The precise location of test sites was determined in the field with the use of GNSS RTK
(Topcon HiPer SR, Tokio, Japan), which allowed for the spatial accuracy of measurements
up to 2 cm. UAV surveys were performed with the use of a rotary-winged drone (DJI
Matrice 300 RTK, Shenzhen DJI Sciences and Technologies Ltd., Shenzen, China). The
drone flights were carried out in two rounds with (1) a passive RGB camera (Zenmuse
P1) and (2) an active LiDAR sensor (Zenmuse L1). Flights were performed at the same
height above the terrain using a pre-programmed “terrain follow” algorithm, which was
especially useful in this challenging terrain. They provided RGB images and LiDAR
scanning, with very high ground resolution (below 0.05 m). The data were processed in DJI
Terra and Bentley ContextCapture 20.1 software. Finally, an orthophoto map and DEMs
were produced to be used for detailed spatial analysis and serve as base data for additional
survey comparative studies in the future to obtain better insights into the weathering
processes of the Dachstein limestone.

2.2.4. Analyses of Rock Samples

The rock samples (obtained with a hammer and a chisel) were submerged in the
Canada balsam resin in order to protect weathering rinds before microscope preparation.
The cuts were made perpendicular to the substrate, allowing observation of both the
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surface of the sample and its interior. The samples were observed under Nikon Eclipse
E600 POL and Nikon Eclipse LV100 POL petrographic microscopes under transmitted light,
as well as under a field-emission scanning electron microscope (FE-SEM) SIGMA VP (Carl
Zeiss Microscopy GmbH, Oberkochen, Germany). The FE-SEM was equipped with two
energy-dispersive spectroscopes (EDS; Quantax XFlash 6|10, Bruker Nano GmbH, Berlin,
Germany), used for qualitative mineral composition analysis performed under 20 keV
acceleration voltage. Thin sections were coated with a carbon layer before analysis. Circa
6 cm long rock surface fragments (composed of 3 thin sections) were subject to microscopic
inspection at each test site. Selected samples from all test sites were also checked under
a Keyence Digital Microscope (KDM) VHX-7000 (Keyence Corporation, Osaka, Japan)
in order to obtain extra information on the micro-relief of weathering rinds, color im-
ages, and 3D models of surfaces. KDM allowed performing additional measurements of
micro-roughness based on the DFD (depth from defocus) technique, where the image is
constructed by calculating the height based on minor surface texture differences. Surveys
according to the ISO 25178 standard for both linear and surface roughness allowed an
optical measurement without interfering with surfaces.

Energy-dispersive X-ray Spectroscopy (EDS) analyses under SEM allowed us to deter-
mine the chemical composition of the weathering layer and substratum and to determine
specific features of the weathering rinds, such as the thickness of granular and fissured
layers, the diameter of grains and their rounding, the diameter of tunnels, the width of
fissures, and the thickness of the sponge layer (see Section 3). The analysis of rounding
was based on 500 randomly selected grains (100 from rock samples representing each
test site) and classified into four groups: very angular, angular, subangular/subrounded,
and rounded. The analysis of micro-tunnels’ diameter and circular voids was based on
457 measurements of these micro-structures developed on rock samples from sites 3 to 5
(see Section 3).

Unweathered parts of the collected rock samples were cut off and ground into powder
(>5 µm diameter) in the planetary ball mill (Retsch PM 100). The spectral reflection of the
powder was measured by a spectroradiometer (same method as Section 3.2). Thanks to
these measurements, Dachstein limestone reflectance spectra were obtained for comparison
with the results from the field measurements and spectral libraries resources.

Microbiology Analyses

The detection of microorganisms on the surface of the weathering rind was made
using a scanning electron microscope (SEM) (Leo 1430VP, LEO Electron Microscopy Inc.,
Thornwood, NY, USA) after the samples had been fixed in formaldehyde vapor (4 weeks)
and gold coated.

Heterotrophic bacteria and fungi were isolated on Lysogeny Broth [38] and Czapek-
Dox solid media [39], respectively. Samples of the weathering rind (diameter 2–5 mm)
were placed on the surface of a solid medium. The cultures were incubated at 20 ◦C for
1–2 weeks. Colonies of isolated bacteria and fungi were measured by a spectroradiometer
to obtain reflectance spectra (see Section 2.2.2).

3. Results
3.1. Rock Surface Micro-Roughness and Strength

The micro-roughness of the rock surfaces gradually increased together with the weath-
ering time and the distance from the glacier: mean Rz increased from 21.08 µm to 74.97 µm
(Figure 3A). However, the difference between sites 1 and 2 and between sites 3 and 4 was
not statistically significant, which can probably result from a limited number of measure-
ments (30 per test site). On the oldest site, the rock surface was too rough to allow for
the usage of the Handysurf, and therefore the micro-roughness was determined in the
laboratory (using rock samples) using KDM. Schmidt hammer rebound values (R-values)
also showed that the expected trend of rock strength decreased along the studied profile:
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mean R-values decreased from 64.03 to 51.52. (Figure 3B), and the only difference, which
was not statistically significant, was between sites 1 and 2.
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3.2. Spectral Reflectance

Measurements of spectral reflectance also revealed the general pattern of time-dependent
changes (Figure 4). We observed a decrease in the reflectance in visible radiation (380–750 nm),
most significant between sites 1 and 3. However, there was an unexpected increase in the
reflectance of the near-infrared and short-wavelength infrared radiation (750–2500 nm) on
older sites (4 and 5).
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Figure 4. Reflectance spectra of the Dachstein limestone at the Hallstätter Glacier foreland.
VR—visible radiation, NIR—near-infrared radiation, SWIR—short-wavelength infrared radiation.

Statistical analysis revealed that significant differences occurred in the following elec-
tromagnetic spectrum ranges: 453–542 nm, 595–775 nm, 857–906 nm, and 2483–2500 nm
(Figure 5). The ranges given were the common ranges for statistically significant differences
in reflectance values between all sites tested. Figure 5 also includes ranges that were statis-
tically significant between the reflectance values of the pairs of study areas, i.e., between
sites 1 and 2, 1 and 3, 1 and 4, 1 and 5, 2 and 3, 2 and 4, 3 and 4, 3 and 5, and 4 and 5 (these
are shown as lines at the top of the graph, Figure 5).
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Figure 5. Statistically significant differences between reflectance spectra of the test sites (significance
level α = 0.05). The differences between particular pairs of curves are shown by overlapping horizontal
lines, and differences between all sites are shown by gray columns.

The analysis of first and second order derivates of spectral reflectance showed that
the signal-to-noise ratio decreased as higher orders of derivatives were used. This is
important when scattering increases with wavelength; for example, biologically active
macromolecules increase the slope of the absorbance baseline [40].

Several interesting spectral features were visible in the derived spectra that were
invisible in the original spectra. For example, for the 1-degree derivative there were subtle
changes in curvature between 700 nm and 1000 nm that were consistent across the set of
spectra for sites 4 and 5 (Figure 6). Additionally, for wavelengths indicative for calcite
content—2000 nm and 2350 nm—shifts of the first derivative and second derivative were
visible, where a shift indicating changes in curvature from convex up to convex down
and back to concave up could be seen, indicating subtle, consistent changes in reflectivity
(Figures 6 and 7). This relationship was also evident in both derivatives for the range
imaging fresh organic matter, i.e., 2180 nm and 2309 nm (Figures 6 and 7). Although the
original spectra differed in magnitude between 400 nm and 1300 nm (Figures 4, 6 and 7),
they had almost identical second-order derivative values in the same wavelength range.
The differential range of the curve from site 4 and site 5 in the case of the 1-degree derivative
in the spectrum 750–950 nm may illustrate the occurrence of cyanobacteria (dry condition),
as confirmed by other authors [41].

3.3. Petrography and Micro-Structures

The petrographic analysis under the optical microscope revealed that the rocks could
be classified as micritic limestone, in most cases, but sometimes also as calcareous grain-
stone, packstone, wackestone, or dolomitic mudstone. The rocks were strongly altered by
secondary processes related to hydrothermal activity, resulting in numerous spar veins
(Figure 8), occasionally phlogopite or biotite, tectonism (micro-faults and secondary calcite
infills), and diagenesis (stylolites formed due to pressure dissolution or micrite recrystal-
lization). In places, numerous foraminifera, cephalopods, fragmented gastropods, with
characteristic wavy shell ornamentations, or bivalves shells could be seen (Figure 8A), as
well as ellipsoidal or spherulitic peloids or single ooids. Sometimes, dolomite was found
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inside micro-fossils as euhedral rhomb-shaped crystals. There were differences in the
micro-structures seen inside the weathering rinds depending on the type of matrix (micrite
or spar); however, they were not clearly visible under the optical microscope (Figure 8B,C).
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Figure 8. A sample of limestone taken from site 5 (upper surface was glacially abraded in LIA) visible
under the optical microscope; (A)—foraminifera in micrite matrix, (B)—weathering rind on micrite
and spar, (C)—general view of the samples with numerous micro-fossils, spar veins and micro-cracks.

3.3.1. General Weathering Rind Characteristics

Analyses under the FE-SEM revealed that young rock surfaces, subject to the weather-
ing for up to 10 years (sites 1–2), possessed numerous fissures, mostly running parallel or
semi-parallel to the rock surface, angular blocks, and oblique burrs developed on cleavage
(visible on spar) and in a strongly disintegrated granular layer composed of grains between
2 µm and 12 µm (the smallest being found closer to the rock surface), especially where
the rock surface was developed on micrite. We use the term “grains” because these small
fragments occur separately on the FE-SEM images, and also to maintain the same terminol-
ogy as the previous study [24]. However, we are aware that the images are only 2D, and
we cannot exclude the possibility that some of the “grains” are actually cross-sections of
miniature bridges or small protruding fragments attached to the main mass of rock. The
parallel fissures led to spalling of the outermost fragments. The thickness of the granular
layer increased from site 1 (max. 100 µm) to site 2 (up to 200 µm). This was accompanied
by the thickening of fissures from <3 µm almost up to 25 µm (Table 2).

In older sites (3–5), which have been subject to weathering for at least 50 years, the
share of rounded and sub-angular/sub-rounded grains increased (Figure 9) and rounded
caverns, circular voids, and tunnels were developed (not present in younger sites), which
eventually evolved into a sponge structure both on micrite and spar. Samples from
site 5 revealed that the sponge structures were best developed in concave fragments of rock
surfaces (sometimes developed as micro-valleys), while protruding fragments were mostly
fissured and underwent spalling (Table 2, Figure 10). We also observed a decrease in the di-
ameter of the circular voids and tunnels from site 3 (mean 23 µm) to site 5 (14 µm) (Table 3).
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Table 2. Characteristics of weathering rinds (sites 1–5).

Site
Granular Layer

Thickness
(µm)

Grains Diameter
(µm)

The Thickness of
the Fissured Layer

(µm)

Width of
Fissures

(µm)
Crystal Cleavage

The Thickness of
the Sponge Structure

(µm)

1 7–100 2–12
(up to 20)

40–100
(rarely down

to 1500)
<3 frequent

on spar absent

2 7–200 2–12 25–300
(rarely up to 1000) <25 frequent

on spar absent

3 10–50 2–15
(up to 20)

<400
(rarely up to 1200) <5 infrequent 50–120

4 10–15 2–25
<150

(only on protrud-
ing fragments)

<10 infrequent

<200 (best
developed in

concavities; tunnels
along veins down

to 1000)

5 <20 <10
(rarely up to 50)

Best developed on
protruding fragments <5

In places
emphasized by

voids along
cleavage planes

<300 (best
developed

in concavities)
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Figure 9. Rounding of grains within the granular layer of weathering rinds (VA—very angular,
A—angular, SA/SR—sub-angular/sub-rounded, R—rounded).

Table 3. Diameters of the tunnel and circular void micro-structures (sites 3–5).

Site N Mean (µm) Median (µm) Min (µm) Max (µm) SD

3 107 23 18 4 89 16.1
4 194 18 16 8 60 8.7
5 156 14 11 4 46 7.9

3.3.2. Micro-Structures at Sites 1 and 2

The surface of the rock at site 1 was characterized by intergranular disintegration
(granular layer), which penetrates the limestone down to 100 µm and is best developed
in micrite. Grains varied from 2 µm to 12 µm (smaller grains tended to be closer to
the rock surface), very angular to sub-rounded, with angular being the most abundant
(Figure 9). Internal voids were very angular (Figure 11). Cracks running mostly parallel
or slightly sloping to the rock surface were present at depths down to 40–100 µm (rarely
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400 µm), and in places they resulted in surface spalling. There was a clear change in surface
preservation where spar veins met the surface (Figure 11A). In such cases, micro-cracks
were rather oblique to the rock surface, wider, and the superficial granular layer was not
developed. Sometimes, the smallest fissures ran along the cleavage planes of a spar. In
some places, at a depth of c. 100–120 µm, stylolite-like structures were present. There were
also common oblique burrs developed on rock surfaces composed of spar (Figure 11B).
Some far-reaching alterations of the rock surface, e.g., micro-cracks down to depths of up
to 1500 µm, were observed.
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Figure 10. Images of the rock surface from site 1 (A1,A2) and site 5 (B1,B2) obtained under the
Keyence Digital Microscope. Note that sponge structures develop mostly in concave parts of the rock
surface (B2).

At site 2, the granular layer was developed in places down to 200 µm, but was usu-
ally much shallower. The best-developed fissures occurred in spar veins (Figure 12A)
and ran at different angles to the rock surface, underlining the border between micrite
and spar. Some fissures were associated with stylolites filled with phlogopite veinlets
(Figure 12B). In the latter case, the fissures penetrated the rock down to c. 1000 µm.
Similarly, as in site 1, sharp and oblique burrs marked the rock surface where spar
outcrops occurred. The rounding of the grains in the granular layer exhibited a similar
pattern to samples from site 1 (Figure 9).
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Figure 12. Weathering rind at site 2 (subject to weathering for 10 years); (A)—spar vein cutting
micritic limestone; (B)—deep fissures developed along phlogopite veinlet (images from FE-SEM).

3.3.3. Micro-Structures at Sites 3–5

Older weathering rinds (subject to weathering for 50–172 years) exhibited similar
micro-structures as the young ones, with granular layers on micritic surfaces, oblique
burrs developed in spar, and parallel fissures leading to spalling. However, new micro-
structures could be observed: caverns, compound caverns, rounded voids and tunnels,
and sponge structures (Figures 13–15), which are best developed in concavities, e.g., in the
floor of compound caverns (Figures 13 and 14A). These micro-structures were relatively
rounded and had smooth inner surfaces, whether they were formed in micrite or spar.
Caverns developed in micrite usually had a granular layer on their walls. The grain
diameter varied, but smaller grains tended to be closer to the rock surface. The rounding of
the grains within the granular layer was slightly better in comparison with the younger
weathering rinds, and the grains were frequently larger (the diameter varied from 2 µm to
25 µm), but the thickness of the granular layer was smaller (up to 50 µm). Signs of spalling



Minerals 2023, 13, 530 14 of 23

were usually observed on the protruding convex parts (Figures 13A and 14B). In places,
oblique or perpendicular fractures were filled with phlogopite or accompanied by voids.
Cleavage planes of spar crystals sometimes determined the places where elongated voids
developed (Figure 15B).
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Figure 13. Weathering rind at site 3 (subject to the weathering for 50–51 years); (A)—single cavern and
initial sponge structure developed in micrite; (B)—deep fissures filled with phlogopite, a compound
cavern with initial sponge structure in spar (images from FE-SEM).
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Figure 14. Weathering rind at site 4 (subject to the weathering for 105–106 years); (A)—well-developed
sponge structure in concavities and deep tunnels and voids along oblique and perpendicular fis-
sures; (B)—well-developed fissuring on a protruding rock fragment leading to spalling (images
from FE-SEM).

3.4. Preliminary Detection of Microorganisms on the Weathering Rind

Our pilot study of the geomicrobiology of the weathering rinds confirmed the presence
of microorganisms in all studied sites (Figure 16). Figure 16A shows biofilm covering the
limestone. Oval and rod-shaped cells covered with a layer of extracellular polymeric sub-
stances can be seen. In addition, actinobacteria-like cells (Figure 16B) and fungi (Figure 16C)
were detected on the surface of the studied samples. Moreover, oval structures with a
diameter of about 5–7 µm located in cavities were detected at site 5, and are likely to be
epilithic cyanobacterial cells embedded with secondary calcite (Figure 16D).
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Figure 15. Weathering rind at site 5 (subject to the weathering for 167–172 years); (A)—very well-
developed sponge structure in spar (occupying all rock surface) with parallel fissure undercutting the
protruding fragment; (B)—rejuvenated surface (due to spalling) with very large voids and tunnels
(images from FE-SEM).
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identified as actinobacteria based on the colony and cell morphology, as well as (ii) fungi 
(Figure 17B) producing red and black pigment (see Section 4.3). 

Figure 16. SEM images showing: (A)—microbial biofilm (test site 1), (B)—actinobacteria-like cells
(test site 4), (C)—fungi (test site 4), and (D)—epilithic cyanobacterial cells embedded with secondary
calcite (test site 5) observed on the surface of the weathering rinds from all test sites (Hallstätter
Glacier foreland); arrows indicate microbial cells.

The preliminary isolation of heterotrophic microorganisms yielded two isolates from
site 3: (i) brown pigment-producing bacteria (Figure 17A), which were tentatively identified
as actinobacteria based on the colony and cell morphology, as well as (ii) fungi (Figure 17B)
producing red and black pigment (see Section 4.3).
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Dachstein limestone powder (C), which were subjected to reflectance analysis (D).

4. Discussion
4.1. Previous Weathering Studies in Proglacial Environments

The previous study of limestone weathering in the Hallstätter Glacier foreland [24]
found that the micro-roughness increased from the snout of the glacier towards LIA
moraine (with the greatest increase occurring within the first 50 years after deglaciation),
and there was no protective shield from weathering coating. Our study confirms this
finding and provides further information about the associated rock strength decrease.
However, Dąbski et al. [24] found a significant reduction in the weathering rind thickness
on the oldest test site (from LIA), and attributed it to erosion. In this study, we analyzed
more samples and found that rocks of the oldest site still possess thick weathering rinds
with very well-developed sponge structures (but signs of spalling are clearly visible). The
discrepancy between the previous finding and this study can be explained, besides the
increased number of samples, by the fact that the former preparation of rock fragments
for microscopic analyses was incorrect. Previously, the rock surfaces were not protected
by balsam resin during cutting, which probably resulted in the destruction of the fragile
weathering rind on the oldest sample. Moreover, the use of reflectance spectroscopy and
microbiological analyses have shed a new light of the weathering processes—biologically
enhanced calcite dissolution and possible biomineralization (see Section 5).

Rock surface deterioration after deglaciation reflected in the increase in rock surface
roughness (or micro-roughness in a short timescale) is a generally known phenomenon. It
was extensively explored for the first time by McCarroll [42] and McCarroll and Nesje [43],
who studied gneiss rocks in the Storbreen foreland, Norway with the use of a hand gauge
profilometer. A significant increase in roughness was shown between landforms developed
in the LIA and those from the onset of the Holocene; therefore, over thousands of years.
Numerous works have focused on weathering rind thickness measurements in reference
to the relative age of glacial landforms, but they also pertain to long time scales [44–46].
Similarly, the SH R-values have frequently been used in assessing rock strength in relation to
the age of glacial landforms developed in the LIA and those from the Pleistocene [43,46–49].
However, only a few studies have focused on contemporary glacial forelands (developed
since the LIA glacial maxima); these include the works of Evans et al. [50] and Etienne [51]
in Iceland (on basalts) and the study of Matthews and Owen [52] in the Scandinavian
Mountains (gneiss rocks). There have also been recent studies performed on basalts in
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Iceland by Dąbski [35,36], Dąbski and Tittenbrun [37], and on Dachstein limestone by
Dąbski et al. [24]. The study reported in this paper provides further support that micro-
roughness correlates well with SH R-values on fine-grained rocks (limestones) and can be
used as a relative age proxy of young glacial landforms developed since the LIA maxima.

Rock surface roughness (or micro-roughness), micro-forms, weathering rind, and
coating developed on glacial landforms have been studied for decades, but the research has
mostly concentrated on a long chronosequence of glacial deposits, spanning the weathering
time since Pleistocene glaciations [44,53–58]. Much shorter time periods, covering post-LIA
glacier forelands, have been the subject of more recent studies, which also considered the
role of micro-organisms [51,59,60], but they require continuations on different types of
rocks and under different atmospheric conditions.

4.2. Interpretation of Micro-Structures

Micro-structures observed in the studied chronosequence allow for the following
interpretation. The short-time-dependent increase in the micro-relief amplitude and the
development of sponge structure in the weathering rind results in the decrease of rock
strength (SH R-values) because the pressure exerted by the blow of the hammer becomes
absorbed during by destruction (compression) of the micro-structures. The analysis of SH
readings and microscopic images shows that there is no case hardening, as the weathering
of studied limestone does not lead to the precipitation of amorphous glazing, which is
reported in certain studies and which would act as a protective shell leading to case-
hardening [6,60–62].

The increase in micro-roughness of the glacially abraded limestone surfaces in the
direction from the glacial snout (test site 1) to the LIA moraine (site 5) is caused by the time-
dependent increase in weathering micro-relief amplitude, and especially the development
of caverns and compound caverns on older test sites. We interpreted these micro-structures
as products of limestone dissolution (micro-scale karstification) enhanced by bioweathering,
as well as biomineralization (see following section). Glacial abrasion, followed by the
post-glacial relaxation of pressure and frost shattering, is probably responsible for the
development of oblique burrs, parallel fissuring, and spalling [63].

The gradual decrease in the thickness of the granular layer from site 2 to site 5 and
the fact that, on older sites (4 and 5), parallel fissures are frequently limited to protruding
fragments of rock surfaces, can be explained by progressive spalling of the weathering rind.
The removal of detached fragments probably results from ice/snow melting, rainwater
erosion, and aeolian deflation.

4.3. Interpretation of Spectral Reflectance

The increase in infra-red reflectance on sites 4 and 5 can probably be explained by the
increasing content of organic and in-organic admixtures, which have been introduced into
micro-concavities and the thick sponge structures. They act as traps collecting biotic and
abiotic matter introduced by surface runoff due to snow melt and rain. Most likely, the
infill of the micro-structures contains cyanobacteria, which are known to cause significant
shifts in IF reflectance [41].

Sponge structures, best observed in concave parts of the rock surface, allow the
inference that wetting plays a very important role in their development. There is probably
a feedback loop, which includes the following stages. Initial concavities or micro-valleys
(possibly inherited from glacial erosion) form on recently deglaciated rock surfaces that
hold more moisture. This leads to the deepening of the concavities by calcite dissolution
and the development of initial caverns and tunnels. These micro-structures act like traps
for sediments (clay fraction) delivered by snow, and glacial ice melt or rainwater. This,
in turn, creates a good habitat for fungi, algae, and bacteria (including cyanobacteria).
Lowered acidity fosters the further dissolution of limestone and the development of sponge
structures. This process is offset by spalling and the destruction of the weakest parts of
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the weathering rind by frost shattering or/and hail and further removal by aeolian wind
deflation of the action of water erosion.

To confirm the above assumptions, spectral reflectance was measured for: (i) colonies
of heterotrophic bacteria (Figure 17A), (ii) fungi (Figure 17B) isolated from site 3A, and
(iii) Dachstein limestone powder (Figure 17C). Characteristic changes in reflectance at 2000,
2350, and 2500 nm were observed (Figure 17D). Measurements of colonies of heterographic
bacteria showed the greatest values in 450–1400 nm, with fungi in 750–1400 nm and
1500–1870 nm ranges. The unexpected increase in reflectance on sites 4 and 5 (see Figure 4)
can be therefore interpreted as a result of microorganisms and a higher content of secondary
calcite produced by biomineralization (in 2000, 2350, 2500 nm).

4.4. The Role of Microorganisms in Micro-Structure Development and Infill

Despite the fact that we cannot rule out the possibility of rock sample contamination,
the following interpretation is possible. Concave micro-structures and sponge structures
developed within the weathering rinds of the Dachstein limestone (Figure 18) constitute ex-
cellent habitats for microorganisms, which leads to the formation of a weathering feedback
loop by enhancing the further dissolution of calcite. However, certain fragments of sponge
structure can result from biologically induced extracellular mineralization [64–66].

The microorganisms responsible for the bioweathering of limestone are primarily those
that acidify the environment, i.e., heterotrophs that produce carboxylic acids or carbonic
acid, but also chemolithotrophs that produce sulfuric acids, for example, or microorganisms
representing fermentative metabolism. We can observe the impact of microorganisms on
the weathering of limestone by analyzing Figure 18. Clusters of several yeast-like cells can
be observed (Figure 18A), which then enlarge to form microcolonies (Figure 18B) embedded
in deep caverns about 20–30 µm in diameter (Figure 18C–F). It can be assumed that these
cavities are formed by the action of metabolites, mainly acids.

On the other hand, observations of site 5 revealed the presence of epilithic cyanobacte-
ria, which are surrounded by calcite, probably resulting from extracellular mineralization
induced by their metabolic activity (Figures 16D and 19A). In addition, numerous empty
holes, remnants of dead cells, are visible (Figure 19A). The involvement of cyanobacteria in
the formation of extracellular calcite is well-known and described in the literature [64,67].
Based on these observations, the potential contribution of epilithic cyanobacteria to the for-
mation of the surface porous layer seen in Figure 19A,B can be indicated. At the same time,
based on our ongoing research, we cannot exclude the presence of endolithic cyanobac-
teria, which can cause the secondary filling of microspaces with calcite, and thus cause a
reduction in porosity. The detection of endoliths will be the subject of further research.

An unexpected increase in near-infrared wavelength radiation on older sites, 4 and
5 (Figure 4), can be explained by the content of fungi and bacteria (Figure 19) in the
sponge structure. The reflectance features characteristic for calcite content (2000 nm,
2350 nm, 2500 nm) successfully decrease from site 1 to site 3, which proves that the surface
is becoming older (Figure 4). A sudden increase in these ranges at sites 4 and 5 also indicates
younger calcite from biologically induced mineralization. The sponge structure created
because of calcite dissolution is inhabited by cyanobacteria, which build a fresh sponge
in it.
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Figure 18. The influence of microorganisms on the weathering of limestone detected by
SEM—clusters of yeast-like cells, site 2 (A), microcolonies of yeast-like cells, site 4 (B), microcolonies
embedded in deep caverns, site 4 (C,D), samples from site 5 observed under Keyence Digital Micro-
scope (E,F).
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Figure 19. SEM images showing a porous layer of limestone (arrows), probably formed with the
involvement of cyanobacteria—top view (A) and cross-section (B) (Hallstätter Glacier foreland;
site 5).

5. Conclusions

In this study, we were able to document the time-dependent increase in the degree of the
weathering of the Dachstein limestone since the LIA maximum of the Hallstätter Glacier. This
was manifested by an increase in micro-roughness, decreasing rock strength, a modification
of the radiation reflectance spectrum and an increase in the development of microorganisms.
This was accompanied by a decrease in visible radiation reflectance, which is best observed
within the younger part of the glacier foreland (subject to weathering for 50–51 years). Older
sites exhibit a rapid increase in infrared radiation, which can probably be explained by the de-
velopment of the sponge structure of the weathering rind and accompanying microorganism
communities and biomineralization.

The difference between rock surfaces developed on spar and micrite determines the
character of micro-structures in the weathering rinds. Spar allows for the development of
characteristic sharp oblique burrs associated with crystal cleavage and well-visible fissuring
along the run of spar veins. On the other hand, micrite leads to the development of the subtle
granular layer. Parallel fissures leading to spalling, cavers, tunnels, and sponge structures
develop on both spar and micrite. Micro-structures resulting from dissolution (rounded caverns,
tunnels, voids, sponge structures) are developed only on older surfaces that have undergone
weathering for at least 50 years. Sites deglaciated between 105 and 172 years ago have the
best-developed sponge structures, which significantly decrease limestone surface hardness.

Based on preliminary microscopic observations, two potential mechanisms of microbial
impact on the structure of the limestones in the proglacial environment were proposed. Firstly,
the potential role of microorganisms, mainly heterotrophic, including fungi, in the dissolution
of limestone was pointed out, and secondly, the role of cyanobacteria in the formation of
the secondary porous limestone layer (extracellular biomineralization) was discussed. Both
groups of microorganisms, despite their different mechanisms of action, can significantly affect
the porosity of the surface layer of rock. Physical, chemical, and biochemical processes act
together, resulting in quick “rock decay” which is manifested by changes in the texture of the
Dachstein limestone weathering rinds and rock surface softening, with no geochemical coating
or casehardening. Our microbiological study is preliminary, and requires further research on
the role of microorganisms in the weathering of Dachstein limestone.
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