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Petrological and geochemical approach was implemented to decipher red sandstone dissolution under biotic
conditions with bacteria, Pseudomonas fluorescens. Bacteria accelerated dissolution by up to 3.4 times as
compared to abiotic weathering rates. The degree of sandstone dissolution was calculated at 0.2-0.6% and
0.2-3.7% for Kopulak and Tumlin sandstones, respectively. Further, goethite was found to be more susceptible to
bacterially mediated Fe releases as compared to hematite. Cement structure was also found to affect leaching

potential, while abiotic weathering revealed dissolution not exceeding 0.5%. Study proves that bioweathering
processes may affect durability of sandstones used as construction and building materials and cultural heritage

objects.

1. Introduction

Stones used for building various monuments vary from one location
to another and include sandstones, limestones, marble, granite, and
volcanic rocks [1]. Sandstones hold great societal importance because
these rocks have long been exploited and distributed throughout the
world for cultural heritage applications [2]. Moreover, sandstone,
among others, is the most widespread sedimentary rock used in archi-
tecture [3,4]. Thus, for a long period, sandstone-made monuments and
ornaments have been exposed to a variety of weathering deteriorative
factors [5-7]. The weathering conditions may vary depending on the
region and season [6,8]. Therefore, the extent to which specific factors
deteriorate sandstones has to be evaluated. However, an individual (bio)
weathering factor influencing sandstone dissolution cannot be treated as
a separate entity nor fully understood without considering the others
[9]. Thus, experimental simulations, and long-term leaching experi-
ments, in particular, are useful in understanding environmental pro-
cesses and how specific sandstones may be weathered. In this context, a
complete understanding of bioweathering processes can lead to the
implementation of suitable strategies to prevent deterioration.

Chemical and biotic weathering are the sum of variables influencing
the stability of solids. Long-term weathering of sandstones expose these
stones to multiple decay factors acting at the same time [7,10].

* Corresponding author.

However, the experimental research should be designed in a way eval-
uating the contribution of isolated weathering factor (individual agent)
to the sandstone decay [11]. If many decay factors acting simultaneously
are included in a one experiment, the interpretation can be limited to
intensity of sandstone dissolution rather than to the interpretation on
what factor plays prevailing role in the dissolution process [12]. On the
other hand, some weathering factors play more of an important role
when act together in comparison of their individual impacts [13].
Moreover, it has been demonstrated that even minor chemical, miner-
alogical and structural differences in the same stone type may be crucial
for the weathering resulting in different dissolution rates and weath-
ering signatures [7,14]. Obviously, moisture on sandstones may occur
due to rainfall and changes in humidity [15]. Here, the moisture pene-
tration of porous sandstone may affect its stability [15]. However, the
extent to which moisture affects sandstones is a matter of contention. As
reported by [16], changes in the compressive strength of sandstone may
be observed after the wetting cycle. In contrast, [17] demonstrated that
even if sandstones are somewhat disturbed by moisture, the effect is
reversible during the drying period. As reported by [18] the moisture
exposure periods were found to play relevant role in weathering.
However, according to reports in the literature, the environmental
behavior of sandstones that are exposed to wet-dry cycles is also
dependent on the mineral composition and porosity, with the latter
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increasing during weathering [19]. Other authors have also recognized
that the moisture application amplitude is more of an important
weathering factor than moisture content itself [20]. Furthermore, daily
and seasonal temperature changes may cause temperature gradient
within the stone may lead to breakdown because of a thermal expansion
between the minerals [12,21,22]. Likewise, the grain contacts within
the sandstone may also be crucial to weathering. It has been shown that
sandstones having sandstones of concave-convex contacts are more
resistant than those exhibiting straight grain contacts [19]. In addition,
the importance of the temperature lies in its influence on other decay
factors such as evaporation, wetting, drying and salt crystallization
[12,23-25]. Significant differences in the physical and mechanical
properties of sandstones may occur after stone exposure to cyclic
freeze-thaw cycles [26]. For example, [25] demonstrated that the
experimentally simulated freeze-thaw weathering cycles led to an in-
crease of sandstone mass at the beginning of cycle and decrease at the
end of cycle which was attributed to loss of particles and cement
dissolution. As demonstrated by [14] fine-grained sandstone samples
were more susceptible to weathering as compared to coarse-grained
material as proven by an extensive debris release in the former stone
and lower in the latter. The literature reports documented variety of
sandstone degradation forms that included: granular disintegration,
weight loss, deepening and widening of pre-existing pores and cracks,
the occurrence of new cracks and micropores, decreased comprehensive
strength [19,27,28]. In nature, some peculiar weathering forms, among
others in sandstones, have been observed: large scale ruiniform systems,
pinnacles; medium-sized arches, natural bridges, caves and small-scale
pillars or half-pillars and small-scale tafone, including honeycombs
[29,30]. Moreover, the small-scale weathering forms were also found for
building stones; these included cracks, detachment, features induced by
material loss (for example alveolization), deposits like crust etc., as well
as forms caused by biological colonization [31,32]. Thus, it can be hy-
pothesized that the intensity of weathering is governed by the individual
dissolution factors (weathering agents) and depends on the chemical
and mineralogical characteristic of the material being weathered.

Furthermore, until relatively recently, microbial influences on solid
materials were underestimated, but now it is known that their real
impact may, in fact, be more important than previously expected
[33-35]. Further, the presence of microorganisms such as bacteria and
fungi on sandstones is evident [36-39]. Bacteria may interact with
geological materials by mechanisms such as redox reactions, acidolysis,
and complexolysis [40]. The occurrence of heterotrophic bacteria on
sandstones has already been evaluated and its seasonal variability re-
ported [8]; therefore, an evaluation of specific bacterial strains is rele-
vant to improve the current state of fundamental knowledge. However,
an intensive debate is currently ongoing among researchers as to how
microorganisms actually affect the stability of rocks [41,42]. On the one
hand, biofilm is known to play a protective role, while on the other, the
concentration of microbial metabolites increases beneath the biofilm
[43]. Thus, the counterbalance between deteriorative and protective
bacterial functions is an interesting subject in the context of stone ma-
terials. An interesting example of a bacterially produced agent is side-
rophore, which is a chelating agent with a high affinity towards Fe [44].
Here, it is important to note that iron is an essential element for the
functioning of living organisms as it plays a variety of functions from
DNA/RNA to metabolic syntheses [44]. Therefore, its acquisition has to
be achieved by bacteria. In this context, an excretion of siderophores by
bacteria is particularly promoted when there is Fe scarcity. More spe-
cifically, as recently demonstrated, more intense siderophore produc-
tion by Pseudomonas aeruginosa occurred when bacteria were incubated
in iron deficient conditions [45].

Based on the above discussion, it can be noted that sandstones vary in
Fe composition [46]. Thus, it is hypothesized that siderophore-
producing bacteria may have a different impact on sandstones incor-
porating different Fe-bearing minerals and, in turn, bacterial behavior in
the presence of these two sandstones may also differ. In this regard,
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evaluation studies need a completely interdisciplinary approach that
links these two primary aspects. These aspects are not only fundamen-
tally important for science but also the future preservation of cultural
heritage.

Thus, this work was undertaken to unravel the impact of heterotro-
phic bacteria on the dissolution kinetics of red sandstones in the pres-
ence of Pseudomonas fluorescens bacteria. The fundamental aim of this
study is to decipher whether Fe content in sandstone material de-
termines the activity of microorganisms and associated (bio)weathering
intensity. Since hematite and goethite are the main Fe-bearing cement
minerals in studied rocks, it has been hypothesized that bacteria Pseu-
domonas fluorescens excreting iron chelating agents (siderophores) may
contribute to weathering to different extent than abiotic weathering
conditions. To this end, a combined approach applying petrological and
geochemical methods was implemented to experimentally demonstrate
the long-term (119 days) bioweathering processes and mechanisms
involved. It is important to highlight that this study has both local and
international implications, as there are many locations around the world
where red sandstones occur naturally and are used in heritage structures
[47-53].

2. Materials

Two general types of sandstones were used: Tumlin (Tu) and Kopu-
lak (Ko). The red sandstones, occurring and exploited for building pur-
poses as a dimension stone in the Holy Cross Mountains (SE Poland), are
traditionally divided into the following types: I) Tumlin; II) Wachock;
and III) Suchedniéw type, which has the Kopulak, Baranéw, and Wtochy
varieties [54]. More specifically, Tumlin sandstone is from the Lower
Triassic age and deposited in an aeolian environment [55], while
Kopulak sandstone is from the Upper Triassic age and deposited in a
fluvial environment [56]. The history of their exploitation generally
dates back to the 12th century [54,57-60] and can be found in
Romanesque and Gothic monuments [54] as well as Renaissance and
Baroque architecture [61]. Additionally, red sandstones were mainly
used to rebuild the capital city of Warsaw, which was almost completely
razed to the ground during the Second World War. They were also used
in the production of acid-resistant tubs and linings for metallurgical
furnaces [54,62]. Thus, it is clear that these rocks are exposed to various
biotic factors, which substantiates the need for experimental work.
Sandstones were crushed to receive the grains of 0.5-2 mm size. In
addition, cubes were prepared from the fresh (unweathered) rock using
a laser guided stone cutting machine. Subsequently, each wall of the
cube was precisely flattened on a lapping machine using 400-grid
abrasive to achieve required dimensions. Such prepared materials
have been subjected to further preparations for the weathering
experiments.

3. Methods
3.1. Chemical and mineralogical characterization of sandstones

The chemical composition of sandstones (Table 1) was determined in
a commercial laboratory (Bureau Veritas Analytical Laboratories, Van-
couver, Canada). Samples were subjected to lithium borate/tetraborate
fusion and digestion of the melting product with nitric acid. Inductively
coupled plasma atomic mass spectrometry (ICP-MS) measurement
allowed us to determine bulk elemental composition.

Next, mineral composition (modal analysis) was determined using an
optical microscope (Zeiss Axiolab polarising microscope), differential
scanning calorimetry-thermogravimetric analyses (DSC-TG), and pow-
der X-ray diffraction (PXRD). Then, a scanning electron micro-
scopy—energy-dispersive X-ray spectroscopy (SEM-EDS) analysis was
carried out on the freshly exposed surfaces. The analysis was performed
using a Jeol JSM IT-100 scanning microscope (JEOL, Akishima City,
Tokyo, Japan) equipped with an Oxford EDX system in back-scattered
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Table 1
Chemical and modal composition of the studied sandstones.

Chemical composition [wt. %]: Sandstone Ko Sandstone Tu

SiO, 94.82 96.86
Al,03 2.33 1.47
Fey03 1.18 0.25
MgO 0.03 0.07
CaO 0.01 0.02
Na,O 0.02 0.02
K20 0.09 0.38
Tiy0 0.12 0.04
LOI 1.1 0.6
Minerals [vol. %]:

Quartz 77.2 61.3
Feldspar 0.9 1.3
Lithic 7.8 17.4
Accessory minerals 0.4 0.7
Cement 13.7 19.3
Pores 12.4 19.1

electrons mode without any conductive coating and under low vacuum
(~30 £ 5 Pa). The SEM was operated at 16 kV with a working distance
of 10 mm.

Subsequently, DSC-TG and PXRD were used for a more complete
characterization of the fine constituents of sandstones (i.e. matrix and
cement). Fresh samples of Kopulak and Tumlin sandstones (c.a. 150 g
each) were gently crushed in an agate mortar and then sieved (using a
63-um sieve) to separate framework grains (oversized fraction, screened
off).

More specifically, the XRD analysis was carried out on unoriented
mounts using a Bruker D8 Advance diffractometer (Bragg-Brentano
geometry, CuKa radiation) in the range of 20 3-75 deg. The obtained
results were compared with standard reference patterns using the ICDD
PDF-2 [63] database. Meanwhile, the DSC-TG analysis was performed
with a Perkin Elmer STA 6000 analyzer. Samples (70 mg + 5 %) were
analyzed in a ceramic pan crucible at a temperature range of
40-1000 °C, heating rate of 15 °C min~!, and flowing dry nitrogen gas (a
steady gas flow rate of 25 ml min™1).

Next, JMicroVision software [64] and a set of stitched microphoto-
graphs were used for modal analysis and to measure grain dimensions.
Quantitative mineralogical data was determined by means of point-
counting method, and 1000 randomly generated points were counted
for each sample. The Feret max (the longest Feret diameter) for 500
grains located along the traversing lines (1 mm grid) was found, and the
resultant data were processed using GRADISTAT software [65]. This
allowed us to determine the grain-size distribution of the framework
grains presented as bar-diagrams as well as parameters such as geo-
metric mean, sorting, skewness, and kurtosis [66]. The grain degree of
roundness [67] and sphericity [68] was studied for 50 grains per thin
section, which were selected by randomly traversing along a straight
line.

Mercury porosimetry measurements were done using a Micropore
Autopore II 9220, on eight 50 x 50 x 50 mm cubes per each rock va-
riety. Mercury was injected starting at the pressure of 0.5 psi (0.003
MPa) up to 6 * 104 psi (413.4 MPa), which allows penetration to pores of
size bigger than 3 nm. The obtained results were evaluated using
Washburn’s equation. The following parameters were calculated: 1. the
total pore volume, 2. the surface area of the pore space, 3. the average
pore diameter, 4. the bulk density of rock, and 5. the permeability
hysteresis [69,70].

3.2. Bacterial strain used for experimental weathering

The gram-negative bacterial strain of Pseudomonas fluorescens (strain
DSM 50091) used in the biotic experiments was taken from the Deutsche
Sammlung von Mikroorganismen und Zellkulturen; Braunschweig,
Germany. Bacteria were cultivated according to the provider’s
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recommendation and grown in the Luria-Bertani medium for 24 h. Af-
terwards, the cells were harvested and cleaned three times with sterile 5
% NaCl and resuspended in a growth medium composed of 4 g of suc-
cinic acid (C4HgO4), 1 g of ammonium sulphate ((NH4)2SO4), 0.2 g of
disodium hydrogen phosphate (NaoHPO,4), and 6 g of Tris buffer
(C4H11NO3). Later, the initial pH of the growth medium was adjusted to
of 7.0 = 0.1 using 5 M NaOH. The growth medium was deliberately
devoid of iron to create Fe-deficient conditions and promote the pro-
duction of siderophore. Thereafter, cells were introduced to the exper-
imental reactors (described below, section 2.3). The conductivity of the
initial solutions was 0.02 mS/cm for H,O and 5.59 mS/cm for GM and
GMB.

3.3. Experimental set-ups

Two types of (bio)weathering experiments were performed: i) a
semi-open pass flow-through experiment including 0.5-2 mm sand-
stones in perforated tubes; and ii) a batch experiment including 1 cm ™3
cubes of sandstones. The differentiation of experimental setups was
done to investigate how sandstone behavior varies depending on the
bioweathering conditions. More specifically, the first experiment
mentioned above was characterized by dynamic conditions—solution
renewal aimed to check sandstones behaviors under far from equilib-
rium conditions where bacterial regeneration occurs periodically.
Meanwhile, the second experiment with polished cubic-shaped sand-
stones aimed to demonstrate how sandstone dissolution and bacterial
activity change over time without solution renewal and how flat the
weathered surface is as compared to the surface in the semi-open
experiment. These experiments lasted 119 days.

Sandstone samples with a particle size of 0.5-2 mm, all glassware
and polypropylene materials were sterilized at 121 °C for 20 min prior to
the experiments. Next, 1 g of each sample was placed in perforated
polypropylene tubes and immersed in the following weathering solu-
tions: i) demineralized water (Ho0O) simulating non-aggressive weath-
ering conditions (pH 6.0); ii) a sterile growth medium (GM) simulating
abiotic weathering conditions (pH 7.0); and iii) a growth medium
inoculated with the bacteria (pH 7.0), Pseudomonas fluoresces (GMB)
simulating biotic weathering. Reactors were kept on an orbital shaker
set at 100 rpm. Periodically, the tubes were transferred to the fresh
corresponding medium, whereas solution from the previous period was
filtered using 0.22-um filters. Here, one portion of this solution was
acidified using HNOs3 for element concentration measurement, while
another was immediately used for ion analysis. Parameters such as pH
and siderophore production were also measured. Bioweathering exper-
iments were carried out in Erlenmeyer flasks shut with cotton plugs that
enabled the passage of air to maintain aerobic conditions. All biotic
experiments were inoculated with bacteria from the same pre-growth
flask in order to start the bioweathering tests with bacteria of identical
age and initial nutritional status.

3.4. Analysis of microbial activity and siderophore detection

For all sampling times, the bacterial growth rate was monitored by
measurements of optical density (ODgoo) using UV spectrophotometry
(HACH DR9300). The spectrophotometric measurements were done in
the wavelength range 330-480 nm for siderophore detection [45]. The
occurrence of two specific shoulder peaks was the basis for determina-
tion of siderophore concentration. Here, it should be noted that ac-
cording to the Beer-Lambert law [71], siderophore concentration can be
estimated based on absorbance measured at 405 nm and the co-efficient
of free pyoverdine.

3.5. Composition of the weathering solution

The concentrations of elements in the weathering solutions were
analyzed by a certified laboratory using ICP-MS (Nexion 300D Perkin
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Elmer) with internal standards. Moreover, quality control included
systematic analysis of certified reference materials. Sulfate, phosphate,
and nitrate concentrations in the solutions were measured by the
colorimetric method using Permachem reagents (HACH), while the
carbonate content was determined by back titration with HCI.

3.6. Geochemical modelling

The geochemical simulation using Visual MinteQ modeling software
(version 3.1) was performed to calculate saturation indices and predict
the formation of precipitates in the studied (bio)weathering systems.
The chemical composition of the leaching solutions (i.e., ion content)
and pH values were used as input data. The temperature fixed in a
simulation (geochemical model) was 30 °C and atmospheric pressure
conditions.

3.7. Scanning electron microscope observations

At the end of the experiments, sandstone grains and polished cubic-
shaped sandstones were gently washed with ultrapure water and kept
for drying at room temperature. Then, the fresh sandstones (unweath-
ered) and samples after experimental bioweathering were observed in
terms of the surface changes using a scanning electron microscope (JEOL
JSM-IT100) at 16 kV and low vacuum working mode. For each mineral,
at least 100 EDS spectra were acquired and data revealing chemical
composition were treated statistically.
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3.8. Sandstone properties

Cubes of identical size and shape resulting from bioweathering ex-
periments with bacteria, growth medium and water were checked for
hardens properties with respect to unweathered samples. Equotip-540
hardness tester, recommended for rocks having a thin weathering
layer [72,73] was employed to measure difference in sandstones hard-
ness. The 10 impacts with standard impact D probe were randomly made
in each side of the cube, avoiding measuring on the same spot. The in-
strument has been placed to different spots moving the each measure-
ment point vertically and horizontally. After each measurement
equipment made a spot signature on the cube and the following mea-
surement was checked for placement in another position. Total of 60
measurements were made overall for each cube, far exceeding the
minimum 30 measurements recommended by [74] or 45 readings by
[75]1.

Due to low weight of the samples measurements were performed on a
stable granite worktop covered with coupling paste as recommended by
equipment supplier in order to eliminate vibrations.

4. Results
4.1. Chemical and mineralogical characterization of fresh sandstones

The Kopulak sandstone (Fig. 1) is classified as quartz arenite [76], for
which none or very weakly proffered orientation is visible. Quartz (61.3
%, Fig. 2, spectrum 1) and polycrystalline quartz (14.3 %) are the main
constituents and prevail over very sparse, untwined, and altered feldspar
grains (1.3 %). Lithoclasts (3.1 %) of fine-grained clastic sedimentary

Fig. 1. Microphotographs of the studied sandstones taken in plane-polarized light (left column) and cross-polarized light (right column). Abbreviations used: cement
(c), framework grain (fg), quartz (qz), hematite (hem), goethite (gth), fragment of rock (lithic).



A. Potysz and W. Bartz

Construction and Building Materials 369 (2023) 130584

20004

0
10 keV 0

10 keV

6000 Si
| o
N @
£l A 0
400(}O 60004 O 30001 | Al
” 0 "
‘g 2 50001 £
(&} § 8
2000+
A 2000+ K 10001 K
M
Al Fe
OL‘.‘MF.K...Fe oL (1L | ', — 0 e a? :
0 5 10 keV 0 5 10 keV 0 5 10 keV 0 5 10 keV/

Fig. 2. SEM images of the investigated sandstones and representative EDS-spectra.

rocks (mudstone-like) are sparse. Zircon, tourmaline, and rutile (0.7 %)
are accessory minerals. The framework grains are generally sub-angular
to sub-rounded; very equant grains to less common subequant grains
dominate over very sparse subelongated and elongated grains (Fig. 1). A

concave-convex and long contact between framework grains are most
common, while point contact or suture contact are subordinate (Fig. 1).

In this context, quartz syntaxial overgrowth is one of the cement
types, precipitating around the detrital grain, visible in a polarized
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microscope as tiny fringes separated from it by a film of opaque minerals
(Fig. 1), and giving them partly euhedral shapes (Fig. 2, spectrum 2, and
the upper-right photo). However, in terms of volume, the pore-filling
clay-ferruginous cement prevails. Moreover, the XRD pattern of the
sieved fraction revealed strong peaks assigned to quartz (ICDD 01-083-
2465; Fig. 3). Here, it can be concluded that the finest framework grains
had to pass through the 63-um sieve. A large amount of quartz in the
sample is reflected in the strong thermal effect at 570 °C (Fig. 3)
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associated with the transformation of low-temperature quartz into a
high-temperature modification [77]. Despite the occurrence of quartz,
hematite (ICDD 01-079-0007; peaks at 2.69 A, 2.51 A, 1.69 A) is the
main constituent of the sieved fraction. Its presence confirms the ther-
mal effect associated with hematite polymorphic (« — p) transition at c.
a. 670 °C [77]. This cement precipitates directly in the intergranular
pore space or less common line on the grain surfaces (Fig. 1).
Meanwhile, tiny plates of aluminosilicates (Fig. 2, spectra 3, 4) are
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based on [78]: dickite (dck), kaolinite (kln), illite (ilt), hematite (hem), lepidocrocite (Ipc), goethite (gth), and quartz (qz); dehydration (dh), dehydroxylation (dxo),

o, B — polymorphic transition.
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the second most important constituent. They take the form of pore-
filling mineral mass, sometimes developed in the form of concertina-
like aggregates, and have the chemical composition (Fig. 2, spectra 3,
4) and structure of kaolinite (ICDD 01-080-0886) and dickite (ICDD
01-072-1163; Fig. 3). They share many peaks at the same or similar d-
spacing (e.g., 7.14-7.15 A, 1=100, 3.57 A). However, peaks at 4.46 A
and 4.44 A should be considered diagnostic for kaolinite and dickite,
respectively. Moreover, the results of the DSC-TG analysis showed
double-step weight loss (Fig. 3) with maxima at 580 °C and 670 °C,
which correspond to the dehydroxylation of kaolinite and dickite,
respectively [77]. Additionally, these results prove the presence of iron
oxide-hydroxide (Fig. 3) in the form of lepidocrocite, which undergoes
dehydroxylation at 370 °C [77]. This phase, not detected by the XRD
method, occurs in small quantities and presumably should be considered
as a secondary phase—i.e., the weathering product of primordial he-
matite cement. The total amount of cement is significant (19.3 %), but
the pore volume is also large (19.1 %). The pore radius [70] ranges from
1.11 to 2.57 pym (1.64 ym on average).

Meanwhile, Tumlin sandstone (Fig. 1) has a quartz arenitic compo-
sition [76] and moderate to weakly preferred orientation. Quartz (Fig. 1,
Fig. 2, spectrum 5) is the most ubiquitous constituent (77.2 %), some-
times showing undulatory extinction, with a small percentage of feld-
spar grains (0.9 %) and rock fragments (7.8 %). The feldspars are
untwinned and partly altered, sometimes weakly tartan-twinned and
resembling microcline. The rock fragments comprise very sparse poly-
crystalline quartz and are mostly made up of typical lithic grains
composed of quartz and feldspars, representing a kind of leucocratic
crystalline rock (of granite-like composition). Additionally, micas were
also found, but are very uncommon. Accessory minerals (0.4 %), such as
rutile, zircon, and ilmenite, are rounded or well rounded. Moreover,
despite their occurrence, the sandstone comprises subangular and sub-
rounded to less-common rounded grains as well as predominantly very
equant grains over those that are equant and subequant, while elongate
to very elongate grains are subordinate. The grain contacts are point or
long, while a concave-convex type of contact or suture is present but
very uncommon (Fig. 1).

Furthermore, the SEM-EDS analysis revealed extremely sparse, well-
developed, and euhedral quartz crystals formed as syntaxial cement
occurs locally (Fig. 2, spectrum 6). However, ferruginous cement ap-
pears dominant (13.7 %). Most of the detrital grains have been “stained”
by thin and yellowish-orange limonitic fringes that are very visible in
polarized light (Fig. 1). This type of a pore-lining cement contributes to
the relatively significant porosity of the rock (12.4 %). The pore radius
[70] varies from 0.32 to 1.25 pym (0.78 ym on average). Additionally, the
SEM-EDS analysis revealed that the fringes consist of potassium alumi-
nosilicates with a minor amount of magnesium and iron (Fig. 2, spec-
trum 7, 8). Further, the combined results of the XRD and DSC-TG
analysis showed the presence of clay minerals and iron oxide-
hydroxides. Quartz (ICDD 01-083-2465; Fig. 3) was also detected, but
we consider it to be a framework component. Illite (ICDD 00-002-0050)
was recognized based on the X-ray diffraction peaks at 10.00 A, 19.89 A,
2.56 A and thermal dehydration in the temperature range 80-110 °C
(Fig. 3), followed by dehydroxylation in the range 450-650 °C [77].
Moreover, the endothermic effect at 330 °C can be interpreted as the
thermal dissociation of goethite (a-FeOOH) [77]. The goethite occurs in
small quantities (below the detection limit of the diffractometer for a
polymineral sample) and/or is weakly crystallized and therefore was not
detected by the XRD analysis.

4.2. Leaching rates achieved during biotic and abiotic dynamic
experimental weathering

The results from the dynamic leaching experiments were expressed
as leaching rates in order to clearly show how the release of individual
elements changed over time. The cumulative release of analyzed ele-
ments was presented in column/bar graphs for the final sampling point
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on day 119 of the experiment.

The leaching rates observed at the beginning of the experiment (14
days) were noticeably higher for Si and Al under biotic compared to
abiotic conditions, whereas Fe leaching rates were less intensively
accelerated (Fig. 4). At this early stage (14 days) of the experiment, the
differences between the amount of Si released under biotic (GMB) and
abiotic conditions (GM) were observed for both sandstones. The Si
leaching rates from sandstones at the beginning of the experiment (14
days) were similar and reached 4.6-5.0 pg g~! day ! for GMB < 0.22
pm, while only 2.5-2.8 pg g~ ! day ! were released in the abiotic GM
(Fig. 4). The total release of Si considering the total GMB was rather
irrelevant throughout the experiment, with an exception observed for
Ko (14 days) and Tu (28-42 days) sandstones. Meanwhile, the leaching
rates observed for abiotic and biotic conditions (GMB < 0.22 pm) were
higher for Si toward the end of the experiment. Overall, the Si leaching
rates under biotic conditions (GMB < 0.22 pum) oscillated between 3.5
and 7.1 pg g~ day ! and 3.4-6.4 ug g ! day? for Ko and Tu sandstones,
respectively. In contrast, the Si leaching rates under abiotic conditions
(GM) did not exceed 2.9 pg g~! day ™! for both sandstones.

The release of Al was notably higher in the total GMB than in the
GMB < 0.22 reaching 1.2 pg g-1 day ! versus 0.5 pg g~* day ™! for Ko.
Whereas, in the case of Tu, the Al associated with the total GMB became
notable at the end of the experiment (day 119) reaching 1.8 (total GMB)
versus 0.8 (GMB < 0.22 pm). The leaching rates observed for abiotic and
biotic conditions were higher for Al toward the end of the experiment,
particularly with Tu sandstone. The overall rates achieved under biotic
conditions (GMB < 0.22 pm) were 0.2-0.5 pg g~ ! day ! and 0.5-2.2 for
Ko and Tu sandstones, respectively.

The maximal Fe leaching rates achieved throughout the 119 days of
experiments were 0.4 pg g day ! for Ko sandstone and 1.3 pg g !
day ! for Tu sandstone in terms of total GMB. The rate of Fe release was
higher under biotic than abiotic conditions throughout the entire
experiment. For Ko sandstone, Fe leaching rates were 0.1-0.2 pg g~
day~! under biotic conditions (GMB < 0.22 pm) and 0.04-0.15 pg g~ *
day’1 under abiotic conditions (GM). In the case of Tu sandstone, Fe
leaching rates were 0.02-0.5 pg g~! day~! under biotic (GMB < 0.22
um) and only up to 0.15 pg g-1 day~! under abiotic conditions (GM).

Meanwhile, the release of elements from Tu sandstone exposed to
H,0 conditions oscillated between 0.8 and 3.4 pg g ' day ! (Si), 0.2-04
pg g~! day ! (AD), and up to 0.1 pg g+ day~! (Fe), whereas leaching
rates achieved for Ko sandstone exposed to the same conditions were
0.8-1.4 pg gt day 1 (Si), 0.1-0.2 pg g day ! (Al),and upto 0.2 pg g !
day_1 (Fe).

4.3. Leaching rates achieved during biotic and abiotic continuous
experimental weathering

The element leaching rates achieved throughout the 119-day
continuous leaching experiments were generally higher in biotic ex-
periments (GMB < 0.22 pm) as compared to abiotic experiments (GM).
The Si release was accelerated by bacteria and reached 0.3-2.9 pg g~*
day ! (GMB < 0.22) and slightly lower values of 0.3-2.5 pug g~ * day?
(GM) for Ko sandstone. Likewise, Si leaching rates from Tu sandstone
were higher in the biotic medium and reached 1.0-3.0 pg g~ ! day?
(GMB < 0.22), whereas rates achieved in GM did not exceed 1.9 pg g~*
day’1 (Fig. 5).

Furthermore, Al leaching rates were also accelerated, reaching up to
0.4 in GMB < 0.22 and 0.2 in GM for Ko sandstone and up to 0.8 pg g~
day~!in GMB < 0.22 and 0.3 pg g~ day ! in GM for Tu sandstone. The
Fe leaching rates in GMB < 0.22 oscillated between 0.03 and 0.15 pg g !
day ! for both sandstones, whereas leaching in GM oscillated up to 0.4
ng gt day ! (Fig. 5).

4.4. Characterization of experimentally weathered sandstones

Mineralogical characterization of experimentally weathered
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Fig. 4. Total release of elements achieved after 119 days of the experiment (bars) and evolution of leaching rates throughout the entire experiment (points)
calculated based on the concentration of elements in the leachates (GMB total: growth medium with bacteria digested; GMB: growth medium with bacteria filtered at
< 0.22 pm; GM: sterile growth medium; H,O: sterile water). Error bars present standard deviation of the replicate values.

sandstones revealed some differences in the composition of individual
components. Tables 2 and 3 summarize the results of the cement
elemental composition. Here, Tu and Ko sandstone samples treated with
water (Hy0), A growth medium (GM), and a medium and bacteria
(GMB) were analyzed and expressed as weight percentages (wt.%). All
statistical data were calculated considering 100 + 5 analytical points
per treated sample. This study also evaluated durability of studied
sandstones tracking dissolution of these materials as well as measuring
the rebound values after the treatments (Fig. 6). It is shown that after
weathering, both sandstones (Ko and Tu) revealed slightly lower dura-
bility (median value) than that of unweathered sandstones. Further-
more, result for cubes treated with growth medium and medium and
bacteria shows much larger range for first and third quartile, comparing
to unweathered samples. The same trend but much higher spread of
minimum and maximum (whiskers) characterize samples GM and GMB
versus control samples. These results indicated that exposure to biotic
and abiotic weathering changed initial properties of these materials
(Fig. 6). Therefore, application of Equotip tester is considered here as
qualitative measurement to support data obtained from the leaching
experiments. In other words, results of this measurement cannot serve as
sole source of unequivocal information about studied samples dura-
bility, but it rather summarizes the various contributions of different
weathering treatments.

Since clay minerals (kaolinite group) and hematite are distributed
heterogeneously in the Ko sandstone, only single and well-developed
crystals of the former were analyzed. For this reason, the contents of

Si and Al were taken into account. The obtained results showed that the
average Si content, the median, and the 1st and 3rd quartiles reached the
highest values for the sample resulting from the HyO experiment (Tab.
2). The lowest values of these parameters were observed for the bio-
weathered sample (GMB), while the sample weathered with GM showed
intermediate values. Moreover, the H,O and GM samples were charac-
terized by the lowest standard deviation for the silicon content, while
the highest was observed for the GMB sample (Tab. 2). The content of Al
in the cement showed the complete opposite relationship (Tab. 2), as
compared to the Si content. The statistical parameters (including the
standard deviation) describing the aluminum content reached the
highest values in the GMB sample, while the lowest was observed for the
Hy0 sample (Tab. 2). Here, aluminum and silicon exhibit a strong
negative correlation, and the Pearson correlation coefficient (PCC)
ranged from —0.99 to —0.93 (for the HyO and GMB samples,
respectively).

In contrast to the Ko sandstone, the relatively homogeneous cement
fringes in the Tu sandstone allowed for the analysis of the content of
silicon and aluminum as well as potassium and iron (Tab. 3). The highest
content of silicon and aluminum (median, 1st and 3rd quartiles) char-
acterized the HoO sample. It decreased in the GM sample, reaching the
lowermost content in the GMB sample. A completely opposite trend was
observed for iron and potassium contents. The lowermost content
characterized the GMB sample, while the highest was typical for the H,O
sample, with the GM sample as the intermediate (Tab. 3).

The highest standard deviation value was observed consistently for
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Table 2
The variability of the chemical composition of Kopulak sandstone cement with
calculated statistical parameters.

Si [wt.%] Al [wt.%]

H,0 GM GMB H,0 GM GMB
Arithmetic mean 29.48 28.10 27.03 19.52 20.94 21.58
Median 29.20 27.80 26.50 19.90 21.30 21.95
First quartile 28.60 27.60 26.10 18.90 20.90 20.80
Third quartile 30.10 28.10 27.60 20.50 21.60 22.90
Minimum 27.90 26.90 24.90 14.80 12.40 15.90
Maximum 33.60 35.80 32.30 21.40 22.10 23.70
Standard deviation 1.11 1.11 1.43 1.26 1.27 1.67

the biotic system (GMB) for all elements. The lowest value of this
parameter was observed for potassium and iron content in the HyO
sample, while silicon and aluminum content showed the lowest value for
abiotic weathering conditions (GM; Tab. 3). Moreover, silicon content
consistently (H,O, GM, GMB) shows a very strong to strong negative
correlation with aluminum (PCC from —0.86 to —0.62) and potassium
(PCC from —0,76 to —0.62) and a very weak negative correlation with
iron (PCC from —0.24 to —0.02). Further, a weak positive (H,O, GMB) to
very weak negative (GM) correlation exists between aluminum and
potassium (Tab. 3), while potassium and iron show a very weak (GMB
and H30) to weak (GM) positive correlation (Tab. 3).
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5.1. Bacterially mediated dissolution of sandstones

The growth of P. fluorescens when bacteria were incubated with
sandstones was promoted, and siderophore production was observed
(Table 4). Siderophores are known for their Fe chelating properties.
Therefore, using sandstones containing Fe-bearing minerals was essen-
tial to decipher the rates and intensity of sandstone dissolution under
biotic and abiotic conditions. The results showed that siderophores were
produced in both the Ko and Tu experiments. A quantity of ~ 70 pm that
was achieved at the initial stage of the experiment (Tab. 4) was sufficient
to initiate the sandstones’ dissolution (Fig. 4), proving the nutritional
benefit of sandstones for bacteria (Tab. 4). This is in agreement with the
study by [79] who demonstrated the nutritive potential of minerals for
Pseudomonas spp. The bacterially mediated dissolution of sandstones
was significantly higher compared to the abiotic control experiments
with the growth medium and water. This is confirmed by the results of
analyses of the chemical composition of the cement, which showed the
greatest variability of the elemental composition for the biotic experi-
ment (see median and standard deviation parameter differentiation,
Tab. 2 and 3). Moreover, the observed highest variability in the
elemental composition of the cement for biotic conditions indicates the

Table 4
Siderophore (pyoverdine PVD) concentration throughout the experiment.

5. Discussion Time PVD SD + Time PVD SD +
[days] [pmol L [days] [pmol LY
This work evaluated the impact of bacteria on the dissolution ki- Kopulak Tumlin
netics of two different sandstones. The isolation of sandstones from 14 68.4 13.7 14 66.3 8.7
bacteria (i.e., abiotic experiments) was crucial to decipher the mecha- ig ‘;’éi g‘; :2:23 Zg'j g'g
nisms driving the dissolution of sandstones as well as to identify the 56 196 05 56 9.9 0.8
elements that are preferentially released from sandstones, consequently 70 21.5 21 70 19.3 1.0
clarifying the minerals prone to bacterially mediated dissolution. 84 18.5 3.0 84 14.8 4.6
98 23.2 1.6 98 12.3 0.8
119 54.7 2.2 119 118.2 9.2
Table 3
The variability of the chemical composition of Tumlin sandstone with calculated statistical parameters and Pearson’s correlation matrix.
Si [wt.%] Al [wt.%] K [wt.%] Fe [wt.%]
H,0 GM GMB H,0 GM GMB H,0 GM GMB Hy0 GM GMB
Arithmetic mean 28.08 27.23 27.46 14.66 14.47 13.60 6.04 7.22 7.79 2.62 3.10 3.15
Median 27.15 26.70 26.25 15.30 14.80 14.50 6.10 7.10 7.70 2.35 2.70 2.80
First quartile 26.70 26.00 25.50 14.00 13.70 12.30 5.50 6.50 6.88 1.78 2.40 2.28
Third quartile 28.55 28.10 28.80 16.00 15.60 15.40 6.60 7.80 8.63 3.03 3.30 3.33
Minimum 24.70 24.90 22.90 7.50 8.10 6.00 3.40 4.60 4.00 1.20 1.40 1.00
Maximum 37.00 34.60 36.30 17.60 18.20 16.60 9.20 12.90 15.10 9.20 9.50 16.00
Standard deviation 2.29 1.77 2.96 2.19 1.77 2.58 1.10 1.29 1.99 1.26 1.43 1.94
Kopulak Tumlin
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Fig. 6. Durability of sandstones based on comparison of rebound values obtained with Equotip for unweathered sandstone (CTRL) and sandstones weathered under

abiotic (GM) and biotic (GMB) conditions.
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heterogenic leaching of the binder. In the biotic experiment, in which
pyoverdine was systematically detected (Tab. 4), the Fe and Al release
was enhanced, as compared to the abiotic experiments (Fig. 4). Thus, the
presence of pyoverdine (Tab. 4) had a relevant catalyzing effect on the
dissolution of sandstones (Fig. 4). In terms of a 0.22-yum fraction aliquot,
the lowest bacterial impact on the Fe release from sandstone was
observed, which is rather surprising given the fact that siderophore is
known for its high affinity to Fe [44]. Moreover, no significant bacterial
uptake of Si could be observed, whereas bacteria exhibited a remarkable
contribution toward Fe associated with the fraction > 0.22 pm in the
case of both sandstones and Al in the case of Tu sandstone. In terms of
the total fraction, the role of bacteria in Fe acquisition is more pro-
nounced (Fig. 4). This suggests that siderophore assisted in the Fe
release from the minerals, transporting it to biofilm fraction rather than
maintaining it in the fraction < 0.22 pm. Furthermore, in the initial
stages of the experiments (14-28 days), Al release was promoted with
respect to Fe, and Tu sandstone was found to exhibit higher dissolution
rates (Fig. 4). Additionally, the association of Al with the biofilm fraction
was also observed (Fig. 4). However, Al does not have any biological
function in bacterial cells, therefore it can be assumed that its release
from the sandstones was incidental rather than purposefully acquired by
the bacteria. Nevertheless, biofilm and associated extracellular poly-
meric substances exhibit different properties than those observed for
free bacterial cells, and consequently the bacterial incorporation of
biofilm may exhibit higher tolerance to many external factors as
compared to a single bacterial cell of the same strain [43]. Here, it is
important to note that after the Al release from Tu sandstone was
facilitated (28 days), siderophore production decreased. This is in
accordance with the study by [80] who demonstrated decreased side-
rophore production when Al was added to the bacterial system. In this
context, [81] demonstrated that siderophore production slowed the
passive transport of Al at high and low concentrations of Fe. In addition,
the formation constants of siderophore complexes with Al are lower than
those formed with Fe [82,83], which suggests that pyoverdine could not
have been the only factor contributing to the Al release. Meanwhile,
other authors demonstrated that the increase of siderophore production
by AI** may limit the Fe uptake or can be incorporated in Pseudomonas
sp. using the pyoverdine pathway [84].

Furthermore, the relatively little microbial effect on the Si release (in
terms of relative wt.% values, see Table 5) suggests that pyoverdine
affected the mobilization of this element to lower extent as compared to
Fe and Al Therefore, complexation reactions between pyoverdine and
structural Al and/or Fe promote dissolution either by a surface
controlled mechanism [85] or by increasing the solubility of these

Table 5

Relative values of released elements after 119 days, calculated based on con-
centration of elements in the leachates and the bulk composition of the studied
sandstones (GMB total: growth medium with bacteria digested; GMB: growth
medium with bacteria filtered at < 0.22 pm; GM: growth medium; H,O: ultra-
pure water).

Ko SD + Tu SD +
Al
GMB 0.348 0.021 2.618 0.321
GMB 0.22 0.184 0.012 1.123 0.204
GM 0.060 0.009 0.115 0.010
H,0 0.110 0.012 0.332 0.013
Fe
GMB 0.548 0.005 3.666 0.572
GMB 0.22 0.160 0.018 1.305 0.166
GM 0.052 0.015 0.510 0.046
H,0 0.079 0.028 0.421 0.091
Si
GMB 0.183 0.007 0.164 0.007
GMB 0.22 0.180 0.003 0.159 0.002
GM 0.072 0.001 0.071 0.000
H,0 0.024 0.001 0.042 0.013
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metallic elements in solution [86]. It has been shown that the general
bound energy of Si to siderophore is low [87], therefore the most
plausible reason for low final Si release (Tab. 5) is that Si-O bonds
present in sandstones were less efficiently broken by the bacterial
metabolite. Instead, the higher content of Si in the solution (ug g~1) is
the result of their generally higher content in sandstones and higher
solution pH (discussed below). However, the susceptibility was higher
for Fe and Al. Even if the affinity of Al to siderophore is lower than that
of Fe, the association of both with biofilm was observed. Here, it can be
assumed that extracellular polymeric substances played a predominant
role. However, in this context, other sequestration mechanisms such as
precipitate formation cannot be excluded. It has already been suggested
in the literature that when toxicity effects are absent, the sequestration
of elements on oxides may dominate over the biofilm uptake [88].

Furthermore, of a high importance is a fact that prolonged exposure
of sandstones to bacteria resulted in a higher pH values in a biotic so-
lution as compared to abiotic solution (Figure S1 Supplementary ma-
terials). The prolonged leaching of Si-bearing minerals was crucial to
increase pH of the solution [89]. Bacteria indirectly created conditions
favorable for enhancement of silicates dissolution kinetics. That was
achieved by the siderophore excretion and withdrawal of crucial ele-
ments from sandstones. When major cations such as Fe>™ and A1>* were
leached out from the sandstone matrix and cement (Figure S1, Supple-
mentary materials), protons were exchanged back from the medium to
the solid matrix and cement to maintain the charge equilibrium,
resulting in a quick pH rise from 7.0 to up to 8.8 in the presence of
P. fluorescens [90]. As presented in Figure S1 (Supplementary materials),
there is a clear shift of leaching rates as a function of pH. Thus, it can be
stated that siderophores were crucial to initiate dissolution of studied
sandstones, whereas further pH alteration attributed to higher dissolu-
tion under biotic conditions. It has been highlighted in the literature that
organic ligands are crucial to minerals dissolution [91]. Complexing
agents cause an increase of elements leaching as compared to water-
mediated dissolution; as demonstrated by [92] 2-35 times higher (Si)
and 3-500 times higher (Al) concentrations were observed in organic
solution. In this case, element complexation by pyoverdine could also be
affected by the increase of pH as at lower pH conditions protonation of
the ionized chelates and competition between hydrogen ion and other
elements for binding sites occurs and results in lower solubilization. In
addition, it is reflected in mineralogical alterations since wide variations
of Al and Si content was observed under biotic conditions which is
directly associated with matrix and cement minerals dissolution.
Furthermore, in this study not only dissolved microbial aliquot
(leachate < 0.22 pm), but also digested fraction aliquot (including
biomass GMB total) was responsible for enhanced dissolution rates. That
can also be due to negatively charged biomass at higher pH values,
because bacterial biomass contribution to element uptake tends to in-
crease as pH increases [93].

At present, there is a limited amount of information on the effect of
siderophore-producing bacteria on sandstone dissolution. Therefore,
this work importantly contributes to the state of the art, whereby Tu
sandstone was found to be more susceptible to bioweathering as
compared to Ko sandstone (Fig. 4). Thus, based on this experimental
work, new insight into the mechanisms of sandstone weathering is
provided. Particularly, this experimental approach demonstrated the
role of Fe chelating compound siderophores in the weathering of these
materials.

5.2. Comparison of continuous and dynamic experimental
systems—implications for sandstone exposure in a real environmental
weathering system

In this study, two types of dynamic versus continuous leaching ex-
periments aimed to demonstrate the two bioweathering scenarios. The
former simulated several events of intensive bacterial activity interact-
ing with sandstones, whereas the latter simulated the long-term
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exposure of sandstones to bacteria, assuming that under such conditions,
greater secondary-phase precipitation may occur. In the end, both ex-
periments revealed higher leaching rates under biotic conditions as
compared to abiotic conditions, highlighting the accelerating role of
Pseudomonas fluorescens in sandstone deterioration. When bioleaching
rates were compared for Ko sandstone, the maximum rate achieved for
Si in the dynamic experiment was 7.1 pg g~' day~!, whereas the
maximum rate achieved in continuous leaching was 2.9 pg g~! day ..
Likewise, for Tu sandstone, Si leaching rates were 6.4 pg g ' day ! in the
dynamic versus 3.0 pg g ! day ! in the continuous experiments.
Moreover, discrepancies between biotic leaching under dynamic and
continuous conditions for Fe were 0.2 pg g~ day ! versus 0.2 pg g~ !
day! and 0.5 pg g! day~! versus 0.2 pg g * day ™! for Ko and Tu,
respectively. The Al release was 0.5 versus 0.4 pg g~ day~! for Ko and
2.2 pg g~ ! day ! versus 0.8 pg g~ ! day ! for Tu. This comparison en-
ables the statement that Ko sandstone was less sensitive to changed
bioweathering conditions since the difference between dynamic and
continuous weathering was lower than that observed for Tu sandstone.
However, Tu sandstone was characterized by higher porosity compared
to Ko sandstone (Tab. 1).

5.3. Susceptibility of sandstone components to the bioweathering

Based on geochemical data, the overall weathering intensity can be
ranked as follows: GMB > GM > Hy0, with the last being the least
intense. This is reflected in the variability of the elemental composition
of the cement, which is the largest in the GMB system (Tab. 2 and 3).
Moreover, it is most emphasized by the median content of silicon and
aluminum in sandstone cement, which is generally the highest in abiotic
samples and the lowest in samples subjected to bio-weathering. Further,
biotically- and/or chemically-mediated damage of sandstone is an
irreversible reaction due to the dissolution of the main minerals. Abiotic
weathering was found to be less intensive when compared to biotically-
mediated weathering. Therefore, the activity of heterotrophic bacteria
on sandstone micro-surfaces should not be neglected when considering
the durability of sandstones. The size of bacteria P. fluorescens is 0.5 pm
in width and 2-2.5 pm in length that enable the entrance of the bacterial
cells between the pores of sandstones (up to 1.1-2.6 pm [70]) and cell
attachment may promote biofilm formation [5,94]. More specifically,
Tu sandstone characterized by higher porosity (19.1 %, see Tab. 1) that
was found to reveal higher bioweathering susceptibility. This difference
does not result from the distinct compaction or grain size distribution,
but from the different structure of the cement (pore-lining cement versus
pore-filling cement). As a result, this differentiation has a significant
effect on the permeability of the rock [95] thereby the availability of
water, which is necessary for biocolonization [7]. In the experimental
weathering, complete sandstone immersion was maintained throughout
the experiment, and therefore high porosity enabled deep water pene-
tration, which could, in turn, favor microbial colonization. This porosity
feature is also important for in-situ weathering. However, here, the size
of pores would play a predominant role rather than general porosity:
small pores would enable longer water retention [7], which, would, in
turn, favor microbial colonization unlike large-pore sandstones, where
water retention is shorter and microbial colonization may be prevented
[96].

The cumulative leaching results were also recalculated into per-
centage values (Tab. 5), as these are believed to represent the suscep-
tibility of sandstones to dissolution. According to the obtained results,
Tu sandstone revealed higher susceptibility to dissolution as compared
to Ko sandstone. In particular, this tendency can be observed based on Al
and Fe release that reached up to 2.6 % and 3.7 %, respectively, for Tu
sandstone and only 0.3 % (Al) and 0.5 % (Fe) for Ko sandstone. More-
over, the main Al-bearing phase in Ko sandstones is kaolinite, while in
Tu, it is illite.

Additionally, the samples also differ in Fe-bearing components.
Sandstone Ko mainly contains hematite, whereas sandstone Tu is mainly
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made up of goethite. Our results suggest that the different releases of Fe
and Al can be assigned to the varying susceptibility of these minerals to
biodissolution. As demonstrated by [97], Pseudomonas sp. prefers to
attach to goethite rather than kaolinite. This could explain why Al was
released to a lower extent (0.3 %) than Fe (0.5 %) from Tu even if
kaolinite (the main Al bearing phase) is present in a volumetrically
higher proportion than goethite. Other reasons include the higher
complexing ability of siderophore towards Fe than Al as well as the
greater susceptibility to leaching of illite as compared to kaolinite. This
may be due to the different crystallographic forms of these minerals and
the different surface areas exposed to weathering. Moreover, kaolinite
occurs as relatively large (up to 4-5 um) euhedral flakes, while illite is
filamentous and much smaller (below 1 pm). In this context, a higher
susceptibility of Tu sandstone to serve as an Fe source for bacteria
suggests that goethite is more susceptible to bioweathering than he-
matite. This is in accordance with the study by [79] who demonstrated
the same tendency of Pseudomonas sp. Additionally, these authors
pointed out that Fe acquisition may have been independent of the sur-
face area exposed to weathering. Meanwhile, kaolinite dissolution by
Pseudomonas sp. has already been reported [98,99].

Furthermore, both sandstones revealed similar susceptibility with
respect to Si release, as for both sandstones up to 0.2 % (Si) was released.
Since Si-bearing minerals in both sandstones are quartz and clay min-
erals—kaolinite in Ko and illite in Tu—it is difficult to distinguish which
mineral served as the Si input in the leachate. However, quartz is
considered a relatively stable mineral under near-neutral conditions,
even though the organic molecules can enhance its dissolution [100].
Therefore, we believe that most of the Si was leached from the clay
cement, with quartz playing a negligible role. Thus, given that Ko
sandstone is more abundant in clay minerals (kaolinite) than Tu sand-
stone, which contains relatively minor amounts of illite, Si release was
independent of mineral abundance and its form in the sandstone. On the
other hand, illite and kaolinite may show different susceptibility to
leaching. Furthermore, to get a similar total Si content in leachate for Tu
and Ko, different Si releases from clay minerals could be compensated
using the presence of a silica cement with a low degree of crystallinity (e.
g., opal) and which easily undergoes bioweathering.

5.4. Secondary phases formation in the studied (bio)weathering system

Secondary products on a sandstone surface are formed due to the
release of ions (initially incorporated in minerals) in a liquid phase and
the subsequent formation of secondary precipitates depending on the
saturation occurring in the system. However, the secondary phase(s)
coating of microcracks and fractures can inhibit the further progress of
the dissolution [101]. In this study, secondary phase formation was
interpreted via a geochemical model (Fig. 7). Among the phases pre-
dicted by the model, strengite (FePO402H50), gibbsite (or other poly-
morphs: bayerite, doyleite, and nordstrandite), AlI(OH)3, and goethite
FeOOH were found. Generally, phosphate formation (strengite) was
thermodynamically predicted in a bacterially-mediated weathering
system with both Ko and Tu sandstones, whereas in an abiotic system,
this phase remained undersaturated. Meanwhile, a different scenario
was observed for Al-precipitates, for which saturation indices were
higher in the abiotic (GM) than biotic (GMB) systems. Furthermore,
goethite was a phase that was oversaturated for both sandstones and for
abiotic and biotic conditions. Here, the saturation of strengite indicates
that Fe solubility in the studied system was controlled by the formation
of phosphate species rather than oxyhydroxides. In this context, the role
of phosphates in controlling element speciation in weathering mediated
by Pseudomonas sp. has been previously observed [90]. The Al solubility
was controlled by the formation of AI(OH)s with a higher saturation
observed in abiotic (GM) than biotic weathering (GMB), indicating that
the presence of siderophore slightly inhibited the formation of Al-
precipitates in the biotic system, likely due to the formation of Al-
siderophore complexes [102]. Here, it is interesting to note that even
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Fig. 7. Saturation indices of secondary phases controlling the solubility of Fe and Al in the studied abiotic (GM—triangle symbol) and biotic (GMB—square symbol)

weathering systems.

though the siderophore produced by the bacteria is known for its high
affinity to Fe, its impact on the Fe-bearing secondary phases was minor
as strong goethite oversaturation was observed. This is an important
finding indicating that the role of siderophore in sandstone bio-
weathering is predominantly linked to controlling Al solubility rather
than Fe, which was mainly controlled by the medium.
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5.5. Implications of findings from this study for the durability of
monuments

The results of the investigated abiotic and biotic sandstone weath-
ering scenarios are relevant to monuments’ conditions since sandstones
are routinely used as building material. Therefore, their durability has to
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be wisely assessed to prevent the deterioration of cultural heritage ob-
jects. However, our findings are also crucial to geomorphological
research as the weathering processes influence many dynamic systems
related to landscape formation [101,103,104].

Moreover, a comparison of the weathering conditions demonstrated
that biotic factors may considerably enhance the dissolution of the
minerals present in sandstones, consequently releasing elements. If the
rate of dissolution achieved after 119 days proceeded further, then it is
expected that decay of Ko sandstone would be likely faster than that of
Tu. However, that assumption represents the worst-case scenario
because the degradation rate under field conditions would undoubtedly
proceed at much lower rates than at the laboratory scale. Additionally,
the dissolution of cement present in sandstones is an important factor
determining the durability of building materials as it causes crumbling,
and the subsequent collapse of a building/monument can be expected.
Meanwhile, due to seasonal changes in microbial communities that
colonize sandstones [105,106], the extent to which the durability of
studied sandstones changes remains to be further elucidated. This study
showed that the bacterial contribution to weathering should not be
ignored when sandstones are used as architectural materials.

6. Conclusions

This work is a new contribution demonstrating the impact of bacteria
on the dissolution kinetics of sandstones in the presence of Pseudomonas
fluorescens bacteria. Based on the applied geochemical approach, the
following conclusions can be made:

e Considering the sandstones as a whole sample, Tu sandstone was the
most susceptible to biodissolution, whereas Ko had higher durability.
Cement and matrix minerals were found to be the most vulnerable to
dissolution in the presence of P. fluorescens, whereas framework
minerals (quartz) had much higher stability.

e The presence of pyoverdine siderophore molecules in solution
improved the dissolution rate of the sandstones, promoting the
release of Fe and Al.

Goethite and illite are more susceptible to dissolution than hematite
and kaolinite in the presence of Pseudomonas fluorescens.

Biomass was found to play a role in capturing Al and Fe.
Siderophore revealed an important contribution to controlling Al
solubility in the studied weathering system.
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