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Abstract

The study of the historical built environment is of great significance to the heritage
conservation and the reconstruction of the level of anthropogenic pollution in the past.
On the Dazu Rock Carvings, China, a black to reddish-brown, relatively dense mineral
film with a thickness of approximately 150 pm was observed on the surface of
sandstone. The chemical composition of the mineral film studied by SEM-EDS, EPMA,
XAS, TOC, and IC, revealed that its development was comprehensively controlled by
environmental conditions, especially by environmental pollution. The bacterial
community was also investigated by next generation sequencing and its potential
metabolisms through PICRUSt2. Overall, it was proved that the mineral film
commonly found on the surface of the investigated sandstone and its microbiome
provided a certain degree of protection to the internal sandstone structure. Variation in
S in the mineral film along the depth direction aligned consistently with the annual
cumulative variation trend of SO: in the region over the past 20 years. This alignment
served as a reliable means to monitor and investigate the concentration changes of SO»
in the atmosphere. Besides the relevance for stone heritage conservation, this study
provides insights into the interplay between geological materials and the environment.
(Because of the limitation of Environmental Science & Technology on the number of
abstract words, some contents are deleted.)
Keywords: mineral film; environmental pollution; potential metabolisms; passive

sampler; protective action; next generation sequencing



SYNOPSIS

This paper finds that the mineral film and its microflora on the surface of sandstone
have a certain protective effect on the internal structure of sandstone.

Introduction

Material remains of history and cultural heritage possess intangible value because they
provide invaluable insights into human civilization!=. However, numerous large stone
cultural heritage endures direct exposure to the natural environment, rendering them
vulnerable to the erosive forces of weathering® °>. The continual influence of the
environment, encompassing climate and atmospheric conditions, gradually degrades
these materials. Over time, this detrimental influence inevitably leads to the
development of micro-damage, a subtle but cumulative effect that profoundly
influences the stability and overall durability of stone cultural heritage®”.

10-12-and acid rain'> '* have significantly accelerated the

Environmental pollution
erosion and damage of stone cultural heritage. Deterioration phenomena are manifested
on the surface of stone materials in various forms, such as patina-like depositions,
soiling, and crusts varying from a few millimeters to centimeters in thickness.
Numerous forms of crusts can be found on the surface of stone materials, ranging in
color from gray to black, and appearing layered, framed, or cauliflower-like'*!°. The
chemical composition of these crusts may exhibit significant variations based on a
number of factors, such as the inherent characteristics of the materials, the geographical

location of the structure/building, and the specific environmental conditions in which

the structure/building is situated?’.



The presence of gypsum (CaSOs4) can often be detected in crusts on stone surface.
The formation of gypsum crusts is related to the presence of SO», an atmospheric
pollutant. SO, can be transferred to the stone surface through dry or wet deposition
processes>* 22, When in contact with water, SO, dissolves to form an acidic solution,
which reacts with Ca%* in stone materials to form gypsum. This crust has been found in
limestone, calcareous sandstone, and even in sandstone without primary CaCO3!%2%24,
The Ca®" can come from both calcite and the hydrolysis of plagioclase minerals in an
acidic environment’. Generally, gypsum crusts are more common in areas with severe
SO; pollution, especially in urban industrial environments'?. During the growth of the
crusts, gypsum crystals capture particulate matter, giving the crust its typical black
color®. Additionally, particles, containing metals such as Pb, Se, Ni, Cr, and Cu,
produced by fossil fuel combustion, mining, and metallurgical activities, can be
embedded in the crusts'!: 227,

The weathering crust is often regarded as a passive sampler of atmospheric
pollution'!, and some compounds found in the crust can be used as reliable indicators
of past environmental pollution. Therefore, cities with varying pollution levels and
types have weathering crusts of distinct compositions and structures. Moreover,
investigating the elemental composition of weathering crusts over different time
periods facilitates the establishment of historical pollution records®” %%,

Sandstone, a multiphase solid composed mainly of quartz, feldspar and other

minerals, possesses high porosity and a complex clastic texture?”: *°. Gaseous pollutants

can easily enter sandstone through its open pore network and interact with its



components®!. However, during field investigations of various stone relics, it is
discovered that despite long-term exposure to natural weathering, biological damage,
and acid rain erosion, certain inscriptions on the surface of sandstone remain well-
preserved?. It has been found that there is a natural coating on the sandstone surface,
which can serve as a protective barrier to limit the interaction between the stone and
the external medium. To a certain extent, it can reduce the impacts of external
weathering mechanisms to sandstone. This is also the reason that sandstone exhibits a
decrease in deterioration characteristics in the later stages of weathering. This
protecting effect is similar to the one offered by the artificial passivating layers or
surface coatings applied on modern industrial materials™.

Here, we investigated the nature and layers within the weathered crust on the
sandstone surfaces of the Dazu Rock Carvings, located in the Dazu District, Chongqing,
China (Fig. 1a), that are one of the outstanding representatives of ancient Chinese stone
carving art. In particular, we examined the formation processes and response
mechanisms of a mineral film discovered within the weathering crust and discussed it
in conjunction with its composition and structure. Beyond its impact on heritage
conservation, these findings have broader implications for material science, offering
insights into the interplay between geological materials and environmental parameters

(such as SOz emissions).



MATERIALS AND METHODS

Heritage site and sampling. The Dazu Rock Carvings were first created in the
Sui Dynasty (581-618 AD), and subsequently underwent construction and expansion
during the Tang, Song, Ming, and Qing Dynasties. These carvings have a history of
more than a thousand years and are considered to be one of the world's eight major
grottoes. In December 1999, the Dazu Rock Carvings, represented by Baodingshan,
Beishan, Nanshan, Shimenshan, and Shizhuanshan, were included in the World
Heritage List by UNESCO?*. Among them, the cliff statues on Baodingshan in the Dazu
Rock Carvings have the largest scale, the most exquisite craftsmanship, and the highest
level of preservation.

The sampling point was mainly located in Dazu Rock Carvings in Chongqing (Fig.
l1a). The climate of Dazu area belongs to subtropical warm and humid monsoon climate,
with abundant rainfall and distinct seasonal changes. The annual average temperature
in this area is 17.2 °C, the annual average relative humidity is 82.6 %, and the annual
average precipitation is 1006.6 mm'*. The topography of the area where the cliff statues
are located is dominated by hills which belong to the Upper Jurassic Penglaizhen
Formation (J3p). The lithology is mostly feldspar quartz sandstone.

Sandstone samples were mainly from Baodingshan rock carvings in Dazu,
Chongqing. The color of weathered crust layer did not show any obvious difference to
the surrounding rock. To verify the existence of mineral film, the samples were tested
by various detection methods, including thin section identification, X-ray diffraction

(XRD), scanning electron microscopy (SEM), energy dispersive spectrometry (EDS),



electron probe X-ray micro-analysis (EPMA), inductively coupled plasma-optical
emission spectrometry (ICP-OES), and synchrotron X-ray absorption spectroscopy
(XAS). The list of tested projects and results was shown in supplementary information.

Elemental analysis of the mineral film. SEM-EDS tests were carried out to
elucidate the elemental distribution of mineral films in sandstone samples. We used a
Tescan Mira4 model scanning electron microscope, with an Oxford Ultim Max65
spectrometer to take SE images and conduct EDS analyses. The working voltage was
15 kv, and the working distance was approximately 14-20 mm.

The organic carbon content of the mineral film was determined using an aj-
analyzer (multi N/C 3100). After the pre-acidification of the scraped mineral film
powder was completed, the solid sample boat was sent to a high-temperature
combustion furnace with a special iron hook for determination.

To determine the distribution patterns of some trace elements in mineral film, a
JEOL JXA-8230 electron probe equipped with five spectrometers was used to perform
quantitative analysis of elements at different points. Prior to testing, the samples were
coated with a uniform carbon film with a thickness of approximately 20 nm*> 3¢, The
test conditions were an acceleration voltage of 15 kV, an acceleration current of 20 nA,
and a beam spot diameter of 10 pm. All test data were ZAF-corrected. The measurement
time for the characteristic peaks of Ti, Cd, Pt, St, Ca, Pb, S, W, As, Se, Cu, Fe, Mn, Cr,
Ba, and Sb elements was 10 s, and the measurement time for the upper and lower
backgrounds was half of the peak measurement time. The reference samples used were

as follows: rutile (Ti); cadmium metal (Cd); platinum metal (Pt); celestite (Sr); diopside



(Ca); lead telluride (Pb); indium arsenide (As); pyrite (S); selenium metal (Se); copper
metal (Cu); almandine (Fe); rhodonite (Mn); chromium metal (Cr); barite (Ba); and
antimony metal (Sb).

Data from 11 test points were obtained on the probe slide, and these points were
generally located in a straight line (Fig. 4a). The test results were provided in the
Supplementary Information.

Fe K-edge X-ray absorption spectroscopy (XAS) analyses were performed with Si
(111) crystal monochromators at the BL14W Beam line at the Shanghai Synchrotron
Radiation Facility (SSRF) (Shanghai, China). Before the analysis at the beamline,
samples were placed into aluminum sampleholders and sealed using Kapton tape film.
The extended X-ray absorption fine structure (EXAFS) spectra were recorded at room
temperature using a 4-channel Silicon Drift Detector (SDD) Bruker 5040. Fe K-edge
EXAFS spectra were recorded in transmission mode. Negligible changes in the line-
shape and peak position of Fe K-edge X-ray absorption near edge structure (XANES)
spectra were observed between two scans taken for a specific sample. The EXAFS
spectra of these standard samples were recorded in transmission mode. The spectra
were processed and analyzed using the software code Athena®’.

Bacterial community analysis. Three samples on the outer surface were obtained
by scraping the surface film of the weathering shell with a sterile scalpel. Three inner
samples were taken from the inside of the weathering crust. DNA quantification was
performed using a Nanodrop. The quality of the extracted DNA was assessed through

1.2% agarose gel electrophoresis. PCR amplification was completed using universal



primers. The primers 338F, 5'ACTCCTACGGGAGGCAG-3', and 806R, 5'-
GGACTACHVGGGTWTCTAAT-3', were used to amplify the v3-v4 region®®. The
amplification products were verified using 2% agarose gel electrophoresis, purified
with a gel extraction kit (AXYGEN Co., China), and then further analyzed.

The paired-end reads were sequenced from the Illumina MiSeq PE300 platform
(Illumina, San Diego, USA) according to the manufacturer 's standard protocol of
Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The original gene
readings were multiplexed, filtered for quality by fastp version 0.20.0%, and merged
with the standard standard by FLASH version 1.2.7%. Reads shorter than 50 bp, with
an average quality score of less than 20 and unclear bases were deleted from the quality
data.

UPARSE version 7.1 was used for clustering the clean data into operational
taxonomic units (OTUs), with a 97% similarity cutoff*'. Analysis was performed using
the 16S rRNA database (Silva v138) with a confidence threshold of 0.7. Readings that
do not match any sequence in the database are clustered into unclassified or normal
groups. The community diversity (Shannon index) and richness (Chao index) were
calculated using the quantitative insight method of microbial ecology (QIIME) (1.9.0
version).

PICRUSTt2 was used to predict the potential function of bacterial communities, and
KEGG database was used for functional annotation. Although the function of the
microbiome derived from PICRUSt2 should be considered as potential, it can still

provide important insights for research.



The sequence data generated in this study have been submitted to NCBI, and the
biological project ID is PRINA1203933.

Analysis of atmospheric data and elemental data. In the study, the source of
atmospheric data was the annual environmental status bulletin issued by the Chongqing
Municipal Ecological Environment Bureau and the Chongqing Yearbook compiled by
the Chongqing Municipal Bureau of Statistics. The correlation analysis of the data was
completed in SPSS software.

The porosity of the mineral film and the internal structure were obtained by SEM
image processing. Taking the SEM image as the original input image, Fiji image
processing software and its built-in plug-in were utilized to count the pores of the
sample. The specific analysis steps were as follows: firstly, the defect parts in the image
were identified based on a machine learning method (random forest), and the SEM
image was binarized. The white area was considered to be the defect part, and the black
area was considered to be the sample particle. Secondly, noise processing was carried
out on the obtained binary image to filter out the black and white noise in the image.
Finally, the pores were statistically calculated by analyzing particles.

The total emissions of SO» in the past 20 years could be inferred from the change
curve, showing obvious stages in annual emissions where a turning point occurs every
few years. The SO; emissions over the past 20 years could be divided into five stages:
2002-2005; 2006-2010; 2011-2015; 2016-2018; and 2019-2022. The cumulative
emissions of these five stages could be obtained by summing the SO> emissions of each

stage. Correlation was then performed with the S element data from the first five testing
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points in the mineral film.

The data from 11 test points show that the element Cu appeared alternately with a
distinct partitioning phenomenon. Cu was often used as an indicator of pollution in
research evaluating the impact of climate change on rivers**.

The depth range for each region was calculated. Since only the element data at
different points on the vertical weathering crust line were measured in the experiment,
the element distribution in the whole region could not be accurately described.
Therefore, it was necessary to divide these 11 testing points into different regions. By
considering the distribution of the Cu element, a boundary was identified between the
two consecutive testing points as the upper or lower interface of this layer. This
interface was equal to the two neighboring testing points. The distance d from the

interface to the outer edge of the sandstone could be calculated using the following

formula:

-2 (1)
where u, and u,+; represent the distance from the outer edge of the sandstone to test
point n and test point n+1, respectively.

At the same time, according to the location, the 11 test points could be divided into
three regions. The first five test points were located in the mineral film zone, the middle
four test points were located in the internal cement, and the last two test points were

located in a mixed infiltration zone, which connected the bulk and the outside biofilm.

RESULTS AND DISCUSSION
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A natural mineral film on the surface of sandstone. Despite long-term outdoor
exposure, most of the carvings and surface texts of the Dazu Rock Carvings remained
well-preserved. By naked eye, the outer surface of the sandstone revealed a pronounced
scaly peeling layer with a reddish-brown appearance (Supplementary Fig. 1).

Sandstone samples were collected in the exposed part of the Dazu Rock Carvings
(Fig. 1b). Numerous spherical particles were observed by scanning electron microscopy
(SEM) on the outer part of the weathering crust (Fig. 1¢). SEM combined with energy-
dispersive X-ray spectroscopy (EDS) analysis revealed that the spherical features on
this outer layer of the weathering crust were deposited BaSOa, and also microorganisms
were likely to be present (Figs. 1d-1e).

The samples taken from Dazu Rock Carvings in Chongqing were processed into
longitudinal slices along the direction perpendicular to the surface of the weathering
crust. Vertically polished thin sections were observed under a polarizing microscope to
elucidate the mineral composition of the sandstone from the inside to the outside (Fig.
2a and Supplementary Fig. 2). The outermost layer of the weathering crust (called
‘mineral layer’) was a continuous layer, ranging in color from black to reddish-brown,
displaying variable morphology and approximately 150 um thick (Fig. 2a).

To determine whether there was a difference between the mineral layer and the
internal part of the weathering crust (internal cement), elemental analysis was
performed (Supplementary Table 1). In comparison to the internal cement, the mineral
layer exhibited a substantial higher Si content, a significant lower C content, and a

moderate higher content of Al, Fe, and K. The contents of Si, Al, Fe and K in the mineral
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layer are 8.1 %, 3.2 %, 2.6 % and 2.0 % higher than those in the internal cement,
respectively. On the contrary, the C content is 19.9 %, which is lower than 36.5 % of

the internal cement.
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Fig. 1. Morphology of the exposed surface at different scales. a, location of the Daza
rock carvings in the Chongqing Municipality. b, Top view image of sandstone, the
rectangular area is where a sample was taken. ¢, SEM image showing microscopic
morphology of the exposed surface of sandstone (5000x). d-e, EDS analyses of

sandstone point 1 and point 2 of the same sample.

The mineral layer was much denser than the internal cement (Supplementary Fig.
3). The calculated porosity of the mineral film was 3.30%, which was much lower than
the 12.57% porosity of the internal structure. Moreover, the mineral layer covering the
surface of sandstone was mainly lamellar (Fig. 2b).

In addition, the mineral layer was examined in detail using SEM and EDS in
combination with XRD (Supplementary Fig. 4). The mineral layer was made of

microscopic quartz (Si0), feldspar (NaAlSi30g, KAISi30g) particles and clay mineral
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aggregates (Fig. 2b). The mineral layer that developed on the surface of the sandstone
exhibited a distinctive elemental composition, notably Si, O, Al, Mg, and Fe were
present (Fig. 2¢). The composition of the mineral layer is also complex, primarily
comprising clay minerals including illite (K(ALMg,Fe)2(Si,Al)4010[(OH)2,(H20))),
kaolinite (AlxSi20Os5(OH)4), and chlorite [(Mg,Fe)sAl(SizAl)O10(OH)s], and hematite

(Fe203).

Fig. 2. Morphological and element characteristics of sandstone thin sections. a,
Characteristics under polarizing microscope of sandstone weathering crust developed
on the Dazu stone outcrop. b, Backscattered electron images map of the morphology of
the mineral film (the yellow rectangular box in Fig. 2a), showing a relatively dense
texture. ¢, SEM-EDS mapping shows the Si, O, Al, C, K, Mg, Na, Fe, Ca, Cl, Ti, and

Cr distribution in the sandstone mineral film.
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The local structure of Fe in the mineral layer was further studied by the X-ray
absorption near edge structure (XANES) measurement at the Fe K edges. Since the K-
edge of the same valence Fe ions was not sensitive to the coordination environment,
the mineral layer samples could be analyzed using standard reference materials
containing different valence Fe ions**. We noticed that the K-edge spectrum of the
mineral phase does not match that of known Fe»Os. It is generally believed that Fe>Os
is present on the rock surface due to weathering. However, in our study, its spectrum
more closely resembles FeO. The XANES results were further processed by wavelet
transform (WT) to visually display the dispersion of Fe, thereby providing radial
distance resolution in k and R spaces*® (Figs. 3c-3f) The XANES results
(Supplementary Fig. 5 and Supplementary Table 2) show that the R value of Fe-O in
the sample is 2.18 £ 0.01 A, and the R value of Fe-Fe is 3.07 = 0.01 A. This evidence
also indicates that FeO, rather than Fe;O3, is present in the mineral layer sample. This
may be due to acid rain or pollutant gases (such as sulfides and sulfites) promoting the
presence of Fe in the form of Fe?" in the surface layer of the sandstone, leading to the

formation of FeO.
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transform for Fe foil, FeO, Fe;O3, and mineral film. Fe foil, FeO and Fe>O3; were used

as reference materials the measurements.

After acidification of the mineral film sample, the organic carbon content of the
mineral layer obtained was 195.6 mg/kg (TOC analysis, Supplementary Fig. 6). The
reason why the content of cement C in the weathering crust is higher than that in the
mineral layer might be that the internal environment is more stable. On the contrary,
the mineral layer is more vulnerable to the erosion of the natural environment such as
acid rain'®. Microbial colonization and its metabolic products could be a source of
organic matter on the surface of the sandstone. In addition, oxalate ions were detected
in the samples of the mineral film by ion chromatograph (Supplementary Table 3). As

the source of this organic matter may be produced by the microbiome colonizing the
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surface, the analysis of the bacterial community was performed.

Analysis of the bacterial community. To investigate the spatial
distribution of bacteria on sandstone surfaces under the influence of the mineral layer,
high-throughput sequencing of the 16S rRNA gene was performed on three samples
from the internal cement and three samples from the mineral film. Actinobacteria was
the most abundant phylum level in the sandstone. Its relative abundance in the internal
cement was 17.18 % higher than that of the mineral layer (Fig. 4a). On the contrary, the
relative abundances of Proteobacteria and Cyanobacteria in the mineral layer were
20.85 % and 8.32 %, respectively, which were higher than those in the internal cement
(12.32 % and 2.72 %, respectively). Specifically, a total of 2,559 operational taxonomic
units (OTUs) were identified, of which 24.1% were shared between the two layers (Fig.
4b). Each layer contained a number of unique bacteria, although the mineral layer has
more unique OTUs than the internal cement. This is consistent with the alpha diversity
index derived from amplicon data, indicating that microbial alpha diversity was higher
in the mineral layer than in the internal cement (Fig. 4c). The Shannon indexes of the
mineral layer and internal cement were 5.43 and 4.81, respectively. In addition,
PICRUSt2 was used to predict the potential functions of internal cement and mineral
layer bacterial community. The results showed that the relative abundance of
denitrification-related genes (nirK, nirS, norBC, and nosZ) in the mineral layer was
higher than that in the internal cement (Fig. 4d). The total abundance of these genes and

the mineral layer are 24 % higher than the internal cement.
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Fig. 4. Composition and diversity of bacterial community. a, Microbial communities
in different layers at the phylum level. b, The number of shared and unique OTUs
between the mineral and the internal cement. ¢, Shannon index of microbial a diversity
at different layers. d, The relative abundance of genes related to denitrification in

different layers. Out: mineral layer, In: internal cement.

A recorder of past pollution. Since ancient times, human activities altered
the natural geochemistry of several trace elements. Dust could serve as a carrier for
various mixtures of trace metals and metalloids. These trace metal elements were
deposited in mineral layers by wind. It was found that the outer layer of the weathering
crust is a continuous layer, so it can be called 'mineral film'. The pollution status at the

time of deposition could be studied by examining the variations in trace elemental
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concentrations at different depths.

Pearson’s correlation (R) analysis was carried out to elucidate potential sources of
different elements (Supplementary Fig. 7). Fe was a strongly correlated with Cr, W, and
Se (R >0.67), indicating that a certain iron oxides might have adsorbed other elements,
or Fe might have been co-adsorbed with Cr, W, and Se. At the same time, Mn and Ti
had a remarkable association, indicating that they might have originated from the same
source. The lack of obvious correlation between Pb, Se, Cu, and Mn confirmed that
these metals do not share a common source and transport mechanism.

Variations in the concentration signatures of Pb, Se, Mn, and Cu were analyzed in
detail (Fig. 5), given their widely acknowledged association with human activities.
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Fig. 5. Electron probe X-ray micro-analyzer (EPMA) tests of the weathering crust.
a, Probe point schematic diagram, the test points were essentially located on a straight
line: the first five test points are located in the mineral film zone, the middle four test
points are located in the internal cement, and the last two test points are located in a

mixed infiltration zone. b, The mass percents of Pb, Se, Mn, and Cu in the mineral,
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cement and mixed infiltration zones.

For Pb, the mass fraction of Pb in the mineral film showed a decreasing trend from
outside to inside. In addition, the Pb content of the internal cement was significantly
lower than that of the other two regions. This confirmed that there was a strong
relationship between the change of element content in the mineral film area and the
change of external environment. Se exhibited a prominent peak in the mineral film,
followed by a substantial decreased in Se content, with data from three test points in
the internal cement dropping below the detection limit.

The test results indicated that Cu appeared alternately with a distinct partitioning
phenomenon. The content of Cu in the mineral film and the mixed area was also higher
than that of the cement. In addition, the Cu and Mn content in the mineral film and
mixed zone (zone closer to the inside than the cement zone but connected to the outside
on the other side) was greater than in the internal cement. In the internal cement, the
elemental content decreased with increasing distance from the surface. At the two test
points in the mixed zone (Fig. 5b), the contents of these elements increased again, which
indicated that the clay-enriched matrix would block the penetration of ions. This
reflected the deposition of dust particles on the original surface of sandstone. Therefore,
the mineral film could effectively prevent some metallic elements from infiltrating into
the sandstone.

S in the mineral film generally originated from atmospheric SO,. Fig. 6 aims to

explore the relationship between S element variation in the mineral film and SO-
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emissions. The emissions of SO> in the past 20 years had exhibited significant changes
in five stages. Comparing the cumulative SO2 emissions in these five stages with the S
content in the first five layers of the mineral film, it was found that the trends between
the two are consistent, suggesting that atmospheric SO pollutants were likely to be one

of the main factors causing changes in S content in the mineral film.
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Fig. 6. The relationship between SOz emissions and S element content. According
to the test points, the weathering crust is divided into 11 test zones (T1-T11). The mass

fraction of S as a function of depth and SO> emissions in different time periods is shown.

Formation process and protective mechanisms of the mineral film.
The formation of sandstone mineral film was the result of the action of dust deposition,

pollutant adsorption and microbial activity under ambient conditions. In the mineral
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film, some elements related to human activities were detected. Among them, the metal
Ba could be emitted into the atmosphere as particulate matter from road traffic, though
it might have also accumulated due to microbial activity*’°. Pb in the mineral film
mainly came from the use of Pb-containing gasoline®® 3! 32, In fact, it was banned in
most jurisdictions decades ago due to the markedly deleterious effects of lead on the
environment and human health. China also completely stopped producing and selling
leaded gasoline in 2000°3. Prior to the ban, however, the length of time of usage of Pb-
containing gasoline was sufficient to cause a large amount of Pb to be released into the

atmosphere. Se was mainly derived from the use of coal®*

. China was one of the largest
energy-consuming countries in the world, with coal accounting for nearly 60% of its
energy consumption®. It could be reasonably speculated that the formation of mineral
film was related to the soot produced by thermal power generation. Cu in the mineral
film could come from industrial emissions, as well as road dust and vehicle emissions>°.
Mn primarily came from the emissions of human and natural activities®*, including
automobile exhaust, industrial waste gas, and coal-fired power plant emissions. The
increase in the content of Al and K was also the consequence of weathering .

The surface structure of sandstone minerals may undergo a series of changes,
including physical degradation, chemical reactions, some of which due to
microorganisms®’. In this study, the physical changes included changes in surface
flatness and porosity®. Chemical reactions involved both dissolution and precipitation

of stable phases on the surface of minerals. These reactions would alter the original

chemical properties of the mineral surface and reduce the erosion of sandstone by
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external factors. The microbiological process refers to the reaction of some bacteria in
the mineral film with pollutants or soluble salts in the environment, which enhances the

ability of the mineral film to protect cultural heritage.

Fig. 7. Hypothesized formation process of the sandstone mineral film. Step 1:
continuous deposition of dust particles; Step 2: adsorption of acidic gases; Step 3: ion

exchange; Step 4: the cumulative deposit of different periods.

In the formation process of mineral film, the first step is adsorption on the surface
of sandstone (Fig. 7). The sandstone surface is rough, with the roughness mainly
depending on the grain size’. When dust in the atmosphere settles on the sandstone due
to wind action, the outer surface imparts a good adsorption effect on these particles.
Dust deposits typically consist of minerals and soot, containing numerous clay particles

and metal elements®®. These clay particles and some microorganisms in the air will
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deposit on the sandstone surface, e.g., through the wind. When the micro-environment
of the rock surface (e.g., temperature, humidity, pH, etc.) is suitable for their growth,
these microorganisms generate and reproduce®. After a prolonged period of cumulative
action, clay particles and quartz particles continue to deposit on the sandstone surface,
forming the prototype of mineral film.

Next, the contaminants adsorbed on the surface will dissolve. Microorganisms
secrete acids able to dissolve rock and mineral dust that contribute to obtain the required
mineral ions, such as Ba?" or Ca®". Most of the anions necessary for the formation of
these minerals are related to the effects of air pollutants. For example, sulfate is due to
the presence of SO2, which is a common component of air pollutants. SO> can also be
adsorbed onto fly ash particles composed of Al, Si, and Fe**. Moreover, SO» could
undergo catalysis by Fe** to generate SO3; ®. Given the humid and rainy climate in
Chongging, the produced SO; further reacts with water to form SO4>". Any unreacted
cations react with the generated acid ions or directly with SOx and NOx in the air to
form some salts, such as barium sulfate!? (Fig. 1¢). These new salts fill the micro-pores
of the surface mineral layer making it denser. This action effectively prevents additional
foreign pollutants or acid gases from entering the sandstone, which imparts a protective
effect.

The existence of a mineral film made sandstone allows resisting external adverse
environmental factors. These protection mechanisms could be divided into four parts:
physical barrier, microbial protection, adsorption and transformation, and adaptive

resistance to pollutants, as shown in Fig. 8.
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Adsorption and
transformation

diffusiw‘ precipitation

Fig. 8. Proposed protection mechanisms of the sandstone mineral film. The
proposed protection mechanisms include physical barriers, microbial protection,

adsorption and transformation, and adaptive resistance.

As a physical barrier, mineral film could effectively reduce the penetration of
external pollutants, and the their further erosion. During the formation of the mineral
film, particles filled the pores of the sandstone, and with continued deposition, the
mineral film would become denser. The clay matrices could effectively prevente some
metallic elements (Pb, Se, Mn, and Cu) from infiltrating into the sandstone providing
protection.

Furthermore, microorganisms carried by the wind during and after the formation

of the mineral film could also assist the sandstone in removing pollutants by reaction®’.
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The high percentage of Actinobacteria could be explained by their adaptability and

62, 63 In addition, the relative

resistance to antimicrobials such as heavy metals
abundance of denitrification-related genes (nirK, nirS, norBC, and nosZ) in the mineral
layer was higher than that in the inner layer showing that the mineral film has a stronger
protective effect and can inhibit weathering by NOx. Moreover, oxalic acid secreted by
microorganisms could react with calcium ions to produce calcium oxalate that could
block the entry of many substances that cause rock weathering and degradation®.

The mineral film itself, composed in part clay minerals, acted as an effective
natural sorbent that was capable of adsorbing heavy metal ions, such as Pb, Cu, Cd, and
Zn®> %% The adsorption of heavy metals on the mineral membrane could be divided into
physical adsorption (such as electrostatic adsorption and intraparticle diffusion) and
chemical adsorption (such as ion exchange, chemical precipitation, and surface
precipitation)®’. Clay particles generally carry a negative charge. Positively-charged
cations could be adsorbed onto the surface of soil particles due to electrostatic
attraction®®. These cations diffused into the pores under the action of a concentration
gradient. lon exchange was the process in which adsorbed ions were replaced by cations
in the solution®. Precipitation, on the other hand, referred to the process in which free-
moving cations in aqueous solution were converted into a solid and deposited on the
surface of clay particles under specific pH conditions or when clay minerals contained
certain substances, such as carbonates and sulfates’®. Both of these processes were
inherent mechanisms by which mineral films immobilize contaminants.

The microenvironment of the mineral film constituted another line of defense for
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protection, encompassing factors such as moisture and the pH value'* within the
sandstone pores. Some minerals in sandstone could be dissolved to form stable new
phases to cope with external environmental pollution. Additionally, sandstone could
adapt to the erosion of pollutants by adjusting the conditions of the internal environment,
especially by buffering pH value’!. The mineral film would gradually adjust its
structure and composition based on the characteristics and concentration of external

pollutants.

A natural passive sampler. The studied area, situated in Chongqing, was
one of the most polluted regions in China, and coped with elevated levels of gas and
particulate matter pollution. In the earlier stages of large-scale industrialization (before
1978), China enjoyed good air quality. However, as economic development surged and
urbanization advanced rapidly, the widespread use of traditional energy sources, such
as oil and coal, coupled with substantial emissions from industrial waste gases and
motor vehicle exhaust, had led to a progressive escalation of environmental pollution.
According to statistical data from the Chongqing Yearbook, the total annual emission
of SO» reached 71.08 million tons in 2006, which constituted the peak of SO, emission
in the past 20 years. Chongqing was also one of China's important industrial cities, with
a predominantly mountainous terrain. The mountainous terrain contributed to the
delayed dispersion of pollutants within the city’>. Furthermore, there was a higher
frequency of acid rain in Chongqing.

SO, was a gas related to combustion processes', primarily generated by the
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combustion of fossil fuels and industrial activities. During the formation of mineral film,
dust particles adsorbed S-containing aerosols®®. These molecules would deposit on the
surface of rocks through processes such as air movement and particle settling, forming
a mineral film. Consequently, changes in the concentration of SO> in the air directly
impacted the S elemental content in the mineral film.

Emissions of SO had a trend of initially increasing and then decreased over time,
with a significant decrease in SO2 emissions post-2006. Indeed, this indicated that the
environmental protection efforts during the 11th Five-Year Plan period had started to
produce results. The abnormal S content at sampling point 1 was attributable to its
location at a shallower level, making this area more susceptible to the deposition of
pollutants, such as SO», from the atmosphere, resulting in higher S content. Variation
in S in the mineral film along the depth direction aligned consistently with the annual
cumulative variation trend of SO,. This alignment served as a reliable means to monitor
and investigate the concentration changes of SO; in the atmosphere, facilitating the
interpretation of past air quality and environmental pollution. Consequently, the mineral
film could be considered to be a natural passive sampler. These mineral films could
provide a historical record of the air pollution levels of ambient particulate matter from
the moment they begin to grow. The main advantage of using sandstone weathering
crust mineral films as passive samplers is that they can provide useful information on
the nature and accumulation of metals and polluting gases emitted from the surrounding

atmosphere from different anthropogenic and natural sources at no cost.
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