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Abstract

Twenty-seven samples of black weathering crust and host carbonates were studied from seven European countries (Germany,
Hungary, Belgium, Czech Republic, France, Italy and Poland) representing 11 different sites. The samples were collected
for sites for which long-term air pollution records are available. The mineralogical analyses (XRD, polarizing microscopy,
SEM) have shown that despite decreasing SO, emissions crust samples are still very rich in gypsum. Further, in all host
rock samples gypsum was also detected. Good correlations (R* > 0.9) were also found between water-soluble calcium and
gypsum content and between sulphate and gypsum content both for black crusts and host rocks. The black gypsum crusts are
four or five times richer in sulphate than the host rock. The conductivity of dissolved crust and host rock samples also shows
a positive correlation with gypsum content of the samples. LA-ICP-MS analyses allowed the detection of high Pb-levels in
black crusts and a negative shift in lead concentration at the crust/host rock transition. The lead content of the host rock is
2-5 mg/kg, while that of the crust is 3-25 mg/kg in the sample collected from Germany, while in the Belgian sample these
values are 2—14 mg/kg and 80-870 mg/kg for the host rock and crust, respectively. The GC-MS technique allowed to detect
the PAH content of black crusts and host rocks. The former one contains 0.6-15.6 (102.5) mg/kg, while in the host rock
values between 0.2 and 2.4 mg/kg were found. The present study suggests that still large amounts of air pollution-related
minerals and organic pollutants are found in the black weathering crusts of European carbonate buildings despite decreasing
trends in air pollution.

Keywords Stone decay - Black weathering crust - Sulphate - Gypsum - Air pollution - Air quality - SO, concentration -
Airborne organic pollutants

Introduction

Air pollution-related stone deterioration has been investi-
This article is part of a Topical Collection in Environmental gated from the beginning of the twentieth century (Kaiser
Earth Sciences on “Stone in the Architectural Heritage: from 1910; Griin 1931, Kieslinger 1932, Schaffer 1932). Fitzner
quarry to monuments—environment, exploitation, properties and et al. 1996 classified the weathering forms and defined dam-
durability”, guest edited by Siegfried Siegesmund, Luis Sousa and .
Rubén Alfonso Lépez-Doncel. age categories. The most frequently observed type of surface
deterioration is crust. These crusts form in rain-exposed as
4 Orsolya Farkas well as in rain-protected areas. The former contains a high
farkas.orsolya@epito.bme. hu proportion of biological matter (Snethlage 2008), and the
latter consists mainly of gypsum (Del Monte et al. 1981).
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and the damage on carbonate rock materials are described
in detail in the past (Amoroso and Fassina 1983; Baboian
1986; Brimblecombe 1987, 1996, 2003; Rosvall and Aleby
1988, Winkler 1994; Price 1996; Camuffo 1998; Charola
2001; Charola and Ware 2002; Sabbioni 1995). It is clear
from these papers that acid rain dissolves carbonate substrate
which invokes the formation of free calcium ions that react
with sulphur of the wet deposits, and thus lead to gypsum
formation.

In the case of limestone, it is also recognized that the
main stone deterioration processes are gypsum formation
and carbonate dissolution (Sabbioni 2003). Gypsum (cal-
cium sulphate, CaSO,*2H,0) is formed from the reaction/
interaction of calcium carbonate (the main rock-forming
mineral of limestone: calcite, CaCO;) with atmosphere-
derived sulphur oxides (SO,). During dissolution and re-
precipitation of carbonate, other compounds are trapped,
especially settled dust, and thus catalyzing gypsum crust for-
mation and causing discoloration from grey to black (Rodri-
guez-Navarro and Sebastian 1996; Ausset et al. 1999). The
gypsum is formed on the stone surface and below, within
the pores of the rock (Del Monte et al. 1981; Amoroso and
Fassina 1983). The morphology of black crusts shows some
varieties from thin laminar crusts or black crusts tracing the
surface (Moropoulou et al. 1998; Torok 2003; De Kock et al.
2017) to globular or framboidal crusts (Del Monte et al.
1981; Torok 2002). The microstructural characterization of
the black crusts developed significantly from optical micros-
copy (Moropoulou et al. 1998; Torok 2003, Pozo-Antonio
et al. 2017) to scanning electron microscopy (Ausset et al.
1999; Smith et al. 2003) and finally to computer tomography
(De Kock et al. 2017) supporting the theory that organic
particles have a significant role in black crust formation.

Deterioration of architectural heritage is caused by
chemical, physical and biological processes and very often
related to air pollution. It is generally accepted that there is
a correlation between chemical composition of crust and
air pollution (Ausset et al. 1999; Maravelaki-Kalaitzaki and
Biscontin 1999; Bonazza et al. 2004; Torok 2008; Urosevic
et al. 2012; De Kock et al. 2017). Based on microscopic
and elemental analysis, gypsum crusts contain, in addition
to the aforementioned dust wind, drifted mineral particles
(Smith et al. 2003) and various types of organic matter (Fobe
et al. 1995; Torok and Rozgonyi, 2004; Bonazza et al. 2005;
Sanchez et al. 2011; Pozo-Antonio et al. 2017). Major and
trace elements (Gavino et al. 2004) and also isotopic com-
positions of damaged and discoloured layers were reported
(Torfs and Van Grieken 1997; Klemm and Siedel 2002;
Siegesmund et al. 2007).

The weathering crusts consist of newly formed miner-
als, porous carbonaceous particles (soot), smooth alumino-
silicate particles and metal particles mainly composed of
iron (Del Monte et al. 1981; Esbert et al. 1996; Derbez and

@ Springer

Lefevre 1996). These atmospheric particles are derived from
different sources: fuel oil combustion of domestic heating
and power plants, coal combustion, gas oil emission (Sabbi-
oni 1995), biomass combustion (Ausset et al. 1992), as well
as vehicle exhaust gases (Hildemann et al. 1994; Rodriguez-
Navarro and Sebastian 1996, Slezakova and Castro 2011).

Several papers have dealt with marble (Moropoulou et al.
1998; Maravelaki-Kalaitzaki and Biscontin 1999), and vari-
ous types of limestone monuments (Amoroso and Fassina
1983; Viles 1993; Fobe et al. 1995; Torok 2002; Gavino
et al. 2004; Smith and Viles 2006; McAlister et al. 2006;
Siegesmund et al. 2007; Torok et al. 2007) are found in
urban areas; however, only few researches have compared
the black crust formation of stone buildings from rural and
urban areas (Torok et al. 2011; Graue et al. 2013).

The present paper follows this line (papers by Torok
et al. 2011 and Graue et al. 2013) with a broader sampling
campaign covering seven countries in Europe. Buildings
that were constructed from carbonates (mostly limestone)
were studied. Black weathering crusts were collected from
those buildings or stone structures, and their mineralogi-
cal-geochemical composition was analysed in order to com-
pare compositional differences with air pollution scenarios.
Microscopic analyses (plane-polarized light, cathodolumi-
nescence and scanning electron microscopy (SEM)) were
used to characterize textural differences between samples.
Special emphasis was placed on the amount of gypsum in
weathering crusts and host rocks together with the propor-
tion of sulphate in these samples. Conductivity of samples
extracted with deionized water was compared to the gyp-
sum content. Lead content and accumulation of polycyclic
aromatic hydrocarbon (PAH) in weathering crusts and host
rocks were also analysed allowing to distinguish between
crust and rock. The aims of these complex analyses were
to have a broad overview of black crust formation on lime-
stone in environments that have different pollution fluxes and
to outline the similarities of crust formation on carbonate
substrate.

Materials and methods
Samples and environmental conditions

The black weathering crust and host carbonate rock sam-
ples were collected from seven European countries: Ger-
many (D), Hungary (H), Belgium (B), Czech Republic
(CZ), France (F), Italy (I) and Poland (PL) (Table 1). The
study sites are mostly located in continental climate in West-
ern and Central Europe, with minor oceanic influence at
sites in Belgium and France. Relatively dry climate with
hot summers and cold winters is typical. The mean annual
temperature ranges between 8.6 and 10.4 °C for the studied
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Table 1 Climate, geography and some data on the population of sites from where the samples were taken (DWD—Deutscher Wetterdienst 2016; Wetterkontor 2016; CHMI 2017; Climate-Data

2017; WMO—UN World Meteorological Organisation 2017)

Katowice

Liege Brno Reims Bari

Gottingen  Letmathe  Budapest

Naumburg (Saale) Braunschweig

Halberstadt

Description of sampling sites

PL
8.6
686
Jul

CczZ

Country code

15.8
586
Jul

10.2
598
Jul

9.4
505
Jul

9.8

10.4
593
Jul

8.9
973
Jul

8.7
644
Jul

8.8

8.9
523
Jul

8.8
542
Jul

Mean annual temperature [°C]

827
Jul

621

Jul

Annual precipitation [mm]

Warmest month [°C]

24.5
Jan

28.4
Jan
5.0

23.9
Jan

24.5
Jan

22.3
Jan

20.8
Jan

21.6
Jan

17.1
Jan
0.3

17.5
Jan

23.1
Feb

22.6
Feb

Coldest month [°C]

-6.6
266

-0.6
106

-0.3 -52
237

66

-1.6
315

-05
247
3

-02
75

-23
130

-24

150

122
143.0
43,768

306

Metres above sea level [m]

116.0 164.6

46.9

69.4 230.2

525.1

5.4

116.9

192.2

129.9

Total area [km?]

298,111
1811

183,042 324,198
2795

3903

377,973
1642

196,970
2839

1,757,618
3350

25,524

721

118,914
1017

251,364
1308

33,012
254

Total population [capita]

Population density
[capita/kmz]

cities (Table 1). One exception is Bari (Italy), which has a
Mediterranean climate characterized by warm, dry summers
and rainy, mild winters. Annual precipitation is between 500
and 700 mm, except Liege and Letmathe with more than
800 mm.

The samples were mainly collected from urban areas;
however, the size of these settlements is very different from
small cities with less than 50,000 inhabitants (Letmathe,
Naumburg and Halberstadt); medium ones with popula-
tion of 100,000 and 200,000 (Gottingen, Liege and Reims),
250,000-350,000 (Braunschweig, Brno, Bari and Kato-
wice); or big cities like Budapest with inhabitants of 1.8
million people.

Not only rural (with small cities and cleaner surrounding)
and urban regions were selected, but also industrial areas.
Some sampling sites are located close to coal power stations
(Fig. 1).

The recent and historic air quality in these seven countries
is different. Focusing on SO, concentrations, a significant
decrease from the mid-1990s was observed. However, there
are some countries where this trend has now stopped. Ger-
many, Belgium and Hungary are nowadays in much better
position than in the 1990s. Although Poland has achieved a
significant decrease in the immission of SO,, it is still higher
than that of the other countries (Fig. 2).

The reduction in total SO, and PM,, emission is clear at
national levels (Table 2). Between 1990 and 2000, the SO,
emissions significantly dropped. The reduction is almost
double in terms of SO,, than of PM,, from 2000 to 2015
in Germany, Belgium, France and Poland, and the values
are four times lower in Italy. Nearly 40% of the reduction in
PM,, was measured in the Czech Republic. Unfortunately,
in Hungary the situation is completely different, although
the greatest reduction in SO, (94%) was recorded, but PM,,
emission slightly increased in the past years.

The above-listed values further depend on the size of the
country; therefore, a relative indicator was also calculated.
In Poland and in Czech Republic, this value is more than 10
(18.2 and 11.7 kg SO, emission/capita), despite the medium
to small population (Fig. 3). Italy and France are good exam-
ples, since the number of inhabitants is high, but the emis-
sion levels are acceptable. The indicator has lower values 2.0
and 2.3, respectively. Hungary has a smaller population and
lower emissions with an indicator value of 2.4.

In total, 27 samples (13 weathering crusts and 13 host
rocks and 1 sample that contained both crust and host rock)
were collected mostly from limestone buildings through-
out Europe from 11 sites. Two-thirds of the samples were
taken from historic buildings (churches, public buildings),
while the rest of the samples were picked from stone walls
or one from a natural cliff (Table 3). Samples were taken at
least 1.5 m above the ground level to avoid the influence of
deicing salts and other external factors (e.g. urine) and soil

@ Springer
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Fig. 1 Location of sampling
sites and 30 years and older
operational coal power stations
in Europe (based on the Coal
Map of Europe—CAN 2015)
(list of samples is given in

¢ Sampling sites

® Coal power stations

Table 3)
. ’ "
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Fig.2 Annual mean concentrations of sulphur dioxide (SO,) 1990—
2013 in the nearest air quality monitoring stations (based on Euro-
pean Environment Agency (EEA) dataset (EEA—EU European
Environment Agency 2016a) and interactive SO, maps (EEA—
EU European Environment Agency 2016b) on the following sta-
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tions: Gottingen (DENI042); Naumburg (DESTO078); Halberstadt
(DEST009-044);  Braunschweig (DENIO11); Budapest—Baross
(HUOOO05A) & Teleki (HUOO45A); Liege (BETH201); Brno-Turany
(CZOBBNY); Reims (FR14004); Bari (IT1606A); Katowice
(PLO0O0SA)
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Table 2 SO, and PM, national
total emissions [Gg] in selected

countries (D: Germany, H:
Hungary, B: Belgium, CZ:
Czech Republic, F: France, I:
Italy and PL: Poland) in the
years 1990, 2000 and 2015 and
the rate of emissions in the year
2015 [%] based on 1990 (SO,)
and 2000 (SO,, PM,,) (Data
source: EEA)

SO, emission [Gg] (1990)
SO, emission [Gg] (2000)
SO, emission [Gg] (2015)
PM,, emission [Gg] (2000)
PM,, emission [Gg] (2015)

SO, emission—2015 [%] based on 2000
PM,, emission—2015 [%] based on 2000

D H B CzZ F 1 PL
5485 825 365 1871 1314 1783 2648
644 428 173 227 631 755 1404
352 24 43 123 153 123 690
290 69 57 56 449 225 271
221 70 38 35 266 179 221
SO, emission—2015 [%] based on 1990 6% 3% 12% 7% 12% 7% 26%
55% 6% 25%  54% 24% 16% 49%
76% 101% 65% 62% 59% 79% 82%

Fig.3 SO, (as SO,) emissions
versus population in 2015 in the
countries from where samples
were collected (PL: Poland, CZ:
Czech Republic, D: Germany,
B: Belgium, H: Hungary, F: 800

1000

France and I: Italy). The size of (_')E
the bubbles and numbers next =
to them shows the relative value 4
. o
[kg/capita] ‘» 600
»
£
o
R
Q400
»
8
o)(
b 1.7
200
3.8
0 2.4
0 10 20

contamination (Fig. 4). Carbonate rocks were selected as a
substrate since limestone and marble have a fairly uniform
mineralogy (calcite) that interacts with air pollution, in the
form of weathering crust formation. Similarly to previous
studies, two major types of black crusts were identified: i)
laminar and ii) dendritic or globular black crusts. The for-
mer one can cover the entire facade and most commonly
develops on vertical areas, which are sheltered from direct
rain wash (Fitzner et al. 1996). The second type of black
crusts—represented by most of the collected samples—are
also called globular (Bonazza et al. 2007), ropey (Antill and
Viles 1999) or framboidal (Torok 2003, 2008) black crusts.
This form usually develops on protected and sheltered parts
of the building facade, which are not exposed to direct rain
wash.

Analytical techniques

Host rock and weathered black crust samples were analysed
with eight different methods including plane-polarized light

SO, (as SO,) emissions per capita in kg/cap/year in 2015

e PL
e CzZ
oD
B

Q-
oF
23

30 40 50 60 70 80 90 100
Total population [million capita]

microscopy, cathodoluminescence and scanning electron
microscopy, X-ray diffraction (XRD) and laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-
MS). Aqueous extracts were analysed for conductivity and
with ion chromatography. Solvent extracts were analysed
using gas chromatography—mass spectrometry (GC-MS)
(Table 3).

Fabric analysis of thin sections was performed by polar-
izing microscopy (ZEISS Axioplan 2 imaging with a PRO-
GRESS C10 camera, Gottingen, Germany).

Prior to cathodoluminescence imaging, thin sections were
coated with carbon. A hot-cathode microscope (HC3-LM,
Simon-Neuser, Gottingen, Germany) with a coupled Peltier-
cooled Kappa PS 40C-285 (DX) camera system (resolution
1.5 mpx) attached to an Olympus BH-2 microscope was used
for visualizing internal structures and zoning in minerals.
The electron gun was operated at a voltage of 14 keV under
high vacuum (107 bar) with a filament current of 0.18 mA;
the diameter of the electron beam was ca. 4 mm. (Neuser
et al. 1995).

@ Springer
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Fig.4 Sampling sites and collected samples (samples were collected
from the framed area). a, b D2 sample from Wenzelskirche Naum-
burg, Germany, ¢, d D3 sample from Petrikirche Braunschweig, Ger-
many, e, f Hl sample from Budapest University of Technology and

To visualize the microfabric of the crust, a scanning
electron microscope (SEM, Quanta 650-FEG-MLA by
FEI Company, Institute of Mineralogy, TU Bergakademie
Freiberg/Saxony, Germany) was applied on small fragment
samples. The samples were graphite-coated for SEM imag-
ing (LEICA EM MEDO020). Electron beam conditions were
set at 25 kV acceleration voltage and to a 10 nA beam
spot.

Economics Budapest, Hungary, g, h D6 sample from Albaniplatz
Gottingen, Germany, i, j D7 sample from Pater & Nonne, Letmathe-
Iserlohn, Germany

The mineralogical composition was determined by X-ray
diffraction (XRD) with a Philips diffractometer (PW 1800,
Cu-anode, 45 kV, 30 mA, Gottingen, Germany). Powder
X-ray patterns were obtained using PANalytical X’ Pert
HighScore Plus. The diffraction data were recorded from
2° to 70° 20 via a continuous scan with a routine scan pro-
gramme. The RockJock program was used for quantitative
analysis. RockJock is a computer program that determines

@ Springer
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quantitative mineralogy in powdered samples by comparing
the integrated X-ray diffraction (XRD) intensities of indi-
vidual minerals in complex mixtures to the intensities of an
internal standard. (Eberl 2003).

Conductivity of solutions (50 mg of pulverized sample
dissolved in 50 ml water) was also measured (Multi 340i,
Gottingen, Germany).

Ion chromatography (IC) was used in the determination
of the water-extractable mineral fractions. Prior to analysis,
samples were extracted in a 1:20 and 1:1000 ratio of pow-
dered sample to water (50 mg pulverized host rock samples
in 1 ml water, 50 mg pulverized crusts in 50 ml water) in
plastic vials for 48 h on a shaker (GFL 3005 shaker, 250 1/
min, orbital motion, Gottingen, Germany) at room tempera-
ture. Extracts were centrifuged and filtered through a 0.2-
um membrane filter prior to analysis. Major cations were
analysed on a DIONEX 320 (Gottingen, Germany) using
electrochemically suppressed conductivity detection with
ion separation achieved on a CS16 column using methane
sulphonic acid as eluent. Major anions were analysed on
a DIONEX 500 (Géttingen, Germany) using electrochemi-
cally suppressed conductivity detection with ion separation
achieved on an AS11-HC column using potassium hydrox-
ide as eluent. The calibration ranges were: for sulphate,
0.5-50 mg/l; calcium, 0.05-10 mg/l; and high values for
calcium, 10-150(500) mg/1.

Laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) analyses were performed on thin
slices of the samples. The laser used was a Compex 110
Excimer (ArF 193 nm) by Lambda Physik (Gottingen, Ger-
many), a GeoLas optical bench by MicroLas (Géttingen,
Germany), an ablation pit with a diameter of 33 um and
5-Hz repetition rate for the laser pulses with 80 mJ. The
mass spectrometer was Thermo Fischer Scientific Ele-
ment 2. Calibration was done using NBS610 (NIST, USA,
2011), internal standard $Ca, dwell time 10 ms/isotope and
0.995 s per sweep. This study presents the results of >*S and
208pp. The measuring line consisted of 40 (sample D4) and
35 (sample B1) measuring points with the same resolution
of 60 pm.

For polycyclic aromatic hydrocarbon (PAH) analysis,
the pulverized host rock samples (250 mg) and black crusts
(125/250 mg) were weighted into Teflon vessels, 3 pl inter-
nal standard (15 ng/ul) and 2 ml isohexane were added and
subsequently extracted on a MARS XPRESS microwave
system at 150 °C for 10-min heating time and 40-min hold-
ing time (1600 W, 100%). The extraction was repeated.
After cooling, the supernatant was removed and transferred
into 1.5-ml glass vials. The extracts were analysed using
gas chromatography—mass spectrometry (GC-MS, Agilent
7890A, 5975C, Géttingen, Germany). Separation of PAHs
was achieved on a VF-17 ms column (Agilent, 30 m length,
0.25 mm inner diameter and 0.25 pym film thickness). Data
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were recorded in single-ion monitoring mode. The range of
the detected 22 PAH compounds is from acenaphthylene
(m/z 52) to dibenzo(a,h)pyrene (m/z 302). Data quality was
ensured using six internal standards (acenaphthene-d10,
phenanthrene-d10, pyrene-d10, chrysene-d12, perylene-d12,
benzo(g,h,i)perylene-d12) over the complete method. The
limit of quantitation (LOQ) was mainly 1 pg/kg (14 PAH
compounds), 2 ug/kg (7 PAHs) and 5 pg/kg (anthracene).

Results
Crust morphology

Scanning electron microscopic analyses revealed that the
collected black crusts contain significant amount of gyp-
sum crystals. There is a morphological difference between
gypsum crystals of laminar black crusts and framboidal
black crusts. The top of the framboidal black crust is char-
acterized by the presence of rosette-like gypsum crystals
(Fig. 5). These idiomorphic gypsum crystals form a network
that entraps particulates. According to SEM analyses, vari-
ous types of particulate matter are also present. Carbona-
ceous particulate matter, iron-rich and silica-rich spherules
and mineral fragments were also observed. Particles are
partly incorporated into gypsum crystals or partly visible as
globular forms attached to the surface of gypsum crystals
(Fig. 5e).

We have used cathodoluminescence microscopy (CL) to
study these transitions. The CL imaging technique shows
that there is a very sharp boundary between the crust and
host rock. The limestone substrate usually shows a bright
orange luminescence, while the black crust mainly consists
of fine-grained non-luminescent parts with scattered few
micron-sized orange luminescence spots (Fig. 6). The black
crust also displays few isolated spots of violet-blue lumi-
nescence. These violet-blue spots are considered silt-sized
wind-blown mineral particles such as quartz.

Mineralogy

The sample preparation—separation of crust and host rock
(Table 3)—allowed to detect the mineralogical composition
of crust and host rock using XRD technique. The RockJock
program determines quantitative mineralogy from the inte-
grated X-ray diffraction (XRD) intensities of individual min-
erals (e.g. calcite, gypsum and quartz). The analytical results
are in good correlation with the previous findings, namely
in the calcitic host rock only minor amounts of gypsum are
found, while in the black crusts gypsum prevails (Table 4).
The crust also contains small amounts of quartz.
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Fig.5 SEM images of crust samples from Germany a rosette-like
gypsum crystals on limestone (sample D4, Gottingen Germany); b
spherical particulate matter entrapped in rosette-like gypsum crystals
(sample B, Liege Belgium); ¢ various sizes of idiomorphic gypsum
rosettes (sample F, Reims France); d dense network of tabular gyp-

sum crystals (sample H1, Budapest Hungary); e spherical particulate
matter (in the centre) entrapped in gypsum crystals (sample PL, Kato-
wice Poland); f very dense network of rosette-like gypsum crystals on
limestone (sample PL, Katowice Poland)
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Fig.6 Polarizing microscopic images (a) and cathodoluminescence
microscopic picture (b) showing the boundary (marked by arrows)
between the black weathering crust and the oolitic limestone substrate
(F sample from Reims Cathedral, France)

Chemical composition

Our studies revealed that sulphate and calcium concentra-
tions correlate well with the independently detected gypsum
content (Fig. 7). The host rock samples have lower SO, and
Ca ion concentrations (usually less than 1000 mmol/kg)
(Fig. 7a) than those of the black crusts (2500-5000 mmol/
kg) (Fig. 7b). Comparing the values of host rock and black
crusts, it is clear that only a small proportion of SO, and Ca
can be found in host rocks compared to black crusts. There
are some exceptions (D1, D4, CZ) where these proportions
are higher; only half of these concentrations were measured
in the host rock (D1—-crust 3500, host rock 2300 mmol/
kg; D4—crust 4000, host rock 2000 mmol/kg; CZ—crust
3000, host rock 1300 mmol/kg). The extreme low values
of SO, and Ca ion concentrations in host rocks were meas-
ured in samples D6, D7, H1, H2 (less than 200 mmol/kg)
(Fig. 7a).

@ Springer

When gypsum content obtained by XRD is plotted
against calcium concentration, two very distinct fields of
samples are identified, namely black crusts and host rocks.
The correlation between these two values is extremely
good (R* = 0.9054) and can be described with a mathemat-
ical formula (Fig. 8a). A similar trend is observed when
gypsum content is plotted against sulphate content, with
an even better correlation (R> = 0.9070) (Fig. 8b). The
samples are plotted along a line when calcium/sulphate
content is shown in linear scale, 0 to 250,000/500,000 mg/
kg. On both diagrams, host rocks represent the lower fields
with lower gypsum contents (in all cases less than 50%,
and usually even less than 20%) (Fig. 8).

The sulphate concentrations in the black crust have nar-
rower ranges, while a bigger scattering is observed in the
sulphate content of the host rock (Fig. 7).

Conductivity measured in solution of dissolved samples
also correlates well with the gypsum content. A linear cor-
relation was found with relatively high R-squared values
(R* = 0.8825) (Fig. 9).

LA-ICP-MS analyses provide valuable information on
the distribution of sulphur and lead in the host rock and
black weathering crusts. The concentrations of those ele-
ments were detected along lines cross-cutting black crust
host rock transitions. Our results clearly document high
concentrations of lead in black crusts and a significant
drop in Pb at the crust/host rock boundary (Fig. 10). In
this scale, there is a transition zone between the black crust
and its host rock. Comparing two samples (Fig. 10a, b
and c, d), it is clear that the transitional zone is thicker for
the sample from Géttingen (Fig. 10a, b). This is related
to the more porous nature of the host rock and thicker
alteration zone. In our study, we have found that the pro-
portion of lead and sulphur is different for weathering
crusts from different sites, but it can be different within
the same city (Fig. 11). The sample which was collected
from the site with a higher local SO, concentration (from
Belgium) (Fig. 2) has higher lead concentrations than the
one that was collected from lower SO, level site in Ger-
many (Fig. 11).

GC-MS analyses revealed that PAH is found in all stud-
ied samples. The smallest amount of PAH was detected
in a host rock sample with 0.209 mg/kg (sample D6). The
highest PAH concentration was recorded in a black crust
sample with 102.485 mg/kg (sample H2). When sulphate
concentrations are plotted against PAH levels, it is clear
that black weathering crusts are enriched both in PAHs and
in sulphate (Fig. 12). The difference between the host rock
samples and crust samples shows great variations. Figure 12
clearly reflects these differences, and this is probably related
to differences in air pollution levels at the investigated sites,
but also due to climatic differences (Table 1), with higher
dissolution rates of gypsum in more humid sites.
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Fig.7 Calcium and sulphate ion concentration [mmol/kg] deter-
mined by ion chromatography and gypsum content [%] determined
by XRD and calculated by Rock Jock in host rock (a) and in black
crust (b). Note that lower values were detected in host rock samples

Discussions

The upper part of framboidal black weathering crusts is cov-
ered by rosette-like gypsum crystals. This morphology was
previously described for several other black crusts developed
on limestone (Maravelaki-Kalaitzaki and Biscontin 1999;
Torok 2002; Smith et al. 2003; Torok and Rozgonyi 2004;
Pozo-Antonio et al. 2017), on travertine (Torok 2008) or on

@ Springer

than in black crusts taken from the host rock. Sample codes are given
in Table 3. Gypsum content—xxx: major (60-100%), xx: medium
(20-60%), x: minor (5-20%) and *: trace (less than 5%) as in Table 4.
(Diamonds represent calculated gypsum content)

marble (Del Monte et al. 1981, Moropoulou et al. 1998).
The irregular morphology and larger surface area allows the
settling of larger amount of particulate matter. It is attached
to the surface, and later it is incorporated into the gypsum
crust. The entrapment mechanism of particulates at irregu-
lar surfaces of gypsum has been described previously using
chamber tests (Ausset et al. 1999) or samples taken from
buildings (Amoroso and Fassina 1983). These particulates
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Fig.8 Correlation between a
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provide information on the nature of pollution and can indi-
cate industrial or rural origin (Torok et al. 2011) or can be
the indication of past pollution levels (Fobe et al. 1995).
Laminar black crusts display gypsum crystals that are partly
dissolved. This is related to the partial exposure of rain wash,
which was also reported previously (Amoroso and Fassina
1983; Maravelaki-Kalaitzaki and Biscontin 1999; Torok and
Rozgonyi 2004; De Kock et al. 2017).

Our analyses suggest that there is no morphological dif-
ference between the surfaces of the crusts developed on
limestone, travertine or marble if the substrate is similarly
exposed. This means that exposure controls the morphology

ly = 0.0005x + 7.1246|

150,000

Gypsum vs. Calcium

Host rock

60,000

80,000 100,000 120,000 140,000 160,000 180,000 200,000
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Gypsum vs. Sulphate
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Sulphate[mg/kg]
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of the black crusts (Amoroso and Fassina 1983) on the stud-
ied carbonates. The differences are better explained at the
substrate/crust transition zone. The contact between the car-
bonate substrate and the crust was studied in cross sections.
Previous studies (Torok et al. 2011) revealed that at thin
laminar crusts a transitional zone exists between porous host
limestone and crust, whereas a sharp contact was observed
between framboidal black crusts and host rock (Torok et al.
2011; Pozo-Antonio et al. 2017). The sharp zone between
black crust and non-porous limestone was also documented
by CL microscopy (Fig. 6). The black colour of the crust is
related to particulate matter which is clearly visible under
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Fig.9 Correlation between Gypsum vs. Conductivity
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Fig. 10 Distribution of lead (red) and sulphur (blue) concentration [mg/kg] determined by LA-ICP-MS in black weathering crusts developed on
limestone in Germany (sample D4 from Goéttingen—a, b) and in Belgium (sample B from Liege—c, d)

the microscope (Fig. 6a). Besides black particles, silt-sized  years (Amoroso and Fassina 1983). Thus, the quartz content
quartz grains are also visible. This incorporation of wind-  (always less than 15%) can be attributed to wind-driven min-
blown mineral grains into the black crust is known for many  eral grains and might represent the minerals of the hinterland
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Fig. 11 Correlation between lead and sulphur concentrations deter-
mined by LA-ICP-MS (Pb and S concentrations are in mg/kg and
shown on logarithmic scale). Measured values of sample D4 (a) and

(Smith et al. 2003; Torok et al. 2011) or particles originating
from street dust/traffic (Kim et al. 2016). Feldspar, which is
not an authigenic mineral of the host carbonates, is also a
mineral that is most likely of wind-driven origin. To the con-
trary, feldspar is an important mineral phase in trachyte and,
thus, its presence in the black crust of trachyte (Graue et al.
2013; Germinario et al. 2017) could have also local sources.

Host rock
(1-12)

100 1000
S [mglkg]

10 000

B (b) are significantly separated, the two groups are host rock and
crust. Numbers (a 1-40, b 1-35) in the data fields refer detection
points of LA-ICP-MS measurements along the line

Ion chromatographic analyses with combination of XRD
provide valuable results when the origin of gypsum is ques-
tioned (Torok et al. 2011; Graue et al. 2013). Sulphate con-
tent is strongly linked to gypsum (Fig. 7). No other sulphates
than Ca was found with XRD, which indicates that all the
sulphates are found in the form of gypsum in the studied
crusts. Conductivity also has a strong link with ionic content
of the solution, i.e. sulphate content (gypsum content vs.
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Fig. 12 Total PAH concentrations (summarizing the concentration
values of the measured 22 PAH compounds) [mg/kg] determined by
GC-MS versus water-soluble sulphate content [mg/kg] determined by

sulphate content, Fig. 9). This is related to gypsum content
since no significant amount of other minerals having high
solubility was found by XRD analyses (Table 5). This means
that other soluble salts play a negligible role, similarly to
the findings of McAlister et al. 2008. The good solubility is
also reflected on the laminar black samples where dissolved
gypsum crystals are visible (T6rok and Rozgonyi 2004).

The correlation between gypsum content and sulphate
reflects that the formation of gypsum crystals is strongly
linked to air pollution. When gypsum concentration (Fig. 7)
and national SO, emissions (Table 2) are compared, it is
clear that samples taken from countries where “high SO,
emission” was recorded has not necessarily higher gypsum
concentration. It suggests that local sources contribute the
SO, levels. It has been also demonstrated previously that
urban and rural black crusts have different compositions
with higher gypsum content in the urban or industrialized
sites (Sanchez et al. 2011; Torok et al. 2011; Graue et al.
2013).

In terms of mineralogy of substrate, the same trend was
observed in samples of black crusts on limestone samples
(Torok et al. 2011) or in results of weathering crusts devel-
oped on trachyte (Graue et al. 2013; Germinario et al. 2017).
Since samples of different carbonate host rocks such as lime-
stone, travertine or marble were analysed, these results and
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ion chromatography of studied samples. The graph shows the differ-
ence in composition of black crust and host rock

the previously published ones (Torok et al. 2011) clearly
indicate that gypsum formation in polluted atmosphere is
controlled by the presence of carbonate (i.e. calcite) (Moro-
poulou et al. 1998; Torok 2002; Gavino et al. 2004). The
proportion of gypsum in the crust developed on carbonates is
different. These differences can be attributed on the one hand
to the differences of the properties of substrate (porosity,
solubility, etc.) (Torok et al. 2011), on the other hand to the
differences of local SO, levels (Amoroso and Fassina 1983)
and to micro-climatic conditions (precipitation, exposure of
the stone surface, etc.) (Slezakova and Castro 2011; Pozo-
Antonio et al. 2017). The high sulphate concentrations of the
black crust samples mark the similarities in the mechanism
of black weathering crust formation of carbonate substrates
being exposed to different but SO,-polluted environments.
Our results clearly document that there is high concentra-
tions of lead in black crusts. The source of lead is suggested
to be the former use of leaded petrol in Europe. In Table 5,
documented high concentrations suggest that lead is still
present in the urban environment many years after the ban
of leaded petrol in Europe, as it has been also shown by
previous studies (Sanchez et al. 2011; Torok et al. 2011;
Graue et al. 2013). There is a significant drop in Pb at the
crust/host rock boundary similarly to previous studies on
black crusts (Torok et al. 2011; Graue et al. 2013; La Russa
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Table 5 Concentrations of

Location Lead (Pb) Stone substrate References

lead (P.b) detected mean values - [ppm]

[ppm] in the black crusts on City Country

various stone types (trachyte,

limestone, travertine, marble, Padua Italy 22 Trachyte Germinario et al. (2017)

sandstone and calcarenite) from Cologne Germany 1849 Trachyte Graue et al. (2013)

different urban sites in Europe Xanten Germany 1944 Trachyte Graue et al. (2013)

between 2003 and 2017 .
Halle Germany 2000 Limestone Torok et al. (2011)
Gottingen Germany 9 Limestone This paper
Braunschweig Germany 196 Limestone This paper
Halberstadt Germany 120 Limestone This paper
Budapest Hungary 159 Limestone This paper
Budapest Hungary 1000 Limestone Torok et al. (2011)
Bari Italy 40 Marble This paper
Milan Italy 883 Marble and limestone Sabbioni (2003)
Venice Italy 123 Marble and limestone Sabbioni (2003)
Rome Italy 532 Marble and limestone Sabbioni (2003)
Bologna Italy 427 Marble and limestone Sabbioni (2003)
Eleusis Greece 300 Marble and limestone Sabbioni (2003)
Katowice Poland 110 Travertin This paper
Reims France 48 Limestone This paper
Liege Belgium 408 Limestone This paper
Brussels Belgium 516 Sandstone and calcarenite Sabbioni (2003)
Bologna Italy 160 Sandstone and calcarenite Sabbioni (2003)
Granada Spain 40 Sandstone and calcarenite Sabbioni (2003)

et al. 2017) in one sample (Fig. 10 c, d), while in the other
sample the lead concentration in the crust and host rock is
very similar (Fig. 10 a, b). It can be attributed to the differ-
ent exposure to pollutants at the two sampling sites, namely
the sample where the lead concentration is similar in the
crust and host rock is from Géttingen (D4), with low traffic
load till 2000 (leaded petrol use), while Belgian sample (B)
is from traffic-loaded city of Liege. Lead is indicative for
leaded petrol and can provide valuable information on the
mobility of pollutants; a transfer from the crust of the stone
surface to the deeper layers of the substrate was shown by
Torok et al. (2011). The presence of lead in the host rock
indicates the high mobility of lead and possible migration
within the pore system. The equally high sulphur concen-
trations in both samples (Figs. 10, 11) suggest that gypsum
formation is not linked to transportation-related pollutants,
but industry-driven or heat-driven SO, levels. It can be also
suggested that longer term exposure to SO, (even to lower
levels of SO,) can lead to the formation of gypsum at less
industrialized sites, too.

The differences in the trends of sulphur and lead can be
attributed to the presence of particulate matter in the crust.
It has been long known (Amoroso and Fassina 1983) that
sulphur in weathering crusts is associated with gypsum.

On the other hand, the higher proportions of lead in
the Belgian samples are clearly associated with higher

amounts of PM produced by vehicle exhausts in the indus-
trialized Belgian city. Thus, lead is derived from leaded
fuels and incorporated into gypsum. The proportion of
lead vs. sulphur is different in the studied German and
Belgian samples, but black crusts and host rocks represent
two distinct fields on these graphs (Fig. 11).

PAHs have been found in all tested samples in which
compounds are indicatives of air pollution, improper com-
bustion and related to the burning of fossil fuels (Lima
et al. 2005) or other organic substances (Simoneit 2002) in
the urban environment. Thus, these compounds are linked
to human activity in urban areas and mostly linked to par-
ticulate matter. Relatively high concentration of PAH in
crust (Fig. 12) suggests that gypsum crust encloses partic-
ulates. Thus, PAH content can be correlated with gypsum/
sulphate concentration. Torok et al. 2011 also correlated
PAHs with sulphur finding slightly different results. Later,
Graue et al. 2013 demonstrated the presence of PAH not
only in the black weathering crusts of carbonates, but also
in crusts found on trachyte and sandstone. These previous
studies are in agreement with our findings that PAH found
in black crusts marks air pollution. It has been also noted
that PAH can be used as tracer of present and past pollu-
tion levels not only in weathering crusts, but also in lake
sediments (Warner et al. 2016).
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Conclusions

The analytical results of black crusts and host rocks col-
lected from seven European countries clearly indicate that
gypsum accumulates not only in black crusts, but also the
host rock contains small amount of it. The gypsum content
of black crusts is 4-5 times larger than that of the host
rock.

Accessory minerals, such as quartz, further accumu-
late in the crust, suggesting the presence of wind-driven
particulates.

SEM analyses revealed that organic carbon and spheri-
cal fly ash particles are present on the top of the framboidal
crusts, and these particles are entrapped in between gypsum
crystals.

The cathodoluminescence microscopy of studied host
rocks and black crusts is markedly different, namely the
former ones have bright orange luminescence, while black
crusts are non-luminescent with a few bright orange or vio-
let-blue spots of wind-blown dust.

There is a strong linear correlation (high R-square values)
between the gypsum content determined by XRD and the
water-soluble sulphate calcium content. The highest values
are found in black crusts. Additionally, conductivities of
water-extracted black crusts and host rocks correlate well
with their gypsum content, since no other highly soluble
salts were detected in the samples by XRD.

LA-ICP-MS analyses indicate that lead accumulates in
the black crusts, and its concentration suddenly drops at the
crust/stone interface in samples that were exposed to higher
traffic in the past. Sulphur shows the same trend, but it seems
that the proportion of sulphur and lead is different for dif-
ferent samples.

All the studied black crusts and host rocks contain poly-
cyclic aromatic hydrocarbons (PAH). PAH content of black
crusts is higher than that of the underlying host rocks, but the
discrepancy between the measured PAH values of crust and
host rock is very different from sample to sample.

Air pollution levels are not reflected in the gypsum con-
tent of black weathering crusts. It seems that the persistent
and carcinogenic pollutants PAH and Pb reflect present and
past air pollution levels much better.
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