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The study was aimed at min er al og i cal and geo chem i cal char ac ter is tics of sec ond ary phases re lated to de te ri o ra tion of his -
toric build ing ma te ri als. The in ves ti ga tions, car ried out in the Holy Trin ity Ba sil ica in Kraków, Po land, fo cused on the south ern 
facade of the 17th-cen tury Myszkowskis Cha pel, built of the Mio cene Piñczów lime stone. Lower part of the facade is cov ered 
with a ce ment ren der, and the ex posed foun da tions are made of Ju ras sic lime stone and Cre ta ceous sand stone, both of lo cal
or i gin from the Kraków re gion and neigh bour ing Carpathians, in the form of ir reg u lar blocks bound with a ce ment mor tar. The
wall sur face ex hib its clear signs of dam age; from dark grey soil ing and scal ing to efflorescences. Sam pled ma te ri als, de te ri o -
rated, al tered crusts and efflorescences were an a lysed with op ti cal and scan ning elec tron mi cros copy, X-ray dif frac tion, and
Raman microspectroscopy meth ods. The sec ond ary min er als dis tin guished in clude abun dant gyp sum CaSO4·2H2O, less
com mon thenardite Na2SO4 (and/or mirabilite Na2SO4ÿ10H2O), aphthitalite (K, Na)3Na(SO4)2, darapskite
Na3(SO4)(NO3)·H2O, ettringite Ca6Al2(SO4)3(OH)12·26H2O, monosulphite Ca4Al2O6SO3·11H2O, as well as scarce ni tre
KNO3, nitratine NaNO3 and ha lite NaCl. Gyp sum usu ally forms sur face crusts and fills the pores in side some ma te ri als. The
efflorescences, sam pled from the ex posed foun da tions, con sisted of thenardite and/or mirabilite, aphthitalite and darapskite, 
whereas ettringite and monosulphite were con nected with ce ment ren ders. Traces of ni tre, nitratine and ha lite were de tected
at var i ous el e ments of the cha pel facade and foun da tions. The or i gin of the salts is re lated to com po si tion and
physicochemical prop er ties of the build ing ma te ri als, as well as to anthropogenic fac tors.
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INTRODUCTION

Crys tal li za tion of sec ond ary min er als, first of all salts, be ing
the most ef fi cient de te ri o ra tion pro cess in po rous ma te ri als,
both nat u ral and ar ti fi cial ones, may sub stan tially con trib ute to
dam ag ing of build ing ma te ri als. The most im por tant dam ag ing
fac tor is crys tal li za tion pres sure dur ing salt pre cip i ta tion; pro -
duc ing stress in the sub strate, it re sults in the for ma tion of
cracks and lack of co he sion be tween com po nents of the ma te ri -
als (Flatt et al., 2007). The pro cess of dam age is a func tion of
both the so lu tion sat u ra tion ra tio and the place of the crys tal li za -
tion. Crys tals can grow ei ther in con fined spaces, e.g. in pores
or as subflorescences, or in un con fined space as efflore -
scences. There fore, the pore-size dis tri bu tion of build ing ma te -
rial is very im por tant in the de te ri o ra tion pro cesses (Ro dri -
guez-Navarro and Doehme, 1999; Benavente, 2011). The
chem i cal com po si tion of sec ond ary salts de pends in gen eral on 
nat u ral and anthropo genic, in ter nal and ex ter nal fac tors
(Manecki et al., 1997; Marsza³ek, 2016). They in clude, in par tic -

u lar, com po si tion of sub stra tum, cli ma tic and top o graphic con -
di tions, an i mal and mi cro or gan ism ac tiv i ties, cap il lary rise of
ground and soil wa ters, pol lu tion of the at mo sphere, as well as
chem i cals used for con ser va tion pro cesses. Typ i cal sec ond ary
salts form ing in his tor i cal struc tures in pol luted at mo sphere are
sulphates, chlo rides, and ni trates of cal cium, mag ne sium, so -
dium and po tas sium. Their pres ence in de te ri o rated build ing
ma te ri als and mon u ments, tak ing into ac count var i ous as pects, 
is re ported by nu mer ous au thors (e.g., Labus, 1998; Del Monte
et al., 2001; S³aby et al., 2001; Cardell et al., 2003; Sabbioni,
2003; Wilczyñska-Michalik, 2004; De Be lie, 2010; Kramar et
al., 2010; Grossi et al., 2011; Török et al., 2011; Marsza³ek et
al., 2014; Morillas et al., 2016; Pøikryl et al., 2017). Sec ond ary
salts are more sol u ble than the par ent min er als and are sub se -
quently in volved in dis so lu tion-recrystallization cy cles, then act -
ing as the agents in salt weath er ing pro cesses. Among them,
the salts that ex ist in an hy drous forms and/or can crys tal lize as
var i ous hy drates are most del e te ri ous. Ex am ples are an hy -
drous so dium sul phate Na2SO4 – thenardite and decahydrous
so dium sul phate Na2SO4·10H2O – mirabilite (Steiger and
Asmussen, 2008). Also in con gru ently sol u ble dou ble salts [e.g.,
darapskite Na3(SO4)(NO3)·H2O, aphthitalite (K,Na)3Na(SO4)2,
bloedite Na2Mg(SO4)2·4H2O], of com plex crys tal li za tion be hav -
iour de pend ing on rel a tive hu mid ity and so lu tion com po si tion,
may have a great dam age po ten tial (Linnow et al., 2013;
Lindström et al., 2015). 
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Op ti cal and scan ning elec tron mi cros copy, X-ray dif frac tion, 
and Raman microspectroscopy have been used to iden tify the
sec ond ary salts oc cur ring in de te ri o rated ar chi tec toni cal el e -
ments of the Ba sil ica of Holy Trin ity; a 13th cen tury church and
mon as tery of the Do min i can Or der in Kraków, Po land. Stud ies
pre sented in this pa per fo cused on the south ern fa cade of the
Myszkowskis Cha pel, built of var i ous ma te ri als in the first half of 
the 17th cen tury. The char ac ter is tic rus ti cated wall of the fa -
cade is made of Mio cene lime stone blocks, cov ered with a ce -
ment ren der in its lower part. The ex posed foun da tions are
made of ir reg u lar frag ments of grey sand stones and bright lime -
stones, bound with and partly re placed by a ce ment. The Up per 
Cre ta ceous Istebna sand stones must have been quar ried in
the Pol ish Flysch Carpathians, foot hills of the moun tains, a few
tens of kilo metres S of Kraków. The Up per Ju ras sic lime stones
most likely came from quar ries in close vi cin ity, N or NW from
the Old Town of Kraków (Górecki and Sermet, 2010). The wall
re veals clear signs of dam age rang ing from dark grey soil ing of
the sur face, scal ing to efflorescences. The last ones oc cur
mainly on the bor der be tween the lime stone blocks and the ce -
ment re place ments in a part of the foun da tions. 

MONUMENT

The Ba sil ica of Holy Trin ity in Kraków, a vast three-aisled
tem ple, was cho sen to be a burial site by many no ble fam i lies,
among oth ers the Myszkowskis fam ily. In the early 17th cen -
tury, the Myszkowskis Cha pel was built on site of the older St.
Dominic Cha pel, most likely by ma sonry mas ters from a work -

shop of Santi Gucci from Flor ence (It aly). Founded by Zygmunt
Myszkowski and his brother Al ex an der, the cha pel be came the
fam ily mau so leum (Bieniarzówna and Ma³ecki, 1984). Fa cade
of the cha pel (Fig. 1), with the ex posed foun da tion plaque, was
made of reg u lar blocks of Mid dle Mio cene (Lower Badenian)
lithothamnium lime stone, the so-called Piñczów lime stone,
quar ried in and near Piñczów (Carpathian Foredeep,
south-cen tral Po land; Grabski and Nowak, 1960; Rajchel,
2004), de vel oped in the form of Mannerist rus ti ca tion
(Dobrowolski, 1978; Ro¿ek, 2009). Rus ti cated blocks, cov er ing
large part of the fa cade, are un der lain by a small ar chi tec tural
el e ment in shape of a shaft, and a belt of rect an gu lar lime stone
blocks with out rus ti ca tion. The low est part of the fa cade wall,
down to the pave ment level, con sists of rect an gu lar bright
blocks of var i ous di men sions (Fig. 1A, B). The cha pel subwall,
be low the pave ment line, was made of a va ri ety of ma te ri als in
the form of more or less reg u lar blocks, as well as ir reg u lar,
sharp-edged pieces of bright com pact lime stone and grey
sand stone, most likely bound with a ce ment mor tar (Fig. 1C).
The mor tar was ap plied un evenly, in places cov ers the stony el -
e ments, and in some oth ers forms con vex welds. Avail able
sources (Grabski and Nowak, 1957, 1960; Rajchel, 2004) and
un pub lished con ser va tory documentations yielded in for ma tion
only about the rus ti cated Piñczów lime stone. No de tailed in for -
ma tion about the el e va tion ma te ri als or ear lier con ser va tion
works was en coun tered. 

The al ter ations ob served are rep re sented mainly by stains
on the sur face, col our changes, black crusts and sur face
exfoliations. In ad di tion, white fine-crys tal line salt efflores -
cences, par tic u larly dis tinct on the con tacts be tween the lime -
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Fig. 1. El e va tion of the Myszkowskis Cha pel of the Holy Trin ity Ba sil ica of the Do min i can Or der 
in Kraków (A), and the sam pling sites – rus ti cated wall and el e ments be low (B), ex posed part

of the foun da tions (C)

The sam ples rep re sent re spec tively: KD-M-4 – rus ti cated lime stone blocks; KD-M-4-1 – lime stone-block 
belt be low the shaft; KD-M-4-2 – lower ce ment-ren dered part of the el e va tion; KD-M-4-3 – shaft be low
the rus ti cated fasade; KD-M-1 – subwall sand stone blocks; KD-M-3 – ce ment mor tar from the subwall;
KD-M-3-1 – subwall lime stone blocks; KD-M-3-2s – salt efflorescences. Area pre sented in C is lo cated
be neath the pave ment level, be low the area marked as B. Pho tos by K. Ba³aga



stone sur face and the ce ment mor tar (Fig. 1C), could be ob -
served in the lower part of the subwall. 

MATERIALS AND METHODS 

Sam ples for the stud ies were taken from the el e va tion and
subwall of the Myszkowskis Cha pel (Fig. 1 and Ta ble 1). They
rep re sent ar chi tec toni cal el e ments made of var i ous ma te ri als
dis tin guished mac ro scop i cally. These are rustications (sam ples 
la belled KD-M-4), the shaft be low the rus ti cated fa cade (sam -
ples la belled KD-M-4-3), the belt of stony blocks be low the shaft 
(sam ples la belled KD-M-4-1), and a piece of the wall from bright 
blocks, just above the pave ment level (sam ples la belled
KD-M-4-2). Sam ples from the subwall be low the pave ment
level rep re sent a ce ment mor tar be tween stony blocks (sam -
ples la belled KD-M-3), lime stone blocks (sam ples la belled
KD-M-3-1), sand stone blocks (sam ples la belled KD-M-1), and
salt efflorescences (sam ples la belled KD-M-3-2s). 

Be cause of re stric tions con cern ing sam pling of his toric ob -
jects (size and amount of sam ples), the pore struc ture anal y sis
with the mer cury-in tru sion porosimetry method could not be
made for two very small sam ples from the shaft be low the rus ti -
cated facade (KD-M-4-3) and blocks be low the shaft
(KD-M-4-1). Mi cro scopic anal y sis of these sam ples dem on -
strated that they proved to be highly sim i lar to the rus ti cated el e -
va tion sam ple (KD-M-4). 

The sam ples were taken in 2017 at con ser va tory works in
due course, by cour tesy of the Mon as tery au thor i ties and Mr
Bart³omiej Polczyñski.

The petrographic char ac ter is tics of stones and other build -
ing ma te ri als were based on anal y sis of thin sec tions cut per -
pen dic u larly to the outer lay ers of the sam ples (op ti cal mi cros -
copy in the trans mit ted light, OM), us ing an Olym pus BX-51 in -
stru ment cou pled with an Olym pus DP-12 dig i tal cam era. The
po ros ity and pore-size dis tri bu tions were ana lysed with a mer -
cury in tru sive porosimeter AutoPore IV 9520 pro duced by
Micromeritics, which op er ates within the 0.1–413 MPa pres sure 
in ter val and al lows de ter min ing pores within the 0.003–1000 µm 
range.

The el e men tal anal y ses of min eral com po nents, mainly
these of sec ond ary or i gin, their mor phol ogy and microstructure
of the ma te ri als were stud ied us ing a FEI 200 Quanta FEG
scan ning elec tron mi cro scope with an EDS/EDAX spec trom e -

ter. The max i mum ex ci ta tion volt age was 20 kV, and a low vac -
uum mode (the pres sure 60 Pa) was used. The sam ples in -
cluded pol ished thin sec tions, bro ken, sharp sur faces of weath -
ered ma te ri als, and efflorescences them selves. 

Phase com po si tions of the sam ples were de ter mined us ing
the X-ray pow der dif frac tion method (XRPD) with a Rigaku
MiniFlex 600 in stru ment. The mea sure ment con di tions were as
fol lows: CuKa an ode, gen er a tor set tings 40 kV and 15 mA, re -
cord ing range 3–70° 2Q, step size 0.05°, count ing time
1 sec/step. The re sults were pro cessed with XRAYAN soft ware
us ing a dif frac tion X-ray pat tern da ta base of the In ter na tional
Cen tre for Dif frac tion Data (the Pow der Dif frac tion File PDF-4,
2013). 

Com po si tion of sec ond ary min eral phases was also de ter -
mined us ing Raman microspectroscopy. The spec tra were re -
corded with a Thermo Sci en tific DXR Raman mi cro scope with a 
900 grooves/mm grat ing and a CCD de tec tor. The Olym pus
10´ (NA 0.25) and 50´ (NA 0.50) ob jec tives (the o ret i cal spot
sizes 2.1 µm and 1.1 µm, re spec tively) were used. Ex ci ta tion
was ac ti vated with a 532 nm di ode la ser with max i mum power
of 10 mW. The la ser power var ied in the 3–10 mW range and
the mea sure ment time from 30 to 300 s, se lected ap pro pri ately
to avoid pos si ble ther mal de com po si tion of the sam ples and to
ob tain the best qual ity of spec tra. Their iden ti fi ca tion was per -
formed us ing in-house and RRUFF Raman Min er als spec tral li -
brar ies, as well as lit er a ture data (Hansteen and Burke, 1994;
Sadezky et al., 2005; Buzgar et al., 2009; Ham il ton and Men -
zies, 2010; Jentzsch et al., 2012; Prieto-Taboada et al., 2014,
2019).

The ce ment no ta tion used through the pa per is as fol lows:
A = Al2O3, C = CaO, F = Fe2O3, H = H2O, S = SiO2.

RESULTS AND DISCUSSION

MATERIAL CHARACTERISTICS

ELEVATION OF THE MYSZKOWSKIS CHAPEL 

Sam ples of rus ti cated blocks (KD-M-4) and be low-the-shaft 
blocks (KD-M-4-1) rep re sent organogenic lime stones with
abun dant, well-pre served bioclasts char ac ter is tic for the
Piñczów lime stone: red al gae of the ge nus Lithothamnium,
bryo zoans, foraminifers, in clud ing the ge nus Amphistegina,
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Sam ples lo ca tion Sam ple code De scrip tion and height above/be low the pave ment [m]

El e va tion of the
Myszkowskis 
Cha pel 

rus ti cated blocks KD-M-4 lime stone, 1.3–1.7 m above the pave ment level

the shaft be low the rus ti cated fa -
cade KD-M-4-3  lime stone cov ered in places of ce ment ren der; 1.2 m

above the pave ment level

the belt of stony blocks be low
 the shaft KD-M-4-1 lime stone cov ered in places of ce ment ren der; 1.1 m above 

the pave ment level

 the wall from bright blocks,
 just above the pave ment level KD-M-4-2 lime stone cov ered with sev eral mm thick ce ment ren der;

0.5–1.0 m above the pave ment level

Subwall of the 
cha pel be low the
pave ment level

ce ment mor tar KD-M-3 ce ment sandy mor tars; 0.7 m be low the pave ment level

stone blocks
KD-M-3-1 lime stone; 0.5–1.0 m be low the pave ment level

KD-M-1 sand stone; 0.5 m be low the pave ment level

salt efflorescences KD-M-3-2s on the bor der be tween the lime stone blocks and the 
ce ment re place ments

T a  b l e  1

List of sam ples and sam pling sites (for de tails see also Fig. 1)



and frag ments of bi valve shells (Studencki, 1988; Fig. 2A).
Elon gated and flat tened forms are up to 1 cm, whereas round
bioclasts are up to 5 mm. Ac ces sory com po nents of these lime -
stones are quartz grains and glauconite ag gre gates, both up to
0.2 mm in size. Ir reg u lar strikes of sec ond ary semi-op aque iron
com pounds were ob served as well. At the edge of sam ple
KD-M-4-1, dis con tin u ous seg ments were pres ent, dis tinctly dif -
fer ent from the lime stone, en riched in small quartz grains and
tiny, sub mi cro scopic ma trix com po nents. They could rep re sent
a de te ri o rated ce ment ren der cover, ca. 1 mm in thick ness.
How ever, the avail able lit er a ture and un pub lished con ser va tory 
doc u men ta tion (Grabski and Nowak, 1960) are lack ing any in -
for ma tion on that. Anal y sis of sur face dis tri bu tion maps (Ca, Si
and Al pri mar ily) of sam ples KD-M-4 and KD-M-4-1 (in
cross-sec tions per pen dic u lar to the sam ple sur faces; Fig. 3A,
B) re veals quan ti ta tive zonal di ver sity of con cen tra tion of these
el e ments in sam ple KD-M-4-1. Its outer zone is clearly en riched 
in Si and Al. In a mi cro scopic im age (OM) of both sam ples, a
dis con tin u ous outer layer of vary ing thick ness, oc ca sion ally
reach ing sev eral hun dred µm, were dis tin guished (Fig. 2A, B).
Gen er ally, tiny sharp-edged opaque par ti cles and nee -
dle-shaped trans par ent com po nents of very low in ter fer ence
colours, some times iso tro pic, were ob served. Sim i lar com po -
nents were noted in side the sam ples as well. The SEM-EDS
anal y sis re vealed Ca, S and O, which pointed out gyp sum
CaSO4·2H2O. The dis tri bu tion of sul phur in cross-sec tions per -
pen dic u lar to the sam ple sur faces in di cates sites of con cen tra -
tion of this el e ment (Fig. 3A, B). In the case of sam ple
KD-M-4-1, the map re veals ac cu mu la tion of sul phur in the outer 
zone of the Piñczów lime stone, di rectly be low the ren der layer.

The XRPD phase anal y ses con firmed the pres ence of gyp sum
in both these sam ples (KD-M-4 and KD-M-4-1). It is un doubt -
edly a sec ond ary phase re lated to de te ri o ra tion of the ma te rial
in a pol luted ur ban en vi ron ment. The other phases reg is tered
are cal cite (pre dom i nant com po nent) and quartz; nat u ral com -
po nents of the ar chi tec tural el e ments ana lysed. How ever, they
may also be pres ent in the ce ment ren der (sam ple KD-M-4-1)
and sil ica-or ganic res ins, pos si bly used at ear lier con ser va tion
works. In the case of the Piñczów lime stone rustications
(KD-M-4), the SEM-EDS anal y sis re vealed abun dant tiny
grains (Si and O in chem i cal com po si tion) at the sur face, as
interstitions be tween ubiq ui tous tab u lar gyp sum crys tals.

Based on mer cury-in tru sion porosimetry mea sure ments,
sam ple KD-M-4 is char ac ter ized by a high open po ros ity of
24.66% and a bulk den sity of 1.83 g/cm3. Its pore-size dis tri bu -
tion in di cates dom i nance of the pores in two ranges: 10.0–1.0 µm 
that makes up 40.95%, and the pores of 1.0–0.1 µm – 30.64%.
The pores of 70–10.0 µm make up 9.5%, and the pores of
0.1–0.003 µm – 18.87% (0.1–0.01 µm – 16.77%; Fig. 4). The av -
er age pore di am e ter (cal cu lated as a weighted av er age, with the
weight de ter min ing the num ber of pores, and not the per cent age
of the pore space) is 0.10 µm, and the to tal pore area is
5.19 m2/g. The pore-size dis tri bu tion is bi modal, with dom i nance
of pores in the ranges of 10.0–1.0 and 1.0–0.1 µm. Low thresh old 
di am e ter (7 µm) sug gests that the in ter nal move ment of so lu tions 
through the stone is dif fi cult and in ef fi cient, the per me abil ity is
5.47 mD, and the hys ter esis ef fect – 15%.

Mi cro scopic anal y sis (OM) of sam ples from the shaft
(KD-M-4-3) and bright blocks be low (KD-M-4-2) dem on strated
that these ar chi tec tural el e ments were pro duced from the
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Fig. 2. Mi cro pho to graphs (plane-po lar ized light) of the sam ples taken from the rus ti cated wall
and the el e ments be low

A – KD-M-4 Piñczów lime stone; B – KD-M-4-1 Piñczów lime stone cov ered in places with ce ment ren der;
C –  KD-M-4-2 Piñczów lime stone cov ered with ce ment ren der; D – KD-M-4-3 Piñczów lime stone cov -
ered in places with ce ment ren der; for de tailed sam ple code ex pla na tions see Figure1 and Ta ble 1; thin
sec tions cut per pen dic u larly to the outer lay ers, the ar rows in di cate crusts of de te ri o rated ma te ri als



Piñczów lime stone as well. How ever, they are both cov ered
with a ce ment ren der rang ing in thick ness from a few
(KD-M-4-3) to sev eral mm (KD-M-4-2). This outer layer proved
to con tain frag ments of car bon ate bioclasts, sharp-edged
quartz grains, opaque com po nents, as well as ag gre gates of
high re lief, colour less or col oured, mostly iso tro pic or very
slightly anisotropic (very low bi refrin gence), dif fi cult to un equiv -
o cal iden ti fi ca tion (Fig. 2C, D). SEM-EDS anal y sis al lowed
iden ti fy ing in their com po si tion the pres ence of Ca, Si, Mg, Al
and O, some times Fe as well (Fig. 5). They were ap par ently
formed as a re sult of tech no log i cal pro cesses and rep re sent re -
sid ual ce ment grains – clinker. The com po nents are ce mented
with very fine-crys tal line mass, pre sum ably car bon ate micrite,
which is also in di cated by the el e men tal com po si tion ob tained
with the SEM-EDS method. X-ray pow der diffractometry
(XRPD) of sam ple KD-M-4-3 re vealed only cal cite, quartz and
gyp sum, the lat ter pos si bly re lated to the above-de scribed
anthropogenic pro cesses. XRPD anal y sis of sam ple KD-M-4-2
al lowed de ter min ing cal cite, portlandite Ca(OH)2, ettringite
Ca6Al2(SO4)3 (OH)12·26H2O, quartz, do lo mite CaMg(CO3)2 and
monosulphite Ca4Al2O6SO3·11H2O (Fig. 6). These com po nents 

sug gest the pres ence of ei ther the Ro man or or di nary Port land
ce ment (RC or OPC). 

Ro man ce ments dif fer from Port land ones by the phase com -
po si tion re sult ing from con sid er ably dif fer ent (lower) cal ci na tion
tem per a tures: 800–1200°C and 1400°C, re spec tively (Szel¹g et
al., 2008, 2009; Koz³owski et al., 2010). The fol low ing com -
pounds would even tu ally form in an RC (how ever, their amounts
vary de pend ing on cal ci na tion tem per a tures): wollastonite
(monocalcium sil i cate, CaO·SiO2, CS), belite (dicalcium sil i cate,
2CaO·SiO2, C2S), gehlenite (dicalcium alu mi no sili cate,
2CaO·Al2O3·SiO2, C2AS), aluminate (tricalcium aluminate,
3CaO·Al2O3, C3A), and fer rite, also called brownmillerite
(tetracalcium aluminoferrite, 4CaO·Al2O3·Fe2O3, C4AF). The
ma jor com pounds pres ent in OPC clink ers are alite (tricalcium
sil i cate, 3CaO·SiO2, C3S; pre dom i nant com po nent, mak ing up
50–70%), belite (C2S; which makes up 15–30%), aluminate
(C3A) and fer rite (C4AF) (Weber et al., 2007). While belite
(b-belite, b-C2S and a'-belite, a'-C2S with the lat ter be ing pre -
dom i nant) is the ma jor hy drau lic phase in Ro man ce ments, alite
(C3S) is the ma jor phase in or di nary Port land ce ments. In con -
trast to the OPC, alite can not form in the RC be cause of low cal -
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Fig. 3. Dis tri bu tion of Ca, Si, Al and S within the cross-sec tion of the crust and the build ing ma te rial be low in the sam ples
rep re sent ing rus ti cated KD-M-4 (A) and non-rus ti cated KD-M-4-1 (B) facade blocks made of the Piñczów lime stone

 and cov ered in places with ce ment ren der in the case of KD-M-4-1 

For de tailed sam ple code ex pla na tions see Figure 1 and Ta ble 1



ci na tion tem per a tures. Af ter hydration, both belite (a'-belite is
more re ac tive then b-belite) and alite form hy drated cal cium sil i -
cates (CSH phases), be ing the main com po nents of the ce -
ments, and portlandite. Cal cium car bon ates (cal cite and vaterite) 
are prod ucts of car bon ation of cal cium hy drox ide (a prod uct of
hydration of lime – CaO, formed af ter cal ci na tion of raw ma te rial,
which re acts with CO2 dur ing hard en ing of ce ment, form ing
CaCO3). Ettringite is a pri mary hydration prod uct in the or di nary
Port land ce ment (re ac tion be tween the cal cium aluminate and
the sul phate from added gyp sum), but rap idly dis solves af ter the
sul phate de ple tion. How ever, this phase can pre cip i tate when
ex ter nal or in ter nal sources of sul phate are avail able, e.g. at mo -
spheric SO2 (Gossellin et al., 2012a, b). It was also re ported as
one of the com po nents of the Ro man ce ment (Adamski et al.,
2009). Monosulphite is also a prod uct of ce ment hydration (in
cementitious sys tems, sulphite ions are of ten ob served when
sulphuric sources are avail able; £agosz and Ma³olepszy, 2003;
Suh et al., 2019). Unreacted and unhydrated com po nents of Ro -
man ce ments (in good qual ity ce ments pres ent only in very small 
quan ti ties) – cal cium sil i cates: b-belite (b-C2S; as less re ac tive
then a'-belite), gehlenite (C2AS) and wollastonite (CS) can be la -
belled as Ro man ce ment fin ger print phases (Adamski et al.,
2009; Koz³owski et al., 2010). These phases can sur vive in
unreacted grains of Ro man ce ments or en cap su lated in mor tars
be cause of their low hydration rates, like rel ics of alite, which are
char ac ter is tic of OPC and ab sent in RC (Pintér et al., 2014;
Pintér and Gosselin, 2018). Al though XRPD anal y ses did not re -
veal their pres ence in the sam ples ana lysed, the oc cur rence of
these phases could be also sup ported through scan ning elec tron 
mi cros copy (SEM-EDS), by which they can be vis i ble in the

binder-re lated grains. Though de tailed quan ti ta tive anal y ses are
be yond the scope of this re search, and will be the topic of a sep a -
rate study, pre lim i nary ob ser va tions of the sam ples in this re -
spect re veal rel ics of the orig i nal ce ment in both of the sam ples
(Fig. 5). Their char ac ter is tics, based on crosschecked re sults ob -
tained by OM and SEM-EDS anal y ses, point out the use of the
Port land ce ment. In a mi cro scopic im age, hy drated binder ap -
pears as very fine groundmass en cap su lat ing sig nif i cant
amounts of rem nants of the orig i nal ce ment clinker, iden ti fied as
alite and belite. C3S ex hib its mainly subhedral, rounded or dis -
torted crys tals, with less dis tinct rims and fre quent co ales cent
grains, up to 100 µm in size. Most of the C3S grains are cor roded
and sur rounded by sec ond ary C2S crys tals and/or partly car bon -
ated hydration rims. Belite forms rounded crys tals, usu ally sev -
eral µm in size, but fre quently larger clus ters, up to 100 µm. In
some cases, SEM anal y sis re veals char ac ter is tic par al lel
lamellae. Apart from typ i cal, round crys tals, some atyp i cal were
ob served as well. They are elon gated, of ten show ing cleav age.
Along with the alite and belite phases, in ter sti tial groundmass,
com posed of aluminate (C3A) and fer rite (C4AF), oc curs within
the clus ters. 

Sam ple KD-M-4-2 is char ac ter ized by a high open po ros ity
of 31.54% and a bulk den sity of 1.77 g/cm3. Its pore-size dis tri -
bu tion re veals the dom i nance of pores in two ranges:
1.0–0.1 µm, that makes up 45.25%, and 0.1–0.003 µm
(46.33%). Larger pores of 10.0–1.0 µm make up 4.9%, and the
pores of 70–10 µm – 3.46% (Fig. 4). The av er age pore di am e ter 
is 0.03 µm, and the to tal pore area is 20.31 m2/g. The quite high
hys ter esis ef fect (45%) and very low thresh old di am e ter
(0.5 µm) sug gest that the in ter nal move ment of so lu tions
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Fig. 4. The pore-size dis tri bu tion of the build ing ma te ri als (sam ples KD-M-3, KD-M-3-1, KD-M-1,
KD-M-4, KD-M-4-2; for sam ple code ex pla na tions see Fig. 1 and Ta ble 1) com pared with some pro -
cesses: (a) vapour ab sorp tion and cap il lary con den sa tion, (b) salt and ice crys tal li za tion, (c) cap -
il lary imbibitions and (d) me chan i cal strength in the pore space of ma te ri als; the in ten si ties and
ranges of the pro cesses af ter Benavente (2011)
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Fig. 6. Rep re sen ta tive X-ray pat tern of the ce ment KD-M-4-2

Cal – cal cite, Dol – do lo mite, Et – ettringite, Ms – monosulphite, Prt –
portlandite, Qz – quartz; for sam ple code ex pla na tions see Figure 1 and Ta ble 1

Fig. 5. Dis tri bu tion of Ca, Si, Al, S and Mg within the cross-sec tion of a sam ple rep re sent ing ce ment-ren dered blocks KD-M-4-2

Ce ment clinker clus ters are marked with arrows; for sam ple code ex pla na tions see Figure 1 and Ta ble 1



through the stone is very dif fi cult and in fe rior. The per me abil ity
is very low 0.075 mD. The pore dis tri bu tion is unimodal and het -
er o ge neous with the pores in the range of 1.0–0.003 µm. 

SUBWALL OF THE MYSZKOWSKIS CHAPEL

The ex posed foun da tions are made of ir reg u lar pieces of
lime stones and sand stones, bound with and partly re placed by
ce ment mor tar (Fig. 1C).

Lime stone blocks (KD-M-3-1) are bright organogenic
micritic lime stones with rel a tively scarce bioclasts, mostly
sparite shells, up to 4–5 mm in cross-sec tions. The fauna
(brachi o pods, bi valves, gas tro pods etc.) points out for lo cal Up -
per Ju ras sic lime stones (Gradziñski, 1972; Rajchel, 2004;
Fig. 7A). The sam ples ana lysed also ex hib ited frag mented seg -
ments of an ex ter nal al ter ation layer (~10 µm thick) with abun -
dant cal cium sulphates and par ti cles of at mo spheric dust
(Fig. 8). More over, up to a depth of ~50 µm from the sur face the
lime stone proved to be en riched in Si and O, more su per fi cially
(up to ~10 µm in depth) in Al as well (Fig. 8). The or i gin of these
el e ments is un cer tain; they could be con nected with ear lier con -
ser va tion works of the subwall, e.g. con sol i da tion us ing water -
glass, fluosilicates, sil ica sol, and sil i cate es ters (Domas³owski,
1993; Snethlage and Sterflinger, 2011). Higher con cen tra tions
of the same el e ments (Si, Al and O) were also noted in the su -
per fi cial layer (up to ~500 µm in depth from the sur face) of the
sand stone blocks, in which they ap par ently formed amorphic
ce ment of the frame work grains (Fig. 9A). At the sur face of the
Ju ras sic lime stone, a thin monomineral layer of bar ium sul -
phate (bar ite BaSO4) was ob served as well (Fig. 8). Bar ium
could be de lib er ately in tro duced into the stony blocks at the res -
to ra tion pro ce dures, in which bar ium chlo ride (BaCl2) or bar ium
hy drox ide (Ba(OH)2) are the chem i cals used for re moval of del -

e te ri ous salts (e.g., Na2SO4) and for stone con sol i da tion
(Domas³owski, 1993; Snethlage and Sterflinger, 2011). On the
other hand, the lime stone it self could also be a pos si ble source
of bar ium, as Ba (and other trace el e ments, e.g., Sr) con cen -
trates in ar agon ite (CaCO3 polymorph) skel e tal parts of ma rine
in ver te brates. With time, ar agon ite grades into cal cite, in which
Ba (also Sr) com monly ex hib its lower con cen tra tions (Boggs,
2010). 

The stone ana lysed is char ac ter ized by a rel a tively low open 
po ros ity of 15.76% and a bulk den sity of 2.18 g/cm3. Its
pore-size dis tri bu tion in di cates the dom i nance of pores in two
ranges: 10.0–1.0 µm, that makes up 41.24% and 1.0–0.1 µm
(40.94%). The pores of 70–10 µm make up 8.56% and the
pores of 0.1–0.003 µm – 9.21% (Fig. 4). The av er age pore di -
am e ter (cal cu lated as a weighted av er age, with the weight de -
ter min ing the num ber of pores, and not the per cent age of the
pore space) is 0.14 µm, and the to tal pore area is 2.02 m2/g.
The in ter nal move ment of so lu tions through the stone is very
dif fi cult and in ef fi cient (high hys ter esis ef fect – 47% and low
thresh old di am e ter – 4 µm), and the per me abil ity is 0.67 mD.
The pore dis tri bu tion is unimodal, with the dom i nance of pores
in the range of 5.0–0.4 µm.

Sand stone blocks (sam ple KD-M-1) are grey-brown ish,
darker on ex posed sur faces, and fine-grained. Quartz grains,
up to 0.5 mm, are weakly rounded or even sharp-edged. Ac ces -
sory com po nents are K-feld spars, plagioclases, micas, opaque
phases and dark-grey rock frag ments (Fig. 7C, D). Such a com -
po si tion and abun dant clay ma trix with dis persed glauconite ag -
gre gates are in dic a tive of ar kose wacke that could rep re sent
the Lower Istebnian Sand stones from the neigh bour ing
Carpathians (Œl¹czka and Kamiñski, 1998; Bromowicz et al.,
2001; Rajchel, 2004; Rembiœ and Smoleñska, 2010).
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Fig. 7. Mi cro pho to graphs of the sam ples taken from the ex posed foun da tions: Ju ras sic
lime stone KD-M-3-1 (A), ce ment mor tar KD-M-3 (B, plane-po lar ized light) and sand stone

KD-M-1 (C, D, one po lar and crossed polars, re spec tively)

The ar row in di cates the outer layer – crust of the build ing ma te ri als; for de tailed sam ple code
ex pla na tions see Figure 1 and Ta ble 1



XRPD anal y ses con firmed the pres ence of quartz, K-feld -
spars and plagioclases, mica and illite group min er als, kaolinite
and gyp sum. The last is con cen trated on the sur face and in
intragrain spaces in the form of dis persed euhedral crys tals. In
the sand stone su per fi cial layer (up to ~500 µm from the sur -
face), amorphic “ce ment” (mainly con sist ing of Si and O) was
found be tween the frame work grains (Fig. 9A), where it was
pre sum ably de lib er ately in tro duced as a con ser va tion ma te rial.
At freshly bro ken sand stone sur faces, char ac ter is tic ex fo li at ing
flakes of the same com po si tion were de tected, ap par ently rel ics 
of a con sol i dat ing ma te rial. 

Based on of mer cury-in tru sion porosimetry mea sure ments,
the sam ple re veals rel a tively low open po ros ity of 15.30% and a 
bulk den sity of 2.06 g/cm3. Its pore-size dis tri bu tion shows the
dom i nance of pores in the ranges of 10.0–1.0 µm and
70–10 µm that make up 49.17 and 31.08%, re spec tively. The
pores of 1.0–0.1 µm make 12.86% and 0.1–0.003 µm 6.88%
(Fig. 4). The av er age pore di am e ter (cal cu lated as a weighted
av er age, with the weight de ter min ing the num ber of pores, and
not the per cent age of the pore space) is 0.21 µm, and the to tal
pore area is 1.38 m2/g. The very low hys ter esis ef fect and high
thresh old di am e ter (70 µm) sug gest that the in ter nal move ment
of so lu tions through the stone is easy. The per me abil ity is
7.09 mD. The pore dis tri bu tion is unimodal, with the dom i nance
of pores in the range of 70–1.0 µm.

Ce ment mor tar (sam ple KD-M-3) in a mi cro scopic im age
(OM) dis plays the pres ence of well-rounded quartz grains, rock

frag ments, and feld spars (both potassic and plagioclases;
Fig. 7B). These grains are ce mented with very fine-grained
mass con tain ing Ca, Si, Al and O (Fig. 9B), in which larger yel -
low ish ag gre gates with high re lief and low in ter fer ence colours
or even op ti cally iso tro pic were ob served as well (Fig. 7B). Their 
chem i cal com po si tion is vari able; ex cept ag gre gates mostly
com posed of Si, Ca, O, par ti cles con tain ing also Al, Mg, Fe, C
and S were noted as well (Fig. 9B). They rep re sent re sid ual
unhydrated clinker grains of OPC. Pre lim i nary anal y ses al low
dis tin guish ing among them clus ters with alite C3S, belite C2S,
aluminate C3A and fer rite C4AF, all be low 100 µm in size. Typ i -
cal belite crys tals are rounded, sev eral µm in size, most of them 
ex hibit one set of par al lel or two sets of in ter sect ing lamellae.
Alite crys tals are an gu lar, subhedral in shapes and 10–50 µm in 
size; how ever, C2S is more abun dant than C3S. Aluminate
(C3A) and fer rite (C4AF) oc cur as in ter sti tial phases within the
clus ters. Rel ics of char coal used as a fuel for ce ment burn ing
were de tected as well.

Phase com po si tion (XRPD) of the ce ment mor tar sam ples
re veals only quartz, cal cite, feld spars and gyp sum. In places,
the sur face of the sam ples is coated with a dis con tin u ous layer
with colour less, tiny, nee dle-shaped, al most iso tro pic com po -
nents, opaque grains, and sharp-edged iron ox ides, ap par ently
formed due to ex po si tion to pol luted at mo sphere. Main com po -
nents of that crust layer are cal cium sulphates (gyp sum, de -
tected by XRPD anal y ses), ob served also more deeply within
the sam ple (Figs. 7B and 9B). 
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Fig. 8. Dis tri bu tion of Ca, Si, Al, S and Ba within the cross sec tion of the Ju ras sic lime stone block of sam ple KD-M-3-1

For de tailed sam ple code ex pla na tions see Figure 1 and Ta ble 1



The sam ple is char ac ter ized by an open po ros ity of 18.33%
and a bulk den sity of 2.08 g/cm3. Its pore-size dis tri bu tion in di -
cates the pores in the fol low ing ranges: 350–10 µm that makes
up 44.8%, 1.0–0.1 µm (22.9%), and 0.1–0.003 µm (21.5%) The 
pores of 10.0–1.0 µm make up 10.8% (Fig. 4). The av er age
pore di am e ter (cal cu lated as a weighted av er age, with the
weight de ter min ing the num ber of pores, and not the per cent -
age of the pore space) is 0.06 µm, and the to tal pore area is
5.69 m2/g. The quite low hys ter esis ef fect (28%) and thresh old
di am e ter (50 µm) sug gest that the in ter nal move ment of so lu -
tions through the ma te rial is easy. The per me abil ity is 8.96 mD.

SECONDARY MINERALS

Mi cro scopic anal y sis (OM) re vealed that all the ma te ri als
analysed, ex cept ce ment ren ders (KD-M-4-2), were cov ered
with thin sur face coat ings, in which gyp sum was iden ti fied in
some sam ples. In most of the sam ples, sub mi cro scopic sizes of 
the com po nents did not al low for un equiv o cal iden ti fi ca tion;
how ever, the XRPD anal y ses pointed out the pres ence of gyp -
sum as well.

The SEM-EDS anal y ses pro vided more de tailed mor pho log i -
cal and chem i cal (ma jor and mi nor el e ments) char ac ter is tics of
sec ond ary salts of the crusts. How ever, they did not give any clue 
as to their hydration state. To cor rob o rate the au thors’ sup po si -
tions based on the SEM-EDS re sults, the iden ti fi ca tions had to
be crosschecked us ing the XRPD and Raman
microspectroscopy re sults (Marsza³ek, 2016). These meth ods
have been also used to an a lyze salt efflorescences found on the
bor der be tween the lime stone blocks and the ce ment mor tar in
some places of the foun da tions of the Myszkowskis Cha pel.

OUTER SURFACE OF THE MATERIALS

GYPSUM

Most dis tinct gyp sum con cen tra tions form ing outer lay ers
(up to sev eral hun dred µm) were ob served in el e ments made of
the Piñczów lime stone (KD-M-4, KD-M-4-1, KD-M-4-3) and the
ce ment mor tar sam ple (KD-M-3; Figs. 2A, B, D and 7B). This
min eral oc curs as small plate-like crys tals, up to sev eral tens
of µm in length. On the sur face, it some times ac cu mu lates in
the form of cas cades (KD-M-4; Fig. 10A) or ro settes (KD-M-3).
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Fig. 9. Dis tri bu tion of Ca, Si, Al and S within the cross sec tion of subwall sam ples: sand stone block KD-M-1 (A) 
and ce ment mor tar KD-M-3 (B) 

For de tailed sam ple code ex pla na tions see Figure 1 and Ta ble 1; in B ce ment clinker clus ters are marked with an ar row
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Fig. 10. BEI im ages (A–F) of the sec ond ary salts from the outer layer crust (A–C – sam ples of lime stones KD-M-4, KD-M-4-1 
and KD-M-3-1, re spec tively) and efflorescences (D–F – sam ple KD-M-3-2s on the bor der be tween the lime stone blocks 

and the ce ment re place ments)

 For de tailed sam ple code ex pla na tions see Figure 1 and Ta ble 1



Its pres ence was also de tected in side the sam ples ana lysed.
For ex am ple, in the Piñczów lime stone, gyp sum re placed cal -
cite micrite or crys tal lized in sand stone intra-grain spaces and
pores (e.g., KD-M-1). Sur face dis tri bu tion pat terns of sul phur
are dem on strated on maps, in cross-sec tions per pen dic u lar to
the ma te ri als ana lysed in SEM-EDS (Figs. 3, 8 and 9). In most
of the sam ples, the pore-size dis tri bu tion dis tinctly points out
sus cep ti bil ity to salt crys tal li za tion in pores of the ma te ri als in -
ves ti gated (Fig. 4). The pres ence of gyp sum was con firmed by
Raman spec tros copy. The main Raman band at 1010 cm–1

(n1), mi nor bands at 416 and 492 cm–1, as well as the 621 and
672 cm–1 (n2 and n4) and 1136 cm–1 (n3) vi bra tions of SO4

2 -

(Buzgar et al., 2009; Prieto-Taboada et al., 2014) prove the
pres ence of CaSO4·2H2O (Fig. 11 and Ta ble 2). 

HALITE

Ha lite NaCl was ob served in sam ples of subwall (sand stone 
blocks KD-M-1) and fasade el e ments (Piñczów lime stones
KD-M-4-1 and KD-M-4-3). It forms ir reg u lar crusts and cu bic

crys tals with dis tinct traces of dis so lu tion (Fig. 10B). Its pres -
ence was de ter mined only with the SEM-EDS anal y sis. 

NITRE AND NITRATINE

Ni trate salts – ni tre KNO3 and nitratine NaNO3 – have been
de tected based on SEM-EDS anal y ses on the sur face of the
Ju ras sic lime stone (KD-M-3-1) near the efflorescences.
Nitratine was also found on the rus ti cated wall blocks (KD-M-4).
Crys tals of these salts ex hibit anhedral shapes with signs of dis -
so lu tion (Fig. 10C). The pres ence of KNO3 has also been in -
ferred from its main Raman band at 1047 cm–1. Raman spec tra
re vealed also the pres ence of NaNO3, based on its main band
at 1064 cm–1 (Fig. 11 and Ta ble 2).

EFFLORESCENCES

The XRPD anal y ses al lowed iden ti fy ing so dium and po tas -
sium sulphates: thenardite Na2SO4 and aphthitalite (glaserite)
(K,Na)3Na(SO4)2, and sul phate-ni trate salt – darapskite
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Fig. 11. Rep re sen ta tive char ac ter is tic Raman spec tra of the sec ond ary salts
from the outer layer crust and efflorescences

 For the char ac ter is tic Raman bands used for salt iden ti fi ca tion see Ta ble 2; the broad 
Raman bands at ~1600 and ~1300 cm (G and D peaks, re spec tively) are con nected

with car bo na ceous mat ter, prob a bly soot (Sadezky et al., 2005)

Com pound For mula Raman shift [cm–1]

Aphthitalite (KNa)3Na(SO4)2 449 n2, 986 n1, 1082 n3, 1203

Darapskite Na3(SO4)(NO3)·H2O
452 n2 SO4

2-, 617 and 640 n4 SO4
2-, 706 n4 NO3

-, 728 n4 SO4
2-, 992–989 n1 SO4

2-,  1060 n1 NO3
-,

1083 and 1123 n3 SO4
2-, 1353 n3 NO3

-

Gyp sum CaSO4·2H2O 416 n2, 492 n2, 621 n4, 672 n4, 1010 n1,1136 n3

Ni tre KNO3 1047 n1

Nitratine NaNO3 1064 n1

Thenardite Na2SO4 449 n2, 460 n2 , 617 n4, 629 n4, 643 n4, 990 n1, 1099 n3, 1128 n3, 1149 n3

Main Raman bands in bold

T a  b l e  2

Char ac ter is tic Raman bands used for iden ti fi ca tion of sol u ble salts



Na3(SO4)(NO3)·H2O. The re main ing com po nents in clude cal -
cite and quartz, mostly re lated to the un der ly ing pri mary ma te -
rial (Fig. 12). 

SINGLE SALTS – THENARDITE

Char ac ter is tic euhedral (bipyramidal) crys tals of thenardite
con sist ing of Na, S and O are of ten ob served (Fig. 10D). Their
length does not ex ceed 20 µm. This min eral has been iden ti fied
based on its Raman spec trum (Fig. 11 and Ta ble 2): main band
at 990 cm–1 (n1 SO4

2 -), the char ac ter is tic set of bands at 449,
460 cm–1 (n2 SO4

2 -), and 617, 629 and 643 cm–1 (n4 SO4
2 -), and

other bands at 1099, 1128 and 1149 cm–1 (n3 SO4
2 -)

(Prieto-Taboada et al., 2019). On the other hand, mirabilite
Na2SO4·10H2O could also oc cur. Mirabilite pre vails at
RH >76.4%, but with in creas ing tem per a ture and de creas ing
hu mid ity, it grades into thenardite (Ham il ton and Men zies,
2010; De Clercq et al., 2013). How ever, dis tin guish ing mirabilite 
from thenardite in Raman spec tros copy could be am big u ous
be cause of close po si tions of their main Raman bands (Ham il -
ton and Men zies, 2010; Prieto-Taboada et al., 2019). Such
salts, which ex ist in an hy drous forms or can crys tal lize as var i -
ous hy drates, are par tic u larly dam ag ing. The vol u met ric
changes of re vers ible dis solv ing/recrystallizing pro cesses in
case of an hy drous thenardite – decahydrous mirabilite – reach
even 314%, and the stone dam age re sults just from the crys tal -
li za tion pres sure gen er ated in their course (Ro dri guez-Navarro
and Doehme, 1999). 

DOUBLE SALTS – APHTHITALITE AND DARAPSKITE 

Both aphthitalite (K,Na)3Na(SO4)2 and darapskite
Na3(SO4)(NO3)·H2O are in con gru ently sol u ble dou ble salts,
that is, un der equi lib rium con di tions, these com pounds do not
crys tal lize from a so lu tion of their own stoichiometric com po si -
tions (Linnow et al., 2013; Lindström et al., 2015). Such salts
dis play com plex crys tal li za tion be hav iour and may be high
dam ag ing for the stones (Linnow et al., 2013; Lingström et al.,
2015). 

Aphthitalite can crys tal lize from mix tures con tain ing so lu -
tions of so dium sul phate (Na2SO4) and po tas sium sul phate
(K2SO4). Ac cord ing to sol u bil ity data, this min eral should pre cip -
i tate as the first upon evap o ra tion of an equimolar mixed so lu -
tion of these sulphates (Silcock, 1979).

Darapskite is a min eral of the Na2SO4–NaNO3–H2O sys -
tem. This min eral is sta ble be tween 13.5 and 74°C and can
never oc cur to gether with nitratine and thenardite/mirabilite, be -
cause the fields of the two lat ter are sep a rated by the darapskite 
field (Holtkamp and Hijnen, 1991; Puºcaº et al., 2010). Ac cord -
ing to the sol u bil ity di a gram of the Na2SO4–NaNO3–H2O sys -
tem at 20°C (Linnow et al., 2013), as wa ter evap o rates, the con -
cen tra tion of these two salts in creases, first reach ing sat u ra tion
with mirabilite. The re main ing so lu tion be comes en riched in ni -
trate, and then also be comes sat u rated with darapskite. In the
equi lib rium con di tions, mirabilite will re-dis solve and darapskite
will crys tal lize in stead. How ever, in po rous ma te ri als, the re-dis -
so lu tion of mirabilite may not oc cur, as the evap o ra tion front
moves into the in te rior and the pre cip i tated mirabilite will be
sep a rated from the so lu tion. The lat ter will then first pre cip i tate
darapskite, and ul ti mately nitratine.

The salts found in the efflorescences an a lysed sug gest a
more com plex sys tem of so lu tions con tain ing K2SO4– Na2SO4– 
NaNO3–H2O. 

Anhedral, of ten iso met ric crys tals and ir reg u lar ag gre gates,
re veal ing the pres ence of Na, K, S and O in EDS anal y ses,
have been iden ti fied as aphthitalite (K,Na)3Na(SO4)2 (Fig. 10E). 
So dium and po tas sium sul phate (K,Na)3Na(SO4)2 and an hy -
drous so dium sul phate (Na2SO4) have very sim i lar Raman
spec tra; how ever, the pres ence of a band at ~1202 cm–1 and
the lack of band at 465 cm–1 (in com par i son with thenardite) can 
be the fin ger print of aphthitalite (Prieto-Taboada et al., 2019).
The Raman spec tra ex hib it ing a strong band at 986 cm–1 as -
signed to the n1 sym met ric stretch ing mode of the sul phate
group and the bands at 449 (n2), 1082 (n3) and 1203 cm–1 con -
firm the pres ence of aphthitalite (Fig. 11 and Ta ble 2). These
Raman bands cor re spond also to the data given by Hansteen
and Burke (1994).
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Fig. 12. Rep re sen ta tive X-ray pat tern of the efflorescences (KD-M-3-2s)
sam pled from the bor der be tween the subwall lime stone blocks 

and ce ment mor tar

 Aph – aphthitalite, Cal – cal cite, Dr – darapskite, Th – thenardite, Qz – quartz



Euhedral, platy crys tals of var i ous length up to sev eral tens
of µm, some times fan-shaped, con sist ing of Na, S and O, have
been iden ti fied as darapskite Na3(SO4)(NO3)·H2O (Fig. 10F).
The Raman spec tra of darapskite ex hib ited strong bands at
1060 cm–1 and 992–989  cm–1 of n1 NO3

-  and n1 SO4
2 - , re spec -

tively (Fig. 11 and Ta ble 2). The bands at 452 can be as signed
to n2 SO4

2 - , 728 and 706 cm–1 to n4 SO4
2 -  and n4 NO3

-  ac cord -
ingly, and 640, 617 cm–1 to n4 SO4

2 - . Weak sig nals at 1123 and
1083 cm–1 are con nected with n3 SO4

2 - , and 1353 cm–1 with n3 
NO3

-  (Jentzsch et al., 2012).

ORIGIN OF IONS FOR CRYSTALLIZING PECULIAR SALTS

The ions for pre cip i tated salts can orig i nate from both
anthropogenic and nat u ral sources. The most im por tant ex ter -
nal anthropogenic ones in clude: air pol lu tion – wet and dry air -
borne de po si tion that pro vides mainly sul phate and ni trate an -
ions, as well as road de-ic ing salts (NaCl and CaCl2) and de ter -
gent so lu tions used for clean ing (e.g., streets), which in tro duce
chlo ride ions. In Kraków, high lev els of gas eous and par tic u late
pol lut ants are still a typ i cal fea ture (Raporty o stanie œrodowiska 
w województwie ma³opolskim; Marsza³ek, 2016). Al though
since the 1990s, the con cen tra tion of pol lut ants is on de cline,
Kraków is still one of the Eu ro pean cit ies with the most pol luted
at mo sphere. This is a con se quence of its un fa vour able at mo -
spheric con di tions, which in clude weak winds, tem per a ture in -
ver sions, fogs (Matuszko et al., 2015), as well as the pres ence
of large in dus trial cen tres and fos sil fuel burn ing. Ad di tion ally,
the level of pol lut ants is in creased by dis tant in dus trial emis -
sions brought by prev a lent west erly winds from neigh bour ing
re gions. Road trans port also con trib utes its share, no ta bly in
the dense struc tural lay out of the Kraków Old Town. Other ex -
trin sic sources of ions for pre cip i tated salts could be an i mal
(e.g., ex cre ments of birds, like pi geons in Kraków) and mi cro bi -
o log i cal ac tiv i ties, as well as cap il lary rise of ground and soil wa -
ters.

The in trin sic, nat u ral and anthropogenic, sources of ions in -
clude weath er ing and leach ing of the com po nents of stones
and other con struc tion ma te ri als used, as well as chem i cals
added dur ing con ser va tion pro ce dures.

The main sources of cal cium for pre cip i tated gyp sum are
build ing ma te ri als them selves. Cal cium car bon ate can be dis -
solved in the re ac tion with at mo spheric CO2 at high hu mid ity
(form ing Ca2+ and HCO3

-  ions), and reprecipitated when wa ter
evap o rates. In the pres ence of acid air pol lut ants (e.g., SO2),
cal cium sul phate, mainly gyp sum, crys tal lizes not only on the
sur face of the stone. In case of the fine-grained Piñczów lime -
stone (el e va tion of the Myszkowskis Cha pel), the struc ture of
the pore spaces ad di tion ally fa vours cap il lary con den sa tion
(pores < 0.1 and 0.1–1 µm make up 59.51%; Fig. 4) and cir cu la -
tion of hy drous so lu tions in the rock pores. Tak ing into ac count
the av er age air hu mid ity in Kraków of 77%, the Piñczów lime -
stone of ten re mained sat u rated with acid wa ter so lu tions, which 
could ef fec tively dis solve fine-grained stone (Koz³owski et al.,
1990). Par tial evap o ra tion of pore so lu tion near the sur face
leads to its con cen tra tion, and when it reaches the sat u ra tion
point, crys tal li za tion of salts oc curs (see con cen tra tion of sul -
phur within a cross-sec tion of the lime stone; Fig. 3).

Ce ment ren ders cov er ing stone blocks as well as mor tars
be tween the blocks can re lease Ca2+, Na+, K+, as well as SO4

2 - , 
CO3

2 -  and Cl– ions, and con trib ute to the stone de te ri o ra tion.
Ma te ri als used for con ser va tion pro cesses, e.g. wa ter glass or
bar ium wa ter, have to be also men tioned as pos si ble sources of 

Na, Ca and Ba ions (Doehme and Price, 2010; Domas³owski,
1993). De spite lack of in for ma tion on pre vi ous con ser va tion
works, their con tri bu tion seems to be very likely, al though it can -
not be ver i fied. Dom i nance of so dium and po tas sium salts in the 
efflorescences (thenardite/mirabilite, aphthitalite and
darapskite) sug gests that the sources of these cat ions could be
both ce ment mor tars and sand stone blocks (these cat ions can
be re leased from weath er ing feld spars, micas and clay min er -
als). The same sources of cat ions should be con sid ered in the
case of ni tre and nitratine traces, de tected on the sur face of
some stone blocks.

CONCLUSIONS

The study has al lowed de tect ing and de ter min ing the fol low -
ing hy drated and an hy drous com pounds: sim ple salts of the di -
va lent and monovalent cat ions – gyp sum CaSO4·2H2O and
thenardite/mirabilite Na2SO4/Na2SO4·10H2O, a dou ble so -
dium/po tas sium salt – aphthitalite (K,Na)3Na(SO4)2, and a dou -
ble sul phate/ni trate salt darapskite – Na3(SO4)(NO3)·H2O. The
an hy drous sim ple salts: ha lite NaCl, nitratine NaNO3 and ni tre
KNO3 have been sel dom en coun tered and ob served. Other
salts de tected in clude ettringite Ca6Al2(SO4)3(OH)12·26H2O and 
monosulphite Ca4Al2O6SO3·11H2O.

Gyp sum, ha lite, nitratine and ni tre are pres ent on the sur -
face and/or in pores of the ma te ri als analysed, whereas then -
ardi te/ mi rabilite, aphthitalite and darapskite form efflorescences 
on the bor der be tween the lime stone blocks and the ce ment
mor tar in the ex posed part of the foun da tions.

As re gards the cat ions, the salt dis tri bu tion clearly re flects
the chem i cal com po si tion of the sub strate on which and/or
within they crys tal lize. Cal cium salt, gyp sum, was pri mar ily ob -
served in re la tion to the lime stones: large con cen tra tions were
found in the Piñczów lime stones and sub stan tially lower
amounts in the Ju ras sic lime stones. It was also en coun tered in
sand stones and ce ment re place ments and joints. Cal cium and
alu minium salts (ettringite and monosulphite) are as so ci ated
with the Port land ce ment ren der. They could be pri mary
hydration prod ucts in such ce ment, but could also pre cip i tate at
the ex po si tion of the ce ment to the at mo spheric SO2 in the pol -
luted en vi ron ment of Kraków.

Di ver sity of the sec ond ary salt dis tri bu tion (in the form of
crusts and efflorescences, and/or in side the ma te ri als, in pores) 
should be linked to the dif fer ences in the struc ture of the pore
spaces, sus cep ti bil ity of the ma te rial to the crys tal li za tion of
salts, and cap il lary con den sa tion. An ex pla na tion plau si ble for
the mi nor oc cur rences of ha lite, ni tre and nitratine in the el e va -
tion of the cha pel could be re lated to the high sol u bil ity and mi -
gra tion of these salts in the ma sonry – more sol u ble salts are
en coun tered at higher lev els. Sources of po tas sium and so dium 
should be con nected with the ce ment ren der cov er ing some of
the lime stone ar chi tec tonic el e ments. The sul phate and sul -
phate/ni trate salts of so dium and po tas sium – thenardi -
te/mirabilite, aphthitalite and darapskite, pres ent only in the
form of efflorescences (in some parts of the foun da tions), seem
to be re lated mostly to the com po nents of the ce ment mor tars in 
re place ments and joints; how ever, the sand stone blocks and
the pos si ble past con ser va tion pro ce dures can not be ruled out.
The lo ca tion of the efflorescences on the bor der be tween the
Ju ras sic lime stone blocks and the ce ment mor tar re flects the
po rous struc ture of the ma te ri als.
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For ma tion of all the rec og nized and above-pre sented sec -
ond ary salts re sulted in the signs of de te ri o ra tion of the
Myszkowkis Cha pel el e va tion. Un for tu nately, al though emis -
sion of some pol lut ants has been sub stan tially re duced, con -
cen tra tions of some oth ers are in creas ing, e.g. ozone (O3) and
hydroxyl rad i cal (HO·). As they are the most com mon at mo -
spheric ox i da tion agents, which could ox i dize am mo nia, NOx to 
NO3

- , and SOx to SO4
2 - , es pe cially in ur ban ar eas, an in crease of

con cen tra tions of ni trate and sul phate salts is still pos si ble in the 
at mo sphere and other en vi ron ments.

Ac knowl edg ments. This work has been fi nan cially sup -
ported by the AGH Uni ver sity of Sci ence and Tech nol ogy, stat -

u tory grant No. 16.16.140.315. The au thors ac knowl edge the
sup port of B. Polczyñski and K. Ba³aga in sam pling the his toric
mon u ment, and G. Machowski, E. Pstrucha and A. Pstrucha
from the Mer cury Porosimetry Lab o ra tory, AGH-UST, for per -
form ing mer cury porosimetry mea sure ments. We also thank
the anon y mous Re view ers for their help ful com ments and sug -
ges tions. Au thor con tri bu tions: M.M. per formed most of the
mea sure ments and their in ter pre ta tion, wrote the manu script
and pre pared most of the fig ures, K.D. as sisted with the O.M.
anal y ses of the stones, out lined the his tory of the Myszkowskis
Cha pel, and helped to im prove the Eng lish ver sion of the manu -
script, A.G. per formed XRPD anal y ses and pre pared some of
the fig ures, J.Cz. as sisted with the O.M. anal y ses of the stones.

REFERENCES

Adamski, G., Bratasz, L., Kozlowski, R., Mayr, N., Mucha, D.,
Stilhammerova, M., Weber, J., 2009. Ro man ce ment – key his -
toric ma te rial to cover the exteriors of build ings. In: RILEM
Work shop Re pair Mor tars for His toric Ma sonry (ed. C. Groot):
2–11. RILEM Pub li ca tions SARL.

Benavente, D., 2011. Why pore size is im por tant in the de te ri o ra tion 
of po rous stones used in the built her i tage. Macla, 15: 41–42.

Bieniarzówna, J., Ma³ecki, J.M., 1984. Dzieje Krakowa, tom 2,
Kraków w wiekach XVI–XVIII (in Pol ish). Wydawnictwo
Literackie, Kraków.

Boggs, S., Jr., 2010. Pe trol ogy of Sed i men tary Rocks. Cam bridge
Uni ver sity Press, Cam bridge.

Bromowicz, J., Górniak, K., Przystaœ, G., Rembiœ, M., 2001. Re -
sults of petrographic anal y ses of typ i cal res er voir lithofacies of
the Carpathian Flysch (in Pol ish with Eng lish ab stract). Pol ish
Jour nal of Min eral Re sources, 4: 31–75.

Buzgar, N., Buzatu, A., Sanislav, I.V., 2009. The Raman study on
cer tain sul fates. Analele �tiinïifice ale Universitãïii “Al.I. Cuza”
din Iaêi, seria Geologie, 55: 5–23.

Cardell, C., Delalieux, F., Roumpopoulos, K., Moropoulou, A.,
Au ger, F., Van Grieken, R., 2003. Salt-in duced de cay in cal car -
e ous stone mon u ments and build ings in a ma rine en vi ron ment
in SW France. Con struc tion and Build ing Ma te ri als, 17:
165–179.

De Be lie, N., 2010. Mi cro or gan isms ver sus stony ma te ri als: a
love–hate re la tion ship. Ma te ri als and Struc tures, 43:
1191–1202.

De Clercq, H., Jovanoviæ, M., Linnow, K., Steiger, M., 2013. Per -
for mance of lime stones laden with mixed salt so lu tions of
Na2SO4–NaNO3 and Na2SO4–K2SO4. En vi ron men tal Earth Sci -
ence, 69: 1751–1761.

Del Monte, M., Ausset, P., LefÀvre, R.A., Thiébault, S., 2001. Ev i -
dence of pre-in dus trial air pol lu tion from the Heads of the Kings
of Juda stat ues from No tre Dame Ca the dral in Paris. Sci ence of
the To tal En vi ron ment, 273: 101–109.

Dobrowolski, T., 1978. Sztuka Krakowa (in Pol ish). Wydawnictwo
Literackie, Kraków.

Doehme, E., Price, C. A., 2010. Stone Conservations: An Over view
of Cur rent Re search. Getty Con ser va tion In sti tute, Los An geles.

Domas³owski, W., 1993.Profilaktyczna konserwacja kamiennych
obiektów zabytkowych (in Pol ish). Wydawnictwo Uniwersytetu
Miko³aja Kopernika, Toruñ.

Flatt, R.J., Steiger, M., Scherer, G.W., 2007. A com mented trans la -
tion of the pa per by C.W. Correns and W. Steinborn on crys tal li -
za tion pres sure. En vi ron men tal Ge ol ogy, 52: 187–203.

Gosselin, C., Girardet, F., Feldman, S.B., 2012a. Com pat i bil ity of
Ro man ce ment mor tars with gyp sum stones and anhydrite mor -
tars: the ex am ple of ValÀre Cas tle (Sion, Swit zer land). 12th In -

ter na tional Con fer ence on the De te ri o ra tion and Con ser va tion
of Stone: 1–11. Co lum bia Uni ver sity, New York.

Gosselin, C., Scriv ener, K.L., Feldman, S.B., 2012b. Hydration of
ro man ce ments used for ar chi tec tural res to ra tion. In ter na tional
Con fer ence on Ce ment Chem is try, Ma drid 2011: 1–13.

Grabski, W., Nowak, J., 1957. Prob lem niszczenia siê kamienia w
budowlach zabytkowych Krakowa (in Pol ish). Materia³y
budowlane, 1: 33–39.

Grabski, W., Nowak, J., 1960. Studia technologiczne i
mineralogiczne nad wapieniem piñczowskim (Objawy i
przyczyny zniszczeñ kamienia przy kopule kaplicy
Myszkowskich koœcio³a OO. Dominikanów w Krakowie) (in Pol -
ish), manu script, 26 pp. Ar chive of Kraków City Of fice, De part -
ment of Con ser va tion of Mon u ments, No inv. 3126/77.

Gradziñski, R., 1972. Przewodnik geologiczny po okolicach
Karkowa (in Pol ish). Wyd. Geol., Warszawa. 

Górecki, J., Sermet, E., 2010. Quar ries of Kraków – an un der es ti -
mated her i tage (in Pol ish). In: Min ing His tory – an El e ment of the 
Eu ro pean Cul tural Her i tage (eds. P.P. Zago¿d¿on and
M. Madziarz), 3: 123–138. Oficyna Wydawnicza Politechniki
Wroc³awskiej.

Grossi, C.M., Brimblecombe, P., Menéndez, B., Benavente, D.,
Har ris, I., Déqué, M., 2011. Cli ma tol ogy of salt tran si tions and
im pli ca tions for stone weath er ing. Sci ence of the To tal En vi ron -
ment, 409: 2577–2585.

Ham il ton, A., Men zies, R., 2010. Raman spec tra of mirabilite,
Na2SO4·10H2O and the re dis cov ered metastable heptahydrate,
Na2SO4·7H2O. Jour nal of Raman Spec tros copy, 41:
1014–1020.

Hansteen, E.T., Burke, E., 1994. Aphthitalite in hight-tem per a ture
fluid in clu sions in quartz from Eikeren-Skrim gran ite com plex
the Oslo paleorift. Norsk Geologisk Tidsskrift, 74: 238–240.

Holtkamp, M., Heijnen, W., 1991. The min eral darapskite in the ef -
flo res cence on two Dutch Churches. Stud ies in Con ser va tion,
36: 175–178.

Jentzsch, P.V., Ciobota, V., Kampe, B., Rösch P., Popp J., 2012.
Or i gin of salt mix tures and mixed salts in at mo spheric par tic u -
late mat ter. Jour nal of Raman Spec tros copy, 43: 514–519.

Koz³owski, R., Hughes, D., Weber, J., 2010. Ro man ce ments: key
ma te ri als of the built her i tage of the 19th cen tury. In: Ma te ri als,
Tech nol o gies and Prac tice in His toric Her i tage Struc tures (eds.
M. Bostenaru Dan, R. Pøikryl and A. Török): 259–277. Springer
Sci ence+Busi ness Me dia B.V.

Koz³owski, R., Magiera, J., Weber, J., Haber, J., 1990. De cay and
con ser va tion of Pinczów po rous lime stone. I. Li thol ogy and
weath er ing. Stud ies in Con ser va tion, 35: 205–221.

Kramar, S., Uroseviè, M., Pristacz, H., Mirtiè, B., 2010. As sess -
ment of lime stone de te ri o ra tion due to salt for ma tion by mi -

Min er al og i cal and geo chem i cal stud ies of sec ond ary min eral as sem blages re lated to de te ri o ra tion of building materials 697



cro-Raman spec tros copy: ap pli ca tion to ar chi tec tural her i tage.
Jour nal of Raman Spec tros copy, 41: 1441–1448. 

Labus, M., 1998. Wa ter sol u ble salt in deg ra da tion pro cesses of
stony ar chi tec tural mon u ments in the Up per Silesia. Geo log i cal
Quar terly 42 (2): 209–220.

Lindström, N., Heitmann, N., Linnow, K., Steiger, M., 2015. Crys -
tal li za tion be hav ior of NaNO3–Na2SO4 salt mix tures in sand -
stone and com par i son to sin gle salt be hav ior. Ap plied Geo -
chem is try, 63: 116–132.

Linnow, K., Steiger, M., Lemster, Ch., De Clercq, H., Jovanoviæ,
M., 2013. In situ Raman ob ser va tion of the crys tal li za tion in
NaNO3–Na2SO4–H2O so lu tion drop lets. En vi ron men tal Earth
Sci ence, 69: 1609–1620. 

£agosz, A., Ma³olepszy, J., 2003. Tricalcium aluminate hydration in 
the pres ence of cal cium sul fite hemihydrates. Ce ment and Con -
crete Re search, 33: 333–339.

Manecki, A., Marszalek, M., Schejbal-Chwastek, M., Skowroñ -
ski, A., 1997. Stone de cay in some his toric build ings of Kraków
(Po land) and its rea sons. Folia Facultatis Scientiarum
Universitatis Masarykianae Brunensis, Geologia 39:149–156.

Marsza³ek, M., 2016. Iden ti fi ca tion of sec ond ary salts and their
sources in de te ri o rated stone mon u ments us ing mi cro-Raman
spec tros copy, SEM-EDS and XRD. Jour nal of Raman Spec tros -
copy, 47: 1473–1485.

Marsza³ek, M., Alexandrowicz, Z., Rzepa, G., 2014. Com po si tion
of weath er ing crusts on sand stones from nat u ral out crops and
ar chi tec tonic el e ments in an ur ban en vi ron ment. En vi ron men tal
Sci ence and Pollutution Re search, 21: 1423–1436. 

Matuszko, D., Piotrowicz, K., Kowanetz, L., 2015. Com po nents of 
the nat u ral en vi ron ment – climate (in Pol ish with Eng lish sum -
mary). In: Nat u ral En vi ron ment of Krakow. Re sources – Pro tec -
tion – Man age ment (eds. M. Baœcik and B. Degórska): 81–108.
Uniwersytet Jagielloñski w Krakowie, Kraków.

Morillas, H., Marcaida, I., Maguregui, M., Carrero, J.A.,
Madariaga, J.M., 2016. The in flu ence of rain wa ter com po si tion
on the con ser va tion state of cementitious build ing ma te ri als.
Sci ence of the To tal En vi ron ment, 542: 716–727. 

Pintér, F., Gosselin, C., 2018. The or i gin, com po si tion and early
age hydration mech a nisms of Aus trian nat u ral Port land ce ment. 
Ce ment and Con crete Re search, 110: 1–12.

Pintér, F., Vidovszky, I., Weber, J., Bayer, K., 2014. Min er al og i cal
and microstructural char ac ter is tics of his toric Ro man ce ment
ren ders from Bu da pest, Hun gary. Jour nal of Cul tural Her i tage,
15: 219–226.

Prieto-Taboada, N., Gómez-Laserna, O., Martínez-Arkarazo, I.,
Olazabal, Á.M., Madariaga, J.M., 2014. Raman spec tra of the
dif fer ent phases in the CaSO4–H2O system. An a lyt i cal Chem is -
try, 86: 10131–10137.

Prieto-Taboada, N., Fdez-Ortiz de Vallejuelo, S., Veneranda
Fdez-Ortiz de Vallejuelo, S., Veneranda, M., Madariaga, J.M.,
2019. The Raman spec tra of the Na2SO4 –K2SO4 sys tem: ap pli -
ca bil ity to sol u ble salts stud ies in built her i tage. Jour nal of
Raman Spec tros copy, 50: 175–183.

Pøikryl, R., Pøikrylová, J., Racek, M., Weishauptová, Z., Kreis -
lova, K., 2017. De cay mech a nism of in door po rous opuka
stone: a case study from the main al tar lo cated in the St. Vi tus
Ca the dral, Prague (Czech Re pub lic). En vi ron men tal Earth Sci -
ence, 76: 1–15.

Puºcaº, C.M., Onac, B.P., Tãmas, T., 2010. The min eral as sem -
blage of caves within ªãlitrari Moun tain (Cerna Val ley, SW Ro -
ma nia): depositional en vi ron ment and speleogenetic im pli ca -
tions. Car bon ates Evaporites, 25: 107–115. 

Rajchel, J., 2004. Kamienny Kraków (in Pol ish). Uczelniane
Wydawnictwa Naukowo-Dydaktyczne AGH, Kraków.

Raporty o stanie œrodowiska w województwie ma³opolskim (in
Pol ish). Wojewódzki Inspektorat Ochrony Œrodowiska w
Krakowie, Kraków. http//www.krakow.pios.gov.pl Ac cessed De -
cem ber 2018.

Rembiœ, M., Smoleñska, A., 2010. Re sis tance of se lected Carpa -
thian sand stones to salt crys tal li za tion and the changes of their
micro struc tures. Min eral Re sources Man age ment, 26: 37–59.

Ro dri guez-Navarro, C., Doehme, E., 1999. Salt weath er ing: in flu -
ence of evap o ra tion rate, supersaturation and crys tal li za tion
pat tern. Earth Sur face Pro cesses and Land forms, 24: 191–209.

Ro¿ek M., 2009. Urbs celeberrima. Przewodnik po zabytkach
Krakowa (in Pol ish). WAM, Kraków.

Sabbioni, C., 2003. Mech a nisms of air pol lu tion dam age of stone.
In: The Ef fects of Air Pol lu tion on the Built En vi ron ment (ed. P.
Brimblecombe): 63–106. Air Pol lu tion Re views, 2nd vol. Im pe -
rial Col lege Press, Lon don. 

Sadezky, A., Muckenhumber, H., Grothe, H., Niessner, R.,
Pöschl, U., 2005. Raman microspectroscopy of soot and re -
lated car bo na ceous ma te ri als: spec tral anal y sis and struc tural
in for ma tion. Car bon, 43: 1731–1742.

Silcock, H.L., 1979. Sol u bil i ties of in or ganic and or ganic com -
pounds. Ter nary and Multicomponent Sys tems of In or ganic
Sub stances, 3. Pergamon Press, Ox ford.

S³aby, E., Galbarczyk-G¹siorowska, L., Trzciñski, J., Górka, H.,
£ukaszewski, P., Dobrowolska, A., 2000. The mech a nism of
sand stone de te ri o ra tion caused by salt crystallisation (in Pol ish
with Eng lish ab stract). Przegl¹d Geologiczny, 49:124–133.

Snethlage, R., Sterflinger, K., 2011. Stone con ser va tion. In: Stone
in Ar chi tec ture (eds. S. Siegesmund and R. Snethlage):
411–544. Springer-Verlag, Berlin, Hei del berg.

Steiger, M., Asmussen, S., 2008. Crys tal li za tion of so dium sul fate
phases in po rous ma te ri als: the phase di a gram Na2SO4–H2O
and the gen er a tion of stress. Geochimica et Cosmochimica
Acta, 72: 4291–4306.

Studencki, W., 1988. Fa cies and sed i men tary en vi ron ment of the
Pinczow Lime stones (Mid dle Mio cene; Holy Cross Moun tains,
Cen tral Po land). Fa cies, 18: 1–26.

Suh, J., Sung Yumb, W., Jeong, Y., Park H.G., Eun Oh, J., 2019.
The cat ion-de pend ent ef fects of formate salt ad di tives on the
strength and microstructure of CaO-ac ti vated fly ash bind ers.
Con struc tion and Build ing Ma te ri als, 194: 92–101.

Szel¹g, H., Garbacik, A., Pichniarczyk, P., Baran, T., 2008. Ce -
ment romañski i jego w³aœciwoœci. (in Pol ish). Surowce i
Maszyny Budowlane, 1: 74–78. 

Szel¹g, H., Garbacik, A., Pichniarczyk, P., Baran, T., 2009. Con -
tem po rary Ro man ce ment and its prop er ties (in Pol ish with Eng -
lish ab stract). Budownictwo, Czasopismo techniczne,
Wydawnictwo Politechniki Krakowskiej, 109: 2-B, 337–345.

Œl¹czka, A., Kamiñski, M.A., 1998. A guide book to ex cur sions in
the Pol ish flysch Carpathians. Grzybowski Foun da tion Spe cial
Pub li ca tion, 6.

Török, A., Licha, T., Si mon, K., Siegesmund, S., 2011. Ur ban and
ru ral lime stone weath er ing; the con tri bu tion of dust to black
crust for ma tion. En vi ron men tal Earth Sci ence, 63: 675–693.

Weber, J., Gadermayr, N., Koz³owski, R., Mucha, D., Hughes, D.,
Jaglin, D., Schwarz, W., 2007. Microstructure and min eral
com po si tion of Ro man ce ments pro duced at de fined cal ci na tion
con di tions. Ma te ri als Char ac teri sa tion, 58: 1217–1228.

Wilczyñska-Michalik, W., 2004. In flu ences of at mo spheric pol lu -
tion on the weath er ing of stones in Kraków mon u ments and rock
out crops in Kraków, Kraków–Czêstochowa Up land and the
Carpathians. Akademia Pedagogiczna w Krakowie, Prace
Monograficzne, 377.

698 Mariola Marsza³ek, Krzysztof Dudek, Adam Gawe³ and Jerzy Czerny


	Maciej Krzysztof SWÊD and Agata DUCZMAL-CZERNIKIEWICZ – Geochemical and mineralogical characteristics of calamines from the Olkusz zinc and lead ore district (South Poland) 699

