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Piast Cas tle in Legnica (SW Po land) is one of the larg est pre served Late Ro man esque sec u lar res i dences in Eu rope. Con -
structed and re mod elled be tween the late 12th and 17th cen tu ries, the Cas tle and its cha pel in cor po rate nu mer ous sand -
stone ar chi tec tural de tails, the prov e nance and petrographic char ac ter is tics of which have been in suf fi ciently doc u mented.
We iden tify the lithological types and prob a ble sources of these sand stones, and in ves ti gate their vari abil ity in re la tion to dis -
tinct con struc tion phases. A to tal of 26 sam ples of his toric build ing stone from Piast Cas tle and its ad ja cent cha pel, rep re -
sent ing the late Ro man esque, Gothic, and Re nais sance phases, were com pared with 24 ref er ence sam ples of the
Cre ta ceous Quader Sand stones from the North Sudetic Synclinorium. The petrographic anal y ses en com passed op ti cal mi -
cros copy with sub se quent grain size dis tri bu tion and modal anal y sis, com ple mented by scan ning elec tron mi cros copy anal y -
ses on ref er ence ma te rial. The re sults of the study in di cate that two sand stone types from the North Sudetic Synclinorium
were used in the con struc tion of this her i tage site: the Coniacian Up per Quader Sand stone and the Turonian Mid dle Quader
Sand stone. This petrographic vari abil ity cor re lates with con struc tion phases: late Ro man esque de tails were carved from
both lithological types, whereas Gothic and Re nais sance el e ments pre dom i nantly used Up per Quader Sand stone. The find -
ings pro vide new in sights into me di eval and early mod ern ma te rial pro cure ment strat e gies in the Lower Silesia his tor i cal
area and de liver a petrographic frame work for con ser va tion and res to ra tion strat e gies.
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INTRODUCTION

Stone as a raw ma te rial has been used by hu mans for mil -
len nia. Prod ucts and build ings made of stone, par tic u larly those 
re lated to sec u lar and sa cred cul tural her i tage, at tract at ten tion
and are the sub ject of di verse and in ter dis ci plin ary anal y ses
(e.g., Gierych, 1955; Labus, 1996, 2008; Skoczylas and Walen -
do wski, 1998; Majerowicz et al., 1999; Wilczyñska-Michalik,
2004; Skoczylas, 2005, 2011, 2013; Götze and Siedel, 2007;
Szczepaniak et al., 2008; Marsza³ek et al., 2014; Skoczylas
and Gunia, 2016; Coli et al., 2022; Deniz and Kadioglu, 2022;
Franzen and Fischer, 2022; Rescic et al., 2024). Archaeometric 
in ves ti ga tions are in her ently com plex and in ter dis ci plin ary,

com bin ing ge ol ogy with his tor i cal con text. They are a valu able
source of in for ma tion for art his to ri ans and mon u ment con ser -
va tors, play ing an im por tant util i tar ian role. De ter min ing the
prov e nance of the stone ma te rial ana lysed is cru cial for se lect -
ing the most ap pro pri ate ma te rial for re pairs of his tor i cal build -
ings. Fur ther more, anal y ses of the use of stone in cul tural her i -
tage mon u ments can also re veal broader pat terns of tech no log -
i cal ca pa bil ity, re source avail abil ity and trade net works.

Piast Cas tle in Legnica (Lower Silesian Voivodeship, SW
Po land; Fig. 1) is re garded as one of the most sub stan tial Late
Ro man esque res i den tial com plexes in Eu rope (Rozpêdowski,
2009; Chorowska and Caban, 2016; Chorowska, 2020). The
Cas tle and its cha pel are no ta ble ex am ples of stone work art,
and the crafts man ship of me di eval stonemasons is ev i dent in
the dec o ra tive ar chi tec tural de tails. These el e ments, com posed 
of light sand stone in hues of yel low, beige and grey, have been
the fo cus of ar chi tec tural and ar chae o log i cal re search (Roz -
pêdo wski, 1971, 2009; Chorowska and Caban, 2016). How -
ever, de spite its his tor i cal sig nif i cance and over 60 years of ar -
chae o log i cal re search (Rozpêdowski, 1971; Mruczek, 2018),
Piast Cas tle and its cha pel in Legnica have not been thor oughly
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ana lysed in terms of pe trog ra phy with re spect to the re la tion -
ship be tween con struc tion phases and sand stone prov e nance.
The pres ent pa per aims to ad dress this gap, aim ing to: 

– iden tify the lithological types of sand stones uti lized in the ar -
chi tec tural de tails; 

– de ter mine the prob a ble sources of these stones (i.e. the
prov e nance of the sand stones) through com par i son of
petro graphic prop er ties with ref er ence ma te ri als; 

– ex plore cor re la tions be tween petrographic vari abil ity and
his tor i cally doc u mented build ing phases.

PIAST CASTLE IN LEGNICA AND ITS CHAPEL

HISTORICAL NOTES

Piast Cas tle in Legnica is sit u ated on a hill, with the Piasto -
wska, Nowa, and Marii Sk³odowskiej-Cu rie streets sur round ing
it. It was most likely con structed at the end of the 12th cen tury
on the site of a wooden Piast strong hold (Bednarek, 2021). In
the 15th cen tury, the Cas tle un der went re con struc tion in the
Flam boy ant Gothic style. The sub se quent phase of re con struc -
tion, char ac ter ized by the Re nais sance style, oc curred dur ing
the first half of the 16th cen tury, with fur ther mod erni sa tions un -
der taken in the 17th cen tury, among other de vel op ments (Roz -
pêdo wski, 1971, 2009; Bednarek, 2021). The Cas tle, which
with stood the Mon gol in va sion in 1241, was par tially dam aged
dur ing the Sec ond World War. Fol low ing the war, ar chae o log i -
cal ex ca va tions in the 1960s re vealed the re mains of the Cha -

pel of St Ben e dict and St Law rence in the in ner court yard.
These re mains are be lieved to date back to the first half of the
13th cen tury (1220–1240; Rozpêdowski, 1971). The con struc -
tion of the cha pel was over seen by Mas ter Jakub, who had
been work ing for Prince Henry the Bearded (Mruczek, 2018).
The cha pel was de mol ished in 1621 (Rozpêdowski, 1971). The
ed i fice was orig i nally con structed as a twelve-sided, two-storey
struc ture with nu mer ous ar chi tec tural de tails that served to
emphasise the el e vated sta tus of the Piast princes (Chorowska
and Caban, 2016; Mruczek, 2018). 

The multi-phase con struc tion of the Cas tle is re flected in the 
va ri ety of sand stone de tails: cap i tals, win dow trac ery, sculp tural 
or na ments, which of fer an op por tu nity to trace shifts in ma te rial
sup ply over more than three cen tu ries. Iden ti fy ing the prov e -
nance of the nat u ral raw ma te rial can shed light on pat terns of
me di eval and early mod ern stone sup ply, work shop or gani sa -
tion, and ma te rial pref er ences.

HISTORICAL ANALYTICAL MATERIAL

As part of the work car ried out, 26 sam ples of sand stone
were col lected from var i ous ar chi tec tural de tails from Piast Cas -
tle and its ad ja cent cha pel, and sub jected to min er al og i cal and
petrographic anal y sis (Ta ble 1 and Fig. 2). The ar chi tec tural de -
tails, from which the sam ples were taken, are dam aged frag -
ments of the Cas tle, orig i nat ing from var i ous parts and dif fer ent
stages of con struc tion. These frag ments are cur rently stored in
the cel lars of the Cas tle cha pel. The de tails in cluded frag ments
of vault ribs, key stones, ro settes, ma sonry, col umns and cap i -
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Fig. 1. Sim pli fied geo log i cal map of the North Sudetic Synclinorium
 (based on: Stêpieñ and Grabowski, 2002; mod i fied) with the lo ca tion of Piast Cas tle in Legnica marked
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tals. All the sam ples col lected were small (1–4 cm) due to the
his toric na ture of the stone el e ments sam pled and the ne ces -
sity to mini mise in ter ven tion in the his toric sub stance of the ob -
ject. Con se quently, the ar chae ol o gist (TS) pro ceeded to col lect
all the sam ples of stone ma te rial ob tained from this cul tural her -
i tage site (Ta ble 1). The time of con struc tion was de ter mined by 
TS based on knowl edge of pre vi ous work car ried out by ar chae -
ol o gists and ar chi tects. The most nu mer ous frag ments are
those of the orig i nal, Late Ro man esque de tails, which can be
dated to the first half of the 13th cen tury (1220–1240), co in cid -
ing with the con struc tion of the cha pel (Ta ble 1). The sec ond
con struc tion phase can be traced to the 15th-cen tury re build ing
of the Cas tle in the Flam boy ant Gothic style. Dur ing this pe riod,
the late Gothic key stones were cre ated, of which sam ples were
ob tained. Among the col lected frag ments of ar chi tec tural de -
tails, three sam ples were also iden ti fied as Re nais sance. They
are as so ci ated with the sub se quent re con struc tion phase,
which was car ried out in the first half of the 16th cen tury. This
con sti tutes the third con struc tion phase of the Cas tle.

SANDSTONE RAW MATERIAL

GEOLOGICAL BACKGROUND

In south west ern Po land, sand stones oc cur, and are mined
in two ar eas: the first in the Lwówek Œl¹ski and Boles³awiec re -
gion (geo log i cally re lated to the North Sudetic Synclinorium;
¯elaŸniewicz et al., 2011), and the sec ond in the south and
south-west of K³odzko, with a much less sig nif i cant area in the
vi cin ity of Krzeszów (all of which are geo log i cally re lated to the
Intra-Sudetic Synclinorium and the Up per Nysa K³o dzka
Graben).

Due to the lo ca tion of Piast Cas tle in Legnica, from which
sam ples of the ana lysed his tor i cal el e ments were ob tained, and 
their mac ro scopic ap pear ance (light, grey, beige and yel low
sand stones), Up per Cre ta ceous sand stones found in the North
Sudetic Syn clinorium were con sid ered the most likely source of
the build ing ma te rial. This as sump tion was based on the prox -
im ity of the sand stone de pos its to the mon u ment, his tor i cal data 
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T a  b l e  1

 Ar chi tec tural de tails from Piast Cas tle in Legnica and its ad ja cent 
cha pel, from which the sam ples were ob tained for anal y sis 

Sam ple Ar chi tec tural de tail Time of cre ation

LEG002 un spec i fied
first half of the 13th

centuryLEG003 el e ment with ro sette from triforium

LEG004 vault rib el e ment with key stone

LEG005 rib el e ment with trac ery
15th cen tury

LEG006 trac ery

LEG007 un spec i fied

first half of the 13th
cen tury

LEG009 arch

LEG010 un spec i fied

LEG011 frag ment of a but tress

LEG013 trac ery 15th cen tury

LEG014 frieze el e ment first half of the 13th
cen turyLEG015 frag ment of a col umn

LEG017 ex te rior wall of the cha pel

first half of 13th 
cen tury; Ro man esque

LEG018 cha pel el e ment from the shaft (in ter nal)

LEG019 frag ment of a col umn

LEG020 rib

LEG021 rib

LEG022 rib/key stone

LEG024 rib

LEG025 col umn fin ial

LEG028 frag ment of a gothic key stone

15th cen tury; GothicLEG029 frag ment of a gothic key stone

LEG030 frag ment of a gothic key stone

LEG031 win dow re veal
first half of the 16th

cen tury; Re nais sanceLEG032 ro settes at win dow re veal

LEG033 ro settes at win dow re veal

Ital ics in di cate an un con firmed (pre sumed) time of cre ation of each ar chi tec tural
el e ment



on the ex trac tion and use of sand stones in the study area, and
pub lished in for ma tion, where the wide spread use of these
rocks in ar chi tec tural de tails is high lighted (e.g., Michniewicz,
1996; Szczepaniak, 2014, 2021; Szczepaniak and Rój, 2019;
Zboiñska and Bartz, 2019). The his tor i cal con text is also sig nif i -
cant: dur ing the con struc tion of the cha pel, the sand stone de -
pos its of the North Sudetic Syn clinorium were un der the con trol
of the Piast princes. Mean while, the Intra-Sudetic Synclinorium
– the re gion of K³odzko – was his tor i cally a sep a rate en tity, gov -
erned by var i ous dy nas ties, of ten con sti tut ing a dis puted ter ri -
tory be tween Czech and Pol ish au thor i ties, de spite now ly ing
within the bor ders of Lower Silesia (Winiarska, 2010).

The North Sudetic Synclinorium (Fig. 1) was for med by the
Late Cre ta ceous-Paleogene in ver sion of a sed i men tary ba sin
(¯elaŸniewicz, 2011). Its sed i men tary infill ranges in age from
the Up per Car bon if er ous (Stephanian) to the Up per Cre ta -

ceous (Up per Ceno manian -Santonian) (Œliwiñski et al., 2003).
Mile wicz (1985) dis tin guished three for ma tions within the Cre ta -
ceous de pos its in this area: the Rakowice Wielkie, Czerna, and
Wêgli niec for ma tions. Within these, he iden ti fied six mem bers:
the Wilków, Przewóz, Chmielno, Dobra, ¯erkowice and Nowo -
grodziec mem bers (Fig. 3).

The Rakowice Wielkie For ma tion com prises marls, clayey
marls, and marly claystones. These rocks are pre dom i nantly
dark grey and lam i nated. Within this for ma tion, par tic u larly in
the west ern part of the Synclinorium, there is a Lower Turonian
Przewóz Mem ber. This unit is com posed of marly and marly-
 sandy lime stones, as well as sand stone beds, which in Ger man
lit er a ture are re ferred to as Quadersandstein (Beyrich, 1849).
These are vis i ble in the ter rain as a se ries of hills or dome -
-shaped el e va tions (Milewicz, 1997).
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Fig. 2. Ex am ples of ar chi tec tural de tails from Piast Cas tle in Legnica and its ad ja cent
cha pel, from which sam ples of his tor i cal stone ma te rial were ob tained

A – el e ment with ro sette from triforium; B – de tail with ro sette from win dow re veal; C – frag ments
of vault ribs with key stone; D – frag ment of blind trac ery; E – ex am ple of ar chi tec tural de tails from
Piast Cas tle in Legnica: stone win dow re veal with ro settes (see Fig. 2B); F – the re mains of the
Cas tle cha pel are cur rently cov ered with a pa vil ion and are open to vis i tors dur ing the sum mer
sea son (all pho tos by KSz)
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The low est part of the Rakowice Wielkie For ma tion and si -
mul ta neously the old est (Cenomanian) Cre ta ceous de pos its
in the North Sudetic Synclinorium are the Wilków Mem ber
sand stones, re ferred to as the Lower Quader Sand stone
(Lwówek - type sand stone; Ger man: Unterquader, Löwenber -
ger Sand stein; Ehling, 1999). At the base, they are de vel oped
as a basal con glom er ate up to 40 cm thick, ly ing un con form -
ably on the bed rock (Milewicz, 1997). In the higher part of the
pro file, the brown, yel low or light grey Quader Sand stones are
coarse- to me dium-grained, lo cally con glom er atic, quartzitic

with an ad mix ture (up to sev eral per cent) of lithic grains:
lydites (cherts) and si li ceous schists. The ce ment in these
sand stones is si li ceous-ar gil la ceous. These sand stones are
clas si fied as quartz arenites. The av er age grain di am e ter
(mean grain size) in the Lower Quader Sand stone, ac cord ing
to var i ous au thors, ran ges from 0.42 mm (Ehling, 1999) to
0.53 mm (Milewicz, 1997; Ta ble 2).

The sand stones of the Chmielno Mem ber date to the Lower
Turonian (Milewicz, 1997). They are also known as Mid dle
Quader Sand stone (P³akowice-type sand stone; Ger man:
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Fig. 3. Lithostratigraphy of Cre ta ceous de pos its in the North Sudetic Synclinorium 
(based on: Milewicz, 1985; Voigt et al., 2008; Leszczyñski et al., 2022)

T a  b l e  2

Ba sic grain size pa ram e ters of the Up per Cre ta ceous Quader Sand stones of the North Sudetic Synclinorium: 
ex am ples ac cord ing to Milewicz (1997, 1998) and Ehling (1999)

Milewicz (1997) Milewicz (1998) Ehling (1999)

Mean/me dian1

[mm] Sort ing co ef fi cient Mean [mm] In clu sive graphic
stan dard de vi a tion Mean [mm] Sort ing 

co ef fi cient

Lower Quader Sand stone 0.53 1.8 – – 0.42 1.75

Mid dle Quader Sand stone 0.42 1.8 – – 0.38 1.68

Up per Quader Sand stone 0.20 1.2 (to 1.13) 0.13–0.542 0.3–1.4 0.11–0.31 1.28–1.55

1Milewicz (1997) uses the terms mean and me dian in ter change ably to re fer to the same pa ram e ters.
2Sam ples from the west ern part of the Synclinorium, where Milewicz (1998) claims the coars est sand stones are found, were also con sid ered.
Milewicz (1997) and Ehling (1999) fo cused on the east ern part of the Synclinorium, where fine- and me dium-grained sand stones are found. In 
the orig i nal work (Milewicz, 1998), the val ues are given on a phi scale and have been con verted to milli metres here.



Mittel quader, Plagwitzer Sandstein; Ehling, 1999). These are
quartz sand stones (arenites), lo cally con tain ing an ad mix ture of 
kao lini zed feld spars, with the oc ca sional pres ence of glauconite 
(Ehling, 1999). The sand stones are pre dom i nantly coarse -grai -
ned; me dium-grained va ri et ies are also com mon, while fine-
 grained and con glom er atic sand stones are less fre quent (Mile -
wicz, 1962). The grains are gen er ally quite well-rounded. Ehling 
(1999) stated that the mean grain size is 0.38 mm, whereas
Milewicz (1997) states that it is 0.42 mm (Ta ble 2).

The sand stones of the Dobra Mem ber are sev eral tens of
metres thick and not ex ten sively dis trib uted. They are poorly
sorted quartz sand stones with vari able grain sizes and an gu lar
grains (Milewicz, 1997). They are of Up per Turonian age.

The ̄ erkowice Mem ber is the youn gest sand stone mem ber 
within the Rakowice For ma tion and is es ti mated to be of Lower
Coniacian in age (Milewicz, 1997). These sand stones, known
as the Up per Quader Sand stone (Rakowice-type sand stone;
Ger man: Oberquader, Rackwitzer Sandstein; Ehling, 1999),
are clas si fied as quartz arenites. They are gen er ally fine- to me -
dium-grained and equigranular. Poorly sorted va ri et ies also oc -
cur. The mean grain size ac cord ing to var i ous au thors is: 0.20
mm (Milewicz, 1997), 0.13–0.54 mm (Milewicz, 1998), and 0.11 
to 0.31 mm (Ehling, 1999; Ta ble 2). In ad di tion to quartz grains,
lithic frag ments (quartz ite and quartz ite schist) are pres ent in
the sand stones of the ̄ erkowice Mem ber. Their con tent ranges 
from a few to sev eral per cent. The con tent of feld spar grains in
these sand stones is neg li gi ble (Ehling, 1999). The ce ment in
the sand stones of the ¯erkowice Mem ber is ar gil la ceous, kao -
linitic (Milewicz, 1997; Ehling, 1999) or ferruginous and quartz -
-ar gil la ceous (Œwiêtnicka-Goldstein, 1975) with a clayey fill ing
mass. Most grains (al most 90%) are an gu lar (Milewicz, 1998).

Ac cord ing to Milewicz (e.g., 1997, 2006), the Czerna For -
ma tion and the Wêgliniec For ma tion are stratigraphically co -
eval and rep re sent the Lower Santonian. Ac cord ing to this in ter -
pre ta tion, the bound ary be tween the Rakowice Wielkie For ma -
tion and the Czerna and Wêgliniec for ma tions marks the
bound ary be tween the Up per Coniacian and Lower Santonian.
How ever, Voigt et al. (2008) place the bound ary be tween the
Coniacian and the Santonian within these for ma tions, based on 
a re in ter pre ta tion of the strati graphic ranges of bi valves be long -
ing to the ge nus Inoceramus.

The Czerna For ma tion com prises sand stones and mud -
stones with coal interbeds. It is found in the east ern part of the
North Sudetic Synclinorium. At its base, lo cal de pos its be long -
ing to the Nowogrodziec Mem ber oc cur, rep re sent ing shal -
low-wa ter sed i ments and com posed of claystones, mudstones,
sand stones and thin coal seams (Leszczyñski, 2010). The
Wêgliniec For ma tion, which oc curs in the west ern part of the
Synclinorium, is rep re sented by mudstones (Milewicz, 1997).

REFERENCE SANDSTONE
 MATERIAL

De ter min ing the pos si ble prov e nance of stone ma te rial
used in the ar chi tec tural de tails re quires com par i son with rel e -
vant source ma te rial. In ad di tion to his tor i cal stone ma te rial, ref -
er ence sand stones that could po ten tially be used for ar chi tec -
tural pur poses have also been stud ied. Var i ous min er al og i cal
and petrographic anal y ses of sand stones from the North Su -
detic Synclinorium have been pub lished (e.g., Ehling, 1999;

Labus, 2009; Szczepaniak, 2015; Prell, 2017), which can be
used for com par i son with the re sults ob tained from the his tor i cal 
sam ples stud ied. How ever, nu mer i cal and de scrip tive data can -
not sub sti tute di rect mi cro scopic anal y sis of rock sam ples and
com par i son of their mi cro scopic im ages. This is be cause any
rock char ac ter iza tion may vary de pend ing on the au thor’s re -
spec tive ob ser va tions and in ter pre ta tions. For this rea son, a
col lec tion of Cre ta ceous sand stones sam ples from the North
Sudetic Synclinorium was gath ered to de ter mine the or i gin of
the stone ma te rial used in the his tor i cal sites stud ied. The sam -
ples were col lected from for mer, now aban doned raw ma te rial
ex trac tion sites and ac tive quar ries, as well as nat u ral rock ex -
po sures. The rock sam pling sites were se lected based on pub -
lished data re gard ing the his tor i cal quar ry ing of build ing stone
(Ehling, 1999; Walendowski, 2010a–e), as well as on Cre ta -
ceous sand stone out crops por trayed on the De tailed Geo log i -
cal Map of Po land (Sztrom wasser, 1995; Badura, 2005; Cymer -
man et al., 2005a, b; Kozdrój et al., 2005; Przybylski and
Ihnatowicz, 2005). The sand stone sam ples col lected ser ved as
com par a tive ma te rial, en abling the petrographic and min er al -
og i cal char ac ter is tics of the ref er ence sand stones to be com -
pared with those of the rocks used in the ar chi tec tural de tails of
the cha pel ana lysed. To ob tain a com plete view of the sam ples,
ref er ence sand stones were taken from the Lower, Mid dle, and
Up per Quader Sand stones. As pre vi ously men tioned, not all
Up per Cre ta ceous sand stones from the area were com monly
used in con struc tion. From a con struc tion per spec tive, some of
them were prob a bly only of lo cal im por tance. How ever, it was
de cided not to ex clude these lo ca tions, re sult ing in a com pre -
hen sive re view of the Up per Cre ta ceous sand stones, high light -
ing the sim i lar i ties and dif fer ences be tween the var i ous types.
Nat u rally, the set of sam ples se lected does not fully re flect the
pos si ble lithological vari abil ity, which may vary con sid er ably
even within a sin gle de posit. How ever, the use of mi cro scopic
ob ser va tions of the rock raw ma te rial sam ples en ables di rect
com par i son be tween the most im por tant sand stone types. The
sam ple set col lected com ple ments the data widely de scribed in
the lit er a ture.

The ref er ence sand stones were col lected from six teen lo ca -
tions in the North Sudetic Synclinorium area. A to tal of 24 ref er -
ence sand stone sam ples were ob tained (Ta ble 3 and Fig. 4).
Ten sam ples of the Lower Quader Sand stones came mostly
from the Lwówek Œl¹ski re gion, spe cif i cally from the aban doned 
sand stone quarry within Lwóweckie Ska³y (Szwajcaria Lwówe -
cka), Wzgórze Kombatantów (for merly Buchholtz), and a for -
mer quarry on Jaglarz Hill north of P³akowice (now part of
Lwówek Œl¹ski). Other sam ples were taken from an aban doned 
quarry on Twardziel Hill near Rad³ówka, as well as from a sand -
stone ex po sure lo cated south of Warta Boles³awiecka. Six sam -
ples were taken from Mid dle Quader Sand stones at the fol low -
ing lo ca tions: an aban doned quarry on Ska³ka Hill (P³akowice);
small quar ries near Pielgrzymka; Krucze Ska³y in Jerzmanice-
 Zdrój; and ex po sures in the Warta Boles³awiecka area. Eight
sam ples of the Up per Quader Sand stones were taken from ac -
tive or re cently aban doned quar ries in Czaple, Wartowice,
¯erkowice, Rakowice Ma³e, ¯eliszów and Zbylutów.

For the pur pose of gen eral com par i son of the in di vid ual rock 
types, ref er ence sand stone sam ples were se lected that were
con sid ered rep re sen ta tive of the Lower, Mid dle and Up per
Quader Sand stones of the North Sudetic Synclinorium (Lwó -
wek Œl¹ski, P³akowice, and ¯erkowice re spec tively). These
were se lected on the ba sis of his tor i cal data on the ex trac tion of
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sand stone raw ma te rial from the quar ries, or sam ple char ac ter -
is tics re flect ing the char ac ter is tics of the rock for ma tions rep re -
sented.

METHODS OF INVESTIGATION

OPTICAL MICROSCOPY AND COMPUTER
 IMAGE ANALYSIS

For the petrographic char ac ter iza tion, thin sec tions ~40 µm
thick were made from all the his tor i cal ma te rial sam ples and the 
ref er ence sand stones at the In sti tute of Geo log i cal Sci ences at
the Uni ver sity of Wroc³aw (UWr). The thin sec tions were then
ana lysed us ing a Nikon ECLIPS LV100 POL polar is ing trans -
mit ted-light mi cro scope in the De part ment of Phys i cal Ge ol ogy
at the UWr. Ba sic mi cro scopic ob ser va tions en abled the min -
eral com po si tion of the frame work grains to be de ter mined, as
well as the mor pho log i cal char ac ter is tics of the grains and the
type of ce ment. Mi cro scopic pho to graphs were also taken of all
the thin-sec tions. Com puter im age anal y sis was then car ried
out on the mi cro pho to graphs, us ing JMicro Vision 1.2.7 soft -

ware (Roduit, 2007) to mea sure the di am e ter (Feret di am e ter)
of the grains crossed by par al lel lines drawn on the pho to -
graphs. The per cent age of each com po nent in the rock was
also de ter mined us ing the point-count ing method. The num ber
of grains mea sured in the sam ples (n) ranged from 300 to 776,
en abling the gen er a tion of re li able sta tis ti cal re sults (Ingersoll et 
al., 1984). Com puter im age anal y sis of the data al lowed the
geo met ric and sta tis ti cal pa ram e ters of grain size: me dian (Md),
mean (Mz) and per cen tile val ues – first quartile (Q1), third
quartile (Q3) – to be de ter mined. These were then ranked ac -
cord ing to the re spec tive grain classes, and grain size his to -
grams were de vel oped for all sam ples ac cord ing to the
phi-Udden-Wen tworth scale (Krumbein and Sloss, 1963). Ba -
sed on the cu mu la tive graphs, graphic sort ing was de ter mined
(In clu sive Graphic Stan dard De vi a tion, sI; Folk, 1980).

SCANNING ELECTRON 
MICROSCOPY

The choice of re search meth ods used to ana lyse the sam -
ples was closely re lated to the quan tity of re search ma te rial
avail able, while tak ing into ac count the pos si bil ity of ob tain ing

Katarzyna Szadkowska et al. / Geological Quarterly, 2025, 69, 67 7

T a  b l e  3

Lo ca tions of sand stone sam pling sites in the North Sudetic Synclinorium

No Lo ca tion Sam ple

1 Lwówek Œl¹ski, Szwajcaria Lwówecka

WB1112

Up per Cenomanian, 

Lower Quader Sand stone

WB1113

WB1114

WB1115

2 Lwówek Œl¹ski, Wzgórze Kombatantów WB1806

3 Rad³ówka, Twardziel Hill
WB1116

WB1117

4 Warta Boles³awiecka 1 WB1801

5 Jaglarz Hill, quarry
WB1118

WB1119

6 P³akowice, Ska³ka Hill WB1111

Mid dle Turonian, 

Mid dle Quader Sand stone

7 Pielgrzymka 1, quarry WB1807

8 Pielgrzymka 2, quarry
WB1808A

WB1808B

9 Jerzmanice Zdrój, Krucze Ska³y WB1809

10 Warta Boles³awiecka 2 WB1802

11 Czaple, Gruszecki quarry

WB1108

Coniacian, 

Up per Quader Sand stone

WB1109

WB1110

12 Rakowice Ma³e, quarry WB1402

13 ¯erkowice, quarry WB1403

14 Wartowice, quarry WB1803

15 ¯eliszów, quarry WB1804

16 Zbylutów, quarry WB1805

Sam pling site num bers cor re spond to the map (Fig. 4)

http://www.jmicrovision.com
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the most ex ten sive and de tailed re sults. For this rea son, three
care fully cho sen sam ples from Piast Cas tle were ex am ined in
de tail us ing a scan ning elec tron mi cro scope. These sam ples,
which cor re spond to the build ing’s dif fer ent struc tural phases
(Ro man esque, Gothic, and Re nais sance), were large enough
to al low ad di tional anal y sis. The re search was car ried out at the
UWr De part ment of Ex per i men tal Pe trol ogy, us ing a JEOL JSM 
IT-100 scan ning elec tron mi cro scope, equipped with an Ox ford
EDS (SEM-EDS) at tach ment, in low vac uum (20–30 Pa) at an

ac cel er at ing volt age of 16 kV. Anal y ses were per formed on
vac uum car bon-coated sam ple frag ments up to 1 cm in size.
These anal y ses en abled the ob ser va tion and iden ti fi ca tion of
min eral phases pres ent in the ce ment. To de ter mine their min -
er al ogy, the EDS spec tra and ZAF-cor rected el e men tal con -
cen tra tions ob tained were com pared with the stan dard spec tra
pro vided by Reed (2005). SEM-EDS stud ies were also ap plied
to sam ples of the three rep re sen ta tive ref er ence sand stones
(from Lwówek Œl¹ski, P³akowice and ¯erkowice).
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T a  b l e  4

Sta tis ti cal pa ram e ters and modal com po si tion of sam ples from Piast Cas tle in Legnica 
and its cha pel

Sam ple
[mm] [phi] [%]

Md Mz Q1 Q3 sI Otz Fs L A

LEG002 0.32 0.33 0.23 0.48 0.82 98 <1 2 <1

LEG003 0.31 0.30 0.21 0.42 0.76 99 <1 1 <1

LEG004 0.27 0.24 0.17 0.37 0.94 99 <1 1 <1

LEG005 0.28 0.27 0.19 0.38 0.80 97 <1 3 <1

LEG006 0.27 0.26 0.18 0.37 0.73 97 <1 3 <1

LEG007 0.23 0.22 0.14 0.38 1.02 99 <1 <1 <1

LEG009 0.32 0.28 0.18 0.45 0.92 97 <1 3 <1

LEG010 0.24 0.23 0.16 0.35 1.04 96 <1 4 <1

LEG011 0.28 0.27 0.18 0.40 0.85 97 <1 3 <1

LEG013 0.26 0.25 0.19 0.36 0.77 97 <1 3 <1

LEG014 0.25 0.25 0.17 0.36 0.78 99 <1 <1 <1

LEG015 0.27 0.27 0.19 0.39 0.89 96 <1 4 <1

LEG017 0.28 0.26 0.17 0.41 0.92 97 <1 3 <1

LEG018 0.19 0.18 0.13 0.27 0.87 87 12 <1 <1

LEG019 0.21 0.18 0.13 0.30 0.95 95 5 <1 <1

LEG020 0.32 0.29 0.21 0.42 0.84 96 <1 4 <1

LEG021 0.27 0.25 0.16 0.39 0.96 95 <1 5 <1

LEG022 0.28 0.26 0.17 0.42 0.93 97 <1 3 <1

LEG024 0.25 0.25 0.17 0.38 0.91 93 <1 7 <1

LEG025 0.25 0.22 0.16 0.34 0.96 97 3 <1 <1

LEG028 0.32 0.29 0.21 0.44 0.86 99 <1 1 <1

LEG029 0.26 0.23 0.17 0.33 0.75 97 <1 3 <1

LEG030 0.33 0.30 0.23 0.44 0.88 93 <1 6 <1

LEG031 0.29 0.29 0.22 0.38 0.67 99 <1 <1 <1

LEG032 0.26 0.24 0.19 0.33 0.68 99 <1 <1 <1

LEG033 0.22 0.20 0.15 0.29 0.81 97 <1 3 <1

Md  – me dian, Mz – mean, Q1 – first quartile, Q3 – third quartile, sI – graphic sort ing, Qtz – quartz, Fs – feld -
spars, L – lithic frag ments, A – ac ces sory min er als

https://doi.org/10.1017/CBO9780511610561


RESULTS

PETROGRAPHY OF SANDSTONES 
FROM THE CHAPEL

All sam ples ana lysed from Piast Cas tle are sand stones with 
a ar gil la ceous-si li ceous ce ment, which, de pend ing on the sam -
ple, is also ac com pa nied by iron-bear ing min er als. The pore-fill -
ing ce ment con sists of clay min er als (kaolinite), as so ci ated with
a sub or di nate ferruginous ce ment (goethite). Syntaxial quartz
overgrowths form a pore-lin ing ce ment around the quartz
grains. Most of the sam ples from the cha pel can be clas si fied
as quartz arenites (Pettijohn et al., 1972; Fig. 5). One sam ple is
a subarkosic arenite (LEG018) and two are sublithic arenites
(LEG024 and LEG030).

Among the com po nents of the frame work grains, quartz is
dom i nant in all sam ples, con sti tut ing be tween 87–99% (in clud -
ing polycrystalline quartz; Ta ble 4). Lithic frag ments such as
quartzites and other si li ceous rocks are also pres ent, com pris -
ing of 1–7%. Al kali feld spars ob served in the sand stones ana -
lysed are com monly highly weath ered and con trib ute in sig nif i -
cantly to the frame work grains, typ i cally not ex ceed ing 1%.
Three of the sam ples ana lysed from the Cas tle (LEG018,
LEG019 and LEG025) are ex cep tions, with feld spar con tents
rang ing from 3% (LEG025) to 12% (LEG018). In ad di tion,
opaque min er als and spo radic am phi boles (<1%) oc cur in
these sand stones. The sam ples rep re sent fine- to me dium -
-grained sand stones. The mean grain-size ranges from 0.18
mm (LEG018 and LEG019) to 0.33 mm (LEG002). The me dian 
grain size var ies from 0.19 to 0.33 mm. The first quartile ranges
from 0.13 to 0.23 mm, and the third quartile from 0.27 to 0.48
mm. The sam ples are mod er ately well-sorted to poorly sorted
(sI = 0.67–1.04), with most be ing mod er ately sorted. The con -
tent of the very fine sand frac tion reaches up to 17%. Grains ex -
ceed ing 1 mm are rare and oc cur spo rad i cally.

For se lected sam ples, rep re sent ing the Ro man esque
(LEG025; Figs. 6, 7 and 8A), Gothic (LEG028; Figs. 6, 7 and
8B) and Re nais sance (LEG033; Figs. 6, 7, 8C) con struc tion

phases, ad di tional SEM-EDS ob ser va tions were car ried out,
cor rob o rat ing their over all sim i lar ity and the na ture of the sand -
stone ce ment. A sig nif i cant pro por tion of ar gil la ceous pore-fill -
ing ce ment was ob served in all of them. The ar gil la ceous ce -
ment is dom i nated by kaolinite, which of ten oc curs in the form of 
well-de vel oped, book let-like ag gre gate pack ets (Fig. 8). Within
the kaolinitic ce ment, dis persed ad mix tures of iron-bear ing min -
er als are vis i ble. Ad di tion ally, a si li ceous ce ment (poorly crys tal -
line SiO2, chal ce dony) is pres ent. Quartz grains ex hibit synta -
xial overgrowths, form ing pore-lin ing rims.

PETROGRAPHY 
OF REFERENCE SAMPLES 

CENOMANIAN LOWER QUADER SANDSTONE OF THE NORTH
SUDETIC SYNCLINORIUM

Among the Lower Quader Sand stone sam ples, some show
no tice able vari a tions in grain size pa ram e ters, though gen er ally 
they are poorly sorted. They were iden ti fied as very fine, me -
dium- and coarse-grained quartz arenites and very fine-grained
sublithic arenites (Fig. 9). The frame work grains of the sand -
stones de scribed con sist pre dom i nantly of quartz (85–99%),
rel a tively small amounts of feld spar, with no tice able dif fer ences
in the oc cur rence of lithic frag ments (quartzites; up to 15%) and
<1% ac ces sory min er als (opaque min er als, am phi bole, mus co -
vite and zir con; Ta ble 5). The ce ment is ar gil la ceous-si li ceous
(pore-fill ing, sec ond ary pore-lin ing), with the pres ence of ferru -
gino us ce ment (goethite), as so ci ated with clay min er als.

A sand stone sam ple from Lwówek Œl¹ski (WB1112; Figs.
10 and 11) was se lected as rep re sen ta tive of the Lower Quader 
Sand stones in the North Sudetic Synclinorium. As with the
other rep re sen ta tive sam ples iden ti fied, de tailed petrographic
anal y sis was car ried out to char ac ter ize the ce ment more pre -
cisely. The na ture of the ce ment in the sam ple ana lysed was
con firmed through SEM-EDS stud ies (Fig. 12A). These stud ies
re vealed the pres ence of a si li ceous ce ment in the form of
pore-fill ing, poorly-crys tal line SiO2 and syntaxial quartz over -
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Fig. 5. Clas si fi ca tion of his tor i cal sam ples ana lysed from Piast Cas tle in Legnica
 and its cha pel (based on Pettijohn et al., 1972)



growths. Ar gil la ceous (kaolinitic) pore-fill ing ce ment is also pre -
s ent. Both si li ceous and ar gil la ceous ce ments are as so ci ated
with ferruginous ce ment. Iron-bear ing phases also oc cur as
patchy ferruginous coat ings on frame work grains.

TURONIAN MIDDLE QUADER SANDSTONE 
OF THE NORTH SUDETIC SYNCLINORIUM

The frame work grains of the sand stones de scribed con sist
pre dom i nantly of quartz (91–99%), along side smaller pro por -
tions of al kali feld spar (up to 4%), lithic frag ments (up to 9%),
and opaque min er als (<1%; Ta ble 5). The quartz grains con tain 
in clu sions of other min er als, such as tour ma line, rutile and mus -
co vite. The sam ple from P³akowice (WB1111) is com posed al -
most en tirely of quartz, with a few weath ered feld spars. The ce -

ment in the Mid dle Quader Sand stone is ar gil la ceous-si li ceous
and pore-fill ing, with ferruginous ce ment pres ent in some ar eas.

In the sam ples col lected from oc cur rences near P³akowice,
Pielgrzymka and Jerzmanice Zdrój (WB1111, WB1807,
WB1808A, WB1808B and WB1809), the pre dom i nant frac tion
is fine sand. Sam ple WB1809 (sublithic arenite) also shows a
sig nif i cant con tent of me dium and coarse sand. The grain size
pa ram e ters are gen er ally sim i lar (Ta ble 5). They dif fer only for
the WB1802 sam ple from Warta Boles³awiecka (sublithic are -
nite), which has a dom i nant coarse sand frac tion (Ta ble 5).

The sand stone from P³akowice (sam ple WB1111; Figs. 10
and 11) was se lected as a rep re sen ta tive of the Mid dle Quader
Sand stones of the North Sudetic Synclinorium. The SEM-EDS
im age (Fig. 12B) re vealed ar gil la ceous (kaolinitic) and si li ceous
pore-fill ing ce ment, as well as par tially ferruginous ce ment. 
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Fig. 6. Mi cro scope im ages of sam ples LEG025, LEG028 and LEG033 in plane-po lar ized (left)
 and crossed-po lar ized light (right)



CONIACIAN UPPER QUADER SANDSTONE 
OF THE NORTH SUDETIC SYNCLINORIUM

The frame work grains of the Up per Quader Sand stones of
the North Sudetic Synclinorium con sist pre dom i nantly of quartz
(88–97%), with gen er ally sub or di nate con tri bu tions from lithic
frag ments, pri mar ily quartzites (3–12%) and sparse ac ces sory
min er als (opaque min er als, zir con, tour ma line; Ta ble 5). Rutile
in clu sions are pres ent within the quartz grains. The ce ment of
these sand stones is ar gil la ceous-si li ceous (pore -lin ing, and to a 
lesser ex tent pore-fill ing), with ferruginous ce ment oc cur ring lo -
cally. The sam ples rep re sents fine- to me dium- grained quartz
arenites and sublithic arenites; only the sam ple from the
Zbylutów quarry (WB1805) is dom i nated by a very fine-grained
frac tion. They are poorly to mod er ately sorted (Ta ble 5).

The sand stone from ¯erkowice (WB1403; Figs. 10 and 11)
was se lected as a rep re sen ta tive sam ple of the Up per Quader
Sand stones of the North Sudetic Synclinorium. SEM-EDS stud -
ies (Fig. 12C) also con firmed the pres ence of si li ceous ce ment
in the form of vis i ble syntaxial quartz overgrowths. Pore-fill ing
ar gil la ceous ce ment is dom i nated by kaolinite, com monly pres -
ent in book let-like ag gre gates.

PROVENANCE OF MATERIAL USED IN ARCHITECTURAL
DETAILS: SUMMARY OF PETROGRAPHIC 

ANALYSIS AND DISCUSSION

The pos si ble or i gin of the stone used for the ar chi tec tural
de tails of the his toric Piast Cas tle in Legnica and its ad ja cent
cha pel is in formed by the ex ist ing lit er a ture and by anal y sis of
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Fig. 7. Mi cro scope im ages of sam ples LEG025, LEG028 and LEG033 in plane-po lar ized (left) and
crossed-po lar ized light (right), il lus trat ing de tailed views of ce ments



ref er ence sand stone sam ples. Given the mac ro scopic char ac -
ter is tics of the his tor i cal sam ples ob tained (light-col oured sand -
stones) and the lo ca tion of the mon u ment from which they orig i -
nated, the Up per Cre ta ceous Quader Sand stones of the North
Sudetic Synclinorium area were con sid ered the most likely
source of stone ma te rial. This in fer ence is sup ported by pub -
lished data on the his tor i cal ex trac tion of rock ma te rial (e.g.,
Ehling, 1999; Walendowski, 2010a–e) and known ex am ples of
Cre ta ceous sand stone use in mon u ments in south-west ern Po -

land (e.g., Michniewicz, 1996; Klementowski and Marcinów,
2006; Rembiœ and Smoleñska, 2009; Kryza, 2011; Prell and
Zago¿d¿on, 2011; Prell and Kryza, 2014; Szczepaniak, 2014,
2015; Zboiñska and Bartz, 2019; Szczepaniak and Rój, 2019).
It is, and al ways has been, a widely used build ing ma te rial.
Thanks to nu mer ous quar ries, it is readily ac ces si ble and does
not re quire long-dis tance trans port with its as so ci ated costs. It
also has key tech ni cal ad van tages for the con struc tion in dus try, 
such as strength, frost re sis tance and blockiness of the raw ma -
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Fig. 8. Back scat tered elec tron (BSE) im ages of sam ples: A – LEG025; B – LEG028;
 C – LEG033 and EDS spec tra

Spec tra 2 and 11 – syntaxial quartz; spec tra 7 and 8 – si li ceous ce ment (poorly crys tal line SiO2) con tain ing Al and Fe;
 spec trum 9 – kaolinite (sin gle flake); the re main ing spec tra cor re spond to kaolinitic ce ment (book let-like ag gre gates) 

with vari able amounts of Fe-bear ing min er als dis persed be tween the flakes of the ag gre gates

https://doi.org/10.7306/2019.44
https://doi.org/10.7306/2019.42


14 Katarzyna Szadkowska et al. / Geological Quarterly, 2025, 69, 67

Fig. 9. Clas si fi ca tion of ref er ence sand stones ana lysed from the North Sudetic Synclinorium
 (based on Pettijohn et al., 1972)

T a  b l e  5

Sta tis ti cal pa ram e ters and modal com po si tion of sand stone sam ples 
from the North Sudetic Synclinorium

Sam ple
[mm] [phi] [%]

Md Mz Q1 Q3 sI Otz Fs L A

WB1112 0.34 0.27 0.15 0.61 1.53 95 <1 5 <1

WB1113 0.21 0.18 0.10 0.32 1.24 99 <1 <1 <1

WB1114 0.31 0.26 0.17 0.47 1.17 99 <1 1 <1

WB1115 0.34 0.29 0.16 0.58 1.34 97 <1 3 <1

WB1806 0.30 0.30 0.17 0.55 1.16 99 <1 <1 <1

WB1116 0.15 0.16 0.06 0.36 1.59 85 <1 15 <1

WB1117 0.15 0.14 0.06 0.32 1.53 96 1 3 <1

WB1801 0.15 0.17 0.07 0.36 1.48 99 <1 <1 <1

WB1118 0.27 0.25 0.12 0.60 1.54 99 <1 1 <1

WB1119 0.26 0.23 0.14 0.53 1.53 96 <1 4 <1

WB1111 0.17 0.19 0.10 0.36 1.18 99 <1 <1 <1

WB1807 0.17 0.16 0.11 0.27 1.09 97 1 <1 1

WB1808A 0.16 0.15 0.10 0.22 0.92 95 3 2 <1

WB1808B 0.15 0.13 0.08 0.20 1.02 95 3 2 <1

WB1809 0.25 0.27 0.15 0.53 1.34 93 1 6 <1

WB1802 0.36 0.31 0.15 0.70 1.64 91 <1 9 <1

WB1108 0.28 0.25 0.13 0.48 1.25 88 <1 12 <1

WB1109 0.26 0.24 0.14 0.41 1.09 95 <1 5 <1

WB1110 0.20 0.17 0.10 0.33 1.15 95 <1 5 <1

WB1402 0.25 0.19 0.14 0.31 1.34 93 <1 7 <1

WB1403 0.25 0.19 0.11 0.36 1.25 97 <1 3 <1

WB1803 0.16 0.13 0.10 0.20 0.86 97 <1 3 <1

WB1804 0.17 0.15 0.11 0.21 0.79 95 <1 5 <1

WB1805 0.15 0.16 0.08 0.32 1.25 96 <1 3 1

For ex pla na tions see Ta ble 4



te rial (Labus, 2009; Rembiœ and Smoleñska, 2010). At the
same time, it is rel a tively easy to work and aes thet i cally pleas -
ing. These fea tures are par tic u larly sig nif i cant in the Cas tle and
cha pel’s var i ous ar chi tec tural de tails, which were in tended as
dec o ra tive el e ments to en hance the build ings’ value and dem -
on strate the found ers’ wealth and so cial sta tus over the fol low -
ing cen tu ries. In the light of the petrographic anal y ses of the ref -
er ence sand stones, par tic u larly the in ves ti ga tion car ried out on
sam ples as sumed to be rep re sen ta tive of the Lower, Mid dle
and Up per Quader Sand stones of the North Sudetic Synclino -
rium, dis tinct dif fer ences can be seen be tween the in di vid ual
sand stone types with re gard to grain-size pa ram e ters, frame -

work grain com po si tion (in clud ing the pres ence of feld spars and 
lithic frag ments) and ce ment com po si tion.

The Lower Quader Sand stones show the great est vari a -
tion in grain size pa ram e ters of all the sam ples taken. A high
pro por tion of grains larger than 0.5 mm is com mon, un like in
other sand stones from this area. Of all the sand stones ana -
lysed, the Lower Quader Sand stones are also the least well
sorted (Ta ble 5). The con tent of non-quartz com po nents in the
frame work grains is also vari able. Some sam ples con sist al -
most en tirely of quartz, while in oth ers, the con tent of lithic
frag ments was a few to sev eral per cent. The pro por tion of feld -
spar in the sam ples ana lysed did not ex ceed 1%. The ce ment
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Fig. 10. Mi cro scope im ages of sam ples WB1112, WB1111 and WB1403 in plane-po lar ized (left)
 and crossed-po lar ized light (right)

Ad di tional mi cro scope im ages for other sam ples (WB1116, WB1809, WB1110) 

are pro vided in the Figure 13



is ar gil la ceous (kaolinitic) and si li ceous, with a mi nor pro por -
tion of ferruginous ce ment.

The sta tis ti cal pa ram e ters of grain size in sam ples of Mid -
dle Quader Sand stones are gen er ally lower than those in
sam ples of the Lower Quader Sand stones (Ta ble 5). Sort ing is 
also gen er ally better, with most of the sam ples ana lysed rep -
re sent ing poorly to mod er ately sorted sed i ments. In ad di tion to 
quartz and, in some sam ples, lithic frag ments, the min eral
com po si tion of the frame work grains also in cludes al kali feld -
spar (up to 4%). Pub lished data also sug gest the oc ca sional
pres ence of glauconite (Ehling, 1999), but this has not been
con firmed in the ref er ence sam ples ana lysed. The ce ment is

ar gil la ceous (kao linitic) and si li ceous, with a mi nor pro por tion
of ferruginous ce ment.

Of all the Cre ta ceous sand stones in the North Sudetic
Synclinorium, the Up per Quader Sand stones are the best sor -
ted and gen er ally the fin est grained (Ta ble 5), al though the dif -
fer ences from the Mid dle Quader Sand stones are only slight.
How ever, none of the sam ples ana lysed showed a third quartile
grain size ex ceed ing 0.5 mm. In con trast, lithic frag ments oc -
curred in all of the sam ples, with a neg li gi ble pro por tion of feld -
spar (<1%). The ce ment of these sand stones is ar gil la ceous
(kaolinitic) and si li ceous, lo cally ferruginous.
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Fig. 11. Mi cro scope im ages of sam ples WB1112, WB1111 and WB1403 in plane-po lar ized (left) 
and crossed-po lar ized light (right), il lus trat ing de tailed views of ce ments

Ad di tional mi cro scope im ages for other sam ples (WB1116, WB1809, WB1110) 

are pro vided in the Fig ure 14



Al most all of the his tor i cal sam ples from Piast Cas tle and its
ad ja cent cha pel are me dium-grained quartz arenites; one sam -
ple is a sublithic arenite. The mean grain size ranges from 0.22
to 0.33 mm, the me dian ranges from 0.22 to 0.33 mm, the first
quartile ranges from 0.14 to 0.23 mm, and the third quartile
ranges from 0.29 to 0.48 mm (Ta ble 4). The sam ples are mod -

er ately well to poorly sorted. Their frame work grains are com -
posed of quartz (93–99%), with lithic frag ments also pres ent
(1–9%, de pend ing on the sam ple). Feld spars and ac ces sory
min er als oc cur sin gly (Ta ble 4). Sin gle grains larger than 1 mm
are oc ca sion ally pres ent in the frame work grains. The ce ment is 
ar gil la ceous (kaolinitic) and si li ceous, lo cally ferru ginous.
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Fig. 12. Back scat tered elec tron (BSE) im ages of sam ples: A – WB1112 (Lwówek Œl¹ski); B – WB1111 (P³akowice);
C – WB1403 (¯erkowice) and EDS spec tra 

Spec tra 3, 7 and 11 – syntaxial quartz; the re main ing spec tra cor re spond to kaolinitic ce ment (book let-like ag gre gates)

 with vari able amounts of Fe-bear ing min er als dis persed be tween the flakes of the ag gre gates



Sam ples LEG018 (subarkosic arenite), LEG019, and
LEG025 (quartz arenite) dif fer from the dom i nant sand stone
va ri et ies de scribed above in terms of the sta tis ti cal pa ram e ters
of grain size and oc cur rence of al kali feld spars in their frame -
work grains (3–12%; Ta ble 4). All of these frag ments have been 
iden ti fied as Ro man esque el e ments and are there fore orig i nal
ar chi tec tural de tails dat ing from the first half of the 13th cen tury, 
when the cha pel was built (Rozpêdowski, 1971).

When con sid er ing the pos si ble or i gin of the stone ma te rial
used for the ar chi tec tural de tails of Piast Cas tle and its ad ja cent 
cha pel, two as pects should be taken into ac count: the petro -
graphic char ac ter is tics and the his tor i cal con text. In terms of
their min er al og i cal and petrographic char ac ter is tics, these
rocks have been shown to be sim i lar to the Up per Cre ta ceous
Quader Sand stones found in the North Sudetic Synclinorium.

This is sup ported by the com po si tion of the frame work grains
and type of ce ment. How ever, sta tis ti cal pa ram e ters of grain
size ex clude the in volve ment of the Lower Quader Sand stones
in the mon u ment. This is be cause they are usu ally char ac ter -
ized by larger grains and a higher pro por tion of grains >0.5 mm.
This ex plains why the Lower Quader Sand stones were not used 
for the ar chi tec tural de tails, some of which fea ture very rich and
sub tle or na men ta tion: coarser-grained ma te rial is not suit able
for grace ful sculpt ing.

The com po si tion of the frame work grains can pro vide more
de tailed sug ges tions re gard ing the prov e nance of the ma te rial.
In most sam ples from the Cas tle, the pro por tion of feld spar is
neg li gi ble, typ i cally <1%. How ever, three sam ples from Late
Ro man esque de tails from the cha pel stand out, with feld spar
con tent rang ing from 3 to 12%. While quartz dom i nates the
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Fig. 13. Mi cro scope im ages of sam ples WB1116, WB1809 and WB1110 in plane-po lar ized (left) 
and crossed-po lar ized light (right)



frame work grains in both Mid dle and Up per Quader Sand -
stones, this higher feld spar con tent is no ta ble. It sug gests that
two types of rock were used in the orig i nal (Late Ro man esque)
stone work of the mon u ment: Up per and Mid dle Quader Sand -
stones of the North Sudetic Synclinorium. The youn ger Gothic
and Re nais sance de tails from the Cas tle could have only been
made us ing the Up per Quader Sand stones.

In terms not only of pe trog ra phy, but also of his tory, the ma -
te rial most likely used for most of the sam ples dis cussed from
Piast Cas tle could be the Coniacian sand stones quar ried in the
Wartowice or Czaple area. Walendowski (2010a, d) dated the
main pe riod of Up per Quader Sand stone quar ry ing in Warto -
wice to the 14th cen tury and in Czaple to the Mid dle Ages; how -
ever, he did not pro vide sup port ing ev i dence for this claim. Con -
versely, the three sam ples from the cha pel with a higher pro por -
tion of feld spars are petro graphi cally sim i lar to the Turo nian
sand stones. Anal y sis of the ref er ence sam ples cor rob o rated

the oc cur rence of up to 4% feld spars in the Mid dle Quader
Sand stone sam ples from the North Sudetic Synclino rium. This
is con sis tent with Ehling’s (1999) ob ser va tions, which in di cate a 
feld spar pro por tion of be tween 1 and 10% in the frame work
grains of the Turonian sand stones. Labus (2011), on the other
hand, high lighted the is sue of the dif fer ent grain size of these
rocks. Tak ing into ac count the sur vey re sults and pub lished
data, the prob a ble source rock for the Late Ro man esque sam -
ples iden ti fied could be quartz arenites quar ried in the P³ako -
wice area (cur rently a part of Lwówek Œl¹ski). How ever, the ref -
er ence sam ple ana lysed of this sand stone shows a very low
pro por tion of feld spar; how ever, rocks within one de posit may
vary sig nif i cantly lo cally.

The ex act or i gins of the ex ploi ta tion of the raw ma te rial in
P³akowice are un known. How ever, Walendowski (2010e) de -
scribed P³akowice as “one of the old est sand stone min ing sites
in the stoneworking dis trict around Boles³awiec and Lwówek
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Fig. 14. Mi cro scope im ages of sam ples WB1116, WB1809 and WB1110 in plane-po lar ized (left) 
and crossed-po lar ized light (right), il lus trat ing de tailed views of ce ments



Œl¹ski”. Gold min ing in P³akowice is known to have been prac -
tised since at least 1180 (Staffa, 2002), so it was al ready a min -
ing cen tre by that time. Fur ther his tor i cal-petrographic re ports
cor rob o rate the min ing of Up per Cre ta ceous sand stones in the
vi cin ity of Lwówek Œl¹ski in the Mid dle Ages: near P³akowice, in
the vil lage of Sobota, a church was built from sand stone blocks
as early as the mid-13th cen tury (£u¿y nie cka, 1984 and Koza -
czewski, 1994 fide Adamska, 2020), and Walendowski (2010e)
and Kryza (2011) high lighted the use of raw ma te rial from lo cal
quar ries in the de fen sive walls and mon u ments of Lwówek
Œl¹ski. The late Ro man esque-Gothic Church of the As sump -
tion of the Blessed Vir gin Mary in Lwówek Œl¹ski, one of the old -
est churches in Silesia, built on the site of an ear lier wooden
church, was con structed be tween 1238 and 1300 from blocks
of Cre ta ceous sand stone. Cru cially, dur ing the con struc tion of
the Cas tle cha pel, the en tire re gion (and thus the ar eas of
Legnica and Lwówek Œl¹ski) was un der the con trol of Duke
Henry the Bearded, who was re spon si ble for nu mer ous eco -
nomic ini tia tives, such as the in cor po ra tion of Lwówek Œl¹ski
into the Magdeburg Law in 1217 (Adamska, 2020), as well as
the con struc tion of pal aces at the cas tles in Legnica (in clud ing
the cha pel) and Wroc³aw in the first half of the 13th cen tury
(Chorowska, 2020).

In the con text of the build ing stone used for the Legnica
cha pel, the quar ries at Wartowice, Czaple, and P³akowice are
all lo cated within ~40 km of Legnica, mak ing them close sour -
ces of raw ma te rial. Us ing lo cal ma te rial for the build ings be ing
con structed there fore seems nat u ral and eco nom i cally jus ti fi -
able.

An other ob ser va tion made dur ing the study was the vari a -
tion in the de gree of sort ing of the sed i ment form ing the frame -
work grains be tween the ref er ence sand stones and the sam -
ples from Piast Cas tle and its cha pel. While sort ing was pre -
dom i nantly iden ti fied as mod er ate to poor in the ref er ence
sand stones, it was found to be mod er ately good to mod er ate in
the sam ples from the his tor i cal struc ture. One pos si ble ex pla -
na tion for this is the de lib er ate se lec tion of better-sorted, more
evenly grained raw ma te rial for fur ther stoneworking.

CONCLUSIONS

1) De spite orig i nat ing from dif fer ent con struc tion phases of
the build ing (from the 13th to the 16th cen tury), the sand stones
used in the ar chi tec tural de tails of Piast Cas tle in Legnica and
its cha pel mostly rep re sent quartz arenites with an ar gil la -
ceous-si li ceous ce ment, while sublithic arenites and subarkosic 
arenites oc cur only oc ca sion ally.

2) Due to slight vari a tions in the com po si tion of the frame -
work grains, ob served in some his tor i cal sam ples, par tic u larly in 
their feld spar and lithic frag ment con tent, it can be in ferred that
the sand stones prob a bly orig i nated from two sources. Petro -
graphic vari abil ity of the rock ma te rial is also ev i dent across the
dif fer ent con struc tion phases of the cha pel. The Gothic and Re -
nais sance de tails ana lysed are sim i lar to the Up per Quader
Sand stones from the North Sudetic Synclinorium, which are
cur rently ex tracted from de pos its near Wartowice, Czaple and
¯eliszów. The orig i nal (Late Ro man esque) ar chi tec tural de tails
from the cha pel were made not only of Conia cian Up per Quader 
Sand stones, but also of Turonian Mid dle Quader Sand stones
from the North Sudetic Synclinorium, which are mined near
P³akowice (now part of Lwówek Œlaski).

 3) Given the lack of rocks rep re sent ing the Lower Quader
Sand stones, and the ob served dif fer ences in the de gree of sort -
ing be tween ref er ence sand stones and his tor i cal sam ples, it
can be con cluded that the for mer stonemasons de lib er ately se -
lected better-qual ity raw ma te rial (equigranular and better sor -
ted) for stoneworking and ar chi tec tural use.
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ment of Phys i cal Ge ol ogy at the In sti tute of Geo log i cal Sci -
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J. Szczepañski and the as sis tant su per vi sor (WB). The work
was par tially fi nanced by grants awarded to KSz by the In sti tute
of Geo log i cal Sci ences of the Uni ver sity of Wroc³aw for doc toral 
stu dents. The au thors would like to thank the re view ers for their
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