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Zir con U-Pb dat ing of tuffites within the up per Si lu rian greywackes in the south ern part of the Holy Cross Fold Belt gives a re -
sult of 419.91 ±1.7 Ma, which in di cates they are of Pøídolí age. Geo chem i cal stud ies of Pøídolí tuffites from the Ma³opolska
Block, an Emsian tuffite from the £ysogóry Block in the Holy Cross Fold Belt and a Pøídolí tuffite from the Bardo Unit in the
Cen tral Sudetes in di cate that they were formed in a sim i lar tec tonic set ting re lated to post-orogenic, con ti nen tal arc-back-arc
magmatism, de vel oped along the south ern mar gin of Laurussia, cor re lated with the Rhenohercynian Zone. In terms of their
geo chem i cal pat tern, the tuffites are sim i lar to the up per Si lu rian–Lower De vo nian ig ne ous rocks in Ger many, Ukraine
(Podolia) and Moldova, which were prob a bly formed along the same subduction zone, dur ing an early stage of the con ti nen -
tal arc-back-arc mag matic ac tiv ity.

Key words: zir con ages, geo chem is try, late Si lu rian magmatism, Holy Cross Moun tains, Sudetes.

INTRODUCTION

Man i fes ta tions of mag matic ac tiv ity at the Si lu rian-De vo nian 
bound ary in Cen tral Eu rope are very rare. In the geo log i cal lit er -
a ture, only a few ex am ples of such magmatism from Po land
have been de scribed in de tail: a diabase in tru sion in the Bardo
Syncline of the Holy Cross Fold Belt (Czarnocki, 1919;
Kowalczewski and Lisik, 1974; Nawrocki et al., 2013; Fig. 1D
and Ta ble 1), the Kielce tuff (Malec, 2001; Krzemiñska and
Krzemiñski, 2019; Fig. 1D and Ta ble 1) and Niewachlów tuffites 
(Wójcik et al., 2021; Fig. 1D) from the north ern part of the
Ma³opolska Block; an up per Si lu rian granophyre diorite from the 
Sosnowiec IG 1 bore hole (Ta ble 1) in the Brunovistulian Block
(Nawrocki et al., 2020) and a tuffite in the ¯danów sec tion
(Fig. 1B) in the Bardo Unit (BU) (Fig. 1A) in the Cen tral Sudetes
(Porêbska, 1982; Wy¿ga, 1987). The tec tonic set ting of the Si -
lu rian-De vo nian ig ne ous event still raises ques tions: ac cord ing
to Nawrocki et al. (2020), the mag matic ac tiv ity took place dur -
ing ex ten sion of the back-arc ba sin in the Rhenohercynian Zone 
lo cated on the south ern mar gin of Avalonia. Krzemiñski (2004)
in ferred that the diabase in the Bardo Syncline formed dur ing
de tach ment of the Ma³opolska Block from Baltica and the shift
be tween them dur ing Lud low–Emsian time, while Krzemiñska
and Krzemiñski (2019) con sid ered that the Kielce tuff was
formed dur ing the pro longed col li sion of Baltica and Avalonia, in 

the last phase of de for ma tion in the base ment of the Cal edo -
nian fore land.

This study anal y ses the tec tonic set ting of late Si lu rian–
Early De vo nian mag matic ac tiv ity along the south ern mar gin of
Laurussia in the mod ern Cen tral Eu rope, from the geo chem i cal
com po si tions of the Niewachlów tuffites (up per Si lu rian) of the
Ma³opolska Block, the Barcza tuffite (Lower De vo nian–Emsian) 
of the £ysogóry Block and the ¯danów tuffite (up per Si lu rian -
Pøídolí) of the Bardo Unit in the Cen tral Sudetes. The ages of
zir cons from the Niewachlów tuffites (up per Si lu rian) were also
de ter mined. The re sults ob tained were com pared with pub -
lished geo chem i cal data for up per Si lu rian–Lower De vo nian ig -
ne ous and pyroclastic rocks in Ger many (Rhenohercynian
Zone, Mid-Ger man Crys tal line Zone), Ukraine (Podolia Re gion) 
and Moldova. The geo chem i cal and spa tial char ac ter is tics of
these rocks en abled their lo ca tion within Laurussia and dem on -
strate their re la tion ship with the ini tial, extensional magmatism
de vel oped at the Si lu rian–De vo nian tran si tion, just be fore the
open ing of Rhenohercynian Ocean.

GEOLOGICAL SETTING

The Pre cam brian crust of the East Eu ro pean Craton is sep -
a rated from the Pa leo zoic Plat form of cen tral and west ern Eu -
rope by the Trans-Eu ro pean Su ture Zone (TESZ) (Fig. 1A)
(e.g., Berthelsen, 1992; Grad et al., 1999; Pha raoh et al., 2006). 
The TESZ is a sig nif i cant tec tonic zone mea sur ing >2,000 km,
stretch ing from the Black Sea in the south to the North Sea in
the north. The struc ture of the TESZ, as well as the mech a nism
and time in which it formed, have not been clearly es tab lished
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and are var i ously in ter preted. Some re search ers con sider that
the TESZ con sists of many lithospheric blocks (like Pomerania,
£ysogóry, Ma³opolska and Brunovistulian) be long ing to the Pa -
leo zoic Plat form, docked to the SW mar gin of the Baltica
palaeocontinent dur ing Cam brian to Car bon if er ous times (Pha -
raoh, 1999; Be³ka et al., 2002; Winchester et al., 2002a, 2006).
Nawrocki and Poprawa (2006) and Pha raoh et al. (2006) sug -
gested that the prov e nance of these blocks may be var i ous, re -
lated to Baltica, Avalonia or other frag ments of peri-Gond wana
(Nawrocki and Poprawa, 2006; Grad et al., 2008; Narkiewicz et
al., 2015; Narkiewicz and Petecki, 2017; Golonka et al., 2019;
¯elaŸniewicz et al., 2020). Oth ers (Berthelsen, 1998; Smit et al., 
2016; Mazur et al., 2015a, 2020, 2021) pro posed that these
blocks be longed to at ten u ated con ti nen tal crust of the Baltica
mar gin.

Al though the or i gin of these blocks is much dis cussed,
many re search ers agree that be fore the Si lu rian, the
Ma³opolska Block and the £ysogóry Block were con nected with
the mar gin of the East ern Eu ro pean Craton (Nawrocki and
Poprawa, 2006; Nawrocki et al., 2007a; ¯elaŸniewicz et al.,
2009; Walczak and Be³ka, 2017; Mazur et al., 2020). Pa leo zoic
rocks form ing the Holy Cross Fold Belt (HCFB) are ex posed at
the sur face on both sides of the bor der be tween the Ma³opolska 
and £ysogóry blocks (Fig. 1A; Czarnocki, 1919, 1957; Dadlez et 
al., 1994; Konon, 2008). The HCFB is tra di tion ally di vided into
two parts: the Kielce Re gion (south ern) and the £ysogóry Re -
gion (north ern; Fig. 1D), dif fer ing in stra tig ra phy and struc tural
evo lu tion (Fig. 1E). The Kielce Re gion is sep a rated from the
£ysogóry Re gion by a WNW–ESE-ori ented tec tonic zone,
named the Holy Cross Fault (Fig. 1D). This fault is also the bor -
der be tween the Ma³opolska and £ysogóry blocks in clud ing the
Kielce and £ysogóry re gions, re spec tively. The Holy Cross
Fault was formed ei ther in De vo nian times as an oblique-slip
fault un der transtensional con di tions (Lamarche et al., 2003) or
around the Si lu rian–De vo nian bound ary as a thrust or re verse
fault dur ing late Cal edo nian de for ma tion (G¹ga³a, 2015).

An ex am ple of late Si lu rian mag matic ac tiv ity in the Kielce
Re gion is the diabase in tru sion in the Bardo Syncline (Fig. 1D).
The in tru sion is lo cated ap prox i mately at the bound ary be tween 
lower Lud low graptolite shales and mid dle Lud low greywackes
(Czarnocki, 1939; Kowalczewski and Lisik, 1974). Ar-Ar iso to -
pic dat ing of this diabase by Nawrocki et al. (2013) in di cated an
age of ~416–424 Ma (Ta ble 1) which is close to the Si lu rian–
De vo nian bound ary. This rock has a com po si tion of tholeiitic
ba salt, which formed in an extensional tec ton ics re gime
(Krzemiñski, 2004), be ing in truded into the Si lu rian strata be -

fore fold ing (Kowalczewski and Lisik, 1974). Ac cord ing to
Nawrocki et al. (2007b), the diabase magma uti lised the
WNW–ESE-ori ented Kielce–Tarnobrzeg Fault that ex tends
over the en tire Kielce Re gion (Fig. 1D). The graptolite shales
be long to the Pr¹gowiec Beds (late Wen lock–early Lud low)
(Tomczykowa and Tomczyk, 1981; Malec, 2006) and con tain 9
K-ben ton ite beds de scribed by Langier-KuŸniarowa and Ryka
(1972). Above the diabase in the Bardo Syncline (Fig. 1D), the
up per Si lu rian greywackes of the Niewachlów Beds (mid dle
Lud low–lower Ludfordian; Tomczyk, 1962; Tomczykowa and
Tomczyk, 1981; Stupnicka, 1995; Malec, 2001, 2006;
Koz³owski et al., 2014) con tain interbeds, the Niewachlów
tuffites (Fig. 2; Wójcik et al., 2021). The petrographic com po si -
tion of the Niewachlów tuffites in di cate (Wójcik et al., 2021) that
they orig i nated from high-potassic dacitic magma. These
tuffites were de formed in the early Car bon if er ous and early
Perm ian due to ac ti va tion of the Daleszyce Fault Zone (Wójcik
et al., 2021). An other layer of tuff pro duced by late Si lu rian
magmatism oc curs in the Kielce Beds in the city of Kielce
(Malec, 2001; Fig. 1D). The age of the Kielce tuff was de ter -
mined by U-Pb dat ing of zir cons at 414.2 ±6.6 Ma (Krzemiñska
and Krzemiñski, 2019; Table1).

In the Kielce Re gion (part of the Ma³opolska Block) a strati -
graphic gap ex tends above the greywacke rocks of the up per
Lud low, re lated to late Cal edo nian de for ma tion of the HCFB
(Fig. 1E), which did not take place in the £ysogóry Re gion
(Czarnocki, 1936; Malec, 2001; Koz³owski et al., 2014; Malec et 
al., 2016). Lower De vo nian (Emsian) siliciclastic rocks were de -
pos ited with an an gu lar un con formity on the Niewach³ów
graywacke (Fig. 1E) in the Kielce Re gion (Czarnocki, 1919;
Racki, 2006). The same Lower De vo nian de pos its are also
pres ent in the £ysogóry Re gion (Fig. 1E), but with out an gu lar
un con formity. These rocks con tain many lay ers of tuffite and
ben ton ite (Tarnowska, 1971, 1976). The thick est tuffite unit (up
to 1.5 m) oc curs in Emsian sand stone on the Barcza Moun tain
(Figs. 1D and 2) in the £ysogóry Re gion (Kardymowicz, 1960a;
Fija³kowska-Mader and Malec, 2018).

The other area of Po land where prod ucts of late Si lu rian vol -
ca nism are ob served is the Bardo Unit (Fig. 1A, B) in the Cen -
tral Sudetes, which in cludes Or do vi cian, Si lu rian, De vo nian and 
Car bon if er ous de pos its (Fig. 1C; Wy¿ga, 1987; Franke et al.,
1993; Racki et al., 2022). The sim i lar ity of the terms Bardo Unit
(Cen tral Sudetes; Fig. 1A, B) and Bardo Syncline (Holy Cross
Fold Belt; Fig. 1A, D) is only co in ci den tal.

Or do vi cian to Lower De vo nian rocks of the Bardo Unit
(Cen tral Sudetes) oc cur in allochthonous po si tion (Fig. 1C),
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Tec tonic 
af fil i a tion Rock Ma te rial Method Age [Ma] Ref er ence

Ma³opolska
Block

Kielce tuff zir con U–Pb 414.2 ±6.6 Krzemiñska and
Krzemiñski (2019)

Niewachlów tuffites zir con U–Pb 419.91 ±1.7 this pa per

Bardo diabase whole rock
Ar-Ar com bined with
geo mag netic po lar ity

time scale
ca. 424–416 Nawrocki et al. (2013)

Brunovistulian
Block

Velké Vrbno Dome am phi bo lite zir con U–Pb 407.5 ±2.5 Jastrzêbski et al. (2021)

Granophyre diorite from the
Sosnowiec IG 1 bore hole zir con U–Pb 420 ±2 Nawrocki et al. (2020)

Hlina gran ite gar net Sm-Nd 430 ±6.4 Hönig (2016)

Ba saltic dike from Zelesice whole rock K-Ar 438 ±16 Pøichystal (1999)

T a  b l e  1

Com par i son of ra dio met ric age data for Si lu rian and Lower De vo nian mag matic rocks from the Brunovistulia and Ma³opolska blocks
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pre served as olistoliths in the Car bon if er ous synorogenic suc -
ces sion (Wajsprych, 1978; Chorowska, 1990) be long ing to a
Variscan accretionary prism (Franke et al., 1993; Mazur et al.,
2015b; Racki et al., 2022). The Bardo Unit lies partly on the
Cen tral Sudetes Ophiolites, the Sowie Góry Mas sif and the
K³odzko Meta mor phic Unit (Mazur et al., 2006). Sed i men ta tion
of the Or do vi cian, Si lu rian and Lower De vo nian rocks of the
Bardo Unit may orig i nally have taken place in the south ern part
of the Rheic Ocean (Porêbska and Saw³owicz, 1997). Ac cord -
ing to Chorowska (1990), upper Si lu rian and Lower De vo nian
claystones and mudstones con tain nu mer ous tuffite lay ers and
vol ca nic brec cia of rhyolitic type. One of the best ex am ples of
vol ca nic ac tiv ity pre served in the lower Pa leo zoic strata of the
Bardo Unit is the tec toni cally de formed tuffite layer ~50 cm thick 
(Fig. 2), lo cated in up per Si lu rian (Pøídolí) graptolite shales, just
be neath the strati graphic bound ary with Lower De vo nian rocks
(Fig. 2; Porêbska, 1982; Wy¿ga, 1987).

SAMPLES AND METHODS

The fol low ing sam ples were se lected for the geo chem i cal
bulk-rock anal y sis: one sam ple of tuffite from the ¯danów sec -
tion (Figs. 1B, 2 and 3F) (50°33’44.5"N 16°39’56.1"E Google
Maps) in the Cen tral Sudetes; three sam ples of Niewachlów
tuffites from Czy¿ów (T0, T1, T2; Figs. 1D, 2 and 3A)
(50°44’28.5"N 21°00’06.9"E Google Maps) and one sam ple of
tuffite from Barcza Moun tain (West ern Quarry; Figs. 1B, 2 and
3E; 50°57’25.1"N 20°43’30.5"E Google Maps) in the Holy
Cross Fold Belt. The sam ples were pul ver ized in an ag ate mill
be fore send ing to the lab o ra tory. Whole-rock anal y ses were
per formed at the ACME Bu reau Veri tas An a lyt i cal Lab o ra tory in 
Van cou ver, Can ada. Ma jor el e ments were ana lysed by In duc -
tively Cou pled Plasma Emis sion Spec trom e ter (ICP-OES), and 
trace el e ments, in clud ing REE, by In duc tively Cou pled Plasma
Mass Spec trom e try (ICP-MS). De tec tion lim its are within 0.01% 
for ma jor el e ments, be tween 0.1–0.5 ppm for most trace el e -
ments, 1 ppm for Ba, Sn and Zn, and 8 ppm for V. Geo chem i cal
di a grams were made us ing GCDKit soft ware (Janoušek et al.,
2006).

Zir con crys tals were iso lated from the T1 layer (Fig. 3A) of
the Niewachlów tuffites (Fig. 2) for the iso to pic age anal y sis. In
or der to re move clay min er als, each tuffite sam ple was rinsed
60 times in wa ter. The mag netic frac tion (in clud ing bi o tite;
Fig. 3C) was sep a rated with a neo dym ium mag net. The same
mag netic frac tion was gently pul ver ized in an ag ate mor tar and
sec ondly sub jected to the ac tion of a neo dym ium mag net to
sep a rate the non-mag netic min er als that oc cur as in clu sions,
mainly in bi o tite grains (Fig. 3B). These non-mag netic min er als
in clude many zir con crys tals which can be sep a rated with a
microdissection nee dle and a bin oc u lar mi cro scope with out us -
ing heavy liq uids (Fig. 3D). Then, the zir cons were mounted in
ep oxy resin and pol ished. Cathodoluminescence im ages of zir -
cons were car ried out on car bon-coated sam ples us ing a
Cameca SX-100  Elec tron Microprobe (15 kV) at the Fac ulty of
Ge ol ogy, Uni ver sity of War saw, Po land.

In situ U-Pb zir con dat ing by la ser ab la tion in duc tively cou -
pled plasma mass spec trom e try (LA-ICP-MS) was per formed
at the Kraków Re search Cen tre, In sti tute of Geo log i cal Sci -
ences, Pol ish Acad emy of Sci ences. The anal y ses were con -
ducted us ing an excimer la ser (ArF) RES O lu tion M-50 by
Resonetics (now Ap plied Spec tra) cou pled with an ICP-MS
XseriesII by Thermo Fisher Sci en tific. De tailed de scrip tion of
the LA-ICP-MS and the an a lyt i cal con di tions ap plied have been 
de scribed by Anczkiewicz and Anczkiewicz (2016). Con cordia

U-Pb zir con ages, mean ages and di a grams were gen er ated
us ing Isoplot R soft ware (Vermeesch, 2018).

RESULTS

IN SITU U–PB (LA-ICP-MS) ZIRCON DATING

U-Pb dat ing was ap plied to the zir con crys tals from the T1
layer of the Niewachlów tuffites (Ap pen dix 1). Al most all the zir -
cons sep a rated are pale yel low, elon gated, euhedral crys tals
(Fig. 3D) in di cat ing their vol ca nic or i gin. Only a few crys tals are
par tially rounded (Fig. 3D), but they are also pale yel low.
Cathodoluminescent im ages re vealed zir con growth zones ori -
ented along the elon gated di rec tion of the crys tals (Fig. 4B).
Most of the zir cons con tain an in her ited core; only a few dis play
ho mo ge neous struc ture. Only anal y sis of ho mo ge neous zir -
cons and ex ter nal crys tal growth zones were se lected to cal cu -
late the concordia age (Ap pen dix 1). The cal cu la tion was per -
formed on 14 anal y ses (the youn gest anal y sis was ex cluded
from cal cu la tion due to the un cer tainty and ex treme mea sure -
ment). The concordia age cal cu lated is 419.91 ±1.7 Ma (MSWD 
= 0.45; Fig. 4A), mean age 420.03 ±1.75 Ma (MSWD = 0.77;
Fig. 4C), con strain ing the de po si tion time of the T1 layer of the
Niewachlów tuffites to the late Si lu rian (Pøídolí). The fre quency
dis tri bu tion of all anal y ses (33 points; Fig. 4D) shows that apart
from the last vol ca nic ep i sode cor re spond ing to the for ma tion of 
tuffite in the Pøídolí, there are also re sults in di cat ing an age of
~433 Ma (Wen lock) re lated to in her ited zir con cores.

GEOCHEMISTRY OF THE PYROCLASTIC ROCKS AND TECTONIC
IMPLICATIONS

The main com po nents of the Niewachlów tuffites (Up per Si -
lu rian – HCFB) are SiO2 (56.30–61.71 wt.%), Al2O3

(16.35–20.80 wt.%), MgO (1.52–1.90 wt.%), Na2O
(0.23–0.60 wt.%), Fe2O3 (3.97–5.33 wt.%), TiO2

(0.78–0.95 wt.%), CaO (0.38–0.93 wt.%), K2O
(4.36–5.94 wt.%) MnO (0.03 wt.%), P2O5 ( 0.11–0.49 wt.%) and 
Cr2O3 (<0.01–0.016 wt.%; Ta ble 2). The Barcza tuffite (Lower
De vo nian – HCFB) dif fers in the lower con tent of CaO
(0.15 wt.%), Na2O (<0.01 wt.%), MnO (<0.01 wt.%), TiO2

(0.21 wt.%), P2O5 ( 0.04 wt.%) and a higher con cen tra tion of
MgO (4.37 wt.%) and K2O (7.36 wt.%; Ta ble 2). The tuffite from
¯danów (up per Si lu rian - Cen tral Sudetes), com pared to the
Niewachlów tuffites, has a lower share of MgO (1.36 wt.%), sig -
nif i cantly lower K2O (0.75 wt.%) but more Fe2O3 (7.21 wt.%),
Na2O (2.7 wt.%), MnO (0.76 wt.%) and Cr2O3 (0.07 wt.%; Ta -
ble 2).

All sam ples in ves ti gated are pyroclastic rocks that un der -
went tec tonic de for ma tion or hy dro ther mal al ter ation
(Kardymowicz, 1960b; Wy¿ga, 1987; Wójcik et al., 2021). Hy -
dro ther mal ac tiv ity does not ap pear to have af fected the REE
con tent (Fig. 5G) of these sam ples be cause they do not show a
pos i tive Eu anom aly (Barret et al., 1990; Douville et al., 1999).
Nev er the less, these pro cesses could have changed the chem i -
cal com po si tion of the rocks, es pe cially in re la tion to mo bile el e -
ments. There fore, the ba sic char ac ter is tics of the source
magma were de ter mined us ing a Co vs. Th di a gram (af ter
Hastie et al., 2007) which was con structed for al tered rocks. In
the Co vs. Th di a gram (Fig. 5A), all sam ples are lo cated in the
field of ig ne ous rocks of the high potassic calc-al ka line and
shoshonite se ries. The clas si fi ca tion di a gram of vol ca nic rocks
Nb/Y vs. Zr/TiO2 (Fig. 5B) shows that three sam ples of
Niewachlów tuffite (Fig. 3A; upper Si lu rian – HCFB) cor re spond

4 Emil Wójcik / Geo log i cal Quar terly, 67: 47
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Fig. 3A – thin-sec tion mi cro pho to graph show ing the pro por tion of the main min eral com po nents (bi -
o tite, quartz and K-feld spar) in the T1 layer of the Niewachlów tuffites, crossed polars; B – SEM im age 
of zir con-monazite in clu sions in bi o tite (T2 layer of the Niewachlów tuffites); C – bin oc u lar mi cro -
scope im age of rel a tively thick euhedral bi o tite crys tals from the Niewachlów tuffites (T1 layer); D –
binocular mi cro scope im age of pale yel low zir cons sep a rated from the Niewachlów tuffites (T1 layer)
at the bot tom of the test tube; E – thin-sec tion mi cro pho to graph show ing the min eral com po si tion of
the Barcza tuffite, the clay min er als prob a bly formed as a re sult of vol ca nic glass and feld spar al ter -
ation, crossed polars; F – backscatter SEM im age show ing the ¯danów tuffite with al tered
plagioclase; G, H – SEM EDS anal y sis of al tered plagioclase from photo “F” (¯danów tuffite), Bt – bi o -
tite, Kfs – k-feld spar, Qtz – quartz, Pl – plagioclase, Ap – ap a tite, Zr – zir con, Mnz – monazite, CMs –
clay min er als
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Fig. 4. Re sults of U–Pb (LA-ICP-MS) zir con dat ing anal y ses from the T1 layer of the Niewachlów tuffites

A – con cordia U-Pb di a gram; B – cathodoluminescence mi cro pho to graphs with LA-ICP-MS ages of rep re sen ta tive
zir cons; C – zir con U-Pb weighted mean age; D – his to gram show ing re sults of zir con dat ing anal y sis



Sam ple
Niewachlów  tuffites

Barcza tuffite ¯danów tuffite
T0 T1 T2

Geo graph ical 
co or di nates 50°44’28.5"N   21°00’06.9"E

50°57’25.1"N

20°43’30.5"E

50°33’44.5"N

16°39’56.1"E

Lo ca tion Out crop in Czy¿ów Barcza Moun tain
(West ern Quarry) ¯danów sec tion

Ma jor ox ides (wt.%)

SiO2 61.71 56.3 61.1 60.64 60.36

Al2O3 16.35 22.8 20.8 16.42 16.17

Fe2O3 5.33 4.15 3.97 4.05 7.21

CaO 0.38 0.93 0.59 0.15 0.67

MgO 1.52 1.9 1.52 4.37 1.36

Na2O 0.6 0.3 0.23 <0.01 2.7

K2O 4.36 5.94 5.02 7.36 0.75

MnO 0.03 0.03 0.03 <0.01 0.76

TiO2 0.84 0.95 0.78 0.21 0.79

P2O5 0.11 0.49 0.28 0.04 0.2

Cr2O3 0.016 <0.01 <0.01 <0.01 0.07

SO3 0.145 0.012

Trace el e ments (ppm)

Ba 742 3068 771 12 274

Be 3 1 <1 6 <1

Co 4.9 10.5 10.9 11.7 17.3

Cs 14.1 4.9 5.3 9.1 1

Ga 15.9 22.9 19.1 23.5 15.9

Hf 11.8 15.4 11.5 10.5 4.2

Nb 14.9 39.3 31.8 26.5 6.5

Rb 122.6 105 99.6 108.3 28.8

Sn 2 5 4 5 <1

Sr 50.8 36.8 25.6 6.2 86.2

Ta 1.1 2.3 2.2 2.1 0.5

Th 12.4 29 22.3 23.3 11.9

U 3.9 6.3 5.1 5.9 2.5

V 102 50 60 8 176

W 1.5 2.7 2.1 1.7 1

Zr 449.8 558.6 421.9 294.6 150.2

Y 32.4 105.4 76 48 22.7

La 34.3 85.1 57.1 12.9 21.2

Ce 62.1 189.9 136.7 35.8 43.5

Pr 8.25 24.29 18.22 4.46 5.26

Nd 31.8 97.7 74.5 18.5 20.8

Sm 6.17 21.8 17.44 4.89 4.26

Eu 1.22 2.29 2.38 0.78 1.17

Gd 5.79 21.66 17.35 5.76 4.85

Tb 0.87 3.4 2.53 1.22 0.72

Dy 5.39 19.3 14.64 8.59 4.15

Ho 1.11 3.96 2.87 1.89 0.81

Er 3.29 11.67 8.2 5.9 2.28

Tm 0.49 1.63 1.13 0.86 0.3

Yb 3.2 10.37 7.13 5.78 1.93

Lu 0.51 1.53 1.04 0.87 0.29

Mo 2.9 1.4 1.3 <0.1 0.3

Cu 37.8 7.1 38 2.5 37.3

Pb 67.2 9.6 10.2 0.7 6

Zn 303 61 39 22 61

Ni 22.2 12.6 17.7 16.8 266

As 38.2 1.4 4.5 2.5 0.5

Cd 0.6 0.1 <0.1 <0.1 0.1

Sb 0.3 <0.1 0.1 <0.1 <0.1

Bi 0.2 0.3 0.3 0.2 0.1

Ag 0.3 <0.1 <0.1 1 0.6

Au 2.2 1.1 0.9 <0.5 0.5

Hg 0.03 <0.01 0.02 <0.01 0.03

Tl 1 0.4 0.5 0.01 <0.1

Se <0.5 <0.5 0.9 <0.5 3.1

Eu/Eu* 0.63 0.32 0.42 0.45 0.79

T a  b l e  2

Ma jor and trace el e ment geo chem is try of upper Si lu rian and Lower De vo nian sam ples from Po land
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Fig. 5A – Th vs. Co dis crim i na tion di a gram for clas si fy ing al tered vol ca nic rocks (af ter
Hastie et al., 2007); B – clas si fi ca tion of the volcaniclastic rocks stud ied on a Zr/TiO2 vs.
Nb/Y chem i cal dis crim i na tion di a gram (af ter Winchester and Floyd, 1977); C, D, E, F –
prim i tive man tle-nor mal ized trace el e ment spi der di a grams (af ter McDonough and Sun, 
1995) for the upper Si lu rian–Lower De vo nian tuffites and vol ca nic or meta vol can ic
groups; G, H, I – REE pat terns nor mal ised to chondrite val ues (af ter Nakamura, 1974),
for the up per Si lu rian–Lower De vo nian vol ca nic or meta vol can ic groups

https://doi.org/10.1093/petrology/egm062
https://doi.org/10.1016/0009-2541(94)00140-4
https://doi.org/10.1016/0016-7037(74)90149-5
https://doi.org/10.1016/0009-2541(77)90057-2


to rhyodacitic/dacitic com po si tion, con sis tent with the petro gra -
phic clas si fi ca tion of these rocks by Wójcik et al. (2021). The
tuffite from Barcza (Fig. 3E; Lower De vo nian – HCFB) has a
rhyolitic com po si tion (Fig. 5B), while the tuffite from ¯danów
(Fig. 3F; up per Si lu rian – Cen tral Sudetes) cor re spond to
andesitic com po si tion (Fig. 5B). The chondrite-nor mal ized rare
earth el e ments (REE) spi der di a gram (af ter Nakamura, 1974)
shows a very high con tent of these el e ments in the sam ples
stud ied from Po land (Fig. 5G), which how ever, dif fer from each
other even within one sec tion. The Niewachlów tuffites and the
tuffite from ¯danów are char ac ter ized by en rich ment in light
rare earth el e ments (LREE: La-Pm) in re la tion to heavy rare
earth el e ments (HREE: Ho-Lu; Fig. 5G; REE di vi sion af ter
Grawunder et al., 2014; Migaszewski et al., 2016), while the
tuffite from Barcza Moun tain lacks this trend. Sam ples T1 and
T2 (Fig. 2) from the Niewachlów tuffites show a very strong Eu
anom aly (Fig. 5G), and sam ple T0, from 1m be low in the ex ca -
va tion (Fig. 2), has a dis tinctly lesser neg a tive Eu anom aly
(Fig. 5G). A strong Eu anom aly is also pres ent in the tuffite from
Barcza Moun tain (HCFB), but the tuffite from ¯danów in the
Cen tral Sudetes barely has this anom aly (Fig. 5G). A strong
neg a tive eu ro pium anom aly in some of these sam ples (Fig. 5G) 
is ac com pa nied by a lack ing or neg a tive Pb anom aly (Fig. 5C),
which in di cates frac tional crys tal li za tion of magma. Sam ple T0
from the Niewachlów tuffites and the ¯danów tuffite sam ple
show (Fig. 5G) a shal low or dis ap pear ing Eu anom aly with a
pos i tive Pb anom aly (Fig. 5C). The char ac ter is tics of these Eu
anom a lies are prob a bly the re sult of the pres ence of
plagioclase pheno crysts (Fig. 3F–H) in the melt. Whereas, the
pos i tive Pb anom a lies (Fig. 5C) can be re lated to par tial melt ing
dur ing arc magmatism or post-depositional Pb con tam i na tion of 
the sam ples by hy dro ther mal fluid mi gra tion (Hofmann, 1997).

Prim i tive-man tle nor mal ized trace el e ment com po si tions
(Fig. 5C) of all the sam ples from Po land re veal neg a tive anom -
a lies of Nb, Ta, Ti, Sr, P; ad di tion ally, in the tuffites from Barcza
Moun tain and ¯danów there is a neg a tive Ba anom aly
(Fig. 5C). Nb, Ta, Ti anom a lies (Fig. 5C) are con sid ered as
subduction zone in di ca tors (Arculus and Powell, 1986; Elliott,
2003), which cor re sponds to the Th–Zr/117–Nb/16 dis crim i na -
tion di a gram (af ter Wood, 1980; Fig. 6B), where all points plot
as one group in the Con ti nen tal Arc Ba salt (CAB) field. These
anom a lies are shal low (es pe cially in re la tion to the Niewachlów
tuffites and the Barcza tuffite) (Fig. 5C), which, to gether with the 
high-potassic char ac ter of the sam ples (Fig. 5A), may in di cate
their post-collisional set ting. The high con tent of Nb
(14.9–39.3 ppm) and Ta (1.1–2.3 ppm; Ta ble 2) in the sam ples
from the Holy Cross Fold Belt ac cord ing to Li et al. (2021) sig nif -
i cantly ex ceeds the thresh old value for arc magmatism [Nb
(12.20 ppm) and Ta (0.796 ppm)] and may be com pared with
the back-arc magmatism of the Ja pan Sea or Patagonia. This
ob ser va tion is sup ported by the Rb vs. Y+Nb tectonomagmatic
dis crim i na tion di a grams for granitoids (Fig. 7), ac cord ing to
which the tuffite sam ples from Po land plot in a post-collisional
set ting in the fields of Within Plate Gran ite (WPG) and Vol ca nic
Arc Gran ite (VAG). Sim i larly, the Nb vs. Y di a gram (Fig. 7)
ranks all HCFB sam ples in the do main of Within Plate Gran ite
(WPG). The ex cep tion is the tuffite from ¯danów in the Cen tral
Sudetes, cor re spond ing to Vol ca nic Arc Gran ite and syn-Col -
lisional Gran ite (Fig. 7). The ¯danów tuffite also con tains less
Nb (6.5 ppm) and Ta (0.5 ppm; Ta ble 2), which in di cates its
greater re la tion ship with a subduction zone; there fore, it was
prob a bly the re sult of con ti nen tal arc magmatism.

Sum ming up, the geo chem i cal pat terns of the rocks stud ied
in di cate that they are re lated to the subduction zone (Fig. 5C)
that stretched along the con ti nen tal mar gin (Fig. 6B) but only
the ¯danów tuffite has a clear arc mag matic sig na ture (Fig. 7).

The rest of the sam ples from Po land (Niewachlów tuffite and
Barcza tuffite) show a high-potassic char ac ter (Fig. 5A),
post-collisional sig na tures (Fig.7) and small neg a tive Nb and Ta 
(Fig. 5C) anom a lies, in di cat ing extensional tec tonic con di tions.
There fore the high con tent of Nb (14.9–39.3 ppm) and Ta
(1.1–2.3 ppm) in the sam ples im ply mag matic ac tiv ity dur ing
crustal thin ning in a back-arc sys tem (comp. Liu et al., 2018; Li
et al., 2021), which de vel oped si mul ta neously with an ac tive arc 
(¯danów tuffite) in front.

INTERPRETATION AND DISCUSSION

INTERPRETATION OF U–PB DATING RESULTS

The age of the Niewachlów Beds, in which the Niewachlów
tuffites oc cur, were pre vi ously de ter mined palaeontologically as 
mid dle Lud low  (Tomczyk, 1962; Tomczykowa and Tomczyk,
1981; Stupnicka, 1995; Malec, 2001, 2006; Koz³owski et al.,
2014). In ad di tion, Koz³owski and Tomczykowa (1999) in cluded
these rocks within the Bohemograptus bohemicus Zone on the
ba sis of the tri lo bite and graptolite as sem blages. Nev er the less
the time range of the up per Si lu rian strata in the Kielce Re gion
is still un clear and has been re peat edly re in ter preted over last
few de cades (Stupnicka et al., 1991, 1995; Malec, 1991, Malec, 
1993, 2000, 2001, 2006, 2014; Modliñski and Szymañski, 2001
and ref er ences cited therein), due to the lack of con tin u ous ex -
po sure and of in dex fos sils. Thus, it can not be ruled out that
rocks youn ger than the mid dle Lud low oc cur in the Bardo
Syncline. New zir con U-Pb dat ing of the Niewachlów tuffites
yielded an age of 419.91 ±1.7 Ma (Pøídolí; Fig. 4A) for the T1
layer (Fig. 2), which is sig nif i cantly youn ger than the age of the
Niewachlów Beds de ter mined palaeontologically. The ex po -
sure with tuffites is cut by sev eral faults (Fig. 2) be long ing to the
Daleszyce Fault Zone re spon si ble for the tec tonic ex ci sion of
two-thirds of the Si lu rian suc ces sion in the south ern limb of the
Bardo Syncline (Wójcik et al., 2021). These faults prob a bly sep -
a rate part of the up per Si lu rian sec tion with tuffites from the
Niewachlów Beds in cluded in the mid dle Lud low by Tomczyk
(1962), Tomczykowa and Tomczyk (1981), Koz³owski and
Tomczykowa (1999) and Koz³owski et al. (2014). The
Niewachlów tuffites oc cur within unfossiliferous greywackes
(siltstone, claystone and si li ceous shale partly weath er ing to a
red clay; Fig. 2). In the east ern and cen tral parts of the Kielce
Re gion, the Niewachlów Beds are over lain by the Lipniczek
Beds (siltstone, claystone with thinly lay ered fine-grained
greywacke sand stones) of var i ously in ter preted age, as up per
Lud low or Pøídolí (Tomczyk, 1962; Modliñski and Szymañski,
2001, Malec, 2006). The lithological char ac ter is tics of the rocks
con tain ing the Niewachlów tuffites are sim i lar to those of the
Lipniczek Beds, which cor re sponds to the Pøídolí from U-Pb
dat ing. This in di cates that the rocks in ves ti gated prob a bly be -
long to a youn ger sec tion of the Niewachlów Beds than the mid -
dle Lud low greywackes in the Bardo Syncline, be ing sep a rated
by the Daleszyce Fault Zone. There fore the U-Pb dat ing shows
that part of the Niewachlów Beds sec tion with tuffites may also
in clude Pøídolí strata (Fig. 2).

TUFFITES FROM POLAND WITH RESPECT TO THE MAGMATISM ALONG 
THE SOUTHERN MARGIN OF LAURUSSIA

Mag matic ac tiv ity along the NE mar gin of Avalonia dur ing
the col li sion with Baltica and the clo sure of the Tornquist Ocean
at the Or do vi cian–Si lu rian tran si tion (Torsvik and Rehnström,
2003) pro duced many Si lu rian ben ton ite lay ers in the Bal tic Ba -
sin (Bat che lor and Jeppsson, 1999; Obst et al., 2002;
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Fig. 6A – Nb/Zr ra tios for rocks from the south ern mar gin of Laurussia com pared with the
compositional field of back-arc “Intra-Plate Magmatism” in New Zea land and Patagonia (af ter Tatsumi
et al., 1995); B, C, D, E, F – Zr/117–Th–Nb/16 tec tonic dis crim i na tion di a grams (af ter Wood, 1980) for
sam ples from the south ern mar gin of Laurussia (ex cept for Böllsteiner Odenwald, with no data)

CAB – Con ti nen tal Arc Bas alts, IAT – Is land Arc Tholeiite, WPA – Within Plate Al ka line, WPT – Within Plate 
Tholeiite, E-MORB – En riched Mid-Ocean Ridge Bas alts, N-MORB – Nor mal Mid-Ocean Ridge Bas alts
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Fig. 7. Rb vs. Y+Nb and Nb vs. Y tectonomagmatic di a grams for granitoids (af ter Pearce et al.,
1984) with mod i fi ca tion of post-collisional field from Pearce (1996) – left col umn

syn-COLG – syn-Collisional Gran ite, WPG – Within Plate Gran ite, ORG – Oce anic Ridge Gran ite, VAG
– Vol ca nic Arc Gran ite, post-COLG – Post-Collisional Gran ite
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Anczkiewicz et al., 2017).  Nev er the less, Lud low bentonites
from the south ern part of the Bal tic Ba sin dif fer from the tuffites
in ves ti gated in this pa per. Ac cord ing to Anczkiewicz et al.
(2017) those bentonites are poorly en riched in in com pat i ble
light REEs with a very shal low or ab sent Eu anom aly, with out
af fin ity to a subduction zone. Ad di tion ally, the ter mi na tion of col -
li sion caused an al most com plete ab sence of pyroclastic de -
pos its youn ger than the mid dle Lud low across most of the Bal tic 
Ba sin area (Fortey et al., 1996; Kiipli et al., 2013, 2014). The
Niewachlów tuffites are dated as Pøídolí in age (Fig. 4), sim i larly
to the tuffite from ¯danów (Porêbska, 1982; Fig. 2), while the
tuffite from Barcza Moun tain is Emsian in age (Fig. 2)
(Fija³kowska-Mader and Malec, 2018). There fore, they were
formed af ter the ter mi na tion of the Cal edo nian mag matic ac tiv -
ity in the Baltica/Avalonia col li sion zone and should have orig i -
nated from a dif fer ent source.

An other pos si ble source area for the tuffites from Po land is
magmatism as so ci ated with the clo sure of the Iapetus Ocean
(Fortey et al., 1996; Neilson et al., 2009; Miles et al., 2014;
Corfu et al., 2014; Hines et al., 2018). How ever, the near est
sec tion of the Iapetus Su ture (Fig. 8A) is lo cated
~1200–1400 km from the HCFB and the Bardo Unit, which in di -
cates that only pow er ful vol ca nic erup tions could be the source
of the tuffites in Po land. Us ing an anal ogy with the thick est
pyroclastic de pos its formed dur ing the Iapetus Ocean clo sure,
such as Kinnekulle K-Ben ton ite (Up per Or do vi cian; Bergström
et al., 1995) and Osmundsberg K-Ben ton ite (Si lu rian–up per
Llandovery; Bergström et al., 1998), such a sig nif i cant dis tance
be tween the source and depositional ar eas would cause a
grad ual in crease in the num ber and thick ness of the Pol ish
tuffites to wards the west (to wards the Iapetus Su ture). This
means that, equiv a lents of the Pol ish tuffites with thick nesses of 
sev eral or more metres should be de pos ited in the area of to -
day’s west ern and Cen tral Eu rope. Ex plo sive vol ca nic erup tions 
of such mag ni tude should there fore be widely re corded at many 
oc cur rences of up per Si lu rian and Lower De vo nian suc ces -
sions in those coun tries. But, the ob served lack of such tuffs in -
di cates that the magmatism as so ci ated with the clo sure of
Iapetus Ocean was too dis tant to be the source for the tuffites
stud ied in Po land.

An other re gion known for the oc cur rence of late Lud low and
Pøídolí vol ca nic rocks is Podolia in Ukraine and Moldova
(Fig. 8A), with nu mer ous K-ben ton ite lay ers (Huff et al., 2000;
Kiipli, 2021). These bentonites were formed dur ing mag matic
ac tiv ity de vel oped over the subduction zone which stretched
along the south-east ern mar gin of the East Eu ro pean Plat form
(Baltica; Huff et al., 2000; Kiipli, 2021; Fig. 8A). The subduction
zone con tin ued west wards along the south ern mar gin of
Avalonia (Fortey et al., 1996; Franke et al., 2017; Fig. 8A). Ac -
cord ing to Trela et al. (2018) the same subduction zone sup -
plied  vol ca nic ash to the Si lu rian K-bentonites in the HCFB. Ac -
tiv ity of this zone in the Ger man area was re lated to late Si lu rian
con ti nen tal arc magmatism and sub se quently Early De vo nian
back-arc ex ten sion in the Rhenohercynian Zone (Fig. 8A) (Zeh
and Gerdes, 2010; Zeh and Will, 2010). Ac cord ing to Fortey et
al. (1996), Si lu rian mag matic ac tiv ity, char ac ter ized by a neg a -
tive eu ro pium anom aly, may have taken place along the south -
ern mar gin of Avalonia (Fig. 8A), which seems to re flect the
com po si tion of most of the tuffites ana lysed from Po land
(Fig. 5G). This south ern mar gin of Avalonia/Laurussia is also lo -
cated very close (up to 200km) to the out crops of the tuffites
stud ied (Fig. 8A). The subduction zone along this mar gin had
been prob a bly ac tive since the early Si lu rian (Winchester et al.,
2002b; Will et al., 2018). This in di cates that the pyroclastic ma -
te rial de pos ited dur ing the early and mid dle Si lu rian in the
HCFB area could have come si mul ta neously from two dif fer ent

sources, i.e. from the north west (clo sure of the Tornquist
Ocean) and the south (south ern mar gin of Avalonia). How ever,
dur ing the late Si lu rian, pyroclastic ma te rial was de liv ered only
from the south. There fore, the geo chem i cal data from the
Niewachlów tuffites, the tuffites from Barcza Moun tain and
¯danów were com pared with the pub lished geo chem i cal data
on up per Si lu rian and Lower De vo nian mag matic rocks prob a -
bly as so ci ated with the south ern subduction zone be neath
Laurussia. These data fall into two groups. The first co mes from 
the area of the West Eu ro pean Pa leo zoic Plat form (Fig. 8A),
which are: Taunus and Lenne (data af ter von Raumer et al.,
2017), Böllsteiner Odenwald (data af ter Reischmann et al.,
2001), the Spessart Crys tal line Com plex (data af ter
Dombrowski et al., 1995) and the Ruhla Crys tal line Com plex
(data af ter Brätz, 2000; Ap pen dix 2). The sec ond group is re -
lated to pyroclastic rocks oc cur ring on the East Eu ro pean Plat -
form in the Ukraine (Podolia Re gion) and Moldova (Fig. 8A)
(data af ter Huff et al., 2000; Kiipli, 2021; Ap pen dix 2). Harker di -
a grams of Al2O3 vs. SiO2 (Fig. 9A); MgO vs. SiO2 (Fig. 9B); TiO2

vs. SiO2 (Fig. 9C); Rb vs. SiO2 (Fig. 9D); Th/Y vs. SiO2 (Fig. 9E)
show that the mag matic rocks from each of these lo ca tions (in -
clud ing the Pol ish tuffites) con sti tute a sep a rate sub-group with
a char ac ter is tic com po si tion, show ing mu tual geo chem i cal and
geo graph ical af fin ity. The Harker di a grams in di cate that sam -
ples from Ger many con tain more SiO2 than the sam ples from
Ukraine (Podolia) and Moldova (Fig. 9). Us ing SiO2 abun -
dance-based di a grams, two col lec tive groups can be dis tin -
guished. One group (Fig. 9) rep re sents part of south ern
Avalonia (Fig. 8A) and largely com prises in tru sive rocks from
Ger many (Dombrowski et al., 1995, Brätz, 2000, Reischmann
et al., 2001) that had to be formed in the place of their pres ent
oc cur rence (Fig. 8A); there fore, the pyroclastic rocks (von
Raumer et al., 2017) be long ing to the same group with sim i lar
geo chem i cal com po si tion are prob a bly also of lo cal or i gin
(Fig. 8A). The sec ond group, of Ukrai nian (Podolian)-Moldovian 
bentonites (Fig. 9), was re lated to the south ern ac tive mar gin of
Baltica (Fig. 8A; Huff et al., 2000; Kiipli, 2021). Thus, it can be
in ferred that the source area for the pyroclastic rocks of this
group was also lo cal. A unique sub-group are sam ples of
tuffites from Po land (Fig. 8A), which in dif fer ent di a grams show
a vari able af fil i a tion to these two groups (Fig. 9A, B, C, E), and
in some cases oc cupy a sep a rate po si tion (Fig. 9D). The geo -
chem i cal pat tern of tuffites from Po land, in di cat ing their par tial
dis sim i lar ity to the Ger man group and the Ukrai nian
(Podolian)-Moldovian group (Fig. 9), to gether with the rel a tively
large thick ness of these rocks (Niewachlów tuffites - up to
40 cm, tuffite from Barcza – 150 cm, tuffite from ¯danów –
50 cm; Fig. 2) may mean that their source area was lo cated
close to the sed i men tary ba sin. There fore, the prob a ble source
area of the Pol ish tuffites was as so ci ated with the near est sec -
tion of the subduction zone, along the south ern and south-west -
ern mar gins of the Ma³opolska Block and the Brunovistulian
Block (Fig. 8A).

The Th–Zr/117–Nb/16 tri an gu lar di a gram (Fig. 6B–F)
shows that sam ples from Po land and from all re gions com -
pared (ex cept for Böllsteiner Odenwald, with no data) form one
co her ent group in the Con ti nen tal Arc Ba salt (CAB) field. The
tec tonic set ting in di cates the pres ence of a subduction zone
dur ing magma gen er a tion for these rocks. The same con clu -
sion holds for the com par i son of the geo chem i cal char ac ter is -
tics of the Prim i tive Man tle-nor mal ized trace el e ments in sam -
ples from these ar eas (ex cept for Böllsteiner Odenwald, with no
data), where small neg a tive anom a lies of Nb, Ta (in some sam -
ples no data on Ta) and Ti (Fig. 5C–F), cor rob o rat ing the pres -
ence of a subduction zone, are vis i ble. Di a grams of Rb vs. Y +
Nb and Nb vs. Y (Fig. 7) yield the great est com par a tive pos si bil -
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Fig. 8A – late Si lu rian–Early De vo nian palaeogeography of the Laurussia south ern mar gin af ter dock ing of Avalonia (af ter Mazur et
al., 2018; sup ple mented us ing Fortey et al., 1996; Golonka et al., 2019; Krzywiec et al., 2022, mod i fied), which re cords the de vel op -
ment of rift ing in con ti nen tal back-arc sed i men tary bas ins (e.g., Rhenohercynian Zone), TTZ – Teisseyre–Tornquist Zone, TS – Thor 
Su ture, STZ – Sorgenfrei–Tornquist Zone, IS – Iapetus Su ture, CDF – Cal edo nian De for ma tion Front, VDF – Variscan De for ma tion
Front (af ter Mazur et al., 2020), KMF – Kraków–Myszkow Fault Zone (af ter Brochwicz-Lewiñski et al., 1983; Jurewicz, 2018), ML –
North ern con tin u a tion of the Moravian Line (af ter Pha raoh et al., 2006), HCF – Holy Cross Fault, HCFB – Holy Cross Fold Belt, LB –
£ysogóry Block, MB – Ma³opolska Block, BvB – Brunovistulian Block; B – con cep tual tec tonic model of the vol ca nism in ves ti gated
along the south ern mar gin of Laurussia dur ing late Si lu rian–Early De vo nian time (close to the con tact zone be tween Avalonian and
Baltican crust), BU – Bardo Unit, SGM – Sowie Góry Mas sif (af fin ity for the Avalonia af ter Kröner and Hegner, 1998), CSO – Cen tral
Sudetic Ophiolite, KMF – Kraków-Myszków Fault Zone, BD – Bardo Diabase, ZS – ¯danów tuffite Source, NS – Niewachlów Tuffite
Source (sam ples from Czy¿ów), BS – Barcza tuffite Source
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Fig. 9. Harker diagrams

A – SiO2 vs. Al2O3; B – SiO2 vs. MgO; C – SiO2 vs. TiO2; D – SiO2 vs. Rb; E – SiO2 vs. Th/Y



i ties, due to the use of data from the larg est num ber of lo ca tions
(in clud ing Böllsteiner Odenwald). On a Rb vs. Y + Nb di a gram,
points from the all re gions com pared (Fig. 7) i.e. Taunus,
Lenne, Böllsteiner Odenwald, the Spessart Crys tal line Com -
plex, the Ruhla Crys tal line Com plex, Podolia in Ukraine,
Moldova and pyroclastic de pos its from Po land, plot close to the
bor der be tween Vol ca nic Arc Gran ites (VAG) and Within Plate
Gran ites (WPG), in side the post-collisional set ting field. Sim i -
larly, in the Nb vs. Y di a gram (Fig. 7), all sam ples form one com -
pact area close to the bor der of Within Plate Gran ites (WPG)
and the field of Vol ca nic Arc Gran ites and syn-Collisional Gran -
ites (VAG + syn-COLG).

Com pared to the geo chem is try of magmatism from the ar -
eas con sid ered, rocks from the Taunus and Lenne ar eas (Figs.
5F, I and 7I, J) and some sam ples from the Ruhla Crys tal line
Com plex (Figs. 5E, H and 6C, F) are par tic u larly sim i lar to the
Pol ish tuffites. On the other hand, the bentonites from Ukraine
and Moldova, de spite their close geo chem i cal pat tern (Fig.
5C,G) con sti tute a slightly sep a rate group (Fig. 7K, L), al though
were formed in a sim i lar tec tonic set ting (Fig. 6B,F). The
pyroclastic rocks from the Taunus and Lenne ar eas (Fig. 8C)
ac cord ing to von Raumer et al. (2017) were formed from
back-arc mag matic ac tiv ity in the Rhenohercynian Zone. Such
clas si fi ca tion of the rocks could ex plain the pres ence of small
neg a tive geo chem i cal anom a lies (Nb, Ta; high con tent of the
el e ments; Fig. 5F) and also the co ex is tence of these anom a lies
with the post-collisional re gime (Fig. 7I). How ever, all the sam -
ples from Ger many, Po land, Ukraine and Moldova in di cate their 
con nec tion with Con ti nen tal Arc Ba salt (CAB; Fig. 6F), con sis -
tent with the late Si lu rian con ti nen tal arc that stretched along
the south ern Laurussia mar gin (Zeh and Gerdes, 2010; Zeh
and Will, 2010). Thus, there is an ap par ent con tra dic tion be -
tween the two tec tonic re gimes; how ever, ac cord ing to Gao et
al. (2018) and Vasey et al. (2021), the early stage of con ti nen tal
back-arc magmatism usu ally has sig na tures sim i lar to arc
magmatism. The rocks in ques tion formed in the late Si lu rian–
Early De vo nian in ter val, i.e. at a time when back-arc ex ten sion
along the south ern mar gin of Laurussia had started (Zeh and
Gerdes, 2010; Zeh and Will, 2010; Franke et al., 2017), there -
fore there is no con tra dic tion be tween the con ti nen tal back-arc
set ting (post-collisional re gime) and the Con ti nen tal Arc Ba salt
(CAB) sig na tures. Ac cord ing to Tatsumi et al. (1995), con ti nen -
tal back-arc magmatism can be dis tin guished from con ti nen tal
arc magmatism by the lack of typ i cal magma formed in a
subduction zone. This fea ture is clearly vis i ble in the Nb vs. Zr
di a gram (Fig. 6A), where al most all sam ples com pared plot in
the Back-Arc “Intra-Plate Magmatism” field, which is con sis tent
with  the small Nb and Ta anom a lies pres ent in them
(Fig. 5C–F). On the other hand, some sam ples from all these
re gions have greater af fin ity to an arc set ting (Figs. 6A and 7K,
L), which prob a bly is re lated to the stage of evo lu tion of the
arc-back-arc sys tem. Si mul ta neous arc and back-arc magma
gen er a tion is due to the mi gra tion of the mag matic arc front ac -
com pa nied by lithospheric thin ning and in cip i ent rift ing, but the
con tri bu tion of a par tic u lar type of vol ca nism may vary within the 
same arc de pend ing on the de gree of ex ten sion (Zagorevski et
al., 2010 and cited therein).

Based on the geo log i cal con text (Fig. 8A) and geo chem i cal
com po si tion (Fig. 6A) of the rocks from Po land, Ger many,
Ukraine and Moldova, it can be con cluded that they be long to
one large group of mag matic rocks formed at a sim i lar time (late 
Si lu rian/Early De vo nian) and in a sim i lar tec tonic set ting, which
is the early stage of con ti nen tal arc-back-arc magmatism on the 
south ern mar gin of Laurussia (Fig. 8A). Dur ing the late Si lu rian
to Late De vo nian or early Car bon if er ous, arc and back-arc
mag matic ac tiv ity as so ci ated with the Rheno her cynian Zone

was prev a lent in the area of pres ent-day Ger many (Zeh and
Gerdes, 2010; Zeh and Will, 2010; Eckelmann et al., 2014; von
Raumer et al., 2017). There fore, the up per Si lu rian and Lower
De vo nian tuffites from Po land are prob a bly the ef fect of the ini -
tial stage of Rhenohercynian magmatism. Up per Si lu rian rock
sam ples from Po land and the rest of the re gions com pared
were formed be fore the Rhenohercynian oce anic crust dated as 
Emsian (Awdankiewicz et al., 2021); there fore, they are prob a -
bly the re sult of pre-rift magmatism dur ing arc-back-arc litho -
spheric thin ning.

POLISH TUFFITES AS PART OF ARC-BACK-ARC MAGMATIC ACTIVITY
RELATED TO THE RHENOHERCYNIAN ZONE

The re sults ob tained (dat ing and tec tonic set ting in ter pre ta -
tion) in di cate that the vol ca nic ac tiv ity as so ci ated with the
Niewachlów tuffites can be cor re lated with late Si lu rian diabase
in tru sion into the Bardo Syncline in the HCFB (Fig. 1D and Ta -
ble 1) which formed at a sim i lar time and prob a bly in the same
Rhenohercynian back-arc set ting (Nawrocki et al., 2020;
Fig. 8B). The age of ~433 Ma (Fig. 4D), which is re lated to in -
her ited zir con cores from the Niewachlów tuffite, can be cor re -
lated with the oc cur rence of nu mer ous bentonites in Telychian
and Sheinwoodian strata in north west ern Baltica (Kiipli et al.,
2013, 2014). This prob a bly cor re sponded to one of the fi nal
stages of the Avalonia-Baltica col li sion be tween Llandovery and 
Wen lock times (De Vos et al., 2010) and in di cates that the
base ment rock, where the Niewachlów tuffite magma was gen -
er ated, had been pre vi ously af fected by this col li sion.

The Niewachlów tuffites in terms of age and min eral as so ci -
a tion, con tain ing ap a tite, zir con and monazite (Fig. 3A, B, D),
are sim i lar to the Kielce tuff layer (Fig. 1D) in the HCFB, dated
by Krzemiñska and Krzemiñski (2019) at 414.2 ±6.6 Ma. De -
spite the large er ror range in dat ing the Kielce tuff, from the up -
per Si lu rian to Lower De vo nian (Krzemiñska and Krzemiñski,
2019), com par i son with biostratigraphic data from the Kielce
Beds (Malec, 2001) in di cates that the Kielce tuff be longs to up -
per Si lu rian rocks (up per Lud low or youn ger). This in di cates
that the Kielce tuff was formed af ter the end of the vol ca nic ac -
tiv ity lo cated north of the HCFB as so ci ated with Avalonia-
Baltica col li sion (Fortey et al., 1996; Kiipli et al., 2013, 2014) and 
can be cor re lated with the vol ca nism that took place along the
south ern mar gin of the Avalonia-Baltica realm. There fore the
Niewachlów tuffites and Kielce tuff pre sum ably orig i nated from
the same mag matic source. Ad di tion ally, the vol ca nic ac tiv ity in
the HCFB area has been doc u mented in mid dle Lud low rocks in 
the Kleczanów PIG1 bore hole, where sev eral lay ers of ben ton -
ite were found (Trela et al., 2018) and in the Ma³acentów 5 bore -
hole where a 0.5 m thick layer of tuffite was de scribed by
Dowgia³³o (1970). Whereas, in the lower Lud low grap to lit ic
shales (Pr¹gowiec Beds) in the Bardo Syncline, Langier-
KuŸniarowa and Ryka (1972) de scribed 9 lay ers of K-ben -
tonites con tain ing nu mer ous euhedral bi o tite crys tals and light
yel low zir cons. Very sim i lar euhedral bi o tite flakes (Fig. 3C) and
pale yel low zir con crys tals (Fig. 3D) oc cur in the Niewa chlów
tuffites, which may in di cate their af fin ity to the same mag matic
source. Fur ther more, euhedral bi o tite crys tals with a K-Ar cool -
ing age of 402.5 ±15.2 Ma were also re ported (Koz³owski et al.,
2004; Nawrocki et al., 2007) from greywackes of the
Niewachlów Beds, which seems to be very close to the age of
the Niewachlów tuffites. This means that late Si lu rian mag matic
ac tiv ity near and in the area of HCFB had not stopped dur ing
the greywacke sed i men ta tion. How ever, at the cur rent stage of
re search, it is dif fi cult to de ter mine whether the Niewachlów
tuffites and greywackes of the Niewachlów Beds come from the
same source area. The up per Si lu rian grey wackes in the HCFB
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usu ally con tain a few pyroclastic interbeds (Malec, 2001).
Fortey et al.(1996), us ing the ex am ple of a sim i lar dis ap pear -
ance of bentonites in an up per Si lu rian sec tion in the Welsh
Bor der lands, ar gued that the pres er va tion of vol ca nic ash
interbeds dur ing the de po si tion of arenaceous sed i ments is un -
likely. In the case of up per Si lu rian rocks in the HCFB, the
Niewachlów and Kiele Beds mostly con sist of siltstones and
claystones (Malec, 1993), there fore the type of depositional en -
vi ron ment only par tially ex plains less fre quency of pyroclastic
interbeds. An other ex pla na tion for the small num ber of tuffites
and bentonites in these rocks may be the lo ca tion of the source
area. Ac cord ing to Fortey et al. (1996), Huff et al. (2000), Trela
et al. (2018) and Kiipli (2021), late Si lu rian vol ca nic ash beds in
the Avalonia-Baltica realm are re lated to the subduction zone
de vel oped along the south ern mar gin of this palaeocontinent.
Ad di tion ally, Trela et al. (2018) in di cated that vol ca nic ash
reached the HCFB re gion fol low ing the di rec tion of the pre vail -
ing winds from the south east. How ever the pre vail ing wind di -
rec tion in di cates the dom i nant trans port di rec tion and does not
ex clude other, if less ac tive, trans port di rec tions of the vol ca nic
ash. The wind di rec tion de pends on the lo cal sys tem of pres -
sures and tem per a tures, so it can be vari able. An ex am ple is
the way the ra dio ac tive clouds moved dur ing the di sas ter at the
Chernobyl nu clear power plant. Ac cord ing to IAEA (2006),
“Dur ing the first five days af ter the ac ci dent com menced, the
wind pat tern had changed through all di rec tions of the com -
pass”. Thus, if the source of Niewachlów tuffites had been lo -
cated in a slightly dif fer ent place (in con sis tent with the dom i nant 
wind di rec tion), e.g. south-west of the HCFB, then their trans -
port to this area would have been cor re spond ingly less ef fec tive 
and the num ber of tuffites would have been lower. This is prob -
a bly a more com plete ex pla na tion of the phe nom e non.

De spite the in com plete data, all of the late Si lu rian mag -
matic rocks noted in the HCFB were formed in a new prov ince
of con ti nen tal arc-back-arc magmatism, ex tended along the
south ern mar gin of Laurussia (Fig. 8A, B). This mag matic ac tiv -
ity con tin ued and in ten si fied in the Early De vo nian, as in di cated
by the tec tonic set ting of the Barcza tuffite (Fig. 6A) and the
pres ence of the en tire tuffite suc ces sion in the HCFB, de scribed 
by Tarnowska (1971, 1976). The Si lu rian–De vo nian mag ma -
tism in the vi cin ity of HCFB may be re lated to the pro lon ga tion of 
the back-arc magmatism to the east from the Rhenohercynian
Zone in Ger many, which cor re sponds to the lat est in ter pre ta tion 
by Nawrocki et al. (2020) for the Bardo diabase in the HCFB.

The back-arc magmatism of the Rhenohercynian Zone con -
tin ued south-eastwards to the Brunovistulian Block (Kalvoda et
al., 2008; Fig. 8A). Its ac tiv ity al ready in the Si lu rian and Early
De vo nian in the Brunovistulian Block is in di cated by the re sults
of iso tope dat ing, made in re cent years (Ta ble 1): Velké Vrbno
Dome am phi bo lite 407.5 ±2.5 Ma (Jastrzêbski et al., 2021),
granophyre diorite from the Sosnowiec IG 1 bore hole 420
±2 Ma (Nawrocki et al., 2020), Hlina gran ite 430 ±6.4 Ma
(Hönig, 2016), ba saltic dike from Zelesice 438 ±16 Ma
(Pøichystal, 1999). More over, ac cord ing to re cent data (Kryza
and Pin, 2010; Wojtulek et al., 2017; Awdankiewicz et al.,
2021), the Early De vo nian Cen tral Sudetic Ophiolite was also
formed dur ing seafloor spread ing in the back-arc ba sin. Mazur
et al. (2015b) im ply that the Cen tral Sudetic Ophiolite was
formed on the mar gin of Avalonia/Bunovistulia. If the link be -
tween the Cen tral Sudetic Ophiolite and the Brunovistulian
Block is true, then the Cen tral Sudetic Ophiolite may be long to
the same con ti nen tal arc-back-arc zone (Fig. 8B) from which
the Pol ish tuffites orig i nate.

The ¯danów tuffite, which oc curs in the grap to lit ic shales
(Pøídolí) of the Bardo Unit (Fig. 2), is prob a bly also as so ci ated
with the mar gin of Laurussia. The Bardo Unit is an accretionary
prism (Franke et al., 1993; Fig. 8B), which, ac cord ing to Racki et 
al. (2022) formed along the south ern mar gin of Laurussia.
Racki et al. (2022) stud ied nu mer ous Famennian bentonites in

the Bardo Unit, whose source may be a con ti nen tal mag matic
arc pre served as rem nants in the Vrbno Group of the East
Sudetes. How ever, re cently Jastrzêbski et al. (2021) dated the
Velké Vrbno Dome am phi bo lite at 407.5 ±2.5 Ma, which in di -
cates that magmatism in this re gion be gan much ear lier and
could be also the or i gin of the ¯danów tuffite (Pøídolí). The or i -
gin of the vol ca nism as so ci ated with the Vrbno Group would
also ex plain the greater geo chem i cal af fin ity of the ¯danów
tuffite to a mag matic arc set ting (Fig. 8B). How ever the mag -
matic arc may also have been de stroyed for ex am ple dur ing
subduction of the Sowie Góry Mas sif, which ac cord ing to
Tabaud et al. (2021) took place in the Early De vo nian
(~397–402 Ma; Fig. 8B).

CONCLUSIONS

The pre sented stud ies of pyroclastic rocks in Po land and
their com par i son with pub lished data on late Si lu rian-Early De -
vo nian magmatism in re lated ar eas in Eu rope show that:

1. The Niewachlów tuffites, and tuffites from Barcza Moun -
tain and ¯danów formed in a con ti nen tal arc-back-arc
set ting dur ing ini tial extensional magmatism re lated to
the Rhenohercynian Zone.

2. All the ar eas com pared – Taunus, Lenne, Böllsteiner
Odenwald, the Spessart Crys tal line Com plex, the Ruhla 
Crys tal line Com plex, Podolia in Ukraine, Moldova and
the Pol ish tuffites – re flect the same set ting of late Si lu -
rian and Early De vo nian con ti nen tal arc-back-arc
magmatism, prob a bly as so ci ated with the same mag -
matic prov ince. The up per Si lu rian rocks may be cor re -
lated with the pre-rift magmatism stage in the
Rhenohercynian zone.

3. U-Pb dat ing of the Niewachlów tuffites yielded an age of
419.91 ± 1.7 Ma, cor re spond ing to the late Si lu rian
(Pøídolí). This in di cates that part of the greywacke sec -
tion in the Bardo Syncline, pre vi ously clas si fied as Lud -
low, may be youn ger and be long to the Pøídolí.

4. In and around the HCFB area, mag matic ac tiv ity did not
stop in the up per Si lu rian, but con tin ued at least to the
Lower De vo nian. It was as so ci ated with the new mag -
matic prov ince, de vel op ing from the late Si lu rian at the
south ern mar gin of Laurussia.

Fur ther in ves ti ga tions are nec es sary to ex pand knowl edge
con cern ing the na ture of late Si lu rian–Early De vo nian
magmatism in the HCFB, in clud ing geo chem i cal and iso to pic
anal y ses of zir cons.
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Grain spot 207Pb / 235U 206Pb / 238U U238 / 206Pb 207Pb / 206Pb Age 207Pb / 235U Age 206Pb / 238U Age 207Pb / 206Pb ±2SE
The analysis of homogeneous zircons and external crystal growth zones selected to calculate the concordia age
T1a - 1 0.545 0.046 0.0675 0.0013 14.81481 0.2853224 0.0592 0.0051 428 30 420.6 8.1 350 170
T1a - 2 0.537 0.04 0.0679 0.0012 14.72754 0.2602805 0.0572 0.0043 429 26 423.2 7.3 390 150
T1a - 3 0.493 0.034 0.0672 0.0011 14.88095 0.243587 0.0536 0.0038 398 23 419.1 6.5 230 140
T1a - 5 0.524 0.023 0.06757 0.00079 14.79947 0.1730291 0.0563 0.0024 425 15 421.5 4.8 420 95
T1a - 6 0.514 0.023 0.06655 0.00082 15.0263 0.1851474 0.0561 0.0026 418 15 415.3 4.9 398 100
T1a - 8 0.532 0.048 0.068 0.0015 14.70588 0.3243945 0.0579 0.0056 418 33 423.7 9 270 180
T1a - 9 0.528 0.036 0.068 0.0013 14.70588 0.2811419 0.0563 0.0038 423 24 423.7 7.9 350 140
T1a - 10 0.542 0.05 0.0674 0.0018 14.8368 0.3962349 0.0595 0.0057 421 33 420 11 320 190
T1a - 11 0.513 0.06 0.0683 0.0017 14.64129 0.3644245 0.0558 0.0063 410 39 425 10 200 210
T1b - 3 0.535 0.031 0.06721 0.00098 14.87874 0.2169493 0.0578 0.0034 428 21 419.2 5.9 410 130
T1c - 5 0.505 0.039 0.067 0.001 14.92537 0.2227668 0.0551 0.0041 410 25 417.7 6.3 300 140
T1c - 13 0.526 0.032 0.06802 0.0011 14.70156 0.2377494 0.0558 0.0034 423 22 424.1 6.5 350 130
T1c - 14 0.518 0.027 0.0676 0.0009 14.7929 0.1969469 0.0567 0.0031 422 19 421.9 5.4 390 110
T1c - 1 0.537 0.16 0.0675 0.0018 14.81481 0.3950617 0.0586 0.012 430 59 421 11 460 170
The youngest excluded analyse
T1a - 12 0.527 0.03 0.0658 0.0011 15.19757 0.2540627 0.0582 0.0034 426 20 410.8 6.4 480 120
The analysis of inherited zircon cores
T1a - 4 0.529 0.027 0.0676 0.00099 14.7929 0.2166416 0.0574 0.003 425 19 421.9 6 410 110
T1a - 7 0.561 0.06 0.0696 0.0018 14.36782 0.3715815 0.0602 0.0066 427 40 433 11 270 210
T1a - 13 0.535 0.035 0.0685 0.0011 14.59854 0.2344291 0.0569 0.0036 429 23 427.3 6.4 390 130
T1b - 1 0.529 0.035 0.0696 0.0012 14.36782 0.247721 0.0552 0.0037 424 23 433.6 7.3 310 140
T1b - 2 0.494 0.038 0.0696 0.0013 14.36782 0.2683644 0.0524 0.004 405 26 433.7 7.6 210 150
T1b - 4 0.523 0.031 0.06781 0.001 14.74709 0.2174766 0.056 0.0033 420 20 422.8 6.2 350 120
T1b - 5 0.508 0.055 0.0689 0.0017 14.51379 0.3581051 0.0538 0.0059 393 37 429.4 10 110 210
T1b - 8 0.521 0.028 0.06952 0.00099 14.38435 0.2048404 0.0547 0.003 426 19 433.2 5.9 340 120
T1d - 1 0.516 0.031 0.0683 0.0011 14.64129 0.2358041 0.0551 0.0033 413 21 426 6.4 310 130
T1d - 2 0.553 0.032 0.0695 0.0011 14.38849 0.2277315 0.0577 0.0031 441 21 433.2 6.3 430 120
T1c - 2 0.527 0.031 0.06927 0.00091 14.43626 0.1896492 0.0556 0.0031 426 19 431.7 5.5 350 110
T1c - 3 0.519 0.03 0.0713 0.0012 14.02525 0.236049 0.0533 0.0031 420 20 444 7.2 260 120
T1c - 4 0.571 0.037 0.07 0.0012 14.28571 0.244898 0.0608 0.0043 453 23 435.9 7.2 530 130
T1c - 9 0.518 0.047 0.0706 0.0017 14.16431 0.3410669 0.0537 0.005 407 33 439.2 10 160 180
T1c - 11 0.597 0.03 0.07215 0.0011 13.86001 0.21131 0.0603 0.0031 473 20 449 6.4 530 110
T1c - 12 0.504 0.035 0.0695 0.0012 14.38849 0.2484343 0.0533 0.0038 407 24 432.8 7.2 210 140
T1c - 10 0.533 0.33 0.0709 0.0034 14.10437 0.6763733 0.0567 0.02 430 92 441.6 20 400 210
T1c - 8 0.845 0.13 0.07 0.0019 14.28571 0.3877551 0.0895 0.011 604 53 436 11 1170 170

                                                                                                                                                               APPENDIX 1                                                                                                                                                     
                       The in situ U-Pb (La ICP-MS) zircon dating analysis of T1 layer of Niewachlów tuffites

± 2SE ± 2SE ±2SE ± 2SE ± 2SE ± 2SE



Author Bratz 2000 Bratz 2000 Bratz 2000 Bratz 2000 Bratz 2000 Bratz 2000 Bratz 2000 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 
Sample 93002 93007 93010 93015 93025 96005 97005 45,358 45,357 46,282 46,281 46,280 46,278 46,277 46,276 46,275 46,274 46,273 46,271 46,270 46,269 46,268 46,266 46,265 46,264
Major oxides (wt %)
SiO2 73.72 70.80 71.23 76.44 68.60 71.55 77.70 70.63 70.64 73.84 78.37 79.91 75.86 80.17 78.68 81.55 76.37 79.29 74.78 75.54 65.64 81.76 74.69 77.95 75.36
Al2O3 13.74 14.64 13.79 12.77 15.59 14.31 12.97 13.88 14.18 12.52 11.93 10.69 12.59 11.31 10.96 9.73 12.15 11.76 10.19 13.17 16.13 7.58 13.03 11.63 13.12
Fe2O3 T 2.18* 2.92* 4.34* 1.46* 3.19* 2.74* 1.56 3.38 3.37 4.37 2.05 2.09 2.81 1.81 2.46 2.17 2.65 2.05 4.35 2.56 6.17 4.27 3.18 2.58 2.82
CaO 1.86 1.93 1.22 0.69 1.82 0.45 2.48 1.15 0.65 0.08 0.02 0.04 0.03 0.02 0.27 0.02 0.41 0.01 1.60 0.03 0.18 0.15 0.07 0.01 0.06
MgO 0.71 1.08 0.98 0.44 1.78 0.70 0.59 0.60 0.76 1.64 0.80 0.63 1.58 0.79 1.30 1.23 1.23 0.86 1.14 1.07 2.06 1.08 1.32 0.98 1.00
Na2O 4.16 3.63 2.80 3.58 4.65 3.31 3.76 3.21 3.56 0.75 0.25 0.78 0.57 0.34 0.69 0.08 1.00 0.36 1.56 1.32 1.60 1.89 1.67 1.68 1.20
K2O 1.60 4.12 4.84 4.19 2.95 4.10 1.08 4.41 3.85 2.58 3.03 2.45 3.16 2.55 2.19 2.27 2.64 2.56 1.71 2.84 3.09 0.52 2.74 2.29 3.02
MnO 0.03 0.05 0.06 0.02 0.06 0.06 0.02 0.06 0/05 0.05 0.06 0.12 0.03 0.06 0.05 0.03 0.07 0.04 0.11 0.05 0.07 0.07 0.06 0.11 0.04
TiO2 0.36 0.43 0.55 0.17 0.44 0.43 0.20 0.47 0.49 0.45 0.30 0.29 0.31 0.23 0.25 0.15 0.30 0.21 0.54 0.30 0.91 0.49 0.37 0.25 0.40
P2O5 0.06 0.11 0.13 0.04 0.09 0.11 0.02 0.13 0.14 0.08 0.04 0.05 0.03 0.03 0.03 0.02 0.04 0.02 0.09 0.04 0.19 0.11 0.05 0.03 0.04
* value recalculated to 
Fe2O3T
Trace elements (ppm)
Ba 436 1791 523 717 733 594 240 807 815 332 383 310 598 345 463 382 568 506 483 425 403 73 380 295 881
Be
Co 31.0 22.0 24.0 <10.0 39.0 41.0 <10.0 7.0 7.0 8.0 4.0 5.0 4.0 2.0 4.0 2.0 5.0 2.0 12.0 4.0 14.0 10.0 7.0 4.0 4.0
Cs 7.20 6.25 3.49 3.72 3.27 4.76 2.30 3.48 3.02 3.96 2.68 2.35 5.10 5.70 0.97 4.92 4.06
Ga 12.0 20.0 22.0 15.0 19.0 14.0 14.0 16.0 17.0 18.0 18.0 16.0 20.0 19.0 16.0 14.0 17.0 19.0 13.0 19.0 20.0 9.0 18.0 16.0 21.0
Hf 3.10 3.21 6.03 6.84 5.59 9.23 8.35 6.57 6.15 7.39 9.36 4.05 7.81 7.10 6.71 7.27 6.89 9.28
Nb 16.0 6.0 17.0 12.0 7.0 15.0 <5.0 17.0 17.0 21.0 22.0 21.0 28.0 25.0 20.0 18.0 22.0 27.0 12.0 23.0 20.0 12.0 23.0 22.0 33.0
Rb 64.0 110.0 246.0 110.0 73.0 151.0 39.0 175.0 156.0 115.0 134.0 108.0 142.0 94.0 92.0 97.0 114.0 113.0 74.0 131.0 140.0 24.0 136.0 106.0 133.0
Sn <15.0 <15.0 <15.0 <15.0 <15.0 17.0 <15.0
Sr 98.0 567.0 192.0 93.0 364.0 79.0 341.0 86.0 64.0 30.0 21.0 25.0 24.0 46.0 42.0 18.0 38.0 61.0 42.0 34.0 51.0 43.0 39.0 33.0 29.0
Ta 0.97 1.03 1.32 1.55 1.29 1.90 1.73 1.38 1.32 1.52 1.92 0.73 1.68 1.27 0.69 1.55 1.47 1.80
Th 15.0 <5.0 18.0 7.0 <5.0 13.0 <5.0 17.91 18.50 13.80 15.90 12.50 18.90 16.80 14.30 14.30 16.00 19.30 7.53 17.80 13.50 8.78 16.20 15.00 17.00
U <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 2.75 2.94 3.17 3.26 2.49 3.97 3.25 3.13 2.61 3.44 3.33 1.60 3.84 2.99 1.74 3.47 2.81 3.82
V 31.0 48.0 46.0 27.0 69.0 56.0 32.0 39.0 43.0 50.0 28.0 24.0 23.0 15.0 23.0 11.0 28.0 13.0 64.0 31.0 113.0 51.0 40.0 23.0 26.0
Zr 198.0 166.0 361.0 107.0 149.0 174.0 130.0 220.0 231.0 229.0 214.0 247.0 293.0 291.0 201.0 160.0 234.0 269.0 179.0 218.0 289.0 391.0 217.0 214.0 464.0
Y 34.0 4.7 54.0 12.0 11.0 26.0 2.2 46.0 50.0 58.0 41.0 49.0 60.0 51.0 52.0 47.0 51.0 60.0 28.0 58.0 41.0 28.0 69.0 65.0 106.0
La 46.0 43.0 49.0 29.0 42.0 11.0 23.0 44.27 46.55 48.80 51.30 46.70 63.00 45.10 50.00 41.70 53.70 54.20 27.10 58.40 45.30 26.40 53.60 54.20 67.00
Ce 94.0 72.0 106.0 52.0 79.0 24.0 36.0 86.39 88.96 99.10 107.00 99.10 131.0 95.40 99.00 88.90 111.00 123.00 56.20 121.00 92.90 55.00 109.00 105.00 136.00
Pr 11.0 7.2 13.0 5.7 8.3 3.1 3.4 10.16 10.76 11.50 12.50 11.30 15.60 11.10 11.90 10.50 13.00 13.60 6.74 14.10 11.00 6.70 13.00 13.10 16.60
Nd 40.0 22.0 49.0 18.0 33.0 12.0 9.6 37.54 39.34 42.60 46.30 42.10 58.70 41.40 44.20 38.80 48.60 49.90 25.60 52.10 41.60 25.70 48.20 49.80 63.70
Sm 8.2 3.2 10.0 3.4 5.9 2.8 1.2 8.39 8.61 8.50 9.36 8.57 11.80 8.46 9.27 7.96 9.59 9.30 5.06 10.50 8.44 5.54 9.81 10.40 13.70
Eu 1.3 0.84 1.6 0.59 4.0 0.60 0.59 1.38 1.50 1.43 1.42 1.40 1.85 1.50 1.51 1.04 1.46 1.22 1.05 1.55 1.60 1.08 1.57 1.72 2.67
Gd 7.5 2.0 10.0 2.9 4.1 3.4 0.81 7.55 8.30 8.65 8.25 7.76 10.40 7.64 9.05 7.23 8.65 7.76 4.57 9.47 7.26 5.13 9.53 10.20 14.50
Tb 1.2 1.9 0.46 0.56 0.76 1.23 1.34 1.39 1.22 1.20 1.54 1.17 1.50 1.17 1.32 1.26 0.68 1.48 1.09 0.74 1.60 1.67 2.46
Dy 7.0 1.1 10.0 2.5 2.6 4.9 0.45 8.21 8.73 9.14 7.33 7.53 9.67 7.67 9.39 7.50 8.15 8.84 4.35 9.22 6.70 4.48 10.50 10.40 16.10
Ho 1.30 0.22 2.0 0.43 0.60 1.0 0.12 1.63 1.83 1.87 1.47 1.51 2.00 1.58 1.86 1.53 1.65 1.95 0.88 1.85 1.31 0.88 2.12 2.12 3.25
Er 3.8 0.46 6.0 1.3 1.3 3.2 0.27 4.5 4.93 5.31 4.27 4.34 5.95 4.77 5.23 4.46 4.73 6.07 2.52 5.33 3.72 2.47 6.05 5.96 9.23
Tm 0.53 0.07 0.85 0.17 0.45 0.63 0.68 0.75 0.62 0.61 0.87 0.71 0.74 0.65 0.67 0.93 0.35 0.74 0.53 0.35 0.87 0.86 1.30
Yb 3.3 0.52 5.6 1.1 1.1 3.1 0.30 4.33 4.60 4.88 4.24 4.17 6.07 4.92 5.08 4.44 4.61 6.51 2.42 5.06 3.54 2.34 5.70 5.61 8.36
Lu 0.48 0.09 0.82 0.16 0.19 0.47 0.06 0.60 0.64 0.68 0.60 0.57 0.87 0.71 0.70 0.60 0.64 0.92 0.33 0.69 0.50 0.34 0.80 0.79 1.17
Mo <5.0 <5.0 <5.0 <0.5 <0.5 <0.5 <0.5
Cu 18.0 17.0 3.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.0 7.0 1.0 10.0 1.0 1.0 1.0 1.0
Pb 32.0 20.0 8.0 17.0 13.0 5.0 49.0 18.0 14.0 15.0 4.0 17.0 25.0 28.0 16.0 13.0 19.0 14.0 16.0 22.0 16.0 9.0 22.0 21.0 16.0
Zn 58.0 48.0 32.0 16.0 49.0 22.0 21.0 46.0 51.0 83.0 25.0 25.0 75.0 70.0 68.0 53.0 68.0 64.0 54.0 71.0 83.0 53.0 67.0 80.0 89.0
Ni <5.0 <5.0 16.0 9.0 8.0 <5.0 14.0 7.0 7.0 34.0 17.0 15.0 16.0 9.0 25.0 7.0 21.0 13.0 49.0 24.0 66.0 37.0 30.0 24.0 18.0
As
Cd
Sb
Ag
Tl

APPENDIX 2

 Major and trace element geochemistry of Upper Silurian and Lower Devonian samples from Germany, Ukraine (Podolia) and Moldova



Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995
46,263 46,262 46,260 46,259 46,257 46,397 46,396 Sp91-1 Sp91-2 Sp91-3 Sp91-4 Sp91-5 Sp91-6 Sp91-7 Sp91-8 Sp91-9 Sp91-10 Sp91-11 Sp91-12 Sp91-13

71.62 73.84 73.32 75.16 71.64 76.77 72.17 74.70 75.10 75.30 76.10 73.40 74.00 74.00 74.10 72.90 73.50 76.70 75.30 75.00
14.09 13.45 13.84 12.92 12.61 12.57 13.18 13.40 13.60 13.20 12.80 14.00 13.60 13.80 13.80 14.00 13.80 12.70 13.30 13.20
3.93 3.38 3,71 3.15 3.93 2.39 2.42 1.61* 1.59* 1.22* 1.17* 2.49* 1.88* 2.14* 1.79* 2.30* 2.05* 1.06* 1.49* 1.46*
0.09 0.09 0.05 0.04 1.47 0.03 1.71 1.11 1.17 0.83 0.80 1.75 1.34 1.35 1.30 1.58 1.34 0.70 0.98 0.97
1.71 1.24 0.97 1.18 1.30 0.29 0.61 0.66 0.47 0.37 0.33 0.94 0.63 0.64 0.63 0.96 0.91 0.34 0.51 0.55
1.05 0.86 0.87 2.33 1.71 3.99 2.06 4.13 4.51 3.72 3.70 4.26 3.89 4.04 3.88 3.90 3.85 3.60 3.86 3.82
3.15 3.46 3.28 2.29 2.46 1.64 2.89 3.69 3.07 4.46 4.34 2.64 3.43 3.48 3.65 3.46 3.67 4.42 3.95 4.00
0.06 0.07 0.06 0.04 0.10 0.02 0.14 0.04 0.03 0.03 0.02 0.05 0.04 0.04 0.04 0.04 0.06 0.02 0.03 0.04
0.53 0.41 0.50 0.39 0.57 0.26 0.30 0.21 0.20 0.16 0.15 0.32 0.25 0.24 0.24 0.30 0.27 0.14 0.21 0.20
0.09 0.05 0.07 0.05 0.08 0.07 0.06 0.05 0.04 0.03 0.03 0.08 0.06 0.03 0.06 0.07 0.07 0.03 0.05 0.05

358 390 469 390 432 195 288 741 795 793 746 548 632 719 671 600 647 833 701 697

8.0 6.0 10.0 5.0 9.0 2.0 2.0
4.14 5.51 4.73 5.61 3.70 5.06 1.20
20.0 21.0 20.0 20.0 18.0 16.0 18.0 13.0 15.0 13.0 13.0 17.0 16.0 16.0 16.0 14.0 13.0 13.0 15.0 12.0
7.37 10.30 8.66 8.85 8.55 2.43 3.71
23.0 30.0 28.0 27.0 23.0 19.0 22.0 14.0 18.0 10.0 13.0 13.0 15.0 10.0 11.0 11.0 13.0 12.0 13.0 13.0
144.0 153.0 144.0 108.0 117.0 89.0 129.0 133.0 103.0 136.0 125.0 104.0 128.0 123.0 133.0 124.0 144.0 129.0 137.0 143.0

32.0 28.0 39.0 44.0 86.0 93.0 63.0 106.0 85.0 77.0 68.0 148.0 130.0 155.0 137.0 161.0 162.0 78.0 97.0 96.0
1.54 1.93 1.68 1.75 1.47 0.76 1.50
16.10 19.30 17.00 17.50 15.50 10.90 19.40 13.00 17.00 19.00 13.00 15.00 17.00 10.00 15.00 12.00 15.00 18.00 19.00 11.00
3.28 3.33 3.61 3.33 3.26 2.37 2.14
60.0 34.0 51.0 35.0 57.0 21.0 15.0 25.0 22.0 14.0 16.0 35.0 34.0 31.0 26.0 37.0 33.0 17.0 19.0 30.0
273.0 364.0 325.0 309.0 364.0 171.0 251.0 111.0 105.0 109.0 99.0 127.0 114.0 107.0 108.0 120.0 118.0 95.0 106.0 99.0
43.0 77.0 74.0 53.0 53.0 54.0 56.0 22.0 29.0 20.0 21.0 23.0 22.0 17.0 19.0 18.0 22.0 28.0 27.0 27.0
53.90 71.50 61.70 59.60 55.50 24.70 63.80 22.00 33.00 56.00 50.00 42.00 53.00 34.00 33.00 32.00 19.00 35.00 51.00 45.00
110.00 138.00 126.00 122.00 112.00 48.60 122.00
12.90 17.20 15.20 14.60 13.50 5.69 14.30
48.00 64.30 57.10 55.20 50.80 19.90 50.70
9.44 13.10 12.00 11.30 10.10 3.99 10.00
1.55 2.41 2.10 2.03 1.87 0.40 1.56
8.11 12.10 11.20 10.10 9.23 3.57 9.11
1.22 2.01 1.83 1.56 1.41 0.68 1.63
7.46 13.10 11.80 9.71 8.87 4.37 9.87
1.50 2.69 2.41 1.95 1.87 0.92 1.98
4.32 7.74 6.92 5.67 5.13 2.66 5.55
0.62 1.10 1.00 0.82 0.72 0.39 0.77
4.24 7.46 6.63 5.61 4.95 2.63 5.38
0.60 1.05 0.95 0.79 0.70 0.36 0.73

3.0 1.0 7.0 0.0 3.0 3.0 1.0
18.0 20.0 30.0 19.0 21.0 7.0 3.0 20.0 19.0 26.0 18.0 21.0 18.0 19.0 19.0 12.0 19.0 30.0 17.0 12.0
71.0 74.0 91.0 77.0 86.0 9.0 18.0 31.0 26.0 29.0 21.0 39.0 23.0 31.0 24.0 30.0 72.0 16.0 24.0 36.0
37.0 39.0 41.0 28.0 38.0 5.0 5.0 <10.0 <10.0 <10.0 <10.0 <10.0 <10.0 <10.0 <10.0 <10.0 <10.0 <10.0 <10.0 <10.0



Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Reischmann et al. 2001 Reischmann et al. 2001 Reischmann et al. 2001
Sp91-14 Sp91-15 Sp91-16 Sp91-19 Sp-1/1 Sp-1/2 Sp-1/3 Sp-2/1 Sp-3/1 Sp-3/2a Sp-3/2b Sp-5/1 Sp-6/1 Sp-6/2 Sp-7/1 Sp-8/1 Bol-01 Bol-02 Bol-03

75.80 75.30 75.20 71.10 73.70 74.10 64.00 76.40 73.40 77.00 74.70 73.50 75.80 76.90 73.70 74.50 70.59 77.48 69.24
13.10 13.20 13.30 14.70 13.40 14.00 17.30 13.20 14.30 12.90 13.50 14.90 12.80 12.30 13.50 13.30 13.98 12.40 14.81
1.46* 1.50* 1.72* 2.92* 2.14* 2.29* 2.59* 1.58* 1.87* 0.96* 1.65* 1.71* 1.55* 1.36* 2.31* 2.05* 3.42 0.96 4.30
1.02 1.04 1.03 1.71 1.47 1.56 0.43 0.84 1.06 0.52 1.27 1.71 1.17 1.05 1.76 1.35 1.49 0.62 2.32
0.56 0.59 0.56 1.13 0.69 0.87 1.28 0.49 0.68 0.07 0.40 0.62 0.50 0.45 0.77 0.61 0.88 0.11 1.35
4.00 3.66 4.02 4.19 4.03 4.28 2.88 3.44 4.00 3.16 4.09 3.92 3.64 3.58 4.06 3.76 2.79 3.30 4.16
3.49 4.15 3.67 3.43 3.55 2.56 9.70 3.82 4.06 5.67 3.29 3.43 3.51 3.80 2.57 3.70 5.10 4.79 2.29
0.03 0.04 0.03 0.07 0.06 0.06 0.06 0.02 0.04 0.02 0.03 0.06 0.03 0.04 0.04 0.04 0.06 0.04 0.09
0.20 0.20 0.20 0.43 0.23 0.29 0.33 0.17 0.24 0.08 0.21 0.18 0.18 0.16 0.29 0.24 0.56 0.10 0.74
0.05 0.05 0.04 0.11 0.04 0.08 0.10 0.05 0.08 0.04 0.06 0.09 0.04 0.04 0.09 0.08 0.15 0.02 0.17

674 692 698 685 680 590 1540 760 620 300 660 720 1010 910 500 670 795 452 396

14.0 13.0 13.0 20.0 16.0 14.0 18.0

14.0 13.0 13.0 17.0 17.0 17.0 21.0 12.0 17.0 23.0 17.0 15.0 12.0 13.0 15.0 18.0 17.0 14.0 19.0
129.0 157.0 139.0 116.0 136.0 114.0 310.0 127.0 159.0 210.0 151.0 160.0 104.0 101.0 109.0 147.0 192.0 171.0 121.0

95.0 103.0 98.0 151.0 150.0 185.0 145.0 105.0 96.0 60.0 92.0 240.0 135.0 100.0 150.0 125.0 83.0 35.0 143.0

14.00 16.00 15.00 12.00 13.00 16.00 15.00 7.00 13.00 13.00 16.00 11.00 13.00 14.00 12.00 16.00

22.0 28.0 23.0 40.0 24.0 30.0 33.0 16.0 25.0 7.0 21.0 15.0 16.0 12.0 32.0 22.0 45.0 61.0
98.0 105.0 103.0 174.0 90.0 108.0 139.0 69.0 106.0 <50.0 109.0 80.0 82.0 87.0 96.0 98.0 229.0 80.0 255.0
26.0 24.0 25.0 32.0 27.0 31.0 33.0 10.0 32.0 53.0 29.0 24.0 37.0 35.0 17.0 29.0 34.0 30.0 29.0
35.00 49.00 53.00 <10.00

76.0 75.0 75.0 71.0 75.0 68.0 67.0 54.0 76.0 75.0 64.0 76.0

50.0 6.0 21.0 5.0 5.0 10.0 6.0 9.0 18.0 4.0 3.0 52.0 5.0 7.0
22.0 16.0 13.0 22.0 25.0 23.0 33.0 13.0 8.0 27.0 13.0 15.0 32.0 29.0 10.0 30.0
19.0 19.0 23.0 64.0 35.0 36.0 36.0 24.0 26.0 <20.0 25.0 32.0 32.0 28.0 33.0 36.0 52.0 22.0 68.0
<10.0 <10.0 <10.0 <10.0 27.0 19.0 22.0 14.0 7.0 9.0 6.0 <1.0 8.0 5.0 30.0 11.0 10.0 11.0



Reischmann et al. 2001 Reischmann et al. 2001 Reischmann et al. 2001 Reischmann et al. 2001 Huff et al. 2000 Huff et al. 2000 Huff et al. 2000 Huff et al. 2000 Huff et al. 2000 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021
Bol-04 Bol-05 Bol-06 Bol-09 C10 C6 M7 C3-1 C3-2 Kishinjov – 1, Depth 517.0m Pidhaytsi – 1, Depth 1090.0m Pidhaytsi – 1, Depth 1090.0m Vilhovets – 6, Depth 138.0m Horodok – 9, Depth 390.0m Ustya – 7, Depth 131.0m Trybchyn – 65, exposure Trybchyn – 65, exposure Trybchyn – 64, exposure Zavadivka – 6, Depth 1249.5m Kudryntsi – 166, exposure

77.82 68.18 76.89 65.35 40.50 55.30 52.30 53.70 54.10 56.50 54.80 55.10 56.20 63.70 54.10 40.20 56.00 57.90 54.90 54.90
12.26 14.84 11.51 16.10 18.40 20.20 20.30 21.20 21.80 21.20 22.20 22.60 20.80 19.80 21.20 13.20 22.40 18.40 23.40 22.70
0.72 4.78 1.86 6.39 3.63 0.97 3.17 1.44 1.19 1.13 2.33 1.75 1.46 1.44 1.97 0.74 1.06 1.33 2.29 2.29
0.48 1.95 0.44 2.59 12.6 0.64 2.45 1.05 0.55 0.77 0.18 0.17 0.51 0.18 1.23 19.46 0.35 1.64 0.37 0.55
0.08 1.51 0.30 1.85 3.22 4.92 3.11 4.58 4.84 5.23 5.00 5.01 5.97 4.47 5.71 4.08 5.83 6.37 3.84 5.10
2.91 4.50 1.88 3.47 0.01 0.01 0.05 0.06 0.02
5.16 2.18 6.40 3.05 6.11 8.89 8.88 7.41 7.76 8.55 8.10 8.38 8.18 6.61 7.79 6.10 7.78 7.80 7.33 8.18
0.02 0.09 0.04 0.10 0.003 0.005 0.005 0.006 0.003 0.009 0.0012 0.003 0.003 0.005 0.006
0.12 0.78 0.15 0.96 0.18 0.35 0.28 0.21 0.20 0.22 0.247 0.233 0.256 0.172 0.239 0.103 0.171 0.142 0.304 0.409
0.02 0.21 0.10 0.13 0.01 0.10 0.03 0.04 0.03 0.07 0.06 0.06 0.11 0.07 0.06 0.06 0.04 0.03 0.07 0.10

149 468 356 792 120 130 260 190 140 68 184 198 153 70 105 82 140 124 320 149
2.0 3.0 2.0 2.0 3.0

15.9 12.8 15.5 16.3 15.0
10.0 18.0 14.0 21.0 8.0 11.0 11.0 12.0 12.0 26.0 28.0 27.0 29.0 23.0 27.0 14.0 26.0 22.0 27.0 19.0

7.0 9.2 8.0 7.8 8.9
6.0 18.0 9.0 19.0 18.0 25.0 27.0 31.0 31.0 29.0 34.0 31.0 28.0 17.0 19.0 13.0 22.0 17.0 20.0 23.0
104.0 95.0 174.0 117.0 171.0 215.0 180.0 212.0 214.0 180.0 222.0 225.0 230.0 216.0 226.0 131.0 239.0 251.0 241.0 206.0

74.0 158.0 54.0 165.0 66.0 35.0 45.0 52.0 47.0 50.0 152.0 141.0 47.0 172.0 109.0 104.0 21.0 26.0 170.0 341.0
2.2 1.8 2.9 2.2 2.6
13.0 31.0 17.0 26.0 25.0 16.0 24.0 18.0 26.0 15.0 17.0 15.0 22.0 22.0 18.0 15.0
3.2 5.1 2.7 3.6 3.2 5.0 7.0 3.0 11.0 7.0 6.0 5.0 6.0 5.0 9.0 2.0

59.0 7.0 8.0 8.0 7.0 3.0
80.0 283.0 83.0 283.0 130.0 260.0 210.0 210.0 230.0 162.0 171.0 157.0 162.0 125.0 150.0 94.0 145.0 115.0 144.0 251.0
16.0 29.0 26.0 26.0 14.0 26.0 30.0 28.0 25.0 10.0 17.0 16.0 17.0 40.0 21.0 81.0 18.0 16.0 45.0 21.0

7.30 12.60 25.70 22.50 22.70 14.00 28.00 <15.00 33.00 22.00 46.00 36.00 22.00 15.00 43.00 18.00
16.9 31.7 53.2 44.9 46.1 <15.0 18.0 17.0 14.0 49.0 24.0 48.0 38.0 30.0 51.0 66.0
2.0 4.0 6.3 5.2 5.2
7.5 15.5 23.8 18.8 19.4
1.6 3.2 4.9 3.6 3.5
0.23 0.31 0.54 0.40 0.29
1.7 3.7 5.4 4.0 4.0
0.3 0.7 0.9 0.7 0.6
1.6 3.6 4.4 3.5 3.4
0.35 0.77 0.95 0.77 0.75
1.3 2.4 2.8 2.5 2.4
0.2 0.4 0.5 0.4 0.4
1.4 2.7 3.0 3.0 2.8
0.24 0.41 0.45 0.45 0.45

5.1 8.9 4.8 3.1 12.6
43.0 8.0 15.0 4.0 2.0 <10.0 12.0 <10.0 12.0 <10.0 <10.0 <10.0 <10.0 <10.0 10.0 <10.0

11.0 57.0 22.0 87.0 12.0 8.3 15.0 16.0 11.0 15.0 17.0 14.0 15.0 15.0 17.0 10.0 9.0 9.0 19.0 20.0
11.0 20.0 14.0 3.0 7.0 9.0 6.0 23.0 25.0 11.0 8.0 6.0 8.0 3.0 4.0 9.0 26.0 18.0

0.64 1.6 16.0 3.6 1.3 7.0 12.0 3.0 6.0 5.0 6.0 3.0 2.0 3.0 3.0 8.0
0.6 0.3 0.8 0.4 0.8
1.6 0.5 0.8 0.4 0.3
0.5 0.7 0.2 0.4 0.4
1.5 0.6 1.6 0.7 0.7



Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021
Pidhaytsi – 1, Depth 1143.6m Okopy-Bilivtsi – 46, exposure Pidhaytsi – 1, Depth 1144.6m Zavadivka – 1, Depth 1364.0m Pryhorodok – 117, exposure Pryhorodok – 107, exposure Pidhaytsi – 1, Depth 1148.3m Zavadivka – 6, Depth 1281.5m Vilhovets – 6, Depth 183.0m Kishinjov – 1, Depth 553.5m Zavadivka – 6, Depth 1289.3m Kishinjov – 1, Depth 560.5m Pidhaytsi – 1, Depth 1188.0m Bernove-Okopy – 5, Depth 48.6m Ustya – 7, Depth 281.0m Vilhovets – 6, Depth 248.0m

54.00 55.80 54.60 53.80 58.30 58.00 54.40 59.30 56.80 57.10 60.90 57.30 51.10 56.60 60.00 57.10
21.90 22.10 21.20 23.60 21.90 21.80 22.70 21.60 19.20 20.30 20.30 21.80 21.70 19.90 16.50 19.70
1.53 1.50 1.44 2.86 0.87 0.86 2.76 2.05 1.73 0.90 1.94 1.92 1.96 1.87 1.76 1.68
1.79 0.58 0.70 0.55 0.45 0.48 0.23 0.54 0.33 0.24 0.96 0.32 3.13 0.47 0.67 0.33
5.48 4.90 5.84 4.96 5.15 4.95 5.17 4.08 6.46 6.20 3.84 5.39 5.05 5.63 6.47 6.26

8.00 8.73 8.09 7.48 8.95 9.25 8.07 6.85 8.29 8.85 6.40 8.94 7.51 8.62 9.17 8.71
0.008 0.002 0.004 0.013 0.002 0.002 0.024 0.007 0.009 0.003 0.009 0.014 0.010 0.006 0.005 0.005
0.320 0.301 0.215 0.469 0.350 0.356 0.559 0.296 0.272 0.194 0.274 0.344 0.301 0.339 0.202 0.259
0.09 0.08 0.03 0.14 0.08 0.09 0.13 0.06 0.14 0.03 0.06 0.08 0.06 0.22 0.35 0.14

178 71 109 441 69 113 441 315 234 54 268 256 190 212 185 156

22.0 18.0 23.0 22.0 21.0 23.0 22.0 27.0 18.0 21.0 25.0 17.0 20.0 21.0 19.0 23.0

23.0 20.0 28.0 23.0 20.0 21.0 23.0 29.0 16.0 25.0 29.0 19.0 25.0 33.0 25.0 31.0
224.0 204.0 222.0 238.0 202.0 194.0 217.0 226.0 222.0 191.0 205.0 192.0 212.0 225.0 238.0 215.0

144.0 14.0 156.0 234.0 28.0 31.0 112.0 164.0 817.0 232.0 161.0 101.0 166.0 98.0 47.0 32.0

23.0 26.0 27.0 21.0 32.0 31.0 25.0 17.0 9.0 20.0 16.0 22.0 23.0 16.0 14.0 16.0
4.0 5.0 5.0 8.0 4.0 4.0 5.0 9.0 8.0 2.0 7.0 5.0 9.0 6.0 8.0 6.0

250.0 275.0 239.0 277.0 222.0 225.0 343.0 146.0 144.0 187.0 147.0 238.0 148.0 256.0 155.0 200.0
20.0 8.0 13.0 47.0 16.0 20.0 48.0 36.0 22.0 13.0 29.0 27.0 14.0 43.0 43.0 32.0
44.00 17.00 33.00 44.00 31.00 41.00 <15.00 42.0 23.0 19.0 30.0 26.0 13.0 25.0 40.0 21.0
17.0 <15.0 28.0 38.0 38.0 24.0 40.0 31.0 31.0 <15.0 20.0 27.0 15.0 34.0 22.0 29.0

17.0 7.0 19.0 <10.0 12.0 11.0 13.0 8.0 <10.0 <10.0 <10.0 <10.0 24.0 <10.0 <10.0 8.0
19.0 18.0 12.0 27.0 12.0 13.0 34.0 24.0 18.0 12.0 32.0 21.0 15.0 15.0 16.0 12.0
14.0 9.0 10.0 17.0 4.0 13.0 20.0 22.0 7.0 13.0 21.0 15.0 20.0 13.0 8.0 7.0
5.0 8.0 7.0 2.0 4.0 5.0 5.0 5.0 2.0 5.0 4.0 5.0 8.0 2.0 9.0 4.0



Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021 Kiipli 2021
Okopy – 5, Depth 42.0m Kishinjov – 1, Depth 607.0m Pidhaytsi – 1, Depth 1252.0m Sokil – 10, exposure Pudlivtsi – 92, exposure

56.50 57.30 62.00 56.00 55.90
20.20 17.60 17.60 21.30 21.90
1.75 1.56 1.80 1.42 2.66
0.46 0.75 0.71 0.33 0.36
6.04 6.94 4.84 5.82 4.33

8.56 8.66 7.36 8.29 9.24
0.005 0.005 0.006 0.002 0.004
0.229 0.219 0.262 0.413 0.434
0.25 0.22 0.24 0.09 0.09

157 129 247 60 161

24.0 19.0 17.0 21.0 15.0

28.0 26.0 27.0 25.0 24.0
234.0 218.0 222.0 213.0 179.0

90.0 74.0 106.0 22.0 21.0

11.0 14.0 19.0 44.0 42.0
5.0 11.0 6.0 9.0 7.0

149.0 152.0 185.0 288.0 296.0
29.0 39.0 55.0 19.0 24.0
<15.00 54.0 24.0 39.0 15.0
49.0 29.0 30.0 57.0 <15.0

<10.0 <10.0 8.0 9.0 <10.0
11.0 19.0 26.0 13.0 12.0
3.0 7.0 8.0 3.0 18.0
2.0 7.0 4.0 5.0 3.0


