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X-ray flu o res cence anal y ses of sixty-one K-ben ton ite sam ples from the Lud low-Pridoli sec tions of west ern Ukraine and
Moldova were used for cor re la tion and source magma in ter pre ta tion. The study re veals that source mag mas of K-bentonites
were low-tem per a ture (~720oC) rhyolites in di cat ing melt ing of con ti nen tal crust dur ing subduction of a hy drated oce anic
plate. Vol ca nic sources were prob a bly lo cated within the de vel op ing Scythian Plat form em brac ing the southeast ern mar gin
of the East Eu ro pean Plat form. The pres ent study dem on strates the po ten tial of us ing im mo bile el e ments for cor re lat ing vol -
ca nic ash lay ers be tween dif fer ent sec tions.
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INTRODUCTION

Vol ca nic ashes gen er ated by erup tions in tec toni cally ac tive
ar eas fre quently reach calm sed i men ta tion ar eas on sta ble plat -
forms. These ashes form thin K-ben ton ite interbeds in sed i men -
tary sec tions, of fer ing an op por tu nity for iso to pic dat ing of
biostratigraphically well-char ac ter ized sec tions (Bergström et al., 
2008; Cramer et al., 2012, 2015), pre cise cor re la tions (Kiipli et
al., 2010), tectono-mag matic in ter pre ta tion of vol ca nic pro -
cesses in source ar eas (Huff et al., 2000; Hannon and Huff,
2019; Kiipli et al., 2020), de ci pher ing of diagenetic his tory of bas -
ins (Œrodon et al., 2009) and fa cies anal y ses (Hong et al., 2019).

Vol ca nic ash beds from the south west ern mar gin of the
East Eu ro pean Plat form were pre vi ously stud ied by Tsegelnyuk 
et al. (1983) who iden ti fied their strati graphic po si tion and as -
signed strati graphic in di ces. The clay min er al ogy of the
Podillyan K-bentonites was stud ied by Huff et al. (2000). Geo -
chem i cal data were pub lished by Huff et al. (2000) (5 sam ples),
Kiipli et al. (2000b) (16 sam ples) and Kaljo et al. (2014) (8 sam -
ples). In the pres ent study we have ana lysed an ad di tional 32
K-ben ton ite sam ples us ing XRF. New ma te ri als, with the in cor -
po ra tion of data from pre vi ous pa pers, il lus trate the po ten tial of
K-bentonites for geo chem i cal cor re la tion of sec tions. More -
over, the ar ti cle of fers a new in ter pre ta tion of tectono-mag matic 
pro cesses at the mar gins of the Baltica palaeocontinent us ing
new an a lyt i cal in for ma tion.

GEOLOGICAL BACKGROUND

K-bentonites were de pos ited in the Si lu rian shelf at the
south west ern mar gin of the Baltica palaeocontinent ad ja cent to
the Pa leo zoic Rheic Ocean, now be long ing to the Podillya and
Volyn re gions (Ukraine) and Moldova (Fig. 1). Si lu rian sec tions,
rep re sented by shal low wa ter lime stones, dolomites and
marlstones, are ex posed along the Dniester River banks in the
Podillya re gion (Tsegelnyuk, 1980a, b; Tsegelnyuk et al., 1983;
£uczyñski et al., 2016). The thick ness of the Si lu rian sec tion in
these ex po sures, from Telychian to Pridoli, ex ceeds 300 m. In
the Korneshty-2m core from Moldova, the thick ness of the Si lu -
rian sec tion is 297 m, with gyp sum as well as lime stones and
dolomites oc cur ring in the Up per Lud low, in di cat ing an arid cli -
mate (Kiipli et al., 2000b). Gyp sum has also been re corded in
bore hole cores drilled in the north erly Volyn re gion (Kaljo et al.,
2014). Radkovets (2015) de scribed la goonal, reef and open
shelf fa cies ex tend ing from east to west. The thick ness of open
shelf fa cies in creases quickly to wards the west reach ing
1400 m. Open shelf fa cies in bore hole cores are rep re sented by 
marlstones, ar gil la ceous lime stones and shales that fre quently
con tain some or ganic mat ter. Si lu rian ex po sures in the Podillya
Re gion fre quently in clude car bon ate grainstones with bioherms
con tain ing cor als, stromatoporoids and other fos sils re flect ing a
shal low-wa ter high-en ergy en vi ron ment. These rocks al ter nate
cy cli cally with dolomites of la goonal or i gin and open-shelf ar gil -
la ceous lime stones (£uczyñski et al., 2016). K-bentonites oc cur 
mainly in the Malynivtsi and Rukshyn re gional se ries that cor re -
late with the Lud low and Pridoli (Fig. 2). The thick ness of these
al tered vol ca nic ash lay ers var ies, com monly from a few milli -
metres to 20 cm, with a max i mum of 50 cm. Cor re la tion of the
re gional stra tig ra phy with global units has long been dis cussed.
Car bon iso tope stud ies by Kaljo et al. (2007, 2012) re vealed
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four pos i tive ex cur sions, pre vi ously known from other re gions of 
the world, these giv ing sig nif i cant con fi dence of cor re la tion of
the Ukrai nian sec tions with global stra tig ra phy.

MATERIAL AND METHODS

K-ben ton ite sam ples col lected by P.D. Tsegelnyuk in the
1970s and sent to E. Jürgenson (Es to nia) for mi cro scopic
anal y sis were used in this study. Sub se quently, these sam -
ples were stored in Es to nian geo log i cal col lec tions
(http://geocollections.info), where sam pling lo cal i ties and
strati graphic in for ma tion are avail able. Six teen sam ples of this 

col lec tion have been ana lysed us ing X-ray flu o -
res cence (XRF) and X-ray diffractometry, the re -
sults be ing pub lished in Kiipli et al. (2000b). In the 
pres ent study the re main ing 32 sam ples were
ana lysed by stan dard XRF method for ma jor and
trace el e ments (Ap pen dix*). For the cal i bra tion
pro fi ciency test, sam ples from the In ter na tional
As so ci a tion of Geoanalysts and Es to nian geo -
chem i cal ref er ence ma te ri als were used (Kiipli et
al., 2000a). Ac cu racy of data is better than ±2%
of con cen tra tion for ma jor com po nents and
better than ±5% for im mo bile trace el e ments
>20 ppm.

RESULTS

MAJOR COMPONENT GEOCHEMISTRY 
AND MINERALOGY OF THE K-BENTONITES

Vol ca nic ash con sist ing mostly of un sta ble
glass rap idly changes in sed i men tary en vi ron -
ments, los ing the pri mary ig ne ous rock sig na tures
(Huff et al., 1998; Kiipli et al., 2017). Data in the
Ap pen dix show low con tents of SiO2 com pared
with com mon acidic ig ne ous rocks and high con -
tents of Al2O3 and K2O. Com po si tions of K-
 bentonites dif fer also from com mon sed i men tary
rocks. Plot ting Ukrai nian and Moldovian K-bento -
nites in a Al2O3-K2O di a gram, used in a study of
Balto-Scandian K-bentonites (Kiipli et al., 2010),
re veals sim i larly high Al2O3 and K2O con tents in
both re gions (Fig. 3) sup port ing a vol ca nic or i gin
for the Ukrai nian and Moldovian clay-rich inter -
beds. A vol ca nic or i gin was pre vi ously in di cated
by clay min er al ogy (mixed layer illite-smectite) and 
the find ing of vol ca nic pheno crysts (Huff et al.,
2000). Grain frac tions con sist mostly of quartz and 
feld spar. Bi o tite and zir con pheno crysts dom i nate
among heavy min er als, with rare ap a tite (Kiipli et
al., 2000b).

GEOCHEMICAL CORRELATION

Due to the fun da men tal change in pri mary
com po si tion, only re sis tant pheno crysts like ap a tite (Bat che lor
and Ev ans, 2000) or im mo bile el e ments of bulk K-ben ton ite can 
be used in cor re la tion. Ac cord ing to Kiipli et al. (2017) among
the el e ments eas ily ana lysed by XRF in bulk ben ton ite, only
Al2O3, TiO2, Nb, Zr and Th have low enough mo bil ity in sed i -
men tary en vi ron ments to be of use in cor re la tion stud ies. Dai et
al. (2017) men tioned that Ti shows mo bil ity dur ing al ter ation of
vol ca nic ash in coal-bear ing se quences. In the Bal tic Ba sin our
re search team (Kiipli et al., 2014) noted also microscale mo bil ity 
of Ti as authigenic ana tase form ing in K-bentonites with high
TiO2. Still we con sider TiO2 suit able for cor re la tion stud ies if the
thick ness of lay ers ex ceeds some milli metres pre vent ing sig nif i -
cant es cape of Ti. Cor re la tion stud ies may be com pli cated by
spo radic pres er va tion of thin ash beds and by the sim i lar ity of
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Fig. 1A – study area; B – ex po sure area of Si lu rian rocks along
 the Dniester River banks in Podillya
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trace el e ment com po si tions in beds orig i nat ing from dif fer ent
erup tions (Kiipli et al., 2010).

Cor re la tion of the Malynivtsi Se ries (Lud low) K-bentonites is
shown in Fig ure 4. Field de ter mi na tions of ash layer in di ces by
P.D. Tsegelnyuk are marked within oval sym bols and small bar
charts visu al ise im mo bile el e ment ra tios. El e ment ra tios were
cal cu lated fol low ing Kiipli et al. (2013): TiO2/Al2O3 × 50,
Zr[ppm]/Al2O3[%] × 0.1, Nb[ppm]/Al2O3[%], Th[ppm]/Al2O3[%].
To achieve com pa ra ble el e ment ra tios on the bar charts, co ef fi -
cients were ap plied to some ra tios. The per fect sim i lar ity of trace
el e ment spec tra in dif fer ent lo ca tions over a dis tance of 500 km
for the M5 ben ton ite is re mark able, sup port ing pre vi ous cor re la -
tion. Sim i lar trace el e ment spec tra, that dif fer from those of other
lay ers, oc cur also for the pre vi ously cor re lated M1, M2 and M9.
Thus, the cor re la tions in Fig ure 4 show that im mo bile trace el e -
ment spec tra can be used for seek ing and dem on strat ing K-ben -
ton ite cor re la tions in Ukrai nian and Moldovian sec tions.

A more com pli cated sit u a tion is shown in Fig ure 5 where the 
Rukshyn Se ries (Up per Lud low–Pridoli) ash beds oc cur. Us ing
pre vi ous field de ter mi na tions of ben ton ite cor re la tions, marked
by in di ces within oval sym bols, we of ten dis cover clearly dif fer -
ent trace el e ment spec tra at dif fer ent lo cal i ties. Con sid er ing the
many vol ca nic erup tions and their spo radic pres er va tion in sec -
tions it is ob vi ous that some ear lier pre lim i nary cor re la tions
must be re as sessed. Dot ted lines in Fig ure 5 rep re sent new
cor re la tions pro posed on the ba sis of sim i lar ity of trace el e ment
spec tra. For ex am ple C3 and C5 from the stratotype ex po sure
area cor re late most likely with vol ca nic ash beds pre vi ously as -
signed to higher strati graphic lev els in Moldova. This cor re la tion 

re mains pro vi sional and needs fur ther stud ies with geo chem i cal 
data from more lo cal i ties, both from ex po sures and from bore -
hole cores, to achieve higher con fi dence.

INTERPRETATION OF SOURCE MAGMA

As with cor re la tions, only im mo bile el e ment ra tios can be
used for source magma in ter pre ta tion, due to sub stan tial diage -
netic loss and gain of vol ca nic ash com po nents. Us ing
TiO2/Al2O3 ra tio as a frac tion ation in dex and Nb/Al2O3 ra tio as
an al ka lin ity in dex (Kiipli et al., 2020) the Si lu rian bentonites of
Ukraine and Moldova clearly orig i nated from rhyolitic source
mag mas (Fig. 6). This in ter pre ta tion dif fers from a pre vi ous sug -
ges tion of trachyandesitic com po si tion (Huff et al., 2000; Kiipli et 
al., 2000b) based on the Nb/Y-Zr/Ti di a gram by Winchester and 
Floyd (1977). Rhyolitic source magma seems more prob a ble,
as stud ies have dem on strated mo bil ity and loss of Y dur ing the
con ver sion of vol ca nic ash to bentonites (Christidis, 1998; Kiipli
et al., 2017). There fore use of the Nb/Y-Zr/Ti di a gram fre -
quently leads to the over es ti ma tion of the role of al ka line
magmatism. 

The tem per a ture of gra nitic source mag mas can be es ti -
mated us ing zir con sat u ra tion ther mom e try (Wat son and Har ri -
son, 1983). This is based on the sol u bil ity of zir con in fel sic
non-peralkaline melts be ing too low for com plete dis so lu tion of
zir con dur ing par tial melt ing of most po ten tial source rocks in
the deep crust. Ac cord ingly, zir con sat u ra tion is likely. In a zir -
con-sat u rated par tial melt the con cen tra tion of zir co nium
strongly de pends on the tem per a ture and less so on the melt
com po si tion. In strongly al tered vol ca nic rocks such as bento -
nites, pos si bil i ties for ac cu rate cal cu la tion of source magma
tem per a tures are lim ited. Kiipli et al. (2020) per formed an ap -
prox i mate cal i bra tion of zir con sat u ra tion ther mom e try in the
TiO2/Al2O3-Zr/Al2O3 di a gram. Al though the method is not very
pre cise, due to un cer tain ties ris ing from the pos si ble pres ence
of in her ited zir cons, and cases of un sat u rated melts, it still en -
ables pro vi sional dis crim i na tion of low and high tem per a ture
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Fig. 2. Si lu rian stra tig ra phy in the ex po sure area in Podillya

Strati graphic units, vol ca nic ash bed in di ces and thick nesses of
K-bentonites are from Tsegelnyuk (1980a, b), Tsegelnyuk et al.
(1983) and Kaljo et al. (2007). The strati graphic po si tion of car bon
iso tope ex cur sions and cor re la tion with global stra tig ra phy are given 
ac cord ing to Kaljo et al. (2007, 2012). Iso to pic dates are from
Cramer et al. (2015) 

Fig. 3. Data from Si lu rian vol ca nic ash beds from the
south-west ern part of the East Eu ro pean Plat form on
an Al2O3-K2O chart, com posed us ing data from the
Bal tic Ba sin

 Black dots – M se ries K-bentonites, 
cir cles – C se ries K-bentonites



non-peralkaline fel sic source mag mas. Plot ting the Si lu rian
bentonites of Ukraine and Moldova on this di a gram re veals the
low tem per a ture na ture of the magmatism (670–770oC, on av -
er age 720oC; Fig. 7). The tem per a ture es ti mated from bulk rock 
com po si tion re fers to par tial melt ing. Pre-erup tion tem per a tures 
may have been some what lower. The abun dance of bi o tite
pheno crysts in the bentonites (Kiipli et al., 2000b) sug gests a
wa ter-rich source magma. Low tem per a ture and an abun dance 
of wa ter in the mag mas in di cate or i gin at a subduction zone,
where hy drated oce anic crust car ries wa ter into the man tle
caus ing a low er ing of rock melt ing tem per a tures. 

DISCUSSION ON VOLCANIC SOURCE AREAS 
AND RELATION TO PLATE MOVEMENTS

Si lu rian vol ca nism was com mon ev ery where around the
clos ing Pa leo zoic Iapetus Ocean (Huff et al., 2000). To wards
the mid dle of the Lud low Ep och, vol ca nic ac tiv ity ended in most
re gions be cause of the fi nal clo sure of the Iapetus Ocean and
con ti nen tal col li sion (Fig. 8). The south west ern mar gin of the
Baltica Plate is ex cep tional in this re spect – the vol ca nic re cord
in strata starts from the end of the Wen lock, and Lud low–Pridoli
sec tions con tain nu mer ous interbeds of vol ca nic or i gin. It is rea -
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Fig. 4. Cor re la tion of the Malynivtsi Se ries (Lud low) K-bentonites

Pre vi ous cor re la tions based on litho- and biostratigraphy (indeces in side ovals) are in a good cor re spon dence 
with geo chem i cal com po si tions (bar charts); for the de tails of bar chart cal cu la tion, see the text
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Fig. 5. Cor re la tion of Rukshyn Se ries (Up per Lud low–Pridoli) K-bentonites

For ex pla na tions see Fig ure 4; geo chem is try sug gest that the pre lim i nary field de ter mi na tion of cor re la tions
 (in di ces within ovals) needs cor rec tion
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Fig. 7. Data from K-bentonites from the south west ern 
part of the East Eu ro pean Plat form

 on a TiO2/Al2O3-Zr[ppm]/Al2O3[%] chart (Kiipli et al., 2020)

For ex pla na tions see Fig ure 6

Fig. 8. Oc cur rence of vol ca nic ash beds in Si lu rian sec tions
around the clos ing Iapetus Palaeoocean and at the south west -
ern mar gin of the Baltica palaeocontinent ac cord ing to Huff et
al. (2000) and Trela et al. (2018)

The vol ca nic re cord of the southwest ern part of the East Eu ro pean 
Plat form starts at the time when vol ca nism around 

the Iapetus Ocean ends

Fig. 6. Data from K-bentonites from the south west ern
 part of the East Eu ro pean Plat form 

on a TiO2/Al2O3-Nb[ppm]/Al2O3[%] chart (Kiipli et al., 2020)

Black dots – M se ries lay ers, cir cles – C se ries lay ers; im mo bile
el e ment ra tios in di cate rhyolitic source mag mas



son able to sup pose that ex ten sion in the Pa leo zoic Rheic
Ocean, lead ing to the col li sion of Baltica and Avalonia with
Laurentia, con tin ued af ter wards. Tec tonic pres sure caused the
for ma tion of a new subduction zone in the south east ern side of
Baltica, sup ply ing vol ca nic ash to nearby Late Si lu rian sed i -
men tary en vi ron ments (Fig. 9). The south east ern bor der of the
East Eu ro pean Plat form is ad joined by a nar row zone hav ing
mostly Pa leo zoic base ment and termed the Scythian Plat form
(south ern Ukraine and Rus sia), now deeply bur ied un der youn -
ger de pos its (Starostenko et al., 2015). The age of the meta -
mor pho sed base ment in the Scythian Plat form is not well-
 known. Golonka (2002) re ported ages be tween 470–410 Ma,
and Staro stenko et al. (2015) sug gested var i ous ages from
Ediacaran to Me so zoic, but mostly Variscan. The rhyolitic com -
po si tion and the low tem per a ture or i gin of the East Ukrai nian
K-ben ton ite source mag mas in di cate par tial melt ing of con ti -
nen tal crust. The vol ca nism most likely orig i nated from sub -
duction of Rheic oce anic crust un der the form ing Scythian Plat -
form. Huff et al. (2000) also fa voured a south ern di rec tion for
the or i gin of vol ca nic ash and pro posed the Mugodzhar arc in
Tur key as a po ten tial vol ca nic source.

An other po ten tial source of vol ca nic ma te rial is the Cen tral
Eu ro pean Caledonides, al beit a less likely one as Lud low age
vol ca nic ash beds in the Holy Cross Moun tains (di rectly to the
west of Volyn) are rel a tively thin – mostly 2–5 cm, reach ing
10 cm in one case (Trela et al., 2018). For com par i son, the M-5
vol ca nic ash layer in the Lokachy-9 bore hole core (north of Lviv
city) is 50 cm thick (Tsegelnyuk, 1980a).

Si lu rian vol ca nic ashes in the Bal tic Ba sin oc cur up to the
Lower Lud low (Kiipli et al., 2011). The thick ness of the Lower

Lud low K-bentonites in creases to wards the north in di cat ing a
source from the Caledonides be tween Baltica and Laurentia.
Pridoli age vol ca nic ashes have not been re corded within the
Bal tic Ba sin.

CONCLUSIONS

Geo chem i cal cor re la tion of K-bentonites of the Malynivtsi
Se ries (Lud low) is in good ac cor dance with pre vi ous cor re la -
tions bas ing on litho- and biostratigraphy. Geo chem i cal data on
K-bentonites of the Rukshyn Se ries (Lud low–Pridoli) in di cate
that pre vi ous pre lim i nary cor re la tions need to be re as sessed.
The pres ent study of fers a new in ter pre ta tion of tectono-mag -
matic pro cesses at the mar gins of the Pa leo zoic Baltica plate
us ing new an a lyt i cal in for ma tion. Source mag mas of K-
 bentonites were low tem per a ture (~720oC) rhyolites sourced
from melt ing of con ti nen tal crust. Vol ca nic sources were lo cated 
prob a bly within the de vel op ing Scythian Plat form in a nar row
zone at the south-east ern mar gin of the East Eu ro pean Plat -
form.

Ac knowl edge ments. Many thanks to P.D. Tsegelnyuk for
con sul ta tions and co op er a tion sev eral years ago and for sup -
ply ing me with rare pub li ca tions about the Si lu rian of Ukraine
and Moldova. W. Huff, N. Radkovets and an anon y mous re -
viewer helped to im prove the manu script. H. Soosalu and M.-L.
Kiipli cor rected the lan guage. I am grate ful to late K. Orlova,
who per formed the XRF anal y ses of the K-bentonites. 
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 Fig. 9. Palaeo ge ogra phy at the end of the Si lu rian Pe riod 

Baltica, Avalonia and Laurentia have col lided and the Iapetus Palaeocean be -
tween them has closed (McKerrow et al., 1991; Golonka, 2002); con tin u a tion of
ex ten sion in the south ern Rheic Palaeocean forced the open ing of a new
subduction zone and trig gered vol ca nism at the south east ern bor der of Baltica
within the Scythian Plat form that was be ing formed. Num bers in side white cir -
cles rep re sent the max i mum thick ness [cm] of Lud low-Pridoli K-bentonites in a
par tic u lar re gion



REFERENCES

Bat che lor, R.A., Ev ans, J., 2000. Use of stron tium iso tope ra tios
and rare earth el e ments in ap a tite microphenocrysts for char ac -
ter iza tion and cor re la tion of Si lu rian metabentonites: a Scan di -
na vian case study. Norsk Geologisk Tidsskrift, 80: 3–8.

Bergström, S.M., Toprak, F.Ö., Huff, W.D., Mundil, R., 2008. Im pli -
ca tions of a new, biostratigraphically well-con trolled, ra dio-iso -
to pic age for the lower Telychian Stage of the Llandovery Se ries
(Lower Si lu rian, Swe den). Ep i sodes, 31: 309–314.

Christidis, G.E., 1998. Com par a tive study of the mo bil ity of ma jor
and trace el e ments dur ing al ter ation of an an de site and a rhy o -
lite to ben ton ite, in the Is lands of Milos and Kimolos, Aegean,
Greece. Clays and Clay Min er als, 46: 379–399.

Cramer, B.D., Con don, D.J., Söderlund, U., Mar shall, C.,
Worton, G.J., Thomas, A.T., Calner, M., Ray, D.C., Perrier, V.,
Boom er, I., Patchett, P.J., Jeppsson, L., 2012. U-Pb (zir con)
age con straints on the tim ing and du ra tion of Wen lock (Si lu rian)
paleocommunity col lapse and re cov ery dur ing the “Big Cri sis”.
GSA Bul le tin, 124: 1841–1857. 

Cramer, B.D., Mark D., Schmitz, M.D., Huff, W.D., Bergström,
S.M., 2015. High-pre ci sion U-Pb zir con age con straints on the
du ra tion of rapid biogeochemical events dur ing the Lud low Ep -
och (Si lu rian Pe riod). Jour nal of the Geo log i cal So ci ety, 172:
157–160.

Dai, S., Ward, C.R., Gra ham, I.T., French, D., Hower, J.C., Zhao,
L., Wang, X., 2017. Al tered vol ca nic ashes in coal and coal-
 bear ing se quences: a re view of their na ture and sig nif i cance.
Earth-Sci ence Re views, 175: 44–74.

Golonka, J., 2002. Plate-tec tonic maps of the Phanerozoic. SEPM
Spe cial Pub li ca tion: 72: 21–75.

Hannon, J.S., Huff, W.D., 2019. As sess ing the pres er va tion and
prov e nance of Sr and Nd iso to pic sig na tures in Cre ta ceous vol -
ca nic ash beds. Lithos, 346–347: 105–145.

Hong, H., Algeo, T.J., Fang, Q., Zhao, L., Ji, K., Yin, K., Wang, C.,
Cheng, S., 2019. Fa cies de pend ence of the min er al ogy and
geo chem is try of al tered vol ca nic ash beds: an ex am ple from
Perm ian-Tri as sic tran si tion strata in south west ern China.
Earth-Sci ence Re views, 190: 58–88.

Huff, W.D., Bergström, S.M., Kolata, D.R., Sun, H., 1998. The
Lower Si lu rian Osmundsberg K-ben ton ite. Part II: Min er al ogy,
geo chem is try, chemostratigraphy and tectonomagmatic sig nif i -
cance. Geo log i cal Mag a zine, 135: 15–26. 

Huff, W.D., Bergström, S.M., Kolata, D.R., 2000. Si lu rian K-
 bentonites of the Dnestr Ba sin, Podolia, Ukraine. Jour nal of the
Geo log i cal So ci ety, 157: 493–504.

Kaljo, D., Grytsenko, V., Martma, T., Mõtus, M.A., 2007. Three
global car bon iso tope shifts in the Si lu rian of Podolia (Ukraine):
strati graphi cal im pli ca tions. Es to nian Jour nal of Earth Sci ences, 
56: 205–220.

Kaljo, D., Martma, T., Grytsenko, V., Brazauskas, A., Kaminskas, 
D., 2012. Pridoli car bon iso tope trend and up per Si lu rian to low -
er most De vo nian chemostratigraphy based on sec tions in
Podolia (Ukraine) and the East Bal tic area. Es to nian Jour nal of
Earth Sci ences, 61: 162–180.

Kaljo, D., Grytsenko, V., Kallaste, T., Kiipli, T., Martma, T., 2014.
Up per Si lu rian stra tig ra phy of Podolia re vis ited: car bon iso -
topes, bentonites and biostratigraphy. GFF, 136: 136–141.

Kiipli, T., Bat che lor, R.A., Bernal, J.P., Cow ing, C., Hagel-
 Brunnstrom, M., Ingham, M.N., John son, D., Kivisilla, J.,
Knaack, C., Kump, P., Lozano, R., Michiels, D., Orlova, K.,
Pirrus, E., Rous seau, R.M., Ruzicka, J., Sandstrom, H., Wil -
lis, J.P., 2000a. Seven sed i men tary rock ref er ence sam ples
from Es to nia. Oil Shale, 17: 215–223.

Kiipli, T., Tsegelnyuk, P.D., Kallaste, T., 2000b. Vol ca nic interbeds
in the Si lu rian of the south west ern part of the East Eu ro pean
Plat form. Pro ceed ings of the Es to nian Acad emy of Sci ences,
Ge ol ogy, 49: 163–176. 

Kiipli, T., Kallaste, T., Nestor, V., 2010. Com po si tion and cor re la -
tion of vol ca nic ash beds of Si lu rian age from the east ern Bal tic.
Geo log i cal Mag a zine, 147: 895–909.

Kiipli, T., Einasto, R., Kallaste, T., Nestor, V., Perens, H., Siir, S.,
2011. Geo chem is try and cor re la tion of vol ca nic ash beds from
the Rootsiküla Stage (Wen lock-Lud low) in the east ern Bal tic.
Es to nian Jour nal of Earth Sci ences, 60: 207–219.

Kiipli, T., Kallaste, T., Kiipli, E., Radževièius, S., 2013. Cor re la tion
of Si lu rian bentonites based on the im mo bile el e ments in the
East Bal tic and Scan di na via. GFF, 135: 152–161.

Kiipli, T., Radževièius, S., Kallaste, T., 2014. Si lu rian bentonites in
Lith u a nia: cor re la tions based on sanidine phenocryst com po si -
tion and graptolite biozonation – in ter pre ta tion of vol ca nic
source re gions. Es to nian Jour nal of Earth Sci ences, 63: 18–29.

Kiipli, T., Hints, R., Kallaste, T., Verš, E., Voolma, M., 2017. Im mo -
bile and mo bile el e ments dur ing the tran si tion of vol ca nic ash to
ben ton ite – an ex am ple from the Early Palaeozoic sed i men tary
sec tion of the Bal tic Ba sin. Sed i men tary Ge ol ogy, 347: 148–159.

Kiipli, T., Hints, R., Kallaste, T., Niel sen, A.T., Pajusaar, S.,
Schovsbo, N.H., 2020. Tectono-mag matic di vi sion of the Late
Or do vi cian (Sandbian) vol ca nism at the south-west ern mar gin
of Baltica us ing im mo bile trace el e ments: re la tions to the plate
move ments in the Iapetus Palaeo-Ocean. Geo log i cal Jour nal,
55: 5155–5165.

£uczyñski, P., Skompski, S., Koz³owski, W., 2016. Re cent stud ies 
on the Si lu rian of the west ern part of Ukraine. Acta Geologica
Polonica, 66: 281–297. 

McKerrow, W.S., Dewey, J.F., Scotese, C.F., 1991. The Or do vi cian 
and Si lu rian de vel op ment of the Iapetus Ocean. Spe cial Pa pers
in Palae on tol ogy, 44: 165–178.

Radkovets, N., 2015. The Si lu rian of south-west ern mar gin of the
East Eu ro pean Plat form (Ukraine, Moldova and Ro ma nia): litho -
facies and palaeoenvironments. Geo log i cal Quar terly, 59 (1):
105–118.

Œrodon, J., Clauer, N., Huff, W., Dudek, T., Banaš, M., 2009. K-Ar
dat ing of the Lower Palaeozoic K-bentonites from the Bal tic Ba sin 
and the Bal tic Shield: im pli ca tions for the role of tem per a ture and
time in the illitization of smectite. Clay Min er als, 44: 361–387.

Starostenko, V., Janik, T., Yegorova, T., Farfuliak, L., Czuba, W.,
Œroda, P., Thybo, H., Artemieva, I., Sosson, M., Volfman, Y.,
Kolomiyets, K., Lysynchuk, D., Omelchenko,V., Gryn, D.,
Guterch, A., Komminaho, K., Legostaeva, O., Tiira, T.,
Tolkunov, A., 2015. The crust and up per man tle in the Scythian
Plat form: Seis mic model along the Dobre-5 pro file (the north -
-west ern Black sea and the Cri mean Pen in sula). Geo phys i cal
Jour nal In ter na tional, 201: 406–428.

Trela, W., B¹k, E., Pañczyk, M., 2018. Up per Or do vi cian and Si lu -
rian ash beds in the Holy Cross Moun tains, Po land: pres er va tion 
in mudrock fa cies and re la tion to at mo spheric cir cu la tion in the
South ern Hemi sphere. Jour nal of the Geo log i cal So ci ety, 175:
352–360.

Tsegelnyuk, P.D., 1980a. Yarugskaya i malinovetskaya serii
(nizhniy – verkhniy silur) Podolii i Volyni (in Rus sian). In sti tute of
Geo log i cal Sci ences, Ukrai nian Acad emy of Sci ences. Kiev. 

Tsegelnyuk, P.D., 1980b. Rukshinskaya i tsyganskaya serii
(verkhniy silur–nizhniy devon) Podolii i Volyni (in Rus sian). In sti -
tute of Geo log i cal Sci ences, Ukrai nian Acad emy of Sci ences,
Kiev. 

Tsegelnyuk, P.D., Gritsenko, V.P., Konstantinenko, L.I., Ishche -
nko, A.A., Abushik, A.F., Bogoyavlenskaya, O.V., Drygant,
D.M., Zaika-Novatsky, V.S., Kadlets, N.M., Kiselev, G.N.,
Syto va, V.A., 1983. The Si lu rian of Podolia. The guide to ex cur -
sion. In ter na tional Un ion of Geo log i cal Sci ences, Sub -
commission on Si lu rian Stra tig ra phy. Naukova Dumka, Kiev. 

Wat son, E.B., Har ri son, T.M., 1983. Zir con sat u ra tion re vis ited: tem -
per a ture and compositional ef fects in a va ri ety of crustal magma
types. Earth and Plan e tary Sci ence Let ters, 64: 295–304.

Winchester, J.A., Floyd, P.A., 1977. Geo chem i cal dis crim i na tion of
dif fer ent magma se ries and their dif fer en ti a tion prod ucts us ing
im mo bile el e ments. Chem i cal Ge ol ogy, 20: 325–343.

8 Tarmo Kiipli / Geological Quarterly, 2021, 65: 13


