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We pro vide a re vised magnetostratigraphy and mag netic sus cep ti bil ity stra tig ra phy of the most com plete and thick est (to
nearly 60 m) loess-palaeosol se quences in Ukraine span ning the past 1 My: the Roksolany (Black Sea Low land) and
Vyazivok (Dnie per Low land) sec tions. The Matuyama–Brunhes bound ary has been de tected in both se quences in
stratigraphically dif fer ent palaeosol units ac cord ing to cur rent re gional chronostratigraphic schemes. Hy poth e ses of a large
mag netic lock-in depth at Vyazivok and lithostratigraphic in com plete ness at Roksolany do not re solve this in con sis tency. In -
stead, new chronostratigraphic mod els fol low ing the Chi nese loess des ig na tion sys tem, which are sup ported by cor re la tion
of the mag netic sus cep ti bil ity re cords with the ma rine iso tope re cord and es tab lished magnetostratigraphic con trol points,
are pro posed. We con clude that the Matuyama–Brunhes re ver sal in the Roksolany and Vyazivok sec tions be longs to the
same palaeosol unit, the Shyrokyne (ac cord ing to our no men cla ture, the U-S7), which cor re sponds to MIS 19. This novel in -
ter pre ta tion re solves the in con sis tency of the strati graphic po si tion of the Matuyama–Brunhes bound ary in Ukrai nian loess,
ends long-stand ing de bate re gard ing the chronostratigraphy of the Roksolany sec tion, and al lows pre cise cor re la tion of the
most rep re sen ta tive loess-palaeosol se quences of Ukraine with those in the Dan ube Ba sin and the Chi nese Loess Pla teau.
It is con sid ered that the Roksolany Tephra in MIS 6 loess unit can be re lated to the L2 Tephra which is widely dis trib uted in
south east ern Eu ro pean loess re cords and lac us trine ar chives. In the light of our re sults, the Roksolany se quence may serve
as a na tional lectostratotype of the Mid dle Zavadivka (U-L4) loess unit cor re spond ing to MIS 10. Ad di tion ally, a gen er al ized
pedostratigraphic col umn of the past 1 My for cen tral and south ern Ukraine has been con structed and cor re lated with the
Hun gar ian, Ser bian and Chi nese loess stratigraphies, as well as with the ma rine iso tope re cord down to MIS 25.
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INTRODUCTION

Loess de pos its are unique con ti nen tal suc ces sions of the
Qua ter nary. They con tain one of the most com plete re cords of
global cli mate change of this geo log i cal pe riod, par tic u larly of
glaciations and interglaciations of the last mil lion years, and are
wide spread, mostly at in ter me di ate lat i tudes of the North ern
Hemi sphere. Loess se quences con sist of loess-palaeosol al ter -
na tions where loess lay ers are rel a tively fresh ae olian de pos its
formed dur ing colder cli mate pe ri ods, whereas palaeosols de -
velop on a loess layer by pedogenic pro cesses dur ing warmer

and wet ter con di tions. Palaeoclimatic stud ies (Heller and Liu,
1984; Kukla et al., 1988; Ding et al., 1994, 2002; Jordanova and 
Petersen, 1999; Lu et al., 1999; Heslop et al., 2000; Rous seau
et al., 2001; Jordanova et al., 2007; Buggle et al., 2009;
Markoviæ et al., 2011; Fitzsimmons et al., 2012; Bolshakov,
2017 and oth ers), car ried out on key loess-palaeosol se -
quences of the Chi nese Loess Pla teau (CLP), Dan ube Ba sin
and East Eu ro pean Plain, have shown that rock mag netic
palaeoenvironmental prox ies, pri mar ily mag netic sus cep ti bil ity
(MS), dis play strong sim i lar i ties and can be cor re lated with the
ma rine ox y gen iso tope (ma rine iso tope stage, MIS) scale
(Shackle ton et al., 1990; Lisiecki and Raymo, 2005).

Con ti nen tal loess de pos its also re cord geo mag netic field
be hav iour. The Matuyama–Brunhes bound ary (MBB), the last
palaeomagnetic re ver sal, which oc curred 780 ka ago, in inter -
gla cial MIS 19 (Shackle ton et al., 1990; Tauxe et al., 1996), is
re corded in a wide range of geo log i cal ar chives (Singer et al.,
2005; Liu et al., 2015). The Matuyama–Brunhes tran si tion is the 
most closely stud ied po lar ity re ver sal and an im por tant cal i bra -
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tion point on the geo log i cal timescale, con nect ing sed i men tary
and vol ca nic stratigraphies.

Ukraine hosts the larg est Eu ro pean loess area (Haase et
al., 2007). It be longs to the East Eu ro pean loess prov ince lo -
cated in the cen tral part of the Eur asian loess belt (Veklich,
1968; Velichko, 1990). The re gional Pleis to cene stra tig ra phy
has been de fined through multidisciplinary stud ies, in clud ing
re search in pedostratigraphy, pedology, min er al ogy, palyno -
logy and malacology (Krokos, 1932; Veklich et al., 1967,
1984a, 1993; Sirenko and Turlo, 1986; Gerasimenko, 2006;
Matvi ishyna et al., 2010; Gozhyk, 2012; Sirenko, 2019 and
many oth ers). How ever, clear gen eral strati graphic cor re la tion 
of the best de vel oped loess-palaeosol se quences of Ukraine
with other se quences in the Dan ube Ba sin or CLP has not yet
been made. Mean while, de tailed strati graphic cor re la tions
have been achieved be tween loess sec tions in south east ern
Eu rope and China (Markoviæ et al., 2015; Necula et al., 2015;
Sümegi et al., 2018).

The con tra dic tory po si tion of the MBB in dif fer ent strati -
graphic units within loess se quences, even within nearby ar eas
of Ukraine, in ev i ta bly com pli cates re gional cor re la tions. Ac -
cord ing to de tailed magnetostratigraphic stud ies of more than
60 loess-palaeosol sec tions in Ukraine and neigh bour ing ter ri -
to ries (Tretyak et al., 1987, 1989; Tretyak and Vigilyanskaya,
1994; Vigilyanskaya and Tretyak, 2000, 2002; Vigilyanskaya,
2001), the MBB be longs within the low er most part of the
Shyrokyne soil unit (sh)1. In some sec tions the MBB was de -
tected in the Berezan loess (br; Tretyak and Volok, 1976), Sula
loess (sl; Tretyak, 1983) and up per part of the Martonosha soil
(mr; Sirenko et al., 2008), and in west ern Ukraine it has been lo -
cated in the Zahvizdya palaeosol S7 (which is com pa ra ble to
the Martonosha unit; Nawrocki et al., 2002). In strati graphic
schemes pro posed for the Ukrai nian Qua ter nary, the MBB is
placed in the Martonosha unit (MIS 17–19; Lindner et al., 2004,
2006; Matviishyna et al., 2010; Gozhik and Gerasimenko,
2011; Gozhyk, 2012). It is gen er ally ar gued that the Shyrokyne
inter gla cial oc curred 0.85–1.2 Ma (Matviishyna et al., 2010) and 
cor re sponds to MIS 21–33 (Lindner et al., 2004, 2006), MIS
21–35 (Gozhyk, 2012) or MIS 21–37 (Matviishyna et al., 2010).
The Pryazovya loess (pr) and up per part of the Shyrokyne soil,
char ac ter ized by nor mal po lar ity, were cor re lated by Veklich
(1987), Matviishyna et al. (2010), Gozhik and Gerasimenko
(2011) with the Jaramillo subchron, while au thors of fo cused
palaeomagnetic stud ies (Tretyak et al., 1987; Tretyak and
Vigilyanskaya, 1994) con sid ered them to be part of the Brunhes 
chron. Only one cor re la tion model has been pro posed be tween
strati graphic schemes of the loess-palaeosol suc ces sion of
Ukraine and the MIS scale in which the Shyrokyne unit was
equated with MIS 17–19 (Bolikhovskaya and Molodkov, 2006);
how ever, this con cept did not gain gen eral ac cep tance.

Re vi sion of the chronostratigraphy of the lon gest loess-
 palaeosol ar chives in Ukraine based on up dated magneto -
stratigraphic data, as well as sub stan ti ated MIS cor re la tion, was 
thus nec es sary. In this pa per, we sum ma rize palaeomagnetic
and palaeoclimatic re sults from the Roksolany and Vyazivok
loess-palaeosol se quences, one of the best de vel oped Pleis to -
cene suc ces sions of the Ukrai nian ter res trial stra tig ra phy.

OVERVIEW OF STRATIGRAPHY 
AND MAGNETOSTRATIGRAPHY

ROKSOLANY SECTION

The Roksolany (this is the cor rect spell ing; in some pa pers
known as Roxolany) sec tion is lo cated on the coast of the
Dniester es tu ary west of Roksolany vil lage (46°11’ N; 30°26’ E), 
40 km south of Odesa (Fig. 1). This sec tion is one of the most
rep re sen ta tive ex po sures of Pleis to cene loess in the Black Sea
Low land. The ter race de pos its com prise the VII (Chepalyga,
1967) or VIII (Tsatskin et al., 1998) Dniester ter race al lu vium,
which erosionally over lies the Pontic de pos its (Gozhik et al.,
2007). These units are cov ered by loess, loam and palaeosol
suc ces sion al most 55 m thick. The sig nif i cance of the
Roksolany se quence for Eu ro pean loess re search was noted
by the Ukrai nian-Pol ish field work shop held in 2013 (Bogutskyi
and Tomenyuk, 2013), for which a col lec tive mono graph
(Bogucki et al., 2013) was pre pared.

The stra tig ra phy of the Roksolany sec tion and the po si tion
of the MBB is a mat ter of de bate. The suc ces sion was clas si fied 
by P. Gozhik and col leagues (Gozhik, 1976; Guide book, 1982;
Gozhik et al., 1995, 2000, 2007; Bogucki et al., 2013; £anczont
et al., 2015; see left of Ta ble 1) in ac cor dance with do mes tic
strati graphic no men cla ture (Veklich et al., 1967, 1984a, 1993;
left-side of Ta ble 2). The first palaeomagnetic stud ies (Tretyak,
1980, 1983; Tretyak et al., 1987, 1989; Tretyak and
Vigilyanskaya, 1994) pro posed that the en tire Roksolany pro file 
be longs to the Brunhes chron, de spite many magnetozones of
re versed po lar ity hav ing been ob served (Fig. 2). In the in ter pre -
ta tion of Tretyak et al. (1987), Tretyak and Vigilyanskaya
(1994), the MBB could not be de ter mined in the sec tion, since it
was said to be long to the Shyrokyne unit and so would have to
be out side the pro file. How ever, Gozhik et al. (1995, 2000,
2007) sug gested that the MBB at Roksolany should be lo cated
in the mid dle part of the Martonosha soil (Fig. 2).

In the 1990s, based on the com bined re sults of in ves ti ga -
tions into this sec tion (Tsatskin et al., 1998, 2001; Sartori, 2000;
Gendler et al., 2006), a com pletely dif fer ent pedo- and
magnetostratigraphy was pro posed, as well as cor re la tion of
the loess-palaeosol se quence with the MIS scale. Heller et al.
(1996) and Tsatskin et al. (1998) placed the MBB at a depth of
34 m in the mid dle part of the sec tion, in loess layer L6, which
cor re sponds to the Tyasmyn unit (ts), and MIS 6 ac cord ing to
the clas si fi ca tion cited in Gozhik et al. (1995, 2000) and Bogucki 
et al. (2013). This is 12 m above the po si tion of the MBB ac cord -
ing to the pre vi ous in ter pre ta tion (Fig. 2). This no tion was the
ba sis for con struct ing a new pedostratigraphic scheme for the
west ern Black Sea re gion with its sub se quent cor re la tion with
the ox y gen iso tope time scale (Tsatskin et al., 2001; see mid dle
of Ta ble 1).

The fol low ing palaeomagnetic in ter pre ta tion of the Rokso -
lany sec tion af ter Dodonov et al. (2006) gen er ally co in cided with
the re sults of Tsatskin et al. (1998, 2001) and Sartori (2000), but
with one dif fer ence: at the base of the loess-palaeosol se quence
the Jaramillo subchron was iden ti fied.

Our ini tial palaeomagnetic stud ies of the Roksolany pro file
(Bakhmutov and Hlavatskyi, 2014; Bakhmutov et al., 2017;
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1 Hereafter the stratigraphic terminology is used in accordance with the nomenclature of the stratigraphic divisions of the Pleistocene (Veklich
et al., 1967, 1984a) and the Stratigraphic Framework of the Quaternary deposits of Ukraine (Veklich et al., 1993; Gozhyk, 2012). In this system, 
warm stages/soil units are named by stratotype localities, and cold stages/loess units by the nearest rivers, lakes and seas. Each chrono strati-
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Hlavatskyi and Bakhmutov, 2019) re vealed that the MBB is lo -
cated at a depth of 46.6 m be tween two soils, which were clas si -
fied by Gozhik et al. (2000, 2007) and Bogucki et al. (2013) as
the Lubny (lb, MIS 13–15) and Martonosha (MIS 17–19) units.
A nar row zone of re versed po lar ity was also es tab lished at
42.0–42.5 m depth in the up per most part of the Zavadivka soil
(zv; Fig. 2).

We note here an in cor rect ci ta tion of our pre vi ous study
(Bakhmutov et al., 2017) in the re cent pa per of Bradák et al.
(2019), in which the chronostratigraphy of the Roksolany sec -
tion af ter Bogucki et al. (2013), in clud ing cor re la tion be tween
palaeosol PK4 and MIS 3, was mis tak enly as signed en tirely to
us, al though we cited all sources cor rectly, and noted pre vi ously 
that the mod ern stra tig ra phy of the Roksolany sec tion most
prob a bly is in cor rect (Hlavatskyi et al., 2016b; Hlavatskyi and
Bakhmutov, 2018a, b). There fore, to avoid fur ther con fu sion,
we need clar ify crit i cal chronostratigraphic is sues in this study.

VYAZIVOK SECTION

The Vyazivok sec tion is lo cated in Vyazivok vil lage
(49°57’ N; 32°57’ E), ~8 km south of the city of Lubny, 180 km
SE of Kyiv, on the west ern bank of the River Sula, a trib u tary of

the Dnie per (Fig. 1). It rep re sents one of the most com plete
Qua ter nary re cords in Ukraine and is the most com plete sec -
tion stud ied within the for merly gla ci ated Dnie per Low land. This
is a 59 m thick se quence of sev eral well-de vel oped palaeosols
which al ter nate with thick loess units.

The Vyazivok sec tion was orig i nally de scribed by Veklich et
al. (1967, 1984b) and stud ied later by many re search groups
(Matviishina et al., 2001; Rous seau et al., 2001; Vigilyanskaya,
2001; Gerasimenko, 2004, 2006; Gerasimenko and
Matvijishyna, 2007). The se quence was the fo cus of the INQUA 
SEQS Con fer ence held in 2001, where the loess stra tig ra phy,
palaeopedology, palaeontological se quences, gla cial phe nom -
ena and palaeomagnetic re sults were de scribed in the ex cur -
sion guide (Matviishina et al., 2001). There are no dis putes
about the strati graphic sub di vi sion of the sec tion, but dif fer ent
au thors cor re late the strati graphic units with the ma rine iso tope
re cord in dif fer ent ways (see Ta ble 2).

The first palaeomagnetic re sults of the up per most part of
the Vyazivok pro file ob tained by O. Tretyak and Z. Volok in the
1970s (in Veklich et al., 1984b) were in ter preted from the base
of the Sula loess – MIS 18 af ter Veklich (1995) or MIS 16 af ter
Matviishyna et al. (2010). The in ter val stud ied dem on strated
pre dom i nantly nor mal po lar ity, in di cat ing de po si tion dur ing the

Magnetostratigraphy and mag netic sus cep ti bil ity of the best de vel oped Pleis to cene loess-palaeosol se quences of Ukraine... 725

Fig. 1. Lo ca tion maps in di cat ing sec tions stud ied, se lected most rep re sen ta tive loess se quences 
and sites with iden ti fied L2 Tephra layer

A – Eur asia, B – South east ern Eu rope. The geo graph ical ex tent of the L2 Tephra ac cord ing to Laag et al. (2018)
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T a  b l e  1

Chronostratigraphic mod els pro posed for the Roksolany loess-palaeosol se quence

T a  b l e  2

Chronostratigraphic mod els pro posed for the Vyazivok loess-palaeosol se quence
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Fig. 2. De vel op ment of the geo mag netic po lar ity scales of the Roksolany and Vyazivok sec tion

The ini tial data from the Roksolany sec tion (Tretyak, 1980) was aban doned by Heller et al. (1996) and re vised re cently by Bakhmutov and
Hlavatskyi (2014). Ex pected po si tion of the MBB in the Vyazivok sec tion (Veklich et al., 1984b) was re fined by Vigilyanskaya (2001) and sup -
ported later by Hlavatskyi et al. (2016b). To the left of each lithological col umn the strati graphic no men cla ture pro posed by this study is
shown (see text for fur ther ex pla na tion). A – strati graphic sub di vi sion from Gozhik et al. (1995, 2000, 2007) and Bogucki et al. (2013); B –
des ig na tion sys tem pro posed by Tsatskin et al. (1998); C – strati graphic sub di vi sion from Veklich et al. (1967) and Matviishina et al. (2001).
For de tailed litho- and pedostratigraphy see Fig ure 3



Brunhes chron (Fig. 2). One last sam ple from the low er most
level of the Sula loess unit re vealed the anom a lous po lar ity and
the po si tion of the MBB was an nounced even tu ally at the top of
the Martonosha palaeosol (Veklich et al., 1984b; see fig. 8 in
Matviishina et al., 2001, and also Fig. 2 in this study). The sug -
ges tion that the MBB be longs to the Martonosha unit in the
Roksolany and Vyazivok sec tions served as a ba sis for pan-Eu -
ro pean strati graphic cor re la tions (Chlebowski et al., 2003;
Lindner et al., 2004, 2006) and in part for sub se quent palaeo -
climatic re con struc tions (Matviishyna et al., 2010; Gozhik and
Gerasimenko, 2011).

Later, the whole se quence was stud ied by Vigilyanskaya
(2001; com pos ite palaeomagnetic sec tion in Matviishina et al.
(2001: fig. 9; see also Fig. 2 in this study). The po si tion of the
MBB in the Martonosha unit was not con firmed, but it was
placed be low in the Shyrokyne palaeosol.

New palaeomagnetic re sults from the Vyazivok sec tion
were pro vided re cently in Hlavatskyi et al. (2016b). The MBB
was de tected at a depth of 56.2 m within the lower Shyrokyne
palaeosol sh1 (ac cord ing to the strati graphic sub di vi sion of
Matviishina et al., 2001), which is close to the pre vi ous
palaeomagnetic in ter pre ta tion of Vigilyanskaya (2001).

In Fig ure 3, we sum ma rize mor pho log i cal, pedological and
palaeoenvironmental data from the loess-palaeosol suc ces -
sions in ves ti gated. The data were mod i fied ac cord ing to our
cur rent knowl edge from Tsatskin et al. (1998), Gozhik et al.
(2007), Bogucki et al. (2013) for the Roksolany sec tion, and
from Matviishina et al. (2001) and Rous seau et al. (2001) for the 
Vyazivok sec tion.

SAMPLING AND METHODS

A rep re sen ta tive col lec tion of sam ples from the Roksolany
sec tion (127 ori ented rect an gu lar blocks and 203 mini-cores)
was col lected in 2012 and 2013 from 9 over lap ping ex po sures
(Fig. 4A, B). The mag ne ti za tion of the rocks is too small to af fect 
the com pass nee dle, and the cores and blocks were ori ented
with a mag netic com pass. We paid ex tra at ten tion to the more
prob lem atic lev els be low 30 m depth, tak ing ex tra sam ples, with 
a sam pling den sity of about ev ery 2–15 cm. For palaeo -
magnetic mea sure ments stan dard cyl in ders (2.2 cm in length
and 2.5 cm in di am e ter) and cubes (2.0 cm side) were cut (2–4
spec i mens from each sam ple). In to tal, 802 ori ented spec i mens 
from the depth in ter val 0.50–54.59 m were in ves ti gated.

In the Vyazivok sec tion, 214 sam ples (all ori ented rect an gu -
lar blocks) were col lected in 2014, 2015 and 2019 from 6 con -
tin u ous ex po sures (Fig. 5A, B). The Sula and Martonosha units
have been af fected by slope pro cesses which pre vented fur ther 

sam pling. To ob tain a high-res o lu tion MS re cord, 749 non-ori -
ented spec i mens from the depth in ter val 0.72–59.00 m were
mea sured (2019).

An ini tial magnetostratigraphic in ter pre ta tion of the Rokso -
lany sec tion was pro vided by Bakhmutov and Hlavatskyi
(2014), Bakhmutov et al. (2017) and Hlavatskyi and Bakhmutov 
(2019). In this study, we have adopted the palaeomagnetic in -
ter pre ta tion of Bakhmutov et al. (2017), Hlavatskyi and
Bakhmutov (2019) for 115 spec i mens be low 35 m depth, and
add new re sults for 82 spec i mens from the low er most part of
the pro file. In par tic u lar, we in creased the sam pling den sity
within the 40.5–42.5 m depth in ter val in or der to con firm or re -
fute the zone of re versed po lar ity.

Pre lim i nary re sults of the palaeomagnetic stud ies of the
Vyazivok sec tion were given in Hlavatskyi et al. (2016b). In or -
der to re fine the po si tion of the MBB, we now fo cus on the low er -
most part of the pro file. In par tic u lar, du pli cate spec i mens from
two neigh bour ing ex po sures (V5 and V6) rep re sent ing the
Pryazovya, Shyrokyne, Illichivsk (il) and Kryzhanivka (kr) units
were treated. Be sides 54 spec i mens from the units listed
above, al ready in ves ti gated by Hlavatskyi et al. (2016b), we add 
new data from 48 de mag ne tized spec i mens be low 51 m depth.

The palaeomagnetic mea sure ments were car ried out in the
lab o ra tory of the In sti tute of Geo phys ics of the Na tional Acad -
emy of Sci ences of Ukraine (Kyiv). The di rec tions of the more
sta ble remanent mag ne ti za tion com po nent were iso lated by
both stepwise ther mal and al ter nat ing field (AF) de mag ne ti za -
tion. De mag ne ti za tion of spec i mens and mea sure ments of
remanent mag ne ti za tion were car ried out in side a mag net i cally
shielded space (a low-field cage MMLFC) to min i mize the ac -
qui si tion of the pres ent-day vis cous mag ne ti za tion.

Spec i mens were ther mally de mag ne tized us ing a MMTD 80 
fur nace at up to 270–350°C (at higher tem per a tures the sam -
ples crum bled). The re sid ual field in the fur nace was less than
10 nT. Af ter each heat ing step, bulk sus cep ti bil ity (k) at room
tem per a ture was mea sured with a MFK1-B Kappabridge to
mon i tor pos si ble min er al og i cal changes. Du pli cate spec i mens
were sub jected to AF de mag ne ti za tion with steps of 5–20 mT
up to 100 mT us ing a LDA-3A demagnetizer. The nat u ral
remanent mag ne ti za tion (NRM) of spec i mens was mea sured
by a JR-6 spin ner mag ne tom e ter. Du pli cate spec i mens were
mea sured in the palaeomagnetic lab o ra tory of the In sti tute of
Geo phys ics of the Pol ish Acad emy of Sci ences (War saw) us ing 
a 2G SQUID DC mag ne tom e ter ac com pa nied by an AF
demagnetizer.

Vi sual in spec tion dur ing sam pling in the Roksolany sec tion
had shown the pres ence of mole hills in some units. In or der to
avoid er rors due to me chan i cal dis tur bances, the ani so tropy of
the mag netic sus cep ti bil ity was ana lysed. Anom a lous de vi a -
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Fig. 3. Re vised lithostratigraphic sub di vi sion and cor re la tion of mag netic sus cep ti bil ity (c) of Roksolany and Vyazivok
loess-palaeosol se quences with the ma rine ox y gen iso tope re cord

Sum ma rized lithological and pedological char ac ter is tics of the Roksolany sec tion (data from Tsatskin et al., 1998; Gozhik et al., 2007;
Bogucki et al., 2013) and Vyazivok sec tion (Matviishina et al., 2001; Rous seau et al., 2001) are mod i fied. Stratigraphies: to the left of each
lithological col umn – our pro vi sional des ig na tion sys tem; to the right: A – strati graphic sub di vi sion pro posed by this study; B – stra tig ra phy
pro posed by Gozhik et al. (1995, 2000, 2007) and Bogucki et al. (2013); C – sub di vi sion af ter Matviishina et al. (2001). Di rect strati graphic
cor re la tion of Bug loess in Roksolany and Vyazivok sec tions af ter Chlebowski et al. (2003) is shown by vi o let dashed line, and pro posed cor -
re la tion of the L2 (Dnipro) loess by yel low shad ing. The o ret i cal cor re la tion be tween soil units in the strati graphic sub di vi sion of Gozhik et al.
(1995, 2000, 2007), Bogucki et al. (2013; Roksolany sec tion), and Matviishina et al. (2001; Vyazivok sec tion) is made in ac cor dance with the
la bel ling sys tem of the Strati graphic Frame work of the Qua ter nary de pos its of Ukraine (Veklich et al., 1993; Gozhyk, 2012). Al ter na tive cor re -
la tions by mag netic sus cep ti bil ity vari a tions, the po si tion of the MBB, palaeoenvironmental and palaeopedological fea tures are pro posed by
this study. The in ferred chro nol ogy, re lated to ma rine iso tope stages (MIS), has re sulted from the mag netic sus cep ti bil ity stra tig ra phy. Ma rine 

ox y gen iso tope (d18O) re cord is from ODP site 677 (Shackle ton et al., 1990). Let tered ma rine iso tope substages in ter preted from Railsback et 

al. (2015). The d18O val ues are in verted in or der to show vari a tion sim i lar to the c-curve. The ODP 677 re cord pro vides de tailed in for ma tion
con cern ing global ice vol ume with larger val ues rep re sent ing more ice

https://gq.pgi.gov.pl/article/view/7315
https://gq.pgi.gov.pl/article/view/7315
https://gq.pgi.gov.pl/article/view/7336
https://gq.pgi.gov.pl/article/view/7405


Magnetostratigraphy and mag netic sus cep ti bil ity of the best de vel oped Pleis to cene loess-palaeosol se quences of Ukraine... 729



730 Dmytro V. Hlavatskyi and Vladi mir G. Bakhmutov

Fig. 4. Lo ca tion of sam ples taken from the Roksolany sec tion

A – sam pling in ter vals of num bered ex po sures; B – map show ing lo ca tion of ex po sures stud ied; C – field pho to graph of low er -
most units of the Roksolany sec tion. C1 (Chi nese no men cla ture) and C2 (des ig na tion sys tem in Veklich et al., 1993) – strati -
graphic sub di vi sion pro posed by this study; C3 – mag netic po lar ity zonation from this study; C4 – sug gested cor re la tion with
ma rine iso tope stages (see text for fur ther ex pla na tion)
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Fig. 5. Lo ca tion of sam ples taken from the Vyazivok sec tion

A – sam pling in ter vals of num bered ex po sures; B – map show ing lo ca tion of ex po sures stud ied; C – field pho to graph of
low er most units of the ex po sure stud ied (photo cour tesy of N. Gerasimenko).  C1 – pro vi sional strati graphic no men cla -
ture pro posed by this study; C2 – strati graphic sub di vi sion ac cord ing to Matviishina et al. (2001); C3 – lithostratigraphic
po si tion of the Matuyama–Brunhes bound ary (our data); C4 – sug gested cor re la tion with ma rine iso tope stages (see text 
for fur ther ex pla na tion)



tions from typ i cal sed i men tary struc ture (Kmin axes should be
nor mal rel a tive to the sed i men tary plane) and doubt ful
palaeomagnetic re sults were ob served in 59 spec i mens, which
were ex cluded from fur ther in ter pre ta tion (see Ap pen dix 1*).

De mag ne ti za tion re sults were pro cessed by multicom -
ponent anal y sis of the de mag ne ti za tion path (Kirschvink, 1980)
us ing Remasoft 3.0 soft ware (Chadima and Hrouda, 2006).
Magnetostratigraphic col umns were built with MPS soft ware
(Man, 2008), which al lows more ac cu rate iden ti fi ca tion of zones 
of nor mal and re versed po lar ity. Mea sure ments of mass-spe -
cific sus cep ti bil ity (c) and ani so tropy of mag netic sus cep ti bil ity
were car ried out us ing a MFK1-B Kappabridge. The data were
pro cessed us ing Anisoft 4.2 soft ware.

Age-depth mod els were con structed by a lin ear in ter po la -
tion method us ing age tie points of MIS on the ODP stack’s
timescale (Lisiecki and Raymo, 2005) for cor re spond ing loess
and palaeosol units in the Roksolany sec tion as a data set.
Bound aries be tween lithostratigraphic units were iden ti fied both 
by field data and by MS vari a tions. We cal cu lated sed i men ta -
tion rates (SR = cm/ky) as a func tion of depth to com pare val -
ues for the same lithostratigraphic units for our
chronostratigraphic model and pre vi ous schemes. From the
Vyazivok sec tion no sed i men ta tion rates were cal cu lated be -
cause of an ob vi ous ero sional hi a tus of the po ten tially thick Oril
(or) and Mid dle Zavadivka (zv2) loess units.

In or der to avoid in cor rect strati graphic cor re la tion re sulted
from con flict ing strati graphic schemes, we use a sim pli fied pro -
vi sional no men cla ture adapted from the Chi nese loess la bel ling 
sys tem (Liu, 1985; Kukla, 1987), add ing a pre fix to in di cate the
sec tion stud ied (Markoviæ et al., 2003, cited in Markoviæ et al.,
2015; Buggle et al., 2008; see right side of Ta bles 1 and 2).
Names were de rived from the first let ter of the name of the
Roksolany sec tion R, and the Vyazivok sec tion V with the des -
ig na tion S cor re spond ing to palaeosols, and L to loess units
(R-S0, R-L1, R-S1…; V-S0, V-L1, V-S1 etc.). In this sys tem,
loess and palaeosols ap pear with in creas ing num bers cor re -
spond ing to older ages. Em bry onic, weakly de vel oped soils (or
thin loess lay ers), in ter ca lated in the main loess (palaeosol)
units, were marked with the des ig na tion L (S) cor re spond ing to
loess (soil) unit fol lowed with the des ig na tion S (L) in di cat ing
soil (loess) sub unit (e.g., V-L1S1; V-S1L1).

The Chi nese no men cla ture is widely ac cepted in loess stud -
ies of Bul gar ian (Jordanova and Petersen, 1999), Ro ma nian
(Panaiotu et al., 2001), Ser bian (Markoviæ et al., 2003, cited in
Markoviæ et al., 2015) and Hun gar ian stra tig ra phy (Sümegi et al., 
2011, cited in Sümegi et al., 2018). Nev er the less, an anal o gous
la bel ling sys tem has also been ap plied to Ukrai nian loess, e.g. in
stud ies of the Zahvizdya (Nawrocki et al., 2002), Stari Kaydaky
(Buggle et al., 2008, 2009) and Roksolany (Bogucki et al., 2013;
£anczont et al., 2015) sec tions.

RESULTS AND INTERPRETATION

MAGNETIC SUSCEPTIBILITY

In the Roksolany sec tion, MS shows the ex pected large dif -
fer ence be tween the palaeosols and loess lay ers (left-side of
Fig. 3). Rel a tively weak sus cep ti bil ity val ues in loess units show
a small fluc tu a tion (5–10 ´ 10-8 m3kg–1), while these val ues in
soils are much higher (up to 82 ´ 10–8 m3kg–1 in the up per part
of the R-S2 pedocomplex). The MS pat tern in most of the soil

units re veals 2–3 peaks. The MS curve of the R-S6 palaeosol
has a spe cific tiered struc ture of three “cas cades”.

For the Vyazivok sec tion, the MS re cord also fol lows gen er -
ally the li thol ogy (right-side of Fig. 3), be ing en hanced in the
palaeosols com pared to the loess. The stron gest sus cep ti bil ity
en hance ment can be ob served in the V-S1 (60 ´ 10–8 m3kg–1),
V-S3, V-S4 and mid dle part of the V-S7 soil units (max i mum
50 ´ 10–8 m3kg–1 each), whereas very low MS val ues are char -
ac ter is tic of the V-S5 pedocomplex with hydromorphic fea tures
(10 ´ 10–8 m3kg–1). Weak MS val ues (10–20 ´ 10–8 m3kg–1) are
ob served also in the well-de vel oped V-S6 pedocomplex. The
back ground MS val ues of the loess lay ers fluc tu ate around
10 ́  10–8 m3kg–1. In ter est ingly, the MS curve in most of soil units 
has the form of a fork with sharp prongs. The MS re cord in V-S2
shows dou ble peaks, while in V-S3, V-S4 and V-S7 there are
three peaks. Fur ther dis tinc tive peak struc tures can be ob -
served for the V-S1 pedocomplex, in which the low er most sub -
unit V-S1S2 has rel a tively lower MS en hance ment and is
clearly off set against the rest of the pedocomplex by a thin loess 
layer with low MS val ues.

The back ground MS of the Dniester and Dnie per loess sec -
tions is in the range of 5 ́  10–8 to 10 ́  10–8 m3kg–1 (Buggle et al., 
2009; this study), which is 2–5 times lower com pared to that in
the Dan ube se quences (15–25 ´ 10–8 m3kg–1; Markoviæ et al.,
2012, 2015), and 4–10 times lower than on the CLP
(40–50 ´ 10–8 m3kg–1; Kukla et al., 1988; Sun et al., 2006, cited
in Liu et al., 2015). This dif fer ence in di cates a con tri bu tion from
an al ter na tive dust source, most likely the area of glaciofluvial
de pos its in north ern Ukraine (Buggle et al., 2009; Bakhmutov et 
al., 2017).

The MS mea sured at Chi nese, Bul gar ian, Ro ma nian and
Ser bian loess pro files shows a strong con trast be tween loess
and palaeosol ho ri zons (Kukla et al., 1988; Jordanova and
Petersen, 1999; Markoviæ et al., 2012, 2015; Necula et al.,
2015). The cyclicity of al ter nat ing high and low MS val ues be -
tween palaeosols and loess units re flects dif fer ent de grees of
pedogenesis be tween gla cial and inter gla cial pe ri ods as a re -
sult of the for ma tion of small superparamagnetic par ti cles yield -
ing higher val ues for palaeosols com pared to loess (Heller and
Liu, 1982, 1984; Kukla et al., 1988; Zhou et al., 1990; Maher,
1998). The MS be hav iour of south ern Ukrai nian loess (in clud -
ing the se quence at Roksolany) is sim i lar to that ob served in
Chi nese loess de pos its (Bakhmutov et al., 2017). How ever, MS 
in north ern Ukrai nian (in par tic u lar, Vyazivok, Boyanychi,
Korshiv) and some Hun gar ian (Udvari-U2) loess-palaeosol
sec tions of ten does not de pend on li thol ogy: the soils and loess
have both high and low MS val ues (Nawrocki et al., 1999;
Hlavatskyi et al., 2016a, b; Sümegi et al., 2018). These se -
quences can not be clas si fied ei ther as Alas kan type or as Chi -
nese type of mag netic prop er ties of subaerial sed i ments
(Bakhmutov et al., 2017). The oc cur rence of atyp i cal MS pat -
terns in soils is caused in most cases by a hu mid ity-in duced
trans for ma tion of fer ro mag netic min er als (Sümegi et al., 2018),
which is clearly also ev i dent for the V-S5 pedocomplex at
Vyazivok.

MAGNETOSTRATIGRAPHY OF THE ROKSOLANY SECTION

Here we dis cuss the re sults from 197 spec i mens from the
low er most part of the Roksolany pro file be low 35 m depth.

The data from ther mal de mag ne ti za tion seem more in for -
ma tive: there is less scat ter be tween de mag ne ti za tion steps,
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and con for mity with the re sults of neigh bour ing spec i mens,
while fre quent co in ci dence of ther mal and AF de mag ne ti za tion
re sults were ob served. Since most of the spec i mens were frag -
ile, they could not be heated to tem per a tures >300°C and we
were lim ited to a few de mag ne ti za tion steps at tem per a tures
180, 210, 240, 270°C and higher if a spec i men did not break.

Multicomponent anal y sis of de mag ne ti za tion paths re -
vealed that the NRM was com posed of two com po nents. The
low sta bil ity com po nent was erased in the tem per a ture up to
180–210°C (some times 240°C, see ex am ple in Fig. 6A) or by
AF up to 10–20 mT (some times 30 mT, Fig. 6D). The more sta -

ble (fur ther – char ac ter is tic, ChRM) com po nent in many
palaeosol spec i mens was <5% of the ini tial NRM while in loess
it was ~10–20%. In some spec i mens the ChRM com po nent
was not dis played or could not be dis tin guished by com po nent
anal y sis be cause low val ues of remanent in ten sity were ob -
served even us ing a SQUID mag ne tom e ter.

The fi nal de mag ne ti za tion re sults of 134 spec i mens,
treated by tem per a ture, and 63 spec i mens, de mag ne tized by
AF from the low er most part of the Roksolany sec tion
(35.4–54.59 m depth) with the com pos ite magnetostratigraphic
col umn, are given in Fig ure 7. With the in ter me di ate di rec tions
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Fig. 6. Ex am ples of stepwise ther mal (A, B, C) and al ter nat ing field (D, E, F) de mag ne ti za tion of loess spec i mens from the R-L6
unit (A, D) in the Roksolany sec tion; loess spec i mens from the V-L2 unit (B, E), and palaeosol spec i mens from the V-S7 unit 

(C, F) in the Vyazivok sec tion

1 – ste reo graphic pro jec tions of de mag ne ti za tion di rec tions (full and open cir cles rep re sent pro jec tions in the lower and up per
hemi spheres, re spec tively); 2 – or thogo nal de mag ne ti za tion paths (Zijderveld di a grams) on hor i zon tal and ver ti cal planes; 3 – NRM

in ten sity de cay curves of de mag ne ti za tion (M/Mmax)
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Fig. 7. Re sults of palaeomagnetic study of the low er most part of the Roksolany sec tion

From the left – sim pli fied lithostratigraphy, the di rec tions of the ChRM com po nents (ex pressed by dec li na tion
D° and in cli na tion I°), the discriminant func tion of these di rec tions (Man, 2008) as a func tion of depth, and

magnetostratigraphic chart



omit ted, op po site po lar i ties of the suc ces sive spec i mens in di -
cate the bor ders be tween geo mag netic po lar ity zones.

All spec i mens be low 46.6 m depth dem on strate re versed
po lar ity of the ChRM com po nent af ter AF de mag ne ti za tion,
while two spec i mens af ter ther mal de mag ne ti za tion in the
R-L9L1 loess (at 50.0 m and 50.8 m depth) show nor mal po lar -
ity. In the depth range of 40.5–46.3 m many spec i mens dis play
re versed po lar ity af ter ther mal de mag ne ti za tion pro ce dures.
A re versed po lar ity zone at a depth of 40.5–42.5 m within the
R-L6 loess unit and the up per most 0.25 m of the R-S6 soil cor -
re sponds to a clus ter of most of these spec i mens. This is the
only one zone which is partly (at a depth of 41.4–41.9 m) con -
firmed by re sults of AF de mag ne ti za tion. Ex am ples of
Zijderveld di a grams in di cat ing a re versed po lar ity zone in the
R-L6 loess are given in Fig ure 6A, D. Ex am ples for soil spec i -
mens have been given pre vi ously (Bakhmutov et al., 2017;
Hlavatskyi and Bakhmutov, 2019).

In our in ter pre ta tion, the MBB is placed at the junc tion of the
R-S7 and R-S8 palaeosol units at a depth of 46.6 m (Fig. 7 and
Ta ble 3). The nor mal po lar ity in ter val at 50.0–50.8 m depth is
cor re lated with the Kamikatsura ex cur sion (~850–900 ka; Laj
and Channell, 2007). The re versed po lar ity zone above the
MBB, based on its strati graphic po si tion in sev eral
loess-palaeosol sec tions in the Dan ube Ba sin (Sümegi et al.,
2018), is shown in the palaeomagnetic sec tion as the “Stage
17” re versed po lar ity ex cur sion (670 ka; Laj and Channell,
2007; see dis cus sion). Pre vi ously it was com pared to the Em -
peror/Big Lost event (560–570 ka; Bakhmutov et al., 2017).

MATUYAMA–BRUNHES BOUNDARY IN THE VYAZIVOK SECTION

Char ac ter is tic ex am ples of ther mal de mag ne ti za tion of
loess and soil spec i mens from the Vyazivok sec tion are shown
in Fig ure 6. In a loess spec i men from the V-L2 unit the nor mal
po lar ity com po nent turned to wards the or i gin when the tem per -
a ture ex ceeded 270°C (Fig. 6B). In a palaeosol spec i men from
the V-S7 unit the pres ence of a re versed di rec tion at tem per a -
ture >200°C with an over printed vis cous nor mal po lar ity com po -
nent is clearly seen in Fig ure 6C. Dur ing heat ing, >70% of sam -
ples showed a sig nif i cant in crease in MS at tem per a tures
>270–300°C.

AF de mag ne ti za tion was per formed for du pli cate spec i -
mens. Ex am ples from the V-L2 loess and V-S7 palaeosol are
shown in Fig ure 6E and F, re spec tively. In the loess, a
high-coercivity com po nent was not to tally re moved even by 100 
mT, but un doubt edly dem on strated nor mal po lar ity. In the
palaeosol sam ple, af ter re mov ing the vis cous com po nent, the
high-coercivity com po nent (up to 30 mT) showed re versed po -
lar ity with a ten dency of go ing to wards to the or i gin, but 10% of
ini tial NRM was not de mag ne tized (Fig. 6F).

About half of the spec i mens con tained a high-coercivity
com po nent which was to tally re moved by an 80–100 mT field,
and in low er most part of the sec tion this ChRM com po nent was
very dis tinct. Other sam ples had a low-coercivity com po nent
which was re moved by a field of ~20–30 mT and did not pro vide 
any clus tered palaeodirections. Af ter re moval of this com po -
nent, the sta ble high-coercivity com po nent of ten was not to tally
elim i nated even in a field of 100 mT. This in di cates he ma tite as
an im por tant car rier of ChRM.

The dec li na tion and in cli na tion di rec tions of the ChRM com -
po nent af ter tem per a ture (65 spec i mens) and AF (37 spec i -
mens) de mag ne ti za tion and the com pos ite palaeomagnetic col -
umn are shown in Fig ure 8 as a func tion of depth in the in ter val
51.0–59.0 m. The re sults of ther mal and AF de mag ne ti za tion are 
con cor dant and have sim i lar pos i tive in cli na tion and north erly
dec li na tion in the depth in ter val 51.0–56.2 m. In two spec i mens
above 56.2 m (up per most part of the V-S7 unit) af ter ther mal de -
mag ne ti za tion a re versed po lar ity was de fined, though it was not
con firmed by du pli cate spec i mens treated by AF.

Di rec tions of the ChRM com po nent of spec i mens be low
56.2 m depth have re versed po lar ity and be long to the
Matuyama chron. Thus, the po si tion of the MBB in the Vyazivok 
sec tion has been dem on strated at a depth of 56.2 m in the
V-S7S2 soil (sub unit sh1 ac cord ing to Matviishina et al., 2001;
Fig. 5C).

Only one mag netic event in the Vyazivok sec tion was de -
tected, a short level of re versed po lar ity at 25.5 m depth in the
low er most part of the V-S4 unit, shown by both stepwise ther -
mal and AF de mag ne ti za tion re sults (Hlavatskyi et al., 2016b)
(see Fig ure 2). Be low we sub stan ti ate that this is the Un named
geo mag netic event at 430 ka (Laj and Channell, 2007), mark ing 
the lower bound ary of MIS 11.

DISCUSSION

ORIGINS OF THE NRM ACQUISITION AND QUALITY 
OF THE PALAEOMAGNETIC DATA

Mag netic min eral as sem blages in the loess-palaeosol se -
quence of Ukraine mainly con tain mag ne tite, maghemite, he -
ma tite and goethite (see re view in Bakhmutov et al., 2017). He -
ma tite is pres ent both in loess and palaeosols, and its con cen -
tra tion is sig nif i cantly higher in the se quences lo cated in north -
ern Ukraine, in clud ing the Vyazivok sec tion (Hlavatskyi et al.,
2016b). It seems that pe ri odic humidification in the ter ri tory
close to the an cient ice sheet had fa cil i tated the ox i da tion of
ferrimagnetic grains and the for ma tion of highly co er cive min er -
als (Bakhmutov et al., 2017). Para mag netic min er als also have
a sig nif i cant in flu ence on mag ne tism of loess and palaeosols
(Hlavatskyi et al., 2016a, b). At Roksolany, the NRM is car ried
dom i nantly by mag ne tite (Sharonova et al., 2004; Gendler et
al., 2006) with a high con tent of superparamagnetic grains
(Bakhmutov et al., 2017).

Be cause the NRM of loess-palaeosol sed i ments is a mix -
ture of dif fer ent types of remanent mag ne ti za tion, it is nec es -
sary to iden tify the ChRM car ried by de tri tal iron ox ides to iso -
late the pri mary com po nent of mag ne ti za tion. There are three
ma jor de mag ne ti za tion meth ods: chem i cal, AF and ther mal de -
mag ne ti za tion (Schmidt, 1993). It is dif fi cult in prac tice to con -
duct chem i cal de mag ne ti za tion on loess sam ples (Liu et al.,
2015). AF de mag ne ti za tion is of ten not ef fec tive at re mov ing
sec ond ary (vis cous) com po nents from Chi nese (Jin and Liu,
2011; Liu et al., 2015) and Ukrai nian (Bakhmutov and
Glavatskiy, 2016) loess, be cause low-tem per a ture ox i da tion of
de tri tal mag ne tite can sig nif i cantly in crease its coercivity. In ad -
di tion, the pres ence of superparamagnetic grains in palaeosols
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T a  b l e  3

The po si tion of geo mag netic ex cur sions re corded in the 
sec tions stud ied



does not al low suc cess ful de mag ne ti za tion of the sam ples with -
out plac ing the equip ment in a mag net i cally shielded space.
Ther mal de mag ne ti za tion be comes the most widely used
method to re move sec ond ary com po nents of mag ne ti za tion
over prints. Usu ally, in Ukrai nian loess and palaeosols, heat ing
of sam ples to 200–250°C is enough to dis tin guish the ChRM
com po nent (Bakhmutov and Glavatskiy, 2016).

In the loess and palaeosol sam ples from the Roksolany
sec tion, ther mal and AF de mag ne ti za tion re moves a strong vis -
cous over print, and ChRM is <5–10% of the ini tial NRM. Thus,
the ChRM in ten sity (about n ́  10–5 A/m) could not be ac cu rately 
mea sured, tak ing into ac count the thresh old of the astatic mag -
ne tom e ters (LAM-22 or MA-21) which were used in the Kyiv
palaeomagnetic lab o ra tory in the 1970–1980s. An other prob -
lem was a high con tent of superparamagnetic grains in the
palaeosols, the re lax ation time of which was com pa ra ble with
the mea sure ment time (n ́  102 s). In our view, in the early stud -
ies, the spec i mens un der go ing de mag ne ti za tion–mea sure -
ment pro ce dures with out us ing a mag net i cally shielded room
had to have been strongly af fected by a vis cous com po nent
which fi nally caused wide scat ter of ChRM di rec tions. There -
fore, our palaeomagnetic re sults for the Roksolany sec tion are
dif fer ent from pre vi ous data, in which many mag netic events
were iden ti fied (Tretyak, 1980, 1983; Tretyak et al., 1987). Be -
sides these flaws, which were caused by lim i ta tions of the
equip ment of that time, we note that sta tis ti cally sig nif i cant data
(con tin u ous sam pling from 60 loess sec tions in all re gions of
Ukraine) al lowed con struct ing a uni fied Pleis to cene
magnetostratigraphic scale of Ukraine (Tretyak and
Vigilyanskaya, 1994), in which the Shyrokyne unit has been in -
cluded cor rectly into the Brunhes chron, as will be shown be low.

The other palaeomagnetic re sults of the Roksolany sec tion
that point to the po si tion of the MBB 12 m above, in the R-L4
loess unit (L6 in Tsatskin et al., 1998, 2001; Gendler et al.,

2006), have been de scribed in de tail in Sartori (2000). A to tal of
118 sam ples were treated us ing AF and ther mal de mag ne ti za -
tion. Since most of the ma te rial was frag ile, the sam ples had to
be kept in a plas tic sam pling box, which could not be heated to
tem per a tures >150°C. For this rea son, AF de mag ne ti za tion
had mostly to be ap plied. In ad di tion, the ther mal de mag ne ti za -
tion was car ried out in an other lab o ra tory by J. Hus, wherein the
vis cous com po nent was re moved at 250°C and the ChRM was
iso lated. Many sam ples be low 34 m depth had a re versed po -
lar ity. Ac cord ing to the re sults of AF de mag ne ti za tion, the MBB
was drawn in the loess unit R-L4 (L6) at a depth of 34.5 m. The
ther mal de mag ne ti za tion data sug gested the MBB at a depth of
34 m be low the over ly ing R-S3S3 (PK6.2) soil. Un for tu nately, the 
or thogo nal vec tor di a grams in di cat ing re versed po lar ity were
pre sented only for two spec i mens from depths of 46.3 and
46.6 m, whereas the sam ples in the depth in ter val of 34 to 46 m
can not be as sessed. The palaeomagnetic in ter pre ta tion pro -
vided by Sartori (2000) and Gendler et al. (2006) dis re gards the
re sults in the depth in ter val from 34 to 42 m, where about
one-third of spec i mens af ter ther mal and half of the spec i mens
af ter AF de mag ne ti za tion had nor mal po lar ity. From our point of 
view, the au thors did not give good ar gu ments why they placed
the MBB at a depth of 34 m.

Ac cord ing to the palaeomagnetic study of Dodonov et al.
(2006), among 22 sam ples from the depth in ter val of 34–50 m
(i.e. the sam pling step was ~0.73 m), 20 sam ples had re versed
po lar ity, whereas two sam ples with nor mal po lar ity were com -
pactly lo cated in the lower (R-S7?) soil, cor re lated to the
Jaramillo subchron. How ever, the au thors (Dodonov et al.,
2006) did not spec ify the mea sure ment equip ment used and
the means of cal cu lat ing the di rec tions of the char ac ter is tic
mag ne ti za tion.

Mean while, our re sults from the Vyazivok sec tion are in
agree ment with data pre vi ously ob tained by Vigilyanskaya
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(2001). The po lar ity re ver sal zone has been faith fully de ter -
mined from a sta tis ti cally sig nif i cant num ber of spec i mens.
These re sults are con sis tent with the magnetostratigraphic
stud ies of Pleis to cene sec tions of Ukraine (Tretyak et al., 1987,
1989; Tretyak and Vigilyanskaya, 1994; Vigilyanskaya and
Tretyak, 2000, 2002; Vigilyanskaya, 2001) where the MBB was
as signed to the low er most part of the Shyrokyne pedocomplex.
On go ing palaeomagnetic stud ies of an other ref er ence Pleis to -
cene se quence of Ukraine at Stari Kaydaky (325 km SE from
Vyazivok) and loess-palaeosol sec tions in the Podolian Up land
have re vealed that the MBB could not be lo cated above
palaeosol sub unit sh1 (Hlavatskyi, 2019), an equiv a lent of
V-S7S2 at Vyazivok.

CONTRADICTORY STRATIGRAPHIC POSITIONS OF THE MBB

The strati graphic po si tion of the MBB ac cord ing to do mes tic 
lithostratigraphic sub di vi sions (based on the no men cla ture of
Veklich et al., 1984a, 1993) is dif fer ent in the Roksolany (be -
tween the Lubny and Martonosha units) and the Vyazivok sec -
tion (in the Shyrokyne unit). Ac cord ing to the con ven tional
chronostratigraphic model (Gozhik et al., 2000; Bogucki et al.,
2013) the MBB at Roksolany is lo cated at the bot tom of the
palaeosol unit cor re spond ing to MIS 13–15, while at Vyazivok
the MBB lies in the lower part of the pedocomplex, which was
cor re lated by Matviishyna et al. (2010) with MIS 21–37 (Ta bles
1 and 2). The rea son for these con tra dic tions could be as fol -
lows: (1) lock-in depth hy poth e sis – de lay of the Matuya -
ma–Brunhes palaeomagnetic re cord within the Vyazivok sec -
tion; (2) strati graphic in com plete ness of the Roksolany sec tion;
(3) in cor rect stra tig ra phy of one of the sec tions.

Hy poth e sis 1. In the magnetostratigraphic re cords of Chi -
nese loess-palaeosol pro files, the MBB is ob served in loess
layer L8 (Zheng et al., 1992; Spassov et al., 2001, 2003; Ding et 
al., 2002; Pan et al., 2002), which was de pos ited dur ing a gla -
cial pe riod. In some pub li ca tions (such as Yang et al., 2010), the 
MBB in the re gions with de vel oped pedogenesis is lo cated in
loess L8 too (Baoji sec tion). These stud ies have re vealed the
prob lem of a climatostratigraphic in con sis tency in the po si tion
of the Matuyama–Brunhes re ver sal in ter res trial and deep-sea
re cords: the MBB is re corded in the loess unit (rep re sent ing a
cold pe riod), but in MIS 19 in ma rine sed i ments (rep re sent ing a
warm pe riod; Bolshakov, 1996, cited in Bolshakov, 2008; Tauxe 
et al., 1996).

Hyodo (1984), Hus and Han (1992), pointed out that dif fer -
ent post-depositional remanent mag ne ti za tion lock-in depths
may ex plain the dif fer ent strati graphic po si tions of the MBB.
Zhou and Shackle ton (1999), and Spassov et al. (2003) pro -
posed a large lock-in depth in ter val (~2–3 m) for the MBB in the
Chi nese loess. Three mech a nisms could ex plain such a large
down ward dis place ment of the MBB: (1) large postdetrital
remanent mag ne ti za tion lock-in ef fects (Zhou and Shackle ton,
1999); (2) de layed ac qui si tion of a (bio-)chem i cal remanent
mag ne ti za tion (Spassov et al., 2003); and (3) in cor rect in ter pre -
ta tion of the po si tion of MIS bound aries within loess se quences
based on the MS cor re la tions (Liu et al., 2008). The ob served
mul ti ple po lar ity changes of the ChRM com po nent are not fea -
tures of the geo mag netic field dur ing the mag netic re ver sal.
They are caused by vari able rel a tive con tri bu tions of de tri tal and 
pedogenic mag ne ti za tion com po nents, which give rise to ir reg -
u lar po lar ity lock-in at the MBB (Spassov et al., 2003). Ac cord -
ing to this in ter pre ta tion, the in ferred po si tion of the MBB in
loess se quences of the CLP was re-po si tioned higher within
L8–S7 zone. The palaeosol unit S7 is cor re lated with MIS 19,
and S8 with MIS 21 (Spassov et al., 2003). Sim i larly, in the most 
rep re sen ta tive loess se quence of Ser bia, Stari Slankamen, the

po si tion of the MBB has been low ered: ini tially it was iden ti fied
in loess L9 (MIS 22) ac cord ing to AF de mag ne ti za tion re sults
(Markoviæ et al., 2011), and later in palaeosol S8 (MIS 21) fol -
low ing ther mal and hy brid de mag ne ti za tion pro ce dures (Song
et al., 2018).

Tak ing into ac count the lock-in model it is pos si ble to re-po -
si tion the MBB in the Vyazivok sec tion up wards by at most
3.0 m into the up per part of the V-S7 soil (still the Shyrokyne
unit). The dis tance be tween the shifted po si tion of the MBB in
V-S7 and in ferred po si tion at the top of the V-S6 (Martonosha)
soil reaches, how ever, more than 10 m, which def i nitely ex -
cludes the pos si bil ity of ap ply ing the lock-in hy poth e sis.

Fur ther more, we should take into ac count that loess sed i -
ments are af fected by soil for ma tion pro cesses less than are
soils (Bolshakov, 2008). The over print ing ef fect of chem i cal
mag ne ti za tion in loess is less sig nif i cant and loess units can
serve as a bar rier against lock-in depth ef fects. If the
Matuyama–Brunhes re ver sal is syn chro nous with the for ma tion 
of a part of a soil layer, the palaeomagnetic re cord of the re ver -
sal in gen eral can not be dis placed ap pre cia bly be low the
bound ary be tween the soil and un der ly ing loess (Bolshakov,
2008). The V-L7 (Pryazovya) loess unit in the Vyazivok sec tion
has nor mal po lar ity, which ex cludes sec ond ary pro cesses over -
print ing the palaeomagnetic re cord in the V-S7 soil.

Thus, the Shyrokyne unit at Vyazivok be longs to the
Brunhes chron and most likely should be re-cor re lated with MIS 
19, sup port ing our pre vi ous sug ges tion (Hlavatskyi, 2019).

Some au thors (e.g., Wang et al., 2006; Bolshakov, 2017;
Jin et al., 2019) have ques tioned the lock-in depth hy poth e sis.
They con sid ered sin gling out nine palaeosol units within the
Brunhes chron (S0 to S8, where S8 in stead of S7 cor re sponds
to MIS 19), in clud ing still only one MIS 13–15 pedocomplex and 
an ad di tional MIS 18.2 interstadial soil (Wang et al., 2006), or
sep a rate MIS 13 and MIS 15 units (Bolshakov, 2017; Jin et al.,
2019). This in ter pre ta tion is sup ported by data from the
Luochuan, Sunmenxia, Jixian and Baicaoyuan sec tions in the
cen tral and south east ern part of the CLP (Heller and Liu, 1984;
Wang et al., 2006, 2014; Jin and Liu, 2011; Liu et al., 2015; Jin
et al., 2019), where the Matuyama–Brunhes re ver sal is fixed in
palaeosol S8 be low L8. Thus, there re mains a dis crep ancy in
the Chi nese loess chronostratigraphy.

Hy poth e sis 2. This is strati graphic in com plete ness of the
low er most part of the Roksolany sec tion. Ac cord ing to the stra -
tig ra phy of Gozhik et al. (2000) and Bogucki et al. (2013), as -
sign ing two interglacials in the Lubny (cor re spond ing to MIS 13
and MIS 15) and Martonosha (MIS 17 and MIS 19) units, a mis -
match of the chronostratigraphic po si tion of the MBB is no tice -
able. Since the MBB cor re sponds to MIS 19, the R-S7 unit
which is marked as Lubny by Gozhik et al. (2000, 2007) and
Bogucki et al. (2013) should be cor re lated with MIS 19. Thus,
the cor re la tion with the MIS scale in Gozhik et al. (2000) and
Bogucki et al. (2013) be comes cor rect if two ad di tional inter gla -
cial units can be in cluded into the Brunhes sec tion of the
Roksolany se quence. How ever, this im plies that the stra tig ra -
phy the Roksolany pro file is in com plete, in con trast to the wide -
spread opin ion that the Roksolany sec tion is one of the most
com plete among Pleis to cene loess-palaeosol se quences of
East ern Eu rope (Bogutskyi and Tomenyuk, 2013).

In or der to break the im passe on that is sue, a re vised
lithostratigraphy of the low er most part of the sec tion by the
same re search team (Gozhik et al., 2007; Bogucki et al., 2013;
£anczont et al., 2015) was re cently given (Nawrocki et al., 2018: 
fig. 1). In up graded strati graphic col umn, the lithostratigraphic
unit cor re spond ing to the Martonosha soil (R-S8) is not shown.
The Martonosha unit was moved up to the place of the Lubny
soil (R-S7), and the Lubny unit was moved up wards into the
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place of the lower Zavadivka soil (R-S6S2), so the Zavadivka
unit was re duced. The MBB cited from Bakhmutov and
Hlavatskyi (2014) was placed in the up per part of the re lo cated
Martonosha (for mer Lubny) unit cor re lat ing with MIS 17–19 (in -
stead of MIS 13–15), with out any de tailed ex pla na tion for the
rea son of the change. As stated be fore in Bakhmutov and
Hlavatskyi (2014) and Bakhmutov et al. (2017), the MBB has
been de fined at the con tact of two soil units – the Lubny and
Martonosha ac cord ing to the stra tig ra phy of Gozhik et al. (2000, 
2007) and Bogucki et al. (2013). The lower soil unit is char ac ter -
ized by in di vid ual lithopedological prop er ties and oc cu pies a
def i nite strati graphic po si tion in the Roksolany sec tion (Gozhik,
1976; Tretyak, 1980, 1983; Gozhik et al., 1995, 2000, 2007;
Bogucki et al., 2013; Bakhmutov and Hlavatskyi, 2014;
Bakhmutov et al., 2017).

We do not sup port the hy poth e sis of lithostratigraphic in -
com plete ness of the low er most part of the Roksolany sec tion.
As noted above, there is ev i dence sug gest ing that this is a
well-de vel oped se quence. By con trast, we sup port the idea of
more bal anced re vis it ing of the strati graphic sub di vi sion (see
Hy poth e sis 3).

Hy poth e sis 3. An other op tion to solve this prob lem re -
quires a com plete re vi sion of the cur rent strati graphic sub di vi -
sion of the en tire Roksolany se quence by Gozhik et al. (2000,
2007) and Bogucki et al. (2013) to wards older ages. The fol low -
ing are some ex am ples of in cor rect stra tig ra phy:

The orig i nal chronostratigraphic sub di vi sion of the
Roksolany se quence is based on ra dio car bon (14C) and
thermoluminescence (TL) ages, ob tained in 1975 (Gozhik,
1976; Tretyak, 1980; Guide book, 1982; see also fig. 4 in
Dodonov et al., 2006) and re pro cessed in 2003–2004 (Gozhik
et al., 2007; Gozhik, 2013; Fig. 9). Ac cord ing to these data the
sed i men ta tion rate was chang ing dra mat i cally. For ex am ple,
the up per most 15.5 m of the sec tion (from the R-L2 loess to the
R-L1S1 soil) was formed 30–10 ka (i.e. the sed i men ta tion rate
ex ceeds 77.7 cm/ky), while the 2 m thick layer of R-S8 and
R-S7 formed 800–472 ka (im ply ing a sed i men ta tion rate of
~0.6 cm/ky). Con se quently, the thick est unit R-L2 (the Bug
loess, bg, of Gozhik et al., 2000, 2007 and Bogucki et al., 2013), 
the well-de vel oped palaeosol R-S1 (Dofinivka, df) and the up -
per most loess R-L1 with R-L1S1 soil (Prychornomorya, pè) are
cor re lated with MIS 2. We have no other ev i dence of such high
ac cu mu la tion rates at the end of last gla cial pe riod in loess se -
quences from the Lower Dan ube Ba sin or west ern Black Sea
shore.

Such young ages of the up per most part of the Roksolany
sec tion were not sup ported by re sults of op ti cally stim u lated lu -
mi nes cence (OSL) and TL dat ing listed in Fedorowicz et al.
(2012, 2013). Ac cord ing to them, all OSL ages range from 97 to 
164.6 ka, and TL ages from 64.8 to 222.0 ka. In the up per most
part of the R-L2 (Bug) loess, OSL and TL dat ing data showed
an in ver sion; none the less, they cor re late well with each other
and cor re spond to an Eemian and Early Weichselian age
(MIS 5) un like the pre vi ous data of Gozhik et al. (2007).

An im por tant fea ture of the Roksolany sec tion is a vol ca nic
ash layer, the “Roksolany Tephra”, in the up per most part of the
R-L2 loess, 1.3 m be low R-S1, cor re lated with the MIS 2 by
Gozhik et al. (2000, 2007), Bogucki et al. (2013) and Gozhik
(2013). Min er als from this vol ca nic ash have been dated by dif -
fer ent meth ods with the fol low ing re sults: Ar-Ar – 50 ±3 Ma
(Tsatskin et al., 1998; Sartori, 2000); K-Ar (on am phi bole and
bi o tite) – 12.3 ±0.15 Ma, 11.9 ±0.15 Ma, 14.5 ±0.15 Ma
(Fedorowicz et al., 2012); and fis sion track – >12 Ma (Gozhik,
2013). Gozhik (2013) and Fedorowicz et al. (2013) ar gued that
ma te rial so old was not the prod uct of a vol ca nic erup tion.
More over, based on lu mi nes cence dat ing re sults, Fedorowicz

et al. (2013) sug gested that the Roksolany Tephra layer was re -
de pos ited ~100 ka.

In suc ceed ing pub li ca tions con cern ing the Roksolany
Tephra layer (£anczont et al., 2015; Wulf et al., 2016), only one
OSL age 33.1 ±2.6 ka from 18.7 m depth in the R-L2 (Bug)
loess was re ported. The up per most three soils (R-L1S1, R-S1,
R-S2) were dated by sim i lar ac cel er a tor mass spec trom e try 14C
ages in the range of ~25,890–17,970 BP (cal i brated age range
34,002–21,357 cal. yr BP). The dated sam ples were taken from 
hu mus ho ri zons with min i mal hu mus sub stance (0.18–0.20%)
and did not con tain wood char coal ma te rial (£anczont et al.,
2015: 434). The ash spec i mens ana lysed from the Mohoº
crater of the Ciomadul vol cano in Ro ma nia re vealed 14C ages of 
23,529 ±348 BP and 25,438 ±207 BP (Wulf et al. 2016: ta ble 2).
Geo chem i cal anal y sis (Wulf et al., 2016) and ages of
pyroclastic zir cons (470–840 ka with a peak be tween 500 and
750 ka; Nawrocki et al., 2018) had es tab lished that the
Roksolany Tephra was de rived from the Ciomadul vol cano. It
re mains un clear to us why £anczont et al. (2015) and Wulf et al.
(2016) re jected the more sta tis ti cally sig nif i cant sam ple of older
OSL ages from the R-L2 (Bug) loess, and what was the rea son
of as sign ing R-S2 (Vytachiv, vt) rather than, for ex am ple, the
R-L1S1 soil to MIS 3 ac cord ing to 14C data. No ta bly, Dodonov
et al. (2006) ob tained ear lier a sim i lar date of 26,640 ±240 cal.
yr BP for the R-L1S1 unit and cor re lated it with the Bryansk soil
(MIS 3).

In ad di tion, Constantin et al. (2019) have just pub lished new 
OSL ages for the up per most loess R-L1L1 (L1 ac cord ing to the
no men cla ture of Constantin et al., 2019): 16.6 ±1.1 ka at 0.87 m 
depth and 21 ±1.4 ka at 1.37 m depth. These au thors con -
cluded that the loess was de pos ited dur ing the Last Gla cial
Max i mum.

These chro no log i cal ages are shown in Fig ure 9 and dem -
on strate the in con sis tency of data ob tained by dif fer ent au thors.

MS STRATIGRAPHY AND CHRONOSTRATIGRAPHY 
OF THE VYAZIVOK SECTION

Be fore re vis it ing the chronostratigraphy of Roksolany, it is
nec es sary to re fine first the chro nol ogy of the Vyazivok sec tion,
since there are no dis crep an cies about its lithostratigraphic sub -
di vi sion. For com par i son of the MS re cord at Vyazivok with the
MIS scale, the ODP 677 ben thic d18O curve re flect ing global ice
vol ume (Shackle ton et al., 1990) was se lected. In our cor re la -
tions, we use the let tered ma rine iso tope substages adopted by
Railsback et al. (2015). The struc tures of the MS curve and
ODP 677 re cord are very sim i lar and show a num ber of in ter est -
ing con se quences for chro no log i cal pat terns (Fig. 3). That al -
lows the de vel op ment of a chronostratigraphy for the Vyazivok
sec tion as the best de vel oped ref er ence loess-palaeosol se -
quence in Ukraine.

The main dif fer ence in the strati graphic mod els pro posed
for the loess-palaeosol se quences of Ukraine (Ta ble 2), is the
chro no log i cal place ment of the Kaydaky pedocomplex (kd) and
the Dnipro loess (dn; pre vi ously spelled Dnie per). Some au -
thors (Rous seau et al., 2001; Vozgrin, 2001; Gerasimenko,
2004, 2006; Buggle et al., 2008, 2009; Matviishyna et al., 2010)
cor re late the Kaydaky unit with MIS 5e and the Dnipro unit with
MIS 6, while oth ers (Veklich, 1995; Gozhik et al., 2000; Lindner
et al., 2004, 2006; Bogucki et al., 2013; £anczont et al., 2015)
cor re late these units with MIS 7 and MIS 8.

At Vyazivok, the Kaydaky pedocomplex (V-S1S2) is rep re -
sented by a light-grey for est soil over ly ing the Dnipro loess
(V-L2). The V-L2 unit is as so ci ated with the mo raine of the
Dnie per (Saalian) gla ci ation (Veklich et al., 1967; Matviishina et
al., 2001). The V-S1S1 (Pryluky, pl) pedocomplex con tains a

738 Dmytro V. Hlavatskyi and Vladi mir G. Bakhmutov

https://gq.pgi.gov.pl/article/view/7336
https://gq.pgi.gov.pl/article/view/7405


meadow for est (plb) and meadow steppe (plc) brown cher -
nozem-like palaeosol, and is sep a rated by thin pedogenetically
al tered loess V-S1L1 (Tyasmyn) from the V-S1S2 pedomplex.
The three-peaked MS re cord of V-S1 (Fig. 3) is very sim i lar to
the pat tern of the ben thic d18O re cord of MIS 5 as well as to the
MS pat tern of the SK-S1 pedocomplex in the Stari Kaydaky
sec tion (Buggle et al., 2009). The MS re cord of the V-S1 unit
like wise cor re sponds well to pre vi ous data (Rous seau et al.,
2001).

Tak ing into ac count the MS curve at Vyazivok and the ma -
rine d18O re cord in the range of MIS 5–7 we cor re late the
V-S1S1 pedocomplex with MIS 5a–c, the V-S1L1 loess with
MIS 5d, the V-S1S2 pedocomplex with MIS 5e, and the V-L2
loess with MIS 6. Amino acid ra tios of mol lusk shells found
within Dnipro de pos its in di cate they are of MIS 6 age (Oches et
al., 2000, cited in Rous seau et al. 2001), cor rob o rat ing the ac -
cu racy of our cor re la tion. This in ter pre ta tion sup ports the strati -
graphic schemes of Rous seau et al. (2001), Vozgrin (2001),
Gerasimenko (2004, 2006), Buggle et al. (2008, 2009) and
Matviishyna et al. (2010).

A weakly de vel oped soil, V-L1S1 (Vytachiv), is lo cated
above the last inter gla cial pedocomplex V-S1 be ing sep a rated
from it by the V-L1L2 (Uday, ud) loess. The V-L1S1
pedocomplex is rep re sented by two sub units (vtb1 and vtb2) with
a layer of weakly pedogenetically al tered loess be tween them
(vtb2-b1; Matviishina et al., 2001; Rous seau et al., 2001). The
V-L1S1 unit has low val ues of MS, com pa ra ble to back ground
MS of loess. Con sid er ing the strati graphic po si tion of the V-S1
pedocomplex we at trib ute the V-L1S1 to MIS 3, as sug gested

by Rous seau et al. (2001), Gerasimenko (2004, 2006) and
Matviishyna et al. (2010).

Over lain by the V-L2 loess, the V-S2 pedocomplex
(Potyagaylivka, pt) is rep re sented by a poly gen etic soil, an up -
per cher nozem-like soil ptb2 and a lower brown for est loessified
soil ptb1 (Gerasimenko and Matvijishyna, 2007). Strong cryo -
genic de for ma tion is a char ac ter is tic of the pedocomplex
(Matviishina et al., 2001). We cor re late the V-S2 unit with MIS 7
(as did Gerasimenko and Matvijishyna, 2007) based on two MS 
peaks with a dom i nant up per peak. Thus, the MS pat tern cor re -
sponds to the char ac ter is tic twin peak as so ci a tion in the Ser -
bian and Ro ma nian palaeosol S2 (Buggle et al., 2009;
Markoviæ et al., 2015; Necula et al., 2015).

The un der ly ing thin loess V-L3 (Oril) shows cryofeatures
pen e trat ing into the V-S3 palaeosol. De spite its pedogenic
over print from the over ly ing pedocomplex, V-L3 is at trib uted to
gla cial con di tions, i.e. rep re sent ing MIS 8.

The V-S3 unit (Up per Zavadivka, zv3) is a strongly de vel -
oped pedocomplex com posed of brown warm for est soils. It in -
cludes a lower zv3b1 and mid dle zv3b2 grey-brown soil (cor re -
spond ing to early and late pedogenesis op tima af ter
Matviishina et al. (2001), re spec tively), and the up per com plex
red dish-brown soil zv3c (the fi nal pedogenesis phase) with an
ex tended car bon ate (Bca) ho ri zon. The V-S4 pedocomplex
(Lower Zavadivka, zv1) in cludes the lower yel low ish-brown cal -
car e ous soil zv1a (ini tial pedogenesis phase), mid dle
dark-brown soil zv1b1 and up per grey-brown meadow
heavy-loam soil zv1b2 (early and late pedogenesis op tima, re -
spec tively; field de scrip tion of Zh. Matviishyna, per sonal com -
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Fig. 9. Lu mi nes cence and ra dio car bon dat ing of the up per most part of the Roksolany sec tion

On the left – our strati graphic no men cla ture, on the right – sche matic in set of the lithostratigraphic col umn with the strati graphic
no men cla ture of Constantin et al. (2019)



mu ni ca tion, 2014). The V-S3 and V-S4 palaeosols are di vided
by a thin cryogenesis level. The V-S3 and V-S4 units un doubt -
edly cor re spond to in di vid ual interglacials, MIS 9 and MIS 11,
re spec tively, as sug gested pre vi ously by Gerasimenko and
Matvijishyna (2007). The MS pat tern shows the com plex struc -
ture of both palaeosol units: each pedocomplex is char ac ter -
ized by sep a rate MS peaks in each soil sub unit and cor re -
spond ing MIS substage (Fig. 3). De spite the ero sional in ci sion
of the V-S3 palaeosol, sim i lar to the MS re cord of the MIS 9 soil
at Koriten (Bul garia; Jordanova and Petersen, 1999), Paks
(Hun gary; Sartori, 2000), Viatovo (Bul garia; Jordanova et al.,
2007), Stari Kaydaky (Ukraine), Mircea Voda (Ro ma nia;
Buggle et al., 2009), Batajnica (Ser bia; Markoviæ et al., 2009,
cited in Markoviæ et al., 2015) and Costineºti (Ro ma nia; Necula
et al., 2015), it shows rel a tively high mag netic en hance ment.

In the low er most part of the V-S4 palaeosol a short zone of
re versed po lar ity has been es tab lished (Hlavatskyi et al.,
2016b). We at trib ute it to the Un named mag netic event with an
age of ~430 ka (Ta ble 3). The same ex cur sion has been found
in the Udvari-U2 sec tion at the base of the U2-S4 palaeosol
(Sümegi et al., 2018) and cor re sponds with the be gin ning of the
MIS 11 in both sec tions.

The V-L5 loess (Tyligul, tl) is the sec ond thick est loess unit
at Vyazivok (al most 11 m thick) af ter V-L2 and cor re sponds to
MIS 12. Af ter ~520 ka, loess ac cu mu la tion rates in creased in
re sponse to rel a tively more steppe-like, arid en vi ron ments.

The V-S5 unit (Lubny) is a pedocomplex of three soils. The
up per one, V-S5S1 (lbc ac cord ing to Matviishina et al., 2001), is
a brown ish-grey soil leached of car bon ates, the mid dle one,
V-S5S2 (lbb2), is a dark-grey meadow cher nozem-like soil, and
the lower one, V-S5S3 (lbb1), is a mot tled-brown gley for est soil.
In the Mid dle Dnie per area, the Lubny unit con tains two main
pedocomplexes (lb1 and lb3), each of which con sists of a lower
for est soil and up per cher nozem-like soil. The pedocomplexes
are com monly sep a rated by a loess (0.6–1 m thick) sub unit (lb2; 
Matviishina et al., 2001). The soils were formed un der tem per -
ate cli ma tic con di tions; the first inter gla cial (lb1) was warmer.
The Lubny unit ac cord ing to Ukrai nian stra tig ra phy un ques tion -
ingly cor re sponds to MIS 13–15 (Matviishyna et al., 2010;
Gozhik and Gerasimenko, 2011).

At Vyazivok, the low MS val ues of V-S5 are the same as in
ad ja cent loess units. In the ref er ence loess-palaeosol se -
quence of Hun gary, the Udvari-U2 sec tion (Sümegi et al.,
2018), the MS val ues for the U2-S5 unit (MIS 13–15) are like -
wise low as at Vyazivok. The strati graphic po si tion of the V-S5
unit in the Vyazivok sec tion in di cates that it should be equiv a -
lent only to MIS 13–15.

The lower third thick est (up to 6.3 m thick) loess at
Vyazivok, the V-L6 (Sula) unit, we like wise cor re late with the
gla cial cor re spond ing to MIS 16, which is glob ally es ti mated as
one of the stron gest glaciations (Lisiecki and Raymo, 2005).

The V-S6 (Martonosha) pedocomplex con sists of two thick
meadow-cinnamonic soils, V-S6S1 (mrb2) and V-S6S2 (mrb1).
MS mea sure ments re vealed low val ues, sim i lar to those in the
V-S5 unit (Fig. 3). Low val ues of MS in the well-de vel oped
U2-S6 (MIS 17) palaeosol were also re ported for the Udvari-U2
sec tion (Sümegi et al., 2018). The cor re spond ing V-S6
palaeosol (MIS 17) at Vojvodina is like wise well-de vel oped de -
spite hav ing sim i larly weak MS val ues (Markoviæ et al., 2011).
Tak ing into ac count the lower po si tion of the MBB in the V-S7
palaeosol, we cor re late the en tire V-S6 unit with MIS 17, and
the lower V-L7 loess unit (Pryazovya) with MIS 18.

The V-S7 (Shyrokyne) pedocomplex con sists of two
palaeosols. Con sid er ing the po si tion of the MBB in the lower
red dish-brown soil com plex V-S7S2 (sh1) and MS pat tern of the 

up per thicker brown soil V-S7S1 (sh3), some what sim i lar to the
ben thic d18O re cord of MIS 19 (Fig. 3), we cor re late the V-S7
unit with MIS 19.

Ac cord ing to Qua ter nary strati graphic stud ies of Ukraine
(Gozhik and Gerasimenko, 2011), the Shyrokyne stage con -
tains the last two interglacials within the Matuyama re ver sal: the 
sh3 (i.e. V-S7S1 at Vyazivok) and sh1 (V-S7S2) soils, di vided by 
a thin (0.5–1 m) loess-like or grey loam sh2 (not pres ent at
Vyazivok). The cli mate dur ing the Mid dle Shyrokyne substage
(sh2) was less harsh than dur ing the Berezan or Illichivsk stages 
(Matviishyna et al., 2010; Gozhik and Gerasimenko, 2011;
Sirenko, 2019). In the Stari Kaydaky sec tion, the Shyrokyne
pedocomplex be longs to the nor mal-po lar ity Brunhes chron and 
is rep re sented by a suc ces sion of thick choc o late-brown (sh3)
and fi ery-brown (sh1) clayey soils with a red dish-brown loam
and dark hu mus layer in be tween (sh2; Hlavatskyi, 2019). But
the mid dle sub unit sh2 in di cates a warm en vi ron ment rather
than the fully fledged cold cli ma tic con di tions of a sep a rate gla -
ci ation. Fur ther more, in rep re sen ta tive loess-palaeosol sec -
tions across the Eu ro pean loess belt (see re view in Bradák et
al., 2019 and ref er ences therein), the well-de vel oped MIS 19
soil is char ac ter ized by the most in tense palaeosol-form ing en -
vi ron ment, even stron ger than the pedogenic en hance ment of
the MIS 11 soil. We sug gest that the de vel op ment of the lower
V-S7S2 (sh1) and up per V-S7S1 (sh3) soils may be as so ci ated
with dif fer ent pedogenesis phases of the sin gle Shyrokyne
stage cor re spond ing to MIS substages 19c and 19a, re spec -
tively (Figs. 3 and 5C).

The thin V-L8 (Illichivsk) loess-like loam be low the V-S7
pedocomplex is at trib uted to MIS 20.

Con se quently, we cor re late the ma rine d18O pat tern of MIS
21 with the next MS peaks cor re spond ing to the V-S8 red dish
soil (Kryzhanivka), as shown in Fig ure 3. This sug ges tion partly
sup ports the cor re la tion model of the East Eu ro pean Plain
strati graphic schemes de vel oped by Bolikhovskaya and
Molodkov (2006).

The V-S8 com plex is un der ly ing by white sands (the al lu -
vium of the Kryzhanivka unit). Ac cord ing to Veklich et al. (1967), 
al lu vium is ex ten sively dis trib uted in the area.

CHRONOSTRATIGRAPHIC REVISIONS OF THE ROKSOLANY SECTION

In the Roksolany sec tion, the MS peak in the R-S1
pedocomplex (Dofinivka interstadial MIS 2 palaeosol af ter
Gozhik et al., 2000, Bogucki et al., 2013 and £anczont et al.,
2015; or MIS 7–11 pedocomplex PK3 af ter Tsatskin et al.,
2001), con sist ing of three well-de vel oped bright-brown (two up -
per soils com bined into the R-S1S1 sub unit) and grey cher -
nozem-like (lower sub unit R-S1S2) for est-steppe and steppe
soils, we cor re late with MIS 5 (Fig. 3). The spe cific MS pat tern
of the R-S1 unit is very sim i lar to that in the MIS 5 palaeosol at
the Costineºti (Necula et al., 2015), Zimnicea (Ro ma nia;
Rãdan, 2012 cited in Markoviæ et al., 2015), Ruma, Irig,
Batajnica, Stari Slankamen (Ser bia; Markoviæ et al., 2015),
Koriten (Jordanova and Petersen, 1999), and Lubenovo and
Viatovo (Bul garia; Jordanova et al., 2007) loess-palaeosol sec -
tions as well as to the stacked Chi nese MS re cord (Sun et al.,
2006 cited in Fitzsimmons et al., 2012). For de tailed com par i -
son of the MS re cords from dif fer ent Eu ro pean loess pro files ex -
tend ing to MIS 5 see the il lus tra tions in Fitzsimmons et al.
(2012: fig. 4), Markoviæ et al. (2015: fig. 4) and Necula et al.
(2015: fig. 10).

Our field ob ser va tions and palaeopedological data of
Tsatskin et al. (1998) and Bogucki et al. (2013) sug gest that the
R-S1 unit is the youn gest well-de vel oped palaeosol com plex,
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ge net i cally sim i lar to the mod ern cher nozem R-S0, and thus
should cor re spond to an inter gla cial and not an interstadial
event(s). Gozhik et al. (2000), Bogucki et al. (2013) and
£anczont et al. (2015) cor re late the lower R-S3 pedocomplex at
30–33 m depth with MIS 5 (marked as the Pryluky unit), and the
R-S4 pedocomplex at 34–35 m depth with MIS 7 (the Kaydaky
unit). Strong rubification, anal o gous to that seen in the R-S3
and R-S4 palaeosols, is not typ i cal of the Pryluky and Kaydaky
soils in the loess-palaeosol suc ces sion of the en tire Ukraine
(Matviishyna et al., 2010), in clud ing the area stud ied (Veklich,
1968; Sirenko and Turlo, 1986), and of the MIS 5 pedocomplex
(S1) in se quences lo cated more south wards in the Dan ube Ba -
sin (Obreht et al., 2016). Veklich (1968: 107) pointed out that
ex traor di nary fea ture of the Roksolany sec tion. In our opin ion,
grey and brown ish cher nozem-like steppe and for est-steppe
MIS 5 soils in the re gion, as pedological fea tures, are best ex -
em pli fied at Roksolany by the R-S1 palaeosol.

An other over ly ing R-L1S1 unit, con sist ing of two weak
brown and grey ish soils, has a MS peak at the base of the
pedocomplex. This unit is com pa ra ble to MIS 3. High MS val -
ues in the lower MIS 3 soil were also re ported for loess se -
quences from south east ern Eu rope (Buggle et al., 2009). The
up per most thin weakly de vel oped soil R-L1L1S1, placed just
be low the Ho lo cene soil R-S0, was not named in Bogucki et al.
(2013) and ab sent in Tsatskin et al. (1998).

Our chronostratigraphic in ter pre ta tion of the up per most
units of the Roksolany sec tion is in agree ment with pre vi ous
and re cent stud ies of sev eral loess-palaeosol se quences in the
west ern part of the Black Sea Low land. Vozgrin (2001) and
Tecsa et al. (2020) sug gested that the up per palaeosols by their 
pedomorphological char ac ter is tics should be long to the
Vytachiv (MIS 3), Pryluky (MIS 5a–c) and Kaydaky (MIS 5e)
units (rather than to the Dofinivka pedocomplex). In most loess
sec tions in Ukraine the lat ter two are welded and not sep a rated
by the Tyasmyn loess (Veklich, 1968, 1982; Sirenko and Turlo,
1986; Bolikhovskaya and Molodkov, 2006; Gerasimenko, 2006; 
Matviishyna et al., 2010). Fur ther more, the thick est loess unit
(sec ond from the top) should be as so ci ated with the Dnipro unit
(MIS 6), but not with the Bug loess (as sug gested by Gozhik et
al., 2000, Bogucki et al., 2013 and £anczont et al., 2015). The
Roksolany palaeosols R-L1L1S1, R-L1S1, R-S1S1 and
R-S1S2 thereby cor re spond to the Dofinivka, Vytachiv, Pryluky
and Kaydaky units, re spec tively. Con se quently, the thick est
R-L2 (Bug) loess should be re as signed to the Dnipro unit and
MIS 6. Thus, the Dnipro stage, rep re sented by ex tremely well
de vel oped loess units in the Roksolany and Vyazivok sec tions,
is cor re lated with MIS 6.

OSL dat ing re sults af ter Fedorowicz et al. (2012, 2013) and
Constantin et al. (2019) from the up per loess lay ers at
Roksolany sup port our in ter pre ta tion and are con sis tent with
sim i lar lu mi nes cence ages of L1 and L2 loess ob tained in the
Kurortne sec tion (Tecsa et al., 2020), 25 km south of
Roksolany, and the near est Ro ma nian, Bul gar ian and Ser bian
se quences (see Necula et al., 2015, Constantin et al., 2019,
Lomax et al., 2019 and ref er ences therein). The Roksolany
Tephra layer in the up per most part of R-L2 po ten tially can be
cor re lated with, wide spread in the Dan ube – Black Sea
loess-palaeosol se quences, the “L2 Tephra” (Fig. 1), dated as
145 ±12 ka. This was named af ter its po si tion in the loess unit
L2, equiv a lent to MIS 6 (Markoviæ et al., 2015 and ref er ences
therein). All this is in line with the OSL date of 143.8 ±12.3 ka
and TL date of 142.0 ±21.0 ka (Fig. 9) ob tained by Fedorowicz
et al. (2012, 2013) and the pro posed MIS 6 age of R-L2. It is sig -
nif i cant that the Roksolany site is lo cated on the same straight
line con nect ing the lower Dan ube loess se quences with the L2
Tephra layer iden ti fied at Mircea Voda (Laag et al., 2018),

Moºtistea (Balescu et al. 2010) in Ro ma nia, Harletz (Lomax et
al., 2019) in Bul garia, and the vol ca nic fields in the south ern Ital -
ian area (Fig. 1). The or i gin of the L2 Tephra re mains un clear
(Markoviæ et al., 2015). Laag et al. (2018), con sid er ing the
150–160 ka age of tephra lay ers found in Lake Ohrid (Mac e do -
nia) and in the Fucino lac us trine ba sin (It aly), and the in creas ing 
thick ness of the L2 Tephra from north ern Ser bia to wards the
south, sim i larly in ferred that it orig i nated in the Ne a pol i tan area.
A Ciomadul prov e nance of the Roksolany Tephra is also pos si -
ble be cause this vol cano was ac tive for at least the past
250–200 ky (Karatson et al., 2013 and Harangi et al., 2015, fide
Wulf et al., 2016).

Be tween the R-S1 and R-S3 pedocomplexes there is one
more well-de vel oped palaeosol R-S2 (Vytachiv unit, MIS 3 in
Gozhik et al., 2000, Bogucki et al., 2013 and £anczont et al.,
2015; or PK4 pedocomplex, MIS 13–15 in Tsatskin et al., 2001)
at the depth of 20–22 m. It is a strong red-brown poly gen etic
palaeosol (cher nozem with signs of rubification), mor pho log i -
cally dif fer ent from cher nozem-like palaeosols en coun tered in
the sec tion above (Tsatskin et al., 1998). Un doubt edly, this
strongly de vel oped palaeosol should cor re spond to inter gla cial
con di tions. In its pedological fea tures it is com pa ra ble to the
V-S2 poly gen etic cher nozem-like soil (Potyagaylivka) at
Vyazivok.

The R-S2 soil con sists of thick hu mus (A) and Bca ho ri zons. 
MS val ues in the up per most red-brown A ho ri zon are the high -
est in the sec tion with the max i mum at the top: 82 × 10–8 m3kg–1

ac cord ing to our mea sure ments (Fig. 3) or 95 × 10–8 m3kg–1 ac -
cord ing to Tsatskin et al. (1998). This palaeosol is
stratigraphically cor re lated with the Vytachiv soil (ac cord ing to
the clas si fi ca tion cited in Gozhik et al., 1995) in the Kurortne (in
some pa pers known as Prymorske) sec tion. Re cent lu mi nes -
cence dat ing has shown that this dou ble palaeosol S2 cor re -
sponds to MIS 7 (not MIS 3 as pre vi ously thought) and the MS
pro file from the Kurortne (Prymorske) sec tion (Nawrocki et al.,
1999) is al most iden ti cal with the one mea sured in the
Costineºti sec tion (Necula et al., 2015), 250 km SW of
Kurortne. How ever, in the Kurortne and loess sec tions of Ro -
ma nia, MS val ues of the S2 soil are far from high est among
other palaeosol units, hav ing a char ac ter is tic dou ble peak,
which is not clearly ev i dent in the R-S2 soil at Roksolany. The
high est val ues of MS in most sec tions of the Dan ube Ba sin are
in the next lower soil S3, as signed to MIS 9 (Markoviæ et al.,
2015; Necula et al., 2015). A prob a ble so lu tion could be con sid -
er ation of ab so lute val ues of the MS, not rel a tive max ima. Since 
dif fer ences in palaeoclimate be tween the Roksolany and
Dobrogea sec tions are un likely due to the close prox im ity, sim i -
lar ab so lute val ues of the MS should be ob served. The MS of
the S2 unit in neigh bour ing Ro ma nian sec tions reaches the
same 80–100 × 10–8 m3kg–1, al though the lower S3 unit shows
~120–150 × 10–8 m3kg–1 (Necula et al., 2015).

Thus, we cor re late the up per dom i nant two MS peaks in the
R-S2 pedocomplex with MIS substages 7a–c and the ptb2 sub -
unit from Vyazivok, and the lower weaker peak with MIS 7e and
the ptb1 sub unit. In Ukrai nian loess se quences lo cated north of
Roksolany, the Potyagaylivka palaeosol is not char ac ter ized by
ex pres sive rubification, but the suc ces sion of red-brown
palaeosols in the south ern Dan ube loess se quences, due to
pro gres sive ter mi na tion of Med i ter ra nean in flu ence, ended ex -
actly dur ing MIS 7, cor re spond ing to soil S2 (Obreht et al.,
2016). The un der ly ing well-de vel oped loess R-L3 we cor re late
with MIS 8 and with the Oril unit.

Let us take a closer look again at the R-S3 soil com plex.
R-S3 is a spe cific Roksolany tri ple pedocomplex, which con -
tains the red dish-brown R-S3S1 soil and dou ble grey-brown
rubified palaeosol com plex com posed of the R-S3S2 and
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R-S3S3 soils (Fig. 10), and de scribed pre vi ously by Gozhik et
al. (2000, 2007), Bogucki et al. (2013) and £anczont et al.
(2015) as the Pryluky unit (MIS 5). In the in ter pre ta tion of
Tsatskin et al. (1998, 2001), it con tains dis crete partly eroded
palaeosols (cor re spond ing to MIS 17–19) interbedded with thin
loess lay ers. Ac cord ing to our field re cord ings, the de scrip tion in 
Bogucki et al. (2013) and com ment of Zh. Matviishyna (per -
sonal com mu ni ca tion, 2014), the up per three palaeosols, i.e.
R-S3S1, R-S3S2 and R-S3S3, are sep a rated by cal car e ous
loams of light fawn col our, rep re sent ing Bca ho ri zons of their
top soils, not loess lay ers. Con se quently, these pedological fea -
tures on their own sug gest the Roksolany tri ple unit as a sin gle
well-de vel oped pedocomplex R-S3, in con trast to the pre vi ous
in ter pre ta tion of Tsatskin et al. (1998, 2001) of two sep a rate
pedocomplexes. It seems that these au thors were forced to al -
lo cate more interglacials above the higher po si tion of the MBB
in the R-L4 loess.

The lower well-de vel oped red-brown palaeosol R-S4
(Kaydaky unit, MIS 7 in Gozhik et al., 2000; Bogucki et al., 2013
and £anczont et al., 2015; or PK7 pedocomplex, MIS 21 in
Tsatskin et al., 2001) is darker in col our due to abun dant Mn
mot tles. It is sep a rated from the R-S3 pedocomplex by the 1.0
m thick loess layer R-L4. High MS val ues and the sharp form of
MS struc ture in the up per part of R-S4 are very sim i lar to those
in the V-S4 unit from Vyazivok, as well as to the ma rine re cord
of MIS 11 (Fig. 3). The up per dom i nant peak in R-S4 is se curely 
cor re lated with the zv1b2 sub unit at Vyazivok and with MIS 11c.
Fur ther more, three sep a rate peaks cor re spond ing to R-S3S1,
R-S3S2 and R-S3S3 are iden ti cal to three spe cific peaks in the
well-de vel oped V-S3 palaeosol com plex (sub units zv3c, zv3b2

and zv3b1, re spec tively), and are even more sim i lar to the ODP
curve of substages 9a, 9c and 9e. The ma rine substages 9a
and 9c–e in the ben thic d18O re cord are sep a rated in the same
way as the MS peak of the R-S3S1 soil (zv3c) is off set from bi -
modal peak of the dou ble palaeosol R-S3S2–R-S3S3 (zv3b). At
Roksolany, the R-S3S1 soil (zv3c) has a thick Bca ho ri zon just
like the zv3c soil in the Vyazivok sec tion. Thus, we cor re late the
welded pedocomplex R-S3 with MIS 9 and the Up per
Zavadivka unit (zv3), and the lower well-de vel oped
pedocomplex R-S4 with MIS 11 and the Lower Zavadivka unit
(zv1). The up per most sub unit R-S3S1 may be con sid ered as an 
interstadial soil be cause it cor re sponds to the less warm event
at MIS 9a in the ben thic d18O re cord (Fig. 3). Pre vi ously, Gozhik
et al. (2007), based on meadow steppe pol len spec tra, also
con sid ered that the up per R-S3S1 soil should be re lated to
interstadial con di tions (namely of the Amersfoort/BrÝrup
interstadial).

Ac cord ing to the palynological anal y sis of Gozhik et al.
(2007), loess of the R-L4 unit was formed un der spe cific cold
and arid cli ma tic con di tions with spread of the steppe veg e ta -
tion, and was at trib uted by Gozhik et al. (2000), Bogucki et al.
(2013) and £anczont et al. (2015) to the MIS 6 (Tyasmyn) gla -
cial. We cor re late R-L4 with the strong gla cial MIS 10 cor re -
spond ing to the Mid dle Zavadivka (zv2) stage, which also rep re -
sents cool arid con di tions in Ukrai nian loess ac cord ing to the
palynological data of Arap and Vozgrin (1989, cited in Gozhik
and Gerasimenko, 2011), Gerasimenko and Matvijishyna
(2007), and Matviishyna et al. (2010).

These ar gu ments lead us to an im por tant con clu sion. The
Mid dle Zavadivka strati graphic unit zv2 is poorly rep re sented in
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the Ukrai nian loess suc ces sion and does not yet have a suf fi -
cient holostratotype. In most com plete se quences with
Zavadivka soils in cen tral Ukraine and Transcarpathia, it cor re -
sponds to a thin cryogenesis level within the welded zv1–zv3

pedocomplex (Matviishyna et al., 2010). Since the lat ter looks
like a sin gle palaeosol, most Qua ter nary stud ies in Ukraine sug -
gest that the Zavadivka superunit should be com pared with only 
one inter gla cial (MIS 11 or MIS 9, see Ta ble 2). Gerasimenko
and Matvijishyna (2007), based on pol len spec tra of cold steppe 
type and ev i dence of strong cryo tur ba tion, deeply de form ing the 
lower zv1 soils, con cluded that the loess/loam unit zv2 within the
Zavadivka soils had a gla cial or i gin. In ad di tion, the up per part
of the Lower Zavadivka soil unit zv1 in the Pleis to cene suc ces -
sion of west ern Ukraine is as so ci ated with the last ap pear ance
of Pterocarya, which is con sid ered to have dis ap peared in Eu -
rope af ter MIS 11 (Gerasimenko and Matviishyna, 2007). The
iden ti fi ca tion of a rel a tively thick (1.0 m) R-L4 loess, as an
equiv a lent of the Mid dle Zavadivka unit cor re spond ing to MIS
10, al lows us to con sider the Roksolany se quence as a Ukrai -
nian lectostratotype of the zv2 loess. This loess is dis trib uted
across the en tire Lower Dniester Ba sin area (Tsatskin et al.,
2001; Gozhik, 2013).

The MBB in the Roksolany sec tion is lo cated be tween two
welded soil units: R-S7 and R-S8 (i.e. Lubny and Martonosha
af ter Gozhik et al., 2007 and Bogucki et al., 2013). The R-S7
unit has a com plex struc ture and con sists of an up per brown
and lower red-brown soil. The R-S7 palaeosol in the ex po sure
stud ied R6 (Fig. 4B) is re duced, and the R-L8 loess is wedged
out, but the lat ter may cor re spond to a thin light-col oured layer
vis i ble sev eral me ters south and north of the ex po sure; more -
over, the R-S7 palaeosol seems most de vel oped (Fig. 4C). In
all pre vi ous stud ies (Gozhik et al., 2007; Bogucki et al., 2013
and oth ers), no loess unit be tween the Lubny and Martonosha
palaeosols was de scribed. In our ex po sure, the clean ing of a
thin (a few cm) light layer be tween the R-S7 and R-S8 soils left a 
com pletely red dish loam of the up per soil. The con tact be tween
the R-S7 and R-S8 palaeosols is very dis tinct, which also may
in di cate ero sional in ci sion. More over, un like the long
Matyama–Brunhes tran si tion zone within the thick V-S7
pedocomlex at Vyazivok (Fig. 8), the tran si tion zone in the
Roksolany sec tion looks like a sud den re ver sal (Fig. 7). The en -
tire well-de vel oped R-S8 com plex is char ac ter ized by re versed
po lar ity, so the po lar ity tran si tion zone of the MBB most likely
be longs within the trun cated R-S7 pedocomplex. Ac cord ing to
our field ob ser va tions, a high con tent of clay is im me di ately ob -
vi ous in the R-S7 pedocomplex, iden ti cal to the same fea ture in
the brown and red-brown clayey V-S7 (Shyrokyne) soils in the
Vyazivok sec tion. Tak ing all this into ac count we cor re late the
R-S7 unit with the V-S7 com plex at Vyazivok, i.e. the Shyrokyne 
unit, and with MIS 19.

In the Ukrai nian subaerial suc ces sion, the Illichivsk unit
(equiv a lent of R-L8), un like the thick Berezan, Pryazovya and
Sula loess, is rep re sented by a thin (0.2–1 m) loess and
loess-like loams (Gozhik and Gerasimenko, 2011). In all the
best de vel oped Dan ube loess se quences (see over view, for ex -
am ple, in Markoviæ et al., 2011, 2012, 2015; Sümegi et al.,
2018), two soil com plexes S7 and S8 (rep re sent ing MIS 19 and
MIS 21, re spec tively) are sep a rated by the equally thin loess
layer L8 cor re spond ing to MIS 20, while loess units L9, L7 and
L6 are char ac ter ized by much greater thick ness.

The R-S7 pedocomplex is topped by loess layer R-L7 which 
we cor re late with MIS 18, and with the Pryazovya strati graphic
unit.

Con se quently, the over ly ing well-de vel oped red dish-brown
soil com plex R-S6 (Zavadivka af ter Gozhik et al., 2007 and
Bogucki et al., 2013) is right fully cor re lated with MIS 17 and,

there fore, with the V-S6 (Martonosha) unit at Vyazivok. Ac cord -
ing to the data of Gozhik et al. (2007), the palynological fea tures 
in the R-S6 palaeosol can be also com pared to the en vi ron ment 
of the Martonosha pe riod. The pedocomplex con sists of two
(Gozhik et al., 2007) or three (Bogucki et al., 2013) sub units.
Our field ob ser va tions clearly sug gest the pres ence of two soils: 
an up per thick R-S6S1 soil and a lower thin ner R-S6S2 soil.
How ever, three sep a rate “cas cades” of the MS curve are re -
vealed with high val ues in the mid dle lev els (base of the
R-S6S1 soil), which are sim i lar to those of the ma rine iso tope
re cord in substages 17a, 17c and 17e (Fig. 3). In the Black Sea
Low land, the Martonosha unit is rep re sented by three soils of
the early op ti mum mrb1, late op ti mum mrb2 and fi nal
pedogenesis phase mrc (Sirenko, 2017).

Within the R-L6 loess and up per most 0.25 m of the R-S6S1
soil a re versed po lar ity zone cor re sponds to a Stage 17 ex cur -
sion (670 ka; Ta ble 3), which has been found also in the Udvari
U2-A bore hole (above the U2-S6 soil; Sümegi et al., 2018) and
Stari Slankamen sec tion (above the V-S6 soil; Hambach et al.,
2009; Markoviæ et al., 2011; Markoviæ et al., 2015). In all three
sec tions this magnetozone is lo cated be low a char ac ter is tic
marker, a weakly de vel oped soil (R-S5, U2-S5, V-L6S1, re -
spec tively; see Fig ure 11). There fore, we cor re late the R-L6
loess with MIS 16 and with the Sula unit.

A weak red dish-brown palaeosol R-S5 at ~40 m depth has
rel a tively sig nif i cant peak val ues of MS (40–50 × 10–8 m3kg–1).
In the in ter pre ta tion of Gozhik et al. (2007) and Bogucki et al.
(2013), this is an eroded palaeosol (Potyagaylivka, MIS 9) with
an in com plete soil pro file. The con tact be tween the R-S5 soil
and over ly ing R-L5 loess is jag ged, ero sional; the A ho ri zon is
0.2 m thick (Bogucki et al., 2013). Ac cord ing to the
pedostratigraphy pro posed by Tsatskin et al. (1998, 2001),
R-S5 should be an in cip i ent soil, formed dur ing MIS 23. Tak ing
into ac count high val ues of MS and the pedological data, we re -
gard the R-S5 soil as a partly eroded palaeosol cor re lat ing with
an inter gla cial event.

In view of the new chronostratigraphic in ter pre ta tion of the
Ser bian loess-palaeosol se quence pro posed by Sümegi et al.
(2018), the weak soil V-L6S1 in Vojvodina sec tions should cor -
re spond to MIS 13–15, and the well-de vel oped rubified
palaeosol V-S5 above to the warmer MIS 11. There fore, V-S3
and V-S4 in Ser bia are con sid ered as a welded pedocomplex
cor re lat ing with MIS 9. The V-L6S1 unit in Vojvodina is an ob vi -
ous strati graphic equiv a lent of R-S5 at Roksolany, not only by
pedological de scrip tion, but also ac cord ing to
magnetostratigraphic data. Futhermore, the spe cific MS pat -
tern of the R-S4 soil at Roksolany is strik ingly sim i lar not only to
that of the MIS 11 palaeosol units V-S4 at Vyazivok (Fig. 3) and
Phe1–MB1-2 in the Paks sec tion (Sartori, 2000: 83; Sümegi et
al., 2018: fig. 6), but rep li cates the same MS struc tures of the
co eval V-S5 soil unit in the Titel–Stari Slankamen com pos ite
loess-palaeosol se quence (Song et al., 2018: fig. 3). In the
near est Kurortne (Prymorske) sec tion, the Kaydaky
pedocomplex af ter Gozhik et al. (1995), a strati graphic equiv a -
lent of the R-S4 soil with sim i lar lithopedological fea tures, based 
on MS pat tern (Nawrocki et al., 1999), has been cor re lated by
Necula et al. (2015: fig. 10) with the Ro ma nian S4 soil and sim i -
larly with MIS 11. In the Paks sec tion, the palaeosol unit cor re -
spond ing to MIS 13–15, marked by a pedocomplex of sandy
(Hs1) soil over lain by hydromorphic soils (Mtp1-2) and topped
by a for est soil (Phe2; see decription in Sartori (2000), Sümegi
et al. (2018) and ref er ences therein), has sim i lar fea tures to the
V-S5 soil at Vyazivok that we cor re late with MIS 13–15. Like -
wise, the MS of this pedocomplex at Paks is sim i lar to the one
mea sured in the R-S5 unit at Roksolany (40–50 × 10–8 m3kg–1).
Thus, tak ing into ac count the char ac ter is tic MS pat tern of the
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Fig. 11. Cor re la tion chart of the se quences stud ied at Roksolany and Vyazivok and the most rep re sen ta tive loess-palaeosol
sec tions of the Dan ube Ba sin and CLP (with sim pli fied lithostratigraphy) re sult ing from palaeomagnetic and mag netic

sus cep ti bil ity re cords

The mag netic po lar ity zonation of the Udvari U2-A se quence is from P. Márton (1998, fide Sümegi et al., 2018), Stari Slankamen from
Markoviæ et al. (2011) and Song et al. (2018), and Luochuan from Jin and Liu (2010, fide Liu et al., 2015). A – cor re la tions pro posed by this
study, and com mon an chor to MIS in the chronostratigraphic mod els of Markoviæ et al. (2015) and Sümegi et al. (2018) for Ser bian se -
quences; B – di rect cor re la tions be tween Stari Slankamen and Luochuan loess–palaeosol se quences ac cord ing to Markoviæ et al. (2015); C
– al ter na tive cor re la tions pro posed by Sümegi et al. (2018). Lu mi nes cence and ra dio car bon dates for the Roksolany sec tion ac cepted in this
study are shown. For other ages see Fig ure 9 and ex pla na tion in the text. Sche matic in set of strati graphic po si tion of the L2 Tephra in loess
sec tions listed from Ser bia (SB), Croatia (CR), Ro ma nia (RO) and Bul garia (BG) is shown to the right of the col umn of Stari Slankamen



R-S3 (MIS 9), R-S4 (MIS 11) and R-S6 (MIS 17) palaeosols at
Roksolany and cor re spond ing units in key Eu ro pean loess pro -
files, we cor re late, with high con fi dence, the R-S5 unit with V-S5 
at Vyazivok, and, there fore, with MIS 13–15. The im pli ca tion is
that the R-S5 palaeosol links to the Lubny strati graphic unit.

Con se quently, the over ly ing thick loess R-L5 per fectly cor -
re lates with the anal o gous thick loess bed of the V-L5 unit at
Vyazivok, and cor re sponds to the cold arid Tyligul stage
(Matviishyna et al., 2010; Sirenko, 2019) re lated to the very
strong gla cial MIS 12.

Re turn ing to the low er most part of Roksolany, the R-S8 unit
(Martonosha soil af ter Gozhik et al., 2007 and Bogucki et al.,
2013) be low the MBB is se curely cor re lated with MIS 21. It has
a dis tinc tive MS pat tern of three peaks, sim i lar to struc tures of
the ben thic d18O re cord dur ing MIS 21 (substages 21a, 21c, and 
com bined into one group 21e–g; Fig. 3), most likely cor re -
spond ing to fi nal pedogenesis phase krc, late op ti mum krb2 and
early op ti mum krb1 of the Kryzhanivka pedogenesis pe riod. As
re gards palaeopedological fea tures, the R-S8 pedocomplex is
ex pressed brown ish-red sandy soil, very rem i nis cent to the
V-S8 (Kryzhanivka) brown ish-red sandy soil at Vyazivok.

In ex po sure R6 (Fig. 4), the R-S8 palaeosol is un der lain by
green ish-grey sands. In ex po sure R7 (south of R6), thick (up to
4 m) loess R-L9L1 is ob served be low the R-S8 pedocomplex. In 
the lower part of this, the Kamikatsura ex cur sion (~850–900 ka)
has been iden ti fied (Ta ble 3), which is as so ci ated with MIS 22.
The low er most hydromorphic R-L9S1 soil is char ac ter ized by
low mag netic en hance ment (15 × 10–8 m3kg–1). Based on a cor -
re spond ing weak peak in the LR04 stack re cord (Lisiecki and
Raymo, 2005), we cor re late the R-L9S1 unit with MIS 23.
There fore, the R-L9L2 unit rep re sented by sandy clay loam cor -
re lates with MIS 24. The above strati graphic model is strik ingly
sim i lar to the typ i cal loess-palaeosol se quence seen on the
cen tral and south ern CLP, as rep re sented by the clas sic
Luochuan sec tion, and also in Ser bia (e.g., Stari Slankamen)
(Fig. 11). The hydromorphic soil R-L9S1 cor re sponds to the
Chi nese and Ser bian weakly de vel oped soil L9SS1 (Song et al., 
2018), in ter ca lated in the thick est loess unit be low the MBB, the
L9. The above ad just ment is con sis tent with the ma rine ev i -
dence show ing that MIS 23 was most likely an interstadial cli -
ma tic event, which oc curred be tween the lon ger gla cial stages
of MIS 24 and MIS 22 (Song et al., 2018).

In the loess-palaeosol se quence of Ukraine, the thick est
loess unit be low the Matuyama–Brunhes re ver sal is the
Berezan unit, com posed of subaerial, al lu vial, and lac us trine-al -
lu vial de pos its.  Its main fea tures are a large thick ness
(1–10 m), three dif fer ent-col oured lay ers (br1, br2, br3) and the
oc cur rence of hydromorphic (em bry onic) soils. The lower sub -
unit, br1, is rep re sented by loess-like loams and clays. The up -
per sub unit, br3, is a loess, marked by a lower clay con tent and
xe ric veg e ta tion. In the mid dle part of the Berezan unit, the
palaeosol br2 oc curs, which is rep re sented by a spe cific thin
(0.5 m thick) red dish-brown soil in the south and by a gleyic
cambisol in the north (Matviishyna et al., 2010; Gozhik and
Gerasimenko, 2011).

In the Kryzhanivka sec tion (50 km north of Roksolany), a fa -
mil iar pat tern can be ob served. Tretyak et al. (1987) found the
MBB lay in the Shyrokyne unit. In the mid-part of the 10 m thick
Berezan unit a thin (1.0 m) nor mal po lar ity zone (over ly ing the
0.4 m thick red-brown clay layer br2) was in ter preted as the
Jaramillo event (for mer age 900–960 ka). At the pres ent stage
of knowl edge, it is ev i dent that this zone is not re lated to the
Jaramillo subchron (0.99–1.07 Ma ago; Laj and Channell,
2007), which should rep re sent two or three palaeosols (MIS 31,
MIS 29 and pos si bly the inter gla cial peak within MIS 28, Head
and Gibbard, 2015). Ap par ently, it was the Kamikatsura ex cur -

sion. In the Beregove sec tion (30 km north of Sevastopol), the
Gauss–Matuyama re ver sal (2.58 Ma) was de tected in the
Kyzyl-Yar (kz) unit (Tretyak et al., 1987). Also, a few zones of
nor mal po lar ity within the Matuyama chron were iden ti fied (but
not named). In our in ter pre ta tion, the Jaramillo subchron should 
be re lated to a long up per most nor mal-po lar ity zone in the lower 
part of the Beregove palaeosol com plex (bv; be low the Berezan 
unit) and up per part of the Siversk clay/palaeosol suite (sv;
topped by the Beregove com plex). More over, the Berezan unit
at Beregove is char ac ter ized by re versed po lar ity. In view of the
above, we pro pose to cor re late the R-L9 unit (MIS 22–24) at
Roksolany with the Berezan unit.

These cor re la tions sup port the es ti mated age of the basal
al lu vium de pos its un der ly ing the R-L9 loess. Micromammal
fauna of al lu vium at Roksolany be longs to the end of the
Nogaysk stage of Taman com plex (Gozhik et al., 2007), sup -
ported by bench mark fos sil ro dent data: Allophaiomys
pliocaenicus, Prolagurus pannonicus, the ge nus Mimomys.
Also fos sils of large mam mals were found: Archidiscodon
meridionalis tamanensis Dubrovo and Dicerorhinus etruscus
Fal coner. At var i ous lo cal i ties of the Black Sea north ern coast,
these in dex fos sils are re lated to MIS 21–25 (Kolfschoten and
Markova, 2005 and ref er ences therein), def i nitely youn ger than
the Jaramillo re ver sal (Kolfschoten and Markova, 2005; Gozhik
et al., 2007; Krokhmal, 2009), but not youn ger than the base of
the red-brown clayey soil com plex over ly ing the Berezan de -
pos its, namely, in the in ter pre ta tion of Krokhmal (2009), the
Shyrokyne unit in clud ing that in the Kryzhanivka sec tion. We
fol low the orig i nal de scrip tion of the Kryzhanivka stratotype sec -
tion made by Veklich (1968) and re peated in Tretyak et al.
(1987, 1989): the Berezan loams are topped by the
Kryzhanivka palaeosol, red-brown in col our, 1.6 m thick, and, in
our opin ion, nat u rally match ing with MIS 21. There fore, the age
of al lu vium de pos its at Roksolany is lim ited by the chro no log i cal 
frame work of MIS 25 ac cord ing to fos sil data and our
magnetostratigraphic in ter pre ta tion. Hence, we can state that
the de vel op ment of Nogaysk fauna at Roksolany oc curred af ter 
960 ka ago and cor re sponds to the Late Beregove pe riod (bv3).
Ac cord ing to Veklich (1968), subaerial de pos its of the Berezan
and Beregove units are equiv a lents of al lu vium of the IX ter -
race.

Based on the re vised chro nol ogy, age-depth and sed i men -
ta tion rate mod els were con structed for the Roksolany se -
quence (Fig. 12). Ob vi ously, age-depth/SR mod els ac cord ing
to the chronostratigraphy of Gozhik et al. (2000) and Tsatskin et 
al. (2001) dif fer dras ti cally. Our model seems more re al is tic: a
small de vi a tion of the age-depth curve is ob served; the av er age 
sed i men ta tion rate is 8.9 cm/ky for loess and 4.5 cm/ky for
palaeosols, which is typ i cal for loess se quences in the Dan ube
Ba sin (Buggle et al., 2009; Markoviæ et al., 2012, 2015; Sümegi
et al., 2018). The R-L3 loess (MIS 8) is char ac ter ized by the
high est ac cu mu la tion rates (20.8 cm/ky) in the sec tion, just like
the MIS 8 loess V-L3 in the com pos ite Ser bian loess-palaeosol
se quence (14.8 cm/ky; Markoviæ et al., 2012).

REFINED CHRONOLOGY OF UKRAINIAN PEDOSTRATIGRAPHY AND ITS 
INTEGRATION INTO THE PAN-EURASIAN CORRELATION SCHEME

Based on the newly es tab lished chronostratigraphy for
Roksolany and Vyazivok, in Fig ure 11 we pres ent an interprofile
strati graphic cor re la tion be tween the two se quences stud ied and 
the most rep re sen ta tive loess sec tions in the Mid dle Dan ube Ba -
sin (Udvari-U2, Stari Slankamen) and the CLP (Louchuan). To
cor re late the loess-palaeosol se quences we have used
magnetostratigraphic mark ers, MS curves, and in part
pedological and palaeoenvironmental data, dis cussed above.
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The pro posed age in ter pre ta tions of the Roksolany and
Vyazivok sec tions, out lined above with ref er ence to other
loess-palaeosol se quences in the Dan ube Ba sin and CLP, al -
lows for the de vel op ment of a uni fied pan-Eur asian re gional
strati graphic chart. In Ta ble 4 we have made a cor re la tion be -
tween the Strati graphic Frame work of the Qua ter nary de pos its
of Ukraine (Veklich et al., 1993, mod i fied by Gozhyk, 2012), two 
dom i nant schemes in the Mid dle Dan ube Ba sin (Markoviæ et
al., 2011, 2015 and Sümegi et al., 2018), CLP (Kukla, 1987),
and the ma rine iso tope re cord (Shackle ton et al., 1990; Lisiecki
and Raymo, 2005). For strati graphic equiv a lents of
palaeogeographic stages we have adopted a des ig na tion in the 
sys tem of Markoviæ et al. (2011, 2015) by add ing the pre fix U in -
di cat ing Ukrai nian loess stra tig ra phy. A com par i son of mag -
netic sus cep ti bil ity, palaeomagnetic re sults (our data and ma te -
ri als of Tretyak and Vigilyanskaya, 1994), cli ma tic con di tions
(Veklich, 1982, 1987; Lisiecki and Raymo, 2005; Matviishyna et 
al., 2010; Gozhik and Gerasimenko, 2011; Fitzsimmons et al.,
2012; Head and Gibbard, 2015; Obreht et al., 2016; Sirenko,
2017, 2019; Sümegi et al., 2019), palaeopedological prop er ties
(Veklich, 1968; Sirenko and Turlo, 1986; Markoviæ et al., 2012;
Sümegi et al., 2018 and oth ers), as well as anal y sis of ac cu mu -
la tion rates, has led us to the fol low ing in ter pre ta tion.

The strati graphic unit U-S9 (Beregove warm palaeogeo -
graphic stage; Ta ble 4), rep re sented by red soils and red-brown 
clays in large ar eas of south ern, cen tral and east ern Ukraine, is
cor re lated with basal red soils/red clays in the Dan ube Ba sin.
The Beregove stage ter mi nated ~940 ka, i.e. at the end of
MIS 25. The typ i cal con fig u ra tion of the 100 ky gla cial cy cles be -
gan at MIS 25, with higher gla cial–inter gla cial con trasts, re -
corded in the subaerial se quence of Ukraine ex actly af ter the
Beregove stage.

The U-L9 loess unit (Berezan cold stage) is char ac ter ized
by thick loess, loam and clay de pos its, and is com pared to the
spe cific thick loess unit L9 in the Chi nese and Dan ube se -
quences, cor re lat ing with MIS 22–24 (Fig. 11). Mi nor warm ing
dur ing MIS 23 was man i fested by the em bry onic soil U-L9S1
(br2), iden ti cal to the weak palaeosol L9SS1 in Ser bia and
China. A harsh con ti nen tal cli mate dur ing the Late Berezan pe -
riod (br3) was re lated to global fluc tu a tions in MIS 22, caused by
sud den ice-sheet growth.

The U-S8 soil unit (Kryzhanivka warm stage), ex pressed by
rubified brown for est soils, is cor re lated with MIS 21. It cor re -
sponds to rubified for est palaeosols H-S8 in the Hun gar ian and
V-S8 in the Ser bian com pos ite pedostratigraphies. In the
Kryzhanivka stage, hu mid ity of cli mate and heat sup ply was
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Fig. 12. Age-depth mod els for the Roksolany sec tion (A) and cal cu lated sed i men ta tion rates (B) ac cord ing to: our data (green);
Tsatskin et al. (2001, blue); Gozhik et al. (2000) and Bogucki et al. (2013, red)

Sed i men ta tion rates are shown as a func tion of depth to com pare val ues for the same units in the chronostratigraphic mod els con sid ered



con sis tently high. No sep a rate glaciations are de ter mined by
pedological, palynological or MS data, – they all re flect only
com plex ity of the sin gle inter gla cial MIS 21 (substages 21a–g
af ter Railsback et al., 2015).

The U-L8 loess unit cor re sponds to the Illichivsk cold stage,
char ac ter ized by weak loess ac cu mu la tion and less harsh
subperiglacial en vi ron ments, and is an equiv a lent of the thin
loess L8 be low the MBB in the Dan ube and Chi nese sec tions,
which cor re sponds to MIS 20. Dur ing MIS 20, sum mer in so la -
tion val ues at 65°N were rel a tively high for a gla cial cy cle. Even
so, MIS 20 rep re sents a se vere if short-lived gla cial event
(Head and Gibbard, 2015).

The U-S7 soil unit (Shyrokyne warm stage) is rep re sented
by thick brown (brunizems in the north, cambisols in the south;
sh3, U-S7S1 in this study) and red-brown soils (tran si tional to
chro mic cambisols, luvisols; sh1/U-S7S2), and a rarely ob -
served thin clayey layer (sh2/U-S7L1) in-be tween. We cor re late
the U-S7 unit with the well-de vel oped MIS 19 palaeosol com -
plex S7 in the Mid dle Dan ube Ba sin and CLP. The
Matuyama–Brunhes re ver sal be longs to the lower sub unit
U-S7S2 (sh1). In sig nif i cant fall of tem per a ture and aridization
oc curred in the Mid dle Shyrokyne pe riod (sh2), marked by a re -
duc tion of thermophilic broad-leaved trees and ex pan sion of
her ba ceous groups; we do not as so ci ate this with a gla ci ation.
A mark edly bi modal peak in MIS 19 with drier and cooler con di -
tions for the in ter ven ing in ter val (MIS 19b) is reg is tered in many
ref er ence ma rine suc ces sions of the world (for a com pre hen -
sive re view, see Head and Gibbard, 2015; Nomade et al.,
2019). Ac cord ing to the palaeopedological stud ies of
loess-palaeosol se quences of Ukraine (Sirenko and Turlo,
1986; Gozhik and Gerasimenko, 2011), the cli ma tic op ti mum of
the Shyrokyne stage cor re sponds to the sh1 substage with the
max i mum tem per a tures dur ing the late sh1b2 phase and the
max i mum hu mid ity dur ing the early sh1b1 phase. The main ex -
pan sion of warm for est dur ing the sh1 pe riod, dom i nated by
broad-leaved trees, nat u rally cor re lates to cli ma tic op ti mum
MIS 19c (inter gla cial sensu-stricto). How ever, in more re cent
palynological stud ies (e.g., Sirenko, 2017), the Late Shyrokyne
substage sh3 is con sid ered as an other cli ma tic op ti mum. In our
view, the sh3 soils char ac ter ize the fi nal phase of the Shyrokyne
pedogenesis pe riod (post-op ti mal cli mate os cil la tion). A warm-
 tem per ate cli mate dur ing the sh3 substage, rep re sented by soils 
with lower weath er ing in di ces, formed un der steppe in the south 
and for est-steppe in the north, in di cate mild interstadial con di -
tions most likely re lated to the MIS 19a in ter val. A cor re la tion of
the U-S7S1 sub unit with the interstadial MIS 18b–d soil L7SS1
(V-L7S1) ob served in nu mer ous Chi nese and Dan ube
loess-palaeosol sec tions (Markoviæ et al., 2015, Song et al.,
2018 and oth ers) also can not be ex cluded. There fore, the veg e -
ta tion char ac ter of the up per in terim ho ri zon of the U-S7 soil unit 
re flects a pe cu liar con tin u ous MIS 19a/MIS 18 cli ma tic tran si -
tion. Veklich (1973, fide Tretyak and Volok, 1976), based on
palaeopedogenesis con struc tions, had pre cisely pre dicted the
age of the Shyrokyne stage (pedogenesis palaeorhythm af ter
M. Veklich) as ~750 ka; none the less, later Veklich (1987, 1995)
re vised his own es ti mates.

Loess de pos its of the U-L7 unit (Pryazovya cold stage, MIS
18) in all Ukrai nian sec tions are char ac ter ized by nor mal po lar -
ity and in cluded into the Brunhes chron.

The U-S6 soil unit (Martonosha warm stage), rep re sented
by brown for est soils, rubified in south ern and cen tral Ukraine, is 
as so ci ated with MIS 17 and cor re sponds to the S6 palaeosol
with the same pedological fea tures in the Dan ube Ba sin. No
periglacial stage sep a rat ing two hy po thet i cal interglacials
(MIS 17 and MIS 19) within the Martonosha pe riod is re vealed
by palaeoclimatic stud ies: quite the op po site, the Mid dle
Martonosha substage is char ac ter ized by warmer and more hu -
mid cli ma tic con di tions than the Late Martonosha substage or

even the Lubny stage. In our opin ion, the po si tion of the MBB in
Matonosha pedocomplex in some pre vi ous stud ies can be ex -
plained by meth od olog i cal is sues, ran dom in ter pre ta tion of
palaeomagnetic data, con tro ver sial strati graphic sub di vi sions,
and strati graphic in com plete ness of the Martonosha and
Shyrokyne units in sev eral se quences. No ta bly, in the se -
quences with well-de vel oped Martonosha and Shyrokyne
palaeosol com plexes, the MBB had been iden ti fied al ways in
the lower Shyrokyne palaeosol. In ad di tion, the re versed-po lar -
ity Stage 17 ex cur sion on the roof of the Martonosha unit may
had been con fused in some stud ies with the Matuyama chron.
The Matuyama–Brunhes re ver sal could not oc cur at the end of
the Martonosha stage (i.e. at the end of MIS 17) as pro posed in
many Qua ter nary stud ies.

The U-L6 loess unit, re lated to the Sula cold stage and
marked by the first periglacial land scapes in Ukraine, is as so ci -
ated with the strong gla cial MIS 16.

The Lubny warm stage in the loess-palaeosol suc ces sion of 
Ukraine cor re sponds to the U-S5 soil unit, and is char ac ter ized
by a more tem per ate cli mate than in pre vi ous interglaciations;
more over, the fi nal substages point to even colder cli ma tic con -
di tions. We cor re late the Lubny stage with MIS 13–15, as in all
prev a lent chronostratigraphic mod els of Ukraine. In the cen tral
loess-steppe zone it is rep re sented by 3–4 cher nozem-like,
meadow, brown, grey for est, loessified and hydromor -
phic/gleyed soils (Ta ble 4). Sim i lar pedological fea tures are
char ac ter is tic of the H-S5 pedocompex (MIS 13–15) in the Hun -
gar ian loess se quence. In the west ern Black Sea re gion, the
pedostratigraphic po si tion of the U-S5 (Lubny) unit should be
re vised fol low ing the pro posed stra tig ra phy for the Roksolany
se quence.

In the wider Asian re gion, sev eral stud ies based on ter res trial 
and ma rine re cords in di cate in tense interglacials dur ing MIS 15
and MIS 13, with a rel a tively warm MIS 14 gla cial be tween, while
other re gions (e.g., the North At lan tic Ocean) pres ent weak
warm ing (Matsuzaki et al. 2014 and ref er ences therein). The
Asian re gion in tense warm ing dur ing this in ter val was as so ci ated 
with a strong East Asian Mon soon. No mon soon forc ing is ex -
pected in cen tral and south east ern Eu rope, and the mech a nism
of hy po thet i cal in tense warm ing com pa ra ble to that in Asia is not
de ter mined (Zeeden et al., 2018). In con trast to MIS 15 and es -
pe cially to MIS 11, MIS 13 is rou tinely the cool est inter gla cial of
the past 800 ky in var i ous long palaeoenvironmental re cords
from around the world. MIS 13 is char ac ter ized by lower green -
house gas (CO2, CH4) con cen tra tions, cool Ant arc tic tem per a -
tures and high ben thic d18O val ues re lated to higher global
ice-vol ume and/or colder deep ocean tem per a tures (see ref er -
ences in Lisiecki and Raymo, 2005 and Sümegi et al., 2018).
There fore, the palaeoenvironmental pat tern of the tem per ate
Lubny stage of the loess-palaeosol de vel op ment of Ukraine is in
full agree ment with global cli ma tic vari a tions.

The tim ing of the V-S5 soil unit (MIS 13–15 af ter Markoviæ et 
al., 2011) in Ser bian loess stra tig ra phy has been re cently ques -
tioned by Sümegi et al. (2018), as sign ing the weak V-L6S1 soil
to MIS 13–15, and the well-de vel oped V-S5 to MIS 11. In our
cor re la tion scheme (Ta ble 4) we share the lat ter sug ges tion
also be cause of the ob vi ous sim i lar ity of the Roksolany se -
quence to the Vojvodina loess-palaeosol se quence, as was
shown above. 

The U-L5 loess unit and its cor re la tive, Tyligul cold stage,
are char ac ter ized by dis tinct periglacial land scapes, more rapid
loess ac cu mu la tion, and re flect the cold est con di tions in the
Ukrai nian loess ar chive 1.0–0.4 Ma. The U-L5 unit cor re sponds 
to the very strong MIS 12, as so ci ated with the re turn of large ice
sheets.

The tran si tion be tween MIS 12 and MIS 11 in di cates an im -
por tant global cli ma tic shift: the Mid-Brunhes Event (Jansen et
al., 1986) or the Mid-Brunhes Tran si tion (Yin, 2013), which be -
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The the o ret i cal pedostratigraphic col umn of the past 1 My for loess-palaeosol for ma tion of cen tral and south ern Ukraine, 
its re la tion to the Mid dle Dan ube and Chi nese loess stra tig ra phy, and cor re la tion with ma rine iso tope stages



gan 430 ka with an in crease in the am pli tude of the 100 ky cli -
mate cy cles of the past 800 ky. The interglacials af ter 430 ka
were char ac ter ized by warmer cli mates and higher at mo spheric 
con cen tra tions of car bon di ox ide than the interglacials be fore
(Lisiecki and Raymo, 2005).

The in tense warm cli ma tic con di tions dur ing the Early
Zavadivka (U-S4 soil unit, MIS 11) and Late Zavadivka (U-S3
soil unit, MIS 9) stages, rep re sented by well-de vel oped brown
for est soils, are re lated to sub trop i cal and near-substropical en -
vi ron ments. The same palaeoclimatic and pedological fea tures
are typ i cal of MIS 11 and MIS 9 soils in the Dan ube Ba sin. The
Mid dle Zavadivka cold stage (U-L4 loess unit) in di cates strong
cool ing and aridization, and un doubt edly cor re sponds to the
sep a rate gla cial MIS 10.

The U-L3 loess unit (Oril cold stage, MIS 8) is rarely rep re -
sented in the north of Ukraine (eroded by gla cial pro cesses in
Dnipro pe riod), but is well de vel oped in the south. The same
pat tern is well seen on the ex am ple of MIS 8 loess in the
Vyazivok and Roksolany sec tion (Figs. 3 and 11).

The U-S2 unit, cor re spond ing to the Potyagaylivka warm
stage, is well rep re sented in south ern Ukraine (poly gen etic soil)
and in the Dnie per Low land (a pedocomplex of two cher -
nozem-like soils). By pedological and mag netic sus cep ti bil ity
fea tures it cor re sponds to the S2 pedocomplex in the Dan ube
loess re cord, and is as so ci ated with MIS 7.

The gla cial max i mum of MIS 6 was the most ex ten sive gla -
ci ation of the last 400 ky over Eur asia, the larg est since MIS 12
(Colleoni et al., 2016). In Eu rope, MIS 6 is re corded by the larg -
est ice ad vance of the Saalian stage cor re lated with the Dnie per 
gla ci ation in Ukraine. The Dnie per glaciogenic se quence is cur -
rently re lated to MIS 6 (Ehlers et al., 2013). In the Mid dle Dnie -
per area (the area of the for mer gla cier tongue), a till of the cor -
re spond ing U-L2 loess unit (Dnipro cold stage) is an im por tant
strati graphic marker. To wards the south the U-L2 loess were
formed un der periglacial steppe con di tions. They are char ac ter -
ized by larger thick ness (5–12 m) due to prox im ity to the dust
source from north ern gla ci ated plains. TL/OSL dat ing in dif fer -
ent sec tions pro vides nu mer i cal age frames for MIS 6.

The U-S1S2 (Kaydaky) and U-S1S1 (Pryluky) units are cor -
re lated with MIS 5e and MIS 5a–c, re spec tively. The rarely ob -
served thin loess cor re spond ing to the U-S1L1 unit (Tyasmyn)
is re lated to ma rine substage 5d (the first Weichselian stadial).
We pay at ten tion here to the Vyazivok sec tion, where high-res -
o lu tion MS data re vealed un prec e dented com plete ness of the
con ti nen tal re cord of this pe riod (Fig. 3). The pedological and
palaeoenvironmental char ac ter is tics of MIS 5 chernozems in
Ukraine are in full agree ment with those in the Dan ube Ba sin.

The Uday (U-L1L2 unit, MIS 4) and Bug (U-L1L1 unit,
MIS 2) cold stages were re lated to the end of the last gla cial pe -
riod. Weak warm ing dur ing MIS 3 pro duced a com plex of 2–3
interstadial brown soils of the U-L1S1 unit, cor re spond ing to the
Vytachiv warm stage. The same fea tures are also ob served in
the south east ern Eu ro pean loess re cords dur ing MIS 2–4.

CONCLUSIONS

Re sults of the magnetostratigraphic and palaeoclimatic
stud ies of key loess-palaeosol se quences of Ukraine un cover
fun da men tal con tra dic tions in the strati graphic re con struc tions
ob tained by dif fer ent au thors in the last 50 years. Now a days,
magnetostratigraphy is the most re li able tool in es tab lish ing in -
de pend ent chro nol o gies in loess-palaeosol ar chives reach ing
be yond 300 ka. Ap pli ca tion of the palaeomagnetic method
com bined with the mag netic sus cep ti bil ity re cord in the best de -

vel oped loess-palaeosol se quences of Ukraine have re sulted in 
sig nif i cant suc cesses and al lowed the fol low ing con clu sions:

1. The Matuyama–Brunhes re ver sal, iden ti fied in the
Roksolany and Vyazivok sec tion in the lower part of palaeosol
units R-S7 and V-S7, re spec tively, be longs to the same strati -
graphic unit Shyrokyne (U-S7), and cor re sponds to the time
equiv a lent of MIS 19. Un likely many ex am ples of the lower po -
si tion of the MBB in loess layer L8 in Chi nese and Dan ube se -
quences due to the lock-in depth ef fect, the MBB re cord at
Roksolany and Vyazivok is not de layed or is in sig nif i cantly de -
layed only within the R-S7 and V-S7 palaeosol, re spec tively.

2. The po si tion of the Stage 17 (670 ka), Kamikatsura
(~850–900 ka) ex cur sions at Roksolany and the Un named
event (430 ka) at Vyazivok is con cor dant with Dan ube loess
magnetostratigraphy (Sümegi et al., 2018). Palaeomagnetic
events es tab lished in dif fer ent loess-palaeosol se quences can
rea son ably serve as a ref er ence for chronostratigraphic mod -
els.

3. Due to the sim i lar ity of mag netic sus cep ti bil ity and ma rine 
ox y gen iso tope re cords, we sug gest the Roksolany and
Vyazivok sec tions as among the most com plete
palaeoenvironmental con ti nen tal ar chives of the past 1 My not
only in Ukraine, but in Eur asia. High-res o lu tion MS data have
re vealed the multi-stage and substage struc tures cor re spond -
ing to rhythms of palaeopedogenic de vel op ment, which are
clearly com pa ra ble to ma rine ox y gen iso tope vari a tions. The
sec tions stud ied can be con sid ered as unique benchmarks for
global interprofile cor re la tions.

4. The chronostratigraphy of the Roksolany and Vyazivok
se quences has been re vised to fit the po si tion of the MBB.
Based on pre vi ous palaeoenvironmental, pedological, geo -
chron ol ogi cal and sed i men ta tion stud ies, our re vi sion was ex -
tended to the loess-palaeosol se quence in the cen tral for -
est-steppe and south ern steppe ar eas of Ukraine in or der to fa -
cil i tate the in ter pre ta tion of cli ma tic con nec tions with the loess
re cords in the Dan ube Ba sin and on the Chi nese Loess Pla -
teau.

5. The Roksolany Tephra in MIS 6 loess unit R-L2 can be
cor re lated with the L2 Tephra, which is widely dis trib uted in
south east ern Eu ro pean loess sites and lac us trine ar chives.
The L2 Tephra serves as an im por tant marker ho ri zon; how -
ever, more in for ma tion, such as a min er al og i cal com par i son
and an in di vid u ally de ter mined age and or i gin, is re quired.

6. The con ducted stud ies have re vealed that the Zavadivka
superunit con tains two inter gla cial soil units, the U-S4 (MIS 11)
and U-S3 (MIS 9). Due to the ab sence of a sat is fac tory
stratotype of the Mid dle Zavadivka (U-L4, MIS 10) loess in
Ukraine, the Roksolany sec tion may be con sid ered as the re -
gional lectostratotype of this strati graphic unit.
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