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This is an ac count of finds of stratigraphically use ful cal car e ous nannofossils and the magnetostratigraphy of the Ju ras -
sic-Cre ta ceous bound ary in ter val of the east ern Cri mean pen in sula (south ern Ukraine). We com pare these new com ple -
men tary re sults with those pre sented by our team in ear lier pub li ca tions. A miss ing in ter val in the Cri mean se quence is filled,
and the po si tion of the Tithonian-Berriasian (J/K) bound ary is con firmed.
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INTRODUCTION

In this con tri bu tion we give an ac count of a short strati -
graphic in ter val just be low the Ju ras sic/Cre ta ceous bound ary in 
east ern Cri mea. This in ter val has not pre vi ously been no ticed
and its de scrip tion here fills a gap in knowl edge of the
Tithonian- Berriasian, and de scribes an in ter val not no ticed in
our ear lier pub li ca tions on the re gion (Bakhmutov et al., 2016;
Wimble don et al., 2017b, 2020a; Svobodová et al., 2019a). 

In 2016 it was agreed, and an nounced at the In ter na tional
Cre ta ceous Sym po sium in Vi enna, that the base of the
Berriasian Stage (and the Cre ta ceous Sys tem) was to be
placed at the base of the Calpionella alpina Subzone, adopt ing
the marker and level most fre quently ap plied by au thors in the
pre vi ous de cade. Af ter doc u men ta tion and con sid er ation of nu -
mer ous sites in Eu rope, Af rica, North and South Amer ica and
Asia, the Berriasian Work ing Group (ISCS, In ter na tional Com -
mis sion on Stra tig ra phy) held a for mal vote, and ac cepted by a
76% ma jor ity that the base of the Alpina Subzone should be se -
lected as the pri mary marker for the Tithonian/Berriasian
bound ary. In the judg ment of the 75-strong group of J/K spe cial -
ists, the calpionellid turn over at this level pro vided the best
marker, and, com pared to other less-sat is fac tory pu ta tive

mark ers, was the one that al lowed cor re la tion over the great est
part of the globe (Wimble don et al., 2017a, 2020b). 

How ever, af ter more than ten years of study of sec tions in
cen tral and east ern Cri mea, our team con cluded, with re gret,
that the re fined calpionellid-based zonation that had been so
suc cess fully ap plied at nu mer ous sites in Tethys, ex tend ing to
North and South Amer ica, could not be made to work in south -
ern Ukraine (see Bakhmutov et al., 2018 for de tails). Thus our
fo cus in Cri mea shifted to the ap pli ca tion of cal car e ous nanno -
fossils with magnetostratigraphy, and sub sid iary ammonites.

Lit er a ture on J/K cal car e ous nannofossils in Cri mea is lim -
ited. Fol low ing on from our own re con nais sance stud ies and
those pub lished by Matveev (2009) and Matlai (2011), Ivanik et
al. (2013) made no men tion of nannofossils in their rad i cal in ter -
pre ta tion of the Theodosia se quence (be low and just west of the 
south ern light house) which they re lated only to Rus sian
ammonite biostratigraphy. In pre lim i nary works (Bakhmutov et
al., 2016; Wimble don et al., 2017b), a re vised stra tig ra phy was
given of the same beds in the cliffs and fore shore on the south
side of the head land of Ili Burnu and fur ther north to the town of
Theodosia. The next pa per (Bakhmutov et al., 2018) gave a
fuller ac count of the up per Dvuyakornaya and the Mayak for ma -
tions, their nannofossils and magnetozones, to gether with fora -
minifera and lim ited data on calpionellids. Next, a lower strati -
graphic in ter val some 3 km fur ther west was as sessed (Svobo -
dová et al., 2019a). A com men tary on these stud ies then ap -
peared (Arkadiev et al., 2019), and this was fol lowed by a re ply
from our team – tak ing the op por tu nity to com pare re sults from
the Ukrai nian suc ces sion with those won at nu mer ous other
Tethyan sites (Wimble don et al., 2020a).

One other pub li ca tion has ap peared re cently that men tions
cal car e ous nannofossils (as so ci ated with plank tonic fora -
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minifera) from south ern Ukraine (Gradstein et al., 2019) – col -
lected from a car bon ate “in ter val across the Ju ras sic-Cre ta -
ceous bound ary” at Krasnosilivka, south of Belogirsk. Some of
the listed spe cies were noted as char ac ter is ti cally lower Cre ta -
ceous (e.g., Cruciellipsis cuvillierii [sic]), and loosely as signed
to the ammonite Jacobi Zone, though the Jacobi Zone has its
base in the Tithonian: Berriasella jacobi is not pres ent at that
low level and is thus not a basal marker for the zone or the
Berriasian (Frau et al., 2016). The bot tom of the road sec tion
south of Krasnosilivka is marked by a ma jor strati graphic break: 
a con glom er ate rests on an an gu lar un con formity, with silici -
clastics above, and then the first few metres of the car bon ate
suc ces sion (iso lated from the rest). The lithostratigraphic level
of the Gradstein et al. (2019) sam ple is not clear (the co or di -
nates given are in the vil lage, not on the road side out crops that
ex tend up to 2 km fur ther south): the cited nannofossils ap pear
to in di cate a ho ri zon well above the base of the stage (and the
sec tion). The list ing of “Retecapsa angustiforata” in di cates a
level, at the old est, in mid M17r. Cretarhabdus angustiforatus
(Black) has not so far been re corded in the pre sumed equiv a -
lent lev els of the Mayak For ma tion on the Theodosia coast.

LOCALITIES

The up per Tithonian-lower Berriasian suc ces sion of Cri mea 
is per haps the thick est in Eu rope. How ever, this con tri bu tion
de scribes only a small part of that suc ces sion, a cliff sec tion
(Fig 1: sec tion 3) south of Theodosia, on the Black Sea shore
just west of the Ili Burnu head land (45°00’37”N, 35°25‘10”E).
Herein we give de tails of this “miss ing” in ter val (Fig. 1: sec tion
3) that we were un able to de scribe in our 2018 ac count
(Bakhmu tov et al., 2018), be cause slope de pos its cov ered (and 
still cover) this part of the se quence.  The de scribed lo cal ity and
re lated sites are shown on the map (Fig. 2). 

The cliff lies be tween two prom i nent out crops of a mas sive
2m+ brec cia bed. The east ern of these ex po sure de fines the
base of the main Ili Burnu sec tion and the other (~300 metres
fur ther west) forms reefs in the lit to ral zone. We be lieve the
newly stud ied cliff se quence (Fig. 1: sec tion 3) lies strati -
graphically above the 2 m brec cia and for the most part be low
units in the main ex po sures at Ili Burnu (that is, the Gulley sec -
tion: out crop 2, Fig. 2, Wimble don et al., 2020a). At Ili Burnu, at
the base of the ~100 m Tithonian-Berriasian sec tion is at the
base of the prom i nent 2 m thick brec cia men tioned above (sec -
tion 1, Bakhmutov et al., 2018; out crop 1, Fig. 2; Wimble don et
al., 2020a). This unfossiliferous rudstone unit was pre vi ously
used by Rus sian work ers as a con ve nient base for the Cre ta -
ceous Sys tem. 

To re it er ate, the “new” sec tion rep re sents the un ex posed in -
ter val be tween the Brec cia sec tion (Fig. 2, out crop 1; Wimble -
don et al., 2020a) and the Gulley sec tion (out crop 2; Bakhmu tov 
et al., 2018, sec tion 2), where we ten ta tively placed the
Tithonian-Berriasian bound ary. That plac ing was founded on
the incomings of the taxa Nannoconus steinmannii mi nor, N.
kamptneri mi nor and N. wintereri, in a nor mal mag netic in ter val
taken to be M19n.2n. 

The sec tions dis cussed in this work (and shown in Fig. 1)
are all part of the up per Dvuyakornaya For ma tion, a unit com -
pris ing thick mudstones punc tu ated by nu mer ous grainsto -
nes/microbreccias of all thick nesses, with a lesser num ber of
coarser brec cias, and a few micrite beds. We be lieve that the
strati graphic or der of the four num bered sec tions shown in Fig -
ure 1 is as fol lows: 1, 2, 3 and 4.

The low est in ter val con sid ered in this ac count is in a cliff lo -
cated three kilo metres west of the Ili Burnu light house (Fig. 1:
sec tion 1; 45°00’18.4”N, 35°23’09”E). Beds there, be low a
prom i nent thick brec cia bed, with nannofossils and magneto -
stratigraphy, have al ready been de scribed by us (Svobodová et
al., 2019a). Un for tu nately, the brec cia that caps the sec tion has
no beds ex posed in the slope above it. We have had per sis tent
doubts that the two brec cias (at Ili Burnu and here 3 km to the
west) are, in fact, the same unit. The shore brec cia bed can be
traced west wards and iden ti fied with cer tainty for >1.5 km, but
then out crop fades. And the thick nesses of that very coarse
brec cia (Fig. 1: sec tion 2) and the one in the west ern out crop
(Fig. 1: sec tion 1) are not the same, and their clast sizes also
dif fer. If they are not the same bed, then they are prob a bly not
very dis tant from one an other stratigraphically, but the lack of
ex po sure does not al low us to test this hy poth e sis. How ever,
the ev i dence pro vided by nannofossil taxa gives age in di ca tions 
for the two, and this sug gests that the west ern sec tion is slightly
lower in the Tithonian than the east ern out crop (which is only
just be low the base of the Berriasian). 

Arkadiev et al. (2019), in the 80 metres be low the same
brec cia (their out crop 2922), found no stratigraphically in dic a -
tive nannofossil. Though the up per 25 metres had yielded to
Svobodová et al. (2019a) a typ i cal late Tithonian as sem blage of 
Nannoconus infans, N. puer and N. globulus mi nor, Polyco -
stella sp. and a sin gle level con tain ing a pos si ble Rhagodiscus
asper. The 25 m that yielded this as sem blage strad dles a re -
versed mag netic in ter val, be low, and a nor mal in ter val: which
we in ter pret as M19r and low est part of M19n.2n.

About 140 metres be low the brec cia bed, Arkadiev et al.
(2019) re corded iso lated nannofossil finds that they in ter preted
as the FOs of Nannoconus compressus and Polycostella
senaria. These spe cies are noted in the lit er a ture as hav ing
their first oc cur rences well be low both M19r and M19n, in the
early Tithonian: re spec tively, in magnetozone M21n (fide Varol
and Bow man, 2019) and magnetozone M20r (fide Bralower et
al., 1989).

Fig ure 1 shows all the sec tions men tioned above, with
ranges of se lected nannofossils and mag netic po lar ity: the
basal Brec cia sec tion (sec tion 2), the Gulley sec tion (sec tion 4),
de scribed in 2018, the new pro file (sec tion 3) and the Tithonian
sec tion 3 km to the west (sec tion 1). 

CALCAREOUS NANNOFOSSIL 
INVESTIGATIONS 

MATERIAL AND METHODS

Cal car e ous nannofossils were ana lysed in smear slides
pre pared by the decantation method us ing a 7% so lu tion of hy -
dro gen per ox ide (meth od ol ogy de scribed e.g., in Švábenická,
2012) and mounted in Entellan. A to tal of 38 sam ples (22 FR
sam ples and 16 MW sam ples) have been ex am ined un der and
Olym pus BX53 light mi cro scope us ing an im mer sion ob jec tive
with a 100× mag ni fi ca tion. Dig i tal im ages of nannofossil spec i -
mens were made us ing an Olym pus UC90 dig i tal cam era. 

In or der to ob tain the rel a tive nannofossil abun dances and
semi-quan ti ta tive in for ma tion about the re spec tive cal car e ous
nannofossil as sem blages, 500 spec i mens were counted on
each slide. Some sam ples did not pro vide so many spec i mens,
so in those the num ber of all nannofossils found in 300 fields of
view was used as the ba sis for in ter pre ta tion (namely sam ples
FR 13 and FR 15). 
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Fig. 1. Tithonian-Berriasian sec tions west from Ili Burnu

Ranges of se lected nannofossil taxa and mag netic po lar ity are shown; 1 – af ter Svobodová et al. (2019) (45°00’18.4”N, 35°23’09"E); 2, 4 – Brec -
cia and Gulley sec tions af ter Bakhmutov et al. (2018); 3 – shore cliff de scribed herein (45°00‘37”N, 35°25‘10”E); “MW” sam ple points shown;
ranges of se lected nannofossil taxa and mag netic po lar ity (black – nor mal, white – re versed)  are shown

https://gq.pgi.gov.pl/article/view/25913/pdf


The iden ti fi ca tions of spe cies fol low Bralower et al. (1989),
Bown and Coo per (1998), Casellato (2010), Nannotax website
(Young et al., 2017), Varol and Bow man (2019) and Casellato
and Erba (2021). The smear slides are stored at the In sti tute of
Ge ol ogy of the Czech Acad emy of Sci ences, De part ment of
Paleobiology and Paleoecology. 

RESULTS

In the sam ples stud ied, 60 cal car e ous nannofossils taxa
have been iden ti fied. Their pres er va tion ranges from mod er ate
to very poor, heavily etched by dis so lu tion. Also the abun dance
var ies be tween high (up to 50 spec i mens per field of view),
mod er ate (20–40 spec i mens per field of view), low (1–10 spec i -
mens per field of view) and very low (<1 spec i men per field of
view). All quan ti ta tive data, in clud ing in for ma tion about pres er -
va tion of cal car e ous nannofossils and in di vid ual abun dances
for each spe cies per sam ple are given in Fig ure 3.

FR SAMPLES (FIG. 1: SECTION 1)

The most abun dant com po nents of the as sem blage are the
form gen era Watznaueria (75% on av er age), Cyclagelo -
sphaera (11% of the as sem blage) and Nannoconus (nearly

7%). The gen era Conusphaera, Polycostella, Zeugrhabdotus
and other nannoliths and placoliths were found in small num -
bers.

As in the pre vi ous study from this area (Bakhmutov et al.,
2018), older, re de pos ited, Ju ras sic nannofossils oc cur ir reg u -
larly through the stud ied sec tion (namely, the gen era Parha -
bdo lithus, Lotharingius and Hexapodorhabdus). 

MW SAMPLES (FIG. 1: SECTION 3)

Sim i larly, as with sec tion 1, the cal car e ous nannofossils are
char ac ter ized by the dom i nance of Watznaueria (62% of the as -
sem blage), Nannoconus (nearly 16%) and Cyclagelosphaera
(>12% on av er age). Conuspharea reaches up to 5% of the as -
sem blage to tal, and Polycostella is al most ab sent. The higher
con tent of nannoconids (in sev eral sam ples ~20% of the as -
sem blage) sug gests that this part of the stud ied sec tion is lo -
cated stratigraphically closer to the J/K bound ary. This is sup -
ported by the con tin u ous pres ence of Nannoconus globulus
globulus through the whole sec tion (in FR sam ples it is ab sent),
by the ap pear ance of Cruciellipsis cuvillieri, and also by the un -
cer tain oc cur rence of Nannoconus wintereri and N. steinmannii
mi nor in the up per part of the sec tion. Per cent age con tent of se -
lected nannofossil gen era is shown in Fig ure 4.
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As in the FR sam ples (Fig. 1: sec tion 1), older, re de pos ited,
Ju ras sic taxa have been ob served. 

Se lected cal car e ous nannofossil taxa are pre sented in Fig -
ures 5 and 6. 

The list of cal car e ous nannofossil taxa pres ent is given in
Ap pen dix 1. 

THEODOSIA’S CALCAREOUS NANNOFOSSIL RECORD 
WITHIN THE GLOBAL STRATIGRAPHIC PATTERN

To ap pre ci ate how the Theodosia nannofossil re cords fit
into wider palaeogeographic and strati graphic pat tern, it is nec -

es sary to con sider other lo cal i ties in other re gions. Many
nannofossil have enor mously long strati graphic ranges. Glob -
ally, some nannofossil spe cies have their ear li est oc cur rences
(FOs) in the Tithonian, but there are also pub lished re cords of
FOs ex tend ing up into M19, through M19n, and cross ing the
base of the Cre ta ceous: this in cludes Nannoconus puer and N.
infans (Wimble don et al., 2020b: fig. 2; Figs. 7 and 8 herein –
where source ref er ences are cited). In most mod ern ac counts
the low est re cord of the FO of N. globulus mi nor is in M20n.2n
and the low est FOs of Rhagodiscus asper and Cretarhabdus
surirellus in M19r. FO re cords of Hexalithus strictus are clus -
tered in lower to mid dle M19n.2n. Clus ters of the FOs of
Nannoconus wintereri and Cruciellipsis cuvillieri in lower

William A.P. Wimbledon et al. / Geological Quarterly, 2022, 66: 11 5

Fig. 3. Dis tri bu tion of cal car e ous nannofosils in sec tions 1 and 3

Pres er va tion of cal car e ous nannofossils is char ac ter ized us ing the ab bre vi a tions de scribed by Bown (1992): VP (very poor) – ex treme etch ing, P
(poor) – strong dis so lu tion, M (mod er ate) – mod er ate etch ing; the abun dances for each spe cies per sam ple were counted ac cord ing to the clas si fi -
ca tion pro posed by Bown (1992): R (rare) – 1–2 spec i mens per sam ple; F (few) – 3–10 spec i mens per sam ple; C (com mon) – 11–100 spec i mens
per sam ple; A (abun dant) – >100 spec i mens per sam ple; cal car e ous nannofossil zonation fol lows Casellato and Erba (2021)
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Fig. 5. Se lected taxa of cal car e ous nannofossils from sec tions 1 and 3

A – Cyclagelosphaera argoensis Bown, 1992; sam ple MW 3, XPL; B – Cyclagelosphaera margerelii Noël, 1965; sam ple MW 2, XPL; C – Cyclagelosphaera
deflandrei (Manivit, 1966) Roth, 1973; sam ple FR 9, XPL; D – Watznaueria barnesiae (Black in Black and Barnes, 1959) Perch-Niel sen, 1968; sam ple MW 3,
XPL; E, F – Watznaueria bri tan nica (Stradner, 1963) Reinhardt, 1964; sam ples FR 1, FR 10 (large spec i men), XPL; G – Watznaueria fossacincta (Black,
1971) Bown in Bown and Coo per, 1989; sam ple FR 4, XPL; H – Watznaueria biporta Bukry, 1969; sam ple MW 13, XPL; I – Watznaueria moshkovitzii Varol
and Bow man, 2019; sam ple MW 8, XPL; J – Watznaueria ovata Bukry, 1969; sam ple MW 3, XPL; K, L – Watznaueria cynthae Wors ley, 1971; sam ples FR 8,
MW 19, XPL; M – Diazomatolithus lehmanii Noël, 1965; sam ple FR 5, XPL; N – Diazomatolithus galicianus de Kaenel and Bergen, 1996; sam ple FR 7, XPL;
O, P – Helenea chiastia Wors ley, 1971; sam ples FR 5, MW 24, XPL; Q  – Helenea staurolithina Wors ley, 1971; sam ple FR 16, XPL; R – Cretarhabdus conicus
Bramlette and Mar tini, 1964; sam ple MW 21, XPL; S, T – Conusphaera mexicana subsp. mexicana Trejo, 1969; sam ples FR 23, MW 19, XPL; U –
Conusphaera mexicana subsp. mi nor Bown and Coo per, 1989; sam ple FR 23, MW 19, XPL; V – Polycostella beckmannii Thierstein, 1971; sam ple FR 12,
XPL; W, X – Polycostella beckmannii Thierstein, 1971; sam ple FR 23, XPL, PPL (the same spec i men); Y – Polycostella senaria Thierstein, 1971; sam ple MW
21, XPL; Z, AA – Hexalithus noeliae Loeblich and Tappan, 1966; sam ple FR 5, XPL; AB – ? Hexalithus geometricus Casellato, 2010; sam ple FR 5, XPL; AC,
AD – Polycostella parvistellatus (Varol, 1991) Varol and Bow man 2019; sam ples MW 11, MW 19, XPL; AE, AF – Acadialithus dennei Howe, 2017; sam ples
MW 4, MW 11, XPL; AG – Ethmorhabdus gallicus Noël, 1965; sam ple MW 19, XPL; AH – Umbria granulosa subsp. granulosa Bralower and Thierstein in
Bralower et al., 1989; sam ple MW 19, XPL; AI – Assipetra infracretacea (Thierstein, 1973) Roth, 1973; sam ple FR 11, XPL; AJ – Hexapodorhabdus cuvillieri
Noël, 1965; sam ple FR 8, XPL, XPL – cross po lar ized light, PPL – plane po lar ized light; scale bar rep re sents 10 µm
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Fig. 6. Se lected taxa of cal car e ous nannofossils from sec tions 1 and 3

A – Nannoconus globulus subsp. mi nor Bralower in Bralower et al., 1989; sam ple MW 1, XPL; B – Nannoconus globulus subsp. mi nor Bralower in
Bralower et al., 1989; sam ple MW 1, PPL (the same spec i men); C – Nannoconus globulus subsp. mi nor Bralower in Bralower et al., 1989; sam ple MW 8,
XPL; D – Nannoconus globulus subsp. mi nor Bralower in Bralower et al., 1989; sam ple MW 8, PPL (the same spec i men); E – Nannoconus globulus
subsp. mi nor Bralower in Bralower et al., 1989; sam ple MW 14, XPL; F – Nannoconus globulus subsp. mi nor Bralower in Bralower et al., 1989; sam ple
MW 14; PPL (the same spec i men); G – Nannoconus globulus subsp. mi nor Bralower in Bralower et al., 1989; sam ple FR 1, PPL; H – Nannoconus infans
Bralower in Bralower et al., 1989; sam ple FR 1, XPL; I – Nannoconus globulus subsp. globulus Brönnimann, 1955; sam ple MW 1, XPL; J – Nannoconus
globulus subsp. globulus Brönnimann, 1955; sam ple MW 1, PPL (the same spec i men); K – Nannoconus globulus subsp. globulus Brönnimann, 1955;
sam ple MW 12, XPL; L – Nannoconus globulus subsp. globulus Brönnimann, 1955; sam ple MW 12, PPL (the same spec i men); M – Nannoconus
compressus Bralower and Thierstein in Bralower et al., 1989; sam ple FR 10, XPL; N – Nannoconus compressus Bralower and Thierstein in Bralower et
al., 1989; sam ple MW 11, XPL; O – Nannoconus compressus Bralower and Thierstein in Bralower et al., 1989; sam ple MW 11, PPL (the same spec i -
men); P – Nannoconus compressus Bralower and Thierstein in Bralower et al., 1989; sam ple MW 3, PPL; Q – Nannoconus compressus Bralower and
Thierstein in Bralower et al., 1989; sam ple MW 12, PPL; R – Nannoconus compressus Bralower and Thierstein in Bralower et al., 1989; sam ple MW 19,
PPL; S – Nannoconus puer, Casellato, 2010; sam ple MW 2, XPL; T – Nannoconus puer, Casellato, 2010; sam ple MW 2, PPL (the same spec i men); U –
Nannoconus puer, Casellato, 2010; sam ple MW 11, PPL; V – Nannoconus puer, Casellato, 2010; sam ple MW 19, PPL; W – Nannoconus puer, Casellato 
2010; sam ple FR 2, PPL; X – Polycostella senaria SV (= Nannoconus erbae Casellato, 2010) Varol and Bow man, 2019; sam ple MW 27, XPL; Y –
Faviconus multicolumnatus Bralower in Bralower et al., 1989; sam ple MW 19, XPL; Z – Faviconus multicolumnatus Bralower in Bralower et al., 1989;
sam ple FR 5, PPL; AA – Nannoconus dolomiticus Cita and Pasquare, 1959; sam ple FR 20, XPL; AB – ? Nannoconus wintereri Bralower and Thierstein,
in Bralower et al., 1989; sam ple MW 27, PPL; AC, AD – Zeugrhabdotus cooperi Bown, 1992; sam ples MW 11, MW 30, XPL; AE – Zeugrhabdotus erec tus
(Deflandre in Deflandre and Fert, 1954) Reinhardt, 1965; sam ple MW 30, XPL; AF – Zeugrhabdotus noeliae Rood et al., 1971; sam ple MW 16, XPL; AG,
AH – Zeugrhabdotus embergeri (Noël, 1965) Perch-Niel sen, 1984; sam ples FR 19, MW 11, XPL; AI, AJ – Zeugrhabdotus flux us Casellato, 2010; sam -
ples MW 11, MW 31, XPL, XPL – cross po lar ized light, PPL – plane po lar ized light; scale bar rep re sents 10 µm



M20n.2n her ald the ap proach of the base of the Alpina Sub -
zone and the J/K bound ary, with Nannoconus steinmannii mi -
nor pro vid ing the best proxy for the Alpina Subzone base and
the base of the Berriasian, with a clus ter here of its FOs.
Nannoconus kamptneri mi nor FO re cords for the most part
clus ter in up per M19n.2n, con tin u ing into M19n.1n, pro vid ing
an up per limit for the im me di ate bound ary in ter val. At Theo -
dosia, oc cur rences of spe cies FOs are in di cated with a yel low
cir cle in Fig ure 7. The strati graphic po si tions com pare well with
those in more mod ern ac counts of sites in other re gions.

Here we con sider stratigraphically in dic a tive nannofossil FOs 
and not nannofossil biozones, as these are in a state of flux and
have not yet sta bi lised: zones have some times been ap plied in
pub li ca tions with out tak ing into ac count pub lished changes in the 
po si tions of marker spe cies, e.g. in Cri mea, Arkadiev et al.
(2019), cit ing and ap ply ing Bralower (1989) and Casellato
(2010). Fig ure 8 shows how sev eral taxa used as zonal in di ces
now have very dif fer ent po si tions and ages com pared to those
that were firstly, and sub se quently, at trib uted to them.  

Here we put the em pha sis on first oc cur rences of nanno -
fossil spe cies. A num ber of nannofossil spe cies are ef fi ca cious
as in di ca tors of strati graphic level (Figs. 7 and 8): where such
mark ers can be cal i brated with calpionellid and mag netic da -
tums, and ammonites, these can be con sis tent and most use -
ful. But less trust can be placed in older re sults with lower res o -
lu tion and on data from sec tions with poor or ab er rant calpio -
nellid re cords (e.g., Torre de’ Busi, Figs. 7 and 8; Casellato and
Erba, 2021). The re li abil ity of re cords rel a tive to the calpionellid
and magnetostratigraphic frame work may be as sessed us ing
Fig ures 7 and 8.

PALAEOMAGNETISM

SAMPLING METHOD AND LABORATORY EQUIPMENT

The sam pling method was to take drilled or hand sam ples
(as de scribed in Bakhmutov et al., 2018). Palaeomagnetic
mea sure ments were per formed 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
in Kyiv. Stan dard spec i mens in the form of cyl in ders (2.2 cm
long and 2.5 cm in di am e ter) or cubes (2.0 cm) were cut: with
2–4 spec i mens taken from each sam ple. The vec tors of char -
ac ter is tic remanent mag ne ti za tion (ChRM) were iso lated by
both stepwise ther mal (TD) and al ter nat ing field (AF) de mag ne -
ti za tion, us ing the same pro ce dures de scribed in Bakhmutov et
al. (2018). Nat u ral remanent mag ne ti za tion (NRM) mea sure -
ments (spin ner mag ne tom e ter JR-6) and de mag ne ti za tion ex -
per i ments were car ried out in a mag net i cally shielded space (a
low-field cage, MMLFC). Spec i mens were ther mally de mag ne -
tized stepwise us ing an MMTD80 oven up to 600°C, with mon i -
tor ing of mag netic sus cep ti bil ity (MS) af ter each ther mal de -
mag ne ti za tion step in or der to track min er al og i cal changes dur -
ing ther mal treat ment. Du pli cate spec i mens were sub jected to
AF de mag ne ti za tion up to 100 mT us ing a LDA-3A demagne -
tizer. De mag ne ti za tion re sults were pro cessed by multicompo -
nent 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).
Mag netic sus cep ti bil ity and ani so tropy of mag netic sus cep ti bil -
ity (AMS) were mea sured on all sam ples with a MFK-1B
kappabridge.

RESULTS OF PALAEOMAGNETIC INVESTIGATION

As shown by the re sults of our ear lier palaeomagnetic stud -
ies on the Dvuyakornaya For ma tion, the most in for ma tive re -
sults for iden ti fy ing the NRM-com po nents of mag ne ti za tion
were those ob tained by ther mal de mag ne ti za tion of mudstone
sam ples. The re sults for sec tions 2 and 4 (Fig. 9) were par tially
pre sented in Bakhmutov et al. (2018) (where they were num -
bered as sec tion 1 and 2, re spec tively). Here we pres ent new
re sults for sec tions 1 and 3, and ad di tional re sults for re in ter pre -
ta tion of sec tion 4.

In sec tions 2, 3 and 4 we de mag ne tized mostly mudstone
sam ples and a lim ited num ber of other sam ples taken from
coarse lime stones, grainstones, rudstones, brec cia etc. In sec -
tion 1 the sam ples were taken only from grainstones and
rudstones. 

The av er age val ues ob tained from mudstones are 2÷7 mA/m 
for NRM and (200÷300) x 10–6 SI for MS, which is sim i lar to val -
ues from over ly ing mudstones in the Dvuya ko rnaya For ma tion.
The NRM and MS val ues of grainstones/rud stones in sec tion 1
are char ac ter ized by a wide range, ~1÷30 mA/m for NRM and
(140÷1000) x 10–6 SI for MS, and on av er age higher than in the
over ly ing sec tions – 2, 3 and 4 (Fig. 9). The data co in cides well
with the peaks in MS and NRM ob tained from the same out crop
shown by Guzhikov et al. (2012: fig. 8).

Multicomponent anal y sis of de mag ne ti za tion paths re veals
that the NRM of the sam ples dis play two or three com po nents
(Fig. 10). The LTC (low sta bil ity) com po nent is iso lated in the
120–240°C tem per a ture range (Fig. 10A) or AF field in the in ter -
val 10–20 mT (Fig. 10B). The in ter me di ate sta bil ity com po nent
(ITC) was erased in the tem per a ture range of 240–400°(460°)C 
in some sam ples and is not pro nounced in the AF de mag ne ti za -
tion path. The most sta ble high-tem per a ture com po nents
(HTC) in the tem per a ture range from 400°(500°)–580°(600°)C
are for most of the spec i mens to wards to the end point on the
or thogo nal pro jec tions (Fig. 10A, C, D), and this is ac cepted as
a char ac ter is tic com po nent (ChRM). The high coercivity com -
po nents (HCC) are not fully de mag ne tized, even when there
are high val ues of AF (Fig. 10B). 

Ex per i ments of mag netic min er al ogy have been car ried out
on a num ber of sam ples from the same sec tions, and these de -
fine the mag ne tite as the main NRM car rier in the stud ied rocks
(Guzhikov et al., 2012). The mag ne tite grains were par tially ox i -
dized to maghemite, and some re sults dem on strate the pres -
ence of a hard coercivity min eral (prob a bly he ma tite). Our de -
mag ne ti za tion re sults con firm the pres ence of mag ne tite as the
main car rier of mag ne ti za tion, co in ci dent with re sults ob tained
from the up per most part of Dvuyakornaya For ma tion sec tions
and ev i dence in fa vour of the pri mary mag ne ti za tion of the
ChRM-com po nent (Bakhmutov et al., 2018). Thus we can ex -
plain that the vari a tion in the un block ing tem per a ture, mostly
from 400 to 580°C, is due to pres ents of mag ne tite, and the high 
coercivity com po nent is due to an authigenic sec ond ary min eral 
(he ma tite) formed dur ing sub se quent diagenesis.

The LTC com po nent (Fig. 11A) is ex clu sively of nor mal
po lar ity and con sti tutes a sig nif i cant por tion of the NRM in -
ten sity, fre quently reach ing 50% and more of the ini tial NRM.
The mean di rec tion (Ta ble 1) cal cu lated for all sam ples (D =
347°, I = 59°) is not so far from the pres ent-day geo cen tric ax -
ial di pole field (I = 63°) at the sam pling lo cal ity, and it has
been in tro duced by re cent growth of vis cous remanence. The 
ITC com po nent also shows only nor mal po lar ity (Fig. 11B),
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Fig. 7. Se lected J/K sec tions show ing cal car e ous nannofossil first oc cur rences

Sources for nannofossil data: Tre Maroua – Wimble don et al. (2020d); Le Chouet – Wimble don et al. (2013); Ravin de Font de St Bertrand – Wimble don et al. (2020c); Charens – Wimble don et al.
(2020c); Puerto Escaño – Svobodova and Kostak  (2016); Kurovice – Svobodova et al. (2019b); Strapkova – Michalik et al. (2016); Lók’ut and Hárskút – Lodowski et al. (2022); Berrias – Svobodova
(unpubl.); Theodosia – Bakhmutov et al. (2018); Svobodova et al. (2019a); DSDP 534a – left Casellato and Erba (2021), right Bergen et al. (2013); Nutzhof – Lukeneder et al. (2010); Velykyi
Kamianets – Grabowski et al. (2019); Kopanitsa – Stoykova et al. (2018); Xausa – Channell and Grandesso (1987); Frisoni – Channell et al. (2010); Fiume Bosso – Bralower et al. (1989); Rio Argos –
Hoedemaeker et al. (2016); Torre de’ Busi – Casellato and Erba (2020); Colme di Vignola – Channell et al. (2010); Foza – ditto; Brodno – Houša et al. (1996); Michalik et al. (2009). The ranges of cal -
car e ous nannofossils at Fiume Bosso are cur rently un der re vi sion, and in the mean while we only quote pub lished re cords. In this fig ure, we re cord both Hexalithus strictus Bergen and Hexalithus
geometricus Casellato: though we re cog nise that the two were syn ony mised by Howe (2017), and the lat ter taxon was seen as a ju nior syn onym of Nannoconus infans by Varol and Bow man (2019)
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Fig. 9. Palaeomagnetic di rec tions plot ted through the sec tions

The di rec tion of the ChRM-com po nents (de ter mined by the line fit ting of the de mag ne ti za tion path af ter tem per a ture de mag ne ti za tion and ex pressed by dec li na tion D° and in cli na tion I°) 
plot ted against the sam ple level



with the av er age di rec tion not far from the LTC com po nent,
and prob a bly ac quired in the Ce no zoic (vis cous or i gin). The
HTC (ChRM) com po nent has nor mal po lar ity in sec tions 4, 3, 
in most of sec tion 2 and in the up per part of sec tion 1 (Fig.
11C). In the lower part of sec tion 1 this com po nent has a re -
versed po lar ity di rec tion (Fig. 11D and Ta ble 1), ex cept for
one sam ple at the 7 metre level. We have to note that the
sam pling in sec tion 1 was only from hard lime stone lay ers,
which have char ac ter is ti cally poorer palaeo magnetic qual i -
ties as com pared to clays (Guzhikov et al., 2012; Bakhmutov
et al., 2018). Tak ing into ac count the co in ci dence of MS and
NRM data and the ev i dence of the con sis tency of our palaeo -
magnetic re sults from sec tion 1 with those ob tained by
Guzhikov et al. (2012), we can pre cisely cor re late the sam -
pling lev els in this out crop.

MAGNETOSTRATIGRAPHY

The di rec tions of HTC com po nents of spec i mens (dec li na -
tions and in cli na tions) and po lar ity are shown in Fig ure 9. The
pres ence of nor mal and re versed HTC-com po nent (which co in -
cide in lithologically dif fer ent sed i ments) and iden ti fi ca tion of
mag ne tite (par tially ox i dized to maghemite) as the main car rier of 
remanent mag ne ti za tion are the ar gu ments in fa vour of the pri -
mary mag ne ti za tion of the ChRM com po nent, which could have
formed dur ing sed i men ta tion or in an early stage of diagenesis. 

Thus, sec tions 2, 3 and 4 have con tin u ously nor mal po lar ity
in ter val ex cept two spec i mens on the mid dle part of sec tion 2
with re verse po lar ity (Fig. 9). The up per part of sec tion 1 also
has nor mal po lar ity, but the lower part has re versed po lar ity.

William A.P. Wimbledon et al. / Geological Quarterly, 2022, 66: 11 13

Fig. 10. Plots of the pro gres sive ther mal (A, C, D) and al ter nat ing field (B) de mag ne ti za tion of mudstones (A, B) 
and grainstones (C, D) spec i mens

Left of di a gram: ste reo graphic pro jec tion of the 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); cen tre of di a gram: or thogo nal pro jec tions of de mag ne ti za tion paths (Zijderveld di a grams) on hor i zon tal and ver ti cal planes (full
and open cir cles re spec tively); right of di a gram: NRM in ten sity (M/Mmax) and mag netic sus cep ti bil ity (k) (black and grey cir cles re spec tively) 
de cay dur ing de mag ne ti za tion; ste reo graphic and or thogo nal pro jec tions are given af ter tilt cor rec tion 
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Our data from sec tion 1 (Svobodova et al., 2019a and herein)
agree well with re sults of nor mal and re versed po lar i ties from
the same out crop pre sented by Guzhikov et al. (2012: fig. 4
mem bers 7 and 8) but not with the num ber ing of magnetozones 
de vised by Arkadiev et al. (2019), as sign ing mid dle Tithonian
ammonites to a Berriasian “M19n.1r”.

CONCLUSION

De spite con cerns about iden ti fied in con sis ten cies with
spe cies first oc cur rences, the use ful ness of nannofossils as
strati graphic in di ca tors has been proved in more re cent stud -
ies on pro files en com pass ing magnetozones M20-M17. In Cri -

mea, our ear lier work in di cated the po si tion of the J/K bound -
ary in the Gulley sec tion at Ili Burnu (Bakhmutov et al., 2018) –
em ploy ing finds of nannofossil spe cies used as prox ies for the
base of the Calpionella alpina Subzone. How ever, some un -
cer tainty re mained, as there ex isted un ex posed ground be -
tween the Gully sec tion (Fig. 1: col umn 4) and the Brec cia sec -
tion (Fig. 1: col umn 2), the low est ex posed part of the Ili Burnu
se quence. In this ac count we rem edy that sit u a tion, with the
de scrip tion of a stratigraphically in ter ven ing sec tion (Fig. 1:
col umn 3). The nannofossil oc cur rences, re lated to magneto -
zones, in di cate that the ear lier po si tion ing of the base of the
Berriasian (founded on the first oc cur rences of N. steinmannii
mi nor and N. kamptneri mi nor, in par tic u lar) was cor rect. The
new sec tion yields N. globulus globulus and Cruciellipsis
cuvillieri (the lat ter al ready iden ti fied in the un der ly ing Brec cia

14 William A.P. Wimbledon et al. / Geological Quarterly, 2022, 66: 11

Fig. 11. Ste reo graphic pro jec tions of cor rected bed ding dip di rec tions of the LTC (A), ITC (B), HTC-com po nents of all sam ples
from sec tions 1, 2, 3, 4 and mudstone (a, b, c) and HTC-com po nents from section1 (D) (Ta ble 1)

Open sym bols de note up ward- and solid de note down ward-point ing in cli na tions; the mean di rec tion with ra dius of the 95% con fi dence cone
and sta tis tic pa ram e ters (n – num ber of spec i mens which yielded the com po nents, D – mean dec li na tion, I – mean in cli na tion, k – es ti mate of
Fisher’s pre ci sion pa ram e ter, a95 – half-an gle of cone of 95% con fi dence, in de grees) are given for nor mal and re versed po lar i ties
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sec tion), and doubt fully iden ti fied N. wintereri, which, in the
ab sence of N. steinmannii mi nor and N. kamptneri mi nor, in di -
cate that the iden ti fied nor mal mag netic in ter val is in deed the
lower half of M19n.2n. This is re in forced by the iden ti fi ca tion 3
km to the west (Fig. 1: sec tion 1) of the pre sumed base of
M19n.2n and the up per most por tion of M19r.
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APPENDIX 1
LIST OF CALCAREOUS NANNOFOSSILS TAXA

  Acadialithus dennei Howe, 2017
  Assipetra infracretaceae (Thierstein, 1973) Roth, 1973
  Biscutum constans (Górka, 1957) Black in Black and

Barnes, 1959
  Biscutum melaniae (Górka, 1957) Reinhardt, 1969
  Conusphaera mexicana subsp. mexicana Trejo, 1969
  Conusphaera mexicana subsp. mi nor Bown and Coo -

per, 1989
  Cretarhabdus conicus Bramlette and Mar tini, 1964
  Cruciellipsis cuvillieri (Manivit, 1966) Thierstein, 1971
  Cyclagelosphaera argoensis Bown, 1992
  Cyclagelosphaera deflandrei (Manivit, 1966) Roth, 1973
  Cyclagelosphaera margerelii Noël, 1965
  Diazomatolithus galicianus de Kaenel and Bergen, 1996
  Diazomatolithus lehmanii Noël, 1965
  Discorhabdus ignotus (Górka, 1957) Perch-Niel sen,

1968
  Faviconus multicolumnatus Bralower in Bralower et al.,

1989
  Ethmorhabdus gallicus Noël, 1965
  Hexapodorhabdus cuvillieri Noël, 1965
  Helenea chiastia Wors ley, 1971
  Helenea staurolithina Wors ley, 1971
  Hexalithus geometricus Casellato, 2010
  Hexalithus noeliae Loeblich and Tappan, 1966
  Lotharingius hauffii Grün and Zweili in Grün et al., 1974
  Manivitella pemmatoidea (Deflandre in Manivit, 1965)

Thierstein, 1971
  Micrantholithus parvistellatus Varol, 1991
  Miravetesina favula Grün in Grün and Alleman, 1975
  Nannoconus sp. Kamptner, 1931
  Nannoconus bronnimannii Trejo, 1959
  Nannoconus compressus Bralower and Thierstein in

Bralo wer et al., 1989
  Nannoconus dolomiticus Cita and Pasquare, 1959
  Nannoconus globulus subsp. globulus Brönnimann,

1955
  Nannoconus globulus subsp. mi nor Bralower in

Bralower et al., 1989
  Nannoconus infans Bralower in Bralower et al., 1989
  Nannoconus puer Casellato, 2010

  ? Nannoconus steinmannii subsp. mi nor Deres and
Achéritéguy, 1980

  ? Nannoconus wintereri Bralower and Thierstein, in
Bralower et al., 1989

  Parhabdolithus marthae Deflandre in Deflandre and
Fert, 1954

  Parhabdolithus robustus Noël, 1965
  Polycostella beckmannii Thierstein, 1971
  Polycostella senaria (Thierstein, 1971) Varol and Bow -

man, 2019
  Polycostella senaria SV (= Nannoconus erbae

Casellato, 2010) Varol and Bow man, 2019
  Retecapsa sp. Black, 1971
  Rhagodiscus asper (Stradner, 1963) Reinhardt, 1967
  Staurolithites sp. Caratini, 1963
  Thoracosphaera operculata Bramlette and Mar tini, 1964
  Umbria granulosa subsp. granulosa Bralower and

Thierstein in Bralower et al., 1989
  Umbria granulosa subsp. mi nor Bralower and Thierstein

in Bralower et al., 1989
  Watznaueria barnesiae (Black in Black and Barnes,

1959) Perch-Niel sen, 1968
  Watznaueria biporta Bukry, 1969
  Watznaueria bri tan nica (Stradner, 1963) Reinhardt,

1964
  Watznaueria cynthae Wors ley, 1971
  Watznaueria fossacincta (Black, 1971) Bown in Bown

and Coo per, 1989
  Watznaueria moshkovitzii Varol and Bow man (2019)
  Watznaueria ovata Bukry, 1969
  Zeugrhabdotus sp. Reinhardt, 1965
  Zeugrhabdotus cooperi Bown, 1992
  Zeugrhabdotus embergeri (Noël, 1965) Perch-Niel sen,

1984
  Zeugrhabdotus erec tus (Deflandre in Deflandre and

Fert, 1954) Reinhardt, 1965
  Zeugrhabdotus fissus Grün and Zweili, 1980
  Zeugrhabdotus flux us Casellato, 2010
  Zeugrhabdotus noeliae Rood et al., 1971
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