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This is an account of finds of stratigraphically useful calcareous nannofossils and the magnetostratigraphy of the Juras-

508

sic-Cretaceous boundary interval of the eastern Crimean peninsula (southern Ukraine). We compare these new comple-
mentary results with those presented by our team in earlier publications. A missing interval in the Crimean sequence is filled,
and the position of the Tithonian-Berriasian (J/K) boundary is confirmed.
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INTRODUCTION

In this contribution we give an account of a short strati-
graphic interval just below the Jurassic/Cretaceous boundary in
eastern Crimea. This interval has not previously been noticed
and its description here fills a gap in knowledge of the
Tithonian-Berriasian, and describes an interval not noticed in
our earlier publications on the region (Bakhmutov et al., 2016;
Wimbledon et al., 2017b, 2020a; Svobodova et al., 2019a).

In 2016 it was agreed, and announced at the International
Cretaceous Symposium in Vienna, that the base of the
Berriasian Stage (and the Cretaceous System) was to be
placed at the base of the Calpionella alpina Subzone, adopting
the marker and level most frequently applied by authors in the
previous decade. After documentation and consideration of nu-
merous sites in Europe, Africa, North and South America and
Asia, the Berriasian Working Group (ISCS, International Com-
mission on Stratigraphy) held a formal vote, and accepted by a
76% maijority that the base of the Alpina Subzone should be se-
lected as the primary marker for the Tithonian/Berriasian
boundary. In the judgment of the 75-strong group of J/K special-
ists, the calpionellid turnover at this level provided the best
marker, and, compared to other less-satisfactory putative
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markers, was the one that allowed correlation over the greatest
part of the globe (Wimbledon et al., 2017a, 2020b).

However, after more than ten years of study of sections in
central and eastern Crimea, our team concluded, with regret,
that the refined calpionellid-based zonation that had been so
successfully applied at numerous sites in Tethys, extending to
North and South America, could not be made to work in south-
ern Ukraine (see Bakhmutov et al., 2018 for details). Thus our
focus in Crimea shifted to the application of calcareous nanno-
fossils with magnetostratigraphy, and subsidiary ammonites.

Literature on J/K calcareous nannofossils in Crimea is lim-
ited. Following on from our own reconnaissance studies and
those published by Matveev (2009) and Matlai (2011), Ilvanik et
al. (2013) made no mention of nannofossils in their radical inter-
pretation of the Theodosia sequence (below and just west of the
southern lighthouse) which they related only to Russian
ammonite biostratigraphy. In preliminary works (Bakhmutov et
al., 2016; Wimbledon et al., 2017b), a revised stratigraphy was
given of the same beds in the cliffs and foreshore on the south
side of the headland of Ili Burnu and further north to the town of
Theodosia. The next paper (Bakhmutov et al., 2018) gave a
fuller account of the upper Dvuyakornaya and the Mayak forma-
tions, their nannofossils and magnetozones, together with fora-
minifera and limited data on calpionellids. Next, a lower strati-
graphic interval some 3 km further west was assessed (Svobo-
dova et al., 2019a). A commentary on these studies then ap-
peared (Arkadiev et al., 2019), and this was followed by a reply
from our team — taking the opportunity to compare results from
the Ukrainian succession with those won at numerous other
Tethyan sites (Wimbledon et al., 2020a).

One other publication has appeared recently that mentions
calcareous nannofossils (associated with planktonic fora-
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minifera) from southern Ukraine (Gradstein et al., 2019) — col-
lected from a carbonate “interval across the Jurassic-Creta-
ceous boundary” at Krasnosilivka, south of Belogirsk. Some of
the listed species were noted as characteristically lower Creta-
ceous (e.g., Cruciellipsis cuvillierii [sic]), and loosely assigned
to the ammonite Jacobi Zone, though the Jacobi Zone has its
base in the Tithonian: Berriasella jacobi is not present at that
low level and is thus not a basal marker for the zone or the
Berriasian (Frau et al., 2016). The bottom of the road section
south of Krasnosilivka is marked by a major stratigraphic break:
a conglomerate rests on an angular unconformity, with silici-
clastics above, and then the first few metres of the carbonate
succession (isolated from the rest). The lithostratigraphic level
of the Gradstein et al. (2019) sample is not clear (the coordi-
nates given are in the village, not on the roadside outcrops that
extend up to 2 km further south): the cited nannofossils appear
to indicate a horizon well above the base of the stage (and the
section). The listing of “Retecapsa angustiforata” indicates a
level, at the oldest, in mid M17r. Cretarhabdus angustiforatus
(Black) has not so far been recorded in the presumed equiva-
lent levels of the Mayak Formation on the Theodosia coast.

LOCALITIES

The upper Tithonian-lower Berriasian succession of Crimea
is perhaps the thickest in Europe. However, this contribution
describes only a small part of that succession, a cliff section
(Fig 1: section 3) south of Theodosia, on the Black Sea shore
just west of the lli Burnu headland (45°00°37°N, 35°25'10”E).
Herein we give details of this “missing” interval (Fig. 1: section

) that we were unable to describe in our 2018 account
(Bakhmutov et al., 2018), because slope deposits covered (and
still cover) this part of the sequence. The described locality and
related sites are shown on the map (Fig. 2).

The cliff lies between two prominent outcrops of a massive
2m+ breccia bed. The eastern of these exposure defines the
base of the main lli Burnu section and the other (~300 metres
further west) forms reefs in the littoral zone. We believe the
newly studied cliff sequence (Fig. 1: section 3) lies strati-
graphically above the 2 m breccia and for the most part below
units in the main exposures at lli Burnu (that is, the Gulley sec-
tion: outcrop 2, Fig. 2, Wimbledon et al., 2020a). At lli Burnu, at
the base of the ~100 m Tithonian-Berriasian section is at the
base of the prominent 2 m thick breccia mentioned above (sec-
tion 1, Bakhmutov et al., 2018; outcrop 1, Fig. 2; Wimbledon et
al., 2020a). This unfossiliferous rudstone unit was previously
used by Russian workers as a convenient base for the Creta-
ceous System.

To reiterate, the “new” section represents the unexposed in-
terval between the Breccia section (Fig. 2, outcrop 1; Wimble-
don etal., 2020a) and the Gulley section (outcrop 2; Bakhmutov
et al,, 2018, section 2), where we tentatively placed the
Tithonian-Berriasian boundary. That placing was founded on
the incomings of the taxa Nannoconus steinmannii minor, N.
kamptneri minor and N. wintereri, in a normal magnetic interval
taken to be M19n.2n.

The sections discussed in this work (and shown in Fig. 1)
are all part of the upper Dvuyakornaya Formation, a unit com-
prising thick mudstones punctuated by numerous grainsto-
nes/microbreccias of all thicknesses, with a lesser number of
coarser breccias, and a few micrite beds. We believe that the
stratigraphic order of the four numbered sections shown in Fig-
ure 1 is as follows: 1, 2, 3 and 4.

The lowest interval considered in this account is in a cliff lo-
cated three kilometres west of the lli Burnu lighthouse (Fig. 1:
section 1; 45°00'18.4"N, 35°23'09”E). Beds there, below a
prominent thick breccia bed, with nannofossils and magneto-
stratigraphy, have already been described by us (Svobodova et
al., 2019a). Unfortunately, the breccia that caps the section has
no beds exposed in the slope above it. We have had persistent
doubts that the two breccias (at lli Burnu and here 3 km to the
west) are, in fact, the same unit. The shore breccia bed can be
traced westwards and identified with certainty for >1.5 km, but
then outcrop fades. And the thicknesses of that very coarse
breccia (Fig. 1: section 2) and the one in the western outcrop
(Fig. 1: section 1) are not the same, and their clast sizes also
differ. If they are not the same bed, then they are probably not
very distant from one another stratigraphically, but the lack of
exposure does not allow us to test this hypothesis. However,
the evidence provided by nannofossil taxa gives age indications
for the two, and this suggests that the western section is slightly
lower in the Tithonian than the eastern outcrop (which is only
just below the base of the Berriasian).

Arkadiev et al. (2019), in the 80 metres below the same
breccia (their outcrop 2922), found no stratigraphically indica-
tive nannofossil. Though the upper 25 metres had yielded to
Svobodova et al. (2019a) a typical late Tithonian assemblage of
Nannoconus infans, N. puer and N. globulus minor, Polyco-
stella sp. and a single level containing a possible Rhagodiscus
asper. The 25 m that yielded this assemblage straddles a re-
versed magnetic interval, below, and a normal interval: which
we interpret as M19r and lowest part of M19n.2n.

About 140 metres below the breccia bed, Arkadiev et al.
(2019) recorded isolated nannofossil finds that they interpreted
as the FOs of Nannoconus compressus and Polycostella
senaria. These species are noted in the literature as having
their first occurrences well below both M19r and M19n, in the
early Tithonian: respectively, in magnetozone M21n (fide Varol
and Bowman, 2019) and magnetozone M20r (fide Bralower et
al., 1989).

Figure 1 shows all the sections mentioned above, with
ranges of selected nannofossils and magnetic polarity: the
basal Breccia section (section 2), the Gulley section (section 4),
described in 2018, the new profile (section 3) and the Tithonian
section 3 km to the west (section 1).

CALCAREOUS NANNOFOSSIL
INVESTIGATIONS

MATERIAL AND METHODS

Calcareous nannofossils were analysed in smear slides
prepared by the decantation method using a 7% solution of hy-
drogen peroxide (methodology described e.g., in Svabenicka,
2012) and mounted in Entellan. A total of 38 samples (22 FR
samples and 16 MW samples) have been examined under and
Olympus BX53 light microscope using an immersion objective
with a 100x magnification. Digital images of nannofossil speci-
mens were made using an Olympus UC90 digital camera.

In order to obtain the relative nannofossil abundances and
semi-quantitative information about the respective calcareous
nannofossil assemblages, 500 specimens were counted on
each slide. Some samples did not provide so many specimens,
so in those the number of all nannofossils found in 300 fields of
view was used as the basis for interpretation (namely samples
FR 13 and FR 15).
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Fig. 1. Tithonian-Berriasian sections west from Ili Burnu

Ranges of selected nannofossil taxa and magnetic polarity are shown; 1 — after Svobodova et al. (2019) (45°00°18.4"N, 35°23'09"E); 2, 4 — Brec-
cia and Gulley sections after Bakhmutov et al. (2018); 3 — shore cliff described herein (45°0037”N, 35°25'10"E); “MW” sample points shown;
ranges of selected nannofossil taxa and magnetic polarity (black — normal, white — reversed) are shown
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The identifications of species follow Bralower et al. (1989),
Bown and Cooper (1998), Casellato (2010), Nannotax website
(Young et al., 2017), Varol and Bowman (2019) and Casellato
and Erba (2021). The smear slides are stored at the Institute of
Geology of the Czech Academy of Sciences, Department of
Paleobiology and Paleoecology.

RESULTS

In the samples studied, 60 calcareous nannofossils taxa
have been identified. Their preservation ranges from moderate
to very poor, heavily etched by dissolution. Also the abundance
varies between high (up to 50 specimens per field of view),
moderate (20—40 specimens per field of view), low (1-10 speci-
mens per field of view) and very low (<1 specimen per field of
view). All quantitative data, including information about preser-
vation of calcareous nannofossils and individual abundances
for each species per sample are given in Figure 3.

FR SAMPLES (FIG. 1: SECTION 1)

The most abundant components of the assemblage are the
form genera Watznaueria (75% on average), Cyclagelo-
sphaera (11% of the assemblage) and Nannoconus (nearly

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

As in the previous study from this area (Bakhmutov et al.,
2018), older, redeposited, Jurassic nannofossils occur irregu-
larly through the studied section (namely, the genera Parha-
bdolithus, Lotharingius and Hexapodorhabdus).

MW SAMPLES (FIG. 1: SECTION 3)

Similarly, as with section 1, the calcareous nannofossils are
characterized by the dominance of Watznaueria (62% of the as-
semblage), Nannoconus (nearly 16%) and Cyclagelosphaera
(>12% on average). Conuspharea reaches up to 5% of the as-
semblage total, and Polycostella is almost absent. The higher
content of nannoconids (in several samples ~20% of the as-
semblage) suggests that this part of the studied section is lo-
cated stratigraphically closer to the J/K boundary. This is sup-
ported by the continuous presence of Nannoconus globulus
globulus through the whole section (in FR samples it is absent),
by the appearance of Cruciellipsis cuvillieri, and also by the un-
certain occurrence of Nannoconus wintereri and N. steinmannii
minor in the upper part of the section. Percentage content of se-
lected nannofossil genera is shown in Figure 4.
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Fig. 3. Distribution of calcareous nannofosils in sections 1 and 3
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As in the FR samples (Fig. 1: section 1), older, redeposited,
WITHIN THE GLOBAL STRATIGRAPHIC PATTERN

Jurassic taxa have been observed.
To appreciate how the Theodosia nannofossil records fit

The list of calcareous nannofossil taxa present is given in
into wider palaeogeographic and stratigraphic pattern, it is nec-

Selected calcareous nannofossil taxa are presented in Fig-
Appendix 1.

ures 5 and 6.
THEODOSIA'S CALCAREOUS NANNOFOSSIL RECORD

Preservation of calcareous nannofossils is characterized using the abbreviations described by Bown (1992): VP (very poor) — extreme etching, P
(poor) —strong dissolution, M (moderate) — moderate etching; the abundances for each species per sample were counted according to the classifi-

cation proposed by Bown (1992): R (rare) — 1-2 specimens per sample; F (few) — 3—10 specimens per sample; C (common) — 11-100 specimens

per sample; A (abundant) — >100 specimens per sample; calcareous nannofossil zonation follows Casellato and Erba (2021)
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Fig. 5. Selected taxa of calcareous nannofossils from sections 1 and 3

A — Cyclagelosphaera argoensis Bown, 1992; sample MW 3, XPL; B — Cyclagelosphaera margerelii No€l, 1965; sample MW 2, XPL; C — Cyclagelosphaera
deflandrei (Manivit, 1966) Roth, 1973; sample FR 9, XPL; D — Watznaueria barnesiae (Black in Black and Barnes, 1959) Perch-Nielsen, 1968; sample MW 3,
XPL; E, F — Watznaueria britannica (Stradner, 1963) Reinhardt, 1964; samples FR 1, FR 10 (large specimen), XPL; G — Watznaueria fossacincta (Black,
1971) Bown in Bown and Cooper, 1989; sample FR 4, XPL; H — Watznaueria biporta Bukry, 1969; sample MW 13, XPL; | — Watznaueria moshkovitzii \/arol
and Bowman, 2019; sample MW 8, XPL; J — Watznaueria ovata Bukry, 1969; sample MW 3, XPL; K, L — Watznaueria cynthae \Worsley, 1971; samples FR 8,
MW 19, XPL; M — Diazomatolithus lehmanii Noél, 1965; sample FR 5, XPL; N — Diazomatolithus galicianus de Kaenel and Bergen, 1996; sample FR 7, XPL;
O, P — Helenea chiastia \Worsley, 1971; samples FR 5, MW 24, XPL; Q — Helenea staurolithina Worsley, 1971; sample FR 16, XPL; R— Cretarhabdus conicus
Bramlette and Martini, 1964; sample MW 21, XPL; S, T — Conusphaera mexicana subsp. mexicana Trejo, 1969; samples FR 23, MW 19, XPL; U —
Conusphaera mexicana subsp. minor Bown and Cooper, 1989; sample FR 23, MW 19, XPL; V — Polycostella beckmannii Thierstein, 1971; sample FR 12,
XPL; W, X — Polycostella beckmannii Thierstein, 1971; sample FR 23, XPL, PPL (the same specimen); Y — Polycostella senaria Thierstein, 1971; sample MW
21, XPL; Z, AA — Hexalithus noeliae Loeblich and Tappan, 1966; sample FR 5, XPL; AB — ? Hexalithus geometricus Casellato, 2010; sample FR 5, XPL; AC,
AD — Polycostella parvistellatus (Varol, 1991) Varol and Bowman 2019; samples MW 11, MW 19, XPL; AE, AF — Acadialithus dennei Howe, 2017; samples
MW 4, MW 11, XPL; AG — Ethmorhabdus gallicus Noél, 1965; sample MW 19, XPL; AH — Umbria granulosa subsp. granulosa Bralower and Thierstein in
Bralower et al., 1989; sample MW 19, XPL; Al — Assipetra infracretacea (Thierstein, 1973) Roth, 1973; sample FR 11, XPL; AJ — Hexapodorhabdus cuvillieri
Noél, 1965; sample FR 8, XPL, XPL — cross polarized light, PPL — plane polarized light; scale bar represents 10 um
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Fig. 6. Selected taxa of calcareous nannofossils from sections 1 and 3

A — Nannoconus globulus subsp. minor Bralower in Bralower et al., 1989; sample MW 1, XPL; B — Nannoconus globulus subsp. minor Bralower in
Bralower et al., 1989; sample MW 1, PPL (the same specimen); C — Nannoconus globulus subsp. minor Bralower in Bralower et al., 1989; sample MW 8,
XPL; D — Nannoconus globulus subsp. minor Bralower in Bralower et al., 1989; sample MW 8, PPL (the same specimen); E — Nannoconus globulus
subsp. minor Bralower in Bralower et al., 1989; sample MW 14, XPL; F — Nannoconus globulus subsp. minor Bralower in Bralower et al., 1989; sample
MW 14; PPL (the same specimen); G — Nannoconus globulus subsp. minor Bralower in Bralower et al., 1989; sample FR 1, PPL; H— Nannoconus infans
Bralower in Bralower et al., 1989; sample FR 1, XPL; | - Nannoconus globulus subsp. globulus Bronnimann, 1955; sample MW 1, XPL; J — Nannoconus
globulus subsp. globulus Bronnimann, 1955; sample MW 1, PPL (the same specimen); K — Nannoconus globulus subsp. globulus Bronnimann, 1955;
sample MW 12, XPL; L — Nannoconus globulus subsp. globulus Bronnimann, 1955; sample MW 12, PPL (the same specimen); M — Nannoconus
compressus Bralower and Thierstein in Bralower et al., 1989; sample FR 10, XPL; N — Nannoconus compressus Bralower and Thierstein in Bralower et
al., 1989; sample MW 11, XPL; O — Nannoconus compressus Bralower and Thierstein in Bralower et al., 1989; sample MW 11, PPL (the same speci-
men); P — Nannoconus compressus Bralower and Thierstein in Bralower et al., 1989; sample MW 3, PPL; Q — Nannoconus compressus Bralower and
Thierstein in Bralower et al., 1989; sample MW 12, PPL; R — Nannoconus compressus Bralower and Thierstein in Bralower et al., 1989; sample MW 19,
PPL; S — Nannoconus puer, Casellato, 2010; sample MW 2, XPL; T — Nannoconus puer, Casellato, 2010; sample MW 2, PPL (the same specimen); U —
Nannoconus puer, Casellato, 2010; sample MW 11, PPL; V — Nannoconus puer, Casellato, 2010; sample MW 19, PPL; W — Nannoconus puer, Casellato
2010; sample FR 2, PPL; X — Polycostella senaria SV (= Nannoconus erbae Casellato, 2010) Varol and Bowman, 2019; sample MW 27, XPL; Y —
Faviconus multicolumnatus Bralower in Bralower et al., 1989; sample MW 19, XPL; Z — Faviconus multicolumnatus Bralower in Bralower et al., 1989;
sample FR 5, PPL; AA — Nannoconus dolomiticus Cita and Pasquare, 1959; sample FR 20, XPL; AB — ? Nannoconus wintereri Bralower and Thierstein,
in Bralower et al., 1989; sample MW 27, PPL; AC, AD — Zeugrhabdotus cooperi Bown, 1992; samples MW 11, MW 30, XPL; AE — Zeugrhabdotus erectus
(Deflandre in Deflandre and Fert, 1954) Reinhardt, 1965; sample MW 30, XPL; AF — Zeugrhabdotus noeliae Rood et al., 1971; sample MW 16, XPL; AG,
AH — Zeugrhabdotus embergeri (Noel, 1965) Perch-Nielsen, 1984; samples FR 19, MW 11, XPL; Al, AJ — Zeugrhabdotus fluxus Casellato, 2010; sam-
ples MW 11, MW 31, XPL, XPL — cross polarized light, PPL — plane polarized light; scale bar represents 10 pm
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M20n.2n herald the approach of the base of the Alpina Sub-
zone and the J/K boundary, with Nannoconus steinmannii mi-
nor providing the best proxy for the Alpina Subzone base and
the base of the Berriasian, with a cluster here of its FOs.
Nannoconus kamptneri minor FO records for the most part
cluster in upper M19n.2n, continuing into M19n.1n, providing
an upper limit for the immediate boundary interval. At Theo-
dosia, occurrences of species FOs are indicated with a yellow
circle in Figure 7. The stratigraphic positions compare well with
those in more modern accounts of sites in other regions.

Here we consider stratigraphically indicative nannofossil FOs
and not nannofossil biozones, as these are in a state of flux and
have not yet stabilised: zones have sometimes been applied in
publications without taking into account published changes in the
positions of marker species, e.g. in Crimea, Arkadiev et al.
(2019), citing and applying Bralower (1989) and Casellato
(2010). Figure 8 shows how several taxa used as zonal indices
now have very different positions and ages compared to those
that were firstly, and subsequently, attributed to them.

Here we put the emphasis on first occurrences of nanno-
fossil species. A number of nannofossil species are efficacious
as indicators of stratigraphic level (Figs. 7 and 8): where such
markers can be calibrated with calpionellid and magnetic da-
tums, and ammonites, these can be consistent and most use-
ful. But less trust can be placed in older results with lower reso-
lution and on data from sections with poor or aberrant calpio-
nellid records (e.g., Torre de’ Busi, Figs. 7 and 8; Casellato and
Erba, 2021). The reliability of records relative to the calpionellid
and magnetostratigraphic framework may be assessed using
Figures 7 and 8.

PALAEOMAGNETISM

SAMPLING METHOD AND LABORATORY EQUIPMENT

The sampling method was to take drilled or hand samples
(as described in Bakhmutov et al., 2018). Palaesomagnetic
measurements were performed in the laboratory of the Institute
of Geophysics of the National Academy of Sciences of Ukraine
in Kyiv. Standard specimens in the form of cylinders (2.2 cm
long and 2.5 cm in diameter) or cubes (2.0 cm) were cut: with
2—4 specimens taken from each sample. The vectors of char-
acteristic remanent magnetization (ChRM) were isolated by
both stepwise thermal (TD) and alternating field (AF) demagne-
tization, using the same procedures described in Bakhmutov et
al. (2018). Natural remanent magnetization (NRM) measure-
ments (spinner magnetometer JR-6) and demagnetization ex-
periments were carried out in a magnetically shielded space (a
low-field cage, MMLFC). Specimens were thermally demagne-
tized stepwise using an MMTDB80 oven up to 600°C, with moni-
toring of magnetic susceptibility (MS) after each thermal de-
magnetization step in order to track mineralogical changes dur-
ing thermal treatment. Duplicate specimens were subjected to
AF demagnetization up to 100 mT using a LDA-3A demagne-
tizer. Demagnetization results were processed by multicompo-
nent analysis of the demagnetization path (Kirschvink, 1980),
using Remasoft 3.0 software (Chadima and Hrouda, 2006).
Magnetic susceptibility and anisotropy of magnetic susceptibil-
ity (AMS) were measured on all samples with a MFK-1B
kappabridge.

RESULTS OF PALAEOMAGNETIC INVESTIGATION

As shown by the results of our earlier palaeomagnetic stud-
ies on the Dvuyakornaya Formation, the most informative re-
sults for identifying the NRM-components of magnetization
were those obtained by thermal demagnetization of mudstone
samples. The results for sections 2 and 4 (Fig. 9) were partially
presented in Bakhmutov et al. (2018) (where they were num-
bered as section 1 and 2, respectively). Here we present new
results for sections 1 and 3, and additional results for reinterpre-
tation of section 4.

In sections 2, 3 and 4 we demagnetized mostly mudstone
samples and a limited number of other samples taken from
coarse limestones, grainstones, rudstones, breccia etc. In sec-
tion 1 the samples were taken only from grainstones and
rudstones.

The average values obtained from mudstones are 2+7 mA/m
for NRM and (200+300) x 10°° S| for MS, which is similar to val-
ues from overlying mudstones in the Dvuyakornaya Formation.
The NRM and MS values of grainstones/rudstones in section 1
are characterized by a wide range, ~1+30 mA/m for NRM and
(140+1000) x 107 SI for MS, and on average higher than in the
overlying sections — 2, 3 and 4 (Fig. 9). The data coincides well
with the peaks in MS and NRM obtained from the same outcrop
shown by Guzhikov et al. (2012: fig. 8).

Multicomponent analysis of demagnetization paths reveals
that the NRM of the samples display two or three components
(Fig. 10). The LTC (low stability) component is isolated in the
120—240°C temperature range (Fig. 10A) or AF field in the inter-
val 10—20 mT (Fig. 10B). The intermediate stability component
(ITC) was erased in the temperature range of 240-400°(460°)C
in some samples and is not pronounced in the AF demagnetiza-
tion path. The most stable high-temperature components
(HTC) in the temperature range from 400°(500°)-580°(600°)C
are for most of the specimens towards to the end point on the
orthogonal projections (Fig. 10A, C, D), and this is accepted as
a characteristic component (ChRM). The high coercivity com-
ponents (HCC) are not fully demagnetized, even when there
are high values of AF (Fig. 10B).

Experiments of magnetic mineralogy have been carried out
on a number of samples from the same sections, and these de-
fine the magnetite as the main NRM carrier in the studied rocks
(Guzhikov et al., 2012). The magnetite grains were partially oxi-
dized to maghemite, and some results demonstrate the pres-
ence of a hard coercivity mineral (probably hematite). Our de-
magnetization results confirm the presence of magnetite as the
main carrier of magnetization, coincident with results obtained
from the uppermost part of Dvuyakornaya Formation sections
and evidence in favour of the primary magnetization of the
ChRM-component (Bakhmutov et al., 2018). Thus we can ex-
plain that the variation in the unblocking temperature, mostly
from 400 to 580°C, is due to presents of magnetite, and the high
coercivity component is due to an authigenic secondary mineral
(hematite) formed during subsequent diagenesis.

The LTC component (Fig. 11A) is exclusively of normal
polarity and constitutes a significant portion of the NRM in-
tensity, frequently reaching 50% and more of the initial NRM.
The mean direction (Table 1) calculated for all samples (D =
347°,1=59°)is not so far from the present-day geocentric ax-
ial dipole field (I = 63°) at the sampling locality, and it has
been introduced by recent growth of viscous remanence. The
ITC component also shows only normal polarity (Fig. 11B),
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geometricus Casellato: though we recognise that the two were synonymised by Howe (2017), and the latter taxon was seen as a junior synonym of Nannoconus infans by Varol and Bowman (2019)
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Fig. 9. Palaeomagnetic directions plotted through the sections

The direction of the ChRM-components (determined by the line fitting of the demagnetization path after temperature demagnetization and expressed by declination D° and inclination 1°)
plotted against the sample level
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Fig. 10. Plots of the progressive thermal (A, C, D) and alternating field (B) demagnetization of mudstones (A, B)
and grainstones (C, D) specimens

Left of diagram: stereographic projection of the directions (full and open circles represent projections in the lower and upper hemispheres, re-
spectively); centre of diagram: orthogonal projections of demagnetization paths (Zijderveld diagrams) on horizontal and vertical planes (full
and open circles respectively); right of diagram: NRM intensity (M/Mmax) and magnetic susceptibility (k) (black and grey circles respectively)
decay during demagnetization; stereographic and orthogonal projections are given after tilt correction

with the average direction not far from the LTC component,
and probably acquired in the Cenozoic (viscous origin). The
HTC (ChRM) component has normal polarity in sections 4, 3,
in most of section 2 and in the upper part of section 1 (Fig.
11C). In the lower part of section 1 this component has a re-
versed polarity direction (Fig. 11D and Table 1), except for
one sample at the 7 metre level. We have to note that the
sampling in section 1 was only from hard limestone layers,
which have characteristically poorer palaesomagnetic quali-
ties as compared to clays (Guzhikov et al., 2012; Bakhmutov
et al., 2018). Taking into account the coincidence of MS and
NRM data and the evidence of the consistency of our palaeo-
magnetic results from section 1 with those obtained by
Guzhikov et al. (2012), we can precisely correlate the sam-
pling levels in this outcrop.

MAGNETOSTRATIGRAPHY

The directions of HTC components of specimens (declina-
tions and inclinations) and polarity are shown in Figure 9. The
presence of normal and reversed HTC-component (which coin-
cide in lithologically different sediments) and identification of
magnetite (partially oxidized to maghemite) as the main carrier of
remanent magnetization are the arguments in favour of the pri-
mary magnetization of the ChRM component, which could have
formed during sedimentation or in an early stage of diagenesis.

Thus, sections 2, 3 and 4 have continuously normal polarity
interval except two specimens on the middle part of section 2
with reverse polarity (Fig. 9). The upper part of section 1 also
has normal polarity, but the lower part has reversed polarity.
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Fig. 11. Stereographic projections of corrected bedding dip directions of the LTC (A), ITC (B), HTC-components of all samples
from sections 1, 2, 3, 4 and mudstone (a, b, ¢) and HTC-components from section1 (D) (Table 1)

Open symbols denote upward- and solid denote downward-pointing inclinations; the mean direction with radius of the 95% confidence cone
and statistic parameters (n — number of specimens which yielded the components, D — mean declination, | — mean inclination, k — estimate of
Fisher’s precision parameter, ags — half-angle of cone of 95% confidence, in degrees) are given for normal and reversed polarities

Our data from section 1 (Svobodova et al., 2019a and herein)
agree well with results of normal and reversed polarities from
the same outcrop presented by Guzhikov et al. (2012: fig. 4
members 7 and 8) but not with the numbering of magnetozones
devised by Arkadiev et al. (2019), assigning middle Tithonian
ammonites to a Berriasian “M19n.1r".

CONCLUSION

Despite concerns about identified inconsistencies with
species first occurrences, the usefulness of nannofossils as
stratigraphic indicators has been proved in more recent stud-
ies on profiles encompassing magnetozones M20-M17. In Cri-

mea, our earlier work indicated the position of the J/K bound-
ary in the Gulley section at Ili Burnu (Bakhmutov et al., 2018) —
employing finds of nannofossil species used as proxies for the
base of the Calpionella alpina Subzone. However, some un-
certainty remained, as there existed unexposed ground be-
tween the Gully section (Fig. 1: column 4) and the Breccia sec-
tion (Fig. 1: column 2), the lowest exposed part of the lli Burnu
sequence. In this account we remedy that situation, with the
description of a stratigraphically intervening section (Fig. 1:
column 3). The nannofossil occurrences, related to magneto-
zones, indicate that the earlier positioning of the base of the
Berriasian (founded on the first occurrences of N. steinmannii
minor and N. kamptneri minor, in particular) was correct. The
new section yields N. globulus globulus and Cruciellipsis
cuvillieri (the latter already identified in the underlying Breccia
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Table 1

Directions of the particular NRM components of samples before and after tilt correction

Directions expressed in Bedding-tilt
Component n geographic coordinates corrected directions

of NRM DI [ 111 k [ ol | DIT [ IF] k| awl]
LTC 36 347.2 58.6 14.7 6.5 354.2 52.3 12.2 7.1
ITC 42 336.8 60.1 8.9 7.9 346.6 57.2 8.9 7.8
HTC
Normal 69 328.3 60.2 10.2 5.7 338.5 58.0 9.8 5.8
Reversed 10 79.4 -51.9 4.5 25.9 100.1 -55.8 4.4 25.7
HTC (section 1 — FR)
Normal 13 336.7 65.8 6.1 18.3 348.3 52.3 4.9 20.9
Reversed 7 58.8 —60.6 4.4 32.6 89.1 —69.0 4.4 32.7

For explanations see Figure 11

section), and doubtfully identified N. wintereri, which, in the
absence of N. steinmannii minor and N. kamptneri minor, indi-
cate that the identified normal magnetic interval is indeed the
lower half of M19n.2n. This is reinforced by the identification 3
km to the west (Fig. 1: section 1) of the presumed base of
M19n.2n and the uppermost portion 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 (Goérka, 1957) Black in Black and
Barnes, 1959

Biscutum melaniae (Gorka, 1957) Reinhardt, 1969
Conusphaera mexicana subsp. mexicana Trejo, 1969
Conusphaera mexicana subsp. minor Bown and Coo-
per, 1989

Cretarhabdus conicus Bramlette and Martini, 1964
Cruciellipsis cuvillieri (Manivit, 1966) Thierstein, 1971
Cyclagelosphaera argoensis Bown, 1992
Cyclagelosphaera deflandrei (Manivit, 1966) Roth, 1973
Cyclagelosphaera margerelii Noél, 1965
Diazomatolithus galicianus de Kaenel and Bergen, 1996
Diazomatolithus lehmanii Noél, 1965

Discorhabdus ignotus (Gorka, 1957) Perch-Nielsen,
1968

Faviconus multicolumnatus Bralower in Bralower et al.,
1989

Ethmorhabdus gallicus Noél, 1965

Hexapodorhabdus cuvillieri Noél, 1965

Helenea chiastia Worsley, 1971

Helenea staurolithina Worsley, 1971

Hexalithus geometricus Casellato, 2010

Hexalithus noeliae Loeblich and Tappan, 1966
Lotharingius hauffii Grin and Zweili in Grun etal., 1974
Manivitella pemmatoidea (Deflandre in Manivit, 1965)
Thierstein, 1971

Micrantholithus parvistellatus Varol, 1991

Miravetesina favula Grin in Grin and Alleman, 1975
Nannoconus sp. Kamptner, 1931

Nannoconus bronnimannii Trejo, 1959

Nannoconus compressus Bralower and Thierstein in
Bralower et al., 1989

Nannoconus dolomiticus Cita and Pasquare, 1959
Nannoconus globulus subsp. globulus Bronnimann,
1955

Nannoconus globulus subsp. minor Bralower in
Bralower et al., 1989

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

? Nannoconus steinmannii subsp. minor Deres and
Achéritéguy, 1980

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

Parhabdolithus marthae Deflandre in Deflandre and
Fert, 1954

Parhabdolithus robustus Noél, 1965

Polycostella beckmannii Thierstein, 1971

Polycostella senaria (Thierstein, 1971) Varol and Bow-
man, 2019

Polycostella senaria SV (= Nannoconus erbae
Casellato, 2010) Varol and Bowman, 2019

Retecapsa sp. Black, 1971

Rhagodiscus asper (Stradner, 1963) Reinhardt, 1967
Staurolithites sp. Caratini, 1963

Thoracosphaera operculata Bramlette and Martini, 1964
Umbria granulosa subsp. granulosa Bralower and
Thierstein in Bralower et al., 1989

Umbria granulosa subsp. minor Bralower and Thierstein
in Bralower et al., 1989

Watznaueria barnesiae (Black in Black and Barnes,
1959) Perch-Nielsen, 1968

Watznaueria biporta Bukry, 1969

Watznaueria britannica (Stradner, 1963) Reinhardt,
1964

Watznaueria cynthae Worsley, 1971

Watznaueria fossacincta (Black, 1971) Bown in Bown
and Cooper, 1989

Watznaueria moshkovitzii Varol and Bowman (2019)
Watznaueria ovata Bukry, 1969

Zeugrhabdotus sp. Reinhardt, 1965

Zeugrhabdotus cooperi Bown, 1992

Zeugrhabdotus embergeri (Noél, 1965) Perch-Nielsen,
1984

Zeugrhabdotus erectus (Deflandre in Deflandre and
Fert, 1954) Reinhardt, 1965

Zeugrhabdotus fissus Grun and Zweili, 1980
Zeugrhabdotus fluxus Casellato, 2010

Zeugrhabdotus noeliae Rood et al., 1971



