Geological Quarterly, 2015, 59 (4): 831-842
DOI: http://dx.doi.org/10.7306/gq.1262

" Researon

Magnetostratigraphy of the Campanian/Maastrichtian boundary succession
from the Middle Vistula River section, central Poland

Tomasz PLASOTA', Jerzy NAWROCKI? and Ireneusz WALASZCZYK" *

1 University of Warsaw, Institute of Geology, Zwirki i Wigury 93, 02-089 Warszawa, Poland

2 Polish Geological Institute — National Research Institute, Rakowiecka 4, 00-975 Warszawa, Poland

Plasota, T., Nawrocki, J., Walaszczyk, |. 2015. Magnetostratigraphy of the Campanian/Maastrichtian boundary succession
from the Middle Vistula River section, central Poland. Geological Quarterly, 59 (4): 831-842, doi: doi: 10.7306/gq.1262

The magnetic polarities of the upper Upper Campanian—Lower Maastrichtian interval of the Middle Vistula River composite
section (central Poland), were studied. Sixty-six hand-oriented samples for palaeomagnetic studies were taken from the sec-
tions of Raj, Raj North, Podole, Ktudzie and Dziurkéw. The inter-correlation between them is based primarily on bio-events.
The sampled rocks generally revealed a very weak magnetic signal, however, quite reliable results were obtained. The whole
interval studied, well constrained biostratigraphically, is referred to magnetostratigraphic chron C32n. The Campan-
ian/Maastrichtian boundary, placed biostratigraphically in the upper part of the “Inoceramus” redbirdensis inoceramid Zone,
is located near the top of the C32n2n Subchron. Thin reversed polarity intervals in the rocks correlated with the C32n2n

508

chron most probably result from their partial remagnetisation (maghemitisation).
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INTRODUCTION
Due to endemism/provincialism (e.g., belemnites,
ammonites) and diachroneity (e.g., ammonites, planktic

foraminifera) of a number of biostratigraphic markers across
the Campanian/Maastrichtian boundary (see e.g., Burnett,
1998; Christensen et al., 2000; Howe et al., 2003; Mutterlose et
al., 2005; Ward et al., 2012; Peryt and Dubicka, 2015), there
are problems with simple long-distance bio-correlation within
this interval. The application of theoretically isochronous and
potentially very effective methods, independent of available
biostratigraphies, is thus of importance. Among the available
tools currently used, magnetostratigraphy, besides
chemostratigraphic methods, is available herein.

The Campanian—Maastrichtian succession of the Middle
Vistula River composite section is extremely fossiliferous, yield-
ing all stratigraphically relevant palaeontological macro- and
micro-groups, which enable straightforward biostratigraphic
correlation to the basal Maastrichtian stratotype section in
Tercis, SW France. This gives a chance for a reliable
biostratigraphic dating of the magnetostratigraphic signal,
whose direct correlation is hampered by the lack of polarity in-
versions. The recorded magnetic signal in the Tercis section
does not range to the base of the Maastrichtian (see Odin and
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Lamaurelle, 2001; also Voigt et al., 2012: fig 3). This makes the
Middle Vistula an important reference point to other sections,
with good/excellent magnetostratigraphic scale, however, with
limited biostratigraphic control (e.g., the Gubbio sections; Arthur
and Fischer, 1977; Lowrie and Alvarez, 1981; Coccioni and
Premoli Silva, 2015) or to those quite remote biogeographically
(such as the Red Bird section, US Western Interior; see Gill and
Cobban, 1966; Hicks and Obradovich, 1995 and literature
therein; or the eastern North Pacific, see Ward et al., 2012).

This paper provides the magnetostratigraphy of the upper
Upper Campanian through to basal Maastrichtian of the Middle
Vistula section (central Poland; Fig 1), constrained by
biostratigraphic methods (see Walaszczyk, 2012; Remin, 2012;
Keutgen et al., 2012; Machalski, 2012; and also Peryt and
Dubicka, 2015). The goal was the chronostratigraphic correla-
tion of the studied Campanian-Maastrichtian interval. With the
exception of a narrow interval across the Cretaceous—Danian
boundary (Hansen et al., 1989), the magnetic properties of the
Middle Vistula River succession, have never been published
previously (although at least one attempt was announced by
Hambach et al., 1995).

GEOLOGICAL SETTING
AND PREVIOUS STUDIES

The Middle Vistula River valley composite section is located
in south-central Poland, about 150 km SSE of Warsaw (Fig. 1).
This composite section, consisting of a set of natural and artifi-
cial exposures along the Vistula River valley, exposes the Mid-
dle Albian—Danian succession, albeit with numerous observa-
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tional gaps. The Campanian/Maastrichtian boundary interval is
best exposed in the vicinity of the town of Solec, on the western
bank of the river, between the villages of Pawlowice and
Ktudzie North. The only good exposure on the eastern bank is a
huge abandoned quarry south of the village of Piotrawin
(Fig. 1). Structurally, the area of the Middle Vistula valley be-
longs to the southern wing of the Border Synclinorium, one of
the main geological structure of extra-Carpathian Poland,
trending NW-SE through the whole country (Pozaryski, 1974;
Kutek, 2001; Zelazniewicz et al., 2011). Consequently, the ob-
served strata gently dip (5 to 10°) homoclinally to the NE
(Pozaryski, 1948). With the exception of the basal Middle—Up-
per Albian part of the succession, the rest of the Cretaceous is
represented by monotonous carbonate facies, dominated by si-
liceous marls (named opokas), rarely chalk (Pozaryski, 1948).

The first reliable report on its Upper Cretaceous succession
and biostratigraphy was published by Pozaryski (1938, 1948).
He subdivided the Campanian/Maastrichtian boundary interval
studied herein into three successive units: ¢, u, and v, dated by
him entirely as Maastrichtian (Fig. 2). These units show a mixed
lithological-biostratigraphic character and, although useful in
the early stages of the recognition, are no longer used. Subse-
quent studies of the boundary interval comprised macro- and
microfossil groups, primarily those biostratigraphically mean-
ingful (Fig. 2): ammonites (Btaszkiewicz, 1980; Machalski,
1996, 2012; Remin et al., 2015), belemnites (Kongiel, 1962;
Remin, 2012, 2015; Keutgen et al., 2012), inoceramids
(Walaszczyk, 2004), foraminifers (Pozaryska, 1954, Pozaryska
and Peryt, 1979; Peryt, 1980, 2000; Peryt and Dubicka, 2015),

and nannofossils (Gazdzicka, 1978; Burnett et al., 1992). Also
groups with little or poorly known biostratigraphic potential, but
representing dominant elements of the record, were intensively
studied; gastropod and bivalve molluscs (Abdel-Gawad, 1986)
or sponges (Swierczewska-Gtadysz, 2006, 2012). Kongiel
(1962) raised the base of the Maastrichtian into the middle part
of Pozaryski’s unit f, corresponding to the lowest occurrence
(FO) of the belemnite Belemnella (Belemnitella according to
that author) lanceolata (Schlotheim), in agreement with the
placement of the boundary at that time, as widely used in Boreal
and Western Europe (Arkhangelsky, 1912; Jeletzky, 1951; see
also Birkelund et al., 1984). This boundary placement was used
since then, until the FO of the ammonite Pachydiscus
neubergicus (Hauer) was accepted provisionally as the best
basal Maastrichtian marker (Odin, 1996). Finally, the base of
the Maastrichtian was raised up to around this level when the
base of the stage was defined at a level calculated as an arith-
metic mean of 12 bioevents as recognized in the Tercis quarry,
the accepted stratotype section of the basal Maastrichtian
boundary, which appeared to be slightly lower than the FO of P.
neubergicus (Odin and Lamaurelle, 2001). In the Middle Vistula
River section the new placement of the boundary was recog-
nized based on inoceramid bivalves (\Walaszczyk, 2004; see
also Walaszczyk et al., 2002a, b) and ammonites (Machalski,
2012); the entire Pozaryski’s units t and u, and lower part of his
unit v were referred to the Maastrichtian. The belemnite and
foraminiferal proxies of the boundary (after Remin, 2012;
Keutgen et al., 2012; Peryt and Dubicka, 2015) are shown in
Figure 2.
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Fig. 2. Chronostratigraphy and biozonations, and vertical ranges of critical ammonite species (after various authors) of the
uppermost Campanian and basal Maastrichtian of the Middle Vistula section
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SAMPLING LOCATIONS

Sixty-six hand-oriented samples for palaeomagnetic stud-
ies were taken from the sections of Raj, Raj North, Podole,
Ktudzie and Dziurkéw (Fig. 1 and Table 1). The inter-correlation
between them is based primarily on bio-events. Brief character-
istics of the sampled localities in stratigraphic order are given
below (see Fig. 1 for the geographic location); inoceramid
biostratigraphy is after Walaszczyk (2004).

Raj. Small rural quarry located south of the village of Raj, in
the northern wall of a little river valley flowing from the west into
the main Vistula valley. 7 m of the succession, assigned to the
“Inoceramus” inkermanensis Zone, are exposed.

Raj North. Small rural quarry, located about 500 m
south-west of the main cross-road in the town of Solec. 12 m of
the succession are exposed in the southern wall of the quarry,
assigned to the Trochoceramus costaecus Zone and basal part
of the “Inoceramus” redbirdensis Zone. The lowest occurrence
of Belemnella lanceolata (Schlotheim), a belemnite marker of
the base of the Maastrichtian in the traditional European defini-
tion of this boundary (see Btaszkiewicz, 1980; also Keutgen et
al., 2012; Remin, 2012) is recognized in this quarry.

Podole. 15 m high wall in the western Vistula bank, close to
the northern edge of the village of Podole, about 300 m north of
the castle ruins in the town of Solec. The succession is as-
signed to the zones of Trochoceramus costaecus and
“Inoceramus” redbirdensis.

Ktudzie South. The exposure is in the western bank of the
Vistula River, south of the ferry river port in the village of
Kiudzie. 18 m of the succession are exposed. There is a distinct
marly horizon (“boundary marl”, close to the Campanian/Ma-
astrichtian boundary as defined by Walaszczyk, 2004), located
in the middle part of the exposed succession. The succession
belongs to the “Inoceramus” redbirdensis Zone and to the lower
part of the Endocostea typica Zone.

Dziurkéw. Working rural quarry located at the eastern edge
of the village of Dziurkéw, south of the road Solec—Lipsko. The
quarry exposes 15 m of the succession of the Endocostea
typica Zone.

Table 1

Sampling statistics and GPS coordinates for particular localities

) Number of hand samples and i
Locallty | specimens (n the brackets) or | %/Sied ocaity
Rel 13 ) Ea14518.7050
2 ) e
St 15 ) co1o4543 6704
Dziurkéw 13 (36) E;il;851171%7526"

LABORATORY METHODS

Palaeomagnetic samples were hand-sampled and oriented
with trend and plunge and taken manually off the solid rock.
They were cut in the laboratory to one inch diameter cylindrical
specimens (no less than two specimens from each sample)
and subsequently thermally demagnetised. The intensity of nat-
ural remanent magnetisation (NRM) was measured on JR6A
spinner magnetometer, and magnetic susceptilibity with a
kappa bridge KLY-2. Specimens were heated to 450°C with the
following steps: 100, 150, 200, 250, 300, 325, 350, 380, 400,
425 and 450°C. Further demagnetisation was not effective be-
cause the intensities of remanent magnetisation were below the
sensitivity of the magnetometer. Magnetic susceptilibity
changes were monitored after each step of demagnetisation.
The obtained data were computed statistically on Remasoft
computer software (Chadima and Hrouda, 2006), which pro-
duced declination and inclination values for every demagnetisa-
tion step and mean magnetic directions. The results of demag-
netisation were evaluated according to the least square line-fit
method as described by Kirschvink (1980). Lowrie’s test
(Lowrie, 1990) was applied in order to determine the nature of
magnetic carriers. For this purpose ten samples from the
Dziurkéw and Podole sections were selected. All studies were
performed in the Paleomagnetic Laboratory of the Polish Geo-
logical Institute — NRI.

RESULTS

MAGNETIC CARRIERS

The isothermal remanent magnetisation (IRM) experiment
and subsequent demagnetisation of samples magnetised in
three perpendicular directions according to the Lowrie test
(Lowrie, 1990) indicate the predominance of two phases of low
to medium coercivity magnetic carriers. One of them gives a
significant drop of IRM at temperatures up to ca. 450°C, and an-
other has unblocking temperatures between 550 and 600°C
(Fig. 3). Such properties point to the presence of maghemite
and magnetite in the studied rocks (e.g., Dunlop and Ozdemir,
1997). It should be noted, however, that the low coercivity car-
rier of IRM does not demagnetise completely even at a temper-
ature of 600°C. Most probably it is because the oxidation of
maghemite during the heating in air conditions that leads to the
production of hematite with unblocking temperatures >600°C
that is not primary, being not detected during acquisition of IRM.
It cannot be excluded that a significant drop of IRM at tempera-
tures <500°C can be partly linked also with the presence of tita-
nium-rich magnetite.

DEMAGNETISATION RESULTS —
PALAEOMAGNETIC COMPONENTS AND PALAEOPOLE

Almost all samples show weak natural remnant magnetis-
ation (NRM). The intensities of NRM lie between 0.17 and
1.65 x1 074 A/m, with mean a value of about 0.8 x 10~ A/m. This
fact and mineralogical changes during subsequent heating re-
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Fig. 3. Thermal demagnetisation of selected samples in artificial magnetic field (so called three axies experiment; Lowrie, 1990)

Samples DZ 1, DZ 5 and DZ 9 were taken from the Dziurkdw locality, samples SN 7, SN 14 and SN 16 represent rocks from the Podole outcrop

sulted in 12 samples a very unstable demagnetisation path in
12 samples. Fortunately other samples enabled the character-
istic remnant magnetisation (ChRM) to be defined in at least
two specimens. The Late Cretaceous geomagnetic field in the
study area, being a part of stable Europe, should provide a
characteristic direction with declination oriented approximately
N-S and inclination close to ca. 60° (see e.g., Besse and
Curtillot, 2003). Well-defined characteristic components of re-
versed or normal polarity correspond to a wide spectrum of un-
blocking temperatures. The biggest drops of the NRM intensi-
ties can be observed at 100—200°C and 350—450°C (Fig. 4). It
should be stressed, however, that these two temperature inter-
vals do not allow two separate components of the NRM to be
distinguished. The low and medium temperature directions
have the same polarities and their spatial separation is impossi-
ble. It is likely that these magnetisations were acquired during
the same geomagnetic polarity interval, close to each other in
time. Because of the low initial values of the NRM most of the
samples were not completely demagnetised and it is very likely
that magnetite documented by the IRM demagnetisation
curves (Fig. 3), carries also the ChRMs. In some samples the
characteristic components were not sufficiently stable for their
determination by the line-fit method (Fig. 5, samples: SN 7A
and SN 10A). In this case, the direction defining the polarity was
calculated as the mean from at least three steps of demagneti-
sation. Eleven samples revealed the presence of anomalous
characteristic directions with deviated values of inclination or
declination (Fig. 5, samples: SN 9A and SN 6A; Fig. 6). In spite

of partial demagnetisation, these directions can be still resultant
in origin i.e. containing an admixture of component with oppo-
site polarity. This fact indicates that the rocks studied can also
contain secondary components of magnetisation. These could
be linked with maghemite formed due to the oxidation of mag-
netite grains after their sedimentation.

Only a few good quality ChRM directions defined by the
line-fit method were obtained. Most of them were obtained from
the Dziurkow and Podole localities. Because of this, the mean
palaeomagnetic direction and the palaeopole were calculated
only for these localities (Fig. 7). The reversed polarity directions
with negative inclinations are located in the opposite part of the
hemisphere from the normal polarity ones. With a calculated
critical angle y.= 10.12 and an observed angle y = 2.07 they evi-
dently pass the reversal test (McFadden and McElhinny, 1990).
Directions defined on sample statistical level group relatively
well, with the result that the palaeomagnetic pole lies at a lati-
tude of 78°N and a longitude of 173°E. This palaeopolar posi-
tion was compared with the apparent polar wander path charac-
teristic for stable Europe (Besse and Courtillot, 2003). It fits well
to the Late Cretaceous segment of this path.

MAGNETIC POLARITIES

The normal and reversed polarity directions are grouped se-
quentially in normal and reversed polarity zones. Mixed polarity
zones are documented in the sections of Kludzie and Raj North.
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Fig. 4. Examples of thermal demagnetisation of palaeomagnetic samples from the Dziurkéw (samples DZ 4B, DZ 4C, DZ 6AB, DZ 9A)
and Podole (samples SN 12C, SN 19B) sections that provided a good quality data i.e. characteristic directions defined by the line-fit
method (stereographic plot of palaecomagnetic directions during demagnetisation (left-upper figure), orthogonal plot (right figure)
and intensity decay curve (left down figure)

Circles in the orthogonal plots represent vertical projections, squares represent horizontal projections; Irm — intensity of remanent magnetis-
ation, Inrm — initial intensity of natural remanent magnetisation; the diagrams were prepared by the means of computer package written by
Lewandowski et al. (1997); in the table presented below the diagrams the line-fit directions are listed (D — declination, | — inclination, INT —
drop of NRM intensity related to particular line-fit direction, A.S.D — angular standard deviation, RANGE — temperature interval for which par-
ticular line-fit direction was calculated)



Tomasz Plasota, Jerzy Nawrocki and Ireneusz Walaszczyk

838

jey} suo}oaas (g-¢)y ajdwes) aizpnpy pue (L(z-)d ‘v-1d ‘S-1d sojdwes) ajopod ay} wouy sajdwes pasiaubew Apjeam Ajawal)xs jo uonesijpubewap jewiay) jo sajdwexy ‘9 "bi4

(9002) epnolH pue ewipeyn Aq uapum abeyoed Jaindwod jo sueaw ay) Aq pasedald aiam swelbelp ay |

sJaLued a13dubew ay) jo Buyoo| ajeinsseul o) anp Ajgeqoad pajeirsp SuoI3oaIp J1)SLId)oRIRYD JO 9oUdsald Y} pajeanal

005 oo 00g 0z o001 [

e

WY GOBLRE SXEWW  XEUW

Wy Q0-EZLL =3dn (B2, —C— [EW0zUOH — Wiy 9088 6L =un feowan, > EWozLOH — @
umog & umeQ §
H—a
>
3 N 3 m
|w+| » -~ 3 m
-
antw £-EM [ Hz-)d
00g 0o ooe o0z oo 0
S R Y SO-ELEL=XEUW  KELM
Wy SO-BEE'S =pun e, —Cr |Es02U0H — @ Wiy 90-9€'0L =hun A, O EROZIOH @
[ umog § 5 ano
B umog g
3 ) 3 " =
3 LY
4 o o - [ o_ [} H L I B I
—— o h -
el
50 3¢ N
2 | grr L P -
- o -
, [* -
| B I8
|+|.‘ [ nﬁ . [
Vd 039
] ity -l anw £ld m




Magnetostratigraphy of the Campanian/Maastrichtian boundary succession from the Middle Vistula River section... 839

PODOLE
Qg5 K N
75808 6

270

QK N D 1
80712 6 187 -58

DZIURKOW

48 82412 8

C g5 K N

180

I L F D1 D2
59 78 173 5 7

Fig. 7A — stereographic projection of palaeomagnetic directions calculated for the best quality samples from the Dziurkéw and
Podole sections with their summary statistics; B — palaeopole calculated for the same sample set plotted as the black circle (named
VRS) on the background of the apparent polar wander path (APWP) characteristic for stable Europe (Besse and Courtillot, 2003); C
— summary statistics for the best quality samples from Dziurkéw and Podole

ogs — semi-angle of 95% confidence, K — precision parameter, N — number of samples, D — mean declination, | — mean inclination, L — latitude
of palaeopole, F — longitude of palaeopole, D1 — error of the distance between site and palaeopole, D2 — palaeodeclination error

Samples from the Dziurkéw, Kiludzie and Raj sections were
magnetised homogeneously in the reversed or normal polarity
direction (Fig. 8). Uncertain polarities were connected with the
unstable and resultant directions. The reversed polarity zones
postulated in the middle part of the Podole section and the low-
ermost part of the Raj North section were drawn with a question
mark because they are based on single samples with still shal-
lower (between —20 and —30°) than expected values of inclina-
tions. The thick normal polarity zone defined in the synthetic
magnetostratigraphic column according to data from the
Podole and Raj North sections is not continuous. In fact, it was
broken three times by reversed polarities. It should be stressed,
however, that only the reversed zone from the topmost part of
the Podole section is based on fully reversed directions isolated
in more than one sample. Because of this, it is not drawn with
question mark.

DISCUSSION

Magnetostratigraphic study was undertaken for the interval
represented by the Raj, Raj North, Podole, Ktudzie and
Dziurkéw sections, which span the topmost Campanian
(inoceramid bivalve zones of “Inoceramus” inkermanensis; “I.”
costaecus and “I.” redbirdensis (lower two-third of the zone),
and the basal Lower Maastrichtian (the top third of the “/.”
redbirdensis Zone, and the zone of Endocostea typica; see

Figs. 2 and 8). Reference is made below to the recently pub-
lished scale by Ogg and Hinnov (2012). A normal polarity re-
cord from the Ktudzie section falls into the “/noceramus’
redbirdensis Zone and the basal part of the Endocostea typica
Zone and, based on the global magnetostratigraphic scale, it is
attributed to subchron C32n2n. Such constraints lead to the
conclusion that all outcrops apart from Dziurkéw are coeval with
subchron C32n2. Thin reversed polarity intervals noted in the
Podole and Raj North sections could represent cryptochrons
that have not been recognized before this study. However, it is
difficult to accept this interpretation because this part of the
GPTS is based on good quality, densely-spaced data (see Ogg
and Hinnov, 2012). More likely these thin reversed polarity in-
tervals could result from partial remagnetisation of the studied
rocks caused by late maghemitisation of magnetite grains. It
should be stressed, however, that Lerbekmo and Braman
(2002) published magnetostratigraphic data from Canada (Al-
berta) with three short reversed polarity zones inside subchron
C32n2n. Further palaeo- and petromagnetic studies are neces-
sary to resolve this problem.

The reversed polarity record from the Dziurkéw section falls
into the Endocostea typica Zone, so it was assumed to be a part
of chron C32n1r (Fig. 8). Its correlation with the subchron C31r
is not probable. Inoceramids characterizing the Dziurkéw suc-
cession are typical of the lower half of the E. typica Zone; its up-
per part, characterized by “Inoceramus” incurvus (or referred to
this zone; see Walaszczyk et al., 2001; see also Ogg and
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Fig. 8. Magnetostratigraphy of the Dziurkéw, Ktudzie, Podole, Raj and Raj North sections and their correlation with the global
magnetostratigraphic (scale after Ogg and Hinnov, 2012); biostratigraphy after Walaszczyk (2004; inoceramids); Machalski
(2012; ammonites); Remin (2012; belemnites); Peryt (1980; foraminifers)

Hinnov, 2012: fig. 27.6), is not represented. Simple correlation
with the GPTS of magnetozones from Raj and Raj North sec-
tions could lead to the conclusion that these rocks were depos-
ited during chron C33. This is not possible as all the
biostratigraphic evidence show this part of the succession to be
of latest Campanian (see Figs. 2 and 8). The normal polarity re-
cord from the Raj section corresponds to normal subchron
C32n2n. The remaining normal polarity intervals from the

Podole and Raj North sections belong to the “Inoceramus”
redbirdensis and “Inoceramus” costaecus zones respectively.
Both magnetic polarity records were also attributed to normal
chron C32n2n. Accordingly to our magnetostratigraphic corre-
lation, the Maastrichtian/Campanian boundary is probably lo-
cated in the middle part of the Ktudzie section, in the upper part
of normal polarity subchron C32n2n.
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CONCLUSIONS

1. Cretaceous rocks from the Middle Vistula River valley are
useful for magnetostratigraphic studies despite their weak in-
tensity magnetisation and a partial late remagnetisation that
most probably results from maghemitisation of magnetite
grains; further palaeo- and petromagnetic studies are neces-
sary.

2. The biostratigraphically constrained Campanian/Ma-
astrichtian boundary, placed in the studied succession close to
the FO of the inoceramid bivalve Endocostea typica (Whitfield),
and the ammonite, Pachydiscus neubergicus (Hauer) FAD, is
located in the upper part of the normal polarity subchron
C32n2n. The stratigraphically youngest Dziurkéw section, as-

signed to the Endocostea typica inoceramid Zone should be
placed in the reversed polarity subchron C32n1r.

3. Fine reversed polarity intervals are noted in the Podole
and Raj North sections. They could result from partial and se-
lective remagnetisation of the studied rocks due to late
maghemitisation.
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