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Deep-ma rine turbiditic sys tems are con trolled by the sup ply of terrigenous ma te rial and are pre dom i nantly in flu enced by
autocyclic pro cesses re lated to chan nel mi gra tion or lobe switch ing. De spite ad vances in un der stand ing cy clic sed i men tary
suc ces sions linked to or bital forc ing, re search on or bital cy cles in deep-ma rine, turbiditic se quences re mains rare. This study 
ex am ines the re la tion ship be tween terrigenous ma te rial sup ply and as tro nom i cal forc ing, of fer ing in sights into the tim ing and 
mech a nisms of turbidite de po si tion in the Lower Cre ta ceous deep-ma rine de pos its of the Al pine thrust-and-fold belt, Outer
West ern Carpathians in south ern Po land. The 220 m log in ves ti gated from the Krzyworzeka river sec tion at Poznachowice
Górne was ana lysed us ing a gen eral lithological log treated as a time se ries. A se ries of sta tis ti cal tests as sessed whether
lithological vari a tions were ran dom, in flu enced by de ter min is tic pro cesses, or showed cyclicity. The re sults re veal a strong
cor re la tion be tween sed i men tary pat terns and cli mate os cil la tions driven by pre ces sion, obliq uity, and ec cen tric ity, with
short ec cen tric ity and obliq uity mod u la tion ex ert ing the stron gest in flu ence. Com bin ing four in de pend ent cyclostratigraphic
meth ods al lowed iden ti fi ca tion of re cur ring trends in bed thick ness across five well-de fined turbiditic fa cies. These find ings
pro vide new in sights into the role of as tro nom i cal forc ing in con trol ling deep-ma rine sed i men ta tion and high light the new, ad -
vanced sta tis ti cal ap proaches such as multi-chan nel sin gu lar spec trum anal y sis, and re cur rence plots, in re con struct ing past 
cli mate dy nam ics.
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INTRODUCTION

Deep-ma rine turbiditic sys tems are con trolled by terrige -
nous sup ply and typ i cally in flu enced by autocyclic pro cesses
(e.g., chan nel mi gra tion, lobe switch ing), tec ton ics, and in ter -
mit tent ero sion. In com plete sed i men tary re cords com monly ob -
scure sig nals of or bit ally forced pro cesses (Postma et al.,
1993). Re search on or bital cy cles in turbiditic se quences is lim -
ited, de spite ad vances in un der stand ing cy clic sed i men tary
suc ces sions in shal low-ma rine and hemipelagic de pos its (e.g.,
Liu et al., 2024; Zhang et al., 2025). Stud ies of turbiditic en vi ron -
ments usu ally emphasise the ef fects of other con trol ling mech -
a nisms such as tec ton ics (Postma et al., 1993), though some
out crops show clear or bital cyclicity (Foucault et al., 1987; Haak 
and Schlager, 1989; Postma et al., 1993; Ten Kate and
Sprenger, 1993; Weltje and de Boer, 1993; Reijmer et al., 1994; 
Krijgsman et al., 1999; Pickering et al., 1999; Heard et al., 2008; 
Maw son and Tucker, 2009; Pickering and Bayliss, 2009;
Sutcliffe and Pickering, 2009; Di Celma, 2011; Di Celma and

Cantalamessa, 2012; Payros and Martínez-Braceras, 2014;
Cantalejo and Pickering, 2015; Cantalejo et al., 2021; Payros et 
al., 2023).

De tect ing or bital cy cles pro vides in sight into en vi ron men tal
dy nam ics and cli ma tic forc ing in deep-ma rine en vi ron ments.
Postma et al. (1993) linked turbiditic de po si tion in a Mio cene
sub ma rine fan-lobe from Gavdos (Greece) to pre ces sion cy -
cles through vi sual ob ser va tions and qual i ta tive anal y ses.
Weltje and de Boer (1993) dem on strated that the tem po ral evo -
lu tion of Plio cene fan lobes on Corfu aligned with pre ces sion,
with sed i ment sup ply re spond ing to pre cip i ta tion and con ti nen -
tal run off. Ten Kate and Sprenger (1993) iden ti fied long ec cen -
tric ity sig nals in Up per Cre ta ceous Betic Cor dil leras turbidites,
and Milankovitch cy cles (obliq uity and ec cen tric ity) were doc u -
mented in Eocene Span ish Pyr e nees de pos its (Heard et al.,
2008; Pickering and Bayliss, 2009; Sutcliffe and Pickering,
2009; Cantalejo and Pickering, 2015; Cantalejo et al., 2021).
Payros and Martínez-Braceras (2014) linked turbidite fre -
quency and en ergy to hemi-pre ces sion cy cles, show ing that
peak ac tiv ity dur ing max i mum ec cen tric ity and bo real sum mer
co in cided with peri he lion, re sult ing in pro nounced sea son al ity,
heavy sum mer rain fall, and the in verse ef fects dur ing other or -
bital phases, fur ther de tect ing pre ces sion, obliq uity, and ec cen -
tric ity in flu ences in the se quence (Payros et al., 2023). Ex am -
ples in clude Maastrichtian turbidites in It aly (Foucault et al.,
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1987), Tri as sic calciturbidites in Aus tria (Reijmer et al., 1994),
Mio cene Mo roc can turbidites (Krijgsman et al., 1999), and
Perm ian de pos its in Eng land (Maw son and Tucker, 2009), with
ad di tional Pleis to cene cases (e.g., Haak and Schlager, 1989;
Pickering et al., 1999; Di Celma, 2011; Di Celma and Canta -
lamessa, 2012).

This study ex am ines lithological changes and or bital in flu -
ences in Lower Cre ta ceous (Valanginian) deep-ma rine de pos -
its of the Outer West ern Carpathians (Fig. 1), aim ing to clar ify
the tim ing and mech a nisms of turbiditic de po si tion. Many as -
pects of Carpathian evo lu tion re main un re solved and un ex am -
ined us ing nu mer i cal tech niques. Leszczyñski (1997) cor re -
lated lithological and geo chem i cal changes in the Sub-Menilite
Globigerina Marl with short ec cen tric ity and obliq uity. These
con clu sions were drawn from strati graphic data and sed i men ta -
tion rate es ti ma tions but are not sup ported by nu mer i cal tech -
niques. The Globigerina Marl is gen er ally in ter preted as a pe -
lagic to hemipelagic de posit rather than a turbiditic suc ces sion.

Sta tis ti cal anal y sis of the Carpathian Flysch is lim ited by
small, iso lated ex po sures; how ever, the Krzyworzeka river sec -
tion, with Lower Cre ta ceous de pos its, is an ex cep tion. De tailed
“bed-by-bed” log ging and sta tis ti cal anal y ses en able in ter pre ta -
tion of both the tim ing and mech a nisms of de po si tion in this
unique geo log i cal set ting.

GEOLOGICAL SETTING

LOCATION AND GENERAL STRATIGRAPHY

The Krzyworzeka river sec tion is lo cated in the Outer West -
ern Carpathians, Silesian Unit (Fig. 1), near Poznachowice
Górne, Po land, ex tend ing along the river for a dis tance of
1700 m (N49°49’20.80", E20°7’8.738" to N49°50’7.43",
E20°7’3.759"; Fig. 2). The Outer West ern Carpathians are a
clas si cal area for deep-ma rine sedimentology, palaeo ge ogra -
phy, ichnology, and micropalaeontology (e.g., Ksi¹¿kiewicz,
1954, 1956; D¿u³yñski et al., 1959; D¿u³yñski and Walton, 1963; 
Geroch and Nowak, 1984; Uchman, 1998).

The Silesian Unit (Silesian-Chornohora Unit; Oszczypko,
2004) ex tends from the West ern to the East ern Carpathians
and re cords con tin u ous deep-ma rine sed i men ta tion from the
Kimmeridgian to the Mio cene. The Valanginian–Hauterivian
Up per Cieszyn Beds (~300 m) con sist of very thin- to thin-bed -
ded dark grey-black marly mudstones interbedded with fine-
 grained, cross-lam i nated cal car e ous sand stones, si der it ic
claystones, and mudstones. The sand stones have sharp, ero -
sive bases and gradational tops, form ing turbidite sand -
stone-mudstone cou plets capped by hemipelagic mudstones
(cf. C2.3 fa cies of Pickering et al., 1986), though the turbiditic

2 Agata KuŸma et al. / Geo log i cal Quar terly, 2026, 70, 13

Fig . 1. A sim pli fied map of the North ern Carpathians (af ter Oszczypko, 2004)

The sec tion stud ied is lo cated within the Silesian-Chornohora Unit
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and lo cally hemipelagic mudstone lay ers are thicker here
(Uchman and Szczêch, 2022). Tur bid ity cur rents trans ported
ma te rial from the north-west, which was de pos ited above the
CCD. The over ly ing Hradište Beds (~140 m) com prise
dark-grey, marly shales with thin-bed ded, fine-grained sand -
stones and si der it ic beds, lo cally in clud ing coarse-grained
sand stones and con glom er ates with ex otic clasts (Uchman,
2008). Both units were de pos ited in the Proto-Silesian Ba sin
(part of the Severin-Moldavidic Ba sin), dom i nated by cal car e -
ous sed i ments. The ba sin de vel oped as a rift-re lated back-arc
sys tem along the north ern mar gin of the Eu ro pean Plat form,
bounded to the south by the Silesian Ridge and re ceiv ing de tri -
tal in put from west ern in su lar highs and north east ern con ti nen -
tal sources (Ksi¹¿kiewicz, 1956; Golonka et al., 2005, 2014;
Œl¹czka et al., 2006).

Pre vi ous stud ies mapped and char ac ter ised these beds
(Burtan, 1954, 1966a, b, 1978) and in cluded ichnological
(Uchman, 2008; Uchman and Szczêch, 2022) and mi -

cro-/ macro palaeontological anal y ses (Vašíèek et al., 2010;
Kêdzierski and Ochabska, 2012). The ex po sures, 0.5–4 m high 
on both banks of the river, show beds dip ping north west at an -
gles be tween 52 and 84°. The south ern sec tion is rel a tively un -
dis turbed (for a dis tance of ~200 m), whereas the cen tral and
north ern parts show tec tonic de for ma tion (faults, folds, thrusts). 
The sec tion be longs to the Beskid Ma³y Silesian se ries,
Lanckorona fa cies (Ksi¹¿kiewicz, 1951). The Up per Cieszyn
and Hradište Beds (Valanginian–Hauterivian) are over lain by
the Veøovice For ma tion (up per Hauterivian–lower Albian;
Fig. 2), tec toni cally re duced in the Krzyworzeka river sec tion.

The suc ces sion mainly con sists of very thin-bed ded cal car -
e ous turbidites with hemipelagic caps, rep re sent ing a dis tal,
low-en ergy depositional sys tem. Bed thick ness and sed i men -
tary char ac ter is tics are rel a tively uni form through out the sec -
tion. Dis tinct rusty beds in di cate geo chem i cal vari a tions;
coarse-grained sand stones and con glom er ates ap pear in len -
ses. The up per part of the sec tion com prises me dium-bed ded
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Fig. 2. Geo log i cal map of the sec tion stud ied (af ter Uchman et al., 2023),  the mea sured sec tion is in di cated (A), stra tig ra phy of
the Silesian Unit. Mod i fied af ter: Geroch (1966), Szymakowska (1981), Œl¹czka et al. (2006), Olszewska et al. (2008), Vašíèek et

al. (2010), Mutterlose et al. (2021) in the con text of biostratigraphic data from the Krzyworzeka River sec tion (Vašíèek et al.,
2010; Kêdzierski and Ochabska, 2012, with re in ter pre ta tion in this pa per; B)
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sand stones that dif fer in char ac ter from the dom i nant very
thin-bed ded turbidites and in di cate a sed i ment source dis tinct
from that of the coarse-grained sand stones and con glom er ates
ex posed in len tic u lar bod ies.

AGE OF THE SUCCESSION

The Krzyworzeka sec tion lacks pre cise dat ing, in tro duc ing
po ten tial un cer tain ties for cyclicity anal y sis. Biostratigraphic
data were re vised to sup port depth-to-time con ver sion.
Ammonites, in clud ing Criosarasinella mandovi and Tesche -
nites subflucticulus, in di cate the Furcillata Zone (lat est Valan -
ginian; Vašíèek et al., 2010). Cal car e ous nannoplankton from
the same sam ple in di cated a late Hauterivian to late Barremian
age, and dinoflagellates sug gested a Hauterivian age (Vašíèek
et al., 2010). The Hauterivian GSSP has since been re vised,
shift ing its base from 136.4 Ma to 132.6 Ma (Mutterlose et al.,
2021), which placed the re cog nised nannoplankton and
dinoflagellates also in the lat est Valanginian (Har ding, 1986;
Bown et al., 1998), sup port ing an age of ~133 Myr for the north -
ern most part of the sec tion.

From the over ly ing Veøovice Beds, the ammonites Hamu -
lina asteriana and Bochianites (Kokoszyñska, 1949) in di cate an 
age of 130–129 Myr (Sepkoski, 2002; Klein et al., 2007). This
con strains the Up per Cieszyn and Hradište Beds to the
Valanginian (the old est de pos its were never de scribed as
Berriasian, and are there fore youn ger than 137 Myr) and early
Hauterivian (~137–130 Ma), rather than Valanginian–mid dle
Barremian (Uchman and Szczêch, 2022; Uchman et al., 2023),
re duc ing the de po si tion du ra tion from 9.5 to 7 Myr.

The 440 m-thick suc ces sion of the Up per Cieszyn Beds
and Hradište Beds (Fig. 2) spans be tween ~137 Myr (base of
the Valanginian) and ~130 Myr (on set of the Veøovice Beds).
The 220 m-thick in ter val ex am ined here rep re sents its lower
part, with the top dated at ~133 Myr (Fig. 2). The basal Up per
Cieszyn Beds, ex posed 100 m up stream at Poznachowice
Dolne, are cur rently un ex posed at this lo cal ity, in di cat ing that
the suc ces sion stud ied (about half of the to tal se quence) was
de pos ited over ~3 Myr (136–133 Ma), in the Criosarasinella
Furcillata Tethyan ammonite Zone (Reboulet et al., 2018).
While the biostratigraphy-based depositional timeframe es ti -
ma tion lacks high pre ci sion, the depth-to-time cal cu la tion is
done for a 2.5–3.5 Myr in ter val, with the high est prob a bil ity of a
3 Myr depositional timeframe.

METHODS

Re cent ad vances in nu mer i cal tech niques have en abled
de tailed anal y ses of in ter ac tions be tween or bital forc ing and
sed i men tary pro cesses. Con ven tion ally, Fou rier trans form-de -
rived univariate time se ries anal y sis meth ods have been re lied
on in cyclostratigraphy (e.g., Hinnov, 2000; Weedon, 2003;
Hilgen et al., 2014; Kodama and Hinnov, 2015). Sev eral
lesser-known ap proaches in clude autocorrelation,
autoassociation, re cur rence plots (RPs), and sin gu lar spec trum 
anal y sis (SSA), and these ad dress lim i ta tions of Fou rier trans -
form-based meth ods, al low ing for the de tec tion of cyclicity even 
in noisy or short datasets. In Earth sci ences, multivariate time
se ries anal y sis has gained wide spread use across, e.g., geo -
phys ics and cli ma tol ogy, but re mains vir tu ally ab sent from
cyclostratigraphic stud ies.

As a first step, this study ap plies an in te grated set of nu mer -
i cal tech niques to ver ify whether the fa cies data se ries is ran -
dom, in flu enced by de ter min is tic pro cesses, or ex hib its a cy clic

pat tern. Sub se quently, autoassociation, re cur rence plots, and
multi-chan nel sin gu lar spec trum anal y sis (MSSA) are em -
ployed to iden tify dom i nant cyclicities across all fa cies rec og -
nized.

A lithological log was cre ated for both riv er banks, mea sur -
ing all ex posed Lower Cre ta ceous de pos its at milli metre res o lu -
tion. For sta tis ti cal anal y sis, only the left-bank log was used due
to min i mal dis tur bance (Fig. 2A). Beds were traced over
km-long dis tances, with li thol ogy, in ter nal struc tures, biotur -
bation, sole marks, grain size, and col our de scribed, with spe -
cial at ten tion paid to tec tonic de for ma tion struc tures. Rock sam -
ples were col lected, cut, and sev en teen thin sec tions were pre -
pared. Based on these ob ser va tions, five main fa cies were dis -
tin guished (Ap pen dix 1B1). The mea sured thick nesses of the
fa cies se quences were treated as a 1 mm in ter val time se ries.
The fo cus was on the cyclicity of en hanced clastic in put (thicker
sand stones and con glom er ates) and ox i da tion vari a tions (rusty
beds), not in di vid ual turbidites. The left-bank log ana lysed to tals 
219.996  m, with each milli metre as signed a fa cies (Sup ple -
ment A). To im prove com pu ta tional ef fi ciency, bi nary-coded fa -
cies pres ence/ab sence data were resampled at 10 cm in ter -
vals. Com par i son of smoothed charts at 1  mm and 10  cm res -
o lu tion showed min i mal dif fer ences, thereby sup port ing the use
of 10  cm in ter vals for all nu mer i cal anal y ses. Sta tis ti cal anal y -
ses, autoassociation, and re cur rence plots were car ried out
based on pres ence/ab sence data se ries rep re sent ing in di vid ual 
fa cies. For the multi-chan nel sin gu lar spec trum anal y sis, all fa -
cies oc cur rence data se ries were jointly re garded as a multi -
variate bi nary time se ries con sist ing of five chan nels, each with
N = 2199 bi nary data points. Prior to the anal y sis, data gaps
from seven un ex posed in ter vals (2.21–2.51, 3.91–4.11,
88.91–92.51, 113.91–116.11, 177.61–179.51, 181.91–184.81,
and 211.21–212.91 m) were re placed with ze ros.

STATISTICAL ANALYSES

The runs test (Da vis, 2002) was ap plied us ing PAST soft -
ware (Ham mer et al., 2001) to as sess whether the dataset is
com pletely ran dom. It tests the null hy poth e sis of to tal ran dom -
ness and in de pend ence be tween vari ables (Longhitano and
Nemec, 2005; Ham mer and Harper, 2024). The to tal num ber of
runs for each fa cies sep a rately, U, was com pared to crit i cal val -
ues at a = 0.05. The Hurst sta tis tic (K), used to as sess clus ter -
ing of thick nesses (n = 731), was cal cu lated in OriginLab with
the R/S method al go rithm of Weron (2002).

AUTOASSOCIATION

Autoassociation, the bi nary-data coun ter part of auto correla -
tion, de tects char ac ter is tic pat terns and pos si ble cyclicity in time 
se ries (Ham mer and Harper, 2024). It was ap plied to the nom i -
nal data of the beds cor re spond ing to each fa cies oc cur rence. It 
en abled a com par i son of a time se ries with de layed ver sions of
it self (Da vis, 2002). The autoassociation was treated as an in -
tro duc tory, ex plor atory method; no sta tis ti cal sig nif i cance was
as sessed. Re sults are shown in an autocorrelogram, plot ting
the cor re la tion co ef fi cient ver sus time lag, where higher peaks
in di cate cyclicity. Com pletely ran dom, in de pend ent data will
show low autoassociation val ues (ex cept at lag = 0). Lags ex -
ceed ing 1/4 of the to tal se ries length were trun cated, so the
autocorrelogram pre sented cov ers lags of less than 50 m. Anal -
y sis was per formed us ing PAST soft ware (Ham mer et al.,
2001).
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MIDPOINT-TRIANGLE INTERPOLATION AND SPECTRAL ANALYSIS

Fa cies thick ness data were sub jected to mid point-tri an gle
in ter po la tion (Yao and Hinnov, 2019), en abling anal y sis of un -
evenly spaced data by trans form ing it to an evenly spaced se -
ries. This in volved cal cu lat ing the mid point of each con tin u ous
oc cur rence of a given fa cies.

As fa cies F1 is dom i nant in the whole sec tion, it was treated
as a back ground fa cies for the other fa cies that ap pear cy cli -
cally. Un ex posed in ter vals are most likely con sti tuted of fa cies
F1 and were also treated as back ground fa cies. Fa cies F5 was
also treated as a back ground fa cies, as it only ap pears in the
up per part of the sec tion, so it can not be con fi dently ana lysed in
the whole sec tion. Sub se quently, an or der ing ap proach was
em ployed, as sign ing ranks as fol lows: 0 for back ground fa cies
F1, fa cies F5, and un ex posed in ter vals; 1 for fa cies F2; 2 for fa -
cies F3; and 3 for fa cies F4, thereby gen er at ing a “box car” se -
ries, al low ing si mul ta neous anal y sis of all fa cies. Lin ear in ter po -
la tion at 0.01 m in ter vals in Acycle (Li et al., 2019) pro duced a
“tri an gle” se ries with smoother tran si tions and fewer dis con ti nu -
ities.

The in ter po lated time se ries was lin early detrended to avoid
bi as ing low-fre quency spec tral com po nents (Weedon, 2003)
and ana lysed us ing the Lomb-Scargle al go rithm (Press et al.,
1993) with the rig or ous smoothed win dow av er ages (SWA)
spec tral back ground es ti ma tion (Weedon et al., 2019; Weedon, 
2022) in Acycle. This ap proach iden ti fied sig nif i cant spec tral
peaks, in clud ing those ex ceed ing the 5% false de tec tion rate
(FDR).

RECURRENCE PLOTS

Re cur rence plots (RPs) visu al ise com plex sys tem dy nam -
ics and have re cently been in tro duced to geo log i cal stud ies of
an cient cli mate re cords (Marwan et al., 2021) and bi otic dy nam -
ics (Spiridonov, 2017). While re cently used in Ju ras sic sed i -
men tary time se ries (Ninard et al., 2024), RPs have not yet
been ap plied to turbiditic se quences. Here, RPs were used to
as sess ap pli ca bil ity for geo log i cal time se ries and to ana lyse
cyclicity of fa cies not de tect able by other meth ods. It al lows the
as sess ment of time-se ries stationarity, which in cyclostrati -
graphy is com monly in ves ti gated us ing wave let anal y sis or evo -
lu tion ary spec tral anal y sis. These ap proaches were also ap -
plied here (Ap pen dix 1C) and pro duce broadly con sis tent re -
sults. Nev er the less, re cur rence plots pro vide a more in tu itive
and ro bust vi su al iza tion of changes in stationarity and cyclicity,
par tic u larly in noisy and highly non-sta tion ary re cords such as
those typ i cal of un sta ble turbiditic suc ces sions. RPs visu al ise a
square ma trix where each el e ment rep re sents the time pe riod
dur ing which a spe cific state of a dy namic sys tem is ob served.
The re cur rence plot dis plays all the time pe ri ods in which the
tra jec tory of the sys tem’s phase space oc cu pies the same re -
gion in phase space (Marwan et al., 2007). Nat u ral pro cesses
can ex hibit var i ous re cur rence be hav iours, such as cy cli cal
(e.g., sea sonal or Milankovitch cy cles) or ir reg u lar (e.g., El
NiÔo), which are visu al ised in the re cur rence plots. Dif fer ent
typologies and tex tures can be iden ti fied on these plots (Ap pen -
dix 1B3), in clud ing (1) ho mo ge neous (uni formly dis trib uted
noise), (2) pe ri odic (su per im posed har monic os cil la tions), (3)
drift (a lo gis tic map cor rupted by a lin early in creas ing term), and
(4) dis rupted (which in geo log i cal con text may re flect abrupt
tran si tions of en vi ron men tal con di tions; Marwan et al., 2021).
Tex tures on a smaller scale fea ture iso lated dots, and di ag o nal
or hor i zon tal/ver ti cal lines. Iso lated dots ap pear only where
states are rare or highly vari able. Di ag o nal lines in di cate re -
gions where the tra jec tory re mains par al lel to an other seg ment

(i.e., the sys tem is in the same re gion of phase space at dif fer -
ent times). The length of the di ag o nal line cor re sponds to the
du ra tion of sim i lar evo lu tion in the seg ment, while its dis tance
from the main di ag o nal (the sym me try axis) rep re sents the cy -
clic pat tern of fa cies re peat abil ity pe riod. For geo log i cal data,
the length of the di ag o nal lines in di cates sec tions of the log
where cyclicity can be de tected, while the dis tance from the
main di ag o nal de notes the cy cle length in those sec tions
(Marwan et al., 2007).

The re cur rence anal y sis was per formed on data ex pressed
in metres, al low ing for the iden ti fi ca tion of cy cle lengths and the
de tec tion of log seg ments where cyclicity is ob serv able. This
was con ducted on fa cies oc cur rence data: one anal y sis fo -
cused on de tect ing the cy clic pat tern of fa cies F1–F5 re peat -
abil ity, us ing a hy brid ap proach com bin ing raw bi nary data with
an equiv a lent smoothed vari ant of the same data, which was
adopted af ter Ninard et al. (2024). The smooth ing spline al go -
rithm (De Boor, 2001) in PAST soft ware (Ham mer et al., 2001)
was used to con duct lo cally weighted es ti ma tion of the den sity
of “1s” in bi nary data se ries. Raw bi nary and smoothed coun ter -
part data were jux ta posed us ing an in ter de pen dent neigh bours
re cur rence cri te rion im ple mented in the Cross Re cur rence Plot
Tool box (Marwan et al., 2007) in MATLAB soft ware. The es ti -
ma tion of op ti mal de lay and em bed ding di men sion was per -
formed via time-de layed mu tual in for ma tion quan ti fi ca tion and
false near est neigh bours sta tis tics. Thresh olds were set as low
as pos si ble for clear, read able plots (Marwan, 2011).

MULTI-CHANNEL SINGULAR SPECTRUM ANALYSIS

Spec tral es ti ma tion was per formed us ing multi-chan nel sin -
gu lar spec trum anal y sis (MSSA) to ob tain an in te grated rep re -
sen ta tion of cyclicity across all fa cies dis tin guished. As the de -
po si tion of the dif fer ent fa cies in fact did not oc cur in de pend -
ently, ap ply ing a multivariate time-se ries anal y sis method al -
lows de tec tion of the cyclicity in one mea sured multivariate time 
se ries, in stead of com par ing the cyclicity of each fa cies sep a -
rately. MSSA is a multivariate ex ten sion of sin gu lar spec trum
anal y sis (SSA) ap pli ca ble to both con tin u ous and bi nary data.
This ap proach com bines in for ma tion from all chan nels (sensu
vari ables) while pre serv ing chan nel-spe cific vari abil ity (Zhang
et al., 2018). As a non-para met ric method, MSSA re quires no
as sump tions re gard ing time-se ries stationarity or ergodicity
(Alessio, 2016). Raw bi nary (pres ence/ab sence) time se ries
with 0.1 m sam pling in ter val for each of the five fa cies were
used with out fur ther pre-pro cess ing. MSSA was con ducted us -
ing kSpectra 3.9 soft ware (Ghil et al., 2002) with a re duced
covariance ma trix. The win dow length was set to 1099 (N/2),
pro vid ing max i mum spec tral res o lu tion, and the sam pling step
to 0.1 m, al low ing in ter pre ta tion of the re sul tant spec trum in cy -
cles per metre. To val i date the ro bust ness of the re sults, MSSA
was re peated mul ti ple times with a range of smaller win dow
lengths (Alessio, 2016). This pro ce dure re sulted in a very sim i -
lar spec tral pat tern, al beit with lower spec tral res o lu tion.

The sig nif i cance of dom i nant cy clic com po nents against the 
spec tral back ground was as sessed at the a = 0.05 level us ing a 
Monte Carlo ap proach (Weedon, 2003), with 500 Monte Carlo
sur ro gate se ries de rived from the AR(1) pro cess. Ow ing to the
bi lat eral na ture of the test, er ror bars span ning 2.5th to 97.5th
per cen tiles of the noise dis tri bu tion were gen er ated in kSpectra. 
To be con sis tent with a stan dard cyclostratigraphic prac tice of
plot ting one-sided con fi dence lev els (CL), up per lim its of the er -
ror bars were con verted to 97.5% CL (Weedon, 2003; Alessio,
2016). Spec tral peaks ex ceed ing this CL are sta tis ti cally dis tinct 
from the red-noise spec tral back ground at 97.5% con fi dence.
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SENSITIVITY ANALYSIS OF ALTERNATIVE FREQUENCY-TIME
INTERPRETATIONS

To as sess the ro bust ness of cy cle du ra tion in ter pre ta tion
against the un cer tainty of the to tal depositional timeframe
model, a sen si tiv ity anal y sis was con ducted. The best es ti mate
of the depositional timeframe is 3 ±1 Myr (see sec tion 2.2). Five
dis crete depositional timeframe vari ants cov er ing the full ex tent
of the pa ram e ter space were ana lysed: a 3 Myr base line and
four al ter na tives (2 Myr, 2.5 Myr, 3.5 Myr, and 4 Myr). For each
cy cle wave length de ter mined, cor re spond ing time do main cy -
cle du ra tions were cal cu lated as pro por tions un der each of the
five timeframe vari ants. The dis tri bu tion of in ter preted cy cle du -
ra tions was vi su al ized us ing MATLAB-gen er ated plots, with in -
di vid ual vari ants over laid to il lus trate the pro por tional scal ing of
tem po ral un cer tainty rel a tive to cy cle wave length.

RESULTS

In the 220 m sec tion stud ied, five fa cies (F1–F5) were dis -
tin guished, con sti tut ing one depth se ries, in which one fa cies
fol lows an other, as well as five sep a rate depth se ries for each

fa cies for MSSA (Ap pen dix 1A, B1). Fa cies F1 dom i nates
(Fig. 3A) and con sists of cal car e ous turbiditic mudstones inter -
bedded with very thin-bed ded, fine-grained, and very fine-
 grained cal car e ous sand stones, usu ally capped by a very thin,
hemipelagic mudstone. This is com pa ra ble to fa cies C2.3 of
Pickering et al. (1986), but with higher mudstone-to-sand stone
ra tios and no fin ing-up wards trend. Mudstones are mas sive,
dark grey, 5–150  mm thick (rarely up to 470  mm), while the
sand stone beds vary be tween light grey and dark grey, with
thick nesses typ i cally rang ing from 1 to 30 mm (rarely up to
90 mm). The mudstones are bioturbated (30–50%) with the
com mon ichnofossil Chondrites, and may con tain ammonites,
aptychi, and bel em nites. The bases of the sand stones are
sharp and ero sive, and they grad u ally change into mudstones
to wards the top. Both par al lel and cross lami na tions (Tb–Tc in -
ter vals of the Bouma se quence) and thin mudstone laminae are 
com monly pres ent in the sand stones. The fa cies F1 de pos its
are con tin u ous for up to 20 m and interbedded with fa cies F2,
F3, F4, and F5 de pos its.

Fa cies F2 (Fig. 3C, D) is dis tin guished by its rusty col our
and con sists of si der it ic mudstones, siltstones, and sand stones. 
The si der it ic beds are lat er ally ex ten sive, not ap pear ing in
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Fig. 3. Rep re sen ta tive pho to graphs of the main sed i men tary fa cies dis tin guished in the Krzyworzeka river sec tion: F1 (A), F2 (B, 
C), F3 (D), F4 (E), and F4 (F)
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lenses; the rusty col our usu ally ap pears on the rock sur face,
along some laminae, and in the frac ture infills. Sideritisation is
oc ca sion ally ob served in con glom er ates and coarse-grained
sand stones (Fig. 3D). Thin mudstone laminae are com monly
found within the sand stone beds. The fa cies F2 beds are typ i -
cally 1–30 cm thick, and oc ca sion ally fa cies F2 ap pear as cou -
plets of si der it ic beds and dark grey, thin mudstone beds up to
75 cm thick. Most of the si der it ic sand stones are of turbiditic or i -
gin; how ever, some en vi ron men tally in duced fac tors led to their
dis tinc tive si der it ic ap pear ance. One of the ex pla na tions is that
pe ri odic wa ter fresh en ing oc curred, which in flu enced the re duc -
ing con di tions. This is sup ported by the py rite con cen tra tion oc -
cur ring in the rusty laminae. The changes in colouration are un -
likely to be the re sult of later diagenetic pro cesses.

Fa cies F3 (Fig. 3E) con sists of sand stones and con glom er -
ates in con cave-plane, asym met ri cal lensoidal beds with a
max i mum thick ness of up to 110 cm, in ter preted as me an der ing 
chan nel infills. Lo cally, these lenses con sist of amal gam ated
beds. The clasts in the con glom er ates range from 2 to 80 mm in 
di am e ter and in clude quartz grains, lime stones with sponges
and cor als (�tramberg-type fa cies), mudstones, lithic frag -
ments, and oc ca sion ally coal. Mudstone intraclasts are also
com mon. While the con glom er ates are com posed mostly of ex -
otic clasts, they can be iden ti fied as fa cies F1.1 of Pickering et
al. (1986). The sand stones are quartz arenites with a cal car e -
ous ma trix (cf. Pickering et al., 1986 – B1.1). Usu ally, no lam i -
na tion or other sed i men tary struc tures oc cur within this fa cies.

Fa cies F4 (Fig. 3F) com prises pre dom i nant fine- and me -
dium-grained sand stones, interbedded with mudstones, with a
sand stone/mudstone ra tio >1, se quences 3–40  cm thick (lo -
cally up to 170  cm), com pa ra ble to fa cies C2.3 of Pickering et
al. (1986). Sand stones are thicker (10–50 mm), and lo cally
coarser-grained than in fa cies F1 sand stones. The mudstone
beds are typ i cally 5–30 mm thick. This fa cies is re verse to the
fa cies F1, where the mudstones are interbedded with thin sand -
stone beds. While F1 and F4 share sim i lar i ties in sed i men tary
struc tures and min er al ogy, they dif fer no ta bly in their rel a tive
pro por tions of mudstone and sand stone, re flect ing dif fer ences
in terrigenous in put in ten sity.

Fa cies F5 (Fig. 3B) in cludes lat er ally con tin u ous me -
dium-bed ded sand stones and con glom er ates (5–20 cm thick),
fine- to me dium-grained, with clasts up to 1 cm in di am e ter. Par -
al lel and cross lam i na tion are com mon, and a fin ing up wards
trend, and coal clasts oc cur spo rad i cally. The B2.1 fa cies of
Pickering et al. (1986) de scribes these de pos its best.

The 220 m-thick log is shown in Fig ure 4, along side a rep re -
sen ta tive sedimentological ‘bed-by-bed’ log. The av er age num -
ber of turbidites per metre in the stud ied log is 30.

The es ti mated Hurst sta tis tic for the thick nesses data se ries 
is K = 0.9. A value close to 1, and well above the thresh old of
0.5, in di cates a strong ten dency to wards clus ter ing (se rial de -
pend ence), and a marked de par ture from ran dom ness (Chen
and Hiscott, 1999).

RUNS TEST

Bi nary-data runs tests (Ap pen dix 1B2) re vealed high Z val -
ues and H0 prob a bil i ties near 0 for all fa cies, al low ing re jec tion
of the null hy poth e sis. This con firms that oc cur rences of F1, F2, 
F3, F4, and F5 beds are non-ran dom at 95% con fi dence.

AUTOASSOCIATION

The re sults of the autoassociation are shown in the auto -
correlo gram (Fig. 5). The autoassociation anal y sis sug gests
that a cy clic pat tern of fa cies oc cur rence oc curs in the sec tion
stud ied at in ter vals of 3.30 m, 4.65–6.13 m, 8.5 m, 12.2 m,
13.7 m, 19 m, 29.3 m, and 37.9 m (Ta ble 1).
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Fig. 4. Mea sured log with all of the dis tin guished fa cies and
de tected or bital cy cles marked (the cy cles are in di cated

sche mat i cally to il lus trate their ap prox i mate num ber within
the sec tion, rather than their ex act tem po ral po si tions)

3 Myr depositional time as sumed. Fa cies F2 beds are marked with a
black dot. A rep re sen ta tive sedimentological log is shown on the right
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MIDPOINT-TRIANGLE INTERPOLATION AND SPECTRAL ANALYSIS

Lomb-Scargle anal y sis with SWA con fi dence lev els (Fig. 6)
shows four peaks above 99% SWA con fi dence level (0.64,
0.36, 0.2, and 0.15 cy cles/m), with two also ex ceed ing 5% FDR
(0.64 and 0.2 cy cles/m), cor re spond ing to re peat abil ity pe ri ods
of 1.57 m, 2.78 m, 5.1 m and 6.65 m (Ta ble 2). The spec tro -
gram was trun cated at a min i mum fre quency of 0.025 cy cles/m
(fre quen cies lower than this would be ex ces sively low for such a 
short data se ries; 0.025 cor re sponds to a 40 m re peat abil ity pe -
riod) and a max i mum fre quency of 1 cy cle/m (as some fa cies
oc cur sig nif i cantly less fre quently than ev ery 1 m; trun ca tion en -
hances spec tro gram read abil ity).

RECURRENCE PLOTS (RPS)

Re cur rence plots (Fig. 7 and Ap pen dix 1C) are sym met ri cal, 
with x- and y-val ues rep re sent ing log length. Di ag o nal seg -
ments par al lel to the sym me try axis in di cate a cy clic pat tern of
fa cies re peat abil ity within the log (Marwan et al., 2007). Col -
oured lines were drawn at lo ca tions where more than one di ag -
o nal seg ment oc curred at a cer tain dis tance from the axis of
sym me try (that means that cyclicity is de tect able not only in one 
seg ment of the sec tion, but in at least two lon ger seg ments).
The dis tance from the sym me try axis cor re sponds to the cy cle
pe riod.
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Fig. 5. Autocorrelogram from autoassociation anal y sis of the depth-se ries from the Krzyworzeka sec tion

Prom i nent peaks are marked with red lines and in di cate re peat abil ity at spe cific depth in ter vals. Red-col oured cy cle lengths
cor re spond to pe ri o dici ties that can be in ter preted as or bital cy cles, af ter depth-to-time con ver sion as sum ing a 3 Myr
depositional timeframe. Lag (de lay) units on the x-axis (1 lag unit = 1 m), autoassociation dimensionless units on the y-axis

T a  b l e  1

 Cyclicities de tected by autoassociation anal y sis of the dataset stud ied with their depth-to-time tran si tions, when a 3 Myr
depositional timeframe is as sumed

The in ter pre ta tion col umn in di cates pos si ble links to or bital forc ing or al ter na tive mech a nisms

https://doi.org/10.1016/j.physrep.2006.11.001
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Fig . 6. Lomb-Scargle periodogram of mid point-tri an gle in ter po lated data from the re cord stud ied. 99% chi2 con fi dence lev els
and 5% false de tec tion rate (FDR) marked

Peaks that could be as signed to or bital cy cles are marked in red. Wave lengths in metres are shown above the re spec tive peaks

T a  b l e  2

 Cyclicities de tected by spec tral anal y sis of the re cord stud ied with their depth-to-time 
tran si tions, when a 3 Myr depositional timeframe is as sumed

The in ter pre ta tion col umn in di cates pos si ble cor re spon dence to or bital forc ing or non-or bital pro cesses

Fig. 7. Re cur rence plots show ing the re peat abil ity of fa cies F2 and F3 from bi nary pres ence/ab sence se ries

Ar range ments of di ag o nal lines cor re spond ing to par tic u lar cy cle wave lengths are marked with colours



For F2, cyclicity oc curs at in ter vals of 2.71  m, 8.07  m,
24.15  m, and 28.1 m (Fig. 7 and Ta ble 3). In the re cur rence plot 
for fa cies F3, cyclicity is ob served at 6.92 m, 12.86 m, and
28.77 m (Fig. 7 and Ta ble 3). Di ag o nal seg ments be yond these
in ter vals are not con sid ered in the anal y sis for rea sons of re li -
abil ity (cy cles of lower fre quency than ev ery 35 m can not be
con fi den tially in ter preted as cy cli cal in a 220 m thick log; Da vis,
2002). The re cur rence plots for fa cies F1, F4, and F5 showed
no sig nif i cant cyclicities, which are con tin u ous in dif fer ent parts
of the log (Ap pen dix 1C). The cha otic ap pear ance may be the
re sult of very fre quent oc cur rences of fa cies F1 and F4, and the
clus tered ap pear ance of fa cies F5.

MULTI-CHANNEL SINGULAR SPECTRUM ANALYSIS (MSSA)

MSSA re vealed the cy clic pat tern of fa cies oc cur rence in
the sec tion stud ied at in ter vals of 1.7 m, 4.8 m, 7.1 m, 12.5 m,
and 16.7 m. (Fig. 8 and Ta ble 4).

SENSITIVITY ANALYSIS OF ALTERNATIVE CYCLE DURATION
INTERPRETATIONS

The sen si tiv ity anal y sis dem on strates a lin ear de pend ence
be tween the depositional timeframe model and the cal cu lated
cy cle du ra tions. As the de po si tion du ra tion pa ram e ter var ies
from 2 to 4 Myr, rep re sent ing the ±33% un cer tainty bounds, the
ab so lute mag ni tude of tem po ral un cer tainty scales up wards
with cy cle wave length (Fig. 9). For the short est wave lengths,
the im pact of model un cer tainty is rel a tively lim ited. For ex am -
ple, the 1.7 m cy cles, in ter preted as pre ces sion in the base line
model, range from 15.5 kyr to 30.9 kyr across the full pa ram e ter

space. Con versely, low fre quency cy cles show sig nif i cant ab so -
lute di ver gence. In the most ex treme case, 28.7 m cy cles – in -
ter preted as long ec cen tric ity in the base line model – range
from 261 kyr (in the 2 Myr vari ant) to 522 kyr (in the 4 Myr vari -
ant). There fore, the time-do main con ver sion of ec cen tric ity and
obliq uity mod u la tion cy cles is highly sen si tive to the ini tial con -
straints of the depositional model (Fig. 9), al low ing for ro bust or -
bital in ter pre ta tion only when as sum ing mi nor dis crep an cies
from the 3 Myr model.

DISCUSSION

The deep-ma rine suc ces sion stud ied ex hib its clear pe ri o -
dici ties in depositional events, such as in creased terrigenous
sup ply (fa cies F3–F5) and si der it ic beds (fa cies F2). Pe ri o dici -
ties iden ti fied through three in de pend ent meth ods can be
grouped into dis tinct cy cles of ~1.7, ~2.8, ~5.2, ~7.4, ~13,
~17.9, ~24.2 and ~28.7 m (Ta ble 5). The cy cles > 35 m were
ex cluded be cause they oc cur too few times within the 220 m log 
to be eval u ated re li ably, as were cy cles <1 m, which fall be low
the ef fec tive log ging res o lu tion and there fore can not be in ter -
preted with con fi dence. Or bital and har monic cy cles were dis -
tin guished by com par ing de tected pe ri o dici ties to known
Milankovitch fre quen cies (cf. Meyers et al., 2012; Zeeden et al.,
2023; Li et al., 2024) and con sid er ing po ten tial autocyclic or tec -
tonic in flu ences.

The depositional timeframe was de ter mined us ing biostrati -
graphical data rather than sed i men ta tion rates de rived from
hemipelagic in ter vals, which av er aged out the in her ent vari abil -
ity of turbidite sys tems. As a re sult, the re ported val ues rep re -
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T a  b l e  3

Cyclicities de tected by re cur rence plots anal y sis of the re cord stud ied with their depth-to-time tran si tions, when a 3 Myr
depositional timeframe is as sumed

La bels F2 and F3 de note re cur rence in ter vals cal cu lated for fa cies F2 and F3. The in ter preted pe ri o dici ties are com pared with the ex pected
or bital cy cles

T a  b l e  4

Cyclicities de tected by multi-chan nel sin gu lar spec trum anal y sis of the dataset stud ied with their cor re spond ing 
pe ri ods in the time do main, when a 3 Myr depositional timeframe is as sumed

The in ter pre ta tion col umn pres ents pos si ble links to or bital forc ing or al ter na tive mech a nisms
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Fig. 8. Multi-chan nel sin gu lar spec trum anal y sis of multivariate fa cies pres ence/ab sence data se ries

Wavelengths (in metres) are in di cated over peaks that are sta tis ti cally sig nif i cant rel a tive to the AR(1) red-noise 
spec tral back ground at a con fi dence level ex ceed ing 97.5%

Fig.  9. Line plot of sen si tiv ity anal y sis of depth-to-time con ver sion for as sumed to tal depositional timeframe vari ants,  rel a tive
to the 3 Myr base line model

In ter me di ate vari ants and bound ing 2 Myr and 4 Myr vari ants over a shaded un cer tainty en ve lope show the di ver gence mag ni tude
rel a tive to cy cle wave length



sent an av er age depositional rate for the en tire suc ces sion;
how ever, a con stant sed i men ta tion rate is not as sumed. The
anal y sis em pha sizes fa cies cyclicity rather than fre quency of in -
di vid ual turbidites, with thin-bed ded turbidites and mudstones
grouped into a sin gle fa cies (F1). This ap proach en sures that
vari a tions in the re cur rence of in di vid ual turbidite beds do not in -
flu ence the broader tem po ral frame work.

As the sec tion stud ied lacks pre cise age-dat ing, the depth-
 to- time con ver sion may be sub ject to de bate. The base of the
440 m-thick Up per Cieszyn and Hradište Beds is likely low er -
most Valanginian (~137 Ma; Geroch, 1966; Szymakowska,
1981; Szyd³o, 1996; Uchman, 2004; Œl¹czka et al., 2006;
Vašíèek et al., 2010; Mutterlose et al., 2021), while its top is

~130 Ma (Szymakowska, 1981), im ply ing de po si tion over
~7 Myr, with the 220 m Krzyworzeka sec tion rep re sent ing
<3.5 Myr. As sum ing a 3 Myr depositional timeframe
(~136–133 Ma, as ex plained in Sec tion 2.2), the Lower Cre ta -
ceous deep-ma rine turbiditic cy cles show a strong cor re la tion
with pre ces sion, obliq uity, short ec cen tric ity, long ec cen tric ity,
and 173 kyr obliq uity mod u la tion. As the depositional timeframe 
in the sec tion stud ied may be sub ject to de bate, the in ter pre ta -
tion of prom i nent peaks un der dif fer ent sed i men ta tion rates is
pro vided (Ta ble 6). While as sum ing depositional timeframes of
2, 2.5, 3.5, or 4 Myr, some pe ri o dici ties may ac ci den tally match
or bital fre quen cies. How ever, as sum ing the 3 Myr timeframe al -
lows the de tec tion of both short and long ec cen tric ity, as well as
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T a  b l e  5

Cyclicities de tected by all the meth ods ap plied with their depth-to-time tran si tions;
3 Myr depositional timeframe

For each cy cle, the ta ble re ports me dian pe riod val ues with as so ci ated un cer tain ties, based on
ranges iden ti fied by dif fer ent meth ods. The as sign ment of cy cles to or bital or non-or bital or i -
gins is in di cated

T a  b l e  6

Vari ant depth-to-time cyclicities con ver sion (with un cer tain ties) as sum ing four al ter na tive depositional timeframes: 
2, 2.5, 3.5 and 4 Myr

The re sult ing time pe ri ods are col our-coded ac cord ing to their in ter preted as tro nom i cal or i gin: green = pre ces sion, yel low = obliq -
uity, red = short ec cen tric ity, grey = obliq uity mod u la tion. E. = turbiditic event, the turbiditic event fre quency (1 event per X years) is
in di cated for each depositional timeframe
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pre ces sion, obliq uity, and obliq uity mod u la tion cy cles, and fits
best into re gional strati graphi cal in ter pre ta tions. A shorter
depositional timeframe would im ply ex tremely high turbidite fre -
quency (e.g., 1 event/300 years), and a lon ger depositional
timeframe does not cor re spond well with known strati graphic
data. Thus, 3 Myr is con sid ered an ap prox i mate depositional
timeframe. It is not pos si ble to es ti mate it with greater ac cu racy;
how ever, as sum ing a depositional timeframe in the range of
2.5–3.5 Myr, the in ter pre ta tion does not change rad i cally, and
the pe ri o dici ties match the same or bital cy cles (Fig. 9 and Ta -
ble 6). The sen si tiv ity anal y sis re sults in di cate that higher fre -
quency cy cles are less sen si tive to depositional timeframe
change, while low fre quency cy cles are more sen si tive. That is
why the de tec tion of low-fre quency cy cles, es pe cially long ec -
cen tric ity and obliq uity mod u la tion, is more sen si tive to depo -
sitional timeframe un cer tain ties, while the pre ces sion and obliq -
uity in flu ence can be es tab lished with greater con fi dence, as -
sum ing a 2.5–3.5 Myr depositional timeframe. The 3 Myr vari -
ant in duces a ~73 m/Myr sed i men ta tion rate, which is rea son -
able com pared with es ti mates of other Al pine sys tem Valan -
ginian sec tions (20–70 m/Myr; e.g., Giraud et al., 1995; Egger
and Schwerd, 2007; Charbonnier et al., 2013). Ad di tion ally, a
TimeOpt anal y sis (Meyers, 2015) was per formed to sta tis ti cally
as sess sed i men ta tion rates (Ap pen dix 1E), and yielded es ti -
mates con sis tent with biostratigraphic con straints. How ever,
the ap pli ca tion of TimeOpt re quires a rel a tively con stant sed i -
men ta tion rate at the scale of the sec tion stud ied, an as sump -
tion that is gen er ally valid for pe lagic or hemipelagic de pos its. In 
con trast, turbiditic sys tems are char ac ter ized by highly ep i sodic
sed i men ta tion, where de po si tion oc curs dur ing grav ity-flow
events sep a rated by vari able pe ri ods of non-de po si tion. The
time in ter vals be tween in di vid ual turbidite events may vary sub -
stan tially. Such event-driven and ir reg u lar ac cu mu la tion vi o -
lates the as sump tion of quasi-con tin u ous sed i men ta tion re -
quired for TimeOpt, mak ing its ap pli ca tion to this dataset prob -
lem atic.

Autoassociation de tected (Ta ble 1 and Fig. 5) the fol low ing
cy cles: the dis tinct obliq uity mod u la tion cy cle (166.4 kyr and
186.8 kyr; 12.2 m and 13.7 m), the long ec cen tric ity (399.5 kyr;
29.3 m) cy cle, the short ec cen tric ity (115.9 kyr; 8.5 m), and
obliq uity (45 kyr; 3.3 m), but it failed to iden tify pre ces sion.
Spec tral anal y sis pro vided on mid point-tri an gle in ter po lated
data de tected (Ta ble 2) pre ces sion (21.9 kyr, ~1.6 m), obliq uity
(38.3 kyr, ~2.8 m), and short ec cen tric ity (91.6 kyr, ~6.7 m).
RPs (Ta ble 3) re vealed the long ec cen tric ity (392 kyr, ~28 m),
short ec cen tric ity (94 kyr, ~7 m), and obliq uity mod u la tion
(172 kyr, ~13 m) cy cles for fa cies F3 and the long ec cen tric ity
(383 kyr, ~28 m), short ec cen tric ity (110 kyr, ~8 m), and obliq -
uity cy cles (37 kyr, ~2.7 m) for fa cies F2. The pre ces sion cy cle
was de tected only through MSSA (23 kyr, 1.7 m). The MSSA
anal y sis also de tected short ec cen tric ity (96.8 kyr, 7.1 m) and
obliq uity mod u la tion (170.5 kyr, 12.5 m), but failed to de tect
obliq uity and long ec cen tric ity (Ta ble 4). In ad di tion, there was
also an 8.2 kyr (0.6 m) cy cle de tected in the MSSA anal y sis,
which must be in ter preted with cau tion; how ever, its length
matches the sub-Milankovitch ~8 kyr cy cle (e.g., Aziz et al.,
2008; Boulila et al., 2010; Wu et al., 2012). The short ec cen tric -
ity cy cle was con sis tently de tected across all meth ods, and RPs 
for fa cies F2 and F3 also re vealed this sig nal. RPs and MSSA
de tected a pe ri od ic ity which cor re sponds more with the ~95 kyr
ec cen tric ity com po nent, whereas autoassociation aligned with
the ~125 kyr ec cen tric ity com po nent. The obliq uity mod u la tion
(~173 kyr) cy cle was also de tected by all meth ods ex cept
Lomb-Scargle spec tral anal y sis; how ever, RP for F2 did not de -
tect it. There fore, short ec cen tric ity ap pears to have ex erted the
stron gest con trol on the sed i men ta tion of the de pos its stud ied.

 Sev eral pe ri o dici ties re main un as signed to known or bital
forc ing (~70, ~249 and ~337 kyr). These may rep re sent har -
mon ics of lon ger, likely non-or bital cy cles, or re flect
autocyclicity or in ter mit tent tec tonic ac tiv ity rather than cli ma tic
forc ing. Fu ture stud ies, in clud ing high-res o lu tion core anal y ses, 
could help clar ify their or i gin.

The cyclicity of fa cies re flects changes in ero sion rates, with
fa cies F1 de pos ited in dis tal set tings un der re duced terrigenous 
sup ply, and F3–F5 cor re spond ing to in creased sed i ment in put,
par tic u larly coarse-grained beds. The in creased sed i ment in put 
may be re lated to in creased con ti nen tal run off, caused by
higher pre cip i ta tion rates as so ci ated with or bit ally-in duced
changes in in so la tion, as ex plained by Weltje and de Boer
(1993). The oc cur rence of �tramberg-type lime stone clasts in
the con glom er ates in di cates that the ma te rial was partly trans -
ported from a car bon ate plat form. Redeposition from the car -
bon ate plat form, re sult ing in coarse-grained, me dium-bed ded
fa cies, might have been more in tense dur ing sea-level fall,
caus ing shelf edge in sta bil ity and en hanced downslope trans -
port of the ma te rial. The cy clic pat tern of fa cies F2 beds is more
com plex. These de pos its un der went sideritisation, which re -
quires de tailed geo chem i cal in ves ti ga tion. The in tro duc tory
geo chem i cal anal y sis (SEM-EDS) in di cates a synsedimentary
or i gin of sideritization re lated to py rite oc cur rences. Re cent
work by Mitch ell et al. (2021) dem on strated that or bital forc ing
can in flu ence the pe ri odic ox i da tion of fer rous iron in banded
iron for ma tions. The pe ri od ic ity of fa cies F2 ap pears to be pri -
mar ily re lated to obliq uity, as well as to short and long ec cen tric -
ity (Ta ble 3). If the de po si tion of si der it ic beds was linked to ox i -
da tion or nu tri ent vari a tions, obliq uity may have played a sig nif i -
cant role. The re la tion ship be tween fer rous iron and or bital cy -
cles re quires fur ther in ves ti ga tion in the con text of deep-ma rine
turbiditic en vi ron ments. The in flu ence of obliq uity, and es pe -
cially of the obliq uity mod u la tion on sed i men ta tion, ap pears to
be more pro nounced in this study than in pre vi ous re search.
For ex am ple, Ten Kate and Sprenger (1993) found that ec cen -
tric ity cy cles dom i nated sed i men tary pro cesses, with obliq uity
hav ing a lesser im pact at low palaeolatitudes (20°N). The
Proto-Silesian Ba sin’s palaeolatitude dur ing the Early Cre ta -
ceous (~35°N; Stampfli and Hochard, 2009) likely en hanced
obliq uity-driven cli ma tic ef fects, such as sea sonal tem per a ture
and pre cip i ta tion con trasts, which in flu enced ero sion rates and
terrigenous sed i ment sup ply. Meyers et al. (2012) high lighted
the role of obliq uity cy cles in mod u lat ing sea sonal con trasts and 
their po ten tial im pact on deep-ma rine sed i men ta tion through
en hanced ero sion and ma te rial sup ply. Im por tantly, or bit ally
paced mon soon-driven hy dro log i cal vari abil ity has been iden ti -
fied in Valanginian suc ces sions of the north west ern Tethys,
where cy clic changes in de tri tal flux and sed i ment ac cu mu la tion 
are linked to pre ces sion and ec cen tric ity forc ing (Charbonnier
et al., 2016). A sim i lar mech a nism may there fore pro vide a
plau si ble cli ma tic frame work for the cyclicity ob served in the
suc ces sion stud ied. Obliq uity mod u la tion cy cles of 173 kyr
seem to be more pres ent in the sed i men tary re cord stud ied
than pre vi ously pos tu lated else where (e.g., Huang et al., 2021;
Yao et al., 2022; Li et al., 2024; Pieñkowski et al., 2024).

Some of the cy cles de tected cor re spond to known or bital
pe ri o dici ties, whereas oth ers may re flect tec tonic rep e ti tions or
autocyclic pro cesses in her ent to turbidite sys tems. The high
Hurst ex po nent (K = 0.9) in di cates strong per sis tence, con sis -
tent with a dom i nant allocyclic in flu ence. Field ob ser va tions re -
vealed no ev i dence of chan nel mi gra tion, chan nel–levee de po -
si tion, or other in di ca tors of autocyclic con trol; none the less,
such pro cesses can not be en tirely ex cluded. For the chan -
nel-levee sys tem, a mas sive chan nel fa cies suc ces sion would
have been re quired, though none of these are de scribed from
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the Early Cre ta ceous in the study area or in the Proto-Silesian
Ba sin. While the rhyth mi cally bed ded very thin turbidites could
be po ten tially in ter preted as levee fa cies, no chan nel has been
found that would pro duce such an amount of levee de pos its
and be con nected with the levee. Trac tion pro cesses dom i -
nated the sed i men ta tion in the suc ces sion stud ied, rather than
sus pen sion fall out. Like wise, de tailed struc tural anal y sis dur ing
log ging showed no signs of sig nif i cant tec tonic rep e ti tion. The
re sults re veal cy cles both con sis tent with and in de pend ent of
or bital forc ing, un der scor ing the com plex in ter play of con trol ling 
mech a nisms in the turbidite sys tem. Al though autocyclic pro -
cesses were un doubt edly pres ent, or bital sig nals ap pear stron -
ger than pre vi ously sug gested. The de tec tion of any or bital im -
print in such a com plex depositional set ting is note wor thy, as
deep-sea sed i men ta tion is me di ated by pro cesses in shal lower
zones that are them selves mod u lated by or bital forc ing, even if
par tially masked by autocyclic pro cesses. De tect ing such sig -
nals is gen er ally more chal leng ing in open and com plex bas ins
than in con fined ones. The ba sin stud ied shows no ev i dence of
con fine ment, yet or bital forc ing was still de tected, sug gest ing
that such sig nals can be pre served even in spa tially ex ten sive
sys tems. Turbidite sys tems, re gard less of scale, com monly re -
cord vari a tions in sed i ment sup ply and trig ger ing mech a nisms,
ex pressed in changes in fre quency, thick ness, or grain size of
beds. These pat terns may re flect larger-scale cyclicity and are
not nec es sar ily re stricted to bas ins with con tin u ous turbidite
cov er age. While only one sec tion was ana lysed in de tail, the
en tire 220-m thick suc ces sion ex posed on both sides of the
Krzyworzeka river was logged, and no in di ca tors of chan nel mi -
gra tion or other autocyclic fac tors were ob served.

This study iden ti fied cyclicity through fa cies changes, as
dem on strated by ap ply ing three in de pend ent meth ods.
Autoassociation and MSSA en abled the de tec tion of gen eral
se quence re peat abil ity, while RP anal y ses fo cused on the cy -
clic pat tern of spe cific fa cies oc cur rences. Re cur rence plots
and MSSA rep re sent novel ap pli ca tions in the study of turbiditic
se quences, with their ef fec tive ness dem on strated in this study.
Ninard et al. (2024) re cently in tro duced re cur rence plots in geo -
log i cal time se ries anal y sis, the pres ent study be ing an ex -
tended ap pli ca tion of the method in turbiditic en vi ron ments.
RPs and autoassociation ap pear to be more ef fec tive in de tect -
ing lower-fre quency cy cles, while MSSA and mid point tri an gle
in ter po la tion Lomb-Scargle trans form ad di tion ally showed sen -
si tiv ity to higher-fre quency cy cles. Re cur rence plots were also
un suc cess ful in de tect ing cyclicity in fa cies F1 and F4, which
are much more fre quent through out the sec tion com pared to F2 
and F3. Sim i larly, no cyclicity was iden ti fied for fa cies F5, which
is re stricted to the up per part of the sec tion. These re sults sug -
gest that re cur rence plots may be more ef fec tive for de tect ing
cyclicity in fea tures that oc cur less fre quently but con sis tently
within a time se ries.

The in te gra tion of dif fer ent meth ods for cyclicity anal y sis en -
ables the de tec tion of the most prom i nent cy cles by com par ing
their ex pres sions across var i ous mod els rather than re ly ing
solely on peak size com par i sons. This ap proach fa cil i tated a
com pre hen sive cyclicity anal y sis, over com ing chal lenges
posed by in ter rupted time se ries and lim ited ex po sure. How -
ever, fur ther re search is nec es sary to val i date these meth ods
across dif fer ent depositional en vi ron ments and pat terns of ex -
po sure. Re cur rence plots and MSSA show con sid er able prom -
ise for fu ture ap pli ca tions, es pe cially in cases where tra di tional
spec tral anal y ses may lack suf fi cient sen si tiv ity.

The fre quency of turbidite events ap prox i mates one event
ev ery 454 years. This is a re mark ably sim i lar value to the one
event ev ery 487 years pos tu lated by Uchman (2004), and cor -
re sponds with the frequence of re cent tur bid ity cur rents re -
corded in Hawkes Bay, New Zea land (~1 event/400 years; e.g.,
Lewis and Kohn, 1973). This rep re sents one of the high est fre -
quen cies re corded in the Outer Carpathians (Uchman, 2004).
Even though the av er age fre quency of turbiditic events is cal cu -
lated, it is known that in di vid ual turbidite events may have oc -
curred with var i ous fre quen cies; a con stant sed i men ta tion rate
is not as sumed here. For this rea son, the cyclicity of in di vid ual
turbiditic events is not ad dressed in this study. More pre cise
dat ing of the sec tion – par tic u larly at its base – would al low a
more re li able con ver sion to time.

CONCLUSIONS

The de pos its stud ied rep re sent a dis tal turbidite lobe sys -
tem, char ac ter ized by cy cli cally de pos ited coarser-grained and
me dium-bed ded de pos its, as well as cy cli cally oc cur ring
sideritization, which re flects or bit ally mod u lated ep i sodes of in -
ten si fied terrigenous in flux or wa ter fresh en ing, among the
dom i nant, very thin-bed ded fine-grained turbidites.

The cyclicities de tected are mostly allocyclic, which is cor -
rob o rated by the cal cu lated Hurst ex po nent, as well as by de -
tailed sedimentological in ves ti ga tion.

An in te grated suite of ex plor atory and con fir ma tory nu mer i -
cal meth ods, in clud ing runs test, autoassociation, spec tral anal -
y sis, re cur rence plots, and mul ti chan nel SSA, en abled the iden -
ti fi ca tion of pre ces sion, obliq uity, ec cen tric ity, and obliq -
uity-mod u la tion sig nals in deep-sea turbiditic de pos its (220 m
thick, mea sured in an al most con tin u ous sec tion) of the Lower
Cre ta ceous of the Outer West ern Carpathians. This ap proach
fa cil i tated a thor ough anal y sis of the cyclicity, over com ing chal -
lenges as so ci ated with in ter rupted time se ries and lim ited ex po -
sure. The iden ti fi ca tion of cy clic pat terns, com bined with a re vi -
sion of pre vi ous biostratigraphic data, pro vided new in sights
into the stra tig ra phy of the de pos its stud ied; how ever, better
chronostratigraphic con trol should be pro vided in the fu ture
through im proved bio- or mag neto-stra tig ra phy. The re search
dem on strated an ex cep tion ally high fre quency of turbiditic
depositional events, oc cur ring ap prox i mately once ev ery 500
years.
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APPENDIX 1A. Bed thickness dataset

Thickness [m] Depth [m] Facies 
assigned 

0.078 0.078 F2 

0.709 0.787 F1 

0.038 0.825 F4 

0.203 1.028 F1 

0.016 1.044 F2 

0.228 1.272 F1 

0.031 1.303 F4 

0.044 1.347 F1 

0.105 1.452 F2 

0.47 1.922 F1 

0.01 1.932 F4 

0.135 2.067 F1 

0.055 2.122 F4 

0.04 2.162 F1 

0.415 2.577 - 

0.135 2.712 F2 

0.082 2.794 F1 

0.051 2.845 F4 

0.04 2.885 F2 

0.027 2.912 F1 

0.015 2.927 F4 

0.08 3.007 F1 

0.043 3.05 F4 

0.06 3.11 F1 

0.205 3.315 F2 

0.09 3.405 F1 

0.01 3.415 F4 

0.417 3.832 F4 

0.17 4.002 - 

0.03 4.032 F4 

0.04 4.072 F1 

0.04 4.112 F4 

0.145 4.257 F1 

0.067 4.324 F4 

0.123 4.447 F1 

0.02 4.467 F4 

0.133 4.6 F1 

0.065 4.665 F4 

0.085 4.75 F1 

0.045 4.795 F4 

0.048 4.843 F1 

0.025 4.868 F4 

0.15 5.018 F1 

0.03 5.048 F4 

0.035 5.083 F1 

0.04 5.123 F4 

0.1 5.223 F1 

0.02 5.243 F4 

0.23 5.473 F1 

0.02 5.493 F4 

0.08 5.573 F1 

0.03 5.603 F4 

0.195 5.798 F1 

0.185 5.983 F4 

0.075 6.058 F2 

0.12 6.178 F4 

0.135 6.313 F1 

0.05 6.363 F4 

0.055 6.418 F1 

0.11 6.528 F4 

0.44 6.968 F1 

0.055 7.023 F4 

0.045 7.068 F1 

0.053 7.121 F4 

0.045 7.166 F1 

0.115 7.281 F4 

0.183 7.464 F1 

0.16 7.624 F2 

0.035 7.659 F4 

0.055 7.714 F1 

0.02 7.734 F4 

0.022 7.756 F1 

0.015 7.771 F4 

0.075 7.846 F1 

0.02 7.866 F4 

0.05 7.916 F1 

0.03 7.946 F4 

0.2 8.146 F1 

0.015 8.161 F4 

0.04 8.201 F1 

0.043 8.244 F4 

0.055 8.299 F1 

0.05 8.349 F4 



0.124 8.473 F1 

0.095 8.568 F4 

0.18 8.748 F1 

0.08 8.828 F2 

0.035 8.863 F4 

0.032 8.895 F1 

0.025 8.92 F4 

0.08 9 F1 

0.025 9.025 F4 

0.203 9.228 F1 

0.03 9.258 F4 

0.095 9.353 F1 

0.015 9.368 F4 

0.045 9.413 F1 

0.035 9.448 F4 

0.17 9.618 F1 

0.045 9.663 F4 

0.175 9.838 F1 

0.045 9.883 F4 

0.04 9.923 F1 

0.126 10.049 F4 

0.215 10.264 F1 

0.053 10.317 F4 

0.087 10.404 F1 

0.028 10.432 F4 

0.32 10.752 F1 

0.06 10.812 F4 

0.26 11.072 F1 

0.06 11.132 F4 

0.14 11.272 F1 

0.055 11.327 F4 

0.03 11.357 F1 

0.08 11.437 F4 

0.04 11.477 F1 

0.1 11.577 F4 

0.093 11.67 F1 

0.042 11.712 F4 

0.172 11.884 F1 

0.04 11.924 F4 

0.168 12.092 F1 

0.026 12.118 F4 

0.228 12.346 F1 

0.1 12.446 F2 

1.4 13.846 F1 

0.03 13.876 F4 

0.185 14.061 F1 

0.05 14.111 F4 

0.088 14.199 F1 

0.03 14.229 F4 

0.152 14.381 F1 

0.135 14.516 F4 

0.105 14.621 F1 

0.1 14.721 F4 

0.16 14.881 F1 

0.102 14.983 F4 

0.02 15.003 F2 

0.585 15.588 F1 

0.17 15.758 F4 

0.335 16.093 F1 

0.065 16.158 F4 

0.27 16.428 F1 

0.215 16.643 F4 

0.27 16.913 F1 

0.215 17.128 F4 

0.295 17.423 F1 

0.075 17.498 F4 

0.085 17.583 F1 

0.03 17.613 F4 

0.17 17.783 F1 

0.02 17.803 F4 

0.045 17.848 F1 

0.015 17.863 F4 

0.3 18.163 F1 

0.09 18.253 F4 

0.17 18.423 F1 

0.02 18.443 F4 

0.28 18.723 F1 

0.06 18.783 F4 

0.55 19.333 F1 

0.125 19.458 F4 

0.425 19.883 F1 

0.03 19.913 F4 

0.3 20.213 F1 

0.043 20.256 F4 

0.305 20.561 F1 

0.02 20.581 F4 

0.14 20.721 F1 

0.11 20.831 F4 



0.26 21.091 F1 

0.085 21.176 F4 

0.205 21.381 F1 

0.185 21.566 F4 

0.395 21.961 F1 

0.03 21.991 F4 

0.14 22.131 F1 

0.05 22.181 F4 

0.39 22.571 F1 

0.1 22.671 F4 

0.06 22.731 F4 

0.341 23.072 F1 

0.15 23.222 F4 

0.314 23.536 F1 

0.046 23.582 F4 

0.47 24.052 F1 

0.12 24.172 F4 

0.375 24.547 F1 

0.028 24.575 F4 

0.32 24.895 F1 

0.04 24.935 F4 

0.635 25.57 F1 

0.025 25.595 F4 

0.27 25.865 F1 

0.065 25.93 F4 

0.51 26.44 F1 

0.075 26.515 F4 

1.17 27.685 F1 

0.03 27.715 F4 

0.56 28.275 F1 

0.055 28.33 F4 

0.178 28.508 F1 

0.03 28.538 F4 

0.34 28.878 F1 

0.09 28.968 F4 

0.4 29.368 F1 

0.565 29.933 F2 

0.165 30.098 F2 

0.15 30.248 F1 

0.155 30.403 F4 

0.34 30.743 F1 

0.038 30.781 F4 

0.79 31.571 F1 

0.055 31.626 F4 

0.103 31.729 F1 

0.039 31.768 F2 

0.77 32.538 F1 

0.06 32.598 F4 

0.695 33.293 F1 

0.02 33.313 F2 

0.48 33.793 F1 

0.053 33.846 F4 

0.86 34.706 F1 

0.03 34.736 F4 

0.023 34.759 F1 

0.115 34.874 F2 

0.145 35.019 F1 

0.16 35.179 F4 

0.735 35.914 F1 

0.035 35.949 F4 

1.18 37.129 F1 

0.034 37.163 F4 

0.355 37.518 F1 

0.05 37.568 F4 

0.05 37.618 F2 

1.59 39.208 F1 

0.045 39.253 F4 

0.615 39.868 F1 

0.29 40.158 F3 

0.28 40.438 F1 

0.043 40.481 F4 

0.11 40.591 F1 

0.02 40.611 F4 

1.04 41.651 F1 

0.185 41.836 F2 

0.555 42.391 F1 

0.04 42.431 F4 

0.455 42.886 F1 

0.018 42.904 F4 

0.105 43.009 F1 

0.075 43.084 F4 

0.035 43.119 F1 

0.085 43.204 F2 

2.23 45.434 F1 

0.043 45.477 F2 

1.13 46.607 F1 

0.19 46.797 F3 

0.62 47.417 F1 



0.06 47.477 F4 

0.05 47.527 F1 

0.085 47.612 F2 

2.095 49.707 F1 

0.045 49.752 F2 

0.07 49.822 F4 

0.465 50.287 F1 

0.04 50.327 F2 

0.96 51.287 F1 

0.038 51.325 F4 

0.86 52.185 F1 

0.04 52.225 F3 

0.07 52.295 F1 

0.06 52.355 F3 

0.355 52.71 F1 

0.09 52.8 F2 

0.58 53.38 F1 

0.02 53.4 F4 

0.53 53.93 F1 

0.1 54.03 F2 

1.07 55.1 F1 

0.14 55.24 F2 

0.35 55.59 F4 

0.35 55.94 F1 

0.04 55.98 F4 

0.51 56.49 F1 

0.1 56.59 F3 

0.435 57.025 F1 

0.02 57.045 F4 

1.2 58.245 F1 

0.02 58.265 F2 

0.43 58.695 F1 

0.02 58.715 F2 

0.16 58.875 F4 

0.5 59.375 F1 

0.16 59.535 F3 

0.45 59.985 F1 

0.03 60.015 F4 

0.63 60.645 F1 

0.11 60.755 F4 

0.67 61.425 F1 

1.12 62.545 F1 

0.25 62.795 F4 

0.83 63.625 F1 

0.16 63.785 F4 

0.11 63.895 F1 

0.07 63.965 F4 

0.82 64.785 F1 

0.01 64.795 F4 

0.42 65.215 F1 

0.03 65.245 F4 

0.28 65.525 F1 

0.02 65.545 F4 

1.16 66.705 F1 

0.25 66.955 F1 

0.1 67.055 F4 

0.51 67.565 F1 

0.02 67.585 F4 

0.61 68.195 F1 

0.09 68.285 F4 

0.5 68.785 F1 

0.05 68.835 F4 

0.048 68.883 F1 

0.02 68.903 F4 

0.095 68.998 F1 

0.02 69.018 F2 

0.99 70.008 F1 

0.02 70.028 F4 

1.03 71.058 F1 

0.2 71.258 F2 

0.99 72.248 F1 

0.04 72.288 F4 

0.41 72.698 F1 

0.02 72.718 F4 

0.87 73.588 F1 

0.02 73.608 F4 

0.78 74.388 F1 

0.03 74.418 F4 

0.08 74.498 F1 

0.03 74.528 F4 

0.11 74.638 F2 

1 75.638 F1 

0.03 75.668 F4 

0.0527 75.721 F1 

0.05 75.771 F4 

0.9 76.671 F1 

0.04 76.711 F2 

0.21 76.921 F1 



0.085 77.006 F4 

0.45 77.456 F1 

0.11 77.566 F2 

0.18 77.746 F1 

0.04 77.786 F2 

1.02 78.806 F1 

0.04 78.846 F4 

0.49 79.336 F1 

0.04 79.376 F4 

1.4 80.776 F1 

0.32 81.096 F2 

0.21 81.306 F4 

0.79 82.096 F1 

0.1 82.196 F4 

0.68 82.876 F1 

0.035 82.911 F4 

0.57 83.481 F1 

0.13 83.611 F4 

0.55 84.161 F1 

0.08 84.241 F4 

0.23 84.471 F1 

0.53 85.001 F4 

0.18 85.181 F1 

0.1 85.281 F5 

0.4 85.681 F1 

0.02 85.701 F2 

0.425 86.126 F1 

0.32 86.446 F3 

0.43 86.876 F1 

0.09 86.966 F5 

0.345 87.311 F1 

0.055 87.366 F5 

0.255 87.621 F1 

0.245 87.866 F3 

0.465 88.331 F1 

0.19 88.521 F3 

0.3 88.821 F1 

0.06 88.881 F5 

3.64 92.521 - 

0.46 92.981 F1 

0.04 93.021 F4 

0.26 93.281 F1 

0.12 93.401 F4 

0.1 93.501 F5 

0.19 93.691 F1 

0.07 93.761 F4 

0.5 94.261 F1 

0.05 94.311 F4 

0.94 95.251 F1 

0.06 95.311 F5 

0.115 95.426 F1 

0.06 95.486 F4 

0.8 96.286 F1 

0.045 96.331 F5 

0.33 96.661 F1 

0.53 97.191 F4 

0.77 97.961 F1 

0.03 97.991 F3 

1.32 99.311 F1 

0.42 99.731 F2 

1.58 101.311 F1 

0.13 101.441 F4 

1.04 102.481 F1 

0.09 102.571 F5 

0.42 102.991 F1 

0.1 103.091 F5 

0.58 103.671 F1 

0.04 103.711 F4 

0.14 103.851 F1 

0.025 103.876 F4 

2.15 106.026 - 

0.06 106.086 F2 

0.08 106.166 F4 

2.66 108.826 F1 

0.15 108.976 F4 

1.03 110.006 F1 

0.06 110.066 F2 

0.78 110.846 F1 

0.18 111.026 F2 

1.41 112.436 F1 

0.055 112.491 F4 

0.91 113.401 F1 

0.015 113.416 F4 

0.25 113.666 F1 

0.03 113.696 F4 

0.16 113.856 F2 

1.02 114.876 F1 

0.04 114.916 F4 



0.36 115.276 F1 

0.4 115.676 F4 

0.26 115.936 F1 

0.03 115.966 F2 

0.45 116.416 F1 

0.04 116.456 F5 

0.06 116.516 F1 

0.035 116.551 F5 

0.78 117.331 F1 

0.115 117.446 F5 

0.14 117.586 F1 

0.05 117.636 F5 

0.74 118.376 F1 

0.04 118.416 F4 

0.15 118.566 F1 

0.05 118.616 F4 

0.47 119.086 F1 

0.07 119.156 F5 

0.2 119.356 F1 

0.03 119.386 F4 

0.2 119.586 F1 

0.02 119.606 F4 

0.06 119.666 F1 

0.025 119.691 F4 

0.105 119.796 F1 

0.02 119.816 F4 

0.36 120.176 F1 

0.11 120.286 F4 

0.26 120.546 F1 

0.51 121.056 F4 

0.47 121.526 F1 

0.095 121.621 F2 

0.66 122.281 F1 

0.045 122.326 F2 

0.185 122.511 F1 

0.19 122.701 F4 

0.25 122.951 F1 

0.14 123.091 F4 

0.15 123.241 F1 

0.03 123.271 F4 

0.38 123.651 F1 

0.12 123.771 F5 

0.41 124.181 F1 

0.045 124.226 F4 

0.33 124.556 F1 

0.03 124.586 F4 

0.6 125.186 F1 

0.05 125.236 F5 

0.285 125.521 F1 

0.11 125.631 F5 

0.6 126.231 F1 

0.46 126.691 F3 

2.14 128.831 F1 

0.18 129.011 F4 

0.315 129.326 F1 

0.03 129.356 F4 

0.28 129.636 F1 

0.08 129.716 F4 

0.11 129.826 F1 

0.26 130.086 F4 

0.27 130.356 F1 

0.04 130.396 F4 

0.21 130.606 F1 

0.23 130.836 F4 

0.14 130.976 F4 

0.16 131.136 F2 

0.2 131.336 F1 

0.025 131.361 F4 

0.11 131.471 F1 

0.02 131.491 F4 

0.175 131.666 F1 

0.02 131.686 F4 

0.4 132.086 F1 

0.02 132.106 F4 

0.19 132.296 F1 

0.09 132.386 F4 

0.61 132.996 F1 

0.18 133.176 F4 

0.45 133.626 F1 

0.59 134.216 F3 

0.53 134.746 F4 

0.09 134.836 F5 

0.08 134.916 F1 

0.12 135.036 F4 

0.16 135.196 F1 

0.08 135.276 F4 

0.12 135.396 F1 

0.06 135.456 F2 



0.55 136.006 F1 

0.08 136.086 F5 

0.17 136.256 F1 

0.11 136.366 F2 

0.2 136.566 F1 

0.05 136.616 F5 

1.19 137.806 F1 

1.9 139.706 F1 

0.24 139.946 F4 

0.32 140.266 F3 

0.48 140.746 F1 

0.12 140.866 F5 

0.21 141.076 F3 

0.05 141.126 F1 

0.14 141.266 F5 

0.19 141.456 F1 

0.16 141.616 F4 

1.23 142.846 F1 

0.03 142.876 F4 

0.43 143.306 F1 

0.05 143.356 F4 

0.105 143.461 F1 

0.04 143.501 F4 

0.32 143.821 F1 

0.03 143.851 F4 

0.12 143.971 F1 

0.03 144.001 F4 

0.25 144.251 F1 

1.1 145.351 F3 

0.31 145.661 F1 

0.03 145.691 F4 

0.89 146.581 F1 

0.2 146.781 F5 

0.64 147.421 F1 

0.15 147.571 F5 

0.1 147.671 F1 

0.08 147.751 F4 

0.52 148.271 F1 

0.14 148.411 F5 

0.31 148.721 F1 

0.15 148.871 F5 

0.64 149.511 F1 

0.03 149.541 F4 

0.58 150.121 F1 

0.07 150.191 F5 

0.17 150.361 F1 

0.07 150.431 F2 

0.28 150.711 F1 

0.03 150.741 F4 

0.37 151.111 F1 

0.1 151.211 F3 

0.7 151.911 F1 

0.39 152.301 F4 

0.39 152.691 F1 

0.52 153.211 F3 

0.5 153.711 F1 

0.09 153.801 F5 

0.17 153.971 F4 

0.19 154.161 F1 

0.04 154.201 F5 

1.09 155.291 F1 

0.1 155.391 F4 

0.1 155.491 F1 

0.06 155.551 F4 

0.42 155.971 F1 

0.03 156.001 F4 

0.155 156.156 F1 

0.07 156.226 F4 

0.68 156.906 F1 

0.15 157.056 F4 

0.77 157.826 F1 

0.12 157.946 F3 

0.28 158.226 F1 

0.08 158.306 F4 

0.18 158.486 F1 

0.3 158.786 F4 

0.25 159.036 F1 

0.25 159.286 F4 

0.63 159.916 F1 

0.11 160.026 F5 

0.22 160.246 F1 

0.04 160.286 F4 

1.29 161.576 F1 

0.17 161.746 F1 

0.03 161.776 F4 

0.06 161.836 F2 

1.4 163.236 F1 

0.02 163.256 F5 



0.14 163.396 F1 

0.06 163.456 F2 

0.02 163.476 F4 

0.2 163.676 F1 

1.46 165.136 F1 

0.04 165.176 F4 

0.51 165.686 F1 

0.01 165.696 F1 

0.8 166.496 F1 

0.09 166.586 F4 

0.87 167.456 F1 

0.51 167.966 F4 

1.68 169.646 F1 

0.02 169.666 F4 

0.97 170.636 F1 

0.04 170.676 F4 

0.31 170.986 F1 

0.04 171.026 F4 

0.23 171.256 F1 

0.03 171.286 F4 

0.67 171.956 F1 

1.69 173.646 F4 

0.14 173.786 F5 

0.67 174.456 F1 

0.02 174.476 F4 

1.07 175.546 F1 

0.53 176.076 F1 

0.16 176.236 F5 

1.32 177.556 F1 

2 179.556 - 

0.72 180.276 F1 

1.54 181.816 F4 

3 184.816 - 

0.84 185.656 F4 

1.03 186.686 F1 

1.03 187.716 F4 

0.2 187.916 F5 

0.27 188.186 F1 

0.02 188.206 F4 

0.07 188.276 F1 

0.04 188.316 F4 

0.08 188.396 F1 

0.06 188.456 F4 

0.58 189.036 F1 

0.01 189.046 F4 

0.2 189.246 F1 

0.07 189.316 F4 

0.1 189.416 F1 

0.04 189.456 F4 

0.08 189.536 F1 

0.02 189.556 F4 

0.14 189.696 F1 

0.1 189.796 F5 

0.09 189.886 F1 

0.02 189.906 F4 

0.31 190.216 F1 

0.2 190.416 F4 

0.25 190.666 F1 

0.17 190.836 F4 

0.09 190.926 F1 

0.06 190.986 F4 

0.18 191.166 F1 

0.02 191.186 F4 

0.25 191.436 F1 

0.19 191.626 F4 

0.42 192.046 F1 

0.05 192.096 F4 

0.06 192.156 F2 

0.24 192.396 F1 

0.035 192.431 F4 

0.2 192.631 F1 

0.02 192.651 F4 

0.3 192.951 F1 

0.15 193.101 F4 

0.09 193.191 F1 

0.11 193.301 F4 

0.085 193.386 F1 

0.055 193.441 F4 

0.61 194.051 F1 

0.025 194.076 F4 

0.19 194.266 F1 

0.06 194.326 F4 

0.56 194.886 F1 

0.035 194.921 F4 

0.27 195.191 F1 

0.03 195.221 F4 

0.68 195.901 F1 

0.14 196.041 F4 



0.02 196.061 F2 

0.19 196.251 F1 

0.02 196.271 F4 

0.68 196.951 F1 

0.74 197.691 F2 

1.67 199.361 F1 

0.02 199.381 F4 

1.01 200.391 F1 

0.015 200.406 F4 

0.73 201.136 F1 

0.02 201.156 F4 

0.61 201.766 F1 

1.2 202.966 - 

0.39 203.356 F1 

0.2 203.556 F2 

1.41 204.966 F1 

0.32 205.286 F3 

0.2 205.486 F1 

0.33 205.816 F2 

1.89 207.706 F1 

0.03 207.736 F3 

0.31 208.046 F1 

0.19 208.236 F2 

2.7 210.936 F1 

1.08 212.016 F2 

0.57 212.586 F1 

4.1 216.686 F2 

1.37 218.056 F1 

0.04 218.096 F3 

0.87 218.966 F1 

1.03 219.996 F2 

 

APPENDIX 1B1. Facies description summary 

 

 

FACIES DESCRIPTION 

Facies F1 Calcareous mudstones interbedded with very-thin bedded, 

fine-grained, and very fine-grained calcareous sandstones 

(mudstones prevailing); mudstones 5 to 150 mm thick 

(hemipelagic ones up to 3 mm), sandstones 1 to 30 mm 

thick 

Facies F2 Rusty colour beds of mudstones, siltstones, and sandstones, 

thin and medium-bedded (1 to 30 cm thick). 

Facies F3 Massive sandstones and conglomerates with exotic clasts 

often appearing as concave-plane lensoidal beds with a 

maximum thickness of 110 cm. 

Facies F4 Fine- and medium-grained sandstones interbedded with 

mudstones, similar to F1, but sandstones predominate. 

Mudstone beds are 5–30 mm thick, and sandstones are 10–

50 mm thick. 

Facies F5 Laterally continuous beds of medium- and coarse-grained 

sandstones with cross and parallel lamination, and massive 

conglomerates (beds are 5–20 cm thick) 



APPENDIX 1B2. Results of runs test  

 H0 = F1 random H0 = F2 random H0 = F3 random H0 = F4 random H0 = F5 random 

N1 619 2065 2146 1933 2167 

N2 1581 134 53 266 32 

Number of 

‘runs’ 

432 92 35 291 57 

Expected 

number of 

‘runs’ 

889.64 252.67 104.45 468.65 64.069 

Z value -24.158 -29.99 -31.627 -17.829 -5.2967 

 H0 probability 6.196 x 10-129 1.3135 x 10-197 1.5816 x 10-219 4.2349 x 10-71 1.1789 x 10-07 

H0 rejected? yes yes yes yes yes 

 

APPENDIX 1B3. Model typologies of recurrence plots (right) based on particular signals (left). After 

Coco and Dale (2014); Ninard et al. (2024); modified 

 

APPENDIX 1C. Recurrence plots representing the repeatability of facies F1 and F4 



Cross Recurrence Plot facies F1
Dimension: 5,  Delay: 10,  Threshold: 20% (interdependent neighbours) 
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Cross Recurrence Plot facies F4
Dimension: 8,  Delay: 10,  Threshold: 10% (interdependent neighbours) 
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Cross Recurrence Plot facies F5 
Dimension: 20,  Delay: 11,  Threshold: 10% (interdependent neighbours) 
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APPENDIX 1D1. Evolutive spectrum based on the smoothed Facies F2 occurrence time series – the 

same data as used for recurrence plot quantification. Dominant wavelengths occur at circa 5.2 m, 7.4 m 

and 18-25 m 

 

 

 

 



APPENDIX 1D2. Evolutive spectrum based on the smoothed Facies F3 occurrence time series – the 

same data as used for recurrence plot quantification. Dominant stable wavelengths occur at circa 7.4 m 

and 18-25 m 

 

 

 



 

APPENDIX 1D3. Evolutive spectrum based on the Facies F2, F3 and F4 midpoint-triangle interpolated 

series. Dominant occur wavelengths at circa 1.7 -2.8 m, 5.2 m, 7.4  and 20-30 m 

 

 

 

 

 

 

 



 

APPENDIX 1D4. Morlet wavelet spectrum based on the Facies F2, F3 and F4 midpoint-triangle 

interpolated series. Dominant wavelengths occur at circa 1.7 -2.8 m, 5.2 m, 7.4 m and 13 m 

 

 

 

 

 

 

 



 

 

APPENDIX 1E. Results of TimeOpt analysis. Based on an integrated image displayed by all plots, the 

most probable average sedimentation rate is estimated at c. 6.5 cm/kyr  
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