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Abstract

A detailedstudy of calcareotis 1.~nnofossil assemblages from twelve uppermost lower
Barremiardower Aptian ~~cu.2ns in the Subbetic domain of the Betic Cordillera was
performed. Seven n2w Yannadbspecies Crucibiscutum bastetanur@rucibiscutum
gracile, Chiastozygs amprostaurgCyclagelosphaera platyaspisithraphidites
aichmoidesLithraphiditespugio, andRhagodiscus sicutclipeuare described, one
species is emendetithraphidites magnysand the taxonomic concept of the marker
specieHayesites irregulas is discussed and clarifiefihe detailed stratigraphic
ranges of the new speciegogethemwith those of other relevant taxaredeterminedand
correlated to standard ammonite biostratigragfge estimatesf biostratigraphically
relevantcalcareousmannofossil biohorizons are calculated using asitanologically

tuned cyclostratigraphidata.Five new calcareous nannofossil subzones are proposed



whichenhance upper Barremian biostratigraphic resoltomregional scalendare
directly correlatedvith respect tdhe standard Tethyan ammonite zonatibwo of the

new specieslescribed herare used as biostratigraphic markfensthe newly proposed
subzonesThe duration of eacbulzoneis providedthroughastrochonological
calibration.This study allows the refinement of the calcareous nannofossil zonation for
the Mediterraneathtlantic province of the Tethyan domaifhe mplicationsof these
newresultsare discussed regarditige extantdefinition and use of the

Barremian/Aptian bouraty. The morphaevolutionary trerds of selected nannofossil
groupsarereviewedin relation tothe latest Barremiarap.‘an paleogeographic

changes, showintpese werea prominentfactorcontrc 'ling calcareous nannoplankton

evadution and biogeographical digoution in the *vest Europeaftlantic region

Keywords:Taxonomy Biometry, Bic yec graphyBio-chronostratigraphyBarremiant

Aptian boundaryBetic Cordillera

1. Introduction

The Barremian Stage (- 125.98 to ~121.40 Ma; Martinez et al., 2020) records a
particularintervaimcrked bynotable environmental and biotic changBsese include

two episodes of accelerated environmental change (e.g., Follmi,: 208 2fid-

Barremian Event (MBE; Coccioni et al., 2003; Sprovieri et al., 2006; Yilmaz et al.,
2012;Huck et al., 2013; Aguado et al., 2014a) and the Taxy Episode (TE; Masse and
Machhour, 1998; Moullade et al., 1998a; Follmi, 2012; Wissler et al., 2002; Godet et
al., 2006; Stein et al., 2011; Martinez et al., 2020). Both epissdeslinked to carbon
cycle perturbations locally related to enhanced preservation of orgahimarine

sediments.



One of themost convenient wato identify these episodes is through theiisGtope
imprints, as their lithological expression in different basins may vargraépgonthe
local depositional and environmental conditions (e.g., Jenkyns, ZDX@g¢alibration

of the resultingC-isotope curves to biostratigraphy, chronostratigraphy,
magnetostratigraphy and to geochronology will greatly imgkodial correlationge.qg.,
Ogg et al., 2016; Olierook et al., 2019; Gradstein et al., 2020; Martinez et al,, 2020

Castro et al., 202Zhang et al, 2021

Tethyan ammonite biostratigraphy (e.g., Rebottley ~t al., 2018) reprasdhts
Barremiana highprecision reference scale to 'vn.~Hgdtope data could be tied. In the
absence ocAmmonites, biostratigraphic sca'2< based on calcareous nannofossils,
planktonic foraminiferand/orradiol: ria’«s) may be uséd.g., Thierstein, 1971, 1973,
1976; Sssingh, 1977; Roth, 1976, Perhblielsen, 1985; Coccioni and Prem&lilva,

-XG 29"RTKEUW\ % U D O R-BiNdJettaNy2@.8)
However, the biostratigra; hic 1esolutiohthesemicrofossil groups is currentlgnuch
lower cmmpared tdhatow*ained using ammonitels addition, thecalcareous
nannofossil zonatiu s niave a low resolution wébard to counterpaschemes
developed for th&Vest EuropanProvince of thaBorealRealm (e.g., Jakubowski,

1987; Bown et al., 1998; tkymiah, 2001)This may bedue, in partto the spreadf
sedimentaryacies unfavorable for a good preservation of the tega l[mestonein
the Tethyan Realmeadingto a poor investigation in land sections where nannofossils

canbecorrelated to other referengeoupssuchas ammonites.

3UH|



The Barremian successionsarsgillaceoudimestones and marlstones of the Subbetic
Domain in the Betic Cordillera are well dated by ammonites (e.g., Company et al.,
1992, 1995, 2003; Aguado et dl992, 1997), and proved to contain abundant and
moderately to welpreserved calcareous nannofossil assemblages (e.g., Aguado et al.,
1997, 2014a). Some of these successions were also studiedst@ofe stratigraphy

both MBE and TE were ident#d inthem(e.g., Aguado et al., 2014a; Martinez et al.,
2020) and theyhave been recently calibrated by astrochronology (Martinez et al.,
2020).These successions represent good candidates t~ in.nrove Tethyan calcareous
nannofossil biostratigraphy by providimglequate chronostratigraphical and

geochronological frameworks to tie all the biostrauxraphic events.

The aimof this papeis to improve the reso. 'tinn of tigarremiancalcareous
nannofossil biozonation for the Me fite.ranean so it can be usadaisrnative to
ammonite zonesl he stratigraphic .2nge of thmalcareous nannofossil species with
biostratigraphic potential, torett.».h that of other relevant taxa, will be directly
correlated to standard an.mornte biostratigragmgto the geochronologic scale.
Finally, as the Barremia.»//ptian boundary is included within the interval stutligif,

be discussed in he iyt of new findings

2. Geological setting

All sectionsstudiedbelong to the Subbetiomain(Fig. 1), a complex
tectonostratigraphic unit that paleogeographically corresponds to the Eerlaagof the
southern passive margin of the Iberian Plate during the Alpine tectonic cycle (Triassic
to early Miocene).During the Jurassic and Early Cretaceous this regionruweaé

extensional tectonics associated with the seafloor spreading of the North Atlantic in a



transform continental margin setting (Ve2801,2004 Martin-Chivelet et al., 2019A
paleolatitude of-26 28°N (Fig. 2) has been inferred for tigarremianearly Aptian
position ofthe Subbeti®omain(e.g, Barron et al., 1981Stampfli and Kozur, 2006;
Cao et al., 201 Barrieret al, 2019, being locateahear the boundary between the arid
tropicaland humidtemperateclimatic belts(e.g., Masset al., 1993;

http://www.scotese.com/ecretcli. htifig. 2).

Except forX.Cp, section (se€hapter 3), alsections studi~be'ong to thevidely
extended.ower Cretaceous Carretero Format(figs. s, 1) Roughly, the lithologic
succession of this formatiqe.g., de Gea, 2004pns.cts of a rhythmic alternation of
yellowish to gay argillaceoudimestone bed&s #£9 «m thick)and gay marlstone
interbedg3 760 cm thick) The lime fract’o. is partially madep of calcareous
nannofossil remains and carbonat:: pe.ticles of micritic size (miocaHish probably
originatedfrom the adjacent platto.<lay minerals are, by far, the main components
of the detrital fractiond.g.,Ap"'ac at al. 2008)0verlying the Carretero Formation,
some sections include pe:ts or the Argos, Fardes, or Carbonero fornigigs18, 4,
seealsoSupplementarw.>teriall (SM1)for detailson lithostratigraphy and

biostratigraphy.

3. Material and methods

A total of 575 samplesspread acrosk2 sectionsverestudied These include, from
West to East (Fig. 1):

- Caprés (A in Fig. 1. Section X.g@88.233078°N, 1.134206°WI6 sampleskig. 4).

- Arroyo de Gilico (B in Fig. 1. Section X4¥/38.159931°N, 1.678208°W;7 samples;

Fig. 3).



- Barranco de Cavila (C in Fig. 1. Section X.Kv: 38.051514°N, 1.885718AV;
samplesFig. 3. Section X.Ky. 38.052469°N, 1.888964°V222 samplesFig. 3).

- Rio Argos (D in Fig. 1. Section X.Ag6: 38.051514°N, 1.8857131®/sampleskig.
4).

- RamblaSeca (E in Fig. 1Section RA03: 37.794622°N, 2.030255°82 sampleskig.
3).

- Cerro Trompeta y Cortijo del Hielo (F in Fig. Section X.CT: 37.866290°N,
2.575907°W3B samplesFig. 4.Section X.HA: 37.851782°N, ?.588921°\89 samples;
Fig. 4).

- Barrarco de las Azadillas (G in Fig. 1. Section X.Z* 37.779300°N, 2.7089242V;
samplesFig. 4).

- La Frontera (H in Fig. 1. Section X.F: 27.9.233°N, 3.60256 5&8\sampleskFig. 4.
Section X.F1: 37.593226°N, 3.602 <32 B8 sampleskFig. 4).

- La Coronilla (lin Fig. 1. Section > C@ 37.546093°N, 3.937009°W3 sampleskig.

4).

Although sectios X.Cm, 2203, X.CT, X.HA, X.F, X.F1 and X.Cghave been studied
previously(seeSivl., new smeaslides were prepareahd studiedor all samples
Samples from X.\{, X.Kv, X.Kv,, X.Ag6 and X.Z sections (37@re new.The number
of samples studied in each section #mer respective positions astatedn figures3,

4, and inSupplementaryaterial2 (SM2). The samplingntervals werehighly variable
(Figs.3 and4), from 6& cm(e.g., sections X.Vand X.Kwy) to several metere.g.,
lower part of X.F sectionExcept forsamples from th®A03 section and those from
the uppermost Barremian to lower Aptian parts of the X.F and X.F1 sections, the

remaindeiof themaredirectly correlated to ammonitnes/subzongf®\guado, 1994;



Aguado et al., 1992, 1997, 2QXCompany et al., 199&ndthis papey. In the present

work, the standard ammonite zonation for the Mediterranean Province (Reboulet et al.,
2018) is followed, andised as a reference to calibrate the calcareous nannofossil
bioeventsln the absence ahagnetostratigraphical data, the base ofiashayesites
oglanlensimmmonite ZoneAZ) is used here to determine the base of the Aptian

(Reboulet et al., 2011, 2018)

Simple permanent smear slides (Bown and Young, 1998) .‘ere mounted with coverslips
for routine biostratigraphic analysis and examined ‘or nannofossil content using a
polarizing light microscope Olympus BHSP at 1202 x magaiion. At least a

complete longitudinal traverse (= 200 fields of viv'v; surface area of one field = 2.37 x
10" mnt) was studiedbutin some slides scve.@lp to 4) longitudinal traverses were
studied Special care was taken to ;rer.are the smear siglasiformly as possible, so
thatparticle density on the slide scrface was kept betvd@e0% (Baccelle and

Bosellini, 1965).To determineHte <t/atigraphiposition of the horizon from whictie
wide-canal nannoconids «.-e more abundant than nacemalnannoconids (wc>nc

Even) in some sections (RA03, X.F, X.HA, X.Kv and X.Hvnannoconids were

counted in 50 fiela. o1 view asamples selected accorditagtheir biostratigraphic
position.The percentages of wide calfaicluding Nannoconus buchemN. circularis,

N. truittii; N. sp. cf.N. truittii, N. vocontiensisndN. wassallij) and narrow canal
(including Nannoconus bermudezindN. steinmann)iforms werecalculated'see

SM2). The used taxonomic framework is basgdPerchNielsen (1985)Bown (1998,
2005),Aguado et al. 1997,2014b, c), and the nannotax website

(http://Iwww.mikrotax.org/Nannotax3/index.php?dir=Mesoxoic




Preservation in the assemblages was evaluated in each sam@#® @dmsed on the
visualcriteria established by Ro#nd Thierstein (1972) and Roth (1983)mestone

beds were avoided for sampling, as they contain impoverished (poorly to moderately
preserved) assemblages with moderate to heavily overgrown®ueall abundance

per sample was estimated by countingttital numbeiof nannofossils in 20 random

fields of view.

Photomicrographs of calcareous nannofesgdre acquired w.*h an Olympus Camedia
C5050 camera attached to the Olympus BHSP mic.u_ocope, usingpotassed light
(XPL). A wide variability of siz was observefbr <ni,~ataxa recorded throughout the
studied intervalTo test whether size of specific ta.'a fluctisdteoughout the studied
interval specimens dfithraphiditesspp. (1. N} iayesitesrregularis group (140) and
Flabellites oblongu$120) were pho! gr 4phed and measured. In addisome
specimens (&2) ofthenew speci.= described were also photographed and measured.
The resultsare documented e UM 2. Measurements were taken using ImageJ
software, with araccuracycf+ L. P. Regardingprecision in a set of 10 repetitive
measurements of 10 suocimens, the error was lowetthan P Z L\858 D
confidencdevel. 1o lengths (L) and widths (W) afthraphiditesspp.,H. irregularis

gr. andF. oblongusspecimens were later usedtestwhetherthese three groups consist

of several taxa

To test the supposed multimodality in the populations of the measured taxa, mixture
analyses were applied to the whole data sets, (i.e., all specimens of each group pooled
together) using thede PAST v4.05 software package (Hammer et al., 2001). This

statistical analysis is a maximulRelihood method for estimating the descriptive



parameters (mean, standard deviation and proportion) of two or more distinct
distributions, based on an initialppoled univariate sample (Hammer and Harper,
2006).The minimum values of the Akaike Information Criterion (AIC, Akaike, 1974)
helpedto identifythe groups obtained by mixture analysis with the lowest overfitting
(Hammer et al., 2001). The number of biashistograms in mixture analyses follows
the Sturges' rulek(= (log: n) + 1), wherek is the number of bins amidthe number of

observations).

4. Results

4.1 Nannofossil abundance and preservation

Calcareous nannofossil abundance usually flctu~tes between > 5 and 30 specimens per
field of view (SFOV), with only discrete sa: ar.es showing abundances below 5 SFOV,
while 22 samples were barren (sec SPFi2). Nannofossil assemblagies aned

moderately® well preserved, sho.ing slight to moderate overgrowth except for those
from the organigich beds of ¥ AxF and X.Z sections, which showed moderate to

strong etching (see SM2).

4.2 Mixture analyse~

Fluctuations observed length () andwidth (W) in thepool of the measured
specimens ofithraphiditesspp. (Fig.5A D) suggest that several specias be
differentiated The results of a mixture analysis performed on the W valuesHE)g.
reveal three differersized groups. The first group correspondk.toarniolensig(Fig.
5A), while the second and third group correspont.taichmoidegFig. 5B; Chapter &
and to thd.. pugidL. magnugplexusrespectively(Fig. 5C, D). The same statistical

analysis was applied to the length (L) of all specimens with W greatedthanP L.



pugidL. magnuglexus). The frequency histogram (Fig>) reveals the existence of

two differentsized groups, which represent the new sgscipugioandL. magnus

(Fig. 5C, D; Chapter & Figure 5H shows the descriptive parameters resulting from the

mixture analysis performed on Wthe whole data set and on L in those specimens

KDYLQJ D : JUHDWHU WKDQ P + RiAét voHé&an BURIGHD O OHQJ W I
criterion to separate the latter two species, being more effective distinguishing both taxa

using the L/W ratio (Fig6; see als&Chapter6).

Hayesites irregulariss an importantmarkerspeciesn *iie 1 ethyarRealm €.g.,
Thierstein, 1973PerchNielsen, 1985Bralower et ai., 1995 Its taxonomic
clarificationcanincrease the biostratigraphic prec.<ion of stratigraphic correlations.
Variations observed in the length (L) and . ic%.d)(of the specimens measured irsthi
study (Fig.7A, B) suggest the pres ‘nc .teb morphotypes in thel. irregularis group
(gr.). This was corroborated lilge 1 ~sults o& mixture analysis on the \W ratio of the
complete pool of measurements ('-@,). Forms witha nearly circular outling(L/W
smaller or equal to 1.12), »einy younger in time, were assigridditeegularis sensu
stricto (.str). Specimencaving a more elongated outline YIZA1.12) and poorly
defined elements, 22y slightly older, were assignédl icregularis morphoype E

(H. irregularis E; Chapter §.

Mixture analyses performed on size measuremg@gnésid W) of specimens of
Flabellites oblongusensu lato (s.I3pread across the uppermost lower Barremian
lower Aptianof the study sectionseeSM2 and Fig.8) providednonconclusive

results Theseshowedsimilar AIC values for unimodal/bimodal solutioegggesting a



rather continuous increase in size through the comgéttgool (Fig.8) thereby

hindering a clear separatiof differentpopulationgsee Char 6)

4.3. Sequence afannofossibioevents
One hundred and fosaxa were identified through the complete interval studied,
including 7 new species (s&\V2 andChapter 6)The followingsequence of bioevents

(from bottom to top) has be@tserved

- Presence dBraarudosphaera hockwoldengtdolcod:su.'s rallaxammonite subzone
[ASZ).

- Lowest occurrencd Q) of Flabellites oblongu<hc!codiscus caillaudianudSz).

- LO of Lithraphidites aichmoide@Voutoric: r2s moutonianuaammonite zongAZ]).

- Successive LOs d?hosterolithus § ros siiCrucibiscutum gracilendLithraphidites

pugio(Gassendiceras alpinumSz,.

- LO of Rhagodiscus sicutcliraii.™ vermost part of th&erhardtia sartousian®Sz).

- Successive LOs @@hiast: zygus lamprostaurodicrantholithus stellatusind

Rhagodiscus gallaghen” ernardtia provincialisASz).

- LO of Hayesites i ~eyulari€, highest occurrencd$iOs) of Lithraphidites pugicaand

Lithraphidites aichmoidedollowed by the successive LOsldthraphidites magnus

Crucibiscutum bastetanuandNannoconusp. cf.N. truittii (Hemihoplites feraudianus

AS2z).

- LO of Hayesites irregularis. str. (merites giraudiAZ)

- LO of Stoverius acutydollowed by thevc>nc Eventand theHO of Crucibiscutum

bastetanunflower partof the Martelites sarasinAZ).

- LOs of Nannoconus truittibndRhagodiscus angust@Beshayesites oglanlensg).



- Presence ofonusphaera rothiandMicrantholithus stellatuglower part of the

Deshayesites forbesiz).

A summary of the maibioevents recordeand their stratigraphic conteigt shown in

Figure 9.

5. Discussion

5.1. Biostratigraphic remarks

Although most of the taxa shovim Figure 9 have str7.uy aphic value, several of them
(e.g.,Chiastozygus lamprostauroSrucibiscutum arcile, Lithraphidites magnuys
Nannoconusp. cf.N. truittii, Phosterolithus pross..>hagodiscus sicutclipeasd
Stoverius acutysare rare and/or have a 5pth and discontinuous record (drawn in
dashed line in Fig. 9) throughout a sut.stantial part af tBspective stratigraphic

ranges.

Other taxahaveunclear LC s due to the presencédrahsitional morphologies in the
stratigraphic record. Such s the case of the LORI&godiscus gallaghe(obscured
by the presence tncnsiwional forms from smaRhagodiscus aspeandLithraphidites
magnugdifficult to differentiate from transitional specimens frauthraphidites pugio
in the upper part of thdemihoplites feraudianu&Sz). The LO ofNannoconus truittii
(upper part bDeshayesites oglanlensd) is masked byhe record oforms similar to
this species reportdtereasNannoconusp. cf.N. truittii (see Chapter 6: Figures 3, 4,
and range charts of SM2). Finally, specimenRlb&godiscus gallaghetransitional to
Rhagodiscus angustusere observed from the upper part of khartelites sarasinAZ.

The oldest forms assignableRo angustusvere recorded from the uppermost part of



the Deshayesites oglanlen8mvermostDeshayesites forbesiZs upwards, which

agrees wh the observations of Rutledge and Bown (1996).

Other bioevents, such as the FOs$-tabellites oblongusindHayesites irregularidave
been used as biostratigraphic markerg., Thierstein, 1973, 1976; Bralower et
al.1995), buthey werenever adequalgcorrelated to ammonite biostratigrapfiye
LO of F. oblongusvasrecentlyidentified in the lower part of thigloutoniceras
moutonianunAZ (Aguado et al., 2014a; Martinez et al. 20.2%re we reporthe LO
of F. oblongudrom theHolcodiscus caillaudinusASz n. the X.Kv and X.Y sections.
This species is very ragnd shows apotty record th,aughout th¢. caillaudianusASz
and lowermost part of thd. moutonianunfAZ. 1t< consistent recor@Figs. 3, 9)
correlates with théevel whereAguado et 2l,”“0”.4a) and Martinez et al. (2020)
reported tha.O of this specied-aye :ite, irregulari€k is rather rare near its Landis
more abundarfrom the upper par. of thelemihoplites feraudianuaSz. The LO oM.
irregularis s.str. Chapter 43 and .~iyy. 9 was not recordeduntil the mid part of the

Imerites giraudiAZ (Figs. C 4; SM2).

Finally, a small yro.'n ur taxa have shown fairly continuous and consistent records.
These includd.ithraphidites pugipwhose LO was already successfully used in
regional correlation (als. sp. cf.L. magnu¥ by Martinez et al. (2020Micrantholithus
stellatus and the distinctiv€rucibiscutum bastetanu(fig. 9 and SM2)In addition,
the stratigraphic horizon from whidhe proportion of wideanal nannoconids
outnumber the narrowanal nannoconids (wc>ri€vent Figs. 3, 4, 9; sections X.HA,
X.Kv, X.Kv, and SM2), has also proven to be a good correlation event. In some

sections (RA03, X.F, X.F1), this horizon is maskedlstratigraphic break surface (see



Figs. 3, 4, and SM2)7KH RQVHW Rl WKH HNQDQQRFRQLG GHFOLQHY |
1999, 2019; Channell et al., 2000; Erba 2004; Tremolada et al., 2006) was not

determined in this study.

5.2. Proposed biozones

Herewe document a detailed zonation of the upper Barretitieu@r Aptian interval of
the Mediterranean area. The zonation uses the scheme of Bralower et al. (1995) by
adding new subzonesdigits. The proposed subzonagei'<ei! on a regional scale
(e.g., Matinez et al., 2020), but they could be applic:u 2 the Mediterraéeiamtic

area, as some of the marker species were also recarded from outside of the Betic

Cordillera (chapters 5.4, 6).

NC5E1 SubzongNew subzone)

Base:LO of Flabellites oblongusCclibrated here to 1242 Ma, slightly earlier than in
Martinez et al. (2020)This bic=ve n” also corresponds to the base of the NC5E Subzone
(Bralower et al., 1995).

Top: LO of Lithraphidite_ nugidcalibrated to 123.6Ma).

Age and stratigrap:.‘cauige Latest earlBarremianearliest lateBarremian (pper part

of theHolcodiscuscaillaudianusASzdower part of theGassendiceraalpinumASz).

This subzone hasdurationof 1.15myr following the chlionostratigraphy oMartinez

et al. (2020).

NC5E2 SubzongNew subzone)
Base: LO ol. pugia

Top: LO ofMicrantholithus stellatugcalibrated to 1254 Ma).



Age and stratigraphicange Mid-part of thelate Barremian lpwer part of theG.
alpinumASz xpper part of th€&erhardtia provincialisASz). Durationof 0.983 myr

according to Martinez et al. (2020).

NC5E3Subzone. (Mw subzone)

Base: LO oM. stellatus

Top: LO ofHayesites irregulari€ (calibratechereto 12245 Ma), slightly earlier than
in Martinez et al., (2020).

Age and stratigraphicange Mid-part of thelate Barrerincn ypper part of thé.
provincialisASz dower part of theHemihoplites fera.dianuaSz). Durationof 0.19

myr following Martinez et al. (2020).

NC6AL Subzone. (New subzone)

Base: LO oiH. irregularisE.

Top: HO ofCrucibisaitum ba<tet r.urtcalibratedhereto 121.9 Ma).

Age and stratigraphicange Upper part of the latBarremian lpwer part ofH.
feraudianusASz dower Lot ofMartelites sarasiniAZ). Durationof 0.48 myr following

Martinez et al. (2029).

NC6A2 Subzone(New subzone)

Base: HO ofC. bastetanum

Top: HO ofConusphaera rothii

Age and stratigraphicange LatestBarremiarnearly Aptian (lower part of theM.
sarasiniAZ Hedbergella excel9aThis subzone hasdurationmuch greater thad.97

myr following Martinez et al. (2020).



5.3. Calcareous nannofossil bioever@sisotope stratigraphgnd the Barremian/Aptian
boundary an update

Currently, theboundary between the Barremian and Aptian Stages is provisionally
locatedat the base of the CMOr magnetoahrand the Gorgo a Cerbara section is its
possible Global Stratotype Section and Point (Erba et alg)19Bis designation was
made based on the supposed proximity of the lower boundary of CMOr to the LO of
deshayesitid ammonites (=base of the Aptiarlmseamm~nic specialists; e.g.,
Reboulet et al., 2018). However, magnetostratigrar.iu record igpueny preserved

in hemipelagic sections where ammonite zonatinr.> are established and, to date, no
direct calibration of magnetic polarity and amro. tee®is so far available for the

upper Barremiadowermost Aptian inten ai.

The LO of Hayesites irregularidias heen reported in Gorgo a Cerbara from ~6 m below
the base of CMOr (Patruno et al. 015). New findings (Martinez et al., 2020, and
present papeiipdicate tha: the O of H. irregularis gr. occurs in thdower part of the
Hemihoplites feraudian. %<z (see chapters 3and 5.1) below that reported by

Aguado et al. (199%7). inis is consistent vk stratigraphy of Gorgo a Cerbara
proposed by Frau et al. (2018), and indicates that the IHD iofegularis is far below

the base of the Aptian as definegthe first appearance of deshayesitids.

Thewc>nc Brent(e.g., Erba et al., 1999; Larson and Erba, 1999; Channell et al., 2000;
Bellanca et al., 2002; Tremoladiad., 2006; Erba et al., 201@jas recorded in the
Gorgo a Cerbara section within CMOr (Q@im&ll et al., 2000; Patruno et al., 2015). This

horizon has been here correlated to the lower part dfidreelites sarasinAZ (Figs. 3,



4,9 and SM2).This change irthe proportions oharrow/wide canal nannoconids
requires timeconsuming analysds be determinedand probably is not a good
alternative as a primary markir be used in the definition dfie base of the Aptiartut

it could be usedsa secondary indicat@t least in the Tethyan Realm

The HO of the new coccolith speci€xucibiscutum bastetanuriollows thewc>nc
Eventandslightly predaésthe onset of th€-isotope IntraSarasini NgativeExcursion
(ISNE) linkedto the Taxy Episode=plimi, 2012;Frau, 20?0n:3rtinez et al., 2020)
According to the chronology of Martinez et &020), wus hioevenpredates the
Barremian/Aptian boundary by®¥ myr, being annucratelygood approximation to it.

However, this new species has been identibier’ . the Subbeti©omainas yet

The LOs ofNannoconus truittiandF 1ar,odiscuangustugupper part oDeshayesites
oglanlensistower part ofDeshaye._itetorbesiAZs) do not provide reliable events

becausehey are masked by the prisencespécimensvith transitional morphologies

(see chapters 5dnd §. Nc ther reliable calcareis nannofossil event has been

UHFRUGHG IURP WKH %YHWLF &RUGLOOHUD XQWLO WKH pC
correlated to the up.ne: part of theforbesiAZ (Aguado et al., 1999; MorerABedmar

et al.,2009,2012).

The Gisotope ISNE, has been identified in several sections withimttieupper part

of theMartelites sarasinAZ (Kuhnt et al., 1998; Moullade et al., 1998a, b; Godet et al.,
2006;Frau, 2020Martinez et al., 2020). Its top is close to the base ofApi@n as

defined by ammonite biostratigraph. sections from SE France and Spain (see also

SanchezHernandez and Maurrasse, 2016), the ISNE is made of two spikes with lower



C-isotope values separated by a short excursion with slightly higher value&@Fitn

tKkH *RUJR D & HUEDUD VHFWLRQ WKH ,61CRR@VLVWYV RI RQ
which is locatedDW WKH WRS RI &0 U DQG FRUUHODWHY ZLWK WK
WR WKH pODUQH D )XFRLGLY IRUPDWLRQ211Hrauet*RGHW HW

al., 2018).

Figure 10 summarizes the findings of the current study around the Barr&pigm
interval and correlates the X.Kgection and some relevant \"vench and Italian sections
by using bie and chemostratigraphgiventhe proximiy o1 the ISNE(especially its

top) to the base db. oglanlensisAZ, we thinkthis negative excursion of th&*Cearpis

an alternative for defining the base of the Aptian.

5.4. BarremiantAptian calcareous r. anr ofossibrphaeevolutionary trends and
paleobiogeography

Although the driving factors far Ciza changes of calcareous nannofossils have been
discussed in the last decc 1es, both for living assemblages and for fossil species, these
remain still unclear. In 1. iny assemblages, some link was foutidnacoccolith

morphology and e:.munmental factangchas seavater temperature and salinity (e.g.,
Bollmann and Klaas, 2008; Bollmann et al., 2009; Triantaphyllou et al., 2010). In
deeper time, studies are more problematic due to difficulties in ¢b@stuction of the
paleoenvironmental conditions and the effects of preservation in the fossil assemblages.
Despite this, factorsuchas seavater temperature (e.g., Bornemann and Mutterlose,
2006; Linnert and Mutterlose, 2013; Wulff et al., 2020), eultrie.g., Erba et al., 1995;
Giraud et al.2006 Linnert and Mutterlose, 2013; Lubke et al., 2015; Wulff et al.,

2020) and light availability (e.g., Lubke et al., 2015; Libke and Mutterlose, 2016),



acidification (e.g., Erba et al., 2010), or trace metatl CQ water concentrations (e.g.,
Faucher et al., 2017) are thoagh have influenced coccolith growth and calcification.
Coccolith size change in the fossil record has been also attributed to evolutionary
processes (Lope@talvaro et al., 2012; Gollaiet al., 2019). Changes toward

decreasing size are usually claimed to represent a response to stressful and unstable
environmental conditions (eutrophication, lower temperature and light availability,
increased C@concentrations and acidification) in serfossil coccolith species, while
other taxa do not show size alterationsng-termsize increasas are however claimed to
be related to evolutionary processes. Since most ¢ u.= observed biometric changes in
this study (e.g., ifrlabellites oblongusin the new! iti,-aphiditesmorphospecies and in
the Hayesites irregularigr.) represent mainlipnicrmsize increases, they are

interpreted as related to evolutionary proc «s<es.

The biometric studies cited above were all performed on coccolith speciesvétpowe
most of the biometric data prese n*adhis study correspond to nannoliths whose
possible relationship with ~occolithsugscertain and whose ecological preferences are

mostly unknown

However, our data suggest tis@ame link existed between morpbgic
change/evolutiony patterns and paleogeography. Here we review the merpho
evolutionary trends of selected nannofossil groups in relation to the latest Bartemian

Aptian paleogeographic changes.

The genud.ithraphiditesfirst appeared in the Berriasian (e.g., Pexiblsen, 1985) and

consist of bladed redhaped nannoliths that taper towards both ends, have a cruciform



crosssection and may have a minute basal murolith coccolith. Janin (1988) suggested
affinities of thege nannoliths with Actinozoa that most authors do not find compelling,
and it is currently thought thétey may represent disarticulated spines of a
heterococcolith
(https://www.mikrotax.org/system/index.php?taxon=Lithraphidites&module=ntax_mes

0z0iQ).

A common evolutionary trend within the genughraphidit~sconsiss of a widening of

the longitudinal blades in a symmetrical or asymme.u.cai way. This trend episodically
originatedin several species across the Cretacenu: [e.gqughtoniiandL. moray
firthensisin the Aptian;L. alatus L. acutusandL ec-entricusn the Albian

Cenomaniant.. praequadratusL. quadratu. nr.L. kennethiin the Campanian
Maastrichtian) The current work sh ws this trend also operated on the Tethyan

Atlantic Lithraphiditesacross the ctest early Barremitate Barremian (Figs. 11, 12,

13), leading to the differentiatior. 0. three speciesgichmoidesL. pugioandL.

magnus Chapter 6). Thes: coistitute the earlier known record of this evolutionary trend

within the genugithrant dites

Besides the Subbetizgomain,L. magnusvas recorded in the North American Basin
(Covington and Wise, 1987), West Iberian Continental Margin (Bralower et al., 1994)
and northern Gargano (Cobianchi et al., 1997). This suggeststernmost Tethys

North Atlantic paleogeographic record for this species (Fig. 2). The abkd
aichmoidesandL. pugioareso far limited to the Subbetasboth are new species
described in theurrentwork andremain undifferentiated frotn. magusin the

previous papers.



Lithraphidites houghtoniis a species with a very similar morphologyLtqugidL.
magnus but being noticeably smaller (lengtl2 um). It was recorded (Jeremiah,
2001; Bottini and Mutterlose, 2012) throughout the lowerigp{uppermost part of
Prodeshayesites fissicostatig) to lower upper Aptian of the North Sea area and
Lower Saxony Basin (Fig. 2). As the evolutionary lineage defined by the Tethyan
Atlantic L. aichmoided.. pugicL. magnuss earlier, we speculate thetsxa(especially

L. magnu¥could be the ancestors of the Boreal specie< I, relation to this, the latest
Barremianearly Aptian paleogeography (Fig. 2), toye.van sea level rise (e.qg.,
Hallam, 1992; Mutterlose, 1992b; 1996; Hardenhd! et al., 1998; Mutterlose and Bockel,
1998) would have allowed the migration of some nopulatioths ofagnusnto the

North Sea Basin, where they evolved ib:a. wghtonii(Fig. 11). Several authors

record a homogenization followed 1 7. Tethyan influx of marine invertebrate faunas
(Mutterlose, 1987, 1998; Mutteric-e and Bockel, 1998) and calcareous nannofloras
(Mutterlose, 1987, 1989, 1992a, 12396; Jeremiah, 2001) indd/&st Eurgean
Province(WEP) of the Borc alRealmthroughouthe early Aptian, which gives

additional support to the s1.ggested migration.

The marker speciddabellites oblongusandHayesites irregularigr. also underwent
morphologic changes across the late Baiaerearly Aptian here interpreted as the
result of longterm evolutionary processes. The early coccoliths. @blongusare
small, progressively increasing to medium size fromGbkehardtia provincialisASz
upwards (Figs. 8, 9; see Aguado et al., 199%yvB 2005). Regarding the. irregularis
gr., aside from the two morphotypes identified by mixture anal\Sespter 42, 6; Fig.

7), a gradual increase in size has been observed in the specirrensegularis s.str.



acrosghe Martelites sarasinAZ (SM2). The LOs of. oblongusandH. irregularis are

often recorded, as rare species, from the lower Aptian intdPvatiéshayesites
fissicostatu&enuicostatusdbeshayesites forbesiZs) in theWEP of theBoreal Realm

(e.g., Erba et al., 1996; Bown et d1998; Mutterlose and Bockel, 1998; Jeremiah,

2001). However, these records correspond to the entry of the species in the Boreal
Realm, which is concomitant with the homogenization of floras and faunas and Tethyan

influx described aboveand do not corregmd to the true LOs of these species.

During the late Barremian, tWEP of theBorealRea, mar dthe TethyanRealmwere
nearly isolated from each other (e.qg., Ziegler, (9v7; Mutterlose, 1992b; Barrier et al.,
2018). However, Jeremiah (2001) recorde snditixes ofMicrantholithus stellatusn
rocks equivalent to the uppermost Barre MiRarancyloceras bidentatudZ in the

North SeaBasin(Fig. 2). The LO oM. _tellatusin the Subbetic Domaihas been
recorded in the upper part of tf.. "hardtia provincalis ASz (see chapters3land 5.1,
Fig. 9), that is, much earlier ha. iteccurrence in the North S&asin. Based on its
morphological similaritiec w.ch the extant sped&aarudosphaera bigelowithe
genusMicrantholithu sis ~ommonly interpreted as a marginal/neritic taxon (e.g., Roth,
1994; Applegate et a ., 1989; Street and Bown, 2000; Bown, 2005; Bottini and
Mutterlose, 2012; Quijano et al., 2012; Aguado et al., 2014a, b). The short influxes of
M. stellatusin the NorthSeaBasin suggest that shallow seaways intermittently
connected th&/EP of theBorealRealmandthe TethyanRealmalready during the late
Barremian, favoring the expansion of Tethyan neritic nannofloras into the Boreal
Realm.As no Boreal taxa were recad in our sections during this interval, we suggest
this influx of neritic Tethyan taxa. stellatus into the Boreal Realm was probably

favored by increasing temperatures related to the Taxy Episode.



Late Barremian episodes of sea isolation, coincidatht regressive periods, favored

the allopatric speciation of calcareous nannoplankton and the apparition of endemic taxa
under restricted conditions, (e.g., in the WEP of the Boreal Realm; Jakubowski, 1987;
Crux, 1989; Bown et al., 1998; Jeremiah, 20@)ring moderate to extensive high

stands, seaways opened improving the communication between the Tethyan Realm and
the WEP of the Boreal Realm, and nannofloral exchange (e.g., Mutterlose, 1992a, b,
1996).All the described biogeographic data suggestgb¥noy~ography played a
fundamental rolen the evolution and spatial distribuiu,> o1 calcarenasnoplankton

in the west EuropeaAtlantic region during the late Rarremiagarly Aptian interval.

6. Systematic paleontologyby R. Aguad»)

The taxonomic descriptions below wll~,w the terminology guidelines of Young et al.
(1997) and the higher taxonomy .~llows BoamdYoung (1997). Only taxonomic
references that do not appe~r ir. Pown (1998) or cannot be found in the Nannotax
website (http:#Mww.mikrot:'x.01g/Nannotax3/) are provided in the reference list. In the
following descriptions L = .ength, W = width, XPL = cregslarized light CNZ

/CNSz= calcareuu. naiinofosgibne/Subzone

Images and smear slides of type material are stored in the Department of Geology of the
University of Jaén (DG image numbers bracketed in the descriptions below). All species
names are registered at the Plant Fossil Names Registry (PFNR;
https://plantfoss#hames.org) of the National Museum Prague. The corresponding PFNR
nomenclatural act number is indicated for eaeWspecies. The reference calcareous

nannofossil biozonation used is that of Bralower et al. (1995), with the modifications



introduced in thigaper. The reference planktonic foraminifera biozonasdhat of

Coccioni et al. (2007).

Order Pdorhabdale®ood et al., 1971, emend. Bown, 1987

Family Biscutaceae Black, 1971

GenusCrucibiscutumlakubowski, 1986

Crucibiscutum bastetanunsp. nov.

PANR: PFN001007.

(Figs.14AN)

1997 Crucibiscutum salebrosuiguado et al., Fir 5.9, 8.20, 8.2BonFig. 8.21.
2014aCrucibiscutum hayAguado et al., Fig 4.8#.70.

2014bCrucibiscutum hayAguado et al., =iy 2.15.

Derivation of nameAfter theBaste :ani an old Iberian tribe that populated the
southeastern part of the Iberian ®.z2ninsula, the type area of this species.

Diagnosis Small to mediu:vsized (3.45.5 m) broadly elliptical to normally elliptical
Crucibiscutuncoccoliths *wih a relativelparrow centrahrea spanned by edixial

(slightly rotated) cioss vars. The rim is bicyclic, with the bright inner cycle being wider
(~1 m width) than the outer dark cycle.

Description Under XPL, the bright inner cycle of the rim has equal or greatithwi

than the outer dark cycle. The centiteda is nearly filled by a relatively thick cross
slightly rotated with respect thie axes of the ellipse defined by the rim. The cross is
bright (although not as bright as the inner cycle of the rim) under Xinwriented at
45°, and dark when oriented to 0°. The long and short arms of the central cross usually

have slightly different rotation.



DimensionsL = 3.45.5 (average 4.6)m; W = 2.9#4.5 (average 3.8)m; specimens
measured: 22.

Holotype Figs. 4A, B [DG2802, DG2803] (are same specimé#idlotype dimensions:
L=49 m W=3.9 m.

ParatypesFigs. 4C, D [DG2804, DG2805] (are same specimen); Fidk, F
[DG2806, DG2807] (are same specimen).

Type levelUppermost Barremian, sampteHA-2 [DGF001] (NC&\1) nannofossil
Subzone; upper part herites giraudiAZ).

Type locality X.HA section, Province of Granada, suu.heastern Spain.
Occurrence This species has a short range. Its | C was found near the top of the
Gerhardtia sartousian®Z, (upper part of thélemn.plites feraudianuaSz), which is
equivalent tdhe lowermost part of the NZC 41 CNSz, andhertlypreceded by the
LO of the primitive forms (elongate 1) ¥ fayesites irregulari€. Its HO was recorded
in the lower part of tMartelites scrasiniAZ (upper boundary of the NC6A1 CNSz),
shortlyfollowing thenc>wc Een‘Chapterd.3, Fig. 9. Usually this species is a rare
component of the assemi:'ages, being more abundant from the upper pahnafrites
giraudi AZ to its HO, bt ~bows a rather consistent record. It was recorded in sections
X.Age, X.F, X.F1, /{ HA, X.Kv, X.Kw, and RAO03 from the Subbeti@omain in the
Betic Cordillera (southern Spain). Its HO is used here to define the upper boundary of
the NC6A1 CNSz.

RemarksCrucibiscutum bastetanudiffers fromCrucibiscutum salebrosum
(BerriasiantHauterivian),Crucibiscutum ryazanicurgBerriasiard/alanginian) and
Crucibiscutum pinnatu@HauteriviardBarremian) by having a rim with a wider (~in)
bright inner cycle when viegd in XPL and a slightly larger siz€rucibiscutum

salebrosunhas, in addition, a cross aligned with the axes of the ellipse instead of a



slightly rotated one as @. bastetanumCrucibiscutumbastetanundiffers from
Crucibiscutum neuquenengiswer Hauterivian) an€rucibiscutum trilensigupper
Hauterivian) by having a narrower central area, which is nearly filled by a relatively
thick cross, and a wider (~Im) bright cycle of the rim when viewed in XPL.
Crucibiscutum hay{Upper Albian) ad Crucibiscutum gracilébelow) have wider

(more open) centrareas and narrower axial crdsw's.Palaeopontosphaera giraudii

(de Kaenel, 2020) has a greater size, with a bright inner cycle of the rim of similar width
to the outer dark cycle, and an &deoss. Following de K=2r.at al.(2020), the range

of P. giraudiiis early Hauteriviatate Barremian (HC, nT vandenhecki\Z), being

earlier in time tharC. bastetanunand there is a stra. araphical displacement between

these two species.

Crucibiscuum gracilesp. nov.

PFNR: PFNO01008.

(Figs. 140 #B)

1987 Cruciplacolithus hay:~ovunigton and Wise, PI. 1, Fig. 6.

1994 Corollithion cf. C acbylosunBralower et al., Figs. 19.31, 19.32.

1997 Crucibiscutun. hayAguado et al., Figs. 8.23, 8.24.

Derivationof name From the Latin wordjracilis PHDQLQJ puVOLPY pVOHQGHUY
referring to the narrow rim and slim axial cross of this species.

Diagnosis Small (3.44.7 m) subcircular to broadly elliptical (axial ratio ~1.1)
Crucibiscutuncoccoliths with a wide centrarea spanned by slim axial cross bars. The

rim is narrow, bicyclic, with the bright inner cycle being usually slightly narrower (~0.5

m width) than the outer dark cycle.



Description The centraarea is wide (around twices avide as the rim width) and
partially covered by a slim bright cross with arms aligned with respelcétaxes of the
ellipse defined by the rim. The central cross is slightly brighter under XPL when
oriented at 45° than when oriented to 0°.

DimensionsL = 3.4#4.7 (average 4.1)m; W = 3.2#4.4 (average 3.8)m; specimens
measured: 20.

Holotype Figs. 40O, P [DG2808, DG2809] (are same specimetolotype dimensions:
L=44 m W=4.2 m.

ParatypesFigs. 4Q [DG2810]; Figs. 4R, S [DG2811, N2812] (aame specimen).
Type levelUppermost Barremian, sampfeHA-2 THCF001] (NC6AL) nannofossil
Subzone; upper part of theerites giraudiAZ.

Type locality X.HA section, Province of 51 :‘nzda, southeastern Spain.
Occurrence Found throughout the top 2r Barramito lower Aptian (uppermost part of
the NC5E1 to NC6A2 CNSzs; lov.=r part of tBassendiceras alpinukSz to
Hedbergella excelsZone of p'an..tunic foraminifera) in sections X L0.F, XF1,
X.HA, X.Kv, X.Kv,, and RA\03 irom the Subbeti®omain in the Betic Cordillera
(southern Spain). This species was also recordeciasplacolithus hayiin DSDP
Site 603 off Cape 1 'aucras by Covington and Wise (188d)a<Corollithion cf. C.
achylosunacross the upper Barremidowermost Aptian of tt ODP Site 641 by
Bralower et al (1994).

RemarksCrucibiscutum gracilaliffers from all previoushdescribed Neocomian
Crucibiscutumspecies €. giraudii, C. neuquenensi€. pinnatusC. ryazanicumC.
salebrosum, C. trilensjsncludingC. bastetanunf@bove) by having a wider central
area and a narrower rim with a lower axial ratio (~ 1.1), usually showing-eairsuitar

outline. Crucibiscutumgracile also differs fronC. bastetanunC. trilensis andC.



ryazanicumn having an axial slim cross spanniting central areaCrucibiscutum
gracile has lower axial ratio and a wider and open central areaChpmnatus
Crucibiscutum hayifrom the Upper Albian, has a greater axial ratio, a wider rim and a

central area slightly narrow than that@fgracile

Family Cretarhabdaceae Thierstein, 1973
GenusFlabellitesThierstein, 1973

Flabellites oblongugBuky, 1969) Crux in Crux et al., 1922

RemarksA known morphological trend for the snecimeng-tabellites oblongusilong

the upper Barremias\lbian (e.g., Aguado et al , 1.197; Bown, 2005) is the increase in
coccolith size. Recently, de Kaenel et a'. \“07.0) erected a new spdalasllites
eclepensensidor those small (3 to "5r.) specimens previousbssigned td-.
oblongug(e.g., Aguado et al., 201."a). However, the mixture analysis performed in the
present study (Chapter 4ahd Fig 8 suggest a rather continuous increase ia sizhe
measured population.h€ <>lec.ed size of 5m by de Kaenel et al. (2020) separate

the specimens assigneureclepensensigithin the complete pool df. oblonguss.|.
seems arbitrary. I *he absenceany other distinctive biometric (e.g., ellipticity) or
morphological character that could help in a net separation ofpetties, we opted

here to retain the wide concejpt ©blonguss.l., or simplyF. oblongu$ of the species.

Order Hffellithales Rood et al, 1971
Family Chiastozygaceae Rood et al., 1973
GenusChiastozygus$sartner, 1968

Chiastozygus lamprostaurasp. nov.



PENR: PFNO01011.
(Figs. UAC AP)
1997 Chiastozygusp. cf.C. litterariusAguado et al., Fig 15, 16.

2014aChiastozygus litterariudguado et al., Fig 3.183.3.

Derivation of nameFrom the Greek wordamprosPHD QLQJ pEBldwdsWY DQG
PHDQLQJ pFURVVY puvVDOWLUHY UHIHUULQJ WR WKH ;3/ LP
Diagnosis Small to mediurrsized (4.37.2 m) normally e'lin.'salChiastozygus

coccoliths with a narrow (~1.2m) rim. The relatively w.}e central area is covered by a
diagonal crossvhose arms are seen simple and hr,zhter than the rim when the
longitudinal direction is oriented at 45° under .

Description This species has an axial retic ~"..4 and a relatively narnoywvhichis

dark and diffusely bicyclic under X°L. The diagonadss spanning the central area

have narrow (~0.5m) arms that s,»ow median lines and remain dark when the
longitudinal direction is oriented 2’ 0°. These arms are seen simple (without median
lines) and bright under X™!'. wiien the longitudinal direction israed at 45°. The

angle between the arms of the cross is greater (~105°) in the longitudinal direction than
in the transverse u.-ecuon (~75°). The arms of the diagonal cross are asymmetrical
(slightly rotated) with respect tte axes of the ellipse. Bbme specimens, the diagonal
cross supports the base of a distal stem.

DimensionsL = 4.3#.2 (average 5.6)m; W = 3.45.5 (average 4.2)m; specimens
measured: 20.

Holotype Figs. MAC, AD [DG2813, DG2814] (are same specimétjlotype

dimensions: L 6.2 m, W=5.0 m.



ParatypesFigs. MAE, AF [DG2815, DG2816] (are same specimen); Figall AM
[DG2817, DG2818] (are same specimen).

Type levelUppermost Barremian, sampfeHA-7 [DGF002] (NC6A2 CNSz;

Martelites sarasinAZ).

Type locality X.HA section, Province of Granada, southeastern Spain.

Occurrence Found, as a rare species, from the upper Barremian (upper part of the
NC5E2 CNSzGerhardtia provincialisASz) to uppermost lower Aptian (NC7A2
CNSz,Schackoina cabizone of planktonic foramifera). Pec~rded in sections X.£p
X.F, X.F1, X.HA, X.Kv, X.Kv,, and RA03 from the SuLheti@omain in the Betic
Cordillera (southern Spain).

RemarksChiastozygus lamprostaur@srather s'mi.~r taChiastozygus amphipons
(SantonianMaastrichtian) in rim onstructio. a2.1d optical behavior from which is
differentiated by having the arms c+ thz diagonal cross slightly rotated with respect to
the axes of the ellipse (asymmetu ). It differs fr@mastozygus bifariugAlbian +
Maastrichtian) anc€Chiastozyc'is ~'gthethus(Aptian £oniacian) by having a

narrower, simple (with nc meu.an lines when oriented at 45°) diagonal cross with
slightly asymmetrical (r *a’ed) arms with respedii® axes of the ellips€hiastozygus
litterarius (Aptial i 2ascrichtian) is a radr poorly documented taxamiginally

described from the upper Maastrichtian sedirmgnsuccessionof Poland, and is
characterized by having a weakly birefringent diagonal cross instead of the bright cross
when oriented at 45° which is presenGnlampostauros Chiastozygus tenu{gnother
poorly documented species) has a slim diagonal cross symmetrical with respect of the
axes of the ellipse instead of a broader, slightly rotated one as pre€ent in
lamprostaurosChiastozygusamprostaurogliffers from other speciesf this genugC.

antiquus C. garrisonj C. stylesiiandC. trabalig by having a dark diffusely bicyclic



rim. Probably most of the late Barremuarly AptianC. litterariusspecimens from the

literature should be assigned@olamprostauros

Family Rhagodiscaceae Hay, 1977

GenusRhagodiscufkeinhardt, 1967

Rhagodiscus sicutclipeusp. nov.

PFNR: PFN001009.

(Figs. ¥AQ BD)

2014aRhagodiscusp. cf.R. achlyostauriolAguado et a. +ig 3.4850.

2014bRhagodiscusp. cf.R. ahlyostaurionAguann ¢t al., Fig. 3.3.

Derivation of nameFrom the Latin wordsict " HD QL QJ pD YV §ndglipeXgthe D V I
elliptical war shield used by the anr ‘ier ¢ Greeks and Romans which resembles the XPL
image of this species.

Diagnosis Small tomediumsizec /..65.9 m) normally ellipticalRhagodiscus

coccoliths with a relativel, wiae central area bearing a small spine base, which is bright
in XPL. The rim and cei*r=| area images are distinctly dark in XPL.

Description This sp.~cies has afliptic rim (axial ratio ~1.4) and central area that

remain relatively dark under XPL. The central area bears a small spine base, which is
seen as bright, solid (not hollow) circle traversed by four sharp extinction gyres. The
spine base is relativelyrall (~1.3 m in diameter), remains isolated in the middle of

the central area and ésnot reactthe internal margin of the rim.

DimensionsL = 4.65.9 (average 5.1)m; W = 3.3#.6 (average 3.7)m; specimens
measured: 20.

Holotype Fig. 4AQ [DG2819].Holotype dimensions: L =5.3m, W =3.7 m.



ParatypesFigs. BAR, AS [DG2820, DG2821].

Type levelUpper Barremian, samp¥HA-4 [DGF003] (NC6A1 CNSzMartelites
sarasiniAZ).

Type locality X.HA section, Province of Granada, southeastern Spain.

Occurrence Found, as a rare species, from the upper Barremian (upper part of the
NC5E2 CNSzGerhardtia sartousian#®Sz) to uppermost lower Aptian (NC7A2
CNSz,Deshayesites forbesiZ). Recorded in sections X.AgX.Cp, X.F, X.F1, X.HA,
X.Kv, X.Kv,, and RA03 from the Subbetizomain in the Rauc Cordillera (southern
Spain).

RemarksRhagodiscus sicutclipeus rather similar tc?hagodiscus achlyostaurion
(upper AptiankConiacian) from whicldiffers by its 1.nticeably smaller central spine
base, whicldoes noseemhollow and decn. « rzactthe internal margin of the rim.
Rhagodiscus pancosfiLower Turor: an® is smaller in size (holotype length = 3.89
and lacks the distinctly optical fec.*ures present in the rim and central d&ea of
sicutclipeusRhagodiscus hamot-rjupper AptiandJpper Albian) is greater in size and
has a less clearly definec ‘usually absent) bright spine Rasgodiscus buisensis
lacks the solid birefrinaet spine base (de Kaenel et al., 2020) presergicutclipeus
Probaly most of tr> barremiastower Aptian occurrences &. achlyostauriortited in

the literature correspond R. sicutclipeus

Order WatznauerialeBown, 1987

Family Watznaueriaceae Rood et al., 1971
GenusCyclagelosphaer&loél, 1965
Cyclagelosphaera plgtspissp. nov.

PFNR: PFN0O01010.



(Figs. 2N X))

Derivation of nameFrom the Greek wordslatys PHD QL QJ pashisnddhiiyQ G
HVKLHOGY DOOXGLQJ WR WKH ZLGHU GLVWDO VKLHOG RI
Diagnosis Medium to largesized (7.08.4 m) Cyclagelosphaeraoccoliths having a
wide distal shield and a vegmall (1.1.4 m) central area.
Description Circular placoliths with proximal and distal shield elements composed by
R-units. In distal view, the Minit forms a narrow distal c:*~le around the centrahar
and is seen asthin, dark line under XPL. The centru cvea is wmgll (1.14.4 m)
compared to the distal shield (2804 m), and is roi. nletelglosed.
DimensionsW = 7.08.4 (average 7.5)m; spec’nc1s measured: 6.
Holotype Fig. 12N [DG2827].Holotype d'n. ‘n<ions: W = 8.4m, central area = 1.1

m.
ParatypesFigs. 20, P, Q [DG262%, DG2829, DG2847].
Type levelUppermost Barrermia,® sampteKv,-700 [DGF004] (NC6A2 CNSz; lower
part of theMartelites saraz niAL).
Type locality X.Kv, secuap, Province of Murcia, southeastern Spain.
Occurrence Spoiau~any recorded throughout the upper Barremian to lowermost
Aptian (uppermost part of tHéassendiceras alpinumSz to theDeshayesites
oglanlensisAZ). This interval is equivalent tthe uppermost part of the NC5EL
NC6A2 CNSzs. This species is a very rare component of the assemblages. It has been
recorded from section6 Kv, X.Kv, and X.Ag; in the Subbeti®omain of the Betic
Cordillera (southern Spain).
RemarksCyclagelosphaerglatyasps differs fromCyclagelosphaeranargereliiby

having a noticeably larger size (A4 m instead of 46 m), although both species



have a vergmall central area closed by calcite eleme@yslagelosphaerplatyaspis
differs fromCyclagelosphaera brezd®y having a distinct Munit cycle around the
central area, and fro@. argoensisC. jiangii, C. lacunaandC. wiedmanniby the lack
of central opening or open central ar€gclagelosphaeraotaclypeataandC.
deflandreiboth have central areas wider than thaCoplatyaspiswhich also lacks the

raised central plugs presentGn reinhardtiiandC. shenleyensis

Nannolithsincertae sedis

Family Microrhabdulaceae Deflandre, 1963
GenusLithraphiditesDeflandre, 1963
Lithraphidites aichmoidesp. nov.

PFNR: PFN0O01012.

(Figs. A H)

Derivation of nameFrom the ree'c wordschmemeaniQJ pnVSHDUKHDGY DQG WK
-0idesPHDQLQJ pUHVHPEOLQJ WRY

Diagnosis Very large (12 ?25.3 m) Lithraphiditesnannolith having an outline

VLPLODU W2 v EODGHG GDJJHU ,Q WKH GLUHFWLRQ RSSR
slightly convex and decreases its width slowly before tapering toward the point. The

maximum width oscillates between 2.7 and 4ni

Descrigion: Calcareous rods with cruciform cressction built of long blades of

identical optical orientation. The outline is similar to a bladed dagger in which the

u KD QG O Hwidth and frequently missing by breakage) is followed by a wider

expansion (Z #.1 m width) which slowly decreases its width before tapering toward

the point.



DimensionsL = 15.325.3 (average 19.6)m; W = 2.7#4.1 (average 3.6)m;

specimens measured: 30.

Holotype Fig. 12A [DG2822]. Holotype dimensions: L = 20.In, W = 3.2 m.
ParatypesFigs.12B D [DG2823G2825], H [DG2826].

Type levelUppermost Barremian, sampteKv,-235 [DGF005] (NC5E2 CNSz;

lowermost part of th&erhardtia sartousian#®Sz).

Type locality X.Kv; section, Province of Murcia, southeastern Spain.

Occurrene: Recorded from the uppermost lower Barremia,” (upper part of the
Moutoniceras moutonianuiZ) to the upper Barrem:ai. (uppermost part of the

Hemihoplites feraudianuaSz), within NC5EIINCAA* CNSzs. This species is a rare
component of the assemblages, but has a corsi.*ent and continuousiméttire

uppermost part of th&erhardtia provincichoASz It has been recorded from sections

X.CO,, X.CT, X.F, X.Kv, X.Kv,, anc X.},; from the Subbeti©omain in the Betic

Cordillera (southern Spain). The L Olofaichmoidesas been recorded 467 cm above

that ofFlabellites oblongugba<e ~f NC5E1 CNSz) in section X.V
RemarksLithraphiditesaic:*moidediffers fromL. magnugemend.) and.. pugioby

having a more stylized ¢'t'ine, with a maximum width smaller than P 7KLV ZLGWK
appears as the ino.= appropriate to separate both species according to the measurements
made in the present study (F&). Lithraphiditesaichmoidediffers fromLithraphidites
alatus(Upper Albiant.ower Cenomanian) by having an outline similar to a bladed
GDJJHU LQVWHDG RI D pFORVH G g¥iekly i Miotonorfi thev KH ODW W H
HQG FORVH WR WKH pKD Q GabsHrimWitRraphidites\howgkibhiSRLQW | W

(Boreal lowertipper Aptian) by having a greater length and a smaller width.

Lithraphidites magnugCovington and Wise, 1987) comb. & stat. nov.



PFNR: PFN0O01015.

(Figs.13F3)

1987 Lithraphiditesalatusssp.magnusCovington and Wise, PI. 10, Figs. 3, 4, 82.
1994 Lithraphiditesalatusssp.magnusBralower et al., Figs. 20.7, 20.8.

2020Lithraphidites magnuMartinez et al., Fig. 4M.

Emended diagnosi¥ery large (usually >21m) Lithraphiditesnannolith having an
RXWOLQH VLPLODU WR D E OD GivEdtie4did datindtim@drsgiig D Q G O H
by breakage) is followed by a wider expansion (.6 1.> width) which nearly

maintains its width a long distance (around three i.*hs of the nahneltigth) before

tapering toward the point. The maximum width I1s areater than.&nd the L/W ratio

is greater than 3.5 (average 4.1).

RemarksCovington and Wise (198 7/, r. 631) originally described this taxon, but as a
subspecies dfithraphidites aldus\. alatusssp.magnu$. Lithraphiditesmagnuss

here erected to the category nf _r2cies because the lack of stratigraphic connection with
L. alatusand the existenco of inorphologic differences between both taxa. While
magnuss restricted to tu.~rpemostBarremiardowermost AptianL. alatusranges

from Upper Albian ;2 Lower Cenomanian. The original descriptiol. shagnusvas

based on two SEM micrographs in which specimens are foreshortened due to tilting or
partially covered. The estimated htylpe dimensions were 5.7 width and ~20 m

long. However, the holotype appears to be a broken specimen, its true length probably
being ~25 m. The length in the population measured in the present paper oscillates
between 21.2 and 26.2n (average 23.8m). After a biometric study (Fig), all

specimens with L/W ratio smaller than 3.7 (usually with L<21) were here assigned

to Lithraphidites pugia. sp., which is characterized by a wider and shorter outline (see



below). It seems a width greater than 4B is also a good value to characterize these
forms differentiating them frorhithraphidites aichmoides. sp. (Fig5).

Occurrence Covington and Wise (1987) recorded this taxon in sediments from core 44
of DSDP hble 603B (North American Basin of North Atlantic). These were dated as
lower Aptian, although no convincing evidence supporting this age was provided from
calcareous nannofossil assemblages. Bralower et al. (1994) reported this species from
upper Barremiadower Aptian sediments of DSDP Site 398 (West Iberian continental
margin). Cobianchi et al. (1997) recorded this species thro:\ghout upper Bargemian
lower Aptian (M. hoschulzito H. irregularis CNZs) in nuthern Gargano (Apulia,

Italy). However, the speges concept of these autho, ~ probably includesagnusand

L. pugioas differentiated here, which originates ™ expanded range. In the Subbetic
Domain of the Betic Cordillerd,. magnusie. b:zen recorded from the uppermost
Barremian (uppermost part of thker \ihrplites feraudianuaSz) to the lower Aptian

(lower part of theDeshayesites foinebiZ), thoroughout most of the lowermost part of
NC6A CNSz. This species is a 1 2ra component of the assemblages, but has a consistent
and continuous record ur.'l thypper part of théartelites sarasinAZ, from which it
becomes rare. It has hean recorded from sections,Xx0p, X.F1, X.HA, X.Kv,

X.Kv,, and RAOQS, .~ tne Subbetidomain of the Betic Cordillera (southern Spain).

Lithraphidites pugiosp. nov.

PFNR: FFN0O01013.

(Figs. 121 #M; Figs.13A &)

2017Lithraphidites magnusguado et al., Fig. 2.

2020Lithraphiditessp. cf.L. magnusMartinez et al., Fig. 4N.



Derivation of nameFrom the Latin worgbugio the doubleedged, straight short dagger
used by thencient Romans, whose outline resembles that of this species.

Diagnosis Very large (13.423.5 m) Lithraphiditesnannolith having an outline
VLPLODU WR D VKRUW EODGHG GDJJHU ,Q WKH GLUHFWLR
convex and quickly deeases its width before tapering toward the point. The maximum
width oscillates between 4.5 and 81h.

Description Calcareous rods with cruciform cressction built of long blades of

identical optical orientation. The outline is similar to a h'aacqd daggwhich the

H KD QG O Hwidth and frequently missing by b.eckage) is followed by a wider
expansion (4.88.1 m width) which nearly maintau.z its width a short distance (around
a half of the nannolith length) before quickly t~pe-ing toward thietp®he L/W ratio

is smaller than 3.5 (average 2.9).

DimensionsL = 13.423.5 (average 18 1)m; W = 4.58.1 (average 6.2)m;

specimens measured: 48.

Holotype Fig. 121 [DG2842]. Hol~tpe dimensions: L = 19.6n, W =7.8 m.
ParatypesFigs.12K, L, [C'32843, DG2844] Lithraphiditessp. cf.L. magnusn

Martinez et al., 2020: Fi¢ N, which is reproduced here aslB#y. [DG2845]; Fig.

13B, [DG2846)].

Type levelUppermost Barremian, sampteKv,-228 [DGF006] (NC5E2 CNSz;
lowermost part of th&erhardtiasartousianaASz).

Type locality X.Kv, section, Province of Murcia, southeastern Spain.

Occurrence In the Subbeti©®omain of the Betic Cordillerd,. pugiohas been recorded
throughout part of the upper Barremian (from the middle part ocBHssendiceras
alpinumASz to the uppermost part of thlemihoplites feraudianuaSz; base of

NC5EZ2 to basal part of NC6A1 CNSzs). This species is scarce, but has a consistent



record in the assemblages from the X.F, X.HA, X.Kv, X.Ead X.\; sections.

Martinez et al. 2020) used theO of this species to correlate the uppermost part of the

X.V1 and the lowermost part of the X.[Ksections. This bioevent has shown

biostratigraphic potential to be used in correlation, at least at a regionalchagieers

5.1 and 5.2)

Remarks Lithraphiditespugiodiffers fromL. magnugemend.) by having a shorter

(usually < 21 m) and wider outline, with an average L/W ratio ~2.9. The expansion of

the blades decreases more quickllzipugiothan inL. maonuc it differs fromL.

aichmoidesy having a greater width (>4.9n) and nr.au 7 parallel sides (by around the

half of its length) in side view, before tapering at 1.~ ¢itthraphiditespugiodiffers

from Lithraphidites alatugUpper Albiant.ower Ze.~omanian) by having an ondi

VLPLODU WR D VKRUW EC)Y5HG GDJJHU LQVWHDG RI D pFO
straight to slightly concave outline 1wirkly decreasing in width from the end close to the
HKDQGOHY WRZDUG .V WKH SR LQthvaphititesHhéugidi from GHVFULE
the lowertipper Aptian transitior ¥:shayesites forbeg Epicheloniceras martinoides

AZs) of the Central North Sea. This later species is morphologically rather sinliar to

pugio, from whichit diffe, ~ .1 having a smaller size (length 12 m, width ~5.6

m).

Radiate multielement group
GenusHayesitedVanivit, 1971
Hayesites irregulari€
(Figs.15AR)

2020Hayesites irregulari€€ Martinez et al., Figgtl 4.



Diagnosis Specimens ofl. irregularis (Thierstein in RotlandThierstein, 1972)
Applegate et al. in CovingtoandWise, 1987 with an elongated outling\(v>1.12)
usually showing poorly defined radial elements under gpo$arized light microscopy
(XPL). See section 2.for details.

Description A mixture analysis pgormed on the LW ratio of 140 specimens of th&
irregularis gr. (Fig. 7C andSM2) indicates that two populations are present within this
pool. Thoseforms with nearly circular outline, (Y smaller or equal to 1.12), being
younger in time, were assigh¢o Hayesitesrregularis s.st* I ,>9se specimens having a
more elongated outline (W>1.12), generally showiry . oorly defined radial elements
and being slightly older, were assignedHarregu!arn: morphotype EH. irregularis

E).

DimensionsL = 2.85.3 (average 3.8)m; W = _..2#.3 (average 3.0)m; specimens
measured: 51.

Occurrence Hayesitesrregularis £ vas recorded from tHewer part of the
Hemihoplites feraudianuaSz in 17« Subbeti®omain of the Betic Cordillera (sections
RAO03, X.Ags;, X.F, X.HA, J* Kv, X.Kv;) and extends throughout theerites giraudit
Deshayesites oglanlens:¥-; of the upper Barremiadowermost Aptian. The LO of

this species has be~n used here to define the base of the NC6A1 CNSz. The.LO of

irregularis s. str. was recoed! from the middle part df giraudi AZ.

Nannoliths

Order Braarudosphaerales Aubry, 2013 emend. Lees and Bown, 2016
Family Nannoconaceae Deflandre, 1959

GenusNannoconu&amptner, 1931

Nannoconusp. cf.N. truittii



(Figs. 15AKAM)

Diagnosis Specimens dllannoconusesemblingN. truittii ssp.rectangularisDeres

and Achéritéguy, 1980 in being wider than tall in side view and having a central canal
of similar width than the wall. They differ froMd. truittii ssp.rectangularisby showing

a slghtly conical, instead of rectangular, outline.

DimensionsL = 5.6+ DYHUDJH # : DYHUDJH P VSHFLPI
measured: 28.

Occurrence These forms were record@eigs. 3, 4; secuons RA03, X.Ag6, X.gRX.F,
X.F1, X.HA, X.Kv, X.Kv,) from the upper part of themihoplites feraudianuaSz to

the Deshayesites forbe8iZ (NC6ALNC6A2 CNS.R)

RemarksNannoconus truittissp.frequenc . 1N truittii ssp.truittii are respectively

taller than wide and of similar heig’'t tr.an width inesidew (Bronnimann, 1955; Deres
and Achéritéeguy, 1980), differing oM. sp. cf.N. truittii. Nannoconudruittii ssp.
rectangulariswas described fron the Albian (Déres and Achéritéguy, 1980), While

sp. cf.truittii has been recrded form the uppes Barremiandower Aptian.

7. Conclusions

A detailed study of the calcareous nannofossil assemblages from twelve uppermost
lower BarremiantowermostAptian sections in the Subbefimmain of the Betic
Cordillera, well dated by ammonite biostratigraphgsallowedto the identification of
seven new species. The new t&acibiscutum bastetanur@rucibiscutumgracile,
Chiastozygus lamprostaurp€yclagelosphaera platyaspisithraphidites aichmoides

Lithraphiditespugio, andRhagodiscus sicutclipeasedescribed, one species is



emendedL(ithraphidites magnysand the taxonomic concept of the marker species

Hayesites irregulariss discussed and clarified.

The stratigraphic ranges each new specigtogethemwith those of otherelevant
markers are drectly correlated to standard ammonite biostratigrapigtied to the
geochronological scale using a previous astrochronologidataadn of thecomplete

interval studied.

Five new calcareous nannofossil subzones are progqu@oEl, NC5E2, NC5E3,

NC6A1L, and NC6A2 which allow the refinement m the zonation for the
MediterranearAtlantic Province of the TethyaPea mand are directly correlated with
respect tahe standard Tethyan ammoni*e : or.ation. Two of the new species described
here are used dsostratigraphic ma: <er s for the new proposed subzonesddragion

of each one of these subzones Is 2lso provided thpghviousastrochronological

calibration.

The mplicationsof these e sults on the extant definition of the Barremian/Aptian
boundary arediscusceu. In the absencentdgnetostratigraphic data, weosethe
definition of theBarremianAptian boundaryin coincidence with the LO of the

ammonite specieBeshayesitesglanlensis Regarding calcareous nannofossils, none of
the biostratigraphiceliable markerscoincides with tis boundary. The recorded

bioevent closer to the Barremian/Aptian boundary was the HO of the new species
Crucibiscutum bastetanymvhichcorrelates to theolverpart of theMartelites sarasini

AZ. Based orits proximity to the base of tH®. oglanlensisAZ, theISNE R | WHCH /



curvemaybean alternativdor the definition of the base of the Aptian, if it is identified

in additional locations.

The morphaevolutionary trendand paleogeographic distributiofsome selected
nannofossil taxa (mainly from gendftabellites LithraphiditesandMicrantholithug

across the interval studied were analyzed. This analysis suggests that paleogeography
played a fundaental roleas a factor controllinghe evolution of the calcareous
nannoplanktomn the west EuropeaAtlantic region durinc the late Barremiagarly

Aptian interval.

The following are the supplementary data releteu to this article.

Supplementary Material 1 (SM1Detailed It ‘at.on, lithostratigraphy and previous data

on biostratigraphy of the sections < cud.ed.

Supplementary Material 2 (SM2g, stratigraphic ranges of individual calcareous
nannofossil species in the 17 se~t.ons studied; b) size measurements of the new species
described and the additic: al tuxa includethe biometric study.

Supplementary Materia, %'phabetic list of all taxa cited in the text, with author

attributions and Jda.~s.
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Figure 1.Geologic sketch of the central and eastern sectors of the Betic Cordillera,
showing the presesttay location of theections includech this study. A: X.Cp
section; B: X.\f section; C: X.KvandX.Kv; sections; DX Ag, section E: RA03
section; FX.CT andX.HA sections; GX.Z section H- A.= and X.F1 sections; |

X.CO», section.

Figure 2. Paleogeographic map of the Ve  te.n Tekiyentic connectiorfor the late
Barremian(~123 Ma) with indicatior of ‘ne paleolatitudenodified fromZiegler, 1990
and Barrier et al., 2018). Locatioi. <dverabreas and sections referenced throughout
the text.Sb: Subbetic BasirBoR: "< DP Site 39@ralower et al., 194); 603: DSDP
Site 603(Covington and V.'se, 1987641: ODP Site 64{Bralower et al., 1994)Cg:

UK North Sea Central c-ahen (Well 22/28g Mf. Moray-Firth area (Well 21/25);

Nj: North Jensl we'" 5p: Speeton cliffs (see Jeremiah, 20@&p): Gargano

Promatory (Cobianchi et al., 1997)s: Lower Saxony Basin (Malkjet al., 2010)

Figure3. Lithologic sketches of sections X.VMX.Kv, X.Kv, and RA03, with indication
of formations, stage, ammonite/calcareous nannofossil biostratigitiutkness,
postion and numbe(in parenthese)f samples studied and main calcareous

nannofossil bioevents recordédarker species names are in bold typeface.



Figure4. Lithologic sketches of sectiotsAgs, X.CT, X.Z, X.HA, X.F1, X.F, X.CG,
and X.Cp, with indication of formations, stage, ammonite/calcareous nannofossil
biostratigraphy, thickness, positiamd number o$amples studied and main calcareous

nannofossil bioevents recordédarker species names are in bold typeface.

Figure5. Crossplot of width (W) vs. length (L) for 120 upper Barremiaithraphidites

spp. specimens. ®: Crossplots of widthvs length for the different taxa and sketches

of the side and top views of each one (upper righth indi~a..~n of measured
parametersk, F: Fequency histograms of the width () and length (F) of the complete
data set. The distribution curves in E result from a mixture analysis applied to the whole
data set using the widths of all measurétiraph’diosspp. specimens. G: Frequency
histogram sbwing the distribution curvec i si'iting from a mixture analysis applied to
WKH OHQJWK RI DOO PY{DVXUHG VSHFLPHQV KDYLQJ D ZLG
showing the descriptive statistica. harameters (proportion, mean, and standard
deviation) of the mixire analv<e. r.erformed on the width and length of the measured
specimens. Bshedvertical ‘ines on the crogdot are the widths suggested to separate
Lithraphidites carniolen_'&)m the new specids aichmoideg3 pum) andL.
aichmoidedromine' . nagnud.. pugioplexus (5 um). Circles with cross on the graph
indicate the calculated mean values for each species/group ofMaxas measured in

the area with the maximum expansion of the bladéstlo&phiditesspp.

Figure6. Crossplot of length/widh (L/W) ratiovs length (L) for 69Lithraphidites
specimens of the. pugidL. magnugplexus. Note as all specimens assigneld. to
magnusK D YH / ! andR/W ratio >3.5beinglocatedwithin the upper right

guadrant of the graph.



Figure7. A. Parametes measured in 140 specimens ofldayesites irregularigroup.

B) Crossplot of L vs. W. Shaded dots indicate initially assuntédirregularis E.
Regression lines considering all specimens (solid) and the separated populdtions of
irregularis s.str.andH. irregularis E (dashed)C) Frequency histogram showing the
distribution curves resulting from a mixture analysis applied to tiératio of all
measured specimens. The small table shows the descriptive statistical parameters
(proportion, mean, anstandard deviatiomesulting from than,.“ture analysisTwo
populations are revealed based on th& katio. The frrs with LW > 1.12 were

assigned td. irregularis E. See text for details.

Figure8. X.- Crossplot of coccolith length " ) '/s. width (Wor 120 specimens of
Flabellites oblongus.l., referred to ‘mrionite zongdifferent symbols for data points)
with frequency histograms of the ~omplete data set. The distribution curves on the
histograms resufrom applyinom, “ture analyss. Dashedline curves(A) result from

the discrimination of two y2puations within the whole data set. Solid continuum line
curves (B) result from t.~ 7liscrimination of only one population in the complete data
set. Y: Table shuw.nqg wne descriptive statistical pagtans resulting from the mixture
analyes where the two options (A and B) are consideMdut = Holcodiscus
caillaudianusASz +MoutoniceragmoutonianunmAZ; Vand =Toxancyloceras
vandenheckiAZ; Sart =GerhardtiasartousianaASz, Prov=Gerhardtiaprovincialis

ASz; Fera=aHemihopliteFeraudianusASz; Gira=Imeritesgiraudi AZ; Sara&Martelites
sarasiniAZ; Ogla=DeshayesitesglanlensisAZ; Forb=DeshayesiteforbesiAZ.

Numbers in parentheses represent the specimens measured in each Na&zuvhke



nearly continuous distribution of tle®ccolith size where two populations can not be

clearlydifferentiatedand the clos@lIC values for cases A and B.

Figure9. Geochronostratigraphic sketch showing a compilation of the main
biostratigraphic events reaed in this study. Geochronology and ammonite
stratigraphy after Martinez et al. (202@psitions of the MBE (MieBarremian

Episode) TE (Taxy Episod@nd Gisotopelntra-Sarasini NgativeExcursion (SNE)

are based on data from Martinez et al. (908@&lcareous nan.~ofossil subzones are
those proposed here. The stratigraphic ranges of @i 1.”w species described in present
studyand the newly described calcareous nannnt. ~sil subzoeeslibrated to
ammonite zones and to geochronology. Rang=s ~ith liteek correspond to marker
speciesintervals of the species ranges \vi.:- vVzry rare/spotty record are marked with
dashed lineNumbers in parenthese s re.fer to the numerical Ggéda) of the

bioevents associated tonal marke*s using the chronology\értinez et al. (2020).
The wc>nchorizonindicates the ctratigraphic position where the wideal

nannoconids outnumber e narrow canal nannocgwicisnc Event)

Figure D. Correlaticn ui theuppermost Barremiaiowermost Aptian interval of the
sectins of Barranco de Cavila (X.KNy Angles, Casid.a Bédoule and Gorgo a

Cerbara using ammonite andisbtope datalight green shaded band correspond to the
ISNE associated to the Taxy Episode. Light blue shaded band correspond to the OAE
la.Lines of corelation: dashed lines based on ammonite biostratigraphy, ettattad
lines are based on calcareous nannofossils, and dotted line is basésbtop€ curves.
Data for X.Kw, section after Martinez et al. (20280d this papeidata forCassisLa

Bédouleafter Kuhnt et al (1998) and Moullade et 61.998&)); data forAngles after



Delanoy (1995), Wissler et al. (2002) abdet et al. (2006); data for Gorgo a Cerbara
after Stein et al. (2011, 2012) and Frau et al. (20h8\ngles section, the boundary
betweerMartelitessarasiniandDeshayesiteeglanlensisAZs marked with a star is

after Godet et al. (2006), the boundary marked with two @bas 197bj)s after

Delanoy (1995), and reinterpreted here following Rebailel. 011).

Figure 1.. Proposednorphceevolutionarysketchfor the genud.ithraphiditesacross the
late Barremiarearly late Aptian. Chronostratigraphic sc~le llowing Martinez et al.
(2020).Calcareous nannofossil zones/subzones fo'.ov. bralowar €1995) and
modifications proposed in this workethyan ammn.*e zones after Reboulet et al.
(2018). NW Europe ammonite zones folldutterioce (1998), Casey et al. (1998),
Mutterlose and Bdockel (1998), Malkw HW I O DQG %R\R2VM2)QL DQG 0X
Stratigraphic range dfithraphidites! ouratonii andLithraphiditesmorayfirthensis
after Jeremiah (2001) and Bottini ~nd Mutterlose (2012).I8e4d curves (dashed line
= long-term; continuous line <hct’erm) after Hardenbol et al. (1998)B# = Mid-
Barremian Episode, TE = Taxy Episod8NE = C-isotopelntra-SarasiniNegative
Excursion.Durationof the M.BE, TE andSNE after Martinez et al. (2020purationof

the OAE la aftecl .t ai. (2008), Malinverno et al. (2010) a@Gdraud et al(2018).

Figure12. Crosspolarized light micrographs akveral specimens ebme of the new
species described here. Holotypes/paratypes are indicated. Species name and section

sample of provenance ashownfor each one.



Figure13. Crosspolarized light micrographs of several specimens of some of the new
species described here. Holotypes/paratypes are indicated. Species name and section

sample of provenance ashownfor each one.

Figure14. Crosspolarized light micrographs of several specimensowofie of the
new/emended species described here. Holotypes/paratypes are indicated. Species name

and section sample of provenance asbhownfor each one.

Figure B. Crosspolarized light micrographs of seve.a: specimens oHaigesites
irregularis group, with differentiation of the two mo.nhotypes described in theaimot
Nannoconusp. cf.N. truittii. Species name anc' sc~tiosample of prognance are

shownfor each one.

Highlights

X Seven new upper Barremiar nannofossil species are described.

X Tethyan upper Barremic 1 ca.careous nannofossil biostratigraphy is improved.

X The latest Barremiarf > excursion should be considered as a potential marker for
the base of the Aptian

X Calcareous nanr.oicssil morpkeolutionary trends were controlled by
paleogegrap’,
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