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Abstract
Two lineages of primitive trochospiral species emerged in the earliest Danian after the Cretaceous/Paleogene (K/Pg) mass extinction
event, one exhibiting a smooth wall texture with mural pores and the other, a pustulate to rugose wall texture consisting of blunt
pustules and small rugosities, imperforate or with decentred pores, and scattered pore-mounds.This evolutionary scenario is based on
Tunisian sections, particularly the El Kef section, whose continuity, completeness, abundance and excellent preservation of the
foraminiferamake it the best localityworldwide for analyzing the taxonomy and evolutionof the earlyDanianplanktonic foraminifera.
The first lineage appeared about 5 kyr after the K/Pg boundary catastrophic mass extinction and is attributed to the
parvularugoglobigerinids (Parvularugoglobigerina andPalaeoglobigerina).The second lineage appeared approximately 35 kyr after the
K/Pg boundary event and is assigned toTrochoguembelitriaArenillas, Arz&Náñez, 2012.Morphological andmorphostatistical
analyses of Trochoguembelitria discriminate at least four species, two of them usually assigned to parvularugoglobigerinids: T.
alabamensis (Liu &Olsson, 1992) and T. extensa (Blow, 1979); and two new species: T. liuae sp. nov. and T. olssoni sp. nov.
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1. Introduction
After the catastrophic mass extinction of the plank-
tonic foraminifera at the Cretaceous/Paleogene (K/
Pg) boundary, an evolutionary radiation of newplank-
tonic foraminifera species has been widely document-
ed (Luterbacher & Premoli Silva 1964, Smit
1982, Brinkhuis & Zachariasse 1988, Canudo
et al. 1991, D’Hondt 1991, Olsson et al. 1996,

Molina et al. 1998). This evolutionary radiation oc-
curred in two pulses: the first one at approximately
5–20 kyr after the K/Pg boundary extinction event,
and the second one at approximately 35–80 kyr (Are-
nillas et al. 2000a, b, 2010, 2012). Minute trocho-
spiral species of Palaeoglobigerina Arenillas, Arz
& Náñez, 2007, and Parvularugoglobigerina Hof-
ker, 1978, both usually included in Parvularugoglobi-
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gerina (e.g., Olsson et al. 1999), as well as biserial
species ofWoodringina Loeblich & Tappan, 1957,
evolved during the earlier evolutionary pulse. In the
second pulse, more modern genera evolved, including
Chiloguembelina Loeblich&Tappan, 1956, Eoglo-
bigerina Morozova, 1959, Parasubbotina Olsson,
Hemleben, Berggren & Liu, 1992, Globanomali-
naHaque, 1956, PraemuricaOlsson, Hemleben,
Berggren&Liu, 1992, andTrochoguembelitriaAr-
enillas, Arz &Náñez, 2012. Finally, other signifi-
cant genera of the early Danian, such as Globoconusa
Khalilov, 1956, and Subbotina Brotzen & Po-
zaryska, 1961, evolved later around 150–250 kyr
after the K/Pg boundary event.

Although microperforate trochospiral species of
the lowermost Danian have usually been included in
Parvularugoglobigerina, a detailed analysis of Tunisian
sections suggested that two lineages of quasi-homeo-
morph species but of a different wall texture can be
recognized. The first lineage exhibits a smooth wall
texture with mural pores (e.g., Smit 1982, Brinkhu-
is & Zachariasse 1988, Li & Radford 1991, Li
et al. 1995) and evolved during the first evolutionary
pulse. Its species were attributed by Arenillas et al.
(2012) to the parvularugoglobigerinids (Parvularugo-
globigerina and Palaeoglobigerina), such as Parvularu-
goglobigerina eugubina (Luterbacher & Premoli
Silva, 1964) and Palaeoglobigerina alticonusa (Li,
McGowran& Boersma, 1995).

The second lineage has a pustulate to rugose wall
texture. The rugosity is caused by coalescing pore-
mounds and/or blunt pustules, generating small, not
aligned rugae or ridges. Pustules and rugosities are im-
perforate or with decentred or peripherally associated
pores. Scattered irregularly shaped pore-mounds can
also be observed.This type of wall texture evolved dur-
ing the second Danian evolutionary radiation. Wall
texture and biostratigraphic data suggest that this is a
lineage different from the parvularugoglobigerinids,
and both probably derived independently from differ-
ent ancestors. This second lineage was assigned to a
new genus, Trochoguembelitria Arenillas, Arz &
Náñez, 2012, withGuembelitria? alabamensis Liu&
Olsson, 1992, as the type-species. However, detailed
qualitative and morphostatistical studies of the mor-
phological variability of Trochoguembelitria remained
to be performed. In the present study, we statistically
analyze new biometric data ofTrochoguembelitria and
its phenotypic variability. This enables us to discrimi-
nate species within Trochoguembelitria, re-assess its

phylogenetic relationships with other early Danian
planktonic foraminiferal lineages, and analyze the bi-
ostratigraphic implications of these findings.

2. Material andMethods
Samples for this study were selected from the lower
Danian of the El Kef section, Tunisia, the Global
boundary Stratotype Section and Point (GSSP) for
the base of the Danian Stage (Molina et al. 2006).
The lowermost Danian begins with a 50 cm-thick
black clay, overlain by 50 cm-thick dark grey clay
(Text-fig. 1).This 100 cm-thick dark clay is informally
known as the “K/T Boundary Clay” or K/Pg bound-
ary Clay, and its base is characterized by a 1–3 mm-
thick rust-coloured ferruginous layer, usually referred
to as the “K/T airfall layer”. The K/Pg boundary was
formally defined at the base of this clay, i.e., at the base
of the airfall layer, which contains impact evidence,
such as high concentration of iridium, shocked quartz
andmicrospherules. It coincides with the catastrophic
mass extinction of the planktonic foraminifera (Smit
1990, 1999, Arenillas et al. 2000a, b, Molina et
al. 2009). At El Kef, the “K/TBoundary Clay” is over-
lain by a 1 m-thick grey, clay-rich shale, followed by >
10 m-thick white to grey clayey marls. The original
proposal and the revision of this GSSP including de-
tailed stratigraphical and micropalaeontological de-
scriptions can be found inMolina et al. (2006).

Eighty-four Trochoguembelitria specimens from
lower Danian El Kef samples KF18.50, KF20.50 and
KF24.80 (see Text-fig. 1), respectively 6.5, 8.5 and
12.8 m above the K/Pg boundary, were randomly
chosen for the morphostatistical analysis. All studied
rock samples were disaggregated in water with diluted
H2O2, washed through a 63 μm sieve and oven-dried
at 50 °C. Specimens were picked from the residues and
selected for scanning electronmicroscopy using JEOL
JSM 6400 SEM and Zeiss MERLIN FE-SEM at the
Microscopy Service of the Universidad de Zaragoza
(Spain). Figured specimens are deposited in the Mu-
seodeCienciasNaturales de laUniversidaddeZarago-
za (Gobierno de Aragón, Spain). The preservation of
the planktonic foraminifera is good (excellent at some
samples), although corroded and recrystallized sur-
faces can be observed inmany specimens. No evidence
of selective dissolution affecting only cancellate or ru-
gose species has been identified either in El Kef or
other Tethyan sections (Smit 1982, Brinkhuis &
Zachariasse 1988, Arenillas et al. 2000a, b).
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Molina et al. (2006, 2009) demonstrated that El Kef
is – based on its continuity, exposure, completeness,
and abundance and preservation of foraminifera – the
best section worldwide for analyzing the taxonomy
and evolution of the lowermostDanian planktonic fo-
raminifera.

3. Biostratigraphy and Biochronology
The biozonation is based on that proposed by Are-
nillas et al. (2004) for the lower Danian (Text-
fig. 1). It includes the three classical lower Danian
biozones, i.e., the Guembelitria cretacea, Parvularugo-
globigerina eugubina and Parasubbotina pseudobulloi-
des Zones (Smit 1982, Toumarkine & Luter-
bacher 1985, Smit & Romein 1985), and divides
each of these biozones into two subzones: theHedber-
gella holmdelensis andParvularugoglobigerina longiap-
ertura Subzones in the G. cretacea Zone, the Parvu-
larugoglobigerina sabina and Eoglobigerina simplicis-
sima Subzones in the Pv. eugubina Zone, and the Eo-
globigerina trivialis and Subbotina triloculinoides Sub-
zones in the P. pseudobulloides Zone. The lower
boundaries of these subzones and their calibration to
the numerical time scale according to Arenillas et
al. (2004) are the following: (1) highest stratigraphi-

cal occurrence (HSO) of Plummerita hantkeninoides
and/orAbathomphalus mayaroensis for the base of the
H. holmdelensis Subzone (coinciding with the K/Pg
boundary, 66.0 Ma according to Gradstein et al.
2012), (2) lowest stratigraphical occurrence (LSO) of
Pv. longiapertura for the base of the homonymous
subzone (about 6 kyr after the K/Pg boundary), (3)
LSO of Pv. eugubina for the base of the Pv. sabina
Subzone (about 18 kyr after the K/Pg boundary), (4)
LSO of E. simplicissima for the base of the homony-
mous subzone (about 35 kyr after the K/Pg bound-
ary), (5) LSO of P. pseudobulloides for the base of the
E. trivialis Subzone (about 55 kyr after the K/Pg
boundary) and (6) LSO of S. triloculinoides for the
base of the homonymous subzone (about 220 kyr after
the K/Pg boundary). This planktonic foraminiferal
succession is recorded in complete and continuous
sections in Tunisia, Spain and southeastern Mexico
(Arenillas et al. 2004, 2006).

In Text-fig. 1, a correlation with the biozonation
of Berggren & Pearson (2005) is made assuming
that the LSO of Pv. longiapertura marks the P0/Pα
boundary, the HSO of Pv. eugubina, the Pα/P1a
boundary, and the LSO of S. triloculinoides, the P1a/
P1b boundary. Nevertheless, this equivalence can be

Text-fig. 1. Biostratigraphic ranges of some of the analyzed planktonic foraminifera species: (1) zonation of Arenillas et al. (2004),
and (2) zonation of Berggren& Pearson (2005).
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compromised by the varying taxonomic conceptions
of Pv. eugubina. The Berggren & Pearson (2005)
biozonation is based on the taxonomy of Olsson et
al. (1999), who amended the genus Parvularugoglo-
bigerina to include specimens with both smooth and
pore-mound wall textures and regarded Pv. longiap-
ertura as a junior synonym of Pv. eugubina. However,
Parvularugoglobigerina had usually been interpreted
as having a smooth wall texture (Smit 1982,
Brinkhuis &Zachariasse 1988, Li & Radford
1991, Li et al. 1995, Arenillas & Arz 2000). The
top of Zone Pα of Berggren & Pearson (2005)
may be higher than illustrated in Text-fig. 1, as it
would encompass species with pustulate to rugose
wall texture, here included inTrochoguembelitria.

Another factor that may influence the correlation
between biozones is the presence of hiatuses in those
reference sections on which the biozonations have
been based. For example, hiatuses affecting at least the
H. holmdelensis Subzone and the “K/T Boundary
Clay” are frequent in most of the K/Pg boundary sec-
tions in the region of the Gulf ofMexico (Arenillas
et al. 2006, Molina et al. 2009). In Tethyan sections,
theH. holmdelensis Subzone spans much of the “K/T
Boundary Clay”, and is characterized exclusively by
the presence of Guembelitria and other possible Cre-
taceous survivors of the K/Pg boundary extinction
event. According to its original definition (Smit
1982, Smit & Romein 1985), the Zone P0 contains
no planktonic foraminiferal species originating in the
early Danian. The occurrence of rugose Trochoguem-
belitria, pitted Globanomalina and cancellate Eoglo-
bigerina, Parasubbotina and Praemurica just above the
K/Pg boundary is indicative that the section has a hia-
tus corresponding to the lowermost Danian, probably
the H. holmdelensis, Pv. longiapertura and Pv. sabina
Subzones. Consequently, theH. holmdelensis Subzone
of Arenillas et al. (2004) can be correlated with the
Zone P0 of Smit (1982) and Smit & Romein
(1985), but probably not with the Zone P0 of Ols-
son et al. (1999), since they record representatives of
the genera Globanomalina, Eoglobigerina and Prae-
murica.

At El Kef, the LSO ofTrochoguembelitria is in the
transition between the Pv. sabina and E. simplicissima
Subzones, i.e. in the middle part of Zone Pα (Text-
fig. 1). The first Trochoguembelitria species to appear
seems to be T. alabamensis, about 35 kyr after the K/
Pg boundary event according to the biochronology by
Arenillas et al. (2004). This datum coincides ap-

proximately with the LSOs of Eoglobigerina and
Globanomalina and the beginning of the second evo-
lutionary radiation after the mass extinction at the K/
Pg boundary. At El Kef, the HSO of Trochoguembeli-
tria is in the lower part of the S. triloculinoides Sub-
zone, approximately 300 kyr after the K/Pg boundary.
This datum coincides with the HSO of Pv. eugubina
(top of Zone Pα) as suggested by Berggren&Pear-
son (2005), approximately 280 kyr after the K/Pg
boundary according to the biochronological calibra-
tions proposed by Gradstein et al. (2012). Al-
though it should be further clarified, this datum sup-
ports the hypothesis that the top of the Zone Pα of
Berggren& Pearson (2005) is based on theHSO
of Trochoguembelitria species such as T. liuae sp. nov.
and T. olssoni sp. nov., which is in agreement with the
wider taxonomic conception of Pv. eugubina of these
authors. The highest record of smooth-walled Pv. eu-
gubina occurs in the lower part of the E. trivialis Sub-
zone at El Kef and other Tethyan, Gulf of Mexico and
Caribbean sections, i.e. approximately 60 kyr after the
K/Pg boundary.

4. Morphology, biometry and morphostatisti-
cal analysis

Asmentioned above,Trochoguembelitria species show
morphological similarities with some species of Pal-
aeoglobigerina and Parvularugoglobigerina, to which
they have been attributed in previous studies (see ref-
erences in Arenillas et al. 2012). For comparison,
Plate 1 illustrates the most important Palaeoglobigeri-
na and Parvularugoglobigerina species according to
Arenillas et al. (2007, 2012), and Plate 2 the Tro-
choguembelitria species discussed in the present paper.
In order to distinguish theTrochoguembelitria species,
we have mainly used the following qualitative and
quantitative morphological characters (see Text-
fig. 2):

1) Aperture position and shape
We have followed the traditional terminologies of
Loeblich&Tappan (1987) to describe the position
and shape of the aperture (Text-fig. 2). According to
these authors, there are three types of apertural posi-
tion in spiral tests: (1) umbilical (or intraumbilical), if
the aperture opens completely into the umbilicus; (2)
umbilical-extraumbilical (or extraumbilical-umbili-
cal), if it extends from the umbilicus towards the pe-
riphery of the test; and (3) extraumbilical, if it is not
connected with the umbilicus; the latter includes the
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peripheral or equatorial position, if it opens complete-
ly in the periphery. All of them are interiomarginal, i.e.
with the aperture located at the basal margin of the
final chamber (Loeblich&Tappan 1987).The um-
bilical position is typical of high trochospiral and tri-
serial tests, the umbilical-extraumbilical position of
low trochospiral tests, and the peripheral or equatorial
position of planispiral tests.

Since all planktonic foraminifera discussed in this
paper are trochospiral (Plates 1–4), we have used a
more precise terminology for the location of the aper-
ture based mainly on Li (1987) and Boudagher-
Fadel (2012). We have subdivided the types of aper-
tural position in trochospiral tests into two subtypes
each (Text-fig. 2A): intraumbilical and anterio-in-
traumbilical for umbilical apertures, and intra-ex-
traumbilical and umbilical-peripheral for umbilical-
extraumbilical apertures. Their definition is as follow:

(1a) intraumbilical, if the aperture is centred in the
umbilicus; (1b) anterio-intraumbilical, if the aperture
is located in the umbilicus but is slightly asymmetrical
and tends to warp towards the periphery; (1c) intra-
extraumbilical, if the aperture is located in the umbili-
cal area extending towards the periphery but does not
reach it; and (1d) umbilical-peripheral, if it extends
from the umbilicus up to the periphery.

The apertures of the planktonic foraminifera dis-
cussed in this paper have the following morphologies:
(a) a semicircular, wide arch, (b) a elongate, wide arch,
and (c) a narrow, high arch (like a loop). Trochoguem-
belitria, usually has wide-arched apertures surrounded
by a thin lip, generally being rounded in intraumbili-
cal and anterio-intraumbilical apertures, and margin-
ally elongate in intra-extraumbilical and umbilical-
peripheral apertures. In Globoconusa, the aperture is
intraumbilical but smaller. In the lowermost Danian,

Text-fig. 2. A: Types of aperture position. B: Biometric parameters, abbreviations and descriptive terms used in the morphological
analysis of theTrochoguembelitria tests. C: Biometric parameters, abbreviations and descriptive terms used in the morphological anal-
ysis of the Trochoguembelitria chambers.
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Table 1. Biometric measurements (in microns) of Trochoguembelitria specimens, and biometric index CAD/H. Arithmetic means in
bold type. L, test length; W, test width; H, test height; CAD, chamber average diameter; α: test convexity angle measured in axial
view; β: angle made by centres of the last three chambers; CN: number of chambers in the last whorl.

Trochoguembelitria alabamensis
Specimen L W H CAD a b CN CAD/H
1 112 94,9 126,2 73,1 79,8 81,7 3,7 57,9
2 106,7 87,2 140,1 81,1 61,3 67,3 3,3 57,9
3 148,6 121,3 163,5 100,5 76,9 68,1 3,3 61,5
4 92,5 78,4 99,9 66,3 81,3 69,3 3,0 66,4
5 92,9 88,9 99,8 62 84,1 85,2 3,6 62,2
6 109,6 85,5 128,1 82 75,7 81,4 3,5 64,0
7 99,4 83,8 104,8 67,4 92,3 86,5 3,7 64,4
8 108,8 91,4 123,2 76,4 78,7 77,1 3,4 62,0
9 126,5 108,3 143,2 88,6 74,2 70,3 3,4 61,9
10 110,3 93,3 127,3 80,6 80,0 73,2 3,3 63,3
Average 110,7 93,3 125,6 77,8 78,4 76,0 3,4 62,1

Trochoguembelitria extensa
Specimen L W H CAD a b CN CAD/H
1 125,8 103,2 97,8 77,7 112,7 83,4 3,8 79,4
2 162,1 137,2 141,3 102,9 106,7 85,0 3,8 72,8
3 174,0 145,2 133,8 106,3 117,2 86,2 3,6 79,5
4 132,5 123,5 88,6 80,1 130,4 78,0 3,7 90,4
5 176,9 149,3 138,1 106,4 116,3 91,8 3,9 77,1
6 116,3 117,9 114,5 76,9 100,4 77,3 3,7 67,2
7 178,3 158,5 133,0 105,2 119,8 79,5 3,6 79,2
8 176,2 147,6 120,4 105,2 131,1 86,4 3,8 87,4
9 186,9 152,6 120,9 105,4 147,0 91,3 3,7 87,2
10 155,6 161,4 164,1 105,3 104,2 72,7 3,6 64,2
11 170,1 139,4 148,9 104,3 113,3 91,4 3,8 70,1
12 157,3 143,6 162,3 109,2 98,3 80,1 3,7 67,3
13 137,3 121,8 144,6 92,3 106,0 76,0 3,0 63,9
14 104,3 92,5 95,4 61,0 101,4 76,2 3,8 63,9
15 113,8 95,0 106,2 81,0 114,8 77,2 3,3 76,2
16 92,3 84,1 93,5 60,1 108,4 81,0 3,5 64,2
17 99,7 74,9 83,0 63,1 108,8 87,1 3,3 76,1
18 153,3 148,6 163,7 112,0 108,2 74,4 3,8 68,4
19 136,4 125,2 141,3 94,3 115,5 80,7 3,9 66,8
20 107,0 94,5 104,2 74,2 116,8 76,6 3,6 71,2
21 102,2 90,9 101,6 73,4 100,0 74,8 3,5 72,2
22 107,6 86,7 105,4 73,5 104,3 79,7 3,1 69,8
23 110,4 87,6 117,8 75,8 114,8 84,4 3,5 64,3
24 127,4 105,5 123,5 85,8 105,9 85,0 3,7 69,5
25 138,5 121,2 123,2 89 108,7 81,7 3,6 72,2
26 152,1 146,4 136,4 101,5 109,7 82,3 3,7 74,4
27 124,8 107,8 112,4 82,6 109,2 81,9 3,5 73,5
28 141,8 127,4 130,2 95 105,2 78,3 3,5 73,0
29 135,2 115,4 116,4 88,2 112,3 83,2 3,6 75,7
Average 137,8 120,9 122,8 89,2 112,0 81,5 3,6 73,0
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Trochoguembelitria liuae sp. nov.
Specimen L W H CAD a b CN CAD/H
1 103,4 85,8 69,4 64,3 137,9 99,0 4,6 92,7
2 116,3 96,0 79,5 71,7 135,2 99,5 4,4 90,1
3 158,6 130,6 103,3 86,8 147,1 101,1 4,5 84,0
4 132,9 108,8 95,9 79,4 129,9 101,9 4,5 82,8
5 130,4 97,4 87,7 71,7 130,7 111,1 4,4 81,7
6 174,3 158,0 133,8 106,9 118,7 102,3 5,3 79,9
7 137,5 118,0 94,0 80,3 131,3 94,2 4,1 85,5
8 132,2 109,8 99,9 74,4 124,2 110,3 4,8 74,5
9 154,6 137,7 122,8 91,5 125,8 97,2 4,5 74,5
10 109,3 102,3 85,5 60,8 123,7 101,9 4,7 71,1
11 108,4 81,9 73,1 59,1 132,2 107,2 5,0 80,9
12 187,2 160,7 148,1 103,6 118,2 101,7 4,5 70,0
13 165,4 133,5 100,3 91,6 132,1 104,2 4,7 91,3
14 207,0 162,2 139,7 109,2 140,1 104,5 4,7 78,1
15 184,3 162,1 121,2 102,0 136,7 101,0 4,5 84,2
16 153,3 128,7 114,0 88,2 115,6 111,6 4,7 77,3
17 174,2 138,4 131,2 102,3 118,8 103,2 4,4 78,0
18 196,9 172,1 134,6 106,4 122,6 114,2 5,0 79,0
19 218,8 190,0 175,9 124,4 123,6 105,1 4,7 70,7
20 90,3 85,9 66,5 52,9 117,9 103,9 4,8 79,6
21 123,2 111,3 90,5 72,6 120,0 104,3 4,8 80,2
22 136,3 111,4 91,4 77,0 132,1 108,8 4,7 84,2
23 132,0 116,1 91,5 77,7 144,4 109,2 4,4 85,0
24 192,6 161,6 139,2 117,9 138,9 96,9 4,4 84,6
25 132,6 123,9 100,5 71,0 134,9 101,5 4,5 70,7
26 93,8 86,6 69,6 55,8 131,2 92,3 4,7 80,2
27 150,9 128,1 106,3 86,0 122,4 108,7 4,6 80,9
28 140,3 123,0 108,7 86,6 124,1 90,1 4,3 79,6
29 146,4 124,0 103,5 83,9 131,4 104,5 4,6 81,0
30 131,0 114,1 94,3 75,9 127,7 104,5 4,7 80,5
31 161,4 133,6 112,7 92,8 136,1 105,4 4,5 82,3
32 158,9 143,7 114,6 96,0 124,6 92,6 4,3 83,8
Average 148,0 126,2 106,2 85,0 129,1 102,9 4,6 80,6

Trochoguembelitria olssoni sp. nov.
Specimen L W H CAD a b CN CAD/H
1 139,5 115,8 85,5 71,8 164,6 123,0 5,5 83,9
2 210,0 171,9 132,6 106,6 151,3 121,6 5,1 80,4
3 172,4 150,4 110,3 89,5 158,8 130,9 5,2 81,2
4 143,9 114,1 89,0 83,7 167,5 117,2 5,0 94,0
5 139,3 115,9 84,1 75,4 158,8 118,6 4,7 89,7
6 208,7 187,0 134,5 100,4 146,6 127,1 5,4 74,6
7 146,5 122,3 89,5 75,6 151,3 126,7 5,3 84,5
8 113,2 93,8 85,3 70,7 128,1 126,7 4,9 82,9
9 124,8 97,2 77,1 67,0 144,5 125,1 5,4 86,9
10 147,9 129,3 102,7 81,4 133,9 118,4 4,8 79,3
11 161,6 134,6 100,2 86,0 155,2 125,7 5,3 85,8
12 168,3 138,5 107,2 93,8 157,3 119,7 5,1 87,5
13 152,9 129,6 93,6 79,9 149,2 125,2 5,2 85,4
Average 156,1 130,8 99,4 83,2 151,3 123,5 5,1 84,3
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high-arched, narrow apertures are typical ofmany spe-
cies of parvularugoglobigerinids (e.g., Pv. longiapertu-
ra). Thin lips are typical of the species considered in
this paper, usually slightly projecting above and along
the aperture. More modern Danian genera, such as
Eoglobigerina, Parasubbotina, Subbotina, Globanoma-
lina or Praemurica, have a thicker lip, usually trans-
formed into a porticus or a tooth.

2) Biometric parameters and indices
The biometric parameters used to delimit species are
the following: convexity angle (α) measured in axial
view; angle (β) made by centres of the last three cham-
bers in umbilical and/or spiral view; maximum diam-
eter or length (L), width (W) and height (H) of the
test; and length (CL), width (CW) and height (CH)
of the chamber, used to calculate the chamber average
diameter CAD = (CL × CW × CH)1/3 (see Text-
fig. 2B, C, and Table 1). In addition, we used the bio-
metric index CAD/H. The latter and the biometric
variable α are measures of test convexity whereas β,
together with the number of chambers (CN), aremea-
sures of the morphology of the equatorial outline (Ta-
ble 1). Other biometric indices have been explored as
measures of test convexity, such as L/H or CH/H,
and outline morphology, such asW/L, but these have
not given consistent results for separating species.

The number of chambers (CN, “Chamber Num-
ber”) in the last whorl is a character used to distinguish
taxa mainly at the species level, but also at the genus
level, as is the case with Subbotina and Eoglobigerina.
The number of chambers in the last whorl in the lower
Danian planktonic foraminifera varies between 3 and
8, and between 3.5 and 5.5 forTrochoguembelitria. To
calculate the number of chambers, we have counted
the number of complete chambers in the last whorl,
and the percentage of the first chamber of the last
whorl visible on the umbilical side. This observable
percentage was calculated using the angle (γ) between
the umbilical centre and the sutures of the chamber,
and dividing by the average angle of the other cham-
bers (Text-fig. 2D). The observable percentage was
also calculated by measuring the length of the first
chamber of the last whorl on the umbilical side divid-
ed by the length of the same chamber on the spiral
side. The results are similar in both cases, therefor we
opted for the first method of calculation (Table 1).

3) Morphostatistical analyses
For morphostatistical analyses, the software used was
the program PAST, version 2.17c, by Hammer et al.

(2001). The biometric parameters and indices were
treated statistically using the following analysis:
i Univariate analyses: Three above-mentioned bio-

metric indices (α, β andCAD/H) and the number
of chambers (CN) were analyzed in an univariate
manner in order to ascertain whether these biom-
etric variables are useful for discriminating spe-
cies; the results of the univariate analyses were dis-
played as histograms of 15 bins (Text-fig. 3). Mix-
ture analysis was applied to each biometric varia-
ble in order to identify two or more univariate
normal distributions (Gaussian bell-shaped
curves) based on a pooled univariate sample; this
method is used to identify species and study dif-
ferences between them; Kernel density estimates
were also plotted on histograms.

ii Bivariate analyses: Paired variables were used to
make four bivariate analyses: CN vs. α, β vs. α, CN
vs. β, and CAD/H vs. α. Kernel density estimates
allowed us to make smooth maps of point density
in XY graphs (Text-fig. 4); the density estimate is
based on a Gaussian function, and scales give an
estimate of the number of points per area, not a
probability density. Given that the variables cover
a large range of values, the measures were trans-
formed logarithmically to reduce the wide range
to a more manageable size.

iii Multivariate analyses: R-mode cluster analysis and
principal component analysis (PCA) were used;
the cluster analyses were based on Bray-Curtis in-
dex measures among all specimens using the val-
ues of the above-mentioned biometric indices/
parameters (α, β, CAD/H and CN) in order to
find groupings that might represent species (Text-
fig. 5). The PCA was applied to the values of the
four biometric indices/parameters (original varia-
bles). Such an analysis finds hypothetical variables
(components) that account for as much of the
variance in the multidimensional data as possible
by reducing the data set to two variables (the two
most important components) through a routine
that finds eigenvalues and eigenvectors (i.e. com-
ponents) of the variance-covariance correlation
matrix. All the original data points were plotted as
anXY graph in the coordinate system given by the
twomost important components (PC1 and PC2)
to enhance visualization of the data sets represent-
ing the possible species (Text-fig. 6); 95%-confi-
dence ellipses, which assume a bivariate normal
distribution, and convex hulls, which are the
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smallest convex polygons containing all points,
were presented in the scatter diagram. As in the
case of bivariate analyses, measures were trans-
formed logarithmically.

5. Descriptive morphology and results of mor-
phostatistical analysis

Themorphological andmorphostatistical analyses dis-
criminate at least four species within Trochoguembeli-

tria. Whether or not the statistically identified mor-
phogroups are biological species is a question that we
donot intend to clarify.Nevertheless, there is no doubt
that the four identified species fall within the concept
of morphospecies, which is based on overall morpho-
logical similarity, and defined as the smallest morpho-
group that is consistently and persistently distinct.

Frequency distributions of the univariate analyses
(Text-fig. 3), calculated for all measured specimens

Text-fig. 3. Univariate analyses based on biometric variables α, CN,CAD/H and β to delimit theTrochoguembelitria species, displayed
as histograms of 15 bins; thick dotted lines are the Kernel density estimations; fine dot lines are univariate normal distributions
(Gaussian beel-shaped curves) based on mixture analysis.
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and represented in a plot histogram of 15 bins, suggest
four morphogroups of Trochoguembelitria. The biom-
etric variables of test convexity (α and CAD/H) sug-
gest at least two morphogroups (high-trochospiral,
and low- or medium-trochospiral), as suggested by
Kernel density estimates. The high-trochospiral mor-
phogroup is assigned to T. alabamensis (Liu & Ols-
son, 1992). Histograms and Gaussian bells enable us
to recognize three other morphogroups, here assigned
to the speciesT. extensaBlow (1979),T. liuae sp. nov.
and T. olssoni sp. nov. The α variable seems to distin-
guish two groups, a low-trochospiral group, which can
be assigned to T. olssoni sp. nov., and a medium-tro-
chospiral group, which can be assigned to either T. ex-
tensa or T. liuae sp. nov. By contrast, the CAD/H
variable indicates that both T. liuae sp. nov. and T.

olssoni sp. nov. have a low trochospire, whereas T. ex-
tensa is separated by the medium height of its trochos-
pire. In order to separate the latter three morpho-
groups simultaneously it is more useful to analyze the
biometric variables of the equatorial outline (β and
CN). Univariate Kernel density estimates based on
these latter variables indicate at least three morpho-
groups, which are also observable in the histograms
and Gaussian bells. The first morphogroup includes
specimens subtriangular or subquadrangular in out-
line and averaging 3.6 chambers in the last whorl,
which can be assigned to either T. alabamensis or T.
extensa.The secondmorphogroup includes specimens
subpentagonal in outline and averaging 4.6 chambers
in the last whorl, which are assigned toT. liuae sp. nov.
Finally, the third morphogroup includes specimens

Text-fig. 4. Bivariate analyses based onKernel density estimations from paired variables (CN vs. α, β vs. α, CN vs. β, CAD/H vs. α) and
plotted in smooth maps of point density; colour scale with deep red for highest density and dark blue for lowest.



un
co

rre
cte

d p
roo

fs

New species of the genus Trochoguembelitria 11

subcircular in outline and averaging 5.1 chambers in
the last whorl, which are assigned to T. olssoni sp. nov.

Bivariate analyses (Text-fig. 4) also strongly sug-
gest that the genus Trochoguembelitria contains four
species; these are well observable in the Kernel density
maps. If we match the log-transformed variables of
test convexity (α and CAD/H), two morphogroups
can be distinguished, one composed by low- or medi-
um-trochospiral groups (T. extensa, T. liuae sp. nov.
and T. olssoni sp. nov.) and the other by the high-tro-
chospiral group (T. alabamensis). As regards the bio-
metric variables of equatorial outline (β and CN),
three morphogroups are well distinguishable in the
Kernel density map, which comprise those subtrian-
gular or subquadrangular in outline (T. alabamensis
and T. extensa), subpentagonal (T. liuae sp. nov.), and
subcircular (T. olssoni sp. nov.). If the biometric varia-
bles fordifferentgeometrical informationarematched,
such as CN vs. α and β vs. α, four morphogroups
emerge clearly, allowing us to discriminate the four
above-mentioned species.

Cluster analysis (Text-fig. 5), based on the Bray-
Curtis similarity index and the log-transformed varia-
bles α, CAD/H, β and CN, produced dendrograms
with two primary clusters, one grouping the morpho-
types with less than 4 chambers in the last whorl (T.
alabamensis and T. extensa) and the other those with
more than 4 chambers (T. liuae sp. nov. and T. olssoni
sp. nov.). Each of these clusters is further subdivided
into two sub-clusters, which are well differentiated by
their equatorial outline and test convexity. The first
cluster is subdivided in medium-trochospiral and
high-trochospiral morphogroups, which are assigned
to T. extensa and T. alabamensis respectively. The sec-
ond cluster is subdivided into subpentagonal speci-
mens with 4–4.5 chambers in the last whorl represent-
ed by T. liuae sp. nov. and subcircular specimens with
more than 4.5 chambers represented by T. olssoni sp.
nov. Except for anomalous specimens or intermediate
morphotypes, the identified clusters correspond to
morphogroups that can be distinguished under the
stereomicroscope.

Text-fig. 5. R-mode cluster analysis based on Bray-Curtis index and applied to the values of the biometric variables (α, β, CAD/H and
CN) measured in all Trochoguembelitria specimens photographed by SEM. Djk = Bray-Curtis index value between specimen j and
specimen k; xij = value of the variable i (biometric index/parameter i) of the specimen j; xik = value of the variable i (biometric index/
parameter i) of the specimen k.
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The principal component analysis (PCA) shows
similar results as those of the cluster analysis (Text-
fig. 6). The principal component PC1 explains 85.8%
of the variance, and the PC2 9.9%. The PCA scatter
diagram, where X and Y are the principal components
PC1 and PC2, distinguish four sets of points of high-
er density. We specified four groups of specimens,
clustering them subjectively by their gross morpho-
logy. They are approximately equivalent to those ob-
tained by the PCA. Except for the intermediate and/
or anomalous specimens, convex hulls and 95%-confi-
dence ellipses clearly delimit the four species above-
mentioned.Theirmain characteristics are easily recog-
nizable under the stereomicroscope.

The position of the aperture in Trochoguembeli-
tria varies from intraumbilical to umbilical-peripheral.
The lesser the number of chambers the specimen has
in the last whorl, the more centred is the aperture in
the umbilicus. In general, T. alabamensis has an in-
traumbilical aperture, T. extensa an anterio-intraum-
bilical aperture, T. liuae sp. nov. an intra-extraumbili-
cal aperture, and T. olssoni sp. nov. an umbilical-pe-
ripheral aperture. The shape of the aperture is usually
similar to that of Guembelitria, i.e. large and semicir-
cular but asymmetric due to its elongation toward the

periphery and up apertural face. The more peripheral
the aperture, the more elongated it is.

6. Discussion
Textural, biometric and morphostatistical analyses
discriminate four species within the genus Tro-
choguembelitria: T. alabamensis (Liu & Olsson,
1992), T. extensa (Blow, 1979), T. liuae sp. nov. and
T. olssoni sp. nov. The first two species were originally
attributed to Guembelitria? and Eoglobigerina?, re-
spectively. Blow (1979) regarded T. extensa and Glob-
oconusa daubjergensis (Brönnimann, 1953) as quite
closely related on the basis of similarities in wall tex-
ture, coiling mode and chamber shape. Fordham
(1986) suggested the lineage T. extensa-Gc. daubjer-
gensis descended from G. cretacea, as also proposed by
other authors (e.g., Bang 1969, Olsson 1970, Ols-
son et al. 1999).

For similar reasons, Arenillas et al. (2012) also
suggested that Trochoguembelitria is a descendent of
the pore-mound walled, triserialGuembelitria and the
ancestor of the pustulate-walled, trochospiral Globo-
conusa. These authors illustrated intermediate speci-
mens between T. cf. fodina, here T. extensa, and Gc.
daubjergensis from theE. trivialis and S. triloculinoides

Text-fig. 6. Principal components analysis (PCA), applied to the values of biometric variables (α, β, CAD/H and CN) in all Tro-
choguembelitria specimens.
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Subzones, exhibiting a similar grossmorphology and a
transitional wall texture. The wall texture of these in-
termediate specimens has pustules sharper than usual
in Trochoguembelitria, resembling those of Globoco-
nusa, and suggesting a tendency inTrochoguembelitria
to increasingly develop acuminate pustules. At El Kef
and other Tethyan sections, the LSO of Gc. daubjer-
gensis s.s. is in the S. triloculinoides Subzone (= P1b),
but its real LSO might be lower as suggested by data
from other sections and cores (e.g., Koutsoukos
2014).

Eoglobigerina? fodina Blow, 1979, here assigned
to Palaeoglobigerina, was also included by both Blow
(1979) and Fordham (1986) in the lineage descend-
ing from Guembelitria. However, the holotypes of Pg.
fodina and T. extensa, described from Zone Pα and
Zone P1 respectively (Blow 1979), differ in size and
shape. The holotype of Pg. fodina (Plate 1, Fig. 4) is
approximately 100 μm in length, whereas the holo-
type ofT. extensa (Plate 2, Fig. 5) is approximately 200
μm long. Blow (1979) described a similar wall tex-
ture for both species, i.e. finely perforate with very
widely and sparsely developed mural pores, and pus-
tules that may be the bases of normal spines. However,
the holotypes are recrystallized, so the pustules appear
as rather calcite crystals. In addition, there are conspic-
uous differences in the shape of the aperture. Blow
(1979) noticed that the aperture of Pg. fodina is ex-
tremely peculiar and does not match with any other
species included either in Eoglobigerina or Globastica
Blow, 1979, this latter being a junior synonym of
Globoconusa. According to Blow (1979), it is de-
scribed as circular, but it has a fairly high arch extend-
ing from the umbilicus. It is very similar to the aper-
ture in other species of Parvularugoglobigerina (e.g.,
Pv. longiapertura) and Palaeoglobigerina (e.g., Pg. alti-
conusa). The almost rectangular shape of the aperture
of the holotype ofT. extensa is probably a teratological
deformation (Plate 2, Fig. 5). Nevertheless, it may be
inferred that it is wider than the aperture of the holo-
type of Pg. fodina. Given the plasticity of the morpho-
logy and location of the aperture in these taxa, Ols-
son et al. (1999) considered that such differences are
insufficient to maintain T. extensa and Pg. fodina, and
other similar species, as separate taxa, and therefore
reduced Pg. fodina to a junior synonym of T. extensa.
However, better-preserved specimens from Tunisian
sections allowed Arenillas et al. (2012) not only to
observe differences between Pg. fodina and T. extensa
in apertural shape and initial spiral arrangement, but

also in the wall texture (smooth vs. rugose). Blow
(1979) indicated that unlike T. extensa, Pg. fodina has
a fairly low trochospire. Given the textural and mor-
phological differences inwell-preserved specimens, we
retain Pg. fodina in Palaeoglobigerina and assign T. ex-
tensa to Trochoguembelitria.

No intergradation between the pustulate to ru-
gose wall texture of Trochoguembelitria and the typi-
cally smooth wall texture of parvularugoglobigerinids
was observed and consequently both groups are re-
garded as separate lineages. The occurrence of the
minute, smooth-walled parvularugoglobigerinids in
the lowermost Danian of Tunisia has been indicated
by Smit (1982), Brinkhuis & Zachariasse
(1988), and other authors. Brinkhuis & Zachari-
asse (1988) noted that Parvularugoglobigerina is a
very unfortunate generic name for species that have a
smoothwall texture and no affinity withUpperCreta-
ceousRugoglobigerina Brönnimann, 1952, and sug-
gested that a more appropriate name would have been
Planoconusa as opposed toGloboconusa, in which they
included the globular species subsequently assigned to
Palaeoglobigerina by Arenillas et al. (2007).

Salaj (1986) defined the genus Postrugoglobige-
rina in the lowermost Danian of El Kef, composed of
the species Pt. hariana and Pt. praedaubjergensis, and
based it on characters similar to those later attributed
toTrochoguembelitria.Postrugoglobigerinawas report-
ed by Loeblich&Tappan (1987), andmore recent-
ly by Boudagher-Fadel (2012) to have a trochospi-
ral test and a microperforate and muricate wall tex-
ture. This taxon could have been a good candidate to
name theTrochoguembelitria specimens, but the holo-
types and type-material of both Postrugoglobigerina
species have been lost, are of doubtful application, and
must be regarded as nomen dubium non conservandum
(see discussion in Arenillas et al. 2012).The taxo-
nomic interpretation of Postrugoglobigerina raises sev-
eral questions, such as the true nature of its wall tex-
ture, the coiling mode of the holotypes of its species,
and its biostratigraphic position. This genus should
therefore be invalidated, or at least regarded as a junior
synonym of Parvularugoglobigerina as proposed by
Olsson et al. (1999), since its type-species (Pt. hari-
ana) is probably a junior synonym of Pv. sabina.

After a detailed re-examination with a SEM-mi-
croscope of El Kef samples previously studied by tradi-
tional stereomicroscopy, we have noticed that some
specimens have to be placed in the genusTrochoguem-
belitria.They had been previously attributed to quasi-
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homeomorph species belonging to the genera Parvu-
larugoglobigerina, Palaeoglobigerina, Eoglobigerina,
Globanomalina and Praemurica (see morphological
similarities in Text-fig. 7).

The existence of quasi-homeomorph species and
even pseudocryptic (i.e. cryptic species only a posterio-
ri distinguished as morphospecies by wall texture or

small morphological details) has been tested in other
Tunisian sections (Arenillas et al. 2010, 2012).
Koutsoukos (2014) has also reported new lower
Danian species in Globoconusa (Gc. victori) and Prae-
murica (Pr. nikolasi), indicating that the morphologi-
cal variability of lower Danian planktonic foraminife-
ral genera is greater than previously thought (Text-

Text-fig. 7.Morphological variability of lowerDanian genera Palaeoglobigerina, Parvularugoglobigerina, Trochoguembelitria, Globo-
conusa, Eoglobigerina, Parasubbotina, Subbotina, Globanomalina and Praemurica, based on number of chambers in the final whorl
of species and the shape of the test. Specimens are not to scale.
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fig. 7). The lower Danian planktonic foraminiferal
lineages show a broad phenotypic variability, and
quasi-homeomorph species belonging to different
genera may be rather common. For example, the varia-
tions in the number of chambers in the last whorl (3 to
3.5; 3.5 to 4; 4; 4 to 4.5; and more than 4.5) are com-
monly used to differentiate species, and even genera,
among trochospirally coiled taxa (Text-fig. 7). As a
result, species attributed to different genera may have
nearly the same gross morphology.The stratigraphical
ranges of the pseudocryptic species are therefore diffi-
cult to determine accurately because they may be un-
derestimated in routine studies with a stereomicro-
scope.

Therefore, the biostratigraphic ranges proposed
for the Trochoguembelitria species are, mainly in their
upper part, still tentative (Text-fig. 1).The rugose wall
texture is its main diagnostic character, but is hardly
visible under stereomicroscopy or frequently masked
by taphonomic and diagenetic processes. Other useful
features for recognizingTrochoguembelitria specimens
are a frequently protruding proloculus and, to a lesser
extent, the shape of their aperture, which comprises a
wide, rounded arch with a thin lip, similar toGuembe-
litria, in some species turning to an elongate, asym-
metrical arch, reaching the periphery and extending
up the apertural face. However, both these features
may display great plasticity in earlyDanian planktonic
foraminifera, and it is difficult to correctly identify
these taxa with a stereomicroscope.

7. Systematic palaeontology

Order Foraminifera Eichwald, 1830
Suborder Globigerinina Delage &Hérouard,

1896
Superfamily Heterohelicoidea Cushman, 1927

Family GuembelitriidaeMontanaro-Gallitelli,
1957

Genus TrochoguembelitriaArenillas, Arz &Náñez,
2012

Type species:Guembelitria? alabamensis Liu &Olsson, 1992
Occurrence: Lower Danian, from the E. simplicissima Subzone
(middle part of the Pv. eugubina Zone) to the middle part of the
S. triloculinoides Subzone (middle part of the P. pseudobulloides
Zone), i.e., from the middle-upper part of Pα to the middle part
of P1b of Berggren & Pearson (2005). They are common in
the transition between Pv. eugubina (Pα) and P. pseudobulloides
(P1) Zones.

Composition:Trochoguembelitria alabamensis (Liu&Olsson,
1992), Trochoguembelitria extensa (Blow, 1979), Trochoguembe-
litria liuae sp. nov., and Trochoguembelitria olssoni sp. nov.

Description: Trochospiral test, initially triserial or
trochospiral. Outline lobate, with incised sutures. Ap-
erture relatively large, umbilical to umbilical-extraum-
bilical, semicircular to elongated and asymmetrical,
with a thin imperforate lip. Wall calcareous hyaline,
microperforate, pustulate to rugose consisting of blunt
pustules that may coalesce to form small, not aligned
rugosities, and scattered pore mounds; pustules and
rugosities imperforate or with decentred or peripher-
ally associated pores.
Remarks: Guembelitria s.s. differs from Trochoguem-
belitria in having a pore-moundwall texture and being
triserial throughout. Globoconusa has a pustulate wall
texture, with pointed, more sparsely distributed pus-
tules. Parvularuglobigerina and Palaeoglobigerina are
smaller and have a smooth wall texture with mural-
pores (sensu Blow, 1979, or simple pores according
to Loeblich & Tappan, 1987). Similar specimens
were documented by Liu & Olsson (1992, 1994),
and Olsson et al. (1992, 1999), but assigned to Par-
vularugoglobigerina based on their emendation of this
genus. Arenillas et al. (2012) included these speci-
mens with blunt pustules, small rugosities and pore-
mounds in Trochoguembelitria, retaining smooth-
walled specimens in Parvularugoglobigerina.

Trochoguembelitria alabamensis (Liu &Olsson, 1992)
(Plate 2, Figs 2–4)

1992 Guembelitria? alabamensis Liu & Olsson, p. 341, pl.
2, figs 1–7.

1999 Parvularugoglobigerina alabamensis –Olsson et al., p.
83, part, pl. 65, figs 3, 5–6.

2000 Guembelitria? alabamensis – Papú et al., p. 28, pl. 2,
figs 9–11.

2007 Guembelitria? alabamensis – Arenillas et al., p. 39,
figs 14.1–14.5.

2012 Trochoguembelitria alabamensis – Arenillas et al., p.
133–135, figs 5A, D, 6A, G.

Biostratigraphic occurrence: Lower Danian, from the E. simpli-
cissima Subzone (in the middle part of the Pv. eugubinaZone) to
the lower part of the S. triloculinoides Subzone (middle part of
the P. pseudobulloides Zone), i.e., from the middle-upper part of
Pα to the lower part of P1b of Berggren& Pearson (2005).

Description: Trochospiral test, initially triserial, with
moderate to very high spire, 9 to 13 spherical cham-
bers in 3 spiral whorls, about 3.5 chambers in the last
whorl and low rate of size increase. Outline lobate,
subtriangular or subquadrangular, with incised su-
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tures. Aperture umbilical (intraumbilical), semicircu-
lar, with a thin imperforate lip. Wall calcareous hya-
line, microperforate, pustulate to rugose with blunt
pustules and small rugosities, which are imperforate or
with decentred or peripherally associated pores, and
scattered pore-mounds. Adult size ranges 110–170
μm in height and 90–150 μm in maximum diameter.
Remarks: T. extensa differs from T. alabamensis in
having a lower trochospiral test and an anterio-intra-
umbilical to intra-extraumbilical, semicircular to
slightly asymmetrical and elongated aperture. T. liuae
sp. nov. has a lower trochospiral test and a larger num-
ber of chambers in the last whorl (4 to 5 instead of 3.5
to 4 chambers). Pg. alticonusa is smaller and has a
smooth to granular wall texture, and usually a narrow,
high arched aperture. Liu & Olsson (1992) tenta-
tively included T. alabamensis in Guembelitria?, and
indicated that T. alabamensis differs from Guembeli-
tria cretacea Cushman, 1933, by having a trocho-
spiral test and poreless blunt pustules in the later onto-
genetic stage. Olsson et al. (1999) included it in Par-
vularugoglobigerina after emending this genus.

Trochoguembelitria extensa (Blow, 1979)
(Plate 2, Figs 7–9)

1979 Eoglobigerina? extensa Blow, p. 1220, pl. 69, fig. 7;
pl. 74, figs 1–2.

? 1986 Postrugoglobigerina praedaubjergensis Salaj, p. 54, pl.
3, figs 7–8.

non 1999 Parvularugoglobigerina extensa – Olsson et al., p.
85–86, pl. 65, figs 7–13.

2012 Trochoguembelitria cf. fodina (Blow). – Arenillas
et al., p. 135–137, figs 5B, E–G, 6B–C, 8A.

Biostratigraphic occurrence: Lower Danian, from the middle
part of the E. simplicissima Subzone (in the upper part of the Pv.
eugubina Zone) up to the middle part of the S. triloculinoides
Subzone (middle part of the P. pseudobulloides Zone), i.e., from
the upper part of Pα to the middle part of P1b of Berggren &
Pearson (2005).

Diagnostic description: Trochospiral test, slightly
high spire, 9 to 12 spherical chambers in 3 spiral
whorls, 3.5 to 4 chambers in the last whorl, and mod-
erate rate of size increase. Outline lobate, subtriangu-
lar or subquadrangular, with incised sutures. Aperture
umbilical to umbilical-extraumbilical (anterio-intra-
umbilical to intra-extraumbilical), semicircular to
slightly asymmetrical and elongated, with a thin im-
perforate lip. Wall calcareous hyaline, microperforate,
pustulate to rugose with perforate and/or poreless
small rugosities and blunt pustules, and scattered

pore-mounds. Adult size range 110–180 μm in maxi-
mum diameter.
Remarks: T. extensa resembles Pg. fodina, but the lat-
ter is smaller, has a smooth wall texture, and usually a
higher arched, narrow aperture. T. alabamensis has a
higher trochospiral test (as G. cretacea), and an intra-
umbilical, semicircular aperture. T. liuae sp. nov. has
more chambers in the last whorl (4 to 5 instead of 3.5
to 4 chambers). Gc. daubjergensis is larger and has a
pustulate wall texture, with sharp pustules, sparsely
distributed. T. extensa should not be confused with
Parvularugoglobigerina extensa according to Olsson
et al. (1999) since authors grouped into this taxon the
trochospiral morphotypes with smooth to granular
wall texture classified as Pg. alticonusa, Pg. fodina and
Pg. minutula by Li et al. (1995), Blow (1979) and
Luterbacher & Premoli Silva (1964) respec-
tively, and assigned to Palaeoglobigerina by Arenil-
las & Arz (2007) and Arenillas et al. (2007,
2012). T. extensa could be similar to Postrugoglobiger-
ina praedaubjergensis Salaj, 1986, i.e., high-trocho-
spiral, intraumbilical aperture, and 4 chambers in the
last whorl, but the holotype of Pt. praedaubjergensis
has been lost and is of doubtful application, so it must
be considered nomen dubium non conservandum (Ar-
enillas et al., 2012). In addition, its wall texture and
stratigraphical range do not coincide with those pro-
posed herein for T. extensa.

Trochoguembelitria liuae sp. nov.
(Plate 2, Figs 11–12; Plate 3, Fig. 1 (holotype), Fig. 2 (para-

type), Fig. 3 (paratype))

? 1986 Postrugoglobigerina hariana Salaj, p. 53, pl. 3, figs
1–2.

1999 Parvularugoglobigerina eugubina – Olsson et al., p.
83–85, part, pl. 66, figs 1–3, 5, 6; pl. 67, figs 13–14.

2012 Trochoguembelitria cf. sabina – Arenillas et al., p.
137, figs 5C, H–J, 6D–F, H, 7B, 8B.

Figured specimens and repository: Holotype MPZ 2014/295
(Plate 3, Fig. 1): maximum diameter or length = 187.2 μm, width
= 160.7 μm, height = 148.1 μm; ParatypeMPZ 2014/296 (Plate
3, Fig. 2): length = 132.2 μm, width = 108.8 μm, height = 95.9
μm; Paratype MPZ 2014/297 (Plate 3, Fig. 3): length = 208.7
μm, width = 187.0 μm, height = 134.5 μm. Holotype and para-
types are deposited in the Museo de Ciencias Naturales of the
Universidad de Zaragoza, Gobierno de Aragón, Spain, with the
prefixMPZ.
Etymology: Species dedicated to Chengjie Liu, one of the first
in identifying these morphotypes.
Type locality: El Haria Formation, El Kef section, Tunisia.
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Type level: 8.5 m above the Cretaceous/Paleogene boundary of
the El Kef section (loc. KF20.50), in the lower part of Subzone
P1a, or lower part of Eoglobigerina trivialis Subzone of Parasu-
bbotina pseudobulloides Zone by Arenillas et al. (2004), lower
Danian.
Biostratigraphic occurrence:LowerDanian, identified from the
middle-upper part of the E. simplicissima Subzone (upper part of
the Pv. eugubina Zone) to the E. trivialis Subzone (lower part of
the P. pseudobulloidesZone), i.e., from the upper part of Pα to the
top of P1a of Berggren& Pearson (2005).

Description: Trochospiral test, slightly high spire, 10
to 12 spherical chambers in 3 spiral whorls, 4.5 to 5
chambers in the last whorl, slowly increasing in size.
Outline lobate, subpentagonal, with incised sutures.
Aperture umbilical to umbilical-extraumbilical (ante-
rio-intraumbilical to intra-extraumbilical), rounded,
asymmetrical and elongated, with a thin imperforate
lip. Wall calcareous hyaline, microperforate, pustulate
to rugose consisting of blunt pustules that may co-
alesce to form small, not aligned rugosities; pustules
and rugosities imperforate or with decentred or pe-
ripherally associated pores; scattered pore-mounds.
Adult size ranges 120–200 μm in maximum diameter.
Remarks: T. liuae sp. Nov. strongly resembles Pv. os-
tul, but the latter is smaller and has a smooth wall tex-
ture. T. extensa differs from T. liuae sp. Nov. in having
fewer chambers in the last whorl (3.5 to 4 instead of 4
to 5 chambers) and intraumbilical aperture. T. alaba-
mensis has a higher trochospiral test and lesser num-
ber of chambers in the last whorl.T. liuae sp. Nov. also
resembles Eoglobigerina edita (Subbotina, 1953)
and/or Eoglobigerina praeedita Blow, 1979, which
have similar sizes, but these mainly differ in having
cancellate wall texture, spines (at least the first one),
and often well-developed apertural lips. The morpho-
logy of this species could be similar to that described
by Salaj (1986) for Postrugoglobigerina hariana (i.e.,
low-trochospiral, intraumbilical aperture, and 5 cham-
bers in the last whorl). As Pt. praedaubjergensis, the
holotype of this species has been lost and its identifica-
tion becomes confusing so Pt. hariana should be con-
sidered nomen dubium non conservandum; its wall tex-
ture and stratigraphical range seem to not coincide
with those ofT. liuae sp. Nov. Specimens illustrated by
Olsson et al. (1999), with pore-mound and/or ostu-
late wall texture, and five chambers in the last whorl
are herein included inT. liuae sp. Nov.They identified
these morphotypes as Pv. Eugubina.

Trochoguembelitria olssoni sp. nov.
(Plate 2, Figs 13–14; Plate 4, Fig. 1 (holotype), Fig. 2 (para-

type), Fig. 3 (paratype))

1992 Parvularugoglobigerina eugubina – Liu & Olsson, p.
345, part, pl. 3, figs 5–6.

Figured specimens and repository: Holotype MPZ 2014/298
(Plate 4, Fig. 1): maximum diameter or length = 208.7 μm, width
= 187.0 μm, height = 134.5 μm; ParatypeMPZ 2014/299 (Plate
4, Fig. 2): length = 139.5 μm, width = 115.8 μm, height = 85.5
μm; Paratype MPZ 2014/300 (Plate 4, Fig. 3): length = 139.3
μm, width = 115.9 μm, height = 84.1 μm. Holotype and para-
types are deposited in the Museo de Ciencias Naturales of the
Universidad de Zaragoza, Gobierno de Aragón, Spain, with the
prefixMPZ.
Etymology: Species dedicated to Richard K.Olsson for his work
on Danian planktonic foraminifera.
Type locality: El Haria Formation, El Kef section, Tunisia.
Type level: 6.5 m above the Cretaceous/Paleogene boundary of
the El Kef section (loc. KF18.50), in the upper part of Zone Pα,
or upper part of Eoglobigerina simplicissima Subzone of Parvu-
larugoglobigerina eugubina Zone by Arenillas et al. (2004),
lower Danian.
Biostratigraphic occurrence:LowerDanian, identified from the
middle-upper part of the E. simplicissima Subzone (upper part of
the Pv. eugubina Zone) to the lower part of the E. trivialis Sub-
zone (lower part of the P. pseudobulloides Zone), i.e., from the
upper part of Pα to the lower part of P1a of Berggren&Pear-
son (2005).

Description:Low trochospiral test, 10 to 12 spherical
chambers in 3 spiral whorls, 5 to 5.5 chambers in the
last whorl, increasing slowly in size. Outline lobate,
subcircular, with incised sutures. Aperture umbilical-
extraumbilical (intra-extraumbilical to umbilical-pe-
ripheral), rounded, asymmetrical and elongated, with
a thin imperforate lip. Wall calcareous hyaline, micro-
perforate, pustulate to rugose consisting of blunt pus-
tules that may coalesce to form small, not aligned ru-
gosities; pustules and rugosities imperforate or with
decentred or peripherally associated pores; scattered
pore-mounds. Adult size ranges 120–210 μm inmaxi-
mum diameter.
Remarks: Similar specimens toT. olssoni sp. nov. were
already documented by Liu & Olsson (1992), but
identified as Pv. eugubina. T. olssoni sp. nov. resembles
Pv. eugubina, but the latter is smaller and has a smooth
wall texture.
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Explanation of the plates

Plate 1
Scanning electron photographs of Parvularugoglobigerina and Palaeoglobigerina species (scale bar = 100 μm).
Fig. 1. Palaeoglobigerina alticonusa, holotype, Zone Pα, DSDP Site 152, Caribbean Pacific (SEM-micrograph from Li et al. 1995).
Fig. 2. Palaeoglobigerina alticonusa, sample KF16.50 (4.5 m above the K/Pg boundary), middle part of the E. simplicissima Subzone
(Pv. eugubina Zone), El Kef, Tunisia.
Fig. 3. Palaeoglobigerina alticonusa, sample KF16.50 (4.5 m above the K/Pg boundary), middle part of the E. simplicissima Subzone
(Pv. eugubina Zone), El Kef, Tunisia.
Fig. 4. Palaeoglobigerina fodina, holotype, Zone Pα, DSDP Leg 6, South Pacific (SEM-micrographs from Blow, 1979).
Fig. 5. Palaeoglobigerina fodina, sample STW+50+52 (0.5 m above the K/Pg boundary), upper part of the Pv. longiapertura Subzone
(G. cretacea Zone), Aïn Settara, Tunisia.
Fig. 6. Palaeoglobigerina fodina, sample KF15.00 (3 m above the K/Pg boundary), lower part of the E. simplicissima Subzone (Pv. eu-
gubina Zone), El Kef, Tunisia.
Fig. 7. Palaeoglobigerina minutula, holotype, Pv. eugubina Zone, Ceselli, Italia (Luterbacher & Premoli-Silva, 1964).
Fig. 8. Palaeoglobigerina minutula, sample STW86 (2.6 m above the K/Pg boundary), lower part of the E. simplicissima Subzone (Pv.
eugubina Zone), Aïn Settara, Tunisia.
Fig. 9. Palaeoglobigerina minutula, sample STW84.2 (0.8 m above the K/Pg boundary), lower part of the Pv. sabina Subzone (Pv.
eugubina Zone), Aïn Settara, Tunisia.
Fig. 10. Palaeoglobigerina luterbacheri, holotype, sample KF15.00 (3 m above the K/Pg boundary), lower part of the E. simplicissima
Subzone (Pv. eugubina Zone), El Kef, Tunisia.
Fig. 11. Parvularugoglobigerina longiapertura, holotype, Zone Pα, DSDP Leg 6, South Pacific (SEM-micrographs from Blow, 1979).
Fig. 12. Parvularugoglobigerina longiapertura, sample STW84.2 (0.8 m above the K/Pg boundary), lower part of the Pv. sabina Sub-
zone (Pv. eugubina Zone), Aïn Settara, Tunisia.
Fig. 13. Parvularugoglobigerina longiapertura, sample KF14.00 (2 m above the K/Pg boundary), lower part of the Pv. sabina Subzone
(Pv. eugubina Zone), El Kef, Tunisia.
Fig. 14. Parvularugoglobigerina perexigua, holotype, Zone Pα, DSDP Site 152, Caribbean Pacific (SEM-micrograph from Li et al.
1995).
Fig. 15. Parvularugoglobigerina perexigua, sample El4.50 (3.5 m above the K/Pg boundary), lower part of the Pv. sabina Subzone (Pv.
eugubina Zone), Elles, Tunisia.
Fig. 16. Parvularugoglobigerina sabina, holotype, Pv. eugubina Zone, Ceselli, Italia (Luterbacher & Premoli-Silva, 1964).
Fig. 17. Parvularugoglobigerina sabina, sample El6.00 (5 m above the K/Pg boundary), upper part of the Pv. sabina Subzone (Pv. eu-
gubina Zone), Elles, Tunisia.
Fig. 18. Parvularugoglobigerina eugubina, holotype, Pv. eugubina Zone, Ceselli, Italia (Luterbacher & Premoli-Silva, 1964).
Fig. 19. Parvularugoglobigerina eugubina, sample STW87 (3.6 m above the K/Pg boundary), middle part of the E. simplicissima Sub-
zone (Pv. eugubina Zone), Aïn Settara, Tunisia.
Fig. 20. Parvularugoglobigerina eugubina, sample STW87 (3.6 m above the K/Pg boundary), middle part of the E. simplicissima Sub-
zone (Pv. eugubina Zone), Aïn Settara, Tunisia.
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Plate 2
Scanning electron micrographs of Trochoguembelitria species (scale bar = 100 μm).
Fig. 1. Trochoguembelitria alabamensis, holotype, from Millers Ferry, Alabama, U.S.A. (SEM-micrograph from Liu & Olsson,
1992).
Fig. 2. Trochoguembelitria alabamensis, sample KF24.80 (12.8 m above the K/Pg boundary), lower part of the S. triloculinoides Sub-
zone (P. pseudobulloides Zone), El Kef, Tunisia.
Fig. 3.Trochoguembelitria alabamensis, sample STW87 (3.6m above theK/Pg boundary), middle part of theE. simplicissima Subzone
(Pv. eugubina Zone), Aïn Settara, Tunisia.
Fig. 4.Trochoguembelitria alabamensis, sample KF20.50 (8.5 m above the K/Pg boundary), middle part of the E. trivialis Subzone (P.
pseudobulloides Zone), El Kef, Tunisia.
Fig. 5. Trochoguembelitria extensa, holotype, Zone P1, DSDP Leg 6, South Pacific (SEM-micrographs from Blow, 1979).
Fig. 6. Trochoguembelitria extensa, paratype, Zone P1, DSDP Leg 6, South Pacific (SEM-micrographs from Blow, 1979).
Fig. 7.Trochoguembelitria extensa, sample KF18.50 (6.5 m above the K/Pg boundary), upper part of the E. simplicissima Subzone (Pv.
eugubina Zone), El Kef, Tunisia.
Fig. 8.Trochoguembelitria extensa, sample KF18.50 (6.5 m above the K/Pg boundary), upper part of the E. simplicissima Subzone (Pv.
eugubina Zone), El Kef, Tunisia.
Fig. 9.Trochoguembelitria extensa, sample KF18.50 (6.5 m above the K/Pg boundary), upper part of the E. simplicissima Subzone (Pv.
eugubina Zone), El Kef, Tunisia.
Fig. 10. Specimen of Trochoguembelitria liuae sp. nov. of Olsson et al. (1999), assigned to Parvularugoglobigerina eugubina.
Fig. 11. Trochoguembelitria liuae sp. nov., sample KF18.50 (6.5 m above the K/Pg boundary), upper part of the E. simplicissima Sub-
zone (Pv. eugubina Zone), El Kef, Tunisia.
Fig. 12. Trochoguembelitria liuae sp. nov., sample KF18.50 (6.5 m above the K/Pg boundary), upper part of the E. simplicissima Sub-
zone (Pv. eugubina Zone), El Kef, Tunisia.
Fig. 13.Trochoguembelitria olssoni sp. nov., sample KF17.50 (5.5 m above the K/Pg boundary), lower part of theE. simplicissima Sub-
zone (Pv. eugubina Zone), El Kef, Tunisia.
Fig. 14.Trochoguembelitria olssoni sp. nov., sample KF18.50 (6.5 m above the K/Pg boundary), upper part of theE. simplicissima Sub-
zone (Pv. eugubina Zone), El Kef, Tunisia.
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Plate 3
Scanning electron micrographs of the type-specimens of Trochoguembelitria liuae sp. nov. (scale bar = 100 μm).
Fig. 1.Trochoguembelitria liuae sp. nov., holotypeMPZ 2014/295, sample KF20.50 (8.5 m above the K/Pg boundary), middle part of
the E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia.
Fig. 2. Trochoguembelitria liuae sp. nov., paratype MPZ 2014/296, sample KF18.50 (6.5 m above the K/Pg boundary), upper part of
the E. simplicissima Subzone (Pv. eugubina Zone), El Kef, Tunisia.
Fig. 3. Trochoguembelitria liuae sp. nov., paratype MPZ 2014/297, sample KF18.50 (6.5 m above the K/Pg boundary), upper part of
the E. simplicissima Subzone (Pv. eugubina Zone), El Kef, Tunisia.
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Plate 4

Scanning electron micrographs of the type-specimens of Trochoguembelitria olssoni sp. nov. (scale bar = 100 μm).
Fig. 1. Trochoguembelitria olssoni sp. nov., holotype MPZ 2014/298, sample KF20.50 (8.5 m above the K/Pg boundary), middle part
of the E. trivialis Subzone (P. pseudobulloides Zone), El Kef, Tunisia.
Fig. 2.Trochoguembelitria olssoni sp. nov., holotypeMPZ 2014/299, sample KF18.50 (6.5m above the K/Pg boundary), upper part of
the E. simplicissima Subzone (Pv. eugubina Zone), El Kef, Tunisia.
Fig. 3.Trochoguembelitria olssoni sp. nov., holotypeMPZ 2014/300, sample KF18.50 (6.5m above the K/Pg boundary), upper part of
the E. simplicissima Subzone (Pv. eugubina Zone), El Kef, Tunisia.
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