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Abstract

This research offers a comprehensive examination of calcareous nannofossils, isotopic ratios (5'%0 and §'C), and carbon-
ate content spanning the critical Paleocene-Eocene transition at Gebel Nukhul. The study covers three lithostratigraphic
formations: Tarawan, Esna, and Thebes. By meticulous analysis, we’ve identified five distinct calcareous nannofossil zones,
including NP7/8 and NP9-12. Zone NP9 is further divided based on the lowest occurrences of specific nannofossils (Dis-
coaster anartios, D. araneus, and/or Rhomboaster spp.), while Zone NP10 is subdivided using Tribrachiatus contortus as
a marker. We discussed the significance of various calcareous nannofossil taxa in biostratigraphy, highlighting their role as
valuable stratigraphic markers. Our research precisely locates the base of the Eocene at the onset of Subzone NP9b within
the Esna Formation, revealing no discernible lithological changes coinciding with this boundary. Additionally, our findings
align with the global record, indicating significant decreases in 8'3C, 8'%0, and calcium carbonate (CaCO3) content during
the Paleocene—Eocene transition. These changes underscore the climatic and environmental perturbations during this pivotal
geological phase. This study provides valuable insights into the stratigraphy and paleoclimatology of the Paleocene—Eocene
transition, contributing to our understanding of past climatic variations on Earth.

Keywords Calcareous nannofossils - Biostratigraphy - Carbon and oxygen isotopes - Paleocene—Eocene boundary -
Sphenolithus - Rhomboaster

1 Introduction

Paleocene—Eocene (P-E) was a crucial interval, during
which global paleontological and isotopic changes took
place. It was marked by a short (170-220 kyr) and extremely
warm period that resulted in various biotic and isotopic
changes [11, 18, 25, 26, 40]. Several Egyptian sections pro-
vide valuable biotic and chemical data through P-E because
Egypt existed at the Tethys Sea’s margin during the early
Tertiary [31, 32].

The Global Stratotype Section and Point (GSSP) for
Eocene was placed at Dababiya in south Egypt [18]. At
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the beginning of the carbon isotope excursion (CIE) that
has been globally documented, the Eocene started at Daba-
biya. It was accompanied by benthonic foraminifera’ major
demise [43] and coincides with the marker beds [18]. These
beds are known as Dababiya Quarry Beds and are marked
by mineralogical, chemical, and paleontological character-
istics. They were documented from numerous localities in
Egypt [25, 26, 33, 42]. Further subdivision was suggested
for these beds [9].

Calcareous nannofossils are valuable in recognition of
biotic variations through the Paleocene—Eocene because
they are sensitive to environmental changes as well as their
complete record along this time (see [25, 26] for more refer-
ences). This study includes (1) a lithological description of
the uppermost Paleocene—lowermost Eocene at Nukhul (2)
carrying out biozonation based on calcareous nannofossils
and revealing variations of their assemblages, in addition to
(3) revealing changes of carbonate contents as well as 8'%0
and 8'°C values through the Paleocene—Eocene transition.
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2 Location, materials and methods

Collection of 66 rock samples was achieved from the P-E at
Nukhul (Lat. 29° 04’ 46” N—Long. 33° 10’ 21” E), which
is located in western Central Sinai (Fig. 1). For calcareous
nannofossil investigation, pipette strew slides were prepared
for each sample. To ensure approximately equal weight of
sediments per same area of cover slip for all samples, the
following procedures were followed:

1. The sediments were dried in an oven to allow accurate
weighing of the sample and help the disaggregation of
clay-rich samples.

2. A subsample of about 0.1 gm of dry sediment was
weighted from each sample using a microbalance with
precision of 0.001 gm, and transferred into beaker, a
10 ml test tube.

3. A10 ml of distilled water had been added and shaking
was carried out for dispersion of the sediments.

4. A 0.25 mm of the well-mixed solution was pipetted
onto a 22 X 22 mm coverslips, ensuring that it covers the
entire surface then it had been dehydrated on a hotplate.

5. D.P.X mountant was used to mount the coverslip onto a
slide.

A Zeiss Axio-Photo light microscope was used to exam-
ine smear slides. About 50 fields of view on the slide were
examined and specimens were counted to recognize their
relative abundances.

Calcium carbonate contents, 8'C and 8'%0 analyses
had been achieved at University of Florida, USA. Cou-
lometrical measurements of inorganic carbon were car-
ried out on 54 rock samples [19]. An isotope ratio mass
spectrometer (Finnigan-MAT 252) had been utilized for
measurement of carbon and oxygen isotopes. Isotopic data
were recorded comparative to Vienna Pee Dee Belemnite
(VPDB, [17]). These analyses were performed with a preci-
sion of +0.040%. for d13C and 0.072%o for d180 (n=33).

Fig.1 Location map of Nukhul 25"
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3 Lithostratigraphy

The sturdy interval covers the following stratigraphic units
(Fig. 2):

3.1 The Tarawan Formation

At G. Tarawan (Kharga Oasis, Egypt) this formation is

an interval of chalk changes upward to chalky limestones
and then marly limestone [10]. At Nukhul, the uppermost

Tarawan F. (~2m) is included. It consists of yellowish-
chalky limestone (Fig. 2) and is assigned to the Thanetian
Epoch.

3.2 The Esna Formation

It had been distinguished by Beadnell [12] to characterize
a shale sequence, which has calcareous intercalations and
grades into argillaceous limestone in between the upper
Cretaceous and Eocene successions at G. Oweina close to
Esna, Egypt. Subsequently, Said [38] designate this unit
Esna F. At Nukhul, the Esna F. is about 25 m thick of dark
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Fig.2 Lithostratigraphic columnar section of the late Paleocene—early Eocene sequence at the Nukhul section, West Central Sinai, Egypt
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grey calcareous shale with argillaceous marl intercalations
(Fig. 2).It was dated as Thanetian-Ypresian. Several authors
subdivided the Esna Formation into various units (see [26]
for more discussion). The DQBs that associate with the
Eocene’ base GSSP were not documented in the present
study (Fig. 2).

3.3 The Thebes Formation

Said [38] appointed it to mark a 290 m limestone bed with
numerous flint bands overlies the Esna F. at Gabal Gurnah,
Nile Valley, Egypt. At Nukhul, about 4 m of Thebes F. were
examined. It consists of limestone (hard and white) with
chert nodules and bands (Fig. 2). This interval was assigned
to the Ypresian Epoch.

4 Biostratigraphy

In this study, the zonation scheme of Martini [28] was
adopted. Zone NP7 plus Zone NP8 were gathered follow-
ing Romein’s [37] suggestion. Further subdivision of Zones
NP9 in addition to NP10 was adopted. Stratigraphic distribu-
tions of nannofossil assemblages are shown in the Table 1.
Recognized zones and subzones are discussed as follows.

4.1 Zone NP7/8

Hay [23] introduced Discoaster mohleri Zone using the
LO of Heliolithus riedelii as a marker to the start of this
zone. However, H. riedelii was considered an unreliable
biostratigraphic marker [34], thus Romein [37] combined
Zones NP7 plus NP8 into Zone NP7/8 that span from the
LOs of D. mohleri to D. multiradiatus. Discoaster mohleri
Zone belongs to Thanetian Age [4]. At Nukhul, Zone NP7/8
extends from samples 2-5 in the Tarawan F. (Fig. 2 and
table), and is assigned to Thanetian Epoch.

4.2 Zone NP9

Bramlette and Sullivan [14] introduced this zone that was
revised by Martini [28]. The LO of Discoaster multiradiatus
delineates its base and the LO of Tribrachiatus bramlettei
delineates its top. Several studies in Egypt recorded this zone
([25, 26] for more references). At Nukhul, D. multiradiatus
first occurred in sample 6 (Table), and T. bramlettei first
occurred with continuous occurrence in sample 35. In this
study, the LCtO of T. bramlettei is adopted to recognize the
upper limit of Zone NP9. It has about 10 m thickness and
its base matches with the starting of Esna F. (Fig. 2). Rhom-
boaster first appears and radiate in this zone. Paleocene
Fasciculiths and Discoaster taxa appear and radiate in this
zone (Table). Campylosphaera dela had been used to further
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divide the interval equivalent to Zone NP9 [16], however,
later studies confirmed its unreliability for biostratigraphic
zonation and correlation [25]. Zone NP9 was further subdi-
vided into Subzones NP9a as well as NP9b [8]. This propo-
sition had been followed in this study (Table).

4.2.1 NP9a Subzone

The LOs of Discoaster multiradiatus mark its beginning and
Rhomboaster spp., D. anartios and/or D. araneus that mark
its top [8]. At Nukhul, this subzone extends from samples 6
to 16 and has a thickness of 4 m in the lowermost of the Esna
F. and has been assigned to Thanetian Age (Fig. 2).

4.2.2 NP9b Subzone

The top of this subzone is delineated by the LO of Tribra-
chiatus bramlettei [8]. At Nukhul, it covers samples 17 to 34
and is about 5.8 m thick and has been designated to Ypresian
Epoch (Fig. 2). Numerous species first appear in this interval
including: D. araneus, R. cuspis, R. calcitrapa, R. bitrifida,
D. anartios, T. spineus, Blackites herculesii, D. salisbur-
gensis, D. mahmoudii, Pontosphaera exilis, Zygrhablithus
bijugatus, D. paelikei, Helicosphaera seminulum, D. binodo-
sus, Pontosphaera ocellata, P. multipora, and D. splendidus.

4.3 Tribrachiatus contortus zone (NP10)

The LO of Tribrachiatus bramlettei delineates its base
whereas its top is marked by the HO of 7. contortus [23]. In
this study it extends from samples 35 to 46 and is about 7.5
m within the Esna F. and is designated to Ypresian Epoch
(Fig. 2). The structure of Tribrachiatus bramlettei and Rhom-
boaster is considered different by some authors [25]. Thus,
Faris et al. [22] recommended identifying Zone’s NP10 base
by the common occurrence of 7. bramlettei. In this study,
T. bramlettei appears in samples 24, 25 and 27 with rare
occurrence and began to appear continuously in sample 35
and in common occurrence in sample 38. The reliability of
further subdivision of this zone based on the LOs and HOs
of Tribrachiatus contortus and T. digitalis had been assured
by several studied (see [42] for more references). However,
the range of T. digitalis and its systematic position were
criticized [35]. Therefore, Zone NP10 was further subdi-
vided into two subzones using the LO T. contortus [25].
The overlapping ranges of T. bramlettei—T. contortus, in
addition to overlapping ranges of T. contortus—T. orthosty-
lus indicate that Zone NP10 is complete [42]. At Nukhul, 7.
bramlettei overlaps in range with T. contortus in Zone NP10
(samples 39-42). Furthermore, an overlapping in ranges of
T. contortus-T. orthostylus was documented in Zone NP10
(sample 45 to sample 46) (Table).
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Table 1 Distribution of Paleocene—Eocene calcareous nannofossils at Nukhul, West Central Sinai, Egypt

snjpsnd sn34201sv11120a\ I Snpipuaj :anauawﬁQ &
vayomnd d 7 suodopoa)d snasiposiz| o
m 1 7 = e..m = & vaodyjnut v1oviydsojuo, o
. a1 10)J2|uID1q SHIDIYODIGLL R
DpONIIp blisaudjojo oY Ole - mwﬁ&ht& s.mwgemruﬂ o~ o i
Aadsaa snypnjoyaunoipy ~ 12y1jad 12}5D0381 (7| o el | 3
snuajo.d $s31)1]023020a)]| o Y D0 Ao = = 3oL
syvaIv] SnpOHouIpad ~ siixo viavydsopuod| <, ~ o o .3
SISU20pO] 12}SDOXSIQ| || | ~ DIPoULIZIT 12}SDOqUIOY Y z 82%
1m0]251q vaavydsopnivig [ N DaxDs DIavids0onI0 ] o o o = m 2 Z3
supipva snypjoudyds| Ol | [ o e[ e[ O[O O] [ O] | ed [ [ Ot | 4 Snaupds Sm1yovIqL ] & o] [eled] ||| mmmum
Suua SN1dMO | 4 4 SopIUD 12)sD02S1(J | 2 o | o || 3 r/.w =) r]m .M
snjdjsoy10 smp1yovIqLL O[O O[]0 000|000 DPYLIIG 12ISDOqUIOY Y| o|ed| ||t & m a/,‘ 2 2
sndijsvip 121590251 ~ lzlolo Olx Y vdvy12]p3 12)S00qUIOYY [ | [ ) el £
STunun] Smpiosvi) | = 2 2l ~ ~ sidsn 12sp0quioyy | | u [O] O st w| ||| Z[e O] O[O] <[ < LEE-R
1l 1 ! - : SHE=S
snjuaj1onuL Sn3A201s0120aN & | SHIvSHilq SHiqDi|Lo4 =1 2 P =1 4 P N =1 4 EEEEE
suod d snosipoSq; ~ ~ Ipnouryoul J12jSDOISY w00 ~ ETAEE
Su0do}oajd snostposdz [~ o | SISU2SINGSHDS 12JSDOIS], ~ | [ 2-c8%e
ISP SHIDIIDAGHL SICHCIEIE SapM19Y SoHYVI | O | o2 | o2 | | ot 2| o2 | 2 fEg022 ¢
i T d o - SISUDIPHGIng I2ISV0ISIY e x| Wm m Pt EW
SHRLOJUOD SIDIYOIDIGLL] ~ AR EA-41-4 snauvap 19s00081q| (ot || | ol e ed VMDM S wM H mm 3
snjipa snyjijouayds Q = 0|00 || OO | O || O = sndoy.Livup sniyjijousyds) ~ AMNQMKM G,.M,M..,
dhal'] 1onIqLL] MBS |—_suanbaif snypjoonjdioni)y = ~
il ydsopuod| o B[ p4o03d50jiiod || o4 o2 | 2 = o
poulq 1q | e | OO | || O[O0 Q0| o Smppun{ SnGazojsvIY20aN | OO | O | < < < OO od| o | o | o | ol
12y112vd 12)s10351(] | o~ I “ds 1915D 055 | el o ~ | e
TET: 0 SIT ~ ~ ~ SH21U SHYJNIIOSD ] ||
1 H 1 .- b7 i & Hgnoyos sn 198D,
SIIXo DDy d| = e |l o el (=] =] (== |2 =2 e LRI L/UN R = ==
snaurds smppnyonaqry ~ - .a:%.iwi As00051q| || e e & &
SOLIDUD 12}SDOISI =313 318 SRSy Smgjosdi | ~ ~| |~ . e
vpifiug1q 12)svoquioyy ~ vjap viavydso)idun) |,
pdp.a31]03 12]1SVOqUIOYY ~ - 1-4 1PADYILL SHHINIIOSD ] | (Ol T [
n.:NQZ AISDOqUIOY Y & OO0V I0 SUapIq SMIouISvIl ) o | o o
Snliq snypjqoyi8iz] O O] [efw|e]m]OfO]ed] (el ||| [t | |edle TP SHYOwSDIY) =
1p Yy S 281 o~ DID[NI42010 DIIDYASOIDIOY | | ||| | -4 -4
usapnosoy sopyovg| |ed| o] | || || [ OO || OO M| [ O ]| [ & o~ & RR
wvw.“h.um x&waew&Q e = A REE M = ~ o O ...ES:,Q..%..EEE.&; &
sndoy.Livun ds ~ OVIUDHJ] SHYHINIIOSY ] || e[| OO O[O0 O e[| x| o [ |
3 (L] il S SDIPDIYINUL 1}SDOIS] [ 00| C o ©|O|ed)| e <[00 || O Ol o
punyd viavy d = e || | | O | | ] || || e ]| =] wsnafé..%au.u. e T T S ] =
smpouni snS4201s01420a)] MBS Se]e)S) 2040] SHIONHO ~ ~
“ds aapspoos1q| | o~ ledled| || Ol O || [l & SH2110D SHIoW0g| o
upivyu1a1 v1ovydsojasp]oL) ~ ~ ~ i dutapy snyyjonaH| ~ o] [ o
SHSOIpaUl 12}SD0ISIY [ -4 o~ o~ 4 e~ SHSOJ[DS SHIIMO] | 7, ~ o ||| I~
jop viovydsodduiv) |t ed o ||t || e oo HUB]D SHIHOISD ] ol e e[| O] <[C] O[] O] O[Ol O[Ol O~
SUap1q SnyJIjouIsvIy) o | | & Suoosvu Suipijopoydo ~ &
SHpYIU SHJIOUISDIY) I o HSDULOY SNIJNIISD,] M EEEEEEEEEEEEEE
vpvndaado viavydsoonioy | ~ I ~ ~ | SHDMIYUI] }SDOISI el e [efefO]x M
SM}J1]0S SnYJ1]OUISD1Y)) o~ o ol e o ST -
. E 2015011200 ) 114
SmpIppAGt 1)SD0ISIq ||| O =1 Pl oo o] O od o = - .nwau.x.\u nx_\::.‘...wsgu o eled | o 2|0 -3
sma|nf 121500351 MRS wleled]| [ [eledfe] [ o Tiavydsorog| e o~ 2= = 2 T
njjadutapy snyijoNaH [~ . ~ [ SUDS2]2 SHIIjoUI0g = | 2| (= === | Ol w ||
Snsojpy sn1aMof|  |ed| ||| (x| || (O] [ | |~ Tjap1ad SRyIolaE] o o
HUDID SNYJINIIISD,] o Haoul 12)50081q| |2 | ~ = oo | et o[ e[ e o]
ynjopoydoy [ o~ o ~ | e ~ IVLIGUIUDD SN0 & 4% A4 EY || o~
I A H[MI1ISD] SmipauLiopu Suypoov]dion.ty o o |« o et
SLDJNINUI] 12]SD0ISI(]| o [ o~ SIpub.La SHYOUISDIY ) ] ] M — M — H
psouit paavydsojuo, o o~ I L & Ol = &
g?w&» mxu,&eu&am = = = S5 Snujjoovul SWypIjoSal] | |edlec| |ed] |edfed e ol ed|od|odfod| | o o | | Of oo | o [ o o | o | 2
= SHOIUDD SHJIJOUISDIY) et o et ~ [ o o
Hapyout 121sn0IS1q & =2 StHU] SHiijoonjdion.) | | | | ™~
SIpuD.LS SnypIjousniy) o || e ~|ed &~ Soafiod ST oI 222 == ~ el = =2 =
snjjaovut snypjosdig) | & | O] O[O0 (O[O MO (M0] |Mixdiedo el Smonsuoa smymowsoi] )| 2| || 2| 2|2 || 222 = = = T2l Tol=l=l%Cl==l=] 1=
vp S} 1D| e~ ~ ~ & vl snypGdoyry| | | MEEEE P e
SHJINSUOD SHYJIOUISHIY) ~ [~ o~ o~ O] 22 Snsnziod SHomo o odled| || || ol ed MEEEEE Olx|e]e ||
snsnp1od Sn1omo [ o 9 SHIR]OAUL SHYJINIIOSD ] ot|ealedlee| (el || |xfedfe|fef[OfOf] [[Ofx
snud snypjouayds| OO || O] <[00 O[O <[ <[ <[ <[ <[ <[ <[ <[ <[O]O][ <[ <[o] <[ <[O]O]u]O[O i noso g | od |l e | e e[| [et| e tie] [ [e]efO]d]O]]=[O]OO]O]O]O]OO[O]O]O]O
vpsnqoa v1uosotg || w || | | | x| | i [ e [ | O [ O] i [ ¢ i [ [ O[O = [ O] O O] O] O i [ [ snuad snyouaydg O[O w[w[Of Ol O[ O] Olw O]l Oo] ol o olo]o]ololofo]ol <[ <[] <ol <[ <O <
snardpjad smyp110220) | O] Ol x| O[O Oo[~[O]o]o]o]o]olo]olololo] <ol < <[ << <[ <] <]o]v]v]o opsnqod vuosoug|ololol ool xfwlOlololwolo]ololOlelolo]ololo] OOl w el O]OfwO]OlO]O
Ertu&QESrES;MACFCCCCFCCCACCACAAAACAAAAAAAACAA snarsppad snyijoan0) | < | < | < | <| < | 0| <| <[O|OU|U| <| <[ €| <[ <| <[ <[ <] <| <[ €| <[ <| o[ o[ <|<|<| O[O
= = DSnpIadgns viUoSILL, < < <| <] << <] <[ <] <
Jduepunqy <[<[o[<|<[<[Clol<[<<[< << <[« <[<[<|<[<[<|<[<[<[<[<[<[<[<[<[< 3_.?_.“%\ .mMMMMMMMMMMMMAMMAMMMMMMMMMMAAAAAAAA
Jaquimu dfdureg AP R I et R E D DA bA e bl ) et b e e e R e g e R e Pl A P R e ry——— HANBEEREEEEFNEEEEEEEEEHEEEREREEERERE
q € e
JU07Z [ISSOJouuEN 1IN T1dN q
OTdN AUO7Z [ISSOJ! N N 8/LAN
uoneuLIo g LELELRY eusy uoneuLIO | eusy uemere],
Ay ueIsaIdy By uersoad § uenouey |
yaodg AUI0Y yoody U0 03[ e

pringer

A's



Journal of Umm Al-Qura University for Applied Sciences

4.3.1 NP10a subzone

Appearing of Tribrachiatus bramlettei marks the base of this
subzone and the LO of T. contortus marks its top [25]. It is
equivalent to Subzones NP10a and NP10b of Tantawy [41].
It is ~2 m thick at the Nukhul section (Fig. 2) covering sam-
ples 35 to 38 within the Esna F. It is assigned to Ypresian
Epoch (Table).

4.3.2 Subzone NP10b

This zone spans the whole extent of Tribrachiatus contortus
[25]. It is equivalent to Subzone NP10c of Tantawy [41].
It has a thickness of 5 m (Fig. 2), and belongs to Ypresian
Epoch. Tribrachiatus digitalis appears in sample 40 within
this subzone just above the appearance of T. contortus
(Table).

4.4 Zone NP11

It extends between the HO and LO of Tribrachiatus con-
tortus and Discoaster lodoensis, respectively [24]. It covers
about 4 m of the Esna F. at Nukhul (Fig. 2). It is assigned
to Ypresian Age. Tribrachiatus orthostylus often appears
slightly below the boundary between Zones NP10 and NP11
and, thus, approximate the top of Zone NP10 [34]. Moreo-
ver, appearings of Sphenolithus radians plus T. orthostylus
are synchronized [3, 25]. A similar finding was recorded
in this study that confirms their stratigraphic reliability in
approximating the top of Zone NP10.

4.5 Zone NP12

It extend between the LO and HO of Discoaster lodoensis
and Tribrachiatus orthostylus, respectively [15]. At Nukhul,
it has 4 m thickness and extends across the Esna—Thebes
Formations (Fig. 2).

5 Discussion

Throughout the Paleocene and Eocene, striking lithological,
chemical, and biotic changes were discovered. According to
Dupuis et al. [18], these modifications have a major impact
on how the P-E boundary and regional correlations are rec-
ognized. Numerous sections have described changes in the
assemblage of calcareous nannofossils in Egypt throughout
this time (see [6, 7, 27, 40] for further references). The base
of Eocene was placed within Zone NP9, within Zone NP10
or at the boundary between Zones NP9 and NP10 (see [25]
for more references). At the Dababiya GSSP, it synchronizes
Subzone’s NP9b base [18].

@ Springer

Calcareous nannofossil excursion taxa (CNET) are the
most important guide that characterizes Eocene’s base at
the Dababiya GSSP [13]. They include Rhomboaster spp.,
Discoaster araneus, plus D. anartios. Irregular length and
asymmetrical arrangement of rays of these taxa refers to
unusual conditions as reported by Mutterlose et al. [30]. Yet
the lowermost Eocene interval (~73 cm) at the GSSP is bar-
ren of carbonate and overlain by strata contain CNET [18].
Thus, their rigorous ranges are unknown. At Nukhul, the
Eocene’s base matches the beginning of Subzone NP9b. No
lithological change is documented at this boundary at the
Nukhul section.

The LO of Tribrachiatus bramlettei is valuable in
biostratigraphy [28]. Studies documented discontinuous and
rare to very rare occurrences of 7. bramlettei just on top of
the CIE and the LO of Rhomboaster spp. [2, 3]. Moreover,
Agnini et al. [3] reported that calibrations show inconsistent
beginnings of 7. bramlettei. These inconsistencies are prob-
ably consequence of diachrony, etching that mark the early
Eocene interval [3] and/or disputes related to the taxonomy
of T. bramlettei. Rhomboaster cuspis as well as T. bramlettei
were seen synonyms [44], yet some authors believed that
they have different structure [2, 3]. Rhomboaster cuspis and
T. bramlettei are considered different in this study and the
LCtO of T. bramlettei delineates the entry of Zone NP10
(Table).

Some authors documented the disappearance of Tribra-
chiatus bramlettei within Zone NP10, nearby vanishing of
T. contortus, preceding the beginning of T. orthostylus [20].
Similar finding is documented in the present study, where
T. bramlettei disappears in sample 42 whereas T. contortus
disappear in sample 43 and T. orthostylus appears in sample
45 (Table).

The LO Sphenolithus radians is correlative to the HO
of Tribrachiatus contort. Consequently, the former bioev-
ent approximates Zone’s NP10 top [34]. However, some
authors viewed S. radians close the top of Zone NP11 [5].
At Nukhul, S. radians first occurs in sample 45 and synchro-
nizes appearing of 7. orthostylus (Table).

Through latest Paleocene, Fasciculiths radiated then dis-
appeared slightly after radiation [28] and [37]. Consequently,
the HO of fasciculiths can approximate Zone’s NP10 lower
limit [42]. At Nukhul, the disappearance of F. tympaniformis
coincides with Zone’s NP9 (Table). Yet F. tympaniformis
crossed into Zone NP10 in various sections around the
world (see [26]). Moreover, Kasem et al. [25] viewed F.
tympaniformis commonly occurring up to the midst of Zone
NP10 at G. Misheiti (Sinai). These inconsistent stratigraphic
ranges are probably due to the disagreements in the deline-
ation of the LO of T. bramlettei that marks Zone’s NP10
base of. These make it hard to infer whether it was survived,
reworked, or its occurrences are diachronous.
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Fasciculithus taxa that have their LOs in Zone NP9 were
gathered by Agnini et al. [4] into F. richardii group. They
delineated Zone’s CNE1 limits utilizing the HOs of F. rich-
ardii group as well as F. tympaniformis, respectively. Dis-
appearance of F. alanii and the first appearance of Rhom-
boaster calcitrapa, R. intermedia, and Rhabdosphaera
solus (Blackites herculesii herein) was utilized by Faris and
Salem [21] to recognize Subzone’s NP9b start. Furthermore,
vanishing of F. alanii synchronizes Subzone’s NP9b base
as viewed by Abu Shama et al. [1], but it vanishes shortly
before this time at the Dababiya GSSP [18]. At the Nukhul
section, F. alanii, F. thomasii, F. lillianiae and F. mitreus
vanishes within the bottom of Subzone NP9b, while the
disappearance of F. tympaniformis synchronizes Subzone’s
NP9b top (Table).

Kasem et al. [25, 26] documented that Zygrhablithus
bijugatus first occurs in coincidence with the start of Eocene.
Yet it first occurs closely above this time at Nukhul (Table).
Discoaster mahmoudii start occurring in subzone NP9b
at Nukhul (Table). Several studies recorded D. mahmou-
dii in Zone NP9 [3]. Discoaster mahmoudii occurs at~3.5
m,~2 m and 7 m up the CIE at Dababiya, Oweina and Nezzi
sections, respectively [29] and [18]. At Nukhul, D. mahmou-
dii occurs ~ 2 m overhead Eocene’s base (Fig. 2). This con-
forms its unreliability in biostratigraphy.

Aubry and Salem [6] delineated Subzone NP9c from the
HO of CNET to the LO of Tribrachiatus bramlettei. How-
ever, the RD taxa ranges up to Subzone NP10b [26]. Similar
finding was documented in the present study (Table).

Blackites herculesii had been viewed in Zone NP9 in vari-
ous localities in Egypt [26] and extends into Zone NP10 in
other section [25, 26]. At Nukhul, B. herculesii first exists
close to the lowest occurrence of D. mahmoudii in Subzone
NP9b (Table). The increase in frequency of Neochiastozygus
Jjunctus was considered valuable in the delineation of the
beginning of Zone NP10 as suggested by Abu Shama et al.
[1]. In this study, N. junctus appears at Subzone’s NP9b base
and rises close to its top.

Discoaster binodosus can approximate Zone’s NP9 top
[34]. Yet Faris and Salem [21] viewed it close to the base of
Subzone NP9b. Moreover, Kasem et al. [26] viewed D. bino-
dosus in Zone NP10. At Nukhul, D. binodosus first appears
just below Zone’s NP9 top (Table). Thus, the LO of D. bino-
dosus is considered insignificant biostratigraphic event [25].

Discoaster multiradiatus is presupposed to disappear in
Zone NP11 according to Perch-Nielsen [34]. Yet its dis-
appearance was recorded within Subzone NP10b [25].
Moreover, it disappears in sample 54 and its vanishing syn-
chronizes the top of Zone NP11 at Nukhul (Table). These
inconsistencies are probably due to reworking.

An acme of Ericsonia subpertusa accompanies the CIE
at Dababiya [18]. At Nukhul, E. subpertusa is very abun-
dant around the P/E boundary (Table). It is considered

warm-water taxa [16], and [13]. Perch-Nielsen [34] men-
tioned that calcareous nannoplanktons reach topmost diver-
sification during late Paleocene. This is confirmed in this
work, where most Paleocene Fasciculithus and Discoaster
taxa (e.g., F. thomasii, F. schaubii, F. alanii, F. lillianiae, F.
richardi, F. mitreus, Discoaster multiradiatus, D. falcatus,
and D. mediosus) appear in Subzone NP9a (Table). Fur-
thermore, several taxa first occur in this subzone including
Toweius callosus, Campylosphaera dela, Ellipsolithus disti-
chus, Cyclagelosphaera reinhardti, Neochiastozygus junctus,
Sphenolithus anarrhopus, Lophodolithus nascens (Table).
The §'30 and §'3C isotopic changes were controlled by
the isotope composition and temperature of sea water [39].
Therefore, they are significant for tracking variations in
the water temperatures as well as changes in biogenic and
oceanographic conditions. Negative 8'3C and §'%0 excur-
sions were documented at the P/E limit at Dababiya, and is
documented globally [18]. At Nukhul, 8'3C values decreases
abruptly from 1.1 %o in sample 17 to 0.74 %o in sample 18
and — 1.3 %o in sample 19 then increases gradually (Fig. 3).
Similarly, the 8'%0 values abruptly drop from — 2.8 %o in
sample 17 to — 5.2%o in sample 18 (Fig. 3). These abrupt
decreases are due to climatic changes that associated the
PETM. Eocene’s base is also associated with a global fall in
the carbonate content as documented by Dupuis et al. [18].
At Nukhul, it decreases from 52.5% just beneath the P/E
boundary (sample 16) to 40.2% in sample 17 (the base of
Eocene) and 55% in sample 19 (Fig. 3). This decrease in car-
bonate content probably resulted from sea level regression,
which is evident by the common abundance of Campylo-
sphaera dela and Rhomboaster spp. that indicate shallow-
water conditions [16]. Furthermore, it may result from a
global decline in isotopes of carbon, a decline in productiv-
ity, a global ocean circulation changing, and/or a carbonate
compensation depth’s shoaling (CCD) [36], and [45].

6 Conclusion

In conclusion, the investigation of calcareous nannofossils,
isotopic ratios (8180, 613C), and carbonate content across
the Paleocene-Eocene transition at Nukhul has provided
valuable insights into the stratigraphic and paleoclimatic
changes during this critical geological interval. Zones
NP7/8 through NP12 were identified, along with the sub-
division of Zone NP9 into two subzones and Zone NP10
into two subzones. This highlights the complex biostrati-
graphic framework at Nukhul. The overlapping ranges of
Tribrachiatus bramlettei, T. contortus, and T. orthostylus, as
well as the correlations between the appearances and disap-
pearances of Sphenolithus radians and T. contortus, offer
significant markers for stratigraphic assessment. However,
the disappearance of Fasciculithus tympaniformis within
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Fig.3 Variations of 83C, 6'%0 and carbonate content of the late Paleocene-early Eocene sequence at the Nukhul section, West Central Sinai,

Egypt

Subzone NP9b underscores the challenges in establishing
precise boundaries, likely stemming from disagreements
in the placement of the LO of T. bramlettei and the base
of Zone NP10. Further complexities arise with the vanish-
ing of several Fasciculithus species within Subzone NP9b
and the uncertain biostratigraphic reliability of Discoaster
mahmoudii’s appearance in the same subzone. Notably, the
LO of Neochiastozygus junctus coinciding with the base of
Subzone NP9b and the increasing abundance of N. junctus
towards the subzone’s top offer additional clues for refin-
ing the stratigraphy. Discoaster binodosus, though consid-
ered insignificant as a biostratigraphic event, appears just
below the top of Zone NP9. The increased frequency of

@ Springer

Ericsonia subpertusa near the Paleocene-Eocene boundary
is indicative of a warming event. Importantly, at Nukhul, this
boundary was situated within the Esna Formation without
significant lithological variations. Concurrently, the study
documents global decreases in calcium carbonate content,
8'3C and 8'80 across the Paleocene-Eocene boundary, high-
lighting the broader climatic and environmental changes
during this pivotal geological transition. These findings
contribute to our understanding of the Paleocene-Eocene
transition’s complexity and provide essential data for future
paleoclimatic and stratigraphic studies.
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Plate 1, 2 Ericsonia subpertusa. Sample Number 11, Subzone NP9a.
3 Coccolithus pelagicus. Sample Number 11, Subzone NP9a. 4
Ericsonia robusta. Sample Number 11, Subzone NP9a. 5 Crucipla-
colithus tenuis. Sample Number 17, Subzone NP9b. 6, 7 Chiasmo-
lithus consuetus. Sample Number 6, Subzone NP9a. 8, 9 Toweius
pertusus. Sample Number 6, Subzone NP9a. 10 Toweius callosus.
Sample Number 11, Subzone NP9a. 11 Sphenolithus primus. Sample
Number 6, Subzone NP9a. 12 Sphenolithus radians. Sample Num-
ber 54, Zone NP11. 13 Neochiastozygus junctus. Sample Number
30, Subzone NP9b. 14 Helicosphaera seminulum. Sample Number
38, Subzone NP10a. 15 Pontosphaera plana. Sample Number 42,
Subzone NP10b. 16 Ellipsolithus distichus Sample Number 32, Sub-

zone NP9b. 17 Fasciculithus involutus. Sample Number 6, Subzone
NP9a. 18 Fasciculithus tympaniformis. Sample Number 6, Subzone
NP9a. 19 Lithoptychius stegastos. Sample Number 8, Subzone NP9a.
20, 21 Fasciculithus alanii. Sample Number 11, Subzone NP9a. 22,
23 Fasciculithus lillianiae. Sample Number 15, Subzone NP9a. 24
Lophodolithus nascens. Sample Number 41, Subzone NP10b. 25-28
Rhomboaster cuspis. Sample Number 32, Subzone NP9b. 29, 30
Tribrachiatus bramlettei. Sample Number 38, Subzone NP10a. 31
Discoaster binodosus. Sample Number 39, Subzone NP10b. 32 Dis-
coaster mahmoudii. Sample Number 31, Subzone NP9b. 33, 34 Dis-
coaster multiradiatus. Sample Number 16, Subzone NP9a.
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