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1National Institute of Marine Geology and Geo-Ecology, Bucharest, Romania, 2Doctoral School of
Geology, University of Bucharest, Bucharest, Romania, 3State Key Laboratory of Bio-Geology and
Environmental Geology, China University of Geosciences, Beijing, China

A hemipelagic succession 29m thick, situated in South Tibet within the Tethyan
Himalaya tectonic unit, has been investigated for its calcareous nannofossil
content. A total of 17 samples were subject to qualitative and semi-quantitative
analysis.Thestudied intervalbelongstotheupperAlbian-lowermostCenomanian
and extends into the UC0 nannofossil zone; based on the last occurrence
of Hayesites albiensis, the UC0a and UC0b-c subzones were recognized. The
most abundant nannofossil of the Youxia section isWatznaueria barnesiae. Other
common taxa are Eiffellithus turriseiffelii, Eprolithus floralis, Rhagodiscus spp., and
Zeugrhabdotus spp. In the lowermost part of the studied section, below the
beginning of the Albian-Cenomanian Boundary Event (ACBE), i.e., prior to the
δ13C positive excursion related to OAE1d, the nannofossils confined to high
paleolatitudes, namely Repagulum parvidentatum, Seribiscutum primitivum, and
Sollasites horticus, are present with a low abundance. This occurrence is believed
tobeevidenceof a short episodeofcooler surfacewaters linked toa transgressive
event. The nannofossil abundance and diversity, along with the fluctuation
patterns of the nutrient and temperature indices throughout the section, reflects
a primary signal of mesotrophic to eutrophic conditions from the base of the
succession up to the two oldest δ13C peaks of ACBE, both late Albian in age
and within the OAE1d. By contrast, the dominance of Watznaueria barnesiae,
representing more than 80% of the total assemblages, along with the significant
drop in abundance and diversity shown by nannofossils within late phases of
ACBE, are interpreted as a diagenetic signal.Mesotrophic to eutrophic conditions
returned towards the topof the studied succession,whereBiscutum constansand
Zeugrhabdotus erectus again show a higher abundance.
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1 Introduction

TheOceanicAnoxic Events (OAEs) representmajor disturbances in the global carbon cycle,
covering episodes of widespread marine anoxia and major oxygen depletion in the marine
realm. During the setting of an OAE, biogeochemical cycles are modified and are linked to
major changes in the ocean and atmosphere of the Earth (i.e.,Schlanger and Jenkyns, 1976;
Jenkyns, 1980; Arthur et al., 1988; Kuypers et al., 1999; Bodin et al., 2010; Kemp et al., 2022).
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Several changes took place during the setting of an OAE,
such as the shift of δ13C isotope values, changes in lithology,
including the occurrence of rich-organic black shales in deep-
marine deposits, and modifications of biotic assemblages, especially
marine planktonic ones, which are more sensitive to environmental
changes (i.e., Arthur and Premoli-Silva, 1982; Jenkyns and
Clayton, 1986; Mutterlose and Kessels, 2000; Leckie et al., 2002;
Herrle et al., 2003; Erba et al., 2004; Dumitrescu and Brassels, 2006;
Cohen et al., 2007; Jenkyns et al., 2017).

A rapid global warming during the setting of OAEs was
described by numerous publications (e.g., McAnena et al., 2013;
Bottini et al., 2015; Huber et al., 2018). Increased temperature
values and the higher hydrological regime (Menegatti et al., 1998;
Bodin et al., 2015) led to increased primary productivity, causing
anoxic oceanic conditions. Most probably, the high volcanogenic
CO2 content in the Earth’s atmosphere was the main factor leading
to the development of the greenhouse climate, also implying
continental weathering and higher nutrient content brought by
rivers (Föllmi et al., 1994; Erba and Tremolada, 2004; Turgeon
and Brumsack, 2006). Additionally, the idea of the global ocean
enhancing fertility is possibly linked to the huge amount of
biolimiting metals produced by submarine igneous events (Erba,
2004; Weissert and Erba, 2004). The mid-Cretaceous times are
characterized by the occurrence of the most numerous Oceanic
Anoxic Events (OAEs) in the whole Mesozoic (i.e., Schlanger
and Jenkyns, 1976; Jenkyns, 2010). Most of these OAEs probably
reflect the presence of superplumes, associated with high ocean
crust formation rates and increased volcanism (Arthur et al.,
1985; Larson, 1991; Larson and Erba, 1999; Wilson and Norris,
2001; Friedrich et al., 2012). Based on isotopic investigations
of Cretaceous OAEs, important changes in the global carbon
cycle were reported, especially within the Aptian-early Turonian
interval (Jenkyns et al., 1994; Mitchell et al., 1996; Jenkyns, 2010;
Richey et al., 2018; Sames et al., 2016; Yao et al., 2021).

One of the most significant disturbances of the carbon cycle
produced in the mid Cretaceous was discovered within the Albian-
Cenomanian boundary interval, namely, the Albian-Cenomanian
Boundary Event (ACBE).This event is characterized by the presence
of four successive peaks (A, B, C, and D) identified by Gale et al.
(1996) in Southeast France (the Vocontian Basin), based on the
δ13C isotope positive excursion. The oldest Albian peak is described
as the OAE1d (Jarvis et al., 2006; Gale et al., 2011), known as
the Breistroffer Event in SE France (Breistroffer and Hebd, 1937;
Bréhéret, 1997; Giraud et al., 2003; Bornemann et al., 2005) and
the Pialli level in the Italian Apennines (Coccioni et al., 2006).
This chemostratigraphic event was revealed in many Tethyan
successions (western equatorial Atlantic–Petrizzo et al., 2008; NW
Turkey; Yilmaz, 2008; N Tunis–Fahdel et al., 2011; New Mexico,
United StatesScott et al., 2013; Eastern Carpathians–Melinte-
Dobrinescu et al., 2015; Tibet–Yao et al., 2018; Yao et al., 2021;
Wang et al., 2022; Poland–Górny et al., 2022; Bąk et al., 2023;
Egypt–Mansour and Wagreich, 2024, among others), in Boreal ones
(i.e., Speeton, United Kingdom - Mitchell et al., 1996; Hanover area,
N Germany - Bornemann et al., 2017), and also higher southern
latitudes (>60°), according to Fan et al. (2022). The widespread
occurrence of the chemostratigraphic signature indicates that the
ACBE, including the lower part (OAE1d), might be regarded as a
globally distributed oceanic anoxic event.

As with other planktonic marine organisms, the calcareous
nannoplankton group is very sensitive to surface water changes,
such as temperature, pH, nutrient input, salinity, and dissolved
CO2. Linked to the OAE occurrence, the nannofossils show a
turnover, i.e., either a speciation event preceding the OAE or
an extinction event followed by speciation, and a temporary
disappearance of high-fertility proxies (i.e., Lamolda et al., 1994;
Erba, 2004; Linnert et al., 2010; Fahdel et al., 2011; Melinte-
Dobrinescu et al., 2013; Aguado et al., 2016). Some authors assume
that, within the latest Albian, there are minor modifications in
surface water fertility (Giraud et al., 2003), probably reflecting
changes from mesotrophic to more oligotrophic conditions
(Erba and Tremolada, 2004; Bornemann and Mutterlose, 2006;
Mutterlose et al., 2022) linked to climatic variations. The findings
from Bornemann et al. (2005) are indicative of reduced surface
water productivity during the black shale deposition of OAE1d in
the Vocontian basin, France. In theNorthwest AfricanMargin, Chin
and Watkins (2019) identified fluctuations in surface water
productivity within ACBE and lower Cenomanian Events I to III,
based on modifications in nannofossil assemblages, especially on
increased abundance of Biscutum spp. at the onset of the above-
mentioned anoxic events, accompanied by a shift in the Shannon
diversity index.

The present study aims to use the calcareous nannofossil
distribution pattern in the Youxia section, South Tibet, to constrain
the ACBE, whose lower part includes OAE1d.We present the results
of the qualitative and semi-quantitative calcareous nannofossil
investigations, the shift of isotope δ13C values, and the relationship
between nannofossil abundance and diversity. Implications for the
generation of the ACBE in the eastern Tethyan Realm are also
discussed.

2 Geological background

The studied Youxia section is situated in S Tibet (Figure 1A),
a region comprising five tectonic units: the Higher Himalayan
Crystalline Belt, the Tethyan Himalaya tectonic zone, the Indus-
Yarlung Zangbo suture, the Xigaze forearc basin, and the Gandese
Arc (Gansser, 1991). Cretaceous marine deposits in southern Tibet
are mainly exposed in the Tethyan Himalaya tectonic unit and
were emplaced in the Northern Indian microcontinent during Early
Cretaceous times (Hu et al., 2010).

According to Patzelt et al. (1996), the study area was located
at the 21°S paleolatitude during the mid Cretaceous (Figure 1C),
connecting the Pacific with South Tethys (Scotese, 1991; 2021).
In the Tingri area of the Tethyan Himalaya tectonic unit,
Cretaceous successions comprise hemipelagic sediments up to
600m thick, mainly composed of marls and limestones and
some clays (Willems et al., 1996).

3 Materials and methods

The Youxia section, S Tibet, is 140 m-thick. The whole
succession, as published by Yao et al. (2018), extends within the
upper Albian-lower Turonian interval, encompassing the UC0 up
to UC6 nannofossil zones of Burnett (1998).
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FIGURE 1
(A) Location of the studied sections Youxia section, Tingri area, S Tibet (after Hu et al., 2010; Yao et al., 2018): (B) Photograph of the studied section
(from Yao et al., 2018). (C) Paleogeographic setting of Youxia section (21°S), late Albian (around 100 Ma) paleogeography (after Hay, 2009;
Scotese, 1991; 2021).

The lower part of the studied section, between 0 and 29 m,
namely, the Lengqingre Formation of the Gamba Group, spans the
upper Albian–lowermost Cenomanian. The 29 m thick (Figure 1B)
succession, subject of this work, is composed of grey calcareous
shales, interbedded with whitish marlstones and limestones
(Li et al., 2006; Yao et al., 2018).

We performed qualitative and semi-quantitative analyses of
17 calcareous nannofossil samples. Nannofossil assemblages were
studied under a polarizing lightmicroscope at ×1,250magnification;
smear slides were prepared using standard techniques (Bown and
Young, 1998). The given diversity represents the total number
of encountered taxa in each sample, while the abundance was
calculated as the average number of specimens found in LM fields
of view. In total, 250 nannofossil specimens were counted/sample.
The first occurrence (FO) was used for the lowest stratigraphic
occurrence of a species identified in the section, while the last
occurrence (LO) was used for the highest stratigraphic occurrence
of a taxon.

We calculated the nutrient index (NI) and the temperature
index (TI), which are useful for highlighting paleoecological changes
based on calcareous nannofossils (Herrle and Mutterlose, 2003;
Tiraboschi et al., 2009; Bottini et al., 2015; Aguado et al., 2016).

We have used the TI and NI of Herrle et al. (2003), partly
modified by excluding taxa that discontinuously occurred and show
a low abundance in the Youxia section.

NI = (highfertility taxa/highfertility taxa+ lowfertility) ∗ 100

In the high fertility nannofossil group, we have included
Biscutum constans, Discorhabdus ignotus, and Zeugrhabdotus
erectus, while the low fertility nannofossil group consists only of
Watznaueria barnesiae, in agreement with previous studies, e.g.,
Mutterlose (1992a), Erba (2004), Lees et al. (2005), Mutterlose et al.
(2005), and Bornemann et al. (2005).

TI = (warmersurface−water taxa/warmersurface

−water taxa+ coolersurface−water taxa) ∗ 100
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For the warmer-temperature surface water nannofossils, we
included the species Rhagodiscus asper, Nannoconus spp., Hayesites
albiensis, and Zeugrhabdotus diplogrammus, while the cooler-
temperature surface water group comprises Eprolithus floralis,
Repagulum parvidentatum, Sollasites horticus, and Seribiscutum
primitivum (Roth andKrumbach, 1986; Erba et al., 1992;Mutterlose,
1992a; 1992b; Herrle and Mutterlose, 2003; Herrle et al., 2003;
Tiraboschi et al., 2009; Bottini and Erba, 2018).

4 Results

4.1 Calcareous nannofossil assemblages

In total, 59 nannofossil taxa were identified. The diversity varies
between 15 and 44; the highest values were encountered in the lower
part of the studied succession (between 0 and 1.9 m), within the upper
Albian, up to the base of the oldest δ13C positive excursion described
in the section by Yao et al. (2018), while the minimum is situated in
the lower Cenomanian, above the end of the ACBE (15.7–18.3 m).The
most abundant species is W. barnesiae, with an abundance over 80%
in the middle part of the studied section (i.e., 14.8–18.3 m) and lower
values up to 38.4% towards the base (between0 and2.8 m) and topmost
area (i.e., 25.2–29 m) of the studied succession.

Commonly encountered nannofossils were Eiffellithus
turriseiffelii (between 5.1% and 9.8%), E. floralis (from 8.7 up
to 19.8%), and R. asper (between 5.9% and 18.7%). There
was consistent occurrence of the genera Eiffellithus (mainly E.
turriseiffelii and E. gorkae in a small amount), Rhagodiscus (R.
achylostaurion, R. asper, R. angustus, R. infinitus, and R. splendens),
and Zeugrhabdotus (Z. diplogrammus, Zeugrhabdotus embergeri, and
Z. erectus) (Supplementary Table S1, Figures 2, 3).

Cretarhabdus spp.,Broinsonia enormis, Prediscosphaera columnata,
and Tranolithus orionatus occured continuously throughout the
studied succession but with low abundances. Amphizygus brooksii,
Bukrylithus ambiguus, and Lithraphidites (Lithraphidites carniolensis
and Lithraphidites alatus), along with Microrhabdulus, Radiolithus,
Retecapsa, and Staurolithites genera, appear discontinuously and with
a low abundance (each between 0.4% and 1.2% of total assemblages).
The genus Braarudosphaera (B. bigelowii and B. hockwoldensis)
sporadically occur in the Youxia section (Figure 4), except for a short
interval (between 9.2 and 15.3 m)where the two species jointlymake
up to 15%. The nannoconids are mainly represented by Nannoconus
truittii, showing a peak of 5.5% at 8.9 m.

Repagulum parvidentatum is present between 0 and 2.8 m and
represents up to 2.8% of the nannofossil assemblages. In the same
samples, S. horticus and S. primitivum are present, each representing
less than 1% of total assemblages, whereas Biscutum constans and Z.
erectus display higher abundances, between 7.5% and 5.8%.

4.2 Calcareous nannofossil biostratigraphy

The biostratigraphy of the studied Youxia succession follows the
work of Yao et al. (2018), who studied an extended interval of this
section. According to their work, the interval presented in this paper,
between 0 and 29 m, is covered by the UC0 biozone of Burnett
(1998). Based on the LO of H. albiensis, Yao et al. (2018) identified

the boundary between the UC0a and UC0b-c subzones of Burnett
(1998). The boundary between UC0b and UC0c subzones was not
identified,asCalculites anfractus isnotpresent.Yao et al. (2018)reported
the successive LOs of Cylindralithus serratus and Gartnerago chiasta
within the UC0b-c subzones.

The UC0a subzone was assigned based on the co-occurrence
of E. turriseiffelii, Axopodorhabdus albianus, L. alatus, T. orionatus,
and H. albiensis (Supplementary Table S1), all of them with their
FO in the Albian stage (Applegate and Bergen, 1988; Bown et al.,
1998; Burnett, 1998; Gale et al., 2011). Additionally, Crucicribrum
anglicum, a nannofossil ranging in the middle to upper Albian
(Jeremiah, 1996; Bown, 2001), is present from the base of the
investigated succession and disappears towards the top of UC0a,
1.2 m below the LO of H. albiensis (Figure 2).

The boundary between the Albian and Cenomanian stages
falls within the upper part of the UC0 biozone (Burnett, 1998;
Kennedy et al., 2004; Gale et al., 2011). The same biostratigraphic
position of the Albian-Cenomanian boundary, at the upper part of
the UC0 biozone, within the UC0b-c subzones, was also considered
in the Youxia section. Based on the δ13C isotope fluctuation of
the studied succession, the Albian-Cenomanian boundary is placed
between peaks C and D (Yao et al., 2018), the same as at the GSSP
of the base of the Cenomanian stage at Mont Risou, France (Gale
et., 1996; Kennedy et al., 2004) and other Tethyan sections, such
as Monte Petrano, Italy (Gambacorta et al., 2015) and Black Noise,
Northwest Atlantic (Wilson and Norris, 2001).

4.3 Calcareous nannofossil preservation

The preservation state throughout the studied section is
moderate, as specimens show little effects of secondary alteration
from etching and/or overgrowth, allowing the identification at a
specific level of up to 70% of specimens. The lower and upper
parts of the studied section, between 0–7.9 m and 22.8–29 m
respectively, contain nannofossils that could be considered prone
to dissolution (i.e., Leckie et al., 2002; Erba, 2004; Lees et al., 2005;
Mutterlose et al., 2005), such as Biscutum constans, D. ignotus, and
Z. erectus. In the middle part of the section, between 7.9 and
22.8 m, during the latest phases of the ACBE, D. ignotus and Z.
erectus disappeared, while Biscutum constans shows a low abundance,
less than 1%, coeval with the significant increase over 80% of W.
barnesiae (Figure 2).

Previous studies (Roth and Krumbach, 1986; Bruno et al., 2022)
suggested that a high abundance ofW. barnesiae, i.e., over 40% of total
assemblages, implies a significant impact of the diagenetic processes.
In general, W. barnesiae is regarded as a cosmopolitan species, able
to adapt more efficiently than other nannofossils to environmental
fluctuations (Mutterlose, 1992a; Mutterlose, 1992b; Street and Bown,
2000; Aguado et al., 2016) such as temperature, pH, and salinity. This
taxon could be regarded as a Cretaceous equivalent of the extant
Emiliania huxleyi (Melinte andMutterlose, 2001), being an ecologically
robust species able to settle in new biotopes. Nowadays, E. huxleyi is
present globally in marine settings, with a salinity ranging between
11‰ (in the Black Sea) and 42‰ (the Red Sea), both in shallow- and
deep-marine environments (Bukry, 1974; Giunta et al., 2007; Ion et al.,
2022, among others). We suppose a similar distribution pattern forW.
barnesiae during Cretaceous times.
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FIGURE 2
Calcareous nannofossil relative abundance across the Albian-Cenomanian Boundary Interval of the Youxia section (S Tibet). Lithology and δ13C isotope
fluctuation after Yao et al. (2018).

In the studied succession, W. barnesiae peaks are well correlated
with increased values of δ13C in the late phases C and D of ACBE
and show a negative correlation with the diversity and abundance
of nannofossil species (Figure 2). Therefore, we may assume that
the original calcareous nannofossil assemblage composition is
significantly altered between 7.9 and 22.8 m, during the latest phases
of the ACBE.

5 Discussion

5.1 Nannofossil and δ13C fluctuations
related to the Albian-Cenomanian
boundary event

The isotope δ13C values indicate noticeable fluctuations
throughout the upper Albian - lower Cenomanian interval
of the studied succession, from 0‰ up to +1.3‰, displaying

four distinct positive excursions. Peak A (OAE1d) and peak
B in the late Albian are the oldest δ13C positive excursions,
peak C is the latest Albian to earliest Cenomanian in
age, and peak D is earliest Cenomanian (Yao et al., 2018;
Yao et al., 2021).

In the interval covered by peak A of δ13C, the
nannofossil assemblages are similar in abundance, diversity,
and composition to the ones identified in the lower interval,
i.e., from the base of the section up to 2.9 m. The only
difference is the disappearance of the taxa mostly confined
from middle-to high paleolatitudes (Supplementary Table S1),
such as R. parvidentatum, S. primitivum, and S. horticus,
coeval with increased abundance of high-fertility proxies
Biscutum constans and Z. erectus.

Yao et al. (2021) identified a distinctive rise in Hg values
right before the onset of OAE1d (below peak A), followed by
another increase within the OAE1d, e.g., over peak A. The
authors observed the absence of any correlation among Hg,
organic matter (OM), Mn-Fe-oxyhydroxides, and clay mineral
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FIGURE 3
Calcareous nannofossil microphotographs of identified taxa in the Youxia section across the Albian-Cenomanian Boundary Event. LM (light
microscope), N+ (crossed-nicols), except 10 in NII (polarized light). 1 – Hayesites albiensis; Sample 43. 2 – Calculites percernis; Sample 45. 3 –
Cretarhabdus striatus; Sample 33. 4 – Lithraphidites alatus; Sample 34. 5 – Tranolithus orionatus; Sample 33. 6–Tranolithus orionatus; Sample 49.
7–Eiffellithus turriseiffelii; Sample 49. 8 – Braarudosphaera hockwoldensis; Sample 33. 9 – Biscutum constans; Sample 34. 10 – Manivitella
pemmatoidea, inside Watznaueria barnesiae; Sample 33. 11 - Nannoconus truittii; Sample 33. 12 – Cylindralithus serratus; Sample 39. 13 –
Axopodorhabdus albianus; Sample 49. 14 – Gartnerago chiasta; Sample 35. 15 – Repagulum parvidentatum; Sample 49. 16 – Rhagodiscus asper;
Sample 33; 17 – Cribrosphaerella ehrenbergii; Sample 33. 18 – Eprolithus floralis; Sample 33. 19 – Helenea chiastia; Sample 33; 20 – Calcicalathina
alta; Sample 41. 21 – Crucicribrum anglicum; Sample 48. 22 – Crucicribrum anglicum; Sample 47. 23 – Manivitella pemmatoidea, inside Watznaueria
barnesiae; Sample 43. 24 – Radiolithus hollandicus; Sample 36.

content. Thus, this pattern might be indicative of a volcanic
origin rather than enhanced organic matter and/or increased
run-off, an assumption that supports Large Igneous Province
(LIP) volcanism prior to the onset of ACBE (i.e., OAE 1d).
Since the Kerguelen LIP accounts for the longest, high-magma-
flux emplacement interval of any LIP, associated with a high
submarine volcanic activity and being the closest LIP to the
study area (i.e., Frey et al., 2000; Jiang et al., 2021 and references
herein), we may hypothesize that the increased abundance of
nannofossil high-fertility surface water proxies is mainly related to a

considerable flux of biolimiting metals produced during submarine
igneous events.

Watznaueria barnesiae shows high percentages (over 80%)
during peaks C and D δ13C isotope excursions; this increase in
abundance follows an overall decline in diversity and abundance
of calcareous nannofossil assemblages (Figure 2). These changes,
together with the absence of Z. erectus and D. ignotus, and
a very low abundance of Biscutum constans, indicate a certain
degree of diagenetic dissolution of nannofossil assemblages in the
Youxia section.
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FIGURE 4
Fluctuation of NI (Nutrient Index), TI (Temperature Index), and main calcareous nannofossil events recorded in the studied section.

The calcareous nannofossil distribution pattern suggests that
mesotrophic to eutrophic conditions were developed in the basin
bellow, within, and slightly above the OAE1d event. The dominance
of W. barnesiae may be indicative of an oligotrophic setting during
the last phases of ACBE, but we may question if this is a real
productivity signal or perhaps instead reflects diagenetic processes;
this hypothesis is sustained by the occurrence of depauperate
calcareous nannofossil assemblages that contain a small number of
taxa, such as W. barnesiae, E. floralis, Z. embergeri, and Rhagodiscus
spp., species known to be resistant to diagenetic dissolution
(Erba et al., 2004; Erba, 2004; Lees et al., 2005).

In addition to the dominance of W. barnesiae, the late
phases of ACBE are characterized by an increased abundance of
Braarudosphaera taxa (B. africana and B. hockwoldensis) upwards
of peak B and within peak C of δ13C. In general, taxa of the
Braarudosphaera genus are rare throughout the Youxia section,
except for this interval where they account for up to 15% of

the assemblages, synchronous with the minimum in diversity and
abundance of nannofossil assemblages.

It is worth noting that Braarudosphaera taxa are usually rare
in the geological record, except for some ‘critical intervals’, such
as OAE2 in the South Atlantic, Santos Basin, Brazil (Cunha
and Shimabukuro, 1997), the Bohemian Basin, Czech Republic
(Švábenická, 1999), the K/T boundary (i.e., Thierstein, 1980; Bown,
2005), and the Lower Oligocene deposits of the South Atlantic
(Kelly et al., 2003). Nowadays, blooms of Braarudosphaera bigelowii
are known to occur in the Black Sea, following the Holocene
anoxic setting linked to the reconnection with the Mediterranean
(Bukry et al., 1970; Giunta et al., 2007; Melinte-Dobrinescu and
Ion, 2013; Briceag et al., 2019). Most probably, Braarudosphaera
spp. are opportunistic taxa adapted to variable surface water
conditions that include salinity and pH changes, which most
probably occurred in association with the ACBE setting in the
Youxia region.
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In the studied section, the nannofossil assemblage recovery
in abundance and diversity, characterized by higher abundance of
Biscutum constans and Z. erectus, took place at 9.7 m above peak D,
without reaching the values identified prior to and within the early
phases of ACBE, i.e., OAE1d (Figure 2). Considering the average
sedimentation rate of 7.18 cm/kyr at the Youxia section (Yao et al.,
2018), it is probable that the recovery of nannofossil assemblages
after the ACBE termination lasted around 140 Kyr.

Fluctuations of the NI (Nutrient Index) follow the calcareous
nannofossil distribution and abundance patterns, as high values
occur towards the base of the studied section with a maximum
during OAE1d (peak A) and peak B, there is a sharp decrease in the
ACBE later phases (peaks C and D), and then there is a recovery at
the top of the studied succession (Figure 4). The NI index pattern
shows that high productivity occurred below and during the early
phases of the ACBE, with a progressive recovery of the surface water
fertility well above the termination of the anoxic event in the early
Cenomanian.

We may assume different causes for the two distinct episodes
of higher productivity in the studied succession: the oldest one,
developed in the early phases of the ACBE, is apparently triggered
mainly by submarine volcanism, which might introduce abundant
biolimiting metals in the ocean, while the youngest episode could
be more related to the runoff following a warmer episode (as is
indicated by the TI fluctuation).

5.2 Paleoenvironmental changes

Based on the TI fluctuation (Figure 4), a cooler climate mode
is assumed for the lower part of the studied succession, extending
over the early phases of the ACBE (peak A and the lower part
of peak B of δ13C). The nannofossil assemblages of the above-
mentioned interval include cosmopolitan taxa and a small group
of species related to high paleolatitudes, such as R. parvidentatum,
S. primitivum, and S. horticus, which are nannofossils reported from
the Boreal areas of the Northern Hemisphere and Austral regions
of the Southern Hemisphere (e.g., Mutterlose, 1992a; 1992b; Bown,
2001; Bornemann et al., 2017). The mixed nannofossil assemblages
may indicate cooler water penetration from the south towards the
Indian continentalmargin, where the study area is located, reflecting
a transgressive event, i.e., the youngest and highest Albian eustatic
event KAl8 (Haq, 2014).

An increased trend of TI, which indicates a warmer climate
mode, was observed from the upper part of peak B, and continues
in the youngest interval of ACBE with δ13C positive excursions
(peaks C and D) and slightly above. This assumption is based on
the distribution pattern shown by several taxa considered to be
significant proxies of paleoclimate changes, such as E. floralis, which
decreases in abundance, and Rhagodiscus angustus, which shows
higher values in the above-mentioned interval.

Eprolithus floralis is a species with higher abundance in the
middle-to high paleolatitudes (Crux, 1991; Mutterlose et al., 2005;
Bottini et al., 2015; Aguado et al., 2016, and references herein).
Blooms of E. floralis are known to occur during anoxic events,
i.e., OAE2, correlated with cooler climate intervals (e.g., Paul et al.,
1999; Erba, 2004; Melinte-Dobrinescu et al., 2023). Conversely, the
decline in E. floralis abundance concomitantly with higher δ13C

value intervals suggest warmer conditions during OAE2 (Hardas
and Mutterlose, 2007).

In the Youxia section, distinctive enrichments of E. floralis were
identified in the upper Albian, below the disappearance ofH. albiensis,
withinδ13CpeakBand in theearlyCenomanian, above the termination
of ACBE. The oldest increase in abundance of E. floralis is coincident
with the highest abundance of Z. erectus, while the youngest is situated
slightly below Z. erectus enrichment. Rhagodiscus angustus, viewed as
a warm surface water proxy (Roth and Krumbach, 1986; Erba et al.,
1992; Herrle et al., 2003; Bottini and Erba, 2018), displays the highest
abundance above peak B and continues to show high percentages
upwards, within the youngest δ13C peaks C and D of ACBE, starting
to decrease after the termination of the anoxic event (Figures 2, 4).
Overall, TI values indicate a cooler surface water interval in the late
Albian,anincreaseofsurfacewatertemperaturewithinthelatestAlbian-
earliest Cenomanian, and the recurrence to a cooler climate mode
in the early Cenomanian.

6 Conclusion

The calcareous nannofossil study from the Youxia Section, South
Tibet, resulted in a comprehensive record of surface water temperature
and productivity modifications in the Indian continental margin
through the late Albian-early Cenomanian interval, including the
ACBE.The calcareous nannofossil assemblages are generally composed
of cosmopolitan and Tethyan taxa; the latter ones, including the
nannoconids, show a low abundance and discontinuous occurrence
throughout the whole studied succession. The only interval where
nannofossils related to high paleolatitudes are present is the upper
Albian, prior to the ACBE setting, in the UC0a subzone, below the
LOofC. anglicum.The occurrence ofmixed nannofossil assemblages is
likely the result of a transgressive event whereby the oceanic circulation
system led to cooler conditions associated with upwelling providing
nutrient-rich waters, allowing the occurrence of assemblages including
taxa with various paleobiogeographic affinities.

The changes in nannofossil assemblages, including the occurrence
of high-fertility surface water proxies with higher abundance in two
distinct intervals, i.e., earlyphasesofACBE(includingOAE1d)andafter
theterminationofACBE,couldbeconsideredaprimarypaleoecological
signal. By contrast, the significant decrease in nanofossil abundance
and diversity during the late phases of ACBE, related to very high
percentages of W. barnesiae, could be related to diagenetic processes,
and might not reflect a decrease in productivity. Roth and Krumbach
(1986), while studying mid-Cretaceous sediments of the Atlantic and
Indian oceans, concluded that a significant organic carbon content in
sedimentary depositsmay affect the preservation of nannofossils.Thus,
we hypothesize that a significant rise in atmospheric CO2 occurred in
the latephasesofACBEinthestudiedregion, leadingtohigherdissolved
carbon dioxide content and changing the physical and chemical
parameters of the surface waters. This process led to a temporary
disappearance of some nannofossils, particularly those receptive to the
diagenesis; however, a decrease in the primary productivity could also
have occurred in the late phases of ACBE.

Variations in the temperature and nutrient indices show
both similar and opposite trends on various intervals of the
studied succession. This pattern reveals that the two indices were
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mostly independent of each other, or they do not reflect the
original paleoecological signal, especially in the depositional
intervals containing nannofossil assemblages affected by diagenetic
processes. A good correlation between TI and NI in the lower
part of the succession, i.e., prior to OAE1d and in the early
phases of ACBE, is indicative of a temperature decrease in the
surface waters, accompanied by increased productivity. These
changes possibly reflect the ocean circulation modifications in the
Southern Hemisphere resulting from the enhanced connection
among different oceanic basins during the mid-Cretaceous.

The results provided by this work suggest similarities between
western and eastern Tethyan domains concerning the biostratigraphy
and distribution of the calcareous nannofossils, including the
existence of a nutrification episode associated with OAE1d
(Bornemann et al., 2005; BornemannandMutterlose, 2006; Bottini and
Erba, 2018; Bąk et al., 2023 and references herein). The distribution
pattern of nannofossils indicates major changes during the ACBE,
including fluctuations of temperature, nutrient amount, and pH values
related to a global anoxic event with a specific overprint due to the
regional setting of the Indian continental margin.
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