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A B S T R A C T

Mid-Cretaceous oceanic anoxic events (OAEs) are characterized by major disturbances to the global carbon cycle 
and are considered ancient analogs for anthropogenic global warming. Among these events, OAE 1d, occurring 
around the Albian-Cenomanian boundary, remains understudied in the eastern Tethys region, leaving a critical 
palaeogeographic gap that hampers a global understanding of its impacts. In this paper, we present a detailed 
record of calcareous nannofossil assemblages from the lower to middle part of the Lengqingre Formation in the 
Chaqiela section of Gamba, southern Tibet, China. The study interval contains abundant, moderately to well 
preserved calcareous nannofossil assemblages, with Watznaueria barnesiae, Discorhabdus ignotus, Biscutum con
stans, and Zeugrhabdotus erectus as the dominant species constituting >50% of the assemblages. These nannofossil 
assemblages allow the study interval to be constrained to Upper Cretaceous (UC) Biozones UC0 through UC2, 
with the Albian-Cenomanian boundary located in the lower part of the Lengqingre Formation, and the middle 
part assigned to Cenomanian in the study area. As such, the position of OAE 1d in this section is accurately 
determined. Calculated nutrient and temperature indices based on nannofossil species with preferred ecologies 
reveal significant palaeoceanographic changes across the OAE 1d. These changes show increased abundance of 
warm-water taxa (e.g., Rhagodiscus asper and Zeugrhabdotus diplogrammus) and high-productivity taxa (e.g., 
D. ignotus, B. constans, and Z. erectus), suggesting increased sea surface temperature and enhanced productivity 
during OAE 1d in the southwestern shelf sea of the eastern Tethys Ocean.

1. Introduction

The Mid-Cretaceous witnessed a series of significant oceanic anoxic 
events (OAEs) that profoundly impacted Earth’s climatic and palae
oceanographic history, representing major disturbances to the global 
carbon cycle (Schlanger and Jenkyns, 1976; Jenkyns, 2010; Bottini and 
Erba, 2018; Kabanov et al., 2023). Among these events, OAE 1d stands 
out as a pivotal episode occurring close to the boundary between the 
Albian and Cenomanian stages (Jenkyns, 2010). These OAEs serve as 
crucial analogues for unraveling the mechanisms causing these events 
and understanding their profound implications for anthropogenic car
bon cycle perturbation (Richey et al., 2018).

OAEs play a critical role in shaping marine ecosystems and climate 
dynamics. Currently available data suggest that the major triggering 

mechanisms behind these short-lived events were abrupt rise in tem
perature, induced by rapid influxes of CO2 into the atmosphere from 
volcanogenic and/or methanogenic sources (Schlanger and Jenkyns, 
1976; Hesselbo et al., 2000; Wagreich et al., 2011; Yao et al., 2021). The 
resulting global warming led to widespread oceanic oxygen depletion, 
an accelerated hydrological cycle, increased continental weathering, 
and enhanced nutrient discharge to waterbodies. Consequently, there 
was heightened organic carbon production and burial, which left black 
shale as key sedimentary signature and carbon isotope excursions as 
geochemical fingerprints (Schlanger and Jenkyns, 1976; Jenkyns, 2010; 
Richey et al., 2018; Reershemius and Planavsky, 2021).

Despite a wealth of studies focused on OAEs, current research on 
OAE 1d is primarily concentrated in the western Tethys and North 
Atlantic regions (e.g., Herrle et al., 2003; Erba, 2004; Bottini and Erba, 
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2018). Detailed examinations are limited in the eastern Tethys due to 
the short duration and relatively mild nature of this event, as well as 
sparse biostratigraphic constraints (Zhang et al., 2016; Yao et al., 2018; 
Yao et al., 2021). This geographic gap highlights a critical need for 
extensive and detailed investigation of the event in this region to obtain 
a holistic understanding of its mechanisms, impacts, and implications 
from a global palaeoceanographic perspective.

Precise timing is crucial for locating the stratigraphic position and 
exploring the nature and mechanisms of major geological events, and 

calcareous nannofossils serve as reliable geochronological markers. 
Their high abundance, robust preservation, and rapid evolution make 
them indispensable for constructing accurate geochronological frame
works (Perch-Nielsen, 1985; Bown, 1998; Erba, 2004), which has been 
shown to be particularly useful in the marine strata in Tibet (e.g., Xu and 
Mao, 1992; Zhong et al., 2000; Svabenicka et al., 2010; Hoshina et al., 
2021; Wang et al., 2022; Zhang et al., 2023). Moreover, calcareous 
phytoplankton, a key group at the base of the Cretaceous marine 
ecosystem, have proven sensitive to environmental perturbations 

Fig. 1. (A) Global palaeogeographic map of the Late Cretaceous (~100 Ma) (modified from Blakey and Ranney, 2018) with a simplified geological map of the 
Himalaya and southern Tibet showing the locations of the study section and other sections mentioned in this study (modified from Hu et al., 2017); (B) Geographic 
location of the study section; (C) A sketch of the Chaqiela section showing the main lithologic units and the studied interval. Note that Fang et al. (2021) studied the 
planktonic foraminifera from the Dongshan Fm. (originally Gambadongshan Fm.), and the carbon isotope stratigraphy of Zhang et al. (2016) covered the interval 
from the Dongshan to the Lengqingre Fm. (lower part of their Gambacunkou Fm.). See the main text and Wan et al. (2000) for the updated definitions of 
these formations.
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associated with OAEs (Erba, 2004; Bottini and Erba, 2018). Yet, their 
response to OAE 1d in the eastern Tethys remains poorly known.

This study focuses on the Gamba region in southern Tibet (eastern 
Tethys; Fig. 1), which is known for its well-exposed and continuous 
Cretaceous marine sequences and represents an ideal location for 
investigating OAE 1d. Our main objectives are to: (1) identify OAE 1d 
through calcareous nannofossil biostratigraphy, (2) assess the variations 
in primary productivity through analysis of the calcareous phyto
plankton assemblages, and (3) discern local versus basin-scale signals of 
OAE 1d through cross-ocean comparison. This research bridges a critical 
geographic gap in our understanding of marine productivity and envi
ronmental changes during OAE 1d in the surface shelf sea of south
western Tethys.

2. Geological background

Southern Tibet, located in the eastern Tethys realm as the northern 
margin of the Indian plate during the Cretaceous (Fig. 1A), is divided 
from south to north into five tectonic belts: the High Himalayan Crys
talline Belts, the Tethys Himalaya tectonic zone, the Indus-Yarlung 
Zangbo Suture Zone, the Xigaze forearc basin, and the Gandese Arc 
(Wang et al., 1996; Yin and Harrison, 2000). The Tethys Himalaya ex
hibits the most comprehensive and representative Cretaceous marine 
strata in China and is further subdivided into the southern and northern 
Tethys Himalaya by the Gyrong-Kangmar Thrust (GKT) (Ratschbacher 
et al., 1994) or Tingri-Gamba Thrust (TGT) (Tapponnier et al., 1981; 
Wang et al., 2005). The northern Tethys Himalaya mainly consists of 
continental slope to pelagic basin deposits (Liu and Einsele, 1994; Li 
et al., 2005; Hu et al., 2008), while the southern Tethys Himalaya is 
dominated by shallow shelf sedimentary rocks or slope deposits (Liu and 
Einsele, 1994; Willems et al., 1996). The studied section, Chaqiela sec
tion, lies in the Gamba area in the southern Tethyan Himalaya (Fig. 1A).

Intensive research has been conducted on the Cretaceous strata in the 
Gamba and nearby Tingri areas, Southern Tibet (Wen, 1974; Wang et al., 
1980; Wan, 1985; Xu and Mao, 1992; Willems et al., 1996; Zhang et al., 
2012; Hu et al., 2017; Fang et al., 2021; Li et al., 2022; Wang et al., 2022; 
Zhang et al., 2023), making it an ideal area for investigating the evo
lution of the eastern Tethys, the India-Asia continental collision, and 
major oceanic events. Based on lithostratigraphic and biostratigraphic 
studies in the Gamba area according to Wan et al. (2000), the Cretaceous 
sedimentary succession is divided into five formations from bottom to 
top: Dongshan Formation (Fm.), Chaqiela Fm., Lengqingre Fm., Gam
bacunkou Fm., and Zongshan Fm., with the Albian/Cenomanian 
(~100.5 Ma) identified between the Chaqiela and Lengqingre Fm. in the 
Gamba area. It is important to note the inconsistency among researchers 
regarding the definitions of the Chaqiela and Gambacunkou Fm. 
(including the subsequently divided Lengqingre, Xiawuchubo, and Jiu
bao Fm.) in the Gamba area (see Wan et al., 2000 for a detailed review). 
In this study, we followed the definitions of these formations as outlined 
by Wan et al. (2000). The organic-rich black shales in the Lengqingre 
Fm. are considered an expression of mid-Cretaceous oceanic anoxic 
events, making them crucial for global correlation.

The Chaqiela section (28◦14′3.05″, 88◦37′53.60″) studied here be
longs to the Southern Tethyan Himalaya. It is located ~12 km east of 
Gamba County and outcrops to the north of the Z715 road (Fig. 1B), a 
newly paved county road with an asphalt surface providing easy access 
to the section. The sedimentary succession is approximately 643 m thick 
and mainly composed of black to gray shales with a greenish gray 
weathering color, and includes many interbeds of argillaceous lime
stones and sandstones (Fig. 1C) (Wan et al., 2000; Li et al., 2016).

3. Materials and methods

3.1. Calcareous nannofossil analyses

A total of 99 samples was collected at ~5 m intervals from the 

Chaqiela Fm., and 56 samples were taken at ~2.5 m (equivelent to real 
thicness) intervals from the middle-lower part of the Lengqingre Fm. in 
the Chaqiela section during a field trip in 2021. To obtain fresh materials 
and avoid weathering contamination during sampling, large rock pieces 
were knocked off outcrops with a hammer, and only those without 
cracks were selected and shaved to remove weathered surface. The 99 
samples from the Chaqiela Fm. (0–708 m) are nearly barren of calcar
eous nannofossils. Therefore, the 56 samples from the middle-lower part 
of the Lengqingre Fm. were prepared as smear slides and examined to 
determine biostratigraphic ranges, preservation, and abundance of 
calcareous nannofossils. The preparation of smear slides for calcareous 
nannofossil analysis followed the modified “double slurry” method 
(Watkins and Bergen, 2003; Jiang and Zhang, 2016), mounted with 
Norland optical adhesive No. 61 and cured under UV light. This method 
allows better fossil dispersion and assemblage representation from 
coarse clastic sediments when large sample sizes are needed. All of the 
slides were examined with a Zeiss Axio Imager.A2 light microscope 
under crossed-polarized and plane-transmitted light at 1000× magnifi
cation. Micrographs were taken with a Zeiss Axiocam 506 color 6-mega
pixel digital camera.

The overall preservational state of calcareous nannofossils in each 
slide was evaluated by visual estimation to assess specimen dissolution 
and/or overgrowth based on the three-catergory criteria proposed by 
Watkins (1992). The quantitative analysis of each slide was conducted 
based on the following criteria: (1) three randomly selected traverses (1 
traverse = 40 mm, ~100 fields of view) were browsed for each slide; (2) 
all specimens were counted from at least 15 randomly selected fields of 
view (FOVs) with materials evenly dispersed; (3) the minimum count 
was 400 specimens; and (4) for samples with very rare nannofossils, all 
specimens in three random transverses were counted. Additionally, 
three more traverses were scanned to increase the chance of observing 
those rare but stratigraphically important marker species. If found, these 
were not added to the total counts but indicated on the distribution chart 
by ‘P’. Relative abundance, as the percentage of each taxon, was 
calculated except for samples with total specimen counts <100. Species 
richness, the number of different species represented in a calcareous 
nannofossil assemblage, was used to estimate community diversity. The 
total abundance of calcareous nannofossil assemblages was estimated as 
the number of specimens normalized to 100 FOVs.

Calcareous nannofossil taxonomy was determined following the 
classic concepts (Perch-Nielsen, 1985; Bown, 1998), which are mostly 
included and updated in the Nannotax3 online database (Young et al., 
2017; http://www.mikrotax.org/Nannotax3/). Both the NC biozonation 
scheme of Roth (1978) and UC zones of Burnett et al. (1998) were used 
for the biostratigraphic study, and biostratigraphy was based on the first 
occurrence (FO) and last occurrence (LO) of marker species, which were 
given orbitally-tuned ages according to Gradstein et al. (2004). Ac
cording to Roth (1978) and Bralower et al. (1995), the nannofossil 
Subzone NC10a ranges from the FO of Eiffellithus turriseiffelii (103.13 
Ma) to the FO of Corollithion kennedyi (100.45 Ma), and NC10b from the 
FO of Corollithion kennedyi to the LO of Lithraphidites acutus (94.39 Ma). 
Correspondingly, the UC0 zone ranges from the FO of Eiffellithus turri
seiffelii to the LO of Hayesites aibiensis (100.84 Ma), the UC1 zone from 
the FO of C. kennedyi to the FO of Gartnerago segmentatum (98.26 Ma), 
and the UC2 zone from the FO of G. segmentatum to the FO of L. acutus. 
When a zonal marker occurred sporadically, the bioevents were iden
tified based on the intervals where the marker was well preserved and 
continuously present.

3.2. Calculation of palaeoenvironmental indice

Nannofossil preservational state was quantitatively assessed by the 
whole shield index (WSI) proposed by Bralower et al. (2018). This index 
is calculated by determining the ratio of complete W. barnesiae speci
mens to the sum of complete and broken specimens, with higher values 
indicating better preservation. Nutrient index (NI) and temperature 
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Fig. 2. Distribution chart of calcareous nannofossils from the middle-lower part of the Lengqingre Fm. in the Chaqiela section, Gamba area, southern Tibet. Note: C 
= common (1 specimen per 2–10 FOVs), F = few (1 specimen per 11–100 FOVs), and R = rare (1 specimen per 101–1000 FOVs). The red lines represent the 
distribution of key zonal markers. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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index (TI) were calculated following the methods of Herrle (2003), 
Watkins et al. (2005), and Bottini et al. (2015), and the modification of 
Bottini and Erba (2018). There methods have been successfully applied 
to the mid-Cretaceous interval, with higher TI values indicating low 
temperatures and higher NI values indicating higher productivity.

Specifically, NI was calculated based on three high-productivity 
species (Biscutum constans, Zeugrhabdotus erectus, Discorhabdus ignotus) 
and a low-productivity species (W. barnesiae), and the ecologies of these 

taxa were based on numerous previous stidues on their palaeobiogeo
graphic distribution and correlation with other geochemical proxies (e. 
g., Roth and Krumbach, 1986; Erba et al., 1992; Williams and Bralower, 
1995; Herrle, 2003; Bornemann et al., 2005; Mutterlose et al., 2005; 
Tremolada et al., 2006; Tiraboschi et al., 2009). This index is defined as: 

NI =
Bi + Zi + Di

Bi + Zi + Di + Wi
×100 

Fig. 3. Selected calcareous nannofossils of the Lengqingre Fm. from the Chaqiela section, Gamba area, southern Tibet (scale bar applies to all micrographs). 
1–Corollithion signum; Sample CQL- 118. 2, 3, 4–Corollithion kennedyi; Sample CQL-121; CQL-122; CQL-142. 5–Corollithion signum; Sample CQL-155. 6, 7–Gartnerago 
stenostaurion; Sample CQL-116. 8, 9, 10–Gartnerago segmentatum; Sample CQL-149; CQL-155. 11–15–Hayesites albiensis; Sample CQL-103; CQL-106; CQL-109. 
16–18–Axopodorhabdus albianus; Sample CQL-103; CQL-143. 19,20–Tranolithus orionatus; Sample GBDS- 31; CQL-105. 21–Zeugrhabdotus clarus; Sample CQL-121. 
22–Zeugrhabdotus diplogrammus; Sample CQL-102. 23–Zeugrhabdotus xenotus; Sample CQL-105. 24–Zeugrhabdotus embergeri; Sample CQL-117. 25–Discorhabdus 
ignotus; Sample CQL-115.
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where Bi = Biscutum constans, Zi = Zeugrhabdotus erectus, Di = Dis
corhabdus ignotus, and Wi = Watznaueria barnesiae, each expressed as a 
percentage.

TI was calculated based on two warm-temperature species (Rhago
discus asper, Zeugrhabdotus diplogrammus) and three cool-temperature 
species (Staurolithites stradneri, Eprolithus floralis, Repagulum parvidenta
tum) based on previous paleceogical studies (e.g., Roth and Krumbach, 

1986; Bralower, 1988; Wise, 1988; Erba et al., 1992; Herrle and Mut
terlose, 2003; Herrle et al., 2003; Tiraboschi et al., 2009). Due to the 
absence of typical Repagulum parvidentatum in the study sequence 
possibly due to environmental exclusion in the eastern Tethys (Zhang 
et al., 2023), the formula for TI was modifed to: 

TI =
Si + Ei

Si + Ei + Ri + Zi
×100 

Fig. 4. Selected calcareous nannofossils of the Lengqingre Fm. from the Chaqiela section, Gamba area, southern Tibet (scale bar applies to all micrographs). 
1–Watznaueria barnesiae; Sample CQL-109. 2–Watznaueria britannica; Sample CQL-115. 3–Watznaueria fossacincta; Sample CQL-109. 4–Watznaueria biporta; Sample 
CQL-102.5–Biscutum constans; Sample CQL-155. 6, 7–Eprolithus floralis; Sample CQL-153. 8–Eiffellithus parvus; Sample CQL-115. 9,10–Flabellites oblongus; Sample 
CQL-115. 11–13–Eiffellithus turriseiffelii; Sample CQL-118; CQL-141. 14,15–Eiffellithus monechiae; Sample CQL-116. 16–Eiffellithus turriseiffelii; Sample CQL-107. 
17–Cribrosphaerella ehrenbergii; Sample CQL-123. 18–Retecapsa crenulate; Sample CQL-111. 19–Retecapsa surirella; Sample CQL-129. 20–Manivitella pemmatoidea; 
Sample CQL- 125. 21,22–Prediscosphaera columnata; Sample CQL-123; CQL-150. 23–Rhagodiscus angustus; Sample CQL-121. 24–Rhagodiscus achlyostaurion; Sample 
118. 25–Rhagodiscus asper; Sample CQL-121.
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Fig. 5. Variations in abundance, whole shield index (WSI), species richness, and main calcareous nannofossil species across the OAE 1d in the Chaqiela section, 
Gamba, southern Tibet. The solid lines denote percentage abundance, and the filled circles indicate absolute abundance (number of specimens encountered in 
100 FOVs).
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Fig. 6. Variations in main calcareous nannofossil species across the OAE 1d at the Chaqiela section, Gamba, southern Tibet. The solid lines denote percentage 
abundance, and the filled circles indicate absolute abundance (number of specimens encountered in 100 FOVs).
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where Si = Staurolithites stradneri, Ei = Eprolithus floralis, Ri = Rhago
discus asper, and Zi = Zeugrhabdotus diplogrammus, each expressed as a 
percentage.

To further explore the temporal variations in nannofossil assemblage 
and palaeoecology, Principal Component Analysis (PCA) was performed 
based on a variance-covariance matrix. The PCA analysis included all 
taxa at genus level using the free statistical software Past v4.06 
(Hammer et al., 2001).

All slides are archived and deposited at College of Oceanography, 
Hohai University, Nanjing, China, and related data can be found in the 
Supplementary Data.

4. Results

Except for the five barren or near-barren samples from the lowermost 
part of our study interval in the Chaqiela section, all other samples 
yielded common to abundant, moderately to well preserved calcareous 
nannofossil assemblages. Overall, 74 species from 33 genera were 
identified, despite minor overgrowth with secondary calcite or slight 
etching by dissolution (Figs. 2, 3, 4; Supplementary Table S1). Watz
naueria barnesiae, Discorhabdus ignotus, Biscutum constans, and Zeugr
habdotus erectus is predominant throughout the section and their 
abundances range between 14.6% to 50%, 0 to 28.2%, 0 to 25.9%, 0 to 
13.3%, with averages of 26.7%, 12.2%, 10.2%, and 5.5%, respectively. 
Other common taxa include Tranolithus orionatus, Watznaueria fossa
cincta, Retecapsa ficula, and Rhagodiscus achlyostaurion (see Fig. 2 and 
Table S1 for a full list of taxa). Except for the two samples from the 
lowermost part of our study interval, the abundance of W. barnesiae does 
not exceed 40%.

Nannofossil Zone NC10, ranging from the FO of Eiffellithus turri
seiffelii to the LO of Lithraphidites acutus, can be further subdivided into 
two subzones (NC10a and NC10b) by the FO of Corollithion kennedyi 
(770 m). Additionally, Hayesites albiensis is a zonal marker within Sub
zone NC10a, and its LO (100.84 Ma) was observed at 748 m. Therefore, 
interval 718–768 m can be assigned to the Subzone NC10a. The strati
graphically younger marker Gartnerago segmentatum was found, and its 
FO (98.26 Ma) observed at 838 m further defined interval 770–856 m as 
the Subzone NC10b. Based on the UC zones of Burnett et al. (1998), the 
FO of Corollithion kennedyi (770 m) is the zonal boundary between Zones 
UC0 and UC1, and the FO of G. segmentatum (838 m) marks the zonal 
boundary between Zones UC1 and UC2. Therefore, a continuous 

sequence of nannofossil Zones UC0 through UC2 was recognized from 
the study interval.

The Albian/Cenomanian boundary falls within the upper part of the 
Zone UC0 (Burnett et al., 1998; Kennedy et al., 2000; Gale et al., 2011), 
and the main part of OAE 1d has been shown to lie in the upper Albian, 
within the upper part of the Zone UC0 (Erba, 2004; Bottini and Erba, 
2018). We identify the OAE 1d record based on presence of calcareous 
nannofossil Zone UC0 in the 756–768 m interval, thereby subdividing 
the study section into three intervals. The underlying pre-OAE 1d in
terval (718–753 m) has lower WSI values than the upsection intervals. 
The relative abundance of the dissolution-resistant W. barnesiae shows a 
decreasing trend from the bottom to the top of the study section, with 
substantially higher abundances above 756 m and an average of 34.3% 
(Fig. 5). The NI and TI have a mean value of 49.2 and 35.6, varying from 
2 to 75.8 and 0 to 92.6, respectively (Fig. 6). In general, the NI values are 
among the highest within the OAE 1d interval, while the TI values are 
the lowest. There is a parallel variation trend between NI and PC1 
(Fig. 7), which is relatively low in the pre-OAE 1d interval and subse
quently increases upsection within the OAE 1d and post-OAE 1d in
tervals. This variation pattern holds true for the TI and PC2 values.

5. Discussion

5.1. Calcareous nannofossils biostratigraphy and presence of the OAE 1d 
in the Chaqiela section

Diagenetic processes exert substantial influences on the preservation 
of calcareous nannofossil assemblages within marine sediments, thereby 
significantly impacting their utility as palaeoceanographic indicators 
(Roth and Krumbach, 1986; Bruno et al., 2020). Several studies have 
proposed that when the relative abundance of Watznaueria barnesiae 
exceed 40%, the assemblage composition would be skewed and depart 
from the original nannofossil assemblage, indicating a strong influence 
of diagenesis (e.g., Roth and Bowdler, 1981; Thierstein and Roth, 1991; 
Williams and Bralower, 1995). In our study, only 2 out of 56 samples 
from the pre-OAE 1d interval have W. barnesiae abundance exceeding 
40%, suggesting that the nannofossil assemblages in our study section 
are minimally affected by dissolution and/or diagenesis. This suggestion 
is consistent with the fact that the OAE 1d and post-OAE 1d intervals 
contain well preserved nannofossil assemblages, as quantitatively indi
cated by the substantially higher WSI values (Fig. 5). Additionally, 
dissolution-sensitive taxa (e.g., Discorhabdus ignotus and Biscutum con
stans) are abundant in all samples, with average abundance of 12.2% 
and 10.2%, respectively. Therefore, the calcareous nannofossil assem
blages studied preserve the original compositions of the phytoplankton 
community, establishing their reliability for high-confidence palae
oceanographic reconstructions.

Existing studies of the Chaqiela section include a chronological 
framework established by palynological assemblages (Li et al., 2016), 
and dating of the Dongshan and Chaqiela Fm. to upper Barre
mian–Aptian with planktonic foraminifera (Fig. 1; Fang et al., 2021), 
and dating of the Dongshan–Gambacunkou Fm. to Aptian–Santonian 
based on carbon isotope chemostratigraphic correlation and planktonic 
foraminifera biostratigraphic constraints (Fig. 1; Zhang et al., 2016). 
However, the overlying Lengqingre Fm. still lacks a refined age. Ac
cording to our calcareous nannofossil biostratigraphy, the middle-lower 
part of this formation is constrained to upper Albian to Cenomanian. The 
FO of C. kennedyi (100.45 Ma), which marks the boundary between 
Subzones UC0 and UC1 (Bralower et al., 1995), is placed at 770 m based 
on its continuous occurrences. This suggests that the Albian/Cen
omanian boundary lies at 770 m in the Chaqiela section. Other obser
vations bracket this age assignment: (1) the LO of H. albiensis (100.84 
Ma) within Zone UC0 is determined at 748 m, which lies below the 
Albian/Cenomanian boundary; and (2) all the sporadic occurrences of 
Eiffellithus turriseiffelii (FO: 103.13 Ma) are present above the boundary. 
The FO of stratigraphically younger marker G. segmentatum (98.26 Ma) 

Fig. 7. Results of Principal Component Analysis. Note the distinct separation of 
the samples from the pre-OAE 1d, OAE 1d, and post-OAE 1d intervals.
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is determined at 838 m, further assigning interval 770–838 m to Zone 
UC1 and interval 838–856 m to Zone UC2. Therefore, a continuous 
sequence of nannofossil Zones UC0 through UC2 is established for the 
studied section. This helps mark the Albian/Cenomanian boundary 
(~100.5 Ma) at 770 m, within the lower part of the Lengqingre Fm., 
thereby dating its middle part to the Cenomanian in Gamba area. This 
finding is consistent with previous studies using planktonic foraminifera 
(Wan, 1985; Wan et al., 2003) and aligns with the results of Zhang et al. 
(2016) and Fang et al. (2021) from the perspective of stratigraphic 
superposition.

Geochronologically speaking, the main part of OAE 1d lies in the 
upper Albian, within the upper part of Zone UC0. Hence, we divide the 
study section into three intervals: the pre-OAE 1d interval (718–753 m), 

the OAE 1d interval (756–770 m), and the post-OAE 1d interval 
(773–856 m), and examine the assemblage changes and associated 
palaeoceanographic implications as follows.

5.2. Variation in primary productivity in the southwestern surface shelf 
sea of the eastern Tethys Ocean across OAE 1d

The OAE 1d event, known as the late Albian Breistroffer event, was 
initially identified in the Vocontian Trough of southeast France, 
resembling the lower Albian Niveau Paquier from a specific horizon 
(Bréhéret, 1994; Giraud et al., 2003; Bornemann et al., 2005). In addi
tion to classic occurrences in the western Tethys (Bottini and Erba, 
2018), this event has counterparts in the Northern Europe (Bąk et al., 

Fig. 8. Variations in abundance, PC1, nannofossil nutrient index (NI), PC2, and temperature index (TI). Because lower TI values indicate higher temperatures, the TI 
and PC2 values are plotted in reverse order for consistence with Fig. 7.
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2016; Bornemann et al., 2017), the Pacific Ocean (Robinson et al., 
2008), the Atlantic Ocean (Wilson and Norris, 2001; Watkins et al., 
2005), the Southern Ocean (Fan et al., 2022), and in the US (e.g., Grocke 
et al., 2006; Robinson et al., 2008; Richey et al., 2018), suggesting a 
global distribution (Barron, 1995; Wilson and Norris, 2001). Previous 

research has shown that OAE 1d represents an episode of enhanced 
productivity and organic carbon burial due to a collapse of the upper 
water column stratification (Wilson and Norris, 2001; Watkins et al., 
2005). Below, we show how the calcareous nannoplankton, the major 
primary producers in the Cretaceous oceans that were sensitive to 

Fig. 9. Variations in nannofossil nutrient index (NI) and temperature index (TI) cross the OAE 1d in the Chaqiela section (Gamba area, China) and the classic Le 
Brecce section (Piobbico, Italy) (Gambacorta et al., 2015). Note the slightly thicker OAE 1d record at Chaqiela compared to Le Brecce (12 m vs. 10 m).
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changes in sea surface temperature (SST) and nutrient availability (Erba, 
2004; Bottini and Erba, 2018), responded to the surface-water thermal 
structure change in the southwestern shelf sea of the eastern Tethys 
Ocean.

Several lines of evidence indicate that, during the pre-OAE 1d in
terval, the southwestern surface shelf sea of the eastern Tethys had lower 
nutrient availability and colder SST conditions. First, the abundance, 
species richness, and productivity indicator NI were low. Discorhabdus 
ignotus, B.constans, and Z.erectus are widely cited as indicators of 
elevated productivity based on numerous quantitative studies of as
semblages from various mid-Cretaceous oceanic and epicontinental 
settings (e.g., Erba et al., 1992; Herrle and Mutterlose, 2003; Watkins 
et al., 2005). The low abundances of these three high-productivity 
species are consistent with the higher proportions of low-productivity 
species W. barnesiae during pre-OAE 1d interval (Figs. 5, 6). Addition
ally, Rhagodiscus asper and Zeugrhabdotus diplogrammus are well- 
established warm-water taxa, while Staurolithites stradneri and Eproli
thus floralis are cool-water taxa (e.g., Roth and Krumbach, 1986; Bra
lower, 1988; Wise, 1988; Erba et al., 1992; Herrle and Mutterlose, 2003; 
Herrle et al., 2003; Tiraboschi et al., 2009). The high TI values and low 
NI values based on these taxa indicate that the pre-OAE 1d interval was a 
period of relatively low temperature and low productivity in the 
southwestern surface shelf sea of the eastern Tethys.

As OAE 1d event occurred, there was a rapid increase in total nan
nofossil abundance, species richness, and high-productivity indicators 
(e.g., D.ignotus, B.constans, and Z.erectus), accompanied by a reduction in 
low-productivity indicator W. barnesiae. Additionally, there was a 
remarkable increase in warm-water species abundance and a decrease in 
cold-water species abundance (Figs. 5, 6). These observations support 
surface-ocean warming and increased productivity during OAE 1d, 
which is corroborated by significant changes in the NI and TI values. 
Warming can accelerate terrestrial weathering, supplying more nutri
ents to boost oceanic primary productivity (Fu et al., 2017; Them et al., 
2017), leading to the formation of black shale in the sedimentary record. 
During the post-OAE 1d interval, temperature and nutrient gradually 
returned toward the pre-OAE 1d levels, as evidenced by the diminished 
total nannofossil abundance and NI values, and increased TI values.

The PCA results summarize the overall response of nannofossil as
semblages to OAE 1d. Two principal components (PC1 and PC2) were 
extracted, explaining 54.8% and 22.5% of the total variance, respec
tively (Fig. 7), which show parallel variation with NI and TI (Fig. 8). The 
sample plot allows us to distinguish three well-separated groups, cor
responding to the three intervals across OAE 1d. The wide separation of 
these three groups suggests that the nannofossil assemblages experi
enced fundamental changes, and the surface ocean did not fully recover 
to the pre-OAE 1d conditions (Fig. 7). These fundamental palae
oceanographic changes observed in the southwestern surface shelf sea of 
the easternTethys have previously been seen in the western Tethys 
(Fig. 9), further confirming the global nature of OAE 1d.

6. Conclusions

We examine the calcareous nannofossil assemblages from the 
middle-lower part of the Lengqingre Fm. in the Chaqiela section, located 
in southern Tibet within the eastern Tethys. The nannofossil assem
blages are abundant and moderately to well-preserved, with 
W. barnesiae, D. ignotus, B. constans, and Z. erectus as the predominant 
species, jointly constituting >50% of the assemblages. Based on the FO 
of C. kennedyi (770 m), the LO of H. albiensis (748 m), and the FO of 
G. segmentatum (838 m), a continuous sequence of nannofossil Zones 
UC0 through UC2 of late Albian–early Cenomanian age was established 
for the study interval. This zonation helps mark the Albian/Cenomanian 
boundary at the lower part of the Lengqingre Fm., date its middle part to 
the Cenomanian, and constrain the presence of OAE 1d in this section. 
Calculated nannofossil nutrient and temperature indices indicate that, 
during OAE 1d, the abundance of warm-water taxa (e.g., Rhagodiscus 

asper and Zeugrhabdotus diplogrammus) increased, accompanied by 
higher numbers of eutrophic taxa (e.g., D. ignotus, B. constans, and 
Z. erectus). This suggests warmed surface ocean and enhanced produc
tivity during OAE 1d in the surface shelf sea of southwestern Tethys.
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Bréhéret, J.-G., 1994. The Mid-Cretaceous Organic-Rich Sediments from the Vocontian 
Zone of the French Southeast Basin. In: Mascle, A. (Ed.), Hydrocarbon and Petroleum 
Geology of France. Springer, Berlin Heidelberg, Berlin, Heidelberg, pp. 295–320.

Bruno, M.D.R., Fauth, G., Watkins, D.K., Savian, J.F., 2020. Albian–Cenomanian 
calcareous nannofossils from DSDP Site 364 (Kwanza Basin, Angola): 
Biostratigraphic and paleoceanographic implications for the South Atlantic. Cretac. 
Res. 109, 104377.

Burnett, J., Gallagher, L., Hampton, M., 1998. Upper cretaceous. In: Bown, P.R. (Ed.), 
Calcareous Nannofossil Biostratigraphy, pp. 132–199.

Erba, E., 2004. Calcareous nannofossils and Mesozoic oceanic anoxic events. Mar. 
Micropaleontol. 52, 85–106.

Erba, E., Castradori, D., Guasti, G., Ripepe, M., 1992. Calcareous nannofossils and 
Milankovitch cycles; the example of the Albian Gault Clay Formation (southern 
England). Palaeogeogr. Palaeoclimatol. Palaeoecol. 93, 47–69.

Fan, Q., Xu, Z., MacLeod, K.G., Brumsack, H.-J., Li, T., Chang, F., Wan, S., Riquier, L., 
Fu, D., Luan, Z., Duan, B., Chen, H., Wang, W., Lim, D., 2022. First record of Oceanic 
Anoxic Event 1d at Southern High Latitudes: sedimentary and geochemical evidence 
from international ocean discovery program expedition 369. Geophys. Res. Lett. 49, 
e2021GL097641.

Fang, P., Luo, H., Xu, B., Huber, B.T., Zhu, Y., Mu, L., 2021. Planktic foraminifera of the 
upper Barremian–Aptian black shale intervals from the Chaqiela section (Gamba, 
southern Tibet): Biostratigraphic and palaeoenvironmental implications. Cretac. Res. 
127, 104934.

Fu, X., Wang, J., Zeng, S., Feng, X., Wang, D., Song, C., 2017. Continental weathering and 
palaeoclimatic changes through the onset of the Early Toarcian oceanic anoxic event 
in the Qiangtang Basin, eastern Tethys. Palaeogeogr. Palaeoclimatol. Palaeoecol. 
487, 241–250.

Gale, A.S., Bown, P., Caron, M., Crampton, J., Crowhurst, S.J., Kennedy, W.J., 
Petrizzo, M.R., Wray, D.S., 2011. The uppermost Middle and Upper Albian 
succession at the Col de Palluel, Hautes-Alpes, France: an integrated study 
(ammonites, inoceramid bivalves, planktonic foraminifera, nannofossils, 
geochemistry, stable oxygen and carbon isotopes, cyclostratigraphy). Cretac. Res. 
32, 59–130.

Gambacorta, G., Jenkyns, H.C., Russo, F., Tsikos, H., Wilson, P.A., Faucher, G., Erba, E., 
2015. Carbon-and oxygen-isotope records of mid-Cretaceous Tethyan pelagic 
sequences from the Umbria– Marche and Belluno Basins (Italy). Newsl. Stratigr. 48, 
299–323.

Giraud, F., Olivero, D., Baudin, F., Reboulet, S., Pittet, B., Proux, O., 2003. Minor changes 
in surfacewater fertility across the oceanic anoxic event 1d (latest Albian, SE France) 
evidenced by calcareous nannofossils. Int. J. Earth Sci. 92, 267–284.

Gradstein, F.M., Ogg, J.G., Smith, A.G., 2004. A geologic Time Scale 2004. Cambridge 
University Press, Cambridge, UK, p. 589.

Grocke, D.R., Ludvigson, G.A., Witzke, B.L., Robinson, S.A., Joeckel, R.M., Ufnar, D.F., 
Ravn, R.L., 2006. Recognizing the Albian-Cenomanian (OAE1d) sequence boundary 
using plant carbon isotopes: Dakota Formation, Western Interior Basin, USA. 
Geology 34, 193–196.

Hammer, Ø., Harper, D.A.T., Ryan, P.D., 2001. PAST: palaeontological Statistics software 
package for education and data analysis. Palaeontol. Electron. 4, 1.

Herrle, J.O., 2003. Reconstructing nutricline dynamics of mid-cretaceous oceans: 
evidence from calcareous nannofossils from the Niveau Paquier black shale (SE 
France). Mar. Micropaleontol. 47, 307–321.

Herrle, J.O., Mutterlose, J., 2003. Calcareous nannofossils from the Aptian-Lower Albian 
of southeast France: palaeoecological and biostratigraphic implications. Cretac. Res. 
24, 1–22.
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Willems, H., Zhou, Z., Zhang, B., Gräfe, K.-U., 1996. Stratigraphy of the upper cretaceous 
and lower tertiary strata in the Tethyan Himalayas of Tibet (Tingri area, China). 
Geol. Rundsch. 85, 723–754.

Williams, J.R., Bralower, T.J., 1995. Nannofossil assemblages, fine fraction stable 
isotopes, and the paleoceanography of the Valanginian-Barremian (Early 
Cretaceous) North Sea Basin. Paleoceanography 10, 815–839.

Wilson, P.A., Norris, R.D., 2001. Warm tropical ocean surface and global anoxia during 
the mid-cretaceous period. Nature 412, 425–429.

Wise, S.W., 1988. Mesozoic-cenozoic history of calcareous nannofossils in the region of 
the southern ocean. Palaeogeogr. Palaeoclimatol. Palaeoecol. 67, 157–179.

Xu, Y.-L., Mao, S.-Z., 1992. Cretaceous-Early Tertiary calcareous nannofossils from 
southern Xizang (Tibet) and their sedimentary environment. Acta Micropalaeontol. 
Sin. 9, 331–347.

Yao, H., Chen, X., Melinte-Dobrinescu, M.C., Wu, H., Liang, H., Weissert, H., 2018. 
Biostratigraphy, carbon isotopes and cyclostratigraphy of the Albian-Cenomanian 
transition and Oceanic Anoxic Event 1d in southern Tibet. Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 499, 45–55.

Yao, H., Chen, X., Yin, R., Grasby, S.E., Weissert, H., Gu, X., Wang, C., 2021. Mercury 
evidence of intense volcanism preceded Oceanic Anoxic Event 1d. Geophys. Res. 
Lett. 48, e2020GL091508.

Yin, A., Harrison, T.M., 2000. Geologic evolution of the Himalayan-Tibetan Orogen. 
Annu. Rev. Earth Planet. Sci. 28, 211–280.

Young, J.R., Bown, P.R., Lees, J.A., 2017. Nannotax3 Website. Int. Nannoplankton Assoc. 
http://www.mikrotax.org/Nannotax3.
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