
Marine Micropaleontology 175 (2022) 102159

Available online 10 August 2022
0377-8398/© 2022 Published by Elsevier B.V.

Lower Cretaceous calcareous nannofossils and their biostratigraphic and 
paleoceanographic implications in Southern Tibet 

Yasu Wang a, Shijun Jiang a,b,*, Xiumian Hu c, Juan Li c, Denise K. Kulhanek d,e, 
James J. Pospichal f, David K. Watkins g 

a College of Oceanography, Hohai University, Nanjing 245700, China 
b Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai 519080, China 
c State Key Laboratory of Mineral Deposit Research, School of Earth Sciences and Engineering, Nanjing University, Nanjing 210023, China 
d International Ocean Discovery Program, Texas A&M University, College Station, TX 77845, USA 
e Institute of Geosciences, Christian-Albrechts-University of Kiel, 24118 Kiel, Germany 
f BugWare Inc., Tallahassee, FL 32309, USA 
g Department of Earth & Atmospheric Sciences, University of Nebraska-Lincoln, Lincoln, NE 68588, USA   

A R T I C L E  I N F O   

Keywords: 
Calcareous nannofossil 
Nutrient index 
Ocean Anoxic Event 1b (OAE1b) 
High Watznaueria barnesiae abundance 
Diagenesis 
Paleoceanography 
Southern Tibet 

A B S T R A C T   

Lower Cretaceous marine strata are widely distributed and well exposed in the Tingri area of Southern Tibet, 
which includes the Gucuocun and the overlying Gambacunkou Formations. However, the age of the boundary 
between these two lithologic formations is poorly constrained due to a scarcity of macrofossils. A detailed 
biostratigraphic study was carried out on the abundant, moderately preserved calcareous nannofossil assem-
blages obtained from the lower part of the Gambacunkou Formation and the underlying Gucuocun Formation in 
the Kangsha Section, Tingri. The first occurrence of the marker species Tranolithus orionatus (110.73 Ma) con-
strains the Gucuocun/Gambacunkou boundary to slightly below the lower boundary of Subzone NC8c (early 
Albian age), which correlates with Ocean Anoxic Event (OAE) 1b. The absence of Axopodorhabdus albianus and 
Eiffellithus turriseiffelii throughout the section suggests that the lower part of the Gambacunkou Formation mostly 
falls within nannofossil Subzone NC8c (110.73–109.94 Ma; early Albian), with a mean sedimentation rate of 
12.7 cm/kyr, which is higher than that typical of the open ocean. The consistently high total organic carbon 
(TOC) and CaCO3 contents in Interval I (Gucuocun Fm.) indicate that productivity was higher during OAE1b, 
possibly due to increased terrigenous input (as evidenced by elevated C/N and nutrient/fertility indices) that 
carried nutrients to promote productivity during this event. Nannofossil assemblages and geochemical proxies, 
including TOC and elemental ratios (Ti/Al, Zr/Al, K/Al), reveal a parallel upsection increase in surface water 
fertility and continental weathering intensity from Interval II-1 (0–60 m) to the overlying Interval II-2 (60–102 
m) in the Gambacunkou Fm., suggesting that enhanced continental weathering contributed to increase the 
surface water fertility and dilute the sediment carbonate content. These data also indicate that the depositional 
environment in the Tingri area was aerobic to hypoxic during the early Albian. Our result confirms the presence 
of OAE1b at the top of the Gucuocun Formation.   

1. Introduction 

Outcrops of Upper Cretaceous–Paleogene marine strata in China are 
only found in Tibet, Xinjiang Uygur Autonomous Region, and Taiwan 
(Sun and Zhang, 1983; Xu, 2000), and the Tethys Himalaya of Southern 
Tibet houses the most complete and continuous sections. Due to high 
altitudes and sparse vegetation cover, the Tibetan Tethys Himalaya 
strata are well exposed, and therefore ideal for studying the evolution of 

the Tethys Ocean, the India-Asia collision, and associated paleoceano-
graphic and paleoclimatic changes. 

A number of biostratigraphic studies have been carried out in 
Southern Tibet and a full Cretaceous through Paleogene biostratigraphic 
framework has been established (Hao and Wan, 1985; Wan, 1985; Xu 
and Mao, 1992; Zhong et al., 2000; Hu et al., 2012; Fang et al., 2021). 
Recently, more studies in Southern Tibet have increasingly focused on 
critical paleoceanographic events that occurred during the Cretaceous 
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through Paleogene, such as oceanic anoxic events (OAEs) (Wan et al., 
2003; Chen et al., 2017; Yao et al., 2018), Cretaceous oceanic red beds 
(CORBs) (Hu et al., 2005; Wang et al., 2005a, 2005b), the Cretaceous/ 
Paleogene (K/Pg) boundary (Wan et al., 2002), and the Paleo-
cene–Eocene Thermal Maximum (PETM; Wan et al., 2010; Li et al., 
2017; Jiang et al., 2021). Because of the relatively short duration of 
these events, a highly resolved biostratigraphic framework is critical to 
effectively sample across them; however, this type of framework is very 
limited or essentially lacking in the vast, high-altitude Tibetan Tethys 
Himalaya region. 

The Tingri area is a classic area for Cretaceous–Paleogene sections 
located in the Southern Tethys Himalaya (Fig. 1), and several 
biostratigraphic and tectonic-paleogeographic frameworks have been 
established during recent decades (Wang et al., 1980; Hu et al., 2012; Hu 
et al., 2017; Yao et al., 2018). Despite the great progress toward the 
establishment of a general stratigraphic framework using microfossils 
(Willems et al., 1996; Wan et al., 2003; ̌Svábenická et al., 2010; Hu et al., 
2017), a more refined biostratigraphy is needed to better constrain the 
tectonic evolution of the Tibetan Tethys Himalaya and paleoceano-
graphic changes of the eastern Tethys Ocean for global environmental 
events. For instance, the OAE1b (~111 Ma) during the Aptian/Albian 
transition (Early Cretaceous) was characterized by intense hyperthermal 
conditions with sea surface temperatures of up to 36 ◦C and has been 
well documented in the western Tethys and North Atlantic (e.g., Bra-
lower, 1987; Bralower et al., 1993; Bralower et al., 1999; Erbacher et al., 
2001; Leckie et al., 2002; Herrle et al., 2004; Browning and Watkins, 
2008; Bottini and Erba, 2018). In the Tibetan Tethys Himalaya, two 
existing studies indicated the presence of OAE1b in the Gamba and 
Bangbu sections (Fig. 1; Li et al., 2016; Zhang et al., 2016), which were 

based on the correlation of high-resolution bulk carbonate carbon iso-
topes to the western Tethys and Mexico records (Bralower et al., 1999; 
Herrle et al., 2004). A refined biostratigraphy of the lower part of the 
Gambacunkou Formation with abundant calcareous nannofossils will 
help better constrain OAE1b and the environmental changes associated 
with it. 

Calcareous nannofossils are minute calcite plates secreted by 
calcareous nannoplankton that dominated primary production in the 
Cretaceous Ocean. They have been widely used to date marine strata and 
probe past oceanographic and climate changes because of their abun-
dance, rapid evolution, high environmental sensitivity, and global dis-
tribution in the world's oceans (Bown et al., 2004). However, studies of 
calcareous nannofossils are rare and sporadic in the eastern Tethys re-
gion compared to the western Tethys (see Zhong et al., 2000; ̌Svábenická 
et al., 2010; Chen et al., 2016, 2018; for exceptions), mainly due to the 
poor fossil preservation and difficult access to outcrops. In this study, we 
aim to (1) establish a high-resolution calcareous nannofossil biostra-
tigraphy and constrain the lower boundary of the Gambacunkou For-
mation of the Kangsha section in Tingri, Southern Tibet; and (2) 
investigate paleoceanographic change using calcareous nannofossil as-
semblages and geochemical proxies and compare the results to the 
western Tethys. This study illustrates the usefulness and advantages of 
calcareous nannofossils in the establishment of a more refined 
biostratigraphic framework for Southern Tibet. 
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Fig. 1. A. Global paleogeographic map of the late Early Cretaceous (~110Ma) (modified from Blakey et al., 2018) and the locations of this study area. B. Simplified 
geological map of the Himalaya and southern Tibet and the locations of the sections mentioned in the Southern Tibet (modified from Hu et al., 2017). C. Lithologic 
column of the KS (Kangsha) section. The age of early Albian is based on planktonic foraminifera (Willems et al., 1996). 
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2. Materials and methods 

2.1. Geological setting 

Southern Tibet was located in the eastern Tethys Ocean and at the 
north margin of the Indian plate during the Early Cretaceous (Fig. 1A). 
Currently, it consists of five tectonic zones from south to north: The 
Higher Himalayan Crystalline Belts, the Tethys Himalaya tectonic zone, 
the Indus-Yarlung Zangbo Suture Zone, the Xigaze forearc basin, and the 
Gandese Arc (Fig. 1B). The Tethys Himalaya, situated between the 
Indus–Yarlung Zangbo Suture Zone to the north and the Higher Hima-
layan Crystalline Belts to the south, belongs to the passive continental 
margin of the Indian Plate and is generally subdivided into the Southern 
and Northern Tethys Himalaya by the Gyirong–Kangmar thrust (GKT, 
Ratschbacher et al., 1994). The Southern Tethys Himalaya is composed 
of shallow shelf sedimentary rocks (Xu et al., 1990; Willems et al., 1996), 
whereas the Northern Tethys Himalaya is characterized by hemipelagic 
to pelagic sedimentary rocks (Liu and Einsele, 1994; Li et al., 2005; Hu 
et al., 2008). The Lower Cretaceous sedimentary succession in the 
Southern Tethyan Himalaya includes the Gucuocun and the overlying 
Gambacunkou Formations (Li, 2016; Hu et al., 2017). The Kangsha 
section (28◦44′32.4′′N, 86◦42′08.0′′E; Fig. 1B) studied here belongs to 
the Southern Tethyan Himalaya and is located 2.5 km west of the 
Gongza Village, Tingri County. The sedimentary successions in the 
Kangsha section include the uppermost part of the Gucuocun Formation 
and the lower part of the Gambacunkou Formation of Wang et al. (1980) 
(Fig. 1C). The uppermost part of the Gucuocun Formation is 19.4 m thick 
and mainly composed of gray and dark gray siliceous shale intercalated 
with abundant lenticular non-fossiliferous limestones. The lower part of 
the Gambacunkou Formation is 102 m thick and mainly composed of 
gray calcareous marlstones interbedded with a few lenticular limestones 
(Fig. 1C). Planktonic foraminifera biostratigraphy of a nearby section 
has previously indicated a late Albian to early Santonian age for the 
exposed part of this lithologic unit, with the age established using scarce 
and poorly preserved foraminifera identified in thin section (Willems 
et al., 1996). The contact with the underlying siliceous shale of the 
Gucuocun Formation is conformable. 

2.2. Calcareous nannofossil biostratigraphy and nutrient index 

A total of 52 samples were taken upsection at 2-m intervals from the 
lower part of Gambacunkou Formation (~102 m thick) and 17 samples 
were taken from the uppermost part of Gucuocun Formation (~19.4 m 
thick) from the Kangsha section, and each sample was labeled with its 
relative height (in meters) from the boundary between the Gamba-
cunkou and the Gucuocun Formations (Fig. 1C). Large rock pieces 
without cracks were selected and all samples were shaved to remove 
weathered surfaces and obtain fresh materials to avoid contamination 
prior to sample preparation. Smear slides for calcareous nannofossil 
analysis were prepared following the modified “double slurry” method 
(Watkins and Bergen, 2003; Blair and Watkins, 2009; Jiang and Zhang, 
2016), mounted with Norland optical adhesive No. 61 and cured under 
UV light. All of the slides were examined using a Zeiss Axio Imager.A2 
light microscope under crossed-polarized and plane-transmitted light at 
1000× magnification. 

The overall preservation state of calcareous nannofossils in each slide 
was evaluated by visual estimation to assess specimen dissolution and/ 
or overgrowth. For the quantitative counts, each slide was examined 
under the following criteria: (1) three randomly selected traverses (1 
traverse = 40 mm) were browsed for each slide; (2) all specimens were 
counted from at least 10 randomly selected fields of view (FOVs); (3) the 
minimum count was 400 specimens; and (4) for samples with very rare 
nannofossils, all specimens in three random transverses were counted. 
After the initial count, additional traverses were scanned to increase the 
opportunity to observe rare but stratigraphically important marker 
species. If found, these were not added to the total counts but instead 

designated by a “P” to indicate presence. Relative abundance as the 
percentage of each taxon was calculated except for samples with total 
specimen counts <100 (n = 10). The Shannon-Wiener diversity index 
(H) was used to estimate community diversity. 

Taxonomy was mainly based on Perch-Nielsen (1985) and Bown 
(1998), which are mostly included and updated in the Nannotax3 online 
database (Young et al., 2017) (http://www.mikrotax.org/Nannotax3/). 
Biostratigraphy was based on the first occurrence (FO) and last occur-
rence (LO) of marker species following the NC zonation scheme (Roth, 
1978; Roth, 1983; Bralower et al., 1995). According to Roth (1978) and 
Bralower et al. (1993), the nannofossil Subzone NC8a ranges from the 
FO of Prediscosphaera columnata (112.95 Ma) to the FO of Hayesites 
albiensis (112.65 Ma), NC8b from the FO of Hayesites albiensis to the FO 
of Tranolithus orionatus (110.73 Ma), and NC8c from the FO of 
T. orionatus to the FO of Axopodorhabdus albianus (109.94 Ma). The ages 
of these nannofossil events were based on the Geological Time Scale 
2020 (Gradstein et al., 2020). 

Nannofossil preservation state was assessed by the whole shield 
index (WSI) proposed by Bralower et al. (2018), which was adapted here 
by calculating the ratio of complete W. barnesiae specimens to the sum of 
complete and broken ones, with higher values indicating better preser-
vation. The nutrient index (NI) was calculated following the methods of 
Herrle et al. (2003b), Watkins et al. (2005) and the modification of 
Bottini and Erba (2018), with higher values indicating higher fertility. 
The three high-productivity taxa Biscutum constans, Discorhabdus ignotus 
and Zeugrhabdotus erectus and low-productivity taxon Watznaueria bar-
nesiae are commonly used in the nutrient index (NI) calculations (Herrle 
et al., 2003a; Bottini and Erba, 2018), but typical Z. erectus was not 
observed in the Kangsha section possibly due to environmental exclu-
sion and/or poor preservation (see discussion below) and so we instead 
used small Zeugrhabdotus spp. (<5 μm) for the NI calculations following 
Lees et al. (2005). This index is defined as: 

NI = [(Bi+Zi+Di)/(Bi+Zi+Di+Wi) ]× 100  

where Bi = Biscutum constans, Zi = Zeugrhabdotus spp., Di = Discorhabdus 
ignotus, and Wi = Watznaueria barnesiae in percentage. 

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

2.3. Geochemical analyses 

For major- and minor-element analyses, freeze-dried sedimentary 
rock samples were crushed and ground into fine and homogenized 
powders with an agate mortar and pestle, and large particles removed 
via a 250-mesh (63 μm) sieve. About 0.8 g of homogenized powders 
were pressed (28–30 MPa) using a tablet machine and then analyzed 
with an X-Ray fluorescence spectrometer (XRF) with a 10-chamber auto 
sampler (Skyray EDX 6000B, China). The minor element concentration 
was reported in parts per million (ppm) and major element concentra-
tion in percentage (%). The measured data were corrected using a Chi-
nese stream sediment standard (GBW07305a) analyzed along with each 
batch of samples. The variation is <5% for major elements and 15% for 
minor elements. Mn*, an indicator of redox condition, is defined as log 
[(Mnsample/Mnshales)/(Fesample/Feshales)] (Cullers, 2002), where the 
value of the Mnshales and Feshales are 600 and 46,150, respectively 
(Wedepohl, 1978). 

Carbonate content analysis followed a modified weight loss method 
developed by Molnia (1974). Approximately 2 g of ground, homoge-
nized and powdered samples were weighed (denoted as M1) before 
addition of 10% HCl to remove all inorganic carbon. The samples were 
subsequently washed several times with deionized water to remove the 
HCl traces and then freeze-dried and weighed (denoted as M2). The 
CaCO3 content (wt. CaCO3%) was obtained by subtracting M2 from M1 
and then dividing by M1. Repeated measurements of a mixture of 
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noncarbonate and pure carbonate standard with CaCO3 content of 
30.0% yielded a precision of 3%. 

Total organic carbon and nitrogen concentrations were measured on 
the decarbonated samples with an elemental analyzer (Costech 4200, 
Italy). C/N values were derived from the mass ratios by multiplying 
1.167 (C/Natomic = 1.167× (C/Nweight)). The carbon isotope ratio of 
organic matter (δ13Corg) was measured with a Picarro G2121-i cavity 
ringdown spectrometer (CRDSs) interfaced to a Costech elemental 
combustion device. The δ13Corg values were expressed in standard delta 
notation relative to the international standard Vienna Peedee Belemnite 
(VPDB), and the precision was 0.03‰ based on the repeated measure-
ment of the standards (Urea #1, Urea #2, GBW04407). All data are 
available in the Supplementary Data. 

3. Results 

3.1. Calcareous nannofossil assemblages and zonal markers 

Except for the ten barren or near-barren samples (13GZ10, 13GZ21, 
13GZ22, 13GZ24, 13GZ25, 13GZ26, 13KS01, 13KS31, 13KS441, and 
13KS451) from the Kangsha section, all other samples yielded abundant, 
moderately preserved calcareous nannofossils (Supplementary Data). 
Overall, 63 species from 32 genera were identified despite minor to 
moderate overgrowth with secondary calcite or slight etching by 
dissolution (Figs. 2, 3 and 4; S1). Watznaueria barnesiae is predominant 
throughout the section, with an abundance range of 27.4–78.2% and an 
average of 49.7%. Other common taxa include Discorhabdus ignotus, 
Zeugrhabdotus spp., Biscutum constans, and Zeugrhabdotus diplogrammus 
(see Appendix Table 1 for a full list of taxa). 

Tranolithus orionatus is the sole zonal marker identified in this study 
and it is present in nearly all samples in the Gambacunkou Formation 

(Fig. 2); its FO defines the boundary between Subzones NC8b and NC8c 
(Bralower et al., 1995; Bralower et al., 1997). Two other strati-
graphically younger marker species, Axopodorhabdus albianus (= Axo-
podorhabdus biramiculatus) and Eiffellithus turriseiffelii that have FOs 
(109.94 Ma and 103.13 Ma, respectively) younger than the FO of 
T. orionatus (110.73 Ma), were not observed in the section. In addition, 
the marker species H. albiensis, the FO of which defines the Subzone 
NC8a/NC8b boundary, is absent in the section. Therefore, the FO of 
T. orionatus (110.73 Ma) in Sample 13KS11 (2 m in the stratigraphic 
section) divides the study interval into two subzones, Subzone NC8a- 
NC8b for Samples 13GZ10 (− 19.4 m) through 13KS11 (2 m) and Sub-
zone NC8c for Samples 13KS11 (2 m) through 13KS511 (102 m). 

From the bottom up, the section is first divided into two intervals at 
0 m depth based on variations in the assemblage and associated 
biogeochemical indices that separate the underlying OAE1b interval 
(Interval I) and the overlying post-OAE1b interval (Interval II). Interval 
II is further divided into two sub-intervals (Interval II-1 and Interval II- 
2), and their boundary is drawn at 60 m depth (Figs. 5 and 6). The 
underlying Interval I has lower WSI values than Intervals II-1 and II-2 
(Fig. 5A), and there is a negative correlation between the Shannon- 
Wiener index (H) and the relative abundance of the dissolution- 
resistant W. barnesiae (R2 = 0.91, p < 0.05, n = 59; Fig. 5B). The ab-
solute abundance averages 249 individuals/100 FOVs with a range of 
0–933. The relative abundance of W. barnesiae shows a decreasing trend 
from the bottom to top and is relatively higher below 0 m (Interval I) 
with an average of 72.7%, decreasing to 43.9% above 0 m (Intervals II-1 
and II-2). The nutrient index (NI) has a mean value of 39.9, varying from 
64.2 to 8.3 (Fig. 6). In general, the NI values of Interval I are among the 
lowest, and those of Interval II-2 (above 60 m) are higher than Interval 
II-1. There is a parallel variation trend between NI and Biscutum per-
centage (Fig. 6), which is relatively low below 0 m and subsequently 

Fig. 2. Biostratigraphy chart for calcareous nannofossils from the Kangsha section (the grey bands indicate the ten barren/near-barren samples including 13GZ10, 
13GZ21, 13GZ22, 13GZ24, 13GZ25, 13GZ26, 13KS01, 13KS31, 13KS441, and 13KS451). 
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increases upsection with a range of 0–17.5% and an average of 5.7%. 3.2. Geochemical characteristics 

Fig. 5A shows that the Mn/Sr ratio ranges from 0.35 to 3.61 with an 
average of 1.77, and Sr concentrations (range: 88.3–999.0 ppm, 

Fig. 3. Calcareous nannofossils of the Gambacunkou Formation from the Kangsha section, Tingri area, southern Tibet. 1–Biscutum constans; Sample 13KS06-1. 
2–Biscutum gaultensis; Sample 13KS511-102. 3–Braarudosphaera africana; Sample 13KS06-1. 4–Braarudosphaera hockwoldensis; Sample 13KS06-1. 5–Manivitella 
pemmatoidea; Sample 13KS71-14. 6, 7–Watznaueria barnesiae; Sample 13KS06-1; 13KS511-102. 8, 9–Watznaueria fossacincta; Sample 13KS461-92; 13KS511-102. 
10–Watznaueria britannica; Sample 13KS511-102. 11–Watznaueria biporta; Sample 13KS21-4. 12-14–Nannoconus sp.; Sample 13KS511-102; 13KS171-34; 13KS381- 
76. 15–Discorhabdus ignotus; Sample 13KS511-102. 16-20–Hayesites irregularis; Sample 13KS111-22; 13KS06-1; 13KS06-1; 13KS81-16; 13KS301-60; 21-25–Eprolithus 
floralis; Sample 13KS401-80; 13KS511-102; 13KS461-92; 13KS461-92; 13KS381-76. 
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average: 282.0 ppm) show approximately the opposite variation. Other 
nutrient proxies, i.e. Zn/Al and Ni/Al (Khozyem et al., 2013) with mean 
values of 10.9 × 104 and 3.7 × 104, respectively (Fig. 6), show similar 
variation that is relatively higher in Interval I with stable, lower values 

in Intervals II-1 and II-2. The three proxies for weathering intensity, Ti/ 
Al, Zr/Al, and K/Al ratios (Bertrand et al., 1996; Murphy et al., 2000), 
also show similar variations, which are lower in Interval I and increase 
gradually in Interval II (with an average of 0.07, 2.56 × 104, and 0.18, 

Fig. 4. See Figure 3 captions for explanations. 1-2–Retecapsa surirella; Sample 13KS261-52; 13KS321-64. 3-4–Retecapsa ficula; Sample 13KS06-1; 13KS511-102. 
5–Cretarhabdus conicus; Sample 13KS301-60. 6–Prediscosphaera columnata; Sample 13KS381-76. 7-9–Flabellites oblongus; Sample 13KS401-80; 13KS211-42; 13KS211- 
42. 10–Eiffellithus hancockii; Sample 13KS341-68. 11-14–Zeugrhabdotus diplogrammus; Sample 13KS331-66; 13KS511-102; 13KS511-102; 13KS401-80. 
15–Rhagodiscus achlyostaurion; Sample 13KS421-84. 16–Stoverius achylosus; Sample 13KS101-20. 17–Tranolithus gabalus; Sample 13KS511-102. 18, 19–Tranolithus 
orionatus; Sample 13KS501-100; 13KS501-100. 20–Corollithion madagaskarensis; Sample 13KS501-100. 21–Helenea chiastia; Sample 13KS471-94. 22, 
23–Zeugrhabdotus embergeri; Sample 13KS511-102; 13KS361-72. 24–Rhagodiscus angustus; Sample 13KS481-96. 25–Lithraphidites alatus; Sample 13KS381-76. 
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respectively). The redox index Mn* has negative values with an average 
of − 0.30, except for 5 samples (Sample 13GZ-21 [− 8.3 m], 13GZ-22 
[− 7.4 m], 13GZ-24 [− 5.4 m], 13GZ-25 [0 m], and 13KS410 [81.8 
m]). Another redox index V/(V + Ni) (Zhao et al., 2016) has values 
>0.54 with an average of 0.71, except for 4 samples (Sample 13GZ-21 
[− 8.3 m], 13GZ-22 [− 7.4 m], 13GZ-24 [− 5.4 m], 13GZ-25 [0 m]). 

Fig. 6 shows that wt. CaCO3% ranges from 7.9 to 93.4% with a mean 
value of 26.4%, and the TOC values range from 0.26 to 1.59% (mean: 
0.58%), both of which are substantially higher in Interval I (below 0 m). 
TOC values fluctuate in Interval II-2. The C/N ratio fluctuates between 
3.1 and 18.5 with distinctly higher values in Interval I than Interval II, 
and shows a gradually increasing trend from Interval II-1 to Interval II-2. 
The δ13Corg values range from − 29.90‰ to − 23.29‰ with a negative 
carbon isotope excursion (CIE) in Interval I. 

4. Discussion 

4.1. Calcareous nannofossil biostratigraphy of the Kangsha section and 
comparison with previous work in the Tethys realm 

Calcareous nannofossils are widespread in Cretaceous marine de-
posits in Southern Tibet. Several previous calcareous nannofossil studies 
have been carried out in the Gamba and Tingri areas of this region (Xu 
and Mao, 1992; Zhong et al., 2000; Švábenická et al., 2010; Bomou 
et al., 2013; Yao et al., 2018). According to Wan et al. (2003), the 
Gambacunkou Formation in the Tingri area generally has higher 
calcareous contents and potentially more calcareous fossils than those in 
Gamba. However, calcareous nannofossil biostratigraphy was only 
conducted for the Gambacunkou Formation in the Gamba area (Wan 
et al., 2003; Yao et al., 2018), and the biostratigraphic framework for the 
Gambacunkou Formation in the Tingri area was established based on 
planktonic foraminifera via correlation to the nearby Gamba section 

(Fig. 1B); these studies indicated that the Gambacunkou Formation is 
late Albian to late Santonian in age (Willems et al., 1996; Wendler et al., 
2009). 

The FO of T. orionatus (110.73 Ma), which marks the boundary be-
tween Subzones NC8b and NC8c (Bralower et al., 1995, 1997), is placed 
at 2 m (Sample 13KS11) in the studied section based on its occurrences 
in nearly every sample upsection (Fig. 2; S1). This suggests that the 
lithologic boundary between the Gucuocun and Gambacunkou Forma-
tions that outcrops in the Kangsha section lies immediately below the 
NC8b/NC8c boundary (110.73 Ma) and is dated to the early Albian age. 
The sporadic occurrences of Cribrosphaerella ehrenbergii, which origi-
nated in the early Albian (e.g., Erba, 1988) is consistent with this 
assignment. The FOs of A. albianus (109.94 Ma) and E. turriseiffelii 
(103.13 Ma) are younger than that of T. orionatus (110.73 Ma). There-
fore, their absence can further constrain, albeit indirectly, the lower part 
of the Gambacunkou Formation (the entire interval II studied here) to 
nannofossil Subzones NC8b–NC8c (110.73–109.94 Ma), which is early 
Albian in age (latest Early Cretaceous) and with a duration of about 0.79 
Myr. We note that it is possible that A. albianus and E. turriseiffelii are 
absent from the section due to environmental exclusion or diagenesis; 
however, these taxa have been identified in nearby sections (Xu and 
Mao, 1992; Wan et al., 2003; Yao et al., 2018; Hoshina et al., 2021), 
making this possibility unlikely. Accordingly, the sedimentation rate of 
the studied interval is estimated to be ~12.7 cm/kyr, much higher than 
that typical of deep-sea sections (2 cm/kyr). 

Our calcareous nannofossil biostratigraphy constrains the lithologic 
boundary between the Gucuocun Formation and the Gambacunkou 
Formation in Tingri to early Albian (~110 Ma), instead of late Albian as 
previously proposed (Wang et al., 1980; Willems et al., 1996). Since the 
sections studied by Willems et al. (1996) and Wendler et al. (2009) do 
not include the base of this lithologic unit, they did not determine the 
age of the lithologic boundary between the Gambacunkou and the 

Fig. 5. A. Variations in whole shield index (WSI), diagenesis intensity (relative abundance of W. barnesiae, Mn/Sr ratio, and Sr concentration), and carbonate 
content. B. Correlation between W. barnesiae% and Shannon-Wiener diversity index. 
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Fig. 6. Variations in productivity, nutrient condition, weathering intensity and redox condition for the Gambacunkou Formation from the Kangsha section.  
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underlying Gucuocun Formations. 
These refined nannofossil biostratigraphic results have important 

implications for the paleoceanographic evolution of the Tethys Hima-
laya. First, this timing slightly postdates the larger foraminiferal zone 
TLK1d when a major sea transgression is documented in central Tibet 
(BouDagher-Fadel et al., 2017; Xu et al., 2020), providing an additional 
age constraint for this event. Second, this study fills a critical data gap in 
the marine Cretaceous strata of Tibet, as most previous biostratigraphic 
studies focus on the Jurassic and Upper Cretaceous for important pale-
oceanographic events (e.g., Wang et al., 2001; Matsuoka et al., 2002; 
Wan et al., 2003; Immenhauser et al., 2005; Chen et al., 2017; BouDa-
gher-Fadel et al., 2017; Han et al., 2018; Yao et al., 2018; Wang et al., 
2019; Xu et al., 2020). 

More importantly, the negative CIE in δ13Corg and high TOC content 
in the uppermost Gucuocun Formation in this study closely resemble 
those observed at the nearby Chaqiela section, Gamba (Fig. 1B), in terms 
of shape and magnitude (Fig. 7; Δ2.4‰ starting from − 24.5‰ upsection 
to − 26.9‰, Δ1% ranging from 0.18 to 1.18%; Zhang et al., 2016). Our 
biostratigraphic constraints (within Subzone NC8a-8b and immediately 
below NC8c, ~110.73 Ma) indicate that the CIE corresponds to the 
OAE1b horizon (Fig. 7), supporting the results from the Gamba and 
Bangbu sections in the eastern Tethys (Li et al., 2016; Zhang et al., 
2016), both of which are based solely on the correlation of high- 
resolution bulk carbonate carbon isotopes to the western Tethys and 
Mexican records (Bralower et al., 1999; Herrle et al., 2004; Bottini and 
Erba, 2018). The close correlation of the OAE1b horizon between the 
eastern Tethys, the western Tethys (Fig. 7) and the Mexico confirms that 
the OAE1b was widespread across the world oceans or at least the 
Tethyan region (e.g., Erbacher et al., 2001; Jenkyns, 2010). 

Finally, the presence of the OAE1b record at the Kangsha section 
points to where to sample this important paleoceanographic event in the 
Southern Tethys Himalaya (Fig. 7). The dark-colored shales within the 
underlying Gucuocun Formation (Tingri) or Chaqiela Formation 
(Gamba) have long been suspected to be related to hypoxic events 
(Wang et al., 2005a, 2005b), and our high-resolution biostratigraphy 
provides an important age constraint to relate these to the OAE1b. 

4.2. Diagenetic influence 

Diagenetic alteration, including dissolution and post-depositional 
diagenesis, have a large influence on the isotopic composition, 
elemental composition, and calcareous nannofossil assemblages pre-
served in marine sediments, and thus can significantly alter their utility 
as paleoenvironmental indicators for paleoceanographic conditions 
(Roth and Krumbach, 1986; Padden et al., 2002; Bruno et al., 2020). 

Several studies suggested that when the relative abundance of 
Watznaueria barnesiae exceeds 40%, the assemblage is strongly influ-
enced by diagenesis and no longer reflects the original nannofossil 
assemblage (Roth and Krumbach, 1986; Padden et al., 2002; Bruno 
et al., 2020). Accordingly, it appears that a majority of the studied 
samples from the Kangsha section have experienced a certain degree of 
diagenetic alteration, especially for the underlying Interval I (OAE1b 
interval, with average W. barnesiae abundance exceeding 72%), which is 
consistent with the observation that the overlying Interval II has better- 
preserved nannofossil assemblages and increased WSI values (Fig. 5A). 
Moreover, diagenesis may lead to an increase in the abundance of 
W. barnesiae and a decrease in the species diversity of the assemblage 
(Adelseck et al., 1973). Therefore, the high negative correlation (R2 =

0.91, p < 0.05, n = 59) between W. barnesiae abundance and Shannon- 
Wiener diversity index (Fig. 5B) could indicate that diagenesis may have 
affected the calcareous nannofossil assemblages of the Kangsha section. 
Thus, these three lines of evidence, together with the near-zero abun-
dances of B. constans, consistently suggest a certain degree of diagenetic 
influence on the nannofossil assemblages in Interval I. 

Other studies suggest that in some regions (especially open-ocean 
oligotrophic settings), W. barnesiae can dominate the assemblage in 

the absence of diagenetic alteration (e.g., Roth and Bowdler, 1981; Roth 
and Krumbach, 1986; Erba, 1992; Erba et al., 1992; Erba and Trem-
olada, 2004; Linnert et al., 2011; Bottini and Erba, 2018). In addition, 
B. constans is a dissolution susceptible species (Thierstein, 1980), and its 
common occurrence and comparable abundance and preservation 
throughout Interval II (Fig. 2; Supplementary Data) suggest little 
diagenetic alteration of the nannofossil assemblages in this interval, 
which is consistent with the high WSI values (Fig. 5A). Thus, the high 
W. barnesiae abundances (averaging 44%) in Interval II of the Kangsha 
section may result from paleoenvironmental settings, in contrast to that 
in Interval I (see geochemical evidence below). 

The geochemical proxies suggest that diagenesis has little influence 
on samples from Interval II, whereas there is some influence on Interval I 
samples. Strontium (Sr) concentration and the Mn/Sr ratio are the most 
commonly used geochemical criteria for assessing the degree of diage-
netic alteration of carbonates because Mn enrichment and Sr release co- 
occur when carbonate minerals recrystallize during diagenesis (Veizer, 
1983; Rao, 1990; Kaufman et al., 1993), resulting in low Sr concentra-
tions and/or high Mn/Sr ratios (Brand and Veizer, 1980; Fölling and 
Frimmel, 2002; Coimbra et al., 2017). More specifically, Mn/Sr ratios 
>2–3 indicate diagenetic alteration for marine limestones (Kaufman 
et al., 1993; Jacobsen and Kaufman, 1999), whereas Sr concentration is 
considered more reliable because carbonates precipitated from anoxic 
waters may also have high Mn/Sr ratios (Halverson et al., 2007). A 
cutoff Sr concentration of 250 and 300 ppm is applied in practice to the 
Neoproterozoic and middle Cretaceous carbonates, respectively (Hal-
verson et al., 2007; Turchyn et al., 2009); we follow the latter in this 
study (Fig. 5A). 

Almost all samples have Mn/Sr ratios <3 and Sr concentrations 
greater than or close to 300 ppm, with a few exceptions from Interval I 
(Fig. 5A), indicating that the majority of the samples from Interval II are 
little affected by diagenesis and preserve the primary paleoceanographic 
signals. This geochemical perspective is in contrast to the assessment 
using W. barnesiae percentage, possibly because W. barnesiae percentage 
carries multiple signals in response to the coeval changes in nutrient 
condition and/or temperature of the seawater, and its high abundance 
may be related to low-fertility conditions (e.g., Roth and Bowdler, 1981; 
Roth and Krumbach, 1986; Erba, 1992; Erba et al., 1992; Erba and 
Tremolada, 2004; Linnert et al., 2011; Bottini and Erba, 2018). In 
addition, the high abundances of the dissolution-susceptible B. constans 
throughout Interval II (Fig. 2; Supplementary Data) consistently suggest 
little diagenetic alteration of the nannofossil assemblages from Interval 
II, which makes it possible to use W. barnesiae abundance to indicate 
nutrient conditions as demonstrated in many other studies (e.g., Tira-
boschi et al., 2009; Bottini and Erba, 2018; Bruno et al., 2020). Thus, our 
study demonstrates that nannofossil assemblages with high W. barnesiae 
abundances do not necessarily indicate severe diagenetic influence. 
When with additional geochemical evidence, they can still be used to 
infer paleoceanographic changes. 

4.3. Surface water fertility and depositional environment 

Calcareous nannoplankton are sensitive to changes in environmental 
parameters such as sea surface temperature (SST) and nutrient avail-
ability, and these environmental variations are usually related to pale-
oceanographic and paleoclimate changes. Thus, variations in calcareous 
nannofossil assemblages combined with geochemical properties can be 
used to elucidate the paleoceanographic and paleoclimate evolution of 
the eastern Tethys during the time interval studied, including the OAE1b 
record in the lowermost part of the section. 

TOC and wt. CaCO3%, and δ13Corg can be used as fertility indicators 
(Müller and Suess, 1979; Hedges and Keil, 1995; Kuypers et al., 2002). 
TOC and wt. CaCO3% contents are significantly higher in Interval I 
(− 20–0 m), which indicates higher surface-water productivity during 
the OAE1b interval (Fig. 6). C/N ratios in sediments are commonly used 
to assess the relative contribution between terrestrial and marine OM 
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Fig. 7. Correlation of the Kangsha section with other sections from the Tethys and Atlantic Oceans. Data sources: DSDP Site 545 (McAnena et al., 2013); Chaqiela section (Zhang et al., 2016); Piobbico core (Bottini and 
Erba, 2018); Kangsha section (this study). 
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sources, with ratios greater than ~10–12 indicating increased terrestrial 
sources. Thus, the higher C/N ratios coupled with higher Zn/Al and 
Ni/Al values indicate that enhanced terrigenous input during OAE1b 
contributed nutrients to promote productivity in the study area. Nan-
nofossil preservation state is poor within the OAE1b interval, resulting 
in extremely low abundance of dissolution susceptible species like Bis-
cutum; thus, we cannot use micropaleontological indicators (Biscutum 
constans, NI index) to infer productivity changes. 

Several lines of micropaleontological evidence indicate that Interval 
II-1 (0–60 m) has lower nutrient availability than Interval II-2 (60–102 
m). Biscutum constans, one of the common species during the Cretaceous, 
is typically used as a proxy for surface ocean fertility (Roth, 1981; 
Watkins, 1989; Lees et al., 2005; Corbett and Watkins, 2013), with high 
abundance indicating increased fertility and low abundance indicating 
reduced fertility. In this study, Biscutum constans has higher average 
abundance in Interval II-2 (average at 9.4%) than Interval I-1 (average at 
5.8%) (Fig. 6). This is consistent with the higher proportion of 
W. barnesiae in Interval II-1 and decreased abundance in Interval II-2, as 
this species is generally considered as an indicator for low fertility or 
oligotrophy (Roth and Bowdler, 1981; Erba, 1992; Erba et al., 1992; Lees 
et al., 2005). In addition, the NI values are higher in Interval II-2 
(averaging 30.4) than those of Interval I (averaging 21.5), indicating a 
change in trophic condition at around 60 m in the Kangsha section. 

The fertility variations based on the abovementioned micropaleon-
tological indicators are consistent with the geochemical proxies. There is 
a general increase in Biscutum constans abundance, NI, TOC content and 
δ13Corg, with relatively stable and lower values in Interval II-1 (Fig. 6), 
supporting the interpretation that the surface water fertility was lower 
during deposition of Interval II-1 than Interval II-2. This variation 
pattern in fertility, with lower fertility immediately above the OAE1b 
horizon and a gradual increased upsection, has been previously seen in 
the western Tethys (Fig. 7; Herrle et al., 2003a, 2003b; Tiraboschi et al., 
2009; Bottini and Erba, 2018), suggesting similar paleoceanographic 
conditions widespread across the Tethys Ocean, as well as in the western 
Atlantic Ocean (Browning and Watkins, 2008). 

In contrast, carbonate content slightly decreases upsection, which is 
contradictory to an increase in fertility and requires a different mecha-
nism. Sediment carbonate content depends on carbonate production in 
the surface ocean by biological productivity, dissolution in the water 
column and sediment, and dilution by noncarbonate materials (Berger, 
1992). High fertility does not necessarily lead to high export production 
because high-fertility calcareous nannofossil taxa are smaller and thus 
have much lower carbonate volumes than oligotrophic ones (Erba, 
1994; Mattioli and Pittet, 2002; Tremolada and Young, 2002; Erba, 
2004, 2006; Erba and Tremolada, 2004). Additionally, during the mid- 
Cretaceous, the marine sediments of the Southern Tethys Himalaya in 
the Southern Tibet were mainly deposited in an outer shelf environment 
(Liu and Einsele, 1994; Willems et al., 1996; Wang et al., 2005a, 2005b), 
which received terrigenous-sourced sediment particles, organic matter 
and nutrients. An upsection increase in dilution by terrestrial materials 
is consistent with the increased weathering intensity (Fig. 6) and rela-
tively high sedimentation rate observed here (12.7 cm/kyr). 

Moreover, from Interval II-1 upsection to Interval II-2, nutrient 
availability slightly increased, as indicated by relatively higher NI, Zn/ 
Al, Ni/Al values, in parallel with enhanced continental weathering as 
indicated by increased Ti/Al, Zr/Al, and K/Al values (Fig. 6). A similar 
scenario also occurred after the OAE1b hyperthermal conditions in the 
western Tethys Ocean (Fig. 7; Bottini and Erba, 2018). Therefore, 
enhanced weathering seems to have exerted an important influence on 
the shelf environment, which may explain the increased fertility, car-
bonate dilution, and high sedimentation rates observed in this study. 

Mn* and V/(V + Ni) have been used to indicate the redox conditions 
of the depositional environment (Bellanca et al., 1996; Cullers, 2002; 
Zhao et al., 2016), with negative Mn* values and V/(V + Ni) ratios 
>0.54 indicating hypoxia. The generally negative Mn* values and high 
V/(V + Ni) ratios (except for the five samples in Interval I) in the studied 

section suggest that the depositional environment in the Tingri area was 
hypoxic during the early Albian (Fig. 6), which may possibly result from 
density-driven stratification of the upper water column (Erbacher et al., 
2001; Herrle et al., 2004), and/or increased surface water fertility 
(Browning and Watkins, 2008; Bottini and Erba, 2018) during the 
OAE1b hyperthermal conditions. Hypoxia, in turn, may have promoted 
preservation of organic matter in the sediments. 

5. Conclusions 

Our detailed analysis of calcareous nannofossils results in a precise 
age constraint for the boundary between the underlying Gucuocun and 
overlying Gambacunkou Formations of the Kangsha section in Tingri, 
Southern Tibet. The accompanying variations in fertility and environ-
ment indicated by biogeochemical proxies allow correlation with the 
classic western Tethys (central Italy) section (Bottini and Erba, 2018), 
providing a general picture of how the Tethys Ocean responded after the 
OAE1b event. 

The Gambacunkou Formation and the underlying Gucuocun For-
mation contain abundant, moderately preserved calcareous nanno-
fossils. The FO of the marker species T. orionatus constrains the 
boundary of the Gambacunkou Formation and Gucuocun Formation to 
slightly below the nannofossil Subzone NC8b/NC8c boundary, indi-
cating an early Albian age. This precise age enables us to correlate this 
record with the classic western Tethys section (Bottini and Erba, 2018), 
revealing a deoxygenated ocean environment and a trend toward 
increased fertility due to enhanced continental weathering after OAE1b. 
From the lower Interval II-1 (0–60 m), which immediately postdates the 
OAE1b, upsection to Interval II-2 (60–102 m), surface water fertility 
slightly increases as evidenced by increased abundance of B. constans 
and increased NI, TOC, and nutrient availability (based on Zn/Al and 
Ni/Al ratios). The increase in fertility may have resulted from enhanced 
continental weathering, as indicated by the parallel increase in Ti/Al, 
Zr/Al, and K/Al, which may have resulted in not only elevated fertility 
but also dilution of sediment carbonate content due to increased addi-
tion of terrestrial materials. The depositional environment in the Tingri 
area was hypoxic during the early Albian as indicated by the negative 
Mn* values and high V/(V + Ni) ratios. 
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Wendler, I., Wendler, J., Gräfe, K.U., Lehmann, J., Willems, H., 2009. Turonian to 
Santonian carbon isotope data from the Tethys Himalaya, southern Tibet. Cretac. 
Res. 30, 961–979. 
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