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Abstract Calcareous nannofossil biostratigraphy is a powerful tool to date rock cuttings typically collected during
drilling operations by the oil industry. However, there is limited information available for the international commu-
nity on the application of nannofossil biostratigraphy in the northern South China Sea (SCS) owing to the scarcity of
related publications. Here we present a case study of calcareous nannofossil biostratigraphy and paleoenvironmental
interpretation of a deep-water exploration well (L1) located on the northern shelf of the SCS. Our analysis identi-
fied a series of last occurrence (LO) datums of zonal markers including Sphenolithus belemnos, Triquetrorhabdulus
carinatus, Reticulofenestra bisecta (>10 um), and Sphenolithus (=Furcatolithus) distentus, establishing nannofossil
Zones NP24-NN4, as well as a number of supplementary secondary LO datums (e.g., Sphenolithus delphix, Spheno-
lithus [=Furcatolithus] predistentus). This biostratigraphy dates the studied section between 4650 and 2730 m below
the seafloor to the Oligocene to Early Miocene. Interval III (4650-3980 m), which is late Oligocene or older in age,
corresponds to a shallow water depositional environment, with large amounts of terrestrial clastic material, high
sedimentation rates, and a near absence of nannofossils due to dilution. Interval II (3970-3012 m) is characterized
by an unstable environment due to notably fluctuating sea levels, and also contains a widespread erosion horizon in
the SCS across the Oligocene/Miocene boundary. Lower Miocene Interval I (3000-2730 m) has the highest values
of total abundance, diversity, and number of Discoaster specimens, suggesting a stable, open-ocean environment and
corresponding to a relatively low sedimentation rate.
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1. Introduction

Calcareous nannofossils are tiny microfossils generally
smaller than 30 um in size composed of calcite, which are
produced by a diverse group of marine haptophyte algae
(Haq, 1983; Winter & Siesser, 1994; Bown, 1998). This
heterogeneous group of marine phytoplankton originated in
the Late Triassic, radiated in the Jurassic, and dominated
the planktonic marine biosphere from the Jurassic through
Paleogene (Bown, 2005; De Vargas et al., 2007). Their
modern representatives, coccolithophores, are characteris-
tically single-celled, autotrophic, calcifying organisms that
typically encase their cell walls with calcite (CaCO,) plates
called coccoliths. Marine phytoplankton play a crucial role

in the biological pump for the global carbon cycle through

carbon fixation and carbonate production (Winter & Siess-
er, 1994; Billard & Inouye, 2004; Rost & Riebesell, 2004;
Young et al., 2005; Taylor et al., 2017). Due to their small
size, high abundance, rapid evolution, and global distribu-
tion through geological time, calcareous nannofossils argu-
ably have the most complete fossil record and have been ex-
tensively utilized in biostratigraphy and paleoceanography
(Mutterlose et al., 2005; Agnini et al., 2017). Specifically,
marine strata have been subdivided into zones/subzones
based on nannofossil evolutionary originations and demise
of certain species for both the Mesozoic (see Bown, 1998
for a review) and Cenozoic, including the zonation scheme
of Martini (1971), which was further refined by Backman
et al. (2012) and Agnini et al. (2014).
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Figure 1: Bathymetric map showing the locations of the study site (L1), HZ21-1 Oil Field, and Ocean Drilling Program (ODP) and International
Ocean Discovery Program (IODP) drill sites in the South China Sea (after Wang & Jiang, 2020). The dashed line represents the extent of the Pearl

River Mouth Basin.

Calcareous nannofossils are one of the most valuable
paleontologic tools in the oil industry due to their use in
biostratigraphy, which involves correlating rock layers
based on the presence, absence, and abundance changes
of species, as shown by numerous studies especially in the
Gulf of Mexico (e.g., Smith & Hardenbol, 1973; Denne,
2008; Olson et al., 2015; Bergen et al., 2017; De Kaenel et

al., 2017; Bergen et al., 2019), North Sea (e.g., Gallagher,
1988; Thomsen et al., 2012; Vieira et al., 2020), and Middle
East region (e.g., Alqudah et al., 2014; Mandur & Mak-
led, 2016; Giraldo Gémez et al., 2017), whereas relatively
few studies from the South China Sea (SCS) are published
and accessible to the international community. As Akers

(1986, p. 367) commented on the applications of calcare-
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ous nannofossils in the Gulf of Mexico, “Nowhere else
in the world, are so many people, looking so closely, for
so many key fossils, in so many drilling wells, that will
produce so much oil”. By analyzing fossil assemblages
found in ditch cuttings or core samples obtained during oil
exploration, paleontologists can establish the age of sedi-
mentary layers, identify specific stratigraphic zones, and
determine the geological history of the area. This informa-
tion aids in locating potential hydrocarbon reservoirs and
characterizing reservoir rocks, as well as guiding decision-
making processes in drilling and exploration efforts (Ak-
ers, 1986).

This research presents a case study using material from
a deep-water exploration well (LL1) on the northern shelf of
the SCS. This study aims to illustrate a standard protocol
for applying calcareous nannofossil biostratigraphy and
paleoenvironmental interpretation to hydrocarbon explo-

ration in the region.

2. Material and methods

The studied samples are from Well L1, an exploration
well drilled in 2014 by the China National Offshore Oil
Corporation (CNOOC). The exploration well is located
~150 km NW of Ocean Drilling Program (ODP) Site 1148
(18°50.17'N, 116°33.94'E; 3294 m water depth) in 1921 m
of water in the deepwater area of the Pearl River Mouth
Basin (PRMB) on the northern slope of the SCS (Figure
1). The PRMB, a significant offshore basin located in the
northern part of the SCS and well known for its high hy-
drocarbon potential, is characterized by diverse geological
formations and sedimentary layers that are of considerable
interest for oil and gas exploration activities. Its geologi-
cal complexity and hydrocarbon potential have made it a
focal point for various geological studies and exploration
endeavors in the offshore oil industry (Sun et al., 2012; Sun
etal., 2014; Mu et al., 2022; Li et al., 2023).

Drill cuttings from the studied section between 4650
and 2730 m were the only materials available for this bio-
stratigraphic study. The cuttings are mostly dark gray to
medium-dark gray calcareous silty shale. Samples for bio-
stratigraphy were taken every 8—12 m (generally every 10
m), except between 3003 and 3000 m, which was sampled
at a 3-m interval. Each sample represents a mixture of cut-
tings from across the spacing interval. For example, sample
2730-2740 m represents a mixture of cuttings for the 10-m
interval between 2730 and 2740 m, whereas sample 3000—

3003 m represents cuttings from the 3-m interval between
3000 and 3003 m. For simplicity, all samples are reported as
the top depth of the sampling interval (see Table 1 for depth
range of each sample). Smear slides were prepared follow-
ing the modified “double slurry” method that was adapted
here to process clastic rocks and cutting samples typically
collected by the oil industry or from clastic settings (Wat-
kins & Bergen, 2003; Jiang & Zhang, 2016). Samples were
prepared by placing ~10 g of cuttings and mud mixture into
a 30 mL plastic bottle, adding ~3 times the sample volume
of deionized water buffered with NaOH (pH = 9), and then
soaking the mixture for 24 h while stirring and shaking on
an oscillator until completely dispersed into a suspension.
Smear slides were then prepared from the mixture using the
double slurry method. We used a displosable pipette to drop
~0.5 mL of the suspension onto a labeled coverslip and let
it dry on a hot plate at 50°C. After it dried, we added a
small amount of ~5% sodium hexametaphosphate solution
as a dispersant, which we mixed with the dried mud, and
then spread it evenly on the coverslip. After it once again
dried on a hot plate at 50°C, we mounted the coverslip with
Norland Optical Adhesive Number 61 and cured it with ul-
traviolet light.

Calcareous nannofossils were examined with a Zeiss
Axio Imager A2 microscope under cross-polarized light at
1000x magnification (diameter of each field of view equal
to ~0.4 mm). Photomicrographs were taken with a 6 mega-
pixel digital camera (Zeiss Axiocam 506 color). Taxonomy
primarily follows Perch-Nielsen (1985) and Bown (1998),
as well as the Nannotax3 online database (Young et al.,
2023). We note that Howe (2021) divided the family Sphe-
nolithaceae into two genera based on ultrastructure, Sphe-
nolithus and Furcatolithus, with the latter comprising the
F. predistentus-distentus-ciperoensis lineage. However, we
retain the two well-established species names Sphenolithus
predistentus and S. distentus because CNOOC, for whom
this study was completed, needed the taxonomy to be con-
sistent with previous work for the zonal markers.

The zonation scheme of Martini (1971) was used with
supplementary datums from Agnini et al. (2014) and Grad-
stein et al. (2012).

The preservation status of fossil assemblages provides
information on burial and sedimentology and in this study
is designated as good (G), moderate (M), or poor (P) with
transitional conditions between them following Jiang &

Wise (2007). For example, GM indicates a preservation
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Table 1: Calcareous nannofossil datums and corresponding depths in Well L1, northern South China Sea..

Zone Datum Age (Ma) Depth (m) Confidence level
NN3/NN4  |LO Sphenolithus belemnos 17.683 2750 ok
NN2/NN3  |LO Trigquetrorhabdulus carinatus 18.28 2770 HkE
NN2 FO Sphenolithus belemnos 19.03 2890-3003 |*
NN2 FO Helicosphaera ampliaperta 20.43 2840 *
NN2 FO Sphenolithus disbelemnos 22.76 3050 *
NNI1 LO Sphenolithus capricomutus 22.97 2830 Hok
NNI1 LO Sphenolithus delphix 23.11 2840 Hok
NP25/NN1 |LO Reticulofenestra bisecta (>10 pm) [23.13 2840 HkE
NP25 LO Zygrhablithus bijugatus 23.76 2980 Hok
NP24/NP25 |LO Sphenolithus distentus 26.84 3190 ok
NP24 LO Sphenolithus predistentus 26.93 3190 HkE

Note: The nannofossil zonal definitions are based on Martini (1971) and age assignments are based on

Gradstein et al. (2012). FO = first occurrence, LO = last occurrence. Reticulofenestra bisecta (>10 pum)

corresponds to the species concept of Reticulofenestra stavensis according to Young et al. (2023). NN

= Neogene Nannofossil, NP = Nannofossil Paleogene. Confidence level is estimated based on the

following criteria: (1) a LO has the highest confidence and a FO the lowest, and (2) the distribution is

continuous in the analyzed section, with barren intervals considered when defining occurrence

continuity.

status that falls between good and moderate. The relative
abundance of each taxon is semi-quantitatively represented
according to the average number of specimens in all fields

of view (FOV) encountered in a traverse as follows:

VA = very abundant (>25 specimens per FOV).
A = abundant (624 specimens per FOV).

C = common (1-5 specimens per FOV).

F = few (1 specimen per 2—10 FOVs).

R =rare (1 specimen per 11-50 FOVs).

P = present (1 specimen per >50 FOVs).

To avoid missing rare species and biasing the assem-
blage composition during observation, at least 500 FOVs
(=5 traverses) were observed. All specimens in >20 FOVs
were counted to obtain the total abundance. If the total
number was less than 400, the counting continued until
100 FOVs were reached. Total counts were then normal-
ized to 100 FOVs (equivalent to one traverse), which was
used as the total abundance of the sample.

Samples adjacent to zonal boundaries were further
analyzed by examining 5 additional traverses to provide a
more precise biostratigraphic determination. Only the last
occurrence (LO) and/or first (continuous) occurrence (FO)
of a marker species was used to define the correspond-
ing datum, and consideration was given to barren intervals
when defining the continuity of occurrence. Last occur-

rence datums were given higher priority considering the

presence of downhole caving contamination in well cut-
tings. Each nannofossil datum was assigned an orbitally
tuned age from Gradstein et al. (2012) to estimate linear
compacted sedimentation rates. We note that Bergen et
al. (2019) published orbitally tuned ages for some of the
species identified in this study; however, we do not apply
these ages here for two reasons. First, these ages were de-
rived and have only been tested for the equatorial Atlantic
Ocean, Gulf of Mexico, and Mediterranean Sea and addi-
tional work needs to be conducted to verify their reliability
in the Pacific and Indian Oceans and the western Pacific
marginal seas. Second, CNOOC, for whom this study was

completed, still uses the Gradstein et al. (2012) time scale.

3. Results

Calcareous nannofossil abundance and preservation vary
significantly with depth over the studied section between
4650 and 2730 m (Figures 2 and 3; Appendix 1), which al-
lows identification of several late Oligocene—early Miocene
zonal markers and allows us to divide the studied section
into three intervals (Figures 2—4; Appendix 1). Selected
species are illustrated in Plate 1.

Lowermost Interval I (4650-3980 m) is nearly barren
with extremely low abundance and species richness. The
specimens present are likely a result of downhole caving
(see discussion below).

Interval I (3970-3012 m) has an abrupt increase in total

abundance and species richness with improved preservation
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Figure 2: Distribution of selected calcareous nannofossil species from Well L1 in the Pearl River Mouth Basin, northern South China Sea
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and is characterized by several small abundance peaks (e.g.,
in samples 3960 m, 3670 m, and 3390 m) alternating with
nearly barren or barren intervals. The average abundance
and species richness for these small abundance peaks are
236 (ranging from 52-902) and 11 (ranging from 6-24),
respectively (Figure 3). The common taxa include various
species of Reticulofenestra, Cyclicargolithus floridanus,
and Coccolithus pelagicus, whereas Discoaster is very
rare (Figure 2; Appendix 1). The assemblages are gener-
ally moderately to poorly preserved.

Interval IIT (3000-2730 m) has the highest abundance
and species richness with generally moderate to moderate-
ly good preservation. The total abundance averages 7281
(range: 3975-11813), species richness averages 35 (range:
31-43), and total number of Discoaster specimens aver-
ages 148 (range: 7-320) (Figure 3). The most abundant

taxa observed include various species of Reticulofenestra

(e.g., R. minuta, R. minutula, R. hagqii, and R. pseudoum-
bilicus), Sphenolithus heteromorphus, Sphenolithus coni-
cus, Umbilicosphaera jafari, C. floridanus, C. pelagicus,
Discoaster deflandrei, and Calcidiscus leptoporus (Figure
2; Appendix 1).

4. Discussion

4.1. Calcareous nannofossil biostratigra-
phy of Well L1

Oil industry wells are usually drilled in expanded conti-
nental margin sequences, where nannofossil abundance is
generally low, mainly due to dilution by terrestrial clastic
materials. However, the primary challenge is that samples
from industry wells are often limited to ditch cuttings,
which have various limitations resulting from mud con-
tamination, downhole caving, mixed lithologies within

sampled depth ranges, and inaccurate depth control.
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Figure 3: Paleoenvironmental evolution during the late Oligocene—Early Miocene in the Pearl River Mouth Basin interpreted from calcareous nan-
nofossil assemblages, northern South China Sea. The paleoenvironmental interpretation is primarily based on total nannofossil abundance, species
richness, and number of Discoaster specimens, with consideration of sedimentation rate. See text for details.
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The extent of these limitations appears to relate to vari-
ous aspects (e.g., drilling technologies used, drilling mud
composition, cuttings washing procedures, and sampling
techniques at the cuttings shaker). These challenges are
particularly evident in the western PRMB compared to
the eastern PRMB, where information regarding drilling
operations is not always available to paleontologists. In
contrast, standard practice in the Gulf of Mexico involves
immediate washing and picking of rock chips for well-
site biostratigraphy, which appears to offer better results
based on our own experiences working in both regions.
This may explain why more datums can be used in the
Gulf of Mexico region (e.g., Bergen et al., 2017, 2019).

The limitations with respect to cuttings use increase
the uncertainty of biostratigraphic interpretations be-
cause the exact depth at which a specific nannofossil spe-
cies was found may not be precisely known. Moreover,
downhole caving and mixing can significantly deepen
the FO datums and create multiple apparent FO datums
(as shown in Figure 4 and Appendix 1), making it chal-
lenging to accurately identify the true FO of a nannofos-
sil species. Therefore, when only ditch cuttings are avail-
able, generally only LO datums are used to establish the
biostratigraphy, which limits the resolution of the analy-
sis, especially for this study area.

Under such conditions, LO datums or abundance
changes of calcareous nannofossil taxa not typically used
for biostratigraphy can be used as a more reliable alter-
native to approximate a FO datum, which is a common
practice to increase biostratigraphic resolution in expand-
ed continental margin deposits when dealing with down-
hole contamination or other uncertainties (e.g., Duan &
Huang, 1991; Huang, 1997; Denne, 2008). This approach
allows for more age control and enhances the reliability
and resolution of biostratigraphy in oil industry wells, in
particular when dealing with intra-basin correlation as
shown in the Gulf of Mexico (De Kaenel et al., 2017,
Bergen et al., 2019), as well as in the study region (Duan
& Huang, 1991; Huang, 1997; Jiang, 1999; Zhu & Chen,
2007). While the limitation with the use of LO datums
cannot be overlooked because nannofossils are easily re-
worked (Romein, 1979), this is the only practical method
in the oil industry to date strata from cuttings, especially
in the study region where caving seems to be particularly
problematic. Fortunately, reworking was not commonly

observed in our samples, with only two such instances

involving Reticulofenestra bisecta (>10 um) and Spheno-
lithus delphix identified where their reoccurrences above
a long interval of absence characterized by abundant
nannofossil assemblages were considered reworked (Ap-
pendix 1). As more sophisticated and technologically ad-
vanced drilling methods are developed and utilized, the
use of FO datums becomes increasingly common and re-
liable, as demonstrated by numerous studies originating
from the Gulf of Mexico (e.g., Denne, 2007; Bergen et
al., 2017; Browning et al., 2017; De Kaenel et al., 2017,
Bergen et al., 2019).

Heavy downhole contamination may result in the out-
of-place occurrences of certain species, such as Spheno-
lithus heteromorphus and Helicosphaera ampliaperta,
possibly due to washing cuttings well after their initial
collection or incomplete washing of cuttings because
lengthy contact between drilling mud and rock chips can
result in a mixed sample being taken for biostratigraphic
analysis. After considering the distribution patterns of
zonal markers and overall assemblages with depth (Fig-
ure 2; Appendix 1), we identified the datums of four zonal
markers including Sphenolithus distentus, R. bisecta (>10
um), Triquetrorhabdulus carinatus, and Sphenolithus
belemnos (Table 1), where the positions of these datums
appear reasonable considering their relative positions to
other LO datums, including those of Sphenolithus capri-
cornutus, S. delphix, Zygrhablithus bijugatus, and Sphe-
nolithus predistentus (Table 1). This allows identification
of Martini (1971) nannofossil Zones NP24-NN4 (Figure
2; Table 1; Appendix 1). Accordingly, the uppermost
samples comprising mostly Interval I (2830-2730 m) are
dated to the Early Miocene (from 23.0 Ma to >14.9 Ma),
whereas the samples within Interval IT (3970-2830 m) are
tentatively assigned to the late Oligocene based on the oc-
currences of R. bisecta (>10 um), S. distentus, and S. pre-
distentus (Figure 2; Appendix 1). However, the deepest
section, Interval III (4650-3970 m) lacks any consistently
occurring age diagnostic nannofossils; therefore, no age
determination can be given (Figures 2 and 4; Appendix 1).

Additional FO datums, when found to lie in reasonable
positions relative to these LO datums, are also used here
to provide further biostratigraphic constraints (Figure 4;
Table 1). All of these datums provide a comprehensive
chronological framework for exploring the paleoenviron-
mental conditions present in this region of the SCS during

the late Oligocene and Early Miocene.
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Figure 4: Age-depth plot showing variations in the sedimentation rates (cm/kyr) in Well L1 in the Pearl River Mouth Basin, northern South China
Sea. Symbols with thicker, red outline indicate higher biostratigraphic confidence, whereas blue symbols with a dashed outline indicate FO datums
with lower confidence levels. The oldest bioevent (FO Sphenolithus distentus) may be significantly deeper due to downhole contamination. If in situ,
it suggests exceptionally high sedimentation rates. See Table 1 for the depth, age, and confidence level of each datum. FO = first occurrence; LO = last
occurrence; Sd = Sphenolithus delphix; Sc = Sphenolithus capricornutus; Ha = Helicosphaera ampliaperta; Zb = Zygrhablithus bijugatus.

4.2 Environmental change during the late
Oligocene-Early Miocene in the northern
SCS

The SCS is a marginal basin that formed in the late Eo-
cene (Jian et al., 2019) and has undergone continental
lithosphere extensional rifting and subduction-collision
processes within an overall convergent regime (Xie et
al., 2022). This led to regional tectonic subsidence in the
northern SCS, deepening the paleo-water depth and in-
creasing the distance from the shoreline to the study site
during the late Oligocene—Early Miocene (Wang et al.,
2021). These changes are identified in seismic studies by
the basin wide T60 seismic reflector (Xie et al., 2017),

across which the SCS experienced rapid subsidence cre-
ating a deep-sea environment.

During the late Oligocene—Early Miocene, the Earth
witnessed a period of relative global warmth interrupted
by large, transient Antarctic glaciations across the bound-
ary (Zachos et al., 2001). The paleoceanographic changes
associated with the glaciations triggered variations in sea
level and temperature and nutrient regimes of the up-
per water column (Miller et al., 2020; Westerhold et al.,
2020), leading to important turnovers in calcareous nan-
nofossil assemblages (Aubry, 1992; Bown, 2005; Plancq
etal., 2013).

Microfossil distribution, abundance, and diversity
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data inform a variety of paleoenvironmental proxies (e.g.,
Culver, 1988; Mackensen et al., 1995), offering insights
into water depth and sea level changes in marginal ma-
rine environment (Leckie & Olson, 2003; Galovi¢, 2017).
As commonly practiced in the Pearl River Mouth Basin
of the northern SCS (Qin, 1996; Huang, 1997; Mao et
al., 2019), the total nannofossil abundance, species rich-
ness, and the number of Discoaster specimens have been
used to infer paleoenvironmental change. Specifically,
Discoaster species are most abundant in tropical and
subtropical open-ocean locations and are widely recog-
nized as deepwater dwellers, living in warm, stratified,
stable waters with a deep nutricline (Bukry, 1971; Au-
bry, 1998; Bralower, 2002). Conversely, the final decline
in Discoaster abundance and its eventual extinction in
the Early Pleistocene were driven by increased climate
variability and nutricline shoaling (Schueth & Bralower,
2015). Therefore, we also use Discoaster abundance as a
proxy for identifying stable, open-ocean environments in
the Miocene (Figure 3).

The notable variations in the nannofossil assemblages
and calculated linear sedimentation rates reflect the evolu-
tionary history of the SCS (Figures 2—4). During Interval I
(4650-3980 m) in the Oligocene prior to ~27 Ma when the
SCS was shallow, the study site was likely situated very
close to the shore and received large amounts of terres-
trial clastic materials, resulting in high sedimentation rates
(most likely >>9.0 cm/kyr; Figure 4). These environmen-
tal conditions do not favor the preservation of calcareous
nannofossils and those that are preserved are subject to di-
lution and dissolution, resulting in a barren or near-barren
nannofossil record.

Interval II (3970-3012 m) corresponds to a period
characterized by alternating low abundance of nannofos-
sils and near-barren intervals, which is indicative of an
unstable environment. This alternation suggests intense
tectonic activities leading to fluctuations in sea level (Shao
et al., 2004; Wang et al., 2021), which is reflected by the
variations in presence and absence of the coccolithophores
at the study site and the high sedimentation rate (9.0 cm/
kyr; Figure 4). This interval encompasses Reflector T60,
which signifies widespread subsidence and landward-
shifting erosion that resulted in the preservation of es-
sentially no sedimentation across the Oligocene/Miocene
boundary (Figure 4) and a widespread erosion horizon in
the SCS (Pang et al., 2008; Xie et al., 2022). This accords

well with the global NAql sea level sequence (Bergren et
al., 2019).

Interval III (3000-2730 m) has the highest values in
total abundance, diversity, and number of Discoaster,
suggesting a stable, open-ocean environment and cor-
responding to a relatively low sedimentation rate in the
Early Miocene (3.5 cm/kyr; Figure 4). This period is
linked to basin-wide subsidence and increasing water
depth (Pang et al., 2008; Jian et al., 2019; Wang et al.,
2021; Xie et al., 2022). The timing of the environmental
change to more stable conditions seems to be synchro-
nous with the global sea level highstand during the late
Oligocene (Miller et al., 2020), which could have been
amplified by local tectonic subsidence and rifting (Jian
etal., 2019).

5. Conclusions

We conducted a detailed calcareous nannofossil analysis
on cuttings samples from the interval between 4650 and
2730 m in the hydrocarbon exploration Well L1 in the
northern SCS. We identified four LO datums, as well as
additional secondary datums, which allow assignment of
the section to Zones NP24-NN4, dating the section to the
late Oligocene—Early Miocene. Deeper than ~3200 m, the
age assignment is tentative due to a paucity of nannofos-
sils. The notable variations in the nannofossil assemblag-
es and sedimentation rates reflect the evolutionary history
of the SCS. Interval III (4650-3980 m), which is late
Oligocene or older in age, is nearly barren of nannofos-
sils with extremely low species richness but a very high
sedimentation rate. This interval corresponds to a period
of shallow water depths when the study site was located
close to terrestrial sources, leading to high sedimentation
rates and resulting in dilution of nannofossil assemblages.
Interval II (3970-3012 m) is characterized by alternating
intervals of low abundance with nearly barren intervals,
suggesting an unstable environment due to fluctuations
in sea level. This interval encompasses a period of wide-
spread subsidence and landward-shifting erosion, result-
ing in little sedimentation across the Oligocene/Miocene
boundary and a widespread erosion horizon in the SCS.
Uppermost Interval I (3000-2739 m) is dated to the Early
Miocene and has the highest total abundance, diversity,
and number of Discoaster specimens, suggesting a stable,
open-ocean environment with relatively low sedimenta-

tion rates similar to that of today.
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Plate 1: Calcareous nannofossil distribution in Well L1, northern South China Sea.
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Appendix 1: Calcareous nannofossil distribution in Well L1, northern South China Sea.
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Appendix 1: Calcareous nannofossil distribution in Well L1, northern South China Sea (continued).



Oligocene—Early Miocene calcareous nannofossil biostratigraphy from the northern South China Sea
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Appendix 1: Calcareous nannofossil distribution in Well L1, northern South China Sea (continued).



