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ABSTRACT

The Paleocene-Eocene thermal maximum 
(PETM) is one of the most pronounced global 
warming events in the Cenozoic. This event 
was associated with a large negative car-
bon isotope excursion (CIE) and with major 
changes in the atmosphere, hydrosphere, and 
biosphere. However, how the larger benthic 
foraminifera (LBFs) in the shallow Tethyan 
Ocean responded to the PETM remains con-
troversial. In this study, we investigate two 
shallow-marine, LBF-rich carbonate sections 
from south Tibet, aiming to locate the position 
of the Paleocene/Eocene (P/E) boundary in 
the Tethyan shallow benthic zones (SBZs) and 
to examine the response of the LBFs to the 
PETM. Carbon isotope compositions of bulk 
carbonate were measured to constrain the 
stratigraphic position of the CIE onset mark-
ing the P/E boundary in the sections, and the 
LBFs were studied in rock thin sections in or-
der to assess their biostratigraphy and to con-
struct the SBZs. The combination of the car-
bon isotope data and constructed SBZs shows 
that the P/E boundary is located within SBZ5, 
not at the SBZ4/SBZ5 transition as proposed 
in the Western Tethyan domain. At the P/E 
boundary, no evident compositional change in 
LBF assemblages can be observed. However, 
a major compositional change in LBF assem-
blages occurs in the CIE recovery, character-
ized by the sudden disappearance of Miscel-
lanea, Ranikothalia, Setia, Orbitosiphon, and 
the initial dominance of porcellaneous-walled 
Alveolina and Orbitolites together with small 
miliolids and rotaliids. We tentatively specu-
late that this compositional change in LBF as-

semblages may be related to a eutrophication 
event, likely resulting from intensified conti-
nental weathering during the CIE recovery of 
the PETM.

INTRODUCTION

About 56  m.y. ago, global temperature rose 
rapidly by at least 4–5 °C (Zachos et al., 2003; 
Dunkley Jones et  al., 2013), and this tempera-
ture anomaly persisted for ~170 k.y. (Röhl et al., 
2007). This event, now called the Paleocene-
Eocene thermal maximum (PETM), was asso-
ciated with severe carbonate dissolution on the 
deep-sea floor (Zachos et al., 2005) and with a 
~2–7‰ negative carbon isotope excursion (CIE) 
(McInerney and Wing, 2011), indicating a mas-
sive addition of 13C-depleted carbon into the 
atmosphere-ocean system (Dickens et al., 1995). 
The CIE was documented by diverse substrates 
from different depositional environments, rang-
ing from paleosol carbonate, tooth enamel, plant 
lipids, soil organic matter on land to forami
nifera, bulk carbonate, and marine organic mat-
ter in the ocean (McInerney and Wing, 2011). 
Therefore, the CIE reflects a global geochemical 
event, and not a regional carbon perturbation. 
In addition, the CIE onset was thought to have 
happened within ≤5  k.y. (Farley and Eltgroth, 
2003; Röhl et al., 2007; Zeebe et al., 2009). Its 
omnipresence and geological instantaneity make 
the CIE onset a very accurate time marker for 
inter-regional stratigraphic correlation. Conse-
quently, the CIE onset was officially selected as 
the criterion for defining the Paleocene/Eocene 
(P/E) boundary (Aubry and Ouda, 2003).

Along with the PETM-CIE, dramatic changes 
took place in the ocean-atmosphere system, 
such as a marked increase in atmospheric CO2 
concentration (Archer, 2010), intensified sea-
sonal precipitation and weathering (Schmitz and 

Pujalte, 2007; Chen et al., 2016; Penman, 2016), 
abrupt reversal of deep-ocean circulation (Tripati 
and Elderfield, 2005), rapid ocean acidification 
(Zachos et  al., 2005; Zeebe et  al., 2009), and 
increased ocean stratification (Winguth et  al., 
2012). In different ecosystems, fauna and flora 
showed variable responses to this warming event. 
On land, insect herbivory increased sharply (Cur-
rano et al., 2008) as floral composition changed 
from mixed gymnosperms and angiosperms 
prior to the PETM to almost exclusively angio-
sperms during the PETM (Wing et  al., 2005). 
Many mammals became smaller (Secord et al., 
2012), and migrated from Asia to North Amer-
ica (Bowen et al., 2002). In the tropical surface 
ocean, reef-building corals retreated to middle 
latitudes (Scheibner and Speijer, 2008), plank-
tonic foraminifera diversified rapidly (Kelly 
et al., 1996), and calcareous nannoplankton 
experienced increased rates of origination and 
extinction (Gibbs et al., 2006). In the deep ocean, 
smaller benthic foraminifera suffered one of the 
largest extinctions in the Cenozoic with the loss 
of ~30%–50% species (Thomas and Shackleton, 
1996; Speijer et al., 1997).

Despite substantial progress in the PETM 
studies, how larger benthic foraminifera (LBFs) 
in the shallow Tethyan Ocean responded to 
the PETM is still debated. In 1998, Hottinger 
(1998) coined the term “larger foraminiferal 
turnover” (LFT), defined as the start of adult 
dimorphism and large shell size. Afterward, 
some authors suggested that this LFT event co-
incided with the PETM and further postulated 
a causal relationship between the PETM and 
the LFT (Orue-Etxebarria et  al., 2001; Pujalte 
et al., 2009; Scheibner and Speijer, 2009). This 
view, however, is controversial as other authors 
have argued that the LFT predates the PETM 
(Hottinger, 1998; Zhang et al., 2013) and is not 
directly related to the PETM (Hottinger, 1998; 
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Zamagni, 2009; Zhang et al., 2013). According 
to the definition given by Hottinger (1998), the 
LFT does not represent a catastrophic event. 
Instead, it refers to an evolutionary success 
of some extreme K-strategist LBFs that were 
exploiting seasonal changes in nutrient input 
after their adaptation to seasonality in warm, 
oligotrophic environments (Hottinger, 1998). 
During the PETM, a short-term eutrophica-
tion, resulting from increased seasonal pre-
cipitation and continental weathering (Schmitz 
and Pujalte, 2007; Chen et al., 2016), occurred 
in the coastal environments (Scheibner et  al., 
2005; Stassen, et al., 2009, 2012), and the oc-
currence of eutrophication is immediately fatal 
for the development of symbiont-bearing LBFs 
(Hottinger, 1998). Although the eutrophication 
might not be omnipresent in the Tethyan Ocean, 
it is still puzzling why the evolutionary success 
of the LBFs seems to have coincided with this 
environmentally unstable period of the PETM.

Aside from the relationship between the 
PETM and the LFT, the exact position of 
the P/E boundary in the Tethyan shallow benthic 
zones (SBZs) is also debated. Some authors pro-
posed that the P/E boundary should be placed 
at the SBZ4/SBZ5 transition (Pujalte et  al., 
2009; Scheibner and Speijer, 2009; Zamagni 
et  al., 2012), whereas others suggested that it 
was stratigraphically higher than the SBZ4/
SBZ5 transition, either within SBZ5 (Zhang 
et al., 2013) or within a long stratigraphic range 

between the upper SBZ5 and the lower SBZ7 
(Serra-Kiel et  al., 1998; Hottinger, 2001). The 
allocation of this long range (SBZ5-SBZ7) for 
the P/E boundary was partly because an agree-
ment on the definition of the P/E boundary was 
not reached at that time.

A prerequisite to solving the aforementioned 
problems is to study complete shallow-marine 
sections that preserve high-resolution CIE rec
ords and contain plenty of in situ diagnostic 
LBFs. Unfortunately, it appears that some stud-
ied sections from Spain and Egypt do not meet 
these requirements, because they either com-
prise non-marine sediments or contain reworked 
LBFs in the stratigraphic interval close to the 
P/E boundary (Pujalte et  al., 2009; Scheibner 
and Speijer, 2009). In addition, the designation 
of the P/E boundary in sections depends on the 
recognition of the CIE onset, and it has been 
suggested that the CIE onset took place within 
≤5 k.y. (Farley and Eltgroth, 2003; Röhl et al., 
2007; Zeebe et al., 2009). Thus, even for some 
fully marine carbonate sections with in situ 
LBFs, whether these sections are “complete” on 
millennial time scales and have preserved car-
bonate sediments produced in this geologically 
brief time interval is also vital to the precise des-
ignation of the P/E boundary and to understand-
ing of the LBF response to the PETM.

In this work, we present carbon isotope data 
measured from bulk carbonate (δ13Ccarb) samples 
that were collected from two shallow-marine 

carbonate sections (sections 13ZS at Tingri 
and 11TMG at Gamba) in south Tibet, and the 
δ13Ccarb data from section 13ZS were recently 
published to discuss the nature of the CIE (Zhang 
et al., 2017). Then, we consider possible effects 
of diagenesis and local processes on the δ13Ccarb 
records and discuss the stratigraphic complete-
ness of the PETM-CIE interval in the sections. 
In summary, we construct a LBF biostratigraphy, 
pinpoint the P/E boundary in the SBZs, and dis-
cuss the LBF response to the PETM.

GEOLOGICAL SETTING 
AND STRATIGRAPHY

Sections 13ZS and 11TMG are located 
in the Tingri and Gamba areas, respectively, 
tectonostratigraphically within the southern 
Tethyan Himalaya. The Tethyan Himalaya rep-
resents the northernmost Greater Indian conti-
nental margin and separates from High Hima-
laya to the south by South Tibet Detachment 
System and from Lhasa Terrane to the north 
by the Indus-Yarlung Zangbo Suture (Fig.  1). 
During the Paleocene and early Eocene, the 
Tethyan Himalaya was situated in the tropical 
Tethyan Ocean with a latitude of ~10 °N (van 
Hinsbergen et al., 2012). At that time, carbon-
ate sediments rich in LBFs were deposited in 
the shallow-marine environment of the southern 
Tethyan Himalaya (Willems et al., 1996; Zhang 
et al., 2013), while quartz-rich siliciclastic sedi-
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ments and radiolarian-bearing cherts were de-
posited in the deep-water environments of the 
northern Tethyan Himalaya (Ding et al., 2005). 
Subsequently, post–50  Ma India-Asia conver-
gence caused a great amount of upper crustal 
shortening (van Hinsbergen et al., 2012), lead-
ing to significant uplift and severe erosion of 
sedimentary records in the Tethyan Himalaya. 
As a consequence, the lower Paleogene carbon-
ate rocks were removed from most parts of the 
southern Tethyan Himalaya so that they crop out 
now only in a few areas, such as Tingri, Gamba, 
and Guru (Fig. 1).

In the Tingri area, an ~400-m-thick carbon-
ate sequence of the Zhepure Shan Formation is 
exposed in the Shenkeza valley that lies ~4 km 
NE of the Youxia village and ~15  km NE of 
the Tingri county (Fig.  2). The Zhepure Shan 
Formation overlies the quartz sandstone of the 
Jidula Formation and underlies the green shales/
marls of the Youxia Formation. The Zhepure 
Shan Formation can be divided into four infor-
mal lithological members: cyclic limestone of 
the Member A, massive limestone of the Mem-
ber B, nodular limestone of the Member C, and 
massive limestone of the Member D. Carbon-
ate sequences from the upper Member A to 
the Member D are rich in LBFs, and previous 
study of these LBF assemblages indicates that 
the Zhepure Shan Formation roughly covers a 
stratigraphic interval of SBZ1-SBZ10 (~62–
52  m.y.), with the P/E boundary in the upper 
Member C (Zhang et al., 2013).

In the Gamba area, the Zongpu Formation is 
~200 m thick and exposed in the Zongpu val-
ley, ~1.5 km NE of the Gamba county (Fig. 2). 
Similar to Tingri, the Zongpu Formation is 
intercalated between the underlying quartz 
sandstone of the Jidula Formation and the over-
lying green marls of the Zongpubei Formation. 
Carbonate sequences of the Zongpu Formation 
were strongly folded by tectonic forces so that 
the expression of four lithological members can 
only be recognized by integration of several dis-
crete sections. Compared with the Zhepure Shan 
Formation, the Zongpu Formation represents a 
shorter time interval, from SBZ2 to SBZ7 (~60–
54 m.y.), and the P/E boundary is located within 
the lower Member D (Zhang et al., 2013).

SECTIONS AND METHODS

In this study, we logged section 13ZS at 
Tingri (N28°41′35″, E86°42′32″) and section 
11TMG at Gamba (N28°17′01″, E88°31′47″) 
(Figs. 3 and 4). Both sections are ~20 m thick, 
covering the key stratigraphic interval of the up-
permost Paleocene and the lowermost Eocene. 
At Tingri, carbonate rock in section 13ZS con-
sists of calcareous marl, nodular marl, nodular 
limestone, and limestone (Fig. 3). Below ~7 m 
in the section, the lithology varies repeatedly 
from nodular marl to nodular limestone/lime-
stone. Between ~7 m and 18.4 m in the section, 
carbonate rock is composed of purely nodular 
limestone, and the nodular limestone consists of 

sub-rounded, decimeter-sized nodules that are 
densely packed and show a fitted-fabric texture 
(Fig.  5A). Above 18.4 m in the section, inter-
calations of thick-bedded nodular limestone and 
thin-layered marl appear repeatedly.

At Gamba, carbonate rock in section 11TMG 
consists of nodular marl, nodular limestone, lime-
stone, and conglomerate (Fig. 4). Below ~6 m in 
the section, it consists of unevenly bedded nodu-
lar limestone (Fig. 5B). Between ~6 m and 19 m 
in the section, there are three lithological units, 
each composed of nodular marl at the bottom, 
nodular limestone in the middle and thin-bedded 
limestone at the top (Figs. 5C and 5D). Immedi-
ately overlying these units is a thin conglomerate 
layer, where brownish limestone pebbles rich in 
SBZ5 LBFs (Miscellanea, Ranikothalia, Opercu-
lina) float in the yellowish carbonate matrix with 
SBZ6 LBFs (Alveolina, Orbitolites) (Fig.  5F). 
No siliciclastic sediments derived from beyond 
the carbonate ramp can be observed in this con-
glomerate layer. This implies that the conglomer-
ate was likely formed by erosion of locally up-
lifted or exposed SBZ5 limestone and transport 
of SBZ5 limestone pebbles into the neighboring 
carbonate ramp. Upward, the conglomerate layer 
is capped with thick-bedded, massive Alveolina 
limestone at the top (Fig. 5E).

In the field, we sampled every ~20 cm in the 
sections and >200 samples were collected. For 
each sample, at least one thin section, measur-
ing 8 × 10 cm or even larger, was polished to 
study the LBFs (Figs. 6 and 7). For δ13C and δ18O 
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analyses, samples were cut to expose their fresh 
surfaces. On their fresh surfaces, diagenetically 
less-altered micrites and LBF fragments were 
carefully micro-drilled under a light microscope. 
Veins, vugs, and petrographically visible dia-
genetic parts were strictly avoided. About 20 g 
of material was obtained from each sample and 
then ground to powder in an agate mortar. For 
δ13C and δ18O measurements, ~100 µg of rock 
powder were reacted with phosphoric acid at 
75 °C in an automated carbonate unit. The iso
topic composition (δ13C, δ18O) of the resulting 
CO2 was measured with a Finnigan MAT 251 gas 
isotope ratio mass spectrometer at the MARUM, 

University of Bremen. An analytical precision 
of ±  0.05‰ (±1 standard deviation) for δ13C 
and ±  0.07‰ (±1 standard deviation) for δ18O 
measurements was determined for this instru-
ment based on replicate analyses of an in-house 
standard (Solnhofen limestone). This in-house 
standard was calibrated to the international stan-
dard NBS 19. All isotope-ratio data are reported 
by using the per mil (‰) versus VPDB (Vienna 
Peedee Belemnite) notation (Table DR1).1

DISCUSSIONS

Data Evaluation

Previous studies suggested that δ13Ccarb varia-
tions in limestone may not reflect the δ13C 
changes of local seawater in which biogenic 
calcium carbonates were originally precipitated, 
because of the effects of diagenesis and mixed 
different components (Banner and Hanson, 
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1GSA Data Repository item 2018215, carbon and oxygen isotope data of bulk carbonate from section 
11TMG (Table DR1), is available at http://​www​.geosociety​.org​/datarepository​/2018 or by request to editing@​
geosociety​.org.
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1990; Sluijs and Dickens, 2012). Diagenetic 
overprinting resulting from chemical exchange 
with meteoric water, water-rock interaction in 
an open system, or the transformation of un-
stable aragonite into low-Mg calcite typically 
lowers δ13C values (Banner and Hanson, 1990; 
Swart and Eberli, 2005). As a consequence, the 
δ13Ccarb of the diagenetically altered limestone is 
usually more 13C-depleted than the δ13C of origi
nal carbonate sediments (Banner and Hanson, 
1990). Besides, marine bulk carbonate consists 
of different components (e.g., micrites, algae, 
foraminifera, coccoliths). If δ13C values of these 
components vary largely, the measured δ13Ccarb 
values would be affected by relative abundance 
of the mixed components. This being the case, 
then, variations of the measured δ13Ccarb may 
not reflect changes in the seawater δ13C (Swart 
and Eberli, 2005). In addition, seawater δ13C in 
some shallow epeiric seas might also be com-

plicated by local processes, such as freshwater 
discharge, evaporation, and oxidation of organic 
matter (Patterson and Walter, 1994; Panchuk 
et  al., 2006; Immenhauser et  al., 2008). Thus, 
the δ13C ratios measured from shallow-water 
bulk carbonate samples should be carefully ex-
amined before they are used to reconstruct secu-
lar variations in the δ13C of dissolved inorganic 
carbon in seawater.

In section 13ZS, whether the aforementioned 
factors have affected the δ13Ccarb has been as-
sessed (Zhang et  al., 2017). For instance, sev-
eral traditional methods were used to rule out 
the possibility of strong diagenetic overprinting. 
These include microscope and cathodolumi-
nescence examination, Sr and Mn concentra-
tions, Mn/Sr ratios, and 87Sr/86Sr ratios. In order 
to evaluate possible effects of mixed different 
components, we compared the δ13Ccarb data from 
section 13ZS to the δ13Ccarb data from a parallel 

section (10/11TM) (Fig. 8), and these two sec-
tions are situated ~50 m away from each other 
at Tingri. Similarity of stepped δ13Ccarb varia-
tions from two sections indicates that the effects 
of mixed different components on the stepped 
δ13Ccarb record must be insignificant (Fig.  8) 
(Zhang et al., 2017), further implying that dif-
ferent components in bulk carbonate (mainly 
micrites and LBF fragments) should have very 
limited δ13C variances at Tingri.

Since diagenesis and some local processes 
can be superimposed upon δ13Ccarb records used 
to track global changes in ocean-atmosphere 
δ13C composition (Banner and Hanson, 1990; 
Patterson and Walter, 1994; Panchuk et  al., 
2006), one fundamental method to test the va-
lidity of the δ13Ccarb data is to compare them 
to the δ13C data of age-equivalent mixed-layer 
planktonic foraminifera from pelagic sections 
that are widely used to monitor changes in the 
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Figure 4. Lithology, bulk δ13Ccarb record and stratigraphic distribution of larger benthic foraminifer taxa in section 11TMG. Two dashed 
lines delimit the stratigraphic interval of the main carbon isotope excursion (CIE). Grey shading shows the range of the pre-CIE δ13Ccarb 
variations in section 13ZS. Red horizontal lines represent ranges of the pre-CIE δ13C variations from surface-dwelling planktonic foramini-
fer Acarinina at Ocean Drilling Program sites. The δ13C data of Acarinina are sourced from Thomas et al. (1999), Thomas et al. (2002), and 
Zachos et al. (2007).
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δ13C of the surface ocean. For section 11TMG, 
we compare the pre-CIE δ13Ccarb values to those 
of planktonic foraminifer genus Acarinina from 
some pelagic sections (Fig.  4), and the com-
parison is only focused on the pre-CIE interval 
because these Acarinina δ13C records might fail 
to document the full CIE owing to severe car-
bonate dissolution on pelagic sections (Zachos 
et al., 2005). In Figure 4, although most δ13Ccarb 

values from section 11TMG (Gamba) are 
slightly lower than the Acarinina δ13C values 
from Ocean Drilling Program (ODP) Sites 689 
and 690 (paleolatitude ~65 °S), they still fall into 
the range of the δ13C variations from ODP Site 
527 (paleolatitude ~35°S). The slightly higher 
δ13C values at ODP Sites 689 and 690 relative 
to those at Gamba (paleolatitude ~10°N) may 
be ascribed to temperature-dependent thermo-

dynamic carbon isotopic fractionation during 
the air-sea CO2 exchange, which tends to make 
the δ13C values in high latitudinal surface ocean 
higher than those in equatorial surface ocean 
(Gruber et  al., 1999). Moreover, the ranges 
of pre-CIE δ13Ccarb variations from sections 
11TMG and 13ZS are almost identical (Fig. 4), 
probably indicating that both have recorded the 
pre-CIE δ13C fluctuations of local sea water 

Figure 5. Field photographs (A–E) and a microphotograph from a polished slab of the conglomerate (F) showing 
carbonate lithologies in sections 13ZS and 11TMG. (A) Nodular limestone recording the main carbon isotope ex-
cursion in section 13ZS. (B) Nodular limestone at the base of section 11TMG. (C) The lower part of a lithological 
unit showing upward changes from nodular marl to nodular limestone in section 11TMG. (D) The upper part of 
a lithological unit showing upward changes from nodular limestone to thin-bedded limestone in section 11TMG. 
(E) Thick-bedded Alveolina limestone at Gamba. Note that only the basal 2 m of the Alveolina limestone is logged 
in section 11TMG. (F) The conglomerate immediately underlying the Alveolina limestone in section 11TMG.
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in the Tibetan Tethyan Ocean. Our previous 
study showed that there was a close similarity 
of δ13Ccarb curves from two parallel sections 
(section 13ZS and 10/11TM) at Tingri (Fig. 8) 
(Zhang et al., 2017), likely indicating that dif-
ferent components in bulk carbonate have very 
similar δ13C values. Presumably, “the effect of 
mixed different components” on the δ13Ccarb 
record in section 11TMG should also be small, 
because both section 11TMG and section 13ZS 
are located within the southern Tibetan Hima-
laya and contain similar biotic components 
(Figs. 3 and 4). Taken together, we suggest that 
diagenesis and local factors should have had 
limited effects on the δ13Ccarb records from sec-
tion 11TMG, and the δ13Ccarb record can be used 
to study carbon perturbations during the PETM.

The CIE Records at Tingri and Gamba

In section 13ZS, the most prominent feature 
of its δ13Ccarb record is that the CIE record is ex-
panded and has a stepped structure (Fig. 3). The 
stepped CIE structure consists of several distinct 
phases of δ13Ccarb variations (Zhang et al., 2017). 
In the stepped CIE records, the CIE onset was 
suggested to have lasted ≤5  k.y. (Farley and 
Eltgroth, 2003; Röhl et al., 2007; Zeebe et al., 
2009). Thus, the P/E boundary in section 13ZS 
can be pinpointed precisely owing to the pres-
ence of the CIE onset in the stepped CIE record 
(Fig.  8). In section 11TMG, although the ex-
pression of the stepped CIE structure is absent, 
partial records of the pre-CIE, the main CIE, 
and the CIE recovery can still be recognized 
(Fig. 8). It implies that the time interval of the 
latest Paleocene and the earliest Eocene is partly 
preserved in this section. However, the designa-
tion of the P/E boundary in section 11TMG can-
not be as precise as that in section 13ZS.

The preservation of the stepped CIE in sec-
tion 13ZS indicates that the aforementioned fac-
tors should have had very limited effects on the 
δ13Ccarb record at Tingri. However, the absence 
of the stepped CIE in section 11TMG implies 
that some factors that are not discussed before 
should have exerted effects on the δ13Ccarb record 
at Gamba. In section 11TMG, the main CIE is 
recorded in nodular marl and nodular limestone, 
while in section 13ZS it is preserved in a purely 
nodular limestone. We cannot ascertain whether 
the varying lithologies in section 11TMG have 
affected its δ13Ccarb record. But, we tentatively 
assume that the factor of “reworking” might 
hinder the preservation of the stepped CIE struc-
ture in section 11TMG.

Thin section analysis shows that the domi-
nant LBFs in these two sections are similar dur-
ing the main CIE interval (Figs. 3 and 4), mainly 
including the genera Miscellanea, Ranikothalia, 

Lockhartia, Kathina, and Operculina, and indi-
cating a paleo-water depth of ~40–80 m (Hot-
tinger, 1997). In section 11TMG, however, the 
porcellaneous-walled Alveolina vredenburgi, a 
shallow-water dweller, is also moderately fre-
quent, whereas its occurrence in section 13ZS is 
rather rare. This may imply that the water depth 
of section 11TMG was probably shallower than 
that of section 13ZS, although both might still 
be within ~40–80  m. Modern studies suggest 
that wave agitation can penetrate into a water 
depth of ~100 m, and the probability of wave 
encounter with the sediment-water interface in-
creases significantly as water depth decreases 
(Peters and Loss, 2012). Presumably, section 
11TMG was formed in a slightly shallower 
depositional environment where carbonate sedi-
ments were frequently stirred and locally redis-
tributed so that the stepped CIE structure was 
disrupted by wave agitation. By contrast, car-
bonate sediments in section 13ZS might have 
avoided strong effects of wave agitation by be-
ing situated in relatively deeper water, thus pre-
serving a thicker, more complete, less disturbed 
CIE record.

The P/E Boundary in the Tethyan SBZs

Mainly based on studies of alveolinids and 
nummulitids from the western Tethyan realm, 
20 standard SBZs covering the time span of 
the Paleocene and Eocene were established by 
Serra-Kiel et al. (1998) and were later comple-
mented by other authors (Hottinger et al., 1998; 
Sameeni and Butt, 2004; Hottinger, 2009; 
Haynes et al., 2010; Zhang et al., 2013; Özcan 
et al., 2014). The SBZs can be correlated with 
standard planktonic foraminiferal zones, cal-
careous nannoplankton zones, and with global 
magnetic polarity time scale (Serra-Kiel et al., 
1998), enabling construction of high-resolution 
chrono- and biostratigraphy in LBF-bearing car-
bonate sequences. At Tingri and Gamba, direct 

correlation of the SBZs to plankton biozonation 
scheme cannot be confirmed owing to the scar-
city of calcareous nannofossils and planktonic 
foraminifers in the studied sections. By fol-
lowing correlation schemes between SBZs and 
plankton biozonations proposed by Serra-Kiel 
et al. (1998) and Papazzoni et al. (2017), the P/E 
boundary, being situated in the P5b in the plank-
tonic foraminiferal zones and the NP9b in the 
calcareous nannofossil zones (Dupuis et  al., 
2003), should fall within the range between the 
upper SBZ4 and SBZ6.

At Tingri, the LBF assemblages below 
~18.4 m in section 13ZS mainly consist of Mis-
cellanea miscella, M. dukhani, Ranikothalia nut-
talli, R. sindensis, Lockhartia conditi, L. haimei, 
L. hunti, L. tipperi, Orbitosiphon punjabensis, 
Kathina nammalensis, Operculina sp., Alveolina 
sp., Setia tibetica, and Daviesina langhami. Im-
mediately above ~18.4 m in the section, the LBF 
assemblages are composed of Alveolina subso-
lanus, A. agerensis, A. ellipsoidalis, and Orbi-
tolites sp. (Figs. 3 and 6). At Gamba, the LBF 
assemblages below ~19 m in section 11TMG are 
composed of Miscellanea miscella, M. dukhani, 
Ranikothalia nuttalli, R. savitriae, Alveolina vre-
denburgi, Lockhartia conditi, L. haimei, L. hunti, 
L. tipperi, Orbitosiphon punjabensis, Kathina 
nammalensis, Operculina sp., Setia tibetica, and 
Daviesina langhami. Above, the LBFs are domi-
nated by Alveolina subsolanus, A. ellipsoidalis, 
Orbitolites sp., Nummulites sp., and Assilina sp. 
(Figs. 4 and 7).

Among all these LBF taxa, M. miscella, 
R. nuttalli, A. vredenburgi, and A. ellipsoidalis 
have been widely reported from the Tethyan 
realm, including Tibet, India, and Pakistan in the 
east to Egypt, Slovenia, and Spain in the west 
(Hottinger, 1971; Leppig, 1988; Jauhri, 1996, 
1998; Hottinger et  al., 1998; Hottinger, 2009; 
Pujalte et al., 2009; Scheibner and Speijer, 2009; 
Afzal et  al., 2010; Zamagni et  al., 2012), and 
their biostratigraphic distribution in the standard 

Figure 6 (on following page). The latest Paleocene–earliest Eocene larger benthic forami
nifera from section 13ZS. A—Miscellanea miscella (d’Archiac and Haime 1853), 13ZS47, 
10.1  m, SBZ5. B—Miscellanea miscella (d’Archiac and Haime 1853), 13ZS52, 11.1  m, 
SBZ5. C—Miscellanea dukhani Smout 1954, 13ZS48, 10.3 m, SBZ5. D—Ranikothalia sin-
densis (Davies 1927), 13ZS57, 12.2 m, SBZ4-SBZ5. E—Ranikothalia nuttalli (Davies 1927), 
13ZS47, 10.1 m, SBZ5. F—Ranikothalia nuttalli (Davies 1927), 13ZS26, 5.8 m, SBZ5. G—
Lockhartia haimei (Davies 1927), 13ZS09, 2 m, SBZ3-SBZ5. H—Lockhartia conditi (Nuttall 
1926), 13ZS35, 7.75 m, SBZ5-SBZ8. I—Lockhartia hunti Ovey 1947, 13ZS12, 2.4 m, SBZ5-
SBZ8. J—Lockhartia tipperi (Davies 1926), 13ZS23, 5  m, SBZ5-SBZ8. K—Setia tibetica 
(Douvillé 1916), 13ZS42, 9.1 m, SBZ4-SBZ5. L—Kathina nammalensis Smout and Haque 
1956, 13ZS43, 9.3 m, SBZ4-SBZ5. M—Operculina sp., 13ZS41, 8.9 m, SBZ5-?. N—Orbitosi-
phon punjabensis (Davies 1937), 13ZS38, 8.2 m, SBZ4-SBZ5. O—Daviesina langhami Smout 
1954, 13ZS13, 2.65 m, SBZ4-SBZ5. P—Orbitolites sp., 13ZS99, 21.02 m, SBZ5-?. Q—Alveo-
lina ellipsoidalis Schwager 1883, 13ZS93, 19.8 m, SBZ6.
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SBZs is rather clear. M. miscella was suggested 
to occupy two biozones of SBZ4–5, while R. nut-
talli has a higher stratigraphic position of SBZ5 
(Serra-Kiel et al., 1998). In addition, A. vreden-
burgi and A. ellipsoidalis are regarded as index 
fossils for SBZ5 and SBZ6, respectively (Serra-
Kiel et al., 1998). In the west, M. miscella was 
found in SBZ4 (Scheibner and Speijer, 2009; 
Zamagni et al., 2012), whereas in the east it oc-
cupies a higher stratigraphic position of SBZ5, 
as evidenced by its coexistence with R. nuttalli 
and A. vredenburgi (Figs.  3 and 4) (Hottinger, 
1971; Jauhri, 1998; Hottinger, 2009; Zhang 
et al., 2013). This coexistence cannot be a result 
of the local reworking of M. miscella, because its 
abundance in the LBF assemblages is very high 
and this coexistence was reported from many 
different locations in the eastern Tethyan realm, 
such as Tibet, India and, Pakistan (Jauhri, 1998; 
Afzal et al., 2010; Zhang et al., 2013). Thus, the 
coexistence of M. miscella, R. nuttalli and A. 
vredenburgi in Tibet can be taken as an indica-
tor of SBZ5. Based on studies of the major LBF 
taxa, we suggest that both sections of 13ZS and 
11TMG cover stratigraphic intervals of SBZ5 
and SBZ6 (Figs.  3 and 4). The SBZ5/SBZ6 
transition is situated at ~19 m in section 11TMG 
and at ~18.4 m in section 13ZS, associated with 
a sedimentary hiatus in both sections. This sedi-
mentary hiatus was interpreted as reflecting a 
local tectonic uplift owing to the India-Asia 
collision (Zhang et  al., 2012). Clearly, the P/E 
boundary, defined as the CIE onset, is located 
within SBZ5 in the sections (Figs. 3 and 4), not 
at the SBZ4/SBZ5 transition.

Some previous studies have placed the P/E 
boundary at the SBZ4/SBZ5 transition. How-
ever, the SBZs are chronologically discrete 
zones. Each biozone is often formed in the con-
text of marine transgression and the neighboring 
biozones are actually separated by sedimentary 
hiatuses, not boundaries (Hottinger and Schaub, 
1960; Serra-Kiel et  al., 1998; Pignatti and 
Papazzoni, 2017). So, the SBZs differ in prin-
ciple from continuous plankton-nannoplankton 
zonations, although they appear to be continu-
ous in the correlation schemes between standard 
SBZs and other biozonations (Serra-Kiel et al., 
1998). Consequently, the P/E boundary may not 
correspond with the SBZ4/SBZ5 transition in 
the standard SBZs for inter-biozonal correlation 
(Serra-Kiel et  al., 1998), even though the CIE 
onset was found to coincide with this transition 
in the studied sections. For instance, Zamagni 
et al. (2012) investigated several shallow-marine 
sections from the Adriatic carbonate platforms 
and suggested that the P/E boundary was lo-
cated at the SBZ4/SBZ5 transition. However, 
frequent occurrence of the porcellaneous-walled 
Glomalveolina, Lacazina, and Alveolina close 

to the P/E boundary in these sections might indi-
cate that the water depths was probably less than 
~40 m (Hottinger, 1997), shallower than that at 
Tingri and Gamba. Thus, carbonate sediments 
in these sections should be more susceptible to 
wave agitation and highly sensitive to minor 
sea-level changes, and thus have the lower pos-
sibility of preserving an intact CIE record. This 
inference is supported by the lack of the stepped 
CIE record from these sections. Moreover, the 
SBZ4/SBZ5 transition in these sections coin-
cides with sudden changes in the composition 
of the LBFs, color of the sediments, and micro-
facies, likely reflecting the existence of a sedi-
mentary hiatus. The existence of a sedimentary 
hiatus at the SBZ4/SBZ5 transition corresponds 
with the nature of discrete SBZs. If this sedi-
mentary hiatus reflects time loss of the latest 
Paleocene and if the missing stratigraphic inter-
val represents the lower SBZ5, the P/E bound-
ary in the sections from the Adriatic carbonate 
platforms will thus fall within SBZ5, not at the 
SBZ4/SBZ5 transition.

Response of LBF Assemblages to the PETM

According to the age models constructed for 
ODP Site 690 (Farley and Eltgroth, 2003; Röhl 
et  al., 2007), the duration of the pre-CIE and 
the main-CIE is ~30–50 k.y. and ~50–80 k.y., 
respectively. The similarity in the stepped CIE 
profiles from the pre-CIE and the main CIE 
intervals between Tingri and ODP Site 690 
probably indicates similar durations of the cor-
responding phases at Tingri (Fig.  8) (Zhang 
et al., 2017). Therefore, section 13ZS at Tingri 
provides a rare opportunity to closely examine 
changes in LBF assemblages during the time 
period of ~50  k.y. prior to and after the P/E 
boundary.

In section 13ZS, the LBF assemblages in the 
pre-CIE and the main CIE intervals are almost 
identical, both consisting of Miscellanea mis-
cella, M. dukhani, Ranikothalia nuttalli, Lock-

hartia conditi, L. haimei, L. hunti, L. tipperi, 
Orbitosiphon punjabensis, Kathina nammalen-
sis, Operculina sp., Setia tibetica, Daviesina 
langhami, and Alveolina sp. (Figs.  3, 9A, and 
9C). At the CIE onset, no evident change in the 
taxonomic composition of LBF assemblages is 
observed (Figs. 3, 9A, and 9B). Immediately 
above the stratigraphic interval of the main CIE, 
however, a major compositional change in LBF 
assemblages occurs, characterized by the sud-
den disappearance of Miscellanea, Lockhartia, 
Ranikothalia, Operculina, Kathina, Setia, 
Daviesina, Orbitosiphon and the initial domi-
nance of porcellaneous-walled Alveolina and 
Orbitolites together with abundant small miliol-
ids and rotaliids (Figs. 3, 9C, and 9D). The term 
“larger foraminiferal extinction and origination” 
(LFEO) was coined to describe this change in 
LBF assemblages (Zhang et  al., 2013). Sub-
sequently, small miliolids and rotaliids disap-
peared quickly. During the early Eocene, the 
LBF assemblages, mainly consisting of Alveo
lina-Orbitolites, Alveolina-Nummulites, and 
Discocyclina-Assilina-Nummulites, dominated 
the carbonate ramp sequentially, as deposi-
tional environments of these sections changed 
gradually from inner ramp, mid-ramp, to outer 
ramp before the carbonate ramp was drowned 
~52 m.y. ago (Zhang et al., 2012). During this 
period, Miscellanea, Ranikothalia, Setia, and 
Orbitosiphon were extinct. Most Lockhartia 
species also disappeared, and only a few of them 
can be occasionally found in the Eocene strata, 
but with reduced shell sizes and abundance 
(Zhang et al., 2013; Kahsnitz et al., 2016).

At Gamba, similar stratigraphic variations 
in LBF assemblages can be found in section 
11TMG and other sections investigated by Li 
et al. (2017), showing no compositional change 
in LBF assemblages at the P/E boundary and 
the occurrence of the LFEO immediately above 
the main CIE interval (Fig.  4). Both at Tingri 
and Gamba, the LFEO occurs within the CIE 
recovery (Figs. 3 and 4), which has been esti-

Figure 7 (on following page). The latest Paleocene–earliest Eocene larger benthic forami
nifera from section 11TMG. A—Miscellanea miscella (d’Archiac and Haime 1853), 
11TMG23, 4.8 m, SBZ5. B—Miscellanea dukhani Smout 1954, 11TMG2, 0.3 m, SBZ5. C—
Ranikothalia nuttalli (Davies 1927), 11TMG2, 0.3  m, SBZ5. D–E—Alveolina vredenburgi 
Davies and Pinfold 1937, 11TMG54, 12 m, SBZ5. F—Lockhartia hunti Ovey 1947, 11TMG92, 
17.7 m, SBZ5-SBZ8. G—Lockhartia conditi (Nuttall 1926), 11TMG68, 14.25 m, SBZ5-SBZ8. 
H—Lockhartia haimei (Davies 1927), 11TMG6, 1.15 m, SBZ3-SBZ5. I—Lockhartia tipperi 
(Davies 1926), 11TMG100, 19.15  m, SBZ5-SBZ8. J—Orbitosiphon punjabensis (Davies 
1937), 11TMG8, 1.65 m, SBZ4-SBZ5. K—Kathina nammalensis Smout and Haque 1956, 
11TMG97, 18.8 m, SBZ4-SBZ5. L—Daviesina langhami Smout 1954, 11TMG91, 17.55 m, 
SBZ4-SBZ5. M—Assilina sp., 11TMG99, 19.05 m, SBZ6-?. N—Alveolina subsolanus (Sheng 
and Zhang 1976), 11TMG101, 19.45 m, SBZ6-?. O—Alveolina ellipsoidalis Schwager 1883, 
11TMG102, 19.7 m, SBZ6. P—Nummulites sp., 11TMG99, 19.05 m, SBZ6-?.
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mated to have lasted ~30–120 k.y. (Farley and 
Eltgroth, 2003; Röhl et  al., 2007). Thus, the 
LFEO should have taken place rapidly in this 
short time period.

In sections 13ZS and 11TMG, the LFEO 
coincides with the SBZ5/SBZ6 transition and 
with a sedimentary hiatus that is marked by 
the presence of a conglomerate layer in sec-
tion 11TMG and selective meteoric diagenesis 
in section 13ZS (Zhang et al., 2017). The exis-
tence of the sedimentary hiatus hinders a tight 
stratigraphic constraint on the LFEO so that 
the occurrence of the LFEO can only be placed 
within the stratigraphic interval between the up-
per SBZ5 and the lower SBZ6 in the standard 
SBZs for inter-biozonal correlations (Serra-Kiel 
et al., 1998). In Pakistan, similar compositional 
changes in LBF assemblages was also reported 
to have happened within the combined biozones 
of SBZ5/SBZ6 (Afzal, et  al., 2010), which is 
consistent with this study in south Tibet.

In Egypt, a compositional change in LBF as-
semblages was observed, but its occurrence was 
thought to be at SBZ4/SBZ5 transition (Scheib-
ner and Speijer, 2009). In their suggested SBZ4, 
however, Ranikothalia nuttalli, a typical SBZ5 
species (Serra-Kiel, et al., 1998), appears to-
gether with some index fossils of SBZ4 (e.g., 
Hottingerina lukasi, Glomalveolina levis). 
Above this biozone, two combinational zones 

of SBZ5/SBZ6 were assigned, owing to the 
coexistence of Alveolina vredenburgi (an index 
fossil of SBZ5) and Alveolina ellipsoidalis (an 
index fossil of SBZ6) as well as other LBF taxa 
(e.g., Nummulites, Orbitolites, and Cuvillierina) 
(Scheibner and Speijer, 2009). The studied sec-
tions with relatively clear CIE records were 
mainly formed in the lower slope, toe of slope, 
and deep basin (Scheibner and Speijer, 2009), 
and the co-occurrence of LBF taxa from differ-
ent SBZs is probably a result of sediment re-
working, as evidenced by the presence of slump 
and debris flow in these sections (Scheibner and 
Speijer, 2009). In this case, the designation of 
SBZs should be based on the youngest species 
in the mixed LBF assemblages, and the sug-
gested SBZ4 and combined SBZ5/SBZ6 may 
be interpreted as SBZ5 and SBZ6, respectively. 
Thus, this major LBF change in Egypt would 
occur at the SBZ5/SBZ6 transition, not at the 
SBZ4/SBZ5 transition as suggested before 
(Scheibner and Speijer, 2009).

The major LBF change in Egypt was re-
ferred to as the “larger foraminiferal turnover” 
(LFT) (Scheibner and Speijer, 2009), because 
the LFT was formerly proposed to occur across 
the SBZ4/SBZ5 transition where Alveolina 
started to show dimorphism and to have larger 
shell sizes (Hottinger, 1998). For some other 
Paleocene LBFs, however, they started to show 

dimorphism in SBZ3, such as Miscellanites 
primitivus, Miscellanites minutus, Miscella-
nites iranicus, Miscellanea juliettae, Miscel-
lanea yvettae, Keramosphaerinopsis haydeni, 
and Nummulites heberti (Leppig, 1988; Racey, 
1995; Serra-Kiel et  al., 1998; Cherchi and 
Schroeder, 2005; Hottinger, 2009; Zhang et al., 
2013). We therefore tentatively suggest the 
concept of the LFT might be only suitable for 
investigating species-level evolution within a 
certain genus, because different LBF genera 
experienced their LFT at different times. Al-
though the LFT within the genus Alveolina 
happened at the SBZ4/SBZ5 transition, it may 
be inappropriate to assert that all LBF taxa have 
experienced their LFT at the SBZ4/SBZ5 tran-
sition simultaneously.

Investigations of orthophragminids (LBF) 
from the same sections in Egypt have called into 
question the proposal linking this major compo-
sitional change in LBF taxa to the LFT (Özcan 
et  al., 2014), and this LBF change in Egypt 
seems similar to the LFEO from Tibet and Paki-
stan, both reflecting a sudden extinction of some 
Paleocene LBFs that once thrived in the Tethyan 
Ocean. The LFEO event does not reflect a local 
facies change, because it likely happens over a 
wide area of the Tethyan realm and leads to an 
extinction of some major Paleocene LBFs. Also, 
this event does not reflect the evolutionary suc-
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Figure  8. Comparison of the 
carbon isotope excursion (CIE) 
structure among Tingri, ODP 
Site 690 and Gamba. Note that 
the CIE records from two par-
allel sections at Tingri (section 
13ZS and section 10/11TM) 
can reproduce the stepped CIE 
structure, and this stepped CIE 
structure is very similar to that 
at ODP Site 690. The carbon 
isotope record at Ocean Drill-
ing Program (ODP) Site 690 is 
taken from Bains et al. (1999), 
and two CIE records at Tingri 
are from Zhang et  al. (2017). 
mbsf—meter below sea floor.

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/131/1-2/84/4604517/84.pdf
by GuangZhou Institute of Biomedicine and Health user
on 10 October 2019



Larger benthic foraminifera during the PETM

	 Geological Society of America Bulletin, v. 131, no. 1/2	 95

cess of K-strategist LBFs as proposed by Hot-
tinger (1998). Instead, the LFEO may represent 
a response of the LBFs to the drastic environ-
mental perturbation during the PETM.

Across the CIE onset, a large amount of 13C-
depleted carbon was released into the atmo
sphere-ocean system, causing a pronounced 
negative CIE and severe carbonate dissolution 
on the deep-sea floor (McInerney and Wing, 
2011; Zachos et al., 2005). In the CIE recovery, 
however, the δ13C values in exogenic carbon 

pools increased gradually, implying that some 
negative feedback mechanisms commenced and 
the released carbon was progressively removed 
from the ocean-atmosphere system. Although 
the mechanisms causing the carbon removal 
are still debated, different lines of evidence 
imply that intensified continental weathering 
should have played an important role in arrest-
ing PETM conditions (Kelly et al., 2005, 2010; 
Chen, et  al., 2016; Penman, 2016). Intensified 
continental weathering, likely related to a rise 

of atmospheric pCO2 and acceleration of hy-
drological cycling (Pagani et al., 2006), would 
increase nutrient input to coastal waters where 
LBFs are usually found. Most LBF taxa harbor 
photosymbiotic algae (Leutenegger, 1984), and 
the maintenance of the host-symbiont relation-
ship is of benefit to both the LBFs and algae 
(Hallock, 2000). The growth of symbiotic algae 
in LBFs requires sufficient light level and a min-
imum temperature of ~16–18 °C (Hollaus and 
Hottinger, 1997). During the PETM, sea-surface 

Figure  9. Thin-section photomicrographs showing compositional changes in larger benthic foraminifer (LBF) assemblages during the 
Paleocene-Eocene thermal maximum. As shown in (A), (B) and (C), there is no compositional change in LBF assemblages at the carbon iso-
tope excursion (CIE) onset and in the main CIE interval. Instead, a major compositional change in the LBF assemblages occurs in the CIE 
recovery (D). Stratigraphic positions of these photomicrographs can be found in Figure 3. Abbreviations: Al—Alveolina; Loc—Lockhartia; 
Mil—small miliolids; Mis—Miscellanea; Op—Operculina; Orb—Orbitolites; Rot—small rotaliids; Set—Setia.
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temperature started to increase from the pre-
CIE interval (Sluijs et al., 2007), and probably 
reached to the maximum in the main CIE inter-
val (Nicolo et al., 2010). It was suggested that 
the temperature in the main CIE interval was 
>40 °C in the tropical surface ocean (Aze et al., 
2014) and high temperature might had persisted 
>20 k.y. after the δ13C minimum, into the early 
CIE recovery (Nicolo et  al., 2010). Thus, sea 
surface temperature during the CIE recovery at 
Tingri and Gamba was very unlikely below the 
minimum temperature for the growth of symbi-
otic algae. However, if the temperature was ex-
tremely high at that time, it may lead to the oc-
currence of the LFEO by breaching temperature 
tolerance thresholds of the LBFs, as suggested 
for the PETM planktonic foraminifer in Tanza-
nia (Aze et  al., 2014). Unfortunately, the lack 
of good constraints on the temporal changes in 
the PETM temperature from south Tibet hinders 
further understanding of the temperature’s role 
on the LBF evolution.

With respect to light availability, increased 
nutrient input into the ocean can reduce wa-
ter transparency and cause eutrophication and 
plankton blooming, leading to a deficiency of 
light availability in the water column. Insuf-
ficient light may further impede the photosyn-
thetic activity of symbiotic algae and lead to the 
breakdown of photosymbiosis among LBF taxa. 
The inference of increased nutrient input is indi-
rectly supported by the appearance of small mil-
iolids and rotaliids within the CIE recovery in-
terval as they are herbivorous and detritivorous 
taxa (Hallock, 2000). We therefore speculate 
that the LFEO during the CIE recovery might 
be related to a transient episode of eutrophica-
tion in shallow neritic waters, and that the eutro-
phication may have been caused by intensified 
continental weathering.

CONCLUSIONS

We measured the δ13Ccarb of bulk carbon-
ate and studied larger benthic foraminiferal 
(LBFs) assemblages from two shallow-marine 
carbonate sections in south Tibet that cover the 
key interval of the PETM. Evaluations on the 
δ13Ccarb data suggested that diagenesis and lo-
cal factors had limited effects on the δ13Ccarb 
records from these two sections. Comparison 
of the detailed δ13Ccarb variations among the sec-
tions from Tingri, Gamba, and ODP Site 690 
indicated that the stratigraphic interval of the 
uppermost Paleocene-lowermost Eocene was 
well preserved in the sections from south Tibet, 
particularly in section 13ZS at Tingri. The clear 
expression of the CIE onset in section 13ZS al-
lows us to pinpoint the P/E boundary precisely 
in this eastern Tethyan section.

Two shallow benthic zones (SBZs) were rec-
ognized within the sections, SBZ5 and SBZ6. 
The combined evidence of the δ13Ccarb records 
and the SBZ biostratigraphy clearly shows that 
the P/E boundary is situated within SBZ5, not 
at the SBZ4/SBZ5 transition as proposed from 
some western Tethyan sections. However, we 
cannot rule out the possibility that the LBF 
datums marking SBZ4 and SBZ5 are diachro-
nous in the Tethyan Ocean, and future investi-
gations of the upper Paleocene–lower Eocene 
LBF-rich sections from other Tethyan regions 
containing calcareous plankton is needed to fur-
ther clarify this issue and confirm the interpreta-
tions herein reported.

A close examination of the LBF assem-
blages in the sections suggests that there is no 
evident change in the taxonomic composition 
of the LBF assemblages across the CIE on-
set. However, a “larger foraminiferal extinc-
tion and origination” (LFEO) event took place 
during the CIE recovery, characterized by the 
sudden disappearance of Miscellanea, Lock-
hartia, Ranikothalia, Operculina, Kathina, 
Setia, Orbitosiphon and the initial dominance 
of porcellaneous-walled Alveolina and Orbito-
lites together with small miliolids and rotaliids. 
The LFEO differs from the traditional “larger 
foraminiferal turnover” event in that it reflects a 
sudden extinction event in the LBF community, 
likely related to increased continental weather-
ing and resultant eutrophication in the Tethyan 
Ocean during the recovery phase of the PETM. 
Whether the LFEO, as defined in this study, 
occurred synchronously throughout the entire 
Tethyan Ocean region remains unclear.
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