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A B S T R A C T   

We investigate the Palaeocene succession of the Hazara Basin (Northern Pakistan) to better understand the 
impact of climate change on marine carbonate-producing organisms. These shallow-water carbonates, deposited 
during the Late Palaeocene, before the onset of the Palaeocene-Eocene Thermal Maximum, were studied using a 
quantitative approach to highlight changes in the skeletal assemblage. We recognise a decrease in the abundance 
of colonial corals and green calcareous algae and an increase in larger benthic foraminifera and red calcareous 
algae from the early Thanetian to the late Thanetian. Increasing temperatures may represent a plausible cause for 
the decline of the more sensitive colonial corals in favor of the more tolerant larger benthic foraminifera. A 
similar pattern is observed in most successions deposited along the margins of the Neotethys Ocean, suggesting a 
connection with the Late Palaeocene environmental changes that heralded the PETM hyperthermal event. Our 
stratigraphic analysis of the Hazara Basin strata suggests that the biotic turnovers occurred during the Palaeocene 
– Eocene transition started already before the onset of the Palaeocene Eocene Thermal Maximum as recorded by 
the geochemical proxies.   

1. Introduction 

During the Late Palaeocene, large inputs of greenhouse gases into the 
atmosphere caused perturbations of the carbon-cycle and led to a sig
nificant warming of the global climate (Zachos et al., 2008; McInerney 
and Wing, 2011; Westerhold et al., 2020). Several hyperthermal events 
are recognised during the Late Palaeocene - Early Eocene interval 
(Barnet et al., 2019). Among these episodes, the Palaeocene-Eocene 
Thermal Maximum (PETM) stands out for its intensity (Zachos et al., 
2008; Banerjee et al., 2020). The record of these hyperthermal events, 
and of the overall Late Palaeocene warming, is strongly reflected by the 

distribution of shallow-water marine carbonate-producing organisms 
due to their sensitivity to changing climate and the key-role played by 
biogenic carbonates in the carbon cycle (Stanley and Hardie, 1998; 
Ridgwell and Zeebe, 2005). 

Numerous studies have been conducted to assess shelfal carbonate 
production across the Cenozoic geological record (e.g., Esteban, 1996; 
Kiessling et al., 1999, 2002; Halfar and Mutti, 2005; Nebelsick et al., 
2005; Bosellini and Perrin, 2008; Johnson et al., 2008; Wilson, 2008; 
Perrin and Bosellini, 2012; Perrin and Kiessling, 2012; Pomar et al., 
2017; Michel et al., 2018; Aguilera et al., 2020; Pomar, 2020; Cornac
chia et al., 2021). Several papers highlighted notable changes in the 
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distribution of marine benthic carbonate producers during the Late 
Palaeocene – Early Eocene interval, the most significant of which is the 
decline in both abundance and size of symbiont-bearing colonial-coral 
bioconstructions (Scheibner and Speijer, 2008; Zamagni et al., 2012; 
Pomar et al., 2017; Coletti et al., 2022). However, only a limited amount 
of well exposed shallow marine carbonate successions covering the 
Upper Palaeocene – Lower Eocene interval have been thoroughly 
investigated (e.g., Zamagni et al., 2012). Therefore, very few quantita
tive data are available for tracking the response of marine carbonate 
producers during Late Palaeocene environmental changes. More quan
titative data and research on ancient habitats are needed to improve our 
capacity to unveil the past, thereby allowing us to better comprehend 
the present, and foresee the future (Bialik et al., 2023), and this is 
especially relevant for the Late Palaeocene. Therefore, the aim of the 
present study is to improve our knowledge on the distribution of 
carbonate-producing organisms during this crucial time interval by 
providing a quantitative analysis of the skeletal assemblages of a Tha
netian shallow-water carbonate succession exposed in the Hazara Basin 
of Northern Pakistan. The studied succession accumulated just before 
the onset of the PETM and comprises facies dominated by both corals 
and larger benthic foraminifera (LBF), thus documenting the initial 
response of important types of benthic calcifiers to periods of global 
warming. A close comparison with correlative carbonate successions 
from the Himalaya studied with a similar approach (Nicora et al., 1987; 
Li et al., 2015, 2017, 2020, 2022; Jiang et al., 2021), and with other 
successions of the eastern and western Neotethys, allowed us to docu
ment, on the large scale, the sedimentary response of carbonate systems 

to climate change just before the final demise of the eastern Neotethys. 

2. Geological setting 

The Himalayan foreland basin developed since the onset of sub
duction of the Indian passive continental margin underneath the Asian 
active margin at middle Palaeocene time (~60 Ma; Hu et al., 2016), and 
witnessed the final demise of eastern Neotethys during the Early to 
Middle Eocene (~50 Ma; Garzanti et al., 1987; Najman et al., 2017). The 
Hazara Basin (Northern Pakistan) is one of the many depocenters 
formed as a consequence of the convergence and collision between the 
Indian and Asian plates (Fig. 1). The studied succession is exposed on the 
western limb of the Hazara-Kashmir syntaxis (Bossart et al., 1988; Cri
telli and Garzanti, 1994; Najman et al., 2001) and is bounded by two 
major thrust faults, the Panjal Thrust in the north and the Main 
Boundary Thrust in the south (DiPietro and Pogue (2004); Ahsan and 
Chaudhry, 2008) (Fig. 1). 

The Neoproterozoic-Cambrian basement of the basin consists of the 
Hazara Formation slates and phyllites (Butt, 1972), non-conformably 
overlain by the Jurassic (Hettangian) fluvio-deltaic coal-bearing sand
stones and limestones of the Datta Formation (Abbasi et al., 2012). The 
overlying inner- to outer-ramp carbonates of the Toarcian to Callovian 
Samana-Suk Formation (Ahsan and Chaudhry, 2008; Shah et al., 2020) 
are unconformably followed by the Upper Jurassic to Lower Cretaceous 
glauconitic shales of the Chichali Formation (Ahsan and Chaudhry, 
2008; Shah, 2009), overlain in turn by the Lower to Upper Cretaceous 
glauconitic sandstones, limestones and dolostones of the Lumshiwal 

Fig. 1. Study area. A) Location of the study area in Pakistan. B) Schematic tectonic map of the study area showing the main tectonic features (modified from Kazmi 
and Rana (1982)). C) Simplified geological map of the study area indicating the main formations and the studied section (modified from Afridi, 2010, and 
Latif, 1970). 
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Formation. The latter is followed by the Upper Cretaceous deep-water 
carbonates of the Kawgarh Formation (Ahsan, 2008). The Cretaceous/ 
Cenozoic boundary is marked by bauxite and lateritic palaeosols over
lain by the Lower Palaeocene (Danian) Hangu Formation consisting 
sandstones and coal-rich layers (Ahsan and Chaudhry, 2008; Umar et al., 
2015; Saboor et al., 2021). The Hangu Formation is conformably over
lain by the shallow-water limestones of the Thanetian Lockhart Lime
stone (Sameeni et al., 2009), which are followed in turn by the upper 
Thanetian to lower Ypresian shales of the Patala Formation (Umar et al., 
2015). A clear turnover in LBF assemblages is recorded around the 
Palaeocene-Eocene boundary, when typical Palaeogene LBF’s such as 
Miscellanea and Ranikothalia were replaced by Nummulites and Alveolina 
(Scheibner et al., 2005; Afzal et al., 2011a). The stratigraphic succession 
of the Hazara Basin continues with the lower Ypresian Margalla Hill 
Limestone and upper Ypresian nodular limestones of the Chorgali 
Formation. 

The investigated Ghumanwan stratigraphic section (34◦10′09.16″ N; 
73◦16′39.73″ E) is situated in the proximity of the city of Abbottabad 
(Northern Pakistan). Due to the lack of a detailed geological survey in 
this part of the Hazara Basin, this section had been previously tentatively 
correlated with the upper part of the Lockhart Limestone (Fig. 1). 

3. Material and methods 

The Ghumanwan section was carefully measured, sampled and 
studied focusing on the distribution of the most relevant fossils (i.e., LBF, 
corals, and calcareous algae). Palaeontological and petrographic ana
lyses were carried out on 80 thin sections at the Department of Earth and 
Environmental Sciences (Milano-Bicocca University; Italy). Sixty 
representative samples of the different lithologies were analysed by 
powder X-ray diffraction (XRD) at the Geopolis (University of Lausanne; 
Switzerland). In each of the 29 thin sections prepared from the least 
recrystallized samples of bioclastic limestones, more than 500 points 
were counted using a regular spacing of 200 μm (point counting 
method). Carbonate classification follows Dunham (1962), extended by 
Embry and Klovan (1971), and refined by Lokier and Al Junaibi (2016). 
All sufficiently complete and well preserved LBF were identified at the 
lowest possible taxonomic level and counted together with small 
porcelaneous, agglutinated, and hyaline benthic and planktic forami
nifera (area counting method; Coletti et al., 2021b). LBF identification 
was performed following mainly Hottinger (2014) for rotaliids, and 
mainly Leppig (1988), Hottinger (2009), Leppig and Langer (2015), and 
subordinately other studies (e.g., Di Carlo et al., 2010; Sirel, 2018) for 
miscellaneids. The taxonomic analysis of LBF was based on a typological 
approach, whereas miscellaneids were identified at species level by 
biometric measurements (e.g., Benedetti et al., 2018). The LBF assem
blages allowed us to provide biostratigraphic constraints following the 
biozonal scheme (Shallow Benthic Zones, SBZ) of Serra-Kiel et al. 
(1998), recently recalibrated for the Palaeocene by Serra-Kiel et al. 
(2020) and currently adopted also in the eastern Neotethys (e.g., Zhang 
et al., 2013; Özcan et al., 2015; Kamran et al., 2021; Kakar et al., 2022). 

4. Lithology and biofacies 

The Ghumanwan section consists of dark-greysh marls (with car
bonate content ranging from 20 % to 80 %) overlain by partially 
recrystallized and slightly deformed limestone beds (carbonate content 
between 85 % and 95 %) (Figs. 2 and 3). The latter are the focus of this 
study and can be subdivided into a lower and an upper part. The 43 m- 
thick lower part mainly consists of very thick beds of massive LBF 
packstone with patches of colonial-coral framestone (Table 1; Figs. 2 and 
3). The 16-m thick upper part, exposed above a 30-m-thick covered 
interval, also consists of LBF packstone beds and patches of colonial- 
coral framestone, but it is slightly richer in micritic matrix (Table 1; 
Figs. 2 and 3). The overall scarce macrofossil content of the limestones is 
dominated by colonial corals clustered in meters-wide small patches; 

Fig. 2. Investigated interval of the Ghumanwan section.  
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Fig. 3. Ghumanwan Section; the invstigated interval of the section is not overturned and roughly dips towards the North. Lower part: A) panoramic view (red 
arrowhead = lower part of the investigated interval); B) close-up view (red arrowhead = limestone base); C) topmost strata. Upper part: D) panoramic view (red 
arrow = basal strata). E) Thin-branched ramose coral colonies. F) Thick-branched ramose coral colonies (red arrowheads = branches). G) Branching corals (red 
arrowhead = branches). H) Coral colony with a massive morphology (red arrowheads). I) Coral colony with meandroid morphology (red arrowheads). J) Bioclastic 
material of the limestone (red arrowhead = coral). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 1 
Skeletal and foraminiferal assemblages in the Ghumanwan Section. CC = colonial corals; RCA = red calcareous algae; GCA = green calcareous algae; LBF = larger 
benthic foraminifera; SBF = small benthic foraminifera; EBF = encrusting benthic foraminifera; MOL = molluscs; ECH = echinoderms; BRY = bryozoans.   

SBZ3 Transition SBZ3 to SBZ4 
Lithology LBF-packstone coral framestone LBF-packstone coral framestone 

Skeletal assemblage [point counting; %] 
Matrix 57  51.5  64.0  61.5 
Clasts 43  48.5  36.0  38.5 
Composition of the bioclastic fraction [point counting; %] 
CC 0.6  80.7  0.0  62.2 
RCA 0.5  0.0  0.0  20.9 
GCA 15.9  1.2  0.8  0.5 
LBF 51.9  4.9  75.7  5.4 
SBF 27.2  5.1  17.5  2.0 
EBF 0.0  0.0  0.0  2.5 
MOL 1.6  5.1  1.2  0.7 
ECH 2.1  2.0  2.5  4.4 
BRY 0.0  0.8  0.0  0.9 
Others 0.2  0.1  2.2  0.4 
Foraminifera assemblage [area counting; individuals cm2] 
planktic/benthic ratio 0.014  0.019  0.007  0.025 
porcellanaceous/hyaline ratio 0.055  0.060  0.034  0.049 
Miscellanea 5.54  0.81  3.52  0.78 
Lockhartia 1.99  0.19  2.79  0.11 
Nummulitids 0.04  0.07  3.48  0.06 
SBF 15.13  4.47  13.84  4.87 
Total free-living benthic foraminifera 24.94  6.14  27.18  6.57  
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rare molluscs were also observed. Coral colonies are poorly preserved 
and mainly display ramose morphology and, more rarely, massive and 
meandroid morphologies (Fig. 3E–J). 

4.1. Lower limestones 

Based on point counting, these packstones are matrix-rich (mostly 
micrite) and their skeletal assemblage is dominated by LBF with sub
ordinate small benthic foraminifera, green calcareous algae, echino
derms, molluscs, colonial corals, and red calcareous algae (Table 1; 
Fig. 4). Area counting indicates that, although volumetrically subordi
nated, small hyaline benthic foraminifera numerically dominate the 
foraminiferal assemblage together with small miscellaneids (i.e. 
Miscellanea yvettae and M. juliettae), and small agglutinated forami
nifera. Lockhartia and small porcelaneous taxa are also common. Cos
kinon and orbitoidiform taxa are rare. The calcareous algal assemblage is 
dominated by poorly preserved and heavily recrystallized dasyclada
cean algae. Small fragments of Peyssonneliales and rare fragments of 
Distichoplax biserialis are also present. 

Based on the abundance of the micritic matrix, the meter-wide 
patches of coral framestone can be considered as intermediate be
tween close-cluster and filled-frame reefs (Table 1; Riding, 2002: Fig. 7). 
Their skeletal assemblage is dominated by ramose coral colonies asso
ciated with benthic foraminifera (mainly small hyaline and small mis
cellaneids, less diverse and less numerous than in the interbedded 
packstones), molluscs, echinoderms, rare green calcareous algae, and 
bryozoans (Table 1; Fig. 5). Although imperfect preservation hindered 
the identification of coral taxa, some of the best preserved specimens 

resemble the genus Bacarella. The calcareous algal assemblage consists 
of heavily recrystallized dasycladacean algae, associated with fragments 
of Peyssonelliales and rare sterile fragments of coralline algae. 

The overall foraminiferal assemblage of the lower limestones in
cludes Coskinon rajkae, Elazigina lenticula, Lakadongia primitiva, Lock
hartia haimei, L. roeae, Miscellanea yvettae, M. juliettae, and Ranikothalia 
sp. (Fig. 7), suggesting a Late Palaeocene age (Serra Kiel et al., 1990; 
Serra Kiel et al., 2020; Afzal et al., 2011a; Kahsnitz et al., 2016; 
Papazzoni et al., 2017). The two small species of Miscellanea (Fig. 7I–K) 
suggest the SBZ3 zone (Selandian - early Thanetian), as for similar 
coeval assemblages from India (Pereira et al., 2022). 

4.2. Upper limestones 

Based on point counting, these packstones are dominated by LBF, 
associated with small benthic foraminifera and rare echinoderms, mol
luscs, green calcareous algae, and very rare ostracods. Based on area 
counting, the foraminiferal assemblage is dominated by small hyaline 
foraminifera, nummulitids (mainly Operculina), miscellaneids (mainly 
large morphotypes such as Miscellanea cf. miscella), Lockhartia, and other 
large hyaline taxa. Small miliolids, agglutinated foraminifera, and 
orbitoidiforms also present (Table 1; Fig. 7). The scarce calcareous algal 
assemblage mainly consists of poorly preserved fragments of dasycla
dacean algae associated with rare sterile coralline algae. 

The patches of coral framestone are richer in micrite than those 
interbedded in the underlying limestone interval, thus displaying a 
closer affinity with close-cluster reefs (Riding, 2002) (Table 1). Although 
most coral specimens are poorly preserved, some thin branching 

Fig. 4. The lower LBF packstone facies. A, B) Overview (red arrows = small miscellaneid; green arrows = partially recrystallized miliolids in A and dasycladacean 
green calcareous alga in B; blue arrow = coral. C) Detail of a dasycladacean alga in axial section. D) Dasycladacean algae in equatorial sections (red arrows). E) Facies 
detail (red arrow = coral fragment; green arrow = Peyssonneliales red calcareous alga. F) Small miscellaneid. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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colonies resemble the genus Bacarella. Colonial corals are associated 
with common red calcareous algae, lesser amounts of larger and small 
benthic foraminifera (mainly small hyaline taxa and miscellaneids), 
echinoderms, encrusting foraminifera, and rare bryozoans and molluscs 
(Table 1; Fig. 8). The calcareous algal assemblage is dominated by 
Peyssonelliales, associated with common coralline algae (including rare 
fragments characterised by uniporate conceptacles and thus affine to the 
order Corallinales), and common Distichoplax biserialis. 

The overall LBF assemblage of the upper limestones includes Coski
non sp., Daviesina sp., Idalina sp., Lakadongia sp., Lockhartia conditi, 
L. haimei, L. roeae, L. tipperi, Miscellanea yvettae, M. juliettae, M. cf. mis
cella, Orbitosiphon sp., Operculina sp., Ranikothalia sahnii, and possibly 
Assilina (Fig. 9), indicating a Thanetian age (Serra Kiel et al., 1998; Serra 
Kiel et al., 2020; Afzal et al., 2011a; Kahsnitz et al., 2016; Papazzoni 
et al., 2017). M. yvettae and M. juliettae are generally considered as 
markers of SBZ3, but the occurrence of M. miscella identifies zone SBZ4 
(Hottinger, 2009; Serra-Kiel et al., 2020; Pereira et al., 2022). Although 
Hottinger (2009) questioned the possibility of distinguishing among the 
different morphotypes of M. miscella at different evolutionary stages, it 
must be noted that SBZs are mainly Oppelzones based on the concom
itant occurrence of phylogenetically unrelated taxa (Pignatti and 
Papazzoni, 2017) and thus they are not linked to biohorizons or first/last 
occurrences of single taxa. Because our specimens differ from typical 
M. miscella by having a slightly smaller proloculus and test, they could 
be considered as basal representatives of the taxon. Gogoi et al. (2009) 
also documented the co-occurrence of both large and small mis
cellaneids within a short interval of the Lakadong Limestone (Megha
laya, India). The presence of M. cf. miscella, M. yvettae and M. juliettae, 
therefore, allows us to consider the upper limestones as transitional 
between SBZ3 and SBZ4 zones. 

5. Discussion 

5.1. Palaeoenvironmental evolution 

In the studied Ghumanwan succession, LBF packstones are interca
lated with patches of coral framestone, pointing to a relatively flat 
shallow seafloor with flourishing foraminiferal carbonate production 
interspersed with coral-dominated patch reefs. This type of setting has 
been envisaged for similar reefs of the Neotethys (e.g., Palaeocene of 
Lybia, Vršič et al., 2021;Lower Miocene of SE Cyprus; Follows et al., 
1996; Coletti et al., 2021a). The presence of red and green calcareous 
algae, colonial corals, and LBF (Table 1; Figs. 4-9) indicates the photic 
zone. Small miscellaneids, which are widespread in all the facies of the 
Ghumanwan section, have been related to reef environments and sug
gested to be typical of shallow to intermediate water depth (Zamagni 
et al., 2008; Pereira et al., 2022). A shallow setting is also independently 
indicated by the scarcity of planktonic foraminifera (Van Der Zwaan 
et al., 1990). The overall abundance of micrite reflects instead the 
limited hydrodynamic energy of the environment. 

In the coral framestones belonging to the lower limestone interval, 
calcareous algae are scarce (<2% of the skeletal assemblage) and do not 
provide much information. The presence of common dasycladacean 
green calcareous algae in the LBF packstones of the lower interval 
suggests deposition close or within the upper part of photic zone 
(euphotic zone sensu Pomar, 2001). 

In the coral framestones belonging to the upper limestone interval, 
the more abundant calcareous algal assemblage (20 % of the total 
skeletal assemblage) (Table 1) is dominated by Peyssonnelliales and 
Distichoplax biserialis and includes some minor fragments of red algae of 
the order Corallinales. The latter would suggest a relatively shallow- 
water setting (Aguirre et al., 2000; Coletti et al., 2018; Coletti and 

Fig. 5. The lower coral framestone facies. A) Coral colonies. B) Various morphologies of coral colonies (red arrow = possible Bacarella). C) Encrusting coral colony. 
D) Thin-branched coral colony (red arrow) and small miscellaneids (green arrows). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Basso, 2020). However, the assemblage is dominated by Peyssonnel
liales and Distichoplax biserialis. Peyssonelliales are a still-living order of 
red calcareous algae, but the observed taxa of the Ghumanwan section 
display morphological features very different from their modern rela
tives (Kato et al., 2006; Pestana et al., 2021), and thus cannot provide us 
with useful ecological information. Distichoplax biserialis has no direct 
living relatives, but it resembles Corallinales (Sarkar, 2018; Aguirre 
et al., 2022), thus pointing towards a relatively shallow-water setting. 
The upper LBF packstones are instead characterised by a scarce calcar
eous algal assemblage mostly consisting of dasycladacean algae. 

The comparison of the assemblages of the lower and upper lime
stones does not suggest significant changes in water depth throughout 
the succession (Table 1). More abundant micrite, more nummulitids (e. 
g., Operculina) and less colonial corals and dasycladacean algae may hint 
to a slightly deeper environment for the upper part of the Ghumanwan 
section. However, these minor changes are not coupled with other 
relevant palaeo-bathymetric indicators such as a significant increase in 
planktic foraminifera or a decrease in miliolids. 

5.2. Upper Palaeocene shallow-water carbonates of eastern Neotethys 

Coral-framestones display significant differences between the lower 
(SBZ3) and upper part (SBZ3/SBZ4) of the studied interval of the Ghu
manwan section (Table 1; Figs. 4, 5, 7, 8). Micrite and red calcareous 
algae (in particular Distichoplax biserialis) are more abundant in the 
upper part, where colonial corals become less abundant. LBF-packstones 
also display differences: micrite and LBF are more abundant in the upper 
part whereas dasycladacean algae are less abundant. 

Similar variations are observed in Upper Palaeocene to Lower 
Eocene successions of both eastern and western Neotethys. Upper 
Palaeocene shallow-water carbonates are well represented in north
western India (Meghalaya area; Jauhri et al., 2006; Sarma and Ghosh 
2006; Özcan et al., 2018; Sarkar, 2018, 2020; Sarkar and Narasimha Rao 
2018; Pereira et al., 2022), where they are rich in calcareous algae and 
LBF; colonial corals also occur, but significantly less abundant than in 
the Hazara Basin (Jauhri et al., 2006; Sarma and Ghosh 2006; Sarkar and 
Narasimha Rao 2018). Such a scarcity of corals may be related to the 
excessively high temperatures envisaged by palaeoceanographic models 
for the eastern Indian part of eastern Neotethys during the late 

Fig. 6. LBF assemblage of the lower part of Ghumanwan Section. A) Coskinon raijkae. B) Coskinon raijkae axial section. C) Lakadongia primitiva. D) Lakadongia sp. E) 
Lockhartia haimei. F) L. roeae. G) Elazigina lenticula. H) Kathina sp. I) Miscellanea yvettae, axial section. J) M. juliettae, axial section. K) M. juliettae, approximately 
equatorial section. 
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Thanetian (Sarkar et al., 2022). Similarly to the Ghumanwan section, a 
remarkable abundance of Distichoplax biserialis is reported in the upper 
Thanetian (Özcan et al., 2018; Sarkar, 2018; Pereira et al., 2022). In the 
northeastern Indian area the abundance of this species decreases 
significantly in the overlying Lower Eocene carbonates (Sarkar, 2018). 
Common to both Indian area and the Hazara Basin is also the upwards 
decrease of dasycladacean algae. 

In the Tibetan Himalayas, upper Palaeocene shallow-water carbon
ates are generally dominated by LBF with minor dasycladacean and red 
calcareous algae; colonial corals rarely occur and no coral-dominated 
facies is reported (Zhang et al., 2013, 2019; Li et al., 2015, 2017, 
2022; Jiang et al., 2021). In the overlying Lower Eocene carbonates, 
corals, red and green calcareous algae decrease, whereas LBF increase 
(Li et al., 2015; Li et al., 2017; Li et al., 2020; Li et al., 2022). Similarly to 
the Ghumanwan Section, a peak in the abundance of Distichoplax biser
ialis is reported in the uppermost Palaeocene (Jiang et al., 2021). 

In Upper Palaeocene shallow-water carbonates of Pakistan and Iran, 
colonial corals are more abundant than in the Himalayas (Afzal et al., 
2011b; Bagherpour and Vaziri 2012; Kamran et al., 2021; Shalalvand 
et al., 2021). Close similarities are observed between the Ghumanwan 
section and the Taleh Zang Formation in western Iran (Bagherpour and 
Vaziri 2012; Shalalvand et al., 2021). Here, the lower Thanetian part of 
the Taleh Zang Formation is dominated by colonial corals and dasy
cladacean algae (Bagherpour and Vaziri 2012; Shalalvand et al., 2021), 
whereas the upper Thanetian part of the Taleh Zang Formation records a 
decrease in colonial corals and an increase in LBF (Bagherpour and 
Vaziri 2012; Shalalvand et al., 2021). The overlying Lower Eocene 
shallow-water carbonates are eventually dominated by LBF (Bagherpour 
and Vaziri 2012; Shalalvand et al., 2021). 

Throughout the eastern Neotethys, the quantitative analysis of 

carbonate facies distribution indicates that colonial corals, red calcar
eous algae, and green calcareous algae are more common in Palaeocene 
carbonates than in Eocene carbonates (Coletti et al., 2022). 

5.3. Upper Palaeocene shallow-water carbonates of western Neotethys 

The Late Palaeocene – Early Eocene decline in colonial corals and the 
concurrent rise of LBF is documented also in the western Neotethys 
(Baceta et al., 2005; Scheibner and Speijer, 2008; Zamagni et al., 2008, 
2012; Pomar et al., 2017). This is well detailed in the Pyrenees (Table 2). 
Colonial corals are dominant in Danian strata, decrease progressively 
through the early and middle Thanetian and sharply in the late Tha
netian (Baceta et al., 2005). Similarly to the Ghumanwan section, an 
increase of the micrite content in coral-dominated bioconstructions can 
be observed moving from the Lower to the Upper Palaeocene (Table 2). 
Finally, the peak in the abundance of Distichoplax biserialis is once again 
observed in the uppermost Palaeocene (Li et al., 2022; Aguirre et al., 
2022). 

An increase in the micrite content of coral-bearing carbonate systems 
was reported also by Zamagni et al. (2008), while comparing lower and 
upper Thanetian carbonate systems of Slovenia. 

5.4. Response of carbonate producers to Late Palaeocene environmental 
perturbations 

Based on the comparison of carbonate successions from the eastern 
and western Neotethys, facies changes observed through the Upper 
Palaeocene in the Ghumanwan section are inferred to herald the more 
prominent shifts that took place during the Palaeocene–Eocene transi
tion. Although the PETM is considered one of the most relevant 

Fig. 7. The upper LBF packstone facies. A, B) Overview (red arrows = Operculina in A, Miscellanea cf. miscella in B; green arrow = Lockhartia. C) M. cf. miscella, axial 
and equatorial sections of two different specimens (red arrow = large-sized protoconch). D) Section of M. cf. miscella crossing the embryo (red arrow). E) Fragment of 
dasycladacean green alga (red arrow) and echinoderm fragment (green arrow). F) Ostracod. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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environmental events of the Cenozoic, the Late Palaeocene warming 
trend and the Late Palaeocene hyperthermals are also bound to have 
caused significant changes in marine ecosystems (Long-term Late 
Palaeocene Perturbation; Bowen et al., 2015; Barnet et al., 2019; 
Banerjee et al., 2020; Jiang et al., 2022; Tremblin et al., 2022; Vimpere 
et al., 2023). 

The decline of colonial corals as carbonate producers during the Late 
Palaeocene – Early Eocene time interval has been pointed out by several 
authors (Baceta et al., 2005; Scheibner and Speijer, 2008; Zamagni et al., 
2008, 2012; Pomar et al., 2017), and ascribed by Scheibner and Speijer 
(2008) and Coletti et al. (2022) to the coeval increase in global tem
peratures (Bowen et al., 2015; Barnet et al., 2019; Tremblin et al., 2022; 
Vimpere et al., 2023). Modern colonial corals achieve the highest 
calcification rates within a narrower temperature range than modern 
LBF (Crabbe, 2008; Marshall and Clode, 2004; Titelboim et al., 2019). 
Therefore, the highly adaptable LBF could take competitive advantage 
from the detrimental effect that high temperatures had on other car
bonate producers such as hermatypic corals. Major variations in ocean 
chemistry were also associated with the PETM (McInerney and Wing, 
2011; Jiang et al., 2021; Li et al., 2021), stemming from temperature- 
induced acceleration of the hydrological cycle, enhanced weathering 
of continental landmasses, and acidification of oceanic waters caused by 
the higher CO2 concentration in the atmosphere (McInerney and Wing, 
2011; Sternai et al., 2020; Jiang et al., 2021; Li et al., 2021). These 
changes in ocean chemistry represent another plausible cause for the 
decline of corals during the Late Palaeocene – Early Eocene (Zamagni 
et al., 2012). LBF could have been favored by their greater tolerance to 
variations in ocean chemistry, and in particular to changes in the supply 
rate of nutrients (Pomar et al., 2017), and consequently became domi
nant in the Eocene. Our work shows that the decline of colonial corals as 

carbonate producers pre-dated the PETM in northern Pakistan, in 
western Iran, and in the Pyrenees, and thus could be chiefly related to 
the increase of global temperatures. This is also supported by the dis
tribution of colonial corals along Neotethyan margins during the Late 
Palaeocene, when they were rare in the warmer eastern Indian region 
and increasingly common moving westward and northward towards 
cooler temperatures (Sarkar et al., 2022). Further researches are, how
ever, needed to disentangle the complex relationships among diversity, 
morphology, colony-size and reef-building potential of corals and global 
warming events (e.g., Johnson et al., 2008; Bosellini et al., 2022), 
especially in the case of rapid events like the Palaeogene hyperthermals. 

The observed increase in the abundance of red calcareous algae, 
largely accounted for by the notable increase of Distichoplax biserialis 
from zone SBZ3 to zone SBZ4 followed by its rapid decline (Sarkar, 
2018; Li et al., 2021), is harder to explain. Red algae are more tolerant 
than colonial corals and are known to be able to outcompete colonial 
corals at tropical latitudes in non-oligotrophic settings (Halfar et al., 
2004; Halfar and Mutti, 2005; Coletti et al., 2017; Pomar et al., 2017). 
The increase in red calcareous algae may thus be ascribed to an increase 
in nutrient availability caused by Late Palaeocene environmental 
changes culminating with the PETM. Other explanations are, however, 
also possible. For instance, coralline algae and other encrusting car
bonate producers (e.g., encrusting benthic foraminifera, bryozoans) 
have been observed to increase in abundance following the deterioration 
of an environment initially favorable to colonial corals (e.g., upper 
Oligocene/lower Miocene reefs largely dominated by corals and devel
oped in stable and warm conditions vs. upper Miocene reefs developed 
in cooler and more stressful conditions and characterized by a variety of 
encrusting organisms; Bosellini, 2006; Coletti et al., 2019; Coletti et al., 
2021a). An increase in water depth can also cause a shift from colonial 

Fig. 8. The upper coral framestone facies. A) Overview (red arrows = colonial corals in A, thin-branched coral colony (possibly Bacarella) in B; green arrow =
miscellaneid. C) Coralline alga of the order Corallinales (red arrow = poorly preserved pore of the uniporate conceptacle). D) Encrusting coralline algae (red arrow), 
encrusting foraminifera (green arrow), and coral (blue arrow). E) Distichoplax biserialis. F) Peyssonneliales red calcareous alga (red arrows indicate possible remnants 
of reproductive structures). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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corals to red calcareous-algal dominated facies (Benisek et al., 2009). 
These elements suggest that there could be various mechanisms behind 
an increase in red calcareous algae abundance. Further studies focused 
on the quantitative distribution of red calcareous algae and D. biserialis 
in particular, might shed light on the effects of Late Palaeocene envi
ronmental perturbations on this group of carbonate producers. 

Similarly to colonial corals, dasycladacean green calcareous algae 
also decreased during the Late Palaeocene. Present-day dasycladaceans 
thrive in restricted and warm lagoonal environments (e.g., Ohba et al., 

2017). Therefore, Late Palaeocene warming may not have been the 
cause of their decline. The coeval decline and extinction of most taxa 
supposedly able to produce a calcitic skeleton suggest that the decline of 
Dasycladales may be partly related to a preservation bias during the 
transition towards modern assemblages entirely constituted of fragile 
aragonitic taxa (Granier, 2012; Coletti et al., 2022). Once again, quan
titative data on the abundance of carbonate-producing organisms (e.g., 
Bosellini, 1998; Vescogni et al., 2008, 2016; Bosellini et al., 2021; 
Benedetti and Papazzoni, 2022), generated with a standardized 

Fig. 9. LBF assemblage of the upper part of Ghumanwan section. A) Coskinon sp. B) Idalina sp. C) Lakadongia sp. D) Orbitosiphon sp. E) Lockhartia haimei. F) L. roeae. 
G) L. conditi. H) L. tipperi. I) Operculina sp. J) Ranikothalia sahnii (red arrow = marginal cord). K) Miscellanea yvettae, axial section. L) M. juliettae, equatorial section. 
M) Fragment of M. cf. miscella in axial section. N) M. cf. miscella, axial section. O) M. cf. miscella, equatorial section. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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approach, appears to be essential for making more cogent comparisons 
and improve our knowledge about the response of shallow-water biota 
to rising temperatures. 

6. Conclusions 

The so far poorly investigated succession of the Hazara Basin 
(Pakistan) provides an excellent setting in which to document the initial 
response of benthic calcifiers to global warming during the Thanetian 
(Late Palaeocene). The quantitative sedimentological and micro
palaeontological analysis of the Ghumanwan section reveals that this 
carbonate system underwent significant changes during the Late 
Palaeocene, just before the onset of the Palaeocene-Eocene Thermal 
Maximum event (PETM). Colonial corals and green calcareous algae 
progressively declined, whereas larger benthic foraminifera and red 
calcareous algae (in particular Distichoplax biserialis) became more 
abundant. The decline of colonial corals and green calcareous algae 
continued after the PETM, when the more adaptable larger benthic 
foraminifera emerged as the most significant shelfal carbonate pro
ducers. Coral bioconstructions did not become again a widespread 
feature of carbonate systems until the Oligocene. Similar patterns are 
recognised in both eastern and western parts of the Neotethys, hinting 
that the Late Palaeocene changes might be chiefly associated with global 
warming that culminated in the PETM. While the concurrent decline of 
symbiont-bearing colonial corals and rise in larger benthic foraminifera 
can be associated with a reasonably clear and plausible explanation, the 
distribution pattern of calcareous algae is harder to explain, stressing the 
need for more quantitative data, generated with a standardized 
approach, for better constraining the response of shallow-water biota to 
large scale environmental changes. 
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Table 2 
Comparison of coral framestones in the Ghumanwan section and coeval coral reefs of the Pyrenees (Baceta et al., 2005). The relative abundance of diverse components 
is given using a modified version of the scale proposed by Carey et al. (1995): 0 % = absent; 1 % > very rare > 0 %; 5 % > rare > 1 %; 10 % > scarce > 5 %; 25 % >
common > 10 %; 50 % > abundant > 25 %; dominant > 50 %.  

Site Pyrenean Basin Bz-2 Pyrenean Basin 
Lizarraga pass 

Pyrenean Basin Leg-2 Hazara Basin Hazara Basin 

Age Early-middle Danian Late Danian Thanetian Thanetian Late Thanetian  
~ 63 Ma ~ 63–61 Ma ~ 59–57 Ma ~ 59 – 57.5 Ma ~ 57.5 – 57 Ma 

SBZ SBZ1 - SBZ2 SBZ1 - SBZ2 SBZ3 - SBZ4 SBZ3 SBZ3 to SBZ4 
Reference Baceta et al., 2005 Baceta et al., 2005 Baceta et al., 2005 This work This work 
Characteristics and frame builders 
Matrix ~ 1/2–3/4 ~ 1/2–3/4 ~ 4/5–2/3 ~1/2 ~2/3 
Grains ~ 1/4–1/2 ~ 1/4–1/2 ~ 1/5–1/3 ~1/2 ~1/3 
Type of matrix Sand-sized bioclastic Sand-sized bioclastic Micrite Micrite Micrite 
Non skeletal 

grains 
Absent – very rare Absent – very rare Absent Absent Absent – very rare 

Main frame 
builders 

CC & RCA CC & RCA CC & RCA CC CC 

Secondary 
frame 
builders 

EBF EBF // // RCA 

Skeletal assemblage 
CC Abundant Abundant Common Dominant (80.7) Dominant (62.2) 
RCA Abundant Abundant Common Absent (0.0) Common (20.9) 
GCA Rare Rare Rare Rare (1.2) Very-rare (0.5) 
LBF Absent Absent Common Scarce (4.9) Scarce (5.4) 
SBF Common Scarce Common Scarce (5.1) Rare (2.0) 
EBF Scarce Scarce Scarce Absent (0.0) Rare (2.5) 
MOL Rare Scarce Scarce Scarce (5.1) Very-rare (0.7) 
ECH Rare Scarce Rare Rare (2.0) Rare (4.4) 
BRY Scarce Scarce Common Very-rare (0.8) Very-rare (0.9) 
Others Rare Rare Rare Very-rare (0.1) Very-rare (0.4) 
Planktic vs 

benthic 
Entirely benthic Entirely benthic Entirely benthic Entirely benthic Entirely benthic 

Dominant 
benthic taxa 

Small and large hyaline 
taxa including 
miscellanids 

Small and large hyaline 
taxa including 
miscellanids 

Large hyaline taxa including nummulitids, 
mescellanids and orthophragminids and small 
hyaline taxa 

Small hyaline taxa, small 
agglutinated taxa, 
miscellanids 

Small hyaline taxa, 
miscellanids  

M. Ali et al.                                                                                                                                                                                                                                      



Journal of Asian Earth Sciences: X 11 (2024) 100169

12

Acknowledgments 

The first author is grateful to the Department of Earth and Envi
ronmental Sciences of the University of Geneva and, together with L.M., 
to the PhD program of the Department of Earth and Environmental 
Sciences of Milano Bicocca University for supporting their research. 
Useful critical comments by Editor in Chief Jian-Wei Li and an anony
mous reviewer, as well as constructive suggestions by Sergio Andò, Or 
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Pereira, C.D., Khanolkar, S., Banerjee, S., Özcan, E., Saraswati, P.K., 2022. Larger benthic 
foraminifera and microfacies of late Paleocene-early Eocene sections in Meghalaya, 
Northeast India. J. Foramin. Res. 52, 40–56. 

Perrin, C., Bosellini, F.R., 2012. Paleobiogeography of scleractinian reef corals: changing 
patterns during the Oligocene-Miocene climatic transition in the Mediterranean. 
Earth Sci. Rev. 111 (1–2), 1–24. 

Perrin, C., Kiessling, W., 2012. Latitudinal trends in Cenozoic reef patterns and their 
relationship to climate. In: Mutti, M., Piller, W., Betzler, C. (Eds.), Carbonate Systems 
during the Oligocene-Miocene Climatic Transition 42. Wiley-Blackwell. 
International Association of Sedimentologists Special Publications, Oxford, UK, 
pp. 17–34. 

Pestana, E.M.D.S., Nunes, J.M.D.C., Cassano, V., Lyra, G.D.M., 2021. Taxonomic revision 
of the Peyssonneliales (Rhodophyta): Circumscribing the authentic Peyssonnelia 
clade and proposing four new genera and seven new species. J. Phycol. 57 (6), 
1749–1767. 

Pignatti, J., Papazzoni, C.A., 2017. Oppel zones and their heritage in current larger 
foraminiferal biostratigraphy. Lethaia 50, 369–380. 

Pomar, L., 2001. Types of carbonate platforms: a genetic approach. Basin Res. 13 (3), 
313–334. 

Pomar, L., 2020. Chapter 12 - Carbonate systems. In: Scarselli, N., Chiarella, D., Bally, A. 
W., Adam, J., Roberts, D.G. (Eds.), Regional Geology and Tectonics. Elsevier, 
pp. 235–311. 

Pomar, L., Baceta, J.I., Hallock, P., Mateu-Vicens, G., Basso, D., 2017. Reef building and 
carbonate production modes in the west-central Neotethys during the Cenozoic. Mar. 
Pet. Geol. 83, 261–304. 

Ridgwell, A., Zeebe, R.E., 2005. The role of the global carbonate cycle in the regulation 
and evolution of the Earth system. Earth Planet. Sci. Lett. 234 (3–4), 299–315. 

Riding, R., 2002. Structure and composition of organic reefs and carbonate mud mounds: 
concepts and categories. Earth Sci. Rev. 58 (1–2), 163–231. 

Saboor, A., Ahmad, J., Khan, S., Latif, K., Khan, A., Haider, A.T., 2021. Foraminiferal 
biostratigraphy, facies, and sequence stratigraphy analysis across the K-Pg Boundary 
in Hazara, Lesser Himalayas (Dhudial Section). Geodiversitas 43 (18), 663–682. 

Sameeni, S.J., Nazir, N., Abdul-Karim, A., Naz, H., 2009. Foraminiferal biostratigraphy 
and reconnaissance microfacies of Paleocene Lockhart Limestone of Jabri area, 
Hazara, northern Pakistan. Geological Bulletin of the Punjab University 44, 85–96. 

Sarkar, S., 2018. The enigmatic palaeocene-eocene coralline Distichoplax: Approaching 
the structural complexities, ecological affinities and extinction hypotheses. Mar. 
Micropaleontol. 139, 72–83. 

Sarkar, S., 2020. Ecostratigraphic implications of a Late Palaeocene shallow-marine 
benthic community from the Jaintia Hills, Meghalaya, NE India. J. Earth Syst. Sci. 
129 (1), 10. 

Sarkar, S., Narasimha Rao, G.M., 2018. Coralline red algae from late Palaeocene–earliest 
Eocene carbonates of Meghalaya, N-E India: palaeocommunity and trophic-level 
implications. Carbonates Evaporites 33, 767–781. 

Sarkar, S., Cotton, L.J., Valdes, P.J., Schmidt, D.N., 2022. Shallow water records of the 
PETM: Novel insights from NE India (Eastern Neotethys). Paleoceanogr. 
Paleoclimatol. 37 (7) e2021PA004257.  

Sarma, A., Ghosh, A.K., 2006. A new record of calcareous algae from shella Formation 
(Jaintia Group) of South Jaintia Hills, Meghalaya India. Curr. Sci. 1276–1281. 

Scheibner, C., Speijer, R.P., Marzouk, A.M., 2005. Turnover of larger foraminifera during 
the Paleocene-Eocene Thermal Maximum and paleoclimatic control on the evolution 
of platform ecosystems. Geology 33 (6), 493–496. 

Scheibner, C., Speijer, R.P., 2008. Late paleocene–early eocene tethyan carbonate 
platform evolution - A response to long-and short-term paleoclimatic change. Earth 
Sci. Rev. 90 (3–4), 71–102. 

Serra-Kiel, J., Hottinger, L., Caus, E., Drobne, K., Ferrandez, C., Jauhri, A.K., Less, G., 
Pavlovec, R., Pignatti, J., Samso, J.M., Schaub, H., Sirel, E., Strougo, A., 
Tambareau, Y., Tosquella, J., Zakrevskaya, E., 1998. Larger foraminiferal 
biostratigraphy of the Tethyan. Bulletin De La Société Géologique De France 169, 
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