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2. Geological setting of study area 
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3.2. Carbon and oxygen isotope analysis  
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3.3. Percentage calcium carbonate 

analysis 
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3.5. Optical cathodoluminescence 
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3.6. Wireline logging 
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4. Results 

4.1. Sedimentology 

3������ ���� 
	��� ������ ���� ������ ������
�� ����	��
����

 "����0'#7�'#�-�������������	���	���	
�����K�;#��!"��

��
����	
�����
���
%���	��S��
%��	������K�:#�!�	
����

��
� �������	��� ����� �!"�� �����	�	���� ��$��$���� ����

�	������� 
	������ >�� ���� �	���� ����� 	�� ���� 
	���� ��	��

:5:�;5B���� ��
���� �����'��	�������������	

���	����

���������������$��$������������	�����������	�	�����	���

��������	������������
�����
	�����	���!"��������	����

�����$��� ��������	��� ��� ���	� ��
���� ����� :� ��	��

D;5B�'5B����"�	��D'<:������������������
	���������

���� �� ������� 	�� �����	�������� ������H���
��� 	�� ����

	�����	��'(G��	��������� "����;#��-�����������������������

��$��$��������!"����������$��	���� �	�����������$���

	������� ������ �������� ���	� �	��� ��	
�����
� ��
����

 ��
���������;#���������
%�������������$��$����	

���	����

�����	�	��� ���� ��������� �!"��3������ ������ �������

H���
��� ������ ���� ������������� �������	��� ����� 
	��

�	����	����	%��������		���� �	�������	
������  "����;#��

���� ������� 	�� ������ ����� ��� ��������$�� 	�� ��	����

�������
������	������

3����������	����$�����������������H���
�����������

�	��$����
��	��������������������
��	�� ���������	���

����
����������������������������
��	����������������	��

����	���� 	�� ���� �����	���� )	��$���� ������ ���� ������

����� ��� ���� ��
	��� ��� ���� �	�� 	�� ���� 
	��� ������ �	�

�����������������
	$�����������������������

4.2. Micropalaeontological results 
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Table S1. 2 standard deviation repeatability for standards Carrara Marble (CAR) and Namibia 
Carbonatite (NCA) used in stable isotope analyses.  

Table S2. Suite of analysed elements using ICP-OES, wavelengths (nm) and 6sd baseline variability in 
ng/g and converted to equivalent molar ratios (mmol/mol) given a nominal Ca concentration of 25 μg/g 
in analysed solution.  

Table S3. Detailed counts of the palynomorph assemblages from Core A. The dominant component of 
all three samples analysed was amorphous organic matter (AOM), likely of a marine origin.   

Figure S1. Images of the three facies types. Facies type 1: Marl with few or no bioclasts. Facies type 2: 
LBF-rich bioclastic wackestone/packstone. Facies type 3: Bioclastic grainstone with LBF, gastropods, 
bivalves, solitary corals.  

Figure S2. Left hand side shows reflected light vs. cathodoluminescence images of Lockhartia sp. 
(taken from sample at ~0.2 m) showing little luminescence within LBF or surrounding sediment. Right 
hand side shows �13C vs. �18O cross-plot of pre-CIE values (below ~70 m), which shows a low R2 value 
thus suggesting meteoric diagenesis has not affected the bulk isotopic values in a systematic manner. 
Error bars are 2sd of the standard CAR (Table S1).  

Figure S3. Core A sedimentation rates in red circles calculated by tying the Core A stratigraphy to that 
from orbitally tuned deep sea ODP Site 1262 (Fig. 7). The high-resolution sedimentation rates of South 
Atlantic ODP Site 1262 (Barnet et al. 2019) are shown with a blue line. Site 1262 data shows an increase 
into the early Eocene, after the decline at the PETM. This trend is also observed in the Core A record.  

Figure S4. Alternative Core A and ODP Site 1262 correlations constructed in QAnalyseries (Paillard et 
al. 1996, Kotov and Pälike 2018). Black circles and solid/dashed black lines indicate sedimentation 
rates, grey boxes indicate core gaps, and vertical black arrows show tie points used to create the 
alternative age models. Facies types are shown at the top of the figure: ps = packstone; ws = 
wackestone; gs = grainstone. Explanations about these alternative age models and the Figure 7 age 
model are provided below in the Supplementary Information.  
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			CAR


			NCA





			


			(13C


			(18O


			(13C


			(18O





			2sd of analyses


			0.07


			0.17


			0.11


			0.33





			


			0.06


			0.15


			0.10


			0.28





			


			0.07


			0.13


			0.06


			0.36





			


			0.05


			0.13


			0.08


			0.25





			


			0.06


			0.16


			0.09


			0.28





			


			0.07


			0.12


			0.10


			0.33





			


			0.04


			0.16


			0.09


			0.21





			


			0.04


			0.12


			0.13


			0.29





			


			0.07


			0.10


			0.06


			0.41





			Average 2sd


			0.06


			0.14


			0.09


			0.30








Table S1: 2 standard deviation repeatability for standards Carrara Marble (CAR) and Namibia Carbonatite (NCA) used in stable isotope analyses.


			Element


			Wavelength (nm)


			6sd Baseline Variability (ng/g)


			6sd Baseline Variability (mmol/mol)





			Ca


			317.993 


			1.1 


			0.017 





			Ca


			422.673 


			0.8 


			0.013 





			Fe


			238.204 


			0.7 


			0.008 





			Fe


			259.940 


			0.3 


			0.004 





			Li


			670.783 


			0.4 


			0.040 





			Mg


			279.553 


			0.09 


			0.002 





			Mg


			280.270 


			0.13 


			0.003 





			Mg


			285.213 


			0.41 


			0.011 





			Mn


			257.610 


			0.05 


			0.001 





			Mn


			259.372 


			0.15 


			0.002 





			P


			213.618 


			7.58 


			0.16





			S


			181.972 


			5.65 


			0.11





			Sr


			407.771


			0.01


			0.0001





			Sr


			421.552


			0.02


			0.0002








Table S2: Suite of analysed elements using ICP-OES, wavelengths (nm) and 6sd baseline variability in ng/g and converted to equivalent molar ratios (mmol/mol) given a nominal Ca concentration of 25 µg/g in analysed solution.



			Depth (m)


			Amorphous organic matter


			Phytoclast (terrestrial)


			Cuticle


			Pollen


			Fungal spore


			Marine palynomorph


			Apectodinium spp.


			Cordosphaerdium multispimum


			Cordosphaerdium fibrospinosum cpx. (pars)


			Hafniasphaera septata


			Hystrichokolpoma spp.


			Glaphyrocysta cpx.


			Operculodinium spp. cf. centrocarpum


			Polysphaeridium spp.


			Spiniferites spp.


			Dinocyst indet.


			Benthic foraminifera lining (3+ chambers)


			Marine palynomorph (pars)


			Reworked dinocyst





			7.3


			230


			6


			


			


			


			2


			


			


			


			


			


			


			


			2


			


			


			


			


			





			8.2


			80


			35


			2


			1


			1


			22


			


			


			1


			


			


			1


			


			


			6


			


			8


			6


			1





			153.3


			800


			10


			


			10


			


			94


			1


			7


			1


			4


			1


			2


			19


			


			3


			3


			50


			3


			








Table S3: Detailed counts of the palynomorph assemblages from Core A. The dominant component of all three samples analysed was amorphous organic matter (AOM), likely of a marine origin. 
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Figure S1: Images of the three facies types. Facies type 1: Marl with few or no bioclasts. Facies type 2: LBF-rich bioclastic wackestone/packstone. Facies type 3: Bioclastic grainstone with LBF, gastropods, bivalves, solitary corals.
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Figure S2: Left hand side shows reflected light vs. cathodoluminescence images of Lockhartia sp. (taken from sample at ~0.2 m) showing little luminescence within LBF or surrounding sediment. Right hand side shows δ13C vs. δ18O cross-plot of pre-CIE values (below ~70 m), which shows a low R2 value thus suggesting meteoric diagenesis has not affected the bulk isotopic values in a systematic manner. Error bars are 2sd of the standard CAR (Table S1).
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Figure S3: Core A sedimentation rates in red circles calculated by tying the Core A stratigraphy to that from orbitally tuned deep sea ODP Site 1262 (Fig. 7). The high-resolution sedimentation rates of South Atlantic ODP Site 1262 (Barnet et al. 2019) are shown with a blue line. Site 1262 data shows an increase into the early Eocene, after the decline at the PETM. This trend is also observed in the Core A record.
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Figure S4: Alternative Core A and ODP Site 1262 correlations constructed in QAnalyseries (Paillard et al. 1996, Kotov and Pälike 2018). Black circles and solid/dashed black lines indicate sedimentation rates, grey boxes indicate core gaps, and vertical black arrows show tie points used to create the alternative age models. Facies types are shown at the top of the figure: ps = packstone; ws = wackestone; gs = grainstone. Explanations about these alternative age models and the Figure 7 age model are provided below in the Supplementary Information. 



Calcareous Nannofossil Biostratigraphy



Calcareous nannofossils were present in 14 of the 16 smear slides analysed. The zonation for the sample at 372.6 m (Fig. 5) was based upon the presence of Lithoptychius janii, which was assigned a range of top Zone NP 4 to middle Zone NP 6 (Varol 1989). The presence of the genera Toweius, Chiasmolithus, and Prinsius were consistent with a Paleocene age. The presence of Sphenolithus confirmed that the sediment was no older than Zone NP 4 (Monechi et al. 2013).



At 368.6 m Chiasmolithus consuetus was present, suggesting an oldest age of Zone NP 5 (Perch-Nielsen 1985). However, a youngest age could not be determined due to the lack of age diagnostic species in this sample. 



Discoaster mohleri (base NP 7; Martini 1971) was present at 170.2 m. The first occurrence of D. mohleri has been calibrated to 58.97 Ma (Gradstein et al. 2012) and 57.57 Ma (Agnini et al. 2014). Discoaster nobilis, with a range of NP 8–9 at Site 1262 (South Atlantic, Agnini et al. 2007), and Bomolithus megastypus, with a range of NP 7–9 (Perch-Nielsen 1985), were also present in this sample. This assemblage of species provides a likely zonal range of NP 7–9, correlating to the late Paleocene. The markers for the base of NP 8 and 9, Heliolithus riedelii and Discoaster multiradiatus respectively, were not present, preventing a more constrained and accurate zonal estimate. Further, the lowest occurrence of H. riedelii is deemed an unreliable biomarker and its absence could therefore be the result of biogeographic controls (Agnini et al. 2007).


Despite the absence of nannofossil markers H. riedelii and D. multiradiatus at 156.6 m, the assemblage in this sample suggested that it was late Paleocene in age. Discoaster mohleri and D. nobilis were not present in this sample but based on their presence at 170.2 m it can be assumed that this sample was no older than Zone NP 7. This sample contained larger (~9 micron) specimens of Ericsonia robusta. Specimens larger than 9-microns have a documented range within NP 8–9 (Agnini et al. 2007).


At 77.7 m Discoaster multiradiatus (base of Zone NP 9) was present. The first occurrence of D. multiradiatus has been calibrated at 57.32 Ma (Perch-Nielsen 1985) or 56.01 Ma (Agnini et al. 2014), and its first common occurrence (FCO) to 57.21 Ma (Perch-Nielsen 1985). No other datum species were present.


At 27.7 m Campylosphaera eodela was identified. This species had a first occurrence of 56.66 Ma and a FCO at 55.81 Ma, near the Paleocene–Eocene boundary (Gradstein et al. 2012). Based upon its presence, this sample was no older than Zone NP 9 (Perch-Nielsen 1985, Agnini et al. 2007). Discoaster multiradiatus was also present and had a range of NP 9 to ~NP 11 (Perch-Nielsen 1985, Agnini et al. 2007). We interpret this sample to be younger than the FCO of C. eodela and this places this sample between NP 9–11 in the early Eocene.



Sphenolithus orphanknollensis (first occurrence near the base of NP 11; Agnini et al. 2007) and Campylosphaera eodela (last occurrence within NP 11; Shamrock and Watkins 2012) were both present at 16.1 m, likely placing this sample within Zone NP 11, correlating to the early Eocene. At 11.9 m S. orphanknollensis was present along with Discoaster diastypus, which had a last occurrence within NP 12 (Shamrock and Watkins, 2012). These species narrowed the age range to between NP 11–12. However, the marker species for NP 11 and NP 12 (Tribrachiatus contortus and Discoaster lodoensis) were not present, leaving uncertainty in the age. The age of the very top of the core, at 5.8 m, was difficult to assess based on the species present. This sample must be at least as old as NP 11, based on the previous two samples. The genus Toweius was present; however, all of the specimens were lacking central area structures with only the rims preserved. This precluded identification to the species level. The genus Toweius likely had a last occurrence within Zone NP 15 (Perch-Nielsen 1985, Bown and Dunkley-Jones 2012, Bown and Newsam 2017), placing the sample in the early (to middle?) Eocene.


Age Model



The age model for the Core A record was constructed using QAnalyseries (Paillard et al. 1996, Kotov and Pälike 2018), on the basis of the LBF and calcareous nannofossil biostratigraphy (black arrows in Figures 7 and S4) and informed by comparison to an orbitally tuned record from the South Atlantic with a robust biostratigraphic and magnetostratigraphic age model (ODP Site 1262). Distinctive changes in the δ13C record of Site 1262 were identified in the Core A δ13C record, which were then tentatively correlated together within the constraints of the biostratigraphic age model. The tie points used in the age model presented in this paper (Option 1) were the PETM onset, ETM-2 and ETM-3, lows in the carbon isotope record at ~58.2 and ~59.8 Ma, and the possible C1/C2 and D1/D2 events (shown in Fig. 7). This is the basis of the final age model presented in this paper. However, given the apparent discrepancies in the δ13C trends between the two records (Fig. 7) alternative age models were also created, which aimed to align the two carbon isotope records together more closely. In the first alternative age model (Option 2; Fig. S4), a low in the carbon isotope record in Core A at ~210 m depth (Fig. 6) was tied to a low at 59.2 Ma at ODP Site 1262. Other tie points are indicated in the figure using black arrows. Despite the δ13C trends apparently matching more closely in this interpretation, the biostratigraphy and sedimentology are both less parsimonious. The sedimentation rate at the base of the core (~210–380 m), characterised by marls with few bioclasts, increases to ~35 cm kyr-1, which does not fit with the interpretation of this being a relatively deeper depositional environment with slower sedimentation rates (Hallock 1981, Milliman 1993). The sedimentation rate between ~59–56 Ma (~50–210 m), characterised by bioclastic-rich carbonates, then decreases to 5 cm kyr-1, which is not consistent with the higher sedimentation rates expected within this highly productive shallow water facies (Hallock 1981, Tucker 1985, Tucker and Wright 1990, Milliman 1993, Schlager 2000). 


Following this exercise, we tied the rapid decline in carbon isotopes in the Core A record at ~50 m to other minor hyperthermal events in the late Paleocene (Option 3 to D1/D2 and Option 4 to C1/C2; Cramer et al. 2003, Zachos et al. 2010, Littler et al. 2014, Barnet et al. 2019); this is plausible within the constraints of the calcareous nannofossil and LBF biostratigraphy, however the magnitude of the excursion in Core A (~1‰) is larger than has previously been recorded in these late Paleocene hyperthermal events (~0.5‰; Cramer et al. 2003, Barnet et al. 2019). The age models for these interpretations are shown in Options 3 and 4 (Fig. S4). As stated above, although these age models visually improve the correlation in trends between the two records, they do not fit with the observed sedimentological changes, with the new age models suggesting a higher sedimentation rate at the base of the core, characterised by marl, and lower sedimentation rate within the bioclastic facies. It is not possible to shift the base of Core A to be any older than is shown in Options 1–4 as LBF ranges of species such as Daviesina khatiyahi and Kathina selveri (Fig. 2) would extend into Zone SB 2, from which they are not presently known (Afzal et al. 2010, Hottinger 2014, Serra-Kiel et al. 2016a). We therefore conclude that the age model presented in Figure 7 (Option 1) is the most appropriate to account for the carbon isotope, biostratigraphy, and sedimentology data presented herein.


While individual Paleocene–Eocene carbon isotope records from different ocean basins often replicate the global trend in δ13C, albeit with an offset in absolute values, many of these records are from relatively invariant sedimentology with time and are often based on analysis of either a consistent bulk lithology or of individual foraminifera. By contrast, Core A contains sediments that were deposited in a dynamic shallow water setting where lithology changed between marls and variably bioclastic carbonates, and thus the composition of the carbonates (and diagenetic cements) is likely to have varied. While there is no clear relationship between observed lithology and bulk δ13C within Core A (Fig. 6), this temporal change in composition of the carbonate fraction of the sediment would likely have affected the overall profile of the bulk δ13C curve to some degree, and can therefore account for the apparent mismatch between Core A and ODP Site 1262 profiles during the Paleocene.
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