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A B S T R A C T   

The Cretaceous-Paleogene (K-Pg) boundary extinction event affected planktic foraminiferal assemblages 
worldwide in a dramatic way, but deep sea benthic foraminiferal assemblages were not significantly impacted. 
However, possible impacts of massive early Danian volcanic eruptions, such as those related to the Deccan Traps, 
on benthic foraminiferal assemblages are not yet explored. Here we present geochemical and benthic forami
niferal data across the K-Pg boundary and within the earliest Danian interval at Deep Sea Drilling Project (DSDP) 
Site 356, located on the São Paulo Plateau, western South Atlantic Ocean. Maastrichtian to Danian benthic 
foraminiferal assemblages are well-preserved and suggest deposition at middle to lower bathyal paleodepths, 
under an oligotrophic regime with well-oxygenated bottom water conditions. As expected, the K-Pg boundary 
event did not significantly affect benthic foraminiferal assemblages at Site 356. However, during the early 
Danian, benthic foraminiferal species richness, heterogeneity, diversity and equitability presented overall 
opposite trends in relation to the Hg/TOC and Hg/CaCO3 ratios, as well as Hg concentrations, which we consider 
proxies for intensity of volcanic activity. Our results suggest a possible response of Danian middle to lower 
bathyal benthic foraminiferal assemblages at Site 356 to changes in bottom water condition possibly associated 
with massive volcanism eruptions.   

1. Introduction 

The Cretaceous-Paleocene (K-Pg) boundary, also marking the tran
sition between the Maastrichhtian and the Danian ages, is characterized 
by one of the largest mass extinctions in Earth’s geological history 
(Gradstein et al., 2012). This event triggered one of the most significant 
biological crises in the geological record, which is used to define the 
boundary between the Mesozoic and Cenozoic eras (Molina, 2015). At 
the boundary level, deep-sea benthic foraminiferal assemblages were 
not severely affected by the extinction event (e.g., Thomas, 1990; Ale
gret et al., 2003; Culver, 2003; Alegret and Thomas, 2007), in contrast to 
patterns described for planktic foraminifera (e.g., Luterbacher and 
Premilo-Silva, 1962, 1964; Koutsoukos, 1996, 2014; Gallala et al., 2009; 
Arenillas et al., 2018; Molina, 2015). Minor and temporary composi
tional changes in benthic foraminiferal communities, reported for 
several locations worldwide, are mainly interpreted as responses to a 

collapse in the pelagic food chain, which likely resulted in decreased 
food availability for benthic organisms (e.g., Alegret et al., 2003; Culver, 
2003; Alegret and Thomas, 2007). In fact, several paleoceanographic 
records also depict a drop in CaCO3 content at the K-Pg transition 
(Zachos and Arthur, 1986), which was probably related to decreased 
carbonate production related to the extinction of calcifying organisms 
(D’Hondt, 2005). Recent studies, however, have shown a heterogeneous 
post-extinction ocean, with high export productivity in some regions 
driven by non-calcareous phytoplankton blooms (e.g., Sepúlveda et al., 
2012; Hull and Norris, 2011; Alegret et al., 2012) and, less usually, 
calcareous plankton blooms (Bralower et al., 2020). 

The K-Pg mass extinction is most commonly attributed to a meteorite 
impact at the Chicxulub impact site, Mexico (Schulte et al., 2010), which 
is mainly evidenced by iridium anomalies (Alvarez et al., 1980), 
microspherules and quartz grains with shock structures (Smit, 1990) 
identified in sedimentary records worldwide. An additional factor that 
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may have contributed to the environmental changes occurred during the 
Maastrichtian-Danian transition is the eruption of the Deccan Traps 
Large Igneous Province (LIP), located in present-day India (Courtillot 
and Renne, 2003). Deccan Traps eruptions lasted for ~700–800 kyr 
(Schoene et al., 2021), starting earlier and spanning much beyond the 
actual K-Pg boundary (Hull et al., 2020). 

Mercury (Hg) is a potential tracer for volcanic events, because it is 
usually released by LIP’s activity (e.g., Sial et al., 2014, 2016, 2018; 
Percival et al., 2015; Font et al., 2016) and/or volcanic activity (e.g., 
Varekamp and Buseck, 1981, 1986). As a result, many studies have 
observed positive excursions of Hg concentrations and the Hg/TOC 
(mercury over total organic carbon) ratio in upper Maastrichtian to 
lower Danian sedimentary successions (Sial et al., 2014, 2016, 2018). 
Variations of Hg concentrations measured in sedimentary archives that 
preserved microfossils, and recorded the K-Pg biotic crises, can poten
tially reveal the impacts of the Deccan Traps volcanism in deep ocean 
environmental conditions. 

Here we aim to assess benthic foraminiferal faunal (compositional) 
changes across the Maastrichtian-Danian transition in the western South 
Atlantic Ocean, and to investigate whether they were correlated to Hg 
enrichment trends. To achieve these goals, we investigate Deep Sea 
Drilling Project (DSDP) Site 356, located on the São Paulo Plateau, 
which is characterized by excellent calcium carbonate preservation, and 
is, therefore, ideal to explore possible links between geochemical proxies 
and distribution patterns of calcareous microfossils during the late 
Maastrichtian to early Danian. 

2. Material and methods 

2.1. Site location and age model 

DSDP Site 356 is located on the southwestern São Paulo Plateau 
(28◦17.22′ S, 41◦05.28′ W; at 3.175 m water depth) (Fig. 1a). Recovery 
at Site 356 spans Albian to Recent sediments (Perch-Nielsen et al., 
1977), and the section is divided into seven lithological units. Here we 
focus on the Maastrichtian to lower Paleocene (Danian) interval 
(415.25–404.26 m below seafloor - mbsf), which is characterized by 
pelagic carbonate sediments assigned to lithologic Unit 4, described as a 
nannofossil and nannofossil-foraminifer chalk (Perch-Nielsen et al., 
1977). The sediments of the Cretaceous/Paleogene boundary were 
deposited under oxic conditions and the supply of terrigenous material 
was cut off during the late Maastrichtian (Perch-Nielsen et al., 1977). 
Age assignments discussed here are based on planktic foraminiferal 
biostratigraphy of Kochhann et al. (2014) and Krahl et al. (2017). The 
age model for the studied interval of Site 356 is based on linear inter
polation between the following tie points: First occurrence (FO) of 
Pseudoguembelina hariaensis (67.30 Ma; Gradstein et al., 2012); the K-Pg 
boundary, identified by an abrupt drop in carbonate content at Site 356 
(66.022 Ma; Dinarès-Turell et al., 2014); last occurrence (LO) of Par
vularugoglobigerina eugubina (65.72 Ma; Gradstein et al., 2012); FO of 
Subbotina triloculinoides (65.25 Ma. Gradstein et al., 2012) (Fig. 1b). 

2.2. Benthic foraminiferal assemblages 

We analyzed benthic foraminiferal assemblages of 13 samples over 
the lower Paleocene (Danian) interval at Site 356. Sediment samples 

Fig. 1. (A) Paleogeographic reconstruction for the Cretaceous-Paleogene (K-Pg) transition, presenting the reconstructed location of DSDP Site 356 (São Paulo 
Plateau). Map created with the ODSN paleogeographic reconstruction tool (www.odsn.de/odsn/services/paleomap). (B) Age model for the Maastrichtian-Danian 
interval of Site 356 based on planktic foraminiferal biostratigraphy (Kochhann et al., 2014; Krahl et al., 2017) and the position of the K-Pg boundary at 66.022 
Ma. (Dinarès-Turell et al., 2014). Gray shading represents the studied interval (415.25–404.26 mbsf). Tie points used for the Site 356 are: the FO of Pseudoguembelina 
hariaensis (440.76 mbsf); the K/Pg boundary (410.75 mbsf); the LO of Parvularugoglobigerina eugubina (409.25 mbsf); the FO of Subbotina triloculinoides (402.77 mbsf). 
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were washed over 38 μm and 63 μm sieves, after remaining immersed in 
deionized water for about 48 h. Residues were oven-dried at ~40 ◦C for 
~48 h and about 300 benthic foraminiferal specimens were picked from 
the >63 μm grain size residues. 

Taxonomic analysis was performed under steromicroscope and with 
a Zeiss EVO MA 15 scanning electron microscope (SEM) at the Tech
nological Institute of Micropaleontology (itt Fossil - UNISINOS Univer
sity). Generic identifications follow Loeblich and Tappan (1987) and 
Hayward et al. (2012), while identifications at species level are mainly 
based on comparisons with studies by Tjalsma and Lohmann (1983), 
Boltovskoy and Boltovskoy (1989), Boltovskoy and Watanabe (1994), 
and Alegret and Thomas (2001, 2007). In this work we used the 
bathymetric subdivisions of Van Morkhoven et al. (1986) and Berggren 
and Miller (1989): neritic = 0–200 m, upper bathyal = 200–600 m, 
middle bathyal = 600–1000 m, lower bathyal = 1000–2000 m, and 
abyssal >2000 m. 

We calculated Fisher-α diversity, Shannon (H’) heterogeneity, equi
tability (J), and species richness (S) for each sample, using the software 
PAST – Paleontological Statistics (Hammer et al., 2001) and considering 
relative abundances of taxa (e.g., Alegret and Thomas, 2007). R-mode 
hierarchical cluster analysis was also performed using the software 

PAST, in order to identify groups of species with similar distribution 
patterns. Weighted average pair algorithm (UPGMA) and Pearson cor
relation were used as a similarity coefficient. A smaller dataset, with 
relative abundances of 26 species (those with relative abundance >2% 
in at least one sample), was used in the cluster analysis. 

2.3. Total organic carbon (TOC) and calcium carbonate (CaCO3) content 
analyses 

Calcium carbonate (CaCO3) and total organic carbon (TOC) contents 
were measured in 15 samples over the Maastrichtian-lower Paleocene 
(Danian) interval at Site 356. Sediment samples were oven-dried at 
38–60 ◦C for 48 h. For total carbon (TC) measurements, ~0.26 g of 
ground and homogenized bulk sediments was measured in a LECO SC- 
144DR Sulfur and Carbon Analyzer at itt Fossil. TOC content was also 
measured on an aliquot of ~0.26 g of homogenized bulk sediments, after 
acidification with hydrochloric acid (HCl 6N, 1:1), followed by washing 
with distilled water to achieve a neutral pH. CaCO3 content was then 
calculated based on CT and TOC measurements following the equation 
of Stax and Stein (1995). Mean standard error based on duplicate sam
ples is ±0.05‰ for TC and TOC. 

Fig. 2. Geochemical data for the Maastrichtian-Danian interval at DSDP Site 356. (A) carbonate and siliciclastic contents; (B) TOC content; (C) Hg concentrations; 
(D) Hg/CaCO3 ratio; (E) Hg/TOC ratio; (F) model for Deccan Traps eruption volume (Sprain et al., 2019); (G) model for Deccan Traps eruption rates (Schoene et al., 
2019, 2021, 2021). Gray shading marks the interval of low Hg concentrations, Hg/CaCO3 and Hg/TOC ratios. Interpretation of Hg/TOC environmental perturbation 
levels (in E) according to Charbonnier et al. (2020). Planktic foraminiferal zones follow Kochhann et al. (2014) and Krahl et al. (2017). 

Table 1 
Geochemical data for the Maastrichtian-Danian interval of DSDP Site 356.  

Sample Depht (mbsf) Age (Ma) TOC (wt%) CaCO3 (%) Hg (ng.g-1) Hg/CaCO3 Hg/TOC Age 

356-28-4 (73–75) 404.26 65.358 0.161 15.96 29.2 1.830 181.220 Danian 
356-28-5 (73–75) 405.73 65.465 0.209 37.66 11.9 0.316 56.908 
356-28-6 (76–77.5) 407.26 65.576 0.218 36.27 2.3 0.063 10.532 
356-29-1 (75–78) 409.25 65.720 0.269 20.08 4.2 0.209 15.627 
356-29-2 (77–78.5) 410.77 65.899 0.041 20.59 14.6 0.709 359.677 
356-29-2 (95–97) 410.95 65.920 0.293 29.27 17 0.581 57.941 
356-29-2 (120–123) 411.20 65.949 0.225 15.48 6.9 0.446 30.605 
356-29-2 (145–148) 411.45 65.979 0.259 29.46 24.9 0.845 96.128 
356-29-3 (25–27) 411.75 66.014 0.259 28.35 no data no data no data 
356-29-3 (32–34) 411.82 66.022 0.122 61.78 Maastrichtian 
356-29-3 (75–78) 412.25 66.041 0.120 58.85 17.6 0.299 146.667 
356-29-4 (74–76) 413.74 66.107 0.120 68.42 20.9 0.305 174.065 
356-29-5 (75–77) 415.25 66.173 0.143 59.02 13.1 0.222 91.449  
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Table 2 
Benthic foraminiferal relative abundances, species richness, heterogeneity, diversity, equitability at DSDP Site 356. Taxa are grouped by clusters to A, B and C. 
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411.20 65.949 28 0 5 1 0 8 2 8 6 3 3 28 2 0 4 28 42 5 22 8 6 2 7 4 7 4 5 9 12 
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2.4. Mercury (Hg) analysis 

Mercury (Hg) concentrations were measured on 13 samples (Maas
trichtian-lower Danian) from Site 356 at the LABOMAR Laboratory of 
the Federal University of Ceará, following the procedure described by 
Sial et al. (2014). For each sample, ~0.9 g of homogenized sediments 
was oven-dried at 60 ◦C prior to digestion in a hydrochloric (HCl) and 
hydrofluoric (HF) acids solution, and heated up to 70 ◦C for 1 h in an 
athermic-kinetic reactor. Sample vials were all cleaned with an Extran 
solution (10% v/v), immersed in an HCl solution (10% v/v) for two extra 
days and rinsed with Milli-Q water. Hg2+ was reduced with SnCl2 and 
measured with a Cold Vapor Atomic Fluorescence Spectrometer (Mil
lennium Merlin PSA). All samples were measured as duplicates, pre
senting reproducibility better than 9.5%, and the reference material 
NIST 2702 was measured for accuracy control. 

3. Results 

3.1. Geochemical data 

Carbonate content was high (>60.0%) in the Maastrichtian, and 
dropped abruptly at the K-Pg boundary, oscillating between 15.5 and 
37.7% in the Danian (Fig. 2A; Table 1). TOC values, on the other hand, 
remained low throughout the studied interval (Fig. 2B; Table 1). During 
the Maastrichtian, TOC was ~0.1%, increased above 0.2% at the K-Pg 

boundary and within the first meter of the Danian section, and fluctu
ated between 0.0 and 0.3% during the remaining of the Danian. 

Mercury concentrations during the Maastrichtian varied between 8.3 
and 20.9 ng/g, while the Danian interval of Site 356 displayed the 
highest amplitude variability, ranging from 2.3 to 29.2 ng/g (Fig. 2C; 
Table 1). The Hg/TOC ratio displays significant variability in the studied 
interval (Fig. 2E; Table 1). In the Maastrichtian, Hg/TOC values oscil
lated between 78.81 and 174.06, and in the Danian between 10.53 and 
359.67. The Hg/TOC ratio also peaked in the first centimeters above de 
K-Pg boundary and at 65.358 Ma (404.26 mbsf). In this work, we also 
applied the ratio between Hg/CaCO3, since different values of carbonate 
content were observed. The Hg/CaCO3 ratio was low in the Maas
trichtian, and the highest increases in Hg/CaCO3 also occurred in the 
first centimeters above the K-Pg boundary and at 65.358 Ma (404.26 
mbsf), within the Danian (Fig. 2D; Table 1). Both Hg/CaCO3 and Hg/ 
TOC present low values between 407.26 mbsf and 409.25 mbsf (P1a 
biozone), from ~65.57 to 65.72 Ma (Fig. 2; Table 1). Even though low 
CaCO3 content following the K-Pg boundary may have influenced trends 
in the Hg/CaCO3 ratio, it is remarkable that Hg/CaCO3 and Hg/TOC 
present overall comparable trends throughout the studied interval at 
Site 356. 

3.2. Benthic foraminiferal assemblages 

Benthic foraminiferal assemblages at Site 356 are well-preserved and 

Fig. 3. Representative benthic foraminiferal species recovered from the Cretaceous-Paleogene interval at DSDP Site 356. 1A-C) Stensioeina beccariiformis (405.73 
mbsf); 2A-C) Paralabamina lunata (411.20 mbsf); 3A-C) Anomalinoides sp. (404.26 mbsf); 4A-C) Nuttallides truempyi (411.82 mbsf); 5A-C) Oridorsalis umbonatos 
(411.20 mbsf); 6A-C) Gyroidinoides soldanii (409.25 mbsf). Scale bars represent 100 μm. 
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we identified 55 benthic foraminiferal species over the studied interval 
(Table 2). Overall, calcareous forms dominated assemblages, reaching 
96.0–98.7% of total benthic foraminiferal counts (Table 2). Species with 
relative abundances higher than 2% at Site 356 are presented in Figs. 3 

and 4. Assemblages were dominated by Cibicidoides hyphalus (12.97%), 
Paralabamina lunata (9.12%), Anomalinoides sp. (8.29%), Nuttallides 
truempyi (8.22%), Oridorsalis umbonatus (4.84%) and Gyroidinoides sol
danii (4.67%) (Fig. 5). Together, these species make 48.11% of the total 

Fig. 4. Representative benthic foraminiferal species recovered from the Cretaceous-Paleogene interval at DSDP Site 356. 1A-C) Pullenia jarvisi (411.45 mbsf); 2A-C) 
Cibicidoides hyphalus (407.26 mbsf); 3A-B) Strictocostella hispidula (410.95 mbsf); 4A-B) Pyrulina spp. (405.73 mbsf); 5A-B) Bolivinoides sp. (409.25 mbsf); 6A) 
Pleurostomella acuta (411.75 mbsf); 7A) Pyramidina rudita (410.77 mbsf); 8A) Bulimina midwayensis (411.45 mbsf). Scale bars represent 100 μm. 

Fig. 5. Benthic foraminiferal distributions over the studied interval at DSDP Site 356. We present relative abundances of the most representative benthic forami
niferal species (with >2% relative abundances), species richness, equitability, Shannon-Weaver index (heterogeneity) index, and Fisher-a index (diversity). Gray 
shading marks the stratigraphic interval of low Hg concentrations and Hg/TOC ratios (also shown here). 
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benthic foraminiferal counts and suggest deposition at middle to lower 
bathyal paleodepths (e.g., Tjalsma and Lohmann, 1983). We also present 
paleobathymetric preferences for the most representative benthic fora
minifer species in Table 3. 

Richness, defined as the number of species per sample, varied from 
30 to 43 over the studied interval at Site 356. The highest richness value 
was recognized within the Danian, at 407.26 mbsf (Fig. 5). The equi
tability index varied between 0.7 (412.25 mbsf) and 0.9 (407.26 mbsf) 

(Fig. 5). Values closer to 1 (at 405.26 and 407.26 mbsf) indicate a more 
even distribution of abundances among the taxa of a given assemblage. 
The Shannon-Wienner and Fisher diversity indexes exhibit overall 
similar trends (Fig. 5). The Shannon-Wienner index oscillated between 
2.6 (412.25 mbsf) and 3.4 (405.73 mbsf), whereas the Fisher index 
varied between 8.6 (410.77 mbsf) and 14.4 (407.26 mbsf). As a general 
feature, all diversity indexes show high values for the Danian interval 
(P1a zone; Fig. 5). 

3.2.1. Cluster analysis 
Cluster analysis of the benthic foraminiferal faunal data allowed us 

to identify three main clusters in R mode (Fig. 6). Cluster A includes 
species that were more abundant in the Danian, after ~65.72 Ma. (P1a 
zone; Fig. 7). The most representative species in cluster A are Bolivinoides 
sp. and Strictocostella hispidula. Similarly, cluster B includes species that 
were more abundant in the Danian, but more specifically between the K- 
Pg boundary and ~65.72 Ma. (Pα and lower P1a zones; Fig. 7). The most 
representative species of cluster B are Paralabamina lunata, Oridorsalis 
umbonatus, Anomalinoides sp. and Pleurostomella acuta. Cluster C groups 
species that were more abundant in the Maastrichtian, between ~66.17 
Ma (base of the studied interval) and the K-Pg boundary (Fig. 7). For 
cluster C, the most representative species are Cibicidoides hyphalus, 
Nuttallides truempyi and Stensioeina beccariiformis. 

4. Discussions 

4.1. Reliability and significance of the Hg-based proxies 

Trends in CaCO3 and TOC contents at Site 356 are similar to those 
observed in other K-Pg sections, with abrupt drops in CaCO3 content and 
slight increases in TOC at the transition (e.g., D’Hondt, 2005). TOC re
mains low throughout the studied interval of Site 356, suggesting that 

Table 3 
Benthic foraminifera specimes identified at DSDP Site 356, grouped into pale
obatimetry preference.  

Especime Bathymetric common distribition 

Cibicidoides hyphalus Lower (a, b) at middle bathyal (c) 
Nuttallides truempyi Middle-lower bathyal and abyssal (a, e, b, f); Bathyal and 

abyssal (d) 
Paralabamina lunata Bathial to abyssal (c) 
Oridorsalis 

umbonatus 
Deep Bathyal (g); Wide wide bathymetric distribution(b) 

Pleurostomella acuta Bathyal (h) to lower bathyal (i) 
Gyroidinoides 

soldanii 
Bathyal (h) to upper bathyal (i) 

Pullenia jarvisi Bathyal (h) 
Stensioenia 

beccariformis 
Bathyal–abyssal (d); Lower bathyal (b, f); Bathyal (e) and 
Abyssal (e, f); Bathyal to abyssal (c) 

Bulimina 
midwayensis 

Bathial to abyssal (b) 

Pyramidina rudita Middle bathyal (c) 
Strictoscostella 

hispidula 
Bathyal (h) 

(a) Van Morkhoven et al. (1986); (b) Tjalsma and Lohmann (1983); (c) Widmark 
and Speijer (1997); (d) Berggren and Aubert (1975); (e) Speijer (1994); (f) 
Widmark (2000); (g) Alegret and Thomas (2004); (h) Boltovskoy and Watanabe 
(1994); (i) Culver (1988). 

Fig. 6. R-mode hierarchical cluster analysis of benthic foraminiferal relative abundances across the Maastrichtian-Danian transition at DSDP Site 356, with iden
tifications of clusters A-C. 
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Fig. 7. Relative abundances of clusters A (yellow), B (beige) and C (orange) over the Maastrichtian-Danian transition at Site 356, including the relative abundances 
of their most representative species (black lines at the center of each area plot). The most abundant species are: Bolivinoides sp. for cluster A, Paralabamina lunata for 
cluster B, and Cibicidoides hyphalus for cluster C. 

Fig. 8. Cross-plots of geochemical proxies (Hg concentrations, Hg/TOC and Hg/CaCO3) and diversity indexes (Richness, Equitability, Shannon-Wiener diversity and 
Fisher diversity) at Site 356. (A) Hg vs Richness. (B) Hg vs Equitability. (C) Hg vs Shannon-Wiener diversity. (D) Hg vs Fisher diversity. (E) Hg/TOC vs Richness. (F) 
Hg/TOC vs Equitability. (G) Hg/TOC vs Shannon-Wiener diversity. (H) Hg/TOC vs Fisher diversity. (I) Hg/CaCO3 vs Richness. (J) Hg/CaCO3 vs Equitability. (K) Hg/ 
CaCO3 vs Shannon-Wiener diversity. (L) Hg/CaCO3 vs Fisher diversity. All r2 values < -0.3 are shown in green. 
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the Hg/TOC ratio is not biased by variations in TOC content (Sial et al., 
2016). However, Hg/TOC values could be biased for samples with TOC 
<0.2% (Grasby et al., 2016), which is the case for the Maastrichtian 
interval of Site 356 (Fig. 2), and/or post depositional alteration of the 
organic matter (Charbonnier et al., 2020). We consider it unlikely that 
these low TOC values biased Hg/TOC ratios, since the calculated values 
for the ratio show only small amplitude variability in the Maastrichtian. 
For the whole Maastrichtian-Danian interval of Site 356, Hg/TOC pre
sents a strong positive correlation with Hg concentrations (Fig. 2) and 
values are within the expected range of unbiased Hg/TOC ratios of 
Charbonnier et al. (2020) (Fig. 2). Furthermore, the Hg/TOC and 
Hg/CaCO3 ratios show overall similar trend in the Maastrichtian and 
Danian (Fig. 2D and E), suggesting that Hg-based proxies indeed 
recorded an environmental signal at Site 356. 

We are cautious, however, with interpreting high-resolution Hg/TOC 
spikes for the Maastrichtian-Danian interval (e.g., Sial et al., 2014, 2016 
e 2018), due to the low TOC values mainly within the Maastrichtian. At 
the K-Pg transition, we can confidently interpret high Hg/TOC values 
within the uppermost Maastrichtian and lowermost Danian as indicative 
of a paleoenvironmental disturbance, with Hg/TOC between 40 and 400 
(e.g., Charbonnier et al., 2020). These high values of Hg/TOC, and also 
Hg/CaCO3 and Hg concentrations (Fig. 2), close to the K/Pg boundary 
are potentially correlated with pulses of the Deccan Traps volcanism in 
India (e.g., Sprain et al., 2019; Schoene et al., 2019, 2021). Upward in 
the Site 356 section, the lowest Hg concentrations, and Hg/TOC and 
Hg/CaCO3 ratios, occurred within the Danian, between ~65.72 and 65. 
57 Ma (P1a zone; Fig. 2), suggesting a link with reduced volcanic ac
tivity and environmental stability between the Deccan Trap Ambenali 
and Mahabeleswar formations (pulses). 

Our age estimates for this interval with low Hg/TOC ratios at Site 
356 (~65.72–65. 57 Ma) agree well with the gap between the main 
phases of the Deccan Trap volcanic pulses reported by Schoene et al. 
(2019, 2021) (Fig. 2). However, between the depths of 404.26 
(~65.358 Ma) and 407.73 mbsf (~65.465 Ma), Site 356 records 
increased Hg concentrations (and Hg/TOC and Hg/CaCO3) that do not 
correlate in age with the Mahabeleswar Formation (pulse; Schoene 
et al., 2021). This difference may be related to (i) variation in the 
sedimentation rates at Site 356 through the P1a biozone, (ii) diachron
ism of the planktic foraminiferal markers used as age-depth tie point in 
our age model, and/or (iii) differences in the methods used to constrain 
the Deccan Traps age models. Regarding the latter, our Hg proxy records 
seem to better agree with the eruption rates of Schoene et al. (2019, 
2021), who used U–Pb dating, than with the eruption volume estimates 
of Sprain et al. (2019), based on Ar40/Ar39 dating (Fig. 2). Nevertheless, 
establishing direct links between Deccan Traps pulses and deep-ocean 
Hg anomalies requires additional high-resolution studies with 
well-constrained chronologies. 

4.2. Impacts on benthic foraminiferal assemblages 

The species Cibicidoides hyphalus, Nuttallides truempyi, Paralabamina 
lunata and Anomalinoides sp. were abundant in the Maastrichtian-Danian 
interval at Site 356. Therefore, we can suggest that bottom waters were 
well-oxygenated, probably related to an oligotrophic regime (e.g., 
Schönfeld and Burnett, 1991; Widmark and Speijer, 1997; Alegret and 
Thomas, 2007). This inference is also supported by low TOC concen
trations. Furthermore, as pointed out by Alegret and Thomas (2013), 
increased relative abundances of heavily calcified forms, such as 
C. hyphalus and N. truempyi, may reflect the occurrence of deep waters 
supersaturated in carbonate ion, mainly for the interval before the K-Pg 
extinction event at Site 356 (chron C30r to the K-Pg boundary). These 
heavily calcified forms were also grouped in cluster C (Figs. 6 and 7), 
which presents higher relative abundances within the Maastrichtian. 

The extinction event at the K-Pg boundary affected several fossil 
groups, among them planktic foraminifera (e.g., Koutsoukos, 1996, 
2014; Gallala et al., 2009; Arenillas et al., 2018). This planktic 

foraminiferal extinction was also recognized at Site 356 (Krahl et al., 
2017). However, benthic foraminiferal assemblages at Site 356 do not 
record a significant evolutionary turnover at the K-Pg transition. This 
pattern is in accordance with those described elsewhere, for instance, on 
the Walvis Ridge (Ocean Drilling Program – ODP Hole 1262C; Alegret 
and Thomas, 2007), Gulf of Mexico (Alegret et al., 2001), Maud Rise 
(ODP Site 689–690; Culver, 2003), Broken Ridge (ODP Site 752; Culver, 
2003), Hess Rise (DSDP Site 465; Widmark and Malmgren, 1992) and at 
Coldorso Section (Italy; Coccioni and Savelli, 1983) This observation 
supports the notion that the environmental effects of the K-Pg boundary 
event were mostly restricted to shallow waters, as suggest by Culver 
(2003). 

We also observed increased relative abundances of Stensioeina bec
cariiformis and Cibicidoides hyphalus (>25%) during the latest Maas
trichtian, similar to the pattern described by Alegret and Thomas (2007) 
for Site 1262, which is geographically close to the location of Site 356. 
However, at Site 356 diversity increased immediately after the K-Pg, 
whereas on the Walvis Ridge (Site 1262) diversity indexes dropped. 
Distinct recovery patterns for post K-Pg paleoproductivity proxy records 
were also described for the western and eastern South Atlantic Ocean by 
Hull and Norris (2011). 

For the studied interval at Site 356, biostatistical parameters show 
similar trends. We observed smooth variations in richness, diversity and 
equitability within the Maastrichtian to Danian interval (Fig. 5). Be
tween ~65.72 and 65.57 Ma (P1a zone), the lowest Hg values (for 
concentrations and ratios) occurred. This interval, also records slight 
increases of diversity indexes (Fig. 5). For instance, all diversity indexes 
show slight negative correlation with Hg concentrations, Hg/TOC and 
Hg/CaCO3, with the most significative correlations reached r2 ~0.4 
(Fig. 8). 

In modern continental and marine aquatic environments, Hg is 
considered one of the most threatening trace metal pollutants for living 
organisms (Jiang et al., 2006; Driscoll et al., 2013; Sizmur et al., 2018). 
Furthermore, Hg is bioaccumulated in aquatic environments as the 
trophic level increases (Gebka et al., 2018). The effects of water Hg 
concentrations on modern benthic foraminiferal assemblages from 
coastal environments are widely reported in the literature (e.g., Fron
talini et al., 2018). Drops in diversity, coupled to high Hg concentra
tions, were reported by Frontalini et al. (2009) and Caruso et al. (2011). 
In the geological record, however, we consider it unlikely that 
deep-ocean Hg concentration reached levels compared to those of 
modern coastal environments. 

In addition to an increase in Hg emissions, Deccan Traps volcanism 
likely increased emissions of carbon dioxide (CO2) and acids (e.g., HCl; 
Self et al., 2008). However, the excellent preservation of benthic fora
miniferal assemblages at Site 356 (e.g., Boersma, 1977; Kochhann et al., 
2014; Krahl et al., 2017), does not support increased deep-ocean ocean 
acidification associated with the event. Instead, low CaCO3 content in 
the Danian section of Site 356 suggests a possible role for decreased 
accumulation of calcareous primary producers in controlling early 
Danian foraminifera occurrences. This processes could potentially affect 
food availability for deep-ocean benthic foraminiferal assemblages. 

5. Conclusions 

Maastrichtian-Danian benthic foraminifera from Site 356 were 
typical of lower bathyal to abyssal paleodepths, suggesting the occur
rence of well-oxygenated bottom water conditions, probably under an 
oligotrophic regime. Increased Hg concentrations, and also Hg/TOC and 
Hg/CaCO3 ratios, during the Maastrrichtian-Danian at Site 356 were 
likely connected to pulses of the Deccan Traps volcanism. When Hg 
concentrations and ratios were low (~65.57–65.72 Ma; P1a biozone), 
benthic foraminiferal species richness, heterogeneity (Shannon- 
Wiener), diversity (Fisher-α) and equitability slightly increased. How
ever, additional high-resolution studies with well-constrained chronol
ogies are needed to test this hypothesis, since several factors associated 
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with the K-Pg environmental perturbation, such as food availability, 
may have affected deep-ocean benthic foraminiferal assemblages. 
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Appendix A. List of identified taxa 

Taxonimic list of all benthic foraminifera recognized in DSDP Site 
356, arranged in a systematic order. 

Allomorphina conica 
Anomalinoides sp. 
Anomalinoides sp. 1 
Aragonia velascoensis 
Astacolus sp. 
Bolivinoides decorates 
Bolivinoides sp. 
Bolivinopsis cubensis 
Bulimina aff. kugleri 
Bulimina midwayensis 
Bulimina simplex 
Bulimina trinitatensis 
Buliminella beaumonti 
Chrysalogonium equisetiformis 
Cibicidoides ? sp. 
Cibicidoides hyphalus 
Coryphostoma incrassate 
Coryphostoma sp. 
Ellipsoglandulina sp. 
Fissurina spp. 
Gaudryina pyramidata 
Glomospira sp. 
Gyroidinoides soldanii 
Hauerinidae spp. 
Hemirobulimina sp. 1 
Laevidentalina sp. 1 
Laevidentalina sp. 2 
Laevidentalina sp. 3 
Lagena spp. 
Lagena sulcata 

Lenticulina convergens 
Lenticulina sp. 
Marssonella sp. 
Marssonella sp. 1 
Nodosaria sp. 1 
Nuttallides truempyi 
Oridorsalis umbonatus 
Paralabamina hillebrandti 
Paralabamina lunata 
Planulina sp. 
Pleurostomella acuta 
Praebulimina reussi 
Pullenia bulloides 
Pullenia jarvisi 
Pyramidina rudita 
Pyrulina spp. 
Quadrimorphina allomorphinoides 
Saracenaria sp. 
Stensioeina beccariiformis 
Stilostomella sp. 2 
Strictocostella hispidula 
Vulvulina spinosas 
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