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a b s t r a c t

A biostratigraphic and paleoenvironmental characterization of the CampanianeMaastrichtian deposits
on The Naze (James Ross Island, Antarctica) based on the foraminiferal assemblages, lithofacies analysis,
and Hg/total organic carbon (TOC) data was developed. The sedimentary deposits mapped in The Naze
region showed an association of four sedimentary lithofacies, including greenish-gray claystone, shales
with levels of concretion, bioturbated marl, and sandstone. The sedimentary deposits have been covered
by a fifth lithofacies, the James Ross Island Volcanic Group (JRIVG), which consists of pyroclastic rocks
interbedded with basalt bodies. The association of agglutinated foraminifera was found to consist mainly
of Rzehakina epigona, Trochammina ribstonensis, Gaudryina healyi, Karreriella aegra, Dorothia elongata,
Alveolophragmium macellarii, Cyclammina complanata and Spiroplectammina spectabilis, that allow to
infer a Campanianeearly Maastrichtian age to the studied interval. An association of opportunistic
agglutinated foraminifera predominated in this stressful environment. The absence of Hg-TOC unasso-
ciated excursions ruled out distal volcanism as a source of environmental stress, while Hg/TOC ratio
variability suggested that regional oceanic processes were the major environmental change driver.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The James Ross Archipelago consists of a group of islands located
near the Antarctic Peninsula (63.76�S e 64.58�S, 56.44�W e

58.50�W), and covers an area of ~2600 km2 (Del Valle and Scasso,
iovesan), osv.correia@yahoo.
(R.M. Melo), ldrude1956@
(R.O. Dos Santos), allysson.

ufabc.edu.br (F.R. Costa),
(A.W. Armin Kellner).
2004). The Naze is included in the James Ross Basin (JRB) (Riding,
1996; Crame et al., 1996), and comprises an important Upper
Cretaceous section (Fig. 1).

The CampanianeMaastrichtian (~83e66 Ma) was a time of
global climate cooling (Jenkyns et al., 1994; Huber et al., 2002;
Friedrich et al., 2009, 2012; Linnert et al., 2018). The culmination of
this event was accompanied by third-order global sea level falls
(e.g., Haq et al., 1987; Barrera et al., 1997; Li and Keller, 1999), and
several significant carbon-cycle perturbations (Barrera et al., 1997).
These phenomena were associated with the so-called
CampanianeMaastrichtian Boundary Event (CMBE; Friedrich
et al., 2009), and formally defined by the first appearance of the



Fig. 1. Geological map of The Naze, James Ross Island, based on collected field data and Sentinel satellite imagery. Detail for the simplified stratigraphic chart of the JRB, showing the
studied deposit belonging to the Snow Hill Island Formation (SHIFM), after Olivero (2012).
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ammonite Pachydiscus neubergicus, which delimits the base of
Maastrichtian strata (Odin et al., 1996; Ogg et al., 2016).

In the JRB, the CampanianeMaastrichtian interval has been
identified based on the stratigraphic distribution of macrofossils,
especially ammonoids and microfossils (Del Valle et al., 1982;
Crame et al., 1991; Pirrie et al., 1991, 1997; Olivero and Medina,
2000; Olivero, 2012; Di Pasquo and Martin, 2013; Guerra et al.,
2015; Amen�abar et al., 2019). The base of the Maastrichtian Stage
was isotopically reassessed by Crame et al. (1999), using the
strontium isotopes 87Sr/86Sr, on Vega, Snow Hill, Seymour, and
James Ross islands. Results from a magnetostratigraphic study by
Milanese et al. (2019), on sedimentary rocks of the Marambio
Group, in the SE JRB, indicated a mid-Campanianeearly Maas-
trichtian age for the studied deposits, which partially agreed with
previous ammonite data.

Considering Upper Cretaceous foraminifera from James Ross
Island (JRI), some studies have shown a diverse assemblage,
composed of benthic and planktic species frommarginal marine to
bathyal environments (Macfadyen, 1966; Webb, 1972; Huber, 1988;
Morlotti and Concheyro, 1999; Hradeck�a et al., 2011; Florisbal et al.,
2013; Caram�es et al., 2016). In biostratigraphic terms, the
CampanianeMaastrichtian section was dated by recognizing the
Gaudryina healyi Zone (mid to late Campanian), which allowed
2

correlation to be established between the Cape Lamb (Vega Island),
The Naze (JRI), Snow Hill Island, and lowermost Seymour Island
beds. In contrast, the late Campanian through Maastrichtian Hed-
bergella monmouthensis Zone has been reported only from Seymour
Island (Huber, 1988). In the study described here, analyses of
foraminiferal assemblages, sedimentary lithofacies, and Hg/total
organic carbon (TOC) data, derived from the
CampanianeMaastrichtian sedimentary record at The Naze in the
JRB, were combined, to improve regional biostratigraphic and
paleoenvironmental characterization.
2. Geological setting

The JRB is located in the northern region of the Antarctic
Peninsula (Fig. 1). Its geological evolution is complex and is related
to Mesozoic retro-arc basins (Hathway, 2000; Del Valle and Scasso,
2004). The JRB has sedimentary strata approximately 6000m thick,
ranging from the Lower Cretaceous (Barremian) to the Paleogene
(Eocene) (Milanese et al., 2019).

The Cretaceous infill of the JRB is divided into two stratigraphic
units, the Gustav Group, ranging from the Aptian to the Coniacian,
and the Marambio Group, comprising the SantonianeDanian in-
terval (Olivero, 2012; Amen�abar et al., 2019), and consisting of fine



Fig. 2. Sentinel satellite (Sentinel-2) imagery showing the lithostratigraphy correlation through The Naze from stratigraphic profiles acquired. The yellow line represents the
lithological correlations for the sections (AeE) detailed in the lower portion of this figure. The dashed red line demonstrates the regional unconformity between the top of the
sedimentary units related to Snow Hill Island Formation (SHIFM) and the James Ross Island Volcanic Group (JRIVG). (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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sandstones, claystones and carbonates. This facies association may
indicate shallow marine sedimentation in a transitional marine
environment (Rinaldi et al., 1978; Crame et al., 1991; Pirrie et al.,
1997; Olivero and Medina, 2000; Francis et al., 2006; Olivero,
2012; Guerra et al., 2015). The Snow Hill Island Formation is
3

composed of sandstone, mudstone and a mudstoneesiltstone-
dominated heterolytic layers (Olivero, 2012; O'Gorman, 2012). The
Snow Hill Island Formation deposits have been covered by lava
flows and pyroclastic rocks from the James Ross Island Volcanic
Group - JRIVG (Calabozo et al., 2015), aged 6.2e0.13 Ma
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(Kristjansson et al., 2005; Calabozo et al., 2015), and by glacial
deposits (Fig. 1).

Crame et al. (1991) and Crame (1992) presented a
CampanianeMaastrichtian stratigraphic summary of the Upper
Cretaceous for the JRB, combining stratigraphic data for di-
noflagellates, ammonoids, and other invertebrate fossils. Crame
et al. (2004) presented an integrated study of Antarctica lithology,
biostratigraphy and chronostratigraphy, dealing with the
Maastrichtian.

3. Material and methods

The studied material was collected by the PALEOANTAR Project
(Kellner et al., 2019) in the region of The Naze, JRI, in the austral
summer of 2017/2018, during the 36th Antarctic Operation
(OPERANTAR XXXVI), supported by the Brazilian Antarctic Program
(PROANTAR).

Geological mapping was carried out at 1:30,000 scale, and five
stratigraphic sections were made in the study area. From the
stratigraphic profiles described here, the best exposed was selected
(Fig. 2, profile D, located at 63.9� S and 57.5� W), and then sampled
for micropaleontological and geochemical analyses. Geologic
mapping was created using images provided by the Sentinel-2
satellite and field data (Figs 1e2). From the 13 spectral bands of
this satellite, the red, green, and blue bands were combined, to
produce a false-color image, with a 10 m spatial resolution.

A total of 23 samples were processed but only 10 of them
resulted productive for microfossils. Preparation followed the
usual procedure for carbonate microfossil recovery. Approxi-
mately 100 g of rocks were immersed in hydrogen peroxide, and
then washed under water in 45, 63, 180, 250 and 500 mm sieves.
All specimens from the 180 and 250 mm fractions were selected,
with the remaining fractions being barren. The relative abun-
dance of foraminifera species was calculated from the total count
recovered in each sample, and the distribution of agglutinated
foraminiferal morphogroups was used as an indicator of paleo-
environmental conditions (according to Jones and Charnock,
1985; Koutsoukos and Hart, 1990; Nagy et al., 1995; van den
Fig. 3. Lithofacies identified in the study area. Four of them are sedimenta
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Akker et al., 2000; Kaminski and Gradstein, 2005; Murray et al.,
2011). The specimens presented here were deposited in the
micropaleontological collection of the Laboratory of Applied
Micropaleontology (LMA) of the Federal University of Pernam-
buco, Brazil.

The same samples used for micropaleontology analysis were
used for the quantification of total mercury and TOC concentra-
tions. Before Hg quantification, sediment samples were digested
according to the method described in Aguiar et al. (2007). TOC was
quantified according to the method of Yeomans and Bremner
(1988), as adapted by Mendonça and Matos (2005).

4. Results

4.1. Lithofacies

The geological mapping of the rocks cropping out in The Naze
Peninsula allowed identification of five lithofacies: four of them
represent carbonateesiliciclastic sedimentary rocks which are
related to the shallow marine environment, and the other lith-
ofacies related to volcanicepyroclastic sequences that cover the
Upper Cretaceous sedimentary lithofacies (Fig. 3). Sedimentary
lithofacies occur in a restricted area in the The Naze, whereas the
outcrops of the JRIVG are widely distributed in the mapped region.
The JRIVG is represented by sequences of pyroclastic deposits
interlayeredwith effusive volcanic rocks of basic composition. From
the stratigraphic profiles, it was possible to verify that the contact at
the top of the Cretaceous rocks (Snow Hill Island Formation)
occurred through an erosive unconformity, which marked the
beginning of JRIVG deposition.

The mapped sedimentary units were divided into four lith-
ofacies, as illustrated in Figs 4 and 5. The first mapped lithofacies
was given the abbreviation MSht, and presented good lateral con-
tinuity in the studied area; it consisted of mudstones, represented
by silt and clay, interbedded with fine sandstones, generating a
parallel, heterolithic lamination. Fossil concretions that contained
abundant marine crustaceans, as well as flaser, wavy, and linsen
sedimentary structures, were also found in this lithofacies. MSht
ry lithofacies and the fifth is related to volcanic deposits of the JRIVG.



Fig. 4. Photographs of the lithofacies mapped on The Naze: A The dotted white lines mark contact between the Sgn lithofacies from the SHIFM and the JRIVG; B detail of the erosive
levels (blue and red arrows) inserted in Sgn lithofacies. Blue and red arrows indicate a level of reworked clay clasts and concretions, respectively (scale ¼ 0.5 m); C Mb lithofacies
showing parallel bioturbation and flat lamination; D Mb lithofacies bioturbation detail. (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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Fig. 5. Series of photos showing the main features mapped at The Naze. A Detail for the heterolithic level: MSht lithofacies, composed of interbedded fine pelites and sandstones,
with heterolithic lamination; B heterolithic level, with a calcitic concretion, and MSht lithofacies (scale ¼ 5 cm); C Ml lithofacies: greenish shale showing fissility and late fractures
with oxidized planes (scale ¼ 5 cm); D from the base of the MSht lithofacies: the red dotted lines indicate a layer of Mb lithofacies, with Ml lithofacies above. (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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can be interpreted as a result of transport energy oscillations, which
cause transport in the sand fraction, together with decantation and/
or clay transport, producing the sedimentary structures observed in
the outcrops.

A second lithofacies (defined as Mb) appeared as thin marl
layers with bioturbation, and presented a discontinuous parallel
lamination, representing an abrupt change in depositional condi-
tions. There was a predominance of chemicalebiological carbonate
precipitation, together with periods of low energy, in which the
clay decantation process dominated.

The third lithofacies (Ml) consisted of greenish and fossiliferous
shales, with carbonate concretions and scattered fossil fragments in
its matrix. The laminations were parallel and generally presented
good lateral continuity, despite its presents local deformation due
to JRIVG intrusions. The Ml lithofacies indicated a low energy
condition, together with a predominance of pelitic material
decantation in deep water and low oxygenation conditions, as
witnessed by the presence of fine pyrite grains.

The fourth lithofacies (Sgn) consisted of a medium-to-fine,
beige-colored sandstone layer, with normal and multiple grada-
tions that contained a level of reworked clay clasts and concretions.
The lower contact between the Sgn lithofacies and Ml is erosive,
which was, perhaps, marking a local unconformity. Sgn lithofacies
could be interpreted as a traction product, related to underwater
gravitational flows.

There was a fifth lithofacies capping the four described above,
related to volcanicepyroclastic units of the JRIVG (Fig. 4), which
occurs almost throughout the region of The Naze Peninsula. These
are pyroclastic rocks, classified as ignimbrites, and surge deposits
(Ghidella et al., 2013), with the latter making up the main sub-
strates of Terrapin Hill.
6

4.2. Foraminiferal assemblages

In the present study, only 10 out of the 23 analyzed samples
yielded microfossils (Figs 2 and 6, section D), and these consisted of
an abundant Upper Cretaceous (CampanianeMaastrichtian) fora-
miniferal assemblage. Although the specimens were only poorly to
moderately preserved, 38 benthic foraminifera taxa were identi-
fied, and these taxa included 37 agglutinated and a single calcar-
eous species (Fig. 6 and supplementary material). No planktic
species were recovered. Photomicrography of representative
specimens from each taxon has been presented in Figs 7e9.

Some specimen tests were found in a flat condition (Trocham-
mina, Alveolophragmium and Reophax), and others fragmented
(mainly the elongated tubular forms). Throughout the section
where foraminifera were recorded (samples PA29.1e11), only
sample PA29.6 was barren, with all others dominated by aggluti-
nated foraminifera. The rare calcareous specimens, attributed to the
genus Anomalinoides, had an opaque appearance, with signs of
dissolution. These specimens were confined at the top of the sec-
tion, and represented an impoverished and dissolution-resistant
association, which suggested a period of low calcium carbonate
availability in the water column and/or the water/sediment inter-
face. Foraminifera were not found in the upper section (samples
PA29.12e23).

Morphogroup analyses (Fig. 10) showed that the assemblage
compositions varied, with morphogroups M4a (epifaunal/shallow
infaunal, rounded plane form) and M2b (epifaunal planoeconvex
trochospiral form) more abundant in these assemblages. There
was an increase in the relative abundance of infauna from the
middle portion of the section (sample P29.8), represented by
morphogroups M2a (globular form) and M4b (elongated form).
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Morphogroups M1 (tubular form) and M2c (elongate keeled form)
occurred only from the middle portion of the section (sample
PA29.7), while M3a (flattened planispiral form) occurred only at the
base of the section (sample PA29.2)dand in low abundance. As for
the life position, epifaunal/shallow infaunal foraminifera domi-
nated the associations, followed by the infaunal, which presented a
dominance peak in sample P29.5.

4.3. Geochemical results

The basal portion of the studied section (Fig.11, samples
PA29.1e4; and supplementary material) showed high Hg and TOC
concentrations, resulting in a high Hg/TOC ratio. There was a sharp
negative excursion of Hg and TOC concentrations, as well as of the
Hg/TOC ratio, at the interface of samples PA29.5e6, which signaled
decreased carbon and mercury transfers to the sediments. For the
medium portion of the section (Fig.11, samples PA29.7e11), high
values were recorded for both variables, although there was no
anomalous peak in the Hg/TOC ratio. This could indicate significant
influence from volcanogenic Hg, as observed in different time pe-
riods (see Sial et al., 2016, for a review), and there was no evidence
for an Hg drawdown by organic carbondwhich is a major Hg
scavenging process for sediments. It was found that Hg concen-
trations were lower thanwould be typical for such peaks, such as in
the KePg at Biddart section, France (~50 ng.g�1) (Font et al., 2016),
and at Stevns Klint section, Denmark (127e257 ng.g�1) (Sial et al.,
2013), during the latest Permian extinction (up to 600 ng.g�1)
(Sanei et al., 2012), and at the Toarcian Oceanic Anoxic Event
(TeOAE) horizon, in which Hg concentrations reached
200e300 ng.g�1 (Percival et al., 2015).

5. Discussion

5.1. Biostratigraphy

The CampanianeMaastrichtian boundary in Antarctica is
defined by the range of the ammonite Gunnarites antarcticus, with
the reference section located on Cape Lamb Peninsula, Vega Island
(Crame et al., 1999). CampanianeMaastrichtian foraminiferal as-
semblages from JRI and surrounding areas have been the subject of
several studies (Macfadyen, 1966; Huber et al., 1983; Huber, 1988;
Morlotti and Concheyro, 1999; Caram�es et al., 2016). In the JRI re-
gion, the foraminiferal biostratigraphic framework for the Late
Cretaceous was first established by Huber (1988), who divided it
into three biozones, a ?midelate Campanian Gaudryina healyi Zone,
a late CampanianeMaastrichtian Hedbergella monmouthensis Zone,
and a Danian Globastica daubjergensis Zone.

The constraint of the age of the Snow Hill Island Formation
deposits at The Naze has been a matter of debate. Previous studies
here, carried out by Askin (1988) and Huber (1988) documented
palynomorphs and foraminiferal assemblages which they attrib-
uted to the midelate Campanian. Subsequently, Bowman et al.
(2012) revised the dinoflagellate assemblages from the L�opez de
Bertodano Formation on Seymour Island, previously analyzed by
Askin (1988), and proposed a new biozonation, positioning these
deposits in the late Maastrichtian. More recently, outcrops from
The Naze were assigned to the early Maastrichtian, by Di Pasquo
and Martin (2013), although the authors reported several
Fig. 7. Agglutinated foraminifera from The Naze, section D: A Rhabdammina sp.; lateral view,
PA29.8; D Rhizammina sp.; lateral view, PA29.1; E and I Saccammina sphaerica (E lateral vie
lateral view, PA29.4); H Rzehakina epigona; lateral view, PA29.1; J Reophax texanus; lateral vie
(L lateral view, PA29.7; M lateral apertural view, PA29.9); NeP Haplophragmoides platus (N
Labrospira sp. (Q ventral view, PA29.2; U dorsal view, PA29.2); R and S Praesphaerammina sp.
Scale bar ¼ 100 mm.
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palynomorphs, mainly from the CampanianeMaastrichtian. They
supported the early Maastrichtian age due to the presence of the
ammonoid Kitchinites darwinii, recovered approximately 20 m
above the base of the section, but the lowest level showed a
palynological association in a close relationship with Campanian
taxa.

The global stratigraphic range of species from our material
revealed that several, long-ranging Late Cretaceous taxa have been
reported from the late CampanianeMaastrichtian deposits in
Europe, North America, Mexico, South America, Australia and New
Zealand (Table 1). Based on the distribution of our foraminiferal
assemblage, it was possible to divide the section into two portions,
related to the Campanianeearly Maastrichtian interval (Fig. 6). The
lower portion (samples PA29.1e6) probably represented the Cam-
panian age, as supported by the occurrence of Trochammina rib-
stonensis, Karreriella convexa, Ammodiscus cretaceus, Rzehakina
epigona, Praesphaerammina sp. and Budashevaella sp. Although the
genus Rzehakina has been reported from the Campanian to the
Eocene (Serova, 1969; Kaminski et al., 1988; Bolli et al., 1994;
Malumi�an and Jannou, 2010), the first occurrence of R. epigonawas
recorded in the late Campanian of the Globotruncanita calcarata
Zone (Scott, 1961; Kostka, 1993; Bak, 2000). In the JRI region,
R. epigona was considered diagnostic of the Gaudryina healyi Zone
(Huber, 1988)dwhich was first described from the Haumurian
Stage (lower Campanian to upper Maastrichtian) in New Zealand
(Webb, 1971, 1973; Crampton et al., 2000). Trochammina rib-
stonensis was also reported from the late Santonian and early
Maastrichtian (Wall, 1967), and from the SantonianeCampanian
(Nauss, 1947; Tappan, 1962; Mello, 1971; Caldwell and North, 1984).

The upper portion of the studied section (samples PA29.7e11)
was related to the lower Maastrichtian (Fig. 6). It was characterized
by the first recorded Spiroplectammina spectabilis in its base, and a
more diversified association, comprising Spiroplectammina cf. lae-
vis, Gaudryina healyi, Dorothia elongata, Dorothia paeminosa, Rhi-
zammina algaeformis and Marssonella oxycona, as well as
representatives of the genera Rhabdammina, Cribrostomoides,
Bathysiphon and Verneuilinoides. Spiroplectammina spectabilis was
registered from the Campanian to the Eocene by Charnock and
Jones (1990), however, several authors (e.g., Kaminski, 1984;
Kaminski et al., 1988; Kaiho, 1992; Bolli et al., 1994; Strong et al.,
1995; Koutsoukos, 2000; Alegret et al., 2003; Kaminski and
Gradstein, 2005; Alegret and Thomas, 2007; Setoyama et al.,
2008; Malumi�an and Jannou, 2010) have indicated that S. specta-
bilis is a useful Maastrichtianelate Eocene marker. Malumi�an and
N�a~nez (2012) considered the first appearance of S. spectabilis to
be a proxy for the base of the Maastrichtian, in assemblages where
other age indicators were absent. Dorothia paeminosa has been
described by Huber (1988) in the Maastrichtian Seymour Island
sequence, occurring in low to high abundance. In this study, the
species was recorded in the upper part of The Naze, where it
occurred in association with S. spectabilis, S. cf. laevis, G. healyi and
D. elongata. The last two species have been used as index fossils for
the Haumurian Stage (lower Campanian to upper Maastrichtian)
(Webb,1971,1973). In the JRI region, their occurrencewas restricted
to the Campanian sediments, indicating that its distribution was
probably environmentally controlled (Huber, 1988). In The Naze, G.
healyi and D. elongata were both recorded in the upper part of the
studied section, suggesting that their distribution was facies
PA29.8; B Bathysiphon sp.; lateral view, PA29.7; C Rhizammina algaeformis; lateral view,
w, PA29.7; I lateral view PA29.4); FeG Thurammina papillata (F lateral view, PA29.4; G
w, PA29.4; K Ammodiscus cretaceus; lateral view, PA29.2; LeM Haplophragmoides eggeri
dorsal view, PA29.2; O lateral apertural view, PA29.8; P ventral view, PA29.9); Q and U
(R ventral view, PA29.1; S dorsal view, PA29.1); T Budashevaella sp.; ventral view, PA29.7.
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Fig. 9. Agglutinated foraminifera from The Naze, section D: AeC Dorothia elongata (A lateral view, PA29.7; B lateral apertural view, PA29.10; C lateral view, PA29.7); DeE Dorothia
paeminosa (D lateral view, PA29.8; E lateral view, PA29.2); FeG Marssonella oxycona; lateral view, PA20.10; HeI Karreriella aegra (H lateral view, PA29.7; I lateral view, PA29.4); JeK
Karreriella sp. (J lateral view, PA29.4; K lateral view, PA29.4); LeM Verneuilinoides sp. (L apertural view, PA29.9; M lateral view, PA29.9); N, O Anomalinoides sp. (N lateral umbilical
view, PA29.2; O lateral umbilical view, PA29.10). Scale bar ¼ 100 mm.
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controlleddand that their biostratigraphic value in correlations
was limited.

The presence of R. epigona at the base of the Naze section, the
disappearance of T. ribstonensis, and the appearance of S. spectabilis,
G. healyi and D. paeminosa in the middle portion of the section
(samples PA29.6e8) constituted remarkable bioevents (Fig. 6),
Fig. 8. Agglutinated foraminifera from The Naze, section D: AeB Cribrostomoides sp.; latera
PA29.2); EeG Trochammina globigeriniformis (E ventral view, PA29.7; F lateral view, PA29.4; G
view, PA29.10; L lateral view, PA29.2); I, J Alveolophragmium macellarii (I lateral view, PA29.7;
view, PA29.2); OeQ Gaudryina healyi (O lateral apertural view, PA29.8; P lateral view, PA29
lateral view; PA29.4); TeV Spiroplectammina spectabilis (T lateral view, PA29.10; U lateral v
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which could indicate CampanianeMaastrichtian transition. The
appearance of S. spectabilis near the CampanianeMaastrichtian
boundary was also reported in the Fuegian Andes, Austral Basin
(Malumi�an and Jannou, 2010). In the same way, Lamanna et al.
(2019) inferred that the records of the non-avian dinosaurs from
the JRB occurred within a relatively condensed temporal interval of
l view, PA29.10; CeD Recurvoides sp. (C lateral view, PA29.2; D lateral apertural view,
dorsal view, PA29.9); H, K, L Trochammina ribstonensis (H ventral view, PA29.2; K dorsal
J lateral view, PA29.10); M�N Cyclammina complanata (M ventral view, PA29.2; N lateral
.7; Q lateral view, PA29.8); ReS Spiroplectammina cf. laevis (R lateral apertural view; S
iew, PA29.9; V lateral view, PA29.4). Scale bar ¼ 100 mm.



Fig. 10. Morphogroups and morphologies of agglutinated foraminifera identified in the studied section (modified from Jones and Charnock, 1985; Nagy et al., 1995, 1997; van den Akker et al., 2000; Kaminski and Gradstein, 2005;
Cetean et al., 2010; Murray et al., 2011; Setoyama et al., 2011).
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Fig. 11. Total Hg (ng.g�1) and TOC (%) concentrations, and Hg/TOC ratios, along section D of The Naze study area, James Ross Island.
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Table 1
Stratigraphic and paleogeographic distribution of the most representative taxa found in this study at The Naze study area, James Ross Island.

Representative taxa Chronost. horizon Locality References

Spiroplectammina spectabilis
(Grzybowski, 1898)

Maastrichtian to Paleocene New Zealand Strong et al. (1995)
Maastrichtian to Paleocene Barents Sea, Arctic Ocean Setoyama et al. (2008)
Maastrichtian to Paleocene Spain Alegret et al. (2003)
Maastrichtian to Paleocene South Atlantic Ocean Alegret and Thomas (2007)
Maastrichtian to Eocene Trinidad Kaminski et al. (1988)
Maastrichtian to Eocene Trinidad Bolli et al. (1994)
Maastrichtian to Eocene Fuegian Andes Malumi�an and Jannou (2010)
Upper Campanian to
Maastrichtian

James Ross Island; Vega Island;
Seymour Island

Huber (1988)

Upper Campanian to Paleocene Italy Kuhnt and Kaminski (1990)
Campanian to Eocene North Sea Charnock and Jones (1990)

Spiroplectammina cf. laevis (Roemer,
1841)

Maastrichtian Vega Island; Seymour Island Huber (1988)

Trochammina ribstonensisWickenden,
1932

Upper Santonian and lower
Maastrichtian

Caribbean Sea Wall (1967)

Upper Campanian to
Maastrichtian

James Ross Island; Seymour Island Huber (1988)

Cenomanian to Campanian Alaska Tappan (1962)
Santonian to Campanian North Atlantic Cushman (1946); Nauss (1947); Mello (1971); Caldwell

and North (1984)
Gaudryina healyi Finlay, 1939 Lower(?) to upper Maastrichtian Lord Howe Rise Webb (1973)

Lower Maastrichtian Southern Argentina Malumi�an and Masiuk (1976)
Upper Campanian to
Maastrichtian

James Ross Island; Vega Island;
Seymour Island

Huber (1988)

Upper Campanian to
Maastrichtian

New Zealand Webb (1971)

Alveolophragmium macellarii Huber,
1988

Upper Campanian to
Maastrichtian

James Ross Island; Vega Island;
Seymour Island

Huber (1988)

Cyclammina complanata Chapman,
1904

Paleocene to lower(?) Eocene Southern Australia Ludbrook (1977)
Upper Campanian to
Maastrichtian

New Zealand Webb (1971)

Upper Campanian to
Maastrichtian

James Ross Island; Vega Island;
Seymour Island

Huber (1988)

Dorothia elongata Finlay, 1940 Lower (?) to upper Maastrichtian Lord Howe Rise Webb (1973)
Upper Campanian to upper
Maastrichtian

New Zealand Webb (1971)

Upper Campanian to
Maastrichtian

The Naze, James Ross Island Huber (1988)

Dorothia paeminosa Huber, 1988 Maastrichtian Seymour Island Huber (1988)
Karreriella aegra (Finlay, 1940) Upper Campanian to lower

Maastrichtian
New Zealand Webb (1971)

Upper Campanian to lower
Maastrichtian

James Ross Island Huber (1988)

Rzehakina epigona (Rzehak, 1895) Maastrichtian to Paleocene Kamchatka Peninsula, Rússia Serova (1969)
Maastrichtian Sergipe Basin, NE Brazil Koustoukos (2000)
Upper Campanian to upper
Maastrichtian

James Ross Island Huber (1988)

Upper Campanian to upper
Maastrichtian

New Zealand Scott (1961)

Upper Campanian Carpathians, Poland Kostka (1993); Bak (2000))
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the late Campanian to early Maastrichtian, including species from
The Naze. In our material, however, the absence of planktic fora-
minifera and specialized benthic forms, which have been useful in
dating Upper Cretaceous strata in North America and Europe,
prevented more accurate dating. The recovered ammonoids had
been reworked, and could not be applied in the biostratigraphic
interpretation.

5.2. Paleoenvironmental approach

The paleoenvironmental interpretation based on the distribu-
tion of foraminiferal morphogroups and lithofacies indicated a
proximal environment. Sgn lithofacies demonstrate high energy,
resulting in a drastic reduction in abundance, and Mb lithofacies
indicates a lower sea level, associated with infaunal foraminifera.
The predominance of morphogroups M4 (Haplophragmoides,
Alveolophragmium, Cyclammina and Karreriella) and M2b (Tro-
chammina) (Figs 10 and 12) throughout the section studied
14
indicates a low oxygen environmentdand may even tolerate pe-
riods of anoxia, adapted to life in eutrophic areas, with higher levels
of organic flux (Koutsoukos and Hart, 1990; Nagy et al., 1997;
Holbourn et al., 1999; Kaminski and Gradstein, 2005). Both Tro-
chammina and Haplophragmoides are considered to have been
opportunistic taxa, showing tolerance to stressful conditions, such
as salinity and oxygen changes. Haplophragmoides (epifaunal/
infaunal) could move vertically through the sediment, depending
on food availability (Jones and Charnock, 1985; Kuhnt and
Kaminski, 1990, 1996; Kaminski et al., 1999; Kaminski and
Gradstein, 2005; Nagy et al., 2010; Reolid et al., 2014), while Hap-
lophragmoides acmes have been related to paleoenvironmental
instability events in the CretaceousePaleogene transition, in Spain
(Alegret et al., 2003).

Above the Mb lithofacies (sample PA29.5), was observed an in-
crease in the M2c morphotypes, represented by specimens of Spi-
roplectammina, which have been considered generally to be
shallow water inhabitants, (Nagy et al., 1995, 1997; van den Akker



Fig. 12. Integration of lithofacies, micropaleontological and geochemical data from section D of The Naze study area, James Ross Island.
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et al., 2000; Kaminski and Gradstein, 2005; Cetean et al., 2010;
Setoyama et al., 2011). In addition, T. ribstonensis (components of
M2 morphogroup) has a small test, which is an adaptation to low
oxygen conditions (Reolid et al., 2014), in shallow and somewhat
turbid environments (Wall, 1967; Mello, 1971).

In the upper portion of the section (from sample PA29.7), we
observed an increase in foraminifera richness, and in the propor-
tion of tubular forms (morphogroup M1) associated with Ml lith-
ofacies, indicating low energy and oxygenation. The recovered
association has the characteristic of flysch-type assemblages of the
"Type-A" of Gradstein and Berggren (1981), and corresponded to
the Rhabdammina-fauna of Brouwer (1965), which consisted of
large, coarsely agglutinated, simple forms. Tubular forms are rare or
absent in a platform environment, since they are adapted to deeper
water (Jones and Charnock, 1985; Koutsoukos, 2000; Kaminski and
Gradstein, 2005), where they predominate in low organic flux sit-
uations (Nagy et al., 1997). On Seymour Island, Huber (1988)
identified a similar foraminiferal assemblage in the Maastrichtian,
attributed to accumulations from sediment winnowing, or oppor-
tunistic blooms occurring during periods of high turbidity and
sedimentation.

The Snow Hill Island Formation consists of a gradational
coarsening and thickening-upward succession of mudstones and
sandstones, represent near-shore facies (e.g., Crame et al., 1991;
Pirrie et al., 1991, 1997). Olivero (2012) inferred a low-energy shelf
setting for the Campanianeearly Maastrichtian to Snow Hill Island
Formation deposits, based in sedimentary and ammonite data. In
The Naze, foraminiferal distributions indicate an inner neritic
environment (Huber, 1988) and the dinoflagellate assemblages
supports the general interpretation of a shelf marine deposits (Di
Pasquo and Martin, 2013). The data presented here reinforce that
the strata of The Naze were deposited in low energy shelf setting,
based on the lithological composition and the foraminiferal
information.

The observed Hg/TOC negative incursions at the
CampanianeMaastrichtian transition were linked to a decrease in
organic carbon content and Hg concentrations, which suggested
shallower burial or runoff. The CMBE, which occurred from 71.5 Ma
to 70 Ma, was caused by a change in intermediate-to deep-water
circulation from low-latitude to high-latitude water masses (Koch
and Friedrich, 2012). These changes caused cooler temperatures,
higher oxygen concentrations, and possibly smaller organic-matter
flux to the seafloordand also induced major changes in the benthic
foraminiferal assemblage (Koch and Friedrich, 2012). Notwith-
standing these phenomena occurring in deep waters, their reso-
nance on the continental shelf and coastal waters are very likely, as
has been demonstrated by oceanographic responses to the present
warming of the South Atlantic Ocean over continental shelves
(Lacerda et al., 2020; Figueiredo et al., 2020 and references therein).

The Hg/TOC results presented here corroborated events
described before and after the CMBE. In the inferred late Campa-
nian, higher Hg and TOC, reflecting increases in both TOC and Hg
concentrations, gave rise to lower Hg/TOC ratios at the boundary,
confirming global cooling and an oligotrophic ocean with less
organic carbon production and deposition. Later, the lower Maas-
trichtian deposits re-established higher Hg/TOC ratios, which sug-
gested increasing biological production, under the influence of
warmer temperatures.

Lithological facies, foraminiferal assemblages, and Hg/TOC
values showed clear correlations (Fig. 12). Foraminiferal diversity
and abundance peaks were related to positive incursions in Hg/
TOC, and to the lithofacies Ml. Although the dominance of oppor-
tunistic agglutinated foraminifera clearly demonstrated that the
environment in the Late Cretaceous was quite stressful, correlation
between the positive Hg/TOC incursions and the greater diversity
16
and abundance of foraminifera were different in recent forami-
nifera associations, where the main Hg effects consisted of reduced
diversity and of morphological abnormalities in their carapaces
(Ferraro et al., 2006; Coccioni et al., 2009; Frontalini et al., 2009;
Caruso et al., 2011; Frontalini et al., 2018), or the high test frag-
mentation and dissolution in the fossil planktic foraminifera, as
identified in KePg transition sections (Font et al., 2016; Punekar
et al., 2016). However, studies of recent species have shown that,
in some cases, such as the tubular foraminifera Rhizammina, or-
ganisms can live and even flourish in higher Hg concentrations
(Saraswat et al., 2004; Nigam et al., 2009). This occurs possibly due
to the notable ecological tolerance of the agglutinated foraminifera
to unfavorable conditionsdsuch as low temperatures and oxygen
content, variations in salinity, and greater turbiditydin which
other organisms cannot survive (Malumi�an and N�a~nez, 1990;
Koutsoukos and Hart, 1990). The low occurrence of calcareous
benthic foraminifera, as well as the absence of planktic forms, can
be explained by the influence of diagenetic factors associated with
environmental stress (Huber, 1988), which only agglutinated forms
could withstand. Therefore, the observed positive association be-
tween Hg/TOC and foraminiferal diversity was not causal, but both
the increasing Hg concentrations and/or deposition reflected a
response to the same environmental drivers, such as changes in
salinity and/or turbidity. In addition, the absence of a typical Hg/
TOC peak, as observed in other studies, did not support distal
drivers, such as volcanism, as being significant causes of environ-
mental change.

6. Conclusions

An association of opportunistic foraminifera taxa, related to a set
of four lithofacies, were mapped along The Naze area, JRI, illus-
trating a predominantly stressful neritic environment. The recor-
ded association of agglutinated foraminifera consist mainly of
R. epigona, T. ribstonensis, G. healyi, K. aegra, D. elongata, A. macellarii,
C. complanata and S. spectabilis, that allow to infer a
Campanianeearly Maastrichtian age to the studied interval. The
basal portion of the studied section was marked by the presence of
R. epigona, T. ribstonensis, and low diversity. The upper portion was
marked by the first occurrence of S. spectabilis, G. healyi, D. elongata
and D. paeminosa, and was associated with increased diversity and
abundance. The strata of The Naze were deposited in low energy
shelf setting, based on the lithological composition and the fora-
miniferal morphogroups.

The Hg, TOC, and Hg/TOC distribution were a response to
nutrient input and productivity, suggesting that regional oceanic
processes were a major driver of environmental changes, rather
than distal sources of environmental stress, such as volcanism.
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