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Seymour Island, in the James Ross Basin, Antarctica, contains a continuous succession of latest Cretaceous sedi-
ments deposited in a shallowmarine environment at high latitude,making it an ideal place to study environmen-
tal changes prior to the K–Pg mass extinction. We measured major and trace elements and conducted
petrographic analysis of two sections from theMaastrichtian–Danian López de Bertodano Formation of Seymour
Island. Several lines of evidence point to intermittently anoxic to euxinic conditions during deposition, including
the presence of pyrite framboids with a size distribution suggesting syngenetic formation in the water column,
and enrichments in several trace elements, includingmolybdenum, arsenic, copper, zinc, and chromium.Molyb-
denum enrichments are clearly associated with enrichments in manganese and authigenic iron, suggesting
“shuttling” of redox sensitive trace elements across a chemocline that fluctuated across the sediment-water in-
terface. Comparisonswithmodern systems suggest relatively high-frequency redox variability, possibly over ap-
proximately annual timescales, which may be related to the annual cycle of polar sunlight and associated
seasonal changes in primary productivity. Glauconitic horizons are associatedwithmore reducing conditions, in-
cluding at the K–Pg boundary, though this does not appear to be a uniquely euxinic interval; similar degrees of
trace element enrichment are seen in other highly glauconitic intervals. While euxinia may have contributed
to lowdiversity in the lowermost ‘RotulariaUnits’, redox conditions donot seem to havebeen the primary control
on the transition to a mollusc dominated fauna in the latest Maastrichtian. Redox conditions show little to no re-
sponse to the eruption of the Deccan Traps or Maastrichtian climatic changes. Instead, intermittent euxinia ap-
pears to have been a characteristic feature of this high-latitude environment during the Cretaceous–Paleogene
transition.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The Cretaceous-Paleogene (K–Pg) mass extinction was among the
most severe biodiversity crises of the Phanerozoic, ending the Mesozoic
Era and impacting bothmarine and terrestrial flora and fauna on a global
scale. The Chicxulub extraterrestrial impact has been firmly linked to the
K–Pg extinctionworldwide (Schulte et al., 2010). However, the extinction
event also occurred during a period of longer-term environmental
change. Several lines of evidence suggest that the Mesozoic and early Ce-
nozoic were characterized by a greater degree of environmental variabil-
ity than is typically implied when they are described as stable
‘greenhouse’ environments (Clarke and Jenkyns, 1999; Miller et al.,
oepfer).

. This is an open access article under
2005; Friedrich et al., 2012). Global temperatures reached a minimum
during theMaastrichtian stage (72–66Ma; Linnert et al., 2014), alongside
evidence for large and rapid sea level changes (Miller et al., 2005).

In addition, the terminal Maastrichtian also saw the eruption of the
extensive Deccan Traps large igneous province (LIP) in India (Schoene
et al., 2015; Renne et al., 2015). Given the prominent role that LIPs are
believed to have played in driving environmental changes during other
mass extinction events (Wignall, 2001; Bond and Wignall, 2014), it is
reasonable to ask whether cascading environmental impacts of the Dec-
can Traps eruptions on a global scale could have contributed to the end-
Cretaceous extinction event (Caldeira and Rampino, 1990; Kidder and
Worsley, 2010; Courtillot and Fluteau, 2010; Tobin et al., 2016).

These differing explanations for the cause of the K–Pg extinction
need not be mutually exclusive. A “press-pulse” model, in which
mounting long-term environmental stress is punctuated by a cata-
strophic event, has been proposed as a general model for mass extinc-
tions (Arens and West, 2008). Fully assessing the applicability of this
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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model to the terminal Cretaceous requires a detailed understanding of
potential environmental deterioration leading up the extinction hori-
zon. Changes in temperature resulting from Cretaceous climate evolu-
tion or the Deccan Traps eruptions and associated greenhouse gases
may have been especially prevalent in the environmentally sensitive
high latitudes (Tobin et al., 2012; Petersen et al., 2016).

Our understanding of high-latitude environments during the Creta-
ceous–Paleogene ‘greenhouse’ remains poor, even in their “baseline”
state prior to the environmental disruptions of the K–Pg mass extinc-
tion. There is no modern analogue for these settings (Chin et al.,
2008), which were characterized by extensive vegetation cover and a
lack of large permanent ice sheets on land, butwere governed by the ex-
treme seasonality of the polar light regime. Records from high-latitude
Cretaceous environments have the potential to yield important clues
about the sensitivity of polar ecosystems to warm climates in the
near-future (e.g. Davies et al., 2009).

Seymour Island (SI), in the James Ross Basin, Antarctica (Fig. 1), con-
tains the southernmost, most expanded onshore K–Pg succession in the
Southern Hemisphere, and has been the subject of intense paleontolog-
ical and geochemical study (e.g. Feldmann and Woodburne, 1988;
Crame et al., 2004; Olivero, 2012). In this study,we aim to: 1) character-
ize pre-extinction “baseline” redox conditions in the James Ross Basin
during the latest Cretaceous and early Paleocene using newpetrograph-
ic and geochemical data; 2) determine whether changes in basinal
redox chemistry can be linked to local and/or global environmental
changes; and 3) assess the effects of any such redox variability on the
local marine fauna, prior to and during the K–Pg mass extinction.
Fig. 1. Simplified geologic map of Cretaceous–Paleogene strata on Seymour Island (after Monte
1988). HCS=Haslum Crag Sandstone. Black andwhite dots indicate locations of paleomagnetic
of the BAS section trace.
2. Geologic setting

2.1. Overview

Extensive outcrops of Early Cretaceous to Eocene sediments depos-
ited in the James Ross Basin (JRB) are exposed across an archipelago
of islands located off the northeastern tip of the Antarctic Peninsula
(Fig. 1). Despite its relative inaccessibility, the JRB has received intermit-
tent study since the early 20th century (e.g., Kilian and Reboul, 1909;
Spath, 1953; Wilckens, 1910), as it provides the key nearshore sedi-
mentary succession of this age in Antarctica. Deposition occurred in a
rapidly subsiding back-arc basin to the east of the Antarctic Peninsula
magmatic arc (Elliot, 1988; Hathway, 2000), and the Mesozoic basin-
fill is typically divided into two principal lithostratigraphic groups: the
2.6 km-thick Gustav Group (Barremian-Coniacian; Riding and Crame,
2002; Crame et al., 2006), overlain by the 3 km-thick Marambio
Group (Santonian-Danian; Rinaldi et al., 1978; Crame et al., 1991;
Olivero, 2012).

Much of the JRB sedimentary succession, particularly in the
Marambio Group, is highly fossiliferous (Feldmann and Woodburne,
1988 and references therein; Pirrie et al., 1997; Crame et al., 2004),
and the fossils are generally quite well-preserved, both physically and
geochemically (Ditchfield et al., 1994; Dutton et al., 2007; Tobin et al.,
2012; Tobin andWard, 2015). The excellent preservation of fossil mate-
rial, and the poor consolidation of the sediments, are largely the conse-
quences of minimal burial depth and a lack of tectonic activity in the
area since deposition. There has been little tectonic movement of the
s et al., 2013). LBX indicates the informal units of the Lopez de Bertodano Fm. (Macellari,
ally normal and reversed samples from the T12 section, D5.2XX are schematic subsections
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JRB since the Cretaceous and Paleocene, and the latitude of the basin at
the time of deposition is reconstructed as being within 1–2° of its pres-
ent-day location (Lawver et al., 1992; Tobin et al., 2012).

The Campanian through Danian sedimentary succession has experi-
enced onlyminor faulting, and has a shallow and roughly uniformdip of
~8–12° to the ESE. Beds dip more steeply in the older strata (Crame et
al., 2006), which is most likely a consequence of continued subsidence
and compaction rather than significant tectonic compression
(Hathway, 2000). Later eruption of a Neogene volcanic complex
(Smellie et al., 2008) has topped many of the islands with basalt flows
and pyroclastic deltas, which serve to stabilize the poorly indurated un-
derlying sediments, though occasional cross-cutting feeder dikes can lo-
cally alter the sediment. The JRB sediments have only experienced
burial to depths b2 km, at low pressures and temperatures likely insuf-
ficient to produce significant diagenesis (Askin and Jacobson, 1989;
Svojtka et al., 2009; Tobin et al., 2012).

2.2. Stratigraphy

This study focuses on the ~1100m-thick López de Bertodano Forma-
tion (LBF) on SI, which forms the majority of the upper portion of the
Marambio Group throughout the basin (Pirrie et al., 1997; McArthur
et al., 2000; Olivero, 2012). The LBF on SI is composed of fairly monoto-
nous sandy to clayey siltstones, with occasional well-cemented sandier
layers, some of which contain post-depositional carbonate concretions.
A number of discrete beds throughout the succession also contain sig-
nificant amounts of glauconite (Macellari, 1988; Crame et al., 2004;
Bowman et al., 2013). Primary depositional textures are often obscured
by freeze-thaw weathering of the surface, and in places by apparently
extensive bioturbation, and primary sedimentary fabrics have never
been studied systematically (though see Olivero et al., 2007; Olivero et
al., 2008). Fine-scale variability in grain-size and sedimentary architec-
ture has been described, particularly in the lower portion of the LBF
(Olivero et al., 2007; Olivero et al., 2008) which can probably be related
to local water-depth changes.

Macellari (1988) used biostratigraphic and lithostratigraphic con-
straints to identify a series of informal units in the LBF on Seymour Is-
land; the lower ‘Rotularia Units’ (here numbered LB1–6) and the
upper ‘Molluscan Units’ (here numbered LB7–10) are named after
their characteristic macrofossils. The ‘Molluscan Units’ are extremely
fossiliferous, especially Units LB9 and LB10, which straddle the K–Pg
boundary (Macellari, 1988; Elliot et al., 1994; Zinsmeister, 1998). Unit
LB1 of the ‘Rotularia Units’was subsequently reassigned to the underly-
ingHaslumCragMember of the SnowHill Island Formation (SHIF; Pirrie
et al., 1997; Crame et al., 2004, Olivero, 2012) and is capped by a prom-
inent unconformity (Olivero et al., 2007, 2008). The portion of the SI
succession assigned to the ‘Rotularia Units’ contains clear lateral facies
variation and large channel structures, which further complicates the
stratigraphy on a small scale (Olivero, 1998; Olivero et al., 2007;
Montes et al., 2013).

Due to the various difficulties outlined above and the apparent lith-
ological homogeneity of much of the succession, these informal units
can be difficult to recognize in the field, and in many studies the LBF is
not subdivided (e.g., Crame et al., 2004; Bowman et al., 2012; Witts et
al., 2016). However, the subdivisions are differentiated in published
geological maps (e.g., Montes et al., 2013), meaning that their bound-
aries, along with other features such as the K–Pg boundary and several
distinctive glauconite-rich horizons, can be used to attempt correlation
between sets of samples collected by differentworkers (e.g., Bowman et
al., 2013; Witts et al., 2016, Section 2.4).

A robust age model has been developed for the LBF based on biostra-
tigraphy (Macellari, 1986; Huber, 1988; Bowman et al., 2012;Witts et al.,
2015), chemostratigraphy (primarily strontium isotopes;McArthur et al.,
1998), and magnetostratigraphy (Tobin et al., 2012), as well as the pres-
ence of an iridium (Ir) anomaly at the K–Pg boundary (Elliot et al., 1994;
see Witts et al., 2016 for more details). This has confirmed the
Maastrichtian–Danian age of the succession, and also the high rate of sed-
imentation during the Cretaceous-Paleogene interval (10–20 cm/kyr),
with the entire sequence on SI likely deposited in b4 million years
(Tobin et al., 2012; Bowman et al., 2013). The homogenous nature of
these deposits, and the lack of significant grain size variation or
evidence for significant hiatuses, suggests essentially continuous
sedimentation.

2.3. Depositional environments

The Santonian through Danian succession in the JRB is generally
interpreted to have been deposited in shallow marine (largely open)
shelf environments (Macellari, 1988; Olivero, 2012), with water depth
and sedimentary architecture affected by a combination of global sea
level and local tectonic controls (Olivero et al., 2008). On SI, the LBF
was deposited on a prominent lowstand erosion surface that cuts
down as much as 60 m into the underlying SHIF (Olivero et al., 2007,
2008). The lower portion of the LBF succession (assigned to the
‘Rotularia’ Units) contains a fossil assemblage dominated by calcareous
tubes of the serpulid Rotularia, with other macrofossils rare or absent.
Based on the fossil fauna and sedimentology, this interval is believed
to represent estuarine deposition in a large, relatively shallow embay-
ment, during a period of overall transgression (Olivero et al., 2007,
2008).

The superjacent ‘Molluscan Units’ represent a generally deepening
upwards trend, withMacellari (1988) suggesting a transition frommid-
dle (Units LB7–8) to outer (Units LB9–10) shelf, though a short interval
of regression may have occurred just prior to the K–Pg boundary
(Macellari, 1988). Minor water depth changes are difficult to discern
based on sedimentology or fossil assemblages (Bowman et al., 2012;
Witts et al., 2015), however the ‘Molluscan Units’ clearly do show a
marked increase in both the abundance and diversity of macrofossils
(Macellari, 1988; Crame et al., 2004; Witts et al., 2016). The uppermost
~300 m of the Cretaceous succession are also characterized by an in-
crease in the prelavence of relatively sandy, glauconitic beds, ranging
from tens of cm to several meters thick. These may represent periods
of slower deposition and reworking, or lateral facies variability
(Bowman et al., 2016). The K–Pg boundary is located close to the base
of one such unit (Zinsmeister, 1998; Witts et al., 2016).

Previous petrographic work has hinted at the presence of redox var-
iations in this succession (Witts et al., 2016) despite thepresence of a di-
verse marine fauna (Macellari, 1988; Crame et al., 2004). Additionally,
clumped isotope estimates of water δ18O may imply a measurable
input of terrestrialmeteoricwater to the local depositional environment
(Petersen et al., 2016).

2.4. Stratigraphic correlation

The samples analyzed in this study were collected from parallel sec-
tions across northern and southern Seymour Island, collected by two
different research teams: a section collected by a joint Caltech and
CADIC -Conicet-IAA team (hereafter the T12 section; first published in
Tobin et al., 2012) and the British Antarctic Survey (BAS) composite sec-
tion D5.251 (published in Bowman et al., 2013; Witts et al., 2016).
While direct meter-to-meter correlation of sections collected from dif-
ferent parts of the island is not always possible due to the difficulties
outlined above, especially in the lower portion of the sequence, correla-
tions between sections can be established with reasonable confidence.
This is demonstrated by the strong correspondence in first and last ap-
pearances of macrofossils across the island (Witts et al., 2015; Witts et
al., 2016). Tobin andWard (2015) were able to correlate historic collec-
tions to a single continuous section on the north side of the island, using
stratigraphic plane analysis (Zinsmeister, 2001) and a simple linear
stretch between tie points to account for thickness differences, finding
good agreement in stable isotopic data between correlated locations.
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We applied several approaches to correlate the two sections includ-
ed in this study, including geographically correlating along strike using
published geologic maps (Brecher and Tope, 1988; Montes et al., 2013),
but these efforts were hampered by the topographic relief and along
strike variations between units. Instead, a simple linear stretching
model was applied to a portion of the BAS composite section D5.251
(1013 m, comprised of sub-sections D5.212, D5.215, D5.218, D5.219,
D5.220, D5.222, and D5.229) to generate stratigraphic height measure-
ments that correspond with those in the T12 section (1191 m – note
base of section used here is at the base of Unit LB2, not LB5 as in Tobin
et al., 2012). The base of LBF Unit 2 and the K–Pg boundary were used
as tie points, and the BAS composite section was expanded so that its
stratigraphic heights matched those of the T12 section over that inter-
val. The stratigraphic uncertainty of this technique increases toward
the middle of the section, away from the points of known correlation.
This linear stretching model differed by at most 60 (stratigraphic) me-
ters from methodologically independent attempts to directly link the
BAS sections with paleomagnetic sampling localities from Tobin et al.
(2012) using geologic mapping techniques.
3. Materials and methods

3.1. Major and trace element analyses

Freeze-thaw weathering is pervasive throughout the James Ross
Basin, obscuring fine-scale surficial sedimentary features and potential-
ly affecting geochemical signals. To minimize the potential impact of
surficial weathering, samples from the T12 section were measured for
major and trace elements in the end chips of 53 short cores originally
drilled for paleomagnetic analysis to a depth of 15–20 cm (Tobin et al.,
2012). These end chips were from the deepest part of the core, and
were crushed and disaggregated into loose sediment samples.

For each of these samples, ~0.5 g of sediment was transferred into a
Savillex 60 ml beaker, and covered with a solution of HNO3, HF, and
HClO4 (10 ml each). Beakers were capped and placed in a heating
block overnight at 160 °C. After 24 h, beakers were uncapped and an ad-
ditional 10 ml of HClO4 was added. Samples were allowed to dry down,
andwere then treatedwith12ml of Aqua Regia (3:1 volume ratioHCl to
HNO3) and left in the heating block with the beakers capped for 4 h at
135 °C. The beakerswere then uncapped and allowed to dry down over-
night. When dry, samples were covered in 2 ml of 16 N HNO3, allowed
to dry down, and then suspended in 0.25 N HNO3 solution.

A suite of 22 major and trace elements were measured in the
suspended solutions via Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES) at the University of Washington Analytical Ser-
vices Center. An internal standardwas included in each run to assess the
quality of the measurements. The standard deviation of 5 repeat mea-
surements of the standard was b1 ppm for all elements. A full list of
the elements measured, as well as the detection limits of each, can be
found in Table S1. Major elements are reported as oxides.

For comparison, a suite of samples collected from BAS composite
section D5.251 (Bowman et al., 2012; Bowman et al., 2014; Witts et
al., 2016) was also analyzed for major and trace elements. These sam-
pleswere collected byhand from shallowpits dug into the surface.Mea-
surements of 9 major elements were made on 49 samples via X-ray
fluorescence spectroscopy (XRF) at the University of Leicester, UK. Fu-
sion beads were prepared from 2 to 3 g of bulk sediment and analyzed
using a PANalytical Axios-Advanced XRF spectrometer. Results pro-
duced are in the form of weight percent of the component oxide adjust-
ed for loss on ignition (LOI), which was determined prior to analysis by
heating the samples in a furnace to 950 °C for 1–1.5 h. Although repeat
analyses are not available, the relative standard deviation suggests a
precision of better than 10%. A full list of elements measured, as well
as LOI values, can be found in Table S2.Major elements are again report-
ed as oxides.
Additional semi-quantitative analyses were conducted on 35 sedi-
ment samples from composite section D5.251 at the University of
Leeds, UK using an Olympus Innovex 5000 Portable XRF (PXRF) in
‘Soil mode’ for comparison with T12 values. Samples were powdered
using a mortar and pestle prior to analysis, and small amounts were
placed in a container covered by a thin plastic film. Scan time was
154 s, and two analyses were made of each sample to check precision.
Analyses were also checked using several international reference stan-
dards (CRM PACS-1, CRM MESS-2 and CRM STSD-3). A total of 28
major and trace elements were measured using this PXRF instrument.

Despite the semi-quantitative nature of these analyses, differences
from reference standards were used to monitor accuracy, with any ele-
ments that deviated bymore than±30% from standard values removed
from thefinal dataset (n=14). One element (As) showed a+37% error
compared to one standard, but is included given that the remaining
standards gave smaller errors. These errors appear large, but the PXRF
dataset is primarily used as a screening technique, and trends are clearly
comparable with XRF and ICP data even if absolute values differ (see
below). Results are presented as ppm and converted to wt% oxides in
the case of major elements (Table S3).

3.2. Carbon and sulfur geochemistry

A total of 48 bulk sediment samples taken from composite section
D5.251were analyzed for their total carbon (TC) and sulfur (TS) content
using a LECO SC-144 DR analyzer at the University of Leeds. Relative
Standard Deviation (%RSD) on these analyses is estimated at ±10%.

These same samples were also analyzed for their total organic car-
bon (TOC) content. Approximately 1 g of bulk sediment was weighed
and then reacted for 24 h with ~5 ml of 10% HCl, to remove carbonate.
Excess liquid was drawn off and the samples washed 3 times with
milli-Q de-ionized water to remove residual acid and dissolved species.
Samples were dried at 85 °C for 36 h, and reweighed to establish the
mass of carbonate removed. 4-5 mg of this acid-washed sediment was
then weighed out into tin cups and run in sequence with standards on
a Micromass Isoprime continous flow mass spectrometer, coupled to a
Eurovector or Elementar Pyrocube Elemental Analyser. Measured TOC
was corrected to a proportion of the original sample mass prior to car-
bonate removal. Total Carbon (TC) was calculated from the corrected
TOC and carbonate data. The precision obtained from repeat analysis
of standard materials was b1 standard deviation.

To examine and quantify the amount of sulfur hosted by pyrite, ex-
tractions were carried out on 58 sediment samples from section
D5.251, using themethodology of Poulton and Canfield (2005). Sulfides
(in the form of H2S) were liberated from 0.5–1 g of sediment and
trapped as Ag2S by reactionwith AgNO3. Pyrite S (wt%)was determined
stoichiometrically from the original sample weight and weight of the
precipitated Ag2S. TOC and sulfur data are reported in Table S4.

3.3. Sedimentary microfacies and framboidal pyrite size distribution

To assess the overall mineralogy, composition, and presence of
redox-sensitive minerals (primarily pyrite) in the LBF, a total of 33 sed-
iment samples from section D5.251were examined using an FEI Quanta
650 Scanning ElectronMicroscope (SEM) at theUniversity of Leeds. This
dataset expands on preliminary results presented byWitts et al. (2016).
Bulk sediment samples (n = 23) were made into polished blocks by
encasing several grams of sediment in resin. In addition, a set of pow-
dered samples left over from analyses of sedimentary geochemistry (n
= 10) were made into resin blocks and examined on the SEM. All
polished blockswere carbon coated prior to SEM analysis, and quantita-
tive mineralogy was determined using a built-in Oxford X-max 80 SDD
EDS (Energy-dispersive X-ray spectroscope) and AZtec software.

The size distribution of pyrite framboids in both ancient andmodern
sediments has become a well-established proxy for local redox condi-
tions, as framboid morphology is preserved even when sulfide
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oxidation has altered the original chemical composition of the pyrite
and surrounding sediment (Wilkin et al., 1996; Wignall and Newton,
1998; Bond and Wignall, 2010). Framboid analysis was conducted
using a SEM, primarily in back-scatter mode. In most cases, 1–2 h
were spent examining each block, and 100 framboids were counted.
Samples containing fewer than 25 framboids likely do not provide sta-
tistically significant results, and are excluded from subsequent analysis,
but are included in the Supplementary Material (Table S5).

4. Results

4.1. Major and trace element redox proxies

4.1.1. Molybdenum
The concentration of Mo in sediments is a versatile proxy for marine

redox conditions. In typical, fully oxygenated marine waters, Mo con-
centrations in sediments reflect those of average continental crust, typ-
ically b5 ppm (Scott and Lyons, 2005). Enrichments are seen under
suboxic conditions due to Mo complexing with manganese
oxyhydroxides, which “shuttle” through soluble and insoluble phases
across the oxic-anoxic interface. Under more intensely anoxic condi-
tions, Mo can be strongly concentrated in sediments, as dissolved mo-
lybdate in the water column reacts with sulfide to form highly
particle-reactive oxythiomolybdates (Tribovillard et al., 2006).

Molybdenum concentrations in the T12 section of the López de
Bertodano Formation range from 21 to 144 ppm, with a mean of
51 ppm (σ = 23) and a median of 47 ppm (Fig. 2). As molybdenum in
these sediments is enriched above typical crustal values, often by an
order of magnitude or more, it likely represents authigenic deposition
from seawater due to redox sensitive processes. Concentrations gener-
ally fall into the range identified by Scott and Lyons (2005) as
representing suboxic to intermittently euxinic conditions. Values do oc-
casionally impinge into the range of values (N80 ppm) indicative of per-
vasive euxinia, both in the lowermost part of the T12 section and around
the K–Pg boundary.

In contrast, PXRF data from section D5.251 failed to detectMo in any
sediment samples, despite Mo levels in standard materials being in
some cases overestimated by the instrument. This may result from the
repeated oxidative weathering of the D5.251 surface samples by
Fig. 2. Summary stratigraphy of Seymour Island sections with concentrations of Mo, authigenic
interpreted ages are from Tobin et al. (2012). Authigenic Fe2O3 and glauconitic K2O were dete
freeze-thaw processes. Furthermore, the loose sediments collected for
section D5.251 may represent intervals of rapid sedimentation relative
to the concretionary horizons collected for the T12 section, which
would lead to less efficient accumulation of trace metals (see Section
5.1.1).

4.1.2. Iron and manganese
Manganese displays complex redox behavior, generally forming in-

soluble oxyhydroxides under oxidizing conditions and behaving as a
soluble ion under reducing conditions. Thismay result in the “shuttling”
of manganese across redox boundaries in the water column or sedi-
ments, a mechanism by which trace elements may be transferred to
sediments and potentially retained (Tribovillard et al., 2006).

The mean MnO content of the T12 composite section is 0.46 wt%,
with a minimum value of 0.05 wt% and a maximum of 2.26 wt% occur-
ring in the lowermost part of the section (Fig. 2). MnO contentwas sub-
stantially lower in the D5.251 section, with values measured in fused
samples via desktop XRF (Table S2) ranging from 0.02 to 0.68 wt%,
with a mean value of 0.07 wt% and the maximum value occurring just
above the K–Pg boundary. MnO content measured via PXRF (Table S3)
shows similar patterns, with values ranging from 0.02 to 0.45 wt%,
with a mean value of 0.05 wt%. This dataset was collected with a higher
degree of resolution around two major glauconitic horizons, one at the
K–Pg boundary, and another ~175 m below. Both show some degree
of MnO enrichment, though the K–Pg horizon shows the highest values,
at a single point (1009 m).

Like Mn, iron also shows complex “shuttling” behavior in environ-
ments with variable redox conditions. Insoluble iron oxyhydroxides
can be dissolved in reducing porewaters, or as a result of chemocline
fluctuations, and repeatedly transported to more distal parts of the
basin,where theymay be redeposited as oxyhydroxides or, if the deeper
parts of the basin are euxinic, as sulfides. This authigenic enrichment of
iron can best be traced in relation to aluminum, another metal common
in terrigenous sediments, but one that is essentially diagenetically im-
mobile (Lyons and Severmann, 2006).

Crossplots of Fe2O3 against Al2O3 show a clearly discernable de-
trital trend in both the T12 and D5.251sections (Fig. 3A). Enrich-
ments in iron above this trend are attributed here to authigenic
precipitation (Fe2O3 auth). Fe2O3 auth has an average value of 4.37 wt%
Fe2O3, MnO, and glauconitic K2O. LBX units are fromMacellari (1988), magnetozones and
rmined based on crossplots in Fig. 3.



Fig. 3. Crossplots of major and trace elements in LBF strata. A: Al2O3 vs. Fe2O3, showing detrital trends and authigenic enrichments. B: Al2O3vs K2O, showing inferred detrital trends and
enrichments attributed to glauconite. C: MnO vs Mo in T12 section D: Authigenic Fe2O3 (from panel A) vs. Mo in T12 section. BAS refers to D5.251 composite section.
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in the T12 composite section,with amaximumvalue of 36.90wt% in the
lower part of the section and anothermajor peak (22.86wt%) occurring
at the K–Pg boundary. Authigenic Fe2O3 contentwas lower and less var-
iable in the D5.251 section, with a mean value of 1.77 wt%, with the
maximum value (14.09 wt%) occurring just below the K–Pg boundary.
While Al was not measured in the PXRF dataset, absolute Fe2O3 values
were highly consistent with measurements of fused samples (Tables
S2–S3). Fe2O3 showed two maxima coincident with glauconitic hori-
zons; one at the K–Pg boundary (max. = 16.41 wt%) and another of
similar magnitude ~175 below (max = 16.68 wt%).

4.1.3. Other trace elements
Trace metals that can accumulate as cations in sulfideminerals (e.g.,

Cu, Zn, As, Cr) can serve as effective proxies for redox conditions if detri-
tal sources for these elements can be excluded (Tribovillard et al., 2006).
Several of these elements are present at significant concentrations in
the T12 section and at significantly lower concentrations in the D5.251
section. Rather than instrumental inconsistencies, this likely reflects ox-
idation of sulfideminerals at the outcrop surface,whereD5.251 samples
were collected (see Section 5.1.1)

Zn concentrations in the T12 section range from 8.8 to 90.5 ppm,
with a mean value of 43.2 ppm (Fig. 4). The highest values are seen in
the lowermost Rotularia beds, though a local maximum (N60 ppm) is
seen immediately prior to the K–Pg boundary. Cu shows relatively con-
sistent values throughout the T12 section, ranging from 18.6 to
49.6 ppm, with a mean of 30.5 ppm. The highest values are seen ~30
below the K–Pg boundary. Cr shows consistent concentrations through-
out the section,with themajority of values between 60 and 80ppm, and
no anomaly associated with the K–Pg boundary. A few higher (max. =
88.3 ppm) and lower (min. = 54.4 ppm) values are present, and the
mean concentration is 68.3 ppm. Arsenic, which is strongly associated
with sulfides, shows the largest range in concentration, from 145 to
670 ppm, with a mean value of 220 ppm. This dataset shows the most
structure, with sporadic elevated values (N300 ppm) throughout the
Rotularia beds, and a K–Pg boundary excursion reaching 472 ppm.

Zinc is one of the few trace metals that shows higher concentrations
in the D5.251 section, where values range from 30.5 to 170.5 ppm, with
a mean value of 71.5 ppm (Fig. 4). Zn content shows some secular de-
cline from the ‘Rotularia Units to the ‘Molluscan Units', but the promi-
nent features of this record are two narrow intervals of Zn enrichment
corresponding to the K–Pg boundary and another highly glauconitic in-
terval ~175 m below. Cu is effectively absent from the D5.251 section,
with no copper detected in most samples, and no values above
15 ppm. Cr shows a pattern similar to Zn, with two major peaks at the
K–Pg boundary and the lower glauconitic interval. Values range from
12 to 118.5 ppm, with a mean of 72.6 ppm, which is consistent with
the T12 section. Arsenic concentrations show some structure, with en-
richments in the K–Pg and lower glauconitic intervals, but the absolute
concentrations are substantially lower than those seen in the T12 sec-
tion. Values range from 8.1 to 21.5 ppm, with a mean of 12.8 ppm.

4.2. Glauconite

Glauconite-rich horizons are observed in outcrop throughout the
LBF (Macellari, 1988; Crame et al., 2004; Bowman et al., 2016), and
are particularly prevalent in the uppermost ~300m. Crossplots of potas-
sium and aluminum abundance suggest that glauconite can be identi-
fied from major element data as an excess of K2O not attributable to
terrigenous clays (Fig. 3B). K2O and Al2O3 show a strong positive corre-
lation inmanymarine sedimentary systems, due to their common pres-
ence in illite-type clays (Shen et al., 2013). A detrital illite trend can be
discerned in both datasets in Fig. 3B, with the similarity in slope sug-
gesting a consistent illite composition. The presence of many points
above this line indicates a secondary source of K2O, one with a higher



Fig. 4. Summary stratigraphy of Seymour Island sectionswith concentrations of Cu, Zn, As, and Cr. In Cu and As, concentrationsweremuch higher in T12 samples, while concentrations of
Zn and Crwere similar between sections. Values below the XRF detection limit (i.e., Cu in some BAS samples) are shown as zero. Gray shading represents prominent glauconitic intervals
(however, note that these are not the only glauconitic horizons in the section).
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K/Al ratio than illite, and field observations suggest this is likely to rep-
resent authigenic glauconite formation.

K2O content attributable to authigenic glauconite (K2Oglauc) aver-
aged 0.39% (σ = 0.17) in the T12 section, with a maximum value of
0.70% in the lowermost sample and another local maximum (0.68%) co-
inciding with the K–Pg boundary (Fig. 2). A few samples appear to fall
below the authigenic illite trend, possibly due to diagenetic alteration,
and were assigned a K2Oglauc value of 0. The D5.251 section, collected
from southern Seymour Island, appears to be more glauconitic general-
ly,with ameanK2Oglauc value of 0.67% (σ=0.48) and amaximumvalue
of 2.02%, slightly above the K–Pg boundary. Some of this difference in
K2Oglauc content can likely be attributed to greater glauconite maturity
in the D5.251 section, with the observed negative correlation between
K2O and Al2O3 being characteristic of glauconite evolution in siliciclastic
sediments. Samples from the T12 sectionmay contain less evolved glau-
conite, due to the selection of carbonate-cemented horizons during
sample collection.

4.3. Carbon and sulfur species

The total organic carbon (TOC) content of the LBF is generally low
(average of 0.37 wt%, maximum of 0.77 wt%, minimum of 0.14 wt%),
consistent with previous measurements from the K–Pg boundary inter-
val (Askin and Jacobson, 1989). Values are slightly higher (N0.5 wt%) in
the lower andmiddle levels of the LBF (200–600m in D5.251), with the
remainder averagingbetween 0.2 and 0.5wt% (Fig. 5). Total carbon (TC)
is also generally low (average of 1.1 wt%, maximum of 6.23 wt%, mini-
mum of 0.48 wt%). Several peaks in TC are evident in the lowermost
LBF, and in the glauconite-rich K–Pg boundary interval, which may be
due to concretionary calcite cements.

Total sulfur content ranges from 0.03 to 2.29wt%, with an average of
0.42 wt% (Fig. 5). The highest values (N0.5 wt%) tend to occur in the
lower and middle part of the succession (between 400 and 600 m).
The remainder of the section is characterized by fluctuations between
0.1 and 1 wt%. The calculated weight percent of pyrite sulfur shows sig-
nificantly lower values (average of 0.04 wt%, maximum of 0.23 wt%),
with many samples recording values indistinguishable from 0. This is
likely related to post-depositional oxidation of sulfides (see Section
5.1.1 below). As a result, the Total S datamay partially reflect secondary
sulfate minerals or sulfur bound to organic matter. The latter is perhaps
less likely given the low TOC content.
4.4. Microfacies and framboidal pyrite

The pyrite population of the LBF can be divided into two main con-
stituents; framboids, and euhedral pyrite (Fig. 6).Most framboids corre-
spond to ‘Type 1’ as defined by Wignall and Newton (1998), being
closely packed aggregations of uniformly-sized microcrysts. Rare ‘Type
2’ framboids and several large ‘polyframboids’ were also observed, and
along with euhedral pyrite were not included in paleoredox interpreta-
tions due to their probable diagenetic origin (Wignall and Newton,
1998).

Pyrite framboid diameter data from the LBF are presented
stratigraphically as box-and-whisker plots (Fig. 5), where the box en-
closes the range of the population, bounded by the 25th and 75th per-
centile, and whiskers define the extremes (minimum and maximum
diameter) of the sample range (e.g. Wignall and Newton, 1998; Bond
and Wignall, 2010). Out of a total of 33 blocks examined, most (n =
21) contained abundant framboids (N25 framboids identified), two
samples contained very low numbers (b25 framboids identified), and
10 contained no identifiable framboids, euhedral pyrite, or evidence
for weathered remnants of either.

A crossplot of mean framboid diameter versus standard deviation
has also proved a useful method of assessing paleoredox conditions
based on comparison with modern environments (Wilkin et al.,
1996). 13 out of 21 LBF samples plot in the samefield as data frommod-
ern euxinic settings (Fig. 7), whereas the remaining 8 plot closer to en-
vironments characterized by dysoxic conditions or high-frequency
redox fluctuations. It is notable that most samples (n = 16), including
several that plot in the euxinic field, contain a population of framboids
with diameters N10 μm, with the size of this population ranging from
1 to nearly 20% in any given sample. The remaining samples (n = 5)
contain only small framboidsb10 μmindiameter, consistentwithmost-
ly syngenetic formation and the presence of sulfidic bottom waters
below a redox boundary located in the water column.



Fig. 5. Summary stratigraphy of Seymour Island sections with concentrations of carbon and sulfur, and framboid size distribution. All data are from BAS sections, with exception of sulfur
concentrations from T12 (middle panel).
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There are no clearly discernable stratigraphic trends in the framboid
dataset. Witts et al. (2016) suggested that samples from close to the
base of the LBF contained framboids with a smaller mean diameter
and standard deviation, but in this expanded dataset this apparent cor-
relation is weak. Samples containing no identifiable pyrite are usually
considered oxic, and these are also spread throughout the section. To-
gether the pyrite petrography suggests the LBF was characterized by
rapid fluctuations in redox conditions.

It is notable that powdered samples (n = 8) exhibit the smallest
mean framboid diameter and standard deviation, and these likely re-
quire a slightly different interpretive framework. Several (n = 2) are
still equivocally non-euxinic in their size distribution. Several others
(n = 5) plot in the euxinic field, though four of the five samples do
not plot in the same range as any other LBF data or modern environ-
ments (Wilkin et al., 1996). This could indicate the loss of large
framboids during crushing of the originally unconsolidated sediment
samples. If this were the case, these samples are providing an erroneous
picture of redox conditions. However, given the varied framboid size
populations seen in other samples, and the time-averaged nature of
polished blocks (see below), inclusion of powdered samples does not
significantly change the overall interpretation of fluctuating redox con-
ditions in the JRB.

5. Discussion

5.1. Controls on trace elements in the James Ross Basin

5.1.1. Evidence for oxidative weathering
Trace element data from the two transects show distinct differences,

which require explanation before the signals can be interpreted as
representing primary environmental conditions. Significant differences
in the concentration of various elements between the two datasets are
unlikely to be due to analytical error or the quantitative versus semi-
quantitative nature of analyses in different laboratories. PXRF has been
shown to be a valid method for detecting trace element enrichments
to the same degree of accuracy and precision as ICP, if they are present
in similar concentrations (Dahl et al., 2013). Instead, detailed compari-
son of the two datasets indicates that samples from section D5.251 are
likely to have been affected by more intensive oxidative weathering
than samples from section T12, leading to loss or non-detection of
some trace elements.

Several trace elements (i.e., As, Cu) show considerably lower con-
centrations in section D5.251 compared to T12, while semi-quantitative
PXRF analysis failed to detect any Mo or Ni in D5.251 samples, in con-
trast to the high concentrations of both elements found in the T12 sec-
tion. All of these trace elements are commonly hosted in pyrite or other
sulfide minerals, as well as organic matter (Huerta-Diaz and Morse,
1992; Large et al., 2014). Pyrite-S wt% values from section D5.251 are
extremely low, despite the presence of pure (S-rich) framboids and dia-
genetic euhedral pyrite in microfacies samples. Microfacies work also
revealed a significant amount of iron oxide present in many samples,
in many cases visibly replacing both framboidal and euhedral pyrite,
as would be expected during oxidative weathering. Concentrations of
other trace elements (Zn, Cr) are more comparable between the two
transects, indicating that while a component of these may be hosted
in sulfides, they are also likely present in a silicate component.

An additional line of evidence for oxidation concerns the presence of
sulfate minerals in the SI succession. In some places these form rusty-
colored weathering ‘crusts’ on macrofossils, replacing molluscan shell
material with blocky crystals of gypsum. Evidence for the retention of
S during oxidative weathering can also be seen in crossplots of TOC vs.
total S in samples from section D5.251 (Fig. 8A), where S/OCweight ra-
tios range from values similar to those seen in typical Holocene anoxic
sediments (~0.4; Dean andArthur, 1989) up to values as high as 2.3. Be-
cause only a small fraction of Fe is in the form of pyrite (see Fig. 8B) and
any organic carbon compounds remaining in surface-collected samples
are likely to be highly refractory, the accumulation of sulfates can be
traced on a normalized ternary diagram (Fig. 8C; Dean and Arthur,
1989; Rowe et al., 2008), where the samples define a trend of increasing
relative S abundance corresponding tominimal change in the ratio of Fe
to TOC. Although the abundance of sulfate minerals was not directly
quantified, field observations indicate that this type of preservation is
especially prevalent in the basal portion of the LBF on SI, which contains
the highest concentrations of S in both transects.

These various lines of evidence suggest that trace elements were
mobilized during oxidative weathering of sulfides, with samples from
section D5.251, which were collected directly from the surface or from
shallow pits, being especially affected. Sediment samples from the T12



Fig. 6. Examples of pyritemorphologies encountered in section D5.251 through the LBF.A:
(D5.481.1) Unweathered (FeS2) syngenetic pyrite framboids, with regularly sized
microcysts, indicative of formation in a euxinic water column. B: (D5.1108.1) Cluster of
large, diagenetic framboids, indicative of prolonged growth within the sediment under
anoxic conditions. Note variable microcryst sizes. C: (D5.1217.1) Relict euhedral
(diagenetic) pyrite crystals, replaced by iron oxide. Associated with silicate (biotite,
feldspar, and clay mineral) matrix. D: (D5.1243.1) Weathered (iron oxide) framboids
showing characteristic ‘hollow’ appearance but retaining original size and morphology
or microcrysts. E: (D5.406.1) General disposition of a typical sediment sample from the
LBF, showing pyrite framboids (indicated by arrows) interspersed with fine-grained
clastic grains (quartz, feldspars, biotite). F: (D5.1295.2) Mixture of diagenetic and
syngenetic framboids (white objects) in glauconite-rich sample. Note that large
diagenetic framboids are forming within regions formerly rich in organic material – in
this case fish debris (large oval object in lower left of image) – located in the ‘Fish-Kill’
beds immediately above the K–Pg boundary (Zinsmeister, 1998). All images taken in
back scatter electron mode.

Fig. 7. Crossplot showing mean diameter (μm) vs. standard deviation (μm) of pyrite
framboids from the López de Bertodano Formation on Seymour Island (section D5.251).
Filled black circles are bulk sediment samples, open circles are powdered sediment
samples. Dashed line is the boundary between oxic-dysoxic and anoxic-euxinic
environments seen in modern depositional settings (taken from Wilkin et al., 1996).
Shaded gray regions illustrate the range of size distributions and standard deviations of
framboids from a range of modern euxinic (A) and dysoxic-oxic (B) settings (see Wilkin
et al. (1996) for details).
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section were collected from the ends of short (15–20 cm) cores, and
may have escaped the most intense oxidative weathering occurring at
the surface. Additionally, the T12 section preferentially targeted more
indurated lithologies (Tobin et al., 2012), many of which contained a
concretionary carbonate cement. The unconsolidated lithologies includ-
ed in section D5.251 may have been more susceptible to freeze-thaw
weathering and the removal of sulfide-hosted trace elements, in
which case the T12 samples may be a better record of primary trace el-
ement concentrations at the time of deposition.

Changes in sedimentation ratemay have also played a role,with inter-
vals of slow deposition allowing greater concentrations of trace elements
to accumulate in any given horizon. If the carbonate cementation of the
T12 samples reflects intervals of slow sedimentation, then one would ex-
pect to see greater tracemetal concentrations in these samples, even if the
primary flux of trace elements from the water column to the sediments
was the same for both sample sets. However, the origin of the
concretionary cements is not clear, and this mechanism is probably not
sufficient to explain the complete lack of Mo detected in section D5.251,
which suggests that any Mo originally present was efficiently removed.

5.1.2. Relationship to glauconite horizons
A prominent feature of the trace andmajor element record is the ap-

parent coincidence between enrichment in several trace elements (e.g.,
Cr, Zn, As) and glauconite-rich horizons in the LBF. This includes the K–
Pg boundary and a prominent glauconite-rich interval located
stratigraphically ~175 m below. Although no detailed sedimentological
or geochemical work on glauconites from the LBF has been undertaken,
preliminary work suggests that the glauconite in these intervals is au-
tochthonous in origin (Bowman et al., 2016).

Glauconite typically forms in shelf settings at the sediment-water in-
terface, and has been associated with low rates of terrigenous sediment
input, localized reworking, and iron cycling (Amorosi, 1997; Amorosi et
al., 2007). Such conditions are often associated with changing redox
conditions in the sediment. This interpretation was followed by
Macellari (1988), who interprets the glauconite-rich horizons in the
LBF as representing chemical sedimentation during sea level
highstands. Glauconite formation has also been observed in rapidly ac-
cumulating deltaic and shallow shelf environments in the modern
ocean, where it is apparently linked with redox conditions; sediments
collected from the Mississippi Delta region in the Gulf of Mexico at a
present-day water depth of 29 m show a N2× increase in glauconite
abundance coinciding with the expansion of hypoxic “dead zones” in
themid-20th century (Nelsen et al., 1994). Intervals of glauconite depo-
sition were likely characterized by the local development of reducing
bottom water conditions, and perhaps by transient lags in sedimenta-
tion, allowing for enhanced sulfide accumulation. They do not appear
to be systematically associated with elevated TOC content, which may
reflect poor TOC preservation at low sedimentation rates (Schoepfer
et al., 2015)

5.2. Redox conditions during deposition of the LBF

5.2.1. Evidence for fluctuating redox conditions
Assuming the T12 section represents an accurate picture of elemen-

tal composition prior toweathering, the LBF contains significant enrich-
ments in several redox-sensitive elements, indicative of deposition



Fig. 8.Relationships between TOC, S, and Fe in samples from section D5.251 forwhich all threemeasurements are available.A:Crossplot of total organic carbon (wt%) vs. total sulfur (wt%).
The S/OC ratio of 0.4 for ‘normal marine’ anoxic sediments is from Dean and Arthur (1989). B: Crossplot of total iron (wt%, as an element rather than an oxide) vs. total sulfur (wt%). S/Fe
ratio lines correspond to 100%, 50%, and 25% pyritization of the total iron pool; note that all samples show a considerably lower degree of pyritization, and many samples show iron
enrichments that are likely related to terrigenous content. C: Ternary diagram showing the normalized relative proportions of Fetotal, TOC, and Stotal. Lines depicting the Fe/S ratio of
pyrite and the S/OC ratio of ‘normal marine’ anoxic sediments are from Dean and Arthur (1989).
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under at least intermittently euxinic conditions. This interpretation is
supported by the abundance of small syndepositional (b6 μm) pyrite
framboids in many sediment samples. The common presence of these
alongside a framboid population with diameters N10 μm, and the spo-
radic occurrence of apparently oxic samples with no evidence for pyrite
throughout the section, are indicative of dynamic changes in redox con-
ditions, with the chemocline likely fluctuating across the sediment-
water interface.

Trace element data provide additional support for this interpreta-
tion. Mo content shows a positive correlation with manganese content
in the T12 dataset (r2 = 0.49, p= 5.6 × 10−9, n= 53; Fig. 3C). Molyb-
denum is typically present at very low levels (b10 ppm) in sedimentary
rocks deposited under oxic conditions (Scott and Lyons, 2012); the con-
centrations of molybdenum in Seymour Island sediments suggest
suboxia and at least intermittent euxinia. Manganese, by contrast, is
highly soluble under reducing conditions, and tends to accumulate in
sediments only under oxic conditions (Tribovillard et al., 2006). The ex-
planation for this apparent contradiction can be probably found in the
role of manganese in “shuttling” other trace elements, including Mo,
into the sediment in the form of oxyhydroxides, before dissolving
under reducing conditions and diffusing back upward into the water
column.

The positive correlation betweenMnO andMo suggests that at least
some manganese oxyhydroxides were retained in the sediments when
molybdenumwasdeposited.Mo shows an even stronger positive corre-
lationwith authigenic iron (r2=0.72, p=1.3× 10−15, n=53; Fig. 3D),
which like Mn is more soluble under reducing conditions and tends to
shuttle across redox boundaries in the sediments or water column.
However, unlike Mn, iron is more likely to be retained in anoxic sedi-
ments as sulfides (Tribovillard et al., 2006),whichmay explain its stron-
ger relationship with Mo. Manganese concentrations are often highest
just below the chemocline, where upward-diffusing Mn begins to
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encounter dissolved oxygen and precipitate as oxyhydroxides
(Tribovillard et al., 2006). If this boundary often existed at or near the
sediment-water interface, or repeatedly fluctuated across the sediment
surface, during deposition, it would explain how at least some Mn was
retained in sediments during periods of Mo accumulation (Algeo and
Tribovillard, 2009).

5.2.2. Dynamics of anoxia in the JRB
Having established the evidence for changes in redox conditions

based on multiple proxies, it is important to consider the timescale of
redox fluctuations recorded in the LBF. Although the mixed framboid
population in most petrographic samples is consistent with rapid
changes in bottomwater redox conditions, the frequency of suchfluctu-
ations is beyond the observable resolution of the framboid dataset, due
to the time-averaged nature of polished block samples collected at 1 m
intervals. The temporal scale of redox fluctuations can potentially be es-
timated by examining the mechanisms of trace element enrichment,
and comparing these to analogous modern environments, many of
which are characterized by dynamic changes in redox conditions over
short timescales (see Tyson and Pearson, 1991 for review).

A fluctuating chemocline, serving as a mechanism of both Mo and
Fe-Mn oxyhydroxide enrichment in sediments, has been observed in
several basins in the modern ocean, including Saanich Inlet, the Cariaco
and Orca basins, and the Black Sea.While Fe-Mn oxyhydroxides do con-
tribute to Mo enrichment in coastal upwelling zones (Zheng et al.,
2000), persistently high Mo enrichments as a result of oxyhydroxide
shuttling are generally a feature of “weakly restricted” environments
(Algeo and Lyons, 2006; Algeo and Tribovillard, 2009).While the persis-
tent restriction and euxinia of the Black Sea and the deep, hypersaline
Orca Basin watermass make them poor analogues for the James Ross
Basin, other modern environments may be more applicable.

The Cariaco Basin is a depression in the continental shelf north of
Venezuela. Reaching maximum water depths around 1500 m, the
basin is significantly deeper than the interpreted depositional environ-
ment of the López de Bertodano Formation. Deep waters are estimated
to be approximately 50–100 years old (Algeo and Lyons, 2006), though
several significant fluctuations in basinal redox conditions were ob-
served over the 20th century (Zhang andMillero, 1993). This combina-
tion of decadal water renewal and oxyhydroxide shuttling yields
authigenic Mo concentrations in the 50–200 ppm range (Dean et al.,
1999; Algeo and Lyons, 2006) comparable to but generally higher
than those seen in the James Ross Basin.

A better environmental analogue for the James Ross Basin might be
Saanich Inlet, a fiord in Vancouver Island, British Columbia.With amax-
imum depth of approximately 200 m, and a significant freshwater and
nutrient input from a ‘point source’ in the form of the Goldstream
River, Saanich Inlet is more comparable to the inferred depositional en-
vironment of the López de Bertodano Formation (Olivero et al., 2007;
Olivero, 2012). Deepwater renewal over semi-annual timescales leads
to seasonable variability in the depth of the chemocline, leading to fluc-
tuating redox conditions like those observed in sediments on Seymour
Island. Sedimentary Mo concentrations range from ~20 to 120 ppm
(Francois, 1988; Algeo and Lyons, 2006) comparable to the range seen
in the López de Bertodano Formation.

Both of these environments are characterized by sills, however “par-
ticulate shuttle” like behavior has been observed in Mesozoic marine
sediments not believed to be deposited in silled basins (Tribovillard et
al., 2012). It is possible that slower circulation and greater density strat-
ification during theMesozoic led to restriction-like behavior even in rel-
atively open marine environments. Manganese shuttling serves as a
mechanism of Mo enrichment in unsilled (but increasingly eutrophic)
Chesapeake Bay, during seasonal anoxic episodes, though the levels of
authigenic Mo enrichment are considerably lower than those seen in
the JRB (~5 ppm; Adelson et al., 2001). Mn shuttling between dissolved
and particulate species has also been observed in Narragansett Bay
(Graham et al., 1976), another unsilled estuary with seasonal anoxia.
Based on these comparisons, we propose that elemental enrich-
ments in the James Ross Basin are most consistent with redox fluctua-
tions on an approximately annual scale, which may be related to the
intense seasonality of primary productivity imposed by the annual
polar light cycle. The dynamic nature of redox fluctuations was likely
controlled by the accumulation of nutrients draining from the forested
highlands of the Antarctic Peninsula (Olivero et al., 2008; Bowman et
al., 2014) and a seasonal pulse of productivity associatedwith the return
of solar light in the polar spring, stimulating phytoplankton blooms. The
utilization of this large standing supply of nutrients in the polar spring
would have likely led to redox stratification of the water column, as
decomposing plankton consumed the bottom water oxygen supply.

The samples shown in Fig. 8C showa range of S/OC and Fe/S ratios, as
would be expected if pyrite formation was limited by the availability of
labile organic carbon or sulfur rather than reactive iron (Dean and
Arthur, 1989). Given the fullymarine conditions and sulfatemineraliza-
tion seen in parts of the section, the flux of organic carbon driving sul-
fate reduction was likely the factor limiting pyrite formation in these
sediments.

Changing high-latitude climatic conditions during theMaastrichtian
and Paleocene are evident based on data from the LBF on SI, potentially
of sufficientmagnitude to drive changes in redox. Large-scale blooms of
the dinoflagellate cyst Impletosphaeridium clavus in the LBF have been
linked to the decay of ephemeral sea ice during short-lived ‘cold
snaps’ (Bowman et al., 2013) correlated to isotopic evidence for cool
ocean temperatures (Tobin et al., 2012; Petersen et al., 2016). Others
have suggested that these blooms are related to periods of higher conti-
nental nutrient influx and eutrophication, without the need to invoke
sea ice formation (Amenábar et al., 2014). With or without sea ice, an-
oxic conditions were likely dynamically driven by seasonal bursts of
high productivity, with their magnitude determined by the accumula-
tion of a standing stock of dissolved nutrients during the polar winter.
Trace element and framboid data do not show any significant evidence
for enhanced levels of anoxia corresponding to dinoflagellate-rich inter-
vals, which may suggest that they reflect preservation processes more
than productivity.

Climate warming in the late Maastrichtian has also been suggested,
based on faunal (Bowman et al., 2013; Bowman et al., 2014) and geo-
chemical (Tobin et al., 2012; Petersen et al., 2016) proxies. An apparent
peak inwarming located in the ~70m of the LBF stratigraphically below
the K–Pg boundary, correlated to magnetochron C29R, has been linked
to the main phase eruptions of the Deccan Traps LIP (Tobin et al., 2012;
Renne et al., 2015; Petersen et al., 2016). Trace element and framboid
data do not show any significant evidence for increased anoxia correlat-
ing with any of these events, suggesting that their impact on nutrient
loading and/or bottom water oxygenation was not significant in this
setting. Fluctuations in redox conditions seem to have been a character-
istic feature of the JRB during theMaastrichtian and Paleocene, one that
was not strongly perturbed by changes in climate.
5.3. Impact of anoxic conditions on Seymour Island fauna

The presence of a fully marine fauna in most of the LBF, despite evi-
dence for at least periodically euxinic conditions in the sediment and
bottom waters, does not necessarily represent a contradiction. Many
modern environments that exhibit seasonal redox cyclicity host well-
established benthic ecosystems (Tyson and Pearson, 1991; Oschmann,
1994). The degree to which changes in redox conditions prove deleteri-
ous for local marine biodiversity is governed by several factors, such as
proximity to the source of nutrient inputs, thedegree and timingof algal
productivity, and the temporal and spatial extent of euxinic conditions.
Apparent ‘mismatches’ between geochemical and paleontological prox-
ies in environments deposited under conditions like those we postulate
for the JRB are well known throughout the geological record (e.g. Kenig
et al., 2004; Jiménez Berrocoso et al., 2008; Boyer et al., 2011), and
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generally reflect the difference in the temporal scales recorded by mac-
rofossils and trace element proxies.

Bivalvemacrofossils from the LBF (e.g., Lahillia) exhibitwell-preserved
growth lines, which indicate they were on average 30–80 years old at
death (J.L.O. Hall; Pers. Comm. 2016). This is consistent with analysis of
similar bivalves of the genus Cucullaea from the younger La Meseta For-
mation on SI (Buick and Ivany, 2004), many of which lived N100 years.
Rather than suggesting euxinia on decadal to centennial timescales, it is
likely that the infaunal bivalve community was simply tolerant of short-
lived euxinic events in the overlying water column. Indeed, bivalves can
be quite resistant to short term anoxic and hypoxic conditions, particular-
ly in cool water environments (Vaquer-Sunyer and Duarte, 2008).

Abundant benthic foraminifera have also been recovered from the
LBF on Seymour Island (Huber, 1988) though interpretation of their ox-
ygen tolerance is complicated. Several genera thought to be resistant to
low oxygen conditions (Gupta and Machain-Castillo, 1993) are known
throughout the LBF on Seymour Island, including Bolivina (3 species)
and Nonionella (3 species). Regardless, periodic anoxic events on a sea-
sonal scale are not necessarily in conflict with a diverse foraminiferal
community that can reestablish itself quickly after oxic conditions re-
turn (Alve, 1995).

The degree of bioturbation is often considered to be a good indicator
of the effects of redox changes on benthic fauna (e.g., Savrda and Bottjer,
1991). The LBF is often described as bioturbated throughout, and nu-
merous specific ichnofossils have been identified from Seymour Island,
as have areas of mottling inferred to be poorly defined bioturbation
(Olivero and Cabrera, 2013). However, the recognition of the individual
trace fossils (as opposed to intensive bioturbation), as well as the pres-
ervation of fine-scale sedimentary structures including current-ripple
laminae, inclined heterolithic stratification, mudstone-sandstone cou-
plets, and flaser bedding indicate that in at least some strata bioturba-
tion was not significant (Olivero et al., 2007). Given the freeze-thaw
weathering of surface sediments, and the necessity of locating or exca-
vating fresh exposures to observe primary sedimentology, it is difficult
to assess the relative abundance of bioturbation throughout the section.
However, the presence of both extensively and minimally bioturbated
intervals is consistent with our interpretation of frequent but short-
lived periods of euxinia.

Apart from the mass extinction event at the K–Pg boundary itself,
the most notable feature of the marine fossil record from the LBF on SI
is an apparent long-term increase in the diversity and abundance of
molluscan taxa up-section (Macellari, 1988; Crame et al., 2004; Witts
et al., 2016). This increase ismost pronounced in the transition between
the mollusc-poor ‘Rotularia Units’ and the overlying ‘Molluscan Units’
(which still contain abundant Rotularia;Macellari, 1988). Redox proxies
examined here do not show a consistent change across this interval, im-
plying that bottomwater conditionswere likely not the primary control
on faunal diversity in these units. However, various lines of evidence
suggest that more reducing conditions could have played at least a par-
tial role in restricting diversity in the lower part of the section.

The stratigraphic interval corresponding to Units 2 through 4 (first
~250 m of the composite section presented here) contains the lowest
overall macrofaunal diversity (Macellari, 1988; Witts et al., 2016).
While framboid data are unfortunately too sparse to assess redox condi-
tions at sufficient resolution, several samples are unequivocally euxinic
(Fig. 5). The trace element dataset in this interval also contains some in-
dications of more intense euxinia; the numerous local maxima in arse-
nic content in the T12 section likely reflect episodes of sulfide
deposition in the Rotularia beds (Fig. 4). In a study of decapod crusta-
ceans from the LBF, Feldmann and Tshudy (1989) noted morphological
changes in the lower levels of the LBF, which they related to oxygen de-
ficiency by comparisonwithmodern taxa. This suggests that redox con-
ditions had a substantial effect on the wider marine community in this
interval.

This lowermost portion of the LBF on SI was deposited in shallower
water, and was probably closer to the source of riverine nutrient and
sediment input from the Antarctic Peninsula (Olivero et al., 2007;
Olivero et al., 2008). This more proximal facies may have accumulated
larger standing stocks of nutrients during the polar winter, leading to
the local development of more intensely reducing conditions during
spring phytoplankton blooms (as reflected in the stronger arsenic ex-
cursions seen in the Rotularia beds of section T12). It is likely that the in-
creasing molluscan abundance up-section is a result of multiple factors
relating to gradual deepening during the subsequent transgression
(Olivero, 2012). This led to deposition in amore distal outer shelf setting
further from the point-source for nutrient input, therefore further from
the local development of more intense euxinia, as well as in water
depths characterized by lower turbidity and less brackish conditions
(Askin, 1988; Olivero et al., 2007). Other factors such as long-term
changes inwater temperature andnature of the available substrate like-
ly also played a role in controlling diversity during the Maastrichtian–
Paleocene deposition of the LBF (Witts et al., 2015; Witts et al., 2016).

In the ‘cool-greenhouse’ climate of latest-Cretaceous Antarctica, nu-
trient fluxes from the adjacent, vegetated landmass combined with the
extreme seasonality of polar light regime (Chin et al., 2008) likely led to
seasonal pulses of productivity, driving euxinia in the bottom waters of
the shelf. The short duration and spatial heterogeneity of these redox
changes could potentially be responsible for the superimposition of geo-
chemical evidence for euxinia with a diverse macrofauna in these sec-
tions. In modern environments, benthic fauna can colonize the sea
floor and tolerate periods of decreased oxygen content in the sediment
or bottomwater, providing that they do not persist long-term (typically
N9 months-1 year; Tyson and Pearson, 1991; Oschmann, 1994;
Vaquer-Sunyer and Duarte, 2008). It is certainly possible that the pe-
riods of euxinia identified from geochemical proxies may have led to
mass mortality of benthic fauna, but corroborating this hypothesis
would require high-resolution sampling of discreet stratigraphic inter-
vals throughout the LBF linking paleontological, geochemical, and sedi-
mentological proxies at the same scale.
5.4. A link between redox fluctuations and the K–Pg mass extinction in
Antarctica?

An apparent peak in Mo concentration, and enrichments in other
major and trace elements (Figs. 2,4), coincide with the K–Pg boundary
as defined by biostratigraphy (Bowman et al., 2012), the presence of
an Ir anomaly (Elliot et al., 1994), and mass extinction of marine taxa
(Witts et al., 2016). It is tempting to link elemental enrichments at
this level to environmental changes associated with the mass extinc-
tion, and by extension with the effects of the Chicxulub bolide impact
(Kring, 2007; Schulte et al., 2010). Studies of redox-sensitive trace ele-
ments in other K–Pg boundary successions suggest a brief pulse of low
oxygen conditions, and/or expansion of oxygen minimum zones, was
associated with the aftermath of the impact, followed by a rapid recov-
ery (over ~100 years) to pre-boundary conditions (Martinez-Ruiz et al.,
1999; Sosa-Montes De Oca et al., 2013, 2017).

Major and trace element enrichments within the glauconite-rich
beds at the K–Pg boundary on SI are similar to those seen in a separate
glauconite-rich horizon, located approximately ~175 m below in sec-
tion D5.251, one of several such intervals that occur throughout the sec-
tion. Pyrite framboid size distributions are not significantly different
between the two measured glauconite-rich horizons, with samples
from both showing a low mean value but wide distribution of sizes,
likely due to time-averaging of rapid redox variations. Despite its coin-
cidence with the mass extinction event (Witts et al., 2016), the glauco-
nite-rich horizon at the K–Pg boundary on SI is not appreciably
different from others in the upper ~300 m of the LBF. The one unique
characteristic of the K–Pg glauconite is the presence of abundant fish
debris – including both articulated and disarticulated skeletons – in
the few meters above the Ir anomaly (Zinsmeister, 1998; Witts et al.,
2016).
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In his original study of the K–Pg interval, Zinsmeister (1998) sug-
gested that fossils in the ‘fish-kill’ beds were victims of unstable condi-
tions in the water column following the Chicxulub impact and mass
extinction (see also Witts et al., 2016). While such conditions may
have included a short interval of intense euxinia, other factors related
to a severe ‘impact winter’ (Vellekoop et al., 2016) and associated
short-lived changes to climate and ocean mixing (Brugger et al., 2016)
could be responsible for ‘fish-kill’ events in the JRB. Because of this un-
certainty, and the similarities between enrichments at separate glauco-
nite-rich horizons, it is not possible to unequivocally link the peak inMo
and other trace elements at the boundary with the environmental ef-
fects of the mass extinction. The more likely scenario is that any such
signal is overprinted by the local geochemistry of this glauconite-rich
horizon.

Based on the results presented in this study, a pulse of euxinia is un-
likely to have been a significant kill mechanism during the K–Pg mass
extinction in the JRB. Redox variations appear to have been a character-
istic of the depositional environment, related to the unusual combina-
tion of a ‘temperate’ climate during the Cretaceous and Paleocene and
the annual cycle of polar light availability. We did not detect any signif-
icant changes in the redox environment associatedwith the eruption of
Deccan Traps LIP in the latest Cretaceous. Any redox changes in the af-
termath of the Chicxulub impact were likely extremely short-lived
(Sosa-Montes De Oca et al., 2013). Unlike other major mass extinction
events in Earth history, the K–Pg crisis is not associated with a wide-
spread expansion of anoxic or euxinic conditions in the oceans on a
global scale (Wei et al., 2015; Wignall, 2015).

6. Conclusions

The succession on Seymour Island shows little secular variation over
the studied Maastrichtian and earliest Danian interval. Based on several
lines of geochemical and petrographic evidence,we can characterize the
bottom water of the basin as intermittently euxinic, with periodic
syngenetic framboid formation in the water column. Trace element
enrichments appear to have been driven by manganese and iron
oxyhydroxide “shuttling”, which implies a fluctuating chemocline
close to the sediment-water interface. Glauconite formation also ap-
pears to be related to redox variations, as well as sporadically slower
sedimentation rates.

The LBF shows a similar degree of Mo enrichment to Saanich Inlet,
which has deepwater turnover times on the order of one year. If anoxia
in the JRB had a similar recurrence interval, it is likely related to a sea-
sonal cycle of nutrient accumulation and productivity driven by the ex-
treme seasonality of sunlight at polar latitudes even during periods of
warm climate. As this anoxia would have been dynamically driven by
primary productivity, its intensity would be proportional to the accu-
mulation of nutrients in the water column during the polar winter.

Despite this evidence for euxinia, it does not appear to have been a
major driver of marine diversity in the JRB. The limited diversity in the
lowermost ‘Rotularia Units’ may be attributable to more intensely re-
ducingbottomwater conditions, as evidencedby greater arsenic enrich-
ments and a lower species richness in these strata. However, sporadic
euxinia continued into the ‘Molluscan Units’, as benthic diversity in-
creased. The K–Pg boundary horizon shows some trace element enrich-
ments, but similar enrichments are also seen in other glauconitic
intervals. Basinal euxinia does not appear to have increased coincident
with Cretaceous climate changes, or the eruption of the main phase of
the Deccan Traps. As a result it is likely to have been little more than a
minor local contributor to the K–Pg mass extinction.
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