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A B S T R A C T

The Ross Sea is one of the major sites of formation for Antarctic Bottom Water (AABW), a key component of the global ocean overturning circulation. However, there
is currently a lack of high quality stratigraphic records documenting how this water mass flows from the continental shelf into the abyssal ocean, and specifically how
this pathway is affected by changes in ice sheet cover on the Ross Sea continental shelf through Pleistocene glacial-interglacial cycles. Over the course of two
expeditions in 2015 and 2016, a suite of cores from the upper continental slope to the abyssal plain was obtained by the Korea Polar Research Institute from the R/V
Araon. The age of these cores ranges from Holocene to the latest Pliocene, and they hold the potential to document a source-to-sink record of AABW transfer into the
abyssal Pacific Ocean. The cores are located in regions with distinct differences in bottom water energy, with high-energy cascading water masses on the upper slope
creating the potential for erosional hiatuses, passing downslope into a lower energy setting. To decipher the complex environmental records and allow core-to-core
correlation, robust chronostratigraphies are essential. Here, we present age models for four of these cores, based on correlation between their magnetostratigraphy
and the geomagnetic polarity timescale, resulting in sedimentation rates between 1.5 cm/ky and 0.5 cm/ky. Rock magnetic data indicate the remanence is carried by
magnetite with an almost ubiquitous contribution of high coercivity fraction that is not demagnetised by 100mT. We demonstrate that a reliable magnetostrati-
graphy is established for each of these cores, and magnetic properties can be used to identify potential hiatuses in the cores and as a proxy for sedimentary grain-size.

1. Introduction

As atmospheric CO2 concentrations rise and the Earth warms, the
Antarctic ice sheets are expected to retreat mainly because of ocean-
induced melt of ice sheets at the marine margins (Golledge et al., 2015;
DeConto and Pollard, 2016). Today the Southern Ocean is warming,
freshening, and export rates of cold, saline water are slowing (Gille,
2002; Purkey and Johnson, 2010; Meredith et al., 2014; Menezes et al.,
2017; Williams et al., 2016). The Antarctic Ice Sheet appears to be re-
sponding to this warming and has begun retreating with the marine
margins appearing to be most severely affected (Shepherd et al., 2018).

Direct (instrumental) oceanographic observations cover only a few
decades (Orsi et al., 1999; Meredith et al., 2014; Menezes et al., 2017;
Williams et al., 2016) and are insufficient to deduce whether the
oceanographic changes currently underway are unusual or part of the
naturally varying system. Paleoceanographic reconstructions from se-
dimentary archives can help quantify rates and magnitude of change
under various climate conditions, including times of rapid warming

such as during terminations of past glacials. The Ross Sea continental
shelf is one of the largest source regions of highly-saline cold water that
is transported northward from the continental shelf, and passes down
the continental slope/rise as a cascading watermass to ultimately form
Antarctic Bottom Water, a key component of the global overturning
circulation (Orsi and Wiederwohl, 2009). However, the Ross Sea has
experienced large variations in ice sheet cover during late Pleistocene
glacial-interglacial cycles, and there remain key questions about how
such changes would influence AABW formation (Anderson et al., 2014;
McKay et al., 2012).

In the Austral summers of 2014 and 2015, the R/V Araon collected
jumbo gravity cores from the Ross Sea sector of Antarctica in water
depths ranging from 100 s to 1000s of metres along a transect from the
continental slope to rise. The core transect spans a relatively under-
studied environment where depositional processes are poorly under-
stood. Core sites were selected from 3.5 kHz sub-bottom profiler data
and targeted sediment drifts where thickened successions had accu-
mulated (Fig. 1). Here, we present the magnetic mineral records and
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magnetostratigraphies from four cores (RS15-LC42, RS15-LC47, RS15-
LC48, and RS15-LC108). Our aims were to build a robust chronos-
tratigraphic framework at each site; construct environmental magnetic
records to assist with paleoceanographic reconstructions; and allow
identification of erosional hiatuses and winnowing relating to bottom
current variations.

2. Sampling and methods

RS15-LC42 is 11.75m long and was cored in 2084m water depth at
71° 49.40′ S, 178° 34.76′ E. RS15-LC47 is 13.75m long and was cored in
2417m water depth at 70° 50.70′ S, 175° 04.16′ E. RS15-LC48 is
14.71m long and was cored in 3207m water depth at 68° 53.93′ S, 171°
09.89′ E. Finally, RS15-LC108 is 17.40m long and was cored in 3690m
water depth at 67° 29.61′ S, 178° 45.12′ E (Fig. 1). Our chronostrati-
graphic age models are derived from u-channel demagnetisation data,
which are correlated with the ATNTS2012 geomagnetic polarity time-
scale (Hilgen et al., 2012). We use radiolarian and diatom biostrati-
graphies to guide our correlation at three sites (RS15-LC42, RS15-LC48,
and RS15-LC108).

Cores were split at the Korea Polar Research Institute (KOPRI).
Visual core descriptions were made using ANDRILL-based lithological
classification schemes (Krissek et al., 2007) and lithological units were
assigned on the basis of common characteristics in the lithostrati-
graphy. U-channels were collected from split cores and shipped to the
Otago Paleomagnetic Research Facility (OPRF) at the University of
Otago, Dunedin, New Zealand.

Magnetic moment measurements were made using a 2G Enterprises
DC 760.5, pass-through superconducting rock magnetometer housed in
a 150 nT magnetically shielded room, and magnetic susceptibility was
measured with the inline Bartington magnetic susceptibility loop. U-
channels were demagnetized at 5mT increments in fields between 5mT
and 50mT, then at 60mT, 70mT, 80mT and finally at 100mT using
the inline AF demagnetization coils. After AF demagnetization an
Anhysteretic Remanent Magnetization (ARM) was imparted on u-

channels using a DC bias field of 39.79 A/m (0.05mT) in alternating
fields of 100mT with a tray speed of 8 cm/s (Brachfeld et al., 2004).
The ARM coils were active only during ARM acquisition, as previous
experience has revealed that even a weak DC bias field leak can result in
contamination of AF demagnetisation data (Ohneiser et al., 2013).

Temperature-dependent magnetic susceptibility, hysteresis,
Isothermal Remanent Magnetization (IRM), and First Order Reversals
Curve (FORC) (Pike et al., 1999) analyses were conducted on selected
samples to determine the magnetic mineralogy. Temperature-depen-
dent magnetic susceptibility curves were generated using an AGICO
MFK-1CS Kappa bridge on c. 0.25 cm3 crushed samples. Samples were
heated to temperatures of 700 °C in air. Hysteresis, FORC and IRM
measurements were made on 0.15 g–0.10 g crushed samples using a
Princeton Measurements Corporation Vibrating Sample Magnetometer
(VSM, MicroMag 3900). FORCs were measured with a field spacing of
2mT, an interaction field (Hu) ranging from −60mT to +60mT, and
coercivity field (Hc) ranging from 0mT to 100mT. FORC data were
processed using the FORCinel software package of Harrison and
Feinberg (2008) and smoothing factors (SF) of between 5 and 8
(Roberts et al., 2000) were applied to data.

Demagnetization data plotting and Principal Component Analyses
(PCA, Kirschvink, 1980) were carried out using the PuffinPlot software
package (Lurcock and Wilson, 2012). Polarity determinations were
carried out on the Characteristic Remanent Magnetisation (ChRM)
which we interpret to be the primary Depositional Remanent Magne-
tization (DRM). We conducted spectral analyses of ARM data using the
DOS program'SPECTRUM’ (Schulz and Stattegger, 1997). Data were
divided into two or three segments for Welch-Overlapped-Segment-
Averaging (WOSA) and a Hanning taper was used to define spectral
peaks.

Biostratigraphic age control is provided by radiolaria and diatoms.
Radiolarian samples were disaggregated in a 10% H2O2 solution and
washed in a 10% hydrochloric acid solution to remove calcareous
components. The solution was sieved through a 63 μm sieve and a slide
prepared by pipetting microfossils onto a microscope slide, which was

Fig. 1. Location map showing the locations of RS15-
LC42, RS15-LC47, RS15-LC48, and RS15-LC108
presented in this work and cores ANTA96–16
(Venuti and Florindo, 2004) and ELT27–21 (Jovane
et al., 2008). The locations of the Polar Front (PF),
Southern Antarctic Circumpolar Current Front
(SACCF), and the Southern Boundary of the Ant-
arctic Circumpolar Current (SBACC) are indicated in
white (Orsi et al., 1995). Bathymetric data are from
Arndt et al. (2013).
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then fixed, after the water had evaporated from the slide, by adding
Canada Balsam to a 22mm×40mm glass coverslip. Diatom smear
slides were prepared shipboard for core RS15-LC48 from toothpick
samples collected at core section breaks, approximately every 1.5 m.
For RS15-LC42, settled slides were prepared following the method of
Warnock and Scherer (2015).

Radiolarian biostratigraphic datums follow the frameworks devel-
oped for Integrated Ocean Drilling Program (IODP) Exp. 318: Wilkes
Land Glacial History (Tauxe et al., 2012) and IODP Exp. 374: Ross Sea
West Antarctic Ice Sheet History (McKay et al., 2018; G. Cortese, pers.
comm.). Diatom datum age assignments and zonation are based on
constrained optimization models (CONOP; Cody et al., 2008; Cody
et al., 2012), previous Ross Sea drilling by the Cape Roberts Project
(CRP-1; Bohaty et al., 1998) and ANDRILL (AND-1B; Sjunneskog et al.,
2012; Winter et al., 2012) (Fig. 1), and the biostratigraphic framework
prepared for IODP Exp. 374: Ross Sea West Antarctic Ice Sheet History
(McKay et al., 2018; D. Harwood, pers. comm.)

Depth uncertainty introduced by coarse sample spacing is shown on
figures and reported in supplementary Tables S1–S4 following the
conventions of Tauxe et al. (2012). For biostratigraphic first occur-
rences (FO), “top depth” is the deepest sample in which a species was
observed, while “bottom depth” is the next deepest sample examined in
which the species was not present; the true first occurrence is inferred
to exist at an unobserved depth between these two samples. The same
principle is applied to last occurrences (LO), where a species present in
the “bottom depth” sample is absent from the “top depth” sample
above. The depths are where the ChRM inclination cross the 0° line. The
depth uncertainty of reversal boundaries was typically a few centi-
metres at the most because u-channels were measured at 1 cm intervals.

3. Results

3.1. Lithology

We include stratigraphic descriptions for cores RS15-LC42, RS15-
LC47, RS15-LC48, and RS15-LC108. Because our focus is on chronology
and the rock magnetic data, a detailed lithostratigraphic presentation,
provenance / compositional, or facies analysis is outside the scope of
this paper. Below we describe only the aspects of lithology that are
relevant to the rock magnetism interpretations and the development of
our magnetostratigraphies.

We divide RS15-LC42 into three units (Fig. 2). Unit 1 (0m–1.55m)
is a gravelly muddy sand, which consists of gradational decimeter thick
(< 30 cm) interbeds of fine-to- medium sand, and silt. Unit 2
(1.55m–3.15m) consists of gravelly muddy sand interbedded with la-
minated and bioturbated silt. The interbeds contain gradational (over
1–2 cm) and bioturbated contacts (over several cm). Unit 3
(3.15m–11.78m) consists of generally clast free interbeds of laminated
silt to sandy silt and bioturbated silts and gravelly muddy sand beds.
The laminated silt and sandy silt intervals are structurally and textu-
rally identical to the interval between 1.55m and 1.75m in unit 2, but
are up to 2.20m in thickness with rare cm-scale laminae and rare clasts.
Greyish-brown muddy and yellow-brown gravelly muddy sand beds
contain common to abundant clasts, are moderately bioturbated and
are up to 25 cm in thickness.

RS15-LC47 is divided into three units (Fig. 3). Unit 1 (0m–7.40m)
consists of interbeds of silt with sparse to abundant clasts and more
clast-rich muddy sands. Silt beds are up to 180 cm thick, moderately to
strongly bioturbated with rare mm-scale faint laminations. Laminated
intervals are characterized by packages of mm-scale fine to coarse silt
planar-laminations that are even to wavy and parallel in nature. Unit 2
(7.40m–10.10m) comprises silt, sandy silt and silty sand interbeds
with well-defined mm-scale laminations. Bioturbation and clasts are
sparse to absent. Silt beds are up to 150 cm in thickness and have well-
defined mm-scale planar- and cross-laminae. Sandy silt beds have well-
defined mm-scale planar- and cross-laminae, up to 20 cm in thickness.

Unit 3 (10.10m–13.75m) comprises interbeds of silty clay and clayey
silt.

RS15-LC48 is divided into four units (Fig. 4). Unit 1 (0m–2.40m)
comprises gradational interbeds of gravelly muddy sand, bioturbated
silt with common to abundant clasts and laminated silt with absent to
sparse clasts. Gravelly muddy sandbeds are< 110 cm thick, and mod-
erately to strongly bioturbated with abundant clasts. Silt beds are<
40 cm thick, and moderately bioturbated with mm-scale faint lamina-
tions and common to abundant clasts. Laminated intervals are char-
acterized by packages of mm-scale planar- and cross-laminae of clayey
silt/coarse silt. Unit 2 (2.40m–9.44m) consists of faintly laminated silt
interbedded with gravelly muddy sand. Silt beds are< 30 cm thick,
grey-brownish with rare to common bioturbation, faint mm-scale la-
minae and common to abundant clasts. Laminae are structurally and
texturally identical to the laminae in unit 1 with cm-burrows and scour
features, but are also cut by rare normal faults with mm- to cm-scale
offsets. Gravelly muddy sand beds are< 80 cm thick, greyish-brown,
with moderate to abundant bioturbation and common to abundant
clasts. These are occasionally interbedded with yellowish-brown grav-
elly muddy sand beds up to 20 cm thick, with moderate to abundant
bioturbation and common to abundant clasts. Unit 3 (9.44m–12.20m)
comprises interbeds of silt with well-defined mm-scale laminations and
clast-rich muddy and sandy beds. Silt beds are up to 55 cm thick,
greenish-grey, and sparsely bioturbated in places with absent to scarce
clasts, with the exception of a concentrated layer of gravel at 12.20m.
Unit 4 (12.20m–14.72m) consists of clast-rich, muddy beds with
moderate to abundant bioturbation interbedded with weakly laminated
silt with rare to moderate bioturbation and common to abundant clasts.
Gravelly muddy sand beds are up to 180 cm thick, and are identical to
those described in units 1, 2 and 3, with rare mm-scale faint laminations
and a 2 cm thick black organic layer at 12.60m. Silt beds are up to
20 cm thick with faint mm-scale planar-laminae.

RS15-LC108 is not divided into units (Fig. 5) and is dominated by
monotonous mud lithology, with abundant to complete bioturbation
and common to abundant clasts occasionally concentrated into layers.
Between 5.68m and 5.71m is a thin interval with well-defined mm-
scale planar laminae, and rare, faintly laminated intervals (< 20 cm in
thickness) with weak to moderate bioturbation and common clasts
between 8.00m and 16.50m.

3.2. Biostratigraphy

In RS15-LC42, one robust diatom event, the FO of Thalasssiosira
antarctica with a first appearance datum (FAD) age range of
0.57–0.65Ma, was identified between 5.40 and 5.64mbsf
(Supplementary Table S1). Because Pleistocene taxa co-occur with a
diverse reworked Miocene and early Pliocene flora in most samples
examined from this core, last occurrences in RS15-LC42 were con-
sidered unreliable for biostratigraphy. However, the deepest sample
examined at 11.65mbsf includes Fragilariopsis kerguelensis, which has a
FAD of ~2.3Ma (Cody et al., 2008) and therefore provides a maximum
limiting constraint on the basal age.

RS15-LC42 and RS15-LC47 samples had low radiolarian abundances
and did not yield useful biostratigraphic datums. No diatom samples
were examined for RS15-LC47 (Supplementary Table S2).

In RS15-LC48 three radiolarian and thirteen diatom events provide
excellent biostratigraphic control (Supplementary Table S3; Fig. 4). The
FO of the radiolarian Triceraspyris antarctica occurs between 8.52m and
10.07m and has an age of 1.85Ma. The LO of Sphaeropyle robusta also
occurs between 8.52m and 10.07m with a mid-latitude calibrated age
of between 1.4Ma and 1.5Ma (Kamikuri et al., 2004); we use this
datum only as a guide because it is not calibrated in high latitude water
masses. The LO of the radiolarian Cycladophora pliocenica, which occurs
between 10.07m and 11.57m. is calibrated to 1.73Ma from a variety
of Southern Ocean locations. It should be noted, however, that recent
IODP drilling in the Ross Sea (McKay et al., 2018) allows a local
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recalibration of the last appearance datum (LAD) of C. pliocenica to
~2.15–2.4Ma, suggesting that the age assignment for this datum may
be regionally time transgressive. Finally, we note a dramatic drop in the
abundance of C. davisiana at the base of the core, which suggests that
the FAD of this species is not far below 14.91m indicating an age near
2.5Ma (Tauxe et al., 2012).

RS15-LC48 diatom biostratigraphy is in good agreement with age
control from radiolarians, and the diverse assemblage is well-suited to
the Pleistocene high-latitude diatom zonation developed for core AND-
1B, recovered by the ANDRILL Program from beneath the McMurdo Ice
Shelf just northwest of Ross Island in the Ross Sea (Winter et al., 2012).
Four zones are identified in RS15-LC48 (Fig. 4). The youngest zone, the
Thalassiosira lentiginosa zone, extends from the top of the core to the
LAD of Actinocyclus ingens (0.5–0.6Ma; LO 0.92mbsf in RS15-LC48). In
addition to T. lentiginosa, this zone is characterized by a diverse extant
assemblage that includes A. actinochilus, Fragilariopsis curta, F. kergue-
lensis, F. obliquecostata, F. rhombica, Thalassiosira antarctica, and T. oli-
verana. Next, the Actinocyclus ingens zone extends from 0.92mbsf to the
LAD of Rouxia antarctica (1.22–1.5Ma at 7.77 mbsf, placed at the mid-

point between the observed LO at 8.52mbsf and 7.02mbsf, the deepest
sample where R. antarctica is absent). The A. ingens zone is followed by
the R. antarctica zone, which extends from 7.77mbsf down to the LAD
of Actinocyclus fasciculatus (1.87–2.05Ma at 12.33mbsf, placed at the
mid-point between the observed LO at 13.08mbsf and 11.57mbsf, the
deepest sample where A. fasciculatus is absent). Below the R. antarctica
zone, the A. fasciculatus extends from 12.33 mbsf to deepest sample
examined at 14.91mbsf. The basal assemblage is characterized by
A. fasciculatus (FAD 2.7Ma), Fragilariopsis bohatyi (FAD 3.1Ma), Rhi-
zosolenia harwoodii (FAD 3.6Ma), Thalassiosira elliptipora (FAD 3.3Ma),
and T. webbi (FAD 3.2Ma), providing limiting constraints on basal age.

Zonal assignments are augmented by ages for individual biostrati-
graphic events based on previously reported occurrences in the Ross
Sea (Bohaty et al., 1998; Sjunneskog et al., 2012; Winter et al., 2012)
and CONOP modeling (Cody et al., 2008; Cody et al., 2012) (Supple-
mentary Table S3). Importantly, the distinctive species Actinocyclus
maccollumii (LAD 2.2–2.4) and Thalassiosira complicata (LAD 2.4–2.5)
are not found in RS15-LC48, supporting the radiolarian-based inference
that the base of the core terminates prior to ~2.5Ma.
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In RS15-LC108, two useful radiolarian markers were identified
(Fig. 5; Supplementary Table S4). The LO of Antarctissa cylindrica occurs
between 7.93m and 9.43m and has an age of 0.6Ma (Tauxe et al.,
2012). The LO of Desmospyris spongiosa occurs between 12.47m and
13.37m and has and age of 2.4Ma (Tauxe et al., 2012). Finally, Helo-
tolus vema was identified in the deepest sample examined at 16.42m,
indicating a basal age > 2.4Ma. No diatom samples were examined for
RS15-LC108.

3.3. Demagnetisation data

RS15-LC42 had NRM intensities between 0.0003 Am−1 and
0.059 Am−1 (Fig. 2) with average Maximum Angular Deviation (MAD)
of 3.6° and 92% of the record with MAD below 15° (Fig. 6). De-
magnetisation behaviour was good overall with a Viscous Remanent
Magnetisation (VRM), which demagnetized by the 10mT step, re-
cognised in most intervals (Fig. 6). However, very few samples were
completely demagnetised by the 100mT step indicating the presence of

high coercivity minerals. The ChRM was typically identified between
10mT and 35mT and agrees well with expected Geocentric Axial Di-
pole (GAD) field which is± 80.7° at this latitude (Fig. 2). A histogram
of ChRM inclination data (Fig. 7) indicates normal and reversed po-
larity data cluster around the expected GAD and that the record is
dominated by normal polarity magnetisations. One normal to reversed
polarity change occurs at 8.26m ± 0.03m.

RS15-LC47 had NRM intensities between 0.000045 Am−1 and
0.096 Am−1 (Fig. 3) with average MAD of 4.49° and 95% of the record
with MAD below 15°. The magnetisation between 2.72m and 3.86m
(core section 3) is anomalously shallow and demagnetisation data are
too noisy to allow interpretation between 5.78m and 6.75m (core
section 5). Between 10.72m and 11.36m (core section 8), demagneti-
sation data are again anomalously shallow or have positive inclinations.
A VRM (Fig. 6) is recognised at most levels, and is demagnetised be-
tween 5mT and 10mT, while the ChRM was identified between 10mT
and 35mT. As was the case at RS15-LC42, very few samples completely
demagnetised by the 100mT step indicating the presence of high
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coercivity minerals. Overall the demagnetisation data agree with the
expected Geocentric Axial Dipole (GAD) field (± 80.2° at this latitude)
but this record is more noisy than RS15-LC42 and normal and reversed
polarities inclinations appear to shallow towards the base of the record
(Fig. 3). A histogram of ChRM inclination data indicates (Fig. 7) normal
and reversed polarity data are slightly shallower than the expected GAD
and that the data contain a large number of intervals or samples with
anomalously shallow inclinations. One normal to reversed polarity
change occurs at 11.65m ± 0.03m.

RS15-LC48 had NRM intensities between 0.00014Am−1 and
0.20 Am−1 (Fig. 4) with relatively high average MAD of 9.5°and 83% of
the record with MAD below 15°. Demagnetisation is more noisy than at
the other sites with numerous intervals that were too noisy to allow for
polarity determination. A normal polarity VRM was observed in some
intervals (Fig. 6) but often it was not observed possibly because data were
too noisy. No samples completely demagnetised at the 100mT and below
c. 5m demagnetisation resulted in increasing magnetic intensity above c.
70 mT to peak fields of 100mT (Fig. 6). The ChRMwas identified between
10mT and 35mT, and agrees reasonably well with expected GAD field
which is±79.1° at this latitude (Fig. 4). A histogram of ChRM inclination
data (Fig. 7) shows a fairly even distribution of normal and reversed po-
larity data. Reversed polarity data appear to have more samples with
shallower than expected inclinations which may indicate that a portion of
the normal polarity VRM persists to higher AFs and was included during
PCA, or that the higher noise level (see earlier comment on high MAD) has

resulted in poorer inclination calculations. Six magnetozones are re-
cognised with reversals at 4.30m ± 0.10m, 5.78m ± 0.01m,
6.16m ± 0.01m, 10.23m ± 0.01m and 10.84m ± 0.05m.

RS15-LC108 had NRM intensities between 0.00044Am−1 and
0.036Am−1 (Fig. 5) with average MAD of 3.71° and 96% of the record
with MAD below 15°. Demagnetisation data were very good (Fig. 6) but no
samples were completely demagnetised at the 100mT step. Below 16.5m
inclination directions change frequently and data are noisy. A normal
polarity VRM is clear in reversed polarity intervals (Fig. 6) where it per-
sists up to 15mT at times. The VRM persisted to higher AFs but, because
demagnetisation data were well behaved, the ChRM was identified be-
tween 20mT and 80mT. This differs from the other sites where the high
noise level prevents PCA of data from high AFs. The ChRM magnetisation
agrees very well with expected GAD inclination which is±78.1° (Fig. 5)
and a histogram of ChRM inclination data (Fig. 7) shows an even dis-
tribution of normal and reversed polarity data. Nine magnetozones are
recognised with reversals at 4.82m ± 0.01m, 5.32m ± 0.02m,
5.43m ± 0.02m, 6.13m ± 0.05m, 6.61m ± 0.03m, 11.72m ±
0.02m, 12.51m ± 0.02m, 12.70m ± 0.02m, 14.18, m ± 0.02m and
16.61m ± 0.02m.

Changes in the quality of demagnetisation most often coincide with
changes in section number (brakes between one core section and an-
other) and were noticed at random in samples from all sites. We could
not find a root cause for these changes in demagnetisation behaviour.
Sediments appear undisturbed and magnetic mineralogy does not
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change from section to section. It is possible that cores or u-channels
were exposed to strong magnetic fields during transport or processing.

3.4. Magnetic mineralogy

During demagnetisation, most sediments across all four sites
reached a 50% magnetisation between 20mT and 40mT, indicating
that low coercivity magnetic minerals such as magnetite or maghemite
are the dominant carriers of NRM.

RS15-LC42 has overall low coercivity with Hcr between 26mT and
43mT and Hc between 8mT and 15mT. Saturation magnetisation (Ms)
was between 0.0015 Am2/kg and 0.0826 Am2/kg and saturation re-
manence magnetisation (Mrs) was between 3.28×10−8 Am2/kg and
3.62×10−6 Am2/kg. RS15-LC47 has Hcr between 25mT and 63mT
and Hc between 7mT and 24mT. Ms. was between 0.0019 Am2/kg and
0.0567 Am2/kg and Mrs. was between 6.42× 10−8 Am2/kg and
2.41×10−6 Am2/kg. RS15-LC48 has Hcr between 29mT and 43mT
and Hc between 6mT and 17mT. RS15-LC48 has higher concentrations

of magnetic minerals with Ms. was between 0.0378 Am2/kg and 0.187
Am2/kg and Mrs. was between 1.32× 10−6 Am2/kg and 6.77×10−6

Am2/kg. RS15-LC108 has Hcr between 37mT and 55mT and Hc be-
tween 13mT and 21mT. Ms. was between 0.0113 Am2/kg and 0.0786
Am2/kg and Mrs. was between 5.66× 10−7 Am2/kg and 3.00×10−6

Am2/kg.
In RS15-LC42 and RS15-LC47, demagnetisation was rarely complete

at 100mT and at RS15-LC108 demagnetisation was never complete at
100mT. For RS15-LC48 it is not possible to say if demagnetisation is
incomplete at 100mT in all samples because data are too noisy and
magnetisations increase in some intervals at high AFs (Fig. 6). The in-
crease in magnetisation, referred to as a Gyro Remanent Magnetisation
(GRM) is a well-known indicator of greigite, a diagenetic magnetic
mineral which commonly indicates post-depositional alteration of the
magnetisation (e.g. Snowball, 1997; Hu et al., 1998, 2002; Florindo
et al., 2003; Rowan et al., 2009; Sagnotti et al., 2010; Roberts et al.,
2011). Rock magnetic data (temperature-dependent magnetic suscept-
ibility and FORC) revealed mixed grain-size magnetite is the dominant
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remanence carrier (Fig. 8) and that magnetic mineralogy does not vary
between intervals where a GRM is present and those where it is not.

Overall hysteresis and IRM analyses (Fig. 8) indicate the dominance
of low-coercivity magnetic minerals even though demagnetisation is
incomplete at the 100mT step. A biplot of Hcr vs Mrs. (Fig. 8a)

indicates RS15-LC42 and RS15- RS15-LC47 have on average a lower
coercivity magnetic mineralogy of c. 30mT and RS15-LC48 and RS15-
LC108 have slightly higher average coercivity of c. 40mT. A Day Plot
(Day et al., 1977; Dunlop, 2002a, 2002b) also reveals that all sites plot
in the Pseudo Single Domain (PSD) grains-size field and that RS15-LC42

Fig. 6. Representative demagnetization plots for selected depths. Demagnetization was effective at removing viscous overprints by the 10mT step. Paleomagnetic
data indicated that the sediments carry a single-component which we consider as the ChRM and representative of the geomagnetic field at the time of sediment
deposition. The shift to higher coercivity mineralogy in offshore sites (RS15-LC48 and RS15-LC108) is apparent from incomplete demagnetisation at higher fields.

C. Ohneiser, et al. Global and Planetary Change 176 (2019) 36–49

43



and RS15-LC47 appear to have a larger grain-size than RS15-LC48 and
RS15-LC108 (Fig. 8b). However, magnetic grainsize identification using
a Day Plot is best suited for magnetite dominated sediments (Day et al.,
1977; Dunlop, 2002a, 2002b), and while Kosterov (2002) and Liu et al.
(2003) argue that accurate grain size estimates in sediments with oxi-
dised magnetite are still possible from a Day Plot, the two groups we
observe may simply indicate difference in magnetic mineral. We did not
identify greigite (or other iron sulphides) that result from diagenetic
alteration of remanence carriers in any of our analyses.

3.5. Chronologies

We assume that the tops of cores are intact and have near-modern or
recent age.

In RS15-LC42 the N to R reversal at 8.26m ± 0.03m is correlated
with the C1n C1r.1r reversal and has a corresponding age of 0.781Ma
(Hilgen et al., 2012). The correlation is supported by the FO of Tha-
lassiosira antarctica (0.57–0.65Ma) between 5.4 and 5.64 mbsf, and
results in an average sedimentation rate of 1.06 cm/ky (Fig. 9). A dis-
tinct low in magnetic susceptibility, NRM and ARM values coincides
with fine-grained laminated silts and sandy silts between ~6m and
3.15m, within the middle of C1n. Higher variance in these three
magnetic properties coincides with alternation between sand−/gravel-
rich and gravelly muddy sand facies indicating they may provide a good
proxy for grain size variations at this site.

In RS15-LC47 the N to R reversal at 11.65m ± 0.03m is also
correlated with the C1n C1r.1r reversal, which has a corresponding age
of 0.781Ma (Hilgen et al., 2012) resulting in a sedimentation rate of
1.5 cm/ky (Fig. 9). The reversal occurs in a homogenous lithology,
therefore we suggest it is intact (i.e. not resulting from erosion and
amalgamation of two opposing polarity intervals). Between 10.90m
and 11.30m an interval of variable polarity may indicate core

disturbance. We do not think these fluctuations represent real geo-
magnetic field variations. As with RS15-LC42, there is an interval of
low magnetic susceptibility, NRM and ARM values in the middle of C1n,
between 4.2 and 7.3 m.

Six magnetozones are recognised in RS15-LC48. The downward
reversal pattern is correlated one-for-one with the C1n C1r.1r C1r.1n
C1r.2r C2n C2r reversals pattern of Hilgen et al. (2012). The correlation
results in corresponding ages of 0.781Ma at 4.30m ± 0.10m,
0.998Ma at 5.78m ± 0.01m, 1.072Ma at 6.16m ± 0.01m,
1.778Ma at 10.23m ± 0.01m, and 1.945Ma at 10.84m ± 0.05m. A
thin (2 samples) anomalous normal polarity interval occurs in C1r.1r at
5.15m. RS15-LC48 is lithologically complex: many reversals coincide
with, or occur near, a coarser grained interval where erosion or sedi-
ment winnowing may have occurred. The correlation results in a rela-
tively slow but continuous sedimentation rate of c. 0.57 cm/ky (Fig. 9).
As with RS15-LC42 and RS15-LC47, an interval of low magnetic sus-
ceptibility also occurs within the middle of C1n in RS15-LC48, but
unlike those cores NRM and ARM are relatively high. Magnetic sus-
ceptibility at this site appears to be a good indicator of grain size, with
coarser grained facies representing sand- and gravel-rich facies (Fig. 4).

Despite the potential influence of erosion or winnowing, our mag-
netostratigraphy is well-supported by both diatom and radiolarian
biostratigraphy in RS15- LC48 (Supplementary Table S3). A dramatic
drop in the abundance of the radiolarian C. davisiana at the base of the
core likely indicates the FAD of this species (2.5 Ma; Tauxe et al., 2012)
was almost recovered, while the absence of diatoms A. maccollumii
(LAD 2.2–2.4) and T. complicata (LAD 2.4–2.5) indicate an oldest pos-
sible basal age of 2.4Ma.

Our one-for-one magnetic reversal correlation provides a unique
opportunity to resolve uncertainties in the ages of three Southern Ocean
diatom biostratigraphic datums. The first, Thalassiosira webbi, was in-
itially described from sites on Kerguelen Plateau drilled during Ocean
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therefore an apparent deficit of reversed polarity data and
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Drilling Program Leg 120 at latitudes< 60° S (Harwood and
Maruyama, 1992), and many Southern Ocean biostratigraphies place
the LAD for this species between ~2.7 and 2.9Ma (e.g., Barron, 2003;
Cody et al., 2008; Harwood and Maruyama, 1992). However, a younger
LAD of 1.89Ma for T. webbi was documented from the ANDRILL AND-
1B core, collected from 77.89°S in the Ross Sea sector (Winter et al.,
2012), and subsequently validated by the CONOP hybrid range model

of Cody et al. (2012), which predicted a LAD of 1.76–2.02Ma. In RS15-
LC48, the proximity of the base of chron C2n (10.84m ± 0.05m,
1.945Ma) and the LO of T. webbi between 10.07 and 11.57mbsf sup-
ports our use of the younger LAD (Supplementary Table S3).

The other two, Fragilariopsis robusta and F. bohatyi, are new species
named from AND-1B (Sjunneskog et al., 2012; Winter et al., 2012). In
AND-1B, the LO of both species is truncated near around 150 mbsf at
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~1.9Ma; above that depth, diatoms are rare and the actual LADs for
both species are assumed to be younger. In RS15-LC48, the LO of
F. robusta between 8.52 and 10.07 is stratigraphically higher than the
top of chron C2n (10.23m ± 0.01m, 1.778Ma) indicating that the
actual LAD of this species is indeed somewhat younger than could be
resolved by its truncated occurrence in AND-1B. The LO of F. bohatyi,
between 5.47 and 7.02 mbsf, is younger still, falling very near the short-
lived chron C1r.1n (base 6.16m ± 0.01m, 1.072Ma; top
5.78m ± 0.01m; 0.998Ma). Interestingly, this taxon was originally
observed and photographed as the unnamed “Fragilariopsis sp.” from
the Cape Roberts Project CRP-1 core, collected in the Ross Sea at 77.01°
S (Bohaty et al., 1998, Plate 1, figs. 11 and 13). The F. bohatyi specimens
documented in CRP-1 come from a lithostratigraphic unit assigned to
the A. ingens zone, within the narrow T. elliptipora acme that spans 0.75
to 1.15Ma (Bohaty et al., 1998). The age inferred from CRP-1 is
therefore in excellent agreement with the close correspondence be-
tween LO F. bohatyi and chron C1r.1n in RS15-LC48, and we here
propose a revised LAD of 0.75–1.15Ma for F. bohatyi (Supplementary
Table S3).

In RS15-LC108, we correlate downward progression of the thickest
magnetozones with chrons C1n C1r.1r C1r.1n C1r.2r C2n C2r C2An.1n
(Hilgen et al., 2012). Fig. 5 illustrates the resulting ages with depth. We
do not correlate the two, thin anomalous magnetozones (5.32m to
5.43m, and 12.50m to 12.69m) with the magnetic polarity timescale.
The upper zone (5.32m to 5.43m) coincides with a thin, coarse grained
interval which has an unstable magnetisation, while the lower, reversed
polarity interval (12.50m to 12.69m) coincides with the top of a core
section that may have been disturbed either during u-channeling or
core cutting/splitting. The correlation with the magnetic polarity
timescale is constrained by the LO of the radiolarian A. cylindrica
(0.6 Ma) between 7.93m and 9.43m and LO of D. spongiosa between
12.47m and 13.37m, which has an age of 2.5Ma (Supplementary
Table S4). None of the reversals identified here coincide with a change
in lithology and the correlation indicates relatively continuous sedi-
mentation until 1.778Ma with an average sedimentation rate of
0.62 cm/ky. The over-thickened chron C2n may indicate an increase in
sedimentation rate during this period, or alternatively that an un-
conformity occurs in this interval which has amalgamated the C2n
normal polarity interval with the underlying C2An.1n normal polarity
interval. This scenario is unlikely because it implies that the thick re-
versed polarity interval between 14.18m and 16.61m correlates with

the short-duration chron C2An.1r (3.032Ma - 3.116Ma; Hilgen et al.,
2012) resulting in a sedimentation rate of c. 2.9 cm/ky (between 4.6
and 4.8 times faster than the average sedimentation rates at both sites
RS15-LC48 and in other sections of RS15-LC108). Therefore, we suggest
the over-thickened normal polarity interval between 11.72m and
14.18m indicates an increased sedimentation rate. As with the other
sites studied, there is a distinct interval of low magnetic susceptibility in
the middle of C1n (between 2.5 and 3.5 m). However, there are nu-
merous other intervals of low magnetic susceptibility throughout the
cores, with less variation and lower absolute values, but with numerous
discrete “spikes”. As with the other sites, magnetic susceptibility ap-
pears to relate to grain size variations, with these lower values corre-
sponding to the mud-rich facies that dominate this core. The gradual
increases over intervals of 10–50 cm likely represent increases in sand
content, with the shorter and sharper peaks (exceeding ~50 S·I 10−5)
most likely representing increases in clast abundance relating to the
deposition of ice rafted debris.

In an effort to test whether magnetic reversals and chronozones are
stratigraphically intact, we conducted first order spectral analyses of
the age corrected ARM data (a magnetic mineral concentration proxy
particularly sensitive to Single Domain (SD) grains) for the Brunhes
normal polarity interval at each site (0–781 ka). Our test assumes that
magnetic mineral concentration variations may be orbitally modulated
and that if chronozones and reversals are intact and positioned cor-
rectly, the orbital cycles should be identified by spectral analyses. We
identified statistically significant eccentricity paced cycles only in
RS15-LC108 (Fig. 5) indicating this interval is the most stratigraphically
intact and sedimentation rates varied smoothly or not at all. Results of
spectral analyses from other sites are not presented because we did not
identify statistically significant cycles (Fig. 10).

4. Discussion

The geomagnetic reversal identified in RS15-LC42 and several re-
versals in RS15-LC48 occur near lithological boundaries and thus there
is potential for the location of these reversals to have resulted from
erosion and amalgamation of reversed and normal polarity intervals,
rather than intact geomagnetic reversals recorded in the sediment.
However, there is evidence that leads us to conclude that any hiatuses
are likely to be short in duration. Firstly, magnetic susceptibility ap-
pears to be broadly correlated among all cores, and they all have an
interval of low magnetic susceptibility in the middle of C1n, although in
core RS15-LC42, this is more expanded than the other sites, which may
indicate a substantially higher sedimentation rate relative to other sites.
Secondly, all cores have abundant gravel clasts, but distinct lags of
gravels consistent with extensive winnowing of ice-rafted debris (IRD)
rich sediment only occur in discrete horizons (e.g. 1.2 m in RS15-LC42;
3.7 m in RS15-LC47; 1.3 m and 12.5m in core RS15-LC48; 7.3m, 7.8 m,
and 14.5m in RS15-LC108). We suggest that these lag surfaces are the
consequence of enhanced current strength and winnowing, and that
once formed, they provide a protective armoured surface that prevents
further deflation of the sediment column by winnowing. This inter-
pretation is supported by the fact that cores RS15-LC48 and RS15-
LC108 appear to preserve all magnetic reversals in the ATNTS back to
2.581Ma, including short duration reversals. Regardless of the exact
duration of hiatuses, the reversals identified in RS15-LC47 and RS15-
LC108 are probably the most stratigraphically intact. The identification
of eccentricity paced magnetic mineral variations in RS15-LC108 in-
dicates that the entire Bruhnes normal polarity interval is likely pre-
served and accumulated at a uniform sedimentation rate at this site.
The less distinct cycles at other sites may indicate ARM does not carry
an orbital signal everywhere, that unconformities exist and therefore
orbital cycles are not continuous, or that sedimentation rates varied
significantly - and therefore stretched or compressed the orbital cycles.
This does not mean the age models are invalid or that environmental
magnetic (or other environmental) proxies are not sensitive to

Fig. 9. Depth-age profiles for each core site as determined from geomagnetic
reversals. Arrows indicate sedimentation rates, where a steeper gradient in-
dicates a faster sedimentation rate.
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oceanographic or ice volume variations. Instead, it is likely that de-
positional and environmental histories recorded at each site are com-
plex and require further investigation using other proxies. We at-
tempted to improve the age models between geomagnetic reversals by
constructing relative paleointensity (RPI) records.

RPI records are developed by normalizing the NRM for changes in
magnetic mineral concentration (King et al., 1983; Tauxe, 1993;
Channell et al., 2009; Ohneiser et al., 2013). With the availability of
stacked Pleistocene RPI records such as SINT-2000 (Valet et al., 2005),
PISO-1500 (Channell et al., 2009), PADM2M (Ziegler et al., 2011), and
NARPI-2200 (Channell et al., 2016) it has become possible to construct
precise paleomagnetic age models that provide robust age control be-
tween geomagnetic reversals. The advantage of this dating technique is
that it frees environmental proxies that may be orbitally controlled or
paced from being a chronologic tool. Successfully constructed RPI age
models have been developed for gravity and piston cores from the
Wilkes Land Basin (WLB), East Antarctica (Macrì et al., 2005) and the
western continental rise of the Antarctic Peninsula (Macrì et al., 2006).
Unfortunately, in our records, ARM and NRM magnetic intensity vary
by more than an order of magnitude, and magnetic mineralogy is so
variable that it precludes accurate RPI reconstructions (Tauxe, 1993).

The magnetic mineral records present a unique opportunity to
construct a near shelf (RS15-LC42 and RS15-LC47) to abyssal plain
(RS15-LC48 and RS15-LC108) magnetic mineralogy transect. Rock
magnetic analyses indicate that RS15-LC42 / RS15-LC47 have a lower
coercivity but coarser magnetic mineral populations than RS15-LC48 /
RS15-LC108, which have higher coercivity and perhaps finer magnetic
grains. RS15-LC42 / RS15-LC47 are closer to the continental margin
and in the flowpath of high-energy cold, dense shelf waters cascading
down the continental slope (Orsi and Wiederwohl, 2009; Smith Jr.
et al., 2012) or the westward-flowing along-slope bottom currents (Kim
et al., 2018) which would have varied in strength during the Pleisto-
cene. Deposition in this environment may be more favourable to larger
magnetic grains, with the finer mud fraction being winnowed during
periods of higher bottom water currents. Examination of the coarse
fraction in these cores indicates the presence of McMurdo Volcanic

Group, which dominates the McMurdo Sound Region (Cox et al., 2012).
RS15-LC48 and RS15-LC108 lie further offshore on the lower con-
tinental rise and abyssal plain, in a lower energy environment that is
bathed in AABW. The shift to higher coercivity grains appears to be
related to a finer grain size, and thus increased clays minerals deposited
by hemipelagic and downslope processes associated with transport of
the mud-rich glacimarine strata. Consequently, at these sites, the high
coercivity fraction may appear more dominant than the low coercivity
fraction, which is likely derived from McMurdo volcanics. Tauxe et al.
(2015) identified climatically modulated alternations in magnetic mi-
neral composition at IODP Site U1361 on the Wilkes Land margin. They
identified a magnetically ‘hard’ assemblage which they could not link to
a region and speculated that the source must lie beneath the ice sheet in
the Wilkes subglacial basin, which retreats during warmer-than-present
interglacials (Cook et al., 2013; Bertram et al., 2018). Likewise, a
magnetically hard magnetic mineralogy has also been identified in
other sedimentary drill cores and basement rocks in the McMurdo
Sound Region, within the Terror Rift where McMurdo Volcanic Group
dominate (e.g. Sagnotti et al., 1998; Roberts et al., 2013; Ohneiser
et al., 2015). Our records do not show climate-modulated alternations
of magnetic mineralogy.

As previously shown, magnetic mineral concentrations in RS15-
LC108 are paced with eccentricity (Fig. 5) and there appears to be a
correlation between higher concentrations of magnetic minerals and
glacial periods identified in the benthic δ18O stack LR04 (Lisiecki and
Raymo, 2005). Higher magnetic mineral concentrations during glacial
periods indicate a change in sediment delivery or winnowing linked to
changes in ice volume and bottom water outflow from the continental
shelf. Geographically, the closest study to RS15-LC108 is of the 16m
long ELT 27–21 core conducted by Jovane et al. (2008)(Fig. 1). They
measured 682 discrete samples and developed a magnetostratigraphic
age model which indicated a basal age of c. 2.3 Ma for this core.
However, they did not identify climatically modulated changes in
magnetic mineralogy. Venuti and Florindo (2004) measured u-channel
samples from the ANTA96–16 core, which is located northwest of RS15-
LC108 (Fig. 1). They identified 100 kyr cycles in magnetic
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susceptibility, which they attributed to changes in IRD delivery that
they suggested were controlled by seasonal ice coverage and by the
changes in the Ross Sea Gyre. However, they correlated increased IRD
with interglacial periods (or perhaps with the G-I transitions), which
does not appear to be the case at RS15-LC108. Moreover, ARM is sen-
sitive to changes not only in concentration of magnetic grains, but also
to changes in the magnetic grain size in which SD grains acquire the
strongest ARM. Based on comparison with the lithofacies and the pre-
dominance of volcanic grains in the sand/gravel fraction, we interpret
our ARM and magnetic susceptibility signals as representing changes in
the bulk sediment grain size, and thus changes in sediment supply or
winnowing relating to bottom current intensity and AABW outflow. The
more sporadic sedimentation rates and possibility of hiatuses at the
continental slope and upper rise sites RS15-LC42 and RS15-LC47 are
consistent with this hypothesis, as increased winnowing is predicted at
these sites where higher energy bottom current exist today, and would
have varied significantly during past glacial advance and retreat on the
continental shelf. Conversely, the increased significance of the orbital
cycles in RS15-LC108 ARM cycles may indicate slower, more persistent
delivery of sediment, and less winnowing, which is consistent with a
lower energy setting in this abyssal plain site. Superimposed on this
signal are spikes in the magnetic susceptibility record, which may re-
present pulses of ice rafted debris.

5. Conclusions

Paleoenvironmental reconstructions from sediment cores depend on
the availability of robust chronostratigraphic frameworks for each re-
cord. The magnetostratigraphies presented here were derived from AF
demagnetisation of continuous u-channel samples and are supported by
rock magnetic analyses in which we see no signs of diagenetic altera-
tion. We were able to correlate the reversal boundaries with the geo-
magnetic polarity timescale at all sites, which we validated using
diatom and radiolarian biostratigraphic constraints. Geomagnetic re-
versals recognised at Site RS15-LC108 are likely to be stratigraphically
intact and represent reliable control points. The reversal recognised at
RS15-LC47 occurs within a homogeneous unit and is therefore also
likely to be intact. Reversals in RS15-LC42 and RS15-LC48 occur within
lithologically complex sections and more winnowing/hiatuses may be
present at these sites. However, all magnetic reversals in the ATNTS are
present in RS15-LC48, and thus any hiatuses are probably short in
duration. While hiatuses typically are not desirable when a study re-
quires semi-continuous sedimentation, accurately locating them in
these cores will provide critical insights into changes in AABW outflow
from the Ross Sea continental shelf through the Pleistocene epoch.
Conversely, some segments may represent expanded records, therefore
allowing development of more detailed, high-resolution records. Future
work should focus on time series analyses of high-resolution proxy data
with a focus on identifying sedimentary components displaying cyclic
occurrence patterns, and linking these with orbital cycles to further
improve the age models. This should be done in the context of a source-
to-sink sedimentation model to determine how our signal of variations
in AABW outflow is phased relative to interglacial and glacial climate
states.
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