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Abstract During the 2007 ANtarctic geological DRILLing (ANDRILL) campaign in the Ross Sea,
Antarctica, the AND‐2A core was recovered through a stratigraphic succession spanning 1,138.54 m of
Neogene sedimentary rocks that include an expanded early to middle Miocene sequence. The study reported
here focuses on the magnetic properties of the interval from 778.63 m below sea floor (mbsf) to
1,138.54 mbsf, which comprises a time interval spanning 1.5 Myr, from ~18.7 to ~20.2 Ma. We recognize
three main pulses of increased input of magnetic materials to the drill site between 778.34–903.06,
950.55–995.78, and 1,040–1,103.96 mbsf. Trends in the magnetic mineral concentration dependent
parameters mirror changes in the proportion of sediments derived from McMurdo Volcanic Group rocks.
We suggest that these pulses in magnetic mineral concentration reflect changes in sediment transport
processes associated with changing glacial conditions at the drill site that included (1) subglacial and
grounding zone proximal settings, (2) hemipelagic and neritic conditions with abundant sediment‐rich
icebergs, and (3) grounding zone‐distal environment that was covered by land‐fast multiyear sea ice or a
fringing ice shelf. The magnetic minerals record preserved in the AND‐2A core supports other data that
indicate a highly dynamic and variable coastal environment during the early Miocene, where glaciers
retreated inland under warm climatic conditions and advanced beyond the drill site across the continental
shelf when cold climate prevailed.

1. Introduction

Present understanding of Miocene glacial history of Antarctica relies in large part on benthic carbon and
oxygen isotope records from deep‐sea records, which indicate a highly dynamic glacial environment (e.g.,
Holbourn et al., 2014, 2015, 2018; Lear et al., 2004; Liebrand et al., 2017; Miller et al., 1991; Shevenell
et al., 2008; Zachos et al., 2001). Additional far‐field evidence of ice sheet history comes from sequence
stratigraphic records on passive continental margins such as Marion Plateau, Australia, and the New
Jersey margin, USA, which indicate that sea‐level varied up to 100 m, from −60 to +40 m (e.g., John
et al., 2011; Kominz et al., 2008, 2016; Miller et al., 1996). Direct evidence of how the ice sheet responded
under different climate setting comes from near‐field geological records (Antarctic coastal margin), but
these records are difficult to obtain because of extensive ice coverage (e.g., Barrett, 1986, 1989; Barrett
et al., 2000, 2001; Hambrey & Barrett, 1993; Hambrey & Wise, 1998; Harwood et al., 2009; Naish
et al., 2007).

The ANtarctic geological DRILLing (ANDRILL; www.andrill.org) programwas established to recover strati-
graphic records from the Antarctic continental margin, using drilling technology deployed from ice shelf and
sea‐ice platforms. During the Southern McMurdo Sound (SMS) Project, a drill core (hereafter referred to
AND‐2A) was recovered from a location approximately 10 km off the East Antarctic coast in an area that
has been influenced by ice sourced from the West Antarctic Ice Sheet and the East Antarctic Ice Sheet
(Florindo et al., 2008; Harwood et al., 2009; Figure 1).
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Drilling took place from 10 October through 30 November 2007 and
reached a depth of 1,138.54 m below sea floor (mbsf) with excellent core
recovery (~98%). The stratigraphic section spanned the early Miocene to
Pleistocene with an expanded early to middleMiocene section. The record
was dated using a combination of biostratigraphy, magnetostratigraphy,
40Ar/39Ar dates from volcanic clasts, and an Sr‐isotope chronology of shell
material (Acton, Crampton, Di Vincenzo, et al., 2008; Di Vincenzo et al.,
2010; Levy et al., 2016).

The entire stratigraphic section recovered was divided into 14 distinct
larger‐scale lithostratigraphic units (LSUs) on the basis of major changes
in lithology (Field et al., 2018; Fielding et al., 2011; Fielding, Atkins, et al.,
2008; Passchier et al., 2011, 2013). We report on mineral magnetic proper-
ties from the interval below 778.63 mbsf, which encompasses LSUs 11 to
14 spanning approximately 1.5 Myr of the early Miocene, from 18.7 to
20.2 Ma ago (Acton, Crampton, Di Vincenzo, et al., 2008; Levy et al.,
2016). These data record environmental variability at the drill site that
primarily reflect changes in sediment provenance and augment other
proxy data, allowing us to interpret glacial variability through the late
early Miocene.

2. Location and Geological Setting

The AND‐2A drill core is located approximately 25 km from McMurdo
Station and Scott Base and was recovered from a floating sea ice platform
in 383‐m water depth (77°45.488′S, 165°16.613′E). The drill site is adja-
cent to the Transantarctic Mountains at the margin of the Victoria Land
Basin (VLB; Figure 1), one of the north‐south‐trending rift basins that
constitute the West Antarctic Rift system (e.g., Brancolini et al., 1995;
Cooper et al., 1987; Fielding, Atkins, et al., 2008; Henrys et al., 2007;
Wilson et al., 2012). Major rifting in the VLB has occurred since the latest
Eocene (Fielding et al., 2008), and the basin now contains more than
14 km of Mesozoic and Cenozoic sediments and volcanic detritus.
Paleozoic and Mesozoic units in the Transantarctic Mountains and local
volcanoes of the late Cenozoic McMurdo Volcanic Group (McMVG;
Kyle, 1990; Wilch et al., 1993) are the main sources of sediments deposited
in the VLB (e.g., Cox et al., 2012).

The oldest units in southern Victoria Land are the Precambrian Koettlitz
Group metasediments (Grindley & Warren, 1964), which crop out near
the Ferrar and Koettlitz glaciers (Figure 1b). The metamorphic rocks

(mainly schists, gneisses, and marbles) are intruded by the Granite Harbor Intrusive Complex, which is a
suite of lower Paleozoic granitoids (Gunn & Warren, 1962) that mark a subduction phase during the
Paleozoic Ross Orogen. A phase of exhumation and protracted erosion of these units during a posttectonic
phase led to the development of the Kukri Erosion Surface (Barrett et al., 1972).

A thick sequence of Devonian‐Jurassic continental sediments of the Beacon Supergroup sits above the Kukri
Erosion Surface (Barrett, 1981; Barrett et al., 1972) and comprises thick units of quartzose sandstone. During
the Middle Jurassic, crystalline basement and Beacon Supergroup rocks were intruded by thick dolerite sills
and dikes known as Ferrar Dolerites (Harrington, 1958), which are related to the Gondwana breakup (e.g.,
Bédard et al., 2007; Elliot et al., 1999; Elliot & Fleming, 2000; Zavala et al., 2011).

The McMVG, which surrounds the McMurdo Sound and VLB Basins, consists of several large alkaline
stratovolcanoes associated with the West Antarctic rift system (Gunn & Warren, 1962; Kyle, 1990;
Figure 1). Eruptions began in the late Oligocene (~26 Ma; Sandroni & Talarico, 2004; Smellie, 2000; Zattin
et al., 2012) and became more frequent after ~20 Ma (Di Vincenzo et al., 2010). Mount Morning is the only
known source of early to middle Miocene volcanic material recovered from AND‐2A core (Di Roberto et al.,

Figure 1. (a) Location of site AND‐2A and other drill sites, along with key
geographical, geological, and tectonic features in Southern McMurdo
Sound. Volcanic centers of the Erebus Volcanic Province include Mt Erebus
(E), Mt Terror (T), Mt Bird (Bi), White Island (W), Black island (B), Mt
Discovery (D), Mt Morning (M, and Minna Bluff (MB). Boundary faults of
the southern extension of Terror Rift are shown (modified from Galeotti
et al., 2012). (b) Schematic composite geological cross section showing the
morphostratigraphical setting of the investigated area from the East
Antarctic Ice Sheet, through the Transantarctic Mountains to McMurdo
Sound. After Campbell and Claridge (1987).
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2012; Di Vincenzo et al., 2010; Nyland et al., 2013). Rare outcrops of
Miocene to Pliocene glacial, glaciofluvial, and glaciolacustrine
sediments occur in the Transantarctic Mountains and their dissecting
valleys (e.g., Lewis et al., 2007; Marchant et al., 1996).

3. Core Lithology

The stratigraphic interval below 778.63 mbsf includes LSUs 11 to 14,
which span approximately 1.5 Myr, from 18.7 to 20.2 Ma (Acton,
Crampton, Di Vincenzo, et al., 2008; Levy et al., 2016; Figure 2). This
interval comprises diamictite‐dominated units with three subintervals
composed of sandstones, mudstones, and siltstones, each with rare gravel
occurrences (Fielding et al., 2011; Fielding, Whittaker, et al., 2008). LSU
11 (778.34–904.66 mbsf) is mainly sandy siltstone with dispersed clasts.
LSUs 12 (904.66–996.69 mbsf) and 14 (1,040.28–1,138.54 mbsf) are charac-
terized by diamictite with intercalated sandstones, while mudstones,
siltstones, and sandstones mainly characterize LSU 13 (996.69–
1,040.28 mbsf; Fielding et al., 2011, Fielding, Whittaker, et al., 2008).

A major disconformity, associated to a major ice sheet advanced onto the
continental shelf, was identified by Levy et al. (2016) at 965.43mbsf. Other
hiatuses of shorter duration undoubtedly occur in the stratigraphic
sequence but are difficult to identify within the resolution of the chronos-
tratigraphic constraints. Sedimentation rates, which average about
18 cm/kyr, were also likely variable given the depositional setting.

4. Sampling, Laboratory Procedures, and Analysis

Paleomagnetic samples were collected from the working half of the split
core sections during the sampling party at the Albert P. Crary Science
and Engineering Center, McMurdo Station, Antarctica. Core descriptions,
provided by the sedimentology logging team, and visual inspection were
used in selecting sampling locations, avoiding intervals with pebbles
and core deformation and targeted the finer‐grained lithologies. A total
of 256 samples were collected below 778.63 mbsf at a 1–2‐m spacing using
plastic boxes in soft sediments and a modified drill press in consolidated
sediments (Acton, Crampton, Di Vincenzo, et al., 2008) with sister
samples collected every 10 to 20 m.

Low‐field low‐frequency (Xlf = 0.47 kHz) and high‐frequency
(Xhf = 4.7 kHz) magnetic susceptibility measurements were undertaken
at Albert P. Crary Science and Engineering Center, using a Bartington sus-

ceptibility meter (model MS2; Acton et al., 2008). After the drilling season, low‐field magnetic susceptibility
were measured on the same samples using an AGICO KLY‐2 Kappabridge magnetic susceptibility meter at
the University of California, Davis (USA), Istituto Nazionale di Geofisica e Vulcanologia (Italy), and Otago
University (New Zealand) paleomagnetic laboratories. Additional rock magnetic insights come from natural
remanent magnetization data from these samples, which were measured at the three paleomagnetic labora-
tories (University of California, Davis, Istituto Nazionale di Geofisica e Vulcanologia, and Otago University)
following stepwise alternating field (AF) demagnetization. In addition, an anhysteretic remanent magneti-
zation (ARM) was imparted by using a 0.05‐mT (39.79 A/m) direct current bias field superimposed on a
100‐mT peak AF and by translating the samples through the AF and direct current coil system at 10 cm/s.
The ARM was then demagnetized at 5, 10, 15, 20, 25, 30, 35, 40, 50, and 60 mT with one magnetic moment
measurement made after each three‐axis demagnetization step. Magnetic moment measurements wer
obtained using pass‐through cryogenic magnetometers located at the three laboratories (Istituto
Nazionale di Geofisica e Vulcanologia, University of California, Davis, and Otago University), using the
same translation speed of the trays. Isothermal remanent magnetization acquisition, backfield

Figure 2. Stratigraphic summary of core AND‐2A in the interval 778.34–
1,138.54 mbsf (modified from Field et al., 2018). (a) Lithology, (b) lithostra-
tigraphic unit (LSU) boundaries, and (c) magnetic polarity record and
age data used to establish the AND‐2A age model (Levy et al., 2016). The
horizontal red line indicates the position of a disconformity, associated to a
major ice sheet advance onto the continental shelf (Levy et al., 2016).
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demagnetization, hysteresis loops, and first‐order reversal curve (FORC)measurements (Roberts et al., 2000,
2014) were made on chips from the same samples using a Princeton Measurements Corporation Model 3900
Micromag vibrating sample magnetometer at Western Washington University (USA) and at Centro
Estratigráfico de Registros Oceanográfico do Instituto Oceanográfico da Universidade de São Paulos.

On the assumption that magnetite is the prevalent magnetic mineral throughout the section, the ratios of
saturation remanence to saturation magnetization (Mrs/Ms) and coercivity of remanence to coercive force
(Bcr/Bc) are useful grain‐size indicators of magnetic grains (Day et al., 1977; Dunlop, 2002b, 2002a). For
the 22 selected samples, FORC were measured at the Instituto Oceanográfico da Universidade de São
Paulo, to investigate in greater detail the magnetic mineralogy. FORC data were corrected and plotted using
the FORCinel software (Harrison & Feinberg, 2008).

Temperature dependence of the magnetic susceptibility was measured at Otago University paleomagnetic
laboratory on powdered samples with a furnace‐equipped KLY‐4 (AGICO) Kappabridge, to discriminate
ferromagnetic mineralogy. Samples were measured up to a maximum temperature of 700 °C in an argon
atmosphere in order to minimize thermochemical alteration in atmospheric oxygen.

5. Results

Magnetic properties alternate between zones with high magnetic intensity and zones with low magnetic
intensity. These alternations are used to define six zones of contrasting magnetic properties where an asso-
ciation with the main lithostratigraphic or LSU boundaries in the interval of AND‐2A is not straightforward
(Figure 3). Susceptibility values range from 926.26 × 10−5 SI to 8.33 × 10−5 SI (Figure 3a), and downcore
variations are mirrored by changes in ARM (ranging from 1.94 × 10−3 to 4.29 × 10−6 A/m; Figure 3b), Mr

(ranging from 10.18 × 10−2 to 25.15 × 10−6 Am−2/kg), and Ms (ranging from 56.13 × 10−2 to
66.81 × 10−5 Am−2/kg). All of these are concentration‐dependent magnetic parameters, which consistently
delineate intervals characterized by high and low magnetic mineral concentrations. The concentration of
magnetic material is relatively high and variable in the intervals 778.63–903.06 mbsf, 950.55–995.78 mbsf,
and 1,040–1,103.96 mbsf, which are referred to as high magnetic‐mineral concentration zones
(HMMCZs), whereas it is much lower and uniform in the intervening intervals 903.06–950.55, 995.78–

Figure 3. Summary log for the AND‐2A core showing mineral magnetic data in the interval 778.34–1,138.54 mbsf. Stratigraphic variation of (a) low‐field magnetic
susceptibility (κ), (b) anhysteretic remanent magnetization (ARM), (c) saturation remanence (Mr), (d) saturationmagnetization (Ms), (e) ARM/κ ratio, (f) remanent
coercivity (Bcr), (g) coercive force (Bc), (h) magnetic polarity record and age data for the early Miocene section in AND‐2A used to establish the age model
(Levy et al., 2016). The horizontal bands in light gray indicate intervals with low concentration of ferrimagnetic minerals.
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1,040, and 1,103.96–1,138.54 mbsf, which are referred to as low magnetic‐
mineral concentration zones (LMMCZs). The alternations in magnetic
concentration were also noted in the whole‐core magnetic susceptibility
results made during the ANDRILL‐SMS project (see Figure 4 in Dunbar
et al., 2008).

By fitting a regression line to a plot ofMs versus susceptibility, we estimate
a base‐level susceptibility of about 48.7 × 10−5 SI (Figure 4), which we
interpret as the paramagnetic component, implying that the three zones
of low susceptibility contain little to no ferrimagnetic mineral
concentration (Figure 3a).

The ARM/κ ratio (Figure 3e) is a proxy for magnetic minerals grain size
changes in intervals with constant magnetic mineralogy. We observe that
the stratigraphic trend of the ARM/κ parameter mimics those of
concentration‐dependent parameters, and we infer that this ratio is also
controlled by variation in concentration and composition of the mineral
magnetic assemblage.

Coercivity of remanence (Bcr) and coercivity (Bc) define the same zonation
identified by the ferrimagnetic concentration‐dependent parameters

(Figures 3f and 3g) but show fluctuations that have an opposite trend and lower amplitude. The hysteresis
loops, upon which the coercivities are estimated, are markedly noisier in the LMMCZs because of the low
signal to noise ratio (Figure 5).

The coercivity difference between the zones with LMMCZs and the HMMCZs is up to 30 mT. This difference
may be a consequence of a significantly reduced content of highly magnetic minerals (i.e., magnetite) in
LMMCZs. In fact, in stratigraphic intervals where concentration of magnetite is abundant, subordinate quan-
tities of high coercivity minerals (such as hematite or goethite) are not detectable with most magnetic mea-
surements. Several studies carried out in VLB cores indicate that significant hematite concentrations were
observed only in intervals where magnetite concentrations are depleted (e.g., Brachfeld et al., 2013; Roberts
et al., 2013; Verosub et al., 2000).We suppose that the input of high‐coercivitymagneticminerals from erosion
of the Beacon Supergroup and Basement rocks (Figure 1) may have been constant throughout the AND‐2A
sequence, but their rock magnetic signatures are only visible when the contribution of strongly magnetic
grains from theMcMVG and Ferrar Group is drastically reduced (Brachfeld et al., 2013). Hysteresis loops have
shapes that indicate single domain and pseudo single domain grains with no evidence for the wasp‐waisted
features typical of mixtures of magnetic minerals with markedly different coercivities (i.e., Bennett & Della
Torre, 2005; Kharwanlang & Shukla, 2012; Figure 5d). Isothermal remanent magnetization acquisition and
back‐field analyses (Figure 5e) are also consistent with the presence of low‐coercivity magnetic phases.

Thermomagnetic curves (Figure 6) were produced via progressive heating and show a significant increase in
low‐field magnetic susceptibility at ~400 °C that we attribute to thermochemical alteration of clay minerals
and/or pyrite to magnetite, as indicated by themajor drop occurring at 560–580 °C (e.g., Hunt et al., 1995). In
any case, the occurrence of magnetite is consistent with prior investigations of similar aged sediments from
VLB, which identified detrital magnetite as the mineral that dominates the magnetic properties of these
sequences (e.g., Florindo et al., 2005; Roberts et al., 2003, 2013; Sagnotti, Florindo, Verosub, et al., 1998;
Sagnotti, Florindo, Verosub, et al., 1998). Authigenic smectites were previously identified by Iacoviello
et al. (2012, 2015) in this interval of the AND‐2A core. Temperature‐dependent susceptibility measurements
for a sample at 960.22 mbsf show the presence of other minor peaks at ~230 and ~350 °C, indicating a mix-
ture of other minerals, possibly the iron sulfide mineral greigite and/or titanomagnetite and maghemite,
which very commonly occur in volcanic rocks and often are associated with the occurrence of magnetite.
Greigite was previously observed in a particularly confined stratigraphic interval of early Miocene age at
the base of Cape Roberts Project 1 (CRP‐1) drill core (Sagnotti et al., 2005), recovered about 50 km to the
north of AND‐2A (Figure 1).

The dominance of magnetite is consistent with the AF and thermal demagnetization magnetic behavior
observed by Acton, Florindo, et al. (2008) on these sediments. These authors also demonstrated, from

Figure 4. Ms versus κ. The intersection of the regression line with the k axis
provides an estimation of the base level contribution for the paramagnetic
susceptibility.
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Figure 5. Rock magnetic and stratigraphic summary of core AND‐2A in the interval 778.34–1,138.54 mbsf, (a) lithology, (b) lithostratigraphic unit (LSU)
boundaries, (c) magnetic susceptibility, (d) hysteresis loops for selected samples (the red and green loops are results before and after subtracting the paramag-
netic contribution, by applying an automatic linear slope correction), and (e) isothermal remanent magnetization acquisition and backfield demagnetization
analyses.
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the comparison between low‐frequency susceptibility and high‐frequency susceptibility, that
superparamagnetic grains are present at ~3–5%. This finer‐grained material was more abundant in zones
with lower magnetic mineral concentration.

On the assumption that (titano)magnetite is the dominant magnetic mineral, we investigated the hysteresis
data using a Day plot (Day et al., 1977; Dunlop, 2002a) to infer the domain state (Figure 7). The hysteresis

ratios (Mrs/Ms and Bcr/Bc) of nearly all samples from HMMCZs are
clustered in a restricted region within the pseudo single domain field, sug-
gesting a relatively constant magnetic grain size for ferrimagnetic (titano)
magnetite grains. Samples from LMMCZs show a larger data distribution.
We link this scatter both (a) to the lower resolution of the hysteresis loops
in samples that are particularly weakly magnetic and (b) to a possible
additional contribution from subordinate high‐coercivity minerals (whose
signal is completely masked by the high content of magnetite
in HMMCZs).

FORC diagrams were produced to characterize magnetostatic interactions
and magnetic domain state distributions in the studied samples. They are
characterized by maxima for the coercivity spectra of <40 mT and display
a small divergence with a triangular shape of outer contours that indicate
pseudo single domain grains (e.g., Roberts et al., 2000, 2014; Figure 8). We
were not able to obtain meaningful FORC distributions for several of the
samples from intervals of low magnetic intensity (e.g., LSU 13 and from
the top of LSU 12), even after stacking multiple runs (Heslop &
Roberts, 2012).

HMMCZs coincide with increased sand content in the mudstone in LSU
11 (Passchier et al., 2013), sandstone in the lower part of LSU 12
(Passchier et al., 2011), and predominantly sandy diamictite in LSU14.
In contrast, LMMCZs coincide with mudstone in LSU 13 and muddy dia-
mictites in the upper part of LSU12 (Passchier et al., 2011). These observa-
tions suggest that sand content is an important factor determining the
magnetic intensity of the different intervals.

Isothermal remanent magnetization acquisition and thermomagnetic
curves in both the LMMCZs and the HMMCZs indicate that magnetite
is present as the dominant magnetic mineral but cannot exclude the pre-
sence of other magnetic minerals that saturate in magnetic fields of
<300 mT or have Curie temperatures of <580 °C. Besides the presence
of nearly pure magnetite, it is very likely that magnetite with some

Figure 6. Thermomagnetic curves for samples 941.93 (with argon and open‐air atmosphere) and 960.22 mbsf (open‐air atmosphere). Low‐field magnetic suscept-
ibility is shown for increasing (red) and decreasing (blue) temperatures. First derivative of the warming curve is also represented in green.

Figure 7. Mrs/Ms and Bcr/Bc data plotted (solid circles) on theoretical Day
plot curves calculated for magnetite. The remanence and the coercivity
ratio of these samples can be interpreted as pseudo‐single domain magne-
tite. Samples from the intervals with low concentration of ferrimagnetic
minerals are indicated by open circles. Numbers along curves are volume
fractions of the soft component (superparamagnetic [SP] or multidomain
[MD]) in mixtures with single domain (SD) grains. Curves with SP‐SD
mixtures have grain sizes indicated for the SP fraction (Dunlop, 2002b,
2002a).
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titanium (titanomagnetite) and/or oxidized magnetite/titanomagnetite (maghemite/titanomagnetite) is
present. Both of these minerals are common in volcanic rocks. Volcanic material from the McMVG
appears to be the source for the highly magnetic minerals in HMMCZs, with that source being absent or
nearly so for the LMMCZs, as we argued before.

Figure 8. First‐order reversal curve (FORC) diagrams for four representative samples. The data were processed using
Forcinel software (Harrison & Feinberg, 2008). The small divergence and the triangular shape of outer contours indi-
cate a contribution from the pseudo single domain grains. The smoothing factor is 4 for all FORC diagrams. The vibrating
sample magnetometer average time is 0.20 s for sample 950.21 mbsf and 0.10 s for the other three samples displayed.
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6. Previous Environmental Interpretations

Previous studies on the AND‐2A core include sequence stratigraphic analysis, detailed sedimentological
analyses, sedimentary facies analysis, and integration of multiproxies (Field et al., 2018; Fielding et al.,
2011; Levy et al., 2016; Passchier et al., 2011, 2013), and produced slightly different environmental
interpretations (Figure 9).

Fielding et al. (2011) recognized a repetitive stratal stacking pattern of lithofacies that was used to divide the
entire AND‐2A succession into 13 (third‐order) glacimarine composite sequences (CSs; Figure 2 in Fielding
et al., 2011). The interval studied here includes sequences 1 to 4 (Figure 9c). Sequence 1, between 1,138.54
and 1,042.55 mbsf, records an interval of ice‐proximal conditions with a set of major glacial events. CS 2,
between 1,042.55 and 996.69 mbsf, is characterized by distal ice conditions (deltaic/estuarine parase-
quences?) and records a warm interval. Sequence 3, between 996.69 and 901.54 mbsf, has been considered
to represent a “cold” environment, similar to that described for sequence 1. CS 4, between 901.54 and
774.94 mbsf, contains the thickest fine‐grained interval in the core and has been interpreted to represent
another period of ice‐distal conditions but colder than CS 2.

Passchier et al. (2011) presented an analysis of facies associations and inferred paleoclimatic conditions for
the AND‐2A core. Three facies associations were recognized representing three fundamentally different
paleoclimatic regimes (Figure 9d). (1) A diamictite dominated facies association (Dm‐Ds), between ca.
1,138 and 1,040 mbsf and between ca. 937 and 905 mbsf, indicating a cold glacial regime with the presence
of ice shelves and brief periods with ice‐free coasts. (2) A stratified diamictite‐mudstone association (Ds‐Zb),
between ca. 1,040 and 937 mbsf, indicating a very dynamic ice sheet and including facies associated with
open‐marine and iceberg‐influenced depositional environments. (3) A mudstone dominates facies associa-
tion (Zb‐MSm) that generally lacks diamictites and is typical of a temperate glacial regime with glaciers
terminating on land. This facies association occurs between ca. 905 and 786 mbsf.

Levy et al. (2016), through analysis of an integrated proxy environmental data set, recognized four environ-
mental motifs (EM; Figure 9e) reflecting distinct glacial regimes and two major disconformities through this
interval: at 965.43 mbsf (U1; from ~20 to 19.8 Ma) and at 774.94 mbsf (U2; from ~18.7 to 17.8 Ma), which is
just above the studied interval. EM I is characterized by maximum ice extent, just above U1 between 965 and

Figure 9. Summary of environmental interpretations of core AND‐2A in the interval 778.34–1,138.54 mbsf. (a) Lithology; (b) lithostratigraphic unit boundaries;
(c) environmental interpretations from Fielding et al. (2011), (d) from Passchier et al. (2011), (e) from Levy et al. (2016), and (f) from Field et al. (2018); and
(g) age data and magnetostratigraphy for the early Miocene section.
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970 mbsf with the Antarctic ice sheet advancing seaward and expanding across the continental shelf. EM II,
between 774.94 and 880.06 mbsf and between 1,035.87 and 1,103.96 mbsf, is characterized by colder polar
conditions with persistent ice shelves and/or land‐fast sea ice along the coast and minimum marine‐based
grounding line variability. EM III is characterized by subpolar (cold temperate) conditions with a tidewater
glacier that calved at the coast, and on the basis of lithofacies variations, it is divided into subtypes a (strati-
fied diamictite) and b (massive and stratified diamictite). Below U1 to about 1,000 mbsf and from 1,103.96 to
the bottom interval, an interval of EM IIIa is observed. EM IIIb, from 880.06 to 965.43 mbsf, is characterized
by a warmer climate and includes intervals with tundra vegetation along the coast. Minimum ice extent
characterizes EM IV, from about 910 to 920mbsf and from about 1,000 to 1,035.87mbsf. EM IV records times
when a grounded glacier retreated inland and tundra vegetation developed along the coast (e.g., Lewis &
Ashworth, 2015).

Recently, Field et al. (2018) presented detailed sedimentological data from AND‐2A that showed significant
variability in Antarctic ice sheet extent during the early Miocene. From the stratigraphic interval below
778.63 mbsf, four CSs were recognized (CS1–CS4), which are comparable with LSUs 14–11 of Fielding,
Whittaker, et al. (2008; Figure 9h).

The oldest phase of diamictite deposition, CS 1 (1,138.54–1,052.55 mbsf; 20.2 to 20.1 Ma), indicates grounded
ice at the drill site, and it could be linked to the cooling phase associated to isotope event Mi1aa (Miller et al.,
1991; Pekar & DeConto, 2006). This diamictite package includes finer‐grained intervals that are interpreted
to indicate episodes of distal or retreating ice. Increased carbonate content below ~1,105 mbsf indicates war-
mer or perhaps less corrosive ocean waters during this time compared with the upper half of the sequence.

This sequence is overlain by sediments that were deposited during the warmest phase of the early Miocene.
CS 2 (1,042.55–996.69 mbsf; age range between 20.1 and 20.05 Ma) is a sandstone‐, siltstone‐, and mudstone‐
dominated interval with no diamictites. Compared with CS1, this sequence is inferred to indicate substantial
warming andmore ice‐distal conditions. Isolated dropstones and rare ice rafted debris indicate marine‐based
glaciers, or perhaps ice shelf were present in the area.

CS 3 (996.69–901.54 mbsf; age range between 19.9 and 19.4 Ma), comprises a new pulse of diamictite accu-
mulation, with indicators of occasional ice grounding at the drill site (grounded icebergs?), which is inferred
to record ice advance. Increased carbonate content above the unconformity inferred by Levy et al. (2016)
suggests relatively warmer conditions than below.

The approximately 100‐m‐thick mud‐rich unit CS 4 (778.34–901.54 mbsf; age range from 19.4 to 18.7 Ma)
contains dispersed clasts, which indicates that sea ice, ice shelf, or icebergs were present particularly in
the upper part of CS4. Chewings et al. (2011) identified dispersed granules in pebble and/or cobble free units,
which they suggested to indicate sediment transport over sea ice by wind during the summer.

7. Discussion

Before recovery of the AND‐2A succession, the only other proximal early Miocene successions from the
western Ross Sea area were drilled during Cape Roberts Projects 1 and 2 (CRP‐1 and CRP‐2/2A; e.g.,
Barrett, 1998; Barrett et al., 2000; Figure 1).

The CRP‐1 drill core included an interval of Quaternary sediments between 16 and 43.55 mbsf and an inter-
val of early Miocene sediments between 43.55 mbsf and the bottom of the hole at 147.69 mbsf (e.g., Florindo
et al., 2005; Roberts et al., 1998). Magnetic properties of the early Miocene sediments show similar alterna-
tion of intervals with high and low concentrations of detrital magnetite that were hypothesized to reflect
changes in detrital input linked to fluctuations in the position of the termini of temperate glaciers
(Roberts et al., 2013; Sagnotti, Florindo, Wilson, et al., 1998).

The sedimentary succession recovered in the CRP‐2/2A drill core comprised a 597‐m succession of early
Oligocene through early Miocene alternating glacial and interglacial strata overlain by a 27‐m succession
of mainly glacial Pliocene‐Quaternary sediments. The early Miocene succession spanned between approxi-
mately 186 and 27mbsf (Cape Roberts Science Team, 1999; Florindo et al., 2005; Wilson, Bohaty, et al., 2000;
Wilson, Florindo, et al., 2000; Wilson et al., 2002). Magnetic properties of the early Miocene interval of
CRP‐2/2A also show a dominance of detrital magnetite with alternating intervals of high and low values
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of concentration‐dependent magnetic parameters, associated with high and low concentrations of volcanic
glass from the McMVG. This correlation was interpreted to indicate that the magnetic properties provided a
record of changes in the supply of fine‐grained particles from the McMVG (Roberts et al., 2013; Verosub
et al., 2000), which may also have been associated with changing glacial conditions at the drill site. The
picture that emerges from the AND‐2A core, and from the environmental interpretations described in
section 6, is of a highly dynamic Antarctic ice sheet during the early Miocene where during cool periods
the grounded ice expanded farther than today and during prolonged warm periods retreated significantly
leaving ice‐free conditions at the AND‐2A site. As shown in other similar studies (e.g., Sagnotti, Florindo,
Verosub, et al., 1998; Sagnotti, Florindo, Wilson, et al., 1998; Brachfeld et al., 2013; Roberts et al., 2013),
environmental magnetism can provide additional data that help identify and evaluate past environmental
and climatic changes (Liu et al., 2012, and references therein).

The environmental magnetic record in AND‐2A reveals intervals with high‐ and low‐magnetic mineral
(magnetite) concentrations and a relatively constant magnetic grain size with a clear association to lithofa-
cies (Figures 3 and 10). These fluctuations closely mirror variations in Niobium (Nb) content and relative
abundances of the heavy mineral assemblages (Iacoviello et al., 2015; Figure 10), both reflecting changes
in sand‐sized detrital sediment content derived from McMVG rocks (Roser & Pyne, 1989). Ohneiser et al.
(2015) characterized the magnetic properties of southern Victoria Land lithologies, which allow us to further
link changes in magnetic properties in the AND‐2A core with the regional rock groups.

Figure 10 shows that different lithofacies in AND‐2A are characterized by distinct ranges in magnetic
susceptibility (representing the concentration‐dependent magnetic parameters), Niobium content, and per-
centage of McMurdo volcanics that suggest changes in sediment provenance and reflect different glacial
environments at the drill site. These distinct units and their associated depositional environments include
the following:

Figure 10. Relationship between rock magnetic data and environmental conditions. (a) Age data and magnetostratigraphy for the early Miocene section, (b) strati-
graphic summary of core AND‐2A in the interval 778.34–1,138.54 mbsf, (c) lithostratigraphic unit boundaries, (d) magnetic susceptibility, (e) niobium X‐ray
fluorescence core scanner (XRF‐CS) counts, reflecting changes in sand‐sized detrital sediment content derived fromMcMurdo Volcanic Group rocks (Roser & Pyne,
1989; Iacoviello et al., 2015; Levy et al., 2016) with 10 data points moving average, (f) contribution of McMurdo volcanics to the relative abundances of the
heavy mineral assemblages in the core (Iacoviello et al., 2015), and (g) reconstructions of glacial configurations inferred for four different coastal environments as
characterized by distinct magnetic signatures recorded in the AND‐2A drill core.
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(1) Sandy siltstone and siltstone units with low magnetic susceptibility and Nb content (e.g., from 995.78 to
1,040 mbsf) reflect little input from volcanic sources (Figure 10g, inset A). Glacial grounding zones
retreated inland from the coast and exposed areas containing possibly vegetated areas. Sedimentary
input from volcanic sources (Mt Morning region) was low with a greater contribution from
lithologies exposed in the Transantarctic Mountains, such as the Beacon Supergroup and the Granite
Harbor Intrusive.

(2) Muddy diamictite with low magnetic susceptibility and Nb content (e.g., from 903.06 to 950.55 mbsf;
Figure 10g, inset B). Glacial grounding zones advanced into nearshore marine environments. Fast
flowing, erosive outlet glaciers carried substantial amounts of sediment into the marine setting. Input
of volcanogenic sediment at the AND‐2A drill site was low, possibly because material derived from
Mt Morning was largely transported north of the AND‐2A site by icebergs that began to melt after they
had drifted northward along the coast. To support this interpretation, sedimentary clasts that accumu-
lated at the AND‐2A drill site under these environmental conditions were primarily derived from the
large outlet of glaciers draining areas to the south, the Mulock and Byrd glaciers.

(3) Sandstone and sandy conglomerate with medium to high magnetic susceptibility and Nb content (e.g.,
from 950.55 to 965.43 mbsf and in the upper part of LSU 11; Figure 10g, inset C). These intervals repre-
sent times when the glacial grounding zones persisted in nearshore marine environments and multi-
season sea ice and/or ice shelves fringed the coast. Sediments were derived from proximal volcanic
sources and outcrops in the Transantarctic Mountains. Volcanic sediment derived from Mt Morning
was transported by wind and accumulated on floating ice that periodically melted, allowing volcano-
genic sediment to accumulate at the drill site. This mechanism of deposition in this sandstone‐
dominated facies was previously hypothesized by Iacoviello et al. (2015) to explain the transport of
heavy minerals from the McMVG to the AND‐2A drill site. Ohneiser et al. (2015) identified a signifi-
cant contribution of superparamagnetic grains in modern sediments throughout the region (on land,
sea ice, and on the sea floor) and suggested that they are formed in the modern, cold, hyperarid,
wind‐dominated environment. Our rock magnetic data do not show evidence for a significant contri-
bution of superparamagnetic grains, which may indicate that late early Miocene conditions were less
cold than today;

(4) Sandy diamictite with high magnetic susceptibility and Nb content (e.g., from 1,040 and 1,103.96 mbsf
and between about 975 and 995.78 mbsf; Figure 10g, inset D). These units reflect intervals when ice
sheets advanced across the inner continental shelf. Locally derived volcanic clasts were deposited
proximal to the grounding line of outlet or piedmont glaciers or beneath a floating ice tongue.

8. Conclusions

Environmental magnetic data from the lower AND‐2A drill core has helped to constrain the processes by
which sediments were delivered to the drill site during the late early Miocene (from ~18.7 to ~20.2 Ma).
We observed stratigraphic zones with an alternation of intervals with high magnetic mineral concentration
and intervals with very low magnetic mineral concentration with a relatively constant magnetic grain size.
This alternation indicates paleoenvironmental differences, with the sourcing of magnetic material, which
we interpret to be mostly volcanic in origin, switched on and off as a result of depositional processes con-
trolled primarily by glacial conditions and possibly also by the abundance of volcanic material that could
be sourced.

LUs from 778.63 mbsf to the bottom of AND‐2A drill core (LSUs 11–14) record marked environmental varia-
bility in an ice‐distal to ice‐proximal depositional environment. We recognize settings varying from subgla-
cial and grounding zone proximal to hemipelagic and neritic under the influence of icebergs and sea ice
(Field et al., 2018; Fielding et al., 2011; Levy et al., 2016; Passchier et al., 2011).

Perhaps the most interesting unit is the thick mudstone of LSU 11. Modern studies show that large
amounts of volcanic material derived from the McMVG accumulate on the ice shelf and sea ice to the
South of the drill site (Chewings et al., 2011). We suggest that similar processes may explain the increase
in magnetic mineral concentration observed in this interval, and we link it to a period of cool and rela-
tively stable climate during which a long‐standing cover of floating ice developed over the drill site.
Strong southerly winds eroded the volcanic edifice to the south and volcanic‐clast‐rich sediment
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accumulated on the floating ice platform above the drill site. Periodic melt of this ice platform delivered
the sediment to the sea floor.

Our results support and refine previous environmental interpretations and delineate the complex variability
of ice extent during the late early Miocene in the southern McMurdo Sound. This study adds to the growing
body of evidence that Antarctica's ice sheet was highly dynamic through most of its history. Further cores,
and more work on existing records of a similar age from other regions of the continental margin, are needed
to fully characterize such large‐scale ice sheet fluctuations and to provide ground truth for the last genera-
tion of global climate models.
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