
Abstract  International Ocean Discovery Program (IODP) Expedition 382 in the Scotia Sea’s Iceberg 
Alley recovered among the most continuous and highest resolution stratigraphic records in the Southern 
Ocean near Antarctica spanning the last 3.3 Myr. Sites drilled in Dove Basin (U1536/U1537) have 
well-resolved magnetostratigraphy and a strong imprint of orbital forcing in their lithostratigraphy. All 
magnetic reversals of the last 3.3 Myr are identified, providing a robust age model independent of orbital 
tuning. During the Pleistocene, alternation of terrigenous versus diatomaceous facies shows power in 
the eccentricity and obliquity frequencies comparable to the amplitude modulation of benthic δ18O 
records. This suggests that variations in Dove Basin lithostratigraphy during the Pleistocene reflect a 
similar history as globally integrated ice volume at these frequencies. However, power in the precession 
frequencies over the entire ∼3.3 Myr record does not match the amplitude modulation of benthic δ18O 
records, suggesting Dove Basin contains a unique record at these frequencies. Comparing the position of 
magnetic reversals relative to local facies changes in Dove Basin and the same magnetic reversals relative 
to benthic δ18O at North Atlantic IODP Site U1308, we demonstrate Dove Basin facies change at different 
times than benthic δ18O during intervals between ∼3 and 1 Ma. These differences are consistent with 
precession phase shifts and suggest climate signals with a Southern Hemisphere summer insolation phase 
were recorded around Antarctica. If Dove Basin lithology reflects local Antarctic ice volume changes, 
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1.  Introduction
Earth’s climate state has undergone several significant changes during the last 3.3 Myr, including the ini-
tiation of expanded bipolar glaciation around Plio-Pleistocene boundary time (Bailey et al., 2013; Jansen 
et  al.,  2000; Shackleton et  al.,  1984) and changes in the amplitude and frequency of glacial-interglacial 
variations during the mid-Pleistocene transition (MPT; Clark et al., 2006; Pisias & Moore, 1981; Ruddiman 
et al., 1989). While it has long been accepted that the pacing of Plio-Pleistocene glacial-interglacial cycles is 
driven by changes in the eccentricity (∼100 kyr), obliquity (41 kyr), and precession (19–23 kyr) of Earth’s or-
bit (Hays et al., 1976), our understanding of the drivers of long-term changes and transitions is incomplete.

Benthic δ18O is a key parameter in paleoceanography for understanding global climate evolution and is often 
used to study Plio-Pleistocene ice sheet response to orbital forcing through the amplitude evolution of its or-
bital frequencies (e.g., Liautaud et al., 2020; Lisiecki & Raymo, 2007) and as a constraint for ice sheet evolution 
models (de Boer et al., 2014; Pollard & DeConto, 2009). Three main features of Plio-Pleistocene benthic δ18O 
records are as follows: (1) obliquity frequency amplitude modulation (1/41 kyr−1) that matches the ampli-
tude modulation of the orbital forcing prior to 1.4 Ma, (2) amplitude evolution of the precession frequencies 
(1/19–1/23 kyr−1) that is similar to the amplitude modulation of the orbital forcing but increases exponentially 
during the Pleistocene, and (3) an increase in ∼1/100 kyr−1 eccentricity frequency amplitude after 1.4 Ma that 
does not match orbital forcing (Lisiecki & Raymo, 2007). However, on orbital and longer timescales, benthic 
δ18O is a complicated proxy for ice sheet histories as it is a combined signal of global ice volume and deep 
sea temperature (Shackleton, 1967). Deconvolving that signal requires records of deep sea temperature (e.g., 
Elderfield et al., 2012; Ford et al., 2016; Sosdian & Rosenthal, 2009), sea level changes (e.g., Grant et al., 2019; 
Rohling et al., 2014), and stratigraphic records with signals directly influenced by Northern and Southern 
Hemisphere ice sheets (e.g., Naish et al., 2009; Patterson et al., 2014; Shakun et al., 2016).

A long-standing debate surrounds the origin of the strong 41 kyr cyclicity and nearly absent 19–23 kyr pre-
cession cyclicity observed in records of benthic δ18O during the late Pliocene and early Pleistocene (∼3.1 Ma; 
Raymo & Huybers, 2008; Raymo & Nisancioglu, 2003; Raymo et al., 1989; Ruddiman et al., 1989; 1986). 
Many hypotheses have been offered, such as the role of integrated summer insolation (Huybers, 2006), the 
latitudinal gradient in insolation and resulting changes in moisture transport (Raymo & Nisancioglu, 2003), 
and cancellation of precession signals by out-of-phase Northern and Southern Hemisphere ice sheets re-
sponding to the intensity of summer insolation—the Antiphase Hypothesis (Raymo et al., 2006). Some data 
exist that suggest out-of-phase hemispheric precession signals were a feature of the 41 kyr world, including 
a precession signal with Southern Hemisphere phase in the Southern Ocean during Marine Isotope Stage 
(MIS) 31 around the lower C1r.1n (Jaramillo) magnetic reversal (∼1.07 Ma; Scherer et al., 2008) and preces-
sion signals with a Northern Hemisphere phase in meltwater runoff from the North American Mississippi 
River drainage between 2.55 and 1.70 Ma (Shakun et al., 2016). In the framework of the Antiphase Hypoth-
esis, the exponential increase of benthic δ18O precession frequency amplitude (Lisiecki & Raymo, 2007) 
would not necessarily reflect a significant change in the sensitivity of ice sheets to precession forcing. Rath-
er the small precession signal in the early Pleistocene would be the result of a ratio of Northern and South-
ern Hemisphere ice volume changes at precession frequencies near unity leading to destructive interference 
of each hemisphere's precession signal in the global signal (Moree et al., 2021; Raymo et al., 2006). More 
data are needed from ice sheet proximal environments to develop our understanding of the behavior of 
marine and terrestrial ice sheets during the 41 kyr world. New drill cores recovered during International 
Ocean Discovery Program (IODP) Expedition 382 “Iceberg Alley and Subantarctic Ice and Ocean Dynam-
ics” offer one such opportunity since it recovered near-continuous and expanded late Pliocene to Holocene 
stratigraphic sections from Dove Basin in the Scotia Sea with lithostratigraphies that are from a region 
directly influenced by Antarctica’s glacial history and Southern Ocean dynamics (e.g., Sprenk et al., 2013; 
Weber et al., 2014, 2012, 2019).

As benthic calcite-based δ18O records cannot be generated from most Antarctic proximal marine sequenc-
es, the relationships between changes in Antarctic proximal sediment lithology, benthic δ18O, and orbital 
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curves are largely unknown for the Plio-Pleistocene. Assumptions must therefore be made about the orbital 
pacing of Antarctic climate when tuning a climate-sensitive parameter from such records to orbital curves 
or benthic δ18O. Accordingly, these assumptions limit our ability to test questions regarding the orbital 
forcing of Antarctic climate itself. By contrast, magnetostratigraphy, which uses geomagnetic variability 
driven by convection in the Earth’s liquid outer core as a stratigraphic tool, is independent of climate and 
has been central to the establishment of the timing and pacing of paleoclimatic signals since its earliest 
applications (Hays et al., 1976; Huybers, 2007; Imbrie et al., 1984; Opdyke et al., 1966; Raymo et al., 1989; 
Ruddiman et al., 1989; Shackleton & Opdyke, 1973, and many others). Discontinuous magnetostratigraphi-
cally and biostratigraphically calibrated Antarctic proximal sediments have provided valuable insights into 
the history of the Antarctic Ice Sheet, with those deposited in the Ross Sea interpreted as showing that ∼41-
kyr timescale changes in Antarctic Ice Sheet extent were likely important during the Pliocene (e.g., Naish 
et al., 2009). However, the discontinuous nature of such records limits our ability to assess the phase and 
the relative strength of the various orbital frequencies pacing Antarctic Ice Sheet extent in the late Pliocene 
and early Pleistocene, such as the suggestion that Antarctica experienced precession and eccentricity-paced 
variations in the late Pliocene from a magnetostrigraphically calibrated ice-rafted debris (IRD) record from 
the Wilkes Land Margin (Patterson et al., 2014). Here, we present an exceptional, continuous, and high-res-
olution late Pliocene to Holocene geomagnetic polarity stratigraphy from IODP Expedition 382 Sites U1536 
and U1537 and use it to examine the Antarctic Ice Sheet and Southern Hemisphere climate response to 
orbital forcing relative to benthic δ18O during the 41 kyr world.

2.  Materials and Methods
2.1.  Dove Basin

Dove Basin is one of several oceanic basins in the southern Scotia Sea with thick contourite deposits formed 
by the influence of the eastward flowing Antarctic Circumpolar Current, the northward flowing Wed-
dell Sea Deep Water, and, on long timescales, by regional tectonics (e.g., Maldonado et  al.,  2003; Pérez 
et al., 2017) (Figure 1). The Scotia Sea constitutes a back-arc system where the active spreading center at 
the East Scotia Ridge leads to regional compression along the southern Scotia Sea basins (Pérez et al., 2017). 
Large-scale variability in contourite deposition in the Scotia Sea is related to long-term changes in bottom 
water flows. These oceanographic changes have been influenced by ice sheet and tectonic events, with the 
latter including uplift of the Shackleton Fracture Zone around the time that Dove Basin’s seismic reflector-c 
was formed (8.4–14.2 Ma; Pérez et al., 2021). Uplift of the Shackleton Fracture Zone potentially continued 
to occur through when Dove Basin’s seismic reflector-a formed (1.4–1.8 Ma; Pérez et al., 2021). While mod-
eling work suggests changes in dynamic topography over the last 3 Ma were significant for sectors of East 
Antarctica, changes were less significant for the Weddell Sea sector of Antarctica and the Antarctic Penin-
sula (Austermann et al., 2015).

Lateral transport and sediment focusing in the Dove Basin contourite deposit allowed for high sedimenta-
tion rates in the late Quaternary, ranging from ∼20 to 100 cm/kyr (as evidenced from Calypso Core MD07-
3134; Sprenk et al., 2013; Weber et al., 2012), and thick stratigraphic sequences in excess of 1 km that are 
hypothesized to extend from the present to the early Miocene (Pérez et al., 2017). Late Quaternary focusing 
factors, the ratio of total sediment flux to the vertical settling sediment flux, calculated from excess 230Th in 
Core MD07-3134, are variable on orbital timescales and range from 5 to 13 during interglacial intervals and 
11 to 29 during glacial intervals (Sprenk et al., 2013).

Dove Basin also lies beneath an export pathway for Antarctic icebergs, named Iceberg Alley (Anderson & 
Andrews, 1999). Icebergs are calved from all sectors of Antarctica and predominantly travel counterclock-
wise around the continent in the Antarctic Coastal Current until they reach the Weddell Sea Gyre. Here, 
they travel north and, ultimately, reach the warmer Antarctic Circumpolar Current where they melt and 
shed their terrigenous load (Budge & Long, 2018). While icebergs transported through Iceberg Alley today 
are biased toward those sourced from the Weddell Sea sector of Antarctica (Budge & Long, 2018), the Dove 
Basin sediment record has the potential to contain IRD from far-traveled icebergs, effectively integrating 
signals of ice sheet mass loss from the entire Antarctic Ice Sheet. The high Dove Basin sedimentation rates 
and associated IRD records have previously allowed reconstructions of late Quaternary centennial to mil-
lennial scale variations in iceberg flux across this region (Bakker et al., 2016; Weber et al., 2014).
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Pliocene to Holocene sediment lithology in Dove Basin primarily alternates between diatom oozes and 
silty clays, with variable concentration of sand to gravel-sized clasts delivered as IRD (Weber et al., 2019). 
Detailed study of core MD07-3134 indicates that during the late Quaternary, diatom oozes were deposited 
during interglacial/warm times and silty clays were deposited during glacial/cold times (Sprenk et al., 2013; 
Weber et  al.,  2012). Longer records recovered during IODP Expedition 382 show continued alternation 
between diatom oozes and silty clays extending to at least 3.3 Ma. While variation in these two facies is not 
always evident visually, they are manifest in changes in the ratio of biogenic versus terrigenous concentra-
tion, which are clearly captured by shipboard continuous nondestructive measurements like spectral color, 
gamma ray attenuation (GRA)–derived wet bulk density (hereafter, simply GRA), and natural gamma radi-
ation (NGR) (Sprenk et al., 2013; Weber et al., 2019).

2.2.  IODP Expedition 382 Sites U1536 and U1537

IODP Expedition 382 drilled five sites from the Subantarctic Front drift off the southern tip of South 
America and the Dove and Pirie basins in the Scotia Sea, recovering sediments deposited from the middle 
Miocene to present (see Weber et al., 2019). We focus here on advanced piston core (APC) and half-length 
advanced piston core (HLAPC) intervals at Dove Basin Sites U1536 (∼355 meters below seafloor [mbsf]) 
and U1537 (∼330 mbsf), which recovered Pliocene- and Pleistocene-aged sediments (Weber et al., 2019) 
(Figure 1).

Five holes were drilled at Site U1536 with holes A, B, and C focused on deep APC/HLAPC coring (see Fig-
ure F7 in Weber et al., 2019). APC refusal started around 214 mbsf in hole A, and mixed APC and HLAPC 
cores recovered sediment to a depth of 290 mbsf in hole C. HLAPC cores were recovered to a maximum 
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Figure 1.  (a) Map of study area (b) with zoom in of Dove Basin, including Dove Basin core locations from IODP Expedition 382, U1536 and U1537 
(Weber et al., 2019), and core MD07-3134 (Weber et al., 2012). In (a), red arrows indicate general iceberg export path through Iceberg Alley (Anderson & 
Andrews, 1999; Budge & Long, 2018), yellow dashed lines indicate primary pathways for Weddell Sea Deep Water (after Meredith et al., 2008), and orange 
arrows indicate the flow direction of the Antarctic Circumpolar Current. Base map is created using GeoMapApp (http://www.geomapapp.org) and the Global 
Multi-Resolution Topography (GMRT) synthesis (Ryan et al., 2009). IODP, International Ocean Discovery Program.
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depth of ∼355 mbsf in hole A and ∼352 mbsf in hole C. The focus of hole B was to provide overlap in key 
intervals and was a mix of drilled intervals and APC cores to a maximum depth of ∼227 mbsf.

Four holes were drilled at Site U1537 with holes A and D focused on deep APC/HLAPC coring (see Figure 
F7 in Weber et al., 2019). APC refusal occurred around 240 mbsf in hole A and 244 mbsf in hole D. HLAPC 
extended hole A to a maximum depth of ∼264 mbsf and hole D to a maximum depth of ∼354 mbsf.

Recovery was generally excellent in APC/HLAPC cored intervals at Site U1536 and U1537, ranging from 
90% to 103%. While core quality was often good, some cored intervals experienced variable levels of coring 
disturbance due to challenging weather conditions during high seas. The new JOIDES Resolution X-ray im-
aging system, first implemented during the preceding IODP Expedition 379 (Gohl et al., 2019), provided a 
means to monitor and account for coring disturbance from the interpretation of core data and construction 
of spliced composite records.

2.3.  Shipboard Data

Paleomagnetic data collected on board the JOIDES Resolution during IODP Expedition 382 focused on in-
vestigating the sediment’s natural remanent magnetization (NRM) and identifying the sediment’s charac-
teristic remanent magnetization (ChRM) direction that could be correlated to the polarity intervals of the 
geomagnetic polarity timescale. Data were collected from two primary sources—archive half sections and 
discrete Natsuhara-Giken (Japanese) cube samples (∼7 cm3).

Remanence measurements were made using a 2G Enterprises Model 760R-4K superconducting rock mag-
netometer (SRM) equipped with direct-current superconducting quantum interference devices and an in-
line, automated alternating field (AF) demagnetizer (Acton et al., 2017). NRM measurements of the archive 
half sections were made every 5 cm on the initial NRM and after AF demagnetization at 10 and 15 mT 
peak fields. At both sites, a 20 mT peak field was also initially used in the first hole but was discontinued 
after recognizing that the vertical drill string overprint (e.g., Richter et al., 2007) was removed by the 10 mT 
demagnetization step.

Vertically oriented discrete cube samples were collected from the working half sections at a sampling reso-
lution of about one per section (∼1.5 m) in hole A. Additional samples were taken from other holes when 
needed to fill in stratigraphic gaps (total samples: n = 393 for U1536; n = 228 for U1537). For all cubes, 
measurements were made of the initial NRM and following AF demagnetization at 0, 5, 10, and 15 mT peak 
AF. A subset of the cubes (n = 23 for U1536; n = 12 for U1537) were subjected to additional AF demagnet-
ization up to 50 mT peak fields to further explore their NRM. For AF fields of 10 mT and higher, the cube 
samples were demagnetized and measured in three mutually perpendicular positions to monitor for and 
mitigate the influence of spurious anhysteretic remanent magnetizations (ARMs) and gyroremanent mag-
netizations (GRMs) (after Stephenson, 1993).

Continuous nondestructive physical properties of the sediments, such as spectral reflectance, NGR, and 
GRA, were collected during the expedition following standard IODP protocol (Blum, 1997) and used as trac-
ers for lithologic variability (see Sprenk et al., 2013). NGR is proportional to the concentration of radioactive 
elements in the sediment, particularly K, U, and Th (De Vleeschouwer et al., 2017). In settings like Dove 
Basin, the first order control on NGR is the relative contribution of biogenic (diatom) sediments (NGR = 0 
counts per second [cps]) versus lithogenic sediments (NGR ≥ 0 cps). Secondary controls could include lith-
ogenic sediment particle size, as radioactive elements are often enriched in clays, and sediment provenance. 
GRA also captures this lithologic variability and shows a correlation with biogenic silica estimates in MD07-
3134, with biogenic (diatom) sediments having lower wet bulk density than lithogenic sediments; how-
ever, GRA can also be influenced by lithogenic sediment particle size and sediment compaction (Sprenk 
et al., 2013; Weber et al., 2012, 1997). The spectral reflectance parameter, b*, which tracks the blue-yellow 
color component of the sediment has also been shown to have a linear relationship with the biogenic silica 
contribution to sediments in Dove Basin during the late Quaternary (Sprenk et al., 2013).

Following late Quaternary observations, we interpret diatom oozes as having been deposited during 
warm times and silty clays as having been deposited during colder times (Sprenk et  al.,  2013; Weber 
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et al., 2012) but refer to these major lithologies using descriptive terminology as diatomaceous (low NGR, 
low GRA, high b* diatom oozes) and terrigenous (high NGR, high GRA, low b* silty clays) Dove Basin 
facies. Further work will still need to confirm whether the relationship between paleoenvironment and 
lithology in the late Pliocene and early Pleistocene is indeed consistent with the late Quaternary obser-
vations and how the trends in these records relate to long-term changes in temperature, oceanographic, 
and ice sheet evolution.

2.4.  Correlated Equivalent Depth Scale

During IODP Expedition 382, composite spliced sedimentary sequences were generated for Site U1536 us-
ing intervals from holes A, B, and C to a depth of ∼217 mbsf (∼234 meters composite depth [mcd]) and 
for Site U1537 using intervals from holes A, B, and D to a depth of ∼263 mbsf (∼284 mcd). The length of 
each spliced record was determined by the depth to which correlations could confidently be made between 
holes (Tables S1 and S2). For this study, the U1536 and U1537 records were extended below the splice by 
appending recovered APC and HLAPC cores. This is a discontinuous record, as between ∼10 and 150 cm of 
sediment is generally unrecovered between APC/HLAPC cored intervals even if overall recovery is greater 
than 100% (Ruddiman, Cameron et al., 1987). At the long-term sedimentation rates observed in Dove Basin 
(see Section 3.3), this could account for up to 30 kyr of missing time; however, some or all this missing time 
can be accounted for through stratigraphic comparison of U1536 and U1537.

For Site U1536, Cores U1536C-17F to U1536C-24F and Cores U1536A-40F to U1536A-53F were append-
ed below the splice. A tie point between the two holes could be made with confidence at 285.4 mbsf in 
Core U1536C-24F and 288.14 mbsf in Core U1536A-40F (Table S1). For the appended sections, a growth 
factor of 7.5% was applied to all cores based on the observed growth factor of the cores near the base of 
the splice. Growth factors in the splice depth, calculated by the difference between the mbsf and mcd 
depth scales and often ranging from 5% to 20%, are typically attributed to postcoring expansion of the 
sediments (e.g., Hatfield et al., 2020; Lisiecki & Herbert, 2007). Following application of the growth fac-
tor, 3.2 m was subtracted from the depth of Cores U1536A-40F to U1536A-53F to align the tie point in 
Core U1536A-40F to Core U1536C-24F. These affine offsets, below the official splice, differ from those 
determined shipboard.

For U1537, Cores U1537D-33F to U1537D-45F were appended below the splice (Table S2). A growth factor 
of 7% was first applied to the cores based on the average growth factor calculated from the spliced interval. 
Then, 2.9 m was added to each of these cores to prevent overlap with the splice. Above these appends, the 
splice is the same as that determined during the expedition with one exception. Core U1537D-28F is used 
in this study instead of Core U1537A-28F, as coring deformation led to noticeably shallower inclinations in 
Core U1537A-28F while Core U1537D-28F inclinations are more like what would be expected based on the 
geocentric axial dipole hypothesis (i.e., tan I 2 tan , where I is the expected inclination and λ is the site 
latitude; Hospers, 1954; McElhinny, 2007).

Despite differences in sedimentation rates and the ∼20.5 nm distance between drilling sites, lithologic var-
iability tracked by NGR (high NGR = silty clay; low NGR = diatom ooze) shows remarkable similarity 
between the two sites (Weber et al., 2019). Accordingly, a correlated equivalent depth (ced) scale was gen-
erated for the U1536 spliced interval through correlation of the U1536 NGR pattern to U1537, excluding 
intervals identified as containing primarily slumped sediments in visual descriptions and/or X-ray images 
(Table S3). GRA, color reflectance, magnetic susceptibility, and paleomagnetic measurements were used as 
independent checks to guide the correlation. We quantify uncertainty associated with this correlation using 
Undatable MATLAB tools (Lougheed & Obrochta, 2019), by running 10,000 iterations of possible depth-
depth correlations using an xfactor of 0.1, assuming ±20 cm uncertainty in tie points in U1536 and U1537, 
and bootstrapping 25% of the tie points chosen below the U1536 splice. The latter constraint assumes that 
in each iteration, only 75% of the tie points used where cores are appended and recovery is incomplete are 
correct, providing a conservative uncertainty structure for the depth-depth relationship (Table S4). Data 
used in this study on these depth scales are available in Tables S5 and S6.
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2.5.  Data Stacks

Proxies for lithology that are regionally representative at individual sites can be complicated by local factors, 
such as incomplete recovery, slumps, IRD, or diagenesis. To extract signals representative of Dove Basin 
sedimentation, U1536 and U1537 data were stacked, removing intervals identified as being dominated by 
slumps (54.9–60.2 and 92.97–102.5 mcd in U1536; 209.5–215.7 mcd and below 304.9 mcd in U1537). NGR, 
GRA, and b* stacks were generated following the method of Weber and Reilly (2018), by first interpolat-
ing to evenly spaced intervals using a Gaussian filter, with full width at half maximum for NGR based on 
the response function of the sensor (18 cm) and 10 cm for GRA and b* (Walczak et al., 2015), and then 
averaging the two sites. For illustrative purposes, an inclination stack was generated by averaging archive 
half inclinations in binned intervals where both sites have data and keeping intervals where there is good 
agreement between the sites (differences of <40°). We use the U1537 archive half inclination record for 
magnetostratigraphic interpretation, as it is primary data, can be interpreted with little ambiguity, and is in 
good agreement with the noisier U1536 archive half inclination record following NGR correlation. The data 
stacks are available in Table S13.

2.6.  Age Models and Time Series Analysis

Age models were constrained by the sediment water interface (0 ka) and the magnetic reversals using Un-
datable MATLAB tools by running 10,000 iterations with a 0.1 xfactor (Lougheed & Obrochta, 2019). Uncer-
tainty in the depth and age of the magnetic reversals, discussed below, are both considered in this method. 
Sedimentation rates are calculated in fixed 300 kyr increments, with uncertainty estimates calculated from 
the ensemble of Undatable age models. Fixed intervals, rather than the irregular spaced magnetic reversals, 
are used for sedimentation rate calculations to mitigate apparent sedimentation rate variability that could 
result from averaging time intervals of different lengths (e.g., Gulick et al., 2015; Mix, 2020).

The multitaper method (two tapers) was used for frequency analysis of the Dove Basin stacks, LR04 benthic 
δ18O stack (Lisiecki & Raymo, 2005), and Laskar et al. (2004) climatic precision and obliquity angle orbital 
curves. Analysis was performed using the MATLAB implementation of Husson et al. (2014) every 50 kyr 
in 400-kyr wide intervals. To track the amount of power in frequency bands important for Plio-Pleistocene 
orbital forcing of climate, we calculated the sum power in the 1/25–1/18 kyr−1 (precession), 1/43–1/38 kyr−1 
(obliquity), and 1/126–1/89 kyr−1 (eccentricity) frequency bands (ranges after Lisiecki & Raymo, 2007). To 
account for age model uncertainty in the untuned Dove Basin magnetostratigraphic age model, we analyzed 
1,000 of the Undatable age-depth combinations for the Dove Basin stacks and calculated the median value 
and ±1 sigma range. To assess how well this uncertainty structure captures amplitude variations in the 
orbital signal, we calculate an ensemble of magnetostratigraphic age models for IODP Site U1308 using the 
same methods we used for Sites U1536 and U1537 (Figure S1b). We perform the same time series analysis 
discussed here on the Site U1308 NGR record on this ensemble of age models and compare those results to 
time series analysis of Site U1308’s LR04 tuned benthic δ18O age model (Figure S1a) (Channell et al., 2016; 
Hodell & Channell, 2016). Choice of undatable xfactor in the Dove Basin age models (Lougheed & Obroch-
ta, 2019) controls how much age uncertainty grows between the magnetic reversals (Figure S2a) which 
influences the uncertainty structure of the analysis described here. To assess the sensitivity of our analysis 
to xfactor, we run our analysis on using age models constructed with three xfactors in the range Lougheed 
and Obrochta (2019) consider realistic, 0.05, 0.1, and 0.3 (Figure S2).

3.  Results
3.1.  Paleomagnetic Results

3.1.1.  Paleomagnetic Data Quality

Detailed demagnetization to 50  mT peak AF of the subset of discrete cubes typically reveals a well-de-
fined ChRM following the removal of the vertical drill string–induced overprint around 5–10 mT peak AF 
(Figure 2). Predicted inclination based on the geocentric axial dipole hypothesis is about −73.5°. Modern 
inclination according to the International Geomagnetic Reference Field is about −56° due to the influence 
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of a region with low total field intensity relative to the geocentric axial dipole and referred to as the South 
Atlantic Anomaly (Thébault et al., 2015). Examples of typical data with steep vectors consistent with nor-
mal and reverse polarity from Sites U1536 and U1537 are presented in Figures 2a–2d.
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Figure 2.  Representative orthogonal projection plots or Zijderveld diagrams (Zijderveld, 1967). All primary 
demagnetization data are available through the MagIC database (DOI: 10.14379/IODP.PR.382.2019). (a) U1536A-
36F-1W 120–122 cm; NRM = 72 nAm2. (b) U1537A-24H-3W 104–106 cm; NRM = 14 nAm2. (c) U1536A-39F-3W 
80–82 cm; NRM = 94 nAm2. (d) U1537A-18H-2W 105–107 cm; NRM = 70 nAm2. (e) U1536A-6H-2W 134–136 cm; 
NRM = 1 nAm2. (f) U1537A-5H-3W 110–112 cm; NRM = 32 nAm2. Blue open symbols are the vertical projection (x, 
z), and red closed symbols are the horizontal projection (x, y). For (a–f), darker lines/symbols are the Fischer mean 
(Fisher, 1953) of all measurements made in the three-axis demagnetization protocol (see Methods). For (e–f), light 
symbols and stippled lines are the individual measurements made in the three-axis demagnetization protocol. NRM, 
natural remanent magnetization.

(a) (b)

(c) (d)

(e) (f)
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While most samples displayed simple demagnetization behavior toward the origin, some discrete data were 
difficult to interpret. In one case, the sample U1537A-5H-3W, 110–112 cm acquired a remanent magnetiza-
tion in the presence of the AF, which could be attributed to a spurious ARM or GRM (Figure 2f). In other 
instances, the magnetic moment of the samples was near or below the practical sensitivity of the SRM and 
a ChRM could not be isolated (Figure 2e).

Considering these observations, we calculated the circular standard deviation (CSD) of measurements 
made in the three AF demagnetization positions following 15 mT peak AF. Large CSD values are typically 
associated with small magnetic moments with only a few samples displaying high CSD and relatively high 
magnetic moment (Figure 3a). For inclination values following 15 mT peak AF, samples with low CSD val-
ues (≤15°) display a clear bi-model distribution, consistent with normal and reverse distributions centered 
around geocentric axial dipole like values (Figure 3b). Samples with high CSD values (>15°) also have a 
bimodal distribution; however, the peaks are less pronounced and there are a relatively greater number 
of shallow inclinations. While it is likely that some intervals are complicated by GRM (e.g., Figure 2f), the 
majority of poorly defined ChRMs are likely related to small magnetic moments (Figure 3). Discrete data 
for Site U1537 as a function of depth are plotted in Figure 4i, with closed symbols having CSD values ≤ 15° 
and open symbols having CSD values > 15°.

3.1.2.  Magnetic Stratigraphy

Archive half and discrete cube measurement inclinations display alternations between intervals with values 
dominantly consistent with normal or reverse polarity (Figures 4e–4j). Some seemingly anomalous data 
may be geomagnetic in nature, reflecting geomagnetic excursions; however, potential candidates for these 
geomagnetic excursions need to be studied in further detail in shore-based paleomagnetic laboratories. More 
often, there are values that appear anomalous with either shallow inclinations or brief intervals consistent 
with the opposite polarity that are likely not geomagnetic in nature. Many of these anomalous intervals in 
archive half data are associated with high magnetic moments, which in some instances could confidently 
be attributed to the presence of IRD. Other intervals are likely the result of localized coring deformation, 
which is not reproducible between parallel holes and could be recognized in X-ray images. While on ship, 
the paleomagnetic and stratigraphic correlator teams worked together to avoid these deformed intervals in 
the splice. While it is possible to use qualitative criteria derived from X-ray images or paleomagnetic data to 
improve the visual appearance of the data, we choose to present all data in our figures for this study, outside 
of data collected within 5 cm from section edges. Ultimately for this study, our discussion uses the reversal 
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Figure 3.  (a) Plot of circular standard deviation (CSD) of measurements at the 15 mT step compared with moment from holes U1536A (blue), U1537A 
(orange), and U1537D (green). Vertical dashed line denotes CSDs equal to 15°. (b) Kernel density plots of average inclination for the 15 mT step for the data 
with high CSDs (>15°, black line) and those with low CSDs (≤15°, red line).

(a) (b)
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positions identified in Site U1537; however, this interpretation is informed through comparisons with dis-
crete cube sample data, visual core descriptions, and X-ray observations (Figures 4e–4j).
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Figure 4.  NGR-based correlation of Sites U1536 (blue) and U1537 (red), including (a) data for U1536 on its mcd scale, (b) data for U1537 on its mcd scale, (c) 
superimposed alignment of the two records on their ced scale, and (d) the Dove Basin NGR stack (black = mean; shading = standard deviation). Gray lines 
indicate tie points and blue and red shading indicates intervals with common slumping in U1536 and U1537, respectively. Inclination-based magnetic polarity 
stratigraphy for Dove Basin, including (e) archive half inclination data after 15 mT peak AF for U1536 on its mcd scale (blue), (f) archive half inclination data 
after 15 mT peak AF for U1537 on its mcd scale (red), (g) superimposed alignment of the two records on their ced scale, and (h) an inclination stack (black) to 
highlight the common signal. (i) For comparison, the Fisher mean (Fisher, 1953) inclination of U1537 discrete samples after 15 mT peak AF demagnetization 
in three positions. Triangles indicate data within the splice and circles indicate off-splice data transferred to the mcd scale by their affine offset. Closed symbols 
indicate circular standard deviations (CSDs) less than 15⁰ while open symbols indicate CSD higher than 15° (see Figure 3). (j) Interpreted magnetic polarity 
(black = normal; while = reverse) based on the U1537 archive half data and assignment to the geomagnetic polarity timescale (J = Jaramillo; C = Cobb 
Mountain; O = Olduvai; R = Reunion; K = Kaena; M = Mammoth). AF, alternating field; ced, correlated equivalent depth; GRA, gamma ray attenuation; mcd: 
meters composite depth; NGR, natural gamma radiation.
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Polarity transitions were defined from archive-half data by identifying the closest observation of stable 
polarity above and below the transitional interval, with stable defined as three consecutive archive half 
measurements of inclination steeper than ±45°. If the transition was directly observed in a cored section, 
we report the top and bottom of that transitional interval and the midpoint of those two values. If the tran-
sition was not observed and therefore likely between two cored intervals in a data gap, we report the meas-
urements above and below this data gap and the midpoint of those two values. Polarity transition depths 
are summarized in Tables S7–S10.

The APC/HLAPC sections of Site U1536 span C1n (Brunhes) to below C2An.2r (Mammoth) in C2An.3n 
(early Gauss) and include every polarity zone of the Geologic Timescale 2012 (GTS12) (Gradstein et al., 2012) 
(Figures 4e and 4j). All reversals of the GTS12 in this interval were directly observed in cored intervals ex-
cept for the top of C2An.1r (Kaena). Archive half inclination data are often noisy, particularly between 150 
and 185 mcd in what we interpret to be C1r.1r (late Matuyama) but have primarily reverse (steep positive) 
inclinations (Figure 4e). Intermediate directions (not consistent with normal or reverse inclinations) are 
also found during other intervals of the C1r.3r and C2r.2r (middle and early Matuyama) and are not in-
terpreted as polarity transitions. The intervals below the normal (steep negative) inclinations interpreted 
as C1r.2n (Cobb Mountain) are difficult to interpret and therefore we only assign the top of C1r.2n (Cobb 
Mountain) and not the base as an age control point in our age model. Despite these issues, the inclination 
record for U1536 was interpreted independently, before recovery of Site U1537, and is entirely consistent 
with the interpretation of Site U1537 when the two records are aligned using NGR data, giving us a high 
degree of confidence in our interpretation (Figure 4g).

The APC/HLAPC sections of Site U1537 can confidently be assigned to include C1n (Brunhes) to C2An.3n 
(early Gauss) and included every polarity zone of the GTS12 in between (Gradstein et al., 2012) (Figures 4f 
and 4j). All reversals of the GTS12 in the time interval were directly observed in cored intervals, although 
the boundaries of C2An.2r (Mammoth) were recovered close to core edges. Below about 287 mbsf in hole 
D, U1537 recovered predominantly slumped sediments, as identified in visual core descriptions and X-ray 
images (Figure 4b); however, predominantly reverse magnetized sediments underlay normal magnetized 
sediments below around 322 mbsf, suggesting the base of APC/HLAPC cored sediments are C2Ar (late 
Gilbert) in age (Figure 4f). Overall, the archive half inclination record for U1537 is much less noisy than 
U1536, allowing a clear-cut correlation to the geomagnetic polarity timescale (Figure 4j). In part, this may 
be related to the extremely calm seas and high-quality core recovery during the drilling of hole U1537A. 
Like Site U1536, there is an interval of intermediate inclinations (not consistent with normal or reverse 
polarity) during C1r.3r (middle Matuyama), but unlike Site U1536, these intermediate inclinations are not 
present in C2r.2r (early Matuyama). These intervals are associated with weak NRM intensities and high 
CSD values of the discrete sample measurements following 15 mT peak AF demagnetization in three posi-
tions (Figure 4i), suggesting we are not resolving the ChRM associated with the geomagnetic field. As in Site 
U1536, an interval of intermediate inclinations is observed below the normal (steep negative) inclinations 
that are interpreted as C1r.2n (Cobb Mountain) (Figure 4f). This creates uncertainty in the position of the 
base of C1r.2n (Cobb Mountain) and leads us to only assign the top as an age control point in our age model.

3.2.  Dove Basin Stratigraphic Framework

The NGR records for Sites U1536 and U1537 show remarkable similarity to one another, suggesting that, 
despite differences in sedimentation rates and slumping at different intervals, the lithostratigraphy of these 
two sites record regional signals. A total of 118 tie points were used spanning 377.22 mcd at Site U1536 
and 313.10 mcd at Site U1537 (Figures 4a–4c). NGR features that do not appear to correlate between sites, 
particularly two intervals in the upper 100 mcd of U1536 and one interval around 210 mcd in Site U1537, 
are associated with slump features in the cores, as confirmed by sedimentological descriptions and analy-
sis of X-ray images (Weber et al., 2019), suggesting these slumps are local disturbances. There is excellent 
agreement between the inclination records of the two sites after alignment based on NGR, supporting the 
identification of reversal positions relative to the lithostratigraphy (Figure 4g). In addition to confirming the 
regional nature of the Dove Basin lithologic changes, the ced and resulting stack provides a more continu-
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ous record in the deeper part of the record, where the composite record for Site U1537 is limited to a single 
hole and there is missing recovery between core sections.

3.3.  Dove Basin Magnetostratigraphic Timescale

The ultimate goal in this study is to make a direct comparison between the orbital signals imprinted in Dove 
Basin lithostratigraphy, a local record of Antarctic and Southern Ocean dynamics, and benthic δ18O, a global 
record of ice volume and deep-sea temperature. Previous studies have often assumed sedimentary physical 
property within the 41 kyr world varies with a dominant obliquity cycle, in phase with benthic δ18O, and 
have tuned accordingly. However, given that at least one hypothesis to explain the 41 kyr world specifically 
involves climate paced by Southern Hemisphere precession in Antarctica (Raymo et al., 2006), we wanted 
to test that assumption instead of using it. Therefore, we used an ensemble of untuned (independent) mag-
netostratigraphic age models in our analysis.

It is difficult to study signals that operate on 19, 23, 41, and ∼100 kyr periodicities using a magnetostrati-
graphic age model because of the relatively low number of age-depth tie points that such age models con-
tain. For the last 3.5 Myr, magnetic reversals of the geomagnetic polarity timescale occur on average every 
250 kyr, although at irregular intervals, with polarity zone durations ranging from 21 to 774 kyr (Channell 
et al., 2016). Our magnetostratigraphic age model therefore does not capture variability in sedimentation 
rates which operate on shorter timescales, such as those which are expected to occur across the alternating 
deposition of terrigenous and diatomaceous facies.

Given these limitations from our magnetostratigraphic age model, we approach our investigation of these 
orbital signals with the following strategy. First, despite the low-resolution age model, we can investigate 
the amplitude modulation of the signal within frequency bands representative of orbital variations over 
>100 kyr timescales. Second, we can construct an ensemble of a possible age-depth relationships to quan-
tify uncertainty in amplitude modulations given the magnetostratigraphic constraints. Third, we can com-
pare the phasing of the local Dove Basin climate signals to benthic δ18O around magnetic reversals, where 
the relative stratigraphy of reversal positions in our record can be compared to a well-defined reference.

To compare our Dove Basin record with benthic δ18O, we used the LR04 benthic δ18O stack and its astro-
nomically tuned timescale (Lisiecki & Raymo, 2005) and the benthic δ18O and paleomagnetic record from 
North Atlantic IODP Site U1308 (Channell et al, 2008, 2016; Hodell & Channell, 2016; Hodell et al., 2008), a 
reoccupation of Deep Sea Drilling Program (DSDP) Site 609 (Ruddiman, Kidd, et al., 1987). The high-reso-
lution records of Site U1308 establish the relative stratigraphic relationship between magnetic reversals and 
benthic δ18O, allowing for a discussion of climate signal phase relative to the reversals that are not subject to 
the uncertainties in the LR04 timescale itself (e.g., Ahn et al., 2017; Bajo et al., 2020; Lisiecki & Stern, 2016). 
The record at Site U1308 extends to the base of C2An.1r (Kaena; ∼3.1 Ma). But it contains a hiatus around 
the base of C2r.2r (the Gauss-Matuyama boundary; ∼2.6 Ma) (Channell et al., 2016). To define the age of 
the boundaries of C2An.2r (Mammoth; ∼3.3–3.2 Ma) and the base of C2An.3n (early Gauss; ∼3.6 Ma), we 
use the LR04 estimates, which are based on the average of estimates from multiple records with various res-
olution and quality and can have standard deviations that range from 5 to 22 kyr (Lisiecki & Raymo, 2005).

Using Site U1308 to establish the stratigraphic position of the magnetic reversals is important as not all mag-
netic reversals of other popular timescales, like the current geologic timescale (GTS12), are directly intercal-
ibrated with benthic δ18O (e.g., Gradstein et al., 2012; Lourens et al., 1996; Shackleton et al., 1990, 1995). For 
example, age estimates based on the eastern equatorial Pacific Sites 677 and 846 are derived from records 
with high quality orbital-resolution benthic δ18O data but lack magnetic reversal stratigraphy. Instead, the 
reversal positions rely on indirect comparisons to other sites from DSDP Leg 94 and Ocean Drilling Program 
(ODP) Leg 138 (Shackleton et al., 1990, 1995). The GTS12 age estimates from the base of C1n (Brunhes) to 
C2n (Olduvai) are linked to paired paleomagnetic stratigraphy and benthic δ18O from the low-resolution 
(∼1.2 cm/kyr) western Philippine Sea Core MD97-2143 (Horng et al., 2002). GTS12 ages for reversals below 
C2n (Olduvai) to the base of C2An.3n (early Gauss) are based on the astronomical tuning of lithology and 
sea surface temperature of Mediterranean sections without benthic δ18O (Lourens et al., 1996). We chose to 
compare the Dove Basin records to the long, high-resolution, and near-continuous records of both magnetic 
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polarity and benthic δ18O at Site U1308, as it can provide a precise relative timing relationship between the 
two records. However, this approach assumes that the U1308 record is globally representative of all highly 
resolved magnetic and benthic δ18O records. The differences in reversal ages inferred from U1308 and other 
estimates can be significant, particularly for the age of the base of C2n (Olduvai; ∼1.9 Ma) which is poorly 
resolved in many cores (see discussion of Channell et al., 2016, 2020).

Our comparison with orbital curves is timescale dependent and does not consider uncertainty in the orbital 
solution (in this study, the orbital solution of Laskar et al. [2004] which is nearly identical for the last 10 Myr 
to the orbital solution of Laskar et al. [1993] used for the LR04 timescale). The LR04 timescale uncertainty is 
estimated at 4 kyr for 0–1 Ma, 6 kyr from 1 to 3 Ma, and 15 kyr from 3 to 4 Ma (Lisiecki & Raymo, 2005). The 
LR04 timescale was created using an assumption of how benthic δ18O varies relative to a simple nonlinear 
ice volume model with varying time constant forced by Northern Hemisphere summer insolation (Imbrie 
& Imbrie, 1980), considering lagged obliquity variations and minimizing sedimentation rate fluctuations of 
the 57 records that contributed to the stack (Lisiecki & Raymo, 2005). Uncertainty in the LR04 timescale 
arises from the choice of ice volume model time constant, the tidal dissipation uncertainty in the orbital 
solution, and unknown changes in Earth’s dynamic ellipticity as a result of the ice ages (Laskar et al., 2004; 
Lisiecki & Raymo, 2005). A recent compilation of astronomically tuned and radiometrically dated Pleisto-
cene magnetic reversals indicates good agreement between the astronomic and radiometric dating methods 
but with disagreements in the early Pleistocene up to ∼20 kyr (Channell et al., 2020). Accordingly, while 
we can discuss the phasing of Dove Basin lithology relative to benthic δ18O independent of timescale un-
certainty using the relative stratigraphy of the magnetic reversals, phasing relative to the orbital cures has 
greater uncertainty. However, our discussion of amplitude variations that operate on timescales >100 kyr 
would be minimally affected by the uncertainties on the order implied by comparison to radiometric dates.

For this study, we assume that magnetic reversals are globally synchronous events; however, it is possible 
that the directional manifestation and/or duration of magnetic reversals vary based on location (Brown 
et al., 2007; Clement, 2004; Tauxe et al., 1996). A recent study using high-resolution benthic δ18O, paleo-
magnetic measurements, and 10Be in cores from the Indian, Pacific, and Atlantic oceans suggests a 1.6 kyr 
age uncertainty for the last magnetic reversal relative to the LR04 benthic δ18O stack (Valet et al., 2019). An 
uncertainty of this magnitude could be related to regional differences in the geomagnetic field at low dipole 
field strengths (Brown et al., 2007), the timescale of δ18O mixing in the ocean (Lisiecki & Stern, 2016), un-
certainty in 10Be depositional timescales, and/or uncertainty in the graphical correlation (Valet et al., 2019). 
Similarly, sediment magnetic remanence acquisition processes are poorly understood. Where stratigraphic 
relationships have allowed for the study of postdepositional remanent magnetizations (pDRMs) (e.g., Egli 
& Zhao, 2015; Irving & Major, 1964), magnetization signals are estimated to be offset anywhere between 0 
and 20 cm in marine sediments (e.g., Channell & Guyodo, 2004; Simon et al., 2018; Stoner et al., 2013; Tauxe 
et al., 1996). In sediments deposited at sedimentation rates comparable to those observed in Dove Basin, 
this could result in age offsets up to 4 kyr in the extreme case of a 20 cm pDRM offset and sedimentation 
rates of 5 cm/kyr. While further constraining such variance is important to understanding the nature of 
geomagnetic reversals themselves and how sediments record Earth’s magnetic field, we consider sedimen-
tation rates in Dove Basin to be sufficiently high. Thus, these uncertainties are small enough, as to not sig-
nificantly impact our discussion and interpretation of the phasing of orbitally derived signals that operate 
on timescales of 10 s of kyr.

The resulting magnetostratigraphic age-depth models are tied to the astronomically tuned LR04 timescale 
but have no tie points beyond the magnetic reversals, providing an age model independent of both biostrati-
graphic datums (which in some cases are based on earlier magnetic reversal ages whose dates have since 
been refined) and assumptions about correlation to orbital variability or benthic δ18O (Figure 5; Tables S11 
and S12). These age models incorporate the uncertainty in depth of each reversal in the age-depth modeling 
but do not assign age uncertainty estimates for the U1308 benthic δ18O calibrated magnetic reversals (to 
the base of C2A.1r (Kaena; ∼3.1 Ma), as we are most interested in quantifying relative timing uncertainty 
compared to the LR04 timescale and not uncertainty associated with the LR04 timescale itself. A ±5 kyr 
uncertainty is assigned to the LR04 estimated reversals below the base of C2An.1r (Kaena; ∼3.1 Ma), for the 
reasons discussed above.
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4.  Discussion
4.1.  Dove Basin Lithostratigraphy Trends

Age-depth relationships from each site’s independent magnetostratigraphy suggest a gradual increase in 
long-term sedimentation rate over the last ∼3.3 Myr (Figure 5); however, Site U1537 has higher sedimen-
tation rates near its base during C2An.3n (early Gauss) and C2Ar.1r (late Gilbert) in sediments that have 
common slump features (Figure 4b). Long-term sedimentation rates, calculated from the median age mod-
els over fixed 300-kyr intervals, range from 4 to 5 cm/kyr in C2An.2r-C2An.1n (Mammoth to late Gauss) to 
20 cm/kyr in C1n (Brunhes) at Site U1536 and 4 cm/kyr in C2An.2r-C2An.1n (Mammoth to late Gauss) to 
15 cm/kyr in C1n (Brunhes) at Site U1537 (Figures 6b and 6d). These changes in sedimentation rate must 
either be associated with a change in biogenic/lithogenic sediment flux or a change in the sediment focus-
ing factor associated with the dynamics of the contourite. The overall trend in sedimentation rate parallels 
the long-term trend in globally representative benthic δ18O data and modeling of Antarctic ice volume (de 
Boer et al., 2014) with greater ice volume corresponding to increased sedimentation rates within Dove Basin 
(Figures 6b–6e).

While our records are not detrended for sediment compaction, there are long wavelength trends in Dove 
Basin terrigenous (high NGR, high GRA, low b*) versus diatomaceous (low NGR, low GRA, high b*) facies 
in mean values and variance that occur on the timescales of the amplitude modulation of orbital variations 
(Figures 6f–6j). The ∼1.2 Myr period in obliquity amplitude modulation has previously been document-
ed in benthic δ18O, notably in the long-term trends of Oligocene benthic δ18O, with the coldest intervals 
correlating to minima in the obliquity amplitude modulation cycle (Pälike et al., 2006). It is also a feature 
of the amplitude modulation of Miocene to Pleistocene benthic δ18O (Lisiecki & Raymo, 2007; Lourens & 
Hilgen, 1997). Dove Basin sediments display long wavelength trends in the mean values of NGR, GRA, and 
b* that coincide with this ∼1.2-Myr period from the earliest Pleistocene in C2r.2r (early Matuyama) to at 
least the middle Pleistocene around C1r.1n (Jaramillo). This includes an extended interval of terrigenous bi-
ased facies centered around the ∼1.8 Ma obliquity amplitude modulation minimum, extending from below 
to above C2n (Olduvai). Following C1r.1n (Jaramillo), NGR, GRA, and b* have increased variance and may 
continue to follow the ∼1.2 Myr obliquity cycle, with higher mean NGR values (bias to more terrigenous 
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Figure 5.  Median age depth models for (a) U1536 (blue) and (b) U1537 (red). Uncertainty is estimated (±2σ 
interval = light gray; ±1σ interval = darker gray) using Undatable MATLAB tools using an xfactor of 0.1 (Lougheed 
& Obrochta, 2019). Magnetic reversal age control points are black circles. To left of age-depth model is the interpreted 
magnetostratigraphy for each site and above is the geomagnetic polarity timescale (black = normal; white = reverse).
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facies) around the obliquity amplitude modulation minimum ∼500 to 900 ka during C1r.1r (late Matuyama) 
and early C1n (Brunhes) and lower mean NGR values (more diatomaceous facies) during middle to late 
C1n (Brunhes).

Although the amplitude modulation of obliquity clearly influences the maximum expression of diatoma-
ceous and terrigenous facies in Dove Basin over million-year timescales in the Pleistocene, the long (multi 
100 kyr) wavelength trends in late Pliocene NGR, GRA, and b* do not display as clear a relationship (Fig-
ure 6). While NGR and GRA are biased toward higher (terrigenous facies bias) values at the base of our 
record in C2An.2r (Mammoth) during an obliquity amplitude modulation minimum, there is a distinct 
minimum (diatomaceous facies bias) in their mean values at ∼2.9 Ma in early C2An.1n (late Gauss) and 
maximum (terrigenous facies bias) ∼2.7 Ma in late C2An.1n (late Gauss) that does not follow the ∼1.2 Myr 
obliquity cycle. b* does not display any long wavelength trends during the late Pliocene C2An (Gauss).

Earth’s obliquity angle controls the latitudinal gradient of insolation, with times of low obliquity having an 
enhanced gradient and increased meridional transport of heat and moisture from low latitudes to the poles 
(Raymo & Nisancioglu, 2003; Timmermann et al., 2014). Our observations indicate that multimillion-year 
variations in Dove Basin lithology are sensitive to how extreme these latitudinal gradients are. But we are 
left with several questions that we investigate in the next sections. Does Dove Basin lithology have clear 
41 kyr obliquity pacing in the Pleistocene? Was there a change in how the Antarctic and/or Southern Ocean 
dynamics that influence Dove Basin lithology respond to orbital forcing around Plio-Pleistocene boundary 
times and during the MPT? What are the implications for Antarctica’s ice sheet evolution?

4.2.  Dove Basin Lithostratigraphy Rhythms

As discussed earlier, it is challenging to investigate orbital periodicities using the lower resolution magne-
tostratigraphic age model. Accordingly, to address uncertainty related to the resolution of the age model, 
we discuss the results of an ensemble of analyses on 1,000 possible age-depth relationships generated using 
Undatable (Figure 7). For each of the significant orbital periods, we compare the orbital solution, LR04, and 
each of the physical parameters, NGR, GRA, and b*. We note that the accuracy of our age model relative to 
the LR04 timescale and benthic δ18O will be highest in the immediate vicinity of magnetic reversals (Fig-
ure 7a) and degrades to almost ±200 kyr (±1σ) in the middle of the Brunhes Chron. Therefore, to build on 
our understanding of the frequency characteristics of Dove Basin lithostratigraphy, we can use the phasing 
of local Dove Basin climate signals relative to the magnetic reversals and their positions at North Atlantic 
Site U1308 relative to benthic δ18O (Section 4.3).

4.2.1.  Eccentricity Frequency Band

All three Dove Basin parameters, NGR, GRA, and b*, show a dramatic transition to strong power in the 
frequency band associated with the ∼100 kyr eccentricity cycle roughly coincident with the transition that 
occurs in benthic δ18O (Clark et  al.,  2006; Lisiecki & Raymo,  2007) known as the MPT (Figure  7e). In 
Dove Basin, this transition starts around 1.35 Ma, with the approximate midpoint of this transition around 
0.65 Ma, and maximum eccentricity strength by 0.4 Ma. The onset of the transition occurs slightly later in 
b* relative to NGR, GRA, and benthic δ18O, likely reflecting the step change in signal amplitude of the b* 
record (Figure 6h).

Interestingly, there is an interval with higher power in the eccentric frequency band during the early Pleis-
tocene, with a plateau between 2.1 and 2.4 Ma (Figure 7e). Power in the eccentricity band preceding the 
MPT has previously been described in a late Pliocene IRD record from east Antarctica, between 2.5 and 
3.5 Ma (Patterson et al., 2014) although that record does not extend to the 2.1–2.4 Ma age range. While less 
than the power observed following the MPT, benthic δ18O also shows peaks in eccentricity frequency power 
centered around 2.7 and 2.1 Ma (Figure 7; Lisiecki & Raymo, 2007). In the Dove Basin record, we suspect 
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Figure 6.  Dove Basin stacked data on their magnetostratigraphic age. (a) Geologic timescale and geomagnetic polarity, (b) long-term sedimentation rate in 300-
kyr intervals for Site U1536 calculated from the median age model (blue dashed line) and 68.2% interval (blue shading), (c) LR04 benthic δ18O stack (Lisiecki & 
Raymo, 2005), (d) long-term sedimentation rate in 300-kyr intervals for Site U1537 calculated from the median age model (red dashed line) and 68.2% interval 
(red shading), (e) modeled Antarctic ice volume (de Boer et al., 2014), (f) Dove Basin NGR stack (orange), (g) Dove Basin GRA stack (purple), (h) Dove Basin b* 
stack (green), (i) obliquity angle and (j) climatic precession from Laskar et al. (2004). GRA, gamma ray attenuation; NGR, natural gamma radiation.
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two prominent diatomaceous facies intervals during C2r.2r (early Matuyama; ∼2.20–2.35 Ma) contribute to 
this signal (Figures 6f–6h).

4.2.2.  Obliquity Frequency Band

Previously, it has been recognized that power in the obliquity frequency band of benthic δ18O tracks the 
∼1.2 Myr cycle in obliquity amplitude modulation from the early Pliocene to about 1.4 Ma, where they 
decouple (Lisiecki & Raymo, 2007). During the Pleistocene, the power of all three of the Dove Basin lith-
ologic parameters follow the pattern of benthic δ18O in the obliquity band, including after 1.4 Ma where 
obliquity power in benthic δ18O decouples from the orbital curve (Figure 7d). However, the relative power 
increases in the Dove Basin records in each of three successive peaks of the last 3.3 Myr relative to benthic 
δ18O and the orbital curve, with a large increase around 1.6 Ma. The variability in the power in the obliquity 
frequency band within the Dove Basin records during the early Pleistocene is consistent with the earlier 
observation of the long-term trends in lithologic parameter mean values tracking the amplitude modulation 
of the obliquity curve. The initial increase in the Dove Basin lithologic parameters’ obliquity power occurs 
around 2.45 Ma, lagging benthic δ18O and the orbital curve and suggesting this strong response to obliquity 
forcing in Dove Basin lithostratigraphy became important in the early Pleistocene and was not as impor-
tant in the late Pliocene. Again, this is consistent with the long-term trends in the mean values of the Dove 
Basin lithologic parameters that suggest the mean expression of diatomaceous versus terrigenous facies is 
sensitive to the long-term variations in obliquity amplitude modulation during the Pleistocene (Figure 6).

4.2.3.  Precession Frequency Band

One of the outstanding questions in paleoclimatology is the reason for modest to absent power in the pre-
cession band in benthic δ18O during the late Pliocene and early Pleistocene (Raymo & Huybers, 2008; Ray-
mo & Nisancioglu, 2003). However, despite weak power in the precession frequencies, the overall pattern 
of changes in Plio-Pleistocene benthic δ18O power tracks the pattern of changes in the precession forcing 
but with an exponential increase in power starting around 2.5 Ma (Lisiecki & Raymo, 2007). This suggests 
that the precession forcing is not absent, but the manifestation of the signal in benthic δ18O becomes grad-
ually stronger through the Pleistocene. In the Dove Basin b* stack, precession power is muted in the late 
Pliocene and early Pleistocene, with a sharp increase around 0.95 Ma, just slightly preceding the increase in 
b* eccentricity power (Figure 7c). Despite the muted signal, there are slight maxima in b* precession power 
centered at 1.45 and 2.3 Ma and slight minima at 1.1, 1.9, and 2.7 Ma. The character of the Dove Basin NGR 
and GRA stacks is surprisingly different, showing high power in the precession frequencies from 3.3 to 2.1 
and 1.5 to present relative to b* and LR04. NGR and GRA also show relative minima in precession power 
at around 1.0, 1.9, and 2.7 Ma. While some of these maxima and minima roughly align with maxima and 
minima in the orbital curve, there is not a clear relationship between NGR, GRA, and the orbital curve that 
is consistent throughout the record. However, maxima in precession power roughly coincide with peaks in 
obliquity power in the Pleistocene, which might indicate times of increased sensitivity to orbital forcing for 
the factors that control Dove Basin sedimentation.

4.3.  Implications for Plio-Pleistocene Ice Sheet Histories

The long-term trends in the mean values of the Dove Basin stacks do not seem to follow the Plio-Pleistocene 
trend toward greater ice volume (Figure 6e); during the Pleistocene, however, alternation of Dove Basin’s ter-
rigenous and diatomaceous facies shows power in the ∼1/100 kyr−1 eccentricity and 1/41 kyr−1 obliquity fre-
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Figure 7.  Comparison of the spectral power of Dove Basin data stacks. (a) Width of the 68.2% age model uncertainty calculated using Undatable and an 
xfactor of 0.1 (Lougheed & Obrochta, 2019) and the geomagnetic polarity timescale (black = normal; white = reverse). (b) Spectral power of the Dove Basin 
data stacks above the 85% confidence interval calculated using the multitaper method (dark blue = low power; yellow = high power). (c–e) Spectral power 
(scaled to maximum value) of the Dove Basin data stacks (NGR = orange; GRA = purple; b* = green; line = median; shading = ±1 sigma range from the 
ensemble of calculated magnetostratigraphic age models (Figure 5), the LR04 benthic δ18O stack (solid black line; Lisiecki & Raymo, 2005), and the Laskar 
et al. (2004) (dashed line) orbital parameters for (c) climatic precession and (d) obliquity angle. (c) Power in frequencies associated with Earth’s precession 
(1/18–1/25 kyr−1), (d) power in the frequency associated with Earth’s obliquity (1/38–1/43 kyr−1), and (e) power in the frequency associated with Earth’s 
eccentricity (1/89–1/126 kyr−1). (f) The NGR, GRA, and b* stacks are plotted for comparison. Uncertainty estimates in (c– e) are dependent on the choice of 
xfactor. Figure S2 compares these uncertainty estimates to the upper and lower range of xfactor values Lougheed and Obrochta (2019) indicate may be realistic. 
GRA, gamma ray attenuation; NGR, natural gamma radiation.
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quencies that are similar to the amplitude modulation and evolution of benthic δ18O records (Figures 7d and 
7e). Thus, like benthic δ18O (cf., Lisiecki & Raymo, 2007), Dove Basin lithostratigraphy displays a proportional 
response to obliquity forcing during the early Pleistocene, until ∼1.4 Ma. However, unlike benthic δ18O, Dove 
Basin lithological parameters do not appear to relate to obliquity forcing in the late Pliocene. After ∼1.4 Ma, 
power in the Dove Basin lithostratigraphy obliquity frequency band follows benthic δ18O and not the ampli-
tude modulation of Earth’s obliquity angle. At the same time, power in the eccentricity frequency band of the 
lithologic parameters increases along with benthic δ18O, which cannot be attributed to direct orbital forcing 
and probably reflects a nonlinear response in ice sheet behavior (e.g., Imbrie & Imbrie, 1980).

Given this close relationship between Dove Basin lithostratigraphy and benthic δ18O in the obliquity and 
eccentricity bands, it is interesting to see a significantly stronger precession signal in the late Pliocene 
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Figure 8.  Pliocene subchrons of the Gauss Chron. (a) Geomagnetic polarity timescale (black = normal; 
white = reverse). (b) The LR04 benthic δ18O stack (black; Lisiecki & Raymo, 2005), U1308 benthic δ18O (blue; Hodell 
& Channell, 2016), and U1308 inclination (gray; Channell et al., 2016). U1308 δ18O is scaled by 1.11 for comparison to 
the LR04 curve. Marine isotope stages are labeled. (c) Dove Basin NGR stack (orange) and U1537 inclination (gray). (d) 
Dove Bain GRA stack (purple). (e) Dove Basin b* stack (green). (f) Obliquity angle (black) and (g) summer insolation 
calculated for January 21 at 65°S (black) and July 21 at 65°N (stippled pink) (Laskar et al., 2004). Magnetic reversals 
used as age control points are marked by the vertical yellow lines. Note that Site U1308 is used to establish the direct 
stratigraphic relationship between the Kaena magnetic reversals and benthic δ18O. The relationship between the 
magnetic reversals and the orbital curves does not have a direct stratigraphic relationship and is timescale dependent. 
GRA, gamma ray attenuation; NGR, natural gamma radiation.
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and early Pleistocene (Figure 7c). The Antiphase Hypothesis (Raymo et al., 2006) predicts that the out-of-
phase response of Northern and Southern Hemisphere ice sheets to each hemisphere’s summer insolation 
would hide precession signals apparent in ice sheet proximal records in benthic δ18O through destructive 
interference (e.g., Moree et al., 2021). Thus, if Dove Basin’s lithostratigraphy reflects processes that change 
alongside Antarctica’s ice sheet history, we would expect to see precession pacing during the “41 kyr world” 
that is in phase with Southern Hemisphere summer insolation and not represented in benthic δ18O.

The strong precession signal in the late Pliocene and delayed onset of obliquity power until the early Pleis-
tocene observed in Dove Basin suggests a change in the nature of the Antarctic Ice Sheet and/or Southern 
Ocean dynamics along with the inception of significant Northern Hemisphere ice sheets. We investigate 
these orbital signals further in the intervals around magnetic reversals and subchrons, where our age con-
trol is strongest (a summary of the fundamental observations is given in Table S14). As discussed earlier, 
the stratigraphic position of magnetic reversals relative to benthic δ18O is well characterized through direct 
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Figure 9.  Early Pleistocene subchrons of the Matuyama. (a) Geomagnetic polarity timescale (black = normal; 
white = reverse). (b) The LR04 benthic δ18O stack (black; Lisiecki & Raymo, 2005), U1308 benthic δ18O (blue; Hodell 
& Channell, 2016), and U1308 inclination (gray; Channell et al., 2016). U1308 δ18O is scaled by 1.11 for comparison to 
the LR04 curve. Marine isotope stages are labeled. (c) Dove Basin NGR stack (orange) and U1537 inclination (gray). (d) 
Dove Bain GRA stack (purple). (e) Dove Basin b* stack (green). (f) Obliquity angle (black) and (g) summer insolation 
calculated for January 21 at 65°S (black) and July 21 at 65°N (stippled pink) (Laskar et al., 2004). Magnetic reversals 
used as age control points are marked by the vertical yellow lines. Note that Site U1308 is used to establish the direct 
stratigraphic relationship between the magnetic reversals and benthic δ18O. The relationship between the magnetic 
reversals and the orbital curves does not have a direct stratigraphic relationship and is timescale dependent. GRA, 
gamma ray attenuation; NGR, natural gamma radiation.
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comparison at IODP Site U1308 in the North Atlantic down to the base of C2An.1r (Kaena), excluding the 
top of C2An.1n (the Gauss-Matuyama reversal) which occurs around a hiatus (Figures 8b, 9b, and 10b; 
Channell et al., 2016, 2008). Thus, comparison of the variations in Dove Basin lithology and benthic δ18O 
relative to magnetic reversals is robust to timescale uncertainties; however, comparison of these signals to 
orbital curves, which do not have a direct stratigraphic relationship with the magnetic reversals, has signif-
icant uncertainty.

In the late Pliocene, the base of C2An.1r (Kaena), ∼3.1 Ma, is found during the transition from the signifi-
cant glacial MIS KM2 to muted interglacial MIS KM1 at Site U1308 (Figure 8b). In our Dove Basin stacks, 
the reversal is recorded during a transition from a prominent diatomaceous facies to a terrigenous facies, 
the opposite of the transition observed in benthic δ18O (Figures 8b–8e). Three diatomaceous facies intervals, 
particularly well resolved in GRA, are observed during C2An.1r (Kaena) (Figure 8d). The top of C2An.1r 
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Figure 10.  Middle Pleistocene subchrons of the Matuyama and the Matuyama-Brunhes boundary. (a) Geomagnetic 
polarity timescale (black = normal; white = reverse). (b) The LR04 benthic δ18O stack (black; Lisiecki & Raymo, 2005), 
U1308 benthic δ18O (blue; Hodell et al., 2008), and U1308 inclination (gray; Channell et al., 2008). U1308 δ18O is scaled 
by 1.11 for comparison to the LR04 curve. Marine isotope stages are labeled. (c) Dove Basin NGR stack (orange) and 
U1537 inclination (gray). (d) Dove Basin GRA stack (purple). (e) Dove Basin b* stack (green). (f) Obliquity angle 
(black) and (g) summer insolation calculated for January 21 at 65°S (black) and July 21 at 65°N (stippled pink) (Laskar 
et al., 2004). Magnetic reversals used as age control points are marked by the vertical yellow lines. Note that Site 
U1308 is used to establish the direct stratigraphic relationship between the magnetic reversals and benthic δ18O. The 
relationship between the magnetic reversals and the orbital curves does not have a direct stratigraphic relationship and 
is timescale dependent. GRA, gamma ray attenuation; NGR, natural gamma radiation.
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(Kaena), ∼3.0 Ma, is found in a moderate relatively terrigenous Dove Basin facies, while it is clearly in the 
interglacial MIS G21 at Site U1308 (compare Figures 8b, 8c–8e). The amplitude of these features in NGR in 
Dove Basin is greater in the early part of C2An.1r (Kaena) than at the top, while the opposite is true for the 
variations in benthic δ18O. On the LR04 timescale, the lower C2An.1r (Kaena) reversal at U1308 is placed 
in a 65°S summer insolation maxima (Figure 8g), which is consistent with the age reported for the Lourens 
et al. (1996) timescale, based on lithologic variations that show strong precession variability. However, on 
this latter timescale, the uncertainty of the reversal age relative to the timescale is around a full precession 
cycle based on the resolution of the paleomagnetic samples (Zachariasse et al.,  1989, 1990). Shackleton 
et al. (1995) place the reversal in 65°S summer insolation minima based on precession-paced eastern equa-
torial Pacific carbonate cycles and continuous archive half paleomagnetic measurements, which seems 
to be more consistent with its position in a terrigenous facies interval in Dove Basin. All three timescales 
have three 65°S summer insolation maxima between the C2An.1r (Kaena) reversals, consistent with the 
three diatomaceous facies intervals in the Dove Basin C2An.1r (Kaena) interval. We consider these obser-
vations as support for Scotia Sea climate signal changes at precession frequencies driven by peak Southern 
Hemisphere summer insolation during the late Pliocene, particularly during early C2An.1r (Kaena) (see 
also Figure S3). If these lithologic changes are related to Antarctic Ice Sheet history, changes in Antarctic 
ice volume at this time would be muted in the globally integrated benthic δ18O signal as small Northern 
Hemisphere ice sheets, known to be present based on IRD in the northern North Atlantic (e.g., Blake-Mizen 
et al., 2019; Jansen et al., 2000) wax and wane out of phase, in response to Northern Hemisphere summer 
insolation. The next question is whether such an antiphased Southern Hemisphere climate signal is ob-
served during the post-2.7 Ma proper 41-kyr world?

To answer this question, we examined the short C2r.1n (Reunion) Subchron, ∼2.1 Ma, in the early Pleisto-
cene (Figure 9). We observe a similar out of phase of climatic signal between the Dove Basin and benthic 
δ18O as described above around the C2An.1r (Kaena) Subchron. In the Site U1308 stratigraphy, the base 
of C2r.1n (Reunion) is found during interglacial MIS 81 and, at the top, near the end of glacial MIS 80 
(Figure  9b). In our Dove Basin stack, the base and top of the subchron are associated with terrigenous 
facies with a diatomaceous facies interval between (Figures 9c–9e). On the LR04 age model, the base and 
top of C2r.1n (Reunion) are centered in 65°S summer insolation minima, consistent with Antarctic and/
or Southern Ocean change at precession frequencies driven by peak Southern Hemisphere summer insola-
tion (Figures 9c–9g). Again, the muted expression of precession in benthic δ18O would be consistent with 
Northern Hemisphere and Antarctic ice volume signals occurring out of phase with each other (e.g., Raymo 
et al., 2006), if Dove Basin lithology is a reflection of Antarctic Ice Sheet evolution.

Next, the C2n (Olduvai) Subchron at ∼1.8–1.9 Ma is within the previously discussed interval of low pow-
er in Dove Basin and benthic δ18O obliquity and precession frequencies which suggests low sensitivity to 
orbital forcing (Figure 7), low amplitude modulation of the obliquity angle, and bias toward Dove Basin 
terrigenous facies (Figure  6). At high resolution, do the trends observed track Northern Hemisphere or 
Southern Hemisphere insolation forcing? The base of C2n (Olduvai) is associated with the end of peak 
interglacial MIS 73 at Site U1308 (Figure 9b) and with the onset of a diatomaceous facies interval at Dove 
Basin (Figures 9c–9e), indicating an offset, but not a clear out-of-phase relationship between the climate 
records at each site. The top of C2n (Olduvai) is found at the transition from glacial MIS 64 to interglacial 
63 at Site U1308 and at the transition from a terrigenous to diatomaceous Dove Basin facies, suggesting that 
the climatic signals recorded at the two sites are more or less in phase at this point. These observations do 
not indicate a strong Southern Hemisphere precession signal around C2n (Oduvai) and seem consistent 
with benthic δ18O. However, there is perhaps a weak precession signal seen in NGR and GRA at the top of 
C2n (Olduvai) and the position of the reversal at the base of C2n (Olduvai) relative to Dove Bain lithologic 
changes is offset to the reversal's position relative to benthic δ18O. We suspect that the low sensitivity to or-
bital forcing (Figure 7) and bias toward terrigenous facies (Figure 6) in Dove Basin lithostratigraphy during 
C2n (Olduvai) reflects the low amplitude modulation of obliquity forcing. Low obliquity angles result in 
greater gradients between the amount of insolation at low versus high latitudes, which would drive higher 
atmospheric transport from low latitudes carrying heat and moisture (Raymo & Nisancioglu, 2003; Tim-
mermann et al., 2014). We hypothesize this represents an interval of net accumulation relative to ablation 
for the Antarctic Ice Sheet creating a large and relatively stable ice sheet. This would be consistent with 
evidence for larger Antarctic ice volume during periods of low obliquity amplitude modulation during the 
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Oligocene (Pälike et al., 2006), although more work is needed to investigate the relationship between Dove 
Basin lithology and Antarctic ice volume.

Finally, during C1r (late Matuyama), the top of C1r.2n (Cobb Mountain), ∼1.2 Ma, occurs at the transition 
from glacial MIS 36 to interglacial MIS 35 at Site U1308 and at the transition from a terrigenous to a diato-
maceous facies in Dove Basin (Figures 10b–10e). The top of C1r.1r (Jaramillo), ∼1.0 Ma, is found above an 
interstadial feature during MIS 28, like the muted diatomaceous facies interval, it is found above in Dove 
Basin (Figures 10b–10e). The top of C1r.1r (the Matuyama-Brunhes reversal), ∼0.8 Ma, is found during the 
interglacial MIS 19 at U1308 and in a diatomaceous facies interval in Dove Basin (Figures 10b–10e). While 
these three reversals suggest Dove Basin lithology is responding in phase with benthic δ18O, the base of 
C1r.1n (Jaramillo), ∼1.1 Ma, is found during the peak of interglacial MIS 31 in U1308 while it is found near 
the end of a Dove Basin terrigenous facies interval at both U1536 and U1537 (Figures 10b–10e; Figure S4). 
This reversal is associated with a Northern Hemisphere summer insolation maximum and Southern Hemi-
sphere insolation minimum (Figure 10g). The association of the base of the C1r.1n (Jaramillo) with a colder 
interval in subantarctic sediments was previously observed by Scherer et al. (2008) at ODP Site 1094, near 
Bouvet Island, southeastern Atlantic. We consider this consistency between the subantarctic record to be 
additional support for out-of-phase precession forcing of Antarctica and/or Southern Ocean climate during 
MIS 31. We hypothesize, based on these four reversals, that the mode shift in orbital forcing of Pleistocene 
ice sheets that began around 1.4 Ma represents the start of the gradual synchronization of the orbital pacing 
of Northern and Southern Hemisphere ice sheets, as previously proposed by Raymo et al. (2006), with a 
brief return to out-of-phase precession signals during the maximum in precession amplitude modulation 
near the base of C1r.1r (Jaramillo). However, this interval will need to be studied in greater detail with mul-
tiple proxies to validate this notion.

5.  Conclusion
Drill cores recovered from Dove Basin during IODP Expedition 382 are special archives, containing 
near-continuous recovery with exceptional magnetostratigraphy and strong orbital variation in lithostratig-
raphy. This provides the opportunity to study Antarctic Ice Sheet and Southern Ocean responses to orbital 
forcing on an age model independent of tuning and the associated assumptions that may compromise the 
validity of interhemispheric comparisons. While the resolution of the magnetostratigraphic model is lower 
than that of the orbital periods we investigate here, it is used to study the amplitude modulation of impor-
tant orbital frequency bands (Figures S1 and S7) and to make stratigraphic comparisons with benthic δ18O 
changes around magnetic reversals (Figures 8–10). During the Pleistocene, the amplitude evolution of the 
obliquity and eccentricity frequency bands of lithologic parameters within Dove Basin are comparable to 
those exhibited by benthic δ18O records (Figures 7d and 7e). During the late Pliocene and early Pleistocene, 
power in the precession frequency bands of lithologic parameters in Dove Basin is greater than that found 
in benthic δ18O relative to the late Pleistocene (Figure 7c). During some intervals of the late Pliocene and 
early Pleistocene, these precession signals are in phase with Southern Hemisphere, rather than Northern 
Hemisphere, summer insolation (Figures 8–10).

If, as is the case for the last glacial cycle (Weber et al., 2012), Dove Basin lithologic changes reflect Antarc-
tic Ice Sheet evolution, the precession paced variations in the late Pliocene and early Pleistocene indicate 
that Antarctic Ice Sheet changes were sensitive to Southern Hemisphere summer insolation. Within the 
framework of the antiphase hypothesis, the reason these precession signals are missing in global ice volume 
signals such as benthic δ18O is these Antarctic ice volume changes vary out of phase with precession-paced 
ice variations in the Northern Hemisphere, for which there is some evidence based on runoff to the Gulf of 
Mexico (Shakun et al., 2016). Regardless, the frequency character of the Dove Basin record and the position 
of magnetic reversals around the C2An.1r (Kaena) and C2r.1n (Reunion) Subchrons provide evidence of lo-
cal summer insolation control of Antarctic and/or Southern Ocean regional climate at least during intervals 
of the late Pliocene and early Pleistocene (Figures 8 and 9).

We also propose that transitions in the Antarctic Ice Sheet and/or the Southern Ocean occurred around the 
Plio-Pleistocene boundary and around 1.6 Ma where the amplitude modulation of the obliquity frequency 
in Dove Basin lithology increases (Figure 7d). Following the Plio-Pleistocene boundary, long-term trends 
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in the mean diatomaceous versus terrigenous Dove Basin facies are driven by the amplitude modulation of 
obliquity (Figures 6e–6h). Intervals of lower obliquity amplitude modulation when latitudinal insolation 
gradients are less variable, like the minimum around 1.8 Ma, may have led to greater meridional moisture 
transport and higher accumulation relative to ablation in Antarctica. These intervals could indicate times 
of greater ice sheet stability and/or lower sensitivity to orbital forcing. This is supported by the long-term 
trends in the Dove Basin record, frequency character of the Dove Basin record, and position of the magnetic 
reversals around C2n (Olduvai) (Figures 6e–6h, 7d, and 9).

Lastly, the synchronization of Northern and Southern Hemisphere climate began as a gradual process 
around 1.4 Ma, as previously proposed by Raymo et al. (2006). This trend is expressed here by the change 
in the frequency characteristic of Dove Basin lithology and benthic δ18O relative to orbital forcing and the 
position of the magnetic reversals between the top of C1r.1r (the Matuyama-Brunhes reversal) and the top 
of C1r.2n (Cobb Mountain). However, as previously observed by Scherer et al. (2008), during a precession 
amplitude modulation maximum around the base of C1r.1n (Jaramillo), the hemispheres are notably out of 
phase (Figures 10 and Figure S4).

Ultimately, the magnetostratigraphic constraints on the trends and rhythms of Dove Basin lithostratigraphy 
raise new questions for our quest to understand the Plio-Pleistocene evolution of the Antarctic Ice Sheet and 
its interactions with global climate. For example, what processes drove changes in the frequency characteris-
tics of the Dove Basin record around the Plio-Pleistocene boundary and MPT? What other records from the 
Northern Hemisphere could show similar precession-paced climate variations in the late Pliocene and early 
Pleistocene? And, why are long-term trends in the expression of diatomaceous and terrigenous facies linked 
to the long-term amplitude modulation of obliquity? NGR, GRA, and b* are tracers of lithologic variability 
and are convolved signals depending on Antarctica’s ice sheet history, dynamics of contourite deposition, 
primary productivity, and sediment supply. Orbital forcing could operate on one or more of these processes. 
Moving forward, tracers of ocean circulation, sea surface conditions, and ice sheet discharge will be essential 
for understanding climate evolution on these timescales. In addition, novel chronologic methods that are 
independent of sediment lithology and regional paleoenvironment, such as relative paleomagnetic intensity, 
are needed to more tightly constrain the chronology of the late Pliocene and early Pleistocene.

Data Availability Statement
Sites U1536 and U1537 paleomagnetic data are archived through the MagIC Database (DOI: http://doi.
org/10.14379/IODP.PR.382.2019). Stratigraphic data are archived in the IODP community at Zenodo.org 
along with shipboard expedition data (DOI: http://doi.org/10.5281/zenodo.3776573). Data and information 
needed to use the composite depth scales, correlated equivalent depth scales, and age models are included 
in the supplementary tables.
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