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G E O L O G Y

Obliquity disruption and Antarctic ice sheet dynamics 
over a 2.4-Myr astronomical grand cycle
Nicholas B. Sullivan1,2*, Stephen R. Meyers1, Richard H. Levy3,4, Robert M. McKay3,  
Tina van de Flierdt5, James Marschalek5, Matteo Perotti6, Luca Zurli6, Franco Talarico6†,  
David Harwood7, Laura De Santis8, Fabio Florindo9, Tim R. Naish3, Georgia R. Grant4,  
Molly O. Patterson10, Expedition 374 scientists‡

Marine δ18O data reveal astronomical forcing of the climate and cryosphere during the Miocene, when atmospheric 
Pco2 was on par with emissions scenarios over the next century. This inspired hypotheses for how Milankovitch 
cycles, ice-ocean interactions, and greenhouse gases influence ice volume. Mass balance controls for marine and 
terrestrial ice sheets differ, and proxy data collected far from Antarctica provide valuable but limited insight into 
regional processes. We evaluate clast abundance data from Antarctic marine sedimentary records, observing a 
strong signal of eccentricity and precession coincident with a terrestrial ice sheet and a clear obliquity signal at the 
margins of a marine ice sheet. These analyses are integrated with a synthesis of proxy data, and we argue that high 
variance in obliquity forcing (mediated and enhanced by the ocean and atmosphere) can inhibit ice sheet growth, 
even when insolation forcing is conducive to glaciation. This “obliquity disruption” explains cryosphere variability 
before the existence of large northern hemisphere ice sheets.

INTRODUCTION
The response of Antarctic ice sheets (AISs) and the Southern Ocean 
to climate change is complex, nonlinear, and uncertain (1–4), making 
it challenging to predict the cryosphere’s response to a warming world 
(1, 5–7). Paleoclimate investigations provide essential insights for un-
derstanding cryospheric variability. Although the best-constrained 
paleoclimate records derive primarily from the Quaternary and 
Pliocene (8–10), projected warming could surpass the warmest cli-
mates of these geologic intervals within decades (11). In this study, we 
conduct a detailed analysis on links between astronomical forcing 
and the Antarctic cryosphere during the Early Miocene (Burdigalian), 
between 16 and 20 million years ago (Ma). While not a direct analog, 
this time interval is an informative example of a climate state similar 
to the one emerging via anthropogenic influence (11), with global 
mean surface temperatures 3° to 4°C warmer than today (12) and at-
mospheric Pco2 (partial pressure of CO2) concentrations projected to 
exceed 500 parts per million (ppm) (13–17).

Antarctica’s ice sheets experienced dynamic changes in volume and 
extent during the Early Miocene Burdigalian Age (18–20). The East 
Antarctic Ice Sheet (EAIS), like today, was predominantly grounded on 
land above sea level, but unlike the present, large regions of the West 
Antarctic Ice Sheet (WAIS) were also grounded on land (21). The West 

Antarctic landmass deepened during the Neogene as tectonic rifting 
drove crustal subsidence and glacial erosion removed rock and sedi-
ment from the continental interior (19). At some times during the Early 
Miocene, both ice sheets retreated inland from their coastlines, while at 
other times they advanced into marine environments across the conti-
nental shelf (19, 22–24) (Fig. 1). These alternations between terrestrial 
ice sheets and larger ice sheets with substantial marine-based regions 
drove eustatic change on the order of 35 to 40 m, as documented from 
far-field records of sea-level variability (22, 25–28).

The dominant behavior of the AIS under these different configura-
tions (“terrestrial” versus “terrestrial + marine”) can be inferred from 
sedimentological and stratigraphic information collected from ice-
proximal geologic records around the Antarctic margin (19, 22, 29–
32). However, repeated scouring and erosion of the continental shelf 
by advancing glaciers makes reconstructing this history on astronom-
ical timescales [~15 to 500 thousand years (kyr)] challenging in ice-
proximal localities. Coupled climate and ice sheet modeling studies 
provide key insights and show that ice sheets could expand or retreat 
across widespread regions of Antarctica under Early Miocene climate 
conditions (33–35).

Another common approach is to infer the history of climate and AIS 
dynamics from distal deep-ocean benthic foraminiferal δ18O records 
(18, 36–38), which show strong evidence of astronomical forcing (37). 
Levy et al. (39) used a δ18O megasplice (40) to evaluate changes in ice 
sheet behavior by estimating δ18O “obliquity sensitivity” (Sobl), which is 
the ratio of observed obliquity-band variance in the δ18O megasplice 
and the variance in the theoretical obliquity solution (41). Comparing 
Sobl with ice-proximal stratigraphic and seismic evidence for ice sheet 
extent led those authors to conclude that intervals of high Sobl in 
the Oligocene to Late Miocene coincided with times when extensive 
regions of Antarctica’s ice sheets expanded into marine environments. 
In contrast, times of low Sobl coincided with contracted, predominantly 
terrestrial ice sheets. This is because terrestrial ice sheets are more 
directly influenced by local insolation during the summer melt season, 
which is controlled by precession (modulated by eccentricity) with 
moderate contribution from obliquity (42, 43) [although see also (44)]. 
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Conversely, marine ice sheets should have an enhanced response to 
obliquity (39, 45) due to the influence that Earth’s obliquity has on 
meridional climate gradients (2), oceanic circulation (46), and pole-
ward heat transport (47, 48).

In an investigation of glaciomarine sequences from the Ross Sea, 
Naish et al. (45) argued that observed 41-kyr cyclicity in ice sheet be-
havior was linked to upwelling of warm deep water from the Southern 
Ocean, primarily forced by wind-induced Ekman pumping. This pro-
cess is linked to obliquity variability through meridional shifts in the 
position of the Westerlies, which are influenced by meridional climate 
gradients (49).

These observations were invoked by Levy et al. (39) to explain en-
hanced Sobl at times of expanded, marine-terminating ice sheets. Here, 
we directly constrain the relationship between Milankovitch forcing, cli-
mate change, and the behavior of the AIS by examining AIS-proximal 
sedimentological data from the Ross Sea region of the Southern 
Ocean. We focus on an interval of the Early Miocene between ~16 Ma 
and ~20 Ma, through the evaluation of lithic clast abundance data from 
two drill cores: Antarctic Drilling (ANDRILL or AND) Site 2A from 
the McMurdo Sound and International Ocean Discovery Project 
(IODP) Expedition 374 Site U1521A from the Ross Sea (Fig. 1). The 
study sections at these two sites represent rare “stratigraphic windows” 
of relatively continuous, climate-sensitive sedimentation that permit 
quantitative characterization of astronomically influenced climate and 
cryosphere variability in proximal Antarctic environments.

Sediment clast abundance in glaciomarine strata has been linked 
to fluctuations of the ice sheet margin due to grounding zone advance 

and retreat, and increased ice-rafted debris flux at times of increased 
discharge of ice sheets into polar seas (24, 50). Clast abundance may 
also be modulated by the depositional rate of glaciomarine mud, 
which dilutes clasts and varies in proportion with distance from ice 
sheet grounding lines (51). Previous work on downhole logging data 
(32) and mud content in Miocene strata in the Southern Ocean sug-
gests that cyclic variability in clast abundance may be linked to astro-
nomical forcing. However, analyses of high-resolution clast datasets 
through intervals with robust and independent age constraints are 
rare but nonetheless are required to better assess the relationship be-
tween external climate forcing and ice sheet variability.

To address this knowledge gap, we (i) evaluate potential astronom-
ical signals in clast abundance data (Fig. 2) using an optimization ap-
proach (52) that explicitly considers uncertainty about timescale and 
astronomical response, (ii) assess their relationship to the marine 
δ18O record and multi–million year (Myr) (“grand”) cycles that mod-
ulate the amplitude of shorter Milankovitch periods (41, 53), and (iii) 
integrate these results with globally dispersed proxy data and ice-
proximal stratigraphic records to construct a model for AIS behavior 
(Fig. 3). We consider a model that is driven by interactions between 
astronomical forcing and the ocean-cryosphere system, augmented 
by glacial sedimentary processes, isostatic response of the lithosphere 
to sediment loading and glacial advance and retreat, and atmospheric 
CO2 concentration (Fig. 4).

For this analysis, we sought ice-proximal stratigraphic records 
that preserve relatively continuous deposition at astronomical tim-
escales. These conditions are rare in ice-proximal localities, but they 
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Fig. 1. Map of the localities in the Ross Sea and surrounding regions of Antarctica. Individual study sites are shown in red, and key regions in the vicinity are in gray 
text. Maps are based primarily on data from “Quantarctica” (99) and from the International Bathymetric Chart of the Southern Ocean (100).
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occur at two locations in the Ross Sea region of Antarctica (Fig. 1). 
The first, AND-2A, is located on the inner continental shelf approx-
imately 40 km offshore of the modern EAIS margin. A 100-m-thick 
mud-rich interval spanning 800 to 900 m in AND-2A represents a 
time when the grounding zone of the EAIS remained distal to the 
drill site for an extended period. While its margin episodically ter-
minated in the marine environment, the majority of the ice sheet 
was terrestrial at this time (24). Published geochronology constrains 
this mud-rich interval to a time of exceptionally low eccentricity-
precession variance (a “node”) in the 2.4-Myr grand cycle (Figs. 2A 
and 3A) (24, 54, 55). This also coincides with a time of maximum 
obliquity variance in the theoretical astronomical solution (Figs. 2B 
and 3B), while observed δ18O Sobl is low (Fig. 3D) (24, 39).

The second locality is IODP Site U1521A, which is situated on the 
outer continental shelf of the central Ross Sea. A 185-m-thick inter-
val between 380 and 565 m is dominated by diamictite and records a 
time when marine-based ice sheets expanded across the continental 
shelf (56). This coincides with maximum eccentricity-precession 
variance at the apex of the 2.4-Myr grand cycle, which is also a time 
of high δ18O Sobl (39). The 1.2-Myr obliquity grand cycles alternate 
between greater and lesser maxima of amplitude modulation (Figs. 

2B and 3B). Our study interval at IODP U1521A coincides with the 
transition between one of these lesser maxima and a node, unlike 
AND-2A, which coincides with the maxima of the larger 1.2-Myr 
cycle (Figs. 2B and 3B).

RESULTS
Cyclostratigraphy of IODP U1521A
Sediment core U1521A was drilled in the Ross Sea as part of IODP 
Expedition 374 (56) (Fig. 1). The site is located at −75.683918°, 
−179.671847° in the Pennell Basin at a water depth of ~562 m (56)
and comprises 650.1 m of strata, which include diatomaceous sedi-
ments, mudstone, occasional chert nodules, and diamictite (57).
Geochronological constraints come from paleomagnetic reversals,
and biostratigraphic data from diatoms and radiolarians (57). Geo-
chemical and petrological information from this site has previously
been used to reveal the early Miocene history of the WAIS and its
expansion into the Ross Sea (22, 23).

Astrochronological analyses are conducted on clast abundance data 
from IODP Site U1521A for the interval between 380 and 565 m, 
which is dominated by diamictite facies but includes thinner intervals 
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Fig. 2. Summary of results from proximal Antarctic sections in the Ross Sea. (A) An evolutive power spectrum analysis of normalized eccentricity- tilt- precession (etP) 
through the early Miocene (41, 101). (B) integrated power over a 500- kyr window for the ~41- kyr obliquity bandwidth through the etP solution. (C) Raw clast abundance 
data through the two study intervals at iOdP U1521A (above) and And- 2A (below). Reported depth in meters below seafloor (mbsf) are shown on the left side of the 
graph, and the calibrated age model interpretations derived from timeOpt corresponding to the data are shown on the right. (D) Power spectra for the age- 
calibrated clast abundance data derived from timeOpt from both sites, and their associated red noise confidence levels. the predicted early Miocene eccentricity, 
obliquity, and precession bandwidth ranges are shown by gray shading.

D
ow

nloaded from
 https://w

w
w

.science.org on A
pril 27, 2025



Sullivan et al., Sci. Adv. 11, eadl1996 (2025)     25 April 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

4 of 11

of mudstone (58, 59) (Figs. 2 and 3). Seismic profiles show that this 
interval consists of thick progradational wedges and, when integrated 
with the sedimentological, provenance, and age model data, indicates 
near continuous accumulation in a glacimarine depositional environ-
ment proximal to the margin of a marine-based WAIS (23, 56). Geo-
chronological constraints from diatoms and magnetic polarity reversals 
suggest an age between 17.4 and 17.8 Ma, with plausible depositional 
rates between ~30 and ~65 cm/kyr (22, 56).

Astrochronologic evaluation of the clast abundance data via the 
TimeOpt method (60, 61) identifies an optimal sedimentation rate 
of 60.12 cm/kyr that is highly significant (r2

opt = 0.399; P = 0.005), 
based on 2000 Monte Carlo simulations using power law surrogates 
(see Materials and Methods and Supplementary Text). Using this 
calibration, the largest spectral power peak aligns with the main 
obliquity cycle (40.3 kyr), a subsidiary peak aligns with the 53-kyr 
obliquity solution term, and additional large peaks align with long 
and short eccentricity (Fig. 2D, top panel), although the short dura-
tion of the study interval (~308 kyr) is only marginally suitable for 
robust quantification of these lower frequency cycles. Very little 
spectral power is concentrated in precession bandwidths, and there 

is a modest un-aligned power spectrum peak between obliquity and 
precession, with a period of 26.5 kyr, which is plausibly related to 
the weak 30-kyr obliquity cycle.

This “floating” astrochronology from IODP U1521A is anchored 
based on various independent sources of geochronological con-
straint (22, 56) and by means of automated and manual tuning to an 
astronomical solution. Several manually tuned interpretations are 
discussed in Supplementary Text and provide a useful comparison 
between the stratigraphic data and expected astronomical forcing. 
The ages reported in Figs. 2 and 3 are derived from independent 
geochronology (22), including diatom occurrence data and paleo-
magnetic reversal stratigraphy. The automated anchoring method 
“slideCor” in the R package “astrochron” (60) finds an optimal match 
between an astronomical solution and a floating astrochronology. 
Independent biostratigraphic and magnetostratigraphic constraints 
restrict the slideCor analysis to a conservatively defined ~800-kyr 
interval between 17.154 Ma (based on the C5Cr/C5Dn MPR) and 
17.950 Ma (based on the absence of Thalassiosira praefraga in bio-
stratigraphic samples) (22). The slideCor analysis yields several 
plausible ages for anchoring the floating timescale. We have selected 
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an anchor that results in an age range from 17.401 to 17.709 Ma and 
a slideCor r2 value of 0.703. Although there are other anchors that 
yield a slightly higher r value in the ~800-kyr age range, the one se-
lected here is most consistent with a paleomagnetic interpretation 
developed in earlier studies of this site (Fig. 3) (22).

Cyclostratigraphy of AND-2A
AND-2A was drilled at −77.758141°, 165.276765° in water ~384 m 
deep (62). A sedimentary sequence was recovered to 1138.54 m be-
low seafloor, and is primarily diamictite, with distinct intervals of 
sand and fine-grained clastic mudstone (29, 63). Astrochronological 
analyses are conducted on clast abundance data in AND-2A through 
the interval between 800 and 900 m, which comprises a relatively 
continuous interval of mud with few interbedded sands (24). Inde-
pendent geochronological constraints from paleomagnetism (64, 65), 
diatom biostratigraphy (62), and 40Ar/39Ar dates from pumice clasts 
(39, 54) indicate that this interval ranges from ~18.6 to ~19.5 Ma (24), 

within the duration of magnetochron C6n (65,  66). This suggests 
plausible depositional rates between 10 and 25 cm/kyr.

Astrochronologic evaluation of the clast abundance data (67) via 
the TimeOpt method identifies an optimal sedimentation rate of 
20.76 cm/kyr that is highly significant (r2

opt = 0.172; P = 0.005 using 
an AR1 stochastic null model; see Materials and Methods and Sup-
plementary Text). Using this temporal calibration, large power spec-
trum peaks align with long (405 kyr) and short (90 to 130 kyr) 
eccentricity, with additional large spectral peaks aligning with pre-
cession (19.0 and 20.2 kyr). A substantial power spectrum peak 
aligns with a weak long obliquity cycle (52.8 kyr), with a smaller 
peak close to the obliquity term that dominates the theoretical as-
tronomical solution (40.3 kyr) (Fig. 2D, bottom panel).

As with IODP U1521A, a series of automated and manual tuning 
interpretations have been generated for AND-2A, using different 
cyclic components. The age range presented here (Figs. 2 and 3) is 
constrained by independent geochronology (24,  54,  55) and by 
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automated anchoring of the floating astrochronology with the slide-
Cor function (60), which suggests that the AND-2A section spans 
18.772 to 19.253 Ma, with an r2 of 0.417.

Counterintuitively, this suggests that our study interval of AND-
2A records a robust signal of short eccentricity and precession dur-
ing a time when the variance in external forcing for these parameters 
should be minimal (41) (Fig. 2A). This discrepancy is unlikely to be 
due to uncertainties in the astronomical solution, as prior modeling 
exercises conclude that the full eccentricity solution used here is 
valid to 40 Ma, an observation confirmed by the strong consistency 
of eccentricity solutions generated by independent studies over this 
time interval (41, 68–70).

The observed ice sheet variability is more likely due to a dynamic 
and nonlinear cryosphere response to astronomical forcing. For ex-
ample, work in the Plio-Pleistocene indicates a compelling anti-phase 
relationship between the variance of eccentricity forcing and the cor-
responding eccentricity variance recorded in benthic δ18O (71, 72). 
These studies argue that, during the past 5 Ma, internal feedbacks of 
the climate and cryosphere can result in strong eccentricity-scale ice 
sheet growth when precession (and eccentricity) is weak, as this con-
dition allows the persistence of cool summertime conditions that 
would otherwise be disrupted every ~20 kyr (71–75). It is possible 
that the AIS behaved more like the Pleistocene Northern Hemisphere 
Ice Sheet under the temperate to subpolar climate conditions that 
characterized Antarctica during the Miocene (19, 76). In any case, 
similar to the Plio-Pleistocene (71, 73), our results suggest that a non-
linear process linked to the amplitude modulation of precession by 
eccentricity is important in generating ~100-kyr glacial cycles during 
specific ice sheet or climate states. In general, we refer to such vari-
ability as a signal of eccentricity, recognizing that this is a simplifica-
tion of a complex system of internal feedbacks.

We also considered the possibility of errors in the age model and 
explored alternative TimeOpt interpretations, manual tuning ap-
proaches, and automated slideCor anchors for floating astrochronol-
ogies (see discussion in Supplementary Text). However, each viable 
age model presented here coincides with times where substantial 
obliquity forcing is predicted by theory (41) but is not observed in the 
AND-2A clast abundance dataset. Although only one age model is 
presented in the main body of this paper, all three are consistent with 
the conceptual framework elaborated in the following section.

DISCUSSION
Results from AND-2A (Fig. 2D, bottom plot) show strong signals of 
eccentricity and precession (with a subsidiary obliquity contribu-
tion) during the Early Miocene when Antarctica was covered by 
large, but predominantly terrestrial, ice sheets. This is consistent 
with astronomical forcing of the ice sheet by local summertime in-
solation (77), with the contribution of eccentricity-scale variability 
by internal feedbacks and nonlinear responses of climate and cryo-
sphere, as discussed above (71–73).

By contrast, the clast record from IODP U1521A (Fig. 2D, top 
plot), deposited when ice had expanded widely across the continen-
tal shelf with a major marine-based advance of the WAIS margin, 
has comparatively more spectral power concentrated around the 
41-kyr obliquity cycle. These observations tether the obliquity sensi-
tivity results developed from distal δ18O records by Levy et al. (39) 
to ice-proximal sections and proxy datasets that directly capture ice 
sheet response (Fig. 3).

We integrate the astrochronologically calibrated proximal re-
cords (Fig. 2) with a regional synthesis of stratigraphic observations 
through the Miocene (Fig. 3) (19, 22, 24, 39, 78). From this, we de-
velop a model to explain how astronomically driven radiative varia-
tions and ocean-cryosphere interactions drive ice sheet variability 
during the Miocene over higher frequency cycles (~100, 41, and 23 kyr) 
and long-period “grand cycles” (~2.4 and 1.2 Myr), augmented by 
glacial sedimentary processes and isostatic adjustment (Fig. 4). 
Over multi-kyr intervals, precession, modulated by short-period ec-
centricity (~100 ka), plays a key role, which is clearly reflected in 
δ18O records that indicate episodes of cold bottom water tempera-
ture and ice volume maxima (reflected by higher δ18O values) that 
generally occur during intervals of low eccentricity (e.g., Figs. 3A 
and 4, episodes 2, 4, 6, and 8). Warmer bottom water temperature 
and ice volume minima occur during high eccentricity forcing 
(28, 79) (e.g., Figs. 3A and 4, episodes 1, 3, 5, 7, and 9).

Over the course of the 2.4-Myr grand cycles, eccentricity variance 
changes substantially and approaches zero during “nodes,” where it 
remains relatively low for a sustained interval (e.g., 18.8 to 19.2 Ma 
and 16.4 to 16.8 Ma; Fig. 3A). In contrast, obliquity forcing and its 
variance are substantial even during long-term 1.2-Myr nodes (41) 
(Fig. 3B). Theoretical obliquity and eccentricity/precession variance 
are anti-phased at the million-year scale, and the 1.2-Myr obliquity 
cycle has a 2.4-Myr modulation, where large 1.2-Myr maxima alter-
nate with smaller maxima (see Fig. 3, A and B). Every ~2.4 Myr, the 
summertime insolation due to obliquity is the highest and equator-
pole temperature gradient is the weakest, at which time loss of sea ice 
and enhanced upwelling of warm deep ocean water results in melt-
ing and retreat of the marine-terminating ice margin. These patterns 
are characterized in detail in (39), but see also (45, 80).

We propose the label “obliquity disruption” for this mechanism, 
as consecutive intervals of high obliquity every ~2.4 Myr forces ice 
retreat related to meridional gradient-controlled oceanic heat de-
livery to marine-terminating margins, even when eccentricity and 
precession summertime forcing is minimized (e.g., ~19.1 Ma). The 
signature of obliquity disruption at the margin of the early Miocene 
Antarctic ice sheet is captured in the 100-m mud-rich interval of 
AND-2A, deposited between ~19.2 and ~18.7 Ma (Fig. 3E).

Regional data show that this phase of obliquity disruption ended 
at ~18.7 Ma when the AIS advanced well beyond the AND-2A site 
and grounded in marine environments across the Ross Sea conti-
nental shelf (22). This growth coincided with a gradual decline in 
the variance in local insolation forcing and strengthening of the 
Southern Hemisphere meridional temperature gradient that oc-
curred as long-term obliquity-forcing variance decreased through 
successive glacial/interglacial cycles and interglacial periods became 
cooler (19,  24) (Fig. 3, A and B). More frequent and consecutive 
episodes of near-zero eccentricity also reduced seasonal variability 
and the frequency of the warmest summers.

Sediment that was deposited as the AIS progressively advanced 
and retreated into the marine environment over subsequent high-
frequency glacial cycles (22) likely caused the continental shelf to 
shoal. Progradational packages of sediment formed a platform across 
which the ice sheet advanced across the Ross Sea continental shelf 
over multi-kyr to multi-Myr timescales (Fig. 4, episodes 4 to 6). These 
packages of sediment are captured in Ross Sea Seismic units that 
often comprise prograding sequences up to 200 m in thickness (23, 78). 
The sensitivity of the ice sheet to obliquity forcing (reflected by the 
Sobl of δ18O; Fig. 3D) was amplified as the AIS advanced into marine 
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environments and the area of ice in contact with the ocean in-
creased. δ18O Sobl peaked when the AIS reached maximum extent 
(22), which occurred during sustained low-obliquity forcing vari-
ance [~17.75 to ~17.4 Ma (56)]. This orbital configuration produced 
the coldest consecutive interglacial climate and allowed marine- 
based ice sheets to persist during successive interglacial episodes. A 
peak in near-field sea level due to an increase in the gravitational 
attraction of the ice sheet may have caused shoaling of the thermo-
cline relative to the continental shelf. This likely enhanced interactions 
between warm deep water at the continental shelf margin and marine-
based ice, amplifying the influence of smaller changes in obliquity 
(Fig. 4, episodes 5 and 6) and ultimately served to limit further ad-
vance of the AIS (Fig. 4, episode 6). These processes are captured in the 
interval deposited between ~17.7 and ~17.4 Ma at IODP site U1521A, 
which records strong obliquity in clast abundance data, despite the 
prediction that obliquity should be weak through this interval (Fig. 2).

An increase in interglacial summer temperatures occurred as the 
system transitioned to an interval of increased obliquity forcing vari-
ance and decreased eccentricity variance between 17.2 and 17 Ma. 
This transition started a new phase of increasing obliquity disruption 
and gradual marine ice sheet retreat over a ~1.2-Myr period. Envi-
ronmental data in the Ross Sea drill cores indicate the AIS once again 
retreated from marine environments to and beyond the continent’s 
terrestrial margins under these astronomical forcing conditions (22) 
(Figs. 3A and 4, episodes 7 and 8). Deepening of the continental shelf 
due to rapid glacial erosion on the inner shelf from preceding marine-
based advances (22), sediment loading on the outer shelf (81), and 
thermal subsidence or tectonic rifting (21, 82) allowed warm deep 
water to flow across the continental shelf once again and likely played 
a complementary role in driving the observed ice sheet retreat. Re-
duced ice volume and extent is reflected by an increase in ice distal 
facies in U1521A and a sharp decrease in δ18O at the onset of the 
Miocene Climate Optimum (38) (~17 Ma; Fig. 3A). This episode of 
long-term AIS retreat yields a minimum in δ18O Sobl and marks the 
“end” of a 2.4-Myr cycle of ice sheet expansion and contraction.

This work provides insights into the past and future of the Earth’s 
largest ice sheets. Through a synthesis of geological data from the Ross 
Sea, we identify astronomically influenced cyclic variability at the 
margins of the AIS between terrestrial and marine-terminating states 
during the early Miocene. When combined with prior research (39), 
we conclude that marine-based portions of Antarctica’s ice sheets 
were particularly sensitive to obliquity forcing during the late Oligo-
cene to mid-Miocene, when proxies indicate that baseline atmospher-
ic Pco2 concentrations ranged between 400 and 600 ppm (Fig. 3) 
(15, 16, 19, 83) and sea ice extent was limited. Today, Earth’s obliquity 
forcing variance is near a 2.4-Myr maximum (41). Our interpretations 
suggest that these warm astronomical conditions can enhance ocean-
driven melt at the ice sheet margin. Antarctica’s continental shelves 
deepen inland, creating a dynamical instability that enhances marine–
ice sheet retreat and ice volume loss (84, 85). Collectively, these find-
ings underscore the necessity of stabilizing or reducing atmospheric 
Pco2 to prevent the AIS from returning to small terrestrial-based ice 
sheets that characterized much of the early to middle Miocene.

MATERIALS AND METHODS
Clast abundance data
Sediment clast abundance data have been published previously 
from IODP site U1521A (22) and from AND-2A (24,  86,  87). In 

both cases, clasts above 2 mm in diameter (gravel) were manually 
counted and individually classified along the cut surface of the ar-
chive half sections of the core, which were then binned into 10-cm 
core intervals. These methods adhere to the methodologies set out 
in the ANDRILL Project and Cape Roberts Project (CRP) programs 
(88–91). Both datasets are publicly available [see supplemental R 
code (data S1) for additional details].

Astrochronology: ETP
The theoretical astronomical solutions used for the analyses present-
ed here derive from the work of Laskar et al. (41) using the function 
“etp” in the R package astrochron (60). The normalized eccentricity-
tilt-precession (ETP) models are determined by summing the stan-
dardized parameters so that all astronomical components are equally 
weighted: Eccentricity, tilt, and precession are each adjusted to zero 
mean and unit variance (92).

Astrochronology: TimeOpt
Sediment clast abundance data have been analyzed using “TimeOpt” 
(52), which is a statistical optimization method for astronomical 
timescale construction and astrochronologic testing, executed by the 
astrochron package in R (60). Given a range of plausible depositional 
rate parameters and a series of specified astronomical periodicities 
(for precession, obliquity, and eccentricity), TimeOpt identifies the 
age model that results in a time series that best aligns with the pre-
dictions of Milankovitch theory. Specifically, two diagnostic attri-
butes of the astronomical hypothesis are evaluated: the hierarchy of 
cyclic frequencies expected of Milankovitch cycles (r2

spectral), and the 
match between eccentricity cycles and the envelope of precession 
amplitude modulation (r2

envelope) (61, 93). These two values are 
multiplied to produce an r2

opt value, which provides insight into the 
strength of a hypothesized astronomical signal at each evaluated sedi-
mentation rate.

Estimates for minimum and maximum plausible depositional rates 
are derived from independent geochronological, biostratigraphic, and 
magnetostratigraphic data. The target astronomical periods have 
been estimated from the theoretical astronomical solution (41), with 
dominant frequencies isolated using the multitaper method [MTM; 
(60, 94, 95)]. The key frequencies for our analyses are summarized 
in the Supplementary Materials (see data S1). Although the result-
ing astrochronologies are consistent with a manual tuning approach 
(described in the next section), the TimeOpt-derived interpretations 
require fewer “researcher degrees of freedom,” and we therefore em-
phasize this approach. Since, by default, TimeOpt assumes a con-
stant depositional rate, the astrochronologies presented here may 
not capture fine-scale variability in sedimentation. However, we ar-
gue that the approximation generated by this approach is sufficient 
to provide necessary insights into the nature of Milankovitch cyclicity 
at both sites.

Subsequently, a Monte Carlo astrochronologic test is conducted 
to evaluate the null hypothesis that the observed variability in clast 
abundance arises entirely by stochastic processes, rather than astro-
nomical forcing. The Monte Carlo simulations are generated using 
the function “timeOptSim” or “timeOptSimPwrLaw,” which creates 
many similar time series of stochastic (“red”) noise, to assess the 
probability that such datasets can produce an r2

opt value comparable 
to the one generated by the clast abundance data (61). This analysis 
yields a P value, indicating whether the null hypothesis (i.e., the data 
are generated from a stochastic “red noise” process) can be rejected 
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with a high degree of confidence. An AR1 stochastic process pro-
vides the best fit to the spectral background in the AND-2A clast 
abundance data, while a power law process yields the best back-
ground fit for U1521A (see Supplementary Text and figures).

Astrochronology: Tuning and SlideCor
Astrochronological interpretations are often conducted by direct 
matching (“tuning”) of cyclic components of a stratigraphic dataset 
to corresponding patterns observed in an astronomical solution or 
model (96). This is particularly valuable when developing astro-
nomical timescales that are anchored to a numerical age (rather 
than floating timescales). In this present work, we compare two ap-
proaches for the development of anchored astronomical timescales: 
an automated quantitative method (i.e., the R functions TimeOpt 
and slideCor in package astrochron) and manual tuning.

For the primary age models used here (Fig. 2), we rely upon the 
automated tuning approach, which is constrained by published geo-
chronological data for AND-2A and IODP U1521A. Specifically, the 
floating astronomical timescales derived by the TimeOpt analyses 
(using a constant sedimentation model) are anchored to theoretical 
solutions using the slideCor function in the R package astrochron 
(60). This approach seeks to anchor a floating astrochronology by 
finding the age that results in the largest r value (Pearson correlation 
coefficient). If the phase relationship between proxy value and astro-
nomical forcing is not known precisely (as is the case here), r2 pro-
vides a more conservative approach, allowing for positive and 
negative correlations to be considered.

We have applied slideCor using a specified cyclic component that 
has been filtered from the TimeOpt calibrated floating astrochro-
nology. In each case, we have selected the cycle with the highest 
spectral power: short eccentricity in AND-2A and obliquity in 
IODP U1521A. These have been matched to the respective compo-
nents of the astronomical solution, and r2 values have been used to 
inform plausible anchoring age ranges for the studied intervals. 
Given the uncertainty in phase relationship between forcing and re-
sponse, an uncertainty of ± half of the tuning period is assigned to 
the anchored astrochronologies.

For the supplemental manual tuning approach, we have isolated 
the cyclic components of eccentricity, obliquity, and precession from 
each stratigraphic dataset in the depth domain, using a bandpass fil-
ter (97). The spatial wavelengths of these spectral components are 
informed by the TimeOpt analyses that have been conducted. The 
filtered clast abundance time series representing eccentricity, obliq-
uity, and precession are manually tuned, independently, to their cor-
responding astronomical components of the theoretical solution. 
This is done by visually matching cycles in stratigraphy, to plausibly 
equivalent cycles in the astronomical solution, guided by indepen-
dent geochronological constraint (when available), and by changes 
in the amplitude modulation of the cyclic components.

The manual approach has been applied both for IODP U1521A 
and for AND-2A in this study. Although more subjective, this com-
plimentary approach has some potential advantages, specifically: (i) 
It allows for variable sedimentation rates within the study interval, 
(ii) it is based on detailed visual comparison between stratigraphic 
data and the roughly co-eval parts of the astronomical solution, and 
(iii) each tuning option provides an independent test of narrow-
band components of a holistic astrochronological interpretation. 
For example, a dataset that has been calibrated to eccentricity will 
necessarily concentrate spectral power in eccentricity bandwidths. 

If, however, independently of this, spectral power is also concen-
trated in obliquity or precession bandwidths, this offers support of 
an astrochronological interpretation (“minimal tuning”) (98). Re-
sults from these analyses are plotted and described in more detail in 
Supplementary Text.

Supplementary Materials
The PDF file includes:
Supplementary Text
Full list of IODP Expedition 374 Scientists
Figs. S1 to S23
Legend for data S1
References

Other Supplementary Material for this manuscript includes the following:
Data S1
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