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The establishment of the Antarctic Ice Sheet (AIS) is associ-

ated with an ~+1.5‰ increase in deep-water marine oxygen 

isotopic (δ18O) values beginning at ~34 Ma and peaking at 

~33.6 Ma (1–3), with two positive δ18O steps separated by 

~200 kyr. The first positive isotopic step primarily reflects a 

temperature decrease (4), while the second isotopic step has 

been interpreted as the onset of a prolonged interval of 

maximum ice extent (Earliest Oligocene Glacial Maximum 

or EOGM) between 33.6–33.2 Ma (5). Deep-water tempera-

ture cooled by 3-5°C (6) as a consequence of decreasing CO2 

levels (7), while the volume of ice on Antarctica expanded to 

either near modern dimensions (6, 8) or as much as 25% 

larger than present day (9, 10). A ~70 m sea-level fall is es-

timated from low-latitude shallow marine sequences (9, 11). 

Uncertainties in the magnitudes of these estimates in part 

reflect the limitations of geochemical proxy records used to 

deconvolve the relative contribution of ice volume and tem-

perature at orbital resolution (12), as well as uncertainties 

inherent to the backstripping of continental margin sedi-

mentary records (8). Ice sheet proximal marine geological 

records from the continental margin of Antarctica can im-

prove our understanding of the AIS evolution by providing 

evidence of the direct response of shallow-marine sedimen-

tary environments (e.g., water depth changes) to ice-sheet 

expansion and retreat. 

The temporal pattern and extent of Late Eocene–Early 

Oligocene (~34.1 Ma to ~31 Ma) Antarctic glacial advance 

and retreat is recorded in the well-dated CRP-3 drill core, a 

shallow-water glaciomarine sedimentary succession depos-

ited in the Victoria Land Basin (Fig. 1), tens of kilometres 

seaward of the present-day East Antarctic Ice Sheet (EAIS) 

in the Western Ross Sea (13). Thirty-seven fluvial to shallow-

marine (deltaic) sedimentary cycles occur in the lower 500 

m of the drill core (330–780 m below sea-floor; mbsf) that 

record the advance and retreat of land-terminating glaciers 

delivering terrigenous sediment to an open wave-dominated 

coastline and are associated with <20 m oscillations in rela-

tive sea-level (RSL) (14). These cycles, characterized as 'Type 

B' (Fig. 2; see also supplementary materials), do not display 

evidence of ice contact from glacial overriding. In contrast, 

eleven glaciomarine sedimentary cycles bounded by glacial 

surfaces of erosion in the upper 300 m of the drillcore (0–

300 mbsf) reflect oscillations of the seaward extent of a ma-

rine-terminating ice sheet onto the Ross Sea continental 

shelf and across the CRP-3 drill site associated with larger 

RSL fluctuations of >20 m (14) (Type A cycles in Fig. 2; see 

also supplementary materials). Temporal variations in litho-

facies, grain-size, and clast abundance primarily reflect os-

cillations in depositional energy that were controlled by 

changes in water depth and/or glacial proximity (14, 15). 

Shallow marine sedimentary cycles analogous to those ob-

served in the CRP-3 drillcore have been directly linked with 

orbitally driven climatic cycles of the AIS across the Oligo-

cene-Miocene boundary at a nearby Ross Sea site (15). Ac-
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cordingly, we apply a similar approach to directly compare 

the timing of proximal ice-volume changes during the Early 

Oligocene against high-resolution temperature and ice-

volume proxy records derived from distal deep-sea sequenc-

es. 

Clast abundance (Fig. 2) reflects glacial proximity and 

has been shown in a previous study to be controlled by or-

bital forcing in conjunction with the deposition of Type B 

cycles in the lower part of CRP-3 (16). To similarly test for 

the role of orbital forcing within the laterally extensive gla-

cial advances within the Type A cycle succession in the up-

per 300 m of the CRP-3 core, we apply a Singular Spectrum 

Analysis (see supplementary materials) to the clast abun-

dance time series and a new record of luminance, which 

reflects changing proportions of clay and sand in sedimen-

tary environments controlled by the proximity to the ice 

margin and by changes in water depth associated with RSL 

fluctuations (14). An independently derived age model for 

CRP-3, based on biochronologic calibration of a magnetic 

reversal stratigraphy (16), together with identification of the 

orbital components in these records enables a one-to-one 

correlation of sedimentary cycles to the highly-resolved, or-

bitally tuned δ18O record from the deep sea (2, 17) (Fig. 2). A 

key age constraint in the CRP-3 record is the precisely dated 

transition (+/− 5-kyrs) at 31.1 Ma between magnetic polarity 

Chrons C12n/C12r at 12.5 mbsf (13) (fig. S5). 

Variation in facies and clast abundance within Type B 

shallow-marine sedimentary cycles have previously been 

interpreted to reflect periodic advance and retreat of land 

terminating alpine glaciers in the Transantarctic Mountains 

(15) in response to precession and obliquity forcing (16) (Fig. 

2). This direct response to orbitally paced local insolation 

forcing indicates a highly dynamic AIS that advanced and 

retreated during the early icehouse phase of the EOGM. The 

first sedimentary evidence of ice advance onto the Ross Sea 

continental shelf coincides with the deposition of uncon-

formity bound, Type A sedimentary cycles beginning at 32.8 

Ma, and marks an abrupt transition in AIS sensitivity to 

orbital forcing that was paced by longer-duration eccentrici-

ty cycles (Figs. 2 and 3). This phase is also associated with 

climate cooling and increased physical weathering as evi-

denced by a change in clay mineralogy (18). Type A cycles 

(Fig. 2) have been interpreted to represent cyclic alterna-

tions in both grounding-line proximity and RSL change (14). 

According to Glacial Isostatic Adjustment (GIA) theory and 

given the ice marginal position of the CRP-3 site, any prox-

imal ice-thickness variation would have triggered crustal 

and geoidal deformations such that the resulting local RSL 

change would be opposite in sign to eustatic trends and 

likely of larger amplitude (see supplementary materials). 

However, sedimentological evidence implies that glacial 

maxima and minima locally coincided with times of mini-

mum and maximum RSL, respectively, for both Type A or 

Type B cycles (14). This implies that the GIA-induced RSL 

rise that was caused by the expansion and grounding of the 

ice sheet at the CRP-3 site was counter-balanced by a strong 

RSL drop as a consequence of the forebulge uplift driven by 

synchronous EAIS thickening. Therefore, we argue that the 

appearance of marine-grounded ice near the CRP-3 site was 

enhanced by flexural crustal uplift as the Eastern Antarctic 

Ice Sheet expanded, resulting in a RSL fall (> 40 m) in phase 

with the hypothetical eustatic trend. 

Both petrological and apatite fission track evidence (19) 

suggests that diamictites deposited as part of 400 kyr sedi-

mentary cycles spanning ~17–157 mbsf (~32.0–31.1 Ma; Fig. 

2), were derived both locally from the Mackay glacier and 

from the southern Transantarctic Mountains outlet glaciers 

during glacial overriding and downcutting. Flowlines that 

trend northwestward into McMurdo Sound from the Byrd, 

Skelton and Mulock glaciers are implied by model simula-

tion of the early Oligocene glacial expansion (10, 20). 

Based on our chronology and geological evidence for ice-

grounding, a marine calving ice sheet first occurred in west-

ern Ross Embayment at ~32.8 Ma, approximately one mil-

lion years after the glacial maximum (Oi1) inferred by δ18O 

values from marine carbonate isotope records (17) (Figs. 2 

and 3). Oxygen isotope values paired with southern high-

latitude Mg/Ca records (3) indicate that the AIS volume was 

slightly larger across Oi1a (~32.8 Ma) than across the 

EOGM. Importantly, the Oi1a shift coincides – within the 

degree of uncertainty shown in Fig. 3 (see also fig. S17) – 

with the CO2 minimum (~600 ppmv) at the end of a ~40% 

decline beginning in the late Eocene (7, 21) (Fig. 3). Declin-

ing CO2 levels that culminate during Oi1a are fully con-

sistent with model-derived CO2 thresholds for Antarctic 

glaciation (20). The Oi1a interval also corresponds to a long-

term minimum in eccentricity and obliquity (22), similar to 

the orbital configuration favoring the onset of glaciation 

across Oi1 (Fig. 3), implying that an extended period of low 

seasonality with cooler summers contributed to these long 

period glacial maxima. 

Therefore, we argue that in spite of ice expansion during 

the EOGM, the nascent AIS was strongly sensitive to orbital-

ly paced, local insolation forcing until a CO2 threshold of 

~600 ppmv was crossed at 32.8 Ma (Fig. 3 and fig. S17). Af-

ter 32.8Ma, an expanded continental-scale ice sheet dis-

played progressively stronger orbital ice-sheet hysteresis — 

behavior that is also suggested by ice models (20, 23). Our 

observations from the CRP-3 record are also consistent with 

far-field ice volume proxies that indicate RSL changes of 

~25 m in the time interval between 33.4-32.8 Ma (9, 11), 

equivalent to ~40% of present-day AIS volume. Whereas, 

after 32.8 Ma, a protracted period of RSL stability is ob-

served in δ18O records, which corresponds with our proxi-
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mal evidence for an AIS that was relatively insensitive to 

higher frequency orbital forcing (11) until ~29 Ma, when CO2 

values again increase to above 600 ppm (24) (fig. S17). Our 

observation of AIS history and behavior lead us to conclude 

that the partial pressure of atmospheric CO2 was the prima-

ry influence on the overall climate state and variability of 

AIS volume, including its sensitivity to orbital forcing, 

which implies a close linkage between carbon cycle dynam-

ics and AIS evolution on both long-period and short-period 

orbital time scales. Indeed, amplification of the long-period 

eccentricity component — observed in the CRP-3 record at 

~32 Ma — tracks the establishment of low-latitude δ13C var-

iability with a 405-kyr periodicity (25). 

The general orbital coherence and phasing between gla-

cial cycles and marine δ13C records (Fig. 2) indicates that 

carbon cycle feedbacks contributed to CO2 changes and am-

plification of short- and long-period eccentricity-paced gla-

cial-interglacial cycles in the Early Oligocene (26), similar to 

the climate-carbon cycle dynamics associated with Northern 

Hemisphere glacial cycles during the Pleistocene. Coupled 

global climate-ice sheet models predict that the AIS should 

display threshold-like behavior in response to long-term 

trends in atmospheric CO2 levels (20). For example the sta-

bility threshold for marine-based sectors of the AIS has been 

shown to be ~400ppm, and between 300-400ppm marine 

ice sheets are highly dynamic in response to orbital forcing 

(27, 28). Inter-model comparisons suggest a larger range of 

atmospheric CO2 values (~ 560–920 ppm) for AIS glaciation 

(29). Data presented in this study imply that a CO2 thresh-

old for a continental-scale Antarctic ice sheet occurred at 

~600 ppm, and AIS sensitivity to insolation forcing and vul-

nerability to melt increases dramatically between 600-

750ppm. 
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Fig. 1. Location of key geographical, geological and features in Southern McMurdo Sound. 

Boundary faults of the southern extension of Terror Rift are shown, together with the location of 

the CRP, MSSTS-1 and CIROS-1 drill sites. 
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Fig. 2. Astrochronological calibration of glacial events across the Eocene-Oligocene climate transitions. (A) 

Deep-sea oxygen and carbon isotopic record from ODP Site 1218 (2, 17), and time series for (B) climatic precession, 

(C) obliquity and (D) eccentricity correlated with the (E) magnetostratigraphy, (F) lithostratigraphy and (G) sequence 

stratigraphy (13, 15), and (H) square root of clast abundance (30) for the Late Eocene-Early Oligocene CRP-3 drill 

core. Thirty-seven shallow-marine sedimentary cycles (sequences; Type B) occur in the lower 500 m of the core 

record, controlled by advances and retreats of land-terminating glaciers associated with <20 m sea-level oscillations. 

Eleven overlying glaciomarine sedimentary cycles (sequences; Type A), each bounded by glacial surfaces of erosion, 

occur in the upper 300 m of the CRP-3 core, and record oscillations in the extent of a more expansive marine-

terminating ice sheet in Ross Embayment. (I) Inferred stages and events in the development of the AIS across the E-O 

boundary and the relationship to orbital forcing are summarized. 
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Fig. 3. Major glacial events 

recorded by clast abun-

dance peaks from the 

CRP-3 core. (A and B) 

Events [grey bands in (A)] 

are calibrated to the 

astrochronologically-tuned 

δ18O record from ODP 

Site1218 (B) (2). (C) Major 

peaks in clast abundance 

from CRP-3 correspond to 

the onset of the EOT-1 shift, 

and glacial maxima at the 

Oi1 and Oi1a, and are 

associated with prolonged 

intervals characterized by 

cold southern high latitude 

summers as expressed in 

the 70°S mean summer 

insolation. (D) AIS volume 

changes recorded by the 

sedimentary sequences 

and clast abundance (see 

Fig. 2) are paced by the 

influence of obliquity and 

precession on a smaller-

sized terrestrial ice-sheet 

between 34.2-32.8 Ma. (E) 

Comparison with available 

atmospheric pCO2 records 

based on Boron-isotope 

(21) and Alkenone (7) 

proxies shows that the first 

evidence of ice sheet 

grounding in the CRP-3 

core and a major peak in 

clast abundance occurs at 

the Oi1a event (32.9-32.8 

Ma), and coincides with a 

longer-term drop in 

atmospheric CO2 drop to 
below ~600 ppm. 
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