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Figure 6. (A) and (B) Hypothesized effect on glacial flow lines for two different glacial maxima scenarios, where the relative contribution of East 
versus West Antarctic Ice Sheets to glacial advance in the Ross Embayment is changed. Under the scenario of a smaller and thinner WAIS (A), East 
Antarctic Ice Sheet flow lines may extend further into the central Ross Sea. (A) Dominant WAIS and (B) dominant EAIS. (C) LGM flow line re-
construction for the McMurdo Sound region based on geological and geomorphological evidence (Denton and Hughes, 2002). (D) and (E) Recon-
structed pathways for ice sourced from the southern TAM outlet glaciers (Skelton Gl. and Mulock Gl.) into the AND-1B drill site during the pe-
riod of glacial expansion in the Late Pleistocene (D) and in the Pliocene (E) (this study). Flow lines in the CIROS-2 area in (E) are after Sandroni 
and Talarico (2006), those in (D) are based on interpretations reported in Barrett and Hambrey (1992), Ehrmann and Polozek (1999), and Sandroni 
and Talarico (2006). Position of Byrd Glacier flow lines is only inferred by comparison with the LGM configuration.
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The ubiquitous coexistence in the AND-1B core of the variable 
(but often dominant) volcanic component with Skelton–Mulock 
derived debris requires a pre-depositional mixing process during 
the erosion or the transport phases. The variable incorporation of 
volcanic debris into basal debris layer of grounded ice sourced 
from outlet glaciers south of Minna Bluff may be explained as the 
result of localized modifications in the ice-sheet flow pattern re-
sulting from changes in the paleogeographic setting. During the 
investigated time window (3.5 Ma to present), previously formed 
volcanic centers (e.g., Minna Bluff, White Island, Mt. Discovery) 
located between the MIS drill site and the Skelton area were pro-
gressively flanked to the north by the emergence of Mt. Terror at 
ca. 1.75  Ma (Wright and Kyle, 1990b), and Hut Point Peninsula 
and Mt. Erebus at ca. 1.3 Ma (Esser et al., 2004).

Volcanic activity as young as 0.17  Ma (Cooper et al., 2007) 
at the northern margin of the White Island (oldest volcanism 
at 7.65  Ma) suggests that other presently not exposed areas or 
submarine volcanic centers (as indicated by magnetic anoma-
lies; Wilson et al., 2007b) could have contributed volcanic clasts 
to the AND-1B drill site. From this point of view, the advance 
of a grounded ice sheet with a basal debris load of Skelton–Mu-
lock glacier derived basement clasts would be expected to incor-
porate a significant, but variable, amount of proximal volcanic 
debris depending on the availability of volcanic bedrock in the 
drainage system at that time.

7. Conclusions

The present study demonstrates the significance of petrolog-
ical investigations of the sand fraction and of granule- to cobble-
sized clasts in the AND-1B core for reconstructing source areas 
and transport directions for the Antarctic ice sheet in the Mc-
Murdo Sound area throughout the Plio-Pleistocene.

In the entire sedimentary record, diamictites interpreted as 
glacial maxima deposits contain a clast content that is consis-
tent with grounded ice sourced from the Skelton–Mulock gla-
cier catchments.

The reconstructed ice directions and ice dynamic model are 
comparable to the configurations proposed by Drewry (1979), 
Kellogg et al. (1996), and Denton and Hughes (2000, 2002) for 
the grounded ice expansion within the McMurdo Sound dur-
ing the LGM, and they are also consistent with ice-flow patterns 
previously reconstructed for Pliocene (Sandroni and Talarico, 
2006) and Pleistocene (Barrett and Hambrey, 1992; Ehrmann and 
Polozek, 1999; Sandroni and Talarico, 2006) glacial settings in 
the region. In agreement with these previous studies and sed-
imentological evidence, the provenance data indicate that a 
large, marine-based ice sheet has periodically occupied the Ross 
Embayment throughout the Plio-Pleistocene, and glacial ad-
vances at the AND-1B drill site were not the result of localized 
ice cap growth on bathymetric high in the Ross Sea, or advance 
of local glaciers in the McMurdo Sound region (e.g., Ferrar, Blue 
and Koettlitz glaciers).

A major change in diamictite provenance at 82.7  mbsf in 
AND-1B coincides with a change in sedimentary cycle archi-
tecture that has previously been interpreted as representing the 
transition to the modern style of cold polar ice sheet (Naish et al., 
2008; McKay et al., 2009). In the polar-style glacial/interglacial 
cycles (Mid-Late Pleistocene, above 82.7 mbsf), diamictites show 
high amounts of Skelton–Mulock sourced clasts, supplied from 
both basement and overlying Beacon and Ferrar supergroups, 
and they also include a variable contribution from reworking of 
glacial sediments that were deposited during earlier glacial ac-
tivity. Consistent with sedimentological evidence (McKay et al., 
2009) and available age constraints (Wilson et al., 2007a), the 
high proportion of subglacial and grounding-line proximal de-
posits sourced from distal EAIS glaciers implies persistence of 
a grounded ice sheet throughout most of the Late Pleistocene. 
Consequently a ramification of the ice model based on the AND-
1B record would require appropriate changes in the volume of 

Northern Hemisphere ice in order to drive and account for ob-
served eustatic changes in Mid-Late Pleistocene time.

In the underlying Motif 2 diatomite–diamictite cycles (Plio-
cene, below 82.7 mbsf) clast compositions in the diamictites in-
dicate that the grounded ice was sourced in the same region 
(Mulock–Skelton) as for the Pleistocene record. However, the 
main debris load was picked up from volcanic centers in the Mc-
Murdo Sound area. Similarly, associated glacial minima sedi-
ments (i.e., diatomite intervals) are dominated by volcanic clasts 
indicating that IRD content during interglacial was dominated 
by calving of glaciers from Ross Island or the Koettlitz Glacier 
region. Nevertheless, metasediments consistent with calving 
from the Skelton and Mulock glacier area do constitute a subor-
dinate component of some IRD intervals in AND-1B suggesting 
that the Ross Ice Shelf was much smaller in size during Pliocene 
interglacials than at present, as the calving line must have re-
treated past the mouths of these two TAM outlet glaciers, in or-
der for them to have produced debris laden icebergs.

Changes in paleogeography related to the emergence of sev-
eral volcanic centers during the deposition of the drill core are 
identified as an important additional factor that could have al-
tered the provenance signal. The marked dilution of basement 
clasts sourced from EAIS glaciers south of Minna Bluff with 
abundant volcanic debris could be explained with the incorpo-
ration of the volcanic debris in the ice coming from the Skelton–
Mulock glacier region on its way to the AND-1B drill-site area. 
In this context, dating of volcanic pebbles in the AND-1B core 
and improved chronology of the volcanic evolution in the Mc-
Murdo region should help to resolve some of the uncertainties. 
In the meantime, numerical models need to be developed to test 
the hypotheses presented here for past glacial flow lines, taking 
into account both changes in paleogeography and the relative 
ice fluxes from East and West Antarctica.
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Appendix A. Supplementary data follows.



MIS CORE - MODAL VARIATIONS IN CLAST LITHOLOGIES
0-200 MBSF

box top bottom ref. INTRU QTZ DOL ts+Beacon) (INTRACL) VOLC POM METAM tot
19.55 20.65 20.10 0 0 0 1 0 11 0 0 12
24.17 25.02 24.60 0 0 0 0 0 0 0 0 0
25.12 26.26 25.69 0 0 0 0 0 0 0 0 0
26.40 27.40 26.90 0 2 0 34 0 6 0 0 42
27.40 28.29 27.85 1 0 0 9 0 27 0 0 37
28.32 29.15 28.74 0 3 0 4 0 28 0 0 35
29.57 29.87 29.72 0 0 0 0 0 6 0 2 8
30.11 31.11 30.61 1 4 0 6 0 74 0 0 85
31.11 32.11 31.61 0 7 0 2 0 58 0 0 67
32.11 33.31 32.71 0 5 0 3 0 53 0 1 62
33.36 34.36 33.86 0 5 0 3 0 31 0 1 40
34.36 35.36 34.86 0 15 0 3 0 49 0 6 73
35.36 35.96 35.66 0 5 0 1 0 57 0 4 67
36.11 37.11 36.61 0 5 0 2 0 50 0 2 59
37.11 38.11 37.61 1 9 1 0 0 31 0 2 44
38.11 39.11 38.61 0 5 3 0 0 30 0 1 39
39.11 39.48 39.30 0 0 0 0 3 4 1 2 10
40.30 41.30 40.80 3 4 0 0 5 47 2 3 64
41.30 41.80 41.55 0 0 1 3 12 29 0 4 49
41.88 42.88 42.38 0 7 5 5 0 24 0 0 41
42.88 43.75 43.32 0 4 2 5 0 47 0 5 63
43.75 44.73 44.24 5 0 1 34 0 31 0 6 77
44.73 45.73 45.23 10 1 0 22 0 28 0 6 67
45.73 46.73 46.23 5 2 2 59 0 18 0 5 91
46.73 47.73 47.23 5 5 5 40 0 17 0 4 76
47.73 48.73 48.23 12 3 1 15 0 49 0 2 82
48.73 49.73 49.23 2 9 0 38 0 31 0 2 82
49.73 50.77 50.25 10 3 1 9 0 100 0 1 124
50.77 51.29 51.03 3 7 0 10 0 58 0 7 85
52.61 53.71 53.16 25 6 3 8 0 102 0 41 185
53.71 54.67 54.19 11 5 2 4 0 34 0 10 66

Depht NUMBER of CLASTs PER LITOLOGY

1


