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Figure 7. Plot of discriminant scores along Function I versus Function II,
to discriminate samples belonging to different sedimentary facies. Group
1 represents diamictites dominated facies association; group 2 refers to
stratified diamictites and mudstone facies association; group 3 represents
mudstone facies association.

Heavy mineral facies distribution

The DFA shows that the individual samples can be classified
into three predefined groups. The three groups have been de-
fined based on the facies association by Passchier et al. (2011):
group 1 refers to diamictite-dominated facies association; group
2 refers to stratified diamictites and mudstone facies associa-
tion; group 3 comprises sediments that refer to mudstone-dom-
inated facies association deposited in an open-marine environ-
ment distal from the grounding line. The results of DFA are
illustrated in the territorial map (Figure 7) showing the cluster-
ing of samples in the predefined groups, and in Table 4, which
reports the coefficients for each variable in the two functions
and the structure matrix.

Function 1 correctly discriminates groups 1 and 2 from
group 3. The former two groups partially overlap. Aegirine,
spinels, hedenbergite and ilmenite have high positive load-
ing on function 1 (Table 4). Hornblende, kaersutite and clino-
pyroxene have high negative loading on function 1 and high
positive loading on function 2 (Table 4). Function 2 discrim-
inates groups 1 and 3 (that show value around zero) from
group 2 (which shows values higher than zero). Augite, epi-
dote, orthopyroxenes and carbonates have a negative loading

Table 4. Discriminant functions: unstandardized discriminant func-
tion coefficients used to calculate discriminant scores for the plot in
Figure 7

Discriminant functions Structure matrix

1 2 1 2

Clinopyroxene —0.028 0.741 —0.116 0.201
Kaersutite —0.480 0.535 -0.074 0.023
Spinels 0.011 0.760 0.137  —-0.210
[lmenite 0.002 0.603 0.081  —0.104
Apatite-1 0.154 0.566 0.082  —0.055
Aecgirine 0.508 0.576 0.200  —0.025
Aenigmatite 0.251 0.113 -0.020  —0.081
Tourmaline 0.342 1.327 0.065 0.046
Epidote -1.271 0.318 -0.146  —0.090
Hedenbergite 0.764 0.648 0.117  —0.023
Hornblende 0.121 1.168 -0.073 0.326
Augite 0.005 0.665 -0.045  —0.100
Orthopyroxene 0.064 0.793 —0.111 —0.064
Garnet —0.030 0.649 0.072 0.033
Biotite 0.021 0.804 0.098  —0.039
Apatite-2 0.496 1.284 0.067 0.072
Carbonate 0.037 0.619 -0.032  —0.159
Sphene 0.348 0.666 0.032  —-0.102
Orthoamphibole 0.157 0.523 0.020 0.001
(Constant) —2.789 —71.531

Structure matrix: pooled within-groups correlations between discrim-
inating variables and standardized canonical discriminant functions

on both function 1 and 2 (Table 4). The diamictite-dominated
facies association (group 1) is characterized by a high con-
tent of TAM-derived minerals, with prevalence of augites and
orthopyroxenes. The stratified diamictites and mudstone fa-
cies association (group 2) shows a mixed content of TAM-de-
rived minerals (hornblende) as well as MVG-derived minerals
(clinopyroxenes and kaersutite), garnets and orthoamphiboles.
Mudstone-dominated facies association (group 3), character-
istic of open-marine sediments, is characterized by extremely
low TAM mineral content and a relative increase in aegirine,
spinel and ilmenite among the MVG phases.

Discussion

Heavy mineral sources

McMurdo Volcanic Group (MVG)

Basic volcanic rocks of the McMurdo Volcanic Group are the
source of titanaugite and clinopyroxene-2 (high-Ca augite). The

titanaugite compositions clearly fall within the field of MVG
clinopyroxene (Figure 4). This type of clinopyroxene represents
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the most abundant phenocrysts in the McMurdo Volcanic Group
lavas (Gamble et al. 1986; George 1989; Kyle 1990). Its euhe-
dral shape in the AND- 2A sediments indicates that it has not
experienced the effects of prolonged transport.

Trachytes, basalts and trachyandesites of MVG are the most
likely source for kaersutite (Kyle 1990; LeMasurier and Thom-
son 1990). Moreover, kaersutite is a typical mineral in lava de-
posits on Minna Bluff (Dunbar et al. 2008; Panter et al. 2011).
MVG volcanic rocks are also the source of angular apatite
grains. Martin (2009), and Martin et al. (2010) have shown
that Mount Morning eruptive center is a potential source of ae-
nigmatite and aegirine.

Ferrar Group

Jurassic basalt and dolerite of the Ferrar Group in the TAM are
the most likely source for augites (low-Ca augite) as well as
for Mg-rich clinopyroxenes and orthopyroxenes (Haban and
Elliot 1985; Armienti et al. 1998). The chemical compositions
of augites plot in the field of the Ferrar Supergroup clinopyrox-
enes (Figure 4; Table 3). The augites with a strong cleavage and
sub-rounded shape (Figure 5a) have been named “Ferrar type”
in many studies (e.g., Cape Roberts Science Team 1998), and
they probably originated from Ferrar Dolerites. Tholeiitic ig-
neous rocks from the Ferrar Group are the most likely source
for enstatites (Armienti et al. 1998; Marsh 2004; Bédard et al.
2007; Zavala et al. 2011).

High-grade metamorphic rocks

The H-grade metamorphic rocks of the Koettlitz Group located
to the north of the Koettlitz Glacier (Figure 3) could have pro-
vided the H-grade metamorphic minerals. Under SEM, it is im-
possible to discriminate between sillimanite, kyanite and an-
dalusite; hence, we decided to assign them to the same group
called A/-silicates. Hauptvogel and Passchier (2012) reported
that kyanite, not being a common constituent in these rocks,
probably requires a contribution of rocks from the Nimrod
Group farther south. In addition, Passchier (2001) has found
large grains of sillimanite occur in tills sourced from the meta-
quartzite of the Nimrod Group. Hence, the Al-silicates are not
diagnostic for a specific source area.

Carbonates

Anthill Limestone (Gunn and Warren 1962; Skinner 1982), also
named Marble Unit by Cook and Craw (2002), which crops out
along the margin of the Skelton Glacier (Hauptvogel and Pass-
chier 2012; Figure 3), is the most likely source for calcite and

dolomite. The Byrd Group (Figure 3), which crops out farther
south, is characterized by the initial deposition of a thick se-
quence of nearly pure carbonate sediments followed by a thick
sequence of clastic sediments (Stump et al. 2004, 2006). More-
over, Pleistocene tills of lower Byrd Glacier contain detrital
carbonate in extremely large abundances (Licht et al. 2005). In
addition, Passchier (2001) has found limestone-bearing tills in
the Queen Maud range in the central Transantarctic Mountains.
These tills were probably sourced from the Shackleton Lime-
stone (Goodge et al. 2004). Between the Ferrar and Koettlitz
Glaciers, marbles from the Ross Supergroup are also present
(Warren 1969; Lopatin 1972).

Granite Harbour Intrusive (GHI)—Beacon Supergroup

Sedimentary rocks of the Beacon Supergroup are the most likely
source of the stable minerals (apatite-2, tourmaline, rutile, zir-
con, sphene and epidote). They usually occur as sub-rounded
to rounded grains indicating a possible recycling and transport
from rocks of the Beacon Supergroup, which contain both zir-
con and apatite (Laird and Bradshaw1982; La Prade 1982; Gior-
getti et al. 2009). Plutonic rocks and pegmatites of the GHI
Complex contain sphene as an accessory constituent (Ghent and
Henderson 1968; Smillie 1992). Passchier (2007) suggests the
GHI and the Beacon Supergroup as the main sources for detri-
tal apatite. Lower Paleozoic dykes and batholiths of the GHI
contain tourmaline in higher abundances (Stump 1995). Heden-
bergites have been found in tonalites from the GHI (Sandroni
and Talarico 2004).

Low- to medium-grade metamorphic rocks (L-M grade
metamorphic rocks)

The Transantarctic Mountains, and in particular, the amphibo-
lites of the Koettlitz Group are the most likely source for Mg-
hornblendes: these amphiboles are characteristic minerals of
many metamorphic and intermediate magmatic rocks (Polozek
2000). We have also to take into account that hornblendes were
described in the granitoids (GHI Complex) of Taylor Valley
(Ghent and Henderson 1968; Smillie 1992).

Amphibolites and paragneisses exposed between the Koet-
tlitz and Ferrar Glaciers are the most probable sources for gar-
nets (Figure 3; Lopatin 1972) and occur in significant abun-
dances in the Late Miocene and Pliocene tills of the Ferrar,
Taylor and Wright Valleys (Ehrmann and Polozek 1999; Pass-
chier 2001). Some grains have a sub-rounded to rounded shape.
Because garnets are resistant to physical weathering during
transport, they also could be recycled from sandy sedimentary
rocks, such as those of the Beacon Supergroup, where they oc-
cur as accessory minerals (Laird and Bradshaw 1982; La Prade
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Figure 8. Summary plot of heavy mineral distribution down-core. On the right, the glacial setting configuration inferred from facies distribution in the
core (Passchier et al. 2011). The presence of shear fabrics and massive diamictites in core intervals (“ice growth”) indicates proximity of the grounding
line during glacial maxima, whereas mudstones (“temperate glacial regime”) indicate generally open-marine conditions with a grounding line at some
distance from the drill site during both glacial maxima and minima (Passchier et al. 2011). Ages (40Ar-39Ar geochronology of volcanic material, Acton

et al. 2008; Di Vincenzo et al. 2010) are also reported.

1982). Metasediments and marbles of the Koettlitz Group host
pyrope—almandine and grossular garnets. Orthoamphibole ge-
drite is found in the Cocks unit of the Skelton Group and is as-
sociated with garnet and biotite (Cook and Craw 2002). The
Skelton Group, exposed along the Skelton Glacier, is consid-
ered the source of low-grade metasedimentary clasts (Gunn and
Warren 1962; Cook and Craw 2002). In the portions intruded by
granitoid plutons, the metasedimentary rocks are in place char-
acterized by a local contact-metamorphic overprint (Gunn and
Warren 1962; Skinner 1982), with the development of biotite-
spotted and amphibole-bearing varieties.

Heavy mineral distribution

Based on the relative abundance of the heavy mineral assem-
blages in the core, the lower 650 mbsf is subdivided into four
intervals, numbered 1-4 from bottom to top (Figure 8).

The lowermost interval 1 (1,123—1,043 mbsf; 20.2— 20.1
Ma) is characterized by high abundance of heavy minerals de-
rived from the McMurdo Volcanic Group, followed by low-
to medium-grade metamorphic rocks and GHI-Beacon Super-
group, as well as Ferrar Group. The heavy mineral assemblage
indicates erosion of MVG rocks during ice advance. These re-
sults are compatible with a primary (explosive activity) basaltic
input from proto-Mount Morning volcanic center to the south
of the drill site. Nyland et al. (2013) found out that the majority

of AND-2A glass analyzed in the interval 354—-765 mbsf is con-
sidered to originate from explosive eruptions and was incor-
porated in basin sediments with minimal reworking. The 345-
765 mbsf interval, however, is considerably younger than the
interval we are discussing here (1,123—1,043 mbsf) and the fa-
cies assemblages and sediment transport paths are very differ-
ent for these two intervals (Passchier et al. 2011).

Interval 2 (1,043—890 mbsf; 20.1-19.3 Ma) is characterized
by large fluctuations in the contribution of sediments eroded
from the McMurdo Volcanic Group, which point to a source
from the Mount Morning area located to the south. Oscilla-
tions of GHI-Beacon Supergroup, Ferrar and L-M grade met-
amorphic rocks indicate a local source situated in the Trans-
antarctic Mountains. GHI-Beacon Supergroup, Ferrar Group,
L-M grade metamorphic rocks and carbonates display a simi-
lar trend. The high-grade metamorphic group shows very low
counts, but seems to correlate with GHI-Beacon Supergroup,
Ferrar Group and Carbonates. Nevertheless, the occurrence of
minerals of the high-grade metamorphic group in the lower part
of the unit, as suggested by Hauptvogel and Passchier (2012)
for the upper 650 mbfs of the AND-2A drill core, could indi-
cate either an erosion of Koettlitz Group, where these minerals
are present (Lopatin 1972), or a provenance within the Nim-
rod Group farther south. Furthermore, for the same interval, Ta-
larico and Sandroni (2011) reported that the metamorphic clast
assemblage suggests a provenance in the Carlyon Glacier and
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Darwin-Byrd Glacier areas. The clast assemblage is represents
rock types with mineral paragenesis like garnet-sillimanite-K-
feldspar-biotite, indicating medium/high-grade metamorphic
conditions that occur only in the Britannia Range (Figure 3).
The compositions of diamictites, interpreted as iceberg-rafted
debris (Passchier et al. 2011; Talarico and Sandroni 2011), sug-
gest active calving processes occurred simultaneously along
the present-day Blue—Koettlitz glacier coast and from paleogla-
cier located further south, including the Skelton-Mulock gla-
cier area.

Interval 2 is characterized by a cyclic McMurdo volcanic
Group signal, which indicates a repeated contribution from the
south, and L-M grade metamorphic, GHI-Beacon Supergroup
and Ferrar Group fluctuations, which indicate a heavy mineral
assemblage derived from a local source. This pattern can be
explained as an advance of the grounding lines of EAIS outlet
glaciers to the coast in the southern TAM, where they eroded
largely the GHI-Beacon Supergroup rocks, with minor contri-
butions from Ferrar dolerite. Interval 3 (890770 mbsf; 19.3—
18.7 Ma) marks an increase in the McMurdo Volcanic Group
signal and a decrease in the Ferrar Group, GHI-Beacon Super-
group, L-M grade metamorphic rock group as well as the car-
bonate contribution. For this interval, the heavy mineral assem-
blages indicate erosion of the basalts of the McMurdo Volcanic
Group south of the drill site, with limited erosion of low- and
high-grade metamorphic rocks of basement. The presence of
few grains of aenigmatite (Figure 6) can be considered a finger-
print for heavy minerals of volcanic origin. Clast provenance
studies by Talarico and Sandroni (2011) testified a mixed prov-
enance from Royal Society Range area and Skelton-Mulock
glacier area (Figures 1, 3), thus helping us to pinpoint a heavy
mineral assemblage provenance from an area located south of
the drill site.

Although heavy mineral assemblages dominated by Mc-
Murdo Volcanic Group contribution in the lower part of inter-
val 3 (770-890 mbsf) indicate a sediment provenance located
south of the drill site, the mudstone-dominated facies at 770—
890 mbsf (Figure 8) probably indicates an ice sheet in a reduced
configuration, with predominantly meltwater plume deposition
and minor ice rafting (Passchier et al. 2011). Therefore, an al-
ternative to a glacial transport scenario for this interval must be
considered. The probable mechanisms able to transport MVG
heavy minerals to the AND-2A drill site in the interval between
770 and 890 mbsf could be the direct fall-out of volcanic mate-
rial. Support for this hypothesis is found in the paper of Nyland
et al. (2013). These authors recognized high abundances (5—70
vol%) of fresh volcanic glass in finer-grained sediments such
as siltstone and sandstone between ~230 and 780 mbsf. These
observations, however, were made in a considerably younger
interval of core with different facies assemblages (Passchier et
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Figure 9. a. Schematic geological cross section from the uplands of the
Transantarctic Mountains (TAM) to the Victoria Land Basin (VLB) (Mod-
ified after Bédard et al. 2007; Zavala et al. 2011). b. Highlight of the Fer-
rar Glacier area: the Basement sill is located in the upper, inland region of
Transantarctic Mountains.

al. 2011) and hence may or may not be applicable to the Early
Miocene section of AND-2A.

The uppermost interval 4 (770-650 mbsf; 18.7— 17.6 Ma)
is characterized by an increase in the Ferrar Group contribu-
tion from 750 to 650 mbsf. GHI-Beacon Supergroup, L-M
grade metamorphic rocks and carbonates also show an up-core
increase. On the contrary, the contribution from the McMurdo
Volcanic Group decreases. The presence of McMurdo Volca-
nic Group mineral assemblages requires ice flow across the
Mount Morning volcanic center to the south. Interval 770-750
mbsf displays an up-core increase of the Ferrar Group contri-
bution indicating erosion of dolerites located west of the drill
site. As hypothesized by Hauptvogel and Passchier (2012) for
their third interval (552—-308 mbsf), this would fit a scenario
where the grounding lines of outlet glaciers had receded into
the valleys of Victoria Land, away from the coast. There, they
would have eroded the Ferrar dolerites in the upper section of
the Transantarctic Mountains during glacial times with possi-
bly further retreat. Valleys that are eroded into basement rocks
near the coast do not reach basement further inland (Denton et
al, 1993). In addition, other studies conducted in the McMurdo
Sound area by Marsh (2004), Bédard et al. (2007) and Zavala
et al. (2011) highlight that there exist four Ferrar sills in the
McMurdo Dry Valleys Region of the Transantarctic Moun-
tains. From top to bottom, these are the Mt. Fleming, Asgard,
Peneplain and Basement Sills. The upper three sills consist of
homogeneous fine- to medium-grained dolerite, whereas the
lowermost Basement Sill (Gunn 1962), which extends from
McKay Glacier to the head of Ferrar glacier (Figure 9), has a
central cumulate layer or ‘tongue’ consisting of large orthopy-
roxene and smaller plagioclase crystals, enclosed by fine- to
medium-grained dolerite like that of the other sills. In the Fer-
rar Glacier area, the Basement Sill is located inland (Figure
9b), and it is the most likely source for the high amounts of
orthopyroxenes.
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Ice dynamics and paleoclimatic implications

The AND-2A drill core from Southern McMurdo Sound offers
a detailed record of a crucial period in Antarctic climate evolu-
tion during the late Early Miocene. The heavy mineral assem-
blages in Interval 1 indicate that between 20.2 and 20.1 Ma
the grounding line of the ice sheet advanced to a position near
the present-day Mount Morning volcanic center. However, dur-
ing deposition of Interval 2 (20.1-19.3 Ma), the ice sheet most
likely experienced a dynamic behavior with time interval of
ice advance alternating with periods of ice retreat, while Inter-
val 3 (19.3-18.7 Ma) records further retreat to open water con-
ditions. A dynamic behavior is noted in Interval 4 (18.7-17.6
Ma) with a decreasing contribution of materials derived from
the basalts of the Mount Morning volcanic center located to
the south of the drill site and a consequent increasing contribu-
tion of materials derived from Transantarctic Mountains to the
west of the drill site.

The clast provenance analysis by Talarico and Sandroni
(2011) provided direct evidence of ice sheet expansion in the
Ross Embayment during the Early Miocene. The record clearly
indicates that the Early Miocene glacial evolution in the Mc-
Murdo Sound was closely linked to fluctuations of EAIS outlet
glaciers. The unanswered question is whether these fluctuations
were accompanied by similar changes in the West Antarctic
Ice Sheet. A glacial scenario proposed by Hambrey and Barrett
(1993) for the Early Miocene indicates an expansion of EAIS,
through amalgamation of all major outlet glaciers, leaving ar-
eas located further to the east (i.e., Marie Byrd Land) free of ice.

More recently, Liebrand et al. (2011) presented high-reso-
lution stable isotope records of benthic foraminifera from ODP
Site 1264 in the southeastern Atlantic Ocean, in order to re-
solve the latest Oligocene to Early Miocene climate changes.
Their modeling results suggested that during the largest Mi-1
event, Antarctic ice sheet volume expanded to its present-day
configuration. They pointed out that major large-scale Ant-
arctic ice sheet expansions coincide with 400 kyr eccentric-
ity minima when the power of the ~100 kyr eccentricity cycle
is significantly suppressed (e.g., at ~19.8 Ma). Furthermore,
they pointed out that distinct ~100 kyr variability occurs dur-
ing the termination phases of the major Antarctic glaciations,
suggesting that climate and ice sheet response was more sus-
ceptible to short-term eccentricity forcing at these times. We
are tempted to speculate that the ice sheet buildup phase that
they recognized between 20.2—19.8 Ma (Figure 7, p. 876 of
Liebrand et al. 2011) roughly coincides with interval 4 of the
present study. Interval 3 is characterized by a very dynamic
behavior, and this could be related to an interval of ~100 kyr
cycle (Liebrand et al. 2011).

Conclusions

The heavy mineral analysis of the lower AND-2A drill core
helped to better constrain the timing and the spatial extent of
ice growth and decay in the Ross Sea area during the late Early
Miocene (17.6-20.2 Ma). On the basis of heavy mineral anal-
ysis, the following conclusions can be drawn:

1.  The different heavy minerals recognized in the lower
650 mbsf of AND-2A core can be related to six different
source rocks.

2. The heavy mineral down-core distribution allowed the
identification of four intervals with characteristic assem-
blages that reflect different source areas.

3. Discriminant function analysis revealed that individual
samples can be classified into three predefined groups.
Facies associations roughly coincide with the interval
subdivision.

4. Interval 3 (19.3-20.1 Ma) recorded for the first time a cy-
clic Mount Morning volcanic contribution from the south,
in combination with fluctuations in L-M grade metamor-
phic, GHI-Beacon Supergroup and Ferrar Group contri-
butions, which indicated a heavy mineral assemblage de-
rived from a local source.

The results largely confirmed interpretations based on the fa-
cies distribution (Passchier et al. 2011) and basement clast prov-
enance (Sandroni and Talarico 2011), and they have added new
insight on heavy mineral provenance areas.

Consistent with previous studies (Diekmann and Kuhn 1999;
Ehrmann and Polozek 1999; Giorgetti et al. 2009; Hauptvogel
and Passchier 2012), the heavy mineral analysis confirms its
value to be a powerful tool for the reconstruction of paleo-gla-
cial-flow dynamic and paleogeographic scenarios. The applica-
tion of such analysis to the Early-Middle Miocene sedimentary
interval recovered for the first time by the AND-2A core pro-
vides further constraints on the paleogeographic evolution of
the southern McMurdo Sound area during Miocene time, show-
ing that the variations of paleoenvironmental drivers character-
izing this period were able to exert deep transformation of the
Antarctic ice sheet.

We are aware of the fact that our record documents ice
buildup and retreat just in one sector of Antarctica and fur-
ther studies of Early Miocene records from other parts of the
Antarctic continental margin will be needed to confirm our
conclusions.
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