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Recent palynological evidence from the upper section (b664mbsf) of theMiocene ANDRILL 2A (AND-2A) core in
the Ross Sea indicated a brief warm period during the Mid Miocene Climatic Optimum (MMCO), during
Antarctica's icehouse phase. The nature of other Miocene climate fluctuations in Antarctica remains poorly
resolved. Here, we present new palynological data from the lower section of the AND-2A core (N664 mbsf)
that reveal additional intervals of increased palynomorph abundance and diversity during the Antarctic early
to middle Miocene. This evidence is consistent with a relatively dynamic early Miocene Antarctic icehouse
climate with intervals of increased temperature and moisture, prior to the MMCO. Comparison with previous
AND-2A studies indicates that periods of increased palynomorph abundance in the lower stratigraphic section
largely coincide with ice sheet minima, distal ice conditions, and the presence of freshwater (i.e. increased
precipitation, meltwater run-off, and freshwater ponds). Decreases in plant productivity mostly coincide with
increased glaciation, decreased freshwater, and ice-proximal conditions during the Antarctic Miocene.
Comparing the palynological data with other AND-2A data and global climate proxies (e.g., pCO2, δ18O, relative
sea level, Milankovitch cycles) helps to resolve questions regarding the driving forces behind climate and
vegetation change. We found that palynomorph assemblages reflecting generally warmer conditions are largely
associated with 400-kyr eccentricity maxima, while assemblages indicative of colder conditions coincide with
400-kyr eccentricity minima. These data are consistent with other findings that indicate the early to middle
Miocene climate was eccentricity-paced.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Palynological studies on Antarctic cores from sediments younger
than ca. 35 Ma illustrate the demise of vegetation on the southernmost
continent (e.g., Raine, 1998; Askin and Raine, 2000; Raine and Askin,
2001; Prebble et al., 2006; Warny et al., 2009; Warny and Askin,
2011a,b; Anderson et al., 2011). Vegetation was relatively rich in diver-
sity and abundance prior to the Eocene/Oligocene (E/O) Transition
(e.g., Askin, 1992, 1997, 2000; Truswell and MacPhail, 2009; Anderson
et al., 2011), ca. 34 Ma. Winters were likely mild and frost-free during
this time (MAT N 10 °C; Francis et al., 2008; Pross et al., 2012) with pre-
cipitation sufficient to support temperate rainforests (N1000 mm/yr;
Poole et al., 2005; Francis et al., 2008). An abrupt decline in terrestrial
ience Complex, Louisiana State
1 985 246 9615; fax: +1 225
palynomorph concentrations at or around the E/O Transition suggests
a shift in the climate (Warny and Askin, 2011a) and is supported by
palynomorph δ13C data that indicate decreasing moisture availability
during this time (Griener et al., 2013). These trends coincide with an
abrupt increase in the marine δ18O and decrease in the pCO2 records
(Zachos et al., 2008; Pagani et al., 2011) and with the growth of a
large Antarctic ice sheet (Zachos et al., 2001). Following the initial
shift in atmospheric CO2 and marine δ18O values, vegetation levels
continued to decline into the Oligocene and Miocene (e.g., Warny
et al., 2009; Warny and Askin, 2011b), as pCO2 levels decreased to
current levels (e.g., Zachos et al., 2008; Pagani et al., 2011; Zhang
et al., 2013). Ultimately, this led to the demise of most land plants in
Antarctica, by ca. 13.85 Ma in the Dry Valleys (Lewis et al., 2006) and
after ca. 12.8 Ma on the Antarctic Peninsula (Anderson et al., 2011).

Studies have shown very little evidence for significant vegetation in
Antarctica after the Oligocene (e.g., Raine, 1998; Askin and Raine, 2000),
with the exception of a brief interval during the Mid Miocene Climatic
Optimum (MMCO;Warny et al., 2009). Where plant growth was possi-
ble, Miocene vegetation was inferred to have been primarily ground-
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hugging tundra with prostrate woody plants in sheltered nooks, and
expanding krumholz vegetation with possible increased stature of
woody plants during the warmer intervals, as described by Raine
(1998), Askin and Raine (2000), and Warny et al. (2009). Likely,
moisture availability had also declined significantly by the Miocene
(e.g., Griener and Warny, submitted for publication), but evidently
increased briefly at the MMCO (Warny et al., 2009; Feakins et al.,
2012) and was likely one of the key factors that contributed to vegeta-
tion re-colonization.

Recent discussions and research have emphasized the importance of
atmospheric CO2 on driving climate change (e.g. Rohling et al., 2012)
and indeed on driving Antarctica's shift to the icehouse phase (e.g.
DeConto and Pollard, 2003; Pagani et al., 2011). However, the ultimate
cause is still actively debated, with some climate scientists instead fa-
voring the onset of the Antarctic circumpolar current and subsequent
thermal isolation of the continent (e.g., Kennett, 1977) as the driving
force. Creating a more complete record of Antarctic's Cenozoic climate
will help us better understand these climate mechanisms, how they
relate to Antarctic climate change, how evolving atmospheric CO2 levels
will affect our modern global climate, and the various feedback mecha-
nisms such as changes in vegetation cover.

Palynological analysis of the Miocene AND-2A core in the Ross Sea
provides a unique way for enriching our understanding of the evolving
landscape and climate in Antarctica during this time. The AND-2A core
was drilled in 2007 from a fast-ice platform in southern McMurdo
Sound, adjacent to the Transantarctic Mountains into sediment that
was deposited as a result of rifting-associated subsidence (Fielding
et al., 2008a). The rising Transantarctic Mountains provided a high sedi-
ment supply to the basin via alpine or outlet glaciers. A 1.5–2.0 km-thick
sedimentary wedge (increasing in thickness to the east) was deposited
as a result of sedimentation that equaled or exceeded the rate of subsi-
dence (Wilson, 1999). The 1138.54-meter core covers the interval from
20.1687 to 14.29 Ma and exhibits a remarkable 98% recovery rate
(Harwood et al., 2009), providing ample sediment for multiple analyses.

Unlike many other Antarctic cores and outcrop where recovery is
poor, dating is vague, or the recovered interval is short, the AND-2A
core provides a rare opportunity for palynological data to be accurately
compared with other paleoenvironmental proxies (e.g., δ18O, pCO2)
using precise dating available on a core that spans a long period of
time (Ma as opposed to kyr). For instance, 40Ar–39Ar laser analyses
on AND-2A volcanic rocks (Di Vincenzo et al., 2010) indicate that
the interval from 358–1093 mbsf is a Lower Miocene (ca. 16.0 to
ca. 20.1 Ma) stratigraphic section comprising a series of sedimentary
cycles (e.g., Fielding et al., 2011). Biostratigraphic,magnetostratigraphic,
and radiometric dating techniques have yielded a precise age model for
the core (Acton et al., 2008; Marcano et al., 2009). Since its original pub-
lication, the agemodel has been updated tofit additional paleomagnetic,
radiometric, and biostratigraphic age constraints in the interval 296.34–
1138.54 mbsf (Acton et al., unpublished data). Rather than use a
constant sedimentation rate over this whole interval, as was done by
Acton et al. (2008), the new agemodel accounts for changes in sedimen-
tation rates as well as hiatuses, which together improves the fit of the
age model to the constraints and presumably increases the accuracy of
the model. For this study we use the updated, unpublished age model,
which is discussed further in the methods section.

Initial palynological characterization was carried out at intervals
throughout the AND-2A core (in Taviani et al., 2008). In this study, we
analyzed additional samples from the lower section of the core, below
664 mbsf. Our results are presented together with previously obtained
Fig. 1. Composite palynology data of the AND-2A core, including both upper and lower sectio
unpublished data), sedimentology (Fielding et al., 2008b), concentrations of palynomorphs (g
are:Nothofagidites spp., Podocarpidites spp., other angiosperm pollen, cryptogam spores, freshw
material. Data above the dashed linewere analyzed byWarny et al. (2009)., supplementary sam
byWarny, Askin, and Bart. Data below thedashed line represent thenewdata analyzed for this p
defined intervals are indicated by roman numerals in the rightmost column.
palynological data from the upper section of the AND-2A core (Warny
et al., 2009; Foersterling, 2011) and compared with other AND-2A
studies and global climate proxies.

2. Methods

2.1. Palynological methods

Ninety new samples from the lower section of the AND-2A core be-
tween 664.00 and 1126.75 mbsf were analyzed in this study. Samples
were selected primarily based on preliminary results in Taviani et al.
(2008). Intervals of inferred changes in precipitation and temperature
in the lower section of AND-2A (Feakins et al., 2012)were also targeted.
It is important to note that fine-grained sediments were preferentially
selected for sampling when possible, as palynomorphs are generally
associated with these types of sediment. We also note that there does
not appear to be a winnowing of palynomorphs from sandier samples
(i.e. palynomorphs were not obviously absent or sparse in the sandier
samples; Table SI 1).

Samples were chemically processed to extract all palynomorphs. Dry
sedimentwasweighed and spikedwith a knownquantity of Lycopodium
spores to allow for calculation of palynomorph concentrations. Dry sed-
imentwas successively treatedwith hydrochloric acid, hydrofluoric acid,
and heavy liquid separation (e.g., Brown, 2008). Samples were sieved
between a 10 and 250 μm fraction, and the remaining residue was
mounted to microscope slides using glycerine jelly. All samples were
stained with Safranin red dye. As palynomophs are generally sparse in
the AND-2A core, entire slides were counted for palynomorphs, with
the exception of two samples in which palynomorph counts exceeded
300. We note that, while the authors are familiar with palynological
standards of counting, these Antarctic sediments are shared among
a group of 100+ scientists and that the palynomorphs are often sparse,
making counting 300 palynomorphs difficult at best and impossible
at worst. For transparency, we include a table of our raw counts
(Table SI 1).

After palynomorphs were tabulated and tallied, palynomorph con-
centration was calculated for each specimen using the equation from
Benninghoff (1962): c = (Pc × Lt × T)/(Lc × W), where C = concentra-
tion (specimens per gram of dried sediment, gdw−1), Pc = the number
of palynomorphs counted, Lt = the number of Lycopodium spores per
tablet, T = the total number of Lycopodium tablets added per sample,
Lc = the number of Lycopodium spores counted, W = the weight of
dried sediment.

Results obtained from this studywere combinedwith summary data
from 72 samples from the middle section of the core (229.15–
618.48 mbsf) studied by Warny et al. (2009) and Foersterling (2011).
Summary data from the upper and lower sections of the corewere com-
pared with other palaeoenvironmental proxies such as pCO2 (Royer,
2006 and references therein; Zhang et al., 2013), leaf wax C28-acid abun-
dance and hydrogen isotopes of leaf waxes (Feakins et al., 2012), and
Nothofagidites pollen grain size (Griener and Warny, submitted for
publication), as well as other ANDRILL studies included in the discus-
sion. Raw data are provided in a supplementary table, Table SI 1.

2.2. Age model

As mentioned in the introduction, we use an updated age model for
the AND-2A core. Although this improved age model has not been
published yet, the first version was published by Acton et al., 2008 and
ns. From left to right, the columns represent: sample depth (mbsf), key ages (Ma; Acton,
dw−1), and interpreted palynological intervals. The groups of palynomorphs represented
ater algae, dinoflagellate cysts, and, for samples below 664mbsf, leiospheres and reworked
ples (430.58–439mbsf) were summarized in Foersterling (2011), a MS thesis supervised
aper. Gray bars indicate intervals of increased palynomorph concentration. Palynologically-
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integrated magnetostratigraphy, biostratigraphy, 40Ar/39Ar dating,
and Sr dating. The new age model differs in two ways from the
2008 model. First, new paleomagnetic data were added, reducing
the amount of uncertainty in magnetostratigraphic boundaries.
However, the addition of these data did not change the previous
boundaries significantly. Second, the new age model incorporates
the possibility of several hiatuses. While the previous age model
computed only the simple linear depth-vs-age fit, the newmodel in-
corporates several piecewise linear segments that are separated at
depths where hiatuses are suspected. It should be noted that
the new age model is compatible with the one published in 2008.
Overall, the new model gives ages that are mostly within 100 kyr
of ages estimated by Acton et al. (2008). While absolute ages are
rarely known more precisely to the nearest 0.5 Ma, ages are
reported to the nearest ten-thousandth (rounded to four decimals)
to denote relative ages in the stratigraphic section. A table of ages
of hiatuses for the new age model is provided for transparency
(Table SI 2).

3. Results

3.1. Palynology of the lower section of AND-2A

Results from the lower section of AND-2A indicate that in situ
pollen concentrations (per gram of dry weight; gdw−1) increased
during several intervals (Fig. 1). The highest peaks in terrestrial
palynomorph concentrations in the lower section of the AND-2A
core are at 872.99 (385.7 gdw−1 concentration) and 908.13 mbsf
(236.4 gdw−1 concentration), respectively. Obvious reworking was
minimal at 908.13 mbsf (concentration of reworked palynomorphs
was b16 gdw−1), but more pronounced at 872.99 mbsf (concentration
of reworked palynomorphs was b48 gdw−1). In situ palynomorph
concentrations peak in other AND-2A samples as well (N110 gdw−1

at 1126.8, 1025, 1021.2, 1010, 1004, 939.26, and 933.27 mbsf). In the
upper section of the core analyzed by Warny et al. (2009) and
Foersterling (2011), several intervals have concentrations that are this
high or higher. Specifically, the interval from 434.02 to 431.90 mbsf
is associated with terrestrial palynomorph concentrations that are
unmatched anywhere else in the core (N980 gdw−1 in 4 of the 5
samples from this interval), but this level lacks the high concentra-
tion in in situ dinoflagellate cysts that are seen in the 310 mbsf
layer. Terrestrial palynomorph concentrations N110 gdw−1 are also
present in other samples from this section (450.01, 426.99, 422.79,
418.59, and 404.72 mbsf). See Fig. 1.

3.2. Reworked specimens

Reworking is a tangible issue in the lower section of the AND-2A
core, and, in the initial palynological survey, it was also noted
(Taviani et al., 2008) that a significant portion of the terrestrial
palynomorphs in some samples from the lower section might be
reworked. While some inclusion of reworked palynomorphs in
counts is inevitable, we consider the counts presented here to largely
represent the penecontemporaneous vegetation. Care was taken to
avoid obviously reworked palynomorphs (i.e., palynomorphs that
exhibited discoloration, darkening or, for example, those with Perm-
ian–Triassic age ranges). To avoid circular reasoning (i.e. taxa previ-
ously believed to disappear from the Antarctic record at the E/O
cooling transition are thus excluded from the in situ count), we in-
clude taxa such as certain Proteaceae, Nothofagidites brassii group,
and certain podocarp conifers (such as Phyllocladidites mawsonii)
and denote their uncertain inclusion with an asterisk (*) in Fig. 2. It
is still not known with certainty whenmany of these plant taxa actu-
ally disappeared from the Antarctic vegetation (i.e. during the end
Eocene cooling, in the Oligocene, or in the Miocene), due to the in-
complete record and the prevalence and ease of recycling in
Antarctic sediments. N. brassii group palynomorphs as well as some
of the Proteaceae and certain podocarp taxa occur as single or rare
specimens, and therefore do not significantly increase the in situ
count.

Reworked marine and terrestrial palynomorphs were found in
most samples from the lower section of AND-2A. The concentrations
of reworked material range from 0 gdw−1 (1118.98, 1050, 933.27,
885, 877.20, 811.50, and 808.50 mbsf, respectively) to 307.01 gdw−1

(836 mbsf). Reworking was particularly evident in samples from
1126.75 mbsf (99.22 gdw−1), 1007 mbsf (117.96 gdw−1), 997.20 mbsf
(215.01 gdw−1), 860.50 mbsf (85.68 gdw−1), and 836 mbsf
(307.01 gdw−1), respectively.

3.3. Marine specimens

Abundant leiospheres and sparse dinoflagellate cysts were recov-
ered throughout the lower section of the core. The finding of copious
amounts of in situ leiospheres is consistent with other Antarctic Mio-
cene studies (e.g., Hannah et al., 2000; Warny et al., 2006, 2009) and
they are considered an indicator of sea ice conditions, whichwere likely
during the middle Miocene icehouse in Antarctica. Fragmented speci-
mens of reworked Eocene Vozzhennikovia apertura were recovered
throughout the lower section of the core, similar to reports by Warny
et al. (2009) and Foersterling (2011). Unlike what was found in the
310–312 mbsf interval, many well-preserved specimens of
Operculodinium centrocarpum or Pyxidinopsis braboi concurrent with
the dramatic increases in terrestrial palynomorphs were not observed
in the lower section of AND-2A, though we did observe increases in in-
determinate dinoflagellate fragments that are possibly reworked.

3.4. Freshwater algal spores

Unlike the upper section of the AND-2A core, freshwater algal spores
such as Pediastrum and Scenedesmus were not observed in the lower
sections of the core, though spores of Zygnemaceae were identified in
several samples. These freshwater algae are often observed in shallow,
stagnant waters (e.g., van Geel and Grenfell, 1996) and are common in
Neogene lake deposits of Siberia (Warny, pers. comm.). The overall con-
centrations of freshwater spores in the lower section of AND-2A were
comparable to those of the upper section of the core (b7 gdw−1).
Despite their relatively low concentrations, their presence is a likely
indicator of freshwater.

3.5. Terrestrial palynomorphs

Two abrupt increases are observed in the terrestrial signal, at 908.13
and 872.99mbsf. Although variable, terrestrial palynomorph concentra-
tions are generally high (N25 gdw−1) from 1029.50 to 867.00mbsf. The
assemblage of spores and pollen in the lower sections of the AND-2A
core has low diversity, and is mainly composed of Nothofagidites fusca
group pollen. Pollen of these southern beeches are the most common
palynomorphs found in Antarctic palynological records (e.g., Truswell
and Macphail, 2009; Warny et al., 2009; Anderson et al., 2011; Warny
and Askin, 2011a,b). The most common species observed in AND-2A
are N. lachlaniae and the Nothofagidites sp. cf. N. flemingii–N. saraensis
complex, both members of the N. fusca group, generally thought to be
more cold tolerant than otherNothofagus groups, based on comparisons
with their modern counterparts [e.g. N. solandri, which has a cold toler-
ance of−20 to−5 °C (Sakai andWardle, 1978); N. truncata, which has
a cold tolerance of −10 to −7 °C (Sakai et al., 1981); or N. dombeyi
which can form stands on supraglacial debris (Veblen et al., 1989)]. Al-
though specimens of the N. brassii group were sparse, their presence
was noted because they are associated with more temperate environ-
ments. However, these are likely reworked, so further interpretation
based on their presence was avoided. Several species of Podocarpidites
sp. (podocarp conifer) were observed, including Podocarpidites c.f.
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Fig. 2.Detailed palynology of the lower section of the AND-2A core. The data represented is as follows: depth (mbsf) and concentration of palynomorphs (gdw−1). Species are grouped as
follows: terrestrial spores and pollen and spores, freshwater algae, dinocysts, acritarchs, and reworkedmaterial. The intervals defined based on palynology of the lower section of AND-2A
are listed in the first column.
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exiguus. Additional bisaccate pollen grains, identified as P. mawsonii,
were identified throughout the lower section of the drillhole, and they
may be reworked. Well preserved triporate proteaceous specimens
were observed inmany samples and include Proteacidites pseudomoides,
P. ?angulatus [as per Dettmann and Jarzen's (1996) categorization of
triporate pollen], as well as various other undifferentiated triporate pol-
len specimens. Multiple Chenopodipollis sp. specimens, considered in
situ and not modern contaminants, were often found in samples
where other terrestrial palynomorphs were sparse or nonexistent.
See Plate 1.
4. Discussion

4.1. Discussion of AND-2A palynology

Despite the challenges inherent with considerable reworking and
sparse terrestrial assemblages with low diversity, broad intervals were
identified in the lower section of AND-2A during which warmer
paleoenvironmental conditions prevailed. Species present in the lower
section are similar to those found in the upper section, indicating that
summer temperatures during this time might have been similar to
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Plate 1. Key palynomorphs from the AND-2A core. 1.Nothofagidites lachlaniae, 757.1mbsf, EFS_M31/3; 2.Nothofagidites sp. cf.N. flemingii–N. saraensis complex, 908.13mbsf, EFS_L33/4; 3.
Chenopodipollis sp., 794.03 mbsf, EFS_G32/3; 4. Proteacidites sp., 1021.2 mbsf, EFS_G40/1; 5. Tricolpites sp., 933.27 mbsf, EFS_R43/1; 6. Podocarpidites sp., 877.2 mbsf, EFS_M42/2; 7.
Coptospora sp. (coarse grained), 1021.2 mbsf, EFS_Q17/2; 8. Zygnemaceae spore, 997.42 mbsf, EFS_O12/1; 9. Leiosphaeridia sp. (thin), 664 mbsf, EFS_E36/2; Scale bars = 25 μm.
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those estimated for the upper section (Warny et al., 2009; Feakins et al.,
2012), at amaximumof 10 °C. Thesewarmer intervals are distinguished
based on four palynological criteria. First, higher terrestrial
palynomorph concentration (gdw−1, Fig. 3) are indicative of favorable
plant growing conditions. Presumably, the most extensive vegetation
expansions occurred during intervals most conducive to plant growth
(generally warm andmoist). Second, the lack or decrease in leiospheres
is indicative of sea-ice minima. Where there is seasonal ice with N50%
open water, leiospheres are generally at their most abundant (Mudie,
1992; Warny et al., 2006). Under freezing water conditions and
pack ice where there is b25% open water, the relative abundance of
leiospheres begins to decrease, though still has a comparably high rela-
tive abundance to its relative abundance under open water conditions
(Mudie, 1992; Warny et al., 2006). Thus, low numbers of leiospheres
indicate more open water conditions with less sea or pack ice. Third,
low relative abundance in reworked material is also interpreted as a
sign of decreased glacial activity. Lastly, the presence of spores of
Zygnemaceae is considered as an indicator of fresh, melted water pres-
ence, hence temperatures above freezing. Note that these Zygnemaceae
freshwater algae occasionally occur during intervals under which no
vegetation expansion occurred (discussed below). In addition to
acknowledging broad intervals of different paleoenvironments in the
lower section of the core, we continued this method of subdivisions
through the upper section of the core analyzed by Warny et al. (2009)
and Foersterling (2011).

We describe each interval below in terms of palynological assem-
blage found and paleoenvironmental interpretation.

4.1.1. Interval I: 1126.75–1033.5 mbsf (20.1587–20.0795 Ma)
The combined presence of reworked terrestrial material, reworked

Eocene V. apertura specimens, and leiospheres indicates conditions of
sea-ice presence. Indeed, in the lowermost interval of the AND-2A core
examined, the concentrations of leiospheres are remarkably high
(2181 gdw−1 at 1120.96 mbsf, 1940 gdw−1 at 1093.25 mbsf, and
649 gdw−1 at 1050 mbsf, respectively). The concentration of in situ ter-
restrial palynomorphs is also extremely low during this interval
(b12 gdw−1 in 10 of the 14 samples analyzed from this interval). These
factors strongly suggest sea-ice advance under cold conditions. There is,
however, a spike of freshwater alga Zygnemaceae at 1115 mbsf, which
suggests slightly warmer conditions allowing meltwater at that time.
This is perhaps due to briefly increasing temperatures that caused melt-
water accumulation, but were too brief for vegetation expansion.

4.1.1.1. Interval II: 1033.5–997.2mbsf (20.0795–20.0487Ma). Interval II is
interpreted as a fluctuating but overall warmer interval than Interval I.
This is indicated by the significant and steady decrease in leiospheres
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at 1040mbsf (to 152 gdw−1, from1940 gdw−1 at 1093.25mbsf). In situ
terrestrial palynomorph concentrations also increased starting at
1040 mbsf until they reached 209 gdw−1 at 1007 mbsf. In addition, a
Zygnemaceae specimen was observed at 1029.5 mbsf. The presence of
freshwater algal spores reflects increases in meltwater, runoff, or pre-
cipitation, as a result of increasing temperatures. It should be noted
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that the amount of reworked palynomorphs increases in this interval,
perhaps as a result of increased erosion/transportation by downcutting
streams (evidenced by the presence of freshwater spores).

4.1.2. Interval III: 997.2–917.01 mbsf (20.0487–19.2029 Ma)
The concentration of in situ terrestrial palynomorphs decreased

dramatically at 997.2 mbsf to b30 gdw−1, suggestive of a cooler period.
Although the concentration of reworked material is only moderate
(50 gdw−1) at 940.23 mbsf, the leiosphere concentration is high
(1269 gdw−1). Together, these factors strongly suggest increased sea-
ice build-up during this interval. Possibly, conditions were slightly
more conducive to vegetation expansion at ~933.27mbsf when the ter-
restrial palynomorph concentration increased slightly, coincident with
moderate levels of leiosphere cysts and low appearances of reworked
palynomorphs.

4.1.3. Interval IV: 917.01–867 mbsf (19.2029–19.0529 Ma)
Terrestrial palynomorph concentration at 908.13 mbsf increases

significantly (236 gdw−1), but is not accompanied by the presence of
Zygnemaceae spores, although they did occur immediately below. The
palynomorphs found in this sample were extremely well preserved,
and the concentration of reworked material was remarkably low
(16 gdw−1), suggesting that this was an interval of warming and possi-
bly sea-ice retreat.

Zygnemaceae freshwater algal spores were common at the depth of
exceptionally high terrestrial palynomorph production and relatively
low concentrations of reworked palynomorphs at 872.99 mbsf. Here,
the concentration of Zygnemaceae spores is 3 gdw−1 at 872.99 mbsf,
concurrent with an increase in in situ terrestrial palynomorph concen-
tration of 386 gdw−1. Although reworkingwas apparent at this interval
(48 gdw−1 concentration), the combined presence of in situ terrestrial
palynomorphs and Zygnemaceae specimens, and relatively high diver-
sity (compared to other sections of AND-2A) suggests that these sedi-
ments were deposited under slightly warmer and moister conditions.
We thus identify the palynomorph assemblage in Interval IV as sugges-
tive of the warmest interval in the lower ~500 m of core.

4.1.4. Interval V: 867–664 mbsf (19.0529–17.4097 Ma)
Terrestrial palynomorph concentrations remain extremely low

from 860.5 to 778.49 mbsf. Concentrations of spores and pollen are
b20 gdw−1 in 20 of the 24 samples analyzed from these depths. More-
over, considerable reworking occurred at 860.5 mbsf (N85 gdw−1

concentration), and all palynomorphs found at 836 mbsf were likely
reworked (N307 gdw−1). Varied concentrations of leiospheres were
noted in the interval from 860.5 to 778.49 mbsf (1 to 128 gdw−1, aver-
age: 53 gdw−1). This interval is thought to reflect increased glaciation
and sea-ice conditions because of the dramatic increase in reworked
terrestrial palynomorphs as well as the presence of leiospheres and
the reworked dinoflagellate cyst V. apertura. At 815.00 mbsf, there is a
4.25-fold increase in the number of Chenopodipollis specimens, but
Nothofagidites specimens are notably absent. This is consistent with
herbaceous flowering plants Chenopodiaceae and some species of
Caryophyllaceae (both of which produce pollen that can be included
in Chenopodipollis) having a higher tolerance for drought and cold
thanwoody plants, hence their presence in otherwise barren sediments
(Fig. 2). For example, Chenopodipollis pollen were also reported in
Pliocene cores off the northern Antarctic Peninsula, and represent
weedy plants growing in similar, barely-tenable conditions (Warny
and Askin, 2011b).

Possibly, a very brief period of warming occurred between 764.99
and 745.95 mbsf (17.7535–17.7091 Ma), when terrestrial palynomorph
concentrations slightly increased to between 50–77 gdw−1. Leiospheres
are notably absent from the sediments analyzed at 764.99mbsf, suggest-
ing a possible reprieve from sea-ice conditions. However, the concentra-
tions of both leiospheres and reworked palynomorphs increase upcore,
concurrent with an in situ terrestrial palynomorph concentration
decrease to an essentially barren situation (b4 gdw−1), suggesting
that, overall, cooler conditions prevailed in Interval V from 860.5–
664 mbsf (Fig. 2).

4.1.5. Possible intervals in the upper section of AND-2A
Possibly, Phase V extends into the upper section of the core analyzed

by Warny et al. (2009) and Foersterling (2011), from 867–458.11 mbsf
(17.7535–16.5619Ma), with a second brief peak in the terrestrial signal
at ~600 mbsf (17.2830–17.2703 Ma; Figs. 1–3, SI 1). The same trend of
sparse palynomorph recovery continues until the interval from 458.11–
403.47mbsf (16.5619–16.4538Ma)when in situ palynomorph concen-
trations increase (marked as Interval VI on Figs. 1–3, SI 1). Palynomorph
concentrations once again decrease to b5 gdw−1 from 403.47–
311.43 mbsf (16.4538–15.6379 mbsf), indicating an interval of in-
creased cooling/aridity (marked as Interval VII on Fig. 3). Warny et al.
(2009) observed a final increase in terrestrial palynormoph concentra-
tions to ~80 gdw−1 concurrent with an increase in the concentration
of Zygnemaceae spores and other freshwater algae and a significant
increase in warmer-water dinoflagellate cysts around the interval
from 311.49–289.93 mbsf (15.6379 to a more poorly constrained age
of 15.89–14.54 Ma; marked as Interval VIII on Figs. 1–3), suggesting
that there was a brief interval of wetter and warmer temperatures in
the uppermost section of AND-2A (Fig. 1).

4.2. Comparison with other evidence from AND-2A

Previous studies conducted on modern Nothofagus trees (e.g., Suarez
et al., 2004) and Antarctic Nothofagidites pollen (Griener et al., 2013;
Griener and Warny, submitted for publication) relate the distribution of
Nothofagus plants and pollen to sensitivity to moisture availability. This
research suggests that fluctuations in the abundance of Nothofagidites
are controlled as much as, or possibly more than by changes in moisture
availability than by temperature and other limiting factors (Griener et al.,
2013; Griener andWarny, submitted for publication). Abrupt shifts in the
abundance ofNothofagiditespollen in theAND-2A coremay suggest short
intervals of rapid glaciation and deglaciation, which would greatly affect
water availability. Pollen grain size around 872.99mbsf, when in situ ter-
restrial palynomorph concentrations rose to 386 gdw−1, was relatively
small (~25 μm in diameter, as opposed to ~35 μm in other sections of
the ANDRILL core, where concentrations were lower), suggesting
increased moisture availability during this time (Griener and Warny,
submitted for publication). This is consistent with an increase of
Zygnemaceae spores, indicative of freshwater availability.

There are, however, several exceptions to the increasingly arid trend
in the Miocene. Feakins et al. (2012) analyzed hydrogen isotopes of
plant leaf waxes from the AND-2A core to infer shifts in temperature
and moisture availability. When compared with palynomorph concen-
trations from the upper sections of AND-2A, Feakins et al. (2012)
noted that increases in palynomorph concentrations in the upper
section of the core were coincident with increases in leaf wax C28-acid
abundance and hydrogen isotope δDC28-acid values, consistent with
increase in plant production under conditions of increased precipitation
and temperature. We note a similar, though muted, trend in the lower
section of the AND-2A core. Both leaf wax C28-acid abundance and
δDC28-acid are elevated in the lowermost samples analyzed by Feakins
et al. (2012), consistent with the increases in terrestrial palynomorphs
and inferred warming in Interval II. More notably, an increase in the
hydrogen isotope of leaf waxes, interpreted by Feakins et al. (2012) to
suggest an increase in temperature and precipitation, is concurrent
with the increase in terrestrial palynomorph concentration in Interval
IV. A brief decrease in C28-acid (μg gdw−1) in Interval IV is concurrent
with a decrease in terrestrial palynomorph concentrations in the same
interval (Fig. SI 1).

Interpretations based on palynological analyses are also supported by
other AND-2A studies. Passchier et al. (2011) categorized the sedimenta-
ry facies of the AND-2A core. Stratified diamictite was interpreted as an
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open-shelf setting under meltwater conditions; and mudstone facies
were interpreted as conditions under ice sheet minima. Generally,
increases in the terrestrial palynomorph signal are concurrentwith strat-
ified diamictite–mudstone and mudstone-dominated facies, reflecting
meltwater conditions. Specifically, the warmest intervals identified by
palynomorph assemblages (Intervals II, IV, VI, and VIII, see Fig. SI
1) were all consistent with these types of facies. As discussed above,
Interval I is characterized by reworking and in situ assemblages (primar-
ily leiospheres), suggesting sea-ice presence and glacial advance, similar
to the lowermost interval discussed in Passchier et al. (2011; Fig. SI 1).
The uppermost section analyzed of AND-2A (above 289.83 mbsf) is
also characterized by low terrestrial palynomorph concentrations,
consistent with the facies characterization of Passchier et al. (2011).

Fielding et al. (2011) identified seventy-four high-frequency se-
quences interpreted to represent ice proximity (greater or less proxi-
mal). Their data indicate a glacially-dominated section of the core
from1138–901mbsf (20.2–19.4Ma), punctuated by an interval of distal
ice conditions from 20.1–20.05 Ma (Fielding et al., 2011). While this is
largely consistent with our findings in Intervals I and III (characterized
by abundant leiospheres and reworking), palynological data suggest a
longer period of warming around 20Ma, evidenced by increased diver-
sity (from 1012.455–1000 mbsf; 20.0617–20.0511 Ma), and the pres-
ence of Zygnemaceae spores (Fig. 2). Overlying these sediments, a
mudrock-dominated interval recording primarily ice-distal conditions
was observed between 901 and 775mbsf (Fielding et al., 2011), consis-
tent with our findings of increased plant production in Interval IV, most
notably at 908.13 and 872.99 mbsf, respectively (Fig. SI 1). Most of the
palynomorphs found in Interval V (867–458.11 mbsf) were various
leiospheres, suggesting that themore ice-proximal environment identi-
fied by Fielding et al. (2011) between 775 and 638 mbsf perhaps
extended farther downcore (to ~867 mbsf). This inconsistency is possi-
bly due to a lower sampling resolution from ~800–900 mbsf in Fielding
et al. (2011). Notably, the period of abundant palynomorphs peaking at
~434 mbsf (Interval VI) occurs during or near the period of glacial
retreat from 471–436 mbsf, though not actually in the period of less
ice proximal conditions (Fielding et al., 2011; Fig. SI 1). Increasingly
proximal ice conditions recorded in the remaining uppermost section
of the core are consistent with palynological findings of absent or sparse
palynomorphs, with the exception of an increase in concentration at
~294 mbsf (Interval VIII). Our data largely coincide with the low
frequency intervals of ice proximal and distal conditions observed by
Fielding et al. (2011), though some discrepancies do exist. However,
our data better match the higher frequency sequences of ice conditions
identified by Fielding et al. (2011). See Fig. SI 1.

Nyland et al. (2013) examined volcanic glass in AND-2A core likely
from Mt. Morning in the Erebus Volcanic Province. They compared the
amount of volcanic glass (vol.%; Panter et al., 2008) with ice proximal
records (Fielding et al., 2011) and found a strong correlation between
the two; higher amounts of volcanic glass were found in sediments
from more ice-distal periods. Conversely, less volcanic glass was found
during periods of more ice-proximal conditions (Nyland et al., 2013
and references therein). Nyland et al. (2013) theorized that the thick-
ness and extent of glaciers induced or relieved stress on the upper
crust, thereby affecting magma storage and influencing magmatic
geochemistry of Mt. Morning. We did not find a consistent relationship
between the concentrations of terrestrial palynomorphs and ice prox-
imity (discussed above) or percent of volcanic glass between 300–800
mbsf (Fig. SI 1). However, we do note that the peak in the terrestrial
palynomorph signal in Interval VI does appear to occur at the onset of
increased vol. % (Panter et al., 2008; Fig. SI 1) and that the otherwise
lack of correlation may, in part, be due to differences in the sampling
intervals between data sets.

We also compared palynological data with mollusk data from Beu
and Taviani (2014), who found mollusks, including diverse Pectinidae,
in several AND-2A intervals. They interpreted the presence of Hiatella
cf. arctica as indicative of relatively warm sea temperatures (~5 °C
warmer than present Ross Sea temperatures; Beu and Taviani, 2014).
Most notably, fragments of multiple Pectinid species and a complete
Hiatella cf. arctica specimen were recovered at 430.54–.68 mbsf,
and an additional mollusk was found in the immediately overlying sed-
iments (429.92–430.02 mbsf; Beu and Taviani, 2014; Fig. SI 1). This is
consistent with palynological Interval VI, which contains the highest
concentrations of in situ terrestrial palynomorphs in AND-2A. In the
lower section of AND-2A, mollusks are found in palynological Interval
II and between Intervals III and IV, which indicates that the base depth
for Interval IV may realistically be slightly lower (Fig. SI 1).

Talarico and Sandroni (2011) and Sandroni and Talarico (2011)
analyzed sediments and clast assemblages from the lower and upper
sections of the ANDRILL core, respectively. Provenance analyses of the
upper section of AND-2A (lower to upper Miocene) indicated two dif-
ferent areas of sediment source in two glacial scenarios (Sandroni and
Talarico, 2011). The shift between the two scenarios at ca. 17.35 Ma is
thought to reflect the onset of the MMCO (Sandroni and Talarico,
2011). This is consistent withWarny et al.'s (2009) data, which indicate
a peak in terrestrial plant productivity at 17.28Ma (adjusted per Acton's
new ANDRILL age model; 593.28 mbsf).

4.3. Comparison with global proxies

To better understandwhat the driving forces are behind the palyno-
logical changes observed, we compared the ANDRILL palynological
signalwith global climate proxies (Fig. 3h–l). Intervals of high terrestrial
palynomorph concentrations were compared with pCO2 (Royer, 2006
and references therein; Zhang et al., 2013), the Miller et al. (2005)
global sea level curve, and a modeled solution for cycles of insolation
and eccentricity (Laskar et al., 2004). The relatively continuous sedi-
mentation rate and age interval covered by the ANDRILL 1B core drilled
in 2006 allowed for obliquity-paced oscillations in West Antarctic ice
sheets to be observed (Naish et al., 2009). Hiatuses in AND-2A are diffi-
cult to constrain and potentially numerous, especially those lasting on a
scale of thousands or tens of thousands of years. The hiatuses in the age
model (Acton et al., unpublished data), which are shaded yellow in
Figs. 3 and SI 1 and listed in Table SI 2,were selected at erosive lithologic
contacts, with the duration of the hiatuses constrained by the age data
(e.g. 40Ar/39Ar dates, biostratigraphy, magnetostratigraphy, and Sr
dates). Another limitation we considered is the fact that the palynolog-
ical sampling interval was partially controlled by sediment type, as
palynomorphs are generally better preserved in finer-grained sedi-
ments. This inherently leads to an irregular sampling interval, which
further complicates observations of cyclicity in palynological data. For
these reasons, we focus on the correlation with low-frequency cyclicity
(400-kyr eccentricity), and present one of potentially several valid
interpretations of orbitally-paced climate change in early to middle
Miocene Antarctica.

Primary correlations to global climate proxiesweremadebased on the
terrestrial palynomorph signal (shaded in green in Figs. 3 and SI 1) and
on samples of increased leiosphere cysts and/or reworked specimens
(blue dotted lines in Figs. 3 and SI 1) in conjunction with the age model
and certainty of ages. Several secondary ties to global proxies were
made based on additional data from the AND-2A core (conditions of
more or less ice proximity, increased or decreased leaf wax abundance
and δD, presence of Hiatella sp. mollusks; hashed green and blue lines in
Figs. 3 and SI 1).

Based on our interpretation and age control limitations, there were
moderate correlations between increased terrestrial palynomorph con-
centrations and elevated pCO2, though no pronounced correlations are
observed. For example, Interval II coincides with increasing pCO2. Inter-
val IV and the warm peaks within Interval V may coincide with moder-
ately elevated pCO2 as well. However, the brief peak in terrestrial
palynomorph concentrations observed within Interval III coincides
with decreasing pCO2, as does Interval IV. Under this interpretation,
the terrestrial palynomorph signal is also moderately in agreement
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with the relative sea level curve (Miller et al., 2005), though there are
several discrepancies. Increased terrestrial palynomorph concentrations
in Intervals II and VIII, and within Interval III coincide with times of
relative sea level rise (Miller et al., 2005), which are likely caused by de-
creased glaciation usually under warmer conditions (e.g., Haq et al.,
1987). However, the opposite is observed in Interval VI, when an in-
crease in terrestrial palynomorph concentrations coincideswith relative
sea level fall.

Despite the inherent constraints, a 400-kyr cyclewas observed in the
palynological signal, likely tied to eccentricity variations.Weobserve in-
creased terrestrial palynomorph signals in Intervals II, IV, VI and VIII,
and at ~600 mbsf in Interval V, all coincident with 400-kyr eccentricity
maxima (Fig. 3f). These increases in terrestrial palynomorphs are con-
current with other indicators of slightly warmer climate, as discussed
in Section 4.3.We observe one exception inwhich an increase in the ter-
restrial palynomorph signal coincides with a 400-kyr eccentricity mini-
mum (from 17.7091–17.7535 Ma in Interval V). However, the slight
increase in terrestrial palynomorph concentrations here possibly corre-
lates to a high frequency (100-kyr) eccentricity maximum. Secondary
correlations of warmer conditions based on non-palynological AND-
2Adata (green hashed lines in Figs. 3 and SI 1) also suggest the potential
for a 400-kyr eccentricity-driven climate. Although there is not an
increase in the terrestrial palynomorph signal during the 400-kyr
eccentricity maximum at ca. 16 Ma, the presence of Hiatella sp.
(Beu and Taviani, 2014) and lithofacies suggestive of less ice proximal
conditions (Fielding et al., 2011) suggest that conditions may have
been slightly warmer during this eccentricity maximum. An increase
in leaf wax δD concurrent with more ice distal conditions during Inter-
val III also coincides with an eccentricity maximum (at ca. 19.7Ma) and
an increase in relative sea level (Miller et al., 2005), indicative of warm-
er conditions. Moreover, distal ice conditions of increased temperature
and precipitation largely coincide with intervals of increased terrestrial
palynomorphs that correlate to 400-kyr eccentricity maxima, strength-
ening the argument that these intervals are largely associated with
more temperate conditions.

Intervals of relative coolingwere largely coincidentwith 400-kyr ec-
centricity minima. Samples with notable numbers of leiosphere cysts
and reworked specimens (consistent with sea ice and increased glacia-
tion, respectively) are noted in Fig. 3 (dotted blue lines). Particularly
high concentrations of leiospheres and reworked material in Intervals
I, III, and V are consistent with eccentricity minima (Fig. 3f). Similarly,
ice proximal conditions (Fielding et al., 2011) and intervals of decreased
temperature and precipitation (Feakins et al., 2012) largely coincide
with 400-kyr eccentricity minima (hashed blue lines in Figs. 3, SI 1).

This observed relationship between climatefluctuations and400-kyr
eccentricity during the early and middle Miocene is interesting because
the slight increases in insolation during plant growing seasons andmore
prominent increases in seasonality in the Antarctic during overall period
of glacial climate,might have been the difference between growth or de-
mise of vegetative cover. Zachos et al. (2001) found that pre-Pleistocene
climates strongly responded to eccentricity at 100- and 400-kyr fre-
quencies. Modeling results from Liebrand et al. (2011) suggests that
Antarctic ice sheet expansion correlated to long- and short-term eccen-
tricity cycles during the early Miocene. Ice-sheet expansions on the
southernmost continent coincided with 400 kyr eccentricity minima
(Liebrand et al., 2011). Similarly, the Mi-1 glaciation event coincided
with low frequency eccentricity oscillations (i.e. minimum 400-kyr
eccentricity; Zachos et al., 1997). Zachos et al. (2001) conclude that
this observation, combinedwith evidence for other glacialmaxima coin-
ciding with eccentricity minima, indicate that low-frequency glaciation
(on a scale of 400-kyr) is paced by eccentricity minima. Moreover,
late Pleistocene ice core and other data suggest that temperature
(and not ice volume) is the primary response to eccentricity (Zachos
et al., 2001). We observe generally low concentrations of terrestrial
palynomorphs during 400-kyr eccentricity minima throughout the core.
This is supported by the presence of leiosphere cysts and reworked
material, both indicative of cold temperatures at low frequency eccentric-
ity minima. Conversely, higher eccentricity, both on 100- and 400-kyr
frequencies, may have led to conditions of higher insolation and temper-
ature, more conducive to glacial retreat and vegetation expansion. In-
deed, we observe palynomorph assemblages in Intervals II, IV, VI, and
VIII that are largely indicative of more temperate conditions and coincide
with 400-kyr eccentricity maxima (Fig. 3).

Although we present evidence for an eccentricity-paced climate in
the Antarctic Miocene, several questions remain unresolved. For exam-
ple, there are several increases in leiosphere cyst concentrations within
Interval II and just above Interval II. Interval II is largely interpreted to be
warmer and correlates to high 400-kyr eccentricity (Fig. 3), and the
current age model predicts that the leiosphere-rich deposits just
above Interval II also correlate to high 400-kyr eccentricity. The reason
behind the presence of sea-ice indicative leiospheres during an eccen-
tricity maximum might be linked to the fact that leiospheres are
known to be abundantmostly at the limit between pack ice and season-
al sea ice (Mudie, 1992), somodest changes in sea ice positionwould be
represented in the fossil records. Another discrepancywhere an interval
of increased 400-kyr eccentricity correlates to an interval of low
palynomorph concentrations is Interval VII (Fig. 3). Possibly, this is a re-
sult of a palynological sampling gap or poor palynomorph preservation
in these sediments.

Finally, we present a comparison with regional depositional events
defined by continental shelf stratigraphy. Kerrin (2010) noted a section
of laminated fine-grained sediments indicative of ice-distal and open
marine conditions on the outer continental shelf. This section correlates
to Interval II of this study (see Fig. 3g) and supports the argument
that this interval reflects warmer conditions. Ross Sea Unconformities
(RSUs; ANTOSTRAT Project, 1995) may correlate to hiatuses observed
in the AND-2A core. Three RSUs may be observed within the AND-2A
core (Fig. 3g). The ages of RSU-4 and RSU-4A are based on the work of
De Santis et al., 1995. RSU-5 was originally dated to ca. 21 Ma
(ANTOSTRAT Project, 1995), but was re-dated to 19.2–18.2 Ma (Kerrin,
2010). RSU-5, repositioned per Kerrin (2010), may correlate to the po-
tentially large hiatus in AND-2A (Fig. 3g). Possibly, both RSU-4 and
RSU-4A are slightly younger than originally hypothesized and correlate
to the hiatuses in the AND-2A core at ca. 16.2 and ca. 16.6Ma, respective-
ly. Further understanding of the regional unconformities and glacial
events during theMiocenemay help to confirm this. Finally, Ross Sea Se-
quence 5 (RSS 5) is dated to the early middle Miocene (De Santis et al.,
1995; Chow and Bart, 2003). RSS 5 sediments recovered from DSDP
Site 272 (Balshaw, 1981) indicate that this is an ice-distal time (De
Santis et al., 1995). The deposition of this facies type above the RSU-4
subglacial erosional surface is indicative of ice cap retreat and proglacial
deposit backstepping (De Santis et al., 1995). Possibly, this should corre-
late to the MMCO, though based on the work ofWarny et al. (2009) and
Feakins et al. (2012) and the current AND-2A agemodel, the onset of RSS
5 may have been slightly older (ca. 16.5 Ma) and included Interval VI.
4.4. Conclusions

Palynological assemblage data from the lower section of AND-2A
allowed us to identify five intervals of episodic climate fluctuations
(Intervals I–V; Figs. 1–3). In addition, we identified three intervals in
the upper section of AND-2A based on summary data from Warny
et al. (2009) and Foersterling (2011; Intervals VI–VIII). Palynological re-
sults are largely consistent with other data from this section of the core,
which indicate cycles of increasing and decreasing temperature and
moisture (e.g., Fielding et al., 2011; Passchier et al., 2011; Feakins
et al., 2012; Nyland et al., 2013; Griener and Warny, submitted for
publication). Overall, in keeping with a sparse tundra vegetation,
palynomorph concentrations in AND-2A are low. There are, however,
notable brief intervals of increased spore and pollen counts, suggesting
that perhaps the southernmost continent experienced more frequent
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intervals of favorable growing conditions during the icehouse phase
than originally thought.

When combined with other data from the AND-2A core (Fielding
et al., 2011; Feakins et al., 2012; Beu and Taviani, 2014), the AND-2A
palynological assemblages give evidence for eccentricity-driven climate
change in the Antarctic Miocene. Intervals of increased terrestrial
palynomorph concentrations were largely coincident with 400-kyr
eccentricity maxima, as were other data indicative of increased tem-
perature and moisture and more distal ice conditions. Conversely,
samples with increased concentrations of leiosphere or reworked
material (indicative of sea ice conditions and/or increased glacia-
tion) largely coincided with 400-kyr eccentricity minima, consistent
with previous studies that suggest increased glaciation coincided
with low-frequency eccentricity minima (e.g., Zachos et al., 2001).
In sum, this palynological analysis of AND-2A contributes to our un-
derstanding of the driving forces of Antarctica's climate fluctuations
and plant productivity during the Miocene icehouse world.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gloplacha.2015.01.006.
Acknowledgments

The ANDRILL (Antarctic geologic drilling) Program is amultinational
collaboration between the Antarctic programs of Germany, Italy, New
Zealand, and the United States. Antarctica New Zealand is the project
operator and has developed the drilling system in collaboration with
Alex Pyne at Victoria University of Wellington and Webster Drilling
and Exploration. The U.S. Antarctic Program and Raytheon Polar Ser-
vices Corporation supported the science team at McMurdo Station,
while Antarctica New Zealand supported the drilling team at Scott
Base. Scientific studies are jointly supported by the U.S. National Science
Foundation,NewZealand Foundation for Research Science and Technol-
ogy, the Italian Antarctic Research Program, the German Science Foun-
dation, and the Alfred Wegener Institute. We are grateful to Charlotte
Sjunneskog and the rest of the team at the Antarctic Research Facility
at Florida State University for core sediment sampling. Thanks to Chris
Fielding and Kurt Panter who shared data sets with us. Thank you to
Phil Bart who provided feedback and advice regarding orbital cyclicity
and seismic stratigraphy. Funding for this project was provided by NSF
Grant #1048343 to SW and the Marathon GeoDE Fellowship #101072
to KWG at Louisiana State University.
References

Acton, G., Crampton, J., Di Vincenzo, G., Fielding, C.R., Florindo, F., Hannah,M., Harwood, D.M.,
Ishman, S., Johnson, K., Jovane, L., Levy, R., Lum, B.,Marcano,M.C.,Mukasa, S., Ohneiser, C.,
Olney, M.P., Riesselman, C., Sagnotti, L., Stefano, C., Strada, E., Taviani, M., Tuzzi, E.,
Verosub, K.L.,Wilson, G.S., Zattin,M., the ANDRILL-SMS Science Team,, 2008. Preliminary
integrated chronostratigraphy of the Site AND-2A, ANDRILL Southern McMurdo Sound
Project, Antarctica. In: Harwood, D.M., Florindo, F., Talarico, F., Levy, R.H. (Eds.), Studies
from the ANDRILL Southern McMurdo Sound Project, Antarctica. Terra Antartica 15,
pp. 211–220.

Anderson, J.M.,Warny, S., Askin, R.A.,Wellner, J.S., Bohaty, S.M., Kirshner, A.E., Livsey, D.N.,
Simms, A.R., Smith, T.R., Ehrmann, W., Lawver, L.A., Barbeau, D., Wise, S.W.,
Kulhenek, D.K., Weaver, F.M., Majewski, W., 2011. Progressive Cenozoic cooling and
the demise of Antarctica's last refugium. Proc. Natl. Acad. Sci. 108, 11299–11726.

ANTOSTRAT Project, 1995. Geology and Seismic Stratigraphy of the Antarctic Margin.
AGU Ant. Res. Series 68.

Askin, R.A., 1992. Late Cretaceous–Early Tertiary Antarctic outcrop evidence for past
vegetation and climates. In: Kennett, J.P., Warnke, D.A. (Eds.), The Antarctic
Palaeoenvironment: A Perspective on Global Climate Change. AGU Ant. Res. Series
56, pp. 61–73.

Askin, R.A., 1997. Eocene–?earliest Oligocene terrestrial palynology of Seymour Island,
Antarctica. In: Ricci, C.A. (Ed.), The Antarctic Region: Geological Evolution and
Processes. Terra Antartica, Sienna, Italy, pp. 993–996.

Askin, R.A., 2000. Spores and pollen from the McMurdo Sound erratics, Antarctica. In:
Stilwell, J.D., Feldmann, R.M. (Eds.), Paleobiology and Paleoenvironments of Eocene
Fossiliferous Erratics, McMurdo Sound, East Antarctica. AGU Ant. Res. Series 76,
pp. 161–181.

Askin, R.A., Raine, J.I., 2000. Oligocene and Early Miocene terrestrial palynology of Cape
Roberts drillhole CRP-2/2A, Victoria Land Basin, Antarctica. In: Barrett, P.J., Sarti, M.,
Wise, S. (Eds.), Palaeontological Studies for CRP-2/2A and CRP-1. Terra Antartica 7,
pp. 493–501.

Balshaw, K.M., 1981. Antarctic Glacial Chronology Reflected in the Oligocene Through
Pliocene Sedimentary Section in the Ross Sea. Rice University, Houston, TX.

Benninghoff, W.S., 1962. Calculations of pollen and spore density in sediments by
addition of exotic pollen in known quantities. Pollen Spores 4, 332.

Beu, A., Taviani, M., 2014. Early Miocene mollusca from McMurdo Sound, Antarctica
(ANDRILL 2A drill core), with a review of Antarctic Oligocene and Neogene Pectidinae
(Bivalva). Palaeontology 57, 299–342.

Brown, C.A., 2008. Palynological Techniques. In: Riding, J.B., Warny, S. (Eds.), Am. Assoc.
Strat. Palynologists, Second edition.

Chow, J.M., Bart, P.J., 2003. West Antarctic Ice Sheet grounding events on the Ross Sea
outer continental shelf during the middle Miocene. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 198, 169–186.

De Santis, L., Anderson, J.B., Brancolini, G., Zayatz, I., 1995. Seismic record of Late Oligocene
through Miocene glaciation on the central and eastern continenetal shelf of the Ross
Sea. AGU Ant. Res. Series 68 pp. 235–260.

DeConto, R.M., Pollard, D., 2003. Rapid Cenozoic glaciation of Antarctica induced by
declining atmospheric CO2. Nature 421, 245–249.

Demicco, R.V., Lowenstein, T.K., Hardie, L.A., 2003. Atmospheric pCO2 since 60 Ma from
records of seawater pH, calcium, and primary carbonate mineralogy. Geology 31,
793–796.

Dettmann, M.E., Jarzen, D.M., 1996. Pollen of proteaceous type from latest Cretaceous
sediments, southeastern Australia. Alcheringa 20, 103–160.

Di Vincenzo, G., Bracciali, L., Del Carlo, P., Panter, K., Rocchi, S., 2010. 40Ar–39Ar dating of
volcanogenic products from the AND-2A core (ANDRILL Southern McMurdo Sound
Project, Antarctica): correlations with the Erebus Volcanic Province and implications
for the age model of the core. Bull. Volcanol. 72, 487–505.

Feakins, S.J., Warny, S., Lee, J.-E., 2012. Hydrologic cycling over Antarctica during the
middle Miocene warming. Nat. Geosci. 5, 557–560.

Fielding, C.R., Whittaker, J., Henrys, S.A., Wilson, T.J., Naish, T.R., 2008a. Seismic facies and
stratigraphy of the Cenozoic succession in McMurdo Sound, Antarctica: implications
for tectonic, climatic, and glacial history. Palaeogeogr. Palaeoclimatol. Palaeoecol. 260,
8–29.

Fielding, C.R., Atkins, C.B., Bassett, K.N., Browne, G.H., Dunbar, G.B., Field, B.D., Frank, T.D.,
Krissek, L.A., Panter, K.S., Passchier, S., Pekar, S.F., Sandroni, S., Talarico, F., the
ANDRILL-SMS Science Team, 2008b. Sedimentology and stratigraphy of the AND-2A
core, ANDRILL Southern McMurdo Sound Project, Antarctica. In: Harwood, D.M.,
Florindo, F., Talarico, F., Levy, R.H. (Eds.), Studies from the ANDRILL Southern
McMurdo Sound Project, Antarctica. Terra Antartica 15, pp. 77–112.

Fielding, C.R., Browne, G.H., Field, B., Florindo, F., Harwood, D.M., Krissek, L.A., Levy, R.H.,
Panter, K.S., Passchier, S., Pekar, S.F., 2011. Sequence stratigraphy of the ANDRILL
AND-2A drillcore, Antarctica: a long-term, ice-proximal record of Early to
Mid-Miocene climate, sea-level and glacial dynamism. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 305, 337–351.

Foersterling, L.R., 2011. Antarctic Plant and Phytoplankton Response to the First Phase of
the Mid Miocene Climatic Optimum at South McMurdo Sound. Louisiana State Uni-
versity, Baton Rouge, LA.

Francis, J.E., Ashworth, A., Cantrill, D.J., Crame, J.A., Stephens, R., Tosolini, A.-M., Thorn, V.,
2008. 100 million years of Antarctic climate evolution: evidence from fossil plants. In:
Cooper, A.K., Barrett, P.J., Stagg, H., Storey, B., Stumb, E., Wise, W., the 10th ISAES
editorial team (Eds.), Antarctica: A Keystone in a Changing World. Proceedings of
the 10th International Symposium on Antarctic Earth Sciences, Washington, D.C.,
pp. 19–27.

Griener, K.W., Warny, S., 2015. Nothofagus pollen grain size as a proxy for long-term
climate change: an applied study on Antarctic Eocene, Oligocene, and Miocene
cores (submitted for publication).

Griener, K.W., Nelson, D.M., Warny, S., 2013. Declining moisture availability on the
Antarctic Peninsula during the Late Eocene. Palaeogeogr. Palaeoclimatol. Palaeoecol.
383–384, 72–78.

Hannah, M.J., Wilson, G.J., Wrenn, J.H., 2000. Oligocene and Miocene marine
palynomorphs from CRP-2/2A drillhole, Victoria Land Basin, Antarctica. In: Barrett, P.J.,
Sarti,M.,Wise, S. (Eds.), Studies from the Cape Roberts Project Ross Sea, Antarctica, Initial
report on CRP-3. Terra Antartica 7, pp. 503–511.

Haq, B.U., Hardenbol, J., Vail, P.R., 1987. Chronology of fluctuating sea levels since the
Triassic (250 million years ago to present). Science 235, 1156–1167.

Harwood, D.M., Florindo, F., Talarico, F., Levy, R.H., Kuhn, G., Naish, T., Niessen, F., Powell,
R., Pyne, A., Wilson, G., 2009. Antarctic drilling recovers stratigraphic records from the
continental margin. EOS Trans. Am. Geophys. Union 90, 90–91.

Kennett, J.P., 1977. Cenozoic evolution of Antarctic glaciation, the Circum-Antarctic Ocean,
and their impact on global paleoceanography. J. Geophys. Res. 82, 3842–3860.

Kerrin, S., 2010. Miocene fluctuations of the West Antarctic ice sheet and the influence of
meltwater on the Ross Sea outer continental shelf: seismic-stratigraphic based
interpretations. Louisiana State University, Baton Rouge, LA.

Laskar, J., Robutel, P., Joutel, F., Gastineau, M., Correia, A.C.M., Levrard, B., 2004. A
long-term numerical solution for the insolation quantities of the Earth. Astron.
Astrophys. 428, 261–285.

Lewis, A.R., Marchant, D.R., Kowalewski, D.E., Baldwin, S.L., Webb, L.E., 2006. The age and
origin of the Labyrinth, western dry valleys, Antarctica; evidence for extensivemiddle
Miocene subglacial floods and freshwater discharge to the Southern Ocean. Geology
34, 513–516.

Liebrand, D., Lourens, L.J., Hodell, D.A., de Boer, B., van de Wal, R.S.W., Pälike, H., 2011.
Antarctic ice sheet and oceanographic response to eccentricity forcing during the
early Miocene. Clim. Past 7, 869–880.

Marcano, M.C., Mukasa, S., Lohmann, K.C., Stefano, C., Taviani, M., Andronikov, A., 2009.
Chronostratigraphic and paleoenvironmental constraint derived from the 87Sr/86Sr

http://dx.doi.org/10.1016/j.gloplacha.2015.01.006
http://dx.doi.org/10.1016/j.gloplacha.2015.01.006
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0295
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0295
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0295
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0295
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0295
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0300
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0300
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0370
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0370
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0310
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0310
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0310
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0310
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0315
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0315
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0315
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0320
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0320
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0320
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0320
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0325
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0325
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0325
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0325
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0345
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0345
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0335
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0335
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0340
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0340
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0340
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0375
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0375
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0360
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0360
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0360
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0380
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0380
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0380
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0365
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0365
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0365
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0010
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0010
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0010
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0020
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0020
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0025
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0025
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0025
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0025
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0030
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0030
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0035
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0035
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0035
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0035
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0040
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0040
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0040
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0040
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0045
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0045
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0045
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0045
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0050
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0050
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0050
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0385
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0385
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0385
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0385
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0385
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0390
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0390
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0390
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0060
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0060
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0060
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0065
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0065
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0065
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0065
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf9000
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf9000
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0395
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0395
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0080
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0080
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0085
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0085
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0085
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0090
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0090
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0090
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0095
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0095
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0095
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0095
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0100
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0100
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0105


78 K.W. Griener et al. / Global and Planetary Change 127 (2015) 67–78
signal of Miocene bivalves, Southern McMurdo Sound, Antarctica. Global Planet.
Chang. 69, 124–132.

Miller, K.G., Komniz, M.A., Browning, J.V., Wright, J.D., Mountain, G.S., Katz, M.E.,
Sugarman, P.J., Cramer, B.S., Christie-Blick, N., Pekar, S.F., 2005. The Phanerozoic
record of global sea-level change. Science 310, 1293–1298.

Mudie, P.J., 1992. Circum-arctic Quaternary and Neogene marine palynofloras: paleoecol-
ogy and statistical analysis. In: Head,M.J.,Wrenn, J.H. (Eds.), Neogene and Quaternary
Dinoflagellate Cysts and Acritarchs. Am. Assoc. Nat'l.Palynologists Foundation,
pp. 347–390

Naish, T., Powerll, R., Levy, R., Wilson, G., Scherer, R., Talarico, F., Krissek, L., Niessen, F.,
Pompilio, M., Wilson, T., Carter, L., DeConto, R., Huybers, P., McKay, R., Pollard, D.,
Ross, J., Winter, D., Barrett, P., Browne, G., Cody, R., Cowan, E., Crampton, J., Dunbar, G.,
Dunbar, N., Florindo, F., Gebhardt, C., Graham, I., Hannah, M., Hansaraj, D.,
Harwood, D., Helling, D., Henrys, S., Hinnov, L., Kuhn, G., Kyle, P., Läufer, A.,
Maffioli, P., Magens, D., Mandernack, K., McIntosh, W., Millan, C., Morin, C.,
Ohneiser, C., Paulsen, T., Persico, D., Raine, I., Reed, J., Riesselmann, C., Sagnotti, L.,
Schmitt, D., Sjunneskog, C., Strong, P., Taviani, M., Vogel, S., Wilch, T., Williams, T.,
2009. Obliquity-paced Pliocene West Antarctic ice sheet oscillations. Nature 458,
322–328.

Nyland, R.E., Panter, K.S., Rocchi, S., Di Vincenzo, G., Del Carlo, P., Tiepolo, M., Field, B.,
Gorsevski, P., 2013. Volcanic activity and its link to glaciation cycles: single-grain
age and geochemistry of Early to Middle Miocene volcanic glass from ANDRILL
AND-2A core, Antarctica. J. Volcanol. Geotherm. Res. 250, 106–128.

Pagani, M., Arthur, M.A., Freeman, K.H., 1999a. Miocene evolution of atmospheric carbon
dioxide. Paleoceanography 14, 273–292.

Pagani, M., Freeman, K.H., Arthur, M.A., 1999b. Late Miocene atmospheric CO2 concentra-
tions and the expansion of C4 grasses. Science 285, 876–879.

Pagani, M., Zachos, J.C., Freeman, K.H., Tipple, B., Bohaty, S., 2005. Marked decline in
atmospheric carbon dioxide concentrations during the Paleogene. Science 309,
600–603.

Pagani, M., Huber, M., Liu, Z., Bohaty, S.M., Henderiks, J., Sijp, W., DeConto, R.M., 2011. The
role of carbon dioxide during the onset of Antarctic Glaciation. Science 334,
1261–1264.

Panter, K.S., Talarico, F.M., Bassett, K., Del Carlo, P., Field, B., Frank, T., Hoffmann, S., Kuhn, G.,
Reichelt, L., Sandroni, S., Taviani, M., Bracciali, L., Cornamusini, G., von Eynatten, H.,
Rocchi, S., the ANDRILL-SMS Science Team, 2008. Petrologic and geochemical
composition of the AND-2A core, ANDRILL Southern McMurdo Sound Project,
Antarctica. In: Harwood, D.M., Florindo, F., Talarico, F., Levy, R.H. (Eds.), Studies from
the ANDRILL Southern McMurdo Sound Project, Antarctica. Terra Antartica 15,
pp. 147–192.

Passchier, S., Browne, G., Field, B., Fielding, C.R., Krissek, L.A., Panter, K., Pekar, S.F., the
ANDRILL-SMS Science Team, 2011. Early andmiddleMiocene Antarctic glacial history
from the sedimentary facies distribution in the AND-2A drill hole, Ross Sea,
Antarctica. Geol. Soc. Am. Bull. 123, 2352–2365.

Poole, I., Cantrill, D., Utescher, T., 2005. A multi-proxy approach to determine Antarctic
terrestrial palaeoclimate during the Late Cretaceous and Early Tertiary. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 222, 95–121.

Prebble, J.G., Raine, J.I., Barrett, P.J., Hannah, M.J., 2006. Vegetation and climate from two
Oligocene glacioeustatic sedimentary cycles (31 and 24 Ma) cored by the Cape
Roberts Project, Victoria Land Basin, Antarctica. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 231, 41–57.

Pross, J., Contreras, L., Bijl, P.K., Greenwood, D.R., Bohaty, S.M., Schouten, S., Bendle, J.A.,
Rohl, U., Tauxe, L., Raine, J.I., Huck, C.E., van de Flierdt, T., Jamieson, S.S.R., Stickley, C.E.,
van de Schootbrugge, B., Escutia, C., Brinkhuis, H., the Integrated Ocean Drilling
Program Expedition 318 Scientists, 2012. Persistent near-tropical warmth on the
Antarctic continent during the early Eocene epoch. Nature 488, 73–77.

Raine, J.I., 1998. Terrestrial palynomorphs from Cape Roberts drillhole CRP-1, Ross Sea,
Antarctica. Terra Antarct. 5 (3), 539–548.

Raine, J.I., Askin, R.A., 2001. Terrestrial palynology of Cape Roberts drillhole CRP-3,
Victoria Land Basin, Antarctica. Terra Antarct. 8 (4), 389–400.

Raymo, M.E., Lisiecki, L.E., Nisancioglu, K.H., 2006. Plio-Pleistocene ice volume, Antarctic
climate, and the global δ18O record. Science 313, 492–495.

Rohling, E.J., Sluijs, A., Diijkstra, H.A., Kohler, P., van de Wal, S.W., von der Heydt, A.S.,
Beerling, D.J., Berger, A., Bijl, P.K., Crucifix, M., DeConto, R., Drijfhout, S.S., Fedorov, A.,
Foster, G.L., Ganopolski, A., Hansen, J., Honisch, B., Hooghiemstra, H., Huber, M.,
Huybers, P., Knutti, R., Lea, D.W., Lourens, L.J., Lunt, D., Masson-Demotte, V.,
Medina-Elizalde, M., Otto-Bliesner, B., Pagani, M., Palike, H., Renssen, H., Royer, D.L.,
Siddall, M., Valdes, P., Zachos, J.C., Zeebe, R.E., 2012. Making sense of palaeoclimate
sensitivity. Nature 491, 683–691.

Royer, D.L., 2006. CO2-forced climate thresholds during the Phanerozoic. Geochim.
Cosmochim. Acta 70, 5665–5675.

Sakai, A., Wardle, P., 1978. Freezing resistance of New Zealand trees and shrubs. N. Z.
J. Ecol. 1, 51–61.

Sakai, A., Paton, D.M., Wardle, P., 1981. Freezing resistance of trees of the South
Temperate Zone, especially subalpine species of Australasia. Ecology 6, 563–570.

Sandroni, S., Talarico, F.M., 2011. The record of Miocene climatic events in AND-2A drill
core (Antarctica): insights from provenence analyses of basement clasts. Global
Planet. Chang. 75, 31–46.

Suarez, M.L., Ghermandi, L., Kitzberger, T., 2004. Factors predisposing episodic drought-
induced tree mortality in Nothofagus—site, climatic sensitivity and growth trends.
J. Ecol. 92, 954–966.

Talarico, F.M., Sandroni, S., 2011. Early Miocene basement clasts in ANDRILL AND-2A core
an their implications for paleoenvironmental changes in the McMurdo Sound region
(western Ross Sea, Antarctica). Global Planet. Chang. 78, 23–35.

Taviani, M., Hannah, M., Harwood, D.M., Ishman, S.E., Johnson, K., Olney, M., Riesselman, C.,
Tuzzi, E., Askin, R., Beu, A.G., Blair, S., Cantarelli, V., Ceregato, A., Corrado, S., Mohr, B.,
Nielsen, S.H.H., Persico, D., Petrushak, S., Raine, J.I., Warny, S., the ANDRILL-SMS Science
Team, 2008. Palaeontological characterization and analysis of the AND-2A core,
ANDRILL Southern McMurdo Sound Project, Antarctica. In: Harwood, D.M., Florindo,
F., Talarico, F., Levy, R.H. (Eds.), Studies from the ANDRILL Southern McMurdo Sound
Project, Antarctica. Terra Antartica 15, pp. 113–146.

Truswell, E.M., Macphail, M.K., 2009. Polar forests on the edge of extinction: what does
the fossil spore and pollen evidence from East Antarctica say? Aust. Syst. Bot. 22,
57–106.

van Geel, B., Grenfell, H.R., 1996. Spores of Zygnemataceae. In: Jansonius, J., McGregor,
D.C. (Eds.), Palynology: Principles and Applications vol. 1. American Association of
Stratigraphic Palynologists Foundation, College Station, TX, pp. 173–179.

Veblen, T.T., Ashton, D.H., Rubulis, S., Lorenz, D.C., Cortés, M., 1989. Nothofagus stand
development on in-transit moraines, Casa Pangue Glacier, Chile. Arct. Alp. Res. 21,
144–155.

Warny, S., Askin, R., 2011a. Vegetation and organic-walled phytoplankton at the end of
the Antarctic greenhouse world: latest Eocene cooling events. In: Anderson, J.B.,
Wellner, J.S. (Eds.), Tectonic, Climatic, and Cryospheric Evolution of the Antarctic
Peninsula. American Geophysical Union, Washington, D.C., pp. 193–210.

Warny, S., Askin, R., 2011b. Last remnants of Cenozoic vegetation and organic-walled
phytoplankton in the Antarctic Peninsula's icehouse world. In: Anderson, J.B.,
Wellner, J.S. (Eds.), Tectonic, Climatic, and Cryospheric Evolution of the Antarctic
Peninsula. Am. Geophys. Union, Washington, D.C., pp. 167–192.

Warny, S., Wrenn, J.H., Bart, P.J., Askin, R.A., 2006. Palynology of the NBP03-01A transect
in the Northern Basin, western Ross Sea, Antarctica: a late Pliocene record. Palynology
30, 151–182.

Warny, S., Askin, R., Hannah, M., Mohr, B., Raine, J.I., Harwood, D.M., Florindo, F., the SMS
Science Team, 2009. Palynomorphs from a sediment core reveal a sudden remarkably
warm Antarctica during the middle Miocene. Geology 37, 955–958.

Wilson, T.J., 1999. Cenozoic structural segmentation of the Transantarctic Mountains rift
flank in southern Victoria Land, Antarctica. In: van der Wateren, F.M., Cloetingh, S.
(Eds.), Lithosphere Dynamics and Environmental Change of the Cenozoic West
Antarctic Rift System. Global and Planetary Change 23, pp. 105–127.

Zachos, J.C., Flower, B.P., Paul, H., 1997. Orbitally paced climate oscillations across the
Oligocene/Miocene boundary. Nature 388, 567–570.

Zachos, J.C., Pagani, M., Sloan, L., Thomas, E., Billups, K., 2001. Trends, rhythms and
aberrations in global climate 65 Ma to present. Science 292, 686–693.

Zachos, J.C., Dickens, G.R., Zeebe, R.E., 2008. An early Cenozoic perspective on greenhouse
warming and carbon-cycle dynamics. Nature 451, 279–283.

Zhang, Y.G., Pagani, M., Liu, Z., Bohaty, S.M., DeConto, R., 2013. A 40-million-year history
of atmospheric CO2. Philos. Trans. R. Soc. 371, 1–20.

http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0105
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0105
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0115
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0115
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf8000
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf8000
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf8000
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf8000
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0120
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0120
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0125
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0125
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0125
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0130
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0130
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0135
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0135
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0140
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0140
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0140
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0145
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0145
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0145
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0150
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0150
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0150
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0150
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0150
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0155
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0155
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0155
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0160
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0160
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0160
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0165
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0165
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0165
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0165
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0405
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0405
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0180
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0180
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0175
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0175
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0185
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0185
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0190
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0190
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0195
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0195
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0200
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0200
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0205
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0205
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0210
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0210
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0210
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0220
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0220
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0220
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0225
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0225
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0225
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0230
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0230
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0230
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0230
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0235
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0235
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0235
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0410
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0410
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0410
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0245
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0245
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0245
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0260
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0260
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0260
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0260
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0265
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0265
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0265
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0265
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0250
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0250
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0250
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0255
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0255
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0270
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0270
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0270
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0270
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0275
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0275
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0280
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0280
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0285
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0285
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0290
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0290
http://refhub.elsevier.com/S0921-8181(15)00022-3/rf0290

	Early to middle Miocene vegetation history of Antarctica supports eccentricity-�paced warming intervals during the Antarcti...
	1. Introduction
	2. Methods
	2.1. Palynological methods
	2.2. Age model

	3. Results
	3.1. Palynology of the lower section of AND-2A
	3.2. Reworked specimens
	3.3. Marine specimens
	3.4. Freshwater algal spores
	3.5. Terrestrial palynomorphs

	4. Discussion
	4.1. Discussion of AND-2A palynology
	4.1.1. Interval I: 1126.75–1033.5mbsf (20.1587–20.0795Ma)
	4.1.1.1. Interval II: 1033.5–997.2mbsf (20.0795–20.0487Ma)

	4.1.2. Interval III: 997.2–917.01mbsf (20.0487–19.2029Ma)
	4.1.3. Interval IV: 917.01–867mbsf (19.2029–19.0529Ma)
	4.1.4. Interval V: 867–664mbsf (19.0529–17.4097Ma)
	4.1.5. Possible intervals in the upper section of AND-2A

	4.2. Comparison with other evidence from AND-2A
	4.3. Comparison with global proxies
	4.4. Conclusions

	Acknowledgments
	References


