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Key Points

e Marine sediments provide snapshots of Cenozoic climate conditions on the Antarctic

Peninsula

e Terrestrial biomarkers indicate increased reworking of old carbon as cooling and

glaciation proceeded

e Soil biomarkers reveal that from the Oligocene to Pliocene, austral summer air

temperatures cooled by 7°C, while oceans cooled by 10°C
Abstract

Terrestrial climate records for Antarctica, beyond the age limit of ice cores, are restricted to the
few unglaciated areas with exposed rock outcrops. Marine sediments on Antarctica’s continental
shelves contain records of past oceanic and terrestrial environments that can provide important
insights into Antarctic climate evolution. The SHALDRIL II (Shallow Drilling on the Antarctic

Continental Margin) expedition recovered sedimentary sequences from the eastern side of the



24
25
26
27
28
29
30
31
32
33
34
35
36

37

38
39
40
41
42
43
44
45

46

47
48
49
50
51
52

Antarctic Peninsula that of late Eocene, Oligocene, middle Miocene, and early Pliocene age that
provides insights into Cenozoic Antarctic climate and ice sheet development. Here we use
biomarker data to assess atmospheric and oceanic temperatures and glacial reworking from the
late Eocene to the early Pliocene. Analyses of hopanes and n-alkanes that indicate increased
erosion of mature (thermally-altered) soil biomarker components reworked by glacial erosion.
Branched glycerol dialkyl glycerol tetraethers (GDGTSs) from soil bacteria suggest similar air
temperatures of 12+1°C (1o, n = 46) for months above freezing for Eocene, Oligocene, and
Miocene timeslices but much colder (and likely shorter) periods of thaw during the Pliocene
(5+1°C, n=4) on the Antarctic Peninsula. TEXgs-based (Tetraether index of 86 carbons) sea
surface temperature (SST) estimates indicate ocean cooling from 7+£3°C (n=10) in the Miocene
to 3+1°C (n=3) in the Pliocene, consistent with deep ocean cooling. Resulting temperature
records provide useful constraints for ice sheet and climate model simulations seeking to

improve understanding of ice sheet response under a range of climate conditions.
Plain Language Summary

Records of past climate and ice sheet evolution are preserved in sediment deposited on
Antarctica's continental shelves. Using marine sediments allow glimpses of those past conditions
in Antarctica. We bring new approaches to revisit the evidence in those sediments. Reworked
pollen and soil components show increasing glacial erosion of degraded sediments from land.
Soil bacteria grow when soils thaw recording warm season temperatures of 11-12°C in the older
sections, but much colder (and likely shorter) summers when there is ice cover. Ocean
temperatures cool from 11.5°C to 2.8°C from the oldest section (36 million years ago) to the

youngest section (roughly 5 million years ago).
1. Introduction

The Cenozoic is divided into the Greenhouse and Icehouse world with the transition noted by the
permanent expansion of high latitude ice sheets (Westerhold et al., 2020). The oxygen isotope
increase observed in deep sea sediment (34.2-33.5 Ma) spanning the Eocene-Oligocene
boundary (35.9 Ma) reflects the expansion of ice sheets on Antarctica (Carter et al., 2017; Coxall
et al., 2005; Coxall & Pearson, 2007). Evidence for glacial expansion across the Antarctic

continent is contained in proximal sedimentary deposits around the margins of the continent
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(e.g., Passchier et al., 2017; Levy et al., 2019, McKay et al., 2022). In addition, the location of
the ice has been reconstructed from evidence that sea level rose around the edges of the continent
due to glacial isostatic adjustment, despite the global drop in eustatic sea level (Stocchi et al.,
2013). The Antarctic Peninsula may have been among the last areas of the continent to be fully
glaciated, given its lower latitude, providing refugia for vegetation (Anderson et al., 2011).
However, temperatures remain less well known because previous ice advances scoured the
continent and sedimentary archives around the margins are hard to access (McKay et al., 2022).
There have been few applications of direct temperature proxies, for example clumped isotopes
were applied to the carbonates of shallow-water coastal bivalves of late Eocene age now uplifted
on Seymour Island outcrops, east of the Antarctic Peninsula yielding shallow coastal ocean
estimates of 11-17°C (Douglas et al., 2014). In the same study, land temperatures determined
with soil bacterial branched GDGTs (brGDGTs) biomarkers, using the Methylation of Branched
Tetracthers (MBT) index estimated a temperature of 13°C (Douglas et al., 2014). During the
Oligocene to Miocene, although there was a significant ice sheet, the ocean archaeal biomarker
temperature proxy, TEXge, derived from isoprenoidal GDGTs (isoGDGTs), at DSDP Site 269
reveals warm ocean temperatures (up to 14°C) persisted off Wilkes Land, East Antarctica
(Evangelinos et al., 2020). Soil biomarker /#GDGTs, and marine biomarker, isoGDGTs, were
recently applied together to reconstruct land and sea temperatures in marginal sediments for the

Eocene Oligocene Transition (EOT) off East Antarctica, in Prydz Bay (Tibbett et al., 2021).

The Antarctic Peninsula is a unique region to study shifts in climate given its location at the far
northernmost latitudes of the Antarctic continent, and one of the last areas to be glaciated
(Anderson et al., 2011), likely retaining soils and vegetation longer than the more polar areas of
the continent and providing an archive of cryosphere-proximal conditions. Due to glacial erosion
and uplift of overlying sediments, older sediments are accessible within tens of meters of the
seafloor (Anderson & Wellner, 2012). However, the presence of thick multi-year sea ice and
iceberg hazards limits drilling operations proximal to the coast. To collect sediment from the
Joinville Plateau adjacent to the tip of the Antarctic Peninsula, a drilling rig was added to the
RV/IB Nathaniel B. Palmer for the SHALDRIL II expedition (Anderson and Wellner, 2012).
The sediment collected by SHALDRIL II allows a comparison of climate conditions on the
Antarctic Peninsula across the transition from ephemeral ice sheets and alpine glaciers in the

Late Eocene to a grounded Antarctic Ice Sheet extending onto the continental shelf by the
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Pliocene (Anderson et al., 2011; Bohaty et al., 2011). Pollen analyses indicated a decrease in the
diversity of angiosperm-dominated vegetation on the Northern Peninsula as glaciation proceeded
(Anderson et al., 2011; Warny & Askin, 2011a,b). Eocene-age sediments in SHALDRIL II Hole
3C yield diverse pollen with decreasing diversity and abundance up-core thought to capture the
initial cooling in the latest Eocene (Anderson et al., 2011). In the same samples, the §'"°C of
pollen grains revealed increased water stress (Griener et al., 2013) and a 30%o increase in the D
values of leaf wax which indicates increasing aridity on the Antarctic Peninsula (Feakins et al.,
2014). Pollen abundances continued to decline, diversity decreased, and reworking increased in
younger sections (Oligocene, Miocene and Pliocene), but absolute temperature estimates are

lacking.

Here we revisit SHALDRIL II legacy cores, applying multiple biomarker approaches to
reconstruct temperature, vegetation, and erosional context for the Antarctic Peninsula. In
particular, we use n-alkanes and hopane approaches to assess terrestrial erosion and maturity
signals. The n-alkanes have long been studied for signals of maturity (e.g., Kvenvolden et al.,
1991). The hopane techniques were introduced more recently by Inglis et al. (2018), and recently
applied to Antarctic margin sediments in the Ross Sea of Miocene age (Duncan et al., 2019),
Prydz Bay sediments across the EOT (Tibbett et al., 2021), and early Eocene sediments off
Wilkes Lands (Inglis et al., 2022). Mature biomarkers indicate thermal alteration, and, when
identified in the presence of fresh inputs, they identify glacial reworking of the mature
components. We generate soil temperatures using the MBT sy proxy (Hopmans et al., 2016),
and investigate sea surface temperatures using TEXss (Schouten et al., 2007), similar to recent
applications to EOT sediments in Prydz Bay (Tibbett et al., 2021). Here we report a multi-
biomarker study of SHALDRIL II Holes 3C, 5D and 12A including Eocene, Oligocene, Miocene
and Pliocene sediments to capture long term erosion and temperature change. This new record
for the Antarctic Peninsula is compared to the demise of vegetation based on pollen
concentration from the same sites (Anderson et al., 2011), a compilation of published regional
(Antarctic and Southern Ocean) records of temperatures and global signals of atmospheric
carbon dioxide, deep ocean temperatures, and ice volume that describe the global Cenozoic

cooling trend.

2. Study Sites
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The SHALDRIL II expedition was implemented on cruise NBP0602A to the Weddell Sea
(Anderson & Wellner, 2012). Hole 3C, cored in the James Ross Basin, (63°S, 54°39.21'W, and
340 m water depth) and Hole 5D and 12A, from the Joinville Plateau, (corresponding to 63°S,
52°21.94'W, and 506 m water depth and 63°S, 52°49.50'W, and 442 m water depth respectively)

were used in this study (Figure 1).

Prior work has provided age constraints for these sediments based on diatom biostratigraphy
with nannofossil and dinoflagellate cyst biostratigraphy as well as strontium isotopes (Anderson
et al., 2011; Bohaty et al., 2011). The key age control data are summarized here as follows.
Strontium isotopes from bivalve fragments from Hole 3C (11.56 mbsf) had an ¥St/**Sr ratio
indicating middle Eocene (35.9+1.1 Ma), which is supported by diatom, nannofossil, and
dinoflagellate assemblages (Bohaty et al., 2011) as well as in situ pollen (Warny & Askin,
2011a,b). For Hole 3C the diatom assemblage includes K. gaster (13.60 to 8.68 mbsf), which
constrains the age to <~36 Ma while the presence of P. aculeifera limits the age to >34.0 Ma
(13.14 to 4.57 mbsf) (Bohaty et al., 2011). This places the age of Hole 3C between 36 and 34
Ma. For Hole 12A the ¥’Sr/**Sr ratio indicates an age of 27.2+0.6 Ma (4.96 mbsf), the presence
of diatom C. rectus (28.5 to 3.60 mbsf) indicates an age <28.4 Ma, the presence of the
nannofossil D. bisectus (0.96 mbsf) supports an age >20.9 Ma, and the presence of the diatom K.
cicatricata (4.36 to 0.30 mbsf) indicates >23.3 Ma placed. This implies Hole 12A dates from the
late Oligocene with an age range between 28.4 and 20.9 Ma (Bohaty et al., 2011). Hole 5D was
determined to be middle Miocene based on the presence of the diatom D. ovata (19.05 to 18.80
mbsf) as 12.1 Ma, the presence of the diatom D. dimorpha v. areolate (30.36 to 18.80 mbsf)
suggests an age <12.8 Ma, and the presence of the diatom N. denticuloides (30.36 to 18.80 mbsf)
constrains the lower limit to >11.7 Ma dating the sediments to 12.8-11.7 Ma (Bohaty et al.,
2011) (Figure 2A). For the Pliocene sediment, based on the presence of 7. complicata (16.25 to
8.95 mbsf), the age was limited to 5.1 Ma and the lack of F. barronii provides the lower
constraint of >4.3 Ma (Bohaty et al., 2011), the age estimate is between 5.1 and 4.3 Ma. Based
on the sediment thickness of the core sections used in this paper, these sections represent up to a

few 100 kyrs of deposition (Bohaty et al., 2011).

The sediment from Hole 3C (middle Eocene) consists of muddy to very fine sand interpreted as

deposited in shallow water continental shelf depositional setting (Wellner et al., 2011), Hole 12A
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(late Oligocene) consists of diatomaceous mud and muddy sand determined to be a distal delta,
while Hole 5D (middle Miocene/Pliocene) consists of diamict with layers of diatomaceous mud
interpreted as a proximal glacimarine shelf setting for Units IV and V that span the middle
Miocene section and an outer shelf environment impacted by strong bottom currents for Units 11
and III which is the Pliocene section (Anderson et al., 2011; Wellner et al., 2011). For this
project, we followed the prior pollen sampling (Anderson et al., 2011; Warny & Askin, 201 1a,
2011b), collecting 50 samples for biomarker analyses in the middle Eocene (Hole 3C, n=22), late
Oligocene (Hole 12A, n=11), middle Miocene (Hole 5D, n=13) and Pliocene (Hole 5D, n=4).

3. Methods
3.1. Biomarker Extraction and Purification

Sediment samples (10 to 22 g dry weight) were freeze dried, homogenized and lipids were
extracted using DIONEX Accelerated Solvent Extraction with 9:1 (v/v) dichloromethane (DCM)
to methanol at 100°C and 1500 psi at the University of Southern California. The total lipid
extract was separated into a neutral and acid fraction using a NH, sepra column eluted with a 2:1
(v/v) ratio of DCM:isopropanol (neutral fraction) and 4% formic acid in diethyl ether (acid
fraction). The neutral fraction was separated over silica gel eluting alkanes with hexanes and
then the polar fraction eluting first with DCM and then with methanol. The acid fraction was
methylated overnight with methanol of a known isotopic concentration and hydrochloric acid
(95:5) and dried using an anhydrous sodium sulfate column yielding the fatty acid methyl esters
(FAMESs). The FAMEs were purified using a silica gel column: eluting first any impurities with
hexane, and then collecting the FAMEs with DCM.

3.2. Liquid Chromatography Analyses

An internal C4¢ GDGT standard (Huguet et al., 2006) was added to the polar fractions containing
glycerol dialkyl glycerol tetraethers (GDGTs) for quantification. These fractions were then
dissolved in hexane: isopropanol (99:1) and filtered (0.45 pm PTFE) prior to injection on an
Agilent 1260 High-Performance Liquid Chromatography (HPLC) coupled to an Agilent 6120
mass spectrometer at the University of Arizona. GDGTs were analyzed using two BEH HILIC
silica columns (2.1x150 mm, 1.7 pm; 90 Waters) and the methodology of Hopmans et al.,
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(2016). Single Ton Monitoring (SIM) of the protonated molecules (M + H" ions) was used to
detect GDGTs with abundances determined by comparison to an internal standard at m/z 744,
using a single standard we consider relative response factors to be semi-quantitative. We report
total concentrations of branched (b*GDGTs) and isoprenoidal (isoGDGTs) GDGTs in the
sediments as measures of terrestrial and marine inputs respectively, and calculate the Branched

and Isoprenoidal Tetraether (BIT) index:

la+Ila+Ila’ +111a+111ar
BIT = e))

Ia+Ila+Ila’+11Ia+111ar+Cren

where Ia, Ila and IIla represent the abundances of both the 5" and 6" methyl isomers of the non-
cyclic terrestrial brGDGTs (from soil bacteria) and Cren represents the abundance of

crenarchaeol (mostly produced by marine archaea) (Hopmans et al., 2004).

In all samples, the 5-methyl brGDGT index, MBT sy (de Jonge et al., 2014, Hopmans et al.,

2016) was calculated as

Ia+Ib+Ic
Ia+Ib+Ic+1la+I1Ib+I1ic+I111a+11Ib+I1Ic

MBT!,,, = (2)

and converted to mean annual air temperature for months above freezing (MAF) using the
BayMBT) calibration (Dearing Crampton-Flood et al., 2020). The BayMBT) calibration applies
Bayesian statistics to calibrate MBT sy to MAF based on a prescribed prior mean of
temperature (prior) for that region and time period studied and a prior standard deviation
(Dearing Crampton-Flood et al., 2020). MAF is appropriate as soil bacteria are not thought to be
active below freezing and thus brGDGTs are not produced and calibrations find no predictive
power in months below freezing. Thus, this BayMBT, approach improves upon the BayMBT
calibration to MAAT. While we do not recommend MAAT determinations as bacteria are not
active in the sub-zero temperatures, we report MAAT in addition to MAF for comparison with

other proxies and publications that have reported MAAT.

When applying Bayesian calibrations, prior temperatures are assigned. For the Eocene, we
selected a prior of 10°C as previous studies suggest regional temperatures of 8-13°C during the
middle Eocene based on weathering proxies (Passchier et al., 2013), fossil leaf assemblages

(Francis et al., 2008), and bivalve oxygen isotopes (Judd et al., 2019). Temperature estimates for
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the Oligocene are ~7-9°C from CIROS-1 and CRP cores from the Ross Sea (Passchier et al.,
2013); therefore, a prior of 8°C was used. A prior of 7°C was used for the Miocene based on best
estimates of summer temperatures from isotope-enabled climate model interpretations of plant
wax 0D from AND-2A from the Ross Sea (Feakins et al., 2012), summer temperatures of 5°C
based on fossil data from the Dry Valleys at 14 Ma (Lewis et al., 2008), and similar temperatures
from IODP Site U1356 from Wilkes Land (Passchier et al., 2013). We used a prior of 2°C for the
Pliocene. In all time periods a standard deviation of +15°C was assigned to the prior as a large
uncertainty ensures that the calibration is not overly reliant on the prior for the temperature

estimates (Tierney & Tingley, 2014).

In addition, the cyclization of branched tetraether (CBT') index (De Jonge et al., 2014) was

calculated and used to estimate soil pH.

;L Ic+1a’+1Ib" +1Ic"+11a’ +111b' +111c’
CBT" = logso [ la+lla+llla ] )
pH = 7.15 4+ 1.59CBT' “)
We use the #Rings e, index (Sinninghe Damsté, 2016) to assess in-sediment brGDGT
production in shelf settings:
. Ib+2xI
#RingStetrq = m ()

IsoGDGTs with 0-3 cyclopentane moieties (GDGT-0 to GDGT-3) and crenarchaeol (Cren) with
an additional cyclohexane moiety and its regioisomer crenarchaeol” (Cren”) are dominantly from
marine archaeal production. Following (Schouten et al., 2007), TEXss was calculated using the
equation:

[6DGT-2]+[GDGT—-3]+[Cren/]
[6GDGT-1)+[GDGT—2]+[GDGT—3]+[Cren’]

TEXge = (6)

We converted the TEXgg record to mean annual sea surface temperatures (SSTs) using the
BAYSPAR analogue calibration (Tierney & Tingley, 2014). This Bayesian calibration applies
TEXge using a prior mean temperature estimate and a large prior standard deviation to minimize

error between the true values and the proxy estimated SSTs (Tierney & Tingley, 2014). We



224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241

242
243
244
245

246
247

248

249

select prior information from nearby sites from the closest time interval. The prior for the Eocene
was set to 15°C based on TEXg¢" and biostratigraphy from Seymour Island (Douglas et al., 2014)
and BAYSPAR and U*';; estimates from DSDP Site 511 suggesting temperatures of 16-18°C
(Houben et al., 2019; Lauretano et al., 2021). The prior used for sea surface temperature for the
Oligocene was also 15°C based on TEXss data from Site U1356, with SSTs around 15°C during
the middle Oligocene (Hartman et al., 2018) and Uk’37 estimates of 10 to 15°C around 31.5 Ma
(Plancq et al., 2014) from DSDP Site 511. The Miocene prior was 12°C based on BAYSPAR
TEXge estimates from the Weddell Sea of 10-15°C at 11 Ma (Hartman et al., 2018) and estimates
of 10-13°C from TEXgs and A47 from Site 1171 from the South Tasman Rise (Leutert et al.,
2020). For the Pliocene the prior utilized was 5°C based on SST estimates around 4 Ma from
TEXge~ from ANDRILL AND-1B core from the Ross Sea (McKay et al., 2012) and the presence
of Leiosphaeridia from James Ross Island suggesting SST of -2 to 5°C (Edwards et al., 1991;
Salzmann et al., 2011). The standard deviation used in the reconstruction was £10°C, a large
uncertainty ensures estimated SSTs are primarily controlled by TEXgs values and not overly
constrained by the prior mean (Tierney & Tingley, 2014). Using this standard deviation results in
low sensitivity to the choice of prior, that is within the uncertainty of the calibration estimates.
When comparing to regional TEXge reconstructions published with earlier calibrations, we

recalibrated here using BAYSPAR, with the priors as above for each time period for consistency.

Samples with a BIT>0.4 as well as samples with a delta ring index (ARI) >0.3 were excluded
from TEXge reconstruction. A high BIT indicates high terrestrial input to the site which could
introduce non-thermal influences on the TEXgs values (Weijers et al., 2006) while a high ARI

implies non-analogue distributions (Zhang et al., 2016), where:

Rlgampie = (O[GDGT — 0] + 1[GDGT — 1] + 2[GDGT — 2] + 3[GDGT — 3] + 4[cren] +

4[cren’]) @)
RITEX = _0'77TEX86 + 3'32(TEX86)2 + 1.59 (8)
ARI = Rlgyx — RIsample 9
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Samples with a high methane index (MI)>0.5 are excluded from the TEXgs reconstruction as
high MI indicate that GDGTs could be sourced from methanogenic producers which can lead to

bias TEXss values (Zhang et al., 2011).

M = [isoGDGT—1]+[isoGDGT—2]+[isoGDGT-3] (10)

[isoGDGT—1]+[isoGDGT—2]+[isoGDGT—3]+[isoGDGT—5]+[isoGDGT—-5']

3.3. Gas Chromatography Analyses

FAMESs, alkanes and hopanes were identified by an Agilent 6890 GC equipped with a Rxi-5ms
column (30 m x 0.25 mm, film thickness 0.25 wm); and a 7683 programmable injector connected
to an Agilent 5973 MSD mass spectrometer and quantified by flame ionization detector (FID) at
the University of Southern California. The GC run conditions for the n-alkanes and FAMEs
started at 50°C for 3.5 min, ramping at 20°C/min to 300°C and held until all compounds eluted.
We reran the alkanes fraction using a slower ramp and a longer run time to achieve hopane peak
separation: ramping from 50—-140 °C at 20 °C/min; 140-300 °C at 4 °C/min; and 15 min hold at
300 °C. Peak areas determined by GC-FID were used for ratio calculations for n-alkanes and
FAMEs and hopanes, n-alkanes and FAMEs were additionally quantified relative to an in-house
standard mixture of various alkanes and FAMEs. We report the concentration of Cy—Cs; n-
alkanoic acids and C;¢—C,9 n-alkanes and calculate the summed C,3; to Cs3 alkanes and summed
Cyo to Cs, FAMESs in ng/gdw. The C6-C;g are not included in the total as they are potentially
sourced from contaminants based on processing blanks. We also calculate the average chain

length (ACL) and carbon preference index (CPI) using the following formulae:

acy; 206D (10)

236,
CPL O 5y + 26,0 a

where n is 2432 for n-alkanoic acids and 23-33 for n-alkanes.

We also screened the alkanes fraction for the presence of hopanes, biomarkers that derive from

membrane lipids in bacteria and undergo isomerization with increasing thermal maturity, using

10
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their diagnostic mass fragments 191 m/z ion trace and published spectra (Inglis et al., 2018;
Sessions et al., 2013; Uemura & Ishiwatari, 1995), and noted where those samples included a
detectable uncharacterized complex mixture above baseline. Each sample was assessed for the
presence of Cy7 through Cs; hopanes and their isomers, with their relative abundance assessed by
peak area determinations. Replicate measurements of standards indicate reproducibility typically
better than 5%, however data quality deteriorates for the smallest peaks near detection limits.
With increasing maturity, the 178,21B(H) (BB eq. 12) configuration changes to the 178,21a(H)
(Baeq. 12) and 17a,21B(H) (aff eq. 12) configuration. We calculated the hopane index for each

hopane present as follows:

BB

h index = —bb
opane index )

(12)

4. Results

The results of the published sedimentology, chronology, and palynology efforts are summarized
in Figure 2a-d (Anderson et al., 2011, Bohaty et al., 2011) to provide the depositional context
for the proxy data. The pebble evidence for ice rafting and the pollen evidence for vegetation and
reworking (Figure 2¢ and d; Anderson et al., 2011) are particularly relevant context for the
biomarker data generated in this study. Our biomarker results are organized by evidence for
maturity, biomarker ratios and indices, biomarker concentrations and temperature inferences

(Figure 2e-k).
4.1. GDGTs
4.1.1. BIT

GDGTs were detected and quantified in all 50 samples. We use the BIT index as a measure of
the proportional input of brGDGTs to isoGDGTs. We find BIT decreases from the Eocene to
Pliocene sections (Figure 2g). The middle Eocene section has an average BIT index of 0.65 with
a range from 0.57 to 0.74 (n=22). The late Oligocene section has an average of 0.35 and ranges
from 0.09 to 0.57 (n=11). The middle Miocene section has an average BIT of 0.27 ranging from
0.09 to 0.40 (n=13). The Pliocene section has average values of 0.09 only varying between 0.08-

0.10 (n=4). Decreasing BIT values from the Eocene to the Pliocene could be consistent with

11
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increased marine production of isoGDGTs and/or decreased flux of terrestrial soil-derived

brGDGTs to the marine margins.
4.1.2. BrGDGTs

2XbrGDGT concentrations ranged from 0.1 to 10.3 to ng/gdw (mean 2.1 ng/gdw, n=50). The
concentrations decrease from the Eocene to Pliocene (Figure 2j): ranging from 2.2 to 10.3
ng/gdw (mean 4.5 ng/gdw, n=22) in the Eocene; from 0.7 to 2.9 ng/gdw (mean 1.9 ng/gdw,
n=11) in the Oligocene; from 0.1 to 3.3 ng/gdw (mean 1.5 ng/gdw, n=13) in the Miocene, and
the Pliocene had the lowest concentrations ranging from 0.5-0.7 ng/gdw (mean 0.64 ng/gdw,
n=4). Sedimentology indicates increased sand and pebble components, which can dilute the
biomarkers, however the n-alkyl lipids and isoGDGTs increase in concentration, thus their
productivity or input fluxes overwhelm any dilution effect. Whereas we see a reduced flux of soil
bacterial brGDGTs compounds likely due to the reduced area for soils as glaciation proceeds,
and the cooling trend that reduces the months above freezing for bacterial growth. In these
coastal shelf sediments, we checked for in situ production of brGDGTs using #Ringsetr, finding
values typically of 0.2 (no concern of in-sediment bacterial production), with a few samples
reaching 0.4 (in samples with low BIT). Overall #Rings., has no correlation with MBT " spse,

allowing us to discount any significant marine overprinting of the land temperature proxy here.

MBT s\me-based temperatures were calculated for all 50 samples (Figure 2k). Reconstructed
MAF were consistent across SHALDRIL sediments from the late Eocene (11.5+0.4°C, mean,
1o, n=22), Oligocene (12.5+0.7°C, n=11) and Miocene (11.1£1.2°C, n=13); with lower
temperatures in the Pliocene (5.4+1.1°C, n=4), that are significantly different with respect to
calibration uncertainties (shading on Figure 2K) on the order of 4°C (16). MAAT estimates
display similar trends to MAF reconstructions, as expected since the proxy contains no sub-zero
sensitivity. By inclusion of the colder months in the calibration, the MAAT estimates are offset

by approximately 5°C cooler to the MAF estimates.

Soil pH calculated from CBT' averaged 6.3+0.4 (16, n=50) and is thus remarkably stable. The
highest pH values (~7) are found at the top Oligocene sample and several Miocene samples as
well as the four Pliocene samples (not shown) consistent with aridity, although the modest

difference is within calibration uncertainty and is not shown or interpreted further.
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4.1.3. IsoGDGTs

YisoGDGT concentrations ranged from 1.1 to 16.0 ng/gdw (mean 7.7 ng/gdw, n=50) overall
(Figure 2j). Concentrations in the Eocene ranged from to 4.1 to 14.8 ng/gdw (mean 7.1 ng/gdw);
in the Oligocene from 3.7 to 13.2 ng/gdw (mean 8.1 ng/gdw); and in the Miocene section ranges
from 1.1 to 13.2 ng/gdw (mean 7.4 ng/gdw). The Pliocene has the maximum concentration of
2isoGDGTs with a range from 6.4 to 16.0 ng/gdw (mean 10.2 ng/gdw) despite sedimentary
dilution by pebbles and sand (Figure 2b and c), likely implying increased ocean productivity.

We track isoGDGT distributions for signals that may confound temperature interpretations. For
example, high ARI indicates microbial lipid distributions different to those of the open ocean
today, often associated with high BIT indicating high terrestrial inputs. Out of 50 samples, high
ARI (>0.3) resulted in exclusion of 32 samples from consideration (many of which also had high
BIT), and high BIT (>0.5) resulted in the exclusion of 2 additional samples. Additional checks
were for methane cycling communities as detected by the MI index. The MI was below 0.5 for
all samples except for two that also had high ARI and were excluded from the SST calculations.
Only 16 samples had isoGDGT distributions where TEXjs values were viable for SST

reconstruction.

Eocene SSTs were not generated due to high BIT and ARI values. Limited Oligocene SSTs
passed the criteria, but where BAYSPAR could be applied, SST ranged between 11.6 and 6.4°C
(mean 9.6 £2.8°C, 16, n=3). Miocene SSTs ranged from 14.3 to 3.9 °C (mean 10.2+3.4°C,
n=10). Pliocene SSTs were considerably colder (2.8+0.9°C, n=3) with only 1 sample excluded
for the Pliocene due to reduced terrestrial flux of Zb¥GDGTs. Calibration uncertainty for all
temperature estimates is on the order of 4°C (10), rigorously determined by Bayesian methods

and illustrated by shading (Figure 2Kk).
4.2. Alkyl lipids
4.2.1. Alkanoic acids

n-Alkanoic acids were detected from Ci¢ to Cs; (n=32); however, C;sto Ci9 were excluded as

possible contaminants present in processed blanks and are therefore not reported or further
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discussed. The concentration of n-alkanoic acids (Cy to Cs;) ranged from 0 to 3650 ng/gdw with
an average value of 1625 ng/gdw (Figure 2i). The lowest concentrations 0 and 7 ng/gdw occur
in the two youngest Pliocene samples. The additional two Pliocene samples have concentrations
of 211 and 482 ng/gdw. Except for two Miocene samples from Hole 5D at 22.3 mbsf and 25.2
mbsf, all other samples exceed 500 ng/gdw with average values of 1894 and 1950 ng/gdw for the
Miocene and Oligocene respectively. Only three samples from the Eocene were able to be
quantified with an average n-alkanoic acid concentration of 1203 ng/gdw. The CPI ranged from
3.6 to 9.7 with an average value of 5.3 across the record. The average Pliocene CPI was 4.1
based on the two samples that contained long chain n-alkanoic acids, Miocene 6.0, Oligocene
6.0, and Eocene 4.6. ACL ranged from 26.0 to 28.5 with an average of 27.8 with the highest
average ACL from the Eocene at 28.2, the other three timeslices have average ACLs from 26.9-

27.5. Molecular abundance distributions display Cys and C,g co-dominance (Figure S2).
4.2.2. Alkanes

The n-alkanes were detected from C;7 to C3; (n=49) with concentrations ranging from 119 to
1904 ng/gdw (mean 768 ng/gdw). Summed long chain n-alkanes (C,3 to Cs;) ranged from 87 to
1822 ng/gdw (mean 607 ng/gdw, Figure 2i). The Pliocene samples have an average
concentration of long chain n-alkanes of 140 ng/gdw with the Miocene and Oligocene averaging
542 and 414 ng/gdw respectively. The CPI varied from 1.3 (mature) to 4.6 (immature) (mean
2.6) (Figure 2f). CPI varied between timeslices, Eocene (3.6), the Oligocene (1.9), Miocene
(2.1) and Pliocene (1.5). The ACL ranged from 25.9 to 28.1 with an average value of 27.2. The
Eocene had the highest ACL of 27.9 with the Oligocene averaging 26.5, the Miocene 26.8 and
the Pliocene 26.6 indicating a tendency to shorter chain lengths after the Eocene (Figure 2h). A
hierarchical cluster analysis using Euclidean distance was performed on the n-alkane chain
length distribution after normalizing to assess changes in inputs such as reworking. The
clustering analysis divided the sample set into 3 groups (Figure S3), with clusters 2 and 3
showing presence of shorter chain compounds (<C,3), without odd-over-even carbon preference,
i.e., diagnostic of mature n-alkanes. The typical plant-like odd-over-even predominance can be

seen (>Cy4) 1n all clusters.

4.2.3. Hopanes
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Hopanes were detected in all samples; however, not all hopanes (C,7-Cs;) were detected in the
Pliocene samples. To be able to compare across all samples we report the average hopane ratio
across all hopanes detected (hereafter hopane ratio). The Eocene section (Hole 3C) has an
average hopane ratio of 0.43 (0.25 to 0.53) indicating moderate maturity, with the most mature
values found at the top of the section. The Oligocene samples (Hole 12A) have an average
hopane index of 0.26 (0.20 to 0.29). The Miocene samples have an average value of 0.28 (0.09 to
0.34). Hopanes were detected across a limited range in the Pliocene samples compared to the
other SHALDRIL II samples. Pliocene samples with an average value of 0.20 (0.03 to 0.34)
include samples with high thermal maturity. The hopanes signify moderate maturity overall, with

increasing thermal maturity in the younger sections (Figure 2e).
5. Discussion
5.1. Eocene

SHALDRIL II Hole 3C provides a snapshot of late Eocene climate. Our new brGDGT-based
temperature reconstruction using BayMBT) estimates MAF temperatures of 11.5+0.4°C (n=46)
during the late Eocene (Figure 2Kk) presumably reflecting conditions on the adjacent tip of the
Antarctic Peninsula. Since winter temperatures are not recorded by microbial growth, we do not
recommend the MAAT BayMBT calibration, however we do provide those estimates for
comparison purposes (Figure 2k). These values are similar to mean annual air temperature
estimates based on climate leaf analysis multivariate program (CLAMP) analyses from nearby
Seymour Island of ~11°C (Francis et al., 2008) with unquantified uncertainty of several degrees,
summer temperature estimates from the La Meseta Formation on Seymour Island of >10°C
based on pollen (Warny et al., 2019), mean annual temperature estimates of 11-16°C from the
Weddell Sea ODP Site 696 (Thompson et al., 2022), and mean annual temperature estimates
from King George Island of 12-13°C from coexistence analysis of fossil floras (Hunt & Poole,
2003; Poole et al., 2005). Based on the oxygen isotopes on shallow marine bivalves the seasonal
cycle for nearby Seymour Island during the middle Eocene is estimated to be 8°C (Judd et al.,
2019); if coastal land temperature seasonality is similar to that recorded by shallow marine
bivalves, this would imply winter temperatures of about 3°C. Based on the air temperatures from

other proxies and the seasonal cycle for nearby Seymour Island, Eocene temperatures are likely
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above freezing year round (i.e., MAF = MAAT) on the Antarctic Peninsula. Pollen from two
different locations on King George Island on the Antarctic Peninsula suggest MAAT of 11-15°C
(mean of 12°C) and 9-27°C (mean 13.3°C) (Hunt & Poole, 2003; Poole et al., 2005). The
SHALDRIL reconstructions reasonably fall between estimates from higher and lower latitudes,
being warmer than MAAT estimates of 8-10°C from weathering proxies in the Ross Sea
(Passchier et al., 2013) and within pollen estimates (8-18°C) from the Weddell Sea sector
(Houben et al., 2011; Mohr, 1990; Pound & Salzmann, 2017).

SST estimates were not generated for the Eocene SHALDRIL sediments due to BIT>0.4 and
ARI>0.3 suggesting strong fluxes of terrestrial inputs to this site that would preclude reliable
SST estimates. However, TEXgs measurements from the La Meseta Formation on nearby
Seymour Island (Douglas et al., 2014) are recalibrated using BAYSPAR here to yield SST
estimates of 11.3-13.5°C). Clumped isotope measurements on shallow marine bivalves at the
same site indicate temperatures of 11-17°C (Douglas et al., 2014). Another record from Seymour
Island used the chemical weathering of minerals and determined a chemical index of alteration
(CIA) <60 and increasing illite mineralogy to reveal conditions on land (Dingle et al., 1998)
suggesting a cool and wet climate shifting to a cold relatively dry environment in the late

Eocene.

In the uppermost 4 samples of Hole 3C, a decline in N. fusca pollen abundance (Figure 2d)
suggests the recovered sediments capture the first signs of decreasing temperature and
deteriorating conditions for plants on the Antarctic Peninsula, although the EOT was not
recovered (Anderson et al., 2011). Compound specific isotopic analysis of the same Eocene
section similarly found lower 6D values in the same samples (Feakins et al., 2014), compared to
downcore samples within 3C, tentatively interpreted as drying associated with cooling. The
increased proportion of reworked pollen is likely indicative of glacial erosion which would
require cooling and drying conditions suggested by the dD values. In the same horizon, we
report declines in the hopane index (Figure 2e) and n-alkane CPI (Figure 2f), which both
suggest more thermally mature inputs from older sediments coinciding with increasing reworked
pollen. In addition, the n-alkane chain length distribution for the uppermost samples in 3C are in
alkane cluster 3 (Figure S3), showing more mature inputs compared to the earlier samples

within 3C. The cluster analysis indicates that the mature signature in the late Eocene samples is
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similar to the reworked mature components found in the Miocene and Pliocene of Hole 5D. The
low n-alkane CPI and hopane index could be interpreted as thermal heating; however, the
presence of non-mature biomarkers (e.g., n-alkanoic acids with CPIs>1 and the presence of
GDGTs) as well as well-preserved pollen rules out in situ heating (ct. Duffy et al., 2022; Tibbett
et al., 2021). The declining CPI and hopane index instead indicates increased reworking, likely
initial signs of glacial expansion and transport to the site, presumably from distal iceberg rafting

(pebbles appear, Figure 2¢) or local fluvial erosion.
5.2. Oligocene

We see signs that fluvio-glacial erosion increased during the Oligocene, as we find biomarker
evidence for more reworked inputs based on the reworked pollen percentage, the hopane index
and the alkane CPI (Figure 2d-f) relative to the earlier Eocene section. This is consistent with
the presence of sand grains with glacially-derived high-stress microtextures indicating expanding
Alpine-style glaciation (Kirshner & Anderson, 2011). Although there is reworking, we do not
expect contributions of b¥GDGTs from sediments of such maturity (hopane index approaches 0).
In addition, we note the presence of immature material (including n-alkanoic acids and pollen)
and no change in the concentration of GDGTs associated with changes in the hopane index and
CPI. From the Eocene (Hole 3C) to Oligocene (Hole 12A), the concentration of n-alkyl lipids
and brGDGT decreases, and the BIT decreases. The declining terrestrial contribution may be
related to a decline in terrestrial production by plants and soil bacteria, however temperatures do
not drop at the same time making this unlikely. Instead, the likely explanation is the greater
distance from the coastline (~100 km further), reducing the terrestrial flux. The plateau position
of Hole 12A, ~100 m shallower water depth today relative to 3C, may also reduce the terrestrial
delivery however paleodepth may have been deeper based on diatoms (Bohaty et al., 2011).
Biomarker assemblages remain consistent with interpretations that iso- and brGDGTs are
penecontemporary with the isoGDGTs mainly produced in the water column and the b/rGDGTs
dominated by soil inputs likely from local fluvial runoff from the Antarctic Peninsula. On land,
brGDGT reconstructed air temperatures for MAF range from 13.3 to 10.8°C (mean 12.5+0.7°C,
n=11) similar to Eocene MAF temperatures, suggesting that the change in sampling location and
possible reduction in terrigenous flux has not biased the temperature signal carried. Pollen

assemblage based estimates from nearby Seymour Island suggests MAAT between 8-18°C with
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warm month mean temperatures of 17-24°C (Pound & Salzmann, 2017;Warny et al., 2019) and
pollen MAAT estimates. These estimates overlap with the Oligocene temperatures reconstructed
here. Pollen MAAT estimates from the Antarctic Peninsula (40 Ma) suggest temperatures of 11-
15°C (Francis et al., 2008; Poole et al., 2005). These temperature records from the Eocene and
Oligocene are similar further indicating minimal change in temperature on the Antarctic

Peninsula from the Eocene to Oligocene.

In contrast, the weathering S-index from CRP-3 from the Ross Sea (derived from Transantarctic
Mountains) suggests ~8°C for the middle to late Oligocene, a decrease of 3°C from the Eocene
(Francis et al., 2008; Passchier et al., 2013) indicating substantial cooling in the continental
interior. Although an ice sheet was present on Antarctica during the Oligocene (Levy et al.,
2019), our reconstructions find little change in the months above freezing temperatures recorded

by brGDGTs on the tip of the Antarctic Peninsula, at the northerly limit of the continent.

Diatom assemblages from SHALDRIL II show a less diverse assemblage and smaller taxa in the
Oligocene core, which may indicate cooling and a deeper paleowater depth for Hole 12A,
although modern depth is 100 m shallower, and/or local surface cooling from the Eocene to
Oligocene (Bohaty et al., 2011). The winter-season included sea ice based on the presence of
penecontemporary dinoflagellate cysts and acritarchs in 12A (Warny & Askin, 2011a). High BIT
and ARI meant we were not able to estimate any Eocene and limited Oligocene SSTs so we do
not have independent evidence for SST cooling. Where BAYSPAR could be applied to
Oligocene samples dating from ~27 Ma, SST reconstructions ranged between 11.6 and 6.4°C

(mean 9.6+2.8°C, n=3; Figure 2e).

There are limited Oligocene SST records in the region, with none overlapping 27 Ma results
from SHALDRIL, however we review bracketing data for 34-32 Ma and 24-23 Ma. Nearby on
Seymour Island, clumped isotope paleothermometry on bivalves yields estimates of 9, 13 and
17°C for three specimens from the same stratum leaving uncertainty around shallow ocean
waters temperatures at 34 Ma, and in the same sample, TEXgq recalibrated with BAYSPAR
suggests 13.5°C (Douglas et al., 2014). Further north from DSDP Site 511 near the Falkland
Plateau, SST estimates for 34-32 Ma average 13+3.3°C (n=32) from TEXgs BAYSPAR and
111.4°C (n=28) from U"37, the latter may be cold-biased due to advection (Houben et al., 2019;
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Lauretano et al., 2021). At the same time, 33-32 Ma, Maud Rise ODP Site 689, to the East of the
Weddell Sea, yielded clumped isotope SST estimates of 12+3.1°C (n=5) (Petersen & Schrag,
2015). In younger sediments, DSDP Site 269 off Wilkes Land, East Antarctica, TEXgs values for
24.2-23 Ma, recalibrated with BAYSPAR here, yield comparable SSTs (13+£3.3°C, n=13). These
SST records from the early, mid (this study) and late Oligocene suggest minimal SST cooling in
the Weddell Sea sector. While detailed evidence for the climate of the Oligocene remains
geographically and temporally limited, our results from SHALDRIL for 27 Ma add to earlier
reports of Oligocene Southern Ocean warmth (O’Brien et al., 2020).

5.3. Miocene

Penecontemporary pollen from SHALDRIL II suggest austral summer temperatures of 10°C on
the tip of the Antarctic Peninsula during the latter portion of the middle Miocene (12.8-11.7 Ma),
likely a low shrubby tundra environment (Anderson et al., 2011). Reworked pollen proportions
increase from the Oligocene to Miocene (Figure 2d). The low hopane index and n-alkane CPI
around 1 indicate reworked material was delivered to the Miocene horizons of Hole 5D, in
addition to the continued presence of fresh pollen and n-alkanoic acids indicating that the
sedimentary organics contain a mixture of penecontemporary inputs and transported, mature,
reworked materials. An increased prevalence of pebble-sized dropstones in these Miocene
sediments (Figure 2c¢) indicates a dramatic increase in glaciers with a marine-terminating calving
margin relative to the Oligocene (Wellner et al., 2011). The pebbly-gray diamicton has been
described as a proximal glacimarine setting, with ice on the peninsula as well as Joinville Island
(Wellner et al., 2011). Thus iceberg-rafted sediment delivery can derive from the newly glaciated
nearby peninsula. Yet clay mineralogy found no change in source area or weathering regime
(Wellner et al., 2011), thus the dominant sourcing may be dominantly marine-terminating valley
glaciers from the WAIS/EAIS coastlines bordering the Weddell Sea as in the Oligocene and
Eocene (Carter et al., 2017). This is consistent with changes in sand grain morphology in the
Miocene section of the SHALDRIL cores that indicate a change towards large-scale ice sheets,
rather than individual valley glaciers (Kirshner & Anderson, 2011). We thus suggest the increase
in reworked pollen and biomarker indices (CPI, hopane) is associated with enhanced iceberg
calving from EAIS/WAIS during the middle Miocene. By the late Miocene the Antarctic
Peninsula Ice sheet (Bart et al., 2005; Davies et al., 2012) had expanded onto the northern
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Antarctic Peninsula continental shelf (Smith & Anderson, 2010). However, in the time period
sampled, glaciation was still contained on the Peninsula nearby and the site was underwater as

indicated by microfossil (diatom) and biomarker input from marine productivity.

The concentrations of n-alkanoic acids, isoGDGTs and b¥rGDGTs increase within the Miocene
sediments suggesting high productivity and/or preservation (Figure 2i and j). High organic
content, a sulfurous smell on core splitting and no bioturbation in Hole 5D (Miocene and
Pliocene sections) suggests low oxygen conditions (Wellner et al., 2011) conducive to
preservation of biomarkers, relative to the earlier sections recovered. However, within the same
core section changes in GDGT concentrations may denote changes in productivity. Both br- and
isoGDGT concentrations increase within the Miocene core. BIT increases slightly (Figure 2g)
due to the increase in /¥GDGT concentrations even though their absolute concentrations remain
much lower than isoGDGTs. The increased isoGDGT concentration also suggests an increase in
ocean productivity by Archaea (used for the TEXgs temperature proxy). In high organic, shelf
settings there may be some in-sediment production of b¥GDGTs (Sinninghe Damsté, 2016). We
tested for this concern but found just 5 of the 11 samples have elevated #Ringsi., of 0.4 versus
0.2 for the others, without any temperature covariation, allowing us to discount this concern.

Shelf sediment brGDGT production is not likely to bias applications of the MBT’ sy proxy here.

We find b¥GDGTs from SHALDRIL sediments dated to 12.8 to 11.7 Ma yield mean MAF of
11.1+1.2°C (10, n=13). While these are relatively warm temperatures they reflect the months
above freezing (likely only summer months in the Miocene) when soils on unglaciated
landscapes are thawed and microbial communities are active — likely exported by summer rain
and fluvioglacial erosion by meltwater streams. Additional air temperature records spanning the
estimated ages for the SHALDRIL are limited; therefore, we discuss air temperature records
throughout the Miocene here. On the other side of the Weddell Sea, at IODP Site U1356A
(~60°S paleolatitude), the MBT/CBT method estimated Miocene Wilkes Land MAT as 12°C for
16.3 to 13.8 Ma (Sangiorgi et al., 2018), although inorganic geochemistry estimates from the S-
index were cooler (8°C) for 16.5 to 13.5 Ma (Passchier et al., 2013), records that include the
warmth of the Miocene Climatic Optimum (MCO) and the middle Miocene Climatic Transition
(MMCT). Further afield in the Dry Valleys (77°S, 1.35-1.5 km asl) in the Transantarctic

Mountains — an area that remains unglaciated today - cypridoidean ostracodes and lathridiid
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beetle fossils yield summer temperatures of 5°C at 14 Ma during the MCO (Lewis et al., 2008).
Offshore in the Ross Sea, ANDRILL-2/2A marine sediments yielded plant wax 0D, interpreted
with isotope-enabled climate model experiments, to suggest MCO summer temperatures of 7°C
on land (Feakins et al., 2012), consistent with palynology evidence for brief pulses of warming
(Warny et al., 2009). Yet even these warm spikes during the widely-recognized warmth of the
MCO, were not as warm as the temperatures recorded here (~11°C) from the more northerly
latitude tip of the Antarctic Peninsula after the MMCT cooling in the latter part of the middle
Miocene (12.8 to 11.7 Ma).

We now turn to middle Miocene oceanic conditions. Our TEXgs data (n=10) from SHALDRIL II
Hole 5D indicate (late) middle Miocene (12.8-11.7 Ma) mean SSTs of 10.2+3.4°C (15, n=10).
This is comparable with regional SST reconstructions slightly earlier in the middle Miocene
spanning the MCO (14.2-13.3 Ma) at IODP Site U1356 (60°S) in the Weddell Sea, where TEXss
BAYSPAR estimates indicates SSTs of 12+3°C (1o, n=10) spanning 13.8 to 10.8 Ma (Hartman
et al., 2018). Similarly, a little further east and further offshore ODP Site 1171 (55°S) on the
South Tasman Rise yields SSTs of 22.6+2.5°C (10, n=106) for 15.3-12.0 Ma based on TEXse
BAYSPAR (Leutert et al., 2020). SSTs have also been reconstructed at IODP Site 1171 based on
clumped isotopes measured on planktonic foraminiferal calcite yielding 12.7+1.1°C (1o, n=13)
(Leutert et al., 2020). In addition, TEXgs from ANDRILL-2A from the Ross Sea (Levy et al.,
2016) recalibrated with BAYSPAR, yields SST estimates of ~11°C (6-26°C) spanning from 20
to 11 Ma. Other proxies provide a seasonal signal. Diatom assemblages from SHALDRIL cores
suggest the presence of winter-season sea ice in the northwestern Weddell Sea (Bohaty et al.,
2011). The surge in the number of iceberg-rafted dropstone pebbles in these Miocene sediments
in Hole 5D (Figure 2¢) indicates a contrast between active calving from marine-terminating
glaciers (WAIS/EALIS and the Antarctic Peninsula) and warm summer open water conditions

offshore in the middle Miocene, and summer warmth on land.
5.4. Pliocene

Our TEXg6-based BAYSPAR estimates of Pliocene SSTs range from 3.3 to 1.8°C (mean
2.8+1.1°C, n=3). Diatom assemblages from the same core (Hole 5D) suggests the presence of

seasonal sea ice (Bohaty et al., 2011) which is further corroborated by the presence of the
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acritarch Leiosphaeridia from James Ross Island (Salzmann et al., 2011) which is found in high
abundance in regions with sea ice and is an indicator for the presence of sea ice (Mudie, 1992;
Warny et al., 2006). Other estimates from ANDRILL-1B (Ross Sea) suggest SSTs of 3-8°C (4.6
to 3.4 Ma) based on diatom assemblage (McKay et al., 2012). SSTs were also calculated with
TEX"gs prior to 3.4 Ma (McKay et al., 2012) and were recalibrated here using BAYSPAR
suggesting temperatures of 8 to 18°C. There was no palynological evidence of vegetation on the
Antarctic Peninsula during the Pliocene (Anderson et al., 2011) reflecting the cold climate and
glaciation. The high proportion of reworked pollen, biomarker evidence carrying signals of
maturity (particularly the hopane index and alkane CPI), suggest fluvio-glacial erosion of older
strata locally on the Antarctic Peninsula or from the Weddell Sea margins of WAIS and EAIS by
icebergs (see Section 5.5). The Pliocene section for Hole 5D was interpreted as an outer shelf
environment which is supported by the lowest n-alkanoic acids concentration (112-482 ng/gdw),
brGDGT concentrations (0.6 ng/gdw) and the highest isoGDGT concentration of 10.2 ng/gdw.
The lower terrestrial sourced material could suggest lower inputs due to the presence of the
Antarctic Peninsula Ice Sheet as well as the shift from a proximal glacimarine shelf environment
during the Miocene to a further offshore depositional environment influenced by bottom currents

during the Pliocene.

There is winter sea ice present in this region in the Pliocene as indicated by sea-ice proximal
species from the same cores (Anderson et al, 2011, Bohaty et al., 2011). Increased glacial erosion
is apparent from glacial deposits on land (Marenssi et al., 2010) and glacial strata in the James
Ross Basin (Smith & Anderson, 2010). Glacial erosion from land is clearly evident from the
presence of dropstones (Anderson et al., 2011; Figure 2¢) and we find clear evidence for
reworked deposits based on the pollen, low CPI alkanes and hopane index in the Pliocene
samples compared to other time slices from SHALDRIL II. Both time periods are found within
the same Hole 5D so there are no concerns about the site of deposition, with material expected to
still be delivered from the proximal, glaciated peninsula. However, icebergs may also have been
delivering material from around the Weddell Sea for all the time periods when pebbles are

present (Anderson et al., 2011).

In the Pliocene horizons of Hole 5D the b¥GDGTs yield MAF estimates ranging from 6.5 to

3.8°C (mean 5.4£1°C), capturing cooling relative to the Miocene, consistent with earlier
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reconstructions of local glacial expansion on the Antarctic Peninsula, on Joinville Island and
onto the Joinville Plateau (Wellner et al., 2011). We see considerable cooling in the Pliocene age
soil-derived proxy, relative to the earlier times, however the microbial recorder cannot capture
deepening winter cold as soil microbial activity is limited to the months when the soil thaws. The
nature of the recorder also changes over time, as climate cools the amount of time that soil
temperature remains above freezing decreases and is limited to the shorter summer. In addition,
exposed soils are only present during interglacials and this soil bacterial biomarker proxy would
not detect times of glaciated land, and this means that the reconstructed summer/interglacial
temperatures for the Pliocene are likely an upper bound. These warm temperatures fit with
evidence for instability of WAIS during the Pliocene from the Amundsen Sea sector sampled by

IODP Exp 379 (Gohl et al., 2021).

Conditions cooled further from the Pliocene into the Pleistocene glacials, consistent with a
proximal glacier on the Joinville Plateau. In the present interglacial (the Holocene), just two
months, December and January have average temperatures above freezing (mean 1.1°C), with
MAT of -4.6°C from Esperanza Base from 1981 to 2010, for the Antarctic Peninsula (Turner et
al., 2020). Pliocene MAF reconstructed by brGDGTs (mean 5.4£1°C) are 4.3°C warmer than
historical instrumental climatology MAF of 1.1°C for 1981-2010. Although a heatwave of
18.3°C was recorded at Esperanza Base in February 2020 (Francelino et al., 2021), with

recurring heatwaves in 2022, showing signs of current warming.
5.5. Glacial erosion and the provenance of biomarkers

In the upper few samples of the Eocene, as well as in the Oligocene, Miocene and Pliocene, we
see evidence for reworked biomarkers (based on the high CPI alkanes and the low hopane ratio)
and reworked pollen in the same horizons as the pebbles (Figure 2). The presence of iceberg-
delivered pebbles in Eocene-Pliocene age sediments in the studied sections of SHALDRIL II
sediments (Figure 2¢) and the location of the drill sites in “iceberg alley” in the Weddell Sea,
implies pebbles could have been delivered by ice that calved from any margin around the
Weddell Sea, which includes both EAIS and WAIS (Anderson et al., 2011; Carter et al., 2017).
Iceberg alley is a major route for WAIS and EAIS derived icebergs via the Weddell gyre

circulation in the modern ocean (Figure 1), a circulation and iceberg transit route that has likely
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been in place since at least the late Eocene (Carter et al., 2017). Additional studies of this region
have shown that, in the late Eocene, there was widespread ice that extended from the
mountainous interiors to the coastal areas fringing the southern Weddell Sea and EAIS that have
been identified in provenance studies for the Eocene noted from ODP Site 696 (water depth of
650 m) near the South Orkney Microcontinent (Carter et al., 2017). Due to this transport, distally
sourced terrestrial biomarkers from both WAIS and EAIS can be deposited at the core sites. This
implies distal transport of mature sedimentary organics, rafted by ice. Later, once the Antarctic
Peninsula Ice Cap develops, in the Miocene and Pliocene (Wellner et al., 2011) then local
iceberg generation may also transport reworked material. We do not however infer distal
sourcing of the soil-derived b¥GDGTs or fatty acids. The maturity of the reworked material,
means that these compounds would not be preserved in the eroding sediments, and thus we infer
that the fatty acids and brGDGTs are not reworked from older strata, but are penecontemporary

and more locally sourced by fluvial processes from unglaciated areas of the Antarctic Peninsula.

When considering iceberg transport, the warm SSTs reconstructed in this study present a
contrast. Paleotemperature reconstructions from this study and other studies (e.g., Douglas et al.,
2014) suggest warm (above freezing) SSTs at the margins of the Antarctic Peninsula (Figure 3).
Given that warm SSTs would have melted icebergs rapidly, the presence of iceberg-rafted
pebbles at the tip of the Antarctic Peninsula is an apparent paradox (Douglas et al., 2014; Carter
et al., 2017). Those prior estimates of warm Eocene temperature are corroborated with our new
data with warm land temperatures in the Eocene and warm SSTs persisting across the Oligocene
and Miocene, adding more confidence to the interpretation of icebergs calving into a relatively
warm ocean, from the Eocene to the Miocene, with a vigorous Weddell Gyre current transporting
the icebergs to the tip of the peninsula before they melt. This ocean circulation is supported by
ocean modelling studies (Bijl et al., 2011; Goldner et al., 2014) and the paleotemperature proxies

(Anderson et al., 2011; Douglas et al., 2014; Carter et al., 2017; and this study).
5.6. Implications for Cenozoic cooling

The global Cenozoic cooling trend is often described using benthic foraminiferal calcite 3'°0
(Westerhold et al., 2020), which records glacial ice volume as well as deep ocean cooling. That

trend is broadly linked to the decline in atmospheric pCO, and glacial ice albedo feedbacks
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(Figure 3d). There is a transition from ~1000 ppmv in the Eocene to ~400 ppmv during the
middle Miocene and Pliocene (Rae et al., 2021) reconstructed from alkenone (Badger et al.,
2019; Pagani et al., 2005, 2010, 2011; Zhang et al., 2013) and boron isotope proxies
(Anagnostou et al., 2016, 2020; Badger et al., 2013; Foster et al., 2012; Greenop et al., 2014,
2019; Henehan et al., 2020; Pearson et al., 2009; Sosdian et al., 2018). However, mismatches
between deep ocean §'°0 and pCO, have been noted, with Oligocene warmth presenting a
conundrum (O’Brien et al., 2020). Progress on separating deep ocean temperature and ice
volume variables, using Mg/Ca (Lear et al., 2000, 2015) and later using clumped isotope
paleothermometry, found warm deep ocean temperatures persist longer than thought, with
temperatures of 5-10°C recorded across the Oligocene and Miocene(Meckler et al., 2022).
Antarctic temperature reconstructions are vital to understand local climate-cryosphere coupling;
however, accessing sedimentary archives remains challenging (e.g., McKay et al., 2022). Many
previously collected cores can be revisited with newer techniques to make full use of the
recovered sediments (e.g., Tibbett et al., 2021). Here we provide organic-biomarker based
temperature constraints for land and sea at the tip of the Antarctic Peninsula for snapshots in time
recovered by SHALDRIL II, which we compare to conditions on and around Antarctica and the

global trend (Figure 3).

The tip of the Antarctic Peninsula is far from the nucleation of initial glaciations, e.g., on the
Gamburtsev Mountains (Rose et al., 2013), and was likely late to respond to continental cooling,
although local cooling is expected. Pollen from SHALDRIL samples indicate that N. fusca
decline within the Eocene (Anderson et al., 2011), well before we detect a temperature change
with soil biomarkers proxies here (Figure 2). Soil biomarkers carry no detectable (<1°C)
difference in the reconstructed land temperatures for MAF from brGDGTs between the Eocene,
Oligocene and Miocene, with any cooling between segments within the variability in each
segment (Figure 3). Likely declining winter temperatures shortened the summer season, but
brGDGTs only allow us to see that the temperatures remained similar in summer months. Soil
biomarkers first record a cooling for MAF between the Miocene and Pliocene from 11 to 5°C.
We hypothesize warm season temperatures remain similar for much of the record before the
summer months finally cool in the Pliocene. In contrast, plant growth is limited much sooner as
winter cooling develops in the late Eocene, shortening plants’ growing season. Once local

glaciation develops, the formation and microbial activity within soils would also be biased to the
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interglacials, thus soil biomarker temperatures should be considered an upper bound seasonally

and across orbital cyclicity.

SHALDRIL sedimentary samples have yielded evidence for cooling of ocean waters between the
Eocene and Oligocene: diatom assemblages indicate cooling (Bohaty et al., 2011) and
dinoflagellates and acritarchs indicate an increase in sea ice (Warny & Askin, 2011a). This
cooling and sea ice formation would have aided Antarctic bottom water formation and marked an
initial increase in deep ocean ventilation at the EOT (Goldner et al., 2014). Using the TEX3s
paleothermometer, we were unable to reconstruct Eocene SSTs due to the proximal core site
location and terrestrial flux of biomarkers (high BIT). From a more distal site, we were able to
reconstruct Oligocene SSTs from 3 samples, finding considerable variability between 11.6 and
6.4°C with an average SST of 10°C. Miocene SSTs were available for all samples (10.2+3.4°C,
1o, n=10), indicating that from the Oligocene to Miocene there was no clear drop in SSTs in the
recovered sedimentary material. Intriguingly, deep ocean temperatures (Meckler et al., 2022)
also do not show much change across this time suggesting that this may be a robust feature of
high latitude and deep ocean conditions. Persistently warm high latitude SSTs would mean that
deep water formation would have remained sluggish. The largest cooling detected in the Weddell
Sea occurs between the sampled windows of the late Miocene and the Pliocene. Using the TEX s
paleothermometer, we find SSTs cool to 2.8+41.1°C, 16, n=2) in the Pliocene, a drop of 7°C from
the Miocene (Figure 3) similar to cooling during the Mid-Miocene Climate Transition
(Shevenell et al., 2004) and late Miocene cooling >50 °N (Herbert et al., 2016). We hypothesize
that this cooling of 7°C would have dramatically increased Antarctic Bottom Water formation in
the Weddell Sea, and thus increased deep ocean ventilation and increased ocean overturning
circulation. The Miocene to Pliocene cooling in the Weddell Sea is broadly commensurate with
cooling detected in the deep ocean (Figure 3c¢) by clumped isotopes (Meckler et al., 2022),
although much more data is needed to fill in the gaps in each record — both for clumped isotope
deep ocean temperatures and Antarctic margin SSTs. More bottom temperature data are
available based on the Mg/Ca of benthic foraminifera for the last 17 Ma (Figure 3c), with
uncertainty shown associated with the changing Mg/Ca of seawater (Lear et al., 2015). Earlier
Mg/Ca based estimates spanning the Cenozoic (Lear et al., 2000) and in the Miocene Southern

Ocean (Shevenell et al., 2008) are cooler than the clumped estimates consistent with the expected
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effects of changing seawater, nevertheless available seawater-corrected Mg/Ca based
temperatures also find deep water cools during the Pliocene (Lear et al., 2015). Linking high
latitude and deep water temperatures estimated by different methods has the potential to resolve
some of these uncertainties about Cenozoic climate. Acquiring a more detailed oceanographic
history of the Weddell Sea will only be possible through the recovery of more continuous

sedimentary records through future drilling expeditions.
6. Conclusions

A multi-biomarker study of sedimentary drill cores captures signals of increasingly glacially-
reworked sediments and tracks the cooling on land based on b#GDGTs. In the Eocene, relatively
warm summer (months above freezing) conditions occurred on the Antarctic Peninsula,
Oligocene and even Miocene with MAF estimates of 11-12°C. This demonstrates how the
peninsula’s warmth provided growing conditions for plants as refugia from the cooler conditions
further south. However, N. fusca pollen decline in the Eocene, likely responding to a shortened
growing season. In this study and in other applications where seasonality of climate may be
changing, it may be generally helpful to consider the selective bias of the soil biomarker proxy,
recording months above freezing. Here we find based on dual consideration of pollen and soil
biomarkers, that as the climate cools, the winter frozen months lengthen, and the soil proxy is
restricted to a short summer season, thus reconstructed MAF temperatures may appear to be
relatively similar despite a possibly shorter time of thawed soil activity. Other indicators might

be better sensors of winter cooling, e.g., sea ice indicators.

Ocean waters off the Antarctic Peninsula at 63°S cooled from 12.5°C in the Oligocene to 2.8°C in
the Pliocene based on BAYSPAR reconstructions. This evidence for ocean cooling near the
Antarctic Peninsula adds to sparse regional data on the Southern Ocean. While the cooling
broadly agrees with the expectation of global cooling and ice volume expansion reconstructed
from the deep sea carbonates and the declining carbon dioxide levels in the atmosphere (Figure
3), there are some significant regional differences. We find warm ocean waters persist well into
Neogene glaciation, confirming earlier tentative multi-proxy temperature data from Seymour
Island (Douglas et al., 2014) and consistent with deep ocean temperature evidence (Lear et al.,

2000, 2015; Meckler et al., 2022). The 7°C cooling of Weddell Sea temperatures, recorded by
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TEXGg¢ here, between the Miocene and the Pliocene marks the intensification of Antarctic Bottom
Water formation in the Weddell Sea, and thus increased deep ocean ventilation and ocean

overturning circulation.

As the iceberg delivery of pebbles in the Miocene and Pliocene attests, glacial advance was
accompanied by cooling on land on the Antarctic Peninsula, and there was distal transport of
terrestrial material from under the WAIS and EAIS, both of which were fully glaciated at that
time (Anderson et al., 2011; Naish et al., 2009). Icebergs calving into warm oceans yet persisting
to the tip of the Antarctic Peninsula, imply strong Weddell Sea circulation in iceberg alley as
previously noted (Carter et al., 2017). These new biomarker temperature estimates add to
knowledge of cooling of the eastern tip of the Antarctic Peninsula in “iceberg alley” critical to
this sensitive land-ocean boundary at the edge of the cryosphere. We find warm summers persist
even as winter temperatures dip, and that warm SSTs corroborate evidence from the deep sea.
These and hopefully more efforts to reconstruct Antarctic margins records are needed to
reconstruct past climate-cryosphere change and to support proxy-model comparison efforts to

develop mechanistic understanding of the Cenozoic evolution of Antarctic climate.
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Figure Captions

Figure 1: Map of the present day Antarctic Peninsula bed elevation (Fretwell et al., 2013;
Greene et al., 2017), showing SHALDRIL II drilling locations (white stars). Red arrows
illustrate the Weddell Gyre circulation. Inset map shows location of the Antarctic Peninsula on

Antarctica.

Figure 2. Data from SHALDRIL II a) summarizing age control (Bohaty et al., 2011), b)
lithology, c) pebble count, d) the proportion of Nothofagus fusca and reworked pollen (Anderson
et al., 2011), and e-k) new biomarker data (this study). Biomarker results include: e) the hopane
index, f) n-alkane CPI, g) BIT index, h) ACL and i) concentrations of both the n-alkanoic acid
and n-alkane compound classes, j) br- and isoGDGT concentrations and k) the MBT " sy.-based
temperature reconstructions using two available soil calibrations to estimate MAAT (Dearing
Crampton Flood et al., 2020) and MAF (Martinez-Sosa et al., 2021), as well as the TEXgs-based
BAYSPAR estimates of SST available for a subset of the samples. The declining alkane CPI,
declining hopane Bf/(af+Po+PP) index, and increasing reworked pollen all show more
reworking up section in parallel to cooling. Concentration data for the n-alkanoic acids from the

Eocene section is limited due to sample use for isotopic analyses (Feakins et al., 2014).

Figure 3. Compiled Cenozoic temperature records from Antarctica and the surrounding Southern
Ocean including SHALDRIL II (yellow squares, this study). a) Map depicting proxy site
locations, symbol fill colors in a-c correspond to different ocean sectors Indian Ocean (orange),
Western Pacific (black), Ross Sea (blue), Weddell Sea (brown), and differentiates land (white
outline), and ocean temperature proxies (black outline). b) Surface air temperature (Douglas et
al., 2014; Feakins et al., 2012; Passchier et al., 2013, 2017; Thompson et al., 2022; Tibbett et al.,
2021). Pollen (green) derives from Antarctic Peninsula (Francis et al., 2008), Ross Sea (Askin &
Raine, 2000; Francis et al., 2008; Lewis et al., 2008; Prebble et al., 2006; Raine, 1998; Warny et
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1204
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al., 2009), and Indian Ocean sector (Macphail & Truswell, 2004; Truswell & Macphail, 2009). c)
Sea surface temperature (Douglas et al., 2014; Evangelinos et al., 2020; Hartman et al., 2018;
Houben et al., 2019; Lauretano et al., 2021; Leutert et al., 2020; Levy et al., 2016; Liu et al.,
2009; McKay et al., 2012; Petersen & Schrag, 2015; Plancq et al., 2014; Shevenell et al., 2004)
and deep water temperature (DWT) based on Mg/Ca (Lear et al., 2015) and clumped isotopes
(Meckler et al., 2022). d) Comparison global data 8" Openthic record splice (Westerhold et al.,
2020) and pCO, compilation (Rae et al., 2021).
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Figures S1 to S3

Introduction

The supporting information associated with the manuscript referenced above includes two
supplementary figures. Figure S1 is a map of the modern day Antarctic Peninsula with the
paleocoastline from 34 Ma outlined. Figure S2 contains the cluster analysis for the n-alkanoic
acids, which indicated minimal difference in the abundance of Cy and C,s dominance between
cluster 1 and 2, and overall distributions indicative of penecontemporary (fresh) inputs. Figure S3
contains the cluster analysis for the n-alkanes, which includes penecontemporary (cluster 1) and
mature components (cluster 2 and 3).
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Figure S1. Present day Antarctic bed elevation from bedmap?2 (Fretwell et al., 2013) with
the Eocene (34 Ma) coastline (Hochmuth et al., 2020) outlined in black. This shows the
modest longitudinal rotation of the peninsula since the Eocene.
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Figure S2. a) Dendrogram of n-alkanoic acid chain length distributions with clusters
labeled and showing b) molecular abundance distribution, showing mean (bars) and 1

standard deviation (error bars) for each cluster.
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Figure S3. a) Dendrogram of n-alkane chain length distributions with clusters labeled
and showing b) molecular abundance distribution, showing mean (bars) and 1 standard
deviation (error bars) for each cluster. Samples labelled (core depth) from cores 3C
(Eocene), 12A (Oligocene), 5D (middle Miocene and Pliocene). Eocene samples (3C,
bold) are mostly in cluster 1 with plant-like distributions of n-alkanes, but three samples
are in cluster 3 along with samples from 5D, with low CPI components, denoting mature
inputs.
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