


saturation in most ocean study sites. Evidently, Miocene temperatures even after the MCO were warmer

than previously thought.

Here we report new data derived from a high latitude sediment core (Sdr. Vium borehole is 55°9′04.02″

N, 8°24′46.52″E) that penetrates most of the Miocene marine succession, from the upper Aquitanian to

the Tortonian (Dybkjær & Piasecki, 2010; Larsson et al., 2010; Rasmussen et al., 2010). Because we were

able to recover alkenones from nearly all of the fine‐grained facies of the borehole and because the Uk

′37 values with one exception stay in the range where the C37:3 ketone is analytically well resolved, we

provide one of the first continuous records of SST in a high latitude northern hemisphere location that

captures conditions prior to and through the MCO, from what is generally regarded as one of the most

reliable marine paleotemperature proxies. Our results clearly define a local maximum in SST corre-

sponding to the MCO and demonstrate first‐order synchrony between mid‐Miocene warming and

deglaciation in the southern hemisphere and warming in the high latitude northern hemisphere.

2. Geological Setting

During the late Oligocene the North Sea Basin evolved into a silled basin with the only connection to the

ocean situated between the Shetland Platform and Fenno‐Scandian Shield in the northern part of the basin

(Anell et al., 2012; Eidvin et al., 2014; Rasmussen et al., 2010; Ziegler, 1990). Former connections to the

Tethys and Central Atlantic oceans were closed due to compressional tectonics associated with the Alpine

Orogeny and dynamic topographic uplift within the Central European Volcanic Province (Mayer et al., 2013,

and references therein). TheMiocene North Sea was thus bounded by the British Isle toward the west, a rela-

tively low relief Central European landscape in the south, and the Fennoscandian Shield toward the east and

north. Consequently, the current circulation pattern changed from open system with connections between

major oceans to a simple counter counter‐clockwise gyre with inflow from the north. During the early

Miocene, strong uplift of the Shetland Platform and the western part of the Fennoscandian Shield resulted

in marked influx of siliciclastic sediments which resulted in the formation of an east‐ward prograding delta

system off the Shetland Platform in the northern part of the North Sea and a southward prograding delta sys-

tem in the eastern North Sea. The southern fringe of the basin was characterized by a paralic depositional

setting with significant coal formation, especially associated with rift systems, for example, Rhine Graben

and major structural features as the Sorgenfrei‐Tornquist Zone (Schäfer et al., 2005).

For much of the Miocene, the southern margin of the North Sea basin saw large deltaic outbuilding as a

result of the closure of themarine foreland basin in front of the Oligocene‐earlyMiocene Alpine deformation

front (Kuhlmann, 2007) and significant uplift of the Jura mountains and the formation of the Carpathian

Mountains (Kuhlmann, 2007; Oszczypko, 2006). The paralic depositional that dominated the southern

North Sea in the early Miocene changed during the late Miocene to fluvial system, partly braided systems

(Schäfer et al., 2005). Consequently, a huge delta system, the so‐called Eridanos Delta filled the southern

North Sea Basin during the late Miocene. The progradation of delta systems from both the north and the

southeast and south resulted in a high rate of sedimentation of the North Sea Basin during much of the

Miocene (Rasmussen et al., 2010).

After an initial marine flooding in the earliest Miocene, the lower Miocene interval cored by the Sdr. Vium

borehole reflects the influence of these prograding delta systems. The sediment is dominated by mud alter-

nating with thin silt and fine‐grained sand beds. The thicker sand‐rich beds are normally graded and show

hummocky cross‐stratification and in the upper part double clay layers (see Figures 42–45 in Rasmussen

et al., 2010). The late Langhian through early Tortonian saw the area flooded by fully marine clays of the

Hodde, Ørnhøj, and Gram Formations (Larsson et al., 2010). This flooding was partly a result of an eustatic

sea‐level rise (mid‐Miocene Climatic Optimum; Zachos et al., 2001) and partly associated with a tectonic

reorganization in the NE European realm (Rasmussen, 2004; Rasmussen & Dybkjær, 2014; Ziegler, 1990).

The drowning of the margins resulted in a sediment‐starved North Sea that lasted most of the middle

Miocene (Rasmussen & Dybkjær, 2014). The Gram Formation is truncated in the borehole by Pleistocene

erosional surface that removes ~500 m of upper Miocene through middle Pliocene deposits. We estimate

the youngest age of material sampled here at ~8.6 Ma.

The present biostratigraphic subdivision is based on dinoflagellate cyst (dinocyst) stratigraphy. As a part of a

comprehensive program initiated in 1999, the dinocyst stratigraphy of more than 50 onshore boreholes and
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25 outcrop localities from Jylland (western part of Denmark) and, in

addition, a handful of offshore wells were established (Dybkjær &

Piasecki, 2010; Rasmussen et al., 2010). The suggested absolute ages of

the boundaries of the 19 dinocyst zones are based on a combination of

Sr‐isotope dating of mollusk shells, calcareous foraminifera and

Bolboforma from Danish boreholes and outcrops, and correlation

with dinocyst events (first and last occurrences) in sites in the North

Atlantic area and in northern Europe, dated based on Sr‐isotopes,

magnetostratigraphy, and foraminifera‐ and nannofossil stratigraphy

(Dybkjær & Piasecki, 2010). A later study comparing the dinocyst

stratigraphy with Sr‐isotope dating of the Danish Miocene succession

strongly supported the estimated ages of the dinocyst zones in the

Lower Miocene and lower Middle Miocene, while the Sr‐isotope age

estimates of the upper Middle Miocene and Upper Miocene seem to be

too old, see discussion in Eidvin et al. (2014). The Sdr. Vium research

borehole is the only one of the boreholes/wells included in the study by

Dybkjær and Piasecki (2010) that was cored. This borehole therefore

forms the backbone of the dinocyst zonation. Of the 19 dinocyst zones

defined by Dybkjær and Piasecki (2010) 10 are present in the Sdr. Vium

borehole.

3. Methods

3.1. Age Model

We estimated sample ages as a function of core depth using the Bayesian

age model program Bacon (Blaauw & Christen, 2011) (supporting infor-

mation Table S1). Age uncertainties for each datum were estimated at

0.5 Myr—this is admittedly a crude estimate in the absence of better infor-

mation. We produced two age models: one that removes thick sands from

80–89, 95–105, 159–162, and 181–185 m and one retaining original core

depth. The resulting age models (Figure 1, Table S1) suggest that rapid sedimentation characteristic of del-

taic input in the Aquitanian‐Burdigalian gave way to quite condensed sedimentation in the MCO, with a

deposition rate of approximately 3.5 m/Myr (Figure 1). Inferred sampling resolution of the data we report

varies considerably from 20 to 1,045 kyr with a median interval of 220 kyr. Clearly, orbital scale SST varia-

bility will not be resolved in the present data set.

3.2. Alkenone Analyses

A total of 47 samples were obtained for alkenone analyses and extracted with a Dionex ASE 200 system.

Approximately 7 g per sample were used. Initial gas chromatographic analyses on raw extracts indicated

complex matrices for many samples that interfered with reliable quantitation in the region where alkenones

eluted. After experimentation with different cleanup methods, a protocol of flash column silica gel chroma-

tography followed by silver nitrate and/or silver thiolate column cleanup (D'Andrea et al., 2007; Wang

et al., 2019) yielded acceptable chromatography. For the silica gel procedure, silica gel columns in Pasteur

pipettes were conditioned in 6 ml of hexane. Samples were transferred to the columns with hexane and

eluted with 4 ml hexane. The alkenone fraction was eluted in 4 ml of methylene dichloride. Subsequently,

samples were transferred to silver nitrate columns. The columns were flushed with 12 ml DCM and alke-

nones eluted with 8 ml ethyl acetate.

Gas chromatography was carried out with an Agilent 6890 GC equipped with 60 m VF‐200 columns and FID

detectors. Under ideal conditions, these columns allow full separation of the four C38 ketones (Longo

et al., 2013, Figure 2). Prior to quantification, extracts were evaporated with nitrogen and reconstituted with

200 μl of toluene spiked with n‐hexatriacontane (C36) and n‐heptatriacontane (C37) standards. Procedure

entailed 1–5 μl injections (depending on alkenone concentrations), initial temperature 90°C, increased to

255°C with 40°C/min rate, increased by 1°C/min to 300°C, increased by 10°C/min to 320°C, and an isother-

mal hold at 320°C for 11 min. Long‐term laboratory analytical error, estimated from replicate extractions

Figure 1. Paleogeographic map of the North Atlantic and North Sea circa

19.5Ma, adapted from Scotese (2014) and http:scotese.com PAELOMAP

PROJECT “breakup of Pangea.” Locations of cores with Miocene

alkenone‐based SST discussed in text indicated by large stars: DSDP

608 (42°50'N, 23°05'W), ODP 907 (69°14°59'N), ODP 982 (51°31'N,

15°52'W), IODP 1404 (40°0.80′N, 51°48.60′W), and Sdr. Vdium core

(55°49'N 8°24'E).
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and gas chromatographic analyses of a composite sediment standard, is

equivalent in temperature to ±0.1°C and to a relative error of 10% in quan-

tifying total C37 alkenones.

In all cases where we report alkenone unsaturation estimates, peaks cor-

responding to the C37:2 ketone, the C38:2 ethyl and C38:2 methyl ketones,

and the C39:2 ethyl ketone dominate the chromatographic region where

alkenones elute (examples shown in Figure 1). Four samples did not

yield measurable quantities of alkenones. As an indicator of the marine

source of the alkenones in a marginal environment, we calculated the

sum of C37 to C38 alkenones for each sample. The average ratio was

0.88 ± 0.23 (1 sigma), consistent with a marine origin of the alkenone

producers.

We report alkenone Uk′37 estimates of paleotemperature according to two

calibrations: the widely accepted linear core top calibration of Müller

et al. (1998) and the newer BAYSPLINE calibration of Tierney and

Tingley (2018). While these calibrations are very similar over much of

the range of Uk′37, the BAYSPLINE calibration suggests curvature of

the relationship at high temperatures, such that temperature estimates

become warmer than indicated by the Müller et al. (1998) calibration. As generally accepted in the alkenone

literature, we reference the temperature estimates to mean annual SST (cf. Müller et al., 1998; Prahl

et al., 1988; Rosell‐Melé & Prahl, 2013; Tierney & Tingley, 2018), recognizing that it might be appropriate

to account for some warm season production bias in this high latitude setting.

We experimented with the BAYSPLINE model, using Bayesian priors of 5 (recommended by Tierney &

Tingley, 2018, for samples on the high end of Uk′37 values) and 3 (which downweights temperatures above

the highest SST values for the modern ocean). We hesitate to adopt the

Tierney and Tingley (2018) approach because it potentially amplifies

noise (difficulty in accurately determining the very small C37:3 peak area

at high Uk′37) into signal, but we report these estimates to let the reader

judge the effect of calibration uncertainties (Table S2). While mean esti-

mated values for SST derived from the Sdr. Vium core are very similar

using the Müller et al. (1998, 27.09°C), Tierney and Tingley (2018,

prior = 5, 27.56°C; prior = 3, 27.13°C), the ranges of the BAYSPLINE

estimated temperatures (8.7°C and 7.8°C) are larger than for the

Müller et al. (1998) calibration (6.5°C) due to the nonlinearity of the

BAYSPLINE fit.

4. Results

Alkenone unsaturation estimates yield very high unsaturation values

throughout the Miocene interval (Figure 3, Table S2). Converted to tem-

perature, the alkenone proxy suggests strikingly warm temperatures in

the Danish North Sea throughout the recovered Miocene interval. In

one sample at 58.7 m (~15,500 ka), the C37:3 peak is so small as to be below

confident detection limit, suggesting an unsaturation value of 1.0. Uk′37
values stay consistently very warm (above 0.95) from 91.1 to 47.5 m

(~17.1–13.8) Ma and decline on either side of the MCO. Alkenone abun-

dances vary considerably and reach their maximum in the MCO

(Figure 2, Table S2). These higher concentrations could reflect more open

marine conditions that supported higher alkenone production, a decrease

in clastic dilution associated with transgression, or both. In general, con-

centrations are on the low end for typical pelagic sediments encountered

in the Brown alkenone laboratory.

Figure 2. Age model for the Sdr. Vium core based on Bacon program

(Blaauw & Christen, 2011) fit to age constraints of dinocyst biozonation

(see Table S1).

Figure 3. Representative chromatograms (60m VF‐200 chromatographic

column) of the alkenone fractions analyzed from the Sdr. Vium core

following silica gel and silver nitrate column cleanups. Compound

identification: A = C 37:3 methyl ketone, B = C 37:2 alkenone, C = C 38:3

ethyl ketone, D = C 38:2 ethyl ketone, E = C 38:3 methyl ketone, F = C 38:2

methyl ketone, G = C 39:3 ethyl ketone, H = C 39:2 ethyl ketone.

Note that compounds C, E, and G are not always resolved well enough in

the Sdr. Vium extracts to allow quantification (e.g., sample at 285.5 m).
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5. Discussion

We explore here the interpretation of alkenone results from the Sdr.

Vium core for regional ocean temperatures, for connections to faunal

and floral evolution in northwestern Europe, and then to larger scale

hemispheric and global climate patterns during the Miocene. The first

question arises as to interpret the Uk′37 values obtained. Although alke-

none unsaturation values are generally calibrated to mean annual SST,

this model is clearly an idealization, particularly at high latitudes where

production is likely to be negligible during winter months. The mean

annual SST for the region is about 10°C, with an annual range from

about 8°C to 18°C (https://iridl.ldeo.columbia.edu/maproom/Global/

Ocean_Temp/Monthly_Temp.html). The Sdr. Vium alkenone values

thus all lie well above the warmest temperatures recorded in the eastern

North Sea today. Furthermore, while evidence of a North Atlantic late

summer/early fall bias has been reported in modern calibration studies

(Tierney & Tingley, 2018), the offset from mean annual SST is modest

(on the order of 3°C). One can also question how the generally milder

climate and generally ice‐free Arctic conditions of the middle Miocene

(Stein et al., 2016) would affect the seasonal range of temperatures—it

seems likely that North Sea winter SST would be closer to mean annual

temperature than today without the cooling induced by Arctic sea ice

and also winter snow cover on land. We therefore suggest that the

alkenone‐based SST estimates approximate mean annual temperatures.

Comparison to biomarker‐based Miocene reconstructions from the North

Atlantic also aids in judging how representative our new record is

(Figure 4). It is clear that the trends and magnitude of Miocene warmth

here fit very well. The Sdr. Vium record is unique in that it continuously

records SST before, during, and after the MCO. The record at DSDP 608

(latitude of 42°50′N) becomes saturated with respect to Uk′37 in the

MCO interval (Super et al., 2018), while sites to the North (ODP 982, 907 and Sdr.Vium) stay below

the 1.0 threshold, as would be expected from their higher latitude locations. Temperatures recorded in

the Danish North Sea are nearly identical to those reported from ODP 982 (Herbert et al., 2016), despite

the fact that the modern seasonal temperature range at Site 982 is only 5°C—a further indication that our

new data do not suffer from a strong seasonal bias.

What is common to all North Atlantic SST records is a local maximum in amplitude from ~14–17Ma, accom-

panied by very small latitudinal gradients in temperature. Notably, temperatures before and after the MCO

remained much higher than today for extended periods of time: The bulk of North Atlantic cooling occurred

only after ~8 Ma (Herbert et al., 2016). The paleogeography of the Miocene North Sea made it a window into

the Arctic (Rasmussen et al., 2008). While we cannot extrapolate North Sea SST to the Arctic, the warmth we

reconstruct is consistent with low resolution SST estimates from the Arctic for ice free summers in windows

from ~6.5–7 Ma and 8–11.5 Ma (Stein et al., 2016). How well do the new SST estimates of Super et al. (2018)

and this work fit a previous reconstruction of marine temperature anomalies at 10 Ma? As Figure 6 demon-

strates, the new data are surprisingly consistent and solidify a previous estimate of mean global SSTwarming

on the order of 6°C (relative to present day) at 10 Ma (Herbert et al., 2016).

The marine temperatures we infer are qualitatively consistent with faunal and floral reconstructions of a

warm and wet northwestern Europe for most of the Miocene (Böhme, 2003; Fortelius et al., 2014;

Grímsson et al., 2007; Larsson et al., 2011; Mörs, 2002; Mosbrugger et al., 2005; Pound et al., 2011, 2012;

Utescher et al., 2011, 2017). Larsson et al. (2011) studied pollen assemblages from 160 to 25 m of the Sdr.

Vium core. The assemblage was overwhelmingly dominated by gymnosperms. Two paleoecological

groupings explained most of the variance: swamp‐forest taxa and deciduous‐evergreen mixed forest (up to

75% and 50% of assemblages, respectively). Their reconstruction has deciduous‐evergreen mixed forests

bordering swamp forests with a high fraction of the deciduous component (evergreens were mostly small

Figure 4. U
k'
37 and total C37 alkenones (C37 total as ug/g dry weight

sediment) as a function of core depth. Position of dinocycst

biostratigraphic datums (see Table S1) indicated by horizontal bars
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trees and shrubs). This reconstruction is quite similar to previous work on

lower Miocene pollen assemblages from Denmark (Larsson et al., 2010).

Swamp forest plants dominate to end of the Serravalian (at the approxi-

mate level of 40 m in the core) when conifer forest increases significantly

(Figure 5). This shift is associated with a decline in marine temperatures

to below 26°C. We observe also that as temperatures decline below

24°C, Poaceae (grasses) increase (at ~32 m, equivalent to ~9,800 ka) to

15% (Larsson et al., 2011)

Miocene pollen and spore assemblages in north western Europe have

been translated to temperature estimates by a number of approaches

(Larsson et al., 2011; Utescher et al., 2009). Most directly relevant to the

present study is a coexistence approach to estimate temperatures from

the pollen assemblage in the Sdr. Vium core (Larsson et al., 2011). This

study yielded an estimate of 15.5–20°C for mean annual temperature

(MAT, 8.5–12.5°C for the coldest mean month [CMM] and 23–27°C for

the warmest mean month [WMM]). Slightly south from our study loca-

tion, Utescher et al. (2009, 2011, 2017) have produced similar estimates

from the Rhine Basin. They reconstruct a continental temperature maxi-

mum in the MCO, peaking at ~18°C MAT, although they also note that

there is no modern equivalent to the MCO flora (Utescher et al., 2009).

Seasonality and the number of frost days increased markedly in the late

Miocene (Utescher et al., 2009).

On a broader scale, Utescher et al.'s (2017) survey of MAT and CMM from

floras over a latitude range of 15–65° North in North America and

Europe/Western Eurasia documents very gentle temperature gradients

as inferred from vegetation analysis. At the latitude of the Sdr. Vium core,

their reconstruction indicates a MAT of ~18°C (but up to 22°C including

variance) and temperatures well above freezing to 70°N. The CMM

estimate produces even bigger anomalies relative to the present (warmer

by ~8°C at the latitude of Denmark), and only crosses the freezing point

at ~65°N.

In the vertebrate realm, the alligator Diplocynodon was common in

the Hambach C level (equivalent to the MCO) of the Rhine Basin

as were rhinoceri adapted to a semiaquatic mode of living (Mörs, 2002).

Böhme (2003) reports two main migration events of thermophilic

ectotherms at 20 and 18 Ma that indicate the beginning of the

Miocene Climatic Optimum in Central Europe (42–45°N palaeolatitude).

According to this study, the minimum MAT would have been 17.4°C, with a preferred estimate of 20–24°C.

Furthermore, “The warm period ended abruptly between 14.0 and 13.5 Ma (Middle/Late Badenian transi-

tion) with major regional extinction events of most of the thermophilic groups in Central Europe and a drop

of the MAT of probably more than 7°C to temperatures around 14.8–15.7°C. This drop can be attributed

predominantly to a decrease of more than 11°C of the minimum cold months temperature. This temperature

decrease marked the beginning of a climatic zonation of the European continent and is also evidenced by

a progressively southward disappearance of the crocodile Diplocynodon from 38–45°N palaeolatitude to

30–37°N during the Middle and earliest Late Miocene” (Böhme, 2003).

Our marine SST reconstruction provides a boundary condition for estimating temperatures in northwestern

Europe and suggests that terrestrial temperature estimates for the Miocene cited above, while qualitatively

consistent with the new data, are most likely conservative. Indeed, it seems likely that improvements in spa-

tial coverage of SST estimates, in conjunction with climate models, can be used to better infer the tempera-

ture ranges experienced by fauna and flora in the late Miocene (cf. Henrot et al., 2017).

The warmMiocene climate over northwestern Europe was also apparently significantly wetter than present

(Bruch et al., 2011). Larsson et al. (2011) report pollen‐based estimates of mean annual precipitation of

Figure 5. U
k′
37‐based temperatures (this work) compared to major

vegetation changes reconstructed for the middle‐late Miocene in the

Sdr. Vium core (adapted from Larsson et al., 2011)

10.1029/2020PA003935Paleoceanography and Paleoclimatology

HERBERT ET AL. 6 of 10

 2
5

7
2

4
5

2
5

, 2
0

2
0

, 1
0

, D
o

w
n

lo
ad

ed
 fro

m
 h

ttp
s://ag

u
p

u
b

s.o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
2

9
/2

0
2

0
P

A
0

0
3

9
3

5
 b

y
 B

ro
w

n
 U

n
iv

ersity
 L

ib
rary

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [1
9

/1
2

/2
0

2
2

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



1,200–1,750 mm from the Sdr. Vium core versus ~600 mm today. The

authors do not find any notable trends in precipitation over time. A warm,

wet climate in the region is also indicated by coal‐bearing prograding del-

taic units of the Odderup Formation (first half of the Langhian) in the

Danish North Sea region (Rasmussen et al., 2010) and brown coals of

the Rhine Basin, which range from lower through middle Miocene in

age (Utescher et al., 2012). Indeed, Fortelius et al. (2014) reconstruct the

time period 23–15 Ma as wet over nearly all Europe, with N‐S gradients

developing in late Miocene along with an expansion of arid areas.

These temperature, faunal, and floral trends in the northern hemisphere

appear coeval with similar changes in the high latitudes of the southern

hemisphere. During the MCO, dinocyst assemblages from off the Adelie

Coast (IODP Site U1356, ~63°S) testify to surface waters similar to today's

subtropical front (Sangiorgi et al., 2018). Ice retreated inland at the same

time, allowing for pollen from coastal vegetation to accumulate at Site

U1356. TEX‐based temperatures suggest SST of 11.2–16.7°C in water that

is at ~0°C today; pollen assemblages and leaf wax δD reconstruct coastal

temperatures between 5.8°C and 13.8°C (Feakins et al., 2012; Sangiorgi

et al., 2018, Warny et al., 2009; Warny & Askin, 2011). Poleward, results

of Andrill drilling reveal alternating episodes of cold polar and open ocean

conditions during the MCO, with exceptionally warm intervals at ~16.4

and 15.9 Ma (Levy et al., 2016). In a similar manner to the North

Atlantic data shown in Figure 5, SST gradients in the southern hemi-

sphere were very mild (Sangiorgi et al., 2018), although the SST estimate

at ODP Site 1,171 (48°30′S) based on Mg/Ca ratio in the planktonic fora-

minifer G. bulloides (Shevenell et al., 2004) need to be revised upward to

account for the lower (and poorly constrained) Miocene Mg/Ca ratio in

seawater, increasing the gradient to IODP 1356 estimated by Sangiorgi

et al. (2018).

High latitude paleotemperature estimates thus unequivocally demonstrate

the global nature of MCO warming and associate the warming very closely

with retreat of the Antarctic ice sheet, as seen both by proxy evidence

(e.g., Levy et al., 2016; Sangiorgi et al., 2018) and stable isotopic evidence

(e.g., Holbourn et al., 2013, 2014; Miller et al., 2017; Shevenell et al., 2004;

Zachos et al., 2001). Any mechanism to generate Miocene warmth must

thus satisfy the approximately symmetrical warming revealed by marine

SST profiles. How warm was the MCO? Alkenone‐based estimates are

hampered by saturation, although they provide a minimum estimate of

warming to >29°C at the following locations in the Pacific Ocean (DSDP

588, 26°06S, 161°13.6E, Pagani et al., 1999), North Atlantic (DSDP 608,

42°50N, 23°05W, Pagani et al., 1999; Super et al., 2018), Arabian Sea (ODP

730, 17°43.885°N, 57°41.519E, Pagani et al., 1999), tropical Atlantic (ODP

925, 4°12.249′N, 43°29.334′W, Zhang et al., 2013). Tropical Pacific (IODP

1338, paleo‐location of ~1.3°N, 110°W, Rousselle et al., 2013), Paratethys

(48°N, 13°E, Grunert et al., 2014), and Mediterranean (35°57N, 14°18E,

Badger et al., 2013). It seems safe to conclude that alkenone estimates pre-

clude a “cool tropics” reconstruction (cf. You et al., 2009). Unfortunately,

more quantitative estimation of mid‐Miocene tropical temperatures

depends on other proxies, a topic that has generated much controversy

(Zhang et al., 2014).

A first estimate of global MCO warmth might take the alkenone‐based

reconstruction at 10 Ma (Figure 6) as a baseline and extrapolate to the

warmer MCO. North Atlantic SST is 2–3°C warmer at the MCO at sites

Figure 6. Compilation of biomarker‐based SST (Tierney & Tingley, 2018,

calibration) in the North Atlantic from Miocene to present. IODP 1404 at

40°N, 51.60 W (Liu et al., 2018); Site 608 is from 42°50 N, 23°05 W (Super

et al., 2018), 982 is located at 51°31 N, 15°52 W (Herbert et al., 2016), 907

is at 69°14.989′N, 12°41.894′E (Herbert et al., 2016), DM is Sdr. Vium core

(this paper).

Figure 7. Alkenone‐based SST anomaly (relative to present day) at 10Ma,

taken from Herbert et al. (2016) with new points from DSDP 608

(Super et al., 2018) and Sdr. Vium core (this work) shown as larger squares.

The integrated global ocean surface anomaly is ~6°C, corresponding to a

mean air surface anomaly of ~10°C.
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where the Uk′37 index is not saturated (Figure 7). Pulses of warm‐water mollusks in the high latitude North

Pacific suggest that this was a hemisphere‐wide warming (Oleinik et al., 2009). In the southern hemisphere,

high resolution Mg/Ca data from ODP Site 1,171 also show that the time‐averaged temperatures of the MCO

were 2–3°C warmer than the following 2 Ma, although the transition to colder temperatures at ~13.9 Ma is

abrupt (Shevenell et al., 2004). Close to the Antarctic, the Adelie Coast cooled but remained much warmer

than today immediately after the MCO (Sangiorgi et al., 2018). In aggregate, ocean cooling following the

MCO therefore appears moderate, not severe. A rough estimate of global ocean warming at the MCO of

7–9°C relative to present day seems in order‐ recognizing that variability within the MCO (Holbourn

et al., 2005, 2007; Levy et al., 2016; Miller et al., 2017; Shevenell et al., 2004) is not resolved. This estimate

is much higher than generally used as a baseline for modeling the behavior of the Antarctic ice sheet during

the MCO (cf. Gasson et al., 2016).

If ocean temperatures preceding and post‐dating the MCO were as warm as reconstructed here, the disap-

pearance and regrowth of Antarctic ice volume during themid‐Miocene occurred over amodest range of glo-

bal temperatures, in a generally warm state. Estimating the contribution of ice volume as opposed to deep

ocean temperature change remains difficult, of course (Shevenell et al., 2008). Nevertheless, the existence

of quite warm marine temperatures both preceding and immediately post‐dating the MCO suggests that

Antarctic glaciation was poised in a very sensitive region of climate space—a region where only a few

degrees of marine temperature change corresponded to large changes in ice volume. This sensitivity perhaps

accounts for the rapidity of reglaciation after ~13.91 Ma (Holbourn et al., 2005; Shevenell et al., 2004) and

variable conditions in the Antarctic in the early Miocene (Griener et al., 2015).

Data Availability Statement

The data presented in this article will be available on the Pangaea repository (https://doi.pangaea.de/

10.1594/PANGAEA.921249).
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