
Supplementary Figure 1. Lithostratigraphy and age model of selected PS87 sediment cores from 
Lomonosov Ridge (Part 1: continuous sedimentary records, no hiatus). Lithostratigraphy and age model 
are based on main lithologies, wet-bulk density, magnetic susceptibility and color images. Prominent 
features identified and used for correlation are marked by triangles. MIS 6 to 1 are identified by correlation 
with dated sediment cores from adjacent areas1. Blue circles indicate depth location of samples used for 
biomarker studies (cf., Supplementary Table 2). Blue arrows at cores PS87/087 and PS87/088 indicate 
intervals with more consolidated/overconsolidated sediments. Locations of cores are listed in 
Supplementary Table 1 and shown in Figure 3. 



Supplementary Figure 2. Lithostratigraphy and age model of selected PS87 sediment cores from 
Lomonosov Ridge (Part 2: discontinuous sedimentary records with unconformities/hiatuses). 
Lithostratigraphy and age model are based on main lithologies, wet-bulk density, magnetic susceptibility and 
color images. Prominent features identified and used for correlation are marked by triangles. Stippled green 
lines indicate unconformities/hiatuses1. Blue circles indicate depth location of samples used for biomarker 
studies (cf., Supplementary Table 2). Blue arrows at cores PS87/096, PS87/095 and PS87/089 indicate 
intervals with more consolidated/overconsolidated sediments. Locations of cores are listed in Supplementary 
Table 1 and shown in Figure 3. 



83.20 9 7 40-42 351 5.42
84.20 10 1 88-90 72 5.52
85.20 10 2 40-42 459 5.62
86.20 10 2 140-142 377 5.71
87.20 10 3 90-92 392 5.81
88.00 10 4 17.5-19.5 33 5.88
89.20 10 4 140-142 30 6.00
90.40 10 5 110-112 51 6.10
91.70 10 6 87-89 363 6.21
92.30 10 7 1-3 37 6.26 2
92.90 11 1 11-13 0 6.37
93.50 11 1 73-75 391 6.46 363
94.40 11 2 11-13 419 6.54 355
95.50 11 2 121-123 412 6.65 185
96.40 11 3 60-62 376 6.73 120
97.00 11 3 117.5-119.5 375 6.85 12
97.40 11 4 12-14 13 6.95
98.00 11 4 69.5-71.5 407 7.07 6
98.50 11 4 121-123 396 7.18 31
99.00 11 5 18-20 378 7.28 60
99.60 11 5 77-79 1 7.40
100.00 11 5 122-124 3 7.50
100.50 11 6 20-22 1 7.60
101.10 11 6 77-79 0 7.72
101.40 11 6 111-113 0 7.79
101.90 11 7 7-9 0 7.89
102.50 12 1 20-22 1 8.02
103.10 12 1 77-79 15 8.14 1
103.60 12 1 127-129 82 8.25 7
104.00 12 2 22-24 381 8.34 21
104.50 12 2 68-70 372 8.44 7
105.10 12 2 127-129 402 8.56 5
105.50 12 3 20-22 363 8.66 8
106.10 12 3 77-79 396 8.78 5
106.60 12 3 127-129 385 8.88 97
107.00 12 4 18-20 362 8.97 46
107.60 12 4 77-79 374 9.09 135
107.90 12 4 111.5-113.5 390 9.17 101
108.50 12 5 19-21 363 9.29 72
109.10 12 5 82.5-84.5 375 9.42 39
109.50 12 5 123-125 375 9.51 110
109.90 12 6 12-14 379 9.59 116
110.50 12 6 69-71 412 9.71 49
111.10 12 6 130-132 382 9.84 27
111.50 12 7 16.5-18.5 367 9.92 40
113.10 13 1 130-132 375 10.06 3
114.70 13 2 142-144 387 10.16 1
116.40 13 4 8-10 348 10.26 5
117.90 13 5 12-14 369 10.35
119.50 13 6 20-22 374 10.44
121.10 13 7 31.5-33.5 347 10.53 8
122.70 14 1 141.5-143.5 352 10.63
124.30 14 3 4-6 369 10.72
125.90 14 4 10-12 355 10.82
127.50 14 5 20-22 359 10.91
129.10 14 6 30-32 354 11.00
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130.30 14 7 1-3 372 11.09
131.50 15 1 74-76 368 11.19
132.70 15 2 38-40 367 11.28
133.80 15 3 4-6 362 11.37
135.00 15 3 123-125 375 11.47
136.30 15 4 100-102 383 11.57
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Supplementary Figure 3. Stratigraphy of ODP Hole 907A. Raw counts and stratigraphic ranges of  
the acritarch Decahedrella martinheadii in ODP Hole 907A6, 7. Light shading indicates total stratigraphic  
range, and dark shading indicates the LO and HO respectively. Also shown is the magnetic polarity  
stratigraphy of Hole 907A14. Total in-situ counts refers to the total in-situ dinocysts plus the acritarch  
D. martinheadii (after Schreck et al. 6). Green arrows indicate the stratigraphic range of D. martiheadii  
in IODP/ACEX Hole M2A based on A) the age model of Backman et al. 15, and B) the age model of  
Frank et al. 16 (from Matthiessen et al. 5). 



Supplementary Fig. 4. Compiled air and sea-surface temperature, based on data from terrestrial 
(green symbols) and marine (blue symbols) records and overlain on the global benthic δ18O 
stack17 (Figure from ref. 18, supplemented). The terrestrial data are color coded according paleolatitude 
(references of data sources are listed in ref. 18. TEX86-based SST data (data source: refs. 19-21) and 
Uk

37-based SST data (refs. 22, 23) from the ACEX site are marked as blue squares and blue rhombs, 
respectively. In addition, the new Uk

37-based SST data of Core PS87/106 and ODP Site 907 are shown 
(for data see Supplementary Tables 2 and 5). Stippled red line connect the Uk

37-based SST data points 
from Core PS87/106 and the ACEX site; red question mark highlights data gap between about 44 and 18 
Ma. Further details and references ref. 18.	



Supplementary Figure 5. Identification and quantification of IP25  (a) Selected-ion monitoring 
chromatogram (SIM mode) of ion m/z 350 of the extrernal IP25 standard and IP25 analysed from Core 
PS87/106-1 (overlayed chromatograms); (b) Selected-ion monitoring chromatogram of ion m/z 350 of the 
external IP25 standard (blue curve) and IP25 and the mono-unsaturated HBI alkene (according to ref. 24)  
from ODP Hole 911A (early Pliocene; cf. ref. 25 and own unpubl. data) and (c) Calibration curve for 
quantification of IP25 („raw“: ration of 350/266 without concideration of the different responses of the ions; 
„true“: quantification under consideration of the different responses of the ions). 

IP25 Calibration 



(b)	

(a)	

Supplementary Figure 6. (a) Mass spectrum of IP25 from PS87/106-1 478 cm (this study) and  
(b) mass spectrum of IP25 published by Belt et al.26. 
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Supplementary Figure 7. GC chromatograms of alkenone standard (from culture experiments, blue 
curve) and sample PS87/106-1-440 cm (red line) of this study. 
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Supplementary Figure 8. Results of sediment load and compaction experiments. a. Main lithologies, 
wet-bulk density, magnetic susceptibility and color images of Core PS87/096 and depth of major hiatus 
(stippled green line). b. Schematic illustration of the oedometer used in our compaction experiment27. c. 
Oedometer results plotted as effective normal stress vs. void ratio; for further explanation see Methods. 



Supplementary Table 1. Chronology of PS87 sediment cores based on microfossil assemblages in core 
catcher (CC) samples. a. Core location (latitude and longitude), water depth (WD), core catcher (CC) 
depth in cm below sea floor (cmsf) (ref. 1) as well as age estimate based on agglutinated benthic 
foraminifers (ABF) (correlation with biostratigraphic records from the North Atlantic and Arctic Ocean2,3), 
are listed (for details see Chapter 10.8 in ref. 1). b. Occurrence (counts) of the acritarch Decahedrella 
martinheadii, age marker for the late Miocene, 10.5-6.3 Ma (ref. 4-7), in samples from Core PS87/106; 
sample depth in cm below sea floor (cmsf). 
 
a) Core catcher samples 

    	Core Lat Long WD(m) CC (cmbsf) ABF (CC) 
Transect 1           
PS87/086-3  81°13.04‘N 141°23.02‘E 902 629 Pleistocene 
PS87/096-1 81°12.73‘N 141°20.03‘E 1071 523 Pleistocene 
PS87/095-1 81°12.64‘N 141°19.22‘E 1123 478 barren 
PS87/094-1  81°12.57‘N 141°18.48‘E 1166 712 Late Miocene? 
PS87/093-1 81°12.48‘N 141°17.62‘E 1214 673 Late Miocene? 
PS87/090-1 81°12.37‘N 141°16.89‘E 1316 439 barren 
PS87/089-1  81°12.35‘N 141°16.49‘E 1355 294 barren 
PS87/088-1 81°12.31‘N 141°16.40‘E 1379 586 Early Pleistocene 
PS87/087-1 81°12.28‘N 141°15.86‘E 1416 594 barren 
            
Transect 2           
PS87/102-1  81°12.86‘N 141°11.37‘E 1334 678 barren 
PS87/103-1 81°12.84‘N 141°11.14‘E 1367 353 Early Pleistocene 
PS87/104-1 81°12.80‘N 141°10.85‘E 1414 317 barren 
PS87/108-1  81°12.79‘N 141°10.69‘E 1439 129 Early Pleistocene 
PS87/105-1  81°12.78‘N 141°10.64‘E 1453 88 Early Pleistocene 
PS87/106-1  81°12.76‘N 141°10.47‘E 1472 486 barren 
PS87/107-1  81°12.75‘N 141°10.25‘E 1495 556 barren 

      	
      	b) Acritarch data from Core PS87/106-1 

   	Core Lat Long WD cmbsf D.	martinheadii	
	PS87/106-1  81°12.76‘N 141°10.47‘E 1472 358	 0	
	

    
388	 0	

	
    

395	 0	
	

    
404	 0	

	
    

409	 0	
	

    
420	 13	

	
    

430	 32	
	

    
440	 51	

	
    

450	 22	
	

    
460	 5	

	
    

470	 8	
	

    
477	 11	

		



	
Supplementary Table 2. Total organic carbon (TOC) and biomarker (alkenones, sterols, and IP25) data from selected PS87 sediment cores and the ACEX Site, and 
intepretation of the biomarker data in terms of sea-ice coverage for spring, summer, and winter. PIP25 values were calculated using IP25 and brassicasterol and dinosteol 
concentrations (PbrasIP25 and PdinoIP25, respectively). Alkenone-based sea-surface temperatures (SSTs) determined in the Miocene sediments of Core PS87/106 and the ACEX 
Site were calculated using different calibrations – SST-1 and SST-2 (ref. 8), SST-3 (ref. 9), and SST-4 (ref. 10) (for further explanation see text of main manuscript). 
 
 

 



	
Supplementary Table 3. Modern (measured and modeled PI-278 ppm CO2) mean August sea-surface temperatures 
(SST) and late Miocene Arctic Ocean mean August SST (proxy vs. modeling results). Modern August SST data from 
World Ocean Atlas (Source: http://odv.awi.de/en/data/ocean/world_ocean_ atlas_2013/). PI = preindustrial. For the Site 
910 location, the modeled PI-278 SST is quite low in comparison to the measured SST value at that location. This 
difference can be explained by the very strong SST gradient close to an ice edge location and/or colder PI climate in 
comparison to today. Late Miocene (Messinian / Tortonian) alkenone-based Uk’

37-SST of Site 907 (ref. 7 and this study), 
and TEX86-SST of Site 910 (ref. 11), proxy data from sites PS87/106 and ACEX as well as the modeling results for 450 
and 278 ppm CO2 scenarios from this study (for further explanation see text; for proxy data see Figs. 4 and 8).	
	
	

	 	 	 	 		
Site	 Latitude	 Longitude	 Modern  Modern  Late Miocene Late Miocene Late Miocene 
		 		 		 Measurement  Model-PI 278  Proxy data  Model result-450  Model result-278 

Site 907 69°15'N 012°42'W 5 °C  7.5°C  9 °C / 18 °C  12.6 °C  8.7 °C 
Site 910 80°16'N 006°35'E 2 °C  -1.9°C 9 °C / n.d.  5.6 °C     0.1 °C  

PS87/106 81°13'N 141°10'E  -1.5 °C  -1.9°C 5 °C / n.d.  0.5 °C   -1.9 °C 
ACEX 87°54'N 138°39'E  -1.5 °C  -1.9°C  6 °C / 12 °C  0.6 °C   -1.8 °C 

	



 
Supplementary Table 4. Late Miocene monthly mean sea-surface temperatures and sea-ice concentrations obtained 
from model simulations12, 13, using 450 ppm (values in red) and 278 ppm (values in blue) CO2 scenarios as well as a pre-
industrial scenario with 278 ppm CO2 concentration (values in black). For location of the four sites see Fig. 1). 
	
	

	



	 	 Supplementary Table 5. Late Miocene alkenone-based (Uk'37) sea-surface temperatures (SST) at ODP Site 907. In some samples only trace 
  amounts of alkenones were determined. In these samples, Uk’37 and SST values were not calculated. For age model see Supplementary Fig. 3.  

Data highlighted in red from ref. 7, all other from this study. All data are online available at  http://dx.doi.org/10.1594/PANGAEA.855509 
	

	 	
Depth	(mbsf)	 Age	(Ma)	 Sample	number	 C37:3	(area)	 C37:2	(area)	 UK'37	 SST	(°C)	

	 	
80.2 5.13 9H5 40-42 7.36 3.78 0.339 8.95 

	 	
81.2 5.23 9H5 140-142 5.24 2.66 0.337 8.88 

	 	
83.2 5.42 9H7 40-42 12.10 7.51 0.383 10.27 

	 	
84.2 5.52 10H1 88-90 Trace amounts Trace amounts  --  -- 

	 	
85.2 5.62 10H2 40-42 5.72 2.19 0.277 7.06 

	 	
86.2 5.71 10H2 140-142 Trace amounts Trace amounts  --  -- 

	 	
87.2 5.81 10H3 90-92     0.278 7.10 

	 	
88.0 5.88 10H4 17.5-19.5 10.59 6.27 0.372 9.94 

	 	
89.2 6.00 10H4 140-142 1.78 1.33 0.427 11.61 

	 	
90.4 6.10 10H5 110-112 7.66 7.37 0.490 13.53 

	 	
91.7 6.21 10H6 87-89 21.52 8.44 0.282 7.20 

	 	
92.3 6.26 10H7 1-3 13.59 5.92 0.303 7.86 

	 	
92.9 6.37 11H1 11-13 28.50 5.95 0.173 3.90 

	 	
93.5 6.46 11H1 73-75 135.28 17.72 0.116 2.18 

	 	
94.4 6.54 11H2 11-13 61.97 36.90 0.373 9.98 

	 	
95.5 6.65 11H2 121-123 75.54 43.90 0.368 9.81 

	 	
96.4 6.73 11H3 60-62 21.41 17.80 0.454 12.42 

	 	
97.0 6.85 11H3 117.5-119.5     0.443 12.10 

	 	
97.4 6.95 11H4 12-14 22.11 16.42 0.426 11.58 

	 	
98.0 7.07 11H4 69.5-71.5 191.56 122.42 0.390 10.48 

	 	
98.5 7.18 11H4 121-123 12.04 12.21 0.504 13.92 

	 	
99.0 7.28 11H5 18-20 18.20 19.41 0.516 14.31 

	 	
99.6 7.40 11H5 77-79 3.19 4.97 0.609 17.12 

	 	
100.0 7.50 11H5 122-124 2.50 3.13 0.556 15.51 

	 	
100.5 7.60 11H6 20-22 5.73 7.89 0.579 16.22 

	 	
101.1 7.72 11H6 77-79     0.550 15.30 

	 	
101.4 7.79 11H6 111-113 trace 1.06     

	 	
101.9 7.89 11H7 7-9 1.97 2.88 0.593 16.65 

	 	
102.5 8.02 12H1 20-22 8.11 6.66 0.451 12.33 

	 	
103.1 8.14 12H1 77-79 5.32 7.57 0.587 16.47 

	 	
103.6 8.25 12H1 127-129 3.62 4.74 0.567 15.86 

	 	
104.0 8.34 12H2 22-24 30.42 29.31 0.491 13.54 

	 	
104.5 8.44 12H2 68-70 Trace amounts Trace amounts  --  -- 

	 	
105.1 8.56 12H2 127-129 1.35 1.88 0.582 16.30 

	 	
105.5 8.66 12H3 20-22 Trace amounts Trace amounts  --  -- 

	 	
106.1 8.78 12H3 77-79 Trace amounts Trace amounts  --  -- 

	 	
106.6 8.88 12H3 127-129 5.39 5.54 0.507 14.02 

	 	
107.6 9.09 12H4 77-79 2.10 2.62 0.555 15.48 

	 	
107.9 9.17 12H4 111.5-113.5     0.545 15.20 

	 	
108.5 9.29 12H5 19-21 1.97 2.78 0.585 16.40 

	 	
109.1 9.42 12H5 82.5-84.5 1.43 2.12 0.597 16.76 

	 	
109.5 9.51 12H5 123-125 1.91 4.44 0.699 19.85 

	 	
109.9 9.59 12H6 12-14 Trace amounts Trace amounts  --  -- 

	 	
110.5 9.71 12H6 69-71 Trace amounts Trace amounts  --  -- 

	 	
111.1 9.84 12H6 130-132 4.38 8.43 0.658 18.61 

	 	
111.5 9.92 12H7 16.5-18.5         

	 	
113.1 10.06 13H1 130-132 1.35 2.71 0.668 18.90 

	 	
114.7 10.16 13H2 142-144 23.40 39.67 0.629 17.73 

	 	
116.4 10.26 13H4 8-10 Trace amounts Trace amounts  --  -- 

	 	
119.5 10.44 13H6 20-22     0.643 18.10 

	 	
121.1 10.53 13H7 31.5-33.5 27.89 62.61 0.692 19.63 

	 	
122.7 10.63 14H1 141.5-143.5 4.29 8.12 0.654 18.49 

	 	
124.3 10.72 14H3 4-6 2.61 6.39 0.710 20.17 

	 	
125.9 10.82 14H4 10-12 7.97 22.50 0.738 21.04 

	 	
127.5 10.91 14H5 20-22 3.74 7.47 0.666 18.86 

	 	
129.1 11.00 14H6 30-32 3.15 7.83 0.713 20.26 

	 	
130.3 11.09 14H7 1-3 1.81 3.32 0.647 18.28 

	 	
131.5 11.19 15H1 74-76 1.13 2.17 0.657 18.57 

	 	
132.7 11.28 15H2 38-40 1.13 1.39 0.551 15.37 

	 	
133.8 11.37 15H3 4-6 13.57 41.37 0.753 21.49 

	 	
135.0 11.47 15H3 123-125 Trace amounts Trace amounts  --  -- 

	 	
137.5 11.67 15H5 74-76 1.12 1.94 0.634 17.89 

	 	
138.7 11.76 15H6 37-39 2.24 4.59 0.672 19.04 

	 	
139.3 11.81 15H6 92-94 1.02 2.43 0.704 20.02 

	 	
140.5 11.90 16H1 17-19 2.90 13.29 0.821 23.55 

	 	
141.7 12.00 16H1 140-142 trace 1.07     

	 	
142.7 12.11 16H2 91.5-93.5 1.09 4.52 0.805 23.07 

	 	
143.7 12.21 16H3 42.5-44.5     0.500 13.80 

	 	
144.7 12.32 16H3 141-143 Trace amounts Trace amounts  --  -- 

	 	
145.7 12.42 16H4 92-94 1.46 3.18 0.686 19.45 

	 	
148.0 12.52 16H6 20-22 1.91 4.50 0.702 19.94 

	 	
150.3 12.62 17H1 51.5-53.5 Trace amounts Trace amounts  --  -- 

	 	
152.6 12.71 17H2 130-132 Trace amounts Trace amounts  --  -- 

	 	
154.9 12.81 17H4 60-62 2.30 6.33 0.733 20.88 

	 	
157.2 12.91 17H5 138-140 Trace amounts Trace amounts  --  -- 

	 	
159.5 13.01 18H1 20-22 Trace amounts Trace amounts  --  -- 

	 	
163.0 13.11 18H3 65-67 Trace amounts Trace amounts  --  -- 

	 	
166.5 13.26 18H5 121-123 2.02 5.28 0.723 20.59 

	 	
167.8 13.35 18H6 97-99 1.33 2.79 0.678 19.20 

	 	
169.1 13.39 19H1 34-36     0.718 20.42 

	 	
174.7 13.49 19H4 138-140 1.27 6.48 0.836 24.00 
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