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Key Points: 10 

• We measured strontium and neodymium isotope ratios on the leached, lithogenic 11 
fractions of a sediment core from the Western Arctic. 12 

• The sediment record covers the past 3.3 million years of change in the Arctic, a 13 
critical and understudied time period in this region. 14 

• Prolonged closures of the Bering Strait are key components to the intensification 15 
of glacial cycles after the Mid-Pleistocene Transition. 16 

 17 
  18 



manuscript submitted to Paleoceanography and Paleoclimatology 
 

Abstract 19 

Enduring questions remain regarding the transition from relatively warm and stable pre- 20 

and early-Pleistocene climate to that of the high amplitude glacial-interglacial cycles later 21 

in the Quaternary. The main shift in glacial intensity and periodicity around 1 Ma is 22 

known as the Mid Pleistocene Transition (MPT). Here we analyze detrital strontium (Sr) 23 

and neodymium (Nd) isotopes in a Western Arctic sediment core P23 previously 24 

investigated using several litho/biostratigraphic proxies. Based on an improved age 25 

framework combining lithostratigraphic cyclicity and Sr isotope stratigraphy, the P23 26 

record extends to ~3.3 Ma, thus providing a rare insight into the Quaternary Arctic 27 

climate change. The distinct pre-MPT P23 record is dominated by Pacific-sourced 28 

sediment inputs, with little to no intra-Arctic glacial inputs except for a sandy interval 29 

around ~2.5 Ma. A consistent decrease of Nd isotopic values towards North American 30 

glacigenic signature started in both the Arctic and Bering Sea at ~1.5 Ma and led to a 31 

major threshold shift in P23 proxies at ~0.9 Ma. We argue that this threshold is 32 

associated with the first prolonged closure of the Bering Strait for an entire obliquity 33 

cycle. This shift marks the expansion of the North American ice sheets to the Arctic 34 

margin, with dramatic impacts on depositional and hydrographic environments in the 35 

Arctic Ocean. These impacts strengthened in the subsequent glacial intervals indicating 36 

further ice-sheet growth, probably fed back by continuing prolonged Bering Strait 37 

closures. Potential implications of these Arctic changes for the evolution of North 38 

Atlantic circulation require further investigation. 39 

Plain Language Summary 40 

A significant change in Earth’s climate system, the Mid-Pleistocene Transition (MPT), 41 

happened around one million years ago and caused ice ages to become longer and colder. 42 

To improve our understanding of this transition we analysed the elements strontium (Sr) 43 

and neodymium (Nd) in a marine sediment core from the Western Arctic Ocean. Based 44 

on this and previous work done on the same core we show that material mostly came 45 

from the south through the Bering Strait in the first half of our record. Around 1.5 million 46 

years ago the isotopic ratios of Sr and Nd in our core indicate an increasing contribution 47 

of material from the North American continent, building to the MPT when larger 48 
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sediment grains abruptly appear; an indication of massive ice sheet growth and a 49 

resulting discharge of icebergs into the Arctic Ocean. We argue that this major change 50 

happens the first time the Bering Strait was closed– due to the drop in sea level caused by 51 

the growth of ice on land– through an interglacial period. After this event, subsequent 52 

massive ice sheets and prolonged Bering Strait closures worked together to create longer 53 

and colder glacial periods than were seen before the MPT.  54 

 55 

1. INTRODUCTION 56 

Late Cenozoic climate change is characterized by a long-term cooling trend 57 

overprinted with glacial-interglacial cycles (Zachos et al., 2001). This cyclicity was paced 58 

on a 41-ka orbital obliquity period until the Mid-Pleistocene Transition (MPT; ~1250–59 

700 ka) when glacial cycles shifted to a dominant 100-ka period (P. U. Clark et al., 2006; 60 

Elderfield et al., 2012). The cause for the shift in glacial periodicity during the MPT is 61 

not completely understood, and has been attributed to various factors such as a fall in 62 

atmospheric pCO2 (Hönisch et al., 2009), growth of Antarctic ice sheets (Elderfield et al., 63 

2012), or progressive glacial erosion of the North American regolith (P. U. Clark & 64 

Pollard, 1998). Studies of the MPT in the Northern Hemisphere focus primarily on 65 

continuous records from the North Atlantic (Hodell et al., 2008; Pena & Goldstein, 2014; 66 

Poirier & Billups, 2014) or Pacific (Kender et al., 2018; Knudson & Ravelo, 2015). 67 

Recent data constrain the timing of the main MPT shift to ca. 0.9-1 Ma in both regions 68 

(Kender et al., 2018; Yehudai et al., 2021) The latter study, based on the strontium (Sr) 69 

and neodymium (Nd) isotopic data from the North Atlantic, offers greatest support for the 70 

regolith hypothesis (Yehudai et al., 2021).  71 

An obvious gap in knowledge on this critical paleoclimate shift lies with the 72 

Arctic Ocean that connects the North Atlantic and Pacific oceans and is a major 73 

depocenter for products of circum-Arctic glacial erosion. To date, Arctic Ocean 74 

paleoclimate studies have dealt mainly with the most recent glacial cycles typically 75 

recovered by sediment cores (Fagel et al., 2014; Jakobsson et al., 2000; Löwemark et al., 76 

2013) or the long Cenozoic record with large stratigraphic gaps (Darby, 2008; Haley, 77 

Frank, Spielhagen, & Eisenhauer, 2008; Haley, Frank, Spielhagen, & Fietzke, 2008; 78 

Moran et al., 2006). The first study of the Arctic Ocean Quaternary history with a focus 79 
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on the MPT utilized sediment core P1-93AR-P23 (P23 hereafter) from the Northwind 80 

Ridge, located relatively close to both the Bering Strait and the Pleistocene Laurentide 81 

Ice Sheet (LIS) margin (Fig. 1) (Dipre et al., 2018; Polyak et al., 2013). These works 82 

demonstrate a dramatic MPT change in litho- and biostratigraphy that was related to the 83 

onset of large North American glaciations and the spread of perennial sea ice. Here we 84 

advance these insights into the Arctic Ocean evolution during and beyond the MPT by 85 

analyzing lithogenic Sr and Nd isotopic data from the same sediment core (P23). The 86 

data generated are interpreted in the context of potential isotopic sources as well as other 87 

Pleistocene records in the Arctic, North Pacific, and North Atlantic oceans. A comparison 88 

of these records indicates that the MPT climatic and sea-level changes modulated the 89 

Bering Strait throughflow, which had a major effect on Arctic glaciations and on the 90 

paleoceanography of the western Arctic Ocean. We argue that especially large glacial 91 

volumes and extents in the Arctic North America were enabled by extended closures of 92 

the Bering Strait during and after the MPT. 93 

 94 

2. SETTINGS 95 

2.1. Study area. 96 

The study site is located near the northern end of the Northwind Ridge that 97 

extends into the Canada Basin from the Chukchi-Alaskan margin north of the Bering 98 

Strait (Fig. 1). Present hydrographic, sea-ice, and depositional conditions in this area are 99 

primarily controlled by the clockwise, wind-driven Beaufort Gyre circulation that can 100 

deliver sediments from the North American margin. However, the configuration and 101 

strength of the Beaufort Gyre, and the concurrent Transpolar Drift circulation, can vary 102 

with changes in atmospheric circulation, and could have been considerably different in 103 

the past (Bischof & Darby, 1997; Dong et al., 2020; Stärz et al., 2012). As shown by a 104 

multiproxy study of middle to upper Quaternary sediments from the P23 area (Wang et 105 

al., 2021), deposition in this region during glacial intervals was predominated by 106 

glacigenic inputs from North America by way of icebergs or meltwater. In comparison, 107 

interglacial sediments transported mainly by sea ice have more affinity to the Chukchi-108 

East Siberian continental margin (Rong Wang et al., 2021). The latter sources can have a 109 

considerable contribution from the Bering Strait inflow that exerts a strong control over 110 
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circulation and sediment dynamics on the Chukchi shelf (Yamamoto et al., 2017). In 111 

addition to the surface circulation, the top of the Northwind Ridge is impacted by a mid-112 

depth current that is likely forced by the Atlantic water flowing into the Arctic (Atlantic 113 

Intermediate Water) (Dipre et al., 2018; Wang et al., 2021). While the depth of P23 site at 114 

~950 mwd is somewhat below the modern range of Atlantic Intermediate Water, it was 115 

likely affected by past changes in Arctic intermediate circulation related to climate and 116 

sea-level variations. 117 

  118 
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 119 
 120 

Figure 1. Index map of the Arctic Ocean and Bering Sea. Core sites: P23 - black, other 121 

cores used in the text - red. Alpha Ridge (AR) sites are outlined in orange. Yellow and 122 

black arrows show major surface circulation features: Transpolar Drift (TPD) and 123 

Beaufort Gyre (BG), respectively. Green arrows – shelf currents: dotted – Bering Strait 124 

inflow, SCC – Siberian Coastal Current, ACC – Alaska Coastal Current. Red dotted 125 

arrows - Atlantic Intermediate Water flow. White outlines show the inferred maximum 126 

extent of Pleistocene glaciations around the Arctic Ocean (Dyke et al., 2003; Kaufman et 127 

al., 2011; Svendsen et al., 2004); dotted line for more hypothetical East Siberian Ice 128 

Sheet (Niessen et al., 2013). EIS, CIS, LIS, GIS – Eurasian, Cordilleran, Laurentide, and 129 

Greenland Ice Sheets. Blue arrows – major rivers. CAA - Canadian Arctic Archipelago; 130 

AG - Amundsen Gulf; MS - M’Clure Strait. AR, LR – Alpha and Lomonosov Ridges 131 

  132 
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2.2. Isotopic tracers.  133 

Isotopic composition of radiogenic elements such as Sr and Nd (Wasserburg et 134 

al., 1981) are being increasingly used as provenance tracers in Arctic sediments for 135 

paleoclimate and circulation reconstruction (Asahara et al., 2012; Fagel et al., 2014; 136 

Hillaire-Marcel et al., 2013; Porcelli et al., 2009; Winter et al., 1997). Of those studies, 137 

only the data of Winter et al. (1997) and Haley et al. (2008a) extend beyond the MPT, but 138 

the stratigraphic coverage of these records is very sparse. Furthermore, the material for 139 

these isotope studies was derived from a variety of sediment components (e.g., bulk 140 

sediment, only fine/coarse grains, or leachate residues), thus complicating data 141 

comparisons, especially considering potential grain-size related offsets in the isotopic 142 

composition (Eisenhauer et al., 1999; Tütken et al., 2002; Rong Wang et al., 2021). Such 143 

offsets notably affect Sr isotopes, while eNd data appear to be more consistent (Borg & 144 

Banner, 1996). 145 

 Arctic sediment provenances show a wide range of detrital isotopic compositions, 146 

including Nd and Sr isotopes (Dong et al., 2020; Fagel et al., 2014), making them 147 

powerful proxies for circum-Arctic paleoenvironments and circulation. Most of the North 148 

American material represents eroded Canadian Shield and adjacent platform rocks 149 

characterized by distinctly unradiogenic (more negative) εNd and high 87Sr/86Sr values 150 

(McCulloch & Wasserburg, 1978). The opposite pattern in the Sr-Nd isotopic 151 

composition, showing more radiogenic (less negative) εNd and lower 87Sr/86Sr values, can 152 

originate from several sources including igneous rocks from Siberia, a few outcrops in 153 

Alaska, and the North Pacific inflow via the Bering Strait (e.g. (Asahara et al., 2012; 154 

Lightfoot et al., 1993; Sharma et al., 1992; Tikhomirov et al., 2008; Wooden et al., 155 

1993)). Variation in these sources has been useful for reconstructing western Arctic 156 

paleoceanography during several last glacial-interglacial cycles, including records from 157 

the western Arctic Ocean with a moderate stratigraphic resolution (cm/kyr) (Fig. 1; cores 158 

BN05 and C22) (Dong et al., 2020; Rong Wang et al., 2021).  159 

 160 

3. MATERIALS AND METHODS 161 

Piston core P23 was collected in 1993 aboard the US Coast Guard vessel Polar 162 

Star. Core stratigraphy and prior analytical results are reported in earlier studies (Polyak 163 
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et al., 2009, 2013). Similar to other stratigraphic Arctic Ocean studies (Cronin et al., 164 

2013; O’Regan et al., 2008), the age model for the Upper to Middle Pleistocene (<0.8 165 

Ma) was based on relating explicit lithostratigraphic cycles and events in the upper ~160 166 

cm of the core to Marine Isotope Stages (Polyak et al., 2009, 2013). The lower, more 167 

visually homogeneous part of the core, was dated using Sr isotopes measured on benthic 168 

foraminifera (Dipre et al., 2018). For more detailed age constraints, we performed 6 169 

additional Sr isotope measurements (Suppl. Table 1) using the same methods and 170 

facilities as in Dipre et al. (2018). 171 

For sediment isotope geochemistry, core P23 was sampled every 2 to 10 cm for 172 

the upper 100 cm and every 10 to 25 cm thereafter to the core bottom at 527 cm. 173 

Sediments had previously been sequentially leached with buffered acetic acid and 174 

hydroxylamine HCl (Haley, Frank, Spielhagen, & Fietzke, 2008), and the remaining 175 

lithogenic fractions were digested using a microwave (CEM MARS-5) (Muratli et al., 176 

2012). For Ca and Mn elemental composition we use XRF records generated earlier 177 

(Polyak et al., 2013), as the leaching process most likely affected the concentrations of 178 

these elements in our samples.  179 

A portion of each digest was passed through chromatographic columns to separate 180 

and purify Sr and Nd (Abbott et al., 2016), and the isotopic ratios of the isolated elements 181 

were measured using a Nu Plasma multi-collector ICP-MS at Oregon State University. 182 

Strontium isotopes were normalized to 86Sr/88Sr of 0.1194 and corrected using NBS 987 183 

(87Sr/86Sr = 0.710245). An in-house standard (EMD) gives a 2-sigma external 184 

reproducibility of ±0.000027 (n = 46). Neodymium isotopes were normalized to 185 
146Nd/144Nd = 0.7219. The JNdi-1 standard was used for correction (reference 186 
143Nd/144Nd value of 0.512115 ±0.000007, (Tanaka et al., 2000)), and an in-house 187 

standard (SpecPure) gives a 2σ external reproducibility of ±0.000016 (n = 53). JNdi-1 188 

and SpecPure were analyzed every 6 samples and analyzed in replicate at the beginning 189 

and end of every batch run. Neodymium isotopes are denoted by eNd, which is the 190 

deviation of measured 143Nd/144Nd to a Chonritic Uniform Reservoir (CHUR; 191 
143Nd/144Nd = 0.512638, (Wasserburg et al., 1981)): eNd = [(143Nd/144Ndmeas / 0.512638) – 192 

1] * 104. 193 
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To illustrate the extent of interconnectivity between the Pacific and the Arctic 194 

(thus Atlantic) Ocean over the 40-ka and 100-ka orbital cycles, we modeled a simple 195 

Bering Strait Throughflow Index (BSTI) reflecting the open/closed status of the strait 196 

through time. We used 50 m as an approximation for the sill depth of the modern Bering 197 

Strait, such that when sea level falls below this, the Pacific–Arctic connection is cut off. 198 

No correction was applied for potential glacioisostatic influence, which has been 199 

negligible since the last glaciation (Jakobsson et al., 2017; Spada & Galassi, 2017), 200 

although we cannot exclude the possibility of a larger isostatic effect related to older 201 

glaciations. We assigned a value of zero to each time point when global sea level was 202 

lower than 50 m below modern and a value of one when the sea level was above this 203 

level, based upon the reconstructions of Elderfield et al. (2012) and (Rohling et al., 204 

2014). We then determined the proportion of the previous obliquity or eccentricity cycle 205 

that the Bering Strait was open by calculating a running average over the preceding 40 ka 206 

or 100 ka (Suppl. Table 2).  207 

 208 

4. RESULTS 209 

4.1. Litho- and biostratigraphy.  210 

Core P23 litho- and biostratigraphy has been presented in Polyak et al. (2013) 211 

with additions in Dipre et al. (2018). The primary feature of the core is a distinct division 212 

between a visually homogeneous, brown, mostly fine-grained sediment below ~165 cm 213 

and interlamination of brown and grey intervals with a considerable amount of coarse 214 

material above (Units 2 and 1, respectively). Unit 2 is characterized by low amounts of 215 

coarse grains (>63 µm), mostly below 5% with a modest increase in the interval between 216 

~350 and 450 cm (Fig. 2). This unit also has variable but overall high Mn and negligibly 217 

low Ca content. In comparison, Unit 1 shows cyclic peaks of coarse grains up to almost 218 

40% co-varying with high Ca values, increasing up-core, that is inversely related to Mn 219 

content. Polyak et al. (2013) have demonstrated that the boundary between units 1 and 2 220 

also corresponds to a turnover in foraminiferal and ostracod fauna, where many species 221 

thriving in Unit 2 environments got suppressed or went completely extinct. 222 

  223 
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 224 
Figure 2. P23 proxies vs. core depth. (a-b) XRF content of (a) Mn and (b) Ca, and (c) 225 

sand content >63µm (wt %) (Polyak et al., 2013); (d-e) detrital isotopes (d) eNd and (e) 226 
87Sr/86Sr (this study). Lithostratigraphic Unit 1 is shaded. Interglacial MIS are marked 227 

above the sand curve in Unit 1 as in Polyak et al. (2013). 228 
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Table 1: Strontium and neodymium isotope data from detrital fractions of leached 230 
sediment, core P23 231 
 232 

Core depth 
(cm)  Age (Ma) 86Sr/87Sr 143Nd/144Nd eNd 

2-3	 	 0.073	 0.729927	 0.511870	 -15.0	
4-5	 	 0.079	 0.744358	 0.511818	 -16.0	
8-9	 	 0.092	 0.735456	 0.511848	 -15.4	
14-15	 	 0.112	 0.725786	 0.512022	 -12.0	
20-21	 	 0.140	 0.731714	 0.511919	 -14.0	
20-21	 (rpt)	 0.140	 0.731832	 0.511960	 -13.2	
30-31	 	 0.217	 0.727420	 0.511967	 -13.1	
34-35	 	 0.231	 0.731294	 0.511940	 -13.6	
36-37	 	 0.238	 0.730625	 0.511877	 -14.8	
44-45	 	 0.277	 0.720109	 0.512076	 -11.0	

52.5-53.5	 	 0.349	 0.731038	 0.511911	 -14.2	
58.5-59.5	 	 0.389	 0.728476	 0.511940	 -13.6	
67.5-68.5	 	 0.400	 0.716772	 0.512159	 -9.3	
67.5-68.5	 (rpt)	 0.400	 0.717256	 0.512145	 -9.6	
73.5-74.5	 	 0.415	 0.722262	 0.512083	 -10.8	
73.5-74.5	 (rpt)	 0.415	 0.722686	 0.512050	 -11.5	
84.5-85.5	 	 0.493	 0.720255	 0.512127	 -10.0	
84.5-85.5	 (rpt)	 0.493	 0.719549	 0.512111	 -10.3	
108-109	 	 0.585	 0.728516	 0.511885	 -14.7	

119.5-120.5	 	 0.618	 0.731595	 0.511917	 -14.1	
124-125	 	 0.637	 0.728480	 0.512015	 -12.2	
140-141	 	 0.746	 0.725621	 0.512039	 -11.7	
150-151	 	 0.783	 0.720792	 0.512087	 -10.7	
150-151	 (rpt)	 0.783	 0.720939	 0.512084	 -10.8	

162.5-163.5	 	 0.810	 0.726347	 0.512025	 -12.0	
177.5-178.5	 	 0.978	 0.719209	 0.512088	 -10.7	
191-192	 	 1.068	 0.718985	 0.512107	 -10.4	
207-208	 	 1.175	 0.718933	 0.512127	 -10.0	
223-224	 	 1.282	 0.717374	 0.512145	 -9.6	
235-236	 	 1.362	 0.718515	 0.512137	 -9.8	
243-244	 	 1.416	 0.717826	 0.512162	 -9.3	
243-244	 (rpt)	 1.416	 0.717219	 0.512163	 -9.3	
256-257	 	 1.503	 0.717444	 0.512205	 -8.5	
256-257	 (rpt)	 1.503	 0.717494	 0.512179	 -8.9	
269-270	 	 1.589	 0.718641	 0.512156	 -9.4	
280-281	 	 1.663	 0.718291	 0.512153	 -9.5	
296-297	 	 1.770	 0.719040	 0.512149	 -9.5	
296-297	 (rpt)	 1.770	 0.718962	 0.512147	 -9.6	
314-315	 	 1.890	 0.718547	 0.512138	 -9.8	
327-328	 	 1.977	 0.717902	 0.512166	 -9.2	
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Core depth 
(cm)  Age (Ma) 86Sr/87Sr 143Nd/144Nd eNd 

344-345	 	 2.090	 0.718403	 0.512118	 -10.1	
369-370	 	 2.257	 	 0.512114	 -10.2	
391-392	 	 2.404	 0.718455	 0.512090	 -10.7	
413-414	 	 2.551	 0.718042	 0.512121	 -10.1	
432-433	 	 2.678	 0.718638	 0.512098	 -10.5	
458-459	 	 2.852	 0.717888	 0.512136	 -9.8	
476-477	 	 2.972	 0.718277	 0.512147	 -9.6	
510-511	 	 3.199	 0.718512	 0.512144	 -9.6	
527-528	 	 3.313	 0.718134	 0.512145	 -9.6	
527-528	 (rpt)	 3.313	 0.718133	 0.512158	 -9.4	

 233 
 234 
4.2. Age model.  235 

Following the approach from earlier P23 studies (Dipre et al., 2018; Polyak et al., 236 

2013; Rujian Wang et al., 2018), we constrain the age for Unit 1 using lithostratigraphic 237 

cycles expressed in Mn and sand content variability and verified by several stratigraphic 238 

events (Fig. 3). This approach is consistent with other core stratigraphies from the central 239 

Arctic Ocean including the long IODP record from the Lomonosov Ridge (e.g., 240 

(O’Regan et al., 2008; Polyak et al., 2009; Stein, Matthiessen, Niessen, et al., 2010). Due 241 

to a more homogeneous lithostratigraphy and potentially different controls on the Mn 242 

distribution in the underlying Unit 2, the age framework for these sediments is based on 243 

Sr isotope stratigraphy (SIS) as in Dipre et al. (Fig. 3) (2018). A best-fit linear regression 244 

approximates Sr dates with an R2=0.96, omitting apparent outliers. Due to a considerable 245 

data spread and inherent SIS uncertainties (McArthur et al., 2012), the resulting age 246 

model is inevitably approximate. Nevertheless, it makes good paleoclimatic sense and 247 

appears to be consistent with other regional stratigraphic records, as discussed in Section 248 

5 below. Considering the caveats, the overall age model results in average sedimentation 249 

rates of 2.1 and 1.5 mm/kyr in Units 1 and 2, respectively, consistent with low deposition 250 

in the central part of the western Arctic Ocean covered by heavy sea ice (Polyak et al., 251 

2009; Stein, Matthiessen, Niessen, et al., 2010). While these sedimentation rates indicate 252 

low stratigraphic resolution of core P23, they allow for a relatively deep stratigraphic 253 

coverage with the estimated core bottom age of ca. 3.3 Ma ka (upper Pliocene). 254 

  255 
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 256 
Figure 3. Age model for P23. Age is constrained by Mn tuning and event ages in Unit 1 257 
(Polyak et al., 2013, Dipre et al., 2018) and by SIS ages below (Dipre et al., 2018, and 258 
new data). Dark blue dots represent SIS outliers not included in the age model. 259 

 260 

4.3. Isotopic data.  261 

Unit 2 is consistently characterized by overall low 87Sr/86Sr and high eNd values 262 

(above -10 and below 0.72, respectively), with a modest decrease in eNd in a coarser-263 

grained interval between ~350 and 450 cm (Fig. 2). The first spike in coarse grains at the 264 

bottom of Unit 1 is associated with elevated 87Sr/86Sr and more negative eNd (0.726 and -265 

12, respectively). A similar isotopic signature marks all the coarse peaks in Unit 1, with 266 
87Sr/86Sr getting overall higher (to 0.744) and eNd more negative (to -16), while finer-267 

grained intervals in Unit 1 have isotopic signatures more like those of Unit 2. To enable 268 

the interpretation of the isotopic results and comparison with Arctic/North Pacific 269 

potential provenance sources, we plotted the data in a Sr-Nd space with data points from 270 

Units 2 and 1 marked by different symbols (Fig. 4).  271 
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 273 

Figure 4. Distribution of the P23 and potential source data in eNd -87Sr/86Sr space. Small 274 

orange and green circles show P23 samples from Units 1 and 2 respectively (see Fig 2). 275 

MIS numbers are indicated for several prominent glacial stages. Larger circles and 276 

triangles show source data from rivers and shelf areas of the Arctic and N Pacific, 277 

respectively (Asahara et al., 2012; Maccali et al., 2018; Xiao et al., 2021); see also Suppl. 278 

Table 3. Major geographic source groups (N Pacific, Siberian margin, and Canadian 279 

Arctic) are shown by ellipses. Ber – Bering, E Sib – East Siberian, CAA – Canadian 280 

Arctic Archipelago. 281 

  282 
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5. DISCUSSION 283 

5.1. Sediment provenance and depositional environments.  284 

Downcore isotopic distributions need to be interpreted in the context of other 285 

sedimentary proxies and regional isotopic tracer data. The most telling feature of our 286 

results is a strong linkage between the isotopic and other stratigraphic data. The 287 

pronounced litho- and biostratigraphic boundary between units 2 and 1 is also expressed 288 

in a distinct shift in isotopic values (Fig. 2). This change, estimated to have occurred in 289 

the MPT at ca. 0.9-0.95 Ma, has been interpreted as a transition from relatively stable 290 

lower Pleistocene (preglacial) environments with seasonal sea ice and low glacial inputs 291 

to strong periodic glacial controls and perennial sea ice thereafter (Dipre et al., 2018; 292 

Polyak et al., 2013). In addition to mostly low sand content, high Mn and very low Ca 293 

composition, Unit 2 has low 87Sr/86Sr and relatively high (radiogenic) eNd values (Fig. 2). 294 

Moderate variations in sand content, including a sandy interval at ~350-450 cm, appear to 295 

be inversely related to the eNd record. The inverse co-variation between eNd and sand is 296 

even more pronounced in Unit 1, which also has cyclic coarse-grained peaks with low 297 

Mn and high, increasing up-core Ca contents. Along with Ca, 87Sr/86Sr values show an 298 

increasing trend during consecutive glacial intervals in Unit 1. This co-occurrence of the 299 

grain-size with elemental and isotopic tracer proxies indicates a concerted change in 300 

Arctic paleoenvironments, provenance sources and circulation. 301 

Finer grained sediments are typically delivered to the interior of the Arctic Ocean 302 

by sea ice from suspension on shallow continental shelves (Dethleff, 2005; Nürnberg et 303 

al., 1994). Larger, mostly sand-sized grains (>63 µm) are generally delivered by icebergs 304 

or in some cases by anchor ice (D.L. Clark & Hanson, 1983; Darby et al., 2011). 305 

Sediments with greater proportion of sand-sized and coarser grains, especially in the 306 

intervals related to glaciations, are interpreted as an increase in iceberg inputs (O’Regan 307 

et al., 2008; Polyak et al., 2009; Stein et al., 2012). Similar to the North Atlantic (e.g., 308 

Hodell et al., 2008), coarse-grained layers in the Arctic Ocean records are typically 309 

interpreted as glacial instability events (Polyak et al., 2009; Stokes et al., 2005; Rong 310 

Wang et al., 2021). 311 

Elemental proxies provide a first assessment of provenance for sediment 312 

contributions from various circum-Arctic sources. As the Arctic Ocean has little biogenic 313 
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sedimentation, the Ca content of sediment is highly sensitive to input from carbonaceous 314 

rocks, primarily from the dolomitic terranes of the western Canadian Arctic Archipelago 315 

(CAA) (Bazhenova et al., 2017; Polyak et al., 2009). While in modern sediments 316 

dolomite deposition is mostly proximal to the major sources on the Banks and Victoria 317 

Islands (Gamboa et al., 2017), during glacial intervals dolomitic material was widely 318 

distributed by icebergs (Bazhenova et al., 2017; Polyak et al., 2009). In contrast to 319 

detrital Ca that is related to glacial erosion, Mn in Quaternary Arctic Ocean sediments 320 

appears to be primarily associated with inputs from continental margins during 321 

interglacials (Löwemark et al., 2013; Yurco et al., 2010). Another factor in sedimentary 322 

Mn variations, especially apparent in preglacial sediments of Unit 2, has been related to 323 

variability in bottom currents controlled by sea-level changes (Dipre et al., 2018). 324 

The Sr-Nd composition in Arctic Ocean sediments is typically distributed 325 

between high-87Sr/86Sr, low εNd, and low-87Sr/86Sr, high εNd values, representing cratonic 326 

North American rocks and magmatic sources in Siberia or North Pacific, respectively 327 

(Dong et al., 2020; Rong Wang et al., 2021; Xiao et al., 2021). While generally P23 data 328 

are distributed in Sr-Nd isotopic space similarly to other records, there are significant 329 

differences between data from Units 1 and 2 (Fig. 4). The range of isotope values in Unit 330 

2 is much more restricted and shifted towards low-87Sr/86Sr, high-εNd values as compared 331 

to the Unit 1 data. Furthermore, the slope of the regression lines for data from units 1 and 332 

2 is considerably different.  333 

The high-87Sr/86Sr/low-εNd data typical for coarse-grained samples of both Units 334 

point toward North American sources representing mainly crustal terrains of the 335 

Canadian Shield and the fringing platform rocks (Fig. 4) (Maccali et al., 2018; 336 

McCulloch & Wasserburg, 1978) (see Dong et al. (2020) and Wang et al. (2021) for a 337 

more comprehensive source overview). Data from glacial intervals in Unit 1 trend 338 

towards the CAA inter-island and McKenzie River areas. This signature becomes more 339 

pronounced in younger glaciations (middle to upper Pleistocene). In comparison, 340 

moderately coarse-grained samples from the sandy interval in Unit 2, trend towards a 341 

more mixed isotopic composition trending towards modern sediments from the CAA 342 

shelf (Maccali et al., 2018).  343 
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On the other, non-CAA end of the 87Sr/86Sr-εNd distribution, data from both Units 344 

trend towards Chukchi/East Siberian or North Pacific provenances (Fig. 4). Unit 2 data 345 

indicate a strong contribution from young igneous rocks characteristic for the southern 346 

Bering Sea (Asahara et al., 2012). Interglacial data from Unit 1 are more comparable to 347 

the Chukchi/East Siberian margin and the northern Bering Sea, the source of the modern 348 

Bering Strait inflow that includes considerable input from the Yukon River (Asahara et 349 

al., 2012; Maccali et al., 2018). Some of the interglacial data show a contribution from 350 

North American provenances, which we argue reflects mixing during transport, as in 351 

modern environments (Dong et al., 2020; Rong Wang et al., 2021).  352 

 353 

5.2. Arctic glaciation and circulation history.  354 

The isotopic record for most of P23 Unit 1 is generally similar to higher 355 

resolution isotopic records from the western Arctic Ocean (Fig. 1; cores BN05 and C22) 356 

(Dong et al., 2020; Rong Wang et al., 2021). Regardless of the potential compatibility 357 

issues with material used in these records (coarse grains or bulk sediment, respectively), 358 

they both show high-87Sr/86Sr/low-εNd compositions in glacial intervals and low-359 
87Sr/86Sr/high-εNd values in interglacial sediments.  360 

The two Arctic isotopic studies extending below the MPT include a composite 361 

record from several cores from the Alpha Ridge (AR) (Winter et al., 1997) and an IODP 362 

ACEX record from the Lomonosov Ridge (LR) (Chen et al., 2012; Haley, Frank, 363 

Spielhagen, & Eisenhauer, 2008) (Fig. 1). In modern conditions, these locations are 364 

predominantly influenced by the Beaufort Gyre and the TransPolar Drift circulations, 365 

respectively. The stratigraphic coverage of these samples is very sparse, except for a 366 

younger Pleistocene part of the LR study. For comparison purposes, an earlier suggested 367 

AR age model was adjusted to match the estimated ages of the LR and our samples using 368 

the same lithostratigraphic approach as in (Stein, Matthiessen, & Niessen, 2010) and 369 

similarities in the sand curves from P23 and the primary AR record CESAR-11 (David L. 370 

Clark et al., 1990). 371 

The comparison of LR and AR pre-MPT records with that of P23 Unit 2 shows 372 

general similarity in the down-core eNd distribution with some scatter due to uncertainties 373 

in the age models (Fig. 5). The LR data have a consistent offset of up to 2 units towards 374 
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lower eNd values relative to P23, and the AR data show a slightly smaller offset in the 375 

lowermost (Pliocene) sediments underlying the sandy interval. These offsets may indicate 376 

differences in source sediment entrainment and/or transportation modes and pathways. 377 

Considering the existing circulation system, it is likely that under non-glacial conditions 378 

LR sedimentation was primarily controlled by sea-ice transport from the central Siberian 379 

margin, resulting in eNd values trending towards the Laptev Sea signature (Fig. 5). In 380 

comparison, correlative data from the AR, affected by the Beaufort Gyre, are more likely 381 

reflective of input from North American sources. The resulting offset from the Pliocene 382 

P23 data may indicate different limbs of the Beaufort Gyre circulation delivering material 383 

from different parts of the Chukchi-CAA margin, as discussed in Wang et al. (2021). A 384 

narrower gap between the AR and P23 eNd values in the lower Pleistocene sandy interval 385 

is consistent with a change of the P23 sources towards greater CAA contributions (Fig. 386 

4). This change suggests the likelihood of growing ice-sheet(s), which would deliver 387 

 388 

Figure 5. Comparison of detrital eNd records from P23, Lomonosov Ridge (LR, circles), 389 
and Alpha Ridge (AR, triangles). Grey and yellow fields show P23 Unit 1 and the sandy 390 
interval in Unit 2. Age for the AR samples is adjusted to the age model for P23 and LR. 391 
eNd composition for glacial and shelf sources is marked on the left and right, 392 
respectively. LIS, EIS - Laurentide and Eurasian Ice Sheets. LR data from (Haley, Frank, 393 
Spielhagen, & Fietzke, 2008) and (Chen et al., 2012); AR data from (Winter et al., 1997). 394 
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coarse CAA material to the margin with subsequent transport of this sediment by 396 

icebergs and/or sea ice. Very low Ca (dolomite) content and relatively low 87Sr/86Sr 397 

values in this interval (Fig. 2) indicate that the development of large ice sheets 398 

comparable to those later in the Pleistocene was not likely. As the Bering Strait remained 399 

open due to overall high Early Pleistocene sea level, the Pacific input at that time was not 400 

restricted, resulting in a mixed sediment signature in the study area.  401 

The stratigraphic interval above the sandy layer contains the highest eNd values in 402 

all three records (Fig. 5). This maximum eNd probably indicates an especially strong 403 

Pacific input affecting circulation and sediment distribution in the central Arctic Ocean. 404 

The more detailed P23 record shows two eNd maxima at ca. 1.5 and 2 Ma, compared to 405 

eNd peak in the AR and LR data between these times. This difference may reflect age 406 

model inaccuracies and lack of sampling resolution, although a factor of circulation 407 

complexity cannot be ruled out. The AR and LR eNd peaks appear to be co-eval with 408 

maximal current impact on the Northwind Ridge top at ca. 1.8-1.9 Ma (core JPC3; Fig. 1) 409 

that is indicative of intensified mid-depth circulation (Dipre et al., 2018). The interval 410 

above ca. 1.5 Ma shows a consistent decrease in eNd values to the top of Unit 2 in both P3 411 

and the AR record (no data for the LR). More detailed comparison records are needed for 412 

comprehending the Early Pleistocene Arctic circulation system. 413 

Unit 1 in P23 shows high variance between glacial/interglacial intervals with 414 

contrasting low/high eNd values, below and above the value of -12, respectively. The 415 

sparse AR data appear to have a similar variance. In contrast, the overall high (mostly 416 

above -12) eNd data in the LR record have an opposite pattern with very high eNd values 417 

during the glacial intervals, especially in the Upper Pleistocene. This contrast implies a 418 

strong divergence in glacial sources for sediments from the western Arctic Ocean and 419 

LR, provided by the LIS and the Eurasian Ice Sheet (EAIS), respectively (Fig. 1). While 420 

in modern-type conditions sedimentation on the LR is mostly controlled by the 421 

TransPolar Drift originating from the Laptev and East Siberian seas, during glaciations a 422 

stronger cyclonic circulation may have resulted in greater sediment delivery from west 423 

Siberia (Dong et al., 2020; Rong Wang et al., 2021; Xiao et al., 2021). This provenance 424 

constitutes a distinct eNd-87Sr/86Sr signature from the eroded west Siberian rocks 425 

(Lightfoot et al., 1993; Sharma et al., 1992; Wooden et al., 1993), manifested in some of 426 
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the glacial intervals in sediment records across the Arctic Ocean (Dong et al., 2020; Rong 427 

Wang et al., 2021). Unfortunately, P23 lacks most of the upper Pleistocene sediments to 428 

test the presence of the west Siberian material identified on the Northwind Ridge in MIS 429 

4 (Rong Wang et al., 2021). 430 

  431 

5.3. Broader paleoclimatic context.  432 

5.3.1. Late Pliocene to MPT culmination 433 

A continuous Plio-Pleistocene eNd record from the southern Bering Sea (IODP 434 

core U1341B: (Horikawa et al., 2015)) provides much needed context for Arctic-North 435 

Pacific interaction in comparison with P23 (Fig. 6). Due to inaccuracies in the age 436 

models, the comparison may not be perfect, but the overall correspondence between the 437 

records appears to be convincing, especially for the pre-MPT. The upper Pliocene eNd 438 

records in both U1341B and P23 show a gradually decreasing isotopic signature, 439 

indicative of the initiation of glacial inputs. This trend culminates in both cores in a lower 440 

Pleistocene eNd minima centered at ca. 2.5 Ma in the stratigraphic interval of the sandy 441 

layer in P23 (Fig. 6, blue field). This correspondence indicates a considerable glacial 442 

impact on both the North Pacific and the Arctic Ocean, consistent with significant North 443 

American glaciation in the earliest Pleistocene, around 2.5 Ma (Balco & Rovey II, 2010; 444 

Shakun et al., 2016). It has been suggested that this glaciation may have started with the 445 

growth of the Cordilleran Ice Sheet (CIS) due to a sustained moisture supply from the 446 

North Pacific (Hidy et al., 2013). In turn, the CIS had a strong cooling effect on the North 447 

Pacific (Studer et al., 2012) and impacted sediment supply to the Bering Sea through 448 

iceberg discharge (Krissek, 1995) and re-routing of the Yukon River (Duk-Rodkin et al., 449 

2001).  450 

Our data from P23 provide the first indication that this Early Pleistocene 451 

glaciation resulted in ice sheet(s) at the Arctic North American margin as well. The grain 452 

size and eNd evidence points to an ice-sheet extent that reached the Arctic Ocean coasts, 453 

and thus could be comparable to later glaciations. However, based on the moderate 454 

number of coarse grains, very low Ca (dolomite) content, and relatively low 87Sr/86Sr 455 

values in this interval (Fig. 2), we infer this glaciation was not voluminous enough to 456 

erode CAA bedrock. In addition to sedimentary glacigenic proxies, this early glacial 457 
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interval features a pronounced decline in foraminiferal numbers and the first Pleistocene 458 

extinction affecting part of the assemblage (Fig. 6) (Polyak et al., 2013). This event likely 459 

reflects an abrupt decrease in biological production in relation to glacial meltwater inputs 460 

and/or expansion of perennial ice.  461 

After a subsequent return to non-glacial conditions in both the Bering Sea and the 462 

western Arctic, another dip in the eNd values appears in the U1341B data (Fig. 6), 463 

possibly indicating another CIS expansion. The correlative feature in the P23 eNd record 464 

is more subtle and is not accompanied by elevated sand content. However, this interval 465 

also corresponds to increased winnowing on the Northwind Ridge top at ~1.8-1.9 Ma 466 

(Dipre et al., 2018), which could mask coarse grain numbers by redeposited fines.  467 

A steady, long-term decrease of eNd values started synchronously in both records 468 

at ca. 1.5 Ma, indicating an increase in glacigenic sedimentary inputs. The expansion of 469 

North American ice would be consistent with a widespread cooling that changed the 470 

circulation pattern in the North Atlantic at ~1.6 Ma (Khélifi & Frank, 2014) and an 471 

intensified glacial erosion revealed in the seawater Sr isotopes since ~1.5 Ma (Fig. 6, blue 472 

field) (Yehudai et al., 2021). However, ice sheet extent to the Arctic coastline at this time 473 

is not likely, given the lack of increase in sand content in P23 that would be indicative of 474 

iceberg transport. We infer that glacigenic sediment was probably transported by glacial 475 

runoff either directly into the Arctic Ocean or via the Bering Sea. 476 

 477 
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 478 

Figure 6. Paleoclimatic context for P23 record. (a) eNd data from the Bering Sea core 479 
U1341B (Fig. 1) with 400 ky running mean (Horikawa et al., 2015); (b-d) P23 data for 480 
(b) eNd, (c) 87Sr/86Sr (reverse), and (d) sand content (reverse) (Polyak et al., 2013, and 481 
this study); (e) Bering Strait Throughflow Index (this study), 100-ky average based on (f) 482 
Relative Sea Level from Elderfield et al., 2012 (black) and Rohling et al., 2014 (grey) 483 
(see also Suppl. Table 2). Dashed line in the RSL panel – Bering Strait sill depth, -50 m. 484 
Yellow field - sandy interval in P23 Unit 2; blue field and line - seawater 87Sr/86Sr change 485 
and detrital eNd shift in the N Atlantic (Yehudai et al., 2021); orange line - onset of 486 
detrital Ca input in P23 (Polyak et al., 2013). Extinct benthic fauna range from Polyak et 487 
al. (2013); changes in line thickness mark major extinction events. 488 
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The relatively gradual climatic deterioration starting from ~1.5 Ma led to the 490 

profound MPT shift in predominant orbitally-driven glacial cycles from 41-kyr to ~100-491 

kyr (P. U. Clark et al., 2006; Elderfield et al., 2012). The MPT change involving further 492 

cooling and lowering sea level obviously affected the North Pacific and the Arctic, as 493 

corroborated by our data (Fig. 6). A rapid reduction in eNd values as well as surface 494 

temperature/salinity indicators, both reflecting enhanced glacial inputs, started in the 495 

Bering Sea at the MPT onset ~1.2-1.3 Ma (Horikawa et al., 2015). This timing precedes 496 

pronounced MPT changes in the North Atlantic (Yehudai et al., 2021) and in the P23 497 

record (Fig. 6), which suggests that Northern Hemisphere glacial expansion may have 498 

started with the CIS, similar to an earlier glacial interval in the lower Pleistocene (Hidy et 499 

al., 2013; Studer et al., 2012). This climatic pattern is consistent with the leading role of 500 

glaciations and related circulation changes in the North Pacific demonstrated for late 501 

Pleistocene millennial-scale climate events (Walczak et al., 2020). 502 

Further increases in the proxies of glacial inputs continue to MIS 22 (~0.87-0.9 503 

Ma) in both the Bering Sea and P23 records (Fig. 6). The latter shows the strongest shift 504 

in both the average values and the range of isotopic ratios up to this point, along with a 505 

sharp rise in coarse-grain content. This abrupt change most likely marks a threshold 506 

expansion of the North American glaciers to the Arctic margin. On the other hand, 507 

subdued Ca levels (Fig. 2) indicate that glacial erosion was not yet deep enough to impact 508 

the CAA bedrock with dolomitic rocks. The delayed exhaustion of the regolith in the 509 

Arctic in comparison with the Atlantic side of the LIS (~0.95-0.97 Ma: Yehudai et al., 510 

2021) would be consistent with slower development of the northwestern LIS sector, as 511 

modelled for later Pleistocene glaciations (Batchelor et al., 2019; Kleman et al., 2013). In 512 

any case, a pronounced increase in glacial inputs in P23 at estimated MIS 22 provides the 513 

first evidence of the MPT ice-sheet expansion in the Arctic. 514 

Kender et al. (2018) suggested that a threshold MPT sea-level drop at MIS 22 515 

(Elderfield et al., 2012) was responsible for circulation change and sea-ice expansion in 516 

the Bering Sea via the closure of the Bering Strait. Arguably, a closed Bering Strait for a 517 

prolonged period should have also profoundly affected the Arctic Ocean via deprivation 518 

of relatively warm Pacific inflow (Shimada et al., 2006). Polyak et al. (2013) proposed 519 

that a litho/ biostratigraphic shift observed in P23 between units 1 and 2 was related to 520 
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the MPT decrease in Pacific inflow. We further evaluate this scenario by the Bering Strait 521 

Throughflow Index (BSTI; see Methods above). Zero BSTI values based on RSL after 522 

Elderfield et al. (2012) are first seen in MIS 24 around 0.92 Ma and, after a brief partial 523 

recovery, in MIS 22 for as long as 30 kyr, ~0.87-0.9 Ma. This appears to be the first 524 

prolonged closure of the Bering Strait lasting for an almost entire obliquity cycle (Fig. 6, 525 

S1). We suggest that the corresponding threshold change in the isotope composition and 526 

grain size in the western Arctic Ocean reflects a feedback between a prolonged closure of 527 

the Bering Strait and growth of massive glaciers in northern North America. This 528 

paleoclimatic mechanism implies that the Bering Strait gateway exerts a major control 529 

over the climatic evolution of the Arctic. 530 

 531 

5.3.2. Late to post-MPT development 532 

The subsequent Middle to Late Pleistocene history of Arctic glaciations is 533 

characterized by an enhanced LIS signature in sedimentary isotopic composition (Figs. 2, 534 

6), indicating more extensive and/or deeper glacial erosion of the cratonic North 535 

American rocks. This trend is not observed in the Bering Sea data that show relatively 536 

stable glacial isotopic ratios since MIS 22, indicating no increase in CIS inputs (Fig. 6) 537 

(Horikawa et al., 2010, 2015; Jang et al., 2017). We infer that this Pacific-Arctic 538 

difference is related to the continuing effect of prolonged Bering Strait closures on the 539 

Arctic climate and hydrology.  540 

A pronounced late/post-MPT change in the P23 record is the major faunal 541 

turnover in the foraminiferal fauna along with a strong decrease in sedimentary Mn 542 

content at MIS 18, both indicating perennial sea-ice growth in the western Arctic Ocean 543 

(Figs. 2, 6) (Polyak et al., 2013). This event is followed by the sharp increase in detrital 544 

Ca content at the onset of MIS 16, ~0.65 Ma (Fig. 2; Fig. 6, orange line). Detrital Ca 545 

input indicates the beginning of significant glacial erosion of dolomitic rocks in the 546 

western CAA (Bazhenova et al., 2017; Polyak et al., 2009; Rong Wang et al., 2021), as is 547 

supported by a concurrent intensification of glacial isotopic signature (higher 87Sr/86Sr, 548 

lower eNd values) and a maximum peak of coarse-grained material (Figs. 2, 6). This 549 

glacial event in P23 appears to be co-eval with the onset of LIS detrital carbonate pulses 550 

to the North Atlantic known as the Heinrich Events (Hodell et al., 2008). This 551 
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correspondence of glacial discharge events in both the Arctic and Atlantic suggests that a 552 

deepening erosion on the northwestern and eastern side of the LIS may indicate a major 553 

step in its overall growth, potentially making the ice sheet inherently unstable. 554 

The profound changes in ice-sheet and sea-ice conditions during MIS 16-18 can 555 

be attributed to continuing late/post-MPT Bering Strait closures. Based on the BSTI, such 556 

closures extended over a total of ~20 kyr at MIS 18 (around 0.72 Ma) and >40 kyr at MIS 557 

16 (~0.66-0.62 Ma) (Fig. 6, S1). The latter closure, comparable to the threshold MPT 558 

event in the Arctic-North Pacific region at MIS 22 (Kender et al., 2018, and this study), is 559 

a probable cause for a growth of the LIS at this time, expressed in the discharge of deep 560 

erosion products on both the Arctic and North Atlantic side. Another factor contributing 561 

to this increased glaciation could be the preceding growth of the perennial sea ice in the 562 

western Arctic Ocean, as revealed by a faunal turnover and a decrease in Mn content in 563 

P23 during MIS18. Extensive ice cover would have diminished the heat flux from the 564 

ocean to the atmosphere even during interglacials when the Bering Strait is open (Cao et 565 

al., 2019; van der Linden et al., 2019). More studies, including paleoclimatic modeling 566 

experiments, are needed to understand the contributions and linkages of glacial, sea-ice, 567 

and sea-level factors.   568 

While the later Pleistocene record in P23 is incomplete due to a core-top loss, 569 

available data show very high Ca peaks in glacial intervals since MIS 8, associated with a 570 

pronounced glacial isotopic signature (Figs. 2, 4). This pattern is consistent with other, 571 

higher-resolution western Arctic records indicating intensified, pulsed glacial inputs from 572 

CAA (Dong et al., 2017, 2020; Rong Wang et al., 2021). One possibility for this pattern 573 

lies in a progressive erosional deepening and broadening of the CAA straits such as the 574 

Amundsen Gulf and M’Clure Strait that connect to extensive exposures of dolomitic 575 

rocks (Fig. 1).  576 

An important implication of Bering Strait closures pertains to circulation in the 577 

Arctic and adjacent North Atlantic. According to climate modeling experiments (Hu et 578 

al., 2012, 2015), lack of exchange across the Bering Strait can affect circulation and 579 

deep-water convection as far as the North Atlantic. Hu et al. (2012) conclude that 580 

collapse of the Atlantic Meridional Overturning Circulation (AMOC) is only possible 581 

when the Bering Strait through-flow is absent or strongly reduced. It is tempting to infer 582 
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that the Bering Strait closure in MIS 22-24 and subsequent prolonged closures (e.g., MIS 583 

16 and 18) contributed to the AMOC collapses that started between MIS 25 and 21 as 584 

seen in the South and North Atlantic isotope data (Pena & Goldstein, 2014; Yehudai et 585 

al., 2021). This possibility needs to be tested by further paleoclimatic modeling and 586 

targeted proxy studies from the AMOC sensitive areas. 587 

 588 

6. SUMMARY AND CONCLUSIONS 589 

The investigated sediment core P23 from the Northwind Ridge provides the first 590 

Arctic record of isotopic provenance tracers across the entire Pleistocene including a 591 

distinct depositional shift at the Mid-Pleistocene Transition. Isotopic measurements of 592 

detrital Sr and Nd add new insight to earlier conclusions based on litho- and 593 

biostratigraphic proxies including elemental Mn and Ca, coarse-grain content, and 594 

benthic foraminiferal assemblages. The age framework was developed using 595 

lithostratigraphic cyclicity in the glacial part of the record (Unit 1) and Sr isotope 596 

stratigraphy in the preglacial Unit 2 extending to estimated ~3.3 Ma. For a broader 597 

paleoclimatic background, the P23 data were compared to co-eval isotopic records from 598 

the Arctic Ocean and the Bering Sea.  599 

The preglacial (upper Pliocene to lower Pleistocene) P23 record is characterized 600 

by predominant inputs from the Bering Sea via the Bering Strait and Chukchi shelf, with 601 

little to no contributions from glacial sources. A notable exception is a sandy interval in 602 

the lower Pleistocene around ~2.5 Ma that bears signs of early Laurentide-like glacial 603 

inputs. This isotopic and grain-size composition indicates a limited development of ice 604 

sheet(s) in the Canadian Arctic, concurrent with the Cordilleran Ice Sheet that likely 605 

exerted a considerable effect on the North Pacific.  606 

A steady decrease of eNd values towards North American glacigenic signature in 607 

both the Arctic and Bering Sea records started at ca. 1.5 Ma, concurrent with a long-term 608 

change in oceanic Sr isotopic composition related to glacial erosion. However, the 609 

expansion of ice sheet(s) to the Arctic coastline at that time is unlikely as this interval in 610 

P23 shows no increase in sand content that would be indicative of iceberg transport. 611 

A rapid increase in sedimentary indicators of glacial inputs, started in the Bering 612 

Sea at the MPT onset ~1.2-1.3 Ma. In the Arctic Ocean, the major glacigenic threshold 613 
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expressed in P23 isotope and grain-size proxies was achieved by ~0.9 Ma (MIS22), 614 

probably in connection with the first prolonged sea-level drop that closed the Bering 615 

Strait for an almost entire obliquity cycle. This change marks an expansion of the North 616 

American ice sheets to the Arctic margin, with dramatic impacts on sedimentation and 617 

hydrography in the Arctic Ocean. Our record of this major glacial expansion in the Arctic 618 

appears to lag behind the North Atlantic, where sedimentary isotopic data indicate an 619 

earlier exhaustion of the subglacial regolith and the development of the bedrock-620 

grounded Laurentide Ice Sheet. 621 

Isotopic and other proxy data in P23 Unit 1 show that glacigenic impacts on the 622 

Arctic Ocean strengthened over the late/post-MPT glacial intervals. The ice-sheet growth 623 

was probably enhanced by, and fed-back into, continuing prolonged Bering Strait 624 

closures. Another contributing factor could be the spread of perennial sea ice in the 625 

western Arctic Ocean, as revealed by a faunal turnover and a decrease in Mn content in 626 

P23. Progressing glacial erosion is notably expressed in the increasing inputs of detrital 627 

Ca since ~0.65 Ma (MIS 16), with the highest Ca peaks attained ~0.2 Ma later at MIS 8. 628 

This pattern may be related to erosional broadening/deepening of the Canadian Arctic 629 

straits exposing expansive dolomitic rocks.  630 

In addition to the direct effects on the Arctic Ocean climate and hydrography, the 631 

Bering Strait closures could have implications for circulation in the North Atlantic as 632 

corroborated by modeling studies. The first prolonged Bering Strait closure is co-eval 633 

with the first AMOC collapse during the MPT identified in records from the South and 634 

North Atlantic. This synchronicity suggests a possible causal relationship that requires 635 

further investigation. 636 

 637 

  638 
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