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Abstract 

Understanding the response of the climate to abrupt changes in the Earth system represents a key 6 

objective in paleoclimatology. Heinrich events in the last glacial, during which significant amounts 

of glacial discharge entered the North Atlantic Ocean, triggered the development of colder conditions 8 

across much of the globe. Despite widespread documentation of these events, including their 

occurrence and global significance, the impact of Heinrich events on the North American Cordilleran 10 

Ice Sheet and subarctic North Pacific Ocean remains relatively unconstrained. Here, records of 

diatom oxygen isotopes are used to show that significant amounts of glacial discharge from the 12 

Cordilleran Ice Sheet were released into the open waters of the northeast Pacific Ocean throughout 

the last glacial. Based on the available age model, many of these episodes and calculated changes in 14 

sea surface salinity coincide with Heinrich events. If accurate, these findings would confirm that 

ocean-atmospheric teleconnections linked the North Atlantic and North Pacific Oceans during 16 

intervals of abrupt change in the last glacial, as well as indicating the wider susceptibility of regional 

ice-sheets to global alterations in the climate system. 18 
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1 Introduction 20 

Glacial discharge into the marine system has the potential to exert a major influence on the 

climate through changes in ocean circulation and carbon dynamics (Menviel et al. 2014). Of particular 22 

note are Heinrich events which, triggered by the collapse of the Laurentide Ice Sheet (LIS) into the 

North Atlantic Ocean during the last glacial, sufficiently reduced North Atlantic surface waters 24 

density to initiate a slowdown in Atlantic meridional overturning circulation (AMOC) (Böhm et al., 

2015) and cause global changes to the climate system (Clement and Peterson, 2008). Previous 26 

research has suggested that the subarctic North Pacific Ocean and North Atlantic Ocean were closely 

coupled during Dansgaard-Oeschger events in the last glacial as well as over the abrupt climate 28 

transitions that accompanied the Last Glacial-Interglacial Transition (LGIT) (Kiefer et al., 2001; 

Praetorius and Mix, 2014). However, less is known about the extent to which North Atlantic Heinrich 30 

events are also associated with concordant changes in the subarctic North Pacific Ocean. 
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Sediment cores from the coastal northeast Pacific Ocean document increased IRD from 32 

regional glacials during North Atlantic Heinrich events 1 and 5, suggesting that the melting/collapse 

of the LIS into the North Atlantic Ocean was concordant with similar discharge from the Cordilleran 34 

Ice Sheet (CIS) (Cosma and Hendy, 2008; Hendy and Cosma, 2008). However, the magnitude and 

wider impact of this discharge from the CIS has, until recently, been unclear with oxygen isotope 36 

ratios (δ18O) of planktonic foraminifera (δ18Oforam) from near and off-shore open water sites in the 

northeast Pacific Ocean failing to show the decline in δ18Oforam that would be expected were glacial 38 

discharge from the CIS to extend beyond the coastal margin (McDonald et al., 1999; Gebhardt et al., 

2008; Davies et al., 2011; Taylor et al., 2014; Maier et al., 2015; Praetorius et al. 2015). Recent work, 40 

however, has documented decreases in diatom δ18O (δ18Odiatom) at site SO202-27-6 in the northeast 

Pacific Ocean (Figure 1) that are consistent with significant volumes of glacial discharge from the 42 

CIS being injected into the open water environment of the subarctic North Pacific Ocean at times, 

over the last 50 ka, that are synchronous with North Atlantic Heinrich events (Maier et al., 2018). 44 

Figure 1. Location of ODP Site 887 (54.3655oN, 148.4460oW) and S0202-27-6 (54.2962°N 
149.6002oW) in the northeast subarctic Pacific Ocean. Colours indicate sea floor depth. Map created 46 
using Ocean Data View (https://odv.awi.de) 

The reductions in sea surface salinity (SSS) associated with these North Pacific glacial 48 

discharge events are significant (c. 2-4 psu) and have been linked to a weakened AMOC during a 

Heinrich event, triggering a series of ocean-atmospheric interactions that warmed sea surface 50 

temperatures (SST) along the northeast Pacific Ocean coastline and increased basal melting/calving 

of the CIS (Maier et al., 2018). Importantly, model simulations suggest that the freshening associated 52 

with these events in the North Pacific Ocean was restricted to the uppermost sections of the water 
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column where diatoms undergo photosynthesis, not at the lower depths in the surface ocean occupied 54 

by planktonic foraminifera (Maier et al., 2018). Such a feature is proposed to account for why a 

corresponding decline is not apparent in δ18Oforam records from sites in the region. It also builds on 56 

previous comparisons of δ18Odiatom and δ18Oforam records across the globe, which reveal distinct 

differences between the two proxies (Haug et al., 2005; Swann, 2010; Romero et al., 2011; Maier et 58 

al., 2015, 2018). Verification of the δ18Odiatom inferred SSS changes of 2-4 psu are also tentatively 

supported by dinocyst assemblage SSS variations of up to c. 3 psu during the last glacial, with the 60 

onset of a prolonged freshening event potentially coinciding with Heinrich events 0 at c. 13 ka (de 

Vernal and Pedersen, 1997; Marret et al., 2001). 62 

Evidence of a teleconnection between the North Atlantic and subarctic North Pacific Oceans 

during Heinrich events has implications for understanding the paleoclimatology of the last glacial as 64 

well as the response of the Earth system to abrupt environmental change. For example, do changes in 

the AMOC also impact the stability of the CIS over other timescales prior to Heinrich event 5 (c. 45 66 

ka)? How does the teleconnection of the Heinrich events into the North Pacific Ocean impact wider 

oceanographic and biogeochemical cycling across the subarctic Pacific region including the Bering 68 

Sea? These questions fit within a framework in which changes in the subarctic Pacific Ocean are 

increasingly seen to have played a key role in driving global climate change over glacial-interglacial 70 

cycles (Gebhardt et al., 2008; Rae et al., 2014; Du et al., 2018; Gray et al., 2018). In an effort to 

further document the paleoenvironmental history of the region, an extended δ18Odiatom record is 72 

presented here from ODP Site 887 in the northeast Pacific Ocean to evaluate the stability of the CIS 

through the last glacial. 74 

2 Materials and Methods 

2.1 ODP Site 887 76 

ODP Site 887 (54.3655oN, 148.4460oW) lies below the Alaska Gyre on the Patton-Murray 

seamounts c. 300 km south-east of the Alaskan Shelf at a water depth of 3,647 m (Figure 1). As such 78 

the site is close to core SO202-27-6 previously analysed by Maier et al. (2018) which provided the 

initial δ18Odiatom evidence for significant glacial discharge from the CIS into the open waters of the 80 

northeast Pacific Ocean during Heinrich events (Figure 1). A composite age-depth model for ODP 

Site 887 was previously created by splicing missing intervals for the ODP 887B profile from cores 82 

ODP Site 887A and 887C using correlation between high-resolution GRAPE and magnetic 

susceptibility data and with “instantaneous” events (ash layers, turbidites) excluded to create a final 84 

“composite depth – ash layer” model (Rae et al 1993; McDonald et al 1999). 

Existing radiocarbon dating for ODP Site 887 have been measured on planktonic foraminifera 86 
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by McDonald et al. (1999) and Galbraith et al. (2007) (Supplementary Table 1). Here, these dates are 

combined to create a Bayesian radiocarbon age model for the uppermost sediment using R (version 88 

4.0.2; R Core Team, 2020) and the Bchron package in which a non-parametric chronology is used to 

age/position dates following the Compound Poisson-Gamma model (version 4.7.1; Haslett and 90 

Parnell, 2008). For all samples the Marine20 calibration curve (Heaton et al., 2020) was used, 

assuming a constant subarctic Pacific Ocean reservoir age of 550 ± 250 yr (Galbraith et al., 2007). 92 

Samples below a “composite depth – ash layer” of 2.94 m (c. 42.8 ka) were dated using an existing 

age-model (Galbraith, 2006; Galbraith et al., 2008) in which a benthic foraminifera δ18O record from 94 

ODP Site 887 (McDonald 1997) was visually matched against the LR04 benthic stack foraminifera 

δ18O record (Lisiecki and Raymo, 2005). 96 

2.2 Diatom oxygen isotope analysis 

Over the past 15 years, significant effort has been devoted towards developing and applying 98 

δ18Odiatom in paleoenvironmental reconstructions. Reflecting the isotopic composition of ambient 

water (δ18Owater) and with environmental controls similar to those for carbonates such as δ18Oforam, 100 

δ18Odiatom represents an important source of information in localities where carbonates are poorly 

preserved (Swann and Leng, 2009). Forty two samples from ODP Site 887 were prepared for 102 

δ18Odiatom following Swann et al. (2013), in which a combination of 5% HCl and 30% H2O2 are used 

alongside sodium polytungstate in heavy liquid separation at specific gravities of c. 2.2 g/ml to 104 

remove non-diatom contaminants. After sieving at 75 μm to isolate any remaining clay particles with 

the >75 μm fraction retained for analysis. Prior to analysis samples were screened using a Zeiss 106 

Axiovert 40 C inverted microscope, scanning electron microscope (SEM) and X-ray fluorescence 

(XRF) to confirm sample purity and the absence of non-diatom contaminants. Samples were analysed 108 

for δ18Odiatom using a step-wise fluorination procedure at the NERC Isotope Geosciences Facility 

based at the British Geological Survey (Leng and Sloane, 2008). Isotope measurements were made 110 

on a Finnigan MAT 253 and converted to the Vienna Standard Mean Ocean Water (VSMOW) scale 

using the within-run laboratory diatom standard BFCmod calibrated against NBS28. 112 

2.3 Salinity reconstructions 

To estimate changes in SSS, the δ18O of local surface seawater (δ18Ossw) was calculated 114 

following the marine δ18Odiatom calibration of (Juillet-Leclerc and Labeyrie, 1987): 

Local	δ!"O##$ = δ!"O%&'()* − 34 − √122 − 5 · SST − mean(δ!"O#$)					(Eq. 1) 116 

Whilst other calibration exists, Juillet-Leclerc and Labeyrie (1987) remains the most recently 

validated δ18Odiatom calibration for the marine environment and is consistent with the approach used 118 

by Maier et al (2018) in their SSS reconstructions. SST was obtained from the linear interpolations 
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of dinocyst assemblages August SST data from ODP Site 887, after recalculating samples ages using 120 

the age model developed in this current study (Marret et al., 2001). Values of mean(δ18Osw) accounts 

for the modern δ18Ossw in the region of −0.5‰ (Kipphut, 1990) and changes in global ice volume 122 

using the stacked benthic δ18Oforam LR04 record (Lisiecki and Raymo, 2005). 

Values of SSS were then calculated from local δ18Ossw using a linear regression between two 124 

end-members states, proposed by Maier et al. (2018), of glacial subsurface water (δ18O = 0.71‰; 

salinity = 34.29 psu) and modern CIS glaciers (−20‰) (Epstein and Sharp, 1959; Kipphut, 1990). 126 

The uncertainty associated with both δ18Odiatom, SST and its impact on SSS was calculated using 

Monte Carlo simulations (10,000 replicates) with the Monte Carlo package in R (Leschinski, 2019; 128 

R Core Team, 2020), assuming a normal distribution for data uncertainty. Changes in SSS were 

reconstructed using both the δ18Odiatom data presented here and the δ18Odiatom data in Maier et al. 130 

(2018), in order to check for consistency between the two studies.  

3 Results 132 

The new Bayesian age-model for ODP Site 887 places the start of MIS 1 at 0.49 m and MIS 

2 at 1.98 m (Figure 2). Diatoms in the analysed isotope samples are dominated by a single taxa - 134 

Coscinodiscus oculus-iridis. With C. oculus-iridis blooming throughout the year, the δ18Odiatom record 

is interpreted as recording mean annual conditions with a bias towards autumn-spring months when 136 

diatom productivity peaks (Takahashi 1986). Over the analysed interval, replicate analysis of sample 

material indicates a mean analytical reproducibility for δ18Odiatom of 0.2‰. From 12.8 ka to 107.9 ka 138 

δ18Odiatom ranges from 39.3‰ to 46.5‰ (Figure 3a; Supplementary Table 2). Notable variation is 

apparent in the δ18Odiatom record over the analysed interval with major declines at 12.8 ka, 37.3-40.7 140 

ka, 50.0-51.5 ka, 68.1-69.5 ka, 90.9 ka, 94.4-95.6 ka and 98.0-107.9 ka. Changes in SSS reconstructed 

from δ18Odiatom follow changes in δ18Odiatom, recording decrease of 2-4 psu during the major declines 142 

mentioned above (Figure 3c). 
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Figure 2. Bayesian age-model for ODP Site 887 combining existing 14C dates (McDonald et al., 144 
1999; Galbraith et al., 2007) with a reservoir age of 550 ± 250 yr (Galbraith et al., 2007) 
(Supplementary Table 1). All depths are “composite depth – ash layer” depth. 146 

Figure 3. δ18Odiatom and salinity reconstructions from the subarctic north east Pacific Ocean. a) 
δ18Odiatom data from ODP Site 887 (this study - red) and site SO202-27-6 (Maier et al., 2018 - blue). 148 
b) Composite regional δ18Odiatom record for the subarctic northeast Pacific Ocean. c) Reconstructed 
sea surface salinity in the subarctic northeast Pacific Ocean from δ18Odiatom (this study [red], Maier et 150 
al., 2018 [blue]) and dinocyst assemblages (Marret et al., 2001: green). d) Composite sea surface 
salinity after combining original data in panel c (see Supplementary Data).  Vertical grey bars indicate 152 
the timing of Heinrich events H1-H6 (Hemming (2004) and Channell et al. (2012)) and H7a-H10 
(Rasmussen et al (2003)). 154 
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4 Discussion 

4.1 Northeast Pacific δ18Odiatom records 156 

Within the limits of age model uncertainty, the δ18Odiatom record from ODP Site 887 (this 

study) shows a good similarity to δ18Odiatom data from nearby site SO202-27-6 (Maier et al. 2018) 158 

during the progressive decline in δ18Odiatom from 42.8-37.3 ka as well as during Heinrich events 0 and 

4 (Figure 3a). Given the close proximity of sites ODP Site 887 and SO202-27-6 (Figure 1), the fact 160 

that oceanographic conditions and photic zone δ18Owater are likely to be homogeneous across the 

region and the similar δ18Odiatom results at both sites (Figure 3a), the two δ18Odiatom records are merged 162 

to create a composite regional δ18Odiatom record for the subarctic northeast Pacific Ocean (Figure 3b). 

The resultant record reaffirms that decreases in δ18Odiatom over the last 50 ka often coincide with 164 

Heinrich events (Maier et al., 2018), with further notable declines in δ18Odiatom also apparent in the 

earlier section of the record prior to 50 ka (Figure 3b). In particular, the decreases in δ18Odiatom prior 166 

to 50 ka at 68.1-69.5 ka and 102.7-107.9 ka are comparable in magnitude to the δ18Odiatom decreases 

observed during Heinrich events 0, 1 and 4 as well as coinciding with the timing of Heinrich "type" 168 

events 7a and 10 in the Labrador Sea (Rasmussen et al., 2003) (Figure 3b). The interval of abrupt 

change in δ18Odiatom from 90.1-95.6 ka, characterized by both high and low δ18Odiatom values, is also 170 

broadly concordant with Heinrich event 9 (Figure 3b). 

Although changes in the amount and δ18O ratio of precipitation have the potential to alter 172 

photic zone δ18Owater, its impact on δ18Odiatom is unlikely to be significant (Maier et al., 2018). Given 

the 7‰ range over the last 110 ka, the only realistic mechanism to explain the large temporal changes 174 

observed in δ18Odiatom is glacial discharge from the CIS which is then transported out into the open 

waters in the region. Whilst δ18O end-members for CIS glacial discharge are unknown (Sima et al., 176 

2006), modern CIS glaciers have been measured at c. −20‰ (Epstein and Sharp, 1959; Kipphut, 

1990). SSS reconstructed in this study produces results over the analysed interval (x̄ = 32.3 psu, 1σ 178 

= 2.8 psu) that are similar to modern values (32.8 psu: Seidov et al. 2016) and previous salinity 

reconstructions from the region (de Vernal and Pedersen, 1997; Marret et al., 2001; Maier et al., 2018) 180 

(Figure 3c). The recalculation of SSS using δ18Odiatom data from Maier et al. (2018) also produces 

near-identical results, with minor offsets linked to the use here of the LR04 benthic stack Lisiecki 182 

and Raymo (2005), rather than Waelbroeck et al. (2002), to account for changes in global ice volume 

(Figure 3c). Given this, a composite SSS for the region can be created for these individual records, 184 

similar to that for δ18Odiatom (Figure 3d). During Heinrich events when δ18Odiatom decreases (e.g., 

Heinrich events 0, 1, 4, 6, 7a) SSS decrease by 2-4 psu, similar to changes seen in the North Atlantic 186 

Ocean (Maslin et al., 1995; Chapman and Maslin, 1999) (Figure 3d). However, no consistent change 

in SSS occurs in other Heinrich events, whilst and other notable changes of 1-2 psu or even greater 188 
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are apparent in other intervals through the last 110 ka (Figure 3d). 

4.2 Stability of the Cordilleran Ice Sheet 190 

Previous research on cores close to the shoreline/continental margin have demonstrated 

significant glacier discharge from the CIS over the last 50 ka during Heinrich events 1 and 5 (Cosma 192 

and Hendy, 2008; Hendy and Cosma, 2008). At the same time, freshwater diatoms along the coastal 

northeastern Pacific indicate megafloods during the last glacial that would have lowered SSS by up 194 

to 6 psu (Lopes and Mix, 2009). The constraints of the ODP Site 887 age model beyond the 14C dated 

interval, combined with low sediment opal concentrations, limits the creation of a higher resolution 196 

δ18Odiatom record as well as the extent to which δ18Odiatom and SSS changes in the northeast Pacific 

prior to 50 ka can be confidently tied to other global records of environmental change. For example, 198 

the difficulty in extracting sufficient diatoms for isotope analysis explains the lack of δ18Odiatom data 

for Heinrich event 8 at ODP Site 887 as well as for Heinrich events 5a and 6 at both site SO202-27-200 

6 and ODP Site 887 (Figure 3). Despite this, the findings presented here from ODP Site 887 and site 

SO202-27-6 (Maier et al., 2018) show that throughout the last glacial significant amounts of glacial 202 

discharge from the CIS entered the open waters of the North Pacific Ocean and extended beyond the 

coastal margin, including in intervals dated to both classic Heinrich events (Heinrich events 1-6) and 204 

Heinrich "type" events (Heinrich events 7a-10: Rasmussen et al., (2003)).  

Significant glacial discharge from the CIS during Heinrich events 1-4 has been attributed to 206 

a weakened Atlantic meridional overturning circulation, triggering a southward migration of the 

Intertropical Convergence Zone and warmer eastern Equatorial Pacific Ocean SST (Maier et al., 208 

2018) (Figure 4). These ocean-atmospheric teleconnections would have then strengthened the 

Aleutian Low and increased the northward transportation of warm sub-tropical waters to the coastal 210 

northeastern North Pacific Ocean, resulting in increased basal melting/calving of the marine-based 

CIS (Maier et al., 2018). These events could have been triggered by the onset of North Pacific deep 212 

water formation and Pacific meridional overturning circulation (PMOC), which has previously been 

observed during Heinrich event 1. However, debate remains about the prevalence of PMOC during 214 

the Younger Dryas and whether ventilation occurred to immediate or lower depths (Okazaki et al., 

2010; Chikamoto et al., 2012; Hu et al., 2012; Rae et al 2014; Liu and Hu, 2015; Gong et al., 2019). 216 

There is also a lack of studies examining the presence/absence of PMOC during other Heinrich events 

as well as other abrupt events through the last glacial. 218 
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Figure 4. Global drivers of palaeoceanographic change. a) NGRIP ice core δ18O (δ18Oice) (NGRIP 
Project Members, 2004). b) Intertropical Convergence Zone (ITCZ) inferred from reflectance data in 220 
the Cariaco Basin with a 200-point running mean (L*, sm200) (Deplazes et al 2013). c) Changes in 
the Atlantic meridional overturning circulation (AMOC) (231Pa/230Th) (Böhm et al. 2015). d) 222 
Composite δ18Odiatom record for the subarctic northeast Pacific Ocean. e) Composite sea surface 
salinity reconstructed from δ18Odiatom (this study, Maier et al., 2018) and dinocyst assemblages 224 
(Marret et al., 2001). Vertical bars indicate timing of Heinrich events H1-H6 (Hemming (2004) and 
Channell et al. (2012)) and H7a-H10 (Rasmussen et al (2003)). 226 
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The new δ18Odiatom data from ODP Site 887 suggests that decreases in δ18Odiatom coinciding 

with Heinrich events 7a and 10 are also synchronous with a southward shift in the ITCZ (Deplazes et 228 

al 2013) (Figure 4), indicating that a set of ocean-atmospheric mechanisms similar to those outlined 

above may also have linked the North Atlantic and subarctic North Pacific Oceans during the first 230 

half of the last glacial prior to 50 ka (Figure 4). This, however, is counteracted by the absence of a: 

1) decrease in δ18Odiatom during Heinrich event 7b; 2) southward migration of the ITCZ during the 232 

δ18Odiatom decreases in Heinrich event 9; 3) significant reduction in AMOC strength throughout the 

duration of Heinrich events 7-10 (Böhm et al. 2015); and 4) a sustained decrease in SSS during 234 

Heinrich events 7b-10). During Heinrich event 3 unusually cold Northern Hemisphere climatic 

conditions, as indicated by Greenland ice core δ18O (δ18Oice) measurements (NGRIP Project 236 

Members, 2004), are argued to have inhibited the northward advection of warm SST waters from the 

subtropics, reducing basal melting/calving of the CIS (Figure 4) (Maier et al., 2018). Equally cold 238 

conditions and a similar negative feedback mechanism, in which the ocean-atmospheric 

teleconnections triggered by a Heinrich event fails to warm the subsurface northeast Pacific coastline, 240 

could also have operated in Heinrich event 7b (Figure 4). Indeed, other core from the North Pacific 

Ocean fail to show surface warming during abrupt climate reversals over the last 15,000 years, 242 

suggesting that any increase in meridional heat transport was not always sufficient to compensate for 

the shift to cooler climatic conditions across the Northern Hemisphere that occurred during a Heinrich 244 

event (Max et al., 2012). However, in contrast to Heinrich events 3 and 7b, this rationale can not be 

applied to Heinrich events 9 and 10 which were characterized by relatively warm stadial conditions 246 

in the Northern Hemisphere (NGRIP Project Members, 2004) (Figure 4). 

Whilst it remains unclear how relatively warm conditions in Heinrich events 9 and 10 would 248 

have impacted ocean-atmospheric mechanisms linking the CIS/North Pacific region to the North 

Atlantic Ocean, the different climate state associated with these events may explain the absence of a 250 

corresponding, sustained, change in the AMOC and ITCZ. Indeed, evidence exists that some Heinrich 

events may have only experienced relatively minor changes in AMOC strength (Lynch-Stieglitz et al 252 

2014). Evidence from the last deglaciation has shown the sensitivity of the CIS to regional climate 

change (Lesnek et al. 2020) and calving of the CIS during Heinrich events has also been tentatively 254 

linked to regional atmospheric warming or rising sea-level (Hendy and Cosma, 2008). Whilst the 

state of these processes during the first half of the last glacial remains unknown, either of these or 256 

another variable could be responsible for the: 1) rapid fluctuation and irregular melting of the CIS 

during Heinrich event 9; 2) glacial discharge during the interval broadly covered by Heinrich event 258 

10; and 3) the low, but otherwise unexplained, δ18Odiatom values from 50.0-51.5 ka. Further work is 

needed into not only these intervals, but also into other regional climate changes through the last 260 
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glacial that may be responsible for the 1-2 psu variations that occur outside of Heinrich event age 

boundaries (Figure 4e). 262 

4.3 Comparison of δ18Odiatom & δ18Oforam  

Planktonic δ18Oforam records at ODP Site 887 (Globigerina bulloides - McDonald et al., 1999) 264 

and site SO202-27-6 (sinistral Neogloboquadrina pachyderma - Maier et al., 2018) show contrasting 

changes over the last 50 ka with greater variability apparent at ODP Site 887 (Figure 5). These 266 

differences in δ18Oforam may be linked to inter-species variations in foraminifera seasonality or depth 

habitat (Metcalfe et al. 2019). The relative stability of the δ18Oforam records, however, is in marked 268 

contrast to the highly variable values of δ18Odiatom recorded at ODP Site 887 and SO202-27-6 (Figure 

5). The lack of variation in δ18Oforam, relative to δ18Odiatom, at SO202-27-6 has been attributed to 270 

δ18Oforam reflecting subsurface conditions close to the thermocline, rather than the ‘true’ surface water 

conditions given by δ18Odiatom (Maier et al., 2015) (Figure 5). This interpretation builds on the 272 

increased understanding of foraminifera depth habitats (Iwasaki et al., 2017; Taylor et al., 2018) and 

can be extended to account for the different trends also observed between δ18Oforam and δ18Odiatom at 274 

ODP Site 887 (Figure 5). However, this is dependent on the assumption that large glacial discharges 

from the CIS would be capable of generating significant δ18Owater changes in the surface waters 276 

occupied by diatoms, without triggering a correspondent change in subsurface δ18Owater at depths 

occupied by planktonic foraminifera. 278 

The results from this study and Maier et al. (2018) show clear evidence from δ18Odiatom, in 

conjunction with previously published dinocyst assemblage SSS reconstructions (de Vernal and 280 

Pedersen, 1997; Marret et al., 2001), that marked changes in the stability of the CIS occurred over 

the last 110 ka. Although these findings are supported by an isotope-enabled model and hosing 282 

experiments which suggest that inputs from the CIS did not alter subsurface δ18Owater and so 

planktonic δ18Oforam (Maier et al., 2018), such an event would require an unusually large δ18Owater 284 

gradient to exist in the water column. A number of other paleoceanographic studies have also 

documented large differences between Quaternary and Pliocene records of δ18Odiatom and planktonic 286 

δ18Oforam in the North Atlantic (Romero et al., 2011), North West Pacific (Haug et al., 2005; Swann 

et al., 2006; Swann, 2010) and Southern Oceans (Shemesh et al., 1995, 2002). Although studies over 288 

the last two decades have conclusively demonstrated a surface δ18Owater signature in δ18Odiatom, 

resulting in δ18Odiatom becoming a key proxy in carbonate free sediments, the isotopic systematic of 290 

δ18Odiatom remain notably less well known than those for δ18Oforam (Swann and Leng, 2009). As such, 
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it is reasonable to consider whether uncertainty over the systematics of δ18Odiatom brings in question 292 

the paleoceanographic interpretations made in this study. 

Figure 5. Subarctic northeast Pacific composite δ18Odiatom together with planktonic δ18Oforam at ODP 294 
Site 887 (G. bulloides) (McDonald et al., 1999) and SO202-27-6 (sinistral N. pachyderma) (Maier et 
al., 2018). Black dashed line show a generalized additive model fitted to each time series using using 296 
the mgcv package (version 1.8.28; Wood, 2017) in R (version 3.5.2; R Core Team, 2020). 

A number of studies have documented a consistent δ18Odiatom-temperature calibration of c. 298 

0.2‰/oC (Brandriss et al.,1998; Moschen et al.,2005; Crespin et al., 2010; Dodd and Sharp, 2010; 

Dong and JingTai, 2010; Dodd et al., 2012). The potential for inter-species differences in diatom δ18O 300 

fractionation impacting the individual δ18Odiatom records at SO202-27-6 and ODP Site 887 can be 

discounted given that analysed samples are dominated by a single taxa (SO202-27-6 - Coscinodiscus 302 

marginatus); ODP Site 887 - C. oculus-iridis). Whilst two studies have indicated a possible inter-

species vital effect in δ18Odiatom (Swann et al. 2007, 2008), raising questions over the validity of the 304 

composite δ18Odiatom record created for the subarctic northeast Pacific, numerous other studies have 

failed to find any evidence of such a process in either culture experiments, sediment traps or down-306 

core records (Sancetta et al., 1985 Juillet-Leclerc and Labeyrie, 1987; Shemesh et al., 1995; Brandriss 

et al., 1998; Schmidt et al., 2001; Moschen et al., 2005; Schiff et al., 2009; Dodd and Sharp 2010; 308 

Chapligin et al., 2012, Bailey et al., 2014; Crespin et al., 2014). More pressing is the debate over the 

potential for δ18Odiatom to be altered by maturation during sedimentation/early burial when 310 

dehydroxylation can lead to an increase in δ18Odiatom (Schmidt et al., 1997, 2001; Moschen et al., 

2005, 2006; Dodd et al., 2012, 2017; Menicucci et al., 2017). On the one hand, it remains unknown 312 

to what extent some of the high temporal variability observed in the northeast Pacific Ocean δ18Odiatom 

records, relative to δ18Oforam (Figure 5), might be attributable to silica maturation. Whilst this limits 314 
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efforts to accurately quantify the magnitude of glacial discharge using CIS δ18O end-members and its 

impact on both SSS and δ18Owater water column profiles, evidence suggests that diatoms from high 316 

latitude locations may only experience slow rates of maturation over millions of years (Menicucci et 

al., 2017) rather than the c. 110 ka covered by this study. Consequently, despite the δ18Odiatom record 318 

being amplified relative to δ18Oforam, it is argued that the main finding of this study and Maier et al. 

(2018) remain valid in providing evidence for a periodically unstable CIS during the last glacial. 320 

5 Conclusions 

Results here from ODP Site 887, in addition to those from site S0202-27-6 (Maier et al 2018), 322 

provide clear evidence of significant glacial discharge from the CIS throughout the last glacial into 

the open waters of the subarctic northeast Pacific Ocean. Within the limits of age-model accuracy 324 

and the low-resolution nature of the δ18Odiatom record, these events appear broadly concordant with 

Heinrich events in the North Atlantic Ocean. Such a coupling would reiterate previous work 326 

indicating that a series of ocean-atmospheric teleconnections that linked the North Atlantic and North 

Pacific Oceans during these abrupt paleoenvironmental events (Maier et al 2018). 328 

Currently, it remains unknown whether the same ocean-mechanisms previously proposed for 

Heinrich events 1-4 (Maier et al 2018) can be extended to earlier Heinrich "type" events that occurred 330 

prior to 50 ka. In addition to requiring higher resolution δ18Odiatom records with well constrained age-

model from the northeast Pacific Ocean to confirm the magnitude, frequency and timing of past CIS 332 

instability, the findings from this study and Maier et al (2018) highlight the need for research that 

examines the wider impact of these glacial discharge events on regional biogeochemical cycling and 334 

oceanographic changes across the subarctic North Pacific Ocean during the last glacial. 
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