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Abstract In the Subarctic Pacific, variability in productivity on glacial-interglacial timescales is often 
attributed to changes in stratification and nutrient delivery to the surface, but the mechanisms driving     this 
relationship are poorly constrained. Records extending beyond the  last glacial maximum from both  the open 
ocean and the marginal seas are required to investigate the timing and magnitude of different influential 
processes through the full glacial cycle. In this study we generated 231Pa/230Th over
210,000 years in order to capture two full glacial cycles of paleoproductivity on the Juan de Fuca Ridge in the 
East Subarctic Pacific. The sedimentary 231Pa/230Th ratios are always equal to or greater than the seawater 
production ratio (0.093), consistent with enhanced biological scavenging in this region. The temporal pattern of 
231Pa/230Th burial is remarkably coherent with changes in climate, with high values (0.20) during peak 
interglacial periods descending to low values (0.10) during peak glacial conditions, consistent with other long 
productivity records from this region. We investigate the possible contributions of temperature, sea ice 
formation, Bering Strait closure, wind strength, upwelling, and subsurface nutrient concentrations as possible 
mechanisms by which physical and/or chemical stratification emerged
during glacial periods. Due to the low sea surface salinity in the North Pacific, cooling actually weakens the 
density gradient in surface (0–200 m) waters. To create the steep density profiles that characterize physical 
stratification, additional processes to reduce the salinity of surface waters must occur during  glacial periods. 
We suggest that regional sea ice formation and Bering Strait closure may have contributed to freshening 
surface waters and enhancing physical stratification during glacial periods. Additionally, simulated weak winds 
in this region due to the southward shift of the glacial westerlies may have further reduced surface mixing 
depths in the Subarctic Pacific. Finally, previous model simulations suggest strong glacial wind stress curl in 
the Subarctic Pacific, but enhanced Ekman divergence of  nutrient-poor subsurface waters would have little 
impact on stimulating productivity in surface waters of the Subarctic Pacific. We therefore suggest that the 
combined effects of surface freshening, weak winds, and lower subsurface nutrient concentrations may all have 
contributed to lower productivity during glacial periods in the Subarctic Pacific.

1. Introduction

Productivity in the Subarctic Pacific is sensitive to light and nutrient limitation controlled by the physical pro- 
cesses of stratification, winter mixing, and sea ice formation. At the onset of Northern Hemisphere glaciation 
(2.7Ma), the development of a steep halocline created a permanent shift toward greater physical stratification 
and lower baseline productivity (Haug et al., 1999). During the last deglaciation, abrupt and transient climate 
events stimulated productivity peaks at the Bolling-Allerod (Addison et al., 2012; Cook et al., 2005; Davies   et  
al., 2011; Gebhardt et al., 2008; Gorbarenko et al., 2004; Hendy & Cosma, 2008; Kohfeld & Chase, 2011; Lam 
et al., 2013; Ren et al., 2015), for a variety of proposed mechanisms related to, for example, meltwater pulses,  
iron  fertilization,  subsurface  nutrient  concentrations,  and  vertical  mixing.  Yet  neither  million  year   nor  
millennial mechanisms are directly analogous to those of glacial-interglacial variability in productivity, which 
arises from a gradual transition to a  semipermanent  glacial  state that  lasts for  tens of  thousands of  years.  
Glacial-interglacial changes in productivity are often attributed to greater physical and/or chemical stratification  
that reduced nutrient delivery to surface waters during glacial periods (Brunelle et al., 2007, 2010; Galbraith et 
al., 2008; Jaccard et al., 2005; Kienast et al., 2004; Knudson & Ravelo, 2015a; Narita et al., 2002; Sigman et 
al., 2004), but the mechanism(s) by which these stable conditions develop and persist on orbital timescales  
remain elusive.
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In this study, we generate new records of productivity (231Pa/230Th, opal flux, and excess silica flux) from the 
East Subarctic Pacific (approximately 45°N, 230°E, 2,700 m) over the last two glacial cycles. Disagreement  
between various productivity proxies is not uncommon and may lead to ambiguous paleo-productivity trends 
(e.g., in the equatorial Pacific; Anderson & Winckler, 2005; Costa et al., 2017), and in the Subarctic (Costa et 
al., 2018; Serno et al., 2014). Because 231Pa/230Th is the productivity proxy least susceptible to pre- servation 
biases, it may provide the most reliable reconstruction of paleoproductivity while allowing the qua- litative 
assessment of the impact of preservation and diagenesis on other proxies, particularly opal, in the Subarctic 
Pacific. Compiling this new record with other long productivity records from across the region, including the  
Okhotsk Sea (Brunelle et al., 2010; Gorbarenko et al., 2004; Sato et al., 2002), Bering Sea (Brunelle et al.,  
2007; Knudson & Ravelo, 2015a; Riethdorf et al., 2013), West Subarctic (Brunelle et al., 2010; Jaccard et al.,  
2009; Shigemitsu et  al.,  2007), and East Subarctic (Kienast, 2003; McDonald et  al.,  1999), allows for the  
distinction of both spatial and temporal patterns that may help to identify or eliminate possible mechanisms for  
increased stratification during glacial periods (Kienast et al., 2004). We consider the roles   of temperature  
change,  sea ice  formation,  Bering Strait  closure,  wind strength,  upwelling rates,  and subsur-  face nutrient  
concentrations as potential processes contributing to variability in stratification and productiv- ity over glacial-
interglacial periods.

2. Theoretical Framework and Analytical Methodology
2.1. Scavenging of 230Th and 231Pa in the Water Column
230Th is produced in the water column by  238U decay (β = 0.02556 dpm/m3 year, at salinity of 35), and it is 
rapidly  removed from the water  column by adsorption onto settling particles,  in  a  process  referred  to  as  
scavenging. Uranium decay to 230Th is spatially constant due to the high solubility and long residence time (400 
kyr) of uranium, which results in a fairly constant uranium concentration (3.2 ppb) that scales conserva- tively  
with salinity (Owens et al.,  2011). The uncertainty introduced by using a constant production rate is small  

(<5%), both spatially, because salinity varies little in the deep ocean where most 230Th is produced,
and temporally, because glacial-interglacial changes in salinity are offset by changes in sea level.
Therefore, the 230Th flux to the sediment is primarily dependent on the water column depth over which    the  
sediment integrates (Henderson & Anderson, 2003), and its sedimentary concentrations are inversely pro- 
portional to the flux of sediment with which the 230Th is diluted (Francois et al., 2004). The residence time of 
230Th in the ocean is so short (20–40 years; Nozaki et al., 1981) compared to its half-life (75,584 years; Cheng  
et al., 2013) that virtually all of the 230Th produced by uranium decay in seawater is removed to sediments by 
scavenging in the water column. The residence time of 230Th is also much less than the time scale for lateral  
transport by mixing from regions of low scavenging intensity (low particle flux) to regions of high scavenging 
intensity. Consequently, most 230Th is buried in sediment underlying the very same water column in which it 
was produced (Henderson et al., 1999; Henderson & Anderson, 2003).

231Pa, like 230Th, is produced by uranium (235U) decay (β = 0.00245 dpm/m3 year, at salinity of 35) in the water 
column and scavenged by particles settling to the seafloor, but unlike  230Th,  231Pa has a residence time long 
enough to advect and diffuse away from the water column in which it was produced. Scavenging of 231Pa from 
the water column is much less effective, and it can be dependent on both the particle flux (Anderson et al.,  
1983, 1990; Bacon, 1988; Hayes et al., 2013) and the particle composition (Chase et al., 2002, 2003; Geibert  & 
Usbeck, 2004; Kretschmer et al., 2011). In regions with low particle flux, more 231Pa will escape local 
scavenging, and particles will  likely acquire a  231Pa/230Th much lower than that of production in the water 
column (β231Pa/β230Th =  0.093;  activity  ratio,  at  salinity  of  35).  In  regions of  high particle  flux,  in  situ  and 
allochthonous  231Pa will be more efficiently scavenged so that particles acquire high  231Pa/230Th, potentially 
greater than production. Similarly, opal has a particular affinity for 231Pa, so that opal rich sediments will tend to 
have relatively high 231Pa concentrations and thus 231Pa/230Th greater than production

(231Pa/230Th > 0.093). The lateral mobility of 231Pa relative to 230Th generates sedimentary 231Pa/230Th
unequal to the production ratio over much of the ocean (Hayes et al., 2014), with the high  231Pa/230Th con- 
centrated  in  a  limited  zone  along  continental  margins  (Figure  1).  These  high  231Pa/230Th are  generated  at 
continental  boundaries  because  terrigenous  inputs,  coastal  upwelling,  and  high  productivity  combine  to 
generate high particle and opal fluxes, and so the major removal process of 231Pa in these settings is known as 
boundary scavenging (Anderson et al., 1983, 1990; Bacon, 1988; Hayes et al., 2013).



 

Figure 1. Distribution of coretop 231Pa/230Th in the North Pacific. Compiled by Hayes et al. (2014). 231Pa/230Th follows modern 
productivity patterns, with low values (below production, 0.093 activity ratio) characterizing the gyre and high values (above 
production) characterizing the continental margins. The white circle (1) identifies the location of the Juan de Fuca Ridge. 
Squares indicate long (>60 kyr) productivity records based on organic carbon: (2) W8709-8 and (3) W8709-13 (Kienast, 
2003), (4) SO201-2-85 and (5) SO201-2-77 (Riethdorf, Nurnberg, et al., 2013), (6) U1342 (Knudson & Ravelo, 2015a),
and (7) PC936 (Gorbarenko et al., 2004). Stars indicate long productivity records based on excess barium: (8) ODP887 
(McDonald et al., 1999), (9) JPC17 (Brunelle et al., 2007), (10) ODP882 (Jaccard et al., 2009), (11) RNDP-PC13 and (12) 
GGC27 (Brunelle et al., 2010), (13) MR98-05-3PC (Shigemitsu et al., 2007), and (14) X98-01PC (Sato et al., 2002). See 
Table 1 for  site locations. Ocean Station PAPA (15) is shown as a triangle. Gray shaded area indicates the maximum 
seasonal sea ice extent during the LGM, based on reconstructions from diatom assemblages, ice rafted debris, and IP25 
(Matul, 2017; Méheust et al., 2018).

2.2. Materials and Methods

Sediment cores were collected from the Juan de Fuca Ridge (JdFR) on the SeaVOICE cruise (AT26-19)  of 
the R/V Atlantis in September 2014 (Table 1). The cores are closely clustered (within 50 km) and from simi-  
lar  depth  range  (2,655–2,794  m),  such  that  they  can  be  combined  as  if  multiple  iterations  of  the  same  
paleorecord (e.g., Costa & McManus, 2017). Age models for the JdFR piston cores are well constrained  based 
on radiocarbon dates, benthic δ18O, and stratigraphically tuned density cycles (Costa et al., 2017). Additionally, 
two multicores (06MC and 10MC) corresponding to piston cores (09PC and 12TC/PC respec- tively) are added 
to cover the Holocene. Age models for these multicores are primarily based on benthic δ18O due to bioturbative 
effects on core top radiocarbon dates (Costa, McManus, & Anderson, 2017). Sedimentation rates over the past  
500 kyr generally range from 1 to 3 cm/kyr, with background pelagic sedimentation rates close to 1 cm/kyr,  
and they are spatially heterogeneous, likely reflecting sediment remobilization caused by the high relief and 
stronger bottom currents of the near-ridge  environment (Costa et al., 2016).
2.2.1. Uranium Series Chemistry
A total  of  520  samples  were  analyzed  for  thorium (230Th and  232Th),  uranium (238U,  235U,  and  234U),  and 
protactinium (231Pa) by isotope dilution using inductively coupled plasma mass spectrometry  (ICP-MS). Data 
for 230Th have been previously published by Costa and McManus (2017), and 231Pa data were ana-  lyzed by a 
similar methodology. Samples (100 mg) were spiked with 233Pa and processed with complete  acid digestion 
and column chromatography (Fleisher & Anderson, 2003). Isotopes were measured on an Element 2 ICP-MS at  
the Lamont-Doherty Earth Observatory of Columbia University. Discrete sediment ali- quots (n = 40) of the 
VOICE Internal Mega-Standard (VIMS; Costa & McManus, 2017) were processed and analyzed for quality 
control,  and  these  total  replicates  of  VIMS  indicate  that  the  analytical  procedure  and  measurement  are  
externally reproducible within 8.7% on 231Pa. Excess  initial  231Pa  (231Paxs

0)  concentra- tions were calculated by 
correcting  for  supported  decay  from  lithogenic  and  authigenic  uranium  (Henderson  &  Anderson,  2003).  
Throughout  this  text,  231Pa/230Th  will  refer  specifically  to  the  excess  initial  isotope  ratio,  corrected  for 
radioactive decay since deposition. Data are provided in supporting informa- tion Table S1.
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Table 1
Core Locations Used in This Study

Region Core Lat °N Long °E Water depth (m)
Average Sedimentation 

rate (cm/kyr) Proxy Reference

East Subarctic AT26-19-05PC 44.973 229.122 2711 0.93 231Pa/230Th this study
East Subarctic AT26-19-09PC/06MC 44.887 229.363 2678 1.95 231Pa/230Th this study
East Subarctic AT26-19-12PC-TC/

10MC
44.898 229.496 2689 0.63 231Pa/230Th this study

East Subarctic AT26-19-35PC 44.991 229.543 2731 1.85 231Pa/230Th this study
East Subarctic AT26-19-38PC 44.971 229.393 2655 1.11 231Pa/230Th this study
East Subarctic AT26-19-39BB 45.045 229.167 2794 1.18 231Pa/230Th this study
East Subarctic W8709A-8 42.270 232.320 3111 9.49 Organic C Kienast (2003)
East Subarctic W8709A-13 42.120 234.250 2712 14.11 Organic C Kienast (2003)
West Subarctic ODP882 50.330 167.500 3244 6.03 Biogenic Ba Jaccard et al. (2009)
East Subarctic ODP887 54.220 211.730 3647 7.08 Biogenic Ba McDonald et al. (1999)
West Subarctic RNDP-PC-13 49.720 168.300 2393 4.33 Biogenic Ba Brunelle et al. (2010)
Okhotsk Sea GGC27 49.601 150.180 995 2.52 Biogenic Ba Brunelle et al. (2010)
Bering Sea JPC17 53.933 178.699 2209 12.90 Biogenic Ba Brunelle et al. (2007)
Bering Sea U1342 54.828 176.917 818 3.65 Organic C Knudson and Ravelo (2015a)
Okhotsk Sea PC936 51.015 148.313 1305 5.35 Organic C Gorbarenko et al. (2004)
West Subarctic MR98-05-3PC 50.000 164.983 5507 3.59 Biogenic Ba Shigemitsu et al. (2007)
Okhotsk Sea X98-01PC 51.015 152.008 1100 8.11 Biogenic Ba Sato et al. (2002)
Bering Sea SO201-2-85 57.505 170.413 975 10.67 Organic C Riethdorf, Nurnberg, et al. (2013)
Bering Sea SO201-2-77 56.330 170.699 2133 9.49 Organic C Riethdorf, Nurnberg, et al. (2013)

2.2.2. Opal and Excess Silica Fluxes
Biogenic opal was measured by alkaline extraction (Mortlock & Froelich, 1989) at LDEO and has been pre- 
viously published (Costa et al., 2018). Total replicates (n = 6) of VIMS indicate that the analytical procedure 
and measurement are reproducible within ±6.7%.

Total silica and titanium concentrations were analyzed by flux fusion following the procedure of Murray et al. 
(2000). Dried, homogenized samples (100 ± 5 mg) were combined with lithium metaborate flux (400 ± 10 mg) 
in graphite crucibles and fused at 1050°C for 8–10 min. The graphite crucibles were removed from the fur-  
nace and agitated to ensure aggregation of the fused material. After reheating to 1050°C, the fused bead was 
dissolved in 10% HNO3, agitated for approximately 10 min, and then filtered and diluted for analysis. Samples 
were analyzed on an Agilent 720 ICP optical emission spectrometer at  LDEO, and ICP optical  emis-  sion 
spectrometer intensity data were calibrated to concentrations with fluxed standard reference materials (JLS-1,  
JDO-1, SCO-1, AGV-2, JB1-a, W-2a, BCR, and BHVO-2). Total replicates (n = 10) of VIMS indicate that the 
analytical procedure and measurement are reproducible within ±2.8% for Si and ±1.8% for Ti.

Total silica concentrations comprise both terrigenous silica and biogenic (or excess) silica. To isolate the excess  
silica (Sixs) fraction, the terrigenous silica is estimated using titanium concentrations and a constant lithogenic 
Si/Ti ratio. Bulk continental crust has a Si/Ti of 49.6 wt%/wt% (Taylor & McLennan, 1995), but the slightly  
lower value of 47 wt%/wt% was used here to eliminate negative results. In summary

½Sixs] ¼ ½Sitotal] - ½Ti]x(
Si

)

Opal and Sixs data are provided in supporting information Table S2.
2.2.3. Data Compilation
This study focuses on paleoproductivity changes on glacial-interglacial timescales, and thus, it requires long 
productivity proxy records that extend beyond the last glacial maximum (Table 1). The criteria for inclusion in 
this study were (1) at least the last 60 kyr of continuous data coverage, (2) data available on major sedimen-  
tary components (CaCO3, opal) to correct for dilution effects, and (3) location in the Subarctic Pacific above 
40°N. Age models used in this study have not been changed from their originally published values.

Ideally, productivity proxies would be normalized to a constant flux proxy (CFP), like 230Th or 3He, which can 
be  used  to  calculate  the  absolute  flux  of  a  sedimentary  component  over  time  (Francois  et  al.,  2004).  
Unfortunately, many productivity proxy records are published without CFP normalization, and they are instead  
presented as age-model-based mass accumulation rates or simply as concentrations. Compared to
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CFP derived fluxes, age-model-based mass accumulation rates are notoriously inaccurate (see discussion in  
Costa & McManus, 2017; Francois et al., 2004; Kienast et al., 2007; Winckler et al., 2016), due to omnipresent 
lateral  sediment  redistribution  on  the  seafloor.  Because  using  these  mass  accumulation  rates  can  cause 
misleading interpretations (e.g., Murray et al., 2012 compared to Winckler et al., 2016), we do not employ them 
for any of the proxy records in this study.

Instead, we use proxy concentration data that have been corrected for dilution by variability in major sedi-  
mentary components, specifically calcium carbonate and opal. Calcium carbonate preservation in  the Pacific 
varies on glacial-interglacial timescales such that calcium carbonate burial is higher during glacial per- iods 
than interglacial periods (e.g., Farrell & Prell, 1989). An increase in the relative concentration (wt%) of, for 
example,  organic  carbon  may  be  due  to  increased  productivity,  but  it  could  just  as  easily  result  from a  
decreased concentration of calcium carbonate. The dilution correction is calculated by determining the proxy 
concentration on a calcium carbonate (and opal) free basis (e.g., Bonatti et al.,  1971; Bostrom & Peterson,  
1966; Karlin et al., 1987) as follows:

Proxy Proxy
                100                

100 - ½CaCO3] - ½Opal]

where the proxy of interest may be organic carbon or excess barium concentrations. We focus on minor sedi- 
mentary constituents rather than major constituents, like opal, which may be more sensitive to preservation  
effects (as discussed later in section 4.1). Corrections were made for both calcium carbonate and opal where  
available, with the largest effects due to calcium carbonate in the Subarctic Ocean and opal in the Okhotsk and 
Bering Seas.  Previous studies reach similar  conclusions based on  230Th-normalized elemental   fluxes and 
elemental concentrations on a carbonate-free basis (Costa et al.,  2018). Corrected and uncorrected  data  are 
provided in supporting information Table S3.

3. Results
231Pa/230Th from the six sites on the Juan de Fuca Ridge show similar glacial-interglacial trends (Figure 2). The
ratios are generally high during interglacial periods and low during glacial periods, with a temporal evolution 
that mimics the sawtooth pattern of a climate record (e.g., benthic δ18O; Lisiecki & Raymo, 2005). Throughout 
the last 200 kyr, 231Pa/230Th sedimentary ratios have always been equal to or greater than the production ratio 
(0.093),  which means that this region not only buries the  231Pa and  230Th produced in the overlying water 
column but it also buries extra  231Pa delivered from elsewhere in the ocean. Burial of extra  231Pa is greatest 
during the Holocene, in which  231Pa/230Th values range from 0.172 (in 05PC) to 0.211 (in 35PC). Similarly, 
high ratios (0.209–0.227) during the last interglacial period (MIS5) are only achieved in two cores (38PC and 
12TC/PC). In the other four cores, 231Pa/230Th values in MIS5 can only be classified as high when juxtaposed 
with the particularly low values in  MIS6 (0.093–0.134).  The near-production sedimentary ratios  in  MIS6 
characterize the later glacial periods MIS2 and MIS4 as well, suggesting that the burial of extra
231Pa on the Juan de Fuca Ridge is a phenomenon of warm interglacial intervals.

In addition to the glacial-interglacial variability in sedimentary  231Pa/230Th, four of the six cores (12TC/PC, 
35PC, 38PC, and 39BB) capture a high 231Pa/230Th event (0.164–0.195) around 30 ka. Peculiarly, this feature 
does not appear in the core with the highest sedimentation rate in this interval (09PC, see Table 1), but its exis- 
tence in the majority of the other cores as well as its constraint, at times, with more than one data point (e.g., 
12TC/PC), suggests that it may be a real feature of the data. A peak in sedimentary 231Pa/230Th at 30 ka may 
conform with earlier peaks at 55, 71, 96, and 113 ka to create a quasi-precessional cycle. While the peak in 
09PC at 96.5 ka approaches the interglacial values observed at ~125 ka (MIS5e) in 38PC and 12PC, this feature 
cannot be attributed to age model offsets. The age model is well constrained at glacial-interglacial transitions 
(Costa, McManus, Boulahanis, et al., 2016), and the oxygen isotopes and physical properties of 09PC firmly 
position the high 231Pa/230Th peak in late MIS5 (supporting information Figure S1). Thus, this peak at
96.5 ka in 09PC represents an additional 231Pa burial event that is distinct from those older peaks at ~125 ka.

Because the glacial-interglacial trends captured in the six records are so similar, they can easily be  combined 
into a single  231Pa/230Th stacked record (Figures 3a and 3b). The 231Pa/230Th stack averages all the data points 
within 2-kyr bins to generate a regional average record, and errors are calculated as the standard error of the



Figure 2. Individual 231Pa/230Th from the Juan de Fuca Ridge. All data points are greater than or equal to the production 
ratio in the overlying water column (0.093), indicating that this region is characterized by boundary scavenging. Error bars 
show 2σ. For 09PC and 12TC/PC, stars indicate data from multicores 06MC and 10MC, respectively. Sedimentary
231

Pa/230Th ratios track climate, with high burial ratios during interglacial periods and low burial ratios during glacial
periods. Peak in 09PC at ~100 ka is distinct from the later peak at ~125 ka observed in other cores and cannot be attributed to 
age model error (supporting information Figure S1).

data points within each bin. The stacked record (Figure 3b) is characterized by high interglacial values in MIS5 
(0.183–0.190) and MIS1 (0.203–0.211) and low glacial values in MIS6 (0.123–0.136) and MIS2 (0.125–
0.127).
Higher-frequency variability is retained with peaks in 231Pa/230Th at 29, 55, and 73 ka,  and  step changes from 
higher to lower  231Pa/230Th at 158 and  87 ka, but the peaks  in  231Pa/230Th at 96 and  113 ka captured   by 

individual cores are lost in the regional compilation. Overall, the major feature of the long JdFR 231Pa/230Th 
record is its remarkable consistency with climate (Figure 3), as seen in the regional benthic oxygen  isotope 
stack from the JdFR (Costa, McManus, Boulahanis, et al., 2016).

4. Discussion
4.1. 231Pa/230Th as a Productivity Proxy in the Subarctic Pacific

Sedimentary 231Pa/230Th in the modern Pacific Ocean is largely driven by opal scavenging (Hayes et al., 2014), 
suggesting that 231Pa/230Th should be an effective indicator for changes in productivity in the past. Comparisons 
of  231Pa/230Th and other paleoproductivity proxies (e.g., opal fluxes) in the Pacific often yield highly positive 
correlations (Bradtmiller et al., 2006; Costa et al., 2016), but the relationship is stronger in some regions than in 
others (Dubois et al., 2010; Lam et al., 2013; Pichat et al., 2004). Some degree of interproxy disagreement is 
not uncommon when reconstructing productivity (e.g., see discussions in Anderson & Winckler, 2005; Kohfeld 

& Chase, 2011; Serno et al., 2014), and for  231Pa/230Th it arises  because  (1)  231Pa/230Th may be integrating 
different kinds of productivity (e.g.,  diatomaceous  vs.  coccolithophorid) and (2)  organic  components are  
susceptible  to postdepositional  changes  in  preservation and diagenesis.
Opal scavenges 231Pa/230Th due to both the particle-flux effect and the particle composition effect, and therefore,  
opal  and  231Pa/230Th  should  be  highly  correlated  in  regions  where  surface  productivity  is  domi-  nated 
specifically by diatoms and other siliceous biota. Where nonsiliceous biota constitute an important component  
of the surface ecology, high productivity may increase scavenging due to the particle flux effect alone, thus  
elevating sedimentary 231Pa/230Th independent of opal. The disparate trends in organic carbon, excess barium, 
and opal fluxes from these sites on the JdFR (Costa et al., 2018) suggest that productivity in



Figure 3. Compiled 231Pa/230Th records for the past 210 ka. (a) Individual 
datapoints from the Juan de Fuca Ridge overlain in the same panel, using the 
color scheme in Figure 2 to identify each of the study cores. Error bars show 
2σ. (b) Stacked 231Pa/230Th record from the Juan de Fuca Ridge. Data points 
from all six sites were averaged in 2-kyr bins, and error bars represent 2 
standard error. Burial ratios are always higher than the production rate (0.093). 
(c) Juan de Fuca Ridge benthic δ18O record (Costa, McManus, Boulahanis, et 
al., 2016), to which stacked 231Pa/230Th record is quite similar.

this region may be diverse, and so the relationship between sedimentary
231Pa/230Th and productivity is likely to be nonlinear.

Preservation and diagenesis can have an even greater confounding effect on 
paleoproductivity  reconstruction,  because  the  specific  environmental 
parameters controlling preservation are unique to each proxy (Anderson & 
Winckler, 2005; Kohfeld & Chase, 2011). For example, organic carbon  is 
sensitive to oxygen concentrations in bottom and pore waters (e.g.,  Arndt et  
al., 2013; Ganeshram et al., 1999; Hedges et al., 1999), but its pre- servation 
is additionally affected by benthic activity and bioturbation (Canfield, 1994; 
Hartnett  et al., 1998),  host sediment composition (Keil   et al., 1994; Keil 
& Hedges, 1993), and sedimentation rates (Müller  & Suess, 1979). Excess 
barium,   primarily   in   the   form  of   barite   (Dymond  et  al.,  1992; 
Hernandez-Sanchez  et  al.,  2011),  is  sensitive  to  sedimentary  redox 
conditions (Dymond et al., 1992; Eagle et al., 2003; Hernandez- Sanchez et 
al., 2011; McManus et al., 1994, 1998; Paytan & Griffith, 2007; Torres et  
al., 1996; van Os et al., 1991), such that under substantial sulfate reduction, 
barite dissolves and releases barium back to the pore waters, reducing or 
even  eliminating  any  productivity  record  in  that  sedimentary  proxy 
(Dickens, 2001; Dymond et al., 1992; Schenau et al., 2001). Dissolution of 
opal is omnipresent on the seafloor, since seawater is always undersaturated 
in  dissolved silica,  and thermodynamically,  opal  will  dis-  solve until  the 
pore water concentrations of silica reach equilibrium (Archer et al., 1993; 
Ragueneau et al., 2000). Kinetically, the rate of opal dis-  solution  will 
depend on the abundance of structural flaws (Van Cappellen & Qiu, 1997), 
organic and inorganic coatings (Ragueneau et al.,  2000),  water saturation 
(Archer et al., 1993; Ragueneau et al., 2000), trace metal defects (Archer et 
al., 1993; Nelson et al., 1995; Treguer & de la Rocha, 2013), and resilience 
of  the  diatom  assemblage  (Grigorov  et  al.,  2014).   The  influence  of 
preservation  biases  on opal  flux at  the JdFR is  suggested  by the  nearly 
exponential  decay  in  opal  flux  with  age  (Figure  4b),  which  would be 
consistent with increasing opal dissolution over time.

The extent of opal diagenesis may be quite extreme, as evidenced by a comparison of opal flux with Si xs flux 
(Figure 4). In practice, opal is operationally defined by the silica that can be leached from the sediment in an  
alkaline solution (e.g., Mortlock & Froelich, 1989). Any biogenic silica that metamorphizes into an unleachable 
mineral  phase,  for  example,  through reaction with Al,  Fe,  and Mg in the surrounding sedimentary matrix  
(Archer et al., 1993; Cole, 1985; Dixit et al., 2001; Nelson et al., 1995; Treguer & de la Rocha, 2013), may not 
be recoverable as opal. In such a case, the reconstructed opal fluxes would underestimate the original opal  
signal at the time of burial (Rahman et al., 2016). The loss of opal by diagenetic transformation may be quan- 
tified by measuring Sixs fluxes, which are insensitive to the mineralogy of the silica in the sediment. At the  
JdFR, opal and Sixs fluxes indicate similar productivity trends for the last 50 kyr (Figure 4), but they diverge  in 
the  older  part  of  the  record,  when Sixs fluxes  suggest  much higher  levels  of  productivity  during  the  last 
interglacial period (MIS5) than opal. In fact, Sixs fluxes suggest that opal productivity during MIS5 (13.4 mg/ 
cm2 kyr) was similar to that of the Holocene (15.2 mg/cm2 kyr), in contrast to the nearly 65% lower produc- 
tivity suggested by opal in MIS5 (10.0 mg/cm2 kyr) versus the Holocene (28.3 mg/cm2kyr). If this loss of opal 
could  be attributed to  transformation into  nonopalline phases,  it  may indicate  that  the  reverse  weathering 
reaction (Mackenzie & Kump, 1995; Michalopoulos et al., 2000; Sillen, 1961) can occur at a relatively rapid 
rate if conditions are appropriate (Rahman et al., 2016). Future work on opal diagenesis might focus on the 
miner- alogy of the sedimentary matrix and the resulting nonopalline silica-rich phases in order to provide 
greater understanding of the environments that may reduce the utility of opal as a productivity proxy.

One of the main advantages of 231Pa/230Th over opal, as well as over other productivity proxies, is its relative 
insensitivity to changes in preservation and diagenesis (Chase et al., 2003; Pichat et al., 2004). The limited  
solubility of both 231Pa and 230Th increases the likelihood that even if their original host particle dissolved,



 

Figure 4. Preservation effects on opal. (a) 231Pa/230Th stack, as in Figure 3.
(b) Opal fluxes, calculated with 230Th-normalized fluxes (Costa et al., 2018).
(c) Excess silica (Sixs) fluxes, calculated with 230Th-normalized fluxes. Gray 
lines show general trends based on 10-pt smoothing (b) and best polynomial fit 
(c). Legend in (b) also applies to (c). Both opal and Sixs fluxes show increasing 
trends for the last 50 kyr, but they differ in the older part of the record (>50 
ka). Sixs fluxes show similar levels of productivity during MIS5 and the 
Holocene, while opal fluxes suggest productivity was two thirds
lower in MIS5 compared to the Holocene.

these nuclides would most likely adsorb onto an adjacent particle in the 
sedimentary pile rather than diffuse through the pore water and out of the 
sediment as dissolved ions (Francois et al., 2004; Henderson & Anderson, 
2003).  Thus,  231Pa/230Th  is  likely  to  be  the  most  robust  and  reli-  able 
productivity indicator currently available.

4.2. Glacial-Interglacial Variability in Productivity in the 
Subarctic Pacific

Low productivity during cold periods is a pervasive feature of the Subarctic 
Pacific, on both million year (Haug et al., 2005; Sigman et al., 2004) and 
orbital timescales (Galbraith et  al.,  2007;  Jaccard  et  al.,  2005;  Kienast  

et al., 2004; Okazaki et al., 2005; Okazaki et al., 2005). Long (>60 kyr) 
pro- ductivity records from across the region (Figure 5) show generally 
coher-
ent  glacial-interglacial  variability  in  the  open  ocean  (West  and  East 
Subarctic) and in the marginal seas (Bering and Okhotsk Sea). In all but one 
core from the Okhotsk Sea, productivity peaks in MIS5 and  the Holocene 
and reaches minima in MIS2 and MIS4.  Regional differences  are more 
apparent  on  subglacial  timescales.  In  the  West  and  East  Subarctic, 
productivity varies with mean global climate, as represented  by the LR04 
benthic  δ18O stack (Lisiecki & Raymo, 2005), such  that there  is an early 
interglacial  maximum (MIS5e),  followed by relatively high inter- glacial 
productivity (MIS5a–MIS5d), a step decrease in productivity that coincides 
with glacial onset (MIS4), a return to higher productivity during the warm 
MIS3, a minimum at the last glacial maximum (MIS2), and a rapid increase 
in productivity during the last deglaciation. This subglacial  varia-  bility is 
somewhat evident in the Okhotsk Sea but notably absent in the Bering Sea, 
where  productivity  hovers  at  low background values except  for the few 
peaks that occur in interglacial periods. Thus, high productivity occurs only 
but  not  always  during  warm climate  periods  in  marginal  seas,  while it 
always responds to climate cycles in the open ocean.

The apparent  climate  dependency of  productivity  is  primarily  attributed to  changes in  stratification in  the  
Subarctic Pacific, akin to those of the Antarctic Zone of the Southern Ocean (Basak et al., 2018; Francois      et 
al., 1997; Mortlock et al., 1991; Robinson et al., 2004; Sigman et al., 2004). Stratification and density-driven 
mixing control nutrient delivery to the surface in the modern Subarctic Pacific,  because high precipitation 
relative to evaporation (P-E) creates a low-salinity surface cap that is so fresh that even near-freezing winter  
temperatures are insufficient for densification and deep water formation (Emile-Geay et al.,  2003; Warren,  
1983). Average mixed layer depths in the East Subarctic are only 50 m in the summer, too shallow to reach 
nutrient-rich deep waters, but can extend up to 100 m in the winter, so that annual average nutrient concen- 
trations in surface waters are almost entirely dependent on deep winter mixing (Glover et al., 1994; Tabata,  
1975; Whitney, 2011; Whitney & Freeland, 1999). Seasonality is even stronger in the West Subarctic, where  
mixing reaches less than 50 m in the summer but 150 m or more in the winter (Glover et al., 1994; Honda et al., 
2002), leading to higher nutrient concentrations in surface waters of the west (Harrison et al., 1999). Across the  
Subarctic region, the main growing season (May–September) begins (Harrison et al., 1999) in the spring when 
the nutrient-rich winter mixed layer stratifies and light limitation is relieved. Without continued replen- ishment 
the  nutrient  supply  progressively  declines  through  the  summer  (Kawakami  et  al.,  2007;  Whitney,  2011; 
Whitney & Freeland, 1999; Wong et al., 2002) until further production is limited by iron availability (Boyd &  
Harrison, 1999; Martin & Fitzwater, 1988; Tsuda et al., 2005). Integrated over tens to hundreds of years,  the 
average nutrient concentrations in surface waters are set by the rates of winter mixing versus sum-  mer 
drawdown, that is, net nutrient utilization.

High dust fluxes during glacial periods (e.g., McGee et al., 2010; Serno et al., 2015; Serno et al., 2017; 
Winckler et al., 2008) would have likely increased surface iron concentrations, a boon to iron-limited waters 
that would have promoted high productivity, rather than the low productivity that is actually observed. The 
combination of low glacial productivity (Figure 5), high iron availability, and high nutrient utilization (Ren 
et al., 2015)



Figure 5. Other long productivity records from the Subarctic Pacific. Records 
are color coded based on the proxy used and grouped based on region.
Organic carbon (Org C) and excess barium (Baxs) were corrected for changes 
in dilution based on calcium carbonate content and opal content, since 

230
Th-

based flux calculations were not feasible. All records have been nor-
malized (z scored) by subtracting the mean and dividing by the standard 
deviation in order to facilitate plotting on the same scale. (a) West Subarctic: 
ODP882 (Jaccard et al., 2009), RNDP-PC13 (Brunelle et al., 2010), and 
MR98- 05-3PC (Shigemitsu et al., 2007). (b) East Subarctic: JdFR (this 
study), W8709-8 and W8709-13 (Kienast, 2003), and ODP887 (McDonald et 
al., 1999).
(c)Bering Sea: SO201-2-85 and SO201-2-77 (Riethdorf, Nurnberg, et al., 
2013), U1342 (Knudson & Ravelo, 2015a), and JPC17 (Brunelle et al., 
2007).
(d) Okhotsk Sea: PC936 (Gorbarenko et al., 2004), GGC27 (Brunelle et al., 
2010), and X98-01PC (Sato et al., 2002). Top panel shows the LR04 benthic 
δ18O stack for climatic context (Lisiecki & Raymo, 2005). Gray bars highlight 
glacial periods, identified by even Marine Isotope Stages (gray numbers at 
top).

indicates reduced nutrient supply to the euphotic zone during glacial per- 
iods (Jaccard et al., 2010), which may have evolved as result of several pos- 
sible mechanisms. A fresher surface layer, saltier deep layer, or both would 
create a stronger pycnocline that would impede mixing to significant depths 
(Zahn et  al.,  1991), while a thicker volume of low-density surface water 
would depress nutrient-rich deep waters out of reach of the mixed layer  
depth. A decrease in wind strength would shoal mixing depths, potentially 
enhancing the stratifying effects of coincident changes to  the  pycnocline. 
Also, a reduction of nutrient concentrations in the subsurface water would 
limit the resupply of nutrients to the surface during mixing, in addition to 
any  changes  to  the  physical  mixing  regime.  These  processes  are  not 
mutually exclusive, and all would contribute to the umbrella mechanism of 
increased glacial stratification. In the next sections, we con- sider the current 
evidence for or against each of these mechanistic compo- nents for reducing 
nutrient delivery to the glacial surface ocean.
4.2.1. Strengthening the Pycnocline
The primary element that contributes to physical stratification is the verti-  
cal density profile of the upper ocean (0–200 m). The depth and intensity  
(strength of the gradient) of the pycnocline acts as a resistor against  the 
downward mixing forces applied at the surface (such as wind strength; see  
next section). A steep pycnocline (large change in density over a short depth 
interval) creates a diapycnal barrier against which the available energy for 
mixing  is  rapidly  consumed,  and  a  near-surface  pycnocline  places  this 
barrier high in the water column, further limiting the mixed layer depth. The 
polar stratification hypothesis suggests that simply cool- ing the entire water 
column  (as  during  a  glacial  period)  can  be  sufficient  to  strengthen  the 
pycnocline due to the non-linear temperature depen- dence of the equation 
of state (Sigman et al., 2004). In the Antarctic Ocean, the steepness of the 
pycnocline doubles when the entire water col-  umn  is  cooled  by  2°C 
(Sigman et al., 2004). Conversely, in the Subarctic Pacific, cooling has the 
opposite effect on density profiles (Figure 6), based  on  reproducing  the 
Sigman  et  al.  (2004)  calculations  on  a  representative  temperature  and 
salinity  profile  from Station PAPA. Cooling the water col-  umn by 2°C 
actually weakens the density gradient in the upper ocean (σ200m–σ0m) from 
1.047 g/m3 (today) to 1.017 kg/m3 (simulated glacial per- iod). Continuing 
to cool the water column all the way to the freezing point  (-1.9°C) only 
further weakens the density gradient, to 0.8958 kg/m3. Only  by  also 
decreasing the surface salinity (by 0.5 in the upper 100 m, in this example) 
relative to the rest of the water column does the pycnocline stee- pen, with 
an  increased  density  gradient  of  1.39  kg/m3.  The  dissimilar  response  of 
Subarctic Pacific and Antarctic density profiles is likely driven by the order 
of magnitude steeper halocline in the Subarctic Pacific (change in salinity of 
1.1) compared to the Antarctic (change in salinity   of 0.2, in Sigman et al., 
2004), giving salinity much more influence over

the density profiles in the Subarctic Pacific than in the Antarctic. A consequence of the dominance of  salinity in 
the Subarctic Pacific is that glacial cooling cannot, on its own, generate enhanced stratification, as it can in the 
Antarctic. Additional processes reducing the salinity of surface waters during glacial periods must also be 
invoked in order to create the steep density profiles that characterize stratification.

One mechanism for freshening surface waters may have been the glacial closure of the Bering Strait, which 
reduced freshwater export out of the Pacific. In the modern ocean, approximately 1 Sv of relatively fresh water  
flows through the shallow (50 m) strait from the Pacific to the Atlantic via the Arctic (Talley, 2008). Lower sea 
level during the glacial period would have cut off this pathway and retained that freshwater flux in the North 
Pacific (Keigwin & Cook, 2007), and the opening and closure of the Bering Strait may be a



toggle between Atlantic Meridional Overturning Circulation (MOC) and Pacific MOC on glacial-interglacial 
timescales (De Boer & Nof, 2004; Hu et al., 2010, 2015; Hu, Meehl, Han, Abe-Ouchi, et al., 2012; Hu, Meehl,  
Han,  Timmermann, et  al.,  2012; Shaffer  & Bendtsen,  1994).  Only one study has modeled the consequent 
influence  of  Bering  strait  closure  on  sea  surface  salinity  in  the  Subarctic  Pacific,  generating  a  spatially  
heterogeneous decrease in sea surface salinity of up to 1 (Hu et al., 2010). The relatively coherent productivity  
records  (Figure  5)  are  inconsistent  with  simulated  regionally  specific  changes  in   surface   salinity  and 
stratification, but it is unclear if these patterns would be robust with integration over longer time periods. Future  
efforts on modeling the spatial patterns of sea surface salinity during glacial periods will help corroborate the 
distribution of freshwater and the potential role for closure of the Bering Strait on stratification in the glacial 
Subarctic Pacific.

An additional mechanism to redistribute salinity, add freshwater to the surface, and generate physical strati- 
fication in the Subarctic Pacific may be the formation, transport, and melting of sea ice (Gorbarenko, 1996;  
Keigwin et al., 1992; Sancetta, 1983; Seki et al., 2004). Sea ice forms in the wintertime in the Okhotsk and  
Bering Seas, and localized brine rejection in thin coastal margin regions removes buoyancy from near-surface 
waters enough to create North Pacific Intermediate Water (NPIW) (Shcherbina et al., 2003). Because winds



blow the sea ice away from their originating polynyas (Pease, 1980; Sakamoto et al., 2005), brine rejection  
occurs repeatedly in the same spatially limited location, in a densification process that is distinct and inde-  
pendent from deep vertical mixing (and nutrient supply). Sequestering the relatively saline water into the NPIW 

at subsurface depths (>50 m) allows for a net freshening of surface waters (0–50 m) (Hillaire-Marcel   & de 

Vernal, 2008), which retain the sea ice and meltwater. Enhanced formation and export of NPIW due     to an  
amplified sea ice cycle during glacial periods (Artemova et al., 2017; Caissie et al., 2010; Katsuki &
Takahashi, 2005; Sakamoto et al., 2005) may sufficiently freshen surface waters to instigate physical stratifica- 
tion and thus diminish productivity. Indeed, reconstructions of δ13C from benthic foraminifera have identified a 
high δ13C, high εNd water mass above 2,000 m during the last glacial maximum that is attributed to a more 
vigorous NPIW (Cook et al., 2016; Horikawa et al., 2010; Jang et al., 2017; Keigwin, 1987, 1998; Knudson & 
Ravelo, 2015b; Matsumoto et al., 2002; Max et al., 2017).

Connecting NPIW formation with the sea ice cycle rather than focusing on a seesaw with Atlantic MOC   (e.g., 
Freeman et al.,  2015;  Hu,  Meehl,  Han,  Abe-Ouchi,  et  al.,  2012;  Menviel  et  al.,  2017;  Mikolajewicz et  
al., 1997; Okazaki et al., 2010) allows for enhanced NPIW formation even when Atlantic MOC is relatively  
strong (Böhm et al., 2015; Henry et al., 2016; Jonkers et al., 2015; Lynch-Stieglitz et al., 2007) and releases 
NPIW formation from the transience of  millennial  scale events  that characterize Atlantic MOC variability 
(Boyle & Keigwin, 1987; Henry et al., 2016; McManus et al., 2004; Ng et al., 2018; Praetorius et al., 2008).  
Because sea ice expands as temperature cools,   NPIW  formation  would  follow  global  climate  (e.g.,  
Lisiecki & Raymo, 2005) and generate the glacial-interglacial cycles in physical stratification inferred from the 
productivity records. Furthermore, in contrast to previous studies that have anticipated spatial variabil- ity from 
sea ice effects (Brunelle et al., 2007, 2010), rapid advection across the Subarctic Pacific (1–2 years; Smith et  
al.,  2015)  would  distribute  freshwater  fluxes  on  timescales  consistent  with  the  spatially  homoge-  neous  
productivity records. Thus, the sea ice-NPIW mechanism for generating physical stratification can account for 
both the spatially homogeneous productivity response as well as the link between  stratifica-  tion and global 
climate.

The sea ice-NPIW hypothesis could be tested by reconstructing the seawater δ18O (δ18Osw) profile of the upper 
ocean (0–200 m) over time. When sea ice forms, it fractionates δ18O such that the ice is isotopically enriched 
and the residual brine is isotopically depleted (O’Neil, 1968), making sea ice formation the only pro- cess by 
which a negative correlation between δ18O and salinity develops (Hillaire-Marcel & de Vernal, 2008). Thus, sea 

ice melt can be identified in surface waters (<50 m) by the presence of cold (fresh) and high  δ18Osw water 

overlying saltier but lower δ18Osw water (subducted brines; Brennan et al., 2013; Hillaire-Marcel & de
Vernal, 2008; Riethdorf et al., 2013). Such a profile may be constructed by analyzing paired δ18O and tempera- 
ture (e.g., Mg/Ca) in planktonic foraminifera that inhabit different depths in the surface ocean (Figure 7; e.g.,  
Kumar et al., 2018; Parker et al., 2015; Wara et al., 2005). Although foraminiferal depth habitats appear to be 
highly variable across the Subarctic Pacific (Iwasaki et al., 2017; Kuroyanagi et al., 2008; Taylor et al., 2018), 
at any one station a depth distribution in foraminifera species is often observed. For example, plankton tows 
from Station PAPA suggest that G. bulloides, G. quinqueloba, and N. incompta are most abundant in the upper 
50 m, while N. pachyderma and O. universa are most abundant in the 200- to 300-m depth (Iwasaki et al.,

2017). Under normal conditions the surface (<50 m) to deep (200–300 m) δ18Osw gradient (Δδ18Osw
200-0m)

would be slightly positive (Figure 7a),  according to  the standard positive relationship between  δ18Osw and 
density. During either winter sea ice formation (Figure 7b) or spring sea ice melt (Figure 7c), the δ18Osw gra- 

dient would invert, with higher δ18Osw observed in the surface (<50 m) species and a negative gradient with

depth. This approach would, of course, have to contend with complicating factors such as the sensitivity of
upper ocean δ18O to perturbations in the sea ice, the seasonality of each planktonic species (e.g., Fraile       et 
al., 2009; Reynolds & Thunell, 1985), the local depth habitats of different planktonic species (e.g., Iwasaki et 
al., 2017; Taylor et al., 2018), secondary influences on both δ18O and Mg/Ca (e.g., Hönisch et al., 2013),  and 
calibration uncertainties on Mg/Ca for each planktonic species (e.g., Anand et al., 2003). Yet unlike other sea 
ice proxies like diatom assemblages or IP25, the Δδ18Osw

200-0m has the advantage of recording the distal extent of 
sea ice melt far from the sea ice margin as well as the in situ consequences of sea ice melt on stra- tification of  
the upper ocean (0–200 m). Future work to develop this proxy may contribute toward under- standing the 
density structure of the upper ocean and its effects on physical stratification, nutrient delivery to  the surface, 
and thus productivity under glacial-interglacial climate conditions.



Figure 7. Hypothetical effects of sea ice formation on upper ocean δ18Osw profiles. (left) Planktonic foraminiferal distribution in a plankton tow at Station PAPA 
(Iwasaki et al., 2017). At least 50% of all G. bulloides, G. quinqueloba, and N. incompta were recovered within the 0- to 50-m depth, making these species the best 
candidates for recording shallow conditions. More than 70% of all N. pachyderma and O. universa were recovered from the 200- to 300-m depth, making these species 
the best candidates for recording subsurface conditions. (right) Hypothetical changes to upper ocean δ18Osw profiles recorded by shallow (blue) and subsurface (orange) 
foraminiferal species in response to different sea ice events. Gray triangles indicate the relative location for the water column profiles shown in the bottom panels. (a) 
When no sea ice is present, the δ18Osw gradient is positive. (b) During sea ice formation, high density, low δ18Osw brines invert the δ18Osw gradient.        Faint line and 
circle show the initial profile as in scenario (a). (c) During sea ice melt, low density, high δ18Osw meltwater further enhances the negative δ18Osw gradient. Faint line and 
circles show the starting profile from (a).

4.2.2. Weaker Winds
Changes in wind strength may compound changes in the pycnocline to influence physical stratification (Figure  
8). Wind forcing at the sea surface provides the energy to propel downward mixing. The depth of the mixed  
layer is thus a function of both the energy (wind strength) applied to and the resistance (density structure)  
within the surface ocean. For example, weak winds combined with a strong pycnocline would severely depress 
the winter mixing depth and nutrient delivery to the surface (e.g., Beaufort et al., 1997).  On the other hand, if 
strong winds countered a strong pycnocline,  the increased mixing energy might  over-  come the increased 
resistance to mixing, such that there may be no net change in the winter mixing depth. The influence of winds 
on mixing depth and nutrient delivery to the surface was directly observed during the strong El Niño of 1997–
1998, when weakening of winds during winter 1997 (Sasaoka et al.,  2002) resulted in lower than average  
surface nutrient concentrations the subsequent summer at station KNOT in the West Subarctic  (Honda et al., 
2002). In general, a positive correlation between the strength of winter winds and pri- mary productivity in the 
following summer has been observed in the Subarctic gyre in the twentieth century (Brodeur & Ware, 1992). 
Thus,  considering how wind strength may have varied under  glacial  climate condi-  tions is  imperative to  
understanding the mechanisms behind enhanced physical stratification and surface nutrient delivery.

Globally, steeper meridional temperature gradients during the last glacial period predict stronger winds (McGee 
et  al.,  2010),  particularly  in  the  midlatitudes  (Rind,  1998).  Strong  midlatitude  jets  are  associated  with  an 
increase in eddy kinetic energy (storminess) (Penny et al., 2013), which should increase mixing depths and 
nutrient delivery to surface waters (O’Gorman, 2010). However, the presence of the Laurentide Ice Sheet likely 
deflected (or possibly bifurcated) the westerly storm track (Bromwich et al., 2004; COHMAP, 1988; Kirby et 
al., 2013; Oba et al., 2006; Oster et al., 2015), shifting it as much as 10° latitude to the south in the middle of  
the North Pacific (Lora et al., 2017; Figure 1). The more southerly storm track likely pushed this zone of 
storminess into the subtropical gyre, and models corroborate a net decrease in eddy kinetic energy over much 
of  the  Subarctic  Pacific (Li  & Battisti,  2008;  Lora et  al.,  2017).  This  finding  is  consistent  with  modeled  
reductions of storminess over similar latitudes in the North Atlantic during the last glacial period (Dohonoe & 
Battisti, 2009; Li & Battisti, 2008; Riviere et al., 2018). Therefore, it seems likely that winds were weaker in  
the Subarctic Pacific during glacial compared to interglacial periods, and these weak winds potentially



Figure 8. Hypothetical effects of changing winds on nutrient concentrations in the upper ocean. Schematic shows wind strength (gray lines), wind curl (spirality of gray 
lines), surface mixing (arrowed circles), nutricline (dashed line), and nutrient concentrations (green shading). (a) During interglacial periods, strong winds create deep 
mixing that can penetrate the high subsurface nutrients, despite a deep nutricline. Relatively high surface nutrient concentrations leads to high pro- ductivity. (b) During 
glacial periods, enhanced wind stress curl shoals the nutricline and moderate winds reduce the mixing depths. If the mixing depth intersects the nutricline, then surface 
nutrient concentrations would still remain high. This scenario is inconsistent with low glacial productivity in the Subarctic Pacific (Figure 5).
(c) Weak winds (or strong pycnocline, not shown) may reduce mixing depths so that they are unable to reach the nutrient rich subsurface waters. Nutrient con- 
centrations in the surface ocean remain low, consistent with low glacial productivity. (d) Surface mixing and nutricline as in (b), but with low subsurface nutrient 
concentrations. Upward mixing only supplies low nutrient concentrations to surface waters, consistent with low glacial productivity. A fourth glacial scenario could 
combine the weak winds of (c) and the low subsurface nutrients of (d) to also generate low glacial productivity.

contributed  to  reduced  mixing  depths,  increased  stratification,  decreased  nutrient  delivery,  and  reduced  
productivity under glacial conditions.

In addition to powering winter mixing of surface waters, wind strength, and wind stress curl can also affect  
nutrient delivery to the surface by upwelling and Ekman divergence. Seasonal upwelling along the continen- tal 
margin delivers nutrient-rich subsurface waters (~100 m) to the surface (Wheeler et al., 2003), extending about  
100 km off the coast (Whitney et al., 2005). These nutrients can be transported laterally by tidal mixing, eddy 
diffusion, and local turbulence (Whitney et al., 2005), so that coastal upwelling may be able to influence 
surface nutrient concentrations into the open ocean. Weak winds during glacial periods likely reduced coastal 
upwelling  and  repressed the potential  nutrient  leak  from the  coast  to  the  open ocean.  As  all  of  the  sites 
investigated here show similar patterns in productivity (Figure 5) regardless of distance from the coast, they do 
not appear to be sensitive to changes in the rates of coastal upwelling and nutrient leakage. Instead, they are 
more likely to respond to changes in the major source of nutrients in the subarctic gyre, Ekman diver- gence 
(Gargett, 1991; Reid, 1962).

Ekman divergence occurs within the subpolar gyre as a result of positive wind stress curl (Reid, 1962), and the 
rates of associated upwelling are more or less equivalent in the East and the West Subarctic (Gargett,  1991; 
Harrison et al., 1999). This upwelling leads to shoaling of the nutricline that may be sufficient to allow deep 
winter mixing to tap into those nutrient rich waters (Brodeur & Ware, 1992; Reid, 1962). During glacial 
periods, the wind stress curl would have increased in the Subarctic as the westerlies, the zero point of wind 
stress curl (Thomson, 1981), shifted southward and away from the Subarctic (Figure 8). Indeed, models suggest  
that wind stress curl may have been as much as 60% higher in this region during the last glacial period (Gray  
et al., 2018), increasing Ekman divergence and shoaling sub-surface waters. Yet glacial productivity was still  
lower than interglacial productivity. This contradiction between high rates of upwelling and low productivity 
can be reconciled either by particularly weak surface mixing or by low subsurface nutrient concentrations.  If 
the decrease in mixing depth outpaced the shoaling of the nutricline, it is possible that the mixing depths were  
insufficient to breach the nutrient rich subsurface waters (Figure 8c), due to either very weak winds    or a 
strong pycnocline (section 4.2.1). Alternatively, surface mixing may have intersected the subsurface waters, but 
nutrient concentrations of those waters may have been lower during glacial periods than during interglacial 
periods (Figure 8d). In either case, changes to wind stress do not appear to have been the primary driving force 
for changes in productivity on glacial-interglacial timescales.
4.2.3. Reduced Subsurface Nutrient Concentrations
Changes in ocean ventilation suggest that reduced subsurface nutrient concentrations may have been  char- 
acteristic of the glacial Subarctic (Jaccard et al., 2010; Lam et al., 2013). This mechanism is based on the



chemical properties of water masses, and it is distinct from physical stratification, although the two are some- 
times considered homologous. Today, deep winter mixing reaches depths of ~150 m and intersects with high 
subsurface nutrient concentrations (Figure 8a), propagating those high nutrients into surface waters. Nutrient 

concentrations within  subsurface waters  (>150 m)  are  a  balance  between mixing of  young,  nutrient-poor 
NPIW formed in the Okhotsk Sea (Talley, 1993; You, 2003) and old, nutrient-rich North Pacific Deep 
Water,
and modern NPIW is characterized by a steep vertical seawater δ13C gradient from high δ13C at the surface  to 
low  δ13C at depth (Kroopnick, 1985). Enhanced NPIW formation during glacial periods (see section 4.2.1) 
expanded the high δ13C (low nutrient) water mass to 2,000 m (Keigwin, 1998; Matsumoto et al., 2002), push- 
ing the nutrient-rich North Pacific Deep Water to greater depths (Boyle, 1988), and reducing the nutrient con- 
centrations  of  subsurface  waters  potentially  attainable  by  winter  mixing  (Gray  et  al.,  2018).  Thus,  lower 
subsurface nutrient concentrations likely combined with weaker winds and enhanced surface freshening   to 
reduce productivity during glacial periods.

5. Conclusions

Productivity across the Subarctic Pacific varies coherently with glacial-interglacial cycles, with low productiv- 
ity  characterizing glacial  periods in  the open ocean and the marginal  seas  in  both the east  and the west.  
Stratification of surface waters has been suggested as the main driver of variability in productivity, and here we  
investigated the potential mechanisms for generating both physical and chemical stratification during glacial  
periods. Cooling of the water column alone is insufficient to increase the density gradient of the upper ocean 
(0–200 m), but increased freshwater inputs to the surface may have contributed to a steeper pycno- cline.  
Possible freshwater sources include sea ice melt and closure of the Bering Strait.  Weaker winds, due  to a  
southward shift of the westerlies, may have reduced the surface mixing depths, limiting nutrient supply to the  
surface, but increased wind stress curl would have increased upwelling and shoaled the nutricline, making  
subsurface waters more accessible to even shallow mixing. A near-surface nutricline may be reconcil- able with 
low glacial  productivity if  the subsurface nutrient concentrations were also low,  perhaps due to  enhanced  
NPIW formation or flushing or subsurface waters during glacial periods. In summary, low glacial productivity 
was  caused  by  physical  stratification  and  low surface  nutrient  concentrations  induced  by  reduced  surface 
mixing (weak winds and strong pycnocline) combined with upwelling of nutrient-poor subsurface waters.
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