
School of Geography
Sir Clive Granger Building

University of Nottingham
University Park

Nottingham
NG7 2RD

UK
t: +44 (0)115 951 4766
f: +44 (0)115 951 4811

e: george.swann@nottingham.ac.uk
www.nottingham.ac.uk/geography

17th November 2014

Dear Erin,

Please find attached a revised version of our manuscript “Photic zone changes in the North West Pacific
Ocean from MIS 4-5e” (ref:  cp-2014-107). We welcome the positive and constructive comments made by
both reviewers and have adjusted the manuscript accordingly as outlined below. At the end of this I have
attached a marked-up copy of the manuscript highlighting the changes made within the text

Following these revisions I hope that you will consider this paper suitable for publication. Please do not
hesitate to contact me if you have any queries.
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Reviewer 1 (responses in bold)
1) The reason why variations in pCO2(aq) or d13C-DIC have negligible/minimal impacts on d13C-diatom is
not clearly explained. We have expanded this paragraph to explain this in more detail

2) My complaint about the paper is that they treat biogenic opal as a better paleoproductivity proxy than
biogenic  barium  (BioBa).  This  issue  was  also  raised  by  reviewer  2  and  we  have  revised  the  text
accordingly. We now provide a more balanced summary of the BioBa record in Section 4.2 and, in line
with Jaccard et al. (2009), use BioBa to examine possible changes in organic carbon export in Section
4.2.2. In line with the suggestions of reviewer 2, however, we continue to focus most of our discussion
on using the opal record as a proxy of siliceous productivity since this the diatom/siliceous fraction
forms the basis of the interpretations made in the manuscript.

3) Can we assume that the average value of seawater d30Si remained constant during the time interval
considered in the study?  We have added some text explaining that we are assuming that modern day
values are valid for the past. Whilst the δ30Si of silicic acid may have changed over time, it is likely that
such changes were small and do not significantly alter our interpretations. This is in light of evidence
that the  δ30Si of silicic acid in the ocean (outside of seasonal biological  fluxes) is fairly resilient to
change over the timescales relevant to this study (De La Rocha and Bickle 2005 Marine Geology 271:
267-282), except in extreme circumstances linked to major reductions in riverine silicon flux.



4) The absence of an increase of bioavailable iron supply in WSP can’t be judged only from dust proxy. We
acknowledge that it is risky making inferences about the role of iron purely by looking at dust. At the
end of this paragraph we have added a statement  that due to the lack of records that will give us the
necessary information we are unable to account for possible changing fluxes of bioavailable iron from
the Okhotsk Sea, winter mixing and other sources already identified earlier in the same paragraph.
Similar statements have been added elsewhere in the manuscript.

5) A weakening of the thermocline must be important for the supply of nutrients and carbon. Although the
halocline is the most important control, changes in the thermocline may indeed be relevant. However,
at this time there is no SST record for the region preventing us from speculating about this. We have
added words to this effect at the end of the paragraph.

Reviewer 2 (responses in bold)
We have made all the changes and suggestions made by the reviewer with the exception of the following
points/issues that we wish to highlight below. The comments about the biogenic barium record are covered in
our response to Reviewer 1 above.

1) I’m not sure I understand how Si(OH)4 consumption can be above 100% (Fig. 3C).  This is already
explained in the manuscript, but we have added  to the figure caption to make it clear that changes in
consumption/supply are relative to mean conditions in MIS 5e.

2) Max et al., 2014 (Geology), which the authors may have been unaware of at the time of submission, show
clear episodes of cooling (and sea-ice advance) concomitant with the short-term oscillations observed in
Greenland ice-cores, in a sediment core from the Bering Sea. While one can certainly not directly compare
the two North Pacific records at face value, would it be still be possible to better constrain a maximum upper
limit  for  the  volume of  freshwater  needed the  explain  the  diatom-d18Oexcursions?  Existing work has
shown that the Bering Sea and subarctic North Pacific Ocean display very different response/changes
over the same time interval. Comparisons in this instances are further limited by the very different
environments  between  the  site  of  Max  et  al  (sea-ice  margin)  and  ODP  Site  882  [this  study]
(significantly beyond the sea-ice margin). Max et al. does not provide us with an indication of what the
freshwater isotope member for ODP Site 882 might be.... whilst we could “pick” a range of possible
end-members to try and establish the volume of freshwater needed to explain the δ18Odiatom excursions,
this would be highly speculative and likely of little value given the guesswork that would be involved.

3) The argumentation in this paragraph [Section 4.3] is too speculative and only randomly supported by the
available data. I would suggest to remove it altogether as it does not provide critical new insights to the
manuscript.  We are  unsure  what  part  of  Section  4.3  the  reviewer  finds  speculative.  Paragraph  1
outlines what the results show in relation to existing work. Paragraph 2 does much the same. We can
only assume the reviewer is  concerned by our focus on changes that are much smaller than those
discussed  earlier  in  the  manuscript.  We believe  that  we  have  been  cautious  in  interpreting these
changes to avoid over-interpretation and do not feel that this section is too speculative.

Additional editor comments (responses in bold)
The text within the green and red shading in Figure 3 does not print clearly. We have altered the figure
accordingly and thank the editor for pointing out this issues.
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Abstract

In comparison to other sectors of the marine system, the palaeoceanography of the subarctic North Pacific

Ocean  is  poorly  constrained.  New  diatom  isotope  records  of  δ13C,  δ18O and  δ30Si  (δ13Cdiatom,  δ18Odiatom,

δ30Sidiatom), are presented alongside existing geochemical and isotope records to document changes in photic

zone conditions, including nutrient supply and the efficiency of the soft-tissue biological pump, between

Marine Isotope Stage (MIS) 4 and MIS 5e. Peaks in opal productivity in MIS 5b/c and MIS 5e are both

associated with the breakdown of the regional halocline stratification and increased nutrient supply to the

photic zone. Whereas the MIS 5e peak is associated with  low rates of nutrient utilisation, the MIS 5b/c peak

is associated with significantly higher rates of nutrient utilisation.  Both peaks, together with other smaller

increases in productivity in MIS 4 and 5a culminate with a significant increase in freshwater input which

strengthens/re-establishes the halocline and limits further upwelling of sub-surface waters to the photic zone.

Whilst  δ30Sidiatom and previously published records of diatom  δ15N (δ15Ndiatom) (Brunelle et al.  2007, 2010)

show similar trends until the latter half of MIS 5a, the records become anti-correlated after this juncture and

into MIS 4, suggesting a possible change in photic zone state such as may occur with a shift to iron or silicon

limitation.

Keywords: diatom, freshwater; MIS 5e; nutrient; productivity; stratification

1 Introduction

The modern day subarctic North West Pacific Ocean represent a major component of the global oceanic

system  acting  as  the  one  of  the  terminuses  of  the  deep  water  thermohaline  circulation.  Today  high

precipitation and low evaporation in the region maintains a year round halocline in the water column (water

depth  =  100-150  m),  reinforced  in  the  summer/early  autumn  months  by  the  presence  of  a  seasonal

thermocline (water depth = 50 m) (Emile-Geay et al., 2003; Antonov et al., 2009; Locarnini et al., 2009).

This stratification exerts a major impact on the regional ocean by limiting the mixing of surface waters with

underlying nutrient and carbon rich deep water and by preventing convection and formation of North Pacific
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Deep Water (Emile-Geay et al., 2003; Menviel et al, 2012).

The initial development of the halocline and stratified water column has been attributed to the onset of major

Northern Hemisphere Glaciation (NHG) at 2.73 Ma, which reduced Sea Surface Temperatures (SST) and

increased the flux of freshwater to the region, via increased monsoonal rainfall and/or glacial meltwater,  and

reduced Sea Surface Temperatures (SST) (Sigman et al., 2004; Haug et al., 2005; Swann et al., 2006; Nie et

al., 2008). The decrease cessation of abyssal water upwelling associated with this may have contributed to

the  establishment  of  globally  cooler  conditions  and  the  expansion  of  glaciers  across  the  Northern

Hemisphere from 2.73 Ma (Haug et al., 2005). Whilst the halocline appears to have prevailed through the

late Pliocene and early Quaternary glacial-interglacial cycles (Swann, 2010), other studies have shown that

the stratification boundary may have broken down in the Late Quaternary at glacial terminations and during

the early part of interglacials (Sarnthein et al., 2004; Jaccard et al., 2005, 2009, 2010; Galbraith et al., 2007,

2008, Gebhardt et al., 2008; Brunelle et al., 2010; Kohfeld and Chase 2011).

Developing a complete understanding of the nature of regional stratification in the subarctic North Pacific

Ocean is important for a number of reasons. Firstly, the palaeoceanographic history of the region remains

poorly constrained relative to other sectors of the global ocean. Secondly, with evidence of a pervasive link

between the subarctic Pacific and Southern Oceans (Haug et al., 2005; Jaccard et al., 2005, 2010) records

from the former can be used to further investigate teleconnections between these regions (Haug and Sigman,

2009; Sigman et al., 2010). Thirdly, with subsurface waters in the ocean interior rich in carbon and nutrients

(Galbraith et al., 2007; Gebhardt et al., 2008; Menviel et al., 2012), any weakening/removal of the halocline

has potential implications for the regional soft-tissue biological pump and ocean-atmospheric exchanges of

CO2.

To further understand the subarctic North West Pacific Ocean, diatom isotope measurements of  δ13C, δ18O

and δ30Si (δ13Cdiatom, δ18Odiatom and δ30Sidiatom) are presented here from the open waters of ODP Site 882 between

MIS 4 and MIS 5e (Fig.  1). Existing research from the region has revealed two periods of elevated opal

concentration in this interval alongside large changes in proxies relating to nutrient supply and utilisation

(Jaccard et al., 2005, 2009; Brunelle et al., 2007, 2010).  The new diatom isotope data presented here will

allow the changes in photic zone conditions and the response of the soft-tissue biological pump to be further

constrained.  Diatoms,  unicellular siliceous algae, are ideally suited for this purpose as they: 1) occupy the

uppermost sections of the water column above the halocline; 2) dominate export production in high latitude

and upwelling zones (Nelson et al., 1995); 3) represent a key component of the soft-tissue biological pump in

transferring carbon into the ocean interior by incorporating c. 23.5% of all carbon produced by net primary

production into their cellular organic matter (Mann, 1999).

2 Methods
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ODP Site 882 is  located on the western section of the Detroit  Seamounts at  a water depth of 3,244 m

(50°22’N, 167°36’E) (Fig. 1). The age model used in this study is derived from the astronomical calibration

of  high  resolution  GRAPE  density  and  magnetic  susceptibility  measurements  with  linear  interpolation

between selected tie-points (Jaccard et al., 2009). Ages are constrained by two radiocarbon dates and verified

by correlating magnetic susceptibility and benthic foraminifera δ18O records from ODP Sites 882 and 883.

Samples were prepared for diatom isotope analysis using techniques previously employed at this site (Swann

et  al.,  2006;  2008)  with  the  75-150  μm  fraction  analysed.  Diatom  biovolumes,  calculated  following

Hillebrand et al. (1999) and Swann et al. (2008), show that samples in this fraction are dominated by a single

taxa Coscinodiscus radiatus (Ehrenb.) (Fig. 2) which blooms throughout the year with elevated fluxes often

occurring  in  autumn/early  winter  (Takahashi,  1986;  Takahashi  et  al.,  1996;  Onodera  et  al.,  2005).

Consequently,  the  diatom  isotope  measurements  obtained  here  are  interpreted  as  primarily  reflecting

annually averaged conditions with a slight bias towards autumn/early winter months. Smaller size fractions

which contain a greater diversity of taxa were not analysed due to the potential for vital effects in δ 18Odiatom

(Swann et al., 2008). Sample purity was assessed for all samples using light microscopy and SEM with

unclean  samples  disregarded  for  isotope  analysis.  Both  techniques  show  the  excellent  preservation  of

diatoms in the sediment record and suggest that issues of dissolution/diagenesis are not relevant to this study.

δ18Odiatom and δ30Sidiatom were analysed following a combined step-wise fluorination procedure at the NERC

Isotope Geoscience Laboratory (UK) (Leng and Sloane, 2008) with measurements made on a Finnigan MAT

253  and  values  converted  to  the  VSMOW  and  NBS28  scale  respectively  using  the  NIGL within-run

laboratory diatom standard BFCmod which has been calibrated against NBS28. A small subset of the δ18Odiatom

data was previously published as part of an investigation in δ18Odiatom vital effects in Swann et al., (2008) (see

Supplementary  Table  1).  Where  sufficient  material  remained  following  δ18Odiatom and  δ30Sidiatom analysis,

samples  were  analysed  for  δ13Cdiatom using  a  Costech  elemental  analyser  linked  to  an  Optima  mass

spectrometer  via  cold  trapping  (Hurrell  et  al.,  2011).  Replicate  analysis  of  sample  material  across  the

analysed interval indicate an analytical reproducibility (1σ) of 0.4‰, 0.06‰ and 0.3‰ for δ 18Odiatom, δ30Sidiatom

and δ13Cdiatom respectively.

3 Results

Through the analysed interval δ13Cdiatom largely follows previously published siliceous productivity (opal)

records from the region in indicating two intervals of higher productivity from  130-114 ka BP (MIS 5e) and

101-86 ka BP (MIS 5b/c) (Jaccard et al., 2005, 2009) (Fig. 3). Before/after each of these intervals δ13Cdiatom is

lower at <−18‰. These trends are also largely mirrored by the δ30Sidiatom and δ15N records of diatom bound

nitrogen (δ15Ndiatom) (Brunelle et al., 2007, 2010) records of nutrient supply/utilisation, except during MIS 5e

when values for both remain low and comparable to those in MIS 5d (Fig. 3). Following a return to lower

values in MIS 5a, all productivity/nutrient proxies show a series of abrupt oscillations that continue into MIS

4 with values in this interval equivalent to the peaks and minima documented in MIS 5b-e.
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Measurements of δ18Odiatom can be classified into three stages: 1) periods of relative stability in MIS 5e and

MIS 5b-c (124-114 and 102-87 ka BP); 2) periods of significant decreases (≥4‰) in MIS 5d and MIS 5a

(113-100 and 85-76 ka BP); 3) periods of increase variability in MIS 5a-4 (75-57 ka BP) (Fig. 3). Intervals of

high  and  stable  δ18Odiatom values  in  MIS  5e  and  MIS  5b-c  coincide  with  peaks  in  δ 13Cdiatom and  opal

concentrations. The termination of both productivity phases, as indicated by changes in δ 13Cdiatom, δ15Ndiatom,

δ30Sidiatom  and opal concentrations, are then concordant with the large reductions in δ 18Odiatom during MIS 5d

and  MIS  5a,  suggesting  a  link  between  the  processes  controlling  δ18Odiatom and  photic  zone

productivity/nutrient  utilisation.  This  is  reinforced  by  the  often  synchronous  changes  between δ18Odiatom,

δ30Sidiatom and opal concentrations during MIS 5a and into MIS 4.

4 Discussion

4.1 Environmental controls on diatom isotopes

Given the limited number  of published diatom isotope records in palaeoceanography, the section below

summarises the main controls on  δ18Odiatom,  δ30Sidiatom and  δ13Cdiatom.  Diatom isotopes act  as an alternative

proxy  to  records  from planktonic  foraminifera  at  sites,  such  as  ODP Site  882,  depleted  in  carbonates.

Measurements of δ18Odiatom can be interpreted in the same way as those of planktonic foraminifera (δ18Oforam)

(Swann and Leng, 2009) with variations linked to changes in temperature (−0.2‰/oC) (Brandriss et al., 1998;

Moschen et al., 2005; Dodd and Sharp, 2009; Crespin et al. 2010) and surface water δ18O (δ18Owater). During

biomineralisation  diatoms  uptake  silicon,  in  the  form  of  silicic  acid  (H4SiO4),  with  the  lighter  28Si

preferentially  used  over  29Si  and  30Si.  With  an  enrichment  factor  independent  of  temperature,  the

concentrations of CO2 in the water (pCO2(aq)) and other vital effects (De La Rocha et al., 1997; Milligan et al.,

2004),  δ30Sidiatom reflects changes in photic zone silicic acid utilisation which is regulated by the biological

demand for silicic acid, the rate at which nutrients are supplied to the photic zone and the δ 30Si composition

of the silicic acid substrate (δ30SiDSi) (De La Rocha, 2006; Reynolds et al., 2006).

A number of studies have examined the controls on δ13Cdiatom on carbon from bulk cellular diatom organic

material including the cytoplasm. Whilst palaeoenvironmental reconstructions solely analyse the cell wall,

which is preserved in the sediment and protected from dissolution by the diatom frustule (Abramson et al.,

2009), it is assumed that the controls on cell wall δ13Cdiatom are similar to those for bulk δ13Cdiatom as the cell-

wall  organic  matter  forms  a  key  template  for  diatom biomineralisation  (Hecky  et  al.,  1973;  Swift  and

Wheeler,  1992;  Kröger  et  al.,  1999;  Sumper  and Kröger, 2004).  During  photosynthesis,  organic  carbon

matter  is  formed  from  both  HCO3
- and  CO2(aq) (Tortell  et  al.,  1997)  using  both  active  and  indirect

transportation mechanisms (Sültemeyer et al., 1993) and C3 and C4 photosynthetic pathways (Reinfelder et

al., 2000). Marine studies including those from the Bering Sea and North Pacific Ocean have demonstrated

that the majority of diatom carbon originates from HCO3
- via direct transportation (Tortell and Morel, 2002;
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Cassar et al., 2004; Martin and Tortell, 2006, Tortell et al., 2006, 2008). Although HCO3
-:CO2(aq) uptake ratios

may alter with inter-species variations in cell morphologies (Martin and Tortell, 2008), no link exists with

changes in pCO2(aq), Fe availability, growth rates, primary productivity or frustule area:volume ratios (Cassar

et al., 2004; Martin and Tortell, 2006, Tortell et al., 2006, 2008). 

With 12C preferentially fractionated over 13C (Laws et al., 1995), δ13Cdiatom predominantly reflect changes in

photosynthetic  carbon  demand  driven  by  variations  in  biological  productivity  or  carbon  cellular

concentrations. Smaller magnitude variations in δ13Cdiatom may then arise with changes in the composition of

the dissolved inorganic carbon substrate (δ13CDIC) and through the intracellular and extra-cellular balance of

CO2 with an increase in photic zone pCO2(aq) reducing δ13Cdiatom (Laws et al., 1995; Rau et al., 1996, 1997).

Whilst questions remain over the potential for δ13Cdiatom to be impacted by changes in  HCO3
-:CO2 uptake,

growth rates, amino acid composition, cell morphology as well as the diffusion of carbon into the cell by the

enzyme RuBisCO (Laws et al., 1995, 1997, 2002; Rau et al., 1996, 1997, 2001; Popp et al., 1998; Cassar et

al., 2006), many of these physiological processes as well as the impact of inter-species vital effects (Jacot

Des Combes et al., 2008) can be partially circumvented by analysing samples comprised of a single taxa.

Consequently, Wwith samples in this studies overwhelmingly dominated by C. radiatus, changes in δ13Cdiatom

are primarily interpreted as reflecting changes in photic zone productivity (Fig. 2). We argue that the impact

of a  changes in  δ13  CDIC  with negligible/minimal influence  arising from variations in  pCO2(aq) or  δ13CDICis

negligible due to the aforementioned evidence that δ13  CDIC exerts only a minimal impact on δ13  Cdiatom, likely

within analytical error, although the lack of carbonates in the sediments prevents an independent δ13  C record

being established to prove this beyond doubt . (Fig. 2). Similarly we argue that higher δ13  Cdiatom values in MIS

5e,  when higher  pCO2(aq) should  have  acted to  reduce δ13  Cdiatom,  points  towards   pCO2(aq) not  exerting  a

significant control on δ13  Cdiatom, although we are aware of the circular reasoning with this argument.

4.2 Changes in the regional biological pump (MIS 5e to MIS 5b)

Previously published opal concentration data (Jaccard et al. 2009) together with δ13Cdiatom data from this study

indicates two intervals of high siliceous productivity at ODP Site 882 through the analysed interval, the first

from 130-114 ka BP corresponding to the last interglacial (MIS 5e: 130-116 ka BP), the second from 101-86

ka BP covering the latter half of MIS 5c (105-93 ka BP) and most of MIS 5b (93-86 ka BP) (Jaccard et al.,

2009) (Fig. 3, green shading). Whilst records of Biogenic Barium (BioBa) capture the MIS 5e peak (Jaccard

et al., 2009), they fail to do so with the second flux event. Assessing the accuracy of BioBa as a measure of

export production is beyond the scope of this study. However Modern day calibrations others have noted the

lack of a relationship between BioBa and export production in the region (Serno et al. 2014) and speculated

that the mismatch can be attributed to early diagenetic remobilization of barium following a change in redox

state (Gebhardt et al., 2008). On the other hand all evidence points against an actual preservation/dissolution

issue in this BioBa record (see Jaccard et al., 2009) and so, in line with Jaccard et al. (2009), we interpret

BioBa as a measure of organic carbon export rather than siliceous productivity. With the isotope records
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reported here derived from diatoms and the siliceous fraction of the sediment record, we focus our discussion

on the opal siliceous productivity record and only used BioBa as proxy of organic carbon export.

Similar to the Southern Ocean, the modern day subarctic North West Pacific Ocean photic zone is largely

limited by iron availability (Harrison et al., 1999; Tsuda et al., 2003). Accordingly, increases in bioavailable

iron represent a plausible mechanism for explaining the two main (opal inferred) productivity peaks during

MIS 5. Today iron supply is thought to primarily occur via aeolian dust deposition originating from East Asia

and the Badain Juran desert (Yuan and Zhang, 2006) and other global regions (Hsu et al., 2012). Additional

iron is then derived from volcanic activity (Banse and English, 1999), continental margins (Lam and Bishop,

2008), advection of waters from the Okhotsk Sea (Nishioka et al. 2007) and winter mixing of surface/sub-

surface water (Shigemitsu et al. 2012). Both  productivity peaks occur without a corresponding increase in

aeolian dust at “Station 3” (close to ODP Site 882 at 50°00′N, 164°59′E) (Shigemitsu et al., 2007) or in East

Asian  winter monsoon records from the Chinese Loess Plateau and other marine sites (Sun et al.,  2006;

Zhang et al., 2009). Whilst a doubling in aeolian dust does occur at “Station 3” during the early stages of

MIS 5c, this ceases before any increase in δ13Cdiatom, opal or other proxy at ODP Site 882 (Shigemitsu et al.,

2007).  The absence of a significant increase in bioavailable iron would appear to rule out a major role for

iron in driving the two productivity peaks in MIS 5e and MIS 5b/c. This would be in line with evidence

indicating that productivity peaks during the last deglaciation across the North Pacific Ocean also occur

without  a corresponding increase in aeolian dust  or  other iron source input  (Kohfeld and Chase,  2011).

Others  have  also  argued that  iron  only  exerts  a  secondary  or  minor  control  on  regional  water  column

productivity in the palaeo record (Kienast et al., 2004; Lam et al., 2013) whilst we are unable to account for

possible  changing  fluxes  of  bioavailable  iron  from  the  Okhotsk  Sea,  winter  mixing  and  other  sources

identified above.

4.2.1 Nutrient utilisation and supply

The deep and intermediate waters of the subarctic Norrh Pacific Ocean contain some of the highest nutrient

levels in the world (Whitney et al. 2013). Accordingly productivity peaks over glacial-interglacial cycles,

including those covered in this study, have been linked to changes in the regional halocline and water column

stratification which would alter the advection of nutrient and carbon rich sub-surface waters into the photic

zone (Jaccard et al., 2005; Gebhardt et al., 2008). A key difference between the two productivity events in

MIS 5e and MIS 5b/c is the response of the biological community to raised photic zone nutrient availability.

Although productivity is high during MIS 5e, values are low for δ30Sidiatom at ODP Site 882 (<1.0‰, n=3) and

for  δ15Ndiatom (<6‰) at a nearby site (49o72'N, 168o30'E)  (Brunelle et al., 2010)  (Fig.  3). In contrast during

MIS 5b-c the productivity peak is concordant with an increase in δ30Sidiatom and δ15Ndiatom to c. 1.2-1.3‰ and

>6‰ respectively (Fig. 3).

Changes in  δ30Sidiatom may reflect  either increased biological  uptake of  silicic acid (consumption) and/or
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changes in the supply of silicic acid to the photic zone. The modern day regional stratified water column is

best  represented  by  a  closed  system  model  in  which  a  finite  amount  of  silicic  acid  exists  for

biomineralisation (Reynolds et al. 2006). In contrast an unstratified water column would be reflected by an

open system model with continual supply of silicic acid. By assuming that the two productivity peaks reflect

a weakening in the stratification, an open system model can be used to investigate the controls on δ30Sidiatom:

(Eq. 1)

where δ30Si(OH)4 is the isotopic composition of dissolved silicic acid supplied to the photic zone, ε is the

enrichment  factor  between  diatoms  and  dissolved  silicic  acid  and  f  is  the  fraction  of  utilised  Si(OH) 4

remaining in the water. Existing work from the North Pacific Ocean has estimated δ30Si(OH)4 at 1.23‰ and ε

as  1.0  (Reynolds  et  al.  2006).  Using  changes  in  Si(OH)4 consumption  (Equation  1), and siliceous

productivity (opal) and assuming modern day estimates of δ30  Si(OH)4 are valid for the past, the supply of

Si(OH)4 in the photic zone can be constrained relative to mean conditions during MIS 5e as:

(Eq. 2)

Estimates of Si(OH)4 consumption and supply from Equations 1 and 2 are only applicable for intervals when

the water column represents an open system (e.g., the productivity peaks in MIS 5e and MIS 5b/c) and are

dependant on modern day estimates of δ30Si(OH)4 being representative of past conditions. The results show

that  the productivity peaks in MIS 5e and MIS 5b/c are both closely correlated with elevated levels of

Si(OH)4 being supplied to the photic zone (Fig. 3), supporting the suggesting that these intervals are linked to

a reduction in water column stratification and an increase in the vertical flux of nutrients bearing sub-surface

waters into the photic zone (Jaccard et al., 2005; Gebhardt et al., 2008). However, whilst the increase in

Si(OH)4 supply in MIS 5b/c is matched by a corresponding increase in biological consumption of Si(OH)4,

increasing the ratio of regenerated to preformed nutrients in the ocean interior, the opposite occurs during

MIS 5e when the rates of Si(OH)4 consumption are at their lowest over the analysed interval. (Fig. 3). Whilst

reduced Si(OH)4 consumption during MIS 5e could be linked to iron limitation, records indicate that aeolian

dust deposition was equally low during both the MIS 5e and the MIS 5b/c productivity peaks. However, as

before we are unable to account for changing in iron arising from non-aeolian sources.

4.2.2 Implications for   p  CO2

Understanding the mechanisms that regulate changes in atmospheric concentrations of CO2 (pCO2) remains a

key objective in palaeoclimatology. Previous research has demonstrated that the Southern and low-latitude

Oceans act as the dominant source/sink of atmospheric CO2 over glacial-interglacial cycles (Pichevin et al.,
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2009; Fischer et al., 2010; Sigman et al., 2010). Whilst the North Pacific Ocean does not need to be invoked

to explain the full amplitude of glacial-interglacial changes, recent work has advocated a potential role for

the region in regulating atmospheric pCO2 over the last termination (Rae et al. 2014).

Today the net annual ocean-atmosphere exchange of CO2 in the subarctic North West Pacific Ocean is close

to zero, but alters from being a sink of atmosphere  CO2 in spring to a source in winter  (Takahashi et al.,

2006;  Ayers  and  Lozier,  2012)  (Fig.  4a).  This  seasonal  variability  can  be  attributed  to  changes  in  the

biological pump and in SST which affects the solubility of  CO2 (Honda et al., 2002; Chierici et al., 2006;

Ayers and Lozier, 2012). A weakening of the halocline stratification in MIS 5e and MIS 5b/c would have

increased  the  advection  of  nutrient  and carbon  rich  waters  from the  ocean interior,  raising  photic  zone

pCO2(aq) and the potential for  CO2 to be ventilated into the atmosphere due to an air-sea disequilibrium in

CO2. This, however, is dependant on the response and relative efficiency of the biological pump in taking

advantage of the increased nutrient supply and altering the ratio of regenerated:performed nutrients to re-

export carbon into the deep ocean (Sigman et al.,  2004, 2010;  Marinov et al.,  2008). Whilst  changes in

temperature/thermocline may also have been important, similar to the modern day, no SST record currently

exists for the region.

During MIS 5e a scenario of both higher pCO2(aq) and incomplete/low rates of nutrient utilisation suggests the

regional ocean could have ventilated  CO2 into the atmosphere faster than the soft-tissue biological pump

reabsorbed and sequestered  CO2 into the deep ocean (Fig.  4b) despite evidence for higher  organic carbon

export (BioBa) in this period (Fig.  3). The culmination of this interval at the end of MIS 5e would have

resulted in the system returning to a stratified state, perhaps similar to the modern day water column (Fig. 4a)

with minimal air-sea fluxes of CO2. In contrast the opal productivity peak in MIS 5b/c is marked by similar

levels of photic zone Si(OH)4 supply as in MIS 5e but with c. 20% higher rates of Si(OH)4 consumption (Fig.

3, 4c). The combination of high siliceous productivity (opal/δ13Cdiatom) and a highly efficient biological pump

(δ30Sidiatom/δ15Ndiatom) during this interval suggests that the net flux of ocean-atmosphere CO2 exchanges arising

from the sea-air disequilibrium could have remained close to zero if  photosynthetic carbon demand was

similar  to  the  rate  of  sub-surface  carbon  flux  to  the  photic  zone.  Whilst  a  highly  efficient  soft-tissue

biological pump raises the possibility for the region to have acted as a net sink of atmospheric  CO2, the

potential and significance for this is limited by the relatively low proportion of surface waters which reach

the deep ocean interior (Gebbie and Huybers, 2011) and low BioBa in this interval (Fig. 3).

WhilstAlthough the data suggests that changes in the regional photic zone may have contributed to variations

in atmospheric pCO2 during MIS 5, both via the soft-tissue biological pump and associated changes in ocean

alkalinity,  it  is  not  possible  to  quantify  the  magnitude  of  any  fluxes  or  access  whether  they  were

accompanied by a change in diatom silicification and cellular Si:C ratios. Firstly, insufficient purified diatom

material  remains to  measure diatom silicon concentrations.  Secondly, although diatom elemental  carbon
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measurements obtained during the analysis of δ13Cdiatom increase from <0.3 wt.% in MIS 5e to c. 0.4 wt.% in

MIS 5b-d (see Supplementary Information) the analytical reproducibility for Cdiatom is relatively high at 0.1%

(1σ) (Hurrell et al 2011) and measurements are derived from the cell wall material and not the bulk cellular

matter formed during photosynthesis. Furthermore, whilst other cores from the region show a similar double

peak in opal productivity during MIS 5 (Narita et al., 2002) records at other sites suggest that the second

peak is restricted to MIS 5b with no increase in MIS 5c (Shigemitsu et al., 2007). Such discrepancies either

suggest poor stratigraphic controls on the age-model for either core, or suggests the potential for significant

spatial variability across the region and reiterates that the magnitude of any ocean-atmosphere fluxes of CO2

would be low compared to those occurring elsewhere in the marine system such as the Southern and low-

latitude oceans.

4.2.3 Freshwater controls on   siliceous   productivity

Records show that the decline in siliceous productivity for both intervals culminates with large decreases in

δ18Odiatom of c. 3-5‰ from c. 113 ka BP and 85 ka BP (Fig. 3, red shading). The magnitude of change is too

large to be driven by reductions in deep water upwelling or shifts in ocean water masses from both higher

and lower latitudes, which would only alter  δ18Owater by c. 1‰ (LeGrande et al., 2006). Instead the drop in

δ18Odiatom suggests  an  input  of  isotopically  depleted  freshwater  that  may  be  similar  in  origin  to  events

documented at the same site during the Late Pliocene/early Quaternary (Swann, 2010). 

Although the modern day regional halocline is maintained by high precipitation and low evaporation in the

region (Emile-Geay et al., 2003), it is difficult to envisage a sufficient increase in precipitation to initiate a 3-

5‰ decrease in  δ18Odiatom. This is reiterated by evidence that monsoonal activity was largely stable during

MIS 5b-e (Sun et  al.,  2006; Zhang et  al.,  2009).  At the same time the potential  for  a glacial  source is

questioned by evidence indicating a restricted glaciation in North East Russia, closest to ODP Site 882, at the

Last Glacial Maximum (LGM) (Barr and Clark 2011, 2012), although other work suggests these ice-sheets

may have been considerably larger prior to the LGM (Bigg et al., 2008; Barr and Solomina, 2014). Recent

work has shown that both of the major decreases in δ18Odiatom coincide with increases in IRD accumulation in

some, but  not  all,  cores from the Okhotsk Sea (Nürnberg et  al.  2011).  It  has also been argued that  the

regional  water column was regulated by significant inputs of meltwater from the northern American ice

sheets during the last deglaciation (Lam et al., 2013).  In either case, the decrease in δ18Odiatom at the end of

each  siliceous  productivity  peak  suggests  that  inputs  of  freshwater  helped  re-establish/strengthen  the

halocline, limiting the upwelling of nutrient/CO2 rich sub-surface waters and biological activity. However,

with the decrease in δ18Odiatom only occurring after the initial decline in productivity, freshwater can only be

acting as a secondary control in re-establishing the halocline.

Previous work has suggested a link between changes in the subarctic North West Pacific Ocean and the

Southern Ocean (Jaccard et al., 2005, 2010; Brunelle et al., 2007; Shigemitsu et al., 2007;  Galbraith et al.,

9/17

294

296

298

300

302

304

306

308

310

312

314

316

318

320

322

324

326

328

330



2008; Sigman et al., 2010). The most viable mechanism for synchronous changes between polar regions are

temperature and salinity driven variations in water column density (Brunelle et al., 2007). For example  a

cooling of polar SST would reduce the rate of sub-surface upwelling into the photic zone  (de Boer et al.,

2007), lowering nutrient availability and potentially triggering the initial decline in siliceous productivity. At

the same time, a decrease in SST would increase the sensitivity of the water column to subsequent changes in

salinity, making the region highly vulnerable  to inputs of  freshwater which would strengthen the water

column and inhibit productivity (Sigman et al., 2004). Additional reductions in  siliceous  productivity may

then arise from lower North Atlantic overturning and associated deep-water incursions and upwelling in the

North Pacific (Schmittner, 2005). Support for a series of events similar to this at ODP Site 882 lies with the

concordant decreases at ODP Site 882 between supplied Si(OH)4/δ30Sidiatom/opal and Antarctic (δD)/NGRIP

(δ18Oice) ice-core records (NGRIP, 2004; Jouzel et al., 2007) at the start of each productivity decline from c.

118 and 89 ka BP respectively (Fig. 3). The final switch to a low productivity system then coincides with the

later decreases in  δ18Odiatom at 113 and 85 ka BP, suggesting that the climatic deterioration associated with

lower  δD/δ18Oice may have fuelled the increase in precipitation and/or an advancement of regional glaciers

around the North Pacific Basin that triggered the increase in freshwater input. Whilst it remains unclear what

initiated either siliceous productivity peak, it can be speculated that reductions in freshwater after 100 ka BP

could  have  weakened  the  halocline  and  created  the  conditions  for  the  second  productivity  bloom  to

eventually develop later in MIS 5b-c. 

4.3 Photic zone changes from MIS 4-5a

Previous research has documented reduced levels of productivity in the North West Pacific Ocean during the

last glacial in response to surface water stratification (Narita et al., 2002; Jaccard et al., 2005, 2010; Brunelle

et al., 2007; 2010; Shigemitsu et al., 2007; Galbraith et al., 2008; Gebhardt et al., 2008). From the latter half

of MIS 5a onwards records of δ15Ndiatom and δ30Sidiatom/Si(OH)4 consumption become anti-correlated (Fig. 3).

Combined with a long-term shift to lower rates of Si(OH)4 supply and higher rates of Si(OH)4 consumption,

this supports suggestions that changes in dust/iron inputs in the last glacial may have helped regulate the

biological  pump by altering the biological  demand for individual  nutrients (Brunelle et  al.,  2007,  2010;

Galbraith et al., 2008; Shigemitsu et al., 2008), in this case by increasing biological uptake of silicon over

nitrogen to  the  extent  that  Si(OH)4 consumption in MIS 4 was up to  40% higher than during MIS 5e.

Elevated Si(OH)4 consumption may also indicate that that the availability of  Si(OH)4 rather than iron may

have ultimately limited siliceous productivity over this interval, in line with a previous suggestion by Kienast

et al (2004).

Superimposed on a trend of low siliceous  productivity during MIS 5a and MIS 4 are two small-moderate

increase in opal at c. 76-74 ka BP and c. 70 ka BP (Fig. 3, green shading). The increase at 70 ka BP does not

coincide with any samples analysed in this study, but the increase at 76-74 ka BP coincides with higher

δ13Cdiatom,  δ30Sidiatom and  Si(OH)4 supply/consumption  (open  model).  Similar  to  before,  both  opal  peaks
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culminate with a 2-3‰ reduction in δ18Odiatom (Fig.  3,  red shading),  reiterating the role of freshwater in

controlling photc zone dynamics in an era that coincides with increased monsoonal and thus precipitation

variability (Sun et  al.,  2006;  Shigemitsu et al.,  2007; Zhang et  al.,  2009). However, whereas the earlier

declines  in  siliceous  productivity  during MIS 5e and MIS 5b/c  are  accompanied by reductions  in  both

Si(OH)4 supply and consumption, here the declines initially occur with reduced Si(OH)4 supply and higher

rates of Si(OH)4 consumption. This advocates the aforementioned suggestion that the photic zone shifted to a

new state from the end of MIS 5a, highlighted by further large changes in Si(OH)4 consumption in MIS 4

that do not coincide with a changes in siliceous productivity or δ18Odiatom (Fig. 3).

5 Conclusions

Results here provide evidence for significant temporal changes in the strength and efficiency of the regional

soft-tissue biological pump from MIS 4-5e, altering the  ratio of regenerated to preformed nutrients in the

water column. In particular the results show evidence of an inefficient soft-tissue biological pump from 124-

114 ka BP, creating the potential for the region to have played a role in maintaining the warm climate of the

last  interglacial  through  the  ventilation  of  oceanic  CO2 to  the  atmosphere.  In  addition  to  highlighting

temporal changes in the biological pump, the data also reveals that the end of both these and other siliceous

productivity fluxes over the analysed interval are linked to significant increases in freshwater input to the

region, re-establishing/strengthening the halocline and limiting the sub-surface supply of nutrient and carbon

rich waters to the photic zone. However, further work is needed to resolve the source of these freshwater

inputs and the mechanisms responsible for initiating the initial increase in siliceous productivity and Si(OH)4

supply to the photic zone. Finally, whilst these findings reiterate earlier work in indicating a highly dynamic

and changing water column in the subarctic North Pacific Ocean during the last glacial-interglacial cycle,

further work is needed to assess the spatial representativeness of these results in other sectors of the subarctic

North Pacific Ocean.
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Supplementary material

Supplementary Table 1: ODP Site 882 δ13Cdiatom, δ18Odiatom and δ30Sidiatom data together with Cdiatom and relative

species biovolume composition in the analysed samples.

Figure legends

Figure 1: Location of ODP Site 882 in the subarctic North West Pacific Ocean.

Figure 2: Relative diatom species biovolumes in samples analysed for δ18Odiatom.

Figure  3: Data from ODP Site 882 showing changes in: 1) productivity [δ13Cdiatom,  BioBa (Jaccard et al.,

2005) and opal concentrations (Jaccard et al., 2009)]; 2) nutrient dynamics [ δ30Sidiatom and δ15Ndiatom (Brunelle

et al., 2010)]; 3: modelled Si(OH)4 supply/consumption in an open system model; and 4) freshwater input

(δ18Odiatom) together with  EPICA Antarctic δD (Jouzel et al., 2007) and NGRIP Greenland  δ18Oice (NGRIP,

2004). Changes in the supply/consumption of Si(OH)4 are relative to mean conditions in MIS 5e. Green/red

shading indicate the increases in productivity and decreases in δ18Odiatom respectively that are discussed in the

text.

Figure  4: Schematic models showing subarctic North West Pacific Ocean conditions for: A) Modern day:

halocline water column with nutrient poor surface waters limiting biological export; B) MIS 5e: no halocline

and enhanced upwelling of nutrient and carbon rich sub-surface waters leading to increased productivity.

Low rates of nutrient utilisation suggest a possible increase in pCO2 and release of CO2 to the atmosphere; C)

MIS 5b-c: conditions similar to MIS 5e but with higher rates of nutrient consumption and a more efficient

soft-tissue biological pump limiting/preventing ventilation of CO2.
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