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Abstract 9 

Major shifts in ocean circulation are thought to be responsible for abrupt changes in 10 

temperature and atmospheric CO2 during the last deglaciation, linked to variability in 11 

meridional heat transport and deep ocean carbon storage. There is also widespread evidence 12 

for shifts in biological production during these times of deglacial CO2 rise, including enhanced 13 

diatom production in regions such as the tropical Atlantic. However, it remains unclear as to 14 

whether this diatom production was driven by enhanced wind-driven upwelling or density-15 

driven vertical mixing, or by elevated thermocline concentrations of silicic acid supplied to the 16 

surface at a constant rate. Here, we demonstrate that silicic acid supply at depth in the NE 17 

Atlantic was enhanced during the abrupt climate events of the deglaciation. We use marine 18 

sediment archives to show that an increase in diatom production during abrupt climate shifts 19 

could only occur in regions of the NE Atlantic where the deep supply of silicic acid could reach 20 

the surface. The associated changes are indicative of enhanced regional wind-driven upwelling 21 

and/or weakened stratification due to circulation changes during phases of weakened Atlantic 22 

meridional overturning. Globally near-synchronous pulses of diatom production and enhanced 23 

thermocline concentrations of silicic acid suggest that widespread deglacial surface-driven 24 

breakdown of stratification, linked to changes in atmospheric circulation, had major 25 

consequences for biological productivity and carbon cycling. 26 
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Atmospheric CO2 changes over the last glacial cycle have been associated with switches 29 

between different modes of Atlantic Meridional Overturning Circulation (AMOC): an interglacial 30 

mode with deep ventilation of North Atlantic Deep Water (NADW); a glacial mode with a 31 

shallower northern component (Glacial North Atlantic Intermediate Water, GNAIW); and a 32 

suppressed mode during Heinrich Stadials, most recently Heinrich Stadial One (HS1, 14.7-16.8 ka 33 

BP) and the Younger Dryas (YD, 11.5-12.8 ka BP), associated with iceberg rafting Heinrich Events 34 

during the last glacial termination (McManus et al., 2004). However, the change in AMOC 35 

between LGM and HS1 (Bradtmiller et al., 2014) and the exact nature of the link between ocean 36 

circulation and atmospheric CO2 are still under debate (Böhm et al., 2015). Early Southern 37 

Hemisphere warming as a result of AMOC slow-down and reduced inter-hemispheric heat 38 

transport, amplified by Northern Hemisphere iceberg discharge, could shift the Southern 39 

Hemisphere westerly winds southwards, promoting widespread upwelling of CO2-rich water and 40 

degassing of CO2 into the atmosphere (Anderson et al., 2009). Alternatively, this early Southern 41 

Hemisphere warming could have led to shifts in oceanic circulation due to a reduction in GNAIW 42 

production resulting in changes in deep ocean density, ventilation and CO2 release (Broecker, 43 

1998; Meckler et al., 2013). 44 

Silicic acid is an important nutrient for siliceous organisms such as diatoms and can be 45 

used as a water mass tracer in the modern Atlantic because there is a strong circulation driven 46 

south-north gradient in concentrations; Antarctic Bottom Water (AABW) is characterised by 47 

higher silicic acid concentrations than NADW (Fig. 1).  Antarctic Intermediate Water (AAIW) and 48 

Subantarctic Mode Water (SAMW) are formed in the Southern Ocean by a combination of deep-49 

water convection and wind-driven mixing near the Polar Front. The subducted intermediate 50 

depth water, which supplies a large area of the world’s thermocline waters with nutrients, has 51 

moderate absolute concentrations of silicic acid, but low silicic acid concentration relative to 52 

other nutrients (e.g. nitrate) due to low nutrient utilisation by iron-limited diatoms (Sarmiento 53 

et al., 2004). Changes in the export of silicic acid, relative to other nutrients, in intermediate 54 

depth waters as a result of changes in iron supply to the Southern Ocean have been invoked as 55 

an explanation for glacial-interglacial pCO2 changes (the Silicic Acid Leakage Hypothesis 56 

(Brzezinski et al., 2002)). However, there is arguably little evidence for either a change in the 57 

nutrient composition of AAIW or SAMW, or shifts in diatom growth relative to non-siliceous 58 

phytoplankton, over these timescales (Bradtmiller et al., 2006, 2007; Hendry and Brzezinski, 59 

2014; Hendry et al., 2012). 60 



The extent to which AAIW and SAMW distribution and nutrient composition changed during the 61 

climatic events of the deglaciation is also far from clear. Nutrient proxies point towards an 62 

increase in the export of nutrients from the Southern Ocean during HS1 and the YD (Came et al., 63 

2003; Hendry et al., 2012), but it is challenging to constrain their exact nature and source 64 

(Meckler et al., 2013).  Conservative tracers, such as the neodymium isotope composition of 65 

ferromanganese coatings of detrital sediments and  foraminifera, provide  conflicting evidence 66 

for either enhanced or reduced AAIW export into the tropical Atlantic during HS1 and the YD 67 

(Huang et al., 2014; Pahnke et al., 2008; Xie et al., 2012). Comparable sediment archives from 68 

the tropical Pacific show that there was an enhanced presence of AAIW and SAMW during the 69 

same intervals (Pena et al., 2013). 70 

Using a different approach, the flux of diatom opal and related geochemical 71 

sedimentary properties (e.g. biogenic barium) have been used as a proxy for silicic acid supply, 72 

to trace the route of deep southern component water (SCW) into the Atlantic (e.g. Meckler et 73 

al., 2013).  Pulses of diatom accumulation off the NW coast of Africa have been interpreted as 74 

indicating that the Atlantic was filled with southern sourced glacial AABW (GAABW) during 75 

glaciations. The boundary between northern and southern sourced waters shoaled further 76 

during HS1 as a result of a strong AMOC reduction which allowed density-driven mixing 77 

between surface waters and silicic acid-rich deep-waters (Meckler et al., 2013). However, the 78 

driver of these pulses of diatom production remains unclear: were nutrients brought to the 79 

surface at a greater rate as a result of stronger upwelling driven by stronger winds (Anderson et 80 

al., 2009) or vertical mixing driven by density differences (Meckler et al., 2013)? Or did supply 81 

rates stay relatively constant, with productivity enhanced by a greater concentration of the key 82 

nutrient, silicic acid, feeding from below into the thermocline and eventually into the mixed 83 

layer (Hendry et al., 2012)? 84 

To understand the driver of pulses in diatom production we have reconstructed past 85 

changes in deep-water silicic acid concentration in the mid- and high-latitude NE Atlantic using 86 

the silicon isotope composition (denoted by G30Si) of siliceous sponge spicules (Hendry and 87 

Robinson, 2012).  The Iberian margin is ideally placed to investigate shifts in oceanographic 88 

processes over millennial timescales due to high sedimentation rates and a strong sensitivity to 89 

low and high latitude water exchange (Hodell et al., 2013). Furthermore, deep marine (>2500 m) 90 



sediment cores have been found to record the balance of northern component water versus 91 

SCW in planktonic and benthic geochemical archives (Hodell et al., 2013).  92 

2. Materials and Methods 93 

2.1 Study sites 94 

The site of sediment core OMEXII-9K (42°19.94’N, 09°41.92’W, 1833 m water depth; Hall and 95 

McCave, 2000) is bathed today in Upper Labrador Sea Water (40%), Upper Circumpolar Deep 96 

Water (20-30%) and Mediterranean Outflow Water (MOW, 30-40%) (Jenkins et al., 2015). We 97 

selected this location in order to investigate the vertical shift in the boundary between GNAIW 98 

and GAABW, which is thought to be at approximately 2000 m water depth at the latitude of the 99 

Iberian margin during the glacial (Gebbie, 2014). Although changes in MOW inflow could 100 

potentially change the bottom seawater chemistry at this location, MOW today has a low 101 

dissolved silicon concentration (Schlitzer, 2000) and there is no likely mechanism by which a 102 

change in composition of this water mass could cause any significant increase in silicic acid 103 

concentration at the core site. A northern-sourced end-member record from off the south east 104 

coast of Iceland (RAPiD-15-4P, 62° 17.58 ’N, 17° 08.04 ’W, 2133 m water depth) was selected as 105 

a comparison. 106 

2.1. Silicon isotope measurements 107 

Sponge spicules were hand-picked from the greater than 63 Pm fraction of washed and 108 

sieved samples from sediment cores OMEXII-9K and RAPiD-15-4P and were cleaned according to 109 

published methods (Hendry and Robinson, 2012).  Different spicule morphologies (megasclere 110 

types including different forms of, for example, triaenes, styles, tornotes) were monitored, to 111 

ensure that there were no biases introduced to the isotope measurements, and in order to give 112 

an indication of sponge diversity. The spicules were rinsed in deionized water, dried down in 113 

Teflon vials, then dried down again in 100 PL ultrapure concentrated HNO3 (Romil) to remove 114 

any traces of organic matter. Whilst still hot, 500 PL of 0.4M NaOH (Merck Millipore TitriPUR) 115 

were added to each sample, and dissolved over three days at 100°C.  The samples were acidified 116 

to pH~2 with 8N ultrapure HNO3 (Romil), and purified using cation exchange resin (Bio-Rad 117 

AG50W X12) (Georg et al., 2006).  Reference standards were prepared by alkaline fusion with 118 

NaOH pellets (Fisher Scientific), and processed as above (Georg et al., 2006). 119 



The samples were analysed for silicon isotope composition (28Si, 29Si, 30Si) using a Neptune Multi-120 

Collector Inductively Coupled Plasma Mass Spectrometer (MC-ICP-MS) at Bristol University 121 

(operating conditions provided in Table S1).  Machine blanks were monitored, and were <1% of 122 

the signal on 28Si.  A full procedural laboratory blank was processed and contained Si 123 

concentrations below the level of detection.  Mass bias and matrix effects were corrected using 124 

standard-sample bracketing, and internal Mg-doping (Hendry and Robinson, 2012).  Si and Mg 125 

intensities were matched within 10% (typically <5%). The silicon isotope results are reported as 126 

G30Si values relative to the standard NBS28 (SRM 8546) according to equation 1: 127 

       (1) 128 

Analysis of reference standards “diatomite” and “Big Batch”, which have been characterised by 129 

several research groups in an interlaboratory study, yielded a mean G30Si of -1.25 ‰ (±0.18 2SD, 130 

n = 70) and -10.67 ‰ (±0.08 2SD, n = 3) respectively, agreeing well with published values 131 

(Reynolds et al., 2007). Sponge standard LMG08 (Hendry et al., 2011; Hendry and Robinson, 132 

2012) was analysed multiple times during every run and used to assess long-term external 133 

reproducibility, yielding mean G29Si and G30Si values over several months of -1.74 (±0.12) ‰ and 134 

-3.40 (±0.15) ‰ respectively (n = 37). Full sample replicates from OMEXII-9K agreed within 135 

0.03‰. A three-isotope plot (G29Si vs. G30Si) of all of the opal samples (including “diatomite”) 136 

measured in this study fall on a straight line through the origin with a gradient of 0.5106 ± 0.007 137 

(1 SE), falling between thermodynamic (0.5210) and kinetic (0.5105) mass-dependent 138 

fractionation (Fig. 2). All isotope data are presented in the supplementary tables. 139 

2.2. Silicic acid calculations 140 

To account for the two published calibration models, silicic acid concentrations were calculated 141 

from spicule G30Si using the linear relationship from (Hendry et al., 2010; Hendry et al., 2012) for 142 

Southern Ocean sponges and the exponential relationship from (Hendry and Robinson, 2012; 143 

Wille et al., 2010) for sponges from different ocean basins including the Pacific. Seawater 144 

G30Si(OH)4 will influence the relationship between sponge G30Si and ambient silicic acid 145 

concentration (likely to be important for isotopically heavy waters e.g. AAIW). G30Si(OH)4 for the 146 
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South Atlantic site GeoB2017-3 (21.18°S, 46.45°W; 1048m water depth off the Brazilian margin) 147 

are from (Hendry et al., 2012). North Atlantic waters were assumed to have G30Si(OH)4 of +1.6‰ 148 

(de Souza et al., 2012). 149 

2.3. Benthic foraminiferal calcite stable isotopes 150 

To complement G30Si at OMEXII-9K, benthic foraminiferal (Cibicidoides sp.) calcite oxygen and 151 

carbon stable isotopes were measured from the deglacial section of the core (Supplementary 152 

tables). Cibicidoides wuellerstorfi and C. pachyderma were hand-picked from washed and sieved 153 

sediments from OMEXII-9K and measured for stable isotopes using a Thermo Finnigan MAT 252 154 

isotope ratio mass spectrometer coupled to a Kiel II carbonate preparation device at Cardiff 155 

University. 156 

2.4. Age Models 157 

The age model for OMEXII-9K was based on radiocarbon measurements (from Hall and McCave, 158 

2000) recalibrated using CALIB 7.1 and INTCAL13 with a reservoir age of 400 years; the 159 

percentage diatom data for the Iberian margin are from a nearby core MD95-2039 (40.57°N, 160 

10.34°W, 3381 m water depth) with an age model based on reservoir-corrected radiocarbon 161 

measurements (from Vodelsang and Sarnthein, 2004) recalibrated using CALIB 7.1 and 162 

INTCAL13; other archives were dated using published age models using INTCAL04, 09 or 13 163 

(Gherardi et al., 2005; Hendry et al., 2014; Hendry et al., 2012; McManus et al., 2004; Romero et 164 

al., 2008; Thornalley et al., 2011). 165 

3. Results and discussion 166 

3.1. NE Atlantic silicon isotopes and origins of deep water silicic acid  167 

The G30Si measurements from RAPiD-15-4P range from -1.8 to -0.87‰, corresponding to 168 

silicic acid concentrations of <20 PM (Fig. 2d), with one value (dated as ~11.6 ka) of -2.06‰ 169 

corresponding to a higher silicic acid concentration (~30-40 PM). OMEXII-9K shows G30Si varying 170 

from -2.43 to -1.28‰ (silicic acid concentrations of <15-20 PM to ~50 PM), with a core top value 171 

of -1.51‰ that corresponds to a silicic acid concentration of ~20-25�PM, and matches well with 172 

modern observations from the Iberian margin (Fig.1, 3d). Downcore, OMEXII-9K has lower G30Si 173 

for the glacial compared to the Holocene, reflecting higher silicic acid concentrations. The 174 

deglaciation is punctuated by two very low G30Si peaks at 11.9-12.3 ka and 15.5-16.6 ka 175 



(corresponding to peak silicic acid concentrations of 50-60 PM (Hendry et al., 2010; Hendry and 176 

Robinson, 2012)). There was no correspondence between spicule morphologies and isotopic 177 

composition, suggesting that there was no bias in the records resulting from spicule type or 178 

formation mechanism (supplementary tables and supplementary figure). 179 

The relatively low silicic acid concentrations recorded by the SE Iceland RAPiD-15-4P 180 

core suggest that SCW did not penetrate into the high-latitude North Atlantic during HS1, and 181 

that our record from RAPiD-15-4P represents an area of NADW formation throughout the 182 

deglaciation.  Persistent NADW formation is consistent with proxy reconstructions, including 183 

those based on 231Pa/230Th (Bradtmiller et al., 2014), HNd (Böhm et al., 2015) and grain size 184 

sortable silt (Hall and McCave, 2000), as well as model results (Gebbie, 2014), which suggest 185 

that the AMOC may only have weakened during HS1 and YD rather than collapsing entirely. The 186 

highest isotopic values, and so the lowest silicic acid concentrations, are recorded in RAPiD-15-187 

4P at the beginning of the Bølling-Allerød (~ 14.7 ka), suggestive of either invigorated NADW 188 

production or a change in the source concentrations in the regions of deep water formation 189 

(Thornalley et al., 2011). 190 

In contrast, the Iberian Margin OMEXII-9K core records abrupt shifts in silicic acid 191 

concentration towards high values during the deglacial, corresponding with the YD and HS1 and 192 

likely related to changes in Atlantic circulation. These low G30Si excursions in sponge values in 193 

our core closely correspond with Greenland ice core temperature fluctuations, although the 194 

Greenland signal is more pronounced in the YD compared to HS1 (Deplazes et al., 2013; Fig. 3a). 195 

The low isotope excursions also coincide, within age-model limits, with evidence from a nearby 196 

core for shifts in circulation strength according to 231Pa/230Th records (Fig. 3b; Gherardi et al., 197 

2005), and occur at the same depths as negative excursions in benthic G13C recorded in OMEXII-198 

9K (Fig. 3e). These contemporaneous excursions in benthic G30Si and G13C, both towards lower 199 

values, are indicative of an incursion of nutrient-rich water onto the continental margin during 200 

periods of AMOC weakening. However, similar abrupt shifts towards higher silicic acid 201 

concentrations on the Iberian margin are not apparent in the OMEXII-9K record for either HS2 (~ 202 

25 ka BP) or HS3 (~30 ka BP). While this could potentially be a consequence of lower sampling 203 

resolution during these intervals the lack of higher silicic acid concentrations is consistent with 204 

HNd records that point towards substantial weakening of AMOC only occurring during Heinrich 205 

Stadials at glacial terminations (Böhm et al., 2015). Between the HS1 and YD silicic acid 206 



excursions, OMEXII-9K silicic acid returns to the northern component end-member values 207 

recorded in RAPiD-15-4P between 12.3 to 15.5 ka, consistent with reinvigorated AMOC and 208 

enhanced NADW formation during the Bølling-Allerød (Barker et al., 2010; Gherardi et al., 2005; 209 

McManus et al., 2004). 210 

The lack of coincident shifts in spicule G30Si in our RAPiD-15-4P deglacial record off SE Iceland is a 211 

strong indication that the Iberian margin silicic acid pulses originated from the Southern Ocean. 212 

Using sponge spicule G30Si from Drake Passage, Southern Ocean and from RAPiD-15-4P as a 213 

measure of GAABW and GNAIW end-member silicic acid concentrations (assuming MOW to 214 

have a similar composition to GNAIW), we use mass balance to estimate that the water bathing 215 

the Iberian margin at our OMEXII-9K core site was ~50% GAABW during HS1 the YD (Fig. 4). 216 

Using modern end-member values for GAABW and GNAIW (plus MOW) of 120 and 15 PM 217 

respectively (Schlitzer, 2000) yields an estimate of ~70% GAABW contribution to the Iberian 218 

margin during HS1 and the YD. However, the silicic acid-rich pulses recorded by OMEXII-9K could 219 

have originated from either a greater extent of southern-sourced mode waters (GAAIW/SAMW) 220 

of relatively higher silicic acid concentration (Hendry et al., 2012; Pahnke et al., 2008), or 221 

through the entrainment of deep, silicic acid-rich waters into mode waters as a result of 222 

enhanced Southern Ocean ventilation (Anderson et al., 2009; Hendry and Brzezinski, 2014). 223 

Whilst it is not possible here to distinguish between these options, the evidence for changes in 224 

the extent of AAIW/SAMW during the deglaciation from foraminiferal stable isotopes and HNd 225 

records are equivocal, and only exist for the Western Atlantic (Huang et al., 2014; Pahnke et al., 226 

2008; Xie et al., 2012) and Pacific (Crosta et al., 2007; Pena et al., 2013). It should also be noted 227 

that deglacial sponge spicule G30Si from the Brazilian margin (GeoB2107-3; Hendry et al., 2012), 228 

at 1000 m water depth, shows that AAIW/SAMW had sufficient silicic acid concentration to  229 

explain our Iberian margin record during the YD but are not sufficient to explain the high silicic 230 

acid peak during HS1 (Fig. 4). This may reflect an asymmetric zonal behaviour in the eastern and 231 

western Atlantic basins during the deglaciation, or different mechanisms controlling ocean 232 

circulation changes during the two abrupt events. 233 

3.2. Origin of high silicic acid waters at the ocean surface 234 

The close temporal link between the silicic acid incursions recorded in OMEXII-9K and 235 

diatom productivity archives from other regions of the mid-latitude NE Atlantic provides insight 236 

into the relative role of silicic acid supply, versus the concentration of thermocline waters, in the 237 



development of deglacial opal peaks.  Diatom abundance from sediment core GeoB7926 (20° 238 

13’N, 18° 27’W, 2500 m water depth) off the NW coast of Africa (Romero et al., 2008), and other 239 

nearby locations (Meckler et al., 2013), show peaks during HS1 and the YD that are coeval with 240 

those from the OMEXII-9K spicule G30Si record (Fig. 5) that suggest a strong link between surface 241 

diatom production and deep water silicic acid concentrations. This similarity could be 242 

interpreted as supporting previous models that propose that the silicic acid reached the surface 243 

off NW Africa as a result of density-driven mixing between surface and deep ocean waters due 244 

to the reduction of the AMOC during HS1 (Meckler et al., 2013). However, importantly, diatom 245 

productivity records from the Iberian margin do not show any correspondence with our G30Si 246 

records of deep-water silicic acid concentration (Fig. 5). Such spatial variability and the 247 

localisation, in the NE Atlantic, of deglacial opal production to the NW coast of Africa indicates 248 

that there must have been an additional requirement met, as well as the presence of enhanced 249 

silicic acid concentration at depth, in order to promote diatom growth at these times.  250 

The most likely additional key requirement necessary to drive enhanced diatom 251 

productivity is a regionally specific transport pathway of the silicic acid from depth to the 252 

surface ocean, promoted by, for example, localised wind-driven processes or density-driven 253 

stratification changes. In the modern ocean, the high surface productivity off the NW African 254 

coast is a result of the combined influence of nutrient supply and coastal upwelling (Romero et 255 

al., 2008).  Relatively high-nutrient waters (up to 10PM silicic acid) reach the shelf as a result of 256 

sloping isopycnals (Boyer et al., 2013) and strong, near-coastal upwelling occurs continuously 257 

throughout the year driven by Ekman transport as a result of the trade winds (Huthnance, 258 

1995). The upwelling is enhanced during the boreal winter when the Intertropical Convergence 259 

Zone (ITCZ) is in a southerly position and trade winds are strengthened (Adkins et al., 2006). 260 

Such high biomass waters that form within 50-70 km of the shore are additionally transported 261 

by surface currents in filaments that extend out to the open ocean (Pelegrí et al., 2005; Romero 262 

et al., 2008). A likely explanation for the increase in diatom production during the abrupt climate 263 

events of the deglaciation is that upwelling was strengthened relative to the Iberian margin as a 264 

result of enhanced trade winds, accompanying a southerly movement of the ITCZ, consistent 265 

with 230Th and dust proxy and Th-normalised opal flux data (Adkins et al., 2006; McGee et al., 266 

2014; Zhao et al., 2006), and coupled climate models (e.g. Chiang and Friedman, 2012). An 267 

increase in supply of upwelled waters to the near-shore coastal surface waters, together with an 268 

increase in nutrient concentration at depth and potentially stronger transport of high-biomass 269 



filaments out to the open ocean, could readily explain the diatom abundances and species 270 

changes observed in GeoB7926 and greater export production from nearby cores (Filipsson et 271 

al., 2011; Incarbona et al., 2010; Moreno et al., 2002; Romero et al., 2008; Zarriess and 272 

Mackensen, 2010; Zhao et al., 2006). A wind-driven upwelling mechanism could also explain the 273 

lack of a significant diatom pulse at our Iberian margin site during HS1 and the YD, which is 274 

situated outside of the main trade wind belt.  However, we cannot rule out that buoyancy 275 

driven changes in stratification, as a result of iceberg melt water inputs to the North Atlantic, led 276 

to latitudinal differences in the vertical density structure. Cold, fresh waters from the north 277 

could have led to greater stratification off the Iberian Margin, reducing nutrient supply to the 278 

surface and productivity (Incarbona et al., 2010), but could have contributed to weaken 279 

stratification and thus an enhanced upwelling of silicic acid into the surface waters in distal 280 

regions such as coastal NW Africa due to the warming in the subsurface depths of tropical 281 

Atlantic. Further modelling work will shed light on the relative roles of wind-driven and density-282 

driven upwelling.  283 

3.3. A global fingerprint of diatom production during the deglaciation 284 

 Comparison between our new G30Si isotope data and other paleoclimate records shows 285 

that the silicic acid-rich water reached intermediate depths only in certain regions of the Atlantic 286 

(Fig. 4). Sponge spicule G30Si records from a SW Atlantic core (GeoB2107-3, 1000 m water depth) 287 

show that AAIW was being exported from the Southern Ocean during HS1 and the YD with 288 

higher silicic acid concentrations (Hendry et al., 2012). Together with foraminiferal Cd/Ca 289 

records (Came et al., 2003), these published results indicate an increase in the ratio of silicic acid 290 

to other nutrients (nitrate and phosphate) during these abrupt climate events. This is consistent 291 

with enhanced ventilation in the Southern Ocean (Hendry and Brzezinski, 2014) potentially due 292 

to a Southern Ocean  sea ice retreat that is accompanied by a southward shift of the sea ice 293 

melting zone and associated destratification (Abelmann et al., 2015). However, spicule G30Si 294 

records from a NW Atlantic core (KNR140-2-56GGC, 32° 56.3, 76° 17.7’W) from 1400 m water 295 

depth show marginally higher silicic acid concentrations during the glacial compared to the 296 

Holocene, and only a moderate increase in silicic acid during the deglaciation (Fig. 4) (Hendry et 297 

al., 2014). Although there is no evidence for any major increase in silicic acid at intermediate 298 

depths in the western basin of the North Atlantic (Fig. 4), there is evidence for increased diatom 299 

occurrence during the deglaciation in the western equatorial Atlantic (Bradtmiller et al., 2007) 300 



and during HS1 in mid latitudes of the NW Atlantic (Hendry et al., 2014). Furthermore, 301 

equatorial Pacific biomarker (Calvo et al., 2011; Pena et al., 2013) and opal flux (Bradtmiller et 302 

al., 2006) records show periods of enhanced diatom production that are contemporaneous 303 

(within the limits of age models) with the deglacial Atlantic productivity peaks. Whilst these 304 

equatorial records appear – at least according to HNd records (Pena et al., 2013) - to coincide 305 

with peaks in GAAIW extent in the Pacific, the more complex pattern of intermediate water 306 

reconstructions in the Atlantic requires an explanation for the productivity peaks that does not 307 

rely on changes in mode water production or composition. Collectively these records require a 308 

mechanism to link biological activity in different ocean basins on rapid timescales, but which 309 

cannot solely be due to increased silicic acid concentrations from any one given source.  We 310 

suggest an alternative explanation, in which widely-distributed regions of weakened 311 

stratification during HS1 and the YD, driven by atmospheric circulation changes, formed multiple 312 

conduits for nutrients and carbon to reach the ocean surface in several locations.  These 313 

changes triggered particularly strong diatom production in those areas directly tapping into 314 

silicic acid-enriched deep SCW and thereby played a crucial role in deglacial changes in biological 315 

productivity and carbon cycling. 316 

4. Conclusions 317 

Major shifts in ocean circulation, driven by changes in the density structure and wind patterns, 318 

are thought to be responsible for the abrupt shifts in temperature and atmospheric CO2 during 319 

the last deglaciation, as recorded in ice and marine sediment cores, due to links with heat 320 

transport between high and low latitudes, deep ocean carbon storage and biological 321 

productivity. This study presents the first evidence for an increase in the key nutrient silicic acid 322 

at depth, supplied to the North Atlantic during the abrupt climate events of the last 323 

deglaciation. This increase in silicic acid at depth would have driven the deglacial spikes of 324 

diatom growth observed in the Atlantic, in regions where physical processes would transport 325 

the deeper source of silicic acid towards the thermocline and the mixed layer. A global 326 

comparison of diatom growth proxies shows that these pulses of siliceous production occurred 327 

near-contemporaneously in regions of the Atlantic and Pacific, but were not ubiquitous. We 328 

suggest that there were widespread regions of weakened stratification during HS1 and the YD 329 

that triggered not only enhanced carbon release to the atmosphere, but also major changes in 330 

marine algal populations through changes in the supply of key nutrients. 331 
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Figure Captions: 496 

Figure 1: Location of study sites and other cores discussed in the main text.  Colour 497 
contours show silicic acid concentration at the 2000 m depth contour (Schlitzer, 2000), 498 
illustrating the low silicic acid concentrations in modern northern component waters compared 499 
to the silicic acid-rich southern component waters. Map produced using Ocean Data View. 500 

 501 

Figure 2: Three isotope plot for opal silicon isotope data measured during this study 502 
(Bristol Isotope Group, Jan 2014-Feb 2015). See Table S1 for operating conditions. The linear 503 
regression was carried out using SigmaPlot 13.0. 504 

 505 

Figure 3: Silicon isotope records from deep-sea sponge spicules from RAPiD-15-4P (SE 506 
Iceland) and OMEXII-9K (Iberian margin) compared with other climate records. a) Greenland 507 
NGRIP ice core oxygen isotope curve (Andersen et al., 2004); b) 231Pa/230Th record from the 508 
Iberian margin (Gherardi et al., 2005) (dark grey squares); 231Pa/230Th record from the Bermuda 509 
Rise (Lippold et al., 2009; McManus et al., 2004) (light grey squares, error bars show 2 standard 510 
error, SE); c) OMEXII-9K planktonic G18O record from G. bulloides (Hall and McCave, 2000) 511 
(hollow triangles); d) sponge spicule G30Si from OMEXII-9K (solid black circles); sponge spicule 512 
record from RAPiD-15-4P (hollow grey circles, this study, vertical error bars show 2 standard 513 
deviations (SD); external reproducibility and horizontal error bars are estimates of uncertainties 514 
on age model; full replicates from OMEXII-9K agreed within 0.03‰; note reversed G30Si axes such 515 
that silicic acid increases up the page; e) benthic G18O record from Cibicidoides (solid diamonds, 516 
mixed C. pachyderma and C. wuellerstorfi, this study, error bars are 1 SD); benthic G13C record 517 
(hollow diamonds, this study). The light grey bars highlight abrupt climate events as recorded in 518 
North Atlantic ice cores. 519 

 520 

Figure 4: A comparison of a) spicule silicon isotope records (error bars show 2SD) and b) 521 
reconstructed silicic acid concentrations from the Atlantic. Records are from SE Iceland (RAPiD-522 
15-4P, this study), NW Atlantic (KNR140-2056GGC (Hendry et al., 2014)), Iberian margin 523 
(OMEXII-9K, this study), the Brazilian margin in the South Atlantic (GeoB2107-3 (Hendry et al., 524 
2012)), and the Southern Scotia Sea area of the Southern Ocean (PC034 in grey fill (Hendry et al., 525 
2010)). Note that the spicule G30Si-silicic acid calibration will be dependent on seawater 526 
G30Si(OH)4 (Hendry et al., 2012), which could be responsible for the heavier isotopic composition 527 
of spicules from the South Atlantic compared to the Iberian margin. The G30Si axis is reversed. 528 
Silicic acid concentrations were reconstructed using the calibrations in Methods (error bar in b 529 
shows estimated uncertainty on calibrations of ~15 PM (Hendry et al., 2012)). For core locations, 530 
see Figure 1. 531 

 532 

Figure 5: Comparison of silicon isotope signal from the Iberian margin and NE Atlantic 533 
diatom abundance. a) sponge spicule G30Si from OMEXII-9K (solid circles; vertical error bars show 534 
2 standard deviations (SD)); b) percentage of material comprising diatom valves from a sediment 535 



core near to OMEXII-9K (MD95-2039 (Thomson et al., 2000)) (black diamonds); and c) diatom 536 
assemblages (valves/g) from sediment core GeoB7926 off the NW African Margin in the 537 
Mauritanian upwelling zone (Romero et al., 2008) (grey diamonds). 538 

 539 
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