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Abstract 18 

The biological pump and deep-ocean ventilation in eastern equatorial Pacific (EEP) Ocean 19 

are thought to play a crucial role in cases of global CO2 change. However, the integral role of these 20 

two processes in regulating atmospheric CO2 perturbations over major climate transitions are still 21 

unknown. Here, we present the magnetofossil record in EEP sediments from Sites 1333 and 1218 22 

across the Eocene-Oligocene Transition (EOT) when the major ice-sheet was first established on 23 

Antarctica. We find that the EEP dust fertilization and bottom-water oxygenation were well co-24 

archived by magnetofossil in characteristics of abundance and morphology, respectively. Our 25 

observations show a coeval decline of EEP biological productivity and deep-ocean ventilation 26 

during the Antarctic glacial expansion, and suggest that the reduced deep-ocean ventilation 27 

contributed to the global CO2 decline across the EOT, whereas the superimposed biological pump 28 

action provided a negative (stabilizing) feedback in the meantime. 29 

Plain Language Summary 30 

The integral role of the eastern equatorial Pacific (EEP) Ocean to global CO2 perturbations 31 

over major climate transition remains debated. Here, we investigated the combined influences of 32 

EEP dust fertilization and deep-ocean ventilation on the later Eocene to early Miocene global CO2 33 

decline using a novel biological magnetofossil proxy. We find that the magnetofossil is a valuable 34 

palaeoenvironmental indicator whose abundance and morphology strongly linked to the dust 35 

inputs and the deep-ocean oxygenation, respectivily. Based on these records, we proposed that the 36 

deep-ocean ventilation primarily controlled the later Eocene to early Miocene CO2 decline in EEP 37 

Ocean, and in the meantime, however, the superimposed biological pump action played a negative 38 

and stabilizing role. 39 
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1. Introduction 40 

The eastern equatorial Pacific (EEP) Ocean is one of the major iron-limited high-nutrient, 41 

low-chlorophyll (HNLC) regions and it plays a crucial role in global climate changes and carbon 42 

cycles (Martin, 1990; Erhardt, 2017). The EEP surface iron fertilization and deep-ocean ventilation 43 

are two principal processes that contribute to the case of global atmospheric CO2 perturbation 44 

(Murray et al., 2012; Marcantonio et al., 2020). Today, the EEP Ocean mainly acts as a net CO2 45 

source to atmosphere because the elevated ventilation promotes the outgassing of the respired 46 

carbon pool stored in deep ocean (Takahashi et al., 2009). However, it could be a net CO2 sink in 47 

the geological past if the biological pump enhanced by more dust supply to augment the CO2 48 

remove from the atmosphere (Loveley et al., 2017). Therefore, efficiency of iron fertilization and 49 

changes in ocean ventilation together controlled the sea-air CO2 budget in this region. 50 

Costa et al. (2016) has claimed that there was no iron fertilization in the EEP ocean during 51 

the Last Glacial Period (LGP) because the subsurface major nutrient concentrations were lower in 52 

the central equatorial Pacific during that time. They, therefore, concluded that large nutrient was 53 

consumed by dust fertilization in subantarctic zone of Southern Ocean during the LGP, and that 54 

made the EEP subsurface nutrients depleted and ultimately lowed the iron fertilization in EEP. In 55 

fact, besides the oceanic productivity, the Pacific deep-ocean ventilation is also substantially 56 

incked to the Antarctic climate states, which would substantially account for the deep ocean 57 

respired carbon pool variations and resultant global CO2 cycles (Martinez-Garcia et al., 2014). 58 

Understanding the EEP Ocean fertilization is challenging now (Lyle, 2008; Jacobel et al., 2019). 59 

Although many attentions have been focused on there to investigate the relationship between dust 60 

fertilization and carbon cycles, arguments both for and against it are reported (Winckler et al., 61 
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2016; Costa et al., 2016; Loveley et al., 2017). Meanwhile, the associated role of deep-ocean 62 

ventilation is rarely considered. 63 

Valuable paleoenvironmental indicators that could co-archive surface fertilization and 64 

bottom-water oxygenation variations at the same time provide a new insight in understanding the 65 

integral role of the EEP in regulating the atmospheric CO2. Magnetotactic bacteria (MTB) 66 

inhabiting near the sediment oxic-anoxic transition zone (OATZ) could intracellularly synthesize 67 

magnetite with iron and organic matter supply (Amoret al., 2020). Their nanomagnetic remains 68 

will be buried in sediment when they die and fossilized to be magnetofossils (Kirschvink & Chang, 69 

1984). Magnetofossils are now recognized to be widespread in pelagic marine sediments and 70 

regarded as a well-preserved biomarker (Kopp & Kirschvink, 2008; Roberts et al., 2013). 71 

Moreover, its abundance as well as morphology are sensitive to environmental changes such as 72 

iron supply, carbon export production, and bottom water oxygenation (Chang et al., 2018; He & 73 

Pan, 2020). That makes magnetofossil competent as a proxy to archive combined roles of surface 74 

dust fertilization and deep-sea ventilation to global CO2 perturbation during global climate changes. 75 

Here, we present records of dust input, biological productivity, and bottom water 76 

oxygenation from two cores of International Ocean Discovery Program Sites 1333 and 1218, 77 

which were located in the present-day EEP HNLC region from the late Eocene to early Miocene. 78 

(Figure.1). By using magnetofossil abundance and morphology signatures as the indicators of 79 

export productivity and bottom-water oxygenation, respectively, we explored the combined roles 80 

of EEP dust fertilization and deep-ocean ventilation in regulating the global CO2 perturbation 81 

during the first build-up of major Antarctic glaciation across the Eocene-Oligocene Transition 82 

(EOT). 83 
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2. Methods 84 

We measured first-order reversal curves (FORCs) to detect magnetofossils in EEP sediments 85 

(Robert et al., 2000). Hysteresis loops and backfield demagnetization curves were measured to 86 

calculate the coercivity (Bc) and remanence coercivity (Bcr) for bulk sediments. Isothermal 87 

remanent magnetizations (IRM) curves were decomposed into different magnetic components 88 

using the approach of Kruiver et al. (2001). Transmission electron microscope (TEM) observation 89 

was subjected to samples after magnetic extraction for magnetofossil morphologies identification 90 

and statistical analysis. ARM@20 mT (anhysteretic remanent magnetization after alternating field 91 

demagnetization at 20 mT) was measured to estimate the sediment magnetofossil abundance (e.g. 92 

Robert et al., 2011). Aeolian dust (using the concentration of hematite and goethite, expressed as 93 

RelHm+Gt), primary production (using opal), and export productivity (using biogenic “excess” Ba, 94 

expressed as xsBa) were also measured for bulk sediments to quantify the relationship between 95 

dust supply and export productivity (Detailed methods see supplementary Text S1). 96 

3. Results 97 

3.1. FORC diagram and IRM unmixing results 98 

FORC diagrams (Figure. 2a-c) show the same characteristics featured by a sharp central ridge 99 

along Bu = 0 axis, which indicates the dominance of non-interacting single domain magnetofossils 100 

(Egli et al., 2010). IRM unmixing results (Figure. 2d-f) indicate that studied sediments contain 101 

four magnetic components: Aeolian magnetic materials with low and high coercivities 102 

(components 1 and 4), biogenic soft (BS) and biogenic hard (BH) magnetite (components 2 and 103 

3). Fitted IRM parameters also indicate that aeolian dust components have relatively consistent 104 

coercivity and lower abundance in studied samples, and the percentage content of BH 105 
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magnetofossil increased across the EOT at ~34 Ma. These magnetic results provide strong 106 

evidence of magnetofossil occurrences within the EEP sediments and it is dominated in each 107 

sample with low dispersion (Supplementary Table S1). 108 

3.2. Magnetofossil morphological characteristics and abundance variations 109 

Magnetofossils with different morphologies including cuboctahedron, prism, and bullet are 110 

directly identified from TEM observations and further distinguished by the shape factor of axial 111 

ration (width/length, W/L) (Figure. 2g–l). Refer to the size distribution and classification method 112 

of Kopp and Kirschvink (2008), we divide magnetofossils into two categories with high (W/L < 113 

0.6) and lower (0.6 < W/L < 1) anisotropy, which correspond to the BH and BS magnetite isolated 114 

by the IRM decomposition, respectively (Lascu & Plank, 2013; He & Pan, 2020). A statistical 115 

analysis based on more than 4,000 magnetofossil crystals from EEP sediments shows that the 116 

bullet-shaped magnetofossil proportion increased after the EOT with the Antarctic glaciation 117 

expansion (Figure. 2i). 118 

The aeolian dust input (RelHm+Gt), biological productivity (opal, xsBa) and magnetofossils 119 

abundance (ARM@20 mT) dropped sharply across the EOT, and then gradually returned to pre-EOT 120 

values since ~26 Ma (Figure. 3a-d), which coincides with the onset of Antarctic glaciation 121 

expansion at the EOT and late Oligocene Antarctic ice-sheet reduction (Zachos et al., 2001, 122 

Rohling et al., 2021). The bulk sediment Bc, and Bcr gradually increased after the EOT and nearly 123 

remain at the same level after ~26 Ma, which have the same trend with the later Eocene to early 124 

Miocene CO2 decline (Figure. 3e-g). 125 
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4 Discussion 126 

4.1. Impacts of EEP dust fertilization and biological pump action on global CO2 variation 127 

Dust production, emission, and deposition are closely linked to Earth’s climate state (Rea et 128 

al., 1998). We observe a prominent dust reduction across the EOT followed by a gradual return to 129 

pre-EOT values at ~26 Ma with the ice-sheet retreat (Figure. 3a), which suggests that the Antarctic 130 

ice-sheet expansion had a vital impact on source environment and principally controlled the EEP 131 

dust supply. The coherent variations of opal and xsBa coincide with EEP dust supply demonstrate 132 

that dust dissolution released iron and fueled the EEP biological productivity over the 40-18 Ma 133 

interval, which agrees with the suggestion of dust input from land to sea is the major external iron 134 

source to stimulate the marine biological activity (Lovevely et al., 2017; Tagliabue et al., 2017). 135 

Roberts et al. (2011) has demonstrated that MTB productivity is limited by the organic carbon and 136 

iron supply because they require dissolved iron and organic matter to biomineralize magnetite, and 137 

magnetofossil abundance, therefore, could be used as a valuable productivity proxy of carbon to 138 

seafloor. In our study, the variations of magnetofossil abundance are well-relate to opal and xsBa. 139 

This result futher demonstrates that magnetofossil abundance is a valuable export productivity 140 

proxy in iron limited environment and it could provide a new insight into the understanding of 141 

relationship between dust fertilization and carbon burial over geological timescales, which is 142 

controversial in EEP regions (Lyle, 2008; Jacobel et al., 2019). 143 

The EOT was a major climate change during which the Earth transitioned from a largely ice-144 

free greenhouse to an icehouse world with sharply reduced atmospheric CO2 (Goldner et al., 2014; 145 

Hutchinson et al., 2021). Based on the high-resolution record of marine barite accumulation rates, 146 

Erhardt et al. (2013) claimed that the EEP productivity was reduced after the EOT and the 147 

biological pump did not contribute to the carbon sequestration during global cooling across the 148 
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EOT. Our magnetofossil record show that the EEP biological pump was weakened with the global 149 

CO2 decline during the ice-sheet expansion (~34-26 Ma), and slightly intensified after ~26 Ma 150 

with the ice-sheet gradually retreat. This opposite trend suggests that the EEP dust fertilization and 151 

biological pump had no contribution to the global CO2 decline across the EOT, and it, in return, 152 

played a negative and stabilizing role to the global CO2 change. It has been suggested that sea-153 

level drop across the EOT and sedimentary pyrite oxidation may had constituted a climate 154 

stabilizing mechanism during the Antarctic glaciation advance (Torres et al., 2014; Yao et al., 155 

2021). Our observation indicates that the EEP biological pump additionally contributed to that 156 

stabilizing mechanism via weakening the capacity of carbon sequestration during that time with 157 

global cooling. 158 

4.2. The response of deep-ocean ventilation to the Antarctic ice-sheets expansion 159 

Laboratory-controlled MTB culturing experiments demonstrated that the magnetofossil 160 

morphology is strongly depended on the microenvironmental oxygen content (Faivre & Schüler, 161 

2008; Li & Pan, 2012; Katzmann et al., 2013). From example, the isotropic magnetofossil 162 

predominates in relatively oxidized conditions whereas the anisotropic magnetofossil generally 163 

formed under lower oxygen conditions, and have higher coercivity. Moreover, Previous studies of 164 

different geological magnetofossil records show that the proportion of bullet-shaped magnetofossil 165 

was commonly increased in less oxic conditions (Usui et al., 2017; Yamazaki et al., 2019). 166 

Therefore, magnetofossil morphology combined with the corresponding magnetic properties (e.g. 167 

coercivity) are often used as a paleoredox proxy to reconstruct the deep-sea oxygenation (Chang 168 

et al., 2018). Especially the high ratio of bullet-shaped magnetofossils to the other morphologies 169 

has been regarded as a signal of the less oxygen (Yamazaki & Kawahata, 1998). 170 
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Our TEM observation results show that the proportion of bullet-shaped magnetofossils 171 

increased after the EOT, which is exactly identical to the IRM unmixing result that the proportion 172 

of BH magnetite increased during the Antarctic glaciation (Supplementary Table S1). Given that 173 

biogenic magnetofossils dominated magnetic mineral components and dust materials have 174 

relatively consistent coercivity and low abundance for all studied samples, we conclude that the 175 

bulk Bcr and Bc can mainly reflect the average coercivity variation of sedimentary magnetofossils 176 

in our study. The increased post-EOT Bcr and Bc correspond to the bloom of bullet-shaped 177 

magnetofossil which has strong anisotropy and high coercivity (Figure. 3e-f), suggesting that the 178 

EEP deep ocean became less oxic after the Antarctic glaciation build-up across the EOT. 179 

Low oxygenation can be caused by enhanced surface biological productivity which would 180 

lead to more organic carbon (OC) supply to the seafloor, and/or reduced deep-ocean ventilation 181 

with stratified conditions. Our records show that the biological productivity was abruptly declined 182 

after the EOT (Figure. 3a-d), suggesting that low oxygenation was not the result of OC supply and 183 

they, therefore, support the interpretation of the EEP deep-ocean ventilation reduced during the 184 

Antarctic ice-sheet expansion. Previous studies report that the EEP deep-ocean ventilation was 185 

declined during the glacial period and it would store more respired carbon in the deep Pacific 186 

glacial ocean (Bradtmiller et al., 2010; Jacobel et al., 2017; Loveley et al., 2017). Our records 187 

agree with this idea as the period of reduced deep-ocean ventilation was consistent with the low 188 

atmospheric CO2 (Figure. 3e-g). With the Antarctic glaciation expansion, the larger ice cap may 189 

block up the gases exchange and make the deep ocean more hermetical which would substantially 190 

decrease the deep-water oxygenation after the EOT (Figure. 4).  191 

Palaeoclimate reconstructions and modelling results suggest that the Southern Ocean 192 

intermediate water and Antarctic bottom water had developed during the early Oligocene, and the 193 
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Antarctic ice-sheet growth would enhance the northward transportation of Antarctic intermediate 194 

water and facilitate the formation of Antarctic bottom water (Katz et al., 2011; Goldner et al., 195 

2014). That is, although the Antarctic glaciation could intensify cold water circulation, it probably 196 

just invigorated the intermediate water transfer and had less impact on the deep-ocean water 197 

circulation and upwelling. This is supported by the increased benthic foraminifer accumulation 198 

rate and the gradual shoaling of thermocline at the Eocene-Oligocene boundary (Coxall et al., 2011; 199 

Moore et al., 2014), because only a large amount of food-carried bottom-water was formed, could 200 

the benthic foraminifera be flourished when the export production was reduced, and it also would 201 

lead to a gradual shoaling of thermocline in EEP Ocean. Massive bottom-water formed in the 202 

glacial Pacific Ocean and accordingly stored more carbon in the deep sea, which support the 203 

suggestion of there would be an increased respired carbon pool in the glacial Pacific Ocean, and 204 

huge carbon would be trapped in the deep sea during glacial periods (Bradtmiller et al., 2010). 205 

5 Conclusions 206 

Our TEM analyses and magnetic results consistently indicate that magnetic nanoparticles 207 

within the eastern equatorial Pacific (EEP) sediments from Sites 1333 and 1218 are mainly 208 

magnetofossils, and they both show clear trends: magnetofossil abundance declined at the 209 

Antarctic glaciation onset across the EOT and gradually returned at ~26 Ma with the ice-sheet 210 

retreat, the morphology-depend coercivity increased after the EOT and appeared a consistent trend 211 

with global CO2 decline. These results jointly reveal a coeval decline of biological productivity 212 

and bottom-water oxygenation in the EEP Ocean during the Antarctic glaciation expansion. The 213 

reduced bottom-water oxygenation associated with low atmospheric CO2 indicate that a huger 214 

respired carbon pool probably formed in the deep Pacific glacial ocean. These observations suggest 215 

that the deep-ocean ventilation principally controlled the CO2 outgassing in EEP regions, with 216 
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superimposed biological pump action providing a negative and stabilizing feedback in the 217 

meantime. 218 
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Figures 378 

 379 

Figure 1. Location map. Surface chlorophyll concentration reflects primary production. Palaeo-380 

locations at 40 to 19 Ma are after Parés and Moore (2005). Studied Sites1333 (red circle) and 381 

1218 (yellow circle) was located within the HNLC zone. 382 
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 384 

Figure 2. Rock magnetic and transmission electron microscope (TEM) results for representative 385 

Eocene (15H-4), Oligocene (7H-2), and Miocene (1H-4) samples. (a-c) FORC diagrams with sharp 386 

central ridges indicate the domination of non-interacting magnetofossils; (d-f) IRM unmixing 387 

results. Open diamonds indicate measured data, fitted components have different colors: red, sum 388 

of fitted components; purple (component 1), detrital low-coercivity magnetic assemblages; green 389 

(component 2), biogenic soft magnetite; orange (component 3), biogenic hard magnetite; and blue 390 

(component 4), detrital high-coercivity magnetic assemblages; (g-k) TEM and statistical analyses 391 

of magnetofossil morphologies. Magnetofossils are categorized into high (W/L < 0.6) and lower 392 

(0.6 < W/L < 1) anisotropic groups based on shape factor of axial ration; (l) Energy-dispersive 393 

X‑ray spectroscopy analysis corresponding to the dots in k. 394 
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 396 

Figure 3. Down-core dust, biological productivity (opal, xsBa, ARM@20 mT), Bcr, and Bc profiles 397 

for studied sites. Dashed and solid bars represent periods of small (<50%) and large (>50%) 398 

southern hemisphere ice coverage (Zachos et al., 2001). Synchronous benthic foraminiferal δ18O 399 

(Westerhold, et al., 2020) and atmospheric CO2 (Rae et al., 2021) are also shown (solid line = 400 

three-point running average). (a-d) Dust stimulated biological pump action provided a negative 401 

feedback to the global CO2 changes; (e, f) increased Bcr and Bc which reflect the reduction of 402 

bottow-water oxygention appeared consistent variations with the later Eocene to early Miocene 403 

global CO2 decline. Star symbols in (f) represent samples selected for isothermal remanent 404 

magnetization (IRM) unmixing analysis (Supplementary Table S1). 405 
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 407 

Figure 4. Simplified Pacific Ocean meridional hydrography illustrations refer to Rippert et al. 408 

(2017) which indicates deep-ocean oxygenation changes across the EOT. General circulation 409 

shown as white arrows. Circles indicate location of studied Site 1333 (red) and 1218 (yellow). 410 

SOIW, Southern Ocean Intermediate Water. AABW, Antarctic Bottom Water. CDW, Circumpolar 411 

Deep Water. OC, Organic Carbon. (a) Pre-EOT, ice-free in Antarctica: more dust stimulated the 412 

biological productivity and the bottom-water oxygenation was high; magnetofossil abundance 413 

increased whereas the morphological anisotropy reduced. (b) Post-EOT, ice-sheet advanced in 414 

Antarctica: large ice cap prevented the air-sea gases exchange and a large amount of bottom-water 415 

was formed. Less dust supply reduced the biological productivity and the bottom-water 416 

oxygenation was lower; magnetofossil abundance decreased but the morphological anisotropy 417 

increased. 418 


