
 1 

Discovery of giant magnetofossils within and outside of the Palaeocene-Eocene Thermal 1 

Maximum in the North Atlantic 2 

 3 

Pengfei Xue1, Liao Chang1,2,*, Zhaowen Pei1, Richard J. Harrison3 4 

1. Laboratory of Orogenic Belts and Crustal Evolution, School of Earth and Space Sciences, 5 

Peking University, Beijing 100871, P. R. China 6 

2. Laboratory for Marine Geology, Qingdao National Laboratory for Marine Science and 7 

Technology, Qingdao 266071, P. R. China 8 

3. Department of Earth Sciences, University of Cambridge, Cambridge, CB2 3EQ, UK 9 

 10 

Giant magnetofossils have exceptionally large grain sizes and peculiar morphologies compared 11 

to conventional biogenic magnetite nanoparticles. The origin of these unusual magnetic crystals 12 

is a mystery because there are no known modern analogues. Giant magnetofossils have so far 13 

been identified in marine sediments deposited during past warming periods, leading to the 14 

assumption that these fossils were uniquely tied to ancient hyperthermal events. Here we 15 

describe the occurrence of abundant giant magnetofossils within North Atlantic pelagic 16 

sediments from International Ocean Discovery Program (IODP) Sites U1403 and U1409 at 17 

distinct palaeodepths not only during the Palaeocene-Eocene Thermal Maximum (PETM; ~56 18 

Ma) intervals but also far before (>700 ky earlier than the PEB, Palaeocene-Eocene boundary) 19 

and after (>300 ky later than the PEB) the PETM, and in a sample of ~70 Ma age. Our results 20 

indicate that giant biogenic magnetite crystals were not uniquely produced during ancient 21 

hyperthermal events. Magnetic domain states of giant magnetite particles are investigated using 22 

dimensional analysis and micromagnetic simulations. Morphological, compositional, and 23 

crystallographic data point towards a potential biogenic origin of those unusual crystals. 24 
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 25 

1. Introduction 26 

The Palaeocene-Eocene Thermal Maximum (PETM, ~56 Ma) is the most pronounced global 27 

warming event in the Cenozoic, characterized by a negative carbon isotope excursion (CIE) ranging 28 

from -2‰ to -4‰ and a temperature increase of more than 5 °C globally in less than 10 ky (McInerney 29 

and Wing, 2011; Zachos et al., 2008). The duration of the PETM is ~200–300 ky, which generally 30 

contains the CIE (~60–120 ky) and recovery phases (~80–120 ky) (McInerney and Wing, 2011). The 31 

CIE phase is further subdivided into CIE onset (<~20 ky) and CIE body intervals, although the CIE 32 

onset is absent in some pelagic cores because of widespread carbonate dissolution during the PETM 33 

(McInerney and Wing, 2011). Geological records of the PETM event provide potential insight into 34 

current and future global warming caused by anthropogenic greenhouse gas emissions (Tierney et al., 35 

2020). A rapid evolution of marine ecosystems has been documented widely at the PETM onset, 36 

including the most severe benthic foraminiferal extinction over the past 90 Ma (Thomas, 2003, 2007; 37 

Alegret et al., 2021), geographic migration and body-size increase of planktonic foraminifera (Thomas, 38 

1996; Petrizzo, 2007), and a burst in abundance and geographic range of heterotrophic dinoflagellates 39 

(Sluijs et al., 2007). A great disturbance in diversity, distribution and body sizes of marine organisms 40 

across the PETM may have been affected by high-temperature, low-oxygen conditions, severe 41 

corrosive seawater, altered productivity, or a combination of these (Thomas, 2007). Warming-induced 42 

environmental perturbation led to severe biotic effects on marine ecosystems, while unique biomarkers 43 

can be used to trace palaeoenvironmental changes across hyperthermal events. 44 

The mysterious giant magnetofossils were firstly defined using scanning and transmission 45 

electron microscopy in the North Atlantic CIE body sediments from several near-shore boreholes at 46 

Ancora (ODP Leg 174AX), New Jersey (Schumann et al., 2008). Three novel crystal morphologies 47 

were identified: spearhead, spindle, and needle (Schumann et al., 2008). Another novel morphology of 48 
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giant bullet-shaped crystals together with other morphologies were discovered across the PETM in the 49 

Southern Ocean near Antarctica and during the Middle Eocene Climatic Optimum (MECO, ~40 Ma) 50 

in the western equatorial Indian Ocean, demonstrating their widespread occurrence in the geological 51 

record (Chang et al., 2012). Giant magnetofossils were identified in pelagic sediments not only during 52 

the PETM but also very shortly before and after the PETM on the Antarctic margin (Chang et al., 2012). 53 

Only giant needles were found within the PETM CIE peak in the Walvis Ridge, South Atlantic (Chang 54 

et al., 2018). Subsequent studies of CIE onset and body clay sediments in the North Atlantic attempted 55 

to estimate the concentration of giant magnetofossils (Wang et al., 2015; Wagner et al., 2021a, b) and 56 

detect in-situ giant needles (Wagner et al., 2021a, b), in addition to studying their morphologies. These 57 

techniques (Wang et al., 2015; Wagner et al., 2021a, b) may be applied to investigate the spatial 58 

occurrence of giant magnetofossils within sediments in their bulk state across past global warming 59 

intervals. 60 

Unlike conventional magnetofossils, no modern organisms have yet been found that can produce 61 

magnetite crystals similar to giant magnetofossils. To date, giant magnetofossils have been discovered 62 

during or very closely tied to hyperthermal events (PETM, MECO), leading to a hypothesis that giant 63 

magnetofossil are uniquely linked to past global warmings (Fig. 1a) (Schumann et al., 2008; Kopp et 64 

al., 2009; Chang et al., 2012, 2018; Wang et al., 2015; Wagner et al., 2021a, b). These few studies limit 65 

an assessment of the spatial and temporal distribution of giant magnetofossils in the geological record. 66 

Solid evidence for the biogenic origin of giant magnetite crystals has yet been identified, although 67 

oxygen isotope measurements of a spearhead-like particle strongly support a biogenic origin forming 68 

during low-temperature crystallization rather than high-temperature igneous and metamorphic 69 

processes (Schumann et al., 2008). Conditions for giant biogenic magnetite formation is also not well 70 

known, although it is speculated that expanded suboxic zones during warming periods enhanced the 71 

diversification and proliferation of organisms that biomineralize biogenic magnetite (Schumann et al., 72 
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2008; Kopp et al., 2009; Chang et al., 2012; Wagner et al., 2021b). 73 

Here we carry out detailed scanning electron microscope (SEM) and transmission electron 74 

microscope (TEM) observations to search for giant magnetofossils within North Atlantic pelagic 75 

marine sediments from the International Ocean Discovery Program (IODP) Sites U1409 and U1403 76 

covering the PETM intervals (Figs. 1, 2 and Table 1). High-resolution SEM and TEM characterization 77 

of giant magnetofossil crystals and statistical analysis of morphological data shed new light on the 78 

possible origin and mineralization of giant magnetite crystals and their link to ancient hyperthermal 79 

events. Crystal dimensions and micromagnetic simulations are performed to investigate domain states 80 

of these giant magnetite crystals. 81 

 82 

2. Materials and methods 83 

2.1. Samples 84 

The studied pelagic marine sediment samples are from the Southeast Newfoundland Ridge (IODP 85 

Site U1409, ~2913 m palaeodepth) and the J-Anomaly Ridge (IODP Site U1403, ~4374 m palaeodepth) 86 

sediment drifts, North Atlantic (Fig. 1b). Carbon isotopic composition (δ13C) of bulk carbonate and 87 

benthic foraminifera both show an abrupt decrease followed by a gradual recovery at Site U1409 (Fig. 88 

2a), characterizing the CIE body at 180.075–180.14 m composite depth (mcd, ~6.5 cm thick) and the 89 

main recovery interval at 179.9–180.075 mcd (17.5 cm thick), respectively (Penman et al., 2016). 90 

Sediments deposited during the CIE body are claystone, while sediments within the main recovery 91 

stage are a heterogeneous mixture of siliceous claystone and chert (Norris et al., 2012; Penman et al., 92 

2016). Bulk δ13Corg (organic carbon) record from the lower-abyssal Site U1403 reveals a negative CIE 93 

body from 200.7 to 201.5 mcd (80 cm thick), although the precise position of the CIE onset is uncertain 94 

(Penman et al., 2016) (Fig. 2b). Sediments from Site U1403 within the CIE body are clay with 95 

radiolarians, and the carbonate-rich sediments with nannofossil are featured during the CIE recovery 96 
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between 198.9 and 200.7 mcd (180 cm thick) (Norris et al., 2012; Penman et al., 2016). The age model 97 

for the PETM intervals at Sites U1409 and U1403 is derived from Penman et al. (2016) (Table 1). 98 

Because the sedimentation rate at Site U1409 is low and the position of the CIE onset at Site U1403 is 99 

uncertain (Fig. 2), the PETM intervals in this study are mainly characterized by the CIE body (75 ky) 100 

and recovery phases (125 ky) (Penman et al., 2016). Wet samples (~5 cm3) were collected from the 101 

working half of cores stored at the IODP Bremen Core Repository. 102 

2.2. Magnetic measurements 103 

~Half wet sediments from different PETM stages at Sites U1409 and U1403 were freeze-dried, 104 

packed with capsules, and weighted for magnetic analyses. Isothermal remanent magnetization (IRM) 105 

acquisition curves and first-order reversal curve (FORC; Roberts et al., 2000) were measured with a 106 

Princeton Micromag vibrating sample magnetometer (Model 3900) at the Institute of Geophysics, 107 

China Earthquake Administration (IGCEA) in Beijing. Each IRM acquisition curve containing 80 data 108 

points was obtained in logarithmic steps up to 1 T maximum field, which was decomposed into 109 

different coercivity spectra using the MAX UnMix application (Maxbauer et al., 2016). 120 FORCs 110 

were made with a 1 T maximum field with an averaging times of 250 ms, with Bc ranging from 0 to 111 

100 mT and Bu ranging from -50 to 50 mT. FORC data were processed with the VARIFORC protocol 112 

(Egli, 2013) using the FORCinel version 3.06 (Harrison and Feinberg, 2008). 113 

2.3. TEM and SEM observations 114 

Magnetic mineral extracts were obtained following the method of Chang et al. (2012) to prepare 115 

samples for TEM and SEM observations. First, ~2 cm3 wet samples were dispersed in ~100 ml of pure 116 

water in a glass beaker for ~15 min in an ultrasonic bath. A rare-earth magnet placed into a plastic bag 117 

was dipped into the sediment solution and stirred for ~3 min to gather magnetic extracts on the plastic 118 

bag surface. After placing this plastic bag into a larger one and removing the rare-earth magnet, 119 

magnetic extracts were collected in the large plastic bag. This process was repeated until magnetic 120 
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extracts could barely be obtained from the sediment solution. The rest of the magnetic extracts attached 121 

to the plastic bag surface were washed with a small amount of pure water. Second, the solution with 122 

magnetic extracts was transferred into a 5 ml centrifuge tube filled with pure water using a pipette. A 123 

rare-earth magnet was placed next to the centrifuge tube and positioned ~0.5 cm higher than the bottom 124 

of the tube. After ~2 hours, non-magnetic materials deposited at the tube bottom were gently removed 125 

with a pipette, and magnetic materials trapped on the tube wall were collected. The separation for 126 

magnetic and non-magnetic materials was repeated three times to increase the concentration of 127 

magnetic minerals in the extracts. 128 

To prepare TEM samples, magnetic materials with a small amount of pure water were first 129 

transferred into a small container. A TEM grid with the carbon side facing down was placed on the 130 

solution surface. A rare-earth magnet was suspended over the grid ~1 cm for ~5 min. Bright-field (BF) 131 

TEM imaging, selected area electron diffraction (SAED), energy dispersive spectra (EDS), and high-132 

resolution transmission electron microscopy (HRTEM) imaging were carried out using a JEOL JEM-133 

2100 TEM operated at 200 kV at the Institute of Geology and Geophysics, Chinese Academy of 134 

Sciences (IGGCAS) in Beijing. 135 

To prepare SEM samples, the pipette containing magnetic materials with a small amount of pure 136 

water was suspended over a silicon wafer ~0.5 cm. Then a rare-earth magnet was placed next to the 137 

pipette for gathering magnetic minerals. After removing the rare-earth magnet, ~3–5 drops of the 138 

solution with magnetic mineral were dropped onto the silicon wafer dropwise. Samples were air-dried 139 

for ~8 hours at room temperature, and not coated with carbon before SEM observations due to the 140 

good electrical conductivity of silicon wafers. High-resolution secondary electron (SE) images were 141 

acquired at 15 kV with a working distance of ~6 mm. EDS were taken at 15 kV with a working distance 142 

of ~10 mm. SEM observations were made using a ThermoFisher Quattro ESEM at the Electron 143 

Microscopy Laboratory (EML), Peking University (PKU). 144 
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2.4. Statistical methods 145 

Digital BF TEM images and high-resolution secondary electron images were used for statistical 146 

analysis of the morphologies and sizes of magnetite particles. Each particle was fitted with the 147 

minimum outer rectangle. The rectangle length and width were measured manually using ImageJ 148 

software as the particle length and width, respectively. Histograms were obtained by plotting counts 149 

of particles against particle length, and the width/length ratio. The Shapiro-Wilk test, Kolmogorov-150 

Smirnov test, and Quantile-Quantile plots were performed to check distributions of particle sizes and 151 

their differences. Plots of particle length versus width with confidence ellipse were calculated for 152 

investigating possible crystallographic characteristics. 153 

2.5. Micromagnetic simulations 154 

Micromagnetic simulations were carried out using the finite-element (FE) micromagnetic 155 

modelling package MERRILL version 1.3.5 (Ó Conbhuí et al., 2018) to determine possible magnetic 156 

domain states of typical giant magnetite crystals. The modelled crystal geometries for individual 157 

particles were created based on observed morphologies and dimensions in this study. The FE software 158 

Trelis (Trelis, 2021) was used to mesh micromagnetic models with a mesh size of 9 nm, and the 159 

ParaView (Ahrens et al., 2005) was used to visualize simulation results. The [110] crystallographic 160 

direction for the spearhead model and [111] crystallographic direction for other crystal models were 161 

set to be parallel to the elongation direction, consistent with observations in this study and previous 162 

reports (Schumann et al., 2008; Chang et al., 2012). Here, a saturation field of 1 T was applied to 163 

modelled crystal along the axis of particle elongation, and then the magnetic domain state of saturation 164 

isothermal remanent magnetization (SIRM) was calculated at zero field. 165 

 166 

3. Results 167 

3.1. Magnetic properties of bulk sediments 168 
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Magnetic analyses for typical samples indicate that bulk sediments have similar magnetic 169 

properties at Sites U1409 and U1403 during different PETM time intervals (Fig. 3). Three main 170 

magnetic components are isolated from the IRM acquisition curves (Fig. 3a, b). The lowest coercivity 171 

component (blue) with a broad distribution represents detrital magnetite (Egli, 2004). The other two 172 

distinct IRM components with narrow coercivity distributions correspond to the biogenic soft (purple) 173 

and biogenic hard (green) (Egli, 2004). The presence of magnetofossils is confirmed by the dominant 174 

non-interacting domain state (SD) central ridge component along the Hc axis of the FORC diagrams 175 

(Fig. 3c, d) (Egli, 2010). 176 

3.2. Morphological features of giant magnetofossils 177 

SEM and TEM observations for typical samples from Sites U1409 and U1403 reveal the abundant 178 

occurrence of variable types of magnetofossils before, during, and after the PETM at two distinct 179 

palaeodepths in the North Atlantic (Figs. 4, 5 and Figs. S1-S5). We imaged, counted, and analyzed 180 

more than 9000 magnetofossil crystals and divided them into seven groups (Fig. 6) according to their 181 

grain sizes and morphologies, including four types of giant magnetofossils (spearhead, spindle, needle, 182 

and giant bullet) (Table S1) and three types of other magnetofossils (small needle, bullet, and other 183 

conventional magnetofossils) (Table S2). 184 

The length distribution histograms for all needle-shaped (Fig. 6c) and bullet-shaped particles (Fig. 185 

6d) both are typically bimodal with boundaries at particle length of ~400 nm. Therefore, the length 186 

boundaries of the needle and small needle, giant bullet and bullet are set to 400 nm. The category for 187 

other conventional magnetofossils is defined as a combination of cuboctahedral and elongated-188 

prismatic magnetite crystals. The width/length ratio distribution histogram for all needle-shaped and 189 

other conventional magnetofossils (Fig. 6j) shows a bimodal distribution with a boundary at 190 

width/length ratio of ~0.3. The category for the small needle in this study is characterized by a much 191 

smaller width/length ratio (<0.3) compared with conventional elongated prisms (width/length ratio of 192 
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~0.8) (Wagner et al., 2021a, b). Length distribution histograms (Fig. 6a-e) and statistical analyses (Fig. 193 

S6 and Tables S1, S2) for the defined seven groups indicate that the crystal length of spearhead, spindle, 194 

and small needle has a normal distribution. Grain sizes for the needle and giant bullet show 195 

approximately normal distributions, while bullet and other conventional magnetofossils are non-196 

normal distributions. 197 

All reported four types of giant magnetofossils have been identified in our samples. The 198 

spearhead-like crystals have variable sizes of stalks and tails (Fig. 4a-c). Some spearheads do not have 199 

tails (Fig. 4d, j and Fig. S5). Spearhead particles have a pyramid-like structure at the tip, while the 200 

cross-section for crystals without tails is elliptical at the end of the particle opposite to the tip (Fig. 4d, 201 

j and Fig. S5). Some spearheads are characterized by circumferential features and broken parts on their 202 

stalks (Fig. 4d and Fig. S3f, i). TEM observations also show two types of spearheads: one with tails 203 

and one without tails (Fig. 5a). The length of spearheads ranges from ~0.6 to 3.5 μm, while their width 204 

ranges from ~0.25 to 1.9 μm (Table S1). Spindles have a length of ~0.65–2.8 μm and a width of ~0.16–205 

0.7 μm with tapers at both ends (Fig. 4d, e, j). Needles have a length of 0.4–2 μm and a narrow width 206 

of ~0.07–0.18 μm (Figs. 4f, g and 5b). Some giant bullet-shaped crystals have a flat cross-section at 207 

the tail section and a dome at the tip (Figs. 4h, i and 5c), similar to some conventional bullet-shaped 208 

magnetofossils. The observed giant bullet-shaped particle size has a length of 0.4–2.6 μm and a width 209 

of ~0.1–0.94 μm. We also observe that giant bullets and needles commonly have a bilateral cross-210 

section in the 2 dimensions or a conical shape in the 3 dimensions at their tail section (Fig. 5b, c), 211 

consistent with previous observations (Schumann et al., 2008; Chang et al., 2012). Giant 212 

magnetofossils were observed as isolated particles or aggregates without any clear in-situ structures in 213 

the studied magnetic extracts (Figs. 4 and 5). 214 

3.3. Crystallographic characteristics of giant magnetofossils 215 

SAED, HRTEM, and EDS analyses for all types of giant and conventional magnetofossil crystals 216 
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indicate a crystal structure and chemical composition consistent with magnetite (Fig. 5 and Fig. S7). 217 

A primitive cubic superlattice was identified in the SAED pattern of one spearhead-shaped crystal (Fig. 218 

5a), suggesting that this magnetite particle is partially oxidized to maghemite with ordered 219 

superstructure reflections due to vacancy ordering (Zhou et al., 1999). An HRTEM image of the tip of 220 

a single spearhead shows two sets of orthogonal lattice fringes with a d-spacing of ~0.29 nm that 221 

corresponds to the {220} planes of magnetite (Fig. 5a). One spearhead without tail elongates along the 222 

[311] crystal direction of magnetite. A needle particle shows a d-spacing of 0.484 nm, corresponding 223 

to a {111} plane that is nearly perpendicular to the elongation direction (Fig. 5b). Analysis of lattice 224 

fringes for 8 needles suggests that the prominent elongation direction in giant needles is parallel to the 225 

[111] crystallographic direction of magnetite. The {111} plane with 0.484 nm d-spacing for a giant 226 

bullet crystal (Fig. 5c) is nearly perpendicular to the crystal elongation direction, similar to those for 227 

needles. 228 

3.4. Micromagnetic simulations of giant magnetofossil crystals 229 

The size and morphology of giant magnetofossils indicate that spearheads lie within the 230 

multidomain (MD) region, needles in the SD region, spindles and giant bullets mostly in the vortex 231 

state zone, respectively (Muxworthy and Williams, 2009) (Fig. 7). Twenty-five individual particles of 232 

different grain sizes were selected for micromagnetic simulations to better characterise domain 233 

structures of giant magnetite crystals (Fig. 8, Fig. S8 and Table S3). Simulations of giant magnetite 234 

crystals indicate that all spearheads have MD structures (Fig. 8a-e). Spindles (Fig. 8f-j) and needles 235 

(Fig. 8k-o) have SD structures and a single needle crystal with a length of 1.19 μm (Fig. 8l) has the 236 

vortex state at both ends of the particle. Giant bullets for all modelled grain sizes have single vortex 237 

structures in the center (Fig. 8p-t). All small needles have SD structures (Fig. S8). 238 

 239 

4. Discussions 240 
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4.1. Magnetic domain state of giant magnetite particles 241 

Magnetic domain states of the four types of isolated giant magnetite particles in the magnetic 242 

domain state phase diagram (Fig. 7) (Muxworthy and Williams, 2009) are consistent with 243 

micromagnetic modelling results (Fig. 8) (Chang et al., 2012; Wagner et al., 2021a), while some giant 244 

magnetite crystals show different domain structures depending on their variations in grain size. In 245 

general, spearheads have MD structures (Figs. 7 and 8a-e) because of their large mean grain size (~1.8 246 

μm) and width/length ratio (~0.49). Spindles lie in the vortex state in the domain state phase diagram 247 

(Fig. 7) but show SD structures from micromagnetic simulations (Fig. 8f-j), which are attributed to 248 

their typical tapers at both ends. Small needles and needles both have strongly SD behaviour (Figs. 7, 249 

8k-o and Fig. S8) because of their ultra-low width/length ratio of <0.3 (Fig. 6h). All spindles and 250 

needles have the flower remanent magnetization state at both ends (Fig. 8f-o and Fig. S8), similar to 251 

uniaxial particles in the size of 70–80 nm (Tauxe et al., 2002). Giant bullets are vortex states (Figs. 7 252 

and 8p-t) as individual crystals but may adopt stable SD properties when arranged into a chain 253 

configuration (Chang et al., 2012). It should be noted that the domain states of magnetic mineral grains 254 

depend on the magnitude and direction of the external magnetic field, as well as the starting domain 255 

configurations. In this study, our micromagnetic models simulated magnetic domain states of SIRM 256 

along the axis of particle elongation, and there are other possible domain states if the applied external 257 

magnetic field is changed. 258 

Wagner et al. (2021a) suggested that high-resolution FORC measurements can provide a 259 

prominent central ridge offset between 120 and 210 mT to detect in-situ needles due to their ultra-high 260 

coercivity. But this method may not apply to other giant magnetite crystals in bulk sediments (Wagner 261 

et al., 2021a) because the coercivity peak of MD (spearhead) and vortex (giant bullet) in FORC 262 

diagrams likely occur at relatively low values (Roberts et al., 2014), overlapping with detrital and 263 

conventional biogenic magnetite crystals. Although simulated results indicate all sizes of spindles are 264 
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SD-like needles (Fig. 8f-j), their coercivity distributions in FORC diagrams are still unknown. In this 265 

study, biogenic soft and hard components contribute to the FORC central ridge along the Hc axis 266 

ranging from 0 to 80 mT (Fig. 3c, d). We failed to distinguish the high-coercivity contribution of 267 

needles (>120 mT) from the FORC central ridge following Wagner et al. (2021a), probably because 268 

the resolution of the FORC measurements in our measurements was not high enough or the 269 

concentration of needles in our studied sediment samples is relatively low. 270 

4.2. Further evidence for a biogenic origin of giant magnetite particles 271 

Because no modern organisms have been found to biomineralize giant magnetite particles or 272 

analogs, much effort has been put into investigating the origin of these unusual crystals. Schumann et 273 

al. (2008) suggested that giant magnetite particles exhibit chemical composition, lattice perfection, and 274 

oxygen isotopes consistent with an aquatic origin, similar to magnetosome crystals produced by 275 

magnetotactic bacteria (MTB). Spearhead-like particles feature a complex and anisotropic morphology 276 

with low-temperature isotopic composition (Schumann et al., 2008). Variation of the stalk and 277 

spearhead sizes of spearhead-like crystals indicated an asymmetric size variance and allometric growth 278 

(Schumann et al., 2008). Chang et al. (2012) suggested that giant bullet- and needle-like crystals may 279 

be counterparts to conventional biogenic magnetite because of their high similarity in morphologies. 280 

Nevertheless, the origin of giant magnetite crystals is still poorly understood since their discovery. 281 

Grain size and morphological analysis of all types of giant magnetite particles are made to 282 

investigate possible phases of crystal growth and their origin (Fig. 9). Each type of giant magnetite 283 

particle lies in a characteristic region of the domain-state phase diagram (Fig. 9a). All spearheads have 284 

a pyramid-like structure, and some have different sizes of stalks without tails (Fig. 4d, j and S5), 285 

possibly associated with different crystal growth stages. Circumferential features and broken parts on 286 

spearhead stalks (Fig. 4d and Fig. S3f, i) are perpendicular to the crystal elongation direction, 287 

supporting previous observations that spearhead fragments parted along the {220} plane (Schumann 288 
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et al., 2008). These results likely indicate that the direction of crystal growth for spearheads is their 289 

elongated direction. We speculate that the pyramid-like structure of spearheads forms first, followed 290 

by a continuous growth lengthwise to form the stalk and tail (Fig. S9a-c). The shape of the confidence 291 

ellipse for spindles is flat, with its elongation nearly parallel to the crystal length direction (Fig. 9a). 292 

Spindles have a relatively narrow width dispersion compared with their length. Our observations reveal 293 

that morphologies for spindles maintain consistency during crystal growth, in contrast to spearhead-294 

shaped particles. Spindles tend to grow along the crystal elongation direction within a relatively small 295 

width range (Fig. S9d-f). 296 

The orientation of the confidence ellipse for small needles and needles is quite different (Fig. 9b), 297 

indicating that these two types of magnetite particles likely have different patterns of crystal growth. 298 

Small needles grow in an isotropic form with a width/length ratio close to 0.26 up to a median length 299 

of ~220 nm (Fig. S10a, b). Needles maintain a restricted width of ~100 nm and mainly grow in length 300 

(i.e., mostly along the [111] direction) to a median length of ~830 nm, with some particles growing to 301 

~1.5–2 μm long (Fig. S10c, d). The fitted sigmoid function (Fig. 9b, R2 = 0.78) for all needle-shaped 302 

crystals seems to indicate a potential linkage between small needles and needles (Fig. S10). Vali and 303 

Kirschvink (1991) described the bacterial magnetosome crystals of ~300 nm in length and ~30 nm in 304 

width from the bacterium with a length of 4 μm, almost the same as partial small needles in our 305 

observations (Fig. S1c, d). However, the origin of these small needles and needles remains unknown 306 

due to limited reports. 307 

The bullets and giant bullets have a similar shape of confidence ellipse, indicating a similar 308 

length-width relationship (Fig. 9b). The median length of bullets and giant bullets is ~100 nm and ~880 309 

nm, respectively, with corresponding median widths of ~37 nm and ~310 nm. Our results indicate that 310 

all bullet-shaped magnetite particles may grow isotropically in similar length and width growth rates, 311 

with a width/length ratio of ~0.25–0.5 (Fig. S10e-h). Although we define bullets as the bullet-shaped 312 
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magnetite with a crystal length of less than 400 nm (Fig. 6d), several types of bullet-shaped 313 

magnetofossils with different grain sizes and morphologies are observed in our samples. The bullets 314 

with crystal length of <~200 nm (Figs. S1a and S10e) and crystal length ranging from 200 nm to 400 315 

nm (Figs. S1b and S10f) might be produced by magnetotactic bacteria and eukaryotes, respectively, 316 

consistent with some reports of bullet-shaped magnetite within living magnetotactic organisms (Amor 317 

et al., 2020; Li et al., 2010, 2019, 2020; Leão et al., 2020). 318 

Compared to conventional magnetofossils (Amor et al., 2020; Arató et al., 2005; Devouard et al., 319 

1998), the grain size and width/length ratio distributions of giant magnetite crystals (Fig. 6) are 320 

insufficient to confirm their origin. However, it is unlikely that these large magnetite microparticles 321 

with typical morphology and directional growth formed through any inorganic process, but rather are 322 

biologically controlled. Unlike spearheads and spindles with no analogues, needles and giant bullets 323 

appear to have a potential linkage with some known magnetite crystals produced by living 324 

magnetotactic bacteria or eukaryotes. Our data seem to provide additional clues for a biogenic origin 325 

of giant magnetite crystals, supporting previous results based on oxygen isotope measurements of a 326 

spearhead-like particle (Schumann et al., 2008). 327 

4.3. Hyperthermal conditions do not drive formation of giant magnetite crystals 328 

Previous studies indicate that giant magnetofossils were exclusively associated with past global 329 

warming periods (e.g., during the PETM and the MECO) (Schumann et al., 2008; Kopp et al., 2009; 330 

Chang et al., 2012, 2018; Wang et al., 2015; Wagner et al., 2021a, b), suggesting that extreme 331 

hyperthermal conditions, e.g. high iron bioavailability combined with an expanded suboxic zone may 332 

drive biomineralization of giant magnetite in eukaryotes. A sharp lithological change often occurred at 333 

the base of PETM, such as in pelagic cores on the Walvis Ridge (Zachos et al., 2005) and in neritic 334 

sections on the North Atlantic continental shelf (e.g., Kopp et al., 2007, 2009; Lippert and Zachos, 335 

2007), where carbonate-rich sediments transit to clay intervals with a sharp increase in iron 336 
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concentration. It was reported that oceanic deoxygenation (Chang et al., 2018) and increase in iron 337 

concentration (Zachos et al., 2005) occurred from the onset to the CIE peak in the South Atlantic. 338 

We observe the presence of giant magnetofossils at both sites very early before (>700 ky earlier 339 

than the PEB, Palaeocene-Eocene boundary), during, and very late after (>300 ky later than the PEB) 340 

the PETM (Fig. 2 and Table 1), indicating that giant magnetofossils were not uniquely associated with 341 

hyperthermal events. SEM observations for a sample with an approximate age of 70 Ma at Site U1403 342 

(Table 1) undoubtedly demonstrate the common presence of giant magnetofossils outside the 343 

hyperthermal periods. All observations for typical giant magnetofossil morphologies are nearly 344 

identical to those reported previously (Schumann et al., 2008; Kopp et al., 2009; Chang et al., 2012; 345 

Wang et al., 2015; Wagner et al., 2021a, b). Combined with previous observations on samples within 346 

the CIE body on the New Jersey continental shelf (Schumann et al., 2008; Kopp et al., 2009; Wang et 347 

al., 2015; Wagner et al., 2021a, b), our results indicate that giant magnetofossils were likely very 348 

common in shallow and deep marine environments in the North Atlantic, together with the presence 349 

of bullets, small needles, and other conventional biogenic magnetite. 350 

Our statistical results suggest that the grain sizes of spearheads in New Jersey appear to be larger 351 

than that at Sites U1409 and U1403 (Fig. 7 and Fig. S11a), while the other three types of giant 352 

magnetite crystals are not statistically significant in terms of crystal dimensions due to the small 353 

number of counted particles (Fig. 7 and Fig S11b-d). Statistical results (Figs. S11, S12 and Tables S4, 354 

S5) reveal that spearheads at Site U1409 have a similar particle length to that at Site U1403, whereas 355 

the particle length of needles and giant bullets at Site U1409 appears to be slightly larger than that at 356 

Site U1403. Given there is no solid evidence for a biogenic origin of giant magnetite crystals up to this 357 

day, potential environmental effects on the variation of the grain sizes are unknown. Further 358 

investigations are highly needed to unravel key environmental controls of these mysterious giant 359 

magnetite crystals. 360 
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 361 

5. Conclusions and outlook 362 

We have identified abundant occurrence of four types of giant magnetite crystals before, during, 363 

and after the PETM in the North Atlantic using high-resolution TEM and SEM observations. 364 

Dimensional data and micromagnetic simulations reveal the magnetic domain states of these giant 365 

magnetite crystals with different grain sizes. The directional growth of giant bullets and needles, 366 

crystallography, and size distributions may provide additional evidence for a biogenic origin of giant 367 

magnetite grains, supporting earlier results and speculation (Schumann et al., 2008; Chang et al., 2012). 368 

The occurrence of giant magnetofossils within both PETM and non PETM intervals indicates that 369 

these mysterious magnetite crystals are not uniquely associated with past global warming periods. 370 

These new observations advance our understanding of biotic response under major climate 371 

perturbation during ancient hyperthermal events, such as the PETM. We suspect that giant magnetite 372 

crystals may be much more common in the geological record than previously thought. Changes in the 373 

size of giant magnetite crystals may contribute to forecasting the impacts of climate perturbation on 374 

marine ecosystems in the current-future global warming. 375 
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Figures 519 

 520 

Fig. 1. Location of the studied IODP sites (U1403 and U1409) from the North Atlantic. (a) A map of 521 

plate tectonic reconstruction at 56 Ma obtained from the Ocean Drilling Stratigraphic Network (ODSN) 522 

database (http://www.odsn.de). Red stars represent the site location in this study. Solid circles of 523 

different colors show the site location from previous studies that identified giant magnetofossils. The 524 

small cartoon drawings of four different solid shapes represent giant bullet, needle, spearhead, and 525 

spindle, respectively. NJ, New Jersey. (b) Current bathymetric map of the studied site area. 526 

Bathymetric data are from the National Oceanic and Atmospheric Administration (NOAA). Blue and 527 

red arrows represent Deep Western Boundary Current and Gulf Stream, respectively. 528 
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 530 

Fig. 2. Core photo, lithology, δ13C, wt% CaCO3, Fe concentration, and the identified magnetofossils 531 

in sediments from IODP Exp. 342. (a) Site U1409 (~2913 m palaeodepth) and (b) Site U1403 (~4374 532 

m palaeodepth). Ch, chert; Cl, claystone; CNC, clayey nannofossil chalk; NC, nannofossil chalk; SC, 533 

siliceous claystone; SL, siliceous limestone. δ13Corg: organic carbon. Core profile data are from Norris 534 

et al. (2012) and Penman et al. (2016). Yellow and grey areas represent the CIE body and recovery 535 

phases of the PETM, respectively. Different shaped cartoons represent distinct types of magnetite 536 

crystals. 537 
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 539 

Fig. 3. Magnetic properties for typical samples from IODP Sites U1409 and U1403 across the PETM. 540 

(a) and (b), IRM coercivity decomposition analysis for samples from Holes U1409A and U1403B. The 541 

derivative of the measured data is plotted as grey solid circles and fitted with the orange line. Blue, 542 

purple, and green lines reflect three decomposed magnetic components including coarse-grained 543 

magnetite, biogenic soft (BS), and biogenic hard (BH) components, respectively. Magnetic 544 

contribution (%), the coercivity of remanence (Bcr), and the dispersion parameter (DP) for the BS and 545 

BH are included in (a) and (b). The shaded area reflects the 95% confidence level. (c) and (d), FORC 546 

diagrams for samples from Hole U1409A and U1403B. The VARIFORC smoothing parameters (Egli, 547 

2013) are used: Sc0 = 4, Sc1 = 7, Su0 = 3, Su1 = 7, and λc = 0.1, λu = 0.1. 548 
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 550 

Fig. 4. SEM images of four types of giant magnetofossils. (a-d) Spearheads with different sizes of tails, 551 

and a circumferential feature in stalk sectors (d). Spindles (d and e), needles (f and g), giant bullets (h 552 

and i), and aggregates of giant magnetofossils (j-l). White arrows in each SEM image point to the other 553 

conventional magnetofossils. 554 
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 556 

Fig. 5. TEM analysis of giant magnetofossils. Low-resolution bright-field TEM images, HRTEM 557 

images, and SAED patterns for (a) spearheads, (b) needles, and (c) giant bullets. The crystallographic 558 

lattice direction [hkl] is indicated by white arrows. Positions of HRTEM and SAED are indicated by 559 

black arrows. Insets in the HRTEM images of (b) needle and (c) giant bullet show models of crystal 560 

habits with a similar two sharp edge end. The sharp end in the schematic diagram is amplified 561 

compared to actual particles. Lattice fringe values and the corresponding Miller indices (hkl) for all 562 

particles correspond to those of magnetite. The single spearhead is partially oxidized magnetite verified 563 

by superlattice reflections in the SAED pattern (a) (Zhou et al., 1999). 564 
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 566 

Fig. 6. Histograms for counted magnetite particles of all types and sizes. The crystal length 567 

distributions (a-e) and width/length ratio distributions (f-j) are plotted for spearheads, spindles, all 568 

needle-shaped crystals, all bullet-shaped crystals, and other conventional magnetofossils, respectively. 569 

The length distribution histograms for all needle-shaped (c) and bullet-shaped (d) crystals both are 570 

typically bimodal, which are subdivided into two humps at the length of ~400 nm. The crystal length 571 

of small needles and bullets is less than 400 nm, while that of needles and giant bullets is larger than 572 

400 nm. The other conventional magnetofossils here include cuboctahedral and elongated-prismatic 573 

magnetite crystals. Histogram of the width/length ratio distribution for all needle-shaped particles and 574 

other conventional magnetofossils (j) indicates two distributions divided at the width/length ratio of 575 

~0.3. The number of counted particles for each group is indicated in each plot. 576 

  577 



 29 

 578 

Fig. 7. Dimensional data of all types of magnetofossil crystals in samples at Sites U1409 and U1403 579 

plotted in the domain state phase diagram. Dimensional data for giant magnetofossils within samples 580 

in the NJ are from Schumann et al. (2008), Wang et al. (2015), and Wagner et al. (2021a). The 581 

theoretical domain state diagram is from Muxworthy and Williams (2009). 582 
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 584 

Fig. 8. Micromagnetic simulations of magnetic domain states for typical observed giant magnetite 585 

crystals of variable morphologies and sizes. The domain structures of saturated isothermal remanent 586 

magnetization are calculated along the axis parallel to the crystal elongation direction. (a-e) MD 587 

structure of all spearheads. (f-j) SD structure of all spindles. (k-o) SD structure of all needles. A needle 588 

of 1191 nm length with a width/length ratio of 0.12 shows a vortex structure at the ends of the particle 589 

(l). (p-t) Single vortex domain structure of all giant bullets. The crystal length and width/length ratio 590 

of each particle are indicated. Arrows showing magnetic moments were colored by helicity. Yellow 591 

surfaces show vortex cores. 592 
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 594 

Fig. 9. Dimensional and morphological data analysis for magnetofossils in samples from Sites U1409 595 

and U1403. (a) Plot of length versus width with calculated confidence ellipse for all types of giant 596 

magnetofossils, small needles, and bullets. Data for large dispersion degree were removed when 597 

calculating confidence ellipse: length for spearheads >3000 nm, width for spearheads >1500 nm; 598 

length for spindles <1500 nm; length for giant bullets >1500 nm, width for giant bullets >500 nm; 599 

length for needles >1500 nm. Coloured shadows indicate the 95% level of confidence ellipse, and 600 

inner solid lines correspond to the 90% level of confidence ellipse. (b) The enlarged grey area in (a). 601 

The solid yellow curve is a fit of the sigmoid function for small needles and needles: W = a (1 + exp 602 

(-k ´ (L – b)))-1, where a = 102.51 ± 1.01, b = 222.03 ± 8.33, k = (7.99 ± 0.638) ´ 10-3, R2 = 0.76 (W 603 

and L are width and length). The solid blue curve is a fit of a linear function for bullets and giant bullets: 604 

W = 0.34 ´ L + 2.93, R2 = 0.94. The surrounding area correspond to the 95% confidence level. 605 
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Table 1. Samples from Exp. 342 that were subjected to electron microscopic analyses. 607 

IODP 
Hole 

Section 
Interval 

(cm) 
Depth 
(mbsf) 

Depth 
(mcd) 

Microscope 
analyses 

Age* 
(ky +/-
PEB) 

U1409A 20X3W 20-21 154.00 179.67 SEM 144.65 
U1409A 20X3W 30-31 154.10 179.77 TEM 135.65 
U1409A 20X3W 56-57 154.36 180.03 SEM 112.25 
U1409A 20X3W 65-66 154.45 180.12 SEM, TEM 12.00 
U1409A 20X3W 93-94 154.73 180.40 TEM -50.49 
U1409A 20X3W 114-115 154.94 180.61 SEM -91.26 
U1409A 20X3W 127-128 155.07 180.74 SEM -116.50 
U1409C 21X2W 24-25 159.04 178.09 SEM - 
U1409C 21X3W 7-8 160.14 179.19 SEM - 
U1409C 21X3W 25-26 160.32 179.37 SEM - 
U1409C 21X3W 39-40 160.46 179.51 SEM - 
U1403B 22H1W 40-41 173.40 196.94 SEM 328.67 
U1403B 23X1W 14-15 176.04 200.70 SEM 55.53 
U1403B 23X1W 44-45 176.34 201.00 SEM 33.89 
U1403B 23X1W 135-136 177.25 201.91 SEM -141.94 
U1403B 23X3W 55-56 179.05 203.71 SEM -722.58 
U1403A 28XCC 10-11 242.11 270.90 SEM Note 

Original *age is obtained from Penman et al. (2016). Note: the absolute age for this sample is ~70 Ma, 608 

which is obtained from Norris et al. (2012). PEB, Palaeocene-Eocene boundary; +/- PEB indicates 609 

before (-) and after (+) the PEB. 610 


