'.) Check for updates

A ’ I l ADVANCING
nu EARTH AND

= SPACE SCIENCES

JGR Solid Earth

RESEARCH ARTICLE
10.1029/2023JB027741

Key Points:

e Magnetic minerals in core MD11-
3353 record paleoenvironmental
changes in the South Indian Ocean
over the past 150 Kyr

e Abundant detrital magnetic minerals
illustrate an enhanced intensity of the
Antarctic Circumpolar Current during
the glacial periods

e Increased magnetofossils indicate an
increased nutrient supply associated
with the Southern Ocean upwelling
during the interglacial periods

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

J.H.Li,
lijinhua@mail.iggcas.ac.cn

Citation:

Liu, Y., Kissel, C., Mazaud, A., Pan,
Y., & Li, J. (2023). Glacial-interglacial
circulation and climatic changes in

the South Indian Ocean (Kerguelen
Plateau region) recorded by detrital and
biogenic magnetic minerals. Journal
of Geophysical Research: Solid Earth,
128, €20231B027741. https://doi.
0rg/10.1029/2023JB027741

Received 28 AUG 2023
Accepted 8 NOV 2023

Author Contributions:

Conceptualization: Jinhua Li

Data curation: Jinhua Li

Funding acquisition: Jinhua Li
Investigation: Yan Liu, Jinhua Li
Methodology: Jinhua Li

Project Administration: Jinhua Li
Resources: Catherine Kissel, Alain
Mazaud, Jinhua Li

Supervision: Catherine Kissel, Jinhua Li
Visualization: Yan Liu, Jinhua Li
Writing — original draft: Yan Liu,
Jinhua Li

Writing — review & editing: Catherine
Kissel, Yongxin Pan, Jinhua Li

© 2023. American Geophysical Union.
All Rights Reserved.

Glacial-Interglacial Circulation and Climatic Changes in the
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Abstract The Southern Ocean (SO) plays a fundamental role in global climate due to the presence of the
intense eastward-flowing Antarctic Circumpolar Current (ACC), one of the most important ocean current
systems. The configuration of the frontal systems of the ACC is controlled by the orbital- and millennial-scale
variations of the Southern Hemisphere westerly winds (SHWW) and the SO upwelling. However, the
reconstruction of paleoclimate and paleocurrent in the SO remains controversial possibly because of the
complex interpretation of paleo-proxies and the regional variations. Here, we present results from rock
magnetic measurements and electron microscopic analyses on marine core MD11-3353 over the past 150 Kyr,
which is located in the Polar Front Zone, west of the Kerguelen Plateau. Our data sets indicate that magnetic
mineral assemblages in the core are dominated by detrital magnetic minerals mixed with biogenic magnetic
minerals (i.e., magnetofossils formed by magnetotactic bacteria) during the interglacial periods. Changes

in the detrital magnetic mineral content indicate a strong modulation of the ACC intensity and the SHWW
stress at the orbital scale over the last climatic cycle with an enhanced activity during the glacial periods. The
increase in magnetofossils content during the interglacial periods indicates an enhanced nutrient supply from
the SO upwelling resulting from the southward migration of the Antarctic Polar Front. Our results suggest
that the variations of concentration and assemblage of magnetic minerals can be used as faithful proxies for
reconstructing ocean circulation and upwelling changes in the South Indian Ocean over the past 150 Kyr.

Plain Language Summary The Southern Ocean plays a critical role in climate, ocean circulation,
oceanic carbon sequestration, and nutrient distribution, in particular via the Antarctic Circumpolar Current
(ACC), the largest wind-driven current on Earth. Reconstructing the past variability of the intensity and
position of the ACC is challenging. Indeed, rather different results were obtained from different areas
suggesting a strong regional dependence. In order to better decipher the mechanisms involved in the southern
Indian sector, we performed detailed environmental magnetic analyses on a marine core collected west of the
Kerguelen Plateau, presently under the influence of the ACC. Both detrital and biogenic magnetic minerals
were identified over the past 150 Kyr, corresponding to the last climatic cycle. The temporal variations of
detrital magnetic minerals suggest an enhanced intensity of the ACC during the glacial periods. In contrast,
increased abundance of biogenic magnetic minerals during the interglacial periods indicates an increased
nutrient supply associated with an enhanced Southern Ocean upwelling.

1. Introduction

The Southern Ocean (SO) plays a critical role in the global ocean circulation system with a deep influence on
global climate through the Antarctic Circumpolar Current (ACC) (Studer et al., 2018). The ACC is the largest
wind-driven current on Earth and connects the Atlantic, Pacific, and Indian Oceans in mid-southern latitudes
(Marshall & Speer, 2012). The ACC southward shoaling brings deep waters to the ocean surface, controlling
the nutrient delivery patterns and the oceanic carbon sequestration in the Southern Hemisphere (Ai et al., 2020;
Anderson et al., 2009; Chang et al., 2023; Sigman & Boyle, 2000).

Along a north to south transect in the SO, the main ACC fronts include the Subantarctic Front (SAF), the Antarc-
tic Polar Front (APF), and the Southern-ACC Front (Park et al., 2019; Rintoul & Naveira, 2013). The Polar
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Front Zone (PFZ) is encompassed by the SAF and APF. It separates colder, nutrient-richer (Si, NO,~) Antarctic
surface waters originating from the SO upwelling, from warmer, nutrient-poorer Subantarctic surface waters
(Palter et al., 2013; Ragueneau et al., 2000). Past latitudinal variations of APF and therefore of ACC therefore
influence the SO biogeochemistry and ecosystems (Kohfeld et al., 2005). It has been proposed that the latitudinal
variations of the ACC were driven by changes in the Southern Hemisphere westerly winds (SHWW) during the
last glacial-interglacial cycle (Toggweiler et al., 2006). However, the relationship between the ACC intensity
and position and the glacial-interglacial climate remains elusive (McCave et al., 2014; Toyos et al., 2020). For
instance, by analyzing the abundance and grain size of magnetic minerals in sediments from Southern Indian
Ocean, Mazaud and coworkers proposed an enhanced ACC flow intensity during the glacial periods over the
past ~500 Kyr (Mazaud et al., 2007, 2010). On the contrary, recent studies of sediments from the Drake Passage,
based on the analysis of sedimentary grain sizes and geochemical signature, have suggested a reduced ACC
flow intensity during the last glacial periods (Toyos et al., 2020; Wu et al., 2021). Numerous oceanographic
surveys and numerical simulations have also been conducted (Graham et al., 2012; Kohfeld et al., 2013; Munday
et al., 2013; Rojas et al., 2009; Saenko et al., 2005; Toggweiler et al., 2006). However, a consensus on temporal
and spatial variations in SHWW stress, ACC flow intensity, and SO upwelling is still not reached most likely due
to an underestimation of local processes impacting both numerical models and interpretation of proxies (Kohfeld
et al., 2013). Therefore, new paleoclimate records are needed to provide a better understanding of the ACC inten-
sity variability during the glacial-interglacial periods.

Magnetofossils are well-known biogenic magnetic minerals preserved in sediments or sedimentary rocks
(Kirschvink & Chang, 1984; Kopp & Kirschvink, 2008; Pan et al., 2005; Roberts et al., 2012). They are actually
fossil remains of magnetotactic bacteria (MTB), and promising recorders of paleoenvironmental information
because of their ideal single domain (SD) nature and distinctive morphologies associated with different taxo-
nomic MTB groups with contrasting habitat preferences (Li et al., 2013, 2021; Li, Liu, Wang, et al., 2020; P. Y.
Liu et al., 2022; Pésfai et al., 2013). For instance, magnetofossil abundance and hematite flux changes have
been used to indicate iron fertilization occurrence in open ocean settings (Roberts et al., 2011; Yamazaki &
Ikehara, 2012). The grain size and crystal morphology of magnetofossils have been also interpreted to indicate
organic supply increase and deep-water suboxic conditions in marine environments (Chang et al., 2018, 2023;
Kopp & Kirschvink, 2008; Yamazaki & Kawahata, 1998). In the glacial-interglacial records, the fraction of such
biogenic magnetic minerals was used, in combination with detrital magnetic mineral records, to constrain latitu-
dinal variations of the Intertropical Convergence Zone in the eastern Pacific (Yamazaki, 2012).

In this study, we combine rock magnetic measurements and scanning/transmission electron microscopic obser-
vations on a sedimentary sequence (core MD11-3353) retrieved west of the Kerguelen Plateau (KP). We observe
that variable concentrations of detrital and biogenic (i.e., magnetofossils) magnetic minerals faithfully illus-
trate the glacial-interglacial ACC intensity variability and/or the SO upwelling. This new magnetic mineral data
set therefore provides new paleoceanographic and paleoclimatic information in the SO for the past 150 Kyr.

2. Materials and Methods
2.1. Marine Core Locations, Oceanographic Context, and Sampling

Core MD11-3353 (50°34.02’S, 68°23.13’E, 1,568 m water depth) was retrieved in 2011 with the long piston
corer system (CALYPSO) on board the R/V Marion Dufresne during the MD185 INDIENSUD oceanographic
expedition (Mazaud & Michel, 2011). The core site is located in the PFZ on the northwestern slope of the KP
(Figure 1a), which is a large igneous province formed by mantle plume activity about 115 Ma ago (Whitechurch
et al., 1992). The western margin of the KP is limited by the Crozet Plateau (CP) and Conrad Rise (CR), which
were formed ~54 and ~75 Ma ago, respectively (Breton et al., 2013; Homrighausen et al., 2021). Mineralogical
and geochemical analyses have suggested that these areas provide large amounts of volcanic detrital materials to
the South Indian Ocean (SIO) (Bareille et al., 1994; Dezileau et al., 2000). The location of this core is close to
the present APF.

Core MD11-3353, which mainly consists of siliceous ooze and siliciclastic mud was subsampled using u-channels
(Weeks et al., 1993) for continuous high-resolution magnetic measurements at Laboratory of Sciences of Climate
and Environment (Gif-sur-Yvette, France). On the basis of this continuous scan, representative samples were
selected for rock magnetic measurements and electron microscopic analyses at the Institute of Geology and
Geophysics, Chinese Academy of Sciences (IGG-CAS, Beijing, China).
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Figure 1. (a) Map of the studied South Indian Ocean area. The left-bottom inset in (a) shows the main components and positions of the Antarctic Circumpolar Current
(ACC) in the Southern Ocean. The orange, blue, and green lines represent the Subantarctic Front (SAF), the Antarctic Polar Front (APF), and the Southern-ACC Front
(SACCEF), respectively. The main ACC fronts are drawn after Park et al. (2019). CP, Crozet Plateau; CR, Conrad Rise; KP, Kerguelen Plateau; EDC, EPICA Dome C ice
core; SA, South America; Af, Africa; Au, Australia; An, Antarctica; At, Atlantic Ocean; In, Indian Ocean; Pa, Pacific Ocean. The red solid triangle indicates our study
location (MD11-3353 core), while the blue and purple solid circles indicate the core locations of MD00-2375G (Mazaud et al., 2010) and MRO3K04-PC5 (Yamazaki &
Ikehara, 2012), respectively. (b) Magnetic susceptibility of core MD11-3353 and MDO00-2375G reported versus its own age model from Thole et al. (2019) (green line)
and Mazaud et al. (2010) (blue line), respectively. The black dotted lines indicate the tie points used to adjust the age model from Théle et al. (2019) to that of Mazaud
et al. (2010) within Marine Isotope Stage 5 (period highlighted by the light orange rectangle). (c) The age-depth model of Thole et al. (2019) (red line) and this study
(green line) for core MD11-3353 over the last 150 Kyr.

The two other cores to which we compare our results (Figure 1a) are core MD00-2375G, composed of carbonate
oozes (Dezileau et al., 2000; Mazaud et al., 2010), and core MR03K04-PC5 dominated by foraminifera-bearing
nannofossil ooze (Yamazaki & Ikehara, 2012).

2.2. Room-Temperature Magnetic Measurements

Volume low-field magnetic susceptibility (x) and anhysteretic remanent magnetization (ARM) measurements
were performed at 2 cm intervals on u-channels with the spatial resolution of ~5.6 cm. A Bartington MS2C 45
mm internal diameter coil device was used for k measurements. A 2G cryogenic magnetometer equipped with
high-resolution pick-up coils was used for ARM measurements induced using a 100 mT alternating field, and a
0.05 mT direct current (DC) bias field.

A total of 23 samples were selected for rock magnetic measurements on a vibrating sample magnetometer (Prince-
ton MicroMag model 3900, sensitivity = 5 X 107! Am?). First, hysteresis loops were measured on maximum
applied fields of 1 T with a 5 mT increment. Saturation magnetization (M), saturation remanent magnetization
(M,), and coercivity (B,) were obtained after applying high-field (>700 mT) slope corrections to remove the
contributions of diamagnetic/paramagnetic minerals. Second, static isothermal remanent magnetization (IRM)
acquisition curves were measured with 120 measurement points based on nonlinear field steps on a log scale
(up to 1 T). Then, IRM acquisition curves were decomposed into cumulative log-Gaussian curves (Robertson
& France, 1994) following the protocol of Kruiver et al. (2001). The remanence coercivity (B,,) was determined
from the DC demagnetization (DCD) curve of saturation IRM (SIRM, ) back to —1 T. The hard IRM (HIRM)
and S-ratio were defined as %2(SIRM, + IRM_;, 1) and —IRM_,,, /SIRM,, respectively. The R-value of the
Wohlfarth-Cisowski test, used to characterize magnetic interactions (Cisowski, 1981), was determined as the
cross point between normalized IRM acquisition (i.e., IRM(H)/SIRM) and rescaled SIRM DCD curves (i.e.,
(1 + IRM(—H)/SIRM)). Finally, first order reversal curves (FORCs) (Egli et al., 2010; Pike et al., 1999; Roberts
et al., 2000) were measured with a positive saturation field of 1 T, an increasing field step (§H) of 0.856 mT,
and a 300 ms average time. FORC data processing were carried out using the FORCinel v3.06 software package
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and smoothed by the VARIFORC algorithm (ScO = 7, Sc1 =7, Sb0 = 6, and Sb1l = 7) (Egli, 2013; Harrison &
Feinberg, 2008).

2.3. Low-Temperature Magnetic Measurements

Zero-field-cooled (ZFC) and field-cooled (FC) curves were performed on a Quantum Design Magnetic Property
Measurement System (MPMS XP-5, sensitivity = 5 X 1071 Am?). Cooling samples from 300 to 10 K in zero
field and in a 2.5 T field were used for ZFC and FC analyses, respectively. Then SIRM  y , 5+ from 10 to 300 K
in zero field was measured. The Verwey transition temperature (7,) is defined as a negative peak in the first-order
derivative of the FC curve, while the -ratio is defined as 6p/,, Where 6 is calculated as (Mg, — M50, )/ My,
and M, and M, represent remanences at 80 and 150 K, respectively (Moskowitz et al., 1993).

2.4. Electron Microscopic Analyses

Sixteen of the 23 sediment samples were further picked out for magnetic extraction and subsequent electron
microscopic characterization following the protocol described by Li, Liu, Liu, et al. (2020). The extracted
magnetic minerals were deposited on carbon-coated copper transmission electron microscope (TEM) grids for
both large-area scanning electron microscope (SEM) and high-resolution TEM (HRTEM) observations (Li, Liu,
Liu, et al., 2020). SEM experiments were carried out with Thermoscientific Apreo microscope equipped with a
field emission gun electron source and a Bruker XFlash 60 energy dispersive X-ray spectrometer (EDXS). Lattice
imaging by HRTEM, mineral identification by selected-area electron diffraction (SAED), and chemical micro-
analysis by EDXS were performed at an accelerating voltage of 200 kV on a JEOL JEM-2100HR microscope
equipped with a LaB, gun electron source and an X-Max EDXS detector.

2.5. Age Model

The age model of core MD11-3353 was constructed by Thole et al. (2019) via the correlation of MD11-3353
TEXBSL sea surface temperatures data with a well-dated stable hydrogen isotope (8D) record of EPICA Dome C
(EDC) ice core (Figure 1a) (Jouzel et al., 2007). The entire core covers about 400 Kyr with a relatively constant
average sedimentation rate of ~7.5 cm Kyr~'. In this paper, we focus on the past ~150 Kyr from Marine Isotopic
stage (MIS) 6 to the present.

The other two cores (i.e., MD00-2375G and MRO3K04-PCS5) (Figure 1a) were dated via comparison of their
planktonic stable oxygen isotope (5'%0) record with the 8D record of EDC ice core for core MD00-2375G
(Mazaud et al., 2010), and with the SPECMAP stack for core MR0O3K04-PC5 (Yamazaki & Ikehara, 2012).
Within MIS 35, because the TEX®L could not accurately resolve the various substages (Pugh et al., 2009), we
used the susceptibility variations to transfer the age model of core MD00-2375G to MD11-3353 with six different
tie points using AnalySeries software (Paillard et al., 1996) (Figure 1b). We thus refined the Thole et al. (2019)
age model within MIS 5, leading to a smoother depth/age relationship (Figure 1c).

The 23 selected samples were classified by MIS and numbered from young to old. For example, S5-3 indicates
the third sample during MIS 5 and S5-4 is older than S5-3. One sample was taken in the Holocene, a second
one in Termination I (T1) and a third one in MIS 2. Three, three, twelve, and two samples were collected in the
intervals corresponding to MIS 3, 4, 5, and 6, respectively (Figure 2c). The 12 samples collected from MIS 5 are
distributed in all substages from MIS 5a to MIS Se (Figure 2).

3. Results
3.1. Temporal Variation of Magnetic Mineral Concentration

The magnetic parameters x, ARM, M_, SIRM,;, and HIRM, which are related to the concentration of magnetic
minerals, have similar temporal variation patterns throughout the core (Figures 2a—2e). They show a gradual
decrease during the late MIS 6 and remain at their lowest values for most part of MIS 5, but with two slight
increases in the MIS 5d and MIS 5b cold substages. They then increase gradually from the late MIS 5a to MIS 2,
with a big hump in the middle part of MIS 4, and reach their highest values at ~18-25 Kyr, which roughly coin-
cides with the Last Glacial Maximum. They decrease rapidly during Termination I (T1) from ~18 to ~10 Kyr,
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Figure 2. Temporal variations of concentration-dependent magnetic parameters for MD11-3353 core over the past 150 Kyr. (a) k, low-field magnetic susceptibility.

(b) ARM, anhysteretic remanent magnetization. (c) Saturation magnetization (M) (red line), M, plotted on a carbonate-free basis (M,-CFB) (blue line) and opal-free
basis (M-OFB) (green line). (d) SIRM,, saturation isothermal remanent magnetization acquired in a 1T field. (¢) HIRM, hard isothermal remanent magnetization. (f)
S-ratio, —IRM 4,1/SIRM, 1. (g) LR0O4 benthic 680 stack (Lisiecki & Raymo, 2005). Gray shadings outline the cold substages during Marine Isotope Stage (MIS) 5.
Both x and ARM were obtained from u-channels at 2 cm interval with a resolution of 5.6 cm, while M_, SIRM,;, HIRM, and S-ratio were obtained from the 23 selected
samples from the core. The numbers in (d) correspond to the sample labeling.
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to finally reach their lowest values again in the Holocene. In summary, the concentration in magnetic minerals
is relatively low during the Holocene and the relatively warm substages MIS 5a, MIS 5c, and MIS 5e and rela-
tively high during the glacial periods (i.e., MIS 6, MIS 4 to MIS 2, and T1) and the relatively cold MIS 5b and
MIS 5d substages. In the detailed study by Thole et al. (2019), many proxies have been analyzed. In particular,
the authors report on opal and calcium carbonate content which may play the role of dilutant of the magnetic
fraction. We have calculated for all the studied samples the M values on carbonate-free and opal-free basis using
the formula: M-X-free basis = M, x 100/(100 — X%), where X is for carbonate or opal. As shown in Figure 2c,
these two calculated curves still show similar temporal variations as our magnetic concentration record. This
demonstrates that the temporal variation pattern of the magnetic content does not result from a dilution by the
main non-magnetic fractions.

The S-ratio, which is the most sensitive parameter for estimating the relative amount of high-coercivity minerals
(e.g., hematite and goethite) and low-coercivity minerals (e.g., magnetite, maghemite) (King & Channell, 1991;
Q. S. Liu et al., 2012), keeps relative stable around 0.98 during most part of the glacial periods (e.g., MIS 6, MIS
4 to MIS 2, and T1) and small amplitude oscillations (down to 0.96) during the MIS 5 and early MIS 4 (Figure 2f).
These values very close to 1 indicate that the remanence of the core sediments is mainly carried by low-coercivity
magnetic minerals, consistently with the relative low HIRM values compared to SIRM, ;. (Figure 2e).

3.2. Temporal Variation of Magnetic Mineral Assemblage

We tested the presence of magnetite in core MD11-3353 using low-temperature magnetic measurements. As
shown in Figure 3, both FC and ZFC warming curves show a weak but detectable Verwey transition between ~90
and ~120 K for all detected samples, indicating the presence of magnetite (Muxworthy & McClelland, 2000).
Most samples from the glacial periods and from the warm substages of MIS 5 tend to have only one major transi-
tion peak at ~110 and ~97 K, respectively (Figures 3a and 3g). Comparatively, samples from the cold substages
of MIS 5 (i.e., S5-9) and early MIS 4 (i.e., S4-2) tend to have a plateau-like form between ~97 and ~110 K
(Figures 3d and 3j). Generally, a reduced 7, value for detrital inorganic magnetite means an impure chemi-
cal composition (i.e., nonstoichiometry) (Muxworthy & McClelland, 2000), or an oxidative modification (i.e.,
maghemitization) (Yamazaki, 2008), or both. Biogenic magnetite produced by MTB is usually characterized by
T, values lower than ~110 K (Li, Menguy, Leroy, et al., 2020; Moskowitz et al., 1993). Therefore, a plateau-like
form between ~97 and ~110 K around T, observed in marine sediment samples has been used as evidence for a
mixture of detrital inorganic magnetites and magnetofossils (Chang, Heslop, et al., 2016).

The magnetic mineral assemblages in the 23 selected sediment samples were further characterized by hysteresis
loop, IRM acquisition/demagnetization, and FORC experiments (Figure 3 and Figures S1-S12 in Supporting
Information S1). All the measured samples have narrow hysteresis loops and IRM acquisition curves largely
increasing at low field to reach a nearly saturated state at ~300 mT. This is consistent with the S-ratio and
confirms the dominance of low-coercivity magnetic minerals. Normalized IRM acquisition and SIRM DCD
curves are roughly symmetric and cross each other at a calculated R-value ranging from 0.44 to 0.47 (Figures 3b,
3e, 3h, and 3k; Table S1 in Supporting Information S1). This suggests that the magnetic minerals weakly inter-
act (Cisowski, 1981). The SD and vortex states of the magnetic minerals are well characterized by their corre-
sponding FORC diagrams (Egli et al., 2010; Roberts et al., 2017). Comparatively, most samples from the glacial
periods and the cold substages of MIS 5 tend to have a butterfly-like FORC distribution for the vortex structure
(Figures 3c, 3f, 31), while the samples from the warm MISS5 substages tend to have a ridge-shaped FORC distri-
bution for weakly interacting SD particles (Figure 3i).

The rock magnetic measurements we conducted on the 23 selected samples also allow to analyze the temporal
M. /M, and B /B_) and of the abundance of magne-
tofossils (e.g., dpc» Oypc» and 6/d,p-) (Li, Menguy, Leroy, et al., 2020; Moskowitz et al., 1993). As shown in

variation of the magnetic grain size (e.g., Kyg\/k, B, B

cr’

Figure 4, the x,p\/k, B, B,
for most of sediment samples during the glacial periods (e.g., MIS 6, MIS 4 to MIS 2, and T1) compared to

M, /M, and 6 /5, values are lower, and the B /B, 6y, and 6, values are higher

MIS 5 and Holocene. This indicates that the magnetite assemblages are made of relatively coarser magnetic
grains and relatively lower magnetofossils content during the glacial periods than during interglacial ones (Day
et al., 1977; Dunlop, 2002; Li, Menguy, Leroy, et al., 2020; Q. S. Liu et al., 2012; Moskowitz et al., 1993; Peters
& Dekkers, 2003). Within MIS 5, all these magnetic parameters oscillate with higher (lower) values of x,\/k,

B, B, and M /M, 6p-/6,p, and lower (higher) values of B /B, 6., and 6, during the relatively warm (cold)

cr’
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Figure 3. Rock magnetic measurements of four representative samples selected from the glacial periods MIS 2 (S2-2, (a—c)) and early MIS 4 (S4-2, (d-f)), the warm
substage MIS 5a (S5-1, (g-1)), and the cold substage MIS 5d (S5-9, (j-1)) during the interglacial period MIS 5. The first, second, and third columns are FC-SIRM, ¢ , 51
and ZFC-SIRM,  , sy warming curves, normalized IRM acquisition and SIRM, . direct current demagnetization (DCD) curves, and first order reversal curve (FORC)
diagrams, respectiv_ely. The blue lines with white circles in panels (a, d, g, and j) are the first-order derivative curves of field-cooled (FC). Purple and green dashed
lines indicate the temperature points of ~97 and ~110 K, respectively. Results of rock magnetic measurements on more samples are provided in Figures S1-S12 in
Supporting Information S1.

substages. This indicates finer (coarser) magnetic grains and more magnetofossils remain during the relatively
warmer substages.

In summary, both room- and low-temperature magnetic measurements consistently suggest that magnetite or/and
maghemite particles are coarser during glacial periods than during interglacial periods. In addition, both FORC
diagrams and hysteresis loops demonstrate that these magnetite or/and maghemite particles are dominated by
the SD and vortex states across this core, and that superparamagnetic fractions should be very small, which is
consistent with the previous studies in this region (Manoj et al., 2012; Mazaud et al., 2010).

3.3. Results of Electron Microscopic Observations

SEM and TEM approaches were combined to precisely identify assemblages and origins of the magnetic miner-
als in core MD11-3353 (Figure 5 and Figures S13-S31 in Supporting Information S1). Six types of magnetite
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Figure 5. Electron microscopic characterization of magnetic minerals in three representative samples from MIS 2 (S2-2, (a—d)), MIS 5a (S5-1, (e-i)), and MIS 5d
(S5-9, (j—m)). The top and bottom two rows are scanning electron microscope (SEM) and transmission electron microscope (TEM) images, respectively. Five types of
detrital titanomagnetite minerals (Types 1-5) are indicated by solid arrows with different colors: cyan for Type-1, irregular or angular magnetites (a); blue for Type-2,
octahedral magnetites (d and e); yellow for Type-3, silicate-hosted irregular or cubic magnetites (c, j, and m); green for Type-4, silicate-hosted dendritic-like magnetites
(b); and purple for Type-5, tight aggregates of nanometer-sized superparamagnetic titanomagnetites (h). Magnetofossils (Type-6) are indicated by solid orange arrows
(e-1). Panel (i) is high-resolution TEM image (inset is the corresponding Fast Fourier Transform pattern) of one magnetofossil particle indicated by the orange dashed
box in (h). Systematic electron microscopic characterization of the other samples is provided in Figures S13-S31 in Supporting Information S1.

particles could be identified based on the combination of SEM, TEM and HRTEM imaging, and SAED and
TEM-based EDXS analyses (Li, Liu, Liu, et al., 2020). Type-1 and Type-2 are well-defined octahedral particles
with irregular and angular shapes, respectively. Both types often have grain sizes that range from a few hundred
nanometers to a few microns. Type-3 corresponds to irregular or cubic particles and has grain sizes usually rang-
ing from tens to hundreds of nanometers. Type-4 is micron-sized magnetite that are assembled in dendritic-like

Figure 4. Temporal variations of magnetic parameters from core MD11-3353 over the past 150 Kyr. (a) k,g\/k, (b) B, coercivity, (c) B,,, remanence coercivity, (d)

M /M, (e) B./B., (f) 8pc/5 5, and (8) 8, and 8. (h) LRO4 benthic §'%0 stack (Lisiecki & Raymo, 2005). The k,g,,/k Was obtained from u-channels at 2 cm interval,
while B, B, M /M, B /B, 6;:/65c, 65c. and Oy were obtained from the 23 selected samples from the core. Solid gray and green arrows in (b) represent the 16
discrete samples picked out for electron microscopic analyses (Figure 5 and Figures S13-S31 in Supporting Information S1). Solid green arrows are the four typical
samples selected for statistical analyses of magnetofossils morphology shown in Figure 6. Light blue and gray shadings outline the glacial periods (i.e., MIS 6, MIS 4-2,

and T1) and the cold substages during MIS 5 (i.e., MIS 5d and 5b), respectively.
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Figure 6. (a—d) Grain size distributions of magnetofossils with three types of morphologies observed in four sediment samples from the warm (a, c) and cold (b,

d) substages of MIS 5 are plotted in the theoretical domain state phase diagram (Muxworthy & Williams, 2009). Cuboctahedral (purple solid circles), elongated
prismatic (green solid squares), and bullet-shaped (orange solid triangles). (e) Proportions of cuboctahedral (purple shading), elongated prismatic (green shading), and
bullet-shaped (orange shading) magnetofossils in the four samples.

structures. Both Type-3 and Type-4 particles are generally hosted within silicates. Type-5 is magnetite aggregates
consisting of many nanometer-sized particles. Integrated use of various TEM techniques on individual particles
reveals that these five types are titanomagnetites with variable Ti contents (Figures S13—S31 in Supporting
Information S1). They most likely originate from detrital input from the SO land masses (e.g., CP, CR, and KP)
(Bareille et al., 1994; Dezileau et al., 2000). Type-6 magnetites were readily recognized as magnetofossils (i.e.,
biogenic magnetites) because they have typically morphological, crystallographic, and chemical features that
are identical to magnetosome magnetites produced by modern MTB (Figures S13-S31 in Supporting Infor-
mation S1). Indeed, they have narrow grain size distributions (generally ranging from ~30 to ~200 nm) and
well-defined crystal morphologies (including abundant elongated prisms and bullet shapes, and a small amount
of cuboctahedrons). We also observe the presence of short chains with a few particles with the same morphology,
and chemical structures with only Fe and O without any other detectable elements such as Ti (Li et al., 2013; Li,
Menguy, Leroy, et al., 2020). In addition, HRTEM on individual particles showed that almost all of the detected
magnetofossils still maintain well-defined crystal faces and nearly perfect lattice structures (Figure 5i). This
suggests that the magnetofossils have been well preserved in this core and did not suffer from any strong diage-
netic alteration (Roberts, 2015; Yamazaki et al., 2020).

The detected detrital titanomagnetites (Type-1 to Type-5) and magnetofossils (Type-6) vary in abundance between
the glacial and interglacial periods (Figures S13—S31 in Supporting Information S1). In most samples from the
glacial periods, Type-1 to Type 4 detrital titanomagnetite particles were readily observed by both SEM and TEM
observations, while very few magnetofossils were occasionally found and only by TEM observations. In contrast,
both detrital titanomagnetites and magnetofossils appear with roughly equal probability in most samples from the
interglacial periods and early MIS 4. Partially collapsed magnetofossil chains were observed using both SEM and
TEM (Figure 5 and Figures S13—-S31 in Supporting Information S1). It should be noted that the Type-5 detrital
titanomagnetite aggregates could be observed only by TEM in some glacial and interglacial samples (Figure Sh),
possibly due to their low abundance and small sizes.
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The morphological types of magnetofossils during MIS 5 were further statistically analyzed in four typical
samples from the warm (e.g., S5-1 and S5-5) and cold (e.g., S5-3 and S5-9) substages (Figure 4). The crystal
length (along the long axis) and width (perpendicular to the long axis) of nearly 3,000 magnetofossils were
manually measured on ~300 TEM images with the Image J software package (https://imagej.nih.gov/ij/). TEM
observations and statistical analyses showed that the magnetofossils are dominated by elongated prismatic and
bullet-shaped magnetites with a small proportion of cuboctahedral magnetite (<4%). Comparatively, the propor-
tion of bullet-shaped magnetofossils significantly increases to ~36% (S5-5) and ~37% (S5-1) during the warm
substages, while it is ~23% (S5-3) and ~24% (S5-9) during the cold substages.

In a word, detailed electron microscopic observations of the magnetic extracts are well consistent with bulk rock
magnetic measurements. Both demonstrated that core MD11-3353 is dominated by detrital titanomagnetites
only mixed with magnetofossils during the interglacial periods and early MIS 4. This accounts well for relatively
coarse magnetic grains during the glacial (and cold periods of MISS5) and a fining of the magnetic assemblage
during the interglacial periods (in particular, the relatively warm MIS substages) by the addition of a substantial
amount of magnetofossils.

4. Discussion
4.1. Occurrence and Temporal Variations of Detrital and Biogenic Magnetic Minerals

IRM decomposition has been widely used in environmental magnetism to quantify the different magnetic compo-
nents of a mixture based on their different mean coercivity spectra (Egli, 2004; Heslop et al., 2002; Q. S. Liu
et al., 2012). However, recent studies revealed that such method is by no means straightforward for quanti-
tatively identifying a mixture of detrital and biogenic magnetites mainly because of the widespread distribu-
tion of silicate-hosted, nanometer-sized magnetite inclusions in marine sediments, which could produce similar
coercivity to that of magnetofossils (Chang, Roberts, et al., 2016; Jiang et al., 2021; Li, Liu, Liu, et al., 2020).
Both experimental and simulation studies have well documented that the coercivity of magnetosomes is also
related to the grain size, crystal morphology, and spatial arrangement of the particles (Berndt et al., 2020; Chang
et al., 2019; Li, Menguy, Leroy, et al., 2020). By the combination of rock magnetic measurements and electron
microscopic observations, this study reveals that the sediment from core MD11-3353 are dominated by detrital
titanomagnetites (including micron-, submicron- and nanometer-sized discrete and silicate-hosted titanomagnet-
ites) during the glacial periods, and by a mixture of detrital and biogenic (mainly including elongated prismatic
and bullet-shaped magnetite-type magnetofossils) magnetites during the interglacial periods. Given all these
considerations, we have still tried to decompose the IRM acquisition curves with three, four, and five magnetic
coercivity components to test the temporal variations of magnetic assemblages over the past 150 Kyr (Figure
S32 in Supporting Information S1). IRM unmixing results show that all coercivity components, no matter which
unmixing strategy is taken, are relatively stable during most part of the glacial periods, and oscillate during the
interglacial period and early MIS 4 (Figures S33—S35 in Supporting Information S1). Among them, one compo-
nent (i.e., Comp 2 with coercivity midpoint (B, ,) ranging from ~47 to ~54 mT, Comp 3 with B, , ranging from
~47 to ~58 mT, and Comp 4 with B, , ranging from ~60 to ~71 mT in case of three-, four-, and five-components
unmixing strategies, respectively) significantly increases during the interglacial periods with a variation pattern
identical to that of k,g\/k, B,, B
in Supporting Information S1). IRM unmixing results confirm that the magnetic mineral assemblage is relatively

.» and M /M. In turn, all other components clearly decrease (Figures S33-S35
stable during the glacial periods (with the exception of the early MIS 4), although the concentrations of magnetic
minerals changed significantly. Moreover, the electron microscopic observations have suggested that the content
of magnetofossils with abundant elongated prisms and bullet shapes, and a small amount of cuboctahedrons
increased during interglacial periods, corresponding to the coercivity component with B, ranging from ~47 to
~71 mT (i.e., Comp 2, Comp 3, and Comp 4 in case of three-, four-, and five-components unmixing strategies,
respectively) (Egli, 2004; Li, Menguy, Leroy, et al., 2020). Therefore, the addition and variation of magnetofossils
during the interglacial periods and early MIS 4 may affect the temporal variations of these coercivity component.
However, it should be noted that such coercivity components within sediment samples during both glacial and
interglacial periods also contain contribution from time-varying detrital titanomagnetites (e.g., nanometer-sized
and silicate-hosted magnetic inclusions).

Considering the M, /M, of one sample from the warm period of MIS 5 interglacial periods and the early MIS
4 being a simple weighting from biogenic (magnetofossils) and detrital magnetic minerals, one could roughly
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Figure 7. Temporal variations of biogenic (i.e., magnetofossils) and detrital magnetic minerals for the core MD11-3353 over the past 150 Kyr. (a) Relative content of
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estimate the temporal variations of biogenic and detrital magnetic minerals across the core MD11-3353 on the
basis of the following formula (Dunlop, 2002).

(MTS/MS)sump]e = PbiogeniC(Mrs/Ms)biogenic + Pdetrital(Mrs/Ms )delriml

where (M, /M)
magnetites (i.e., magnetofossils) in the sample, P

represents the remanence ratio of one targeted sample, P,
detrital G.e.,1-P
minerals in the sample, (M, /M )y;oonic 1S the remanence ratio related to magnetofossils, and (M, /M )yeyiy 18

is the percentage of biogenic

sample biogenic

biogenic) 18 the percentage of detrital magnetic
the remanence ratio related to detrital magnetic minerals. We gave an assumed value of 0.44 t0 (M, /M )y;oeenic
on the basis of an experimental value for partially collapsed and weakly interacting magnetosome chains (Li
et al., 2012). The (M, /M) 4o Value (0.2157 + 0.0023) was calculated as the average of the value from eight
glacial samples (i.e., S2-1, S2-2, S3-1, S3-2, S3-3, S4-1, S6-1, and S6-2), dominated by detrital titanomagnetites
with nearly identical M, /M values. By this means, we roughly obtained the relative content of biogenic (P,
and detrital (P,
ral variations of the relative content of magnetofossils are consistent with that of the magnetic parameters k g/,
B, B, M. /M, and 6;/5,pc (Figure 7a). The SIRM, resulting from the contribution of biogenic (SIRMy yo0enic)
and detrital (SIRM, ,..)) Magnetic minerals was then calculated by P x SIRM,; and P, ... X SIRM,
(Table S2 in Supporti_ng Information S1). The SIRM, 1 4. Curve nearly overlaps the SIRM, ;. one (Figure 7b),
while the SIRM, 1 o enic S
to early MIS 4. It appears to be higher during the transition between relatively warm substage MIS Sc and the cold

biogenic)
) magnetic minerals (Table S2 in Supporting Information S1). The results show that the tempo-

biogenic detrital

curve shows a gradual increase from MIS 6 to MIS 5 and a gradual decrease from MIS 5

substages MIS 5d/MIS 5b (Figure 7c). Consistently with rock magnetic measurements and electron microscopic
observations, these calculations therefore confirm that the magnetic fraction in core MD11-3353 consists over
the last 150 Kyr of a high input in detrital magnetic minerals during the glacial periods and of both a low input in
detrital magnetic minerals and a local production of magnetofossils during the interglacial periods.

Correlation analyses show that x is linearly correlated with the abundance of detrital magnetic minerals
(Figure 8a), but it is not correlated with the abundance of magnetofossils (Figure 8b). Indeed, SIRM1T_biogenic
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used, while in panels (b—d), the data of sediment samples from the interglacial periods (yellow solid circles) and the early MIS 4 (light blue solid squares) were used.

is much lower than SIRM1T_detrital indicating that the concentration variability of magnetic minerals in the
sequence is mainly controlled by detrital input. The magnetic grain size parameter x,r,,/k is linearly correlated to
the relative content of magnetofossils (Figure 8c). This confirms previous findings that the g,/ could be used
as reliable proxy for relative content of magnetofossils in marine sediments (Larrasoaiia et al., 2012; S. Z. Liu
et al., 2015; Yamazaki, 2012). Moreover, for core MD11-3353, we also observe that k,,,/k is roughly linearly
related to the abundance of magnetofossils (Figure 8d). This suggests that the magnetic parameters k and k,g\/k
can be used as reliable proxies for recording the temporal variations of detrital magnetic minerals and magneto-
fossils, respectively, at least in core MD11-3353.

4.2. Magnetic Mineral Records in the Southern Indian Ocean

In order to get a large geographical view of the temporal evolution of the magnetic mineral composition in
sediments from the Southern Indian Ocean, we compared our k and k ,,,/k results to that of cores MD00-2375G
and MRO3K04-PC5. The concentration-dependent parameter x shows similar temporal variations from one
core to another with systematically higher values during the glacial periods than during the interglacial periods
(Figures 9a—-9c¢). This pattern is also similar to that of the South Atlantic, the Southwest Pacific, and dust records
in Antarctic ice cores (Dezileau et al., 2000; Petit et al., 1990; Pugh et al., 2009; Schmieder et al., 2000), show-
ing that the same pattern is prevailing on a large geographical scale in the SO. On the other hand, while x,,,/k
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Figure 9. Comparison of temporal variations of magnetic parameters k (a—c) and & ,z\,/k (d—f) from core MR03K04-PCS5 (a, d) (Yamazaki & Ikehara, 2012 and
unpublished data), the MD00-2375G (b, e) (Mazaud et al., 2010), and core MD11-3353 (c, f) (this study) over the past 150 Kyr. Light blue shadings outline the glacial

periods MIS 6, MIS 4, MIS 2, and T1.

systematically indicates coarser grains during the glacial periods with respect to interglacials, the short-term vari-
ations are not identical among the three cores (Figures 9d-9f). For instance, k,g\/k is more or less anticorrelated
to the x records during both glacial and interglacial periods in both cores MD00-2375G and MR03K04-PCS5,
while k,g,/k in core MD11-3353 is uniformly low during glacial periods and fluctuates around higher values
during the interglacial periods. This suggests that the magnetic mineral assemblages could also be affected by
local environments in the SO.

From a set of cores located east of the KP, Dezileau et al. (2000) showed that the detrital particles among which
the magnetic ones are mainly of volcanogenic origin (i.e., from the Crozet and Kerguelen slopes), and their
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lateral eastward transport is related to the ACC with an enhanced intensity during the glacial periods. This
was confirmed by Mazaud et al. (2010) for core MD00-2375G, located north of the SAF and east of the KP,
downstream with respect to the Kerguelen detrital source (Figure 1a). Core MRO3K04-PC5 is slightly to the
North and farther from the KP than core MD00-2375G. The decrease in the average sedimentation rate from the
most proximal core MD11-3353 (~7.5 cm/Kyr), to core MD00-2375G (~4 cm/Kyr) to, finally, the most distal
core MR0O3K04-PC5 (~1.5 cm/Kyr) maybe also at the limit of the ACC influence confirms this unique detrital
source and a progressive transport and deposition downstream. In this context, it is also reasonable to observe
that the magnetic concentration (x records, Figures 9a-9c) is getting smoother and lower from MD11-3353 to
MDO00-2375G and to core MR03K04-PCS5.

In core MR0O3K04-PCS5, Yamazaki and Ikehara (2012) observed abundant magnetofossils in the both glacial and
interglacial periods, with systematically higher biogenic magnetite content during the glacial periods over the last
450 ka. The authors interpreted this as the result of iron fertilization, associated with an increased ocean produc-
tivity, in turn fueled by an increased eolian dust flux as this has been invoked for much older periods by Roberts
et al. (2011). This core is located at 41°S, therefore north of the present SAF, with little amounts of detrital
particles from the islands and more subjected to eolian dust fluxes. In core MD11-3353, we observe the opposite
(i.e., more biogenic magnetite during interglacials) and it indicates that the mechanism proposed by Yamazaki
and Ikehara (2012) cannot account for the variations in magnetofossils growth at the site of core MD11-3353. We
suspect that the content and assemblage of magnetic minerals in this core have two different origins associated to
two different climatic mechanisms that we shall discuss below.

4.3. The Climate-Driven Controlled Magnetic Records in the SIO

It has been suggested that a reliable proxy to identify eolian dust supply in marine sediment is the absolute concen-
tration in hematite (Dinares-Turell et al., 2003; Larrasoaiia et al., 2012; Q. S. Liu et al., 2012; Roberts et al., 2011;
Yamazaki & loka, 1997). Previous studies have suggested that the eolian dust input is far from sufficient to be
a dominant source of terrigenous fluxes in the marine sediment cores of the SIO (Dezileau et al., 2000; Manoj
et al., 2012; Mazaud et al., 2007, 2010). Although our results reveal that detrital titanomagnetites are dominant
magnetic minerals in core MD11-3353 over the past 150 Kyr, small amounts of high-coercivity magnetic minerals
such as hematite are also present. Their abundance (HIRM in Figure 2¢) covaries with the other magnetic parameters
such as x, ARM, M, and SIRM, . (Figures 2a-2d) and also with the global temperature (Lisiecki & Raymo, 2005)
and EDC dust flux (Lambert et al., 2008) (Figures 10a—10c). This suggests that, in core MD11-3353, hematite is
part of the detrital magnetic assemblage which consistently record the temporal variations of the ACC and SHWW,
that is, an enhancement of the ACC intensity and the SHWW stress during the glacial periods over the past 150 Kyr.

Biogenic magnetic minerals have been detected in core MD11-3353 during the interglacial periods. The k,g,,/k
ratio among the magnetic parameters showing higher abundance of magnetofossils during the interglacial periods,
matches well with the diatom-bound §'3N records (Ai et al., 2020) and the Opal flux records (Théle et al., 2019;
Figures 10d-10f). We therefore interpret increased magnetofossil content as the result of the southward migra-
tion of the APF front during the interglacial periods (Ai et al., 2020; Civel-Mazens et al., 2021). Indeed, this
promoted an increase of the SO upwelling strength that enhanced the transport of more organic matter, sulfate,
and other nutrients. Nutrient availability and relatively warm environments promoted MTB blooms, which may
have particularly stimulated proliferation of dissimilatory sulfate-reducing MTB (Li et al., 2022, 2021) that are
well known to produce straight bullet-shaped magnetite magnetosomes (Li, Menguy, Roberts, et al., 2020; P6sfai
et al., 2013). In contrast, due to the northward migration of the APF during the glacial periods, the SO upwelling
position could have not impacted the KP region, which resulted in a local nutrient deficiency and limited MTB
proliferation (Civel-Mazens et al., 2021; Thole et al., 2019). Therefore, our results indicate that MTB blooming
and subsequent magnetofossils preservation at the site of core MD11-3353 could be stimulated by organic matter
related to the SO upwelling, rather than iron fertilization related to eolian dust fluxes. Consequently, we can
conclude that magnetofossil record in core MD11-3353 reflects the temporal variations of the SO upwelling and
the latitudinal migration of the APF over the past 150 Kyr.

5. Conclusions

The combination of rock magnetic measurements and electron microscopic observations on core MD11-3353
from the SIO reveals the climate-controlled variations of detrital and biogenic magnetic minerals over the
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Figure 10. Temporal variations of global temperature, magnetic records, SO upwelling strength, export production from core MD11-3353 for the past 150 Kyr. (a) «
from core MD11-3353 (this study). (b) LR04 benthic §'%0 stack (Lisiecki & Raymo, 2005). (¢) Dust flux of EPICA Dome C (EDC) ice core (Lambert et al., 2008). (d)
Diatom-bound §'°N records from core MD11-3353 (Ai et al., 2020). (e) Opal flux from core MD11-3353 (Théle et al., 2019). (f) kgy/k from core MD11-3353 (this
study). Light pink shadings outline the interglacial periods (i.e., MIS 5 and the Holocene), and gray shadings outline the cold substages MIS 5b and MIS 5d.

past 150 Kyr. During the glacial periods (MIS 6, MIS 4-2, and T1), the SHWW stress and the ACC intensity
increases, the sea level drops, and both the current erosion and eolian dust could enhance inducing an increase
in detrital input mainly made of inorganic titanomagnetites with minor contribution of hematite. In contrast,
during the interglacial periods (MIS 5 and the Holocene) with reduced detrital input due to a reduced ACC
intensity, the increased SO upwelling strength, resulting from the southward migration of the APF, delivered
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organic matter and other nutrients to the region southwest of the KP, stimulating MTB blooming and subsequent
magnetofossil preservation.

Our results therefore suggest that the detrital magnetic minerals in core MD11-3353 record the temporal varia-
tions of the ACC intensity and the SHWW stress over the last climatic cycle, while the occurrence magnetofossils
testify to the latitudinal variations of the APF and the strength of the SO upwelling in the SIO during interglacials.
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