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Summary \Y4

Summary

Much of Earth’s history is recorded by sediments and sedimentary rocks. Paleo- and
environmental magnetism help to explore these geologic records by providing
paleoenvironmental proxies, stratigraphic tie-points, information about continental plate
motion and about geomagnetic field variations through time. A major challenge in paleo- and
environmental magnetism is to distinguish depositional from post-depositional signatures.
This thesis explores both types of magnetic signatures in natural sediment archives and
provides fundamental research aiming to elicit bio- and geochemical processes that can
modify the magnetic mineral inventory and overprint paleomagnetic records. A
magnetostratigraphic study of fluvio-lacustrine sediments from Central Asia provides a
chronology for the Mio-Pleistocene syn-tectonic deposits of the Issyk-Kul Basin. From these
age constraints we determined the onset of mountain building and the timing of tectonic
events, which transformed the area into a closed basin that now hosts one of the deepest
mountain lakes on Earth. In a study of modern surface sediments, we investigated
magnetotactic bacteria (MTB), which are ubiquitous in benthic environments worldwide and
biosynthesize intracellular magnetic minerals. When preserved in the rock-record these
magnetofossils represent ideal recorders of the Earth’s magnetic field and their
concentration has been linked to paleoclimatic variations. Understanding what controls MTB
abundance remains, however, limited. By monitoring spatiotemporal changes in the
population of MTB in a freshwater pond, we inferred coeval changes of the population size
among nearby sites that were largely independent of season, temperature, and bottom water
oxygen concentration. Variations of the magnetofossil concentration are treated in a
separate study on marine sediments from the western Tropical Atlantic. Systematic glacial-
interglacial variations were linked to changes in palaeoceanographic conditions at the site,
which supports that magnetofossils represent sensitive paleoclimatic biomarkers. Finally,
post-depositional chemical remagnetization is addressed through novel laboratory
experiments that recreate this process under controlled conditions. Greigite (FesSs), a
common authigenic magnetic mineral, was synthesized in artificial sediments under
controlled magnetic field conditions. The formation pathway and magnetic properties of
greigite are characterized, and the evolution of chemical remanent magnetization (CRM)
monitored via real-time, in-situ magnetic measurements. Redeposition of the greigite-
bearing sediments lead to depositional magnetizations that were 5-6 times weaker than the
CRMs recorded by the same grains under the same magnetic field conditions. The results are
consistent with theoretical models of the different magnetic recording mechanism and show
for the first time how magnetic mineral growth in sediments can bias paleomagnetic
reconstructions of Earth’s magnetic field intensity.
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Preface Xl

On all these shores there are echoes of past and future: of the flow of
time, obliterating yet containing all that has gone before; of the sea's
eternal rhythms—the tides, the beat of surf, the pressing rivers of the
currents—shaping, changing, dominating; of the stream of life, flowing
as inexorably as any ocean current, from past to unknown future.

For as the shore configuration changes in the flow of time, the pattern
of life changes, never static, never quite the same from year to year.

Rachel Carson, The Edge of the Sea, 1955

Preface

The vast majority of Earth’s surface is covered by sediments—on land and on the ocean floor.
Layer by layer, these sediments preserve Earth’s history. By studying continuous sediment
sequences, we can learn about the environmental conditions during the time the sediments
were deposited and about organisms that inhabited these environments. Furthermore, we
can explore the origin of the sediment’s constituents, the dynamics of mountain building,
erosion of the source areas, and sedimentary transport mechanisms. Diagenesis and tectonic
deformation can erase this primary information but leave other traces that can themselves
help understand the involved geological processes. The magnetism of sediments has
contributed significantly to our current understanding of these processes and the geologic

history of our planet.

Each chapter of this thesis explores a different aspect of sediment magnetism, and all are
based on published articles or manuscripts in preparation for peer reviewed, scientific
journals. My contributions to these articles are stated in the following List of Publications and
described in more detail at the beginning of each chapter. In the introduction | briefly describe
the fundamentals of what makes sediments magnetic and the significance of rock and
paleomagnetism for understanding Earth’s history. The introduction also serves as an outline
for this thesis and points out how this work contributes to advancing some of the frontiers of

the discipline.
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Introduction 1

Introduction

1. Principles of rock and environmental magnetism of sediments

Rock- and environmental magnetism explores sedimentologic processes preserved in the
rock-record by analyzing ferromagnetic constituents, usually iron oxides, or sulfides. These
magnetic minerals are ubiquitous on Earth and generally occur in all rock types. Iron (Fe) is
among the most common elementsin the Earth’s crust but not all Fe-compounds are magnetic
(meaning ferromagnetic, ferrimagnetic, or antiferromagnetic). Although, magnetic particles
often constitute less than 1% of the bulk sediment volume and are extremely small (nano to
micron sized) they can easily be detected and analyzed in a non-destructive way in the bulk

sediment (Evans and Heller, 2003).

Common magnetic minerals are the iron oxides magnetite (Fe4O3), hematite (Fe;O2) and the
oxyhydroxide goethite (aFeOOH), which can be distinguished by their unique magnetic
properties. Magnetite can occur in various oxidation states and all Fe-oxides can contain
metal substitutions such as titanium or aluminum that alter their magnetic signatures. The
only known magnetic Fe-sulfides are greigite (FesS4) and pyrrhotite (FesSs), which commonly
occur in reducing environments. Because the sulfides are oxygen-sensitive and rare in
comparison to the oxides, their magnetic properties are less well studied and less well

understood.

Magnetic properties depend strongly on grain size, which determines if a particle retains a
magnetization in the absence of a magnetic field (magnetic remanence). Particles that can
hold a remanent magnetization are classified into three categories, determined by the
number of magnetic domains (regions of uniform magnetic direction) that they host - again a
function of their grain size. From small to large size these are: single domain, SD, pseudo single
domain, PSD, and multi domain, MD. As magnetic domains tend to cancel each other out,
larger grains have a smaller magnetic remanence compared to their saturation magnetization
in a strong magnetic field. Grains of a magnetic mineral that are too small to hold remanent
magnetizations are referred to as super-paramagnetic, SP. The grain size threshold above
which a particle becomes a permanent magnet then is referred to as the SP/SD threshold. In
magnetite the SP/SD threshold lies commonly between 10-50 nm, but it is different for
different types of minerals and furthermore depends on particle shape, magnetic interactions

with nearby grains and temperature (Dunlop and Ozdemir, 1997).
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Rock magnetic techniques are fast, non-destructive, and sensitive to identify minute changes
in the composition or grain size of the magnetic mineral fraction that can relate to the history
of a sediment. Usually, sediments contain a mixed magnetic mineral assemblage. Magnetic
proxy parameters then become non-unique, meaning they can be explained by different
combinations of magnetic mineral types and grain ensembles. Thus, particularly when
combined with geochemical and sedimentological investigations, rock magnetism is a
powerful tool to decipher the history of sedimentary archives (e.g. Maher and Thompson,
1999).

2. Post-depositional changes in the rock magnetic record

Apart from primary (detrital) magnetic grains, sediments can contain secondary magnetic
minerals that were produced in-situ through biotic or abiotic processes. One ubiquitous
source of biogenic particles is magnetotactic bacteria (MTB), which are microbes that live
along redox gradients in aquatic environments, usually close to the water-sediment interface.
These organisms synthesize single domain nanoparticles inside their cells - so called
magnetosomes - which are often arranged in chains. Their size and arrangement appear to
be optimized to maximize the remanent magnetization of the organism for a passive
alignment in the Earth’s magnetic field. Possibly this creates an advantage for these
specialized microbes to find and remain in their optimal microhabitats (Lefévre and
Bazylinski, 2013).

When preserved in the sediments, magnetosomes become magnetofossils that represent
ideal SD magnetic carriers that, due to their unique magnetic signature, can be identified by
rock-magnetic methods in the sedimentary “haystack”, even when they represent only a
minor fraction of the magnetic grain ensemble (Roberts et al., 2012). Some studies have
suggested that the abundance and type of magnetofossils is related to environmental
conditions when the microbes lived (Hesse, 1994; e.g. Kopp et al., 2007; Roberts et al.,
2011b). Many aspects of MTB distributions in natural sediments, however, remain poorly

understood, particularly aspects concerning their metabolism and living conditions.

Chapter | of this thesis aims to contribute to a better understanding of what governs the
natural distribution of MTB and how well their population in one sampling site can reflect the
conditions of an ecosystem. We investigated the living MTB population in a natural
freshwater environment by analyzing the temporal and spatial variability in the abundances

of three magnetotactic phenotypes over the course of two years. The study showed that,
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while fluctuations in the number of one phenotype were mostly consistent in space and time,
the growth rates of different MTB groups were generally unrelated, e.g. while rod shaped
bacteria nearly died out at one point, other types were unaffected. The results suggested that
in the investigated, shallow water environment, which was strongly affected by short term,
seasonal variations, the total number of MTB was not a representative parameter, as the
abundance of different MTB types was unrelated (Publication | titled “Seasonal variability of
magnetotactic bacteriain a freshwater pond” by He, K., Roud, S. C., Gilder, S. A., Egli, R., Mayr,
C., & Petersen, N. in the Journal Geophysical Research Letters, 2018).

This observation is however not directly transferable to other environments. For instance, in
deep sea environments, where conditions are more stable for longer times, it appears
reasonable that the microbial population is in better equilibrium with its environment and,

thus, may reflect long term changes in the availability of basic nutrients.

Chapter Il explores the rock magnetism of a marine environment. A sediment core from the
continental slope off SE Brazil is investigated with a multiproxy approach, combining
magnetic, sedimentologic and geochemical methods. From magnetic mineral concentration,
elemental composition, and grain size of the bulk sediment, we reconstructed variations in
the sediment transport by ocean currents. More detailed rock magnetic analyses showed that
a “pool” of SD magnetite grains with typical characteristics of magnetosomes, was present
throughout the core. The concentration of these presumed magnetofossils was unrelated to
the concentration of terrigenous sediments but correlated with the organic matter
concentration as well as with proxies for bottom water conditions. Assuming that the
magnetofossil concentration was unaffected by post-depositional processes, the results
indicate that the MTB population (as a whole) may have responded to environmental changes
on glacial-interglacial timescales. (Publication Il titled “A Multi-Proxy Approach to Unravel
Late Pleistocene Sediment Flux and Bottom Water Conditions in the Western South Atlantic
Ocean” by Mathias, G. L., Roud, S. C., Chiessi, C. M., Campos, M. C,, Dias, B. B, Santos, T. P,, ...
& Maher, B. A. in the journal Paleoceanography and Paleoclimatology, 2021).

3. Paleomagnetism of sediments

Over 70 years ago, Johnson et al. (1948) first suggested that the remanent magnetization in
sediments is controlled by the strength of the Earth magnetic field, which they demonstrated
by re-depositing natural sediments in the laboratory under variable magnetic field conditions.

The magnetic recording process during sedimentation is governed by a balance between the
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aligning energy of magnetic torque that acts on a ferromagnetic grain and randomization by
thermal energy (Brownian motion). The resulting natural remanent magnetization (NRM) is
referred to as depositional (or detrital) remanent magnetization (DRM) (Nagata, 1961; Stacey
and Banerjee, 1974).

Since then, countless studies on magnetism of natural sediments and the fundamental
properties of DRM have shown that sedimentary sequences around the world collectively
contain a nearly continuous record of the Earth’s magnetic field. These paleomagnetic
records have become a vital part for the general understanding of Earth’s history. Records of
paleomagnetic field direction are the backbone of plate tectonics (Butler, 1992), they provide
magnetostratigraphic chronologies for marine and continental sediment sequences, and
build a global reference for the geologic timescale (Ogg, 2020). Dipolar geomagnetic field
variations recorded in individual sequences are globally synchronized and therefore provide
crucial stratigraphical tie-points to correlate sedimentary archives such as deep-sea cores

from different ocean basins (Stoner et al., 2002).

High-resolution chronologies (thousand-year timescales) stem from time series of relative
paleointensity (RPI) records (Valet, 2003; Channell et al., 2009; Roberts et al., 2013b). Such
records are a direct stratigraphic tool, but also contribute to a better understanding of the
Earth’s magnetic field itself and serve as important boundary conditions for magnetic field
models. Because the strength of the Earth’s magnetic field also controls the intensity of
cosmic radiation that reaches the atmosphere and the Earth’s surface, RPI records are also
important for calibrating radionuclide based ages e.g. for radiocarbon or surface exposure
dating (Gosse and Phillips, 2001; Weninger and J6ris, 2008).

Chapter Il details a classic paleomagnetic case study, where | dated terrestrial sediment
sequences from from the Tian Shan mountains (Central Asia). Paleomagnetic analysis
suggested the rocks carry primary DRMs, from which we deduced magnetic polarity
(reversal) sequences. Correlation to the global reference scale of two new and two previously
published sequences yielded a nearly complete magnetostratigraphy for the Cenozoic syn-
tectonic sediments that fill the Issyk-Kul Basin. The new age constrains allowed to determine
sedimentation rates, which together with a general sedimentologic and geologic investigation
allowed to reconstruct the uplift history of the surrounding mountain ranges, and to better
constrain when Lake Issyk-Kul, the deepest mountain lake in Central Asia, was formed

(Publication Il tiled “Miocene to Early Pleistocene Depositional History and Tectonic
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Evolution of the Issyk-Kul Basin, Central Tian Shan” by Roud, S. C., Wack, M. R,, Gilder, S. A,
Kudriavtseva, A., & Sobel, E. R. in the journal Geochemistry, Geophysics, Geosystems, 2021).

4. Post-depositional changes in the paleomagnetic record

To obtain reliable, continuous magnetic field records that accord with the age of the
sediment, it is crucial that the natural remanence is a DRM and was acquired when the
sediments got deposited. Post-depositional processes can however alter, erase, or overprint
the primary magnetization. Bioturbation can lead to a realignment of magnetic grains in the
sediment and small magnetic grains can remain free to rotate in a coarse unconsolidated
sediment matrix, causing small grains to be locked-in at greater depths and therefore smooth
the paleomagnetic record. Associated post-depositional remanent magnetization, pDRM is
considered common in aquatic sediments. Being usually confined to the surface layer, only

minor uncertainties arise from to these processes (Kodama, 2012).

The aforementioned fossil remains of MTB are often considered to carry a primary pDRM, as
mixing in the surface layer affects detrital and biogenetic magnetic grains in the same way,
although the depth range at which biogenic magnetite can be produced is largely unknown.
The narrow grain size range and SD properties make magnetofossils generally ideal
paleomagnetic magnetic recorders compared to detrital grains with a broader grain size
distribution. Particularly in deep sea sediments that mainly consist of carbonate without
major detrital magnetic input, magnetofossils can produce weak but stable and accurate

magnetic record (Roberts et al., 2013a).

Detrital and biogenic magnetic minerals, and Fe-oxides in general, are redox-sensitive; they
canbereduced or dissolved under anoxic conditions. Weathering, on the other hand, can lead
to oxidation of magnetite and the dehydration of goethite. The redox conditions of aquatic
sediments are controlled by early diagenesis, i.e. the microbial degradation of organic matter.
Microbial sulfate reduction, and in greater depth anaerobic methane oxidation, releases
hydrogen sulfide (H2S) which is highly corrosive to Fe-oxides (Berner, 1981). Karlin and Levi
(1983) were the first to show how early diagenesis can affect the magnetism of sediments,
and described a characteristic dissolution of magnetic Fe-oxides with increasing depth, as

sulfate is metabolized to H,S and Fe-sulfides precipitate.

The dissolution of Fe-oxides is generally accompanied by the precipitation of authigenic Fe-

sulfide. Common sulfides that form during early diagenesis are mackinawite (FeS), greigite
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(FesS4), and pyrite (FeS,), of which pyrite is the most ubiquitous. It is non-magnetic (weakly
paramagnetic) and is often considered the only stable end product of sulfidation (Rickard,
2012). Greigite is ferromagnetic. If it is preserved in sediments, it complicates environmental
magnetic interpretations and leads to a secondary remanent magnetization, referred to as a
crystallization or chemical remanent magnetization, CRM (Snowball and Thompson, 1990).
Secondary CRMs can form by various processes any time after deposition and are, therefore,
problematic for paleomagnetism, where it is crucial to know the age of the magnetic
remanence. Hence, testing for CRM components is an integral part of every paleomagnetic
study. Compared to DRM acquisition, the CRM process is poorly understood, and its

identification remains challenging

Chapter IV describes a new method to grow greigite in aqueous sediments under controlled
laboratory conditions. By measuring magnetic properties during the growth period, we were
able to monitor the process of CRM acquisition in sediments. Magnetic characterization
indicated that the grain size spectrum remained unchanged over the growth phase, and
samples continuously acquired a chemical magnetic remanence, proportional to the greigite
concentration. (Publication 1V titled “Greigite (FesSs) formation in artificial sediments via
solid-state transformation of lepidocrocite” by Roud, S.C., Gilder, S. A. & Park S. in the journal

Geochemistry, Geophysics, Geosystems).

Chapter V characterizes the CRMs acquired by the synthetic greigite-bearing sediments.
Additional re-deposition of these sediments allowed, for the first time, a direct comparison of
the CRM and DRM recording efficiencies. The results are in good agreement with a
theoretical model based on Néel's thermal relaxation theory (Néel, 1949). DRM and CRM can
be distinguished in our samples by their demagnetization behavior and their magnetic
recording efficiency, which was 5-6 times higher for CRM than for DRM. The difference in
recording efficiencies is consistent with theoretical models and suggests that CRM
components in paleomagnetic records can lead to overestimated paleointensity. The results
emphasize the importance of detailed rock-magnetic investigations and checks to ensure
primary, DRM based magnetization components to obtain reliable paleomagnetic records.
The reported CRM characteristics are likely representative for grain-growth CRMs in natural
sediments and could help to better recognize CRM overprints in paleomagnetic studies.
(Manuscript V titled “Chemical and Depositional Magnetic Recording in Greigite-bearing
Sediments” by Roud, S.C. & Gilder, S. A. in preparation for Journal of Geophysical Research:
Solid Earth).
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Chapter |

Seasonal Variability of Magnetotactic Bacteria in a Freshwater Pond

Summary and Context

The motivation for this study was to gain a better understanding of what governs the natural
distribution of MTB and how well the local abundance of magnetotactic bacteria (MTB) inasmall
(cm-sized) sampling area represents the MTB abundance of an ecosystem. We investigated the
living MTB population in a natural freshwater pond by measuring the concentration of three
MTB phenotypes over the course of two years to test if temporal changes are coherent between
different sampling areas. This information can contribute to better understand how the
concentration of magnetofossils in a single sedimentary archive, such as a deep-sea drill core,
reflects a general response of that ecosystem to climate forcing contrary to local, small-scale
variations in the benthic microbial composition. While a previous study showed that the
spatiotemporal distribution of MTB in a laboratory system is highly chaotic (He et al. 2017), this
study of a natural system is the first to demonstrate coherent spatiotemporal changes in the
abundance of MTB.

Reference

He, K., Roud, S. C,, Gilder, S. A,, Egli, R., Mayr, C., & Petersen, N. (2018). Seasonal variability of
magnetotactic bacteria in a freshwater pond. Geophysical Research Letters, 45(5), 2294-2302.

https://doi.org/10.1002/2018GL077213
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Abstract Magnetotactic bacteria (MTB) synthesize ferrimagnetic crystals that contribute to the remanent
magnetization in sediments, yet knowledge of how MTB populations vary in natural environments over time
remains limited. We report abundances of three MTB morphotypes from nine sites collected and measured
every month over a two-year period from a natural pond near Munich, Germany. Morphotype populations
underwent coherent temporal trends among the nine sites—especially at proximal sites with similar water
depths. MTB populations varied independently of bottom water oxygen concentrations or temperature over
the two-year period, except for spirilla, which flourished during the summer at some sites. Magnetic
properties of the sediments did not reflect living MTB abundances, but instead varied with water depth.
Deeper sites, which were also lower in organic carbon, nitrogen, and oxygen concentrations than shallower
sites, had higher saturation magnetizations and were richer in single-domain particles.

1. Introduction

Magnetotactic bacteria (MTB) are found in most fresh and saline water habitats (Blakemore, 1975; Petermann
& Bleil, 1993; Schiiler et al., 1999; Simmons & Edwards, 2007; Spring et al., 1993). They are microaerobic to
anaerobic organisms that live in the oxic-anoxic transition zone where chemical gradients are high
(Frankel et al., 1997). MTB belong to different gram-negative phylogenetic groups (Uebe & Schiiler, 2016)
and host a wide variety of cell morphotypes including cocci, vibrios, spirilla, ovoids, rods, and multicellular
prokaryotes (Lefévre et al., 2011; Spring & Schleifer, 1995; Wenter et al., 2009). They produce 30 to 120 nm
sized crystals of membrane-bound, ferrimagnetic magnetite, and/or greigite magnetosomes that are aligned
in chains (Kopp & Kirschvink, 2008). The magnetosome chains are fixed to the cell, which compels MTB to
move along magnetic field lines (Blakemore & Frankel, 1981).

It is well established that fossil magnetosomes preserved in sedimentary rocks can serve as recorders of the
paleomagnetic field (Petersen et al., 1986; Vasiliev et al., 2008). The morphology and abundance of magneto-
somes can also reflect environmental conditions and have been used as paleoenvironmental proxies (Chang
& Kirschvink, 1985; Hesse, 1994; Moisescu et al., 2014; Paasche et al., 2004; Roberts et al., 2011; Snowball et al.,
2002; Yamazaki, 2012). MTB cells contain 2 to 4% (dry weight) Fe, so they likely influence iron cycles in nature
by sequestering Fe in sediments (Chen et al., 2014). Relationships between temperature and MTB abundance
have been observed, which could make them potentially useful temperature proxies (Du et al,, 2015; Lin,
Wang, & Pan, 2012). MTB are also sensitive to local chemical factors such as organic carbon, dissolved iron,
and nitrate concentrations (Lin & Pan, 2010; Roberts et al.,, 2011; Zhou et al., 2013).

Despite their importance to paleomagnetic and environmental studies, few studies have been dedicated to
understanding natural environmental factors governing MTB life cycles. Simmons et al. (2004) measured MTB
abundances at one site in a chemically stratified coastal salt pond three times over four months. Du et al.
(2015) studied MTB at two sites in a brackish water environment every two weeks for 15 months. Although
some fairly long-term microcosm studies have been carried out (He et al., 2017; Postec et al,, 2012), MTB
populations growing in temperature-controlled microcosms versus those in nature are likely quite different
(Flies et al., 2005).

A high MTB population density and broad diversity of magnetic microorganisms live in a pond within an
isolated forest owned by LMU-Munich (Jogler et al., 2010; Zhao, 2015). Here we report MTB abundances,
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temperature, bottom-water dissolved O,, and magnetic properties from nine sites in the pond measured
each month over a two-year period. These results are compared against a control beaker kept in a laboratory.
Vertical profiles of MTB and magnetic hysteresis loops, as well as carbon and nitrogen concentration of the
surface sediments, were also measured at a few discrete places and/or times. The data herein enable us to
address (1) how well a random sample of MTB at one site in an ecosystem represents the ecosystem as a
whole, (2) the proportion that live MTB contribute to the total magnetic fraction in sediment, and (3)
environmental factors that bear on long-term MTB life cycles.

2, Methods
2.1. Study Design and Sampling

The pond, 30 m in length and 7 m in width, lies at the edge of a forest, 80 km northeast of Munich (48°35'15"
N, 12°04'43"E) (Figure 1). A small stream feeds the pond whose source water percolates out of permeable
bedrock from several different places in the forest. A golf course abuts one side of the stream for 1.5 km
and contributes run off to the stream; no discharge from nearby farms enters the pond. When we began
the experiment in January 2015, the water was ~60 cm deep near the pond'’s outlet and ~30 cm near the inlet
(Figure 1b).

A bridge suspends a carriage over the water that allows access to the pond from above with minimal distur-
bance to the environment. We extracted cores from nine sites (Figures 1b and 1c), with each site comprising
an area of 100 x 60 cm? spanning the two-year period ensuring that each extraction did not disturb the sedi-
mentary environment of successive cores. Cores to obtain vertical profiles of MTB and magnetic parameters
were collected in June, August, and November 2016 at the sites indicated in Figure 1b.

Before sampling, we measured the height of the sediment and water surfaces relative to a constant reference
to obtain sediment accumulation rates and water depth (Figure 2a). Water temperature was measured at
each site every 5 cm from the air-water interface until 1-4 cm above the water-sediment interface. For
sampling, plastic pipes, 5 cm diameter and 20 cm in height, were inserted ~10 cm deep into the sediment.
A rubber stopper sealed the top of the pipe, the pipe was removed from the sediment, and then a second
rubber stopper blocked the bottom of the pipe. In January 2015, we also sampled the upper 10 cm layer
of the sediment near the inlet of the pond (Figure 1b) and thoroughly mixed it into a 2 L glass beaker. The
beaker was stored in the laboratory and studied monthly over the same two-year period as the pond.

2.2. Measurement Protocol: Geochemistry, MTB Counting, and Magnetic Properties

Within 5 min after transporting the cores 100 m to the laboratory with minimal disturbance, dissolved oxygen
(O,) profiles were measured in T mm steps starting 10 mm above the water-sediment interface using a
Unisense oxygen-50 microsensor (detection limit = 0.3 uM). The sensor was fixed on a computer-driven
micromanipulator mounted on a heavy laboratory stand. We used the viable cell count technique to quantify
the MTB morphotypes using the instrumentation and methodology of He et al. (2017).

Morphotypes were classified into three categories based on easily recognizable traits: (1) rods that are elon-
gate, mostly opaque, and >5 um; (2) cocci based on their rounded morphology, fast swimming behavior, and
small (~1-4 um) sizes; and (3) spirilla, which are ~2-3 um long and slightly concave. Vibrios would be counted
as spirilla, as the two cannot be distinguished optically. 16S rRNA sequencing of the pond sediment identified
several cocci species and two rod-types (Coskun et al., 2017), but species cannot be distinguished under the
microscope, only morphotypes. Two subsamples were prepared from each core, and the control beaker every
month and two drops were counted per subsample. The number of MTB morphotypes per site and time was
taken as the average of the four drops. For the vertical profiles, only one sample was extracted and one drop
was counted for each layer.

Magnetic hysteresis loops and backfield curves were measured with a vibrating sample magnetometer
(MicroMag3900) on air-dried sediments (uppermost 1 cm from the cores) from all nine cores taken each
month in 2016 to calculate the saturation magnetization (Ms), the remanent magnetization after saturation
(Mrs), the coercive force (Bc), and the coercivity of remanence (Bcr). Mass percentage total organic carbon
(TOCQ) and total nitrogen (TN) were measured in the same sediment samples that were used to count MTB
in January 2015 and August 2016. Analyses of the freeze-dried, homogenized samples took place at
Erlangen University using a Carlo Erba NC 2500 elemental analyzer coupled to a Thermo-Finnigan, Delta
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Figure 1. (a) General location map of the pond near Landshut. (b) Water depth (in September 2011) and distribution of the sampling sites. Extraction points for the
control beaker (circle) and vertical profiles (stars) are also shown. (c) Photo of the pond with bridge and rails. A cabin suspended on the bridge moves back and forth
enabling a single user to access any point in the pond with sampling/analytical equipment.

Plus isotope-ratio-mass spectrometer (Mayr et al., 2011). TOC and '3C/'2C of organic carbon were measured
from samples decalcified with 20% HCl in silver cups; TN and ">N/"*N were determined from chemically
untreated samples. Isotopic ratios are reported in the common delta notation (3"° N7y and 8"3Croc) versus
the international standards AIR and VPDB, respectively. Carbon-to-nitrogen ratios are reported as molar
ratios and were calculated from TOC and TN values. Internal standards used for element content
determinations were cyclohexanone-2,4-dinitrophenylhydrazone and atropine; for isotope calibration, a
peptone laboratory standard was used. The error was less than 5% for TOC and TN determinations and
less than 0.2%o (10) for isotope analyses.

3. Results

Figures 2a to 2c show the water depth, bottom water temperature, and dissolved O, over the two-year period
(Tables S1 and S2). Water level varied throughout the observation period with lowest stands in summer.
Bottom water temperatures reached 16-21 °C in summer and ~0 °C in winter. Bottom water O, concentra-
tions generally waxed in spring and waned in late summer. A horizontal gradient in O, occurred in summer
2016 with hypoxic bottom waters at the deepest sites and O, saturated waters at the shallowest sites. The
maximum penetration depth where O, disappeared in the sediment ranged from ~2 to ~7 mm and
correlated well (r = 0.72, n = 24) with the bottom water O, concentrations; that is, the higher the
bottom water O, concentration, the deeper the O, penetrated into the sediment. Floating plants
(Lemnoideae = duckweed) covered the pond'’s surface from June to September, which reduced the light
and limited O, production at depth. The beaker in the temperature-controlled environment (between 20
and 25 °C) underwent similar annual trends in O, as the pond (Figure 2c), independent of temperature
correction, suggesting common O, respiration and production mechanisms.

Figures 2d to 2f show the temporal variation of MTB morphotype abundances averaged over the nine sites
(Tables S1 and S3). Cocci dominated the MTB community, being 10x on average more abundant than
spirilla and 100x more abundant than rods. Generally, the growth and death phases coincided among
the different sites in the pond, although the total abundance from site to site varied up to an order of
magnitude (Figure S1).
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Figure 2. Temporal variation of (a) water depth at sites 1-9, (b) bottom water temperature at each site (legend in a) together with the temperature of the water in the
laboratory used for the O, calibration measurements, (c) bottom water O, concentrations for each site, the average of all sites (solid black line) and the control
beaker (dashed black line), (d-f) average and single standard deviation (nine sites) for each of the three MTB morphotype populations. The open symbols with
dashed lines are from the control beaker with scale on left. Figure S9 plots the MTB concentrations on a log scale.

Cocci underwent a precipitous decrease after April 2015, then underwent a slight renaissance in the summer
of 2016. Like cocci, rods were significantly more abundant at the beginning of the observation period. Their
numbers decreased with time, with the exception of a pronounced growth phase in July 2015. Rods were no
longer detected at most sites by the end of 2016. Spirilla showed consistent seasonal trends in both years,
reaching the highest numbers in the summer months and lowest in spring and autumn, with the
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: 54 2016 (Figure 2a). Spirilla underwent a less pronounced growth phase
73 during the winter months at several sites.
48

MTB populations evolved quite distinctly between the pond and the con-
trol beaker (Figure 2). Initially, all morphotypes were less abundant in the
control environment relative to the pond. Within several months cocci
concentrations in the beaker rose ~10x higher than those in the pond
and peaked in the summer of 2015. Rod numbers in the beaker exhibited
a peak in winter 2015-2016. Spirilla boomed in spring and late autumn-
early winter in contrast to the pond.

Table S4 lists Spearman correlation coefficients for the three MTB morpho-
types among the nine sites over the 24 month period (18 months for rods).
The correlations are significant at or above the 0.05 level across all sites in
33 of 36 cases for cocci, 35 of 36 cases for rods, but only 15 of 36 cases for
spirilla. Remarkable correlations in MTB abundances exist among proximal
sites with similar water depth—even for spirilla (e.g., 1-3, 4-6, and 7-9)
(Figures 3, S2, and S3). The high degree of correlation in MTB populations
among the sites, especially at proximal sites with similar water depth,
appears to be a robust result when drawing conclusions concerning MTB
evolution in time and space from natural environments. As expected, bot-

JFMAMJJASONDJFMAMJJASOND tom water O, concentrations and temperature were highly consistent

Time (Manths) among the nine sites (Figures 2b and 2c and Table S5), whereas bottom

water O, and temperature show insignificant correlation with MTB popu-

similar water depth. Spearman coefficients (r) from each row (1-3, 4-6, and lations, except spirilla at some sites (Table S6).

7-9) are significant at the 0.01 level for each of the tested cases except for
ry3, which is significant at the 0.05 level (Table S4).

Spirilla and cocci numbers in the pond were negatively correlated in 2015
(r=—0.28, p < 0.01, n = 108) and positively correlated in 2016 (r = 0.38,
p < 0.01, n = 108), although intersite variability was high (Figure S4).
Cocci abundance was positively correlated with O, in 2015, but notin 2016 (Figure S5), whereas spirilla exhib-
ited a negative correlation with O, in 2015, but not in 2016 (Figure S5). Rods had no significant relationship
with O, in either year.

Previous work in the pond identified magnetite as the sole ferrimagnetic mineral in the sediment (Zhao,
2015). We corroborated this with low-temperature experiments that revealed a broad Verwey transition
around 110 K (Figure S6a), characteristic of oxidized magnetite. The temperature dependence of the
magnetic remanence and susceptibility defined Curie temperatures around 575 °C (Figure S6b). First-order
reversal curves (FORCs) showed a distinct central ridge diagnostic of noninteracting single-domain (SD)
magnetite with no hint of authigenic greigite (Figures S6¢ and Séd).

The magnetic properties of the pond surface sediments were not related to the number of living MTB, nor did
they change through time, but instead varied as a function of water depth (Figures 4a and 4b). Sites from
deeper water had higher Ms and were magnetically harder (higher Bcr), being more displaced toward the
SD region on the Day et al. (1977) plot than sites from shallow water (Figure 4c). TOC, TN, and bottom water
0O, concentrations were higher at the shallow sites close to the inflow and were higher on average in August
2016 than in January 2015 (Figures 4d to 4f and Table S9). The carbon-to-nitrogen ratio (C:N) was nearly
constant in space and time (January 2015: 13.2 + 0.8; August 2016: 13.8 + 1.3, 1c uncertainties). The
8"3Croc isotopic composition of the sediments was —29.2 + 0.1%o and —28.7 + 0.1%o, while §"°Ngy was
2.1 £ 0.2%0 and 1.9 + 0.3%o0 in January 2015 and August 2016, respectively. The rather homogenous
geochemical data indicate that the type of organic matter was similar at all times and locations sampled in
the pond.

Depth profiles of MTB counts revealed that cocci and spirilla were bimodally distributed with maximum
numbers around 1-2 cm depth and a second less pronounced peak around 4-6 cm depth (Figure S7).
Spirilla were generally skewed deeper than cocci, although both were found within the same depth range,
as deep as 15 cm. Ms, which serves a proxy for magnetite concentration, and Mrs/Ms, which can indicate
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Figure 4. Magnetic and chemical parameters of the upper 1 cm of sediment from the pond (averages from 12 months for each of the nine sites; legend in f).
(a) Average saturation magnetization (Ms) for 2016. (b) Coercivity of remanence (Bcr) for 2016. (c) Day plot (Day et al., 1977) from 2016 color coded by average

depth. (d) Total organic carbon (TOC) in January 2015 (open symbols) and August 2016 (solid symbols). (e) Total nitrogen (TN) in January 2015 (open symbols) and
August 2016 (solid symbols). (f) Average bottom water O, concentration in 2015 (open symbols) and 2016 (solid symbols). Data are presented in Tables S2,S7, and S9.

grain size, were uncorrelated with the number of live MTB (Figure S7). The relationship between live MTB
abundance and Ms was insignificant (Table S8).

4, Discussion

Two years of observations showed distinct trends in MTB populations in the pond. Despite differences
between morphotypes, the relative changes of individual morphotype populations appear coherent from
site to site, which indicates an overall sensitivity of MTB populations to the pond’s environment (Figures 3
and S1 to S3). Spirilla tended to be more abundant in the summer months when bottom water temperatures
peaked and bottom water O, concentrations were lowest (Figures 2 and 3). A subsidiary spirilla growth phase
occurred in the winter.

Population trends of spirilla were in antipathy with cocci in 2015, when absolute numbers varied strongly, yet
coincided in 2016 when temporal variations in cocci abundance were more subdued (Figure S4). Significant
anticorrelation in time and space between spirilla and cocci populations was also found by He et al. (2017),
who measured MTB abundances at 72 points in two aquaria each month for 198 days. Such antipathy
between cocci and spirilla might be related to differences in their magnetotactic behavior (Mao, Egli,
Petersen, Hanzlik, & Liu, 2014), or to disparate mechanisms coping in chemical environments, as suggested
by the differential depth range where the morphotypes were detected in the vertical profiles, with spirilla
being skewed lower in the sediment column than cocci (Figure S7) (Lefévre et al,, 2011). Interestingly, the
anticorrelation was significant when both morphotypes correlated distinctly negative (spirilla) or positive
(cocci) with bottom water O, (Figure S5). We cannot exclude that the observed changes in MTB abundances
are related to the changes on the species level of cocci or spirilla, since we can only distinguish morphotypes
with the viable cell count technique (Lefévre & Bazylinski, 2013). Moreover, the three depth profiles suggest
that the MTB might have, at times, migrated vertically and escaped detection (Figure S7). This could even-
tually bear on our measurements and interpretations of the MTB abundances, as the surface samples inte-
grated over the upper 1 cm of the sediment column.

Within the scope of the measured chemical parameters, none can singularly explain the variability in MTB
population. That O, trends in the control beaker and pond were fairly similar over the two-year period, yet
the MTB trends of the two environments did not correlate, suggests that there is no universal relationship
between O, and MTB concentrations across different ecosystems (Flies et al., 2005; Jogler et al., 2010). Du
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et al. (2015) found that unicellular MTB abundances at two brackish water sites peaked just after the period
with the highest temperatures (~23 °C), similar to our findings for spirilla but opposite of cocci whose lowest
abundances occurred in summer 2015 (Figure 2). Excessive warmth will be detrimental, as Lin, Wang, and Pan
(2012) found that temperatures of 37 °C reduced cocci abundance to 1% of those living at 26 °C. The more
moderate temperature variations during the course of our study likely had little influence on MTB popula-
tions in the pond and were negligible in the control beaker. The C:N ratios and isotopic values indicate that
the organic matter consists of a rather homogenous mixture of algal and vascular terrestrial organic matter
(Meyers, 1994). TOC and TN percentages were rather constant, which suggests that nutrient type or availabil-
ity did not drive the observed changes in MTB populations.

Ms and Mrs/Ms of the sediments were uncorrelated with live MTB abundance, but instead varied in
proportion with water depth, with deeper sites possessing ~15% higher Ms and Mrs/Ms than sites from
shallower water (Figure 4). Live MTB abundance did not correlate with water depth, except only slightly
for rods whose abundance was minimal (Figure S8). Because the magnetosomes of the living cells repre-
sent <1% of the total Ms, the magnetization of the sediment should reflect the cumulative magnetofossil
concentration. This is in agreement with FORC diagrams that display a central ridge characteristic of
noninteracting SD particles that account for ~50% of the magnetization (Mao, Egli, Petersen, Hanzlik, &
Zhao, 2014; Figure S6).

The ranges in Mrs/Ms (0.21-0.27) and Bcr/Bc (2.1-2.4) are displaced away from the wholly SD character of
pure MTB extracts with Mrs/Ms ~0.5 and Bcr/Bc ~1.0-1.5 (Lin & Pan, 2009; Moskowitz et al., 1988; Pan
et al,, 2005). Lower than expected values for pure-SD particle distributions can stem from dilution by
non-SD detrital magnetite and/or from oxidation. Low-temperature oxidation of SD magnetite lowers Ms
(Readman & O'Reilly, 1972). Although higher O, concentrations existed in shallower water where Ms
was lower (Figure 4), a change in domain state is required to explain the reduction in Mrs/Ms. Reducing
Mrs/Ms by low-temperature oxidation of SD grains can be feasible when SD particles close to the
SD-superparamagnetic (SP) limit become SP thereby lowering their remanent magnetizations (Mrs).
However, the FORC diagrams showed no signature characteristic of magnetic viscosity related to SP
particles (Figure S6). Because sediment accumulated more rapidly during the two-year period in the
shallow area, greater dilution should be expected there, which would lower Ms. Diluting with material
impoverished in SD particles would lower Mrs/Ms preferentially in the shallow sites, and hence, lowering
Mrs/Ms can be explained by a mixing trend between SD magnetosomes and non-SD (detrital) magnetite
end-members.

That Ms and Mrs/Ms increase with depth in the sediment (Figure S7) may be attributed to an increase in
magnetofossil concentration and/or to the reduction of oxidized magnetite back to stoichiometric magnetite
in more reducing environments. The former agrees with the higher MTB abundances at the start of the
experiment that decreased by a factor of 10 within several months. Less oxidized magnetite at greater depth
in the sediment is in agreement with our low-temperature experiments that show a better definition of the
Verwey transition with increasing depth (Figure S6). However, reduction of maghemite to magnetite
increases Ms by only about 20%, so reversion to stoichiometric magnetite can only account for a limited
increase in Ms with depth in the intermediate and deepwater profiles.

Our two-year study shows that environmental factors drive MTB abundance as reflected by coherent trends
throughout the pond, but neither dissolved O, nor temperature variations can singularly explain changes in
MTB populations. Several other factors that were not measured in our study have been shown to affect MTB
abundance, such as salinity or sulfur and iron concentration (Lin & Pan, 2009, 2010; Lin, Wang, Li, et al., 2012;
Postec et al., 2012; Sobrinho et al., 2011). However, we can conclude that MTB populations in the freshwater
pond, particularly spirilla, vary with season, especially at the deeper water sites. Although absolute MTB
concentrations differed in space, all three individual morphotypes underwent similar relative changes in
the time domain; hence, long-term trends of MTB populations in natural ecosystems are likely indicative of
the ecosystem as a whole. This is in distinct contrast to artificial habitats in the laboratory that have not
reached steady state conditions (He et al., 2017). Magnetite concentrations and relative grain sizes of the
surface sediments do not reflect trends in MTB abundance but are related to water depth, likely due to
enhanced dilution of the SD magnetofossil fraction by detrital material at the shallow sites that were situated
proximal to the pond'’s inflow.
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Chapter I

Proxy Approach to Unravel Late Pleistocene Sediment Flux and Bottom Water
Conditions in the Western South Atlantic Ocean

Summary and Context

This study investigates the magnetic mineral inventory of a 20 m long gravity core from the
Santos Plateau, a sedimentary basin offshore SE Brazil. In a multidisciplinary approach, the
sediment flux, and redox conditions in the Western South Atlantic during the past ~200 ka
were reconstructed, based on rock magnetic and various geochemical and sedimentologic
proxy parameters. Systematic variations in fine-grained magnetite, that were unrelated to
the terrigenous sediment flux, likely reflect the abundance of magnetofossils (the fossil
remains of magnetotactic bacteria). Most notably, the concentration of inferred
magnetofossils showed a glacial-interglacial cyclicity. Geochemical analysis indicated coeval
variations in the sediment organic matter content as well as in the benthic 13C isotope ratio,
which reflects bottom water ventilation. Assuming that magnetite concentration was not
affected by reductive dissolution, the co-variation suggested that the abundance of MTB was
governed by the bottom water conditions during the past ~200 ka on the Santos Plateau.
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Abstract Magnetic signals in deep-sea sediments have the potential to unravel past continental
environmental changes, via changes in primary terrigenous magnetic supply, but also record past marine
environmental conditions, via in situ formation of secondary magnetic minerals, particularly when
complemented by independent proxies. By combining environmagnetic, geochemical, and siliciclastic
grain size data, we investigated marine sediment core GL-1090 (24.92°S, 42.51°W, 2,225 m water depth)
aiming to unravel changes in terrigenous sediment input and bottom water conditions during the last
~184 ka at the western South Atlantic middepth. The Al/Si, Fe/x and siliciclastic grain size data show that
terrigenous sediments at this core location derived from the Plata River (southeastern South America).
This material was transported northwards by the Brazilian Coastal Current and their delivery to our core
site was modulated by sea-level oscillations. Periods of low sea-level were characterized by the input of
coarser and more abundant terrigenous sediments. Environmagnetic parameters indicate significant
downcore variations in the magnetic domain state, which we interpret as changes in the content of
biogenic magnetite following glacial-interglacial cycles. Coeval negative excursions in magnetic grain
size and benthic §"°C suggests that concentrations of single domain magnetite (possibly magnetotactic
bacterial magnetite) vary in response to middepth water ventilation. We suggest that reduced ventilation
in the middepth western South Atlantic bottom waters during peak glaciations triggered a decrease in the
production of biogenic magnetite. Peak glaciations were, in turn, linked with increases in the residence
time of North Atlantic Deep Water (or its glacial counterpart).

1. Introduction

Combining rock-magnetic proxies with bulk sediment characteristics has been proven useful to unrav-
el the composition of the primary minerals present in the sediment, transport dynamics in different
marine settings and sediment provenance (Hounslow & Maher, 1999; Itambi et al., 2009; Just, Dekkers,
et al., 2012; Mathias et al., 2014; Razik et al., 2013). In turn, marine sediments are widely used to re-
construct continental paleoclimate, often based on major element composition. Relative changes in
major element concentrations provide insights into weathering intensity in the source area (Sheldon
& Tabor, 2009), paleoenvironments in the continent (Just, Heslop, et al., 2012), and sediment transport
pathways (Mulitza et al., 2008; Portilho-Ramos et al., 2017). Changes in marine sediment may also be
recorded in the magnetic as well as bulk mineral assemblies. Care is always needed as sedimentary
minerals may have been formed in the source area (primary assembly) and/or after deposition, during
early diagenesis (authigenic assembly) (Chang, Bolton, et al., 2016; Funk et al., 2004). In terms of auth-
igenesis, the presence of bacterial magnetosome particles can often be inferred within the sedimentary
“haystack” due to some characteristic magnetic “fingerprints”, even if they constitute only a minor
fraction of the bulk magnetic assemblage (Egli et al., 2010; Roberts et al., 2012). If preserved, this addi-
tional biogenic magnetic component may provide unique insights into past benthic microbial activity
and bottom water conditions effective when the sediments were deposited.
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Transported terrigenous magnetic minerals form the primary magnetic assemblage of marine sedi-
ments. Their concentration, composition and size distribution are a function of the geologic charac-
teristics of the source area, weathering conditions and transport mechanisms, each potentially leaving
characteristic fingerprints on the marine sedimentary magnetic assemblage (Evans & Heller, 2003; Liu
et al., 2012; Maher & Thompson, 1999; Thompson & Oldfield, 1986; Verosub & Roberts, 1995). The
western South Atlantic is bathed by diverse water masses from remote areas (i.e., Southern Ocean,
northern North Atlantic Ocean, and Indian Ocean) and receives terrigenous sediments from multiple
drainage basins in South America. In subtropical latitudes, one large (i.e., Plata River) and many small
(e.g., Paraiba do Sul River) drainage basins occupy southeastern South America and deliver terrigenous
sediments to the western South Atlantic (Razik et al., 2015). Changes in sediment production, trans-
port and delivery over southeastern South America are expected to affect the terrigenous infill of the
subtropical western South Atlantic. In mid-depths (~2,000 m), the western South Atlantic is influenced
by the southward-flowing Deep Western Boundary Current that transports North Atlantic Deep Water
(NADW) (Stramma & England, 1999). During deposition, the terrigenous material can be “diluted”
by primary production of carbonate and opal, while the magnetic assemblage can be altered through
the production of biogenic magnetic minerals by benthic microorganisms. Additionally, during early
diagenesis, all magnetic minerals may undergo chemical alterations (oxidation, reduction, dissolution)
depending on the redox conditions of the sediment (Chang, Roberts, et al., 2014; Hounslow & Ma-
her, 1999; Karlin et al., 1987; Lovley et al., 1987; Roberts, Florindo, et al., 2011). Under sulphidic condi-
tions, additional magnetic information can arise through the formation of magnetic sulphide minerals
(Roberts, Chang, et al., 2011). Because the complete history of sediments, from source to sink including
diagenetic alteration, can leave characteristic marks on the magnetic mineral assemblage, sedimen-
tary magnetic properties comprise a powerful, if sometimes complex, tool to disentangle the driving
forces of sediment supply and transformation. Biogenic magnetic particles produced by magnetotactic
bacteria (MTB) appear almost ubiquitous in surface sediments (Maher & Hounslow, 1999; Roberts
et al., 2012). Such bacteria commonly live near the sediment-water interface in the chemically strati-
fied horizons spanning the oxic to anoxic transition (e.g., Faivre & Schiiler, 2008). MTB biomineralize
intracellular, membrane-bound magnetic nanoparticles, called magnetosomes, which are composed
of magnetite (Fe;0,) or greigite (Fe;S,) depending on the redox conditions of their habitat (Bazylinski
et al., 1995; Chen et al., 2014). The ecological roles of these particles remain unresolved but they are
often ideal single-domain (SD) magnets that passively align the microorganisms with the Earth's mag-
netic field, suggesting some contribution to directed motility. The long intracellular chains of dense
magnetite may also provide some cellular structural support (Hanzlik et al., 1996). If preserved in the
sedimentary record, the MTB magnetofossils register past microbial activity and sediment chemistry.
Their abundance has been linked to paleo-environmental and sedimentary conditions (Hesse, 1994;
Kopp & Kirschvink, 2008; Maher & Hounslow, 1999; Roberts, Florindo, et al., 2011). Although it has
been demonstrated that the number of living MTB undergoes seasonal changes (Du et al., 2015; He
et al., 2018) and that magnetofossil abundance in deep-sea sediments can be modulated by organic car-
bon and dissolved iron availability (Roberts, Florindo, et al., 2011) or by primary productivity (Savian
et al., 2014), our understanding of the conditions responsible for MTB magnetic mineral formation is
still limited.

Here we provide new magnetic, geochemical, and siliciclastic grain size data from a core collected
from the middepth western South Atlantic (24.92°S, 42.51°W, 2,225 m water depth) covering the last
184 ka. Changes in the concentration of magnetic minerals, major elements, and siliciclastic grain size
suggest Plata River as the main source of the terrigenous material deposited in the subtropical western
South Atlantic, with a mixing of terrigenous material from Paraiba do Sul River modulated by sea-level
oscillations. In addition, we observed relationships among variations in magnetic grain size, benthic
foraminifera §"3C (Santos et al., 2017), and total organic carbon (Figueiredo et al., 2020), which suggest
a potential connection between bottom water ventilation and single domain, possibly bacterial mag-
netite abundance. Magnetic grain size changes in response to glacial and interglacial stages may offer
new insights into the influence of NADW (or its glacial counterpart) ventilation on bacterial magnetite
abundance.
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Figure 1. Overview of the study area. The location of marine sediment core GL-1090 is shown in each panel by a white star. (a) Topographic map of South
America with the catchment area of rivers of interest that drain into the western South Atlantic outlined in black. The white arrows over the bathymetric map
of the South Atlantic schematically depict the surface currents of interest (i.e., Brazilian Coastal Current [BCC], Brazil Current [BC] and Malvinas Current
[MC]) as well as the Brazil-Malvinas Confluence (BMC). Thinner gray arrows show the Westerlies. The red and black dashed lines indicate the position of the
salinity transect in Figure 1b and the location of Figure 1c, respectively. Topography and bathymetry from ETOPO1 (Amante & Eakins, 2009). (b) Western
South Atlantic modern mean annual salinity (color shading; Zweng et al., 2013). Main water masses are depicted by the gray arrows, Antarctic Intermediate
Water (AAIW), North Atlantic Deep Water (NADW) and Antarctic Bottom Water (AABW). (c) Simplified geology of the major drainage basins, outlined in
black, that represent relevant source areas for terrigenous material in the study area (geology simplified after/adapted from “World CGMW, 1:50M, Geologic
Units Onshore” with sedimentary overburden removed) (Commission for the Geological Map of the World). Major tributaries of the Plata River are shown in
blue. Colored dots on the adjacent continental margin indicate surface sediment In(Al/Si) values after Govin et al. (2012). This figure was partially produced
using the software Ocean Data View (Schlitzer, 2019).

2. Study Area
2.1. Hydrographic Setting, Sediment Redistribution

Figures 1a and 1b shows the complex oceanographic setting of the western South Atlantic. On the conti-
nental shelf (upper 100 m of the water column), Plata River discharge is transported to the north by the
Brazilian Coastal Current (BCC) (Piola et al., 2005; Souza & Robinson, 2004). Satellite observations of sea
surface salinity and temperature suggest that the modern BCC reaches as far north as 25°S (Souza & Rob-
inson, 2004). Magnetic studies of Holocene sediments, however, suggest that the Plata River plume has
delivered sediments further north, up to at least 24°S (Mathias et al., 2014).

Beyond the shelf break, the upper 500 m of the water column is dominated by the southward transport
of the Brazil Current (BC) which originates from the southern branch of the South Equatorial Current at
about 10°S. The BC transports the warm and saline equatorial waters poleward until it collides with the
northward-flowing Malvinas Current and is deflected to the east (Peterson & Stramma, 1991; Stramma &
England, 1999). This convergence area, the Brazil-Malvinas Confluence Zone, is located around 33-38°S
offshore the Plata River mouth (Figure 1a).
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From 500 m down to intermediate depths (~1,200-1,500 m water depth), the Intermediate Western Bound-
ary Current (IWBC) transports Antarctic Intermediate Water (AAIW) and Upper Circumpolar Deep Water
(UCDW) toward the north (Figure 1b) (Boebel et al., 1999). The southern-sourced AATW and UCDW are
relatively fresh, cold, nutrient-enriched and oxygen-depleted water masses (Tsuchiya et al., 1994). NADW
fills the mid-depths of the water column between ~1,200 and 3,000 m water depth (Stramma & Eng-
land, 1999). NADW, a nutrient-depleted and oxygen-enriched water mass, has a similar temperature but is
saltier than its overlying water mass (Tsuchiya et al., 1994). NADW is transported southwards by the Deep
Western Boundary Current, and at 25°S reaches maximum salinity (~0.35 psu) in its deepest part (Stramma
& England, 1999).

2.2. Geological Setting, Sediment Sources

Southeastern South America is characterized by the presence of the Serra do Mar and Serra da Mantiqueira
mountain ranges close to the Atlantic coastline that forces rivers to drain into the hinterland and deviate
from this topographic barrier before reaching the western South Atlantic. The narrow coastal plain adjacent
to our core location, dominated by Precambrian basement and Fe oxide-rich meta-sediments, is drained by
a number of minor rivers with a combined drainage area of ~6 x 10° km” (Figure 1c). Among these rivers,
the Paraiba do Sul is closest to our study site (~20°S, 41°W), and drains a small catchment area (5.7 x 10*
km?) of which more than 90% is covered by Precambrian rocks, with predominance of granitoid gneisses,
migmatites, biotite-gneiss and biotite schists (Gémes Tapias et al., 2019). The two major basins that drain
the hinterland before reaching the western South Atlantic host the Sdo Francisco and Plata rivers. The Sdo
Francisco River drains an area of ~6 X 10° km” of Precambrian hinterland into the tropical Atlantic at ~
10°S (ca. 15° north of our study site). About 10° south of our study site (~35°S, 57°W), the Plata River meets
the subtropical Atlantic Ocean. Its tributaries, the Parand and Uruguay rivers, drain an area five times
bigger than the Sio Francisco Basin (~3.2 x 10° km®). The Plata Basin represents the largest source of ter-
rigenous material to the western South Atlantic and ranges from the Mesozoic-Tertiary Andean Mountains
in the west to the Cretaceous Flood Basalts (Parana-Etendeka igneous province) in the east (Gémes Tapias
et al., 2019). With only minor riverine input in close proximity, the sedimentary dynamics at the core site is
primarily controlled by sediment redistribution by ocean currents, and primary carbonate production; both
modulated by climatic and sea-level changes (Mahiques et al., 2008; Razik et al., 2015).

In addition to riverine transport of detrital material to the continental margin of southeastern South Ameri-
ca, the westerlies play an important role in transporting dust from the Andes to the mid-latitudes off south-
ern South America (e.g., Gaiero et al., 2003). During dry glacial climate stages, enhanced generation and
transport of aeolian dust increased the transport of terrigenous material to the Argentinean and Uruguayan
continental shelves (e.g., Maher et al., 2010).

3. Materials and Methods
3.1. Core GL-1090

Marine sediment core GL-1090 is 1,914 cm long and was collected from the continental slope (2,225 m water
depth) of southeastern South America (24.92°S, 42.51°W) (Figure 1), in a region bathed by the NADW. GL-
1090 is mostly composed of carbonate mud. According to Santos et al. (2017), greenish to olive sediments
somewhat rich in foraminifera-bearing silty clay characterize glacial layers. Carbonate-rich reddish-brown
and whitish clays characterize interglacial sediments. At about 30 cm core depth, there is a ~ 2 cm-thick
ferruginous crust.

3.2. Age Model

The age model for core GL-1090 was published in Santos et al. (2017) and is based on 10 accelerator mass
spectrometer radiocarbon ages from planktonic foraminifera (covering the top 327 cm), combined with
13 benthic foraminifera 8'*0 tie-points aligned to two reference curves (Govin et al., 2014; Lisiecki & Ray-
mo, 2005) for the lower part of the core (327-1,914 cm). Core GL-1090 covers the last ~184 ka. The mean
sedimentation rate for core GL-1090 is 13 cm/ka. Highest rates were observed during MIS 4 with 24 cm/ka.
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During MIS 5e, MIS 5d and MIS 1 the sedimentation rates are smaller than 5 cm/ka, with minimum of
3 cm/ka. The complete age model and details on the methodology used to produce it can be found in Santos
et al. (2017).

3.3. Rock Magnetism

For the rock magnetic characterization of the sediment core, a series of laboratory magnetization and de-
magnetization experiments were carried out on unorientated samples in plastic cylinders (16 cm® volume).
We measured volume magnetic susceptibility (k) on the whole core with a 2 cm resolution using a 130 mm
diameter Bartington loop sensor (MS2C) integrated with a Geotek Multi-Sensor Core Logger system. For
101 of the single samples, we imparted an anhysteretic remanent magnetization (ARM) at 300 mT using a
bias field of 0.1 mT. Thereafter, we demagnetized the ARM on these samples using 77 steps up to 300 mT,
as suggested by Egli (2004). The ARM was acquired, measured and demagnetized using a 2G Enterprises
RAPID magnetometer 755 (noise level 5 x 107 Am?) housed in a magnetically shielded room (ambient
field <500 nT) at the Laboratory of Paleomagnetism (USPMag), Institute of Astronomy, Geophysics and
Atmospheric Sciences (IAG), University of Sao Paulo, Brazil. We imparted isothermal remanent magneti-
zation (IRM) to 163 samples in three steps (at 100, 300, and 1,000 mT), and backfields at —100 and—300 mT
using a magnetizer Newport 4" Electromagnet Type A (0-1.5 Tesla) and measured the IRMs with a Molspin
fluxgate spinner magnetometer (noise level ~5 x 107'° Am®) at the Center for Environmental Magnetism
and Paleomagnetism (CEMP), University of Lancaster, United Kingdom.

From these measurements, we derived typical environmental magnetic proxies to determine type, size and
concentration of the magnetic carriers (e.g., Evans & Heller, 2003; Maher & Thompson, 1999). The suscep-
tibility (x) measures the induced magnetization of the bulk sediment, and is often dominated by ferrimag-
netic materials. Magnetic susceptibility of ferrimagnetic minerals (up to ~57 X 10~ m*kg™" e.g., magnetite)
is orders of magnitude larger than antiferromagnetic (~0.5 x 10~° m’kg™", e.g., hematite), paramagnetic
(~0.4 x 10°° m’kg ™", e.g., clay minerals) and diamagnetic (—0.005 x 10~ m’kg™’, e.g., carbonate) materials
(Maher, 1998). Paramagnets and diamagnets have minor contributions to bulk sediment susceptibility in
comparison to ferrimagnetic minerals, yet dilution effects may affect the total susceptibility (Hounslow &
Mabher, 1999). The geochemical/magnetic proxy Fe/x is a relative measure of how much of the total Fe is
bound in magnetic minerals. The IRM is representative of the total concentration of magnetic minerals.
Differences between the IRM acquired at 300 mT (IRM3y) and 1 T (SIRM) reveal contributions of different
magnetic mineral types. The S-Ratio (=(IRM300/SIRM)/2) can track relative mineralogical changes of mag-
netically “hard” versus “soft” minerals (Bloemendal et al., 1992). HIRM (=(SIRM + IRM ;o,)/2) is useful
in quantifying relative concentrations of the high-coercivity (magnetically “hard”) mineral, like hematite
(Maher et al., 2004).

The ARM represents mainly the low-coercivity ferrimagnetic mineral fraction (usually magnetite) and is
selective toward the stable single domain grains that exhibit ARMs 1-2 orders of magnitude greater than
larger grains (Maher, 1988; Peters & Dekkers, 2003). Ratios of ARM/IRM are thus sensitive to relative
changes in grain size. Here we use YARM 3pom1/IRM;0omr (YARM/IRM hereafter) to detect changes in mag-
netite grain size. ARM;y was converted to susceptibility of ARM (YARM) by normalizing with the bias field
(79.625 A/m).

We further characterized 72 representative sub-samples by measuring hysteresis loops, stepwise IRM ac-
quisition and backfield curves with maximum fields of 1T. We used a Princeton Measurements Corporation
MicroMag 3900 Vibrating Sample Magnetometer at both the Laboratory of Paleomagnetism (USPMag),
Institute of Astronomy, Geophysics and Atmospheric Sciences (IAG), University of Sdo Paulo, and at the
Paleomagnetism and Environmental Magnetism Laboratory, National Oceanography Center (NOC), South-
ampton, United Kingdom.

From hysteresis loops and backfield curves, we obtained the saturation remanence (Mrs), saturation mag-
netization (Ms), the coercive field (Bc) and the coercivity of remanence (Bcr). The ratios Mrs/Ms and Bcr/Bc
provide information on the magnetite grain size and resultant domain structures of the magnetic particles,
indicative of different grain size thresholds: superparamagnetic (SP), single-domain (SD), pseudo-single
domain (PSD), and multidomain (MD) (Dunlop & Ozdemir, 1997). A cross plot of the two ratios allows

MATHIAS ET AL.

5of 22



Chapter I

23

V ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography and Paleoclimatology 10.1029/2020PA004058

some preliminary assessment of the average domain state (i.e., magnetic grain size), identification of rela-
tive grain size changes and checking the presence of different types of magnetic minerals (Dunlop, 2002).

For a more detailed characterization of the finest magnetite fraction, we measured high-resolution first-or-
der reversal curves (FORC) of seven subsamples representing horizons of different glacial stages. These
measurements were performed in a Princeton Measurements Corporation vibrating sample magnetome-
ter at the Department of Earth and Environmental Sciences, Ludwig-Maximilians, University of Munich,
Germany. The measuring protocol was optimized to selectively cover the central ridge area of the FORC
diagram that characterizes SD particle distribution. (Hy,: —10/4+20 mT, H,: 0-80 mT, Hg,: 300 mT, increment
0.5 mT (N:233), averaging time: 120 ms, sample mass: 0.2 g). The FORC distributions were calculated us-
ing VARIFORC (Egli, 2013) by averaging 10 high-resolution measurements per sample, applying variable
smoothing and extracting the central ridge feature. Variable smoothing factor was applied to reduce noise
in the low amplitude areas of the FORC space and increase the resolution of the central ridge (VARIFORC
processing parameters: sc,0 = 4, sc,1 = sb,1 =5, A\c = Ab =0.1).

3.4. Major Elements

X-ray fluorescence (XRF) core scanner data were collected every 5 mm down-core over a 60 mm? area
(down-core slit size of 5 mm using generator settings of 10 kV, a current of 0.35 mA, and a sampling time
of 20 s), directly from the split core surface of u-channels collected from the archive half of core GL-1090.
The data were collected using the XRF Core Scanner II (AVAATECH Serial No. 2) at the Center for Marine
Environmental Sciences (MARUM), University of Bremen, Germany. The split-core surface was covered
with a 4 um thin SPEXCerti Prep Ultralenel foil to avoid contamination of the XRF measurement unit
and desiccation of the sediment. The element data reported here were acquired by a Canberra X-PIPS Sil-
icon Drift Detector (SDD; Model SXD 15C-150-500) with 150 eV X-ray resolution, the Canberra Digital
Spectrum Analyzer DAS 1000, and an Oxford Instruments 50W XTF5011 X-ray tube with rhodium (Rh)
target material. Recently, Figueiredo et al. (2020) published XRF core scanner data from core GL-1090 in
counts for the elements Ti, Al, Fe, Mn, and Ca. Here we present major element concentrations obtained
from bulk sediment samples in order to cross-calibrate the scanner counts. We freeze-dried, powdered, and
homogenized 55 samples (~5 g of dry sediment). Major element concentrations were measured by energy
dispersive polarization X-ray fluorescence (EDP-XRF) spectroscopy at the Department of Geochemistry,
Fluminense Federal University, Brazil. We performed the calibration using a log-ratio approach after Weltje
and Tjallingii (2008). The log ratios of major element (Al, Si, K, Ca, Ti, Mn, S, and Fe) and Ca as denomina-
tor were calculated. The log-ratios of the core scanner data were then calibrated to the corresponding ratios
of the powder measurements through linear regression. Figure S1 shows the comparison between EDP
discrete data and calibrated curve with XRF counting.

We show elemental concentrations of Al, Si, K, Ti, and Fe considered to represent terrigenous contributions,
and Ca, representing the biogenic calcium carbonate fraction of the bulk sediment (Govin et al., 2012).
Assuming that terrigenous Fe and Ti have a common origin (Figure S2a), we used the immobile element
Ti as a normalizer for Fe, aiming to assess if the iron distribution in the sediment has been altered after
deposition. The terrigenous fraction of the bulk sediment can be further characterized by the elemental
ratios, Al/Si, which reflects compositional and/or grain size changes in the siliciclastic mineral fraction, and
Fe/K, which responds to changes in the clay mineral composition and reflects weathering intensity (Govin
et al., 2012). Since Fe can be remobilized in the sediment after deposition (Reitz et al., 2004), in this study we
used K/Ti to identify weathering intensity in the continent, as K derives from minerals characteristic from
dry regions, like potassium feldspar and illite (Zabel et al., 2001).

3.5. Siliciclastic Grain Size

Particle size measurements of sediment core GL-1090 were performed in a particle analyzer via laser dif-
fraction (CILAS 1064) in the Department of Geochemistry at Fluminense Federal University, Brazil. The
analysis was performed on decalcified and organic matter-free samples, by the addition of HCI 1M and 30%
hydrogen peroxide, respectively. The results were calculated following the Wentworth scale for particle size
classification.
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Figure 2. Downcore environmental magnetic parameters (a)—(f), and hysteresis parameter Mrs/Ms (g) from marine
sediment core GL-1090. (a) IRM3, (b) magnetic susceptibility (x), and (c) HIRM, record changes in the concentration
of magnetic minerals. (d) S-Ratio, records relative changes in magnetite versus haematite. (e) ARM3 reflects changes
in the concentration of fine magnetic grains, (f) YARM/IRM, and (g) Mrs/Ms record changes in the relative proportion
of fine magnetite vs. course magnetite. Black stars in plot (e) show the samples we performed FORC analysis. The main
lithological changes vary accordingly with cold/warm stages, blue/white bars, respectively, which represent marine
isotope stages (Lisiecki & Raymo, 2005). Gray lines represent the MIS 5 stages (Santos et al., 2017), and gray bars show
Terminations II and I (TII and TIL, respectively) (Lisiecki & Raymo, 2005).

4. Results
4.1. Magnetic Characterization
4.1.1. Magnetic Mineral Concentration

Magnetic susceptibility (k) displays highest values (Figure 2b) during marine isotope stage (MIS) 6, reach-
ing a prominent peak (~600 x 107° SI) at ~157 ka, and then gradually declining (except during MIS 4)
through to the present interglacial (MIS 1). Some variability is evident during MIS 5; during the last inter-
glacial (MIS 5e), magnetic susceptibility reaches its lowest values (~122 x 107° SI), comparable with the low
values of MIS 1. At about 48 ka, it rises again (~414 x 107° SI); magnetic susceptibility is increased during
the entire MIS 4, as we observe during MIS 6, but varies within a smaller range. IRM;, varies in accordance
with magnetic susceptibility throughout the core (Figures 2a and 2b; Figure 6a), ranging between 1 x 10~
and 4 x 10~ Am*/kg. HIRM follows the general trend of magnetic susceptibility and IRMs, (Figure 2c),
with values ranging between 1 X 107> and 4 x 10~* Am*/kg (Figures 2a-2c). We calculated Pearson (p,) and
Spearman (p;) correlation coefficients and a good correlation exists between HIRM and x (o, = 0.64 and
ps = 0.67). From MIS 6 to MIS 2, low but measurable HIRM values display similar variations as IRM;q.
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Figure 3. Magnetic hysteresis parameters from marine sediment core
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Local HIRM maxima in MIS 1, however, indicate selective enrichment of
high-coercivity minerals in these interglacial horizons.

4.1.2. Magnetic Mineralogy

The S-ratio mean value (~0.97) is close to the theoretical maximum of
ﬁ 1 for most of the studied period (Figure 2d). It is notable that the lowest
S-ratio value (0.94) is observed at ~17 ka, at the same level as the ferrug-
inous crust, and thus likely reflects the increased presence of oxidized
magnetic minerals (Figure S7). In IRM acquisition curves, ~95% of the
magnetization is saturated before 300 mT (Figure S5), indicative of mag-
netically soft magnetic minerals. The hysteresis loops all present similar
shapes, with a narrow waist and low coercive fields ranging between 10
;% and 18 mT (Figure S6a). All samples show an important paramagnetic

component (~70%) (Figure S6b). We calculated the mean coercivity from
005 ARM demagnetization curve for 10 samples along core GL-1090, and the

2

* Interglacials

* Glacials

* Terminations

average value is ca. 27 mT.
Ber/Be

4.1.3. Magnetic Grain Size

The hysteresis ratios Mrs/Ms and Bcr/Bc range from 0.1 to 0.3 and
from 2.0 to 3.5, respectively (Figures 2g and 3). Using the Day Plot (Day
et al., 1977) and following the theoretical SD-MD mixing curve proposed
by Dunlop, 2002, our samples fall in the range of 40%-80% coarse MD

GL-1090 represented on a plot of Mr/Ms versus Ber/Bc (Day et al., 1977). grains (Figure 3). Grouping the samples into glacial (MIS 6, 4, and 2),
Samples collected in different climate periods are represented by red transitional (glacial termination) and interglacial horizons (MIS 1, 3, and
(interglacial), blue (glacial), and green (termination) circles. The data fields  5) reveals a trend of relative grain size fining from cold to warm stages.

represent areas expected for single domain (SD), pseudo-single domain
(PSD), and multi-domain (MD) (titano) magnetite particles. The curves
represent theoretical mixing lines for SD-MD and SD-SP;¢ ny, mixtures

(Dunlop, 2002).

MIS 5, 3, and 1 show higher ARMj;(, values (higher concentration of finer,
SD-like magnetic grains) relative to the cold MIS stages, 6, 4, and 2 (Fig-
ure 2e). Short-duration (millennial-scale) decreases in ARM can be seen
during MIS 5d/5c and MIS 5b/5a transitions, and higher values during
MIS 5e, 5¢, 5a. Coeval variations both in YARM/IRM and Mrs/Ms further
demonstrate a relative coarsening of the magnetic grain size during cold
climate stages (Figures 2e-2g).

FORC diagrams for samples from each isotope stage are dominated by a central ridge feature, confirming
the presence of non-interacting SD particles in each measured horizon. Separation of the central ridge (CR)
from the background (BG) signal allows characterization of the SD and MD fractions (Figures 4 and S9).
Figure 4 shows the extracted CR features and their normalized coercivity distributions. The topmost sample
(4 cm depth) has the strongest signal, indicating highest SD magnetite concentrations. Its lower coercivity
spectrum (average H, < 10 mT) that is connected to the vertical (H, = 0) axis suggests the presence of very
fine particles close to the SP-SD threshold. All samples from below 4 cm core depth contain fairly similar
CRs, indicative of stable SD grains. The similarity of the curves suggests that the properties (e.g., size and
mineralogy) of the SD particles remain fairly constant below 36 cm depth.

4.2. Major Elements

The highest In(Ti/Ca) values are observed in the first half of MIS 6 and during MIS 4 (Figure 5f). During
MIS 5, this ratio shows several peaks between 110 and 106 ka (MIS 5d/5c transition), 91 and 85 ka (MIS
5b/5a transition), and ~79.6 and 77.2 ka (MIS 5a) (Figure 5f). Minima in In(Ti/Ca) values are observed
just after Terminations II (TII) and I (TI), during MIS 5e and MIS 1, respectively. A peak in In(Fe/Ca) is
observed at ~17 ka (not matched in prominence by the In(Ti/Ca) ratio) (Figures S3a and S3b), which is
probably related to the ferruginous crust (Figure S7) observed in this part of the core (for lithology details,
see Section 3.1). Since Fe bound in (oxy-) hydroxides is highly reactive, it can be prone to post-depositional
dissolution and re-precipitation; whereas Ti is resistant to alteration. Therefore, we use In(Ti/Ca) as a con-
servative proxy for terrigenous input. Two significant peaks are also observed in In(Fe/Ti) (~130 ka, during
TII, and at ~17 ka, during TI) and an abrupt decrease during MIS 5e (Figure 51).
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Figure 4. Down core series of FORC diagrams for representative samples from marine sediment core GL-1090. (a)
Isolated central ridges, and (b) combined normalized coercivity distributions of the central ridges shown in panel
(a). The respective Marine Isotope Stage (MIS) of each sample is indicated in the left-hand side of panel (a). For
measurement and analytical detail see Section 3.3 of the text. Black stars in Figure 2e represent the location of the
FORC samples along core GL-1090.

Values of In(Fe/K) display little variability during most of the recorded period, except for two notable peaks
(post-depositional feature) during TII and TI (Figure S3c). During TI, In(Fe/K) values gradually increase,
with a sharp drop at the end of the termination, followed by another gradual increase up to MIS 1. To avoid
the influence of the outliers we observe in Fe/K (Figure S3c), we used K/Ti instead to examine sediment
source. The In(Al/Si) values show little change during MIS 6, a sharp increase just after TII, a gradual de-
crease encompassing MIS 5-2, and a sharp increase just after TI (Figure 5j). Aiming to evaluate the marine
contribution (i.e., biogenic opal), we also present the In(Al/Ti), which reflects only the terrigenous input
(Figure S3d). The correlation between In(Al/Ti) and In(Al/Si) is high (o, = 0.81) during MIS 6-4, but after
that In(Al/Ti) shows a smooth decrease during MIS 3, whilst In(Al/Si) exhibits few variance (Figure S2b).
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Figure 5. Downcore parameters from marine sediment core GL-1090. External literature: (a) Speleothem 8'*0 from
Botuvera Cave (Cruz et al., 2006), (b) Precession (Berger & Loutre, 1991), (c) Global Sea Level for the last 150 (Grant
et al., 2012) and between 150 and 186 ka (de Boer et al., 2012), (d) Globigerinoides ruber 8'*0 (Santos et al., 2017),

and (h) CaCO; (%) (Figueiredo et al., 2020); parameters for sediment provenance: (e) magnetic susceptibility, (f) Ti/
Ca, (g) accumulation rate of terrigenous, (i) Clay/Silt, (j) Al/Si, (k) K/Ti, and reductive proxies: (1) Fe/Ti and (m) Fe/x.
The main lithological changes vary accordingly with cold/warm stages, blue/white bars, respectively, which represent
marine isotope stages (Lisiecki & Raymo, 2005). Gray lines represent the MIS 5 stages (Santos et al., 2017), and gray
bars show Terminations II and I (TII and TI, respectively) (Lisiecki & Raymo, 2005).

Notable features of the Fe/x data are a sharp increase just after Termination II, a marked decrease prior to
Termination I, and an increasing trend until MIS 1, when it declines (Figure 5m).

4.3. Redox-Sensitive Elements

Under suboxic to anoxic conditions, Mn, Fe, and S can easily be remobilized in the sediment. Relative
enrichment and depletion of Mn and Fe can, therefore, reveal insights into the sediment redox conditions
and bottom water oxygen concentration during deposition (Reitz et al., 2004). In core GL-1090, prominent
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Figure 6. Scatterplots between magnetic and geochemical proxies from marine sediment core GL-1090. The black line
represents the linear fit. Pearson Correlation Coefficient (pp) and Spearman Correlation Coefficient (ps) were calculated
and are displayed on the plots.

anomalies in In(Mn/Ti) and In(Fe/Ti) relative to core-top values reveal a characteristic sequence of Mn and
Fe enrichment at two levels (Figure 7). Consecutive peaks of these two trace metals at the end of MIS 2 and
MIS 6 for Fe and just after that at MIS 5e and MIS 1 for Mn correspond to the last two glacial terminations
(Figure 7). During TII and TI In(Fe/Ti) peaks likely reflect the post-depositional iron re-precipitation in the
ferruginous crust, with no peak seen in the ratio In(K/Ti) (Figures 5k and 51). Likewise, an abrupt decrease
in In(Fe/Ti) after TII leading to a pronounced minimum during MIS 5e indicates Fe depletion. In contrast
to Mn and Fe, we find only minor variations in relative S concentration (In(S/Ti), Figure 7).

4.4. Siliciclastic Grain Size

The sediment in core GL-1090 is mainly composed of mixed silt and clay, with minor contribution of sand
(<1%) detected only in four samples. The clay/silt ratio ranges between 1.81 and 0.27 (Figure 5i). A gradual
reduction in the clay/silt ratio is observed during MIS 6 and from MIS 4 to MIS 1, indicating a decrease in
the proportion of the finest particles, reaching a minimum around both TII and TI (0.37 and 0.36, respec-
tively). A marked rise in the clay/silt ratio is observed during MIS 5e; the predominance of fine sediments is
maintained during MIS 5d, 5c, 5b, and also during the transition from MIS 5a to MIS 4.

5. Discussion
5.1. Sediment Composition Controlled by Source Area and Sea-Level

The magnetic concentration parameters (IRM3q, and x) alongside In(Ti/Ca) indicate the highest terrigenous
inputs during MIS 6 (~160 ka) and transitions MIS 5d/c (~108 ka) and b/a (~90 ka), and the lowest during
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Figure 7. Redox sensitive elements represented by relative iron (Fe/Ti), magnesium (Mn/Ti), and sulphur (S/Ti)
concentration compared to the terrigenous “background sedimentation” represented by titanium. The main lithological
changes vary accordingly with cold/warm stages, blue/white bars, respectively, which represent marine isotope stages
(Lisiecki & Raymo, 2005). Gray lines represent the MIS 5 stages (Santos et al., 2017), and gray bars show terminations II
and I (TII and TI, respectively) (Lisiecki & Raymo, 2005).

MIS 5e and 1 (Figures 2a, 5e, and 5f). Both IRM;, and x are dominated by a ferrimagnetic (magnetite-like)
mineral component. Comparatively low HIRM and high S-ratio values suggest only minor contributions
from antiferromagnetic minerals (hematite and/or, less likely, goethite) (Figures 2c and 2d). Because HIRM
follows the general trend of IRM;q, and magnetic susceptibility its changes may also reflect variations in the
concentration of ferrimagnetic particles, instead of variance in the type of magnetic minerals (Figure 6b).
The concentration of fine-grained magnetite, represented by ARM;, (Figure 2e), does not mirror variations
in IRM and susceptibility, but instead exhibits maxima during warm stages MIS 3 and MIS 5. The magnetic
grain size proxy yARM/IRM (Figure 2f) varies accordingly, indicating a relative enrichment in single do-
main magnetite in interglacial stages.

High values of magnetic susceptibility, In(Ti/Ca) and the accumulation rate of terrigenous material during
MIS 6 and 4 reflect an increase in terrigenous supply and a possible response to glacio-eustatic sea-level fall
(Figures 5e-5g, 6a, 6b, and S2d). These changes in terrigenous supply are accompanied by compositional
changes as evident from variations in In(Al/Si) and In(K/Ti) (Figures 5i and 5j, 6d, S2f and S2g). The cor-
relation between In(K/Ti) and In(Ti/Ca) demonstrates that the siliciclastic sediment composition is closely
linked to the amount of terrigenous material deposited. A more acid geochemical signature (elevated K/Ti
and reduced Al/Si) corresponds to a larger terrigenous fraction (Ti/Ca). Notably, the S-ratio is consistently
high throughout core GL-1090, and shows no covariation with either proxies sensitive to changes in ter-
restrial chemical weathering (K/Ti and S-ratio show low correlation and is not shown here; p, = 0.05 and
ps = 0.12) nor with precipitation records from SE South America (Cruz et al., 2005, 2006). Thus, in contrast
to the siliciclastic sediment composition, the sediment magnetic mineralogy type has remained constant
over time (Figures 2, 5a, and S2h).

Long-term changes in precipitation over SE South America have been attributed to orbital-scale variations
in insolation (directly affected by precessional changes) (Figures 5a and 5b). Precipitation over southeast-
ern South America is associated with the mature phase of the South America Monsoon System (Maren-
go et al.,, 2012), which is characterized by a well-developed South Atlantic Convergence Zone (Carvalho
et al., 2004). The Plata and Paraiba do Sul drainage basins are under the influence of the South America
Monsoon System, which produces a see-saw effect: enhanced (decreased) precipitation in its core and the
southern Brazilian coast, and drier (wetter) conditions in southern South America (Garreaud et al., 2009).
During austral summer, maximum insolation in the Southern Hemisphere (sub)tropics intensified the
monsoon system , increasing the relative amount of summer precipitation (Cruz et al., 2005). Changes in
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terrigenous content (magnetic susceptibility, IRM3qo, HIRM, In(Ti/Ca), In(Al/Ti)) and weathering product
(In(Al/Si) and In(K/Ti)) of core GL-1090 do not follow changes in precession (Figures 2, 5, and S2g, S2i, S2j).
Thus, we exclude precipitation as a controller for terrigenous input in our study site.

Variations in In(Al/Si) have been used to track changes in siliciclastic particle size (Mulitza et al., 2008), in
circumstances where there have been no major changes in terrestrial chemical weathering conditions or the
flux of biogenic opal (Chiessi et al., 2010). The siliciclastic particle size distribution in GL-1090 gradually
changes from clay- to silt-dominated from early to late MIS 6, reaching its maximum coarseness during Ter-
mination II and I (Figure 5m). After TII, and in association with maximum sea-level (i.e., MIS 5e), particle
size becomes finer, until clays dominate the record. Notwithstanding a similar trend in siliciclastic grain
size and In(Al/Si) across Termination II, overall, the correlation between both parameters is not significant
(Figure S2e); thus, siliciclastic grain size appears not to be the main driver of variations in the Al/Si ratio
in core GL-1090. Concerning biogenic opal, some authors have suggested an increase in silicic acid content
and primary productivity in the southern Brazilian margin during cold stages (Portilho-Ramos et al., 2019).
However, the concentration of biogenic opal at ~2,000 m water depth, the depth of our core site, is small
(<1%) according to Romero and Hensen (2002).

The parameter Fe/x varies coevally with In(Al/Si) and with sea-level changes (Figures 5c, 5j, and 5m;
©p = 0.85, scatterplot not presented). Changes in Fe/x may reflect post-depositional Fe remobilization (Funk
et al., 2004; Reitz et al., 2004), as seen in the Fe enrichment, in association with the ferruginous crust in
core GL-1090 (Figure S7), and/or changes in terrigenous source materials, with differing proportions of
para- and ferromagnetic Fe-bearing minerals (Itambi et al., 2009). Because of the covariation of Fe/x with
the redox independent parameter (Al/Si), we infer that overall Fe/x reflects changes in the primary Fe-oxide
mineralogy. Coeval minima in In(Al/Si) and Fe/x suggests that relatively more Fe was bound in ferromag-
netic minerals of the sediment delivered to our core site (Figures 5j and 5m).

Temporal changes in Al/Si may indicate variation in the source weathering conditions. Al enrichment, re-
corded during interglacial periods (MIS 1 and 5e), thus points to either enhanced weathering in the source
area and/or to a shift in sediment source toward more humid areas in proximity to the core location. A typ-
ical weathering product in tropical regions is the Al-rich clay mineral, kaolinite. Originating predominantly
from NE Brazil, kaolinite constitutes more than 80% of the clay mineral fraction at ~20°S (off the Paraiba
do Sul River mouth) and to less than 10% off the Plata River, south of ~30°S (Petschick et al., 1996). In arid
regions, weathering can lead to potassium (K) enrichment (from illite or K-feldspar); in the surface sedi-
ments of the western South Atlantic, K enrichment is expressed as a strong south-north gradient in In(K/
Ti) values (Figure S4c). The observed anti-correlation between In(Al/Si) and In(K/Ti) in GL-1090 further
supports a shift between more humid weathering products deposited during interglacial periods and more
arid weathering products deposited during glacial periods.

There is very little riverine input to the continental margin off southeastern Brazil, thus contributions from
more distal areas with higher runoff seem likely. Several studies have shown that at sea level lowstand, a
substantial fraction of the terrigenous material from the Plata River plume reaches as far north as 24°S
(Gyllencreutz et al., 2010; Mathias et al., 2014; Piola et al., 2000, 2005). Magnetic characterization of modern
Plata River sediments identified the presence of ultrafine and fine (4-16 wm) detrital magnetite in the Plata
mud belt, that would be transported up to 24°S by the BCC (Razik et al., 2015). The influence of Plata River
sediments at this latitude was also suggested for the mid-Holocene based on environmagnetic parameters
(Mathias et al., 2014). In addition, the elemental composition of suspended sediment from the Plata River
exhibits the same Al/Si values as measured in sediments from the south Brazilian margin (24°S) (Depetris
et al., 2003). Paraiba do Sul River is another potential source area to the Southeastern South America adja-
cent margin. In the surface sediments of the Western South Atlantic, the Al/Si ratio (as well as the kaolinite
concentration) exhibits a strong latitudinal gradient (Govin et al., 2012; Petschick et al., 1996) (Figure 1c).
Govin et al. (2012) have found comparable Ti/Al values between south Brazil (24°S-38°S) and Plata Riv-
er sediments. We observe a good correlation between In(Al/Si) and In(Al/Ti) in MIS 6-2 (o, = 0.84 and
ps = 0.73) in core GL-1090 (Figure S2b), which may suggest an enhanced supply of Plata River-sourced sed-
iment during glacial stages. As biogenic opal does not affect Al/Ti, we assume that the influence of biogenic
opal on the In(Al/Si) record is negligible. Mn/Ti ratios along core GL-1090 show a peak in Termination I
that clearly reflects changes in the redox condition, since it happens just after the Fe peak (Figures 7a and
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7b). In TII, there is a less clear peak, possibly reflecting a mixing signal; redox conditions plus sediment
from volcanic rock in Parand Basin. After TII and TI, sudden increases in In(Al/Si) likely reflect decreased
delivery of Plata River sediments to our study site. Transgressive sea-level events drowned the Plata River
estuary, decreasing the northwards transport of Plata River sediments by the BCC. During these periods,
the reduction in Al-rich siliciclastics indicates a changed and/or additional sediment source, producing a
mixture of sediments from the Plata and Paraiba do Sul rivers. We therefore suggest that relative Al deple-
tion and K enrichment during full glacial stages MIS 6, 4 and 2 (and, to a lesser degree at the MIS 5d/5c and
MIS 5b/5a transitions) reflect the northward extent of the Plata River plume, modulated by glacio-eustatic
sea-level changes. Minimum In(Al/Si) and maximum In(K/Ti) values in GL-1090 indicate that terrigenous
sediments delivered to our study site during glacial periods were similar in composition to present day
surface sediments deposited off the Plata River mouth. We therefore infer that the Plata plume was the
dominant source of terrigenous sediment to our study site during glacial maxima. A reduced northward
transport of the Plata plume during interglacial sea-level high stands led to an overall decrease in terrige-
nous input to the study site, promoting a higher relative contribution from Paraiba do Sul River.

Additional to the suspended sediments from the Plata and Paraiba do Sul rivers, another potential source
of terrigenous sediments is aeolian dust transported by the westerlies to the Argentinean and Uruguayan
continental shelves (e.g., Maher et al., 2010). Prospero et al. (2002) characterized three main dust sources
in South America: one located in the Bolivian Altiplano (20°S, 67°W) and two in Argentina: Patagonia (38—
48°S) and Santa Cruz (46-48°S). These authors identified a modern active dust area in the southern Pampas
and northern Patagonia. According to Gaiero et al. (2003), about 90% of the present day material deposited
in the SW South Atlantic is delivered by the atmospheric pathway and comes from Patagonia. The magnetic
characterization of sediments from the southeastern Brazil margin (24°S) indicates the Argentinean loess
as the possible source of fine magnetite (PSD) between 6 and 4.7 ka BP (Mathias et al., 2014). In addition
to the Plata Plume sediment, Razik et al. (2015) suggested that material delivered to the Southern Atlantic
margin from the Argentinean Pampas by westerly winds is transported further north (24°S) as well. These
authors reported magnetic concentrations in surface sediments that are widely different from the magnetic
data from core GL-1090 (Figure S8). Especially the magnetic grain size parameter (YARM/IRM) from core
GL-1090 is one order of magnitude higher than the surface sediment data from Southern Atlantic margin,
whereas the other magnetic parameters present similar values with the Pampean Shelf magnetic material,
which is mostly composed of aeolian dust transported by the westerlies.

5.2. Terrigenous versus Biogenic Signals

Similar to the geochemical proxies for terrigenous sediment input (Ti/Ca and K/Ti), the magnetic mineral
concentration (as indicated by IRM3, and x) is greatest during MIS 6 (~160 ka) and transitions MIS 5d/c
(~108 ka) and b/a (~90 ka), and lowest during MIS 5e and 1 (Figures 2a-2c and 5e, 5f, 5k). In contrast,
the concentration of the magnetic fine fraction (ARM and xYARM/IRM, Figures 2e and 2f) shows low cor-
relation with total terrigenous flux to our study site (Figures 6c and S2c). Continuous S-ratio values close
to 1 throughout the core (Figure 2d), together with >95% IRM acquisition at fields smaller than 300 mT
(Figure S5), indicate that the sediment magnetization is carried by a magnetically soft material like mag-
netite (or potentially greigite). Substantive contributions from greigite, a common authigenic magnetic
Fe-sulphide, can however be excluded because of the absence of its characteristic signatures from the
FORC diagrams (Figures 3 and 4) (Roberts et al., 2006). Thus, it appears that the magnetic remanence is
dominantly carried by magnetite throughout core GL-1090.

Alongside ARM, both magnetic grain size-dependent parameters (YARM/IRM and Mrs/Ms) indicate en-
richment of SD magnetite in the warm stages MIS 1, 3, and 5 and depletion in the cold stages MIS 2, 4
and 6 (Figures 2e-2g). Considering domain state estimates from the Day plot (Day et al., 1977) our data
fall in two clusters in the area characteristic for PSD particles or of SD-MD mixtures of ~40%-80% MD
particles (Day et al., 1977; Dunlop, 2002). HIRM and S-ratio show no correlation, which suggest that minor
hematite inputs observed along core GL-1090 are independent from magnetite enrichment (Figures 2c, 2d,
and S2d). Magnetic grain size (YARM/IRM) plotted against the concentration parameter IRM3y, shows an-
ti-correlation, implying that the SD magnetite fraction changes independent of terrigenous flux (Figures 2
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and 6¢). This indicates either an additional source of SD magnetite during warm stages and/or selective
dissolution of the fine fraction during cold stages.

FORC diagrams of all samples of core GL-1090 are dominated by a central ridge, which indicates the
presence of non-interacting SD particles (Egli et al., 2010) throughout the core (Figure 4a). The low Hc
central ridge in the 4 cm sample (MIS 1) may suggest an assemblage of nanometre-sized less stable parti-
cles close to the SP-SD threshold (10-15 nm), possibly extracellular magnetite (Lovley et al., 1987; Roberts
et al., 2000). Potentially this particle fraction is absent below 4 cm depth because of reductive dissolution
(Hounslow & Maher, 1999). The coercivity range (30-40 mT) of the central ridge from our samples below
4 cm depth has been reported previously as a typical signal of bacterial magnetite (Egli et al., 2010; Roberts
et al., 2012). Low (32-44 mT) and restricted coercivity range has been attributed to uniform grain size
assembly of MTB magnetite (Abrajevitch & Kodama, 2011). Similar coercivity has been observed also in
silicate crystals with magnetite inclusions (Chang, Roberts et al., 2016). The presence of fine magnetite
(SD) from clayey silt weathered from La Plata Drainage Basin was detected up to 24°S along the Brazilian
coast (Razik et al, 2015). Yet, a comparison between these data and our magnetic parameters shows that
the concentration parameters x, HIRM, and IRMj3(, from core GL-1090 are lower than most of the data
from Razik et al. (2015), whereas some samples from the Plata Shelf display similar values (Figures S8a
and S8b). In addition, our magnetic grain size parameter is an order of magnitude higher than the finest
fraction identified by Razik et al. (2015), suggesting finer magnetic particles in core GL-1090 (Figure S&c).
Regarding a partial dissolution of SD magnetite, it cannot be ruled out entirely. However the two facts
that ARM minima are not restricted to the narrow horizons of Fe and Mn-mobilization and that we see no
indication of enhanced sulfidization of the sediments (see 5.3), lead us to infer that reductive dissolution
of the detrital magnetic mineral assembly was not important in core GL-1090. Greigite magnetosomes also
have a central ridge, but typically show a lower coercivity range (maximum intensity~20 mT) (Chang,
Vasiliev, et al., 2014; Chen et al., 2014; Reinholdsson et al., 2013). Hence, the SD particles detected here are
consistent with magnetite magnetofossils.

The intensity of the FORCs central ridge varies following ARM intensity, suggesting that ARM primarily
reflects the concentration of non-interacting SD magnetite (Figures 2e and 4a). If reductive dissolution
would have affected the SD magnetite assemblage in some horizons selectively, one could expect an impact
on the grain size distribution where SD concentrations are lowest. Identical coercivity distributions below
4 cm depth however suggest a uniform size distribution of the SD particles, further supporting the assump-
tion of an ARM signal that was not affected by early diagenesis. The “background” FORC distributions
with the central ridge removed are typical for PSD-MD ferrimagnetic particle assemblages (Roberts, 2006;
Roberts et al., 2000). With highest intensities around Hc = 10 mT, we attribute the background FORCs
to the detrital magnetite fraction (Figure S9). The uniform coercivity distribution among the background
FORC:s for GL-1090 samples suggests a consistent detrital magnetite component throughout the core.

Our environmagnetic parameters show that detrital magnetite is the dominant magnetic mineral in GL-
1090 and variations in the magnetite concentration correspond to changes in the terrigenous flux. In
contrast, the concentration of SD magnetite appears to be decoupled from the terrigenous flux. Signifi-
cantly higher SD contribution in comparable surface sediments along the western South Atlantic (Razik
et al, 2015) and the lack of evidence for selective dissolution of the fine fraction indicate that SD magnetite
in core GL-1090 is derived from an independent, possibly post-depositional, process. Although not unique,
the magnetic properties of the SD fraction are consistent with the presence of biogenic magnetite formed
by magnetotactic bacteria.

5.3. Redox Conditions and Early Diagenesis Processes

To better understand the impact of any post-depositional alterations on core GL-1090 and its rock mag-
netic properties, we look at the distribution of reactive metal species that can give insights into the early
diagenetic redox processes in the sediment. The redox conditions of sediments are driven by the micro-
bial oxidation of organic matter (early diagenesis), as controlled by the balance between organic matter
supply and the availability of oxidants. When oxygen is depleted, different types of microorganisms will
utilize successively less efficient oxidants: nitrate, Mn-oxides, Fe-oxides and sulphate (e.g., Canfield &
Thamdrup, 2009). Thereby, dissolved Mn®* and Fe** can then migrate within the sediment column and
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Figure 8. Association between SD biogenic magnetite and NADW ventilation via magnetic parameters, total organic
carbon (TOC), stable carbon isotopic composition (§"°C) of benthic foraminifera and eyq record. (a) TOC (Figueiredo

et al., 2020), (b) exq record from Bermuda Rise ODP site 1,063 (Bohm et al., 2015) (c) benthic Cibicides wuellerstorfi §*C
(Santos et al., 2017), and (d)—(e) magnetic grains size parameters from GL-1090. The main lithological changes vary
accordingly with cold/warm stages, blue/white bars, respectively, which represent marine isotope stages (Lisiecki &
Raymo, 2005). Gray lines represent the MIS 5 stages (Santos et al., 2017), and gray bars show terminations II and I (TII
and TI, respectively) (Lisiecki & Raymo, 2005).

rapidly re-precipitate in the presence of oxygen or dissolved sulphide. Sudden changes in the availability
of involved substances can cause an imbalance in the early diagenetic sequence. Such nonsteady state
conditions can lead to the prolonged fixation of sediment redox zones and to localized accumulation of
authigenic precipitates (Reitz et al., 2004).

Successive Mn and Fe enrichments associated with both glacial terminations in GL-1090 (Figure 7) are
characteristic for a prolonged fixation of sub-oxic redox boundaries and indicate repeated non-steady state
conditions (Reitz et al., 2004). Non-steady state conditions can be caused by a decrease in sedimentation
rates, a decrease of bottom water oxygenation and/or an increase in bioavailable organic matter buried
in the sediment (e.g., due to increase in primary productivity). The glacial terminations in GL-1090 are
both associated with a drop in sedimentation rates (Santos et al., 2017), relative increase in carbonate (low
In(Ti/Ca), Figures 5f, 5g, and 5h) and minima in the TOC content (Figure 8a, Figueiredo et al., 2020). We
thus suggest that the fixation of redox horizons at our study site was driven by the sudden decline of ter-
rigenous sediment flux during glacial terminations. Reduced TOC concentrations at these horizons may be
related to enhanced in situ carbon degradation during these times. Notably, Figueiredo et al. (2020) have
reported anomalies in mercury (Hg) concentration in GL-1090 associated with the glacial terminations.
They attributed these anomalies to changes in organic carbon cycling and, in case of TII, to the presence
of an active redox boundary.

The maximum depth of the Fe peak at TI corresponds to the visually observed reddish-brown ferruginous
crust (Figure S7) and likely represents the position of the present-day Fe-redox boundary (Fe**/Fe*"). The
successive Mn and Fe peaks at TII are less well defined than those around TI (Figures 7a and 7b). They
likely represent a relic of non-steady state diagenesis during the rapid transitions from glacial conditions
in MIS 6 to interglacial conditions in MIS 5e, analogous to the last glacial termination. The correlation
between Al/Si and Mn/Ti is intermediate (o, = 0.58 and p; = 0.54; Figure S2i). Hence, the use of Mn/Ti as
a proxy for sediment provenance is not reliable. Instead, we use Al/Si and K/Ti.
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Local peaks in Fe/x, that match anomalous In(Fe/Ti) values during TII and TI, point to additional Fe remo-
bilization effects (Figures 51 and 5m). The paramagnetic Fe component in these sediments is contributed
by the clay minerals, biotite and nontronite. Notable is that the magnetic concentration-based parameters
(IRM34 and HIRM) do not exhibit anomalies during TII and TI, suggesting that, notwithstanding some
evidence of post-depositional Fe mobilization, the ferromagnetic signal along core GL-1090 appears to be
preserved (Figure 2). In order to evaluate if the ferromagnetic signal has not been erased, and hence still
reflects changes in sediment supply/provenance, we used elemental ratios excluding iron, In(K/Ti) and
In(Al/Ti) (Figures 5k and S3d). Indeed, both of these ratios also undergo substantial changes during and
after TII and TI, supporting an important shift in sediment provenance through the transitions MIS 6/5e
and MIS 2/1.

The absence of sulphur enrichments at these horizons (associated with both glacial terminations) further-
more demonstrates the oxic character of the Fe-precipitates (Figure 7). The general absence of localized
S enrichments in the core indicates that either suboxic (nonsulfidic) reduction prevailed in the sampled
horizons or that the sulfidic zone has not been fixed at a certain depth interval. This assumption is fur-
ther supported by the observation that none of our rock magnetic proxies show depletion zones, even in
horizons where there is evidence for Fe-mobilization. Possibly, an excess of more readily soluble Fe-oxy-
hydroxides played a role in the preservation of magnetite. Ferrihydrite, for instance, has been suggested
to be more reactive toward sulphide than iron oxides (Canfield, 1989). Such minerals may have been pref-
erentially dissolved and remobilized leaving the distribution of the more crystalline magnetic Fe-oxide
fraction intact.

Given that Fe remobilization is limited and does not appear to control the preservation of the ferromag-
netic signal (Figures 2 and 5e), we suggest that our SD magnetite-sensitive parameters reflect climatically
modulated changes in the rate of biogenic magnetite formation (Figures 8d and 8e). We cannot exclude
the alternative possibility of selective biogenic magnetite dissolution/preservation but some observations
argue against magnetite dissolution in the cold stages when SD magnetite concentration is low. The redox
sensitive proxies, Fe/Ti and Fe/x, indicate that horizons associated to glacial terminations experienced Fe
remobilization, which likely involved the local dissolution of Fe-oxides. However, minima in SD magnetite
are not restricted to these narrow horizons but occur throughout the entire cold stages MIS 6, 4 and 2. As
we find no indication for the systematic dissolution of magnetite in these cold stages, it appears reasonable
to assume that variations in SD magnetite reflect the primary concentration of SD magnetite.

5.4. Magnetite Formation Induced by Mid-depth Ventilation

ARM is very sensitive to the presence of SD magnetite particles (Evans & Heller, 2003; Maher, 1988;
Schmidbauer & Veitch, 1980). SD magnetite exhibits ARM 1-2 orders of magnitude higher than the larger
MD magnetite (Dunlop, 1981; Hartstra, 1982; Maher, 1988; Peters & Dekkers, 2003). Within sedimenta-
ry sequences, the presence of biogenic intracellular magnetite records the past activity of MTB (Funk
et al., 2004; Kirschvink & Chang, 1984; Kopp & Kirschvink, 2008; Korff et al., 2016; Petersen et al., 1986;
Stolz et al., 1986; Vali et al., 1987). MTB actively form well-ordered chains of magnetite (or more rarely,
greigite), often as uniform SD particles (Bazylinski, 1999; Bazylinski et al., 1995; Blakemore et al., 1985;
Matsuda et al., 1983). Upon deposition and preservation within sediments, these particles, released by
lysis of the host magnetosomes, form a fossil record of past MTB activity, physical characteristics that
allow them to be identified by their strong and distinctive magnetization (Egli et al., 2010; Maher & Houn-
slow, 1999; Roberts et al., 2012, 2013). The magnetofossil concentration depends on (i) the MTB abun-
dance, thus magnetite production during sediment deposition, and (ii) the degree of preservation of SD
magnetite crystals released from magnetosomes after burial. Reductive dissolution of iron oxides includes
the removal of authigenic magnetic minerals (including biogenic magnetite) from the sediment and may
eliminate the magnetofossils (Chang, Bolton, et al., 2016; Korff et al., 2016; Lippert, 2008; Maher & Houn-
slow, 1999). Thus, water column conditions, early diagenesis and all post-depositional processes that may
affect the microbial metabolism (i.e., surface primary productivity, carbon exported to the seafloor, organic
matter decomposition) can all play a role in the preservation or dissolution of these magnetofossils.

The concentration of biogenic magnetite in sediments can mirror the past abundance of MTB during the
time the sediment formed. However, due to their small size, magnetofossils are also susceptible to reduc-
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tive dissolution and their abundance may respond to post-depositional redox processes. As outlined above,
we find no indication for glacial-stage dissolution of SD magnetite in GL-1090. Korff et al. (2016) reported
characteristic coarsening of magnetite in pelagic sediments affected by dissolution, with correlation be-
tween magneto-granulometric parameters (ARM3q9, YARM/IRM) and concentration-dependent parame-
ters (x and IRM), and with Fe. Core GL-1090 displays no such correspondence between these parameters,
suggesting that little or no dissolution effects took place (Figures 7c and S2c). Further, the interplay be-
tween MTB production/preservation and organic carbon flux can provide valuable insights into diagenetic
conditions in the sediment. Roberts et al. (2011) have shown that higher organic carbon concentration
is associated with greater MTB abundance. Here, TOC changes are generally coeval with magnetic grain
size fining, with low (high) values during the glacial (interglacial) horizons (Figures 8a, 8d, and 8e). The
correlation between TOC and benthic §"°C shows intermediate values, due to the different trends in TII
and TI (Figures 8a and S2k). Without these outliers, represented by low TOC (%) values, the TOC/benthic
813C correlation increases to ©p = 0.56 and p, = 0.58. Hence, it seems likely that the middepth site of core
GL-1090 in the subtropical western South Atlantic was propitious for MTB production under interglacial
and glacial conditions during the last ~184 ka, with enhanced (decreased) MTB production during warm
stages (glaciations), but no cessation of bacterial magnetite formation during the lower-oxygen glacials
(Figures 8a, 8d, and 8e).

Association between scavenging of reactive species of metal and physical/chemical conditions of NADW
has been found recently by Figueiredo et al. (2020), supporting the idea of bottom water ventilation af-
fecting sediment redox conditions in the subtropical western South Atlantic. The negative excursions in
benthic §"°C in core GL-1090 core suggest that bottom water ventilation changed at this site during the
last ~184 ka. Notably, the concentration of fine-grained magnetite (ARM3q) and the grain size-depend-
ent parameter (YARM/IRM) co-vary with 8"°C of epibenthic foraminifera Cibicides wuellerstorfi (Santos
et al., 2017), indicating that common processes may have controlled these parameters (Figures 8c-8e
and S21). It is notable that both our SD magnetite record and §'*C anomalies from core GL-1090 (Santos
et al., 2017) vary synchronously with eyq from Bermuda Rise sediments (Bohm et al., 2015) (Figure 8b)
reinforcing the notion that middepth ventilation plays a key role in ocean variability over different time-
scales through changes in the Atlantic Meridional Overturning Circulation strength. Changes in in the
abundance of benthic microbes, like MTB, may also be related to varying conditions in the overlying bot-
tom water. Since 8"°C of C. wuellerstorfi reflects the 8°C of the bottom water dissolved inorganic carbon
with no pore water effects (Mackensen et al., 1993; Mackensen & Schmiedl, 2019), we suggest that MTB
magnetite production was at least partially controlled by changes in the overlying bottom water. Negative
8"C excursions in the western South Atlantic are frequently associated with periods of weak Atlantic
Meridional Overturning Circulation (e.g., glacial stages and Heinrich stadials) (Campos et al., 2020; Lund
et al., 2015; Santos et al., 2017; Schmittner & Lund, 2015). During these periods of reduced ventilation,
increased NADW residence time allowed the accumulation of respired carbon at Atlantic mid-depths
(Campos et al., 2020; Howe et al., 2016; Schmittner & Lund, 2015; Voigt et al., 2017). The carbon accumu-
lated as a result of increased microbial respiration at the expense of oxygen. Seawater [O,] reconstruction
from the North Atlantic also points to a decrease in the oxygen availability of bottom waters during cold
events (Hoogakker et al., 2016). The coeval trends in magnetic domain state (ARM3q0, YARM/IRM), C.
wuellerstorfi 8*C negative excursions, and TOC around the end of the penultimate and last glacial cycles
(i.e., during MIS 6 and 2), as well as during MIS 4 (Figures 8c-8e) support an association between our
magnetic record and changes in the NADW ventilation. Hence, we hypothesize a decrease in the biogenic
magnetite production during periods of reduced ventilation.

Notably, between 175 and 145 ka BP, the ARM3, intensity and yARM/IRM in our core exhibit values simi-
lar to those recorded during MIS 3 and §"*C shows a positive excursion (Figures 8c-8e). Santos et al (2017)
noticed higher variability in §"*C from early- to mid-MIS 6 in comparison to MIS 3 (Figure 8c). The same
study, using Mg/Ca analysis in G. ruber shells for core GL-1090, recorded high sea surface temperature
variability in the same period (during early-MIS 6). The positive values observed in magnetic grain size
parameters and §"°C during early-MIS 6 may suggests that, exceptionally during this glaciation, biogenic
magnetite formation increased in response to ventilation change, which during this period resembles its
interglaciation mode, with decreased NADW residence time.
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6. Conclusions

In core GL-1090 from the subtropical western South Atlantic mid-depth, magnetic concentration-depend-
ent parameters and major element ratios dominantly reflect glacio-eustatic-modulated changes in the
delivery of terrigenous detrital particles. In contrast, changes in magnetic grain-size, likely driven by the
concentration of biogenic magnetite, may reflect variations in oceanographic environment during the last
~184 ka. Changes in In(Al/Si) and Fe/x indicate that, during periods of low sea-level, sedimentation at
this location was dominated by coarser (silt and clay) detrital input from the Plata River, and more Fe was
bound to ferromagnetic terrigenous magnetic minerals. Coeval changes in In(Al/Ti) and In(K/Ti) support
this sediment source interpretation. Conversely, during periods of high sea level, transgressive drowning of
the Plata River estuary diminished the northward transport of Plata River sediments by the BCC. During
these periods, a mixture between Plata and Paraiba do Sul rives takes place. Decoupled from changes in the
terrigenous sources, glacial/interglacial changes in the magneto-granulometric parameters, YARM/IRM
and Mrs/Ms together with the SD magnetite concentration parameter ARM;q, may reflect variations in the
post-depositional formation of biogenic magnetite. The continuous presence of SD magnetite throughout
the core suggests that bottom water conditions were favorable both for bacterial magnetite formation and
the preservation of magnetofossils. However, coeval declines in SD magnetite concentrations and negative
8"C values during glacial stages suggest that the reduced ventilation of NADW (or its glacial counterpart)
hampered the production of MTB-formed magnetite. In this interpretation, during cold marine isotopic
stages, magnetofossil concentrations are lower, directly co-varying with epibenthic foraminifera §"*C and
TOC. Independent, quantitative examination of sediment magnetic extracts would be required in order to
test this hypothesis.
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Miocene to Early Pleistocene Depositional History and Tectonic Evolution of the
Issyk-Kul Basin, Central Tian Shan

Summary and Context

In this study we analyzed terrigenous deposits of an intermountain sediment basin in the Tian
Shan Mountains, which hosts the deepest mountain lake of Central Asia. Up to 4 km of
Cenozoic sediments record the tectonic and climatic history of the area. The study area is a
key locality to investigate the influence of tectonics (mountain building related to the Indian-
Asia collision) and climate induced weathering on erosion and sediment accumulation. |
joined the research team to date the fossil-poor late Neogene sediments exposed around the
lake viamagnetostratigraphy. Through a combination of paleomagnetic analyses and regional
geologic interpretations indicate that mountain building and syn-tectonic deposition in the
Issyk-Kul Basin began at ~22 Ma and increased at ~7 Ma, concurrent with accelerated uplift
in the mountain ranges to the south. A change in deformation style around 5 Ma suggested
the closure of the basin, facilitating the formation of a deep lake, as is presently observed. The
study provides a valuable new basal age (3-5 Ma) for the lake sediments, which are an
interesting target for future sedimentologic investigations.
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Key Points:

« Mountain building and syn-tectonic
deposition in the Issyk-Kul Basin
began at ~22 Ma and accelerated at
~7 Ma

« Deformation propagated northward
at ~5 Ma, initiating the closure
of the basin and facilitating the
formation of a deep Lake Issyk-Kul

« Comparable depositional ages of
equivalent strata throughout the
central Tian Shan suggest regionally
synchronized geologic processes
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Abstract The Issyk-Kul Basin (Kyrgyzstan), situated in the central Tian Shan Mountains, hosts

the largest and deepest mountain lake in Central Asia. Erosion of the surrounding Terskey and Kungey
ranges led to the accumulation of up to 4 km of sediment in the adjacent depression. Creation of the
basin from regional shortening and uplift likely initiated around the Oligocene-Miocene, yet precise age
control is sparse. To better understand the timing of these processes, we obtained magnetostratigraphic
age constraints on fossil-poor, fluvio-lacustrine sediments exposed south of Lake Issyk-Kul, that agree
well with previous age constraints of the equivalent strata outside the Issyk-Kul Basin. Two 500-650 m
thick sections comprised mainly of Chu Group sediments were dated at 6.3-2.8 Ma and 7.0-2.4 Ma

(late Miocene to early Pleistocene). Together with reinterpreted magnetostratigraphic constraints from
underlying strata, we find that syn-tectonic deposition commenced at ~22 Ma with average sedimentation
rates <10 cm/ka. Sedimentation rates increased to 10-30 cm/ka at 7 Ma, concurrent with accelerated
uplift in the Terskey Range to the south. A deformation event in one section (Kaji-Say) between 5 and

3 Ma together with concurrent shifts of depositional centers throughout the basin signal the onset of
substantial uplift of the Kungey Range to the north at ~5 Ma. This uplift and deformation transformed the
Issyk-Kul area into a closed basin that facilitated the formation of a deep lake. Lacustrine facies deposited
around 3 Ma mark the existence of Lake Issyk-Kul by that time.

Plain Language Summary In this study, we investigated how and when the sedimentary
basin that contains the deepest mountain lake in central Asia (Lake Issyk-Kul) formed. The sediments
originated from the surrounding Tian Shan Mountains that were exhumed by tectonic forces related to the
collision between the Indian and Eurasian plates. Sediments accumulated in the Issyk-Kul Basin as the
nearby mountains eroded. By determining detailed records of sedimentation ages and deposition rates,

we found that the oldest sediments stemming from mountain building are 22 Myr old, suggesting that
uplift initiated then. Around 7 Ma, sedimentation rates increased 2-3 times, thereby signifying a time of
accelerated uplift and erosion. After 5 Ma, sedimentary layers south of the lake were strongly deformed,
while sedimentation patterns shifted throughout the basin, likely caused by the uplift of mountains
farther north. This transformed the Issyk-Kul area into a closed basin, thereby facilitating the formation of
a deep lake. Carbonate-rich facies became widespread around 3 Ma, further confirming the existence of
Lake Issyk-Kul.

1. Introduction
1.1. Regional Geology

The Tian Shan Mountains comprise a 2,500 km long orogenic belt in central Asia. Ongoing uplift of the
range is driven by the India-Asia collision. Although located 1,500 km north of the India-Asia plate bound-
ary, the Tian Shan currently accommodate about 20 mm/yr of north-south shortening, which is equivalent
to nearly two-thirds of the total convergence between India and Asia (Zubovich et al., 2010). Mountain
building in central Asia initiated along reactivated Paleozoic structures in the late Oligocene, creating vast
basins that were subsequently dissected by younger ranges (Buslov et al., 2003; Macaulay et al., 2014; Sobel
& Dumitru, 1997).
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The Issyk-Kul Basin is one of the largest intermountain basins in the Tian Shan realm, bounded by the Kun-
gey Range to the north and the Terskey Range to the south (Figure 1) with maximum peak heights of 4.8
and 5.2 km, respectively. The basin contains up to 4 km of Cenozoic sediments (Buslov et al., 2003; Turchin-
skiy, 1970) that record the uplift and erosion history of the surrounding mountain ranges. Unroofing of the
Terskey range commenced around the Oligocene-Miocene boundary between 26 and 20 Ma based on ther-
mochronologic cooling ages (De Grave et al., 2013; Macaulay et al., 2013, 2014) and on the onset of sediment
deposition in the adjacent Issyk-Kul Basin (Wack et al., 2014). The initial uplift phase was followed by a
second phase of rapid basement cooling after 10 + 5 Ma when deformation of the Terskey range propagated
northward, creating the Issyk-Kul Broken Foreland (Macaulay et al., 2013, 2014). Uplift of the youngest
ranges initiated in the Plio-Pleistocene. Unroofing of the Kungey Range that led to the closure of the Is-
syk-Kul Basin is loosely estimated to ca. 7-4 Ma based on sediment provenance data (Selander et al., 2012).

To better resolve the uplift history of the central Tian Shan around the Issyk-Kul Basin, we collected Ceno-
zoic sediments at two sections, Ak-Terek and Kaji-Say (Figure 1), in the southern rim of the basin in 2016
and 2017 to constrain the age, sedimentation rate and the depositional environment. Here, we describe the
geologic setting, the rock magnetism and magnetostratigraphy of the sections. We then discuss the new and
existing magnetostratigraphic age constraints from the Issyk-Kul Basin, and place our results in the larger
context of the tectonic evolution of the area.

1.2. Local Geology and Stratigraphy

Cenozoic sediments in the central Tian Shan can be divided into four main lithologic groups. These are,
from oldest to youngest, the Kokturpak, Shamsi, Chu, and Sharpyldak groups (Abdrakhmatov et al., 2001).
All four groups are exposed in the southern Issyk-Kul Basin, where we mapped their extent with satel-
lite images (Bing Maps and Sentinel 2, Bands 12-4-2) using QGIS software (Figure 1). Outside our study
area, we also referred to Soviet geological maps (Pomazkov, 1971; Turchinskiy, 1970) and the PhD thesis of
Burgette (2008).

The Kokturpak Group represents pre-orogenic sediments. It comprises deeply weathered paleosols, thin
lacustrine deposits and reddish sandstones that formed in shallow, low-relief areas above the Paleozoic
basement or above locally preserved Jurassic deposits (Fortuna et al., 1994). In the Issyk-Kul Basin, the Kok-
turpak Group reaches up to 100 m in thickness (Selander et al., 2012). The age is loosely constrained as late
Cretaceous to Eocene (Fortuna et al., 1994; Sobel & Arnaud, 2000). Kokturpak and Jurassic sediments were
combined in our geologic maps (Figure 1, J-Pg); these are identified as white and yellow layers that cover
basement rocks and/or by resistant red horizons that crop out in the cores of anticlines (Figures 1d and 1e).

The Shamsi Group represents the basal, syn-orogenic sediments (locally called the Kyrgyz or Dzhety Oguz
Formation) overlying the Kokturpak Group. In the Issyk-Kul Basin, these deposits consist of poorly sorted
sandstone and conglomerate with a characteristic red pigment near the base that fades toward the top. In
the vicinity of the Terskey Range (CK and JO in Figure 1a), the ~1 km thick sections were magnetostrati-
graphically dated between 26 and 11 Ma (Wack et al., 2014). We mapped the Shamsi unit in Figure 1 based
on its distinctive red color and strong reflectance in the Sentinel bands 12 and 4. In the eastern part of the
basin, the Shamsi Group can be subdivided into a lower (N;-S,, red) and upper (N;-S,, light red) unit based
on a characteristic decrease in red pigment (Figure 1le). The similar appearance of lower Shamsi and upper
Kokturpak groups made it sometimes ambiguous to distinguish them on the aerial images.

The Shamsi Group grades upward into lighter, more fine-grained strata of the Chu group, which consists of
white to tan sandstone and siltstone, intercalated with conglomerate. The Chu Group is often described as
the main basin-filling unit, with thicknesses up to 2.5 km reported in the Naryn Basin (Goode et al., 2011),
1.5 km in the Chu Basin (Bullen et al., 2001) and 3 km in the At-Bashi Basin (Abdrakhmatov et al., 2001).
In the latter two, the Chu Group was magnetostratigraphically dated between 7.5 and 3.0 Ma (Abdrakhma-
tov et al., 2001; Bullen et al., 2001). Selander et al. (2012) reported a maximum thickness of 600 m in the
northern Issyk-Kul Basin. This unit was mapped based on its tan color at the base that fades toward the top
and possesses alternating lighter and darker horizons. Where possible, we differentiated between lower
Chu (dominantly darker tones; mapped as N;C,) and upper Chu (highly reflective, grayish beds; mapped as
N;C,; Figures 1b-1d).
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Stratigraphic Group (Formation)
El Sharpyldak (Tian Shan series)
[NZC;] Upper Chu (upper fssyk kul Fm)
IE Lower Chu (lower Issyk Kul Frm.)
[NS;] Upper Shamsi. (upper Kyrayz Fm)
- Lower Shamsi (lower Kyrgyz Fm.)
- Kokturpak & Jurassic

Figure 1. Geologic overview of the study area at Lake Issyk-Kul (Central Tian Shan, Kyrgyzstan). (a) General

location map. Names and abbreviations in white boxes denote locations of new and previously studied stratigraphic
sections as follows: (¢) Chu, (AB) At-Bashi, (K1) Toru-Aygir, (K2) Cholpon-Ata, (AT) Ak-Terek, (KS) Kaji-Say, (CK)
Chon Kyzylsuu and (JO) Jeti-Oguz. (b) Geology of the southern Issyk-Kul Basin with mapped sedimentary units

(see legend and text for details), major faults (thick lines) and folds (thin lines, anticlines dashed, synclines dotted).
Geologic and structural information were mapped from satellite images, a digital elevation model, Burgette (2008),
Macaulay et al. (2013; 2014; 2016) and Korzhenkov and Deev (2017). Rectangles show locations of maps (c)-(e); units
corresponding to the legend: Q, Quaternary; N, Neogene; 1, lower, 2, upper; Pg, Paleogene, J, Jurassic; Pz, Paleozoic
basement. Filled circles in (c) and (d) indicate paleomagnetic sample locations of this study (black = normal polarity
and white = reversed polarity). Circles in (e) show sample locations from Wack et al. (2014). Projection (b)—(e): Pulkovo
1942/Gauss-Kruger zone 14. (f) Cross-section through the western (W-W’) and eastern transect (E-E’) at Kaji-Say (2:1
vertical exaggeration); bedding attitudes outside the magnetostrigraphic section from Burgette (2008). Camera symbols
show locations where the field photos in Figure 2 were taken.
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Poorly sorted, coarse conglomerates of the Sharpyldak Group overlie the Chu group, with the contact being
sometimes gradual and sometimes unconformable, indicating that locally, deformation has occurred prior
to deposition of the conglomerates. The basal age of the Sharpyldak Group was dated to ca. 5-3 Ma in ad-
jacent basins (Abdrakhmatov et al., 2001; Bullen et al., 2001). We mapped the Sharpyldak deposits (N,-Q;)
based on their bright gray appearance without visible bedding structures. The Sharpyldak conglomerates
are locally covered by lacustrine deposits and river terraces that formed in response to lake level variations
and glaciation events during the Quaternary (Burgette et al., 2017). We did not map these youngest features
(Q in Figures 1c-1e) in detail. The distinction between Sharpyldak conglomerates and Quaternary terraces
in Figure 1 was primarily based on topography.

Themajor tectonicstructuresin Figure 1 were adapted from Burgette (2008), Macaulayetal. (2013,2014, 2016),
and Korzhenkov and Deev (2017) and mapped on a 30” (arcsec) digital surface model (Tadono et al., 2015)
that is shown as topographic shading in all maps. The two major thrust faults are the north-vergent South
Issyk-Kul Fault and the Main Terskey Fault. The Issyk-Kul Broken Foreland, north of the Main Terskey
Fault, is dominated by secondary south-vergent reverse faults that thrust Cenozoic sediments over base-
ment rocks (Burgette, 2008; Korzhenkov & Deev, 2017; Macaulay et al., 2014), thereby producing E-W strik-
ing folds in the southern Issyk-Kul Basin. Anticlines with gently tilted northern and steep southern limbs
are typically thrust up along reverse faults (Buslov et al., 2003; Figure 1f).

2. Sections and Sampling

2.1. Ak-Terek Section

The Ak-Terek section was sampled on the west side of the Ak-Terek river valley, spanning 500 m in strati-
graphic height (Figures 1c, 2a, and 3a). Figure 3a includes a stratigraphic column of the section that can
be subdivided into three lithologic units (AT-1 to AT-3). The lower part (AT1) contains alternating sand
and silt layers intercalated with conglomerate. Above ~230 m, fine massive sandstones become dominant
(AT2). Above 324 m, the number of conglomerate layers, sporadic calcareous deposits and paleosols in-
crease (AT3). A 30 cm-thick gypsum layer was found at 430 m. Massive conglomerates above ~500 m mark
the conformable transition from Chu to Sharpyldak deposits. Bedding dips gradually flatten from 21° at the
base to 5° at the top, reflecting regional scale folding or growth strata. No major discontinuity, unconformity,
or fault was observed in the section.

We collected two oriented paleomagnetic cores per horizon (302 in total), generally selecting fine-grained
mud or silt layers. The lower 200 m of the section were sampled along the Ak-Terek river valley in ~2 m
intervals. The coarser grained upper 300 m of the section were sampled every 7 m on average, following trib-
utaries away from the river valley. Samples were obtained using a battery-powered, water or air-cooled drill;
poorly lithified strata were sampled with a handheld push corer that we manufactured for this purpose. The
corer injects the extracted, oriented sediment directly into plastic cylinders of the same dimension as stand-
ard paleomagnetic specimens (2.5 cm diameter, 2.2 cm height). All samples were oriented with a magnetic
and, when possible, with a sun compass using a Pomeroy orientation tool. The average anomaly from 58
sun compass readings was 4.0° + 2.5°, in good agreement with the International Geomagnetic Reference
Field (IGRF) declination anomaly of 4.6°, which we used to correct the declination azimuths of all samples.

2.2. Kaji-Say Section

The Kaji-Say section is located 10 km northeast of Kaji-Say village and spans 650 m in stratigraphic height.
We sampled the section along two transects, west and east (Figures 1d and 1f). Bedding dips in the eastern
transect are ~25° (N) at the base of the section (0 m) and flatten to horizontal at around 225 m height. After
245 m the beds abruptly dip ~75° (N), defining an asymmetric anticline with its axis striking E-W (Fig-
ure 2b). The beds remain steeply dipping (~75°) until the top of the eastern transect at 464 m. Farther north
of these sites, the steeply dipping beds disappear under Sharpyldak conglomerates. Following 1 km along
strike to the west (western transect), the Chu beds dip more gently around 30° (N) (Figure 2d) shallowing
to ~15° (N) toward the top of the section. The beds thicken to the northwest and pinch out to the southeast,
which could indicate the presence of growth strata.
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foreground

Figure 2. Field photos of the Ak-Terek (AT) and Kaji-Say (KS) sections. (a) Upper ~400 m of the AT section; view to the north with Lake Issyk-Kul in the
background; dashed lines highlight bedding structures and numbers indicate approximate stratigraphic heights. (b) Panorama of the eastern part of the KS
section with bedding attitudes steepening from nearly horizontal to >70° above ~250 m. (c) Syncline structure between the eastern and western parts of KS (d)
Panorama of the Chu-Sharpyldak contact in the western part of the KS section. See Figure 1 for the locations where the photos were taken.

We could not follow individual beds between the eastern and western transects. The change in dip from
~75° in the eastern section to ~30° in the western section could signal an unconformable surface thereby
suggesting the section was folded prior to the deposition of the upper unit, with a hiatus between the two.
The postulated unconformable surface likely strikes E-W, parallel to the strike of the strata, which would
explain why we did not identify it on the ground or in aerial images. An alternate interpretation that we can-
not rule out is that a syncline observed between the two transects (Figure 2c) connects the steeply dipping
(~75°) units in the east to the shallow-dipping (~30°) units in the west.

Fluvial deposits of alternating sand, silt, and mudstone layers intercalated with conglomerates characterize
the lower, eastern part of the section (Figure 3b, KS-1). At the top of this transect, between 440 and 460 m,
we identified two, <0.5 m thin calcareous interbeds. Along the western transect, the sediments consist
mostly of fine-grained calcareous silt, and carbonates that alternate with laminated silt or mudstone, and
rippled or cross-bedded sandstone (Figure 3b, KS-2). The up to 9 m thick calcareous, partially laminated
beds indicate lacustrine deposition. The number and thickness of interbedded coarse conglomerates in-
creases above ~550 m, marking the transition between Chu and Sharpyldak style deposits (Figure 2d);
above 600 m the section is dominated by Sharpyldak conglomerates.

Paleomagnetic samples were collected in approximately 2 m intervals, taking two oriented cores per hori-
zon (312 in total) and selecting fine grained mud or silt when possible. In contrast to Ak-Terek, most strata
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Figure 3. Summary of sedimentologic and rock magnetic data of the Ak-Terek (a) and Kaji-Say (b) sections. Lithologic columns show fluvial beds in gray scale;
lacustrine carbonates in blue, with dominant grain size of clay (Cl), mud (Mu), silt (Si), sand (Sa) and gravel (Gr). Letters indicate: p, paleosol; ¢, carbonate;

g, gypsum. Groups correspond to the lower and upper Chu and Sharpyldak (Sdk.) groups mapped in Figure 1; Units (AT-1 to AT-3 and KS-1 to KS-2) defined
based on prominent changes in the lithologic and rock magnetic parameters. Parameters left to right: bed thickness, IRM, 37 reflecting magnetite concentration,
HIRM reflecting hematite concentration and S-ratio reflecting relative magnetite to hematite proportions.

in this section were poorly lithified. We obtained drill cores from 15 horizons, while 297 horizons were sam-
pled with the push corer. Therefore, samples from Kaji-Say were predominantly contained within plastic
cylinders. The average anomaly from 156 Sun compass readings was 4.2° + 2.3°, again in good agreement
with the IGRF declination anomaly of 4.5°.

3. Paleo and Rock Magnetic Characterization
3.1. Laboratory Methods

Because the majority of the samples were contained in plastic cylinders that prevented thermal treatment,
we subjected one sample of each horizon to stepwise alternating field (AF) demagnetization. In case of
unstable trajectories, or if polarity intervals were defined by a single specimen, a second sample was AF de-
magnetized. In addition, samples from all 15 drilled horizons from Kaji-Say and from 23 of the drilled sites
from Ak-Terek were thermally demagnetized using 14 heating steps to compare against the AF demagnet-
ization data. AF demagnetization (16 steps up to 90 mT) and magnetic moment measurements were con-
ducted inside a magnetically shielded room (~500 nT) using an automated measurement system (SushiBar)
based on a 2G Enterprises, three-axis superconducting magnetometer (Wack & Gilder, 2012). Characteristic
remanent magnetizations were determined by principal component analysis (Kirschvink, 1980) and mean
directions were calculated with Fisher statistics (Fisher, 1953) using the software PaleoMac (Cogné, 2003).

Rock magnetic parameters were measured on at least one sample per horizon to determine magnetic min-
eralogy and grain size variations throughout both sections. We measured magnetic susceptibility (X), an-
hysteretic remanent magnetization (ARM) with a peak alternating field of 90 mT and a 0.1 mT bias field
and calculated the ARM/x ratio as a proxy for grain size and/or mineralogic changes (King et al., 1982).
Subsequently, a 1 T isothermal magnetic remanence (IRM) followed by a back field IRM of —0.3 T were
measured in order to calculate the S-ratio (Bloemendal et al., 1992), which is a proxy for the relative hema-
tite to magnetite concentration. We further determined the low coercivity component (IRM, ;1) and the high
coercivity component (HIRM) representative of the magnetite and hematite concentrations, respectively
(e.g., Liu et al., 2012).
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Figure 4. Summary of paleomagnetic data. (a)-(b) Comparison of stepwise thermal (red) and AF (black) demagnetization trajectories showing selected
demagnetization steps (values in °C and mT, respectively). A normal and reversed polarity sample pair from the same horizons are shown for (a) Ak-Terek and
(b) Kaji-Say. Further examples shown in Figures S1 and S2. (c)-(d) Stereographic projections of the best-fit line components in in-situ (IS) and tilt corrected
(TC) coordinates for both sections; mean directions and 95% confidence ellipsoids shown in red.

3.2. Rock Magnetic Analyses

Thermal demagnetization experiments indicated that both sections contain two magnetic phases: one that
unblocks between 300°C and 580°C, suggestive of magnetite with variable titanium concentrations and
another whose magnetic remanence persists to ~680°C, indicative of hematite (Figures 4a, 4b, S1 and S2).
At Ak-Terek, the magnetic mineralogy changes midsection, as indicated by an increase in the S-ratio from
an average of 0.65 below 200 m (AT1) to 0.82 above 300 m (AT3) (Figure 3a), signifying a decrease in relative
hematite contribution with increasing stratigraphic height. HIRM and IRM, 37 show that this trend is linked
to a decrease in hematite concentration above 200 m and an increase in magnetite above 350 m.

At the Kaji-Say section, IRM, ;r and HIRM indicate that hematite and magnetite concentrations are signif-
icantly lower above the hypothetical unconformity at 464 m (KS-2) compared to below (KS-1) (Figure 3b).
In unit KS-2, the magnetic properties correlate with lithology, where calcareous lacustrine horizons have
an order of magnitude lower IRM, ;r and HIRM than coarser grained, fluvial deposits. Substantially lower
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Table 1
Average Paleomagnetic Directions From This study
n Dg Ig k Oos Ds Is k Oos
Ak-Terek (42.2°N, 76.7°E)
All samples 188 341.6 67.0 24.9 2.1 352.4 56.0 24.3 2.1
Reversed-only 110 157.5 —68.8 29.5 2.5 170.3 —58.3 30.8 2.5
Normal-only 78 346.5 64.2 21.5 3.5 355.0 52.6 19.8 3.7
Kaji-Say (42.2°N, 77.3°E)
All samples 163 335.2 85.7 5.9 5.0 2.9 48.0 11.5 3.4
Reversed-only 83 42.4 —80.5 4.7 8.1 178.0 —50.3 10.5 5.0
Normal-only 80 10.2 76.2 11.0 5.0 7.4 45.5 13.4 4.5

Note. Precise GPS coordinates are given for each sample in the on-line data.

Abbreviations: n, number of samples; D, declination; I, inclination; g, geographic (in-situ) coordinates, s, stratigraphic (tilt-corrected) coordinates; k, best
estimate of the precision parameter; a95, radius that the mean direction lies within 95% confidence.

magnetite and hematite concentrations in the lacustrine sediments likely reflect the dilution of detrital
particles by diamagnetic carbonate. Sharpyldak conglomerates are characterized by elevated HIRM and
low S-ratios, reflecting higher proportions of hematite. A slightly reddish color of the Sharpyldak Group at
Kaji-Say (Figure 2c) further suggests the presence of hematite pigment in these layers.

3.3. Paleomagnetic Analyses

AF demagnetization removed 70%-80% of the natural remanent magnetization (NRM) on average, sug-
gesting that at least 20%-30% of the NRM is carried by hematite. Most samples had a single magnetization
component that decayed toward the origin or close to it, and demagnetization trajectories from thermal and
AF treatment of samples from the same horizon yielded compatible demagnetization components (Fig-
ures 4a, 4b, and S2).

Best-fit directions from AF demagnetized samples were derived using an average of nine steps between 20
and 80 mT, and thermally demagnetized samples were mostly fit between 400°C and 680°C. For Ak-Terek,
we retained 188 magnetization directions out of 216 demagnetized samples (Figure 4c). For Kaji-Say, 163
magnetization directions were retained from 235 demagnetized samples (Figure 4d). At both sections, the
McFadden and McElhinny (1990) reversals test is negative. For Ak-Terek, the angle between the two po-
larity populations is 6.3°, which exceeds the critical angle of 4.3°; for Kaji-Say, the angle between the two
means is 7.9° with a critical angle of 6.7° (Table 1 and Figures 4c and 4d). The bootstrap reversals test of
Tauxe (2010) shows that the Y and Z components overlap at 95% confidence but not X for Ak-Terek and
overlap for the X and Z components but not Y for Kaji-Say. Incompletely removed recent field components
can explain the differences between the two polarities. For Kaji-Say, the fold test is positive at 95% confi-
dence limits McFadden (1990) (Xicritos: 14.85, Xiy,: 23.27, Xi;: 6.39), with the Fisher (1953) precision pa-
rameter (k) being maximized at 96 + 32% unfolding when considering no uncertainty on bedding attitudes
or at 90 + 18% unfolding with 5° uncertainty on bedding attitudes (Watson & Enkin, 1993). Only minor
differences in bedding attitudes at Ak-Terek lead to an insignificant change in k, hence an inconclusive/
indeterminate fold test.

4. Magnetostratigraphy

To establish a magnetic polarity sequence for each section we converted the magnetization component
directions into virtual geomagnetic poles (VGPs; Figures 5a and 5b). At least two successive horizons of the
same VGP polarity were used to define polarity intervals. The obtained polarity sequence was then corre-
lated to the Neogene geomagnetic polarity time scale (GPTS2012) of Gradstein et al. (2012). Because both
sections mostly contain Chu Group sediments, our correlations assumed the sections must be younger than
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Figure 5. Magnetostratigraphy of Ak-Terek and Kaji-Say. (a)—(b) Virtual
geomagnetic pole (VGP) latitude versus stratigraphic height and assigned
polarity sequences (green: normal polarity, white: reversed polarity). (c)
Magnetostratigraphic correlation of Ak-Terek (AT) and Kaji-Say (KS) with
the geomagnetic polarity time scale (GPTS2012) of Gradstein et al. (2012).

Two options are shown for Kaji-Say assuming either continuous (Opt.

1) or discontinuous (Opt. 2) deposition between the eastern and western

transects. AT, Ak-Terek; KS, Kaji-Say; VGP, Virtual geomagnetic pole.

the top of the underling Shamsi Group, which was previously dated to
11 or 13 Ma (Wack et al., 2014) in the Issyk-Kul Basin. We therefore took
13 Ma as the maximum possible age for both sections.

4.1. Ak-Terek

Based on 188 tilt-corrected VGP directions, we established 15 polari-
ty intervals for Ak-Terek (Figure 5a). Visual correlation of the polarity
sequence with the GPTS yields the best match between 6.3 and 2.8 Ma
(Figure 5c¢). This correlation includes a missing normal polarity subchron
(C2An.2n) at ca. 3.2 Ma (450 m) and a normal polarity interval at 5.9 Ma
(60 m) that has no equivalent with the reference scale. The former lasted
ca. 90 ka, which corresponds to about 10 m in thickness. With an average
sampling interval of 7 m in this part of the section, the subchron could
have been missed given fluctuations in the sedimentation process. The
normal polarity interval at ~60 m is restricted to a 2.5 m thin conglomer-
ate layer of anomalously high IRM values (Figure 4a), so it likely repre-
sents an isolated aberration in the magnetic recording process.

4.2. Kaji-Say

The magnetic polarity sequence for Kaji-Say was based on 165 tilt-cor-
rected directions (Figure 5b), which identified 13 polarity intervals. A
normal polarity interval spans ~150 m across the potential unconformity
between the eastern and western transect. However, the base of the upper
section contains a single reversed and two transitional samples, which
may indicate that a reversed polarity interval lies below. Two possibilities
were considered when correlating the obtained polarity sequence with
the global reference scale. Option 1 assumes continuous sedimentation
between the eastern and western transects, where a correlation can be
found between 12.7 and 9.5 Ma (Figure 5c). This solution includes one re-
versed polarity interval at ~100 m that does not exist in the reference scale
and misses two short subchrons at the top of the section (580-620 m). Op-
tion 2 assumes a hiatus exists between the eastern and western transects
at 464 m. The stratigraphically higher, western section spans ~200 m in
thickness but contains only two polarity intervals. However, assuming
the sedimentation rates are similar in the lower unit, restricts the possible
correlations with the GPTS. Moreover, the transition between Chu and
Sharpyldak deposits between 550 and 600 m can serve as a tentative tie
point to the equivalent transition at the Ak-Terek section. When respect-
ing these criteria, the 160 m normal polarity interval, followed by a 50 m
reversed polarity interval of the upper section, best match the reference
scale between 3.0 and 2.4 Ma (Figure 5c).

Correlating the lower part of the section (eastern transect) individually
to the GPTS yields two plausible matches. One possibility is to correlate
the lower section in the same way as in Option 1, from 12.7 to 10.9 Ma
(Figure 5c). However, this correlation results in an 8 Myr hiatus within
the section and a ~4 Myr age gap between the Chu Group at Kaji-Say

and Ak-Terek. The other possible correlation to the reference scale lies between 7.0 and 5.1 Ma, which
overlaps our age estimate for the base of the Ak-Terek section and reduces the hiatus to 2 Myr (Figure 5c).
This correlation involves two normal polarity zones around 320 and 400 m height that are not matched to
the reference scale. Considering their short duration, the unmatched intervals are likely explained by local
magnetic recording aberrations in our sections but could also represent true subchrons that were too short
to be recognized in the global polarity scale.
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5. Depositional History of the Issyk-Kul Basin
5.1. Depositional Age at Ak-Terek

The magnetostratigraphic correlation of the 500 m thick Ak-Terek section yields a robust correlation to the
reference scale, suggesting that the Chu sediments were deposited between 6.3 and 2.8 Ma with an average
sedimentation rate of 14 cm/ka. The conformable transition to conglomerate at the top of the section dates
the Chu-Sharpyldak transition at 2.8 Ma. We did not observe a lithologic transition at the base of the sec-
tion; however, along strike to the east, Shamsi deposits are exposed by a reverse fault (Figure 1c). Together
with the observation of slightly reddish layers at the base of the section (Figure 2a) that are rich in hematite
(Figure 3a), this points to a Shamsi-Chu transition close to 6.3 Ma at Ak-Terek.

5.2. Depositional Age at Kaji-Say

Of the two plausible magnetostratigraphic correlations for Kaji-Say, Option 1 assumes quasi-continuous
sedimentation between the eastern and western transects, thereby dating the ca. 650 m thick section to
between 12.7 and 9.5 Ma, with an average sedimentation rate of 25 cm/ka and places the Chu-Sharpyldak
transition at ca. 10 Ma. Based on more reddish strata south of the sampled section, suggestive of Shamsi
type deposits (Figure 1d), we assume that the base of our section represents approximately the base of the
Chu Group at Kaji-Say. A basal age of ca. 13 Ma for the Chu Group is consistent with previous age estimates
from the eastern Issyk-Kul Basin that dated the top of the Shamsi Group to 13-11 Ma (Wack et al., 2014).
On the other hand, this age model implies a 4 Myr hiatus between the Chu sediments deposited at Kaji-Say
and Ak-Terek. It also suggests that the stratigraphic boundary between the Chu and Sharpyldak groups at
Kaji-Say predates the equivalent transition at Ak-Terek by more than 7 Myr.

Option 2 dates the lower unit to 7.0-5.1 Ma and the upper unit to 3.0-2.4 Ma with average sedimentation
rates of 23 and 30 cm/ka, respectively. This places the Shamsi-Chu transition at around 7 Ma and the
Chu-Sharpyldak transition at 2.8-2.6 Ma, which agrees well with the stratigraphic boundaries inferred for
Ak-Terek. Although average sedimentation rates of the two age models are similar, Option 2 involves less
variability within the section (20-30 cm/ka, Figure 7a) compared to Option 1 (16-43 cm/ka). The presence
of calcareous lacustrine deposits in the upper part of Kaji-Say (Figure 3b) yields an additional age constraint
that points to the younger age of Option 2, as it implies the existence of a lake (Lake Issyk-Kul) at the time
of deposition. A precondition for lake formation was the closure of the Issyk-Kul Basin, caused by uplift
of the Kungey Range, which was estimated to post-date 7 Ma (Macaulay et al., 2014; Selander et al., 2012).

A conformable transition to Sharpyldak conglomerates in the upper section also argues for the younger ages
implied by Option 2. Deposition of Sharpyldak-type conglomerates marks a prominent transition from a
low to high energy depositional regime, a widely recognized phenomenon throughout the Tian Shan, with
Sharpyldak equivalents identified in China as the Xiyu Formation (e.g., Zhou et al., 2020) and the Polizak
Formation in Tajikistan (e.g., Dedow et al., 2020). Commonly, these formations are late Plio-Pleistocene in
age and have been linked to the onset of northern hemispheric glaciation (e.g., Peizhen et al., 2001; Zhao
et al., 2020). However, other authors described the Xiyu conglomerates as a time-transgressive prograd-
ing gravel wedge with depositional ages ranging from ca. 15 to 2 Ma (Charreau et al., 2009; Heermance
et al., 2007), therefore, regional correlation of the formations should be made with caution.

In the Chu Basin (Noruz section, 150 km west of AT, Figure 1a), the transition between the Shamsi equiv-
alent (Saryagach Formation) and the 1.5 km thick Chu Formation was dated magnetostratigraphically to
~7.5 Ma, while the Chu-Sharpyldak transition was dated to ca. 3 Ma (Bullen et al., 2001) and 4.5 Ma (Abdra-
khmatov et al., 2001; C1 and C2 in Figure 6). Based on similar depositional ages inferred for a ~3.5 km thick
Chu Group in the At-Bashi Basin (AB in Figure 6) and on further preliminary magnetostratigraphic studies
from the Kochor and Naryn basins, Abdrakhmatov et al. (2001) suggested that the transitions between the
main stratigraphic groups occurred coevally from basin to basin in the central Tian Shan. Their proposed
Shamsi-Chu and Chu-Sharpyldak transition ages around 8 and 4 Ma, respectively, generally agree with the
depositional ages we determined for Ak-Terek and with the age model of Option 2 at Kaji-Say (Figure 6).
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Figure 6. Magnetostratigraphic correlations of sections from the central
(Krygyz) Tian shan. Abbreviations above the polarity sequences indicate
name and location of the sections from Figure 1. New and reinterpreted
magnetostratigraphies from the Issyk-Kul Basin are shown in color (this
study). Polarity sequences of CK and JO after Wack et al. (2014); arrows
indicate tie points based on a prominent change in magnetic properties
(see also Figure 8). C1 and C2 represent the Naryn section from the

Chu Basin after Bullen et al. (2001) and Abdrakhmatov et al. (2001),
respectively; AB is from the At-Bashi Basin (Abdrakhmatov et al., 2001).
CK, Chon Kyzylsuu; JO, Jeti-Oguz.

5.3. The Shamsi Group, Eastern Issyk-Kul Basin

The new age constraints for the Chu Group at Ak-Terek and Kaji-Say
with a tentative Shamsi-Chu transition age close to 7 Ma led us to reeval-
uate the magnetostratigraphy of the Shamsi Group in the eastern Is-
syk-Kul Basin (Figure 1e), previously dated between 26 and 11 Ma (Wack
et al., 2014). Owing to its lower sedimentation rate and poorer magnetic
recording than the Chu group, the magnetizations in the Shamsi Group
were less stable and their polarity sequence yielded ambiguously defined
polarity intervals, leading to inconclusive magnetostratigraphic age es-
timates (Wack et al., 2014). The polarity sequence of Chon Kyzylsuu
(CK) was assigned to two age models (A) and (B), with model A yielding
26-16 Ma and model B yielding 25-11 Ma. Re-correlating this section
with the GPTS2012 (Gradstein et al., 2012) to the period from 26 to 7 Ma,
by considering all inconclusive horizons as unknown polarities, yields
a plausible match between 17.3 and 7.5 Ma (Figure 6), with an average
sedimentation rate of 9 cm/ka.

The polarity sequence of Jeti-Oguz (JO) was originally correlated between
ca. 23 and 13 Ma or 23 and 11 Ma (Wack et al., 2014). The lower 400 m of
the section are robustly defined as 23-18 Ma in both age models they con-
sidered. Polarity intervals were more ambiguously defined above 400 m.
However, a tie-point exists between the two sections based on a char-
acteristic change in magnetic properties (up-section increase in ARM)
observed at around 550 and 700 m stratigraphic height in the CK and
JO sections, respectively (arrows in Figures 6 and 7; Wack et al., 2014).
Respecting this tie point, the whole section yields a plausible correlation
to the GPTS2012 as well as to the CK polarity sequence between 22.4 and
8.5 Ma with an average sedimentation rate of 8 cm/ka (Figure 6).

Geologic mapping based on satellite images further supports the pro-
posed tie-point between the two sections (Figure 1le). In both sections,
the levels characterized by increasing ARM values, reflecting an increase
in fine grained magnetite (Figures 7c and 7d), mark a prominent color
transition from intense dark red beds below (lower Shamsi) to lighter,
pale red beds above (upper Shamsi; Figure 1e), indicating a decrease in
pigmentary hematite. The difference in basal ages (22.4 Ma vs. 17.3 Ma)
of the two sections appears reasonable, considering that the Shamsi de-
posits extend significantly farther below the base of the CK section. In
contrast, the base of JO lies above white (lower) Kokturpak or Juras-
sic strata (observed on satellite images and in the field) that onlap on
up-thrusted basement rocks (Figure 1e). The transition from Shamsi to
Chu type deposits is unconformably overlain by Sharpyldak conglomer-
ates at both sections and was therefore not identified in the field. How-
ever, our satellite image mapping further supports that the top of both

sections lies within the uppermost Shamsi Group (Figure 1e). Good agreement between the here suggested
age of the Shamsi group, the new age constraints for the Chu Group, and geologic mapping between the
studied sections, leads us to conclude that the Shamsi Group was likely deposited throughout the Miocene,
between ca. 22 and 7 Ma in the Issyk-Kul Basin.
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Figure 7. Characterization of the Mio- to early Pleistocene sediments from the southern Issyk-Kul Basin. From bottom to top: (a) Dominant average grain
size; data for the Shamsi group after Macaulay et al. (2016). (b) Sedimentation rates determined from the magnetostratigraphic age models; JO, CK, KS, and

AT indicate section name/location from Figure 1. Option 2 is shown for KS. (c)-(e) Rock magnetic parameters ARM, ARM/X¥, and S-ratio; symbols denote the
section as shown in (c); arrow indicates tie point between sections; data for the Shamsi Group from Wack et al. (2014), data for the Chu Group (this study) were
smoothed using a 5 point moving average. (f) Global climate trends represented by compiled deep-sea oxygen isotope (d'*0) record from Zachos et al. (2001)
using a 90 point moving average. (g) Exhumation rates of the Terskey Range in 10 Ma bins determined from thermochronologic data (Macaulay et al., 2013).
Vertical lines indicate transitions between stratigraphic groups and lithologic units (solid and dashed lines, respectively). AT, Ak-Terek; CK, Chon Kyzylsuu; JO,
Jeti-Oguz; K1, Toru-Aygir; K2, Cholpon-Ata; KS, Kaji-Say.

6. Tectonic Implications of the Syn-orogenic Sedimentary Record
6.1. Uplift of the Terskey Range

Taken together, the age constraints from four different sedimentary sections yield a nearly complete re-
cord of the Neogene to early Pleistocene depositional history of the southern Issyk-Kul Basin. These sedi-
ments accumulated in response to the exhumation and successive erosion of the Terskey Range (Macaulay
et al., 2016), thus the sedimentation rate and lithologic characteristics of these units hold information con-
cerning the uplift- and climate-history of the area. The Shamsi group, deposited between 22.4 and 7.5 Ma,
consists dominantly of coarse-medium sized sandstone (Figure 7a) with relatively low sedimentation rates
of 4-11 cm/ka (Figure 7b). A prominent increase in fine grained magnetite (higher ARM and ARM/Sus,
Figures 7c and 7e) and a decrease in pigmentary hematite mark the transition from lower to upper Shamsi
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Group at ca. 12 Ma and coincide with a grain size fining from coarse to medium sand (Figure 7a). Assuming
that the oldest sediments from the Jeti-Oguz section represent the base of the Shamsi Group, implies that
syn-tectonic sedimentation in the Issyk-Kul Basin, and therefore uplift in the Terskey range, commenced by
22.4 Ma, which is compatible with the estimated onset of deformation in the range at 26-20 Ma (Macaulay
et al., 2013, 2014). Relatively constant and low sedimentation rates throughout the Shamsi Group imply
that erosion rates were comparatively low and did not change significantly until 7.5-7.0 Ma. However,
changes in magnetic mineralogy may indicate a change in source material around 12 Ma. The timing of
these changes generally coincides with the onset of global cooling after the mid-Miocene climate optimum
(Figure 7f); consequently, a climatically driven change in erosion cannot be excluded. Exhumation rates
inferred from thermochronologic data (Figure 7g) point to a slight increase in exhumation during the early
to middle Miocene from <0.08 to <0.12 km/Myr (Macaulay et al., 2013), which is, however, not mirrored by
an increase in sedimentation rate.

The transition from Shamsi to Chu-type deposits between 7.5 and 7.0 Ma is linked to a fining in grain size
from medium sand to dominantly fine sand and silt deposits and an overall increase in sedimentation rates
(Figures 7a and 7b). Up to three-fold higher sedimentation rates of the Chu compared to the Shamsi Group
indicate an increase in erosion rate after 7 Ma. Thermochronologic data point to accelerated unroofing of
the Terskey Range after 10 Ma with exhumation rates of 0.1-0.4 km/Myr and of >0.2 km/Myr between 8
and 7 Ma (Figure 7g) (Macaulay et al., 2013, Figure 7f). A good agreement between the increase in exhuma-
tion and sedimentation rates suggests that the stratigraphic boundary between the Shamsi and Chu groups
at ca. 7 Ma marks the onset of accelerated uplift of the Terskey Range.

Based on local and temporal variations in lithology and sedimentation rates, the Chu Group can be subdi-
vided into two distinctly different deposition stages. Stage 1, between 7 and 5 Ma, is characterized by com-
paratively high sedimentation rates (on average 23 cm/ka) in the central part of the basin (at Kaji-Say) and
low sedimentation rates (~13 cm/ka) at Ak-Terek further west. It comprises the lithologic units KS-1 and
AT-1. Stage 2 between 5 and 3 Ma is characterized by a hiatus at Kaji-Say, while sedimentation rates nearly
doubled at Ak-Terek between 5 and 4 Ma (AT-2, Figure 7b) and the lithology changed to more massive
and uniform sandstone beds (Figure 3a). After ca. 4 Ma sedimentation rates decreased again, and a more
frequently changing lithology includes sporadic carbonates and a gypsum layer that indicate still water
deposition (AT-3), while laminated limestones deposited after 3 Ma imply lacustrine deposition (KS-2). The
hiatus together with strongly folded strata (dip > 70°) of the lower Chu Group at Kaji-Say likely reflect the
onset of deformation and uplift within the foreland basin, which shifted the local depocenter farther north.
The concurrent changes in sedimentation rates, lithology and magnetic mineralogy at Ak-Terek (Figures 7¢
and 7e) may signal a change of source material in the western side of the basin at ca. 4.5 Ma. The transition
from Stage 1 to 2, between 4.5 and 5.0 Ma, therefore, marks a prominent change in the deposition dynamics
in the Issyk-Kul Basin. The associated northward propagation of the locus of deformation at Kaji-Say indi-
cates that the formation of the Issyk-Kul Broken Foreland initiated around 5 Ma.

Uplift of the mountain ranges to the north may have influenced the depositional dynamics throughout the
basin. Thermochronologic data suggest an onset of exhumation of the northern Tian Shan (Zaili Range)
between 29 and 15 Ma (De Grave et al., 2013). However, paleocurrent and provenance data from the Kungey
Range in the northern Issyk-Kul Basin attest that sediments from the Terskey Range in the south persisted
until ca. 7-4 Ma, suggesting that substantial uplift north of the lake commenced only after 7 Ma (Selander
et al., 2012).

6.2. Uplift of the Kungey Range and Formation of Lake Issyk-Kul

A shift in sediment provenance within the Chu Group exposed north of Lake Issyk-Kul, from the lower
Terskey member to the upper Kungey member, marks the onset of substantial uplift in the Kungey Range
(Selander et al., 2012). Although no precise age constraints are available for the sediments in the northern
part of the basin, our new age constraints for the Chu Group at Ak-Terek and Kaji-Say (7.0-2.8 Ma) likely
apply to the entire Issyk-Kul Basin, yielding an average sedimentation rate of 14 cm/ka for the up to 600 m
thick Chu Group in the northern basin. Assuming a constant sedimentation rate dates the transition from
the Terskey member (up to 200 m thickness) to the Kungey member (up to 400 m thickness) to ca. 5.5 Ma.
Consideration of the evidence for major spatio-temporal shifts of depocenters during this time interval in
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Figure 8. Depositional history of the Issyk-Kul basin with implications for mountain building and lake formation.
Sedimentation rates and depositional ages of four magnetostratigraphic sections located in the southern side of the
Issyk-Kul Basin (Terskey area; JO, CK, KS, AT) and two stratigraphic sequences from the northern part of the basin
(Kungey areas K1 and K2). Sedimentation rates in the Terskey area were based on the magnetostratigraphic age models
of this study and average values were determined for the whole Shamsi Group and for the lithologic sub-units (see also
Figure 3) of the Chu Group. The respective average sedimentation rates for the Kungey area were estimated based on
stratigraphic thicknesses reported by Selander et al. (2012) and the stratigraphic boundaries dated in the southern part
of the basin (black arrows). Site locations in inset (see also Figure 1). AT, Ak-Terek; CK, Chon Kyzylsuu; JO, Jeti-Oguz;
K1, Toru-Aygir; K2, Cholpon-Ata; KS, Kaji-Say.

the southern and in the northern part of the Issyk-Kul Basin points to a link between the change in defor-
mation style around 5 Ma in the southern basin and the shift from Terskey to Kungey-sourced Chu deposits
in the northern basin. We therefore propose that the unconformity at Kaji-Say and the doubling of sedimen-
tation rates at Ak-Terek at ca. 5 Ma coincide with the initiation of substantial uplift in the Kungey range.

To further test this hypothesis, we dated the available stratigraphic columns of the northern side of the
Issyk-Kul Basin (Selander et al., 2012; K1 and K2 in Figure 1a), based on the depositional record of the
southern basin, by assuming synchronous transitions between equivalent stratigraphic groups (Figure 8).
Based on the stratigraphic thicknesses of ca. 500 m for the Shamsi and Sharpyldak groups and ca. 600 m
for the Chu Group reported by Selander et al. (2012) and assuming Shamsi, Chu, and Sharpyldak were
deposited between ca. 22-7, 7-3, and <3 (Figure 7), we infer a progressive increase in average sedimenta-
tion rates over time from <3 to <12 to 220 cm/ka, respectively. Assuming further that the transition from
Terskey (10-200 m at K1; 600 m at K2) to Kungey-derived Chu Group sediments (400 m at K1, absent at
K2) coincides with the transition from Stage 1 to Stage 2 in the southern side of the basin at ~5 Ma, yields
a sedimentation rate of ~25 cm/ka for the Terskey member at location K1 in the northwest and suggests an
increase from <8 to ~20 cm/ka after 5 Ma at K2 in the central Kungey area (Figure 8).

The proposed sedimentation rates compare well with the values determined in the southern part of the
basin (Figure 8). Comparing Kaji-Say and K2 both located in the central basin, more sediment was depos-
ited at Kaji-Say (up to 28 cm/ka), in proximity to the Terskey Range, than at K2 (<8 cm/ka) between 7 and
5 Ma. However, comparing Ak-Terek and K1, in the western side of the basin, indicates that here sedimen-
tation rates were twice as high at the more distal location K1 (~25 cm/ka) than at Ak-Terek (~13 cm/ka)
before 5 Ma. Together, this suggests that between 7 and 5 Ma in the western part of the basin, deposition
was located farther north from the Terskey Range than in the central part of the basin. This pattern may
be applicable for the entire Miocene, as indicated by the westward thickening of the Shamsi Group in the
northern side of the basin (Selander et al., 2012) and an apparent eastward thickening of the Shamsi Group
on the southern side (Figure 1b). Uplift of the Kungey Range would shift the deposition of Terskey sourced
sediments southward to more proximal areas, which is consistent with the observed doubling of sedimenta-
tion rates around 4.5 Ma at Ak-Terek. This uplift event may be associated with a change in the direction of
compression from NW-SE to N-S reported for the central Tian Shan around the Miocene-Pliocene transition
(Buslov et al., 2003).
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Mountain building north of the basin transformed the Issyk-Kul area from a foreland to an intermountain
basin, thereby facilitating the formation of a deep lake within it. Two thin limestone layers at the top of the
eastern transect at Kaji-Say, corresponding to ~5 Ma according to Option 2, as well as sporadic calcareous
horizons and a gypsum layer deposited between 4 and 3 Ma at Ak-Terek, may point to the expansion and
retreat of an early lake. Up to 50 m thick sequences of mostly calcareous lacustrine strata in the western
section at Kaji-Say signify the existence of Lake Issyk-Kul at 3 Ma.

7. Conclusions

New and reinterpreted magnetostratigraphic age constraints of continental sediments from the Issyk-Kul
Basin yield a near-continuous stratigraphic record of the Mio- to early Pleistocene, syn-tectonic depositional
history in one of the largest sedimentary basins in the central Tian Shan. From these, we draw the following
main conclusions:

(1) The Shamsi group, which represents the basal syn-tectonic unit, was deposited between 22.4 and 7.5 Ma.
This unit is found in the southeastern and northwestern parts of the basin, with maximum thicknesses
of ca. 1,000 and 500 m, respectively, implying average sedimentation rates of 8-9 cm/ka and ~3 cm/ka,
respectively. Slight fining in grain size and changes in magnetic mineralogy after the middle Miocene
(ca. 13 Ma) may reflect a gradual shift in sediment source or transport conditions

(2) A major grain size fining between 7.5 and 7 Ma marks the stratigraphic boundary between the Shamsi
and Chu groups. Overall higher sedimentation rates after 7 Ma (11-28 cm/ka) indicate that erosion
rates increased, linked to accelerated uplift of the Terskey Range around this time. It is interesting to
note the inverse relationship between grain size and sedimentation rate across the Shamsi-Chu transi-
tion, which may be related to longer sediment transport or increased subsidence of the basin

(3) Spatio-temporal shifts in the deposition centers documented north and south of Lake Issyk-Kul indicate
that the locus of deformation propagated from the Terskey Range into the basin around 5 Ma, forming
the Issyk-Kul Broken Foreland. This change in deformation style likely coincides with the initiation of
uplift in the Kungey Range to the north, which led to the closure of the basin, a precondition for the
formation of Lake Issyk-Kul. Lacustrine deposits dated at ~3 Ma demonstrate that a substantial lake
must have existed by that time

(4) Equivalent stratigraphic boundaries around 7 and 3 Ma in nearby basins suggest that the driving mech-
anisms that controlled sediment accumulation and the lithology of the three main syn-tectonic units
were regionally synchronized throughout the central (Kyrgyz) Tian Shan
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Key Points

e Wepresent a new method to grow greigite in aqueous sediments and create a
chemical remanent magnetization under controlled conditions

e Greigite grain sizes of 20-50 nm span the superparamagnetic to single domain
threshold, consistent with theoretical predictions

e Our experimental hysteresis data coincide with calculated mixing curves allowing
better quantification of greigite particle sizes in nature

Abstract

Greigite (FesSa4) is a ferrimagnetic iron-sulfide mineral that forms in sediments during
diagenesis. Greigite growth can occur diachronously within a stratigraphic profile,
complicating or overprinting environmental and paleomagnetic records. An important
objective for paleo- and rock-magnetic studies is to identify the presence of greigite and to
discern its formation conditions. Greigite detection remains, however, challenging and its
magnetic properties obscure due to the lack of pure, stable material of well-defined grain size.
To overcome these limitations, we report a new method to selectively transform
lepidocrocite to greigite via the intermediate phase mackinawite (FeS). In-situ magnetic
characterization was performed on discrete samples with different sediment substrates.
Susceptibility and chemical remanent magnetization increased proportionally over time,
defining two distinct greigite growth regimes. Temperature dependent and constant initial

growth rates indicate a solid-state FeS to greigite transformation with an activation energy
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of 78-90 kJ/mol. Low and room temperature magnetic remanence and coercivity ratios match
with calculated mixing curves for superparamagnetic (SP) and single domain (SD) greigite and
suggest ~25% and ~50% SD proportions at 300 K and 100 K, respectively. The trend coincides
with empirical data reported for natural greigite-bearing sediments, suggesting acommon SP
endmember size of 5-10 nmthat is likely inherited from mackinawite crystallites. The average
particle size of 20-50 nm determined by X-ray powder diffraction and electron microscopy
accords with theoretical predictions of the SP/SD threshold size in greigite. The method
constitutes a novel approach to synthesize greigite and to investigate its formation in

sediments.
Plain Language Summary

Sediments provide continuous records of Earth's ancient magnetic field, which lend insights
into the workings of the geodynamo and help to establish the geologic time scale through
global magnetostratigraphic correlation. Greigite is a magnetic iron sulfide mineral that
commonly forms after deposition, thereby remagnetizing the sediment and complicating
interpretation of the magnetic record. Understanding greigite formation and detecting its
presence is fundamental for obtaining reliable records of the paleomagnetic field, yet
knowledge of how greigite grows and how its magnetic properties evolve during growth
remains limited. This article outlines a novel approach to form greigite in sediments and to
monitor its growth kinetics, grain size and magnetic remanence acquisition. The magnetic
properties of the synthetic sediments resemble those of natural greigite-bearing sediments
and match well with theoretical calculations, which can help quantify grain sizes in
sedimentary greigite. The reported method and our results contribute to a better
understanding of greigite formation and chemical magnetic remanence acquisition in

sediments.
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1. Introduction

Greigite, the sulfide analog of magnetite, is a common authigenic magnetic mineral that forms
at the expense of existing iron-rich mineral phases during diagenetic processes in sediments.
Formation of greigite is of interest for paleomagnetic studies, because it can lead to a
secondary chemical remanent magnetization (CRM) that is younger than the stratigraphic
age of the sediment and can bias or overprint the primary paleomagnetic record (Hallam and
Maher, 1994, Jianget al.,2001; Roberts et al., 2005; Sagnotti et al., 2005; Rowan and Roberts,
2006; Larrasoana et al., 2007; Ron et al., 2007; Just et al., 2019; Nowaczyk et al., 2020).
Multiple generations of greigite can grow at any time after deposition if favorable conditions
exist in a sediment (Roberts and Weaver, 2005). Understanding, greigite formation
conditions, its magnetic properties and the characteristics of a CRM are crucial for
paleomagnetic studies to determine whether the magnetic remanence is primary, secondary

or a mix of the two.

Aside from remagnetizing sediments, greigite is relevant as a potential catalyst for the
emergence of life (White et al., 2015) and plays a role in geochemical sulfur and iron cycles as
an intermediate phase in the pyritization process (Hunger and Benning, 2007). Greigite is,
however, not a necessary precursor of pyrite (FeS»), as originally proposed (Schoonen, 2004)
and its preservation is now thought to inhibit pyrite formation. Greigite formation requires
preexisting mackinawite (FeS), which oxidizes to FesSs in a solid-state transformation,
whereas pyrite forms from dissolved sulfide species (Rickard, 2012). Compared to pyrite,
natural greigite concentrations are typically low and the conditions under which it
accumulates in sediments are not fully understood. One factor for the limited understanding
of natural greigite abundances is the lack of analytical geochemical techniques to identify and
quantify the mineral in the bulk sediment. This arises from its low concentrations and because
it is geochemically indistinguishable from similarly reactive sulfide compounds that are part

of the acid volatile sulfide fraction, such as nanoparticulate pyrite and mackinawite.

Rock magnetic methods are ideal for characterizing small, dilute concentrations of magnetic
minerals like greigite. Authigenic greigite can exhibit magnetic characteristics such as
gyroremanence, multiaxial crystalline anisotropy, and strong magnetostatic interactions,
which facilitate its identification, especially in the single domain (SD) state. Reliably detecting
its presence and distinguishing greigite from other magnetic minerals remains challenging
because proxy-parameters are often non-unique and depend on factors such as magnetic

domain state, metal substitution and magnetic interactions, so that the ranges of possible
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values overlap, particularly between greigite and magnetite (Roberts et al., 2011a). Our
understanding of the magnetic properties of greigite remains incomplete; obstacles are a
scarcity of pure, well characterized reference material and that greigite readily oxidizes
under typical laboratory conditions. Moreover, it is still elusive how greigite acquires a CRM
in sediments because the process has not been recreated nor investigated under controlled

laboratory conditions.

To overcome these limitations, we report a novel method to synthesize greigite in sediments
by a two-step transformation of lepidocrocite via the intermediate phase FeS. Greigite
growth and CRM acquisition are monitored during the FeS to greigite transformation using
bulk magnetic remanence and susceptibility measurements. Based on magnetic
measurements, scanning electron microscopy (SEM) observations and X-ray powder
diffraction (XRD) analysis we characterize the transformation process including the growth
rate, evolution of mineral phases, and their average grain sizes. The Magnetic domain state,
grain size and SD proportions of the synthetic greigite are determined using low and room
temperature magnetic measurements, which we compare to theoretical models and
empirical data for natural sedimentary greigite distributions. The objectives of this study are
to document the growth process of greigite and especially the evolution in magnetic

properties during its growth; remanence-related aspects will be treated separately.

2. Greigite synthesis and experimental setup

2.1. Synthesis

Synthetic greigite samples (45 in total) were prepared by a two-step transformation of
lepidocrocite. Our synthesis method partially follows the solid-gas transformation of Fe-
oxides by Igarashi et al. (2016) and uses the “iron sulfide switch” of Rickard et al. (2001) for
preferential transformation of FeS to greigite under controlled aqueous conditions. All
reactions were performed in crimp-sealed, 10 ml glass vials (222 x 40 mm) prepared under

argon atmosphere within a glovebox.

2.1.1. Dry sulfidation of lepidocrocite (Step |)

Synthetic lepidocrocite (y-FeOOH, grain size < 200 nm, Bayferrox® 943) was sulfidized by
exposure to hydrogen sulfide gas. To achieve this, 22 mg (0.25 mmol) of dry, nanocrystalline
v -FeOOH powder was placed into sample vials together with a quartz glass tube containing

0.5 ml of 1M Na,S. After the vials were sealed with rubber stoppers, 0.5 ml of 2M HCI were
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injected into the tubes, neutralizing the NaxS solution and releasing H2S gas. This led to an
immediate blackening (sulfidation) of the initially yellow lepidocrocite powder. The
concentration of reactants was chosen to produce an excess of sulfide (0.5 mmol) over iron
(0.25 mmol). After aging the samples in a H,S atmosphere at room temperature for 15 h, the
vials were briefly opened inside the glove box to remove the quartz glass tube and weigh the

transformation product.

2.1.2. Agingin aqueous solution (Step Il)

The aging solution was prepared in 250 ml glass bottles from degassed, demineralized water
supplemented with resazurin as a redox indicator. The redox potential was poised below E
= -51mV (as indicated by the reduction of blue resazurin to purple resorufin) by adding
sodium sulfide (NaxS) to a final concentration of 20 mM, which resulted in a dissolved sulfide
amount of 0.1 mmol per 5 ml sample. Formaldehyde (HCHO) was added to a concentration of
50 mM to promote greigite and inhibit pyrite formation in the sulfidic solution (Rickard et al.,
2001). The pH was adjusted to 5.5 with HCI.

Freshly prepared reaction products from Step | were either directly suspended in 5 ml aging
solution or initially dispersed in a non-magnetic silica substrate and then suspended in the
aging solution. For the latter, two grain sizes were used: either 5 g of 100-400 um quartz sand
(Carl Roth GmbH) or 3 g of 2-40 um SiO, powder (Alfa Aesar), respectively, that are referred
to as sand and ssilt. After mixing and settling overnight, matrix-bearing samples had a sediment
volume of 3 cm®. Based on the bulk and grain densities, p (psand = 1.67 g/cm?®, psit = 1.00 g/cm®
and psiica = 2.65 g/cm?), porosities of 37% and 67% were estimated for the sand and silt
samples, respectively. In silt samples the Fe-fraction and matrix grains formed a homogenous
sediment slurry, whereas in sand samples most of the Fe-fraction deposited on top of sand

grains.

The vials were placed in a non-magnetic incubator at 75°C that was housed in Helmholtz coils
to control the strength and direction of the magnetic field during aging. The incubator
consisted of a thermally insulated aluminum block with cavities that accommodated 16 vials.
Temperature was monitored with a thermometer placed inside one dedicated vial. The setup
provided uniform magnetic field and temperature conditions in which the samples reached
the set temperature within a few minutes. Three separate experiments were carried out in
magnetic field strengths of 100 pT, 50 uT, and 25 uT (batch #100, #50, and #25) with a

constant field direction of declination, D = 0° and inclination, | = 45°. Each experiment
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consisted of 15 vials: seven with a sand matrix, seven with a silt matrix and one without matrix
(Table 1).

2.2. Analytical Methods

Powder X-ray diffraction (XRD) was performed with a STOE diffractometer (STADI P) with
Mo-K.1 radiation (wavelength = 0.7093 A; Ge[111] monochromator). Wet synthesis products
were freeze-dried and sealed between layers of Kapton tape under argon atmosphere to
prevent oxidation. Phase identification of the XRD data was based on the Crystallography
Open Database (Grazulis et al., 2012) using the Match! v3.11 software package (Crystal

Impact).

Table 1. Mass balance for Step I, the anhydrous transformation of lepidocrocite (y—FeOOH) to FeS+H,0 (Product 1), together
with aging conditions and magnetic susceptibility data for Step I, the transformation of Product | to greigite and
mackinawite (Product I1).

Stepl Stepll
Reactant Product | Substrate Aging conditions Product Il
Sample ID y—FeOOH FeS+H20 v Grain t Bo Kif Kfd
P (mg) (mg) (cm) size (T (1E-5) (%)

#100-03 to . "

#100-09 7 22 29.8(1.7) 3 sand 7 100 105.8 (4.9) 7.5(0.7)
#100-10to . N N

#100-16 7 22 30.3(1) 3 silt 7 100 103.4(6.2) 7.4(0.5)

#100-02 1 22 30.3 - - 7 100 99.1 6.5
#50-17 to

#50-23 7 22 29.8(1.2) 3 sand 6 50 99.0 (6.5) 7.7(0.7)
#50-24 to .

#50-30 7 22 31(1.2) 3 silt 6 50 88.5(8.1) 7.6(1.3)

#50-31 1 22 32.3 - - 6 50 107.9 7.8
#25-33to "

#25.39 7 22 30(0.7) 3 sand 75 25 122.4(13.0) 7.1(0.5)
#25-41to 30.1(0.3)* .

#25.47 7 22 3 silt 75 25 110.6 (6.2) 7.0(0.4)

#25-48 1 22 30 - - 75 25 136.8 6.1

Mean values and standard deviation (in parentheses) of sample masses, low frequency bulk susceptibility («in) and frequency-
dependent susceptibility (ks ) for groups of equally treated samples; n = 7 unless otherwise stated; * indicates n = 6. #100, #50, and
#25 in the sample IDs indicate the applied magnetic field value in uT for the sample batch.

Secondary electron and backscattered electron images were acquired using a Hitachi
SU5000 field emission scanning electron microscope (SEM) operating at 10 kV. SEM samples
were prepared in an argon atmosphere from the same bulk materials used for X-ray
diffraction analysis; dry powder was placed on carbon pads and was carbon coated (8 nm-
thick). Particle sizes were determined from 12.5 ym? images using the software Image)J
(Schneider et al., 2012). The particle area, A was measured at 50,000-fold magnification; the

average grain diameter, d was estimated as assuming a circular footprint.

Room temperature magnetic susceptibility, k, was measured before and after 75°C aging

with a MS2B Bartington Instruments susceptibility meter at two frequencies (low-frequency,
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If = 465 Hz and high-frequency, hf = 4650 Hz) to calculate the frequency-dependence of
susceptibility. Low-frequency susceptibility was monitored in 20 min intervals during the
heating experiment on a subset of four samples. For these four, the vials were briefly removed
from the heat and immediately measured without cooling to room temperature
(measurement temperature 50-70°C). The remanent magnetization was measured on the
same subset of samples in 1-2 h intervals during the aging process using a vertical 2G
Enterprises Inc., three axis, superconducting magnetometer housed in a magnetically
shielded room (residual field <500 nT). Each of the four sample vials was measured in two
positions using a custom, manual sample handler and then returned to the aging set-up within
minutes. The manual hander allowed careful lowering of the vials into the magnetometer and
to rotate them about a vertical axis between consecutive measurements with minimal

disturbance of the sediment slurry.

Hysteresis loops, backfield demagnetization, and first-order reversal curves (FORCs) were
measured with a Princeton Measurements Corporation vibrating sample magnetometer
(VSM) at both 300 K and 100K in a nitrogen atmosphere. To monitor magnetic properties
during progressive sample oxidation, a series of 20 room temperature FORCs was measured
in air (sample #100-10) over 12 h. VSM sub-samples were prepared in an argon atmosphere
from freeze-dried bulk materials; dry sand and silt samples (#100-03 and #100-10) were
pressed into gel caps and pure sulfide powder (#50-31) was fixed with Kapton tape.
Saturation fields of 300 mT were used for all experiments. FORC settings were optimized for
short measurement times to minimize drift and sample oxidation (B, = -50/+30 mT, B, =
0-100 mT, Bsat = 300 mT, 1 or 2 mT increment [N = 93 or 173], 150 ms averaging time). FORC
data were processed using FORCinel v3.06 (Harrison and Feinberg, 2008) with subtraction
of the lower branch of the hysteresis envelop and using VARIFORC smoothing (Egli, 2013).
Hysteresis, backfield and FORC measurements were used to calculate the ratio of saturation
remanent magnetization over saturation magnetization M;s/M; and the coercivity of

remanence over coercivity B./Bcas proxies for magnetic domain state.

Day plot (Day et al., 1977) mixing curves for SD and superparamagnetic (SP) greigite were
calculated following Dunlop (2002, eq. 5-6) with M,/Ms = fsp(Mrs/Ms)sp and B./B. =
(Ber)so/(Bo)solfsoyso/(fsp yxso+ fsp ysp)] using greigite room temperature SD endmember values
of (Ms/Ms)sp = 0.866 (Winklhofer et al., 2014), (Bo)so = 90 mT and (Bc)sp = 75 mT (Chang et al.,
2009, Fig. 1). Ms= 272 kA/m (Li et al., 2014) applies to the greigite SD and SP state, while B,

Bc. and M are zero for SP grains. fsp and fsp are the fractions of SD and SP grains, respectively,
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and ysp and ysp are the respective initial susceptibilities, where ysp = (Mrs)so/(Bc)sp. ysp =
toVM,2/3ksT, where po is vacuum permeability, and ks, the Boltzmann constant, was calculated

for temperature, T = 300 K and volume, V for cubic grains of diameters,d = 5 nm and 10 nm.

3. Results
3.1. Transformation reactions and material characterization

3.1.1. Starting material

XRD data confirm that the starting material consisted mainly of nano-crystalline
lepidocrocite with minor goethite impurities (a—FeOOH, strongest peak at 20 = 9.6°, Fig. 1a).
An average crystallite size of 60 nm was estimated from the full width at half maximum
(FWHM) of lepidocrocite reflections (26 = 6-20°) using the Scherrer equation (Scherrer,
1912). SEM images of the synthetic lepidocrocite sample contain elongated platelets of

crystalline aggregates with an average size of 110+37 nm (N = 50 grains) (Fig. 1b).

3.1.2. Transformation Step |

Exposing lepidocrocite to H,S gas at room temperature led to a blackening of the initially
yellow powder, which is indicative of sulfidation. Like the starting material, the black
transformation product after 15h was not attracted to a neodymium magnet and the
magnetic susceptibility was below detection limits (within +1x107 Sl), which indicates
transformation to a non-magnetic Fe-sulfide. The average sample weight increased by
811 mg (+ single standard deviation) after the transformation (N = 45). If that sulfidation
caused the weight increase, this suggests an added sulfur amount of 0.25 mmol per sample,
i.e. the addition of one mole of sulfur per mole of FeOOH. XRD data for the transformation
product lack well-defined diffraction-peaks (Fig. 1a, middle row), which points to a complete
transformation of the Fe-oxyhydroxide to an X-ray amorphous phase. SEM images of the
transformation product indicate agglomerates of platy, 100-200 nm particles, slightly larger
and more rounded than the starting material (Fig. 1b). Image analysis indicates an average

grain diameter of 155+43 nm (N = 50 grains).

3.1.3. Transformation Step Il

After the dry black transformation product of Step | was suspended in the aging solution, the
initially pink solution became transparent over time, indicating a reduction of resorufin and
concomitant lowering of the redox potential to below En = -110 mV. In samples where the

black powder was in direct contact with the solution (samples without matrix and with sand
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matrix), the pink color began fading immediately and the solution turned transparent within
1 h. In silt samples, where the black powder was embedded in the silica matrix, the color
change was noticeably slower (the solution became transparent overnight). This suggests
that the initial reaction kinetics depend on the exposure of the Fe-fraction to the aging

solution.

(1

final product
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Figure 1. Starting material and transformation products. (a) XRD data and (b) SEM images of the starting
material y-FeOOH (0), the intermediate product (Step I) and the final product (Step I1). The XRD pattern of the
starting material indicates that lepidocrocite (I) is the main phase along with trace amounts of goethite (go).
The XRD pattern for the sample from Step Il has reflections indicative of greigite (gr) and mackinawite (m) as

the main phases.

Approximately 1 h after sample preparation at room temperature, the magnetic susceptibility
of all samples from batch #100 increased slightly to 2.4 (£1.0)x10 (dimensionless S| unit,
normalized by the vial volume of 10 cm?®; n = 15). The susceptibility more than doubled to
5.7 (£1.5)x10° within 15 h aging. In total, 29 of 45 samples had susceptibilities above the
noise level after 15 h at room temperature (= 9.2 (+4.6)x10>,n=12; =2.0(x1.0)x10°, n=2).
The overall average susceptibility at this stage was 6.9 (+3.8)x10° with an average frequency

dependency of 21+6% (n = 29).

The susceptibility increase during aging experiments at 75°C is shown in Figure 2a for
representative sand and silt samples (#100-03, -04, -10 and -11). For all samples, rose
immediately upon heating and kept increasing throughout the experiment, reaching a value

of 96.6(+4.8) x10° after 6 h. In Figure 2b, normalized and averaged growth curves
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demonstrate a consistent time-dependent behavior among the samples (single standard

deviation < 4%) with a distinct change in growth rate at 2 h aging time.
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Figure 2. Greigite growth and grain size characterization. (a) Low-frequency magnetic
susceptibility against aging time (t, in hours). Measurements during the experiment (gray and open
symbols) were performed on samples close to 70°C; the initial and final data points (blue) were
measured at room temperature. (b) Mean and standard deviation (n = 4) of normalized curves with
average susceptibility growth rates . (c) Natural remanent magnetization, NRM against aging time
(t, in hours). (d) NRM against demonstrating a linear correlation (R2 = 1.00) among sand and silt
samples. A magnetic field of 100 uT was applied in all cases. Diamonds and squares represent sand
(#100-03 and -04) and silt samples (#100-10 and -11), respectively.

Like susceptibility, the natural remanent magnetization (NRM) of the same four samples
increased over time, reaching 130 (£10) mA/m (normalized to the vial volume of 10 cm?®) after
7 h (Fig. 2c). The magnetization changed less than 3% after storing the samples in a
magnetically shielded room for 12h and remeasuring the NRM. Magnetization and
susceptibility increased linearly with time (Fig. 2d) thereby indicating a high degree of
proportionality during greigite growth; NRM/ktis 1.3 mA/m for silt samples and 1.2 mA/m for

sand samples.
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XRD patterns for asample aged for 6 h at 75°C (sample #50-31 without silica matrix) indicate
the presence of nano-crystalline greigite and mackinawite (FeS) with minor contributions of
goethite and a hydrous iron sulfate (powder diffraction file 00-009-0006; highest peak at
20 = 12.13) (Fig. 1a, upper row). Quantitative analysis based on the peak intensities and
molecular weight of the two main phases yields mass fractions of 62% Fe3S4 and 38% FeS.
Semi-quantitative analysis of the aging solutions (QUANTOFIX® Iron 100 test swabs)
suggests total dissolved iron concentrations >100 mg/l (2 mM) at the end of Step Il heating
experiments. 100 mg/l was the upper detection limit of the test swabs, which, from the

solution volume of 5 ml, is equivalent to 0.5 mg or 4% of the total iron per sample.

From diffraction-peak broadening in sample #50-31, we estimate respective average
crystallite sizes of about 20 nm and 10 nm for Fe3S4 and FeS. SEM images of the sample (Fig.
1b) taken at the highest possible resolution indicate that individual grains are close to or
below the resolution limit and substantially smaller than the lepidocrocite starting material.
Image analysis yields an average grain diameter of 51+14 nm (N = 200 grains). However, as
smaller grains could not be resolved in detail, the estimate is likely biased toward larger grain
sizes. SEM images at lower magnifications indicate that the particles cluster into clumps with

sizesupto ~10 um.
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3.2. Final bulk magnetic susceptibility

The final (room temperature) susceptibility averaged 105.6 (+13.8)x10~ with a frequency
dependence of 7.3+0.8% (n = 43). The average susceptibility values for different matrix types

are indicated in red for each batch. Blue symbols
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are shown in Figure 3. Systematic differences in susceptibility and its frequency dependence
among batches correlate with aging time (Pearson correlations: ~ aging time: R = 0.71,
p<.001; ~ aging time: R = -0.33, p<.01) but not with the applied magnetic field strength.
Samples with sand matrices tended to have higher susceptibilities than those with silt for each
batch; however, independent t-tests suggest that the differenceis only statistically significant
for batch #50 (t[2.4] = 11, p =.02, = 99+7 x10>, = 88+9 x107).
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Figure 4. Magnetic properties of representative samples at 300 K and 100 K. (a) Remanence
(Mrs/Ms) versus coercivity (Bea/Bc) ratios determined from hysteresis and backfield curves (filled
symbols) and FORCs (open symbols); pink squares indicate the progressive oxidation in air over
~12 h. Solid black lines represent calculated single domain (SD) and superparamagnetic (SP) mixing
curves for greigite (Section 2.2). For reference, the SD to multidomain (MD) and SP(10 nm)-SD
mixing curves for uniaxial magnetite (Dunlop, 2002) are shown as gray dashed lines. Yellow symbols
indicate data for natural SP-SD greigite-bearing sediments (solid circles), synthetic samples (open
circles Dekkers and Schoonen, 1996) and a power law fit (Roberts et al. 2011); yellow triangles
represent natural SP greigite measured between 5 and 300 K (Fig. 1 of Chang et al. 2009, samples
NRO8 and NR27). (b and c) FORC diagrams for sample #50-31 (no matrix) and #100-10 (silt matrix)
at 300 K (left) and 100 K (right). Colored lines (blue = 100 K, red = 300 K) represent the horizontal
and vertical distribution of FORC amplitudes along Bu= 0 mT and Bc= 20 mT, respectively (black
dashed lines). Pink dashed lines for sample #100-10 represent measurements after exposing the
sample to air for 12 h.

3.3. Magnetic characterization at low and room temperature

To better characterize the magnetic domain state of the material, the remanence and
coercivity ratios, M.s/Ms and B./B., were determined for one sample of each sediment type
(#100-03 and #100-10) and a pure sulfide sample (#50-31, which was also analyzed by XRD
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and SEM) at 300 and 100 K. The results are shown in Fig. 4a together with theoretical SP-SD
mixing lines for greigite that were calculated as described in Section 2.2. Our measured data
lie within an envelope confined by SP endmembers of 5 and 10 nm. Their distribution roughly
coincides with a 7 nm SP mixing line as well as with an empirical greigite mixing line reported
by Roberts et al. (2011). The latter represents a power-law fit to the compiled experimental
data from the literature for greigite-bearing sediments (n=181) and synthetic (n = 9)
samples. Hysteresis ratios reported for natural SP greigite between 5-300 K (Chang et al.
2009) have a similar temperature dependency and follow our calculated 5 nm SP mixing line.
M.s/M; ratios for our samples correspond to calculated SP volume fractions of 76+4% (n = 3)
at 300 K and are shifted toward the SD endmember with SP proportions of 53+3% (n = 3) at
100 K.

FORC diagrams measured at 300 K (Fig. 4b) contain horizontal signatures with a bimodal
coercivity distribution. Peak amplitudes at B.= O indicate thermally activated grains close to
the SP-SD threshold (Pike et al., 2001). A wider maximum at 12 mT is characteristic of more
stable SD grains (coercivity distributions along B, = 0 are shown for 300 and 100 K in Fig. 4b).
The vertical spread of the FORC distribution indicates magnetostatic interactions among
grains (Pike et al., 1999). The amount of vertical spread is strongest close to the origin and
generally scales with the FORC amplitude along the ridge. Room temperature oxidation of
the silt sample shifts the FORC distribution toward the origin and reduces the intensity and
vertical spread. Remanence and coercivity ratios extracted from the FORC data are
comparable to those determined from hysteresis and backfield curves, although values from
the FORC data are offset upward and to the right on the Day diagram (Fig. 4a). Day plot ratios
for the silt sample left in an open-air atmosphere at 300 K shift progressively toward more

SP-like values over time (Fig. 4a).

FORCs at 100 K also have bimodal coercivity distributions with one narrow maximum close
to the origin and a broader maximum at 25-30 mT (Bc) (Fig. 4b, right). Lowering the
temperature from 300 to 100 K, increases the coercivity. The vertical spread defined by the
FWHM (full width at half-maximum) of the vertical FORC distributions at Bc =20 mT
increased from 10 mT at 300 K to 24 mT at 100 K (Fig. 4b), which indicates stronger
magnetostatic interactions at 100 K. More negative Bu distributions at 100 K compared to
300 K (shift from O to -2 mT in #50-32 and from +2 to O mT in #100-10) (Fig. 4b) indicate a

change in the mean interaction field (Pike et al., 1999).

4. Discussion
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4.1. Greigite formation pathway

Exposing lepidocrocite to H2S gas during Step | produced a black, non-magnetic, X-ray
amorphous material. These characteristics together with an average mass increase of one
sulfur equivalent per mol of iron suggests that the iron-oxyhydroxide was reduced and
sulfidized by H2S to X-ray amorphous iron-monosulfide. The absence of well-defined
diffraction peaks is common in freshly precipitated FeS and is characteristic of
nanocrystalline mackinawite with ~5 nm particle sizes (Ohfuji and Rickard, 2006). In contrast
to the apparently minute crystallite size of FeS, SEM images of the material indicate an
average particle size of ~150 nm, representing a ~40% increase with respect to the y-FeOOH
stating material. This suggests that the solid-state transformation (i.e. dehydroxylation) led
tointernal fragmentation of the particles, and that the seemingly larger particles seenin SEM
images represent aggregates of smaller FeS regions. Similar observations were reported for

the dehydroxylation of lepidocrocite to Fe-oxides by Till et al. (2014).

2FeO0H + 2H,S — 2FeS + 2H,0 + H,. (1)
Reduction of the aging solution during Step Il was coupled to the availability of FeS (the
reaction was slower when the sulfide was entirely embedded in the matrix), which points to a
reaction that involved FeS oxidation. Presence of dissolved iron in the aging solution at the
end of Step Il indicates partial dissolution of FeS and Fe release. Both observations are
consistent with a solid-state transformation of the precursor FeS via loss of iron, rather than
by addition of sulfur (Wilkin and Barnes, 1996) and partial oxidation of Fe?* to form the mixed-
valence Fe-sulfide greigite, where two-thirds of the iron is oxidized to Fe®*. Although the
electron acceptor (oxidizing agent) remains unclear, the respective mass balance for the

transformation of FeS to Fe3S4 can be expressed as:

4Fe?ts 22, Fe?*Fe3*S, + Fe?*. (2)
The released iron fraction is expected to reprecipitate rapidly as FeS in the presence of
dissolved sulfide (Rickard, 1995). Buildup of millimolar dissolved iron concentrations in the
aging solution could, therefore, suggest that dissolved sulfide was consumed by the end of the
experiment. Greigite formation occurred throughout the experiment at constant rates;
therefore, H,S was likely not involved in the oxidation of FeS, at least not in the later stage of
the experiments, which may point to the autooxidation of FeS by H2O. In preliminary
experiments, identical to those described above but with pH buffered aging solutions, it was

observed that FeS only transformed to a magnetic phase (i.e. greigite) when the solution was
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briefly exposed to air or when the dry FeS was exposed to the glovebox atmosphere (0.5-1%
Oy) for several minutes. An absence of formaldehyde in the aging solution led, on the other
hand, to a magnetic susceptibility decrease after some time, consistent with greigite
dissolution and concomitant pyrite formation, as has been reported previously (Rickard et al.,
2001; Hunger and Benning, 2007).

Our greigite synthesis method demonstrates that lepidocrocite can be readily sulfidized to
greigite by a solid-state transformation via the precursor FeS. A similar solid-state sulfidation
of hematite has been reported in methanogen archaea cultures, which produce extracellular
bioactive greigite; moreover, equivalent abiotic transformation reactions have been reported
for goethite and magnetite (lgarashi et al., 2016). The direct sulfidation of various Fe-
(oxyhydr)oxide without prior dissolution of the precursor could represent a relevant process

for greigite formation in nature when dissolved sulfide concentrations are low.

Exposing lepidocrocite to H2S gas during Step | produced a black, non-magnetic, X-ray
amorphous material. These characteristics together with an average mass increase of one
sulfur equivalent per mol of iron suggests that the iron-oxyhydroxide was reduced and
sulfidized by H3S to X-ray amorphous iron-monosulfide. The absence of well-defined
diffraction peaks is common in freshly precipitated FeS and is characteristic of
nanocrystalline mackinawite with ~5 nm particle sizes (Ohfuji and Rickard, 2006). In contrast
to the apparently minute crystallite size of FeS, SEM images of the material indicate an
average particle size of ~150 nm, representing a ~40% increase with respect to the y-FeOOH
stating material. This suggests that the solid-state transformation (i.e. dehydroxylation) led
tointernal fragmentation of the particles, and that the seemingly larger particles seenin SEM
images represent aggregates of smaller FeS regions. Similar observations were reported for

the dehydroxylation of lepidocrocite to Fe-oxides by Till et al. (2014).

2FeO0OH + 2H,S — 2FeS + 2H,0 + H,. (1)
Reduction of the aging solution during Step Il was coupled to the availability of FeS (the
reaction was slower when the sulfide was entirely embedded in the matrix), which points to a
reaction that involved FeS oxidation. Presence of dissolved iron in the aging solution at the
end of Step Il indicates partial dissolution of FeS and Fe release. Both observations are
consistent with a solid-state transformation of the precursor FeS via loss of iron, rather than
by addition of sulfur (Wilkin and Barnes, 1996) and partial oxidation of Fe?* to form the mixed-

valence Fe-sulfide greigite, where two-thirds of the iron is oxidized to Fe®*. Although the
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electron acceptor (oxidizing agent) remains unclear, the respective mass balance for the

transformation of FeS to FesS4 can be expressed as:

4Fe?ts =, Fe?*Fe3*S, + Fe?*. (2)
The released iron fraction is expected to reprecipitate rapidly as FeS in the presence of
dissolved sulfide (Rickard, 1995). Buildup of millimolar dissolved iron concentrations in the
aging solution could, therefore, suggest that dissolved sulfide was consumed by the end of the
experiment. Greigite formation occurred throughout the experiment at constant rates;
therefore, H,S was likely not involved in the oxidation of FeS, at least not in the later stage of
the experiments, which may point to the autooxidation of FeS by H;O. In preliminary
experiments, identical to those described above but with pH buffered aging solutions, it was
observed that FeS only transformed to a magnetic phase (i.e. greigite) when the solution was
briefly exposed to air or when the dry FeS was exposed to the glovebox atmosphere (0.5-1%
Oy) for several minutes. An absence of formaldehyde in the aging solution led, on the other
hand, to a magnetic susceptibility decrease after some time, consistent with greigite
dissolution and concomitant pyrite formation, as has been reported previously (Rickard et al.,
2001; Hunger and Benning, 2007).

Our greigite synthesis method demonstrates that lepidocrocite can be readily sulfidized to
greigite by a solid-state transformation via the precursor FeS. A similar solid-state sulfidation
of hematite has been reported in methanogen archaea cultures, which produce extracellular
bioactive greigite; moreover, equivalent abiotic transformation reactions have been reported
for goethite and magnetite (lgarashi et al., 2016). The direct sulfidation of various Fe-
(oxyhydr)oxide without prior dissolution of the precursor could represent a relevant process

for greigite formation in nature when dissolved sulfide concentrations are low.

4.2. Final greigite concentration

Magnetic susceptibility reflects the total greigite concentration in our samples given that the
susceptibilities of FeS and the silica matrix are negligible with respect to greigite. Comparable
final susceptibilities (Fig. 3), therefore, demonstrate that the experiments consistently
facilitated greigite formation and a reproducible greigite vyield, independent of the
preparation method (with or without matrix). The final greigite concentration was also
independent of the applied (Earth-like) magnetic field strength. Studies of hematite
precipitated from ferric solutions or formed by aging ferrihydrite reported a correlation with

applied magnetic field intensity (Stokking and Tauxe, 1990; Jiang et al., 2016), whereas no
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field dependency was reported for magnetite formation by the aging of green rust (Pick and
Tauxe, 1991).

XRD analysis indicates that the crystalline solid phase of sample #100-31 consists of 62 wt%
FesSs and 38wt% FeS (66 and 34 vol%, respectively). From the FesSs weight fraction,
equation (2) and the initial FeS budget of 0.25 mmol per sample, a greigite mass of 13 mg is
estimated for sample #100-31. The susceptibility of this sample (107.9x107) is close to the
overall mean of 105.6 (+13.8)x10° (Fig. 3a), so it is assumed that its greigite yield is
representative of the entire sample set. Considering that the relative standard deviation of
magnetic susceptibility is 13%, the average greigite mass in our samples is 13+2 mg. For
samples with a sediment matrix this converts to a greigite concentration of 1.1+0.2%o and a
SD greigite concentration of 0.26+0.4%. based on the SD proportion from the Day plot (Fig.
4a). The fraction of SD greigite relative to the total sulfide concentration is estimated to
16+3 vol% at 300 K and 31+2 vol% at 100 K.

4.3. Greigite growth rate

The observed reduction of the aging solution, together with a 60% susceptibility increase
after the initial 15 h aging phase at room temperature, suggests that greigite formation began
as soon as FeS was submerged in the solution. Relative to the final susceptibility after the
heating experiments, the susceptibility of batch #100 samples increased by 3.2 (+1.1)%
between 1 h and 15 h of aging at room temperature, which can be expressed as a relative

greigite growth rate of 2.3 (+0.8)x10° h%,

The temporal evolution of susceptibility in the 75°C aging experiment (Fig. 2a) has two
distinct stages with a change in slope (i.e. growth rate) at 2 h. From the nearly linear slopes of
the two segments, we determined relative greigite growth rates of 0.27 h'* and 0.09 h'! for
regimes 1and 2, respectively (Fig. 2b). Linear growth rates in both stages suggest that greigite
formation did not depend on the concentration of a reactant, consistent with a solid-state
transformation process and with reported FeS to greigite transformation kinetics at aging
temperatures above 125°C (Hunger and Benning, 2007). In their 125°C experiments, Hunger
and Benning (2007) reported a single constant greigite growth rate; however, greigite
converted to pyrite shortly after its formation, which may explain why a second, slower
growth period was not observed. The marked (factor of 3) rate change in our experiments
could point to two distinct formation pathways or oxidizing agents, possibly related to H2S

depletion or increased FeS crystallinity. A decrease in susceptibility and NRM growth rate
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may also be related to enhanced magnetostatic interactions between greigite particles, since
interactions that increase with particle concentration can influence weak field magnetization

processes (Muxworthy, 2001; Egli, 2006).

The room temperature growth rate was two orders of magnitude slower than the initial
growth rate at 75°C. Following Hunger and Benning (2007), the initial greigite growth rates,

kgre: determined at 25°C and 75°C were used to estimate the activation energy, E, for the

mackinawite to greigite transformation from the slope of In(k;,,;) against 1/T, which

yields -E./R, where R is the ideal gas constant. Considering the 35% relative standard
deviation of the room temperature growth rate, our E, estimates range from 78 to 90 kJ/mol.
The lower limit is in good agreement with 67.5£10.6 kJ/mol as determined from the
mackinawite destruction rate, k;,,,., between 100-200°C (Fig. 4a of Hunger and Benning,
2007). Agreement between mackinawite destruction and greigite growth kinetics is
expected, given a solid-state transformation between the two mineral phases. The relative
growth rates and activation energy interpreted from magnetic susceptibility, thus, lie within

uncertainty of those determined by XRD analyses (Hunger and Benning, 2007).

4.4. Greigite grainsize

Average crystallite sizes determined by XRD of ~20 nm for greigite and ~10 nm for
mackinawite should be considered lower limits for the physical grain size because crystallite
size is equal to or smaller than particle size. Minimum sizes of 10 and 20 nm accord with the
average sulfide particle size of ~50 nm that was determined from SEM image analysis. The
average grain size of our greigite samples, therefore, lies between 20 and 50 nm. The Fe-
sulfide particle size is significantly smaller compared to the lepidocrocite starting material,
for which XRD and SEM analyses yield average sizes of ~60 nm and ~100 nm, respectively. A
smaller size of the sulfide grains is consistent with internal fracturing of lepidocrocite during

the initial dihydroxylation and transformation to FeS.

Greigite grain size can be deduced indirectly from magnetic properties, which depend on
magnetic domain state. Magnetic particles are in the SP state when they are too small to hold
a stable magnetic remanence. Theoretical threshold sizes between the SP and SD states
(relaxation time > 1 min at room temperature) for greigite have been estimated to ~20 nm
for interacting grain ensembles (chains of aligned, touching grains) and to ~40 nm for non-
interacting ensembles (Muxworthy, 2003; Winklhofer et al., 2014; Valdez-Grijalva et al.,

2018). With an average grain size between 20-50 nm, our samples are expected to encompass
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the SP/SD threshold, which is universally supported by their magnetic properties (Figs. 2-4).
For example, continuous acquisition of remanent magnetization during greigite growth in an
applied magnetic field (Fig. 2c) demonstrates the presence of stable SD grains, while the
frequency dependence of susceptibility (Fig. 3b) indicates that part of the greigite population
isin the SP state.

SP grains, detected by bulk susceptibility measured at two frequencies (465 and 4650 Hz)
have relaxation times of 0.2-2 ms. The proportion of this SP fraction relative to larger grains
(with longer relaxation times) decreased from ~20% when grown at room temperature to 7%
upon completion of the 75°C aging experiments (Fig. 3b). This suggests that the grain size
increased over time and/or that the growth temperature influenced the final grain size. Also
anincrease in magnetostatic interactions, as greigite concentration increased over time, may
have contributed to lowering k4 (Muxworthy, 2001). Frequency-dependent susceptibility
was not measured during the 75°C experiments; however, final k¢ values for the three
batches correlate with total aging time (Fig. 3b). Differences between the means are small
(0.7% between 6 and 7.5 h) and are not statistically significant at the 0.05 level. A relative
change of SP contributions over time is also expected to affect the NRM/susceptibility ratio.
Consistent with the proportional increase of the two parameters over time (Fig. 2d), the
average NRM/ky¢ ratio was constant within one standard deviation between 2 and 6 h aging
time (NRM/xk; after 2 hwas 1.21x108 (£4%) A/m and 1.25x108(£5%) A/m after 6 h). These
observations suggest that the SP to SD ratio, and thus the average greigite particle size, did
not change substantially during the 75°C aging experiments. Differences in SP contributions
before and after the 75°C experiments were, therefore, restricted to the earliest growth

phase and are possibly related to growth temperature.

4.5. Domain state and SD threshold size

FORC and hysteresis properties determined at ambient and low temperatures help to further
characterize the domain state and SP/SD threshold size of our samples. Room temperature
FORC diagrams are dominated by low coercivity horizontal signatures (Fig. 4b) that are
characteristic of moderately interacting distributions of thermally activated SD grains close
to the SP/SD threshold (Pike et al., 2001; Egli, 2021) and resemble FORC distributions of SP-
dominated synthetic and natural greigite bearing samples (Roberts et al., 2006; Rowan and
Roberts, 2006). Cooling to 100 K increases the coercivity and vertical spread of the FORC
distributions and shifts them to lower B, values, consistent with a decrease in thermal

activation and increase in magnetic interactions (Pike et al., 2001). Overall, our 100 K FORC
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diagrams resemble those of natural SD greigite-bearing sediments, albeit with lower
coercivities (Roberts et al., 2006; 2011). The absence of significant multi- or pseudo single
domain (vortex state) signatures in the FORC diagrams indicates that the samples contain
mainly SP and SD grains, which makes the calculated SP-SD mixing lines, in Figure 4a
applicable to our greigite particle system. This suggests the presence of 70-80% SP
contributions at ambient temperature and approximately equal SP and SD contributions at
100 K. Cooling, thus, shifts the SP/SD threshold toward smaller grain sizes (i.e., it brings the

greigite particle distribution closer to a stable SD state) as expected.

To better assess the influence of temperature on the proportions of SP and SD grains, we
compared the theoretical SP/SD threshold (relaxation time, T = 1 minute) for non-interacting

greigite particles at 350 K (the growth temperature), 300 K and 100 K. Following Winklhofer
etal.(2014) and using t = t5exp [( e, _—Kz) ﬂ] with anisotropy constants K; and K, of -16,

% 27 ) kpT

and -6 kJ/m?® respectively, we calculated the blocking volumes, V,, and respective SP/SD
threshold sizes. For spherical grains the estimated SP/SD threshold at 350, 300, and 100 K
decreases from 53 to 50 to 35 nm, and for cubic grains it decreases from 43 to 40 nm to 28
nm, respectively. Differences in the stable SD grain population between growth and room
temperatures are minimal. Between 300 and 100 K the SD threshold size is lowered by ~30%,
which generally agrees with the increase in stable SD grains between 300 and 100 K (Fig. 4a).
The grain size spectrum that is blocked between 300 and 100 K was estimated as 30-50 nm,
which is consistent with our measured average grain size (20-50 nm) and approximate SP
proportions of 75% at room temperature and 50% at 100 K. Magnetostatic interactions may
additionally lower the SP/SD threshold to smaller sizes (Muxworthy, 2001; Muxworthy et al.,
2013); stronger interactions at 100 K than at 300 K could, therefore, amplify the shift from
SP to SD behavior.

4.6. Day plot mixing trends

Day plot distribution of our synthetic samples overlaps and continues the trend defined by
natural SD-dominated greigite (Roberts et al., 2011a) (Fig. 4a), which points to a common SP
endmember size close to 7 nm. This size roughly coincides with our inferred crystallite size
for FeS, which was estimated to < 5 nm after Step | and to 10 nm after Step Il. Greigite forms
by a solid-state transformation of FeS, so a similar particle size of the two phases should be
expected. The SP endmember in our samples, thus, likely originates from transformation of

single FeS crystallites whereas larger greigite grains may have developed from FeS



Chapter IV 79

aggregates. A similar SP endmember size for natural greigite from diverse locations is
consistent with the typical nanoparticulate nature of its precursor FeS (Ohfuji and Rickard,
2006). The well-defined greigite trend along a single mixing line suggests that the smallest
grains (5-10 nm) dominate the SP greigite fraction, which likely has a continuous size
distribution, similarly as was reported for diagenetic SP-SD magnetite in remagetized

carbonates (Jackson and Swanson-Hysell, 2012).

Overlap between the Day plot trends of SP-SD greigite and SD-MD magnetite (Dunlop et al.
2002) suggests that authigenic greigite with more than 40% SP contributions is difficult to
distinguish from typical primary magnetite-bearing sediments, which tend to plot close to the
SD-MD mixing curves. An overlap between SP-SD greigite and magnetite dominated
sediments in the Day plot was shown, for example, in Quaternary marine sediments from the
Gulf of Mexico (Fu et al., 2008).

4.7. Grain arrangement and magnetostatic interactions

Magnetostatic interactions are primarily governed by the distance between magnetic
particles. Higher concentration and/or local enrichment of magnetic particles within clusters,
thus, lead to stronger interactions. The degree of interactions in a sample can be assessed by
the vertical spread of its FORC distribution. FORC analysis indicate that the degree of
interactions is similar for the matrix free (pure sulfide) sample #50-31 (Fig. 4b) and for silt
sample #100-10 (Fig. 4c),in which the sulfide concentrationis diluted to 0.1% by the sediment
substrate. This implies that for all our samples interactions are independent of the greigite
concentration and arise mainly from clustering. A dense clustering of the sulfides can be
inferred from the SEM images of the non-matrix sample #50-31 (Fig. 1b, final product). The
magnetic fraction in a cluster can be expressed as the packing fraction, p, which is given by
the net volume of magnetic particles relative to the total volume, when assuming a uniform
cluster composition. In our samples, interactions increase with lower temperature (FWHM
increase from 10 mT at 300 K to 24 mT at 100 K), consistent with an increase in the SD
fraction, which was estimated to 16+3 vol% at 300 K and 31+2 vol% at 100 K (section 4.2).

Numeric FORC models for uniaxial and cubic magnetite indicate that the vertical spread
(FWHM of the B, distribution) is proportional to the packing fraction and nearly independent
of anisotropy type (Harrison and Lascu, 2014). Normalized by the mineral specific saturation
magnetization, the FWHM is expected to be independent of magnetic mineralogy. With
HoMs=0.34 T for greigite, our samples yield FWHM/uoM;s values of 0.29 for 300 K and of 0.70
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for 100 K. Comparison to the FWHM/uoMs values reported for modeled magnetite FORC
distributions (Fig. 9 of Harrison and Lascu, 2014) suggests packing fractions of psoox = 0.07 (7

vol% magnetic fraction) and p1oox = 0.27 (27 vol%) in our samples.

General agreement between the estimated packing fraction of magnetic minerals and the SD
greigite fraction relative to the total sulfide concentration further supports the
interpretation that magnetostatic interactions arise predominantly from the proportion of
SD greigite within densely packed sulfide clusters. Magnetostaticinteractions can bias M,s/Ms
ratios to lower values and B./B. to higher values (Muxworthy, 2003; Harrison and Lascu,
2014). Hence SD proportions inferred from the Day plot mixing lines likely underestimate the
true SD contributions, particularly at 100 K. This could partially account for the discrepancy
between a nearly fourfold difference in estimated packing fraction between 300 and 100 K
versus a twofold difference in estimated SD-proportions. Similarly, magnetic interactions
may explain why measured M,s/Msvalues of sedimentary greigite are generally lower than the
expected value for SD grains dominated by cubic magnetocrystalline anisotropy (Roberts et
al., 2011a).

4.8. Sample alterationin air

When the samples were exposed to air after aging, yellow patches appeared in the sediment,
which increased in number and size over time, thereby suggesting that Fe-sulfides were
oxidized partially to a yellow Fe-oxyhydroxide, likely lepidocrocite and/or goethite. Observed
changes in FORC distributions over a 12 h period for sample #100-10 (Fig. 4c) demonstrate
that the greigite concentration (FORC amplitude) and magnetostatic interactions (vertical
spread) decreased, and that thermal activation of the SD fraction increased (shift to lower B
and higher B, values). Room temperature FORC diagrams for sample #100-10 have a weak
diagonal feature in the lower left half-plane, which is particularly expressed after oxidation.
This feature, which is absent at 100 K and in both FORC diagrams of sample #50-3, resembles
vortex state signatures associated with flux-closure among clustered SD grains (Egli, 2021).
A gradual change in remanence and coercivity ratios marks a relative increase of the SP

fraction (Figure 4a).

Taken together, these results suggest that oxidation led to an effective magnetic grain size
reduction, where greigite particles were oxidized progressively to a non- or weakly-magnetic
phase, which is consistent with a partial transformation to lepidocrocite and/or goethite.

Reduced magnetic interactions point to a lower moment and/or to a larger distance between
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the remaining greigite particles, consistent with a grain size reduction by surface oxidation

and an overall decrease in greigite concentration.

5. Conclusions

5.1. Greigite formation and CRM acquisition

We report a two-step synthesis method to transform lepidocrocite via mackinawite to
greigite inside sealed non-magnetic vials. First lepidocrocite powder is transformed to
nanoparticulate FeS in an anhydrous H2S atmosphere at room temperature. FeS is then
preferentially oxidized to greigite under aquatic conditions at 75°C via a solid-state
transformation, presumably involving the loss of iron (4FeS — Fe3S4) although the involved

electron acceptor and the fate of the released iron are not identified.

Through bulk magnetic measurements during greigite growth in a defined magnetic field the
growth process and CRM acquisition can be monitored in real-time. Greigite was grown in
different water saturated sediment substrates, which stabilized the greigite mechanically but
did not influence the greigite growth kinetics. During sample aging at 75°C, we observed a
continuous increase in magnetic susceptibility and in CRM intensity. Nearly linear growth
rates, which decreased by a factor of three after 2 h, point to two distinct growth regimes.
Two thirds of the precursor FeS transformed to greigite after 7 h, leading to a final greigite

concentration of ~0.1 vol% in samples with a sediment matrix.

Using magnetic susceptibility growth rates at room temperature and 75°C, the activation
energy for the FeS to greigite transformation was estimated at 78-90 kJ/mol, which agrees
within uncertainty with previous estimates based on direct analytical measurements (Hunger
und Benning 2007). Growth and particularly dissolution rates of greigite have been
notoriously difficult to constrain partially due to a lack of pure greigite sample material and
because direct in-situ phase analyses are difficult. Magnetic susceptibility measurements
represent a valuable alternative to track in-situ greigite concentration in real-time. This
indirect method is rapid, simple, and independent of the presence of a growth medium or
other non-magnetic mineral phases like mackinawite and pyrite. Moreover, susceptibility can
be calibrated with respect to greigite concentration by direct analysis of the studied material.
Magnetic measurements, hence, could help to better constrain the solubility of greigite which

is arelevant, yet poorly understood variable in sedimentary Fe-S cycles.

5.2. Greigite preservation
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Greigite is metastable with respect to pyrite when dissolved sulfide concentrations are high.
Rock magnetic studies, however, frequently identify greigite in marine sediments, where
pyritization and pervasive diagenetic dissolution of detrital magnetite indicate high sulfide
concentrations during diagenesis (Roberts and Weaver, 2005; Roberts et al., 2018). It
remains unclear when, and under which conditions greigite accumulates, and how it becomes
preserved. Our experiments indirectly confirm that the presence of trace amounts of
aldehydes inhibit greigite dissolution and pyrite formation. This “sulfide-switch”, originally
reported by Rickard et al. (2001), could play a role in preserving greigite in sulfidic
microenvironments associated with aldehyde-bearing organic matter. The microbial
community involved in the sulfidation process may also influence greigite preservation, as
greigite is stable in the presence of certain strains of hyperthermophilic archaea and
magnetotactic bacteria (Posfai, 2006; Gorlas et al., 2018). Combining organic and sulfide
chemistry with rock magnetic methods in future studies may help to better understand the

environmental conditions that promote greigite accumulation in marine sediments.

5.3. Magnetic properties, grain size and domain state

In our experiments, the SP-SD ratio, and hence the average grain size of greigite, remained
constant as its concentration increased continuously at 75°C. Individual greigite grains
reached a final size within minutes, consistent with a solid-state transformation where grain
size is inherited from the precursor phase. This suggests that greigite grains form quasi-
instantaneously, and that their size is fixed on geological timescales. Different domain states
observed in natural sedimentary greigite may therefore reflect different paleoenvironmental
growth conditions. However, progressively increasing greigite concentrations can enhance
magnetostatic interactions, which potentially lowers the SP/SD threshold size, leading to

more SD-like properties.

The average greigite grain size in our samples lies between 20-50 nm and spans the SP/SD
threshold, consistent with theoretical estimates for the greigite blocking volume. SD
fractions are estimated to ~25% at room temperature and ~50% at 100 K. Comparison of Mg
normalized FORC distributions of our samples to numerical FORC models (Harrison und
Feinberg 2008) suggests SD greigite packing fractions of 7% at room temperature and of 27%
at 100 K.

Temperature-dependent Day plot distributions for our samples follow the trend of

theoretical SP-SD mixing lines calculated for an SP greigite endmember of 7 nm, in accord
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with the crystallite size of the precursor FeS. Our data overlap with an empirical mixing trend
defined by diverse greigite-bearing sediments, which together suggest a characteristic,
common SP endmember size that likely dominates the SP greigite fraction volumetrically. An
SP endmember between 5-10 nm agrees with the typical size of precipitated FeS. Our results
suggests that the mixing model, based on binary SP and SD fractions, provides a realistic
representation of the domain state and physical grain size of SP-SD greigite distributions.
Although clustering and associated magnetostatic interactions in authigenic greigite
potentially lead to underestimated SD proportions, the model can help quantify the grain size

of sedimentary greigite, which is typically in a SP-SD state.
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Abstract

How and when sediments record the Earth's magnetic field has been long debated. Most
studies assume a stratigraphically continuous, time progressive lock-in mechanism through
torque alignment of detrital magnetic grains (depositional remanent magnetization, DRM).
However, magnetic minerals can also form in-situ at any time after deposition, recording the
magnetic field by a grain-growth mechanism (chemical remanent magnetization, CRM).
Through novel experiments, we have synthesized greigite (FesSa) in different magnetic fields
and substrates to show, for the first time, a direct comparison between the recording

efficiency of grain-growth and depositional magnetizations. CRM intensities were up to six

times higher than torque aligned DRMs. The results demonstrate that if CRM components
remain unrecognized in paleomagnetic records, paleointensity estimates of the magnetic
field can be significantly overestimated. Alternating field demagnetization of the original
magnetization in rocks compared to demagnetization of a laboratory-imposed magnetization

can distinguish the two recording mechanisms.
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1. Introduction

The natural remnant magnetization (NRM) of sedimentary rocks provides quasi-continuous
archives of the Earth’s magnetic field history. Such records provide magnetostratigraphic
chronologies from thousand-year to million-year time scales that help to establish the
geologic time scale (Butler, 1992; Tauxe, 1993; Gradstein et al., 2020). Dipolar geomagnetic
field variations provide crucial stratigraphically tie-points to globally correlate sedimentary
archives (Stoner et al., 2002) and provide information on the geometry and strength of the
magnetic field though Earth’s history (Valet, 2003; Channell et al., 2009). Geomagnetic field
intensity governs cosmogenic nuclide production in the atmosphere (e.g., 1°Be and 1*C) (Frank
et al., 1997; Simon et al., 2016), reconstruction of paleomagnetic intensity variations, thus,
bears on a wide range of topics in the Earth and environmental sciences. An important
precondition to derive paleointensity information from sediment sequences, is a
stratigraphically continuous magnetic recording mechanism with constant recording
efficiency (Tauxe, 1993; Roberts et al., 2013).

Sediments typically acquire a magnetization during deposition: as particles settle through the
water column, the Earth’s magnetic field exerts a torque on magnetic grains, which tends to
align them parallel to the magnetic field. Grain alignment is preserved and locked-in during
deposition and compaction of the sediment and produces a net magnetization thatisreferred
to as detrital or depositional remanent magnetization (DRM). DRM is not only parallel to the
earth’s magnetic field but also proportional to the magnetic field strengths (Kodama, 2012).
The efficiency of DRM acquisition at a given field strengths depends on numerous factors,
including the mineralogy, grain size and concentration of magnetic minerals, flocculation
processes during setting, sedimentation rate and bioturbation (Tauxe et al., 2006;
Shcherbakov and Sycheva, 2010; Roberts et al., 2013b; Zhao et al., 2016). The complexity of
these processes cannot be recreated in laboratory redeposition experiments, which prevents
absolute paleointensity estimates from sedimentary records. Assuming, however, that
relevant factors remained constant, except for small variations in the concentration of
magnetic minerals, then the relative paleointensity (RPI) can be deduced from the natural
remanent magnetization (NRM) normalized by a laboratory magnetization (e.g. anhysteretic

magnetic remanence, ARM, as proxy for magnetic mineral concentration).

Even if DRM acquisition remained constant, the magnetic record can be compromised by
diagenetic processes that lead to formation of authigenic magnetic minerals and the

acquisition of secondary magnetic remanence—a chemical, or crystallization remanent
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magnetization (CRM). CRM can form any time after deposition. It is therefore not
stratigraphically continuous and usually unrelated to the depositional age of the sediment. If
a sedimentary CRM is acquired shortly after deposition, it may be parallel to the primary
DRM and not affect the interpretation of paleomagnetic directions (Snowball and Thompson,
1990). Potential influences on the paleointensity record have however remained elusive
(Roberts et al., 2013b) and thus largely ignored. The mechanisms by which DRM and CRM are
acquired differ substantially, so different magnetic recording efficiencies and associated

biases in RPI records should be expected.

A common mechanism to produce CRM in reducing sedimentary environments is formation
of the magnetic Fe-sulfide greigite (FesS4) (Snowball and Thompson, 1990; Roberts, 2015).
The mineral can form shortly and log after deposition—greigite bearing horizons are
therefore often excluded from paleomagnetic interpretations (Nowaczyk et al., 2020), as is
generally the case for CRM components, if they are recognized as such, e.g. through
inconsistent NRM directions. If a recoded CRM s parallel to the primary DRM, its
identification relies on rock-magnetic analysis to detect changes in magnetic mineralogy.
However, magnetic proxies are often nun-unique and the properties of greigite and its oxide
analog magnetite (Fe;04), a typical magnetic mineral in natural materials, overlap so that
distinguishing the two minerals can be difficult (Roberts et al., 2011a). Hence, distinguishing
DRM and CRM components in sediments remains challenging. A better understanding of the
underlying recording mechanisms, particularly how they differ and how they influence the
paleomagnetic signal may yield additional tools that can help to improve the reliability of

paleointensity records.

To study the CRM recording mechanism under controlled conditions, we developed a method
torecreate the greigite growth process in artificial sediments under controlled magnetic field
conditions (Chapter V). Here we report the magnetic remanence-based aspects of the CRMs
acquired in 42 discrete samples and characterize their bulk magnetic properties.
Redeposition experiments with the same set of samples are reported to compare DRMs and
CRMs acquired by the same grains in the same magnetizing fields. The relative CRM and DRM
intensities are discussed in relation to basic, fundamental models of the two recording

processes.

1.1. Theory of DRM acquisition
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DRM recording requires the physical alignment of particles with a fixed magnetic moment.
Alignment of magnetic particles that are settling in a viscous medium results from torque
exerted by the magnetic field on the settling particle (Nagata, 1961). The time required for
alignment with the magnetic field (t~6u/mB) of a suspended, submicron magnetic grain is
typically on the order of seconds or less, so that full alignment should be expected in the
deposited sediment. The NRM of sediments is, however, usually far from saturation and
linearly dependent on the magnetic field intensity (Johnson et al., 1948). This observation has
been linked to various randomizing mechanisms including thermal agitation due to Brownian
motion (Collinson, 1965) flocculation of magnetic and nonmagnetic grains, which reduces the
effective moment of the settling particles (Shcherbakov and Shcherbakova, 1983;
Vreumingen, 1993; Tauxe et al., 2006), particle collisions during settling, as well as rolling and
slipping of grains on the sediment surface (Shcherbakov and Sycheva, 2010; Bilardello et al.,
2013). Neglecting the latter processes the relative DRM intensity of isolated submicron
particles results from the balance between magnetic alignment and thermal agitation, which
can be expressed as

M B mB,

o = - (i) g

where L is the Langevin equation, m is the magnetic moment of a grain, B, is the applied
magnetic field intensity and kT represents thermal anergy given by the Boltzmann
constant, k and the absolute temperature, T. Mprm(B,) is the volume normalized
magnetization of the sample and Mpgy—max iS the maximum magnetization. For small

By, the expression can be approximated by

MprM(Bo) _ MmaxBo (2)

- ’

MpRM-max 6KkT
where Mpy,.x = VinaxMo is the maximum moment of a particle ensemble with a uniform
moment distribution (Stacey, 1972), defined by the maximum grain volume V,,,,, and the

material specific saturation magnetization, p,.

1.2. Theory of CRM acquisition

In contrast to the physical alighment of grains to obtaina DRM, CRM acquisitionis considered
a Néel thermal relaxation process (Néel, 1949) governed by the alignment and blocking of
magnetic moments of (physically fixed) grains in the presence of a weak magnetic field,
analogous to acquisition of thermoremanent magnetization (TRM) (Haigh, 1958). During

grain growth, particles are initially too small to hold a magnetic remanence—they are in a
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thermally relaxed state referred to as superparamagnetic (SP). In this state the magnetization
is in equilibrium with the external magnetic field intensity and can be expressed as a function
of tanh(E,/E;), where , E, = mB, is the barrier energy (necessary to flip a magnetic

moment between easy axis) and E; = kT is the thermal energy (Néel, 1949).

As grains grow larger than the blocking volume, V,, the equilibrium magnetization is locked-in
as CRM (Haigh, 1958). The CRM intensity of a sample, Mgy (B,) acquired at the growth
temperature, T by an ensemble of non-interacting single domain (SD) grains with their easy

axis aligned parallel to the applied field is then given by

(3)

MCRM(BO) == MS(Tg) tanh( kTg

M, = cp, is the saturation magnetization of the samples, where c is the magnetic
mineral concentration. Continued grain growth after blocking increases the remanent
magnetization proportionally to the increase in grain volume, for as long as the grains remain
in a SD state. If T is larger than room temperature, the grain assemblage can additionally
acquire a partial TRM when cooled in a magnetic field (McClelland, 1996; Fabian, 2009).

MsBo)

For large Bovalues tanh (Vk—T — 1 so that the CRM intensity approaches the saturation

value M. The saturation CRM, of randomly oriented SD particle distributions cannot exceed
the saturation remanent magnetization M,., hence eq. (1) can be generalized for randomly

oriented SD grain assemblages with final grain volume, V¢, as:

V fints(Tg)B
MCRM(BO) = Mrs(Tg) tanh (%ggo) (4)
In weak magnetic fields, so that V, M (Tg) By < kT, eq. (4) can be simplified to
Mcrm(Bo) _ VfinUS(Tg)BO’ (5)

Mys(Tg) kTg
describing the relative CRM intensity acquired in earth-like magnetic fields by the growth of
randomly aligned SD ensembles. Eq. (5) indicates that the CRM depends linearly on the final

grain volume and the magnetic field intensity.

Neglecting differences in CRM and DRM acquisition temperatures and assuming
MprM-max = Mys and mpay = Vg Mg then equations (2) and (5) can be combined and

simplified to
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Mcrm(Bo) = 6 Mprm(Bo), (6)
suggesting that for identical ensembles of submicron SD grains the CRM recording
mechanism is 6 times more efficient than DRM acquisition, given the grains are subject to

Brownian motion, while settling in the same magnetizing field.

2. Material and Methods

2.1. Samples

Preparation of 42 greigite-bearing, artificial sediment samples used in this study was
described in detail in Chapter IV. In brief: every sample is contained in a sealed, 10 ml glass vial
of 4 cm height and was prepared from 22 mg of FeOOH powder that was sulfidized to FeS in
H.,S atmosphere. FeS was then mixed with non-magnetic silica substrate of either sand (100-
400 pm) or silt size (2-40 um) and 5 ml of an anoxic solution were added. The sediment
slurries were thoroughly mixed and allowed to settle at room temperature, before they were
aged at 75°C under controlled magnetic field conditions for ~7 hfor transform FeS to greigite.
Samples were treated in three batches, each containing 7 sand and 7 silt samples. Batch #100,
#50, and #25 were aged in uniform magnetic fields of declination, D = 0° and inclination, | =
45° and field intensities of 100, 50 and 25 pT, respectively. At the end of the experiments
approximately two thirds of the FeS had transformed to greigite, indicating that the samples
contained on average 1312 mg (+ one standard deviation) greigite, equivalent to 0.1 vol%
relative to the total sediment volume of 3cm?®. The average magnetic susceptibility, i
normalized by the sediment volume was 352x10°+13% (* relative standard deviation,
unitless Sl unit) and the average frequency-dependent susceptibility, k¢ was 7.3+0.8% (n =
43). The average greigite grain size lies between 20-50nm and the samples are
predominantly in a SP state at room temperature with an SP:SD ratio of approximately 3:1,
suggesting a SD-greigite concentration of ~0.03%. Despite the initial dispersion of the (non-
magnetic) FeS powder in the silica matrix, the sulfide particles remained clustered and
moderate magnetostatic interactions suggest an approximate SD-greigite packing fraction

within the sulfide clusters of 7 vol% at room temperature (Chapter IV).

2.2. Experimental protocol

After the aging experiments the samples were cooled from 75°C to room temperature in a
magnetically shielded room (<500 nT) to avoid partial TRM acquisition. The magnetic
remanence was measured directly after cooling of the samples and remeasured after 12 h

using a vertical 2G Enterprises Inc., three axis, superconducting magnetometer housed in the
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shielded room. Each sample vial was measured in two positions using a custom, manual
sample handler that allowed careful lowering of the vials into the magnetometer and to rotate
them about a vertical axis between consecutive measurement steps with minimal

disturbance of the sediment slurry.

Selective samples were then stepwise demagnetized in alternating magnetic fields (AF) in 5-
10 mT steps along three orthogonal axes (last AF direction: 1=35°, D=270°) until 90% of the
remanence was eliminated at peak fields of 30-40 mT. Select samples were AF demagnetized
up to 100 mT to test for acquisition of gyroremanent magnetization (GRM)—an increase in
magnetization perpendicular to the last AF-field direction that is considered common for SD

greigite (Snowball, 1997; Hu et al., 1998).

All samples were then redeposited at room temperature by thoroughly shaking the vials and
allowing the substrate to settle overnight under the identical, uniform magnetic field
conditions at which they had acquired a CRM: D =0°, | = 45° and Bo= 100, 50 or 25 pT. Each
sample was placed at the same location inside the Helmholtz coil setup as during the CRM
experiments (two pairs of square coils with ca. 1 m diameter placed inside a partially
magnetically shielded environment with a residual field <9 uT). The resulting magnetic
remanence was measured the next day after ca. 17 h of magnetic field exposure. Samples of
batch #25 were subsequently returned to the magnetizing field and their magnetic
remanence was repeatedly measured after 1, 5, and 10 days of field exposure. The samples
were then stored in the magnetically shielded room and remeasured after 1 day. For select

samples of each batch the DRM was stepwise AF demagnetization as described above.

All samples were imparted an ARM in peak AF fields of 100 mT using bias fields equivalent to
the magnetizing fields each sample was exposed to during the precious experiments (100, 50
or 25 uT for batch #100, #50, and #25 respectively). For samples of batch #50 we measured
ARMs before and after their redeposition to compare ARM properties of the CRM and DRM
state. For two silt and two sand samples both ARMs (imparted before and after their
redeposition) were stepwise demagnetized. Additionally, we measured stepwise acquisition
of isothermal remanent magnetization (IRM) up to 300 mT, ARM imparted in different bias
fields (25, 50 and 100 uT), and viscous decay of ARM within one day for subsets of 6-12

samples of batch #25 using a Mag-Instruments slow spinning magnetometer.
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Figure 1. Chemical (upper row) and depositional (lower row) remanent magnetizations. Diamonds and dashed
lines indicate samples with sand matrix; squares and dotted lines represent silt matrix samples. (a, €) CRM and
DRM intensities as a function of field strength. Lines show linear fits of the same sediment type, with slope and
R?) values as shown, p<.000 for all cases; batch#1 outliers were omitted (see text). (b, f) Equal area stereographic
projection of CRM and DRM directions; yellow stars indicate the applied field direction, colored dots show the
(Fisher, 1953) mean directions; ass ellipses are too small to be visible. (c, g) Intensity decay as a function of peak
AF-field for batch#1 samples (100uT), red and blue lines correspond to data shown in d and h, respectively. (d, h)
Representative vector endpoint diagrams of stepwise AF-demagnetization trajectories of CRM and DRM for
one sand and one silt sample from batch#1; AF values in mT; CRMg refers to the initial CRM and CRMsgto the
remaining CRM after 5 days of zero-field storage.

3.

Results

3.1. Chemical remanent magnetization

Remanent magnetizations acquired during the greigite growth experiments ranged from 0.1-
0.6 A/m (normalized by the sediment volume of 3 cm®) and were proportional to the intensity
of the applied magnetic field (Figure 1a). Two sand and two silt samples from batch #100 that
were repeatedly removed from the heat and magnetizing field during the growth phase
(Chapter 1V) had ~20% lower magnetizations than the remaining 10 samples of the same

batch. These samples are treated as outliers and excluded from further statistical analyses.
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Linear regression (including the origin) yielded an average CRM susceptibility of CRM/(uoBo)
= 6.8x1072 (R? = 0.99, p<.001), where po is the vacuum permeability. Among samples of the
same batch and sediment type the CRM intensities agreed within 4-12% relative standard
deviation (Table 1). Among sand samples the scatter was generally larger, and the CRM

susceptibility was on average 13% weaker than for silt samples.

Remeasuring the magnetization after the samples were stored in a shielded room for 12 h
indicated that the CRM intensity of silt samples was stable, decreasing by less than 1% (n=18)
on average (Fig. 2a). Sand samples lost on average 5+4% (n=19) of the initial CRM, which
could point to a viscous magnetization decay. However, the unconsolidated sand samples
were more susceptible to physical disturbance than silt samples, and random physical
disturbance during sample handling is consistent with the highly variable loss in remanence,
ranging from 1-17% among the sand samples. Remeasuring four silt and four sand samples
after additional 4 days of storage in a magnetically shielded room, showed a loss in
magnetization of ca. 6% and 12% respectively (Fig. 1d), supporting a viscous CRM decay over
these timescales. Both stronger physical disturbances and viscous decay in sand samples can

partially account for their on average lower CRM intensity and a larger error.

The mean CRM direction (D = 5.6°, | = 41°, a.95 = 1.2°) agreed well with the applied magnetic
field direction (Fig. 1b, Table 1) and there was no systematic difference in inclination between
sand and silt samples. For sand samples the declination deviated more from the applied field,
and the CRM directions were generally more scattered (Table 1), which could be a related to

physical disturbance of the sediment when rotating the samples during the measurements.

Three-axis AF demagnetization vyielded univectorial magnetization components that
coincided with the samples initial CRM directions (Fig. 1d). The median destructive field
(MDFcgrm) was 18 mT on average (Table 1) and peak AF fields of 30 mT demagnetized at least
90% of the initial CRM (Fig. 1c). Silt samples (and a sand sample stored for 5 days before
demagnetization) tended to have slightly higher MDFs and were less susceptible to 5 mT AF
fields than sand samples (Fig. 4c and 5). AF treatment up to 100 mT did not lead to acquisition

of gyroremanent magnetization.
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Figure 2. (a) Loss of CRM after sample storage in zero-field (<500nT) for 12 h normalised by the
inicial magnetisation, CRMo. (b) Acquisition of magnetisation during sample storage ina 25 uT field
after sediment deposition (days 1-11) and magnetisation decy in zero-field (day 11-12). (c) Decay of
ARM monents as a function of time (log scale). (d) ARM decay normalised by the inicial value, ARMo.
(e) ARM/sIRM as a function of ARM bias field; equivalend data for synthetic samples with variable
SD-PSD magnetite concentrations (Sugiura 1979) are shown in the backround.
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Table 1. Grouped mean CRM and DRM intensity and mean directions.

Sample groups NRM Intensity NRM mean direction NRM coercivity
NRM Bo(uT) matrix | M(uAm?) RSD(%) N | D(°) 1(°) N a95 (°) k MDF (mT) N
CRM 25 sand 0.45 8.7 7 7.3 380 7 40 2255 174 4
CRM 25 silt 0.46 4.4 7 54 397 7 2.9 426.3 184 4
CRM 50 sand 0.67 11.8 7 7.7 439 7 2.9 437.0 19.6 4
CRM 50 silt 0.83 8.5 7 58 404 7 2.7 493.6 19.7 4
CRM 100 sand 1.59 7.7 5 55 426 7 2.9 431.7 16.6 4
CRM 100 silt 1.71 55 5 21 424 7 1.5 1577.0 17.4 4
CRM all all 09 413 42 20 118.0 18.2 24
DRM 25 sand 0.09 329 7 6.1 40.6 7 3.8 251.7 9.2 2
DRM 25 silt 0.08 55 7| 01 426 7 2.7 497.8 111 2
DRM 50 sand 0.16 16.0 7| -3.3 418 7 34 323.9 9.0 2
DRM 50 silt 0.13 10.5 7| -02 441 7 1.9 1007.6 8.4 2
DRM 100 sand 0.31 3.2 4| -06 347 7 10.6 33.2 71 4
DRM 100 silt 0.29 4.3 4 | 31 436 7 2.8 471.3 8.2 4
DRM all all 56 412 42 1.2 340.3 8.5 16

Bo, applied magnetic field strength; M, mean magnetic moment; RSD, relative standard deviation; N, number of samples; D,
declination; |, inclination; a95, radius that the mean direction lies within 95% confidence; k, best estimate of the precision
parameter; MDF, median destructive field.

3.2. Detrital remanent magnetization

The settling behavior during redeposition experiments strongly depended on the grain size
of the silica substrate. The sand substrate deposited within a second, as expected. The sulfide
fraction of sand samples remained suspended for a longer time, gradually forming a black
layer that covered the surface of the sand substrate. Lager sulfide aggregates deposited
within seconds to minutes and the supernatant turned entirely clear within 5 h. In silt samples
mixing of the slurry produced a gel-like homogenous suspension that gradually compacted
over several hours: at 5 h the slurry had a height of 1.4 cm and at 17 h a relatively stable
sediment height of 1 cm was reached (3 cm? sediment volume). The sediment kept gradually

compacting at a slower rate, decreasing in volume by ~10% over the course of several weeks.

The remanent magnetizations after deposition ranged from 0.02 to 0.11 A/m. High
reproducibility within each batch (Table 1) and a linear dependency with the applied magnetic
field intensity indicates the systematic acquisition of DRM in all samples with minor
dependency on the sediment type (Fig. 1e). Based on linear regression including the origin and
excluding the outliers of batch #100 (see above) the DRM susceptibility, DRM/uoBo was
1.3x103 (R? = 99%, p<.000, n=36). The DRM susceptibility was on average 10% stronger in
sand (1.35x10° + 23%) than silt samples (1.21x10° + 10%). Although the dispersion,
particularly among sand samples was high, a Welch two-sample t-test showed that the

difference between sand and silt DRMs is significant ({20.7] = 2.1, p = .05).
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Samples that were stored in the magnetizing field after deposition kept acquiring a
magnetization over time (Fig. 2b). Within 10 days the magnetization increased by ~60%
(n=10) compared to the initial value (DRMo measured after 17 h) and appeared to approach
a saturation value. When stored in a zero-field, the magnetizations quickly decayed retaining
on average 94% of DRMy after one day, both in sand and silt samples. Overall, the temporal
changes in magnetization were consistent among both sample types, although the variability
was larger among sand samples (Fig. 2b). The observed changes could indicate that part of the
magnetic fraction remained free to rotate in the pore spaces of the water saturated
sediments, leading to acquisition of a post-depositional magnetization (pbDRM). The effects
could, however, also be attributed to thermally activated magnetic moments of grains close
to the blocking volume, i.e. the acquisition and decay of viscous remanent magnetization
(VRM). Rapid viscous decay during the measurements could account for the observed DRM
differences between sample types: sand samples were generally measured before the silt
samples, so that the time for a potential viscous decay was on average 15 min longer in silt

samples.

The overall mean DRM direction (D=0.9, 1=41.3, a95=2.0, N=42) agreed with the applied field
direction (Fig. 1f) and stepwise demagnetization yielded mostly univectorial magnetization
components that agreed with the initial DRM (Fig. 1h). DRMs were highly susceptible to AF
demagnetization (Fig. 1g) with an average MDFprm of 9mT (Table 1). Pronounced
demagnetization in weak AF-fields further points the presence of viscous magnetization
components. Sand samples were more susceptible to 5 mT AF fields and had ca. 1 mT lower

MDFs than silt samples.

3.3. Anhysteretic and isothermal remanent magnetization

ARM intensities imparted at 25, 50, and 100 uT DC bias fields were proportional to the
applied bias field with an average susceptibility of ARM, karm of 636x10°+13% (N=36); there
was no significant difference in karv between the two sample types. Timed magnetization
measurements for 3 sand and 3 silt samples indicated that ARMs were subject to pronounced
viscous decay (Fig. 2c). Within one day silt and sand samples lost on average 21+0% (n=3) and
29+1% (n=3), respectively, of their initial magnetization (ARMy). The decay rate was
approximately logarithmic and highly consistent among samples with same sediment type.
Extrapolating normalized decay curves (ARM(t)/ARMy) based on logarithmic regression
(R?20.97) suggests ARM half-lives on the order of 1 and 1000 years, and maximum relaxation

times of ~ 1 Ma and > 4 Ga for sand and silt samples, respectively (Fig. 2d).
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Stepwise IRM acquisition of 6 silt and 6 sand samples of batch #25 showed that all samples
saturated in fields of 100 mT (inset Fig. 2e). The average saturation IRM (sIRM) was
27.8+4.5 A/m (n=12). sIRM was on average 19% higher in sand (30.6+4.0 A/m, n=6) than in
silt samples (24.9+2.8 A/m, n=6). For this specific samples set, also the ARMs were on average
16% higher in sand than in silt samples, whereas over the whole sample set no significant
difference was observed in ARM intensity between sample types. sIRM/xkratios ranged from
6-9 kA/m (Fig. 2e). The ratio is a typical rock-magnetic proxy to detect greigite in sediments,
where for SD greigite sIRM/xs often exceeds 50 kA/m (Snowball and Thompson, 1990).
Although greigite is the only magnetic mineral in our samples, sIRM/x ratios are lower than
10 kA/m, a frequently used threshold of to discriminate between greigite and magnetite
dominated sediments (Nowaczyk et al., 2020). Low sIRM/x values may relate to substantial
SP contributions in our samples (Chapter 1V), considering that SP grains just below the room
temperature blocking volume can significantly increase k¢ (Worm, 1998) but do not
contribute to magnetic remanence (i.e. SIRM). Plotting sIRM/xi against ki (frequency
dependency of susceptibility), a proxy for relative SP contributions, shows a significant
negative correlation for silt samples (Fig. 2e), supporting that lower sIRM/x values are
related to higher SP contributions. Data for sand samples exhibit no significant correlation,

but generally overlapped with the trend observed for silt samples.

Ratios of ARM(Bo)/sIRM determined for 6 samples of batch #25 for Bo = 25, 50 100 uT were
linearly dependent on Bo, as expected (R?=1.00) (Fig. 2f). The ARM recording efficiency (thus,
the ARM/sIRM ratio) of SD particle ensamples is strongly dependent on the degree of
magnetostatic interactions, which relate to the concentration of magnetic particles in a non-
magnetic matrix or their packing fraction within clusters (Sugiura, 1979; Egli, 2006). A general
overlap between sand and silt samples, therefore, indicates a similar degree of interactions
between the greigite particles in both sample types. Comparison of ARM/sIRM ratios of our
samples and those reported for synthetic magnetite bearing samples (Sugiura, 1979), suggest
that our data correspond to magnetite concentrations of 0.4% and 2.3% Fig. 2f. The reference
values for magnetite likely underestimate greigite concentration, considering that the
saturation magnetization of magnetite (and thus its interaction fields) is roughly twice as high
as for greigite (Chang et al., 2008). Moreover, Sugiura (1979) reported contributions of
pseudosingledomain grains, which lower ARM. The overlap between our data with those for
0.4%-2.3% magnetite bearing samples is, therefore, consistent with the reported 7% SD

greigite packing fraction in sulfide clusters of our samples (Chapter V).
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Figure 3. Comparison of CRM and DRM. (a) CRM vs. DRM moments for magnetizing fields of 25-
100 uT. (b) Normalized AF demagnetization of CRM, DRM and ARM imparted after and before re-
deposition; mean values of 4 samples (#6.17, #6.18, #6.24, #6.25) are shown, shading indicated
standard deviation. (c) Ratio of median destructive fields (MDF) of NRM over MDF of ARM
determined from the individual demagnetization spectra. A magnetizing field of 50 uT was applied
inall cases.

4. Discussion

4.1. CRMintensity and recording efficiency

Our CRM results indicate that the magnetization acquired during greigite formation tracks
the applied magnetic field direction and intensity, as is generally expected for growth of SD
grains in weak magnetic fields. Linear proportionality of the absolute CRMs with the applied
magnetic field intensity and good agreement (within 12% RSD) among samples grown in the
same field, further indicate similar magnetic recording characteristics, i.e. similar greigite
concentration and grain size distributions for all samples. Absolute CRM intensities were
similar to ARMs acquired in the same magnetizing fields, although slightly higher for most
samples (Fig. 3a). The average difference of 7% is significant on the 0.05 level, based on a
paired t-test. Due to the ca. 50°C higher acquisition temperature for CRM, lower

magnetizations than for ARM should be expected. Observation of the opposite suggests that
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the temperature difference had no major influence on the magnetizations. However,
acquisition temperature could account for the marked difference in remanence-loss, where
CRM decayed by on average 0-5% and ARM by 20-30% within one day after acquisition. The
smallest, most vicious grain fraction that is responsible for the pronounced decay of ARM was
likely unblocked at 50°C and did not acquire a CRM, which is consistent with CRM being more
resistant to weak AF fields of 5-10 mT than ARM (Fig. 3c).

Figure 3b compares the average weak-field magnetizations acquired at each field intensity,
normalized by the average sIRM of batch#25 (27.8+4.5 A/m, n=12), to better evaluate the
relative recording efficiencies. Low ARM/sIRM ratios, also shown in Figure 2f, indicate the
damping of ARM due to magnetostatic interactions. Values obtained for our samples, point to
stronger interactions than would be expected for a uniform greigite distribution with an
overall SD concentration of ~ 0.03%. The results are generally consistent with a clustering of
the sulfide particles and with the estimated SD-greigite packing fraction of 7% in the clusters.
Numeric modeling results suggest a ~90% reduced ARM intensity for magnetite packing
fractions of 3.5% (Egli, 2006), which, considering the ca. two times lower magnetic moment of
greigite, is assumed equivalent to the interactions among greigite grains with a 7% packing
fraction. It should therefore be expected that interactions lower the ARM intensity in our

samples by ~90%.

Both ARM and CRM acquisition are controlled by weak-field thermal relaxation processes,
interactions likely influence both remanence types in a similar way, which is supported by
comparable CRM and ARM recording efficiencies in our experiments. For the CRM, however,
interactions should be negligible in the beginning of the formation process and increase over
time, proportional with concentration of magnetic minerals. Because CRMs were only slightly
higher than ARMs, this effect had seemingly no major influence on the CRM intensities in our
experiments, but it could account for the minor difference between the two remanence types.
Potentially, a higher CRM recording efficiency in the beginning of the greigite growth process
compensated for the smaller fraction of SD grains due to the 50°C higher acquisition

temperature.

To compare the experimental relative CRM intensities to the CRM model, magnetostatic
interactions should be accounted for in eq. (5). Interactions effectively reduce the
magnetizing field B,, which should therefore be substituted by Bgs = By—Bjnt, Where Bin:

is the interaction field. B;,; depends on the sample magnetization, which, for weak
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magnetizing fields, increases linearly with B,, so that Bgg = B fint, Where fin: is a
damping factor ranging from O-1 that describes to which degree the recording
efficiency is reduced. The relative CRM intensity for interacting SD grain ensembles

is then given by:

Mcrm(Bo,V) _ VinUsBofint (7)
Mys(Tg) kTg )

Similarity of ARM and CRM recording efficiencies and comparison of our ARM/sIRM results
to numeric ARM modelling results (Egli, 2006) suggests interactions could have lowered the

CRMs by ~90%, so that fi,; = 0.1.

Neglecting the inferred minor differences in remanent magnetization between 75°C and

room temperature, so that M,s(T;) ~ sIRM allows to directly compare eq. (7) to our

. CRM . . .
experimental g values. M, can, likewise, be approximated by the room temperature

value 270 kA/m (Li et al., 2014). The temperature dependency of M, for greigite has, to our
knowledge, not been determined above 300 K, however, reported differences between 5-
300K are small (5-7%) (Chang et al., 2008; Li et al., 2014). The final volume, Vs, is not identical
for all grains in a sample but rather a volume distribution—for simplicity, it can be
approximated by the average grain volume of the SD-greigite distribution. The average size
of all (SP+SD) greigite particles lies between 20-50 nm. Considering that only the largest
~25% of grains were in a stable SD state at room temperature, suggests that the average SD
size lies closer to the upper limit of 50 nm. Assuming spherical grains, this size corresponds to
the theoretical SP/SD threshold (relaxation time of 1 minute) of greigite at room temperature
(Chapter IV). The actual SD grain size in our samples may, however, be smaller than the
estimated threshold, particularly if the grains are not equidimensional, since larger aspect
ratios and magnetostatic interactions can reduce the blocking volume, i.e. lower the SP/SD
threshold (Muxworthy et al., 2013). Taken together these constraints allow to calculate the
theoretical relative CRM for a range of grain volumes Vsin=4/3 pi (dfin/2)® with dsin = [20-50] nm,
and for different damping factors. Figure 4 compares the modeling results for fi . =
[1,0.1,0.05]. Without interactions (f;, = 1), the CRM model nearly overlaps with our
data for drin=20 nm but significantly overestimates the measured relative CRM
intensity for larger grain sizes (Fig. 4a). Since we expect areduced recording efficiency
and grains of 20 nm are likely smaller than the blocking volume, this model cannot

explain our experimental CRM results. For the expected f;,; value of 0.1, the CRM
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model overlaps with our data for dfin = 40 nm (Fig. 4b), which lies within a plausible
range for SD greigite in our samples assuming a minor reduction of the SD threshold
compared to the theoretical value for spherical non-interacting grains. Fitting f;,,: so
that the CRM model for dfin = 50 nm overlaps our data, yields f;,; = 0.05, i.e.requires
a 95% reduced recording efficiency (Fig. 4c).
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Figure 4. Comparison of experimental and modeled relative CRM intensities. Red circles indicate
average values and standard deviations for experimental CRM/sIRM ratios and grey lines represent
modelled curves using eq. (7) for spherical grains of 20, 30, 40, and 50 nm diameter and different f;,;
values. (a) fint = 1, (b) fint = 0.1, (c) fint = 0.05.

The results indicate that eq. (7) yields a realistic representation of the relative CRM intensity
acquired by our samples. For a plausible range of f;,,; and dg;,, values, corresponding to a 90-
95% reduced CRM recording efficiency and an average SD-greigite grain size of 40-50 nm the
calculated values match the empirical data within one standard deviation. Considering the
number of approximations used in our calculation, the good agreement is striking and
suggests, that the CRM acquisition process in greigite is equivalent to a grain growth CRM

and obeys the Néel thermal relaxation theory.

4.2. Comparison of CRM and DRM

Redeposition of the samples in the same weak magnetic fields lead to the acquisition of
magnetic remanences that were consistent for each field strength and showed a linear
dependency the applied field intensity, indicating acquisition of DRM in all samples.
Differences between sand and silt samples were negligible, particularly considering the large
differences in settling behavior: the sulfide fraction of sand samples deposited from within
seconds to up to 5 hours whereas in silt samples the sulfides and matrix formed a dense
suspension that slowly compacted over 17 hours. Comparable final remanences, therefore,

imply that neither differences in settling time, flocculation of sulfide and matrix grains, nor
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particle collisions during settling in the gel-like suspension of silt samples influenced the

acquisition process substantially.

Comparison of the absolute and relative DRM and CRM and ARM intensities (Fig. 3a and b)
indicates that the CRM recording efficiency was significantly higher than the DRM recording
efficiency. The difference was greater for silt than sand samples with average CRM/DRM
ratios of 5.0+1.4 and 6.1+0.3, respectively (n=18). Both estimates agree within one standard
deviation with theoretical factor of 6 difference, predicted by eq. (6). The prediction was
derived for non-interacting, submicron SD particles. As shown above, the CRM recording
process in our samples was substantially affected by magnetostatic interactions. ARM
acquisition and demagnetization of four samples before and after redeposition, thus, in the
CRM and DRM state, gave the reproducible results (Fig. 3c). This indicates that the degree of
interactions and the grain arrangement were equal for CRM and DRM. The settling greigite
particles were therefore embedded in sulfide aggregates of various sizes and their alignment
with the magnetic field (i.e. the DRM recording efficiency) is controlled by the net moment of
the aggregates. This concept is similar to the DRM flocculation theory, where aggregation of
non-magnetic matrix and magnetic minerals reduces the effective magnetization of the
settling objects (Tauxe et al., 2006; Shcherbakov and Sycheva, 2010). Clustering of the
sulfides, therefore, reduced the both the CRM and DRM recording efficiencies, albeit via

different mechanisms.

Eq. (6) further assumes the settling of sub-micron particles that are subject to Brownian
motion. Sulfide clusters that settled within seconds where likely too large to be influence by
Brownian motion and on the other hand settled to quickly to align with magnetic field, and
therefore may not have contributed to DRM. Moreover, DRM appears to be preferentially
recorded by the most viscous grain fraction, as indicated by stronger demagnetization in
weaker AF-peak fields, with average MDFs of 9 mT and 18 mT for DRM and CRM respectively
(Fig. 3c and d). Longer exposure to the magnetizing field for DRM than CRM (7 vs. 17 h), in
combinationwith alower acquisition temperature likely led to partial VRM acquisition during

and after deposition, which could have reduced the CRM/DRM ratio.

Slight differences in the grain fractions that contributed to DRM vs. those that contributed to
CRM and ARM in our samples manifest in the demagnetization behavior. The differences

were consistent among all samples, so that the ratio of the MDFnrm / MDFarm can distinguish
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between the type of NRM, where values close to 1 were characteristic for CRM and values
around 0.5 characteristic for DRM (Fig. 3d).

In summary, our experimental CRMs and DRMs can be distinguished by their recording
efficiencies, and their AF-demagnetization behavior. The relative “paleointensity”
NRM/sIRM and NRM/ARM was 5-6 times higher for CRMs than for DRMs, consistent with
theoretical predictions. Although the CRM intensity could be accurately reproduced by
thermal relaxation theory and a damping factor to account for magnetostatic interactions,
the DRM recording process in our samples remains less well contained. Given that the settling
sulfide clusters are primarily randomized by Brownian motion and that VRM contributions to
DRM are negligible, the good agreement between the observed and predicted difference in
DRM and CRM recording efficiency could suggest that sulfide clustering reduced the DRM

intensity to a similar extent as it reduced CRM and ARM due to magnetostatic interactions.

The observed differences in our experiments may not be directly applicable to natural
sediments, where DRM and CRM are carried by different grain fractions that usually differ in
mineralogy and/or grain size. Moreover, the DRM recording efficiency in natural sediments
is governed by multiple processes and different variables, so that our redeposition
experiments are likely not representative for most sedimentary environments. CRM
acquisition, in contrast, is primarily controlled by grain growth and the strength of the
ambient field, so that the CRM characteristics of our samples, specifically NRM/ARM and
MDFnrm/MDFarm ratios close to 1, should apply to a wide range of natural CRM bearing
sediments. Values close to 1 not unique to CRM, however, positive anomalies in both ratios

could point to the presence of CRM components.

5. Conclusions

Greigite growth in 42 discreate samples in different Earth-like magnetizing fields led to the
systematic acquisition of CRMs that tracked the magnetic field direction and intensity. With
atheoretical CRM model, based on thermal relaxation and a damping factor that accounts for
magnetostaticinteractions we could reproduce our experimental results. Good agreement of
the CRM model and data further indicate that CRM, acquired during greigite growth, which
is a solid-state transformation of preexisting FeS, is equivalent to a grain-growth CRM, that is
governed by thermal relaxation processes analogous to TRM acquisition. Similar recording
efficiencies of CRM and ARM suggests that if CRM-bearing greigite is the only magnetic

mineral in a sediment, NRM/ARM ratios can be representative of the absolute paleointensity.
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It was shown that authigenic greigite can hold a reliable record of the Earth’s magnetic field

direction, given that the timing of greigite formation can be sufficiently constrained.

Redeposition experiments with the same samples in the same magnetizing fields produced
DRMs that were parallel and proportional to the applied magnetic field. DRM intensities were
5-6 lower than CRM intensities, which is compatible with the theoretical difference in
recording efficiencies. Additionally, the DRMs differed from CRMs in their AF-

demagnetization behavior, being more susceptible to weak AF fields than CRM and ARM.

In contrast to DRM recording, which is highly variable in different sedimentary environments,
CRM depends mainly on the growth process and the magnetic field strengths, so that the
reported CRM characteristics are likely representative for natural sediments. High recording
efficiency of CRM, with CRM/ARM ratio close to 1 may lead to an overestimation of
paleointensity where DRM and CRM components coexist,and CRM remains undetected. Our
results indicate that positive anomalies in paleointensity that are coupled to positive
MDFnrm/MDFarm anomalies can be indicative of paleointensity biases due to CRM. A
combination of the two proxies, which are both based on standard parameters that often
determined in paleo- and rock-magnetic studies, can help distinguishing DRM and CRM in

natural sediments.
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