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Abstract Titanomagnetites in mid-ocean ridge basalt (MORB) experience variable post crystallization
alterations associated with seafloor tectonic and environmental processes. Compared to low-temperature
oxidation, seafloor hydrothermal alteration is thought to be more destructive but its magnetic aftermaths are
insufficiently documented. Here we present comprehensive rock magnetic and electron microscopic analyses
of fresh and hydrothermally-altered MORBs dredged from the Longqi and Yuhuang hydrothermal fields,
Southwest Indian Ridge. We observe large variations in magnetic properties of fresh MORBSs, originated from
relative proportions of nano-scale single-domain to vortex state and micron-scale vortex to multi-domain

state dendritic titanomagnetites. Progressive hydrothermal alteration produces secondary magnetite through
recrystallization of exsolved and dissolved Fe from primary titanomagnetite. Exsolution is evident by a dual
Verwey transition signature and coexisting Ti-poor titanomagnetites and sphenes in partially chloritized basalts.
A schematic model is proposed to explain the variations in magnetomineralogy and magnetic properties with
progressive hydrothermal alteration. Intermediate hydrothermal alteration products retain a secondary chemical
remanent magnetization (CRM) which is related to the long-term magnetization variations in oceanic basalts.
The established framework allows characterizing MORB hydrothermal alteration and ultimately contributes to
resolving the complexity of seafloor magnetism.

Plain Language Summary Seafloor magnetism is essential for understanding geodynamics and
resource prospecting. Near the seafloor high-temperature hydrothermal fields that host “black smokers”, the
primary titanomagnetites in oceanic basalts experience complicated alterations that profoundly change seafloor
magnetic anomalies. This study investigates the alteration of titanomagnetite through fluid-rock interactions in
such seafloor settings. We find titanomagnetite is disassembled into Fe-rich and Ti-rich phases when interacting
with fluids, causing a series of magnetic property variations. A schematic model is proposed to explain how
high-temperature fluid-rock interactions gradually destroy seafloor magnetism. This model improves our
understanding of seafloor magnetism from the perspective of hydrothermal alterations, which is important for
applying magnetic surveys to prospecting seafloor resources and probing subseafloor structures.

1. Introduction

Mid-ocean ridge basalt (MORB) acquires a thermoremanent magnetization (TRM) upon its eruption and subse-
quent cooling, generating seafloor magnetism (Gee & Kent, 2007). This TRM, however, is commonly modified
when the primary magnetic mineral in MORB—titanomagnetite (Fe, Ti O,) with titanium content (x value)
of ~0.6 (TM60; Petersen et al., 1979)—suffers various physicochemical alterations after lava emplacement.
Maghemitization (also referred to as low-temperature oxidation) of the primary TM60 at suboceanic conditions
has been studied extensively. Oxidation of Fe>* to Fe3* produces vacancies and cation reordering in the inverse
spinel structure of TM60 (Petersen et al., 1979; Xu et al., 1997), replacing the original TRM with a chemical
remanent magnetization (CRM; Almeida et al., 2014; Ozdemir & Dunlop, 1985). Extremely high oxidation states
can even produce self-reversed magnetization (Doubrovine & Tarduno, 2004, 2006). Moreover, maghemitization
is regarded as a possible explanation for the long-term variations of seafloor magnetization—a sharp decrease

WANG ET AL.

1 of 17


https://orcid.org/0000-0002-8671-7074
https://orcid.org/0000-0002-0165-1310
https://orcid.org/0000-0003-3186-1447
https://orcid.org/0000-0002-6756-5677
https://orcid.org/0000-0002-1520-8504
https://doi.org/10.1029/2021JB022646
https://doi.org/10.1029/2021JB022646
https://doi.org/10.1029/2021JB022646
https://doi.org/10.1029/2021JB022646
https://doi.org/10.1029/2021JB022646
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021JB022646&domain=pdf&date_stamp=2021-12-23

Aol |

NI Journal of Geophysical Research: Solid Earth 10.1029/2021JB022646

ADVANCING EARTH
AND SPACE SCIENCE

Writing — original draft: Shishun Wang
Writing — review & editing: Shishun
‘Wang, Liao Chang, Chunhui Tao, Dario
Bilardello, Long Liu, Tao Wu

from 0-20 Ma followed by a gradual increase up to 120 Ma (Bleil & Petersen, 1983; Matzka et al., 2003; Zhou
et al., 2001).

In addition to maghemitization, hydrothermal alteration of magnetic minerals is also recognized in MORB (e.g.,
Dekkers et al., 2014; Shau et al., 2000). Seafloor hydrothermal processes are distinguished as high-temperature
vent flows (250—-400°C) and low-temperature diffuse flows (<250°C), corresponding to heat sources deriving
from axial magma chambers and conductive cooling of the oceanic lithosphere, respectively (Alt, 1995). Diffuse
flows are widely distributed in the oceanic crust. Their effects on seafloor magnetism are thought to be similar
to maghemitization (Petersen et al., 1979). High-temperature vent flows are more concentrated along mid-ocean
ridges and back-arc spreading centers (Beaulieu & Szafranski, 2020). They are catastrophic to the magnetization
of MORB as they alter TM60 into nonmagnetic minerals such as chlorite and sphene (e.g., Ade-Hall et al., 1971;
Oliva-Urcia et al., 2011), producing prominent negative magnetic anomalies (e.g., Szitkar et al., 2014; M. A.
Tivey & Johnson, 2002). Although magnetic surveys have been successfully applied in probing hydrothermal
fields (e.g., Galley et al., 2020), the detailed transformation path of TM60 into alteration products and their ef-
fects on magnetic properties remain to be elucidated.

Based on multi-scale electron microscopic analyses, S. Wang et al. (2020) recently documented a detailed hy-
drothermal alteration pathway where titanomagnetites are dissolved by hydrothermal chloritization and brec-
ciation progressively, and nano-scale titanomagnetite inclusions are consumed faster and earlier than the mi-
cron-scale titanomagnetite dendrites. They also found that the Ti content (x) drops from 0.54 + 0.05 for primary
titanomagnetite in MORB to 0.08 + 0.02 for titanomagnetite residues in partially chloritized basalts (S. Wang
et al., 2020), indicating possible second-order reactions in addition to the overall titanomagnetite dissolution.
However, microscopic analyses are inefficient in recognizing these subtle interactions between magnetic minerals
and hydrothermal fluids due to the low concentrations of magnetic minerals in hydrothermally-altered MORB (S.
Wang et al., 2020). In this study, the magnetomineralogy of hydrothermally-altered MORB is quantified through
comprehensive rock magnetic analyses. Magnetic properties of fresh and hydrothermally-altered MORBs are
compared to identify key rock magnetic fingerprints associated with seafloor high-temperature hydrothermal
alteration. Integrating with the electron microscopic analyses, a schematic model is proposed to decode the effect
of high-temperature hydrothermal processes on magnetic mineral assemblages within MORB, which is critical
for understanding seafloor magnetism.

2. Materials and Methods
2.1. Samples

Fresh and hydrothermally-altered MORBs were dredged along the very-slow-spreading Southwest Indian Ridge
(SWIR; 14-16 mm yr~! full spreading rate; Dick et al., 2003) near Longgi and Yuhuang hydrothermal fields
(Figure 1; Liao et al., 2018; Tao et al., 2012, 2020) using a television-guided grab. Dredging sites show good
within-site homogeneity except for sites in hydrothermal fields where rocks of mixed alteration degrees were
found. Multiple samples were therefore obtained from different dredged pieces for sites in hydrothermal fields.
The studied samples include 41 fresh basalts, 23 chloritized basalts, and 8 chloritized basaltic breccias, which
represent a progressive hydrothermal alteration pathway as described in S. Wang et al. (2020). Chloritized basalts
and chloritized basaltic breccias are referred to as altered basalts. Chloritized basalts are further divided into
partially and fully chloritized basalts depending on whether the original basaltic textures are preserved or not
(S. Wang et al., 2020). In the following context, rock magnetic results are discussed according to their lithology
classifications (i.e., fresh basalts, partially chloritized basalts, fully chloritized basalts, and chloritized basaltic
breccias). Three chips of ~1-cm? with the same orientation were cut as sister specimens from each sample using
a diamond saw, avoiding the weathered coats. Rock powders were also prepared using a ceramic mortar.

2.2. Rock Magnetic Measurements

Alternating-field (AF) and thermal demagnetization (TD) were conducted in a magnetically shielded room at the
Paleomagnetism Laboratory, Peking University (PKU). Measurements were performed on a 2G-755 cryogenic
superconducting rock magnetometer equipped with an automatic sample handling system. For AF, specimens
were enclosed in 8-cm? plastic cubes and immobilized with cotton. AF was imparted in 2-mT steps (0-40 mT)
and 5-mT steps (40—120 mT) by in-line AF coils attached to the magnetometer. For TD, specimens were enclosed
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Figure 1. Bathymetric maps showing the sites for dredged samples and hydrothermal fields. (a) Bathymetric map with
dredging sites and Longqi and Yuhuang hydrothermal fields indicated. The inset provides a global picture of the study area.
(b) Yuhuang field zoom-in. Samples were dredged from the southwest sulfide area of the Yuhuang-1 inactive hydrothermal
field (Liao et al., 2018). (c) Longqi field zoom-in. Longqi-1 is an active hydrothermal field while Longqi-3 is an inactive one
(Tao et al., 2020). East Longjing-1 indicates an area with a hydrothermal anomaly (Tao et al., 2020).

in 8-cm? ceramic cubes and immobilized with silica wool. Specimens were heated in air in 25°C steps from 50
to 650°C using an ASC TD-48 thermal demagnetization device. The residual magnetic field in the magnetome-
ter and the TD device is below ~50 nT. The magnetic moment of holder and 8-cm? plastic/ceramic cubes were
~1071" Am?.

Hysteresis loops were measured using a Princeton MicroMag 3900 vibrating sample magnetometer (VSM) at
the Institute of Geophysics, China Earthquake Administration in Beijing. 1 and 0.5 T saturation fields were
used for fresh and altered basalts, respectively. Coercivity (B,), saturation magnetization (M), and saturation
remanent magnetization (M, ) were obtained after paramagnetic corrections using the HystLab program (Pater-
son et al., 2018). Isothermal remanent magnetization (IRM) acquisition curves for fresh basalts were acquired
by measuring 80 logarithmically distributed points from 0.1 mT to 1 T using the VSM. For magnetically weak
altered basalts, the IRM was imparted on an ASC impulse magnetizer and measured on the 2G-755 magnetom-
eter at PKU. A total of 60 data points were acquired in a logarithmical distribution from 1 mT to 2.5 T. Partially
chloritized basalts were also measured on the VSM to check if there are any biases in impulse-magnetizer-im-
parted IRMs. IRM components were defined using the skewed generalized Gaussian function (Egli, 2003). IRM
component unmixing was performed using the web application MAX Unmix (Maxbauer et al., 2016). First-order
reversal curves (FORC; e.g., Roberts et al., 2000) were measured for all 41 fresh basalts using the same param-
eters: 250 mT B, +50 mT B, and 800 mT saturation field, for a total of 130 FORCs per specimen. FORC data
were processed using the software Forcot (Berndt & Chang, 2019).
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Temperature-dependent magnetic susceptibility was measured in argon for all samples in heating-cooling cycles
between 50 and 700°C with a rate of ~13.7°C/min using an AGICO Kappabridge (model MFK-1FA) at PKU.
The applied field was 200 A/m and the operating frequency was 976 Hz. Low-temperature alternating current
(AC) susceptibility was measured on selected samples from 10 to 300 K in a 5 K step and a 5 K/min rate with
238.7 A/m applied field and operating frequencies of 1, 10, and 100 Hz. For low-temperature magnetic rema-
nence measurements, specimens were cooled from 300 to 10 K in a 2.5 T field (FC). Zero-field-cooled (ZFC)
curves, instead, were acquired by cooling in zero-field and imparting a low-temperature 2.5 T saturation IRM
(SIRM) at 10 K. Remanence was then measured in a 2.5 K step with a 5 K/min rate from 10 to 300 K in zero
field. Subsequently, samples were imparted a room-temperature SIRM in a 2.5 T field, and remanence was then
measured in zero field at a 2.5 K step through a 300 K-10 K — 300 K low-temperature cycle (LTC) with a 5 K/min
rate. All low-temperature measurements were performed on a Quantum Design Magnetic Property Measurement
System (MPMS) either at the Institute of Rock Magnetism (model MPMS-XL), University of Minnesota, or at
the Institute of Geomechanics (model MPMS3), Chinese Geological Survey in Beijing.

2.3. Electron Microscopic Analyses

Microscopic analyses were performed on carbon-coated rock thin sections of typical samples using an FEI
QUANTA-650FEG field-emission scanning electron microscope (SEM) at PKU. Backscattered electron (BSE)
image and X-ray energy dispersive spectrometry (EDS) were obtained with 10-15 kV accelerating voltage and
10 mm working distance.

3. Results
3.1. Demagnetization of the Natural Remanent Magnetization (NRM)

Fresh basalts have stable NRMs that decrease sharply between 10 and 40 mT AF or 100 and 250°C TD and more
gradually between 40 and 120 mT AF or 250 and 550°C TD (Figures 2a and 2b). Some fresh basalt samples have
a plateau in the temperature-dependent magnetization curve at 250—425°C (Figure 2d), but no obvious peculi-
arity is observed in the corresponding magnetization-AF curves (Figure 2c). This is likely caused by partially
self-reversed magnetization during heating, which indicates partial oxidation of samples before heating (Pan
et al., 2006; Text S1 and Figure S1 in Supporting Information S1). No stable NRM was preserved in fully-altered
chloritized basaltic breccias (Figures 2g and 2h). The demagnetization behavior of chloritized basalts depends
on the alteration degree: fully chloritized samples behave like chloritized basaltic breccias, whereas for samples
with slight to intermediate chloritization degree, the NRM is retained but is unblocked by ~30 mT AF or ~300°C
heating (Figures 2e and 2f). The highest measured fluid temperature at the Longqi hydrothermal field is 379°C
(Tao et al., 2012), and thus the remanence recorded by chloritized basalts is likely a CRM acquired during hy-
drothermal alteration.

3.2. IRM Acquisition Curves and Unmixing

The IRM acquisition curves of fresh basalts can be unmixed using two components (Figures 3a and 3b). The
lower coercivity components (blue) have mean remanence coercivity (B,) values of 25.1-56.2 mT and disper-
sion parameters (DP) around 0.25, while the mean B, and DP for higher coercivity components (violet) are
around 44.7-346.7 mT and 0.30, respectively. Altered basalts show large variability—the main peak can be un-
mixed by either one or two components with an additional high-field (green) component (Figures 3c—3f). The
green component typically has B, values over 316-1000 mT with some samples unsaturated in a 2.5-T field. No
significant discrepancies were observed between VSM and impulse-magnetizer-imparted IRMs (Figure S3 in
Supporting Information S1).

K-means cluster analysis was performed to extract statistical information from certain properties for all unmixed
IRM components. Four fitted IRM parameters (i.e., B,, DP, proportion, and skewness; Egli, 2003) were consid-
ered as four data dimensions in k-means clustering. To determine the optimal cluster numbers used for fresh and
altered basalts, the total Euclidean distance between data points and their clustering centroids was plotted against
the number of clusters after averaging 100 runs (Figure 3g). The “elbows” indicate 2 clusters for the fresh basalts
and either 3 or 4 clusters for the altered basalts. Considering the IRM unmixing results, 3 clusters were chosen
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Figure 3. Unmixing of isothermal remanent magnetization (IRM) acquisition curves and k-means clustering analysis of parameters for the unmixed components. (a—f)
Unmixed IRM acquisition curve of representative fresh basalts (a—b), partially chloritized basalts (c), fully chloritized basalts (d—e), and chloritized basaltic breccia (f)
samples. Mean remanence coercivity (B,) and dispersion parameter (DP) of unmixed components are indicated. Shaded bands are 95% confidence level. (g—i) K-means
cluster analyses of fitted IRM parameters for all unmixed components. (g) Elbow method with arrows showing the optimal number of clusters for fresh and altered
basalts. (h—i) DP plots with log B, from results of k-means cluster analyses. Cluster centroids are given by white-edged stars with data in Table 1. The shaded areas are
the 95% confidence ellipses of clusters.

for the altered basalts. The final results were determined from 20 replicates to avoid non-uniqueness introduced
by random initialization, which assures reproducibility of the clustering results. Figures 3h and 3i show the
clustering results of fresh and altered basalts reducing to B,-DP dimensions, and Table 1 reports the clustering

Figure 2. Natural remanent magnetization demagnetization for typical samples of different lithologies and alterations. Stepwise alternating-field (AF) and thermal
demagnetization (TD) plots were obtained from sister specimens of fresh basalt samples 40I-TVG14-1 (a-b) and 39I-TVGO3 (c—d), chloritized basalt sample 40IV-
TVGO04a (e—f), and chloritized basaltic breccia sample 40IV-TVG06-4 (g—h). Open and solid squares indicate vertical and horizontal plane projections, respectively.
Insets show magnetization as a function of increased AF or temperature. Note that the orientations for all dredged samples were determined during sample
preparation. The small inconsistency in directions among sister specimens is due to the disturbance when sealing the specimen fragments into plastic or ceramic cubes.
Demagnetization plots were produced using the PuffinPlot program (Lurcock & Wilson, 2012).
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Table 1

Clustering Centroids for IRM Components From k-Means Cluster Analyses

centroids. The blue (low coercivity) and violet (high coercivity) components
of the fresh basalts form two partially overlapping clusters (Figure 3h). The

Lithology group Cluster

dispersion parameter of the violet components decreases with increasing

Fresh Basalt Cluster 1 (blue)
Cluster 2 (violet)
Altered Basalt Cluster 1 (blue)
Cluster 2 (violet)

Cluster 3 (green)

B, (mT) DP P N .. .
remanence coercivity, producing an elongated pattern. Altered basalts are
1010 0.255  0.909  0.995 distinguished from fresh basalts by the presence of high-field (green) com-
10>%5 0309 0211 1028  ponents (Figure 3i). Cluster 1 and 2 in altered basalts completely overlap and
10467 0295 0348 0.947 have more scattered clustering than the fresh basalts resulting from modifica-
10195 0277 0905 0.966 tions of the magnetic mineralogy by hydrothermal alteration.
102778 0.344 0.164 1.270

Note. B,, mean remanence coercivity; DP, dispersion parameters; P,

proportions; S, skewness.

3.3. High-Temperature Dependent Magnetic Susceptibility (x-T)

The %-T curves of fresh basalts can be resolved into two predominant compo-

nents with Curie temperatures lower than 200°C (Figure 4a) and around 350—

400°C (Figure 4b), corresponding to different groups of titanomagnetite. A
combination of these two components is found in most fresh basalt samples (Figure 4c). The smaller hump at
~400-600°C is consistent with inversion of oxidized titanomagnetite (Krasa & Matzka, 2007). The irreversibility
of the heating/cooling curves is likely caused by the inversion products and ordering state changes during heating
(Harrison & Putnis, 1999). For partially chloritized basalts, magnetic susceptibility increased during heating with
a bump between ~150 and 350°C (Figure 4d). The bump results from the annealing of stresses of the oxidized (ti-
tano) magnetites (Bilardello, 2020) and is typical for alteration-related samples (e.g., Bowles et al., 2020; Kontny
& Grothaus, 2017; Krasa & Herrero-Bervera, 2005). Oxidized titanomagnetite also existed in fully chloritized ba-
salts (Figure 4e): a susceptibility drop was observed in the heating curve around 350°C, but unlike data for fresh
basalts (i.e., Figure 4b), it was completely unrecoverable in the cooling curve. Oxidized titanomagnetite became
stoichiometric magnetite after being heated to 700°C. Fully chloritized samples with scarce magnetic minerals
have low susceptibilities (Figure 4f). Heating results in a peak at around 500-600°C, amplified in the cooling
curve, indicating that magnetite was produced from chlorite or other altered minerals (e.g., Just & Kontny, 2012).
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Figure 4. High-temperature dependent magnetic susceptibility (x-T) of representative samples: fresh basalt samples 391-TVGO02 (a), 391-TVGO8 (b), and 40II-TVG11
(c), partially chloritized basalt sample 391I-TVG05-2-9 (d), fully chloritized basalt sample 40I-TVG22-1-2 (e), and chloritized basaltic breccia sample 40I-TVG20-2-14
(f). Heating and cooling curves are presented in red and blue, respectively. The marked Curie temperatures were estimated from slope minimums at susceptibility drops.
The corresponding derivative curves can be found in Figure S4 in Supporting Information S1.
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Figure 5. Low-temperature magnetic property data. (a) and (b) Alternating current susceptibility measured on a fresh basalt sample 40IV-TVG18 (a) and a fully-altered
chloritized basaltic breccia sample 40IV-TVGO06-2 (b). Solid and dotted colored lines are in-phase (') and out-of-phase (x") susceptibilities measured with 1, 10, and
100 Hz frequencies. (c)—(f) Low-temperature cycling (LTC) of a room-temperature saturation isothermal remanent magnetization (SIRM) measured on a fresh basalt
sample 39I-TVGO2 (c), a partially chloritized basalt sample 391I-TVGO05-4-2 (d), a fully chloritized sample 40I-TVG22-1-1 (e), and a chloritized basaltic breccia sample
40IV-TVGO06-2 (f). (2)—(j) Corresponding field-cooled (FC) and zero-field-cooled (ZFC) heating curves of samples shown in (c)—(f). Chloritized basaltic breccia sample
has noisy data because of its low magnetization. The terrains in the background of (c)—(j) are the first derivatives and are related to individual curves with same colors.
The magnetite Verwey transition temperatures are indicated. Blue and red arrows indicate cooling and heating, respectively. The black triangle in (e) marks the hematite

Morin transition.

3.4. Low-Temperature Magnetic Measurements

Fresh and altered basalts both have significant paramagnetic fractions contributing to AC susceptibility as a
strong hyperbolic decrease of in-phase susceptibility with increasing temperature below ~50 K (Figures 5Sa, 5b,
and S5 in Supporting Information S1). Above ~50 K, temperature-dependent susceptibility decrease for altered
basalts still follows the Curie-Weiss law (Figure 5b), while fresh basalts have ferromagnetic features superim-
posed on the paramagnetic signal (Figure 5a). At 50-100 K, fresh basalts exhibited frequency-dependent in-phase
and out-of-phase susceptibilities, which are likely caused by thermally activated long-range electron hopping of
titanomagnetite, associated with domain wall relaxation (Church et al., 2011; Moskowitz et al., 1998). Above
100 K, both in-phase and out-of-phase susceptibilities increase parabolically and peak above 300 K, indicat-
ing the presence of single-domain (SD) particles with blocking temperature above room temperature (Bowles
et al., 2009; Till et al., 2011).

Fresh basalts have reversible LTC curves with a hump between 150 and 200 K (Figure 5c) probably due to mag-
netic anisotropy variations of Ti-rich titanomagnetites (e.g., Kakol et al., 1991). ZFC and FC curves converge
at ~50 K (Figure 5g), which is consistent with the thermal dependence of anisotropy and magnetostriction con-
stants for Ti-rich titanomagnetites (Moskowitz et al., 1998). Altered basalts show magnetite Verwey transitions
(Verwey, 1939) in low-temperature remanence curves compared to fresh basalts. Fully chloritized basalts and
chloritized basaltic breccias have Verwey transition temperatures (T) of 115-120 K (Figures 5e, 51, 5i, and 5j),
corresponding to near stoichiometric magnetite. Partially chloritized basalts present characteristic dual Verwey
transitions at ~100 K and 115-120 K (Figures 5d and 5h). Electron microscopic analyses reveal that titano-
magnetites generally occur as micron-scale alteration residues in partially chloritized basalts (Figure 6a) and
have reduced titanium contents compared to fresh basalts (Figures 6f1; S. Wang et al., 2020). Although primary
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Figure 6. Scanning electron microscopic analyses of partially chloritized basalts. Backscattered electron (BSE) images (a—e) and energy dispersive spectra (EDS;

f) were obtained from samples 391I-TVG05-4-2 (a—c) and 40I-TVG17-1-2 (d—e). EDS was acquired at positions marked by the circle with cross. Note that the Si
signal in spectrum f2 is from the silica matrix. Mineral abbreviations are: Ab = albite, Amp = amphibole, An = anorthite, Chl = chlorite, Mt = magnetite, Si = silica,
Sph = sphene, and Tmt = titanomagnetite.

nanoscale titanomagnetite inclusions were dissolved during initial chloritization (S. Wang et al., 2020), a small
group of magnetite inclusions was produced during alteration. They typically have grain sizes of <1-2 pm and
are embedded in either albitized plagioclases (Figures 6b and 6c¢) or silicified areas (Figures 6d, 6e, and 6f2)
of hydrothermal origin (Alt, 1995). Note that these secondary magnetite inclusions often coexist with sphene
crystals (Figures 6e and 6f3). The presence of both low-titanium titanomagnetite alteration residues and hydro-
thermally-produced magnetite inclusions in partially chloritized basalt explains the dual Verwey transitions in
low-temperature magnetic measurements (Figures 5d and 5h) and corroborates the high-temperature susceptibil-
ity results (Figure 4d).

In addition to magnetite, other magnetic minerals are also evident in low-temperature remanence measurements
for altered basalts. The hematite Morin transition (Morin, 1950; Ozdemir et al., 2008) can be observed at around
230-250 K (Figure 5e). FC and ZFC curves have large separations and converge at a temperature beyond T,
(Figure 5j), indicating contributions from goethite (Liu et al., 2006). The presence of hematite and goethite is con-
firmed by the 2.5 T unsaturated high-field component in the IRM acquisition curve unmixing (Figures 3e and 3f).

3.5. Hysteresis Properties

Fresh basalts exhibit an exponential trend in the M /M (squareness)—B_ plot with a maximum squareness of 0.67
(Figure 7a). The exponential trend represents variations in crystallization: toward the origin (i.e., low B_and M_/
M values), basalts are dominated by complex-shaped micron-scale titanomagnetite dendrites; to the other end,
basalts show typical quenching textures with dominance of nano-scale Fe-Ti oxides (Figures 7e-7g and S7 in
Supporting Information S1). High-resolution transmission electron microscopic (TEM) analyses have confirmed
that these Fe-Ti oxides are titanomagnetite (S. Wang et al., 2020). Altered basalts have a “lowered” linear trend
caused by low-Ti titanomagnetite or magnetite produced by hydrothermal alteration (Figure 7a; D. Wang & Van
der Voo, 2004). In FORC diagrams, MORBs with abundant micron-scale titanomagnetites tend to have coercivity
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Figure 7. Hysteresis signatures and microstructures of fresh MORBs. (a) Saturation remanent magnetization (M, ) to saturation magnetization (M) ratio plots

with coercivity (B,). Fully altered paramagnetic samples are not shown. Data for fresh basalts were exponentially fitted with M, /M = Aexp(RB_) + ,, where

A =-0.793 + 0.062, R,= —0.0698 + 0.0072, and Vo= —0.601 + 0.013. Altered basalts were linearly fitted with MrS/Ms = kBC + b, where k = 0.00652 + 0.00074 and
b =0.0801 + 0.0230. Shadowed bands represent the 95% confidence. (b)—(d) First-order reversal curves (FORC) for samples indicated by arrows in (a). Smoothing
factors (SF) were automatically optimized by Forcot software (Berndt & Chang, 2019). (e)—(g) Corresponding backscattered electron (BSE) overviews of the same
samples in (b)—(d) show typical titanomagnetite microstructures. Mineral abbreviations are: Tmt = titanomagnetite, Cpx = clinopyroxene, Pl = plagioclase, and

IG = interstitial glasses.

distributions mostly within 50-100 mT (Figures 7b and 7c), while those dominated by nano-scale titanomagnet-
ites have dispersed coercivity distributions over 200 mT (Figure 7d). Vertically distributed inverted trapezoidal
contours are observed in all measured FORC diagrams, indicating the dominance of interacting SD particles
(Roberts et al., 2014). The negative regions at the bottom left and the small ridges at B, = 0 correspond to uniaxial
noninteracting SD grains (Newell, 2005). Contributions from vortex state particles and/or grains with contrasting
magnetic states are evident by vertically extruded lobes (Lascu et al., 2018; Roberts et al., 2014, 2017) and are
more prominent in samples with complex-shaped titanomagnetite dendrites (Figures 7b and 7c).

4. Discussions
4.1. Hysteresis Signatures of Nano- and Micron-Scale Titanomagnetites in Fresh MORBs

Before evaluating the magnetic signatures associated with hydrothermal alteration, it is important to understand
the natural variability of magnetic properties for fresh MORBs. Micron-scale titanomagnetites were in metastable
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Table 2
Summary of Magnetic Signatures for Fresh and Hydrothermally-Altered MORBs
Lithology Type of NRM IRM unmixing® x-T curve Low-temperature transitions
Fresh Basalt TRM (41/41)° Two components (41/41) T, <200°C No phase transition
T, =350-400°C (6/6)
(39/41)
Partially Chloritized Basalt CRM Additional Maghemite bump Dual Verwey transition
(21/31) high-field ~150-350°C (4/6) T,=~100K
component T,=115-120K
(25/31) (3/4)
Fully Chloritized Basalt No Remanence (10/31) Heating produces magnetite (23/25) Verwey transition
& T, =115-120K
Chloritized Basaltic Breccia Evidence for hematite and goethite
(5/5)

Note. CRM, chemical remanent magnetization; IRM, isothermal remanent magnetization; NRM, natural remanent magnetization; TRM, thermoremanent magnetization;
x-T, temperature dependence of magnetic susceptibility. 7, and T, are Curie temperature and magnetite Verwey transition temperature, respectively.

3See Table 1 for statistical information. ®*The numbers in parentheses (m/n) indicate m of n measured samples with such signature.

equilibrium with the initial melts, which is evident by the brightness gradient in Figure 7e where the micron-scale
particles adhere to and take up iron from clinopyroxene (e.g., Pontesilli et al., 2019). Nano-scale titanomagnetites
crystallized posterior to micron-scale ones through quenching of a differentiated melt (Zhou et al., 2000, 2001).
Vertically-extended lobes and positive ridges along + B axis in FORC diagrams (Figures 7b-7d) together with
frequency-dependent AC susceptibility around 50-100 K (Figure 5a) indicate that the ~5-10 pm micron-scale ti-
tanomagnetites are in vortex to multi-domain states, which is consistent with the observations by Shaar and Fein-
berg (2013). The nano-scale titanomagnetites have wide grain size distributions from ~50 to >150 nm (S. Wang
et al., 2020; Figure S7 in Supporting Information S1), corresponding to SD to vortex states (e.g., Nikolaisen
et al., 2020). Nano-scale titanomagnetites generally have high and wide coercivity distributions, but their signals
are often blanketed by micron-scale titanomagnetites in MORBs. This was confirmed by chemically extracted
nano-scale titanomagnetites prepared for deposition experiments: coercivity distribution expands toward high
fields after dissolving the micron-scale titanomagnetites by hydrochloric acid (Chang et al., 2021).

The exponential trend of MORBSs in the squareness versus coercivity plot represents the relative contributions of
micron- and nano-scale titanomagnetites. According to the modeling results of Tauxe et al. (2002), coercivity of
~40 mT and squareness of ~0.5 mark the turning point from vortex states into SD regime. The ~0.6 squareness
is interpreted to reflect particles with “complicated shapes” by Tauxe et al. (2002), but in this case, it is likely
a consequence of undersaturation (Fabian, 2006) as the hysteresis loops of quenched samples merge just below
1 T field (Figure S6 in Supporting Information S1). The ideal convergence point of squareness should be closer
to the uniaxial SD trend of Tauxe et al. (2002). Indeed, the high coercivities of nano-scale titanomagnetites can
be caused by shape anisotropies, as K-means clustering of high-coercivity (violet) components for fresh MORBs
shows decreasing DP with increasing B, (Figure 3h), which is typical for elongated particles with predominant
shape anisotropy (e.g., Bai et al., 2021; Chang et al., 2019). Enhanced internal stress during quenching can also
be an important factor that keeps coercivity increasing after “saturation” of squareness (Fabian, 2006; Nikolaisen
et al., 2020). Overall, the exponential trend verifies the modeling results of Tauxe et al. (2002). As a potential sub-
stitute for the Day plot (Roberts et al., 2018), the squareness versus coercivity plot is powerful in distinguishing
the relative dominance of nano- and micron-scale titanomagnetite in MORB.

4.2. Magnetic Fingerprints of High-Temperature Hydrothermal Alteration in MORB and Their
Implications for Tracing the Alteration Process

Compared to maghemitization of titanomagnetite in MORBsS, the recognition of the high-temperature hydrother-
mal alteration traditionally relies on petrographic analyses, while its magnetic signatures are insufficiently docu-
mented. Our study provides a valuable dataset that not only characterizes the magnetic fingerprints of high-tem-
perature hydrothermal alteration but also decodes the complex interactions between magnetic minerals and
hydrothermal fluids. Table 2 summarizes the contrasting magnetic properties of MORB and its high-temperature
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alteration products. The presence of the magnetite Verwey transition constitutes a major discriminating factor
between fresh and hydrothermally-altered MORBs. More fascinatingly, the studied partially chloritized basalts
show unique dual Verwey transitions (Table 2; Figure 5) that correspond to the low-Ti micron-scale titanomag-
netite residues and hydrothermally-produced magnetite (Figure 6). Considering that these magnetite grains co-
exist with sphene and titanomagnetite Ti-content decreases during hydrothermal alteration (Figure 6), we hereby
propose that hydrothermal alteration of primary titanomagnetite involves second-order exsolution of Fe-rich and
Ti-rich phases, superimposed on the hydrothermal dissolution of titanomagnetite (S. Wang et al., 2020).

Although Ti is considered an immobile element due to its conserved concentration during alteration (e.g., Ches-
worth et al., 1981), it can be reaccommodated into alteration-produced minerals during the hydrothermal break-
down of the host minerals (e.g., Oliva-Urcia et al., 2011; Pochon et al., 2017). TM60 is thermodynamically
unstable at hydrothermal temperatures (<400°C) and thus it tends to exsolve into Fe-rich and Ti-rich phases
(Nagata, 1961; Petersen et al., 1979). Both Fe-rich and Ti-rich phases should have been dissolved in the hydro-
thermal fluids (Stefansson, 2001). Interestingly, we observe that the Fe-rich phase is still preserved as low-Ti
titanomagnetite residues, while the Ti-rich phase has been fully replaced by coexisting magnetite and sphene.
Understanding the detailed dissolution mechanism is challenging as complex dissolution-precipitation coupling
is involved at the mineral-fluid interface (Ruiz-Agudo et al., 2014). One possible explanation from thermody-
namic calculations is that Ti-rich phases (e.g., ulvospinel and ilmenite) are under a more undersaturated state
than Fe-rich phases (e.g., low-Ti titanomagnetite and magnetite) in hydrothermal fluids (Stefansson et al., 2001).
The Ti-rich phase was hence preferentially dissolved in hydrothermal fluids becoming Fe(OH),, Fe(OH)s, and
Ti(OH)4 (Stefansson, 2001). Ti(OH), reacted with siliceous hydrothermal fluids and formed sphene (CaTiSiOs):

Ti(OH)4 + Ca** + H4SiO, = CaTiSiOs + 3H,0 + 2H", (Oliva-Urcia et al., 2011).
The Ca’* was derived from the albitization of anorthite (Figure 6):

CaAl;Si;Og + 2Na* + 4Si0,(aq) = 2NaAlSi;Og + Ca?*, (M. K. Tivey, 2007).
Magnetite is formed through recrystallization of Fe(OH), and Fe(OH)s:

Fe(OH), + 2Fe(OH); = Fe;04 + 4H;0, (modified from Iwasaki et al., 2012).

Recrystallized magnetite produces the ubiquitous Verwey transition in hydrothermally-altered MORBs. Part of
the Fe and Ti in the hydrothermal fluid may have derived from dissolved titanomagnetite and have contributed to
magnetite and sphene formation, especially those nano-scale titanomagnetite inclusions firstly consumed during
initial chloritization (S. Wang et al., 2020).

To construct a schematic model of magnetomineralogy evolution during hydrothermal alteration, we compare
our dredged samples with drill cores from the Trans-Atlantic Geotraverse (TAG) active hydrothermal mound,
obtained during Ocean Drilling Program (ODP) Leg 158 (Humphris et al., 1995, 1996). From bottom to top,
the internal stockwork of the TAG active mound can be divided into chloritized zone, silicified zone, anhydrite
zone, and sulfide zone (Humphris et al., 1995, 1996, Figure 8a). Petrographic and geochemical analyses revealed
that chloritized basaltic breccia (CBB) and silicified wallrock breccia (SWB) in chloritized and silicified zones
represent a progressive hydrothermal alteration sequence of MORB wallrocks (Honnorez et al., 1998). The SWIR
fresh MORBs and CBBs correlate well with the MORB wallrocks and CBBs beneath the TAG mound, enabling
a projection of our dredged samples to the TAG mound transection (Figure 8a). A small number of pyrite veins
were found in our CBBs (S. Wang et al., 2020), which can be related to their origins from stockwork zones. How-
ever, less sulfur is found in our samples compared to TAG drill cores (Humphris et al., 1995, 1996), probably
because the dredged sites are not as close to the hydrothermal discharge zones (>100 m; Figure 1). The partially
and fully chloritized basalts are regarded as intermediate alteration products in between MORB and CBB based
on their petrographic signatures (S. Wang et al., 2020).

The first-order effect of high-temperature seafloor hydrothermal vent alteration is the progressive dissolution of
primary titanomagnetites, as indicated by the decreasing abundance of magnetic minerals in Figure 8b. Exsolu-
tion is a superimposed second-order process modifying the magnetomineralogy. During initial chloritization, na-
no-scale titanomagnetite inclusions were consumed while micron-scale titanomagnetite dendrites were modified
and became residues. Such modifications involve both exsolution of Fe-rich and Ti-rich phases and dissolution.
Titanomagnetite residues are the exsolved Fe-rich phase with a reduced Ti content, while the Ti-rich phase was
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Figure 8. Schematic diagram showing magnetomineralogical variation during high-temperature hydrothermal alteration
near seafloor hydrothermal fields. (a) Projection of SWIR dredged samples to the TAG mound transection through lithology
correlations. The vent morphology, fluid circulation pattern, and deep structures were sketched from M. K. Tivey (2007).
Dotted lines enclose the stockwork, which is divided into chloritized zone, silicified zone, anhydrite zone, and sulfide

zone based on the drilling results of Ocean Drilling Program (ODP) Leg 158 (Humpbhris et al., 1995, 1996). The TAG
hydrothermal alteration sequence is from Honnorez et al. (1998), which includes MORB, chloritized basaltic breccias
(CBB), and silicified wallrock breccias (SWB). (b) Magnetomineralogical variations of the established SWIR hydrothermal
alteration pathway in this study and Wang et al. (2020). Stages I to IV are consistent with the SWIR sequence in (a) and
correspond with the lithology of MORB, partially chloritized basalt, fully chloritized basalt, and chloritized basaltic breccias,
respectively. Typical magnetic mineral components are indicated.

disseminated in siliceous hydrothermal fluids to form sphene and magnetite, together with the dissolved Fe and
Ti from both micron- and nano-scale titanomagnetites. The newly formed magnetite did not make up for the dis-
solution of primary titanomagnetite. As alteration proceeded, only trace amounts of magnetite or titanomagnetite
“survivors” were found in fully-altered products. Not shown in this model are the hematite and goethite found in
altered basalts (Figures 3 and 5). According to investigations of the extinct mounds at the TAG field, hematite
and goethite can be produced by oxidizing flows far posterior to the high-temperature hydrothermal activities
(Murton et al., 2019).

Similarities in lithologies between TAG transection and our SWIR sample set indicate that the findings in SWIR
apply to other MORB-hosted high-temperature hydrothermal vents. Our model is also consistent with the finding
from terrestrial hydrothermal fields (e.g., Oliva-Urcia et al., 2011). However, it should be noted that the scarce
sulfides in our samples hinder further understanding of the coupled hydrothermal alteration and sulfide miner-
alization. Therefore, comparative rock magnetic investigations on samples with stratigraphic control from other
hydrothermal fields are expected to testify and improve this model.
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4.3. Implications for Understanding Long-Term Seafloor Magnetization Variations

The long-term magnetization variation of basaltic ocean crust (Bleil & Petersen, 1983) was conventionally ex-
plained by a growing CRM at the cost of primary TRM (Masterton et al., 2013; Raymond & LaBrecque, 1987).
Low-temperature oxidation of titanomagnetite in oceanic basalts was thought to be responsible for the CRM
acquisition (Matzka et al., 2003), but a temporal variation of the oxidation degree is not evident (D. Wang
et al., 2005). Seafloor hydrothermal alteration can be an additional mechanism for the replacement of primary
TRM with CRM in MORB (Figure 2; Table 2). Our model (Figure 8) bridges the gap between hydrothermal
alteration and seafloor magnetization variations. During hydrothermal alteration, equilibrium may not be reached
and thus intermediate products such as partially chloritized basalts can exist in ocean crust. Altered MORBs
retain magnetization about one order of magnitude lower than fresh MORBs (S. Wang et al., 2020) due to ti-
tanomagnetite residues and exsolved magnetite (this study), which is consistent with the one order-of-magnitude
magnetization drop for the 0-20 Ma oceanic basalts (Bleil & Petersen, 1983). Detailed rock magnetic and micro-
scopic analyses of various ODP/IODP samples have confirmed the existence of hydrothermal CRM in altered
MORB:S (e.g., Dekkers et al., 2014; Shau et al., 2000). We therefore speculate that high-temperature hydrothermal
alteration can be an underestimated factor that contributes significantly to the profound magnetization drop near
mid-ocean ridges.

Although the hydrothermal alteration represents a promising explanation for the long-term seafloor magnet-
ization variations, the intensity of hydrothermal flows is hard to quantify and whether it presents a similar
long-term variation pattern remains unknown. Besides, the incidence of hydrothermal fields along mid-ocean
ridges is still controversial. Individual vent field, by definition, has a diameter of 10s—1,000s m (Jamieson &
Gartman, 2020), while the spacing between vent fields along mid-ocean ridges is much larger. According to the
InterRidge Vents Database version 3.4, 404 of 721 seafloor hydrothermal vents discovered to date are located
along the >65,000 km mid-ocean ridges (Beaulieu & Szafranski, 2020). Vent occurrence varies along mid-ocean
ridges with different spreading rates: slow- and ultraslow-spreading ridges have much larger spacings than fast-
and intermediate-spreading ridges due to restricted magma supply (Beaulieu et al., 2015). However, it has been
challenged by the discoveries that cooling peridotites and serpentinization of mantle rocks can also provide heat
to sustain hydrothermal circulations (Baker, 2017). Also, current plume-related surveying methods are insuffi-
cient in detecting particle-poor vent fields, and hence the vent population can be significantly underestimated,
especially along slow- and ultraslow-spreading mid-ocean ridges (Baker, 2017). Improved strategies, such as
applying oxidation-reduction potential sensors in seafloor mapping (e.g., Baker et al., 2016; Chen et al., 2021),
have been proved successful in searching for those unheeded hydrothermal flows and for sure will discover more
vent fields in future explorations.

In addition to the high-temperature hydrothermal alteration along mid-ocean ridges, low-temperature diffuse
flows (<200-250°C; Alt, 1995) in the aged oceanic crust are also essential for the long-term seafloor magneti-
zation variations as they can facilitate the low-temperature oxidation of titanomagnetite (Doubrovine & Tardu-
no, 2006; O’Reilly, 1984). However, their spatial distribution remains even more poorly understood than the hy-
drothermal fields along mid-ocean ridges (Baker, 2017). Consequently, although hydrothermal alteration can be
a promising mechanism to explain the low-term seafloor magnetization variations, more careful work is needed
for verification. In future studies, designing sampling and multidisciplinary investigations may be an important
step forward to better understand the effect of hydrothermal alteration on seafloor magnetism.

5. Conclusions

We have performed comprehensive rock magnetic and electron microscopic analyses on fresh MORBS, (partially
and fully) chloritized basalts, and chloritized basaltic breccias dredged near the SWIR Longqi and Yuhuang hy-
drothermal fields. Fresh MORBs have large variations in magnetic properties resulting from relative proportions
of nano- and micron-scale titanomagnetites. During high-temperature hydrothermal alteration, although primary
titanomagnetite was progressively dissolved, secondary magnetite formed in partially chloritized basalts retaining
a CRM. A dual Verwey transition signature and coexisting Fe-rich and Ti-rich minerals in partially chloritized
basalts indicate that magnetite formed through exsolution and recrystallization during hydrothermal alteration.
We established a model to explain the aforementioned magnetomineralogy and magnetic property variations
during progressive hydrothermal alteration (Figure 8). Based on this model, hydrothermal alteration is suggested
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to potentially contribute to the long-term magnetization variations of oceanic basalts. Our results improve un-
derstanding of the rock magnetic mechanism of seafloor hydrothermal alteration, which is important in applying
magnetic surveys for prospecting seafloor resources and understanding oceanic geodynamics.
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