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Microstructural characteristics of manganese oxides in deep-sea low-temperature hydrothermal deposit and their
implications
SHEN Yue', SUN Mingxue?, ZHOU Zhe', HE Zhiwei', WANG Peng', ZHANG Lingmin', LI Jiangtao'

1. State Key Laboratory of Marine Geology, Tongji University, Shanghai 200092, China
2. State High-Tech Industrial Innovation Center, Shenzhen 410083, China

Abstract: Fe-Si-Mn oxyhydroxides deposited from deep-sea low-temperature hydrothermal fluids are widely distributed on the global seafloor,
yet the formation mechanisms of Mn-rich oxides within these deposits remain unclear. This study used scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) to perform high-resolution characterization of the elemental and mineralogical composition of the
microstructures of Mn-rich oxides in Fe-Si-Mn oxyhydroxide deposit from the Longqi Hydrothermal Field on the Southwest Indian Ridge. The
Mn-rich oxides contain abundant spheres composed of poorly crystallized Na-bearing 6-MnO, with surface pores, which have carbon-rich
interiors and more crystalline, carbon-depleted outer layers. Fe-Si oxyhydroxide layers of varying thicknesses and Fe-Si oxyhydroxide filaments
formed by neutrophilic microaerophilic Fe-oxidizing bacteria are on the surfaces of the Mn oxide spheres. Results suggest that the Mn oxide
spheres formed mainly via microbial Mn oxidation, followed by autocatalytic Mn oxidation, forming more crystalline outer layers. Their surface
structures influenced the thickness of the secondary Fe-Si oxyhydroxide precipitates by altering surface area and pore space in contact with
hydrothermal fluids. The surface pores may have provided more stable microenvironments for the attachment of Fe-oxidizing bacteria. This
study offered important scientific evidence into microbial roles in Mn oxide formation and the characteristics and post-depositional processes of
biogenic Mn oxides in deep-sea low-temperature hydrothermal environments.

Key words: biomineralization; microbial manganese oxidation; deep-sea low-temperature hydrothermal environment; Fe-Si-Mn oxyhydroxides;
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Fig.1 Fe-Si-Mn oxyhydroxides collected from the Longqi hydrothermal field

a: Location of the Longqi Hydrothermal Field; b: low-temperature hydrothermal deposit mound at the sampling site, with black Mn-rich oxides on the surface

and yellow Fe-Si-rich oxyhydroxides visible internally; c: low-temperature hydrothermal deposit sample showing alternating layers of black Mn-rich oxides and

yellow massive Fe-Si-rich oxyhydroxides; d: black Mn-rich oxides coating yellow Fe-Si-rich oxyhydroxides; e: close-up of the white boxed area in (d).
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Fig.2 Microstructures of Mn-rich oxides

a: Aggregated Mn oxide spheres; b: magnified view of the white boxed area in (a); the white triangles mark the surface pores of varying sizes; c: the magnified
view of the pore in (b) reveals a layered structure in the spheres; d: dispersed coccolith fragments on the surface of Mn oxide spheres, with white arrows
pointing to coccolith fragments; e: Mn oxide spheres with cord-like (left) and petal-like (right) surface microstructures. White arrows show Fe-Si oxyhydroxide
filaments, some embedded in spheres; f: Mn oxide spheres with granular surfaces. White triangles mark surface pores. EDS spectra (white dots) reveal higher

Fe and Si contents on cord-like or granular surfaces than on petal-like ones.
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Fig.3 Internal characteristics of a Mn oxide sphere with petal-like surface microstructures
a: Mn oxide sphere with petal-like surface microstructures (white box: FIB section position); b: TEM-BF image of the FIB cross-section. Red arrow shows the
outward growth direction (core-to-surface). Red dashed lines demarcate layers based on petal size: larger, sparser petals in inner layer versus smaller, denser
petals in outer layer; c-h: STEM-HAADF image (c) and corresponding EDS elemental images (d-h) of the solid white-boxed region in (b), revealing Fe-Si
oxyhydroxide precipitation at the Mn oxide surface; i: EDS-derived carbon distribution of the dashed white-boxed region in (b); j-k: SAED patterns of the

surface (j) and the inner (k) layers in (b), showing higher surface crystallinity.
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Fig.4 Internal characteristics of a Mn oxide sphere with cord-like surface microstructures
a: Mn oxide sphere with cord-like surface microstructures (white box: FIB section position); b: TEM-BF image of the FIB cross-section. Red arrow shows the
outward growth direction (core-to-surface). Red dashed lines demarcate layers based on petal size: larger, sparser petals in outer layer versus smaller, denser
petals in inner layer; c: HRTEM image of the red-boxed region in (b) shows a decrease in (001) interplanar spacing from 7 A to 6 A and 5 A, indicating the
collapse of the layered structure in Mn oxides; d-e: SAED patterns of the surface (d) and the inner (¢) layers in (b), showing higher surface crystallinity;
f-k: STEM-HAADF image (f) and EDS elemental images (g-k) of solid white-boxed region in panel b, revealing Fe-Si oxyhydroxide precipitation

on the Mn oxide surface.
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Fig.5 Accumulated EDS spectra from distinct regions of Mn oxide spheres by EDS elemental imaging

a: TEM-BF image of a FIB cross-section from a Mn oxide sphere with petal-like surface microstructures (same as Fig. 3b); b-c: accumulated EDS spectra
corresponding to the solid white-boxed (outer layer, b) and dashed white-boxed (inner layer, c) regions in (a), respectively; d: TEM-BF image of an FIB cross-
section from a Mn oxide sphere with cord-like surface microstructures (same as Fig. 4b); e-f: accumulated EDS spectra corresponding to the solid white-boxed
(outer layer, ¢) and dashed white-boxed (inner layer, f) regions in (d), respectively. The significantly stronger C peaks in panels ¢ and f compared to (b) and (e)

indicate much higher carbon content in the inner layers of both types of Mn oxide spheres.
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Fig.6 TEM images of Mn oxide spheres

a-b. Curved lattice fringes in HRTEM images of Mn oxide phases. Images a and b are from Mn oxide spheres with petal-like and cord-like surface

microstructures, respectively. The interplanar spacings of 5.3 A and 7 A correspond to the (001) planes of -MnO,; c-d: TEM-BF images of Fe-Si oxyhydroxide

precipitates on a Mn oxide sphere with cord-like surface microstructures. Panel d is a magnified view of the white-boxed region in panel c, revealing amorphous

phase through disordered atomic arrangements.
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