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Hydrothermal iron (Fe) colloids are poorly understood but
play a unique role in global element cycles. To determine their
characteristics, we sampled the hydrothermal plume above the
Rainbow hydrothermal vent field (36°-33°N) at the Mid-Atlantic
Ridge by employing a direct sampling approach that bypasses
conventional techniques like filtration. Instead, plume fluid was
immediately drop-cast onto transmission electron microscopy
(TEM) grids and plunge-frozen. Microscopic and spectroscopic
techniques, combined with machine learning, allowed detailed
characterization of the Fe precipitates.

TEM and synchrotron-based spectroscopy show that the Fe
precipitates suspended in the hydrothermal plume predominantly
consist of poorly ordered ferric Fe-oxyhydroxides similar to 2-
line (2L-Fh) and 6-line ferrihydrite (6L-Fh). Analyzing nano-
scale elemental maps with the machine learning model,
SIGMA[1] revealed local P enrichment with atomic P:Fe ratios
from 1:6 (6L-Fhs) up to 1:2 (2L-Fhs). Additional scanning TEM
tomography revealed the occurrence of ferrous chalcopyrite
(CuFeS2) at the core of predominantly 2L-Fh. Notably, our
results do not show associations of Fe with (organic) carbon.

Our results help elucidate the early (trans)formation pathways
of hydrothermal Fe. Ferrihydrite (Fh) forms through the
formation of Fe13-Keggin clusters[2] upon Fe2+ oxidation when
the hydrothermal fluid mixes with seawater. We argue that part
of the clustering process occurred on the surface of the
chalcopyrite previously formed in the reducing hydrothermal
fluid. The larger surface area of some Fh with a dendritic crystal
shape results in higher adsorption of PO4, which may suppress
the transformation of the initial 2L-Fh into more ordered 6L-Fh.
Furthermore, we show limited interaction between C-rich phases
and Fe precipitates during early (trans)formation in a black
smoker system, contrasting previous work that has suggested that
organic compounds play a key role in stabilizing hydrothermal
Fe[3].

Our findings reveal the early (trans)formation processes and
the persistence of vent-derived reduced iron phases. We highlight
the role of ferric coatings in protecting nano-scale iron sulfides
and challenge the previously proposed importance of
complexation with organic matter.
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