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Abstract
Corona of chlorite and amphibole surrounding olivine is a characteristic texture of hydrothermally 
altered gabbroic rocks of the lower oceanic crust. In addition to chlorite and amphibole, biotite 
was found in some coronae surrounding olivine at the Atlantis Massif. Microscopic observation, 
electron probe analysis, and Raman spectroscopy revealed that biotite is mixed with chlorite in 
coronae and sporadically distributed in gabbroic rocks from Holes U1309D and U1601C. Modes 
of occurrence and chemical compositions of minerals indicate that biotite-bearing coronae were 
formed by metasomatic alteration of olivine and plagioclase at an amphibolite-facies condition.

1. Introduction
Hydrous mineral aggregates with a corona texture around olivine frequently occur in lower oce-
anic crustal gabbroic rocks, suggesting hydrothermal alteration of olivine and plagioclase (Expedi-
tion 304/305 Scientists, 2006; Nozaka and Fryer, 2011; Gillis et al., 2014; Nozaka et al., 2016; 
MacLeod et al. 2017; Nozaka et al., 2019). The coronae are typically composed of an outer layer of 
chlorite replacing plagioclase and an inner layer of amphibole ± talc replacing olivine. An excep-
tional case has been reported from the Atlantis Bank, where biotite occurs instead of or mixed 
with chlorite in the coronitic aggregate, suggesting amphibolite-facies metasomatic alteration 
related to felsic magmatic activity (Nozaka et al., 2019).

Some coronitic aggregates containing a biotite-like mineral were also found in olivine gabbros 
from Hole U1601C by shipboard microscopic observation during Expedition 399 (Lang et al., 
2025). The formation of biotite in the lower oceanic crust has an important implication for geo-
chemical cycles in oceanic hydrothermal systems. For example, it is a potential source or product 
of the circulation of potassium-bearing fluids involved in mafic rock alteration and discharged 
from the Lost City hydrothermal field (Seyfried et al., 2015; Evans et al., 2024). However, hydro-
thermal biotite in gabbroic rocks can be easily overlooked because it is usually colorless or pale 
colored under the petrographic microscope. Therefore, I have conducted a postcruise study to 
confirm the occurrence of biotite and examine its distribution and formation conditions using 
samples recovered during Expeditions 399 and 304/305, and I present here a brief report of the 
results.
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2. Methods and materials
In this study, I observed 186 polished thin sections of gabbroic rocks containing olivine, including 
olivine gabbro, olivine-bearing gabbro, olivine(-bearing) gabbronorite, and troctolite. Among 
them, 34 from Hole U1601C and 26 from Hole U1309D were loaned Expedition 399 shipboard 
thin sections and new ones made at Okayama University, and 126 were shipboard thin sections 
from Expedition 304/305 Hole U1309D loaned for this study.

A total of 13 representative thin sections containing coronitic aggregates around olivine were 
selected for microprobe analyses, backscattered electron imaging, and X-ray intensity mapping 
using an electron-probe microanalyzer (JEOL JXA-8230) at Okayama University. Analytical con-
ditions for quantitative analyses were accelerating voltage = 15 kV and beam current = 20 nA. In 
addition, counting time = 10 s at the Si, Ti, Al, Cr, Fe, Mn, Ni, Mg, Ca, Na, and K peaks; 60 s at the 
F and Cl peaks; and 5 s at each background position, making detection limits 40–150 ppm. Stan-
dards used were natural or synthetic oxides and silicates. The applied matrix corrections followed 
the procedures of Bence and Albee (1968) using alpha factors of Nakamura and Kushiro (1970).

The identification of biotite and chlorite was confirmed by supplementing optical characteristics 
and chemical compositions with Raman-shift spectra using a microRaman spectrometer JASCO 
NRS-5100 at Okayama University with 532 nm laser excitation.

3. Results

3.1. Downhole distribution and mode of occurrence
Aggregates mainly composed of chlorite and amphibole occur between primary olivine and pla-
gioclase in 148 samples. The aggregates typically have a corona texture around olivine grains 
surrounded by plagioclase or around plagioclase surrounded by olivine in olivine-rich domains. 
Pseudomorphs after olivine due to the progress of corona-forming reaction occur at shallow levels 
in Hole U1309D, at lithologic contacts, and in the proximity of leucocratic or amphibole–chlorite 
veins, as reported previously (Expedition 304/305 Scientists, 2006; Nozaka and Fryer, 2011). 
Among the samples examined, colorless biotite or biotite–chlorite mixture in coronitic aggregates 
was found under the microscope in 13 samples from Hole U1309D and 4 samples from Hole 
U1601C (Figure F1).

The coronae are tens to hundreds of micrometmers wide and typically composed of an outer layer 
of chlorite replacing plagioclase and an inner layer of amphibole ± talc replacing olivine. They also 
contain opaque phase (probably magnetite) associated with amphibole and/or talc replacing oliv-
ine. Olivine was also replaced commonly by serpentine and locally by smectite (and sulfide) after 
the corona formation (Nozaka et al., 2008; Nozaka and Fryer, 2011).

Biotite occurs instead of or associated with chlorite in the coronitic aggregates. Because the biotite 
is colorless in plane-polarized light, it is distinguished from chlorite by birefringence, specifically 
interference colors produced by crossed polarizers. In this study, the biotite/chlorite aggregates were 
classified into three types: biotite corona, chlorite corona, and biotite–chlorite mixed corona, which 
have distinctly high, low, and intermediate birefringence, respectively (Figure F2). The three types 
of coronae can occur in the same sample, and heterogeneous birefringence in some coronae indi-
cates that the proportion of biotite/chlorite within individual mixed coronae is variable (Figure F2F).

Corona-forming amphibole is colorless or pale green in chlorite coronae, whereas in biotite and 
biotite–chlorite coronae, it tends to be pale green in the proximity of olivine and darker green in 
the proximity of biotite/chlorite layers (Figure F2).

3.2. Mineral chemistry
Chemical compositions of primary minerals are almost constant in each sample and variable 
between samples. Olivine has Fo (or Mg#) (= 100 Mg/[Mg + Fe] mol) ~55–85, clinopyroxene has 
Mg# ~70–88, and plagioclase has An (= Ca/[Ca + Na] mol) ~60–75 with K2O < 0.03 wt% (Table T1).
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Corona-forming minerals are heterogeneous in composition even within individual coronae (Fig-
ure F3). For example, biotite-dominant domains tend to be richer in Fe than chlorite-dominant 
domains in the same corona, which makes the former brighter in backscattered electron images 
(Figure F3B, F3D, F3F, F3H). Increases of Fe and K in biotite–chlorite coronae at contacts with 
relatively Fe-rich chlorite–amphibole veins are obvious in some samples (Figure F3D, F3H), indi-
cating an effect of Fe-rich fluid injection along microcracks.

Biotite and biotite–chlorite mixtures have compositions between eastonite, Na eastonite (aspido-
lite), and chlorite with Mg# ranging ~70–95 (Figure F4; Table T2). Their F and Cl contents are 
<0.03 wt% in most cases and 0.1–0.2 wt% in a few exceptional cases (Table T2). Biotite from the 
Atlantis Massif has somewhat different compositions from that of the Atlantis Bank, which tends 
to be relatively rich in phlogopite component and halogens (Figure F4) (Nozaka et al., 2019).
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Figure F1. Downhole lithologic variation (Expedition 304/305 Scientists, 2006; Lang et al., 2025; McCaig et al., 2025) and 
biotite/chlorite corona distribution based on thin section observation (this study). mbsf = meters below seafloor.

Table T1. Representative microprobe analyses of olivine, clinopyroxene, and plagioclase. Download table in CSV format.
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Amphibole in coronitic aggregates has variable compositions (Figure F5; Table T3) with a ten-
dency to be tremolitic (Si > 7.5 and Na + K < 0.3 per formula unit of amphibole; darker in Figure 
F3C) in the proximity of olivine and hornblendic to pargasitic (Si = 6.0–7.5 and Na + K = 0.3–1.0; 
brighter in Figure F3C) in the proximity of chlorite/biotite layers. This compositional variation of 
coronitic amphibole of the Atlantis Massif is similar to that of the Atlantis Bank (Nozaka et al., 
2019).

The An content of plagioclase locally increases to ~75–90 (Table T1) near coronitic aggregates 
and amphibole–chlorite veins (S-Pl in Figure F3). The geothermometer of Holland and Blundy 
(1994) for this secondary plagioclase and adjoining amphibole indicates temperatures of 760°–
890°C at 1 kb and 770°–900°C at 2 kb, which is almost the same as estimated temperatures for the 
biotite-bearing corona formation at the Atlantis Bank (Nozaka et al., 2019).

3.3. Raman spectra
The submicroscopic mixing of biotite and chlorite in coronitic aggregates inferred from optical 
and chemical features was confirmed by Raman spectra, referring to the literature (Wang et al., 
2015). Figure F6 shows that all the three types of coronae (biotite, chlorite, and biotite–chlorite) 
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Figure F2. Biotite/chlorite coronae in plane-polarized (left) and cross-polarized (right) light. A, B. Chlorite corona (305-
U1309D-117R-2, 25–28 cm). C, D. Biotite corona (399-U1309D-311R-2, 4–8 cm). E, F. Biotite-chlorite mixed corona (312R-3, 
46–50 cm). Rectangles in D and F indicate the backscattered electron imaging areas of Figure F3A and F3B, respectively. 
Am = Ca-amphibole, Bt = biotite, Chl = chlorite, Ol = olivine, Pl = plagioclase, Sm = smectite.

Table T2. Microprobe analyses of corona-forming biotite and chlorite. Download table in CSV format.
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Figure F3. Backscattered electron images (A–D) and Kα X-ray intensity maps (E–H) of representative coronae. A, E. 399-U1309D-311R-2, 4–8 cm. B, F. 312R-3, 46–50 cm. 
C, G. 399-U1601C-153R-2, 37–39 cm. D, H. 305-U1309D-205R-2, 91–93 cm. Fe-rich opaque minerals (brightest in backscattered electron images) are mainly magnetite 
with minor sulfides. Am = Ca-amphibole, Bt = biotite, Chl = chlorite, Ol = olivine, Pl = plagioclase (P- = primary, S- = secondary), Tlc = talc.

Figure F4. Chemical compositions of biotite/chlorite in coronitic aggregates. A. Al2O3-K2O-Na2O mole ratio. B. Na + K versus Si per formula unit (calculated on the basis 
of 22 oxygen atoms). C. Na + K (22 oxygen atoms) versus H2O wt% estimated from residuals of total amounts of analyzed oxides and halogens. Compositions of 
corona-forming biotite and chlorite from the Atlantis Bank (Nozaka et al., 2019) are shown for comparison.
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based on microscopic observation have similarly overlapping Raman-shift peaks of both biotite 
and chlorite as reported previously (Nozaka et al., 2019), indicating that the two minerals are more 
or less mixed with each other in the analyzed coronae.

4. Closing remarks
Biotite-bearing coronae surrounding olivine occur in gabbroic rocks from Holes U1309D and 
U1601C, although not so abundantly as in the Atlantis Bank. Modes of occurrence and chemical 
compositions of biotite and associated chlorite, amphibole, and plagioclase indicate that biotite 

Figure F5. Na + K versus Si per formula unit (calculated with 23 oxygen atoms) of calcic amphibole in coronitic aggregates. 
Compositions of corona-forming amphibole from the Atlantis Bank (Nozaka et al., 2019) are shown for comparison.
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Table T3. Microprobe analyses of corona-forming amphibole. Download table in CSV format.
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Figure F6. Representative Raman-shift spectra of biotite/chlorite layers in three types of coronae. A. Biotite corona (399-
U1309D-311R-2, 4–8 cm) (shown in Figure F2C, F2D). B, C. Biotite–chlorite mixed domain (B) and chlorite-dominant domain 
(C) of a heterogeneous corona (312R-3, 46–50 cm) (shown in Figure F2E, F2F). Diamonds = positions of characteristic peaks 
of biotite (solid) and chlorite (open) detected in an olivine gabbro from the Atlantis Bank (Nozaka et al., 2019).
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was formed by hydrothermal reactions between primary plagioclase and olivine at an amphibolite-
facies condition. The deficiency of K in primary plagioclase and the heterogeneous distribution 
and amount of An-rich secondary plagioclase prompts a question: what and/or where is the source 
of K and Na to form biotite? In the case of the Atlantis Bank, biotite formation was probably pro-
moted by magmatic activity that formed abundant felsic or dioritic veins (Nozaka et al., 2019). 
Although less abundant, felsic or dioritic veins with high alkali contents also occur in the Atlantis 
Massif (Expedition 304/305 Scientists, 2006; Lang et al., 2025; McCaig et al., 2025); however, 
whether or not they have a genetic link with biotite formation in gabbroic rocks is unclear and 
should be solved by future studies.
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