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Abstract
The composition and microstructure of phyllosilicates are prone to transformation due to their great 

sensitivity to surrounding physicochemical changes. Berthierine [(R2+,R3+,)6(Si,Al)4O10(OH)8] ( 
represents octahedral vacancy) is a typical ferromagnesian phyllosilicate that commonly occurs in fer-
ruginous rocks of shallow-marine habitats and has been used as an indicator of local depositional and/or 
hydrothermal activity in marine environments. However, little is known about the formation and mineral-
ogy of non-marine berthierine, particularly in volcanic systems. Using high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM), we have identified a berthierine twin structure 
within weakly altered biotite in a rhyolite from Long Valley, California, U.S.A. The presence of nanoscale 
Fe-rich layers in the host biotite is revealed by energy-dispersive spectroscopy and electron energy loss 
spectroscopy (EELS). The HAADF-STEM pictures with atomic resolution demonstrate that the Fe-rich 
layers are composed of twinning berthierine layers rather than a single chlorite layer. The transformation 
of biotite to berthierine requires the dissolution of a tetrahedral (T) layer and the introduction of a new 
TO (O represents octahedral sheet) structure into the biotite stacking sequence, resulting in substituting 
one biotite layer (i.e., TOT) with two twinning berthierine layers (i.e., TO-OT). Observations based on 
morphology indicate that the transformation began at biotite defect locations (such as screw dislocation, 
edge dislocation, and microcleavage fracture), concurrent with the rearrangement of metal cations. During 
the fluid alteration of biotite, berthierine was produced via an interface-coupled dissolution-reprecipitation 
process. The EELS analyses further demonstrate that the Fe-rich biotite promotes the production of 
berthierine as the principal alteration product in low-temperature environments. Additionally, this study 
suggests that the combination of HAADF-STEM and EELS is effective for identifying nanominerals 
and elucidating their formation and alteration mechanisms.
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Introduction
Berthierine is a ferromagnesian phyllosilicate with a 1:1 

layer structure like lizardite (Bailey 1988; Xu and Veblen 1996). 
Similar to chlorite, berthierine has a stacking sequence of alter-
nating tetrahedral and octahedral sheets with a stoichiometry of 
[(R2+,R3+,)6(Si,Al)4O10(OH)8] (Bailey and Brown 1962; Long-
staffe 1978), in which Fe2+ is the primary octahedral cation, with 
flexible substitution of Fe3+, Mg2+, and Al3+ for Fe2+ (Guggenheim 
et al. 2007). Berthierine, frequently found in modern tropical 
shallow-marine sediments, is generated either by the direct pre-
cipitation from seawater or by the transformation of kaolinite and 
goethite (Porrenga 1965; Kodama and Foscolos 1981; Iijima and 
Matsumoto 1982; Hornibrook and Longstaffe 1996; Wise 2007). 

Note that berthierine is also found in non-marine environments, 
such as Arctic desert soils (Kodama and Foscolos 1981), coal 
swamps (Iijima and Matsumoto 1982), laterite belts (Toth and 
Fritz 1997), volcanic massive sulfide deposits (Slack et al. 1992), 
floodplains (Hornibrook and Longstaffe 1996), delta sediments 
(Taylor 1990), granite pegmatite (Wise 2007), metamorphic 
rocks (Slack et al. 1992; Xu and Veblen 1996), and extrusive 
rocks (Li et al. 2014 and reference therein).

Berthierine is commonly regarded as a local indicator of 
marine environmental change (e.g., Van Houten and Purucker 
1984; Huggett et al. 2010). Accordingly, its specific microstruc-
ture, which is sensitive to changes in temperature, burial depth, 
water content, and ion (e.g., Si and Fe cations) concentration in 
its formation environments, has received considerable attention 
(Li et al. 2014 and reference therein). Previous studies show that 
Al-rich phyllosilicates, such as kaolinite (Iijima and Matsumoto 
1982), muscovite (Slack et al. 1992), illite (Sheldon and Retallack 
2002), glauconite (Mu et al. 2015), and aluminosilicate glasses 
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