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Abstract—The structures of Fe-rich chlorite and berthierine and the formation mechanisms of 7 Å�14 Å
interstratified minerals were not previously fully understood owing to the difficulties in analyzing them by
X-ray diffraction (XRD). The present study characterizes Fe-rich chlorites in quartz veins of epithermal to
xenothermal vein-type ore deposits without later structural modifications, based on high-resolution
transmission electron microscopy (HRTEM) along with XRD examination and chemical analysis. Samples
have a wide range of Fe/(Fe+Mg) ratios from 0.38 to 0.98 and tetrahedral Al substitution for Si from 0.94 to
1.44 atoms per formula unit (apfu). The variation in Fe content nearly parallels the tetrahedral Al content.
The formation temperatures estimated by chlorite geothermometry range from 190ºC to 320ºC. In
HRTEM, most of the samples showed interstratification between 7 Å, 14 Å, and/or (in some samples)
smectite layers. Chlorites with relatively low Fe contents (Fe/(Fe+Mg) & 0.4) were characterized by
mostly 14 Å periodicity with the polytype IIbb. In contrast, interstratification of 7 Å and 14 Å layers
predominated with increasing Fe content and the proportion of 7 Å layers exceeds 80% in Fe-rich samples
with Fe/(Fe+Mg) > 0.9. The 7 Å component layer approximated Fe-rich berthierine based on the chemical
composition. Layer stacking structures in the Fe-rich samples were complex, and characterized by disorder
of 7 Å and 14 Å layers, differences in the polarity of the tetrahedral sheets, variations of the slant of the
octahedral sheets, and positional disorder between octahedral and tetrahedral sheets involving the
hydrogen bonding, as indicated from HRTEM observations along the Yi directions of the phyllosilicates.
The complex stacking structures observed in Fe-rich samples suggest that irregularity was controlled by
neither the Fe/(Fe+Mg) ratio nor the formation temperature; stacking was controlled by kinetic factors in
the process of mineral precipitation under disequilibrium conditions.

Key Words—Berthierine, Chlorite, HRTEM, Polytypism, Serpentine-Chlorite Interstratified Mineral.

INTRODUCTION

Trioctahedral chlorite has a 14 Å unit structure

consisting of alternation of the 2:1 layer and an

interlayer hydroxyl sheet. Its general chemical formula

is (R2+
a R3+

b &c)6(Si4�xR
3+
x )4O10(OH)8, where R2+ repre-

sents divalent cations, mainly Mg and Fe(II); R3+ are

trivalent cations such as Al and Fe(III); and & is the

vacancy among the octahedral sites; charge balance

requires that b�x = 2c (e.g. Brindley, 1982; Bailey,

1988a). The formula of berthierine, a serpentine mineral

with a 7 Å unit structure consisting of 1:1 layers, is equal

to half of the chlorite formula. Structurally, chlorite and

berthierine (or serpentine) are characterized by a variety

of polytypic groups (e.g. Bailey, 1988a, 1988b).

Moreover, interstratification of the two types of minerals

commonly occurs in natural samples. Changes in the

polytypic structure, interstratification, and variations in

the chemical composition are understood to be a

function of temperature and possibly many other

intensive variables such as total pressure, partial

pressures of oxygen and sulfur, and activities of metal

cations in solution (e.g. Bailey, 1988a) and certainly rate

of cooling (kinetics).

Trioctahedral chlorites are common minerals in

sedimentary, low- to medium-grade metamorphic, and

hydrothermally altered rocks. Berthierine is reported

mainly from sedimentary rocks that have undergone

early diagenesis (e.g. Velde, 1985; Meunier, 2005). In

addition, occurrences of Fe-rich chlorite and berthierine

were reported from oolitic iron stones, iron formations,

and volcanogenic massive sulfide deposits (e.g. Velde,

1985; Slack and Coad, 1989). According to field and

laboratory studies (see reviews by Velde, 1985 and

Bailey, 1988a and references therein), berthierine may

be a metastable phase and probably transforms to

chlorite with increasing temperature. The transformation

occurs at 70�200ºC by way of interlayering of the two

minerals (e.g. Velde, 1985; Hillier, 1993; Hornibrook

and Longstaffe, 1996; Billault et al., 2003; Meunier,

2005). Previous studies used powder XRD methods and

microprobe analysis; consequently the details of the

transformation mechanism are not understood well.

High-resolution transmission electron microscopy is a

complementary tool to examine the transformation

mechanism of fine-grained minerals at the atomic
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scale. The HRTEM observations by Xu and Veblen

(1996) indicated that berthierine transformed to chlorite

such that the product phase inherited the basic polytypic

structure of the reactant phase by way of an antiphase

boundary between the two layers. Banfield and Bailey

(1996) showed a similar transformation from serpentine

to clinochlore in metamorphosed serpentinite. These

researchers proposed a different mechanism by con-

sidering the stability of the polytypic structure of

product chlorite. In contrast, Slack et al. (1992) and

Jiang et al. (1992) examined the structural relationship

between berthierine and chlorite in a volcanogenic

massive sulfide ore deposit of Archean age that was

metamorphosed at 300�400ºC. These researchers

inferred that chlorite was replaced by berthierine

through the topotactic transformation from chlorite to

berthierine, based on lattice fringe images.

In addition to the studies of transformation between

berthierine and Fe-rich chlorite, the precipitation of

extremely Fe-rich chlorite in association with quartz and

sulfide deposition was studied in specific epithermal to

xenothermal (in the sense of Buddington, 1935) vein-

type ore deposits (e.g. Nakamura, 1970; Shirozu, 1978;

Inoue et al., 2010). Details of chemical and structural

properties of these chlorites are, however, not well

understood. The purpose of this study was to character-

ize chlorites from several hydrothermal ore deposits in

Japan. This study considered chemical and structural

aspects by HRTEM examination, together with powder

XRD and chemical analysis and focused on under-

standing the stacking structure of Fe-rich chlorite

minerals, and comparing them to those of more common

intermediate Mg, Fe-chlorites from epithermal vein-type

ore deposits. Special emphasis was placed on the

notation of disorder in the stacking structure of

chlorite-serpentine in Fe-rich chlorite and on the

characterization of the component layers.

SAMPLES

Seven chlorite samples were studied from epithermal

to xenothermal vein-type ore deposits in Japan: one each

from Toyoha, Arakawa, and Ashio, two from Osarizawa,

and two from drill cores in the geothermal field adjacent

to the Toyoha deposit. All deposits formed in the

Miocene to Pliocene, and no evidence of metamorphism

or deformation after formation is present (Shikazono,

2003). Chlorites studied here showed the characteristics

of precipitates under optical and scanning electron

microscopes (e.g. Inoue et al., 2012).

The Toyoha deposit, Hokkaido Prefecture, consists of

a network of veins with polymetallic mineralization of

Pb, Zn, Ag, Mn, In, Cu, Bi, Sn, etc. Hydrothermal

activity with mineralization started at ~3 Ma and

remains active. Chlorites from the mineralized vein,

the Soya vein, in the Toyoha deposit, and drill cores

(referred to as TH-2 by Inoue et al., 2010, 2012) from

the adjacent geothermal field were investigated here.

Soya chlorite is a gangue mineral from a quartz vein,

associated with sphalerite and pyrite. Homogenization

temperatures of fluid inclusions in quartz ranged from

210 to 261ºC, on average 233ºC (A. Inoue, pers. comm.,

2012; shown in Table 1). Chlorites from drill core TH-2,

which were collected at depths of 680 m and 894 m from

fill veinlets in hydrothermally altered andesite, asso-

ciated with quartz and pyrite. The hydrothermal altera-

tion and homogenization temperatures of fluid

inclusions in core TH-2 were described by Inoue et al.

(2010, 2012).

The Osarizawa and Arakawa deposits, Akita

Prefecture, are typical Cu-Pb-Zn epithermal vein-type

ore deposits. Chlorite was collected from two miner-

alized quartz veins, the Ishikirizawa and Unotori veins in

the Osarizawa deposit, and from the contact between a

barren quartz vein and shale country rock in Arakawa.

Chlorites from Osarizawa are associated with chalco-

pyrite, sphalerite, galena, and pyrite; those from

Arakawa with pyrite and hematite. Homogenization

temperatures of fluid inclusions in quartz ranged from

248 to 356ºC, on average 279ºC, for Ishikirizawa; from

225 to 320ºC, on average 269ºC, for Unotori; and from

188 to 287ºC, on average 247ºC, for Arakawa (Table 1).

The Ashio deposit, Tochigi Prefecture, is classified as

a xenothermal, polymetallic vein-type ore deposit (Imai

et al., 1975). Despite the limited number of micro-

thermometric studies in Ashio, the ore formation

occurred at temperatures of > 300ºC (Shikazono, 2003).

METHODS

The samples were crushed gently and sonicated in

distilled water. The clay-size fraction was separated by

repeated decantation. Because the samples from Soya,

Ishikirizawa, and Unotori contained significant amounts

of impurities such as sulfide minerals, the clay fractions

were further separated by Na-polytungstate densimetry

(Gregory and Johnston, 1987; Cassagnabère, 1998). The

separated clay suspension was sedimented onto glass

slides and air-dried to prepare oriented mounts. Random

powder mounts were prepared by the side-loading

method (Moore and Reynolds, 1989).

Powder XRD patterns were acquired using a RINT-

Ultima+ diffractometer (Rigaku, Tokyo, Japan) with a

Cu X-ray tube, Ni filter, and silicon strip X-ray detector

(Rigaku D/teX Ultra). CuKa radiation was produced at

40 kV and 30 mA. A measurement condition of 0.25º

divergence slit, 10 mm mask confining the beam width,

and 8 mm anti-scatter slit was used. The pattern was

obtained every 0.02º2y at a scan rate of 0.5º2y/min over

the range of 2 to 75º2y.
Chemical analyses of the chlorites were performed on

petrographic thin sections using a Kevex Sigma energy-

dispersive X-ray spectrometer (EDS: Kevex, Foster City,

California, USA) attached to a Hitachi S-4500 scanning
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electron microscope (SEM: Hitachi, Tokyo, Japan) with

a cold field-emission gun operated at 15 kV.

Specimens for examination by TEM were prepared

using a focused ion beam (FIB) instrument with micro-

sampling system (Hitachi FB-2100, Hitachi, Tokyo,

Japan). Petrographic thin sections were cut into 5 mm

squares to be accommodated in the FIB chamber, and

coated with carbon to prevent charge accumulation

during the FIB process. In the FIB procedure, tungsten

was deposited on the surface of the target area. Then

trenches of ~5 mm in depth were formed around the

target area with a high energy (30 keV) Ga ion beam,

and a fragment of each thin section was transferred onto

a crescent-shape copper grid using a micro-sampling

system. The fragment was thinned to <100 nm with a

low-energy Ga ion beam of 10 keV to minimize surface

amorphization caused by the bombardment of Ga ions.

Specimens prepared by FIB were examined using a

TEM (JEM-2010UHR, JEOL, Tokyo, Japan) operated at

200 kV with a nominal point resolution of ~ 0.2 nm.

HRTEM images were recorded using a Gatan MSC 794

bottom-mounted CCD camera, then processed using the

Wiener-filter (Marks, 1996; Kilaas, 1998) developed by

K. Ishizuka (HREM Research Inc., Saitama, Japan)

which was implemented in a Gatan Digital Micrograph

to remove noise contrast. Because the contrast in an

HRTEM image depends on the sample thickness and

defocus condition, the HRTEM images were recorded at

sufficiently thin areas of the TEM specimens and with a

proper defocus condition to make suitable correspon-

dence between the images and crystal structures,

following Kogure and Banfield (1998) and Kogure et

al. (2001). The HRTEM images were recorded along one

of the Yi directions (i= 1 to 3) defined by Bailey (1969),

and the polytypic groups of serpentine and chlorite

layers were identified based on the image simulations

made by Kogure and Banfield (1998) and Kogure et al.

(2001).

RESULTS

Chemical composition

Structure formulae were calculated based on 14

oxygen atoms; iron cations were regarded as divalent

(Table 1). Although the standard deviations for some

element abundances in some of the samples were large,

no zonation of elements was observed within a single

grain of chlorite under SEM. The Fe/(Fe+Mg) ratios

range from 0.38 to 0.98. TH-2-894 contains significant

Mn compared to the other samples. Tetrahedral Al (IVAl)

content is in the range of 0.94�1.44 atoms per formula

unit (apfu). The IVAl content parallels the Fe/(Fe+Mg)

ratios in octahedral sites. In particular, the Ashio sample

is characterized by large amounts of VIFe(II) (4.12 apfu)

and IVAl (1.44 apfu) (Figure 1). This correlation between

the IVAl and Fe/(Fe+Mg) is typical of the chemical

composition of chlorite (e.g. Bailey and Brown, 1962;

Foster, 1962; Bailey, 1988a). The composition is

comparable to berthierine from the Kidd Creek volcano-

genic massive sulfide ore deposit (Slack and Coad, 1989;

Slack et al., 1992; Jiang et al., 1992) and data from

sedimentary rocks (e.g. Brindley, 1982; Iijima and

Matsumoto, 1982), because a 7 Å diffraction peak was

dominant in the XRD pattern of the Ashio sample (see

Figure 2). The negative layer charges generated by Al

substitutions for Si may be compensated by Al substitu-

tions and small numbers of vacancies in the octahedral

sheets (Brindley, 1982).

Bourdelle et al. (2013) proposed a geothermometer to

estimate the temperature of chlorite formation using

chemical composition without considering the effect of

ferrous and ferric iron concentrations. Inoue et al. (2009)

noted that their geothermometer is applicable to berthier-

ine. On this basis, the chlorite geothermometer by

Bourdelle et al. (2013) was applied to the present samples

even with their interlayering of 7 Å layers. The estimated

temperatures of formation ranged from ~190ºC to 320ºC,

generally near the respective homogenization tempera-

tures of fluid inclusions in associated quartz (Table 1).

Despite large standard deviations in the formation

temperatures and the homogenization temperatures, all

samples studied here formed at >190ºC; these formation

temperatures are higher than those for sedimentary

berthierine (e.g. Velde, 1985; Meunier, 2005).

XRD

XRD patterns of oriented samples suggested that all

samples contain impurities such as illite, quartz, pyrite,

and/or chalcopyrite (examples are shown in Figure 2).

The 14 Å diffraction peak of chlorite was present in all

samples, but the intensity ratios of the 001/002 diffrac-

tion peaks varied. The intensity ratio of the 001/002

Figure 1. Relationship between IVAl and Fe/(Fe+Mg) in the

samples. Error bars indicate the standard deviations.
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peaks of the Unotori sample was similar to that of the

Ishikirizawa sample (XRD pattern of the Unotori sample

not shown here). Ethylene glycol treatment showed no

expandable component; diffraction peaks from long

spacings diagnostic of regular interstratification were

not observed in any sample.

For 7 Å and 14 Å interstratifications, Reynolds et al.

(1992) indicated that interlayering of berthierine and

chlorite is suggested by peak-broadening of odd-order 00l

diffraction peaks. Such broadening in odd-order 00l

diffraction peaks was not apparent in the samples studied

here (Figure 2). Reynolds (1988) and Reynolds et al.

(1992) noted that if the amounts of berthierine component

layers are >20% in interstratified chlorite, a berthierine

component cannot be detected by XRD because these

diffraction peaks would be too weak and broad. Moreover,

samples containing appreciable Fe also produce weak 00l,

l = 2n+1 diffraction peaks. Thus, samples from Unotori,

Ishikirizawa, Arakawa, and TH-2-894 appeared to be

chlorite dominated, whereas samples from TH-2-680,

Soya, and Ashio consisted of berthierine � chlorite �

berthierine-chlorite interstratification.

The XRD patterns of randomly oriented Unotori, Soya,

and Ashio samples in the range of 30º�75º2y were

compared with calculated powder XRD intensities with

k = 3n reflections (orthohexagonal cell setting) for Ibb

and IIbb of Mg-chlorite and groups C and A of serpentine

(Figure 3), using the structure parameters of Bailey and

Brown (1962) and Bailey (1969). The XRD pattern of the

Unotori sample was consistent with the structure of

chlorite-IIbb (Figure 3) after introducing peak shifts from

composition-dependent cell dimensions (see Table 1) in

Figure 2. Examples of one-dimensional powder XRD patterns of oriented chlorite samples. Chl: chlorite, Ilt: illite, Qz: quartz, Py:

pyrite, Ccp: chalcopyrite; a.u.: arbitrary units.
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the calculated pattern. Polytypic groups of Ishikirizawa,

Arakawa, and TH-2-894 chlorites were also assigned to

IIbb (data not shown), although the considerable inter-

ference from illite was apparent in the XRD patterns. The

profiles of Soya, Ashio, and TH-2-680 samples could not

be assigned to one type of polytypic group of serpentine

or chlorite, although some of the diffraction peaks in the

diffraction profiles were diagnostic of Ibb of chlorite and

group A and C of serpentine (Figure 3).

TEM

Low-magnification HRTEM images of select samples

showed that most samples were characterized by

continuous, parallel stacks of layers without inclined

contact with contiguous packets, and a few dislocations

(Figure 4). In samples with low Fe contents (Fe/(Fe+Mg)

& 0.4), i.e. Ishikirizawa and Unotori, 14 Å layers

dominate and 7 Å layers were seldom observed

Figure 3. Examples of powder XRD patterns from randomly-oriented samples to identify polytypic groups and the positions of peaks

which are characteristics of representative polytypic groups of chlorite (Ibb and IIbb) and serpentine (groups C and A). Polytypic

groups in parentheses are possible candidates for each sample. Qz: quartz, Py: pyrite; a.u.: arbitrary units.
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(Figures 4a and b). Layers with 24 Å periodicity were

observed in some chlorite packets from Unotori

(Figure 4b), which is probably a result of regular

interstratification of chlorite-smectite (e.g. Beaufort et

al., 1997; Kogure et al., 2013), because smectite layers

collapsed to ~10 Å under vacuum conditions, and no K

was detected by chemical analysis by TEM-EDS. The

proportion of 24 Å layers is low, and hence not detected

by XRD. The interlayering of 7 Å layers was frequently

encountered in samples with high Fe contents

(Fe/(Fe+Mg) > 0.8), such as the Ashio sample

(Figure 4d). Comparing the Fe/(Fe+Mg) ratios of

samples (Table 1), the proportions (%) of 7 Å layers

determined from several HRTEM images for each

sample were nearly proportional to the Fe content: 0%

(Ishikirizawa), 0% (Unotori), 8% (Arakawa), 14%

(TH-2-894), 73% (Soya), 79% (Ashio), and 88%

(TH-2-680), and independent of the formation tempera-

ture. No domain-like distribution of 7 Å and 14 Å layers

was observed by low magnification TEM.

Selected area electron diffraction (SAED) patterns of

Ishikirizawa, Arakawa, and TH-2-680 along one of the

Yi directions showed that the intensity of odd 00l spots

for chlorite decreased with increasing proportion of 7 Å

layers (Figures 5a, b, and c, respectively). The reciprocal

lattices are oblique for Ishikirizawa and Arakawa

(Figure 5a,b). Polytypic groups of Ishikirizawa and

Arakawa were assigned to chlorite-IIbb; that of Unotori

Figure 4. HRTEM images with a relatively low magnification, showing the layer stacking in the samples of (a) Ishikirizawa,

(b) Unotori, (c) Arakawa, and (d) Ashio. Images in parts a, b, and d were recorded along one of the Yi directions and that in part c

along one of the Xi directions.
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was also assigned mainly to IIbb, but Iba stacking was

locally observed in HRTEM images of the sample

(Figure 6). Determination of the polytypic group of

TH-2-680 (equivalent to Ashio and Soya, though not

shown here) from the SAED pattern was not possible

because of intensive streaking along the c* direction

(Figure 5c). Hence, direct observations by HRTEM were

important to understand the structure of these extremely

Fe-rich samples.

The stacking structures in Ashio and Soya samples

are disordered and are difficult to describe using

conventional polytype notation such as Ibb and IIbb

for chlorite layers, or groups A and C for serpentine

layers. This difficulty was a result of interstratification

at a fine scale and the 7 Å layers occurring with opposite

polarities (Figure 7). The lateral contacts of the opposite

polar 7 Å layers were observed on the HRTEM images

(Figure 7 and white boxes). To demonstrate the

Figure 5. SAED patterns of several samples with varying proportions of 7 Å layers taken along one of the Yi directions.

(a) Ishikirizawa, (b) Arakawa, and (c) TH-2-680.

Figure 6. HRTEM images recorded along one of the Yi directions of (a) chlorite-IIbb from Ishikirizawa and (b) chlorite-Iba from

Unotori. The inset images are the magnified images of the area indicated by white boxes (left) with the simulated images (right)

showing the unit structure. HRTEM image simulation was carried out following Kogure and Banfield (1998). Simulation parameters

are: defocus = �40 nm (Scherzer focus); specimen thickness = 2 nm.

138 Inoué and Kogure Clays and Clay Minerals

https://doi.org/10.1346/CCMN.2016.0640205 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2016.0640205


F
ig
u
re

7
.H

R
T
E
M

im
a
g
e
s
re
c
o
rd
e
d
a
lo
n
g
o
n
e
o
f
th
e
Y

i
d
ir
e
c
ti
o
n
s
o
f
7
Å
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irregularity of such stacking structure completely, a new

notation is proposed and the details of the stacking

structure are further discussed below. In this study, the

interlayering of the 7 Å layers with opposite polarities, a

mixture of different polytypic groups, and the lateral

contacts of opposite polar 7 Å layers are collectively

referred to as the irregularity of the structure.

DISCUSSION

Layer stacking in interstratification

For the integrated description of the stacking for the

interlayering of 7 Å and 14 Å layers at a fine scale, a

new notation was employed, as follows. All component

layers are described as 7 Å thick. Thus, the chlorite layer

is divided into two layers when the structure is viewed

along one of the Yi directions: one layer is between the

cation plane of the upper interlayer octahedral sheet and

that in 2:1 layer, and another between the octahedral

cation plane of the 2:1 layer and that of lower interlayer

octahedral sheet (Figure 8). If the component layer

contains the tetrahedral sheet with �c axis-oriented

apical oxygens, the component layer is termed the �c
module and expressed with over-bar ( � ), and that with

the +c axis-oriented apical oxygens is termed the +c

module with under-bar (_) (Figure 8). The octahedral

slant of each module is defined following that of Bailey

and Brown (1962). Hence, if the slant directions of the

octahedral sheets at the lower and upper boundaries of

the component layer are in the same direction, the layer

is defined as type I, and if the slant directions of the

octahedral sheets are anti-parallel, the layer is defined as

type II (Figure 8). If the tetrahedral cations are located

just above or below the octahedral cations across the

hydrogen bond, then the relationship between them is

termed type a stacking; and if the tetrahedral cations are

laterally shifted relative to the octahedral cations, then

the structure is type b stacking (Figure 8). Using this

notation, chlorite-Ibb and -c and +c serpentine of group

C are expressed as IbIb, IbIb, and IbIb, respectively. The

Figure 8. Schematic diagrams showing the correspondence between polytypic notations proposed in the present study and that of

Shirozu and Bailey (1965) for (a) chlorite and of Bailey (1969) for (b) serpentine.

140 Inoué and Kogure Clays and Clay Minerals

https://doi.org/10.1346/CCMN.2016.0640205 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2016.0640205


conventional polytypic notations for chlorite and ser-

pentine can be described using the new notations

(Figure 8). Note that this notation is applicable to the

stacking configurations that can only be observed in

HRTEM, and is not applicable to the XRD data directly.

The stacking structures of interstratified minerals from

Ashio, Soya, and TH-2-680 were described using the new

notation, as given in the right-hand side of the HRTEM

images (Figure 7). In the Ashio sample (Figure 7a), both

the �c and +c 7 Å layers were found within a small

packet in approximately equal proportions, but the two

modules did not alternate as expected for pure chlorite.

The two modules linked preferentially with the type Ib

stacking, although the stacking was perturbed locally by

type Ia (Figure 7a). In the Soya sample, the proportions of

�c and +c layers resembled that in Ashio (Figure 7b). In

contrast, the proportion in TH-2-680 was very different

and the amount of downward layers was almost twice that

of upward layers (Figure 7c). Furthermore, different types

of shift (a and b) and octahedral slant (I and II) mixed

irregularly in Soya and TH-2-680. The 14 Å layer of

IIbIb, stacking which cannot be categorized into any of

the six polytypic groups, was observed in Soya

(Figure 7b). The irregularity was more obvious in Soya

than in TH-2-680. The degree of irregularity in layer

stacking may be controlled by many factors, e.g. chemical

composition, formation temperature, transformation

mechanism, and kinetics of mineral precipitation such as

crystal growth rate. The data (Table 1) indicated that the

Fe/(Fe+Mg) ratio and the IVAl content decrease in the

order of Ashio, Soya, and TH-2-680 and the formation

temperatures of these samples are in the range

190�300ºC. The order of the Fe/(Fe+Mg) ratio and the
IVAl content was inconsistent with the order of increasing

irregularity; hence, the three factors can be excluded from

the principal causes of the irregularity. Kinetic factors

during crystal growth are suspected to be the main causes

of formation of the complex irregularities in the stacking

of 7 Å and 14 Å layers.

Lateral relation between 7 Å and 14 Å layers

Considering the transformation mechanism between

7 Å and 14 Å layers, Baronnet (1992) noted that if the

serpentine-chlorite interstratified mineral is an inter-

mediate stage of topotactic transformation from serpen-

tine to chlorite (or vice versa), the polytypic group of the

reactant phase must be inherited by the product phase.

Many studies have used the b angle as measured on

SAED patterns to identify the transformation mechanism

(e.g. Jiang et al., 1992; Banfield and Bailey, 1996; Xu

and Veblen, 1996). For the case where the b angle of

serpentine was 90º in the transformation from serpentine

to chlorite, for instance, Xu and Veblen (1996) simply

assumed that serpentine-2H (group D) transformed to

chlorite-IIab, thereby maintaining b = 90º. Using the

present notation method, the transformation is described

from IIbIIbIIb to IIaIIb. Note that IIab is not a stable

polytypic group of chlorite. Banfield and Bailey (1996),

therefore, constructed another structure model to explain

the conversion from serpentine of group D to chlorite-

Ibb (IIbIIbIIb to IbIb by the present notation) by

changing the direction of octahedral slant at the lateral

contact between 7 Å and 14 Å layers. In the present

study, the lateral contact was encountered infrequently

in the interstratified structure as described above (for

example, white boxes in Figure 7). The lateral contacts

are expressed as IbIbIb and IbIbIb in Ashio, IIbIIb and

IIbIIb, and IaIa and IaIa in Soya, and IaIbIbIb and

IaIbIb, and IIbIIbIbIb and IIbIIbIbIb in TH-2-680. Close

examination of HRTEM images revealed that the model

of Xu and Veblen (1996) applies successfully to the

stacking structure of 7 Å and 14 Å layers, whereas the

alternative model of Banfield and Bailey (1996) is not

applicable to the three samples (e.g. Figure 9). On the

basis of Banfield and Bailey (1996), the type Ia stacking

in 7 Å layers is required to convert into the type Ib

stacking in adjacent 14 Å layers.

In the Soya sample, the stacking structure of 7 Å

layers succeeded continuously to that of 14 Å layers by

means of Ia type stacking at both the left-hand and right-

hand sides of lateral contact fronts (Figure 9b).

Consequently, along with the severely disordered stack-

ing as discussed above, the above observations imply

Figure 9. Magnified image of the lateral contact in (a) Ashio and

(b) Soya. Schematic diagrams corresponding to the stacking

structure are overlaid on HRTEM images.
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that the stacking relation between 7 Å and 14 Å layers as

components in interstratification cannot be explained by

the inheritance of polytypic groups during a solid-state

transformation. The interstratified minerals of 7 Å and

14 Å layers observed in the present study are not part of

an intermediate stage of topotactic transformation

between the two minerals as described by Baronnet

(1992), Xu and Veblen (1996), and Banfield and Bailey

(1996).The present study assumed that the chemical

compositions of each component layer are the same. The

differences in chemical compositions of the component

layers and the atomic-scale chemical heterogeneities

may have to be taken into consideration. Further

characterizations of individual component layers from

the viewpoint of the chemical heterogeneity will be

beneficial in clarifying the genesis of the samples.

Geological implications

The petrographic microscopic and TEM observations

suggest that each chlorite sample studied here precipi-

tated in veins directly from solutions, and were not

affected by later modifications (e.g. Inoue et al., 2010;

2012), i.e. each sample was neoformed as opposed to the

topotactic transformation from the precursor minerals.

The formation temperatures were >190ºC, determined

from homogenization temperatures of fluid inclusions in

associated quartz and chlorite geothermometry

(Table 1). Because of the relatively high-temperature

precipitation of chlorites, the following is recognized:

the component layers in chlorites with low Fe content

(e.g. Ishikirizawa and Unotori) are basically 14 Å. Each

structure is polytype IIbb, which is the most stable

structure of chlorite (Bailey, 1988b). Interlayering with

different component layers was observed locally in

HRTEM images, though the frequency was below the

detection limit of XRD. The interstratified component

layer appeared to be dehydrated smectite of 10 Å, and

the interstratified structure involved two layers that form

a regularly interstratified structure with 24 Å fringes

such as corrensite. This type of interstratification has

been documented in the saponite-to-chlorite series in

various geologic regimes (e.g. Hillier, 1993; Beaufort et

al., 1997; Murakami et al., 1999; Kogure et al., 2013).

In contrast, the present study highlights that the

proportion of 7 Å layers increases with increasing Fe

content, and the number of 7 Å layers can be >80% near

the Fe end member. The chemical composition of 7 Å

layers approximates Fe-rich berthierine. Berthierine is

common in sedimentary rocks and is probably a

precursor of chamosite during burial diagenesis.

Natural occurrences show that the transformation of

berthierine to chamosite occurs over a wide temperature

range from 70ºC to 200ºC during burial diagenesis (e.g.

Velde, 1985; Jahren and Aagaard, 1989; Hornibrook and

Longstaffe, 1996). Experiments at relatively low tem-

perature conditions (e.g. Mosser-Ruck et al., 2010)

demonstrated that berthierine is stable at low tempera-

tures and converts to chamosite at higher temperatures at

>200ºC. In addition, high-temperature and high-pressure

experiments on the stability of Fe-rich chlorite, includ-

ing Fe-amesite composition (e.g. Chernosky et al., 1988;

Parra et al., 2005; Vidal et al., 2005, and references

therein), also suggested that the 7 Å phase appeared as a

metastable phase and converted to 14 Å chlorite

following the Ostwald step rule. More recently, Blanc

et al. (2014) indicated, from their calorimetric measure-

ments of Fe-rich chlorite and berthierine, that berthierine

might transform into chlorite at higher temperatures, but

the transformation temperature is dependent on the

chemical composition of the two minerals. Although

the thermal stability of berthierine is not resolved, the

Fe-rich berthierine studied here precipitated as a

metastable phase from solutions, based on the intensive

irregularity of layer stacking as observed using HRTEM.

Nevertheless, the fact that Fe-rich berthierine formed at

higher temperatures than those in sedimentary environ-

ments indicates the necessity to reconsider the thermal

stability of Fe-rich berthierine.

CONCLUSIONS

The present HRTEM study characterized chlorites

which precipitated at temperatures from 190ºC to 320ºC

in quartz veins of hydrothermal ore deposits. Low

magnification HRTEM images showed that most of the

samples exhibited interstratification between 7 Å, 14 Å,

and (in some samples) smectite layers. The proportion of

7 Å layers increased progressively with Fe content, but

independent of the formation temperatures. The propor-

tion of 7 Å layers in the samples with Fe/(Fe+Mg) > 0.9

exceeds 80%. From the chemical point of view, the 7 Å

layer was close to Fe-rich berthierine. Although

berthierine has been considered to be a low-temperature

phase of chlorite, the present study suggested that Fe-

rich berthierine can form at temperatures higher than

those in sedimentary environments. The stacking struc-

tures in the Fe-rich samples were characterized by

disorder of 7 Å and 14 Å layers, differences in the

polarity of the tetrahedral sheets, and a mixture of

different polytypic structures, as indicated by HRTEM

observations along Yi directions of the structure. The

results of this study suggest that the irregularity in the

structure of chlorite samples was controlled by neither

the Fe/(Fe+Mg) ratio nor the formation temperature;

instead, the irregularity was controlled by the kinetic

factors in the process of mineral precipitation under

disequilibrium conditions.
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