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Abstract—Low-temperature chlorites formed in diagenetic to low-grade metamorphic environments
generally have greater Si contents and larger numbers of octahedral vacancies, and smaller Fe+Mg contents
than higher-grade metamorphic chlorites. The compositional variations are characterized approximately by
four end-member components: Al-free trioctahedral chlorite, chamosite, corundophilite, and sudoite. The
solid solution is considered to be a random mix of cations and vacancies in the octahedral sites. Using the
compositions of chlorites from Niger, Rouez, and Saint Martin diagenetic-hydrothermal series, a new, more
convenient geothermometer, applicable to low-T chlorites is proposed and comparison made with
geothermometers proposed previously. The chlorites studied contain appreciable amounts of Fe(III) (>14%
of the total Fe), determined by Mössbauer spectroscopy. The calculations under which all Fe was regarded
as ferrous gave considerable overestimates for the formation temperature, irrespective of the
geothermometer used. This problem was reduced by taking into account the presence of Fe(III) in the
octahedral sites. The geothermometer from this study gave more reasonable estimates than the
geothermometers proposed by Walshe (1986) and Vidal et al. (2001), particularly in the case of the
Niger chlorites which crystallized in the lowest-temperature conditions. The ordered-site substitution model
of solid solution developed by Vidal et al. (2001) predicted satisfactorily the formation temperature of the
Rouez chlorites and of some of the Saint Martin chlorites, suggesting that the chlorite compositions are
controlled by the Si&R2+

�2 exchange at low-T conditions while they are controlled by Tschermak exchange
at higher temperatures. The decreasing number of vacancies with temperature are poorer in Fe-rich than in
Fe-poor chlorites. Furthermore, the ordered-site occupation of cations and vacancies in trioctahedral
chlorite occurs concomitantly with the compositional changes ruled by increasing temperature conditions.

Key Words—Chlorite, Diagenesis, Ferric Iron, Geothermometry, Hydrothermal Alteration, Low-
grade Metamorphism, Mössbauer Spectroscopy, Solid Solution.

INTRODUCTION

Chlorite is a common rock-forming mineral found in

a variety of geologic environments including diagenetic,

low- to high-grade metamorphic, and hydrothermally

altered rocks with different bulk-rock compositions

(Laird, 1988). Chlorite displays a wide range of non-

stoichiometric compositional variations depending on

bulk-rock composition and the physicochemical condi-

tions which prevailed at the time of formation, including

temperature (T), pressure (P), pH, and the activities of

various metal cations dissolved in fluid, together with

the activities of S2, O2, and CO2. The variation in

chemical composition of chlorite is a useful source of

information on the physicochemical conditions of

formation; the use of chlorite composition in estimating

the formation temperature is referred to as ‘chemical

chlorite geothermometry’. Another type of geothermo-

metry for chlorite, related to the polytype structure

(Hayes, 1970; Walker, 1993), is not considered here.

As summarized by Vidal et al. (2001), two

approaches to chemical geothermometry have been

proposed: (1) empirical calibrations based on the

tetrahedral Al (hereafter abbreviated as IVAl) occupancy

and/or the octahedral vacancy as a function of measured

temperatures in active geothermal systems and homo-

genization temperatures of fluid inclusions in fossil

geothermal systems; and (2) thermodynamic calculation

of equilibrium conditions for chlorites, the composition

of which is expressed as the activities of end-member

components of known thermodynamic properties. The

first approach has been applied to diagenetic, low-grade

metamorphic chlorites because of its simplicity.

However, many previous studies indicated that chlorite

compositions are sensitive not only to prevailing

physicochemical conditions but also to bulk-rock

composition (e.g. De Caritat et al., 1993; Zane et al.,

1998). Although various equations based on different

rock compositions have been proposed, none has given

reliable results over a wide range of physicochemical

conditions of formation (De Caritat et al., 1993; Vidal et

al., 2001).

Many advantages are found in the second, thermo-

dynamics-based geothermometer. In addition to the

estimation of formation temperature and pressure, it

takes into account the variations of the rock mineralogy,
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including elemental partitioning between coexisting

minerals (e.g. Vidal et al., 2001) and the potential

influence of additional physicochemical parameters such

as fluid composition and redox conditions (Walshe and

Solomon, 1981; Walshe, 1986). De Caritat et al. (1993)

tested the validity of two thermodynamic geothermome-

tries developed by Walshe (1986) and Hutcheon (1990),

and concluded that no single chlorite geothermometer

performs satisfactorily over the whole range of natural

conditions, probably resulting from uncertainties in the

thermodynamic properties of chlorites used and from the

unsuitable mixing model for chlorite solid solution used

in these studies. De Caritat et al. (1993) ignored the

effect of Fe(III) contents in estimating the formation

temperature. Following criticism of the De Caritat et al.

(1993) work, many researchers carried out experimental

and theoretical studies in an effort to revise the

thermodynamic properties of chlorites and to apply

them to experimental or natural systems (e.g. Berman,

1988; Saccocia and Seyfried, 1994; Baker and Holland,

1996; Holland and Powell, 1998; Holland et al., 1998;

Vidal et al., 1992, 1999, 2001, 2005; Parra et al., 2005).

Although the previous studies were largely carried out

on higher-grade metamorphic chlorites, that by Vidal et

al. (2001) may be noteworthy in terms of the geother-

mometry applicable to low-T chlorites. Those authors

proposed a thermodynamic model for Fe-Mg partitioning

of aluminous trioctahedral chlorites applicable to a wide

range of T (100�600ºC) and P (1�25 kbar) conditions

by calibrating data from phase-equilibrium experiments

and natural mineral assemblages.

Foster (1962) indicated that the Fe(III) contents of

metamorphic chlorites were <4% of the total Fe and

thereafter, the presence of Fe(III) was usually ignored in

the structural formula calculations of higher-grade

metamorphic chlorites because the ferric/ferrous ratio

cannot be determined by microprobe analysis. However,

this assumption has not been verified to be commonly

applicable to low-T chlorites. Because significant

amounts of Fe(III) strongly influence the number of

vacancies in the chlorite structure (Laird, 1988), Fe(III)

should be taken into consideration when estimating the

temperature of formation. Because the low-T chlorites

display different features of compositional variations

from those of higher-grade metamorphic chlorites

(Curtis et al., 1985; Hillier and Velde, 1991), the

validity of the geothermometer proposed by Walshe

(1986) and Vidal et al. (2001) for low-T chlorites formed

under diagenetic to very low-grade metamorphic condi-

tions needs to be verified.

The present work is an extension of the work of De

Caritat et al. (1993) and of Hillier and Velde (1991). The

validity of the geothermometers proposed by Walshe

(1986) and Vidal et al. (2001) was tested using new

analytical data of chlorites from three locations, Niger,

Rouez, and Saint Martin. The data set contains the

proportions of Fe(III) determined independently by

Mössbauer spectroscopy. Particular emphasis in this

study was placed on evaluation of the effect of Fe(III) on

the estimate of temperature of formation. The goal was

to develop another, more convenient geothermometer,

which can be used for diagenetic, very low-grade

metamorphic chlorites. The geothermometer based on

the chlorite-carbonate equilibria, developed by Hutcheon

(1990), was not considered here as that method requires

compositional data from coexisting carbonates and such

data are rare.

SOURCES OF ANALYSES AND GEOLOGIC

SETTINGS

Niger chlorites

These samples are from sandstones of Niger, Africa

(the details of location and geologic age are confiden-

tial). The chlorites were separated by a density

fractionation technique using sodium polytungstate as a

heavy liquid (density = 2.67 g/cm3). The chlorites were

analyzed by X-ray powder diffraction (XRD), scanning

electron microscopy energy-dispersive microanalysis

(SEM-EDS), and Mössbauer spectroscopy. The chlorites

occur as grain-coatings of sandstones and show a

rosette-like morphology, 5�10 mm in diameter.

Examination by XRD showed that the chlorites contain

chlorite-berthierine mixed-layer minerals. The clay

mineralogy consists of abundant kaolin (kaolinite �

dickite) and minor illite. Mixed-layer illite-smectite

minerals having >45% illite layers are also present in

some samples. They are associated with pyrite, ankerite,

and calcite. Precise data on the formation temperature

are not available so ~80ºC was estimated based on the

mineral association. 120 analyses were selected from the

analyzed data after taking into account the Na+K+Ca

contents, which are probably due to impurities and/or

interstratification with smectite (Hillier and Velde,

1991). Analyses with excess SiO2 content due to quartz

contamination were disregarded. The Si contents ranged

from 2.87 to 3.30 and the vacancies from 0.33 to

0.83 per half structural formula unit (p.h.f.u.) (O = 14),

based on the assumption that all Fe is regarded as

ferrous. The mean Fe(II)/(Fe(II)+Mg) ratio was 0.59,

ranging from 0.30 to 0.80. The Fe(III) proportions were

22�34% of total Fe, determined by the Mössbauer

method described by Beaufort et al. (1992). The

Mössbauer spectra of chlorites were recorded using the

powder samples separated from rocks. The Fe(III)

content is probably heterogeneous between different

chlorite grains present in a thin section and the values

presented represent only an average.

Rouez chlorites

These chlorites are from the Brioverien (Late

Precambrian) metasediments of the Massif Armorican

series which surround the massive sulfide deposit near

Rouez (Beaufort, 1986, 1987; Hillier and Velde, 1991).
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The rocks are pelites and metagreywackes metamor-

phosed under lower-greenschist-facies conditions in the

Hercynian orogeny, producing a clay mineral assem-

blage that is essentially illite + chlorite. No precise

paleotemperature data for the formation of chlorite are

available; they probably range from 200 to 350ºC

according to the mineral assemblages without biotite.

Chlorite occurring in the sulfide deposit displays a

systematic variation of the Fe/Mg ratios according to the

different associated minerals (Beaufort, 1986). Sixty

four of the Beaufort (1986) analyses were used in this

study. The Si contents ranged from 2.60 to 2.94 and the

vacancies from 0.03 to 0.42 p.h.f.u., based on the

assumption that all Fe is regarded as ferrous. The mean

value of Fe(II)/(Fe(II)+Mg) was 0.66, ranging from 0.59

to 0.75. The Fe(III) proportions were 14�24% of total

Fe by Mössbauer measurements (Beaufort, 1986). A

single, average Fe(III) value was applied to the structure

formula calculations of chlorites analyzed in a thin

section.

Saint Martin chlorites

These chlorites are from thermally metamorphosed

volcaniclastic rocks surrounding Early Oligocene quartz

diorite intrusive rocks in Saint Martin, Lesser Antilles

(Beaufort et al., 1990, 1992). Five alteration zones with

different mineral assemblages surrounding the intrusion

were identified. From closest to the periphery, zone 1:

epidote + actinolite + magnetite; zone 2: epidote +

chlorite; zone 3: epidote + chlorite + hematite; zone 4 as

local veins: chlorite + phengite + magnetite; and zone 5:

interstratified chlorite-smectite and illite-smectite +

calcite. The chlorites used in this study are from zones

2, 3, and 4 and the paleotemperatures determined by

fluid-inclusion studies are within a range of 220 to

340ºC (Patrier et al., 1990; Beaufort et al., 1992). The Si

contents ranged from 2.79 to 3.04 and the vacancies

from 0.05 to 0.20 p.h.f.u. in 18 analyses, based on the

assumption that all Fe is regarded as ferrous. The mean

values of the Fe(II)/(Fe(II)+Mg) ratios were 0.41, 0.21,

and 0.58 for chlorites from zones 2, 3, and 4

respectively. The Fe(III) contents varied according to

the different mineral assemblages, 25�30%, 32%, and

16% for chlorites of zones 2, 3, and 4, respectively, by

Mössbauer measurements (Beaufort et al., 1992). This

suggests that the chlorite composition was affected not

only by the temperature but also by the oxygen fugacity.

COMPOSITIONAL VARIATIONS, CHOICE OF

END-MEMBERS, AND ACTIVITY MODEL

Before choosing the end-member components for the

chlorite solid solution and constructing the activity

model, the compositional variations of the low-T

chlorites compared to higher-grade metamorphic chlor-

ites must be characterized. The compositions of chlorites

in the R2+-Si diagram presented by Wiewióra and Weiss

(1990) are shown (Figures 1, 2): R2+ represents the

octahedral cations (Mg + Fe(II) + Mn(II)). The values of

R2+ and Si are based on O = 28. The Al-free

trioctahedral chlorite pole is a fictive 14 Å chlorite

component having a serpentine composition. The

pyrophyllite-gibbsite is also a fictive chlorite component

having a kaolinite composition. The term corundophilite

is used instead of amesite because amesite is a 7 Å

phase.

The data for higher-grade metamorphic chlorites

obtained from Foster (1962) and Laird (1988) were

plotted (Figure 1) together with the compositions of di-

trioctahedral sudoite (Newman and Brown, 1987) for

comparison. Most of the metamorphic chlorite composi-

tions concentrate between the clinochlore and the

Figure 1. Chemical compositions of metamorphic chlorites plotted in the R2+-Si diagram of Wiewióra and Weiss (1990):

(a) chemical analyses determined by the weighing method, distinguishing Fe(III) from Fe(II) (Foster, 1962) and sudoite (Newman

and Brown, 1987); (b) chemical analyses using EMPA (Laird, 1988), all Fe as Fe(II).
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corundophilite, though some extension was observed

toward the Al-free chlorite. Compared to higher-grade

metamorphic chlorites, low-T chlorites exhibit a remark-

able deviation from the Al-free chlorite and corundo-

philite line (Figure 2). Hillier and Velde (1991) noted

that the deviation is characterized by a Si&R2+
�2

exchange rather than an VIAl2&R2+
�3 one because the

compositions of samples from a single location tend to

expand nearly parallel to the line of a constant R3+ value,

where & denotes the octahedral vacancy. Hillier and

Velde (1991) also noted a broad correlation between the

number of vacancies and the Fe(III) contents. However,

the number of vacancies depends on how the normal-

ization of the chemical analyses to the structure formula

has been performed (Laird, 1988).

In order to describe the complicated substitutions of

chlorites mentioned above, choosing appropriate end-

member components is necessary. Vidal et al. (2001)

focused only on the substitution of chlorites with Si <

3 p.h.f.u. (O = 14) for simplicity and chose four end-

members, clinochlore [Mg5Al][Si3Al]O10(OH)8, chamo-

site (daphnite) [Fe5
2+Al][Si3Al]O10(OH)8, corundophilite

[ M g 4 A l 2 ] [ S i 2 A l 2 ] O 1 0 ( O H ) 8 , a n d s u d o i t e

[Mg2Al3&][Si3Al]O10(OH)8. The choice of the four

components allows description of the Fe-Mg (FeMg�1),

Tschermak (VIAlIVAlSi�1R
2+
�1), and dioctahedral-tri-

octahedral (Si&R2+
�2 or

VIAl2&R2+
�3) substitutions occur-

ring in trioctahedral chlorites. However, clearly the

composition space adopted by Vidal et al. (2001)

excludes many of the compositions of diagenetic

chlorites (Figure 2). On the other hand, Walshe (1986)

chose four framework end-members, C1: Al-free chlorite

[Mg6][Si4]O10(OH)8, C2: clinochlore, C3: chamosite,

and C5: pyrophyllite-gibbsite [Al4&2][Si4]O10(OH)8.

The composition space of Walshe (1986) also excludes

many compositions of low-T chlorites (Figure 2) due to

the omission of the corundophilite component. As a

result, the calculation of Walshe (1986) has a disadvan-

tage: negative mole fraction values of the Al-free

chlorite component in the solid solution must be dealt

with. In order to avoid the problem, alternative end-

members are preferred: Al-free chlorite, corundophilite,

chamosite, and sudoite or pyrophyllite-gibbsite. As an

alternative for sudoite or pyrophyllite-gibbsite (kaolinite

composition) for the vacancy-bearing component, the

vacancies in low-T chlorites are <2 p.f.u. (O = 28) and

the composition plane delineated by the poles of Al-free

chlorite, corundophilite, and sudoite covers satisfactorily

almost all the plots of low-T chlorite compositions

(Figure 2). From this line of evidence, choosing the

sudoite component is reasonable in order to describe the

vacancies in trioctahedral chlorites.

Knowledge of the crystal chemistry of chlorite is

required to set up the ideal activity because geothermo-

metry depends on the activity model used. The ideal

structure of the trioctahedral chlorite is a regular

alternation of a basic talc (or TOT) layer and a brucite

(or interlayer octahedral) layer. According to Bailey

(1988), the basic layers of type IIb chlorite have

different types of sites, represented as: talc layer

{M1(M2)2[(T1)2(T2)2]O10(OH)2} and brucite sheet

{(M3)2M4(OH)6}, respectively. These sites show differ-

ent preferences for cations. Based on the site preference

of cations in trioctahedral chlorite, Vidal et al. (2001)

assumed that octahedral Al is restricted to the M1 and

M4 sites with a strong preference for M4, and tetrahedral

Al is restricted to T2 sites where it substitutes randomly

for Si. In addition, vacancies in sudoite were assumed to

be restricted to the M1 site, while Fe, Mg, and Al mix

randomly over the M2 and M3 sites, and the Mg/Fe ratio

was assumed to be equal in the two sites M1 and

(M2+M3). Fe(III), if it exists, is cast into the M4 site

(Vidal et al., 2005). As listed in Table 1, the ideal

activities (aideal) of end-member components in the

chlorite solid solution were calculated following the

mixing on sites model (Helgeson et al., 1978; Powell,

1978) based on the above ordered-substitution model.

a X

X
n

n

i i j s
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j s
j s

j s
j

i
s j i

s ijs
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=
∑
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,
,

,
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,

, ,

( )

ν

ν
ν

−−νs j i, ,
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where Xj,s is the mole fraction of the j cation on the s

site, ki is the normalization constant, and vi is the

number of s sites. Walshe (1986) distinguished the two T

sites of the TOT layer but not the octahedral M sites,

assuming a random mixing of cations and vacancies

Figure 2. Chemical compositions of low-temperature chlorites

from Niger (squares), Rouez (circles), and Saint Martin

(triangles) plotted in the R2+-Si diagram of Wiewióra and Weiss

(1990); all Fe is regarded as Fe(II).
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between the six identical octahedral M sites. The ideal

activities were also calculated on the basis of the mixing

on sites model (Table 1). For the present activity

calculations, an assumption was made that all Fe(III)

occupies the same octahedral sites as Al. Similar to the

Walshe’s model (1986), a random mixing model of

cations and vacancies in the six octahedral M sites was

adopted in order to describe the compositional variations

of low-T chlorites using the four, new end-member

components defined above. The ideal activities calcu-

lated by equation 1 are listed in Table 1.

ESTIMATION OF FORMATION TEMPERATURE

USING DIFFERENT GEOTHERMOMETERS

Walshe (1986) geothermometer

Walshe (1986) considered that the composition of

chlorite crystallizing in equilibrium with quartz must be

controlled by the fluid composition in addition to

temperature and pressure. The formation reaction is

expressed by the following two reactions which are

independent of aAl3+/(aH+)3 in fluid:

6Mg5AlSi3AlO10(OH)8 + 14SiO2 + 8H2O(l) =

5Mg6Si4O10(OH)8 + 3Al4&2Si4O10(OH)8 (2)

6Mg5AlSi3AlO10(OH)8 + 6KAlSi3O8 + 2SiO2 + 2H2O(l) =

5Mg6Si4O10(OH)8 + 6KAl2Si3AlO10(OH)2 (3)

In the present study, Mn was regarded as equivalent

to Mg following Walshe (1986). Equations 2 and 3 are

the reactions forming the chlorite + quartz and chlorite +

K-feldspar + illite + quartz assemblages in equilibrium

with fluid, respectively.

The logarithms of the equilibrium constants, K, for

equations 2 and 3 are

logKð2Þ ¼ �
DG0

rð2Þ
2:303RT

¼

log
a5C1a

3
C5

a6C2
� 14 log aqz � 8 log awater ð4Þ

logKð3Þ ¼ �
DG0

rð3Þ
2:303RT

¼

log
a5C1
a6C2

þ 6 log aillite�

6 log aK-spar � 2 log aqz � 2 log awater ð5Þ

where DGºr(i) is the standard free energy change of

reaction i at T and P, R is the gas constant, aCi and aj are

the activities of Ci component in chlorite solid solution

and j phase, respectively. Assuming that aqz = aK-spar =

aillite = awater = 1, equations 4 and 5 are written as

log K(2) = 5 log aC1 + 3 log aC5 � 6 log aC2 (6)

log K(3) = 5 log aC1� 6 log aC2 (7)

If the effect of pressure can be ignored and the

change in heat capacity, DCp, of reactions 2 and 3 is

assumed to be zero, the following relation may be

established between the equilibrium constant of reaction

and temperature:

logK ¼ A

T
þ B ð8Þ

where T is the temperature in Kelvin and A and B are

constants. Based on equation 8, Walshe (1986)

Table 1. Three models for ideal activities of chlorite solid-solution components used in the calculations of the
geothermometer.

Component (abbreviation) Chemical formula
(half formula unit)

Ideal activity

Walshe (1986) model
C1: Al-free chlorite (Afch) [Mg6][Si4]O10(OH) 8 a1 = k1(XMg, oct)

6(XSi, tet)
2

C2: Clinochlore (Clin) [Mg5Al][Si3Al]O10(OH)8 a2 = k2(XMg, oct)
5(XAl, oct)(XSi, tet)(XAl, tet)

C3: Chamosite (Chm) [Fe2+5 Al][Si3Al]O10(OH)8 a3 = k3(XFe, oct)
5(XAl, oct)(XSi, tet)(XAl, tet)

C5: Pyrophyllite-gibbsite (Pyp) [Al4&2][Si4]O10(OH)8 a5 = k5(X&, oct)
2(XAl, oct)

4(XSi, tet)
2

where k1 = 1; k2 = 59.720 = k3; k5 = 45.563
Vidal et al. (2001) model
C1: Clinochore (Clin) [Mg5Al][Si3Al]O10(OH)8 a1 = k1(XMg,M1)(XMg,M2+M3)

4(XSi, T2)(XAl,T2)
C2: Chamosite (Chm) [Fe2+5 Al][Si3Al]O10(OH)8 a2 = k2(XFe,M1)(XFe,M2+M3)

4(XSi, T2)(XAl, T2)
C3: Sudoite (Sud) [Mg2Al3&][Si3Al]O10(OH)8 a3 = k3(X&,M1)(XAl,M2+M3)

2(XMg,M2+M3)
2(XSi, T2)(XAl, T2)

C4: Corundophilite (Crdp) [Mg4Al2][Si2Al2]O10(OH)8 a4 = k4(XAl,M1)(XMg,M2+M3)
4(XAl, T2)

2

where k1 = 4 = k2; k3 = 64; k4 = 1
This study model
C1: Al-free chlorite (Afch) [Mg6][Si4]O10(OH)8 same as a1 of Walshe (1986) model
C2: Corundophilite (Crdp) [Mg4Al2][Si2Al2]O10(OH)8 a2 = k2(XMg, oct)

4(XAl, oct)
2(XAl, tet)

2

C3: Chamosite (Chm) [Fe2+5 Al][Si3Al]O10(OH)8 same as a3 of Walshe (1986) model
C4: Sudoite (Sud) [Mg2Al3&][Si3Al]O10(OH)8 a4 = k4(XMg, oct)

2(XAl, oct)
3(X&, oct)(XSi, tet)(XAl, tet)

where k2 = 45.563; k4 = 1728

Note: Xj,s is the mole fraction of the j cation on the s site and ki is a normalization factor.
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calibrated the thermodynamic properties of the end-

member components from equations 2 and 3, using the

composition data of natural chlorite and the measured

temperatures from active and fossil geothermal systems

and assuming an ideal solid solution model for chlorite

in which the activities of equations 6 and 7 can be

approximated by the ideal activities given in Table 1.

Finally he gave the following two geothermometers:

Tð�CÞ ¼ 1626
6:542þ 1

3 logKð2Þ
� 273 ð9Þ

for reaction 2, and

Tð�CÞ ¼ 1113
0:575þ 1

6 logKð3Þ
� 273 ð10Þ

for reaction 3. Walshe (1986) added another assumption

in his actual calculations of the geothermometer as

apyrophyllite-gibbsite = Xpyrophyllite-gibbsite, where X is the

mole fraction of the pyrophyllite-gibbsite component.

Using the geothermometer in equation 9 applied to a

chlorite + quartz assemblage, the formation temperatures of

the Niger, Rouez, and Saint Martin chlorites were estimated

assuming three different cases: (Case 1) all Fe is considered

as Fe(II); (Case 2) all Fe(III) is located in the octahedral

sites where it substitutes for VIAl; (Case 3) Fe(III) equally

replaces both VIAl and IVAl. The results are plotted as the

relationship between the estimated temperature and the IVAl

content based on O = 28 (Figure 3). The different

assumptions established in the structural formula calcula-

tions clearly influence the estimated temperatures of

chlorite formation. Case 1 provides the greatest temperature

estimates which range from 199 to 516ºC for Rouez,

112�204ºC for Niger, and 186�353ºC for Saint Martin

chlorites. These temperatures contain many values incon-

sistent with the expected temperatures from observations in

nature, though these expected temperatures are broadly

estimated values. In the calculations used for the conditions

in Cases 2 and 3, the amount of Fe(III) was determined

independently using Mössbauer spectroscopic analysis and

was cast into the octahedral and/or tetrahedral sites

following the calculation procedure of Walshe (1986).

Calculations using the conditions in Cases 2 or 3 gave a

temperature range of 182�283ºC or 168�278ºC,

107�186ºC or 85�168ºC, and 153�240ºC or 146�238ºC

for Rouez, Niger, and Saint Martin chlorites, respectively.

Though the two cases gave similar sets of values, the Case 3

temperatures are slightly underestimated by ~10�20ºC in

comparison with those of Case 2. Though a positive

correlation was found between the formation temperature

and the IVAl content, regardless of the assumption used in

the calculations, the relationship is not consistent with the

empirical calibration curves proposed by Cathelineau

(1988) and Hillier and Velde (1991).

As mentioned previously, the mineral assemblages of

Rouez and Saint Martin are similar to that formed in

propylitic alteration, i.e. albite + epidote + chlorite +

illite � K-feldspar (Meyer and Hemley, 1967). The

results obtained using the geothermometer from

equation 10, applicable to reaction 3 containing

K-feldspar and illite, gave a negative correlation

Figure 3. Plots of tetrahedral Al contents and estimated

temperatures using Walshe’s geothermometer of equation 9 in

(a) Case 1, (b) Case 2, and (c) Case 3. The solid and dashed

curves are the empirical calibrations proposed by Cathelineau

(1988) (C88) and Hillier and Velde (1991) (H&V91), respec-

tively.
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between the IVAl content and temperature for the Rouez

and Saint Martin chlorites. Consequently, equation 10

was not used as a geothermometer for low-T chlorites.

Vidal et al. (2001) geothermometer

Similar to Walshe (1986), Vidal et al. (2001)

described the formation of the chlorite + quartz

assemblage by the following reaction:

2Mg5AlSi3AlO10(OH)8 + 3Mg2Al3&Si3AlO10(OH)8 =

4Mg4Al2Si2Al2O10(OH)8 + 7SiO2 + 4H2O(l) (11)

The equilibrium constant of reaction 11 is expressed

by:

logKð11Þ ¼ �
DG0

rð11Þ
2:303RT

¼

log
a4crdp

a2clina
3
sud

" #

ideal

þ log
g4crdp

g2cling
3
sud

" #

non-ideal

ð12Þ

assuming aqz = awater = 1. The gi is the activity

coefficient of component i. The ideal activity part of

equation 12 may be approximated as a function of

temperature in a narrow range of pressure (e.g. vapor-

saturation pressures of liquid water at temperatures) as

follows:

logK0
ð11Þ ¼ log

a4crdp
a2clina

3
sud

" #

ideal

¼ A

T
þ B ð13Þ

The relationship between 1/T and the logarithmic

ideal activities product of equation 13 was plotted

(Figure 4) using the estimated formation temperature

and chlorite composition in the chlorite + quartz

assemblage given in the appendix (p. 589) of Vidal et

al. (2001). From the regression of plots, the following

geothermometer for the chlorite + quartz assemblage

was obtained:

Tð�CÞ ¼ 1
0:00187� 1:114� 10�4x

� 273

(r2 = 0.970) (14)

where

x = log K(11)’ = 4log acrdp
ideal � 2log aclin

ideal � 3log asud
ideal

From a statistical point of view, the quadratic

equation gave a reasonably good fit:

Tð�CÞ ¼
1

0:00184� 1:113� 10�4xþ 3:407� 10�6x2
� 273

(r2 = 0.978) (15)

where r2 is the square of the correlation coefficient r.

Vidal’s geothermometry cannot be applied to chlor-

ites with Si>3 p.h.f.u. (O = 14) because of the primary

assumption. Thus, excluding chlorite data where Si>3

p.h.f.u., the formation temperatures of Rouez, Niger, and

Saint Martin chlorites were estimated only for the

conditions in Cases 1 and 2 (Figure 5). Using Vidal’s

geothermometer, calculating the formation temperatures

was impossible for Case 3 conditions in which Fe(III)

was cast into the tetrahedral and octahedral sites. The

estimated temperatures of formation in Case 1 condi-

tions are 150�747ºC, 21�488ºC, and 85�639ºC for

Rouez, Niger, and Saint Martin chlorites, respectively.

The respective maximum values of the estimated

temperatures are considerably higher than those esti-

mated using Walshe’s geothermometer (equation 9);

they are also inconsistent with observations in nature.

Calculations using Case 2 conditions gave temperature

ranges of 146�367ºC, 36�216ºC, and 105�349ºC for

Rouez, Niger, and Saint Martin chlorites, respectively.

As shown in Figure 5, Vidal’s geothermometer shows a

positive correlation between the temperature and IVAl

content, but, regardless of the assumptions used in the

calculations, the relationship is not consistent with the

empirical calibration curves proposed by Cathelineau

(1988) and Hillier and Velde (1991). Each sample seems

to give a particular trend.

New geothermometer

The calibrated thermodynamic properties of the end-

member components and the resulting estimated forma-

tion temperatures of Vidal et al. (2001) were assumed to

be correct. A semi-empirical geothermometer based on

four new end-member components: corundophilite,

chamosite, sudoite, and Al-free chlorite was constructed,

Figure 4. Relationship between 1/T and log K’(11) of the

chemical compositions and estimated temperatures for the

chlorite + quartz assemblages listed in the appendix of Vidal

et al. (2001). Two regression curves correspond to the linear

form of equation 14 and quadratic equation 15, respectively. See

the details in the text.
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taking into account the compositional variations of

low-T chlorite (Figure 2). The reaction of formation of

the chlorite + quartz assemblage is as follows:

3Mg2Al3&Si3AlO10(OH)8 + Mg6Si4O10(OH)8 =

3Mg4Al2Si2Al2O10(OH)8 + 7SiO2 + 4H2O (l) (16)

Assuming the ordering of Si and Al in tetrahedral

sites but a random mixing in a single type of octahedral

site and using the ideal activities given in Table 1, the

temperature data given by Vidal et al. (2001), which are

the same as those used in Figure 4, were plotted vs. the

logarithmic ideal activity product of reaction 16. The

new geothermometer is obtained as follows:

Tð�CÞ ¼ 1
0:00264� 2:897� 10�4x

� 273

(r2 = 0.773) (17)

where

x = log K(16)’ = 3log acrdp
ideal � 3log asud

ideal � log aAfch
ideal

The following quadratic equation also gave a good fit

from a statistical point of view:

Tð�CÞ ¼
1

0:00293� 5:13� 10�4xþ 3:904� 10�5x2
� 273

(r2 = 0.786) (18)

Here, aqz = awater = 1 was also assumed. Using

equation 18, the formation temperatures of Niger,

Rouez, and Saint Martin chlorites can also be estimated

using the conditions in Cases 1�3 (Figure 6). In Case 1

conditions (where all Fe is ferrous), the estimated

temperatures are 212�528ºC, 59�277ºC, and

335�519ºC for Rouez, Niger, and Saint Martin chlorites,

respectively. They all are greater than those given by the

Walshe geothermometer and equivalent to or less than

those given by the Vidal et al. thermometer. In Case 2

conditions, the temperatures are 127�373ºC, 12�156ºC,

and 192�349ºC for Rouez, Niger, and Saint Martin,

respectively; estimated using Case 3 conditions and are

smaller by ~30�50ºC. Again, using the present

geothermometer, T and IVAl were clearly positively

correlated but, whatever the assumption used in the

calculations, the correlation was different from that

obtained using the empirical calibration curves proposed

by Cathelineau (1988) and Hillier and Velde (1991).

COMPARISON OF THE THREE

GEOTHERMOMETERS

An assumption of awater = 1 has been established in

the derivation of the three geothermometers. The

condition of awater < 1, from equations 2, 11, and 16,

will result in much larger underestimates of the

temperature of chlorite formation in the Walshe

geothermometer, and larger overestimates in the Vidal

et al. and present geothermometers, regardless of other

calculation conditions. Although the actual activity

values of water are unknown in the cases of Niger,

Rouez, and Saint Martin, the assumption of awater = 1 is

generally reasonable in diagenetic to low-grade meta-

morphic and hydrothermal environments related to the

chlorite formation.

The calculation based on the assumption that all iron

is Fe(II) (Case 1) led to a considerable overestimate of

the formation temperature regardless of the geotherm-

ometer used. The low-T chlorites studied here have

appreciable amounts of Fe(III), at least 14% of the total

Fe. These values are significantly greater than those of

common metamorphic chlorites (Foster, 1962), empha-

sizing the necessity of correcting for the Fe(III) content

as precisely as possible before estimating the formation

temperature, as exemplified by the studies of meta-

morphic chlorites by Vidal et al. (2005, 2006). The

Case 3 calculation (Fe(III) is cast equally into both the

Figure 5. Plots of tetrahedral Al contents and estimated

temperatures using Vidal’s geothermometer of equation 15 in

(a) Case 1 and (b) Case 2. The solid and dashed curves are the

empirical calibrations proposed by Cathelineau (1988) (C88)

and Hillier and Velde (1991) (H&V91), respectively.
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tetrahedral and octahedral sites) provides the smallest

formation-temperature estimates using the Walshe and

present models (Figures 3, 6). However, none of the

Mössbauer spectroscopic data used here support the

presence of tetrahedral Fe(III) in the chlorite samples

studied; consequently the assumption that all Fe(III)

occupies only the octahedral sites (Case 2) is the most

reasonable one at present for estimating the formation

temperatures of Fe(III)-bearing, low-T chlorites.

The formation temperatures, calculated using Case 2

conditions, were compared (Figure 7) for each of the

three geothermometers, for the Niger, Rouez, and Saint

Figure 6. Plots of tetrahedral Al contents and estimated tempera-

tures using the new geothermometer of equation 18 in (a) Case 1, (b)

Case 2, and (c) Case 3. The solid and dashed curves are the empirical

calibrations proposed by Cathelineau (1988) (C88) and Hillier and

Velde (1991) (H&V91), respectively.

Figure 7. Comparison of estimated temperatures for the

formation of chlorites in Case 2 conditions using three

geothermometers: (a) Niger, (b) Rouez, and (c) Saint Martin.

Solid circles and open squares are temperatures from theWalshe

and Vidal geothermometers, respectively. Large square areas

correspond to the expected temperatures of natural observations

in the three fields.
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Martin chlorites. For the Niger chlorites that formed at

the lowest temperatures (probably 80�20ºC), the Walshe

geothermometer gave larger overestimates, as a whole,

compared to the Vidal and present geothermometer.

Many of the data (>40% of the analyses) were eliminated

from the calculations using the Vidal et al. geotherm-

ometer (plotted as zero in the figure) because its

application is restricted to compositions of Si <

3 p.h.f.u. For Rouez and Saint Martin chlorites, which

formed at greater temperatures, estimates given by the

three geothermometers are within the expected values of

the formation temperature. However, the Walshe

geothermometer systematically seems to give values

which are slightly smaller than those provided by the

present geothermometer. Interestingly, the estimate by

the Vidal et al. geothermometer shows systematic

deviation toward smaller temperatures for chlorites

from alteration zones 2 and 3 of Saint Martin, which

have greater proportions of Fe(III). The difference in the

estimated temperatures given by the three geotherm-

ometers is due to the choice of different end members

and calculation of activities as well as the differences in

the thermodynamic properties used in the calculations,

as mentioned above. In short, comparison of three

geothermometers indicates that the present geotherm-

ometer, based on a random-mixing, solid-solution

model, performs well when estimating the temperature

of formation of low-T chlorite with a wide range of

compositional variations along with variable Fe(III)

contents.

As for the peculiar compositional variations of low-T

chlorites, Hillier and Velde (1992) and Hillier (1994)

pointed out the possibility that the compositional

variation feature in low-T chlorites is partly ascribed to

the contamination of kaolinite, or the interstratification

with berthierine or smectite. The influence of inter-

stratification with smectite is negligible here because

only analyses with <0.5 wt.% total Na2O + CaO + K2O

were selected in this study. Contamination by kaolinite

and/or quartz will result in the extremely low estimates

of temperature of chlorite formation in the present

geothermometric calculation. This may well be the case

for some data from Niger chlorites which may be

interstratified with berthierine. Interstratification and

intergrowths in the chlorite�berthierine series are

common phenomena in low-T chlorites (Xu and

Veblen, 1996). However, in case of the interstratification

with berthierine, distinguishing the compositions of

interstratified phases from those of a solid-solution

mineral is difficult using electron microprobe analysis.

Patrier et al. (1991) indicated, in their Mössbauer study

of epidote associated with chlorite from Saint Martin,

that epidote crystallized at greater temperatures

(>300ºC) displayed an equilibrium ordered-site distribu-

tion of Fe(III), whereas the non-equilibrium ordering

state of epidote increased with decreasing formation

temperature. Although the relationship between ordered-

site occupancy in chlorite and temperature is unknown,

rapid crystallization at lower temperatures is likely,

leading to metastable disordered-site occupation, even in

chlorite. This metastability may be a cause of the

deviation toward smaller temperatures for chlorites from

alteration zones 2 and 3 of Saint Martin in the

calculation by the Vidal et al. geothermometer

(Figure 7).

The relationship between the octahedral vacancies

based on O = 28 and the estimated temperatures

calculated using the present geothermometer in Case 2

conditions (Figure 8) illustrated that the numbers of

vacancies decrease exponentially with increasing tem-

perature from & = 2 at low temperatures to almost

negligible at temperatures of >400ºC. This & = 2 value

is equal to the vacancy composition of sudoite. The

figure also indicates that the decreasing rate in number

of vacancies with increasing temperature is sensitive to

the Fe content of chlorite; it is smaller in Fe-rich than in

Fe-poor chlorites. Finally, in spite of the fact that no

detailed information on the ordering in terms of the

cation substitution of low-T chlorites is available at

present, the ordered-site substitution model applied to

higher-grade metamorphic chlorites likely is not suitable

for low-T chlorite solid solution. The octahedral cations

in low-T chlorites may be randomly distributed among

the M sites together with the vacancies, which may be a

metastable state. With increasing temperature, the

composition and structure of chlorite are changed

according to the gradual decrease in the Si&R2+
-2

Figure 8. Relationship between the numbers of octahedral

vacancies and estimated temperatures using the present

geothermometer (equation 18) in Case 2 conditions. Squares,

circles, and triangles represent chlorites from Niger, Rouez, and

Saint Martin, respectively. The solid and dashed curves are

regression curves for Fe-poor samples and Fe-rich samples,

respectively.
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substitution and the concomitant ordered-site occupation

of octahedral cations and vacancies at a constant R3+

condition. When chlorite experiences a reduction of

Fe(III) to Fe(II) with increasing temperature, the

compositional variation is dominated by the Tschermak

substitution.

SUMMARY AND CONCLUSIONS

The applicability of the geothermometers developed

by Walshe (1986) and Vidal et al. (2001) was tested for

low-T chlorites formed in diagenetic to very low-grade

metamorphic environments. Results revealed that a

preliminary determination of Fe(III) content is essential

in estimating the temperature of formation of those

chlorites. The compositional variations in low-T chlor-

ites are generally characterized by greater Si contents

and numbers of octahedral vacancies, and smaller

Fe+Mg contents compared to higher-grade metamorphic

chlorites. The vacancies are usually <1 p.h.f.u. based on

O = 14. Such properties allow the proposal of a more

convenient geothermometer which is different from that

based on the ordered-site substitution model of cations

and vacancies for higher-grade metamorphic chlorites.

Instead, four end-member components are used as the

basis: Al-free trioctahedral chlorite, corundophilite,

chamosite, and sudoite, together with the assumption

that octahedral cations and vacancies are randomly

distributed in the M sites. The newly proposed

geothermometer provides temperature estimates consis-

tent with petrographic observations for chlorites formed

at lower temperatures after correcting the Fe(III)

content. With increasing temperature, chlorite tends to

have a more ordered site-occupancy structure.

Concomitantly, the bulk composition is controlled by

the Si&R2+
�2 exchange at lower-temperature conditions

while it is controlled by the Tschermak exchange at

greater temperatures. Unfortunately, no detailed infor-

mation is available regarding cation ordering distribu-

tion in the structural sites of low-T chlorites. Though

dependent on the primary Fe(III) content and secondary

oxidation, the geothermometer developed by Vidal et al.

(2001) may be suitable for estimating the temperature of

formation of ordered chlorites, whereas the present

geothermometer may be applicable to disordered chlor-

ites formed in diagenetic to very low-grade metamorphic

environments. The transition temperature between dis-

ordered and ordered chlorites may be ~250ºC, from the

data obtained in the present study.
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