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Abstract: Chlorite, a 2:1:1 phyllosilicate, has all the required attributes to form the basis of a geother-
mometer: this mineral is ubiquitous in metamorphic, diagenetic, and hydrothermal systems with a
broad field of stability and a chemical composition partly dependent on temperature (T) and pressure
(P) conditions. These properties led to the development of a multitude of chlorite thermometers,
ranging from those based on empirical calibrations (linking T to AI'Y content) to thermodynamic or
semi-empirical models (linking T to chlorite + quartz + water equilibrium constant). This present
study provides an overview of these geothermometers proposed in the literature for low-temperature
chlorite (T < 350 °C), specifying the advantages and limitations of each method. Recent analytical
developments that allow for circumventing or responding to certain criticisms regarding the low-
temperature application of thermometers are also presented. The emphasis is on micrometric and
nanometric analysis, highlighting chemical intracrystalline zoning—which can be considered as evi-
dence of a succession of local equilibria justifying a thermometric approach—and mapping ferric iron
content. New perspectives in terms of analysis (e.g., Mn redox in Mn-chlorite) and geothermometer
(molecular solid-solution model, oxychlorite end-member) are also addressed.

Keywords: low-temperature chlorite; thermometry; diagenesis; hydrothermal systems; low-grade
metamorphism; nanoscale analytical techniques

1. Introduction

Determining the pressure, temperature, and chemical paleo-conditions (P-T-X) that
have prevailed in geological contexts has long been a major issue, especially in systems
of low temperature (up to epizone, i.e., T < 350 °C). In fundamental research, this type
of study contributes to the understanding of the Earth system, its evolution, and the
interactions between its compartments. In applied research, the quantification of paleo-
conditions has been useful in the exploration of new resources, such as hydrocarbons
(“oil and gas windows”) for decades, or geothermal energy (deep geothermal energy)
in the context of ecological transition. In this way, many thermobarometric tools have
been developed that, in turn, use the properties of organic matter (reflectance of vitrinite,
e.g., [1]), Raman spectroscopy of carbonaceous materials thermometry (RSCM, e.g., [2-4]),
the microthermometric data of fluid inclusions trapped in neoformed crystals (e.g., [5-7]),
isotopy (e.g., [8]), or even the crystallochemical characteristics of specific minerals, such as
phyllosilicates (e.g., [9]).

Chlorite, a 2:1:1 phyllosilicate (also denoted as TOT O; [10]), is a mineral with all
the required attributes to form the basis of a thermometer: it is present in all geological
contexts, has a wide field of stability (from 80 °C to more than 700 °C), and its chemical
composition is influenced by the chemistry of the system, the fugacity of oxygen, and
temperature and pressure conditions (e.g., [11]). For decades (e.g., [12]), the chemical
composition of chlorite has been studied and used as a marker of paleo-conditions and their
evolution, in particular, in low-temperature-low-pressure contexts (LT and LP). However,
LT-LP chlorite thermometry is open to debate [13,14]. First, the method employed for
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LT chlorite thermometer calibration is questioned: Which composition to use? Is an
empirical approach sufficient? What is the resulting applicability? Second, the nature
of LT chlorites is debatable. Like all clay minerals, chlorite can exhibit crystallochemical
defects or interstratification with other phases, and slow transformation kinetics when the
temperature is below 350 °C can lead to the formation of metastable phases. The question
then arises of the relevance of chlorite thermometers, especially since the formation of
chlorite does not follow a single process but, on the contrary, can follow several paths,
from precipitation from a fluid to the progressive chloritization of a precursor mineral [15].
LT chlorite thermometry is, therefore, confronted with two challenges: to offer a reliable
geothermometer with a wide field of applicability (in terms of chlorite compositions), and
to be able to apply it to compositions where it is certain they represent thermodynamic
equilibrium, i.e., that they have recorded a stage in the evolution of P-T-X conditions.

The present study provides an overview of the existing chlorite geothermometers,
from the first empirical calibrations to the recent semi-empirical tools, specifying the scope,
advantages, and inconveniences of each method. In addition, the most innovative analytical
techniques, which modified the approach of chlorite thermometry during the last decade,
and made it possible to reach the chemical compositions containing the thermometric
information, are exposed.

2. Compositional Variability of Chlorites

Chlorite is a phyllosilicate consisting of a 2:1 layer (talc-like layer) in which two
tetrahedral sheets (denoted as IV) surround an octahedral sheet (denoted as VI), associated
with an interlayer octahedral sheet (brucite-like sheet). This structure, 14 A thick, can be
defined as follows [10]:

(M3),M4(OH) M1(M2),[(T1),(T2),]O010(OH), 1)

where M1 and M2 (three octahedral sites in the talc-like layer), and M3 and M4 (three
octahedral sites in the brucite-like layer) sites are occupied by divalent (R?*) cations such
as Fe?*, Mg2+, Mn?2*, or trivalent cations (R3*) such as Al3* and Fe3*, while T sites (four
tetrahedral sites) are filled by Si**, AP+, and Ti*t, giving the formula:

(R”, R3+) Vi

(RH, R3+) Vi

" (sia (i, R3+)2)N010(OH)6 @)

2-3

These structural specificities favor cationic exchanges, which are carried out according
to substitutions, making it possible to guarantee layer electroneutrality (i.e., 28+ charges
corresponding to the standard O;9(OH)g anionic basis). Regarding this last point, it is often
necessary to consider the presence of vacancies, i.e., of empty octahedral sites (usually
denoted as [J) in the structure. The most remarkable cationic substitutions occurring in
chlorites are, therefore, as follows:

Tschermak substitution (TK) as Si'V + (13e32+,Mgz+)VI = AlV + AV
di/trioctahedral substitution (DT) as 2(A13*,Fe3*)VI + OVI = 3(Fe2+,Mgz*)VI
ferromagnesian substitution (FM) as Mg?* = Fe?*

trivalent cation substitution (AF) as Al3* = Fe3*

All these cationic substitutions can be combined to form a multitude of exchange
vectors. Additional substitutions can also be examined, such as the “hydroxyl” substi-
tution and the deprotonation process, written Fe*>* + 20H~ = Fe* + O>~ + OH~ and
Fe?* + H* = Fe¥*, respectively [11,16] (see Section 5). Consequently, octahedral sheets can
theoretically exhibit three out of three occupied cationic sites (tri-tri octahedral structure;
clinochlore, daphnite), two out of three occupied cationic sites (di-dioctahedral structure;
dombassite), or one or other combination of these configurations, i.e., two out of three sites
occupied for M1(M2), and three out of three sites occupied for (M3),M4 (di-trioctahedral
structure, sudoite), or the opposite (tri-dioctahedral structure) [17,18]. The first structure is
the most common in nature, while the fourth structure has never been observed.
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This great compositional variability, the diversity of elements that can be received
in the structure, and the large number of cationic substitutions that can occur, sometimes
simultaneously, lead to a wide compositional field for chlorite. The chlorite structure
can thus be defined by a solid-solution model (e.g., [19-22]), knowing that most natural
chlorite composition is delimited by Fe,Mg-sudoite, Fe,Mg-amesite, and Al-free chlorite
end-members [23] (Figure 1), to which some Fe3*-end-members can be added. Chlorites
from LT systems, especially diagenesis contexts, display higher Si and lower R** contents
than in metamorphic systems [24]. This supports the hypothesis that chlorite composition
is, at least in part, linked to the temperature of formation.

Cathelineau and Nieva [12] and Cathelineau [25], studying chlorites from Los Azufres
and Salton Sea, two geothermal systems, highlighted the increase in Al'Y and the de-
crease in octahedral vacancies with increasing temperature. They consequently defined the
Si_1AIV1_;0_;AIV,1R?*, cationic exchange vector, resulting from a combination of the
TK and DT substitutions, and used it as the base for thermometric empirical calibration
(see Section 3). The same compositional variation was also observed in diagenetic and
low-grade metamorphism contexts [24,26-29] which, at first, could provide reassurance for
the application of empirical thermometers. To better constrain the links between cationic
substitution, temperature, and the chemical environment, Bourdelle and Cathelineau [23]
compiled hundreds of analyses of LT chlorites from hydrothermal, diagenetic, and low-
grade metamorphism systems [25,26,28—40] for which the formation temperature is known
(i.e., determined using independent geothermometers). It appears that LT chlorite com-
position (with the exception of sudoite (e.g., [41]) which often remains close to its ideal
composition) is mainly restricted to the 1.5 < R** < 3 range (apfu, atoms per formula unit)
while showing Si contents up to 3.5 apfu. Regardless of the environment in which the chlo-
rites were formed, each set of LT chlorite compositions—corresponding to all compositions
of chlorites coming from the same geologic field—exhibits a deviation from the Al-free
chlorite /amesite line to the pyrophyllite-gibbsite/ Al-free chlorite line (representing the
DT exchange line; Figure 1), like so many parallels with respect to the lines of constant R3*
values. This observation implies that (i) compositions of chlorites from the same geological
field follow the Si_100_1R%*/Si_q2500_( 75 AIR?* exchange vectors according to T,as a 1/1
and 5/3 combination of TK and DT substitutions, respectively; (ii) chlorites with different
compositions and from different geological fields can be linked to a single temperature,
forming several isotherms subparallel to the TK exchange line (higher T isotherm closest to
the Al-free chlorite/amesite line; Figure 1). These compositional parallels to the constant
R3* value lines (corresponding to each dataset; led by a decrease in Si content/increase in
Al content) are subperpendicular to defined isotherms and refer to the linear empirical
thermometers established during the 1980s (see Section 3).
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Figure 1. Representation of several compositional datasets of low-temperature chlorites from several
geological settings ([25,26,29-36,42]; modified from [23]) in the R2+-Sj diagram of [17]. Composi-
tional trends drawn by each dataset were identified and are shown as qualitative lines (in blue). The
compositions were also assembled according to their temperature of formation (chlorite composi-
tions from [37-40,43] were also considered), which was determined by each author using several
independent methods (e.g., RSCM, vitrinite reflectance, microthermometric data of fluid inclusions,
bottom hole temperature, isotopy), allowing identification of several isotherms (dashed colored lines;
see [23]). The field covered by LT chlorite compositional datasets is approximated by the area circled
with a purple dotted line. All Fe is regarded as Fe?". R?* refers to divalent cations (Fe?* and Mg?*),
R3* to trivalent cations (Al3+, Fe3+), and O to vacancies. apfu—atoms per formula unit.

3. Concepts of Chlorite Thermometers

Here, only the geothermometers based on the chlorite composition in siliceous contexts
will be discussed, excluding chlorite polytypism and chlorite-carbonate [44] geothermometry.

In the 1980s, Cathelineau and Nieva [12] demonstrated a close relationship between
the AI'Y content of chlorites in the Los Azufres geothermal system (Mexico) and the
formation temperature determined by independent methods. Cathelineau [25] completed
the study with a series of data acquired on chlorites from the Salton Sea hydrothermal
system (United States) and confirmed this relationship, given in the following equation:

T(°C) = —61.92 + 321.98 Al'Y (3)

This first chlorite geothermometer, which was purely empirical, gained ground, lead-
ing to a multiplication of proposals for empirical equations of the same type. Indeed, all
the compositional lines (in Figure 1), parallel to the constant R** value lines in the composi-
tional field of LT chlorites and perpendicular to the isotherms, are all possible empirical
equations. This empiricism could not account for the varying influences of TK and DT
substitutions on the variation of AI'V content—some have tried to correct their proposed
equation with a corrective factor based on the Fe/Mg ratio, i.e., on FM substitution. Thus,
there are no less than five other empirical thermometric equations, in addition to that of
Cathelineau (Table 1), proposed in the literature [24,38,45-48], in some cases being used as
a thermometer when they had not been suggested by their authors for this [24].



Minerals 2021, 11, 130

50f16

In the absence of constrained thermodynamic models capable of taking into account
all the substitutions occurring in chlorites—with the exception of the attempt by [11] which
excluded Si-poor (Si < 3.2 apfu) and/or Al-rich (Al > 2.5 apfu) chlorites (Figure 2) in spite
of their common occurrence—these empirical thermometers were widely used during the
1990s to estimate T conditions in LT environments. However, their multiplicity shows
that an empirical thermometer has an extremely limited field of application, i.e., being
restricted to the context in which it has been calibrated, and that a new equation must be
established for each new system studied. Indeed, an empirical simplification associates a
temperature with one—and only one—possible composition of chlorite, contrary to what
is observed in nature. As a result, their systematic application, without taking into account
these specific conditions, has failed or led to erroneous geological interpretations in many
cases [13,14,23,43].

At the turn of the 2000s, the development of empirical thermometers was stopped,
though they were still in use, and a thermodynamic approach was favored for LT contexts.
This approach is based on the fact that the equilibrium condition of any balanced chemical
reaction can be expressed by

AG? + RTInK =0, (4)

with AG? as the Gibbs free energy of reaction, R the gas constant, and K the chlorite +
quartz equilibrium constant, defined as

K= H]' (aidealr)/m);‘)jr )

where v; is the stoichiometric reaction coefficient of end-member j, a4, is the ideal part
of the end-member activity, and 7, is the activity coefficient accounting for non-ideal
contributions (which can be obtained from Margules parameters)—i.e., the influence of
interactions between cations exchanged at the same site on enthalpy, entropy, and volume.
In this way, Vidal et al. [9] proposed, through an experimental approach coupled with the
study of natural samples, a thermodynamic model for aluminous chlorites between 100
and 600 °C, based on an ordered distribution of cations in the structure (in T2, M1, M2, M3,
and M4 sites) [19] and on a four-thermodynamic-component solid-solution model (Mg-
sudoite, Mg-amesite, clinochlore, and daphnite), which makes it possible to account for
all the substitutions influencing the chlorite composition (Figure 2). Symmetric Margules
parameters and standard state properties of defined end-members were calibrated, allowing
estimation of the pressure and temperature of chlorite formation for a wide range of P, T,
and geological contexts. Vidal et al. [49,50], and then Lanari et al. [51], improved this model
by adding the Fe-rich Si-poor end-member Fe-amesite, on the basis of the work of [52].
The authors also suggest that the Fe®* content should be considered because it strongly
influences the structural formula of chlorites and, consequently, the P-T estimates; until
then, this parameter was always neglected, with Fey, always assumed to be Fe?*. To better
take ferric iron into account, Vidal et al. [53] defined the thermodynamic properties of a
Fe3*-end-member as ferri-sudoite (Table 1) [53,54].
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Table 1. Chlorite geothermometers.

Equation
Ref. Year Type (Oxygen Basis (14 or 28) in Brackets)/Equilibrium %3 Elements/End-Members
Cathelineau and Nieva [12] 1985 empirical equation T =212.3A1Y +17.5 (14) A1V content
Kranidiotis and McLean [47] 1987 empirical equation T = 106(A1"Y + 0.7XFe) + 18 (28) Al Fe, Mg contents
Cathelineau [25] 1988 empirical equation T =321.98A1Y — 61.92 (14) A1V content
Jowett [48] 1991 empirical equation T =319(A1Y + 0.1XFe) — 69 (14) A1V, Fe, Mg contents
Hillier and Velde [24] 1991 empirical equation T = 249.56 A1V — 320.28 (28) A1V content
Zang and Fyfe [45] 1995 empirical equation T =106.2(AI"Y — 0.88[XFe — 0.34]) + 17.5 (28) AV, Fe, Mg contents
Xie et al. [38] 1997 empirical equation T =321.98(AIY + 0.133[0.31 — XFe (<0.31)]) — 61.92 (14) A1, Fe, Mg contents
clinochlore
: . 2 clinochlore + 3 Mg-sudoite daphnite
Vidal et al. [9] 2001 thermodynamic model = 4 Mg-amesite + 7 quartz + 4 HyO Mg-amesite
Mg-sudoite
+
5 Fe-amesite + 4 clinochlore
2005 =5 Mg-amesite + 4 daphnite * N
Vidal et al. [49,50] 2006 thermodynamic model 1_6 daphni}e + 15 Mg-sudoite Fe-amesite
= 20 Fe-amesite + 6 clinochlore + 35 quartz + 20 H,O
4 daphnite + 6 Mg-sudoite
=5 Fe-amesite + 3 Mg-amesite + 14 quartz + 8 H,O
+
2 daphnite + 3 Fe-sudoite
=4 Fe-amesite + 7 quartz + 4 H,O
Lanari et al. [51] 2014 thermodynamic model Mg-amseite + 2 Fe-sudoite to
. - Fe-sudoite
= Fe-amesite + 2 Mg-sudoite
2 clinochlore + 5 Fe-sudoite
= 2 daphnite + 5 Mg-sudoite
. . + +
Vidal etal. [53] 2016 thermodynamic model 14 equilibrium implying quartz, O,, and ferri-sudoite Ferri-sudoite
T =1626/(6.542 + 0.33(log K) — 273 Al'frcﬁfnﬁ%%};?me
Walshe [11] 1986 semi-empirical model 5 Al—fzeg l\l/!g—d;lllorite +1i pyroghyllSiFISI-gébbsite chamosite (daphnite)
= b clinochiore + 1 quartz + & Hp pyrophyllite-gibbsite
T =1/(0.00293 — 0.000513(log K) + 0.00003904(log K)?) — 273 Al-free Mg-chlorite
Inoue et al. [28] 2009 semi-empirical model Al-free Mg-chlorite + 3 Mg-sudoite Mg-corundophilite (amesite)
= 3 Mg-amesite + 7 quartz + 4H,0 Mg-sudoitechamosite (daphnite)
T = —9400/(log K — 23.40) — 273 Al-free Fe-, Mg-chlorite
Bourdelle et al. [55] 2013 semi-empirical model Al-free Mg-chlorite + 3 Mg-sudoite Fe-, Mg-amesite

= 3 Mg-amesite + 7 quartz + 4H,O

Fe-, Mg-sudoite

1 XFe = Fe/(Fe + Mg). 2 Tin °C. 3 K: chlorite + quartz equilibrium constant. 4 Only in particular P-T conditions.
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Figure 2. Projection field (R**-Si diagram) for chlorite compositions [17]. Values are given in atoms per formula unit
(apfu) with a 14-oxygen basis. Several end-members are indicated and the compositional spaces defined by the models of
Walshe [11], Vidal et al. [9,49,50,53], Inoue et al. [28], and Bourdelle et al. [55] are outlined. The field covered by LT chlorite
compositional datasets (see Figure 1) is approximated by the area circled in purple dotted lines. R?* refers to divalent cations
(Fe?* and Mg?*), R to trivalent cations (Al3*, Fe?*), and [ to vacancies. The area of optimal reliability for Bourdelle’s
thermometer is shown in dark blue [23].

Unlike empirical thermometers, the thermodynamic approach—based on the end-
member properties determined experimentally and/or by the study of natural samples—is
the most rigorous, but requires complex calculations and is dependent on the availability
of thermodynamic data, which limits its field of application. As such, the lack of thermody-
namic data on Si-rich end-members prevents taking into account chlorites whose Si content
is greater than three atoms per formula unit (apfu), which is one of the characteristics of LT
chlorites. Consequently, two studies [28,55] propose a trade-off between limited applicabil-
ity /simplicity on one side, and rigor/complexity on the other by combining an empirical
equation linking K equilibrium constant and T, and a multi-component solid-solution
model. For this, Equation (5) is restricted to its ideal part as

v
K= Hj(ﬂideal)]-],
given the rearranged Equation (4) as

V;

In H]'(aideal) i =

RT

~AGY _

(6)

A

r b

@)
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where A and B are constants. a;4,, is calculated for each end-member j as follows:

(@idear)j = ILIL, <Zixm> ’m, 8)

where ns is the multiplicity of site s, r,, and Xm are the number and the mole fraction
of cation m on site s, respectively. This semi-empirical chlorite thermometry approach
requires (i) the calibration of A and B constants of Equation (7) for chlorite + quartz equilib-
rium and (ii) to define the involved end-members and the cationic distribution in sites s
(discussion on solid-solution models and cationic site occupancies can be found in [9,56]).
Inoue et al. [28] chose the magnesian end-members of Al-free chlorite, of corundophilite
(similar to amesite), and of sudoite, and the chamosite as the ferrous end-member, and
assumed a random mixing of octahedral cations based on the fact that Fe-rich chlorites
are commonly the Ib polytype for which details of the crystal structure are not clearly
established. Bourdelle et al. [55] preferred the magnesian and ferrous end-members of
Al-free chlorite, amesite, and sudoite, and an ordered cationic site repartition model, fol-
lowing the recommendations of [9,10,19]. In both cases, the choice of Al-free chlorite as an
end-member (Table 1) allows accounting for Si-rich chlorites (Si > 3 apfu; Figure 2) which
were not considered by [9,49-51,53]. Inoue et al. [28] and Bourdelle et al. [55] calibrated
two Equation (7) for chlorite + quartz equilibrium (Table 1), i.e., defining A and B constants,
from natural diagenetic and hydrothermal LT chlorite compositions, with a recommended
upper limit of applicability around 250 and 350 °C, respectively. Therefore, and contrary
to empirical equations, these two geothermometers predict that one chlorite composition
corresponds to one temperature of formation, but that at any fixed temperature, a range
of chlorite compositions exist and can be theoretically calculated, in agreement with ob-
servations of natural chlorites. These two geothermometers are easy to use, circumvent
bulk rock composition effects, and perform well in diagenetic to low-grade metamorphic
contexts (e.g., [55,57-62]), particularly in the T range where Si-rich chlorites are observed.
They were later derived in a graphical way by [23] to estimate T only from Si and R**
contents, making it as easy to use as empirical thermometers.

To achieve this, these geothermometers cannot dispense with simplifications. The
effect of pressure is therefore neglected—the B constant being considered as a fixed AS—as
well as the non-ideal part of the end-member activity. These assumptions are, however,
acceptable within the restricted P-T range of diagenetic, hydrothermal, and low-grade
metamorphism contexts [55]. Similarly, HyO activity is assumed to be equal to 1 as it is
often unknown. If this hypothesis seems reasonable in LT systems, it may remain locally
questionable, especially in the presence of carbonates. The activity of quartz is also assumed
to be equal to 1, which implies that the application of these geothermometers is restricted
to quartz-bearing rocks. Generally, the conditions of simplification validation are reached
when simplifications are identified and their impact on the T estimate is quantified. Indeed,
the choice of the chlorite geothermometer will be driven by the P-T window studied,
compositional range of the targeted chlorite, host rock (nature, chemistry, etc.), data (i.e.,
scale of the compositional analysis; see Section 4), desired precision for T estimates, and
acceptable simplifications (according to the geological context).

4. Chemical Heterogeneity, Achievement of Equilibrium, and Related
Analytical Advances

Hydrothermal chlorites result from precipitation or rock alteration due to hydrother-
mal fluid circulation: either propylitic alteration linked to heat transfer from igneous
intrusions, or phyllic alteration in open systems involving low-pH fluid fracture-controlled
infiltration. In this context, chlorite can crystallize as discrete phases, or as mixed-layer
minerals in which chlorite content increases with T. Three conversion paths can therefore
be defined: a Mg series from saponite to Mg-rich chlorite via corrensite as an interme-
diate phase, an Fe series from berthierine to Fe-rich chlorite, and an Al(Mg) series from
kaolinite to sudoite via tosudite. Diagenetic chlorites may crystallize as neoformed rims
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on grains, as pore-filling material, or by conversion of a precursor including berthierine,
smectite, kaolinite (defining three conversion series similarly to hydrothermal chlorites),
Fe-, Mg-rich detrital grains, and volcanic rock fragments. Mg-rich chlorites are usually
observed in terrestrial and marine sandstones, whereas Fe-rich chlorites occur prefer-
entially in coastal environments [63]. Fe-rich chlorites are also reported as a result of
the interaction between Fe-rich host rocks (shale) and veins of kaolinite from Si—-Al-rich
meteoric-origin fluids. Regardless of the context or the reaction pathway, the mechanism
involved in chlorite formation can be direct precipitation (DP), solid-state transformation
(SST), dissolution—recrystallization (DC), or a mix of all three [64]. Due to the plurality of
processes leading to chlorite formation, chlorite often exhibits (i) layers of another phase
and/or (ii) a chemical heterogeneity, at the sample scale, where crystallites with different
compositions coexist, or at the crystal scale, where crystallites present internal chemical
zoning. From these observations, many criticisms have been formulated of the application
and applicability of chlorite geothermometers [14,65-67]. Each of these criticisms must be
treated independently because each heterogeneity refers to different phenomena.

Compositional variations observed in LT chlorites may be attributed to contamination
of the chlorite by kaolinite, smectite, or berthierine [14,66]. Chlorite analysis contaminated
by smectite can be discarded by applying chemical criteria: smectite contains Ca, K, or
Na interlayered cations while chlorite does not; only analysis presenting Na,O + CaO +
K,0 < 0.5 wt% must be considered. The interstratification with 7A-phases as kaolinite and
berthierine is, however, difficult to identify chemically from a true chlorite, but several
criteria can be used to verify that the chlorite composition corresponds to a combination of
defined end-members [9], discarding some of the contaminated analyses. The method for
geothermometer calibration can also be used to address this issue. Indeed, a large database for
calibration [55], covering a wide field of geological parameters, such as lithology, temperature
gradient, kinetics, fluid regimes, oxidation state, chlorite composition, chlorite precursors,
impurities, and analytical contaminations, can be considered the best way to limit the impact
of each parameter making the residual contamination without effects on the T estimate.
Finally, the presence of smectite, berthierine, or kaolinite layers can be detected thanks to a
high-resolution spatial control using transmission electron microscopy (TEM).

The chemical heterogeneity beyond analysis contamination often has a true signifi-
cance in terms of paleo-condition record. Generally, it is considered that sluggish kinetics in
LT contexts preclude the achievement of global equilibrium, leading to the crystallization
of heterogeneous—metastable phases. In other words, the formation of LT chlorites would
be more likely due to kinetic effects than to a re-equilibration process with conditions. In
fact, chlorite formation occurs during reactions which are transient disequilibrium states
governed by local chemical potential gradients and kinetic processes. A re-equilibration
process may proceed through diffusion or, more probably, dissolution-recrystallization
(DC) [68,69], but at a very small scale due to the slow kinetics of reaction and diffusivity at
low temperatures. In high-grade metamorphic contexts, thermodynamic equilibrium can
sometimes be approached not globally but locally at the micrometric scale, leading to large
chemical zoning [50,70,71], but in diagenetic and hydrothermal domains, the equilibrium
is almost always reached very locally. In this way, compositions in equilibrium with the
P-T-X conditions in the system at a given time and, therefore, the only ones able to justify
application of the thermometric approach, are found at very small spatial scales, probably
coexisting with nonequilibrated compositions, as described by Ostwald ripening. This view
explains the apparent heterogeneity observed in LT chlorites, each composition recording
the evolution of a very local fluid-solid system, which can sometimes be interpreted as a
part of the rock history. Discussions on local equilibrium, solid-state transformation, and
chlorite formation processes can be found in [15,53,64,72].

This local equilibrium, or the succession of local equilibria, requires high-resolution
spatial analysis to be highlighted in LT domains and used in thermometric perspectives.
In this respect, TEM equipped with energy dispersive X-ray spectroscopy (TEM-EDX)
presents advantages. Jahren and Aagaard [27,32,73] have therefore observed lateral vari-
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ation of the composition from crystal core and crystal rims for diagenetic illite—chlorite
assemblages in arenites (Norway, 90-180 °C). For the first time, chemical zoning at the
nanoscale was described for LT chlorites. However, the analysis of such a nanozoning
is difficult as the texture of the crystallite must be preserved. Bourdelle et al. [74] pro-
posed a protocol to couple TEM-EDX, providing the proper spatial resolution in analysis,
with a focused ion beam (FIB), making the in situ preparation of TEM samples with high
spatial control and preservation of mineral microtextures possible. FIB is a technique for
ultrathin section milling [75] using a Ga* ion beam which had been developed in the field
of geosciences throughout the 2000s. Bourdelle et al. [29,43] have applied this analytical
protocol to the diagenetic chlorites of the Gulf Coast (Texas) and to the low-grade meta-
morphism chlorites of Glarus (Switzerland), distinguishing between analyses made at the
rims of nano- to micro-crystals and those made at the core. In the first case, TEM and
FIB techniques highlight consistent within-grain patterns of major-element variations in
chlorites sampled at different depths and locations of the Gulf Coast area (100-230 °C).
Here, the nanozoning is due to various crystallization stages during burial, the crystal
core composition referring to detrital chlorite and the crystal rim compositions to neo-
formed chlorites. The chlorite rim compositions show a T dependence with depth and
location, in agreement with the diagenetic history described at a regional scale [29]. In the
second case, quantitative TEM-EDX analysis carried out on FIB sections cut in chlorites
from Glarus (200-350 °C) displays a compositional trend from crystal core to crystal rim
(Figure 3), consistently observed along a north-south transect through the Glarus area in
all samples, with calculated rim temperatures systematically lower than core temperatures.
This chlorite nanozoning is testament to the retrograde path of the system, with the crystal
rims recording a later step of this exhumation than the crystal cores. In both cases, the
temperature dependence of the chlorite rim and/or core compositions supports the idea
that the chemical zoning of LT chlorites, observable only at the nanoscale, is not controlled
by a kinetic effect but rather by the local equilibria themselves influenced by regional-scale
processes. The thermodynamic/thermometric approach therefore makes sense on the
condition of correctly identifying—i.e., on an appropriate spatial scale—the composition(s)
that are in equilibrium, or have been, with the P-T-X conditions. The adapted nanoscale an-
alytical protocol allows the application of an approach similar to that used for metamorphic
rocks at the micro- to millimetric scale [50,76]. However, the TEM-EDX/FIB protocol is
complex to implement routinely. The analytical protocol should be chosen according to the
targeted chlorites: electron microprobe (EMP) for homogeneous, large grain chlorites (often
formed via direct precipitation or long-term dissolution—recrystallization), TEM-EDX/FIB
for heterogeneous, small grain chlorites (often formed via successive local equilibria). This
choice of the micrometric or the nanometric approach will often be based on petrological
indices, i.e., the shape of the crystallites, the size, the orientation with respect to foliation
or fractures, and the preferred zones of crystallization. Thus, a chlorite exhibiting all the
characteristics of a detrital phase will require a nanoscale analysis, as chlorites of small
sizes, linked to another phase, or fitting closely the foliation. On the other hand, a large
chlorite having all the characteristics of a phase neoformed from a fluid or from a recrystal-
lization may be the subject of a micrometric analysis. It will be the same if the petrological
criteria show that several generations of chlorites coexist in the rock: in this case, the
information on a regional scale will be easy to obtain, and one could be satisfied with a
micrometric analysis. In case of doubt, it will be necessary to couple the two approaches
on a few selected chlorites, and to adapt the analytical methods for the following analyses.
It should be noted that (i) the TEM-EDX/FIB protocol also enables checking the absence
of smectite, kaolinite, or berthierine layers in chlorite, and (ii) the TEM-EDX spot size
is around 50 nm, i.e., pointed analyses target between 30 and 40 chlorite layers, limiting
undetectable interstratification with layers of other phases.
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Figure 3. TEM-EDX analysis obtained on a FIB cross-section of a chlorite from Glarus. (a) Scanning
electron microscopy image of the petrographic thin section showing the emplacement of the FIB foil
to be cut across the chlorite. (b) Bright-field TEM image of the FIB foil extraction, with the platinum
strap on top. (c) Enlargement of part b showing the R?* (Fe?* + Mg?*) contents of chlorite (apfu) and
their variation from crystal core to crystal rim (TEM-EDX analysis). Reproduced with permission
from [43], published by Elsevier B.V.

The Fe3* content in LT chlorites, and its consideration for thermometric estimates, are
also subjects of debate. If a part of Fey,; is considered as Fe3* instead of Fe?", the octahedral
vacancy content in the structural formula will increase, influencing the calculation of end-
member activities and, finally, leading to a decrease in the temperature estimates. In
this respect, three approaches are conceivable: (i) to calibrate a thermometer intrinsically
considering Fe3* influence, making it unnecessary to quantify the Fe>* content; (i) to
propose a model that predicts the Fe3* content in parallel with the chlorite formation
temperature; (iii) to develop analytical techniques able to determine the Fe3* content for
each chlorite analyses, accounting for chemical zoning.

The first approach was adopted by Bourdelle et al. [55], noting that Fe>* content is
rarely issued from direct analysis (e.g., by electron microprobe). This thermometer is
calibrated on a large database to include the possible effects of Fe>*, knowing that Fe*
content has even less influence the lower the temperature [23,53]. The effect of the non-
consideration of Fe** has a subordinate role because temperature estimates are, in the first
place, controlled by TK and DT substitutions [23,55], in particular at the Feyy,) content and
XFe3* ranges usually observed for LT chlorites. Studies that compare T estimates from
the thermometer of Bourdelle et al. [55] with those of Inoue et al. [28], Vidal et al. [49,50],
or Lanari et al. [51], which require prior quantification of Fe>* content, conclude at the
convergence of the two approaches [23,59,60,62,77], especially when T < 250 °C.

The second approach was favored by Inoue et al. [28], Vidal et al. [49,50,53], and
Lanari et al. [51]. Despite being a model without a ferric end-member, Inoue et al. [28]
advised considering Fe** content in applying the proposed geothermometer to avoid T
overestimates. In this respect, Fe** content must be quantified independently. On their
side, the thermometers of Vidal et al. [44,45] and Lanari et al. [51] require integrating
the Fe3* content in the chlorite structural formula calculation but, for this, propose esti-
mating the Fe?* /Fey, ratio together with T by the convergence of Chl + Qz equilibria
(Table 1) [78,79]. These models were completed by the addition of a ferric end-member, i.e.,
ferri-sudoite, by Vidal et al. [53]. Recently, by combining Inoue et al. [28] and Walshe [11]
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models, Inoue et al. [80] presented a method to estimate Fe3* content and T, and evaluate
redox conditions (fO,). Applied on chlorites from the hydrothermal system of Noboribetsu
(Japan), this method gave promising results for qualitative discussion on redox condition
variations.

The third approach therefore consists of the development of an analytical method to
precisely quantify Fe>* content and its variation through crystallites, either at the micro-
metric scale for metamorphic chlorite zoning, or at the nanoscale for LT chlorite zoning.
Mufioz et al. [76] mapped the Fe3* /Fey, ratio (XFe**) in metamorphic chlorites for the
first time using X-ray absorption near-edge structure spectroscopy data (XANES) acquired
at the Fe K-edge (7100-7200 keV) in fluorescence mode (synchrotron light). A spot size of
10 um allowed the authors to map an area 390 x 180 microns in size to highlight XFe3*
zoning in chlorite and to refine thermometric predictions [50]. This kind of map can be
correlated to EMP maps given exhaustive characterization of the chlorite chemistry. This
spectacular advance in the estimation of ferric iron in HT chlorites is, however, not suitable
for LT chlorites due to the scale of XFe3* variation. Several years later, Bourdelle et al. [81]
developed an analytical procedure to quantify the Fe3* /Feyu ratio in silicates using Fe
L, 3-edge (700-730 eV) XANES spectra, i.e., at 10x less energy. This authorizes a spot size of
30 nm, an unequal spatial resolution. Data were acquired thanks to scanning transmission
X-ray microscopy (STXM; in transmission mode), on FIB ultrathin sections already serving
as a support for the TEM-EDX study. Admittedly, the mapped area is very small in size,
but it was previously demonstrated that the chemical zoning in LT chlorites is restricted
to small distances. Applied on chlorites from Glarus (Switzerland), Bourdelle et al. [81]
exhibited the first quantitative redox maps at the nanoscale as evidence of the composi-
tional zoning of LT chlorites. To prove the existence of this nanoscale zoning, to date not
detected with classical methods such as EMPand SEM-EDX, the combination of this kind
of map with TEM-EDX data should allow us to obtain all compositional data useful for
applications of the Inoue et al. [28] and Vidal et al. [50,53] thermometers.

5. Perspectives of New Analytical and Thermometric Developments

The question of ferric iron in LT chlorites remains extensively studied. New ferric
end-members could be envisaged to complete thermodynamic models, provided that
their standard-state thermodynamic properties can be determined. Cationic substitutions
where Fe®* is implicated can also be redefined. Masci et al. [16] investigated a wide
range of chlorite compositions by XANES and EMP, and claimed that the DT substitution
implicating Fe®" is an artefact. This substitution is usually considered as the result of the
combination of the Al-DT substitution and AF exchange but without the intervention of
Al If the AI** = Fe3* exchange is still considered by the authors for low-Fe systems, a
new exchange vector, implying deprotonation, is envisaged for Fe-rich chlorites. Here,
the structural formula is not calculated on a 14-oxygen basis but on a 15-oxygen basis,
as R?>* + H* = Fe**, leading to a reduction of octahedral vacancies. Masci et al. [16]
campaigned for the consideration of an oxychlorite member (or “oxidized chlorite”), close
to tri-trioctahedral chlorite, and for a new cation site assignment as a part of a chlorite
solid-solution accounting for proton loss in M1 and M2 sites. If the deprotonation becomes
a verified process, the published data on Fe**-rich chlorites with a high vacancy content
will have to be reappraised, and the implications for chlorite thermometry are far-reaching.

Aja [56] proposed a new approach for solid-solution modeling by defining a molecular
solid-solution model instead of the atomic site-mixing models conventionally used by
chlorite geothermometers, such as in [9]. The author starts from the observation that
regular-solution site-mixing models are, at least in part, speculative because they deduce a
putative structural chemistry from the general chlorite stoichiometry and do not account
for the true atomic site occupancy of each investigated sample. To circumvent this issue, a
molecular model was developed in which each end-member contribution (mole fraction) is
depicted by a single aggregate parameter, presuming that local charge remains balanced in
the chlorite structure. The author advances that the molecular solid solution brings out
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insufficiencies in the thermodynamic database available for chlorite, and suggests new
ternary solid-solution models, opening up new thermometric perspectives.

Currently, geothermometers are developed for the most common chlorites, i.e., Al-,
Fe-, or Mg-rich chlorites. However, it could be worth considering extending these mod-
els to rarer—but characteristic of specific systems—chlorites, like Mn-rich chlorites. As
an example, Sussenberger et al. [82] suggest that the Mn content in chlorite could be a
proxy for chemo-stratigraphic conditions in a depositional environment. For their part,
Bobos et al. [83] established a link between Mn-chlorite and wolframite, with the Mn
content in chlorite becoming an indicator of W-Mo mineralization. In this way, geother-
mometers should include an Mn end-member like pennantite [84] (similar to clinochlore
and daphnite). However, the question of the structural formula calculation, similarly to
ferric iron, will arise without quantification of the Mn3* /Mny, ratio. An STXM-XANES
protocol investigating the Mn L, 3-edges (630-660 eV) could be contemplated for nanoscale
mapping of the Mn redox, analogously to the Fe redox [81].

Other perspectives of development could be envisaged, like the extension of thermo-
dynamic models toward Al-free chlorite, the comprehension of chloritization mechanisms
according to the system and the precursor which, although very widely studied, may need to
be reevaluated with new analysis techniques and new experiments, or the coupling of STEM—
EDX maps (scanning transmission electron microscopy) with STXM—XANES maps. This latter
development could facilitate the detection of compositional variations within chlorite crystals,
knowing that it is currently difficult to understand whether the zoning is a progressive zoning
from crystal core to rim resulting from a continuous evolution, or is the consequence of a clear
juxtaposition of different independent compositions in the same chlorite.

6. Conclusions

Chlorite geothermometry has already shown its relevance and contribution in numer-
ous studies of low-grade metamorphic, diagenetic, and hydrothermal contexts, especially
when coupled with other thermometric tools, but it should only be used when also con-
sidering the recommendations of thermometer developers, choosing a suitable analysis
scale/techniques, and being aware of possible deficiencies. A review of the chlorite geother-
mometers for LT contexts is inevitably at the center of an old debate on their relevance.
With the intention of demonstrating the strong link between the evolution of thermometer
concepts and development of new analytical tools, this study takes the view that chlorite
geothermometry is appropriate for estimating the P-T-X paleo-conditions prevailing in low-
temperature—low-pressure contexts. However, the debate, especially on the thermodynamic
status of intermediate phases involved in chloritization processes, cannot be settled here and
will require new data and new analytical or experimental advances, as in [64]. Beyond this
debate, the highlighting of chemical zoning inside LT chlorites seems to lead in the direction
of the local equilibrium model, justifying a thermodynamic/thermometric approach.
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