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ABSTRACT 42 

A full complement of standard state thermodynamic properties (∆fG298,1
° , ∆aGT,i

° , S298,1
°  43 

and Cp
° ) has been detrmined for a magnesian chamosite [Fe-Chl(W)] and a ferroan 44 

clinochlore [Mg-Chl] investigated by calorimetry and low-temperature hydrothermal 45 

experiments; this makes these two samples the only natural chlorites whose complete set 46 

of thermochemical properties have been reported. ∆𝑓𝐺298,1
°  for Mg-Chl and Fe-Chl (W) 47 

have been determined to be -8161.76±32.50 and -7278.97±21.50 kJ/mol, respectively. 48 

Ternary molecular chlorite solid solution modeling approaches have been developed for 49 

Al-rich and Si-rich chlorites; unlike available atomic site-mixing chlorite solid solution 50 

models, a molecular model obviates the need for the adoption of a putative structural 51 

chemistry. The calculated excess entropy of mixing in the ternary system exhibits a 52 

curvilinear dependence on composition and at 25°C, Gss
ex vary from about -72 to 413 53 

kJ/mol implying a significant deviation from ideality. The effect of di-trioctahedral 54 

substitutions was evaluated by modeling the solid solutions in the quaternary amesite-55 

chamosite-clinochlore-sudoite system for aluminous chlorites; excess functions (Sex, Gex) 56 

calculated for these quaternary and ternary solid solutions are marginally different, 57 

inherently validating the ternary model. The molecular solid solution model further 58 

unmasks significant deficiencies in available database of standard state thermodynamic 59 

properties of chlorites. Finally, pursuant to the recent recognition that green rusts 60 

probably play significant roles in the cycling of iron through sedimentary sequences, the 61 

neoformation of authigenic iron chlorites from green rusts has been examined; green rusts 62 

will readily transform to berthierine and Fe-chlorites except under oxidizing conditions 63 

atypical of aquatic environments and ferrugineous sediments. 64 
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 72 

Introduction 73 

Chlorites are phyllosilicates in which adjacent 2:1 talc layers are linked by an octahedral 74 

brucite sheet; their general structural formula (R6−y−z
2+ Ry

3+ ◻z)
2

(Si4−kRk
3+)

2
O20(OH)16  75 

consists of alternating talc layer (R6−y2−z2

2+ Ry2
3+ ◻z2

)(Si4−k
4+ Rk

3+)O20(OH)4  and brucite 76 

sheet (R6−y1−z1

2+ Ry2
3+ ◻z1

)(OH)12 along the c crystallographic direction (Bailey, 1988; 77 

Zazzi et al. 2006). The extent of substitution of trivalent cations (𝑅3+) in the octahedral 78 

and tetrahedral sheets are represented by y (the sum of  𝑦1𝑎𝑛𝑑 𝑦2) and k, respectively; the 79 

total octahedral vacancy (z) is the sum of the vacancies in both octahedral sheets (𝑧1 and 80 

𝑧2) and y is the sum of 𝑦1 and 𝑦2. Refined atomic site occupancies have been reported in 81 

the form (M1, M2)(M3, M4)(T1, T2)O20(OH)16; for instance, the structural formula of 82 

an ordered triclinic clinochlore was reported as (Smyth et al. 1997), on a half-unit cell 83 

basis, as  84 

(Mg0.966Fe0.034)M1(Mg0.962Fe0.038)2
M2(Mg0.996Fe0.004)2

M3(Al0.841Fe0.102
3+ Cr0.004Ti0.004)M4(Si2.96Al1.04)O10(OH)8 85 

T1 and T2 describe the distinct tetrahedral sites found in the talc layer whereas the 86 

distinct octahedral sites of the talc layer are denoted as M1 and M2. M3 and M4 are the 87 

octahedral sites located in the brucite sheet though there are half as many M4 as M3 sites 88 

per layer. The two tetrahedral sites are somewhat homologous given their identical 89 

volume and average metal-oxygen bond distance and show little ordering of Al and Si 90 

between T1 and T2. The M3 and M4 octahedral sites differ significantly in octahedral 91 
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volume, distortion and mean cation-oxygen bond distance. Considerable cation ordering 92 

occurs in the brucite sheet with the preference of trivalent cations for the M4 site and 93 

virtually no Fe in the M3 site (Smyth et al. 1997). Furthermore, evidence for cation 94 

ordering in the octahedral sites of the talc layer is equivocal; the preference of Al for the 95 

M1 site was inferred by Welch et al. (1995) based on 27Al and 29Si MAS NMR and was 96 

attributed to Al avoidance in the talc tetrahedral sheet; by contrast, the distinction 97 

between the tetrahedral sites was not confirmed in the crystallographic study of Smyth et 98 

al. (1997). 99 

 100 

Petrogenetically, chlorites constitute a major minerals group found in a wide variety of 101 

geological environments. Authigenic chlorites are common in siliciclastic petroleum 102 

reservoirs where they may occur as pore-filling and/or grain-coating chlorites,  isolated 103 

rosettes, grains-replacing microcrystalline aggregates and pore-lining crystals (Grigsby, 104 

2001; Hillier, 1994; Bahlis and De Ros, 2013). The presence of chlorite cement (as pore-105 

lining, pore-filling, grain coating chlorites, etc.) result in the preservation of abnormally 106 

high porosity in some petroleum reservoir sandstones; these authigenic chlorites retard 107 

the formation of quartz overgrowths (Bloch et al. 2002; Berger et al. 2009) which will be 108 

normally deleterious to overall rock porosity.  109 

 110 

The wide range of environmental settings in which chlorite authigenesis has occurred in 111 

sedimentary formations (Bartier et al. 1998; Bloch et al. 2002; Gould et al. 2010; Dowey, 112 

2012; Tetiker et al. 2015)  suggests the existence of a chlorite stability field under these 113 

low temperature hydrothermal environments. Furthermore, the consequences of  chlorite 114 
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authigenesis on the petrophysical properties of siliciclastic hydrocarbon reservoirs has 115 

practical application to issues of carbon sequestration in sedimentary formation. The 116 

capture and geologic sequestration of CO2 emitted by industrial processes has been 117 

proposed as a possible approach to mitigate anthropogenic-driven increases in the level of 118 

CO2 in earth‘s atmosphere (Lu et al. 2012; Kampman et al. 2014; Lammers et al. 2015). 119 

Some of the geologic formations in which the carbon dioxide will be sequestered are 120 

chlorite bearing which underscores the need for a thorough definition of both the 121 

thermodynamic and kinetic aspects of chlorite stability in the low to modest temperature 122 

hydrothermal environments associated with such sedimentary formations.  123 

 124 

The thermochemical properties of chlorites have been reported by several investigators 125 

(Kittrick, 1982; Hemingway et al. 1984; Bertoldi et al. 2001; Bertoldi et al. 2007; 126 

Gailhanou et al. 2009; Blanc et al. 2014; Ogorodova et al. 2016). Kittrick (1982) studied 127 

the solubility of four natural chlorites at 25 °C and in a latter investigation, Hemingway 128 

et al. (1984) studied two of those chlorites by calorimetry. Bertoldi et al. (2001, 2007) 129 

reported heat capacity measurements for five different chlorite samples (spanning a wide 130 

range in mole fraction of Fe). Ogorodova et al. (2016) measured the  enthalpies of 131 

formation of two clinochlores using melt solution calorimetry. In a combination of heat-132 

pulse and acid solution calorimetric techniques, Gailhanou et al. (2009) and Blanc et al. 133 

(2014)  measured the properties of  ISGS berthierine  134 

[(Al0.976Fe0.182
3+ Fe1.44

2+ Mg0.157)(Si1.332Al0.668)O5(OH)4,] and the Clay Minerals Special 135 

Clay, CCa-2, [(Si2.633Al1.367)(Al1.116Fe0.215
3+ Mg2.952Fe1.712

2+ Mn0.012Ca0.011)O10(OH)8]. 136 

The combination of these approaches by Blanc et al. (2014) facilitated retrieval of a 137 
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nearly complete spectrum of standard state properties for CCa-2 and ISGS berthierine. 138 

Hence, amongst the natural chlorites (circa 14 samples) whose thermodynamic properties 139 

have been reported to date, the only sample for which there is nearly a full complement 140 

of experimentally-derived standard state thermochemical properties is CCa-2; however, 141 

the contribution of configurational entropy (∆𝑆𝑐𝑜𝑛𝑓) to third law entropy (𝑆°) was not 142 

determined for CCa-2. Third law entropy encompasses the lattice dynamic contribution to 143 

entropy (∫
𝐶𝑝

𝑇
𝑑𝑇

298.15

0
), configurational entropy owing to site mixing (∆𝑆𝑐𝑜𝑛𝑓) and 144 

associated phase-change entropies arising primarily from magnetic spin ordering (∆𝑆𝑝); 145 

that is (cf. Ulbrich and Waldbaum, 1976),  146 

S° =    ∫
Cp

T
dT

298.15

0

+ ∆Sconf +  ∆Sp 

The contribution of magnetic spin ordering peaks at about 10 K (Aja et al. 2015) and in 147 

the absence of additional phase changes contributions, the third law entropy of chlorites 148 

thus consists of the calorimetric entropy part and contributions owing to atomic site 149 

mixing. In this study, standard state thermochemical properties are being reported for two 150 

natural chlorite samples [Fe-Chl(W) and Mg-Chl]; these data have been retrieved by 151 

combining the results of our recent calorimetric measurements and low temperature 152 

hydrothermal experiments, and increase the number of natural chlorite samples for which 153 

a full complement of standard state thermodynamic properties are available. Furthermore, 154 

a molecular chlorite solid solution model has also been developed and the possible 155 

implications of  the available thermodynamic data for the neoformation of Fe chlorite 156 

have also been evaluated.  157 

 158 
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Methods 159 

Previous Experimental Investigations 160 

In previous experimental studies (Aja and Small, 1999; Aja and Dyar, 2002), the relative 161 

stabilities of natural Fe-Mg chlorites in low-temperature hydrothermal solutions were 162 

investigated; chlorite mixtures with kaolinite (± quartz, ± gibbsite) were equilibrated 163 

under isothermal, isobaric (25°C ≤ T ≤ 250 °C; 𝑃𝑣 =  𝑃𝐻2𝑂) conditions. The experiments 164 

were designed to approach the equilibrium boundaries from both under- and super-165 

saturation conditions; the solid products from the investigations and the starting materials 166 

were characterized by a variety of techniques including X-ray fluorescence spectroscopy 167 

(XRF), analytical transmission electron miscroscopy (ATEM), powder X-ray diffraction 168 

(XRD) and Mössbauer spectroscopy. The equilibrated solutions were analyzed for 169 

aqueous silica (by colorimetry using the silicomolybdate blue complex) and for other 170 

dissolved solutes by ICP-MS. These solution equilibration investigations demonstrated 171 

that: 1) chlorite-fluid equilibrium is attainable under the diagenetic and hydrothermal 172 

alteration conditions of the experiments; 2) the law of mass action (i.e.,  the solubility 173 

constant approach) is applicable to chlorite-fluid equilibria; and 3) that the slopes of 174 

phase boundaries in several different types of chemical potential diagrams are determined 175 

by the compositions of the solubility-limiting chlorite phases. Thus, under isothermal, 176 

isobaric conditions, these compositionally-complex natural chlorites were shown to 177 

behave (during the solution equilibration investigations) as single-phase, single-178 

component micas of fixed compositions. The kaolinite-chlorite equilibrium reactions 179 

were subsequently generalized as (Aja, 2002):  180 
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(Al2.33Fe1.00
2+ Fe0.14

3+ Ca0.02Mn0.01Ni0.02Cr0.01Mg8.40⧠0.07)(Si5.66Al2.34)O20(OH)16    

+  19.21 H(aq)
+   

⇌ 2.335Al2Si2O5(OH)
4

+ 8.40Mg(aq)
2+  + 0.02 Ni(aq)

2+ + 1.14 Fe(aq)
2+ + 0.02 Ca(aq) 

2+

+ 0.01 Mn(aq)
2+ + 0.01 Cr(aq)

3+ + 0.99 SiO2(aq)  + 12.935 H2O

+ 0.035 O2(g)                                                                                                (1𝑎) 

(Fe0.60
3+ Fe5.43

2+ Mg2.30Al2.98Mn0.05Ca0.03Zn0.01⧠0.60)(Si5.63Al2.37)O20(OH)16

+ 16.83 H(aq)
+   

⇌ 2.675 Al2Si2O5(OH)4 + 6.03 Fe(aq)
2+ + 2.30 Mg(aq)

2+ + 0.05 Mn(aq)
2+ + 0.03 Ca(aq)

2+  

+ 0.01 Zn(aq)
2+  +  0.28 SiO2(aq)  +  11.065 H2O +   0.15 O2(g)                                      (1𝑏)  181 

Over the range of temperatures investigated (25 – 250 °C), the equilibrium constant 182 

expressions for the kaolinite – chlorite equilibrium reactions were:   183 

log K1a  =   520.87 −  
14198

T
− 168.20 log T                            (𝑅2 = 0.99)              (2𝑎) 

and  184 

log K1b =  −49.72 +  
20137

T
                                                           (R2 = 0.98)                (2b)   185 

At 25 °C, log K was determined to be 57.45±6.21 and 18.09±2.24 for reactions 1a 186 

and 1b, respectively.  187 

 188 

∆𝑓𝐺298,1
° , the standard state Gibbs free energy of formation, of FeChl(W) and Mg-Chl 189 

were then determined from the solution equilibration data using standard protocols (Aja, 190 

2002); that is,   191 

∆Grxn
° = −2.303𝑅𝑇 log 𝐾           (Eqn. 3a) 192 



9 
 

∆fG 298,1
° =  −∆Grxn

° +  ∑ ∆fGi,298
°

i       (Eqn. 3b) 193 

∑ ∆𝑓𝐺𝑖,298
°

𝑖  in Eqn. 3b sums the Gibbs free energy of formation of the species in equation 194 

1 besides the chlorites, log K is equilibrium constant (Eqn. 2), and R is the universal gas 195 

constant (8.314 J•mol-1•K-1). Using Eqn. 3, the Gibbs free energy of formation for Fe-196 

Chl(W) and MgChl are determined to be -7269.13±14.33 kJ/mol and -8182.67±32.46 197 

kJ/mol, respectively. 198 

 199 

For the calorimetric phase of the investigations, the chlorites were further characterized 200 

by electron probe microanalysis (EPMA) and by powder diffraction techniques using 201 

synchroton radiation techniques coupled with Rietveld analyses of the diffraction data. 202 

On a half-unit cell basis, the structural compositions of Fe-Chl (W) and Mg-Chl, were 203 

reported to be (Aja et al. 2015),  204 

(Al1.48Fe0.33
3+ Fe2.73

2+ Mg1.19Mn0.026Zn0.007 ◻0.237)(Si2.62Al1.38)O10(OH)8 and  205 

(Al1.32Cr0.003
3+ Fe0.06

3+ Fe0.49
2+ Mg3.97Ni0.009 ◻0.148)(Si2.86Al1.14)O10(OH)8, respectively. The 206 

calorimetric measurements were taken with differential scanning calorimetry (DSC) and 207 

the heat capacity option of physical properties measurement system (PPMS produced by 208 

Quantum Design®). The heat capacities for the chlorite samples were measured between 209 

2 K and 300 K using PPMS whereas using DSC, the heat capacities were measured 210 

between 282 and 764 K. The respective heat capacity polynomials for Mg-Chl and Fe-211 

Chl(W) (280 ≤ T ≤ 570 K) were respectively reported as: 212 

𝐶p = 1185.44(±68.93) − 9753.21(±2186.85)𝑇−0.5 − 1.9094(±1.0288) • 107𝑇−2

+ 3.3013(±1.5363) • 109𝑇−3 

and  213 

 214 
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𝐶p = 1006.06 ( ± 48.46) − 4134.83 (±1515.16)𝑇−0.5    − 40.0949(±6.9413) • 106𝑇−2

+ 5.9386(±1.0287) • 109 𝑇−3 

 215 

 216 

Thermochemical calculations 217 
 218 
In the prior investigations, mole site occupancies of the chlorites [Mg-Chl and Fe-219 

CHl(W)] were obtained by XRF during the hydrothermal experiments and by EPMA 220 

during the calorimetric investigations; though these are virtually identical but the 221 

apparent compositional differences are consequential in extraction of extensive 222 

thermodynamic properties. In order to place the standard state molar Gibbs free energy of 223 

formation determined using Eqn. 3 on the same compositional basis as the calorimetric 224 

data, it has been adjusted using fictive solid-solid reactions per the approach of Blanc et 225 

al. (2014) and Gailhanou et al. (2013); that is, 226 

∆fGchlorite,A
° + ∑ ∆fGoxides,B

°

i

 ⇌   ∆fGchlorite,B
° + ∑ ∆fGoxides,A

°

j

                               (4)  

The underlying presumption in this technique is that the Gibbs free energy of reaction for 227 

this solid-solid reaction is zero. Chlorites A and B  (in Eqn. 4) designate the two slightly 228 

different chlorite compositions from XRF and EPMA whereas oxides B and A refer to 229 

the major oxide species and its equimolar trace oxide species by which chlorite A is 230 

transformed to chlorite B.  ∆𝑓𝐺 298,1
°  for oxide species were obtained from Robie and 231 

Hemingway (1995).  232 

 233 

∆𝑎𝐺𝑇,𝑖
° , the apparent standard molal Gibbs free energies of formation at saturated vapor 234 

pressures, have been calculated for the chlorites [Mg-Chl, Fe-Chl(W) and CCa-2] by 235 

means of equation 5; that is,   236 
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)1()( 298,1298

,

298 ,1,2981,298,   PVdT
T

C
TdTCTTSGG

T ipT

iprfiTa




   (Eqn. 5) 237 

For samples Mg-Chl and Fe-Chl(W), ∆𝑓𝐺298,1
°  (in Eqn. 5)  were determined from solution 238 

equilibration data (Eqns 1 - 4), heat capacity and entropy were determined by calorimetry 239 

(Aja et al. 2015); the molar volumes used in equation 5 were obtained from X-ray 240 

diffractometry (Aja et al. 2015). For chlorite CCa-2, the data source used in calculating 241 

apparent Gibbs energy were obtained from Blanc et al. (2014). 242 

 243 

Excess entropies were calculated using Eqn. 6 (cf. Anderson and Crerar, 1993);  that is, 244 

Sex = Sreal − Sideal =  SChl, measured −  (∑ XiSi  − R ∑ Xi lni  Xi i )        (6) 245 
 246 
In Eqn. 6, Sreal (i.e., Schl, measured) is the calorimetric entropy of natural chlorite given in 247 

Table 1 whereas Xi and Si designate the respective molar fractions and calorimetric 248 

entropies of the endmember components defining the solid solution.  In choosing entropy 249 

of endmember components (𝑆𝑖, Eqn. 6), literature values for endmember phases were first 250 

compared with  measured calorimetric entropies for the natural chlorites (see Figure 1) by 251 

plotting the entropies as a function of mole fraction of Fe (𝑋𝐹𝑒); the latter is typically 252 

presumed to be an index of the binary clinochlore-chamosite solid solution. The 253 

measured calorimetric entropies appear to vary somewhat linearly with mole fraction of 254 

Fe and such a linear trend implies little or slightly positive excess vibrational entropy in 255 

the solid solution. Also shown in Fig. 1 are  clinochlore-chamosite mixing lines presumed 256 

using the data from Holland and Powell (2011), Vidal et al. (2005) and Holland and 257 

Powell (1998); evidently, the entropy values published for chamosite and clinochlore by 258 

Holland and Powell (1998) seem more consistent with measured calorimetric entropies 259 
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for the natural samples. Though the more recent endmember entropies of Holland and 260 

Powell (2011) and Vidal et al. (2005) may be indicative of large excess vibrational 261 

entropy in the chlorite solid solution, the apparent discrepancy among the datasets may 262 

also stem from the fact that entropies extracted from phase equilibrium data and from 263 

petrogenetic studies may really be third law entropies rather than calorimetric entropies. 264 

For this study, however, entropy values for the endmember phases reported by Holland 265 

and Powell (1998) have been adopted. 266 

 267 

Excess Gibbs energy of mixing was calculated using the following expression: 268 

 269 
Gs.s.

ex = Greal
°  −  (∑ XiGi

°  − RT ∑ Xi ln Xi  )                 (7)  270 
 271 
In Eqn. 7, 𝐺𝑟𝑒𝑎𝑙

°  is the standard Gibbs free energy of formation (∆𝑓𝐺298,1
° ) tabulated in 272 

table 2, 𝐺𝑖
° refers to the standard state Gibbs free energy of formation of the endmember 273 

components (obtained from Holland and Powell, 1998) and Xi is the mole fraction of the 274 

endmember components.  275 

 276 

Results 277 

Thermodynamic Properties 278 

Values of ∆𝑓𝐺298,1
°  for Mg-Chl and Fe-Chl(W) adjusted using Eqn. 5  are given in Table 279 

2 and these lie within the 1σ confidence interval of the value based on the experimental 280 

solution equilibration data (i.e., from Eqns 1-3). Table 2 also shows values of  ∆𝑓𝐺298,1
°  281 

reported recently for CCa-2 (Blanc et al., 2014) and calculated values of  ∆𝑎𝐺𝑇,𝑖
°  for CCa-282 

2, Fe-Chl(W) and Mg-Chl using Eqn. 5. The uncertainty in the Gibbs free energy of 283 
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formation reported for the two chlorites in this study (0.30 to 0.40 %) is much larger than 284 

that reported for CCa-2 (0.11%). This difference is rooted in the experimental techniques; 285 

acid solution calorimetry is somewhat more precise being focused on measuring the heat 286 

content of a single phase though it cannot directly provide levels of solute activites in 287 

hydrothermal solutions at equilibrium with the phase. Solution equilibration, on the other 288 

hand, directly furnishes this knowledge but is subject to experimental constraints inherent 289 

in the determination of phase boundaries; that is, the normal asymptotic decrease of free 290 

energy of reactions as an equilibrium boundary is approached is exarcerbated by the 291 

mechanistic complexities of coupled hydrolytic reactions (i.e. Eqn. 1). 292 

 293 

The apparent free energies of formation, ∆aGT,i
° , have been depicted as an inverse 294 

function of temperature (Fig. 2). Despite the use of different experimental techniques in 295 

extracting the thermodynamic properties, the variation of  ∆aGT,i
°  with inverse 296 

temperature reflect the compositions of the chlorites as is expected, and as previously 297 

noted, ∆𝑓𝐺298,1
°  for CCa-2 was determined by acid solution calorimetry whereas for Mg-298 

Chl and Fe-Chl (W), ∆𝑓𝐺298,1
°  was obtained from solution equilibration experiments. 299 

Furthermore, the shallowness of the G – T sections, over the temperature range studied, 300 

suggests that some reactions involving chlorite are likely to be characterized by small 301 

changes in entropy; dehydroxylation reactions appear to occur at higher temperatures (T 302 

≈ 600 K; see Aja et al. 2015) which certainly will affect the entropy of chlorite-bearing 303 

reactions. 304 

 305 

 306 
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 307 

Discussions 308 

 A Molecular Approach to Chlorite Solid Solutions 309 

Chlorite solid solution models proposed heretofore have included a regular-solution site-310 

mixing model, ideal site mixing models in which cation distribution is presumed to be 311 

random on energetically-equivalent sites and mixing of atoms on energetically-distinct 312 

structural sites (Stoessell, 1984; Helgeson and Aagaard, 1985; Holland et al., 1998). 313 

Stoessell (1984) developed a random, regular-solution site-mixing model based on a set 314 

of six end-member component phases [amesite (Mg4Al2)(Si2Al2)O10(OH)8, chamosite 315 

(𝐹𝑒4
2+Al2)(Si2Al2)O10(OH)8, Fe3+- chamosite (𝐹𝑒4

2+𝐹𝑒2
3+)(Si2Al2)O10(OH)8, talc-3 brucite 316 

(Mg6)(Si4)O10(OH)8, minnesotaite-3 Fe(OH)2[(𝐹𝑒6
2+)(Si4)O10(OH)8, pyrophyllite-2 317 

gibbsite (Al4)(Si4)O10(OH)8]; some of these end-members were fictive 14 Å chlorites 318 

whose thermochemical properties were unknown. Holland et al. (1998) proposed a fictive 319 

solid solution model between Al-free chlorite [Mg6Si4O10(OH)8], clinochlore 320 

[(Mg5Al)(Si3Al)O10(OH)8], amesite [(Mg4Al2)(Si2Al2)O10(OH)8] and chamosite 321 

[(𝐹𝑒5
2+Al)(Si3Al)O10(OH)8]. They presumed a strong ordering of octahedral Al into the 322 

M4 site though Al enters into both the M1 and M4 sites, and that random substitution of 323 

tetrahedral Al for Si occurs only on the T2 sites; furthermore, they presumed a rather 324 

simple chlorite chemistry [(𝑅6−𝑥
2+ 𝐴𝑙𝑥)(𝑆𝑖4−𝑥𝐴𝑙𝑥)O10(OH)8] and the absence of octahedral 325 

vacancies in the 2:1 layer. The model incorporates ideal configuring entropy arising from 326 

partition between M1 and M4 sites coupled with a regular solution for the enthalpic part 327 

of mixing of the atoms. They also employed an order parameter and a compositional 328 

parameter to define the activity of each endmember in the solid solution. For instance, the 329 
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ideal part of the activity of endmember clinochlore in the solid solution was given 330 

(Holland et al. 1998) by 331 

aClc
ideal =   4XMg

M1XAl
M4XSi

T2XAl
T2 = 4(1 − y + N)(y + N)(1 − y)y 

whereas the non-ideal part expressed through the activity coefficient, γ, was 332 

RT ln γclc =  −pAfchlpAmeWAf,Ame +  pAfchl(1 − pClc)WAfchl,Clc

+  pAme(1 − pClc)WClc,Ame 

In the expressions above, y is the compositional parameter, p pertains to the molar 333 

proportions of the endmember. The model proposed by Holland et al. (1998) was in an 334 

effort to harmonize predicted and experimental compositional dependence on 335 

temperature for the chlorite + forsterite + orthopyroxene assemblage under elevated P-T 336 

conditions. Vidal et al (2001) sought to extend the model of Holland et al. (1998) with the 337 

proviso that octahedral vacancies in chlorites, omitted in the prior model, formed at 338 

temperatures < 450 °C are not artifacts of mixed layering; they therefore proposed a 3-339 

site mixing model having symmetric Margules parameters and ideal inter-site interaction. 340 

The revised model is applicable to a wider P-T range and presumes that octahedral 341 

vacancies result from di-trioctahedral substitutions, that all Fe is divalent, and that 342 

compositional variation in natural chlorites may be projected to the compositional space 343 

bounded by clinochlore, chamosite, amesite and Mg sudoite [(Si3Al)(Al3Mg2)O10(OH)8]. 344 

However, the Margules parameters for interaction on all sites except for M1 were fixed a 345 

priori and thus restricted the mixing of the phase components to the M1 site. In a 346 

subsequent development, Lanari et al. (2014) retrieved empirical symmetric interaction 347 

parameters, based on published chlorite analyses, for the 3-site mixing model. Some of 348 

these chlorite solid solution models (e.g., Holland et al., 1998; Vidal et al. 2001, 2005; 349 
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Lanari et al. 2014) have, however, been developed for conditions corresponding to 350 

greenschist facies or higher metamorphic conditions.  351 

 352 

In the ideal site-mixing solid solution models (Helgeson and Aagaard, 1985), the cations 353 

are presumed to mix on energetically-equivalent sites with consequent resolution of 354 

structural sites in the chlorite solid solution into tetrahedral and octahedral sites; the 355 

activity (𝑎𝑖) of the 𝑖𝑡ℎ thermodynamic component of the solid solution is given by 356 

 ai =   kj ∏ ∏ (Xj,s)
νs,j,i

js  357 

where 𝑘𝑖 is a proportionality constant, 𝑋𝑗,𝑠 is the mole fraction of the 𝑗𝑡ℎ atom on the 𝑠𝑡ℎ 358 

crystallographic site in the solid solution, and 𝜈𝑠,𝑗,𝑖 is the stoichiometric number of the 359 

𝑠𝑡ℎ sites occupied by the 𝑗𝑡ℎ atom in one mole of the 𝑖𝑡ℎ thermodynamic component.  360 

The ideal site-mixing model has been applied rather extensively (Walshe, 1986; Jahren 361 

and Aagaard, 1992; Saccocia and Seyfried, 1994; Aja, 2002). Walshe (1986)  362 

implemented an ideal site-mixing model for chlorites from  hydrothermal alteration 363 

environments using a set of six end-member components [Mg6Si4O10(OH)8, 364 

Mg5Al2Si3O10(OH)8, 𝐹𝑒5
2+Al2Si3O10(OH)8, 𝐹𝑒5

2+𝐹𝑒2
3+Si3O10(OH)8, Al4Si4O10(OH)8, and 365 

𝐹𝑒4
2+𝐹𝑒3+Al2Si3O11(OH)7]. Saccocia and Seyfried (1994) modeled their higher 366 

temperature (300° - 500° C) chlorite solubility data with an ideal site-mixing of a 367 

clinochlore-chamosite solid solution. Similarly, the solubility data from the lower 368 

temperature hydrothermal experiments of Aja and co-workers have also been modeled 369 

using the ideal site mixing model for a chamosite – clinochlore solid solution; values of 370 

log
𝑎

𝑀𝑔2+
1/2

𝑎𝐻+
 calculated for the experimental chlorite + kaolinite + quartz + fluid 371 
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assemblages differed significantly at 25 °C from measured values (cf. Figure 2; Aja, 372 

2002) but converged towards the measured values with increasing temperatures (T ≥ 200 373 

°C). 374 

 375 

These chlorite solid solution models generally adopt putative structural chemistries based 376 

on general chlorite stoichiometry rather than on exact atomic site occupancies of the 377 

particular samples being investigated. The use of putative chemistry reflects the lack of 378 

detailed specific knowledge of the exact structural chemistry of each chlorite sample 379 

being studied and is in turn a reflection of the types of chemical and mineralogical data 380 

available during petrogenetic and/or lithochemical studies and the prohibitive work of 381 

determining atomic site occupancies for each chlorite sample being studied. Nonetheless, 382 

configurational entropy of chlorites is solely a function of the actual atomic site 383 

occupancies and makes a significant contribution to third law entropy (Aja et al., 2015).  384 

 385 

Past models of chlorite solid solution have thus presumed to effect cation mixing on 386 

crystallographically distinct sites; these models have been implemented by either the 387 

mixing of cations on a single site or some adaptation of multisite mixing models. 388 

However, cation distributions in the chlorites are usually not known a priori and hence 389 

the need for putative atomic site assignments. A molecular solid solution model, by 390 

contrast, offers an alternative approach.  In this approach, presumptions of putative 391 

atomic site occupancies of the chlorites under investigation are circumvented; rather, a 392 

single aggregate parameter serves as an index to the contribution of a particular 393 

endmember phase to the solid solution. The adoption of molecular (or endmember) mole 394 
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fractions presumes that local charge balance is maintained in the structure of the mineral 395 

which in this case is consistent with the short-range order shown by cation occupancies in 396 

the chlorite structure.  397 

 398 

The particular molecular approach being proposed is chemographically derived based on 399 

the compositional signatures of natural chlorites captured in the classic work of Foster 400 

(1962). Plotting the variation of tetrahedral Al as a function of 𝐹𝑒2+

𝑅2+   ratio (Figure 3a), the 401 

Fe-Mg chlorites may be separated into Al-rich and Si-rich varieties along the continous 402 

clinochlore-chamosite binary join; the chlorites having 𝐴𝑙𝐼𝑉 > 1/𝑂10(𝑂𝐻)8 are denoted 403 

as Al-rich whereas Si-rich chlorites are those having 𝐴𝑙𝐼𝑉  < 1/𝑂10(𝑂𝐻)8  (Aja, 2015). 404 

The varying deviation of tetrahedral Al from the chamosite-clinochlore binary is 405 

employed as an index to solid substitutions  away from the binary join; this deviation is 406 

then set equal to the mole composition of either amesite or Al-free chlorite in the solid 407 

solution and thus implicitly incoporates the Tschermak substitution vectors of  natural 408 

chlorites. Given that the mole fraction of  amesite or Al-free chlorite quantifies the 409 

Tschermak substitution away from the chamosite – clinochlore binary join,  these ternary 410 

models embody both the Fe-Mg_1 exchange vector and the Tschermak substitution 411 

vectors of natural chlorites.   412 

 413 

In this molecular approach, solid solutions of Al-rich Fe-Mg chlorites are modeled in 414 

terms of the endmembers amesite [(Mg4Al2)(Si2Al2)O10(OH)8], chamosite 415 

[(Fe5Al)(Si3Al)O10(OH)8] and clinochlore [(Mg5Al)(Si3Al)O10(OH)8]. For such chlorites, 416 

mole components in the ternary solid solutions are determined as follows:  417 
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 418 
Xamesite = [AlIV/O10(OH)8 - 1],  419 

Xchamosite = (XFe)(1-Xamesite) and   420 

Xclinochlore = 1 – (Xamesite + Xchamosite) 421 

By contrast to the Al-rich chlorites, chlorite solid solutions for Si-rich Fe-Mg chlorites 422 

[AlIV < 1/O10(OH)8] may be modeled in terms of the end-members Al-free chlorite 423 

[Mg6Si4O10(OH)8], chamosite [(Fe5Al)(Si3Al)O10(OH)8] and clinochlore 424 

[(Mg5Al)(Si3Al)O10(OH)8]. In this case, the mole components in the ternary solid 425 

solutions are computed as follows: 426 

XAl-free chlorite = [1 - AlIV/O10(OH)8],  427 

Xchamosite = (XFe)(1-XAl-free chlorite) and   428 

Xclinochlore = 1 – (XAl-free chlorite + Xchamosite) 429 

Using the above parameters, the chlorite compositional data from figure 3a have been 430 

projected onto the the amesite-chamosite-clinochlore system (Figure 3b) and Al-free 431 

chlorite-chamosite-clinochlore system (Figure 3c); also depicted in figures 3b and 3c are 432 

the compositions of calorimetrically-investigated natural chlorites (see Table 2) projected 433 

onto the ternary compositional space. Evidently, these ternary systems provide a 434 

compositional space within which to portray natural chlorite compositions.  435 

 436 

The ternary solid solution, however, does not account for the substitutional effects of 437 

octahedral vacancies and hence di-trioctahedral chlorite substitutions; this is achieved in 438 

this molecular approach by projecting chlorite compositions into the quaternary amesite 439 

[(Mg4Al2)(Si2Al2)O10(OH)8], chamosite [(Fe5Al)(Si3Al)O10(OH)8], clinochlore 440 

[(Mg5Al)(Si3Al)O10(OH)8] and sudoite (Mg2Al3 1)(Si3Al)O10(OH)8 system  for Al-rich 441 
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chlorites and the quaternary Al-free chlorite [Mg6Si4O10(OH)8], chamosite 442 

[(Fe5Al)(Si3Al)O10(OH)8], clinochlore [(Mg5Al)(Si3Al)O10(OH)8] and sudoite 443 

(Mg2Al3 1)(Si3Al)O10(OH)8 system for Si-rich chlorites. In the quaternary amesite-444 

chamosite-clinochlore-sudoite solid solution, mole components are then defined as (Aja, 445 

2016): 446 

 Xamesite = [AlIV/O10(OH)8 - 1],  447 

Xchamosite = (XFe)(1-Xamesite),  448 

Xsudoite = X⧠ (mole fraction of octahedral vacancy) and  449 

Xclinochlore  = 1 – (Xamesite + Xchamosite + Xsudoite)  450 

An analogous formalism applies to Si-rich chlorites in the quaternary system consisting 451 

of the endmembers Al—free chlorite, chamosite, sudoite and clinochlore; in this 452 

quaternary system, Xamesite is replaced by XAl-free chlorite.  453 

  454 

One of the advantages of modeling natural chlorites using two complementary solid 455 

solutions is that it implicitly recognizes the importance of bulk rock compositions in 456 

chlorite mineralizations; this may facilitate the development of less complex 457 

thermodynamic models of chlorite geothermometry especially under diagenetic/low 458 

temperature hydrothermal conditions given that lithological effects is likely to be more 459 

significant at lower temperatures (T < 300 °C). Indeed, owing to the ubiquity of chlorites 460 

in a wide variety of diagenetic and/or low temperature geological settings, the 461 

geothermometric potential of chlorites has been of perennial interest (e.g., Cathelineau 462 

and Nieva, 1985; Kranidiotis and McLean, 1987; Cathelineau, 1988; Hillier and Velde, 463 

1991; De Caritat, 1993; Vidal et al, 2001; Inoue et al. 2009; Bourdelle et al. 2013a, b; 464 
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Lanari et al., 2014). The earliest efforts in the development of chlorite geothermometers 465 

sought to use a compositional parameter (e.g., tetrahedral Al content) as a 466 

geothermometer though such approaches failed to account for lithological effects on 467 

chlorite compositional variations. Latter efforts have sought to develop chlorite 468 

geothermometers using thermodynamic models of chlorite solid solutions though for such 469 

treatments, reliable activity composition models calibrated with experimental 470 

thermochemical data does not yet exist.  471 

 472 

Excess Thermodynamic Properties 473 

The excess entropy of mixing amesite, chamosite and clinochlore to yield compositions 474 

equivalent to the natural chlorites whose calorimetric entropies are known (Table 2), 475 

calculated using equation 6, decreases curvilinearly with increasing Xclinochlore (Fig. 4a) 476 

whereas it appears to increase somewhat curvilinearly with increasing mole fraction of 477 

chamosite up to 𝑋𝑐ℎ𝑎𝑚𝑜𝑠𝑖𝑡𝑒  ≅ 0.6 (Fig. 4b).  Sex appears to also increase with increasing 478 

mole fraction of amesite (Fig. 4c) though the trend is masked by the clustering around 479 

𝑋𝑎𝑚𝑒𝑠𝑖𝑡𝑒  ≈ 0.3 − 0.4; this clustering reflects the accidental bias in the amesite 480 

component of the chlorite samples that have been investigated calorimetrically 481 

(diamonds; Fig. 3a and 3b). Within this narrow amesite content, there is a spread of about 482 

60 J/mol•K suggesting that the solid solution interaction parameters for these individual 483 

chlorite samples may not be same. As to be expected, significantly different entropies of 484 

mixing result if S298 of endmember phases obtained from different datasets are used (Aja, 485 

2015); nonetheless, the pattern of dependencies on mole fraction components is the same 486 

regardless of the data source (e.g., Holland and Powell, 1998 vs. Vidal et al. 2005). On 487 



22 
 

the whole, the curvilinear trends apparent in Fig. 4 may indicate some volume correlation 488 

since excess vibrational entropies of solid solutions are known to show a correlation with 489 

molar volume and bulk modulus of limiting endmember phases (cf. Benisek and Dachs, 490 

2012) and the correlation of entropy with volume is a well-established concept (Holland, 491 

1989).  492 

 493 

A comparison of the excess entropies of mixing calculated for the ternary amesite-494 

chamosite-clinochlore systems and for the quaternary amesite-chamosite-sudoite-495 

clinochlore system (Fig. 5a) shows these to be virtually of the same magnitudes 496 

suggesting that the di-trioctahedral substitution has a marginal effect on Sex. In other 497 

words, the energetics of chlorite solid solutions is dominated by Fe-Mg exchange and 498 

Tschermak substitutions.  499 

 500 
By contrast to calorimetric entropy, standard state Gibbs free energies of formation are 501 

less readily available for chlorites; hence, equation 7 could only be applied to determine 502 

the excess Gibbs energy of mixing for stoichiometric equivalents of  CCa-2, Fe-Chl(W), 503 

Mg-Chl and two other samples from Kittrick (1982). The calculated 𝐺𝑠𝑠
𝑒𝑥 vary from about 504 

-72 to 413 kJ/mol (Fig. 5b) implying a significant deviation from ideality. However, the 505 

linear dependence for 𝐺𝑠𝑠
𝑒𝑥  on Xclinochlore (Fig. 5b) may be more apparent than real 506 

considering that these points are not, in fact, co-planar in the Gex - XClc plane inasmuch as 507 

they have different mole fractions of other component endmembers.  Nonetheless, the 508 

minor effect of the di-trioctahedral substitution on the energetics of chlorite solid 509 

solutions is underscored by the magnitudes of excess Gibbs energy calculated in both the 510 

ternary and quaternary systems.  511 
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 512 

Conceivably, the ternary clinochlore (Clc) - chamosite (Chm) - amesite (Ame) solid 513 

solution could be modeled either as a symmetric or asymmetric ternary solid solution; in 514 

the former case, the Margules parameters may be retrieved using Eqn. 8; that is,   515 

Gss
ex =  WGClc− Chm

XClcXChm + WGChm− Ame
XChmXAme +  WGClc−Ame

XClcXAme   (8) 516 

For an asymmetric ternary solid solution, Eqn. 9 applies. 517 

Gss
ex =  (WGClc−Chm

XClc
2 XChm + WGChm−Clc

XChm
2 XClc) + 518 

            (WGChm−Ame
XChm

2 XAme + WGAme−Chm
XAme

2 XChm) +  519 

            (WGClc−Ame
XClc

2 XAme + WGAme−Clc
XAme

2 XClc)           (9) 520 

However, with only five  𝐺𝑠𝑠
𝑒𝑥 data points (Fig. 5b), analytical determination of the 521 

ternary solid solution interaction parameters from the functional dependence of Gex  on 522 

mole compositions (Eqns 8 or 9) will not be meaningful owing to the considerable 523 

likelihood of over-fitting the data. The sparsity of 𝐺𝑠𝑠
𝑒𝑥 reflects the very limited number of 524 

studies from which a full complement of thermodynamic properties  have been retrieved 525 

for natural chlorites. Furthermore, the range of the Tschermak component of natural 526 

chlorites that have been studied by calorimetry is rather limited compared to the Fe-Mg 527 

compositional range (cf. Fig.  3a); perhaps, this reflects the bias in favor of Fe-Mg 528 

variation in designing thermochemical experiments. Chlorite compositions that deviate 529 

from the chamosite-clinochlore join [i.e., AlIV = 1/O10(OH)8; Fig. 3] may, however, not 530 

be presumed a priori to have same solid solution energetics owing to the different 531 

magnitudes of their Tschermak substitution vectors and thus thermochemical studies 532 

designed principally to span the characteristic wide Fe-Mg range may not have afforded 533 

adequate access to the complete spectrum of chlorite solid solution behavior. 534 
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 535 

It becomes apparent that for this major group of minerals (i.e., chlorites), a significant 536 

gap exists in the body of experimentally-derived thermochemical data. Calorimetric 537 

studies of chlorites are much more abundant than studies in which a full complement of 538 

chlorite thermodynamic properties have been determined, and even in that instance, the  539 

natural chlorites that have been studied calorimetrically do not cover the spectrum of 540 

known compositions. Perhaps, this limitation has not been readily apparent given the 541 

advent of correlation algorithms and the increasing sophistication of computational 542 

technologies. In fact, Oelkers et al. (2009) highlighted the relative sparsity of actual 543 

experimental data on which some thermodynamic datasets are based owing to the 544 

increasing use of computerized correlation algorithms; in other words, the success and 545 

widespread use of aqueous chemical speciation, reaction path and transport computer 546 

codes have obscured the provisional nature of some of the thermodynamic databases built 547 

into these algorithms.  548 

 549 

Neoformation of Fe-chlorite 550 

Diagenetic chlorites may form as rims on framework grains leading to the preservation of 551 

abnormally high porosity in petroleum reservoir sandstones; chlorites may also form as 552 

grain-coating or pore-filling materials in such reservoirs. In sandstones, chlorite 553 

authigenesis has been attributed to transformation of 7 Å, ferroan, green clays to 554 

chamosite, concomitant dissolution of kaolinite and ferroan carbonates or organometallic 555 

iron compounds (Bloch et al. 2002; Gould et al. 2010). In addition, chlorite neoformation 556 

via alteration of precursor minerals have also been proposed and includes alteration of 557 
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berthierine, mixed-layer serpentine-chlorite, kaolinite, smectite, iron- and magnesium-558 

rich detrital grains and volcanic rock fragments and from mud intraclasts (Dowey, 2012 559 

and references therein; Beaufort et al. 2015). 560 

 561 

Both iron-rich and magnesium-rich chlorites have been reported in siliciclastic 562 

lithologies; however, the former occurs much more frequently (Bloch et al. 2002; Dowey, 563 

2012). The occurrences of Fe-rich chlorite coats have been attributed to provenance-564 

control resulting from in situ alteration of volcanic (lithic) rock fragments. Fe-rich 565 

chlorites are also thought to occur dominantly in coastal environments whereas 566 

magnesium-rich chlorites have been linked to desert aeolian or playa lake environments 567 

(Dowey, 2012). Ehrenberg (1993) suggested that influent amorphous iron hydroxides, 568 

brought in by riverine transport, flocculated upon mixing with seawater and thus 569 

facilitates the formation of iron-rich chlorites in sandstones inasmuch as chlorite-coated 570 

sandstones are typical of nearshore marine facies likely to have been influenced by 571 

riverine water influx. 572 

 573 

A precursor material that hitherto has not been considered in the various models for the 574 

neoformation of Fe-rich chlorites in sandstones is inherited green rusts. Perhaps, the 575 

reason that the preponderance of authigenic chlorites tend to be Fe-rich is the influence of 576 

green rusts. Green rusts typically occur as iron corrosion products and includes carbonate 577 

green rust 1,  𝐺𝑅1(𝐶𝑂3
2−) or [𝐹𝑒4

2+𝐹𝑒2
3+(𝑂𝐻)12][𝐶𝑂3 • 2𝐻2𝑂]. The general formula for 578 

carbonate green rust is[𝐹𝑒𝑥
2+𝐹𝑒2

3+(𝑂𝐻)2𝑥+4][𝐶𝑂3 • (𝑥 − 2)𝐻2𝑂; the value of x lies 579 

between 4-6 (Drissi et al. 1995). Structurally, 𝐺𝑅1(𝐶𝑂3
2−) is a member of the pyroaurite 580 
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group of hydroxides though the latter is a Mg2+/Fe3+ hydroxy carbonate. Green rusts have 581 

also been shown to occur in soils (Feder et al., 2005; Trolard et al., 2007) and may 582 

exercise significant influence in formation of iron oxides in the soils. In other studies, 583 

green rusts have been shown to form near the iron redoxcline and may persist in aquatic 584 

environments through the water column and in ferruginous sediments; moreover, they 585 

transform into several of the major minerals observed in iron formations (Halevy et al. 586 

2017). It is thus quite likely that an important part of the global iron cycle would include 587 

the transformation of green rusts into berthierines and chlorites under diagenetic 588 

conditions. 589 

 590 

Using Eh-pH diagrams (Fig. 6), stability relationships between Fe-rich chlorite minerals 591 

and green rusts have been evaluated at 25 °C. In this model (Fig. 6), aqueous ion 592 

activities of 𝐴𝑙(𝑎𝑞)
3+ , 𝐹𝑒(𝑎𝑞)

2+ , 𝑀𝑔(𝑎𝑞)
2+ , SiO2(aq) and  𝐶𝑂3(𝑎𝑞)

2− were held at 7.9x10-6, 5.01x10-593 

6, 4.57x10-3, 1.95x10-3 and 1.95x10-2, respectively; the thermodynamic properties of the 594 

species used in calculating Fig. 6 are given in Table 3. The aqueous ion activities were 595 

representative of conditions in which chlorites equilibrated in some of our earlier 596 

experiments at 25 °C. Under the conditions of this analysis, GR1(CO3)2- is shown to have 597 

a wider stability field relative to pyroaurite. It is also apparent from figure 3c that the two 598 

Fe-rich chlorites with contrasting mole fractions of Fe [Fe-Chl(W)adj and CCa-2*] will be 599 

stable under rather different redox-pH conditions; at the same Eh, increasing acidity 600 

favors the neoformation of the chlorite having a higher Fe content. Perhaps, the greater 601 

incidence of authigenic Fe chlorites, relative to Mg chlorites, may also reflect the 602 

influence of somewhat acidic pore waters. As to be expected, green rusts would readily 603 
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transform to berthierine and Fe-chlorites although GR1(CO3)2- has a slightly wider field 604 

of stability in the presence of berthierine (Fig. 6b) relative to Fe chlorite (Fig. 6c) 605 

suggesting that it may transform to the former less readily. Nonetheless, at appropriate 606 

aqueous solute activities and redox conditions, green rusts will readily transform to 607 

berthierines or Fe-chlorites in aqueous media.  608 

 609 

Green rusts in sediments may thus serve as important precursors of some pore-filling or 610 

grain coatings chlorites in siliciclastic sediments. Such green rust precursors may be 611 

delivered as inherited clastic sediments infiltrating sandstones inasmuch as infiltration of 612 

sandstones by allogenic materials is an established sedimentary process (Ali et al. 2010). 613 

The multivalent state of Fe in green rusts would provide an explanation for the 614 

multivalent state of Fe in most sedimentary chlorites. However, the lability of green rusts 615 

may have hitherto hindered its detection in such sedimentary sequences. On the whole, 616 

whether green rusts are precursors of minerals found in iron formations (Zegeye et al. 617 

2012; Halevy et al. 2017) or are precursors of sedimentary chlorites (this study) will 618 

reflect controls exercised by factors such as pH, aqueous chemistry of the pore fluids, 619 

redox conditions, pressure, and temperature. 620 

 621 

Implications 622 

The use of chlorite composition as a geothermometer has been a subject of perennial 623 

interest especially in diagenetic and low temperature hydrothermal environments. 624 

However, such geothermometric applications of chlorite compositions has met with 625 

limited success and has also been questioned owing to the lack of reliable activity 626 
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composition models calibrated with experimental thermodynamic data.  The molecular 627 

approach proposed herein may provide the context for the thermodynamic calibration of 628 

chlorite geothermometers and also constitutes an alternative viable approach to atomic 629 

site-mixing models inasmuch as knowledge of exact atomic site occupancies of the 630 

chlorites, which is typically unavailable, is not required. Though further development of 631 

chlorite geothermometers rooted in experimentally-derived activity composition models 632 

is currently hampered by the sparsity of measured excess Gibbs energy of mixing, the 633 

ternary solid solution model nonetheless provides a compact chemography for 634 

petrographic and lithogeochemical descriptions. For instance, the amesite-clinochlore-635 

chamosite compositional space fully define the limits of chlorite alteration from the 636 

Phelps Dodge massive sulfide deposit in Québec (cf. Fig. 9; Kranidiotis and MacLean, 637 

1987). 638 

 .  639 

Calorimetric entropies (S298) are routinely extracted from calorimetric measurements 640 

though third law entropies (𝑆298
° ) are, in fact, more apposite for petrogenetic models. 641 

Amongst all the natural chlorites that have been investigated heretofore by calorimetry, 642 

third law entropy has been determined only for two samples [Fe-Chl(W) and Mg-Chl; 643 

Aja et al. 2015] and these show that configurational entropy owing to atomic site 644 

occupancies is a significant component of third law entropy. Given the virtual 645 

nonexistence of experimental third law entropies, enthalpy of formation and third law 646 

entropy of chlorite endmembers have had to be treated as adjustable properties in some 647 

petrogenetic models. This may be a practical necessity that reflects current state of 648 

knowledge of standard state properties; nonetheless, ad hoc adjustments of fundamental 649 
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thermodynamic properties in order to assure meaningful petrogenetic conclusions leave 650 

much to be desired. The scientific quest for an evolving knowledge of standard states 651 

properties of the chlorite group of minerals mandates highlighting this deficiency and the 652 

need for more exhaustive affirmative experimental determinations of standard state 653 

thermochemical properties (∆fG298,1
° , ∆aGT,i

° , S298,1
°  and Cp

° ) of minerals of the chlorite 654 

group. 655 
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FIGURE CAPTIONS 869 
Figure 1. Variation of measured calorimetric entropies for natural chlorites at 298.15 K as 870 
a function of mole fraction of Fe. The sources of the plotted calorimetric entropies for 871 
investigated chlorites are given by citations whereas the mixing lines between chamosite 872 
and clinochlore are indicated by the straight lines; HP2011, V2005, HP1998 represent the 873 
sources Holland and Powell (2011), Vidal et al. (2005) and Holland and Powell (1998), 874 
respectively. 875 
 876 
Figure 2. Comparative trends of apparent partial standard Gibbs free energies of 877 
formation for three natural chlorites; for CCa-2, the thermodynamic data used in 878 
calculation were obtained from Blanc et al. (2014). The solid lines and dot—dashed lines 879 
depict apparent Gibbs free energy of formation calculated using calorimetric entropy 880 
(S298,1) and third law entropy (𝑆298,1

° ), respectively.  881 
 882 
Figure 3. Compositional spectrum of natural chlorite and compositions of chlorites that 883 
have been studied calorimetrically. Chlorite compositions from the classic work of Foster 884 
(1962) are shown as black stars whereas solid red diamonds (♦) represent natural 885 
chlorites studied calorimetrically: (a) analytical compositions showing variation of 886 
tetrahedral Al as a function of mole fraction of Fe2+; (b) composition of Al-rich chlorites 887 
projected onto the ternary amesite-chamosite-clinochlore compositional space; (c) 888 
compositions of Si-rich chlorites projected onto the ternary Al-free chlorite-chamosite-889 
clinochlore compositional space.  890 
 891 
Figure 4. Calculated excess entropies (Sex) in the ternary amesite-chamosite-clinochlore 892 
solid solution expressed as a function of the mole fraction of a) clinochlore, b) chamosite 893 
and c) amesite. Solid squares (■) represent excess entropies calculated using entropies for 894 
endmember phases reported by Holland and Powell (1998). At the 2σ level, the 895 
propogated uncertainties fall within the range of ±0.07 to 1.27 J/mol•K and the size of the 896 
symbols were chosen to encompass it.  897 
 898 
Figure 5. Variation of excess function as a function of mole fraction of clinochlore: (a) 899 
Sex; (b) (𝐺𝑠.𝑠.

𝑒𝑥 ). 𝐺𝑟𝑒𝑎𝑙
°  for the natural chlorites used in the model include ∆𝑓𝐺298,1

°   for Fe-900 
Chl (W), Mg-Chl, CCa-2, and two other samples from Kittrick (1982). 901 
 902 
Figure 6. Eh-pH stability relationships between Fe chlorite and green rusts at 25 °C. The 903 
Gibbs free energies of formation for ISGS berthierine, Fe-Chl(W) and CCa-2 used in 904 
calculating these relationships (Table 2) had been modified to eliminate trace 905 
components. 906 
 907 
  908 
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Table 1: Calorimetric entropies (S298,1) reported for natural chlorite samples 

 
 
Samples 

 
Chlorite structural formula per half unit cell 

 

 
S298,1 
(J/mol⦁K) 

   
1. Mg-Chl (𝐒𝐢𝟐.𝟖𝟔𝐀𝐥𝟏.𝟏𝟒)(𝐀𝐥𝟏.𝟑𝟐𝐂𝐫𝟎.𝟎𝟎𝟑

𝟑+ 𝐅𝐞𝟎.𝟎𝟔
𝟑+ 𝐅𝐞𝟎.𝟒𝟗

𝟐+ 𝐌𝐠𝟑.𝟗𝟕𝐍𝐢𝟎.𝟎𝟎𝟗□𝟎.𝟏𝟒𝟖)𝐎𝟏𝟎(𝐎𝐇)𝟖 437.813.00 
2. Fe-Chl (W) (𝐒𝐢𝟐.𝟔𝟐𝐀𝐥𝟏.𝟑𝟖)(𝐀𝐥𝟏.𝟒𝟖𝐅𝐞𝟎.𝟑𝟑

𝟑+ 𝐅𝐞𝟐.𝟕𝟑
𝟐+ 𝐌𝐠𝟏.𝟏𝟗𝐌𝐧𝟎.𝟎𝟐𝐙𝐧𝟎.𝟎𝟎𝟕□𝟎.𝟐𝟒𝟑)𝐎𝟏𝟎(𝐎𝐇)𝟖 499.143.40 

3. Fe-Chl(M) (𝑺𝒊𝟐.𝟔𝟑𝑨𝒍𝟏.𝟑𝟕)(𝑨𝒍𝟎.𝟗𝟕𝑻𝒊𝟎.𝟏𝟒𝑭𝒆𝟑.𝟎𝟖
𝟐+ 𝑭𝒆𝟎.𝟐𝟖

𝟑+ 𝑴𝒏𝟎.𝟎𝟐𝟓𝑴𝒈𝟏.𝟎𝟐𝟓𝑪𝒂𝟎.𝟏𝟓𝟓𝑷𝟎.𝟎𝟗𝟓𝑽𝟎.𝟎𝟎𝟓□𝟎.𝟐𝟐𝟓)𝑶𝟏𝟎(𝑶𝑯)𝟖 515.063.60 
   
4. CCa-2 (𝑺𝒊𝟐.𝟔𝟑𝟑𝑨𝒍𝟏.𝟑𝟔𝟕)(𝑨𝒍𝟏.𝟏𝟏𝟔𝑭𝒆𝟎.𝟐𝟏𝟓

𝟑+ 𝑭𝒆𝟏.𝟕𝟏𝟐
𝟐+ 𝑴𝒈𝟐.𝟗𝟓𝟐𝑴𝒏𝟎.𝟎𝟏𝟐𝑪𝒂𝟎.𝟎𝟏𝟏)𝑶𝟏𝟎(𝑶𝑯)𝟖 469.402.90 

   
5. CA (𝐒𝐢𝟐.𝟔𝟒𝐀𝐥𝟏.𝟑𝟔)(𝐀𝐥𝟏.𝟑𝟒𝐅𝐞𝟎.𝟒𝟎

𝟑+ 𝐅𝐞𝟑.𝟓𝟐
𝟐+ 𝐌𝐠𝟎.𝟓𝟎𝐌𝐧𝟎.𝟎𝟎𝟔𝐓𝐢𝟎.𝟎𝟎𝟓𝐕𝟎.𝟎𝟏𝟗𝐂𝐫𝟎.𝟎𝟎𝟐𝐍𝐢𝟎.𝟎𝟎𝟑𝐙𝐧𝟎.𝟎𝟎𝟓𝐋𝐢𝟎.𝟎𝟏𝟒□𝟎.𝟏𝟖𝟔)𝐎𝟏𝟎(𝐎𝐇)𝟖 548.203.78 

6. CC (𝐒𝐢𝟐.𝟔𝟒𝐀𝐥𝟏.𝟑𝟔)(𝐀𝐥𝟏.𝟐𝟕𝐅𝐞𝟎.𝟒𝟓
𝟑+ 𝐅𝐞𝟐.𝟑𝟓

𝟐+ 𝐌𝐠𝟏.𝟔𝟓𝐌𝐧𝟎.𝟎𝟓𝟔𝐓𝐢𝟎.𝟎𝟎𝟐𝐕𝟎.𝟎𝟎𝟐𝐂𝐫𝟎.𝟎𝟎𝟐𝐍𝐢𝟎.𝟎𝟎𝟑𝐂𝐨𝟎.𝟎𝟎𝟏𝐙𝐧𝟎.𝟎𝟎𝟓𝐋𝐢𝟎.𝟎𝟏𝟎□𝟎.𝟏𝟗𝟗)𝐎𝟏𝟎(𝐎𝐇)𝟖 494.303.40 
7. CD (𝐒𝐢𝟐.𝟔𝟕𝐀𝐥𝟏.𝟑𝟑)(𝐀𝐥𝟏.𝟐𝟗𝐅𝐞𝟎.𝟐𝟑

𝟑+ 𝐅𝐞𝟏.𝟗𝟎
𝟐+ 𝐌𝐠𝟐.𝟑𝟖𝐌𝐧𝟎.𝟎𝟔𝟗𝐓𝐢𝟎.𝟎𝟎𝟑𝐕𝟎.𝟎𝟎𝟐𝐍𝐢𝟎.𝟎𝟎𝟏𝐙𝐧𝟎.𝟎𝟎𝟕𝐋𝐢𝟎.𝟎𝟐𝟖□𝟎.𝟗𝟎)𝐎𝟏𝟎(𝐎𝐇)𝟖 475.703.28 

8. CE (𝐒𝐢𝟐.𝟗𝟎𝐀𝐥𝟏.𝟏𝟎)(𝐀𝐥𝟏.𝟎𝟓𝐅𝐞𝟎.𝟎𝟔
𝟑+ 𝐅𝐞𝟎.𝟒𝟗

𝟐+ 𝐌𝐠𝟒.𝟑𝟓𝐌𝐧𝟎.𝟎𝟎𝟒𝐓𝐢𝟎.𝟎𝟎𝟔𝐂𝐫𝟎.𝟎𝟏𝟓𝐍𝐢𝟎.𝟎𝟏𝟔𝐙𝐧𝟎.𝟎𝟎𝟏□𝟎.𝟎𝟎𝟖)𝐎𝟏𝟎(𝐎𝐇)𝟖 441.903.04 
9. CF (𝐒𝐢𝟑.𝟎𝟖𝐀𝐥𝟎.𝟗𝟐)(𝐀𝐥𝟎.𝟖𝟗𝐅𝐞𝟎.𝟎𝟕

𝟑+ 𝐅𝐞𝟎.𝟏𝟗
𝟐+ 𝐌𝐠𝟒.𝟖𝟒□𝟎.𝟎𝟏)𝐎𝟏𝟎(𝐎𝐇)𝟖 422.802.91 

   
10. 21-C (𝑺𝒊𝟐.𝟗𝟗𝑨𝒍𝟏.𝟎𝟏)(𝑨𝒍𝟏.𝟑𝟗𝑭𝒆𝟎.𝟐𝟏

𝟑+ 𝑭𝒆𝟎.𝟐𝟕
𝟐+ 𝑴𝒈𝟑.𝟓𝟐□𝟎.𝟔𝟏)𝑶𝟏𝟎(𝑶𝑯)𝟖 431.705.00 

11. 21-D (𝑺𝒊𝟐.𝟒𝟕𝑨𝒍𝟏.𝟓𝟑)(𝑨𝒍𝟏.𝟔𝟎𝑭𝒆𝟑.𝟐𝟗
𝟑+ 𝑴𝒈𝟏.𝟎𝟓□𝟎.𝟎𝟔)𝑶𝟏𝟎(𝑶𝑯)𝟖 495.7010.00 

   
Sources of analytical and calorimetric data: samples 1 - 3 (Aja et al. 2015), sample 4 (Blanc et al. 2014), samples 5 - 9 (Bertoldi et al. 909 
2007) and samples 10 - 11 (Hemingway et al. 1984). 910 
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Table 2. Standard state thermochemical properties of some chlorites 

 
 Fe-Chl(W)  Mg-Chl  CCa-2 
𝐶𝑝,298 (J•mol-1•K-1)    539.62±0.40      529.71±0.30    547.02±0.27 
      
S298,1 (J•mol-1•K-1)    499.14±3.40      437.81±3.00    469.40±2.90 
      
𝑆298,1

°  (J•mol-1•K-1)    578.24±3.80      503.21±3.60  n.a. 
      
V (J•bar-1)       21.398        20.991       21.183 
      
∆𝑓𝐺298,1

°  (kJ•mol-1) -7278.97±21.50  -8161.76±32.50  -7590.73±8.59 
 

Apparent standard Gibbs free energy of formation, ∆𝒂𝑮𝑻,𝒊
°   (kJ•mol-1) 

 
Temperature °C      

50 -7286.83  -8177.58  -7603.35 
75 -7296.47  -8195.12  -7617.61 

100 -7307.70  -8214.23  -7633.40 
125 -7320.34  -8234.78  -7650.57 
150 -7334.29  -8256.68  -7669.02 
175 -7349.44  -8279.83  -7688.67 
200 -7365.72  -8304.19  -7709.44 
225 -7383.07  -8329.67  -7731.24 
250 -7401.42  -8356.23  -7754.01 

S298,1 and 𝑆298,1
°  denote calorimetric entropy and third law entropy, respectively; n.a. 916 

indicates data not available. 917 
 918 

  919 
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Table 3: Standard State Gibbs free energies of formation (kJ/mol) 
  

  

 

 Name of species 
 

Source of data 
 

  Aluminum ion Al3+  -487.60 
 

Oelkers et al. (1995) 

Carbonate ion  (CO3)2- -527.98 
 

Oelkers et al. (1995) 

Ferrous ion Fe2+ -91.50 
 

Oelkers et al. (1995) 

Water H2O -237.19 
 

Oelkers et al. (1995) 

Aqueous silica SiO2(aq) -833.41 
 

Oelkers et al. (1995) 

Magnesium ion Mg2+ -453.96 
 

Oelkers et al. (1995) 
 

Pyroaurite 
 

 -3882.60 
 

Rozov et al. (2009) 

GR1(CO3)2- 

 

-4042.79 
 

Drissi et al. (1995) 

ISGS berthierine* 

 
 

 

-3468.31 
 

Blanc et al. (2014) 

CCa-2*
 [(𝑆𝑖2.633𝐴𝑙1.367)(𝐴𝑙1.116𝐹𝑒0.215

3+ 𝑀𝑔2.975𝐹𝑒1.712
2+ 𝐶𝑎0.011)𝑂10(𝑂𝐻)8] -7607.69  Blanc et al. (2014) 

Fe-Chl (W)adj 

 

-7277.81 
 

this study 
ISGS Berthierine*, CCa-2* and Fe-Chl(W)adj: thermodynamic properties have been modified to eliminate trace components; ∆𝑓𝐺 298,1

°  for the 
oxide species were obtained from Robie and Hemingway (1995). 
 922 

[𝐹𝑒4
2+𝐹𝑒2

3+(𝑂𝐻)12][𝐶𝑂3 •  2𝐻2𝑂] 

[(𝐴𝑙1.48𝐹𝑒0.33
3+ 𝐹𝑒2.756

2+ 𝑀𝑔1.197)(𝑆𝑖2.62𝐴𝑙1.38)𝑂10(𝑂𝐻)8] 

[(𝐴𝑙0.976𝐹𝑒0.182
3+ 𝐹𝑒1.44

2+ 𝑀𝑔0.157)(𝑆𝑖1.332𝐴𝑙0.668)𝑂5(𝑂𝐻)4] 

𝑀𝑔3𝐹𝑒3+(𝑂𝐻)8(𝐶𝑂3)0.5 • 2.5𝐻2𝑂 

∆𝑓𝐺298,1
°  
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