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REGULAR SOLUTION SITE-MIXING MODEL FOR CHLORITES

R. K. STOESSELL
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Abstract— Activity expressions are presented for a six end-member, regular solution, site-mixing model
for chlorites. The end members are ideal 14-A chlorites for which experimental stability data are lacking.
Estimates were made of the standard state 25°C and 1 bar molar 3rd law entropies, volumes, and the
Maier-Kelley heat capacity coefficients. Experimental stability data from the literature for 14-A chlorites
were used with different sets of exchange energies, for cations on adjacent sites, to compute estimates of
the standard state chemical potentials of the end members at 25°C and 1 bar. More experimental data
are needed for an adequate definition of the exchange energies and the standard state chemical potentials.
The model was applied to diagenesis in clastic reservoirs. Aqueous activity ratios of Mg?+:Fe?+ were
computed as an equilibrium function of the corresponding molar ratios in authigenic chlorites. The
aqueous activity ratio was independent of the chlorite Al content at a constant molar ratio of Mg?+:Fe?+
in the chlorite. The model predicts a wide range of molar Mg2+:Fe>* ratios in authigenic chlorites in
equilibrium with reservoir fluids. Trends in these molar ratios should be independent of the Al content
in the chlorites. The model can be applied directly to 7-A chlorites when experimental data become

available to estimate the various thermodynamic parameters of the 7-A end members.
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INTRODUCTION

Predictions of chlorite formation within mineral as-
semblages necessitate knowing the stability as a func-
tion of composition. The regular solution site-mixing
model presented here was derived for use in diagenetic
reservoir studies of 14-A chlorites. The model is also
applicable to 7-A chlorites. Experimental stability data
are lacking, however, for 7-A chlorites, and they are
needed to estimate the model parameters. The ther-
modynamic formulations do not include stability vari-
ations due to the different polytypes. This refinement
can be added later after more experimental data be-
come available.

A number of solid solution models have been ap-
plied to clays. They include the empirical Tardy and
Garrels additive scheme (Tardy and Garrels, 1974) and
its modifications (e.g., Nriagu, 1975), the ideal mixing
of end-member clays (Tardy and Fritz, 1981), ideal
site-mixing (Helgeson and Aagaard, 1983; Aagaard and
Helgeson, 1983), regular solution site-mixing with ran-
dom cation mixing (Stoessell, 1979) and with local
electrostatic balance (Stoessell, 1981), and the quasi-
chemical approximation (Stoessell, 1981). The major
disadvantage to using one of the empirical additive
schemes is that the solid-solution compositional range
is treated in terms of a possible infinite number of
phases instead of a few end members. Random, regular
solution site-mixing is presented in this study because
such mixing has been shown to produce favorable error
cancellation in illites by overestimating both the con-
figurational entropy and the excess enthalpy of mixing
(Stoessell, 1981).
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CHLORITE END MEMBERS
AND ASSUMPTIONS

The six 14-A chlorites used as end members in this
study are ideal minerals for which no experimental
stability data are available. With one exception, they
have compositions that are commonly observed in 7-A
chlorites and other 1:1 clay minerals. The stabilities of
the 7-A analogues are important reference points in
estimating the stabilities of the 14-A end members.

The end members include amesite (ame), (Mg,AL)
(Si,AL)O,,(OH)s; chamosite (cha), (Fe?*,Al,)
(Si,Al,)O,,(OH)s; Fe*t-chamosite (F-c), (Fe?t ,Fe3*,)
(Si,Al) O, (OH)g; talc-3 brucite (t-b), (Mge) (Si,) Oy,
(OH);; minnesotaite-3 ferrous hydroxide (m-f), (Fe2*)
(Si,)0,0(OH),; and pyrophyllite-2 gibbsite (p-g), (Al,)
(S1,)O,(OH),. These formulae correspond to the struc-
tural units used in this study and contain sufficient
cations on 4 tetrahedral sites and 6 octahedral sites to
balance 28 negative charges. The first pair of paren-
theses enclose cations in the octahedral (O and O’) sites;
and second pair enclose cations in the tetrahedral (T)
sites. The talc-3 brucite end member has the compo-
sition of serpentine; the minnesotaite-3 ferrous hy-
droxide end member, the composition of greenalite;
and the pyrophyllite-2 gibbsite end member, the com-
position of kaolinite.

The general stacking sequence for chlorite is TOTO’
along the ¢ axis. Cations in the tetrahedral and octa-
hedral site classes have site coordination numbers of
3 and 6, respectively. These numbers correspond to
the number of adjacent cation sites around each cation.
The reader is referred to Deer et al. (1962) and Bailey
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and Brown (1962) for a discussion of the chlorite struc-
tures and polytypes. The present model neglects the
stability differences between polytypes.

Cation distributions were computed using the same
rules for both the end members and the simulated solid
solution. Random mixing of cations was assumed with-
out regard to local electrostatic balance in the tetra-
hedral and octahedral layers. Cations were not allowed
to mix between the tetrahedral and the octahedral lay-
ers; however, they were allowed to mix between the O
and O’ layers, resulting in identical cation distributions
in both octahedral layers. The O’ layer contains only
(OH)™ anions, while the O layer contains both O?~ and
(OH)~ anions. The difference in anions implies a dif-
ference in cations; however, an assumption of identical
cation distributions is necessary because of the lack of
detailed information on cation distributions between
the O and O’ layers in natural chlorites. Foster (1962)
concluded that an equal distribution of cations was
consistent with the increase in basal spacing, d(001),
with increase in Si content, and with the conversion
between 14-A and 7-A chlorites. The general equations
derived for the model apply to both 14-A and 7-A
chlorites because of the equal distribution assumption.

Chlorite compositions were simulated by mixing the
six end members to cover the range of natural chlorites
reported by Hey (1954), Foster (1962), and Weaver
and Pollard (1975). Compositional overlap of the end
members allows each chlorite composition to be rep-
resented by combinations of mole fractions of a max-
imum of five end members and often by different sets
of end member mole fractions. The six end members,
however, are necessary to cover the compositional range
between Mg-free and Fe?*-free chlorites.

CHLORITE REGULAR SOLUTION MODEL

The algebraic formulation of a regular solution site-
mixing model involves computing the molar configu-
rational entropy of mixing, AS,,,, and writing the mo-
lar excess enthalpy of mixing, AH,,,, in terms of the
exchange energies which are defined below. The pro-
cedure followed here is identical to that used for illites
by Stoessell (1979, 1981). Only the results with a brief
explanation are given below. Table 1 explains all sym-
bols used in the model, and Table 2 summarizes the
cation-site occupancies of the 6 chlorite end members.

The molar free energy of mixing, AG,,,, is defined
by Egs. (1) and 2):

AG,;, = RT D) X/n a, 1)
and

a; = a®\, (2)

where a,, a%, and A, are the activity, ideal activity (com-
puted from AS_,,), and the activity coefficient (com-
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Table 1. Symbols used in the text.

a, a’ Activity and ideal activity, respectively

a, b, and ¢ Molar heat capacity coeflicients for the
Maier-Kelley power function

EX Molar exchange energy in the Xth site
class as defined by Eqg. (9)

AG Molar free energy

AH Molar enthalpy

A Activity coeflicient

0,0 Octahedral site classes

u, u° Chemical potential and standard state
chemical potential, respectively

P Pressure in bars

P Thermodynamic parameter as defined in
text

R Universal gas constant

Se, AS Standard state molar third law entropy and
molar entropy

T Tetrahedral site class

T Temperature in °K

Vo Standard state molar volume

X Mole fraction

WX Contribution to AH,;, for one mole of
adjacent site interactions in the Xth site
class, as used in Eq. (9)

4 Number of adjacent cation sites

Subscripts

ame Amesite end member

cha Chamosite end member

chl Chlorite

conf Configurational

E Empty site

F-c Fe**-chamosite end member

i End member

m-f Minnesotaite-3 Fe2+ hydroxide end
member

mix Mixing

p-g Pyrophyllite-2 gibbsite end member

t-b Talc-3 brucite end member

X Site class

X,y Cations on adjacent sites

puted from AH, ), respectively, of the /th end mem-
ber. X, is the mole fraction of the ith end member in
the chlorite, and R and T are the universal gas constant
and the temperature in °K, respectively. The term a°;
corresponds to the probability of picking at random
one structural unit of the ith end member out of the

Table 2. Cation-site occupancies per structural unit in the
six end-member chlorites.!

Tetrahedral

2814+, 2A1P*
28i4+, 2A13
2814+, 2A13+

Chlorite Octahedral

Amesite
Chamosite
Fe3*-chamosite

4AMgz+, DA+
4Fe+, 2AD3+
4Fe2+, 2Fe’+

Talc-3 brucite 6Mg2+ 4Si4+
Minnesotaite-3 Fe(OH), 6Fe2t 4Si4+
Pyrophyllite-2 gibbsite 4A13+, 2E 4Si4+

L E indicates an empty site.
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solid solution. Its value is unity when X, is unity; how-
ever, due to compositional overlap of the end mem-
bers, the value can be nonzero when X, is zero. As
mentioned above, this compositional overlap allows a
given chlorite composition to be represented by more
than one set of end member mole fractions; however,
a% and M, are constant for a given chlorite composition.
The regular solution expressions for a® are given by
Egs. (3) to (8) in terms of the parameters defined below:

a%.. = Al A2 A3 A4, 3)

a%,. = Al A5 A3 A4, @)

a%. = A5 A6 A3 A4, (3)

a%, = A7 A8, )

2% . = A9 A8, O]

a%, = Al0 All A8, 8)
where

Al = Kyme + Xepa T 2X,)%
A2 = (Xome + 1.5X,0)4
A3 = (Xame + Xcha + XF»c)2a

Regular solution site-mixing model for chlorite

207

Ad =2 — Kame + Xena + X&)%,

A5 = Xy, + Xre + 1.5X_ 0%

A6 = (XF—c)92

A7 = (2Xame + 3X10)/3)5,

A8 =(0.5(1 + Xy + Xpnr + X, 0%

A9 = (2X o, + 2Xp. + 3X.0/3)5,
A10 = (0.5X me + 0.5X 0, + X, 0%

All=X2 .

The end member A; expressions for the regular solution
model are listed below in Egs. (10) to (15) in terms of
molar exchange energies, EXM, defined by Eq. (9):

EX,, = WX,, - 0.5(WX,, + WX, ). ®

V‘V)-(x‘y is the contribution to AH_,, for Avogadro’s
number of adjacent site interactions between x and y
cations and/or empty (E) sites in the Xth site class,
e.g., O or T site class. No distinction is made between
O and O’ because identical distributions of cations
have been assumed in both octahedral site classes.

Aame = €XP[(1/RT[(2/3)Zo[L1(2 — L2)EOyg yere + (2 — L2YL3 — DEOyya,
+ X2 = L2)EOygpere + X, g(2 — L2)EOy,r + L1(1 — L3)EOgac o
~ X L1EOpa pesr — X, L1EOpon s + Xpo(l — L3)EO, rsr

+ X, (1 — L3)E(_)A1,E - XFACXp-gEOFe“,E] + ZTL42ETA1,Si]];

Aena = exp[(I/RT[(2/3)Zof(2 — LIL2EOyyg rrr + L2(1 — L3)EOy )

+ Xop(1 = LIEOu: — Xe Xy EOrs gl + ZLAET 4 5l1;

Ak = exp[(1/RT[(2/3)Zo[(2 — L1)L2EOy, rerr — L2L3EOy, a,

- Xp—gL3EOAl,E + X, (1 — XF-c)EOFe3+,E] + ZTL42ETA1,Si]];

Ao = exp[(1/R[(2/3)Zo[L1(3 — L2)EOpgrer + (3 — L2YL3)EOy,

— Xp.L1EOge e — X, L1EOgp — X L3EOa, e

- Xp—gL3EOA1,E - XF-cXp.gEoFe3+,E] + Z(1 — L4)2ETAI,Si]];

Am.e = €xp[(1/RT[(2/3)Zo[(3 — L1)L2EOy, rerr — L2L3EOy, 4,
— XgL2EOyg pesr — XpL2EOy e + (3 — LL3EOge: ar

(10)
— X L2EOpg e — XpL2EOy, e + (L3 — 1)(2 — LDEOga. 4,
+ X2 = LDEOger pese + X, (2 — LDEOpea g + Xpo{l — L3)EO4, s

(1)
+ (I = XpJL2EOy, resr — X, ,L2EOy,r + (2 — LI)L3EOra 4,
= (1 = Xe X2 — LDEOga pese + X2 — LDEOgzy + (1 — Xp )L3EO rese

12)
+ Xeo3 = L2EOygrer + Xpp(3 — L2)EOy,e — L1L3EOg. 4,

(13)
+ X3 = LDEOrer pere + X, (3 = L1)EOgex — XeL3IEO 4 sae

(14

— XpL3EOae — Xe. Xy gEOra el + Zr(1 — LAPET 615

Mg = exp[(1/RT)[(2/3)Zo[~L1L2EOygpes + L2(2 — L3)EOy, a1
= X L2EOyg e + (1 — X, )L2EO,x + L1Q2 — L3)EOse 4,
— XpL1EOpe perr + (I — X, JL1EOr g + Xpo2 — L3)EO, pese
+ Xpg — D@2 = LHEO, 5 + Xeo(l — X, DEOp] + Zy(1 — LAPET 5], (15)
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Table 3. Estimated thermodynamic parameters for end-member chlorites.
Se \ a b x 103 cx 10-%
Chlorites cal/mole/°’K cm?*/mole cal/mole/°’K cal/mole/°K? cal’K/mole
Amesite 109 205 173 35 42
Chamosite 133 204 170 51 38
Fe3+-chamosite 148 219 209 8 38
Talc-3 brucite 110 213 152 63 35
Minn.-3 Fe(OH), 150 221 163 65 31
Pyr.-2 gibbsite 102 199 146 58 43

where Z = 3, Z, = 6, and

Ll = 2Xg, + 2Xeo + 3Xpns
L2 = 2X,.. + 3X.s,

L3 = Xome + Xena + 2%,
L4 =X, + Xor + X

ESTIMATED PARAMETERS FOR THE MODEL

The molar free energy of formation of a chlorite,
AG,,, is given by Eq. (16) in terms of the chemical
potentials, u;, of the end members:

AGay = 2 Xt (16)
As usual, y; is defined in terms of the standard state
chemical potential, u°, and a;:

w =%+ RTn a, a7

In this study, E)'(X,y, is assumed to be independent
of P and 7. The PT independence of a° follows from
AS_.¢ being independent of pressure and temperature.
Application of the model involves computing u°; at the
PT point of interest and using the set of 11 exchange
energies to compute a, The following standard-state
molar thermodynamic parameters at 25°C and 1 bar
are needed for each of the six end members: u°, S°,
(the molar 3rd law entropy), V9, (the molar volume,
assumed constant), and a, b, and ¢ (the molar heat
capacity coefficients for the Maier-Kelley power func-
tion). These parameters can then be input into a stan-
dard computer program such as “Maddog” (Stoessell,
1977, used in this study) or “Supcrt” (Helgeson et al.,
1978) to compute % as a function of P and 7. These
programs use the equations of state for aqueous species
developed by Helgeson and his coworkers (Helgeson
and Kirkham, 1974a, 1974b, 1976; Helgeson et al.,
1981; and Walther and Helgeson, 1977) to compute
end-member hydrolysis constants.

8¢, V., and Maier-Kelley heat capacity coefficients

Estimates of §°,, V9, and the Maier-Kelley heat ca-
pacity coefficients at 25°C and 1 bar are listed in Table
3. Procedures followed in obtaining the estimates are
given below for each of the end members. Uniess oth-
erwise stated, all literature data used in the estimations
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were taken from the internally consistent thermody-
namic data base compiled by Helgeson and his co-
workers (Helgeson ef al., 1978).

Parameters for the amesite end member are those
reported for 14-A amesite. Maier-Kelley heat capacity
coefficients for the chamosite end member are those
for 7-A chamosite. So,.. and VO were obtained by
correcting the 7-A chamosite values using the per-
centage difference between 7-A and 14-A daphnite val-
ues.

The following algorithm was used to estimate pa-
rameters (P) for the Fe3*-chamosite end member.

P Fc P 14-A chamosite (4/ 3)P gibbsite (1/ 3)P corundum
+ (4/ 3 )P ferric hydroxide + (1/ 3)P hematitie~

S%rric hyaroxiae Was taken from Wagman et al. (1969).
VO%mric hyaroxice 20d the heat-capacity coefficients were
estimated from the following:

P ferric hydroxide = (1/ Z)P hematite + (3/ 2)P water»

in which the Maier-Kelley heat-capacity coefficient for
water was from Kelley (1960).

Heat-capacity coeflicients used for the remaining 3
end members are those of the 7-A analogues of the
compositional units (chrysotile, greenalite, and kaolin-
ite). For S°, and V9, the 7-A parameters were corrected
using percentage differences between available 7-A and
14-A chlorites having the closest compositions. These
were clinochlore, daphnite, and amesite, respectively,
for the talc-3 brucite, minnesotaite-3 ferrous hydrox-
ide, and pyrophyllite-2 gibbsite end members.

EX,,

The absolute magnitude of E)_(x,y should probably
not exceed 2R7/Zy, which is a general limit for a reg-
ular solution model with zero excess entropy of mixing
(Guggenheim, 1952). For diagenetic temperatures (be-
tween 25° and 200°C), these magnitudes are approxi-
mately 250 and 500 cal/mole, respectively, for the O
and T site classes. This results in the absolute contri-
bution to AG,,, from the 11 exchange energies in AH,;,
being generally less than 1 kcal. In contrast, AG,,, is of
the order of — 1800 kcal as shown by experimental data
from Kittrick (1982). For this reason, the exchange
energies were arbitrarily fixed and the available ex-
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Table 4. Corresponding sets of EX_ , and estimated u°; values at 25°C and 1 bar.
Molar exchange energies in cal/mole

Sets ALSi ALE Fe’+E Mg,Fe?+ Mg E Fe** E Al Fe?+ Mg,Al Mg, Fe3+ Fe?+,Al Fe?+ Fe?+
1 0 0 0 0 0 0 0 0 0 0 0
2 -250 —125 —-125 0 —-125 —125 0 —-125 —-125 —125 —125
3 —-500 -250 -250 0 —250 —-250 0 —250 —250 —-250 -250
4 -500 —125 —125 0 —-125 —-125 0 —125 —-125 —125 250

#9 in cal/mole

Sets Amesite Chamosite Fe3+-cham. Talc-3 brucite Minn.-3Fe(OH), Pyr.-2 gibb.
1 —1,978,340 —1,713,210 —1,524,220 -1,943,100 -1,545,400 —1,785,900
2 —1,977,660 -1,712,890 —1,524,880 —1,943,160 —1,546,020 —1,783,220
3 —1,976,980 —-1,712,580 —1,525,530 -1,943,210 —1,546,610 —1,780,550
4 —1,976,730 -1,712,530 —1,522,880 —1,943,710 -1,547,410 —1,782,600

perimental data used to evaluate u°;,. As shown in Table
4, however, the estimated set of u% values will vary
significantly for different sets of EX, ,. More experi-
mental data are needed to refine these values.

Several sets of exchange energies are given in Table
4. The first set of zero values corresponds to ideal site-
mixing. The second set is based on a consideration of
local charge balance. EX, , was made zero when x and
y had the same charge. The other exchange energies
were arbitrarily fixed at Y2 their maximum possible
negative values. These adjacent interactions were as-
sumed favored in the O layer because they compensate
for the local charge imbalance resulting from either Al
substitution for Si in the T layer or the presence of
two adjacent empty sites. ET,, 5; was assumed negative
because of the common Al substitution for Si in natural
clays. Exchange energies in the third set are fixed at
twice those in the second set. With two exceptions, the
exchange energies in the fourth set are equivalent to
those in the second set. ET,, 5; and EOpcz s+ Were fixed
at their maximum negative and positive limits, re-
spectively, reflecting the common substitution of tet-
rahedral Al for Si and the uncommon occurrence of
both Fe?*+ and Fe?* together in significant amounts in
natural clays.

u; for the end members

Sets of the six end-member u°; values at 25°C and 1
bar were estimated using the four chlorite solubilities
reported by Kittrick (1982), the estimated clinochlore
value of Helgeson ez al. (1978), the compositional con-
straint due to overlap of end member compositions,
AS..., and the different sets of EX, . Experimental
values of AG,,, reported by Kittrick were recalculated
from the reported solubilities using the data base of
Helgeson et al. (1978). The updated values of 4%... and
4% from the 1/31/83 data file for ““Supcrt” were used
in these recalculations (H. C. Helgeson, University of
California, Berkeley, California, personal communi-
cation, 1983). Formulae reported by Kittrick were not
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in precise electrical neutrality, necessitating an arbi-
trary correction which was made by adding sufficient
Si (between 0.0025 and 0.0125 atoms per structural
unit) to provide electrical neutrality. The recalculated
AG,, values, in cal/mole, were —1,872,370 for the
Vermont chlorite, — 1,882,460 for the Quebec chlorite,
and —1,750,240 for the Michigan chlorite, and
—1,754,390 for the New Mexico chlorite.

The procedure for estimating u° involved writing
AG,, in terms of the regular solution model for each
of the five chlorites of known stability and for an ad-
ditional chlorite of arbitrary composition. An arbitrary
assumption of AG,, for the unknown stability was
made. The six expressions form a set of six linear equa-
tions with six unknowns, the u° values. Matrix algebra
was used to solve for the solution set of u° which was
then recalculated using different sets of mole fractions
of end members to define the same six chlorites. The
value of AG,,, for the chlorite of unknown stability was
varied by an iterative procedure, until a solution set
of u% was found that was nearly independent of which
set of mole fractions was used to define the six chlorite
compositions. For each set reported in Table 4, u°,,.,
1%, 0., and ul, . are average values in which the
total range was within 40 cal. The ranges for u°.. and
1%, were within 200 and 125 cal, respectively.

The differences between the sets of u® in Table 4
result from using different sets of EX,,. The effect of
doubling the exchange energies is shown between sets
2 and 3. There was no significant difference in consis-
tency between the four solution sets. Two of the end
members, talc-3 brucite and pyrophyllite-2 gibbsite,
have 7-A analogues, kaolinite and chrysotile, for which
the standard-state free energies of formation at 25°C
and 1 bar are known (Helgeson et al., 1978). Unlike
chrysotile, kaolinite readily forms at 25°C; presumably,
kinetic constraints inhibit the low-temperature for-
mation of chrysotile, like most pure magnesium sili-
cates (e.g., see Stoessel and Hay, 1978). The u°, , values
in Table 4 are 25-30 kcal more positive than AG®; of
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kaolinite. This is consistent with the absence of a 14-
A chlorite of kaolinite composition in nature.

DISCUSSION

The chemical controls on authigenic chlorites in dia-
genesis are complex and cannot be answered in this
report; however, the model can be used to put con-
straints on the aqueous activity ratios of Mg?+:Fe2+
associated with chlorites. For a chlorite to be stable,
the end members must be at equilibrium with the so-
lution and hence, with each other. Pure trioctahedral
chlorites, lacking Fe3*, are composed of amesite,
chamosite, the talc-3 brucite, and the minnesotaite-3
Fe(OH), end members. The following reactions can be
written between these end members to define the ayg..
A+ ratios.

Fe?*,Aly(Si;ALL)O,(OH),
+ MggSi,0,(OH), + 2Fe?*
= Mg,Aly(8i,Al,)0,(OH)y,

+ Fe?*(Si,0,,(OH), + 2Mg?* (a)
Mg, Aly(S1,Al)0,,(OH), + 4Fe*
= Fe* AlL,(Si,AL)O,((OH); + 4Mg?* (b)
MgSi,0,,(OH); + 6Fe?*
= Fe?*Si,0,,(OH); + 6Mg?* ©

The Fe?*-chamosite end member has been omitted
from the reactions, because another mineral would be
needed to set the activity of Fe3+.

The aqueous activity ratio of Mg2+:Fe?* in equilib-
rium with a given chlorite composition at a particular
PT point can be computed from reactions (a), (b), and
(c) using each of the four data sets in Table 1. Exchange
energies used in the computations are ET 4, 5, EOu re+»
EOwug a1 EOrer a1 Activity coefficients, computed from
the exchange values of each set in Table 4, cancel out
in the activity quotients in the reaction for a given
chlorite composition. This cancellation is due to stoi-
chiometry of the reactions, setting EQy,rar to zero,
and assuming equal values of EOy,a and EOr.. .
Thus, differences in computed aqueous activity ratios
of Mg2+:Fe?+, between the different data sets, depend
only on the sets of %, values. The maximum differences
in computed ratios for a given composition were less
than 0.16 log units for the P7 conditions shown on
Figure 1, reflecting the success in satisfying the exper-
imental constraints in deriving each set of u°, values
in Table 1. The curves marked “a,” “b,” and “c”
on Figure 1 were derived using the first data set in
Table 1.

Curves “b” and “c” should overlap with curve “a”
at each PT point. The curves did overlap at 25°C and
1 bar; however, they began to separate with increasing
P and T. The separation is due to errors in computing
p? from the estimated standard state parameters in

https://doi.org/10.1346/CCMN.1984.0320308 Published online by Cambridge University Press

Stoessell

Clays and Clay Minerals

10 1 L 1 1
(o] 2 4 6 8

( m qu"/m Feu)chl

Figure 1. Log ap,./ag.- in solution vs. molar Mg:Fe?+ ratios
in chlorites as computed from end member equilibria. Curves
“a,” “b,” and “c” refer to reactions (a), (b), and (c) in the
text.

Table 2. These errors produce a total separation of less
than 0.2 log units at 150°C and 500 bars.

Changing the Al content in the 4 end member solid
solution, while holding the molar Mg:Fe2+ ratio con-
stant, did not affect the ay,./ag.. ratio. This was due
to compensating changes in both the end member ideal
activities and in the activity coefficients in the activity
quotient for each of the three reactions. Because of the
independence of Al content, curves “b” and “c” apply
directly to the binary solid solutions of amesite and
chamosite and of talc-3 brucite and minnesotaite-3
ferrous hydroxide, respectively.

The three PT points on Figure 1 are 60°C and 150
bars, 100°C and 300 bars, and 150°C and 500 bars.
These points fall on a hydrostatic gradient of about


https://doi.org/10.1346/CCMN.1984.0320308

Vol. 32, No. 3, 1984

0.8°C/30 m. The change in log ay+/ar.+ Over a change
of 1 to 9 in the molar ratio of Mg2*:Fe2* in the chlorite,
is about one log unit at each PT point. At these tem-
peratures, the ag.. is probably controlled by reactions
with iron oxides, iron sulfides, and iron-rich carbon-
ates. The controlling aqueous activities would be the
Pe, ays-, dco,-» and the pH. Small “noncompensating”
changes in these factors would have a large effect on
the ay,:-:ag. ratio and subsequently produce a large
change in the Mg?+:Fe?* molar ratio in a precipitating
chlorite. Assuming a lack of re-equilibration due to
reaction kinetics, these molar ratios may be preserved
in reservoir chlorites. Hence, a wide range in chlorite
compositions in reservoirs may be expected. Trends
in molar ratios of Mg?*:Fe2* are not expected to be
related to trends in Al content, assuming similar values
for EOpg 4 and EOy. o, This conclusion is supported
by Alford’s (1983) study of authigenic chlorite com-
positions in the Gulf Coast Tuscaloosa Formation.

The estimated thermodynamic parameters in Tables
3 and 4 are consistent enough to compute AG,, for
plotting approximate stoichiometric chlorite stability
fields on phase diagrams. This use is conditional, of
course, on the reliability of the experimental data base
used to compute those parameters (Kittrick, 1982;
Helgeson et al., 1978; and the 1/31/83 “Supcrt’ update
from Helgeson, personal communication, 1983). The
effect of using different data sets in Table 4 to compute
AG,, for a given chlorite composition will be small,
because AG,,, is small compared to the total free en-
ergy of formation of the chlorite.

For writing reactions between certain end members,
the computed equilibrium conditions are nearly in-
dependent of which data set is used in Table 4. This
independence occurs for reactions (a), (b), and (c) for
the reasons discussed above. The use of different data
sets, however, will not necessarily give similar results
when used to compute equilibrium constants for re-
actions between end members and nonchlorite min-
erals. Unfortunately, these are the reactions which are
most useful in defining the stability of chlorites on
phase diagrams. Plotting the stability field of chiorite
in terms of end-member mole fractions is more rea-
sonable than plotting a large number of stoichiometric
chlorite stability ficlds. More experimental data on
chlorite solubility are needed to define the valid set of
exchange energies in chlorites.
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Pestome—IIpencTaBjcHb! BBIpAXKEHUS ISl AKTUBHOCTH JIJISI MOJIEJIN XJIODUTOB, OCHOBAaHHOMN Ha LIECTH KO-
HeYHBIX WIEHAX H PETYJISPHOM pacTBope. KoHeMHEBIE wiieHbI ABIAIOTCS UAcanbHbIMA 14 A xnopuramu, ais
KOTODBIX 3KCIIEPUMEHTAIbHbIE JAHHbIE 110 CTACUIBHOCTH HE NUMEIOTCs. OLEeHHBATIHCH MOJISIPHBIE SHTPOIIHE
(3 3akoH), o6beMBl ¥ KodddurmeHTs! TemnoeMkocTH Mafiepa-Kelutes As cTaHAapTHOTO cocTosiHuA 25°C
# 1 Gapa. DKCIepUMEHTaIbHBIC JAHHBIE IO CTaGUIBPHOCTH, HMEIOLIKecs B IuTepaType 1is 14 A xmoputos,
HCIONB30BAINCH C PA3JIHYHBIMHA SHEPTUSAMH OOMEHA COCEAHMX KATUOHOB IUISL PACYETa XMMHUYECKHUX IIOTEH-
IIHAJIOB KOHEYHbIX WICHOB IpY CTAHAAPTHOM cocTostuuu 25°C u 1 Gapa. OgHAKO AJIA COOTBETCTBYIOLIETO
ONpEACICHAS 3HEPIUil 06MeHd U XUMHYECKUX INOTEHI[HANOB MPH CTAHIAPTHOM COCTOSIHMHM HEOGXOIMMbI
IOTNOJIHHTE IbHBIE IKCIEPHMEHTANILHEIE IaHHbIE. DTa MOAEIb IPUMEHIIACH OIS AMAreHe3a B KIIACTHYECKAX
pesepByapax. PacCUMThIBANHCh OTHOLIEHHS BOMHLIX aKTHBHOCTER Mg?t:Fe?* xak dyHKIIMH paBHOBECHSA COOT-
BETCTBYIOINHX MOJISIPHBIX OTHOIIEHUH B ayTHI€HHBIX XJOpUTax. [Ipn NOCTOSHHOM MOJISIDHOM OTHOLICHHH
Mg?*:Fe* B XJIOpUTE OTHOILIEHHE BOAHBIX aKTHBHOCTEH HE 3aBHCHIIC OT cofepxanus Al B 3TOM MuHepae.
OTta Moze b NpeAcKa3biBaeT MINPOKUHA AUATIA30H 3HAUCHHI MOJISIPHBIX OTHolIeHN# Mg?*:Fe?* B ayTHIreHHBIX
XJIOPHTAaX B PABHOBECHH C JKHIKOCTSAMM pe3epByapa. TeHOCHIMM HIMEHEHUH 3TUX MOJSPHBIX OTHOLIEHHHA
He JOJKHBI 33BHCETH OT coepXanus Al B Xxa0puTe. Mozelh MoXKeT HEMOCPACTBEHHO IPUMEHATHCST K 7 A
XJIOPHTaM, €CII HMEIOTCA DKCOEPUMEHTAbHBIC HaHHbIe IS ONIPeAeJIcHM A pasIHYHbIX TEPMOINHAMMYECKIX
napaMeTpos 7 A KOHEUHBIX WICHOB. [E.G.]

Resiimee — Aktivititsausdriicke werden fiir ein sechs Endglieder enthaltendes, regulires Lésungs-Platz-
mischungsmodell fiir Chlorite angegeben. Die Endglieder sind ideale 14-A Chlorite, fiir dic es keine
experimentellen Stabilitdtsdaten gibt. Es wurden Schitzungen fiir den Standardzustand der molaren (3.
Hauptsatz-)Entropie bei 25°C und 1 Bar, das Volumen, und die Maier-Kelley Wirmekapazititskoefhi-
zienten gemacht. Experimentelle Stabilititsdaten aus der Literatur fir 14-A Chlorite wurden zusammen
mit verschiedenen Austauschenergien fiir Kationen auf benachbarten Plitzen verwendet, um Schiitzungen
fiir die Standardzusténde der chemischen Potentiale der Endglieder bei 25°C und 1 Bar zu berechnen. Es
werden mehr experimentelle Daten fiir eine angemessene Definition der Austauschenergien und der
Standardzustinde der chemischen Potentiale benétigt. Das Modell wurde auf die Diagenese in klastischen
Bereichen angewandt. Das Aktivititsverhilinis in wissriger Losung war bei einem konstanten molaren
Mg?+:Fe?+-Verhiltnis im Chlorit unabhéngig vom Al-Gehalt des Chlorites. Das Modell sagt einen grof3en
Bereich von molaren Mg?+:Fe?*-Verhiltnissen in authigenen Chloriten voraus, die im Gleichgewicht mit
den Vorratsidsungen sind. Trends in diesen molaren Verhdltnissen sollten unabhiingig vom Al-Gehalt
der Chlorite sein. Das Modell kann direkt auf 7-A Chiorite angewendet werden, wenn experimentelle
Daten zur Vergiigung stehen, um die verschiedenen thermodynamischen Parameter der 7-A Endglieder
abzuschitzen. [U. W.]

Résumé—On présente des expressions d’activité pour un modéle 4 6 membres terminaux, & solution
reguliére, et 4 sites mélangés pour des chlorites. Les membres terminaux sont des chlorites idéales de 14

pour lesquelles des données expérimentales de stabilité manquent. On a estimé les entropies de 3¢
loi, les volumes, et les coefficients de capacité de rétention de chaleur de Maier-Kelley pour I’état standard
4 25°C et 1 bar molaire. Les données expérimentales de stabilité trouvées dans la littérature pour des
chlorites de 14 A ont été utilisées avec différents ensembles d’énergies d’échange, pour des cations sur
des sites adjacents, pour computer des estimations de potentiels chimiques a I’état standard des membres
terminaux & 25°C et 1 bar. Le modégle a été appliqué & la diagénése dans des reservoirs clastiques. On a
computé les proportions d’activité aqueuse pour Mg2+:Fe?* en tant que fonction d’équilibre des propor-
tions molaires correspondantes dans des chlorites authigéniques. La proportion d’activité aqueuse était
indépendante du contenu en chlorite Al pour une proportion molaire constante de Mg?*:Fe?** dans la
chlorite. Le modéle prédit une large gamme de proportions molaires Mg2+:Fe?+ dans des chlorites au-
thigéniques en équilibre avec les fluides du réservoir. Les tendances dans ces proportions molaires de-
vraient étre indépendantes du contenu en Al des chlorites. Le modéle pourra étre directement appliqué
4 des chlorites de 7 A lorsque ’on aura des données expérimentales pour estimer les paramétres ther-
modynamiques variés de membres terminaux de 7 A [D.J.]
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