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Abstract— Chlorite minerals, found in a great variety of rocks and geological environments, display a
wide range of chemical compositions and a variety of polytypes, which reflect the physicochemical
conditions under which they formed. Of particular importance for studies dealing with ore deposit genesis,
metamorphism, hydrothermal alteration or diagenesis is the paleotemperature of chlorite crystallization.
However, in order to understand the relationship between chlorite composition and formation temperature
and hence use chlorite as a geothermometer, one must determine how other parameters influence chlorite
composition. These parameters may include 1O, and pH of the solution and Fe/(Fe + Mg) and bulk
mineral composition of the host rock.

Four approaches to chlorite geothermometry, one structural and three compositional, have been pro-
posed in the past: 1) a polytype method based on the (largely qualitative) observation that structural
changes in chlorite may be partly temperature-dependent (Hayes, 1970); 2) an empirical calibration
between the tetrahedral aluminum occupancy in chlorites and measured temperature in geothermal
systems (Cathelineau, 1988), which has subsequently been modified by several workers; 3) a six-component
chlorite solid solution model based upon equilibrium between chlorite and an aqueous solution, which
uses thermodynamic properties calibrated with data from geothermal and hydrothermal systems (Walshe, .
1986); and 4) a theoretical method based on the intersection of chlorite-carbonate reactions and the CO,-
H,O miscibility surface in temperature-XCOQ, space, which requires that the composition of a coexisting
carbonate phase (dolomite, ankerite, Fe-calcite or siderite) be known or estimated (Hutcheon, 1990).
These four approaches are reviewed and the different calculation methods for the compositional geother-
mometers are applied to a selection of chlorite analyses from the literature. Results of this comparative
exercise indicate that no single chlorite geothermometer performs satisfactorily over the whole range of
natural conditions (different temperatures, coexisting assemblages, Fe/(Fe + Mg), fO,, etc.). Therefore,
chlorite geothermometry should be used with caution and only in combination with alternative methods
of estimating paleotemperatures.
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tahedral site, and is given by V' = y + y. Figure 1

INTRODUCTION illustrates how chlorite compositions can be plotted in

Chlorite, a mica-like clay mineral found in a variety
of geological environments including sedimentary, low-
grade metamorphic and hydrothermally altered rocks
(Deer et al., 1966), can either replace pre-existing (gen-
erally, ferro-magnesian) minerals or precipitate direct-
ly from solution. The ideal structure of this hydrous
aluminosilicate is characterized by regularly alternat-
ing octahedral, “brucite-like” sheets (also known as the
hydroxide sheets) and tetrahedral-octahedral-tetrahe-
dral, “talc-like” sheets (also known as the 2:1 sheets)
(e.g., see Bailey, 1988a). The mineral displays a wide
range of composition and a general crystallochemical
formulation for chlorite has been suggested to be:

(RE RN (Sia ALYV Oy, (OH)s_,, (1)

(modified from Wiewiéra and Weiss, 1990), where u
+y+z=6,z=((Q — w— Xx)/2, w generally is zero
or a small number, R+ generally represents Mg>*+ or
Fe?+, R3+ generally represents Al*+ or Fe3*, and O
represents structural vacancies. Octahedral sites (su-
perscript VI) are differentiated from tetrahedral sites
(superscript IV) in this general formula. Octahedral
occupancy represents the sum of all cations in the oc-
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terms of the major cations, Si, Al, Fe, and Mg.

Not represented in Eq. 1 are components that com-
monly occur in minor amounts in the octahedral site
of chlorite, such as Cr, Ti, Ni, Mn, V, Cu, and Li.
These, together with the major chlorite constituents
Mg, Fe?+, Fe3*, Al, and Si, contribute to the wide-
ranging compositional variability, or non-stoichiom-
etry, that makes chlorite a potentially attractive geo-
thermometer. By virtue of this non-stoichiometric
behavior, chlorite has the potential to record invalu-
able information about the physicochemical condi-
tions under which it formed. It has been observed, for
instance, that the effects of increasing burial depth,
metamorphic grade, or hydrothermal alteration upon
chlorite composition include a decrease in Si'V, AlV!,
and [JV' and an increase in Al'Y, (Fe + Mg), and ZV'.

In addition to compositional changes, structural
changes have been noted to occur in natural chlorites,
and these polytype transitions have been suggested to
depend on ambient temperature as well. Chlorite poly-
typism is, therefore, included in the present general
review of chlorite geothermometry, and this subject is
also covered by Walker (this issue).
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Several workers have attempted to design more or
less sophisticated tools to translate chlorite composi-
tions (and polytype occurrences) into paleotemperature

_readings, a most legitimate and commendable, if in-
tricate, exercise. These efforts have yielded acceptable
results in limited cases, but there still exists a justified
lack of confidence in applying these geothermometers
to widely different data sets. The present paper briefly
summarizes and compares results of these methods.
Before discussing further the issue of chlorite geother-
mometry, however, it is useful to review polytypism
and compositional range of natural chlorites.

CHLORITE POLYTYPISM

The manner in which hydroxide and 2:1 sheets are
stacked in the z-direction defines the polytype of chlo-
rite. There are numerous possible ways in which to
conceive such stacking sequences, and these are de-
rived by varying the position and orientation of the
hydroxide interlayers about fixed 2:1 layers. Bailey and
Brown (1962) showed six theoretically possible layer-
interlayer assemblages, or 14 A structural units, in ei-
ther semi-random or in regular “one-layer” polytypes.
Of these six polytypes, four have been observed in
nature: IIb, Ib (8 = 90°), 1b (8 = 97°), and Ia (in de-
creasing order of known abundance; see Walker, 1989).
In practice, semi-random chlorite polytypes (compris-
ing most chlorites) are identified on the basis of the
position of (#0/) reflections in random X-ray powder
photographs obtained with a Debye-Scherrer camera
(see Bailey, 1984). Hayes (1970) proposed an addi-
tional stacking arrangement for a highly disordered
chlorite, 1b,, exhibiting strong (00/) reflections and
lacking (40/) reflections. For a more complete discus-
sion of chlorite polytypism, the reader is referred to
Bailey and Brown (1962), Brown and Bailey (1963),
Shirozu and Bailey (1965), Lister and Bailey (1967),
Hayes (1970), and Bailey (1984, 1988a, 1988b).

COMPOSITIONAL VARIABILITY OF
CHLORITES

Much of the classic literature dealing with chlorite
composition and classification schemes is based on
chlorites from metamorphic or hydrothermal environ-
ments (Hey, 1954; Foster, 1962).
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Figure 1. Si-Al-Fe-Mg tetrahedron for representation of
chlorite analyses (solid squares). Plane (stippled) intersecting
the tetrahedron is used for ternary ““Al-chlorite,” “Fe-chlo-
rite,” “Mg-chlorite” diagrams. Positions of chlorite analyses
in this plane (open circles) are obtained by projection through
the Si apex (dashed lines). Circled numbers with arrows refer
to exchange reactions and vectors of Table 1.

One of the most common substitutions in chlorites
is that of the type Mg"ISilV « AIYIAI'Y (hereafter re-
ferred to as the “Tschermak exchange”; see exchange
2 in Figure 1 and Table 1), which leads to a redistri-
bution of charges between the tetrahedral and octa-
hedral layers but maintains overall charge balance.
Theoretically, tetrahedral substitution of Si** by Al*+
via a Tschermak exchange should be accompanied by
an equivalent amount of octahedral substitution of R2+
by AI** in order to conserve charge balance, and, there-
fore, the values of AI'V and AlV* should be equivalent.
Although these appear to be positively correlated over-
all, the value of AlY! in naturally occurring chlorites is
commonly either somewhat greater or smaller than the
value of Al"Y (Foster, 1962), indicating that other sub-
stitutions take place. If A1V > A1, then the octahedral
R3* in excess of Al'Y may be interpreted as having
replaced R2* in a 2:3 ratio. Conversely, if AIVT < Al'Y,
then additional octahedral R3*, in the form of Fe3+ for
instance, may be interpreted as having replaced AIV!
in a 1:1 ratio.

Table 1. Chlorite components and exchange reactions (from Walshe, 1986).

Oxide Molecular Exchange Exchange
component component reaction vectors
1 Sio, MgGSi4Q10(OH)8 - : -
2 MgO Mg;AlSi;AlO,,(OH), (Si*+)V(Mg2 )Yt & (ABH)V(AR+)V! AlL,Si_ Mg,
3 FeO FeZ*AlSi,AlO,,(OH)s (Mg2H)V1 & (Fe2H)V! FeMg_,
4 Fe,O, Fe§+Fe_3+Si3Fe3+OIO(OH)8 (A1 o (Fe3+)v1 Fe3+Al_,
5 AL, ALD,8i,0,0(OH), 3(Mg,Fe2+)V! & 2(AI+)V1 OVI AlL(Mg,Fe*™)_,
6 H,0 Fei*Fe’* AlSi;AlO,,(OH), (Fe+)"12(0H)~ « (Fe’*)"'0>~(OH)~  Fe’*O*"FeZ{OH_,
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An indication of the extent of tetrahedral substitu-
tion of Si by Al in natural chlorites is given by the
observed range of tetrahedral compositions. Foster
(1962) found that Si'V values from a compilation of
about 150 chlorite analyses fell between 2.34 and 3.45,
with 99% of these values falling within the 2.40-3.40
range. Thus, the value of x in Eq. 1 varies mostly
between 0.6 and 1.6 in metamorphic/hydrothermal
chlorites.

An additional complexity in the crystallochemical
definition of chlorites is the distribution of the cations
and their substitutions between the two octahedral lay-
ers, the “brucite-like” octahedral interlayer, and the
octahedral layer within the “talc-like” sheet. Foster
(1962) speculated that cations are most likely to be
equally distributed between the two octahedral layers.
At odds with this, Wiewiora and Weiss (1990), re-
viewing the literature on single crystal studies of trioc-
tahedral chlorites (the most abundant type of naturally
occurring chlorites), concluded that Al is concentrated
primarily in the interlayer hydroxide (‘“‘brucite-like)
sheet.

Foster (1962) found that octahedral vacancies com-
monly account for between 0.0 and 0.3 positions but
may range from —0.05 to 0.55 positions per O,,(OH),
(half-cell structure). As stated in Eq. 1, the number of
octahedral vacancies, z, varies proportionally to (y —
w — x), the difference between (R3* )1, O in excess of
10.00, and Al"v.

Hey (1954) suggested that chlorites be subdivided
into “‘oxidized chlorites” and ‘““unoxidized chlorites,”
depending on whether they contain more or less than
4 wt. % Fe,0,, respectively. Chlorite analyses compiled
by Foster (1962) indicate an extent of Fe,O, content
up to 20.18 wt. %, which usually increases as the Fe2*:
R2?* atomic ratio increases. Foster (1962) found no
correlation between Fe,O; and O content in excess of
10.00 ions per half-cell (w in Eq. 1), as would be ex-
pected if Fe?* in chlorites was oxidized. Furthermore,
she argued that some or all of the Fe3* present is nec-
essary for structural balance in many chlorites and
pointed out that many chlorites are formed by alter-
ation of other minerals which may contain Fe3*, This
led her to conclude that Fe,O, is a normal constituent
of many chlorites, particularly ferroan chlorites, and
that its presence should not be interpreted as evidence
for secondary oxidation. Particularly, octahedral cat-
ion totals in excess of 6.00 per half-cell when all Fe is
taken to be ferrous is strong evidence that part of the
iron is ferric (Foster, 1962). Most chlorites in which
the Fe?*:R2* ratio is less than 0.45 contain less than
4 wt. % Fe,O;, whereas chlorites in which this ratio is
greater than 0.45 generally contain more than 4 wt. %
Fe,0,, although some may contain less (Foster, 1962).

In terms of charge balance of the chlorite structure
(charge balance = 2u + 3y — x — w — 12; see Eq. 1),
all of Foster’s data fall within the range —0.05 to +0.05,
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with 94% of those data falling within the smaller range
—0.03 to +0.03 per half-cell structure.

Inasmuch as the non-stoichiometric behavior of
chlorite must be somewhat idealized for the purpose
of its analysis, it will be assumed that the relationships
between u, w, x, y and z given in Eq. 1 must be obeyed
for any particular chlorite formula, and so must the
charge balance equation.

DIAGENETIC CHLORITES

Chlorites from low-temperature environments, such
as those found in sedimentary rocks from the diage-
netic to low-grade metamorphic realms, exhibit some
compositional differences compared to higher-grade
metamorphic or hydrothermal chlorites (Curtis et al.,
1985). For instance, diagenetic (or sedimentary) chlo-
rites tend to have higher Si contents and lower (Fe +
Mg) contents and octahedral totals than metamorphic
chlorites of similar alumina content (Curtis et al., 1985;
Hillier and Velde, 1991). During the passage from dia-
genesis to metamorphism thus, chlorites apparently
become less siliceous, richer in (Fe + Mg), and octa-
hedral occupancy increases; and this transition must
be accompanied by an increase in Al'"Y and a decrease
in AI! if aluminum is to be conserved at the chlorite
structure scale (Hillier and Velde, 1991). Using trans-
mission electron microscope (TEM) results, Jahren
(1991) documented increasing Al/Si ratios from core
to rim in diagenetic chlorites having grown during pro-
gressive burial and heating, and he suggested that growth
of these chlorites was controlled by a grain coarsening
process related to Ostwald ripening. In parallel with
these chemical changes, sedimentary chlorites undergo
polytype evolution with increasing diagenetic grade (see
below).

In analyzing chlorites from the diagenetic realm, one
often is confronted with the problems of chlorite in-
terlayering and compositional purity. In a review of
the literature, de Caritat and Walshe (1990) indicated
that many reported chlorites from low-temperature
settings are indeed commonly interstratified with
smectite, vermiculite, saponite, and/or illite. The res-
olution of the electron microprobe, the most com-
monly used analytical instrument for acquiring mineral
compositional data on chlorites, does not allow the user
to ascertain directly the purity of the “chlorite” ana-
lyzed. In an attempt to reject results presenting obvious
flaws, many authors have discarded analyses in which
the total Ca, Na, and K oxides exceeds 0.5 wt. % (Fos-
ter, 1962; Velde and Medhioub, 1988) based on the
argument that there is no room for these elements in
the chlorite structure. Ultimately, one would like to
verify the purity of chlorite at the scale of the structure
itself, and pioneering analytical TEM work on North
Sea chlorites by Jahren and Aagaard (1989) presents
invaluable advantages in this regard.
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DESCRIPTION OF CHLORITE
NON-STOICHIOMETRY AND CALCULATION OF
COMPONENT MOLE FRACTIONS

The wide compositional variability of chlorite can
be represented graphically by a tetrahedron volume
with Si, Al, Fe, and Mg as apices (Figure 1). Projections
in hyperspace would allow representation of more
components of chlorite but are not amenable to three-
dimensional visualization. For the purpose of com-
paring chlorite compositions in an even more practical
fashion, one can project the composition of any chlorite
in the tetrahedron of Figure 1 through one apex—for
instance, Si—and thus represent the point where that
projection goes through a selected plane. In Figure 1,
we chose a plane for projection (stippled) that has “Mg-
chlorite” (MgSi, O,,(OH);) and ‘Fe-chlorite”
(FeeSi,0,,(OH);,) as two of the three corners, since these
are the most Mg-rich and Fe-rich “chlorites,” respec-
tively, and are thus suitable as end-members. To select
the third corner or end-member, we imposed that the
plane pass through the compositional locus of two
common chlorites, clinochlore (Mg;AlSi;AlO,,
(OH),), and daphnite (Fe;AlSi;AlO,o(OH),). The cal-
culated third apex thus found is Al,,Si_,0,,(OH),,
which represents a hypothetical “Al-chlorite” com-
position analogous to the aluminous biotite proposed
by Rutherford (1973). Because neither of these three
end-member chlorite compositions have actually been
found in nature, their names are here given within
quotation marks. Plotting chlorite compositions in the
“Fe-chlorite,” “Mg-chlorite,” and “Al-chlorite” plane
has significant practical advantages in terms of visu-
alization over higher-dimension representations, but
some information (e.g., proportions of Si, Fe3+, minor
components) is lost in the process.

Most published analyses of chlorite are obtained us-
ing the electron microprobe, a technique that yields
information on the extent of the Tschermak exchange,
the Mg-Fe exchange, and the “di-tri” exchange (ex-
change reactions 2, 3, and 5, respectively, see Figure 1
and Table 1), but does not yield information on the
Fe?+:Fe3+ ratio or on the water content (H,O+, H,0™)
of the mineral. However, where the cation total (CAT
=u+ y+ 4, see Eq. 1) exceeds the maximum permitted
value (10.00, for a half-cell formula, Eq. 1), an indirect
method for estimating the minimum amount of Fe3+
substitution for APB* in the octahedral site exists
(Walshe, 1986). This method is based on the ratio 10/
CAT, which is the factor required to reduce the cation
total to the theoretical maximum. The minimum es-
timate of Fe** ions is given by the relation 28 (1 —
10/CAT), and the number of all other cations must be
reduced by 10/CAT.

Walshe (1986) used a set of six molecular compo-
nents, given in Table 1, to describe the composition
of any chlorite within the six-component system SiO,,
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AlLO;, FeO, Fe,0,, MgO and H,O. As thermodynamic
components, six molecular components would be
equivalent to the six oxide components. There is an
element of choice in selecting the actual composition
of each component, but, importantly, the six are lin-
early independent, i.e., the composition of one of these
components cannot be described in terms of the com-
position of any of the others. This point may be ap-
preciated by comparing the list of molecular compo-
nents given in Table 1 with the adjacent list of exchange
reactions. The six components may be considered
equivalent to one additive component and five ex-
change vectors, after Thompson (1982).

Walshe (1986) determined the mole fractions of the
six molecular components (X1, X2, ..., X6) of Table
1 from the cation concentrations in the half-cell for-
mula (Eq. 1) by utilizing six mass conservation equa-
tions (see Walshe, 1986, Table 10B). However, assum-
ing no ferric iron (X4 = 0) and normal water content
(X6 = 0) in the chlorite structure, a common starting
point, these six equations reduce to the following five
equations:

Mg = 6X1 + 5X2, @
Si = 4(X1 + X5) + 3(X2 + X3), 3)
Al = 2(X2 + X3) + 4XS5, @)
Fe = 5X3, and 5)
O =2X5 =10 — CAT, (6)

where Al represents the total aluminum (octahedral
plus tetrahedral). From this set of equations, the mole
fraction of the molecular components can be derived:

X1 = Mg/6 — 5X2/6 @)
X2 =AV2 — X3 — 10 + CAT ®)
X3 = Fe/5 ©
X5 = (10 — CAT)/2. (10)

There are five constraints (Eqs. 2-6) and only four
unknowns (Eqgs. 7-10), reflecting a dependency in the
equation set generated by the fact that the total cation
charge is fixed at 28 for the half-cell formula if X6 is
zero. Thus, the cation abundances are related by:

2(Mg + Fe) + 4Si + 3 Al = 28. (11)

RELATIONSHIPS BETWEEN CHLORITE,
FLUID, AND BULK ROCK COMPOSITIONS

The composition of a grain of chlorite that grows as
a fluid interacts with a rock will be determined by a
number of factors, including temperature, pressure, bulk
rock composition, fluid composition, and rate of min-
eral growth. Assuming that fluid-mineral equilibrium
is maintained during the growth of chlorite, classical
thermodynamics allows us to describe the composition
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of the growing grain in terms of the composition of the
aqueous fluid, temperature and pressure. The aqueous
solution variables are equivalent in number to the ox-
ide components or the molecular components (Table
1) used to describe chlorite compositions. Again, there
is an element of choice regarding these variables; the
set selected by Walshe (1986) is T, P, aH,0, aH,SiO,,
aAP+/(aH+)?, aMg?+/(aH+)?, aFe?*/(aH* )? and £ O,,
where a is activity and f is fugacity. Classical ther-
modynamics does not necessarily give us an insight
into what controls the values of these variables. If wa-
ter : rock ratios are high, it may be the fluid compo-
sition; if water : rock ratios are low, it may be the bulk
composition of the rock. In situations where there is
some net transport of matter, it is likely that the fluid
controls at least some of these variables.

The importance of bulk rock composition/miner-
alogy upon chlorite composition (Albee, 1962) often
has been neglected in previous studies of chlorite geo-
thermometry and perhaps requires some further dis-
cussion and research. An analogy between chlorite and
biotite illustrates this point.

Past work shows that the composition of biotite in
metamorphic or igneous rocks is influenced by the bulk
rock mineralogy of the hosting medium (Nockolds,
1947). Engel and Engel (1960) have shown that biotites
become increasingly MgO-rich (more phlogopite-like)
and (FeO,MnO)-poor (less annite-like) in rock types
evolving from pegmatites to granites, gneisses and
schists, diorites, gabbros and basalts, ultramafics, and
marbles. Temperature (metamorphic grade) and bulk
rock composition/mineralogy thus both affect biotite
composition.

In chlorites, it has been shown that the Fe/(Fe +
Mg) ratios of chlorite and bulk host rock are directly
proportional to each other (Cathelineau and Nieva,
1985, Figure 6; Bevins e al., 1991, Figure 2), indicating
at least some bulk rock compositional control. As is
the case for biotite, it is likely that bulk rock mineralogy
or composition will exercise some control over the
composition of chlorite.

The relationship between fO,, host rock mineral as-
semblage, and Fe:Al:Mg ratio of chlorite is illustrated
in Figure 2, which is analogous to a similar ternary
diagram for biotites (Hutcheon, 1977). Accepting the
premise of crystal growth under fluid-mineral equilib-
rium conditions, the composition of chlorites precip-
itating at some constant temperature and pressure in
rocks of increasing aluminum content will, by defini-
tion, be in equilibrium with more and more aluminous
mineral assemblages. For instance, mineral assem-
blages may evolve from K-feldspar alone to K-feldspar
+ smectite, to smectite, to smectite + illite, to illite,
to illite + kaolinite, to kaolinite, to kaolinite + gibbs-
ite, to gibbsite (Figure 2). The Fe:Mg ratio of chlorite
coexisting with any of these silicate assemblages at any
fixed temperature and pressure is directly related to
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fO,. This anticipated relationship between bulk rock
composition/mineralogy and chlorite composition is
particularly important when one considers that some
geothermometers directly relate A1V in chlorite to pre-
cipitation temperature (e.g., Cathelineau and Nieva,
1985; Cathelineau, 1988). This is not to say that AI'Y
will not vary with precipitation temperature. Rather,
the above discussion stresses the fact that aluminum
content variations are likely to be singularly related to
temperature effects only within one particular type of
bulk rock mineralogical assemblage and that different
Al'"-temperature relationships are likely to be found in
different rock types. Thus, the question that one must
ask is: How important is the bulk rock composition/
mineralogy control upon chlorite composition com-
pared to the temperature control? If the former is found
to have a significantly subordinate role compared to
the temperature control, then a unique chlorite com-
position-temperature relationship based on aluminum
content can be applied to a variety of rock types. Oth-
erwise, this relationship will have to be lithology-de-
pendent. More work on this aspect of chlorite geo-
thermometry—and indeed any other type of mineral
geothermometry—will shed some light on this impor-
tant question.

CHLORITE GEOTHERMOMETRY

The non-stoichiometric behavior of chlorite makes
it a potentially attractive geothermometer, as chlorite
composition records invaluable information about the
physicochemical conditions prevailing during its for-
mation. The condition for this compositional geother-
mometer to perform satisfactorily is that it should be
possible to unequivocally relate chlorite composition
to temperature of formation. Three main approaches
to this problem have been presented, and these will be
briefly reviewed hereafter. First, however, we will ex-
plore how the chlorite structure varies with tempera-
ture, and, thus, how chlorite polytypism may be used
as a geothermometer (see also Walker, this issue).

POLYTYPE GEOTHERMOMETRY

Bailey and Brown (1962) determined the polytype
of more than 300 natural chlorites, 80% of which were
IIb and occurred in metamorphic and igneous rocks
and higher temperature ore deposits, while the re-
maining 20% were of the three type-I polytypes and
were reported (p. 845) to . . . occur in geologic envi-
ronments or in mineral associations that suggest a low-
er temperature-pressure energy level than that for 115
chlorite.” Hayes (1970) analyzed chlorites from sedi-
mentary rocks and concluded that there is a natural
polytype progression with temperature from I, to Ib
(B=97°,t01b (B8 = 90°, to ITh, which reflects increasing
polytype stability. Most type-I chlorites, Hayes sug-
gested, are of authigenic origin and form under tem-
perature and pressure conditions less than those of
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low-grade metamorphism. Therefore, Hayes (1970)
concluded that clay-size 115 chlorite in unmetamor-
phosed sedimentary rocks can be interpreted as detri-
tal, although he warned that this polytype may form
during diagenesis at “‘submetamorphic” temperatures
because it is the most stable arrangement. The tran-
sition from Ib (8 = 90° to IIb, which requires the
rotation of the interlayer hydroxide sheet, however,
was inferred to generally require temperatures of about
150°-200°C (Hayes, 1970). Chlorite composition was
found to be of subordinate importance to temperature
in polytype evolution.

Karpova (1969) documented the transition from Fe
TAIb (8= 90°) chlorite to Fe 14 Al (8 = 90°) chlorite,
to Mg-Fe 14 A 1Ib chlorite within terrigenous Carbon-
iferous rocks from Bolshoy Donbas as a function of
increasing burial. This study, therefore, documents the
relationship between transition from type-I to type-II
chlorites and increasing diagenetic grade and qualita-
tively reports a parallel compositional change (loss of
Fe and enrichment in Mg). Although no temperature
values were given, Karpova (1969, Figure 10) indicated
that the maximum burial depth experienced by the 15
chlorite zone was 3—4 km.

Weaver et al. (1984) reported the persistence of poly-
type la at speculated temperatures as high as 250°-
300°C from the study of a suite of diagenetic/meta-
morphic rocks (shale-to-slate transition) in the south-
ern Appalachians. Polytype I1b was found in a sample
subjected to metamorphic temperatures of the order
of 330°C, and it could not be shown that this chlorite
had formed directly from the Ia polytype. On the basis
that chlorite polytype Iz may be stable at intermediate
temperatures (150°-300°C), the authors suggested that
it may be more common in sedimentary rocks at these
temperatures than previously recognized.

Curtis et al. (1985) analyzed a series of authigenic
chlorites in sandstones from several sedimentary ba-
sins (North Sea, Western Canada Sedimentary Basin,
Gulf Coast), both in terms of polytypes and in terms
of chemical composition. In agreement with Hayes
(1970), they concluded that grain-coating chlorites in
sandstones are mostly polytype Ib (8 = 90°), and that
they are more siliceous and Fe-rich than metamorphic
chlorites (polytype 115), a conclusion not reached by
Hayes on the basis of X-ray diffraction data. They
proposed a possible evolutionary pathway (Curtis et
al., 1985, Figure 8) for chlorite in sedimentary basins:
swelling chlorite [Si'Y > ~3.25; 0.4 < Fe/(Fe + Mg)
< 0.7] develops from smectite and, with progressive
burial, is converted first to polytype Ib (8 = 90°) [SiV
~3; 0.4 < Fe/(Fe + Mg) < 0.85] then to polytype 115
[SiV < ~3; 0 < Fe/(Fe + Mg) < 1]. Alternatively,
sedimentary chlorite may start as a berthierine [Fe/(Fe
+ Mg) > 0.8] and evolve directly into chlorite polytype
I1b. Curtis et al. (1985) noted, however, that the best-
described chlorites do not seem to have developed by
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"Al-chlorite”

T, P = constant

chlorite coexists A
with quartz and ——
magnetite

N\
gibbs.

inéreasing f0, ™.
K-feldspar

"Fe-chlorite” "Mg-chlorite™

Figure 2. Schematic diagram illustrating how coexisting
mineral assemblage and fO, will, in theory, influence the
composition of a growing chlorite, in terms of the three main
chlorite end-members, “Al-chlorite,” “Fe-chlorite” and “Mg-
chlorite” (see Figure 1). At any given 7, P and fO,, chlorite
growing in coexistence with quartz, magnetite, and with one
or two minerals from the series K-feldspar, smectite, illite,
kaolinite or gibbsite, will have an increasing “Al-chlorite”
content depending on how aluminous the bulk mineral as-
semblage is (increasingly aluminous from K-feldspar to gibbs-
ite). The Fe:Mg ratio of chlorite is dictated by fO,. This figure
illustrates the dependency of chlorite composition on bulk
rock composition/mineralogy and O, upon which the effects
of temperature and pressure are superimposed in natural set-
tings. Positions of the various mineral field boundaries are
schematic.

either of these mechanisms, but rather appear to have
grown directly from precipitation out of the pore fluid
(neoformation) to form grain coatings in sandstones.
No temperature information is given, but the deepest
[presumably Ib (8 = 90°) polytype] chlorites reported
in Curtis et al. (1985) are from depths of about 5600
m (Tuscaloosa Sandstone).

Whittle (1986) determined polytypes of pore lining
chlorites in sandstones, using XRD and TEM, on a
dataset apparently partly overlapping with the one used
by Curtis et al. (1985). In all cases where polytype
determination was possible, polytype I (8 = 90°) was
identified. No indication of temperature, however, is
given.

In an investigation of chlorite polytypism in very-
low-grade metamorphic rocks from Maine, Walker
(1989) exclusively found 115 chlorites. Because IIb
chlorite was present in both the fine-grained metased-
imentary and the metavolcanic rocks studied, a detrital
source as sole origin for the chlorite was ruled out.
Walker (1989) concluded that chlorite II» must have
largely formed and/or recrystallized in situ and that the
minimum temperature at which this polytype is stable
is therefore equivalent to the minimum temperature
of metamorphism of the host rock. This minimum
metamorphic temperature was estimated to have been
between 50°C (based on conodont colors) and 150°C
(based on mineral assemblages). Walker (1989) spec-
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ulated that the reasons for the discrepancy between his
observations and Hayes’ (1970) statement may be that,
in fine-grained rock, polytype transformations depend
not only on temperature, but also on pore pressure and
time.

Similarly, chlorite in the <0.5-um fraction separated
from a fine-grained sequence undergoing diagenesis in
the Imperial Valley was found to be exclusively of
type II» (Walker and Thompson, 1990). Minimum
temperature of the sampled interval was 135°C, leading
Walker and Thompson (1990) to argue that transition
from polytype-I to stable polytype-II in fine-grained
rocks may occur at temperatures lower than first sug-
gested by Hayes (1970).

Hiilier (this issue) shows that authigenic chlorite 115
formed during the diagenetic alteration of a suite of
lacustrine mudrocks from the Devonian Orcadian Ba-
sin of Scotland. Paleotemperatures of chlorite forma-
tion are inferred to have been as low as 120°C. Mech-
anism of chlorite formation in this case is suggested to
have involved the reaction of dolomite with illite to
produce chlorite and calcite, similar to that reported
by Hutcheon (1990).

Chlorite polytype geothermometry appears thus to
require more detailed studies on what controls the tran-
sition from type-I to type-II in nature (see Walker, this
issue). In the above review of polytype geothermom-
etry, only two studies (Karpova, 1969, and Weaver et
al., 1984) actually document this transition; all other
reported studies have found only one polytype. The
effect of grain size of the host rock appears to be a
fundamental control, and this warrants further system-
atic investigation.

THE EMPIRICAL CALIBRATION

Numerous workers have noted a systematic decrease
in Si'V (or conversely an increase in Al'V) and a decrease
in OY (or conversely an increase in ZV') in chlorites
with increasing depth in diagenetic and geothermal sys-
tems or with increasing grade of metamorphism in
metamorphic rocks (McDowell and Elders, 1980;
Cathelineau and Nieva, 1985; Cathelineau, 1988; Jah-
ren and Aagaard, 1989; Hillier and Velde, 1991). Some
authors have reasoned that these mineralogical changes
result from the progressive increase in the temperature
of chiorite formation.

Cathelineau and Nieva (1985) studied the geother-
mal system of Los Azufres, Mexico, where chlorite
constitutes a major hydrothermal alteration product of
the andesitic host rock. Chlorite compositions were
determined by electron microprobe analysis of samples
from different depths within a series of wells. The tem-
perature of chlorite crystallization was estimated either
from downhole measurements and from aqueous
geothermometers (assuming that present-day temper-
ature closely approximates crystallization temperature)
or from microthermometric data on fluid inclusions
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found in coexisting phases (e.g., quartz). It varies be-
tween 130° and 310°C over the sampled depth range
(Cathelineau, 1988). Cathelineau and Nieva (1985)
found a positive correlation between Al'Y and temper-
ature and suggested that Al'Y could be used as a geo-
thermometer in this system, since no other thermo-
dynamic parameter (bulk rock composition, nature of
geothermal fluids, pressure) appears to vary signifi-
cantly there. [Note that, as full tetrahedral occupancy
in chlorites is only an assumption, it may be more
significant to utilize the quantity Si'V, rather than Al'Y,
which is calculated from the difference between tet-
rahedral occupancy (4, or less?) and Si'V.]

Based on new chlorite analyses and fluid inclusion
data from Los Azufres, and data from the Salton Sea
(recalculated and averaged from McDowell and Elders,
1980), Cathelineau (1988) derived the following rela-
tionship between temperature, 7" (°C), and Al'V:

T=-61.92+ 321.98 Al"Y. 12)

Cathelineau (1988) suggested that Eq. 12 has the
potential to be used as a chlorite geothermometer of
general applicability in diagenetic, hydrothermal, and
metamorphic settings because the value of Al'Y appears
to be independent of rock lithology [it fits both andes-
itic (Los Azufres) and feldspathic sandstone (Salton
Sea) lithologies] and fluid composition. Bevins et al.
(1991), for instance, have used the Cathelineau (1988)
expression to derive calculated temperatures of chlorite
formation in metabasites from Wales and Greenland.
Velde et al. (1991) cautioned that the Los Azufres data
presented in Cathelineau and Nieva (1985) shows no-
table quantities of Ca and K and exhibits a correlation
between minor and major element abundances. This
indicates, they argued, that the composition of the
phases is due not to the physical conditions claimed
by the authors, but to the phase association present
(interstratified chlorite/smectite?). The revised chlorite
data from Los Azufres presented in Cathelineau (1988)
does not indicate the extent to which Ca, Na, and K
are present.

Several workers have suggested modifications to Eq.
12, purely on empirical grounds, to take into account
the variation in Fe/(Fe + Mg) in chlorite. Kranidiotis
and MacLean (1987) modified the Cathelineau and
Nieva (1985) expression by calculating a corrected Al'Y
value (AlY) as follows:

ALY = AIY + 0.7(Fe/[Fe + Mg]), (13)

from which the temperature, 7" (in °C), is then com-
puted according to:

T = 106 ALY + 18. (14)

Kranidiotis and MacLean (1987) argued that their
function is applicable to situations where chlorite grows
in an ““‘Al-saturated environment,” i.e., in the presence
of other aluminous minerals.
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E. C. Jowett (personal communication) queried the
validity of Kranidiotis and  MacLean’s (1987) modi-
fication as it was not based on compositions of chlorites
which were known to have grown at the same tem-
perature. Jowett (1991) suggested a similar type of cor-
rection, derived from an isothermal Fe/(Fe + Mg) nor-
malization based on Salton Sea and Los Azufres chlorite
compositions:

AlY = Al'Y + 0.1(Fe/[Fe + Mg)), (15)
T =319 ALY — 69. (16)

Jowett (1991) claimed that this Fe-Mg-modified geo-
thermometer is applicable to a variety of systems in
the range 150° to 325°C for chlorites with Fe/(Fe +
Mg) values < 0.6.

A STEP BEYOND THE
EMPIRICAL APPROACH

Although the simplicity of the empirical geother-
mometers makes them attractive, it will be shown in
the discussion below that they are not particularly ac-
curate over the temperature range from 25° to 350°C.
The previous remarks on the effects of fluid and/or
rock composition upon chlorite composition illustrate,
in a qualitative way, that the extent of the Tschermak
substitution in the general case must be controlled by
other factors in addition to temperature. This argument
may be partially quantified by considering chlorite in
a simplified four-component system consisting of SiO,,
ALO;, RO, and H,O0, where R is equivalent to either
Mg or Fe2*. The three molecular components of chlo-
rite in this system may be taken to be R¢Si,0,,(OH)s,
RAlSi;AlO,(OH); and Al,00,Si,0,,(OH); (after Ta-
ble 1).

Assuming that the effects of pressure can be ignored,
there are five constraints required to uniquely define
this system. The five variables may be expressed as 7,
aH,Si0,, aAl**/(aH*)?, aR2*/(aH*)? and aH,0.

If chlorite grows in contact with an aqueous phase
and in equilibrium with quartz, which may be assumed
to buffer the activity of SiO,, then there are two degrees
of freedom. Hence, the Tschermak substitution must
be a function of two variables, say temperature and
aAP+/(aH*)?, not just temperature. The relationship
between temperature and qAl3*/(aH*)* may be de-
scribed by a reaction between fluid and mineral as
follows:

6 R,AISi;AlO,,(OH), + 36 H*,, + 2 SiO,

S 5R,8i,0,((OH)+ 12ALF + 22H,0,. (17)

From the law of mass action for reaction 17, we obtain:

a(RS1,0,,(OH),)° K,

= 18
a(R,AISL,AIO,,(OH),  aAl; /aHry® (¥

which expresses the extent of the Tschermak exchange
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as a function of the ratio of the activities of the alu-
minum to hydrogen ions in solution, aAl}; /(aH[,)?, as
well as K,,, the equilibrium constant, which is a func-
tion of temperature and pressure. Clearly, one ap-
proach to utilizing the extent of the Tschermak ex-
change in chlorite as a geothermometer necessitates the
presence of a mineral or mineral assemblage that buff-
ers the variable aAl3}/(aH})>.

An alternative approach adopted by Walshe (1986)
is to make use of the di-tri substitution in the octa-
hedral site of chlorite (exchange Reaction 5, Table 1)
to monitor the value of the ratio aAl3; /(aHY,)* via the
reaction:

AL0,8i,0,,(0H); + 12Hz,

S 4ABF + 4Si0, + 10H,0,.  (19)

Combining Eqgs. 17 and 19 leads to the geothermom-
eter:

6 R,AISi,AlO,,(OH), + 8 H,O, + 14 SiO,
< 5 R:Si,0,,(0OH); + 3 ALO,Si,0,,(0OH)s, (20)

which is independent of the aAly}/(aH,)® ratio. The
advantage of this geothermometer is obvious in that
it suffices that quartz and chlorite coexist in equilib-
rium at any given pressure.

THE SIX-COMPONENT THERMODYNAMIC
MODEL AND QUARTZ-CHLORITE
GEOTHERMOMETRY

A limitation to the use of Eq. 20 as a geothermometer
is that the size of the octahedral vacancy created by
the di-tri substitution is a function of the assumed
amount of ferric iron in the mineral, or the redox state
of the environment in which chlorite grew. Ferric iron
may substitute into the chlorite structure for either
aluminum or ferrous iron (Exchanges 4 and 6, Table
1). The conversion of assumed ferrous iron to the ferric
iron that substituted into the structure via Exchange 4
(Table 1) involves an adjustment to the number of
oxygen atoms in the structural formula. For every mole
of Fe?* converted to Fe**, a half-mole of oxygen is
added to the structure, as indicated by the iron con-
servative reaction:

FeO + 0.50 < FeO, . 21

This necessitates an adjustment to the number of cat-
ions per 14 oxygen atoms (based on an anhydrous half-
cell formula) of 14/(14 + x/2), where x is the number
of ferrous atoms converted to ferric atoms via this
exchange (Walshe, 1986). Therefore, increasing the as-
sumed ferric iron via Exchange 4 (Table 1) reduces the
number of cations and increases the size of the vacancy.
Thus, as noted above, a good chlorite analysis in which
the cation total exceeds 10 when the assumption of 14
oxygen atoms per half-cell is made has the potential
to yield information on the minimum extent of sub-
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stitution of Fe3+ for AIY'. On the other hand, the num-
ber of oxygen atoms in the structure is unaffected by
the conversion of ferrous iron to ferric iron to take
account of the latter substitution (Exchange 6), in which
charge is balanced by a loss of hydrogen from the struc-
ture:

Fe(OH), < FeO(OH) + H. (22)

Walshe (1986) attempted to resolve this problem by
considering a six-component chlorite model. In this
expanded system (Table 1), there are two independent
geothermometers/geobarometers, which in theory could
be utilized to determine the temperature and pressure
of formation of a fully analyzed chlorite coexisting with
quartz:

6 Mg;AlSi; AlO,,(OH); + 8 H,O,, + 14 Si0,
5 MggSi, 0,,(OH); + 3 Al,[0,51,0,,(OH),,
(23)

which corresponds, in terms of the molecular com-
ponents of Table 1 (denoted C1, C2, etc.), to:

6C2 + 8H,0,, + 14Si0, S 5C1 + 3C5, (24)
and,
42 Mg, AlSi;AlO,,(OH) + 30 Fe2*Si;Fe** O,,(OH),
+ 18 Fe2* AlISi,AlO,(OH), + 508i0,

= 60 Fe?+Fe?*t AlSi, AlO,,(OH),

+ 35 MgS8i,0,,(OH); + 10 H,0,,,, (25
which corresponds to:
42C2 + 30C4 + 18C3 + 50Si0,
= 60C6 + 35Cl1 + 10H,0y,,. (26)

As the ferric iron and water contents of chlorites are
(generally) unknown, Eqgs. 23 and 25 can be combined
with a statement of the Gibbs-Duhem equation for
chlorite to provide three constraints to solve three un-
knowns: 7, X4 (or the equivalent variable x) and X6.
This procedure also allows calculation of the redox
conditions (fO,) of chlorite formation in addition to
the variables aAl*+/(aH*)?, aMg2*/(aH*)? and qFe>*/
(aH*)2.

The six-component chlorite model predicts a cur-
vilinear relationship between temperature and Si'V, as
illustrated in Kavalieris ef al. (1990, Figure 14), and
only minimal variation in the parameter aAl**/(aH*)?,
Hence, in practice, this geothermometer is only valid
over a narrow range of aAl*+*/(aH*)? at any temper-
ature (see discussion).

As part of a reassessment of quartz-chlorite geo-
thermometry, Walshe and Harrold (in prep.) address
the difficulties highlighted here, and develop some
semiempirical geothermometers based on the Tscher-
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mak and di-tri substitutions in chlorite, consistent with
the theoretical constraints discussed above.

CHLORITE-CARBONATE EQUILIBRIA AND
GEOTHERMOMETRY

The importance of clay-carbonate reactions at rel-
atively low temperatures was first recognized by Zen
(1959). Since then, clay-carbonate assemblages have
been documented in geothermal systems (Muffler and
White, 1969; McDowell and Paces, 1985) and in dia-
genetic settings (Hutcheon ez al., 1980; Hutcheon, 1990).
Hutcheon et al. (1980) described how clay-carbonate
reactions may buffer the CO, composition of the liquid
phase to increasing values of dissolved CO, with in-
creasing temperature and progress of clay-carbonate
reactions. They suggested that the intersection between
clay-carbonate reactions, traced on a temperature vs
XCO, diagram, and the miscibility surface between
CO, and H,0 could be used as an indicator of the
maximum temperature at which chlorite, kaolinite, and
a carbonate can coexist in the presence of a liquid

" phase.

Hutcheon et al. (1980) obtained the thermodynamic
properties of all the solids and water from the one-
phase liquid region (i.e., at CO, concentrations lower
than saturation) and the properties of CO, in the vapor
phase (i.e., at CO, concentrations higher than satura-
tion). This was done in order to avoid the impossible
task of calculating the distribution of carbonate species
in an aqueous solution without specifying its pH. The
availability of thermodynamic data for CO, as an aque-
ous species in the one-phase liquid region (Johnson et
al,, 1992) and Henry’s law data for the equilibrium
between CO,,,, and CO,,, (Barta and Bradley, 1985)
make possible the calculation of the stability of clay-
carbonate reactions in the one-phase liquid region. This
allows the effect of pressure and salinity on these re-
actions to be evaluated explicitly and permits re-eval-
uation of the potential for the clay-carbonate method
to be used as a geothermometer. In addition, the new
calculations provide a more rigorous means of exam-
ining the controls of chlorite stability in H,0-CO,-
NacCl fluids in a general sense.

The paths of equilibria within the one-phase liquid
field, such as those given below:

5 CaMg(CO;), + Al,Si,05(0OH), + SiO, + 2H,0

< Mg, AlSi; AlO,o(OH); + 5 CaCO; + 5CO,, (27)
5 FeCO, + AL,Si,O,(OH), + SiO, + 2H,0
S Fe;AlSi,AlO,(OH); + 5 CO,, (28)

can be calculated as a function of temperature and
define paths of CO, concentration required in the liquid
at equilibrium. If chlorite is assumed to form near
equilibrium with the coexisting fluid at any given tem-


https://doi.org/10.1346/CCMN.1993.0410210

228 de Caritat, Hutcheon, and Walshe Clays and Clay Minerals
Table 2. Composition of selected chlorites.

Sample WB-1 ON-1 ON-5 VF-4 $S-2 $S-12 LA-1 LA-9 BO-
Depth (m) surface 2852 4357 4959 439 1064 — — 1125
T (Cy 25 110 155 140 190 322 130 310 290
P (MPa)? — 40 42 83 - - — — -

Chemical composition (wt. %)
Si0, 33.63 28.49 24.75 23.71 27.65 26.79 35.26 28.56 23.03
AlLO, 12.24 20.31 23.53 22.04 18.15 18.98 15.61 18.73 20.71
Fe,O, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 26.02 32.73 35.77 33.07 31.30 24.23 13.35 20.54 37.16
MnO 0.30 — — 0.28 0.55 0.68 - 0.23 3.03
MgO 15.36 6.48 3.95 4.84 10.36 17.34 23.80 19.96 3.63
CaO 0.53 - - 0.12 — ~ - — -
Na,O - - - 0.26 — - - - —
TiO, - - - 0.38 - - - - -
NiO 0.17 — - — - — - - -
K,0 — — - 0.08 — - -~ - -
Total 88.25 88.01 88.00 84.78 88.01 88.02 88.02 88.02 87.56
Structural formulae (half-cell)*
Sivv 3.50 3.07 2.73 2.71 2.99 2.80 3.41 291 2.65
ALY 0.50 0.93 1.27 1.29 1.01 1.20 0.59 1.09 1.35
AV 1.00 1.65 1.79 1.68 1.30 1.14 1.19 1.16 1.46
Fev 2.26 2.95 3.30 3.16 2.83 2.12 1.08 1.75 3.57
MgVt 2.38 1.04 0.65 0.82 1.67 2.70 3.43 3.03 0.62
MnV! 0.03 0.00 0.00 0.03 0.05 0.06 0.00 0.02 0.30
AL 5.67 5.64 5.74 5.69 5.85 6.03 5.70 5.96 5.95
Fe/(Fe + Mg) and Fe/Mg
Fe/(Fe + Mg) 0.49 0.74 0.84 0.79 0.63 0.44 0.24 0.37 0.85
Fe/Mg 0.95 2.84 5.08 3.85 1.70 0.78 0.31 0.58 5.76
End-member proportions
“Al-chl” 0.14 0.24 0.28 0.27 0.20 0.20 0.16 0.19 0.25
“Fe-chl” 0.42 0.56 0.60 0.58 0.50 0.35 0.20 0.30 0.64
“Mg-chl” 0.44 0.20 0.12 0.15 0.30 0.45 0.64 0.51 0.11

! Temperatures (77) are from Jahren and Aagaard (1989, 1992) for offshore Norway (ON); Hutcheon (1990, Figure 2) for
Venture Field (VF); McDowell and Elders (1980, Table 3) for Salton Sea (SS); Cathelineau (1988, Table 1) modified after
Cathelineau and Nieva (1985, Table 3) for Los Azufres (LA); and Lonker et al. (1990, Table 3) for Broadlands-Ohaaki (BO);
temperature for weathered basalt (WB) estimated (Walshe, unpublished data; Eggleton et al., 1987).

2 Pressure (P) is an approximation; references as for temperature where applicable.

3 Chemical compositions (oxides) are from R. A. Eggleton (personal communication) for WB; Hutcheon (1990, Table 1)
for VF; and Lonker et al. (1990, Table 3) for BO. All other compositions are back-calculated from structural formulae, based
on =88% total anhydrous oxide and assuming 14 oxygen atoms per half-cell and no ferric iron.

* Structural formulae from Jahren and Aagaard (1992) for ON; Walshe (1986, Table 4) modified after McDowell and Elders
(1980, Table 3) assuming 14 oxygen atoms for SS; Cathelineau (1988, Table 1) for LA; and Lonker et al. (1990, Table 3) for
BO; all other structural formulae are calculated from chemical compositions, assuming 14 oxygen atoms per half-cell and no

ferric iron.

perature and the clinochlore and daphnite reactions
(Eqgs. 27 and 28, respectively) are correctly calibrated
by thermodynamic data and chemical analyses of the
relevant phases, the clinochlore and daphnite reaction
curves should intersect the CO,-H,O miscibility sur-
face at that same temperature on a temperature versus
XCQ, graph.

In theory, if a chlorite-carbonate assemblage coexists
with a CO,-saturated fluid, the temperature of inter-
section of Reactions 27 or 28 with the CO,-H,0 mis-
cibility surface and the temperature obtained from
Walshe’s (1986) method should be coincident, since
both approaches rely on thermodynamic principles and
properties to decipher the chlorite composition-tem-
perature relationship. In practice, however, differences
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in temperatures estimated by these two methods are
observed (see below), and likely result from: 1) differ-
ences in calibration of thermodynamic properties for
the minerals involved; and 2) differences in methods
of obtaining the activity of chlorite end-member com-
ponents from chemical analyses. In particular, the es-
timate of Gibbs free energy for daphnite (Fe;
AlSi;AlO,,(OH);) is probably not as reliable as that
for clinochlore (Mg, AlSi;AlO, ,(OH),). In the following
calculations, the free energy of daphnite is taken from
Walshe (1986); that of clinochlore is taken from
SUPCRT92 (Johnson et al., 1992).

Chlorite analyses from Table 2 that are amenable to
the present method of calculation by virtue of having
grown in contact with a liquid phase, i.e., those ob-


https://doi.org/10.1346/CCMN.1993.0410210

Vol. 41, No. 2, 1993

tained from sedimentary basins (VF-4, ON-1 and ON-
5), were used to estimate temperatures. The calculation
of the position of Reactions 27 and 28 was completed
as follows. The standard state for minerals, aqueous
species, including CO,,,), and liquid water was con-
sidered to be the pure component at the temperature
and pressure of interest. The standard state for CO,,,
was taken to be the pure component at one bar and at
the temperature of interest. The equilibrium constants
for Reactions 27 and 28 were calculated using
SUPCRT92 (Johnson et al., 1992). Assuming that ka-
olinite, dolomite, and quartz can be considered to be
pure minerals and that liquid water up to 20 wt. %
total salinity as NaCl has an activity close to unity, the
equilibrium constant for Reaction 27 is given by:

log K,, = 5 log aCO% + 5 log @503

+ log agliisiio, 29
and the equilibrium constant for Reaction 28 is:
log K,; = 5 log aCO%® — 5 log a0
+ log a&ipie, (30

where aSinoshlore for instance, represents the activity of
clinochlore in chlorite, and is calculated as the mole
fraction of clinochlore in chlorite, according to:

MgVI iIV

S
_— VI, v.

aClinot_:hlore =
Chlorite

(€2))
By calculating the mole fraction of clinochlore in chlo-
rite as shown in Eq. 31, that of daphnite in chlorite in
a similar fashion, and those of CaCO; and FeCQO, in
calcite and siderite, respectively (chemical analyses in
Table 2 from Hutcheon, 1990, for Sample VF-4, and
Jahren and Aagaard, 1992, for samples ON-1 and ON-
5), the activity of CO, in the aqueous phase can be
calculated for each equilibrium. The equations of Barta
and Bradley (1985) are used to obtain the equilibrium
constant for the reaction:

Cquueous S CO;apor’ (32)

according to:

log K;, = log fCOy*" — log aCOgwews,  (33)

and to obtain the fugacity of COy=rer from the activity
of COgaueows at 0, 6 and 20 wt. % NaCl. Using fugacity
coefhicients for CO,, the partial pressure and mole frac-
tion of CO, in equilibrium with Reactions 27 and 28
can be calculated. Fugacity coefficients for CO, were
interpolated from the compilation of Angus ez al. (1976)
below 1000 bars, or calculated from free energies tab-
ulated by Bottinga and Richet (1981) using the equa-
tion:

Keo, = Heo, + RT In fCO,. G4

To obtain the position of the intersections between
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Reactions 27 and 28 and the miscibility surface, the
solubility of CO, in an aqueous phase with 0, 6 and
20 wt. % NaCl (or 0, 1.1 and 4.3 m NaCl) was inter-
polated in terms of XCOQ, at the relevant pressure and
salinity, using the data of Sourirajan and Kennedy
(1962), Takenouchi and Kennedy (1965), and Bowers
and Helgeson (1983). The position of the clinochlore
reaction equilibrium (Egs. 27 and 29) and the CO,
solubility surfaces for these three samples (VF-4, ON-1
and ON-5) are shown in Figure 3, and the temperatures
corresponding to their intersections are found to be
very sensitive to the salinity of the aqueous phase.
Calculations for ON-1 and ON-5 were done at 40 and
42 Mpa, respectively (Jahren and Aagaard, 1989). The
range of salinity for porewaters in the North Sea sed-
imentary basin, offshore Norway, is approximately 2
to 30 equivalent wt. % NaCl (Egeberg and Aagaard,
1989). Without more specific information on the sa-
linity at the depth of each sample, obtaining exact tem-
perature estimates is not possible. Assuming an ap-
proximate salinity of 6 wt. % gives temperatures of
80°C for both samples (Figure 3), lower than the 100°C
and 155°C reported by Jahren and Aagaard (1992)
for ON-1 and ON-5, respectively. Hutcheon (1990)
reported that pressure in the Venture Field increases
rapidly from approximately 40 MPa just above the
over-pressured zone to about 80 MPa within it. Con-
sequently, calculations were done for sample VF-4 at
both pressures (Figure 3). Analyses of fluids from drill
stem tests in the Venture Field indicate that the total
salinity (expressed as equivalent NaCl) is in the range
of 20 to 25 wt. %. At 80 MPa and 20 wt. % NaCl, the
position of the reaction-miscibility intersection sug-
gests a temperature for chlorite formation of approx-
imately 80°C (Figure 3), a value lower than the 140°C
present-day temperature reported for the depth of this
sample (Hutcheon, 1990).

These low calculated temperatures could result from
the fact that the position of the reaction-miscibility
intersection is sensitive to the thermodynamic prop-
erties of chlorite, the activity-composition model used
for individual chlorite compositions, the calculation of
aCoO, from fCO,, and the fluid salinity. All these fac-
tors probably introduce substantial errors and may ren-
der this method too sensitive for practical application
as a geothermometer. However, the calculations show
that clay-carbonate reactions are realistic sources of
CO,, during the course of burial diagenesis.

Alternatively, the low temperatures calculated using
the above method may reflect the time required during
diagenesis for individual chlorite grains to grow to a
size suitable for probe analysis. Based on TEM analyses
and crystal growth calculations, Jahren (1991) sug-
gested that individual chlorite grains may grow over a
temperature range of 50°C or more during progressive
burial. This suggestion is consistent with the buffering
of the CO, concentration in the fluid by clay-carbonate
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Figure 3. Temperature vs XCO, plots showing the position of the kaolinite + dolomite < chlorite + calcite + CO, reaction
curves (Eq. 27 in text), as well as the position of the H,O-CO, miscibility surfaces, which separate the one-phase liquid region
(L) from the two-phase liquid plus vapor region (L + V), for three different salinities. The reaction curves delimit the stability
fields of kaolinite + dolomite below them, and chlorite + calcite + CO, above them (the reaction takes place to the left of,
or on, the appropriate miscibility curve, i.e., in contact with a liquid phase). The diagrams on the left are for chlorite analyses
ON-1 (top) and ON-5 (bottom), whereas the diagrams on the right are both for sample VF-4 of Table 2. Pore-fluid pressure
used for the calculations are 40 MPa for ON-1, 42 MPa for ON-5, and both 40 and 80 MPa for VF-4. The position of the

reaction-miscibility intersections are shown for various salinities (0, 6 and 20 wt. % equivalent NaCl).

reactions. Indeed, with each increment of reaction as
temperature increases during burial, a new, higher CO,
concentration will be established. At each stage of buri-
al only a small amount of chlorite will grow. It is pos-
sible, therefore, that the composition of chlorite grains
varies during growth and that compositions obtained
by electron microprobe are averages of many fine zones.
These zones may reflect the buffering process that took
place during the progress of clay-carbonate reactions
as burial depth increased.

To examine the consequences of buffering CO, in
this way, the procedure outlined above was applied to
the calculation, using a forward modeling approach, of
the path of chlorite-carbonate equilibria with varying
temperature, pressure and salinity. To account for the
range of physical conditions in most sedimentary ba-
sins, temperature-pressure trajectories were used based
on a low geotherm (20°C/km) and a high geotherm
(30°C/km), with pressure gradients ranging from hy-
drostatic (10 MPa/km) to lithostatic (22 MPa/km). Sa-
linities in the range O to 20 wt. % NaCl were also used
in this exercise. - '

Analyses of chlorites and carbonates from the Ven-
ture Field (Hutcheon, 1990) were used for purposes of
these calculations. One of the chosen samples is from
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well B-13 at 4951 m depth, corresponding to a mea-
sured temperature (corrected from drilling data) of ap-
proximately 138°C; and a second sample is from well
J-16 at 5168 m depth, corresponding to a measured
(corrected) temperature of approximately 142°C. The
activity of the thermodynamic components daphnite
and clinochlore as end-members in chlorite, and of
FeCO, and CaCQ:; in siderite (J-16) and calcite (B-13),
respectively, were considered to be equal to the mole
fractions, as detailed earlier.

Calculations for the range of chlorite compositions
in Table 2 show that the daphnite reaction (Eq. 28)
does not intersect the CO, miscibility surface for any
of the chlorite compositions at any temperature and
pressure (using 20°C/km or 30°C/km geotherms and
hydrostatic or lithostatic pressure gradients). This
probably reflects the uncertainty in the free energy data
for daphnite. However, the clinochlore reaction (Eq.
27) intersects the miscibility surface for all ranges of
temperature, pressure and salinity. Calculations for the
sample from well J-16 are presented in detail here (Fig-
ure 4). The calculated position of the intersections (Fig-
ure 4) shows that the clay-carbonate reaction intersects
the miscibility surface at lower temperatures as salinity
increases and/or pressure decreases. This reflects the
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Figure 4. Same diagram as in Figure 3, except that here the evolution along indicated temperature and pressure gradients
is illustrated, rather than a static situation as in Figure 3. Chlorite composition used here is from well J-16 (5168 m depth)
in the Venture Field (Hutcheon, 1990). Note that the temperature corresponding to the reaction-miscibility intersection
decreases as salinity increases, increases as the pressure gradient increases (compare top and bottom figure on each side), and

decreases as the geotherm increases (compare top left and right, or bottom left and right figures).

increase in CO, solubility in the liquid phase as salinity
decreases and pressure increases. The effect of variation
in chlorite composition on the position of the reaction-
miscibility intersection is minor, suggesting that the
composition of chlorite, at least in terms of the activity
of daphnite and clinochlore end-members, is not an
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Figure 5. Data from the Texas Guif Coast (solid circles)
given in Smith and Ehrenberg (1989) plotted in a log pCO,
versus temperature diagram. The lines tie together the inter-
sections between the chlorite-carbonate reaction (Eq. 27) and
the H,0-CO, miscibility surface for three different values of
pore-fluid salinities, as indicated in wt. % equivalent NaCl.
The general agreement in slope and absolute values between
the data points and the modeling curves suggests that the
chlorite-carbonate reaction considered may in part control
pCO, in sedimentary basins.
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effective temperature indicator when used with the CO,
miscibility surface geothermometry method. Greater
temperature variations would probably be observed by
considering the possible errors in the free energy of the
end-members or by selecting alternative methods of
calculating the activity-composition relationship of end-
member components than can be introduced by chang-
ing the compositions themselves.

Hutcheon (1990) suggested that the trend of rela-
tively linear log pCO, values as a function of temper-
ature, reported for the North Sea and Texas Gulf Coast
by Smith and Ehrenberg (1989) may result from the
intersection of clay-carbonate reactions with the CO,
miscibility surface as pressure and temperature in-
crease during burial. The calculation method outlined
above offers a test of this suggestion. Data from the
Texas Gulf Coast (Smith and Ehrenberg, 1989) are
plotted in a log pCO, versus temperature diagram (Fig-
ure 5), and so are lines showing the position of inter-
sections between the reaction of Eq. 27 and the CO,
miscibility surface as calculated for VF-4, using hy-
drostatic and lithostatic pressure gradients and geo-
therms of 20 and 30°C/km. The traces of the intersec-
tions define a set of three nearly straight lines in log
pCO,-temperature space, one for each of the three sa-
linity values used (0, 6 and 20 wt. % NaCl). In general,
the position of the intersection points is relatively in-
sensitive to chlorite composition, at least in the range
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Table 3. Comparison of coexisting assemblages and geothermometer results.

Sample WB-1 ON-1 ON-5 VF-4 $8-2 $§-12 LA-1 LA-9 BO-1
Fe/(Fe + Mg) 0.49 0.74 0.84 0.79 0.63 0.44 0.24 0.37 0.85
ALY 0.50 0.93 1.27 1.29 1.01 1.20 0.59 1.09 1.35

Coexisting assemblages'
PI-Px-14A Qtz-sChl- Qtz-Ill-  Qtz-Ab- Qtz-Ser-  Qtz-Ms- Qtz-lll- Qtz-Ill- Qtz-NlI-
Chl after Kin Kin-Chl 1lI-?Ank- Kfs-Ank- Ank-Cal- Ab-Cal- Hem-Chl Kfs-Chl
Ol Kin-Chl  Cal-Dol- Ab-PI-Ill- Py-Chl
111/Sm-Pl- Py-Chl
Hem-Chl
Temperatures °C)?
“Actual” T 25 110 155 140 190 322 130 310 290
C88 99 238 347 353 263 323 128 289 373
KM87 107 171 215 214 172 177 98 161 224
J91 106 251 363 368 273 327 127 290 389
w86 36 146 252 254 171 263 78 213 303
H90 — 80 80 80 - — - — -

! Rock-forming minerals: Ab, albite; Ank, ankerite; Cal, calcite; Chl, chlorite; Dol, dolomite; Hem, hematite; 111, illite; 111/
Sm, interstratified illite/smectite; Kfs, K-feldspar; Kln, kaolinite; Ms, muscovite; Ol, olivine; Pl, plagioclase; Px, pyroxene;
Py, pyrite; Qtz, quartz; sChl, swelling chlorite; Ser, sericite; see Table 2 for references.

2 Geothermometers used: C88, Cathelineau (1988); KM87, Kranidiotis and MacLean (1987); J91, Jowett (1991), strictly
speaking only applicable to chlorites with Fe/(Fe + Mg) < 0.6; W86, Walshe (1986); and H90, Hutcheon (1990) (see Table

2 for data source).

of chlorite compositions encountered in the Venture
Field (Hutcheon, 1990).

The calculations done here (Figure 5) are based on
the assumption that the proportion of clinochlore in
chlorite is not a function of temperature. In natural
settings spanning a more complete temperature-pres-
sure spectrum, chlorites are expected to exhibit a great-
er compositional variation than shown in the Venture
Field. The general tendency for chlorites to be more
iron-rich at low temperature and to increase in Mg-
content with increasing temperature requires that the
intersection points be defined by chlorites that are in-
creasingly magnesian as temperature rises during buri-
al. The increase in Mg-content with temperature would
increase the activity of the clinochlore end-member,
thus decreasing the stability field of chlorite and caus-
ing the intersection points to shift to relatively higher
temperatures as temperature increases during chlorite
growth as burial proceeds. This effect of changing chlo-
rite composition during burial would affect the slope
of the lines in Figure 5 so that they cannot be linearly
extrapolated over a wide temperature range but rather
should display a curved shape (decreasing slope as tem-
perature increases).

Other clay-carbonate reactions can be considered in
order to explain the observed pCO,-temperature trends,
and Smith and Ehrenberg (1989) suggested that illite,
K-feldspar and kaolinite, among other silicates, may
react with calcite to produce the trends observed in the
Gulf Coast and in the North Sea. It is possible that
explicit calculation of the intersection of these reactions
with the miscibility surface will provide a better cor-
respondence between observed and calculated pCO,
values. Hutcheon et al. (1993) have evaluated the pH

https://doi.org/10.1346/CCMN.1993.0410210 Published online by Cambridge University Press

buffer capacity of various silicate and aqueous species,
and concluded that silicate-carbonate assemblages are
capable of mediating pH, and thus pCQO,, in a burial
diagenetic assemblage.

DISCUSSION: COMPARISON OF
CHLORITE GEOTHERMOMETERS

Presently, structural chlorite geothermometry (poly-
type geothermometry) is largely qualitative and poorly
understood. This is reflected by the fact that the Ib (3
= 90°) to II) transition temperature appears to fluctuate
from 50°C (Walker, 1989) to 200°C (Hayes, 1970).
Weaver et al. (1984) even suggested that polytype Ia
could persist to temperatures of the order of 300°C.
The polytype transition in chlorite appears to also de-
pend on factors other than temperature (e.g., grain size
of the hosting medium, pressure, time, etc.) that need
to be systematically investigated. For these reasons,
and because chlorite polytype is still rarely reported in
the literature, the remainder of the present discussion
will focus on the composition (chemical) chlorite
geothermometers.

In order to illustrate the effects of bulk rock com-
position and formation temperature on chlorite com-
position, analyses of chlorites from the regolith, sedi-
mentary basins, and geothermal fields have been
selected for which temperature, pressure, and/or depth
information was available (Tables 2 and 3). These
selected chlorites (Table 2) are from: 1) a surficial
weathering profile (WB), New South Wales (Tertiary,
basalt; Eggleton et al., 1987, R. A. Eggleton, personal
communication); 2) offshore Norway (ON), North Sea
Basin (Jurassic, feldspathic sandstones; see Jahren and
Aagaard, 1989 and 1992); 3) the Venture Field (VF),
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Figure 6. Comparison of performance of various chlorite geothermometers in terms of calculated temperature plotted against
measured temperature of chlorite formation. See text for detailed discussion. Geothermometers: C88, Cathelineau (1988);
KM87, Kranidiotis and MacLean (1987); J91, Jowett (1991); W86, Walshe (1986); and H90, Hutcheon (1990).

Scotian Shelf (Lower Cretaceous, quartzose to feld-
spathic sandstones; see Hutcheon, 1990); 4) the Salton
Sea geothermal field (SS), California (hydrothermally
altered recent feldspathic sandstones and feldspathic
argillaceous sandstones: McDowell and Elders, 1980);
5) the Los Azufres geothermal field (LA), Mexico ¢hy-
drothermally altered recent andesites: see Cathelineau
and Nieva, 1985; Cathelineau, 1988; and Cathelineau
and Izquierdo, 1988); and 6) the Broadlands-Ohaaki
geothermal field (BO), New Zealand (hydrothermally
altered Quaternary quartzitic volcanic rocks and sed-
imentary rocks: see Lonker et al., 1990). The chlorites
selected for this comparison cover a broad range of
compositions, coexist with a variety of mineral assem-
blages, and formed at temperatures ranging from 25°
to 322°C.

The various compositional chlorite geothermome-
ters discussed in this paper were applied to this selec-
tion of chlorite analyses. Results are shown in Table 3
and illustrated in Figure 6. In the following discussion,
it will be assumed that the formation temperatures
reported in the various studies from which the chlorite
analyses were taken are correct. In most cases, present-
day temperatures at the level of sampling are assumed
1o be representative of those under which chlorite grew
or re-equilibrated. The study of Velde and Medhioub
(1988) shows indeed that sedimentary chlorites are
likely to continuously re-equilibrate under conditions
of progressive burial.
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Intersections of clay-carbonate reactions, within the
one-phase liquid region, with the CO,-H,O miscibility
surface are only possible if the fluid is not boiling (i.e.,
in sedimentary basins). Because the water in most geo-
thermal systems is at, or near, boiling the calculation
of clay-carbonate intersections with the miscibility sur-
face is not feasible, and temperature estimates of chlo-
rite formation in these settings is not possible using
this method.

Both the Walshe (1986) and Hutcheon (1990) geo-
thermometry methods use thermodynamic approach-
es; therefore, they should, in theory, yield similar es-
timates of the temperature of chlorite formation.
Discrepancies existing between these two methods are
likely to arise from the fact that slightly different ther-
modynamic properties were used and, more impor-
tantly, from different methods of estimating the activ-
ity-composition relationships. The empirical methods
of Cathelineau (1988) and others, however, are not
based on any thermodynamic foundation and are,
therefore, not expected, in principle, to yield results
similar to the two thermodynamic approaches. The
empirical geothermometers rely on the variation in Si'V
(or A1) with temperature. This value may be sensitive
to changes in the activity of SiO, (or Al,O,) imposed
by coexisting minerals via changes in activity of species
dissolved in the fluid phase.

Figure 6 suggests that none of the available geo-
thermometers satisfactorily predicts the formation


https://doi.org/10.1346/CCMN.1993.0410210

234

temperature of chlorite over the range of composition
and bulk rock mineralogy considered. Some calcula-
tions, especially near the mid-range temperatures (100°-
200°C), overestimate the chlorite formation tempera-
tures by up to 230°C, obviously an unsatisfactory re-
sult. In the high temperature range (>200°C), some of
the geothermometers grossly underestimate the tem-
perature of chlorite formation by up to 150°C.

The Si'V content (or the related Al'Y content) of chlo-
rite does not correlate well with formation temperature
for the whole set of analyses considered here (Figure
7). This is an important point, because some empirical
geothermometers directly link AI'Y (where Al is taken
to be equivalent to 4-Si') to formation temperature
(Cathelineau and Nieva, 1985; Cathelineau, 1988). The
Cathelineau (1988) function overestimates chlorite for-
mation temperatures by 75°-215°C for samples that
were not used for its calibration. The seemingly good
results of the Cathelineau (1988) (and the Jowett, 1991)
geothermometer for the LA and SS samples should be
considered keeping in mind that this function was cal-
ibrated with data from Los Azufres and Salton Sea.

Overall, the geothermometers based on the Catheli-
neau approach, that incorporate a correction for Fe/
(Fe + Mg), do not perform much better than the orig-
inal function. Particularly, the Jowett (1991) equation
yields results very similar to the Cathelineau (1988)
method (Figure 6), especially within the window of Fe/
(Fe + Mg) values recommended by the author [Fe/(Fe
+ Mg) < 0.6; Jowett, 1991]. In fact, the Jowett (1991)
correction tends to overestimate chlorite formation
temperature even more than the original Cathelineau
(1988) method for the selected chlorites.

In comparison, the function of Kranidiotis and
MacLean (1987) yields calculated temperatures which
may be either greater than or less than measured tem-
peratures (Figure 6). The absolute differences between
measured and these calculated temperatures vary be-
tween 20° and 150°C. Although high, these differences
are smaller overall than the differences given by the
functions of Cathelineau (1988) and Jowett (1991). For
the ON, SS-2 and VF-4 samples, particularly, the
Kranidiotis and MacLean (1987) modified Al'V-7 em-
piricism does yield significantly better results than the
original function (Cathelineau, 1988, after Cathelineau
and Nieva, 1985) or its modification by Jowett (1991).

Agreement between temperatures of chlorite for-
mation calculated using the Walshe (1986) method-
ology and measured temperatures varies between 15°
and 115°C (absolute values of the differences) and is
better than 40°C in four of the nine examples consid-
ered in Table 3 and Figure 6. This constitutes an im-
provement on the results of similar comparisons made
above for the empirical functions suggested by Krani-
diotis and MacLean (1987), Cathelineau (1988), and
Jowett (1991). However, the cases where the discrep-
ancies are larger can be used to point to the source(s)
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Figure 7. Si'V vs temperature plot for the selected chlorites
discussed here. Note that the very poor overall correlation is
distinctly improved when chiorites of similar Al-content (in
terms of “Al-chlorite” end-member proportion) are grouped
together. The ““Al-chlorite” end-member proportion of a chlo-
rite, as defined in the text, depends on total Al, as well as on
Fe and Mg content, and thus is not completely independent
of Si'¥ content. However, the choice of grouping chlorites by
“Al-chlorite” end-member proportion here is to permit com-
parison with Figure 2 and thus illustrate the bulk rock com-
position/mineralogy effect on chlorite composition.

of the problem(s) currently existing with this approach.
The calculated temperatures of formation of chlorite
coexisting with quartz, illite and kaolinite in samples
ON-5 and VF-4 are 100° and 115°C greater, respec-
tively, than the measured temperature. In contrast, the
calculated temperatures of formation of chlorite co-
existing with quartz and illite in samples SS-12 and
LA-9 are 60° and 100°C less, respectively, than the
measured temperature. Overall the results of the tests
given in Table 3, together with the results of other,
unpublished studies (Walshe, unpublished data) sug-
gest that the Walshe geothermometer works best within
a rather narrow range of aAl*+/(aH+)? fluid compo-
sitions. At temperatures around 300°~350°C, this range
of aAlP+/(aH*)* fluid compositions lies between the
quartz-pyrophyllite buffer and the K-feldspar-musco-
vite buffer, but does not include the latter buffer. At
temperatures around 25°-150°C, the range of aAl*+/
(aH™)? fluid compositions lies well above the K-feld-
spar-muscovite buffer. For aAl*+/(aH™*)? values above
the range, the calculated temperatures are too low, and
conversely for aAl**/(aH+)* values below the range,
the calculated temperatures are too high. The difficul-
ties are an artifact of the activity-composition relations
used in the thermodynamic modeling. The idealized
activity-composition relations predict minimal com-
positional changes with respect to changes in the vari-
ables aMg?+/(aH™ )?, aFe?*/(aH*)? and aAl>*/(aH+)?,
and consequently overestimate the variation of com-
position with temperature (Walshe and Harrold, in
prep.).


https://doi.org/10.1346/CCMN.1993.0410210

Vol. 41, No. 2, 1993

6-1 T L T v
®
6.0 | S
% ¥
59 © .
2 1
58 B
5.7} o Cj’o..o'v ]
e, K Thp T ]
e
56 LZ 1 1 1
) 100 200 300 400

Temperature (°C)

Figure 8. ZV' vs temperature plot for the selected chlorites
discussed here. Despite the fact that the correlation coefficient
(r?) of the regression shown is 0.89, preliminary tests indicate
that this regression does not have a universal applicability.

The method using intersections between clay-car-
bonate reactions and CO,-H,O miscibility surfaces
(Hutcheon, 1990) applied to chlorites from sedimen-
tary basins (samples ON-1, ON-5 and VF-4) yields
calculated temperatures of 80°C in all three cases, when
appropriate pressure and salinity values are used. These
temperatures are lower than present-day formation
temperatures at the sampled levels, by a value between
30° and 75°C. The discrepancy may reflect initial for-
mation of chlorite at a relatively low temperature and
subsequent growth at progressively higher tempera-
tures. Thus, the resulting chlorite composition would
reflect an “average™ of the temperature range under
which the chlorite precipitated and grew.

It is interesting to notice that, if the data points in
Figure 7 are grouped by “Al-chlorite” content, there
are three distinct, almost linear, dependencies of Si'V
on temperature. (Note that “Al-chlorite” content de-
pends on total aluminum content, and not only on Al'Y,
which is of course related to Si'V.) The data set used
to construct this figure is far too limited to draw any
conclusions in terms of new geothermometers, but it
appears that, if the “Al-chlorite” mole fraction of a
precipitating chlorite is a function of the coexisting
mineral phases (bulk rock mineralogy/composition
control; see Figure 2), we may expect Si'V to be a dif-
ferent function of temperature in rocks of different
mineralogy. Chlorites with the lowest “Al-chlorite”
proportions (<0.20) are from samples WB-1, LA-1 and
LA-9 and formed within relatively basic rocks (basalt,
andesite). From the analogy made above between bi-
otite and chlorite, relatively low “Al-chlorite” propor-
tions are expected for these samples, even if temper-
ature does influence the Al content of chlorite. Chlorites
with intermediate “Al-chlorite” proportions (0.20-0.24)
are from samples ON-1, S§S-2 and SS-12. These sam-
ples are from feldspathic sandstones, which are more
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acidic rock types than basalt or andesite. Chlorites with
highest ““Al-chlorite” proportions (>0.24) are from
samples VF-4, ON-5 and BO-1. The first two samples
contain kaolinite (as does sample ON-1), indicating
even more acidic bulk rock composition. Sample VF-4
is a quartzose sandstone (Hutcheon, 1990). The third
sample, despite containing 0.25 mole proportion of
“Al-chlorite,” does not coexist with kaolinite, but ap-
parently is found is a very quartzose (acidic) volcanic
rock sequence (Lonker et al., 1990).

Figure 8 shows that a relatively good positive cor-
relation exists between XV! and temperature for the
suite of samples considered here. The calculated re-
gression line has a correlation coefficient (r?) of 0.89,
which is surprisingly good considering the poor overall
Si'V-T correlation. Whether ZV! can be used as a better
and more general temperature indicator than Si'V, since
it seems to be applicable across a wider range of con-
ditions, is cautioned on the grounds that the calculated
regression function from Figure 8 does not necessarily
apply satisfactorily to other chlorite composition/tem-
perature data points from the literature. Also, this cal-
culated function, modified to be expressed in terms of
octahedral vacancy rather than occupancy, is different
than the one found by Cathelineau and Nieva (1985,
Figure 10). Therefore, we do not suggest that V! can
be used alone as a temperature indicator, despite what
comparison of Figures 7 and 8 might at first indicate.
The good correlation shown in Figure 8 should be con-
sidered as fortuitous at this stage, and, although an
increase in ZV' is generally expected with increasing
temperature, this increase may or may not be linear
and is likely to be represented by different functions
for different bulk rock compositions.

At intermediate temperatures (100°-200°C), some
geothermometers seem to display a positive depen-
dency upon Al-content of chlorites (Figure 6). Because
Al-content of chlorite is not likely to be a sole function
of temperature and will likely also depend, for instance,
on coexisting mineral assemblage, no single relation-
ship between Al and temperature should be applied
widely. Using the “Al-chlorite” mole proportion as a
measure of the Al-content of chlorite minerals has the
advantage of considering all Alin the chlorite structure,
i.e., both tetrahedral and octahedral Al. From Figure
6, it can be seen that samples ON-1, VF-4 and ON-5,
which all have “Al-chlorite” mole proportions in ex-
cess of 0.24, yield extremely overestimated calculated
temperatures when the Cathelineau (1988) or Jowett
(1991) geothermometers are applied. Interestingly, these
three samples are the only ones from the selection that
contain kaolinite (Table 3), a very aluminous mineral,
in the bulk rock mineral assemblage. It should be noted
that these samples also have high Fe/(Fe + Mg) values
(>0.74). Therefore, the Kranidiotis and MacLean
(1987) geothermometer, which has the effect of reduc-
ing the calculated temperature as Fe/(Fe + Mg) in-
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"Fe-chlorite” "Mg-chlorite”
Figure 9. “Al-chlorite,” “Fe-chlorite,” “Mg-chlorite” ter-

nary diagram constructed as shown in Figure 1, using the end-
member proportions calculated in Table 2. All chlorite anal-
yses selected here plot within a broad, near-linear band, but
the temperature distribution does not indicate a simple re-
lationship between chlorite composition and temperature of
formation over the wide range of conditions presented here.

creases compared to the Cathelineau (1988) function,
yields more reasonable temperature estimates in these
cases. The high formation temperature of chlorite BO-
1, which has a high ““Al-chlorite” mole proportion and
a high Fe/(Fe + Mg) value, is overestimated by the
Cathelineau (1988) and Joweit (1991) functions, and
underestimated by the Kranidiotis and MacLean (1987)
geothermometer. For samples with lower ¢ Al-chlorite™
mole proportions and Fe/(Fe + Mg) values, such as
LA-9 and SS-12, the Kranidiotis and MacLean (1987)
geothermometer largely underestimates the tempera-
ture of chlorite formation, whereas the Cathelineau
(1988) and Jowett (1991) functions yield reasonable
but meaningless results as they were calibrated partly
with these samples.

The composition of the selected chlorites was plotted
on an “Al-chlorite,” “Fe-chlorite,” “Mg-chlorite” ter~
nary diagram (Figure 9) constructed from the tetra-
hedron of Figure 1. There appears to be a single broad,
near-linear band within which all the selected chlorites
plot. However, when the temperatures of formation of
these chlorites are considered, it is obvious that this
trend does not reflect solely a temperature effect. Again,
this illustration suggests that the chiorite composition-
temperature dependency is very poor for chlorites taken
from a variety of settings. The analysis from the weath-
ered basalt, presumably reflecting the composition of
a chlorite formed at very low temperature (=25°C)
from a mafic rock (see Eggleton ef al., 1987), is adjacent
in this diagram to the chlorite with the highest for-
mation temperature (322°C) which formed by hydro-
thermal alteration of a feldspathic sandstone.
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CONCLUSIONS

Attempts to extract temperature information from
chlorite has concentrated on two fronts: the structure
and the composition of the mineral. Chlorite polytype
geothermometry, as it presently stands, is largely qual-
itative and lacks in-depth investigation of the processes
controlling polytype transition. Compositional geo-
thermometry has received much more attention, and
several methods of estimating temperature of chlorite
formation from chlorite composition have been pro-
posed. The simplest form of chlorite geothermometry
consists in calibrating a particular, quantifiable aspect
of chlorite composition (e.g., Al'Y) with temperature,
in a given area where good control exists over tem-
perature and other variables (Cathelineau and Nieva,
1985; Cathelineau, 1988). If this method and the re-
sulting empirical calibration are used to determine
temperatures in chlorites from similar settings (bulk
rock composition, fO,, etc.), satisfactory results may
be obtained (Bevins ef al, 1991). This empirical ap-
proach has two important advantages: 1) It takes into
account, although not explicitly, the compositional ef-
fects of a multitude of thermodynamic variables that
do not need to be measured, assuming one can be
satisfied that physicochemical conditions of chlorite
growth are/were similar to those where the calibration
was undertaken; and 2) it is simple to apply, since it
generally has the form of a linear function. However,
this review shows that these empirical functions appear
1o be very sensitive to parameters other than temper-
ature (e.g., coexisting mineral assemblage), and their
use should not be extrapolated outside the calibration
area/conditions without careful evaluation of the im-
pact these parameters may have upon chlorite com-
position.

As an attempt to account for some aspects of bulk
rock composition, several authors have suggested
modifications of the empirical geothermometer (Kra-
nidiotis and MacLean, 1987; Jowett, 1991) by which
the Fe/(Fe + Mg) value of chlorite, which is directly
proportional to that ratio in the bulk rock, is used to
correct the Al"™V-T dependency. These modified em-
pirical relationships do not, however, appear to be of
much wider applicability, as they predict unreasonably
high or low temperatures in some of the tested cases.

A different approach was taken by Walshe (1986),
whereby the thermodynamic properties of chlorite
components were considered in an internally consis-
tent, six-component solid solution model. In this mod-
el, the activities of the six chlorite components are
calculated from chlorite composition. Assuming the
presence of quartz, these activities are then used to
derive six unknowns about the physicochemical con-
ditions of chlorite formation: T, aH,SiO., aAl**/(aH+)?,
aR**/(aH*)?, aH,0 and fO,. This approach is very
sensitive to the robustness of the activity-composition


https://doi.org/10.1346/CCMN.1993.0410210

Vol. 41, No. 2, 1993

relations that are used, and application to a selection
of chlorite analyses shows that, despite being some-
times out by up to 100°C, it yields temperatures that
are the most consistent with measured temperatures,
compared with the empirical geothermometers. Work
is currently under way to try to incorporate bulk rock
compositional effects and gAIP**/(aH*)* conditions
within this geothermometer (Walshe and Harrold, in
prep.).

Hutcheon (1990) presented a chlorite geothermom-
eter that relies on the reaction between a carbonate and
kaolinite to form chlorite and CO,. The intersection
between the mineral reaction, calculated using the ap-
propriate activities of Fe- and Mg-members for the
carbonate and chlorite phases, and the CO,-H,O mis-
cibility surface on a temperature vs pCO, diagram in-
dicates the temperature at which the reaction took place
and, hence, at which chlorite is assumed to have formed
or started to form. This method requires that the com-
position of chlorite and the carbonate phase be known
and that the fluid not be at, or near, boiling. Prelimi-
nary results using this geothermometer under forward
modeling conditions indicate that calculated temper-
ature is mostly independent of pressure for cases be-
tween the hydrostatic and lithostatic pressure gradients
but is rather sensitive to porewater salinity. Because
the clay-carbonate chlorite geothermometer of Hutch-
eon (1990) requires that the fluid be at, or near, satu-
ration pressure with respect to CO,, this method cannot
be used to determine paleotemperatures of chlorite for-
mation in geothermal/hydrothermal systems, but is
potentially useful for studies of sedimentary and meta-
morphic chlorites.

The comparison of the various chlorite geother-
mometers published in the literature indicates that no
single geothermometer performs satisfactorily over a
wide range of Al-content, Fe/(Fe + Mg) values, co-
existing mineral assemblages, and temperatures. The
composition of selected chlorite analyses, together with
consideration of stoichiometric observations in biotite
minerals, strongly suggests that chlorite composition
will not only depend upon temperature but also upon
the nature of the coexisting mineral assemblage, or bulk
rock composition/mineralogy. This conclusion, reached
by few other geothermometry studies (e.g., Velde and
Medhioub, 1988), should be stressed, and leads to a
cautionary remark to using chlorite geothermometer
as a sole method of estimating paleotemperatures, par-
ticularly where the effects of bulk rock composition
and other thermodynamic parameters upon chlorite
composition cannot be precisely evaluated.
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