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APPLYING X-RAY GEOTHERMOMETER DIFFRACTION TO A CHLORITE
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Abstract—A new method is proposed for applying the chlorite geothermometer using X-ray diffraction
(XRD) data. A linear correlation has been found between the (001) basal spacing of chlorite and its
“crystallization” temperature. The basal spacing values were corrected for an increase of Al(IV) with Fe
enrichment (Fe/Fe + Mg), when the Fe(II) value of chlorite is > 2.6 in the formnla unit. The regression
coefficient of the best fit is r = 0.95. Only 2 Bragg lines need to be measured for application of the
proposed technique: the (001) and (060) X-ray spacing. The proposed method is applied to 19 chlorite
samples from 4 different geothermal fields. The temperatures of chlorite formation obtained with the
present method and those calculated by the expressions formulated by Cathelineau (1988) and Kranidiotis
and MacLean (1987) are presented. The method’s validity was also tested on geothermal chlorites from
the literature, and the results show good agreement with previous experimental trials.
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INTRODUCTION

Chlorite minerals are a principal component of a
great variety of rocks, including sedimentary, low-
grade metamorphic and hydrothermally altered rocks.
By virtue of the wide variability in its composition,
chlorite can act as a record of the chemical and phys-
ical variations occurring during its formation. Thus, by
characterizing the chemical transformation of chlorite
we can study the genesis, metamorphism and hydro-
thermal alteration of ore deposits. A number of works
have noted a systematic decrease in the Si content (IV)
and increase in AI(IV) of chlorites with increasing
depth in diagenetic and geothermal systems (McDow-
ell and Elders 1980; Jahren and Aagaard 1989). In
particular, Cathelineau and Nieva (1985) and Catheli-
neau (1988) have found that such changes in makeup
result from a progressive increase in the temperature
of chlorite formation, with a positive correlation be-
tween AI(IV) content and temperature.

Chemical analyses of chlorites of varying compo-
sition and origin have also shown that, together with
the increase in AI(IV) in tetrahedral sites, there is an
increase in divalent cations, especially Fe and Mg.
Consequently, several authors have suggested that a
correction should be applied to the increment in
Al(IV) with Fe/(Fe + Mg) (Kranidiotis and MacLean
1987). Such methods would require recourse to sys-
tematic analysis of the clay minerals performed by
means of an expensive and time-consuming process
using automatic electron microprobe equipment.

Another important find is that the transition of
smectite into chlorite is one of the most important
processes in low-grade metamorphism of mafic rocks
and active geothermal systems, where chlorite min-
erals are frequently present (Helmold and Van de
Kamp 1984; Inoue et al. 1984; Alt et al. 1986; Laird
1988; Reynolds 1988). By using high-resolution eiec-

Copyright © 1999, The Clay Minerals Society

https://doi.org/10.1346/CCMN.1999.0470106 Published online by Cambridge University Press

54

tron microscopy, some researchers (Roberson 1989;
Shau et al. 1990) have shown that in the presence of
this transition, mixtures of 2, or even 3 phases (smec-
tite, chlorite and corrensite) can develop. These phas-
es are formed as thin crystallites (Bettison-Varga and
MacKinnon 1989; Shau et al. 1990) on a scale of
hundreds of angstroms. In such situations the prob-
lem of chlorite purity is critical, and the resolution of
an electron microprobe, the most commonly used an-
alytical instrument, does not allow for direct deter-
mination of the purity of the chlorite under obser-
vation (Schiffman and Fridleifsson 1991). Only by
recalculating the structural formula of phyllosilicate
composition, using the method proposed by Bettison
and Schiffman (1988), is it possible to achieve a cor-
rect estimation of the chlorite percentage present in
the sample.

Given the above limitations and the fact that any
study of clay minerals almost inevitably requires pre-
liminary XRD tests, this paper proposes an analytical
relation observable between the formation temperature
of chlorite and its basal spacing, as estimated by the
position of the (001) Bragg line. When the Fe value
in the chlorite structural formula is >2.6, this basal
spacing is then corrected for Fe and Mg occupancy in
the chlorites under exam. In order to test the validity
of the proposed equation, we analyzed samples origi-
nating from various geothermal fields. The data re-
quired to obtain the temperature values through the
proposed relation can be provided by an XRD appa-
ratus alone. The temperature values thus obtained were
then compared to those yielded by the relation for-
mulated by Cathelineau (1988) and Kranidiotis and
MacLean (1987). In order to test the applicability of
the method on a wider statistical basis, we also ex-
amined data from the literature on chlorites of geo-
thermal origin.
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THEORY

For trioctahedral chlorites, increasing the substitu-
tion of Al for Si in the tetrahedral sites decreases the
thickness of the layer. The basal spacing depends on
the dimensions of the talc-brucite layers. Thus, X-ray
basal spacing methods can be utilized to estimate the
Al content in the tetrahedral sites (Bailey 1972). More
specifically, this spacing varies with the amount of
AI(IV), according to the equation:

dMy, = 145 A — 031 x [1]

where the variable x = AI(IV) for 4.0 tetrahedral po-
sitions, and dM, is the measured value of the (001)
diffraction line (Nemecz 1981). Other authors have
proposed similar equations in which the constants may
assume different values for the Fe(IT) and Fe(III) chlo-
rite content, (see Kepezhinskas 1965). The occupancy
in the octahedral cation sites can be estimated for
trioctahedral chlorites by measuring the (060) spacing
(Von Engelhardt 1942; Shirozu 1958; Brindley 1961;
Kepezhinskas 1965; and Bailey 1972) and using, for
example, the equation from Shirozu (1958):

b=921A+0.037y (2]

where y = Fe(Il) is the number of ferrous ions in the
octahedral positions. This led to a search for a linear
relation between the chlorite-formation temperature
and the corresponding value of its basal spacing, cor-
rected in order to account for the Fe content d¢,,,. The
dy; value is related to the measured spacing d™, by
a straight line that can be expressed as:

dw = 145 A — 031 x' [3]

where x' = Al(IV) + ((Fe/Fe + Mg)K), and K is an
experimentally determined constant. The K constant
was assigned the value of 0.8, which corresponds to
the slope of the regression line of AI(IV) plotted
against Fe/(Fe + Mg). Indeed, in the examined chlo-
rites, there is an appreciable increase in A1(IV) content
with iron enrichment (Fe/Fe + Mg). The resulting
slope is very similar to the value reported by Krani-
diotis et al. (1987) using microprobe data. In particu-
lar, if the chlorite formula is taken to be:

(Mgé—x—yFeyHAlx)(SiA—.rAl.r)ORO(OH)B [4]
by substituting in Equation [3] the values of Fe and
Mg obtained from Equation [2] and the chlorite for-
mula [4], respectively, and evaluating the AI(IV) value
from Equation [1], we obtain the relationship:
déo; = dMy,, — (0.077y/(dMy, — 12.64)) [5]
GEOLOGICAL SETTING

The geological settings in the active geothermal
fields from which the samples were collected, are as
follows:
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1) Aluto-Langano (Ethiopia) is a high-temperature,
water-dominated geothermal system hosted in alkaline
basalt to rhyolite lavas and pyroclastics within the
Main Ethiopian Rift. The geology of the area has been
described in detail by Lloyd (1977) and Di Paola
(1972). The oldest outcropping rocks are found on the
main eastern rift escarpment and consist mainly of
coarsely porphyritic, strongly welded crystal ignim-
brite flows, with minor rhyolite and basalt intercala-
tions, commonly known as the ‘“Tertiary ignimbrite”
unit. Its thickness is about 700 m. This unit is overlain
by a fissural basaltic unit (called ‘“Bofa basalt’) with
a thickness of about 800—1000 m. In local outcrop-
pings the basalt is made up of an intersertal ground-
mass and phenocrystals of plagioclase, olivine, augite
and oxides. The “Bofa basalt’” units are covered by
lacustrine sediments (Pleistocene-Holocene) that are
predominantly fine-grained vitric tuffs, sandstones and
pumiceous rhyolitic gravels. Their maximum thickness
is 400 m. The Quaternary Aluto volcanic products
bhave radiometric ages ranging from 155,000 = 8000
(K/Ar method, Hulo-Seyno ignimbrite) to 2000 y (**C
method, Electroconsult 1986). A minimum age of
140,000 y has been suggested for the Aluto-Langano
geothermal system through modeling of time-variant
heat-transfer patterns (Hochstein et al. 1983). The or-
igin of the geothermal system could therefore be con-
temporaneous with the earliest eruptions of ash flow
tuffs, lithic breccias and pumice flow at Aluto. Eight
deep exploratory wells (called “LA1-8 wells’’) have
been drilled at Aluto. We examined samples from
wells LA3 and LAG6, drilled in a high-temperature part
of the system (upflow zone) and from LA4 and LA7
where outflow zones were encountered. The alteration
mineral assemblages found in the geothermal field of
Aluto-Langano indicate a complex evolution of water-
rock interaction processes. The zone of upflow is char-
acterized by the presence of a propylitic alteration (ep-
idote, calcite, quartz and chlorite, as major phases) co-
existing with calcite and clay minerals. The zone of
lateral outflow is characterized by the occurrence of
an argillic (calcite + clay minerals), marked by the
presence of smectite, illite—smectite mixed layers, illite
and minor amounts of mixed chlorite—smectite layers,
vermiculite, chloritic-intergrade and kaolinite (Gianelli
and Teklemariam 1993; Teklemariam et al. 1993; Tek-
lemariam et al. 1996).

2) Tendaho is an active geothermal field in the Afar
region (Ethiopia). The area of Tendaho corresponds to
a 50-km-wide rift with a NW-SE trending structure,
which can be considered the southern extension on
land of the Red Sea structure joining the Ethiopian rift.
The structural geology of the area has been reviewed
by Abbate et al. (1995). The lacustrine and alluvial
deposits, basalts of the Afar Series with associated
rhyolites, are the main rocks in this system. Four wells
have been drilled (TD1-4) in the area. For the purposes
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of the present study, core samples from wells TD1,
TD2 and TD3 were examined. Hydrothermal alteration
is widely present along sections of the drilled wells
and testifies to important processes of water-rock in-
teraction. Chemical-petrografic data on core samples
(altered basalts) show that calcite, wairakite, laumon-
tite, garnet, epidote, pyroxene, quartz and prehnite are
common non-clay hydrothermal minerals. The clay
minerals present are chlorite, vermiculite, smectite and
chlorite—smectite interlayers. Petrographic study
shows a) evidence of an early stage of calcite, zeolite
and quartz crystallization, while calcite underwent dif-
ferent stages of dissolution/precipitation, and b) that
epidote, garnet, prehnite, pyroxene and amphibole
crystallization occurred after wairakite or laumontite
(Aquater 1994a, 1994b). The hydrothermal activity is
indicated by silica deposition within NW to NNW sub-
vertical fractures cross-cutting the rift sediments. The
veins are made up of microcrystalline quartz with mi-
nor calcite, stilbite and smectite. Absolute dating using
the 2°Th/>**U method was performed on a quartz—cal-
cite vein and yielded an age of 12,000 = 5000 y (Ab-
bate et al. 1995).

3) The island of St. Lucia (Lesser Antilles) where
2 wells, SL-1 and SL-2, have been drilled in the Qual-
ibou caldera (Soufriére), contains a high-temperature
geothermal system. The magma body associated with
the formation of the caldera must be a major source
of heat contributing to the Sulphur Springs geothermal
area today. The K/Ar and '“C dates of this event range
from 32,000 to at least 39,000 y (Westercamp and
Tomblin 1980; Wohletz et al. 1986). The island of
Saint Lucia belongs to the Windward Islands in the
Lesser Antilles, and is located between Martinique and
St. Vincent. The island is made up almost exclusively
of volcanic products, ranging from basalts to andesites
and dacites, coming from various centers scattered
over a number of sites. The Soufriere area exhibits
surface thermal manifestations (Aspinall et al. 1976;
Wohletz et al. 1986) in the form of boiling acid-sul-
phate springs and fumaroles. The hydrothermal alter-
ation found in both the productive SL-2 well and the
nonproductive SL-1 is similar to that occurring in
many other geothermal systems in which the geother-
mal fluid reacts with andesitic and dacitic rocks (Stein-
er 1977). The mineral distribution with depth resem-
bles the argillic, phyllitic and propilitic alterations of
many porphyry copper deposits (Rose and Burt 1979),
with a) an inner, high-temperature potassic zone char-
acterized by the occurrence of dravitic tourmaline,
quartz and biotite, b) an outer propylitic alteration
zone that is partly superimposed on c) a potassic al-
teration zone (Battaglia et al. 1991). Four mineral
zones can be distinguished in the SL-2 well from
ground level to bottom-hole: i) kaolinite zone, ii)
mixed illite and smectite layer zone, iii) illite zone and
iv) epidote—actinolite zone. Chlorite is present from
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zone ii) to the bottom of the well. In the SL-1 well
the following hydrothermal alteration zoning was
found: a) a scarcely altered zone up to about 900 m,
b) a calcite—clay minerals zone and c) a chlorite—al-
bite—calcite-epidote zone.

4) The Monteverdi zone is sited on the western bor-
der of the Larderello geothermal field (Tuscany, Italy).
From a geological point of view, this area is consid-
ered to be a structural high of the metamorphic sub-
stratum. Because of tectonic denudation of the carbon-
atic-evaporitic sequence, which usually constitutes the
shallow geothermal reservoir in the Larderello field
(Baldi et al. 1995), the cap-rock of Neogenic and
Flysch units lies directly on the metamorphic forma-
tions. Among the various wells that have been drilled
in this zone, we have considered wells MV-2 and MV-
5. The mineralogy of the sample consists of chlorite,
muscovite and quartz, with minor amounts of titanite,
epidote and pyrite, for the core originating from the
MV-2 well, while the core composition from MV-5
consists of quartz, white mica and hematite with a ce-
ment of calcite, chlorite, dolomite and minor amounts
of anhydrite, albite and apatite (Gianelli and Bertini
1993). Baldi et al. (1995) state that ‘“The hydrothermal
mineral distribution with depth shows that the equilib-
rium temperature of the main minerals is in conformity
with the current temperatures (calcite, quartz, chlorite,
etc. up to 250 °C and epidote, K-feldspar, etc. over
250 °C). This, together with the dating of 60,000
10,000 y, obtained by 2*Th/>**U method on some sec-
ondary mineralizations, would indicate that Montever-
di hydrothermal system is very recent.”

For further information regarding the geological set-
ting, hydrothermal mineral zonations and thermal
structure of these geothermal fields, the reader is re-
ferred to the papers cited above.

MATERIALS

We investigated 19 samples obtained as cores from
drill holes located in the above-described geothermal
systems. Core slides of 2—4 cm were first broken into
pieces of less than 0.5 cm in diameter and then ground
in a micronizing mill to obtain powdered samples.

The coarsely crushed samples were then disaggre-
gated using ultrasonic vibration. Sedimentation in wa-
ter was carried out in order to effect separation of the
phyllosilicates from other mineralogical phases. The
2-um fraction was used to prepare oriented and ran-
dom mounts for XRD. Oriented specimens were ob-
tained by removing the 2-pm fraction with a pipette
and placing the suspensions on a glass slide. Duplicate
oriented tiles were examined for each sample: one was
air dried overnight and then analyzed; the other was
saturated with 1 M KCl, dried and analyzed to test for
the presence of vermiculite. The unoriented clay frac-
tions were prepared by packing the dried material in
hollow aluminum holders. In addition, thin polished
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sections were prepared from drill cores for chemical
analysis of authigenic chlorites through energy-disper-
sive microprobe analysis (EDS), for the samples com-
ing from St. Lucia geothermal area, and by means of
an automated electron microprobe in the wavelength
dispersive mode (WDS) for all other chlorite samples
examined.

ANALYTICAL METHODS

XRD analyses on basally and randomly oriented
samples were performed with a Philips diffractometer
using Cu-filtered Ni radiation at 40 kV and 25 mA,
under the following analytical conditions: basally ori-
ented slides were scanned between 2 and 33 °20, while
the randomly oriented samples were scanned between
58 and 65 °26 with a data resolution of 0.05 °26. A
step size of 0.005 °26 and a scan speed °26/s of 0.005
were employed for both sample series. Chemical an-
alyses of chlorite minerals were conducted by means
of 1) an automatic electron microprobe (Jeol-FXA-
8600) using the following parameters: acceleration
voltage 15 kV, excitation current 10 nA and count time
15 s; the correction program developed by Bence and
Albee (1968) was applied; 2) an X-ray energy-disper-
sive system (EDAX PV9900) applied to a Philips 515
scanning electron microscope operating at the follow-
ing analytical conditions: acceleration voltage 15 kV,
excitation current 20 mA, beam spot size 0.2 um,
counting time 50 s. Raw data were corrected by ap-
plying the ZAF correction program proposed by Mick-
ledust et al. (1978), then processed through a PV
SUPQ program, which yielded mineral compositions
recalculated to a 100% content on an anhydrous basis.

RESULTS AND DISCUSSION

Table 1 shows the results of chlorite microprobe an-
alyses; the structural formulas were calculated on the
basis of 14 oxygen molecules. The analyses presented
in Table 1 are based on the average values from sev-
eral points (at least 5 within a selected chlorite grain).
Representative errors (standard deviations, o) for the
major oxides are presented in parentheses in column
1 of Table 1. As a double check of chlorite purity, the
recalculated cation proportions of the analyses report-
ed in Table 1 were used to determine the content of
chlorite in each analysis, using the method proposed
by Bettison and Schiffman (1988). These data are in-
cluded in Table 1 and confirm what X-ray tests re-
vealed: all the examined chlorites are characterized by
a basal reflection with dy,, = 14.2 A, which is unaf-
fected (or only very slightly influenced) by either eth-
ylene glycolation or heating, so that the presence of
interlayers can be excluded. The applicability of the
chlorite geothermometer to all the selected samples is
also confirmed because, for a chlorite percentage, x,
(the proportion of chlorite to swelling component)
ranging from 0.55 to 1.0 (pure chlorite), there is a

https://doi.org/10.1346/CCMN.1999.0470106 Published online by Cambridge University Press

Applying X-ray geothermometer diffraction to a chlorite

57

good correlation between x and the temperature of for-
mation (Bevins et al. 1991). Although the technique
used for the chlorite analysis does not distinguish be-
tween divalent and trivalent Fe, a large number of
chlorite analyses reported in the literature have deter-
mined that trivalent Fe constitutes less than 5% of the
total (Deer et al. 1962; Foster 1962; Shirozu 1978).
Therefore, in this study, all Fe measured is considered
to be divalent.

In the chlorite analyses reported in Table 1, the larg-
est proportional variation occurs for FeO (14.30-41.12
wt%) and MgO (1.43-23.81 wt%). Smaller variations
are observed for SiO, (22.77-32.45 wt%) and ALO,
(11.88-23.00 wt%). The Si content and Fe/(Fe + Mg)
ratios have been used on a diagram designed by Hey
(1954), see Figure 1, in chlorite classification. This
figure reveals the wide range of chlorite solid solution
in Fe-Mg and a more limited substitution of Al for Si,
with a compositional variability ranging from clino-
chlore, ripidolite, pycnochlorite, diabantite to bruns-
vigite, thus illustrating the wide representativity of the
chlorite samples examined. The Fe/(Fe + Mg) ratio in
Figure 1 varies from 0.25 to 0.94, whereas in Cath-
elineau and Nieva (1985) the ratio is restricted to the
0.27-0.38 range. The relationship between chlorite
composition and parent rock composition has been
well illustrated by Laird’s diagram (1988): in Figure 2
the atomic ratios Al/(Al + Fe + Mg) are plotted versus
Mg/(Mg + Fe) for the studied chlorites. The figure
shows that the Mg/(Mg + Fe) ratios of all the chlorites
range from 0.06 to 0.75 and the Al/(Al + Fe + Mg)
ratios from 0.23 to 0.39, with most samples lower than
0.35, which eliminates the presence of pelitic samples.
All the samples examined are mafic or Fe-rich mafic
rocks. Table 2 presents the results of direct tempera-
ture measurements (7,) in drill-holes of the geother-
mal fields studied, using Kuster equipment (Model KT
element within a tolerance of 1-2 °C in the tempera-
ture range 30—370 °C). The data given in this table are
the actual temperatures in the fields. As these geo-
thermal fields are very young (see the chronology of
these areas reported in the geological setting) and the
mineral assemblages are generally in agreement with
the thermal conditions of the fields, indicating that
large-scale heating or cooling did not occur after ac-
tivation of the geothermal fields, the Ty, values can be
considered as estimates of the crystallization temper-
ature of chlorites (see Cathelineau and Nieva 1985;
Cathelineau 1988; De Caritat et al. 1993). Table 2 also
reports the temperature of chlorite crystallization as
calculated by the equations proposed by Cathelineau
(1988) (7.) and Kranidiotis and MacLean (1987)
(Txn), using the data reported in Table 1. The X-ray
spacings of the Bragg (001) dMy,, and (060) dM, lines
were measured, and their values are included in Table
2. As the accuracy of the spacing determinations was
of critical importance, PC-APD (PW1877) Analytical
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Table 1. Mean electron microprobe chemical analysis of the examined chlorites. Estimate of the proportion of chlorite fraction
relative to swelling component (see text). Chlorite sample name = name of well + sampling depth (m).

Chlorite samples

Dy% LAG6Y LAG6T LA4t LA3 LAT7t LA7+ LATt D 1 TD 1 D 2 TD 2 TD 2
No. of spot 670 1508 1000 1450 550 798 1790 1588 2010 800 1200 1500
analyses 6 7 8 6 6 7 6 8 7 6 6 8
SiO, 29.77 (049) 27.19 27.64 3234 2277 2464 29.69 31.39 29.84 29.21 28.84 2949
TiO, 0.09 0.01 0.04 0.09 0.05 0.00 0.24 0.02 0.05 0.02 0.02 0.04
ALO, 18.04 (0.41) 18.61 18.15 11.88 1550 17.23 1439 15.18 1557 1627 17.65 1635
FeO 25.53 (0.96) 23.74 31.78 25.10 41.12 3852 1853 22.58 27.40 2320 22.02 34.08
MnO 0.27 0.47 0.95 0.23 1.72 2.35 0.44 0.25 0.29 0.24 0.38 0.59
MgO 15.13 (0.51) 16.54 9.36 17.81 1.43 1.58 20.08 17.57 1521 1592 18.60 9.45
CaQ 0.21 0.09 0.18 0.25 0.25 0.29 0.52 0.28 0.36 0.36 0.14 0.30
Na,O 0.14 0.07 0.04 0.21 0.07 0.18 0.17 0.12 0.13 0.08 0.04 0.19
K, O 0.11 0.02 0.01 0.06 0.02 0.16 0.11 0.08 0.02 0.02 0.03 0.09
Tot. 89.29 86.74 88.15 87.97 8292 8495 84.16 8747 8887 8532 8772 9058
Structural formulas based on 14 oxygens
Si 3.06 2.88 2.99 3.36 2.87 2.95 3.16 3.24 3.12 3.12 3.00 3.14
ALY 0.94 1.12 1.01 0.64 1.13 1.05 0.84 0.76 0.88 0.88 1.00 0.86
Sum T 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
AV 1.25 1.20 1.31 0.82 1.16 1.38 0.96 1.09 1.05 1.17 1.14 1.19
Fe 2.20 2.10 2.87 2.24 4.32 3.86 1.65 1.95 2.40 2.07 1.85 3.03
Mn 0.02 0.04 0.09 0.02 0.19 0.24 0.04 0.02 0.03 0.02 0.07 0.05
Mg 2.32 2.61 1.51 2.76 0.27 0.28 3.18 2.71 2.38 2.54 2.86 1.50
Ti 0.01 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00
Sum M 5.80 5.95 5.78 5.86 5.94 5.76 5.84 5.77 5.86 5.80 5.92 5.77
Ca 0.02 0.01 0.02 0.03 0.04 0.03 0.06 0.03 0.04 0.04 0.01 0.03
Na 0.03 0.02 0.01 0.03 0.02 0.04 0.04 0.02 0.03 0.02 0.00 0.04
K 0.01 0.00 0.08 0.01 0.00 0.03 0.01 0.01 0.00 0.00 0.00 0.01
Ca+Na+K 0.06 0.03 0.11 0.07 0.06 0.10 0.11 0.06 0.07 0.06 0.01 0.08
Estimate of the proportion of chlorite relative to swelling component: 1 = chlorite and 0 = saponite
z = Al in tetrahedral sites; y = Al in octahedral sites
z>y 0.80 0.95 0.76 0.84 0.98 0.76 0.85 0.76 0.84 0.81 091 0.76
z<y 0.80 0.95 0.86 0.93 0.98 0.82 0.94 0.83 0.92 0.87 0.91 0.83

4 Literature data from Teklemariam et al. (1996).
f Chemical analyses done by EDS (see text).

Powder Diffraction software was employed. For basal
reflection, this program was used in conjunction with
measurements of higher order (001) reflections, and
the spacing values of the (001) lines reported in Table
2 were the means of all the basal reflections that could
be measured. The correlation line obtained by a least-
squares fit method, between d™y, and Ty, shows a
regression coefficient of 0.77. The relative plot is re-
ported in Figure 3, where the studied chlorites have
been labeled from 1 to 19, as reported in Table 2.
Samples 5, 6, 12 and 18, showing large negative scat-
tering from the regression line, have a high Fe content
(Fe > 3.0, see Table 1, or Fe > 2.6 with X-ray data,
see Table 2). Such lower d™,, basal spacings, as com-
pared to samples having comparable AI(IV) values,
conform to the conclusions reached by Bailey (1972)
and can be attributed to the large Fe content. By add-
ing 0.1 A to the measured (001) spacings of samples
5, 6, 12 and 18, as suggested by the above-mentioned
author, the regression coefficient of the line correlating
dMy,; to Ty, is about 0.93.
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A better correlation was found between the d<y,; val-
ues and the directly measured temperatures Ty,. Using
Equation [2], it is possible to determine the values of
y = Fe(l) reported in Table 2. Then, by substituting
these in the proposed Equation [5], we obtain the d¢q;
values also listed in Table 2. For samples 5, 6, 12 and
18, no correction was employed for the Fe/(Fe + Mg)
ratio enrichment with increased AI(IV). For these sam-
ples, the measured dM,, values were inserted in the
plot of d<y, vs. temperature (Figure 4). The coefficient
of the regression line is r = 0.95, with intercept
14.379 and slope = —0.001. Using this regression line,
the formation temperatures of chlorites were recalcu-
lated, and the values (T3y) are reported in Table 2. In
Figure 4 (T, vs. dy, for the samples with Fe content
< 2.6, and Ty, vs. dMy, for the samples with Fe content
> 2.6), some of the more scattered samples come from
drill-holes that have undergone cooling processes,
such as TD3-1440 and L.LA4-1000 samples, or heating
processes, such as for LA6-1508 sample. In fact, sam-
ple TD3-1440 comes from a well that seems to be
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Table 1. Extended.
Chlorite samples
TD 3 TD 3 SL1i SL1% SL2% MvV2 MVs
650 1440 1550 1830 1330 1870 1100
6 5 6 8 5
2954 2790 3245 2972 3090 24.13 28.89
0.00 0.00 0.01 0.15 0.14 0.07 0.00
15.10 17.16 20.61 21.61 23.00 2229 1791
2768 2951 28.84 3481 3351 36.15 14.30
0.37 0.59 0.88 0.70 0.56 0.74 0.38
1398 1243 1671 12.64 11.21 6.07 23.81
0.30 0.43 0.32 0.23 0.09 0.03 0.05
0.04 0.00 0.17 0.14 0.20 0.00 0.00
0.03 0.00 0.00 0.00 0.39 0.02 0.01
87.04 88.02 100 100 100 89.50 85.35
3.17 2.99 2.99 2.84 2.91 2.65 2.94
0.83 1.01 1.01 1.16 1.09 1.35 1.06
4.00 4.00 4.00 4.00 4.00 4.00 4.00
1.08 1.17 1.24 1.27 1.47 1.53 1.09
2.49 2.65 2.23 2.77 2.64 3.31 1.22
0.03 0.06 0.07 0.05 0.04 0.07 0.10
2.23 1.99 2.30 1.80 1.58 0.99 3.62
0.00 0.00 0.00 0.01 0.01 0.00 0.00
5.83 5.87 5.84 5.90 5.74 5.90 6.03
0.07 0.05 0.03 0.03 0.01 0.00 0.00
0.01 0.00 0.03 0.03 0.04 0.00 0.00
0.01 0.00 0.00 0.00 0.04 0.00 0.00
0.09 0.05 0.06 0.06 0.09 0.00 0.00
0.82 0.85 0.83 0.90 0.75 0.90
0.88 0.93 0.88 0.93 0.78 0.90

representative of a cooled system, for which a reason-
able estimate of the temperature decrease would be at
least 30—40 °C (Abbate et al. 1995), while sample
LA4-1000 is located in an outflow zone that also un-
derwent a significant cooling process (Teklemariam et
al. 1996). On the other hand, the physical-chemical
conditions and hydrothermal mineral assemblage of
sample LA6-1508 indicate the occurrence of a heating
process (Teklemariam et al. 1996). In other samples
such as LA6-670, LA7-550 or LA7-1790, which come
from hydrothermal systems that were subjected to sim-
ilar heating or cooling processes, this scattering is less
relevant.

In order to provide a thorough statistical assessment
of the method’s validity, it was applied to other data
on geothermal chlorites drawn from the literature. Be-
cause of the absence in the literature of XRD data (001
and 060 X-ray spacing) on geothermal systems for
chlorite crystallization temperatures, the chlorite
chemical analyses from the geothermal system of Los
Azufres (Mexico) and the Salton Sea (Gulf of Cali-
fornia), consisting of 22 samples reported by Catheli-
neau (1988), were transformed using the relationship
proposed by Rausell-Colom et al. (1991) and refor-
mulated by Nieto (1997):
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Figure 1. Plot of Fe/(Fe + Mg) ratios vs. Si contents of
chlorites. The sample numbers are the same as in the Table
2. Identical symbols correspond to the same well.

doyy = 14.339 — 0.1155A1Y — 0.0201Fe"  [6]
into their interplanar spacings dy,. These d,, values,
along with the crystallization temperatures (7 °C) and
the values of AlY and Fe required for application of
the cited relation, are reported in Table 3. The regres-
sion line between T °C and d,, obtained by Equation
[6] shows a coefficient of correlation (r = —0.702) that
is quite similar to that obtained between d,; and 7,
(r = 0.77). An even better correlation line, obtained
by a least-squares fit, was found between 7 °C and the
values of d, recalculated with an equation of type
[5]. In fact, because Equation [1] has been replaced in
this new case with Equation [6], Equation [5] be-
comes:

06
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0.4 < 17
6o ]
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Figure 2. Plot of Al/(Al + Mg + Fe) vs. Mg/(Mg + Fe)
ratios of chlorites. The sample numbers are the same as in
the Table 2. Identical symbols correspond to the same well.
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Table 2. Measured in-hole (7,°C) and calculated geothermometric temperatures in °C (T¢; Ty Trx) for the examined wells.
Measured values of (001) and (060) Bragg-lines; values of d®, and values of Fe(I) calculated with Equations [5] and [2],

respectively.
Sample
well/Dp. (m) 7, °C 7.°C Ty °C Tex °C i Mgy o Fe(Il)

1) LA6-670 215 240 253 208 14.249 1.5448 14.173 1.589

2) LA6-1508 300 299 288 274 14.197 1.5470 14.100 1.946

3) LA4-1000 230 263 281 257 14.231 1.5494 14.118 2.332

4) LA3-1450 160 144 187 152 14.310 1.5449 14.236 1.605

5) LA7-550 180 302 327 177 14.208 1.5570 3.567

6) LA7-798 210 276 310 234 14.144 1.5540 3.081

7) LA7-1790 155 208 221 167 14.280 1.5430 14.219 1.297

8) TD1-1588 270 183 210 261 14.194 1.5450 14.114 1.622

9) TD1-2010 250 221 242 246 14.218 1.5460 14,131 1.784
10) TD2-800 200 221 238 200 14.255 1.5445 14.182 1.541
11) TD2-1200 212 260 259 206 14.245 1.5440 14.175 1.459
12) TD2-1500 210 215 250 194 14.189 1.5510 2.600
13) TD3-650 155 109 157 131 14.339 1.5459 14.259 1.768
14) TD3-1440 170 263 274 207 14.260 1.5461 14.174 1.805
15) SL.1-1550 160 263 269 174 14.301 1.5470 14.211 1.946
16) SLL1-1830 270 311 309 283 14.208 1.5500 14.089 2.432
17) SL2-1330 290 289 296 278 14.199 1.5480 14.095 2.108
18) MV2-1870 285 373 361 291 14.081 1.5560 3.405
19) MV5-1100 325 279 261 305 14.112 1.5405 14.065 0.898
Av. Errors% 24,12 26.93 6.74
ARy = dyy — [0.0107y/(dy, — 13.43 + (0.0201y))] CONCLUSIONS

[71 The good linear correlation reported in Figure 4

The recalculated dR®y, are listed in Table 3. In this
correlation (T °C vs. dRy,), as in the case of the plot
in Figure 4, for 3 samples with an Fe content > 2.6,
at temperature (T °C) of 190 (2 samples) and 280 °C,
the correction for the Fe/(Fe + Mg) ratio enrichment
with AI(IV) was not applied and the d,, calculated
with Equation [6] were inserted into the correlation.
The coefficient of the regression line is r = —0.845
with intercept = 14.286 and slope = —4.92E-04. The
formation temperatures recalculated by this regression
line (7T"gx) are reported in Table 3.

14.35 T

shows the consistent results provided by the proposed
method. Application of the method to a database on
chlorites also gives a good coefficient (r —0.845)
for the regression line correlating T °C with d®, or
dgy,, for Fe-rich chlorites. The correction for the in-
crease in Al(IV) content of the chlorites with an in-
crease in the Fe/(Fe + Mg) ratio seems to be effective
in improving the final results in both experimental data
acquisition and database processing, as revealed by
several workers (Kranidiotis and MacLean 1987; Jow-
ett 1991). The examined chlorites are authigenic min-
erals crystallized by water-rock interaction process.

1410+  y= 0.0009x + 14.423 18 19
R2 = 0.5981 ——
14.05 ——— + ¢ +— t + + + —
140 160 180 200 220 240 260 280 300 320 340
Tw

Figure 3.

A binary plot of dMy,, versus T, measured in-hole temperatures in °C for the examined chlorites. Vertical error

bars are not reported because they would be hidden by the symbols. Horizontal error bars represent estimated uncertainty in

temperature value.
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Figure 4. A binary plot of d¢y, versus Ty, for the samples with Fe(Il) content < 2.6; and d™, vs. Ty for the samples with
Fe(Il) content > 2.6. Vertical error bars are not reported because they would be hidden by the symbols. Horizontal error bars

represent estimated uncertainty in temperature value.

Table 3. Data from the literature (Cathelineau 1988) on chlo-
rites from Los Azufres and Salton Sea: values of Al'Y and Fe.
Values of dy,, and d®y;, calculated with Equations [6} and [7],
respectively. Estimated temperatures (7 °C) at Los Azufres
and Salton Sea, and those calculated with the Cathelineau
equation (7, °C) and T’z (see text), are also reported.

Chlorites
T°C AllY Fe do d®, T.°C T °C
Los Azufres
130 0.59 1.08 14.249 14234 128 148
170 071 1.04 14.236 14.222 167 165
180 0.72 146 14.226 14.207 170 187
200 0.89 1.14 14.213 14.197 225 201
215 091 1.26 14.208 14.190 231 211
235 094 1.60 14.198 14.175 241 233
265 098 1.68 14.192 14.167 254 245
275 1.03 149 14.190 14.168 270 243
280 1.06 1.31 14.190 14.171 279 239
310 1.09 1.75 14.178 14.152 289 266
Salton Sea
190 1.10 293 14.153 292 265
190 1.01 2.83 14.165 263 248
251 093 195 14.192 14.163 237 250
251 1.11 2,10 14.169 14.137 295 288
264 090 234 14.188 14.153 228 265
264 1.06 2.03 14.176 14.145 279 276
280 1.12 2.63 14.157 299 259
295 1.09 2.18 14.169 14.135 289 291
295 1.02 2.04 14.180 14.149 266 271
315 1.20 2.55 14.149 14.108 324 330
315 1.11 235 14.163 14.126 295 304
322 1.20 2.12 14.158 14.125 324 306
Av. Error% 941 8.70
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Their presence is always compatible with the observed
mineral paragenesis (see geological setting and rele-
vant references) and are present in a wide range of
compositions, including the clinochlore, ripidolite,
pycnochlorite, diabantite and brunsvigite fields. There-
fore, the good overall trend of the regression line for
the studied chlorites coming from various geothermal
fields suggests that the geothermometer could be ap-
plied to chlorites of a wide range of make-ups.

In any case, it should be emphasized that detailed
discussion of the use, application range and limitations
of such a clay geothermometer is beyond the scope of
the present paper (the reader is referred to the chapter
on “Use and Misuse of the Geothermometric Rela-
tionships” in Cathelineau 1988), which has been lim-
ited to the application of the geothermometer method
using XRD data. The proposed method, though sim-
pler and less time consuming to implement, provides
results that are comparable in accuracy, yet less error-
prone than the much more complex techniques cur-
rently in use.
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