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ABSTRACT

The island of Saint Martin (Lesser Antilles) offers a lateral cross section of the roots of
a porphyry deposit system. In the several-kilometer alteration halo developed around the
intrusion, epidote is commonly observed. This mineral exhibits a great diversity in chem-
ical composition. In the absence of associated hematite, the Fe content, as well as the
chemical dispersion, increase with the distance from the intrusion. For a better under-
standing of epidote intrasample chemical variations, Mossbauer spectra have been ob-
tained from five samples. Fe3* ions accommodated in M3 sites represent the majority of
the total Fe present (=90%), but significant amounts assigned to M1 sites have been
measured. An increase of epidote disorder with increased distance from the intrusion has
been demonstrated. A good correlation is observed between the deviation from the equi-
librium ordering state of epidotes and paleotemperature distribution. Rapid crystallization
cannot explain this disequilibrium state because nonisothermal diffusion or interface con-
trolled growth decreases the epidote crystallization rate with distance from the thermal
source. Qur observations suggest that epidotes formed near the intrusive body, at tem-
peratures above 300 °C, display an equilibrium state of order-disorder. Away from the
intrusive body the nonequilibrium ordering state of epidote increases with distance from
the intrusion and is preserved because of the low temperature and low diffusion rates.

INTRODUCTION

Epidote [Ca,Al, (Al,Fe)Si,0,,0H] is a common rock-
forming mineral found in geothermal fields and low-grade
metamorphic environments. This mineral develops com-
plex zoning and may exhibit great diversity in chemical
composition. Many studies have investigated the factors
controlling the chemical composition of epidote. From
the numerous petrological observations and thermody-
namical calculations, epidote has been found to vary in
chemical composition as a function of bulk composition,
temperature, pressure, pH and CO,, S,, and O, fugacities
(Bird et al., 1988; Caruso et al., 1988; Grapes and Wa-
tanabe, 1984; Hietanen, 1974; Liou, 1973; Miyashiro and
Seki, 1958; Raith, 1976; Shikazono, 1984).

As the distribution of Fe2+-Fe3+ ions in the crystal lat-
tice is obtainable by Mdssbauer spectrometry, the sub-
stitutional order-disorder in epidote can be calculated.
This parameter provides information concerning the sta-
ble-metastable state of epidote.

Mdssbauer spectra of epidotes have been previously
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reported by Bancroft et al. (1967), Coey (1984), De Cos-
ter et al. (1963), Dollase (1973) and Paesano et al. (1983).
These authors studied synthesized or natural (including
heat-treated) products from diverse geologic occurrences
and focused their works strictly on Fe site assignments.
Bird et al. (1988) were the first to use this spectroscopy
for samples from a single geological environment (Salton
Sea geothermal field) in order to determine the extent to
which metastable composition occurs in epidote. How-
ever, their results are restricted by the small number of
samples studied.

The lateral cross section of Saint Martin (Lesser Antil-
les) is of great interest in the sense that it displays the
roots of a porphyry deposit system. Previous studies have
investigated the lateral distribution of alteration (Beau-
fort et al., 1990) and the epidote morphological and com-
positional variations (Patrier et al., 1990; Beaufort et al.,
in preparation).

Our work focuses on ’Fe M&ssbauer spectroscopy of
epidote from this ancient geothermal field. The objectives
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Fig. . Geological map of Saint Martin. The dotted area rep-
resents the quartz-diorite pluton (Beaufort et al., 1990).

are first to determine the order-disorder degree by the
distribution of Fe?** ions between M1 and M3 sites and
second to relate the extent of the metastable composition
of epidote to location. The nonequilibrium ordering state,
deduced from the model of Bird and Helgeson (1980),
will be discussed in terms of paleotemperature profile.

GEOLOGICAL BACKGROUND
Field setting

The island of Saint Martin belongs to the volcanic arc
of the Lesser Antilles and is located in the west-central
portion of Anguilla Bank (northeast Lesser Antilles). This
region consists of alternating sedimentary and andesitic
to dacitic volcaniclastic rocks (from Eocene epoch) in-
truded by a quartz-diorite complex of Oligocene age (Fig.
1). Important geothermal activity accompanied the em-
placement of the intrusive complex and produced a sev-
eral-kilometer wide alteration halo. The geology of this
fossil geothermal system, as well as the lateral distribu-
tion of alteration, have been described by Beaufort et al.
(1990).

The stratigraphy consists of a lower sequence of alter-
nating marls and limestones, a medium sequence of hy-
aloclastites and lava flows intercalated with cherty layers,
and an upper sequence of hyaloclastites and tuffs. At the
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Fig. 2. Paleotemperatures profile, measured from quartz flu-
id inclusions (stars) in veins bearing quartz + epidote, and per-
vasive alteration pattern developed around the intrusive com-
plex of Saint Martin (Beaufort et al., 1990). Temperatures are
estimated from the first generation of fluid inclusions observed
in propylitic and argillic veinlets.

contact of the pluton, host rocks have been recrystallized
into hornfels (200-300 m thick).

At present, the island displays a continuous lateral cross
section of the roots of the hydrothermal system, from the
intrusive body to the more external parts.

In zones of high fracture permeabilities (regional and
magmatic fractures), the observed alteration sequence
consists of progressive fractures filled with minerals of
the potassic (tourmaline + quartz + magnetite + ortho-
clase + apatite + sulfides), then phyllic (phengite + quartz
+ pyrite), and then sometimes argillic (dickite + quartz)
facies. On the basis of a fluid inclusion study (Beaufort
et al., 1990), this sequence has been interpreted to be the
result of progressive dilution of early magmatic brines.

Zones of low fracture permeability represent the major
part of the geothermal system. They display a regular
alteration zoning (Fig. 2): (1) epidote + quartz-bearing
assemblage (propylitic alteration) up to 3 km from the
pluton and (2) mixed-layer minerals + calcite assemblage
(intermediate argillic alteration) that extends one kilo-
meter outward.

The study of primary fluid inclusions of quartz, asso-
ciated with epidote, and of calcite, associated with mixed-
layer minerals indicates that this alteration zoning, em-
placed in environments of inactive flow regime, was
mainly controlled by the thermal diffusion gradient (140—
350 °C) generated by the pluton.

Phase relations in assemblages including epidote

The epidote-bearing paragenesis is observed continu-
ously as far as 3 km from the intrusion. It occurs as re-
placement of the groundmass and as veinlet fillings. Ep-
idote crystallized in three distinctive secondary
assemblages (Fig. 2). (1) An epidote + actinolite + quartz
+ magnetite assemblage restricted near the intrusion (0-
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TasLe 1. Samples investigated for Méssbauer spectroscopy
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Samples
SM4 SM17 (=~ SM14) SM112 SM43
Rock type hyaloclastite fine grained hyaloclastite miarolitic vugs in the
hyaloclastite quartz diorite
Distance from the intrusion ~2.5 km ~2.1 km =~1.6 km
Temperature (7) ~225 °C ~233 °C =277 °C =340 °C

Alteration paragenesis
by low T event

EP + CHL + QZ superimposed

EP + CHL + QZ + HM EP + ACT + QZ = MG

(pervasive alteration)

Note: Paleotemperatures are provided by quartz fluid inclusion data (Beaufort et al, 1 990). Abbreviations: EP = epidote, QZ = quartz, CHL = chlorite,

HM = hematite; ACT = actinolite, MG = magnetite.

300 m from the pluton). The associated temperature cov-
ers 300-350 °C. (2) An epidote + chlorite + quartz as-
semblage that replaces, up to 3 km from the intrusion’s
side, the hyaloclastite sequence for temperatures ranging
from 220 to 300 °C. (3) An epidote + chlorite + hematite
+ quartz assemblage that represents the alteration of Fe-
and Mn-rich cherty layers located approximately 1.5 km
from the intrusion.

Fluid salinities vary from 30 wt% NaCl-eq. (in actinote
zone) to 3 wt% NaCl-eq. at 3.3 km from the pluton.

The temperature range for epidote crystallization (225—
350 °C) is in good agreement with the thermal stability
fields reported in geothermal systems (Bettison and
Schiffman, 1988; Bird et al., 1984; Cavaretta et al., 1985;
Shikazono, 1984).

EXPERIMENTAL METHODS
Chemical composition

Epidotes were analyzed on polished thin sections using
a Cameca MS 46 electron microprobe equipped with an
Ortec energy dispersive X-ray analyzer. The accelerating
voltage and the sample current were, respectively, 15 kV
and 1.5 nA. The counting time was 100 s.

In order to assess chemical zoning, analyses were ob-
tained with a spot size of 1 pum on a SX50 Cameca mi-
croprobe equipped with wavelength dispersive spectrom-
eters. The counting time was 10 s for each element. These
systems were calibrated with synthetic or natural oxides
and silicates. Corrections were made with a ZAF com-
puting program. The reproductibility of standard analy-
ses was 1% for each element routinely analyzed.

X-ray diffraction

X-ray diffractograms of randomly oriented powder were
performed on a Philips PW1730 diffractometer (Co an-
ode, 40 kV, 40 mA).

Massbauer spectrometry

Mineral separates. On the basis of the previous studies,
five samples were selected. Four samples belong to the
hyaloclastite sequence (SM4, SM14, SM17, and SM112)
and one belongs to the miarolitic vugs developed in the
intrusion (SM43) (Table 1).

The samples were extracted from veins bearing epidote
+ quartz, which are sometimes crosscut by calcite, (sam-

ples SM17, SM112, and SM14) and from miarolitic vugs
(sample SM43) with a drilling needle. For sample SM4,
the most highly altered parts of the rock (epidote + quartz
paragenesis superimposed by low temperature event) were
finely ground. Because they were closely associated, epi-
dote and quartz were difficult to separate, even by mag-
netic methods. The mineralogical compositions of the
concentrates were determined by X-ray diffraction. Con-
centrates obtained from sample SM43 were monominer-
alic. In addition to epidote, the other concentrates con-
tained the following minor impurities: (1) minor quartz
(samples SM14-SM112), (2) minor quartz and calcite
(sample SM4), and (3) minor quartz and traces of white
micas (sample SM17). No other Fe-bearing minerals were
detected in these impurities.

Instrumentation. All spectra were obtained from finely
ground powders at room temperature. They were ob-
tained on an Elscint A.M.E.30 spectrometer (Métallurgie
Physique laboratory, Poitiers University). A Co in Rh
source of nominal activity 25 mCi was used. Signals were
recorded on a multichannel analyzer. Isomer shifis were
calculated vs. Fe metal. Deconvolutions, based on least-
squares fitting procedures, assumed Lorentzian line
shapes. Each absorption doublet was characterized by the
isomer shift, quadrupole splitting, peak intensity, and line
width.

EPIDOTE COMPOSITIONAL AND MORPHOLOGICAL
VARIATIONS

The epidote group minerals from Saint Martin are
slightly inhomogeneous with regard to their Fe*/Al+
ratio.

Microprobe analyses taken across crystal grains show
two types of chemical zonings. These consist essentially
of various diffusion zonings (some grains develop Fe-rich
cores, whereas others are characterized by Fe-rich rims),
and periodic chemical oscillations between approximate-
ly X5, = 0.15 and X;, = 0.25 as observed in sample SM43.
Despite these, average values evidenced some chemical
trends.

The percentage of pure Fe + Mn end-member [i.e.,
Ca, (Fe, Mn),Si,0,,(OH)] expressed by the ratio Fe3+ +
Mn3+/Fe*+ + Mn3+ + Al3+, increases with distance from
the intrusion. However, the maximum average value
(33%) is found for epidote in replacement of oxidized



PATRIER ET AL.: ORDERING IN EPIDOTE

605

_ 1 core > Iim
T 026/
7 cryslals |
—+ 02
&
~—
« | CHEMICAL ZONING | 5 o]
-
: 2 oa
T 20 3 4o s0 eo MO =
SM17
=
= :
T3 +__‘QR-— } § *5 {
£ ™ HEMATITE 7ONE 4b- - ____ 3
=2 tw
2 * VOLCANOSEDIMENTARY ROCKS ; g}]o%%
— = - Bkm e = =
%
40
30
20 %
10 10
— o) | GRAIN LENGTH DISTRIBUTION | S, . il

Fig. 3. Chemical composition of epidote samples as well as
their compositional variations, expressed by Fe + Mn/Fe + Mn
+ Al atomic ratio (average values and standard deviations),
plotted in terms of distance from the quartz-diorite pluton. In
the hematite zone, where the epidote + chlorite + hematite
paragenesis is encountered (i.e., in Fe cherts), the X, ratio is
close to 0.33.

Two main types of zoning of epidotes (expressed by Fe + Mn/
Fe + Mn + Al ratio) have been observed. Oscillatory chemical
variations can be observed in epidotes from miarolitic vugs,
whereas the epidote sampled well away from the pluton displays
irregular zoning. The grain length (L) distribution is expressed
in percentage of grains. These histograms have been determined
from more than 100 grains (Patrier et al., 1990).

lithologic formations (Fe-rich cherts) where the propylitic
paragenesis contains hematite. Except in the hematite
zone, no correlation was obtained between the Fe,O; con-
tent of host rock and the Fe,O, content of epidote. For
the samples studied (chemical compositions listed in Ta-
ble 2), the average X, ratio ranges from 0.20 to 0.29.

Mn-rich epidotes crystallized in Mn-rich Fe cherts (up
to 2.45% Mn,0,). However, in samples available for
Maossbauer spectroscopy, Mn content does not exceed 0.03
atom per formula unit.

The difference between maximum and minimum Fe
content for each sample is approximately constant. How-
ever, intrasample chemical variations, obtained from av-
erage values and standard deviations calculated from mi-
croprobe analyses (Table 2), increase with distance from
the intrusion. The atomic ratio Fe** + Mn?**/Fe*+ +
Mn?*+ + AP+, in sample SM4, ranges from 0.24-0.33,
whereas, in the hornfels halo, it is 0.20 to 0.22.

Epidote crystallized in a enhedral habit only in veins.
In the groundmass, the host minerals prevent coarsening
of euhedral habits. From a previous grain-size study of

epidote crystallizing in veins (Patrier et al., 1990), it ap-
peared that epidote sizes were highly influenced by tem-
perature distribution; the lengths and widths decreased
exponentially with distance from the intrusion.

All of these observations have been generalized in Fig-
ure 3.

REsuLTS
Mossbauer spectroscopy

Epidote can be represented by the formula
A,M,Si,0,;H. According to Dollase (1971), its structure
contains two types of chains, a single chain of edge shar-
ing M2 octahedra and a multiple chain of central M1 and
peripheral M3 octahedra attached on alternate sides. These
chains are cross linked by SiO, tetrahedra and Si,0, groups
which share some of their O atoms. The large cavities
developed in this framework contain nine- or ten-coor-
dinated Ca cations.

Although there is a wide variation in Fe3+-Al>+ distri-
bution, no significant substitutions occur in the tetrahe-
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TasLE 2. Electron microprobe analyses of epidote used for Méssbauer spectroscopy

Samples
SM4 SM14 SM17 SM112 SM43

Si 5.96 + 0.10 6.03 + 0.07 5.97 + 0.05 6.06 + 0.03 5.97 + 0.05
Al 434 + 0.23 4.34 + 0.20 4.50 = 0.17 4.42 + 0.17 4.75 + 0.07
Fe3* 1.74 £ 0.27 1.62 + 0.23 1.53 £ 0.16 154 + 0.16 1.16 + 0.08
Mg 0.02 0.01 0.03
Ti 0.01 0.01
Mn3+ 0.02 0.01 0.04 0.04 0.06
Ca 3.93 + 0.04 3.99 + 0.07 3.97 + 0.07 3.90 + 0.04 4.05 £ 0.12
Xoe 0.29 0.27 0.25 0.26 0.20
N 30 27 29 34 31
Sio, 37.52 38.06 37.19 38.08 37.63
AlLO, 23.18 23.92 23.77 23.62 25.40
Fe,0, 14.55 13.09 12.64 12.89 9.74
MgO 0.07 0.03 0.15
TiO, 0.08 0.10
Mn,O, 0.14 0.13 0.35 0.31 0.49
CaO 23.08 23.31 23.08 22.95 23.83

TOTAL 98.54 98.51 97.03 97.97 97.34

Note: Structural formulae are based on 25 O atoms. Total Fe is expressed as Fe,O,. Xe. = Fe/Fe + Al atomic ratio. N = number of analyses.

dral sites, and substitutions for Ca?+ by Fe?*, Mn2+, Mg+
do not exceed 0.1 atom per formula unit (Deer et al.,
1962).

Dollase (1971) showed that M2 sites accomodate only
Al** and that M3 sites contain a larger fraction of Fe’+
(and Mn*+) compared to the smaller M1 sites. For epi-
dotes having 0.8-1 Fe*+ per formula unit, no more than
14% of the total Fe** is located in the M1 site. Mdssbauer
spectra (Bancroft et al., 1967; Coey, 1984; De Coster et
al., 1963) confirm that Fe3* is preferentially distributed
in the asymmetric M3 site.

Mossbauer spectra of the selected samples are depicted
in Figure 4. Their respective Mssbauer parameters are
listed in Table 3. One absorption doublet is observed for
sample SM43. This doublet is characterized by an isomer
shift (6) close to 0.36 mm/s and by a large quadrupole
splitting (A =~ 2.06 mm/s). Considering the isomer shift
value, this signal is unambiguously attributed to Fe?*.
These results match the Mossbauer data reported by Ban-
croft et al. (1967), Coey (1984), De Coster et al. (1963),
and Dollase (1973). The large value of quadrupole split-
ting is consistent with Fe*+ located in the largest and more
distorted M3 site. The line width (I, close to 0.35 mm/
s, is in agreement with previous works (Dollase, 1973;
Paesano et al., 1983). Bancroft et al. (1967) found a high-
er value (I' = 0.44 mm/s); however, according to Dollase
(1973), this can be explained by a nonrecognition of a
second doublet attributed to Fe3+ in the M1 site. This
doublet is displayed by all the samples studied (1.94 < A
=< 2.06; 6 ~ 0.35-0.36 mm/s).

In samples SM4, SM14, SM17, and SM112, a second
doublet is expressed by an inner shoulder on the promi-
nent doublet. It is particularly well developed in sample
SM4. This inner doublet is characterized by an isomer
shift close to 0.35 mm/s (0.31 < & < 0.36) and by a
quadrupole splitting ranging from 0.8 to 1.00 mm/s. The
isomer shift values are consistent with Fe’* ions in an
octahedral site. M3ssbauer spectra confirm that Fe+ ions

represent the great majority of the total Fe present. Be-
cause of its lower quadrupole splitting, the inner doublet
is assigned to Fe’+ located in the smallest and more reg-
ular M(1) site. Dollase (1973) first described signals at-
tributed to Fe*+ in M1 sites. The Mdssbauer parameters,
provided by this study, are slightly different from those
observed by this author. However, the inner shoulder,
well developed on the major doublet, allows an accurate
estimation of é and A values. The values of quadrupole
splitting are similar to those described by Dollase (1973)
for piedmontite, Ca,(Mn,Fe,Al), OOH[Si,0,][SiO,];
however, in all the epidotes analyzed, Mn content does
not exceed 0.03 atom per formula unit.

The inner doublet is better developed with higher Fe

TasLe 3. Parameters of M&ssbauer spectra for epidote from the
ancient geothermal field of Saint Martin

Samples

4a 4b 14 17 12 43

Fe** in M3
Width T (mm/s) 033 035 031 035 034 035
Isomer shift 6 (mm/s) 036 036 036 035 036 036
Quadrupole splitting
A (mm/s) 200 200 200 194 199 206
Area 090 086 092 091 09 1.00

Fe* in M1
Width T' (mm/s) 040 040 050 040 040
Isomer shift § (mm/s) 034 031 036 035 034
Quadrupole splitting
A (mm/s) 080 090 1.00 080 0.90
Area 0.10 0.11 0.08 0.09 0.05

Fe2+

Width I’ (mmy/s) 0.34
Isomer shift & (mm/s) 1.1
Quadrupole splitting
A (mm/s) 1.80
Area 0.03

Note: Isomer shift values are relative to metallic Fe. Standard deviation
for area is +3%. For sample SM4, two groups of values were obtained
from best fitted deconvolutions, one with and one without a Fe?* Doublet.
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Fig. 4. Mdossbauer spectra of the epidotes studied. Solid curves
= doublets attributed to Fe*+ in M3 and M1 sites. Dashed curves
= doublet attributed to Fe?+. Circles = calculated fit. For sample
SM4, only the best fitted deconvolution, taking the Fe2+ signal
into account, is depicted (sample 4b).
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content. The maximum Fe’+ content accommodated in
the M1 site (10-11% of total Fe) is observed in sample
SM4. Samples SM14 and SM17 exhibit only slightly low-
er content with the same peak widths: 9% of the total Fe.
The maximum value given by Dollase (i.e., 14%) is at-
tributed to more Fe-rich epidote samples, i.e., epidote
samples synthesized with hematite buffers (X;, close to
0.33). Because the achievement of the best fit produces
greater peak widths for low Fe content, these widths have
been constrained to values close to 0.4 mm/s (0.4 <T =
0.5), i.e., values displayed by the SM4 spectra. Introduc-
ing the doublet for Fe in M1 for the deconvolution of the
spectrum obtained for sample SM43 does not improve
the fit.

In sample SM4, the least-squares fitting procedure gives
best results when a third doublet, characterized by a
quadrupole splitting close to 1.8 mm/s and an isomer
shift equal to 1.11 mm/s, is taken into account. This sig-
nal is attributed to Fe?+. The quadrupole splitting value
is slightly smaller than those observed by Dollase and
provides no definite site information (Dollase, 1973). Ac-
cording to Dollase (1973), the Fe?+ doublet is character-
ized by 1.89 < A < 2.28 and 0.88 = 6 < 1.07 mm/s,
relative to 5’Fe in Pd. However, considering the detection
limit of the Mdssbauer apparatus (+3% of the signal area),
the estimation of Fe?+ ion sites in the epidote structure
is questionable and, moreover, does not affect signifi-
cantly the inferred order-disorder relationships noted be-
low.

Substitutional order-disorder in epidotes

From the chemical compositions and the relative
amounts of Fe contents attributed to each of the various
doublets, Fe3*+ (and Fe?+) site occupancies have been cal-
culated. The results are given in Table 4. The Fe** con-
tent accommodated in the M1 sites ranges from approx-
imately 0 to 0.09 atom per formula unit. Fe** ions
assigned to the M3 sites (Xga. ) represent the majority
of the total Fe** content: 0.58 < Xpa. 3 =< 0.77 (per
formula unit). If it is assumed that a completely ordered
epidote contains Fe3+ ions only in the M3 sites, the oc-
tahedral disordering can be represented by the following
reaction:

Fe'* M3 + AP+ M1 = Fe*+ M1 + AP+ M3. (1)

The octahedral disordering increases from SM43 (X;.. 0,
= Q) to SM4 Xz, =~ 0.09) (Table 4). These results are
similar to those observed by Bird et al. (1988) for vein
epidote from the biotite zone of the Salton Sea geother-
mal field. The lowest amount of order is observed for the
more Fe-rich compositions (SM4; X¢i.,, = 0.09); how-
ever, epidote from sample SM112 (X3, = 0.26) is better
ordered (Xg.n; = 0.04) than epidote from sample SM17
(X, = 0.25; Xgeseay = 0.07). Thus, the Fe’* content at-
tributed to M1 sites does not appear to strictly depend
on the total Fe content.
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TaeLe 4. Fe distribution in epidote (Xees: i Xeormar Xeee-), @nd deviation from equilibrium theoretical values (X;osu1)

Samples
SMda SMdb SM14 SM17 SM112 SM43
Méssbauer data
XFe3* 0.77 0.75 0.75 0.69 0.74 0.58
M3 +0.03 +0.03 +0.03 +0.03 +0.03 +0.02
XFe3+ 0.09 0.09 0.07 0.07 0.04 +0.01
M1 +0.03 +0.03 +0.03 +0.03 +0.02
XFe?* +0.02
Theoretical calculation

XFe3+ 0.85 0.84 0.81 0.76 0.77 0.59
M3 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01
XFe3+ 0.01 0.01 +0.005 +0.005 0.01 +0.005
M1 +0.005 +0.005 +0.005
AXeas i 0.08 0.08 0.065 0.065 0.03 +0.01

+0.03 +0.03 +0.03 +0.03 +0.02

Note: For theoretical calculation, (Fe** + Al**) value is reduced to 3. Estimated errors are calculated from accuracies of Méssbauer spectroscopy

and microprobe.

DiscussioN
Determination of the nonequilibrium ordering state

The influence of composition on ordering has been
demonstrated by Molin (1989) for disordering in ortho-
pyroxenes (especially Fe-Mg disordering). For epidote
group minerals, the probability of finding Fe’+ in M1
sites increases with the Fe content of epidotes. Dollase
(1973) observed that in epidote with Fe3+ contents up to
0.8 Fe** ions per formula unit, the M1 octahedra are
nearly free of Fe3+.

The chemical dependence is not clearly established in
this study. However, the maximum and minimum values
of X, v, are obtained for the less and more Fe-rich ep-
idote samples respectively, yielding a rough correlation.

The influence of temperature on ordering has also been
noted by Molin (1989); disordering in orthopyroxenes also
depends on the temperature to which the crystal was
heated and the length of time for which it was held at
this temperature (for heated and quenched samples).
Theoretical curves (Fig. 5) have been calculated to point
out the temperature dependence of Xp..,, in epidote.
These theoretical Fe3+ distribution curves have been es-
tablished by Bird et al. (1988) from Bird and Helgeson’s
model (1980). In this model, the equilibrium distribution
of Fe’* in M3 sites is given by

_{[XEp(l - X):‘MJ)/(K - 1)]
+ [(K — KXg, + Xp, + 1 — X/
2(K — 1)]2}1/2
—{[K(1 — X)) + Xgp + 1 — Xops)/
2(K — 1)}
where K is the intracrystalline standard state equilibrium
constant for Reaction #1, X, = Xeapreansizopom> and X s
is the sum of the mole fractions of ions other than Fe’+
and A" in the M3 site. The equilibrium constant K is
calculated for each temperature 7, using the equation log
K = —1523.4(1/T — 1/T) — 5.0, where T, = 298.15 K
(Bird and Helgeson, 1980). It should be noted that Bird
and Helgeson calculated values of K for the intracrystal-

XFe3+,M3 =

line exchange assuming ideal mixing of Fe + Al on M1
and M3 sites.

Theoretical X¢. \, values have been calculated for our
samples. X, has been neglected considering the low Mn
content of epidotes. The values obtained from Mdssbauer
data do not match the theoretical values and correspond
to an equilibrium state of order between 500 and greater
than 600 °C. Thus the epidote samples studied are more
disordered than epidotes crystallizing in an equilibrium
state as predicted by the equations and data of Bird and
Helgeson (1980).

In order to compare all of the investigated samples, the
deviation from equilibrium state (AXr. ) has been cal-
culated. Values of AX.. ,, range from approximately 0
to 0.08. The maximum value is obtained for sample SM4.
This parameter has been plotted as a function of temper-
ature (Fig. 6) and can be fit by the equation T =~ 332 —
1474A X3\, (coefficient for regression = —0.98).

It appears that AX¢s.,, is closely related to the distri-
bution of paleotemperature. The degree of disorder in-
creases with the distance from the thermal source. Be-
cause temperatures vary with time at any point around
the intrusion (Norton, 1982), all temperature-dependent
parameters (in this case, deviation from equilibrium state)
are also time dependent.

Geological interpretation

According to Carpenter and Putnis (1985), it appears,
in general, that at conditions of sufficient supersaturation,
the disordered phase is kinetically favored over its or-
dered equivalent. Indeed, if the growth rate is high, there
is an increased probability that a wrong atom would be
trapped in place by succeeding atoms. Bird et al. (1988),
therefore, explain the nonequilibrium ordering state in
their samples by possible variations in temperature and
in flux and composition of hydrothermal fluids during
the evolution of the geothermal system that led to con-
ditions favoring rapid formation of metastable secondary
minerals. A previous study of crystal sizes (Patrier et al.,
1990) points out a close relation between epidote size and
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Xro3*, M3

Fig. 5. Theoretical distribution of Fe** in M1 and M3 sites
in epidote, determined by Bird et al. (1988) from Bird and
Helgeson (1980). Solid symbols = observed values for the in-
vestigated samples; open symbols = theoretical values for the
same samples denoted by the solid symbols.

paleotemperatures estimated from fluid inclusions in
quartz. The results suggest an exponential dependence of
crystallization rate (growth and nucleation rate) upon
temperature as already described by Carlson (1989). Ac-
cording to these data, epidote from sample SM43 crys-
tallized more rapidly than epidote from the outer part of
the geothermal system. So, in the case of Saint Martin,
rapid crystallization is not sufficient to explain the meta-
stable state of epidote from samples SM4, SM14, and
SM17.

Because the metastable state of epidote probably orig-
inates with crystallization, later order-disorder transfor-
mations must occur. This process involves atomic mi-
gration through the crystal. Diffusion in solids is generally
very slow, and in many minerals, temperature has to be
maintained for a very long time for equilibrium to be
achieved (Putnis and McConnell, 1980). According to the
model of Norton (1982), which considers a pluton in-
truded at a depth of approximately 3.5 km and charac-
terized by an initial temperature of 800 °C, just above
the pluton’s top, the temperature has already reached 300
°C after 10000 years. A temperature of approximately
200 °C is maintained during the next 80000 years. How-
ever, for a sample located at 2 km from the pluton’s side,
the maximum temperature, close to 200 °C, is attained
after 60000 to 90000 years. Therefore, near the thermal
source, at the higher temperature, diffusion is rapid enough
and is maintained over a sufficiently long period for the
equilibrium distribution to be nearly achieved. Further
from the intrusion center, the original metastable Fe dis-
tribution is nearly preserved because of the lower tem-
perature and corresponding lower diffusion rate. Accord-
ing to Seifert and Virgo (1975), for natural anthophyllite,
an equilibrium state for a temperature of 270 °C is
achieved after 107 years. Thus the maintenance of high
temperature over a long time seems to be the major con-
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Fig. 6. Deviation from equilibrium theoretical values

(AXge- 1) as a function of the temperature that affected the sam-
ples during epidote crystallization.

trol of order-disorder equilibration. Sample SM112, lo-
cated near zones of active flow, as suggested by the pa-
leotemperature profile, has suffered sufficiently high
temperature to move toward an equilibrium state despite
the possible variation in flux and in composition of the
hydrothermal fluids.

All of these observations of ordering state in secondary
minerals suggest, as pointed out by Carpenter and Putnis
(1985), that a purely thermodynamic approach, based on
equilibrium diagrams, may lead to inaccurate or simply
incorrect results.

Influence of the ordering state on epidote composition

The epidote occurring in the ordered sample SM43 has
a chemical zonation that sometimes suggests a miscibility
gap between a relatively Fe-poor member (X, about 0.15)
and Fe-rich member (X, about 0.25). This chemical dis-
continuity has been already described by Hietanen (1974),
Holdaway (1965), Raith (1976), and Schreyer and Abra-
ham (1978). However, the compositional break is not
present in epidote from all greenschist facies and in geo-
thermal fields. Relationships between the ordering state
and a possible miscibility gap have already been pointed
out by Carpenter and Putnis (1985). Thus, miscibility
gaps in plagioclase appear to be dependent directly on the
Al/Si ordering transformations; i.e., in the absence of or-
dering, there is no effective chemical gap. [t may be that
the chemical breakdown, between X;, = 15 and X}, = 25
is related to the ordered state of epidote. However, be-
cause the zoning is not systematically observed, our re-
sults, which constitute a first step in the understanding of
such chemical variations, must be verified in other lo-
cations, especially in active geothermal fields where sim-
ilar order-disorder behavior in epidote is observed (Bird
et al., 1988).

CONCLUSION

On the basis of s’Fe M&ssbauer spectra of epidote sam-
ples from the Saint Martin ancient geothermal field, the
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location of Fe*+ ions has been determined. In more Fe-
rich epidotes (0.25 < X;, < 0.30), Fe3+ is accommodated
in the M3 and in minor amounts in the M1 sites. This
location has been determined previously from Méssbauer
spectra by Dollase (1973).

From our results, it appears that epidote exhibits a
metastable ordering state with increasing metastability
with distance from the intrusion. Equilibrium ordering is
only observed for epidote crystallized at temperatures
higher than 300 °C. Near the intrusion, the thermal his-
tory favored the ordering process, whereas in the outer
part of the geothermal field, the diffusion process is too
slow to allow ordering.

It would be interesting to compare the extent of the
metastable state found for epidotes from Saint Martin
with those from active geothermal systems for which pre-
cise ages have been determined. Such comparison should
give information on the kinetics of epidote ordering. Ep-
idote could then be used as a petrogenetic indicator.
Moreover, the possible influence of ordering on chemical
zoning must also be tested in other environments.
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