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Abstract. Authigenic epidote supergroups are an abundant accessory mineral in the calcium—aluminum sili-
cate and thermometamorphic hydrothermal zones of the Campi Flegrei (Phlegraean Fields) geothermal field
located west of Naples, Italy. Geothermal exploration for high-enthalpy fluid produced drill core and cuttings
to ~3km depth in the Mofete (MF1, MF2, MF5) and San Vito (SV1, SV3) wells, where measured down-
hole temperatures of epidote-bearing samples range from 270-350 °C and from 285-390 °C for the Mofete and
San Vito areas, respectively. Two epidote group (epidote, clinozoisite), some rare earth element (REE)-bearing,
and two allanite group (allanite-(Ce), ferriallanite-(Ce)) minerals were identified by electron microprobe. The
allanite group is light rare earth element (LREE, La—Gd) enriched, Ce dominant, with REE +Y that varies
from 30.59 wt %—14.32 wt %. Complex compositional variation such as oscillatory, sector, and complex (mixed)
zoning is a ubiquitous feature observed in the epidote group, which occurs as veins, in vugs, as various size
masses, and as isolated single crystals. Compositional zoning is caused by variable Fe <> AI3* substitution and
Xre [(Fe’T) / (Fe3T+ Al)] ranges from 0.06-0.33 (Fe’* = 0.185-0.967 apfu). Xp. tends to decrease with in-
creasing temperature in the Mofete wells, but its distribution is more complex in the San Vito wells, which
records recent fault displacement. The variety and complexity of the epidote supergroup zoning suggest rapid

fluid composition and/or intensive parameter fluctuations in the local hydrothermal system.

1 Introduction

The Campi Flegrei area, located west of Naples, Italy, con-
tains numerous hot springs, fumaroles, and other geothermal
manifestations, which were well known before the Roman
Empire (Giacomelli and Scandone, 2012). Geothermal ex-
ploration, in an attempt to locate a productive field similar to
Larderello, was intermittently conducted from 1939 to 1954
but was unsuccessful. Carlino et al. (2012) present the his-
tory of geothermal exploration in the Neapolitan volcanic
region. Extensive drilling and geophysical exploration pro-
grams were resumed in 1978 as a joint venture of the Ital-
ian national utilities AGIP and ENEL and the Italian Geo-
dynamic Project (Rosi and Sbrana, 1987). Wells were drilled
to a depth of ~3km with concomitant coring, geophysics,
and fluid sampling. Although significant geothermal electric
power production was never achieved in the Campi Flegrei

region, this exploration stimulated widespread research (e.g.,
Guglielminetti, 1986; Guidi and Antonelli, 1989; De Vivo et
al., 1989; Altaner et al., 1991; Zamora et al., 1994; Caprarelli
etal., 1997).

As part of the research which evolved from this extensive
drilling program, a detailed fluid inclusion study was carried
out to better understand the evolution of the fluid composi-
tion and the thermal history of the geothermal field (De Vivo
et al., 1989). We have used the results of this fluid inclusion
study to better understand, in some wells, the variation in
epidote group composition. As part of this study, core and
chip samples from three Mofete (MF1, MF2, MF5) and two
San Vito (SV1, SV3) wells (Fig. 1) were carefully exam-
ined for the occurrence of fluid inclusions and to determine
their host mineralogy. Members of the epidote group, epi-
dote and clinozoisite, were identified in many samples in the
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Figure 1. Schematic location map adapted from De Vivo et
al. (1989) showing the Campi Flegrei caldera complex, various ge-
ologic features, and the positions of the five Mofete and San Vito
geothermal wells (MF1, MF2, MF5, SV1, and SV3).

five studied wells and occurred throughout much of the core
except at shallow depth. Preliminary studies (Belkin et al.,
1990; Belkin and De Vivo, 2004) of their mineral chemistry
revealed that their composition varied from epidote to clino-
zoisite and had different zoning textures. Two members of
the allanite group, allanite-(Ce) and ferriallanite-(Ce), were
also identified as authigenic phases in the core samples.

The specific aims of this report are (1) to document the
composition and petrography of the epidote group in the
Mofete and San Vito well samples, (2) to illustrate the vari-
ous types of zoning observed in the epidote group, and (3) to
document the composition and petrography of the allanite
group. We know of no other compositional data for epidote
supergroup minerals identified in the Mofete or San Vito
geothermal fields.

2 Geologic setting of the Campi Flegrei region

The Campi Flegrei caldera complex (Fig. 1) is part of the
active volcanic region developed on the subsiding western
margin of the Apennine chain. This region also contains the
Somma—Vesuvius, Procida, and Ischia volcanoes, not shown
in Fig. 1. Although the region has been intermittently ac-
tive during the last 600 kyr (Belkin et al., 2016; De Vivo
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et al., 2020), a major event occurred in 39ka (De Vivo et
al., 2001) with the very large eruption (~310km?) of the
Campanian Ignimbrite (Rolandi et al., 2003). Subsequent to
this ignimbrite eruption, the Campi Flegrei region has had
much volcanic activity ending with the Monte Nuovo erup-
tion of 1538 CE (Rosi and Sbrana, 1987). For more detail re-
garding the volcanism of the Campi Flegrei area, the reader
is referred to De Vivo et al. (2020) and Orsi et al. (2022)
and chapters therein. Bradyseism and fumarolic activity con-
tinue, attesting to a still-active hydrothermal system (e.g.,
De Vivo and Lima, 2006; Bodnar et al., 2007; Lima et al.,
2009; Bagnato et al., 2020; Lima et al., 2021; Chiodini et
al., 2022). The chemistry of all the igneous products is Si-
undersaturated, rich in alkalis, and low in MgO. Volumet-
rically, trachyte and alkali-trachyte are predominant with
much lower amounts of trachybasalt, latite, and peralkaline—
phonolitic—trachyte (Rosi and Sbrana, 1987). The chemistry
of the rock penetrated by the Mofete and San Vito wells is
generally similar from top to bottom although some wells
(Fig. 2) end in hydrothermally metamorphosed marine marls,
silts, and sandstones (Rosi and Sbrana, 1987). Piochi et
al. (2014) give more stratigraphic detail on the MF5 and SV1
wells, and Mormone et al. (2011) provide more detail for the
MFS well.

3 Studied samples

All the samples came from the drilling program of AGIP
and ENEL and include core and drill cuttings; however, the
available samples were not a comprehensive selection of the
core, especially for the shallower depths, but emphasized the
deeper, hotter parts of the geothermal system. Thus, we do
not have data for the shallower samples where epidote was
identified by X-ray diffraction (XRD) and optical petrog-
raphy (De Vivo et al., 1989). The Campi Flegrei geother-
mal system is liquid dominated with evidence of boiling and
fluid reservoirs of different salinity (De Vivo et al., 1989;
Caprarelli et al., 1997). The details of the studied samples
are described in De Vivo et al. (1989). The studied sam-
ples containing epidote supergroups are listed in Table 1 and
come from the Mofete 1 (MF1), Mofete 2 (MF2), Mofete 5
(MF5), San Vito 1 (SV1), and San Vito 3 (SV3) exploratory
geothermal wells (Fig. 1). On the basis of detailed petrog-
raphy and XRD determinations, Chelini and Sbrana (1987)
defined four descending hydrothermal zones with different
characteristic mineralogy: argillic, chlorite—illite, calcium—
aluminum silicate, and the thermometamorphic zones. The
calcium—aluminum silicate zone is characterized by abun-
dant epidote, quartz, feldspars, various sulfides, and layered
silicates. The top of this zone was stated by Chelini and
Sbrana (1987) to be about 250 °C in the Mofete area and was
less well defined in the San Vito area at between 220 and
270 °C (Fig. 2). The bottom of this zone was judged by Che-
lini and Sbrana (1987) to be at 325°C in the Mofete area,
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Figure 2. Schematic sketch showing generalized stratigraphy of the five geothermal wells, adapted from De Vivo et al. (1989). The top of
thermometamorphism, total depth of well, and isotherms (°C) are indicated. Lithologic symbols: 1 — incoherent pyroclastic rocks; 2 — latitic
soriae and pumices; 3 — yellow tuffs (post-caldera submarine activity); 4 — chaotic tuffites; 5 — chaotic tuffites (subaerial environment); 6A —
trachytic lavas; 6B — latitic lavas and lava domes (pre-caldera period); 7 — interbedded tuffites, tuffs and lavas (submarine environment); and

8 — interbedded shales, marls, siltstones, and sandstones (marine).

whereas in San Vito 1 it corresponds to the current 360 °C
isotherm, and in San Vito 3, it corresponds to the current
270°C isotherm. This lower temperature in San Vito 3 re-
flects the complexity of recent faulting shifting older hy-
drothermal zones up and down (Fig. 2). The thermometa-
morphic zone is characterized by nearly complete recrys-
tallization and/or replacement of the host rock; Chelini and
Sbrana (1987) defined two subzones: amphibole—biotite and
diopside. All the studied samples come from the calcium—
aluminum silicate and the thermometamorphic zones as de-
fined by Chelini and Sbrana (1987).

Recently, portions of the Mofete and San Vito cores have
been examined in the following studies in order (1) to study
the effects of water—rock reactions to aide in geochemical
modeling (Piochi et al., 2021), (2) to develop a revised model
for the subsurface structure of the Campi Flegrei (Piochi et
al., 2014), and (3) to examine the secondary hydrothermal
minerals in order to better understand the rock physics and
state of the volcanic system (Mormone et al., 2011). Only in
the studies by Mormone et al. (2011) and Piochi et al. (2021)
is the epidote supergroup described as a component of the
hydrothermal mineral assemblage, but no compositional data
are given.

https://doi.org/10.5194/ejm-35-25-2023

4 Nomenclature

In this report, we use the International Mineralogical As-
sociation (IMA)-recommended terminology as outlined by
Armbruster et al. (2006) and Mills et al. (2009). The epi-
dote supergroup is subdivided into groups, such as the epi-
dote, allanite, and dollaseite groups. In our study, we iden-
tified only two members of the epidote group (clinozoisite,
epidote) and two members of the allanite group (allanite-
(Ce), ferriallanite-(Ce)). In the recommended nomenclature,
the occupancy and dominance of key cation sites determine
the group, root name, and individual species (Armbruster et
al., 2006).

The epidote supergroup name assignment is based on
the dominant valence at the M3, M1, and A2 sites and
can be either M2t or M3T. The epidote group is defined
as [M2+]a2 > 0.50 and [M3+]y3 > 0.50 (Armbruster et al.,
2006). The distinction between clinozoisite and epidote is
based on the dominance at the M3 site; [AI’t 3 > 0.50 is
clinozoisite and [Fe’* |y3 > 0.50 is epidote. For both clino-
zoisite and epidote, the dominant cations at the Al, A2, M1,
and M2 sites are Ca, Ca, Al, and Al, respectively. We used
the recommended metric Xg. = (Fe3T) / (Fe3t+ Al) atoms
per formula unit (apfu) to quantify the solid-solution mem-
bers epidote and clinozoisite.

In the allanite group, A2 is occupied by
REE + Y 4 Th+ U > A2%t cations (REE denotes rare earth
element) and the Levinson suffix indicates the dominant
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Table 1. Distribution of epidote supergroup minerals in the Mofete and San Vito samples.

Alteration
Sample Depth (m) Lithology zone T (°C)* ep czo aln faln
MF1-1150 1150  porphyritic trachyte C 275/ i
MF1-1398 1398  porphyritic latite C 305 Vv
MF1-1495 1495  chaotic tuffite C 320 Vv
MF1-1597 1597  silty marl, sandstone C 347 NN N
MF2-1582 1582  chaotic tuff C 315/ i
MF2-1715 1715  chaotic tuff C 325 YV
MF2-1824 1824  trachyte C 335/ Y
MF2-1960 1960 latite D 45
MF5-2605 2605  siltstone, sandstone D 350
SV1-2125 2125  chaotic tuff C 300 4
SV1-2510 2510  grey tuff C 335 Vv
SV1-2676 2676  grey tuff D 350 v
SV1-2860 2860  siltstone, sandstone D 390
SV3-2100 2100  chaotic tuffite D 320
SV3-2105 2105  chaotic tuffite D 320
SV3-2353 2353  siltstone, sandstone D 330 0V
SV3-2359 2359  siltstone, sandstone D 330 0V

ep, epidote; czo, clinozoisite; aln, allanite; faln, ferriallanite; C, calcium—aluminum silicate zone; D, thermometamorphic zone.
* Measured well temperature after stabilization (De Vivo et al., 1989).

rare earth element (REE+Y). In the IMA-recommended
system (Armbruster et al., 2006), the allanite group is
derived from the epidote group by homovalent substitutions
and one coupled heterovalent substitution of the type
(REE)3A‘5+ Mlz\/l—g — Cai*z' +MI3VE. Thus, the valences on the
key sites, A2 and M3, are the reverse of the epidote group.
Gieré and Sorensen (2004), in a comprehensive review of
allanite and REE-bearing epidote mineralogy, point out that
the distinction of allanite from REE-rich epidote differs by
author. In the IMA procedure, REE-bearing epidote and
clinozoisite are distinguished from allanite by the dominant
cation(s) (> 0.50) in the A2 and M3 sites. The dominance of
Fe3* in the M1 site distinguishes ferriallanite from allanite.

To normalize the electron microprobe (electron probe mi-
croanalyzer, EPMA) data, we used the program WinEp-
clas (Yavuz and Yildirim, 2018), which follows the IMA-
recommended naming procedure based on site occupancy
and cation dominance. Normalization of EPMA data was on
the basis of (T + M + A) = 8 cations.

5 Analytical methods

Polished thin sections were prepared either from pieces of
core or from individual hand-picked crystals. After routine
optical petrography, the samples were examined with a JEOL
JSM-840 scanning electron microscope (SEM) equipped
with a Princeton Gamma-Tech Si(Li) energy-dispersive X-
ray analyzer or a Hitachi SU5S000 Schottky thermally as-
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sisted field-emission SEM equipped with an Oxford Ultima
100 mm? energy-dispersive X-ray spectroscopy (EDS) sili-
con drift detector to select areas for analysis. Quantitative
electron microprobe analyses of major and minor elements
were obtained with a JEOL JXA-8900R five-spectrometer,
fully automated EPMA using wavelength-dispersive X-ray
spectrometry (WDS). Analyses were made at 15 keV accel-
erating voltage and 20 or 30 nA probe current measured with
a Faraday cup, and counting times on both the peak and the
background varied from 20 to 120s.

Quantitative analyses of minerals containing rare earths
are not trivial due to inherent peak overlap interferences,
and various strategies to obtain good electron microprobe
data have been described (e.g., Exley, 1980; Scherrer et al.,
2000). A 15keV accelerating voltage was used to reduce
the potential of higher-order peak interference. Following the
technique described by Exley (1980), L« for Y, La, Ce, Er,
and Yb and LB for Pr, Nd, Sm, Eu, Gd, and Dy were used
with a LiF analyzing crystal. The analyses were corrected
for electron beam matrix effects, instrumental drift, and dead
time using a Phi-Rho-Z algorithm (CITZAF; Armstrong,
1995) as supplied with the JEOL JXA-8900R electron micro-
probe. Standards were appropriate synthetic or natural ma-
terials available in the Reston Electron Microbeam Labora-
tory (Huebner and Woodruff, 1985). The relative accuracy
of the analyses, based upon comparison between measured
and published compositions of standard reference materials,
is ~ 1 %-2 % for oxide concentration > 1 wt % and ~ 5 %-—
10 % for oxide concentrations < 1 wt %. Elements analyzed
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as oxides and their detection limits (wt %) at 3 standard de-
viations are as follows: MgO (0.02), Al,O3 (0.02), SiO;
(0.02), CaO (0.02), TiO, (0.02), Cr,03 (0.07), FeO (total)
(0.03), PbO (0.09), Y,03 (0.06), SrO (0.06), MnO (0.02),
ThO; (0.09), NayO (0.02), K;0 (0.02), Lay O3 (0.09), Ce;03
(0.09), Nd»,03 (0.15), Pr,03 (0.10), Smy03 (0.10), EuyO3
(0.12), and Gd,03 (0.10). Heavier REEs in REE-bearing epi-
dote, allanite, or ferriallanite were not found above a detec-
tion limit of 0.15 wt %. Neither Cr, O3 nor PbO was detected
in any analysis. The complete data sets for the epidote group
and allanite group analyses are given in the Supplement.

6 Results — epidote group

Epidote and clinozoisite, members of the monoclinic epi-
dote group, occur in a wide diversity of parageneses within a
great range of pressures, temperatures, and host rock com-
positions (e.g., Zen and Hammarstrom, 1984; Deer et al.,
1986; Bird and Spieler, 2004; Chen et al., 2019; Ahmed et
al., 2020). The general formula for the epidote group miner-
als is ApM3[T,07][TO4]O(OH) where the Fe?t and Al end-
members are epidote Cag(AlgFe3+)[Si207][SiO4]O(OH)
and clinozoisite CayAl3[SioO7][Si04]O(OH), respectively.
Other cations can substitute in minor amounts; A sites can
contain large, high-coordination cations such as Sr, Pb, REE,
Y, Th, Na, and K, and octahedrally coordinated M sites
can contain Mn3T, Mn2t, Fe2*, Ti, Cr3*, and V cations.
REEs have been measured in the A2 site of epidote group
minerals from a wide variety of paragenetic environments
such as magmatic (Dawes, 1990), ultrahigh pressure (Rolfo
et al., 2000), various metamorphic facies (Smulikowski and
Koztowski, 1994; see also Gieré and Sorensen, 2004), and
geothermal (Aggarwal, 1999; Bird and Spieler, 2004).

6.1 Petrography

In the studied samples, the epidote group occurs in a wide
variety of habits, shapes, and sizes. Very common through-
out the cores were vugs (Fig. 3a) and veins containing hun-
dreds to just a few crystals (Fig. 3b). Also, we observe crys-
tal vugs completely or partially filled by later deposition
of K-feldspar (Fig. 3c), quartz, and calcite. Limited opti-
cal petrographic study suggests that epidote crystals appear
to be elongated in the b-crystallographic direction but have
various aspect ratios. Some crystals were relatively stubby
(Fig. 3c), and some had length-to-width ratios of as much
as 10 : 1 (Fig. 3a). No systematic distribution of sizes as re-
ported by Patrier et al. (1990) was found, but it appeared
that the mode of occurrence influenced the size. Larger crys-
tals are observed in larger veins or vugs, and smaller crys-
tals are noted in the thinner veins and smaller pores. Another
very common epidote group occurrence is in masses of crys-
tals of up to 1.5cm usually cored by another earlier phase
(Fig. 4a, b). Sulfides, allanite-(Ce), ferriallanite-(Ce), cerite-
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(Ce), aluminocerite-(Ce), titanite, britholite-(Ce), and a TiO;
phase were observed in the cores of epidote group masses.
Epidote was observed to fill probable vesicles with a well-
defined outer edge (Fig. 4c) and partially filled cavities with
a more irregular boundary (Fig. 4d). Veins, commonly tran-
secting the thin section, were usually accompanied by pyrite
or pyrrhotite (Fig. 4e), and the individual crystals comprising
the veins were invariably zoned (Fig. 4f).

6.2 Epidote group composition

The clinozoisite (czo)—epidote (ep) members of the epidote
group are related by the exchange of Fe’* < Al in the M3
site; we used Xpe [Fe3t / (F63++ Al)] apfu as a measure of
this exchange.

6.2.1 Mofete samples

In the Mofete core samples, Xge ranged from 0.06 to 0.33,
where MF1 varied from czo 0.15-0.16 to ep 0.18-0.33; MF2
varied from czo 0.11-0.16 to ep 0.17-0.27, and MF5 var-
ied from czo 0.06-0.16 to ep 0.17-0.18 (Xge). The Mofete
epidote group data show a good linear co-variation in the
Fe?*t—Al substitution (Fig. 5a). Aluminum varies from 2.00—
2.76 apfu, and Fe>* varies from 0.967-0.185 apfu. Minor el-
ements analyzed in Mofete clinozoisite and epidote were Ti,
Mn, Mg, Sr, K, Na, Pb, Cr, Y, and Th. Manganese, Ti, Mg,
and Sr were the most abundant, with MnO ranging (in wt %)
from 0.04-2.00, TiO, ranging from the detection limit (dl)—
0.34, MgO ranging from dl-0.37, and SrO ranging from dl-
0.55. Potassium, Na, Y, and Th were very rarely detected,
and Pb and Cr were not detected. Table 2 gives representa-
tive compositions of the Mofete epidote group.

6.2.2 San Vito samples

In the San Vito core samples, Xg. ranged from 0.10 to 0.32,
where SV1 varied for ep from 0.25-0.32 and for czo from
0.11-0.16 and SV3 ranged from czo 0.10-0.16 to ep 0.17-
0.28 (XFe). The San Vito epidote group data show a good
linear co-variation in the Fe3T—Al substitution (Fig. 5b). Alu-
minum varies from 2.03-2.68 apfu, and Fe3* varies from
0.939-0.295 apfu. Minor elements analyzed in San Vito cli-
nozoisite and epidote were Ti, Mn, Mg, Sr, K, Na, Pb, Cr,
Y, and Th. Manganese, Ti, Mg, and Sr were the most abun-
dant, with MnO ranging (in wt %; dl denotes detection limit)
from d1-0.85, TiO; ranging from d1-0.50, MgO ranging from
dl-0.36, and SrO ranging from dl-0.48. Potassium, Na, and
Y were very rarely detected with most analyses just above
detection; Pb, Cr, Th, and Y were not detected. The minor
elements in the San Vito epidote group were, in general, less
abundant than in the Mofete epidote group. No major gap in
Xre (Fig. 5a, b) that would suggest immiscibility (cf. Hold-
away, 1972; Brunsmann et al., 2002) was observed in either
the Mofete or the San Vito samples. Table 3 gives represen-
tative compositions of the San Vito epidote group.
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Table 2. Representative compositions of epidote and clinozoisite from the Mofete samples.

Analysis MFI1-1150.49 MF2-1715x1.3  MF2-1824.14x1. B MF2-1824.15x1.B  MF2-1824.13x1.B MFI-1597xLF ~ MF1-1597x1.B MF1-1597xL.LF ~ MF5-2605.3 MF5-2605.2 MF5-2605x1. A MF5-2605x1.B
Depth (m) 1150 1715 1824 1824 1824 1597 1597 1597 2605 2605 2605 2605
Temperature (°C**) 275 325 335 335 335 347 347 347 350 350 350 350
Comment core low Z intermediate Z high Z edge low Z high Z high Z
Figure and spot Fig. 8b, G Fig. 8b, H Fig. 8b, 1 Fig. 8d,J Fig. 8d, K

n 1 3 1 1 3 2 3 3 1 1 2 1
Mineral ep ep czo czo ep czo cze ep czo czo ep ep
SiOy (Wt %) 37.50 38.45 39.30 39.18 38.49 38.52 39.19 37.54 39.16 38.98 38.40 38.85
TiO, bdl 0.11 0.16 0.05 0.05 bdl 0.08 bdl 0.09 0.02 0.03 0.07
Al,O3 21.30 24.69 28.50 27.99 24.97 27.45 27.40 24.59 30.38 29.86 27.03 26.45
FeO* 14.49 11.20 6.25 7.36 10.47 7.07 8.19 10.97 3.93 5.11 8.22 8.42
MgO 0.16 0.06 bdl bdl bdl 0.11 0.05 0.12 0.02 0.03 0.02 0.03
MnO 0.12 0.20 0.17 0.21 0.67 0.18 0.28 0.32 0.68 1.23 0.33 0.24
CaO 23.50 23.53 23.71 23.54 22.84 23.82 23.52 23.50 23.08 22.47 23.54 23.88
SrO 0.11 0.07 0.14 0.17 0.10 0.16 0.13 0.14 0.07 0.06 bdl 0.11
Total 97.18 98.31 98.23 98.50 97.59 97.30 98.84 97.18 97.41 97.76 97.57 98.05
Formulae on the basis of (T +M + A) = 8 cations

Si 2.991 3.001 3.027 3.018 3.024 3.001 3.015 2.962 3.021 3.008 2.992 3.017
Ti 0.000 0.006 0.009 0.003 0.003 0.000 0.005 0.000 0.005 0.001 0.002 0.004
Al 2.002 2271 2.587 2.541 2312 2.520 2.485 2.286 2.762 2.716 2.482 2.421
Fe3t+ 0.967 0.715 0.340 0.417 0.633 0.461 0.476 0.724 0.185 0.265 0.531 0.537
FeZt 0.000 0.016 0.062 0.057 0.055 0.000 0.051 0.000 0.069 0.065 0.004 0.010
Mg 0.019 0.007 0.000 0.000 0.000 0.013 0.006 0.014 0.002 0.003 0.002 0.003
Mn 0.008 0.013 0.011 0.014 0.045 0.012 0.018 0.021 0.044 0.080 0.022 0.016
Ca 2.008 1.968 1.957 1.943 1.923 1.988 1.939 1.986 1.908 1.858 1.965 1.987
Sr 0.005 0.003 0.006 0.008 0.005 0.007 0.006 0.006 0.003 0.003 0.000 0.005
XFe 0.33 0.24 0.12 0.14 0.21 0.15 0.16 0.24 0.06 0.09 0.18 0.18

* total iron as Fe2*. bdl, below detection lir Nay0, K0, Y03, and ThO; are bdl; 7, number of analyses averaged; Xpe Hﬁumfrv\ﬁunu++ Al) apfu; ep, epidote; czo, cli w* s from d well (De Vivo et al., 1989). Fe3t \Mmfr is calculated on the basis of stoichiometry;

Z, average atomic number.
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ﬁi :Kf__S b
Figure 3. (a) Centimeter-size vug of epidote crystals in sample MF1-1597 in potassium feldspar and albite (Kfs/ab) with crystals of pyrite

(py), SE image. (b) Vug in sample SV1-2125 containing crystals of epidote (ep) surrounded by K-feldspar (Kfs), backscattered electron
(BSE) image. (¢) Vug filled with epidote (ep) crystals subsequently filled by K-feldspar (Kfs), sample MF1-1495, BSE image.

6.3 Composition variation with temperature

Although we were limited by the number of Mofete and San
Vito core samples, we observe a general decrease in Xpe
with increasing temperature and depth but only in the Mofete
wells. In the Mofete wells, Fig. 6a shows that with increas-
ing well temperature, Xpe tends to decrease (i.e., more abun-
dant clinozoisite) especially in the MF1 samples. In this well,
we have a greater temperature and depth range of samples.
The composition ranges in MF1 from epidote at 0.33 X, at
275°C (1150 m depth) to clinozoisite at 0.15 Xpe at 347 °C
(1597 m depth). The situation is much less clear in the San
Vito wells (Fig. 6b), where there has been recent fault move-
ment. In the SV1 well, all the epidote group minerals are
epidote except at depth 2676 m, 350 °C. Except for this cli-
nozoisite, the epidote composition does not change with tem-
perature or depth given the limited available sampling. Sam-
pling in the San Vito SV3 well varied from 2100-2359 m
with a narrow range of well temperatures (320-333 °C). The
wide spread of analyzed compositions at 330 °C (2353 m) re-
sulted from the abundance of oscillatory zoned crystals ob-
served in a vug and one that was analyzed along a traverse
(see below).

Eur. J. Mineral., 35, 25-44, 2023

6.4 Compositional zoning in the epidote group

Various styles of zoning in epidote group minerals were ob-
served in all the studied Mofete and San Vito well samples.
Zoning involving a smooth gradation either from a Fe-rich
core to an Al-rich rim or vice versa was not observed. All
the compositional zones were separated by relatively sharp
boundaries, at least within the resolution limits of the SEM,
although in some complex zoning areas, these were difficult
to clearly resolve. We observed oscillatory, complex, and sec-
tor zoning.

Oscillatory zoning was most clearly observed when the
crystal happened to lie lengthwise in the plane of the thin
section. Figure 7a shows a portion of an 850 um crystal ori-
ented so that the oscillatory zoning is clearly displayed. The
core (right arrow) is a partially resorbed epidote (spot A). In
the same vug, Fig. 7b shows another partially resorbed core
in a crystal oriented perpendicular to Fig. 7b. The core of
Fig. 7b is iron-rich (spot C), but the crystal growth follow-
ing the resorption was relatively iron-poor (spot B). Two tra-
verses are conducted on the crystal in Fig. 7a: (1) WDS line
scan recording the Fe K« and Al K« counts per second and
(2) WDS analytical analysis every ~ 25 um. Figure 7c shows
the line scan across the variable-width oscillatory zones. Two
zones, spots D (ep) and E (czo), are separated by a very sharp
boundary, although because the microprobe beam has finite
volume, the line scan transitions are somewhat sloped. Inset

https://doi.org/10.5194/ejm-35-25-2023
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Figure 4. BSE images: (a) typical irregularly shaped mass of epidote (ep) crystals with quartz (qz) and K-feldspar (Kfs) from sample MF1-
1597. Details of the bright core area are shown in Fig. 9f. (b) Mass of epidote crystals (ep) with pyrite (py), sample MF1-1495. (¢) Probable
vesicle filled with epidote (ep), sample SV1-2510. (d) Open cavity partially filled (V — vug) with epidote (ep) and potassium feldspar (Kfs)
with hematite blades (high BSE), sample SV1-2510. (e) Portion of a > 2 cm pyrrhotite (pyh), clinozoisite, and epidote vein. Box enlarged
in (f), sample MF2-1824. (f) Enlarged area imaged with high BSE contrast to show complex patchy zoning of epidote (ep) and clinozoisite

(czo).

Fig. 7d gives the Xpe values measured by an EPMA at se-
lected points; Table 3 gives their complete analysis.
Complex zoning was the most common type observed in
both Mofete and San Vito samples and was usually mixed
with other zoning types. It was recognized in crystals grow-
ing in vugs (Fig. 8a), in masses of crystals, and in veins
(Fig. 4f). Figure 8a shows a portion of a vug (MF2-1824)
with some of the crystals with britholite-(Ce) centers. The en-
larged portion (Fig. 8b) of a euhedral crystal shows a chaotic
assemblage of zones in the center that are terminated by os-

https://doi.org/10.5194/ejm-35-25-2023

cillatory zoning. Spots analyzed in Fig. 8b show that the cen-
ter is iron-poor relative to the peripheral zones. Figure 8e
gives the Xpe data for selected spots, and their EPMA data
are given in Table 2.

Sector zoning refers to a compositional difference between
coeval growth sectors in a crystal. This type was less com-
mon than either complex or oscillatory zoning in the samples
and was typically seen in crystals in vugs (Fig. 8c). Where
measured by the EPMA, the different sectors had signifi-
cantly different Xg. values and BSE responses. The zoning

Eur. J. Mineral., 35, 25-44, 2023
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Figure 6. The variation in Xpge [(Fe3+) / (F€3+—|— Al)] apfu in the epidote group with measured well-hole temperature (°C) after stabilization
(De Vivo et al., 1989) for Mofete (a) and San Vito (b) wells. Symbols are as in Fig. 5a and b.

shown in Fig. 8d also illustrates the mixtures of zoning types:
oscillatory and complex zoning with sector zoning in some of
the late-formed crystals. The Xg. values are shown in Fig. 8e
and the complete EPMA data in Table 2.

Sector zoning refers to a compositional difference between
coeval growth sectors in a crystal. This type was less com-
mon than either complex or oscillatory zoning in the samples
and was typically seen in crystals in vugs (Fig. 8c). Where
measured by the EPMA, the different sectors had signifi-
cantly different Xg. values and BSE responses. The zoning
shown in Fig. 8d also illustrates the mixtures of zoning types:
oscillatory and complex zoning with sector zoning in some of
the late-formed crystals. The Xg. values are shown in Fig. 8e
and the complete EPMA data in Table 2.

Eur. J. Mineral., 35, 25-44, 2023

7 Results — REE-bearing epidote supergroup

We have separated, for description, members of the allan-
ite group from those of the epidote group that had de-
tectable REE + Y. The critical distinction that separates the
allanite group from other members of the epidote super-
group containing REE 4 Y is the dominance (> 50 % apfu)
of REE + Y in the A2 site (Armbruster et al., 2006).

7.1 Allanite group

We identified two members of the allanite group, allanite-
(Ce) [CaCeAlLFe?t[Sir07] [Si04]O(OH)] and ferriallanite-
(Ce) [CaCeFe’t AlFe?*[Siy07][Si04]O(OH)]. Table 1 gives
the distribution of the allanite group in the studied samples.
The allanite group was much more abundant in the Mofete

https://doi.org/10.5194/ejm-35-25-2023
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Figure 7. BSE images: (a) several millimeter-long, complexly zoned epidote crystals from sample SV3-2353. The left arrow indicates
oscillatory growth in the b-crystallographic direction of the euhedral elongate crystal. The core of the crystal (right arrow) has an irregularly
shaped iron-rich core. The line X-Y is the traverse shown in Fig. 7c. (b) A basal section of a complexly zoned epidote crystal showing
an iron-rich core (arrow) that has been partially resorbed. The dark areas in the core are biotite crystals. (¢) Enlarged detail of the EPMA
traverse shown in Fig. 7a. The EPMA line traverses for the elements Fe and Al are shown below registered in position. The Fe-rich bands are
epidote (ep), and Al-rich bands are clinozoisite (czo). The conditions of the EPMA line traverse were 15 keV and 30 nA, with a pixel size of
~ 0.1 um. The excitation of the sample with the electron beam is a tear-drop-shaped volume so that as the beam traverses from one section
to another, the boundaries are sloped. (d) Values of Xpe [(Fe3+) / (Fe3+—|— Al)] apfu for the EPMA analytical spots A—F for epidote (ep) and
clinozoisite (czo) shown in Fig. 7a, b, and c; analyses are given in Table 3.

wells than in the San Vito wells, especially in samples MF1-
1597 and MF2-1824.

in the igneous products. The starburst pattern (Fig. 9a, b) was
also seen without any accompanying epidote. An uncommon
occurrence, only observed in sample MF1-1597, was allanite
groups with cores of aluminocerite-(Ce) (Al,O3 = 2.0 wt %
to 2.3 wt %) (Fig. 9c, f). Oscillatory zoned crystals (Fig. 9d)
and other textures (Fig. 9¢) indicate precipitation of allanite
in pulses. Anenburg et al. (2015, Fig. 6a) illustrate similar

7.1.1 Petrography

We observed two general textures of the allanite group;
(1) radiating sprays of crystals, usually at the centers of epi-

dote group masses, and (2) groups of crystals, many euhe-
dral, in the center of epidote group masses. These textures
are authigenic, precipitated from geothermal fluids, as op-
posed to uncommon igneous allanite fragments we identified

https://doi.org/10.5194/ejm-35-25-2023

oscillatory zoned allanite. Ferriallanite was only observed in
one sample (MF1-1597) and forms euhedral crystals in the
centers of larger epidote masses (Fig. 9f). Minor zoning of

Eur. J. Mineral., 35, 25-44, 2023
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Figure 8. BSE images: (a) complexly zoned crystals of epidote (ep) in a vug (V) with cores of britholite-(Ce) (bri-Ce), sample MF2-1824.
The rectangle is enlarged in (b). (b) Crystal from thin section shown in (a) oriented vertically, illustrating complex zoning. Spots G and
H are clinozoisite, and I is epidote. (¢) Edge of a vug (V) in K-feldspar/albite (Kfs/ab) lined with complexly zoned epidote (ep) crystals,
sample MF1-1597. Square enlarged in (d). (d) Sector-zoned crystals (§) with relatively unzoned epidote cores. The sector compositions vary
between epidote (ep: spot K) and clinozoisite (czo: spot J). (e) Values of Xpe [(Fe3+) / (FeSJr—}— Al) apfu] for the EPMA analytical spots G-K
for epidote (ep) and clinozoisite (czo) shown in Fig. 8b and d; analyses are given in Table 3.

light rare earth elements (LREEs, La—Gd) was observed in
both allanite and ferriallanite.

7.1.2 Composition

The allanite and ferriallanite are enriched in LREEs and have
variable compositions, mostly due to minor zoning. We did
not observe any compositional relationship with temperature
and/or depth. Both minerals are Ce dominant and hence are
allanite-(Ce) and ferriallanite-(Ce). Minor elements analyzed
in the allanite group were Ti, Mn, Mg, Sr, K, Na, Pb, Cr, Y,
and Th. Manganese, Sr, Mg, and Ti are the most abundant
with MnO ranging (in wt %; dl denotes detection limit) from
dl-1.70, SrO ranging from dl-1.41, MgO ranging from dl-
1.19, and TiO; ranging from dl-0.82. Potassium, Na, Y, and

Eur. J. Mineral., 35, 25-44, 2023

Th were infrequently detected with all analyses < 0.50 wt %;
Pb and Cr were not detected. The LREE abundance (in wt %)
is variable: Lay O3 varies from 3.98-8.30; Ce, O3 varies from
7.11-16.17; PrpO3 varies from dl-1.41; Nd,O3 varies from
1.05-4.40. When measured, Sm,O3 ranges from dI-0.61,
Eu,03 ranges from d1-0.35, and Gd; O3 ranges from d1-0.37.
Representative compositions of the allanite group are given
in Table 4.

7.2 REE-bearing epidote group
During routine BSE observation, epidote group crystals, es-
pecially those bordering masses of allanite and ferriallanite

(Fig. 91, g), had bright rims or zones. Microprobe analysis
yielded LREEs but in concentrations such that either Al or

https://doi.org/10.5194/ejm-35-25-2023
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ep aln-Ce

Figure 9. BSE images: (a) “starburst” allanite-(Ce) (aln-Ce) in the core of an epidote (ep) mass, sample MF1-1597. (b) Mass of radiating
allanite-(Ce) (aln-Ce) with epidote (ep), albite (ab), and K-feldspar (Kfs), sample MF2-1824. (¢) Mass of ferriallanite-(Ce) (faln-Ce) with
aluminocerite-(Ce) (acrt-Ce) in their cores in an epidote (ep) mass with albite (ab), sample MF1-1597. (d) Zoned crystals of allanite-(Ce)
(aln-Ce) with areas of REE-bearing epidote (X) in patchy REE-rich epidote (ep), sample MF2-1824. (e) An allanite-(Ce) core (aln-Ce)
followed by epidote (ep) and then REE-bearing epidote (X) followed by allanite-(Ce) surrounded by epidote (ep) and chlorite (chl) in sample
MF2-1824. (f) Allanite-(Ce) (aln-Ce) and ferriallanite-(Ce) (faln-Ce) in the core of a 400 x 450 um epidote (ep) mass with a late vein of
quartz (qz). The rectangle is enlarged in (g), sample MF1-1597. (g) Enlargement of area in (f) showing clinozoisite (czo; spot N) and epidote
(ep; spot O) both enriched in LREE, just below allanite-(Ce) (aln-Ce). Data for analytical spots L—O are given in Table 4.

Fe3t was dominant (> 50% apfu) in the A2 site (Fig. 9g
points N and O). In some cases, it appears that the tran-
sition from the REE-bearing epidote group to the allanite
group is gradual (Fig. 9d), and in other cases, the transition
seems sharp within the resolution limits of the SEM (Fig. 9e).
Bonazzi and Menchetti (1995) suggest that the increasing
content of Fe?* in epidote distorts the structure to accom-
modate more REE. We observe this relationship (Table 4),
but our data set is too limited to be definitive. Table 4 gives
representative compositions of REE-bearing clinozoisite and
epidote; all LREE compositions are Ce dominant.

https://doi.org/10.5194/ejm-35-25-2023

8 Discussion
8.1 Geothermal epidote

Although epidote was described as a mineral species more
than 180 years ago (Franz and Liebscher, 2004), the world
energy “crises” of the 1970s and 1980s produced much ex-
ploration for high-enthalpy geothermal fluids for electric
power production, and mineralogical studies associated with
this exploration generated numerous literature descriptions
of epidote from geothermal fields (e.g., Cavarretta et al.,
1980, 1982; Shikazono, 1984; Bird et al., 1988). Bird and
Spieler (2004) present a very comprehensive review of epi-

Eur. J. Mineral., 35, 25-44, 2023



Is

inera

f epidote supergroup m

ion and zoning o

1 variat

iona

Composit

H. E. Belkin and B. De Vivo

38

Table 4. Representative compositions of REE-bearing epidote supergroup minerals.

Analysis MF2-1824x1.1  MFI-1597-1 MFI-1597-12  MFI-1597-11 MFI1-1597-17 MFI-1597-19 MF2-1824-2x1.1 MFI-1597-2 MFI-1597-23-26 MFI-1597-14 MFI-1597-13 MFI-1597xLE  SV3-2105-1
Depth (m) 1824 1597 1597 1597 1597 1597 1824 1597 1597 1597 1597 1597 2105
Comment core zoned with core REE core REE core REE core
Figure and spot Fig. 9a,L Fig. 9c, M Fig. 9g, N Fig. 9g, O

n 2 1 1 1 1 1 1 1 2 1 1 3 1
Mineral aln-Ce aln-Ce aln-Ce faln-Ce faln-Ce faln-Ce ep ep ep czo czo czo czo
Si0; (wt %) 33.98 33.54 31.26 30.01 30.38 30.93 35.89 36.96 35.60 35.38 35.72 37.11 35.68
TiOy 0.80 0.16 0.08 0.13 0.20 0.06 0.47 0.11 0.05 0.18 0.13 0.11 0.10
Al O3 20.28 14.76 13.83 6.27 10.90 11.84 21.97 26.05 25.35 24.69 25.17 26.69 23.25
FeO* 10.51 17.53 16.31 24.64 20.08 15.07 11.23 9.40 7.56 7.34 774 6.42 9.39
MgO 0.13 0.57 0.86 0.68 0.54 091 0.07 0.09 0.25 0.28 0.27 0.22 0.15
MnO 1.02 1.21 1.38 1.13 0.77 1.29 0.61 1.08 1.18 1.33 1.14 1.11 0.00
CaO 13.39 15.00 10.70 10.03 12.18 10.01 17.78 21.75 20.54 17.25 18.64 19.36 17.79
SrO 0.71 bdl bdl bdl bdl bdl 0.66 bdl 0.09 bdl bdl 0.09 bdl
Na,O 0.03 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.03
K,O0 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.02
Lay03 428 4.14 6.15 6.36 4.12 6.40 2.71 021 1.84 4.12 2.95 2.34 2.87
Cep03 9.04 8.86 13.05 12.76 9.81 14.03 4.62 0.56 2.77 6.31 4.59 3.20 5.05
Pr,O3 bdl 0.54 0.89 1.33 0.73 1.40 bdl bdl na 0.66 0.32 na na
Nd,03 2.04 2.36 3.69 3.81 3.22 4.13 1.10 0.24 na 1.27 1.26 0.40 1.69
Smy03 bdl 0.21 0.23 0.26 0.11 0.33 bdl na na na na na na
EuyO3 bdl 0.16 0.12 0.31 bdl 0.17 bdl na na na na na na
Gd,03 na bdl bdl 0.10 0.26 bdl bdl na na na na na na
Y,03 bdl 0.08 0.19 0.14 0.16 0.12 bdl 0.08 bdl bdl bdl bdl 0.22
ThO» 0.09 0.09 0.19 0.09 0.27 0.09 0.17 bdl bdl bdl bdl bdl 0.73
Total 96.25 99.21 98.93 98.05 93.73 96.78 97.28 96.53 95.23 98.81 97.93 97.05 96.97
YREE+Y 15.35 16.35 24.32 25.07 18.41 26.58 8.43 1.09 4.61 12.36 9.12 5.94 9.83
YREE+Y +Th+Sr 16.14 16.44 24.51 25.16 18.68 26.67 8.60 1.09 4.70 12.36 9.12 6.03 10.56
Formulae on the basis of (T +M + A) = 8 cations

Si 3.064 2.993 2973 3.001 2.983 3.076 3.032 2.946 2.937 2.970 2.957 3.021 3.031
Ti 0.054 0.011 0.006 0.010 0.015 0.004 0.030 0.007 0.003 0.011 0.008 0.007 0.006
Al 2.155 1.552 1.550 0.739 1.261 1.388 2.187 2.447 2.465 2.443 2.456 2.561 2.328
Fe3t 0.686 0.904 0.638 1.058 1.070 0.772 0.423 0.615 0.515 0.215 0.337 0.205 0.268
Fe?t 0.107 0.404 0.659 0.741 0.579 0.481 0.371 0.011 0.007 0.300 0.199 0.232 0.399
Mg 0.017 0.076 0.122 0.101 0.079 0.135 0.009 0.011 0.031 0.035 0.033 0.027 0.019
Mn 0.078 0.091 0.111 0.096 0.064 0.109 0.044 0.073 0.082 0.095 0.080 0.077 0.000
Ca 1.293 1.434 1.090 1.075 1.281 1.067 1.609 1.857 1.816 1.551 1.653 1.689 1.619
Sr 0.037 0.000 0.000 0.000 0.000 0.000 0.032 0.000 0.004 0.000 0.000 0.004 0.000
Na 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.005
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002
La 0.142 0.136 0.216 0.235 0.149 0.235 0.084 0.006 0.056 0.128 0.090 0.070 0.090
Ce 0.298 0.289 0.454 0.467 0.353 0.511 0.143 0.016 0.084 0.194 0.139 0.095 0.157
Pr 0.000 0.018 0.031 0.048 0.026 0.051 0.000 0.000 0.000 0.020 0.010 0.000 0.000
Nd 0.066 0.075 0.125 0.136 0.113 0.147 0.033 0.007 0.000 0.038 0.037 0.012 0.051
Sm 0.000 0.006 0.008 0.009 0.004 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Eu 0.000 0.005 0.003 0.011 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Gd 0.000 0.000 0.000 0.003 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y 0.000 0.004 0.010 0.007 0.008 0.006 0.000 0.003 0.000 0.000 0.000 0.000 0.010
Th 0.002 0.002 0.004 0.002 0.006 0.002 0.003 0.000 0.000 0.000 0.000 0.000 0.014
YREE+Y 0.506 0.533 0.847 0.916 0.661 0.967 0.260 0.032 0.140 0.380 0.276 0.177 0.308
YREE+Y +Th+ Sr 0.545 0.535 0.851 0918 0.667 0.969 0.295 0.032 0.144 0.380 0.276 0.181 0.322

* total iron as Fe? ™. n, number of analyses averaged; bdl, below detection limit; na, not analyzed; Tb-Lu is na. aln-Ce, allanite-(Ce); faln-Ce, ferri

nite-(Ce); ep, epidote; czo,

Fe3t /Fe2t is

ed on the basis of
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dote in geothermal systems and emphasize that the epidote
group is common and abundant in geothermal systems at
temperatures usually > 200 °C, exhibits a wide range of octa-
hedral substitution (Al <> Fe3*), and displays frequent zon-
ing. For example, Absar (1991) uses the presence of epi-
dote to model the epidote-formation regime at 7 > 250 °C
in the Ohaaki-Broadlands, New Zealand, geothermal field.
Bird and Spieler (2004) and Caruso et al. (1988) emphasize
the sensitive dependence of epidote composition (coupled
Al <> Fe3* substitution) on temporal and spatial variations
in fluid composition, redox conditions, pH, CO, concentra-
tions, aqueous speciation of Fe and Al complexes, etc. Bird
and Spieler (2004, p. 284) conclude their review by warn-
ing the epidote researcher that “interpretation of the chemi-
cal and physical evolution of magma-hydrothermal systems
based on chemically zoned epidotes must be considered with
caution”.

8.2 Epidote composition and well temperature

Figure 6a and b show the co-variation in Xpg. with tem-
perature for the Mofete and San Vito wells. The San Vito
system has been disturbed by faulting, and this is evident
by the distribution of epidote compositions, structural rela-
tions, and drill-hole stratigraphy (Chelini and Sbrana, 1987;
De Vivo et al., 1989). In contrast, the Mofete system has
been described as a simple, generally prograde, active, and
structurally undisturbed area. Although there is scatter, we
found decreasing Xp. with increasing well temperature and
more clinozoisite below 320 °C. De Vivo et al. (1989) as-
sessed the fossil temperature variation in the boreholes by
fluid inclusion microthermometry for comparison with the
measured well temperature. The fluid inclusion data indicate
relatively stable thermal conditions for MF1, MF2, and SV 1,
but the data suggest that the thermal regime in well MF5 has
cooled subsequent to fluid inclusion trapping and host min-
eral crystallization. Overlapping mineral assemblage zones
in the SV3 well indicate that minerals that hosted the mea-
sured fluid inclusions are relatively recent and that a signifi-
cantly hotter regime existed in the past (De Vivo et al., 1989).
Guglielminetti (1986) and De Vivo et al. (1989) describe
multiple fluid reservoirs in the Mofete field characterized by
differences in the salinity and total dissolved solids (TDSs),
but we did not observe any effect of these differences on the
chemistry of distribution of the epidote supergroup.

Liou (1973) suggests that Al increases in epidote with in-
creasing temperature on the basis of experimental studies.
Poli and Schmidt (2004) remark that generally epidote be-
comes more aluminous as oxygen fugacity decreases, but
this relationship was equivocal. Potel et al. (2002) also de-
scribe epidote composition in New Caledonia metamorphics
that varies as a function of oxygen fugacity and that rock
composition is the main factor that controls both mineral as-
semblages and their composition. Liou et al. (1985), Caruso
et al. (1988), and Arnason and Bird (1992) report decreas-
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ing X with increasing temperature and/or depth, whereas
Shearer et al. (1988) report no systematic variation with
depth. In fact, many descriptions of geothermal epidote re-
port no relationship between Xg. and temperature and/or
depth and describe complex epidote histories, such as mul-
tiple generations, and disequilibrium mineral assemblages
(Bird and Spieler, 2004, and references therein). In partic-
ular, Bird and Spieler (2004) illustrate the complexity of the
influence of these variables by pointing out that the Al con-
tent of epidote will both increase and decrease with increas-
ing temperature as a function of CO, fugacity (e.g., Arnason
et al., 1993).

Iron in the Mofete and San Vito geothermal fluids was a
mixture of Fe”* and Fe’T as there was common simultane-
ous precipitation of various divalent iron sulfides with epi-
dote group minerals. We also identified iron oxides in all the
samples. Hematite, intergrown with epidote (Fig. 4d), was
observed in some samples, and this suggests mineralization
from more oxidizing fluids as also suggested by McKibben
et al. (1988) for the Salton Sea geothermal system. The sul-
fur fugacity also varied although from the restricted occur-
rence of anhydrite, most sulfur was relatively reduced. How-
ever, the fact that a general decrease in Xge with increasing
temperature is observed at all, especially in the MF1 well,
suggests that the most important factors that determined Xpe
distribution have remained relatively constant during the for-
mation of the measured epidote group.

8.3 Zoning

Zoning in rock-forming minerals was described in the 19th
century from some of the first petrographic studies of rocks
using polarized light microscopy (e.g., Sorby, 1858). Differ-
ent types of zoning have been subsequently recognized, and
various theories have been put forward to explain the vari-
ous types of zoning. Some reported epidote zoning seems re-
lated to the host rock composition where, for example, more
iron-rich host rocks produce more iron-rich epidotes (Shika-
zono, 1984), whereas in other epidote studies (Santaguida,
1999) where host rock composition widely varies, no rela-
tionship was observed. De Vivo et al. (1989) and Chelini and
Sbrana (1987) indicate no significant differences in host rock
composition with regard to iron content in the Campi Flegrei
lithologies from which the studied samples were selected.
Relatively simple zoning, where epidote crystals have ei-
ther Al-rich or Fe-rich rims, has been explained by Arnason
and Bird (1992) as the reaction path for plagioclase and cal-
cite dissolution, respectively. Arnason and Bird (1992) also
emphasize the sensitivity of epidote composition to such fac-
tors as pH and Fe3T and Al speciation. The complex and
widely varied epidote zoning observed in the Campi Flegrei
samples suggests complicated and relatively rapid fluctuation
in intensive parameters to produce a great variability in zon-
ing. Furthermore, epidote crystal chemical sites, such as M1,
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M2, and M3, seem to be especially sensitive to these condi-
tion changes.

Oscillatory zoning can arise from various oscillations
in the growth medium (Loomis, 1983) or by autonomous,
time-independent oscillations that are self-organized such
as those in reaction—diffusion systems, like the Belousov—
Zhabotinsky reaction type (Ortoleva, 1994). Figure 7a shows
a typical epidote crystal with well-developed oscillatory zon-
ing. A detailed, high-resolution SEM-BSE examination of
the oscillatory zones in the Campi Flegrei epidotes did not
show any sawtooth periodic decay, nor did it show any other
pattern typical of those described in self-organized zoning.
The oscillatory zoning was separated by sharp interfaces,
and in any single band, the composition was usually uni-
form within the limits of the available instruments (Fig. 7a,
c). The alternation of Fe-rich and Fe-poor bands suggests os-
cillations in the fluid media such as rapid changes in pH,
fCO3,, fO,, or composition. The sharpness of the individual
zones, at least on the scale of the SEM resolution, suggests
that the fluid diffusion rates for the local conditions surround-
ing the growing crystals were rapid, but the solid diffusion
rates were essentially zero with respect to this environment.
No resorbed edges among the oscillatory bands were seen in
the studied samples, suggesting a relatively rapid prograde
environment.

Oscillatory zoning in epidote is common (e.g., Janeczek
and Sachanbinski, 1992; Choo, 2002; Inoue and Utada, 2017,
Bird and Spieler, 2004, and references therein). Choo (2002)
describes oscillatory zoning in the Bobae sericite deposits,
and microprobe experiments across oscillatory bands yield
amplitudes which range from 2 to 13 Xpe. This is the general
range measured in the oscillatory zoned epidote group in the
present study (4-10 Xge).

Sector zoning is zoning localized at particular crystallo-
graphic orientations with differences in composition between
sectors. Dowty (1976) discusses this zoning type with re-
spect to epidote formation and indicates that the M1 and
M2 sites prefer Al very strongly over Fet, whereas the M3
site prefers Fe3*, although Fehr and Heuss-ABbichler (1999)
suggest that the M2 is occupied by Al exclusively. Sector
zoning in epidote can be quite complex: Yoshizawa (1984)
describes an example in a low-grade schist where the epi-
dote is zoned in 10 different crystallographic sectors. Thus,
epidote growth in a fluid with both Fe and Al species avail-
able may produce zones controlled by crystallographic com-
positional differences. However, other factors need to be fa-
vorable to develop sector zoning; probably a relatively stag-
nant fluid is needed for the site-selective compositional dif-
ferences to be operative. For example, Fig. 8d shows sec-
tor zoning in some sample areas although interfering crystal
growth areas have complicated the pattern.

Complex zoning, the most common type observed in the
Campi Flegrei epidotes, is a mixture of oscillatory banding,
sector zoning, and patchy growth. Figure 8a and b show typi-
cal complexly zoned epidotes in vugs, and Fig. 4f shows this
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zoning type in a vein. Zoning of any type was more common
in the deeper, hotter parts of the Campi Flegrei geothermal
field, but this also may, in part, be influenced by the fact that
epidote was also more abundant.

Thus, there are two sources of compositional variability
identified in this study: one related to oscillatory zoning in
response to intensive parameter and or fluid composition
change and the other related to crystallographic features such
as sector zoning.

8.4 REE-bearing epidote supergroup and REEs in
geothermal fluids

Allanite-(Ce) was commonly observed in the Mofete sam-
ples but was less abundant in the San Vito samples. Ferrial-
lanite was only identified in one Mofete sample, MF1-1597.
The distribution and abundance of the REE-bearing epidote
group (epidote and clinozoisite) follow those of the allanite
group.

During SEM-EDS petrographic study we identified the
following geothermal authigenic REE-bearing minerals: zir-
con, zirconolite, synchysite-(Ce), bastnasite-(Ce), monazite-
(Ce), cerite-(Ce), aluminocerite-(Ce), britholite-(Ce), and
probable hellandite-(Y); all except zircon and zirconolite
were LREE enriched. We also noted the presence of authi-
genic fluorite and fluorapatite in the samples, attesting to F as
a component of the geothermal fluids. Mormone et al. (2011)
report allanite in MF1 and a REE phosphate in MF5, and Pi-
ochi et al. (2021) identified an La- and Ce-bearing epidote
in SV1 at 1713 m depth; no analyses of any of these REE
phases are given.

Unfortunately, we know of no analyses of REEs in the
geothermal fluids sampled during the drilling of the Mofete
and San Vito wells (De Vivo et al., 1989) or any other
nearby geothermal wells (Somma et al.,, 2021) or ther-
mal springs and fumaroles (Valentino et al., 1999). How-
ever, REEs have been analyzed in high-temperature fluids
from the Larderello-Travale and Monte Amiata geothermal
fields, Tuscany, Italy (Moller, 2002), and from the Reyk-
janes geothermal system, Iceland (Fowler and Zierenberg,
2015). In these two studies, the REEs were LREE enriched
with some variation in the degree of enrichment. Williams-
Jones (2015) indicates that LREEs form more stable com-
plexes in chloride and fluoride solutions than in heavy rare
earth elements (HREEs, Tb—Lu). This is compatible with the
San Vito and Mofete geothermal saline fluids (De Vivo et al.,
1989) and the common presence of fluorite and fluorapatite.

9 Conclusions

We conclude the following. (1) Authigenic epidote group
minerals, epidote and clinozoisite, are common to abun-
dant in the calcium-aluminum silicate and thermometamor-
phic zones of the Mofete and San Vito geothermal fields,
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Campi Flegrei, Italy. (2) Their compositions encompass
nearly the complete range of coupled Al <> Fe3*t substitu-
tion from Xge 0.06 to 0.33 (Fe3t = 0.185-0.967 apfu), and
in the Mofete wells, Xg. tended to decrease with increas-
ing temperature and depth. (3) The measured well tempera-
tures ranged from 275-350 °C and 300-390 °C in the Mofete
and San Vito wells, respectively, although the fluid inclusion
study by De Vivo et al. (1989) indicates some differences in
past temperatures. (4) Oscillatory, sector, and complex zon-
ing are ubiquitous and indicate rapid changes in one or more
intensive parameters. (5) Two members of the allanite group,
allanite-(Ce) and ferriallanite-(Ce), were identified; their tex-
ture indicates that they are authigenic and that the geothermal
fluids were enriched in, at least, LREEs. REE-bearing epi-
dote and clinozoisite were observed, usually in proximity to
the allanite group.
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