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ABSTRACT

(Ba,K)-feldspars occur with cymrite as thin layers of massive fine-grained celsian interbedded with apatite, sulfides and
barite, or diseminated in the thin-bedded barite-bearing siliceous and carbonate beds ranging in thickness from 0.15t0 0.40 min
three barite depositsin Zamora, Spain. The (Ba,K)-feldspars, which include celsian, hyalophane and K-feldspar, vary from 1.3 to
96.4 mole % BaAl,Si,Og, but exhibit two discontinuities, at 8-24 and 40-92 mol.%. The associated cymrite shows 1.3-3 mol.%
KAISizOgin solid solution. Relict celsian hasasimilar K content, 1.2—2.8 mol.% KAISi3Og. The Ba-rich feldspars may have been
deposited i) as an authigenic phase, or ii) by replacement of authigenic barite during a later diagenetic or metamorphic event.
Cymrite and celsian were formed under low-grade dynamothermal metamorphism that affected Paleozoic sedex barite deposits
of Zamora. Fluid-inclusion studiesindicate 350°—370°C and 1.5 kbars as conditions of equilibration. Those data, and the presence
of vitrinite (350°C), indicate the upper limit of P-T reached. These conditions are close to the reaction curve for celsian + H,0 =
cymrite. The stability field of cymrite confirms that this mineral can be stable in low-P —low-T metasedimentary environments.
That reaction has geobarometric and tectonothermal importance.

Keywords: (Ba,K)-feldspars, celsian, hyalophane, cynrite, barite deposits, hydrothermal activity, low-grade metamorphism,
Zamora Province, Spain.

SOMMAIRE

Des compositions defeldspath (Ba,K) se sont dével oppées en association avec lacymrite en couches minces de celsian massif
agrainsfinsinterstratifié avec I’ apatite, des sulfures, et la barite, ou bien en disséminations dans de minces horizons siliceux et
carbonatés a barite alant de 0.15 40.40 m en épaisseur dans trois gisements de barite dans la province de Zamora, en Espagne.
Les feldspaths de (Ba,K), qui comprennent celsian, hyalophane et feldspath potassique, varient de 1.3 a 96.4% de BaAl,Si,Og
(base molaire), avec quand méme deux discontinuités, a 8-24 et 40-92%. La cymrite associée contient entre 1.3 et 3% de
K AlSizOg en solution solide. Lesreliquats de cel sian possédent un teneur semblable, entre 1.2 et 2.8% de KAISi3Og. Lesfeldspaths
richesen Bapourraient avoir été déposés soit comme phase authigene, soit en remplacement dela barite au cours d’ un événement
tardif d’ origine diagénétique ou métamorphique. Lacymrite et le celsian se sont formés afaible pression en milieu métamorphique
affectant les gisements de barite exhalatifs pal éozoiques de la région de Zamora. Les études antérieures des inclusions fluides
indiquent des conditions d’ équilibrage de 350°-370°C et 1.5 kbars. Ces données, ainsi que la présence de la vitrinite (350°C),
témoignent des limites atteintes en termes de P et de T. Ces conditions se rapprochent des coordonnées de la réaction celsian +
H,O = cymrite. Lacymrite peut avoir un champ de stabilité dans des milieux métasédimentaires afaibles pressions et températures.
Cette réaction aurait une importance géobarométrique et tectonothermale.

(Traduit par la Rédaction)

Mots-clés: feldspaths de (Ba,K), celsian, hyalophane, cymrite, gisements de barite, activité hydrothermale, métamorphisme de
faible intensité, province de Zamora, Espagne.
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INTRODUCTION

The barite deposits of Zamora, Spain, are hosted by
Silurian—Devonian metasediments of the northwestern
part of the Hesperian Massif (Alcafices Synform) and
were exploited in the Ambiciosa, Maria Carmen and
Astur mines. From these, a total of 50 to 60 million
tonnes of barite were extracted both by underground and
open-pit workings. Since 1975, the mines are inactive.
The Ambiciosamineis 2 km southwest of Videde Alba,
the Maria Carmen is 1 km west of San Blas, and the
Astur mineis 2 km northeast of Nuez de Aliste (Fig. 1).

The (Ba,K)-feldspars studied were detected in thin
layers interbedded with apatite, sulfides and barite or
diseminated in the thin-bedded barite-bearing siliceous
and carbonate beds that range in thickness from 0.15 to
0.40 m in the mineralized zone of the sedex-type barite
deposits of Zamora. These deposits were studied by
Poole et al. (1990), Hernandez et al. (1991), and Moro
et al. (1993, 1994).

The aim of this work is to show the mineralogical,
textural and chemical characteristics of these minerals
in order to establish their possible genesis, taking into
account the main metallogenic characteristics of the
barite deposits, and particularly their stable isotope
geochemistry and results of fluid inclusion investiga-
tions. The coexistence and phase rel ations of celsian and
cymrite are of considerable petrological interest as a
natural example of the experimentally established reac-
tion curve celsian + H,O = cymrite (Essene 1967).

BACKGROUND INFORMATION

Celsian, hyalophane and cymrite are restricted in
occurrence. They are associated typically with sedimen-
tary and metasedimentary rocks (Bjorlykke & Griffin
1973, Reinecke 1982, Jakobsen 1990), manganese and
ferromanganese deposits (McSwiggen et al. 1994),
stratabound (syn-sedimentary) barite-sulfide deposits
(Froehlich & Sandréa 1973, Coats et al. 1980, 1984,
Chabu & Boulégue 1992, Devargju et al. 1999, Fortey
& Beddoe-Stephens 1982, Fortey et al. 1993, Hsu 1994,
Kribek et al. 1996, Pouit & Bois 1986), and other Ba-
rich rocks (Pan & Fleet 1991). Most occurrences of
(Ba,K)-feldspars are associated with exhalative hydro-
thermal proccesses and low- and medium-grade meta-
morphism.

Natural occurrences of celsian, BaAl»Si,Og, and solid
solutionstoward K-feldspar (hyal ophane) are better docu-
mented than those of cymrite, BaAl,Si; OgenH,0 (where
0 < n < 1). Some occurrences of cymrite are associated
with high-pressure, low-temperature regional metamor-
phism (e.g., Essene 1967, Reinecke 1982, Moles 1985),
whereas otherswere formed under near-surface sedimen-
tary or hydrothermal conditions (e.g., Runnells 1964,
Froehlich & Sandréa 1973, Aye & Straus 1975, Soong &
Olivecrona 1975, Coats et al. 1980, Fortey & Beddoe-
Stephens 1982, Jakobsen 1990).
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In this study, and according to Graham et al. (1992)
the term cymrite is used for hexagonal or pseudohexa-
gonal phases of composition BaAl,Si,OgenH,O over the
compositional range 0 < n < 1. Where n = 0, the phase
isequivalent to “hexacelsian”. The structural properties
of the latter phase were discussed extensively by
Viswanathan et al. (1992). Celsian has a monoclinic
form and is stable from room temperature up to 1590°C
at atmospheric pressure, where it inverts slowly and
changes to “hexacelsian”. The latter phase may persist
metastably on cooling, but is not reported to occur natu-
rally and istherefore thought to be unstable under crustal
conditions (Lin & Foster 1968). Hyalophane occurs
along the binary solid-solution series between KAISi3Og
and BaAl,Si,Og (celsian). Cymrite and celsian are re-
lated by the dehydration reaction: BaAl,Si,OgenH,O
(cymrite) = BaAl,Si,Og (celsian) + nH,0.

GEOLOGICAL SETTING OF THE BARITE DEPOSITS

The barite deposits (Ambiciosa, Maria Carmen and
Astur mines) of the Middle-Western zone of Zamora,
are located in the “ Central Iberian Zone” (ClZ) and in
the “Galicia — Trés-os-Montes zone” (GTMZ) of the
Iberian Massif (Fig. 1). They are hosted in Manzanal
del Barco and Rébano formations (Al cafiices Synform)
characterized by Silurian to Middle Devonian
metasediments. These rocks have a volcano-sedimen-
tary origin, with varied lithologies, among which sili-
ceous shale, black and grey chert, limestone,
metavolcanic rocks, black shale, greywacke and felds-
pathic quartzite are the most prominent. The
interstratified volcanic rocks, rhyolite, dacite and andes-
ite, belong to the calc-alkaline series with a marked
potassic trend (Gonzalez Clavijo 1997).

These materials were affected by three main phases
of folding of Hercynian age and alow to very low grade
of regional dynamic metamorphism. Thefirst phase (D;)
gaveriseto megascopic folds and generated theregional
cleavage seen in all region. The second phase (D)
formed subhorizontal ductile shear-zones and
overthrusts, and the third phase (D3) generated open
subvertical folds, mostly homoaxial with D, folds, and
a crenulation cleavage. The regional metamorphism is
characterized by alow to medium pressure and tempera-
ture of approximately 350°C, according to the measure-
ments of the b parameter of muscovite and the
application of the conodont index of color alteration as
a geothermometer (Gonzédez Clavijo 1997).

According to Moro et al. (1994), the similar nature
of the host-rock and of morphological, textural, struc-
tural, mineralogical and geochemical characteristics of
the mineralization allow a common description of the
barite deposits.

1) Barite mineralization is close to very important
thrust faults, which correspond to true overthrusts
(Gonzélez Clavijo 1997).
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2) The Astur and Maria Carmen deposits are
interstratified and probably in the same stratigraphic
position in the Silurian to Middle Devonian materials
of the Rabano Formation (Central Iberian Zone),
whereas the Ambiciosa deposit is interstratified in the
Llandovery—Ludlow materials of the Manzanal del
Barco Formation (Galicia — Tras-os-Montes Zone)
(Fig. 1).

3) The host-rocks consist of interbedded chert, sili-
ceous and black shale, limestone, metavolcanic rocks,
greywacke and feldspathic quartzite. Chert and shaleare
the most important rock-types. According to geochemi-
cal data(Moro et al. 1994), the host rocks may well have
formed in a marine continental-platform setting, the
SiO, being provided by exhalative hydrothermal solu-
tions channeled though deep fractures.

4) All of the barite deposits are lenticular and con-
sist mainly of meter-thick beds of massive barite, with
interbedded barite — silica — carbonate beds. At the top
and bottom of these units, other thinner and more com-
plex layers are observed. They consist of crystals, nod-
ules, lenses and laminae of barite set in amatrix formed
by quartz, white mica, barite, (Ba,K)-feldspar and car-
bonate. Vitrinite seams (Poole et al. 1990) and finely
interbedded sulfides (mostly pyrite) and sulfosalts (most
commonly, tetrahedrite) also are present. Both massive
barite and barite-rich beds are occasionally affected by
intraformational brecciation and folding, indicating a
certain instability in the depositional basin.

5) Among the trace elements detected in the barite,
the high content of V (x = 4825 ppm, 1o = 38) issig-
nificant. The high content of this element suggests that
the environment in which the barite deposits formed
wererich in organic matter, which adsorbs V. The oxi-
dation processes may well havereleased V from organic
matter, later incorporated in barite.

6) Theprimary fluid inclusionsin crystalsand mas-
sive barite are two-phase assemblages, with a low-sa-
linity (5% NaCl eqg.) liquid phase and other gaseous
phase constituted by very pure CO,. According to a P—
T plot, these two-phase inclusions must have been
trapped between 350 and 370°C, and between 1500 and
1550 bars (Hernandez et al. 1991).

7) From anisotopic point of view, the bariteis gen-
erally enriched in 3S and 80 with respect to marine
sulfate of the same age. This enrichment in 3*S detected
in al samples of barite may have been imparted during
the recrystallization processes, related to the diagenetic
and metamorphic events. The pyrite has variable §%S,
whichischaracteristic of sedimentary pyriteformed from
H,S generated by bacterial reduction of marine sulfates.
The strongly negative value of 81°C of carbonates sug-
gests that these minerals were formed from CO, gener-
ated by oxidation of organic matter (Moro et al. 1994).

8) These barite deposits could be classified as be-
longing to the exhalative-sedimentary type; later diage-
netic and mainly metamorphic events produced the
textural and structural features of the different types of
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barite and interbedded barite-rich rocks [barite — silica
— carbonate — phosphate — (Ba,K)-feldspars and
vitrinite] observed.

SAMPLES AND METHOD

The samples studied come from barite—silica— car-
bonate bedsinterlayered with beds of massive bariteand
the complex (foliated) layers at the top and bottom of
these units (Fig. 2).

The barite—silica— carbonate beds are amajor com-
ponent of the mineralized zone, ranging between sev-
eral cmto 40 cm in thickness. Thisrock has a compact,
coarse granoblastic texture and contains calcite subor-
dinate to dolomite, quartz and (Ba,K)-feldsparsin addi-
tion to sulfides (mostly pyrite).

The complex (foliated) layers that range from 10 to
15 cm in thickness are dark grey and have a compact,
fine-grained, granoblastic and weakly banded texture.
They are generally associated with crystals, nodules,
lens and |laminae of barite. These rocks contain, in addi-
tion to barite, anomalous amounts of Ba-bearing feld-
spar and lesser quantities of quartz, white mica, organic
matter, apatite and euhedral crystals of pyrite (Fig. 2).
These barite-rich layers display slumping-induced
microfolds and dlip structures. Both types of structures
have been interpreted in terms of intraformational de-
formation, reflecting tectonic instability in the basin
where the barite deposits formed.

The Ba-feldspar-bearing samples have been studied
by polarizing microscopy (P.M.) and scanning electron
microscopy; we used a DSM—940 Zeiss equipment
coupled to an energy-dispersion spectrometer (SEM—
EDX). Electron-microprobe analyses of the Ba-rich
feldspar were carried out with a Camebax SX-50 in-
strument. Concentrations of Si, Al, Ba, Ca, K, Na, Mg,
Fe, Ti, and Mn were determined on celsian, cymrite,
hyalophane and K-feldspar crystalsin the samples stud-
ied. The operating conditions were: accelerating volt-
age 15 kV, beam current 15 nA, spot size 2 pum, and
counting time 10 s. The following standards were used:
orthoclase for Si and K, albite for Al and Na, andradite
for Caand Fe, celsian for Ba, MnTiO3 for Ti and Mn,
and MgO for Mg.

THE (BA,K)-FELDSPARS
Petrography

The microscopic observations on the (Ba,K)-feld-
spars in the samples studied were made with the aid of
back-scattered electron imaging facilities during micro-
probe analysis. Asseenin thin sections, the (Ba,K)-feld-
sparsmostly occur asoptically uniform crystalsin which
cleavage and twinning are poorly developed, except in
coarse crystals, where cleavage and simpletwins are not
uncommon. The feldspars exhibit adistinctly lower re-
lief compared to barite.
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Fic. 2. Stratigraphic sections of the (1) Ambiciosa mine, (2) Maria Carmen mine and (3) Astur mine.

Celsian constitutes massive beds in which crystals
range from 20 to 50 wm across; these layers are inter-
bedded with other thin layers of fine-grained barite,
microcrystalline to cryptocrystalline apatite, sulfides
(mostly pyrite), and organic matter (vitrinite) (Fig. 3a).
As such, they could correspond to a primary sedimen-
tary deposit. Celsian is distinguished from cymrite by
its dlightly lower indices of refraction and arare lamel-
lar twinning (Fig. 3c). Mosaics of celsian seem to be
replaced by plates of cymrite (Fig. 3d) and crystals and
massive beds of barite are replaced by Ba-rich feldspar,
probably during later diagenetic and mainly metamor-
phic processes (Figs. 3e, f, 4a, b).

Cymrite in thin section resembles celsian. It com-
monly occurs in fine plate-like crystals or rectangular
grains about 50-100 pm in sizewith apronounced cleav-
age paralld to (001) and aless well developed cleavage
(001) (Figs. 4c, d). Cymrite is uniaxial negative, color-
less, of moderate relief and low birrefringence where
pure, but it iscommonly dark green or brown because of
inclusions and various products of ateration (Fig. 4d).

In complex (foliated) layers, the cymrite shows ei-
ther aparquet-like texture in nearly monomineralic lay-
ers(Fig. 4c), or theisolated plates distributed throughout
the barite-rich rocks have a poikiloblastic texture
(Fig. 4d). Cymrite may have replaced a pre-existing
mineral (probably celsian) in alater hydrothermal event,
possibly under near-surface conditions.

Hyalophane also occurswith K-feldspar infine crys-
tals disseminated in barite-bearing carbonate beds
(Fig. 4€). Both also occur as a thin rim and as cross-
cutting veins and as filling materia in tension gashes
(Fig. 4f). The presence of hyalophanein these veinsin-
dicates that periods of barium mobility persisted
throughout the tectonic events.

X-ray diffraction (XRD)

Attempts were made to further characterize the min-
erals by X-ray-diffraction methods. Owing to diffi-
culties with separation of the fine-grained minerals, no
further information on these minerals was obtained.
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Fic. 3. (@) Paralel laminae of massive celsian (Cn), apatite (Ap), barite (Ba), sulfides (S°) and organic matter (M.O.). (b) The
celsian laminae are constituted by aggregates of fine crystals of celsian. (c) The coarse celsian-rich rock consists of euhedral
to subhedral recrystallized crystals of celsian with disseminated anhedral crystals of pyrite. (d) The relationship between
celsian and cymrite; note that the celsian crystals have been replaced by cymrite and partially by quartz. (€) The relationship
among barite, sulfides and celsian. Note the overgrown, euhedral celsian (Cn) and the small anhedral crystals of pyrite setin
amatrix of massive apatite and massive laminae of barite partialy replaced by celsian. (f) Relict grains of barite (white) in
celsian and hyal ophane. Photographstaken in plane-polarized light except for (f, c), taken under crossed polars (scalein pm).
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200 pm

Fic. 4. (a) Detailed relationship in a barite laminae surrounded by celsian crystals. (b) Euhedral barite crystal replaced by a
mixture of celsian, cymrite and barytocalcite. (c) Banded barite-muscovite schists in which disseminated cymrite crystals
appear. (d) Siliceous rock containing cymrite in rectangular grains. The opaque phases are goethite and pyrite; the rest is
microcrystalline quartz. (€) Barite—dolomite rock showing cymrite and euhedral crystals of K-feldspar associated with dolo-
mite. (f) The relationship among K-feldspar, (Ba-K)-rich feldspar, cymrite and barite. The photographs taken in plane-polar-
ized light except for (g, f), taken under crossed polars (scalein wm).
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(Ba,K)-feldspars chemistry

Relatively few compositions have been reported in
the literature. In this study, we provide electron-micro-
probe data for (Ba,K)-feldspars from Zamora province
(Tables 1, 2) and from other localities (Figs. 5, 6).

In terms of a Cn—Or-Ab plot (Fig. 5), the (Ba,K)-
feldspars from Zamora can be divided into four types:
i) Cn-rich specimens, celsian (Table 1), with composi-
tions Cngg_gs Or1_3 Aby_g, ii) cymrite (Table 1), with
compositions Cngz_g70r1_3Ab;, iii) specimens with an
intermediate composition (Table 2): Cnyg 400rs7_65Ab4
6, and iv) orthoclase (Table 2), with acomposition Cn;_
50rg4-gs. The albite content of these feldspars is minor,
and does not exceed 10 mole % Ab.

The compositions obtained on celsian from these
samples (Table 1) correspond closely with those previ-
ously published from Aberfeldy (Coats et al. 1980)
(Figs. 5, 6). Most grains show an appreciable amount of
Ti and Fe, which may well be due to impurities.

THE CANADIAN MINERALOGIST

The chemical composition of cymrite is compatible
with cymrite from Aberfeldy (Fortey & Beddoe-
Stephens 1982) (Table 1, Figs. 5, 6). Assuming that the
oxide deficits from 4 to 5% indicate the H,O content
(theorical value: 4.6%) (Fortey & Beddoe-Stephens
1982, Carron et al. 1964), the (BaO + Al,O3) versus
(S0, + K20 + NaO) plot (Fig. 6) indicates contents
from 1 to 2 moles of H,0 in the structure.

Hyalophane generally contains between 5 and 30
mole % Cn (Deer et al. 1992). However, hyaophaneis
not restricted to this compositional range, and higher
contents of celsian are reported from many localities
(Pan & Fleet 1991, Chabu & Bouleégue 1992). The pri-
mary substitution is between BaAl and KSi (Gay & Roy
1968). The latter authors have argued that the rarity of
Ba-rich feldspars is due more to the lack of suitable
conditions in nature than to any fundamental difficul-
ties in accommodating the Ba cation in the feldspar
structure, and that the series KAISi;Og—BaAl,Si,Og is
continuous. Therefore, one should regard BaAl,Si,Og

TABLE 1. COMPOSITION OF CELSIAN AND CYMRITE IN SEDEX DEPOSITS, ZAMORA, SPAIN

Celsian Cymrite

Sample PB-1 PB-6F PB-61 IF-13 SB-C IF-11 VMSB-10 1F-2 PB-1

Analysis n=3 ¢ n=4 6 n=5 o n=2 n=9 ¢ n=3 6 n=2 ¢ nr=3 o n=7 ¢
Si0, wt% 32.06 054 32.89 0.63 32.32 034 3232 1.64 3221 164 3281 128 3398 3.01 32.83 1.68 31.21 0.37
AL O, 24.67 0.08 24.75 0.29 24.90 0.22 2549 0.03 23.89 0.72 23.07 0.87 23.39 1.32 2299 0.81 24.13 0.25
FeO(*) 0.16 0.28 0.04 0.06 0.03 0.04 0.00 0.00 0.05 0.04 0.02 0.03 0.00 0.00 0.11 006 0.01 0.02
CaO 0.02 0.03 0.01 001 0.09 015 000 000 0.08 0.09 0.01 001 002 003 0.02 003 001 0.02
BaO 41.39 091 41.20 0.64 42.30 0.65 40.70 2.15 3891 1.10 37.67 0.52 37.06 2.00 38.99 0.75 39.61 0.34
Na,O 0.18 0.11 0.24 0.07 0.16 0.03 025 0.183 0.08 0.01 0.10 0.00 0.09 0.03 0.08 0.03 0.09 0.01
K,O 0.18 009 0.34 0.11 0.17 0.18 0.29 030 0.37 0.15 0.38 0.08 035 000 0.28 0.07 0.16 0.09
TiO, 0.01 0.02 013 019 000 000 O0.18 026 0.03 004 067 075 003 004 049 011 003 0.08
MnO 0.01 002 002 005 0.00 000 000 0.00 0.03 0.03 0.02 0.03 0.04 006 0.00 0.00 001 0.02
Total 98.70 0.67 99.63 0.60 99.97 0.50 99.22 0.31 95.67 0.73 94.74 0.65 94.96 0.28 9581 0.44 9527 0.46

Structural formula, based on 8 atoms of oxygen

Si apfu 206 0.02 208 003 206 002 204 006 210 0.07 2.14 0.07 2.19 0.14 2.14 0.08 2.06 0.01
Al 1.87 002 1.85 002 187 0.02 190 0.04 184 0.08 1.77 0.08 1.78 0.14 1.77 0.09 1.88 0.02
Fe** 0.01 0.02 000 000 0.00 0.00 000 000 000 000 000 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Ca 0.00 0.00 0.00 0.00 001 001 0.00 000 0.01 001 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ba 1.04 0.03 1.02 002 1.06 0.02 1.01 0.07 1.00 0.04 0.96 0.01 094 0.07 1.00 0.03 1.03 0.01
Na 0.02 001 0.03 0.01 002 0.00 0.03 0.02 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00
K 0.01 0.01 0.03 0.01 0.01 0.01 0.03 0.02 0.03 0.01 0.03 0.01 0.03 0.00 0.02 0.01 0.01 0.01
Ti 0.00 0.00 0.01 0.0t 0.00 000 001 0.01 0.00 0.00 0.03 0.04 0.00 0.00 0.02 0.00 0.00 0.00
% Cn 963 21 946 18 964 13 943 42 953 11 927 3.7 956 01 943 18 973 09
% Or 14 07 25 08 12 13 28 21 30 12 30 04 29 02 22 05 13 07
% Ab 21 13 27 08 18 04 28 21 10 02 12 01 12 03 10 04 11 02
% An 01 02 01 01 05 09 00 00 05 06 01 01 02 02 01 02 01 01

o standard deviation, 7 number of samples, (*) total iron as FeO. The compositions were determined by electron-microprobe analysis.
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Hyalophane K-feldspar
Sample IF-11 PB-3 PB-3 PB-3 PB-3 PB-3 SB-C SB-C SB-C SB-C SB-C SB-C SB-C SB-C
Analysis B3-3 1 2 3 4 5 2 3 5 6 7 8 9 10
Si0, wt% 51,07 50.35 51.63 49.86 54.53 52.43 63.26 64.13 62.69 62.91 64.62 64.22 63.68 64.18
AlLO, 20.81 20.74 20.98 20.59 19.66 20.11 17.90 17.48 17.86 18.35 17.79 17.71 18.08 18.09
FeO(*) 0.15 007 006 000 000 000 002 003 000 005 000 000 005 026
MgO 0.00 0.00 000 001 000 000 000 000 000 0.18 002 002 000 013
Ca0 000 0.00 000 000 003 000 000 000 000 000 000 000 000 000
BaO 17.37 1838 17.83 19.49 1461 1738 273 108 290 203 109 074 235 L1l
Na,0 057 043 052 035 055 045 003 0.00 0.01 004 003 001 003 001l
K;0 878 835 853 861 1002 9.71 1620 17.17 1596 1584 16.63 16.73 1625 16.12
TiO, 000 099 080 000 002 000 001 000 001 000 002 003 001 004
MnO 0.05 009 0.14 004 0.00 000 000 0.00 000 004 001 000 0.00 000
Total 98.81 99.40100.47 98.95 99.41100.08100.17 99.90 99.42 99.44100.23 99.47100.46 99.93
Structural formula, based on 8 atoms of oxygen

Si apfu 269 265 267 266 279 273 298 301 298 297 301 3.01 298 299
Al 129 129 128 130 1.18 123 099 097 1.00 102 098 098 100 099
Fe 001 000 000 000 000 000 000 000 000 000 000 000 000 0.0l
Mg 000 000 000 000 000 000 000 000 000 001 000 000 000 001
Ba 036 038 036 041 029 035 005 002 005 004 002 001 0.04 002
Na 006 004 005 004 005 005 000 000 000 0.00 000 0.00 000 000
K 059 056 056 059 065 064 097 103 097 095 099 100 097 096
Ti 000 004 003 000 000 000 000 000 000 000 000 000 000 0.00
% Cn 355 384 368 395 292 339 49 19 53 37 20 13 42 21

% Or 585 567 573 568 652 617 948 981 947 945 976 984 955 970

% Ab 57 45 53 35 54 44 03 00 00 04 03 01 03 00

(*) total iron as FeO. Structural formulae are expressed in apfu, atoms per formula unit. The compositions were

obtained by electron-microprobe analysis.

as part of the quaternary feldspar system. They sug-
gested that near the solidus of the series (high-T struc-
tural state), celsian is confined to 90-100 mole % Chn,
whereas in the low-T structural state, corresponding to
conditions prevalent at Aberfeldy, there is a composi-
tion gap between hyaophane (1565 mole % Cn) and
celsian (80-100 mole % Cn). The data presented here
on celsian mostly fall above 90 mole % Cn, whereas
hyalophane falls within the range 24-40 mole % Cn,
consistent with the presence of a substantial composi-
tional gap.

GENESIS

The petrographic relationships, in combination with
the chemical data, provide evidence of the replacement
of massive fine-grained barite by Ba-rich feldspars. The
alternation of massivefine-grained thin layersof celsian
with other thin layers of fine-grained barite, microcrys-
talline to cryptocrystalline apatite and sulfides (pyrite)
is considered a primary sedimentary feature. Conse-
quently the (Ba,K)-feldspars studied are considered to
have formed via one of these processes: i) by replace-
ment of authigenic barite, and ii) as an authigenic phase

formed from an originally Ba—Al-Si gel. The merits of
these hypotheses are now reviewed.

i) The replacement of authigenic barite occurred dur-
ing a late diagenetic or metamorphic event. It was
redissolved and reprecipitated as a result of a more re-
ducing environment (Moro et al. 1994), and the barium
was reprecipitated as Barich feldspars. The presence
of relict baritein somegrains of celsian, hyal ophane and
cymrite (Figs. 3e, f) and the replacement of the barite
(Figs. 4a, b) support the suggestion, as do the isotopic
characteristics of the barite and associated sulfides and
carbonates (Moro et al. 1994). During metamorphic
processes, and mainly during the early stage of diagen-
esis, barite dissolution could have occurred in
an environment where the Eh value may have reached
<-300 mV, with neutral or dightly alkaline pH values.
Such a process of dissolution could have been aided by
the presence of bacteria able to reduce the sulfates and
metabolize the %S and 60 (Mizutani & Rafter 1973,
McCready & Krouse 1980). The barite that
reprecipitated later, in more oxidizing environments,
would be enriched in 3*S and 80. Magjor products of
thisreduction process are CO, and H,S, which canform
the associated carbonates and sulfides.
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Fic. 5. Composition of the (Ba, K)-feldspars: (a) in the samples studied and (b) from the literature, in terms of albite (Ab),

orthoclase (Or) and celsian (Cn).

ii) It is possible that massive fine-grained beds of
celsian and barite, phosphate and sulfides already con-
stituted penecontemporaneous chemical precipitates
(authigenic phases). According to Coats et al. (1980),
thetextural relationships among them suggest that these
beds of Ba-rich feldspar formed from what was origi-
nally a Ba-Al-Si gel. In this model, the process by
which the (Ba,K)-feldspars were formed was multi-
staged, beginning with harmotome (BaAl,SigO0g*6H,0)
or an unnamed hydrous Ba-silicate (BaAl;Si,0ge4H,0)
(Jakobsen 1990). Following a series of essentialy de-
hydration-type reactions, these phases reacted to form
cymrite (BaAl,Si,Og*nH,0), and finally celsian
(BaAl,SioOg) (Jakobsen 1990, Matsubara 1985, Fortey
& Beddoe-Stephens 1982). Ba, SIO,, and P were sup-
plied to the basin by hydrothermal activity (Moro et al.
1994). Barium and silica was most probably kept as a
silicagel on the seafloor (Large 1980) and during later
diagenesis, under relatively reducing and calcareous
conditions, barite, Barsilicates and phosphate formed
simultaneously.

Textura evidence indicates that the cymrite could
represent an intermediate phase in aprograde diagenetic
sequence of mineras, for example at the expense of
harmotome (BaAl,SigO0g*6H,0) through a stage of hy-

drated Basilicate (BaAl,Si Og*4H,0) (Jakobsen 1990),
to cymrite, and ending with celsian with increasing P-T
conditions. Assuming rapid reaction between cymrite
and celsian, as observed by Nitsch (1980) in his hydro-
thermal experiments, all the cymrite should have reacted
to celsian + H,0O. Later, this celsian was partialy hy-
drated again to form cymrite, as indicated by the tex-
tural relationships describe above. The relics of celsian
observed may have escaped the reaction because locally
P(H>0) may have been lower than Pyig. From textural
evidence, cymrite grew at a late stage by replacement
of celsian and also, in some cases, by replacement of a
pre-existing mineral, most likely barite.

Moro et al. (1994) deduced a temperature of 350°—
370°C and apressure of 1.5 kbarsfrom fluid inclusions,
and the presence of vitrinite at approximately 350°C
would indicate the upper limit of P-T reached by these
zones of mineralization. These values are consistent
with those reported by Gonzélez Clavijo (1997) from
the b parameter of theiillite hosting the barite deposits,
and particularly with those reported by Barrenechea et
al. (1992) from the 'VAI content of chlorite and the Cqy
parameter of graphite in similar Silurian sedimentary
rocks.
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Consequently, the upper limit of P-T reached by
these mineralized rocks during regional metamorphic
processes was near the reaction curve celsian + H,O =
cymrite (Essene 1967). On the basis of the equilibrium
location of this reaction, investigated by Seki &
Kennedy (1964), Nitsch (1980) and Graham et al.
(1992), cymrite is only stable at high pressures. The
numerous documented occurrences of cymritein low-P
— low-T sedimentary and hydrothermal environments

are considered to be the result of its metastable growth
and persistence in the stability field of celsian. Hsu
(1994) proved that cymrite found in Nevada in a low-
grade metamorphosed Cambrian sequence of barite
beds, can be stable at much lower pressures than those
previously reported. The apparent stability of cymrite
in the Paleozoic sedex barite deposits of Zamora at
350°-370°C and 1.5 kbars confirms that this mineral
can bestableinlow P-T metasedimentary environments.
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