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Formation of armenite in the Berisal Complex,
Simplon Region, Switzerland

Callum J. Hetherington®*, Joseph Mullis?, Stefan Graeser? and Refo Gieré>**

Abstract

Armenite (BaCayAl;SiyO3y-2H,0) occurs in an outcrop of leucocratic celsian + margarite + quartz + white mica +
zoisite gneiss in the Berisal Complex, Swiss Central Alps. The locality is cut by undeformed, late-stage, Alpine quartz
veins. Armenite crystals are found at the interface between quartz veins and leucocratic host rock, and in a narrow
zone of re-crystallised wall-rock gneiss running parallel to the veins. The veins are 15-30 em thick, cut the dominant
foliation of the host rock at 90°, and have a sub-parallel orientation to the nearby Simplon Fault Zone and other local
features of extension and uplift. The zone of wall-rock alteration extends 30-50 cm from the vein along foliation. In
this zone, the whole-rock Ba content decreases as does the modal abundance of armenite along foliation away from
the vein. The decrease is mirrored by an increase in the modal quantities of zoisite, celsian, quartz and margarite. A
detailed petrographic and microthermometric study of material from the vein-gneiss interface has been made, and a
fluid P-T path has been constructed.

Petrographically, eight events are recognisable in the outcrop, all of which postdate the ductile-to-brittle transi-
tion, which the rock passed through during exhumation. Associated with these events, eight fluid-inclusion assem-
blages have been identified that constrain the retrogression of the rocks and allow identification of the processes that
were important in the crystallisation of armenite. The chemical components required for armenite formation occur
throughout the gneiss outerop, but armenite has a limited spatial distribution close to the veins. This suggests that the
conditions favourable for armenite formation were restricted to the immediate vicinity of the veins. Three groups
were identified amongst the eight fluid-inclusion assemblages: the two oldest ones, found in vein-fill quartz, are
aqueous with ¢. 24 mol% CO, and no salt. The second group, associated with armenite formation, are trapped in
younger vein-fill quartz, in fracture planes in quartz and armenite, and in two generations of armenite. These inclu-
sions are CO,-depleted, water-rich, and contain 3-9 wt% NaCl. The third group is water-rich, and is found in very late
vein-fill quartz.

We conclude that regional fracturing events brought about a considerable decrease in Py which led to an influx
of water-rich, salt-bearing fluids. The changes in fluid chemistry led to formation of armenite by in-situ
recrystallisation of pre-existing Ba-, Ca- and Al-rich minerals.

Keywords: Armenite, Berisal Complex, Switzerland, fluid inclusions, fluid composition.

1. Introduction

Armenite, BaCa,AlSi;04,-2H,0, is a rare dou-
ble-ring silicate belonging to the milarite group
(Forbes et al., 1972). Members of the milarite
group, typically found in low-pressure environ-
ments, are described with the general formula
[6]A2[9]B2[12]C[18]D[4]T(2)3[4]T(1)12030, where: A =
Mg, Ca,Fe, Tior Zr; B = K, Na, Mg or H,O; C =K,

Na,Caor Ba;D = or HyO;T(2) = Al, Be, Mg, Fe
or Li;and T(1) = Si and Al No significant quanti-
ties of CO,, OH, or other volatile species have
been recorded. Armenite is an atypical member
of the milarite group because it has pseudo-hexa-
gonal symmetry rather than pure hexagonal sym-
metry. Moreover, it is the only member reported
to contain H,O on the D-site (Forbes et al., 1972).
The milarite structure can accommodate up to 21
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Formation of armenite in Berisal Complex

cations and water molecules per 30 oxygen atoms,
but there are few end-members with all sites com-
pletely occupied. Armenite does not exhibit full
occupancy, as seen when it is presented with the
general milarite-group formula, i.e. Ca,(H,0O),Ba
LIAIL(Si,Al),04,. All reported armenites are of
nearly end-member composition.

Armenite has been found in various rock
types and at several localities (Table 1), which all
show evidence of metasomatic/hydrothermal ac-
tivity. The mineral’s occurence in the Berisal
Complex in the Simplon area of Switzerland was
described previously (Senn, 1989; Graeser, 1993).
Recent field work in this area revealed that ar-
menite occurs in a leucocratic gneiss, and that it is
closely associated with late Alpine quartz veins
(Hetherington, 2001).

The Berisal Complex is the structurally upper-
most Penninic unit of the Western Lepontine
dome (Fig. 1). It consists of pre-Triassic polymeta-
morphosed ortho- and paragneisses and a cover
of Mesozoic sediments, which were metamor-
phosed during the Alpine orogeny (Stille, 1980;
Frank, 1983). To the southwest, the Complex is
bounded by the late Alpine Simplon Fault Zone, a
low-angle normal fault which exerted a major tec-
tonic control on uplift and exhumation of the
Western Lepontine dome (Merle et al., 1989;
Steck and Hunziker, 1994).
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In the Berisal Complex, there are several oc-
currences of rocks with anomalously high barium
concentrations (Senn, 1989; K&hn, 1993; Hether-
ington, 2001), i.e., several thousand parts per mil-
lion (ppm) Ba (average upper crustal abundance
= 700 ppm; Taylor and McLennan, 1981). All lo-
calities of Ba enrichment are associated with a
large E-W trending body of gneisses, which were
interpreted as orthogneisses (Hetherington, 2001).
These Ba-enriched rocks are characterised miner-
alogically by the presence of Ba-rich white micas
* celsian. The highest BaO concentrations
(=5wt%) were recorded at two outcrops of
zoisite-celsian gneiss (Fig. 1). These outcrops are
petrographically and geochemically similar; how-
ever one of them s cut by late Alpine quartz veins,
and it is only at this locality that armenite occurs.
The exclusive occurrence of armenite in close
proximity of the late Alpine veins points to an ar-
menite-forming process that was influenced by
hydrothermal fluids.

The main goals of this paper are to describe
the field relationships, report microscopic obser-
vations, and present geochemical and fluid-inclu-
sion data for the various rock types encountered
at the armenite outcrop. We then use our observa-
tions and data to derive the sequence of events
mvolved in armenite formation, and to assess the

Table I Overview of armenite localities from around the world.

Host Rock Associated Minerals

Locality Reference
Kongsberg, Armen, Menmants, 1939
Norway
Rémigny, Quebec, b i¢ et al, 1984
Canada
Broken Hill,
Australia Mason, 1967

Semenenko et al.,
1987

Tokovian Granite,
Pridneprov'ya, USSR

Chedletlen, Coeel o ol G, 1959
Republic
Su Zurfuru, Sardinia,

Balassone et al., 1989
Italy

Wasenalp, Simplon,

Switzerland Senn, 1989

Coire Loch Kander,
Grampian Highlands,
Scotland

Fortey et al., 1991

Silver-calcite

bearing veins Po, Ax and Qtz

Prehnitised and

epidotised diorites ki, cahafial

Aplitic gneisses By and Cin

Metasomatised Pl, Prh, Zo, Anl and

granite Ms
Bueleane- a0,
y sulphides and Chl
sequernces
Hornfels and skarns Qtz, Cal, Chl, Epi
and Py
. . Cln, Chl, Cal, Ms, Rt
Leucocratic gneiss
and Zo
Graphitic schist, — pro o Am Poand
sulphide calc-silicate S
P
quartz rock

Abbreviations: By—bytownite; Cln—celsian; Hy— hyalophane; Pm —piemontite. All other abbrevia-

tions after Kretz (1983).
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importance of hydrothermal fluids in the crystal-
lisation of this rare Ba-silicate.

2. Analytical procedures

Whole-rock chemical analyses of the gneisses
were made at the Geochemistry Laboratories,
University of Basel. Major oxide concentrations
were measured on a fused glass bead (20 mm dia-
meter) containing a mixture of 300 mg sample
powder and 4700 mg Li-tetraborate. For the anal-
ysis of trace elements, a pressed powder pellet (20
mm diameter), mounted in a plexiglas ring, was
prepared with 800 or 1000 mg of rock powder and
an organic fixing agent. All analyses were ob-
tained with a Siemens SRS3000 Wavelength Dis-
persive Sequential X-Ray Spectrometer with a
Rh end window tube (4 kV). The results were col-
lected and evaluated using the Bruker AXS Spec-
traplus standardless evaluation programme.
Mineral compositions were determined by
electron probe microanalysis (EPMA) using a
JEOL JXA-8600 instrument at the University of
Basel. The microprobe is equipped with four crys-
tal spectrometers and Voyager software by Noran
Instruments. Analyses were made with a focussed
electron beam (3 um diameter), either on a single
spot, or scanning over an area of 26 um?. The ac-
celerating voltage was 15 kV, the beam current
was 10 nA, and the counting times were between
10 and 20 s. The microprobe was calibrated for
each element using a range of well characterised
natural materials. A ZAF-type correction proce-

Table 2 Chemical composition of zoisite in leucocratic
gneiss (sample SS9793N3), as determined by EPMA.

Zoisite
wt% Representative Analyses
MgO <0.01 <0.01 0.01
AlLO, 33.8 33.8 332
Si0, 399 39.2 39.0
FeO 0.46 1.04 0.75
CaO 231 231 237
MnO <0.18 <0.18 <(.18
Total 974 97.2 96.8
Stoichiometry based on 12.5 oxygens
Ca 1.88 1.89 1.95
Fe 0.03 0.07 0.05
Mn? 0.00 0.01 0.0
Fe 0.00 0.00 0.00
Mn?+ 0.00 0.00 0.00
Mg 0.00 0.00 0.00
Al 3.02 3.04 3.0
Si 3.03 2.99 2.99
2, Cations 7.96 7.99 8.00

C.J. Hetherington, J. Mullis, S. Graeser and R. Gieré

Table 3 Chemical composition of celsian in leuco-
cratic gneiss (sample SS9793N3), as determined by
EPMA.

Celsian
wt% Representative Analyses
BaO 38.6 39.2 42.1
K,O 0.34 0.23 0.15
Al O; 274 26.5 28.0
SiO, 338 327 33.0
CaO 0.03 0.23 0.01
Na,O 0.29 0.17 0.25
Total 100.5 99.0 103.5
Stoichiometry based on 8 oxygens
Ba 0.92 0.96 1.00
K 0.03 0.02 0.01
Na 0.00 0.02 0.00
Ca 0.03 0.02 0.03
Al 1.96 1.95 1.99
Si 2.05 2.04 2.00
3 Cations 5.00 5.00 5.03

dure was used for all data reduction, and all Fe
was assumed to be ferrous.

Quartz-armenite bearing veins were sampled
so as to take a cross section of a vein and the
neighbouring host rock in order to construct a
profile of the fluid inclusion assemblages with re-
gard to their spatial orientation. Thick sections of
each sample were cut and polished, on both sides,
down to a thickness of <0.5 mm using various dia-
mond powder suspensions.

Microthermometric investigations were made
on a Chaixmeca heating and cooling stage de-
signed to work in the range of —180 to +600 °C
(Poty et al., 1976). The calibration of the appara-
tus is described in Mullis et al. (1994).The accura-
cy of measurements is £0.1 °C between —60 and 40
°C,and 1 °C for temperatures outside this range.
A triple point temperature of -56.6 °C indicates
pure CO,. The melting temperature of CO, is very
sensitive to the presence of CH,, H,S and N, es-
pecially between —56.6 and —60 °C (Heyen et al.,
1982).

In COj-bearing aqueous fluids, salinity was
derived from the dissociation temperature of cla-
thrate in the presence of pure CO, liquid and va-
pour (Chen, 1972; Bozzo et al., 1973; Diamond,
1992). If the fluid contains small concentrations of
other volatiles such as CH,, H,S or N,, clathrate
dissociation temperatures rise and lead to under-
estimated salinities (Diamond, 1994). In gas-ab-
sent fluid inclusions, salinity was derived from the
ice melting temperature in NaCl-equivalence af-
ter Potter et al. (1978).

Liquid-vapour equilibrium temperatures
(TH,) between 25.5 and 29.5 °C together with
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solid-liquid-vapour equilibrium at around —56.6
to -57.2 °C indicates that CO, is the main volatile
species.

Density was derived from TH, (L+V — L),
assuming CO, to be pure (Angus et al., 1973). The
concentration of dissclved CO, in aqueous solu-
tion was calculated using the Henry’s law con-
stant of Drummond (1981) and the CO, fugacity
at the pressure and temperature of volatile ho-
mogenisation or clathrate dissociation.

Bulk homogenisation temperatures were
measured for most inclusions. These temperatures
were used for the determination of the volume
fraction of vapour and liquid phases either for
volatile-free aqueous fluid inclusions (Zhang and
Frantz, 1987) or for CO,-bearing inclusions
(Schwartz, 1989).

3. Petrographic features of the armenite locality

The armenite-bearing outcrop is located near
Isenwegg, to the north of the Wasenhorn (Swiss
coordinates 649°600/125°400; 2430 m), and meas-
ures approximately 80 by 25 m in size. It consists
primarily of leucocratic gneiss exhibiting a pene-
trative foliation (F2), which strikes E-W, and dips
around 36° to the N (Fig. 2). The rock is fine-
grained (<0.5 mm) with a syn-kinematic mineral
assemblage of celsian + margarite + quartz + Ba-
rich white mica + zoisite. Armenite, which is post-
kinematic, occurs only in an alteration zone adja-
cent to and at the edge of late quartz veins, which
cross-cut the outcrop.

=T

+

Fig. 2 Equal area stereographic plot (lower hemi-
sphere) showing the relationship between the Simplon
Fault Zone, the foliation (F2) of the zoisite-celsian
gneiss, and the quartz veins related to armenite. ®: Sim-
plon fault zone (Mancktelow, 1990), e: foliation of
gneiss (n= 16) and +: Late Alpine hydrothermal veins
(n=13).
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3.1. Armenite-free rocks

The mineral assemblage in the armenite-free
gneiss, outside the alteration zone, is dominated
by zoisite (35 vol % ), with lower concentrations of
celsian (20 vol% ), quartz (20 vol% ), and margar-
ite (15 vol% ). The remaining 10 vol% consist of
Ba-rich muscovite or ganterite, a Ba-dominant
white mica (Graeser et al., 2003), and accessory
apatite and ilmenite. This zoisite-celsian gneiss is
very rich in BaO with whole-rock concentrations
commonly >5 wt%. Intercalated in this gneiss are
small lenses of garnet-chlorite-bearing gneiss and
white-mica schist. The garnet-chlorite gneiss con-
tains smaller amounts of zoisite and celsian, and
has significantly lower BaO contents than the
zoisite-celsian gneiss (Hetherington, 2001). The
bands of white-mica schist are rich in BaO (5-8
wt% ), and contain quartz and occasionally crys-
tals of zoisite or clinozoisite (Hetherington et al.,
2003).

Zoisite, celsian and margarite are all chemical-
ly homogenous and have close to pure end-mem-
ber compositions (Tables 2-4). White mica shows
an extensive range of Ba:K ratios (Table 4), but
individual crystals are generally homogenous. The
observed variation occurs between crystals as
well as between individual lenses and bands of
zoisite-celsian gneiss.

The syn-kinematic nature of these minerals,
their chemical homogeneity and the absence of
alteration suggest that the rocks became enriched
in Ba prior to, or contemporaneously with, early
Alpine metamorphism (Hetherington, 2001; Het-
herington et al., 2001).

3.2. Hydrothermal quartz veins

The studied outcrop is cut by a series of late Al-
pine hydrothermal veins, which are 15-30 cm
thick. These nearly vertical veins consist almost
exclusively of quartz, exhibit sharp contacts with
the host rock, and are not deformed.They are per-
pendicular to the penetrative main foliation F2
and can be traced for 4-5 m, striking NNW-SSE,
le., sub-parallel to the nearby Simplon Fault
Zone (Figs.2,3).

The absence of deformational features and the
structural relationships between the quartz veins
and the associated armenite mineralisation indi-
cate that both are relatively young, postdating the
deformation event that produced F2. Other fea-
tures of extension and shearing, parallel to the
veins, are observed in all lithologies of the Berisal
Complex (Hetherington, 2001) and suggest that
extensional fracturing occurred on a regional
scale.
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Table 4 Chemical composition, determined by EPMA, of margarite and Ba-rich muscovite (sample SS9793N3;2-5 cm
from vein-gneiss interface) and ganterite (sample SS9858/3C; 35 cm from the vein-gneiss interface) in leucocratic gneiss.

Margarite Ba-rich Muscovite Ganterite
wt% 1 2 3 4 5 6 7 8 9
BaO <0.30 0.62 1.46 7.03 12.5 13.88 16.0 16.9 18.2
K,O 0.11 0.11 0.11 72 5.32 4.5 2.90 2.62 2.05
MgO 0.16 0.13 0.12 1.62 0.70 1.08 0.65 0.67 0.64
AlLO; 50.9 51.0 50.0 3423 37.7 36.23 38.1 37.8 37.4
Sio2 321 325 31.9 42.35 38.8 38.58 371 36.8 34.6
FeO 0.48 0.31 0.37 1.49 1.00 0.69 0.60 0.42 0.65
CaO 10.6 11.0 10.7 0.03 0.04 0.03 <0.06 <0.06 0.01
Na,O 121 1.18 1.02 1.01 1.05 1.48 222 2.14 1.73
TiO, <0.15 <0.15 017 0.71 0.31 0.96 0.43 0.23 028
MnO 0.07 0.10 0.10 0.09 <0.02 <0.02 <0.02 0.12 0.06
Total 95.6 96.9 96.0 05.76 97.5 97.43 97.9 97.6 05.7
Stoichiometry based on 22 oxygens
Ba 0.00 0.03 0.08 0.38 0.69 0.77 0.90 0.96 1.06
K 0.02 0.02 0.02 1.28 0.96 0.82 0.53 0.48 0.39
Na 0.31 0.30 0.26 0.27 0.29 0.41 0.62 0.60 0.50
Ca 1.49 1.53 1.52 0.99 0.01 0.00 0.00 0.00 0.00
Mn 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01
Ti 0.00 0.00 0.02 0.07 0.03 0.10 0.05 0.02 0.03
Mg 0.03 0.03 0.02 1.72 0.15 0.23 0.14 0.14 0.14
Fe 0.05 0.03 0.04 0.17 0.12 0.08 0.07 0.05 0.08
Al 4.10 4.06 4.02 3.48 3.74 3.57 372 3.73 374
Al 3.78 3.97 3.77 212 2.53 251 270 2.69 2.84
Si 422 423 423 5.88 5.47 5.49 5.30 531 5.16

3, Cations 14.01 14.01 14.00 14.01 13.98 13.98 14.01 14.00 13.96

Leucocratic zoisite-celsian e
+ armenite gneiss St 2)

e .& o - _’"s_:_'l 4 ‘2 i
- N ; 5 oy
g : : o » « - : : v : /85_90.:
’ e !

Excavated

quartz vein

armenite at
veln-gneiss
interface

Fig. 3 Photograph of excavated armenite-related late Alpine quartz vein. (1) Dip and strike of penetrative foliation
(F2) in the gneiss. (2) Orientation of the late Alpine quartz vein.
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Fig. 4 (A) Randomly oriented euhedral armenite at the vein-gneiss interface. (B) Micrograph of zoisite-celsian
gneiss next to the quartz vein with mineral inclusion-bearing rock-forming armenite and inclusion-free euhedral
armenite. (C) Back-scattered electron image of a chemically zoned Ba-rich white mica (numbers refer to analyses in
Table 6). (D) Back-scattered electron image of armenite-bearing zoisite-celsian gneiss 40 cm from late Alpine quartz
vein. Abbreviations: Arm — armenite, Cln — celsian, Wm — White mica. All other abbreviations after Kretz (1983).

3.3. Armenite-bearing rocks

Armenite is only found in close proximity to the
late Alpine hydrothermal quartz veins, and occurs
in two forms: (1) as euhedral crystals, up to 45 X 20
mm in size, at the interface between veins and
zoisite-celsian gneiss; and (2) as a secondary min-
eral replacing the Alpine mineral assemblage in a
narrow zone of altered gneiss directly adjacent
to the veins (Fig. 3). In this zone, hydrothermal
fluids have greatly altered both fabric and miner-
al content of the leucocratic gneiss. One of the
most notable alteration features is the presence
of small cavities, a few mm in diameter, which are
more common close to the vein-gneiss interface.
Like the quartz veins, neither type of armenite is
deformed and thus, both the veins and the armen-
ite crystals may be classified as post-kinematic. The
idioblastic armenite crystals at the vein-gneiss in-

terface have a milky-white colour, occur in a ran-
dom orientation, and contain no mineral inclusions
(Figs. 4A, B).

The armenite-bearing zone of altered gneiss is
30-50 cm wide, and its boundary towards the non-
altered zoisite-celsian gneiss is more or less parallel
to the veins. The alteration zone is wider near folia-
tion planes, and narrower in more massive portions
of the rock. With increasing distance from the
quartz veins, the armenite crystals become smaller
and more subhedral; moreover, both the number
and the size of mineral inclusions in armenite in-
crease. These inclusions were 1dentified as zoisite,
celsian, margarite, quartz and Ba-rich white mica
or ganterite, and their chemical composition is
identical to that of the same minerals found as
rock-forming phases outside the zone of alteration
(Tables 2-4). Both types of armenite have nearly
ideal end-member composition (Table 5).
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Table 5 Representative electron micoprobe analyses (in wt%) and stoichiometry of armenite from the Berisal

Complex.

Armenite
Sample SS9793N2* SS9793N3 SS9854/1A S89854/3A SS9854/4C
Distance from vein 0 cm 1-2 em 10 cm 25 cm 40-45 cm
BaO 13.8 13.7 13.0 13.3 13.7
K,O 0.03 0.04 0.04 0.01 <0.01
MgO <0.03 <0.03 <0.03 <0.03 <0.03
AL, 27.6 27.3 26.9 272 27.0
Si0, 48.3 48.8 46.7 46.9 477
FeO <0.39 <0.39 0.03 <0.39 0.05
CaQ 9.46 9.41 9.49 9.50 9.78
Na,O 0.08 0.14 0.05 0.04 0.04
TiO, <0.15 <0.15 0.03 <0.15 0.13
MnO <0.18 <0.18 0.10 0.19 0.02
Total 99.3 99.4 96.4 97.2 98.4
Stoichiometry based on 30 oxygens
Ba 1.01 0.99 0.98 1.00 1.01
K 0.01 0.01 0.01 0.00 0.00
Sum 1.02 1.00 0.99 1.00 1.01
Ca 1.89 1.87 1.95 1.94 1.98
Na 0.03 0.05 0.02 0.01 0.01
Mn 0.00 0.00 0.02 0.03 0.00
Sum 1.92 1.92 1.98 1.98 1.99
Al 6.06 5.97 6.08 6.11 6.00
Ti 0.00 0.00 0.00 0.00 0.02
Si 9.00 9.07 8.96 8.93 8.98
Sum 15.06 15.04 15.04 15.04 15.00
3, Cations 17.99 17.97 18.01 18.02 18.00

* Euhedral armenite from the vein-gneiss interface

In contrast to armenite and its mineral inclu-
sions, the white micas in the alteration zone are
heterogeneous (Table 6), exhibiting chemical zon-
ing with Ba-rich cores and K-enriched rims (Fig.
4C). This chemical heterogeneity is in marked
contrast to the white micas occurring in the ar-
menite-free rock outside the alteration zone. K-
rich areas are also found close to the cleavage
planes of the micas, indicating secondary altera-
tion. The extent of this alteration increases in indi-
vidual micas the closer they are to the vein-gneiss
boundary.

4. Profiles across the alteration zone

The modal abundance of armenite in the altera-
tion zone decreases from 80 Vol% to zero along
strike away from the vein-gneiss interface (Fig.5).
This decrease is mirrored by increases in the
abundances of celsian, zoisite, margarite, and
quartz, whereby the modal concentration of Ba-
rich white micas remains relatively constant. The
most pronounced armenite mineralisation is in
the 10-15 cm of gneiss closest to the quartz vein
(Fig. 4B). Beyond this region, armenite only oc-

Table 6 Chemical composition (in wt%, determined
by EPMA) of a zoned Ba-rich muscovite in armenite-
bearing leucocratic gneiss, 20 cm from the vein-gneiss
interface. Point numbers relate to Figure 4C.

Point 1 2 3 4 5
BaO 10.9 80 128 140 8.9
K, O 623 696 466 459 666
MgO 123 150 118 120  0.66
ALO; 352 342 348 349 364
Sio, 398 413 385 378 405
FeO 115 116 116 126  0.83
CaO 002 001 001 001 027
Na,O 0.9 1.02 15 113 1.06
Ti0, 054 100 039 078 039
MnO 012 018 006 <007 004
Total 96.0 953 951 957 956
Stoichiometry based on 22 oxygens

Ba 061 044 073 080 049
K 113 125 086 085 119
Na 025 028 042 032 029
Ca 0.00 000 000 000 004
Mn 001 002 001 000 000
Ti 006 011 004 009 004
Mg 026 031 026 026 014
Fe 014 014 014 015 01
Al 356 347 356 351 371
Al 234 219 240 249 232
Si 5.6 581 560 551 5.68
3 Cations 14.02 14.02 14.02 1399 14.00
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increasing distance from the vein-gneiss interface.

curs along the grain boundaries of the other rock-
forming minerals (Fig. 4D).

Considerable variation in the bulk chemical
composition of the gneiss with distance from the
vein is also observed. The distinct increase in ar-
menite content is associated with an increase in
the concentrations of BaO and SrO, and a de-
crease of the S§i0, content (Fig. 6; Table 7). The
concentrations of Al,O, and CaO, on the other
hand, remain fairly constant. Where armenite is

less abundant, i.e., beyond 15-20 cm from the in-
terface, the concentrations of all components re-
main relatively constant (Fig. 6).

To evaluate these chemical variations, an iso-
con diagram (Grant, 1986) was constructed (Fig.
7), which presents the relevant concentrations at
four points along a profile. The two isocons shown
were forced through the origin: the first assumes
immobility of Al,Os, whereas the second assumes
constant volume (constructed from the measured
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Fig. 6 Variation in whole-rock composition of the gneiss along the studied profile.



252

4

Altered Rock (wt %)

C.J. Hetherington, J. Mullis, S. Graeser and R. Gieré

(e s Lh
= = =
o o @ ©

| | |

20.0

10.0

y=1.1447x

-
rd
-

/,’/ SlOzA

0.0
0.0

10.0

20.0

I
30.0

|
40.0

50.0

60.0

Least Altered Rock (wt %)

o

b

=

=
I

10.0 —

Altered Rock (wt %)
4
O

=
o

I
0.0 10.0
Least Altered Rock (wt %)

45¢m vs 35cm
45¢m vs 20cm
45¢m vs Scm

45¢m vs Ocm
Constant-Al isocon

Constant-volume isocon

Fig. 7 TIsocon diagram, with detail inset, for 4 samples of zoisite-celsian = armenite gneiss (K,0, Na,O and SrO

concentrations multiplied by 10).

density of each sample; see Table 7). There is no
marked difference between the two 1socons and,
since there is no evidence for immobility of AL, O,
the following calculations are based on the con-
stant-volume isocon. In accordance with Grant
(1986), all points that lie above the isocon indicate
a gain in that component, and all points lying be-
low the isocon indicate a loss. All points lying on
the isocon indicate that there has been no change
in the relative concentration of that species. From
Figure 7 it is clear that Si0O, has been removed
from the system, and that the quantity of SiO, be-
ing removed increases towards the vein, where
the degree of alteration is greatest. For the zone
closest to the vein, up to 30% of the original S10,
has been removed. The distribution of ALOs,
BaO, Ca0, SrO and Na,O shows a consistent pat-
tern: at points furthest from the vein-gneiss inter-

face the data plot on, or slightly below the con-
stant-volume isocon. In contrast, closer to the
veins, where the concentrations of armenite are
greatest, the data plot above the isocon, thus indi-
cating a slight enrichment in these components.

5. Characterisation of flnid-inclusion
assemblages

Thin and thick sections have been prepared for
rocks collected along profiles from the quartz
veins, across the vein-gneiss interface, and along
strike into the leucocratic gneiss. Each of the stud-
ied profiles covers a distance of approximately 50
cm. The most important observations were made
In vein quartz, euhedral armenite, and in the 3-5
cm of gneiss closest to the vein-gneiss interface.
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Table 7 Bulk composition (in wt% ) and measured density (in g cm~3) of leucocratic zoisite-celsiantarmenite gneiss.
Data shown for samples collected along a profile from the vein-gneiss interface (distance = ) cm) into the gneiss at

the studied outcrop.

Distance (cm) AlLO; SiO, CaO SrO BaO K,O Na,O Density*

0 26.34 42.55 11.70 0.38 15.32 0.03 0.58 2.79

1 25.89 43.45 12.30 0.38 14.67 0.07 0.43 n.a.

5 24.76 4723 11.23 0.39 11.50 1.02 0.56 2.89
10 24.58 32.56 10.64 0.20 10.70 0.19 0.28 2.96
20 23.23 54.09 9.80 0.20 0.82 0.13 0.31 2.95
27 25.85 50.88 10.94 0.22 10.90 0.24 0.37 2.90
35 25.66 51.86 12.04 0.23 11.90 0.25 0.39 2.92
45 23.01 56.23 10.46 0.20 10.40 0.13 0.35 3.01

* Density was measured using an evacuated representative specimen and Archimedes’ principle. n.a. not analysed.

At least eight petrographic events could be distin-
guished in the evolution of the quartz veins and
the crystallisation of armenite; four are directly
related to fracture events (FE). Eight distinet flu-
id-inclusion assemblages have been identified
and characterised (Table 8), and each one may be
correlated with a specific event in the sequence of
fracturing and mineralisation.

Event I: 'The oldest recorded event after the
brittle-ductile transition was initial fracturing and
cleft formation (FE1). Vein quartz is the earliest
observed phase in these fractures and contains at
least two assemblages of fluid inclusions (1a, 1b;
Events 2 and 3). These inclusions are typically
=40 um and well formed (Fig. 8A), are either dis-
persed or arranged along short trails, and look
like early secondary-type inclusions (showing
negative quartz forms). They contain CO,-en-
riched fluids (CO, liquid and vapour) of very low
salinity. At room temperature, the la-inclusions
have a large gas bubble (up to 50 Vol% of the in-
clusion ), whereas those of the slightly younger 1b-
assemblage have a smaller bubble (~35 Vol%).
Assemblages la and 1b contain 24.1 and 14.1
mol% CO,, respectively, and homogenise to a lig-
uid or a vapour phase at 293 and 289 °C (Table 8).
Melting of CO, in assemblage 1a occurs between
—57.2 and -56.6 °C, indicating that the CO, is not
pure, but that it contains a very small amount of
other volatile species. Melting of CO, in assem-
blage 1b occurs at —56.6 °C, pointing to pure CO,
gas. Clathrate in these two types of fluid inclu-
sions dissociates between 8.8 and 8.9 °C, indicat-
ing that the amount of dissolved salts, as NaCl-
equivalence, is around 0.6 mol%. This value is
slightly under-estimated for the la-type, as the
CO; contains other volatiles.

Event 4 fractured the vein-fill quartz close to
the periphery of the veins (FE2). No fluid inclu-
sions are found directly within the fracture planes,
but the fracture-related fluid inclusions in vein-fill
quartz (assemblage 2) have been identified in

close proximity to the fractures. Ice melts at —3.9
°C, yielding a bulk salinity of 2.0 mol% . These in-
clusions homogenise to a liquid phase at 262 °C.
No phase transitions are observed which would
help to identify the volatiles present. Thus the flu-
id composition is classified as an aqueous chloride
solution containing only a water-vapour bubble.

Event 5 is characterised by the petrographical-
ly oldest crystals of armenite. These armenites
(A1) overgrow the quartz that was cracked during
FE2, and are oriented with their c-axis parallel to
the foliation and thus, perpendicular to the vein-
gneiss interface. The Al-crystals host distinct fluid
inclusions (assemblage 3), which are elongated,
approximately 10-15 um across, and aligned par-
allel to the c-axis of armenite (Fig. 8B). A first
melting temperature of ~—-6.1 °C has been re-
corded for these inclusions, indicating the pres-
ence of electrolytes in the aqueous fluid. The aver-
age melting temperature of ice converts to a salin-
ity of 2.8 mol% NaCl-equivalence. The clathrate
dissociation temperature implies an approximate
CO, content of 1.7 mol%.

Event 6 1s a further period of fracturing, as ev-
idenced in the gneiss (within 1.5 cm of the vein). It
1s seen petrographically in armenite-1, which has
been fractured at least twice (FE3, FE4) and con-
tains clearly definable trails of fluid inclusions.
These inclusion trails may be traced over several
mm, running parallel to the vein-gneiss interface,
in a vertical manner, and perpendicular to the fo-
liation (Fig. 8C). Two fluid-inclusion assemblages
(4a,4b) have been recognised, and are referred to
as “armenite shear trails” (ASa, ASb). The inclu-
sions measure approximately 25-30 um in length
and have similar bubble sizes (6-7 Vol %; Fig. 8D).
The fluid inclusions homogenise to a liquid phase
at approximately 169 and 157 °C, and are both
water-rich (Table 8). Assemblage 4a has a higher
ice-melting temperature than 4b, reflecting a low-
er salt content (1.0 vs. 2.3 mol%). No features
were observed indicating a volatile phase, but the
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Fig. 8 Photomicrographs of important fluid-inclusion assemblages. (A) Single CO,-rich fluid inclusion from assem-
blage lain vein-fill quartz. (B) Salt-enriched, CO,-poor fluid inclusions from assemblage 3 in rock-forming armenite.
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from assemblage 6 in late vein-fill quartz.

clathrate dissociation temperatures point to the
presence of some CO, (1.9 and 1.7 mol%, respec-
tively).

Event 7: Overgrowing the youngest fractures
in Al-armenite are euhedral armenite crystals.
The best examples are at the vein-gneiss interface,
but good material was also found in cavities in the
zoisite-celsian host rock very close to the veins
(2-3 cm). This second generation of armenite

(A2) contains distinct fluid inclusions (assem-
blage 5), which are all of similar size (~5-15 um),
have an estimated bubble size of 5.5 Vol%, and
are randomly oriented (Fig. 8E). Microthermo-
metric and compositional data for these inclu-
sions are nearly identical to those observed for
inclusions in the older Al-crystals. They also ho-
mogenise to a liquid phase, but at lower tempera-
tures (around 153 °C).
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Event 8: 'The final fluid-inclusion type (assem-
blage 6) postdates all armenite growth, and is
most easily recognised in vein-fill quartz. These
inclusions are generally similar in size (<15 um),
shape (Fig. 8F) and composition, containing a
very small bubble (3.5 Vol%). Initial freezing oc-
curs at =54 °C, suggesting that, in addition to
NaCl, other salts are present in the aqueous solu-
tion. Ice melting at -2.7 °C implies a salinity of 1.4
mol% NaCl equivalence. These inclusions ho-
mogenise to a liquid at 130 °C.

6. Evolution of P, T and fluid composition

From estimated bubble size and fluid composi-
tion, the total density of each fluid-inclusion as-
semblage has been calculated, and isochores were
constructed, using the equation of state of the ter-
nary system H,0-CO,-Na(l after Bowers and
Helgeson (1983). These isochores are displayed in
Fig. 9, which also shows an average geothermal
gradient of 30 °C/km for the Central Alps (Wag-
ner et al., 1977) at corresponding fluid pressures
for hydrostatic (Ppygres) and lithostatic (Pyg,) con-
ditions. The fluid pressure can be reconstructed
for each fluid-inclusion assemblage from the in-
tersection of its formation temperature with the
corresponding isochore. Where formation tem-
perature is not known, the formation pressure can
be estimated from the intersection of the litho-
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static geothermal gradient with the isochores of
the different fluid assemblages. This procedure
yields a good approximation, as retrograde fluid
pressures in a metamorphic belt are close to Py,
(Mullis et al., 1994).

During uplift and fracturing of the leucocratic
gneiss, the equilibrium between the fluid pressure
and Py was disturbed. CO,-enriched, salt-poor
fluids moved into the clefts where the solubility of
S10, in the fluid decreased, resulting in quartz
precipitation. This vein-filling quartz entrapped
fluid-inclusion assemblages 1a and 1b.

Assemblages 1a and 1b: based on the forma-
tion temperatures of quartz veins at localities with
similar fluid composition from the Central Alps
(Mullis et al., 1994; Mullis, 1996), the formation
temperatures for these CO,-enriched fluids were
estimated at 450420 °C, yielding a formation
pressure around 3 kbar, i.e. close to Py, The fluid
composition is interesting because there is no ob-
vious source of CO, in the immediate vicinity of
the veins. However, early CO,-rich fluids are re-
ported from many localities and varying rock
types across the Central Alps (Mullis et al., 1994),
and the occurrence of CO,-rich fluids in calcite-
free crystalline rocks is not unique.

Assemblage 2: these fluids with a considerably
lower density than the earlier fluids were en-
trapped at ~350 °C and 1.1 kbar, as deduced from
the intersection of their isochore with the hydro-
static geotherm. Their composition is markedly

Table § Characteristics of the observed fluid-inclusion assemblages.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

FIA HM IT nl VoT V% Tm,,. Tmegs Tdy Thegs ThI H,O CO, NaCl NaCl DM.
mol% mol% mol% wt%

la. VFQ II 9 CO, 50+5 nm. -572 88 255L 293/280-297V 733 24.1 0.6 24 Rt A
1b VFQ II 23 CO, 35%5 nm. 566 89 2951 289/288-2921. 855 14.1 0.6 22 Rt A
2 VFQ II 18 no. 1520 -39/3840 n.o. no. no.  262/259-265L. >97.00 <1.0 2.0 6.2 A
3 Al II 14 CO, 71 -56/50-61 no 3/24 no  212/206217L 955 1.7 2.8 8.8 A
4da ASe II 6 CO, 65 -19/-1822 no 5/56 no  169/166-176L. 97.1 1.9 1.0 32 A
4b ASh II 13 CO, 6 —4.6/~42-54 no. 3/34 no  157/140-181L  96.0 1.7 2.3 7.2 A
] A2 II 16 CO, 55 555058 no 4/45 no  153/135-174L. 954 1.9 ¢ ) 85 A
6 VEQ II 10 n.o. 35 272430 no no  no  130/125-136L >976 <10 14 4.5 A

Notes:

(1) FIA — Fluid inclusion assemblage. (2) HM — Host mineral: VFQ — Vein-fill quartz; Al — rock-forming
armenite; A2 — Fuhedral armenite; AS — Sheared armenite. (3) I'T — Inclusion Type: 11 — Secondary tluid inclu-
sions. (4) nI — Number of measured fluid inclusions. (5) VoT — Volatile type. (6) V% — Volume-% of the volatile
part estimated at room temperature. (7) Tm,,, — Melting temperature of ice (°C). First number — mean value;
second and third number — extreme values (range); n.m. — not measured. (8) Tmeo, — Melting temperature of
solid CO, (°C); n.o. — not observed. (9) Tdy — Dissociation temperature of clathrate (°C). First number — mean
value; second and third number — extreme values (range); n.o. — not observed. (10) Thee, — Homogenisation
temperature of CO,. . — homogenisation to the liquid phase. (11) ThI — Homogenisation temperature of fluid
inclusions. . — homogenisation to the liquid phase; V — homogenisation to the vapour phase. First number — mean
value;second and third number — extreme values (range). (12-14) Approximate mol% of H,O, CO, and NaCl, gaience-
(15) Approximate wt% of NaCl,gvaence- (16) D.M. — daughter minerals. A — anisotropic solid; Rt — Rutile.
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Fig. 9 Tluid P-T diagram for the studied fluid-inclusion assemblages. Each numbered isochore corresponds to a

single fluid-inclusion assemblage (Table 8).

different from that of the earlier fluids (Table 8).
The elevated salt content (Fig. 10) suggests that it
may have originated from a different source area
and possibly passed through evaporite-type rocks
(e.g., Mesozoic metasediments between the crys-
talline basement nappes). The absence of CO; in-
dicates that there has been little mixing with earli-
er fluids.

Assemblage 3: its isochore intersects with the
geothermal gradient of 30 “C/km (Pgyq= Pyy) at
325 °C and 2.6 kbar, suggesting that armenite first
formed at these conditions. The even higher salt
content of fuid-inclusion assemblage 3 (Fig. 10)
indicates a direct relationship with fluid 2. How-
ever, it contains some CO, suggesting mixing with
the original CO,-bearing local fluid (Fig. 11).

Assemblages 4a, 4b and 5: the isochores of
these fluids intersect the same geothermal gradi-
ent at approximately 295 °C and 2.3 kbar. It is at
these conditions that the Al-crystals were frac-
tured and the euhedral second generation of ar-
menite began to grow. Fluid-inclusion assemblage
4a contains less salt than assemblages 2 and 3, but
slightly more CQO, than assemblage 3. The lack of
evidence for the influx of an external fluid indi-
cates that mixing of two local fluids (e.g., 1 and 3)
is a likely means of generating this fluid (Fig. 11).
The linear distribution of fluid-inclusion assem-
blage 4a is interpreted as showing that their en-
trapment was the result of limited recrystallisa-
tion of armenite in response to localised strain.
The 4b-inclusions are much more abundant than

those of assemblage 4a, and they are associated
with fracturing of armenite, indicating that the in-
tensity of strain was increasing. This culminated
with the clefts being flushed by fluid 5, which is
similar in composition to fluid 3. The movement
of fluid 5 into the system is contemporaneous
with crystallisation of A2-armenite at the inter-
face between the gneiss and the quartz vein.

Assemblage 6: the intersection between iso-
chore and geothermal gradient is below 250 °C
and 2 kbar. These fluid inclusions represent the fi-
nal stages of mineral formation in the Alpine
veins studied. There is no petrographic evidence
that may be used to constrain a single event with
regard to entrapment or evolution of fluid-inclu-
sion assemblage 6 in quartz.

7. Discussion of armenite growth

The existence of at least two localities of zoisite-
celsian gneiss in the Berisal Complex, but the
presence of armenite only at the one cut by late
Alpine veins highlights the importance of hydro-
thermal activity in the formation of the rare Ba-
silicate. The systematic change in mineralogical
and chemical composition of the rock with dis-
tance to the vein, puts further emphasis on the
importance of hydrothermal fluids and associated
metasomatic effects.

The presence of syn-kinematic Ba-silicates of
relatively constant chemical composition in both
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Fig. 10 (A) CO, content vs. T}, and (B) Salinity vs. T\, for fluid-inclusion assemblages. VFQ —vein-fill quartz.

altered and unaltered zoisite-celsian gneiss (Ta-
bles 2-4), suggests that much of the Ba was
present in the gneiss prior to vein formation and
hence, that armenite grew by in-situ recrystallisa-
tion of the Alpine metamorphic assemblage,
probably via a reaction that consumed zoisite, cel-
sian, margarite, and quartz.

The relatively constant modal abundance of
Ba-rich white mica in the alteration zone indi-
cates that this mica only played a limited role in
the reaction per se; however, the chemical zoning
of micas within the alteration zone suggests that
they may have contributed some Ba to the proc-
ess, which 1n turn means that some K must have
been introduced to the system.

The significant variation in the concentration
of S10; in the alteration zone adjacent to the veins
reflects dissolution of quartz and transport of
SiO, from the gneiss into the veins where quartz

precipitated during the first stages of late Alpine
extension and fracturing. The bulk-rock contents
of the other major species increases slightly, prob-
ably representing a relative enrichment due to the
removal of SiO, (Fig. 7). The short-range trans-
port of Si0O, from the wall rock into the veins and
the lack of evidence that chemical components
were introduced into the system suggest that the
earliest CO,-enriched, low-salinity fluids (1a, 1b)
may have evolved from devolatilisation reactions
during Alpine metamorphism of gneiss and near-
by sedimentary units.

The fracturing of vein-fill quartz resulted in a
decrease of both fluid density and pressure (by
~1.7 kbar), which reduced the fluid pressure from
Py t0 Ppygros (Fig. 9). A similar pressure drop has
been documented in a Biindnerschiefer-hosted
Alpine fissure, occurring between the Berisal
Complex and Monte Leone Nappe in the nearby
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plex.

Steinental (Mullis 1983), indicating that such de-
pressurisation was regionally widespread.

Re-establishment of Py, = Py, 1s coeval with
the growth of armenite-1 and a change in the
composition of the entrapped fluid inclusions.
This first generation of armenite grew in the alter-
ation zone adjacent to the veins and in cavities
formed by the earlier removal of quartz. There-
fore, we assume that there was some fluid perco-
lation along the foliation planes into the gneiss,
inducing the armenite-forming reaction. Here, the
salt-enriched fluid was mixed with the evolving
retrograde CO,-bearing local fluid (Fig. 11). The
zoned micas indicate that the salt was not a pure
Na-salt, but must have contained some K.

After this re-equilibration of Pg,y, the gneiss
was uplifted and cooled, and the armenite-1 crys-
tals were strained, as evidenced by fluid-inclusion
trails parallel to shear planes. The increase in
strain is recorded by trapping of salt- and CO,-
depleted fluids. When the strain reached a critical
point, armenite-1 was fractured. The fractures are
overgrown by a second generation of armenite
(A2), which entrapped a more saline fluid similar
in composition to that responsible for crystallisa-
tion of armenite-1. This additional input of salt-
enriched fluids promoted crystallisation of ar-
menite-2, which is euhedral and occurs at the edg-
es of the Alpine fissures and cavities, but not in
the gneiss.

8. Conclusions

From the microtextural evidence found in the
zoisite-celsian gneiss we conclude that armenite
crystallised as the result of a reaction between
zoisite, celsian, margarite, and quartz. The reac-

tion took place close to the vein-gneiss interface
and was promoted by infiltration of water- and
salt-rich, CO,-depleted fluids that mixed with
evolving retrograde CO,-bearing fluids. The in-
flux of fluids was driven by fracturing and reduc-
tion in Pgq.

Crystallisation of armenite in the Berisal
Complex was a hydrothermally driven process,
which occurred on the retrograde path of Alpine
metamorphism, most probably at temperatures of
320-280 °C and pressures between 2.6 and 2.0
kbar. Percolation and mixing of the fluids was
promoted by earlier removal of rock-forming
quartz, which was transported into, and precipi-
tated in, the Alpine clefts in the form of vein-fill
quartz. This led to increased permeability and
cavities in the wall rock, which were subsequently
filled by armenite. Brittle deformation of the
Berisal Complex was tectonically controlled dur-
ing uplift of the Western Lepontine Dome and ex-
tension on the Simplon Fault Zone.
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