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ABSTRACT

The phase relations of petedunnite [CaZnSi,O, (pd)] were determined experimentally at P-7 condi-
tions up to 2.5 GPa and 1100 °C. Single-phase petedunnite is formed at high pressures (P> 0.8 GPa).
Reversed experiments show that at lower pressures and temperatures >650 °C petedunnite decomposes
to willemite [Zn,SiO, (wil)], hardystonite [Ca,ZnSi,0, (har)], and quartz [SiO, (qtz)] according to
the reaction 4 pd = wil + 2 har + 3 qtz. The boundary curve for this equilibrium reaction is given by
P (GPa) =-0.093 (0.029) + 0.0014 (0.0003) T (°C), by disregarding the phase transition of quartz.
The stability field of wil + har + qtz is restricted toward lower temperatures by zinc-feldspar [CaZn-
Si;05 (zfsp)] according to the known reaction: wil + 2 har + 7 qtz = 4 zfsp. These reactions intersect
at 650(1) °C/0.78(0.01) GPa, generating an invariant point /4. Additionally, petedunnite-breakdown
reaction is intersected by the low/high-quartz phase transition curve, generating an invariant point
Ird, at ~840 °C, 1.04 GPa. At temperatures <650 °C, further reactions occur in the system CaO-ZnO-
Si0O, including the doubly degenerate reaction zfsp = pd + qtz and 3 pd = har + wil + zfsp, which also
intersect the invariant point /,. All reactions involving petedunnite display shallow positive slopes
within the P/T-field, indicating that the crystallization of petedunnite is highly pressure sensitive over
a wide temperature range. This means that an increasing petedunnite component in pyroxene shifts its
stability field to higher pressures, similar to the effect of a jadeitic component.

The study of natural clinopyroxene and the correlation of'its zinc content with published P-T condi-
tions of these mineral assemblages confirmed a significant relationship between extraordinary high-zinc
concentrations in pyroxene and high-metamorphic pressure conditions. In addition, the petedunnite
component is obviously sensitive to the prevailing fluid conditions in terms of the fugacity ratio fs,/
Jo,- Furthermore, a distinct temperature dependency of the zinc component was observed in the range
of trace element concentration. In consequence, Zn turns out to be a key element with regard to its
implementation as a sophisticated petrogenetic indicator of metamorphic conditions. Therefore, routine

measurement of zinc in element analyses of clinopyroxenes is strongly recommended.
Keywords: Zinc, clinopyroxene, petedunnite, stability, phase relations, skarn, petrogenetic indica-

tor, geobarometry, experimental calibration

INTRODUCTION

Zinc usually occurs as a trace element in silicates. High-zinc
contents in silicates have been observed in artificial systems,
such as bottom ashes and blast furnace slag (e.g., Forstner
and Hirschmann 1997; Ettler et al. 2001). Clinopyroxene, as a
major constituent of metallurgical slag, may contain up to 3.1
wt% ZnO (Ettler et al. 2001) or even up to 7.5 and 7.8 wt%
ZnO, respectively (Lottermoser 2002; Puziewicz et al. 2007).
In nature, the host rocks of metamorphic zinc deposits contain
clinopyroxenes with elevated zinc contents. In skarn deposits,
the zinc content of clinopyroxene is discussed as an indicator for
petrogenetic processes. In a detailed study, Nakano et al. (1991,
1994) demonstrated that the zinc content in clinopyroxenes
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correlates significantly with the type of skarn deposit. They
observed average Zn concentrations ranging from 50 to >1000
ppm. Shimizu and liyama (1982) reported clinopyroxenes from
the Pb-Zn Nakatatsu skarn mine, coexisting with ore, which con-
tained 1000-10000 ppm Zn. Heuss-ABbichler and Fehr (1994)
recorded hedenbergitic clinopyroxene with up to 9000 ppm Zn
in a phase assemblage with sphalerite from a Pb-Zn skarn (Am-
meberg, Sweden). Clinopyroxenes showing remarkably high-Zn
concentrations (3.3 to 12.6 wt%) were collected in the Franklin
area of New Jersey, U.S.A. (Frondel and Ito 1966; Essene and
Peacor 1987). Based on these zinc-rich clinopyroxenes, the
end-member petedunnite (CaZnSi,Oq) was first described by
Essene and Peacor (1987). Corresponding to their distribution
in composition space, they assumed a complete solid solution
between petedunnite and hedenbergite-johannsenite-diopside
[Ca(Fe,Mn,Mg)Si,04].
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Only a limited number of experimental studies have been per-
formed on the petedunnite-bearing clinopyroxene solid-solution
series. Crystal chemistry and thermodynamic properties of syn-
thetic petedunnite-hedenbergite [Ca(Zn,Fe)Si,04] solid-solution
series were investigated by Heuer et al. (2005, 2002a, 2002b),
Huber et al. (2004), and Huber and Fehr (2003). Ohashi et al.
(1996) refined the crystal structures of the petedunnite-jervisite
[(NaCa)(Sc,Zn)Si,05] solid-solution series. These petedunnite-
bearing clinopyroxenes were synthesized at high pressure and
temperature conditions (6 GPa, 1197-1297 °C, 20-30 h). Up
to now, however, the stability field of end-member petedunnite
was largely unknown. Overall, experimental investigations on
silicate systems containing ZnO are scarce. Olesch et al. (1982)
and Doroshev et al. (1983) studied the subsolidus phase relations
along the join ZnO-Si0,. They determined, experimentally, the
stability field of zinc clinopyroxene (ZnSiOs) up to 10 GPa. To-
ward lower pressures (2.85 GPa/1200 °C), ZnSiO; breaks down
to the phase assemblage willemite (Zn,Si0,) + quartz. Morimoto
etal. (1975) and Arlt and Angel (2000) investigated the structure
of ZnSiOs-pyroxene. Three different ZnSiO; modifications are
distinguished, including two distinct ZnSiOs-clinopyroxene
polymorphs (space group C2/c) and ZnSiO;-pyroxene (space
group P2,c) (Arlt and Angel 2000). Correspondingly, with in-
creasing pressure, they observed two phase transitions. Segnit
(1954) performed experiments in the system CaO-ZnO-SiO, at
temperatures between 1164 and 1590 °C at 1 atm. He determined
the relation of solid phases, like willemite (Zn,Si0O,), hardys-
tonite (Ca,ZnSi,0;), tridymite, and various calcium silicates
in equilibrium with the liquid phase. In this system, Fehr and
Huber (2001) discovered zinc-feldspar (CaZnSi;Og) as a new
ternary phase. Zinc-feldspar is the reaction product of willemite
+ hardystonite + quartz. It is stable at low-pressure and -tem-
perature conditions (Fehr and Huber 2001). Essene and Peacor
(1987) synthesized petedunnite in the system CaO-ZnO-SiO,.
Preliminary high-pressure experiments at 900 °C, 2.0 GPa with
an experiment duration of 6 days yielded single-phase petedun-
nite. Huber et al. (2004) confirmed these synthesis conditions
by synthesizing single-phase petedunnite at 1000 °C, 2.0 GPa
over 69 h. Petedunnite synthesis conditions at higher pressures
(6 GPa, 1197 °C, 20 h) were reported by Nestola et al. (2010).
They studied the high-pressure behavior of petedunnite crystal
structure at pressures up to 8.23 GPa.

The purpose of the present study is (1) to experimentally de-
termine the stability field of end-member petedunnite CaZnSi,O,4
and (2) to elucidate the phase relations of petedunnite CaZnSi,Oq
in the system CaO-ZnO-SiO, (Fig. 1). This forms part of a long-
term study to understand the miscibility of petedunnite with
hedenbergite-johannsenite-diopside solid solutions and to high-
light the role of Zn as a petrographic indicator in skarn deposits.

EXPERIMENTAL METHODS

Experiments were conducted using pure, annealed crystalline phases prepared
from sources of reagent grade SiO, (99.995%), CaCO; (99.999%), and ZnO
(99.99%). To perform the synthesis experiments, stoichiometric mixtures were
prepared according to the bulk composition of petedunnite CaZnSi,0O; (initial
mixtures A, B) and zinc-feldspar CaZnSi;O; (initial mixture C) (Table 1). After
homogenization, starting mixture A was divided into two aliquots [A(1) and A(2)].
Starting mixtures A(1) and C were decarbonized at 900 °C, 1 atm for 36 h. Mixture
A(2) was sintered at 500 °C, 1 atm for 36 h to perform synthesis experiments in

Ca0 Zn0

FIGURE 1. Projection of ternary and binary phases in the system CaO-
ZnO-Si0, (in mol%). Abbreviations are wollastonite (wol), willemite
(wil), zinc-clinopyroxene (zcpx), hardystonite (har), petedunnite (pd),
and zinc-feldspar (zfsp).

the presence of a CO, vapor phase. Starting mixture B was prepared by mixing
and annealing appropriate proportions of SiO, and CaCOj; at 900 °C, 1 atm for
12 h. After decarbonazing, ZnO was added to the mixture. After preparation,
all starting mixtures were characterized by means of X-ray powder diffraction.
Mixture A(1) and C crystallized to willemite, hardystonite, and quartz; mixture
A(2) contained additionally zinc-feldspar and calcite. Mixture B was composed
of wollastonite, quartz, and zincite in various amounts.

Synthesis experiments were conducted over the pressure range 1 atm to
2.5 GPa and in the presence of a free hydrous phase (Table 1). Starting materi-
als were sealed in platinum capsules with 10 wt% water. Experiments in the
temperature range 750 to 900 °C at pressures of 0.2 to 0.5 GPa were conducted
using an internally heated gas-media apparatus (Yoder 1950; Huckenholz et al.
1975). Temperature and pressure fluctuations were typically £5 °C and £0.002
GPa, respectively. Experimental methods used have been described elsewhere
(Huckenholz et al. 1974; Sepp 1998). Experiments at pressures higher than 0.8
GPa were performed using a piston-cylinder solid-media apparatus. Most of
the high-pressure experiments were performed with a low-friction NaCl-cell,
designed by Fehr (1992), exhibiting friction as low as 1%. Temperature and
pressure fluctuations were typically £5 °C and +0.002 GPa, respectively. Ad-
ditional experiments (pb2, pb3, pgb2, pr15-pr19, pr21, pr213) were carried out at
the Bayerisches Geoinstitut using an end-loaded piston-cylinder type apparatus.
Experimental methods used here have been described elsewhere (Huber et al.
2004), with the exception that smaller, 3 mm long, welded platinum capsules
(prepared from 2 mm diameter Pt tubing) were used and inserted into alumina
sample holders. Talc-pyrex sample assemblies (0.5”) were used with an internal,
tapered, graphite resistance furnace. Temperature and pressure fluctuations were
typically lower than 1 °C and £0.01 GPa, respectively. To determine the stabil-
ity of petedunnite, reversed experiments were conducted with a stochiometric
mixture of petedunnite [synthesized from starting material A(1), experiments pb2,
pb3, p20 in Table 1], and willemite + hardystonite + quartz [synthesized from
starting material A(1), experiments p4, p5, pl1, p12 in Table 1] in appropriate
amounts (mixture D in Table 1).

Run products were examined for homogeneity by means of oil immersion
microscopy. For X-ray diffraction measurements, each sample was prepared on
a low-background sample holder (silicon single-crystal section). The unit-cell
parameter of petedunnite were recorded on a Seifert XRD3003, using a Cu
X-ray tube (A = 1.54056/1.54439 A), operating at 40 kV and 35 mA. Intensity
measurements were taken at room temperature in steps of 0.01° over 26 ranges
from 18 to 100° with a counting time of 30 s per step. Furthermore powder dif-
fraction patterns were recorded on a Phillips PW 1729 diffractometer, using a Cu
X-ray tube (A = 1.54056/1.54439 A), operating at 40 kV and 30 mA. Intensity
measurements were taken at room temperature in steps of 0.02° over 26 ranges
from 5 to 70° with a counting time of 2 s per step. Silicon [a, = 5.43088(4) A]
or quartz [a, = 4.91344(4) A, ¢, = 5.40524(8) A] grains were used as internal
standards. Experiments performed at the Bayerisches Geoinstitut were analyzed
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TABLE 1. Experimental results of synthesis experiments and reversed
experiments in the absence of a hydrous vapor phase at
pressures >0.7 GPa and in the presence of a hydrous vapor
phase at pressures <0.7 GPa

Exp. P T Time Initial* Resultst

(GPa) (°C) (days)
Synthesis experiments

pg1 2.5 1100 3 A(1) pd+qtz+L

p25 2.0 600 12 A1) pd (har + gtz + wil)

p24 2.0 700 12 A(1) pd (har + gtz + wil)
p21 2.0 800 5 A1) pd (har + gtz + wil)
p19 2.0 900 4 A1) pd (har + gtz + wil)

020 20 900 6 A(1) pd

pb2 2.0 970 4 A1) pd

pb3 20 970 4 A(1) pd

pl 20 1000 3 A(1) pd

p3 2.0 1000 5 A1) pd (har + gtz + wil)

P9 19 1000 3 A(1) pd

p22 15 700 17 A(1) pd (har + gtz + wil)

p15 1.5 900 3 A1) pd (har + gtz + wil)

pgb2 13 900 1 B pd (har + gtz + wil)
p23 1.2 600 8 A(1) pd (har + gtz + wil)
p17rt 1.0 800 3 A(T) pd (har + gtz + wil)
p16 1.0 900 5 A1) har + qtz + wil
z11 0.7 720 11 C har + qtz + wil
z16 0.7 750 4 C har + qtz + wil
p18 0.5 750 13 A(T) har + gtz + wil (zfsp)
p7 0.5 800 7 A(1) har + gtz + wil (zfsp)
pl4 0.5 825 7 A1) har + qtz + wil
z6 0.5 850 9 C har + qtz + wil
h9 0.5 900 7 A(2)  har+ gtz + wil (CO%-H,0)
p11 0.3 900 7 A1) har + qtz + wil
p12 0.2 870 7 A1) har + qtz + wil
z5 0.2 900 7 C har + qtz + wil

z2 0.2 850 42 C har + qtz + wil

p4 1atm 930 15 A(1) har + qtz + wil

p5 1atm 930 15 A(1) har + qtz + wil

z0 1atm 950 3 C har + qtz + wil

Reversed experiments on reaction 1

prié 1.6 975 D pd grew

pr15 1.5 900 D pd grew

pri8 13 975 D pd grew

pr213 1.2 900 D pd grew

pri 1.2 800 D pd grew

pr19 1.1 725 D pd grew

pr8 1.1 900 D har +qtz + wil grew

pr20 1.1 975 D har + gtz + wil grew

pr5 1.0 900 D har + gtz + wil grew
pré 1.0 900 D har + gtz + wil grew
pr17 0.9 725 D pd grew

pr21 0.85 725 D har + gtz + wil grew

pr2 0.8 800 D har + gtz + wil grew

* A(1) = CaZnSi,0s composition sintered at 900 °C/1 atm: willemite + hardystonite
+ quartz; A(2) = CaZnSi,Os composition sintered at 500 °C/1 atm: zinc-feldspar +
willemite + hardystonite + quartz + calcite; B= CaZnSi,Os composition, SiO, and
CaCO; sintered at 900 °C/1 atm: wollastonite + quartz + zincite; C = CaZnSi;Og
composition sintered at 900 °C/1 atm: willemite + hardystonite + quartz; D =
stoichometric mixture for reversed experiments: equal amounts of petedunnite
(experiments pb2, pb3, p20) and willemite + hardystonite + quartz (experiments
p4, p5,p11,p12).

t Phases in parentheses: traces or less than 5 wt% of total run product; sole
exception: p17r (pd: 15wt%, har + wil + qtz: 85%). Abbreviations: Petedunnite
(pd), hardystonite (har), willemite (wil), quartz (qtz), liquid (L) CO3-H,0: CO,-H,0.

using a Siemens D-5000 diffractometer with a Cu X-ray tube, operating at 35 mA
and 45 kV. Measurements were taken at steps of 0.02° over the same 20 range
of 5 to 70° with a counting time of 3-5 s per step.

Reversal brackets were examined by means of the principles of quantitative
diffraction analysis. The theoretical background for this method was originally
outlined by Alexander and Klug (1948) and Klug and Alexander (1974). Reaction
progress proceeds proportional to the changing intensity ratio of single lines of
petedunnite (pd) and hardystonite (har). It is given by the relation of the diffracted
intensities /gy = [Luci10/Rarciiny] from the run product (p) to the equivalent relation

from the starting mixture (S) Lgpa = [Lpac10y/Tharcin]- The ratio Iy pa/ e is used
to determine the direction of the reaction. If

B Tyana > 1, petedunnite grew;
By par/ [yapar = 1, nO reaction occurred;
Byna/ aner < 1, hardystonite + quartz + willemite grew.

Using samples with small particle sizes (<10 um), the mean relative error of
the quantitative X-ray technique is in the range from 3 to 4% (e.g., Suryanaray-
anan 1989; Jahanbagloo and Zoltai 1968; Klug et al. 1948). The relative error ¢
for the relation /g y./Ihn.: increases to 6% according to the principles of error
propagation formalism (e.g., Chatterjee 1991). The results are given in Table 2.

The electron microprobe (Camebax SX50) was operated at 15 kV acceleration
voltage and 15 nA beam current. Synthetic wollastonite (Ca, Si) and sphalerite
(Zn) were used as standards and a matrix correction was performed by the
PAP procedure (Pouchou and Pichoir 1984). The reproducibility of standard
analyses was >99% for each element routinely analyzed. As a trace element, Zn
was detected at 25 kV acceleration voltages and 100 nA within 100 s per data
point. At these measurement conditions possible interactions of crystals adjacent
to zinc-minerals (e.g., sphalerite), were taken into account. According to our
calculations, the size of the interaction volume at 25 kV would be not more than
5 um?. Avoiding overestimations, e.g., caused by high-voltage-induced excite-
ment of from zinc-bearing minerals, the reproducibility of the data was >90%.
San Carlos clinopyroxene (BY16) was used as a microprobe standard material.
According to instrumental neutron activation analysis (INAA), it contains 76.7 =
6.7 ppm Zn (Blum 1982). Trace element analysis of BY 16 by microprobe yielded
routinely 90 £ 20 ppm Zn. This is in good agreement with the data detected by
INAA (Blum 1982).

RESULTS

Synthesis experiments demonstrate that petedunnite (CaZn-
Si,05) as a single-phase can be synthesized at 900—1000 °C and
1.9-2.0 GPa (Table 1, experiments p20, pb2, pb3, p1, p3, p9).
The best conditions to obtain single crystals of petedunnite from
1 to 25 um in size were 970 °C, 2.0 GPa. At lower temperatures
or lower pressures, small amounts of willemite, hardystonite,
and quartz (5 wt% or less) were formed in addition to petedun-
nite, even in experiments with long experiment durations (e.g.,
experiments p24, p22 in Table 1). Electron microprobe analyses
confirm that all petedunnite is stochiometric. Synthetic pet-
edunnite predominantly forms euhedral crystals as shown in
Figure 2. The crystals are colorless and have a vitreous luster.
In contrast to the observations of Essene and Peacor (1987) on
natural petedunnite, synthetic petedunnite shows a bright blue
luminescence under the electron microprobe beam with a 15
kV acceleration voltage. X-ray reflection data from petedun-

TABLE 2. Relation of /Byna/l5qna Of the diffracted intensities /Bqpa, =
[1Bg10/IBariny] from the run product to the equivalent rela-
tion from the starting mixture Fgnar = [saqi0/fharain]

Exp. 184 har /i par Results

pr213 284.73 pd grew

pri 163.68 pd grew

pri5 54.16 pd grew

pr16 1291 pd grew

pri8 5.46 pd grew

pr19 1.77 pd grew

pr17 1.38 pd grew

pr20 0.50 har + gtz + wil grew

pr8 0.46 har + gtz + wil grew

pr21 0.29 har + gtz + wil grew

pr5 0.28 har + gtz + wil grew

pré 0.10 har + gtz + wil grew

pr2 0.05 har + gtz + wil grew

Note: If 54/ Ianar > 1, pd grew ; if Iy o/ Isghar = 1, NO reaction occurred; and if 124 ./
Banar < 1 har + qtz + wil grew; 6(/5¢par/ lpanar) = 6%.
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FIGURE 2. SEM photograph of a single petedunnite crystal, grown
at 1000 °C, 2.0 GPa (see Table 1, experiment pl).

nite (experiment p3, Table 1) were used to refine a monoclinic
unit cell with parameters of a = 9.8044(8), b = 8.9764(8), ¢ =
5.2493(4) A, B =105.77(4)°, unit-cell volume (V') = 444.6 A°,
The space group is C2/c, and with Z = 4 the molar volume (V™)
is 66.93 cm?*/mol. The unit-cell parameters correspond very
well with values reported for synthetic CaZnSi,O4 by Essene
and Peacor (1987): a = 9.803(6), b = 8.975(7), ¢ = 5.243(7) A,
B =105.75(7)°, V' =444(2) A>. Our data are also in very good
agreement with Nestola et al. (2010). They determined unit-cell
parameters of synthetic petedunnite by means of single-crystal
X-ray diffraction: a = 9.8055(2), b = 8.9778(3), ¢ = 5.2499(1)
A, B=105.763(3)°, V' = 444.78(2) A>.

At high temperatures, a melt-bearing assemblage was ob-
served. Starting from petedunnite bulk composition at 1100 °C
(2.5 GPa) and dry reaction conditions, a liquid phase was deter-
mined additionally to petedunnite + quartz (Table 1, experiment
pgl). Toward lower pressures, the stability field of petedunnite
is bounded by the reaction:

4 petedunnite = willemite + 2 hardystonite + 3 quartz. (1)

Correspondingly, synthesis experiments conducted over the
P-Trange 725-975 °C and 1 atm to 1.1 GPa lie within the stability
field of willemite + hardystonite + quartz. This phase assemblage
was synthesized from oxide mixes with both petedunnite and zinc
feldspar bulk compositions (starting materials A and C, Table
1). Reaction 1 was bracketed by reversed experiments between
725-975 °C and 0.8-1.3 GPa (experiments prl, pr2, pr5, pro,
pr8, pr15-pr21, and pr213 in Table 1). Reaction 1 has a flat posi-
tive slope in P-T space. This is consistent with the nucleation
of petedunnite from crystalline starting mixtures at 800 °C, 1.0
GPa (experiment p17r in Table 1). The P-T conditions for this
experiment lie very close to the phase boundary, which explains
why the assemblage petedunnite + (hardystonite + willemite +
quartz) was noted after a experiment duration of 3 days. Over
the P-T range investigated, the influence of the low-high quartz
phase transition must also to be considered. Within the stabil-
ity field of low-quartz, reaction 1 ends at an invariant point 5,
projected on the low-high quartz phase transition (Mirwald and
Massonne 1980) ~840 °C, 1.04 GPa (see Fig. 3). Consequently,

at the invariant point the slope of reaction 1 changes slightly.
Due to the phase transition, the difference of reaction volume
(AV) is only 3.09 cm’/mol. Hence, the slope-alteration is smaller
than the precision of the error bar. Correspondingly, over the P-T'
range of interest, the decomposition reaction(s) of petedunnite
can be adequately fitted to a single straight-line. Thus, reaction 1
can be described by P (GPa) =—0.093 (0.029) + 0.0014 (0.0003)
T (°C) if one disregards the high-low quartz phase transition.

ZINC CONTENTS IN NATURAL CLINOPYROXENES

Data on Zn contents of natural clinopyroxenes are scarce, as
zinc is usually not routinely analyzed. The Zn contents of clinopy-
roxenes from skarn deposits were analyzed by electron microprobe
in this study in a reconnaissance fashion. The locations of these
clinopyroxenes are given in Table 3. The samples are from skarn
deposits, calc-silicate, peridotite, and granulite. All clinopyrox-
enes are members of the hedenbergite-diopside solid-solution
series. Additionally some pyroxenes exhibit a fassaite component
[Ca(Mg,Al)(Si,Al),Oq] (samples fass2, TU-12, TU-49, and by 16)
or an aegirine component (NaFe*'Si,04) (sample gs-7). Minor
components are johannsenite (CaMn?'Si,O,) (samples fe-1, fe-2,
gs-7, and gs-9) and jadeite (NaAlSi,Og) (samples TU-49 and by 16).
The average zinc content in clinopyroxenes varies from 50 to 4980
ppm. The highest zinc contents were found in pyroxenes that were
in contact with sphalerite (Zn,Fe)S. The electron microprobe com-
positional map of sample gs-9 from Ammeberg (Sweden) depicts
the distribution of zinc in garnet and clinopyroxene adjacent to
sphalerite (Fig. 4). In this sample, high-zinc contents (up to 8800
ppm) were detected in clinopyroxene, as well as in garnet (up to
7000 ppm). A clinopyroxene sample from Franklin, New Jersey,
U.S.A., shows up to 7980 ppm Zn (sample TU-49).
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FIGURE 3. Pressure vs. temperature plot of data on CaZnSi,04
composition obtained for reaction 1: 4 petedunnite = willemite +
2 hardystonite + 3 quartz. Symbols: open diamonds, willemite +
hardystonite + quartz; filled diamonds, petedunnite; upward triangle,
petedunnite + quartz + liquid; downward triangle, willemite +
hardystonite + liquid. The arrows denote the direction of reversed
experiments on reaction 1. I%, is the five-phase invariant point of
petedunnite + willemite + hardystonite + low-quartz + high-quartz.
The data for the high-low quartz transition are taken from Mirwald and
Massonne (1980). The location of reaction 4: 4 zinc-feldspar = willemite
+ 2 hardystonite + 7 quartz is given according to Fehr and Huber (2001).
Error bars are within symbol size. (Color online.)
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DISCUSSION

The experimental results clearly show that single-phase
petedunnite (CaZnSi,0Oy) is formed at high pressures (P > 0.8
GPa). At lower pressures, petedunnite decomposes to willemite
(Zn,S10,), hardystonite (Ca,ZnSi,0;), and quartz (SiO,) ac-
cording to reaction 1 (see Fig. 3). Based on their preliminary
investigation, Rothkopfet al. (1998) implied a shallow negative
slope for reaction 1. However, the results of this study, which
were obtained by reversed experiments, prove a shallow positive
slope for this reaction. By disregarding the phase transitions of
quartz, the boundary curve for this equilibrium reaction is given
by P (GPa) = —0.093 (0.029) + 0.0014 (0.0003) 7 (°C). Addi-
tionally, a synthesis experiment (performed at 800 °C/1.0 GPa)
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confirms the phase boundary. Our data are in good agreement
with previous studies in which petedunnite was synthesized. Es-
sene and Peacor (1987) synthesized petedunnite at 900 °C/2.0
GPa. Synthesis experiments performed by Huber et al. (2004)
yielded petedunnite at 1000 °C/2.0 GPa. Segnit (1954) and Fehr
and Huber (2001) performed synthesis experiments at pressure
conditions below the stability boundary of petedunnite. Segnit
(1954) observed the phase assemblage willemite, hardystonite,
and tridymite at 1164 °C/1 atm. The results of this study were
confirmed by the data of Fehr and Huber (2001). They observed
the phase assemblage willemite, hardystonite, and quartz at
pressures <1.0 GPa and high temperatures (=720 °C) due to the
decomposition of zinc-feldspar (CaZnSi;Oy).

The stability of petedunnite is restricted at higher tempera-

TABLE 3. Locations and sources of natural zinc-bearing clinopyroxenes

Sample Location Rock type Reference

fe-1 El Hammam, Central Morocco skarn Sonnet and Verkaeren (1989)
fe-3 Dartmoor, Red-A-ven Mine, Cornwall, Great Britain skarn Peng Qiming and Bromley (1992)
fass2 Monzoni, Italy calc-silicate Ferry et al. (2002)

bb1a Breitenbrunn, Grube Fortuna, Erzgebirge, Germany skarn Galilaeer (1967)

bb1b Breitenbrunn, Grube Fortuna, Erzgebirge, Germany skarn Galilaeer (1967)

bb4 Breitenbrunn, Grube St. Christoph, Erzgebirge, Germany skarn Galilaeer (1967)

bb5 Breitenbrunn, Grube Fortuna, Erzgebirge, Germany skarn Galilaeer (1967)

at-1 Breitenbrunn, Grube unverhofftes Gllick an der Achte Antonsthal, Erzgebirge, Germany skarn Galilaeer (1967)

gs-7 Langban, Sweden skarn Jonsson and Broman (2002)
gs-9 Ammeberg, Sweden skarn Billstrom (1991), Kumpulainen et al. (1996)
gs-16 King Island, Australia skarn Wesolowski and Ohmoto (1988)
TU-12 Arendal, Norway skarn Olmi et al. (2000)

TU-49 Franklin, New Jersey, U.S.A. granulite Johnson and Skinner (2003)
by16 San Carlos, Arizona, U.S.A. peridotite Yu and Smith (1983)

Note: All clinopyroxenes are members of the hedenbergite-diopside solid-solution series.

¥3.6.1 Image Pad 2 Current

FIGURE 4. Electron microprobe compositional map, with respect to Zn, showing clinopyroxene in a phase assemblage with garnet and sphalerite.
Diffusion zones are apparent in the clinopyroxene and garnet with Zn-enrichment and iron depletion. Up to 8800 ppm of zinc was detected in this

clinopyroxene from Ammeberg (Sweden). (Color online.)
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tures. Above 1000 °C (2.0 GPa), petedunnite decomposes under
dry conditions to a melt-bearing assemblage. Synthesis experi-
ments at 1100 °C (2.5 GPa) indicate the onset of partial melting
and the stability of the phase assemblage petedunnite + quartz +
liquid. Thus, a solidus curve can be drawn tentatively in the range
1.3 to 2.5 GPa, as shown in Figure 3. At lower pressures (0.5
GPa/1000 °C), Fehr and Huber (2001) observed a liquid-bearing
assemblage for experiments with zinc-feldspar compositions.
They depicted the stability field of willemite + hardystonite +
quartz up to 900 °C. According to the results of this study, the
stability field of willemite + hardystonite + quartz extends up
to 975 °C (at 1.1 GPa). Consequently, the dry solidus line shifts
toward higher temperatures, as Fehr and Huber (2001) predicted.
The intersection of these two dry solidus lines with reaction 1
occurs at ~1000 °C/1.25 GPa (see Fig. 3).

At low temperatures, reaction kinetics are very sluggish.
Therefore, the stability limit of petedunnite at 7 < 650 °C was
derived based on the principles of chemographic analyses for the
system CaO-ZnO-Si0,. In addition to the phases that determine
reaction 1, zinc-feldspar must also be taken into account and
three additional reactions have to be considered

petedunnite + quartz = zinc-feldspar 2)
3 petedunnite = hardystonite + willemite + zinc-feldspar ~ (3)
4 zinc-feldspar = willemite + 2 hardystonite + 7 quartz. (4)

Fehr and Huber (2001) determined the position of reaction
4 experimentally at low-pressure conditions (P < 1.0 GPa, T
600-900 °C). Reaction 4 displays a steep negative slope in the
P-T field, as depicted in Figure 3. By disregarding the phase
transitions of quartz, the slope of reaction 4 is given by P (GPa)
=2.797(0.325)—0.0031 (0.0004) T (°C) (Fehr and Huber 2001).
Reaction 4 intersects reaction 1 at 650(1) °C/0.78(0.01) GPa
and defines the position of the invariant point /4. Considering
the SiO, phase transitions, further invariant points occur in the
system Ca0O-ZnO-Si0,. Reaction 1 is intersected by the low-high
quartz phase transition. Based on the data of Mirwald and Mas-
sonne (1980), /5, is expected at ~840 °C, 1.04 GPa. Reaction 4
is affected by the low-high quartz phase transition (/%:?) and the
high quartz—tridymite phase transition (/7). According to Fehr
and Huber (2001) /45 is generated at 720 °C/0.57 GPa and [#4»
at 896 °C/0.016 GPa.

There are no data available for reactions 2 and 3. According to
the chemographic analysis, their metastable extensions must pass
into the stability field of the assemblage hardystonite + willemite
+ quartz, as depicted in Figure 5. This restricts their positions to
low temperatures. Correspondingly, the doubly degenerated reac-
tion 2 restricts the stability field of zinc-feldspar toward higher
pressures, and petedunnite and quartz are formed. Toward lower
pressures, the stability field of petedunnite is bounded by reac-
tion 3 and petedunnite decomposes to hardystonite, willemite,
and zinc-feldspar. The P-T slopes of reactions 2 and 3 can be
estimated by using the Clausius-Clapeyron equation [dP/dT =
AS/AV.] to the entropy and volume changes of the corresponding
phase assemblages.

Thermodynamic data have been estimated for willemite
(White and Roberts 1988) and hardystonite (Haussiihl and Li-
ebertz 2004), however no data are available for petedunnite and
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zinc-feldspar. Hence, to a first approximation, AV, at standard
conditions (AV? = AV%20°C) wag calculated. The value of AV?
is strongly positive for both univariant reactions 2 and 3 (see
Table 4). Thus, the sign of AS; is the determining factor for the
slopes of these reactions. One can distinguish between two main
cases. In principle, a negative slope for reaction 2 (AS; < 0) is
possible. It can vary from shallow to steep, without violating
Schreinemaker’s rules. Alternatively, if the slope of reaction 2 is
positive (AS, > 0), reaction 3 must have a positive slope. In this
case, reactions 2 and 3 must have extremely shallow slopes due
to the position of their metastable extensions within the stabil-
ity field of the assemblage hardystonite + willemite + quartz.
Therefore, the crystallization of petedunnite (reactions 1 to 3)
is pressure sensitive over a wide temperature range, as depicted
in Figure 5. The latter constraint [AS®/AV,® > 0] proves to be
reasonable when one compares the system CaO-ZnO-SiO, with
NaO-Al,05-Si0,. Reaction 2 is analogous to the reaction albite =
jadeite + quartz, which also shows a positive P-T slope. In both
systems, toward higher pressures, a phase with a similar feldspar
structure (Fehr and Huber 2001) decomposes and pyroxene
(space group C2/c) + quartz is formed. The positive slope of
reaction 2 is shallower than that of albite-breakdown reaction,
as depicted in Figure 6. The albite-breakdown reaction to jadeite
and quartz provides the basis of an important geothermoba-
rometer in many assemblages of the blueshist and the eclogite
facies (e.g., Bucher and Frey 1994a). The equilibrium conditions
of the petedunnite-breakdown reaction to zinc-feldspar and
quartz are barely temperature dependent, which highlights its
particular suitability for geobarometry. Analog to an increase
in jadeitic component (Bucher and Frey 1994b), an increase in
petedunnite component in pyroxene is expected to be associated
with an increase pressure. Synthesis experiments performed by
Huber and Fehr (2002, 2003) and Huber et al. (2004), demon-
strated that the mineralization of zincian hedenbergite [Ca(Fe,Zn)

pd
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FIGURE 5. Chemographic relations between zinc-feldspar + willemite
+ hardystonite + quartz + petedunnite. Reactions: (1) 4 petedunnite =
willemite + 2 hardystonite + 3 quartz [zfsp]; (2) petedunnite + quartz =
zinc-feldspar [hard, wil]; (3) 3 petedunnite = hardystonite + willemite
+ zinc-feldspar [qtz]; (4) 4 zinc-feldspar = willemite + 2 hardystonite
+ 7 quartz [pd]. Phases in brackets denote that they are not involved in
the reaction. Abbreviations are as shown in Figure 1. (Color online.)
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TABLE4. Slopes of reactions 2 and 3 in the system CaO-ZnO-SiO,
within the P-T-field on the base of calculations according
to the Clausius-Clapeyron equation, by assuming AS > 0
and using AV, at standard conditions (AV? = AV[P#20C) a5 a
first approximation

Reaction AV? dP/dT
(2) petedunnite + low-quartz = zinc-feldspar 113.94 cm*/mol >0
(3) 3 petedunnite = hardystonite + willemite + zinc-feldspar  379.82 cm®*/mol >0

S1,04] is pressure-controlled. The stability field of the synthetic
petedunnite-hedenbergite [Ca(Zn,Fe)Si,O] solid-solution series
shifts toward higher pressures with an increase in the petedunnite
component. Hence, if rocks are Zn-rich, clinopyroxene with a
petedunnite component is expected to occur in medium- to high-
pressure metamorphic terranes.

Few studies have shed light on petedunnite substitution in
clinopyroxenes to understand metallogenic processes in differ-
ent deposit types (e.g., Nakano 1998; Core et al. 2005). Zinc
content in clinopyroxene was considered to be a function of
temperature and fluid properties, however the role of pressure
on the concentration of Zn in clinopyroxenes was suggested to
be trivial (Nakano et al. 1991). Various samples from different
zinc-deposits were analyzed to verify if the obtained experi-
mental data on natural systems represent different metamorphic
conditions (Tables 3 and 5). The majority of the clinopyroxenes
analyzed display low to average zinc concentrations (<850 ppm)
and were formed under low-pressure conditions (Galilacer 1967;
Wesolowski and Ohmoto 1988; Sonnet and Verkaeren 1989;
Peng Qiming and Bromley 1992; Olmi et al. 2000). However,
some clinopyroxenes have extraordinary high-zinc contents;
the highest values (up to 5000 ppm on average) were detected
in clinopyroxene from Pb-Zn skarn deposits in the Bergslagen
region, Sweden (samples gs-9, gs-7, Tables 3 and 5). Remarkably
high-zinc concentrations (up to 4300 ppm) were also detected
in clinopyroxene from Franklin, New Jersey, U.S.A. (sample
TU-49, Tables 3 and 5). Zinc accumulation models in these two
deposits differ (e.g., Allen et al. 1996; Holtstam and Mansfeld
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FIGURE 6. Pressure vs. temperature plot of data for reactions 1 to 4
(see Fig. 5) and for the reaction jadeite + quartz = albite from (5) Proyer
(2003), (6) Newton and Kennedy (1968), (7) Birch and LeComte (1960),
(8) Popp and Gilbert (1972), (9) Newton and Smith (1967).
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2001; Volkert 2001; Johnson and Skinner 2003; Wagner et al.
2005). However, according to Johnson and Skinner (2003)
Bergslagen appears to be the closest analog to Franklin. Both
ore provinces experienced a series of metamorphic phases with
different complex processes of overprinted metamorphic and
deformational events (e.g., Allen et al. 1996; Johnson and Skin-
ner 2003). Most notably, both also experienced high-pressure
metamorphism. Both areas were affected by metamorphic peak
conditions of >~0.4 GPa and >~600 °C (e.g., Jonsson and Bro-
man 2002; Andersson et al. 2006; Peck et al. 2006) which is
in good agreement with the results of this study. Accordingly,
significant zinc enrichment in natural clinopyroxenes is associ-
ated with elevated pressures during mineralization processes.

Corresponding to the results of this study, zinc contents
of clinopyroxenes formed in low-pressure terranes are in the
range of trace element concentrations. Our data are in good
agreement with Nakano et al. (1991, 1994) and Nakano (1998).
Their detailed studies on geochemical systematics of skarn
clinopyroxenes yielded average zinc concentrations ranging
from 50 to >1000 ppm. They used the zinc content of skarn
clinopyroxenes as a petrogenetic indicator to distinguish between
various skarn types: low-zinc contents (mostly <200 ppm) oc-
cur in Fe-Cu skarn deposits and high values (mostly >200 ppm)
occur in Pb-Zn skarn deposits. Our data from Arendal, Norway
(Fe-Cu skarn deposit), and from Breitenbrunn, Germany (Pb-Zn
skarn deposit), agree with this trend (see Fig. 7). For W-skarn
deposits the characteristic threshold has been given at 500 ppm
(Nakano et al. 1994; Nakano 1998). They found higher zinc
contents only in clinopyroxenes from Sn-W-F skarn deposits.
Our preliminary data from King Island, Australia (Cu-W-Mo
skarn deposit), Dartmoor, Great Britain, and Rei Hammam,
Morocco (Sn-W-F skarn deposits), differ from this classifica-
tion, as more than 500 ppm Zn was observed in Cu-W-Mo skarn
clinopyroxene. Hence, the Nakano classification can be extended
by incorporation of our data (see Fig. 7). At Cornwall, Evans
(1993) observed a zonal sequence of Fe, Pb-Zn, Cu, Sn skarn
ore mineralization with decreasing distance from the intrusive
body. Accordingly, reflecting this sequence, an increase in the
zinc concentration in clinopyroxene correlates with increasing
metamorphic temperatures.

Totally different mechanisms of zinc enrichment in clino-
pyroxene occur along the contact with zinc-ore. Figure 4 de-
picts a sample from the Ammeberg Pb-Zn skarn deposit. The
clinopyroxene shows up to 8800 ppm zinc (sample gs-9, Table
5). Analyses adjacent to sphalerite were not taken into account
due to possible interaction of the electron beam. The high value
corresponds to the observation of Shimizu and liyama (1982)
who reported clinopyroxene analyses from the Nakatatsu skarn
mine, coexisting with ore, which contained up to 10000 ppm
Zn. Both clinopyroxene and garnet adjacent to sphalerite exhibit
zones with Zn-enrichment and iron depletion. Along the grain
boundary with sphalerite, the clinopyroxene displays up to a 60
wm broad zone of zinc enrichment (Fig. 4). The reaction rim
between clinopyroxene and sphalerite implies solid-state dif-
fusion. This corresponds to the observation of Nakano (1998)
and to the experimental results of Heuer et al. (1996). According
to Nakano (1998), along the contact with skarn sphalerite, the
width of the Zn enrichment zone in clinopyroxene is generally
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TABLE5. Representative electron microprobe analyses of clinopyroxenes

fe-1* sd" fe-2% sd" fass2* sd" bb1a* sd" bb1b* sd"
Sio, 52.11 0.13 48.69 0.15 45.80 0.70 53.88 0.23 53.66 0.01
TiO, 0.00 0.00 0.00 0.00 1.06 0.09 0.02 0.00 0.01 0.00
AlLO; 0.02 0.00 0.06 0.00 8.84 0.86 0.46 0.04 0.67 0.02
Fe,O,
FeO 8.49 0.69 23.59 1.32 4.49 0.33 2.20 0.05 2.85 0.32
MnO 2.87 0.19 1.97 0.19 0.05 0.00 0.53 0.12 0.58 0.14
MgO 10.71 0.72 1.93 0.25 12.93 0.48 16.12 0.03 15.64 0.39
Ca0 25.29 0.20 23.55 0.16 25.57 0.13 26.35 0.23 26.32 0.00
Na,O 0.01 0.00 0.03 0.00 0.02 0.00 0.00 0.00 0.00 0.00
Cr,0;
NiO
sum 99.51 0.33 99.82 0.27 98.56 0.30 99.57 0.28 99.72 0.08
cations
Si 1.990 0.005 1.982 0.006 1.707 0.024 1.977 0.016 1.972 0.004
Ti 0.000 0.000 0.000 0.000 0.030 0.002 0.001 0.000 0.001 0.000
Al 0.001 0.000 0.003 0.000 0.388 0.038 0.020 0.002 0.029 0.001
Fe3+
Fe?* 0.271 0.022 0.803 0.045 0.134 0.010 0.068 0.002 0.088 0.011
Mn 0.093 0.006 0.068 0.006 0.002 0.000 0.017 0.004 0.018 0.004
Mg 0.610 0.041 0.117 0.015 0.718 0.026 0.882 0.004 0.857 0.020
Ca 1.035 0.008 1.027 0.007 1.021 0.004 1.036 0.006 1.036 0.001
Na 0.001 0.000 0.002 0.000 0.001 0.000 0.000 0.000 0.000 0.000
Cr
Ni
Zn (ppm) 140 60 260 90 50 10 190 60 430 40
up to max. Zn (ppm) 320 500 70 330 500

bb4* sd" bb5* sd" at-1* sd" gs-7* sd" gs-9* sd"
SiO, 52.88 0.13 54.29 0.16 54.66 0.04 54.42 0.16 50.36 0.23
TiO, 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.03 0.00
AlL,O; 0.28 0.03 0.45 0.06 0.60 0.07 0.12 0.02 0.17 0.04
Fe,0;
FeO 10.10 0.83 3.57 0.10 343 0.49 15.41 1.15 16.43 0.39
MnO 0.82 0.11 0.65 0.03 0.27 0.07 2.55 0.04 1.64 0.16
MgO 11.78 0.59 15.66 0.17 15.28 0.63 7.48 0.76 6.12 0.41
Ca0 25.27 0.20 26.05 0.15 25.19 0.42 13.75 1.24 24.05 0.24
Na,O 0.03 0.00 0.00 0.00 0.34 0.03 5.27 0.49 0.04 0.02
Cr,0;
NiO
sum 101.16 0.12 100.66 0.17 99.78 0.21 98.97 0.03 98.82 0.11
cations
Si 1.978 0.005 1.984 0.006 2.004 0.003 2.003 0.001 2.001 0.007
Ti 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.006 0.001
Al 0.009 0.001 0.014 0.002 0.026 0.004 0.006 0.001 0.008 0.002
Fe3* 0.388 0.043 0.000 0.000
Fe?* 0.316 0.036 0.109 0.003 0.106 0.015 0.005 0.001 0.546 0.014
Mn 0.026 0.004 0.020 0.001 0.009 0.002 0.084 0.010 0.055 0.005
Mg 0.657 0.043 0.853 0.009 0.837 0.030 0.434 0.042 0.362 0.022
Ca 1.013 0.008 1.020 0.006 0.992 0.012 0.574 0.050 1.024 0.007
Na 0.001 0.000 0.000 0.000 0.025 0.002 0.398 0.038 0.003 0.001
Cr
Ni
Zn (ppm) 510 180 210 80 600 200 3740 1080 4980 2300
up to max. Zn (ppm) 1050 390 800 5000 8800

Gs-16* sd" TU-12* sd" TU-49* sd" by16* sd"

SiO, 52.85 0.19 48.00 0.26 46.63 0.28 51.45 0.51
TiO, 0.00 0.00 0.13 0.04 0.60 0.08 0.66 0.03
Al,O; 0.37 0.09 6.80 0.28 5.45 0.38 7.51 0.14
Fe,0;
FeO 7.34 0.89 493 0.19 12.89 0.21 3.24 0.03
MnO 0.78 0.19 0.28 0.03 2.10 0.09 0.10 0.00
MgO 12.53 1.07 13.71 0.16 7.47 0.17 14.79 1.47
Cao 25.22 0.17 25.26 0.15 21.46 0.14 19.76 0.36
Na,O 0.16 0.03 0.05 0.01 1.75 0.08 1.58 0.02
Cr,0; 0.73 0.01
NiO 0.04 0.00
sum 99.25 0.32 99.16 0.20 98.34 0.16 99.86 0.11
cations
Si 1.997 0.007 1.816 0.010 1.864 0.011 1.863 0.018
Ti 0.000 0.000 0.003 0.001 0.015 0.002 0.018 0.001
Al 0.012 0.003 0.221 0.009 0.187 0.013 0.320 0.006
Fe3+
Fe?* 0.232 0.028 0.156 0.006 0.431 0.007 0.098 0.001
Mn 0.025 0.006 0.009 0.001 0.071 0.003 0.003 0.000
Mg 0.706 0.060 0.773 0.009 0.445 0.010 0.798 0.079
Ca 1.021 0.007 1.024 0.006 0.919 0.006 0.767 0.014

(continued on next page)
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TABLE 5.—CONTINUED

Gs-16* sd" TU-12* sd" TU-49* sd" by16* sd
Na 0.006 0.001 0.002 0.000 0.068 0.003 0.111 0.001
Cr 0.021 0.000
Ni 0.001 0.000
Zn (ppm) 850 130 270 70 4260 1090 920 20
up to max. Zn (ppm) 1070 660 7980 150

* Samples, see Table 1." = standard deviation (20).
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FIGURE 7. Mean zinc content in clinopyroxenes from charnockite (data from Frost et al. 2000), calc-silicate, granulite, and several skarn
deposits (open signs); data from Japanese skarn deposits according to Nakano et al. (1991, 1994) (filled signs); classification of different skarn
types according to Evans (1993) (dashed lines); for electron microprobe data, see Table 5.

around 100 um. Preliminary experiments performed at defined
0O,- and S,-fugacities demonstrate grain-boundary diffusion
between sphalerite and hedenbergitic clinopyroxene resulting
from an intercrystalline exchange of Fe?* for Zn** (Heuer et al.
1996). They observed up to 70 um penetration depth of zinc in
clinopyroxene adjacent to sphalerite under conditions controlled
by the pyrrhotite-pyrite-magnetite buffer. There are indications,
that the formation of a petedunnite component in clinopyroxene
is favored by a relatively low fs,/fo, ratio (e.g., Essene and Peacor
1987; Heuer et al. 1996). Possible reactions involving oxygen
and sulfur fugacities, which buffer the substitution of Zn into
clinopyroxene silicate and oxide minerals, are reported by Essene
and Peacor (1987), Huber et al. (2004), and Core et al. (2005).

In summary, various important applications result from the
study of the zinc clinopyroxene petedunnite. Pure petedunnite
shows a large stability field at high pressures. In terms of ex-
perimental petrology, the barely temperature dependent decom-
position reaction 1 is very useful for experimental calibrations
of high-pressure apparatus. Furthermore, the present results on
pure petedunnite emphasize the suitability of zincian clinopy-
roxenes as sophisticated petrogenetic indicators for zinc-rich
metamorphic rocks. High-pressure conditions during metamor-
phism are indicated by high-Zn contents in clinopyroxene due
to the high-pressure stability of the end-member petedunnite; at

low-pressure conditions (e.g., skarns), lower Zn concentrations
in clinopyroxene (Henry’s law range <1500 ppm) are noted and
increasing Zn content correlates with increasing metamorphic
temperature conditions. Additionally, there is obviously a nega-
tive correlation between petedunnite component in clinopyroxene
and the f,/fo, ratio during formation. Thus, Zn turns out to be
a key element in clinopyroxene geochemistry. It can be easily
measured with high precision by electron microprobe analysis.
Therefore, routine measurement of zinc in element analyses of
clinopyroxenes is strongly recommended.
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