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Abstract In this study we report P-rich olivine and the tric-
calcium phosphate (TCP) stanfieldite in partially molten quartz-
phyllites from the ritual immolation site at the Goldbichl, near
Innsbruck in the Tyrol, Austria. During partial melting, foamy
patches of dark glassy material formed at the surface of the
rocks and also as layers within the rocks. The pyrometamorphic
rocks contain mostly the mineral assemblage olivine + ortho-
pyroxene + plagioclase + spinel + glass. During the investiga-
tion of slag samples from this prehistoric ritual immolation site,
extremely P-rich, apatite-bearing micro-domains were found.
In these domains phosphoran olivine was found whose P con-
tents are approaching the maximum P contents in olivine
according to the experimental investigations of Boesenberg
and Hewins (Geochim Cosmochim Acta 74:1923-1941,
2010). The textures within these domains indicate strongly
disequilibrium conditions. The phosphoran olivines formed
due to reactions involving apatite and the mineral assemblage
of the quartzphyllites, and coexist with plagioclase and a tri-
calcium phosphate phase (TCP) showing stanfieldite Cas(Mg,
Fe", Mn®")5(POy)s composition. In terms of its chemical
composition, olivine shows a wide range in composition with
P ranging from 0.3 to 0.54 a.p.fu, which corresponds to max-
imal 23 wt.% P,0s. These are the highest P-contents in olivine
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reported from rocks so far. The incorporation of P correlates
with decreasing Si contents according to the charge balancing
scheme 2P>* + M, = 2Si** + (Mg, Fe)*"M; 5. Therefore
P can only be incorporated in combination with a vacancy on
the M, , position. Micro-Raman spectroscopy of phosphoran
olivines indicates that these olivines can easily be identified with
this method due to the strong signals of the SiO4 and PO,
vibrations. The external vibrations of the M, , sites at low
wave-numbers are more complex than for P-free olivine. This
might be due to the effect of P>* on the M;*" and M,*" positions
and the formation of vacancies on these sites. Since micro-
Raman investigations of the TCP phase yielded no conclusive
match with a known Raman spectrum of a phosphate mineral so
far, therefore it is most likely that the TCP phase is stanfieldite,
whose Raman spectrum has not been obtained yet. Schematical
Schreinemakers analysis in the system CaO-Al,O3-FeO-SiO,-
P,05-H,O shows that P-rich olivine (fayalite-sarcopside solid
solution) can form from mineral reactions involving chlorite,
apatite and quartz and show that the occurrence of P-rich Fe-
olivines spans a large 7-range but is restricted to domains with
high aSiO,. The mineral assemblage in the P-rich micro-
domains shows that the formation of phosphoran olivine is not
only restricted to the interaction between bone material and
rocks in slags from ritual immolation sites as suggested by
Tropper et al. (Eur J Mineral 16:631-640, 2004) from the
immolation site in Oetz but can form locally due to the pyro-
metamorphic breakdown of a P-rich accessory precursor phase
such as apatite.

Introduction

The occurrence of phosphoran olivine with significant phos-
phorus contents (>2 wt.% P,05) has been reported from only a
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few places of the world (see Tropper et al. 2004). Phosophoran
olivines are reported from terrestrial and extraterrestrial sources
such as a syenitic breccia pipe from Pine Canyon, Utah (Agrell
etal. 1998) or olivines and pyroxens from Disko Island, Green-
land (Goodrich 1984), and Pallasite meteorites (Buseck and
Clark 1984). The terrestrial phosphoran olivines commonly
occur together with farringtonite and/or stanfieldite (Agrell et
al. 1998). In contrast, experimental investigations by
Boesenberg et al. (2004) and Boesenberg and Hewins (2010)
yielded phosphoran olivines with up to 27 wt.% P,0Os. Because
of the similarity of crystal chemical properties of P and Si (low
cation radius, highly charged) both occupy preferentially the
tetrahedral site. Synthetic olivines with slightly elevated phos-
phorus contents (<1 wt.% P,Os) are known from blast furnace
slags from modern, prehistoric and medieval smelting opera-
tions (Miiller et al. 1988: Heimann et al. 1998) and phosphoran
olivines with up to 10.5 wt.% P,0s5 were reported from
wrought iron from the USS Monitor (Boesenberg 2006).
Phosphoran olivines also occur in pyrometamorphic slags
and Tropper et al. (2004) reported the unusual occurrence of
extremely phosphorus-rich olivines containing up to 8.8 wt.%
P,05 in partially molten biotite-plagioclase-gneisses recov-
ered from the ritual immolation site Oetz in the Otz Valley,
Northern Tyrol, Austria.

Prehistoric ritual immolation sites in the Alpine area have
been investigated for the past 40 years. Weiss (1997)
showed that due to the lack of surface characteristics, ritual
burning sites are very hard to identify and indeed their
identification is mainly accidental. Weiss (1997) mentions
about 120 burning sites from an area extending between the
Alps and the Danube, which probably represents a lower
limiting number of the actual sites. A more recent study by
Gleirscher et al. (2002) extended the number of ritual im-
molation sites to 200 in the Alps. These sites were identified
on the presence of pottery-, metal- and bone fragments and
none of the sites from his investigation has ever been inves-
tigated from a mineralogical point of view, since character-
istic P-bearing minerals can form due to the interaction
between bone material and rocks in the course of the im-
molation process (Tropper et al. 2004, 2006). Prehistoric
immolation sites associated with the presence of slags are
mainly known from two localities in the Tyrol, namely the
Goldbichl near Innsbruck and one site in Oetz in the Otz
valley approximately 50 kmW of Innsbruck (Tropper et al.
2004). In both areas, the site is always on top of a hill. Von
Chlingensperg (1904) was the first to interpret these sites as
localities where ritual immolations took place, based in part
on the abundant presence of bone fragments of domestic
animals such as cow, sheep, goat and pig (Weiss 1997,
Tomedi and Nicolussi Castellan 2000). Tropper et al.
(2004) investigated slags from the burning site at Oetz and
concluded, based on experiments using natural animal
bones (Tropper et al. 2006), that mineralogical observations
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such as the assemblage phosphorus-rich olivine + whitlock-
ite can indeed provide possible evidence for the burning of
bone material and thus be very helpful in the identification
of prehistoric immolation sites in cases where clear archeo-
logical evidence is lacking.

In this study we describe a different extremely P-rich
mineral assemblage from the ritual immolation site at the
Goldbichl near Igls, where quartzphyllites instead of biotite-
plagioclase gnesisses (as in Oetz) were transformed into
slags by anthropogenically-induced pyrometamorphism.

Archaeological setting

The immolation site of this study is on top of the Goldbichl,
a small hill a few kilometers to the S of Innsbruck near the
village of Igls (Fig. 1). The Goldbichl has been used as a
prehistoric cult site since the Neolithic Age (Tomedi and
Nicolussi Castellan 2000). In the Early Bronze Age (1900—
1650 BC) it gained importance as an immolation place. In
the process of these ritual immolations bovines, goats and
sheep were sacrificed on a stepped altar made of loam and
rocks. Due to a natural air draft huge fires were inflamed, so
that the fire could easily be seen from far away (Tomedi and
Nicolussi Castellan 2000). The immolation fires were set on
a circular place on the loamy ground. Only later stone altars
were built. Archaeological excavations yielded fractions of
ceramic vessels that contained libations. Libations are offer-
ings of liquids and vessels that were sacrificed during these
rituals. After every ritual immolation the place was cleaned
and the precious sacrificial offerings were carried to a secret
depot. After a long period of neglect, immolation activity
started again at this site during the Iron Age (ca. 450-15
BC) according to Tomedi and Nicolussi Castellan (2000).

Geological setting

The stones for the altar were taken locally from the area
around the Goldbichl. Geologically the Goldbichl is situated
in the westernmost Innsbruck Quartzphyllite complex,
which is part of the Austroalpine basement nappes north
of the Tauern Window (Fig. 1). The polymetamorphic Aus-
troalpine basement consists in the vicinity of Innsbruck of
lower Ordovician porphyroid gneisses (Kellerjochgneiss or
Schwazer Augengneiss) micaschists (Patscherkofel and
Glungezer Crystalline Complex) and Paleozoic schists
(Innsbruck Quartzphyllite complex and Wildschonau
Schists) with intercalated carbonates (Piber 2005). Haditsch
and Mostler (1982) were the first to accomplish a serial
differentiation of the Innsbruck Quartzphyllite complex.
According to their division the stratigraphical lowest part
consists of a greenschist-quartzphyllite series. It is
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Fig. 1 Geological overview of the lower Inn valley from Piber (2005).
The location of the Goldbichl/Igls is indicated with a black circle on
the left side of the map. Most of the Innsbruck Quartzphyllite consists

composed of quartzphyllites and intercalated metabasic
rocks. In a stratigraphically higher position the Silurian
carbonate-sericite series occurs. It is composed of sericitic
phyllites, quartzphyllites and chlorite-sericite-phyllites oc-
casionally intercalated with carbonate and dolomite mar-
bles. On top the blackschist-carbonate series and garnet-
bearing phyllites intercalated with Devonian dolomite
marbles occur.

Petrography and textural relations

Innsbruck quartzphyllite The westernmost Innsbruck Quartz-
phyllite complex consists of metapsammites and metapelites.
The mineral assemblage of the protolith quartzphyllites con-
sists of muscovite + chlorite + plagioclase + quartz + apatite +
biotite + garnet + clinozoisite + ilmenite + rutile + titanite
(Fig. 2). Titanite is the most abundant Ti-mineral and quartz
and feldspar contents are highly variable and chlorite, musco-
vite and if present biotite form the penetrative foliation.

Slags The rocks of the immolation place show signs of a
strong thermal overprint, which often differs on a cm scale.

Innsbruck Quartzphyllite
Complex

Pennlnlc Units

mmimmiim TRANSALP profile

1Steinkogel Schiefer

Otztal-Stubai Crystalline
O Complex
1...Patscherkofel 2...Glungezer

of monotonous quartzphyllites and schists but in the western part of the
Innsbruck Quartzphyllite a central garnet (Ga)-bearing zone occurs

The samples show foamy textures as well as thin (< 0.5 cm)
layers of glass. The foamy patches show a diamter of <3 cm

100um "

Fig. 2 BSE image of a sample of the Innsbruck Quartzphyllite. The
mineral assemblage is muscovite (Ms) + chlorite (Chl) + quartz (Qz) +
accessories (apatite Ap, rutile Rt). All mineral abbreviations are
according to Whitney and Evans (2010)
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and contain many vesicles which clearly indicate a high-
temperature overprint while other, less reactive domains,
still show the primary foliation. Most of the micas show
bloated structures. The minerals in the foamy patches expe-
rienced the highest temperatures, which resulted in the for-
mation of high-7 minerals (olivine, spinel) and melt (Fig. 3).
The pyrometamorphic rocks mostly contain the mineral
assemblage olivine + orthopyroxene + plagioclase + spinel
+ glass. During the investigation an apatite-rich domain was
found in which P-rich phases occur (Fig. 4). Elongated
crystals of plagioclase dominate the texture of the micro-
domain between these laths the assemblage tri-calcium
phosphate phase (TCP) + phosphoran olivine occurs

(Fig. 5).

Analytical methods

Electron microprobe analysis (EMPA) A JEOL 8100
SUPERPROBE electron microprobe was used at the Insti-
tute of Mineralogy and Petrography of the University of
Innsbruck. For a preliminary identification of minerals the
energy dispersive spectrometer (Thermo Noran EDS sys-
tem) was applied. The measurements were made using five
wavelength-dispersive spectrometers (TAB, PETJ, PETH,
LIF and LIFH). Measurement conditions were 15 kV accel-
eration voltage and a sample current of 10 nA. The mea-
surement time was 20 s for the peak and 10 s for each site of
the background positions. The beam size was 1 um and for
corrections the Phi-Rho-Z method was used (Pouchou and
Pichoir 1984a, b). Standardization was done using natural
and synthetic standards. In order to minimize the loss of
volatile elements such as K and Na, a defocused beam with

Fig. 3 BSE image of a slag sample of the Innsbruck Quartzphyllite. In
the upper section relicts of chlorite (Chl) are preserved within glass and
on the right side olivine (Ol) and spinel (Spl) occur around vesicles. All
mineral abbreviations are according to Whitney and Evans (2010)
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Fig. 4 BSE overview image of the phosphorus domain adjacent to
quartz (Qz). In close vicinity to apatite (Ap) anorthite (dark laths),
phosphoran olivine and tri-calcium phosphate (bright crystals) occur.
The black circular objects are vesicles. All mineral abbreviations are
according to Whitney and Evans (2010)

a diameter of 5 pm was used for mica and feldspar analysis.
Mineral formulae were calculated using the program
NORM-II by Ulmer (1993).

Micro-Raman spectroscopy The experimental setup of the
micro-Raman spectroscopy was as follows: confocal Raman
spectra were obtained with a HORIBA JOBIN YVON
LabRam-HR 800 p-Raman spectrometer at the Institute of
Mineralogy and Petrography of the University of Innsbruck.
Samples were excited at room temperature with the 532 and
633 nm emission line of a 100 mW Nd-YAG and a 17 mW

Fig. 5 BSE close-up of the phosphorous domain. Tri-calcium phos-
phate (Tcp) and phosphoran olivine (Ol) crystallized as interstitial
phases between An-rich plagioclase (An) laths. Spinel (Spl) also
occurs. All mineral abbreviations are according to Whitney and Evans
(2010) except for Tcp
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He-Ne-laser, respectively, and an OLYMPUS 100X objective.
The laser spot on the surface had a diameter of approximately
1 um and a power of about 1 to 5 mW. Light was dispersed by
a holographic grating with 1800 grooves/mm. Spectral reso-
lution of about 1.8 cm™' was experimentally determined by
measuring the Rayleigh line. The dispersed light was collected
by a 1024x256 open electrode CCD detector. Confocal pin-
hole was set to 400 pum, resulting in a depth resolution of
about 2-3 um. Several spectra of single crystals were recorded
without polarizers for the exciting laser and the scattered
Raman light. The spectra were baseline-corrected by subtract-
ing a squared polynomial function and fitted to Voigt func-
tions. Peak shifts were calibrated by regular adjusting the
zero-order position of the grating and controlled by measuring
the Rayleigh line of a (100) polished single crystal silicon-
wafer. Accuracy of Raman peak shifts was better than
0.5 cm . The detection range was 100—~1200 cm . For phase
identification the CrystalSleuth software and the RRUFF
spectral database was used (Downs 2006).

Mineral chemistry

Quartzphyllite protolith Muscovite from the western part of
the Innsbruck Quartzphyllite complex shows a higher Si con-
tent of 3.07-3.29 apfu. than in the eastern part which has
3.06-3.17 apfu. (Piber 2005). In the unreacted samples from
the immolation place muscovites have Si contents between
3.24 and 3.31 apfu. The chlorites from the western and the
eastern part of the Innsbruck Quartzphyllite complex can also
be distinguished. The Fe** contents of chlorites from the
western part are between 2.18 and 2.71 apfu and the Mg
contents are between 1.69 and 2.38 apfu. (Piber 2005). The
resulting Fe?*/(Fe**+Mg) ratio is 0.48-0.61. Chlorites from
the eastern part of the Innsbruck Quartzphyllite complex show
higher Fe*" contents with 2.72-2.91 apfu. and lower Mg
contents of 1.47—1.62 apfu. (Piber 2005). The measured chlor-
ites from the Goldbichl site have Fe*" contents between 2.24
and 2.34 apfu and Mg contents between 2.10 and 2.19 apfu.,
which yields Fe*"/(Fe*"+Mg) ratios of 0.51-0.52. The Si
contents vary little between 2.72 and 2.79 apfu. Plagioclase
shows low anorthite (X,,) contents of 0.22 to 0.26, albite
(Xap) contents of 0.77 to 0.73 albite and a K-feldspar compo-
nent <0.1. Clinozoisite has Fe*" contents of 0.3 to 0.37 apfu.
and rarely zoisite occurs with 0.09 apfu. Fe®". Rarely occur-
ring garnet has a composition of Almy;_53Grss4 43Pyrs_sSpsys
10- Electron microprobe data of selected minerals of the pro-
tolith quartzphyllites are shown in Table 1.

The P-rich domain The olivines outside the P-rich domain
show Xg. contents ranging from 0.44 to 0.84 (Table 2).
Olivines within the P-rich domain contain an extraordinary

high amount of P of up to 23 wt.% P,O5 as shown in Table 3.
Although the whole domain is well crystallized the crystals
are very small and only olivines with a sufficient size of 5—
10 um were selected to avoid contamination effects from the
surrounding matrix. Since contamination from underlying
feldspar and/or TCP cannot be ruled out completely, it was
attempted to identify positive correlations between selected
elements by plotting Ca + Mg + Fe vs. P which showed that
the P-olivine analyses do not lie along a mixing line towards
the TCP. Also no contamination from feldspar was observed
since olivines contain almost no Ca and Al (Fig. 6a, b). Ina
Si vs. P plot the phosphoran olivines show a perfect corre-
lation (Fig. 7). The P content strongly varies but reaches a
maximum of 0.536 apfu. Figure 8 shows that not only the Si
content decreases with increasing P contents but also the
sum of cations on the M, , positions decreases down to
1.655 apfu. The formula of olivine illustrates the strong
compositional variations: Mgg sg4-0.978F€0.768-1.116MNo 011
0.022€20.004-0.014P0.289-0.536510.480-0.77704. No chemical
zoning was observed in olivine. Boesenberg and Hewins
(2010) postulated the following charge balancing scheme
for P incorporation in olivine:

VGt L 4VIMF2 s 3VINT2 4 pIVpHS VI

Rearrangement of their charge-balancing scheme leads to
the more simplified charge balance scheme according to
Tropper et al. (2004):

zsi4++VlM2+ PN 2P5++VID

In contrast to the data of Agrell et al. (1998) no substitu-
tion involving a tetrahedral vacancy such as

5Si*t s 4P5t 4V

was observed in the olivines of this investigation.

In the course of this investigation, a tri-calcium phos-
phate phase (TCP) was found. Chemically its composition
fits several Ca-phosphates, namely graftonite (Ca, Mg, Fe*",
Mn?");(PO,),, beusite (Mn>*, Fe**, Ca, Mg);(PO,),, and
stanfieldite Cas(Mg, Fe**, Mn?>")s(POy)s. Stanfieldite has
been described from stony-iron meteorites (Fuchs 1967) as
well as pallasites (Buseck and Holdsworth 1977) and often
occurs coexisting with OH-free withlockite Ca3(PO,4), or
farringtonite Mg;(POy), (Steele and Olson 1992). None of
these phases have been found in the P-rich domain. Graf-
tonite is known from pegmatites and meteorites (Floss
1999) and it shows complete miscibility with beusite, which
represents the Mn end-member (Hurlbut and Aristarain
1968). The TCP from the P-rich domain has a high content
of Fe, Ca and especially Mg, which is in good agreement
with the chemical composition of stanfieldite as reported by
Fuchs (1967) in Table 4. The Ca contents of 3.41 to
3.83 apfu are lower than in the ideal stanfieldite formula
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Table 1 Representative electron

microprobe analyses of selected Sample Chlorite-1 Chlorite-3 Muscovite-2 Muscovite-4 Feldspar-1 Feldspar-3

minerals of the western Inns-

bruck Quartzphyllite SiO, 25.81 26.39 49.39 48.97 63.15 62.37
TiO, 0.04 0.07 0.18 0.21 n.d. n.d.
AlLO; 21.81 21.69 29.04 29.48 22.86 23.23
Cr,03 0.01 0.03 0.01 0.05 n.d. n.d.
FeO 26.35 25.45 2.33 2.29 0.04 0.08
MnO 0.37 0.37 n.d. 0.03 n.d. n.d.
MgO 13.56 134 2.42 2.25 0.04 n.d.
CaO n.d. n.d. 0.03 n.d. 4.89 491
Na,O 0.02 0.04 0.22 0.11 9.20 9.34
K,0 n.d. 0.28 10.64 10.77 0.11 0.09
Total 87.96 87.71 94.26 94.16 100.29 100.02
Basis: (a) (a) (b) (b) () ()
Si 2.721 2.779 3.318 3.293 2.785 2.753
Ti 0.003 0.005 0.009 0.011 n.d. n.d.
AlY 1.279 1.221 0.682 0.707 1.188 1.209
AlM! 1.43 1.471 1.617 1.629 n.c. n.c.
Cr <0.001 0.002 <0.001 0.003 n.d. n.d.
Fe* n.c. n.c. 0.101 0.110 0.001 0.003
Fe* 2.323 2.241 0.03 0.019 n.c. n.c.
Mn 0.033 0.033 n.d. 0.001 n.d. n.d.
Mg 2.131 2.104 0.242 0.226 0.002 n.d.
Ca n.d. n.d. 0.002 n.d. 0.231 0.232
Na 0.002 0.004 0.029 0.015 0.787 0.799
K n.d. 0.019 0.912 0.924 0.006 0.005

Calculation on the basis of a) 14 g, 9.921 9.88 6.943 6.937 4.999 4.999

oxygens, b) 11 oxygens and c) 5 .

cations and 16 charges; n.d. not Anorthite 0.226 0.224

detected, n.c. not calculated; Albite 0.768 0.771

calculation of Fe*" is based on Orthoclase 0.006 0.005

charge balance considerations

by Fuchs (1967) but similar to the analysis by Buseck and
Holdsworth (1977) who report Ca contents down to
3.69 apfu. Nonetheless the data indicate a substitution of
Fe and Mg for Ca since Ca and Mg, Fe and Mn show a
strong linear negative correlation as shown in Fig. 9. Liter-
ature data show that this substitution can be up to 15 % for
TCP as reported by Enderle et al. (2005) and Araujo et al.
(2009). One analysis shows very small Ca contents of
2.82 apfu and since it still lies on the correlation line it
might reflect an even stronger substitution. Compared to
graftonite and beusite, the TCP shows much higher CaO
(1726 wt.% vs. 6-9 wt.% vs. 4.6-16.1 wt.%) and MgO (9-
14 wt.% vs. 0.1-0.4 wt.% vs. <2.6 wt.%) concentrations.
Therefore based on the observed chemical composition the
TCP is most likely stanfieldite (Table 4).

Spinel is a solid solution between spinel-magnetite-
hercynite-magnesioferrite and ulvdspinel as shown in
Table 5. The feldspar laths are plagioclase with higher K
contents than plagioclase from the protolith (Table 6). This
could be due to the breakdown of muscovite, which releases
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K. The feldspars laths from the P-rich domain contain
higher anorthite contents with the following formula:
Abg.42-0.54AN0 32 052 Orgo7-021. These plagioclases also
contain about 0.6 wt.% P,Os and hence the chemical com-
position of newly grown plagioclase strongly depends on
the micro-domain in which they grew. Melt compositions
outside the P-rich domains is peraluminous and also vary
strongly in composition, due to its formation in different
micro-domains (Table 7). Melt compositions could only be
measured outside the P-rich domains due to the small grain
size and thus no P contents were detected in the melt. Due to
the high degree of crystallization no melt was observed in
the P-rich domain. Minor orthopyroxene can be found in the
slags as well as in the P-rich domain. The P-bearing ortho-
pyroxenes vary strongly in their composition and all show a
high Al component of 3—6 wt.% Al,O5 (Table 8). Al is
incorporated on the tetrahedral position due to the Tscher-
maks substitution QA" < Si*" + M*"). The P,Os5 content
is around 0.5 wt.% except for one orthopyroxene which
contains 5.0 wt.% P,05 which represents 0.16 apfu. P. This
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Table 2 Representative electron microprobe analyses of P-free olivine

Table 3 Representative electron microprobe analyses of phosphoran
olivines of the P-rich domain

Sample  Gbl- Gbl- Gbl- GB4- GB4- GB4-
oll ol2 ol4 Ol1 0O12 015 P-Ol-1 P-Ol-2 P-Ol-3 P-Ol-4 P-Ol-5 P-Ol-6 P-Ol-7

SiO, 33.27 31.47 35.96 3628  35.64 3543 SiO, 2275 17.58 2193 2121 1939 21.7 21.22
TiO, n.d. n.d. 0.15 0.21 0.05 0.07 TiO, 022 0.15 017 022 008 0.06 0.15
AlLO; 1.11 0.13 0.12 0.79 0.10 0.08 AlLO; 0.06 007 015 015 0.12 0.08 02
FeO 58.20 61.02 39.91 36.13  36.35  36.19 P,05 1495 23.18 169 17.84 21.86 18.76 17.34
MnO 1.04 1.59 0.96 0.39 0.49 0.52 Cr,03 0.05 nd. 004 0.03 006 nd n.d.
MgO 6.14 5.56 24.88 2474 2546  25.24 FeO 45.1 3826 4244 41.14 3791 3432 4421
CaO 0.46 0.26 0.41 0.08 0.11 0.11 MnO 081 093 086 0.8 0.7 049 092
Na,O 0.05 n.d. n.d. 0.02 n.d. n.d. MgO 159 1935 1742 1826 1895 2453 15.64
K,0 0.01 0.01 0.02 0.30 0.09 0.06 CaO 029 029 046 014 033 045 0.18
Total 100.27  100.04  102.40 9894 9829 97.70 Na,O 0.04 005 005 005 0.04 004 002
Si 1.063 1.020 0.999 1.033  1.020  1.021 K,0 0.02 005 005 003 0.02 0.01 0.09
Ti n.d. n.d. 0.003 0.005  0.001  0.001 Total 100.18 99.91 100.45 99.87 99.44 100.44 99.97
Al 0.042 0.005 0.004 0.027  0.004  0.003 Si 0.650 0.480 0.614 0.592 0.530 0.580 0.602
Fe** 1.556 1.654 0.928 0.861 0.870 0.872 Ti 0.005 0.003 0.004 0.005 0.002 0.001 0.003
Mn 0.028 0.044 0.023 0.010 0.012  0.013 Al 0.002 0.002 0.005 0.005 0.004 0.003 0.007
Mg 0.293 0.269 1.031 1.051 1.087  1.084 P 0.361 0.536 0.400 0.422 0.506 0425 0416
Ca 0.016 0.009 0.012 0.002  0.003  0.003 Cr 0.001 nd. 0.001 0.001 0.001 n.d. n.d.
Na 0.003 n.d. n.d. 0.001 n.d. n.d. Fe** 1.077 0.873 0.993 0960 0.866 0.768 1.049
K n.d. <0.001  <0.001 0.011 0.003  0.002 Mn 0.020 0.022 0.020 0.019 0.016 0.011 0.022
Sum 3.000 3.000 3.000 3.000 3.000  3.000 Mg 0.677 0.787 0.727 0.760 0.772 0.978 0.661
Xnig 0.15 0.14 0.52 0.53 0.55 0.55 Ca 0.009 0.008 0.014 0.004 0.010 0.013 0.006
Xre 0.80 0.84 0.46 0.44 0.44 0.44 Na 0.002 0.003 0.002 0.003 0.002 0.002 0.001

K 0.001 0.002 0.002 0.001 0.001 <0.001 0.003
Calculation on the basis of 3 cations, n.d. not detected S cations 1773 1682 1740 1739 1655 1757 1732

M
> alllv2 2.804 2715 2781 2771 2709 2.781 2.769

amount of P can only be accommodated by the substitution
of P and Al instead of Si on the tetrahedral site according to
the following vector (Boesenberg and Hewins 2010):

Pt + APt 2 Si*t

Micro-Raman-spectroscopy

P-bearing olivine and P-free olivine were measured with
micro-Raman spectroscopy and measurements of P-bearing
olivine were difficult to obtain due to the extremely small grain
size (<20 um, Fig. 5). The P-free olivine shows a spectrum
comparable to fayalite with in total 14 bands and the most
intense bands around 846 and 817 cm ™", as shown in Fig. 10.
Weaker bands occur at 1183, 1113, 937, 909, 877, 590, 569,
419,334,296, 197 and 135 cm . The high wavenumber bands
at 937, 846 and 817 cm™ ' can be assigned to internal stretching
vibrations of the SiOy-tetrahedron (Chopelas 1991). The two
bands above 1100 cm ™' are very weak and might be related to
inclusions or impurities whereas the low-wavenumber bands
are probably caused by external vibrations of the tetrahedron
and the M, and M, octahedrons. The phosphoran olivine was

cations

Calculation on the basis of 4 oxygens, n.d. not detected

measured at two different wavelengths (633 and 532 nm) and
shows in total 20 bands: three intense one at 936, 832 and
822 cm ! and weaker bands at 1096, 1049, 975, 725, 680, 631,
582, 561, 510, 457, 405, 368, 331, 291, 228, 163 and
113 cm ™', Above 965 cm ' no bands are observed in olivines
and, with the exception of monticellite, above 900 cm ™' they
are generally very weak (Chopelas 1991). The intense band at
936 cm™ ' and the high wavenumber bands are therefore rather
assigned to the internal symmetric stretching of a PO, tetrahe-
dron (Fig. 10). This might be caused by a vacancy in the M;
and M, sites, generated by the incorporation of P, which
Boesenberg and Hewins (2010) attributed to distortions in the
olivine structure due to a change towards farringtonite. The
fine-grained nature of the material prevented more-detailed
Raman investigations. Comparison of the phosphoran olivine
spectra with the RRUFF spectra database (Downs 2000),
which contains at present more than 5000 Raman spectra of
minerals, yielded only poor matches, thus confirming the
results of the mineral-chemical investigations.
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Fig. 7 Linear correlation between Si and P (apfu.) in the phosphoran
0® ' T olivine of the samples from the immolation place. The dashed line
0 0.2 0.4 0.6 represents the 1:1 P substitution for Si according to the charge balance
Ca (apfu.) scheme 2Si** +VIM2* s 25 4VIg
2 b N to graftonite, the graftonite Raman spectrum does not match.
\\ This is also the case with the structurally-related spectrum of
\ : 2
N beusite (Cay 51sMgo.s516F€”"0.560Mn0.022)2.916(PO4)2.001 from
15 | PN the Bull Moose Mine, Custer, South Dakota, USA. Another
P TCP, sarcopside (Fe* " 30Mng 67Mgo 03)(PO4)2, shows a similar
'\\ most intense band at ca. 970 cm ' but also a second most
3 ‘0\ intense band at 925 cm ', which clearly deviates from the
14 obtained TCP pattern., The chemical data of TCP match with
= stanfieldite, unfortunately, no Raman spectrum of this mineral
for comparison is available so far.
0.5 4
Discussion
0 -nto— : ' : Textural evolution of the slags At atmospheric pressure min-
0 0.5 1 1.5 2 2.5 3 erals start changing their shape due to the rising temperatures.
Si (apfu.)

Fig. 6 Correlation diagrams between Ca vs. Al (a) and Si vs. Al (b) to
illustrate a possible chemical contamination from adjacent anorthite
laths (diamonds). The phosphoran olivines are represented by the black
circles. The amounts of Si, Ca and Al are too low and thus no chemical
mixing trend involving anorthite could be observed. The dashed lines
represent the compositional trends in the feldspars

Micro-Raman investigations of the TCP yielded 18 bands,
three intense one at 983, 974 and 968 cm ' and a large number
of weaker bands at 176, 293, 348, 402, 468, 514, 533, 611,
620, 753, 1075, 1124, 1158, 1228 and 1293 cm . The three
most intense bands again are probably related to the internal
stretching vibration of the PO, tetrahedron. No conclusive
match with a spectrum from the RRUFF database could be
obtained so far (Downs 2006). Figure 11 shows the Raman
spectra of the TCP compared to the spectra of graftonite,
beusite and sarcopside, all from the RRUFF database.
Although the TCP shows a composition that is very similar
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balance scheme 2Si*t+VIM?* < 2P5* Vo, Note that the phos-
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Table 4 Representative electron microprobe analyses of stanfieldite Table 5 Representative electron microprobe analyses of spinel
TCP-2 TCP-3 TCP-4 TCP-5 Stanfieldite Sample Gbl-spl  Gbl-sp2  Gbl-sp3  Gbl-sp4 Gbl-sp5
P,0s5 45.33 46.29 45.52 46.25 46.6 Si0, 0.58 0.24 1.29 0.36 0.29
CaO 26.19 21.42 17.01 23.46 24.6 TiO, 0.16 0.09 28.85 1.38 0.12
MgO 9.10 13.82 14.43 11.33 12.9 AL O3 49.08 54.27 1.90 13.59 13.00
FeO 18.26 17.46 21.11 19.14 13.8 Cr,05 0.06 0.11 0.83 0.04 0.02
MnO 0.68 0.69 0.99 0.77 1.4 Fe, 05 11.35 6.21 8.13 60.72 64.65
Si0, 0.24 0.42 0.15 0.39 n.d. FeO 36.57 36.78 54.71 n.d. 0.52
Al,O4 0.10 0.13 0.08 0.07 n.d. MnO 0.31 0.47 0.96 1.69 1.02
Cr,03 n.d. 0.04 n.d. n.d. n.d. MgO 243 2.40 1.68 23.00 20.9
TiO, 0.02 0.02 0.04 0.06 n.d. CaO 0.06 0.07 0.56 0.16 0.12
K,0 0.06 0.05 0.10 0.06 n.d. Na,O 0.02 0.03 0.12 n.d. n.d.
Na,O 0.14 0.07 0.17 n.d. n.d. K,0 n.d. n.d. 0.06 0.06 0.09
Total 100.06 100.36 99.5 101.47 99.3 Total 100.62 100.67 99.09 101.02 100.77
P 5.982 5.955 5.957 5.964 6.00 Si 0.017 0.007 0.047 0.011 0.009
Ca 3.406 3.488 2.817 3.829 4.02 Ti 0.004 0.002 0.794 0.032 0.003
Mg 3.221 3.131 3.325 2.573 291 Al 1.706 1.847 0.082 0.485 0.473
Fe 2.198 2.219 2.729 2.438 1.74 Cr 0.001 0.003 0.024 0.001 0.001
Mn 0.101 0.089 0.130 0.099 0.18 Fe** 0.252 0.135 0.224 1.383 1.503
Si 0.048 0.064 0.023 0.059 n.d. Fe** 0.902 0.888 1.674 n.d. 0.014
Al 0.011 0.023 0.015 0.013 n.d. Mn 0.008 0.012 0.030 0.043 0.027
Cr n.d. 0.003 n.d. n.d. n.d. Mg 0.107 0.103 0.092 1.038 0.962
Ti <0.001 0.005 0.009 0.014 n.d. Ca 0.002 0.002 0.022 0.005 0.004
K 0.008 0.005 0.010 0.006 n.d. Na 0.001 0.002 0.009 n.d. n.d.
Na 0.021 0.010 0.025 n.d. n.d. K n.d. n.d. 0.003 0.002 0.004
Sum 14.974 14.992 15.039 14.995 14.85 Sum 2.999 2.998 2.997 3.000 2.999
Caleulati i reldite f | he basis of 24 P MgALO,  0.092 0.096 0.020 0.256 0.230
Colelaion o b e omulo e b 124090 pepjo, 07 0wz 00w oo oo
MnALO4,  0.007 0.011 0.006 0.011 0.006
MgFe,O4 0.014 0.007 0.053 0.730 0.732
The sheet silicates such as chlorite and muscovite react during FeFe,0,  0.114 0.060 0.051 0.000 0.006
heating with intensified bloating and microcracking due to MnFe,0;  0.001 0.001 0.018 0.030 0.020
dehydration of adhesive and of structurally bound water MgCr0, nc. ne. 0.005 0.001 0.000
(Grapes 2006). Until the a—f3 transition of quartz at 575 °C FeCr,05  0.001 0.001 0.005 0.000 0.000
MnCr,O4 n.c. n.c. 0.002 0.000 0.000
10 Fe,TiO4 0.004 0.002 0.822 0.031 0.003
9 T Calculation on the base of 3 cations and 8 charges, n.d. not detected;
8 - n.c. not calculated, calculation of Fe®" is based on charge balance
- 5] consider.ations. The SiO, contents are most likely due to contamination
% . from adjacent silicates
o ‘».
= 4 the dilation occurs moderately and continuously (Grapes
£ 34 . 2006). Vitrification occurs at a temperature of ~900 °C while
2 degasification channels and bloating structures are pro-
1 duced at temperatures ~1200 °C (Grapes 2006). During
0 . . . . firing of the quartzphyllites the micas break down along a
Y 2 ‘(':a (apfuf)i 8 10 continuous process, beginning with substantial water loss.

Fig. 9 Ca vs. Fe + Mg + Mn correlation in stanfieldite Cay(Mg, Fe*",
Mn*")s(PO,)s

The original textures of muscovite and chlorite are pre-
served only as relicts and at higher firing temperatures
small cubic crystals of spinel form within the chlorite

@ Springer



336

P. Schneider et al.

Table 6 Representative electron

microprobe analyses of feldspar Sample Gb1-An-4 P-An-10 P-An-12 P-Anl5 P-Anl6 P-An-22 P-An-39
from the P-rich domain
SiO, 58.41 63.26 54.63 55.07 59.27 62.43 57.8
TiO, 0.11 0.19 0.06 0.07 0.12 0.13 0.06
Al,O4 24.98 20.92 28.36 27.94 24.65 21.56 26.40
P,Os 0.59 0.63 0.66 0.48 0.64 0.64 0.67
Cr,03 n.d. 0.02 n.d. n.d. n.d. n.d. n.d.
Fe,O5 0.35 n.c. n.c. 0.34 n.c. n.c. n.c.
FeO n.c. 0.38 0.37 n.c. 0.24 0.65 0.26
MnO n.d. 0.01 n.d. 0.03 n.d. 0.04 n.d.
MgO 0.04 n.d. 0.08 0.06 0.05 0.07 0.04
CaO 7.76 1.85 10.89 10.48 6.51 2.79 8.76
Na,O 6.43 3.32 4.74 5.08 5.46 3.78 5.99
K,0 1.67 10.12 1.14 1.17 3.59 8.90 1.17
Total 100.41 100.7 100.93 100.71 100.53 100.99 101.16
Si 2.615 2.869 2.452 2.472 2.661 2.816 2.573
Ti 0.004 0.006 0.002 0.002 0.004 0.005 0.002
Al 1.318 1.118 1.5 1.478 1.304 1.147 1.385
P 0.023 0.024 0.025 0.018 0.024 0.025 0.025
Cr n.d. 0.001 n.d n.d n.d n.d n.d
Fe* 0.012 n.c n.c 0.011 n.c n.c n.c
Fe* n.c. 0.015 0.014 n.c 0.009 0.024 0.01
Mn n.d. <0.001 n.d 0.001 n.d 0.001 n.d
Mg 0.003 n.d 0.005 0.004 0.004 0.005 0.003
Ca 0.372 0.09 0.524 0.504 0.313 0.135 0.418
Na 0.558 0.292 0.413 0.442 0.475 0.331 0.517
K 0.095 0.585 0.065 0.067 0.206 0.512 0.067
Caleulation on the base of 5 Sum . 5.000 5.000 5.000 5.000 5.000 5.000 5.000
cations and 16 charges, n.d. not  Anorthite  0.36 0.093 0.523 0.497 0315 0.138 0.417
detected; n.c. not calculated; Albite 0.54 0.302 0.412 0.436 0.478 0.338 0.516
calculation of Fe®” is based on K-feldspar  0.09 0.605 0.065 0.066 0.207 0.524 0.066

charge balance considerations

layers (Fig. 3). Depending on the distance to the fire
different temperatures and oxygen conditions affected the
rocks. The highest temperature was at the contact area
between the rock and the fire where the most obvious
melting processes took place. In these areas high temper-
ature led to the breakdown of the initial assemblage
muscovite + chlorite + plagioclase + quartz + biotite +
clinozoisite + ilmenite to the formation of the new pyro-
metamorphic assemblage: plagioclase (an-rich) + olivine +
spinel + melt + orthopyroxene due to the following model
reactions involving the breakdown of chlorite:

Chlorite — 2 Olivine + Spinel + Quartz 4 4 H,O
Chlorite — Olivine + Spinel + 2 Orthopyroxene + 4 H,O

Orthopyroxene can also form due to a reaction between
olivine and quartz and occurs therefore in an advanced stage
of pyrometamorphism (Grapes 2006). Adjacent to olivine,
large blades of plagioclase crystallized. Between the
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plagioclase crystals isometric crystals of ulvospinel occur
(Fig. 3). Biotite is rare so the main source of Ti in these rocks
is titanite. The proposed model reaction involving chlorite and
titanite thus could be:

Table 7 Representative electron microprobe analyses of melt

Melt-1 Melt-3 GB1-Melt-1
SiO, 49.84 66.51 48.12
AlLO4 31.96 18.13 34.04
Na,O 2.75 3.86 3.68
K,0 6.04 6.71 1.02
CaO 0.84 1.12 11.07
FeO 4.93 1.99 1.50
MgO 2.57 0.52 1.28
TiO, 0.33 n.d. 0.10
MnO 0.05 0.02 0.05
Total 99.31 98.90 100.86
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Table 8 Representative electron microprobe analyses of orthopyroxene

Sample Gb1-Px1 Gb1-Px2 Gbl1-Px3 Gb1-Px4
SiO, 49.46 45.97 51.02 41.11
TiO, 1.56 3.02 1.45 2.05
ALO; 6.05 487 3.36 5.71
Cr,05 n.d. 0.05 0.20 n.d.
P,0s 0.57 0.55 0.03 5.00
FeO 28.10 28.21 21.18 28.26
MgO 13.25 15.69 21.51 16.46
MnO 0.78 0.67 0.54 0.39
CaO 0.76 1.05 1.81 0.54
Na,O 0.19 0.10 0.07 0.08
K,O 0.58 0.13 n.d. 0.04
Total 101.29 100.31 101.17 99.65
Si 1.876 1.779 1.882 1.590
Ti 0.045 0.088 0.040 0.060
Al 0.270 0.222 0.146 0.260
Cr n.d. 0.002 0.006 n.d.
P 0.018 0.018 0.001 0.164
Fe** 0.891 0.913 0.653 0.914
Mg 0.749 0.905 1.183 0.949
Mn 0.025 0.022 0.017 0.013
Ca 0.031 0.043 0.072 0.023
Na 0.007 0.004 0.003 0.003
K 0.014 0.003 n.d. 0.001
Sum 3.927 3.998 4.002 3.976

Calculation on the base of 6 oxygens, n.d. not detected

2 Chlorite + 4 Titanite —
Olivine + 2 Anorthite + 4 Ulvospinel + 5 Quartz
+8H,0+ 0O,

In muscovite-rich domains, only the formation of peralu-
minous melt was observed.

The composition of phosphoran olivines and structural
constraints Previous descriptions of the occurrence of
phosphoran olivines indicates that they grew under strongly
disequilibrium conditions and P substitution for Si in olivine
is not surprising since several phosphates with olivine-like
structures exist (e.g., Eventoff et al. 1972; Nord and
Stefanidis 1983; Chung et al. 2002; Langer et al. 2006,
2007). Chemical data from naturally occurring phosphoran
olivines indicate that in these samples the maximum P
content is 0.13 apfu whereas synthetic olivines from exper-
imental investigations contain considerably higher P-
contents. For instance the experimental data of Boesenberg
and Hewins (2010) yielded the maximum P-content of
0.68 apfu in olivine, which implies P contents of up to
27 wt.% P,0s. This is equivalent to a tetrahedral site occu-
pancy of P of ca. 70 %, which is thought be represent the
maximum value based upon structural considerations in the
system forsterite-farringtonite, Mg,SiO4-Mg3(PO,), since
the ratio Si:P is 1:2 (Boesenberg and Hewins 2010). The
data from this study show maximum contents of 23 wt.%
P,Os, which is equivalent to 54 % P substitution for Si. The
data of this study, and the data from Tropper et al. (2004),
Boesenberg et al. (2004) and Boesenberg and Hewins (2010)
lie nicely along the 1:1 P — Si correlation line. With respect to
the nature of the olivine-phosphate phase solid solution, sev-
eral possibilities for olivine-phosphate solid solutions exist.

Fig. 10 Raman spectra of
olivines. Top: Raman spectrum
of fayalite from the RRUFF
database (Downs 2000).
Second from the top: Raman
spectrum of P-free olivine from
a slag sample. The lower two
spectra are from a phosphoran
olivine, excited at 633 and

532 nm (bottom)

Intensity (a.u.)

Fayalite Fe, gsMn, ,,Zn, o,Si, 1,0, (RRUFF 070157)

Olivine 532nm

Phosphoran Olivine 633nm

Phosphoran Olivine 532nm

T T
600 . 800

Raman shift (cm™)
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Fig. 11 Raman spectra of
selected phosphate phases. Top:
RRUFF database spectrum of
sarcopside (Fez+2A30MnOA67
Mg 03)(PO4),. Second from
top: beusite (Fe*",Mn>",
Ca);(POy4),, from the Bull
Moose Mine, Custer, South
Dakota, USA. Third from top:
RRUFF database spectrum of
graftonite (Fe**, Mn>", Mg,

Sarcopside

Beusite

Ca)3(POy),. The lowermost
spectrum represents the Raman
spectrum of a TCP from the P-
rich domain in the slag. All
spectra were excited at 532 nm

Intensity (a.u.)

Graftonite

TCP

T
200

The structure of farringtonite (Mg;(POy), is closely related to
the structure of forsterite, but shows monoclinic instead of
orthorhombic symmetry. Similar to olivine the three-
dimensional framework of farringtonite is composed of POy-
tetrahedra that are linked together by metal-oxide polyhedra.
There are also two sites M; and M,, which are five- and six-
fold coordinated (MgOs i.e., MgOg) according to Nord and
Kierkegaard (1968). But even more closely related to the
olivine structure are the phosphate minerals sarcopside
(Fe5(PO4),, Moore 1972) and its Mg-rich counterpart chopin-
ite (Mg3(PO4,),, Grew et al. 2007) which also have an olivine-
type structure with hexagonal closest oxygen package. Brunet
and Vielzeuf (1996) and Brunet et al. (1998) showed that
chopinite (Mgz(POy4),-1I) is a high-pressure polymorph of
farringtonite and they predicted that Fe*" would stabilize
chopinite-sarcopside solid solutions towards lower pressures,
which may indicate that the P-bearing olivines from this study
could be a ternary solid solution between fayalite-chopinite-
sarcopside. Metastable chopinite-sarcopside solid solutions
have been reported by Grew et al. (2010) in meteorites, but
clearly more experimental and structural investigations in the
systems Mg3(PO,),-Mg,SiO, and Fe3(PO,4),-Fe,SiO,4 under
anhydrous conditions are needed in order to deduce the exact
nature of this olivine-phosphate-type solid solution.

Theoretical phase relations involving phosphoran olivines
in pyrometamorphic quartzphyllites In this investigation, it
is thought that phosphoran olivine formed by pyrometamor-
phic reactions between apatite, chlorite, plagioclase and quartz
from mineral assemblage of the quartzphyllite during immo-
lation. Investigations on the phase relationships in the system
Ca0-FeO-Si0,-P,05-Al,03-H,0O with the phases chamosite-
quartz-fayalite-anorthite-hercynite-apatite-sarcopside-H,O
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allow to infer the conditions of formation as a function of 7'
and aSiO, as shown in Fig. 12. The following Schreinemakers
diagram (Fig. 12) is based on two major assumptions: 1.) only
the olivine Fe-end-member system was considered, and 2.) in
order to account for the incorporation of P into olivines the Fe-
endmember sarcopside, Fe;(PO,),, was used since it is stable
at atmospheric pressures and has an olivine-type structure
(Moore 1972). The following reactions intersect in an invariant

[az]

an + hc + fa + sar + H,O

a(Si0,)

[cha)

cha: chamosite
ap: apatite
qz: quartz
fa: fayalite
sar: sarcopside
he: hercynite
an: anorthite

Temperature

Fig. 12 Schreinemakers diagram depicting the 7-logaSiO,-space at
constant fH,O. The observed phase assemblage olivine + anorthite +
Fe-phosphate (sarcopside) lies in the upper part of the diagram stretch-
ing between the hercynite- and chamosite-absent reactions [hc] and
[cha] at high 7 and aSiO, conditions
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point and occur at O,-fugacities below the QFM-buffer. The
absent phases are given in brackets.

1.) 10 Chamosite + 2 Apatite + 10.5 Quartz —3 Sarcopside
+10 Anorthite + 20.5 Fayalite + 41H,O [Hc]

2.) Chamosite — Quartz + Hercynite + 2 Fayalite + 4H,O
[Ap]

3.) Chamosite — Quartz + Hercynite + 2 Fayalite + 4H,O
[An, Sar]

4.) 2 Apatite + 10 Hercynite 4 20.5 Quartz — Anorthite+

3 Sarcopside + 0.5 Fayalite + H,O [Cha]

5.) Chamosite 4+ 40 Anorthite + 12 Sarcopside — 8Apatite

+41 Hercynite 4+ 83 Quartz [Fa, H,O]

6.) 20 Chamosite + 2 Apatite — 3Sarcopside + 10 Anorthite

+10 Hercynite + 40.5 Fayalite + 81H,O  [Qtz]

Mineral reactions involving chamosite and apatite and
forming fayalite-sarcopside solid solutions (reactions 1 and
6) strongly depend on the presence of quartz. Reaction 1
leads to the phase assemblage sarcopside + fayalite + anorthite,
which occurs in the high-7/high aSiO, portion of the diagram
in Fig. 12 and which can also be observed in the P-rich
domains of the slags. Since most reactions considered are
dehydration reactions the exact positions of the equilibria are
also strongly dependent on fH,O, which can be quite high
during the initial stages of dehydration (Grapes 2006). There-
fore for a quantitative evaluation of these equilibria this
diagram needs to be extended into 3 dimensions by also
considering changing fH,O and thus the invariant point will
become a line.

Conclusions and archaeological implications

The chemical varability of the phases formed in the slags
during the ritual immolation process and the occurrence of
extensive P-substitution in olivine strongly indicate disequi-
librium growth in relatively SiO,-rich domains due to rapid
quenching. This is consistent with the implications associated
with phosphoran olivine growth in natural occurrences
(Buseck and Clark 1984; Agrell et al. 1998; Goodrich 1984;
Brunet and Chazot 2000) and in a ritual immolation site
(Tropper et al. 2004), as well as in experimental investigations
(Konzett et al. 2002; Boesenberg et al. 2004; Boesenberg and
Hewins 2010; Tropper et al. 2006).

Experimental investigations of Konzett et al. (2002) and
Tropper et al. (2006) have shown that the interaction between
bone material and biotite-plagioclase gneisses during partial
melting lead to the formation of the assemblage phosphoran

olivine + whitlockite + plagioclase + clinopyroxene + glass,
which is similar to the assemblage observed in the slags found
in Oetz. Based on this observation Tropper et al. (2004)
suggested that the identification of mineral assemblages such
as phosphoran olivines + whitlockite in partially molten rocks
from firing sites could indeed provide mineralogical evidence
for the identification of ritual immolation sites, in case archae-
ological artefacts have not been found. On the other hand,
preliminary investigations by Schneider (2009) and the results
from this investigation show that the occurrence of phos-
phoran olivine is restriced to extremely P-rich domains and
thus is only related to the presence of accessory apatite in the
slag and that phosphoran olivines can form due to the break-
down of apatite as shown by model reactions in Fig. 12. In
addition the extent of P-substitution in olivine is also much
higher compared to Oetz, which might be due to the Ca-poor
nature of these quartzphyllites, which is reflected in the for-
mation of orthopyroxene rather than clinopyroxene and which
seems to favor the formation of sarcopside-fayalite solid
solutions.

The formation of P-rich olivine from accessory apatite is
thus in contrast to the investigations by Tropper et al. (2004)
who proposed that bone-rock interactions alone are respon-
sible for the formation of phosphoran olivines. This fact
might also be reflected by the presence of a different phos-
phate phase in the slag samples from the Goldbichl. In this
investigation a TCP phase (stanfieldite) instead of whitlock-
ite was found. Therefore caution is advised concerning the
archaeological implications of the occurrence of phosphoran
olivine in slags from ritual immolation sites, since it can also
form without the presence of bone material.
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