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ABSTRACT 24 
High-P-T experiments have shown that in major rock types such as MORBs, peridotites and 25 
pelitic sediments, increasing P (and T) leads to a gradual transfer of P from phosphates mostly 26 
represented by apatite to silicates with garnet as most important silicate P carrier. This is due 27 
to the formation of a Na3Al2(PO4)3 phase component in garnet via [8]Na[4]P[8]M2+

-1
[4]Si-1 which 28 

is strongly P-, and to a lesser extent T-dependent and creates garnets with significant P and 29 
Na at P as low as 2-3 GPa. Based on this experimental evidence one would expect to 30 
routinely find P-Na-rich garnets in UHP-rocks with a wide range in composition. With very 31 
few exceptions, however, this is not the case. This discrepancy indicates that both P and Na 32 
are effectively released from garnet and re-distributed within the garnet matrix during uplift 33 
and exhumation. In order to explore the mechanisms of this P-Na release, P-Na-rich garnet 34 
pre-synthesized at 7 GPa and 1200°C, containing 0.7 wt% P2O5 and 0.3 wt% Na2O, was 35 
exposed to P-T conditions of 2 GPa and 800-1000°C in a simplified, H2O-bearing, model 36 
eclogitic bulk composition. The experiments show that at subsolidus temperatures of 850-37 
975°C, and in the presence of a hydrous fluid, apatite quickly forms from garnet breakdown 38 
involving consumption of coexisting quartz and clinopyroxene. The apatites usually appear as 39 
rounded to lath-shaped isolated grains scattered in the garnet + clinopyroxene ± 40 
orthopyroxene + quartz + rutile matrix. More rarely, single apatite inclusions, or clusters of 41 
inclusions, may form in clinopyoxene or garnet. The observed apatite grain size is in the 42 
range ≤ ~1x1 to 24x6 µm with the largest grains occasionally containing clinopyroxene 43 
inclusions. Combined garnet breakdown and neo-formation, using pre-existing garnet as a 44 
nucleation site, may form zoned garnets with Na-P depleted and Ti-enriched rims that 45 
represent an approach to a garnet composition typical for mid- to shallow crustal P-T 46 
conditions. Partial melting experiments indicate that eclogites containing P-rich garnet may 47 
produce P-rich and apatite-undersaturated melts for moderately SiO2-rich melt compositions. 48 
These melts can crystallize abundant apatite during solidification and, thus, would be 49 
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effective agents for P-extraction during partial melting. Due to their very low apatite 50 
saturation concentration, the P-transport and storage capacity of granitic melts would be much 51 
more limited. An unexpected finding of this study are the substantial P and Mg contents in 52 
kyanite with 0.17-0.20 wt% P2O5 and 0.20-0.56 wt% MgO, respectively. The combined P-Mg 53 
incorporation into kyanite is consistent with the coupled substitution [4]Si4+ + [6]Al3+ = [4]P5+ + 54 
[6]Mg2+ and with a strong preference of P for orthosilicate structures. The results of this study 55 
suggest that some to even all of the apatite now present in eclogites that underwent deep 56 
subduction formed by chemical adjustment of the eclogite garnet to decreasing Na3Al2(PO4)3-57 
solubility during uplift and exhumation. This results in the appearance of apatite as a new 58 
phase in a hitherto apatite-free assemblage. Rapid transport to the surface and/or a lack of 59 
suitable reactants can suppress this re-equilibration and explain the occasionally high P- and 60 
Na-contents of eclogitic garnet-inclusions in diamond or garnets from diamondiferous 61 
eclogites sampled by kimberlites. Similarly, concurrent decreasing Ti-solubility in garnet may 62 
lead to rutile-saturation in eclogites that did not contain this phase under peak-P conditions as 63 
evidenced by the joint occurrence of (oriented) rutile and apatite inclusions in the eclogitic 64 
garnets. For the application of geothermobarometry, this delayed Ti (+P) saturation is 65 
important to be kept in mind. 66 
 67 
key words: phosphorus, garnet, apatite, kyanite, eclogite, exhumation 68  69 
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INTRODUCTION 75 
 The transport and storage of P in the Earth’s crust and upper mantle is characterized by 76 
an interplay between phosphate and silicate phases. The latter are represented by either solids 77 
or melts dependent upon the local P-T regime. Under crustal pressures and subsolidus 78 
temperatures, an essential portion of the bulk P budget for major rock types from the 79 
continental and oceanic crust, such as granites and granodiorites (0.02-0.18 wt% P2O5; e.g. 80 
Kemp and Hawkesworth 2004; Gao et al. 1998), MORBs (0.06-0.26 wt% P2O5; e.g. Klein 81 
2004 and references), continental alkali-basalts (0.55-1.58 wt% P2O5; e.g. Farmer 2004) or 82 
andesites (0.18-0.23 wt% P2O5; e.g. Condie 1993), and their plutonic equivalents is stored in 83 
apatite. It is only in metapelites and granitic rocks with associated pegmatites that the REE-84 
rich orthophosphates monazite and/or xenotime may be important as P carriers in addition to 85 
or instead of apatite (e.g. Bea 1996; Watt 1995; Spear and Pyle 2004). Pure hydroxyl- and 86 
fluorapatite is stable to 11-13 GPa at 1000-1500°C (Murayama et al. 1986) and, towards 87 
higher P, breaks down to form the anhydrous calcium phosphate tuite [γ-Ca3(PO4)2] 88 
(Sugiyama and Tokonami 1987; Xie et al. 2003). In MORB-type bulk compositions the upper 89 
P-stability of hydroxyl-apatite is reduced to 7.0-7.5 GPa at 950°C as a result of tuite-forming 90 
reactions that involve apatite and phase components from the major eclogite phases garnet, 91 
coesite and clinopyroxene (Konzett and Frost 2009). During partial melting, the extent of the 92 
super-solidus stability of apatite largely depends upon the SiO2 content of the melt. In SiO2-93 
rich (granitic) melts, apatite may remain stable up to moderate degrees of partial melting 94 
whereas in more silica-poor (e.g. basaltic) melts, even low degrees of partial melting are 95 
likely to completely remove apatite due to a much higher melt saturation concentration for P 96 
in basic compared to felsic melts (Watson 1979; Watson and Capobianco 1981). Under the 97 
subsolidus P-T conditions of the upper mantle and transition zone, silicates gradually become 98 
more important as hosts and transport media for P due to a P-(and T) induced increase in the 99 
P-solubility for silicate structures (Thompson 1975; Irving and Frey 1976; Brunet et al. 2006; 100 
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Hermann and Spandler 2007; Konzett and Frost 2009, Konzett et al. 2012). Amongst the 101 
common rock-forming silicates, garnet is by far the most important silicate-host for P with 102 
concentrations on the order of several hundred to several thousand µg/g as demonstrated in a 103 
number of experimental studies (see below). Based on this consistent experimental evidence 104 
one would expect to routinely find significant amounts of P and Na in garnet from UHP 105 
eclogites and UHP eclogite-facies felsic rocks and pelitic metasediments. With very few 106 
exceptions, however, this is not the case. The almost complete absence of Na-P-rich garnet 107 
from UHP assemblages, in particular from those containing apatite, indicates that P is 108 
efficiently transferred from garnet to other P-carriers during uplift and exhumation.  109 
 The present study was conducted to experimentally explore the mechanisms of P release 110 
from garnet during uplift and exhumation of UHP eclogites and its re-distribution within the 111 
eclogite assemblage by reacting a Na-P-rich garnet pre-synthesized under UHP conditions 112 
with a model eclogitic bulk composition under high pressure (HP) conditions and to assess 113 
the role that apatite and silicate phases (solids + melts) may play in this release/re-distribution 114 
process. 115 
 116 

THE PHOSPHORUS STORAGE CAPACITY OF SILICATES IN HIGH-P ROCKS 117 
As silicate phase substituent, P shows a strong preference for orthosilicate structures and is 118 
substituted for Si on tetrahedral sites. This preference for tetrahedral coordination makes P 119 
unique amongst highly charged (trace) elements. Whenever garnet is stable in a high-P 120 
silicate-dominated assemblage, this phase strongly fractionates P. High-P-T experiments 121 
performed with basaltic and metapelitic bulk compositions have shown that garnet coexisting 122 
with apatite contains 0.07-0.2 wt% P2O5 at P as low as 1.8 to 3.0 GPa. In the P-T range 4-13 123 
GPa/1000-1350°C the P solubility in garnet strongly increases to ~0.4-0.6 wt% P2O5 124 
(Thompson 1975; Hermann and Spandler 2007; Konzett and Frost 2009). P-contents in garnet 125 
not only increase with pressure but also with temperature although the T-effect is less 126 
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pronounced than that of P (Konzett and Frost 2009). In eclogites, high P contents in garnet are 127 
typically accompanied by elevated Na due to a coupled substitution [8]Na[4]P[8]M2+

-1
[4]Si-1 (cf. 128 

Thompson 1975; Bishop et al. 1978; Haggerty et al. 1994) which may lead to a complete 129 
solid-solution between garnet and garnet-structured Na3Al2(PO4)3 (Thilo 1941; Brunet et al. 130 
2006). At P>8 GPa additional Na may enter garnet through the coupled substitution 131 
[8]Na[6]Si[8]M2+

-1
[6]Al-1 introducing a Na-majoritic component (Ringwood and Major 1971; 132 

Konzett and Frost 2009). Titanium which is a frequent additional minor constituent in 133 
eclogitic garnet, may be incorporated through the coupled substitutions [8]Na[6]Ti[8]M2+

-1
[6]Al-1 134 

or [8]Ca[6]Ti[6]Al-2 (Haggerty et al. 1994; Zhang et al. 2003a; Konzett and Frost 2009). It 135 
should be noted that high P contents in garnet do not a priori indicate high pressures of 136 
formation/equilibration because garnet from granitic rocks may contain P2O5 on a wt% level 137 
due to coupled substitutions [8] [4]P2

[8]M2+
-1

[4]Si-2 and/or [8]Na[8] [4]P3
[8]M2+

-2
[4]Si-3 138 

introducing vacancies on the M2+-sites (Breiter et al. 2005).  139 
 Compared to garnet, the P storage capacity of clinopyroxene in eclogites is very limited. 140 
Experiments by Konzett and Frost (2009) yielded ≤ ~250 µg/g in the P-T range 3-15 141 
GPa/900-1450°C. Data for P in omphacites from natural mantle eclogites (e.g. Bishop et al. 142 
1978) are in agreement with these experimental results. Due to the very low P concentrations 143 
found in the eclogitic clinopyroxene, it has not been possible, so far, to unambiguously 144 
identify its incorporation mechanisms (cf. Mallmann et al. 2009 and references). For the 145 
extremely rare instances of P2O5 concentrations of >1 wt% P2O5 that are always associated 146 
with an extremely low fO2 for the host assemblage (Goodrich 1984; Zhitova et al. 2013), 147 
pyroxene compositional variations are consistent with a berlinite-type substitution 148 
[4]Al[4]P[4]Si4+

-2. 149 
 Very little is known about the P storage capacity of the SiO2 polymorphs. For upper 150 
crustal P-T conditions, the scarce data available indicate very limited solubility in quartz on 151 
the order of <10-20 µg/g (Müller et al. 2003; Breiter et al. 2013). Under transition zone P-T 152 
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conditions, however, stishovite may contain significant P. Brunet et al. (2004) reported 0.5 153 
wt% P2O5 in stishovite at 18 GPa and 1600°C and subsequent studies showed that P is present 154 
in stishovite in 6-fold coordination as the berlinite component (Brunet et al., 2007; Pellicer-155 
Porres et al., 2007).  156 
 Although only rarely present in eclogites sensu strictu, titanite has to be included in the 157 
list of potential high-P carriers of P. Up to 0.3 wt% P2O5 have been reported for titanites 158 
containing oriented coesite and apatite-inclusions from ultra-high pressure (UHP) marbles of 159 
the Kokchetav Massif (Ogasawara et al., 2002) and up to 0.5 wt% P2O5 are present in titanites 160 
from coesite-bearing UHP-gneisses of the Dabieshan (Ye et al., 2002). The positive P-Al 161 
correlation displayed by these titanites would be consistent with a berlinite-type subsititution 162 
but cannot be confirmed based on the data presented due to the fact that Al is also involved in 163 
other substitutions such as AlFTi-1O-1. 164 
 165 

EXPERIMENTAL STRATEGY 166 
For the study of the decompression-induced P-redistribution in a eclogite assemblage 167 
containing P-Na-rich garnet, two starting materials were used: starting material-1 is a model 168 
eclogite in the system SiO2-TiO2-Al2O3-MgO-CaO-Na2O which consists of a hypothetical 169 
mixture of 30% garnet (prp90grs10) + 60% clinopyroxene (di80jd10en10) + 9% SiO2 + 1% TiO2 170 
(cf. Konzett and Frost 2009) doped with 10% Na-P-rich garnet and 1% Mg(OH)2 (bulk-I, 171 
Table 1). The garnet has an averaged formula (Na0.04Ca0.47Mg2.53)Al1.98[Si2.96P0.04]O12 and 172 
contains 0.3 wt% Na2O and 0.7 wt% P2O5 (Table 1). Its composition was chosen to provide a 173 
significant Na3Al2(PO4)3 phase component that allows for accurate and precise Na and P 174 
analyses with the electron microprobe and promotes high reaction rates during the 175 
experiments. 176 
 The experimental approach adopted was to subject bulk-I to a pressure of 2 GPa at which 177 
the P-solubility/content of the Na3Al2(PO4)3 phase component in garnet is very low based on 178 
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the results of previous experimental studies. The temperatures of the experiments using bulk-I 179 
range from 850°C, which is well below the solidus, to 1000°C, which is slightly above the 180 
solidus. After the solidus had been located and the formation of apatite confirmed, an 181 
additional run (JKI-149) was conducted to explore the effect on apatite-formation of the 182 
temporal presence of a melt. In this run, the temperature was kept at 1000°C for 72 hours, 183 
then cooled to 950°C at a cooling rate of 0.1°/min and then kept at 950°C for another ~400 184 
hours. Starting material-II is a volatile-rich melt in the system SiO2-TiO2-Al2O3-MgO-CaO-185 
Na2O-P2O5-H2O (Table 1) that was generated by partial melting of bulk-I at 1000°C. It was 186 
chosen as starting material in order to explore the capacity of melts formed by partial melting 187 
of Na-P-rich garnet as transport media for P (and Na) and as possible sources of apatite during 188 
crystallization.  189 
 It is important to emphasize that it was not the aim of the experiments to achieve a 190 
complete equilibration at 2 GPa of the P-Na-rich garnet composition synthesized at 7 GPa and 191 
to obtain an equilibrium P distribution in the model eclogite assemblages. In view of the 192 
extremely sluggish cation diffusion in garnet such an attempt would be unrealistic under 193 
typical eclogite facies P-T conditions. Instead, the experimental approach was designed to 194 
trigger changes in phase compositions and phase assemblage that allow for the identification 195 
of those reactions and phases that are most likely involved in the P-(Na)-loss from garnet and 196 
subsequent P-redistribution during exhumation of an eclogite assemblage from UHP- to 197 
shallow crustal P-T conditions. 198 
 199 

EXPERIMENTAL AND ANALYTICAL METHODS 200 
All starting materials were made from high-purity (≥99.99%) SiO2, γ-Al2O3, TiO2, MgO, 201 
CaCO3, and Na2CO3, Ca2P2O7 (98%) and Mg(OH)2 (≥95%). In a first step SiO2, TiO2, MgO, 202 
CaCO3, and Na2CO3 were mixed in appropriate proportions and these mixtures were stepwise 203 
decarbonated by heating to 800°C with intermittent checks of the loss on ignition. In a second 204 
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step γ-Al2O3 and Ca2P2O7, were added, the mixtures were homogenized in ethanol for another 205 
20 minutes, dried and then stored at 120°C for further use. 206 
 The Na-P-rich garnet used for bulk-I was pre-synthesized at 7 GPa and 1200°C with a 207 
run duration of 134 hours using a 500t Walker-type multi anvil device at the University of 208 
Innsbruck. Details of the experimental procedure can be taken from Konzett and Frost (2009). 209 
After the experiment the sample capsule was removed from the assembly, embedded in epoxy 210 
resin, and ground down to expose the experimental charge for back-scattered electron (BSE) 211 
imaging and electron microprobe analysis (EMPA). After completion of the analytical work, 212 
the capsule content was removed, lightly crushed to break up the experimental charge into 213 
separate garnet grains and then mixed with the model eclogite oxide mix and with Mg(OH)2 214 
to prepare bulk-I. For bulk-II, the water was added using a micro-syringe immediately before 215 
welding of the sample capsule shut. 216 
 All experiments with bulk-I and -II were conducted at 2.0 GPa and 850-1000°C with 217 
Boyd-and-England-type piston cylinders using half-inch NaCl-pyrophyllite assemblages 218 
(Table 2). Both temperature and pressure were computer-controlled during the entire run 219 
duration to ±1°C and ±0.2 bar hydraulic oil pressure, the latter corresponding to ~100 bar 220 
sample pressure. After the experiments the sample capsules were removed from their 221 
assemblies, embedded longitudinally in epoxy and ground down to expose the centre of the 222 
experimental charge. The exposed surface was then polished for BSE-imaging, high-223 
resolution compositional mapping and quantitative EMPA. 224 
 Phase compositions (Tables 3-5) were analyzed with a JEOL 8100 superprobe using 15 225 
kV and variable beam current and measurement times on peaks and backgrounds of the X-ray 226 
lines as outlined below. The following standards were used: Si: natural quartz; Al, Mg and Ti: 227 
pure synthetic Al2O3, MgO and TiO2; Ca, Na and P: natural diopside, jadeite and F-apatite; 228 
Na and P in garnet was analyzed with 20 nA beam current and 60 seconds/30 seconds on 229 
peaks and backgrounds of the X-ray lines. This yields detection limits of <100 µg/g and 230 
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relative 2σ errors for individual Na and P analyses on the order of ~7-23% for 1800-400 µg/g 231 
Na and of ~7-16% for 2700-750 µg/g P, respectively. Clinopyroxene was analyzed in a two-232 
step procedure. Analyses were first performed with 20 nA beam current and 20 seconds/10 233 
seconds on peaks/backgrounds of the X-ray lines. Wherever possible, an electron beam in 234 
raster-mode was used to minimize Na diffusion. In cases where no raster could be used, the 235 
beam current was reduced to 5 nA. In a second step, the clinopyroxene was re-analyzed using 236 
a 150 nA beam current and 100 seconds/50 seconds on peaks/backgrounds of the P-Kα line. 237 
This yields detection limits of <30 µg/g for P and relative 2σ errors for individual P analyses 238 
on the order of ~20 to 6% for 100 to 500 µg/g P. Phosphorus in kyanite was analyzed using a 239 
150 nA beam current and 100 seconds/50 seconds on peaks/backgrounds of the P-Kα line, 240 
which results in detection limits of <20 µg/g and relative 2σ errors of ~3% for 800 µg/g P. 241 
Melts turned out to be highly susceptible to beam damage and, consequently, were analyzed 242 
with 5 nA beam current. This low beam current minimized, in part, but could not entirely 243 
avoid beam damage in particular when the size of the melt pool, such as in run JKI-133, 244 
precluded analyses with the electron beam in raster mode. 245 
 To quantify the modal amount of apatite, high-resolution and high-magnification BSE-246 
imaging of the experimental charges, combined with phase identification by EDX, was used. 247 
Due to their bright appearance under BSE imaging and the strong Ca and P EDX-signal, it is 248 
possible to unambiguously identify apatites as small as ~1 x 1 µm. In order to identify a 249 
maximum of grains, the exposed areas of the experimental charges were subdivided into areas 250 
of appropriate size and each area was searched for apatite. Clearly this method cannot ensure 251 
that all apatites will be detected but it will yield a realistic approximation of the number of 252 
apatites present within the area exposed. As a proxy for grain size, the longest and shortest 253 
dimensions of individual apatite grains were measured and the two values were multiplied by 254 
each other. As a measure of the frequency of apatite in the individual runs, the number of 255 
apatite grains per 10000 µm2 of exposed surface area (= 1 unit area or UA) of the 256 
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experimental charges was calculated along with the total area of all apatites per UA. This 257 
calculation only yields an approximation to the true modal amount of apatite in the 258 
experiments due to the extremely small grain size of many apatites and the simple method 259 
used to calculate the areas of the apatites. 260 
 261 

RESULTS 262 
Experimental textures and assemblages 263 
 Na-P-rich garnet. The garnet starting material recrystallized to form euhedral to rounded 264 
and compositionally homogeneous garnet grains ≤~30 µm in size. The only additional phase 265 
identified is kyanite that is present as isolated lath-shaped crystals with a modal amount of 266 
~3% (Fig. 1a). 267 
 Bulk-I. At 2 GPa and 850°C (run JKI-116) bulk-I crystallizes garnet + clinopyroxene + 268 
quartz + minor orthopyroxene and magnesite + traces of rutile + apatite (Fig. 1b). Magnesite 269 
is inherited from the model eclogite starting material as a result of incomplete decarbonation 270 
and kyanite was most likely introduced through mixing of the Na-P-rich garnet with the 271 
model eclogite. With the exception of garnet all phases are, although mostly well crystallized, 272 
≤10-20 µm in size and show a considerable variation in grain sizes. Garnet and the rare 273 
kyanite grains may reach 20-30 µm in size with occasional angular garnet fragments 274 
generated by crushing of the Na-P-garnet experimental charge prior to mixing with the model 275 
eclogite. Apatite is present as rounded to lath-shaped grains with grain sizes ranging from ≤1 276 
x 1 to 24 x 6 µm mostly scattered in the pyroxene-garnet matrix as isolated grains or, more 277 
rarely, as inclusions in clinopyroxene. The average number of apatites identified is 2.7/UA 278 
with a total apatite area/UA of 22.7 µm2 and the majority of the grains are ≤ ~3 µm in size 279 
(Fig. 2) 280 
 At 950°C and 975°C (runs JKI-118 and JKI-147; Figs. 1c, e) bulk-I crystallizes garnet + 281 
clinopyroxene + orthopyroxene + quartz + rutile + apatite. Orthopyroxene forms small 282 
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clusters of lath-shaped grains scattered in the garnet + clinopyroxene matrix and quartz is 283 
present as irregular patches filling interstices beween clinopyroxene, orthopyroxene and 284 
garnet. Compared to run JKI-116, the phases in JKI-118 and JKI-147, in particular 285 
clinopyroxene, show less variation in their grain size and angular garnet fragments. Irregular 286 
grain boundaries, such as those observed at 850°C, are rare. In both runs JKI-118 and JKI-287 
147, apatite textures and grain sizes (≤1 x 1 to 16 x 11 µm) are very similar to those 288 
encountered at 850°C. But with 0.6/UA, the frequency of apatites is smaller than at 850°C. 289 
Nevertheless, the total apatite area/UA in JKI-118 and JKI-147 is nearly identical with 18.6 290 
and 18.1 7 µm2, respectively. In JKI-147, large apatites may contain clinopyroxene inclusions 291 
(Fig. 1e) and in JKI-118, apatite was also found as inclusions in garnet (Fig. 3). 292 
 In run JKI-133, conducted at 1000°C, small amounts of melt are present as tiny pools 293 
rarely reaching ~10 µm in size interstitial between the matrix phases. Whereas rutile is still 294 
stable, no apatite could be detected. (Fig. 1f). 295 
 Run JKI-149 was first kept at 1000°C, slightly above the solidus, and then cooled to 296 
950°C for re-equilibration under subsolidus temperatures. This procedure results in the same 297 
assemblage and textures for the major phases as observed in JKI-118, but has 1.8/UA and 298 
more apatite with a higher proportion of grains ≤1 µm (Fig. 2) which results in a lower total 299 
apatite area/UA of 13.5 µm2. Unlike in JKI-118 apatites in JKI-149 may form small clusters 300 
of several grains (Fig. 1d). 301 
 Bulk-II. In run JKI-141, conducted at 2 GPa and 800°C, abundant, quenched, vescicular 302 
melt is present which coexists with quartz and clinopyroxene that both show grain sizes ≤ ~30 303 
x 20 µm. Additional phases are needle-like kyanite and zoisite and accessory rutile. Apatite is 304 
present as euhedral grains usually ≤5 µm in size either embedded in the quenched melt or as 305 
inclusions in clinopyroxene (Fig. 1g). Two texturally distinct types of clinopyroxenes are 306 
present (cf. Rossi 1988). Cpx-I forms the majority of the clinopyroxene and is present as lath- 307 
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to more irregularly shaped grains. Cpx-II is much rarer and forms lath- to needle-like grains 308 
intergrown with or enclosed within Cpx-I (Fig. 1h).  309 
 310 
Phase composition 311 
 Garnet. In run JKI-116, conducted at 850°C, analyses of garnet with various grain sizes 312 
did not yield evidence for a significant change in composition, i.e. the garnet compositions 313 
analyzed are indistinguishable from the average composition of the garnet from run MA65 314 
used as a constituent in bulk-I. At T ≥ 950°C garnet grains (≥10-15 µm in size) may show 315 
compositional zoning with Na-P-rich cores, representing the original garnet composition from 316 
MA65, and narrow rims with widths ≤~5 µm that are Na-P-depleted (0.05-0.14 wt% Na2O; 317 
0.16-0.31 wt% P2O5) and Ti-enriched (0.23-0.46 wt% TiO2) (Figs. 3 and 4; Table 3). When 318 
normalized to 12 oxygens, P and Na apfu for individual garnet analyses are aligned close to a 319 
1:1 trend line (Fig. 4c). 320 
 Pyroxenes. All analyzed clinopyroxene grains are diopside-jadeite solid solutions with 321 
minor Ca-Tschermak’s pyroxene and enstatite contents that show little compositional 322 
variation within the T-range of the experiments with respect to their major element 323 
composition. All analyzed clinopyroxene grains contain significant P with averaged 324 
concentrations between 341 and 159 µg/g (Fig. 5). In run JKI-141, the coexisting 325 
clinopyroxenes have averaged compositions jd30di49Cats08en01CaEs06 (cpx-I) and 326 
jd14di79Cats02en02CaEs03 (cpx-II), respectively (Table 4). Due to their very small grain size, 327 
only a few orthopyroxene grains could be analyzed without risking beam overlap with 328 
adjacent phases. Their P contents are lower than those of the coexisting clinopyroxenes (Fig. 329 
5). Ca-in-orthopyroxene thermometry (Brey and Köhler 1990), applied to runs JKI-118 and 330 
JKI-147, yields 945°C for both, which is in good agreement with actual run temperatures.  331 
 Apatite. The few apatite grains large enough for EMPA contain MgO in the range 0.7-332 
1.1 wt%, which is consistent with results from previous studies on apatite chemistry at high P 333 



 14

and T (e.g. Konzett and Frost, 2009). All analyzed apatites also show variable Cl contents of 334 
up to ∼3.6 wt% (Table 5), which result from Cl introduced either through the starting 335 
materials or from the laboratory atmosphere. 336 
 Kyanite and melt. In runs JKI-116 (bulk-I) and JKI-141 (bulk-II), kyanite contains 337 
significant amounts of P2O5 and MgO in the range 0.16-0.24 wt% and 0.22-0.62 wt%, 338 
respectively (Table 3). Kyanite from JKI-133 also contains 0.27-0.54 wt% TiO2. High-339 
resolution compositional mapping shows a homogeneous P-distribution in kyanite from JKI-340 
116 and a patchy P-, Mg-, and Ti-distribution in kyanite from JKI-133 (Fig. 6).  341 
 The melt in run JKI-133 (bulk-I) contains 61.0 wt% SiO2 and 14.5 wt% Al2O3 with an 342 
average Al saturation index (ASI) of 1.5 and 0.7 wt% P2O5. Analytical totals of ~84 wt% 343 
indicate a significant volatile content consisting in large part of H2O. Because bulk-I contains 344 
some CO2 as a result of incomplete decarbonation of the starting material as evidenced by the 345 
presence of magnesite in run JKI-116, it must be assumed that the melt contains CO2 in 346 
addition to H2O. In the preparation of bulk-II, since it could not be determined quantitatively, 347 
this CO2 content was neglected. The melt in run JKI-141 (bulk-II) at 800°C contains 65.6 348 
wt% SiO2 and 13.6 wt% Al2O3 with ASI = 1.1 and has a very low P2O5 content of 0.07 wt%. 349 
Its analytical total of ~87 wt% and vesicular texture indicate H2O-saturation. Melts from both 350 
JKI-133 and JKI-141 contain small amounts of Cl in the range ~0.2-0.3 wt% as a result of a 351 
trace Cl contamination of the bulk mix (Table 3). 352 
 353 

DISCUSSION 354 
Phosphorus in garnet from UHP-eclogite assemblages 355 
  As outlined above, high P-T experiments consistently show that garnet in basaltic and 356 
pelitic systems with sufficiently high bulk P contain on the order of one to several tenth wt% 357 
P2O5 and Na2O at P-T conditions typical for the (U)HP eclogite facies. Hence, if it is assumed 358 
that the composition of garnet from natural eclogites is not significantly different from that 359 
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equilibrated under peak metamorphic P-T conditions, than similarly high P2O5 and Na2O 360 
contents should be expected in virtually every eclogite garnet. Although a large number of 361 
studies are available on the composition of UHP eclogite phases, and in particular on that of 362 
garnet, EMPA of garnet does not routinely include P so that the number of analyses that 363 
report P in addition to Na and Ti is extremely limited. When at least Na2O and TiO2 contents 364 
of garnet are reported, their concentration is usually <0.10 to 0.05 wt%, which would require 365 
a detailed description of the EMPA analytical conditions in order to properly judge the 366 
statistical significance of these numbers. This information, however, is not always provided. 367 
Nevertheless, a sufficiently clear pattern of the P concentration in garnet from UHP eclogites 368 
emerges from the data reviewed.  369 
 Eclogite garnet from UHP mantle settings occurs as inclusions in diamonds or as 370 
constituent of xenoliths sampled by kimberlites. P and Na contents reported for this type of 371 
garnet ranges from <0.02-0.14 wt% P2O5 and <0.02-0.40 wt% Na2O (Reid et al. 1976; Smyth 372 
and Hatton 1977; Bishop et al. 1978; McDade and Harris 1998; Taylor et al. 2003; Stachel et 373 
al. 1998, 2004; Anand et al. 2004; Tappert et al. 2005). A sizable number of the garnet 374 
analyses show ≥0.08 wt% P2O5 and ≥0.10 wt% Na2O with the highest values reported for 375 
diamond inclusions from Namibian alluvial diamonds (Stachel et al. 2004). 376 
 For crustal UHP eclogites, and associated metasediments/metaplutonic rocks, the number 377 
of garnet analyses reporting P in addition to Na is even more limited with P2O5 and Na2O 378 
contents in the range ≤0.03-0.09 wt% and <0.05-0.22 wt%, respectively (Bryhni et al. 1968; 379 
Carswell et al. 2000; Vrana and Fryda 2003). As an exception, Carswell et al. (2000) report 380 
0.25 wt% P2O5 and 0.27 wt% Na2O for garnet from a Dabie Shan UHP orthogneiss. If P is 381 
not analyzed, then Na can be used at least as a proxy for P provided that the Ti content of the 382 
garnet is known and the presence of apatite ensures saturation of the bulk with P. Elevated P 383 
contents in garnet, as a result of the coupled substitution [8]Na[4]P[8]M2+

-1
[4]Si-1, is indicated by 384 

high Na contents with Na>>Ti apfu and no indication for high Y, REE that would enable 385 
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[8]Na[8](Y, REE)[8]M2+
-2 (Enami et al.1995). Almost all garnet analyses reviewed for this study 386 

show ≤0.05-0.08 wt% Na2O (e.g. Tong et al. 2007; Okay 1993; Song et al. 2003; Zhang et al. 387 
2003b; Xia et al. 2005; Nowlan et al. 2000; Zeming et al. 2000; Katayama et al. 2006; 388 
Carswell et al. 2000; Parkinson 2000) and even those with higher Na (e.g. Zhang et al. 1997) 389 
have sufficient Ti to explain Na-incorporation entirely by [8]Na[6]Ti[8]M2+

-1
[6]Al-1. Of the 390 

studies reviewed, only two (Zhang et al. 2009; Perchuk 2008) report Na-rich garnet with 0.13-391 
0.24 wt% Na2O that would satisfy the criteria for potentially high P. Hence it seems that the 392 
majority of garnets from crustal UHP eclogites has negligible P. In summary this literature 393 
review indicates that garnet with P contents well above the detection limit of routine EMPA 394 
analyses is very rare in both crustal and mantle UHP eclogites and associated metasediments 395 
and metaplutonic (granitic) rocks. When present, P is almost always accompanied by elevated 396 
Na contents which is consistent with a coupled P-Na substitution favored by high pressures as 397 
observed in high-P-T experiments.  398 
 399 
The role of apatite and melt as P-carriers during exhumation of UHP rocks 400 
 The experiments conducted in a model eclogite bulk system show that under subsolidus 401 
P-T conditions both P and Na are very quickly and efficiently released from garnet if the 402 
eclogite is exposed to decreasing pressures and temperatures during uplift and exhumation in 403 
the wake of subduction. Unambiguous evidence for this P release is provided by newly 404 
formed apatite and by the P contents in both pyroxenes and kyanite. 405 
 The Na-P depleted rims around Na-P-rich garnet grains (Figs. 3 and 4) can be explained 406 
as the combined result of compositional adjustment and growth of garnet. It should be noted 407 
that the model eclogite, represented by bulk-I, crystallizes garnet over a large P-T range (cf. 408 
Konzett and Frost 2009). Hence, not only partial breakdown of P-Na-rich garnet to supply P 409 
for apatite, pyroxenes, and kyanite but also neo-formation of garnet must take place during 410 
the experiments. Low magnification compositional mapping, however, did not show any P-411 
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Na-free garnet grains ≥ ~3 to 5 µm in size. This indicates that the nucleation of garnet is 412 
energetically less favorable than garnet growth using pre-existing garnet as a nucleation site. 413 
The P-Na-depleted and Ti-enriched garnet-rims that appear with increasing frequency at T 414 
≥950°C thus represent an approach to a Na-P-free and Ti-bearing garnet composition typical 415 
for crustal eclogite-facies P-T conditions in a Ti-saturated bulk system. Molar Na:P ratios 416 
close to 1:1 in both P-rich cores and P-poor rims (Fig. 4) further indicate that the transition 417 
from UHP- to HP garnet compositions under subsolidus conditions is accompanied by a loss 418 
of a Na3Al2(PO4)3-component that is involved in reactions responsible for concurrent apatite-419 
formation. In the experiments the water required for apatite formation was added through 420 
brucite. In natural eclogites, water can be supplied during uplift and exhumation either from 421 
external sources or by exsolution of structurally bound hydrogen from nominally anhydrous 422 
eclogite phases such as clinopyroxene, garnet, or rutile that typically contain several hundred 423 
µg/g H2O (e.g. Katayama et al. 2006; Xia et al. 2005). Aside from water, eclogitic apatite 424 
typically contains significant F and Cl (e.g. Haggerty et al. 1994, Svensen et al. 2001, Miller 425 
et al. 2007, Konzett et al. 2011) whose concentrations are complex functions of P, T, the bulk 426 
P content, and H2O/halogen-ratios. The thermodynamic model devised by Patiño Douce et al. 427 
(2011) predicts that high F contents are favored by high temperatures and low bulk P contents 428 
whereas high Cl contents are favored by high Cl contents of the coexisting fluid but are not 429 
significantly influenced by T. Hence it can be assumed that within the P-T range typical for 430 
eclogites Cl has little influence on the thermal stability of apatite. 431 
 In the simplified chemical system P2O5-SiO2-Al2O3-MgO-CaO-Na2O-H2O used for the 432 
experiments, in which clinopyroxene, garnet, SiO2, apatite, and fluid are represented by the 433 
phase components jadeite (jd), diopside (di), enstatite (en), pyrope (prp), grossular (grs), Na-434 
P-garnet [Na3Al2(PO4)3], SiO2, apatite (ap) and H2O, the following apatite-forming reactions 435 
are possible: 436 
 437 
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1) 2 NaP-grt + 2 SiO2 + grs + 7 di + H2O = 2 ap + 6 jd + 7 en 438 
(2) 2 NaP-grt + 2 SiO2 + prp + 10 di + H2O = 2 ap + 6 jd + 13 en 439 
(3) 12 NaP-grt + 12 SiO2 + 13 grs + 21 di + 6 H2O = 12 ap + 7 prp + 36 jd 440 
(4) 6 NaP-grt + 6 SiO2 + 10 grs + 21 en + 3 H2O = 6 ap + 7 prp + 18 jd 441 
 442 
Based on a positive slope for the reaction grs + 3 en = prp + 3 di, a possible arrangement of 443 
these reactions with respect to P and T are shown in Fig. 7. The reaction stoichiometries 444 
indicate that in an eclogite, the P transfer from garnet to apatite is associated with the 445 
consumption of SiO2 and an increase in Na in the coexisting omphacite. 446 
 In the subsolidus experiments, apatite nucleation preferentially takes place in the 447 
interstitial matrix between pyroxene and garnet or as inclusions in clinopyroxene with a ± 448 
homogeneous distribution of apatite throughout the experimental charges. In rare instances 449 
apatite may also appear as inclusions in garnet as shown in Fig. 3. The grain size distribution 450 
of apatite is variable with a higher proportion of very small grains in runs JKI-116 and JKI-451 
149 (Fig. 2). A comparison of runs JKI-118 and JKI-149 suggests that the temporary presence 452 
of small amounts of melt in an eclogite containing Na-P-rich garnet promotes nucleation of 453 
apatite. 454 
 Low-degree partial melting of bulk-I at 2 GPa/1000°C produces a P-rich hydrous melt 455 
with 0.7 wt% P2O5 and ~61 wt% SiO2, respectively, which is apatite undersaturated. 456 
Equilibration of this melt composition at 800°C generates abundant apatite coexisting with 457 
clinopyoxene + quartz + kyanite + zoisite + rutile (Fig. 1g). This shows that initially apatite-458 
undersaturated melts can be effective agents for P-extraction from eclogites containing P-rich 459 
garnet under subsolidus P-T conditions. Phosphorus contents on a wt% level resulting from 460 
high apatite saturation P2O5 concentrations are, however, only possible in melts with low to 461 
moderate (e.g. dioritic) SiO2 contents (Watson 1979; Watson and Capobianco 1981; Green 462 
and Watson 1982). High P-T partial melting experiments using various natural eclogite 463 
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compositions as starting materials produce melts with ~52-77 wt% SiO2 (Rapp et al. 1991; 464 
Sen and Dunn 1994; Pertermann and Hirschmann 2003; Spandler et al. 2008; Laurie and 465 
Stevens 2012). Thus, at least some of the partial melt compositions fall into the range of SiO2 466 
contents for which a high P storage capacity would be plausible. In H2O-bearing eclogites and 467 
at sufficiently high but still poorly constrained pressures (≥~3.5 GPa; Zheng et al. 2011), 468 
progressive heating, with attendant dehydration, does no longer produce melts but 469 
supercritical silicate-rich fluids with a highly complex composition for which P2O5 470 
concentrations of several wt% were reconstructed (cf. Ferrando et al. 2005). These fluids 471 
would clearly be as suitable for P-transport and re-distribution as melts. 472 
 473 
Phosphorus in kyanite? 474 
 Kyanite has traditionally been considered a phase that, aside from occasionally 475 
significant Cr and Fe3+ contents (e.g. Pivin et al. 2011 and references), has little to offer in 476 
terms of compositional variability. Hence, little to no attention has been paid to kyanite as a 477 
potential source of petrogenetic information based on its minor/trace element content. It is 478 
only very recently that attempts were made to use subtle variations in the transition metal 479 
content of kyanite to extract such information (Horkley et al. 2013). In view of this reputed 480 
compositional simplicity, significant averaged P and Mg contents for kyanite from runs JKI-481 
116 and JKI-141 of 0.17-0.20 wt% P2O5 and 0.22-0.56 wt% MgO (Table 3, Fig. 6) came as a 482 
surprise. The possibility that P and Mg in kyanite are analytical artefacts as a result of 483 
secondary fluorescence or beam-overlap with adjacent P-rich phases can be ruled out based 484 
on the grain size of the kyanite grains analyzed (cf. Brunet and Chazot 2001; Konzett et al. 485 
2012). A coupled substitution scheme that can explain the elevated P and Mg would be [4]Si4+ 486 
+ [6]Al3+ = [4]P5+ + [6]Mg2+. Incorporation of P into kyanite would also be consistent with the 487 
strong preference of P for orthosilicate structures. The higher Mg contents in kyanite from 488 
JKI-141, compared to JKI-116, are accompanied by significant Ti which is consistent with an 489 
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additional coupled substitution 2[6]Al3+ = [6]Ti4+ + [6]Mg2+. It should be noted that when 490 
normalized to 5 oxygens the kyanite formulae always show an excess of Mg compared to P or 491 
P+Ti (Table 3). This indicates that the excess Mg takes part in additional substitutions 492 
possibly involving H (cf. Wieczorek et al. 2003, 2004). 493 
 In case of JKI-116, kyanite was most likely introduced into bulk-I together with the Na-494 
P-rich garnet (cf. Fig. 1a) and originally formed at 7 GPa and 1200°C. If it is assumed that P-495 
diffusion in kyanite is as sluggish as in olivine (Watson and Cherniak 2014) then the high P 496 
and Mg contents in kyanite from JKI-116 may reflect its ability to incorporate P and Mg 497 
under UHP conditions similar to the behaviour of garnet in which Na is coupled to P but are 498 
not necessarily equilibrium contents at 2 GPa and 850°C. Although no data for P in kyanite 499 
are available from the literature it is worth noting that kyanite with 0.26-0.55 wt% MgO has 500 
been reported as inclusions in diamonds (Smith et al. 2009; Bulanova et al. 2010). The more 501 
irregularly distributed P and Mg contents in non-inherited kyanite from run JKI-141 (Fig. 6) 502 
might well be disequilibrium values which result from rapid and variable growth rates 503 
combined with sluggish P diffusion (cf. Milman-Barris et al. 2008). Again a virtually non-504 
existant database on minor and trace elements in both HP- and UHP-kyanite at present does 505 
not allow for a comparison of natural and experimental kyanite compositions. Clearly, more 506 
experiments are required to investigate the P-T-bulk compositional systematics of P solubility 507 
in kyanite. Nevertheless, the admittedly preliminary results of this study suggest that P should 508 
be considered as a potential minor to trace element constituent of kyanite. They also lend 509 
support to the notion that minor/trace element analyses of kyanite would be more rewarding 510 
than hitherto assumed. 511 
 512 

IMPLICATIONS 513 
 Apatite is a very common accessory minertal of both UHP and HP eclogites (e.g. Tong et 514 
al. 2007; Okay 1993; Song et al. 2003; Zhang et al. 2003b; Xia et al. 2005; Nowlan et al. 515 
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2000; Zeming et al. 2000; Katayama et al. 2006; Schmädicke et al. 1992). It typically occurs 516 
as rounded grains scattered between the major eclogite phases. One peculiar textural variety 517 
of apatite reported from eclogites equilibrated under UHP conditions are (oriented) apatite 518 
rods in garnet and/or clinopyroxene that are often associated with rutile-needles and, more 519 
rarely with SiO2-polymorphs, kyanite, and ilmenite (e.g. Fung and Haggerty 1995; Ye et al. 520 
2000; Zhang et al. 2003a; Yang and Liu 2004; Alifirova et al. 2013, 2015; Ruiz-Cruz and 521 
Sanz 2013; Glassley et al. 2014; Axler and Ague 2015). The apatite textures produced in the 522 
present study provide direct experimental evidence for a possible subsolidus origin of all 523 
textural types of apatite encountered in UHP-eclogites, namely matrix apatite as well as 524 
inclusions in garnet and clinopyroxene, from decompression and cooling-induced release of a 525 
Na3Al2(PO4)3-component from garnet in the presence of a hydrous fluid. This confirms the 526 
idea of Fung and Haggerty (1995) that garnet is a likely P-source for apatite formation in 527 
eclogites. It should be kept in mind that even at P as low as 2.5 to 3 GPa, garnets may contain 528 
significant P and Na (Hermann and Spandler 2008, Konzett and Frost 2009). Thus, in order to 529 
explain the extremely low P and Na contents that are typical for garnet in eclogites emplaced 530 
at crustal levels, a combination of decompression and cooling is required. Hence, dependent 531 
upon the bulk P-content of the rock, the depth of burial and the extent of cooling, some to all 532 
of the apatite in eclogites that underwent deep subduction were not part of the equilibrium 533 
eclogite assemblage under peak metamorphic P-T conditions but likely formed during 534 
exhumation and subsequent chemical adjustment of the eclogitic garnet to decreasing 535 
Na3Al2(PO4)3-solubility. For example at pressures of 4-6 GPa, P2O5 solubilities in eclogitic 536 
garnet and clinopyroxene are ~0.25 wt% and ~0.039 wt% (=170 µg/g P), respectively (cf. 537 
Konzett and Frost 2009). If it is assumed that an eclogite contains 30% garnet and 60% 538 
clinopyroxene, then any such eclogite with <~0.10 wt% bulk P2O5 content would not contain 539 
apatite at depths of 120-180 km because all the P could be stored in garnet and clinopyroxene. 540 
For bulk P2O5 contents of 0.20-0.25 wt%, ~30-40% of the apatite present after exhumation 541 
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and emplacement in the crust could have formed from P released from garnet. In spite of its 542 
very low P-content, compared to garnet, even clinopyroxene, when present as major 543 
constituent of an eclogite assemblage, can contribute to apatite formation during exhumation 544 
to a non-negligible extent (cf. Table 6). Rapid transport to the surface, and/or a lack of 545 
suitable reactants, can suppress garnet re-equilibration and explain the occasionally high P- 546 
and Na-contents of eclogitic garnet inclusions in diamond or of garnet from diamondiferous 547 
eclogites sampled by kimberlites (e.g. Stachel et al., 2004; Reid et al., 1976). In the case of 548 
the high P-Na garnet reported by Carswell et al. (2000) from UHP orthogneisses, their 549 
tectonic history involving extensive mid crustal equilibration at ~400-450°C/6 kbar would be 550 
consistent with P incorporation by [8]Na[8] [4]P3

[8]M2+
-2

[4]Si-3 under low pressures as observed 551 
by Breiter et al. (2005).  552 
 Similar considerations apply to Ti in garnet for which decreasing solubility of 553 
M3(CaTi)Si3O12 and/or NaCa2(AlTi)Si3O12 phase components (Zhang et al. 2003a) during 554 
exhumation may lead to the formation of rutile in a hitherto TiO2-undersaturated assemblage. 555 
In fact, both apatite and rutile may coexist as oriented inclusions in garnet (e.g. Fung and 556 
Haggerty 1995; Zhang et al. 2003a). The possibility that TiO2-saturation may be reached only 557 
after the P-(T) peak of metamorphism has important implications for the application of 558 
geothermometers that rely on a TiO2-saturated assemblage such as Ti-in-zircon or Zr-in-rutile. 559  560 
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 823 
Figure Captions 824 
 825 
Figure 1 826 
BSE photomicrographs of experimental charges. (a) run MA65: compositionally 827 
homogeneous Na-P-rich garnet with strongly variable grain size from ≤1-2 to ∼30 µm and 828 
traces of kyanite used for preparation of bulk-I. (b) run JKI-116: garnet + clinopyroxene + 829 
quartz + rutile + apatite formed by recrystallization of bulk-I. Kyanite is thought to be 830 
inherited from run MA65. (c) run JKI-118: newly formed apatite intergrown with garnet. (d) 831 
run JKI-149: apatite inclusions in clinopyroxene present as isolated grains and as clusters of 832 
grains. (e) run JKI-147: large euhedral interstitial apatite with clinopyroxene inclusion. (f) run 833 
JKI-133: small melt pool formed within apatite-free garnet + clinopyroxene + orthopyroxene 834 
+ rutile matrix just above the solidus. (g) run JKI-141: tiny apatites coexisting with 835 
clinopyroxene + kyanite + quartz + rutile + vapour-saturated melt stable in bulk-II. (h) run 836 
JKI-141: coexisting Na-rich (cpx-I) and Na-poor (cpx-II) clinopyroxenes. Abbreviations: grt 837 
garnet; cpx clinopyroxene; opx orthopyroxene; qtz quartz; rt rutile; ap apatite; ky kyanite; 838 
 839 
Figure 2 840 
Frequency and size distribution of apatites formed by breakdown of Na-P-rich garnet. 841 
 842 
Figure 3 843 
(a) BSE photomicrograph of garnets coexisting with pyroxenes and rutile from run JKI-118. 844 
(b)-(d) element distribution maps for P, Ti, and Na showing compositional zoning of the 845 
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garnets with P-Na-depletion and Ti-enrichment in the rims. White stippled lines mark 846 
approximate garnet grain boundaries. Note apatite-inclusion in garnet (lowermost portion of 847 
BSE image). 848 
 849 
Figure 4 850 
(a) BSE photomicrograph of zoned garnet from run JKI-147 with Na-P-rich core (area within 851 
white stippled line) and Na-P-depleted and Ti-rich rim. (b) compositional profile across zoned 852 
garnet. Error bars are 2σ errors for individual analyses. (c) Na vs. P (apfu) for garnet cores 853 
and rims indicating [8]Na[4]P[8]M2+

-1
[4]Si-1 exchange. 854 

 855 
Figure 5 856 
Averaged P contents of clino- and orthopyroxene from the experiments using bulk-I. 857 
 858 
Figure 6 859 
(a) BSE photomicrograph and (b) P distribution map for kyanite and coexisting phases from 860 
run JKI-116. (c) BSE photomicrograph and (d)-(f) element distribution maps for P, Mg and Ti 861 
for kyanite from run JKI-141. 862 
 863 
Figure 7 864 
Schematic Schreinemakers arrangement in a P-T section of possible apatite-forming reactions 865 
involving breakdown of Na3Al2(PO4)3-phase component in garnet in the system P2O5-SiO2-866 
Al2O3-MgO-CaO-Na2O-H2O, which is consistent with a positive slope for the reaction grs + 867 
en = prp + di. Reactions were balanced using the REACTION program by Finger and Burt 868 
(1972). For abbreviations see text. 869 
 870 
 871 
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TABLE 1. Compositions of the starting materials 872 
 873 
 (1) (2) (3) (4) 
 model 

eclogite 
Na-P-rich 

garnet 
bulk-I bulk-II 

SiO2 [wt%]  55.4  43.3(3)  53.8  61.0 
TiO2  1.4  -----  1.2  0.7 
Al2O3  9.3  24.6(1)  10.6  14.4 
MgO  18.9  24.8(3)  19.9  1.6 
CaO  13.8  6.3(4)  13.0  4.8 
Na2O  1.3  0.3(0)  1.2  1.1 
P2O5  -----  0.7(1)  0.1  0.7 
H2O  -----  -----  0.3  15.6a 

∑  100.0  100.0  100.0  100.0 

(1) model eclogite (Konzett and Frost 2009) 874 
(2)  average composition (n=8) of Na-P-rich garnet used for bulk-I 875 
(3)  bulk-I (model eclogite + 10% Na-P-rich garnet + 1% Mg(OH)2) 876 
(4)  bulk-II (composition of melt generated from bulk-I at 2 GPa/1000°C) 877 
aamount of water estimated from EMPA analytical totals and added  878 
with a micro-syringe.  879 
 880 
 881 
 882 
 883 
TABLE 2. Summary of experimental run conditions and run products 884 
 885 
run No. starting mat. P[GPa] T[°C] duration phases observed ap/UAa ∑ap-

areas/UAb

MA65 Na-P-rich grt 7.0 1200 134h15min grt+ky   

JKI-116 bulk-I 2.0 850 434h13min grt+cpx+qtz+rt+ap (+ky+mgs) 2.7 22.7 

JKI-118 bulk-I 2.0 950 504h20min grt+cpx+opx+qtz+rt+ap 0.6 18.6 

JKI-147 bulk-I 2.0 975 501h34min grt+cpx+opx+qtz+rt+ap 0.6 18.1 

JKI-133 bulk-I 2.0 1000 462h29min grt+cpx+opx+rt+melt   

JKI-149 bulk-I 2.0 1000→950 484h34min grt+cpx+opx+qtz+rt+ap 1.8 13.5 

JKI-141 bulk-II 2.0 800 310h47min cpx+qtz+ky+rt+zoi+ap+melt   
aAverage number of apatites counted per unit area of 10000 µm2. bTotal area of apatite grains per unit area with areas of apatite grains  886 
calculated as outlined in the text. Abbreviations: grt garnet, cpx clinopyoxene, opx orthopyroxene, qtz quartz, ky kyanite, rt rutile, mgs 887 
magnesite, ap apatite, zoi zoisite. 888 
 889 
 890 
 891 
 892 
 893 
 894 
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TABLE 3. Averaged and representative analyses of garnet, kyanite, and quenched melt  895 
 896 
run # (bulk) JKI-118 (I) JKI-147 (I) JKI-116 (I) JKI-41 (II) JKI-133 (I) JKI-141 (II) 

P[GPa]/T[°C] 2.0/950 2.0/975 2.0/850 2.0/800 2.0/1000 2.0/800 

phase grt (core) grt (rim) grt (core) grt (rim-1) grt (rim-2) ky ky melt melt 

# of analyses      4 5 4 6 

SiO2  43.82  44.31  43.80  43.90  43.92  37.71(13)  37.33(51)  61.05(49)  65.58(54) 
TiO2  <0.05  0.23  <0.05  0.35  0.37  <0.05  0.46(11)  0.67(04)  0.11(03) 
Al2O3  24.77  24.69  24.83  25.64  24.92  63.37(21)  61.18(27)  14.45(17)  13.62(14) 
MgO  25.68  26.15  25.86  25.28  25.82  0.22(01)  0.56(06)  1.62(09)  0.53(03) 
CaO  5.84  5.33  5.61  6.43  6.09  nd  nd  4.79(13)  2.33(12) 
Na2O  0.26  0.08  0.25  0.09  0.05  nd  nd  1.11(37)  5.07(48) 
P2O5  0.65  0.17  0.60  0.29  0.17  0.17(00)  0.20(04)  0.72(10)  0.07(01) 
Cl  nd  nd  nd  nd  nd  nd  nd  0.17(01)a  0.34(04)a 

∑  101.02  100.73  100.95  101.63  100.97  101.47(29)  99.72(38)  84.40(22)  87.30(50) 

Si  2.961  2.992  2.960  2.944  2.963  1.002(02)  1.010(11)   
Ti  -------  0.012  -------  0.018  0.019  -------  0.009(02)   
Al  1.973  1.965  1.978  2.027  1.981  1.985(02)  1.951(13)   
Mg  2.585  2.632  2.605  2.527  2.596  0.009(00)  0.022(02)   
Ca  0.423  0.386  0.406  0.462  0.440  -------  -------   
Na  0.034  0.010  0.033  0.012  0.007  -------  -------   
P  0.037  0.010  0.034  0.016  0.010  0.004(00)  0.005(00)   
Cl  -------  -------  -------  -------  -------  -------  -------   

∑  8.014  7.993  8.016  7.988  7.997  3.000(01)  2.998(03)   

garnet and kyanite formulae normalized to 12 and 5 oxygens, respectively; aCl analyzed using averaged melt composition for matrix 897 
correction. 898 
 899 
 900 
 901 
 902 
 903 
 904 
 905 
 906 
 907 
 908 
 909 
 910 
 911 
 912 
 913 
 914 
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TABLE 4. Averaged and representative analyses of pyroxenes 915 
 916 
run # (bulk) JKI-116 (I) JKI-118 (I) JKI-147 (I)  JKI-149 (I) JKI-133 (I) JKI-141 (II) 

P[GPa]/T[°C] 2.0/850 2.0/950 2.0/975  2.0/1000  
→950

2.0/1000 2.0/800 

phase cpx cpx opx cpx opx cpx cpx opx cpx-I cpx-II 

# of analyses 8 10 3 6 2 4 10 1 6 2 

SiO2  54.67(48)  53.52(43)  57.54(43)  54.30(36)  57.83(10)  53.06(32)  54.39(43)  58.38  54.85(63)  55.49(57)
TiO2  0.35(07)  0.45(06)  0.14(04)  0.44(07)  0.11(01)  0.60(06)  0.52(07)  0.11  0.83(15)  0.11(03)
Al2O3  7.83(70)  7.89(67)  5.10(133)  6.67(81)  4.39(52)  8.33(81)  7.85(67)  4.47  12.92(91)  5.16(59)
MgO  15.71(47)  16.24(40)  37.58(65)  16.73(42)  37.14(70)  15.74(50)  16.18(30)  39.17  10.42(49)  15.42(11)
CaO  21.11(52)  21.20(36)  0.59(07)  21.55(42)  0.58(00)  20.03(33)  20.50(39)  0.62  16.21(84)  21.67(32)
Na2O  2.13(13)  1.79(10)  0.12(04)  1.41(13)  0.10(06)  1.77(03)  1.96(19)  0.07  5.12(42)  2.06(19)

∑  101.79(76)  102.09(49)  101.06(60)  101.10(28)  100.14(03)  99.52(48)  101.39(92)  102.82  100.35(73)  99.89(96)

Si  1.909(11)  1.898(12)  1.907(25)  1.911(12)  1.931(02)  1.891(09)  1.904(12)  1.904  1.917(07)  1.976(02)
Ti  0.009(02)  0.012(02)  0.003(01)  0.012(02)  0.003(00)  0.016(02)  0.014(02)  0.003  0.022(04)  0.003(01)
Al  0.322(29)  0.324(28)  0.199(51)  0.277(33)  0.173(20)  0.350(34)  0.324(26)  0.172  0.532(35)  0.217(22)
Mg  0.818(22)  0.843(20)  1.856(37)  0.878(23)  1.849(36)  0.836(27)  0.844(14)  1.904  0.543(27)  0.819(15)
Ca  0.790(18)  0.791(14)  0.021(02)  0.813(17)  0.021(00)  0.765(11)  0.769(19)  0.022  0.607(34)  0.827(22)
Na  0.144(09)  0.121(07)  0.008(03)  0.096(09)  0.006(04)  0.122(02)  0.133(12)  0.004  0.347(26)  0.142(12)

∑  3.992(07)  3.989(06)  3.994(07)  3.987(05)  3.983(10)  3.979(09)  3.987(03)  4.009  3.968(05)  3.983(04)

µg/g P  262±81 [7]  341±47 [9]  237±37 [3]  159±76 [7]   190±44 [4]  178±32 [7]  59±16  148±21 [5]  

CaEs (mol%) 1.5 2.3  2.7  4.1 2.6  6.3 3.3 
Cats 9.1 10.2  8.9  10.9 9.7  8.3 2.4 
Jd 12.6 9.7  7.2  9.0 10.5  30.3 13.6 
Di 69.2 67.8  71.1  63.5 66.0  49.3 78.7 
En 5.9 7.7  7.8  9.2 8.5  1.4 1.5 
NaTi-px 1.8 2.4  2.4  3.2 2.8  4.4 0.6 

pyroxene analyses normalized to 6 oxygens; numbers in brackets are standard deviations of averaged analyses; numbers in square brackets 917 
refer to number of clinopyroxenes analyzed for P; for single orthopyroxene analyses, errors given are 2σ-errors for the individual analysis; 918 
abbreviations: CaEs Calcium Eskola pyroxene; Cats Calcium Tschermak’s pyroxene; NaTi-px Na-Ti-pyroxene 919 
 920 
 921 
 922 
 923 
 924 
 925 
 926 
 927 
 928 
 929 
 930 
 931 
 932 
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TABLE 5. Representative analyses of apatite 933 
 934 
run # (bulk) JKI-116 (I) JKI-18 (I) JKI-147 (I)

P[GPa]/T[°C] 2.0/850 2.0/950 2.0/975 

P2O5  42.29  42.19  41.73 
SiO2  0.12  0.29  0.37 
CaO  54.71  53.36  54.54 
MgO  0.66  0.93  1.05 
Na2O  <0.05  0.15  <0.05 
Cl  2.64  3.62  0.77 
H2Oa  1.11  0.86  1.59 

∑  101.54  101.40  100.09 
-Cl=O  0.60  0.82  0.17 
∑  100.94  100.58  99.92 

P  2.997  3.005  2.962 
Si  0.010  0.024  0.031 
Ca  4.906  4.810  4.899 
Mg  0.082  0.117  0.131 
Na  -------  0.024  ------- 

∑  7.995  7.981  8.030 

Cl  0.374  0.516  0.109 
OH  0.625  0.483  0.889 

apatite analyses normalized to 13 (O, OH, F, Cl) 935 
awt% H2O calculated based on stoichiometry. 936 
 937 
 938 
 939 
 940 
 941 
 942 
 943 
 944 
 945 
 946 
 947 
 948 
 949 
 950 
 951 
 952 
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TABLE 6. Modal amounts of apatite potentially formed by release of P from silicate phases as 953 
a function of the eclogite bulk phosphorus content 954 
 955 
bulk P2O5 content (wt%) 0.10 0.20 0.25 

wt% P2O5 stored in grt  0.08 0.08 0.08 
wt% P2O5 stored in cpx  0.02 0.02 0.02 
wt% excess P2O5  ----- 0.10 0.15 

% modal ap equivalent to P in grt 0.18 0.18 0.18 
% modal ap equivalent to P in cpx 0.05 0.05 0.05 
% modal ap equivalent to excess P2O5 ----- 0.24 0.36 

proportion (%) of ap formed from P in grt  78 38 31 
proportion (%) of ap formed from P in cpx  22 11 9 
proportion (%) of excess ap --- 51 61 

model calculations are based on the following assumptions:   956 
(1) P at peak of metamorphism: 4-6 GPa  957 
(2) P2O5-solubility in grt and cpx: 0.25 wt% and 0.039 wt% (=170 µg/g P) 958 
(cf. Konzett and Frost (2009) 959 
(3) modal proportion of phases: 30% grt + 60% cpx + 10% phases with  960 
negligible P 961 
(4) 42.4 wt% P2O5 in ap 962 
 963 
 964 
 965 
 966 
 967 
 968 
 969 
 970 
 971 
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