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 INTRODUCTION

The garnet structure can accommodate, in its eightfold coor-
dinated site, minor amounts of cations with a large ionic radius 
as Na or Y (Meagher 1980). Sodium contents up to 0.25 wt% 
Na2O have been analyzed in upper-mantle garnets (Sobolev and 
Lavrentʼev 1971; Reid et al. 1976; Bishop et al. 1978). Extremely 
high sodium-concentrations of up to 1.03 wt% have been reported 
from garnet inclusions in diamonds from the Monastery Mine 
kimberlite pipe (Moore and Gurney 1985). High Na-contents in 
garnet from upper-mantle eclogite have been used to infer the 
likely occurrence of diamond (McCandless and Gurney 1989; 
Schulze 1992), since the highest Na contents are usually encoun-
tered in garnets from diamond-bearing eclogites (Sobolev and 
Lavrentʼev 1971). Like potassium in clinopyroxenes (Sobolev 
and Shatsky 1990), high Na-contents in garnet could be related 
to high pressure. In fact, Smith and Mason (1970) analyzed a 
sodium-bearing majorite garnet containing 0.5 wt% Na2O in the 
shocked Coorara chondrite. This apparent sodium affi nity for 
the garnet structure at high-pressure has been confi rmed experi-
mentally. Pioneer experimental work by Ringwood and Major 
(1971) partly motivated by the, then recent, discovery of Smith 
and Mason (1970), showed that the Coorara Na-bearing majorite 
garnet could be synthesized at 25 GPa and 1000 °C. In the Ca-
garnet system, a NaCa2(AlSi)Si3O12 composition was synthesized 
at 18 GPa, 1000 °C (Ringwood and Major 1971). It appeared 
therefore that the [VIII]Na[VI]Si = [VIII]Ca[VI]Al coupled substitution 
that involves sixfold coordinated silicon was a possible way to 
incorporate Na in the garnet structure at very high-pressure. At 
lower pressure (5 GPa), Ringwood and Major (1971) were able 
to grow another Na-rich garnet, CaNa2Ti2Si3O12, where the Na 
incorporation is charge-balanced by Ti4+ in the aluminum site. 
The latter substitution appears the most likely to account for the 
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Na content in most upper-mantle garnets recovered at the Earth s̓ 
surface. Sobolev and Lavrentʼev (1971) claimed, however, that 
Na2O contents of up to 0.22 wt% analyzed in garnet from dia-
mond-bearing eclogites are correlated to sixfold-coordinated 
silicon. Bishop et al. (1978) carried out a similar systematic 
study. They concluded that Na in garnet could be accounted for 
by the NaTiMe2+

-1Al-1 (and NaPMe2+
-1Si-1) substitution without the 

need to invoke sixfold coordinated silicon.
Thompson (1975) synthesized from natural tholeitic basalts, 

in the 1.8–4.5 GPa range for temperatures between 1200 and 
1410 °C, garnets containing up to 0.4 wt% Na2O (and 0.6 wt% 
P2O5). Electron microprobe analyses yielded a clear Na-P cor-
relation indicating that all P incorporated by the garnet structure 
is accounted for by the NaPMe2+

-1Si-1 substitution. More recently, 
Ye et al. (2000) reported high concentrations of P2O5 (0.06–0.17 
wt%) and Na2O (0.05–0.06 wt%) in garnets from Yangkou eclog-
ites (Sulu UHP belt, China). Shertl et al. (1991) analyzed 0.06 and 
0.09 wt% Na2O in two pyrope crystals from the coesite-bearing 
quartzite at the Parigi locality (Dora-Maira, western Alps). Com-
pagnoni and Hirajima (2001) collected a sodium X-ray map on 
superzoned garnets in other quartzites from the same UHP mas-
sif (Brossasco-Isasca unit). Based on the intensity scale of their 
X-ray map (Fig. 5f in Compagnoni and Hirajima 2001), Na2O 
contents of up to 0.09 wt% can be inferred in the pyrope-rich 
zone. Brunet and Lecocq (1999) showed that these relatively high 
Na2O-contents can be accounted for by a NaPMe2+

-1Si-1 substitu-
tion in these garnets where P2O5 contents of up to a quarter of a 
weight percent can be encountered. This coupled substitution and 
its positive dependence with pressure is supported by the likely 
stability of a Na3Al2(PO4)3 garnet modifi cation at high-pressure 
(above 8 GPa, Brunet et al. 2003). 

In light of these natural and laboratory data and in relation 
to the potential of silicate minerals to host phosphorus in the 
deep Earth (Brunet and Chazot 2001), we have investigated, 
experimentally, the ability of the garnet structure to incor-* E-mail: brunet@geologie.ens.fr
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porate phosphorus (and sodium) according the NaPMg-1Si-1 
substitution. A series of compositions were prepared along the 
Mg3Al2(SiO4)3–Na3Al2(PO4)3 join and run between 15 and 17 GPa 
in the 1500–1700° C range and, at 3 GPa, 875 °C, in a multi-anvil 
apparatus and a piston-cylinder press, respectively.

EXPERIMENTAL METHODS

Starting materials in the MgO-Na2O-Al2O3-SiO2-P2O5 system (Table 1) were 
obtained either from stoichiometric mixtures of reagent grade oxides or from 
TEOS-based gels (see Brunet and Chazot 2001). The dry starting material is 
encapsulated in a platinum tube squeezed at the two ends and hammered in a 1.5 
mm diameter die. In addition, two platinum end-disks (50 µm thick and having 
the capsule inner diameter) are located at each capsule end to improve chemical 
insulation of the sample powder.

A series of syntheses above 10 GPa were performed in a split-sphere multi-anvil 
(2000 tons, GRC Matsuyama) using WC anvils of 5 mm truncation edge-length. 
Two additional experiments at 3 GPa were run in an end-loaded piston-cylinder 
(ENS, Paris) with gold capsules with 2 mm outer diameter (see Brunet et al. 
2003 for more details). The multi-anvil assembly is composed of a semi-sintered 
(Mg,Co)O octahedron fi lled with a straight-wall LaCrO3 heater itself sandwiched 
between two ZrO2 end-disks that are drilled to fi t a molybdenum rod (electrical 
conductor). The junction of a W97Re3/W75Re25 thermocouple (0.125 mm diameter) 
is sandwiched between two axial capsules placed in an MgO sleeve in the middle 
of the LaCrO3 heater.

After the experiments, most of the sample is ground in ethanol for powder X-
ray diffraction, the rest is embedded in epoxy plugs and polished for further SEM 
and electron microprobe characterization. A few mg of ground sample powder 
are spread on a single-crystal quartz slide for X-ray powder diffraction (XRPD). 
XRPD data were collected with a MAC Science diffractometer (M21X) equipped 
with a graphite monochromator and a copper rotating anode (CuKα) operated at 
40 kV and 100 mA. Lattice parameters and “zero shift” were retrieved using the 
non-linear least-squares UnitCell program (Holland and Redfern 1997). In addition, 
zero shift and silicon lattice parameters were derived using the same experimental 
and analytical procedures on a NBS silicon standard. Run products were further 

characterized using a JEOL scanning electron microscope (GRC) equipped with an 
EDX spectrometer (EDXS). For quantitative analysis, the microscope is operated 
at 15 kV (0.885 nA), a ZAF correction is applied and a cobalt reference standard 
is used for instrumental calibration. The most interesting specimens were further 
analyzed using a SX100 electron microprobe (10 nA, 15 kV) using fl uorapatite 
(P), albite (Na), orthoclase (Al), and diopside (Mg, Si) as standards.

RESULTS

Eight different compositions have been investigated along the 
Mg3Al2(SiO4)3-Na3Al2(PO4)3 join. They will be named hereafter 
according to their Si:P content pfu (i.e., on a 12 oxygen basis), 
Si0P3, Si0.25P2.75, Si1P2, Si1.25P1.75, Si1.5P1.5, Si1.75P1.25, Si2P1, and 
Si2.5P0.5, respectively (Table 1). Experimental results, including 
phase identifi cation by XRD and SEM, are summarized in Table 
2. Apart from the Si1P2 nominal composition held at 3 GPa and 
875 °C, all run products display an XRD pattern showing the 
presence of a garnet-structure compound (Fig. 1). This holds 
also true for the Na3Al2(PO4)3 composition (Fig. 1) indicating 
that a garnet-type phosphate end-member has been obtained. 
Garnet structure (Ia-3d) was confi rmed by Rietveld refi nement 
(GSAS package, Larson and Von Dreele 2000). Unit cell, profi le 
function, and background parameters were fi rst derived using 
Lebail whole-pattern fi tting assuming Ia-3d as space group. 
The refi ned XRPD pattern (Fig. 1) shows the presence of a few 
unindexed diffraction peaks signifi cantly broader than the garnet 
ones, which are therefore interpreted as belonging to unidentifi ed 
extra phase(s). Convergence was achieved (Rp = 12%, χ2 = 3.6) 
using pyrope atomic coordinates (Novak and Gibbs 1971) and 
refi ning the oxygen position only [x = 0.046(1), y = 0.045(1), z = 
0.658(1)]. This refi ned oxygen position, in the phosphate garnet, 
leads to acceptable average cation-oxygen distances of 1.50 Å, 
1.97 Å, and 2.39 Å for tetrahedral (P), octahedral (Al), and do-
decahedral (Na) sites, respectively. Although the garnet structure 
is confi rmed, the quality of the diffraction pattern, collected on 
2–3 mg of powder only, and the presence of unidentifi ed products 
(with peak overlap with Na3Al2(PO4)3 – garnet, Fig. 1) prevented 
more reliable refi nement of oxygen coordinates and refi nement of 
the isotropic displacement factors. Characteristic garnet diffrac-
tion peaks in the high-pressure experiments (15–17 GPa range) 
are shifted toward smaller diffraction angles from silicon- to 
phosphorus-rich compositions, indicative of an increase of the 
garnet unit-cell dimension (Fig. 1, Table 2). Stishovite, corun-

dum, and possibly α-NaMgPO4 
(JCPDS 32-1119) occur as by-
products of the garnet synthesis 
(Table 2). Although anhydrous, 
garnet syntheses yielded grains 
of several micrometers across 
(Fig. 2). Partial melting has 
occurred in two samples run at 
1600 °C (Si0P3 and Si1.75P1.25) 
as indicated by textural obser-
vation and confirmed by the 
strong sintering noticed when 
grinding the sample for XRD. 
In both cases, however, the cor-
responding diffraction pattern 
yields garnet as the dominant 
phase. Furthermore, for the 

TABLE 1. Starting-material composition
Composition Starting-material preparation

Si0P3 Na2CO3, NH4H2PO4, Al2O3*
Si0.25P2.75 MgO, Al2O3 gel, SiO2, Na2CO3, NH4H2PO4 
Si1P2 SiO2, MgAl2O4, Na2CO3, NH4H2PO4 
Si1.25P1.75 MgO, SiO2, MgAl2O4, Na2CO3, NH4H2PO4 
Si1.5P1.5-g TEOS-based gel with NH4H2PO4,  Mg(NO3)3, Na2CO3, and Al(NO3)3†
Si1.75P1.25 MgO, SiO2, MgAl2O4, Na2CO3, NH4H2PO4 
Si2P1 MgO, SiO2, MgAl2O4, Na2CO3, NH4H2PO4 
Si2P1-g TEOS-based gel with NH4H2PO4, Mg(NO3)3, Na2CO3, and Al(NO3)3†
Si2.5P0.5 MgO, Al2O3 gel, SiO2, Na2CO3, NH4H2PO4 

Note: Each starting material has been baked over  600 °C before use. 
* See Brunet et al. (2003). 
† See Brunet and Chazot (2001). 

TABLE 2. Experimental results
Composition T (°C) P Duration
  (GPa) (h) Phase identifi cation (XRD and SEM) Unit-cell volume (Å3) 

Si0P3  1600 17 14  garnet + cor. * 1553.3(9)
Si0P3  1400 17 6  garnet + (?)   1552.5(6)
Si0.25P2.75 1400 17 7.3  garnet + stish. + cor. 1555.8(1.2)
Si1P2 1400 17 6.5  garnet + cor. + stish.  1545.8(7)
Si1P2 875 3 139 ?? + jad. + cor. + berl.  –
Si1.25P1.75 1400 17 7.3  garnet + stish. + cor. + (α-NaMgPO4) 1542.8(5)
Si1.5P1.5-g  1400 17 6  stish. + α-NaMgPO4 + garnet –
Si1.75P1.25 1600 17 14  garnet + cor. + stish. + α-NaMgPO4+ (???)* 1519.1(1.1)
Si2P1  1400 15 6  garnet + cor. + stish. + α-NaMgPO4 1535(4)
Si2P1 875 3 139 garnet + ?? + jad. + ber. + cor. 1506.6(6)
Si2P1-g 1250 17 9  stish. + garnet + α-NaMgPO4 1516.3(1.1)
Si2.5P0.5 1400 15 6  garnet + stish. + cor. + α-NaMgPO4 1516.3(2.1)
Si2.5P0.5 875 3 139 garnet + jad. + cor. + ?? + ber 1504.2(5)

Notes: cor = corundum, stish = stishovite, jad = jadeite, ber = berlinite, AlPO4. Phases in parentheses are present in trace 
amounts whereas bold phases are dominant phases on the XRD pattern. ? = extra phase identifi ed from Rietveld refi ne-
ment (see text). ?? = unidentifi ed phase likely to be an Mg-phosphate of alluaudite structure (main diff raction lines, 2θ 
CuKα at 33.7 and 33.0). ??? = third unidentifi ed phase (main diff . lines, 2θ: 24.2 and 34.2 ). Unit-cell volumes are given to 
(±3σ), NBS silicon-standard yields a = 5.4302 Å (σ = 0.0001 Å). 
* Evidence for partial melting (see text).
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electron microprobe data have been acquired on homogeneous 
crystals as inferred from secondary electron imaging, with sizes 
above a few micrometers. Among these microprobe data, we 
only considered in Figure 3 those with totals between 95 and 102 

FIGURE 1. X-ray powder diffraction patterns of the experimental products: Si0P3 (1400 °C, 17 GPa, 6 hours), S1P2 (1400 °C, 17 GPa, 6.5 hours), 
Si2P1 (1400 °C, 15 GPa, 6 hours), and Si2.5P0.5 (1400 °C, 15 GPa, 6 hours). The diffraction peaks of the main extra phases are marked, “C” for 
corundum,”S” for stishovite, and “α” for α-NaMgPO4. On the right: graphical output of the Si0P3 Rietveld refi nement (1400 °C, 17 GPa, 6 hours) 
in the garnet structure (Ia-3d). Observed pattern is outlined by crosses. Note the presence, in the refi nement residue, of extra refl ections at 2θ = 
26.6, 33.0, 39.7, 46.3, 59.7, 67.6, and 81.3° (values in italics may correspond to platinum refl ections).  

FIGURE 2. SEM images of 
garnet grains in secondary electron 
mode. (a and b) S1.75P1.25 (1600 °C, 
17 GPa, 14 hours), (c) Si2P1-g (1250 
°C, 17 GPa, 6 hours), (d) Si0P3 
(1400 °C, 17 GPa, 6 hours). 

Si0P3 composition held at 1400 °C and 17 GPa, phosphate-garnet 
crystals are euhedral (Fig. 2) and cannot be related to quench. 
Electron microprobe analyses of the garnet phases are plotted in 
a compositional triangle (Si-Al-P, Fig. 3a). As much as possible, 
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nominal composition (or bulk composition measured in scan-
ning mode for products derived from gels) in Figure 4. For the 
end-member composition, Mg3Al2(SiO4)3, the pyrope volume 
by Hazen and Finger (1978) is displayed and that of MgSiO3 
majorite (Angel et al. 1989) is also plotted to reveal the effect of 
majoritic component on unit-cell volume. The unit-cell volume 
of synthetic garnet increases by 3.1% from the phosphorus-free 
to the silicate-free composition. The Si0P3 volume (obtained on 
two different samples) plots far below the extrapolation of the 
volume-Si-content function derived from Si3P0 up to Si1P2 (Fig. 
4). The unit-cell volumes of the garnets obtained at 3 GPa on the 
Si2.5P0.5 and Si2P1 nominal compositions are close to end-member 
pyrope volume. Therefore, compared to the counterpart syntheses 
obtained at 15 GPa, these lower pressure garnets incorporated 
much less phosphorus. 

DISCUSSION

Brunet et al. (2003) derived experimentally the Na3Al2(PO4)3 
phase diagram up to 8 GPa. By analogy to the polymorphism 
of Na3Fe2(AsO4)3 and Na3Cr2(AsO4)3, they proposed that a 
Na3Al2(PO4)3 garnet-modifi cation could take place at high-pres-
sure (i.e., above 8 GPa) and that this modifi cation should exhibit 
an a-parameter comprised between 11.5 and 11.6 Å at ambient 
conditions. This assumption is confi rmed by the present study, 
where, for the fi rst time, a phosphate garnet of Na3Al2(PO4)3 
composition is obtained and characterized. The measured cubic 
unit-cell parameter of 11.579(2) Å agrees well with the expected 
value. In a brief communication, Thilo (1941) claimed to have 
synthesized a similar garnet from cooling a molten Na3PO4 + 
AlPO4 mixture at ambient pressure. However, as discussed in 
Brunet et al. (2003) and as confi rmed here, the synthesis of a 
Na3Al2(PO4)3 garnet at ambient pressure is unlikely.

In the experimental conditions investigated here (P, T, and 
composition), a complete solid-solution between pyrope and 
Na3Al2(PO4)3 is found although Na3Al2(PO4)3 is only a very minor 
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wt%. Furthermore, structural formulae have been recalculated, 
and data with cation sums lying out of the 7.8 and 8.1 pfu range 
have also been rejected. 

Compared to their nominal compositions, garnets are slightly 
depleted in Al relative to Si + P. This relative depletion is marked 
toward high phosphorus contents up to the Si1.25P1.75-Si1P2 compo-
sitions whereas both Si0P3 and Si0.25P2.75 compositions plot close 
to the NaPMg-1Si-1 tie-line (Fig. 3a). In an Al-Si-Mg triangle 
(Fig. 3b), silicon-rich garnets plot on the expected MgSiAl-1Al-1 

line (superposed to the MgSiNa-1P-1 line in this diagram). When 
the P-content increases, the garnet compositions lie out of that 
latter line on the Mg-rich side of the triangle. This indicates that 
an MgPAl-1Si-1 substitution vector is partly responsible for the 
Al-defi ciency in these garnets. 
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component in natural garnets. Actually, the MgSiNa-1P-1 substitu-
tion alone cannot account for the synthetic garnet compositions 
and especially for the Al defi ciency. Aluminum defi ciency in 
high-pressure garnets is often attributed to a majorite component. 
It appears, however, that the MgPAl-1Si-1 substitution accounts 
for part of the Si-P replacement as illustrated by tb where several 
data points plot above the majoritic join on the Mg side of the 
triangle. The occurrence of two independent substitutions may 
partly explain the scattering of the unit-cell volume – composition 
data (Fig. 4). For example, as far as the end-member phosphate 
garnet is concerned, the octahedral site is fully occupied by Al 
(e.g., neither octahedral P nor Na). Its composition is therefore 
fully accounted for by a single substitution vector, NaPMg-1Si-1. 
This may explain why its volume departs from the trend followed 
by the other garnets, the composition of which results from at 
least two substitution types. The AlSiMg-1P-1 one involves a tetra-
hedral silicon-phosphorus replacement coupled with the substitu-
tion of magnesium for octahedral aluminum. It has already been 
reported in the UHP ellenbergerite solid-solution series (Chopin 
and Sobolev 1995). In contrast to garnets, pressure stabilizes the 
silicate ellenbergerite end-member (Brunet et al. 1998). In both 
cases, however, molar volume increases toward the phosphate 
end-member (by ca. 4.3% along the ellenbergerite series).

The likely stability of Na3Al2(PO4)3 garnet (only synthesis 
experiments have been carried out here) under deep Earth condi-
tions has two important consequences.

First, the potential of silicates to host phosphorus in the upper 
mantle (Thompson 1975; Brunet and Chazot 2001) is confi rmed 
and garnet appears as a good candidate as a P-repository in the 
mantle (Haggerty et al. 1994) where primary phosphate miner-
als might not be expressed at all. Second, the P-content of UHP 
garnet from the Dora-Maira massif can be seen as a consequence 
of high pressures. Phosphate minerals, which coexist with garnet 
in the UHP paragenesis (e.g., Chopin et al. 1993; Brunet et al. 
1998) are likely to buffer the phosphorus content in garnet.

Therefore, the P (and Na) content of Dora-Maira pyropes is a 
potential pressure indicator like the P content in the ellenbergerite 
series (Chopin and Sobolev 1995; Brunet et al. 1998). In the case 
of upper-mantle garnets, which barely coexist with phosphate 
minerals, the P-content rather refl ects phosphorus availability. In 
this case, phosphorus content in garnet is a measure of phospho-
rus activity in the garnet host-rock. Since phosphorus diffusion 
kinetics in garnet is low, phosphorus distribution in garnet can 
help to decipher growth history, for example through preserved 
growth zones (e.g., Vielzeuf et al. 2005).
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