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Abstract 11 
 12 

A key question concerning the water budget of Earth’s mantle is how much water is actually recycled 13 
into the mantle by the subduction of eclogitized oceanic crust. Hydrous phases are stable only in quartz 14 
eclogite not coesite eclogite so that water transport to greater depths is mainly governed by structural water in 15 
omphacite and garnet. Here we explore if garnet can be used as a proxy to assess the amount of this water. 16 
Available data on the water contents of garnet in coesite eclogite vary over orders of magnitude, from a few up 17 
to ca. 2000 ppm. By implication, the maximum bulk-rock water contents are unrealistically high (wt% level). 18 
New data from the Erzgebirge indicate moderate amounts of structural H2O stored in garnet (43 - 84 ppm), 19 
omphacite (400 - 820 ppm), and in the bulk coesite eclogite (ca. 280 - 460 ppm). Higher garnet water contents 20 
occur, but these are not primary features. They are related to molecular water in fluid inclusions that can be 21 
attributed to eclogite-facies fluid influx postdating the metamorphic peak. Fluid influx also caused the uptake 22 
of additional structural water in garnet domains close to fluid inclusions. Such secondary H2O incorporation is 23 
only possible in the case of primary water-deficiency indicating that garnet hosted less water than it was able to 24 
store. This is insofar astonishing as comparably high H2O amounts are liberated by the breakdown of prograde 25 
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eclogite-facies hydrous minerals as a result of ultra-high pressure (UHP) metamorphism. Judging from 26 
Erzgebirge quartz eclogite, dehydration of 5 - 10 % hydrous minerals (± equal portions of zoisite + calcic 27 
amphibole) produces 1500 - 3000 ppm water. We infer that the largest part of the liberated water escaped, 28 
probably due to kinetic reasons, and hydrated exhuming UHP slices in the hanging-wall. Depending on the 29 
physical conditions, water influx in eclogite during exhumation (i) produces fluid inclusions and 30 
simultaneously enhances the structural water content of nominally anhydrous minerals – as in the Erzgebirge – 31 
and/or (ii) it may give rise to retrograde hydrous minerals. We conclude that eclogite transports moderate 32 
quantities of water (several hundred ppm) to mantle depths beyond 100 km, an amount equivalent to that in ca. 33 
1 % calcic amphibole.  34 
 35 
Keywords: eclogite, garnet, infrared spectroscopy, nominally anhydrous minerals, omphacite, subduction, 36 
water 37 
 38 

Introduction 39 
 40 

It is known that water plays a key role in mantle dynamics, including convection and magma generation 41 
(e.g., Hirth and Kohlstedt 1996; Asimow and Langmuir 2003; Bercovici and Karato 2003). An important 42 
question in this context is: How much water is transported into the mantle via subduction? Quartz eclogite 43 
typically contains several percent of hydrous minerals, predominantly calcic amphibole and zoisite. However, 44 
these minerals are not stable in coesite eclogite and therefore cannot account for the transport of water into 45 
mantle regions beyond ca. 100 km. Conversely, water transport to greater depths is possible via nominally 46 
anhydrous minerals (NAMs) such as garnet and pyroxene. Both phases, together with olivine, are capable of 47 
incorporating considerable amounts of water in their structure (that is, structural hydroxyl or colloquially 48 
‘water’; e.g., Bell and Rossman 1992a). Due to the fact that the capacity of these minerals to incorporate water 49 
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increases with rising pressure (e.g., Kohlstedt et al. 1996; Lu and Keppler 1997), they are crucial for water 50 
storage in the mantle.  51 

Garnet and omphacite are the dominant phases in eclogitized oceanic crust and the most important 52 
NAMs for subduction-related water transport into the mantle. Two questions arise in this context: (i) How 53 
much water is actually stored in coesite eclogite and transported to greater depth, and (ii) are garnet and 54 
omphacite able to incorporate the entire water released by the breakdown of eclogite-facies hydrous phases? 55 
To seek answers to these questions, NAMs from natural samples of coesite eclogite have to be analyzed for 56 
water. 57 

For four reasons, garnet is a very suitable proxy in this context. (i) Garnet is less affected by alteration 58 
compared to omphacite. (ii) Omphacite may host nanometer-scale inclusions of various sheet silicates 59 
(Schmädicke and Müller 2000; Koch-Müller et al. 2004). (iii) Unlike omphacite, garnet is stable in the 60 
transition zone (Ringwood 1991) and is very important for water transport to the deeper mantle. (iv) Its optical 61 
isotropy simplifies sample preparation for infrared (IR) spectroscopy – the standard method for measuring 62 
water in NAMs (Rossman 2006) – allowing for a larger database.  63 
Several studies have been conducted on ultra-high pressure (UHP) eclogite to determine the water content of 64 
garnet, the results, however, are highly variable. Reported garnet water contents of eclogite xenoliths 65 
(excluding grospydite and corundum eclogite) fall in a range between zero and 86 ppm (e.g., Bell and Rossman 66 
1992b; see below). Data from massif-type UHP eclogite are available from the Kokchetav Massif and the 67 
Dabie-Sulu Orogen. Garnet in Kokchetav coesite eclogite contains 80 - 120 ppm H2O – concentrations 68 
intermediate between those of garnet in quartz eclogite (10 - 50 ppm) and diamond eclogite (130 - 150 ppm; 69 
Katayama et al. 2006). In contrast, the water contents of garnet in coesite eclogite from Dabie-Sulu are highly 70 
variable ranging from 14 to 1900 ppm (Xia et al. 2005: 90 - 1700 ppm; Sheng et al. 2007: 14 - 1900 ppm; 71 
Chen et al. 2007: 18 - 1600 ppm). These results vary by two orders of magnitude even within a single sample 72 
or grain, respectively, a fact that can be ascribed to randomly distributed, sub-microscopic fluid inclusions.  73 
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Hence, the interpretation of the Dabie-Sulu data basically depends on the origin of the molecular 74 

water. In all studies (Xia et al. 2005; Sheng et al. 2007; Chen et al. 2007) an external fluid source was excluded 75 
and molecular water in garnet was ascribed to decompressional release of its structural water. Accordingly, 76 
molecular water has been interpreted as primary water having been present during peak metamorphism and, 77 
therefore, being subject to transport into the mantle beyond 100 km depths.  78 

To evaluate the potential of eclogite for water transport into the mantle, natural, massif-type coesite 79 
eclogite – with an assured subduction origin – is the most definitive object to study. The present study of a 80 
third massive-type UHP eclogite example was designed to place constraints on (i) the nature of molecular 81 
water and (ii) the amount of water carried by subducting eclogite. To this end, four samples of coesite eclogite 82 
from the Erzgebirge were selected, and the water content was analyzed in a representative number of garnet 83 
grains by IR spectroscopy. This method allows us to distinguish intrinsic or structural hydroxyl in garnet 84 
(colloquially water) from water bound in fluid inclusions or hydrous alteration. The water content of the bulk 85 
rock can be assessed from the garnet data considering the modal proportions of garnet and omphacite and the 86 
H2O partition coefficient. Because this approach involves some uncertainty, additional data for water in 87 
omphacite were obtained by the approach of Kovács et al. (2008) and compared with the estimate based on the 88 
published H2O partition coefficients.  89 
 90 

Samples  91 
 92 

The investigated coesite eclogite samples are from the Erzgebirge, Germany, which is situated at the 93 
northern margin of the Bohemian Massif, the easternmost crystalline complex of the European Variscides. The 94 
Erzgebirge is composed mainly of crystalline units; low-grade Palaeozoic sequences occur at the western and 95 
northwestern margin (e.g., Schmädicke et al. 1992). The Erzgebirge crystalline complex comprises a medium-96 
pressure unit with quartzofeldspatic gneiss and intercalated amphibolite and three Variscan eclogite-bearing 97 
units; one is an UHP unit with coesite eclogite (unit 1) and the other two (units 2 and 3) contain quartz eclogite 98 
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(Schmädicke et al. 1992; 1995). The high-pressure units are mainly composed of high-grade 99 
quartzofeldspatic gneiss in which eclogite lenses with MORB composition occur as intercalations (Schmädicke 100 
1994). Mantle peridotite is a minor rock type that occurs only in the UHP unit (Schmädicke and Evans 1997). 101 
The eclogite-facies peak conditions are 850 - 900 °C and ≥30 kbar in unit 1, 750 °C and 24 - 26 kbar in unit 2, 102 
and 650 °C and 20 - 22 kbar in unit 3 (Schmädicke 1991; Schmädicke et al. 1992). Microdiamond inclusions 103 
were detected in gneiss in the vicinity of coesite eclogite lenses (Nasdala and Massonne 2000).  104 

Coesite eclogite is characterized by the peak metamorphic assemblage omphacite-garnet-coesite-rutile 105 
(decreasing abundance). Unzoned garnet plus omphacite make up 84 - 95 vol% of the rock (Fig. 1). Garnet is 106 
an intermediate solid solution with grossular contents of 30±10 mol%; omphacite contains 40±5 mol% jadeite. 107 
Prograde mineral inclusions in garnet and omphacite are usually absent – as in all samples studied here; only 108 
very rare, exceptional samples contain very few of such inclusions (Schmädicke 1994). Hydrous minerals are 109 
not part of the peak assemblage of coesite eclogite, a fact ascribed to physical conditions exceeding their 110 
stability field. However, the pre-existence of zoisite, calcic amphibole, and minor phengite in coesite eclogite 111 
during an earlier eclogitic stage (i.e., within the stability field of quartz) is inferred from (i) the presence of the 112 
three hydrous minerals in all quartz eclogites of units 2 and 3 having the same bulk rock composition as coesite 113 
eclogite (Schmädicke 1994), (ii) rare, tiny inclusions in garnet in very few, exceptional samples, and (iii) the 114 
fact that garnet in coesite eclogite contains more Ca compared to quartz eclogite. The latter is ascribed to the 115 
breakdown of former zoisite enhancing the grossular content in garnet.  116 

Typically, coesite eclogite contains ca. 1 - 2 vol% (rarely up to 5 vol%, as in sample 6) calcic 117 
amphibole (pargasitic hornblende) that formed during an early, eclogite-facies decompression stage, 118 
presumably in the pressure range of 26 - 30 kbar (Schmädicke et al. 1992). Its interstitial location indicates that 119 
amphibole formation post-dates the eclogite-facies peak stage. The low-energy grain boundaries indicate that 120 
amphibole re-equilibrated with garnet and omphacite. Inclusions of vermicular quartz (Fig. 1) are a hallmark of 121 
this amphibole suggesting that it formed mainly by consumption of omphacite. Such textures are absent in 122 
quartz eclogite where amphibole remained stable during peak metamorphism.  123 
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 124 

Method 125 
 126 

Coesite eclogite from four Erzgebirge locations was selected for this study (Table 1). A representative 127 
number of garnet grains per sample were analyzed by Fourier transform IR spectroscopy utilizing a Bruker 128 
Vertex 70 spectrometer equipped with a Hyperion 3000 microscope and an MCT detector. Doubly polished, 129 
self-supporting rock slices were measured with non-polarized IR radiation in transmittance mode. The spectra 130 
were obtained by averaging over 32 - 128 scans in the wavenumber range of 550 - 7500 cm-1 with an 131 
instrumental resolution of 2 cm-1. A square aperture of 30 x 30 to 50 x 50 square micrometers was used to 132 
restrict the lateral size of the probed area. Clear and transparent crystal volumes, free of visible inclusions and 133 
cracks, were selected for the analysis. Several spectra were collected in a single garnet grain including core and 134 
rim areas. The water content was calculated by applying the mineral-specific integral molar absorption 135 
coefficient of 6700 L/(mol cm2) of Bell et al. (1995) that was determined for a garnet with 4.6 wt% CaO, 19.5 136 
wt% FeO, and 11.0 wt% MgO. The integral absorbance was determined by fitting the spectra between 3000 137 
and 3700 cm-1. A polynomial (4th degree) baseline correction was used in order to reproduce the IR spectrum 138 
of a heat-treated (1000 °C, 20 hours), dehydrated garnet. A peak-fit software was utilized for the band analysis 139 
applying a Gaussian-Lorentzian peak form. The amount of water in the garnet structure (= structural hydroxyl 140 
or water, respectively) was determined from absorption bands in the wavenumber range 3490 - 3670 cm−1. In 141 
addition, the ‘band-specific’ water contents (see Results) were determined by using the wavenumber range of 142 
3630 - 3670 cm-1 to calculate water related to band type I, and the range of 3490 - 3630 cm-1 for band type II, 143 
respectively. The content of molecular water, if present, was estimated from absorption bands at wavenumbers 144 
<3490 cm-1. With the absorption coefficient of Bell et al. (1995) the amount of molecular water is 145 
overestimated by a factor of about two. The same approach was previously used on garnet from eclogite 146 
xenoliths (Schmädicke et al. 2015) allowing for better comparison of the garnet water contents from different 147 
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eclogite types (crustal vs. xenolithic). The major element composition of garnet grains was determined with a 148 
JEOL 8200 electron microprobe (Table 1).  149 

In contrast to garnet, the absorption of IR radiation in omphacite, and any other anisotropic mineral, 150 
depends on crystal orientation. Therefore, the most precise approach to quantify the water content of a grain of 151 
omphacite involves IR analysis with polarized radiation of three randomly oriented but mutually perpendicular 152 
crystal directions and two polarizer orientations for each direction as described by Libowitzky and Rossman 153 
(1996). However, the preparation of crystals to accomplish such measurements is not always feasible, such as 154 
in the case of small grain size or strong fracturing of crystals. Unfortunately, omphacite grains in the four 155 
studied eclogite samples are both relatively small and fractured. In such cases, information on the water 156 
content can be obtained by an alternative approach that uses measurements of a greater number of crystals by 157 
non-polarized radiation as suggested by Kovács et al. (2008) and successfully tested on several minerals, 158 
including olivine. The authors have demonstrated that the water contents obtained by their method are identical 159 
to the results using the above-mentioned procedure. They also showed that the analysis of ten random grains is 160 
sufficient to deduce the average water content for a mineral. Concentration differences between individual 161 
grains are more difficult to identify unless they share the same crystal orientation. This, however, is of minor 162 
importance in the present context because we are interested in the average water content of omphacite in order 163 
to estimate the bulk rock water content for each sample.  164 

To determine the average water content in omphacite of the four eclogite samples we used the same 165 
doubly-polished slices as for garnet analysis and measured about 50 individual omphacite grains in each 166 
sample slice. The spectra were obtained by averaging over 64 scans. All other details are the same as used for 167 
garnet analysis. For each sample, an average spectrum was calculated from all recorded spectra in the 168 
wavenumber range of 2600 - 4000 cm-1. The four average spectra were utilized to quantify H2O for each 169 
sample, considering IR absorption in the wavenumber range of 3000 - 3700 cm-1. For background subtraction 170 
we used a flat cubic function that fits the water-free sections of the spectra on both sides of the calculated 171 
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bands. The water contents were calculated utilizing the integral molar absorption coefficient of 38300 L/(mol 172 
cm2) of Bell et al. (1995). 173 
 174 

Results 175 
 176 
Garnet 177 
 178 

Characteristics of IR spectra. All garnet grains contain structural water and most of them additionally 179 
host molecular water. The latter is inferred from the broad IR absorption band at 3400 - 3450 cm-1 (Fig. 2). 180 
This band was ascribed to water in fluid inclusions (e.g., Libowitzky and Beran 1996) and described in almost 181 
all previous studies on massif-type UHP eclogite (see below). Two types of IR absorption bands (or band 182 
groups) are due to intrinsic water in the garnet structure. Type I is relatively sharp, occurring at 3650 cm-1; type 183 
II is broader and has a more variable position in the vicinity of 3600 cm-1 (range: 3580 - 3630 cm-1). Type II is 184 
most probably related to the hydrogarnet substitution, i.e. H4O4 groups replacing SiO4, and known for 185 
changing its position along with garnet composition, including water content, and the resulting local cation 186 
configuration (e.g., Geiger et al. 1991; Rossman and Aines 1991). The band type I was ascribed to water 187 
incorporation via tetrahedral [SiO3(OH)] groups charge balanced by cation vacancies on dodecahedral (Lu and 188 
Keppler 1997) or dodecahedral and octahedral sites (Andrut et al. 2002).  189 

Water content. All four samples studied are characterized by strongly varying IR band intensities, 190 
even on grain scale, but a systematic difference between garnet cores and rims is not observed. Band type I is 191 
present in all eclogite samples and in every analyzed garnet grain or grain volume, respectively. The band has 192 
roughly constant intensity comparing different garnet grains of a single eclogite sample or different grain 193 
volumes (e.g., core and rim domains) of a single garnet grain, respectively. Intensity differences of band type I 194 
between the four eclogite samples are minor to moderate (Fig. 2). In contrast, the intensity of band type II is 195 
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highly variable. The band intensity and the water content ascribed to this band may vary up to one order of 196 
magnitude (Fig. 2; Table 2).  197 

As a result, the water contents of garnets from all four eclogite samples vary over a large range, but the 198 
difference between the four eclogites is relatively small. The variability is greatest if intrinsic (revealed by 199 
band types I + II) and molecular water are added. Total water contents range over two orders of magnitude 200 
from tens to more than 1000 ppm (maximum ranges: 16 - 1273 ppm in sample 4 and 64 - 1508 ppm in sample 201 
Vo; Table 2). This scatter reflects the irregular distribution of molecular water (fluid inclusions) not only 202 
between different garnet grains in a sample but also within a single grain (Fig. 3). Nevertheless, even if 203 
molecular water is neglected, the contents of intrinsic (structural) water, determined by summing the water 204 
contents attributed to band types I and II, still vary over one order of magnitude in a single sample and even in 205 
a single grain, from tens to several hundred ppm (maximum: 63 - 717 ppm in sample Vo; Table 2; Fig. 4).  206 

Comparing the arithmetic mean of structural water in the samples (sample 4: 120 ppm, sample 6: 133 207 
ppm, sample 10.3: 78 ppm, sample Vo: 228 pm; Table 2) and the mode (the most frequent concentration) 208 
inferred from the histograms (sample 4: 55±10 ppm, sample 6: 95±10, sample 10.3: 65±10 ppm, sample Vo: 209 
95±10 ppm; Fig. 4), the latter is always lower. However, considering only garnet volumes that are free of 210 
molecular water, the contents of intrinsic water are much more consistent and cover a maximum range of 16 - 211 
105 ppm for the entire data set (in contrast to 16 - 1508 ppm including all garnet volumes; Table 2). The range 212 
of sample averages is even smaller: 43 ppm (sample 4), 58 ppm (sample 10.3), and 84 ppm (samples 6 and 213 
Vo). Notably, these contents agree exceptionally well with the above given modes.  214 

Most importantly, the IR spectra (Fig. 2) reveal that the intensity of the type II band positively 215 
correlates with the presence and intensity of the molecular water band. Moreover, in spectra without molecular 216 
water, the type II band is very small or even virtually absent. This also becomes obvious if the water contents 217 
attributed to band type II or band type I, respectively, are plotted against the amount of molecular water (Fig. 218 
5). All four samples show a pronounced positive correlation between water due to type II bands and molecular 219 
water with correlation coefficients of 0.92 (sample 4), 0.97 (sample 6), 0.93 (sample 10.3), and 0.96 (sample 220 
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Vo), whereas water ascribed to type I bands is not correlated to molecular water (samples 4 and 10.3 with 221 
coefficients of 0.30 and 0.25, respectively) or more weakly correlated (samples 6 and Vo with correlation 222 
coefficients of 0.75 and 0.82, respectively) than type II bands.  223 
 224 
Omphacite 225 
 226 

The IR spectra of omphacite reveal three prominent bands that are present in all samples (Fig. 6, Table 227 
3). The strongest band occurs at ca. 3450 - 3460 cm-1, the second strongest at 3520 - 3530 cm-1, and the third, 228 
small band at 3620 cm-1. All three bands were previously described from omphacite (e.g., Koch-Müller et al. 229 
2004; Sheng et al. 2007) and are attributed here to structural water. The estimated water content for omphacite, 230 
using the contribution of all three bands, is in the range of 400 - 820 ppm, depending on the sample (Table 3). 231 
It cannot be excluded that omphacite additionally contains molecular because, if present, the indicative band 232 
would be obscured by the prominent structural water band at 3450 - 3460 cm-1. However, judging from the 233 
spectra and the relative contribution of the three bands to the overall water content, the amount of molecular 234 
water, if present, should be relatively small (compared to garnet). It should be mentioned that Koch-Müller et 235 
al. (2004) attributed the band around 3620 cm-1 to sheet silicate inclusions in omphacite. If true, the content of 236 
structural water given in Table 3 is overestimated. The presence of such inclusions in our sample is not 237 
unlikely. In fact, lamellar sheet silicate inclusions in omphacite were detected in another sample of Erzgebirge 238 
coesite eclogite by transmission electron microscopy (Schmädicke and Müller 2000). In addition, two of the 239 
omphacite samples (10.3 and Vo) investigated here show very fine, parallel lamellae of an unidentified phase 240 
in thin section. If these lamellae also consist of sheet silicates or were formed by quartz exsolution 241 
(Schmädicke et al. 1992) can only be disclosed by electron microscopy. Despite of this ambiguity, the 242 
contribution of the questionable band (that might stem from a sheet silicate) to the overall water content is 243 
relatively small (≤10 %).  244 
 245 
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Discussion 246 

 247 
Comparison with previous studies 248 
 249 

Previous studies on the water content of garnet in UHP eclogite include both eclogite xenoliths and 250 
samples from massif-type eclogite occurrences. Reported garnet water contents of eclogite xenoliths 251 
(excluding grospydite and corundum eclogite) fall in a range between zero and 86 ppm (Bell and Rossman 252 
1992b: 0 - 86 ppm; Snyder et al. 1995: 0 - 72 ppm; Matsyuk et al. 1998: <4 ppm; Schmädicke et al. 2015: 2 - 253 
13 ppm). The highest concentrations measured by Bell and Rossman (1992b) and Snyder et al. (1995), 254 
respectively, are not typical for their datasets; the majority of values are ≤20 ppm. This agrees with the data 255 
from the other studies (Matsyuk et al. 1998; Schmädicke et al. 2015) indicating a range of 0 - 20 ppm H2O to 256 
be typical for garnet from xenolithic UHP eclogite. Surprisingly, water concentrations in diamond eclogite are 257 
as low as <5 ppm (e.g., Peslier 2010). This result is not in conflict with the reported pressure-enhanced water 258 
storage capacity (e.g., Lu and Keppler 1997) but may simply reflect the low water fugacity in the mantle 259 
source (Peslier 2010).  260 

Data from massif-type UHP eclogite are available from two occurrences. Garnet in coesite eclogite 261 
from the Kokchetav Massif contains 80 - 120 ppm H2O. Lower concentrations were reported from garnet of 262 
Kokchetav quartz eclogite (10 - 50 ppm) and higher ones from garnet in diamond eclogite (130 - 150 ppm; 263 
Katayama et al. 2006). In contrast, garnet in coesite eclogite from the Dabie-Sulu orogen has more variable 264 
and, on average, much higher water contents. The concentrations range from 14 to 1900 ppm (Xia et al. 2005: 265 
90 - 1700 ppm; Sheng et al. 2007: 14 - 1900 ppm; Chen et al. 2007: 18 - 1600 ppm) and vary by two orders of 266 
magnitude even within a single sample or grain, respectively. This observation can be attributed to sub-267 
microscopic fluid inclusions. In fact, clusters of 0.06 mm sized fluid inclusions with water molecules were 268 
observed by electron microscopy (Su et al. 2002). The presence of molecular water in most published IR 269 
spectra (Xia et al. 2005; Sheng et al. 2007; Chen et al. 2007) can additionally be inferred from the 270 
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characteristic absorption band at ca. 3400 cm-1. By inspecting the published spectra it becomes obvious that 271 
the majority of the reported H2O contents represent fluid inclusions and not structural water, thus explaining 272 
the extremely high concentrations and the large scatter in the datasets.  273 

Comparing the results from previous studies, the water contents of garnet in coesite eclogite from 274 
Kokchetav are higher than the average data for eclogite xenoliths but overlap with the highest contents 275 
recorded in the latter. The lowest contents reported from massive-type Dabie-Sulu eclogite (14-90 ppm) are 276 
also compatible with the other results, but most data are at least one order of magnitude higher (due to 277 
molecular water).  278 

The primary water contents in garnet of 43 - 95 ppm (see below) determined in this study closely 279 
resemble those from other massif-type and xenolithic UHP eclogites. They are similar to the data of Kokchetav 280 
coesite eclogite (80 - 120 ppm; Katayama et al. 2006) and coincide with the highest contents reported from 281 
eclogite xenoliths (86 ppm; Bell and Rossman 1992b).  282 

The same applies to omphacite. Reported water contents in xenolithic samples are in the range of 61 - 283 
790 ppm (Koch-Müller et al. 2004). Again, the highest contents of xenolithic omphacite overlap with the 284 
results from this study (400 - 820 ppm). Sheng et al. (2007) determined similar concentrations of 115 - 695 285 
ppm for omphacite from massif-type UHP eclogite (Dabie-Sulu). In contrast, higher concentrations of up to 286 
3000 ppm were recorded for Kokchetav omphacite (Katayama and Nakashima 2003), but it is not clear 287 
whether these contents are partly due to hydrous phase inclusions as Koch-Müller et al. (2004) suggested. 288 
 289 
Is molecular water primary or secondary?  290 
 291 

The key question resulting from this and former studies concerns the nature of molecular water in 292 
garnet. Possibility I: As suggested previously (see Introduction), decompressional release of structural water in 293 
garnet led to fluid inclusions with molecular water. If true, molecular water has to be treated as primary and 294 
added to the content of structural water. In this case, a large amount of water (up to nearly 1 wt%) results for 295 
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the bulk rock that would potentially be transported by eclogite to greater depths. Possibility II: Molecular 296 
water is secondary and attributed to post-peak metamorphic fluid influx. In this case, the amount of water 297 
being subject to transport into the deeper mantle is at least one order of magnitude smaller. For four reasons, 298 
the results of the present study support the latter possibility:  299 

1. Molecular water is irregularly distributed in a sample. The amount of molecular water strongly varies 300 
not only between different garnet grains in a sample but also within a single grain (Fig. 3). Most importantly, 301 
there is evidence of garnet grains that are free of molecular water whereas other grains in the same sample 302 
(only a few millimeters apart) contain plenty of it (Fig. 3). These observations can hardly be reconciled with a 303 
model explaining molecular water as former structural water.  304 

2. If molecular water in garnet were primary, unrealistically high water contents in coexisting 305 
omphacite would result under equilibrium conditions that are in contrast to the concentrations actually 306 
measured in omphacite. This reasoning is based on published data for garnet-omphacite H2O partition that can 307 
be used in this context. For natural coesite eclogite a coefficient of 0.1 - 0.2 was determined (Katayama et al. 308 
2006). Bell et al. (2004) demonstrated that the partition coefficient for garnet-clinopyroxene pairs decreases 309 
with increasing Fe content and determined a coefficient of 0.2 for the sample with the highest Fe content (Mg# 310 
0.68 - 0.70). Since crustal eclogite, including the Erzgebirge occurrences, is typically more Fe-rich (Mg# ≤ 0.5; 311 
Schmädicke 1994), the coefficient should be < 0.2 in such samples, and this value well agrees with the 312 
estimate of the present study (see below and Table 4). If molecular water is added to the content of structural 313 
water in garnet, average water contents of 127 - 454 ppm and maximum contents of 488 - 1508 ppm would 314 
result, depending on the sample (Table 2). Utilizing these data and a garnet-omphacite H2O partition 315 
coefficient of 0.1, the water content of coexisting omphacite calculates to 1270 - 4540 ppm (average values) 316 
and 4880 - 15080 ppm (maximum values). Such contents by far exceed both the so-far known experimentally 317 
predicted H2O storage capacity of jadeitic pyroxene (e.g., Bromiley and Keppler 2004) and the maximum 318 
concentrations of natural samples (e.g., Koch-Müller et al. 2004; Skogby 2006; Sheng et al. 2007; Peslier 319 
2010). In fact, the maximum amount of 15080 ppm H2O for sample Vo is a typical content for amphibole but 320 
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not pyroxene. Hence, the water contents measured in omphacite together with the so-far known garnet-321 
omphacite partition coefficients cannot be reconciled with the garnet data if molecular water is included and 322 
regarded as primary.  323 

3. Equally important is the above-mentioned fact that the intensity of structural water bands of type II 324 
correlates positively with the amount of molecular water (Figs. 2, 3, and 5). If molecular water really 325 
originated from released structural water that was homogeneously distributed on grain scale, a negative 326 
correlation (or no correlation at all) would be expected but definitely not the observed positive trend.  327 

4. The structural water band of type I behaves differently than the type II band in relation to molecular 328 
water (Fig. 5). The intensity of the type I band is not related to the presence nor the amount of molecular water 329 
in half of the samples and weakly correlated in the other half, whereas type II bands show a clear positive 330 
correlation in all samples. The band type I is probably related to tetrahedral water incorporation in the form of 331 
[SiO3(OH)] groups charge balanced by cation vacancies on dodecahedral and/or octahedral sites (Lu and 332 
Keppler 1997; Andrut et al. 2002), whereas type II bands are ascribed to the tetrahedral hydrogarnet 333 
substitution (e.g., Geiger et al. 1991; Rossman and Aines 1991). Experiments by Lu and Keppler (1997) have 334 
demonstrated that the two bands respond remarkably different to pressure. While the total H2O content 335 
increases with pressure, only band type I grows in intensity while type II shrinks. This opposite pressure 336 
dependence is ascribed to the fact that the hydrogarnet substitution is not favored by high pressure because of 337 
the increasing lattice volume related to the substitution (Lu and Keppler 1997). These results from high-338 
pressure experiments can perfectly be reconciled with the findings of the present study. The observation that 339 
type II and molecular water bands, and the corresponding water species, are correlated points to a genetic 340 
relation. The most plausible explanation is that both formed during decompression as a result of water influx 341 
giving rise to fluid inclusions. Apparently, water in fluid inclusions enhanced the content of structural water 342 
(type II) in garnet volumes close to such inclusions. A similar observation was made for garnet and plagioclase 343 
from re-hydrated granulite (Németh et al. 2015). Admittedly, our interpretation for the Erzgebirge samples 344 
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does not necessarily apply to all cases. It is also possible that hydrous fluid inclusions result from 345 
decompressional release of structural water, as suggested for Dabie-Sulu eclogite (Xia et al. 2005).  346 

In conclusion, decompressional release of structural water cannot serve as the source of molecular 347 
water in the studied Erzgebirge eclogites. Moreover, the increasing intensity of the hydrogarnet band (type II) 348 
along with the amount of molecular water strongly suggests that both are related to decompression. We 349 
conclude that both molecular water and water bound by the hydrogarnet substitution are secondary (post-peak 350 
metamorphic) and do not reflect UHP peak conditions. This does not exclude their formation at eclogite-facies 351 
conditions. In fact, post-peak fluid influx is most likely attributed to an early, eclogite-facies decompression 352 
stage. This is because growth of amphibole with vermicular quartz (Fig. 1) but not of zoisite provides 353 
independent evidence for post-peak fluid influx at 26 - 30 kbar.  354 

Admittedly, the growth of amphibole, or any hydrous phase, is not a universal proof of fluid influx, and 355 
alternatives have to be taken into account. In fact, amphibole may grow in ultra-high pressure rocks during 356 
decompression simply by re-entering its stability field at P ≤ 30 kbar (Schmädicke 2000), provided some 357 
grain-boundary fluid or other internal fluid is available. Likewise, the onset of retrograde overprint in 358 
metamorphic rocks has also been linked to decompressional release of structural water from nominally 359 
anhydrous minerals (e.g., Peslier 2010). In the present case, the contents of calcic amphibole range from 1 - 2 360 
to 5 vol%. This corresponds to bulk rock water contents (bound to amphibole) ranging from 200 - 400 to 1000 361 
ppm. This amount, if interpreted in terms of decompressional release of structural water from garnet and 362 
omphacite, has to be added to the quantity measured in both minerals to decipher the original water content of 363 
eclogite. Adding the amphibole water to the contents recorded by garnet and omphacite (indicating 280 - 460 364 
ppm for the bulk rock; see below), the original water contents of the bulk eclogite would be about 500 - 1500 365 
ppm. This concentration, if stored in garnet and omphacite, translates into maximum H2O contents of 2060 - 366 
2660 ppm in omphacite, exceeding its experimentally determined water storage capacity (see below). In 367 
conclusion, we interpret the formation of calcic amphibole in Erzgebirge coesite eclogite in terms of fluid 368 
infiltration and ascribe the numerous inclusions of molecular water in garnet to the same event of fluid influx.  369 
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 370 
What is the primary garnet and bulk rock water content? 371 
 372 

Our results suggest that fluid influx during decompression led to fluid inclusions, being 373 
inhomogeneously distributed on grain scale. As a result, garnet incorporated additional structural water via the 374 
hydrogarnet substitution in close vicinity to fluid inclusions due to locally enhanced water fugacity. Previously 375 
present intrinsic water, predominantly bound by other substitutions, is not influenced in samples 4 and 10.3 376 
and possibly moderately enhanced in samples 6 and Vo.  377 

Hence, the primary, peak metamorphic water content of garnet is preserved only in crystal volumes that 378 
are free of molecular water. These volumes include little or no water bound via the hydrogarnet substitution. 379 
The average H2O contents in such domains are 43 ppm (sample 4), 58 ppm (sample 10.3), and 84 ppm 380 
(samples 6, Vo), being considerably lower than in secondarily hydrated volumes (Table 2). Notably, those 381 
average water contents are very close, or identical, to the mode (the most abundant concentration) of each 382 
sample (Fig. 4): 55±10 ppm (sample 4), 65±10 ppm (sample 10.3), and 95±10 ppm (samples 6, Vo). This 383 
agreement suggests that both approaches are suitable to infer the primary water content of garnet.  384 

Based on the inferred primary water content of garnet and the concentration measured in omphacite, an 385 
H2O content of 280 – 460 ppm can be estimated for the bulk eclogite (Table 4). Judging from the data for 386 
Erzgebirge eclogite determined in this study, an average garnet-omphacite H2O partition coefficient of 0.12 387 
(range 0.07 - 0.18) is derived (Table 4). This result coincides with the values previously published by Bell et 388 
al. (2004) and Katayama et al. (2006).  389 

Before evaluating the water amount that is potentially transported to greater depths by subducting UHP 390 
eclogite, the problem of water loss needs to be addressed. In other words, are the primary water contents 391 
inferred here identical to the original ones at the time of UHP peak metamorphism? To shed light on this issue, 392 
the water contents determined here first need to be compared with literature data. As discussed above, the 393 
water contents of garnet and omphacite determined in this study compare well with those from other massif-394 
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type UHP eclogites and also overlap with the highest contents obtained in xenolithic samples. On average, 395 
there is a shift to somewhat higher water contents in omphacite from massif-type samples compared to 396 
xenoliths (Peslier 2010) but the reason behind this is not clear. This finding is supported by our study and 397 
applies to both garnet and omphacite. Variable water fugacity during UHP equilibration in the different 398 
settings is one possibility to explain the observed trend. It is also conceivable that the difference is due to the 399 
silica activity, being lower for part of eclogite xenoliths compared to massif-type equivalents. This, at least, 400 
applies to clinopyroxene (e.g., Karimova and Stalder 2013). Another explanation could be a greater tendency 401 
to decompressional water loss in the case of xenolithic samples (see below).  402 

To discriminate between the possible options, knowledge of the water storage capacity of garnet and 403 
omphacite is needed. Experimental data show that the storage capacity of natural pyropic garnet (containing 404 
about 5 mol% ‘impurities’) at 30 kbar is 50 ppm (Lu and Keppler 1997). Though this value is close to the 405 
primary water contents measured in Erzgebirge garnet, it is unlikely that it corresponds to the maximum 406 
amount of storable water, simply because the Erzgebirge garnet is compositionally different. Particularly, the 407 
latter contains more Ca, and Ca-rich garnet is able to incorporate more water in its structure. For instance, 408 
garnet from UHP calc-silicate rocks was reported to host 180 - 690 ppm water (Langer et al. 1993) and garnet 409 
in grospydite contains 620 ppm (Beran et al. 1993). In these rocks, however, garnet is extraordinarily rich in 410 
grossular component (50 mol%), again not matching the composition of Erzgebirge garnet. Thus, without the 411 
knowledge of the water storage capacity for a specific garnet composition, it is not clear if the high water 412 
content in garnet of calc-silicate rocks and grospydite is governed by its grossular-rich composition or is 413 
simply due to higher water fugacity in such lithologies. The situation for omphacite is similar. Experiments 414 
yielded 460 ppm water in jadeite-diopside solid solutions at a pressure of 25 kbar, and 780 ppm in jadeite-Ca-415 
Eskolaite pyroxene at 20 kbar (Bromiley and Keppler 2004). The latter value well agrees with the results of 416 
this study. Nonetheless, the storage capacity in the present case may, again, be different because the 417 
composition of natural omphacite, also containing Fe, Ti, and further minor and trace elements, is more 418 
complex.  419 
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Even though the water storage capacity for mineral compositions close to those of our samples is 420 

unknown, we infer that the Erzgebirge samples do not contain the maximum possible amount of water. This is 421 
deduced from the fact that garnet, in addition to primary water, incorporated secondary structural water by 422 
diffusion from fluid inclusions. Uptake of water in a mineral’s structure is only feasible in the case that it is 423 
H2O under-saturated − having the capacity to store additional water. Hence, the water concentrations referred 424 
here as primary correspond, in all likelihood, to under-saturated conditions. If these contents mirror the original 425 
state at the UHP peak or resulted from decompressional water loss is another matter that has to be evaluated. 426 
Judging from the presently available data, we infer that water loss was insignificant or did not occur at all.  427 

First, diffusional water loss cannot be reconciled with the observed distribution of water in single garnet 428 
grains. There is no indication of lower contents at the rim, let alone of diffusional profiles as described by 429 
Peslier and Luhr (2006). Owing to the high diffusivity of hydrogen in garnet (e.g., Blanchard and Ingrin 2004), 430 
one might argue that diffusion profiles are easily obliterated resulting in a homogeneous distribution of water 431 
in a mineral grain. However, this cannot be reconciled with the present investigation demonstrating that garnet 432 
preserved highly variable water contents on grain scale and implying that diffusional re-homogenization was 433 
strongly limited.  434 

Second, experiments on natural pyrope with IR bands identical to those in our samples, revealed that 435 
the type I band decreases at least five times faster than the type II band during dehydration (Blanchard and 436 
Ingrin 2004). However, the garnet domains in our samples defined as primary (i.e., those without molecular 437 
water) are dominated by the type I band whereas a type II band is minor or absent. However, water loss should 438 
cause the opposite (smaller or lacking type I bands).  439 

Third, it is difficult to explain that garnet first lost water in response to decompression and, later on, 440 
incorporated additional water under conditions that were even less favorable (lower P and T) compared to 441 
those at which water loss should have occurred.  442 

Hence, the conclusion that the low water contents are primary and did not result from water loss can be 443 
reconciled best with all observations made in the present study. Nonetheless, this result is surprising because 444 
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the slow tectonic exhumation of massif-type eclogite should provide for more extensive water loss 445 
compared to rapidly uplifted eclogite xenoliths. Possibly, the decompression-cooling path is more important in 446 
this context than previously considered. Water loss seems to be more restricted or absent if decompression is 447 
accompanied by cooling (Schmädicke et al. 2011) in contrast to isothermal decompression that is typical for 448 
xenoliths (Peslier and Luhr 2006). The fact that massif-type eclogites, including the Erzgebirge examples 449 
(Schmädicke et al. 1992), cooled during exhumation may explain why they preserve higher average water 450 
contents than eclogite xenoliths. Moreover, massif-type eclogites typically record lower peak temperatures 451 
(≤900 °C) than xenoliths (≥1000 °C). Since the former progressively cool during exhumation, their average 452 
exhumation temperature is several hundred degrees lower compared to that of xenoliths.  453 

In conclusion, our examples of Erzgebirge UHP eclogite point to moderate amounts of water, on the 454 
order of several hundred ppm (280 - 460 ppm, determined here), being subject to transport to mantle depths 455 
beyond 100 km. Furthermore, the NAMs in the investigated examples of UHP eclogite presumably were not 456 
water-saturated at peak metamorphism. Though the water contents of garnet and omphacite coincide with the 457 
experimentally established water storage capacities of these minerals, at least garnet was capable to incorporate 458 
secondary structural water during exhumation, which is only possible if the mineral previously hosted less 459 
water than it is able to accommodate in its structure. 460 
 461 

Implications: What is the fate of water from dehydration reactions and the source of water for re-462 
hydration in eclogite? 463 

 464 
The inferred peak metamorphic H2O content of coesite eclogite stored in NAMs (280 - 460 ppm; Table 465 

4) is much lower compared to the amount generated by prograde, eclogite-facies dehydration reactions. Using 466 
Erzgebirge quartz eclogite from unit 2 as a template, ca. 2.5 - 5 % of each zoisite and calcic amphibole were 467 
stable at peak metamorphism. If such rocks are subducted further and reach UHP conditions, both phases 468 
decompose and together release ca. 1500 - 3000 ppm H2O. This exceeds the peak-metamorphic amount stored 469 
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in NAMs of Erzgebirge coesite eclogite by one order of magnitude. Obviously, the greatest part of the water 470 
generated by dehydration reactions during the transition from HP to UHP conditions was liberated and 471 
presumably escaped to the hanging wall. Our finding agrees well with the suggestions of Dixon et al. (2002) 472 
that water is extracted from subducting oceanic crust with an efficiency of 97 % and that accumulation of 473 
dehydrated oceanic crust in the mantle results in relatively dry mantle components (‘HIMU’ with ca. 600 ppm 474 
H2O).  475 

Accordingly, we ascribe secondary water for re-hydration of Erzgebirge UHP eclogite – causing fluid 476 
inclusions, hydrogarnet substitution, and growth of eclogite-facies, post-UHP amphibole – to the breakdown of 477 
hydrous phases in subducting eclogite in the footwall of the exhuming UHP unit. A similar model suggested by 478 
Konrad-Schmolke et al. (2011) links pervasive fluid influx and retrogression in exhuming eclogite to 479 
dehydration in subducting slabs in the footwall. We finally conclude that retrogression and hydrous phase 480 
formation in eclogite basically depends on fluid influx from an external source. The alternative – attributing 481 
water for retrogression to decompressional release of structural water from NAMs can only play a minor, if 482 
any, role in the investigated samples of Erzgebirge coesite eclogite. 483 
 484 
 485 
Acknowledgements: We are indebted to Bernard W. Evans (Seattle) for valuable comments on an earlier 486 
version of this manuscript. Helpful and constructive suggestions by Jörg Hermann (Bern), István Kovács 487 
(Budapest), and an anonymous reviewer are greatly acknowledged. Roland Stalder (Innsbruck) is thanked for 488 
kindly providing the IR facilities and István Kovács for editorial handling. This research was funded by DFG 489 
(grant Schm1039/9-1). 490 
 491 
 492 

References cited 493 
 494 



 21
Andrut, M., Wildner, M., and Beran, A. (2002) The crystal chemistry of birefrigent natural uvarovites. Part 495 

IV. OH defect incorporation mechanisms in non-cubic garnets derived from polarized IR spectroscopy. 496 
European Journal of Mineralogy, 14, 1019-1026. 497 

Asimow, P.D., and Langmuir, C.H. (2003) The importance of water to oceanic mantle melting regimes. 498 
Nature, 421, 815-820. 499 

Bell, D.R., and Rossman, G.R. (1992a) Water in the Earth’s mantle: the role of nominally anhydrous minerals. 500 
Science, 255, 1391-1397.  501 

Bell, D.R., and Rossman, G.R. (1992b) The distribution of hydroxyl in garnets from the subcontinental mantle 502 
of southern Africa. Contributions to Mineralogy and Petrology, 111, 161-178. 503 

Bell, D.R., Ihinger, P.D., and Rossman, G.R. (1995) Quantitative analysis of trace OH in garnet and pyroxenes. 504 
American Mineralogist, 80, 465-474. 505 

Bell, D.R., Rossman, G.R., and Moore, R.O. (2004) Abundance and partitioning of OH in a high pressure 506 
magmatic system: megacrysts from the Monastery kimberlite, South Africa. Journal of Petrology, 45, 507 
1539-1564. 508 

Beran, A., Langer, K., and Andrut, M. (1993) Single crystal infrared spectra in the range of OH fundamentals 509 
of paragenetic garnet, omphacite and kyanite in an eklogitic mantle xenolith. Mineralogy and 510 
Petrology, 48, 257-268. 511 

Bercovici, D., and Karato, S. (2003) Whole-mantle convection and the transition zone water filter. Nature, 425, 512 
39-44. 513 

Blanchard, M., and Ingrin, J. (2004) Hydrogen diffusion in Dora Maira pyrope. Physics and Chemistry of 514 
Minerals, 31, 593-605. 515 

Bromiley, G.D., and Keppler, H. (2004) An experimental investigation of hydroxyl solubility in jadeite and 516 
Na-rich clinopyroxenes. Contributions to Mineralogy and Petrology, 147, 189-200. 517 

Geiger, C.A., Langer, K., Bell, D.R., Rossman, G.R., and Winkler, B. (1991) The hydroxide component in 518 
synthetic pyrope. American Mineralogist, 76, 49-59. 519 



 22
Hirth, G., and Kohlstedt, D.L. (1996) Water in the oceanic upper mantle: implications for rheology, melt 520 

extraction and the evolution of the lithosphere. Earth and Planetary Science Letters, 144, 93-108. 521 
Karimova, A., and Stalder, R. (2013) OH in diopside and enstatite at 6 GPa in the system CaO-MgO-SiO2-522 

H2O. European Journal of Mineralogy, 25, 299-305. 523 
Katayama, I., and Nakashima, S. (2003) Hydroxyl in clinopyroxene from the deep subducted crust: evidence 524 

for H2O transport into the mantle. American Mineralogist, 68, 229-234.  525 
Katayama, I., Nakashima, S., and Yurimoto, H. (2006) Water content in natural eclogite and implication for 526 

water transport into the deep upper mantle. Lithos, 86, 245-259. 527 
Koch-Müller, M., Matsyuk, S.S., and Wirth, R. (2004) Hydroxyl in omphacites and omphacitic clinopyroxenes 528 

of upper mantle to lower crustal origin beneath the Siberian platform. American Mineralogist, 89, 921-529 
931. 530 

Kohlstedt, D.L., Keppler, H., and Rubie, D.C. (1996) Solubility of water in the α, β and γ phase of 531 
(Mg,Fe)2SiO4. Contributions to Mineralogy and Petrology 123, 345-357. 532 

Konrad-Schmolke, M., O'Brien, P.J., and Zack, T. (2011) Fluid migration above a subducted slab-constraints 533 
on amount, pathways and major element mobility from partially overprinted eclogite-facies rocks 534 
(Sesia Zone, Western Alps). Journal of Petrology, 52, 457-486. 535 

Kovács, I., Hermann, J., O'Neill, H.S.C., Fitz Gerald, J.D., Sambridge, M., and Horvath, G. (2008) 536 
Quantitative absorbance spectroscopy with unpolarized light, Part II: Experimental evaluation and 537 
development of a protocol for quantitative analysis of mineral IR spectra. American Mineralogist, 93, 538 
765-778. 539 

Langer, K., Robarick, E., Sobolev, N.V., Shatsky, V.S., and Wang, W. (1993) Single-crystal spectra of garnets 540 
from diamondiferous high-pressure metamorphic rocks from Kazakhstan: indications for OH, H2O, and 541 
FeTi charge transfer. European Journal of Mineralogy, 5, 1091-1100.  542 



 23
Libowitzky, E., and Beran, A. (2006) The structure of hydrous species in nominally anhydrous minerals: 543 

Information from polarized IR spectroscopy. In H. Keppler, and H.R. Smyth, Eds. Water in nominally 544 
anhydrous minerals 62, p. 29-52. Mineralogical Society of America, Chantilly, Virginia. 545 

Libowitzky, E., and Rossman, G.R. (1996) Principles of quantitative absorbance measurements in anisotropic 546 
crystals. Physics and Chemistry of Minerals, 23, 319-327. 547 

Lu, R., and Keppler, H. (1997) Water solubility in pyrope to 100 kbar. Contributions to Mineralogy and 548 
Petrology, 129, 35-42. 549 

Matsyuk, S.S., Langer, K., and Hösch, A. (1998) Hydroxyl defects in garnets from mantle xenoliths in 550 
kimberlites of the Siberian platform. Contributions to Mineralogy and Petrology 132, 163-179. 551 

Nasdala, L., and Massonne, H.-J. (2000) Microdiamonds from the Saxonian Erzgebirge, Germany: in situ 552 
micro-Raman characterization. European Journal of Mineralogy, 12, 495-498. 553 

Németh, B., Török, K., Kovács, I., Szabó, C., Abart, R., Dégi, J., Mihály, J., and Németh, C. (2015) Melting, 554 
fluid migration and fluid-rock interactions in the lower crust beneath the Bakony-Balaton Highland 555 
volcanic field: a silicate melt and fluid inclusion study. Mineralogy and Petrology, 109, 217-234. 556 

Peslier, A., and Luhr, J.F. (2006) Hydrogen loss from olivine in mantle xenoliths from Simcoe (USA) and 557 
Mexico: Mafic alkalic magma ascent rates and water budget of the sub-continental lithosphere. Earth 558 
and Planetary Science Letters, 242, 302-319. 559 

Peslier, A.H. (2010) A review of water contents of nominally anhydrous natural minerals in the mantles of 560 
Earth, Mars and the Moon. Journal of Volcanology and Geothermal Reseach, 197, 239-258. 561 

Ringwood, A.E. (1991) Phase transformations and their bearing on the constitution and dynamics of the 562 
mantle. Geochimica et Cosmochimica Acta, 55, 2083-2110. 563 

Rossman, G.R., and Aines, R.D. (1991) The hydrous components in garnets: Grossular-hydrogrossular. 564 
American Mineralogist, 76, 153-1164. 565 

Rossman, G.R. (2006) Analytical methods for measuring water in nominally anhydrous minerals. In H. 566 
Keppler, and J.R. Smyth, Eds. Water in nominally anhydrous minerals, 62, p. 1-28. Mineralogical 567 



 24
Society of America.  568 

Schmädicke, E. (1991) Quartz pseudomorphs after coesite in eclogites from the Saxonian Erzgebirge. 569 
European Journal of Mineralogy, 3, 231-238. 570 

Schmädicke, E. (1994) Die Eklogite des Erzgebirges. Freiberger Forschungsheft C 456, p. 338. Deutscher 571 
Verlag für Grundstoffindustrie, Leipzig-Stuttgart. 572 

Schmädicke, E. (2000) Phase relations in peridotitic and pyroxenitic rocks in the model systems CMASH and 573 
NCMASH. Journal of Petrology, 41, 69-86. 574 

Schmädicke, E., and Evans, B.W. (1997) Garnet-bearing ultramafic rocks from the Erzgebirge, and their 575 
relation to other settings in the Bohemian Massif. Contributions to Mineralogy and Petrology, 127, 57-576 
74. 577 

Schmädicke, E., and Müller, W.F. (2000) Unusual exsolution phenomena in omphacite and partial replacement 578 
of phengite by phlogopite + kyanite in an eclogite from the Erzgebirge. Contributions to Mineralogy 579 
and Petrology, 139, 629-642. 580 

Schmädicke, E., Okrusch, M., and Schmidt, W. (1992) Eclogite-facies rocks in the Saxonian Erzgebirge, 581 
Germany: High pressure metamorphism under contrasting P-T conditions. Contributions to Mineralogy 582 
and Petrology, 110, 226-241. 583 

Schmädicke, E., Mezger, K., Cosca, M.A., and Okrusch, M. (1995) Variscan Sm-Nd and Ar-Ar ages of 584 
eclogite-facies rocks from the Erzgebirge, Bohemian Massif. Journal of Metamorphic Geology, 13, 585 
537- 552. 586 

Schmädicke, E., Gose, J., Reinhardt, J., Will, T.M., and Stalder, R. (2015) Garnet in cratonic and non-cratonic 587 
mantle and lower crustal xenoliths from southern Africa: composition, water incorporation and 588 
geodynamic constraints. Precambrian Research, 270, 285-299.  589 

Sheng, Y.M., Xia, Q.K., Dallai, L., Yang, X.Z., and Hao, Y.T. (2007) H2O contents and D/H ratios in 590 
nominally anhydrous minerals from ultrahigh-pressure eclogites of the Dabie orogen, eastern China. 591 
Geochimica et Cosmochimica Acta, 71, 2079-2103. 592 



 25
Skogby, H. (2006) Water in narural mantle minerals I: Pyroxenes. In H. Keppler, and J.R. Smyth, Eds. 593 

Water in nominally anhydrous minerals, 62, p. 155-167. Mineralogical Society of America, Chantilly, 594 
Virginia. 595 

Snyder, G.A., Taylor, L.A., Jerde, E.A., Clayton, R.N., Mayeda, T.K., Deines, R., Rossman, G.R., and 596 
Sobolev, N.V. (1995) Archean mantle heterogeneity and the origin of diamondiferous eclogites, 597 
Siberia: Evidence from stable isotopes and hydroxyl in garnet. American Mineralogist, 80, 799-809. 598 

Su, W., You, Z., Cong, B., Ye, K., and Zhong, Z. (2002) Cluster of water molecules in garnet from ultrahigh-599 
pressure eclogite. Geology, 30, 611-614. 600 

Xia, Q.K., Sheng, Y.M., Yang, X.Z., and Yu, H.M. (2005) Heterogeneity of water in garnets from UHP 601 
eclogites, eastern Dabieshan, China. Chemical Geology, 224, 237-246. 602 

 603 
 604 605 



 26
 606 

Figure captions 607 
 608 

Figure 1. Photomicrograph of Erzgebirge coesite eclogite. (a), (b): sample Vo; (c), (d): sample 10.3. Garnet 609 
and omphacite are cut by late fractures. Interstitial calcic amphibole (central, brown-colored grain) is a typical 610 
minor phase (1 - 5 vol%). Not being stable under UHP conditions, amphibole in coesite eclogite formed during 611 
an early, eclogite-facies decompression stage at 26 - 30 kbar and re-equilibrated with garnet and omphacite. 612 
This post-peak metamorphic amphibole is anhedral and invariably hosts inclusions of vermicular quartz. The 613 
latter suggest that amphibole grew mainly by consuming omphacite. (a), (c) taken with plane polarized light; 614 
(b), (d) taken with crossed polars.   615 
 616 
Figure 2. IR absorption spectra of garnet grains from four coesite eclogite samples, normalized to 1 cm sample 617 
thickness. Up to three types of absorption bands occur: Types I (at 3650 cm-1) and II (at 3580 - 3630 cm-1) are 618 
caused by intrinsic water in the garnet structure. The third, broad band (centered at 3400 - 3450 cm-1) is 619 
indicative of molecular water in fluid inclusions. Note that the intensity of the latter correlates with that of type 620 
II bands. See text for further information.   621 
 622 
Figure 3. Back-scattered electron images of garnet showing the spatial distribution of water. The numbers 623 
above the line give the amount of structural water according to band type I (first number) and band type II 624 
(second number). The number below the line refers to the amount of molecular water. Note that the content of 625 
structural water due to band type II is higher in domains with molecular water. (a) Garnet grain 1 of eclogite 626 
sample 10.3 with variable amounts of structural and molecular water. This pattern is typical for all samples and 627 
most investigated grains. (b) Exceptional grain 2 of sample 10.3 in which molecular water is virtually absent. 628 
 629 
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Figure 4. Histograms illustrating the distribution and content of structural water in garnet from coesite 630 
eclogite. The values represent the sum of water due to band types I and II in individual garnet grains. The 631 
considerable spread of individual values is attributed to the influence of molecular water. Despite of this 632 
variability, the mode is ≤100 ppm in all four samples (sample 4: 55±10 ppm, sample 6: 95±10 ppm, sample 633 
10.3: 65±10 ppm, and sample Vo: 95±10 ppm). The modes are basically identical to the content of primary 634 
structural water inferred from domains without inclusions of molecular water (sample 4: 43 ppm, sample 6: 84 635 
ppm, sample 10.3: 58 ppm, and sample Vo: 84 ppm; Table 2).  636 
 637 
Figure 5. Contents of structural water due to band type I or band type II, respectively, plotted against the 638 
amount of molecular water (type M). The water content due to band type II positively correlates with the 639 
amount of molecular water. In contrast, for band type I such a correlation is absent (samples 4 and 10.1) or less 640 
pronounced (samples 6 and Vo) compared to type I bands.  641 
 642 
Figure 6. IR absorption spectra of omphacite, normalized to 1 cm sample thickness. The spectra reflect the 643 
average absorption for each sample, calculated from the spectra of about 50 different omphacite grains.  644 
 645 
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 1
Table 1. Modal contents (vol%) and garnet composition (mol%) of the investigated Erzgebirge 

coesite eclogites. Hornblende is not part of the peak assemblage but formed during a late-

eclogitic stage, and symplectite (clinopyroxene + plagioclase) is post-eclogitic. The major garnet 

endmembers are grossular (grs), almandine (alm), and pyrope (pyr); minor components such as 

spessartine are not given. + = present as trace, - = not present. 

 

Sample Garnet Omphacite Coesite/

Quartz 

Rutile Horn-

blende 

Symplec-

tite 

Opaque 

phases 

Composition 

grs-alm-pyr 

4 30 60  5-10 1 1 <1 + 23-49-27 

6 30 54 5 2 5 2 2 38-39-21 

10.3 45 50 2  <1 1 1 + 34-32-32 

Vo 30 62 5  1-2 1 - <1 29-44-26 

 

 

Table 2. Water content in garnet of Erzgebirge coesite eclogite. Almost all garnet grains host 

structural (SW) and molecular water (MW). The latter is bound to irregularly distributed fluid 

inclusions. The primary content of structural water is deduced from garnet volumes that are free 

of molecular water. Avg = average, N = number of quantified spectra.  

 

Sample (N) SW + MW 

Avg (range) 

H2O [ppm] 

SW Type I 

Avg (range) 

H2O [ppm] 

SW Type II 

Avg (range) 

H2O [ppm] 

SW total 

Avg (range) 

H2O [ppm] 

Primary SW 

Avg (range) 

H2O [ppm] 

4 (37) 325 (16-1273) 17   (3-48) 103 (11-319) 120 (16-335)  43  (16-  88) 

6 (21) 240 (61-  791) 18   (5-42) 115 (50-269) 133 (61-310)  84  (61-101) 

10.3 (54) 127 (51-  488)   9   (6-13)   70 (36-204)   78 (47-217)  58  (47-  68) 

Vo (37) 454 (64-1508) 27 (11-56) 201 (42-668) 228 (63-717)  84  (63-105) 

 

 



 2
Table 3. Water content in omphacite of Erzgebirge coesite eclogite calculated from the 

average spectra in Fig. 6. N = number of recorded spectra, + = visible in thin section, - = not 

visible in thin section. 

 

Sample (N) Main IR bands [cm-1] Average integrated 

absorbance [cm-2] 

H2O 

[ppm] 

Lamellar 

inclusions 

4 (56) 3450, 3520, 3620 2819 400 - 

6 (56) 3454, 3521, 3620 4187 590 - 

10.3 (45) 3462, 3529, 3620 5757 820 + 

Vo (49) 3458, 3522, 3620 3343 470 + 

 

 

Table 4. Primary content of structural water (SW) in garnet (see Table 2), total content of SW in 

coexisting omphacite (om) and calculated H2O content for the bulk eclogite utilizing the modal 

proportions given in Table 1 and ignoring possible contributions of minor primary phases such 

as rutile and coesite/quartz.  

 

Sample Grt  

H2O [ppm] 

 Primary SW 

Om  

H2O [ppm] 

Total SW 

KD 

Grt/Om 

 

Eclogite  

H2O [ppm] 

 

4 43 400 0.11 281 

6 84 590 0.14 409 

10.3 58 820 0.07 459 

Vo 84 470 0.18 344 
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