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INTRODUCTION

It is widely recognized that hydrous minerals are involved in a number of geochemical 
processes in the Earth’s mantle (Michael 1988; Thompson 1992; Schmidt and Poli 1998). 
Their presence affects the onset of melting (Lambert and Wyllie 1968; Mysen and Boettcher 
1975) and can control the partitioning of trace elements during partial melting (Adam et al. 
1993; Ionov and Hoffmann 1995; La Tourrette et al. 1995; Tiepolo et al. 2000). They have 
accordingly been implicated in the source regions of many types of magmas including alkaline 
basalts and highly-potassic lavas (Edgar and Vukadinovic 1992; Foley 1992; Halliday et al. 
1995; Yang et al. 2003; Elkins-Tanton and Grove 2003; Conceicao and Green 2004). As well 
as being intimately linked with the occurrence of mantle metasomatism (Bailey 1982; Roden 
and Murthy 1985), hydrous phases can also buffer fl uid compositions in the mantle (Eggler 
1978; Wyllie 1978) and consequently dictate the style of metasomatism. The dehydration 
or melting of hydrous minerals in subducting lithosphere and associated infi ltration of 
hydrous solutions (fl uids or melts) into the overlying mantle wedge are important steps in 
the production of island arc magmatism (Tatsumi et al. 1986; Kushiro 1987; Ulmer 2001). 
Conversely, the persistence of some hydrous minerals in cold regions of subduction zones may 
result in the transport of hydrogen into the deep mantle (Bose and Ganguly 1995; Kawamoto 
et al. 1995). It is therefore important to ascertain the conditions at which hydrous minerals are 
stable in the mantle and to recognize the situations where they breakdown and release H2O. 
The presence of H2O in the upper mantle can lead to the production of melts that may either 
rise to the surface or migrate, accumulate and possibly crystallize at depth. In either case this 
results in chemical fractionation within the mantle. 

Hydrous minerals such as amphiboles and micas are found in mantle nodules brought to 
the surface mainly by alkaline basalt and kimberlite lavas (Frey and Prinz 1978; Erlank et al. 
1987). Most of these nodules are pieces of the subcontinental lithospheric mantle (Wilshire 
and Shervais 1975; Witt-Eickschen et al. 1993) although hydrous minerals are also found in 
nodules from the suboceanic lithosphere (Hauri et al 1993; Gregoire et al. 2000). Hydrous 
minerals form as a result of the interaction between the lithosphere and incoming H2O-bearing 
melts or fl uids principally from the underlying asthenosphere (Menzies et al. 1987). High 
pressure and temperature laboratory experiments are crucial for understanding the conditions 
at which such fl uids or melts form, interact and crystallize in the lithosphere. Hydrous 
minerals don’t seem to be recovered from the underlying asthenospheric mantle, which may 
have two reasons. 1) Melts generally arise in the top of the asthenosphere and therefore only 
bring samples from the overlying lithosphere. 2) Temperatures in the asthenosphere are mostly 
outside of the stability fi elds of hydrous minerals. Laboratory experiments, however, indicate 
that dehydration and melting temperatures of some dense hydrous minerals increase with 
pressure and the results of these experiments can be used to examine the likely role of hydrous 
minerals in H2O storage throughout the mantle. 
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In this chapter I will address the stability of nominally hydrous minerals in the lithospheric 
and underlying asthenospheric/convecting mantle. The metasomatic processes that lead to the 
formation of hydrous minerals will be discussed, followed by a review of the types of hydrous 
minerals found in mantle samples from nodules and alpine peridotite massifs. The stability 
fi elds of known mantle hydrous minerals as determined by high pressure and temperature 
experiments will then form a foundation for a discussion of the likely stability of hydrous 
minerals at pressures beyond those from where xenoliths originate. These results will be used 
to examine the stability of hydrous minerals throughout the mantle with an emphasis on the 
lithosphere and what might be termed the ambient convecting mantle, as opposed to subduction 
zones, which are covered specifi cally in this volume by Kawamoto (2006).

MANTLE METASOMATISM

Peridotite nodules from the continental Achaean lithosphere brought to the surface by 
kimberlites provide good evidence for the action of mantle metasomatism (Jones et al. 1982; 
Erlank et al. 1987). Such ultramafi c xenoliths are often strongly depleted in basalt-forming 
major elements as a result of the removal of high temperature partial melts (O’Hara and Mercy 
1963; Boyd and Mertzman 1987). They have been variably enriched, however, in some of the 
most incompatible trace elements, such as light rare earths, that would have been strongly 
depleted by melt extraction (Shimizu 1975; Hoal et al 1994). This incongruous behavior of 
major and trace elements is explained as the action of metasomatism, whereby a region is 
enriched in incompatible elements by the infl ux of fl uids or melts (Bailey 1982; Roden and 
Murthy 1985; Menzies et al. 1987). The formation of new, frequently hydrous minerals as a 
result of the metasomatic infl ux is termed modal (Harte 1983) or patent (Dawson 1984) mantle 
metasomatism. Anhydrous minerals such as clinopyroxene, magnetite, sphene or sulfi des may 
be also added but modal metasomatism is generally characterized by hydrous minerals. On the 
other hand, cryptic metasomatism is often used to describe rocks that are clearly trace element 
enriched but contain no obviously new metasomatic minerals. 

Evidence for metasomatism is found in xenoliths from the oceanic and continental litho-
sphere and in a range of different volcanic settings. Dating of the enrichment processes, which 
can be performed using isotopic systems such as Sm/Nd and U-Pb, has shown that some events 
occurred in the subcontinental lithosphere a very long time ago, i.e., >1 Ga (Hawkesworth et 
al. 1983; Cohen et al. 1984; Kinny et al 1989; 1994). There are also examples where the timing 
of metasomatism in xenoliths carried by alkali basalts cannot be separated from the magmatic 
event that brought the samples to the surface (Menzies and Murthy 1980). The fl uids or melts 
that caused the chemical changes are only rarely found as crystallized melts or glasses in min-
eral inclusions (Schrauder and Navon 1994). In some composite xenoliths and alpine massifs 
metasomatism can be observed in the wall rocks adjacent to veins and dikes (Jones et al. 1982; 
Boyd 1990; Woodland et al. 1996). Small degree melts that crystallize in the mantle and expel 
fl uids into the wall rocks are implicated in many metasomatic events. Some alpine peridotite 
massifs, however, seem to have experienced phases of pervasive metasomatism over large re-
gions, with no apparent relationship to veining (Zanetti et al. 1999; Scambelluri et al. 2006)

Metasomatism can occasionally be directly attributed to subduction zones processes, where 
the slab provides both fl uids and a source of incompatible elements (Brandon and Draper 1996; 
Zanetti et al 1999; McInnes et al. 2001; Scambelluri et al. 2006). Although many metasomatized 
regions of the subcontinental lithosphere have not been at convergent margins for over a billion 
years, it is highly likely that components added by ancient subduction could be remobilized at 
a later date as a result of heating or decompression. In many instances metasomatism is more 
directly attributed to the infi ltration and crystallization of small degree melts that migrate from 
the asthenosphere as a result of plume activity or decompression due to rifting. Menzies et al 
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(1987) proposed that in general terms the chemical changes that are induced in the lithosphere 
occur because it forms a mechanical barrier between asthenospheric melts and the surface. 

A number of geochemical and laboratory based studies have addressed the nature of 
metasomatic agents in the mantle (Ryabchikov and Boettcher 1980; Schneider and Eggler 1986; 
McNeil and Edgar 1987; Bodinier et al. 1988; Gregoire et al. 2003) but it is often diffi cult to 
categorically attribute natural metasomatic assemblages to specifi c fl uid or melt compositions. 
H2O-rich fl uids are often implicated as metasomatic agents but the conditions where they can 
exist in the mantle are constrained to relatively low temperatures (e.g., <900 °C between 2-3 
GPa) by the H2O-saturated peridotite solidus (Mysen and Boettcher 1975; Kawamoto 2004). 
Experiments performed at approximately 2 GPa show that H2O-rich fl uids in equilibrium with 
peridotite are poor in mafi c components such as Mg, Fe and Ti and rich in Si, Na and K, with 
Na+K<Al (Schneider and Eggler 1986). Such fl uids, however, appear to be relatively ineffi cient 
metasomatic agents as a result of relatively low solubilities and because the reactions taking 
place require large fl uid rock ratios to actually infl uence element concentrations in a rock. The 
experiments of Adam et al. (1997) from 2 GPa indicate that hydrous fl uids are also relatively 
ineffi cient at transporting and enriching trace elements when in equilibrium with peridotite 
rocks, particularly when compared to small degree silicate melts.

A mantle fl uid phase would likely also contain C-species such as CO2, CO, or at relatively 
reducing conditions CH4. The effects of C species on the fl uid present peridotite solidus vary 
depending on how soluble they are in silicate melts. At pressures below 2 GPa the addition of 
CO2 to a H2O saturated system raises the peridotite solidus because CO2 is more soluble in the 
vapor phase, which lowers the activity of H2O in the melt (Holloway 1973). At pressures above 
2 GPa, however, the solidus is depressed by the addition of CO2 as it becomes much more 
soluble in the melt phase. The peridotite solidus in the presence of H2O-CH4 fl uids, on the other 
hand, is above that of the H2O saturated solidus indicating that CH4 is less soluble in a melt than 
in a fl uid phase. As CO2 is added to a hydrous fl uid, element solubilities go down and the fl uids 
become peralkaline (Na+K>Al) (Schneider and Eggler 1986). 

H2O-CO2 fl uid compositions are likely to be buffered by the presence of hydrous and 
carbonate minerals in the mantle (Eggler 1978; Wyllie 1978). At pressures above 2 GPa the 
carbonates magnesite and dolomite are stable in the mantle and coexisting H2O-CO2 fl uids will 
become H2O-rich. Below 2 GPa carbonates breakdown and as amphiboles are stable, fl uids are 
likely to be more CO2-rich. 

The association of mantle metasomatism with either fl uids or silicate melts may become 
indistinct at high pressures because there may be no sharp division between silicate-rich fl uids 
at lower temperature and volatile-rich silicate melts at higher temperatures (Shen and Keppler 
1997; Bureau and Keppler 1999). Never the less, higher temperature hydrous silicate melts are 
clearly more effective metasomatic agents as they have higher solubilities of major and trace 
elements (Schneider and Eggler 1986; Adam et al. 1997). As will be seen in the next section 
there is abundant fi eld evidence for the passage and crystallization of small degree hydrous 
silicate melts in the mantle.

Carbonatite melts may also be effective metasomatic agents (Wallace and Green 1988; 
Thibault et al. 1992; Hauri et al. 1993; Yaxley et al. 1998). Such melts that can form at pressures 
above 2 GPa are enriched in Na, K, Rb, Sr and P and very low in Si and high fi eld strength 
elements like Ti (Wallace and Green 1988). Migrating melts would decarbonate in a reaction 
with enstatite at pressures below 2 GPa, releasing CO2 vapor and producing clinopyroxene and 
olivine. The metasomatized assemblage would have higher Ca/Al and Na/Ca but as carbonatite 
melts have Mg/Fe ratios similar to mantle minerals the assemblage is not richer in Fe, which 
is counter to the effects of silicate melt infi ltration as observed in some xenoliths (Yaxley et 
al. 1998). 
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Natural samples frequently show evidence for multiple generations of different metasomatic 
events (e.g., Woodland et al. 1996; Witt-Eickschen and Kramm 1998). From assessment of 
the temperature at which metasomatic events took place it is in some cases possible to make 
reasonable assumptions as to the types of agents involved. Scambelluri et al. (2006) for example 
identifi ed two phases of metasomatism of the Ulten Zone (Eastern Italian Alps) peridotite, 
which likely formed part of the mantle wedge above a subduction zone. Cryptic metasomatism 
of spinel peridotite causing large ion lithophile and light rare earth enrichment is attributed to 
silicate melt percolation because it occurred at temperatures above the wet peridotite solidus. 
This was followed, however, by a later stage of enrichment that must have occurred at higher 
pressure and approximately 850 °C because hydrous minerals and garnet were formed. As this 
is below the wet solidus the agent was most likely an H2O-rich fl uid.

There is a fi nal aspect in the defi nition of metasomatism that becomes very important when 
addressing the stability of hydrous minerals but is less important and generally ignored when 
the term metasomatism is used to explain source enrichment in many geochemical studies. If 
mantle metasomatism is considered to result from a chemical reaction between a rock, e.g., 
peridotite, and an incoming agent, e.g., H2O-rich fl uid, then the bulk composition in which a 
hydrous mineral forms, although the system is open, is presumably closer to that of the rock. 
Therefore in an experimental study on hydrous mineral stability under these conditions, a 
peridotite plus H2O bulk composition may be more appropriate, perhaps with the recognition 
that concentrations of elements such as Na, K or Ti may be raised (e.g., Mengel and Green 
1989). However, it would seem that many geochemical signatures in erupted lavas that are 
attributed to source metasomatism i.e., that require trace element enrichment and/or residual 
hydrous minerals in the source (e.g., Halliday et al. 1995), could originate from partial melting 
of crystallized hydrous silicate melt veins or dykes in the mantle (Foley 1992). Metasomatism, 
in the form of wall rock reaction, is often observed around such crystallized melt veins but in 
some instances it is volumetrically very small or entirely absent (e.g., Woodland et al. 1996). 
When considering hydrous mineral stability in the veins themselves the bulk composition to be 
considered is that of the silicate melt. This presents a serious problem for experimental studies 
on the formation conditions because such veins probably do not represent crystallization from 
a single liquid composition but are formed instead by accumulation as melts differentiate in 
the mantle (Foley 1992). If the vein crystallizes without reacting signifi cantly with wall rocks 
this cannot, in the petrological sense or on the scale of the vein itself, be considered to be a 
metasomatic event. However, when considered at the broader scale of a mantle-melting event, 
the crystallization of such veins without wall rock interaction is at least still metasomatism 
in the sense that mass transfer has occurred into the source region of melting. In this chapter 
there is a focus on hydrous mineral stability in peridotitic assemblages as this is the dominant 
rock type in the mantle. The stability of a hydrous mineral as it crystallizes from a silicate 
melt, however, can be quite different and several such examples of known recurrent vein 
compositions are discussed, such as alkaline silicate melt veins or MARID rocks. It must be 
appreciated, however, that a signifi cant amount of water may be concentrated in such veins 
particularly in the lithospheric mantle and it is quite possible that hydrous minerals exist in 
deeper regions of the mantle within unknown melt vein compositions.

EVIDENCE FROM MANTLE XENOLITHS

Hydrous mantle minerals occur in spinel peridotite xenoliths that are generally found 
in alkaline basalts and in garnet peridotite nodules that are more typical of kimberlite lavas. 
Hydrous phases are also found in ultramafi c rocks from alpine type peridotite massifs. As the 
compositions and types of hydrous minerals vary between spinel and garnet peridotites it is 
helpful to consider these rock types separately.
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Peridotite massifs and xenoliths from alkaline basalts

Two groups of ultramafi c nodules have been identifi ed from alkaline basalts, and while 
this classifi cation is not all encompassing, it is useful in this context because different hydrous 
mineral occurrences are associated with each group. Termed group I by Frey and Prinz (1978) 
or Cr-diopside by Wilshire and Shervais (1975) these rocks are typical mantle peridotites, 
dominated by olivine with Cr-rich spinels and clinopyroxenes. These rocks have Mg# > 85 and 
are generally Ti-poor. They occur with a wide range of fertility from harzburgite to lherzolite 
and detailed studies often reveal complex histories involving melt extraction, metasomatism 
and reaction with the host magma during transport to the surface. Where hydrous minerals 
occur they are generally the calcic amphibole pargasite, (often replacing spinel), and phlogopite 
mica. Group II (Frey and Prinz 1978) or Al-augite rocks (Wilshire and Shervais 1975) occur 
as clinopyroxene dominated veins or layers in xenoliths. They are Ti-rich, Cr-poor and 
have Mg# < 85. They frequently contain the Ti-rich calcic amphibole kaersutite and more 
occasionally phlogopite. Kaersutite of similar composition can occur as monomineralic veins 
and is also found as megacrysts in alkaline lavas that have been interpreted as disaggregated 
mantle veins (Wilkinson and Le Maitre 1987). 

Similar relations can be seen in alpine peridotites such as the lherz massif. Woodland et al. 
(1996) for example describe pyroxenite and hornblendite dikes similar to the group II/Al-augite 
series cross cutting spinel lherzolite. Ti-rich pargasite and kaersutite form within the dykes 
whereas metasomatism of the wall rocks is revealed by growth of pargasite with lesser amounts 
of phlogopite and a general increase in Fe content. This type of wall rock interaction that is 
prevalent in spinel peridotites has been termed Fe-Ti metasomatism (Menzies et al. 1987) and 
has been attributed to late stage crystallization of dykes and veins containing alkaline silicate 
melt similar to basanite. Chemical gradients develop as a response to fl uid infi ltration of the 
wall rock with zones of modal metasomatism, giving way to wider zones of trace element 
enrichment. As previously discussed, however, wall rock metasomatism does not always occur 
around such veins and in some instances the contacts with the wall rocks are sharp (Woodland 
et al. 1996). These relatively simple relations for spinel peridotites are not, however, without 
exceptions. O’Reilly and Griffi n (1988) for example report Ti-poor and Ti-rich pargasite 
forming in both veins and wall rocks in xenoliths from Victoria, Australia. They attribute 
metasomatism to CO2-rich fl uids. 

The occurrence of apatite Ca5(PO4)3(OH,F,Cl) in mantle rocks is also frequently attributed 
to CO2 rich fl uids or carbonatite melts (O’Reilly and Griffi n 1988; Chazot et al. 1996; Woodland 
et al 1996). O’Reilly and Griffi n (2000) argue that apatite is more widespread in lithospheric 
xenoliths than generally accepted as it is often overlooked or removed by acids during sample 
preparation. Apatite is a major host for trace elements such as Sr, Th, U and rare earths as well 
as P and F. O’Reilly and Griffi n (2000) report that apatite found in group I type Cr diopsite 
lherzolites (which they term type A apatites) have signifi cant CO2 substitution (0.7-1.7 wt%) 
and generally higher Cl contents than F. Whereas in veins, megacryts and group II type Al-
augite rocks more F-rich hydroxyl-fl uor apatites (termed B-type) are found with undetectable 
CO2 contents. 

Xenoliths from kimberlites

Metasomatism in garnet peridotite xenoliths found in kimberlites is frequently attributed 
to K and H2O-rich fl uids as more K-rich hydrous minerals generally occur. The main hydrous 
mineral found is phlogopite, which is often Mg-rich and Ti-poor in comparison to its 
occurrence in spinel peridotites. In addition the K-rich and Al-poor amphibole K-richterite 
can occur and pargasitic amphiboles occur in some xenoliths. Erlank et al. (1987) recognized 
a series of assemblages in xenolith samples from the Kimberley cluster of kimberlites in 
South Africa, which they reasoned refl ected increasing degrees of metasomatism of a garnet 
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peridotite precursor. Progressive metasomatism is documented by the replacement of garnet by 
phlogopite and eventually growth of K-richterite. K is introduced while Al decreases. Garnet 
peridotite rocks (GP) are thus succeeded by garnet phlogopite peridotites (GPP), phlogopite 
peridotites (PP) and ultimately phlogopite K-richterite peridotites (PKP). PKP rocks also 
exhibit TiO2 and Fe2O3 enrichments. Similar sequences have been reported for rocks from 
other kimberlite localities (van Achterbergh et al. 2001). Erlank et al. (1987) estimate that 
garnet phlogopite peridotites (GPP), that contain ca. 1% phlogopite or less, comprise 50% of 
the sampled peridotite xenoliths, whereas phlogopite peridotites (PP) with over 1% phlogopite 
comprise 30%. Hydrous minerals also occur in veins in kimberlite peridotite xenoliths. Veins 
are generally dominated by phlogopite and diopside or K-richterite, phlogopite and diopside 
(Jones et al 1982; Erlank et al. 1987).

Another group of xenoliths that occur in kimberlite lavas worldwide are the MARID 
(mica-amphibole-rutile-ilmenite-diopside) suite of rocks (Dawson and Smith 1977; Wagner 
et al 1996). These rocks are dominated by phlogopite but compared with peridotite xenoliths, 
phlogopites and K-richterite amphiboles are generally higher in Fe and lower in Cr. An igneous 
cumulate origin for MARID rocks is often argued (Sweeney et al. 1993; Konzett et al. 1997) 
and several studies point to the similarity between MARID rocks and group II (orangeite) 
micaceous kimberlite lavas (Jones 1989; Ulmer and Sweeney 2002). It has also been proposed 
that the aforementioned garnet peridotite metasomatic suite described by Erlank et al. (1987) 
could have been formed by hydrous-fl uids expelled by crystallizing MARID rocks (Jones et 
al. 1982; Menzies et al. 1987; Jones 1989), creating a similar relationship to group I and II 
xenoliths from alkaline basalts.

Mantle amphibole mineralogy 

Even in ultramafi c systems amphiboles are complex solid solutions, which contain 
all major elements in signifi cant proportions. There are a number of detailed reviews of 
amphibole chemistry, structure and nomenclature (Thompson et al. 1981; Robinson et al. 
1982; Leake et al. 1997). The standard amphibole formula is A0−1B2C5T8O22(OH)2, although in 
the absence of OH measurements formulae are normally reported on the basis of 23 oxygens. 
The important substitutions with respect to mantle amphiboles can be considered relative 
to tremolite Ca2Mg5Si8(OH)2 where the A site is vacant, Ca fi lls B, Mg is in C and Si in T. 
Replacing Mg and Si for 2Al constitutes the tschermakite substitution, which can be described 
by the exchange vector Al2Mg−1Si−1 (Thompson et al. 1981). The edenite substitution of Na or 
K onto the previously vacant A site is accompanied by Al replacing Si (NaAl−1Si−1), whereas 
replacement of Ca by Na in the B site results in the NaAlCa−1Mg−1 glaucophane or NaNa−1Ca−1 
richterite substitutions. The resulting basic amphibole classifi cation is shown in Figure 1a 
with shaded boxes indicating regions that contain most mantle amphibole compositions i.e., 
pargasites and K-richterites. Figure 1b shows this in more detail for mantle samples in terms 
of (Na+K) A site occupancy and Si content. K-richterites aside, compositions from most 
spinel peridotite localities and alkaline basalt xenoliths cluster between pargasite and edenite 
but generally have a tschermakite component and occupancy of the B site by Na can be up to 
40%. In addition to K-richterite, pargasite-edenite amphiboles also occur in some kimberlite 
xenoliths. Amphiboles in peridotite xenoliths from Jagersfontein kimberlites have been 
reported with compositions that span the region between pargasite and K-richterite, with some 
amphiboles even approaching Mg-kataphorite (Field et al. 1989). This broad compositional 
range may be inherited from chemical variations in the original peridotite.

In Figure 1b amphibole compositions from the Finero (Zanetti et al. 1999) and Nonsberg 
(Obata and Morten 1987) complexes in the Alps, which may exhibit subduction related 
metasomatism, show the widest scatter in compositions, whereas kaersutites have a relatively 
narrow compositional range. The difference between pargasitic amphiboles associated with 
group I (Cr-diopside) and group II (Al-augite) kaersutites, which are defi ned as having 
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Figure 1. (A) Amphibole compositional space in the NCMASH system. The coordinate axes are Si formula 
units (which follows the tschermakite exchange vector Al2Mg−1Si−1), Na (and K) occupancy of the A site 
(NaMgAl−1) and Na in the B site (NaAlCa−1Mg−1). The compositions of mantle amphiboles generally 
cluster in the grey-boxed regions. (B) Mantle amphibole compositions plotted as Si formula units (23 
oxygens) versus Na+K in the A site, which is a projection onto the basal plane of Figure 1A. In the legend 
spinel peridotites refer to xenolith samples from alkaline basalts. Finero and Nonsberg refer to peridotite 
bodies from the Italian Alps that may have been sections of mantle wedge. (C) Formula units of Fe versus 
Cr for kaersutite amphiboles from group II type xenoliths compared with low Ti pargasitic amphiboles 
from all localities shown in Figure 1B. (D) K versus Na contents, in formula units, of amphiboles from 
various localities. Amphibole compositions for all fi gures are from Menzies et al. (1987), Dawson and 
Smith (1982), Wilkinson and Le Maitre (1987), Yaxley et al. (1998), O’Reilly and Griffi n (1988), Ionov 
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Jones et al. (1982) and Erlank et al. (1987).
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more than 0.5 formula units of Ti but are otherwise similar to pargasites, can be seen in 
Figure 1c. In addition to higher Ti, kaersutites have generally low Cr and high Fe, which is 
consistent with their proposed origin as crystallizing from low degree partial melt of alkaline 
basalt composition (e.g., basanite). Most other amphiboles have Cr contents that are likely 
inherited from the protolith. Amphibole Na and K contents are shown in Figure 1d. Pargasitic 
amphiboles show clear differences in Na/K depending on locality whereas K-richterite 
compositions scatter around the general formula KCaNaMg5Si8O22(OH)2.

Studies have shown (Dyar et al. 1993; Popp et al. 1995; King et al. 1999) that Ti and Fe3+ 
bearing mantle amphiboles typical of Group II type xenoliths and megacrysts are hydrogen 
poor as a result of oxy-amphibole substitutions such as,

 Al3+ + OH− ↔ Ti 4+ +O2− + 0.5H2 (1)
 Fe2+ + OH− ↔ Fe3+ + O2− + 0.5H2 (2)

The substitution of higher valence cations onto the C site is charge balanced by the loss of 
hydrogen. A number of competing substitutions and the effects of closure, as discussed by 
Young et al. (1997), whereby two elements show correlation simply because site occupancy 
must add up to a constant sum, can make substitutions like (1) and (2) diffi cult to separate 
using compositional variations. 

Mantle mica mineralogy

The biotite micas, (general formula X2Y6Z8O20[OH]4), that occur in ultramafi c xenoliths 
are dominated by the K2Mg6[Si6Al2]O20 (OH)4 phlogopite end member but have up to 30% 
K2Mg4Al2[Si4Al4]O20(OH)4 eastonite substitution, which is the mica Tschermak’s component 
(Al2Mg−1Si−1). Formulas are generally reported for 22 (or 11) oxygens in the absence OH 
measurements. Some phlogopite compositions clearly have Al < 2 which requires a high-
Si end member that could be either the tetrasilicic mica montdorite K2Mg5[Si8O20](OH)4 
(Konzett and Ulmer 1999) or talc Mg6[Si8O20](OH)4. Phlogopites from spinel peridotite 
nodules show generally a greater degree of eastonite substitution than garnet peridotites. For 
phlogopites from garnet peridotites the eastonite component decreases with increasing degree 
of metasomatism (Fig. 2a) refl ecting progressive Al depletion of the host rock (Erlank et al. 
1987). Although in Figure 2a MARID phlogopites appear similar to those in garnet peridotites, 
as shown in Figure 2b phlogopites in MARIDs actually have lower Mg# (=100·Mg/[Mg+Fe]) 
than those from garnet peridotites. In xenoliths from alkaline basalts high Ti and low Mg# 
phlogopites refl ect group II type vein and megacryst occurrences, whereas Mg# ca. 90 and low 
Ti contents are typical of group I spinel-lherzolite xenoliths. These variations can be viewed as 
evidence that MARID and group II rocks likely crystallized from silicate melts. 

The cation sum for the octahedral (Y) site in biotites (i.e., Y = Mg + Fe + AlVI + Ti where 
AlVI = AlTotal − AlIV and AlIV = 8 − Si) is often less than the ideal 6, which has been attributed 
to vacancies in the octahedral site that balance divalent cation substitution by higher valence 
cations (see Fleet 2003). Al for example may substitute for Mg in the Y site with charge 
balance provided by the creation of a vacancy (i.e., Al2Mg−3). For mantle phlogopites shown 
in Figure 2c the octahedral cation defi cit shows some correlation with Ti content, which may 
result from an octahedral Ti-vacancy substitution i.e., TiMg−2 for which Trønnes et al. (1985) 
found evidence in experiments on Ti-rich systems. There is, in addition, evidence that mantle 
phlogopites range in OH concentration to values both slightly higher and signifi cantly lower 
than the ideal 4. Matson et al. (1986) analyzed H2O contents of phlogopites from kimberlite 
xenoliths and found an excess of OH cations of over 0.5 that correlated with cation defi ciency 
in octahedral and tetrahedral sites. This implies a similar OH substitution mechanism to some 
nominally anhydrous minerals. On the other hand Righter et al. (2002) report that most mantle 
phlogopites have a defi ciency in OH that implies a relatively large oxy-component via the 
involvement of substitutions like Equations (1) and (2).
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EXPERIMENTAL STUDIES ON THE STABILITY 
OF KNOWN MANTLE HYDROUS MINERALS

Pargasitic amphiboles

There have been a signifi cant number of experimental studies on the stability of 
amphiboles in simple and complex systems and over a range of water activities (see Gilbert et 
al. 1982). Although the experimental study of natural amphibole compositions is important, in 
order to identify the main factors that control amphibole stability it is often necessary to reduce 
the number of variables by considering simplifi ed systems and end-members. The simplest 
amphibole end member relevant to ultramafi c assemblages is tremolite, which has an upper 
thermal stability in the presence of forsterite that is controlled by the reaction:

 Ca2Mg5Si8O22(OH)2 + Mg2SiO4 = 2.5Mg2Si2O6 + 2CaMgSi2O6 + H2O (3)
                                      amphibole                        olivine            orthopyroxene           clinopyroxene        fl uid

The equilibrium curve for this reaction is shown in Figure 3 along with stability relations 
of other calcic amphiboles. In comparison to tremolite, the major amphibole substitutions 
all lead to larger P-T stability fi elds. Jenkins (1983) showed that adding 20-30 mol% of the 
tschermakite component (Ca2Mg3Al2Si6Al2O22(OH)2) expands the stability fi eld by a modest 
amount. The coupled pargasite substitution of Na and Al, however, expands the stability fi eld 
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by over 200  as determined by Holloway (1973). Pure pargasite has a higher thermal stability 
than most other amphiboles and consequently its breakdown reaction at pressures above a 
few kilobars produces a silicate melt rather than a fl uid phase. In ultramafi c systems Lykins 
and Jenkins (1992) proposed that pargasite would breakdown in a reaction with coexisting 
orthopyroxene:

         NaCa2Mg4Al3Si6O22(OH)2 + 2.5Mg2Si2O6 
                                pargasite                              orthopyroxene

                               = 4Mg2SiO4 + CaMgSi2O6 + 2(Na0.5Ca0.5)(Al1.5Si2.5)O8 + H2O (4)
                                                     olivine            clinopyroxene                           plagioclase                        fl uid

The bracketed equilibrium curve for this reaction is shown in Figure 3. 

The thermal stability of pargasitic amphiboles is further increased by the addition of Ti 
to produce kaersutite, which has the ideal formula NaCa2Mg4TiSi6Al2(O+OH)24. Experiments 
on kaersutite have generally been performed in complex systems, such as natural kaersutite 
megacrysts or alkaline basalts, where Ti and Fe3+ may both act to increase the thermal stability 
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by the melting reaction pargasite = clinopyroxene + forsterite + spinel + melt (Holloway 1973). (D) Low 
pressure breakdown of pure pargasite through the reaction pargasite = clinopyroxene + forsterite + spinel + 
nepheline + anorthite + fl uid (Boyd 1959). (E) The breakdown of pargasite in the presence of orthopyroxene 
by the reaction pargasite + orthopyroxene = clinopyroxene + forsterite + plagioclase + fl uid and by 
(F) the higher pressure reaction pargasite + orthopyroxene = clinopyroxene + forsterite + melt (Lykins and 
Jenkins 1992). (G) the stability of Ti-rich pargasite (magnesio-hastingsite) and (H) kaersutite (Huckenholtz 
et al. 1992; Merrill and Wyllie 1975). Both curves are from experiments performed on natural complex 
bulk compositions (K, Fe3+ and Ti-rich magnesio-hastingsite and a kaersutite megacryst respectively). In 
both compositions the amphiboles breakdown above the solidus via melting reactions that involve olivine, 
clinopyroxene and spinel.
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(Huckenholz et al. 1992; Merrill and Wyllie 1975). Kaersutites breakdown via melting reactions 
that generally involve olivine, clinopyroxene and spinel. The signifi cant hydrogen defi ciency 
caused by the oxy-substitution involving the high fi eld strength Ti and Fe3+ ions in natural 
kaersutites (hence the sum of O+OH to 24 in the formula) can also help to explain their high 
thermal stability. Popp et al. (1995) performed experiments on a natural kaersutitic amphibole 
under controlled P, T and hydrogen fugacity (ƒH2) up to 1 GPa and 1200 °C and determined 
the equilibrium constant (K) for amphiboles undergoing dehydrogenation by Equation (2). 
Using the expression for K(P,T) and measurements of the OH content and ferric/ferrous ratio it is 
therefore possible to make a calculation of the ƒH2 under which a natural sample equilibrated. 
If the equilibrium oxygen fugacity can be also estimated using an oxy-thermobarometer (e.g., 
Bryndzia and Wood 1990) then the equilibrium water activity (aH2O) can be determined. Mysen 
et al. (1998) used a kaersutite inclusion in an SNC meteorite of likely Martian origin to estimate 
that it crystallized from a melt with only 100-1000 ppm H2O. A recurrent question, however, 
is whether low H contents refl ect crystallization conditions or if the dehydrogenation reaction, 
Equation (2), occurs mainly during ascent and cooling of the xenolith. Dyar et al. (1993) argued 
that hydrogen diffusivity would be too slow for signifi cant dehydrogenation to occur during 
ascent, while Popp et al. (1995) reasoned that a rock or melt containing amphibole would 
be more likely to reduce during closed system cooling and would, therefore, not undergo 
dehydrogenation. King et al. (1999) and Miyagi et al. (1998), on the other hand, recognized a 
correlation between amphibole H-content and xenolith ascent rate, whereby amphiboles from 
rapidly cooled rocks have higher H-contents, but slower cooled rocks have lower and more 
scattered values. Some natural amphiboles have such low H contents (Dyar et al. 1993; King et 
al. 1999) that it is diffi cult to understand why these amphiboles were stable with respect to an 
anhydrous assemblage if these compositions refl ect crystallization conditions.

In addition to the chemical composition, the activity of H2O plays a key role in the stability 
of amphiboles, as with any hydrous mineral. At the relatively low temperatures at which an 
amphibole such as tremolite dehydrates the resulting fl uid will be relatively pure H2O. 
Lowering the activity of H2O in the fl uid, by adding CO2 for example, will decrease the high 
temperature stability of tremolite, which is, therefore, at a maximum in the presence of a pure 
H2O fl uid. Pargasitic and kaersutitic mantle amphiboles, however, are stable at temperatures 
above the H2O-saturated silicate solidus and the melting reactions that control their stability 
are, therefore, displaced to lower temperatures with increasing H2O activity. Contrary to the 
tremolite thermal stability range, the maximum thermal stability of these amphiboles occurs 
under fl uid-absent conditions (i.e., PH2O < Ptotal). For the same reason experiments saturated in 
H2O-CO2 fl uids below 1 GPa (Holloway 1973) show that pargasite thermal stability increases 
as H2O activity in the vapor phase decreases (Fig. 4). This is because the H2O activity in the 
coexisting melt phase is also decreasing, with the maximum thermal stability occurring where 
the H2O activity of the silicate melt is similar to that which occurs at the onset of vapor free 
melting. Whereas increasing CO2/H2O ratio of the fl uid expands the pargasite stability fi eld in 
the low-pressure, fl uid-saturated experiments of Holloway (1973), the increased CO2 solubility 
in silicate melts at pressures above 2 GPa lowers the melting temperature with increasing 
CO2/H2O ratio at 2-3 GPa (Wallace and Green 1988), and thus destabilizes pargasite. Under 
more reducing conditions, however, increasing the CH4 content of a C-O-H fl uid phase raises 
the solidus temperature, as a result of lowering the melt H2O activity, causing the amphibole 
stability fi eld to expand relative to pure H2O saturated conditions (Taylor and Green 1988).

A number of studies have examined amphibole stability under vapor absent and vapor 
present conditions using different peridotite bulk compositions (Kushiro 1970; Green 1973; 
Millhollen et al. 1974; Mysen and Boettcher 1975; Mengel and Green 1989; Wallace and 
Green 1991; Niida and Green 1999). Figure 5 shows the amphibole stability fi eld for 4 
peridotite compositions at vapor absent conditions with the stability fi eld for Hawaiian Pyrolite 
(HPY-0.2%; where 0.2% is the bulk H2O content by weight) also indicated at water saturated 
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conditions (HPY-6%). Under both H2O-saturated and -undersaturated conditions the studies 
are consistent with amphibole disappearing from the assemblage a few degrees above the 
solidus. The fl uid-absent solidus, indicated as the dashed line for MORB pyrolite (MPY), is in 
fact controlled by the amphibole stability fi eld and backbends sharply as amphibole becomes 
unstable. It should be noted, however, that Mysen and Boettcher (1975) studied 4 peridotite 
compositions at water-saturated conditions and found signifi cantly lower solidus temperatures 
and lower amphibole thermal stability limits than those reported by Green (1973). Kushiro 
(1970) and Millhollen et al. (1974), however, reported similar phase relations to those of Green 
(1973). Possible causes for these differences are discussed by Gilbert et al. (1982; page 299).

The variable extent of the amphibole stability fi eld under fl uid absent conditions 
(variations by about 0.5 GPa and more than 100 °C) has been attributed to variations in alkali 
and Ti contents of the bulk compositions (Niida and Green 1999). The bulk composition with 
the lowest alkali content shows the smallest amphibole stability fi eld (Tinaquillo lherzolite; 
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Wallace and Green 1991) whereas the highest alkali content results in the largest stability 
fi eld (Hawaiian pyrolite; Green 1973). This is somewhat counter intuitive as it means the 
less fertile, alkali poor samples melt at a lower temperature. Wallace and Green (1991), 
however, rationalized this in terms of the alkali/H2O ratio. If the alkali/H2O ratio of the bulk 
composition is low then the proportion of amphibole formed at high temperatures will not be 
suffi cient to account for the entire H2O content. The excess H2O will induce melting, which 
will strongly partition alkalis to the melt and lead to amphibole breakdown. Figure 6 shows 
how pargasite alkali contents increase in both A and B sites with increasing pressure. The data 
cover temperatures between 925-1150 °C and there is also an increase in amphibole alkali 
contents over this temperature range. In addition to pargasite, the Na content of coexisting 
clinopyroxene also increases with pressure. As there is no other alkali-bearing phase a decrease 
in the modal abundance of pargasite must also occur with increasing P and T. It is most likely 
this relationship that ultimately leads to an excess of H2O over alkalis and melting. 

Apatite

Relatively little experimental work exists on the stability of apatite Ca5(PO4)3(OH,F,Cl) 
particularly in natural rock systems at high pressures. The melting curves of pure hydroxyl 
Ca5(PO4)3(OH) and fl uor Ca5(PO4)3(F) apatites were approximately determined by Murayama 
et al. (1986) with the melting temperature of hydroxyl apatite rising from 1613 °C at 
atmospheric pressure to over 2000 °C at 7.7 GPa. Melting temperatures of fl uor apatite are 
slightly higher. Above 10 GPa both end-members breakdown to gamma-Ca3(PO4)2 plus either 
CaF or CaO + H2O. Several studies have examined the solubility of apatite in a variety of melt 
compositions at high pressures. Watson (1980) observed that the high solubility of apatite in 
basic silicate melt compositions meant that it was unlikely to remain as a residual phase in the 
mantle during signifi cant partial melting and may not, therefore, infl uence the trace element 
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composition of melts. Watson (1980) reasoned, however, that it might remain as a residual 
phase during melting at lower temperatures in the presence of H2O. Baker and Wyllie (1992) 
measured apatite solubility in equilibrium with low degree H2O bearing carbonatite melts in 
equilibrium with mantle peridotite and found apatite to melt out close to the solidus. For fl uid 
undersaturated conditions compatible with rocks containing only apatite, the thermal stability 
of apatite may be quite high, but the onset of melting due to the presence of other hydrous 
phases such a pargasite may strongly reduce apatite thermal stability.

Phlogopite

Studies by Sato et al. (1997) and Trønnes (2002) on the stability fi eld of phlogopite at 
high pressure report very similar decomposition curves (Fig. 7). Trønnes (2002) found that 
synthetic end member phlogopite in the KMASH system undergoes dehydration melting to an 
assemblage of pyrope, forsterite and liquid up to ca. 8 GPa and an assemblage of pyrope, Phase 
X, forsterite and liquid above 9 GPa. Sato et al. (1997) used a natural phlogopite composition 
that was Al-rich (ca. 10% eastonite component) and found an incipient breakdown at high 
pressure to produce phlogopite, closer to the end member composition, and garnet and fl uid. 
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The onset of this breakdown is indicated by curve (F) in Figure 7. These results imply that the 
AlAlMg−1Si−1 eastonite substitution becomes unstable at high pressures. The similar thermal 
stability range of the ideal phlogopite end member (Yoder and Kushiro 1969; Trønnes 2002) 
and the natural Al-rich phlogopite (Sato 1997) may be coincidental. The natural phlogopite 
also contained signifi cant amounts of F and Fe, which could have stabilizing and destabilizing 
effects, respectively. 

Sato et al. (1997) also studied the stability of the same natural phlogopite composition 
coexisting with enstatite. They observed the same shift in phlogopite composition with 
pressure and a similar stability fi eld for phlogopite above 4 GPa. The solidus, however, is 
displaced to lower temperatures by approximately 50  with phlogopite coexisting with melt 
over this temperature interval. Below 4 GPa the stability fi eld of phlogopite and enstatite 
becomes signifi cantly smaller than that of pure phlogopite as shown by the data of Modreski 
and Boettcher (1972).

Two studies have examined the stability of phlogopite plus diopside assemblages in the 
KCMASH system (Sudo and Tatsumi 1990; Luth 1997) as shown in Figure 8. In a Ca bearing 
system K-richterite amphibole is stable and becomes a high-pressure product of phlogopite 
decomposition. Sudo and Tatsumi (1990) proposed that in idealized terms this reaction is

          2K2Mg6Al2Si6O20(OH)4 + 2CaMgSi2O6= 
                               phlogopite                            diopside 

 K2CaMg5Si8O22(OH)2 + CaMg5Al4Si6O24+2Mg2SiO4+ [K2O+3H2O] (5)
                                        KK-richterite                               garnet                  forsterite                   fl uid

In the Na-free system, K occupies both A and B(M4) sites in amphibole and is referred to a 
KK-richterite, as opposed to ordinary mantle K-richterites which are closer to the general 
formula KNaCaMg5Si8O22(OH)2. Sudo and Tatsumi (1990) showed that reaction (5) was 
divarient and occurred over a pressure interval of approximately 5 GPa. The results of Luth 
(1997) combined with those of Sudo and Tastumi (1990) indicate that phlogopite starts to 
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breakdown to produce garnet at pressures lower than where K-richterite is observed in the 
experimental charges. This results in a fi eld of phlogopite+ diopside + garnet, which must also 
coexist with fl uid. Luth (1997) bracketed the high temperature breakdown of phlogopite, by 
melting of the diopside + phlogopite + garnet assemblage, at between 1400 and 1450 °C at 7.5 
GPa. This is one of the highest temperature occurrences reported for phlogopite in ultramafi c 
systems and is diffi cult to reconcile with the lower thermal stability of pure phlogopite.

Konzett and Ulmer (1999) studied the stability of K-bearing phases at high pressure and 
temperature in an analogue KNCMASH lherzolite-30% olivine composition and in a natural 
lherzolite composition. As shown in Figure 9 in the KNCMASH system, the maximum 
pressure and temperature stability of phlogopite is much smaller than that reported by Luth 
(1997). The lower pressure stability of phlogopite in the bulk composition studied is explained 
by the presence of enstatite, which instigates phlogopite breakdown via the reaction,

          2K2Mg6Al2Si6O20(OH)4 + CaMgSi2O6 + Mg2Si2O6 = 
                                 phlogopite                        diopside                 enstatite

 K2CaMg5Si8O22(OH)2 + 2Mg3Al2Si3O12 + 2Mg2SiO4 + [K2O + 3H2O] (6)
                                        KK-richterite                           garnet                     forsterite                     fl uid

as initially proposed by Sudo and Tatsumi (1990) for a Na-free system. In the bulk composition 
studied by Konzett and Ulmer (1999) phlogopite persisted to higher pressure as a result of 
enstatite being exhausted by reaction (6), whereas in natural compositions, where the modal 
abundance of phlogopite is likely less than enstatite, this would not occur. In the natural 
lherzolite composition studied by Konzett and Ulmer (1999) reaction (6) is displaced to lower 
pressure by approximately 1 GPa, most likely as a result of Fe which partitions more favorably 
into garnet on the right side of Equation (6). At lower pressure the stability of phlogopite in a 
natural lherzolite composition minus 60% olivine and with 0.4% K2O and H2O was studied by 
Mengel and Green (1989). Phlogopite was observed to persist above the solidus, which below 
2.5 GPa appears to be coincident with the melting out of pargasitic amphibole.
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30% olivine composition Konzett 
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(1997) for phlogopite plus diopside are 
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As shown in Figure 10 experimental 
studies show that phlogopite alumina 
contents in peridotite bulk compositions 
decrease with pressure (Konzett and 
Ulmer 1999; Mengel and Green 1989). 
This is in good agreement with natural 
phlogopite occurrences from lower 
pressure spinel and higher pressure garnet 
peridotites (Fig. 2a). In addition, the data 
at 6.5 GPa, covering an experimental 
temperature range from 850 to 1100 °C, 
show a small increase of Al content with 
increasing temperature.

K-richterite

Hübner and Papike (1970) fi rst 
synthesized K-richterite (KNaCaMg5

Si8O22(OH)2) and recognized its potential 
high pressure stability as it has a smaller 
molar volume than the corresponding 
product assemblage phlogopite and di-
opside. The high pressure stability fi eld 
of the pure KNaCaMg5Si8O22(OH)2 phase, as bracketed by Trønnes (2002), extends to pres-
sures slightly greater than 14 GPa (Fig. 11). The maximum thermal stability is approximately 
1450 °C and occurs at 10 GPa. The Na-free KK-richterite (K2CaMg5Si8O22(OH)2) has a stabil-
ity fi eld that extends to higher pressure by approximately 1 GPa, as determined by Inoue et al. 
(1998). 

K-richterite could form in the mantle in two quite different bulk compositions. The fi rst, 
which accounts for virtually all natural xenolith samples, is in garnet-free peralkaline ultrabasic 
rocks such as the MARID suite and the strongly metasomatized  peridotites termed PKP where 
(Na2O+K2O)/Al2O3 > 1. The second is not naturally observed but would be normal subalkaline 
lherzolite rocks at pressures above 6-7 GPa, as discussed later. Konzett et al. (1997) and Konzett 
and Fei (2000) have shown that the K/Na ratio of K-richterite increases with pressure in both 
peralkaline and subalkaline bulk compositions. The K/Na ratio of experimentally produced 
K-richterite refl ects the K/Na ratio of the bulk composition, which, as Konzett et al. (1997) 
point out, is quite different to natural MARID rocks. K-richterites in MARIDs have a generally 
narrow range of K/Na ratio even though the bulk rocks have a far more variable range. As 
Konzett et al. (1997) reasoned, this means that MARID rocks themselves cannot represent the 
entire liquid from which the rocks crystallized, i.e., MARID rocks are cumulates.

The results of Konzett et al. (1997) and Konzett and Fei (2000) demonstrate that in 
peralkaline bulk compositions, where diopside is stable but garnet is only present at pressures 
>8 GPa, K-richterite stability is very close to that of the pure phase. Only the thermal 
maxima is reduced by approximately 100 °C compared to the pure phase stability determined 
by Trønnes (2002). The vast majority of mantle peridotite rocks, on the other hand, are 
subalkaline (i.e., Na2O+K2O)/Al2O3 > 1). K-richterite is only stable in subalkaline lherzolitic 
bulk compositions above 6-7 GPa as a result of the reaction: 

 0.5K2Mg6Al2Si6O20(OH)4 + CaMgSi2O6 + NaAlSi2O6 + Mg2Si2O6 = 
                                                  phlogopite                                           in cpx                                   opx

 KNaCaMg5Si8O22(OH)2 + Mg3Al2Si3O12 (7)
                                                                          K-richterite                             garnet
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Figure 10. Phlogopite Al content in atoms per formula 
unit versus pressure for experimental samples produced 
within peridotite bulk compositions by Konzett and 
Ulmer (1999) and Mengel and Green (1989) between 
850 and 1195 °C. 
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Equation (7), the Na present equivalent of Equation (6) proposed by Sudo and Tatsumi 
(1990), demonstrates that the breakdown of minor amounts of phlogopite in the presence of 
pyroxenes containing some jadeite component can produce the observed natural mantle K-
richterite without any fl uid release. The identical K/OH-ratio of phlogopite and K-richterite 
(but not KK-richterite) is the fundamental requirement for such a fl uid-free reaction (Konzett 
and Ulmer 1999). Equation (7) and the general lack of K-richterite in garnet-bearing mantle 
xenoliths (e.g., Erlank et al. 1987), indicate that the majority of such xenoliths equilibrated at 
depths shallower than 200 km. 

EXPERIMENTAL STUDIES ON THE STABILITY OF POTENTIAL HIGH 
PRESSURE HYDROUS MANTLE MINERALS

Whereas most mantle xenoliths originate from the upper 200 km of the mantle or up to 
approximately 7 GPa, experimental studies at higher pressures have identifi ed a number of other 
hydrous minerals that are potentially stable in the deeper parts of the mantle, although mainly in 
subduction zones. These phases generally don’t have mineral names and are simply referred to 
by letters e.g., A, B, superhydrous B, D, E and X. Their stability in subduction zones is covered 
in this volume by Kawamoto (2006). The criterion for evaluating their presence in the ambient 
mantle is their compatibility with typical mantle minerals and their high temperature stability, 
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which can only be assessed through experimental studies. Here I only consider phases with 
upper thermal stability limits that are close to an average mantle adiabat.

Phase X

The enigmatically named Phase X has been observed in several studies as a high-pressure 
product of the decomposition of K-richterite. Phase X has a variable composition with reported 
K2O contents of between 10 and 19 wt%. In the KCMSH system Inoue et al. (1998) reported 
Phase X with the approximate composition K4Mg8Si8O25(OH)2 whereas Trønnes (2002) 
reported the composition K3.7Mg7.4Al0.6Si8O25(OH)2 in the KMASH system. In addition to 
Phase X with the formula K1.54Mg1.93Si1.89O7H1.04, Yang et al. (2001) synthesized and solved 
the structures of sodic Phase X, Na1.16K0.01Mg1.93Al0.14Si1.89O7H1.04, and the anhydrous end 
members K1.85Mg2.06Si2.01O7 and Na1.78Mg1.93Al0.13Si2.02O7. Phase X is composed of layers of 
brucite-like MgO6 octahedra linked by Si2O7 tetrahedral dimers and K cations (Yang et al. 2001; 
Mancini et al. 2002). Yang et al. (2001) proposed the general formula A2−xM2Si2O7Hx where A 
can be K and/or Na, M can be Mg or Al and x = 0-1. An increase in the K content of Phase X 
is therefore coupled to a decrease in the H content. The only measurement of the H2O content 
of Phase X, performed using SIMS, yielded a value of 1.7±0.1 wt% H2O (Inoue et al. 1998), 
which is signifi cantly below the theoretical maximum of 3.51 wt%. 

No studies have been performed on the stability of any pure Phase X composition; however, 
Konzett and Fei (2000) have examined the stability of Phase X in a subalkaline KNCMASH 
analogue peridotite composition. Phase X coexists with a typical mantle assemblage of 
olivine/wadsleyite, clinopyroxene and garnet between 14 and 20 GPa and at temperatures up to 
1600 °C. Phase X, therefore, has the highest thermal stability of any yet investigated nominally 
hydrous silicate. As shown in Figure 12 the high temperature stability of Phase X is for the main 
part undetermined. Konzett and Fei (2000) showed that the reactions that produce Phase X from 
K-richterite in a mantle peridotite composition release fl uid because the K/H ratio of Phase X 
is higher than that of K-richterite. These results also show that the K content and K/Na ratio of 
Phase X both increase with pressure, which implies a decrease in the H2O content of Phase X 
with pressure. The change in K/Na ratio occurs as Na is partitioned into coexisting garnet with 
increasing pressure. Between 20 and 22 GPa Phase X breaks down to an assemblage containing 
K-hollandite (KAlSi3O8).
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Humite and dense hydrous magnesium silicate phases

A number of high pressure experimental studies have shown that the humite minerals 
chondrodite and clinohumite and the dense hydrous magnesium silicate phases A, 
superhydrous B, D and E can coexist with ultramafi c assemblages at various conditions above 
6 GPa and below 1200 °C (Kanzaki 1991; Kawamoto et al. 1995; Ohtani et al. 1995; Frost 
and Fei 1998; Irifune et al. 1998). The stability fi elds of these phases are signifi cantly below 
reasonable average mantle adiabats and they are therefore only expected to be stable in the 
cooler regions of subduction zones, provided that signifi cant H2O is in fact present within such 
regions at pressures above 6 GPa. Although the stability fi elds have been examined in natural 
systems (Luth 1995; Kawamoto et al. 1995; Frost 1999; Kawamoto 2004) there remains some 
question as to whether the strong partitioning of some element by a particular hydrous phase 
may cause some increase in thermal stability. In addition the large amounts of H2O added in 
some bulk compositions may result in the breakdown of hydrous phases at a lower temperature 
than we might expect in the mantle as a result of excessive melting. Experiments in relatively 
low-H2O bulk compositions show, however, that the presence of Al and Fe in phases A and 
E, superhydrous phases B and D has a limited effect on stability relations in comparison to 
the MSH system (Luth 1995; Frost 1999). Humite minerals have a preference for Ti and F. 
Titanian clinohumite is a common accessory mineral in metamorphosed ultrabasic rocks and 
occurs in serpentinites and kimberlites (López Sánchez-Vizcaíno et al. 2005). The stability 
of titanian clinohumite is below 1000 °C at 8 GPa although the pure fl uorine clinohumite 
end-member is stable to over 1400 °C at 3 GPa (Weiss 1997; Ulmer and Trommsdorf 1999). 
The experiments of Kawamoto (2004) contained Ti and showed clinohumite and chondrodite 
stability to be limited to below 1100 °C at 11 GPa.

Phase D is the highest-pressure dense hydrous magnesium silicate and its stability in the 
lower mantle is ultimately controlled by the reaction,

 MgSi2O4(OH)2     +      MgO      =      2MgSiO3      +      H2O (8)
                                               Phase D                        periclase              MgSi-perovskite                Liquid

The slope of this reaction is not clear however. From a Schreinemakers analysis of the 
existing experimental data Komabayashi et al. (2004) reported a negative Clapyron slope 
at approximately 25 GPa with a maximum thermal stability for phase D of 1100°C. Laser 
heated diamond cell experiments of Shieh et al. (1998) indicate that this reaction leads to the 
breakdown of phase D at 44 GPa at temperatures between 1000 and 1400 °C, which would 
be consistent with a convex shape of the reaction boundary of Equation (8), like many other 
dehydration reactions. Phase D may therefore be stable at temperatures higher than 1100  C at 
pressures between 25 and 44 GPa but it is probably unlikely that these temperatures approach 
that of the mantle adiabat. In natural systems phase D contains signifi cant amounts of Al and 
ferric and ferrous Fe but not in quantities higher than coexisting silicate perovskite, so they 
have little effect on the thermal stability of phase D (Frost 1999; Frost unpublished data).

THE STABILITY OF HYDROUS PHASES IN ULTRAMAFIC LITHOSPHERE 
AND THE CONVECTING MANTLE

In considering the signifi cance of hydrous minerals in the mantle it is not only of interest 
to defi ne stability fi elds, but it is also important to assess the proportion of hydrous minerals 
that may exist at particular conditions, identify how much of the mantle’s water budget they 
may account for and examine further factors, such as H2O activity, that may affect their 
stability. Changing redox conditions as a function of depth in the upper mantle and transition 
zone may also control fl uid speciation and H2O activity, which, in turn, may affect the stability 
of the hydrous phases. 
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Figure 13 shows the stability fi elds of the major mantle hydrous phases derived from the 
previously described experimental studies. The experimental data employed are from studies 
where hydrous phases formed in equilibrium with typical ultramafi c mantle assemblages at 
H2O undersaturated conditions. A mantle adiabat with a potential temperature of 1600 K (i.e., 
the temperature at the surface when extrapolated through the melting region) is shown with 
branching geotherms for Achean cratonic and oceanic lithosphere. A water saturated peridotite 
solidus interpolated from the data of Mysen and Boettcher (1975) to 4 GPa and Kamamoto 
(2004) >4 GPa is shown. The solidus is not followed into the region of dense hydrous 
magnesium silicate stability because huge amounts of H2O are required to produce a melt at 
these conditions and the solvus between fl uid and melt may anyway disappear.

Figure 13 indicates that the only hydrous mineral to be stable along an average mantle 
adiabat (AMA) is Phase X, which could be present in the mantle between depths of 400 and 
600 km. The Archean lithospheric geotherm (ACL), which branches off the average mantle 
adiabat at temperatures approaching 1400 °C, misses the stability fi eld of K-richterite but enters 
the phlogopite stability fi eld at pressures of approximately 6.8 GPa at 1280 °C. In Figure 13 
the data on phlogopite and K-richterite are taken from experiments in Fe-free systems (Konzett 
and Ulmer 1999; Konzett and Fei 2000). Preliminary experiments seem to indicate that Fe 
destabilizes these hydrous phases further (Konzett and Ulmer 1999) and the extent of the 
stability fi elds in Figure 13 may, therefore, be slightly overestimated. It is important to reiterate 
that in nature K-richterite occurs in mantle xenoliths of peralkline rocks where the K-richterite 
stability fi eld extends to much lower pressures (Konzett et al. 1997) than in normal subalkaline 

Figure 13. Stability fi elds of hydrous minerals in mantle of peridotite composition at H2O-undersaturated 
conditions. Data are combined from Figures 5,9,11 and 12. The grey shaded region shows where the dense 
hydrous magnesium silicate phases A, E, super hydrous phase B (sB) and D are stable from Kawamoto 
(2005). Thick grey curves show the peridotite solidus under H2O saturated and dry conditions. An average 
mantle adiabat (AMA) and geotherms for Archean cratonic lithosphere (ACL) and 100 million year old 
oceanic lithosphere (OL) are shown by thin black lines.
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peridotite compositions that are depicted in Figure 13. It seems that the only environment 
where K-richterite could exist in subalkaline mantle rocks is in a subduction zone. The oceanic 
lithosphere geotherm (OL) passes into the stability fi eld of phlogopite and pargasitic amphibole 
below 3 GPa.

The proportion of hydrous minerals that form along typical geotherms will depend on 
the Na and K content of the mantle, which in turn will depend on the degree of depletion 
and metasomatism. Using a primitive mantle composition as a benchmark, it is possible to 
appreciate the degree of metasomatic enrichment necessary for signifi cant hydrous minerals 
to form in the lithosphere. If we consider a typical primitive mantle Na2O content of 0.3 wt% 
then from the experiments of Niida and Green (1999) we can calculate that along an oceanic 
geotherm at approximately 70 km the lherzolitic assemblage could contain 9 wt% pargasitic 
amphibole which would accommodate approximately 1500 ppm H2O, assuming stoichiometric 
amphibole OH contents. At only 50 km this rises to approximately 25 wt% pargasite which 
would host 4000 ppm H2O in the bulk. Signifi cant amounts of amphibole can, therefore, form in 
lithospheric mantle with typical Na contents, mostly at the expense of clinopyroxene, by adding 
relatively small amounts of H2O alone. Primitive mantle K contents, on the other hand, are 
generally 10 times lower than corresponding Na contents. Therefore, along an Archean craton 
lithospheric geotherm at approximately 150 km depth 0.03 wt% K2O in the bulk rock will allow 
a maximum of just 0.2 wt% phlogopite to form, which will host 90 ppm H2O, using data from 
Konzett and Ulmer (1999). In comparison, metasomatized garnet phlogopite peridotite rocks 
(GPP) reported by Erlank et al. (1987) have average bulk K2O contents of 0.16% which would 
result in 1.4 wt% phlogopite forming at 150 km with a bulk H2O content of 600 ppm. Erlank 
et al. (1987) classifi ed GPP rocks as the least metasomatized, whereas PKP rocks, which are 
considered to be the most metasomatized, have average K2O contents of approximately 1%. 
The presence of signifi cant phlogopite in some mantle xenoliths means, therefore, that there are 
processes that occur in the mantle that strongly concentrate K while having much smaller effects 
on other major elements and in particular Na. One possibility is that such high K-bearing liquids 
are produced by the breakdown of the white mica phengite in subducting lithosphere (Schmidt 
et al. 2004). If this is the only explanation then all K-rich metasomatism of the lithosphere must 
be related to subduction. Another possibility is that high-pressure metasomatic fl uids or melts 
are K-rich because Na becomes compatible in clinopyroxene during melting at high pressures 
and low temperatures (Blundy et al. 1995). Clinopyroxene/melt partition coeffi cients for K, on 
the other hand, are normally 2 orders of magnitude below those of Na. The compositions of 
low-fraction hydrous melts or fl uids at pressures above 3 GPa are poorly constrained but further 
study may provide important insights into metasomatic agents in the lithosphere.

Phase X is the only hydrous mineral that could be stable along an average mantle adiabat 
in the convecting mantle, at least given the available experimental data that extend to lower 
mantle conditions (>660 km). Assuming a primitive mantle bulk composition we can calculate 
how much Phase X could form at the top of the transition zone (410 km) and how much of the 
convecting mantle’s water budget it could account for at these depths. Using the data of Konzett 
and Fei (2000) who used a K2O enriched KLB-1 peridotite composition the K2O content of 
Phase X expected in the transition zone is 14.5 wt% and the stoichiometric H2O content is 
approximately 3 wt%. If the bulk rock contains 0.03 wt% K2O then 0.1 wt% Phase X can 
form with the proportion of H2O hosted by Phase X being just 30 ppm. In addition to the low 
K content of the primitive mantle, at these conditions high Ca-clinopyroxene also contains as 
much as 0.1% K2O and given the uncertainty on some of the values it is quite possible that all 
K2O and H2O may be accommodated by the nominally anhydrous assemblage. It is of course 
also possible that K is inhomogeneously distributed in the convecting mantle in a similar way to 
that found in the lithosphere, resulting in regions with higher proportions of Phase X. If the bulk 
of the transition zone has a primitive mantle composition, however, then the formation of these 
regions must leave the remaining transition zone depleted in K and the amount of H2O stored 



Stability of Hydrous Mantle Phases 265

by Phase X over the bulk of the transition zone cannot be much greater than 30 ppm. It seems 
clear, therefore, that nominally anhydrous minerals and melts, or possibly fl uids at reducing 
conditions, must host the majority of hydrogen stored in the ambient convecting mantle.

As shown in Figure 4 and explained previously for pargasitic amphibole, hydrous phases 
display the highest thermal stability at fl uid-absent conditions. Figure 13 should, therefore, 
depict the maximum thermal stability within ultramafi c bulk compositions with respect 
to water activity. Lower H2O activities or H2O-saturated conditions should lead to lower 
hydrous mineral stability fi elds. One of the problems of relating experimental studies of 
hydrous mineral stability to natural mantle mineral assemblages is that we generally have only 
circumstantial evidence for the nature of the metasomatic or igneous melt/fl uid phase from 
which the minerals formed. The activity of H2O at the conditions of formation are, therefore, 
poorly constrained. For this reason the previously described methodology of Popp et al. (1995) 
to determine H2O activity through the use of Equation (2) is particularly attractive. Above 
subduction zones for example where high concentrations of H2O may enter the mantle wedge 
the maximum thermal stability of hydrous minerals such as pargasite or phlogopite may be 
closer to that of H2O-saturated conditions, shown for pargasite in Figures 4 and 5, which may 
be a few hundred degrees below those in Figure 13. 

Another poorly constrained factor is that the oxygen fugacity of the mantle may decrease 
with depth causing C-O-H fl uids to become richer in CH4 and lowering the activity of H2O 
(Woermann and Rosenhauer 1985; Wood et al. 1990). Several studies have argued for a 
lowering of mantle ƒo2 with depth as a result of the pressure effect on the ferric-ferrous 
equilibria that likely defi ne mantle ƒo2 and due to changes in the solubility of ferric iron in 
major mantle minerals (Wood et al. 1990; Gudmundsson and Wood 1995; O’Neill et al. 1993; 
Ballhaus and Frost 1994; Frost et al. 2004). Several oxygen thermobarometry studies on 
garnet peridotite xenoliths have observed a decrease in ƒo2 with depth from values of around 
FMQ-1 (one log unit below the fayalite-magnetite-quartz oxygen buffer) close to the spinel 
peridotite fi eld at 80 km depth down to FMQ-4 at approximately 200 km (McCammon et 
al. 2001; Woodland and Koch 2003; McCammon and Kopylova 2004). O’Neill et al. (1993) 
argued that oxygen fugacities in the transition zone may be close to the iron-wüstite buffer 
(IW i.e., ~FMQ-5). At these conditions a C-O-H fl uid may contain over 50% CH4 and up to 
5% H2 although values are uncertain as equations of states for reduced gas phases are poorly 
constrained at these conditions (Holloway 1987; Belonoshko and Saxena 1992). H2 contents 
may also increase depending on the activity of carbon and components such as H2S could also 
be relevant. Although there is very little experimental data on their behavior, reduced fl uid 
phases may be more mobile in the mantle as their components likely have lower solubilities 
in minerals and melts and the solubilities of silicate components in these fl uids may be low. 
As previously discussed, Taylor and Green (1988) observed an increase in the fl uid-saturated 
peridotite solidus between 1.0 and 3.5 GPa at low ƒo2 (~FMQ-4) where CH4 became a major 
fl uid component. This occurred because CH4 lowered the H2O activity in the fl uid, which 
lowered the H2O solubility in the coexisting silicate melt. The presence of a reduced fl uid 
phase with a low H2O activity in the mantle may affect hydrous phase stability and may also 
lower the solubility of hydroxyl in nominally anhydrous phases. The mobility and low density 
of a reduced fl uid phase in the deeper convecting mantle may help to redistribute hydrogen and 
might even tend to focus H2O in the upper more oxidized regions of the upper mantle.
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