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with enstatite, diopside, garnet and melt. At depth in a sub-
continental lithospheric mantle keel, phlogopite would be 
stable with orthopyroxene, clinopyroxene and magnesite to 
~5 GPa along a 40 mW/m2 geotherm. A hydrous, potassic 
and CO2-bearing melt that intrudes the subcontinental man-
tle can react with olivine, enstatite and garnet, crystallizing 
phlogopite, magnesite and potentially liberating a hydrous 
fluid.
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Introduction

In the Earth’s interior, volatiles such as H2O and CO2 play 
fundamental roles in processes such as metasomatism 
and melting. Water-bearing minerals, such as mica and 
amphibole, and carbonates play key roles in melting pro-
cesses that depend on the stability of these OH- and CO2-
bearing phases (cf. reviews by Frost 2006; Dasgupta and 
Hirschmann 2010; Luth 2014). It has been demonstrated 
that at low pressures, phlogopite-bearing mantle can be the 
source for potassium-rich melts (Elkins-Tanton and Grove 
2003; Holbig and Grove 2008; Condamine and Médard 
2014). Previous experimental studies involving phlogopite 
at high pressures mainly focus on subsolidus breakdown 
reactions (cf. review by Frost 2006), and only a few stud-
ies constrain the melting relations: pure phlogopite systems 
(Sato et al. 1997; Trønnes 2002), phlogopite with enstatite 
(Modreski and Boettcher 1972; Sato et al. 1997), phlogo-
pite with diopside (Luth 1997), phlogopite with magne-
site (Enggist et al. 2012) and phlogopite with enstatite and 
diopside (Modreski and Boettcher 1973). Although their 

Abstract  To constrain the melting phase relationships 
of phlogopite and magnesite in the presence of clino- and 
orthopyroxene, we performed experiments in the K2O–
CaO–MgO–Al2O3–SiO2–H2O (KCMAS–H2O) and K2O–
CaO–MgO–Al2O3–SiO2–H2O–CO2 (KCMAS–H2O–CO2) 
systems at pressures of 4–8  GPa and temperatures from 
1100 to 1600 °C. We bracketed the carbonate-free solidus 
between 1250 and 1300  °C at 4 and 5 GPa, and between 
1300 and 1350 °C at 6, 7 and 8 GPa. The carbonate-bearing 
solidus was bracketed between 1150 and 1200  °C at 4, 5 
and 6 GPa, and between 1100 and 1150 °C at 7 and 8 GPa. 
Below the solidus in both systems at 4–6 GPa, phlogopite is 
in equilibrium with enstatite, diopside, garnet (plus magne-
site in the carbonate-bearing system) and a fluid. At 7 GPa, 
phlogopite coexists with KK-richterite, enstatite, diop-
side, garnet (plus magnesite in the carbonate-bearing sys-
tem) and a fluid. KK-richterite is the only stable K-bearing 
phase at 8 GPa and coexists with enstatite, diopside, gar-
net (plus magnesite in the carbonate-bearing system) and 
a fluid. In KCMAS–H2O, phlogopite is present to ~100 °C 
above the solidus. Olivine forms at the solidus and coexists 
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primary focus was on studying the subsolidus reactions by 
which phlogopite broke down to form amphibole in natural 
and model (KNCMASH) lherzolite systems, Konzett and 
Ulmer (1999) also constrained the phlogopite  +  K-rich-
terite-bearing solidus at 7 GPa between 1100 and 1300 °C 
and the K-richterite-bearing solidus at 8 GPa between 
1300 and 1400  °C in their subalkaline KNCMASH lher-
zolitic composition. Wendlandt and Eggler (1980) deter-
mined the solidus of phlogopite-bearing natural lherzolite 
under both vapor-absent and H2O-saturated conditions 
from 1 to 3 GPa. These authors also bracketed the melt-
ing reaction phlogopite + enstatite + magnesite = forster-
ite + pyrope + liquid between 1200 and 1250 °C at 4 and 5 
GPa. These brackets are indistinguishable from the brack-
ets for the melting of phlogopite + magnesite at the same 
pressures determined by Enggist et al. (2012), which sug-
gests minimal involvement of orthopyroxene in the melt-
ing reaction determined by Wendlandt and Eggler (1980). 
More information on phlogopite stability comes from mul-
tiple saturation experiments on orangeites (Yamashita et al. 
1995; Ulmer and Sweeney 2002) and from experiments 
on lherzolite + H2O and lherzolite + H2O + CO2 systems 
(e.g., Mengel and Green 1989; Conceição and Green 2004; 
Fumagalli et  al. 2009; Tumiati et  al. 2013). The work of 
Modreski and Boettcher (1973) was extended to higher 
pressures by Sudo and Tatsumi (1990) for subsolidus reac-
tions involving phlogopite with enstatite and diopside.

Melting relations of phlogopite coexisting with both 
clino- and orthopyroxene are unconstrained at P > 3 GPa, 
as is the effect of CO2 on such a phase assemblage. Pre-
vious authors suggested that the infiltration of a C–O–H 
fluid into metasomatized peridotite will trigger the break-
down of phlogopite or that a K–OH fluid will destabilize 

carbonates and will result in K–C–OH-rich melts at pres-
sures >4 GPa (Wendlandt and Eggler 1980; Ulmer and 
Sweeney 2002).

Enggist et al. (2012) showed that phlogopite can be sta-
ble in the presence of carbonate to pressures greater than 7 
GPa. The results of that simple system need to be extended 
into more complex systems. As a first step, in this study we 
constrain the melting relations of phlogopite and pyroxene 
with and without magnesite from 4 to 8 GPa. This study 
contributes to the understanding of potassium and water 
recycling into the Earth’s mantle, sources of alkali-rich 
melts or fluids that are potential metasomatic agents and 
the effect of CO2 on the stability of K–OH phases.

Experimental procedures

Starting materials

High-purity oxides (Al2O3, MgO and SiO2 of 99.99, 99.95 
and 99.5 % purity, respectively) and carbonate (K2CO3 of 
99.0 % purity) from Alfa Chemicals were used to prepare 
an anhydrous mixture with phlogopite stoichiometry. Phlo-
gopite was synthesized using an end-loaded piston cylin-
der at the University of Alberta (for details, see Enggist 
et  al. 2012). The products of the synthesis were checked 
by XRD to ensure that only phlogopite (phl) is present. 
Because of their small size (typically ≤1 μm), quantita-
tive chemical analysis of the synthesized phlogopite by 
electron microprobe was difficult. Fragments of natural 
magnesite (mag) from Mt. Brussilof, British Columbia, 
Canada, that were free of visible inclusions were selected 
under a microscope and were ground in an agate mortar 
before being added to the starting material mixture. A syn-
thetic enstatite–diopside (en–di) glass (en50di50; wt%) was 
prepared from high-purity oxides (MgO and SiO2; purity 
as above) and CaCO3 powder of 99.95 % purity from Alfa 
Chemicals. The mix, contained in a Pt crucible, was fused 
in a one atmosphere furnace at 1600 °C for 8 h. The melt 
was quenched to a glass by dipping the Pt crucible into dis-
tilled water. The resulting glass disk was wrapped into a 
plastic bag and crushed into small fragments using a ham-
mer. The fragments then were ground in an agate mortar. 
The resulting glass powder was melted again at 1600  °C 
for 8 h and quenched as before. This crushing, melting and 
quenching cycle was repeated 3 times for each en–di glass 
batch in order to obtain a homogeneous glass composition. 
For the KCMAS–H2O and KCMAS–H2O–CO2 system, 
starting materials of phl33en33di33 and phl32en32di32mag4 
(by weight) were prepared, respectively, and used in the 
experiments (Table  1). The composition of the synthetic 
phlogopite and natural magnesite and their relative molar 

Table 1   Composition of starting materials

a  Enstatite–diopside glass (50/50 wt%), b by difference, n number of 
analyses, b.d. below detection limit, standard deviations in the last 
digit are given in parentheses. Analyses by electron microprobe

(wt%) Phlogopite 
(n = 19)

(wt%) Magnesite 
(n = 15)

aEn–Di (n = 14)

SiO2 43.7 (4) SiO2 0.1 (1) 57.9 (1)

Al2O3 12.3 (2) Al2O3 b.d. –

MgO 27.8 (4) FeOtot 0.2 (1) –

K2O 10.3 (2) MnO b.d. –

Total 94.1 (4) MgO 47.3 (2) 29.1 (1)

CaO 0.02 (1) 12.7 (1)

Na2O b.d. –

K2O b.d. –

Total 47.6 (2) 99.7 (1)
bCO2 52.4
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proportion in the starting material (2:1) are the same as in 
Enggist et al. (2012).

Experimental setup

Approximately 1–3  mg of starting material was loaded 
into 1.5  mm outer diameter Pt capsules. The tops of the 
capsules were triple-crimped and the capsules were dried 
at 120 °C overnight. No water was added to the samples. 
The capsules were welded shut with a dampened tissue 
wrapped around the lower part of the capsule to keep the 
starting material cool. Sealed capsules were gently com-
pressed into a cylindrical shape in a brass die.

The capsules were run in 18/11 assemblies (Walter et al. 
1995) that were prepared as described in Enggist et  al. 
(2012). Shorting of the thermocouple wires to the anvils, 
which can lead to erroneous emf readings, was reduced 
by replacing the solid graphite ring in the top part of the 
assembly by a split ring.

All experiments were performed using the UHP-2000 
uniaxial split-sphere multi-anvil apparatus at the University 
of Alberta. Samples were pressurized first and then heated 
at a rate of ~60  °C  min−1 at pressures from 4 to 7 GPa. 
At 8 GPa, the heating rate above 800  °C was reduced to 
≤30  °C min−1, which decreased the number of thermo-
couple failures. Experiments were quenched by cutting 
off the power to the furnaces, causing the temperature to 
drop below 300 °C in 2–5 s, and then decompressed over 
2.5–4  h. Experimental charges were mounted in epoxy 
(Petropoxy 154), ground open and impregnated with more 
epoxy under vacuum. Samples were polished using Al2O3 
powder of 5, 1 and 0.05 μm grain size with oil, ethanol or 
acetone to preserve water-soluble phases. Polished samples 
were cleaned in an ultrasonic bath, dried at 60 °C and then 
carbon-coated for microprobe analysis.

Analytical methods

A JEOL 8900 electron microprobe at the University of 
Alberta was used for the analysis of the experimental prod-
ucts. The acceleration voltage was 15 kV and the cup beam 
current was 15 nA. Standards were albite (Na), diopside 
(Ca), Fo93 olivine (Mg), hematite (Fe), pyrope (Al, Si), 
orthoclase (K) and willemite (Mn). Counting times were 20 
and 10 s on peak and background, respectively. A focused 
beam was used to analyze diopside, enstatite, garnet, mag-
nesite and olivine, and beam diameters of up to 3  μm, 
depending on grain size, were chosen for phlogopite and 
KK-richterite grains. The Phi-Rho-Z correction (Armstrong 
1988) provided by JEOL was applied to the raw data, and 
norm spreadsheets by P. Ulmer (personal communication, 
2007) were used to calculate mineral compositions.

Results

General observations

Our run durations of 8–144 h at high and low temperatures, 
respectively, produced samples that appear texturally equil-
ibrated with homogeneous phase compositions (Table  2). 
Shorter experiments, especially at 1100 and 1150  °C, 
showed textural evidence of disequilibrium, with zones 
within the capsule that resembled the starting material, and 
chemical evidence of disequilibrium, with high variability 
in the mineral compositions. The results of these experi-
ments with demonstrable disequilibrium have been omitted 
from this manuscript.

Below the solidus, the grain size can be extremely small 
(<1–5 µm). In the carbonate-free system (KCMAS–H2O), 
the solidus is characterized by a change in texture with 
the occurrence of interstitial quench phlogopite and melt 
in the hot spot of the capsules. In the CO2-bearing system 
(KCMAS–H2O–CO2), the disappearance of magnesite 
together with the occurrence of quench phlogopite and melt 
marks the solidus. A small amount of fluid is present below 
the solidus, resulting from a breakdown reaction of the syn-
thetic phlogopite in the starting material to phlogopite, gar-
net and fluid as observed in previous studies (Luth 1997; 
Sato et al. 1997; Enggist et al. 2012). The phlogopite that 
coexists with garnet, diopside, enstatite, plus magnesite in 
the carbonate-bearing system and a fluid below the solidus 
is referred to as “primary phlogopite” to distinguish it from 
the phlogopite in supersolidus experiments that crystallizes 
from the melt during the quenching of the experiment. At 
higher pressure, amphibole forms as a subsolidus break-
down product of phlogopite (Sudo and Tatsumi 1990; Luth 
1997; Sato et  al. 1997; Konzett and Ulmer 1999). In Na-
bearing systems, this amphibole is a K-richterite, with K 
in the A-site and Na in the M2-site. In Na-free systems, K 
is present in both A- and M2-sites and the amphibole has 
been called KK-richterite (Konzett and Ulmer 1999; Yang 
et al. 1999). We adopt this terminology in this study.

The solidus in KCMAS–H2O was bracketed at 1250–
1300  °C at 4–5 GPa, and at 1300–1350  °C at 6–8 GPa 
(Fig.  1). In KCMAS–H2O–CO2, the solidus is located at 
1150–1200  °C at 4–6 GPa, and at 1100–1150  °C at 7–8 
GPa (Fig.  2). Below the solidus at 4–6 GPa in KCMAS–
H2O, primary phlogopite is in equilibrium with garnet, 
enstatite, diopside and fluid. At 7 GPa, primary phlogopite 
coexists with KK-richterite, garnet, enstatite, diopside and 
fluid (Fig. 3). At 8 GPa, the subsolidus assemblage is KK-
richterite, garnet, enstatite, diopside and fluid. The same 
subsolidus assemblages, with the addition of magnesite, are 
present in the KCMAS–H2O–CO2 system. Primary phlogo-
pite and KK-richterite coexist with melt in experiments at 
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Table 2   Experimental results

di diopside, en enstatite, fl fluid, gr garnet, kr KK-richterite, mag magnesite, ol olivine, p-phl primary phlogopite, p/q-phl primary and quench 
phlogopite present and q-phl quench phlogopite
a  Estimated temperature (see text)

Run # ae-… T (°C) Pressure (GPa) Duration (h) Results

KCMAS–H2O

 157 1250 4 72 p-phl + en + di + gr + fl

 147 5 72 p-phl + en + di + gr + fl

 163 1300 4 72 p/q-phl + en + di + gr + melt

 118 5 24 p/q-phl + en + di + gr + melt

 129 5.5 48 p/q-phl + en + di + gr + melt

 132 5.5 72 p/q-phl + en + di + gr + melt

 158 6 48 p-phl + en + di + gr + fl

 152 7 48 kr + p-phl + en + di + gr + fl

 117 8 24 kr + en + di + gr + ol + fl

 140 1350 4 48 p/q-phl + en + di + gr + ol + melt

 33 6 10 p/q-phl + en + di + gr + ol + melt

 112 7 24 en + di + gr + melt

 161 8 48 kr + en + di + gr + melt

 32 1400 5 10 p/q-phl + en + di + gr + ol + melt

 30 6 10 p/q-phl + en + di + gr + ol + melt

 111 7 24 kr + en + di + gr + ol + melt

 139 7 24 kr + en + di + gr + ol + melt

 120 8 24 en + di + gr + ol + melt

 65 1450 5 8 p/q-phl + en + di + gr + ol + melt

 146 6 72 p/q-phl + en + di + gr + ol + melt

 50 1500 5 8 q-phl + en + di + gr + ol + melt

 131 7 24 en + di + gr + ol + melt

KCMAS–H2O–CO2

 155 1100 7 144 p-phl + kr + mag + en + di + gr + fl

 156 8 120 kr + mag + en + di + gr + fl

 151 1150 4 72 p-phl + mag + en + di + gr + fl

 159 5 72 p-phl + mag + en + di + gr + fl

 149 6 48 p-phl + mag + en + di + gr + fl

 148 7 48 kr + en + di + gr + melt

 162 8 48 kr + en + di + gr + melt

 143 1200 4 72 p-phl + en + di + gr + melt

 110 5 96 p/q-phl + en + di + gr + ol + melt

 160 6 48 p/q-phl + en + di + gr + ol + melt

 59 1300 5 8 p/q-phl + en + di + gr + ol + melt

 69 6 8 en + di + gr + ol + melt

 145 7 72 en + di + gr + ol + melt

 71 8 8 en + di + gr + ol + melt

 52 1400 5 8 q-phl + en + di + gr + ol + melt

 55 1500 4 8 q-phl + en + di + gr + ol + melt

 70 1600 4 8 q-phl + en + di + gr + ol + melt

 144 ~1600a 7 72 melt + ol

 153 ~1500a 8 72 melt + en + di + ol
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temperatures up to ~100 °C above the solidus at 4–6 GPa 
(phlogopite) and 7–8 GPa (KK-richterite).

In both systems, after quench, a hydrous solution is pre-
sent in experiments at the solidus, which was observed to 
exit the capsule after it was breached during polishing. The 
amount is very small and no precipitates on the capsule sur-
face were observed, in contrast to the observations in the 
phlogopite + magnesite system described in Enggist et al. 
(2012). At ≥50 °C above the solidus, no hydrous solution 
was seen to escape the charge upon breach.

Diopside

The size of diopside crystals below the solidus is ≤5 µm. 
At and above the solidus, diopside crystals are up to 25 µm 
in size, sub- to euhedral and of equant habit. Diopside is 
free of mineral inclusions, and the grain size decreases 
(1–10  µm) with increasing pressure. With increasing 

temperature, the Mg content increases by up to ~2 wt% and 
the Ca content decreases by up to ~5 wt%. The measured 
K2O and Al2O3 contents range from 0.1 to 1.4 and 0.4–
2.4 wt%, respectively, with higher values at higher temper-
atures (Table 3). This trend probably results from the dis-
solution of phlogopite or KK-richterite into the melt, which 
increases the activity of K2O and Al2O3 in the melt, thereby 
increasing the K and Al content of the pyroxene (Modreski 
and Boettcher 1972; Enggist et al. 2012).

Enstatite

At 4–6 GPa, enstatite crystals are 5–20  µm in diame-
ter below the solidus and up to 30 µm above the solidus. 
Enstatite is sub- to euhedral and prismatic and often con-
tains inclusions of euhedral garnet and anhedral diop-
side grains. At >6 GPa, grains measure 100–200  µm in 
length below and above the solidus, respectively, and con-
tain numerous small (1–10  µm) inclusions (Fig.  3c). The 
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concentrations of Al2O3 (0.3–2.4  wt%) and CaO (0.4–
2.4  wt%) increase with increasing temperature (Table  4). 
SiO2 contents (~57–60  wt%) are close to stoichiometric 
with 2 Si apfu. As in the case of diopside (see above), the 
increase in Al can be attributed to the melting of phlogopite 
or KK-richterite. The increasing Ca content above the soli-
dus reflects the increasing temperature and the associated 
incorporation of Ca in the orthopyroxene.

Garnet

Garnet grains are 1–10 µm in diameter below the solidus, 
up to 20 µm at the solidus and ~1–3 µm above the solidus. 
Grains are sub- to euhedral and are free of mineral inclu-
sions. SiO2 contents range from ~43 to 46 wt% (Table 5), 
with no obvious systematic relationship to pressure or tem-
perature. Al2O3 varies from ~20 to 25 wt%, with lower Al 
contents at higher pressures. The garnets contain 4–6 wt % 
CaO, consistent with previous studies (Brey et  al. 1990; 
Sudo and Tatsumi 1990; Luth 1997; Konzett and Ulmer 
1999).

KK‑richterite

Grains of KK-richterite are 10–80  µm long and are sub- 
to euhedral. Larger grains often enclose garnet (Fig.  3a). 
KK-richterite occurs at 7 GPa, where it coexists with 
primary phlogopite, and at 8 GPa as the only K-bearing 
phase below the solidus (Table 6). Residual KK-richterite 
above the solidus contains up to 2.7 wt% Al2O3, compared 
to 1.3–1.9 wt% at subsolidus conditions. Relative to the 
ideal composition (K2CaMg5Si8O22(OH)2), the present 
KK-richterite is deficient in Si (7.85–7.88 apfu), as the site 
is shared with Al. The mineral, furthermore, is deficient 
in K (1.72–1.87 apfu) and Mg (4.75–4.95 apfu), contains 
extra Ca (1.10–1.18 apfu) and contains 0.22–0.45 Al apfu, 
similar to the compositions reported by Sudo and Tatsumi 

(1990), Konzett and Ulmer (1999), and Konzett and Fei 
(2000).

Magnesite

Magnesite is sub- to euhedral, prismatic and only occurs 
below the solidus. Grains are up to 20 µm in size and are 
free of mineral inclusions. Magnesite is the first phase to 
disappear at the solidus. All magnesite grains contain Ca, 
and CaO decreases with increasing pressure from 1.9 to 
0.4 wt% at 4–8 GPa, respectively. The MgO content of the 
magnesite at 4 GPa is low (44.4 wt%) compared to those 
from higher pressures (Table 7). The low MgO content rel-
ative to stoichiometric MgCO3 (47.80 wt% MgO) is simi-
lar to that reported in previous studies (Luth 1997; Keshav 
and Gudfinnsson 2010; Enggist et al. 2012). This may be 
a result of the higher Ca content of this carbonate relative 
to the others in our experiments and the effect of that on 
the composition calculated with the Phi-Rho-Z correction 
scheme. Alternatively, one of the reviewers suggested the 
possibility that the 4-GPa carbonate might contain some 
OH. To our knowledge, such an occurrence has not be doc-
umented in experimental studies at high pressure to date.

Olivine

Olivine was found in experiments above the solidus and 
in one subsolidus experiment in KCMAS–H2O at 8 GPa. 
Grains have a prismatic to equant habit, are subhedral, 
up to 30  µm in size, contain no mineral inclusions and 
are stoichiometric features that are consistent with pre-
vious studies (Luth 1997; Trønnes 2002; Enggist et  al. 
2012).

Phlogopite

Primary phlogopite grains are 5–30 µm in length, are sub- 
to euhedral of prismatic habit and do not contain mineral 
inclusions. Quench phlogopite are 5–50 µm in length and 
exhibit a dendritic habit.

In both KCMAS–H2O and KCMAS–H2O–CO2, the 
Al2O3 content of the primary phlogopite decreases with 
increasing pressure (Table 8). This trend is similar to that 
observed in our earlier study (Enggist et al. 2012).

As illustrated in Fig. 4, the compositions of the 7-GPa 
phlogopite in KCMAS–H2O, and all phlogopites in 
KCMAS–H2O–CO2, show Si enrichment and K deple-
tion relative to ideal phlogopite. This suggests that there 
is a small amount of the talc/10  Å component as dis-
cussed by Fumagalli et  al. (2009), as well as some of 
either a celadonite (K2Mg2Al2Si8O20(OH)4) or a montdor-
ite (K2Mg5Si8O20(OH)4) component to account for the 

Fig. 3   a Subsolidus assemblage: p-phl in equilibrium with gr, mag, 
en, di and kr. Mag is homogeneously distributed throughout the cap-
sule. b Supersolidus: at high pressures en grows to ≤200  µm and 
encloses di and gr. Phases present are en, di, gr, ol and melt. c Super-
solidus: p-phl reacted out, and a melt phase is present with q-phl nee-
dles, di, en, gr and ol grains. d Supersolidus: closer to solidus, p-phl 
is coexisting with melt, en, di, gr, ol. Q-phl present besides melt. e 
Temperature on sample was too high (thermocouple shorting) and 
is estimated to be ~1600 °C. Ol coexists with melt. A fluid exsolved 
upon quench (voids). f Temperature on sample was too high (thermo-
couple shorting) and is estimated by using 2-pyroxene thermometers 
to be ~1500  °C. Ol, en and di coexist with melt. A fluid exsolved 
from the melt upon quench (voids). di diopside, en enstatite, gr gar-
net, kr KK-richterite, mag magnesite, p-phl primary phlogopite and 
q-phl quench phlogopite. Scale bar in upper left of each image is 
100 µm

◂
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observed offset from the talc/10  Å exchange vector in 
Fig.  4. In comparison with previous work in either sim-
ple (Fig.  4a) or natural (Fig.  4b) systems, the phlogo-
pite in our study has less of the talc/10 Å component and 
does not have the Tschermak substitution toward eastonite 
(K2Mg4Al2(Si4Al4)O20(OH)4).

Melt

Melt compositions were problematic to quantify for three 
reasons. First, the amount of melt close to the solidus is very 
low and the melt is located either in very small interstitial 
pockets or occurs as overgrowths on minerals, making quan-
titative analysis difficult or impossible even with a focused 
beam. Second, the presence of quench phlogopite, and the 
hydrous and alkali-rich nature of this system, makes it possi-
ble (likely?) that there was additional crystallization on other 
phases during the quench that would further obscure the 
melt composition. Finally, in near-solidus experiments, the 
quenched melt consists of a hydrous solution that exits the 
capsule upon breach, quench phlogopite, plus an unidentifi-
able, non-phlogopite quench material. Only at very high melt 
fractions did the melt quench to a glass (Fig. 3e, f).

The compositions of the quench material and the glass 
are given in Table 9. Because of the uncertainties induced 

by the presence of the hydrous quench solution, the vari-
ability in the composition of quench phlogopite and the 
quench phase, we were unable to reconstruct reliable melt 
compositions.

Discussion

Assessment of equilibrium

All of the experiments in this study were synthesis experi-
ments, and we believe that they approached, or attained, 
equilibrium based on the following reasoning. For each 
experiment, textural and chemical equilibrium was 
assessed. For well-equilibrated experiments, two main 
textures were observed: a relatively dense aggregate of 
subhedral to euhedral crystals of similar size for each 
type throughout the capsule, and loose, interstitial quench 
crystals of varying size that quenched from the melt. The 
former texture was observed below the solidus, and both 
textures were found in experiments above the solidus. In 
poorly equilibrated experiments, such as some low-tem-
perature experiments with short run durations, textures 
varied from patches containing anhedral to subhedral crys-
tals of random size to areas that still resembled the starting 

Table 3   Diopside compositions

n number of analyses, standard deviations in the last digit are given in parentheses

KCMAS–H2O

 P (GPa) 4 5 5 5 6 6 6 7 7 7 8 8

 T (°C) 1350 1400 1450 1500 1350 1400 1450 1300 1400 1500 1300 1400

 Run # ae-… 140 32 65 50 33 30 146 152 111 131 117 120

 n 4 10 14 18 14 13 2 1 10 10 15 10

 SiO2 (wt%) 55.5 (2) 54.9 (8) 55.9 (9) 55.4 (6) 55.0 (11) 55.6 (6) 55.1 (25) 56.0 55.3 (5) 56.0 (8) 56.0 (4) 55.4 (7)

 Al2O3 1.5 (1) 1.4 (1) 1.4 (2) 1.6 (1) 1.2 (9) 1.3 (9) 1.1 (2) 0.8 1.6 (3) 1.5 (2) 0.9 (1) 1.3 (1)

 MgO 20.7 (5) 22.1 (5) 22.4 (9) 23.5 (7) 21.1 (8) 20.8 (10) 22.8 (14) 29.9 21.3 (7) 22.2 (8) 20.9 (6) 21.9 (6)

 CaO 20.4 (1) 20.2 (4) 18.9 (7) 18.3 (4) 21.3 (6) 21.5 (7) 19.4 (0) 13.6 20.5 (4) 18.4 (11) 21.2 (5) 19.2 (5)

 K2O 1.0 (2) 1.0 (3) 0.8 (3) 0.5 (1) 0.6 (2) 0.5 (1) 1.3 (2) 0.4 1.1 (3) 1.4 (2) 0.7 (1) 1.4 (1)

 Total 99.1 (3) 99.5 (5) 99.4 (7) 99.3 (6) 99.2 (7) 99.7 (7) 99.8 (11) 100.7 99.8 (7) 99.5 (7) 99.8 (7) 99.3 (7)

KCMAS–H2O–CO2

 P (GPa) 4 4 4 4 5 5 5 6 6 7 7 7 8 8

 T (°C) 1150 1200 1500 1600 1200 1300 1400 1150 1300 1100 1150 1300 1100 1300

 Run # ae-… 151 143 55 70 110 59 52 149 69 155 148 145 156 71

 n 10 18 1 6 7 10 12 9 13 8 7 7 3 14

 SiO2 (wt%) 53.6 (7) 56.8 (8) 53.7 55.6 (5) 55.8 (9) 54.9 (12) 55.3 (7) 55.2 (9) 55.9 (8) 55.7 (7) 55.7 (7) 56.2 (8) 55.1 (1) 56.2 (7)

 Al2O3 0.9 (3) 1.0 (2) 2.0 2.4 (2) 0.4 (0) 1.4 (3) 1.4 (6) 0.7 (2) 0.9 (1) 1.1 (2) 0.7 (1) 1.4 (2) 0.9 (2) 1.0 (2)

 MgO 22.5 (7) 20.1 (8) 24.8 25.9 (9) 20.0 (6) 22.7 (7) 22.5 (6) 21.5 (10) 21.5 (7) 20.1 (5) 21.7 (10) 20.5 (11) 20.3 (10) 22.5 (8)

 CaO 22.6 (7) 21.8 (6) 17.6 15.6 (9) 22.6 (7) 19.6 (6) 19.8 (9) 22.0 (5) 21.1 (5) 22.5 (5) 21.2 (10) 21.1 (7) 22.2 (7) 19.3 (4)

 K2O 0.5 (3) 0.3 (1) 0.6 0.4 (1) 0.1 (0) 0.6 (1) 0.3 (1) 0.5 (2) 0.6 (1) 0.8 (2) 0.6 (1) 1.0 (3) 0.5 (1) 0.9 (1)

 Total 100.2 (8) 100.1 (5) 98.7 99.9 (6) 98.9 (3) 99.3 (8) 99.4 (8) 100.0 (6) 100.0 (8) 100.2 (9) 100.0 (7) 100.2 (6) 99.0 (6) 100.0 (7)
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material with a very fine-grained texture, where no crystals 
could be identified.

In addition to the textural assessment, chemical analy-
ses of the crystalline phases were evaluated to determine 
whether equilibrium was achieved. In well-equilibrated 
experiments, crystals of the same phase had similar compo-
sitions throughout the charge. If crystals of the same phase 
showed a lot of compositional variation, this was taken as 
evidence for disequilibrium. Experiments showing random 
textures, and/or widely varying chemical compositions, or 
experiments that were not reproducible were considered 
not at equilibrium and, therefore, were not included in this 
study.

A reviewer of an early version of this manuscript sug-
gested using Ca-in-opx geothermometry to calculate 
temperatures, which could be compared to experimental 
temperatures as a test of equilibrium. We undertook this 
exercise and expanded it to consider two-pyroxene geo-
thermometers as well. Based on our results for both our 
experiments and previously published “simple system” 
studies, we suggest that a precise geothermometer for 
these “simple” systems remains to be calibrated at >4 
GPa. In contrast, the agreement between calculated and 
experimental temperatures for experiments, both ours and 
previously published ones, at <4 GPa was much better. 

Full details of this exercise and its results are given in the 
online supplementary material (Appendix 1).

Subsolidus formation of garnet

In our experiments, the original synthetic phlogopite in the 
starting material reacts at subsolidus conditions to form pri-
mary phlogopite, garnet and an inferred small amount of 
fluid. A similar reaction was observed in previous studies 
at pressures >5 GPa (Sato et al. 1997), >6 GPa (Luth 1997) 
and at 4–8 GPa (Enggist et al. 2012).

In the present study, diopside must be involved in this 
reaction to provide the Ca present in the garnets. Using 
the phase compositions from ae-151 (KCMAS–H2O–CO2, 
4 GPa, 1150 °C) as an example, a mass-balanced reaction 
with reactants pure diopside and the starting material phlo-
gopite (Table 1) can be written as:

This reaction produces ~1.9  wt% H2O, and given that 
the starting materials contained ~1/3 phlogopite, there 
would be ~0.6 wt% H2O in the experiment. Mass balance 

(1)

1.00 phlogopite + 0.09 diopside = 0.54 primary phlogopite

+ 0.21 garnet + 0.50 orthopyroxene + 0.21 K2O (in fluid)

+ 0.46 H2O.

Table 4   Enstatite compositions

n number of analyses, standard deviations in the last digit are given in parentheses

KCMAS–H2O

 P (GPa) 4 5 5 5 6 6 7 7 8 8

 T (°C) 1350 1400 1450 1500 1350 1400 1400 1500 1300 1400

 Run # ae-… 140 32 65 50 33 30 111 131 117 120

 n 6 8 11 13 8 9 15 17 12 10

 SiO2 (wt%) 59.3 (9) 59.1 (8) 58.9 (6) 58.2 (5) 58.7 (7) 58.9 (9) 59.5 (6) 59.0 (9) 59.9 (7) 58.8 (10)

 Al2O3 1.2 (2) 1.1 (2) 1.2 (2) 1.4 (0) 0.8 (3) 0.7 (1) 0.5 (2) 0.7 (3) 0.6 (3) 0.8 (4)

 MgO 37.6 (9) 37.7 (4) 38.4 (6) 38.0 (6) 38.1 (13) 38.5 (6) 38.6 (7) 38.1 (5) 38.4 (7) 38.0 (6)

 CaO 1.3 (1) 1.3 (2) 1.6 (1) 1.8 (1) 1.1 (3) 1.0 (4) 1.1 (1) 1.4 (2) 0.9 (3) 1.0 (3)

 K2O 0.2 (2) 0.2 (3) 0.1 (1) 0.1 (1) 0.4 (2) 0.1 (1) 0.0 (0) 0.3 (2) 0.0 (0) 0.4 (1)

 Total 99.7 (13) 99.5 (8) 100.1 (9) 99.5 (8) 99.1 (6) 99.4 (8) 99.7 (7) 99.5 (9) 99.9 (7) 99.0 (4)

KCMAS–H2O–CO2

 P (GPa) 4 4 4 4 5 5 5 6 6 7 7 7 8 8

 T (°C) 1150 1200 1500 1600 1200 1300 1400 1150 1300 1100 1150 1300 1100 1300

 Run # ae-… 151 143 55 70 110 59 52 149 69 155 148 145 156 71

 n 13 4 5 14 11 20 13 9 7 7 11 4 6 4

 SiO2 (wt%) 58.4 (7) 58.8 (6) 57.4 (5) 57.1 (5) 59.3 (5) 59.5 (7) 57.8 (6) 59.4 (6) 58.0 (7) 59.3 (4) 59.3 (5) 58.9 (7) 59.0 (8) 57.5 (6)

 Al2O3 0.6 (0) 0.8 (0) 1.8 (1) 2.4 (1) 0.5 (0) 0.9 (2) 1.1 (2) 0.4 (1) 0.6 (2) 0.5 (5) 0.4 (2) 0.5 (1) 0.3 (1) 1.0 (3)

 MgO 39.6 (5) 39.7 (6) 37.7 (6) 37.7 (5) 39.0 (5) 38.1 (7) 39.0 (6) 39.2 (8) 40.3 (7) 39.1 (7) 38.6 (3) 38.8 (5) 39.5 (4) 37.6 (7)

 CaO 0.7 (1) 1.0 (2) 2.0 (1) 2.4 (1) 0.6 (0) 1.3 (2) 1.3 (2) 0.7 (1) 1.0 (1) 0.7 (2) 0.7 (1) 1.1 (3) 0.4 (2) 2.2 (5)

 K2O 0.1 (1) 0.0 (0) 0.2 (2) 0.2 (1) 0.1 (0) 0.0 (0) 0.1 (1) 0.1 (0) 0.1 (1) 0.0 (0) 0.2 (2) 0.0 (0) 0.0 (0) 0.3 (1)

 Total 99.4 (7) 100.4 (10) 99.1 (5) 99.8 (8) 99.4 (5) 99.9 (5) 99.3 (6) 99.7 (8) 100.0 (6) 99.7 (9) 99.2 (5) 99.3 (5) 99.2 (4) 98.7 (2)
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calculations using the compositions of the phases present 
and the starting materials (Table 10) confirm that less phlo-
gopite is present in subsolidus experiments than was pre-
sent in the starting materials. These calculations tend to 
underestimate the K2O content of the bulk compositions, 
consistent with some K2O dissolving into the fluid phase.

Formation of amphibole

At >6 GPa, the primary phlogopite reacts to produce KK-
richterite at subsolidus conditions, such that phlogopite 
coexists with KK-richterite at 7 GPa but is absent at 8 GPa. 
Similar behavior, but at higher pressure, was observed 
by Sudo and Tatsumi (1990) in their study of phlogo-
pite  +  diopside. They proposed a divariant reaction to 
explain the breakdown:

They suggested that in the presence of orthopyroxene, a 
different reaction would be responsible for the breakdown 
of phlogopite and the formation of KK-richterite:

(2)

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

= K2CaMg5Si8O22(OH)2(KK-richterite)

+ CaMg5Al4Si6O24(Ca-bearing garnet)

+ 2 Mg2SiO4(olivine) + (K2O + 3 H2O) (fluid)

A variant of this reaction that produces more KK-rich-
terite and does not require K to dissolve into the fluid was 
proposed by Konzett and Ulmer (1999):

This reaction consumes more enstatite and produces 
more olivine as well as KK-richterite relative to reaction (3).

These reactions all produce olivine, which was only 
observed in the 8-GPa subsolidus experiment in KCMAS–
H2O, where it coexists with KK-richterite. Olivine was 
not observed in the 7-GPa subsolidus experiment that had 
coexisting phlogopite and KK-richterite, nor was it found 
in the KK-richterite-bearing subsolidus experiments in 

(3)

2 K2Mg6Al2Si6O20(OH)4(phlogopite)

+ 2 CaMgSi2O6(diopside)+ 2 MgSiO3(enstatite)

= K2CaMg5Si8O22(OH)2(KK-richterite)

+ 2 Mg3Al2Si3O12(garnet)

+ 2 Mg2SiO4(olivine) + (K2O + 3 H2O) (fluid)

(4)

2 K2Mg6Al2Si6O20(OH)4(phlogopite)

+ 2 CaMgSi2O6(diopside)+ 5 MgSiO3(enstatite)

= 2K2CaMg5Si8O22(OH)2(KK-richterite)

+ 2 Mg3Al2Si3O12(garnet)

+ 4 Mg2SiO4(olivine) + 2 H2O (fluid)

Table 5   Garnet compositions

n number of analyses, XCa Ca/ (Mg + Ca + K), standard deviations in the last digit are given in parentheses

KCMAS–H2O

 P (GPa) 4 5 5 5 5 6 6 7 7 8 8

 T (°C) 1350 1250 1400 1450 1500 1350 1400 1400 1500 1300 1400

 Run # ae-… 140 147 32 65 50 33 30 111 131 117 120

 n 5 1 10 11 15 10 11 14 4 10 10

 SiO2 (wt%) 44.4 (7) 43.0 44.3 (4) 43.6 (5) 43.9 (7) 44.5 (8) 44.7 (4) 44.4 (4) 45.1 (3) 45.3 (4) 45.2 (6)

 Al2O3 25.4 (8) 26.7 24.6 (4) 24.1 (4) 24.0 (8) 24.6 (6) 24.0 (5) 23.6 (3) 22.9 (3) 23.7 (5) 23.4 (6)

 MgO 24.7 (11) 24.7 25.1 (8) 26.7 (7) 26.0 (5) 25.2 (6) 25.8 (6) 27.5 (2) 26.6 (5) 26.2 (8) 27.1 (9)

 CaO 4.8 (2) 4.8 5.3 (4) 5.1 (3) 5.2 (5) 5.3 (4) 5.3 (5) 4.4 (3) 4.7 (8) 4.4 (4) 4.3 (5)

 K2O 0.3 (2) 0.1 0.6 (2) 0.1 (2) 0.1 (2) 0.3 (1) 0.2 (1) 0.0 (0) 0.5 (4) 0.1 (0) 0.3 (1)

 Total 99.5 (10) 99.3 99.9 (7) 99.7 (7) 99.2 (5) 99.9 (8) 100.0 (6) 99.8 (8) 99.7 (10) 99.7 (6) 100.3 (7)

 KCMAS–H2O–CO2

 P (GPa) 4 4 4 5 5 5 6 6 7 7 7 8 8

 T (°C) 1150 1200 1500 1200 1300 1400 1150 1300 1100 1150 1300 1100 1300

 Run # ae-… 151 143 55 110 59 52 149 69 155 148 145 156 71

 n 11 5 3 9 10 16 3 8 2 8 4 4 3

 SiO2 (wt%) 43.9 (7) 43.0 (7) 44.1 (6) 44.8 (5) 44.1 (8) 44.6 (5) 44.7 (2) 45.1 (8) 46.2 (3) 43.8 (6) 45.2 (6) 43.6 (3) 46.7 (10)

 Al2O3 24.7 (6) 25.3 (5) 23.9 (12) 24.5 (4) 24.6 (6) 24.2 (6) 23.9 (6) 23.0 (6) 24.2 (1) 23.3 (8) 23.8 (10) 23.4 (5) 19.6 (5)

 MgO 26.0 (6) 25.6 (8) 26.7 (8) 25.1 (7) 25.7 (7) 26.0 (5) 26.4 (4) 26.7 (8) 24.1 (2) 27.6 (6) 26.3 (8) 27.9 (2) 27.2 (4)

 CaO 5.5 (5) 6.1 (6) 5.1 (3) 4.9 (4) 5.4 (5) 5.3 (4) 5.4 (10) 5.5 (4) 3.7 (0) 4.9 (3) 5.2 (6) 4.5 (4) 6.1 (4)

 K2O 0.0 (0) 0.0 (0) 0.2 (3) 0.1 (1) 0.1 (1) 0.1 (1) 0.1 (0) 0.1 (1) 1.3 (1) 0.4 (3) 0.2 (2) 0.6 (2) 0.5 (2)

 Total 100.1 (9) 100.1 (10) 100.1 (6) 99.3 (8) 99.9 (9) 100.2 (8) 100.5 (12) 100.3 (9) 99.4 (7) 99.9 (10) 100.7 (5) 100.0 (12) 100.1 (7)

 XCa 0.13 (1) 0.15 (2) 0.12 (1) 0.12 (1) 0.13 (1) 0.13 (1) 0.13 (2) 0.13 (1) 0.10 (0) 0.11 (1) 0.12 (1) 0.10 (1) 0.14 (1)

 Maj comp 0.01 (3) 0.00 (0) 0.01 (2) 0.08 (4) 0.03 (4) 0.04 (3) 0.03 (2) 0.06 (5) 0.18 (0) 0.00 (0) 0.06 (4) 0.00 (0) 0.18 (6)
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KCMAS–H2O–CO2. This may be the result of either low 
modal abundance of olivine, such that it was not present 
in the cross section of the capsule imaged and analyzed, 
or because phlogopite broke down via a different reac-
tion entirely. For example, Luth et al. (1993) and Trønnes 
(2002) wrote a balanced and fluid-absent reaction for 
KNCMASH that does not produce olivine:

In the Na-free KCMASH system, the analogous reaction 
would be:

(5)

0.5 K2Mg6Al2Si6O20(OH)4 + 4 MgSiO3 + CaMgSi2O6

+ NaAlSi2O6 = KNaCaMg5Si8O22(OH)2 + Mg3Al2Si3O12

(6)

0.5 K2Mg6Al2Si6O20(OH)4 + 4 MgSiO3 + CaMgSi2O6

+ KAlSi2O6 = K2CaMg5Si8O22(OH)2 + Mg3Al2Si3O12

The low K content of the clinopyroxenes in our experi-
ments (Table 3) argues against this reaction being signifi-
cant. There are other possible reactions involving fluid con-
stituents as reactants, such as

or

(Trønnes, pers. comm.), but the small amount of fluid 
coexisting with phlogopite in our experiments makes these 
unlikely to be significant.

Mass balance calculations (Table 10) that provide esti-
mates of modal abundances of the phases present can pro-
vide some insight into which reaction may be most realistic. 
Comparing the 5- and 8-GPa experiments in KCMAS–H2O 
for which all phase compositions were available, the abun-
dance of both enstatite and diopside decreases by approxi-
mately the same amount upon the formation of KK-rich-
terite, whereas garnet increases in abundance and olivine 
appears. These observations are most consistent with the 
original reaction [(3) above] proposed by Sudo and Tatsumi 
(1990).

In contrast, in the KCMAS–H2O–CO2 system, the for-
mation of KK-richterite does not change the abundance of 
enstatite, but that of diopside does decrease and that of gar-
net increases. Olivine did not appear. A different KK-rich-
terite-forming reaction in the presence of magnesite seems 
unlikely, but further work is needed to investigate this 
issue. It would be most worthwhile to see whether these 
differences were also present in the KNCMAS systems as 
an initial effort.

In the KNCMASH system, the appearance of K-rich-
terite was bracketed by Konzett and Ulmer (1999) at 6–6.5 
GPa at 800 °C, and at 6.5–7 GPa at 1100 °C. In the natu-
ral lherzolite bulk composition they studied, K-richterite 
became stable between 6 and 6.5 GPa at 1100 °C. Compar-
ing these to our results for KK-richterite (6–7 GPa at 1100–
1300 °C), we suggest that the addition of Na or Fe does not 
stabilize K-amphibole relative to phlogopite at significantly 
lower pressures.

Melting phase relationships

The solidi found in the present study involve the K-bearing 
phases as reactants, in agreement with the results of pre-
vious studies (Luth 1997; Sato et al. 1997; Trønnes 2002; 

(7)

K2Mg6Al2Si6O20(OH)4 + MgSiO3 + CaMgSi2O6 + 2SiO2(fluid)

= K2CaMg5Si8O22(OH)2 + Mg3Al2Si3O12 + H2O

(8)

0.5 K2Mg6Al2Si6O20(OH)4 + 2 MgSiO3 + CaMgSi2O6

+ [KO0.5 + 2SiO2 + 0.33AlO1.5] (fluid)

= K2CaMg5Si8O22(OH)2 + 0.33 Mg3Al2Si3O12

Table 6   KK-richterite compositions (KCMAS–H2O and KCMAS–
H2O–CO2)

a  Supersolidus, b coexisting with primary phlogopite, c  KCMAS–
H2O–CO2, n number of analyses, standard deviations in the last digit 
are given in parentheses

c c

P (GPa) a7 8 b7 8

T (°C) 1400 1300 1100 1100

Run # ae-… 139 117 155 156

n 12 18 12 16

SiO2 (wt%) 55.4 (11) 54.6 (9) 54.7 (9) 54.5 (6)

Al2O3 2.7 (5) 1.9 (1) 1.5 (2) 1.3 (1)

MgO 22.5 (16) 22.7 (6) 22.8 (5) 23.0 (5)

CaO 7.2 (5) 7.9 (4) 7.5 (1) 7.6 (1)

K2O 10.2 (5) 9.4 (3) 9.7 (3) 9.7 (2)

Total 98.1 (9) 96.5 (10) 96.1 (14) 96.0 (5)

Table 7   Magnesite compositions (KCMAS–H2O–CO2)

a   By difference, n number of analyses, standard deviations in the last 
digit are given in parentheses

P (GPa) 4 5 6 7 8

T (°C) 1150 1150 1150 1100 1100

Run # ae-… 151 159 149 155 156

n 14 7 12 15 10

SiO2 (wt%) 0.2 (1) 0.2 (1) 0.3 (1) 0.1 (1) 0.2 (2)

Al2O3 0.1 (1) 0.1 (0) 0.0 (0) 0.0 (0) 0.1 (1)

MgO 44.4 (8) 47.4 (9) 46.9 (7) 46.8 (5) 47.9 (7)

CaO 1.9 (1) 1.1 (2) 0.8 (3) 0.4 (1) 0.4 (1)

K2O 0.1 (0) 0.0 (0) 0.1 (1) 0.0 (0) 0.0 (0)

Total 46.8 (8) 48.9 (8) 48.1 (7) 47.4 (6) 48.6 (5)
aCO2 53.2 51.1 51.9 52.6 51.4
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Enggist et  al. 2012). Sato et  al. (1997) found that a natu-
ral, Mg-rich phlogopite melted to olivine  +  liquid at 4 
GPa and to olivine +  garnet +  liquid at 5–8 GPa. At 7.5 
GPa, Trønnes (2002) observed that KMASH phlogopite 
reacted to olivine, garnet and “fluid” and drew the sta-
bility curve for phlogopite shown as “Phl” in Fig.  5. At 
~10 GPa, he found that phlogopite was breaking down to 
a higher-pressure potassic phase (phase “x”—see his Fig. 2 
for details). Because there was no Ca in his experiments, 
KK-richterite did not form. Luth (1997) found phlogo-
pite + diopside melted incongruently to olivine and liquid 
at 3 and 5 GPa and to olivine, garnet and liquid at 7.5 and 
9 GPa (“Phl–Di” curve in Fig.  5). The apparent stability 
of phlogopite +  diopside to higher temperatures above 6 
GPa than phlogopite alone may be less contradictory than it 
appears in Fig. 5 and may have more to do with the limited 
data available for both systems. For example, a 7.4-GPa, 
1400  °C experiment on synthetic phlogopite by Trønnes 
(2002) produced phlogopite +  garnet +  olivine +  fluid, 
despite it lying above the reaction boundary as shown.

Sato et  al. (1997) report melting reactions phlogo-
pite +  enstatite to olivine and melt at 4 GPa, to olivine, 
garnet and melt at pressures of 5 and 6 GPa, and to garnet 

and melt at 8 GPa (“Phl–En” curve in Fig. 5). Enggist et al. 
(2012) determined a melting reaction in the phlogopite and 
magnesite system between 4 and 8 GPa of the form phlo-
gopite +  magnesite +  fluid =  olivine +  enstatite +  gar-
net + melt (“Phl–Mag” curve in Fig. 5).

Adding both pyroxenes to the end-member system 
decreases the temperature of the solidus involving phlo-
gopite in both the carbonate-free and carbonate-bearing 
systems (Fig.  5). The slope of the solidus in KCMAS–
H2O (“Phl–En–Di” curve in Fig.  5) remains positive in 
P–T space at least to 8 GPa, paralleling that for phlogo-
pite +  diopside (“Phl–Di”, Fig.  5) but at lower tempera-
ture. The appearance of KK-richterite above 6 GPa in our 
KCMAS–H2O experiments, and its absence in the Ca-free 
phlogopite + enstatite system, explains the crossover of the 
“Phl–En–Di” and “Phl–En” curves in Fig. 5.

The solidus in our KCMAS–H2O–CO2 system has a 
negative slope (“Phl–En–Di–Mag” curve, Fig. 5) from 4 to 
8 GPa, similar to that for phlogopite +  magnesite (“Phl–
Mag,” Fig. 5). These two curves converge in P–T space at 
higher pressures, but the K-bearing phase differs, because of 
the formation of KK-richterite in KCMAS–H2O–CO2 sys-
tem but not in the Ca-absent phlogopite + magnesite study.

Table 8   Phlogopite compositions

a  p primary phlogopite and q quench phlogopite distinguished by texture, b coexisting with potassic richterite, n number of analyses, standard 
deviations in the last digit are given in parentheses

KCMAS–H2O
 ap or q p p p q q q q q

 P (GPa) 4 5 b7 5 5 5 6 6

 T (°C) 1250 1250 1300 1400 1450 1500 1350 1400

 Run # ae-… 157 147 152 32 65 50 33 30

 n 7 4 2 12 9 4 16 10

 SiO2 (wt%) 43.2 (4) 40.6 (8) 45.6 (20) 40.1 (10) 42.9 (9) 49.9 (10) 43.9 (6) 43.9 (4)

 Al2O3 13.7 (4) 12.3 (4) 12.3 (13) 12.7 (3) 13.1 (3) 12.4 (1) 11.9 (3) 12.1 (6)

 MgO 25.9 (7) 28.0 (9) 26.0 (6) 28.7 (7) 27.3 (5) 22.9 (10) 27.0 (8) 27.0 (7)

 CaO 0.1 (0) 0.4 (2) 0.6 (2) 0.1 (1) 0.1 (0) 0.4 (2) 0.1 (1) 0.5 (2)

 K2O 11.3 (3) 10.9 (5) 10.0 (1) 10.8 (3) 11.3 (1) 7.9 (12) 10.9 (2) 10.5 (5)

 Total 94.2 (12) 92.3 (9) 94.7 (27) 92.4 (9) 94.6 (10) 93.4 (5) 93.7 (5) 94.0 (13)

KCMAS–H2O–CO2
 ap or q p p p q q q q q

 P (GPa) 4 6 b7 4 4 5 5 5

 T (°C) 1150 1150 1100 1500 1600 1200 1300 1400

 Run # ae-… 151 149 155 55 70 110 59 52

 n 10 14 8 4 5 13 4 10

 SiO2 (wt%) 44.3 (12) 44.3 (9) 43.9 (10) 42.4 (10) 43.1 (6) 43.3 (9) 40.8 (19) 45.4 (10)

 Al2O3 13.4 (4) 11.5 (4) 10.9 (3) 10.1 (10) 15.3 (5) 12.5 (7) 12.9 (17) 10.5 (7)

 MgO 26.5 (8) 26.3 (6) 27.1 (4) 27.8 (13) 24.5 (13) 26.1 (6) 28.3 (13) 27.3 (7)

 CaO 0.2 (2) 0.2 (1) 0.3 (2) 0.5 (0) 0.5 (3) 0.2 (3) 0.2 (1) 0.3 (2)

 K2O 10.8 (2) 10.1 (8) 10.2 (4) 10.5 (10) 10.9 (4) 10.1 (4) 10.3 (4) 10.7 (4)

 Total 95.2 (13) 92.4 (7) 92.3 (12) 91.4 (13) 94.2 (18) 92.1 (12) 92.6 (19) 94.1 (9)
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In the present study, olivine appears at the solidus, and 
qualitatively the amount of enstatite and garnet increases 
as well. We infer that melting takes place via the following 

reactions, where the “K-bearing phase” is phlogopite at 
pressures of 4–6 GPa, phlogopite and KK-richterite at 7 
GPa and KK-richterite at 8 GPa:
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Fig. 4   a Compositional trends of phlogopite compared to previ-
ous simple system experimental studies. This study: gray circles 
KCMAS–H2O primary phlogopite; open squares KCMAS–H2O–
CO2 primary phlogopite. Black crosses compositions from previous 
studies of Enggist et al. (2012), Konzett and Ulmer (1999), Trønnes 
(2002), Luth (1997), Modreski and Boettcher (1973). b Composi-
tional trends of phlogopite compared to previous experimental stud-
ies in natural systems. This study: gray circles KCMAS–H2O primary 
phlogopite; open squares KCMAS–H2O–CO2 primary phlogopite. 
Black crosses compositions from previous studies of Wendlandt and 
Eggler (1980), Mengel and Green (1989), Thibault et al. (1992), Sato 
et al. (1997), Konzett and Ulmer (1999), Hermann (2002), Conceição 
and Green (2004), Holbig and Grove (2008), Fumagalli et al. (2009), 

Tumiati et al. (2013), Condamine and Médard (2014). For reference, 
the composition of ideal phlogopite is shown by gray star in both a, 
b. Vectors emanating from ideal phlogopite illustrate the effect of 
different exchange components as labeled. The AlVIAlIVMg−1Si−1 
vector is the Tschermak exchange pointing toward eastonite 
(K2Mg4Al2(Si4Al4)O20(OH)4). The exchanges SiAlVIAl−1

IVMg−2 and 
Si2Mg−1Al−2

IV, which point toward celadonite (K2Mg2Al2Si8O20(OH)4) 
and montdorite (K2Mg5Si8O20(OH)4) components, respectively, are 
superimposed in this (K +  Na) versus Si compositional space. The 
[v]SiK−1Al−1

IV vector points toward the “talc/10  Å” end member 
(Mg6Si8O20(OH)4) (cf. discussion in Fumagalli et al. 2009). See text 
for discussion

Table 9   Quench phase and 
glass compositions (KCMAS–
H2O and KCMAS–H2O–CO2)

a  Interstitial quench phase in addition to quench phlogopite, b  quenched glass without quench phlogo-
pite present, c KCMAS–H2O–CO2, n number of analyses, standard deviations in the last digit are given in 
parentheses

c c c

P (GPa) a5 a5 a8 a5 b7 b8

T (°C) 1400 1500 1400 1400 ~1600 ~1500

Run # ae-… 32 50 120 52 144 153

n 2 2 3 4 10 10

SiO2 (wt%) 40.9 (1) 50.3 (8) 48.9 (18) 42.3 (27) 54.4 (16) 55.7 (8)

Al2O3 10.1 (1) 7.6 (17) 13.3 (23) 7.9 (3) 7.9 (6) 11.3 (13)

MgO 23.4 (4) 15.5 (13) 15.2 (15) 24.2 (5) 16.9 (18) 7.9 (12)

CaO 7.5 (7) 7.5 (7) 4.7 (21) 4.3 (3) 13.7 (14) 14.3 (11)

K2O 7.6 (10) 6.5 (22) 8.9 (16) 6.6 (14) 4.1 (2) 6.7 (10)

Total 88.2 (4) 87.4 (11) 91.0 (3) 85.5 (41) 97.2 (10) 95.9 (9)
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for KCMAS–H2O and KCMAS–H2O–CO2, respectively. 
Unfortunately, our inability to derive liquid compositions 
prohibits a more quantitative analysis. Mass balance cal-
culations were attempted using the compositions of the 
quench material and the quench phlogopite, but for the rea-
sons detailed above (“Melt” section of Results), the results 
were deemed unreliable.

Finally, it is interesting to note that phlogopite persists 
above the solidus in the KCMAS–H2O system, but does 
not do so to the same extent in the carbonate-bearing one. 
A similar persistence of phlogopite above the solidus was 
observed in the study of Condamine and Médard (2014) at 
1 GPa. If this persists in more complex lherzolitic systems 
at 4–6 GPa, it would have implications for the behavior of 
trace elements hosted by mica during partial melting in the 
mantle.

Implications for the Earth

Direct application of the results of this study to the Earth 
is limited by the compositional simplicity of the KCMAS–
H2O and KCMAS–H2O–CO2 systems relative to natural 
lherzolite. As models for melting of a peridotite contain-
ing phlogopite with or without magnesite, however, these 
systems may provide some useful insights. Given the effec-
tiveness of magnesite in lowering the solidus in both sys-
tems, it is clear that melting of magnesite  +  phlogopite 
peridotite will occur at lower temperatures than will phlo-
gopite (or KK-richterite) peridotite, consistent with conclu-
sions reached by previous workers at lower pressures.

K-bearing phase + diopside = olivine + enstatite

+ garnet + meltK-bearing phase +magnesite

+ diopside = olivine + enstatite + garnet + melt

Comparison of our results with previous work provides 
some insight into the effects of the presence of both phlo-
gopite and carbonate in lherzolitic mantle. An obvious ini-
tial comparison is to the melting in the lherzolite +  H2O 
system. This system has been studied at high pressure for 
~50 years, and there is still vigorous debate about the loca-
tion of the water-saturated solidus. At 4–6 GPa, the solidus 
has been located at 800–820  °C by Till et  al. (2012) (see 
also Grove et al. (2006) for lower-pressure data) but at sig-
nificantly higher temperatures by Green et  al. (2010) and 
Green et al. (2014): ~1225 °C at 4 GPa and ~1375 °C at 6 
GPa. A thorough recent discussion of these results is pro-
vided by Kessel et al. (2015), who also provide new experi-
mental data on the solidus of “K-rich” lherzolite +  H2O, 
using a rocking multi-anvil and the cryogenic LA–ICP–
MS technique (Kessel et al. 2004) to analyze solute com-
positions. As the effect of alkalis on influencing solidi in 
mafic and ultramafic systems is well documented (e.g., 
Foley et al. 2009; Brey et al. 2011; Kessel et al. 2015), it 
seems most appropriate to compare our results with those 
for K-enriched lherzolite + H2O from Kessel et al. (2015). 
These authors determined the water-saturated solidus to be 
between 900 and 1000 °C at 4 GPa, and between 1000 and 
1100 °C at 5 and 6 GPa. They did not observe phlogopite 
as part of the subsolidus assemblage, which they attrib-
uted to preferential dissolution of K2O into the coexisting 
fluid phase (their experiments contained ~16 wt% H2O). 
Relative to their solidus, our dehydration melting solidus 
of Phl + En + Di is displaced to higher temperatures by 
>250 °C.

Comparing our results to the solidus of “anhydrous” 
carbonate-bearing peridotite (Dasgupta and Hirschmann 
2006, 2007), we see that our solidus in the KCMAS–H2O–
CO2 system is at lower temperatures at 5 GPa and above 
(“Phl–En–Di–Mag” curve compared to “carb peridotite 

Table 10   Results of mass 
balance calculations

a  KCMAS–H2O, bKCMAS–H2O–CO2

a a b b b b

P (GPa) 5 8 4 6 7 8

T (°C) 1250 1300 1150 1150 1100 1100

Run # ae-… 147 117 151 149 155 156

phl 17.9 0.0 27.0 30.0 28.6 0.0

kr 0.0 34.1 0.0 0.0 0.5 28.5

en 36.8 18.8 33.5 30.0 31.4 29.3

di 43.4 23.5 35.7 35.6 34.3 21.7

gr 1.5 13.0 0.5 0.3 0.9 14.7

ol 0.0 9.8 0.0 0.0 0.0 0.0

mag – – 3.1 4.0 4.2 4.9

fl 0.4 0.7 0.2 0.1 0.1 0.8

Total 100.0 100.0 100.0 100.0 100.0 100.0
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solidus” curve in Fig.  5). A more realistic comparison 
would be to previous work on phlogopite  +  carbonate 
lherzolite. Thibault et  al. (1992) determined the solidus 
of phlogopite + carbonate lherzolite to be ~1060 °C at 3 
GPa. Foley et al. (2009) constrained the solidus of a phlo-
gopite lherzolite with ~3 wt % CO2 to be ~1040  °C at 4 
GPa, 1060–1070  °C at 5 GPa, and ~1090  °C at 6 GPa, 
consistent with a displacement to lower temperatures rel-
ative to our model system results. It is worth noting that 
the solidus of Foley et al. (2009) has a steep positive slope 
in P–T space, in contrast to the steep negative slope we 
observed in the KCMAS–H2O–CO2 system (“Phl–En–Di–
Mag” curve in Fig. 5).

Another way to contextualize our results is to relate 
them to geothermal conditions in different environments in 
the Earth’s mantle. Both of our solidi (red lines in Fig. 5) 

lie at lower temperatures than a mantle adiabat (“AMA” in 
Fig. 5, from Hasterok and Chapman 2011), so a K-bearing 
melt, rather than phlogopite or phlogopite  +  magnesite, 
would be stable in the convecting mantle.

In subcratonic lithospheric mantle, the stability of 
phlogopite-bearing assemblages would depend on the 
ambient geothermal gradient; for example, our carbonate-
bearing solidus (“Phl–En–Di–Mag,” Fig.  5) intersects the 
40  mW/m2 geotherm of Hasterok and Chapman (2011) 
at ~5 GPa, marking the maximum stability depth of phlo-
gopite +  magnesite. Given the lower temperatures of the 
phlogopite +  carbonate solidus in the natural system out-
lined above, the maximum stability depth would be offset 
to lower pressures. For comparison, the solidus of Foley 
et al. (2009) would cross the 40 mW/m2 geotherm at ~4.4 
GPa. For cratons with cooler geotherms (e.g., 35 mW/m2 
illustrated on Fig. 5), the maximum stability depth for phlo-
gopite or phlogopite  +  magnesite would be correspond-
ingly greater.

What happens when melt forms? The negative slope in 
P–T space that we found for the carbonate +  phlogopite 
solidus in KCMAS–H2O–CO2 would provide a mechanism 
for trapping melts once they form—as soon as they start to 
rise, they would freeze—but available data for more realis-
tic systems at these pressures (e.g., Foley et al. 2009) indi-
cate that the solidus has a steep positive slope, steeper than 
the geotherm. The behavior of an ascending melt would 
thus depend on whether it rises and cools along the geo-
therm, which causes it to freeze. More rapid ascent would 
be required to let melts survive.

In cooler conditions, such as subduction-related environ-
ments, phlogopite with magnesite would be stable to depth in 
the subducting slab, allowing recycling into the mantle to at 
least ~7 GPa even in the warmest subduction zones (north-
ern Cascadia model of Syracuse et  al. 2010, gray region in 
Fig. 5). If a slab becomes imbricated to the bottom of the sub-
continental lithosphere to “grow” that cratonic root from the 
bottom up (Helmstaedt and Schulze 1989) (see also Stachel 
and Harris 2008), the slab would heat up to the ambient geo-
thermal gradient and—depending on the depth—could cross 
the solidus and begin to melt if it contains phlogopite and 
magnesite. If the melt rises into cooler lithospheric mantle, it 
would react with olivine, orthopyroxene and garnet (e.g., har-
zburgite) to crystallize phlogopite, magnesite and clinopyrox-
ene (e.g., magnesite–phlogopite lherzolite) in the inverse of 
our melting reaction proposed above.

This potentially offers a mechanism to explain situa-
tions in which (re)fertilized lherzolite underlies depleted 
harzburgite in subcratonic lithospheric mantle (e.g., Griffin 
et al. 1999, 2008). With continued heating of the slab from 
below, the melting/re-freezing could migrate to shallower 
depths.
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Fig. 5   Comparison of different melting reactions involving phlo-
gopite with subcontinental geotherms from Hasterok and Chapman 
(2011) (dashed lines with numbers that are the heat flow in mW/m2) 
and with a mantle adiabat (“AMA,” also from Hasterok and Chap-
man 2011). The hottest portion of the Northern Cascadia subduc-
tion model of Syracuse et al. (2010) is shown as the shaded region. 
Curves from this study are shown in red: Phl–En–Di–Mag: KCMAS–
H2O–CO2 phlogopite + enstatite + diopside + magnesite, Phl–En–
Di KCMAS–H2O phlogopite + enstatite + diopside (this study). The 
short-dashed lines on each of these solidi represent the change in 
K-phase from phlogopite to phlogopite + KK-richterite to KK-rich-
terite with increasing pressure. Previous studies: Phl–Mag phlogo-
pite + magnesite (Enggist et al. 2012), Phl–En phlogopite + enstatite 
(Sato et  al. 1997), Phl synthetic phlogopite breakdown curve 
(Trønnes 2002), Phl–Di phlogopite + diopside (Luth 1997) and dry 
carb peridotite nominally anhydrous, carbonated peridotite (Das-
gupta and Hirschmann 2006, 2007). See text for discussion
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Summary and conclusions

In the KCMAS–H2O system, the subsolidus assemblage 
phlogopite, enstatite, diopside, garnet and fluid are stable to 
1250 °C at 4, 5 and 5.5 GPa, and to 1300 °C at 6 GPa. Phlo-
gopite, KK-richterite, enstatite, diopside, garnet and a fluid 
are the subsolidus assemblage that coexists at 1300 °C and 7 
GPa. At 8 GPa, the stable subsolidus assemblage to 1300 °C 
is KK-richterite, enstatite, diopside, garnet and a fluid.

In the KCMAS–H2O–CO2 system, phlogopite, enstatite, 
diopside, garnet with magnesite and a fluid are the stable 
subsolidus assemblage to 1150 °C at 4, 5 and 6 GPa. Phlo-
gopite, KK-richterite, enstatite, diopside, garnet with mag-
nesite and a fluid coexist to 1100 °C and 7 GPa. At 8 GPa, 
the stable assemblage to 1100 °C is KK-richterite, enstatite, 
diopside, garnet, magnesite and a fluid.

The solidus in the carbonate-bearing system is lower 
by 100–200 °C at 4 and 8 GPa, respectively, relative to the 
carbonate-free system. Above the solidus, olivine, enstatite, 
diopside and garnet coexist with melt in both systems.

We infer that only in hot subduction zones will the car-
bonate and K-bearing phase trigger melting, so that return 
of water and carbonate to the deeper mantle takes place 
in cooler subducting slabs. In subcontinental lithospheric 
mantle, ascending hydrous, potassic and carbonate-bearing 
melts will crystallize at depth to phlogopite, magnesite and 
diopside. The depth at which this will occur in the man-
tle requires calibration by experiments in more complex 
systems.
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