
Phase relations in metabasic rocks: constraints from the
results of experiments, phase modelling and ACF analysis

C. J. WEI* & Z. Z. DUAN

MOE Key Laboratory of the Orogenic Belt and Crustal Evolution, School
of Earth and Space Sciences, Peking University, Beijing 100871, China

*Correspondence: cjwei@pku.edu.cn

Abstract: Phase relations in metabasic rocks are documented from the results of phase modelling, experiments
and ACF analysis. A P–T pseudosection for a mid-ocean-ridge basalt (MORB) composition was calculated in
the P–T range of 1–32 kbar and 400–1100°C using THERMOCALC 3.45. Phase relations in this pseudosection
are mostly consistent with the results from experiments but complicated. ACF analyses suggest that the com-
plicated phase relations can be simplified into 10 invariant assemblages involving orthopyroxene, clinopyrox-
ene, hornblende, glaucophane, actinolite, garnet, chlorite, epidote, lawsonite, kyanite and plagioclase, assuming
quartz, NaAlO2 and H2O/melt being are excess. Phase relation analyses in the P–T projections that are con-
structed according to Schreinemakers’ rules and qualitative P–T pseudosections that are obtained for a
MORB composition indicate that 22 subfacies assemblages are recognized for metabasic rocks. A four-fold
classification of metamorphism is proposed on the basis of the phase relations for metabasic rocks, including
low-, medium-, high- and very-high-P/T types, with apparent geothermal gradients >110°C/kbar, between
110 and 55°C/kbar, between 55 and 28°C/kbar, and <28°C/kbar, respectively. This four-fold classification
of metamorphism is better able to match various tectonic settings.

The phase relations in metamorphic rocks can be
documented through petrographical, experimental
and phase-modelling studies. Petrographical obser-
vations together with qualitative phase analyses
(e.g. ACF and A′KF diagrams) of Eskola (1915,
1939) led to the division of metamorphic facies,
such as greenschist, amphibolite, granulite, blues-
chist and eclogite facies. For quantitatively constrain-
ing the phase relations in metabasic rocks, a great
number of experiments were carried out. Early exper-
imental studies (before the 1970s) were carried
out in great detail on the two end-member systems:
H2O-absent (dry) and H2O-oversaturated (excess
water) to sort out the dry and wet solidi of basic
rocks. A few studies (e.g. Green & Ringwood
1967) focused on the stabilities of phases such as gar-
net and plagioclase in dry systems to delineate the
transition from granulite facies to eclogite facies.
Later experiments started to pay special attention to
the melting under fluid-absent conditions because
these conditions were considered to prevail in the
lower part of the crust (e.g. Clemens & Vielzeuf
1987). Since the beginning of the 1990s, over 200
sets of experiments on amphibole dehydration reac-
tions have been carried out to determine the locations
of fluid-absent solidi of amphibolites, the P–T condi-
tions of amphibole-out, and the amounts and compo-
sitions of resultant melts (e.g. Beard&Lofgren 1991;
Rapp et al. 1991, 2003; Rushmer 1991, 1993;
Winther & Newton 1991; Sen & Dunn 1994; Qian

& Hermann 2013; Zhang et al. 2013; Hastie et al.
2016). These experimental results show that thefluid-
absent solidi of amphibolites vary mostly between
800 and 900°C, and amphibole-out occurs chiefly
at 1000–1100°C. Several experimental studies were
performed under subsolidus conditions. For exam-
ple, Liu et al. (1996) studied a basalt–H2O system
to constrain the stabilities of garnet, plagioclase and
amphibole, and to document the phase relations in
the transition from amphibolite facies to eclogite
facies. Schmidt & Poli (1998) presented experimen-
tal data on a mid-ocean-ridge basalt (MORB) that
was H2O-saturated in order to discuss the stabilities
of phases under subsolidus conditions and the water
content bound in hydrous phases.

Since the beginning of the 1990s, phase relations
in metamorphic rocks can be quantitatively calcu-
lated (phase modelling) using an internally consis-
tent thermodynamic dataset (Holland & Powell
1990, 1998, 2011) and computer software such as
THERMOCALC (Powell & Holland 1988; Powell
et al. 1998), Theriak/Domino (de Capitani &
Brown 1987; de Capitani 1994; de Capitani & Petra-
kakis 2010) and Perple_X (Connolly 1990, 2005).
Using this approach, quantitative phase diagrams
involving solid solutions can be calculated, includ-
ing P–T projections, compatibility diagrams, and
P–T, T–X and P–X (where P is pressure, T is temper-
ature and X is composition) pseudosections for spe-
cific bulk-rock compositions (e.g. Guiraud et al.
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1990; Powell & Holland 1990; Will et al. 1990a, b;
Xu et al. 1994; White et al. 2001; Wei & Powell
2003, 2004, 2006). The phase-modelling approach
has been successfully applied to solving phase rela-
tions, P–T conditions and evolution histories of nat-
ural metamorphic rocks: for instance, high pressure
(HP)– ultrahigh pressure (UHP) eclogite mostly
under subsolidus conditions (Will et al. 1998; Car-
son et al. 1999; Hacker et al. 2003, 2013; Wei
et al. 2003, 2009, 2010, 2013; Wei & Tian 2015).
With improvements in the mixing models for amphi-
bole (Diener et al. 2007; Diener & Powell 2012;
Green et al. 2016), pyroxene (Green et al. 2007,
2016) and melt (Green et al. 2016), phase equilibria
for the melting process in metabasic rocks can be
well modelled (Palin et al. 2016b).

Quantitative phasemodelling suggests that theP–
T pseudosections of most metabasic rocks show sim-
ilar but very complicated phase relations. Generally,
these pseudosections are not easy to read and the
phase relations are difficult to understand. Some
authors provided associated summary or petrological
phase diagrams alongside their calculated pseudosec-
tions (e.g. Palin et al. 2016a). Thus, one aim of this
study is to present simplified phase relations from
the viewpoint of ACF analysis following the basic
notions in Eskola (1915). The other aim of this
study is to compare whether the results from a phase-
modelling approach are consistent with those from
experiments for metabasic rocks. Moreover, on the
basis of the simplified phase relations derived from
the ACF analysis, a four-fold classification of meta-
morphism is proposed following the basic notions
in Miyashiro (1961, 1994) and Brown (2007).

Phase relations calculated for a MORB
composition using THERMOCALC

The P–T pseudosection calculated for the MORB
compositions of Sun & McDonough (1989)
(Table 1) in the P–T range of 1–32 kbar and 400–
1100°C is shown in Figure 1. The model system
NCKFMASHTO (Na2O–CaO–K2O–FeO–MgO–
Al2O3–SiO2–H2O–TiO2–Fe2O3) was chosen where
P2O5 andMnO are neglected because they aremainly

present in apatite and garnet, and incorporated only in
trivial amounts in the other silicate minerals in the
P–T range of interest. Fluid is considered to be pure
H2O and in excess in the subsolidus conditions. In
the suprasolidus conditions, the modelled water con-
tent was adjusted so that the minimal free fluid
(c. 1 mol%) was present at the 8 kbar solidus to
ensure that the solidus remained fluid-saturated
over the entire P–T range of interest. The bulk-rock
O content was defined by assuming XFe3+ = Fe3+/
(Fe3+ + Fe2+) = 0.12 (Rebay et al. 2010). Pseudosec-
tion calculations were performed using THERMO-
CALC 3.45 (Powell et al. 1998), using the
February 2012 updated version of the Holland &
Powell (2011) dataset (file tc-ds62.txt). The a–x rela-
tions for the phase are from Green et al. (2016).

Two clinopyroxene mixing models were used for
the phase modelling, where the augite model (Green
et al. 2016) was used to calculate the suprasolidus
phase relations of low pressure in the sillimanite
field, and the omphacite/diopside model (Green
et al. 2016) was used to calculate the subsolidus
and suprasolidus phase relations of high pressure in
the kyanite field. Thus, some phase boundary curves
are dislocated along the boundary line between kya-
nite and sillimanite in Figure 1. The omphacite and
diopside are defined using the calculated isopleth
with jadeite of 0.20 in clinopyroxene. As shown
in Figure 1, the fluid-saturated solidus (bold red
curve) has negative slopes at pressures below
11 kbar and positive slopes at higher pressures
above 11 kbar, occurring at 690°C/5 kbar, 620°C/
11 kbar and 800°C/25 kbar. The used water content
is mostly appropriate as it is consumed immediately
above the solidus at pressures of between 4 and
27 kbar, but apparently in excess at pressures below
4 kbar and above 27 kbar.

K2O-bearing phases include biotite and musco-
vite, the transition between which occurs at 9–
13 kbar, with biotite being a low-pressure phase
and muscovite being a high-pressure phase. Both of
them are mostly stable under subsolidus conditions
and tend to disappear above the solidus. Schmidt &
Poli (1998) proposed that muscovite in basic rocks
may be consumed on the solidus. This may be
true only when fluid is oversaturated: for instance,

Table 1. Chemical compositions of representative basic rocks (MORB) (wt%)

SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Mg# A C F

1 49.20 2.03 16.09 2.72 7.77 0.18 6.44 10.46 3.01 0.14 0.23 0.53 21.6 32.0 46.4
2 50.53 1.35 14.88 – 9.39 0.18 8.22 10.99 2.60 0.34 0.13 0.61 18.5 31.9 49.6
3 52.40 1.60 16.90 – 10.30 – 7.10 10.10 3.20 0.10 – 0.55 21.5 30.4 48.1
4 50.64 1.63 15.09 – 10.28 0.19 7.41 11.16 2.89 0.21 0.18 0.56 18.9 32.9 48.3

Mg# = MgO/(MgO + FeO(total)).
1, Engel et al. (1965); 2, Sun & McDonough (1989); 3, Schmidt & Poli (1998); 4, Gale et al. (2013).
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at P > 27 kbar as shown in Figure 1. If fluid is absent,
biotite will disappear just above the solidus, but mus-
covite can survive formore than 100°C above the sol-
idus. TiO2-bearing phases include rutile, sphene and
ilmenite. Three of themcoexist at a small domain of c.

7.5 kbar/790°C. From this domain, the transition
curves between sphene and rutile first show positive
slopes at lower-pressure garnet-absent fields, and
are changed to moderately negative to flat slopes in
the higher pressure fields with both garnet and

Fig. 1. P–T pseudosection for metabasic rocks with a MORB composition (Sun & McDonough 1989) (Table 1) in
the system NCKFMASHTO (+ H2O/L + q/coe). The bulk-rock composition is normalized on the basis of mol% as:
SiO2 = 50.086, Al2O3 = 8.691, CaO = 11.671, MgO = 12.145, FeO = 7.784, K2O = 0.215, Na2O = 2.498, TiO2 =
1.006, O = 0.467. P–T pseudosection in the suprasolidus conditions is calculated with H2O = 5.437, which is defined
according to the method mentioned in the text. ‘-q’ denotes quartz-absent assemblages; ‘jd20’ denotes the calculated
isopleth with jadeite of 0.20 in clinopyroxene. The transition lines of andalusite, kyanite and sillimanite, quartz and
coesite, and the reactions jd + q = ab and law = zo + ky + q + H2O calculated using THERMOCALC are shown in
dashed lines. A few of the phase boundary curves are dislocated along the transition line between kyanite and
sillimanite because two clinopyroxene mixing models were used (see the text). Abbreviations: ab, albite; act,
actinolite; and, andalusite; aug, augite; bi, biotite; chl, chlorite; coe, coesite; di, diopside; ep, epidote; g, garnet; gl,
glaucophane; hb, hornblende; ilm, ilmenite; jd, jadeite; ky, kyanite; L, silicate melt; law, lawsonite; mu, muscovite; o,
omphacite; opx, orthopyroxene; pl, plagioclase; q, quartz; ru, rutile; sill, sillimanite; sph, sphene; ta, talc.

PHASE RELATIONS IN METABASIC ROCKS

 by guest on March 26, 2019http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


hornblende. In the high-P/T fields with glaucophane,
the transition curves between sphene and rutile show
moderately negative slopes. The transition curves
between sphene and ilmenite show moderately posi-
tive slopes above the solidus, but become flat below
the solidus. The transition curves between rutile
and ilmenite show moderate to flat slopes below
1000°C, and become steeply negative in higher tem-
peratures. SiO2 phases include quartz and coesite,
which become absent in the assemblages at the

lower right-hand corner (e.g. <4 kbar/500–800°C
or <25 kbar/>800°C) and the upper left-hand corner
of >15 kbar/<520°C in Figure 1.

Comparison of phase relations constrained
between experiments and phase modelling

Figure 2 shows the compilation of experimentally
constrained stabilities of major phases in metabasic

Fig. 2. Comparison of the stability limits of phases in metabasic rocks constrained from the phase modelling in
Figure 1 (thin dashed curves) and from the experimental data (bold solid curves) with detailed labels. The
experimental data are: G67, Green (1967); GR67, Green & Ringwood (1967); LBE96, Liu et al. (1996); LW72,
Lambert & Wyllie (1972); R91: Rushmer (1991); RW95, Rapp & Watson (1995); SD94, Sen & Dunn (1994); SP98,
Schmidt & Poli (1998); WN91, Winther & Newton (1991); WW93, Wyllie & Wolf (1993). FSS, fluid-saturated
solidus; FAS, fluid-absent solidus. The division of metamorphic facies was from Brown (2014). The abbreviations of
metamorphic facies: AM, amphibolite facies; BS, blueschist facies; E-HPG, eclogite-high pressure granulite facies;
GR, granulite facies; GS, greenschist facies. UHP, ultrahigh-pressure eclogite facies. The other abbreviations are the
same as shown for Figure 1.
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rocks, and a comparison with those from the phase-
modelling results in Figure 1 and the division of
metamorphic facies fromBrown (2014). The stability
limits of amphibole (am-out) under suprasolidus con-
ditions controlled by dehydration melting reactions
vary diversely in different experiments (Moyen &
Stevens 2006). Generally, the am-out curves show
positively steep slopes and range from 900 to
1100°C in the garnet-absent assemblages below
10 kbar. Whereas in the garnet-bearing assemblages
above10 kbar,theam-outcurvesshownegativeslopes
with temperatures ranging from 700 to 1100°C and a
maximum pressure condition of <24 kbar (Wyllie &
Wolf 1993; Sen&Dunn 1994). Data fromSchmidt&
Poli (1998) suggest that the upper-pressure limit of
amphibole under subsolidus conditions is less than
24 kbar and varies trivially as temperature changes.
The calculated upper-temperature limit of amphibole
or hornblende (sensu lato) under suprasolidus condi-
tions is similar to the experimental results, showing
positive slopes in the garnet-absent assemblages
below 10 kbar, but negative slopes in the higher-
pressure garnet-bearing assemblages with pressures
slightly lower than the experimental results (Wyllie
& Wolf 1993; Sen & Dunn 1994). Under subsolidus
conditions, amphibole includes three categories:
hornblende, actinolite and glaucophane (see Diener
et al. 2007). The lower-temperature limit of horn-
blende shows positively steep slopes, with tempera-
tures ranging from 420 to 660°C, and pressures
from 1 to 23 kbar. Glaucophane is stable under low-
temperature (<660°C) and high-pressure (>9 kbar)
conditions. Actinolite is stable under low-
temperature conditions of <500–600°C, and pres-
sures of <30 kbar. The calculated upper-pressure lim-
its of amphibole are much higher than the
experimental results of Schmidt & Poli (1998).

The stability limits of plagioclase (pl-out) are con-
trolled by fluid/melt behaviours and bulk-rock com-
positions. As suggested from experiments in dry
systems, the pl-out limits are 20 kbar/1100°C in
dry quartz tholeiites (Green & Ringwood 1967) and
24 kbar/1100°C in high-Al basalts (Green 1967).
These pl-out curves showmoderately positive slopes,
with their pressure decreasing as temperature drops.
The pl-out limits constrained by experiments for
amphibole dehydrationmelting (e.g. Rapp&Watson
1995) show negatively steep slopes with tempera-
tures up to 1000–1100°C. The experimental data in
Liu et al. (1996) suggest that the pl-out curve
shows a positive slope under T < 730°C conditions
but shows negative slopes at T > 730°C. The calcu-
lated upper-pressure limit of plagioclase shows mod-
erately positive slopes in the temperature range of
600–900°C, similar to the experimental results of
Liu et al. (1996), but steeply positive slopes in the
lower temperatures of <600°C with a coexistence of
albite, and negative slopes in the higher temperatures

beyond the stability of hornblende. The calculated
upper-pressure limit of albite shows a gently positive
slope at 9–11 kbar. The negative slopes for the stabil-
ity limits of plagioclase in the high-temperature melt-
bearing assemblages can be attributed to the fact that
the suprasolidus plagioclase tends to be dissolved
into the melt, and the stability of plagioclase is
reduced as the water content increases (Winther &
Newton 1991). The upper-pressure limits of plagio-
clase may show positive slopes in natural anatectic
rocks if melt loss occurs.

The stability limits of garnet (gt-in) are consistent
in different experiments for metabasic rocks, which
show flat slopes with pressures of 8–10 kbar/600–
900°C (e.g. Liu et al. 1996; Schmidt & Poli 1998)
and their slopes become steeper at temperatures
higher than 900°C (e.g. Rapp & Watson 1995).
The calculated gt-in curves are slightly lower than
the experimental results at temperatures of >900°C,
but shows negatively moderate slopes in the temper-
ature range of 500–900°C, and almost vertical slopes
at lower temperatures of <500°C.

Compared with the stabilities of lawsonite,
zoisite/epidote and chlorite experimentally con-
strained by Schmidt & Poli (1998) for a H2O-
saturated MORB system, the calculated results are
slightly larger for lawsonite, but much smaller for
both epidote/zoisite and chlorite. The calculated
H2O-saturated solidus is intermediate between the
experimental results of Lambert & Wyllie (1972)
and Schmidt & Poli (1998) at pressures of between
4 and 17 kbar, but shows higher temperatures above
17 kbar and lower temperatures below 4 kbar.

ACF analyses of the phase relations
in metabasic rocks

ACF plot

The major minerals in most metabasic rocks may
include plagioclase, amphibole, garnet, clinopyrox-
ene, orthopyroxene, chlorite, epidote, lawsonite,
kyanite, quartz and fluid/melt. The end members
of these minerals are presented in Table 2, which
can be modelled in the model system NCFMASH
(N2O–CaO–FeO–MgO–Al2O3–SiO2–H2O). These
components are incorporated into three component
groups including A (=Al2O3–Na2O), C (=CaO) and
F (=FeO + MgO) if assuming SiO2, H2O and
NaAlO2 components are in excess, and nominated
as ACF components herein. The NaAlO2 component
may represent albite in plagioclase, jadeite in clino-
pyroxene, and glaucophane in amphibole. The
major minerals in metabasic rocks and their end
members are ploted in Figure 3 taking into account
the ACF values in Table 2. Garnet is a solid solution
including pyrope, almandine and grossular, and plots
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as a black solid bar if a grossular content of 0–30% is
assumed, which will vary according to different P–T
conditions in the following discussion. Amphibole
contains eight end members (Leake et al. 1997), and

all of them plot in the gl–tr–ts triangle in Figure 3.
Following Dale et al. (2005) and Diener et al.
(2007), amphibole is classified into three phases
including hornblende (hb) (sensu lato), actinolite
(act) and glaucophane (gl), which qualitatively plot
as darker shadowed fields in Figure 3. Chlorite is
qualitatively plotted with varying amounts of tscher-
mak substitution. The other minerals plot with a spe-
cific composition. For the phase equilibria under
suprasolidus conditions, melt (L) is present as an
excess phase.

The other components including K2O, TiO2,
Fe2O3, MnO and P2O5, nominated as non-ACF com-
ponents, are present in trivial amounts in metabasic
rocks, and occur as independent phases, such as mus-
covite, biotite, K-feldspar, rutile, sphene, ilmenite,
magnetite and apatite, etc., or substitute the ACF
components in silicate minerals. For instance,
minor amounts of Fe3+ can replaceAl, andMn substi-
tutes Fe2+ and Mg in minerals. These non-ACF com-
ponents may take subordinate roles in controlling the
phase relations of metabasic rocks. Figure 3 also
shows the projections of the four MORB composi-
tions presented in Table 1. Their A, C and F values
were calculated by assuming that all TiO2 is present
in ilmenite, Fe2O3 takes up 10%of total FeO and sub-
stitutes Al2O3, and P2O5 is present in apatite.

ACF analysis of phase relations

Taking into account the mineral phases in Figure 3
and combining themwith their stabilities constrained

Table 2. Major minerals in metabasic rocks in the NCFMASH system

Minerals End members Chemical formula A C F

Plagioclase (pl) Anorthite (an)–albite (ab) CaAl2Si2O8–NaAlSi3O8 1/2 1/2 0
Amphibole (am) Glaucophane (gl) Na2Mg3Al2Si8O22(OH)2 0 0 1

Tremolite (tr) Ca2Mg5Si8O22(OH)2 0 2/7 5/7
Barroisite (bar) NaCaMg4Al3Si7O22(OH)2 1/6 1/6 4/6
Winchite (win) NaCaMg4AlSi8O22(OH)2 0 1/5 4/5
Edenite (ed) NaCa2Mg5AlSi7O22(OH)2 0 2/7 5/7
Hornblende (hb) Ca2Mg4Al2Si7O22(OH)2 1/7 2/7 4/7
Pargasite (par) NaCa2Mg4Al3Si6O22(OH)2 1/7 2/7 4/7
Tschermakite (ts) Ca2Mg3Al4Si6O22(OH)2 2/7 2/7 3/7

Garnet (gt) Almandine (alm)–
pyrope (py)

Fe3Al2Si3O12–Mg3Al2Si3O12 1/4 0 3/4

grossular (gr) Ca3Al2Si3O12 1/4 3/4 0
Clinopyroxene (di/om) Diopside(di)-hedenbergite

(hd)–jadeite( jd)
CaMgSi2O6–CaFeSi2O6–

NaAlSi2O6

0 0.5 0.5

Orthopyroxene (opx) Enstatite (en)–ferrosilite (fs) Mg2Si2O6–Fe2Si2O6 0 0 1
Chlorite (chl) Chlonochlore–amesite Mg5Al2Si3O10(OH)8

Mg4Al4Si2O10(OH)8
1/6
2/6

0
0

5/6
4/6

Epidote (ep) Clinozoisite–epidote Ca2Al3Si3O12(OH)–
Ca2FeAl2Si3O12(OH)

3/7 4/7 0

Lawsonite (law) CaAl2Si2O6(OH)4 1/2 1/2 0
Kyanite (ky) Al2SiO5 1 0 0

Fig. 3. ACF diagram showing the projection of major
minerals (big blue circle) and end members (small
white circles) in metabasic rocks. The four MORB
compositions are also plotted as small green triangles
with labels consistent with those in Table 1. All of the
amphibole end members plot in the gl–tr–ts triangle and
the three amphiboles, including hornblende (hb),
actinolite (act) and glaucophane (gl), qualitatively plot
as darker shadowed fields. q, quartz; L, melt. For the
other abbreviations see Table 2.
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from both experiments and phase modelling, 10
invariant assemblages are involved in illustrating
the phase relations of metabasic rocks. Their detailed
information is presented in Table 3 and Figure 4.
Each invariant assemblage includes five univariant
assemblages or reactions, which constrain the divi-
sion of five metamorphic facies (Fig. 4) and meta-
morphic subfacies (for details, see below).

The P–T locations of the ACF invariant points
and univariant reactions were constrained mostly
on the basis of the calculated equilibria in Figure 1
and the experimental data shown in Figure 2. For
example, points i1, i2, i4 and i5 are defined accord-
ing to the calculated low-temperature limits of horn-
blende together with the high-pressure limits of
plagioclase (i1), the low-pressure limits of glauco-
phane (i2), and the formation of garnet (i5) and
omphacite (i4). The P–T conditions of points i3
and i9 are constrained on the basis of the calculated
low-pressure limits of lawsonite together with the
formation of garnet and kyanite. Point i6 is defined
on the low-pressure limits of garnet experimentally
constrained by Liu et al. (1996) and the fluid-absent
solidi of amphibolite (Rushmer 1991; Winther &
Newton 1991), which is consistent with the calcu-
lated low-temperature limits of orthopyroxene in
Figure 1. The P–T conditions for points i7 and i8
are defined by the calculated high-pressure limits
of plagioclase and experimentally-defined high-
temperature limits of epidote (Schmidt & Poli 1998),

combined with the approximate low-pressure limits
of garnet experimentally constrained by Liu et al.
(1996). Point i10 is consistent with the experimen-
tally constrained high-pressure limits of plagioclase
(Liu et al. 1996) and high-temperature limits of epi-
dote (Schmidt & Poli 1998).

Five metamorphic facies assemblages can be
defined in Figure 4. The diagnostic mineral paragen-
eses are chl + act for greenschist facies, hb + pl/ab
for amphibolite facies, opx + pl or di + gt + pl for
granulite facies, gl + ep/law for blueschist facies
and gt + om for eclogite facies. The higher-pressure
part of the amphibolite facies includes assemblages
deficient in both plagioclase and albite.

Phase relations in the transition between
metamorphic facies

Phase relations under greenschist, amphibolite
and blueschist facies

The possible minerals present in metabasic rocks
under greenschist, amphibolite and blueschist facies
may include actinolite, hornblende, glaucophane,
chlorite, plagioclase and epidote, if assuming quartz,
water and NaAlO2 in excess. These minerals con-
struct two invariant assemblages (i1 and i2) and
their ACF plots are shown in Figure 5a, b. The pos-
sible univariant reactions are listed in Table 3.

Table 3. Univariant reactions of approximate P–T conditions of 10 invariant assemblages in metabasic rocks

i1, pl + ep + hb + act
+ chl

3kbar/470°C
(pl) chl + act + ep =

hb
(ep) pl + act + chl =

hb
(hb) ep + chl = pl +

act
(act) ep + chl = pl +

hb
(chl) pl + act = ep +

hb

i2, gl + ep + hb + act
+ chl

9.5 kbar/490°C
(gl) ep + chl + act =

hb
(ep) act + chl = hb +

gl
(hb) ep + gl = act +

chl
(chl) ep + gl + act =

hb
(act) ep + gl = hb +

chl

i3, law + om + gl +
gt + ep

18 kbar/505°C
(law) gl + ep = gt +

om
(om) gl + law = gt +

ep
(gl) om + law = gt

+ ep
(gt) law + om = gl

+ ep
(ep) law + gl = gt +

om

i4, gl + ep + hb + gt
+ om

15 kbar/590°C
(gl) hb + ep = gt +

om
(ep) gt + om + gl =

hb
(hb) gl + ep = gt +

om
(gt) gl + om + ep =

hb
(om) gl + ep = gt +

hb

i5, gl + ep + hb + gt
+ chl

13.5 kbar/510°C
(gl) chl + ep = gt +

hb
(ep) gl + gt = hb +

chl
(hb) gl + gt = ep +

chl
(gt) ep + gl = hb +

chl
(chl) gl + ep = gt +

hb
i6, pl + hb + di +
opx + gt

10 kbar/810°C
(pl) hb = gt + di +

opx
(hb) opx + pl = di +

gt
(di) hb + gt = pl +

opx
(opx) pl + hb = gt +

di
(gt) hb = opx + di +

pl

i7, pl + ep + hb + di
+ gt

10 kbar/700°C
(pl) ep + hb = gt + di
(ep) pl + hb = gt + di
(hb) gt + ep = di + pl
(di) ep + gt = pl + hb
(gt) ep + hb = di + pl

i8, pl + ep + hb + gt
+ chl

9 kbar/590°C
(pl) chl + ep = gt +

hb
(ep) pl + chl = gt +

hb
(hb) pl + chl = gt +

ep
(gt) ep + chl = pl +

hb
(chl) pl + hb = gt +

ep

i9, law + ep + gt +
om + ky

25 kbar/640°C
(law) gt + ep = om +

ky
(ep) gt + law = om +

ky
(gt) law = ep + ky
(om) law = ep + ky
(ky) law + om = gt +

ep

i10, pl + ep + gt +
om + ky

14 kbar/710°C
(pl) gt + ep = om +

ky
(ep) gt + pl = om +

ky
(gt) pl = ep + ky
(om) pl = ep + ky
(ky) gt + ep = di + pl
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According to Schreinemakers’ rules (e.g. Zen
1966), the topological relationships between these
reactions are shown in Figure 5c. It also shows the
diagnostic (shaded) and non-diagnostic assemblages
in each divariantfield boundedby the univariant reac-
tions, which is the P–T projection that shows phase
relations for all bulk-rock compositions in the ACF
space (Powell et al. 1998). For a specific composi-
tion, only one assemblage is stable in each divariant
field, which is called the P–T pseudosection. For
the MORB composition of interest (M in Fig. 5a,
b), its P–T pseudosection can be qualitatively ana-
lysed, as shown in Figure 5d. Only one reaction
i2-(ep) (refers to the epidote-absent reaction around
point i2) cannot be seen by the composition. Accord-
ing to Figure 5d, six metamorphic subfacies can be
classified. The diagnostic assemblage of albite
greenschist subfacies (ab-GS) is act + ep + chl
(+ab + q). A progressive change withP–T conditions
below invariant point i1 is characteristic of the

appearance of act + pl via reaction i1-(hb), producing
a subfacies assemblage named as the plagioclase
greenschist subfacies (pl-GS), which is followed by
the appearance of hornblende via reaction i1-(ep),
and the disappearance of actinolite via reaction
i1-(chl), resulting in the formation of two subfacies
assemblages: the actinolite-bearing low-temperature
amphibolite (act-LAM) and low-temperature amphi-
bolite (LAM). However, a progressive change with
P–T conditions above invariant point i1 is marked
by the appearance of hornblende via the reaction
i1-(pl) or i2-(gl), forming an assemblage (hb + ep +
chl + ab + q) of epidote amphibolite subfacies
(ep-AM). The ep-AM assemblage is transformed
into the LAM subfacies via reaction i1-(act), marked
by the formation of plagioclase and disappearance of
albite. The transition from greenschist to blueschist
facies is constrained by reaction i2-(hb), which
gives rise to the appearance of glaucophane, forming
the typical paragenesis gl + ep of epidote blueschist

Fig. 4. P–T diagram showing the stabilities of 10 ACF invariant assemblages with numbers corresponding to those in
Table 3; univariant reactions are labelled with the absent phase and the extent of five metamorphic facies. The
stability limits of minerals and fluid-saturated solidi from experiments and phase modelling are the same as those in
Figure 2. The abbreviations: EC, eclogite facies. The other abbreviations are the same as shown for Figures 1 and 2.
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subfacies (ep-BS). According to the phase modelling
in Figure 1, the appearance of glaucophane is imme-
diately followed by the disappearance of albite. The
ep-BS subfacies contains two assemblages: gl + ep
+ act and gl + ep + hb,with hornblende (actually bar-
roisite) replacing actinolite through reaction i2-(chl)
as the temperature rises.

Phase relations in the transition from
blueschist to eclogite facies

The possible minerals present in metabasic rocks
under blueschist and eclogite facies may include law-
sonite, omphacite, glaucophane, hornblende, garnet,
epidote and chlorite, with quartz, water and NaAlO2

components being in excess. Actinolite and talc are
predicted to be present for the P–T conditions of
interest according to the phase modelling in Figure 1,
which are not, however, major phases in natural low-
temperature eclogites and blueschists under high
pressures (e.g. Carswell 1990; Zhang et al. 2007;
Wei et al. 2009). The above minerals construct
three invariant assemblages: i3, i4 and i5 (Fig. 4;
Table 3). The ACF plots for invariant assemblage

i3 are shown in Figure 6a, and the P–T projection
that includes the distribution of univariant reactions
and the possible diagnostic and non-diagnostic
assemblages in each divariant field are shown in
Figure 6b. For the MORB composition (M), the P–
T pseudosection can be qualitatively obtained as
shown in Figure 6c, where only one reaction –

i3-(om) – cannot be seen by the composition. Thus,
four P–T fields and, accordingly, four metamorphic
subfacies, including lawsonite blueschist (law-BS),
epidote blueschist (ep-BS), lawsonite eclogite
(law-EC) and epidote eclogite (ep-EC), can be classi-
fied, each of which has a specific divariant assem-
blage (Fig. 6c).

If FeO and MgO are not regarded as one compo-
nent (F) but two independent components and, more-
over, Na2O and Fe2O3 are also treated as independent
components, as we did in the phase modelling in
Figure 1, the ACF univariant reactions in Figure 6c
will become multivariant continuous ones. For
instance, glaucophane will not disappear on the uni-
variant lines i3-(ep) and i3-(law) in Figure 6c, but
will remain present in a wide P–T range until it is
out, forming the transitional glaucophane–lawsonite
eclogite (gl–law-EC) and glaucophane–epidote

Fig. 5. (a) & (b) ACF diagrams, (c) P–T projection and (d) P–T pseudosections for the MORB compositions
showing the phase relations under greenschist, amphibolite and blueschist facies. The univariant reactions are
nominated with the absent phase. The diagnostic assemblage in each P–T field is shaded in yellow; the
non-diagnostic assemblages are not shaded. Abbreviations of subfacies: ab-GS, albite greenschist; act-LAM, actinolite
low-temperature amphibolite; ep-AM, epidote amphibolite; ep-BS, epidote blueschist; pl-GS, plagioclase greenschist;
LAM, low-temperature amphibolite.
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eclogite (gl–ep-EC) subfacies (Fig. 6d). The invariant
assemblage i3 will also become a multivariant reac-
tion (shown as a bold solid line in Fig. 6d). Accord-
ingly, the univariant reactions i3-(gt) and i3-(gl)
will also become continuous ones but in narrow P–
T ranges (the dashed lines), according to the model-
ling results in Figure 1. For the law-EC and ep-EC
subfacies assemblages in Figure 6d, the mode of law-
sonite and epidote will decrease as garnet is enriched
in grossular content with increasing P–T conditions.
These two phases will disappear when the gt–om tie-
line passes through the projection of theMORBs (M),
resulting in the formation of a dry eclogite (dry-EC)

subfacies assemblage consisting mainly of garnet
and omphacite. Thus, seven subfacies of the eclogite
and blueschist facies can be subdivided (Fig. 6d) if
taking into account continuous reactions and varia-
tions in mineral compositions with a change in
P–T conditions.

The ACF plots for invariant assemblages i4 and
i5, and the P–T projections, are shown in
Figure 7a–c. The P–T pseudosection for the MORB
composition can be qualitatively analysed, as
shown in Figure 7d. The reactions i4-(ep), i5-(hb)
and i5-(ep) cannot be seen by the composition.
Thus, four P–T fields, or four metamorphic subfacies

Fig. 6. (a) ACF diagram, (b) P–T projection and (c) & (d) P–T pseudosections for the MORB composition showing
the phase relations under blueschist and eclogite facies. Abbreviations of subfacies: dry-EC, dry eclogite; ep-BS,
epidote blueschist; ep-EC, epidote eclogite; gl–ep-EC, glaucophane–epidote eclogite; gl–law-EC, glaucophane–
lawsonite eclogite; law-BS, lawsonite blueschist; law-EC, lawsonite eclogite. The other abbreviations are the same as
those in Figures 4 and 5.
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including ep-BS, ep-EC, ep-AM and gt–ep-AM
(garnet–epidote amphibolite), can be classified,
where the ep-BS subfacies includes two divariant
assemblages but each of the other three subfacies
has one divariant assemblage (Fig. 7d).

In a more realistic system, as we showed
above, the ACF invariant assemblage and univariant

reactions in Figure 7d will become multivariant.
Especially, reactions i4-(hb) and i4-(gl), involving
the stability of two amphiboles, will become contin-
uous and maintain the presence of glaucophane and
hornblende in a wide P–T range until they are out,
forming the transitional gl–ep-EC and hb–ep-EC
(hornblende–epidote eclogite) subfacies (Fig. 7e).

Fig. 7. (a) & (b) ACF diagrams, (c) P–T projection and (d) & (e) P–T pseudosections for the MORB composition
showing the phase relations under blueschist and eclogite facies. Abbreviations of subfacies: gt–ep-AM, garnet–
epidote amphibolite; hb–ep-EC, hornblende–epidote eclogite. The other abbreviations are the same as those in
Figures 4 and 6.
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The invariant assemblage i4 will become a multivar-
iant reaction (shown as a bold solid line in Fig. 7e)
responsible for the transformation between glauco-
phane and hornblende. Accordingly, the other ACF
univariant tractions in Figure 7d will be also multi-
variant, but their changes are neglected in Figure 7e
because they cannot form wide ranges of transitional
subfacies according to the phase modelling in Fig-
ure 1. As garnet is enriched in grossular content
with increasing P–T conditions in the ep-EC subfa-
cies, epidote will decrease in its mode and finally dis-
appear when the gt–om tie-line passes through the
projection of the MORB composition (M), resulting
in the formation of the dry-EC subfacies.

Phase relations in the transition
from amphibolite to granulite facies

The possible minerals present in metabasic rocks
under amphibolite and granulite facies may include
hornblende, diopside, orthopyroxene, garnet and
plagioclase, with quartz, melt and NaAlO2 compo-
nent being in excess. The above minerals construct
an invariant assemblage (i6) and their ACF plots
are shown in Figure 8a. The possible univariant
reactions in assemblage i6 are presented in
Table 3 and the P–T projections are shown in
Figure 8b. For the MORB composition, the P–T
pseudosection can be qualitatively obtained as

Fig. 8. (a) ACF diagram, (b) P–T projection and (c) & (d) P–T pseudosections for the MORB composition showing
the phase relations under amphibolite, granulite and eclogite facies. Abbreviations of subfacies: dry-EC, dry eclogite;
dry-GR, dry granulite; HAM, high-temperature amphibolite; hb-EC, hornblende eclogite; hb-GR, hornblende
granulite; hb–gt-GR, hornblende–garnet granulite; gt-GR, garnet granulite; gt-HAM, garnet high-temperature
amphibolite. The other abbreviations are the same as those in Figure 4.
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shown in Figure 8c, where three reactions i6-(opx),
i6-(hb) and i6-(gt) can be seen by the composi-
tion. Thus, three P–T fields and, accordingly,
three metamorphic facies or subfacies including
high-temperature amphibolite (HAM), granulite
(GR) and garnet granulite (gt-GR) can be classified,
each of which has a specific divariant assemblage
(Fig. 8c).

If taking into account other non-ACF compo-
nents, and regarding FeO and MgO as separately
independent components, the invariant and univar-
iant assemblages in Figure 8c will become multivar-
iant continuous ones. For instance, the invariant
assemblage i6 will become a multivariant reaction
(shown as a bold solid line in Fig. 8d) until horn-
blende is out. The univariant reaction i6-(gt) becomes
multivariant, with hornblende coexisting with opx +
di + pl, forming the transitional assemblage of horn-
blende granulite (hb-GR) subfacies (Fig. 8d). For
reaction i6-(opx), the assemblage hb + pl + gt + di
can be stable in a wide P–T range of 9–15 kbar and
600–1000°C, as suggested from both experimental
and modelling results (Figs 1 and 2), covering
the P–T conditions of both amphibolite and granu-
lite facies. As there will not be a clear boundary
between these two facies that share one assemblage
hb + pl + gt + di, we divide it into two subfacies:
garnet high-temperature amphibolite (gt-HAM) and
hornblende–garnet granulite (hb–gt-GR), according
to whether the hornblende mode is less than or
more than themode of the anhydrousminerals of gar-
net and diopside (Wei et al. 2017). Thus, the gt-HAM
subfacies is dominated by hydrous minerals (horn-
blende) and the hb–gt-GR subfacies is dominated
by anhydrous minerals, although both of them have
the same assemblage. Within this assemblage, garnet
will be enriched in grossular content with increasing
pressure, coupled with plagioclase decreasing in its
mode and becoming enriched in albite andfinally dis-
appearing when the gt–di tie-line passes through the
projection of bulk-rock composition (M). Mean-
while, clinopyroxene is becoming enriched in jadeite
and transformed into omphacite, resulting in the
formation of the hb-EC subfacies assemblage with
om + gt + hb. The hb–gt-GR and hb-EC subfacies
assemblages are transformed into the dry-EC and
gt-GR subfacies after hornblende disappears with
increasing P–T conditions. Moreover, the transition
from the dry gt-GR subfacies to the dry-EC subfacies
can occur after plagioclase is out with increasing
pressure.

Reaction i6-(hb) also becomes multivariant with
the assemblage opx + pl + gt + di stable in a small
pressure range, as roughly displayed by the dashed
lines in Figure 8d. If neglecting these assemblages
as stable in narrow ranges, eight subfacies assem-
blages can be classified for metabasic rocks under
suprasolidus conditions.

Phase relations in the transition from
AM to EC facies

The possible minerals present in metabasic rocks
under amphibolite and eclogite facies may include
hornblende, diopside/omphacite, epidote, garnet,
plagioclase and chlorite, with quartz, H2O and
NaAlO2 components being in excess. They construct
two invariant assemblages (i7 and i8). The ACF plots
and P–T projection are shown in Figure 9a–c. For the
MORB composition, the P–T pseudosection can be
qualitatively obtained as shown in Figure 9d. Six
P–T fields and, accordingly, six metamorphic subfa-
cies including ep-AM, gt–ep-AM, LAM, HAM,
ep-EC and gt-GR can be classified, each of which
has a specific divariant assemblage (Fig. 9c). If you
take into account other non-ACF components, and
regard FeO andMgO as separately independent com-
ponents, the invariant and univariant assemblages in
Figure 9d will become multivariant continuous ones.
If we just consider the multivariant natures of reac-
tions i7-(di) and i7-(ep), two transitional assemblages
of hb + pl + gt + ep and hb + pl + gt + di are pro-
duced after garnet appears (Fig. 9e), which are nom-
inated as the garnet-low-temperature amphibolite
(gt-LAM) and garnet high-temperature amphibolite
(gt-HAM) subfacies, respectively. Accordingly,
invariant assemblage i7 will become multivariant
with the five phases stable in a small P–T range,
which is also grouped into the gt-LAM subfacies in
Figure 9e. With increasing pressure, plagioclase
in the gt-LAM and gt-HAM subfacies will decrease
in mode and finally disappear, concomitant with
garnet becoming enriched in grossular, resulting in
the formation of three subfacies assemblages of gt–
ep-AM, hb–ep-EC and hb-EC. As hornblende has
wide stability fields, as suggested in Figures 1 and
2, the hornblende-absent ep-EC and gt-GR assem-
blages will not be present in theP–T range of interest.

Phase relations for kyanite-bearing eclogitic
assemblages

Kyanite-bearing eclogitic assemblages may include
garnet, diopside/omphacite, epidote, lawsonite, pla-
gioclase and kyanite, with quartz, H2O and NaAlO2

components being in excess. They construct two
invariant assemblages (i9 and i10), and their ACF
plots and P–T projection are shown in Figure 10a–c.
Two AC subsystem reactions, involving law = ep +
ky (i9-(om) and i9-(gt)) and pl = ep + ky (i10-(om)
and i10-(gt)), are present that bound the maximum
stabilities of lawsonite and plagioclase (anorthite),
respectively. Both of them cannot be seen by the
MORB composition (Fig. 10d). Thus, four P–T
fields or four metamorphic subfacies, including
law-EC, ep-EC, ky-EC (kyanite eclogite) and
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gt-GR, can be classified (Fig. 10d). If the other com-
ponents are considered in a more realistic system, the
univariant reactions will become multivariant. For
instance, a transitional assemblage gt + om + law +
ky will appear between the law-EC and ky-EC subf-
acies assemblages; and a transitional assemblage gt
+ om + ep + ky between the ep-EC and ky-EC subf-
acies assemblages. If you take into account the wide
stability of hornblende (e.g. 22–23 kbar/700–800°C
in Fig. 2), the phase relations defined by i10 are
mostly not present in basic rocks. For instance, the
gt-GR subfacies may be replaced by a gt-HAM
assemblage (Fig. 8), and the ep-EC subfacies under
P < 23 kbar is substituted by the hb–ep-EC and
gt-LAM subfacies assemblages (Figs 7 & 9). In
fact, kyanite-bearing eclogites are stable in the P–T
conditions of >20 kbar and >600°C (Holland &
Powell 1998; Wei et al. 2003). In addition, kyanite

in the ky-EC assemblage in Figure 10 may disappear
due to garnet becoming enriched in grossular with
increasing P–T conditions. In many cases, kyanite
in UHP eclogites was interpreted to have been
formed during decompression, which is absent in
the UHP peak stage (e.g. Wei et al. 2010, 2013).
Thus, kyanite-bearing eclogitic assemblages are gen-
erally stable in small P–T ranges (see Fig. 1) or com-
monly absent, and were neglected in the
following discussions.

A complete P–T pseudosection for MORBs
from the ACF analysis

On the basis of the phase relations analysed above,
a complete P–T pseudosection is presented in
Figure 11. It includes 22 subfacies assemblages in

Fig. 9. (a) & (b) ACF diagrams, (c) P–T projection and (d) & (e) P–T pseudosections for the MORB composition
showing the phase relations under amphibolite and eclogite facies. Abbreviations of subfacies: hb–ep-EC,
hornblende–epidote eclogite; gt-LAM, garnet low-temperature amphibolite. The other abbreviations are the same as
those in Figures 4, 5 and 8.
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the P–T range of 0–32 kbar and 400–1100°C. The
boundaries between these subfacies assemblages
are defined by ACF invariant reactions (i3, i4 and
i6; shown as bold solid lines), univariant reactions
(solid lines) and continuous reactions, involving
hb-out, gl-out, pl-out, law-out and ep-out, which
are shown as dashed lines.

The phase relations in Figure 11 are controlled by
the stabilities of garnet, plagioclase, hornblende,
glaucophane, epidote and lawsonite. Garnet is stable
in the high P–T fields of >9–10 kbar and >450°C in
Figure 11. Garnet-forming (gt-in) reactions show flat
slopes in temperatures above point i8 controlled by
the reactions consuming hb + pl and opx + pl, but

vertical slopes in temperatures below point i8 involv-
ing reactions at the expense of ep + chl, gl + ep and
gl + law. Phase modelling in Figure 1 shows that
the garnet-in curves under low-iemperature condi-
tions are closely related to the chlorite-out, sug-
gesting that chlorite should be involved in the
garnet-forming reactions. Garnet stabilities will be
widened to lower P–T conditions to consider MnO
as an independent component in the system (Mahar
et al. 1997; Wei et al. 2004), and beyond the limits
presented in Figure 11, which, however, can be
regarded as the boundaries that indicate the presence
of a considerable amount (>5–10 vol%) of garnet
(Tian & Wei 2014) in rocks.

Fig. 10. (a) & (b) ACF diagrams, (c) P–T projection and (d) P–T pseudosection for the MORB composition showing
the phase relations in the kyanite-bearing eclogitic assemblages. Abbreviations of subfacies: ky-EC, kyanite eclogite.
The other abbreviations are the same as those in Figures 4 and 6.
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Plagioclase is stable in the low-pressure fields in
Figure 11, and its disappearance reactions show
moderately positive slopes (i.e. at about 5 kbar/
500°C and 10 kbar/600°C) defined by ACF univar-
iant reactions consuming actinolite and hornblende
in temperatures below point i8, but show gently pos-
itive slopes (i.e. at about 15 kbar/800°C and
20 kbar/1100°C) in temperatures above point i8,
constrained by the ACF continuous reactions as a
result of the coexisting garnet becoming enriched
in grossular.

Hornblende is stable in the lower-central part of
Figure 11 at <24 kbar and 420–1000°C, and its for-
mation is defined by the ACF univariant reactions at
the expense of chl + act + pl, chl + act + ep and ep +
gl under pressures below 15 kbar (i4), and an ACF
invariant reaction (i4), gt + om + gl = hb + ep. At
higher temperatures above 660°C, hornblende-out
is controlled by the ACF continuous reactions with
the formation of garnet, omphacite/diopside and
orthopyroxene. Glaucophane is stable in the low-
temperature (<650°C) and high-pressure (>8 kbar)

Fig. 11. A complete pseudosection for the MORB compositions in Table 2 showing the stabilities of 22 subfacies
assemblages in five metamorphic facies. The greenschist facies include two subfacies: albite greenschist (ab-GS) and
plagioclase greenschist (pl-GS). The amphibolite facies include seven subfacies: actinolite low-temperature
amphibolite (act-LAM), low-temperature amphibolite (LAM), high-temperature amphibolite (HAM), epidote
amphibolite (ep-AM), garnet–epidote amphibolite (gt–ep-AM), garnet low-temperature amphibolite (gt-LAM) and
garnet high-temperature amphibolite (gt-HAM). The granulite facies include four subfacies: hornblende granulite
(hb-GR), dry granulite (dry-GR), hornblende–garnet granulite (hb–gt-GR) and garnet granulite (gt-GR). The blueschist
facies include two subfacies: epidote blueschist (ep-BS) and lawsonite blueschist (law-BS). The eclogite facies include
seven subfacies: glaucophane–lawsonite eclogite (gl–law-EC), glaucophane–epidote eclogite (gl–ep-EC), hornblende–
epidote eclogite (hb–ep-EC), lawsonite eclogite (law-EC), epidote eclogite (ep-EC), hornblende eclogite (hb-EC) and
dry eclogite (dry-EC). The boundaries between these subfacies assemblages are defined by the ACF invariant reactions
(i3, i4 and i6: thick solid lines), univariant reactions (thin solid lines) and continuous reactions (dashed lines). The
ACF diagram in the upper right-hand corner shows the plots of minerals in metabasic rocks. The apparent geothermal
gradients of 110°C/kbar, 55°C/kbar and 28°C/kbar that cause the four-fold classification of metamorphism in this
study are shown as dashed red lines. The others are the same as in Figures 1 and 2.
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part of Figure 11. Its disappearance is controlled by
the ACF univariant reactions consuming epidote
and producing act + chl, hb + chl and gt + hb at pres-
sures below 15 kbar (i4), the ACF invariant reaction
(i4) to produce hornblende at pressures between 15
and 24 kbar, and the ACF univariant reactions
including gl + law/ep = gt + om at the higher pres-
sures >24 kbar.

Lawsonite appears in the low-temperature (<700°
C) and high-pressure (>10 kbar) conditions in Fig-
ure 11. Its disappearance is controlled by the ACF
univariant reactions consuming omphacite in pres-
sures below 25 kbar (i9), and by ACF continuous
reactions resulted from the coexisting garnet becom-
ing enriched in grossular. Epidote appears in the P–T
conditions of <30 kbar and < 750°C in Figure 11. Its
low-temperature limits are defined by the law-out
reactions, and its high-temperature limits are defined
by the ACF continuous reactions consuming hb + ep
and gt + ep, and producing di + pl in the plagioclase
stability fields of pressures below i10, and by the
ACF continuous reactions in higher pressures
above i10.

A four-fold classification
of metamorphism

Miyashiro (1961, 1994) proposed the three-fold clas-
sification of metamorphism including the low-,
medium- and high-P/T types with average geother-
mal gradients approximately >35°C/km, between
35 and 15°C/km, and <15°C/km, respectively. As
the values of geothermal gradient vary with the aver-
age density of crustal andmantle rocks used in the cal-
culation, and, also, the pressure values recovered for
metamorphic rocks do not simply reflect the depth of
crust, Brown (2007) preferred to use apparent thermal
gradients for the classification of metamorphism. On
the basis of the summary of P–T conditions from 140
metamorphic belts in the world, he proposed three
types of metamorphism as: the high-pressure–
ultrahigh-pressure metamorphism (HPM–UHPM)
group; the medium-temperature eclogite and high-
pressure granulite group (E-HPGM) group; and the
granulite–ultrahigh temperature (G–UHTM) group,
with apparent thermal gradients of 150–350°C/
GPa, 350–750°C/GPa and 750–1500°C/GPa, res-
pectively. Following these ideas and on the basis of
the phase relationspresented inFigure 11,wepropose
a four-fold classification ofmetamorphism, including
low-, medium-, high- and very-high-P/T types. The
average apparent geothermal gradients that cause
these four types of metamorphism are approximately
>110°C/kbar for the low-P/T type, between 110 and
55°C/kbar for themedium-P/T type, between 55 and
28°C/kbar for the high-P/T type, and <28°C/kbar
for the very-high-P/T type.

The very-high-P/T type of metamorphism
mainly occurs in the lawsonite stability fields, with
geothermal gradients corresponding to the tectonic
settings for the cold subduction of oceanic slabs
(e.g. Peacock & Wang 1999; Tsujimori et al. 2006;
Song et al. 2007; Tsujimori & Ernst 2014; Wei &
Tian 2015) and continental crust (e.g. Wei et al.
2010, 2013). Progressive metamorphic evolution
with increasing P–T conditions is dominated by the
dehydration of hydrous phases of lawsonite and
glaucophane. As shown in Figure 11, the paragenesis
of law + gl constructs the typical assemblage of the
law-BS subfacies, which gives rise to the eclogitic
assemblage of gt + om. With increasing P–T condi-
tions, the eclogitization is dominated by the ACF
univariant reaction with the formation of gt + om
and the consumption of gl + law (reaction i3-(ep)),
which can occur continuously in a wide P–T range
(gl–law-EC subfacies) until glaucophane is out.
The following evolution is controlled by lawsonite
dehydration in the ACF divariant assemblage law–
gt–om (law-EC subfacies), which is attributed to gar-
net becoming enriched in grossular with increasing
in the P–T conditions. After lawsonite is out, the
only hydrous phase in the metabasic rocks is phen-
gite, which may disappear when P–T conditions
cross the water-saturated solidus (Schmidt et al.
2004) with sufficient water.

The high-P/T type of metamorphism mainly
occurs in the epidote and hornblende stability fields
above the high-pressure limits of plagioclase, with
geothermal gradients corresponding to the tectonic
settings for the warm subduction of oceanic slabs
(e.g. Peacock&Wang1999) and the deep part of con-
tinental thickening belts: for instance, at the Hima-
laya (e.g. Wang et al. 2017) and the Belomorian
Mobile Belt (e.g. Perchuk &Morgunova 2014). Pro-
gressive metamorphic evolution with increasing P–T
conditions is dominated by the dehydration of
hydrous phases of epidote, glaucophane and horn-
blende. If starting from the ep-BS subfacies charac-
teristic of the paragenesis of ep + gl, the subsequent
metamorphic evolution or eclogitization in the P–T
conditions above invariant point i4 is dominated by
the ACF univariant reaction with the formation of
gt + om and the consumption of gl + ep (reaction
i3-(law) or i4-(hb)), which can occur continuously
in a wide P–T range (gl–ep-EC subfacies) until glau-
cophane is out. Further eclogitization in the ACF
divariant fields of the ep-EC subfacies is controlled
by epidote dehydration due to garnet becoming
enriched in grossular. For progressive changes with
increasing P–T conditions below point i4, the
ep-BS assemblage gives rise to the assemblages of
gt + hb + ep in the gt–ep-AM subfacies and hb + ep
+ chl in the ep-AM subfacies, respectively. Further
evolution is controlled by the ACF univariant
(i4-(gl)) hb + ep = gt + om, which proceeds in a
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wide P–T range of hb–ep-EC subfacies until horn-
blende is out when the pressure is above c. 23 kbar
or until epidote is out when the temperature is
above c. 750°C. For the latter case, the subsequent
metamorphic evolution occurs in the P–T field of
the hb-EC subfacies dominated by the ACF divariant
reaction hb = gt + om until hornblende disappears,
resulting in the formation of the dry-eclogite subfa-
cies assemblage.

The medium-P/T type of metamorphism mainly
occurs in the plagioclase stability fields, with geo-
thermal gradients corresponding to the tectonic set-
tings for collisional orogenic belts (Miyashiro
1994). Progressive metamorphic evolution is con-
trolled by dehydration reactions i1-(pl) and i1-(act),
with the formation of hornblende in the ab-GS and
ep-AM subfacies. Further evolution in the garnet-
absentfields is dominated by hornblende dehydration
reactions including i7-(gt) and i6-(gt) until horn-
blende is out at c. 1000°C, forming the LAM,
HAM, hb-GR and dry-GR subfacies assemblages.
The metamorphic evolution in the garnet-present
fields is dominated by the dehydration of hornblende
and epidote in the gt-LAM subfacies, followed by
hornblende dehydration in the gt-HAM and hb–
gt-GR subfacies assemblages.

The low-P/T type of metamorphism, equivalent
to that in Miyashiro (1994), with geothermal gradi-
ents corresponding to the tectonic settings for island
arcs, continental rift, oceanic ranges and contact
aureoles (Miyashiro 1994). Progressive metamor-
phic evolution is characterized by the formation of
the pl-GS and act-LAM subfacies assemblages, and
the subsequent evolution is controlled by hornblende
dehydration, similar to that in the medium-P/T type.

As temperature is above the fluid-saturated
solidus, the dehydration of hydrous phases will result
in anatexis in metabasic rocks, producing granitic or
trondhjemitic–tonalitic melts. Both phase-modelling
and experimental data (e.g. Schmidt et al. 2004) sug-
gest that K2O phases (biotite and muscovite) are con-
sumed on or just above the fluid-saturated solidus. At
10–28 kbar, epidote is stable at suprasolidus condi-
tions, and its dehydration can produce small amount
of melt (<3 mol%) according to themodelling inWei
et al. (2017). The melting of metabasic rocks is dom-
inated by the dehydration of hornblende, which
occurs at HAM, hb-GR, gt-HAM, hb–gt-GR and
hb-EC subfacies. Phase-modelling results suggest
that the experimentally defined fluid-absent solidi
of amphibolite ranging from 800 to 850°C in Figure 2
(e.g. Rushmer 1991; Winther & Newton 1991) are
not really present, and could be regarded as effective
solidi of metabasic rocks with quite a bit of melt that
can be observed (Wei et al. 2017). The melting of
basic assemblages saturated with water should have
started from the fluid-saturated solidus because the
progressive evolution under subsolidus conditions

may continuously release fluids, and so the rocks
are always under fluid-present conditions for a natu-
ral progressive evolution.

Concluding remarks

Quantitative phase modelling using available ther-
modynamic datasets, software and mixing models
for relevant phases have been proved to be effective
for elucidating the phase relations or metamorphic
evolution for natural rocks (Powell et al. 1998;
Holland & Powell 2011). Pseudosections calculated
for most basic rocks can provide results comparable
with those from experimental results, including the
stability limits for lawsonite, epidote, amphibole,
plagioclase and garnet. The phase relations in most
P–T pseudosections for metabasic rocks look to be
very complicated, but can be greatly simplified when
viewed using ACF analysis. ACF composition–
paragenesis diagrams are very useful not only for
summarizing the results of petrographical work,
but also for the purpose of the definition and charac-
terization of individual metamorphic facies or sub-
facies; although it is now clear that they have too
many defects to be used in rigorous thermodynamic
discussions (Miyashiro 1994). On the basis of ACF
composition–paragenesis diagrams, P–T projections
that include all the phase relations in the ACF
compositional space can be constructed following
Schreinemakers’ rules, and, thus, P–T pseudosec-
tions can be obtained for specific compositions.
These qualitative P–T pseudosections are useful for
understanding the complicated phase relations of
metabasic rocks.

On the basis of ACF analysis, five metamorphic
facies and 22 subfacies assemblages can be identified
for metabasic rocks of MORB composition if the
kyanite-bearing assemblages are neglected. The
subfacies assemblages are mostly divariant, six are
univariant and one is trivariant. All of the univariant
subfacies assemblages resulted from the wide stabil-
ity of hornblende and glaucophane.

A four-fold classification ofmetamorphism is pre-
sented on the basis of the phase relations in the qual-
itative P–T pseudosections for metabasic rocks of
MORB composition, including low-, medium-,
high- and very-high-P/T types, where the low- and
medium-P/T types are consistent with the stability
fields of plagioclase, the very-high-P/T type is con-
sistent with the stability fields of lawsonite, and the
high-P/T type corresponds to the fields in-between
the stability limits of lawsonite and plagioclase. The
low- and medium-P/T types are similar to those in
Miyashiro (1994), but the high- and very-high-P/T
types seem to be subdivisions of the high-P/T type
in Miyashiro (1994). This subdivision is necessary
because the phase relations in the plagioclase-absent
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fields are very complicated and suggest diverse tec-
tonic settings, which cannot be included in one partic-
ular P/T type of metamorphism.
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