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Abstract: The solubility of uranium (U) in hydrothermal fluid is thought to be controlled by oxidation.
In general, uranium is mainly transported as U(VI) in oxidized fluid, but precipitated as U(IV) in
reduced fluid. However, many geological observations indicate that metamorphic fluids, which are
buffered by metamorphic rocks with oxidized protoliths such as oxidized pelite or altered marine
basalt, are not enriched in U. To explore the reason of the low solubility of U in metamorphic fluids, we
simulated the hydrous speciation and solubility of U in fluids that are in equilibrium with rocks. The
simulations were conducted at pressure–temperature (P-T) conditions of greenschist and amphibolite
facies metamorphism. The results show that U is mainly dissolved as U(IV), instead of U(VI), in
metamorphic fluids. The solubility of U remains at a low level of ~10−12 molal, and is not significantly
influenced by metamorphic temperature, pressure, and fluid salinity. This result is consistent with
geological observations and, thus, can explain the low-U nature of natural metamorphic fluids.
The simulation also shows high solubility of U(VI) (1.3 × 10−7 molal) in oxidized pelite-buffered
fluids at low temperature (<250 ◦C), consistent with the geological fact that U can be mobilized by
low-temperature geofluids.
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1. Introduction

The hydrothermal mobility of U is mostly governed by its oxidation state. In oxidized
fluids, U is exceedingly mobile as a hexavalent uranyle ion (UO2

2+). As far as we know,
U might form over 40 types of complexes in fluids, with ligands including hydroxyl,
carbonate, sulfate, chloride, phosphate, fluoride, and silicate anions. In reduced fluids,
the solubility of U(IV) is extremely low and similar to that of Th, which also has a similar
capability during magmatic processes with U [1].

A widely acknowledged model for the formation of unconformity-type uranium
deposits involves the interaction of an oxidized basinal brine or meteoric water, which
mobilizes the uranium as U(VI), with a reducing, graphite-bearing metapelite that leads
to the precipitation of uraninite or other U(IV)-bearing phases such as pitchblende [2–4].
Similarly, the formation of sandstone deposits is mostly controlled by U transport in
oxidized surface-derived fluids and deposition when encountering redox barriers, due
to a reduction in oxygen fugacity (f O2) and, therefore, the precipitation of U(IV)-bearing
minerals [5].

Previous studies showed that the major element composition of hydrothermal min-
erals, such as apatite and tourmaline, can record fluid compositions in metasomatic and
metamorphic environments [6–10]. Using this approach, it is revealed that metamorphic
fluids formed in Barrovian belts are typically depleted in U, with hydrothermal tour-
maline and apatite having U contents mostly below the detection limit of LA-ICP-MS
(~0.1 ppm) [10–12]. These metamorphic fluids are formed by the devolatilization of hy-
drous rock piles, mostly pelites or altered basaltic rocks, at the pressure–temperature (P-T)
regimes of greenschist to amphibolite facies in orogenic belts. Studies on orogenic gold
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deposits, the fluids of which are believed to be products of metamorphic devolatilization,
also found that the low-salinity and weakly oxidized gold-forming fluids are not enriched
in U [13]. However, the protoliths of metapelites or hydrous metabasalts are either formed
in surface environments or altered by sea water, and, therefore, should inherit the oxidizing
nature of the exospheres. As a consequence, metamorphic fluids liberated from metapelites
or metabasalts should be predominated by the soluble U(VI) and enriched in aqueous U,
which are opposite to the geological observations on metamorphic fluids in orogenic belts
(e.g., the metamorphic fluids in Barrovian belts).

In this study, to better understand the hydrothermal mobility of U in metamorphic
fluids formed in orogenic belts, the hydrous speciation and solubility of U were simulated
in metamorphic fluids in equilibrium with metapelites and metabasalts, over a P-T grid of
345 to 650 ◦C and 0.8 to 5 kbar. The speciation and mobility of aqueous U are significantly
influenced by the redox of the fluid, and, thus, three protolith compositions with different
redox states are used for simulation, namely average pelite, more oxidized pelite, and
altered oceanic basalt. Special focuses were paid on (i) the fluid mobility and the predom-
inant oxidation state of U in metamorphic fluids and (ii) the mechanism controlling the
limited mobility of U in fluids released from oxidized metamorphic rocks.

2. Thermodynamic Modeling Methods and Limitation

Thermodynamic equilibrium between metamorphic minerals and an aqueous fluid
was calculated using the HCh program, which calculates equilibrium among pure min-
erals, solid solutions, and a complex aqueous electrolyte solution using the Gibbs energy
minimization method. We computed the compositions of the fluid-rock equilibrium in the
Al-Ca-Cl-Fe-H-K-Mg-Na-O-Si-U and the Al-Cl-H-K-Mg-Na-O-Si-U systems for basaltic
and pelitic protoliths, respectively, over a P-T range of 350–650 ◦C at an increment of 3 ◦C
and 0.8–5 kbar at 0.04 kbar, respectively. Three bulk rock compositions were selected for
thermodynamic modeling (Table 1), namely global average pelite [14], a more oxidized
pelite from the Damara Orogen [15], and an altered marine basalt from Pito Deep [16].

Table 1. Bulk compositions used in the thermodynamic modeling (in wt.%, H2O in access).

Altered Oceanic Basalt Average Pelite Oxidized Pelite

SiO2 51.98 71.11 59.8
Al2O3 14.80 14.38 19.6
MgO 7.65 2.31 1.00
FeO 9.98 7.18 0.60

Fe2O3 1.98 0.75 7.30
CaO 10.48 - -

Na2O 2.29 - 0.79

In addition, minor amounts of uraninite (UO2(s)) were added to metamorphic rocks
as the source of U in metamorphic fluids. The aqueous species involved in simulations are
listed in Tables A1 and A2 in Appendix A for basaltic and pelitic protoliths, respectively.
The thermodynamic properties of aqueous species are from the database of Shock et al. [17]
and Huang and Sverjensky [18] (Tables A1 and A2 in Appendix A), and those of rock-
building minerals or their endmembers are from Holland and Powell [19] (Tables A3 and A4
in Appendix A). The mixing models of solid solutions are listed in Tables A5 and A6 in
Appendix A.

At each P-T point, the composition of rock-buffered fluid was calculated at two steps:
(i) first, the equilibrium of a solute-free system was calculated with a bulk composition
of 100 kg of dry pelite or basic rock (Table 1) and excess pure water. The purpose of the
first step is to obtain the water amount required to stabilize the hydrous minerals (e.g.,
chlorite or muscovite) at the given P-T; (ii) second, minor amounts (1 kg) of free water or
H2O-NaCl solution (with 5 wt.% of dissolved NaCl) were added to the bulk composition of
the hydrous pelite or basaltic rocks obtained from the first step. The fluid–rock equilibrium



Minerals 2023, 13, 427 3 of 12

of these systems is featured by low fluid/rock ratios (1/100), and, thus, the geochemistry
of the rock-buffered fluids can be obtained. Two fluids with or without dissolved NaCl
were used for the modeling in order to evaluate the influence of fluid chlorine in uranium
migration. The NaCl concentration (5 wt.%) was selected because metamorphic fluids in
orogenic belts typically have salinities lower than ~7 wt.% NaCl equivalent [20,21].

There are some limitations of the simulation method used in this study. First, restricted
by the classical HKF equation of states (EoS; [22]), the modeling was carried out with pres-
sure up to 5 kbar, but the source region of metamorphic fluids extends to crustal depths with
higher pressure. For example, the chlorite-out reaction typically takes place at 3.5–7 kbar in
orogenic belts, and the pressure required for the reaction increases with higher geothermal
gradients [23]. Therefore, the current method limits our ability to accurately examine
metamorphic devolatilization in orogenic belts with cooler geothermal conditions. Taking
advantage of the knowledge of water densities and dielectric constants at extreme pressure,
the DEW model proposed by Sverjensky et al. [24] has extended pressure limitations of the
HKF EoS to up to 60 kbar. Along with an empirical method to extrapolate aqueous species’
Gibbs free energy to high pressure based on their molar volume at ambient conditions, the
DEW model has been successfully applied to predict the geochemical behaviors of geofluids
at mantle pressure [25–27]. However, the currently available thermodynamic properties
of aqueous U species are regressed based on experiments at low pressure, and it is not
clear whether their pressure dependence can be accurately described by the extrapolation
given by Sverjensky et al. [24]. Therefore, to guarantee the accuracy of thermodynamic
modeling, the traditional HKF EoS is used in this study. Another limitation of the HKF
model is that it cannot be applied to low-density fluids [28]. Density contours of 0.5 g/cm3

are shown in Figures 1 and 2 (green dotted lines) and simulation results are inaccurate at
P-T regimes with lower fluid densities, i.e., at the lower pressure and higher temperature
side of the contour. Finally, uraninite is assumed to be the only U-bearing mineral in the
metamorphic rock in our simulation. However, in metamorphic rocks, large proportions
of U exist as trace elements in rock-building minerals such as zircon, monazite, apatite,
and xenotime [29–32]. Therefore, in the simulated metamorphic fluids, the U contents are
simply controlled by the dissolution of uraninite. This simplification may be established
in the cases where uranium is present in metamorphic rocks [33], since U in uraninite is
more soluble than those in rock-building minerals, and, thus, controls the U solubility in
metamorphic fluids. However, for cases where uraninite is absent, the mobility of U in
metamorphic fluids may be overestimated by our simulation results.
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Figure 1. Results of thermodynamic simulation for fluids buffered by altered oceanic basalt. (a) P-T
pseudosection showing mineral assemblage and content of lithological bound water; (b,c) solubilities
of uranium in pure water and 5 wt.% NaCl-H2O solution, respectively. The solubility of uranium is
shown as logarithm of molality (black line), and the predominance fields of different uranium species
are presented by different colors. The orange lines in (b,c) denote different ∆pH, which is the deviation
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of fluid pH from neutral pH (pHn) (∆pH = pH − pHn). The blue lines in (b,c) denote ∆FMQ, which
is the difference in logf O2 (g) of the fluid relative to the fayalite-magnetite-quartz (FMQ) buffer
(∆FMQ = logf O2(g), fluid − logf O2, (FMQ)). Bulk rock compositions used for the simulation are
given in Table 1. Mineral abbreviations: act = actinolite; alb = albite; chl = chlorite; ep = epidote;
hb = hornblende; mt = magnetite; pl = plagioclase; q = quartz; urn = uraninite.
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dosection showing mineral assemblage and content of lithological bound water; (b,c) solubilities
of uranium in pure water and 5 wt.% NaCl-H2O solution, respectively. The solubility of uranium
is shown as logarithm of molality (black line), and the predominance fields of different uranium
species are presented by different colors.The composition of typical pelite used for the simulation are
shown in Table 1. The abbreviations of metamorphic facies: bi = biotite; cd = cordierite; ga = garnet;
hem = hematite; il = ilmenite; kfs = K-feldsspar; ms = muscovite; ru = rutile. The other abbrevia-
tions are the same as shown for Figure 1. bi = biotite; cd = cordierite; ga = garnet; hem = hematite;
il = ilmenite; kfs = K-feldspar; ms = muscovite; ru = rutile.

3. Results

The pseudosection of metabasalt obtained in our simulation (Figure 1a) is consistent
with those of previous studies [34,35], and the mineral assemblage in metamorphic phases
is consistent with natural observation. For metabasalt, the simulation shows that water
is mainly liberated during greenschist facies metamorphism (~450–550 ◦C at 3 kbar) by
decompositions of chlorite and epidote.

As a typical pelite, in accordance with previous studies [21], water is mainly liberated
through two dehydration reactions: chlorite decomposition at ~500–550 ◦C and muscovite
decomposition at T > 550 ◦C at low pressure (Figure 2a). The calculated mineral assemblage
and the P-T condition of critical phase transitions (e.g., chlorite-out) are in good agreement
with previous studies [36]. Under the P-T condition of interest, the basaltic rock and pelite
show typical mineral assemblage, such as greenschist facies, including chlorite, epidote,
and muscovite; and amphibolite facies, including hornblende, plagioclase, and quartz.

Since the speciation of aqueous U is influenced by the redox of the fluids, the logf O2 of
the fluids are shown in Figures 1 and 2 and expressed as ∆FMQ (defined as the difference
from logf O2 of the fayalite-magnetite-quartz buffer at the same P-T). The simulation results
show that fluids buffered by global average pelite are more oxidized than those by altered
oceanic basalt under the greenschist or amphibolite facies conditions. The logf O2 values
of the former are higher than the latter by 0–3 log units (Figures 1 and 2). In both fluids,
however, uraninite is dissolved as reduced U(IV) species and has very limited solubility.

Taking the simulation on altered oceanic basalt-buffered fluids for example (Figure 1), the
simulation result shows that the solubility of uraninite remains nearly constant (~10−9 molal)
throughout the P-T conditions of greenschist and amphibolite facies metamorphism, and
not significantly influenced by fluid temperature and salinity (Figure 1b,c). In both Cl−-free
and Cl−-bearing fluids, aqueous U is predominated by UO2(aq) under most P-T conditions
of interest, and by HUO3

− at the high-P-T regime (Figure 1b,c). The predominance of
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U(IV) species accounts for the insoluble nature U in metamorphic fluids. In Cl−-bearing
metamorphic fluids, the predominance of UO2(aq) or HUO3

− over chloride complexes
indicates that the fluid Cl− played a minor role in the transport of U, and, therefore, the
solubility of uranite in Cl−-bearing fluids is, in general, the same as those in Cl−-free fluids
at the same P-T (Figure 1b,c).

In fluids buffered by typical pelite, the solubility of uranium increases slightly with
increasing P-T and ranges from 1.3 × 10−3 to 2.5 × 10−2 ppb (Figure 2b), consistent with
the low-U nature of metamorphic fluids [10,11]. Uranium in typical pelite mainly exists
as HUO3

− over a P-T range of 350–650 ◦C and 0.8–5 kbar of the dehydration process
(Figure 2b). As a result of the predominance of HUO3

−, the addition of chlorine to the
fluids does not significantly increase the solution of uraninite (Figure 2b,c).

In order to further evaluate the role of protolith redox in U transport in metamorphic
fluids, we simulated the speciation and solubility of U in fluids in equilibrium with a
more oxidized pelite (“oxidized pelite” in Table 1) over a broader temperature range
at constant pressure (25–650 ◦C and 2 kbar; Figure 3a). Consistent with the simulation
results using global average pelite and altered marine basalts, fluids liberated at the P-
T conditions of greenschist or amphibolite facies metamorphism are predominated by
reduced U(IV) species, HUO3

−, and are characterized by a very low concentration of
aqueous U (~5.2 × 10−3 ppb; Figure 3a). However, at a temperature lower than ~250 ◦C,
fluids buffered by the oxidized pelite are predominated by oxidized U(VI) species, namely
HUO4

−, and, thus, have a much higher solubility of uranite, with aqueous U contents of
35 ppb (Figure 3a).
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4. Discussion

It is well known that the oxidizing states of aqueous U have first-order control on its
mobility in geofluids, i.e., U-bearing minerals are much more soluble in oxidized fluids
that are predominated by U(VI) species than in reduced U(IV)-dominated fluids [5,37].
For example, in U-mineralization systems, the ore-forming fluids are mostly highly ox-
idized and U(VI)-dominated, with oxygen fugacity (f O2) above the hematite-magnetite
buffer [38,39]. Such an ore-forming model is supported by the geological observation
that hematite commonly accompanies U mineralization, whereas magnetite is rarely ob-
served [38]. A possible exception is the case of acidic brines, in which the high mobility of
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U can be accounted for by the predominance of U(IV)-chloride complexes even though the
fluid is reduced [40].

In our simulation, metamorphic fluids liberated at the P-T regimes of greenschist
or amphibolite facies (350–650 ◦C) are unexceptionally predominated by U(IV) species,
namely UO2(aq) and HUO3

−, regardless of the lithologies and redox states of the protoliths
(Figures 1b,c and 2b,c). As a result, uranite is highly insoluble in greenschist or amphibolite
facies metamorphic fluid, with U solubility ranging from 10−10 to 10−12 molal (~1.3 × 10−3

to 2.5 × 10−2 ppb). Through a comparison between the simulation results of Cl−-free and
Cl−-bearing metamorphic fluids, it is revealed that the introduction of Cl− to the fluid will
not significantly enhance the dissolution of uraninite, and U(IV)-chlorides contribute only
minor proportions of total aqueous U (~10−9–10−11 molal) in typical metamorphic fluids
containing 5 wt.% of NaCl (Figures 1c and 2c). This is consistent with the experiment and
simulation results by Timofeev et al. [40] that the predominance of U(IV)-chlorides and the
consequent high mobility of U in reduced fluids require elevated salinity and acidity of
the fluids, but metamorphic fluids sourced from basaltic or basaltic rocks are mostly dilute
with salinities of a few weights present of NaCl [41] and weak alkaline with ∆pH ranging
from ~1 to ~2.2. These simulation results account for the immobility of U in metamorphic
fluids observed from geological samples and the fact that orogenic gold deposits are not
enriched in U in ore-forming fluids [13].

In our simulation, the transition from the greenschist face to the amphibolite face
causes a drop of the redox state of fluids (e.g., Figure 1), but the metamorphic fluids
are still predominated by insoluble U(IV) species even if the protolith is highly oxidized
(Figures 1b,c, 2b,c and 3a). However, in fluids buffered by oxidized pelite, U(VI) species
become increasingly stable towards lower temperature, and HUO4

− predominates over
U(IV) species at temperatures lower than ~250 ◦C (Figure 3a,b). The predominant U species
changing from U(VI) to U(IV) leads to a significant drop of uranium solubility at ~250 ◦C
(Figure 3a). The dropping temperature of uranium solubility in Figure 3a is not the same as
the intersection temperature in Figure 3b, because Figure 3b shows the simulation results of
a simple system which only contains HUO3

− and HUO4
−, but Figure 3a shows the results

of a more complex system which is consistent with geological observation. In consistent
with the increasing stability of U(VI) species, the pelite-buffered fluids show an increasingly
higher solubility of uranite with reducing temperature. In fluids buffered by oxidized
pelite, uranite solubility is as high as ~1.3 × 10−7 molal (i.e., ~35 ppb of U in fluid) at
100 ◦C, which is about four orders of magnitude higher than those at the temperature of
greenschist or amphibolite facies metamorphism. The strong temperature dependence
of uranite solubility may account for why the world’s vast majority of U deposits are
deposited from low-temperature geofluids, such as those of unconformity-, sandstone-, or
alkalic-metasomatism-type deposits [37,39,42–44].

The mechanism behind the temperature-controlled U speciation can be illustrated by
a comparison between the temperature dependence of f O2 for rock-buffered fluids and
that for the aqueous U(IV)-U(VI) equilibrium (expressed as the f O2 of fluids with equal
activities of HUO3

− and HUO4
−). As shown in Figure 3b, fluids buffered by oxidized pelite

have f O2 higher values than the HUO3
−-HUO4

− equilibrium at temperatures lower than
~180 ◦C, which implies that the soluble U(VI) species will predominate over the insoluble
U(IV) in pelite-buffered fluid at low temperature. On the contrary, at higher temperature,
the f O2 of the pelite-buffered fluids are lower than those of HUO3

−-HUO4
− and, thus,

U(IV) predominates. Conclusively, the different temperature dependences of f O2 for the
rock-dominated system and U-bearing fluids accounts for the predominance of aqueous
U(IV) species and, thus, limited mobility of U in fluids liberated during greenschist or
amphibolite facies metamorphism.

5. Conclusions

(1) Similar results were obtained in the thermodynamic simulations on geofluids in
equilibrium with altered oceanic basalt, global average pelite, and more oxidized pelite,
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respectively, in which uranium is dissolved mainly as UO2(aq) and HUO3
− in metamorphic

fluid, and its solubility is limited to no more than ~2.5 × 10−2 ppb. In addition, the addition
of Cl− cannot significantly improve uranium solubility, and U(IV)-chlorides contribute
only minor proportions of total aqueous U.

(2) The comparison between the temperature dependence of f O2 for rock-buffered
fluids and that for the aqueous U(IV)-U(VI) equilibrium indicates that uranium will exist
mainly as U(VI), instead of U(IV), in rock-buffered fluids at lower temperatures. This
resulted from the different temperature dependence of f O2 for the rock-dominated system
and U-bearing fluids, and leads to a significant enhancement of uranium solubility by four
orders of magnitude. This may explain the formation mechanism of low-temperature U
deposits in the world.
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Appendix A

Table A1. The aqueous species included in the modeling of altered marine basalt.

Aqueous Species

H2O NaHSiO3(aq) Al3+ HFeO2−

H+ NaAl4(aq) AlOH2+ FeCl+

OH− NaAlO2(aq) Al(OH)2
+ Fe3+

H2(aq) Mg2+ Al(OH)3(aq) FeOH+

O2(aq) MgOH+ Al(OH)4
− FeOH2+

H3SiO4
− MgCl− AlO2

− Fe(OH)3(aq)
H4SiO4(aq) MgCl2(aq) AlOOH(aq) Fe(OH)4

−

SiO2(aq) Mg(HSiO3)+ Fe2+ FeO+

Cl− Ca2+ FeOH+ HFeO2(aq)
Na+ CaOH+ Fe(OH)2(aq) FeCl2+

NaOH(aq) CaCl+ Fe(OH)3
− FeCl4−

NaCl(aq) CaCl2 FeO(aq) FeCl3(aq)
U3+ UOH2+ UO2OH+ HUO3

−

UO2
+ UO2+ (UO2)2(OH)2

2+ UCl3+

UO2
− UO+ UO2Cl+ UO2OH(aq)

U4+ HUO2(aq) HUO2
+ UO2Cl2−

UO2
2+ U3+ UO2(aq) UO2Cl2(aq)

UO3(aq) HUO4
− UO4

2– (UO2)2OH3+
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Table A2. The aqueous species included in the modeling of typical and “oxidized” pelite.

Aqueous Species

H2O NaHSiO3(aq) Al3+ HFeO2−

H+ NaAl4(aq) AlOH2+ FeCl+

OH− NaAlO2(aq) Al(OH)2
+ Fe3+

H2(aq) Mg2+ Al(OH)3(aq) FeOH+

O2(aq) MgOH+ Al(OH)4
− FeOH2+

H3SiO4
− MgCl− AlO2

− Fe(OH)3(aq)
H4SiO4(aq) MgCl2(aq) AlOOH(aq) Fe(OH)4

−

SiO2(aq) Mg(HSiO3)+ Fe2+ FeO+

Cl− Ca2+ FeOH+ HFeO2(aq)
Na+ CaOH+ Fe(OH)2(aq) FeCl2+

NaOH(aq) CaCl+ Fe(OH)3
− FeCl4−

NaCl(aq) CaCl2 FeO(aq) FeCl3(aq)
U3+ UOH2+ UO2OH+ HUO3

−

UO2
+ UO2+ (UO2)2(OH)2

2+ UCl3+

UO2
− UO+ UO2Cl+ UO2OH(aq)

U4+ HUO2(aq) HUO2
+ UO2Cl2−

UO2
2+ U3+ UO2(aq) (UO2)2OH3+

UO3(aq) HUO4
− UO4

2− KAlO2(aq)
UO2Cl2(aq) K+ KOH(aq) KCl(aq)

KAl(OH)4(aq)

Table A3. Pure minerals included in the modeling of altered marine basalt. The thermodynamic
properties of the pure minerals are from Holland and Powell [19].

Minerals Formula

Magnetite (Mt)
Hematite (Hem)

Albite (Alb)
Quartz (Qt)

Sillimanite (Sil)
Kyanite (Ky)

Andalusite (And)

Fe3O4
Fe2O3

NaAlSi3O8
SiO2

Al2SiO5
Al2SiO5
Al2SiO5

Table A4. Pure minerals included in the modeling of typical and “oxidized” pelite. The thermody-
namic properties of the pure minerals are from Holland and Powell [19].

Minerals Formula

Magnetite (Mt)
Hematite (Hem)
K-Feldspar (Kfs)

Quartz (Qt)
Sillimanite (Sil)

Kyanite (Ky)
Sanidine (Sa)

Andalusite (And)

Fe3O4
Fe2O3

KAlSi3O8
SiO2

Al2SiO5
Al2SiO5

KAlSi3O8
Al2SiO5
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Table A5. Solid solutions included in the modeling of altered marine basalt. The thermodynamic
properties of end members are from Holland and Powell [19] and Dale et al. [45].

Mineral End Member Formula Activity Model

Chlorite

Daphnite Fe5Al2Si3O10 Symmetrical
Wdaphnite-WAl-free chlorite = 14.5

Wdaphnite-Wamesite = 13.5
Wdaphnite-Wclinochlore = 2.5

WAl-free chlorite-Wamesite = 20
WAl-free chlorite-Wclinochlore = 18

Wamesite-Wclinochlore = 18

Al-free chlorite Mg6Si4O10
Amesite Mg4Al4Si2O10

Clinochlore Mg5Al2Si3O10

Actinolite
Tremolite Ca2Mg5Si8O22 IdealFerroactinolite Ca2Fe5Si8O22

Hornblende Tremolite Ca2Mg5Si8O22

Symmetrical
WTremolite-Wglaucophane = 65

Wtremolite-Wpargasite = 33
Wtremolite-Wtschermakite = 20
Wtremolite-Wferroactinolite = 10
Wglaucophane-Wpargasite = 50

Wglaucophane-Wtschermakite = 25
Wglaucophane-Wferroactinolite = 39.3
Wpargasite-Wtschermakite = −38.5
Wpargasite-Wferroactinolite = −1.9

Wtschermakite-Wferroactinolite = 12.5
Tschermakite Ca2Mg3Al4Si6O22

Pargasite NaCa2Mg4Al3Si6O22
Glaucophane Na2Mg3Al2Si8O22

Ferroactinolite Ca2Mg5Si8O22

Plagioclase Anorthite CaAl2Si2O8 Symmetrical
Wabh-Wan = 3.1albite NaAlSi3O8

Epidote
Clinozoisite

epidote
Fe-epidote

Ca2Al3Si3O12
Ca2FeAl2Si3O12Ca2

Fe2AlSi3O12

Symmetrical
Wclinozoisite-Wepidote = 0

Wclinozoisite-WFe-epidote = 15.4
Wepidote-WFe-epidote = 3

Table A6. Solid solutions used in the modeling of type and “oxidized” pelite. The thermodynamic
properties of end members are from Holland and Powell [19] and White et al. [46].

Mineral End Member Formula Activity Model

Biotite

annite KFe3AlSi3O10 Symmetrical
Wannite-Wphlogopite = 9
Wannite-Weastonite = −1

Wannite-Wobi = 6
Wannite-Wtbi = 10
Wannite-Wfbi = 8

Wphlogopite-Weastonite = 10
Wphlogopite-Wobi = 3
Weastonite-Wobi = 10

phlogopite KMg3AlSi3O10
eastonite KMg2Al3Si2O10

obi KFeMg2AlSi3O10
tbi KMg2TiAlSi3O12
fbi KMg2Al2FeSi2O10

Chlorite

daphnite Fe5Al2Si3O10 Symmetrical
Wdaphnite-WAl-free chl = 14.5
Wdaphnite-Wamesite = 13.5

Wdaphnite-Wchlinoclore = 2.5
WAl-free chlorite-Wamesite = 20

WAl-free chlorite-Wchlinoclore = 18
Wamesite-Wchlinoclore = 18

Al-free chlorite Mg6Si4O10
amesite Mg4Al4Si2O10

chlinoclore Mg5Al2Si3O10
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Table A6. Cont.

Mineral End Member Formula Activity Model

Cordierite
Fe-cordierite Fe2Al4Si5O18

Idealhydro cordierite Mg2Al4Si5O17
cordierite Mg2Al4Si5O18

Garnet
almandine Fe3Al2Si3O12 Symetrical

Wamandine-Wpyrope = 2.5
Wamandine-Wkho = 23

pyrope Mg3Al2Si3O12
kho Mg3Fe2Si3O12

Muscovite
muscovite KAl3Si3O10

Idealceladonite KMgAlSi4O10
Fe-celadonite KFeAlSi4O10

Staurolite
Fe-staurolite Fe4Al18Si8O48H2 Symetrical

WFe-staurolite-WMg-staurolite = −8Mg-staurolite Mg4Al18Si8O48H2

Chloritoid
Fe-ctd FeAl2SiO5

WFe-ctd-WMg-ctd = −8Mg-ctd MgAl2SiO5
ctdo MgFe2SiO5
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