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The preserved Archean continental crust is dominantly comprised of tonalite-trondhjemite-granodiorite 
(TTG) suites associated with less abundant low-grade greenstone belts. The exact processes that form 
TTGs, as well as the source rock they are derived from, are difficult to constrain from the sparse Archean 
geological record. However, studies show that the water-present partial melting of metamorphosed 
basalt at temperatures of 750–950 ◦C is required to produce large volumes of partial melt with TTG 
compositions. In this contribution, we investigate if hydrated komatiites — a constituent of greenstone 
belts — played a vital role in TTG genesis. Using petrology, mineral chemistry and phase equilibria 
modelling of representative komatiite samples, combined with analysis of a global geochemical dataset of 
komatiites and basaltic komatiites, we show that during metamorphism hydrated komatiites can release 
at least 6 weight % mineral-bound water. Up to 5 weight % of this water is released by breakdown 
of chlorite and tremolite at temperatures between 680 and 800 ◦C, regardless of the P–T path (i.e., 
tectonic scenario) experienced by the komatiitic rocks. As the temperatures of komatiite dehydration 
are above the water-saturated basalt solidus, the released water can trigger voluminous partial melting 
of basalt to ultimately create TTG batholiths. This considerable hydration potential of komatiites is due 
to their high XMg (XMg = molar Mg/[Mg+Fe]), which stabilises water-rich minerals during oceanic 
alteration on the seafloor, but also extends the stability of Mg-rich chlorite to high temperatures. During 
prograde metamorphism, the XMg, CaO and Al2O3 content of the reactive rock composition determines 
the proportion of chlorite vs amphibole, and therefore the volume of water which can be transported to 
temperatures of >750 ◦C. Despite the low abundance of komatiites in greenstone belts, they potentially 
played a vital role in crustal formation and the Earth’s early water cycle.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

On modern Earth, continental crust is primarily generated 
through intermediate-felsic magmatism in arc settings (e.g. Rud-
nick, 1995; Taylor and McLennan, 1995; Jagoutz and Kelemen, 
2015). Subducted mafic-ultramafic rocks trap and transport wa-
ter (sensu lato) from the oceanic floor and release this water via 
dehydration reactions during subduction-related metamorphism. 
This water percolates into the mantle wedge triggering hydrous 
melting to form basalts, which either form the primary melts 
of arc magmatism, or which underplate the arc and cause fluid-
fluxed melting of the lower crust (Grove et al., 2012; Collins et 
al., 2016). The role of water in this process is unarguably crit-
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ical, and its availability controls arc melting processes and sets 
the mean andesitic-dacitic chemical composition of the continental 
crust, and therefore all rocks formed from it (Rudnick, 1995; Tay-
lor and McLennan, 1995: Jagoutz and Kelemen, 2015). By contrast, 
the surviving Archean cratons are dominated (>80% by volume; 
Polat, 2012) by tonalite-trondhjemite-graniodiorite suites (TTGs; 
Fig. 1), suggesting that they were the major constituent of early 
continental crust. The general consensus is that TTGs are sourced 
from partial melting of hydrous metabasalt, i.e., an amphibolite 
(e.g. Drummond and Defant, 1990; Arculus and Ruff, 1990; Fo-
ley et al., 2002; Moyen and Martin, 2012). Variations in source 
basalt chemistry, melting depth and temperature, mixing of melt 
compositions, degree of partial melting, and subsequent fractional 
crystallisation all cause variations in TTG chemistry (Moyen and 
Stevens, 2006; Getsinger et al., 2009; Hoffmann et al., 2014).

An emergent feature of TTGs is that many were formed at in-
triguingly low temperatures (750–950 ◦C from Ti saturation tem-
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Locations of komatiites and basaltic komatiites from Archean cratons or reworked Archean cratons from the updated geochemical dataset of Gard et al. (2019; Supp. 
Table 2). Archean cratons are defined as not having experienced significant metamorphism or reworking since the Archean, and reworked Archean cratons are generally 
defined as having experienced significant geological reworking after the Archean, after Hasterok et al. (2022). The locations of cratons with representative samples from this 
study are highlighted.

 

peratures; Xiong et al., 2009). These estimates are supported by 
experimental data (e.g., Qian and Hermann, 2013) and phase equi-
libria models of melts produced from rocks with basaltic composi-
tions (e.g., Johnson et al., 2017; Pourteau et al., 2020; Kendrick and 
Yakymchuk, 2020). Voluminous partial melting of basaltic rocks at 
these low temperatures calls for contributions of free water (i.e. 
a water-bearing fluid; e.g., Lambert and Wyllie, 1972; Pourteau et 
al., 2020), as amphibole dehydration melting of basalt will only 
produce low melt fractions below ∼950 ◦C (Lambert and Wyllie, 
1972; Rapp and Watson, 1995). As amphibolite-facies metabasalt 
itself cannot provide the amount of free water needed at these 
conditions, various tectonic mechanisms for transport of fluid to 
the deep crust have been suggested to trigger wet basalt melting, 
including modern-style subduction (e.g., Laurie and Stevens, 2012). 
Nevertheless, the source of free fluid at lower crustal conditions 
in the Archean has remained elusive, with the suggestion that hy-
drated ultramafic rocks like komatiites may hold the key (Hartnady 
et al., 2022).

The remaining ∼20% of Archean cratons are comprised of 
greenstone belts. These belts are commonly metamorphosed to 
greenschist or lower amphibolite facies conditions, and contain se-
quences of felsic volcanic rocks, clastic and chemical sedimentary 
rocks, tholeiitic basalts, basaltic komatiites and komatiites. Of par-
ticular interest are komatiites, highly magnesian (>18 wt.% MgO) 
extrusive rocks, with eruption temperatures of up to 1700 ◦C (Nis-
bett et al., 1993; Arndt et al., 2008; Wilson, 2019). They occur as 
lava flows comprising cumulate and spinifex zones with chilled 
margins, or less often as shallow intrusions (Nisbett et al., 1993; 
Arndt et al., 2008). These melts are likely sourced from mantle 
plumes, which sample the lower to upper mantle (Arndt, 2003; 
Wilson and Bolhar, 2022), although some argue that they may rep-
resent Archean oceanic crust (Furnes and Dilek, 2022) or formed 
in supra-subduction settings (Parman et al., 2004). Most komati-
ites are Archean–Paleoproterozoic in age, and are the signature of 
a higher ambient mantle temperature on the early Earth (Herzberg 
2

et al., 2007). All Archean komatiites are hydrated and metamor-
phosed, comprising serpentine, chlorite, and amphibole-bearing as-
semblages (Arndt, 2003; Sossi et al., 2016), as many were likely 
erupted onto the seafloor and hydrated through interaction with 
seawater, and later metamorphosed to greenschist-amphibolite fa-
cies. While this technically marks all Archean komatiitic rocks as 
metakomatiites, we use the term komatiites for simplicity.

Recently, it has been suggested from mineral equilibria mod-
elling that high-MgO mafic rocks, including komatiites, from green-
stone belts may have played a critical role in the capture and 
release of water during prograde metamorphism in the Archean, 
leading to the formation of TTGs (Hartnady et al., 2022). In this 
study we combine data from the petrology and phase equilib-
ria modelling of a representative komatiite from the Barberton 
Greenstone belt, the mineral chemistry of metamorphosed ko-
matiite samples from key greenstone belts worldwide, and a 
global compilation of geochemical data from 5589 komatiites and 
komatiitic basalts (Fig. 1). We show that komatiites can con-
tain significant amounts of mineral-bound water in antigorite 
([Mg,Fe2+]3Si2O5(OH)4), chlorite ([Mg,Fe2+]10Al2[Al2Si6O20](OH)16)
and tremolite (Ca2Mg5Si8O22(OH)2). During prograde metamor-
phism this water is released via dehydration reactions above the 
water-saturated basalt solidus (>650 ◦C), promoting low tempera-
ture fluid-present melting of basalt to generate voluminous TTGs, 
regardless of the style of tectonics operating in the Archean.

2. Materials

2.1. Kaapvaal craton

To investigate mineral breakdown reactions by phase equilibria 
modelling, a representative metamorphosed komatiite from the ca. 
3.5 Ga Komati formation of the Barberton Greenstone Belt (BGB), 
Kaapval Craton, South Africa (Fig. 1), was selected, based on its 
mineralogy, bulk rock composition and mineral compositions. This 
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Fig. 2. Photomicrographs of representative metamorphosed komatiites, many show spinifex textures inherited from primary olivine. B331-783 and KM2000 are from the 
Kaapval Craton, Y331-277 and Y331-144-5 are from the Yilgarn Craton, SC28 is from the Singhbhum Craton, and A422-84 is from the Superior Craton. Atg: Antigorite, Chl: 
Chlorite, Amph: Amphibole, dominantly tremolitic in composition, Mt: Magnetite, Cr-Mt: Chrome-rich magnetite, Cr: Chromite, Ilm: Ilmenite, Ol: Olivine.
sample, B331-783, is an Al-depleted komatiite from Sossi et al. 
(2016) and Nesbitt et al. (1979). It exhibits spinifex textures, pre-
sumably once olivine, now completely pseudomorphed by antig-
orite, chlorite and chromian magnetite (Fig. 2a). The spinifex psue-
domorphs are up to 3 cm long and randomly oriented. The matrix 
3

is now a finer-grained mass of tremolite, chlorite, magnetite and 
ilmenite, which are oriented in elongate fan and linear structures 
(Fig. 2a). Rare fine-grained titanite clusters often form on the mar-
gins of the spinifex. There are no relic igneous phases preserved 
in the sample. Sample KM2000 is from the Komati Formation at 
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Spinifex Creek, it exhibits coarse-grained (up to 5 cm) spinifex tex-
tures with relic olivine that is partially replaced by antigorite, in a 
tremolite and chlorite matrix (Fig. 2b). Chromite is the dominant 
oxide mineral, with less abundant magnetite and ilmenite.

2.2. Yilgarn craton

Two samples from Yakabindie (Y331-277) and Mt. Burges 
(Y331-144-5) are from the ca. 2.7 Ga Norseman-Wiluna belt in the 
Yilgarn Craton, Australia (Nesbitt and Sun, 1976; Fig. 1). Both are 
Al-undepleted and show coarse spinifex-textures with relic igneous 
olivine. The Yakabindie sample contains antigorite and chlorite par-
tially pseudomorphing olivine, which forms spinifex up to 3 cm 
long, in a matrix of metamorphic tremolite, chlorite, magnetite, il-
menite and less than 1 volume % calcite (Fig. 2c). The Mt. Burges 
sample contains antigorite + magnetite and amphibole forming 
corona on olivine grain boundaries, and chlorite, amphibole and 
magnetite replacing olivine along fractures, surrounded by a ma-
trix of tremolite, chlorite and ilmenite (Fig. 2d).

2.3. Singhbhum craton

One sample of basaltic komatiite was analysed from the ca. 
3.3–3.45 Ga ultramafic unit, belonging to Eastern Iron Ore Group 
(EIOG) of the Singhbhum Craton, India (Fig. 1). Sample SC28 is 
from the Potka locality, where rocks of the lower Badampahar se-
quence of EIOG are exposed, and contains the mineral assemblage 
amphibole (mostly tremolitic), antigorite, chlorite, chromian mag-
netite and ilmenite (Fig. 2e).

2.4. Superior craton

One komatiite sample is from the ca. 2.7 Ga Abitibi Belt, Su-
perior Craton, Canada (Fig. 1). It is sample A442-84 from Sossi et 
al. (2016). It contains oriented spinifex-textures which are up to 1 
cm in length, now completely pseudomorphed by antigorite, chlo-
rite and magnetite with chromian-magnetite rims, in a matrix of 
finer-grained amphibole, chlorite, magnetite and ilmenite (Fig. 2f).

3. Methods

3.1. Electron probe micro analysis

Electron Probe Micro Analysis of chlorite, antigorite, amphibole, 
and accessory minerals was performed using a JEOLJXA-8200 su-
perprobe, housed at the Institute of Geological Sciences, University 
of Bern. Spot analyses and quantitative maps were collected. Spot 
analyses for chlorite, amphibole, magnetite and ilmenite used a 15 
keV accelerating voltage, 20 nA current and a 40 s dwell time on 
peak and 20 s each on the background positions. Spot analyses 
for antigorite used a 5 nA beam current. Ten element oxides were 
calibrated using natural and synthetic standards, including albite 
(Na2O), almandine (SiO2, Al2O3, FeO), anorthite (CaO), forsterite 
(MgO), ilmenite (TiO2), tephroite (MnO), chromium spinel (Cr2O3) 
and a pure metal oxide standard (NiO2). These spot analyses were 
used as internal standards to quantify an X-ray intensity map for 
B331-783, resulting in quantitative compositional maps. The maps 
were acquired by WDS with 15 keV accelerating voltage, a 100 nA 
current and 100 ms dwell time on peak for each spot and 20 s 
on background positions, over an area of 6 x 6 mm. Ten elements 
were measured across two successive passes, and Na was mea-
sured on the first scan. The compositional maps were processed 
with XMapTools 4 to identify minerals (Lanari et al., 2014, 2019), 
and were used to generate the reactive rock composition (Table 1; 
Fig. 3a) and mineral proportions (modes; Fig. 3b).
4

Table 1
Calculated rock compositions in molar % for sample B331-783, the compositions 
from this study (H2O only and XCO2 = 1) were used for phase equilibria modelling, 
the measured bulk rock is also presented for comparison. Reactive bulk compo-
sitions from this study have lower FeO content as magnetite and ilmenite were 
omitted from the reactive rock composition calculations.

Measured XRF H2O only XCO2 = 0.1
Sossi et al., 2016 This study This study

SiO2 37.6 39.6 36.8
Al2O3 2.1 2.3 2.1
FeO 8 4.8 4.4
MgO 31.5 29.8 27.7
CaO 6.2 7.1 6.6
H2O 14.6 16.5 19.5
CO2 – – 2.2
XMg 0.79 0.86 0.86
XCO2 – – 0.10

3.2. Phase equilibria modelling

The representative komatiite B331-783 was modelled with Per-
ple_X (Connolly, 2009) with the updated Holland and Powell 
(2011) dataset 6 (file: hp622ver.dat) to model fluid release dur-
ing prograde metamorphism, in both CO2-free and CO2-bearing 
scenarios. In the CO2-free calculation the chemical system is SiO2-
Al2O3-FeO-MgO-CaO-H2O (CFMASH), water (H2O) is a pure phase 
and was included in high enough contents to saturate the mineral 
assemblages at greenschist facies conditions (∼ 300 ◦C; Table 1), 
which also matched the reactive rock composition estimate at ap-
proximately 6 wt.% (Fig. 3b). A CO2-bearing calculation was also 
undertaken to assess the effect of carbonate formation and CO2
release on predicted mineral assemblages and dehydration reac-
tions, using the same representative komatiite starting chemistry 
and in the same chemical system + CO2. The fluid was considered 
in a binary CO2-H2O system; the composition used (Table 1) cor-
responds to a molar XCO2 (XCO2 = CO2/(CO2+H2O)) of 0.1, or ∼2 
wt.% CO2. This value was obtained from the geochemical database 
as the mean of 1770 whole rock analyses (Supp. Fig. 1). Solution 
models used in the phase equilibria modelling are in Supplemen-
tary Table 1.

The representative reactive rock composition for sample B331-
783 was calculated using quantitative EPMA maps and mineral 
proportions in the program XMapTools (Table 1; Fig. 4; Lanari et 
al., 2014, 2019). The reactive rock composition incorporated large 
areas of antigorite and chlorite-rich spinifex olivine pseudomorphs 
and chlorite and tremolite-rich matrix (Fig. 3a). Magnetite, ilmenite 
and titanite were not included in the reactive rock composition. 
Firstly, magnetite is interpreted to form early in the alteration 
history of the komatiites, most likely during low-temperature ser-
pentinisation, sequestering Fe from the rock system and remaining 
mostly unreactive during further metamorphism (e.g. Bretscher et 
al., 2018; Vieira Duarte et al., 2021). Secondly, magnetite contains 
significant Fe3+ , and as such Fe2O3 would need to be included in 
the compositional system. This requires that the amount of Fe3+
in chlorite, antigorite and amphibole is estimated from EPMA data, 
which introduces a significant uncertainty into the bulk rock Fe3+ . 
Including magnetite, ilmenite and titanite also would require Cr2O3
and TiO2 to be considered in the compositional system, introduc-
ing similar difficulties with the silicate solution models, which do 
not contain these components, resulting in the stability of these 
minerals possibly being overestimated. When Fe2O3 and magnetite 
are included in the phase equilibria modelling, the composition 
of magnetite is incorrectly predicted (due to Cr2O3 being omitted 
from the system), however the stability fields of chlorite, antigorite 
and tremolite remain similar. As such, omitting magnetite, ilmenite 
and titanite from the phase equilibria modelling has little effect on 
the modelled stability of the silicate minerals (e.g., Bretscher et al., 
2018). Therefore, the calculated reactive rock composition XMg is 
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Fig. 3. (a) Phase map of komatiite sample B331-783, constructed from EPMA maps using the program XMapTools (Lanari et al., 2019). (b) Cumulative water budget in six 
komatiite samples, modal proportions were also calculated from EPMA maps and XMapTools (Lanari et al., 2019). At greenschist-amphibolite facies conditions, water is held 
in chlorite, antigorite and tremolite, however chlorite is the most effective reservoir as it has high water content and can persist to high temperatures.
0.86, closer to the XMg of silicate minerals in the sample, which 
have an average XMg of 0.89 (Fig. 4). The slightly lower XMg of the 
reactive rock composition compared with the silicate minerals is 
due to the EPMA mapping process; analyses containing a mixed 
signal between amphibole and fine-grained magnetite were incor-
porated into the map and the reactive rock composition calculation 
(Fig. 3).

3.3. Database analysis

To complement the petrological study of the representative ko-
matiite, bulk geochemical analyses of komatiites and basaltic ko-
matiites from a geochemical database (updated from Gard et al., 
2019; Supp. Table 2) were investigated. In particular, the relation-
ships between XMg, Al2O3, CaO and LOI (loss on ignition) were 
5

of interest. Komatiites and basaltic komatiites were filtered for by 
bulk rock chemistry, age, and geographical location. The parame-
ters used to filter the database were (i) analyses plot in the ko-
matiite and basaltic komatiite field of Jensen diagram (Jensen et 
al., 1976) and (ii) analyses must be Archean in age, or in the ab-
sence of an age, their location must fall within an Archean craton 
or reworked Archean craton (Fig. 1; Hasterok et al., 2022).

4. Results

4.1. Mineral compositions

The compositions of antigorite, chlorite, and tremolite were 
measured across the five komatiite samples, including the repre-
sentative komatiite chosen for mineral equilibria modelling, and 
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Fig. 4. Silicate mineral chemistry of representative metamorphosed komatiites, grey dashed lines indicate the compositional boundaries defined by the mineral compositions. 
Mineral compositions are similar across the komatiite and basaltic komatiite compositions, however chlorite forms a high Al2O3 and a low Al2O3 group. Square symbols 
denote rock compositions for representative komatiite B331-783. (a) Al2O3 vs SiO2. (b) Al2O3 vs CaO. (c) Al2O3 vs XMg, showing systematically high XMg for antigorite, 
chlorite and amphibole, with the exception of basaltic komatiite sample SC28. There is a notable difference in bulk rock XMg, which includes oxide minerals, and the reactive 
rock XMg, calculated from XMapTools by excluding magnetite and ilmenite.
one basaltic komatiite (Fig. 4; Supp. Table 3), from four Archean 
greenstone belts (Fig. 1). These mineral compositions are presented 
to assess the representability of the mineralogy of Barberton sam-
ple (B331-783), and to investigate the reactive XMg of komatiites 
from different localities.
6

Chlorite from B331-783 is dominantly clinochlore (XMg =
0.89–0.90), and 0.10–0.12 proportion daphnite, with SiO2 of be-
tween 32–36 wt.% (3.18–3.50 Si a.p.f.u.) and 10–15 wt.% Al2O3

(1.13–1.56 Al a.p.f.u.; Supp. Table 3). Similarly, chlorite from all 
other komatiite samples show high SiO2 and low Al2O3 contents 
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Fig. 5. Results of phase equilibria modelling of representative komatiite B331-783. (a) Model containing H2O fluid only, with H2O release contours. (b) Model containing 
a binary H2O-CO2 fluid and an XCO2 of 0.1, with fluid release contours. (c) Dehydration reactions and fluid release across a thermal gradient of 950 ◦C/GPa for the H2O 
diagram. (d) Dehydration and decarbonation reactions across the same thermal gradient in the H2O-CO2 system. Atg: Antigorite, Chl: Chlorite, Cum: Cummingtonite, Trem: 
Tremolite, Ta: Talc, Ol: Olivine, Cpx: Clinopyroxene, Opx: Orthopyroxene, An: Anorthite. Carb: Ca-Mg carbonate, Dol: Dolomite, Arag: Aragonite.
(Fig. 4a), with XMg ranging between 0.87–0.92 (Fig. 4c; Supp. Table 
3). An exception is chlorite from the basaltic komatiite (SC28) and 
one komatiite from the Komati formation (KM2000), which have 
slightly higher Al2O3 content, up to 20 wt.%, but identical XMg.

Antigorite from B331-783 consistently contains FeOtot contents 
of 6.5–6.9 wt.%, and 1.9–2.6 wt.% Al2O3, with an XMg of ∼0.89. 
Antigorite from the other komatiite samples generally has between 
4.8–6.4 wt.% FeOtot (XMg = 0.88–0.94), except for the basaltic ko-
matiite which contains between 8.6–11.1 wt.% FeOtot, resulting in 
scattered XMg between 0.83 and 0.88. Al2O3 content in antigorite 
across all samples reaches up to 4.4 wt.% (Fig. 4).

Amphibole from all samples is tremolitic in composition, with 
XMg of 0.89 to 0.94 (Fig. 4b,c). Amphibole from B331-783 falls in 
the centre of this range with an XMg of ∼0.92. Again, the exception 
is the basaltic komatiite, with lower XMg in the range of 0.83 to 
0.88.

4.2. Phase equilibria forward modelling

Results of the Perple_X phase equilibria forward modelling 
in the CO2-free system predicts expected mineral assemblages 
7

in sample B331-783, and matches those observed in the green-
schist and lower amphibolite facies komatiites presented in this 
study: primarily tremolitic clinoamphibole, antigorite, and chlorite 
(Fig. 5a). The key dehydration reactions which take place between 
0.2–2 GPa are outlined in Fig. 5c and are as follows:

1. Antigorite out at 450 to 550 ◦C, by reaction to olivine, cum-
mingtonite, chlorite and H2O (Atg → Ol + Cum + Chl + H2O). 
This reaction releases approximately 1 wt.% H2O.

2. At lower pressures (<1.2 GPa), continuous breakdown of cum-
mintonite and minor amounts of chlorite to produce olivine, 
tremolite and H2O from 500 to 700 ◦C, releasing up to 1 wt.% 
H2O (Chl + Cum → Ol + Trem + H2O).

3. Tremolite, olivine and partial chlorite breakdown between 600 
to 720 ◦C by reaction to orthopyroxene, clinopyroxene and H2O 
(Trem + Chl + Ol → Opx + Cpx + H2O). This reaction is 
the terminal tremolite breakdown. Above 1.2 GPa this reaction 
releases 3.5 wt.% H2O, below 1.2 GPa it releases 2.5 wt.% H2O.

4. Terminal chlorite breakdown at temperatures between 700 
and 800 ◦C (Chl → Ol + Opx + H2O + Sp). Spinel (Sp) was 



R. Tamblyn, J. Hermann, D. Hasterok et al. Earth and Planetary Science Letters 603 (2023) 117982
not stabilised in the phase diagram due to the reduced com-
positional system used but is likely to balance this reaction for 
Al2O3 in nature. This reaction releases a further 1 wt.% H2O.

These dehydration reactions release a total of 6 wt.% H2O over 
a temperature range of ∼ 500 to 800 ◦C (Fig. 5a). The primary con-
tributor is chlorite, which contains 50% of the mineral-bound H2O 
in the rock, comparable with other investigated samples in this 
study (Fig. 3). Along a P–T transect following an average Archean 
thermal gradient of 950 ◦C/GPa (Brown and Johnson, 2018), just 
over 4 wt% of the H2O is effectively released over a small tem-
perature range of 700 to 800 ◦C (Fig. 5c). Talc is also present 
in the model, but in low abundance (<2.5 vol.%), and therefore 
does not contribute significantly to the dehydration reactions in 
this compositional space. However, in more Si-rich compositions, 
talc may also play an important role in dehydration reactions at 
lower temperature conditions (e.g., Spandler et al., 2008). Addition-
ally, orthoamphiboles and zoisite (or clinozoisite/epidote) were not 
predicted to be stable in the selected composition but could be im-
portant for dehydration in other komatiite and basaltic komatiite 
compositions. Cummingtonite has not been identified in the repre-
sentative komatiite samples, though it is present in low abundance 
(<2 vol.%) in the phase diagram at lower pressure conditions.

The computed modal abundances of antigorite, chlorite, and 
amphibole are similar to those observed in sample B331-783, how-
ever do not converge at a common pressure-temperature condi-
tions (Supp. Fig. 2). This is possibly due to the poorly predicted 
Al2O3 content of modelled chlorite (e.g., Kempf et al., 2022). Chlo-
rite from B331-783 and other analysed komatiites is dominantly 
pennine, with Al2O3 content as low as 10 wt.% (Fig. 4). Al2O3 con-
tent in modelled chlorite is clinochlore that ranges between 17 and 
19 wt.% across the entire phase equilibria diagram (Supp. Fig. 2). 
Modelled chlorite SiO2 content is correspondingly underestimated, 
ranging between 30.8–32.5 wt.%, versus measured SiO2 concen-
trations of between 32–35 wt.% (Supp. Fig. 2). XMg of modelled 
olivine is between 0.55 and 0.6 at the olivine-in reaction, when 
natural metamorphic olivine in equilibrium with high XMg silicates 
generally has a higher XMg of >0.7 (Kempf et al., 2022).

Modelled XMg values for tremolite, antigorite, and chlorite 
match the measured data from the representative komatiite well 
(Supp. Fig. 2). In modelled tremolite the XMg reaches 0.89, XMg in 
measured tremolite from B331-783 is generally higher, and ranges 
from 0.89 to 0.92. Modelled chlorite XMg lies between 0.70 and 
0.89, and natural chlorite overlaps with the upper end of this range 
at 0.87 to 0.91. XMg of modelled antigorite ranges from 0.87 to 
0.91, which matches measured antigorite perfectly, with an XMg
of 0.87 to 0.91. This confirmation of well-matched XMg across the 
phases suggests that the inclusion of mixed magnetite and amphi-
bole in the calculated reactive rock composition was only minor, 
and did not significantly affect the XMg of the modelled phases.

Phase equilibria modelling with an XCO2 of 0.1 (Fig. 5b) predicts 
mineral assemblages and compositions similar to those of H2O 
only, except for addition of pure calcite/aragonite, pure dolomite, 
and a carbonate with Ca-Mg solid solution. This diagram is suscep-
tible to the same issues described for the H2O-only calculations, 
such as the poorly predicted Al2O3 and SiO2 content in chlorite. 
The key dehydration-decarbonation reactions between 0.2–2.0 GPa 
are as follows, illustrated in Fig. 5d:

1. Talc and Ca-carbonate react to tremolite, pure dolomite and 
H2O at temperatures less than 400 ◦C, releasing 0.5 wt.% H2O 
(Ta + Carb → Trem + Dol + H2O).

2. Talc, antigorite and dolomite react to tremolite, olivine, H2O, 
CO2 and minor cummingtonite (Ta + Atg + Dol → Trem +
Ol + Cum + H2O + CO2), between temperatures of 450 ◦C to 
680 ◦C depending on pressure. This releases approximately 1.3 
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wt.% H2O and 1.5 wt.% CO2. Talc and antigorite are exhausted 
by this reaction.

3. Cummingtonite, chlorite and minor dolomite continuously re-
act to tremolite, olivine, H2O and CO2 between temperatures 
of 580 to 660 ◦C depending on pressure, releasing 1.2 wt.% 
H2O and approximately 0.5 wt.% CO2 (Cum + Chl + Dol →
Trem + Ol + H2O + CO2). Dolomite stability persists to tem-
peratures of 720 to 800 ◦C at pressures above 1 GPa, and this 
is the terminal carbonate breakdown reaction.

4. Tremolite, chlorite and olivine breakdown between 650 to 
710 ◦C by reaction to orthopyroxene, clinopyroxene and H2O, 
releasing approximately 2 wt.% H2O (Trem + Chl + Ol → Opx 
+ Cpx + H2O). Tremolite is exhausted by this reaction.

5. Terminal chlorite breakdown at temperatures between 700 
and 810 ◦C (Chl → Ol + Opx + H2O + Sp). Spinel (Sp) was 
not stabilised in the phase diagram due to the reduced com-
positional system used, but is likely necessary to balance this 
reaction for Al2O3. This reaction releases a further 1 wt.% H2O.

Reaction 2 and 3 are the decarbonation reactions. They have a 
positive slope in P–T space, but most CO2 is released below 500 ◦C 
at 0.2 GPa and below 700 ◦C at 1.8 Gpa. The low temperature 
dehydration reactions are therefore influenced by the carbonate 
equilibria. Talc is stabilised in higher proportions than the H2O-
only diagram and partially dehydrates at ∼370 ◦C (reaction 1) and 
terminally along with antigorite at 460 to 680 ◦C, collectively re-
leasing ∼3 wt% H2O. The final chlorite and tremolite breakdown 
reactions are the same as those in the H2O-only diagram, but they 
release slightly less water (1 wt% less) and occur at slightly lower 
temperatures because the modal proportion of chlorite is lower 
(Fig. 5c, d).

The XMg of modelled silicate phases in the CO2-bearing calcula-
tion are generally lower than those in the CO2-free calculation, but 
only when dolomite is present, as dolomite sequesters Mg. When 
dolomite is destabilised via reactions 2 and 3, the XMg of tremolite 
and chlorite increases up to 0.93 and 0.94 respectively, comparable 
with the CO2-free phase equilibria model.

4.3. Database analysis

The global database contains 3206 analyses of komatiite and 
5501 analyses of basaltic komatiite, with a total of 8707 data 
(Fig. 1; 6). However, there are only 1911 komatiite analyses with 
LOI and 3678 basaltic komatiites analyses with LOI, leaving a total 
of 5589 data. Two thirds of komatiites are Archean in age, however 
half of basaltic komatiites are Archean and half are from reworked 
Archean crust (approx. 2.5–2.35 Ga; Fig. 6b). We investigate LOI as 
a proxy for degree of hydration, with the caveat that the LOI rep-
resents the sum of all volatiles in the whole rock (H2O, CO2) as 
discussed below.

Before interpreting the results of the database analysis, it is im-
portant to discuss the possible biases or problems which may be 
associated with the dataset. Sampling bias is the most prevalent. 
While almost all komatiites in the geological record are altered, 
it is most likely that less-altered samples are usually chosen by 
geologists when sampling in the field, as most komatiites and ko-
matiitic basalts are studied for their magmatic and eruptive histo-
ries. Carbonate-bearing samples are not likely to be chosen during 
sampling for geochemical analysis, so a low-CO2 sampling bias is 
possibly introduced to the dataset. An observational bias stems 
from the use of LOI. While LOI is a useful proxy for degree of hy-
dration of these originally anhydrous rock types, it combines H2O 
(degree of hydration), CO2 (degree of carbonation) and other mi-
nor volatiles into one single parameter. Evidence for carbonated 
samples is clear from elevated CaO and depressed MgO content 
at LOI values in excess of ∼12 wt.% (Supp. Fig. 3), as calcite is a 
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Fig. 6. Chemical composition of komatiites and basaltic komatiites in the dataset.
(a) Jensen plot used to discriminate komatiite and basaltic komatiites in the dataset 
(Fig. 1), with data colour-coded for approximate crystallisation age. If no age was 
available in the dataset the nearest geological age was applied, this is an approxi-
mation but necessary due to the difficulties in obtaining ages from komatiitic rock 
compositions. (b) Cumulative number of komatiite and basaltic komatiite data in 
Archean and reworked Archean crust, and total data points in the dataset. A bi-
modal distribution can be seen in the data, with komatiites defining the high (∼28 
wt. %) MgO peak and basaltic komatiites defining the lower (∼12 wt. %) MgO peak.

primary CO2 bearing phase. However, as we are focused on sam-
ples with LOI values below 12 wt.%, we suggest that LOI below 
this value primarily represents the H2O content. This assumption is 
supported by the fact that measured CO2 values from the database 
are very low (Supp. Fig. 1), with a median value of only 0.33 wt.%. 
It is also supported by the normal distribution of LOI content in 
komatiite data, with a mean of 6 wt.% (Fig. 7a), identical to the 
water content estimated from phase equilibria forward modelling 
(Fig. 5) and similar to the water content calculated from represen-
tative komatiites in this study (Fig. 3). For the 408 samples that 
contain measured H2O data, the mean is 6.2 wt.%.

In Fig. 8, whole rock SiO2, CaO, XMg vs. Al2O3 from all ko-
matiites and basaltic komatiites from the dataset are presented, 
coloured by LOI. Compositions of representative antigorite, chlorite 
and tremolite are also shown for comparison (Fig. 4), the compo-
sitional boundaries, i.e., the field defined by mixing between these 
phases, is outlined by dashed lines. LOI increases with decreasing 
SiO2 and Al2O3, as the modal proportion of antigorite increases 
and that of amphibole decreases (Fig. 8a). In the CaO vs Al2O3
plot, the LOI of komatiitic samples are negatively correlated with 
CaO and Al2O3 content, as the increasing LOI is controlled by the 
mode of antigorite and/or chlorite in the sample (Fig. 8b). The rela-
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tionship between CaO, Al2O3, and LOI can be fit by a plane (colour 
contours), with the relationship LOI (wt.%) = 10.56 – 0.43 CaO 
(wt.%) – 0.32 Al2O3 (wt.%; Fig. 8b). This relationship is defined by 
approximately 95% of the data with a misfit of 2%, the omitted 
5% of the data were deemed as outliers, exceeding 4.1 times the 
mean Cook distance (Cook, 1997). A strong relationship between 
XMg and LOI is also evident (Fig. 8c), LOI increases with bulk rock 
XMg (in this case, XMg = Mg/(Mg+Fetot), with a shift to LOI val-
ues of >6 wt.% at an XMg of 0.8 and higher. We note, however, 
that these bulk rock data include magnetite, which we interpret 
to be mostly unreactive during metamorphism of komatiitic com-
positions. Consequently, the bulk rock XMg is not representative of 
the reactive rock composition, and therefore does not necessarily 
correlate with the XMg of the representative silicate phases.

To further investigate the relationship between LOI and bulk 
rock XMg in komatiites and basaltic komatiites, the mean of the LOI 
in the bulk rock data was taken for XMg bins of 0.2 (Fig. 7a). The 
result shows a semi-exponential relationship between bulk rock 
XMg and LOI. The highest mean LOI is 9.5 wt.% for an XMg of 0.9; 
however, there are low numbers of data in this bin (Fig. 7b). Ko-
matiite analyses have a nearly normal distribution in LOI (yellow 
bars in Fig. 7b) with a mean of 6 wt.% (dashed line in Fig. 7b), 
basaltic komatiites skew to lower values with a mean of only 3 
wt.% LOI (Fig. 7b).

5. Discussion

5.1. All komatiites are hydrated

A well-described but perhaps underappreciated fact is that all 
ancient komatiites are extensively hydrated (Arndt, 2003). This hy-
dration most likely occurs in an Archean ocean, as most komati-
ites are interpreted as submarine eruptions. Evidence for komatiite 
eruption underwater can be found as trapped vesicles within the 
crystallised lavas (Dann, 2000) and pillow structures, reported from 
both komatiites and basaltic komatiites (Arndt et al., 2008). Ko-
matiites are also often associated with other submarine rock types, 
such as carbonates, banded iron formations and shales, and sub-
marine microbial mats (e.g., Homann, 2019). From this evidence it 
appears that komatiites undergo a similar process to that which 
is observed at present-day MORs, where erupted mafic rocks are 
altered at low temperature conditions.

The exact volume and stratigraphic distribution of komatiites in 
Archean terranes is difficult to constrain, due to limited or poor 
outcrop, deformation and metamorphism. One estimate of the vol-
ume of komatiite in a greenstone belt is from Dann (2000), who 
estimated that 50% of the Komati Formation and 28% of the Bar-
berton Greenstone Belt, in the area that was mapped, is comprised 
of komatiite. Additionally, the stratigraphic thickness of individual 
komatiite flows can range from less than 50 centimetres to more 
than 500 meters (Arndt et al., 2008). The original spatial extent of 
komatiite formations is unknown, however the surviving areal ex-
tent of individual komatiite flows are estimated to have been at 
least 85 to 700 kilometers in diameter (Arndt et al., 2008). Consid-
ering the extreme hydration potential of komatiitic rock composi-
tions, their occurrence in all greenstone belts worldwide, and their 
potential volume, komatiites could have been responsible for the 
fixation of vast quantities of H2O in the Archean.

5.2. Mineralogical control on H2O contents and retention in altered 
komatiites

The low SiO2 + CaO and high XMg nature of komatiites directly 
controls their hydration potential during low temperature seafloor 
alteration. As the majority of komatiites and associated basaltic 
rocks are now metamorphosed to greenschist-amphibole facies, the 
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Fig. 7. Mean XMg vs LOI for komatiites and basaltic komatiites in the dataset (n = 5589). Data is binned by XMg steps of 0.1, grey bars indicate the interquartile range of the 
data. The high XMg (>0.84) samples are likely dominated by olivine cumulates, or have undergone metasomatism. (b) Cumulative number of data for each 1 wt.% step LOI. 
The komatiite only dataset averages 6 wt.% LOI (dotted line), however the data for the basaltic komatiites is clustered at approximately 2 wt.% LOI.
LOI of these samples possibly reflects some loss of volatiles during 
low-grade metamorphism relative to their initial hydration. How-
ever, the difference in extent of hydration between komatiite to 
more basaltic compositions is still evident (Fig. 7; 8), despite their 
variable metamorphic overprints. During alteration of komatiites, 
the low bulk SiO2/MgO ratio and generally high XMg result in for-
mation of serpentine minerals, which contain up to 13 wt.% H2O 
in their crystal structure. Low SiO2 and CaO contents of the ko-
matiites promote the formation of chlorite and antigorite at the 
expense of amphiboles during low-grade metamorphism. Tremo-
lite is stable, and the majority of the Al2O3 budget of the rock is 
sequestered into high XMg chlorite. In the presented dataset, the 
bulk Al2O3 content appears to have a secondary control on the 
bulk rock LOI (Fig. 8). High Al2O3 komatiites likely have higher 
proportions of chlorite, whereas low Al2O3 komatiites likely have 
higher proportions of antigorite. As both chlorite and antigorite 
contain approximately 13 wt.% H2O, varying bulk Al2O3 content 
does not have a strong control on bulk H2O and therefore LOI at 
greenschist- to lower amphibole-facies conditions where antigorite 
and chlorite coexist. However, the role of Al2O3, and also XMg, is 
important after antigorite breakdown at temperatures between ∼
480 and 550 ◦C. At these higher grades, Al2O3 content determines 
chlorite mode, which in turn dictates the fraction of lattice-bound 
H2O in the rock, and the high rock XMg promotes formation of Mg-
rich chlorite, which remains stable to ∼800 ◦C (Fig. 9). Therefore, 
Al-enriched and Al-undepleted komatiites will transport more H2O 
to greater depths than Al-depleted komatiites, highlighting the role 
of primary komatiite composition in water transport and release in 
the Archean Earth.

During serpentinisation and metamorphism komatiites produce 
silicate minerals with extremely high XMg. This is due to their 
highly magnesian starting compositions (>18 wt% MgO), but is 
strongly enhanced by the formation of magnetite during ocean-
floor serpentinisation, which sequesters Fe from former magmatic 
minerals. In ultramafic rocks, early-formed magnetite remains 
mostly unreactive during metamorphism, it is not broken down 
and can even be produced when minor amounts of Fe3+ are lib-
erated from the breakdown of antigorite and chlorite (Bretscher et 
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al., 2018; Evans and Frost, 2021; Vieira Duarte et al., 2021). There-
fore, silicate minerals with high XMg form, which can remain stable 
to higher temperatures than their Fe-rich counterparts. For exam-
ple, in ultramafic compositions Mg-rich chlorite (XMg= ∼0.94) can 
persist to temperatures of ∼ 850 ◦C at pressures of 2 GPa (Fig. 9; 
Staudigel and Schreyer, 1977; Spandler et al., 2008; Lakey and Her-
mann, 2022), and pure clinochlore may persist up to ∼880 ◦C at 
pressures of 1.6 GPa (Jenkins, 1981). This extreme hydration poten-
tial combined with the stability of the hydrous mineral chlorite to 
very high temperatures, and the fact that no fresh komatiite exists 
in the Archean geological record, all suggests that komatiites were 
a key player in the water budget and cycling in the early Earth.

5.3. Komatiites can transport and release water into the crust to form 
TTGs

The estimation from phase equilibria modelling that komati-
ites can transport 6 wt.% water (or approximately 20 vol.% H2O) to 
crustal conditions of 500–800 ◦C is a minimum estimate for sample 
B331-783. Al2O3 and SiO2 content of modelled chlorite is overes-
timated, therefore modelled chlorite mode (and hence the amount 
of water released) is underestimated. This, in addition to the un-
derestimated XMg of olivine, likely expands the stability field of 
hydrous minerals to higher temperatures in nature, in favour for 
flux melting of associated metabasalts.

To understand the effect of water release by komatiites during 
metamorphism, water release contours from the phase equilibria 
modelling are shown in Fig. 9, with several other key geological 
data. Pressure-temperature data points of metamorphic rocks from 
the Archean are shown (Brown and Johnson, 2018), as well as min-
imum, mean and maximum thermal gradients recorded by these 
metamorphic samples. These data fall between thermal gradients 
of 15 ◦C/km−1 to 50 ◦C/km−1, and do not exceed 1.5 GPa (Fig. 9; 
approximately 45 km), pointing to the most likely crustal thick-
ness at this time, or at least the greatest depth which metamorphic 
rocks were exhumed from. Regardless of the style of plate tectonics 
operating in the Archean, these data are meaningful representa-
tions of the conditions experienced and preserved by then-existing 
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Fig. 8. Geochemical plots of komatiites and basaltic komatiites from the dataset, colour coded for LOI value. Grey analyses do not have an LOI value. Representative mineral 
compositions of chlorite, antigorite, and tremolite are plotted for comparison, grey dashed areas represent the range of bulk rock compositions (minus Fe-bearing oxides such 
as magnetite, ilmenite and hematite) represented by these mineral compositions. Note that the data are not normalised to an anhydrous composition. Al-undepleted and 
Al-depleted komatiite groups can be discerned in two linear trends in the data. (a) Al2O3 vs SiO2. (b) Al2O3 vs CaO. The data can be fit by a plane (colour contours), LOI 
(wt.%) = 10.56 – 0.43 CaO (wt.%) – 0.32 Al2O3 (wt.%) with a misfit of 2.0 wt.%, contours for the best fit plane are coloured by LOI value. Approximately 95% (5324/5589) of 
the initial data are used to fit the plane. (c) Al2O3 vs XMg, note that XMg is Mg/(Mg+Fetotal).
crust and, therefore, constrain the likely thermal gradients expe-
rienced by hydrated komatiites when they were metamorphosed. 
The experimentally-constrained wet basalt solidus is shown (Fig. 9; 
Lambert and Wyllie, 1972), and its location in P–T space is sup-
ported by other experimental data (Rapp et al., 1991; Rapp and 
Watson, 1995; Zhang et al., 2013), as well as the solidus for am-
phibole dehydration melting (Green, 1976; Wyllie and Wolf, 1993). 
Within the probable pressure ranges of metamorphism of komati-
ites in the Archean (0.4–1.6 Gpa), the dehydration reactions involv-
ing antigorite breakdown release ∼ 1 wt.% H2O from 500 to 600 ◦C, 
11
below the wet basalt solidus. Above the wet basalt solidus, tremo-
lite and chlorite breakdown release a further 5 wt.% H2O across a 
temperature range of 670 to 800 ◦C (Figs. 5, 9), comparable with 
estimates of water release from metamorphosed komatiites from 
Hartnady et al. (2022) of approximately 20 vol.%. The experimental 
constraints of Mg-chlorite breakdown are also shown, to represent 
the maximum thermal stability of chlorite (Staudigel and Schreyer, 
1977; Jenkins, 1981; Lakey and Hermann, 2022).

Based on the analysis above, komatiite dehydration appears to 
be a very likely source of free water for wet basalt melting to 
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Fig. 9. Summary of data from phase equilibria modelling and the literature, suggesting the likely pressure-temperature conditions of komatiite dehydration and wet basalt 
melting. (a) P–T diagram showing key dehydration contours (i.e., the mass of water released) from the H2O-only phase equilibria model, with the experimental wet basalt 
solidus. Grey dashed lines indicate the range of likely thermal gradients in the Archean, from metamorphic T/P data, 950 ◦C/GPa is the mean thermal gradient. Experimental 
chlorite-out lines are from LH22: Lakey and Hermann (2022), SS77: Staudigel and Schreyer (1981), J81: Jenkins (1981). (b) Compiled H2O and CO2 release along the 950 
◦C/GPa thermal gradient from the two-phase equilibria models, both showing significant water release above the wet basalt solidus.
form TTGs in the Archean. The temperature range of tremolite and 
chlorite breakdown in komatiite (670–800 ◦C) overlaps with the 
lower end of the range in Ti saturation temperatures of Archean 
TTGs (750–950 ◦C; Xiong et al., 2009). These temperatures are es-
timated at pressures of 1.5 and 2.5 GPa, however, Ti saturation 
temperature estimates below 1.5 GPa are unlikely to be signifi-
cantly different (Xiong et al., 2009). These temperature estimates 
are supported by wet basalt melting experiments, where water is 
present as a free phase, which show that partial melt volumes of 
10–40% at 800–950 ◦C have TTG compositions (Qian and Hermann, 
2013). Numerous studies using phase equilibria forward modelling 
to predict melt compositions during wet basalt melting also show 
that temperatures between 750–950 ◦C and high (>1 wt.%) wa-
ter contents are necessary to create TTG melts (e.g. Johnson et al., 
2017; Pourteau et al., 2020). Considering that komatiite dehydra-
tion occurs within the lower portion of the 750–950 ◦C temper-
ature range for basalt melting, we suggest that the dehydration 
reactions within komatiite triggers initial basalt melting, which in 
some situations can continue melting with increasing temperature 
to form higher-temperature tonalites.

The effect of CO2 on the modelled phase equilibria and dehy-
dration reactions for a XCO2 of 0.1 is minimal when compared to 
the pure water system. The XCO2 of 0.1 was chosen from the geo-
chemistry database analysis, by using the mean of the measured 
CO2 values and including 6 wt.% H2O to saturate the komatiite at 
greenschist facies conditions. The CO2 data have an exponential 
distribution (Supp. Fig. 1), as such the mean is an overestima-
tion of the true distribution of CO2 (e.g., the median is 0.39 wt% 
CO2). However, the database likely has a strong bias away from 
12
CO2-bearing samples. It is difficult to assess the true extent of car-
bonation of natural komatiites, and the effect this may have on 
their metamorphism and devolatilisation. Nonetheless, for the ko-
matiite composition with an XCO2 of 0.1 dolomite is the primary 
CO2 phase stable above ∼380 ◦C, and predominately breaks down 
via reaction with antigorite and talc to tremolite, olivine, H2O and 
CO2, at temperatures of less than 700 ◦C. Along a thermal gradient 
of 950 ◦C/GPa, all CO2 is released by 590 ◦C (Fig. 9b). As such, no 
CO2 is released above the basalt solidus in typical Archean thermal 
gradients for this fluid composition. H2O release above the basalt 
solidus in this scenario is comparable with the H2O-only calcula-
tion, and is only ∼1 wt.% less (4–4.5 wt.%). Therefore, we suggest 
if altered komatiites with a starting XCO2 of 0.1 experienced meta-
morphism, they will still efficiently transport H2O, but not CO2, to 
basaltic suprasolidus conditions. For higher XCO2 values the effect 
may be stronger, however a full investigation into the carbonation 
of komatiites and the effect on fluid release is out of the scope of 
this study.

In a way, Archean komatiites may have played a similar role as 
oceanic peridotites do today in transporting water to deep crustal 
melting conditions, and therefore the formation of new conti-
nental crust. In modern settings, peridotites are serpentinised on 
the ocean floor, and are important carriers of water to sub-arc 
depths during subduction (Ulmer and Trommsdorff, 1995). Antig-
orite breakdown at temperatures of ∼ 650 ◦C allows large volumes 
of water to migrate to the hotter mantle wedge, where partial 
melting of peridotite forms basalts, which are either the primary 
melts of arc magmatism and/or can crystallise at the crust-mantle 
interface to fluid-flux the lower crust (e.g. Rudnick, 1995; Grove 
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et al., 2012; Collins et al., 2016). Resulting arc magmas are on av-
erage andesitic-dacitic in composition, and represent the growth 
of new continental crust (Taylor and McLennan, 1995; Jagoutz and 
Kelemen, 2015). This process is controlled by the inverted ther-
mal gradient formed during cold subduction, which allows hydrous 
minerals to persist to significant depths, and release water into 
hot and fertile melting conditions. In the Archean, it is difficult to 
pinpoint the geodynamic scenario(s) responsible for TTG genera-
tion and therefore continental crust formation. However, one could 
envisage that hydrated komatiite-basalt associations (i.e., green-
stone belts) were thickened in an oceanic plateau style setting, 
or underthrust in a hot subduction style setting, to reach tem-
peratures of 670–800 ◦C for komatiite dehydration and wet basalt 
melting (e.g. Hartnady et al., 2022). The subsequent magmas have 
TTG-compositions, and most likely formed the Archean continental 
crust. We emphasise that the exact geodynamic style of metamor-
phism is not critical, as the komatiite dehydration reactions are 
strongly temperature dependent but only weakly pressure depen-
dent (Fig. 5); hence, water release and TTG formation will occur at 
similar temperatures regardless of the pressure.

6. Conclusions

Petrology and mineral compositional data of representative 
metamorphosed komatiites and geochemical rock data from a 
database of approximately 5600 komatiites show that these
Archean ultramafic rocks are highly altered, and on average contain 
6 wt.% water. Phase equilibria modelling predicts that hydrated 
komatiites will release their water via breakdown of antigorite, 
amphibole and chlorite at temperatures ranging across 500 to 
800 ◦C, regardless of the pressure conditions and, therefore, the 
P–T path experienced by progressively metamorphosed komatiite. 
Critically, 5 wt.% of this water is released between 670 and 800 ◦C, 
which corresponds to temperature conditions allowing for water-
present basalt melting. Therefore, we suggest that water released 
from dehydrating komatiites provided the free water necessary to 
partially melt large volumes of basalts to form the prominent and 
expansive TTG suits in the Archean. Even though komatiites make 
up moderate portions of greenstone belts, they likely played a key 
role in early crust formation and the Earths’ early water cycle.
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