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ABSTRACT

Komatiites from Alexo and Pyke Hill in the Archean Abitibi greenstone belt provide petrological evi-

dence for an early Earth carbon and water cycle, ingassing in the cool Hadean and outgassing in
the hot Archean. The komatiites have SiO2 contents that are lower than those expected of

advanced volatile-free melting of mantle peridotite. The SiO2 misfit cannot be plausibly accounted

for by variations in model Bulk-Earth peridotite composition, perovskite fractionation in a magma

ocean, addition of chondrites, a source that had recycled crust added to it, or by chemical alteration

during serpentinization. One possible resolution to the silica misfit problem is obtained if the ko-

matiites from Alexo and Pyke Hill were partial melts of carbonated peridotite, a conclusion based
on reasonable agreement between the major element compositions of komatiites (i.e. SiO2, Al2O3,

FeO, MgO, and CaO) and experimental melt compositions of carbonated peridotite. High-degree

melts with olivine as the sole residual phase can have low SiO2 contents owing to carbonate add-

ition. Furthermore, a role for significant H2O is indicated from recent olivine-hosted melt inclusion

studies. More work is needed to constrain how much CO2 and H2O is required to resolve the SiO2

misfit, and the T–P conditions of melting. Failure to do so imposes significant uncertainty in

Archean mantle potential temperature and geodynamic interpretations. These uncertainties not-
withstanding, the komatiites appear to be recording important degassing events in the Archean.

Depending on the extent of volatile degassing, hydrous and CO2-rich komatiites could have formed

either in mantle plumes or in ambient mantle. Ingassing may have occurred in the Hadean when at-

mospheric CO2 and H2O were sequestered by reaction with impact ejecta, oceanic crust and mantle

peridotite to produce carbonates and hydrous minerals. Parts of the Earth may have been suffi-

ciently cool at some point in the Hadean to ingas the deep mantle, consistent with a variety of con-
straints from zircon and isotopic studies. Hydrous and CO2-rich komatiites formed from ‘carbo-

nated wetspots’ in mantle plumes or ambient mantle later in the Archean. The drop in komatiite

production at the end of the Archean may be a record of significant purging of the mantle in vola-

tiles, affecting biogenic methane production and the evolution of oxygen in the atmosphere.
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INTRODUCTION

Komatiites of Archean age have a wide range of MgO

contents that reflect the removal and accumulation of

olivine during magmatic differentiation (Arndt, 1986;

Arndt et al., 2008). Various petrological methods exist
to restore the parental magma composition from which

olivine crystallized, and these typically yield MgO con-

tents in the 26–30% range (Bickle, 1982; Nisbet et al.,

1993; Herzberg et al., 2007; Arndt et al., 2008; Puchtel

et al., 2009; Herzberg, 2011; Sobolev et al., 2016); how-

ever, liquid MgO contents may have been as high as
34% in some cases (Arndt et al., 2008; Robin-Popieul

et al., 2012).

It has long been known that the MgO content of a

partial melt of volatile-free mantle peridotite is posi-

tively correlated with the temperature and pressure of

partial melting (e.g. O’Hara, 1965; Nisbet et al., 1993). If
the primary magma erupts to the surface, then the
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temperature at which olivine crystallizes (i.e. olivine

liquidus temperature; TOl/L) will be related to its MgO

content. There have been many parameterizations that

permit the calculation of TOl/L from magmatic MgO con-

tent (Bickle, 1982; Sugawara, 2000; Herzberg et al.,

2007; Herzberg & Asimow, 2015), and these typically
yield 1550–1660 �C for Archean komatiites that erupted

at the surface with 26–34% MgO. Assuming volatile-free

conditions and comparison with mantle plume magma-

tism of Phanerozoic age (Herzberg et al., 2007; Herzberg

& Gazel, 2009), the Archean komatiites may have been

the hottest magmas ever to have erupted on Earth.

Based on the best currently available estimates for the

temperature of ambient mantle, a hot mantle plume in-

terpretation has been invoked to explain the high MgO
contents of the komatiites (e.g. Jarvis & Campbell,

1983; Campbell et al., 1989; Herzberg, 1992, 2004;

Nisbet et al., 1993; Arndt et al., 2008; Puchtel et al., 2009;

Herzberg et al. 2010).

Experimental petrology has documented the effects

of H2O in suppressing solidus and liquidus tempera-

tures, and a subduction alternative to mantle plumes

has been proposed for Archean komatiites (Parman
et al., 1997; Grove & Parman, 2004). However, field,

geochemical and petrological evidence for production

of wet komatiites in Archean subduction zones is con-

troversial and difficult to establish (Arndt, 2003; Arndt

et al., 2008; Robin-Popieul et al., 2012; Puchtel et al.,

2013). Most recently, Sobolev et al. (2016) reported the

presence of melt inclusions with high MgO contents

and 0�6% H2O.
Here, evidence is presented that shows that volatile-

free melting of mantle peridotite is not consistent with

the observed SiO2 contents of aluminum-undepleted

komatiites from the Pyke Hill and Alexo areas of the

Abitibi greenstone belt. From a petrological point of

view, these are amongst the simplest komatiites to

understand. They contain primitive olivine compos-

itions (i.e. Mg number ¼ 94�5; Sobolev et al., 2007,
2016), which indicate that olivine was the sole residuum

phase in the mantle after extensive melting (Herzberg,

2004). They also have a whole-rock major element geo-

chemistry that indicates that olivine was the dominant

crystallizing phase near the surface (Arndt, 1986; Arndt

et al., 2008). Mass balance of primary komatiite and

olivine compositions therefore constrains the SiO2 con-

tent of the source. It is demonstrated that Pyke Hill and

Alexo komatiites have SiO2 contents that are lower than
those expected of volatile-free melting of a peridotite

source. I show that this SiO2 misfit cannot be plausibly

accounted for by variations in Bulk-Earth peridotite

composition, a source that had experienced a prior

stage of perovskite fractionation in a magma ocean,

addition of chondrites, or by chemical alteration during

serpentinization. A role for magmatic volatiles is impli-

cated by experimental data for carbonated peridotite
(Dasgupta et al., 2007, 2013) and elevated H2O contents

in olivine-hosted melt inclusions (Sobolev et al., 2016).

Results suggest that the mantle plume interpretation for

the Archean komatiites from Pyke Hill and Alexo is not

unique, and implications for an early Earth carbon and

water cycle are discussed.

ARCHEAN KOMATIITES FROM ALEXO AND PYKE
HILL AND THEIR PERIDOTITE SOURCE

Major element geochemistry
Peridotite KR4003 is used to model the compositions

and formation of Archean komatiites from Alexo and

Pyke Hill because there is a comprehensive set of melt-

ing experiments (Walter, 1998) and their parameteriza-

tions (Herzberg & O’Hara, 2002; Herzberg, 2004;

Herzberg & Asimow, 2015). The parameterizations are

mass-balance solutions to the compositions of primary

magmas solved for equations appropriate for both

accumulated fractional melting and batch melting.

Model primary magma compositions for KR4003 were

provided in appendices by Herzberg & O’Hara (2002)

and Herzberg (2004), and they will be used again in the

discussion that follows. Walter (1998) reported a whole-

rock composition for KR4003 with 37�3% MgO, but the

total is low (i.e. 99�18%) and the Mg-number for this

composition is 89�2, in contrast to 89�5 for olivine in

subsolidus experiment 60.02. An MgO content of

38�12% for KR4003 is more likely (Herzberg & O’Hara,

2002), because it brings the total to 100%, raises its Mg-

number to 89�4, and predicts 89�4–89�5 for solidus oliv-

ine Mg-number, in better agreement with experiments.

Peridotite KR4003 is only moderately depleted in Al2O3

and CaO with respect to the McDonough & Sun (1995)

pyrolitic mantle; this is consistent with a residue that re-

mained after only about 2% basalt extraction, and it is

consistent with light rare earth element depletions and

eNd values ofþ 2�9 by the time of komatiite emplace-

ment at 2�7 Ga (Puchtel et al., 2009).

The 2�7 Ga komatiites from the Alexo locality in the

Abitibi greenstone belt are located close to those from

Pyke Hill; they are aluminum-undepleted type komati-

ites in that they have Gd/Yb and Al2O3/TiO2 indicative of

derivation from high-degree melts of a primitive mantle

source (e.g. Arndt et al., 2008; Puchtel et al., 2009). A

database has been compiled (Arndt, 1986; Lahaye &

Arndt, 1996; Shore, 1996; Fan & Kerrich, 1997; Sproule

et al., 2002; Puchtel et al., 2004), and Fig. 1a shows that

it defines a tight igneous trend in MgO–Al2O3 projection

space, which terminates at olivine having the maximum

Mg number of 94�5 as measured by high-precision elec-

tron microprobe analysis (Fig. 1a; Sobolev et al., 2007,

2016). This trend is coincident with computed liquid

lines of descent from model primary komatiites with

30% MgO (Herzberg et al., 2007; Sobolev et al., 2016),

derived by either batch or accumulated fractional melt-

ing of peridotite KR-4003 as discussed more fully

below.

Komatiites also display a trend towards olivine

with an Mg number of 94�5 in MgO–FeO projection

space (Fig. 1b). The best fit to the komatiites is obtained
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with a primary magma produced by batch melting, not

accumulated fractional melting. The FeO contents of

primary magmas produced by accumulated fractional

melting are always higher that those produced by batch

melting as long as the melts are not constrained by the

solidus (Langmuir et al., 1992; Herzberg & O’Hara,

2002). However, the inference of batch melting for the

komatiites is based on the assumption that FeO/FeOT ¼
0�90 as measured by Berry et al. (2008) on komatiite

olivine-hosted melt inclusions from the Belingwe green-

stone belt in Zimbabwe. If the primary melts of the

Alexo and Pyke Hill komatiites formed by accumulated

fractional melting of peridotite KR4003, then all iron

would have to be completely reduced (i.e. FeO/FeOT ¼

1�0) to obtain a good match. However, this is not com-

patible with more oxidized conditions inferred for ko-

matiites (Canil, 1997; Berry et al., 2008; Sobolev et al.,

2016). Alternatively, accumulated fractional melting

might be compatible with a peridotite source that was

intrinsically low in FeO compared with most peridotite

compositions, which typically contain 8% FeO (Jagoutz

et al., 1979; Herzberg, 1993; McDonough & Sun, 1995;

Palme & O’Neill, 2003; Workman & Hart, 2005; Jackson

& Jellinek, 2013). Petrological models of primary

magma generation at the present day recognize the im-

portance of fractional melting (e.g. Langmuir et al.,

1992; Herzberg & Asimow, 2015). However, the physics

of Archean komatiite melt generation might have been

biased towards batch melting if pressures were high

and the densities of primary melt and olivine became

similar (Ohtani, 1985; Agee, 1998; Herzberg, 2004;

Robin-Popieul et al., 2012). Uncertainties about the

melting mechanism notwithstanding, these models

support the interpretation that the MgO, FeO and Al2O3

contents of the komatiites were established by igneous

processes, and that they remained immobile during a

subsequent period of greenschist-facies metamorphism

(Arndt et al., 2008).

Evidence for volatile-free melting
As examined more fully below, olivine phenocrysts

with Mg numbers as high as 94�5 (Sobolev et al., 2007)

most probably crystallized from primary magmas that

were formed by extensive melting of mantle peridotite,

leaving behind only olivine as a residual phase

(Herzberg, 2004). Mass balance with respect to KR4003

indicates that the primary magma had about 30% MgO

and formed from 63% volatile-free melting of peridotite

KR4003. A model volatile-free batch primary magma

with 30% MgO also has 9�3% FeO, and 6�6% Al2O3

(Herzberg & O’Hara, 2002; Herzberg, 2004; Sobolev

et al., 2016), and is similar to many komatiites from

Alexo and Pyke Hill (Figs. 1a and b); it also agrees with

many other suggested primary komatiite magma com-

positions (Nisbet et al., 1993; Arndt et al., 2008; Puchtel

et al., 2009; Sobolev et al., 2016). Using Fe–Mg ex-

change between olivine and melt (i.e. KD) from Toplis

(2005) predicts that the primary magma would crystal-

lize olivine at the surface with an Mg-number of 95�1,

slightly higher than the 94�5 reported by Sobolev et al.

(2007). This difference in olivine Mg number arises from

the effect of elevated temperature and pressure on

increasing KD (Toplis, 2005). The calculated olivine li-

quid line of descent reproduces very well those komati-

ites with MgO contents lower than 30%; komatiites with

MgO contents higher than 30% experienced olivine ac-

cumulation. In summary, the evidence from MgO, FeO,

and Al2O3 is that the Alexo and Pyke Hill komatiites are

consistent with extensive volatile-free melting of a peri-

dotite similar in composition to KR4003.
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Fig. 1. (a, b) MgO, FeO, and Al2O3 contents of komatiites from
Alexo and Pyke Hill compared with their model volatile-free
primary magma compositions and liquid lines of descent. The
primary magmas, indicated by the white and black filled
crosses, contain 30% MgO (Herzberg et al., 2007; Herzberg,
2011; Sobolev et al., 2016), and the Al2O3 and FeO contents are
solutions to the primary magma problem using the equations
for batch and accumulated fractional melting for peridotite
KR4003 (Herzberg & O’Hara, 2002). All MgO–FeO primary
magma solutions for dunite (L þ Ol) and harzburgite (L þ Ol þ
Opx) residua are from Herzberg & O’Hara (2002). The calcu-
lated liquid lines of descent are appropriate for fractional crys-
tallization of olivine at the surface using FeO–MgO partitioning
between olivine and liquid from Toplis (2005). Small open cir-
cles, whole-rock data for Alexo and Pyke Hill komatiites refer-
enced in the text.
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Evidence against volatile-free melting
Figure 2a shows that the model primary magma for

Alexo and Pyke Hill komatiites has a slightly lower CaO

content than observed. The komatiite trend does not ex-

tend to olivine with an Mg-number of 94�5, nor does it

coincide with the calculated liquid line of descent. This

is a demonstration of Ca mobility during greenschist-fa-

cies metamorphism, a problem that has been previ-

ously recognized (Herzberg, 1992; Lahaye et al., 1995;

Lahaye & Arndt, 1996; Arndt et al., 2008; Puchtel et al.,

2009). It is possible that Ca lost from MgO-rich cumu-

lates may have been gained by the MgO-poor derivative

rocks.

As shown in Fig. 2b, the Alexo and Pyke Hill komati-

ites have lower SiO2 contents than the model primary

magma computed for volatile-free melting of peridotite

KR4003. This misfit is shown again in Fig. 3, where the

MgO and SiO2 contents of the komatiites are compared

with those that have been calculated for volatile-free

primary melts of KR4003 produced by both batch and

accumulated fractional melting; the misfit is greater for

batch melting compared with accumulated fractional

melting, but the FeO contents of the komatiites are

more consistent with batch melting (Fig. 1b). Figure 3a

is a parameterization (Herzberg, 2004) of the experimen-

tal data of Walter (1998) and it can be seen that the

agreement is excellent. Figure 3 also includes the com-

positions of the olivines that are expected to crystallize

from the primary magmas at the surface, calculated

using the Toplis (2005) model for KD; the primary

magma composition shown by the white cross in

Fig. 2b is shown again in Fig. 3a. Compared with the ko-

matiites, the range of possible volatile-free primary

magma compositions that would crystallize olivine with

Mg-numbers of 94�5 (Sobolev et al., 2007, 2016) is

higher in SiO2, and most consistent with olivine as the

sole residuum phase. In contrast, the primary magma

composition of Sobolev et al. (2016) with 30% MgO is

located in MgO–SiO2 projection space defined by the

melting of garnet peridotite, not harzburgite or dunite;

residual garnet peridotite is not consistent with the geo-

chemistry of the Alexo and Pyke Hill komatiites (e.g.

Arth et al., 1977; Herzberg, 1992; Walter, 1998; Arndt

et al., 2008; Puchtel et al., 2009). A komatiite primary

magma with 30% MgO is too low in SiO2 by 1–2% com-

pared with volatile-free batch or accumulated primary

melts of mantle peridotite. Possible solutions to the

SiO2 misfit are now examined and discounted, as

follows.
(1) The komatiites formed from a peridotite compos-

ition that had a lower SiO2 content than KR4003. Shown

in Fig. 4 are different silicate Earth models and moder-

ately depleted peridotite compositions compared with

KR4003 (Jagoutz et al., 1979; Ringwood, 1979; W€anke

et al., 1984; Hart & Zindler, 1986; McDonough & Sun,

1995; Allègre et al., 1995; Palme & O’Neill, 2003;

Workman & Hart, 2005; Lyubetskaya & Korenaga, 2007;

Davis et al., 2009; Jackson & Jellinek, 2013). None of

these alternative models have sufficiently low SiO2

compositions to solve the SiO2 misfit problem, and

most of them are too high in SiO2.

(2) The komatiite source differed from most model

Earth compositions owing to addition of chondrites.
This idea is not consistent with the elevated SiO2 con-

tents of chondrites (e.g. Jagoutz et al., 1979).

(3) The komatiites did not melt from peridotite, but

from a source that contained a substantial amount of

recycled crust. This is not consistent with the olivine

phenocryst compositions of Alexo komatiites (Sobolev
et al., 2007), which have Ni, Ca, and Mn contents that re-

cord a peridotite source lithology (Herzberg, 2011).
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Fig. 2. (a, b) MgO, CaO, and SiO2 contents of komatiites from
Alexo and Pyke Hill compared with their model volatile-free
primary magma composition and its liquid line of descent. The
primary magmas, indicated by the white and black filled
crosses, contain 30% MgO (Herzberg et al., 2007; Herzberg,
2011; Sobolev et al., 2016), and the CaO and SiO2 contents are
solutions to the primary magma problem using the equations
for batch and accumulated fractional melting for peridotite
KR4003 (Herzberg & O’Hara, 2002). The model volatile-free pri-
mary magma compositions and their liquid lines of descent
are nearly linearly connected with peridotite KR4003 and oliv-
ine with an Mg number of 94�5, the maximum for olivines from
Alexo komatiites (Sobolev et al., 2007). Alexo and Pyke Hill ko-
matiites are too low in SiO2 to have crystallized from the model
primary magma; the trend towards KR4003 is an artefact of
SiO2 addition during metamorphic alteration, and has no igne-
ous significance. Small open circles, whole-rock data for Alexo
and Pyke Hill komatiites referenced in the text; small grey filled
circles, melt inclusions (Sobolev et al., 2016).
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(4) The komatiites melted from a peridotite compos-

ition that had a lower SiO2 content than KR4003 be-

cause of fractionation of a SiO2-rich phase such as

magnesium perovskite in a magma ocean (Herzberg &

O’Hara, 1985; Ohtani, 1985). Using magnesium perovsk-
ite compositions reported by Trønnes & Frost (2002),

synthesized at 24�5 GPa, it can be shown that 10% Mg-

perovskite fractionation may indeed yield a peridotite

composition with sufficiently low SiO2; however, this

process drives up FeO to high levels, and would predict

FeO contents of komatiites that are higher than
observed. Also, Mg- and Ca-perovskite fractionation

has been predicted to result in the decoupling of the

Nd–Hf systematics in the Abitibi komatiite source,

which is not observed (Blichert-Toft & Puchtel, 2010).

(5) The komatiites formed by volatile-free melting,

and SiO2 is low owing to a subsequent stage of meta-

morphic alteration. Recent work on the serpentinization

of abyssal peridotite indicates that this explanation is

not likely. Low-temperature metamorphism should

yield serpentine [Mg3Si2O5(OH)4] and brucite

[Mg(OH)2], in addition to magnetite. However, brucite is

rarely observed in serpentinized abyssal peridotite

(Malvoisin, 2015). Serpentinization is not an isochemi-

cal process, and Malvoisin (2015) proposed that brucite

is lost by reaction with aqueous Si-rich fluids to make

more serpentine. That is, the effect of serpentinization

is to increase SiO2 content rather than lower it. If the

open-system serpentinization model of Malvoisin

(2015) is generally applicable to magnesium-rich rocks,

then it would have resulted in SiO2 gain in komatiites,

not SiO2 loss, and this has probably affected those

Abitibi komatiite compositions with MgO contents near

40% (Fig. 2b; see also Lahaye & Arndt, 1996).

Importantly, recent work by Sobolev et al. (2016) shows

that the SiO2 contents of olivine-hosted melt inclusions

are about 46% at 28% MgO, very similar to those of the

whole-rocks. For parental magmas with 30% MgO, the

SiO2 content is 45�5%, again similar to the whole-rock

compositions (Fig. 3b).

There is a persistent misfit between predicted SiO2

expected for volatile-free melting and observed SiO2

contents. Evidence is now presented that it may be

resolved by volatile-melting of peridotite.

Evidence for carbonated peridotite melting
Two melt compositions are shown in Fig. 5, A496 and

M354, synthesized from experiments on a carbonated

peridotite composition PERC (Dasgupta et al., 2007,
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mulated fractional melting (b), and the Mg-numbers of olivine
that would crystallize at 1 atm. The model batch primary
magma with 30% MgO and in equilibrium with olivine only (L
þ Ol), shown as the white filled cross, is from Fig. 2b. Small
open circles, whole-rock data sources as in the text; small grey
filled circles, melt inclusions (Sobolev et al., 2016); large grey
circle, average primary magma composition of Sobolev et al.
(2016). (a) Experimental results of Walter (2008) and their par-
ameterization for primary magmas formed by volatile-free
batch melting (Herzberg & O’Hara, 2002; Herzberg, 2004). (b)
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2013). They are the highest-temperature and highest-

degree melts in these studies, olivine is the sole re-

sidual phase, and they contain about 5 wt % dissolved

CO2. However, the melt compositions reported and

shown were normalized to a carbon-free basis; in this

sense, they may represent degassed and decarbonated

melt compositions. PERC has 2�5 wt % CO2 and was

synthesized by adding carbonates to a peridotite com-

position; its SiO2 content is lower than that of KR4003

by 1�5 wt % (Fig. 5). The melt compositions A496 and

M354 have low SiO2 contents that reflect carbonate

addition, they have 29% MgO normalized CO2-free, and

they coexist with olivine with an Mg-number of 93�4,

similar to some olivines in Alexo and Pyke Hill komati-

ites (Sobolev et al., 2007, 2016). If these melt compos-

itions were to erupt to the surface and degass all their

CO2, they would crystallize olivine with an Mg-number

of 94�8, based on the effect of pressure on the Fe–Mg

olivine–liquid exchange model of Toplis (2005); such

high Mg-numbers are similar to the maxima that have

been measured in olivines from Alexo (Sobolev et al.,

2007, 2016). Fractional crystallization of olivine from the

experimental melt composition A496 would yield an

array of rock compositions defined by the liquid line of

descent, olivine compositions, and olivine cumulate

mixtures; this array is similar in composition to many

Alexo and Pyke Hill komatiites with MgO contents

<30% MgO (Fig. 5). Calculated SiO2 contents are some-

what lower than observed komatiite compositions at

30–40% MgO, a misfit that is reasonably accounted for

by serpentinization (Malvoisin, 2015). The CO2-free

normalized experimental melts compositions A496 and

M354 of Dasgupta et al. (2007, 2013) are therefore pos-

sible primary magma compositions for Alexo and Pyke

Hill komatiites. These experimental melt compositions,

their calculated liquid lines of descent and olivine com-

positions yield arrays with CaO, Al2O3 and FeO contents

that are also similar to those of the Alexo and Pyke Hill

komatiites (Fig. 6). This is evidence for the potential im-

portance of carbonated peridotite melting in the forma-

tion of these komatiites.

Evidence for hydrous peridotite melting
If komatiites contained CO2 then we may reasonably

guess that they also contained H2O. The hydrous ex-

periments of Parman et al. (1997) and Parman & Grove

(2004) were conducted on picrite and komatiite com-

positions, not peridotite, and therefore do not help to

constrain the SiO2 content of the peridotite source.

Data are available on the melting of hydrous peridotite

KLB-1 at 3�5, 12, and 13 GPa (Tenner et al., 2012a,

2012b), and synthesized melt compositions are in equi-

librium with Ol þ Opx 6 Cpx 6 Gt. No H2O-bearing ex-

periments have been reported having olivine as the

sole residual phase appropriate to the Alexo and Pyke

Hill komatiites. Like CO2 (Dasgupta et al., 2007, 2013),

experiments on hydrous peridotite (Tenner et al.,

2012a) at high pressures show that the effect of H2O is

to expand the stability field of L þ Ol þ Opx with re-

spect to L þ Ol þ Opx þ Gt, and this will drive SiO2 con-

tent down. In the extreme, large amounts of water can

yield low-SiO2 kimberlite-like partial melts (Kawamoto

& Holloway, 1997). In general, melting with CO2 and

H2O at high pressure will lower the SiO2 content of par-

tial melts relative to volatile-free peridotite melting; fu-

ture experiments on mixed CO2–H2O volatiles may

provide better constraints on the komatiite problem.

The interpretation that experiments A496 and M354

are reasonable primary komatiite compositions is

therefore unlikely. There may be a broad range of

CO2–H2O contents, and the temperature and pressure

conditions of melting for komatiite production in na-

ture may have been very different from experiments

A496 and M354.

Analysis of olivine-hosted melt inclusions from

Alexo and Pyke Hill komatiites shows that CO2 contents

vary from 100 to 400 ppm, and H2O contents vary from

0�1 to 0�8 wt % when corrections have been made for

olivine and spinel crystallization, Fe–Mg exchange be-

tween melt inclusion and host olivine, and CO2 in

shrinkage bubbles (Sobolev et al., 2016). Sobolev et al.

inferred minor degassing because of agreement in H2O-

corrected olivine liquidus temperatures determined by

Fe–Mg and Sc/Y partitioning between olivine and melt.

However, this agreement simply means that the CO2

and H2O contents are those appropriate for the trapped

parental magma at the time of olivine crystallization. If

the volatile contents of the primary magmas from the

mantle were higher, then degassing may have been
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Fig. 5. MgO and SiO2 contents of komatiites from Alexo and
Pyke Hill compared with CO2-free normalized experimental
melt compositions A496 and M354 of Dasgupta et al. (2007,
2013) for carbonated peridotite PERC. The composition indi-
cated by the square is melt composition A496, assumed to be a
primary magma composition for the komatiites. Addition and
subtraction of olivine at the surface from experimental melt
A496 yields a liquid line of descent and olivines in equilibrium
with the liquid line of descent; there is generally good agree-
ment with the komatiites, but the higher SiO2 contents of ko-
matiites can be interpreted as silica gain during metamorphic
alteration (Malvoisin, 2015).
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extensive prior to olivine crystallization, and the volatile

contents reported by Sobolev et al. (2016) represent
minimum bounds on the CO2 and H2O contents of pri-

mary magmas from the mantle source.

Volatile contents of parental and primary
komatiite magmas
Melt inclusion and experimental studies will provide

contrasting information about source volatile contents

owing to variable degassing. As an example, if the ex-

perimental melt composition A496 of Dasgupta et al.

(2007) is a reasonable model primary komatiite magma

and it were to erupt somehow without degassing, then

it would have had �5�0 wt % CO2 and 43�4 wt % SiO2;

however, CO2 solubility in magmas is low at low pres-

sures, and if CO2 was totally degassed then the primary

magma would have 45�6% SiO2. In either case, the SiO2

content is lower than that expected of volatile-free melt-

ing (Figs 2 and 3). Consequently, partial degassing of

CO2, and by analogy H2O, will yield parental melt inclu-

sion volatile contents that can be much lower than

those inferred from the SiO2 contents of the primary

magmas in the mantle. In this sense, it is important to

distinguish parental from primary magmas, and they

do not always have identical compositions (Herzberg

et al., 2007). In theory, the SiO2 contents and perhaps

other major elements of komatiites can preserve the

memory of primary magma volatile content that is

otherwise lost to degassing. However, in practice, the

experimental melt compositions A496 and M354 of

Dasgupta et al. (2007, 2013) are only suggestive of a

wide range of CO2–H2O and T–P possibilities that have

yet to be explored experimentally. There is at present

great uncertainty about the volatile content of the pri-

mary komatiite magma and its peridotite source, and

this has profound geodynamic implications, which are

discussed next.

Effects of volatiles on olivine liquidus
temperature and mantle potential temperature
Although primary magma volatile contents are uncer-

tain, it is instructive to consider how the range of possi-

bilities will affect inferences concerning olivine liquidus

temperature and mantle potential temperature. A par-

ameterization of volatile-free (vf) nominally anhydrous

and decarbonated experimental olivine liquidus tem-

peratures yields

Tvf;1
Ol=L ¼ 1020þ 24�4MgO – 0�161MgO2 (1)

(Herzberg & Asimow, 2015) where Tvf,1
Ol/L is the

volatile-free olivine liquidus temperature at 1 atm (in
�C), and MgO is the MgO content (in wt %) of the

magma; this can be extended to higher pressures using

the equation

Tvf;P
Ol=L ¼ Tvf;1

Ol=L þ 54P– 2P 2 (2)

where Tvf,P
Ol/L is the olivine liquidus temperature at T

and pressure P (in GPa), and Tvf,1
Ol/L is defined in equa-

tion (1) (Herzberg & O’Hara, 2002; Putirka et al., 2007;

Herzberg & Asimow, 2015).

There are many parameterizations that have calibrated

the effect of H2O on olivine liquidus temperature depres-

sion for basaltic compositions (Falloon & Danyushevsky,
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Fig. 6. MgO, CaO, Al2O3 and FeO contents of komatiites from
Alexo and Pyke Hill compared with CO2-free normalized experi-
mental melt compositions A496 and M354 of Dasgupta et al.
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composition indicated by the square is experimental melt com-
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cent, and crystallize at 1 atm.
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2000; Putirka, 2008). Here the effect of H2O and CO2

addition on lowering the olivine liquidus temperature

has been examined using a self-consistent set of hy-

drous and carbonated experiments on peridotite KLB-

1 at a wide range of T–P conditions in the mantle
(Dasgupta et al., 2007, 2013; Tenner et al., 2012a,

2012b). It is useful to compare these experimental

conditions with the 1 atm nominally volatile-free ref-

erence frame described by equation (1). For each

volatile experiment a calculation is made of the 1 atm

metastable zero degassing condition using the olivine

liquidus pressure terms:

TH2O;CO2;1
Ol=L ¼ TH2O;CO2;P

Ol=L– ð54P– 2P 2Þ (3)

where TH2O,CO2,P
Ol/L is the olivine liquidus temperature

measured in the experiments at pressure P (in GPa).

The term TH2O,CO2,1
Ol/L is simply a way to calculate the

experimental olivine liquidus temperature at 1 atm, and

to compare it with the volatile-free condition at 1 atm:

DT Ol
1 ¼ Tvf;1

Ol=L–TH2O;CO2;1
Ol=L: (4)

As shown in Fig. 7a, increased H2O and CO2 dissolved
in the experimental melts suppress the olivine liquidus

temperature as described by larger values of DTOl
1. The

effect of H2O on lowering olivine liquidus temperature

is much greater than that of CO2, and there are signifi-

cant pressure effects.

Primary magmas formed in a hot mantle with ele-
vated mantle potential temperature TP must also crys-

tallize olivine at high liquidus temperatures should they

erupt at the surface. The relationship between volatile-

free mantle potential temperature TPvf and olivine

liquidus temperature at 1 atm Tdry,1
Ol/L can be repre-

sented by the equation

T Pvf ¼ 1 � 049Tvf;1
Ol=L– 0 � 00019ðTvf;1

Ol=LÞ2

þ 1 � 487� 10–7ðTvf;1
Ol=LÞ3

(5)

(Herzberg & Asimow, 2015). And for volatile-free (vf)

nominally anhydrous and decarbonated peridotite

T Pvf ¼ 1025þ 28 � 6MgO – 0 � 084MgO2 (6)

(Herzberg & Asimow, 2015). We can now explore the ef-
fects of H2O and CO2 addition on mantle potential tem-

perature. For each volatile experiment we calculate the

mantle potential temperature using equation (5) and

rewriting it as

T PH2O;CO2¼1 �049TH2O;CO2;1
Ol=L– 0 �00019ðTH2O;CO2;1

Ol=LÞ2

þ1 �487�10–7ðTH2O;CO2;1
Ol=LÞ3:

(7)

Increased H2O and CO2 dissolved in the experimental

melts suppress mantle potential temperature relative to

the volatile-free condition by

DT P ¼ T Pvf–T PH2O;CO2 (8)

where TPvf and TPH2O,CO2 are given in equations (6) and

(7). Results of DTP calculated from experiments on peri-

dotite KLB-1 (Dasgupta et al., 2007, 2013; Tenner et al.,

2012a, 2012b) are shown in Fig. 7b.

The effects of H2O and CO2 on the DT terms have

been parameterized using the equations

DT Ol
1 ¼ aðH2O; CO2Þ þ bðH2O; CO2Þ2 (9)

DT Ol
1 ¼ cðH2O; CO2Þ þ dðH2O; CO2Þ2 (10)

and the constants a, b, c, and d are listed in Table 1.

These parameterizations are generally successful in

describing the experimental data to within 6<100 �C;

for the CO2-rich komatiitic compositions of Dasgupta

et al. (2007, 2013), the maximum difference between

calculated and measured CO2 yields T < 80 �C. An

evaluation is now made concerning how much mag-

matic H2O and CO2 is necessary to lower olivine
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Fig. 7. Depressions in olivine liquidus temperature at 1 atm
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1) and mantle potential temperature (DTP) arising from
addition of H2O and CO2 to mantle peridotite. Circles indicate
H2O-bearing experiments of Tenner et al. (2012a, 2012b):
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liquidus temperature and mantle potential temperature

for the komatiites.

GEOLOGICAL IMPLICATIONS

Thermal properties of Alexo and Pyke Hill
komatiites: a re-evaluation
An important implication of volatile-rich komatiites is

that they create ambiguities concerning the thermal

properties of the source and all geodynamic interpret-

ations. If we assume that the komatiites from the Abitibi

greenstone belt crystallized from a volatile-free pri-

mary magma with 30% MgO, the olivine liquidus tem-

perature (i.e. Tvf,1
Ol/L) would be 1607 6 46 �C (Herzberg

& Asimow, 2015). Correcting for 0�6% H2O reported by

Sobolev et al. (2016), ignoring the small amount of CO2

(i.e. 188 ppm), and using the model at 3�5 GPa in Fig. 7a,

we calculate TH2O,1
Ol/L ¼ 1579 6 46 �C; using the method

of Falloon & Danyushevsky (2000) to correct for H2O on

liquidus depression, we obtain TH2O,1
Ol/L ¼ 1545 �C. This

1545–1579 �C range is similar to TH2O,1
Ol/L ¼ 1532 �C cal-

culated by Sobolev et al. (2016) using Fe/Mg partition-

ing from Ford et al. (1983) and corrected for the effects

of 0�6% H2O using the method of Falloon &

Danyushevsky (2000). The differences in olivine crystal-

lization temperature can be largely accounted for by the

different model effects of 0�6% H2O; in this study, 0�6%

H2O decreases olivine liquidus temperature by 28 �C,

whereas the model of Falloon & Danyushevsky (2000)

decreases it by 62 �C. Such differences propagate to

mantle potential temperature estimates; these are

TPH2O ¼ 1768 �C in the present study and 1730 �C esti-

mated by Sobolev et al. (2016), who used equation (5)

from Herzberg & Asimow (2015) together with their pre-

ferred olivine liquidus temperatures. If the mantle po-

tential temperature of the Archean ambient mantle was

in the 1500–1600 �C range (Herzberg et al., 2010), then

TPH2O of 1730–1768 �C for the komataiites supports the

interpretation that they formed in a mantle plume that

was roughly 150 �C hotter (Sobolev et al., 2016).

However, as discussed above, this conclusion rests on

the assumption that the komatiites with 0�6% H2O and

30% MgO are primary magmas, and this small water

content was sufficient to reduce the SiO2 content shown

in Figs 2 and 3. If instead it is the parental magma that

has 0�6% H2O and 30% MgO, then it may be degassed

from the primary magma and the mantle plume inter-

pretation is in doubt, a possibility that is now examined.

In Fig. 8 the MgO contents of model volatile-free pri-

mary magmas of peridotite KR4003 and their tempera-

ture and pressure distributions (Herzberg & Asimow,

2015) are shown. The MgO isopleths are approximately

coincident with the adiabatic decompression T–P gradi-

ents, and those shown in Fig. 8 are solutions to equa-

tions (1) and (2) (Herzberg & Asimow, 2015). Also

shown are the temperatures of the 3 and 5 GPa experi-

mental decarbonated melt compositions A496 and

M354 (i.e. normalized CO2-free; Dasgupta et al., 2007,

2013), which have 29% MgO and which I will assume to

be primary magma compositions for Alexo and Pyke

Hill komatiites. These assumed volatile-generated com-

positions with 29% MgO share similar T and P condi-

tions of melting to those that are required to generate

volatile-free primary magmas of peridotite KR4003 with

Table 1: Effects of H2O and CO2 on olivine liquidus and mantle
potential temperature

P (GPa) Effect of CO2

a b c d

2 14�00 –0�310 17�65 –0�3213
3 21�35 –0�470 26�76 –0�5819
4 25�34 –0�543 35�1 –0�7949
5 24�60 –0�565 31�65 –0�6745

P (GPa) Effect of H2O

a b c d

3�5 47�6 –1�185 64�27 –1�671
12�0 86�6 –2�935 109�87 –3�499

a and b are parameterizations for olivine liquidus temperature
at 1 atm; c and d are parameterizations for mantle potential
temperature.
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volatile-free melting. Most non-arc basalts and carbonated ko-
matiites have MgO contents that are consistent with melting at
mantle potential temperatures of 1500–1600 �C.
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21–25% MgO. Primary magmas produced by deep H2O-

and CO2-melting of mantle peridotite can have higher

MgO contents than those generated by volatile-free

melting at similar temperatures and pressures. The T–P

conditions of melting for the assumed decarbonated

primary komatiites A496 and M354 are also similar to
those for some primary magmas of the ‘non-arc’ basalt

group of Archean and Paleoproterozoic age (Fig. 8;

Herzberg et al., 2010). These basalts formed by partial

melting of peridotite with TP in the 1500–1600 �C range,

conditions that were inferred for the melting of hot am-

bient mantle, not hot mantle plumes (Herzberg et al.,

2010). The similar T–P conditions of melting for the

assumed decarbonated primary komatiites A496 and

M354 indicate that the komatiites might also have
formed by melting at ambient mantle temperature

conditions.

We can now estimate the volatile contents that the

primary magmas must have had to satisfy the condition

of melt production in ambient mantle. Using the param-

eterizations of experimental data in Table 1 and shown

in Fig. 7, it is estimated that about 5–6% magmatic CO2

would be compatible with an ambient mantle TP of
1600 �C, in good agreement with the measured CO2

contents of experiments A496 and M354. About 3% H2O

at 3�5 GPa would also be compatible with ambient man-

tle melting, but the effects of mixed H2O–CO2 contents

are not known. Large volatile contents are therefore

required for komatiite production in ambient mantle.

Future experimental work may falsify these estimates

and add strength to the mantle plume model by deter-
mining how much H2O and CO2 is necessary to satisfy

the SiO2 contents of the Alexo and Pyke Hill komatiites.

If the primary komatiite magma contained 30% MgO

and 5% CO2 then its metastable undegassed olivine

liquidus temperature at the surface would be �1500 �C,

about 100 �C lower than the volatile-free condition. This

100 �C variation is similar to the olivine-hosted melt in-

clusion thermometry of Sobolev et al. (2016). Total CO2

degassing somewhere at depth would trigger about

25% olivine crystallization and drive the MgO content

from 30% down to 24%; Mg-numbers of olivine crystals

using the Toplis (2005) model at the surface would

range from 95�1 to 93�0. This model predicts that lava

mobility was sufficient for rapid flow and differentiation,

in agreement with field observations and theory (Arndt

et al., 2008); it further predicts that not all olivine in ko-

matiite flows grew in situ, consistent with chilled mar-
gins that contain olivine phenocrysts (Arndt et al.,

2008).

Whether the komatiites formed in mantle plumes or

ambient mantle, there appears to be no Phanerozoic

analogue linking the estimated H2O and CO2 contents

with trace element contents. In the mantle plume model

for which the primary magma contains 0�6% H2O and

188 ppm CO2 (Sobolev et al., 2016), H2O/Ce is 6740 and
CO2/Nb is 700, much higher than for Phanerozoic mag-

mas in which H2O/Ce is typically 150–300 (Dixon et al.,

2002; Saal et al., 2002; Hauri et al., 2006) and CO2/Nb is

240–540 (Saal et al., 2002; Cartigny et al., 2008). Higher

still are ratios for komatiite production under ambient

mantle conditions (H2O/Ce¼ 34 000 and CO2/Nb¼
185 000 are obtained from 3% H2O and 5% CO2). The im-

plication is that water and carbon dioxide are decoupled

from trace element abundances in the komatiites owing

to delivery in the Transition Zone by early subduction

or ingassing during accretion (Sobolev et al., 2016).

This decoupling also indicates that primary magma

H2O and CO2 contents may be high and unconstrained.

The ingassing suggestion is examined in more detail

below.

Archean tectonics and carbonated wetspots
Uncertainties about primary magma volatile content

preclude a unique geodynamic interpretation to be

drawn for the Alexo and Pyke Hill komatiites. The man-

tle plume model for the komatiites will remain secure if

the volatile contents measured by Sobolev et al. (2016)

are actually representative of the primary magma.

However, if they represent preservation during olivine

crystal growth after extensive degassing, then it is

worth examining an alternative to the mantle plume hy-

pothesis. The evidence presented in Fig. 8 suggests that

the Alexo and Pyke Hill komatiites may have formed in

hot ambient mantle, similar to non-arc basalts.

However, the komatiites may have melted much deeper

owing to the effects of CO2 and possibly H2O in de-

pressing the solidus (Dasgupta, 2013), and unusually

deep melting may explain why the komatiites have the

geochemical attributes of batch melting (Fig. 1b). The

close spatial and temporal association of Alexo and

Pyke Hill komatiites with non-arc basalts might indicate

that the Archean mantle consisted of compositionally

heterogeneous domains that melted at similar ambient

mantle temperature conditions (Fig. 8). We can imagine

a heterogeneous mantle that consisted of relatively fer-

tile peridotite, which melted to produce the non-arc bas-

alts, and also contained spots, clots or filaments of

more depleted and carbonate-bearing hydrous perido-

tite, which melted to produce the komatiites; these may

be ‘carbonated wetspots’. Ambient mantle melting for

the non-arc basalts (Herzberg et al., 2010) could then be

reasonably extended to include the associated komati-

ites, and it is an alternative to the mantle plume model.

It is also distinguished from the formation of Archean

komatiites in low-temperature subduction zones (Grove

& Parman, 2004). Whatever the correct geodynamic in-

terpretation may be, the komatiites may be recording

important degassing events in the Archean.

Volatile ingassing in the Hadean
It has been proposed that the Hadean Earth had a thick

atmosphere of CO2 and H2O, and that CO2 was seques-

tered by reaction with impact ejecta, oceanic crust, and

possibly mantle peridotite to produced carbonates

(Sleep & Zahnle, 2001; Sleep et al., 2001; Zahnle et al.,

2007). The carbonates were later drawn into the mantle
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by some form of subduction. The subduction scenario

involves understanding the T–P conditions of sub-

ducted slabs and carbonate stability and melting. Based

on estimates of peak metamorphic conditions for rocks

in the Proterozoic and Archean, deep subduction of CO2

was hindered owing to hotter conditions (Dasgupta &
Hirschmann, 2010; Dasgupta, 2013). Thompson et al.

(2016) concurred by showing that deep mantle ingass-

ing of carbonated oceanic crust is mostly prohibited,

even at the present day, because such crust melts in the

upper mantle and Transition Zone. The carbonate

ingassing problem applies also to water ingassing be-

cause hydrous minerals in greenschists and serpentin-

ites have low thermal stabilities (e.g. Schmidt & Poli,

1998). Additionally, although Archean slab tempera-
tures may have been no different from those at present

(Syracuse et al., 2010; Palin & White, 2015), extensive

dehydration and decarbonation is still expected as slabs

heat up during descent into hot ambient mantle. The

problem is, how can H2O and CO2 be drawn down deep

and stored in mantle that is also hot?

The problem of how to ingass the mantle might be

resolved if mantle temperatures in the Hadean were
lower than those of the Archean (Korenaga, 2008, 2013;

Herzberg et al., 2010). However, there is no consensus

regarding the final temperature in the Hadean to which

the Earth cooled from the thousands of degrees of its

initial magma ocean state. Various researchers have

suggested complete solidification of the magma ocean

within 106–108 years (Elkins-Tanton, 2008; Hamano

et al., 2013; Lupu et al., 2014); the implication is that
Hadean mantle potential temperatures would have

been cooler than the present-day Earth, and much

colder than the Archean Earth (Fig. 9). Other models

suggest that the Earth may never have completely sol-

idified (Labrosse et al., 2007; Solomatov, 2015).

Evidence in support of magma ocean solidification

within the first 100 Myr is based on a crustal zircon age

of 4�37 Ga (Valley et al., 2014). A major caveat is that this
100 Myr time window assumes that the zircons crystal-

lized from some crustal magma that itself was formed by

partial melting of a solid peridotite or basalt protolith

(e.g. Wilde et al., 2001; Watson & Harrison, 2005; Coogan

& Hinton, 2006), not by partial crystallization of the

magma ocean. Resolution of the melting versus crystal-

lization problem would identify the end-stage of magma

ocean crystallization, and the switchover to partial melt-

ing that remained in effect from that point on (Fig. 9).
Pyke Hill komatiites melted from a peridotite source

that itself had been partially melted, yielding elevated

Sm/Nd (Puchtel et al., 2004, 2009). Puchtel et al. (2009)

suggested that this initial melting event may have

occurred within the first 100 Myr of Earth’s history as a

result of either global magma ocean differentiation or

extraction and subsequent long-term isolation of the

early crust. Ingassing of H2O and CO2 must have
occurred after this initial melting event, not before it.

The timing is important because if H2O and CO2 were

ingassed before the melting event, then it would be

difficult to understand how melting did not drive off

H2O and CO2. Also, ingassing after the melting event by

subduction would affect other highly incompatible litho-

phile trace elements, which is not observed (Sobolev

et al., 2016).

Although the thermal history of the Earth within the

first 100 Myr is an unresolved and defining issue, the evi-

dence presented above for volatiles in Archean komati-

ites indicates that parts of the deep Earth may have been

sufficiently cool at some point in the Hadean to ingas the

mantle with H2O and CO2. Flipping this around, it is diffi-

cult to imagine how the mantle could have ingassed H2O

and CO2 and preserved the 142Nd, 129Xe, and 182W iso-

topic compositions of short-lived radionuclides (Willbold

et al., 2011, 2015; Mukhopadhyay, 2012; Rizo et al., 2012,

2016; Touboul et al., 2012, 2014; Puchtel et al., 2016) in a

hot, extensively melted, long-lived, and well-mixed

Hadean mantle.

Volcanic outgassing and the Great Oxidation
Event
The Archean atmosphere consisted mostly of CO2 and

CH4, greenhouse gases that prevented the Earth’s sur-

face from freezing owing to the lower solar luminosity

P
h

an
er

o
zo

ic

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
1000

1200

1400

1600

1800

Age (Ga)

T P (oC)

Proterozoic Archean

Ur(0) = 0.34
(Korenaga, 2013)

H
ad

ea
n

?

Fig. 9. Models of the thermal history of the Earth. TP is the po-
tential temperature for ambient mantle. White circles are man-
tle potential temperatures derived by petrological modeling of
basalts (Herzberg et al., 2010), modified slightly using
PRIMELT3 (Herzberg & Asimow, 2015). Black lines are solu-
tions for stagnant lid and plate-tectonic models, respectively
(Korenaga, 2013); Ur(0), present-day Urey ratio. Grey lines
demonstrate the switchover from magma ocean cooling and
crystallization to mantle heating by radioactive decay in the
Hadean; they are roughly constrained by the petrological mod-
els and the need to ingas carbonate in the Hadean by subduc-
tion (Dasgupta, 2013). There is great uncertainty in mantle
potential temperature during the Hadean. Fully crystallized
magma ocean models (Elkins-Tanton, 2008; Hamano et al.,
2013; Lupu et al., 2014) are defined by absolute and mantle po-
tential temperatures that must be below the peridotite solidus
temperature at the surface (1100 �C; Hirschmann, 2000;
Herzberg & Asimow, 2015), but more work is needed to evalu-
ate this possibility (Solomatov, 2015).
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(Walker, 1977; Kasting, 1993; Pavlov et al., 2000). The

evidence presented in this study and by Sobolev et al.

(2016) for CO2 and H2O outgassing in komatiites sup-

ports prior models of the Archean atmosphere that rea-

sonably assumed a volcanic provenance to

atmospheric CO2 (e.g. Kasting, 1993). However, it is

likely that methanogenic archaea contributed the bulk

of atmospheric CH4 (Walker, 1977; Pavlov et al., 2000;

Konhauser et al. 2009) through the metabolic reaction

CO2 þ 4H2 ! CH4 þ 2H2O: (11)

In contrast, atmospheric oxygen can be produced from

oxygenic photosynthetic cyanobacteria as represented

by the reaction

CO2 þ H2O! CH2OþO2: (12)

The instability of oxygen and methane can be repre-

sented with the reactions (Daines & Lenton, 2016)

CH4 þ 2O2 ! CO2 þ H2O (13)

and

CH4 þ CO2 þO2 ! 2CO2 þ H2: (14)

Given reactions (13) and (14), we may ask: did the rise

of atmospheric O2 lead to the demise of CH4 (Pavlov

et al., 2000; Zahnle et al., 2006)? Or was it the reduction

in atmospheric CH4 that led to the rise of O2 and the

Great Oxidation Event at around 2�4 Ga (Konhauser

et al., 2009)?
Konhauser et al. (2009) suggested that the decrease

in biogenic methane production was related to the drop

in Ni/Fe in banded iron formations, and inferred that

this reflected a reduction in dissolved Ni in seawater

(see also Kamber, 2010). Nickel is an important metal in

several enzymes that catalyze methanogenesis (Jaun &

Thauer, 2007), and Konhauser et al. (2009) proposed

that the decline of nickel in the oceans could have stifled

the activity of archaea and disrupted the supply of bio-

genic methane. They further proposed that the decline

in dissolved oceanic Ni was related to the decline in the

eruption of Ni-rich volcanic rocks, which were the

source of dissolved oceanic nickel.

It is well known that komatiites are predominantly

Archean in age. The few komatiites that have erupted in

the Phanerozoic differ in having lower MgO contents,

and they contain olivine with lower Mg numbers (e.g.

Herzberg et al. 2007; Arndt et al., 2008; Herzberg &

Gazel, 2009). Furthermore, the Ni content of any

peridotite-source primary magma is positively related

to its primary magma MgO content (Herzberg, 2011).

Arndt (1991) concluded that Archean basalts were ele-

vated in Ni compared with modern lavas. However,

secular trends can be complicated owing to fractional

crystallization of olivine, yielding a wide range of Ni-rich

olivine cumulates and Ni-poor derivative liquids.

Calculated Ni contents of primary magmas eliminate

this noise; results are shown in Fig. 10 together with

secular changes in the model time-averaged Ni content

of seawater (Konhauser et al., 2009). For all Archean ko-

matiites, I assume 30% MgO in the primary magma, al-

though a range of 26–34% (Robin-Popieul et al., 2012)

covers all possibilities. A primary magma with 30%

MgO will contain 1440 ppm Ni if it formed by batch

melting of fertile peridotite similar to KR4003, and

1760 ppm if formed by accumulated fractional melting

(Fig. 10; Herzberg, 2011). Although komatiites are the

most Ni-rich volcanic rocks on Earth, basalts produced

by melting ambient mantle have much lower Ni con-

tents. The basalt Ni contents shown in Fig. 10 are appro-

priate for MgO contents of primary basaltic magmas

that melted from ambient mantle having a present-day

Urey ratio of 0�38 (Herzberg et al., 2010). What is clear

from Fig. 10 is that the dissolved Ni content of seawater

was at a maximum during Ni-rich komatiite production

in the Archean.

Komatiites are abundant in the Abitibi greenstone

belt, absent in other Archean greenstone belts and, on

average, constitute less than 5% of the volcanic rocks

(de Wit & Ashwal, 1997). Evidence from Ni/Co and Cr/Zn

in Archean terrigenous sedimentary rocks indicates a

time progressive reduction in the amount of komatiite

eroded during the Archean (Tang et al., 2016). And the

correlation between Ni-rich komatiite production and

maximum dissolved Ni in seawater (Fig. 10) is evidence

that supports the hypothesis of Konhauser et al. (2009)

that there was a nickel famine at the end of the

Archaean owing to a shutdown of komatiite volcanism;

it further supports their idea that this caused a collapse

of biogenic methane production, which facilitated the

rise of atmospheric oxygen. It is difficult to improve on

the quote from Konhauser et al. (2009) that ‘the

4 3 2 1 0
0

500

1000

1500

2000

   
   

N
i (

pp
m

)
pr

im
ar

y 
m

ag
m

a

Time (Ga)

Ur(0) = 0.38

Komatiites

Basalts
          Ambient Mantle

100

200

0

Seawater

   
   

N
i (

nM
)

   
 s

ea
 w

at
er

GOE

Seawater

Fig. 10. The Ni contents of seawater and the primary magmas
of basalts and komatiites. The seawater curve represents the
calculated average dissolved Ni from the time-averaged Ni/Fe
of banded iron formations (Konhauser et al., 2009). The black
curve represents calculated Ni contents of primary basaltic
magmas from ambient mantle with a present-day Urey ratio of
0�38, calculated from the MgO contents given by Herzberg
et al. (2010) and the relationship Ni (ppm) ¼ 21�6MgO –
0�32MgO2 þ 0�051MgO3 (Herzberg, 2011), which is appropriate
for MgO < 27%. Ni contents of komatiites are those for batch
and accumulated fractional melting of a peridotite source
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enzymatic reliance of methanogens on a diminishing

supply of volcanic nickel links mantle evolution to the

redox state of the atmosphere’. Those researchers

attributed the end-Archean drop in komatiite production

and eruption to a decrease in hot mantle plume activity

(Barley et al., 1998; Konhauser et al., 2009). However,

this interpretation now rests on significant uncertainty

about how H2O and CO2 have compromised our ability

to constrain mantle temperature. It is worth entertaining

the conjecture that the shutdown in komatiite produc-

tion followed the purging of a substantial volatile-rich

reservoir in the mantle during a great komatiite ‘belch-

ing’ event.

DISCUSSION AND CONCLUSIONS

Komatiites from Alexo and Pyke Hill in the Archean

Abitibi greenstone belt provide petrological evidence

for an early Earth carbon and water cycle, ingassing in

the cool Hadean and outgassing in the hot Archean.

The komatiites have SiO2 contents that are lower than

those expected of advanced volatile-free melting of

mantle peridotite. The SiO2 misfit cannot be plausibly

accounted for by variations in model Bulk Earth perido-

tite composition, a source that had experienced a prior

stage of perovskite fractionation in a magma ocean,

addition of chondrites, or a source that had recycled

crust added to it. Serpentinization is also not a plausible

explanation because it results in SiO2 gain, not SiO2

loss (Malvoisin, 2015). One possible resolution to the

silica misfit problem is obtained if the komatiites from

Alexo and Pyke Hill were generated from carbonated

peridotite, a conclusion based on the reasonable agree-

ment between komatiite major elements (i.e. SiO2,

Al2O3, FeO, MgO, and CaO) and those of experiments

by Dasgupta et al. (2007, 2103) using a carbonated peri-

dotite composition. High-degree melts with olivine as

the sole residual phase can have low SiO2 contents

owing to carbonate addition. Furthermore, a role for

significant H2O is indicated from recent melt inclusion

studies (Sobolev et al., 2016).
Abitibi komatiite melt inclusion ratios of H2O/Ce and

CO2/Nb (Sobolev et al., 2016) are much higher than

those in Phanerozoic ocean island basalts. The decou-

pling of volatiles and lithophile trace elements indicates

that primary magma H2O and CO2 contents may be

high and difficult to constrain. It is not clear if the ele-

vated H2O and CO2 contents are those in the parental

magma at the time of olivine crystallization or in the pri-

mary magma from the mantle. If degassing was exten-

sive, the volatile contents plausibly represent minimum

bounds on the CO2 and H2O contents of the primary

magmas from the mantle source. The SiO2 contents

and perhaps other major elements of komatiites may

preserve the memory of primary magma volatile con-

tent that is otherwise lost to degassing. More work is

needed to constrain how much CO2 and H2O is required

to resolve the SiO2 misfit, and the T–P conditions of

melting. Failure to do so imposes significant uncertainty

about Archean mantle potential temperature and geo-

dynamic interpretations. These uncertainties notwith-

standing, the komatiites appear to be recording

important degassing events in the Archean.

The conclusion about a carbonated and hydrous

peridotite source for Alexo and Pyke Hill cannot be reli-
ably generalized to other Archean komatiites; each ko-

matiite occurrence may have its own unique volatile

content, and the problem must be examined on a case-

by-case basis. However, attention is drawn to komati-

ites from the Belingwe greenstone belt in Zimbabwe,

which have spinel-hosted melt inclusions that contain

1�1% H2O and 17�5% MgO, as noted by Shimizu et al.

(2001). Those researchers recognized that the H2O con-
tent of the melt inclusions may represent minimum

bounds owing to degassing of the primary magma.

Uncertainties in volatile content arising from degassing

impose significant uncertainty about Archean mantle

potential temperature and geodynamic interpretations.

Hydrous and CO2-rich komatiites could have formed

from ‘carbonated wetspots’ in mantle plumes or ambi-

ent mantle, and more work is needed to constrain the

problem.
The Alexo–Pyke Hill komatiites of Archean age pro-

vide evidence for an early Earth carbon and water cycle.

Ingassing may have occurred in the Hadean when at-

mospheric CO2 and H2O was sequestered by reaction

with impact ejecta, oceanic crust, and mantle peridotite

to produced carbonates and hydrous minerals (Sleep &

Zahnle, 2001; Sleep et al., 2001; Zahnle et al., 2007). A

major problem involves understanding the kinds of tec-
tonic processes that drew and stored carbonates and

hydrous phases deep into the Earth’s interior. A pos-

sible solution to the problem is obtained if parts of the

Earth’s deep mantle were sufficiently cool at some point

in the Hadean (Fig. 9) to ingas it with carbonate and hy-

drous minerals. This idea is consistent with a variety of

constraints from zircon studies (Valley et al., 2002;

Watson & Harrison, 2005; Coogan & Hinton, 2006;
Hopkins et al., 2008; Bell et al., 2015), and the need to

preserve 142Nd, 129Xe, and 182W isotopic anomalies in

rocks of various ages (Willbold et al., 2011, 2015;

Mukhopadhyay, 2012; Rizo et al., 2012, 2016; Touboul

et al., 2012, 2014; Puchtel et al., 2016). Cold Hadean

ingassing was followed by hot Archean outgassing

associated with komatiite production in ambient mantle

or mantle plumes.
The substantial decline of komatiite eruptions after

�2�7 Ga has been attributed to the termination of a glo-

bal plume-breakout event (Barley et al., 1998;

Konhauser et al., 2009). However, this interpretation

now rests on uncertainty about how H2O and CO2 have

compromised our ability to constrain mantle tempera-

ture and geodynamic setting. It is worth entertaining

the conjecture that widespread komatiite production at

2�7 Ga was a consequence of the outgassing of a sub-
stantial volatile-rich mantle reservoir. Once purged, ko-

matiite volcanism shut down. As komatiites are the

most nickel-rich volcanic rocks on Earth, the
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termination of their eruption could have caused a nickel

famine in Archean oceans, and a collapse of biogenic

methane production, which facilitated the rise of atmos-

pheric oxygen (Konhauser et al., 2009). Komatiites may

have played a significant role in Archean atmosphere

and biological evolution.
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