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Early Earth mantle heterogeneity revealed by light
oxygen isotopes of Archaean komatiites
Benjamin L. Byerly1*, Keena Kareem1, Huiming Bao1,2 and Gary R. Byerly1

Geodynamic processes on early Earth, especially the interaction between the crust and deep mantle, are poorly constrained
and subject to much debate. The rarity of fresh igneous materials more than 3 billion years old accounts for much of this
uncertainty. Here we examine 3.27-billion-year-old komatiite lavas from Weltevreden Formation in the Barberton greenstone
belt, which is part of the Kaapvaal Craton in Southern Africa. We show that primary magmatic compositions of olivine are
well preserved in these lavas based on major and trace element systematics. These komatiitic lavas represent products of
deep mantle plumes. Oxygen isotope compositions (δ18O) of the fresh olivine measured by laser fluorination are consistently
lighter (about 2hhh) than those obtained from modern mantle-derived volcanic rocks. These results suggest a mantle source
for the Weltevreden komatiites that is unlike the modern mantle and one that reflects mantle heterogeneity left over from a
Hadean magma ocean. The anomalously light δ18Omay have resulted from fractionation of deep magma ocean phases, as has
been proposed to explain lithophile and siderophile isotope compositions of Archaean komatiites.

Secular variations in the oxygen isotope composition of the
mantle are not well constrained, due largely to limited
preservation of Hadean, Archaean, and Proterozoic materials

that retain their original oxygen isotope signatures. The variability
in oxygen isotope compositions observed in unaltered mantle-
derived rocks (that is, ocean island basalts (OIB), mid-ocean ridge
basalts (MORB), peridotite xenoliths) is fairly low and suggests that
modern upper mantle has an average oxygen isotope composition
δ
18O of 5.5 ± 0.5h (refs 1,2). Large-scale fractionation of oxygen

isotopes is restricted to processes that occur at or near the Earth’s
surface; thus, departures from the average δ18O of mantle-derived
rocks, either positively or negatively, are typically ascribed to the
presence of recycled crustal material in the mantle source or
interaction of mantle-derived melts with crustal material upon
ascent3,4. Valley et al.5 find that the δ18O of magmatic zircons
have remained relatively constant (and similar to modern mantle)
through time back to 4.4 billion years ago (4.4Ga). This suggests that
δ
18O of the mantle has remained relatively constant through Earth’s

history. Hadean and Archaean zircons represent melts sourced from
the upper mantle and crust. Komatiites, on the other hand, are
volcanic rocks of high MgO and are generally regarded to be the
products of deep-seated mantle plumes which melt at very high
temperatures6. Unaltered olivine hosted in these komatiites can
provide insight into the oxygen isotope composition of the deep
mantle during the Archaean and help constrain the nature of early
Earth chemical heterogeneities.

Rare in the Phanerozoic, komatiites are common constituents
of Earth’s earliest rock record. The 3.27Ga Weltevreden Formation
in the Barberton greenstone belt (BGB), South Africa has some
of the best-preserved (least-altered) early Archaean komatiites7–9.
They have superchondritic Al/Ti (often referred to as Gorgona-
type6) suggesting melts derived from a source with excess high
pressure garnet relative to primitive mantle10. They are depleted
in light rare earth elements (LREE) and enriched in heavy rare
earth elements (HREE)8,9. Weltevreden samples are commonly only
partially serpentinized and contain fresh olivine (some with glassy
melt inclusions; Supplementary Figs 3–5), pyroxene, and spinel.

These unusually fresh rocks provide an unparalleled record of
petrogenesis and mantle source, which in turn helps to constrain
geodynamic models for early Earth.

The base of theWeltevreden Formation is not exposed, but Lowe
and Byerly11 estimate a stratigraphic thickness of at least 1 km and
up to 3 km. The entire thickness was probably erupted over a short
interval that did not allow for the development of sedimentary
interbeds. Such beds, which are common elsewhere in the BGB,
have been shown to represent periods of volcanic quiescence12. The
northern margin of the BGB includes at least 200 km of strike, and
perhaps twice thatmuchwhen smaller scale folds are included in the
aggregate expression of the Weltevreden Formation. This thickness
and lateral extent certainly make the Weltevreden a large-volume,
probably plume-generated igneous province, very unlike modern
mid-ocean ridges6. Tuffs and lapilli tuffs are among the komatiitic
lithologies of the Weltevreden Formation and include sedimentary
structures appropriate for deposition on a shallow marine platform
where volcanism occasionally became subaerial9.

Oxygen isotope composition of Weltevreden olivines
To determine the oxygen isotope composition of the mantle source
for the Weltevreden komatiites we measured the δ18O of olivine
separates from nine Weltevreden samples from seven different
lava flows. Sample descriptions are located in the Supplementary
Methods. Olivine δ18O ranges from 2.9 to 4.1h (Table 1). The
reproducibility of duplicates is generally good (1 s.d. < 0.25h) for
eight of the nine samples. Duplicate analysis of sample KBA 12–6
yielded δ18O of 4.1 and 3.3 with an average (3.7 ± 0.5h) that is
the same as the average for KBA 12–7 (3.7 ± 0.1h), a sample
derived from the same komatiite flow as KBA 12–6. Five of the six
flows yielded a mean of 3.81± 0.20, and one flow was significantly
different at 2.87± 0.32.

Origin of low δ18O inWeltevreden olivines
Assimilation of crustalmaterial is a commonmechanism for altering
the oxygen isotopic composition of igneous rocks13. Asafov et al.14
suggest small additions (<1%) of hydrothermally altered seafloor
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Table 1 |Oxygen isotope composition and maximum forsterite content (Fo%; molar Mg/(Mg + Fe)× 100) of the Weltevreden
olivine.

Area Flow Sample δ18O (h) Lab Fo% (max)

SawMill
Keena’s #1 SA501-1 3.9 LSU 94.7
Keena’s #2 Average 3.7± 0.3 n=5 95.4

KBA12-6 4.1 LSU
3.3 UT

KBA12-7 3.7 LSU
3.8 UT
3.7 UT

Gary’s #1 SA564-3 3.9 LSU 93.0
Gary’s #4 Average 3.9± 0.2 n=3 95.0

SA563-2 3.9 LSU
4.1 UT

SA563-3 3.8 LSU

Pioneer Complex
Pioneer #1 Average 2.9± 0.3 n=3 92.4

MC6-4 3.0 LSU
3.1 LSU
2.5 UT

Pioneer #4 Average 3.7± 0.1 n=3 92.9
MC4-4 3.7 LSU

3.8 LSU
3.7 UT

Pioneer #8 Average 3.9± 0.1 n=2 92.8
SA719-1 3.8 LSU

4.0 LSU
Precision of analyses is∼0.1h. LSU is Louisiana State University, UT is University of Texas at Austin.

crust may account for slightly elevated K and Cl concentrations
observed in some Weltevreden olivine-hosted melt inclusions. The
lack of elevated fluid mobile element concentrations (for example,
Na, K, Sr) in olivine and bulk-rock samples indicates that very little,
if any, assimilation of hydrothermally altered material occurred.
Even the highest estimate of ∼1% for seawater contamination
from Asafov et al.14 is not likely to explain the low δ18O in the
olivine. For example, addition of 1% seawater with δ18O of 0h
(composition of modern seawater and thought by many to be that
of Archaean seawater) would depress the bulk δ18O of a+5h melt
(composition of modern mantle) only down to+4.9h. To depress
a bulk composition of+5h down to+3.6h (averageWeltevreden
olivine) by addition of 1% seawater requires seawater to have a
δ
18Oof approximately−75h, or addition of 10% of hydrothermally

altered komatiite (10wt% H2O) with a δ18O of approximately
−7h . Although there is disagreement over the oxygen isotope
composition of Archaean seawater15–17, there is no evidence that
suggests seawater or hydrothermally altered komatiites had these
extreme isotope compositions18.

Chemical signatures of the Weltevreden komatiites are also not
consistent with crustal assimilation. Thermodynamic modelling
(MELTS) of parental magma compositions indicates that the
initiation of olivine crystallization on the liquidus occurred at
temperatures >1,650 ◦C (refs 19–22). The extremely high eruption
temperatures estimated for the Weltevreden komatiites also suggest
minimal crustal assimilation, which would serve to lower the
eruption temperature. This is supported by the absence of
geochemical signatures (that is, positive Zr–Hf and Th–U, negative
Zr–Hf anomalies) that are typical of crustal assimilation, and the low
absolute LREE abundances and uniformLREEdepletions suggestive
of depleted mantle sources that are observed in the Weltevreden
rocks8,10. Although these assimilation signatures might not be
present if the assimilant is similar in composition to the komatiitic

melt, the mass balance calculations described above indicate that
only an assimilant with extremely low δ18O could produce the δ18O
in the Weltevreden olivines.

It is unlikely that the measured δ18O in olivine are affected by
mineral inclusions or surficial contamination. Strong correlations
amongst whole-rock samples between MgO content and major and
minor elements such as Al2O3, TiO2, V, Cr, and Ni follow olivine
control lines (that is, bulk composition is controlled only by addition
or removal of olivine) that intersect the composition of the olivine
analysed in the rocks (Fig. 1)7–9,23. Puchtel et al.8,24 show this holds
true for the majority of lithophile trace elements and incompatible
highly siderophile elements (HSE). This includes Re, which is one
of the most-mobile HSE. These correlations indicate that olivine is
the only major liquidus mineral and that these elements have not
been mobilized during alteration. This precludes the possibility of
isotopically light mineral inclusions affecting the measured olivine
oxygen isotope composition. Additionally, duplicate analyses show
good reproducibility (<0.25h, excluding sample KBA 12–6), which
would not be expected if surficial contamination or inclusions
were randomly distributed amongst the individual sample cuts
for analysis.

Although quantifiable source-melt and melt-mineral fractiona-
tions take place in the crust and mantle, the magnitude of these
fractionations is relatively small. Primary melts that are generated
by partial melting of peridotitic mantle are expected to be heavier
than their source by ∼0.2 to 0.3h (ref. 3). Using experimental
data on MORB from ref. 25, Eiler3 calculates that olivine crys-
tallizing from a primary basaltic melt will be lighter by ∼0.7h
than the melt at 1,200 ◦C. Komatiitic melt-olivine fractionation is
expected to be smaller (<0.5h), considering that the Weltevre-
den olivines were crystallizing at much higher temperatures than
basalts (>1,600 ◦C). The combined effect of these two processes
effectively cancels out any significant difference due to fractionation
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Figure 1 | MgO variation diagrams for Ni and Ti. a,b, Open circles represent
komatiitic whole-rock samples from the Weltevreden Saw Mill Complex7.
Trends in Ni (a) and Ti (b) illustrate that olivine is the primary liquidus
mineral. An estimate for an initial komatiite composition is shown with a
star in a. Removing olivine (for example, during fractionation)
simultaneously lowers the bulk magma (whole-rock) MgO and Ni because
these elements are preferentially incorporated in the olivine relative to the
komatiitic melt.

between mantle source δ18O and komatiitic olivine δ18O. Most late-
Cretaceous komatiites from Gorgona have olivine with primitive
oxygen isotope compositions that span the range of modern mantle
compositions (4.8h≤δ18O≤ 5.5h) which supports the idea that
minimal mantle-komatiite olivine isotope fractionation occurs26.
This shows that the lowδ18Oobserved in theWeltevreden represents
a mantle source with δ18O of 3–4h.

Primary lavas (MORB and OIB) and peridotitic xenoliths
define a narrow range of modern upper mantle oxygen isotope
compositions that starkly contrasts with mantle sampled by the
Weltevreden komatiites (Fig. 2). There is no evidence for large
variation (>0.5h) in the oxygen isotope composition of bulk
mantle through Earth’s history3–5. This is due in large part to the
fact that significant oxygen isotope fractionations occur only within
the upper crust, that this material is recycled into the mantle only
to shallow depths, and the large volume of the mantle relative to the
crust effectively buffersmantle oxygen to its primitive value. The low
δ
18O of the Weltevreden mantle source must represent a portion of

mantle that is no longer sampled in modern rocks, either due to its
inaccessibility or because it has since been homogenized.

Weltevreden
mantle source

OIB olivine

MORB glass

Early-mid Archaean zircon

Cratonic eclogite xenoliths

Weltevreden olivine Modern MORB
mantle olivine

0 1 2 3 4 5 6 7 8

δ18O (%%)

Figure 2 | Range in δ18O ofWeltevreden olivine compared to Archaean
crustal materials and modern mantle-derived materials. There is only a
limited variation in oxygen isotope compositions observed in modern
mantle-derived materials (MORB glass and OIB olivine). Cratonic eclogite
xenoliths probably represent ancient (>2 Ga) recycled altered oceanic
crust. Archaean zircons have compositions that are similar to modern
mantle samples. This suggests the upper mantle source for these samples
has remained relatively unchanged for more than 3 Ga. The low δ18O of the
Weltevreden olivine reflect a mantle source that is di�erent from the
modern mantle.

The light oxygen isotope composition in theWeltevredenmantle
source is possibly the result of recycling of crust into the mantle.
Most crustalmaterial is associatedwith highδ18Orelative tomodern
upper mantle. Crustal material with low δ18O relative to modern
upper mantle is uncommon and almost exclusively associated with
high-temperature hydrothermal alteration of oceanic crust (ranges
mostly from δ18O of +3 to +9h)27,28. Ophiolites and ocean floor
drill cores that exhibit low δ18O are limited to modern (Phanero-
zoic) samples, although this is likely because most oceanic crust is
destroyed by subduction.Many consider kimberlite-hosted eclogites
to represent recycled altered oceanic crust (AOC) based on simi-
larities in their major element, trace element, and oxygen isotope
compositions29,30. Some Archaean eclogite xenoliths have AOC-like
signatures (LREE-depleted, highMgO, δ18Oas low as+2.5h)29,31,32.
Eclogites like these could have been recycled into the mantle to
account for the low δ18O observed in the Weltevreden olivines.

Recycled oceanic crust in the form of eclogite and its melt prod-
ucts has played a key role in plume-related magmatism throughout
Earth’s history33–35. Lassiter and Hauri35 suggest that correlations
between Os, Sr, Nd, Pb, and O isotopes in Hawaiian lavas and
anomalously low δ18O (as low as+4.6h) in Kea-type lavas are the
result of incorporating recycled oceanic crust into the Hawaiian
plume. Sobolev et al.33,34 propose that enrichments of Si and Ni
relative to Mg, Mn, and Ca in olivine phenocrysts from plume-
derived lavas are a result of the incorporation of eclogite-derived
melts into the peridotite source, and estimate up to 30% recycled
eclogite in the sources of some late-Archaean, Proterozoic, and
Cretaceous komatiites.

There is evidence, however, that suggests that the low δ18O in the
Weltevreden mantle source is not the result of recycled AOC. To get
δ
18O of 3–4h as observed in the Weltevreden, a large fraction of
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recycled material (∼50–80%) is required (assuming δ18O of recy-
cled component to be 2.5h and ambient mantle to be 5.5h). This
conflicts with estimates based on compatible element systematics
that place the amount of recycledmaterial to be<30%. The 50–80%
eclogite estimate assumes Archaean recycled AOC to have similar
δ
18O to modern AOC (and thus like Archaean eclogite xenoliths).

Although some models suggest that Archaean seawater had lower
δ
18O than modern seawater, these models indicate that relatively

less hydrothermal alteration of oceanic crust occurred in the past
versus today17. Therefore, the high-temperature (that is, low δ18O)
portion of Archaean AOC would have higher δ18O than modern
high-temperature AOC.

The chemical characteristics of the Weltevreden komatiites also
do not indicate large quantities of eclogite in the mantle source.
Unlike late-Archaean komatiites (up to 30% eclogite in source),
Weltevreden komatiites have high Mn/Fe which suggests that the
source is mostly peridotite10,34. Additionally, Matzen et al.36 argue
that the chemical signatures interpreted by Sobolev et al.33,34 to
indicate an eclogite-bearing source can also be explained bymelting
of peridotite alone.

Remnant early Earth heterogeneity
Sobolev et al.37 and Herzberg38 suggest that mantle ingassing during
a ‘cool’ Hadean could explain the elevated volatile contents that have
been modelled for and observed in some late-Archaean komatiites.
This ingassing might have introduced large-scale oxygen isotope
heterogeneities in the Archaean mantle that since homogenized
or are no longer sampled by modern processes. However, as
outlined in the above arguments against crustal assimilation, mass
balance constraints require either large amounts of moderately
low δ18O material or small amounts of extremely low δ18O
material. For example, a cold Hadean would allow for much larger
fractionations than are commonly observed39. Unfortunately, the
scarcity of preserved Hadean material makes speculation about
Hadean surface temperatures and consequent isotope fractionation
processes difficult to assess.

On the basis of 176Hf and 142,143Nd isotope systematics,
Puchtel et al.8 suggest the source of the Weltevreden komatiites is
the result of crystallization of a magma ocean at ∼4.4Ga (post-
early differentiation40,41) followed by long term isolation from the
convecting mantle prior to eruption. The platinum group element
(PGE) systematics and isotopics (chondritic time-integrated Re/Os;
fractionated time-integrated Pt/Os) are consistent with the magma
ocean/isolation hypothesis as well24. The low δ18O of the Weltevre-
den source could be the result of the same early Earth processes that
created thesemantle heterogeneities.Modelling suggests differences
in oxygen isotope composition of up to 1.5h could have been
caused by fractionation among likelymagma oceanminerals during
the transition from silicate to metal oxide phases with depth42.

Estimates for the timescales of mantle homogenization are con-
sistent with preservation of early Earth heterogeneities through to
the mid-Archaean. Maier et al.43 and Fiorentini et al.44 argue that
the concentration of PGE in the deep mantle steadily increased
throughout the Archaean and that this was the result of slow
downward mixing of a late-veneer. Chatterjee and Lassiter45 esti-
mate the timescale for mantle homogenization to be approximately
1.2 billion years, based on 186,187Os systematics inmantle peridotites.

Weltevreden komatiites are remarkably well preserved and
represent an important record of magma petrogenesis in the mid-
Archaean. Fresh olivine from multiple komatiite flows throughout
the Weltevreden have anomalously low δ18O relative to modern
upper mantle. Crustal assimilation is not likely to have caused this,
as mass balance estimates indicate that onlymaterial with extremely
low δ18O (probably�−10h) could sufficiently change the δ18O
of the melt from typical mantle values to those of the Weltevreden
olivines. Instead, the oxygen isotope composition of the olivines

reflects a mantle source with low δ18O (∼3–4h). This possibly
represents an unhomogenized residue from an early Earth magma
ocean. The nature of this and the reason behind the extreme isotope
fractionation will require further study.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Oxygen isotopes for olivine separates were determined by CO2 laser fluorination at
Louisiana State University46. Rocks were gently crushed and washed to fine sand
fraction (100–250 µm). A hand magnet was used to separate secondary magnetite,
bromoform used to isolate the primary silicate phases, and Franz magnetic
separations were used to separate olivine from pyroxene and other mixed-phase
grains. Optically pure olivine fractions were picked to be free of inclusions or
visible alteration. Approximately 1mg of olivine was loaded onto stainless steel
holders along with the standard reference material UWG-2. O2 was collected in a
sample vessel containing a molecular sieve at−196 ◦C and analysed on a Finnegan
MAT 253 mass spectrometer in dual inlet mode. The O isotopic compositions of
olivine and whole rocks are expressed as:

δ
18O=[(18O/

16O)sample/(
18O/

16O)standard−1]×1,000

Results are reported relative to the international reference standard Vienna
Standard Mean Ocean Water (VSMOW). Multiple analyses of UWG-2 allow a
small correction to data to the assigned δ18O of 5.80h for UWG-2 (ref. 46). The
standard deviations of olivine analyses are <0.1h and 0.2h , respectively. Select

olivine were reanalysed at the University of Texas at Austin using a similar CO2

laser fluorination arrangement with cryogenic purification on a MAT 253 mass
spectrometer using∼2mg olivine fractions47. Those olivine were also run with the
UWG-2 standard and a small correction was applied to those analyses to adjust the
measured UWG-2 value of 5.72± 0.05h to the reported value of 5.80h for
UWG-2.

Data availability. The authors declare that the data supporting the findings of this
study are available within the article and supplementary information.
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