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The Archean Olondo greenstone belt (OGB) is located on the Aldan shield, the largest basement of 
the Siberia craton. With well-preserved abundant mafic-ultramafic rocks, ≥ 30% in volume, the OGB 
is unique among other greenstone belts in the world. In this study, we present the most up-to-date 
geochemical and isotopic data for the ultramafic-mafic rocks of the OGB, in order to better constrain 
their mantle sources and the plate tectonic process involved in the formation of OGB at ca. 3 Ga. 
The ultramafic rocks vary from fresh to serpentinized dunites, and are highly refractory as residual 
mantle phase as indicated by depletion in P-Platinum Group Elements (PGE) relative to I-PGEs for highly 
siderophile elements (HSE). Fresh dunites show U-shaped rare earth element (REE) patterns, with positive 
to negative Nb anomalies, indicative of late metasomatism in their mantle source. Rhenium-Osmium 
isotopic compositions of these dunites yield mantle model age (TMA) of 2960–3020 Ma, comparable 
to the formation age of the OGB at ca. 3 Ga. Together, the data suggest that, unlike mantle cumulate 
origin for most of the Archean ultramafic rocks, the OGB dunites were mantle residuals after a high 
degree of partial melting (>30%), which subsequently interacted with the subduction-related melt/fluid. 
On the other hand, the OGB mafic rocks including komatiitic and tholeiitic basalts show geochemical 
characteristics relative to the ultramafic residuals that reinforce a subduction-related regime as their 
formation setting, despite extra mid-ocean ridge and plume settings. Tholeiitic basalts yield variable REE 
patterns from depleted, chondritic, to enriched light rare earth elements (LREE) patterns, with variable 
Nb-Ta anomalies, indicating their similarities with modern N-MORB and boninites, comparable to mafic 
rocks in typical supra-subduction zone (SSZ) ophiolites. Such mafic rocks with combined lower εNd(t) and 
negative Nb-Ta anomalies were most likely the result of mixing with subducted components, consistent 
with the observed Nb depletion in the residual dunites. The Al-depleted komatiitic basalts may have 
originated from deep mantle source, corresponding to garnet stability field, confirmed by their depletion 
in HREE and requiring a mantle plume to transport and melt at such a depth. The OGB ultramafic-
mafic rocks could be a record to witness plume-induced subduction initiation processes such that mantle 
plume, sea-floor spreading and subduction were all in operation in the Mesoarchean time.

© 2022 Elsevier B.V. All rights reserved.
* Corresponding author at: Institute of Earth Sciences, Academia Sinica, 128 Sec. 
2 Academia Road, Nankang, Taipei 11529, Taiwan.

E-mail address: kwang@earth.sinica.edu.tw (K.-L. Wang).
https://doi.org/10.1016/j.epsl.2022.117975
0012-821X/© 2022 Elsevier B.V. All rights reserved.
1. Introduction

A greenstone belt is defined as an Archean to Proterozoic ter-
rane, which is composed of associated metamorphic, plutonic, 
volcanic, and sedimentary rocks surrounded by granitoid plutons 
(de Wit, 2004; Furnes et al., 2014). Archean greenstone belts pre-
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serve important information about the Earth’s history; therefore, 
understanding the formation of greenstone belts is essential for 
understanding the early evolution of the Earth. Over the past 
two decades, numerous studies with high-quality geochemical data 
have been conducted to explain the mantle source and geody-
namic setting of greenstone belts. However, there are different 
ideas about the onset of plate tectonics on Earth. The subduction 
process might have started early from the Eoarchean (e.g., Nutman 
and Friend, 2009; Komiya et al., 2015; Garde et al., 2020; Hyung 
and Jacobsen, 2020; Nutman et al., 2020, 2021a, 2021b; Kusky et 
al., 2021; Windley et al., 2021; Grocolas et al., 2022), or Paleo-
to Mesoarchean (Hanmer and Greene, 2002; Næraa et al., 2012; 
Grosch and Slama, 2017), even much later in Neoproterozoic time 
(Stern, 2005). Located in the Aldan Shield of the Siberia Craton, 
the Olondo Greenstone Belt (OGB) formed around 3.0 Ga (Nutman 
et al., 1992; Puchtel et al., 1993; Jahn et al., 1998; Kovach et al., 
2020), which may provide key constraints on the evolution his-
tory of plate tectonics on Earth. In addition, the OGB has abundant 
mafic-ultramafic rocks (>30%; Puchtel and Zhuravlev, 1993; Popov 
et al., 1995) compared to other greenstone belts worldwide, offer-
ing us a unique opportunity to understand the mantle dynamics of 
the Earth during the Mesoarchean.

Due to poor accessibility, the most recent studies on geochem-
istry of the OGB were nearly two decades old. Grachev and Fe-
dorovsky (1981) first proposed that the OGB resulted from conti-
nental rifting, similar to that under the modern tectonic regime. 
Popov et al. (1995) suggested that the OGB rocks were formed 
in different settings as combined with microcontinent–island arc–
oceanic basin–microcontinent-like modern tectonic regimes, based 
on structure-metamorphic and lithostratigraphic studies. Puchtel 
(2004) emphasized the boninite-like geochemical signatures of the 
OGB ultramafic-mafic rocks, thus attributed them to the modern 
suprasubduction zone (SSZ)-like ophiolites. These different views 
were the results of limited geochemical and geochronological data 
reported for the OGB rocks (Bibikova et al., 1984; Popov et al., 
1995; Puchtel and Zhuravlev, 1993; Puchtel et al., 1993; Puchtel, 
2004). More detailed dating results, field observations with petro-
chemical studies of the OGB rocks were recently summarized by 
Jahn et al. (1998) and Puchtel (2004). This study focuses on major 
and trace elements (including highly siderophile elements (HSE; 
containing Platinum Group Element (PGE) and Re)) and Sm-Nd and 
Re-Os isotopic compositions of the OGB mafic-ultramafic rocks, 
newly collected since 2016, to study the age, mantle source charac-
teristics, and formation of these rocks. The results should provide 
critical constraints on where and how the OGB formed during the 
Mesoarchean, and whether the plate tectonic had started on Earth 
then.

2. Geological setting

The Aldan Shield is situated in the southern part of the Siberian 
Craton, which constitutes an elongated trapezoid ca. 1200 km long 
(E–W) by 300–400 km across (Fig. 1a). The Aldan province in-
corporates the Olekma (in the west) and the Batomga (in the 
east) granite–greenstone terranes, separated by the West Aldan 
and Uchur (East Aldan) granulite–gneiss terranes (Kotov, 2003; 
Rosen and Turkina, 2007). The Olekma granite–greenstone ter-
rain (OGGT) is characterized by the occurrence of N–S trend-
ing greenstone belts, surrounded by gray gneisses of tonalite–
trondhjemite–granodiorite (TTG) compositions. Contacts between 
the supracrustal rocks and the surrounding tonalitic-trondhjemitic 
gneisses are tectonic. The gray gneiss domains are separated by 
four longitudinal greenstone belts that extend for 300 km in length 
and up to 30 km in width. Part of the gneiss protoliths formed as 
early as the Paleoarchean, evidenced by SHRIMP U–Pb zircon dates 
of 3212 ± 8 Ma (Nutman et al., 1992), whereas ages of gneisses 
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range from 2.97 to 3.06 Ga, with the majority dated at ca. 3.0 Ga 
(Neymark et al., 1993; Salnikova et al., 1996; Jahn et al., 1998; Ko-
tov, 2003; Velikoslavinskii et al., 2018). Both the greenstone belts 
and TTG gneisses were intruded by younger Meso- and Neoarchean 
to Paleoproterozoic granitoids.

In the greenstone belts, mafic metavolcanics of both tholeiitic 
and calc-alkaline affinities, and carbonate-terrigenous rocks usu-
ally occur (Rundqvist and Mitrofanov, 1993). Our study focuses 
on the OGB, which is the southern fragment of the Tokko-Khani 
greenstone belt (Fig. 1a), distinguished by the presence of high vol-
ume of mafic-ultramafic metavolcanics and intrusive rocks (Popov 
et al., 1990, 1995; Puchtel and Zhuravlev, 1993; Puchtel et al., 
1993; Jahn et al., 1998). The OGB has the V- or Y-shape body 
of about 40 km long and a maximum width of 10 km. It is 
bounded from the west and east by subvertical oblique-slip re-
verse faults of the sub-longitudinal and northeastern strike. Con-
tacts between the OGB rocks and surrounding TTG gneisses are 
tectonic (Figs. 2a and 2b). Tonalite and trondhjemite bodies in-
truded along the contacts. The OGB composed of metamorphosed 
mafic-ultramafic and intermediate-felsic volcanogenic, sedimentary 
and plutonic rocks (Fig. 1b). The volcanogenic rocks are divided 
into two units: komatiite–basalt and andesite–dacite (Popov et al., 
1995). Because the boundaries between the komatiite–basalt and 
andesite–dacite sequences are syn-metamorphic surfaces, which 
could be pre-metamorphic faults of different ages (Popov et al., 
1990, 1995; Bogomolova, 1993), the relative sequence of their for-
mation has yet been established. Popov et al. (1990) suggested that 
komatiite-basalt sequence is in allochthonous occurrence thrusting 
over the andesite-dacite sequence. The OGB rocks were deformed 
and metamorphosed under greenschist to upper amphibolite facies 
during five stages of deformations including formation of thrusts 
(Bogomolova, 1993; Smelov et al., 2012).

The komatiite–basalt unit occurs at the margin of the belt with 
a maximum thickness of ∼ 500 m that covers > 30% area of the 
OGB (Figs. 1b, 2c-e). It is dominated by amphibole–plagioclase 
and amphibole schists (tholeiitic basalts and tuffs as protoliths), 
chlorite–actinolite and actinolite–chlorite schists (komatiitic basalts 
and komatiites as protoliths), and carbonate–actinolite schists (ko-
matiite and komatiite tuffs as protoliths). The whole-rock Sm–Nd 
isochron age of 2973 ± 48 Ma (εNd(t) = 2.2 ± 0.1) was determined 
for komatiitic and tholeiitic metabasalts, and metagabbro from the 
eastern part of the OGB (Puchtel and Zhuravlev, 1993).

The andesite–dacite unit is exposed in the central part of 
the belt with intercalations of volcaniclastic and metasedimentary 
rocks. Primary effusive structure and textures, such as relict of 
highly deformed pillow lavas-like textures, are preserved indicat-
ing their volcanic origin. This unit consists of mainly amphibole, 
biotite–amphibole, and biotite microgneisses, which is considered 
as metamorphosed andesites, dacites, tuffs, tuffaceous sandstones, 
and sandstones. The U–Pb age of bulk zircon fractions from meta-
andesite of this association is 2960 ± 70 Ma (Bibikova et al., 1984). 
Nutman et al. (1992) obtained U–Pb (SHRIMP) zircon ages of 
2983 ± 6, 2998 ± 9 and 3006 ± 5 Ma for the OGB felsic metavol-
canic rocks.

Numerous tectonic slabs of metaperidotites and metadunites 
are the most common units of the ultramafic plutonic rocks in 
the OGB, which have clear tectonic relationships with the country 
rocks as described by Puchtel (2004; Figs. 1b, 2f-h). The whole-
rock Sm–Nd isochron age of peridotites from the Red Hill is 
3003 ± 117 Ma (εNd(t) = 1.12 ± 0.1; Puchtel and Zhuravlev, 1993). 
The mafic plutonic rocks are made up of sill-like metagabbro 
bodies with a thickness of 50 to 350 m. Zircons from metagab-
bro have been dated by LA-ICP-MS at 3005 ± 10 Ma (Kovach et 
al., unpublished data). Differentiated gabbro–diorite–tonalite and 
diorite–tonalite intrusions cut through the earliest structural el-
ements of metavolcanogenic and metasedimentary rocks of the 
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Fig. 1. (a) Geological map of the central and eastern parts of the western Aldan Shield indicating locations of the Olondo (within red square) and other greenstone belts. (b) 
Geological map of the Olondo greenstone belt (OGB) showing sample locations in red open circle in the eastern part where outcrops are best preserved and accessible. Both 
geological maps are modified after Smelov et al. (2012).

Fig. 2. The field photos including (a) strongly deformed foliations near the boundary between the OGB and Olekma TTG; (b) komatiitic basalt pillow lavas; (c) Red Hill made 
of ultramafic rocks with distinct reddish altered surface of dunites; (d) outcrop of OGB mafic rocks along the main road.
OGB (Fig. 1b) and contain xenoliths of metamorphosed and de-
formed mafic-ultramafic volcanic rocks. The U–Pb SHRIMP age 
of zircons from diorites is dated at 3018 ± 10 Ma (Nutman et 
3

al., 1992). Similar U–Pb ID-TIMS zircons ages of 3002 ± 5 and 
3005 ± 7 Ma were obtained for metagabbro–diorite and quartz 
metadiorite intrusions (Kovach et al., 2020). These ages mark the 
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upper age boundary of the formation of the OGB supracrustal 
rocks.

3. Sample description and analytical methods

A total of 13 ultramafic and 39 mafic rock samples were col-
lected from the Red Hill massif and along the eastern branch 
of the OGB, respectively. The ultramafic rocks are coarse-grained 
and altered to different levels, including dunite and serpentinite 
(Figs. S1a-d). Dunite is mainly composed of olivine with trace 
amount of spinel, showing a dark green to black color in the 
hand specimen. Primary spinels in dunites show euhedral crystals, 
whereas metamorphic spinels are anhedral and partially altered 
by serpentinization. Chemical zonation in spinels is attributed to 
pre-serpentinization metamorphism. The mafic metavolcanic rocks 
were all metamorphosed to greenschist and amphibolite (Figs. S1e-
h). They display brown, dark, to pale green color in thin sections. 
Greenschists are composed of elongated fine-grained minerals such 
as amphibole, chlorite, epidote, quartz, and plagioclase. Detailed 
petrography descriptions are presented in Appendix A.

Whole-rock major- and trace-element have been analyzed for 
both ultramafic and mafic rocks. Selected ultramafic rocks were 
also determined for their whole-rock HSE concentrations and Re-
Os isotopic compositions, as well as mineral compositions, whereas 
selected mafic rocks were measured for their whole-rock Sm-Nd 
isotopic compositions. Quantitative chemical analysis of olivine and 
spinel in the selected ultramafic rocks was conducted. All above-
mentioned analyses were done at the Institute of Earth Sciences, 
Academia Sinica in Taipei, Taiwan and detailed method, instrumen-
tation and analytical procedures are presented in Appendix A.

4. Results

4.1. Whole-rock major-element compositions

Whole-rock major and trace element data of the OGB rocks 
are listed in Table S1 and summarized in Table 1. The rocks were 
classified as dunite, serpentinite, komatiitic and tholeiitic basalts. 
Komatiitic basalts differ from komatiites by MgO content (<18 
wt.% MgO for komatiitic basalts and 18-50 wt.% MgO for komati-
ites following Arndt et al. (2008)). Komatiites and peridotites other 
than dunites were not collected in this study but were reported 
by Puchtel et al. (1989) and Puchtel (2004). Their classifications 
are shown in the Zr/Ti vs. Nb/Y diagram (Fig. 3a; Winchester and 
Floyd, 1976) and Al–(Fetotal + Ti)–Mg diagram (Fig. 3b; Jensen and 
Pyke, 1982).

Dunites (1.2–8.7 wt.%) and serpentinites (15.5–22.8 wt.%) have 
higher LOI contents than komatiitic (1.0–1.7 wt.%) and tholeiitic 
basalts (0.4–4.5 wt.%), indicating of a more severe secondary al-
teration. Fresh dunites with LOI < 2 wt.%, have limited ranges of 
SiO2 and MgO (43.4–50.4 wt.%), with Mg# from 82.0 to 90.1, low 
CaO, TiO2, and Al2O3 contents (Table 1). Komatiitic basalts have 
a lower range of MgO (13.8–16.9 wt.%) with Mg# from 69.1 to 
73.0. They are characterized by low concentration of Al2O3 and low 
Al2O3/TiO2 ratio, but high Cr and Ni contents. Tholeiitic basalts are 
characterized by higher SiO2, TiO2, and Al2O3 contents, but lower 
MgO content (5.5–9.5 wt.%) and Mg# (from 41 to 61) than komati-
itic basalts.

4.2. Whole-rock trace-element composition

The REE and trace-element diagrams of dunites and serpen-
tinites are shown in Fig. 4. Most of their REE patterns display 
depletion in middle REE (MREE) with respect to LREE and HREE, 
showing concave-up or U-shaped patterns with slight depletion 
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in LREE (Figs. 4a-b). Only dunite sample OL1633 exhibits an en-
riched LREE pattern. They all show negative Eu anomalies to dif-
ferent extent. Serpentinites (samples OL1644, OL1668, and OL1669) 
have higher REE abundances than most dunites, except for sample 
OL1633, whose LOI is high at 8.4 wt.%. In addition, slight enrich-
ment of large-ion lithophile element (LILE) such as Th and LREE 
can be observed in the primitive mantle-normalized trace element 
patterns for all dunites and serpentinites. Some of them show neg-
ative Nb anomalies (Nb/Lan = 0.39–0.88, Nb/Ybn = 0.38–0.91), with 
a lower positive Ti anomaly (Ti/Ti* = 0.77–2.38) than those with-
out negative Nb anomaly (Nb/Lan = 1.01–2.45, Nb/Ybn = 0.78–1.50, 
Ti/Ti* = 1.36–3.63 (Table 1 and Figs. 4c-d).

Komatiitic basalts are distinct from tholeiitic basalts by the de-
pletion of HREEs (Gd/Ybn = 1.01–1.53). They display slightly de-
pleted to flat LREE in chondrite-normalized REE patterns (Fig. 5a). 
Normalizing to the primitive mantle (PM) (Fig. 5b), they show neg-
ative Nb and Ti anomalies and negative to positive Eu anomalies.

Tholeiitic basalts can be divided into three groups according to 
their distinct REE patterns: depleted tholeiites, chondritic tholei-
ites, and enriched tholeiites (Figs. 5c, e, g; Table 1). All three 
groups have flat HREE pattern with similar Gd/Ybn ratio but dif-
ferent LREE enrichment. In the chondrite-normalized diagrams, 
depleted tholeiites show a similar LREE-depleted pattern to that 
of N-MORB, whereas chondritic tholeiites have a flat and en-
riched tholeiites display an LREE-enriched pattern. These tholeiites 
also show different spectrums from depleted (Th/Ybn = 0.43–1.29; 
Nb/Lan = 0.61–1.00), to chondritic (Th/Ybn = 1.17–1.40; Nb/Lan = 
0.52–0.80), then enriched tholeiites (Th/Ybn = 1.76–3.22; Nb/Lan
= 0.37–0.61) in La and Th enrichment and Nb-Ta depletion in 
the PM-normalized spidergrams (Figs. 5d, f, h). Slightly negative 
to positive Eu anomalies are also observed in different tholeiites 
(Figs. 5c, e, g; Table 1), whereas slightly positive Zr–Hf anomalies 
can be only observed in enriched tholeiites (Fig. 5h).

4.3. Whole-rock Sm-Nd isotopic compositions of mafic metavolcanic 
rocks

Whole-rock Sm–Nd isotopic compositions of the mafic metavol-
canic rocks are presented in Table S2. In brief, the komatiitic 
basalts have 147Sm/144Nd from 0.1923 to 0.2066 and 143Nd/144Nd 
from 0.512620 to 0.512939, and initial 143Nd/144Nd vary from 
0.508819 to 0.508897, while εNd(t) vary from +1.4 to +2.9 at 3.0 
Ga. Tholeiitic basalts have 147Sm/144Nd ranging from 0.1704 to 
0.2316 and 143Nd/144Nd from 0.512216 to 0.513446. Their initial 
143Nd/144Nd vary from 0.508826 to 0.508944, and εNd(t) range 
from +1.4 to +3.8 (Fig. S2). There is, however, no systematic varia-
tion in Nd isotopic compositions among different rock types.

4.4. Whole-rock highly siderophile element (HSE) compositions and 
Re-Os isotopic ratios of ultramafic rocks

The HSE concentrations of dunites and serpentinites are pre-
sented in Table S3. Dunite sample OL1633 has the lowest Os and 
Ir (I-PGE) and the highest Pt, Pd, and Re (P-PGE; Ir/(Pt+Pd) = 
0.05) contents among all. Serpentinites (OL1668 and OL1669) have 
higher Pt, Pd and Re contents than dunite (Ir/(Pt+Pd) = 0.17–0.52). 
In the chondrite-normalized HSE diagram, most samples exhibit 
fractionated patterns that are strongly depleted in P-PGE (Figs. 4e 
and 4f). Dunite sample OL1633 is depleted in I-PGE and enriched 
in P-PGE, which is distinct from all others (Fig. 4f). In general, the 
PGE contents (except for Ru) of the dunites and serpentinites are 
lower than those of the primitive mantle.

The Re-Os isotopic ratios of dunites and serpentinites are 
presented in Table S3. The initial Os isotopic ratios are calcu-
lated based on the formation ages of the OGB at 3.0 Ga. The 
detailed parameters and calculations for the initial Os isotopic 
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Table 1
Summary of whole-rock major and trace element data of the OGB mafic-ultramafic rocks.

Komatiic basalt 
(n=6)

Depleted tholeiite 
(n=17)

Chondritic tholeiite 
(n=9)

Enriched tholeiite 
(n=7)

Ultramafic dunite 
(n=10)

Ultramafic serpentinite 
(n=3)

SiO2 (wt.%) 47-50 47-53 48-51 49-53 38-40 30-36
TiO2 0.7-0.8 0.6-1.4 0.7-1.1 0.6-0.6 0-0.1 0.1-0.2
Al2O3 6.5-7.6 13.7-17.6 13.8-15.2 14-15.3 0.1-3 0.2-3.2
Fe2O3t 13.4-14.5 10.3-15.4 12.2-14.7 10.5-12.7 9.7-17 11.1-16.4
MnO 0.2-0.2 0.2-0.3 0.2-0.3 0.2-0.2 0.1-0.2 0.1-0.2
MgO 13.8-16.9 5.5-9.5 6.4-8.8 6.2-7.7 36.7-50.4 31.7-33.8
CaO 9.6-12.6 8.6-13 8.6-12.8 9.1-12.1 0.1-1.8 0.2-3
Na2O 0.44-0.67 1.31-3.8 1.02-2.79 0.79-2 – –
K2O 0.06-0.15 0.08-0.36 0.08-0.31 0.08-0.33 – –
P2O5 0.05-0.08 0.05-0.12 0.06-0.11 0.07-0.08 0.02-0.03 0.02-0.03
LOI 0.98-1.66 0.35-1.58 0.48-4.54 0.53-1.15 1.2-8.71 15.48-22.78
Mg# 67-71 41-61 46-58 53-58 83-91 80-85
Total 98.6-99.7 99-100 98.9-103.6 98.6-99.8 99.3-101.5 101.2-102.6
Sc (ppm) 39.9-48 32.8-66.6 35.3-63.5 36.7-66.5 5.9-29.6 7.8-578.2
Ti 4060-4935 3913-8527 4558-6537 3444-3941 49-651 70-776
V 172-200 212-343 243-291 224-253 6-63 48-4535
Cr 1110-1566 72-839 70-435 124-276 1847-7527 100-2543
Co 69-82 39-68 46-65 45-68 126-174 105-1610
Ni 346-492 57-179 81-147 68-113 1241-3140 12-2249
Cu 8-151 3-160 33-275 24-176 1-8 10-95
Zn 89-151 50-170 71-180 90-166 34-84 3-58
Ga 8.84-11.12 11.40-18.79 14.50-17.46 13.60-15.7 0.38-3.57 0.03-3.77
Rb 0.43-3.49 0.70-2.72 0.64-8.25 0.69-17.9 0.03-0.17 0.04-5.45
Sr 22.8-56.4 89.1-243.4 88.3-155.2 101.9-182.3 0.2-3.2 0.9-14.9
Y 12.9-15.4 13.0-31.0 17.5-21.6 14.3-17.6 0.10-2.7 0.6-5.6
Zr 39.8-46.8 28.4-80 41.4-67.3 42.6-56.5 0.4-5.4 0.1-6.1
Nb 1.93-2.4 0.99-3.24 1.61-2.88 1.49-2.25 0.02-0.29 0.01-0.48
Cs 0.02-0.139 0.012-0.151 0.009-1.265 0.031-1.63 0.003-0.025 0.01-0.074
Ba 5.77-42.4 13.47-93.08 6.72-76.96 11.57-114 0.02-1.88 0.3-1.3
La 2.1-3.16 1.32-3.89 2.51-3.7 3.16-4.88 0.02-0.71 0.12-0.84
Ce 6.49-7.73 3.97-10.73 6.62-9.8 7.35-10.65 0.04-2.18 0.11-1.15
Pr 1.038-1.253 0.6-1.736 1.025-1.485 0.9-1.415 0.004-0.302 0.051-0.568
Nd 5.38-6.19 3.18-9.04 5.15-7.52 4.55-6.24 0.02-1.33 0.17-0.71
Sm 1.75-2.09 1.45-3.1 1.71-2.44 1.46-1.75 0.01-0.32 0.02-0.18
Eu 0.627-0.8 0.45-1.005 0.6-0.84 0.52-0.66 0.001-0.065 0.007-0.183
Gd 1.96-2.74 1.41-4.46 2.1-3.37 1.55-2.41 0.01-0.4 0.03-0.22
Tb 0.395-0.45 0.31-0.77 0.4-0.573 0.34-0.419 0.002-0.071 0.011-0.247
Dy 2.24-2.86 1.83-5.17 2.66-3.74 2.13-2.84 0.01-0.47 0.06-0.27
Ho 0.51-0.587 0.55-1.129 0.639-0.798 0.524-0.615 0.004-0.1 0.018-0.2
Er 1.4-1.63 1.31-3.3 1.67-2.28 1.36-1.84 0.01-0.3 0.04-0.19
Tm 0.201-0.244 0.21-0.491 0.21-0.344 0.23-0.291 0.003-0.044 0.016-0.215
Yb 1.32-1.49 1.53-3.18 1.87-2.18 1.53-1.89 0.03-0.3 0.03-0.25
Lu 0.19-0.22 0.2-0.47 0.28-0.33 0.23-0.33 0.01-0.05 0.03-0.14
Hf 1.16-1.35 0.83-2.31 1.23-1.86 1.09-1.5 0.01-0.17 0.01-0.16
Ta 0.12-0.17 0.05-0.23 0.13-0.2 0.11-0.19 0-0.02 0.01-0.08
Pb 0.31-17.9 0.25-123 2.07-32.2 1.85-7.52 0.03-1.37 0.05-0.16
Th 0.3-0.34 0.15-0.48 0.37-0.52 0.46-1.04 0.01-0.08 0.03-0.06
U 0.05-0.1 0.04-0.13 0.05-0.16 0.18-0.3 0-0.04 0.02-1.26
Th/Ybn 1.23-1.39 0.43-1.29 1.17-1.4 1.75-3.22 1.21-3.69 1.43-3.23
Th/Nbn 1.15-1.36 0.75-1.98 1.5-2.32 2.25-4.66 1.37-8.07 1.01-2.39
La/Ybn 1.01-1.65 0.51-1.01 0.95-1.23 1.33-1.91 0.46-1.68 0.68-1.34
La/Smn 0.68-1.04 0.59-0.91 0.92-1.12 1.29-1.8 0.82-1.72 0.7-1.59
Gd/Ybn 1.1-1.53 0.76-1.22 0.82-1.29 0.83-1.15 0.26-1.1 0.39-0.74
Nb/Lan 0.7-1.08 0.61-1 0.52-0.8 0.37-0.61 0.39-2.45 0.35-1.01
Nb/Ybn 0.9-1.21 0.39-0.85 0.52-0.92 0.67-0.98 0.38-1.5 0.14-1.34
Eu/Eu* 0.84-1.21 0.83-1.31 0.86-1.06 0.85-1.23 0.24-0.88 0.31-21.57
Ti/Ti* 0.82-1.14 0.79-1.24 0.84-1.07 0.77-1.02 0.76-3.6 0.79-1.69
Ce/Ce* 0.95-1.05 0.93-1.14 0.91-1.13 0.99-1.02 1.01-1.15 0.04-1.09

Mg# is calculated as the mole ratio of Mg/(Mg + Fe2+), where Fe2+ is assumed to be 90% of the total Fe.
Selected elements are normalized to primitive mantle and chondrite (Sun and McDonough, 1989).
Eu anomalies (Eu/Eu*) have been calculated as Eu/Eu* = (Eu)cn/[(Sm)cn × (Gd)cn]0.5.
Ce/Ce*, and Ti/Ti* anomalies are similarly calculated as Ce/Ce* = (Ce)cn/[(La)cn × (Pr)cn]0.5 and Ti/Ti* = (Ti)cn/[(Gd)cn × (Dy)cn]0.5.
ratios and model ages are described in the Appendix A. Ex-
cept for OL1633, both dunites and serpentinites have subchon-
dritic 187Os/188Os ratios, with dunites showing lower 187Os/188Osi
(0.10687–0.10744) than serpentinites (187Os/188Osi = 0.11600 and 
0.11924). They also have subchondritic 187Re/188Os, with dunites 
showing lower 187Re/188Os ratios (0.0048–0.2562) than serpen-
tinites (187Re/188Os = 0.2399–0.3020). The initial 187Os/188Osi of 
the dunites range from 0.10638 to 0.10682, with γ Osi close 
to 0 (γ Osi = -0.17 to 0.13). These results are consistent with 
5

187Os/188Osi = 0.1058 ± 5 reported by Puchtel (2004). Serpen-
tinites have lower initial 187Os/188Osi (0.10371–0.10377) with 
γ Osi = -2.39 to -2.45, due to their higher 187Re/188Os relative 
to those of dunites. With a different HSE pattern, dunite sample 
OL1633 has the highest measured 187Os/188Osm = 0.12251, me-
dian 187Re/188Os = 0.2562, and the highest initial 187Os/188Osi = 
0.10938 with γ Osi up to 2.89.

The calculated TMA and TRD (Re-depletion) model ages are sim-
ilar for dunites from 2959 to 3020 Ma and 2914 to 2930 Ma 
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Fig. 3. Classification diagrams of the OGB rocks. (a) Zr/Ti vs Nb/Y diagram from Winchester and Floyd (1976) and (b) Al-(Fetotal + Ti)-Mg diagram from Jensen and Pyke 
(1982).
(Table S3), respectively, owing to their relatively low 187Re/188Os 
ratios. The average of these Os model ages is also close to the for-
mation age of the OGB via the Sm-Nd isochron age at ca. 3.0 Ga 
(see above). Serpentinites yield older TMA ages (3880 and 4309 Ma) 
but younger TRD model ages (1250 and 1700 Ma). The difference 
between TMA and TRD model ages reflects their higher 187Re/188Os 
ratios. Dunite sample OL1633 has the youngest TMA (2002 Ma) and 
TRD (792 Ma) model ages, indicating the effects of secondary alter-
ation and Re mobility that occurred long after the emplacement of 
the ultramafic body.

4.5. Mineral major-element compositions of ultramafic rocks

The EPMA data from 132-point analyses of olivines and 137-
point analyses of Cr-spinels are listed in Supplementary Tables S4 
and S5. In general, the olivines in fresh and slightly serpentinized 
dunites are characterized by high MgO (49-52 wt.% with Fo = 89.5 
to 93.1; Fig. S3) with trace amounts of NiO, MnO, Cr2O3, and CaO. 
The most pristine dunite sample OL1639 shows a more homoge-
neous composition with Fo content range from 91.7–92.4. Spinels 
in dunites have a wide range of Mg# (36–5), Cr# (68–99), and 
TiO2 content (0.08–1.96 wt.%; Tables S4 and S5). The spinels in 
the freshest dunite sample OL1639 have the lowest TiO2 contents 
(0.08–0.28 wt.%). Aswad et al. (2011) recognized two types of Cr-
spinels in serpentinites. Primary spinels have lower Cr# and higher 
Mg# than metamorphic spinels because Al3+ and Mg2+ are re-
placed by Fe3+ and Fe2+ , respectively, during serpentinization. In 
this study, spinels were also separated into two groups: primary 
spinels have Mg# of 36–29 and Cr# of 68–73, whereas metamor-
phic spinels have Mg# of 24–5 and Cr# of 75–99. Only the primary 
spinels were used as a petrogenetic indicator.

5. Discussion

5.1. Effects of secondary alteration, metamorphism, fractional 
crystallization and crustal contamination

Secondary alteration and metamorphism are widespread in 
Archean rocks, so their primary geochemical characteristics could 
be modified to various extent (Lahaye and Arndt, 1996; Polat et al., 
2002; Polat and Hofmann, 2003). Thus, it is important to evaluate 
the effects of secondary alteration and metamorphism, particularly 
6

on relatively mobile elements. All OGB mafic rocks have less than 2 
wt.% LOI, with the exception of chondritic tholeiite sample OL1617 
(LOI = 4.5 wt.%), which indicates very limited secondary alteration 
on them. In contrast to mafic rocks, the six ultramafic dunites have 
higher LOI from 3.7 to 8.7 wt.% and the rest with < 2 wt.% LOI. 
Serpentinites originating from altered dunites show the highest LOI 
(15.5 to 22.9 wt.%). Serpentinites with higher REE abundances also 
have high LOI values, suggesting that secondary alteration might 
affect their trace element abundance. As a result, those dunites 
having lower LOI contents should reflect more primary features, 
as shown by their major-element compositions above. Although 
less primary minerals such as spinel were preserved in the ser-
pentinites, their similar REE patterns as dunites suggest that the 
protolith of the serpentinite was dunite (Fig. 4).

During seawater alteration, Ce+4 may react with water that re-
sults in precipitation of CeO2 and a negative Ce anomaly in the REE 
pattern (Braun et al., 1993). Polat et al. (2002) reported a range 
of Ce/Ce* ratios from 0.9 to 1.1 for Eoarchean to Mesoarchean ul-
tramafic to mafic volcanic rocks in SW Greenland could suggest 
very limited LREE mobility. Except for serpentine sample OL1669, 
the OGB ultramafic-mafic rocks have Ce/Ce* ranging from 0.91 to 
1.15 (Table 1), indicating that they were not significantly affected 
by seawater alteration. All the OGB dunites display negative Eu 
anomalies in their REE patterns (Fig. 4). This is uncommon for ul-
tramafic rocks because under mantle condition, none of the major 
mineral, e.g., olivine, pyroxene, and spinel/garnet, is able to frac-
tionate Eu. Not even plagioclase, existing in the mantle residual 
with high MgO (>10 wt.%) after melt extraction, is capable of frac-
tionating Eu (Green and Ringwood, 1967; Sun and Nesbitt, 1978). 
A negative Eu anomaly could result from secondary alteration, as 
previously suggested by Jahn et al. (1998) for the OGB rocks. Our 
data show that the freshest dunite exhibits the lowest Eu anomaly 
(Eu/Eu* = 0.85), whereas the serpentinites with the highest LOI re-
veal the strongest negative Eu anomaly (Eu/Eu* = 0.35). Therefore, 
the negative Eu anomaly in the OGB ultramafic rocks is probably 
caused by secondary alteration. This is consistent with the lack 
of evidence for early formation of anorthosite in the OGB and/or 
nearby regions that might be responsible for the observed nega-
tive Eu anomaly.

Considering the high whole-rock Mg# of komatiitic basalts (67-
71; Supplementary Table S1) which is close to that of primary 
magma (66∼75), fractional crystallization is neglectable. However, 



T.-D. Tran, K.-L. Wang, V. Kovach et al. Earth and Planetary Science Letters 603 (2023) 117975

Fig. 4. REE patterns (a and b), multi trace-element diagrams (i.e., spidergrams; c and d) and HSE patterns (e and f) of dunites and serpentinites from the OGB. Normalizing 
chondrite and primitive mantle values are from Sun and McDonough (1989). Dunites showing Nb negative anomaly are plotted in the right panels (4a, 4c and 4e), whereas 
those not showing show Nb negative anomaly are in the left panels (4b, 4d and 4f). Gray dash lines indicate PGE data from Puchtel (2004) for comparison (4e and 4f).
fractional crystallization might still be present among the mafic 
rocks, although to a less extent. Whole-rock Mg# of the three 
types of tholeiites are 41 to 61 for depleted tholeiites, 46-58 for 
chondritic tholeiites, and 53 to 58 for enriched tholeiites. To avoid 
possible fractional crystallization effect, tholeiites with Mg# higher 
than 53 are chosen for petrogenesis discussion in the spidergrams 
(Fig. 5). Note that distinct REE and spidergram patterns of the three 
types of tholeiites could not result from fractional crystallization 
and degree of partial melting.

Negative Nb anomalies in the OGB mafic-ultramafic rocks, es-
pecially in enriched tholeiitic basalts, could reflect either crustal 
contamination or inherited mantle signatures. Although the OGB 
mafic rocks are characterized by positive initial Nd isotopic values 
(εNd(t)∼+2), they cannot be used as evidence against crustal con-
tamination. The felsic rocks formed simultaneously with the OGB 
mafic-ultramafic rocks, which are regarded as local crustal compo-
nents, yield similar positive Nd isotopic ratios (Jahn et al., 1998). 
However, the lack of correlation between increasing Mg# with 
7

decreasing εNd and increasing La/Smn with decreasing Nb/Ybn
(Fig. 6), argues against any significant amount of crustal contam-
ination for the OGB mafic rocks. In addition, the negative Nb 
anomaly is also observed in the residual dunites (will be discussed 
in the next section), which is most likely an inherited mantle 
source characteristic.

5.2. Petrogenesis and mantle source characters

5.2.1. Ultramafic rocks: Archean residue mantle and its age
Dunites can be formed as either an accumulation of olivine 

from a basaltic melt or residual phases after high degree of partial 
melting in the mantle; however, no obvious petrological evidence 
can be used to identify the OGB dunite with a cumulate origin. 
Olondo dunites have MgO contents with Mg# ranging from 82.0 to 
90.1 and very low CaO, TiO2, and Al2O3 but high Cr and Ni con-
tents (Table 1). Olivines in fresh and slightly serpentinized dunites 
are characterized by high Fo contents (89.5 to 93.1; Fig. S3) with 
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Fig. 5. Chondrite-normalized REE patterns (a, c, e and g) and PM-normalized spidergrams (b, d, f and h) for komatiitic and tholeiitic basalts from the OGB. Patterns of 
N-MORB and Izu-Bonin-Mariana fore-arc volcanic rocks from the drilling site 786 (Murton et al., 1992) are plotted for comparison. Normalized chondrite, N-MORB and PM 
values are from Sun and McDonough (1989).
the freshest dunite sample OL1639 showing high Fo content (91.7 
to 92.4; Table S4). The primary euhedral spinels in dunites have a 
high Cr# of 68–73. In addition, except for sample OL1633 showing 
LREE-enriched patterns, all dunites and serpentinites have slightly 
8

U-shaped or concave-up REE patterns with depletion in MREE with 
respect to LREE and HREE, and La/Yb<1. The U-shaped or concave-
up REE patterns of the dunites and serpentinites could not be 
formed from a single melting event. Instead, they can be better 
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Fig. 6. Plots of εNd(t) vs. Mg# and Nb/Ybn versus La/Smn ratios. No correlation between εNd(t) with Mg# contents and La/Smn with Nb/Ybn ratio suggesting insignificant 
effect of crustal contamination.
explained by residual mantle rocks (depleted in LREE and MREE) 
metasomatized by later melts/fluid to re-enrich LREE. In addition, 
HSEs could be a powerful tool for distinguishing between the ac-
cumulated and residual phases. Because during partial melting, 
the compatible I-PGEs (Ir, Os, Ru) reside in the residual phases, 
whereas incompatible P-PGEs (Pt, Pd) tend to be removed by the 
melt. Also, unlike lithophile elements, HSEs are barely modified 
by secondary processes such as metasomatism, metamorphism, 
and alternation. Except for dunite sample OL1633 and serpenti-
nite sample OL1669 (Pd/Ir = 3.7 and 10.8, respectively; Table S3), 
the HSE abundance of Olondo dunites and serpentinites exhibit en-
riched I-PGE patterns (Pd/Ir = 0.1–1.0; Table S3), consistent with a 
residual mantle origin. Furthermore, all dunites and serpentinites 
have subchondritic 187Os/188Os and 187Re/188Os ratios, which in-
dicate their residual mantle affinity. Despite one dunite and all 
serpentinites displaying slightly higher 187Re/188Os that is most 
likely the result of late metasomatism. While most Archean ultra-
mafic plutonic rocks in the world seem to have formed as mantle 
cumulates (e.g., Kusky et al., 2001; McIntyre et al., 2019; Szilas et 
al., 2018), the mantle residual origin for the Olondo dunites and 
serpentinites might further constrain the geochemical evolution of 
the upper mantle during the Mesoarchean.

The Nb depletion in the spidergram is observed in some OGB 
dunites (Fig. 4d), which is clearly not caused by crustal contami-
nation but inherited characteristics from the residual lithospheric 
mantle. Trace-element characteristics of these OGB dunites indicate 
that later metasomatism by melt or fluid, to re-enrich LILE and 
LREE but not high field strength element (HFSE) such as Nb, had 
influenced the part of residual mantle after its forming by melt ex-
traction. The potential metasomatic agent is most likely either the 
dehydration fluid or melt of subducted continental sediment, both 
related to subduction zone processes. It indicates that the residual 
lithospheric mantle where some OGB dunites were formed should 
be above the subducted slab to be metasomatized by either de-
hydration fluid or melt of subducted continental sediment as in 
the mantle wedge of modern subduction zone. This can be further 
supported by mineral chemistry of these dunites showing primary 
high-Fo olivines (90-93) and high-Cr# spinels (68–73), which are 
equivalent to the residual mantle after 30–40% degrees of partial 
melting and plot in the supra-subduction zone (SSZ) setting in 
the olivine-spinel mantle array (OSMA; Arai, 1994a; Fig. 7a). Fur-
thermore, using olivine-spinel Fe-Mg exchange thermometry and 
oxygen barometry proposed by Ballhaus et al. (1991), the OGB 
dunites show average equilibrium temperature for primary spinels 
9

is ∼660 ± 30 ◦C and slightly higher up to >700 ◦C for metamor-
phic spinels (Fig. S4), and their �log fO2 (FMQ) are between +1.2 
and +2.3. Equilibrium temperatures of OGB dunites are similar to 
the average fore-arc peridotites in the modern Izu-Bonin-Mariana 
(IBM) subduction system calculated at 647 ± 40 ◦C using the same 
olivine-spinel Fe-Mg exchange thermometry (Parkinson and Pearce, 
1998). The estimated �log fO2 (FMQ) for OGB is also close to that 
of the forearc dunites including the IBM and South Sandwich arc 
system (Pearce et al., 2000 and references therein). Thus, where 
some OGB dunites formed in the Mesoarchean time should be 
comparable to the mantle section in the modern mantle wedge 
above the subduction zone.

Some other OGB dunites do not display Nb depletion in the 
spidergram (Fig. 4c), although they also have slightly U-shaped or 
concave-up REE patterns (Fig. 4a), which could be the results of 
later metasomatism to re-enrich LILE and LREE only. Such metaso-
matic agent is different from the subduction components proposed 
above for the OGB dunites with Nb depletion in the spidergram. 
Considering the subtle enrichment of LILE and LREE, basaltic melt 
could potentially metasomatize this part of residual lithospheric 
mantle while it rose up to the surface from asthenospheric man-
tle.

Dating these residual dunites and serpentinites using the Sm–
Nd isotopic system is challenging, due to their very low Sm–Nd 
concentrations, and are thus easily affected by subsequent mag-
matic events. The Re–Os isotopic system, however, could be more 
useful in this case because of its strong parent-daughter frac-
tionation after partial melting, with high Os content in resid-
ual peridotite, and more resistant to late metasomatism and sec-
ondary alteration. The OGB dunites showing residual HSE pat-
terns (Pd/Ir = 0.11–1.05; Figs. 4e and 4f) with low 187Re/188Os 
ratios (0.0048–0.0181) yield almost identical TMA and TRD model 
ages from 2959 to 3020 Ma and from 2914 to 2953 Ma, respec-
tively (Table S3). Very low Re concentrations (close to zero) com-
bined with similar TMA and TRD model ages suggest that the OGB 
residue dunites experienced negligible effect of subsequent melt-
ing events since its formation. Furthermore, these Os model ages 
are consistent with the formation age of the Olondo Greenstone 
Belt (ca. 3.0 Ga; Nutman et al., 1992; Jahn et al., 1998), previous 
WR Sm-Nd isochron ages (2973 ± 48 and 3003 ± 117 Ma; Puch-
tel and Zhuravlev, 1993), and U–Pb ID-TIMS age of zircons from 
diorites (3002 ± 5 and 3005 ± 7 Ma; Kovach et al., 2020). The 
age data are summarized from comparison in Supplementary Ta-
ble S6.
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Fig. 7. (a) Cr# in spinel versus Fo content of olivine in fresh dunites from the OGB. Fields for spinels occurring in abyssal peridotites, oceanic SSZ peridotites, and passive-
margin peridotites are after Dick and Bullen (1984) and Pearce et al. (2000). The OSMA field is after Arai (1994a; 1994b). (b) Al2O3 versus CaO/Al2O3 diagram from Herzberg 
(1995) showing the pressure in GPa (numbers 1 to 14) along the experimentally determined mantle solidus. Komatiitic basalts locate above the solidus at around 6.5∼9 
GPa with their elevated Al2O3 but constant CaO/Al2O3. According to Herzberg (1995), due to most komatiites suffered from olivine cumulates primary komatiite magmas 
are never preserved (Nisbet et al., 1993). Thus, removal of olivines slightly increases Al2O3 contents (Fig. 3b in Herzberg (1995)). The komatiitic basalts in this study have 
Mg# values (67-71) almost the same with that (∼65-72) of primary magma, which is likely resulted from olivine cumulate to certain extent. Because olivine contains small 
amounts of CaO and Al2O3, their ratio remains intact.
5.2.2. Komatiitic basalts and chondritic tholeiites: mantle plume
The komatiitic basalts in the eastern branch of the OGB were 

classified as Al-depleted type, which displays depletion in Al and 
Y relative to Ca and Ti, and in Gd relative to Yb (Puchtel and Zhu-
ravlev, 1993). Komatiitic basalts in this study also show similar 
characteristics, with high MgO (14–15 wt.%), low Al2O3 content 
(∼7wt.%) and Al2O3/TiO2 ratio (∼10). The depth where magma 
segregation occurred can be constrained using their Al2O3 and 
CaO/Al2O3 correlation (Herzberg, 1995). In the Al2O3 vs. CaO/Al2O3
diagram (Fig. 7b), komatiitic basalts plot above the solidus line 
at around 6.5–9 GPa, corresponding to a melt segregation depth 
at approximately 200–250 km, whereas all tholeiitic basalts clus-
ter close to the solidus line between 2 and 3 GPa (∼60–90 km). 
The deeper mantle source hinted by above depth of melt segre-
gation of Al-depleted komatiitic basalts, which shows depletion in 
HREE (Gd/Ybn = 1.1–1.5; Figs. 5a and 5b) as a result of their man-
tle source in the garnet stability field, requires a mantle plume to 
transport and melt at such a depth.

Chondritic tholeiites show flat chondrite-normalized REE pat-
terns with (La/Yb)n, (La/Sm)n, and (Gd/Yb)n lying between 0.9 and 
1.1. Their average immobile element ratios are almost identical to 
that of the primitive mantle (PM), i.e., Zr/Hf = 34 versus PM = 36, 
Ti/Zr = 105 versus PM = 115, Sm/Nd = 0.33 versus PM = 0.33, 
and Lu/Hf = 0.21 versus PM = 0.24. In the Th/Yb vs. Nb/Yb dia-
gram (Fig. 8), both komatiitic basalts and chondritic tholeiites plot 
close to the PM field, suggesting that their mantle sources might 
be comparable to that of the proposed primitive mantle but dis-
tinct from the modern depleted MORB mantle source. The εNd(t)
values of komatiitic basalts range between +1.4 and +2.9, whereas 
the εNd(t) values of chondritic tholeiites range from +1.5 to higher 
+3.8. The latter with higher εNd(t) may reflect the interaction be-
tween the deeper primitive mantle and the shallower depleted 
mantle.

5.2.3. Depleted tholeiites: evidence for depleted Archean mantle
Distinct from the modern N-MORB mantle, Archean mafic rocks 

showing undepleted REE patterns have led to the conclusion that 
the Archean upper mantle is less depleted than the modern upper 
mantle (Condie, 1976; Moyen and Laurent, 2018). In contrast, the 
Olondo depleted tholeiites display a similar REE pattern to modern 
N-MORB, but with 2 to 4 times lower abundance (Fig. 5e). In the 
Th/Yb vs. Nb/Yb diagram (Fig. 8), depleted tholeiites plot within 
or close to the N–MORB field. In addition, these depleted tholei-
ites are characterized by positive εNd(t) values ranging from +1.8 
10
Fig. 8. Th/Yb-Nb/Yb diagram (Pearce, 2008) showing the SSZ enrichment from the 
MORB-OIB mantle array with percentages of the SSZ component.

to +3.2 and plotting within the depleted mantle array (Goldstein 
and Jacobsen, 1988; Fig. S2), which could be similar to the modern 
oceanic crust generated from the upper mantle during the Archean 
time. All these results suggest that part of the Archean mantle, at 
least on a local scale, was heterogeneously depleted, even more 
so than the modern N–MORB mantle, evidenced from the lower 
REE abundance observed in the Olondo depleted tholeiites. Nev-
ertheless, how the Archean mantle could be more depleted than 
the modern N–MORB mantle remains unclear. A similar example 
was also observed in the mafic volcanic rocks from the Ivisaartoq–
Ujarassuit greenstone belt, southwestern Greenland (Polat et al., 
2011), where the depleted magma was believed to be a result of 
large-volume melt extraction and re-enrichment by mixing with 
deeper and less depleted magma. This may be the case for the 
OGB, where vigorous magmatic activity occurs at 3.0 Ga, and fur-
ther investigation is needed.

5.2.4. Enriched tholeiites: arc magmatism at subduction initiation stage
Olondo tholeiitic basalts have been studied previously (e.g., 

Puchtel and Zhuravlev, 1993; Jahn et al., 1998; Puchtel, 2004), 
however, enriched tholeiites have only been described in Puch-
tel and Zhuravlev (1993), which was referred to as the Northern 
Tholeiites. Enriched tholeiites reported in this study display frac-
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tionated REE and trace-element patterns as characterized by en-
richment of LILE and LREE, and pronounced negative HFSE (Nb, 
Ta and Ti) anomalies. These features can be attributed to either 
subduction-related processes or crustal contamination. However, 
the Olondo tholeiitic basalts might not be affected by crustal con-
tamination as mentioned above. It is believed that the enriched 
tholeiites were formed in an arc-related environment, where the 
mantle wedge was metasomatized by slab-derived fluid (dehydra-
tion fluid)/melt (recycled crustal sediment). These enriched tholei-
ites show geochemical characteristics similar to arc tholeiites in 
the Izu-Bonin-Mariana forearc setting (Figs. 5e and 5f). Both show 
negative Nb, Ta and Ti, and positive Th, Zr and Hf anomalies in 
the spidergrams. The distinctive enrichment of Zr is not common 
in typical arc-related volcanics, but has been recognized in several 
boninites (Murton et al., 1992). Such an enrichment is similar to 
IBM boninite, which originated from melt in mantle wedge meta-
somatized by dehydration fluid and/or melt of recycled continental 
sediment at the stage of subduction initiation. In the Th/Yb vs. 
Nb/Yb diagram (Fig. 8), the Olondo enriched tholeiites deviate from 
the MORB-OIB array with Th enrichment, towards the SSZ field 
with 3–4% addition of subduction component.

5.2.5. Petrogenetic link between mafic komatiitic-tholeiitic basalts and 
ultramafic residual dunites

It is challenging to put forward whether OGB komatiitic-
tholeiitic basalts and residual dunites have a petrogenetic link 
because the dunite bodies display a clear tectonic contact with the 
country rocks in the field as previously mentioned. Geochemically 
part of residual lithospheric mantle represented by the OGB Nb-
depleted dunites were metasomatized by dehydration fluid/melt of 
recycled continental sediment in a subduction zone, whereas other 
part as the OGB Nb-undepleted dunites were percolated by basaltic 
melt from the asthenosphere underneath. The former might be 
residual mantle after extraction of enriched tholeiites in the man-
tle wedge, similar to that of modern subduction zones. On the 
other hand, the latter could be metasomatized lithospheric mantle 
by filtration of plume-related komatiitic basalts and/or chondritic 
tholeiites because neither depleted tholeiitic melt could re-enrich 
its LILE and LREE contents, nor it could be mantle source of ko-
matiitic basalts and chondritic tholeiites.

5.3. Geodynamic implication

The formation of the OGB remains controversial as in the case 
of other Archean greenstone belts worldwide. Several models have 
been proposed for the OGB as mentioned above. From the most 
updated data Puchtel (2004) suggested that OGB could be one of 
the oldest ophiolitic sequences. Ophiolites are fragments of the 
upper mantle and oceanic crust (Dewey and Bird, 1971; Cole-
man, 1977) that were incorporated into continental margins during 
continent-continent and arc-continent collisions (Dilek and Flower, 
2003), ridge-trench interactions (Lagabrielle et al., 2000), and/or 
subduction-accretion events (Cawood et al., 2009). They are direct 
witnesses of the forces involved in plate tectonics. Whether the 
OGB represents ophiolites has become a critical argument if plate 
tectonics was in operation at ∼ 3 Ga when the OGB formed. Con-
sidering its abundance (30–40 vol.%) of a great diversity of mafic-
ultramafic rocks and volcanic-sedimentary rocks of intermediate 
and felsic compositions, it is highly possible that the OGB might 
be the Archean analog as the modern ophiolites, even though it 
may not be a complete ophiolite suite due to lack of key compo-
nents such as sheeted dykes, but pillow-like structure might still 
be preserved (Fig. 2b).

The “arc signature” with Nb depletion in Archean tholeiites has 
been shown in many studies and could indicate presence of the 
subduction environment during the Archean time (Polat and Ker-
rich, 2000; Polat et al., 2002; Dey et al., 2018; Sotiriou et al., 
11
2022). However, it is not always accepted as convincing evidence 
for subduction because these rocks are sensitive to crustal contam-
ination under a high geothermal condition, thus conclusion that 
no subduction took place in the Archean had been proposed (e.g., 
Barley, 1986; Barnes and Arndt, 2019). In contrast, Nb depletion 
was observed in both OGB dunites and enriched tholeiites in this 
study. Even though it might not be convincing enough that the 
OGB enriched tholeiites are free of crustal contamination, nor they 
formed from melting of fertile or enriched mantle, mafic under-
plate or lowermost felsic crust. However, it is unlikely for the OGB 
dunites, representing exposed residual lithospheric mantle, to be 
affected by crustal contamination and hence best explained to be 
metasomatized by dehydration fluid/melt of recycled continental 
sediment in the mantle wedge as in modern subduction zones. 
As a result, from the mantle perspective the OGB is most likely 
the Archean analog to modern SSZ ophiolites, which was also pro-
posed by Puchtel (2004). Thus, it is evident that the subduction 
was in operation in the Mesoarchean time.

The overall geochemical characteristics of the OGB ultramafic-
mafic rocks indicate their petrogenesis requires tectonic settings 
similar to modern subduction zone, more specifically at subduc-
tion initiation stage for dunites and enriched tholeiites; mid-ocean 
ridge for depleted tholeiites; and mantle plume for komatiitic 
basalts and chondritic tholeiites. A novel hypothesis that the im-
pingement of a mantle plume head on the base of the lithosphere 
can cause a new subduction zone to form is recently proposed 
plume-induced subduction initiation (PISI; Whattam and Stern, 
2015 and references therein). Gerya et al. (2015) further proposed 
that formation of a new subduction zone as a result of plume-
lithosphere interaction can address the earliest subduction and the 
beginning of plate tectonics on Earth. The OGB ultramafic-mafic 
rocks could be a record to witness such plume-induced subduc-
tion initiation processes in the Mesoarchean time. Proposed tec-
tonic settings for the OGB ultramafic-mafic rocks to fit the PISI 
scenario are illustrated in the schematic model (Fig. 9). Numerical 
modeling shows that for newly-formed continental lithosphere on 
the early Earth, plume material penetrated through this overlying 
lithosphere causing rupture in the crust. Subsequent subduction 
initiation and lithosphere sinking all take only a few million years 
(Cloetingh et al., 2021). Such short time span indicates different 
types of magmas associated with mantle plume, crustal rupture 
(mid-ocean ridge) and subduction initiation could be generated 
within few million years. This could explain whole-rock Sm-Nd 
isochron ages (2973 ± 48 and 3003 ± 117 Ma; Puchtel and Zhu-
ravlev, 1993) of the OGB mafic rocks are similar to Os TMA model 
age of 2959 to 3020 Ma of the OGB dunites, both are around 3 Ga. 
At that time a proposed mantle plume that ruptured the Olekma 
TTG complex in the continental crust to generate the OGB komati-
itic basalt via melting at a deeper depth and chondritic tholeiites 
via melting at a shallower depth (➀➁ in Fig. 9). These two mag-
mas also metasomatized residual lithospheric mantle to form the 
OGB Nb-undepleted dunites on the way to surface (➂ in Fig. 9). 
The rupture of continental crust induced mid-ocean ridge-like set-
ting to generate oceanic crust represented by the OGB depleted 
tholeiites (➃ in Fig. 9), and the residual lithospheric mantle men-
tioned above. Subsequent subduction initiation provided dehydra-
tion fluid and/or melt of recycled continental sediment to meta-
somatize mantle wedge to generate boninite-like OGB enriched 
tholeiites (➄ in Fig. 9), and its residual lithospheric mantle rep-
resenting by the OGB Nb-depleted dunites (➅ in Fig. 9).

6. Conclusions

(1) The OGB Nb-depleted dunites, representing exposed ancient 
residual lithospheric mantle, were metasomatized by dehydration 
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Fig. 9. Schematic model showing genesis of residue dunites and komatiitic-tholeiitic basalts in a plume-induced subduction initiation (PISI) setting. A proposed mantle plume 
penetrated the existing Olekma continental block to rupture it then generate oceanic crust and initiate subduction subsequently.
fluid/melt of recycled continental sediment in the mantle wedge 
as in modern subduction zones.

(2) The Os model ages of the residue dunites are estimated to 
be around 3 Ga, the same age as the OGB formation, which is de-
termined by U-Pb dating of zircons from the felsic meta-volcanic 
rocks.

(3) The overall geochemical characteristics of the OGB ultra-
mafic-mafic rocks indicate their petrogenesis requires tectonic set-
tings such as the subduction zone, more specifically at subduc-
tion initiation stage for dunites and enriched tholeiites; mid-ocean 
ridge for depleted tholeiites; and mantle plume for komatiitic 
basalts and chondritic tholeiites.

(4) The OGB ultramafic-mafic rocks could be a record to wit-
ness plume-induced subduction initiation processes such as mantle 
plume, sea-floor spreading and subduction were in operation in 
the Mesoarchean time.
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