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Abstract 

Thermal history of the Earth is the one of most important issues in geoscience. Assessing how hot the 

early Earth was compared to the present Earth and identifying the timing and mechanisms behind these 

temperature shifts are critical for understanding Earth's thermal history. The mantle transfers heat to the 

surface by convection, which affects to plate tectonics and in turn, plate tectonics affects the thermal 

state of the mantle. Plate tectonics is the unique feature of the Earth in the solar system. Nevertheless, 

understanding the geodynamics of the early Earth remains a central, unsolved problem (e.g., Korenaga, 

2013; Palin et al., 2020). Understanding of the geological evolution of the lithosphere and the processes 

behind plate tectonics requires knowledge of the structure, composition, and secular evolution of the 

lithosphere (e.g., Walter, 2014). 

This study delves into the heterogeneity and diversity of lithospheric mantle from different 

geological setting or ages, to understand the importance and difference of mantle processes such as 

partial melting, metasomatism, melt-rock reaction, fluids, and recycling. The investigation focuses on 

abyssal peridotites from mid-ocean ridges, ultra-depleted peridotites from supra-subduction zone 

ophiolites, and Archean ultramafic rocks from Greenland. Abyssal peridotites are best understood 

through the data accumulation of large numbers of scientific cruises, which facilitates statistical 

evaluation of the contributions of mantle processes (Warren, 2016). Ultra-depleted mantle peridotites 

from supra-subduction zone ophiolites represent endmembers of the oceanic lithosphere. Their 

formation processes are not well understood, but they are important for understanding the mantle 

conditions during the subduction initiation. The Archean ultramafic rocks in Greenland prompt an 

examination of their formation dynamics, yet the cumulative origin vs. residual origin remains unsolved. 

This research contributes to a nuanced understanding of mantle evolution by scrutinizing diverse rock 

samples and their geological contexts. 

 Chapter 2 studied abyssal peridotites that come from the Earth's mantle, beneath the oceanic 

crust. They are exposed on the seafloor near mid-ocean ridges, the sites at which new oceanic crust 

forms by melting the mantle below. A large database of chemical analyses of clinopyroxenes from these 

abyssal peridotites was analyzed using multivariate statistical methods to understand what controls their 

chemical composition. The results simplify the complex chemical variations in these clinopyroxenes to 

just two main variables. The first group (85% of the clinopyroxene database) can be explained by 

forming in mantle rocks that melted by varying degrees during the melting process that leads to the 

formation of oceanic crust. The second group (15% of the clinopyroxene database) cannot be explained 

by simple melting processes. Instead, these mantle rocks were first partially melted, and then reacted 

with melts that originated deeper in the mantle and passed through them. All clinopyroxene groups are 

present in most mid-ocean ridges, showing that the composition of abyssal peridotites is variable even 

on each ridge. 



 

Chapter 3 studied mineral major and trace element compositions of ultra-depleted peridotites 

from the Kamuikotan zone, Japan to elucidate mantle process and the role of water in the mantle during 

subduction initiation. Geochemical models were then generated to constrain the melting conditions and 

their relation to boninitic melts. The peridotites are characterized by minerals with high Mg/Fe and Cr/Al 

ratios, and olivine and orthopyroxene with low Ti and Y contents. The mineral compositions suggest 

that these peridotites are among the most depleted peridotites on Earth. Orthopyroxene compositions 

characterized by Zr and Sr enrichments relative to Ti and Y depletion cannot be solely explained by 

melt extraction from typical mantle compositions. Modeling of influx melting reproduces orthopyroxene 

trace element compositions of ultra-depleted harzburgites formed after high degrees (>30%) of slab-

fluid influx melting at a low influx rate and melt fraction. The instantaneous fractional melts equilibrated 

with residues produced by the melting model and the melts, which equilibrated with amphiboles have 

similar trace elements patterns as boninites. However, the instantaneous fractional melts have low trace 

element abundances indicating that ultra-depleted harzburgites are residues after extraction of refractory 

melts. Boninites are probably accumulated melts formed during the melting processes, or fractionated 

melt from the instantaneous fractional melts. High temperatures and continuous fluid supply are key to 

the formation of ultra-depleted peridotites and boninites during subduction initiation. 

Chapter 4 and 5 studied numerous ultramafic rocks occurring as lens-shaped bodies in the 

Archean continental crust from southern West Greenland. As some of the oldest exposed ultramafic 

bodies, determining their origin, as mantle segments or magmatic cumulates, is an important yet 

controversial issue. The origin of these Archean ultramafic rocks remains unclear, in-part because these 

rocks have undergone metasomatic modification since their formation, yet the effects of this 

metasomatism have so far not been assessed in detail, despite being crucial for understanding their 

geochemical evolution. Petrology, mineral and whole-rock chemistry of the largest ultramafic body 

located within the Mesoarchean Akia terrane, known as the Ulamertoq and Ujaragssuit Nunât layered 

ultramafic body, were examined to elucidate the poly-metamorphic and metasomatic events that 

overprinted the protolith and origin of the rocks. Pronounced lithologic zoning from hydrous mineral-

rich layers to orthopyroxene-rich ultramafic rocks at the boundaries between ultramafic rocks and the 

granitoid country rocks was formed locally by metasomatic reactions related to the granitoids. The main 

body of ultramafic rocks away from the contacts, the fine-grained orthopyroxene aggregates and large 

poikilitic orthopyroxenes have low Cr2O3 and CaO contents, suggesting a secondary origin. Lithological 

and compositional variations represent differences in the proportions of metasomatic orthopyroxene 

and/or amphibole and phlogopite added to a cumulative dunitic protolith. This petrological work 

demonstrates that it is important to consider the effects of multi-stage metasomatism and metamorphism 

in order to elucidate the origin of the Archean ultramafic rocks in Greenland and elsewhere. We then 

studied the Ujaragssuit Nunât layered ultramafic body from southern West Greenland, which contains 

some of Earth’s oldest chromitites, and collated large chromitite dataset to investigate their parental 

magma compositions and tectonic settings. Spinel major and trace elements and whole-rock platinum 



 

group element (PGE) compositions in the Ujaragssuit samples were altered by metamorphic and 

metasomatic events, overprinting the primary igneous compositions in most ultramafic rocks except for 

massive chromitites. Both Ujaragssuit massive chromitites and other Archean to Proterozoic layered 

intrusion chromitites show high Cr# and Ti/V ratio in spinel, and high whole-rock Ir contents. These 

features are consistent with komatiitic parental magmas and indicate their formation in plume settings. 

Geochemical links between layered intrusions, komatiites, TTG, and depleted cratonic mantle 

peridotites indicate that komatiitic magma played an important role in the formation of cratons and 

layered intrusions represent a missing complement to depleted cratonic mantle. 
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1 

Chapter 1 

1 Background and motivation 

1.1 Thermal state of the Earth’s mantle 

Thermal history of the Earth is the one of most important issues in geoscience (Cawood et al., 2022; 

Herzberg et al., 2010; Korenaga, 2013; Ozawa and Nagahara, 2013). Assessing how hot the early Earth 

was compared to the present Earth and identifying the timing and mechanisms behind these temperature 

shifts are critical for understanding the evolution of the Earth.  

The Earth’s mantle is the largest layer of the Earth and is 2900 km thick, accounting for about 

82% of the volume and 65% of the mass. It constitutes most of the silicate part of the Earth from the 

base of the crust (0.6 % of the silicate mass) to the top of the metallic core (Helffrich and Wood, 2001). 

The mantle transfers heat to the surface by convection and plays an important role for the thermal history 

of the Earth (e.g., Korenaga, 2013). Thermal evolution models for the Earth’s mantle depend on the 

balance between heat production by radiogenic elements in the mantle and surface heat loss by mantle 

convection. The thermal state can be estimated by combining petrological and geophysical approaches. 

From a geophysical perspective, it is possible to estimate the thermal history of the Earth, 

encompassing factors such as temperature, pressure, and chemical composition (Korenaga, 2013). The 

amount of internal heating is often expressed in terms of its relative contribution to the mantle heat flux 

as Ur(t) ≡ H(t)/Q(t), which is termed the convective Urey ratio. H is internal heating by radioactive 

elements, Q is surface heat loss by mantle convection, and t is the time of interest. Combining 

petrological and geophysical data, the present-day Urey ratio was estimated to be 0.23 to 0.38 and a 

thermal maximum at 2.5–3.0 Ga (Herzberg et al., 2010). The early Earth’s mantle was hotter; therefore, 

the heat flux was greater than the present. 

Petrological estimates of Earth's thermal history are based on information from rocks formed in 

Earth's crust and mantle, or from extraterrestrial materials that have become Earth's parent material. 

Magma compositions provide information on the mantle potential temperature and temperature-pressure 

information from metamorphic rocks, and mantle rocks provide geothermal gradients (Boyd, 1973; 

Brown and Johnson, 2018; Herzberg et al., 2010; Kimura et al., 2017; Mckenzie and Bickle, 1988; Palin 

et al., 2020). 
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Herzberg et al. (2010) estimated and compared mantle potential temperatures from non-arc 

basaltic magmas. They found mantle temperatures of 1500–1600 °C (mantle potential temperature) at 

2.5–3 Ga. This suggests that the mantle potential temperature of the early Earth was higher than that of 

the modern mantle, which is 1350 ± 50 °C for mid-ocean ridges (Langmuir et al., 1992). Komatiites, 

which are formed by high degrees of partial melting, are rare but observed in the Precambrian geologic 

units. In contrast, there is only one record of komatiite occurrence in the Phanerozoic period. This 

temporal distribution provides evidence in support of the concept of a hotter early Earth (e.g., Waterton 

and Arndt, 2024). Komiya et al. (2004, 1999) also estimated the mantle potential temperature from the 

pillow basalts associated with the accretionary complex from the Archean geological belt. They 

proposed that plate tectonics was in operation in the Eoarchean and estimated the mantle potential 

temperature to be about 1480 °C. However, the onset of plate tectonics remains a subject of ongoing 

debate, and there is controversy surrounding the geological setting of the studied area (e.g., Webb et al., 

2020). 

Ophiolites are a suite of temporally and spatially associated ultramafic, mafic, and felsic rocks 

that represent a portion of the oceanic crust and lithosphere (e.g., Dilek and Furnes, 2014; Furnes et al., 

2014). Their temporal distributions show several restricted periods with increased occurrence, referred 

to as “ophiolite pulses”. These pulses occur in the late Neoproterozoic, Cambrian-Ordovician, and 

Jurassic-Cretaceous times (e.g., Vaughan and Scarrow, 2003). Therefore, they can be an indication of 

the thermal state and its temporal change, Kimura et al. (2020) estimated the thermal state of the upper 

mantle to be about 1350 ± 40 °C from ultramafic dikes within the Cambrian-Ordovician ophiolite, which 

is similar to that of the present mid-ocean ridge mantle. However, it should be noted that the formation 

processes and compositions of ophiolites are diverse, as they are a reflection of the different formation 

environments (Dilek and Furnes, 2014; Pearce, 2014). 

Craton is the oldest parts of the continents, which have been long-lived since their formation in 

the Archean (e.g., Pearson et al., 2021). The formation of cratons suggests the presence of a cooler early 

mantle lithosphere, despite the higher temperatures on early Earth. The geothermal gradient observed 

within Archean cratons appears to be comparable to present cratons. This observation is reinforced by 

pressure and temperature estimates derived from xenoliths and diamond inclusions, which align closely 

with the modern cratonic geotherms (e.g., Boyd et al., 1985). However, diamond stabilizes below -

1250 °C at a depth of 150 km, which is insufficient for the hotter Archean mantle condition (Ballard and 

Pollack, 1988; Hoare et al., 2022). The new geothermal gradient model of Hoare et al. (2022) considers 

such time-corrected heat production and suggests that the craton was thicker, and the lithosphere-

asthenosphere boundary reached up to ~350 km if the mantle potential temperature was 1350 °C in the 

Archean and the lithosphere has been eroded since then. 

The mantle transfers heat to the surface by convection, which affects to plate tectonics, in turn, 

plate tectonics affects the thermal state of the mantle, resulting in different conditions in each geological 

setting. 
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1.2 Composition of the lithospheric mantle 

Plate tectonics is characterized by the subduction of oceanic lithosphere and the unique feature of the 

Earth in the present solar system (Korenaga, 2020). Nevertheless, understanding the geodynamics of the 

early Earth remains a central, unsolved issue (e.g., Korenaga, 2013; Palin et al., 2020). Understanding 

of the geological evolution of the lithosphere and the processes behind plate tectonics are therefore 

crucial. It requires knowledge of the structure, composition, and secular evolution of the lithosphere  

(e.g., Akizawa, 2023; Walter, 2014). 

Mantle-derived rocks occur at the surface, either as tectonic fragments or as xenoliths 

transported upward by magmatic processes (Bodinier and Godard, 2014; Pearson et al., 2014; Pearson 

and Nowell, 2002). These rocks are predominantly peridotite and minor portion of eclogite and 

pyroxenite and variation in mineralogic and chemical composition provide an important constraint on 

the upper mantle process and condition. Mineralogical and major element variations in mantle 

peridotites provide strong evidence that melt extraction played a predominant role in the origin of mantle 

lithosphere of all ages and provenances (Walter, 2014). Modeled peridotite composition at upper most 

mantle conditions are lherzolite, which contain olivine (50–60 modal %), orthopyroxene and 

clinopyroxene (30–40 %) and pressure-dependent aluminous mineral (plagioclase, spinel, and garnet) 

constituting the reminder (e.g., Workman and Hart, 2005). The natural samples generally show 

compositional differences between samples of the Archean cratonic mantle, younger off-cratonic 

subcontinental mantle, and modern oceanic mantle. Despite the modeled homogeneous composition and 

a general trend of depletion with age, the mantle rocks exhibit diverse mineralogical and chemical 

compositions, demonstrating the heterogeneity of the Earth's mantle (Hofmann, 2014; Walter, 2014; 

Warren, 2016).  

Oceanic mantle is one of the most well understood regions, oceanic mantle has diversity in 

terms of trace and isotopic compositions as well as major compositions and mineral assemblages 

(Hofmann, 2014). The study on volcanic rocks demonstrated that the isotopic and trace element 

chemistry of oceanic basalts indicates that the mantle contains several isotopically and chemically 

distinct components, reflecting its evolution. This evolution resulted from several factors, including 

depletion of trace elements during partial melting, possible replenishment from the deeper, less depleted 

regions, and recycling of oceanic crust and lithosphere. Therefore, understanding the compositional 

heterogeneity and diversity of peridotites is important direct information for understanding mantle 

processes and conditions in different geodynamic setting and for estimating the thermal state of the 

present to early Earth’s mantle. 
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1.3 Overview of this thesis 

1.3.1 Motivation and objective 

The mantle heterogeneity is the results of the complex mantle processes. Partial melting is the primary 

control of the depletion of mantle peridotites (Walter, 2014), but the differences in melting conditions 

such as pressure, temperature, and the presence or absence of volatiles changes chemical and physical 

properties of mantle rocks (e.g., Asimow et al., 2004). Other mantle processes such as metasomatism, 

refertilization, melt-rock reaction, and recycling of older crustal/lithospheric material contribute to the 

heterogeneity. 

There is a general trend of depletion through ages that Archean cratonic mantle is more depleted 

than present oceanic lithospheric mantle. However, several ultra-depleted peridotites as modern mantle 

fragments and fertile Archean peridotites have been observed. Therefore, the contribution of mantle 

processes such as partial melting, metasomatism, melt-rock reaction, role of volatiles, and recycled 

material should be carefully investigated for a better understanding the evolution of the Earth’s mantle. 

To investigate the to the compositional variations resulting from mantle processes in different settings 

and ages, I studied abyssal peridotites (Nishio et al., 2022a), ultra-depleted peridotites from supra-

subduction zone ophiolites (Nishio et al., 2023), and the Archean ultramafic rocks from southern West 

(SW) Greenland (Nishio et al., 2022b).  

Abyssal peridotites represent the oceanic mantle beneath the mid-ocean ridges, which is the best 

understood region, and the conditions and processes in the mid-ocean ridge mantle have been studied in 

detail (e.g., Niu, 2004; Warren, 2016). Therefore, the large database and knowledge of abyssal 

peridotites allow us to conduct statistical evaluations on the importance of the variable mantle processes, 

i.e. partial melting, melt-rock reaction, metasomatism and/or recycled materials, that are responsible for 

the diversity and heterogeneity. 

Ultra-depleted mantle peridotites from supra-subduction zone ophiolites represent the 

endmember of the oceanic mantle (e.g., Barrett et al., 2022). These peridotites are thought to have 

formed under hydrous conditions during the early stages of oceanic plate subduction. However, their 

formation process and the generality of these rocks are not well constrained. Furthermore, since these 

peridotites are depleted to the same extent as cratonic mantle peridotites, it is an important indicator for 

evaluating the necessity of modern subduction in the formation of the cratonic mantle. I studied the 

formation process to understand the role of water and temperature-pressure conditions. 

The Archean ultramafic rocks in SW Greenland are depleted, but some are fertile. There is 

ongoing debate as to whether they formed as cumulative peridotites or residual mantle peridotites, and 

about the geodynamics of the formation. My study is on the causes of the origin and the diversity of 

these Archean ultramafic rocks to understand the early Earth’s geodynamics. 
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1.3.2 Thesis structure 

The following body of this thesis is divided up into five chapters. Chapter 2, 3, 4, and 5 have been 

individually published or prepared for submission. Each chapter contains its own introduction, result, 

discussion, and conclusion. In chapter 6, I summarize these works and provide future perspectives. 

Chapter 2 is a study of trace element variations in clinopyroxene from abyssal peridotites using 

the multivariate statistical analysis and geochemical modeling. This chapter has been published in 

Geochemistry, Geophysics, Geosystems as Ikuya Nishio, Keita Itano, Pedro Waterton, Akihiro Tamura, 

Kristoffer Szilas, and Tomoaki Morishita (2022) “Compositional Data Analysis (CoDA) of 

Clinopyroxene From Abyssal Peridotites”.  

Chapter 3 is a study of the formation process of ultra-depleted peridotite at subduction initiation. 

This chapter has been published in Journal of Geophysical Research: Solid Earth as Ikuya Nishio, 

Tomoaki Morishita, Akihiro Tamura, Keita Itano, Shun Takamizawa, Yuji Ichiyama, Shoji Arai, 

Natasha Barrett, and Kristoffer Szilas (2023) “Formation of Ultra-Depleted Mantle Peridotites and Their 

Relationship With Boninitic Melts: An Example From the Kamuikotan Unit, Hokkaido, Japan”. 

Chapter 4 is a study of the complex metasomatic modification of the Archean ultramafic 

cumulates focusing on silicate mineral chemistry. This chapter has been published in Journal of 

Petrology as Ikuya Nishio, Tomoaki Morishita, Keita Itano, Juan Miguel Guotana, Akihiro Tamura, 

Kristoffer Szilas, Yumiko Harigane, Kenichiro Tani, and D. Graham Pearson (2022) “Metasomatic 

Modification of the Mesoarchean Ulamertoq Ultramafic Body, Southern West Greenland”. 

Chapter 5 is a study of the Archean layered intrusion focusing on spinel chemistry. This chapter 

is intended for publication to international journals as Ikuya Nishio, Tomoaki Morishita, Pedro Waterton, 

Akihiro Tamura, Keita Itano, Simon Hansen Serre, Jane Lund Plesner, Kanta Takahashi, Ken Tani, 

Yumiko Harigane, Hikaru Sawada, and Kristoffer Szilas “Komatiitic layered intrusions as a missing 

complement to depleted cratonic mantle”. 
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Chapter 2 

2 Trace element variations in clinopyroxene from abyssal 

peridotites: Insights from multivariate statistical 

analyses 

 

2.1 Introduction 

Mid-ocean ridges are the largest mountain chain and the most active system of volcanoes in the solar 

system and are products of the separation and spreading of tectonic plates, playing a significant role in 

the Earth's system (Searle, 2013). The system wraps around the globe and spans about 65000 km length.  

Mantle upwelling beneath ocean ridges results in adiabatic decompression melting, producing 

oceanic lithosphere. Mid-ocean ridges are a major source of crust-mantle differentiation on Earth, 

through the processes of partial melting, melt transport and reaction, and fractional crystallization in the 

crust and uppermost mantle (Kelemen et al., 1997). Abyssal peridotites provide direct samples of 

oceanic upper mantle and are important for understanding mantle chemistry and how oceanic lithosphere 

develops (Bonatti, 1968; Dick, 1989; Niu, 2004). 

Partial melting of the upper mantle beneath mid-ocean ridges depends on the chemical 

composition of the mantle, including water content, and the potential temperature (Asimow et al., 2004). 

Partial melt forms at grain boundaries and begins to move when they are connected, resulting in the 

separation of melt and solid phases (Toramaru and Fujii, 1986). The degree of mantle depletion 

generally increases with decreasing depth due to greater decompression melting toward the top of the 

triangular melting region (Langmuir and Forsyth, 2007).  

Residual peridotites formed by this decompression melting may react with upwelling melts, 

forming olivine at the expense of pyroxenes and producing dunite channels (Kelemen et al., 1995). Rare-

Earth element (REE) abundances in clinopyroxenes have been used to estimate the degree and 

conditions of partial melting and reactions with melts (Johnson et al., 1990; le Roux et al., 2014). Despite 

these advances, and the existence of large databases of clinopyroxene chemistry (Warren, 2016), 
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systematic, statistically rigorous analyses of clinopyroxene compositional variation have not yet been 

attempted.  

Data analysis using statistical and machine learning methods has recently been applied to the 

Earth sciences, showing great promise in classifications of geochemical data (Itano et al., 2020; Iwamori 

et al., 2017; Jorgenson et al., 2022; Lawley, 2016; Lawley et al., 2022; Stracke et al., 2022; Ueki et al., 

2018; Yoshida et al., 2018). However, its application to ultramafic rocks is relatively rare (Lawley et al., 

2020b, 2018; Qin et al., 2022). We present compositional data analysis (CoDA) including PCA and k-

means clustering on a large database of abyssal peridotite clinopyroxene compositions and combine this 

with a series of melting models, to better understand clinopyroxene compositional systematics in abyssal 

peridotites. 

2.2 Methods and data 

2.2.1 Trace element compositions of clinopyroxene from residual abyssal peridotites 

We collated mineral chemistry data (n = 1162; Supplementary Figure A1 and the database is available 

(https://doi.org/10.5281/zenodo.6791966) in additional supporting information) from abyssal 

peridotites, combining the data set of Warren (2016) with recent data (Birner et al., 2021, 2018; Frisby 

et al., 2016; Grambling et al., 2022; Harigane et al., 2022, 2016; Hesse et al., 2015; Li et al., 2017; Seyler 

and Brunelli, 2018; Silantyev et al., 2015, 2011; Urann et al., 2020; Wang et al., 2019). The database 

includes mineral chemistry from residual spinel-bearing harzburgite, lherzolite, and unclassified 

peridotite. Plagioclase-bearing peridotites and gabbro/pyroxenite/dunite vein-bearing peridotites were 

excluded on the basis that they likely underwent metasomatic modification due to melt infiltration (e.g., 

Akizawa et al., 2020; Morishita et al., 2007; Tamura et al., 2008). The database was screened to include 

only samples with clinopyroxene trace element data for the elements, Ce, Nd, Sm, Eu, Dy, Er, Yb, Ti, 

Sr, and Zr because CoDA cannot be performed on a data set with missing values. Where Ti (ppm) values 

were missing, TiO2 (wt.%) was converted to Ti ppm and used in its place.  

This screening results in a data set of 267 samples (Figure 1). Of these 100 clinopyroxenes are 

from lherzolites, 114 are from harzburgites, and 53 are from peridotites for which lithology was not 

described. The majority of clinopyroxenes (68%) are from the Southwest Indian Ridge (SWIR; n = 124) 

and Mid-Atlantic Ridge (MAR; n = 57), with additional data from the American-Antarctic Ridge (AAR; 

n = 9), Central Indian Ridge/Carlsberg Ridge (CIR; n = 18), East Pacific Rise (EPR; n = 8), Gakkel 

Ridge (GAK; n = 25), and Lena Trough (LT; n = 25) (Figure 2). 

https://doi.org/10.5281/zenodo.6791966
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Figure 1: Global distribution of screened residual abyssal peridotites (n = 267). Ridge abbreviations 
are American-Antarctic Ridge (AAR), Central Indian Ridge/Carlsberg Ridge (CIR), East Pacific Rise 
(EPR), Mid-Atlantic Ridge (MAR), Gakkel Ridge (GAK), Lena Trough (LT), and Southwest Indian 
Ridge (SWIR). The topographic map is from Amante and Eakins (2009). Global distribution of un-
screened residual abyssal peridotites (n = 1162) is shown in Supplementary Figure A1. 

 
 

Figure 2: Variations in clinopyroxene trace element concentrations (REE, Sr, Zr and Ti) plotted by 
ridge for residual peridotites. All data (n = 267) are in situ analyses of clinopyroxene, normalized to 
primitive mantle (Sun and McDonough, 1989). 
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2.2.2 Compositional data analysis (CoDA) 

Compositional data consist of a matrix of nonnegative, relative values with a constant sum (Aitchison, 

1982; Egozcue et al., 2003; Greenacre, 2018). In the Earth sciences, whole-rock, and mineral chemical 

compositions are compositional data, and relevant for this study. Trace element compositions of 

clinopyroxenes are the parts of compositional data which is called subcomposition. Concentrations of 

various elements within a mineral are dependent on the concentrations of other elements in the mineral 

because the compositional data has a constant sum (i.e., values must sum to 100 wt.%). Therefore, n-

dimensional data (where n = number of elements) are plotted on an n−1 dimensional space, as the 

concentration of one element is not an independent variable, and the potential for pseudo-correlations 

should be considered. 

2.2.2.1 Centered log-ratio transformation 

The filtered abyssal peridotite clinopyroxene trace element data (n = 267) were converted using centered 

log-ratio (CLR) transformation to conduct statistical analysis. Log-transformed ratios are key for the 

compositional and subcompositional data (Aitchison, 1982), as they emphasize relative magnitudes and 

variations in components rather than absolute values.  

The CLR is performed by normalizing (centering) the log-transformed parts for each sample by 

its geometric mean. The log-transformation transforms compositional data (relative values with a 

constant sum) into multi-dimensional real space (Aitchison, 1982; Lawley, 2016), whereas normalizing 

to the geometric mean ensures that higher concentration elements (e.g., Ti in clinopyroxene) are not 

over-emphasized in further statistical analysis.  

Given an element, xi, within a total number of elements, D, geometric mean, g(x), the ith 

centered log-transformed data point zi is calculated as follows: 

𝑧! = ln
𝑥!
𝑔(𝑥)

(1)	

(1) and geometric mean, g(x) is defined as the root of a total number of elements of the product 

of all elements as follows using the same notation as for Equation 1: 

𝑔(𝑥) = 	 +Π!"𝑥!-
#
" =	 .𝑥(𝑒𝑙𝑒𝑚𝑒𝑛𝑡)# × 𝑥$⋯× 𝑥"

! (2) 

2.2.2.2 Principal component analysis 

Principal component analysis (PCA) reduces the dimensionality of a data set while preserving as much 

information as possible (Greenacre, 2018). This is a commonly used method for determining the 

uncorrelated base vectors (i.e., combination of various CLR-transformed elements) that effectively 

account for the data by maximizing the variance along with the principal components. We conducted 

PCA on the log-transformed data to reduce the dimensionality of the data and chose PC1 and PC2 
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because the majority of the data can be described by only these two output vectors (PC1 and PC2) as 

described and discussed below. PCA on log-transformed data allows for identification of different 

groups of clinopyroxene compositions using k-means clustering. As a test for the necessity of 

performing CLR, we also applied PCA to the raw trace element data. This did not provide useful 

principal components as the concentration of Ti dominated the variance.  

2.2.2.3 K-means clustering 

K-means clustering is a classification method that divides multivariate data into a set of subgroups or 

clusters, where k is the number of clusters. Its objective is to minimize the average degree of scatter in 

each cluster, by minimizing the sum of squared distance of each data point from its cluster centers, 

starting from randomly assigned cluster centers. This method is an unsupervised approach solely based 

on a data set, and does not require prior information to identify the clusters.  

We conducted k-means clustering using the PC1 and PC2 values derived from PCA. The 

number of clusters was chosen using the “elbow method”. The variation (sum of squared distance from 

cluster centers) generally decreases as the number of clusters increases. However, there is an inflection 

point at which the rate of decrease in variation falls with increasing clusters—the so-called elbow. For 

our data set, this inflection point corresponds to k = 4 (Supplementary Figure A2), and so four 

clinopyroxene compositional groups are used. The results of k-means clustering are sensitive to the 

random starting assignments, so the process was repeated with 100 different random starting 

assignments. The result with the lowest sum of squared distance was selected to define clinopyroxene 

compositional groups.  

2.2.3 Clinopyroxene trace element modeling 

We modeled clinopyroxene compositions using open-system melting (Ozawa, 2001; Ozawa and 

Shimizu, 1995) to evaluate the multiple factors that can affect their geochemistry ( 

Table 1 and Supplementary Figure A3). The models were used to generate clinopyroxene compositions 

produced by fractional melting, nearly fractional melting, melt extraction followed by melt-rock reaction, 

and melting with a contribution from the garnet-stability field. The starting composition for all models 

was depleted MORB mantle (DMM) (Workman and Hart, 2005). Partition coefficients are from 

Kelemen et al. (2003) and Ozawa (2001) throughout. Melting modes and changes in the proportion of 

constituent phases from garnet-peridotite to spinel-peridotite follow Morishita et al. (2018).  

Melting models applied to abyssal peridotites indicate that abyssal peridotites experience nearly 

fractional melting with low melt fractions retained in the source, rather than pure fractional melting 

(Brunelli et al., 2006; Ozawa, 2001). We modeled melt extraction using a variable retained melt fraction, 
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α, using α = 0.001, 0.005, 0.02 after Brunelli et al. (2006), in addition to one model using α = 0, 

corresponding to pure fractional melting ( 

Table 1).  

Compositions of some abyssal peridotites are also consistent with some melt extraction in 

garnet-field melting prior to spinel-field melting (Hellebrand et al., 2002a). Following this, we modeled 

varying extents of garnet-field melting (0%, 1%, 5%, and 10%) prior to the onset of spinel-field melting.  

We also modeled clinopyroxene compositions in peridotites which both undergo partial melting 

and react with melts, using parameters from Brunelli et al. (2014). We describe these models as melt-

rock interaction models because the inducing melt reacts with the peridotite and causes further melting 

and depletion of the peridotite. We distinguish this from metasomatism (cf. Warren, 2016), because it 

results in a net depletion of fertile components, rather than a net addition of melt components. We 

modeled the reaction of peridotites after varying degrees of melt extraction in the spinel- and garnet-

field with both All-MORB (Gale et al., 2013) and enriched melt compositions (formed by 1% partial 

melting in the garnet stability field). 

 

 
Table 1: Melting conditions for partial melting models and melt-rock reactions models 

Melting Model Model melt fraction (α) spl-field melting 
(up to X%) 

grt-field prior to 
spl-field melting 

model1 fractional melting 0 8 0 
model2 nearly fractional melting 0.001 8 0 
model3 nearly fractional melting 0.005 10 0 
model4 nearly fractional melting 0.02 16 0 
model5 nearly fractional melting 0.001 8 1 
model6 nearly fractional melting 0.02 14 1 
model7 nearly fractional melting 0.001 8 5 
model8 nearly fractional melting 0.02 14 5 
model9 nearly fractional melting 0.001 6 10 
model10 nearly fractional melting 0.02 14 10 

Melt-Rock reaction 
Model Melt Composition Starting material 

Degrees of spl-
melting of starting 

material 

Degrees of grt-
melting of starting 

material 
melt-rock1 All-MORB DMM 0 0 
melt-rock2 All-MORB model2 8 0 
melt-rock3 All-MORB model4 10 0 
melt-rock4 All-MORB model5 8 1 
melt-rock5 Enriched Melt model2 8 0 
melt-rock6 Enriched Melt model4 10 0 
melt-rock7 Enriched Melt model5 8 1 
melt-rock8 Enriched Melt model7 8 5 
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2.3 Results 

2.3.1 PCA & k-means clustering 

84.2% of the variation in the data set is covered by the PC1 (57.9%) and PC2 (26.3%) values (Figure 

3a). High PC1 values are generated primarily by high concentrations of the HREE and Ti, whereas PC1 

generally decreases with increasing Ce, Zr, Nd, and Sr. High PC2 values are generated by high Sr, 

whereas low PC2 values correspond to high MREE (Sm and Eu). Clinopyroxene from harzburgites have 

greater compositional variation than those from lherzolites and peridotites, with higher maximum PC1 

and PC2 values compared to lherzolite and peridotite (Figure 3b).  

Samples from the EPR are characterized by high PC2 values, which are distinctive from other 

ridges (Figure 3c). Clinopyroxenes with high PC1 values (>6) are observed in GAK (D’Errico et al., 

2016) and MAR (Harigane et al., 2016); clinopyroxenes with high PC2 values (>5) are observed in CIR 

(Hellebrand et al., 2002a) and MAR (Seyler et al., 2007). 

Sixty-eight percentage of data are in clusters 2 & 3. Clusters 2 and 3 have similar PC2 values 

but cluster 2 has lower PC1 (Figure 3d). Cluster 1 (17% of data) is low in PC1 with relatively variable 

PC2. Cluster 4 (15% of data) is characterized by high PC2 values. 
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Figure 3: Principal component analysis (PCA) for clinopyroxene trace elements from residual abyssal 
peridotites. (a) Density plot of clinopyroxene PCA data. Remaining figures are PCA binary plots with 
samples grouped by (b) lithology, (c), ridges, and (d) k-means clustering. The ellipses in (b) are 68% 
(∼1σ) confidence intervals. 

 

2.3.2 Correlations between PCA & k-means clustering and clinopyroxene trace element 

compositions 

Clusters 1–3 show similar variations in HREE abundances as shown. For example, by the interquartile 

ranges (IQR) of Yb from clusters 1–3 are between 0.60 and 1.38 ppm. However, they show different 

LREE abundances, demonstrating that LREE variations are the primary driver of variations in PC1 

between clusters 1–3. For example, mean Ce values decrease from cluster 1 (1.08 ppm), to cluster 2 

(0.12 ppm), to cluster 3 (0.02 ppm). Cluster 4 has a similar mean Ce concentration (0.02 ppm) to that of 

cluster 3. However, the mean Sr and Yb in cluster 4, are higher than and lower than that of cluster 3, 

respectively.  
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Correlations between PC1&2 values and clinopyroxene trace elements compositions are shown 

in Ce/Yb ratio and Sr/Nd ratio against PC1 & 2 values plots, respectively (Figure 4). PC1 value shows 

a negative correlation with Ce/Yb ratio (Figure 4a). Ce/Yb ratio falls from cluster 1 to cluster 3 but 

cluster 4 has a similar ratio to cluster 3. PC2 value shows a positive correlation with Sr/Nd ratio (Figure 

4b). Cluster 4 has a high Sr/Nd ratio and PC2 value. Clusters 2 & 3 have similar Sr/Nd ratios and ratios 

are lower than that of cluster 4. Sr/Nd ratio of cluster 1 tends to be between those of cluster 4 and clusters 

2 & 3. Variations in LREE(Ce)/HREE(Yb) ratios, HREE abundances, and Sr anomalies are therefore 

the primary drivers of PC1 and PC2 variation between the various clusters, and the clusters can be 

discriminated on a Sr/Nd against Ce/Yb plot (Figure 4c). 

 

 
Figure 4: Primitive mantle (PM) normalized (Sun and McDonough, 1989) Ce/Yb ratio of 
clinopyroxenes versus PC1 value, (b) PM normalized Sr/Nd ratio of clinopyroxenes versus PC2 value, 
(c) Discrimination diagram for clinopyroxene trace elements compositions. PM normalized Sr/Nd 
ratio versus Ce/Yb ratio of clinopyroxenes from abyssal peridotites. 

 
When plotted on primitive mantle (Sun and McDonough, 1989) normalized trace element 

patterns, clear differences can be seen between the groups defined by PCA and k-means clustering 

(Figure 5). Cluster 1 clinopyroxenes have high LREE/HREE ratios corresponding to flat trace element 

patterns. Cluster 2 has a moderate LREE/HREE ratio and shows more LREE-depleted patterns. Cluster 

3 has a low LREE/HREE ratio and strong negative Zr anomalies. Cluster 4 shows distinctive patterns to 

all the other clusters, with low HREE abundances, positive Sr anomalies, and moderate LREE/HREE 

ratios.  

We are careful to stress here that the variations between the groups are gradational, and the 

boundaries between the groups should not be interpreted as hard boundaries. For example, there are very 

clearly continuous changes between groups 1–3, and a few of the group 1 compositions have high PC2 

values, showing some similarities to group 4. However, the k-means clustering provides an independent 

basis for grouping clinopyroxene compositions from a large, “noisy” data set. These clusters have 

distinct trace element patterns with a good degree of coherence within each cluster (Figure 5), and form 

the basis for further analysis (see Section 2.4).  
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Figure 5: Primitive mantle normalized (Sun and McDonough, 1989) trace element patterns of 
clinopyroxenes in clusters 1–4 (a–d). 
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2.3.3 Modeled clinopyroxene compositions 

Clinopyroxene compositions calculated from the partial melting models were plotted using the principal 

components derived from the natural clinopyroxene data (Figure 6). The modeled compositions 

produced by simple melting models without melt-rock reaction cover a similar area in PC1 and PC2 

space to that of clusters 1–3. Degrees of partial melting positively correlate with PC1, due to the 

association of PC1 with LREE/HREE ratios (Section 2.4.1). Variations in the melt fraction retained in 

the source for near-fractional melting models generate variations in both PC1 and PC2, which increase 

at higher degrees of partial melting. Models with lower retained melt fractions (α = 0, 0.001–0.005) 

show larger changes in PC1 for a given degree of melting, with decreasing PC2 with increasing partial 

melting (Figure 6a). However, PC1 increases less, and PC2 components are more constant with 

increasing degrees of melting when melt fractions are high (α = 0.02). This decrease in PC1 variation 

corresponds to reduced LREE/HREE fractionation when retained melt fractions are high 

(Supplementary Figure A3), as the style of melting modeled tends away from pure fractional melting 

and more toward batch melting.  

Garnet-field melting prior to spinel-field melting increases PC1 at the onset of spinel-field 

melting, but PC2 values are the same as for models without garnet-field melting (Figure 6b). Melt-rock 

interaction models are characterized by high PC2, similar to clinopyroxenes from cluster 4 (Figure 6c 

and 6d). PC1 and PC2 are both higher when the starting materials (peridotites before melt-rock reaction) 

are more depleted. When the same starting material reacts with enriched melt, it generates lower PC1 

and higher PC2 than for reactions with MORB. PC1 and PC2 converge as reactions progress, as the 

reacting melt exerts an increasingly strong control on the modeled clinopyroxene compositions. 
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Figure 6: Principal component plots of modeled clinopyroxene compositions using the principal 
components derived from the natural clinopyroxene data. (a) Modeled clinopyroxene compositions 
obtained by spinel-field melting. Black numbers (e.g., 2%) show the degrees of melting and thick 
numbers show melt fraction α, (b) garnet-field melting prior to spinel-field melting. Thick black 
numbers show the degrees of melting in garnet-field prior to spinel-field, (c) modeled clinopyroxene 
compositions obtained by MORB melt-rock reactions. Starting materials are shown as larger circles, 
and (d) enriched melt-rock reactions. The setting of models is described in  
Table 1. 
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2.3.4 Correlations between clustering and mineral mode and major element compositions  

We investigate whether clusters based on clinopyroxene compositions can be linked to differences in 

the major element and mineralogical composition of their host peridotites. Below, we focus on 

mineralogical and geochemical variables which have been used as indicators of the degree of partial 

melting (Arai, 1994; Hellebrand et al., 2002b, 2001).  

Median modal clinopyroxene contents decrease in clusters 2–4 (Figure 7a). Cluster 4 has 

noticeably lower modal clinopyroxene than the other clusters, with a median value lower than any of 

the first quartiles for other clusters. Cluster 1 shows a wide range of modal clinopyroxene contents, but 

the maximum and third quartile values are higher than those of other clusters.  

Median and quartile values for Na2O in clinopyroxene systematically fall from cluster 1 to 

cluster 4 (Figure 7b). Concurrent with this decrease, the absolute compositional range in each cluster 

also decreases, as shown by falling IQRs.  

Median TiO2 in orthopyroxene also falls from clusters 2–4 (Figure 7c). Similar to modal 

clinopyroxene contents, TiO2 in orthopyroxenes in cluster 1 shows a similar median value to that of 

cluster 2, but has a larger IQR and higher third quartile value.  

Cr# of spinels shows the opposite relationship to the variables considered above, showing a 

systematic increase in median and quartile values from clusters 2–4 (Figure 7d). Cluster 4 has a larger 

IQR compared to other clusters. Cluster 1 has higher median and quartile values than those of cluster 2 

and its IQR is also larger than those of clusters 2 and 3. A traditional Fo# olivine against Cr# of spinel 

plot therefore shows moderate correlations, Fo# and Cr# tend to be higher in cluster 4 followed by 

clusters 3 and 2 (Supplementary Figure A4).  

Because the cluster analysis was performed on PC1 and PC2 data, the systematic variations 

observed in geochemical and mineralogical indicators of melting are linked with correlations between 

PC1, PC2, and these melting indicators. Modal clinopyroxene contents and incompatible elements (TiO2, 

Na2O, Al2O3) tend to show negative correlations with PC1 (Supplementary Figure A5). Spinels Cr# and 

olivine Fo# show positive correlations with PC1, although data for cluster 1 is widely scattered. Al2O3 

contents in orthopyroxene show negative correlations with PC2 components, with cluster 4 showing the 

highest PC2 and lowest Al2O3. 

Yb in clinopyroxene shows a correlation with Cr# of spinel (Figure 8), but Ce in clinopyroxene 

does not correlate with Cr# of spinel (Figure 8b) which are consistent with the results of previous studies 

(Hellebrand et al., 2001; Warren, 2016). As the correlation between clusters and Cr# is shown in Figure 

7d, cluster 4 has high Cr# of spinel and low Yb in clinopyroxene followed by clusters 3 and 2. Cluster 

1 shows variable compositions among the trend. 

Cerium in clinopyroxene against Cr# of spinel plot shows clear compositional differences 

among clusters. Ce in clusters 2&3 clinopyroxenes tend to show a negative correlation with Cr#. 



 
 

20 

Clusters 4 has high Cr# of spinel but Ce in clinopyroxenes are similar to those of cluster 3. Cluster 1 

clinopyroxenes have high Ce abundances but spinels have a large range of Cr#. 

 

 
 

Figure 7: Correlations between clustering and mineral mode and major element compositions. Box 
plots showing variations in (a) Modal clinopyroxene, (b) Na2O in clinopyroxene, (c) TiO2 in 
orthopyroxene, and (d) Cr# of spinels from clusters 1–4. The upper and lower sides of each box 
represent the third and first quartiles of the observed values, with the median value shown as the 
horizontal line dividing the box. The vertical height of the box is the interquartile range (IQR). 
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Figure 8: Correlations between Cr# of spinel and clinopyroxene trace elements compositions from 
clusters 1–4. Cr# of spinel versus (a) primitive mantle normalized (Sun and McDonough, 1989) Yb 
values, (b) PM normalized Ce values, The blue line was obtained by least-squares linear regressions 
(regression parameters shown in the upper right-hand corner). 

 

2.4 Discussion 

To summarize our results, clusters 1–3 (n = 226, 84.6% of the data) show progressive depletions in 

LREE/HREE (increasing PC1; Figure 5), and are associated with progressive decreases in modal 

clinopyroxene abundance, Na2O in clinopyroxene, and TiO2 in orthopyroxene their host peridotites 

(Figure 7). We therefore interpret that peridotites with clinopyroxene from clusters 1–3 are residues 

after partial melt extraction. However, peridotites with clinopyroxene from cluster 4 are the exception 

to a number of these trends. For example, cluster 4 clinopyroxenes show less fractionated LREE/HREE 

(Figure 5) than cluster 3 despite much higher spinel Cr#, lower modal clinopyroxene abundance, Na2O 

in clinopyroxene, and TiO2 in orthopyroxene in their host peridotites (Figure 7). They also have high 

PC2, which is otherwise only observed in our models involving melt-rock interaction (Figure 6c and 

6d). We therefore interpret peridotites with clinopyroxene from cluster 4 to have experienced both 

partial melting and melt-rock interaction.  
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2.4.1 Controls on composition of cluster 1–3 residual peridotites 

A comparison between the modeled clinopyroxene compositions and clinopyroxene clusters 1–3, shows 

that the majority of clinopyroxene compositions can be explained by spinel-field melting with retained 

melt fractions varying between α = 0.001 and α = 0.02 (Figure 6a) (Brunelli et al., 2006). However, 

some cluster 3 clinopyroxenes have particularly high PC1 at moderately high PC2, which may require 

that their host peridotites experienced some partial melt extractions in the garnet stability field. Spinel-

field melting from DMM cannot reach such high PC1 and moderate PC2 without unreasonable amounts 

of melt extraction (F > 16%) because clinopyroxene is exhausted after around 18% melt extraction. 

Cluster 3 clinopyroxenes with the highest PC1 components (>6) were collected from GAK and MAR 

and those show lowest REE abundances with negative Zr anomalies (D’Errico et al., 2016; Harigane et 

al., 2016). We interpret these peridotites as the most depleted residues that only experienced garnet- and 

spinel-field melting and this is consistent with the results of complex geochemical models (Harigane et 

al., 2016).  

In summary, the variations in clinopyroxene composition in clusters 1–3 can be explained by 

differences in the degree of partial melting, the presence or absence of garnet-field melting prior to the 

onset of spinel-field melting, and the retained melt fraction during partial melting, as suggested by 

previous studies (Brunelli et al., 2006; Hellebrand et al., 2002b; Johnson and Dick, 1992; Morishita, 

2015; Warren, 2016).  

Mineral modes and mineral major element compositions show large compositional variations 

within each group (Figure 7), potentially suggesting that they are less sensitive to the degree of partial 

melt extraction and melt fraction compared to clinopyroxene trace elements or affected by different 

processes. However, Na2O contents in clinopyroxenes appear similarly sensitive to the degree of partial 

melt extraction as clinopyroxene trace elements, as median and quantile values decrease in clusters 1–

4.  

2.4.2 Controls on composition cluster 4 depleted peridotites 

Clinopyroxene compositions in cluster 4 are characterized by high PC2 at moderately high PC1, which 

corresponds to high LREE/HREE ratios for their level of HREE depletion, and positive Sr anomalies. 

The only models which produced such high PC2 values were melt-rock interaction models, so we infer 

that cluster 4 peridotites experienced melt-rock interaction.  

A wide range of compositions can be produced by melt-rock reaction models using different 

degrees of melt depletion and different reacting melt compositions (Seyler et al., 2007; Seyler and 

Brunelli, 2018). Melt-rock reaction models between DMM that has not undergone melt extraction and 

MORB, show that it is difficult to reach simultaneously high PC1 and PC2 values without extensive 
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partial melt extraction before melt-rock interaction (Figure 6c). This suggests that cluster 4 

clinopyroxenes may require partial melt extraction prior to melt-rock interaction to explain their 

compositions.  

Differences in depletions and melt compositions are supported by mineral major elements. Cr# 

of spinels and Yb in clinopyroxenes show a negative correlation across all samples (Figure 8a and Figure 

9a) and these elements have been used as indicators for degrees of melting (Hellebrand et al., 2001). 

Na2O contents in clinopyroxenes are relatively constant with increasing spinel Cr# until spinel Cr# = 40 

which supports differences in depletions (Figure 9b). High Cr# (>40) peridotites show various 

clinopyroxene Na2O compositions. Na2O contents in melt are high after low degrees of melting because 

most of the incompatible elements are partitioned into the first small melt fraction (Langmuir and 

Forsyth, 2007; Seyler and Brunelli, 2018). Therefore, wide ranges of Na2O contents support 

requirements of different reacting melt compositions. 

 

 
 

Figure 9: Correlations between Cr# of spinel and clinopyroxene major and trace elements 
compositions from cluster 4. Cr# of spinel versus (a) primitive mantle normalized (Sun and 
McDonough, 1989) Yb values, (b) Na2O. The blue line was obtained by least-squares linear 
regressions (regression parameters shown in the upper right-hand corner). 

 
Cluster 4 clinopyroxenes show positive Sr anomalies which we cannot reproduce in any of 

typical melting models (Figure 10a). One possible explanation arises from the serpentinized nature of 

abyssal peridotites, as serpentinization enriches fluid mobile elements such as Sr and Li (Morishita et 

al., 2009). However, consistent positive Sr anomalies are not observed in any of the other clusters, 
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despite the presence of serpentinized samples in these clusters. Alternatively, clinopyroxene with low 

HREE abundances, positive Sr anomalies and high LREE/ HREE ratios are observed in forearc 

peridotites (Figure 10b) (Birner et al., 2017; Parkinson et al., 1992). Clinopyroxene compositions from 

forearc peridotites from the Izu-Bonin-Mariana (IBM) arc were plotted using the principal components 

derived from the abyssal clinopyroxene data. IBM clinopyroxenes share the characteristics of high PC2 

with cluster 4 (Figure 10c). We therefore speculate that cluster 4 peridotites could be recycled arc mantle 

materials (Bjerga et al., 2022; Urann et al., 2020), interacted with hydrous melts, and/or experienced 

hydrous melting at the mid-ocean ridge. 

 

 
 

Figure 10: Comparisons of primitive mantle-normalized clinopyroxene trace elements compositions 
between (a) cluster 4 abyssal peridotite clinopyroxenes, (b) forearc peridotites from Izu-Bonin-
Mariana arc (Parkinson et al., 1992), and (c) principal component plots of clinopyroxene from Izu-
Bonin-Mariana forearc peridotite using the principal components derived from the abyssal 
clinopyroxene data. 
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2.4.3 Effects of cryptic metasomatism and refertilization 

A potential objection to our interpretation of the cluster 4 clinopyroxene reflecting the effects of melt 

rock reaction is that their elevated Sr contents might reflect “cryptic” plagioclase metasomatism 

(Tamura et al., 2008; Warren and Shimizu, 2010). However, cluster 4 peridotites lack positive Eu 

anomalies which appear inconsistent with cryptic plagioclase metasomatism. To test this, we plotted 

data from metasomatized abyssal rocks including plagioclase impregnated peridotites (Warren, 2016) 

using the principal components derived from the residual abyssal clinopyroxene data. Clinopyroxene 

compositions from plagioclase impregnated peridotites and other metasomatized rocks tend to overlap 

clusters 1 and 2, or even plot outside the PC field defined by residual peridotites. This is largely due to 

their negative Sr anomalies and elevated LREE concentrations.  

Critically, none of the metasomatized peridotite data show elevated PC2 values comparable to 

group 4 clinopyroxenes, in sharp contrast to forearc peridotites (Figure 10c). We therefore conclude that 

an origin as recycled arc mantle materials (Urann et al., 2020), interactions with hydrous melts, and/or 

the presence of hydrous melting at the mid-ocean ridge are the most likely explanations for cluster 4 

clinopyroxenes.  

Cluster 1 peridotites show large variations in mineral major element compositions (Figure 7) 

and Yb in clinopyroxenes negatively correlates with Cr# of spinel (Figure 8a). PC plots of clinopyroxene 

compositions from the metasomatized peridotites overlap cluster 1 clinopyroxenes (Figure 11). This 

large range of compositions and relative depletion of compatible elements suggests a potential role for 

refertilization (Warren, 2016).  

 

 
 

Figure 11: Principal component plots of clinopyroxene from metasomatized abyssal rocks (Warren, 
2016) using the principal components derived from the abyssal clinopyroxene data. 
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2.4.4 Unique characteristics of peridotites from the fast-spreading East Pacific Rise? 

Only depleted peridotites and chromitites have been sampled from the EPR (Arai and Matsukage, 1998; 

Dick and Natland, 1996). The Cr# of spinel from 35 EPR peridotites samples are available in our 

unscreened database (from Terevaka transform fault, Garrett transform fault and Hess Deep) and show 

depleted signatures, with median (Cr# = 52.5) and quartile values are much higher than those from other 

ridges (Figure 12). Furthermore, clinopyroxene from EPR peridotites has consistently high PC2, with 

the majority of samples falling in cluster 4 (Figure 3c). Although cluster 4 clinopyroxenes are observed 

in most ridges despite their different spreading rates (Supplementary Figure A6), the EPR is unusual in 

having such a high proportion of cluster 4 clinopyroxene. The few EPR samples in clusters 1 and 2 may 

reflect issues with separating groups from gradational data by k-means clustering, as these lie close to 

the boundaries between groups 1, 2, and 4.  

Our modeling suggests that EPR clinopyroxene underwent high degrees of partial melting and 

melt-rock interaction as characterized by low HREE abundances and enriched LREE and Sr compared 

to the mantle beneath other ridges. Because amounts of clinopyroxene trace elements data are very 

limited (n = 8, 3% of the data), it remains unclear if these peridotites represent the composition of EPR 

mantle as a whole or an endmember composition of depleted peridotites that experienced melt-rock 

interaction. Further sampling of EPR abyssal peridotites is necessary to resolve the question and 

establish how depleted typical mantle is beneath fast-spreading ridges. 

 

 
 

Figure 12: Boxplot of Cr# of spinel from the unfiltered abyssal peridotites database (n = 1,162). 

 



 
 

27 

2.4.5 Heterogeneous oceanic lithosphere 

Clusters 1–4 are observed in most ridges (Supplementary Figure A6), consistent with compositionally 

heterogeneous abyssal peridotites on each ridge, as suggested in previous studies (Paquet et al., 2022; 

Rampone and Hofmann, 2012; Warren, 2016). The MAR consists of 56.5% (n = 657) of the unfiltered 

data (n = 1162), and has a Cr# range that covers the entire compositional range of other ridges (Cr# = 

10–65) (Figure 12), potentially suggesting that the degree of compositional heterogeneity at ridges other 

than MAR is underestimated due to under sampling. Cluster 4 is not observed in GAK, though 

clinopyroxene-rare, low-HREE, and high LREE/HREE ratio harzburgites which are similar to 

characteristics of cluster 4 and have experienced similar melt-rock interactions are observed (D’Errico 

et al., 2016). Therefore, significant variability exists within each ridge, representing heterogeneities 

controlled by variable retained melt fraction, degree of partial melting, and melt-rock interaction. 

2.5 Conclusion 

We collated large database (n = 1162) of abyssal peridotite compositions and analyzed the 

clinopyroxene trace element data (n = 267) using statistical methods, CoDA and combined open-system 

melting models to investigate clinopyroxene compositional variation in abyssal peridotites.  

Principal component analysis shows that 84.2% of the variation in the data set is covered by the 

PC1 (57.9%) and PC2 (26.3%) values and most abyssal clinopyroxene compositions from abyssal 

peridotites can be explained by the only 2-dimensional information. Ce/Yb ratio and Sr/Nd ratio are 

respectively primary drivers of PC1 and PC2 values. 

K-means clustering using the PC1 and PC2 values classified clinopyroxene compositions into 

four clusters. Clusters 1–3, 84.6% of the data, show progressive depletions in LREE/HREE (increasing 

PC1), and are associated with decreases in modal clinopyroxene abundance, Na2O in clinopyroxene, 

and TiO2 in orthopyroxene and increases in Cr# of spinel their host peridotites. Cluster 4 clinopyroxenes, 

15% of data, show less fractionated LREE/HREE, with low-HREE abundances and positive Sr 

anomalies. Peridotites with cluster 4 clinopyroxenes also show the most depleted signatures in their host 

peridotites, with the lowest modal clinopyroxene contents, Na2O in clinopyroxene, and TiO2 in 

orthopyroxene, and the highest spinel Cr#s.  

We interpret that peridotites with clinopyroxene from clusters 1–3 are residues after partial melt 

extraction. The compositional variations in clusters 1–3 can be explained by differences in the degree 

of partial melting, the presence and/or absence of garnet-field melting prior to the onset of spinel-field 

melting, and the retained melt fraction during partial melting. But cluster 1 peridotites showing large 

variations in mineral major element compositions and Yb in clinopyroxenes negatively correlates with 

Cr# of spinel suggests a potential role for refertilization.  
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Clinopyroxene compositions in cluster 4 cannot be modeled by melt depletion alone and are 

only reconstructed in our models involving melt-rock interaction and suggest that the peridotites with 

clinopyroxene from cluster 4 have experienced both partial melting and melt-rock interaction. Positive 

Sr anomalies shown in cluster 4 clinopyroxenes cannot be reproduced in any of our melt-rock reaction 

models using reactions between variably depleted peridotites and either MORBs or enriched melts. 

However, low HREE abundances, positive Sr anomalies and high LREE/HREE ratios are observed in 

forearc peridotites, where they indicate fluid involvement. We therefore speculate that cluster 4 

peridotites could be recycled arc mantle materials that interacted with hydrous melts, and/or experienced 

hydrous melting at the mid-ocean ridge.  

Although clinopyroxene trace element data for East Pacific Rise samples are very limited (n = 

8, 3% of the data), the majority of these peridotites contain cluster 4 clinopyroxene and show high Cr# 

of spinel (median = 52.5). The limited data availability means that it remains unclear if entire EPR 

mantle underwent similar depletion and melt-rock interaction or if this represents an endmember 

composition.  

Cluster 1–4 clinopyroxenes are observed in most ridges, indicating significant compositional 

heterogeneity in abyssal peridotites on each ridge. Samples from the MAR comprise the majority of our 

data, and this ridge shows the greatest variability in Cr#, covering the entire compositional range of 

other ridges (Cr# = 10–65). This suggests that the degree of compositional heterogeneity at other ridges 

may be underestimated due to under sampling. The significant compositional variability within each 

ridge likely represents variations in the degree of partial melting, amount of garnet-field melting, 

retained melt fraction, and melt-rock interaction. 

  



 
 

29 

  



 
 

30 

Chapter 3 

3 Formation of ultra-depleted mantle peridotites and their 

relationship with boninitic melts: an example from the 

Kamuikotan unit, Hokkaido, Japan 

 

3.1 Introduction 

Ultra-depleted peridotites, which refer to peridotites that have undergone high degrees of partial melting, 

are an important end-member component of Earth’s mantle (Xu et al., 2021). Due to their refractory 

physiochemical characteristics, ultra-depleted peridotites have the potential to contribute to continent 

stabilization (Scott et al., 2019), lithospheric mantle processes during subduction initiation (Parkinson 

and Pearce, 1998) and craton formation (Pearson et al., 2021). The formation of ultra-depleted 

peridotites may play an important role in oceanic crust formation during the early stages of the 

subduction zone development. However, this mechanistic link between subduction initiation has mainly 

been reconstructed by studies on volcanic rocks, i.e., tholeiite and boninite and by numerical modeling 

(Arculus et al., 2015; Ishizuka et al., 2020, 2011; Maunder et al., 2020). Ultra-depleted peridotites are, 

therefore, crucial to obtaining direct information on upper mantle conditions during subduction initiation. 

Ultra-depleted peridotites include cratonic peridotites xenoliths (Pearson et al., 2021; 

Tomlinson and Kamber, 2021; Wittig et al., 2008), forearc peridotites (Birner et al., 2017; Day and 

Brown, 2021; Ichiyama et al., 2021), and peridotites from supra-subduction zone (SSZ) ophiolites (e.g., 

Guotana et al., 2017; le Roux et al., 2014). However, studies of ultra-depleted peridotites bodies with 

clinopyroxene-free (<1 vol.%) assemblages are very limited from the circum-Pacific belt (Figure 13). 

These include examples such as Papua New Guinea (e.g., Barrett et al., 2022), New Caledonia (e.g., 

Secchiari et al., 2020; Xu et al., 2021), Coast Range (e.g., Choi et al., 2008; Jean and Shervais, 2017), 

Anita peridotite massif (Czertowicz et al., 2016a; Scott et al., 2019), Shelting and Mainits zone, eastern 

Russia (Ishiwatari et al., 2004), and the Kamuikotan unit, Japan (Igarashi et al., 1985; Tamura et al., 

1999). 
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The Takadomari and Horokanai (TH) complex from the Kamuikotan unit of Hokkaido in Japan 

is known for the occurrence of ultra-depleted peridotite bodies (Tamura et al., 1999). These peridotites 

are characterized by essentially clinopyroxene-free mineral assemblages, high olivine Fo#92–95 

(=100*Mg/(Mg + Fe) atomic ratio) coupled with a high spinel Cr#0.60–0.91 (=Cr/(Cr + Al) atomic ratio). 

Because these peridotites lack clinopyroxene, which is generally the main budget of incompatible trace 

elements in peridotites, it is difficult to obtain their mineral trace elements compositions. However, 

recent studies show that trace element compositions of olivine and orthopyroxene do in fact record the 

formation and later metasomatic/metamorphic processes (e.g., Demouchy and Alard, 2021; Jean and 

Shervais, 2017; Nishio et al., 2022b; Scott et al., 2016). In this study, we examine olivine and 

orthopyroxene trace element compositions in addition to the petrography and mineral major element 

compositions from one of the clinopyroxene-free ultra-depleted peridotite bodies from the Kamuikotan 

unit. We also compare them with the clinopyroxene-free ultra-depleted bodies from the circum-Pacific 

belt for understanding the compositional systematics. Finally, we apply open-system melting models of 

Ozawa (2001), to assess both the degree of partial melting and the complex re-enrichment processes that 

occur in natural mantle peridotite. 

 

 
 

Figure 13: Distribution of the clinopyroxene-free ultra-depleted peridotite bodies in the circum-Pacific 
belt (Barrett et al., 2022; Choi et al., 2008b; Czertowicz et al., 2016b, 2016a; Ishiwatari et al., 2004; 
Jean et al., 2010; Jean and Shervais, 2017; Marchesi et al., 2009; Pirard et al., 2013; Secchiari et al., 
2020b; Tamura et al., 1999; Ulrich et al., 2010; Xu et al., 2021). Compilation of mineral modes, major 
element and trace element compositions from these ultra-depleted peridotites are available at Zenodo 
(additional supporting information Table S1 of Nishio et al. (2023)) 
(https://doi.org/10.5281/zenodo.7263366). The topographic map is from Amante and Eakins (2009). 

 

https://doi.org/10.5281/zenodo.7263366
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3.2 Geological and petrological background 

The Kamuikotan unit is a tectonic mélange zone and distributed over 320 km from north to south within 

the Sorachi–Yezo terrane (Figure 14a; Takeshita et al., 2018; Ueda, 2010; Wallis et al., 2020). The 

Kamuikotan unit consists of ultramafic rocks and high-pressure and low-temperature metamorphic rocks. 

The Sorachi–Yezo terrane, including the Kamuikotan unit, consists of Late Jurassic to Early Cretaceous 

ophiolite, Horokanai ophiolite, to forearc basin (Ichiyama et al., 2012; Nagahashi and Miyashita, 2002; 

Sakakibara and Ota, 1994). The Horokanai ophiolite consists of ultramafic rocks (Kamuikotan unit; 

Tamura et al. (2024)), gabbros, amphibolites, basalts (Sorachi-Group) and sedimentary rocks (Figure 

14b; Ishizuka, 1987, 1985). The Sorachi Group overlies the Horokanai ophiolite and represents an early 

Cretaceous submarine volcano-sedimentary sequence (Takashima et al., 2002). The Yezo Group 

overlies the Sorachi Group and comprises terrigenous sediments deposited in a forearc basin at the late 

Cretaceous (Takashima et al., 2004). 

Ultramafic rocks are widely exposed throughout the Kamuikotan unit and in the mantle section 

of the Horokanai ophiolite (Figure 14a). Ultramafic rocks consist of serpentinites, peridotites, and minor 

amounts of chromitites and pyroxenites (Tamura et al., 1999; Walker et al., 2002). Peridotites with wide 

ranges of olivine Fo# (= 89–95), and spinel Cr# (= 0.18–0.92) have been interpreted to reflect various 

degrees of melt extraction (Arai et al., 1999; Harada and Arai, 1997; Kubo, 2002; Tamura et al., 1999; 

Tamura and Arai, 2006, 2005). Ultra-depleted peridotite bodies consisting mostly of harzburgite and 

dunite occur in the northern section (Shirikomadake, Takadomari, and Horokanai complex). These 

peridotites are characterized by high Cr# of spinel (0.60–0.91). In the southern section (Iwanaidake and 

Nukabira complex), depleted to fertile peridotites bodies are exposed: The Iwanaidake complex is 

dominated by depleted harzburgites with relatively high spinel Cr# (0.43–0.69) and the Nukabira 

complex is dominated by fertile lherzolites with low spinel Cr# (0.13–0.34; Tamura et al., 1999). The 

Nukabira fertile lherzolites with low spinel Cr# have LREE-depleted clinopyroxene compositions 

similar to those of residual abyssal peridotites (Tamura and Arai, 2006). These fertile lherzolites were 

therefore interpreted as residues after melt extraction under dry conditions. On the other hand, depleted 

harzburgites were interpreted as residues that experienced hydrous melting based on hydrous mineral 

inclusions within spinel, spinel/spinel-diopside lamellae in olivine, and/or relict fluid inclusions in 

olivine (Arai, 1978; Arai et al., 2021; Arai and Hirai, 1985; Hirai and Arai, 1987). Kubo (2002) 

suggested, based on geochemical modeling, that the depleted dunites in the Iwanaidake complex were 

formed by localized melting of the host harzburgite caused by an injection of hydrous melt. 
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Figure 14: (a) Distribution of ultramafic rocks (black) in the Kamuikotan unit within the Sorachi-Yezo 
terrane, Hokkaido in Japan. The red squared area indicates the studied area (the Takadomari and the 
Horokanai complex). (b) Geological map of the Takadomari and Horokanai complex modified after 
Ishizuka (1985). (c) A representative field photograph of the harzburgite and dunite layers. 

 

3.3 Petrographic characteristics of the Takadomari and the Horokanai (TH) 

ultramafic rocks 

The Takadomari and Horokanai (TH) peridotites mostly consist of harzburgite and decimeter-thick 

dunite layers and veins are observed in the harzburgite (Figure 14c). Orthopyroxenite layers are rarely 

observed in the peridotites, however, when present, sometimes show layering structures (Ishizuka, 1985). 

Dunite consists of olivine (>99 vol.%), minor amounts of spinel (<1 vol.%), and/or orthopyroxene, and 

is extensively serpentinized (Figure 15a and Supplementary Figure A7). Spinel lamellae and relict fluid 

inclusions in olivine were reported in dunite (e.g., Arai et al., 2021). Harzburgites are less serpentinized 
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compared to dunite and consist of olivine (~84 vol.%), orthopyroxene (~15 vol.%), spinel (<1 vol.%), 

and/or amphibole (Figure 15b and Supplementary Figure A7). Rare grains of amphibole (edenite) are 

observed in harzburgites (Figure 15c). Spinel-hosted hydrous mineral inclusions, amphibole 

(hornblende) and Na-mica (aspidolite), were observed in dunite and harzburgite (Figure 15d).  

Some inclusions within spinel are connected to interstitial serpentines by cracks. Those 

inclusions are mostly serpentine and phlogopite. Amphibole (tremolite) rarely rimmed orthopyroxenes 

in the harzburgites. We focus on the igneous process of the ultra-depleted peridotites in this study. 

Therefore, these alteration minerals, serpentine, and tremolite around orthopyroxene were excluded 

from the discussion. 

 

 
 

Figure 15: Photomicrograph and back-scattered electron images of the Takadomari and Horokanai 
peridotites. (a) Takadomari dunite, which is strongly serpentinized. (b) Takadomari harzburgite, which 
is less serpentinized relative to dunite. Large grains of orthopyroxene (Opx) and olivine (Ol) are 
observed. (c) Horokanai harzburgite, which rarely contains amphibole (Edenite) grains. (d) Spinel 
grain from the Horokanai harzburgite, which includes amphibole (Hornblende) and Na-mica 
(Aspidolite). 
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3.4 Analytical methods 

Major element compositions of minerals in thirty-two peridotite samples were obtained using the JXA-

8800 JEOL electron microprobe at Tokyo Institute of Technology and the compositions of mineral 

inclusions of spinel were obtained at the University of Tokyo. Analytical conditions were set at an 

accelerating voltage of 15 kV, 12 nA probe current, and a 3 μm beam spot for the analyses. Natural and 

synthetic mineral standards were used for calibration and JEOL software, using atomic-number–

absorption–fluorescence (ZAF) corrections, was used for data reduction. In-house mineral standards, 

i.e., olivine, chromian spinel, diopside from Akizawa et al. (2021) were measured to monitor data quality. 

Trace element compositions of olivine (eight samples), orthopyroxene (four samples), and 

amphibole (two samples) in peridotites were analyzed using a laser-ablation system (NewWave 

Research UP-213) coupled with an ICP-MS system (Agilent Technologies) at Kanazawa University. 

Each analysis was performed using a 90–100 μm ablation spot size for orthopyroxene and olivine and a 

60 μm spot size for amphibole at a 6 Hz repetition rate. The analysis for amphibole inclusions in spinel 

was performed using a 15 μm ablation spot at a 5–6 Hz repetition rate. Standard glass NIST 612 (Jochum 

et al., 2011) was used for calibration with 29Si as an internal standard, based on the Si content obtained 

by electron probe microanalysis (Longerich et al., 1996; Pearce et al., 1997). Details of the analytical 

method and data quality control were reported by (Morishita et al., 2005a, 2005b). Due to low trace 

element abundances in minerals, signals were carefully monitored for spikes or an increase in signals 

using elements such as B, Ba, Sr, Ba, Pb, Al, and Cr that indicate the presences of serpentine and/or 

spinel. Pre-ablation was conducted for a second at a 5–6 Hz repetition rate during every analysis to 

remove possible surface contamination. 

3.5 Results: Mineral chemistry 

Olivine Fo# and Cr# of spinel in the TH peridotites are high (92–95 and 0.60–0.91, respectively; Figure 

16a). Olivine Fo# (93–95) and spinel Cr# (0.79–0.91) of dunites tend to be higher than those of 

harzburgites (Fo# = 92–93, Cr# = 0.60–0.88). Spinel TiO2 contents are low (<0.1 wt. %) for all TH 

peridotites. Orthopyroxene from harzburgite is characterized by high Mg# (=Mg/(Mg+Fe) atomic ratio; 

0.92–0.94) with low Al2O3, CaO and Cr2O3 contents (0.7–1.6 wt.%, 0.2–1.4 wt.% and 0.1–0.5 wt.%, 

respectively; Figure 16b). Amphibole inclusions in spinel are mostly hornblende, and amphibole grains 

in harzburgite were identified as edenite (Leake et al., 1997). Amphibole inclusions in the Takadomari 

dunite have slightly lower Na2O contents (1.1–2.0 wt.%) compared to amphibole inclusions/grains (2.0–

2.7 wt.%) of the Horokanai harzburgite (Figure 16c). 
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Figure 16: Mineral major element chemistry. (a) Relationship between Cr# of spinel and olivine Fo#. 
Olivine-spinel-mantle-array (OSMA: Arai, 1994). (b) Al2O3 wt.% versus Mg# of orthopyroxene. The 
black lines represent the composition of orthopyroxene obtained by the experimental study for the 
formation of ultra-depleted peridotite under hydrous conditions and the numbers denote the 
temperature and pressure for the experiments (Falloon and Danyushevsky, 2000). The red line was 
obtained by least-squares linear regressions using orthopyroxene from abyssal peridotites, forearc 
peridotites, and ultra-depleted peridotites (regression parameters shown in the upper left-hand corner). 
Compositional data of olivine, spinel, and orthopyroxene from forearc peridotites and abyssal 
peridotites are from Nishio et al. (2022a) and Parkinson and Pearce (1998). References of ultra-
depleted peridotites are listed in Figure 13. (c) TiO2 wt% versus Na2O wt.% of amphibole grains and 
inclusions in spinel. The compositional data of amphibole inclusions of spinel in the Izu-Bonin-
Mariana (IBM) forearc dunite are from Morishita et al. (2011). 
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We obtained abundances of six elements (Ca, Ti, Al, Y, Li, B) for olivine, four to five elements 

(Sr, Zr, Ti, Y, and/or Yb) for orthopyroxene, and seven elements (Ba, Nb, Ce, Sr, Zr, Ti, Y) for 

amphibole inclusions. Other elements such as rare earth elements (REE) were below the detection limit 

of analysis. Titanium in olivine (0.06–0.47 µg/g) of the TH peridotites show positive correlations with 

Ca (22–113 µg/g), Y (0.0002–0.0024 µg/g), Li (0.9–1.2 µg/g), and B (0.3–2.6 µg/g). The abundances 

of these elements in olivine of dunites are slightly higher than those of harzburgites except for Al. Al in 

dunitic olivine (1.5–4.1 µg/g) tends to be lower than those in harzburgitic olivine (2.8–6.2 µg/g). The 

Ti, Y, and Yb abundances in orthopyroxene of the TH harzburgite are very low (0.8–2.4 µg/g, 0.002–

0.01 µg/g, and 0.007 µg/g, respectively) but Sr abundances in orthopyroxene are variable (0.01–0.2 

µg/g; Figure 17a). Amphiboles are also low in REE. In particular, amphibole inclusions have lower 

abundances (example, Y: 0.2–0.3 µg/g) compared to amphibole grains (Y: 0.5–1.1 µg/g; Figure 17b). 

Primitive mantle normalized patterns of orthopyroxenes of the TH harzburgites show Sr and Zr 

enrichments and Ti and Y depletions (Figure 17a) (Sun and McDonough, 1989). The trace element 

patterns and abundances are similar to orthopyroxenes from the circum-Pacific ultra-depleted 

harzburgites except for orthopyroxene from the Coast Range ultra-depleted harzburgites which have 

higher incompatible element concentrations (Jean et al., 2010). Orthopyroxene trace element 

abundances from the ultra-depleted peridotites are much lower than those in orthopyroxene from abyssal 

fertile–depleted peridotites (D’Errico et al., 2016; Morishita et al., 2009). Amphiboles of the TH 

peridotites show flat patterns with slightly enriched LREE and have similar characteristics to 

orthopyroxene which are enriched in Sr and/or Zr compared to Ti and Y abundance (Figure 17b). The 

TH amphiboles have lower abundances than amphiboles in dunite from Izu-Bonin-Mariana (IBM) 

forearc (Morishita et al., 2011). 
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Figure 17: Primitive mantle-normalized trace element patterns of (a) orthopyroxene and (b) 
amphibole. (a) Grey and black dashed lines are the compositions of orthopyroxenes from abyssal 
lherzolites and harzburgite (D’Errico et al., 2016; Morishita et al., 2009). A blue colored field 
represents the orthopyroxene compositions from the New Caledonia ultra-depleted harzburgites. 
References of the ultra-depleted peridotites are listed in Fig. 1. (b) The light blue line is the 
composition of amphibole inclusion in spinel from IBM forearc dunite (Morishita et al., 2011). The 
primitive mantle value is from Sun and McDonough (1989). 

 

  

A
m
ph
ib
ol
e
/P
rim
iti
ve
M
an
tle

Rb Ba Th U Nb Ta La Ce Sr Pr Nd Zr SmEuGd Ti Tb Dy Y Ho Er TmYb Lu

Izu-Bonin-Mariana Dunite
(Morishita et al., 2011)

Horokanai Harzburgite (grain)
Horokanai Harzburgite (inclusion)
Takadomari Dunite (inclusion)(b)

O
rth
op
yr
ox
en
e
/P
rim
iti
ve

M
an
tle

100

10 -1

10 -2

10 -3

10 -4

102

101

100

10 -1

10 -2

La Ce Sr Pr Nd Zr Sm Eu Gd Ti Tb Dy Y Ho Er Tm Yb Lu

Abyssal
Lherzoli

te

Abyssal
Harzbur

gite

New Caledonia
Harzburgite

(a)

Horokanai Harzburgite
Papua New Guinea Harzburgite

Anita Peridotite Massif Harzburgite
Coast Range HarzburgiteTakadomari Harzburgite

Anita Peridotite Massif Dunite



 
 

39 

3.6 Discussion 

3.6.1 Geochemical characteristics of the TH harzburgites: the most depleted peridotites on 

Earth? 

The origin of the TH harzburgites was interpreted as residual peridotites based on olivine Fo# (92–93) 

and Cr# (0.60–0.88) of spinel (Harada and Arai, 1997; Tamura et al., 1999), and the stratigraphic 

sequence of the ophiolite (Ishizuka, 1987). Here, we reassess the geochemical characteristics of the TH 

harzburgites based on the mineral major and trace element compositions combined with fractional 

melting models (Shaw, 1979). 

Olivine Fo# and Cr# of spinel in the TH peridotites are similar to the circum-Pacific ultra-

depleted harzburgites (Fo# = 91–93, Cr# = 0.48–0.95; Figure 16a). They plot within the chemical range 

expected for residual peridotite after partial melting of primitive mantle as indicated by the olivine-

spinel-mantle-array (OSMA; Arai, 1994). High olivine Fo# and spinel Cr# contents in the peridotites 

suggest their origin as residues after high degrees of partial melting. The Mg# (0.92–0.94) of 

orthopyroxene of the TH harzburgite also display similar values to those from the circum-Pacific ultra-

depleted peridotites (0.91–0.94) and tend to be higher than orthopyroxene in abyssal peridotites (0.89–

0.93; Nishio et al., 2022a; Warren, 2016) and forearc peridotites (0.90–0.93; Parkinson and Pearce, 

1998). The Al2O3 contents of orthopyroxenes in residual abyssal and forearc peridotites and the circum-

Pacific ultra-depleted peridotites show a negative correlation with Mg# (R2 = 0.63; Figure 16b). 

Amphibole grains and amphibole inclusions in spinel of the TH harzburgites have low TiO2 and Na2O 

contents (< 0.1 and 1.1–2.7 wt. %, respectively) but are high in Cr2O3 (>2.1 wt. %) compared to those 

in depleted dunites from IBM forearc (Figure 16c; Morishita et al., 2011). 

These depleted signatures and systematics are consistent with the low Ti, Y, and Yb abundances 

in orthopyroxene and olivine from the TH harzburgites. The abundances are similar to those in olivine 

and orthopyroxene from the circum-Pacific ultra-depleted peridotites except for the Coast Range 

peridotites and lower than fertile–depleted residual peridotites (Figure 18; D’Errico et al., 2016; Lawley 

et al., 2020a; Morishita et al., 2009). We, therefore, conclude that the TH harzburgites are among the 

most depleted residual peridotites on Earth, which collectively, are found predominantly in SSZ 

ophiolites from the Western Pacific region (Figure 13). 

We conducted a fractional melting model from a depleted-MORB mantle (DMM; Workman 

and Hart, 2005). Fractional melting is a process in which melt is formed in equilibrium with the residue 

and is instantaneously removed from the system during partial melting (Shaw, 1979). We used partition 

coefficients from Bizimis et al. (2000), Hellebrand et al. (2002a), McDade et al. (2003), and Ozawa 

(2001) and melting modes simplified from Kinzler and Grove (1992) and Parman and Grove (2004) 
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(0.05Spl + 0.45Opx + 0.75Cpx à 0.25Ol + 1Melt for clinopyroxene-bearing assemblage and 0.2Ol + 

0.003Spl + 0.797Opx à 1Melt for clinopyroxene-free assemblage). We also tested the effect of 

fractional melting under pressure-temperature conditions of the garnet peridotite stability field following 

Morishita et al. (2018). We used melting modes simplified from Hellebrand et al. (2002a), and the 

mineral modes of the garnet peridotite were converted to that of spinel peridotite using the following 

reaction: 3Opx + 1Cpx + 1Spl = 4Grt + 1Ol (Takazawa et al., 1996). Details of melting mode, partition 

coefficients, and modeling results are provided Table S1 of additional supporting information of Nishio 

et al. (2023). 

 

 
 

Figure 18: Y and Ti abundances in (a) olivine and (b) orthopyroxene. Blue solid lines were obtained 
by the spinel stability field fractional melting model and the numbers represent melting degrees. Grey 
points were obtained by the garnet stability field fractional melting model (0–10%). Light green plots 
are the compositions of olivine in relatively depleted peridotites from Nahlin ophiolite, Canada 
(Lawley et al., 2020a). The open square and triangle are the compositions of olivine in abyssal 
lherzolite and harzburgite (D’Errico et al., 2016; Morishita et al., 2009). Light red circles are the 
compositions of olivine in replacive dunites at the crust-mantle transition zone from Lanzo massif, 
Italy (Sanfilippo et al., 2017, 2014). References of the ultra-depleted peridotites are listed in Figure 13. 

 

The fractional melting model shows that Ti and Y abundances in residual olivine and 

orthopyroxene decrease below those of DMM with increasing degree of melting (Figure 18). The 

melting trends are consistent with orthopyroxene compositions in the TH harzburgites and the circum-
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10%) shows a decrease in Ti abundances but a slight increase in Y abundances with increasing degree 

of melting. Therefore, when peridotites undergo melting in the stability field of garnet peridotite prior 

to melting in the stability field of spinel peridotite, it requires higher melting degrees to deplete the Y in 

residues compared to the ones that experienced melting directly from DMM in the spinel stability field. 

Our fractional melting model suggests that the TH harzburgite and the circum-Pacific ultra-depleted 

peridotites are residues that went through at least 25% of melting from DMM in the spinel stability field.  

Estimating the degree of partial melting shows how the fractional melting model most 

efficiently depletes incompatible elements in residues because fractional melting is a process that occurs 

if the melts had zero viscosity, or the mantle had infinite permeability. Melt fractions retained in the 

source, which result in less fractionation of incompatible elements in the source, should be considered. 

Therefore, it should be noted that the fractional melting model estimates the minimum degree of partial 

melting from the depletion of incompatible elements in the residual phases. In addition, estimating the 

exact degree is not easy because fractional melting models are particularly sensitive to minor differences 

in partition coefficients and melting modes for ultra-depleted peridotites, as noted by Scott et al. (2016). 

In any case, we emphasize that high degrees (>25%) of melting are necessary as a minimum requirement 

for the formation of the ultra-depleted harzburgites. 

3.6.2 Melting processes for the formation of the TH harzburgites: influx melting obtained 

from the open-system melting model 

The Ti and Y abundances in these peridotites show ultra-depleted signatures constrained by the 

fractional melting model (Figure 18). However, the enrichment of Sr and Zr compared to Y and Ti in 

orthopyroxene of the TH ultra-depleted peridotites cannot be reproduced by the fractional melting model, 

i.e., melting and melt extraction solely from the DMM source in both spinel and garnet stability fields 

(Figure 19a). This decoupling indicates that these peridotites underwent influx melting, in which 

fluid/melt flux are added into the system during partial melting and melt extraction (le Roux et al., 2014; 

Morishita et al., 2018; Tilhac et al., 2021).  

We have conducted open-system melting model of Ozawa (2001) and Ozawa and Shimizu 

(1995) to constrain the melting conditions and account for the enriched Sr and Zr and depleted Ti and 

Y in orthopyroxene from the ultra-depleted peridotites. This open-system melting model formulated the 

input and output of elements during melting processes, which include flux (fluids/melts) input to the 

system as well as partial melting and melt extraction (an equation 33 for trace elements of Ozawa, 2001). 

Therefore, this model allows us to test more complex melting processes, such as fluid/melt influx 

melting and incongruent melting. Using this model, we have modeled influx melting and investigated 

starting source and flux compositions and other important parameters, which are critical melt fraction 

and influx rate. Critical melt fraction (α) is a parameter, at which the system becomes open to melt 
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separation and dimensionless influx rate (β) is a material influx rate relative to melting rate, which is the 

amount of material that flows into the system normalized by the amount of the source material. We used 

a melting mode under hydrous conditions (0.02Spl + 0.52Opx + 0.56Cpx à 0.1Ol + 1Melt) for the 

clinopyroxene-bearing assemblage from Bizimis et al. (2000) (Figure 19a: open-system melting after 

0–17.3% of fractional melting). Except for the melting mode in the models in Figure 19a, partition 

coefficients and melting modes used in these models are the same as those for the fractional melting 

model. The slab fluid composition (Sr: 150 µg/g, Zr: 16 µg/g, Y and Ti: 0 µg/g) was also taken from 

Bizimis et al. (2000) as flux compositions. Details and results of models and parameters are provided in 

Table S3 of additional supporting information of Nishio et al. (2023). 

Our models for influx melting with starting compositions formed after 17.3% (clinopyroxene-

out) of fractional melting from DMM reproduced the enrichments of Sr and Zr and the depletions of Ti 

and Y in orthopyroxene, suggesting that ultra-depleted harzburgites experienced influx melting (Figure 

19a). We conducted open-system melting model, i.e., influx melting with a low influx rate (ß = 0.05) 

and a low critical melt fraction (α = 0.01). It is interesting to note that the similar orthopyroxene 

compositions are also observed in other circum-Pacific ultra-depleted harzburgites. This indicates that 

influx melting is a common process among the circum-Pacific ultra-depleted peridotites, or at least in 

the mantle portion of many SSZ ophiolites. 

Next, we investigated the influence of different parameters. We vary Zr concentration in flux, 

which is fluid in our model (Figure 19b), influx rate (Figure 19c), critical melt fraction (Figure 19d), Ti 

and Y concentrations in fluid (Figure 19e), and melting mode for testing multi-stages of melting (Figure 

19a). Summary of the models are listed in Table 2. 

 

 

Table 2: Summary of melting conditions and parameters used for geochemical models. Details of 
melting mode, partition coefficients and modeled olivine and orthopyroxene compositions are 
provided in TableS3 of additional supporting information of Nishio et al. (2023). 

Figure 

Parameters of open-system melting models 

Starting material 
Fluid (flux) composition Influx 

rate 

Critical 
melt 

fraction Sr (µg/g) Zr 
(µg/g) 

Ti 
(µg/g) 

Y 
(µg/g) 

Figure 
19a 

•DMM 
•Residues after 5%, 10%, 15%, 17.3% of 

fractional melting from DMM 
150 16 0 0 0.05 0.01 

Figure 
19b 

•Residues after 17.3% of fractional melting 
from DMM 150 0.1–

1000 0 0 0.05 0.01 

Figure 
19c 

•Residues after 17.3% of fractional melting 
from DMM 150 16 0 0 0.01–1 0.01 

Figure 
19d 

•Residues after 17.3% of fractional melting 
from DMM 150 16 0 0 0.05 0.001–

0.05 
Figure 

19e 
•Residues after 17.3% of fractional melting 

from DMM 150 16 0–1000 0–1000 0.05 0.01 

Figure 
A8 

•Residues after 17.3% of fractional melting 
from DMM 

150–
15000 0 0 0 0.05 0.01 
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Higher incompatible elements concentrations in fluid, as well as higher influx rate and critical 

melt fraction result in less fractionation of these elements in residual orthopyroxene. The compositional 

differences in fluid (Sr: 150–15000 µg/g and Zr: 0.1–1000 µg/g) cause the compositional difference in 

residual orthopyroxene in the logarithmic scale (Figure 19b and Supplementary Figure A8). The 

difference in influx rate (ß: 0.01–1) also causes compositional changes in orthopyroxene (Figure 19c). 

The first few degrees of influx melting (total degrees from DMM: 17.3–30%) show the largest 

compositional change in Sr and Zr abundances but the abundances converge in high melting degrees 

when fluid compositions and influx rates are constant. On the other hand, the difference in critical melt 

fraction (α = 0.001–0.05) does not affect Zr and Sr abundances in residual orthopyroxene (Figure 19d). 

The Ti and Y abundances in residual orthopyroxene are less sensitive to fluid influx compared 

to Sr and Zr in our model. Compositional changes of Y and Ti abundances in residual orthopyroxene at 

the 40% degree of partial melting extent from DMM are not well documented when Y and Ti 

abundances in fluids are less than 103  times primitive mantle with an influx rate ß = 0.05 (Y: 0.01 µg/g, 

Ti: 10 µg/g in fluid; Figure 19e). On the other hand, Ti and Y abundances in residual orthopyroxene are 

more sensitive to critical melt fraction, which is retained in the system until melt is connected and 

removed from the source. High critical melt fractions result in less fractionation of Ti and Y depletions 

in orthopyroxene (Figure 19d). 

Our parametric study indicates that fluid compositions and their influx rates exert primary 

control on Zr and Sr (and LREE) concentrations in residual orthopyroxene. Melting degrees and critical 

melt fractions exert primary control on Ti and Y concentrations in the residual orthopyroxene. High 

melting degrees with a low melt fraction are, therefore, key to depleting Ti, Y (and HREE) in the residue. 

The models show that the orthopyroxene compositions of the ultra-depleted peridotites can be 

reproduced when the fluid contains high Zr and Sr but low Y and Ti abundances with a low influx rate 

and a low critical melt fraction (10–100 µg/g for Zr and 150–1500 µg/g for Sr and <10 µg/g for Y and 

<1000 µg/g for Ti, ß = 0.05 and α = 0.01). The fluid composition in our model shares the characteristics 

of slab fluids with low Ti, Y, and HREE and high Sr, Zr, and LREE (Bizimis et al., 2000; Li et al., 2013). 

Therefore, we conclude that these ultra-depleted harzburgites were generated by high degrees (>30%) 

of slab-fluid influx melting. 

Additionally, we tested the contribution of degrees of melt extraction before undergoing influx 

melting (two-stage melting model: residue after simple partial melting and extraction followed by influx 

melting expected in the subduction zone; e.g., Ishizuka et al., 2020). We compared influx melting with 

starting compositions formed after 5%, 10%, 15% and 17.3% of fractional melting from DMM and 

influx melting from DMM in the spinel stability field (Figure 19a). The models show that Zr and Sr 

concentrations in residual orthopyroxene converge at high degrees of melting (>30%) when fluid 

compositions and influx rates are constant. All models in Figure 19a can reproduce the orthopyroxene 

compositions. It is difficult to determine whether the ultra-depleted peridotites experienced partial 

melting prior to influx melting only based on the modeling results. However, the residual orthopyroxene 
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has slightly higher Ti and Y abundances when the starting material is more fertile prior to influx melting 

(Figure 19a). Higher trace element concentrations in fluids, influx rates and melt fractions also result in 

less depletion of the HREE in residual orthopyroxene (Figure 19b–e). Therefore, it is more likely that 

the relatively depleted composition of source peridotites prior to influx melting is a key factor in the 

formation of ultra-depleted harzburgites.  

The TH amphiboles have lower TiO2, Na2O and HREE abundances with higher Cr2O3 contents 

compared to amphiboles of IBM forearc depleted dunite (Figure 16c and Figure 17b; Morishita et al., 

2011). This is consistent with the ultra-depleted signatures shown in the co-existing mineral 

compositions. In addition, the TH amphiboles share the characteristics of the enriched Sr and Zr and 

depleted Ti and Y with orthopyroxene. The orthopyroxene compositions were only reproduced by influx 

melting as discussed above. Therefore, the high degree of influx melting possibly explains the presence 

of amphiboles and their compositions in the TH peridotites. 
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Figure 19: (a)–(d) Zr and Ti and (e) Y and Ti abundances in orthopyroxene. Orthopyroxene 
compositions from abyssal peridotites are from D’Errico et al. (2016). The blue solid line is the 
compositional trend reproduced by the spinel stability field fractional melting model. (a) Open-system 
melting model, i.e., influx melting, with starting compositions formed after 5–17.3% degrees of 
fractional melting from DMM (Workman and Hart, 2005) and from DMM. Grey points were obtained 
by the garnet stability field fractional melting model (0–10%). (b) Varying Zr abundance in fluid 
(=flux) ranging from 0.1–1000 µg/g, (c) varying influx rates ranging from 0.01–1, (d) varying melt 
fraction ranging from 0.001–0.05 and (e) varying Y and Ti abundances in fluid ranging from 0–1000 
µg/g, respectively. References of the ultra-depleted peridotites are listed in Figure 13. 
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3.6.3 Origin of ultra-depleted dunites: melt-depleted peridotite interaction 

The Ti and Ca (and Y) abundances in olivine decrease in abundance from abyssal lherzolite, moderately 

depleted peridotites, and ultra-depleted harzburgites (Barrett et al., 2022; Lawley et al., 2020a; Morishita 

et al., 2009; Secchiari et al., 2020b). This is consistent with the fractional melting model (Figure 18). 

However, these abundances in olivine are slightly higher in the TH dunites than those in the TH 

harzburgites although TH dunites tend to have higher olivine Fo# and Cr# of spinel. The TH dunites 

occur as layers or veins in host harzburgites (Figure 14c; Tamura et al., 1999). This suggests that the 

ultra-depleted dunites were produced by a process involving incongruent melting of orthopyroxene in 

the host harzburgite triggered by the introduction of hydrous melts (Kubo, 2002). 

Dunite layers in the mantle sections containing slightly higher Ti in olivine compared to host 

harzburgites were also observed in ultra-depleted and depleted peridotites bodies and their origins were 

interpreted as a product of melt-rock interaction (Barrett et al., 2022; Lawley et al., 2020a). Olivine from 

the dunite layers in the mantle sections has much lower Ti, Ca and Y abundances than those in olivine 

from replacive dunites at the crust-mantle transition zone (Figure 16a). These replacive dunites at the 

crust-mantle transition zone were produced by melt-rock interaction with high melt/rock ratios and melt 

composition was suggested to be MORB (Kelemen et al., 1995; Sanfilippo et al., 2017, 2014). Although 

both dunites are products of melt-rock interaction, their compositional differences indicate that olivine 

trace element compositions in these dunites are controlled by the melt/rock ratio and by the compositions 

of the host residual peridotites and the melts. We, therefore, conclude that the TH ultra-depleted dunites 

are products of melt-rock interaction at low melt/rock ratios, and both rock, i.e., host peridotites and 

melts were depleted in incompatible elements. 

3.6.4 Petrogenesis of ultra-depleted peridotite and their link to boninites 

Boninites are characterized by enrichments in Sr and Zr and depletions in Ti and Y (Figure 20; Umino 

et al., 2015). The instantaneous fractional melts, which are in equilibrium with ultra-depleted residual 

harzburgites, reproduced by our open-system melting model, i.e., influx melting, show similar 

characteristics to boninite. However, trace elements abundances in the melts are lower than those in 

boninite (Figure 20a). The models show that these abundances in the instantaneous fractional melts 

reproduced by influx melting from DMM are higher at low melting degrees; however, these abundances 

in the instantaneous fractional melts are lower at higher melting degrees compared to those in boninites 

(Figure 20a). Therefore, when our influx melting model reproduces the ultra-depleted orthopyroxene 

compositions, the instantaneous fractional melts are more depleted than boninites. In our model, the 

enriched Sr and Zr in boninites were only reproduced when these abundances in fluids are very high 

(Sr: >1500 µg/g, Zr: >1000 µg/g) or high influx rate (ß >0.5). These indicate that boninites are rather 
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accumulated melt and/or fractionated melt from the instantaneous fractional melt. Another possible 

explanation is that the instantaneous fractional melts experienced inputs of slab fluids/melts in a later 

process before erupting as boninites. 

We also calculated melts in equilibrium with amphiboles using the partition coefficients from 

(Ozawa, 2001) and Shimizu et al. (2017). Although the formation of spinel-hosted inclusions is 

controversial, it allows us to estimate the melt compositions involved in the system (e.g., Arai et al., 

2022; Rospabé et al., 2021; Tamura et al., 2014). The calculated melts equilibrated with the TH 

amphiboles are more depleted compared to the melt equilibrated with amphibole from the IBM forearc 

dunite (Morishita et al., 2011). The calculated melts characterized by low HREE abundance and positive 

Sr anomalies are similar to those of high-Si boninite which is one of the most high-field strength 

elements and heavy REE depleted melts (Figure 20b; Umino et al., 2018, 2015). Findings from the 

mineral chemistry and modeling suggest that the TH and the circum-Pacific clinopyroxene-free ultra-

depleted peridotites are residues after extraction of high-Si boninitic melts. 

 

 

 
 

Figure 20: (a) Primitive mantle-normalized patterns of the instantaneous fractional melts estimated 
from the open-system melting model, i.e., influx melting. The purple plots are the instantaneous 
fractional melt compositions generated by influx melting from the DMM source which did not 
experience fractional melting before the influx melting (the purple-colored model in Figure 19a). Blue 
plots are instantaneous fractional melts compositions generated by 17.3% degree of fractional melting 
from DMM. Light blue plots are the instantaneous fractional melts generated by influx melting (20–
35%: the total melting degrees from DMM) with starting compositions formed after 17.3% of 
fractional melting from DMM (the light blue colored model in Figure 19a). (b) the calculated melts in 
equilibrium with amphibole grains and inclusions using the amphibole-melt partition coefficients from 
Ozawa (2001) and Shimizu et al. (2017). The black dotted and grey solid lines are the representative 
patterns of low-Si boninite and high-Si boninite, respectively (Umino et al., 2015). The blue line is the 
pattern of amphibole inclusion in spinel from the IBM forearc dunite (Morishita et al., 2011). The 
primitive mantle value is from Sun and McDonough (1989). 
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Low-pressure and high-temperature conditions were constrained for the formation of high-Si 

boninite (0.8 GPa, 1430oC; Umino et al., 2015). High Mg# and low Al2O3 contents in orthopyroxene of 

the TH harzburgite also suggest high-temperature conditions. Orthopyroxene compositions from the 

ultra-depleted peridotites are consistent with those from depleted harzburgites at high temperatures 

(>1350 oC) and under hydrous conditions constrained by the experimental study (Figure 16b; Falloon 

and Danyushevsky, 2000; Parman and Grove, 2004). Therefore, high temperature (>1350 oC) and 

continuous supply of fluids are key to the formation of ultra-depleted peridotites and boninitic magma. 

The TH ultra-depleted peridotite body occurs in the northern part of the Kamuikotan unit. In 

contrast, the fertile-depleted peridotite bodies characterized by middle to low spinel Cr# occur in the 

southern part, i.e., the Nukabira and Iwanaidake complex (Figure 14a). The Nukabira peridotite body 

consisting mostly of fertile-lherzolite is interpreted as residual peridotite after some extent of melt 

extraction under dry conditions (Tamura and Arai, 2006). These distributions and geochemical features 

of the TH ultra-depleted peridotites and fertile peridotites can be explained as mantle materials during 

subduction initiation (Ishizuka et al., 2011). Fertile-lherzolites from the southern part might be residues 

after extraction of tholeiitic melts (forearc basalt: FAB after Reagan et al. (2010)) as a result of 

decompression melting with a low influx in the earliest stage of subduction (Stage 1 in Figure 21a). 

Although no boninite has been reported from the studied area, we speculate that the TH ultra-depleted 

harzburgites are residues after extraction of high-Si boninitic melts as a result of slab-fluid influx melting 

(Stage 2 in Figure 21a). Dunite layers are observed within both ultra-depleted harzburgites and fertile 

lherzolites. These dunites are products of melt-rock interactions (Figure 21b). Compositional differences 

and mineral assemblage of dunites, and associated lithology reflects the differences in the compositions 

of melts and host peridotites (Tamura et al., 1999).  

The ultra-depleted–fertile peridotites bodies are distributed in the Kamuikotan unit more than 

100 km-scale. Other circum-Pacific ultra-depleted peridotites bodies also occur with depleted–fertile 

peridotites bodies at a similar scale (Figure 13; Barrett et al., 2022; Choi et al., 2008a, 2008b; Secchiari 

et al., 2020a; Xu et al., 2022). This commonality suggests that the distribution of ultra-depleted–fertile 

peridotite bodies in the mantle was probably >100 km-scale. 
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Figure 21: (a) Schematic illustrations for the evolution of subduction zone modified from Ishizuka et 
al. (2011). (b) Schematic illustrations for the formation of the ultra-depleted peridotites in the 
Kamuikotan unit modified from (Tamura et al., 1999). Fertile lherzolites from the Nukabira complex 
can be regarded as residues of decompression melting in stage 1. This melting is thought to be caused 
by the extension associated with slab sinking and counterflow of asthenospheric mantle. On the other 
hand, ultra-deplete peridotites from the Takadomari and Horokanai complex can be regarded as 
residues of decompression and slab-fluid influx melting which formed boninites. Then, the residual 
lherzolites and harzburgites reacted with melts respectively. Interactions between melts and residues 
produced dunites and wall peridotites (harzburgites) in the Nukabira complex. The reaction formed 
ultra-depleted dunites and orthopyroxenites in the Takadomari and Horokanai complex. 
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3.7 Conclusion 

Peridotites from the Takadomari and the Horokanai (TH) complex have high olivine Fo# (92–95), Cr# 

(0.60–0.91) of spinel, and Mg# (0.92–0.94) of orthopyroxene. On the other hand, these peridotites have 

low Al2O3 contents (0.7–1.6 wt.%) in orthopyroxene and low Ti and Y abundances in olivine and 

orthopyroxene. These geochemical signatures suggest that the harzburgites are residues after large 

extents of melt extraction and among the most depleted peridotites on Earth. 

The Takadomari and Horokanai peridotites include rare amphibole and/or amphibole inclusions 

in spinel. Orthopyroxene and amphibole in the ultra-depleted harzburgites show enriched Zr and Sr 

(LREE) and depleted Ti and Y (HREE) abundances. This decoupling in orthopyroxene was reproduced 

by the open-system melting model, i.e., influx melting, and it suggests that ultra-depleted peridotites 

formed after high degrees (>30%) of slab-fluid influx melting with a low influx rate and critical melt 

fraction. 

The Ti abundance in olivine is slightly higher in the dunite layers or veins than those in ultra-

depleted harzburgites but much lower than dunites associated with fertile–depleted peridotites. These 

suggest that the ultra-depleted dunites are a product of depleted melt-depleted peridotite interaction. 

The instantaneous fractional melts equilibrated to ultra-depleted residues produced by the open-

system melting model, i.e., influx melting and melts equilibrated to amphiboles share the characteristic 

of enriched Zr and Sr and depleted Ti and Y with boninites. But the instantaneous fractional melts have 

lower abundances compared to boninites. These indicate that ultra-depleted harzburgites are residues 

after extractions of depleted boninitic melts. Boninites are probably accumulated melt during the melting 

processes or fractionated melt from the instantaneous fractional melt. The boninitic melt composition 

and high Mg# and low Al2O3 contents in orthopyroxene of the TH harzburgite indicate the melting under 

high-temperature conditions (>1350℃).  

Distributions of the fertile lherzolites in the south and the ultra-depleted peridotites in the north 

can be explained as mantle materials during subduction initiation. We speculate that the fertile 

lherzolites are residues after the extraction of tholeiitic melts and the ultra-depleted harzburgites are 

residues after the extraction of boninitic melts. A continuous supply of fluids and high temperature are 

the key to the formation of ultra-depleted peridotites and boninites at subduction initiation. 
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Chapter 4 

4 Metasomatic modification of the Mesoarchean 

Ulamertoq ultramafic body, Southern West Greenland 

 

4.1 Introduction 

Archean geodynamics and crustal differentiation are central topics in Earth sciences (Korenaga, 2013; 

Palin et al., 2020). These studies are usually based mainly on granitoid and supracrustal rocks, while 

petrologic studies of Archean ultramafic rocks are rather limited (Friend and Nutman, 2011; Ishikawa 

et al., 2017; Rollinson, 2007; Shirey and Richardson, 2011; Wilde et al., 2001). Ultramafic rocks are 

ubiquitously exposed, in small outcrops, within the Archean geological units of southern West (SW) 

Greenland. These ultramafic bodies have been studied to understand the ancient mantle conditions and 

geochemical development of early Earth (Fischer-Gödde et al., 2020). However, the origin of the 

ultramafic rocks remains controversial: the two main origins suggested by different studies are as 

residues after partial melting in the mantle (Friend et al., 2002; Friend and Nutman, 2011; van de Löcht 

et al., 2020, 2018) or cumulates of mafic minerals from primitive mantle-derived melts (Aarestrup et al., 

2021; Garde, 1997; Garde et al., 2020; McIntyre et al., 2021, 2019; Szilas et al., 2018; Waterton et al., 

2022; Zemeny et al., 2023; Zhang et al., 2023). The controversy over the origin of these Archean 

ultramafic rocks is, in large part, a function of the significant metasomatic and metamorphic overprints 

that have modified their primary igneous features, both mineralogically and geochemically, as 

documented in this paper. It is essential to carefully evaluate the lithologic and compositional variation 

of these ultramafic rocks to decipher the geochemical evolution of early Earth. 

The Ulamertoq ultramafic body is one of the largest bodies in the Mesoarchean Akia terrane of 

SW Greenland (Figure 22). We document the common occurrence of hydrous mineral-rich metasomatic 

rocks at the boundary between ultramafic body and the granitoid country rocks. Ultramafic rocks far 

from the contact with granitoid rocks contain less hydrous minerals, i.e., they are less metasomatized. 

Therefore, the Ulamertoq ultramafic body is the best candidate for investigating the lithologic and 

compositional variations within the Archean ultramafic bodies of the Akia terrane. 
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Here, we report petrographic characteristics as well as mineral and whole-rock chemistry of a 

suite of samples from the Ulamertoq ultramafic body and demonstrate that multi-stage metamorphism 

and metasomatism are recorded by the ultramafic rocks. This secondary modification of the protolith 

has to be considered when discussing the origin of the ultramafic rocks in the Archean crust of SW 

Greenland. 

 

 

 
 

Figure 22: Geological map modified after Szilas et al. (2018) of Nuuk region, showing the Ulamertoq 
ultramafic body and some similar complexes, including the Fiskefjord area bodies such as Seqi, 
Amikoq, Miaggoq. 
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4.2 Regional geology 

4.2.1 Akia terrane 

Part of the North Atlantic Craton is exposed in SW Greenland (Figure 22). The region is subdivided, 

from north to south, into the 3.22–2.97 Ga Akia terrane, the 2.85–2.83 Ga Akulleq terrane and the 2.92–

2.86 Ga Tasiusarsuaq terrane by their ages and degree of metamorphism (Friend et al., 1988; Friend and 

Nutman, 2005; Komiya et al., 1999). Our study focusses on the Akia terrane, dominated by 3.22–3.18 

Ga dioritic and 3.07–2.97 Ga tonalite–trondhjemite–granodiorite (TTG) orthogneisses (Garde, 1990; 

Garde et al., 2000; Gardiner et al., 2019). Minor amounts of supracrustal rocks and mafic–ultramafic 

rocks are also exposed (Szilas et al., 2017, 2015; Waterton et al., 2020a).  

The geologic history of the Akia terrane is still debated. One model assumes that the presence 

of the TTG gneiss indicates evolutions in an arc setting (Garde, 2007; Garde et al., 2020, 2000; Windley 

and Garde, 2009). On the other hand, a recent alternate theory suggests the development of TTG gneisses 

via stagnant-lid tectonics. Zircon Hf-isotope compositions and U–Pb ages suggest the incorporation of 

Eoarchean mafic crust in the formation of the Mesoarchean TTG (Gardiner et al., 2019) and phase-

equilibrium modeling for the rocks is consistent with a high geothermal gradient (Yakymchuk et al., 

2020). Subsequently or simultaneously, 2.99– 2.97 Ga low-pressure granulite-facies metamorphism was 

recorded in the gneisses and granitic sheets, which intruded the ultramafic body and were associated 

with the metamorphism(Garde, 1997). Later, high-temperature metamorphism at 2.8–2.7 Ga, suggested 

from the supracrustal belt of the Akia terrane, was coincident with the tectonic assembly of the Nuuk 

region (Kirkland et al., 2018a). Younger metamorphic events at 2.63 and 2.54 Ga are recorded in 

neoblastic apatite and zircon overgrowths (Kirkland et al., 2018b) and in titanite (Kirkland et al., 2020).  

The Akia terrane also has been regarded as an important and controversial area due to the impact 

hypothesis at 3 Ga from the Maniitsoq structure in the north of the terrane (Figure 22) (Garde et al., 

2020, 2013, 2012; Gardiner et al., 2019; Yakymchuk et al., 2021). 
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Figure 23: Detailed map of the Ulamertoq ultramafic body modified after Garde (1997), showing 
ultramafic rocks surrounded by orthogneiss and cut by granites. The numbers represent sample 
numbers. Biotite-rich rocks occur between the ultramafic body and surrounding orthogneiss and were 
firstly described as metasediment (Garde, 1997). Our study suggests that the origin of this lithology 
should be reconsidered and thus we denote this lithology as biotite-rich rock. 

 

4.2.2 Ulamertoq ultramafic body  

Several ultramafic and mafic bodies occur within the orthogneiss in the Akia terrane (Garde, 1997). The 

Ulamertoq ultramafic body is the largest ultramafic body, 1 × 1.5 km in area, occurring within the 

amphibolite–granulite facies orthogneiss (Figure 23 and Figure 24a) (Garde, 1997; Guotana et al., 2018; 

Nishio et al., 2022b, 2019). Similar large ultramafic lenses such as the Seqi, Amikoq and Miaggoq 

bodies have been observed in the Fiskefjord area (Figure 22) (Garde, 1997; Szilas et al., 2018, 2015, 

2014). Small ultramafic lenses (a few to tens of metres long) occur surrounding the Ulamertoq ultramafic 

body (Figure 23). Zircons from the granitic sheets intruding the ultramafic body and zircons from a large 

olivine porphyroblast in the Seqi dunite give U–Pb ages of ∼2.97 Ga, constraining the minimum age of 

the ultramafic bodies (Garde, 1997; Szilas et al., 2018; Whyatt et al., 2020). 
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Figure 24: Representative field photographs of the Ulamertoq ultramafic rocks. (a) Relationships 
between ultramafic rocks and orthogneiss; (b) Type I, amphibole- bearing dunite (Amp-Dunite); (c) 
Type II, fine-grained harzburgite. Surface protrusions are composed of aggregates of fine-grained 
orthopyroxenes; (d) Type I, orthopyroxene and amphibole-rich peridotite (Opx-Hbl-Peridotite) with 
characteristic red-coloured weathered surface; (e) Type IV, spinifex-like textured hornblende-bearing 
peridotite (Hbl-Peridotite) showing olivine (yellowish part) and amphibole (greenish part); (f) Locality 
1 hydrous mineral-rich layers along the boundary of country rocks; (g) Locality 1 dike-like tremolite-
orthopyroxenite (Tr-Orthopyroxenite) along the boundary; (h) Locality 2 olivine-hornblende-bearing 
orthopyroxenite (Ol-Hbl-Orthopyroxenite) intruded by a granitic sheet. Red square shows a 
centimetre-scale granitic apophysis where metasomatic rocks were collected. Photos and simplified 
sketch are shown in Supplementary Figure A10; Locality 3 hornblende-bearing orthopyroxenite veins 
(Hbl-Orthopyroxenite) near the contact with surrounding orthogneiss. 

 

4.3 Analytical methods 

Element-distribution images of the entire thin section for samples was obtained by a micro x-ray 

fluorescence (XRF) using a Bruker M4-Tornado at the Geological Survey of Japan. The measurements 

were performed using 50 kV accelerating voltage and 600 μA probe current, with a 25-μm diameter 

beam spot. A mineral phase distribution image was generated using ImageJ software (Nguyen et al., 

2018; Schneider et al., 2012). The modal abundances of minerals were determined from the images and 

confirmed via point counting (2000–4000 per thin section).  
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A total of 21 samples were selected for whole-rock major and trace element analysis. They were 

cut using a diamond saw and then washed in an ultrasonic bath to avoid contamination. Ultramafic rocks 

require quartz dilution for XRF because the elevated Mg concentration can cause crystallization in the 

glass bead. Therefore, a separate aliquot was prepared for inductively coupled plasma mass spectrometry 

(ICP–MS) and was ground in a steel mill. Whole-rock major and trace element analyses were acquired 

from the geochemical laboratory at GeoAnalytical Lab, Washington State University, USA, using 

procedures involving flux-fusing of rock powders followed by applying standard XRF and ICP–MS 

methods. The full analytical procedures are described by Johnson et al. (1999). The XRF data have 

detection limits of ∼20 ppm, and the ICP–MS analysis accurately measured most trace elements to ∼0.5 

ppm.  

The major element compositions of minerals from 13 samples of the main ultramafic rocks and 

7 samples of the country rock lithologies were obtained by the JXA-8800 JEOL electron micro- probe 

at Kanazawa University in Japan. Analytical conditions were 20 kV accelerating voltage, 20 nA probe 

current and a 3-μm diameter beam spot. Natural and synthetic mineral standards were prepared for 

calibration. JEOL software using atomic-number–absorption–fluorescence (ZAF) corrections was used 

for data reduction. In-house mineral standards (olivine, chromian spinel, diopside and K-feldspar) were 

measured to monitor data quality.  

Trace element abundances of major phases (orthopyroxene and amphibole) in ultramafic rocks 

were determined using a laser-ablation system (GeoLas Q-plus, MicroLas) coupled with an ICP–MS 

system (Agilent 7500s, Technologies, Santa Clara) at Kanazawa University. Each analysis was 

performed using a 90–100- μm diameter ablation spot for orthopyroxene and a 60-μm spot for amphibole 

at a 6 Hz repetition rate. Standard glass NIST 612 was used for calibration with Si as an internal standard, 

based on the SiO2 content obtained by electron probe microanalysis (Longerich et al., 1996; Pearce et 

al., 1997). Details of the analytical method and data quality control were given by (Morishita et al., 

2005a, 2005b).  

Pseudosection modeling was performed using Perple_X 6.9.0 (Connolly, 2009) and the 

thermodynamic dataset (Holland and Powell, 1998, updated in 2002). Solid–solution models used in 

this study are the same as those used by Endo et al. (2015) and listed in the supplementary materials.  

4.4 Petrographic descriptions  

The Ulamertoq ultramafic body consists mainly of dunite, harzburgite and orthopyroxene–amphibole-

rich peridotite (Figure 24b-e). These lithologies are not distributed systematically. The body was 

intruded by numerous small (decameter-to-centimeter scale) felsic rocks that are not shown in Figure 

23 due to their small size. Local hydrous mineral-rich lithologic zoning and associated orthopyroxenites 

occur over limited extents (meter-to-millimeter scale), but most frequently occur at the boundary 
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between the ultramafic body and decameter-to-centimeter scale felsic rocks (Figure 24f–i). The 

lithologic zonation is of a smaller scale compared with the main body of ultramafic rocks that comprise 

dunite, harzburgite and orthopyroxene–amphibole- rich peridotite (Figure 24b-e).  

Dunites typically occur far from granitic sheets and orthogneisses (±	local hydrous mineral-rich 

zone) (Figure 24b). Harzburgite is identified by its uneven weathered surface, with orthopyroxene 

standing proud of the surface (Figure 24c). The orthopyroxene– amphibole-rich peridotite has a 

weathered reddish surface (Figure 24d). Rare hornblende-bearing peridotite, showing spinifex-like 

texture on the weathered surface, occurs as vein-like structures in other ultramafic rocks (Figure 24d). 

Norites occur in the northern part of the ultramafic body (Figure 23) (Garde, 1997), and rare chromitite 

layers occur in the main body (Guotana et al., 2018).  

Since local hydrous mineral–orthopyroxene-rich lithologies are likely to have variable degrees 

of effect on the main ultramafic body, we first describe the local lithologic zoning in three representative 

localities in order to identify the main body ultramafic rocks that are far from the boundaries. The 

nomenclature of the ultramafic rocks follows that of Streckeisen (1976) and Giovanardi et al. (2018). 

The mineral abbreviations are from Whitney and Evans (2010). 

4.4.1 Local lithologic zoning  

Local lithologic zonation (metre-to-millimetre scale) related to felsic rocks (decimetre-to-centimetre 

scale) can be classified into two types. The first displays systematic mineral zoning in phlogopite-, 

amphibole-lithologies and orthopyroxenite from the country rock to the main body. Such lithologies 

were collected from south of the body near dunite (Locality 1) and north of the body near orthopyroxene 

and amphibole-rich peridotite (Locality 2) (Figure 23). The other lithology comprises orthopyroxenite 

veins or networks, not associated with phlogopitite layers and is collected near the boundary between 

harzburgite and orthogneiss (Locality 3). 

 

Table 3: Petrographic description of the local lithologies 

Rock Type Ol Opx Amp Phl Other 
Locality 1 near dunite      
Ol/Amp-Phlogopitite ○/- - -/Tr, Ath ○ Spl, Mag, Tlc, Sulphide 

Ol-Amphibolite ○ - Tr ○ Spl, Mag, Chl, Sulphide 
Tr-Orthopyroxenite - ○ Tr - Spl, Mag, Tlc, Sulphide 

Locality 2  
near Opx-Hbl-Peridotite 

     

Metasomatic rock - ○ Ed, Act, Hbl, Ath ○ Zrn, Ilm, Rt, Tlc, Spl 
Ol-Hbl-Orthopyroxenite ○ ○ Hbl - Spl 

Locality 3 near harzburgite      
Hbl-Orthopyroxenite ○ ○ Hbl - Cpx, Spl 
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Figure 25: Microphotographs and back-scattered electron (BSE) images of the local lithologies. (a) 
Olivine (Ol) in phlogopite (Phl)-rich matrix of Locality 1 Ol-Phlogopitite; (b) occurrence of 
anthophyllite (Ath) partly replaced by or replacing tremolite (Tr). Talc (Tlc) rimmed in Locality 1 
Amp-Phlogopitite; (c) coarse- grained orthopyroxene (Opx) with spinel (Spl) grains in Locality 1 Tr-
Orthopyroxenite (Figure 24g). Talc is observed at the grain boundary of orthopyroxene and along the 
cleavages; (d) whole thin section of Locality 2 lithologic zoning along centimeter-scale granitic 
apophysis (Figure 24h); (e) small olivine and spinel grains are observed within orthopyroxene and 
amphibole of Locality 2 Ol-Hbl-Orthopyroxenite (Figure 24h); (f) poikilitic orthopyroxene containing 
olivine grains in Locality 3 Hbl-Orthopyroxenite (Figure 24i). Amphibole is observed along the vein. 

 

4.4.1.1 Hydrous mineral-rich layers and related orthopyroxenite: Locality 1 

Lithologic zonation (meter-to-centimeter scale) at Locality 1 near dunite consists of olivine- and/or 

amphibole-bearing phlogopitite (Figure 24f), olivine-amphibolite towards dunitic rocks and tremolite-

orthopyroxenite occurs as a dike-like intrusion near the boundary (Figure 24g). We refer to these 

lithologies as Ol-Phlogopitite and Amp-Phlogopitite, Ol-Amphibolite and Tr-Orthopyroxenite, 

respectively ( 

 

Table 3). Ol-Phlogopitite and Ol-Amphibolite were continuously sampled, although Amp-Phlogopitite 

and dike-like Tr- Orthopyroxenite were separately sampled. 

Olivine grains are observed as discrete inclusions in Ol-Phlogopitite (Figure 25a). The modal 

abundance of olivine increases towards and adjacent to the Ol-Amphibolite. Amphibole of Amp-

Phlogopitite is anthophyllite with tremolitic domains and lamellae, especially near cleavages. Talc 

commonly occurs bordering anthophyllite (Figure 25b). Magnetite and a few sulphide minerals are also 

observed in both types of phlogopitites. The Ol-Amphibolite is characterized by abundant amphibole 



 
 

60 

and comprises amphibole, olivine and phlogopite. Olivine contains numerous magnetite inclusions, and 

phlogopite occurs in small amounts near the Ol-Phlogopitite. Tr-Orthopyroxenite has orthopyroxene- 

and amphibole-dominant portions. The orthopyroxene occurs as lager grains containing numerous spinel 

inclusions where orthopyroxene is dominant and as inclusion-free small grains within the amphibole- 

rich portions (Figure 25c). Talc is observed at the grain boundary of orthopyroxene and along the 

cleavages (Supplementary Figure A9). Olivine is not observed in Tr-Orthopyroxenite. 

4.4.1.2 Hydrous mineral-rich layers along granitic apophysis and related orthopyroxenite: 

Locality 2 

Lithologic zoning is observed symmetrically along a centimeter-scale granitic apophysis originating 

from a decameter-thick intrusive granitic sheet comprising plagioclase and quartz near orthopyroxene 

and amphibole-rich peridotites (Supplementary Figure A10). We discerned five different lithologic 

subzones (millimeter-scale) along the centimeter-scale granitic apophysis towards ultramafic body 

based on mineral assemblage (Figure 25d): subzone (i) granitic apophysis; (ii) edenite with accessory 

zircon, rutile and apatite (edenite includes plagioclase and is vertically aligned with the apophysis); (iii) 

actinolite, hornblende, anthophyllite and phlogopite with accessory rutile, apatite and spinel, where 

actinolite and hornblende show anthophyllite lamellae; (iv) anthophyllite with accessory rutile, apatite 

and spinel; and (v) orthopyroxene and spinel. 

Olivine–hornblende-bearing orthopyroxenite (Ol-Hbl-Orthopyroxenite), associated with the 

decameter-thick granitic rock (Figure 24h; Supplementary Figure A10), consists of orthopyroxene, 

amphibole and dark-greenish spinel with a minor amount of olivine (Figure 25e). Olivine grains are 

included in large orthopyroxene grains (locally crystallographically continuous) and/or are surrounded 

by a fine-grained amphibole aggregate. Orthopyroxene seams surrounding olivine are also observed. 

4.4.1.3 Orthopyroxenite vein or network near surrounding orthogneiss: Locality 3 

Hornblende-bearing orthopyroxenite (meter-to-centimeter scale) occurs as veins or networks (Hbl-

Orthopyroxenite) in the harzburgitic rock near the border with the orthogneiss (Figure 24i). 

Mineralogical zoning from both the orthopyroxene-rich center and amphibole-rich margins is commonly 

observed along the veins. 

Orthopyroxene with poikilitic texture includes isolated olivine grains that are 

crystallographically continuous (Figure 25f). Clinopyroxene and amphibole are observed as blebs in the 

poikilitic orthopyroxenes. 
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4.4.2 The main body ultramafic rocks 

After observing the local lithologic zoning, we collected samples representing lithologic variations in 

the main body far from the local lithologic zonings. We classified the main body ultramafic rocks into 

four types of ultramafic rocks based on mineral assemblage, modal abundance and chemical 

characteristics as discussed below (Table 4): Type I amphibole-bearing dunite (Amp-Dunite), 

amphibole-bearing harzburgite (Amp-Harzburgite) and orthopyroxene and amphibole-rich peridotite 

(Opx-Hbl-Peridotite) (Figure 24b and d); Type II titanian clinohumite-bearing dunite (TiChu-Dunite) 

and harzburgite characterized by fine-grained orthopyroxene aggregates (Fine-grained Harzburgite) 

(Figure 24c); Type III phlogopite-bearing harzburgite (Phl-Harzburgite); and Type IV spinifex-like 

textured hornblende-peridotite (Hbl-Peridotite) (Figure 24e). 

 

Table 4: Modal proportions for the ultramafic rocks from the Ulamertoq main body. ‘n’ = number of 
samples. 

Rock Type Type Ol Opx Amp Spinel Other (<1 %) 

Amp-Dunite (n=4) Type I 88-92 3-6 3-5 2-4 Chl, Mag 

Amp-Harzburgite (n=2) Type I 65-69 29 4-6 3 Chl, Mag 

Opx-Hbl-Peridotite (n=3) Type I 45-50 25-30 25-26 <5 Chl, Mag, Sulphide 

TiChu-Dunite (n=1) Type II 95 2-4 - 1-2 TiChu, Ilm, Mag, Chl 

Fine-grained Harzburgite (n=1) Type II 72 25 - 3 Chl, Mag 

Phl-Harzburgite (n=1) Type III 70 20 <1 <1 Phl (10%), Sulphide (<1) 

Hbl-Peridotite (n=1) Type IV 72 - 25 <1 Sulphide, Phl 
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Figure 26: Microphotographs and BSE images of the Ulamertoq main body ultramafic rocks. (a) Fine-
grained orthopyroxene (Opx) and amphibole (Amp) with olivine (Ol) of Type I Amp-Dunite (Figure 
24b); (b) olivine presents two distinctive petrographic features of Type I Amp-Dunite: dusty olivine 
(Dusty Ol) containing magnetite (Mag) inclusions and clear olivine (Clear Ol) without or less inclusions. 
Spinel (Spl) is surrounded by chlorite (Chl); (c) poikilitic orthopyroxene includes olivine of Type I Opx-
Hbl-Peridotite (Figure 24d). Olivine grains indicated by arrows are optically continuous; (d) spinel 
presents two phases: Fe-rich tiny grains (Fe-Spl; light-grey phases) in Al-rich spinel (Al-Spl) of Type I 
Opx-Hbl-Peridotite. Magnetites (bright phases) are observed in the rim of spinel; (e) image of whole 
thin section of Type II fine-grained harzburgite. Fine-grained orthopyroxene-dominant parts protrude 
on weathered surface (Figure 24c); (f) combined x-ray intensity map of Si and Fe showing the 
distribution of orthopyroxene (light blue) and olivine (light red); (g) orthopyroxene presents a poikilitic 
texture including olivine grains of Type III Phl-Harzburgite. Phlogopite (Phl) and sulphide are fine 
grains; (h) amphibole is observed at the grain boundary of large olivine grains (∼1 cm) of Type IV Hbl-
Peridotite (Figure 24e). Sulphide is observed associated with amphibole. 

 

4.4.2.1 Type I: amphibole-bearing dunite and harzburgite and orthopyroxene-amphibole-

rich peridotite (Amp-Dunite, Amp-Harzburgite, Opx-Hbl-peridotite) 

Type I rocks, especially dunites, are the most common lithologies in the study area. Amp-Dunite and 

Amp-Harzburgite are characterized by the presence of notable amounts of amphibole and orthopyroxene 

(Table 4; Supplementary Figure A11). They have an equigranular texture (Figure 26a) with 1–2-mm 

olivines that are dusty in appearance from tiny magnetite inclusions or with clear olivine (Figure 26b). 

Orthopyroxene is generally fine-grained (∼200 μm across) but also rarely shows poikilitic texture. 
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Amphibole occurs as subhedral ∼200-μm grains. Spinel has chlorite aureoles (Figure 26b). The modal 

abundances of orthopyroxene and amphibole in the dunite are broadly similar, but amphibole is less 

abundant in harzburgite (Table 4; Supplementary Figure A11). 

Opx-Hbl-Peridotite mainly comprises olivine, orthopyroxene and amphibole with minor 

amounts of spinel and sulphide minerals (Table 4; Supplementary Figure A11). The modal abundances 

of orthopyroxene and amphibole are similar. Olivine occurs as resorbed grains and locally isolated 

grains included by poikilitic orthopyroxene are crystallographically continuous (Figure 26c). Spinel 

occurs mostly as dark-greenish inclusions in silicate minerals and is separated into Fe-rich and Al-rich 

phases and is commonly surrounded by magnetite (Figure 26d). Ni-sulphide is observed but is rare. 

4.4.2.2 Type II: titanian clinohumite-bearing dunite and fine-grained orthopyroxene-

aggregate-bearing harzburgite (TiChu-Dunite, fine-grained harzburgite) 

TiChu-Dunite characterized by the presence of titanian clinohumite (TiChu) has an equigranular texture 

(Nishio et al., 2019). Olivine occurs either as >1-mm grains that appear dusty because of many magnetite 

inclusions or as <1-mm grains that are clear (without opaque inclusions). Minor amounts of small (∼200 

μm) orthopyroxene occur as discrete grains. Modal abundances of orthopyroxene and spinel are 2–4 

vol.% and 1–2 vol.%, respectively (Table 4). Spinel is commonly surrounded by chlorite. TiChu is in 

contact with the dusty olivine, and ilmenite is found sporadically near the contact. Further details are 

given by Nishio et al. (2019). 

Fine-grained harzburgite is characterized by fine-grained orthopyroxene-rich aggregates, 

resulting in the olivine- and orthopyroxene- dominant portions (Figure 26e and f) while amphibole and 

phlogopite are absent. The orthopyroxene-dominant portion comprises fine-grained aggregates of 

orthopyroxene and minor olivine. The olivine is larger (∼1 mm) and dustier in the olivine-dominant 

portions than in the orthopyroxene-dominant portions. Spinel is surrounded by chlorite. 

4.4.2.3 Type III: phlogopite-bearing harzburgite (Phl-Harzburgite)  

Phl-Harzburgite is characterized by the presence of phlogopite (∼10 modal %) (Table 4). All mineral 

phases are relatively finer (<1 mm) than the other samples. Ni-sulphide is often associated with 

phlogopite. One amphibole grain was observed next to sulphide mineral. Olivine is fine-grained (<1 

mm). Orthopyroxene displays a poikilitic texture including olivine grains that show crystallographic 

continuity (Figure 26g).  

4.4.2.4 Type IV: spinifex-like textured hornblende-peridotite (Hbl-peridotite)  

Hbl-Peridotite occurs as a dike-like intrusion of several tens of centimeters in thickness and its volume 

is likely very minor. The weathered surface is characterized by a spinifex-like texture (Figure 24c). It is 
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composed mainly of olivine and amphibole (Table 4). Phlogopite, chlorite and Ni-sulphides are 

observed as accessory minerals. Olivine grains are larger (>2 cm) relative to other ultramafic-rock 

samples. Small amphibole and phlogopite grains are observed as inclusions within olivine (Figure 26h). 

Euhedral amphibole (∼500 μm) and sulphide minerals are observed along the olivine grain boundaries.  

4.5 Whole-rock major and trace element chemistry 

4.5.1 Local lithologic zoning  

Orthopyroxenites are dominated by orthopyroxene and amphibole. The compositions have lower MgO 

and higher SiO2 and CaO contents compared with those in the main body ultramafic rocks (Figure 27a 

and b). The compositions reflect the abundant orthopyroxene and amphibole assemblages. Locality 1 

Tr-Orthopyroxenite has similar Al2O3 and Cr contents as those in nearby dunite (Figure 27c and d). 

Locality 2 Ol-Hbl-Orthopyroxenite has high Al2O3 and TiO2 contents. Locality 3 Hbl-Orthopyroxenite 

has high CaO and TiO2 contents compared with those in the main body ultramafic rocks. The high CaO 

content in Locality 3 Hbl-Orthopyroxenite reflects the presence of amphibole and clinopyroxene. 

Locality 1 Ol- Phlogopitite has slightly higher MgO and Ni contents and lower SiO2 and K2O contents 

than those in Amp-Phlogopitite (Supplementary Table S1 of Nishio et al. (2022b)), and both 

phlogopitites are low in TiO2. Ol-Amphibolite rock shows higher CaO and lower Cr contents than other 

main body rocks.  

Orthopyroxenites and Locality 1 Ol-Amphibolite show flat rare-earth element (REE) patterns 

(Figure 28a). Trace element chemistries of orthopyroxenites tend to reflect those of amphiboles. Locality 

1 Tr-Orthopyroxenite and Ol-Amphibolite show strong negative Ti, Zr and Sr anomalies (Figure 28b). 

Locality 2 Ol-Hbl-Orthopyroxenite has negative Sr anomalies but no Zr or Ti anomalies. Locality 3 Hbl-

Orthopyroxenite shows a different pattern characterized by positive Zr and Sr anomalies. Locality 1 

Ol/Amp-Phlogopitites shows a low abundance of trace elements with positive anomalies of Eu, Ti, Zr, 

Sr, U and Rb (Figure 28b). 
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Figure 27: Whole-rock chemistry of the Ulamertoq main body ultramafic rocks and local lithologic 
zonation. (a) SiO2 wt.% vs MgO wt.%; (b) CaO wt.% vs MgO wt.%; (c) Al2O3 wt.% vs MgO wt.%; 
(d) Cr (ppm) vs MgO wt.%. Black-coloured crosses show the calculated composition of the 
representative spinel addition (1–4 vol.%) to the representative olivine composition of dunite. 

4.5.2 The main body ultramafic rocks  

The whole-rock MgO contents of the main body ultramafic rocks show negative correlations with SiO2, 

Al2O3, CaO and TiO2 contents. The MgO contents also negatively correlate with the modal abundances 

of orthopyroxene and/or amphibole except for Type IV Hbl-Peridotite, which has high CaO and high 

TiO2 contents (Figure 27a–c; Supplementary Table S1 of Nishio et al. (2022b)). The CaO contents in 

Type I ultramafic rocks including amphibole are slightly higher than those in amphibole-free Type II 

and amphibole-rare III ultramafic rocks.  

The Cr contents of the main body ultramafic rocks vary depending on the modal abundance of 

spinel, although the Cr content in Type IV Hbl-Peridotite is distinctively low (Figure 27) The Ni content 

shows a positive correlation with the MgO content (Supplementary Table S1 of Nishio et al. (2022b)). 
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Types I–III ultramafic rocks have similar chondrite-normalized REE patterns and primitive 

mantle-normalized trace element patterns. They show negative Eu anomalies with slightly enriched 

light-REE (LREE) (Figure 28c). As modal abundances of orthopyroxene and/or amphibole increase, 

REE abundance increases from Phl-Harzburgite, TiChu-Dunite and Amp-Dunite to fine-grained 

harzburgite, Amp-Harzburgite and Opx-Hbl-Peridotite. They show negative Sr and Eu anomalies. Fine-

grained harzburgite and Amp-Harzburgite also show positive Zr anomalies (Figure 28d). The trace 

element chemistry of Type IV Hbl-Peridotite is different from that of the other types. It is characterized 

by high REE and trace element abundances with a slight sigmoidal REE pattern and a negative Zr 

anomaly (Figure 28c and d). 

 
 

 
 
Figure 28: Chondrite-normalised REE and primitive mantle-normalised trace element patterns of the 
whole-rock chemistry. (a) REE and (b) trace element patterns of the local lithologic zonings; (c) REE 
and (d) trace element patterns of the main body ultramafic rocks. Chondrite and primitive mantle values 
are from Sun and McDonough (1989). 
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4.6 Mineral major and trace element chemistry 

4.6.1 Major element compositions  

4.6.1.1 Olivine  

Forsterite [Fo#=100×Mg / (Mg+Fe2+)] and NiO contents of the olivine are high in TiChu-Dunite and 

Amp-Dunite followed by fine-grained harzburgite, Amp-Harzburgite and Opx-Hbl-Peridotite among 

Types I and II (Figure 29a). The Fo# has a negatively correlation with the modal abundance of 

orthopyroxene and/or amphibole (Supplementary Figure A12). The MnO content shows a negative 

correlation with Fo# (Supplementary Table S2 of Nishio et al. (2022b)). Olivine of TiChu-Dunite and 

Amp-Dunite has the highest Fo# (92.6–93.3) and NiO content (0.34–0.45 wt.%) among the Ulamertoq 

bodies. The Fo# (89.0– 90.9) and NiO contents (0.18–0.33 wt.%) of olivine in fine-grained harzburgite 

and Amp-Harzburgite are lower than those in olivine of dunites but higher than olivine Fo# (87.1–87.6) 

and NiO contents (0.21–0.33 wt.%) of Opx-Hbl-Peridotite.  

The olivine compositions of Types III and IV differ in that they have low NiO content (Figure 

29b). Olivine of Phl-Harzburgite has high Fo# (92.3–92.8) and low NiO contents (0.17–0.26 wt.%). 

Hbl-Peridotite has Fo# (88.7–89.5) and low NiO content (0.13–0.17 wt.%).  

The olivine compositions of Localities 1–3 lithologies are different from place to place but are 

similar to those of the main body ultramafic rocks (Figure 29b). The NiO content (0.37–0.43 wt.%) in 

olivine of Locality 1 Ol-Amphibolite and Ol-Phlogopitite overlaps that in olivine of nearby dunite. Fo# 

shows a systematic compositional trend: as one moves away from the main body dunite, the Fo# of 

Locality 1 Ol-Amphibolite slightly decreases towards the adjacent Ol-Phlogopitite (from 92.8 to 92). 

Olivine of Locality 2 Ol-Hbl-Orthopyroxenite has the lowest Fo# (84.9–85.9) and NiO contents (0.22–

0.29 wt.%). The contents are similar but slightly lower than those in olivine of nearby Opx-Hbl-

Peridotite. Olivine from Locality 3 Hbl-Orthopyroxenite has a similar Fo# (89.5–90.1) to that in olivine 

of nearby harzburgites, but the NiO content (0.30–0.38 wt.%) is slightly higher. 
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Figure 29: NiO content vs Fo# in olivine from the Ulamertoq ultramafic rocks. The dashed 
compositional area of olivine mantle array is from (Takahashi et al., 1987). (a) Olivine compositions 
of the main body Types I and II ultramafic rocks. Olivine compositions of ultramafic rocks from the 
Akia terrane are also shown (Aarestrup et al., 2020; Szilas et al., 2018, 2015). The metasomatic trend 
is from Cordier et al. (2015) and Gordeychik et al. (2020). The black solid arrow represents the 
fractionation trend reproduced by Rayleigh fractionation calculation using partition coefficients from 
Matzen et al. (2013); (b) olivine compositions of the main body Types III and IV ultramafic rocks and 
Localities 1–3 lithologies. Purple solid arrow represents metasomatic modification related to the 
formation of phlogopite at Locality 1 near dunite. Blue solid arrow represents the metasomatic 
modification related to the formation of orthopyroxenite vein at Locality 3. Green compositional areas 
are those of the main body Types I and II ultramafic rocks. 

 

4.6.1.2 Spinel  

Most spinels from the main body and the local lithologic zones are surrounded by chlorite and have Fe-

rich compositions (Supplementary Table S2 of Nishio et al. (2022b)). The spinel cores of the main body 

ultramafic rocks have low Cr# [Cr / (Cr +	Al)] (0.11–0.34) and low Mg# [Mg / (Mg+Fe2+)] (0.54–0.73). 

The spinel composition of Type I Amp-Dunite varies from the core to the Fe-rich rim; meanwhile, spinel 

from other peridotites (Type I Amp-Harzburgite and Opx-Hbl-Peridotite and Type II fine-grained 

harzburgite) separated into two phases—Al-rich (Cr# <	0.3) and Fe-rich portions. Spinel within Type II 

TiChu-Dunite is rich in Cr and Fe. Spinel in Type III Phl-Harzburgite has a low Al2O3 content and is 

rich in Fe and Cr.  
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The spinel from Locality 1 Tr-Orthopyroxenite is also Fe- and Cr-rich, whereas that of Locality 

2 Ol-Hbl-Orthopyroxenite has higher Al2O3 content (up to 58.2 wt.%). Cr# of spinel inclusions in 

orthopyroxene from subzone (v) along a granitic apophysis is 0.35–0.53. 

4.6.1.3 Orthopyroxene  

Orthopyroxene is characterised by low Cr2O3 (<0.3 wt.%) and CaO (<0.4 wt.%) contents and the varied 

Mg# (0.84–0.93) and Al2O3 (<3.25 wt.%; Figure 30a–c). Between Types I and II rocks, Mg# negatively 

correlates with the modal abundance of orthopyroxene and/or amphibole, in the same way as olivine 

Fo# (Supplementary Figure A12). The Mg# is high in TiChu-Dunite and Amp-Dunite (0.92–0.93) 

followed by fine-grained harzburgite and Amp-Harzburgite (0.88–0.90) and Opx-Hbl-Peridotite (0.87–

0.88). The Al2O3 and Cr2O3 contents show a negative correlation (Figure 30a). Orthopyroxene of Type 

III Phl-Harzburgite shows high Mg# (0.93) but very low Al2O3 content (<0.1 wt.%) (Figure 30a and b).  

The Mg# systematics of orthopyroxene of the local lithologic zonation mirrors that of olivine 

Fo#, in that the Mg# is high in Locality 1 lithologies and is progressively less in Locality 3 and Locality 

2 lithologies. Orthopyroxene of Locality 1 Tr-Orthopyroxenite has Mg# (0.93) and low Al2O3 content 

(<1.0 wt.%) (Figure 30b). Inclusion-rich orthopyroxene has slightly higher Cr2O3 (0.18–0.27 wt.%) and 

lower CaO contents (<0.13 wt.%) compared with inclusion- free orthopyroxene, which contains Cr2O3 

(<0.15 wt.%) and CaO contents (0.06–0.25 wt.%) (Figure 30c, Supplementary Table S2 of Nishio et al. 

(2022b)). The Al2O3 (2.48–2.86 wt.%), Cr2O3 (0.01–0.10 wt.%) and CaO contents (0.19–0.36 wt.%) of 

the porphyroblastic orthopyroxene of Locality 2 Ol-Hbl-Orthopyroxenite are similar to those in 

orthopyroxene of the main body Type I and II rocks, but the Mg# (0.85) is lower. The orthopyroxene 

seams surrounding olivine of Locality 2 Ol-Hbl-Orthopyroxenite are very poor in Al2O3 (<0.4 wt.%), 

CaO (<0.1 wt.%) and Cr2O3 (<0.6 wt.%) contents (Supplementary Table S2 of Nishio et al. (2022b)). 

Orthopyroxene of Locality 3 Hbl-Orthopyroxenite has Mg# (0.90–0.91) and Al2O3 content (1.17–1.40 

wt.%) with a slightly wider range of Cr2O3 (<0.16 wt.%) and CaO (0.21–0.38 wt.%) contents. 
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Figure 30: Major element chemistry of orthopyroxene. (a) Al2O3 wt. % vs Cr2O3 wt. %; (b) Al2O3 
wt. % vs Mg#; (c) CaO wt. % vs Cr2O3 wt. % plots of orthopyroxenes. Composition of orthopyroxenes 
in peridotites shown for comparison are from the Itsaq area of southern West Greenland (Friend et al., 
2002), secondary orthopyroxenes in mantle xenolith from Avacha volcano (Ishimaru et al., 2007), 
cumulus orthopyroxene from the Horoman peridotite and Bushveld complexes (Matsufuji et al., 2006; 
Sharpe and Hulbert, 1985) and metamorphic orthopyroxene from the Tari–Misaka complex (Arai, 
1974). Compositional fields of primary orthopyroxene in abyssal peridotites and forearc peridotites are 
from Parkinson and Pearce (1998) and Warren (2016). More comparisons with orthopyroxene in 
ultramafic rocks are shown in Supplementary Figure A13. 

 

4.6.1.4 Amphibole  

Amphibole is observed in Type I (Amp-Dunite, Amp-Harzburgite and Opx-Hbl-Peridotite) and Type 

IV (Hbl-Peridotite), but rarely observed in Type III (Phl-Harzburgite). The composition of amphibole 

is tremolitic to hornblendic in Amp-Dunite. It is hornblendic in Amp-Harzburgite, Opx-Hbl-Peridotite 

and Hbl-Peridotite. Tremolitic amphibole occurs in Phl-Harzburgite (Figure 31a) using the 
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classifications of Leake et al. (2004, 1997). The Mg# of amphibole is high in Amp-Dunite (0.93–0.95), 

followed by Amp- Harzburgite (0.89) and Opx-Hbl-Peridotite (0.87–0.90) (Figure 31b). The systematics 

of amphibole Mg# variability follows that of coexisting olivine Fo# and Mg# in orthopyroxene. TiO2 

and Al2O3 contents in amphiboles of Type I rocks show a positive correlation (Figure 31c). Amphibole 

of Amp-Dunite is tremolitic with low TiO2 (0.18–0.50 wt.%) and Al2O3 (3.19–7.47 wt.%). Amphibole 

of Amp-Harzburgite is hornblendic and has slightly higher TiO2 (0.60– 0.77 wt.%) and Al2O3 contents 

(7.60–9.74 wt.%) than Opx-Hbl-Peridotite (0.28–0.61 wt.% for TiO2, 7.36–9.32 wt.% for Al2O3). 

Tremolite of Type III Phl-Harzburgite presents high Mg# (0.97), with low TiO2 (0.03 wt.%) and Al2O3 

contents (0.07 wt.%) (Figure 31b and c). The composition of the amphibole of Type IV Hbl-Peridotite 

is hornblendic to tremolitic with Mg# (0.88–0.93) and TiO2 (0.22–0.60 wt.%) and Al2O3 (3.45–10.01 

wt.%) contents but is poor in NiO (<0.05 wt.%) and Cr2O3 (<0.04 wt.%) contents (Supplementary Table 

S2 of Nishio et al. (2022b)).  

Amphibole within the lithologies collected from boundaries of the body has various chemical 

compositions. The Mg# is high in Locality 1 followed by Localities 3 and 2 lithologies. The composition 

of calcic amphibole is tremolitic in Locality 1, edenitic to hornblendic and actinolitic in Locality 2, and 

hornblendic in Locality 3 Hbl-Orthopyroxenite (Figure 31a and b). Amphibole of the Locality 1 

lithologies is characterized by high Mg# (0.93–0.96) and low TiO2 (<0.1 wt.%) contents (Figure 31b 

and c). Amphibole in subzone (i) granitic apophysis of Locality 2 metasomatic rocks has low Mg# (0.59) 

and high TiO2 content (0.65 wt.%) (Supplementary Table S2 of Nishio et al. (2022b)). Edenite in 

subzone (ii) has low Mg# (0.72–0.74), low TiO2 (<0.16 wt. %) and high Al2O3 (11.91–11.83 wt.%) 

contents. TiO2 and Al2O3 contents are positively correlated in actinolite to horn- blende of Locality 2 

metasomatic rock and Ol-Hbl-Orthopyroxenite (Figure 31c). The amphibole of Locality 3 Hbl-

Orthopyroxenite has lower Al2O3 (6.50–8.07 wt.%) and TiO2 (0.26–0.38 wt.%) contents compared with 

those in amphibole of Amp-Harzburgite (Figure 31c). 
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Figure 31: Major element chemistry of amphibole and phlogopite. (a) Classification of amphiboles of 
the Ulamertoq ultramafic rocks based on A(Na + K) atoms per formula unit (a.p.f.u.) and Si a.p.f.u. 
(Leake et al., 1997); (b) classification of amphiboles of the Ulamertoq ultramafic rocks based on Mg# 
and Si a.p.f.u.; (c) TiO2 wt. % vs Al2O3 wt. % of amphiboles the Ulamertoq ultramafic rocks and 
ultramafic rocks from the Akia terrane (Aarestrup et al., 2020; Szilas et al., 2018, 2015); (d) TiO2 
wt. % vs Mg# plot of phlogopite/biotite. 

 

4.6.1.5 Phlogopite and biotite  

Mg# in phlogopite shows a negative correlation with TiO2 content (Figure 31d). Phlogopites in Type III 

Phl-Harzburgite show high Mg# (0.97) and low TiO2 (0.14–0.17 wt.%) contents. Phlogopite inclusions 
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in olivine in Type IV Hbl-Peridotite have slightly low Mg# (0.94–0.95) and high TiO2 contents (0.28–

0.55 wt.%).  

Phlogopite of Locality 1 Ol/Amp-Phlogopitite is low in TiO2 content (<0.06 wt.%) but high 

Mg# (0.95–0.97). The Mg# increases towards Locality 1 Ol-Amphibolite against the decrease of Fo# in 

coexisting olivine. The composition of phlogopite of Locality 2 metasomatic rock is variable as well as 

that of amphibole. It shows the wide range of Mg# (0.82–0.92) and TiO2 content (0.45–1.31 wt.%). 

Biotite inclusions in subzone (i) a granitic apophysis of Locality 2 metasomatic rocks have high TiO2 

content (2.52 wt.%) and low Mg# (0.54).  

4.6.2 Trace element compositions  

4.6.2.1 Orthopyroxene  

Chondrite-normalized REE and primitive mantle-normalized trace element patterns of orthopyroxenes 

of the main body ultramafic rocks display negative Sr and/or Eu anomalies and positive Zr and Ti 

anomalies except for Type III Phl-Harzburgite (Figure 32a and b). The middle to heavy REEs (MHREE) 

abundance of orthopyroxene can be distinguished by the presence of coexisting amphibole. The 

MHREE abundance of orthopyroxene that coexists with amphibole of Type I rocks is lower than that of 

orthopyroxenes of Types II and III rocks that are amphibole free or rare. Trace element compositions of 

orthopyroxene of Type III Phl-Harzburgite are different from the other types as shown by their major 

element compositions, which is characterized by negative Zr, Ti, Eu and Sr anomalies (Figure 32b).  

The orthopyroxenes of Localities 1–3 orthopyroxenites show positive Ti and Zr anomalies, but 

a positive Sr anomaly is shown only by orthopyroxene of Locality 3 Hbl-Orthopyroxenite (Figure 32d). 

The orthopyroxene of Localities 1–3 orthopyroxenites shows a negative correlation between HREE 

abundance and Mg#. High  

Mg# (0.93) orthopyroxene of Locality 1 Tr-Orthopyroxenite has the low HREE abundance. The 

low Mg# (0.85) orthopyroxene of Locality 2 Ol-Hbl-Orthopyroxenite has the high HREE abundance. 

Mg# (0.90) and HREE abundance in orthopyroxene of Locality 3 Hbl-Orthopyroxenite are between 

those of Locality 1 high Mg# Tr-Orthopyroxenite and Locality 2 low Mg# Ol-Hbl-Orthopyroxenite. 

Overall, the systematics of the HREE abundance in orthopyroxenes correlate negatively with the Mg# 

of coexisting amphibole. The HREE abundance in orthopyroxenes also corresponds to the systematics 

of olivine Fo# in the nearby main body ultramafic rocks (Figure 23). 
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Figure 32: Chondrite-normalized REE and primitive mantle-normalized trace element patterns of 
orthopyroxene. (a) REE and (b) trace element patterns of orthopyroxene of the main body Types I–III 
ultramafic rocks; (c) REE and (d) trace element patterns of orthopyroxene from Locality 1 Tr-
Orthopyroxenite, Locality 2 Metasomatic rock, Ol-Hbl-Orthopyroxenite and Locality 3 Hbl-
Orthopyroxenite. Black lines (in Figure 32c and d) are representative REE and trace element 
compositions of residual orthopyroxene (D’Errico et al., 2016; Jean and Shervais, 2017; Morishita et 
al., 2009; Scott et al., 2016) and orthopyroxene in a supra subduction zone ultra-depleted peridotite 
(Xu et al., 2021). Black squares represent the detection limit (DL). Chondrite and primitive mantle 
values are from Sun and McDonough (1989). 

 

4.6.2.2 Amphibole  

Amphibole is the main reservoir of incompatible trace elements in Types I and IV ultramafic rocks. 

Amphibole from the main body ultramafic rocks is characterized by slight LREE-enriched patterns with 

negative Sr, Ti and Zr anomalies and/or Eu anomalies except for Type IV Hbl-Peridotite (Figure 33a 

and b). The REE abundance in amphibole, which strongly depends on the major element composition, 

is lower in tremolite than in hornblende. The abundance is higher in amphibole within the Amp-

Harzburgite followed by Opx-Hbl-Peridotite and Amp-Dunite among Type I (Figure 33a). REE 

abundance shows positive correlations with Al2O3 content and negative correlations with Mg# and SiO2 

contents. 
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Chondrite-normalized REE patterns of amphibole from Localities 1–3 orthopyroxenites show 

flat patterns (Figure 33c). HREE tends to be more abundant in amphibole of Locality 2 Ol-Hbl-

Orthopyroxenite than in those of Locality 3 Hbl-Orthopyroxenite and Locality 1 Tr-Orthopyroxenite, 

conforming to the systematics of orthopyroxene (Figure 33c), negatively correlated with Mg#. 

Amphiboles of Localities 1 and 2 lithologies present negative Ti, Zr and Sr anomalies; however, 

amphibole of Locality 3 Hbl-Orthopyroxenite shows positive Zr and Sr anomalies (Figure 33d). 

Amphibole coexisting with phlogopite shows various trace element compositions (Figure 33e 

and f). Tremolite from Locality 1 Amp-Phlogopitite shows LREE-enriched patterns with a negative Eu 

anomaly (Figure 33e and f). Edenite shows a positive Eu anomaly with a LREE-enriched pattern. 

Actinolite has a flat pattern with HREE abundance. Hornblende in contact with phlogopite of Locality 

2 shows a high REE abundance and a negative Eu anomaly (Figure 33e and f). 

 

 
 

Figure 33: Chondrite-normalized REE and primitive mantle-normalized trace element patterns of 
amphibole. (a) REE and (b) trace element patterns of amphibole from the main body Type I ultramafic 
rocks and Type IV Hbl-Peridotite; (c) REE and (d) trace element patterns of amphibole of Localities 
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1–3 orthopyroxenites and Locality 1 Ol-Amphibolite. Black lines are trace element compositions of 
amphibole formed by mantle metasomatism (Grégoire et al., 2001; Ishimaru and Arai, 2008; Pearson 
and Nowell, 2002); (e) REE and (f) trace element patterns of amphibole of Locality 1 Amp-
Phlogopitite and Locality 2 Metasomatic rock. Chondrite and primitive mantle values are from Sun 
and McDonough (1989). 

4.7 Discussion 

Here, we first discuss the origin of hydrous mineral- and/or orthopyroxene-rich ultramafic rocks (local 

lithologic zoning), which occur preferentially along the boundary between the ultramafic body and the 

surrounding host orthogneiss/granitic sheet, focusing on local metasomatic activity. We then examine 

the effect of more diffuse metasomatism in the main body ultramafic rocks at Ulamertoq. The origin 

and history of the main body ultramafic rocks are finally discussed. 

4.7.1 Local metasomatism: origin of hydrous mineral-rich layers and related 

orthopyroxenite 

Local metasomatism can be classified into two processes (Table 5): that discussed in this section—the 

formation of hydrous mineral-rich layers and related orthopyroxenites (Localities 1 and 2) and the 

formation of orthopyroxenite veins (Locality 3), discussed in the next section. 

 

Table 5: Geochemical characteristics of the local lithologic zoning 

Lithology Hydrous mineral-rich layers and 
Orthopyroxenites 

Orthopyroxenite veins 
 

Locality Locality 1 Locality 2 Locality 3 
Protolith 

(Ultramafic rock) Dunite Opx-Hbl-Peridotite Harzburgite 

Olivine 
High Fo# 

Decreasing towards 
Ol-Phlogopitite (92.8à90) 

Low Fo# 
(84.9–85.9) 

Middle Fo# (89.5–90.1) with 
slightly high NiO 
(0.30–0.38 wt.%) 

Orthopyroxene 
in Orthopyroxenite 

High Mg# (0.93) 
Low HREE abundance 

Low Mg# (0.85) 
High HREE abundance 

Middle Mg# (0.90–0.91) 
Middle HREE abundance 

Amphibole 
in Orthopyroxenite 

High Mg# (0.96) 
Low TiO2 (<0.1 wt.%) 
Low HREE abundance 

Low Mg# (0.85) 
High HREE abundance 

Middle Mg# (0.92–0.93) 
Middle HREE abundance 

Positive Sr and Zr anomalies 
 

 

Systematic mineral zoning in phlogopite-, amphibole- and orthopyroxene-rich lithologies from 

the country rock to the main body is observed in many places and described as Locality 1 and Locality 

2. The presence of olivine (Figure 25a) and the high Cr and NiO contents (Figure 27d) in Locality 1 Ol-

Phlogopitite and Locality 2 Ol-Hbl-Orthopyroxenite suggest that the protoliths of these lithologies were 

the main body ultramafic rocks. Locality 1 Ol-Phlogopitite occurs adjacent to Ol-Amphibolite, whereas 
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Tr-Orthopyroxenite occurs dike-like near the boundary (Figure 24g) and these lithologies are poor in Ti 

(Figure 28b and Figure 31c). The formation of the lithologies can be explained by multiple infiltrations 

of metasomatic agents originating from similar sources, in which there is a systematic change in 

chemical composition of the metasomatic agent as metasomatism proceeds. 

The modal abundance, size and Fo# of olivine in locality 1 Ol-Amphibolite decrease towards 

the adjacent Ol-Phlogopitite (Figure 29b). Phlogopites can be formed by consuming olivine via reaction 

with a fluid (Fluid I) that also introduces alkali elements, Al2O3, SiO2 and CaO (Arai and Takahashi, 

1989; T. B. Grant et al., 2014). The formation of phlogopitite via this reaction, likely driven by fluid 

infiltration from the surrounding granite, increased the Na2 O/K2O ratio and CaO in the residual fluid 

(Fluid II). The Ol-Amphibolite was formed by the reaction of olivine and Fluid II. 

Low-Cr2O3-CaO orthopyroxene in Locality 1 Tr-Orthopyroxenite (Figure 30c) suggests that the 

orthopyroxenites were formed by the reaction between olivine and high-SiO2 fluid, again introduced 

from the granitic country rocks. The optically continuous fine-grained olivine grains included in the 

low-Cr2O3-CaO orthopyroxene of Locality 2 Ol-Hbl-Orthopyroxenite are consistent with this 

metasomatic origin (Figure 30c). 

Amphibole, phlogopite, orthopyroxene and relic olivine in Locality 1 lithologies have higher 

Mg# (Figure 29b and Figure 30b) but distinctively lower TiO2 contents and HREE abundance (Figure 

31c–d and Figure 32c) than those of Locality 2 lithologies. Locality 1 high Mg# lithologies were 

collected near high Mg# dunites, while Locality 2 low Mg# lithologies were collected near low Mg# 

Opx-Hbl-Peridotite (Table 5). The Mg# systematics and difference of TiO2 contents between these 

localities suggest that they reflect the compositional difference of the main body ultramafic rocks at 

each locality and the invading metasomatic fluids. The mineral chemical systematics also indicate that 

local lithological zonation was generated subsequent to the formation of metasomatic rocks formed 

within the main body.  

The Ti abundance in phlogopite of Locality 1 ultramafic rocks is much lower than Ti in mantle 

metasomatic phlogopite (typically ∼5000 ppm) produced by mantle metasomatism (Pearson and Nowell, 

2002), indicating that the metasomatic processes considered here are distinct from mantle metasomatism.  

Amphiboles (edenite) in the subzone (ii) of Locality 2 metasomatic rocks contain plagioclase 

and zircon and are free of Cr-rich phases, while hydrous minerals in subzones (iii) and (iv) contain 

detectable Cr2O3 and spinel inclusions are observed. The presence of chromian phases suggests the 

original contact between the granitic intrusive apophysis and the ultramafic parent rock was between 

subzones (ii) and (iii).  

Metasomatic mineral zoning of hydrous mineral-rich layers and orthopyroxenites are commonly 

observed along the boundary between ultramafic rocks and intrusive granitic sheets/orthogneisses in 

other localities (Faithfull et al., 2018; Gargiulo et al., 2013; Marocchi et al., 2010, 2009; Su et al., 2016; 

Uno et al., 2017). Similar hydrous mineral-rich layers have been reported from the Seqi ultramafic body 

in the Akia terrane (Whyatt et al., 2020) and were interpreted as local reaction products between dunite 
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and SiO2-rich fluid derived from a granitic sheet. Extending these observations to Ulamertoq, the 

formation of phlogopite, amphibole and orthopyroxene and their associated geochemical mostly likely 

resulted from metasomatism related to the ingress and systematic compositional change of metasomatic 

fluid from the granitic intrusion.  

4.7.2 Local metasomatism: origin of Hbl-Orthopyroxenite veins and vein networks 

Symmetric mineral zoning characterized by amphibole-rich margins and orthopyroxene-rich centers is 

observed in Locality 3 Hbl-Orthopyroxenite (Figure 25f). Large orthopyroxene grains contain optically 

continuous olivine grains coupled with low-Cr2O3–CaO contents (Figure 25i and Figure 30c). The NiO 

contents in discrete olivine grains are higher compared with those in olivine of harzburgites (Figure 29b). 

These petrological and mineralogical characteristics indicate an origin of orthopyroxene by replacement 

of olivine in the ultramafic rock via a reaction with an orthopyroxene-saturated metasomatic agent (Endo 

et al., 2015). 

Amphibole within Locality 3 Hbl-Orthopyroxenite exhibits positive Sr and Zr anomalies, which 

are distinct from those of the lithologies in the Ulamertoq body (Figure 33d; Table 5). The distinctive 

characteristics suggest that the metasomatic agents that produced Locality 3 Hbl-Orthopyroxenite are 

different from those which formed Localities 1 and 2 metasomatic rocks and the main body. 

4.7.3 Effect of metasomatism on lithologic variations in the main body: is orthopyroxene 

primary or metasomatic?  

Here we discuss metasomatic effects on the main body ultramafic rocks by considering Types I−III 

separately from Type IV spinifex-like textured Hbl-Peridotite because of the differences in occurrence, 

the geochemical characteristics, and the lack of orthopyroxene.  

Orthopyroxene is a common component of the main body ultramafic rocks, except for those of 

Type IV. The orthopyroxenes of the main body ultramafic rocks commonly form aggregates of small 

grains (Figure 26e) and are characterized by poikilitic texture, including olivine grains (Figure 26c and 

g), and often contain dark-green spinels (Figure 26c). The petrographic characteristics are similar to 

secondary orthopyroxenes (Berno et al., 2020), rather than orthopyroxene porphyroclasts in typical 

peridotites, such as ultramafic xenoliths in volcanic rocks, from ultramafic ophiolite sequences, or 

abyssal peridotites (Morishita et al., 2009).  

The low Cr2O3 orthopyroxene in the main body ultramafic rocks is different from orthopyroxene 

from abyssal peridotites recovered from mid-ocean ridges (Warren, 2016) and forearc settings 

(Parkinson and Pearce, 1998) as well as being distinct from ultramafic cumulates (Figure 30; 

Supplementary Figure A13) (Barnes et al., 2016; Matsufuji et al., 2006; Sharpe and Hulbert, 1985). The 
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negative Sr and/or Eu anomalies in Ulamertoq orthopyroxenes are also different from residual 

orthopyroxene from mantle peridotites that do not show negative Eu and Sr anomalies (Figure 32b) 

(D’Errico et al., 2016; Scott et al., 2016; Xu et al., 2021).  

Instead, low-CaO–Cr2O3 and negative correlations between Cr2O3, Mg# and Al2O3 of 

orthopyroxene are consistent with the characteristics observed in secondary orthopyroxene formed by 

the reaction between a dunitic rock and orthopyroxene-saturated melt (Berno et al., 2020). Low-CaO–

Cr2O3 orthopyroxenes are similar to metasomatic orthopyroxene observed in sub-arc peridotite xenoliths 

that underwent SiO2-rich fluid/melt metasomatism in arc setting (Figure 30a and c) (Arai et al., 2004; 

Ishimaru et al., 2007; Ishimaru and Arai, 2008).  

Our study emphasises that orthopyroxene in the main body ultra- mafic rocks is a later reaction 

product rather than the primary igneous phase. It is noteworthy that the compositions of orthopyroxene 

in ultramafic rocks interpreted as cumulates from the Mesoarchean Akia terrane (Aarestrup et al., 2020; 

McIntyre et al., 2021; Szilas et al., 2018, 2015) and also ultramafic rocks interpreted as mantle residues 

from the Eoarchean Itsaq gneiss (Friend et al., 2002) are similar to those of orthopyroxene in the 

Ulamertoq body (Figure 30; Supplementary Figure A13). Hence, the origins and chemical signatures 

carried by the Archean ultramafic rocks from SW Greenland should be considered in the context of 

metasomatism that has involved significant mass transport into these bodies from the surrounding 

country rocks.  

4.7.4 Multiple metasomatic events and agents: evidence based on chemical compositions of 

orthopyroxene and amphibole 

Multiple metasomatic events comprising different metasomatic agents are required based on the 

differences in trace element compositions of orthopyroxene ±	amphibole in the main body ultramafic 

rocks. We focus our discussion on hornblende because tremolite in the same samples likely formed later 

at lower temperatures.  

Orthopyroxene in the main body ultramafic rocks can be geochemically classified into three 

types (Figure 32a and b; Table 6): Type I orthopyroxene has low REE abundances and coexists with 

amphibole in Amp-Dunite, Amp-Harzburgite and Opx-Hbl-Peridotite; Type II orthopyroxene has high 

REE abundances with Eu negative anomalies in the TiChu-Dunite and fine-grained harzburgite; and 

Type III orthopyroxene has high REE abundances with negative anomalies of Eu and high-field strength 

elements (HFSEs) in Phl-Harzburgite. 

Orthopyroxene and coexisting amphibole are characterised by the negative anomalies of Sr and 

Eu (Figure 32b and Figure 33b). No clear textural evidence of replacement of Type I orthopyroxene by 

amphibole or vice versa was observed. These geochemical and textural features suggest that Type I 

orthopyroxene and amphibole formed in the same metasomatic event. The metasomatic formation of 
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both orthopyroxene and amphibole in ultramafic rocks had also been reported from an experimental 

study of the interaction between peridotite and interaction with hydrous basalt melt (Wang et al., 2021).  

The calculated REE composition of melts in equilibrium with amphibole from Type I ultramafic 

rocks, using partition coefficients (Shimizu et al., 2017), are similar to regional norites (Waterton et al., 

2020a) and TTG gneiss (Gardiner et al., 2019) from the Akia terrane (Figure 34; Supplementary Figure 

A14). The metasomatic agents that formed orthopyroxene and amphibole in Type I ultramafic rocks 

were probably derived from surrounding crustal materials. As the equilibrated melts show negative Eu 

anomalies (Figure 34a), the negative Eu and Sr anomalies of orthopyroxene (Figure 32b) and amphibole 

(Figure 33b) indicate that the metasomatic melts were derived from sources affected by plagioclase 

fractionation or residual plagioclase. 

 

 

Table 6: Geochemical systematics of the main body ultramafic rock 

Lithology 

Dunite Harzburgite Opx-Hbl-
Peridotite 

Phl-
Harzburgite 

Amp-
Dunite 

TiChu-
Dunite 

Amp-
Harzburgite 

Fine-grained 
Harzburgite 

Opx-Hbl-
Peridotite 

Phl-
Harzburgite 

Type I Type II Type I Type II Type I Type III 
Modal 

abundance of 
opx and/or amp 

Low (3–10 %) Middle (25–33 %) High (54–56%) 
Middle 
(20% + 

Phl 10%) 

Olivine Fo# negatively correlates with 
the modal abundance of orthopyroxene and/or amphibole. 

High Fo#  
with low NiO 

Low-CaO–
Cr2O3  

Orthopyroxene 

Mg# negatively correlates with  
the modal abundance of orthopyroxene and/or amphibole.  
Mg# correlate with Al2O3 negatively and Cr2O3 positively. 

Low-CaO–
Cr2O3 Al2O3 

Amphibole 
(Type I) 

High Mg# 
(0.93–0.95)  - Low Mg# 

(0.89)  - Middle Mg# 
(0.87–0.90)  

High 
(Tremolite) 

Modal amp/opx 
ratio 1 - <1 - 1 - 

Orthopyroxene 
Trace elements 

Low-HREE  
Negative Sr 
anomalies 

High-HREE  
Negative Eu 

and Sr 
anomalies 

Low-HREE  
Negative Sr 
anomalies 

High-HREE  
Negative Eu 

and Sr 
anomalies 

Low-HREE  
Negative Sr 
anomalies 

High-HREE  
Negative Eu, 

Sr, Ti, Zr 
anomalies 

Amphibole 
Trace elements 

Low-REE  
Negative Eu 

and Sr 
anomalies 

- 

High-REE  
Negative Eu 

and Sr 
anomalies 

- 
Middle-REE  

Negative Eu and 
Sr anomalies 

(Tremolite) 

Whole-rock 
Mg/Si ratio 
Al/Si ratio 

Mg/Si ratio decreases but Al/Si ratio increases as  
the modal abundance of orthopyroxene and/or amphibole. 

High Mg/Si 
Low Al/Si 

Whole-rock 
REE 

REE abundance increases as  
the modal abundance of orthopyroxene and/or amphibole. Low REE 
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Figure 34: (a) REE + Y compositions of melts in equilibrium with amphibole in Type I ultramafic 
rocks. Calculations were carried out using amphibole/melt partition coefficients (Shimizu et al., 2017); 
(b) average REE + Y compositions of crustal rocks from Akia terrane, melanorite, orthopyroxene-rich 
norite, (Ave. Melanorite; n=19) and norite (Ave. Norite; n=27) from Maniitsoq region (Waterton et al., 
2020a) and of TTG gneiss (Ave. TTG; n = 7) (Gardiner et al., 2019). The patterns of all the data of 
crustal rocks are shown in Supplementary Figure A14. 

 

The systematic variations in major element mineral chemistry and modal abundances of 

orthopyroxene and amphibole (Table 6) can be explained by differences in the melt/rock ratio and water 

content during the interaction between hydrous melt and ultramafic rocks.  

It is striking that the trace element patterns of orthopyroxene and/or amphibole in Types I and 

II have similar characteristics with negative Sr and/or Eu anomalies and positive Zr and Ti anomalies 

(Figure 32b), although no amphibole is observed in Type II ultramafic rocks. The REE abundance of 

orthopyroxene in Type II rocks is higher than that of orthopyroxene in Type I, whereas modal 

orthopyroxene is lower in Type II TiChu-Dunite than in Type I rocks. These relationships can be 

explained by a small-amount addition of metasomatic minerals from a fractionated metasomatic agent 

after the formation of Type I ultramafic rocks or via the reaction of similar source rocks with different 

water contents.  

The composition of Type III Phl-Harzburgite is distinct from other rock-types (Table 6). It is 

characterized by a high modal abundance of phlogopite and orthopyroxene with very low Al2O3 (Figure 

30a), relatively high LREE and negative anomalies of HFSE (Figure 32b). The metasomatic agent 
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related to Phl-Harzburgite was most probably different to that of other types or to the fractionated 

metasomatic agents that formed Type I.  

Formation of the orthopyroxene in amphibole-free Type II rocks showing high HREE 

abundance with negative Sr and Eu anomalies by the reaction between dunitic cumulate and melt in the 

late-magmatic stage is still possible if the metasomatic norite melt formed in the same igneous event. 

However, the genesis and age of norites and their relationship with the regional ultramafic rocks such 

as those considered here remain enigmatic (Aarestrup et al., 2021; Garde, 1997; Garde et al., 2013; 

Waterton et al., 2020a). The cataclastic structure of the Finnefjeld gneisses in the northern part of the 

terrane and the Ni-sulphide mineralization in the Maniitsoq norite have been interpreted as having 

formed from the reworking of Akia TTG gneiss in conjunction with events caused by a giant bolide 

impact before 3.0 Ga (Garde et al., 2020, 2014, 2013, 2012). Yakymchuk et al. (2021) recently tested 

the impact hypothesis; their results are incompatible with the interpretation of a giant bolide impact.  

Waterton et al. (2020) interpreted the ∼3 Ga Maniitsoq norites to be the result of mixing of 

ultramafic rocks and TTG. The Ulamertoq norite, >50 km away from the Finnefjeld gneiss, does not 

contain Ni-sulphide and shows plagioclase-orthopyroxene assemblage which is different from those of 

the Maniitsoq norite. The origin of norites in our study area is, however, beyond the scope of this study 

but is needed for a better understanding of the evolution of the ultramafic-mafic complex and the 

possible role of a giant bolide impact.  

4.7.5 Implications of metasomatic modification for the compositional variation in the 

Ulamertoq ulatramafic body 

Discussion of the origin of ultramafic rocks requires consideration of the fact that orthopyroxene and 

amphibole in the main body ultramafic rocks are not primary igneous phases. Here, we discuss the extent 

to which the modal metasomatism associated with the introduction of these phases also modified the 

‘primary’ olivine Fo# and whole-rock compositions. Samples with the same Fo# but varying the NiO 

content of the olivine will be discussed in the next section.  

As the modal abundance of metasomatic orthopyroxene and amphibole increases, the Fo# of 

olivine decreases from TiChu-Dunite and Amp-Dunite to fine-grained harzburgite and Amp-

Harzburgite and then Opx-Hbl-Peridotite among Types I and II rocks (Table 6; Supplementary Figure 

A12). The systematics of olivine in Types I and II are best explained as a metasomatic trend rather than 

a trend generated by magmatic fractional crystallisation (Antonicelli et al., 2020; Berno et al., 2020; 

Cordier et al., 2015). The metasomatic origin of this trend is supported by experiments that show that 

Fo# and NiO contents of olivine decrease as the reaction between peridotite and basalt progresses (Wang 

et al., 2016, 2013).  
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Metasomatic modification observed in Locality 3 Hbl-Orthopyroxenite, generated increasing 

olivine NiO occurs at constant Fo# (Figure 29b). This modification is not plausible for the main body 

ultramafic rocks because olivine compositions in the olivine- and orthopyroxene-dominant zone of fine-

grained harzburgite are identical. Although we cannot exclude the possibility that the olivine chemistry 

of some peridotites still reflects original compositions, it seems unlikely to be the solely a result of 

primary igneous processes.  

It has been suggested that geochemical correlations between Mg/Si and Al/Si ratios of whole-

rock compositions of Archean ultramafic rocks from SW Greenland are similar to those of residual 

peridotites (Figure 35) (Friend et al., 2002; Friend and Nutman, 2011; van de Löcht et al., 2020, 2018), 

although the inability of this plot in distinguishing mantle vs cumulate peridotite has been shown by 

both (McIntyre et al., 2019; Waterton et al., 2022). The whole-rock compositions of the main Ulamertoq 

body ultramafics span the entire chemical range of Archean ultramafic rocks from SW Greenland. 

Among the Ulamertoq samples, TiChu-Dunite, Amp-Dunite and Phl-Harzburgite have high Mg/Si and 

low Al/Si ratios, while Opx-Hbl-Peridotites have low Mg/Si and high Al/Si ratios (Figure 35). The 

geochemical trend of whole-rock compositions in SW Greenland Archean ultramafic rocks can be 

generated simply by the addition of metasomatic minerals to dunitic rocks rather than partial melting, 

i.e., all the dispersion on the Mg/Si vs Al/Si diagram is a function of the degree of metasomatism.  

The bulk geochemical variation in SW Greenland peridotites as a whole can be explained by 

metasomatic addition of material derived from local crustal rocks, as demonstrated by the mixing line 

between dunitic and regional noritic rocks (Waterton et al., 2020a) or TTG (Gardiner et al., 2019) 

assuming that the crustal rocks represent the metasomatic melt compositions (Figure 35). Metasomatic 

features of the mineral chemistry and whole-rock chemistry of the Ulamertoq ultramafic rocks are 

comparable to the Mesoarchean ultramafic rocks in the Fiskefjord area indicating that those ultramafic 

bodies experienced a similar metasomatic history and that they could be fragments of the large 

ultramafic complex as suggested by McIntyre et al. (2021). 
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Figure 35: Whole-rock Mg/Si wt.% ratio vs Al/Si wt.% ratio chemistry. Representative mineral 
compositions are from the main body ultramafic rocks. Black-colored crosses show the calculated 
composition of the representative spinel addition (1–4 vol.%) to the representative olivine composition 
of Amp- Dunite. Green-colored lines show mixing trends between the composition of dunitic rock (Ol 
99%, Spl 1%) and average compositions of norite (n = 45), melanorite, orthopyroxene-rich norite (n = 
19) (Waterton et al., 2020a) or TTG gneiss (n=7) (Gardiner et al., 2019) from Akia terrane and crosses 
with percentages indicate the amount of crustal mixing into dunite. Primitive mantle (PM; red square) 
is from Sun & McDonough (1989). Partial melting trend (red-colored dotted line) is from Rollinson 
(2007). Compositional area of abyssal peridotites (blue colored area) from Niu (2004). Seqi ultramafic 
cumulates (Szilas et al., 2018) and peridotites of the Itsaq and Isua area (Friend et al., 2002; Friend and 
Nutman, 2011) from SW Greenland were respectively interpreted as cumulate and mantle residues. 
See Waterton et al. (2022) for alternative interpretation. 

 

4.7.6 A note of caution in deciphering the igneous features of the Ulamertoq ultramafic rocks 

Our study of a Mesoarchean ultramafic body in the Akia terrane, SW Greenland, has shown that most 

whole-rock chemistry and mineral compositions were modified by metasomatism to compositions that 

diverge significantly from their primary igneous compositions. The metasomatic alteration experienced 

by the Ulamertoq body is a common feature in all ultramafic bodies across SW Greenland. Therefore, 

it is crucial to try to define any primary igneous signatures offered by this or similar ultramafic bodies 

from the least-metasomatized peridotites, in order to best constrain their origin and the information they 

might provide about the Mesoarchean mantle from which the primary melts were derived.  

From the petrological and geochemical features discussed above, it is clear that dunite 

containing minimal orthopyroxene or hydrous minerals are expected to be the least-metasomatized 
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ultramafic rocks in the Ulamertoq ultramafic body and by extension, in other regional ultramafic bodies. 

Within the Ulamertoq body, dunites varieties such as Type I Amp-Dunite and Type II TiChu-Dunite, 

have high olivine Fo# (∼93) (Figure 29a) and low Cr# (0.25–0.4) of spinel. The high Fo# and low Cr# 

of these rocks are inconsistent with depleted residual peridotite, such as forearc peridotites have high 

Fo# (∼91) and Cr# (>0.6) (Morishita et al., 2011); ultra-depleted dunite xenoliths from the sub-

continental lithospheric mantle of North Atlantic Craton after a high degree of partial melting have high 

Fo# (92.0–93.7) and Cr# (up to 0.96) (Bernstein et al., 2006). Therefore, the origin of the Ulamertoq 

dunite (olivine: 99–96% +	spinel: 1–4%) is best explained by cumulative origin.  

From our above discussion, it is clear that the TiChu-Dunite not likely of pristine igneous origin 

but instead originated by deserpentinization of a serpentinite or heavily serpentinized ultramafic (Nishio 

et al., 2019), although the range in NiO content and Fo# in TiChu-Dunite are much smaller than those 

of olivine in highly serpentinized/deserpentinized dunite from the Eoarchean Isua Supracrustal Belt 

(Dymek et al., 1988b, 1988a; Friend and Nutman, 2011; Guotana et al., 2022) that are not likely to 

represent mantle melt residues either (Waterton et al., 2022).  

4.7.7 The evolution and pressure–temperature history of the Ulamertoq ultramafic body 

Here we constrain pressure–temperature (P–T) conditions (Figure 36; see Supplementary Figure A15 

for details) and summarize the complex evolution of the Mesoarchean Ulamertoq ultramafic rocks from 

SW Greenland (Figure 37).  

4.7.7.1 Earliest stages: magmatism and metamorphism  

Based on the geochemical and petrological characteristics of the least metasomatized ultramafic rocks, 

a cumulative origin is most likely. The magmatic age of the Ulamertoq ultramafic rocks was not con- 

strained, but a preliminary Re–Os age of ∼3.3 Ga was suggested from the Seqi ultramafic rock which 

is near the Ulamertoq body and shares similar geochemical and petrological signatures (Szilas et al., 

2016).  

It is notable that hydration (serpentinization) and subsequent dehydration (deserpentinization) 

processes likely occurred, at ∼800◦	C–900◦	C and <	2 GPa, as documented by the TiChu-bearing dunite 

(Nishio et al., 2019). Because only one dunite sample contains TiChu, it is not possible to determine 

whether the hydration–dehydration event is local or widespread in the Ulamertoq ultramafic body 

though it seems unlikely that only one small segment of the body was hydrated. TiChu and associated 

petrographic features were observed in one of the least-metasomatized dunites, indicating that the 

hydration-dehydration processes possibly occurred before the main metasomatism that affected the main 

body (Figure 37).  
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Figure 36: Possible P–T conditions for the Ulamertoq ultramafic rocks. The stage of the main body 
metasomatism took place under granulite to amphibolite facies conditions. Later retrograde conditions 
constrained by pseudosections modeling of Type I Amp-Dunite, sample 565423 and Type III Phl-
Harzburgite sample 565428. Details about pseudosection modeling are in the supplementary material. 
The field of metamorphism recorded in TiChu-Dunite is from Nishio et al. (2019). The stability field 
of amphibole and phlogopite is from Conceiçao and Green (2004). 

 

4.7.7.2 Main body metasomatism  

We estimate the P–T condition of the major minerals of the main body based on experimental data and 

pseudosection modeling for Type I peridotites. The primary lithology comprising the main body 

ultramafic rocks—likely a dunite—experienced variable metasomatism forming the olivine-spinel-

orthopyroxene-hornblende assemblage that constitutes peridotites of Type I (Figure 37). No garnet or 

plagioclase is observed in the ultramafic rocks, indicating that they were formed within the spinel 

peridotite stability field. Amphibole is stable <1125 oC at 2.5 GPa in metasomatized depleted peridotite 

compositions (Conceiçao and Green, 2004), indicating that amphibole (±	 phlogopite) in Type I 

peridotites could be stable even under granulite-facies conditions in the Ulamertoq ultramafic rocks 

(Figure 36) as discussed below.  

Type I Amp-Dunite (565423) and Type III Phl-Harzburgite (565428) are characterized by 

olivine-spinel-orthopyroxene-tremolite-chlorite and olivine-spinel-orthopyroxene-phlogopite-tremolite 

assemblages. The P–T pseudosection constrained the conditions from 650 oC to 750 oC at <1.8 GPa for 

Type I Amp-Dunite and 650 oC to 850 oC at <1.5 GPa for Type III Phl-Harzburgite (Supplementary 
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Figure A15). Since chlorite is usually found surrounding spinel, the estimated P–T conditions for Type 

I Amph-Dunite are interpreted as retrograde P–T conditions. It is noted that low-pressure granulite-

facies metamorphism is recorded in the surrounding TTG gneiss, to at least 800oC, at pressures <0.8 

GPa. (White et al., 2017; Yakymchuk et al., 2020).  

4.7.7.3 Local metasomatism 

Two processes of local metasomatism are recorded in the Ulamertoq peridotites: formation of hydrous 

mineral-rich layers (+	related orthopyroxenites) and orthopyroxenite veins (Figure 36).  

Phlogopitites and metasomatic phlogopite−amphibole rocks (Localities 1 and 2) contain 

anthophyllite and talc. The stable field of anthophyllite and talc in ultramafic compositions is limited to 

temperatures <750oC and pressures <1.2 GPa (Chernosky et al., 1985). Application of the 

plagioclase−hornblende geothermometer for Locality 2 metasomatic rocks related to a centimeter-scale 

granitic apophysis indicates the occurrence of reaction at ∼650oC (Holland and Blundy, 1994). Such P–

T conditions are consistent with those estimated for the hydrous mineral-rich layers related to the 2.97 

Ga granitic intrusions in the Seqi body (Szilas et al., 2018; Whyatt et al., 2020). The field relationships 

of Locality 1 lithologies with low-TiO2 signatures indicate that the protoliths and the source of the 

metasomatic agents are very similar. Talc is observed at the grain boundaries of orthopyroxenes and 

along the cleavages in Tr-Orthopyroxenite (Supplementary Figure A9) suggesting that talc is a 

retrograde phase.  

The Ca-in-orthopyroxene thermometer, applied to Locality 3 Hbl-Orthopyroxenite (Brey and 

Köhler, 1990) suggests equilibration temperatures of ∼950oC. Because Hbl-Orthopyroxenite occurs as 

veins or vein-networks up to metre-scale, the temperature conditions estimated by orthopyroxene 

thermometry probably represent local, not the ambient conditions. 
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Figure 37: Schematic illustration of the evolution of the Mesoarchean Ulamertoq ultramafic rocks. The 
origin of the ultramafic rocks is most probably cumulative, from mantle-derived melts. One of the 
least-metasomatized dunites contains titanian clinohumite (TiChu). TiChu-Dunite records a 
hydration/dehydration process (Nishio et al., 2019). The extent of the area that may have been affected 
by this metamorphism of hydration/dehydration is still unknown, but the metamorphism probably 
occurred before the following metasomatic events. The stage of main body metasomatism is a major 
event. It formed secondary orthopyroxene and/or hydrous minerals in the main body ultramafic rocks. 
The metasomatism was probably caused by surrounding crustal rocks (norite or orthogneiss). It is 
noteworthy that most of the orthopyroxene in the main body formed by this metasomatism. However, 
we cannot rule out the possibility that the orthopyroxene in Type II (amphibole-free peridotites) is a 
product of cumulus-melt reaction in the late magmatic stage. Finally, local metasomatism occurred on 
the meter-to-millimeter scale related to numerous late granitic intrusions from the surrounding 
orthogneiss. The stage of the local metasomatisms has two types, (a) the formation of hydrous 
mineral-rich layers and associated orthopyroxenite (e.g. Localities 1 and 2) and (b) the formation of 
orthopyroxenite veins (e.g. Locality 3). 
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4.8 Conclusion 

The petrology and mineral chemistry of the largest Mesoarchean body—the Ulamertoq ultramafic 

rocks—from SW Greenland demonstrate that the body was formed by cumulate igneous processes, in 

the crust and that it experienced multi-stage metasomatic and metamorphic events related to interaction 

with the surrounding crustal rocks. These events strongly modified the primary compositions as follows.  

Meter-to-millimeter scale local metasomatic zonation formed near the boundaries with country 

rock orthogneiss and invading granitic sheets. The lithologies formed mostly from multiple infiltration 

event involving metasomatic agents that evolved in their composition. The compositions of the resulting 

metasomatic lithologies reflect the compositional differences of close to the main body ultramafic rocks. 

The local metasomatic activity is the latest event recorded in the mineralogical evolution of the 

Ulamertoq body, occurring after metasomatism of the main body ultramafic rocks.  

The metasomatism affecting the main body occurred under granulite-to-amphibolite facies 

conditions. Tremolite-bearing peridotite and phlogopite-bearing harzburgite record later retrograde 

conditions at 650oC –750oC and <	1.8 GPa and 650◦	C–850oC and <	1.5 GPa, respectively. We conclude 

that the geochemical and lithologic variations in the Ulamertoq ultramafic body resulted primarily from 

the secondary addition of orthopyroxene ± hydrous minerals to cumulative dunitic protoliths by 

metasomatic agents derived the surrounding crust.  

Titanian clinohumite and related mineral assemblages in the least-metasomatized sample and 

magnetite inclusions in olivine in some samples suggest that the ultramafic body probably experienced 

hydration (serpentinization) followed by dehydration (deserpentinization) processes at ∼800oC –900oC 

and <	2 GPa before the main metasomatic events (Nishio et al., 2019).  

Most of the Archean ultramafic bodies from SW Greenland are small and have comparable 

mineral assemblages and chemistry to the peridotites from Ulamertoq, indicating that they experienced 

significant metasomatic modification. The lithological and compositional variations are observed not 

only in the Archean ultramafic rocks of SW Greenland but also other ultramafic bodies exposed in 

crustal materials. Therefore, it is critical to account for the extensive interaction of these ultramafic 

bodies with crustal rocks when interpreting the geochemical signatures of these rocks.  
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Chapter 5 

5 Komatiitic layered intrusions as a missing complement 

to depleted cratonic mantle 

5.1 Introduction 

Archean to Proterozoic layered intrusions represent major igneous plumbing systems are crucial to 

understanding early Earth magmatism (Kamber and Tomlinson, 2019; Latypov et al., 2013; Yao et al., 

2021). Ultramafic rocks, including chromitite from layered intrusions, are products of early 

crystallization from primitive parental magmas (Yudovskaya et al., 2015). However, constraining the 

parental magma composition of these layered intrusions remains challenging. Both boninitic and 

komatiitic parental magmas have been suggested, respectively implying subduction zone or plume 

settings (e.g., Barnes, 1989; Godel et al., 2011; Mondal et al., 2019; Yao et al., 2021). Therefore, the 

parental magma composition of these layered intrusions is crucial for understanding the geodynamics 

of early Earth. 

Spinel in chromitite and host ultramafic rocks is a useful petrological indicator of igneous, 

metamorphic, and metasomatic processes (Arai, 1994; Barnes and Roeder, 2001; Irvine, 1965; Staddon 

et al., 2021). Chromitite is less susceptible to alteration compared to peridotite, which makes it a good 

indicator for identifying parental magma compositions, although its formation process is still 

controversial.  

Ultramafic rocks are ubiquitously exposed within the Archean geological units of southern West 

(SW) Greenland. Although these ultramafic rocks often undergone metamorphism and metasomatism 

(e.g., Guotana et al., 2022; Nishio et al., 2022b), they provide clues to the condition of the early Earth’s 

mantle, crust, and tectonics (Friend et al., 2002; van de Löcht et al., 2018; Waterton et al., 2022; Zemeny 

et al., 2023; Zhang and Szilas, 2024). 

One of the oldest known chromitites occurs in the Ujaragssuit Nunât layered body from SW 

Greenland (Appel et al., 2002; Chadwick and Crewe, 1986; Coggon et al., 2015, 2013; Fischer-Gödde 

et al., 2020; Rollinson et al., 2002). Rollinson et al. (2002) analyzed spinel compositions across various 

lithologies from the Ujaragssuit body, and identified a wide range of spinel compositions reflecting 

igneous and metamorphic processes. They interpreted the body to be part of layered intrusion formed 
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from a high- Mg and Cr magma. However, the exact nature of the parental magma, whether boninitic or 

komatiitic, remains elusive. 

We present spinel major and trace element and whole-rock PGE compositions from the 

Ujaragssuit ultramafic body in order to constrain both primary igneous and secondary metamorphic and 

metasomatic processes. We apply independent component analysis to a large database of spinel 

compositions from different parental magmas and tectonic settings to identify key geochemical 

discriminators between different parental magma types. Finally, we apply this discrimination scheme to 

Ujaragssuit compositions and compiled data on other Archean to Proterozoic layered intrusion 

chromitites to investigate their parental magma compositions and tectonic settings. 

5.2 Geological setting 

Part of the North Atlantic Craton (NAC) is exposed in SW Greenland (Figure 38a) (Friend et al., 1988), 

where numerous ultramafic rocks are sparsely distributed within Archean gneisses in SW Greenland 

(e.g., Chadwick and Crewe, 1986; Dymek et al., 1988). The Ujaragssuit ultramafic body is 100 m x 600 

m and consists mostly of peridotite and chromitite (Figure 38b and c). The body is hosted by the >3.8 

Ga gneiss and is crosscut by 2.97 Ga granitic intrusions  (Chadwick and Crewe, 1986; Crewe, 1984). 

Field observation and spinel major element compositions suggest that the body is part of a layered 

igneous complex and underwent amphibolite-facies metamorphism (Appel et al., 2002; Rollinson et al., 

2002). 

The geochronology of this body remains controversial. The body was previously thought to 

preserve a mantle depletion Os isotopic model age of 4.1 Ga and experienced later -3.7 Ga and -2.8 Ga 

metamorphisms based on Os and Pb isotopic works, spinel chemistry, and field relationship (Coggon et 

al., 2013; Rollinson et al., 2002). However, a recent study has suggested 3.2 Ga igneous age and 

subsequent metamorphism at 2.97 Ga based on U-Pb ages and Hf model ages of zircon found from 

chromitites (Sawada et al., 2023). In either case, the Ujaragssuit body contains one of the oldest 

chromitites on Earth. 

 



 
 

93 

 
 

Figure 38: (a) Location of the Ujaragssuit Nunât (Ujaragssuit) layered body in Greenland. (b) Drone 
image and (c) a detailed geological map of the Ujaragssuit intrusion. 

 

5.3 Sample occurrence and petrography 

5.3.1 Occurrence 

The ultramafic rocks are surrounded by orthogneiss; however, we did not observe that ultramafic rocks 

are in direct contact with orthogneiss. Instead, ultramafic rocks are separated and wrapped by 0.1 m to 

10 m wide granitoid sheets (Figure 38b, c and Supplementary Figure A16). 

The ultramafic body is mainly composed of amphibole and/or phlogopite-peridotite which are 

dunite alternating to peridotite. Based on mineral assemblages and chemistry, we grouped these into 

amphibole-peridotite (Amp-Peridotite) and phlogopite-peridotite (Phl-Peridotite). Chromitites occur as 

massive pods or thin layers hosted by Phl-Peridotites. Massive chromitites are 0.5–3 m thick and are 

observed in the northern part of the body (Figure 38b and c). Layered chromitites are 1–20 cm thick and 

are observed in the western part (Figure 38b and c). The host lithology of layered chromitite gradually 

changes from spinel-rich Phl-Peridotite to spinel-poor Amp-Peridotite in cm–m size away from the 

chromitite layer (Supplementary Figure A16). 

Various younger lithologies are observed in cm–m size associated with the granitoid sheets 

(Supplementary Figure A16). These are orthopyroxenites, hydrous mineral-rich layers, and amphibolites 

that sometimes contain corundum. Orthpyroxenites often occur as veins crosscutting the main 



 
 

94 

peridotites. The hydrous mineral-rich layers consist of the phlogopite zone, anthophyllite zone, and talc-

carbonate zone from granitoid to peridotite. The hydrous mineral-rich rocks between chromitites and 

granitoid sheets are green-colored amphibole rocks. 

5.3.2 Petrography 

Massive chromitite consists of spinel (average 92 vol.%) with the interstitial presence of phlogopite, 

chlorite, and/or talc. Ni-sulfide mineral is rarely observed. Layered chromitite consists of spinel (30–93 

vol.%), phlogopite, chlorite, and/or olivine. Spinel in chromitite is generally homogeneous (Figure 39a). 

Phl-Peridotite mainly consists of olivine, spinel, and phlogopite, with minor amounts of 

amphibole, chlorite, orthopyroxene, and talc. Phlogopite is often associated with spinel (Figure 39b). 

Amp-Peridotite mainly consists of olivine, spinel, and amphibole with minor amounts of orthopyroxene, 

phlogopite, and chlorite. Phl-Peridotite generally contains homogeneous spinel, but Amp-Peridotite 

contains heterogeneous spinel, which shows both Al-rich and Fe-rich phases (Figure 39c). The texture 

and proportions of these two phases vary between spinel grains, even within a single Amp-Peridotite 

sample. Spinel from one layered chromitite occurring near a granitoid sheet is also heterogeneous and 

shows multiple phases (Figure 39d). 

Cross-cutting orthopyroxenites consist mainly of orthopyroxene and amphibole. Spinel in these 

samples exhibit variable textures: spinel from orthopyroxenite veins that crosscut Amp-Peridotite tends 

to be heterogeneous (Figure 39e), while spinel from orthopyroxenite that cross-cuts Phl-Peridotite tends 

to exhibit Fe-rich compositions. Talc-carbonate rock, occurring between peridotites and granitoid sheets, 

contains a minor amount of Fe-rich spinel (Figure 39f). Green-amphibole rock, occurring between 

chromitite and granitoid rock, is dominated by amphibole and spinel with minor amount of phlogopite 

(Figure 39g). 



 
 

95 

 
 

Figure 39: Photomicrographs of the Ujaragssuit ultramafic rocks. (a) Spinel (Spl) and interstitial 
phlogopite/chlorite (Phl/Chl) in massive chromitite. (b) Phlogopite peridotite (Phl-Peridotite), which 
hosts chromitite, consisting of olivine (Ol), and spinel associated with phlogopite. (c) Heterogeneous 
spinel from amphibole peridotite (Amp-Peridotite) showing Al-rich phase (Al-Spl) and Fe-rich phase 
(Fe-Spl). (d) Heterogeneous spinel from one layered chromitite, which occurs near granitoid sheet, 
showing complex texture and multiple phases. (e) Spinel from orthopyroxenite vein cutting Amp-
Peridotite showing Al-rich phase and Fe-rich phase which often surrounded by chlorite. (f) Spinel 
from talc-carbonate rock. (g) Abundant spinel grains in the green-amphibole rock. 
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5.4 Methods 

Major element compositions of minerals were analyzed for 37 samples using electron probe 

microanalyzers, a JEOL JXA-8800 at Kanazawa University, and a JEOL JXA-8200 at the University of 

Copenhagen. Trace element compositions of spinel were analyzed for 6 chromitite samples using 193 

nm ArF excimer laser ablation-inductively coupled plasma-mass spectrometry (LA-ICPMS, Agilent 

7900 equipped with Teledyne Photon Machines Analyte Excite) at the University of Copenhagen. 

Whole-rock platinum-group element (PGE) compositions for 19 samples were obtained at Université 

du Québec à Chicoutimi by NiS-FA pre-concentration and measurement by ICPMS (Thermo Elemental 

X7 series; Thermo Fisher Scientific). Full details of the analytical methods and representative data are 

available in supplementary information 8.4. 

5.5 Results 

5.5.1 Spinel major element compositions 

Spinel from massive chromitite is grouped into two clusters (Figure 40a and b). One cluster contains 

low Fe3+/(Fe3++Cr+Al) (0.11 ± 0.01, average ± 2*standard deviation) and high Mg# [=Mg/(Mg+Fe2+)] 

(0.45 ± 0.07). It also shows high Cr# [=Cr/(Cr+Al)] (0.73 ± 0.04) and low TiO2 (0.24 ± 0.14 wt.%). The 

other cluster has higher Fe3+/(Fe3++Cr+Al) (0.21 ± 0.02) and TiO2 (0.34 ± 0.34 wt.%), and lower Mg# 

(0.32 ± 0.04) and Cr# (0.67 ± 0.08) than those of the low Fe3+/(Fe3++Cr+Al) cluster.  

Spinel from layered chromitite shows high Fe3+/(Fe3++Cr+Al) (0.28 ± 0.06), TiO2 (0.58 ± 0.24 

wt.%), and Cr# (0.76 ± 0.12) and low Mg# (0.25 ± 0.08) (Figure 40a and b). The heterogeneous spinel-

bearing layered chromitite has distinctive spinel compositions although we were not able to obtain the 

compositions of the separate phases due to the ubiquitous nature and small size of the multiple spinel 

phases. The mixed spinel compositions show low Cr/(Fe3++Cr+Al) (0.36 ± 0.11) and form a linear array 

on a trivalent ternary plot ranging from 0.18 to 0.75 for Fe3+/(Fe3++Cr+Al) (Figure 40a and b). 

Spinel from peridotite exhibits variable compositions (Figure 40c and d). Phl-Peridotite, which 

hosts chromitite, has high Cr/(Fe3++Cr+Al) (>0.5) spinel akin to those from layered chromitite. Spinel 

from Phl-Peridotite shows wide ranges of Fe3+/(Fe3++Cr+Al) (0.27 ± 0.16), TiO2 (0.58 ± 0.24 wt.%) and 

Cr# (0.8 ± 0.16), with low Mg# (0.21 ± 0.16). Phl-Peridotite sometimes contain Fe-rich spinel, which 

has high Fe3+/(Fe3++Cr+Al) (0.73 ± 0.1) with very low Mg# (0.05 ± 0.02). One Phl-Peridotite sample 

which does not host chromitite has different spinel composition which shows low Cr/(Fe3++Cr+Al) (0.43 

± 0.02) and Cr# (0.55 ± 0.02). Spinel in Amp-Peridotite is separated into an Fe-rich phase 
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[Fe3+/(Fe3++Cr+Al) = 0.72 ± 0.14] and an Al-rich phase [Fe3+/(Fe3++Cr+Al) = 0.12 ± 0.04] within single 

grains. Both phases have low Cr/(Fe3++Cr+Al) (0.25 ± 0.12). 

Orthopyroxenite also shows a wide range of spinel compositions (Figure 40e and f). Spinel from 

orthopyroxenite occurring near chromitite-hosting Phl-Peridotite shows high Fe3+/(Fe3++Cr+Al) (0.6 ± 

0.2) and Cr/(Fe3++Cr+Al) (0.37 ± 0.18). Spinel from the orthopyroxenite cutting the Phl-Peridotite 

which does not host chromitite shows slightly lower Cr/(Fe3++Cr+Al) (0.33 ± 0.06) than those occurring 

near chromitite-hosting Phl-Peridotite. Orthopyroxenite cutting or occurring near Amp-Peridotite 

contain inhomogeneous spinel, similar to those seen in the Amp-Peridotite. This spinel shows low 

Cr/(Fe3++Cr+Al) (0.16 ± 0.14). 

Spinel in green-amphibole rock has similar Fe3+/(Fe3++Cr+Al) (0.11 ± 0.02) to spinel from the 

host massive chromitite, but it has higher Cr# (0.81 ± 0.04) with lower Mg# (0.10 ± 0.08) than spinel 

from the host chromitite (Figure 40e and f). The talc-carbonate rock sample is adjacent to Phl-Peridotite 

(Supplementary Figure A16). Spinel in talc-carbonate rock has a magnetite composition 

[Fe3+/(Fe3++Cr+Al) = 0.93], while spinel in the adjacent Phl-Peridotite has a similar Cr/(Fe3++Cr+Al) 

(0.51) to spinel from Phl-Peridotite but higher Fe3+/(Fe3++Cr+Al) (0.44). 
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Figure 40: Spinel Cr# [=Cr/(Cr+Al)] against Mg# [=Mg/(Mg+Fe)] and ternary plots. (a, b) Spinel 
from massive and layered chromitite, (c, d) spinel from Phl-Peridotite, and Amp-Peridotite. Gray 
points are spinel compositions from chromitite except for heterogeneous layered chromitite. (e, f) 
spinel from younger lithologies. For orthopyroxenite, Phl-Peridotite (Massive) representing for 
orthopyroxenite occurring near Phl-Peridotite hosting massive chromitites, Phl-Peridotite (Chr-free) 
representing for orthopyroxenite occurring near Phl-Peridotite which does not host chromitites, Amp-
Peridotite (Chr-free) representing orthopyroxenite occurring near Amp-Peridotite which does not host 
chromitite. Light gray points are spinel compositions from chromitite and peridotite except for 
inhomogeneous layered chromitite. 
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5.5.2 Spinel trace element compositions 

We analyzed Ga, Ti, Ni, Zn, Co, Mn, V, and Sc in spinel from 6 chromitite samples. Spinel generally 

contains over 1000 ppm of Ti (1368–2517 ppm), Ni (797–1294 ppm), Zn (1281–3170 ppm) and Mn 

(2297–3063 ppm) while exhibiting relatively lower concentrations of Ga (30–41 ppm), V (493–940 

ppm), and Sc (4–5 ppm).  

When we normalized our spinel data using spinel composition from mid-ocean ridge basalt 

(MORB) (Pagé and Barnes, 2009), Ga, Ti, Ni, and Sc show similar values to MORB spinel, but Zn, Co, 

and Mn show elevated values (Figure 41a). Zn shows a clear positive correlation with Fe3+/(Fe3++Cr+Al) 

(Figure 41a). Ti also shows a positive correlation with Fe3+/(Fe3++Cr+Al) but chromitite which has high 

Cr# - Mg# - low Fe3+/(Fe3++Cr+Al) spinel shows constant Ti. V in spinel remains consistent regardless 

of differences in major element composition except for one sample which has high spinel 

Fe3+/(Fe3++Cr+Al). 

5.5.3 Whole-rock PGE compositions 

Chondrite (Fischer-Gödde et al., 2010) normalized PGE patterns of chromitite shows high Ir, Ru, and 

Rh, but low Pt and Pd values (Figure 41b). Most peridotites have similar PGE patterns with low Ir, Ru, 

and Rh but high Pt and Pd values (Figure 41b). Two peridotite samples show different patterns that are 

low in Pt and Pd. Orthopyroxenite shows various patterns, one shows a similar pattern to peridotite, one 

has low Ir values, and one has high Pt value. 
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Figure 41: Spinel trace element and whole-rock PGE data. (a) mid-ocean ridge basalt (MORB) spinel- 
normalized (Pagé and Barnes, 2009) spinel trace element patterns from massive and layered 
chromitite. Color scale indicates spinel Fe3+/(Fe3+ + Cr + Al). (b) Chondrite-normalized (Fischer-
Gödde et al., 2010) PGE patterns for chromitite, peridotite and orthopyroxenite. 

 

5.6 Discussion 

Due to the amphibolite-facies metamorphism displayed in the region (Rollinson et al., 2002), and the 

occurrence of numerous younger cross-cutting lithologies, it is highly likely that the spinel composition 

has undergone some degrees of modification. We therefore first discuss the influence of metasomatic 

and metamorphic overprints on the spinel compositions, before using the least modified spinel 

compositions to address the origins of the chromitite. 
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5.6.1 Younger metamorphic/metasomatic modification  

Orthopyroxenite often occurs as a vein crosscutting the main peridotite. Spinel Cr/(Fe3++Cr+Al) is 

higher from orthopyroxenite occurring near chromitite-hosting Phl-Peridotite, than either 

orthopyroxenite occurring Phl-Peridotite without chromitite or orthopyroxenite adjacent to Amp-

Peridotite (Figure 40f). Amp-Peridotite and orthopyroxenite occurring near Amp-Peridotites contain 

inhomogeneous spinel (Figure 39). These systematic differences suggest that spinel textures and spinel 

Cr/(Fe3++Cr+Al) primarily depend on their host peridotite compositions. Similar orthopyroxenite 

occurrences in other Archean ultramafic bodies also show Mg# and HREE systematics that reflect their 

host peridotite compositions (Nishio et al., 2022b). This suggests that the orthopyroxenites largely 

inherit the Cr/(Fe3++Cr+Al) of their host peridotite (protolith) during the secondary formation of 

orthopyroxenite. 

Spinel in the peridotite adjacent to the talc-carbonate rock shows similar Cr/(Fe3++Cr+Al) to 

those from Phl-Peridotite but more enriched in the magnetite component (Figure 40f). Spinel from talc-

carbonate rock has a magnetite composition. Therefore, either primary spinel compositions were 

oxidized and modified to a magnetite composition, or spinel became unstable and was replaced by 

magnetite during the formation of hydrous mineral-rich layers. The association of these layers with 

cross-cutting granitoids suggests these resulted from the reaction between peridotite and fluid 

originating from the intrusive granitoid sheets (Nishio et al., 2022b). 

 Spinel in green-amphibole rock shows higher Cr# and lower Mg# than those in the host massive 

chromitite (Figure 40f). This indicates that Cr# and Mg# were increased during the formation of the 

amphibole. We therefore conclude that spinel from these younger lithologies records a variety of 

metasomatic and metamorphic processes, but does not preserved primary igneous processes. 

5.6.2 Older metamorphic/metasomatic modification 

5.6.2.1 Secondary formation of phlogopite and amphibole 

Spinel composition in peridotite and chromitite tends to vary depending on its co-occurrence with 

phlogopite and/or amphibole (Figure 40). The formation of these hydrous minerals is key to 

understanding whether how the observed diverse spinel compositions reflect secondary overprinting. 

Phlogopite is an interstitial phase in the massive chromitites that lack olivine (Figure 39a). 

Phlogopite is also generally associated with spinel, either within the layered chromitites or in Phl-

Peridotites adjacent to massive or layered chromitites (Figure 39b). By contrast, amphibole is generally 

observed in peridotites further from chromitite contacts, with the exception of the green amphibole rock. 

Both phlogopite and amphibole have low TiO2 contents (<1 wt.%, Rollinson et al., 2002). This is distinct 

to igneous phlogopite and amphibole, which generally have high TiO2 contents (>1 wt.%) and crystallize 
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after olivine and spinel (Bucholz et al., 2014; Itano et al., 2021). Therefore, we suggest that these 

hydrous minerals were formed during metamorphism, likely through consuming preexisting olivine 

and/or orthopyroxene (Rollinson et al., 2002). 

Spinel mode gradationally decreases from the layered chromitite, Phl-Peridotite to Amp-

Peridotite on a cm–m scale in one occurrence (Supplementary Figure A16). This, along with the 

association of phlogopite with chromitites, may suggest that the formation of either amphibole or 

phlogopite during metamorphism is governed by the spinel mode in the protolith. Al is relatively 

immobile during metamorphism, so we suggest that spinel acts as a local Al-source during metasomatic 

alteration of the protoliths, such that chromitites and peridotites with abundant spinel produce Al-rich 

phlogopite when reacted with metamorphic fluids. By contrast, spinel-poor peridotites have insufficient 

Al to produce phlogopite, and Al-poor compositions favor the formation of amphibole as a hydrous 

mineral (Grant et al., 2014). The metamorphic assemblage therefore in part reflects primary modal 

differences in the protoliths. However, in the entire intrusion scale, a clear correlation between spinel 

mode and hydrous mineral mode are not shown. This suggests that both diversity in the original mineral 

modal abundances, and differences in both the extent of metasomatism and composition of metasomatic 

agents (Nishio et al., 2022b), caused the diversity in mineral assemblage and composition in the 

Ujaragssuit intrusion. 

5.6.2.2 Modification of spinel composition in Amp-Peridotite 

Spinel in Amp-Peridotite is characterized by inhomogeneous spinel showing Al-rich and Fe-rich phases 

(Figure 39c). The heterogeneous spinel is also observed in one layered chromitite and orthopyroxenite 

near Amp-Peridotite (Figure 39d and e). Cr/(Fe3++Cr+Al) in spinel from Amp-Peridotite is low and 

almost equivalent between contiguous phases of each grain (Figure 40d). The compositional 

immiscibility of two/multi-phase spinel in the ultramafic rocks are frequently reported, they all agree 

that these were not formed during the igneous process (Ahmed et al., 2008; Colás et al., 2020; Loferski 

and Lipin, 1983; Tamura and Arai, 2005). 

Previous studies interpreted that spinel composition shows two trends (Appel et al., 2002; 

Rollinson et al., 2002): one shows a trend from high Cr spinel in massive chromitite to Fe-phase of 

inhomogeneous spinel in Amp-Peridotite. The other shows a trend from high Cr spinel to Al-phase of 

inhomogeneous spinel in Amp-Peridotite. These Al-rich and Fe-rich spinel compositions are 

compositions of Fe-phases and Al-phases in a single grain (Figure 39c). If these compositional variations 

show magmatic trends, spinel is expected to have high TiO2 contents (Barnes and Roeder, 2001). 

However, spinel in the Ujaragssuit body is low in TiO2 (average 0.48 wt.%). Therefore, it is unlikely to 

that these trends are magmatic. The subsolidus exsolution due to compositional immiscibility is most 

likely to be the origin of the inhomogeneous spinel and these spinel compositional variations were 

attributed to secondary processes during metamorphism and/or metasomatism. 
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5.6.2.3 Modification of spinel composition in Phl-Peridotite 

Total Fe in spinel and silicate minerals mode show an increase from massive chromitite to layered 

chromitite and Phl-Peridotite while spinel Cr/(Fe3++Cr+Al) remains constant (Figure 40b and d). This 

can be attributed to subsolidus Mg-Fe2+ exchange, which depends on the silicate/spinel ratio. Higher 

silicate/spinel ratios result in lower Mg# in spinel. Fe3+ also increases in correlation with Fe2+. This 

suggests that Fe2+ contents in spinel were increased due to Mg-Fe2+ exchange and the increased Fe2+ was 

subsequently oxidized to Fe3+ during the metasomatism. Therefore, the metasomatic hydrous agent 

which caused the formation of phlogopite also appears to have oxidized spinel. We conclude that spinel 

compositions in layered chromitite and Phl-Peridotite are also affected by metamorphic and 

metasomatic overprints. 

5.6.3 Origin of the Ujaragssuit ultramafic intrusion 

5.6.3.1 Primary igneous composition preserved in massive chromitite 

Although all of the Ujaragssuit ultramafic rocks experienced metamorphic and metasomatic overprints, 

spinel from massive chromitite has low Fe3+/(Fe3++Cr+Al), and high Mg# and Cr#. We interpret this to 

indicate that the effect of secondary modification is minimal (Rollinson et al., 2002), and that the 

massive chromitite spinel major element compositions were least affected by metamorphism. 

The trace element composition of spinel is sensitive to differences in parental magma 

composition and formation tectonics (e.g., González-Jiménez et al., 2014). However, trace element 

compositions should be used with care because divalent cations such as Zn and Mn have relatively high 

diffusion rates and are susceptible to modification during metamorphism (e.g., Colás et al., 2020; 

Staddon et al., 2021). In the Ujaragssuit chromitite, spinel Zn concentrations increase with 

Fe3+/(Fe3++Cr+Al) (Figure 41a). This suggests that this element, and potentially other divalent cations, 

may have been modified during metasomatism and metamorphism. In contrast, Ti, V3+ and V4+ have 

lower diffusion rates and are expected to be less susceptible to disturbance (Sievwright et al., 2020). 

Spinel from massive chromitite, which retains low Fe3+/(Fe3++Cr+Al) and high Mg# and Cr#, has indeed 

constant V and Ti concentrations (Figure 41a). The PGE patterns in Ujaragssuit chromitite samples are 

also relatively constant (Figure 41b) and do not show clear correlations with spinel Fe3+/(Fe3++Cr+Al). 

Ti, V, and PGE composition from massive chromitites therefore also appear to preserve igneous 

compositions. 
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5.6.4 Classifying the Ujaragssuit chromitite using a multivariate statistical analysis 

Here we re-evaluate the origin of the Ujaragssuit chromitite using multivariate statistical analysis (Itano 

et al., 2023; Nishio et al., 2022a). We conducted independent component analysis (ICA) on log-

transformed spinel major element compositions to reduce the dimensionality of dataset while preserving 

as much information as possible. Log-transformation is an important step for the treatment of 

compositional data as they emphasize relative magnitudes and variations in components rather than 

absolute values. 

We collected the spinel data (spinel major and trace elements and whole-rock PGE 

compositions) in high-Cr chromitite (spinel Cr# > 0.6) hosted by ultramafic rock from the Archean to 

Proterozoic layered intrusions, from mantle section of supra-subduction zone (SSZ) ophiolites, and 

spinel from komatiite, picrite and boninite (Figure 42). We collated spinel major element data (n = 7611), 

comprising our dataset (n = 3369) and Barnes and Roeder (2001)’s boninitic and komatiitic spinel 

dataset (n = 4242). For our dataset, we excluded data that have either lower Mg# (<0.4) or higher 

Fe3+/(Fe3+ + Cr + Al) ratio (>0.16) because these likely reflect metamorphic processes. Many komatiites 

have also undergone metamorphism, which resulted in their spinel composition being enriched in Fe 

(Barnes and Roeder, 2001). Therefore, we also excluded spinel data that have either lower MgO (<5 

wt.%) or higher Fe3+/(Fe3+ + Cr + Al) ratio (>0.16) from Barnes and Roeder (2001)’s dataset. We then 

screened to include only spinel data for the elements TiO2, Fe2O3, FeO, MgO, Al2O3, and Cr2O3. This is 

because these were the only elements analyzed for most samples in the database and compositional data 

statistical analysis cannot be performed on a dataset with missing values. This screening results in 4732 

remaining spinel analyses. The method and references for compiled data are given in supplementary 

information 8.4 and Figure A17. 

ICA, a statistical method, reveals sources and factors underlying the distribution of multivariate 

observations. In geochemical applications of ICA, source materials and processes with independent 

geochemical signatures can be identified as ICs (IC1, IC2, etc). ICs are chosen to describe the largest 

amount of variability in the data. The results of the ICA identify that IC1 is mainly controlled by varying 

MgO/TiO2 at a similar Cr# (Figure 42 and Supplementary Figure A18). This implies that MgO and TiO2 

contents are important variables to classify high Cr# chromitites, in line with previous findings (Barnes 

and Roeder, 2001).  

Spinel from the Ujaragssuit massive chromitites shows similar IC1 values to those of other 

layered intrusion chromitites, on the other hand, IC1 shows a clear difference from those of SSZ 

ophiolite chromitites (Figure 42a). Indeed, MgO content distinguishes between spinel from layered 

intrusion chromitites and SSZ ophiolite chromitites (Figure 42b). Spinel from layered intrusion 

chromitites generally have lower MgO compared to those from SSZ ophiolite chromitites, as previously 

identified (Barnes and Roeder, 2001). For high-Mg and Cr magma such as komatiite, olivine crystalizes 
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before spinel (e.g., Yao et al., 2021). The MgO in parental magma is therefore consumed by olivine 

crystallization before the crystallization of spinel. This low MgO indicates that chromitite from the 

ultramafic (dunitic) layers of layered intrusions were a product of the crystallization of olivine and spinel 

with the subsequent mechanical sorting of spinel leading to the chromitite formation (Barnes et al., 

2023). The observed Ni negative anomaly in potentially supports the hypothesis of co-crystallization 

with olivine (Figure 41a).  

ICA, therefore, correctly classifies the Ujaragssuit chromitites as having formed in a layered 

intrusion, consistent with previous work (Rollinson et al., 2002). 

 

 
 

Figure 42: Compiled spinel major elements data for high Cr# chromitites. (a) Independent Component 
value (IC1) obtained by independent component analysis of spinel major element compositions. (b) 
MgO contents (c) TiO2 contents. Compiled data and all references are given in the supplementary 
information 8.4. 

 

5.6.5 Archean to Proterozoic layered intrusion chromitites originated from komatiitic 

magma 

5.6.5.1 Komatiitic parental magma for the formation of the layered intrusion 

The average IC1 values also distinguish komatiitic spinel (average IC1 = 0.36) from boninitic spinel 

(ave. IC1 = -1.41) (Figure 42a), which strongly reflects the difference in TiO2 contents at similar Cr#s 

(Figure 42c). Komatiitic spinel generally has higher TiO2 contents (ave. 0.47 wt.%) compared with 

boninitic spinel (ave. 0.17 wt.%). Welch t-test, which is a statistical test to determine whether there is a 

difference between the means of komatiitic spinel and boninitic spinel, shows a very low-p value 

(<0.001). This suggests a significant difference between the means of komatiitic spinel and boninitic 
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The average TiO2 content (0.4 wt.%) in spinel from layered intrusion chromitites including the 

Ujaragssuit chromitites generally has similar TiO2 contents at similar Cr#s to komatiitic spinel (Figure 

42c). However, 68% of layered intrusions have spinel with TiO2 contents (0.1–0.4 wt.%), overlapping 

with 63.8% of komatiitic spinel and 66% of boninitic spinel (Figure 42c). This highlights the need for 

caution when identifying parental magmas based solely on spinel major element compositions. 

Therefore, we investigated the differences between komatiite and boninite using spinel trace element 

compositions and PGE abundances. 

Based on the screened Barnes and Roeder (2001)’s dataset, Ti and V concentrations in tend to 

demonstrate the differences between komatiitic spinel with higher Ti (median 3104 ppm, 1st quantile 

value 1678 ppm, 3rd quantile value 3476 ppm) and lower V (median 1009 ppm, 1st quantile value 798 

ppm, 3rd quantile value 1679 ppm) and boninitic spinel with lower Ti (median 1618 ppm, 1st quantile 

value 1198 ppm, 3rd quantile value 1977 ppm) and higher V (median 1155 ppm, 1st quantile value 883 

ppm, 3rd quantile value 1359 ppm) (Figure 43a). Characteristics of komatiitic spinel aligns more closely 

with layered intrusions as well as the result of ICA. However, most spinel V2O3 contents obtained by 

EPMA were obtained without the correction (Staddon et al., 2021) and the data is scattered. Therefore, 

further study on spinel Ti-V systematics using LAICPMS is necessary. 

Based on LA-ICPMS obtained data, Ti and V contents are able to distinguish spinel from 

layered intrusion chromitite from spinel from Izu-Bonin-Mariana (IBM) arc boninite (Pagé and Barnes, 

2009) and picrite (Park et al., 2017). However, Ti-V systematics of Archean and Proterozoic layered 

intrusions are similar to spinel from komatiite (Barnes et al., 2023) and from Troodos low-Si boninite 

(Hu et al., 2023). This confirms that the overlapping between komatiitic spinel and boninitic spinel based 

solely on the major elements were caused by the similarity between undeleted low-Si boninite and 

komatiite.   

Ti-V systematics can be explained by considering the behavior of Ti and V during mantle 

melting and whole rock Ti-V systematics for these different magma types (Shervais, 2022). Vanadium 

has variable cation states (V2+, V3+, V4+, V5+), making its partitioning sensitive to varying redox 

conditions (Mallmann and O’Neill, 2009). In peridotite, its partition coefficient decreases in more 

oxidized conditions. Partial melts from more oxidized peridotite sources are therefore expected to have 

higher V with a correspondingly lower Ti/V ratio. Ti/V ratio of komatiites (average = 15.7, n = 37; Sossi 

et al. (2016)) is generally higher than that of IBM boninites (average = 7.99, n = 150; Ishizuka et al. 

(2020)), consistent with studies showing that IBM boninites are indeed more oxidized magmas (Brounce 

et al., 2021). By contrast, the Troodos boninites were recently argued not to have originated from 

oxidized mantle (Hu et al., 2023). This is consistent with the Ti/V systematics: IBM boninitic spinel 

exhibits lower Ti/V ratios than the Troodos boninitic spinel (Figure 43a). Therefore, spinel Ti/V ratios 

appear to reflect the redox conditions of their parental komatiite and boninite magmas (Nicklas et al., 

2019; Shervais, 1982). We conclude that boninites formed at nascent arcs from the oxidized mantle 

cannot be the parental magma of layered intrusion chromitites. 
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The PGE patterns of layered intrusion chromitite hosted by peridotite show high Ir, and Ru with 

low Rh, Pt, and Pd values (Figure 43b). These patterns resemble komatiitic and picritic spinel more than 

boninitic spinel including IBM and Troodos, that show lower Ir with high Rh values (e.g., Pagé and 

Barnes, 2016; Park et al., 2017). This is consistent with the higher abundance of Ir in komatiite (2 ± 0.15 

ppb, n = 271; Waterton et al. (2021)) compared to IBM boninite (0.1– 0.18 ppb, n = 3; Woodland et al. 

(2002)). 

Our comprehensive investigation of spinel compositions reveals that Cr#, Ti, V, and Ir are 

important petrological indicators and the parental magma compositions of the Archean to Proterozoic 

layered intrusion chromitite are more consistent with a komatiitic magma source. This conclusion 

applies even to chromitites that were previously interpreted to have a boninitic origin (e.g., Mondal et 

al., 2019). We conclude that the major Archean to Proterozoic layered intrusions studied here most 

probably originated from komatiitic magma in a plume setting. Modern-style plate subduction was not 

necessary for their formation. 

 

 
 

Figure 43: Compiled spinel trace elements, and whole-rock PGE data, for high Cr# chromitites. (a) Ti  
and V concentrations (ppm) in spinels. Kernel densities for komatiitic spinel and boninitic spinel were 
obtained from the screened dataset of Barnes and Roeder (2001). (b) Chondrite-normalized (Fischer-
Gödde et al., 2010) PGE patterns. Layered intrusion chromitite (dunitic host) is chromitite from 
dunitic layer. Layered intrusion chromitite (px, serp host) is chromitite from pyroxene-rich peridotite, 
pyroxenite layer or serpentinite layer. 
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5.6.5.2 Layered intrusions as the surviving remnants of the missing komatiites 

Mafic-ultramafic rocks are thought to dominate the early Earth crust (Kamber, 2015), and most of them 

were destroyed due to later metamorphism and burial due to their higher density compared to felsic crust 

(Johnson et al., 2016). Recent studies suggested that metamorphism of komatiite played important roles 

as sources and in water storage for TTG (tonalite–trondhjemite–granodiorite) formation, gold deposits, 

and H2 production (Tamblyn et al., 2023; Tamblyn and Hermann, 2023; Yu et al., 2023). These indicate 

komatiitic magmas must been far more common than indicated in the preserved rock record.  

Most Cratons contain komatiite, but its occurrence is heterogeneous (e.g., Waterton and Arndt, 

2024). In Slave Craton and North Atlantic Craton where no komatiite has been reported, komatiitic 

spinel was recently found (Haugaard et al., 2021) and we now recognized the Ujaragssuit intrusion as 

representing a komatiitic layered intrusion, respectively. Therefore, komatiitic rocks are commonality 

among craton. 

  Formation tectonics of the cratonic mantle remains enigmatic (e.g., Pearson et al., 2021). 

Recently, it has been suggested that cratonic peridotite was formed by the melting and reaction with 

komatiite/basalt in the deeper mantle (Tomlinson and Kamber, 2021; Walsh et al., 2023). The model 

requires a 50:50 proportion of peridotite and komatiite, and the lack of komatiite occurrences was 

indicated (Kamber and Tomlinson, 2019). This is also problematic for plume models of komatiite 

melting columns 100s of km long, high extents of melting (Waterton and Arndt, 2024). 

Archean ultramafic rocks often occur with lens-shaped bodies surrounded by TTG gneisses (e.g., 

Guice et al., 2022; Szilas et al., 2018) and recent geochemical studies suggested that most of them are 

cumulates (e.g., Waterton et al., 2022; Zemeny et al., 2023; Zhang et al., 2023; Zhang and Szilas, 2024). 

Komatiite–ultramafic cumulate body of Proterozoic Winnipegosis Komatiite belt is also located in the 

Archean TTG gneiss (Waterton et al., 2020b). With the present example of the komatiitic affinity of the 

Ujaragssuit body, we propose that similar lower crustal ultramafic intrusions help explain some portions 

of the missing komatiitic magmas in the rock record of Greenland, and elsewhere.  

We conclude that layered intrusions containing high-Cr chromitites are products from komatiitic 

magma that failed eruption but survived later destructions and may serve as the missing complements 

to depleted cratonic peridotites. Komatiitic magma in a plume setting is possibly a crucial factor for the 

formation of TTG and depleted mantle peridotites as well as mafic-ultramafic rocks, i.e., cratonization. 
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5.7 Conclusion 

The Ujaragssuit ultramafic layered intrusion is known for containing one of the oldest chromitite 

occurrences on Earth. The intrusion has undergone various metamorphic and metasomatic overprints.  

Peridotites and chromitites in the Ujaragssuit intrusion are less modified compared to the 

younger lithologies, but these still contain secondary hydrous minerals and modified spinel 

compositions. Spinel from massive chromitite has low Fe and high Cr#, with consistent Ti and V 

contents, and consistent whole-rock PGE patterns. We interpret these massive chromitite to be the 

samples that best approximate igneous compositions.  

We collated a large database of chromitite spinel compositions and whole-rock PGE data from 

Archean to Proterozoic layered intrusions, supra-subduction zone ophiolites, and spinel data from 

komatiite and boninite to constrain the parental magma compositions. Our statistical analysis 

distinguishes between spinel from layered intrusion chromitites, including the Ujaragssuit chromitite, 

and SSZ ophiolite chromitites, consistent with previous interpretations that the Ujaragssuit body is a 

part of layered intrusion.  

High spinel Cr#, high Ti/V, and high whole-rock Ir contents of layered intrusion chromitites, 

are best explained by the parental magma of Archean to Proterozoic layered intrusions being komatiitic 

magmas. This indicates that the tectonic setting in which layered intrusion formed was most likely a 

plume setting, and not a modern-style subduction zone.  

Links of layered intrusion, komatiite, TTG, and depleted cratonic mantle peridotite indicate that 

layered intrusions are survived and missing complements to depleted cratonic mantle and komatiitic 

magma played crucial role in the formation of TTG and depleted mantle peridotite as well as mafic-

ultramafic rocks. 
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6 Synthesis 

6.1 Summary 

I studied ultramafic rocks from different setting and ages focusing on mineral chemistry to contribute to 

a nuanced understanding of the diversity and heterogeneity of the Earth’s mantle.  

Composition of the oceanic lithosphere changes as a result of plate tectonics, with formation 

occurring at mid-ocean ridges and subsequent subduction. I performed multivariate statistical analyses 

and geochemical modeling on a large database of clinopyroxene trace elements from residual abyssal 

peridotites for understanding processes in the oceanic mantle beneath the mid-ocean ridges. Our study 

suggests that 85% of the residual abyssal peridotite samples can be explained by residues that melted to 

varying degrees during the melting process, and the last group, 15% of the samples, can be the product 

of melting and melt-rock reaction. Our study identified that the most depleted residual abyssal 

peridotites experienced ~17% degrees of partial melting collected from GAK and MAR (D’Errico et al., 

2016; Harigane et al., 2016). But the studied ultra-depleted peridotites from supra-subduction zone 

ophiolites experienced greater degrees (>30%) of partial melting than the depleted residual abyssal 

peridotites. The formation conditions of ultra-depleted peridotites are different from those of abyssal 

peridotites. They formed under high temperature, low pressure, and hydrous conditions during 

subduction initiation. The variations in oceanic mantle peridotites indicates that the degree of partial 

melting and melt extractions are the primary control, but the presence/absence of garnet-field melting, 

retained melt fraction, fluids, and melt-rock interaction also contribute to their variation. 

The Archean Ulamertoq ultramafic rocks from SW Greenland show lithological and 

geochemical variations from depleted dunite to fertile peridotite. These variations are mainly the result 

of the later metasomatic and metamorphic overprinting on the cumulative dunitic protolith and/or the 

result of the crystallization sequence from dunite to peridotite but not the result of the partial melting 

exhibited by the oceanic mantle peridotites. The ultramafic rocks of the Ujaragssuit also mostly show 

similar lithological and geochemical variations as the result of metamorphic and metasomatic 

overprinting. However, the massive chromitites preserve the igneous compositions. Statistical analysis 

on a large database of chromitite spinel compositions suggests that the parental magma of Archean to 

Proterozoic layered intrusions including the Ujaragssuit intrusion, being komatiitic magmas rather than 

boninitic magmas. This indicates that the tectonic setting in which layered intrusion formed was most 

likely a plume setting, and not a modern-style subduction zone. Links of layered intrusion, komatiite, 

TTG, and depleted cratonic mantle peridotite indicate that layered intrusions are survived and missing 

complements to depleted cratonic mantle and komatiitic magma played crucial role in the formation of 

TTG and depleted mantle peridotite as well as mafic-ultramafic rocks. 
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6.2 Future work 

• Pacific plate: Based on our statistical analysis on the large database of abyssal peridotites, we 

confirmed that samples from the EPR are limited (n = 49, 4% of the unscreened data and n = 8, 3% 

of the screened clinopyroxene trace elements data). Clinopyroxene composition from the EPR 

peridotites shows low HREE abundances and enriched LREE. This characteristic is also observed 

in the Petit-spot mantle xenolith, representing the uppermost part of the pacific plate (Mikuni et al., 

2022). Geochemical modeling suggests that the low HREE and enriched LREE are the results of the 

high degrees of partial melting and melt-rock interaction. Therefore, we may not have obtained the 

residual abyssal peridotites from the Pacific plate that experienced only partial melting and melt 

extraction, that are crucial material to understanding the fast-spreading mid-ocean ridge mantle. 

Further study of the East Pacific Rise and mantle xenoliths captured by the petit-spot volcanic rocks 

(Hirano et al., 2006; Mikuni et al., 2022), will help us better understand about the mid-ocean ridge 

mantle.  

• Evolution of mantle during subduction initiation: During subduction initiation, the first 

volcanism, forearc basalt (Reagan et al., 2010), forms by the decompression melting without the 

input of slab fluid and subsequently boninite forms by the slab-fluid influx melting under high 

temperature condition leaving the depleted to ultra-depleted peridotites (e.g., Whattam, 2023a, 

2023b). Supra-subduction zone ophiolites are generally identified by the depleted signature of 

mantle harzburgites, linking the relationship with those volcanic rocks. However, the formation and 

the role of basal fertile lherzolites occurring in supra-subduction zone ophiolites remain unclear 

(Takazawa et al., 2003; Wu et al., 2022). Their origin has been interpreted as either residue at the 

earliest stage of the subduction initiation or residue formed at the mid-ocean ridges. The study of 

these lherzolites is therefore important to understanding the formation of ophiolites and the 

evolution of mantle such as redox states during subduction initiation (Birner et al., 2017). The 

depleted–fertile peridotite bodies from the Kamuikotan unit would be the material to tackle these 

questions. 

• Formation of the lithospheric mantle of the North Atlantic Craton: Ultra-depleted cratonic 

mantle peridotite xenoliths occur in Greenland and its mineral chemistry differs from modern 

abyssal and arc peridotites (e.g., Bernstein et al., 2006). These ultra-depleted peridotites are mostly 

spinel-bearing dunites and are thought to be less modified cratonic mantle xenoliths. In Chapters 4 

and 5, we examined the Archean ultramafic bodies formed from komatiitic magmas, which may be 

related to the formation of cratonic lithosphere. Study of these xenoliths focusing on mineral trace 

and volatiles element compositions is necessary for a better understanding of craton formation.  
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8 Appendix 

8.1 Supplementary information for chapter 2 

Figure A1 Global distribution of residual abyssal peridotites (n = 1162) 

 
 

Figure A1: Global distribution of residual abyssal peridotite samples (n = 1162), are from the American-
Antarctic Ridge (AAR; n = 43), Central Indian Ridge / Carlsberg Ridge (CIR; n = 35), East Pacific Rise 
(EPR; n = 49), Gakkel Ridge (GAK; n = 25), Lena Trough (LT; n = 25), Mid-Atlantic Ridge (MAR; n 
= 657), Southwest Indian Ridge (SWIR; n = 286). 
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Figure A2 Elbow method for identifying the optimal number of clusters 

 
 

Figure A2: Elbow method for identifying the optimal number of clusters. The total within-cluster sum 
of the square is defined as follows. K is a cluster number and Ck is cluster k. x is a sample point 
belonging to cluster Ck. µk is the centroid of cluster k. 
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Figure A3 Primitive mantle normalized trace elements patterns of modeled 

clinopyroxene 

 
 

Figure A3: Primitive mantle normalized trace elements patterns of modeled clinopyroxene.  See table 
1/main text for description of melting parameters. 
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Figure A4 Olivine – spinel compositional relations in clusters 1–4 

 
 

Figure A4: Olivine – spinel compositional relations in clusters 1–4. The field between the dashed lines 
is the olivine-spinel mantle array (OSMA) (Arai, 1994). 
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Figure A5 Correlations between principal components and mineral major 

elements compositions 

 
 

Figure A5: Correlations between principal components and mineral major elements compositions. (a) 
PC1 vs. Na2O contents in clinopyroxene. (b) PC1 vs. Cr# of spinel. (c) PC2 vs. Al2O3 contents in 
orthopyroxene. 
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Figure A6 Global distribution of clusters 1–4 residual abyssal peridotites 

 
 

Figure A6: Global distribution of residual abyssal peridotite samples classified by cluster of 
clinopyroxene they contain. 
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8.2 Supplementary information for chapter 3 

Figure A7 Mineral mode of the ultra-depleted peridotites 

 
 

Figure A7: Clinopyroxene-free ultra-depleted peridotite modes. DMM indicates the depleted MORB 
mantle source composition from Workman and Hart (2005). The blue line shows the degree of melting 
for the melting reaction 0.05Spl + 0.45Opx + 0.75Cpx à 0.25Ol + 1Melt for clinopyroxene-bearing 
assemblage and 0.2Ol + 0.003Spl + 0.797Opx à 1Melt for clinopyroxene-free assemblage with tick 
marks indicating increments of 5% melting (simplified from Kinzler and Grove (1992) and Parman 
and Grove (2004)). Gray circles indicate residual abyssal peridotites mode (Nishio et al., 2022a; 
Warren, 2016).  
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Figure A8  Ti and Sr abundances in orthopyroxenes from the ultra-depleted 

peridotites  

 
 

Figure A8: Zr and Ti (Fig. 7b) and Sr and Ti abundances in orthopyroxenes. Orthopyroxene 
compositions from abyssal peridotites are from D’Errico et al. (2016). The blue solid line is the 
compositional trend reproduced by the fractional melting model. The dotted lines are the 
compositional trend reproduced by the open-system melting model, i.e., influx melting with starting 
compositions formed after 17.3% of fractional melting from DMM. We varied Zr and Sr abundances 
in fluid ranging from 0.1–1000 μg/g and 150–15000 μg/g, respectively. References to the ultra-
depleted peridotites data are listed in Figure 13.  
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8.3 Supplementary information for chapter 4 

Figure A9 Microphotographs and BSE images of locality 1 Tr-Orthopyroxenite 

 
 

Figure A9: (a) Coarse-grained orthopyroxene (Opx) with spinel (Spl) grains in locality 1 Tr-
Orthopyroxenite (Figure 25c). (b) Talc (Tlc) is observed at the grain boundary of orthopyroxene and 
along the cleavages. 
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Figure A10 Representative field photograph and interpretative sketches of the 

Locality 2 lithologies 

 
 

Figure A10: Field photos and simplified sketch of the Locality 2 lithologies. (a) the field photo and (b) 
the sketch of the decameter-thick granitic intrusion and related olivine-hornblende-orthopyroxenite 
(Ol-Hbl-Orthopyroxenite, Sample No. 565417). Red square is the area of (c) and (d). (c) the photo and 
(d) the sketch of the centimeter-scale granitic apophysis from decameter-scale granitic intrusion. The 
metasomatic rock (sample No. 565418) related to the cm-scale branch was collected in the red circle. 
Hydrous mineral-rich layer between decameter-scale granitic intrusion and Ol-Hbl-Orthopyroxenite 
consists of biotite (Bio), anthophyllite (Ath) and calcic amphibole (Ca-Amp).  
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Figure A11 Modal abundance of constituent minerals of the main body ultramafic 

rocks. 

 
 

Figure A11: The ratio between orthopyroxene and amphibole are similar in type I Amp-Dunite and 
Opx-Hbl-Peridotite. The abundance of amphibole is less than that of orthopyroxene in type I Amp-
Harzburgite. 
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Figure A12 Relationships between forsterite contents, Mg# of orthopyroxene, and 

modal abundance of orthopyroxene and/or amphibole 

 
 

Figure A12: (a) Forsterite content (Fo#) and (b) Mg# of orthopyroxene vs. modal abundance of 
orthopyroxene and/or amphibole for the main body ultramafic rocks. Fo# and Mg# of orthopyroxene 
of type I ultramafic rocks negatively correlate with the modal abundance of orthopyroxene and/or 
amphibole. 
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Figure A13 Major elements compositions of orthopyroxene 

 
 
 

Figure A13: Major elements chemistry of orthopyroxene. (a) Al2O3 wt. % versus Cr2O3 wt. %; (b) 
Al2O3 wt. % versus Mg#; (c) CaO wt. % versus Cr2O3 wt. % plots of orthopyroxenes. Compositions of 
orthopyroxenes in peridotites from the Akia terrane (Aarestrup et al., 2020; Szilas et al., 2018, 2015), 
the Itsaq area of southern West Greenland (Friend et al., 2002), secondary orthopyroxenes which 
formed by cumulus-melt reaction (Berno et al., 2020), cumulus orthopyroxene from Ntaka ultramafic 
rock (Barnes et al., 2016). Compositional fields of primary orthopyroxene in abyssal peridotites and 
forearc peridotites are from Parkinson and Pearce (1998) and Warren (2016). 
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Figure A14 REE + Y compositions of crustal rocks from Akia terrane 

 
 

Figure A14: (a) Average REE + Y compositions of crustal rocks from Akia terrane, melanorite, 
orthopyroxene-rich norite, (Ave. Melanorite; n = 19) and norite (Ave. Norite; n = 27) from Maniitsoq 
region (Waterton et al., 2020a) and of TTG gneiss (Ave. TTG; n = 7) (Gardiner et al., 2019); (b) REE 
+ Y compositions of TTG gneiss; (c) REE + Y compositions of norite; (d) REE + Y compositions of 
melanorite. 
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Figure A15 P-T pseudosections of the Ulamertoq ultramafic rocks 

 
 

Figure A15: P-T pseudosections showing the stability fields of (a) type I Amp-Dunite, sample 565423 
and (b) type III Phl-Harzburgite sample 565428. The abbreviations of the minerals are from Whitney 
and Evans (2010). Following solid-solution models of minerals were used for the pseudosection 
model: Orthopyroxene: Opx(HP), Olivine: Ol(HP), Clinopyroxene: Cpx(HP), Talc: T, Chlorite: 
Chl(HP), Biotite: Bio(HP), Amphibole:GlTrTsPg, Antigorite: Atg(PN), Anthophyllite: oAmph(DP). 
Solid-solutions of olivine, orthopyroxene, clinopyroxene, talc, chlorite and biotite are from Holland 
and Powell (1998). Amphibole is from White et al. (2003) and Wei and Powell (2004). Antigorite is 
from Padrón-Navarta et al. (2013). Anthophyllite is from Diener et al. (2007). 
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8.4 Supplementary information for chapter 5 

8.4.1 Field observations 

 
 

Figure A16: Representative field photographs of the Ujaragssuit ultramafic rocks. (a) Occurrence of 
layered chromitite and associated peridotite; (b) Occurrence of massive chromitite; (c) Amp-Peridotite 
which does not host chromitite; (d) Orthopyroxenite cutting peridotite; (e) Hydrous mineral-rich layers 
consisting of talc-carbonate zone, anthophyllite zone and phlogopite zone, between granitoid sheet and 
peridotite, (f) Green-amphibole rock between granitoid sheet and massive chromitite. 
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8.4.2 Methods 

8.4.2.1 Micro-XRF analysis 

Element-distribution images of entire thin sections and/or the rock chips were cut from for 19 samples 

were obtained by a micro x-ray fluorescence (XRF) using a Bruker M4-Tornado Plus at the University 

of Copenhagen and a Bruker M4-Tornado at the Geological Survey of Japan. The measurement was 

performed using 50 kV accelerating voltage and 600 μA probe current, with a 20–40 μm diameter beam 

spot and a measurement time was 1–1.5 msec/pixel. Modal abundances of minerals were determined 

based on the arbitrary element intensity and confirmed with the microphotograph observations and 

mineral composition. 

8.4.2.2 Whole-rock major and trace element analysis 

A total of 22 samples (7 chromitites, 12 peridotites, and 3 orthopyroxenites) were selected for whole-

rock major and trace element analysis. They were cut using a diamond saw and then washed in an 

ultrasonic bath to avoid contamination. All sample powders were prepared by mild steel jaw crushing 

followed by agate milling. Ultramafic rocks require quartz dilution for XRF because the elevated Mg 

concentration can cause crystallization in the glass bead. Therefore, a separate aliquot was prepared for 

inductively coupled plasma mass spectrometry (ICP–MS) and was ground in a steel mill. Whole-rock 

major and trace element analyses were acquired from the geochemical laboratory at GeoAnalytical Lab, 

Washington State University, USA, using procedures involving flux-fusing of rock powders followed 

by applying standard XRF and ICP–MS methods.  Potential contamination from the Li-tetraborate flux 

was corrected by a blank subtraction. Repetitive analyses (BCR-P and GSP-1) conducted for precision 

evaluation show relative a standard deviation of 0.5% for XRF major elements analysis, 5% for Rare 

Earth Elements (REEs), and 10% for the remaining trace elements analyzed using ICP–MS. The full 

analytical procedures are described by Johnson et al. (1999). 

8.4.2.3 Platinum-group element (PGE) analysis 

PGE data for 19 samples (6 chromitites, 10 peridotites, and 3 orthopyroxenites) were obtained at 

Université du Québec à Chicoutimi (UQAC) by NiS-FA pre-concentration and measurement by ICP-

MS following the procedures of Savard et al. (2010), which are summarized below. 15 grams of sample 

powder is mixed in a ceramic crucible with analytical grade fluxes: sodium carbonate (10 g), sodium 

tetraborate (15 g), silica (5 g), nickel (5 g), and sulfur (3 g). A further 15 g of sodium tetraborate was 

added on top after mixing. After fusion in a muffle furnace (1050°C) for 90 min, the NiS bead was 

separated from the cooled slag and dissolved for 24 hr in 160 ml of 12 mol/l HCl (environmental grade) 

in a 180 ml closed PFA jar placed in a vented oven (110°C). After complete dissolution of the NiS bead, 
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stannous chloride dihydrate (SnCl2·2H2O) (4 g) previously dissolved with 9 ml of 3.24 mol/l HCl and 3 

ml of 2000 μg/g tellurium solution was added to the dissolved bead. The PFA jars were placed in the 

oven (at 110°C) for 24 hr. After cooling, the black precipitate was recuperated on a 0.45 lm cellulose 

membrane filter, thoroughly rinsed with ca. 50 ml of 1 mol/l HCl, and then dissolved in a mixture of 2 

ml HCl and 2 ml HNO3 (concentrated environmental grade) in the PFA jar with the lid sealed, on a hot 

plate (at 120°C) for 12 hr. After complete digestion, the acid solution was diluted with de-ionized water 

(18.2 MΩ cm) to a total volume of 25 ml, and the PGE and Au were determined by ICP-MS (Thermo 

Elemental X7 series; Thermo Fisher Scientific, Waltham, MA, USA) using thallium as a drift monitor. 

A multiple PGE-Au and Re stock solution (SCP Science, Baie D’Urfé, QC, Canada) was used for 

external calibration. OKUM, KPT, LK-NIP-1, and AMIS0005 were analyzed for the evaluation of the 

precision and the accuracy and detection limits are 0.025 ppb for Ir, 0.12 for Ru, 0.082 for Rh, 0.084 for 

Pt, and 0.471 for Pd (Savard et al., 2010) . 

8.4.2.4 Mineral major element analysis 

Major-element compositions of minerals were analyzed using an electron probe microanalyzer, a JEOL 

JXA-8800 at Kanazawa University, and a JEOL JXA-8200 at the University of Copenhagen. The 

analytical conditions at Kanazawa University were an accelerating voltage of 20 kV and a beam current 

of 20 nA, using a 3 µm beam diameter, and the conditions at the University of Copenhagen were an 

accelerating voltage of 15 kV and a beam current of 15 nA, using a 3 µm beam diameter. Natural and 

synthetic mineral standards were used for calibration, and JEOL software using ZAF corrections was 

used for data reduction. In-house mineral standards (wollastonite for Si and Ca, albite for Na, orthoclase 

for K, rutile for Ti, corundum for Al, hematite for Fe, Mn-Ti-oxide for Mn, Marjalathi olivine for Mg, 

chromite for Cr, Ni metal for Ni) were measured to monitor data quality. The measured concentrations 

of in-house mineral standards were consistent with the averaged values from long-term analyses, being 

within one standard deviation for major elements. Data precision was established through multiple 

analyses of one point in the house-prepared standard minerals and was better than 5% and 10 % relative 

standard deviation from the averaged values for elements with abundances of > 0.5 wt. % and < 0.5 

wt. %, respectively. 

8.4.2.5 Mineral trace element analysis 

Rare earth element (REE) and trace element compositions of hydrous minerals and orthopyroxene were 

determined using 193 and 213 nm ArF excimer laser ablation-inductively coupled plasma-mass 

spectrometry (LA-ICP-MS) at Kanazawa University (Agilent 7500S equipped with MicroLas GeoLas 

Q-plus and New Wave Research UP-213). Hydrous minerals and orthopyroxene were analyzed by 

ablating 50-90 µm and > 90 µm spot diameters, respectively, at 6 Hz. The NIST SRM 612 standard was 

used as the primary calibration standard and was analyzed at the beginning of each batch (n ≤ 8) 



 
 

151 

unknowns, with a linear drift correction applied within each analytical session. The NIST SRM 612 

compositions were selected from the preferred values of Pearce et al. (1997). Data reduction was 

performed using 29Si as an internal standard, based on SiO2 contents obtained by EPMA following the 

protocol outlined by Longerich et al. (1996). NIST SRM 614 and BCR-2G were analyzed for quality 

control during measurement. The measured concentrations in NIST SRM 614 and BCR-2G were 

consistent with previously reported values (Morishita et al., 2005a, 2005b) to within 10 % relative 

standard deviation, and the data precision was better than 10 % relative standard deviation for all the 

analyzed elements. Details of the analytical method and data quality control are given by Morishita et 

al. (2005a, 2005b).  

Trace element compositions (Sc, Ti, V, Mn, Co, Ni, Zn, Ga) of spinel from chromitite were 

determined using 193 nm ArF excimer laser ablation-inductively coupled plasma-mass spectrometry 

(LA-ICP-MS) at the University of Copenhagen (Agilent 7900 equipped with Teledyne Photon Machines 

Analyte Excite). Spinel was analyzed by ablating 50 µm spot diameters at 10 Hz. The NIST SRM 610 

standard was used as the primary calibration standard and was analyzed at the beginning of each batch 

(n ≤ 8) unknowns, with a linear drift correction applied within each analytical session. Data reduction 

was facilitated using 27Al as an internal standard, based on Al2O3 contents obtained by EPMA. NIST 

SRM 612 (Pearce et al., 1997), KL2-G, ML3B-G, and StHs80/6-G (Jochum et al., 2006) were analyzed 

for quality control during measurement following the methodology from González-Jiménez et al. (2017) 

and Søager et al. (2018). 

8.4.3 Archean to Proterozoic layered intrusion chromitites 

8.4.3.1 Chromitite dataset 

To understand the primary magma compositions of layered intrusions, we compiled spinel major and 

trace element compositions, and whole-rock PGE data of the Archean to Proterozoic layered intrusion 

chromitite hosted by ultramafic rock (Figure A17 and Table S1). The chromitite host ultramafic rocks 

are mostly peridotite (dunite), serpentinite, and orthopyroxenite. The location, age, and references for 

each intrusion are listed in Table S1. For comparison, we also collected spinel data from high-Cr 

chromitite in the mantle section of supra-subduction zone ophiolite and spinel data from volcanic rocks 

(komatiite, picrite and boninite), which are listed in Table S2. 
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Figure A17: Location of the layered intrusion chromitite hosted by ultramafic rock. Location of 
komatiites were plotted for comparison (Chaudhuri et al., 2015; Maya et al., 2017; Siepierski and 
Ferreira Filho, 2016; Waterton et al., 2021). The ages of the layered intrusions are from Smith and 
Maier (2021). 
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Table S1: List of Archean to Proterozoic layered intrusion chromitite dataset 

Location Craton / 
Region Age (Ga) Spinel major Spinel trace Whole-rock PGE 

Ujaragssuit North 
Atlantic 

3.2 
 (Sawada et al., 2023) This study This study This study 

Seqi, 
Ulamertoq 

North 
Atlantic 3.2 (Guotana et al., 2018; Szilas et al., 

2018) (Szilas et al., 2018) (Szilas et al., 2018) 

Fiskenæsset North 
Atlantic 2.973 (Rollinson et al., 2017) - - 

Coobina Pilbara 3.189 (Barnes and Jones, 2013) (Schoneveld et al., 
2022) (Barnes and Jones, 2013) 

Stillwater (G, 
B) Wyoming 2.7 (Barnes et al., 2023; Su et al., 2020) (Schoneveld et al., 

2022) Barnes et al. (2015) 

Ring of Fire Sperior 2.7341 (Laarman, 2014) (Laarman, 2014) Laarman (2014) 
Sukinda, 
Nuasahi Singhbhum 3.123 (Mondal et al., 2006) -  (Khatun et al., 2014; Mondal et al., 2019; 

Mondal and Zhou, 2010) 
Nuggihalli, 
Chithradurga 
etc. 

Dharwar 3.12 (Datta et al., 2021; Mukherjee et al., 
2015, 2010; Santosh et al., 2020) 

(Mukherjee et al., 
2015) (Mukherjee et al., 2014; Santosh et al., 2020) 

Inyala, 
Selukwe, 
Great dyke 

Zimbabwe 
Inyala 2.7, Selukwe 3.3 
Great dyke 2.5 (Nägler 
et al., 1997) 

(Barnes et al., 2023; Prendergast, 2008; 
Rollinson, 1997; Wilson, 1982) (Barnes et al., 2023) (Wilson and Prendergast, 2001) 

Bacuri Amazonian 3.34 (Spier et al., 2022) (Prichard et al., 2001; Spier and Filho, 
2001) - (Prichard et al., 2001) 

Campo 
Formoso etc. 

Sao 
Francisco 

2.75 (Marques et al., 
2003) 

(Friedrich et al., 2020; Garuti et al., 
2007; Lord et al., 2004; Marques et al., 
2017; Marques and Filho, 2003) 

- (Garuti et al., 2007; Lord et al., 2004; 
Marques et al., 2003) 

Kemi Lapland 2.43 (Alapieti et al., 1989) - - 
Bushveld, 
Uitkomst Kaapvaal 2.056 (Barnes et al., 2023; Naldrett et al., 

2009; Yudovskaya et al., 2015) (Barnes et al., 2023) (Naldrett et al., 2009) 
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Table S2: List of supra-subduction zone (+subarc xenolith) high-Cr chromitite and spinel from volcanic rocks dataset 

Location Type Spinel major Spinel trace Whole-rock PGE 

Tres Amigos SSZ Ophiolite (González-Jiménez et al., 2011) (González-Jiménez et al., 
2015) (González-Jiménez et al., 2011) 

Thetford SSZ Ophiolite (Pagé and Barnes, 2009) (Pagé and Barnes, 2009) (Pagé et al., 2012) 

La Guajira SSZ Ophiolite (Ramírez-Cárdenas et al., 2023) (Ramírez-Cárdenas et al., 
2023) (Ramírez-Cárdenas et al., 2023) 

El Tigre, 
San Cristóbal,  
San Agustín 

SSZ Ophiolite (González-Jiménez et al., 2017) (González-Jiménez et al., 
2017) (González-Jiménez et al., 2017) 

Waji Rajimi SSZ Ophiolite (Miura and Arai, 2014) - (Miura and Arai, 2014) 

Takashima Subarc Xenolith (Miura and Arai, 2014) - (Miura and Arai, 2014) 

Location Type Spinel major Spinel trace Spinel PGE 

 Komatiite/Picrite (Barnes et al., 2023; Barnes and Roeder, 
2001) 

(Barnes et al., 2023; Park 
et al., 2017) 

(Pagé et al., 2012; Pagé and Barnes, 2016; Park et 
al., 2017; Puchtel et al., 2016, 2004) 

IBM, Thetford, 
Troodos etc. Boninite (Barnes and Roeder, 2001; Pagé and Barnes, 

2009; Park et al., 2017) 

(Hu et al., 2023; Pagé and 
Barnes, 2009; Park et al., 
2017) 

(Pagé and Barnes, 2016; Park et al., 2017) 
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8.4.3.2 Statistical analysis and machine learning methods 

We conducted centered log-ratio transformation and independent component analysis 

following the method of Itano et al. (2023) and Nishio et al. (2022). Compositional data, including 

spinel major element compositions, consists of a matrix of nonnegative, relative values with a constant 

sum (Aitchison, 1982). Concentrations are dependent on the concentrations of other elements because 

the compositional data has a constant sum (i.e., values must sum to 100 wt.%). n-dimensional data 

(where n = number of elements) are plotted on an n−1 dimensional space. Therefore, there is potential 

for pseudo-correlations, for example, where increase in one major element causes the concentration of 

all others to decrease. Log-transformed ratios are key for the treatment of compositional data as they 

emphasize relative magnitudes and variations in components rather than absolute values.  

We then conducted independent component analysis (ICA) on the log-transformed data. ICA 

reduces the dimensionality of a data set to find important factors or components from multivariate data 

(Hyvärinen and Oja, 2000), such as log-transformed compositional data. ICA is an extension of 

principal component analysis (PCA) where, in contrast to PCA, the various independent components 

derived are not required to be orthogonal. The various independent components (IC1, IC2, etc.) are 

chosen to describe the largest amount of variability in the data. 

8.4.3.3 Results of statistical analysis and machine learning methods 

The results of ICA highlight differences and similarities between spinel compositions from various 

tectonic settings and parental magma types. High IC1 values are generated primarily by low MgO/TiO2 

ratios, whereas high IC2 values correspond to high Fe2O3/Al2O3 ratios. Spinel from the Ujaragssuit 

body and other layered intrusion chromitites generally have higher IC1 (average -0.4 and 0.22, 

respectively) and IC2 (0.84 and 0.13) compared to spinel from other settings. SSZ ophiolite chromitite, 

on the other hand, shows lower IC1 (-1.5) and IC2 (-1.4) values. Therefore, differences in IC1 and IC2 

values between SSZ ophiolite chromitite and layered intrusion chromitites largely reflect the lower 

MgO, and higher TiO2 and Fe2O3 in layered intrusions than in SSZ ophiolites. Indeed, MgO is higher 

in spinel from SSZ ophiolite chromitite than spinel from layered intrusion chromitite (Barnes and 

Roeder, 2001). Komatiitic and boninitic spinels have wide ranges of IC1 and IC2 values, but generally, 

komatiitic spinel has higher IC1 than boninitic spinel. 
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Figure A18: Result of independent component analysis. 
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8.4.1 Representative spinel major elements composition of the Ujaragssuit ultramafic rocks 

 

Sample 
Massive chromitite 

Layered Chromitite 
Heterogneous  

layered 
chromitite 

low-Fe high-Fe 

TiO2 0.3 0.8 0.3 0.8 
Al2O3 13.1 11.2 13.0 13.2 
Cr2O3 49.7 42.8 40.7 32.7 
Fe2O3 8.7 12.2 16.0 21.5 
FeO 17.6 30.0 25.0 28.1 
MnO 0.3 0.6 0.5 0.6 
MgO 10.8 2.5 6.1 3.9 
NiO 0.1 0.1 0.1 0.1 
Total 100.8 100.2 101.7 101.0 
Mg# 0.52 0.13 0.30 0.20 
Cr# 0.72 0.72 0.68 0.62 

Cr/(Fe3++Cr+Al) 0.64 0.60 0.54 0.45 
Al/(Fe3++Cr+Al) 0.25 0.23 0.26 0.27 

Fe3+/(Fe3++Cr+Al) 0.11 0.16 0.20 0.28 
 
 
 

Phl-Peridotite Amp-Peridotite 

Massive Chromitite-hosting Layered Chromitite-hosting Chromitite-free Fe-rich phase Al-rich phase 

0.8 0.5 1.1 0.8 1.0 
11.2 4.3 0.6 1.8 2.0 
42.8 37.4 14.3 10.5 11.3 
12.2 25.5 53.4 55.7 54.4 
30.0 27.1 29.5 29.1 28.7 
0.6 0.5 0.3 0.2 0.2 
2.5 3.0 1.0 1.3 1.5 
0.1 0.2 0.2 0.3 0.3 

100.2 98.7 100.4 99.8 99.6 
0.13 0.16 0.06 0.07 0.08 
0.72 0.85 0.94 0.80 0.79 
0.60 0.55 0.22 0.16 0.17 
0.23 0.09 0.01 0.04 0.05 
0.16 0.36 0.77 0.80 0.78 
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Orthopyroxenite 

Phl-Peridotite  
(Massive Chr) Phl-Peridotite (Chr-free) 

Amp-Peridotite  
(Chr-free)  
Al-phase 

Amp-Peridotite  
(Chr-free)  
Fe-phase 

0.9 0.9 0.1 1.1 
1.7 6.1 36.1 3.2 
30.1 23.0 21.9 18.7 
36.6 39.6 8.4 44.6 
28.4 28.6 22.9 29.9 
0.7 0.4 0.2 0.2 
2.1 2.6 9.5 0.9 
0.2 0.2 0.2 0.3 

101.3 101.3 99.3 99.0 
0.12 0.14 0.42 0.05 
0.92 0.72 0.29 0.80 
0.45 0.33 0.26 0.28 
0.04 0.13 0.64 0.07 
0.52 0.54 0.10 0.64 

 

 

 

Talc-carbonate rock 
Green-Amp 

rock 
Phl-Peridotite (Massive) 

0.7 0.1 
1.6 8.5 
33.8 51.5 
31.3 7.5 
29.6 29.8 
0.5 0.6 
1.1 2.3 
0.2 0.0 
98.7 100.5 
0.06 0.12 
0.93 0.80 
0.51 0.72 
0.04 0.18 
0.45 0.10 
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8.4.2 Spinel trace elements composition of the Ujaragssuit chromitites 

Rock massive  
chromitite sd (n=70) layered  

chromitite sd (n=71) 

Sc 4.9 0.3 4.9 0.2 

Ti 1392.8 50.0 1797.4 82.3 

V 596.8 19.6 623.2 19.2 

Mn 2372.9 68.8 2994.9 97.8 

Co 285.8 7.5 290.8 8.0 

Ni 796.7 31.6 817.8 50.6 

Zn 1281.3 56.3 2721.5 135.3 

Ga 31.8 1.0 32.6 1.3 

 

 

 

Ref 

NIST612  
(GeoRem 
preffered 
values) 

Average RSD % 

KL2-G  
(GeoRem 
preffered 
values) 

Average RSD % 

Sc 39.9 ± 2.5 38.8 0.8 31.8 ± 0.9 29.8 0.9 

Ti 44 ± 2.3 39.6 1.5 15343 ± 539 14221.2 1.0 

V 38.8 ± 1.2 38.6 0.8 309 ± 38 307.4 0.8 

Mn 38.7 ± 0.9 38.5 0.8 1277 ±70 1219.8 1.0 

Co 35.5 ± 1 35.0 0.7 41.2 ± 2.3 43.7 0.7 

Ni 38.8 ± 0.2 38.8 1.3 112 ± 5 114.9 0.9 

Zn 39.1 ± 1.7 38.2 1.7 110 ± 10 108.6 1.8 

Ga 36.9 ± 1.5 36.5 1.0 20 ± 1.2 20.7 1.3 

 
 

Ref 

ML3B-G 
(GeoRem 
preffered 
values) 

Average RSD % 

StHs680-G 
(GeoRem 
preffered 
values) 

Average RSD % 

Sc 31.6 ± 1.6 28.2 1.0 11.5 ± 0.8 9.6 1.1 

Ti 12766 ± 539 11538.5 0.7 4213 ± 125 3922.8 0.9 

V 268 ± 23 278.2 0.8 90.3 ± 6.7 87.3 1.9 

Mn 1316 ± 70 1238.6 0.9 589 ± 31 555.7 0.8 

Co 41.2 ± 3.5 43.5 1.1 13.2 ±1.1 13.0 1.3 

Ni 107 ± 9 109.3 1.1 23.7 ±3.8 20.0 1.9 

Zn 108 ± 14 108.8 2.0 67 ± 8 42.5 4.8 

Ga 19.6 ± 2.1 19.5 1.2 20.9 ± 2.7 20.5 1.4 
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8.4.3 Platinum-group element composition of the Ujaragssuit ultramafic rocks 

 

Rock Ir (ppb) Ru Rh Pt Pd 

Massive Chromitite 82.3 176.2 10.9 9.9 4.1 

Orthopyroxenite 3.2 12.8 1.5 0.9 1.1 

Phl-Peridotite 2.6 7.0 1.3 1.4 1.7 

Amp-Peridotite 1.6 7.9 1.1 1.6 0.6 

Detection Limit 0.03 0.12 0.08 0.08 0.47 

Reference OKUM      

MS35OK-1.D 0.88 4.14 1.29 11.11 11.23 

MS36OK-1.D 0.93 4.02 1.32 11.14 11.36 

Reference OKUM  
(OGS) 0.99 ± 0.07 4.25 ± 0.30 1.40 ± 0.13 11.0 ± 0.6 11.7 ± 0.5 

 

 
 


