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Abstract

The first billion years’ history of the earth is still poorly understood because terrestrial rocks 

with the ages are scarcely preserved. Especially, a period of the first 500 million years is named the 

Hadean, and no Hadean rocks are preserved over the world. The Hadean is well known as the most 

dramatic period that many drastic events such as magma-ocean, fore-formation and late heavy 

bombardment occurred based on geochemistry of meteorites, planetary science and numerical 

simulation. However, it is necessary to study the Eoarchean crusts to quantitatively unravel the 

early Earth’s history. The Acasta Gneiss Complex (AGC) is one of the rare Eoarchean geologic 

bodies, located in the western margin of the Slave Craton, Canada, and is composed of felsic to 

intermediate gneisses with subordinate amounts of mafic rocks. The felsic to intermediate gneisses 

are relatively well understood, and comprise 4.03-3.6 Ga orthogneisses, including the oldest 

terrestrial rocks with 4.03 Ga age. On the other hand, the mafic rocks are still enigmatic because 

they suffered from intense metamorphisms and deformations. This study aims to obtain

physico-chemical constraints on the Hadean mantle and propose a new picture of early mantle 

evolution based on geological, petrological and geochemical investigations of the oldest mafic 

rocks in AGC.

We conducted a petrographic study of over 100 mafic rocks all over the AGC to estimate

the metamorphic grade and to select the least altered samples for whole-rock analyses of major and 

trace element compositions. The mafic rocks mainly consist of fine to coarse-grained hornblende 

and plagioclase with small amount of quartz, chlorite and ilmenite. Especially, garnet-bearing mafic 

rocks occur at the northeastern part of the AGC. The modal amounts of the hornblende and 

plagioclase are variable and some samples contain quite large amounts, over 90%, of hornblende. 

They commonly suffered from amphibolite to upper amphibolite facies metamorphism, and 

differences of mineral assemblages and compositions among mafic rocks are due to difference of 

their whole-rock compositions, rather than difference of metamorphic grade. The mafic rocks show 



large variations in the major and trace element compositions, possibly due to later partial melting 

and infiltration of metamorphic fluids/melts derived from mafic rocks and/or surrounding 

granitoids. The mafic rocks are subdivided into three groups based on the rare earth element (REE) 

patterns: highly variable light REE-enriched pattern, flat REE pattern and slightly light 

REE-enriched pattern with positive Eu anomaly, respectively. The samples, which have flat REE

patterns and whose high field strength element (HFSE) and REE contents are well correlated with

immobile Zr contents, were selected as the least altered samples to estimate their source mantle

because the infiltration of metamorphic fluids/melts increases the light REE contents relative to the 

middle and heavy REE contents and more severely disturbs other trace element contents than Zr 

contents. The least altered mafic rocks have chondritic trace element relative abundances with 

negative Nb and Ta anomalies. This implies that the Nb and Ta were partitioned into the metallic 

core to form a Nb and Ta-deficit primitive mantle.

The least altered mafic rocks show a positive correlation on a 187Re/188Os vs 187Os/188Os 

diagram, yielding a formation age of 4272±300 Ma. The age is consistent with the field occurrence 

of mafic rocks because they were intruded by orthogneisses with 4.03 to 3.6 Ga ages. The highly 

radiogenic initial 187Os/188Os ratio suggests that their source material was a pre-late veneer mantle 

with a high Re/Os ratio. However, geochemical signatures, which the initial 187Os/188Os ratio

overlaps with a chondritic value within the error and their highly siderophile element (HSE)

abundances are similar to those of modern basalts, indicate that their source mantle had modern 

mantle-like high HSE contents, implying that the late veneer event and later homogenization took 

place before 4.3 Ga.

Two 147Sm-143Nd and 176Lu-176Hf isotope systems of the least altered samples yield young 

metamorphic ages of 2020±290 Ma and 3016±560 Ma, respectively. On the other hand, their

142Nd/144Nd ratios are identical to those of a modern mantle with a suprachondritic value. Their

chondritic initial 143Nd/144Nd ratio and REE patterns, and suprachondritic 142Nd/144Nd ratios



indicate that their source material had a chondritic Sm/Nd ratio and a suprachondritic (modern 

mantle value) 142Nd/144Nd ratio at 4.3 Ga. This is the first evidence that > 3.7 Ga source mantle had

a modern mantle-like (normal) 142Nd/144Nd ratio. Two possible scenarios account for the Hadean

mantle with the primitive mantle-like trace element contents and normal 142Nd/144Nd ratio at 4.3 Ga.

One is that the early mantle convection was rapid enough to homogenize large-scale mantle 

heterogeneity due to a magma ocean until 4.3 Ga. The Acasta mafic rocks was derived from the

homogenized primitive mantle, whereas the 3.8-3.7 Ga Isua mafic rocks with excess μ142Nd values 

were formed from a shallow depleted mantle possibly due to progressive extraction of primitive

crusts. This scenario is supported by the HSE contents and 187Re-187Os isotopes. Another model

suggests that the extent of a magma ocean was limited and non-melting primitive parts remained in 

the deep mantle, and that the Acasta mafic rocks were formed from the deep primitive mantle,

whereas the Isua mafic rocks were derived from the early differentiated upper mantle. 



CONTENTS

ABSTRACT

CHAPTER 1: Introduction

        References

CHAPTER 2: Petrology and geochemistry of mafic rocks in the Acasta Gneiss Complex: 

 　　 Implications for the oldest mafic rocks and their origin

　　Abstract

　　1. Introduction

　　2. Geological outline of the Acasta Gneiss Complex

　　　    2-1. Slave province

　　　　2-2. Geological and geochronological background of the Acasta Gneiss Complex

　　　　2-3. Field occurrence of mafic rocks

　　3. Sample preparation and analytical methods

　　4. Results

　　　　4-1. Petrography

　　　　4-2. Geochemistry

　　5. Discussion

　　　    5-1. Metamorphic grade estimated from the mafic rocks

　　　　5-2. Processes governing whole-rock variations in Acasta mafic rocks

　　　　5-3. Primary signatures preserved in the least modified amphibolites

　　　　5-4. Origin of the Acasta mafic rocks and implications for the Hadean mantle evolution

　　6. Conclusions

　　References

　　Figure captions

　　Tables and Figures

CHAPTER 3: Re-Os isotope systematics and highly siderophile element abundances of 

 　　 the oldest mafic rocks in the Acasta Gneiss Complex

　　Abstract

　　1. Introduction

　　2. Geochronology of mafic rocks in the Acasta Gneiss Complex

　　3. Method

　

16

19

21

21

22

24

25

28

28

31

33

33

36

41

42

46

49

62

17

68

11

6

1

98

99

100

103

105



　　4. Results

　　　　4-1. Re-Os isotope systematics

　　　　4-2. HSE abundances

　　5. Discussion

　　　　5-1. Re-Os isotopic compositions and the formation age of Acasta mafic rocks

　　　　5-2. Preservation of HSE compositions

   　   　  5-3. Implication for highly siderophile element composition in the Hadean mantle

　　 6. Conclusions

　　References

　　Figure captions

　　Tables and Figures

CHAPTER 4: Combined 147,146Sm-143,142Nd and 176Lu-176Hf isotope systematics of  Acasta

  　　mafic rocks

　　Abstract

　　1. Introduction

　　2. Geological setting and sample description

　　3. Method

   3.1. Sm-Nd isotopic compositions

   3.2. Lu-Hf isotopic compositions

　　4. Results

　　5. Discussion

　　　　5.1. 147Sm-143Nd system behavior

　　　　5-2. 146,147Sm-142,143Nd systematics in mantle source

　　　　5-3. Archean 142Nd variations and implication for the Hadean mantle evolution

　　6. Conclusions

　　References

　　Figure captions

　　Tables and Figures

CHAPTER 5: General Conclusion

ACKNOWLEDGEMENT

106

127

111

107

114

106

125

112

107

118

107

138

149

161

147

148

155

159

170

144

144

153

149

143

140

139

173

181

186



Chapter 1
 

Introduction



The Hadean is defined as a period when no rock record is preserved in the 

world, and ranges from the beginning of the solar system (~4.567 Ga: Connelly et al., 

2012) to the age of the oldest terrestrial rock (4.03 Ga: Bowring and Williams, 1999). 

The Earth was highly active in the dawn so that many large-scaled structural 

differentiations occurred in the early earth. Our planet, Earth, was formed through 

aggregation of dusts in a circumstellar protoplanetary disk. When the objects were 

larger than a kilometer in diameter, gravitational force became strong enough for 

gravitationally driven runaway growth to begin. After Earth’s size reached about 10% 

of its current size (Stevenson, 1981), significant melting started to occur on surface of 

the earth to form an extensively-molten outer layer, namely magma ocean. Droplets of 

liquid metal were formed and fell in the magma ocean (Rubie et al., 2003). Based on a 

deep magma ocean model, the droplets kept equilibrated with surrounding silicate 

melts during the fall to the bottom of a magma ocean and were accumulated at the 

bottom. And then, they were segregated as large falling diapirs to form the core at the 

center of the earth (Karato and Murthy, 1997). Short-lived 182Hf-182W isotope 

systematic observations indicate very early formation of the planetary cores separated

from their silicate mantles, and estimated the earliest possible age of core formation at

ca. 30 million years after the Solar system formation (Kleine et al., 2002; Yin et al., 

2002). At the last stage of the accretion, collision(s) of mars-sized embryo(s), named 

“giant impact(s)”, resulted in large-scale melting of, possibly up to the entire, mantle

and early silicate differentiation (e.g. Solomatov and Stevenson 1993; Caro et al. 2005, 

Corgne et al. 2005).

It is considered that major events to form the solid earth with present 

characteristics had already taken place in the Hadean, but there remain numerous 

unresolved crucial issues about the early earth’s evolution: (1) the composition of the 



Bulk Silicate Earth, (2) the structure and chemical composition of the mantle after the

magma ocean, and (3) timing and duration of the late accretion related to abundances 

of highly siderophile elements in early terrestrial mantle.

No preservation of the Hadean terrestrial rocks is the most important reason 

why an early history of the earth is still unresolved. The accessible Hadean terrestrial 

materials are only detrital zircons, dated up to 4.37 Ga, from the Jack Hills 

conglomerates in Australia (Wilde et al., 2001; Valley et al., 2014). The fact that the 

source rocks or magmas from which the zircons were crystallized are missed also 

makes it difficult to elucidate the early evolution. However, the Hadean zircons 

provide some essential information about the early Earth. For example, their oxygen 

isotope compositions suggested the presence of liquid water on the Earth’s surface 

(Mojzsis et al., 2001; Valley et al., 2002). But, because zircons are generally 

crystallized from an evolved magma (Belousova et al., 2002; Crowley et al., 2005), 

they have little information about mantle composition and evolution. As a result, most 

of previous studies about the early Earth worked on meteorites and theoretical

calculations.

There are very few Eoarchean rocks on the earth: the Acasta Gneiss Complex, 

Canada (4.03 Ga; Bowring and Williams, 1999), the Itsaq Gneiss Complex, Greenland 

(3.85-3.60 Ga; Nutman et al. 1996), the Napier complex, Antarctica (3.95-3.8 Ga;

Williams et al. 1986; Harley et al., 2007), Saglek-Hebron block, Labrador (3.95 Ga;

Shimojo et al., 2016), Nuvvuagittuq Supracrustal Belt in Quebec, Canada (3.8 or 4.3 

Ga; Cates and Mojzsis, 2007; O'Neil et al., 2008) and the Anshan area, China (3.8 Ga;

Song et al. 1996). Those terrains have suffered from multiple phases of deformation 

and metamorphism so that primary geochemical signatures were erased. In addition, 

they mainly consist of felsic gneisses, and the supracrustal rocks, accompanied with 



the felsic rocks, are much lesser than the felsic rocks even in the Inukjuak Block of the 

Hudson Bay Terrane, where the Nuvvuagittuq supracrustal belt occurs, as well as the 

Itsaq Gneiss Complex, Napier complex and Saglek Block. The felsic gneisses 

commonly contain many igneous zircons so that the magmatic ages can be determined

relatively easily and precisely. But, they are, generally, formed due to remelting of 

mafic rocks rather than mantle melting so that they have little information of the 

mantle. On the other hand, mafic rocks are directly produced by the mantle melting so

that they still possess characteristics of their mantle sources. A variety of isotope

analyses including 146,147Sm-143,142Nd, 176Lu-176Hf and 187Re-187Os systematics of the 

numerous old mafic rocks provided much information of the early Earth and many 

possible scenarios about the early mantle evolution (e.g. Frei et al., 2004; Rizo et al., 

2011; Rizo et al., 2016; O’Neil et al., 2016; Guitreau et al., 2013; O’Neil et al., 2012).

However, almost all of the mafic rocks are only from the Itsaq Gneiss Complex and 

Nuvvuagittuq supracrustal belt, which are relatively less metamorphosed and contain 

large amount of mafic rocks among other old terrains. It still remains unknown 

whether the obtained geochemical signatures were derived from global features in the 

Hadean because the accessible rocks are limited to only the tow supracrustal belts.

Therefore, it is quite significant to study the mafic rocks in other terrains to understand 

the global mantle evolution.

The Acasta Gneiss Complex, Canada, is one of the oldest terrains, and mainly 

consists of 4.0-3.6 Ga felsic to intermediate gneisses with minor mafic rocks (e.g. 

Bowring et al., 1990; Iizuka et al., 2007). Numerous previous studies carried on 

petrological and geochronological investigations on felsic and intermediate gneisses, 

providing their precise ages, formation processes and the characteristics of source 

materials (e.g. Bowring et al., 1990; Iizuka et al., 2007; Mojzsis et al., 2014; Reimink 



et al., 2014). On the other hand, there are only few studies about the mafic rocks so 

that even their ages have not been determined yet. Recent more advanced geochemical 

analyses of 142Nd and 182W isotopes of a few mafic rocks were conducted to obtain

geochemical signatures of the source mantle (Roth et al., 2014; Willbold et al., 2015). 

However, it is a key issue to obtain the original geochemical signatures from the mafic 

rocks because the AGC underwent multiple metamorphisms and deformations so that

the mafic rocks were modified in the compositions.

The main purpose of this thesis is to obtain constraints on the Hadean mantle 

evolution from Acasta mafic rocks: petrology of the Acasta mafic rocks over the AGC

to understand the geochemical variations of the mafic rocks due to petrological and 

metamorphic processes and select the least modified samples with original 

geochemical signatures, and comprehensive isotope geochemistry of 187Re-187Os, 

176Lu-176Hf and 147,146Sm-143,142Nd systems to obtain their magmatic age(s) and 

geochemical signatures of their source mantle(s).
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Chapter 2

Petrology and geochemistry of mafic rocks in the 

Acasta Gneiss Complex: Implications for the oldest 

mafic rocks and their origin



Abstract 

The Acasta Gneiss Complex, located in the western part of the Slave Province, 

Canada, is widely recognized as the oldest Eoarchean terrane. In addition to felsic 

gneisses with the ages of 3.6-4.0 Ga, minor mafic rocks occur as rounded to elliptical 

enclaves and inclusions within the felsic gneisses. Despite serving as potential sources 

of geochemical information on the Hadean mantle, the mafic rocks have received less 

attention in previous studies. Thus, we conducted a comprehensive geological

petrological and geochemical investigation on the Acasta mafic rocks to constrain their 

petrogenesis and geodynamic setting.

The mafic rocks comprise massive to weakly foliated amphibolite, garnet 

amphibolite and hornblendite, with variable abundances of hornblende, plagioclase, 

chlorite and quartz and subordinate clinopyroxene, garnet and cummingtonite. They 

commonly underwent high-grade metamorphic recrystallization under amphibolite to 

upper-amphibolite facies conditions. The observed variations in mineral assemblages, 

abundances and compositions reflect large differences in whole-rock compositions, 

likely caused by crustal anatexis during the Eoarchean thermal events responsible for 

the generation of the surrounding felsic gneisses. Infiltration or extraction of felsic 

melts formed due to partial melting of precursor rocks can account for an overall 

negative correlation between Al2O3 and MgO contents and variable enrichments in the 

incompatible elements.

Despite the widespread influence of anatexis on the geochemistry of Acasta

mafic rocks, we identified the precursor compositions of the least-modified 

amphibolites as basaltic magmas. They are characterized by intermediate Al2O3 and 



MgO contents on the observed array and by near chondritic patterns for incompatible 

trace elements, except for slightly negative Nb and Ta anomalies. We considered two 

scenarios to explain the origin of Eoarchean basaltic rocks with Nb-Ta anomalies: (1) 

generation of Nb-Ta deficient basaltic magma in a suprasubduction setting, analogous 

to modern arcs-derived magmas, and (2) generation of Nb-Ta deficient basaltic magma 

from the melting of a Nb-Ta deficient primitive mantle, possible if the core contains 

significant proportions of the Earth’s Nb and Ta budget. Although the operation of 

plate tectonics and the presence of subduction zones at the end of Hadean may be an 

attractive explanation for the observed Nb-Ta depletions, the chondritic relative 

proportions of other immobile trace elements for Acasta mafic rocks leave open the 

possibility of their formation from an Nb-Ta deficient primitive mantle.



1. Introduction 

The Hadean is the earliest period of Earth’s history, from its birth to the

beginning of Eoarchean at 4.03 Ga, which is the age of the oldest terrestrial rock 

(Bowring and Wiliams, 1999). A global magma ocean was thought to be present in the 

first hundred million years of the Hadean Earth, as a natural consequence of planetary 

evolution due to the gravitational energy released by core formation, as well as highly 

energetic collisions of Moon-to Mars-sized bodies (e.g. Rubie et al., 2011). To unravel 

the nature and timing of early differentiation processes via crystallization of magma 

ocean, several short- lived nuclide systems have been utilized. For example, the

application of 182Hf-182W short-lived radioisotope system suggests that metallic core 

was rapidly separated from the silicate mantles in the first 30 million years of Solar 

system history (Kleine et al., 2002). Furthermore, 146Sm-142Nd isotope systematics of 

Archean igneous and sedimentary rocks suggest that the mantle underwent a rapid 

differentiation in the early Earth and that the differentiated mantle was not completely 

homogenized until at least the Eoarchean (e.g. Boyet and Carlson et al., 2005; Bennett 

et al., 2007; O’Neil et al., 2011; Rizo et al., 2013). However, details of the early 

differentiation of the solid Earth due to crystallization of magma ocean and the

subsequent evolution of mantle-crust system still remain obscure (Caro et al. 2005,

Labrosse et al. 2007; Caro, 2011)

Scarce Eoarchean rocks are preserved on Earth, possibly because subsequent

mantle convection and plate tectonics have removed all Hadean rocks and almost all

Eoarchean rocks. They include the Acasta Gneiss Complex, Canada (4.03 Ga; Bowring 

& Williams, 1999), the Itsaq Gneiss Complex, Greenland (3.85-3.60 Ga; Nutman et al. 

1996), the Napier Complex, Antarctica (3.95-3.8 Ga; Williams et al., 1986), 

Saglek-Hebron block, Labrador (3.95 Ga; Komiya et al., 2015), the Nuvvuagittuq 



supracrustal belt, Canada (3.75 Ga; Cates & Mojzsis, 2007) and the Anshan area, 

North China (3.8 Ga; Song et al., 1996). Most of these terranes are predominantly 

composed of felsic rocks, including tonalite, trondhjemite and granodiorite (TTG),

with minor ultramafic and mafic rocks and metasedimentary rocks. They have suffered

severe deformation and metamorphism such that primary geological and geochemical 

signatures are poorly preserved. Many studies of the Earth’s early crusts focus on felsic 

rocks because they commonly contain igneous zircons providing precise U-Pb ages

(e.g. Bowring et al., 1989; Mojzsis et al., 2014; Reimink et al., 2014). However, mafic 

rocks, directly derived from the mantle, can be expected to provide more information 

on solid Earth evolution. Studies on mafic rocks in the Itsaq Gneiss Complex and 

Nuvvuagittuq supracrustal belt suggest that plate tectonics and the modern style of

recycling of oceanic crust could go back to at least 3.8 Ga (e.g. Nutman et al., 1996; 

Komiya et al., 1999, 2004; Polat et al., 2002; Polat et al., 2003; Jenner et al., 2009;

Furnes et al., 2009; Polat et al., 2011; Polat et al., 2012). Therefore, in order to decode 

the characteristics and evolution of the solid Earth before 3.8 Ga, it is necessary to 

clarify the origin of older mafic rocks.

The Acasta Gneiss Complex (AGC) is one of the oldest Eoarchean terranes and 

is dominated by felsic rocks composed of tonalitic, granodioritic and granitic gneisses 

(e.g. Bowring et al., 1990; Iizuka et al., 2007a). Geochronological studies show 

different generations of felsic plutonic rocks, with the oldest suites formed at 3.92 to 

4.03 Ga (Bowring et al., 1990; Bowring & Williams, 1999; Bowring and Housh, 1995; 

Iizuka et al., 2007a; Reimink et al., 2014). Zircons extracted from these have 

sub-chondritic initial 176Hf/177Hf values, suggesting that they were formed from a

Hadean crustal component (Amelin et al., 1999, 2000; Iizuka et al., 2009). The 

presence of a 4200 Ma inherited zircon core also supports the presence of Hadean 



granitoid crust in the area (Iizuka et al., 2006). Although previous studies analyzed 

whole-rock geochemistry mainly from felsic rocks (Bowring et al., 1990; Mojzsis et al., 

2014; Reimink et al., 2014), the AGC also contains mafic rocks (e.g. Bowring et al., 

1990; Bowring & Housh, 1995; Bleeker and Stern, 1997). A detailed geological study 

showed some of these mafic rocks are structurally cut by felsic gneisses, implying they

are the Hadean fragments (Iizuka et al., 2007a). However, because of numerous 

metamorphic events and deformation, little is known about mafic rocks from the AGC

(Moorbath et al., 1997). This work presents the petrology and geochemistry of these

mafic rocks in an attempt to understand Eoarchean mantle evolution based on the least 

altered rocks.

2. Geological outline of the Acasta Gneiss Complex 

2-1. Slave province

 The Slave province is an Archean granite greenstone terrane located in the 

northwestern part of the Canadian Shield with an area of approximately 190,000 km2 

(Hoffman, 1989). It is bounded on the east by the 2.0-1.9 Ga Thelon orogen, and on 

the west by the 1.9-1.8 Ga Wopmay orogen. The slave province mainly consists of 

pre-2.8 Ga basement rocks, metavolcanic rocks erupted between 2.66 and 2.72 Ga, 

metaturbidites largely derived from the 2.72–2.65 Ga volcanic and plutonic rocks 

intruded into the supracrustal sequence between 2.62 and 2.58 Ga (van Breemen et al., 

1992; Villeneuve and van Breemen, 1994). The Slave Province can be broadly 

subdivided along a north–south-trending Nd-Pb isotopic boundary that separates an 

eastern juvenile Neoarchean-dominated domain from a central and western region 

characterized by pre-2.8 Ga (4.03-2.80 Ga) basement rocks. The pre-2.8 Ga basement 

gneisses consist of amphibolite-grade granitic gneisses, granitoids and supracrustal 



rocks comprising quartzite, banded iron formation, conglomerate and volcanic rocks 

that pre-date the deposition of supracrustal rocks. Except for Acasta gneiss complex, 

most basement occurrences yield only post-3.5 Ga crustal histories. A summary of the 

Slave basement protolith ages obtained by combining the detrital zircon age 

populations from pre-2.8 Ga supracrustal rocks and the few direct age determinations 

of exposed basement indicates at least four significant periods of Mesoarchean crustal 

growth at 3.40, 3.15, 2.95, and 2.83 Ga (Bleeker and Davis, 1999; Sircombe et al., 

2001).  

2-2. Geological and geochronological background of the Acasta Gneiss Complex

The Acasta Gneiss Complex (AGC) is located on the western margin of the 

Slave Province (Figure 2-1, e.g. Bowring et al., 1990). The AGC consists of

banded/layered and massive TTG gneisses, and foliated to massive granite sheets with 

subordinate amphibolites and ultramafic rocks (Bowring et al., 1990; Bowring & 

Williams, 1999). Iizuka et al. (2007) showed that the AGC is divided into two domains 

by a northeast-trending fault. In the eastern part, relatively massive tonalitic, 

granodioritic and granitic gneisses (felsic gneiss series) and gabbroic, dioritic and 

quartz-dioritic gneisses (mafic- intermediate gneiss series) are predominant. The 

western part is dominated by layered gneiss with continuous and rhythmic layering of 

felsic and mafic layers on a centimeter to meter-scale, subsequently intruded by 

foliated granite sheets. Some young northwest-trending mafic dikes occur in both areas, 

and cut the central fault (Figure 2-1). 

Based on U-Pb dating of zircons from the orthogneisses, the eastern felsic 

gneiss series comprises orthogneisses with at least four ages of 4.03-3.94 Ga, 3.74-3.72 

Ga, 3.66 Ga and 3.6-3.58 Ga (Bowring et al., 1989; Bowring & Housh, 1995; Iizuka et 



al., 2006, 2007), whereas the granitic protoliths of the western layered gneisses were 

formed at 4.0-3.94 Ga and 3.74 Ga, and the foliated granite at 3.58 Ga (Bowring et al., 

1989; Bowring & Housh, 1995; Iizuka et al., 2007a; Mojzsis et al., 2014). However,

the ages of protoliths are still controversial because it is difficult to distinguish 

inherited zircons from magmatic zircons (Bowring and Williams, 1999; Mojzsis et al., 

2014). Recently, Reimink et al. (2014) described five major rock units in the northern 

part of the AGC. One of the units, the Idiwhaa Tonalitic Gneiss, contains abundant 

igneous zircons with 4.02 Gyr age, and has a distinctive geochemistry of high Fe 

contents, low Mg numbers, relatively flat REE pattern and negative Eu anomaly 

compared to other Archean TTGs. Based on these features, Reimink et al. (2014) 

suggested that they were formed due to plume-related magmatic processes, including 

assimilation of rocks altered by surface waters. Some are considered to preserve the 

primary whole-rock Lu–Hf isotope systematics, and their mantle sources had negative 

to near-chondritic values (Guitreau et al., 2014). In addition, they show a negative 

μ142Nd anomaly, indicating a Hadean mantle differentiation event (Roth et al. 2014). 

On the other hand, ages of zircon overgrowths from the Acasta gneisses 

indicate that they underwent intense metamorphisms in the Eoarchean, especially at

3.65 and 3.6 Ga, coeval with the intrusion of the foliated granites (Bleeker and Stern,

1997; Iizuka et al., 2007a). Whole-rock 147Sm-143Nd isotope data of 51 rocks, with a 

large compositional variation from 74 to 43 wt% SiO2, from both the eastern and 

western portions of the AGC yield a regression age of 3371 Ma (Bowring et al., 1990; 

Bowring & Housh, 1995; Moorbath et al., 1997; Roth et al., 2014), this age is 

interpreted as a metamorphic event that homogenized Nd isotopes across the area.

Subsequently, the AGC experienced multiple metamorphic events, caused by the 



intrusion of granitic sheets at 2.88 and 2.6 Ga and syenites at 1.8 Ga, and the 1.9 Ga 

Wopmay Orogeny (Stern and Bleeker, 1998; Hodges et al., 1995; Sano et al., 1999). 

2-3. Field occurrence of mafic rocks

Previous works described the mafic rocks as an assortment of amphibolites and 

ultramafic rocks (Bowring and Williams, 1999). However, Iizuka et al. (2007) 

subsequently reappraised them as a series of gabbroic, dioritic and quartz dioritic 

gneisses (mafic-intermediate gneiss series). These mafic- intermediate rocks are 

ubiquitously scattered over the AGC, and occur as map-scale discordant blocks within 

the felsic gneisses with ages from 3.6 to 4.03 Ga (Figure 2-1). They can be clearly 

discriminated from young mafic dykes based on their field occurrence. In the eastern 

area, the mafic rocks occur mainly as rounded to elliptical, kilometer to centimeter 

sized enclaves and inclusions within the felsic gneisses, and are intruded by numerous 

granitic veins and sheets (Figure 2-2a-f). Figures 2-2a and b show that the mafic rocks 

are surrounded or intruded by felsic gneisses. The gneissosity of the mafic gneisses is 

cut by the felsic gneisses, and white pegmatites occur along the boundary between 

mafic and felsic gneisses and within the mafic gneiss (Figure 2-2b). Because the felsic 

gneisses and white pegmatite shown have a U-Pb zircon age of 3.6 Ga, the geological 

and geochronological observations indicate that the mafic rocks were formed before 

3.6 Ga (Iizuka et al., 2007a). Moreover, Figure 2-2c shows a mafic rock intruded by a 

3.94 Ga granitic gneiss, indicating that some mafic enclaves were formed before the 

Eoarchean (Iizuka et al., 2007a). In addition, pegmatite veins occur within the mafic 

enclaves or within the peripheries of the granite intrusions, and massive hornblendite 

inclusions are present within some mafic- intermediate gneisses. Some of mafic rocks 

break down into leucosomes and melanosomes, forming migmatite (Figure 2-2f). In 



the western area, layered gneisses (Figure 2-2gh) dominate. These have similar 

mineralogical and whole-rock compositions to the felsic and mafic-intermediate gneiss 

series in the eastern area (Iizuka et al., 2007a), suggesting that the layered gneisses 

represent more severely deformed equivalents of the mafic enclaves and felsic rocks in 

the eastern area (Figure 2-2g h).  

3. Sample preparation and analytical methods 

We collected 137 massive or weakly banded mafic rocks (Figure 2-3), and 

carried out a petrological study. Mineral compositions were determined by electron 

probe micro-analysis (EPMA: JEOL-JXA8800) at the Tokyo Institute of Technology. 

All analyses were performed with an accelerating voltage of 15 kV, 12 nA beam 

current and a counting time of 10-40s. A ZAF correction was applied. Representative 

mineral compositions are summarized in Table 2-1. For amphiboles, Fe3+ was 

calculated stoichiometrically (Leake et al., 1997).  

Sample localities for whole-rock chemical analyses are shown in Figure 1. The 

samples were selected to cover a variety of grain sizes, mineral assemblages and 

textures. Silica and carbonate vein-free portions of the samples were sliced into 

centimeters-thick slabs. The slabs were polished on all sides using a SiC sandpaper to 

remove saw marks, and crushed into small pieces using a hammer wrapped in a plastic 

bag. Alteration-free pieces were crushed again using a cleaned alumina stamp mill into 

1~2 mm sands. The sand samples were pre-ground in an agate ball mill, and then 

re-ground into fine powder with an agate mortar and pestle. 

Major element compositions were analyzed with X-ray fluorescence 

spectrometry (XRF: RIGAKU XRF3550 and RIGAKU RIX-2100) at the Tokyo 

Institute of Technology using fused glass beads. Fused glass beads were made from 0.4 



g sample powder mixed with 4 g lithium tetraborate. A drop of LiI solution was added 

as an absorber. The major element compositions were calibrated using 16 to 

geochemical reference materials whose maximum and minimum values cover the 

compositions of all samples. The reproducibilities of major elements were calculated 

based on duplicate analyses of JB-3. Their average and standard deviation (2σ) values 

are shown along with the recommended values in Table 2-2. The detailed analytical 

methods were described elsewhere (Goto and Tatsumi, 1994; Komiya et al., 2002a, 

2004).

Trace elements were analyzed with an inductively coupled plasma mass 

spectrometer (ICP-MS: Agilent 7500s) housed at Komaba, the University of Tokyo. 

We performed two different decomposition procedures: conventional HF-HClO4

digestion and glass fusion bead digestion, respectively in order to evaluate the 

complete decomposition of acid-resistant minerals such as a zircon. Basaltic reference 

material W-2 (USGS) was analyzed as unknowns to estimate reproducibility (Table 

2-1).

For the HF-HClO4 digestion, approximately 100 mg of sample powders were 

weighed into Teflon PFA screw-cap vessels, and then 0.5 ml of 48% HF and 0.5 ml of 

HClO4 were added. The tightly capped vessels were agitated in an ultrasonic bath for 

30 minutes and then heated for over 24 hours at 80 ˚C. They were dried at 100 to 160 

˚C for overnight. To dissolve the fluoride 0.5 ml of HClO4 and 0.5 ml of Milli-Q water 

were added again. Samples were completely evaporated at 100 to 160 ˚C, followed by 

addition of 0.25 ml of 20% HCl and 0.25 ml of Milli-Q water and complete 

evaporation at 100 ˚C. The dried residue was dissolved in 10 ml of 2% HNO3 with 

trace amounts of HF (to be 0.1%) to increase the solubility of high field strength



elements (HFSE). Finally, indium (In) and bismuth (Bi) were added as internal 

standards, and they were diluted 2000 times by 2% HNO3.

For glass bead digestion, glass beads used for XRF analyses were crushed into 

pieces, and ca. 30 mg of the fragments were weighed into 30 ml polypropylene bottles. 

After adding 30 ml of 2% HNO3, the tightly capped bottles were left overnight after 

agitating in an ultrasonic bath for 30 minutes. Finally, In and Bi were added as internal 

standards. A blank bead, made from only the lithium tetraborate and a drop of Lil 

solution, was also decomposed by the same method for a blank analysis.

JB-3, issued by the Geological Survey of Japan, was used as a calibration 

standard for determining concentrations of twenty-six elements (Rb, Sr, Y, Zr, Nb, Cs, 

Ba, Hf, Pb, Th, U and fourteen REEs). For Nb determination, BIR-1, issued by U.S. 

Geological Survey (USGS), was also used as a secondary standard. Reproducibility 

and the difference between the recommended value and our averaged value o f the trace 

element analyses were calculated from replicate analyses of W-2, issued by the USGS 

(Table 2-3). The reproducibilities of the bead digestion method are within 6.0% except 

for Cr, Ni, Zn and Ta, whereas 6.7-10.5% for Cr, Ni and Zn, and 17% for Ta, 

respectively. The differences between the recommended values and our averaged 

values of the bead digestion method are within 6.0% except for Rb and Y (8.2% 

Rb;12%), respectively. The reproducibilities of the HF-HClO4 digestion method are 

within 8% except for Cr Y, Ta, Th and U (8-12%; Ta= 17%) respectively. The 

differences between the recommended values and our averaged values are within 10%

except for Cu and Y (12% for Cu, 13% for Y; Table 2-3).

The two methods provide consistent data within analytical errors except for Zr 

and Hf (Figure 2-4, Table 2- 4 and 5). The Zr and Hf concentrations obtained using the 

bead digestion method are higher than those from the HF-HClO4 digestion method in 



almost all samples (Figure 2-4). The differences between the two decomposition 

methods are not uniform, indicating that the HF-HClO4 digestion method fails to 

completely decompose the mafic samples. Therefore, we use the trace element 

compositions obtained using the bead digestion method hereafter. 

4. Results 

4-1. Petrography

The mafic rocks contain no relict igneous minerals, and all of them contain 

amphibole, plagioclase and quartz. However, but they are highly variable in their 

mineral assemblage, texture and mineral compositions. Mineral compositions of 

representative and other samples are presented in Table 2-1 and 6, respectively. 

Although some minerals partially broke down to secondary minerals and have rims 

that may reflect retrograde metamorphism, most minerals are homogeneous in their 

compositions not only within individual grains but also among minerals in individual

samples. We subdivide the mafic samples into three groups based on their mineral 

assemblages and modal compositions: amphibolite, hornblendite and

garnet-amphibolite groups. The garnet-amphibolite group is defined by presence of 

garnet (Figure 2-5gh), whereas the hornblendite group has over 90 vol. % amphibole,

and shows coarse-grained textures (Figure 2-5e f). All the remaining samples belong to

the amphibolite group, although these show varying textures from fine- to 

coarse-grained (Figure 2-5a-d). The spatial distributions of each rock group are 

displayed in Figure A1.

Amphibolite group

The amphibolites, most abundant among the three groups, are distributed over 

the AGC (Figure 2-3). The amphibolites are highly variable in their mineralogy,which 



is uncorrelated with sample locality. Calcic amphibole, plagioclase and quartz 

predominate, with small amounts of biotite, chlorite, titanite, apatite and clinopyroxene 

(Figure 2-5a-d, 2-6c-f). Plagioclase is occasionally broken down to fine-grained 

epidote and albite (Figure 2-6h). The amphibolites are highly variable in the texture,

displaying fine- to coarse-grained (Figure 2-5a-d) and massive to weakly banded 

textures. The fine-grained samples generally contain elongate calcic amphibole grains 

(Figure 2-5a-d), whereas the medium- to coarse-grained samples contain anhedral, 

granoblastic or elongate calcic amphiboles (Figure 2-5c). Many of them are massive 

while some samples show weak bands defined by calcic amphiboles-rich and 

plagioclase- or quartz-rich, mm to cm-thick layers. 

The compositions of amphiboles are variable, irrespective of texture, ranging 

between the magnesio-hornblende and ferro-tschermakite (Figure 2-7a; Mg# 0.43 to 

0.60 in; Table 2-1, 6). Plagioclases range from oligoclase to labradorite. Only two 

samples (AC279 and AC477) contain clinopyroxene, which has been altered to chlorite 

in some grains (Figure 2-6c), or ilmenite and primary chlorite at the rim or along 

fractures within amphiboles (Figure 2-6d). Some ilmenites are elliptically surrounded 

by titanites or rarely pyrites as reaction rims (Figure 2-6f). A few samples contain 

discontinuously aligned titanite grains, crosscutting calcic amphibole and plagioclase 

grains (Figure 2-6ef). Also, numerous small ilmenite inclusions, probably exsolved 

from the calcic amphibole, are observed in some amphibole crystals (Figure 2-6g). 

Two calcic amphibolites have anhedral clinopyroxene rims, suggesting that they were 

formed due to amphibole-consuming reaction (Figure 2-5b). The clinopyroxenes have 

salite compositions and 0.66 in Mg# values (Figure 2-7b). 

Hornblendite group



Hornblendites are also distributed widely in the AGC (Figure 2-3). They are 

coarse-grained, and some of them have granoblastic texture (Figure 2-5ef). The calcic 

amphiboles commonly have high MgO and low Al2O3 contents, ranging from actinolite 

to tremolite compositions (Figure 2-7a). The hornblendites also include fewer amounts 

of other minerals. One sample (AY259) contains a few tiny biotites and Mg-rich 

chlorites (Mg# = 0.54, Table 2-1) along calcic-amphibole grain boundaries, and quartz 

and apatite as inclusions within the calcic amphiboles (Figure 2-5e). Sample AC283 

contains numerous, oriented, small ilmenites, probably due to exsolution from the 

amphiboles (Figure 2-6b). Sample AC148 contains calcites and clinopyroxenes (Figure 

2-5f), which have similar compositions to those of amphibolite group, but relatively 

higher Mg# value of 0.86 and diopside compositions (Table 2-1, Figure 2-7b). Some of 

the clinopyroxene grains enclose calcites and calcic amphiboles, which have similar 

compositions to discrete calcic amphibole grains. The calcite is mostly present along 

the boundaries among the calcic amphibole grains (Figure 2-6a).

Garnet-amphibolite group

Garnet-amphibolite occurs only in the northern part of the eastern area (Figure 

2-3). They are medium-grained, and contain mainly calcic-amphiboles and 

plagioclases with subordinate amounts of quartz, garnet, ilmenite and apatite (Figure 

2-5gh). A few grains of biotite, chlorite and cummingtonite can be recognized in some 

samples. The chlorites in the garnet-amphibolites have a lower Mg# value than those in 

the amphibolites and hornblendites (Table 2- 1). The calcic amphiboles within the 

garnt amphibolites have high Al2O3 contents, and are plotted in the 

magnesio-tschermakite to ferro-tschermakite fields on an amphibole quadrangle 

diagram (Leak et al., 1997, Figure 2-7a). The cummingtonites are intimately 

intergrown with the calcic amphibole or occur at their rims (Figure 2-5h). The garnets 



are pinkish, rounded, up to ca. 5 mm in diameter, and irregularly fractured (Figure 

2-5g). They are commonly enriched in grossular component. Garnets associated with 

cummingtonite have relatively higher pyrope and lower spessartine components than 

those in cummingtonite- free samples (Table 2-1, Figure 2-7c). The amounts and sizes 

of ilmenite and apatite grains are significantly larger than those in other groups. The 

ilmenites are anhedral and up to 1 mm long, whereas the apatites are elliptical and up 

to 300 μm across (Figure 2-5gh). 

4-2. Geochemistry

We selected thirty-seven amphibolites, five hornblendites, and six 

garnet-amphibolites for whole-rock analysis (Figure 2-1). Major and trace element 

compositions of these samples are given in Table 2-5. Figure 2-8 shows major element

variations with MgO for these mafic rocks, compared to modern mid-ocean ridge 

basalts (MORBs) and ocean island basalts (OIBs). The mafic rocks have broadly 

similar compositions to the modern basalts. Figure 2-9 displays chondrite-normalized 

rare earth element (REE) and primitive mantle (PM)-normalized trace element patterns 

(Sun & McDonough, 1989). Values of Nb*, Ta*, Eu*, Zr* and Hf* were calculated 

with respect to the neighboring elements (Table 2-3). Based on replicate analyses 

performed on a basaltic reference material W-2, analytical errors for Nb/Nb*, Ta/Ta*,

Eu/Eu*, Zr/Zr*, and Hf/Hf* values can be estimated within 10% (Table 2-3). Therefore, 

if their values fall outside a range from 0.9 to 1.1, we considered them as anomalies, 

except for Ta/Ta* value for a range from 0.82 to 1.18 because the reproducibility of 

Ta/Ta* measurement for W-2 is relatively poor (18%).

Both major and trace element compositions are systematically different among 

the groups. The amphibolites have large variations in both major and trace element 



compositions, and have compositions roughly intermediate to the other groups (Figure 

2-8, 9a-d). Based on the REE concentrations and patterns, they can be subdivided into 

three groups: amphibolite groups I to III (Figure 2-8, 9a b).

Amphibolite group I is characterized by flat to very slightly LREE-depleted

REE patterns (Figure 2-9a). They are compositionally uniform, and are intermediate 

among the amphibolites in terms of major elements (Figure 2-8). They show no 

obvious trace element anomalies with the exception of slightly negative Nb and Ta 

anomalies of (Nb/Nb*)PM = 0.63-0.99 and (Ta/Ta*)PM = 0.59–1.1 (Figure 2-9ab). 

Amphibolite group II displays slightly to strongly LREE-enriched patterns and

negative to positive Ti, Zr, Nb, Ta, Hf and Eu anomalies. They, with the exception of 

the AC228 and AC480, show negative Nb and Ta anomalies, with (Nb/Nb*)PM =

0.18-0.63 and (Ta/Ta*)PM =0.11-0.77. They display negative correlations of Al2O3 and 

Na2O against MgO content.

Amphibolite group III is defined by lower trace element concentrations than the 

other mafic rocks, and show large positive Eu anomalies, with (Eu/Eu*)CN = 1.2-2.1.

They are further classified into two subgroups based on MgO contents. The low-MgO 

subgroup has relatively higher TiO2 and FeO, and lower SiO2 contents than that of the 

high-MgO subgroup at a given MgO. The low-MgO subgroup is characterized by 

strong positive Eu and Ti anomalies, whereas the high-MgO subgroup shows 

moderately positive Eu and negative Ti anomalies.

The hornblendites are clearly distinguished from other two groups by their high 

MgO contents (10-19 wt.%). They are also characterized by low Al2O3, Na2O and K2O

contents which decrease with increasing MgO. The hornblendite and amphibolite 

groups I and II form a single array on the MgO vs Al2O3 diagram (Figure 2-8, 10).

Hornblendites have relatively high REE contents, with convex-shaped LREE patterns



and negative Eu anomalies. In addition, they are depleted in HFSEs such as Ti, Zr, and 

Hf (Figure 2-9f). Because Th contents are highly variable possibly due to secondary 

alteration, Nb and Ta anomalies are also variable (Figure 2-9f).

The garnet-amphibolites have lower MgO contents than the other two groups

(Figure 2-8). They have much lower SiO2, Na2O and K2O contents, and higher TiO2,

FeO and P2O5 contents at a given MgO content (Figure 2-8). Except for AY121, the 

garnet-amphibolites have quite low SiO2 content from 43 to 49 wt.%, and plot within

the compositional range of modern evolved OIB magmas. The REE patterns of 

garnet-amphibolites are relatively uniform, and display slightly HREE-depleted

patterns with variable LREE enrichment (Figure 2-9h). They display negative Zr and 

Hf anomalies, except for AC543, which lacks Zr and Hf anomalies, and AY121, which 

has positive Zr and Hf and negative Ti anomalies.

5. Discussion 

Unlike other well-known Eoarchean terranes, there is no clear geological 

evidence for the primary lithofacies type and emplacement style of the mafic rocks 

distributed over the Acasta Gneiss Complex. Although the absence of pillowed 

structures and associated sediments, such as banded iron formation and chert may 

suggest a sub-surface origin as intrusive protoliths, we cannot rule out the possibility 

that such evidence is simply masked by the strong effects of deformation and 

metamorphic recyrstallization associated with younger felsic intrusions ranging from 

4.03 to 3.40 Gyr. Thus, in order to decipher their origin and tectonic setting, we must 

rely on the petrological and geochemical signatures presented in this study. 

5-1. Metamorphic grade estimated from the mafic rocks



Metamorphic temperature of the Acasta rocks was roughly estimated to be 

between 400 and 650 ˚C based on mineral assemblage (Bowring et al., 1990). We 

examined, in a more quantitative manner, the metamorphic grade based on both 

mineral assemblage and bulk compositions because it is still ambiguous whether the 

difference in the mineral assemblages is controlled by only metamorphic grade. In

order to investigate original mineral assemblages and compositions, the secondary 

minerals, for example plagioclase pseudomorphs replaced by saussurite, actinolitic 

rims of hornblende and titanite replacing ilmenite, were avoided (Table 2- 1).

Figure 11a shows an A’FM diagram of basaltic system, projected from quartz, 

plagioclase and H2O, and possible compositional variations of chlorite, amphibole and 

garnet under the amphibolite facies condition (Harte & Graham, 1975; Spear, 1993). A 

triangle of coexisting chlorite, hornblende and garnet is present from the greenschist to 

amphibolite facies and the chlorite and hornblende coexisting with the garnet become 

more magnesian with increasing metamorphic temperature. As a result, the garnet 

occurs only in a mafic rock with a quite low-Mg# value under the greenschist facies to 

lower amphibolite facies conditions, but the garnet becomes common even in a 

magnesian mafic rock under the medium to higher amphibolite facies conditions. 

Representative mineral and whole-rock compositions of the mafic rocks plot on 

the A’FM diagram along with typical compositional fie lds of hornblende, chlorite and 

garnet under the amphibolite facies condition (Figure 2-11a). The chlorite and 

hornblende in a garnet amphibolite without clinopyroxene and cummingtonite have the 

lowest Mg# value, and the whole-rock composition plots within the triangle of the 

chlorite, amphibole and garnet (Figure 2-11a). The chlorite and hornblende in the 

hornblendite without clinopyroxene have the highest Mg# value, and the whole-rock 

composition has lower Al2O3 content, and plots on the compositional variation of the 



hornblende (Figure 2-11a). On the other hand, the garnet- free amphibolites with 

chlorite and hornblende are more magnesian than the garnet-amphibolite. The good 

correlation of their mineral assemblages and compositions with whole-rock 

compositions can be well explained by compositional control rather than difference in 

metamorphic temperature.

Clinopyroxene appears in the high Ca field of the ACF diagram (Figure 2-11b),

and a tie line between garnet and hornblende breaks down into another tie line between 

plagioclase and cummingtonite under the condition. In addition, the amphibole 

becomes more aluminous with increasing metamorphic temperature. The hornblende 

and garnet assemblage disappears and is replaced by the parageneses Pl + Hbl + Cum 

or Pl + Grt + Cum at higher metamorphic grade. On the other hand, a metabasite with 

high CaO contents contains clinopyroxene and hornblende with/without plagioclase, 

depending on the Al2O3 content (Figure 2-11b). The garnet-amphibolites all contain 

garnet, hornblende, plagioclase and cummingtonite (Figure 2-11b). Regardless of the 

whole-rock compositions, the coexistence of the four minerals indicates the upper 

amphibolite facies metamorphic condition. Some amphibolites contain clinopyroxene, 

hornblende and plagioclase whereas a hornblendite contains only clinopyroxene and 

hornblende, consistent with lower Al2O3 contents of the hornblendite (Figure 2-11b).

The mineral assemblages and compositions of the mafic rocks indicate that 

they underwent medium to upper amphibolite facies metamorphism. The difference of 

mineral assemblages is due to variation of the whole-rock compositions. Higher FeO 

contents lead to expansion of a stability field of garnet whereas higher CaO contents 

result in presence of clinopyroxene. In addition, a good correlation of the mineral 

assemblages and compositions with whole-rock compositions do not support significant 

elemental mobility during/after the main metamorphic event. 



 

5-2. Processes governing whole-rock variations in Acasta mafic rocks

5-2-1.Garnet-amphibolite

The garnet-amphibolite is clearly different from the other groups in several

respects. Firstly, their occurrences are limited to the northeastern part of the AGC. 

Secondly, they possess higher TiO2, FeO, MnO and P2O5 contents than the other

samples (Figure 2-8). The high FeO content in the garnet-amphibolitse is consistent 

with the presence of garnet because garnet tends to appear in metabasalts with

sufficiently Fe-rich compositions (Spear, 1981). Thirdly, they show characteristic REE 

patterns with terms of strong depletion in HREEs. If the garnet-amphibolites preserve 

their original magmatic composition, in particular for the MREEs and HREEs, their

depletion in HREEs suggests partial melting of a mantle source with residual garnet 

(Nicholls and Harris, 1980), possibly due to early differentiation of the mantle

(Blichert-Toft & Arndt 1999). However, further studies are required for constraining

the origin of the garnet-amphibolites in the AGC.

5-2-2. Amphibolite group III

Amphibolite group III, which has low REE contents and positive Eu anomalies,

is probably equivalent to the “metagabbro”, “leucogabbro” and 

“hornblende-plagioclase schist” described by previous studies (e.g. Stern and Bleeker, 

1998; Iizuka et al., 2007; Mojzsis et al., 2014). Mojzsis et al. (2014) reported a 3.86 Ga 

discordant age and 3.77 Ga concordant age from metamorphic zircon in the 

hornblende-plagioclase schist, indicating the protolith age is older than ca. 3.86 Ga. 

The similarity of their REE patterns to partition coefficients between a basaltic melt 

and plagioclase (Bédard, 2006), as well as to a gabbro or an anorthosite (e.g. Godard et 

al., 2009) indicates that the protoliths were formed through accumulation of 



plagioclase during crystal fractionation (Mojzsis et al., 2014). Furthermore, their high 

TiO2 and FeO contents suggest the accumulation of titanomagnetite accompanied with 

the plagioclase crystallization from a relatively evolved basaltic magma. Thus, 

amphibolite group III seems to originate from crystal cumulates derived from an

evolved basaltic magma, and their parental magma composition is difficult to estimate.

5-2-2. Amphibolite groups I, II and hornblendites

Although the Acasta mafic rocks underwent variable deformation and severe 

metamorphism, their chemical compositions are roughly similar to modern MORB and 

OIB (Figure 2-8). In particular, the amphibolite groups I and II plot well within the 

compositional ranges of MORB and OIB, implying preservation of their original 

magmatic compositions. In that case, the compositional variations of the whole rocks

may be the result of fractional crystallization of a basaltic magma. Amphibolite group 

II shows a large variation in MgO content, broadly correlated with their Al2O3 and 

Na2O contents, whereas amphibolite group I has intermediate compositions within the 

range of amphibolite group II in terms of the major element compositions. Because Al 

behaves as an incompatible element and its abundances in magma increase with

fractionation of olivine, negative correlation between Al2O3 and MgO contents is 

expected for magmatic differentiation. However, as illustrated in Figure 10, the array is

much too steep to be explained by olivine fractionation, when compared with an

olivine control line. The olivine control line is calculated assuming that the Fe2+-Mg 

exchange coefficient between olivine and basaltic liquid is K=0.33 (Toplis, 2005) and 

the most magnesian sample (AC283) has a primary magma composition. This

discrepancy indicates that fractional crystallization of a basaltic magma does not play a 

major role in generating whole-rock compositional variations.



Previous studies show that the Acasta Gneiss Complex have been subjected to 

numerous magmatic and metamorphic events, including the intrusion of granitic and 

syenitic sheets and that later thermal events caused pre-existing rocks to be 

metamorphosed and partially melted (e.g. Bleeker and Stern, 1997; Bowring et al., 

1989; Bowring and Housh, 1995; Iizuka et al., 2007a; Bowring et al., 1990; Moorbath 

et al., 1997). Recently, it has been suggested that a migmatization event occurred at 

3.92 Ga to form some groups of the Acasta gneisses (Mojzsis et al., 2014). 

Furthermore, the presence of numerous pegmatite dikes and quartz veins within the

mafic rocks indicate that felsic magma and fluid percolated into the mafic rocks 

(Figure 2-2a,b). These lines of evidence suggest that in-situ anatexis formed the 

hornblende-rich restites and quartz-rich leucosomes (Iizuka et al., 2007b).

Melting experiments of metabasalts show that the plagioclase stability field 

expands and the amphibole field shrinks through dehydration melting (e.g. Rapp and 

Watson, 1995; Winther and Newton, 1991; Zamora, 2000). On the other hand, under 

water-saturated conditions, the plagioclase-out boundary shifts to a low temperature 

and pressure, whereas the amphibole stability field expands to higher temperature 

between about 5 and 20 kbar (e.g. Beard and Lofgren, 1991; Pawley and Holloway, 

1993). As a result, a felsic melt may coexist with only amphibole at over 7 kbar and ca.

800 °C (Beard and Lofgren, 1991). Partial melting of a hydrated mafic rock produces a 

melt with high Al2O3 and low MgO contents, and its complementary residue has low 

Al2O3 and high MgO contents under water-saturated conditions (Beard and Lofgren, 

1991). At the AGC, percolation of hydrous melts or fluids released from the 

surrounding felsic rocks could trigger the melting of mafic rocks in hydrous condition.

Figure 10 shows the composition of the melt, residue and starting material

produced in a melting experiment on the MgO vs. Al2O3 diagram (Beard and Lofgren, 



1990). Mixing between the melt, starting composition and residues is expected to form 

an array along the solid line shown in Figure 10. The amphibolite group I, amphibolite 

groups II, and hornblendites have compositional variations that lie along the line, 

consistent with the idea that they were generated by in-situ partial melting of hydrated 

mafic rocks. The hornblendites and high-Mg amphibolites may represent residues of 

melting, whereas the composition of low-Mg amphibolites may be explained by

assimilation of the felsic melt by the precursor amphibolites.

Assuming that the felsic melt was in equilibrium with the hornblendite residue, 

the trace element compositions of this felsic melt were roughly estimated from the 

coexisting hornblendite compositions and partition coefficients between amphibole and 

silicate melts (Tiepolo et al., 2007). Figure 2-12 shows a comparison of the trace 

element patterns for amphibolite group II and hornblendites with the calculated melts. 

The calculated melt patterns share some of the features of the amphibolite group II 

patterns including enrichment of Th and LREEs, and negative anomalies of Nb, Ta, Zr, 

Hf and Ti (Figure 2-12). Variations in La content, (La/Yb)CH ratio and Ti anomaly as a 

function of Al2O3 content in hornblendite, amphibolite group I and II are shown in 

Figure 2-13, along with mixing lines between average compositions of hornblendites, 

amphibolite group I and the calculated melt. The Al2O3 content of the calculated melt 

is taken from a metabasalt melting experiment at 900 ˚C and 6.9 kb (Beard and 

Lofgren, 1991). All three diagrams demonstrate dispersion of the data points of 

amphibolite group II, but most of them are restricted within the field defined by the 

two mixing lines. The Al-rich samples among amphibolite group II tend to follow a 

trend along the mixing line between the calculated melt and amphibolite group I. This 

is consistent with the idea that they represent metasomatized amphibolites strongly 

affected by infiltration of felsic melts into the precursor. On the other hand, the 



Mg-rich and Al-poor samples among amphibolite group II show features intermediate 

to amphibolite group I and the hornblendites, suggesting that their compositions are 

dominated by residue after the partial melting of amphibolite group I.

Based on the above discussions, we suggest that the mineral assemblages and 

compositions of the Acasta mafic rocks reflect the wide range of whole-rock 

compositions, that were acquired as a result of partial melting. The quest ion that 

remains is when the anatexis occurred. At the AGC, the oldest protoliths were 

emplaced at ca. 4.03-3.94 Ga and were followed by two or three episodes of granitic 

intrusion at 3.74-3.72 Ga, 3.66 Ga and 3.6-3.58 Ga (Bowring et al., 1989; Bowring and

Housh, 1995; Iizuka et al., 2006, 2007). The ca. 3.6 Ga magmatic activity may be the 

most intensive and is commonly recorded as zircon overgrowths in older felsic gneiss

units (Bowring et al., 1990; Bowring and Williams, 1999). We therefore suggest that 

most of Acasta mafic rocks studied here belong to the oldest age group, and were

recrystallized, hydrated and in some cases melted at around 3.6 Ga, together with the 

4.03-3.94 Ga felsic rocks. Indeed, a 3.6 Ga pegmatite intruding the mafic rocks was 

identified as a fluid or hydrous melt released from granitoids (Iizuka et al., 2007). 

However, metamorphic zircons extracted from Acasta mafic rocks yield ages up to 

3.85 Ga (Mojzsis et al., 2014), implying that pre-3.6 Ga events may have also affected 

the mafic rocks.

Another metamorphic event at ca. 3.4 Ga is also suggested by zircon 

overgrowths on 4.0 Ga cores (Stern and Bleeker, 1998; Reimink et al., 2014) and by 

whole-rock 147Sm-143Nd isotope systematics of various rocks in the AGC (e.g. 

Moorbath et al., 1997). This event would have influenced parts of the older units and

reset Sm-Nd systematics over the AGC. Subsequently, younger granitic sheets intruded 

at 2.9 and 2.6 Ga (Bleeker et al., 1997), and Proterozoic thermal events related to the 



Wopmay orogeny are also inferred from the 40Ar/39Ar analysis of hornblende and 

biotite and the U-Pb analysis of apatite (Hodges and Bowring, 1995; Sano et al., 1999). 

Events occurred after 2.9 Ga, therefore, would not have had a great impact on the 

whole-rock geochemistry of the Acasta mafic rocks.  

To summarize, recrystallization and partial melting, which caused the intensive 

modification of the whole rock geochemistry of Acasta mafic rocks, probably occurred 

at pre-3.6 Ga and possibly at 3.4 Ga. Although the formation age of Acasta mafic rocks 

remains undated, they could have formed at, or older than, 4.0 Ga.

5-3. Primary signatures preserved in the least modified amphibolites

The enrichment of LREEs in the amphibolite group II can be explained by 

addition of LREE-enriched felsic magma or fluid to the mafic rocks with flat-REE 

patterns, as mentioned above. In general, magmatic processes, especially low-pressure 

fractional crystallization of basaltic magma, do not change the ratios of the 

incompatible element contents to Zr contents, one of the most immobile elements.

Therefore, scatter on Zr variation diagrams is due to secondary movement of 

incompatible elements during post-magmatic events such as secondary alteration, 

infiltration of fluids, metamorphic dehydration melting and migmatization (e.g. 

Keppler, 1996; Kogiso et al., 1997; Polat and Hofmann, 2003; Tatsumi et al., 1986).

Figure 2-14 illustrates the variation of LILEs, HFSEs and REEs against Zr 

concentrations. The solid lines display liquid lines of descent calculated from the 

sample with the lowest Zr concentration (AC384) among amphibolite group I,

assuming they are perfectly incompatible in crystallizing phases. Strontium and 

Barium contents are highly scattered for all of the groups, indicating that the LILEs are 

strongly influenced by post-magmatic modification (Figure 2-14ab). 



Good correlations of HFSE and REE contents with Zr contents for amphibolite 

group I indicate that primary magmatic compositions are largely preserved, except for

the LILEs. Moreover, the group I samples have flat incompatible-element patterns. 

These flat incompatible-element patterns could not be produced by secondary 

alteration and partial melting of metamorphosed basalts because incompatibilities of 

some elements during magmatic processes are not necessarily correlated with their 

solubility in metamorphic fluids during metamorphism. In addition, amphibolite group 

I has constant major element compositions, similar to modern MORBs and OIBs, 

suggesting their major element compositions are also preserved. We therefore suggest 

that some of the least-modified samples (amphibolite group I) remain immune from 

remelting or contamination by partial melts, and retain primary signatures in terms of 

immobile elements.

5-4. Origin of the Acasta mafic rocks and implications for the Hadean mantle 

evolution

Given that the mafic rocks occur as enclaves within 3.6 to 4.0 Ga felsic 

gneisses, they appear to have originated earlier than the surrounding felsic rocks.

Furthermore, the least-modified amphibolite group I has almost flat REE and 

PM-normalized incompatible element patterns, indicating that the precursor was a

basaltic magma generated by partial melting of a primitive mantle- like source material.

However, slight depletions of Nb and Ta commonly observed in amphibolite group I

requires some explanation (Figure 2-9b). Considering modern basalt geochemistry, 

subduction-related magmatism can be inferred to explain the origin of Nb-Ta

depletions. However, alternative explanations such as the influence of early 

differentiation has been envisaged for the ancient mantle in previous studies (Wade and 



Wood, 2001). Using the immobile element characteristics of amphibolite group I, these

two different scenarios for the origin of the Acasta mafic rocks will be discussed 

below.

5-4-1. Subduction-related scenario

Immobile elements such as the HFSEs have been widely used to identify 

different magma types, which, in turn, provides information on tectonic setting. In 

particular, the Th/Nb ratio is regarded as one of the most useful proxies for 

distinguishing subduction-related and non-subduction related magmas (e.g. Condie, 

2005; Furnes et al., 2014; Pearce, 1983; Pearce, 2008). Thorium and niobium have 

similar incompatibilities during magmatic processes, but Nb is more fluid-immobile 

than Th, with the result that Nb is preferentially retained in subducting slabs (Tatsumi 

et al., 1986). Laboratory experiments simulating dehydration melting of amphibolites 

revealed that fluids or melts released from amphibolites tend to show variable 

Nb-depletion relative to Th and the REEs (Keppler, 1996; Kogiso et al., 1997; Rapp et 

al., 1999), due to residual Ti-rich phases such as Ti-amphiboles, rutile and titanite 

(Schmidt et al., 2004; Thorpe et al., 1992; Tiepolo et al., 2001; Tiepolo et al., 2002). 

Based on this consideration, Pearce (2008) proposed a Th/Yb versus Nb/Yb 

discrimination diagram, and illustrated that lavas derived from mantle influenced by 

subduction-related fluid and melts are displaced from a modern MORB and OIB array 

to higher Th/Yb and lower Nb/Yb ratios.

As shown in Figure 15a, the amphibolite group I is displaced from the 

MORB-OIB array to slightly higher Th/Yb and lower Nb/Yb, similar to many other 

Eoarchean mafic rocks (e.g. Polat et al., 2002; O'Neil et al., 2011), implying they form 

through subduction-related magmatism. However, there are two major uncertainties in 

applying this discrimination criteria to Eoarchan rocks. The first is that the Eoarchean



MORB-OIB array would be shifted to higher Th/Yb and lower Nb/Yb than that of 

today (e.g. Hofmann et al., 1986; Collerson and Kamber, 1999) if the continental crust 

contains a significant proportion of the bulk silicate Earth’s Th and Nb budget, and 

grew with time progressively from the Archean to the present (e.g. Jochum et al., 1991).

Secular changes of the MORB-OIB array through geologic time partially account for 

the displacement of the amphibolite group I to higher Th/Yb and lower Nb/Yb ratios.

The second is that Th concentration and Th/Yb ratio in Eoarchean rocks can be 

modified by secondary alteration processes because Th is more easily mobilized by 

aqueous fluids and melts compared with other HFSEs such as Nb, Zr and Hf (e.g. 

Keppler, 1996; Johnson and Plank, 1999). Since La has a similar incompatibility to Th 

and Nb during mantle melting but is thought to be less influenced by alteration than Th,

we applied a La/Yb versus Nb/Yb diagram to the Eoarchean mafic rocks as an 

alternative (Figure 2-15b). On this projection, amphibolite group I and other Eoarchean 

mafic rocks plot slightly closer to the MORB-OIB array than those on the Th/Yb vs. 

Nb/Yb diagram. However, some samples are still displaced from the MORB-OIB array 

and primitive mantle towards the Nb-poor side, suggesting that the effect of secondary 

alteration on Th and La may be negligible, and Eoarchean mafic rocks, including the 

Acasta amphibolites were all derived from source regions which had experienced 

Th/Nb and La/Nb fractionation.

If these rocks can be recognized as subduction-related basalts, the present study 

of Acasta mafic enclaves within ~ 4.0 Ga felsic gneisses may provide evidence for the

operation of plate tectonics before 4.0 Ga, ca. 200 Ma older than previously suggested

(Furnes et al., 2014; O'Neil et al., 2011; Polat et al., 2002). Previous works propose 

that plate tectonics in the Early Archean was different from modern plate tectonics in 

terms of ~150 ˚C higher mantle temperatures (e.g. Herzberg et al., 2010; Komiya et al., 



2002b; Komiya, 2004; Nisbet et al., 1993; Ohta et al., 1996) and higher subduction 

geotherms (e.g. Grambling, 1981; Hayashi et al., 2000; Maruyama et al., 1996). At 

higher geothermal gradients, the subducting hydrated basaltic crust could melt, leading

to the formation of TTG magmas (Barker and Arth, 1976; Martin, 1986; Rollinson, 

1997; Smithies et al., 2003), and preventing hydration of mantle wedge and the 

consequent formation of arc basalts. Thus, the presence of arc- like basalts before ~4.0 

Ga, presumably formed from a mantle metasomatized by slab-derived fluid is highly 

suggestive of intermittent subduction of cold slabs even in the early Archean.

5-4-2. Nb-Ta deficit mantle scenario

Negative Nb anomalies created at subduction zone settings is commonly

accompanied with enrichment of highly incompatible elements and, in most cases, 

LREEs (Crawford et al., 1986; Hochstaedter et al., 1996; Johnson et al., 1985; Kamei 

et al., 2004; Mann, 1983; Pearce, 1983; Pearce and Peate, 1995; Shibata and Nakamura, 

1997). The lack of conspicuous enrichment in highly incompatible elements and 

primitive mantle- like patterns except for Nb in amphibolite group I, allows us to 

envision an alternative view of the mantle evolution, namely mantle differentiation in 

the early Earth (e.g. Bennett et al., 2007; Boyet and Carlson, 2005). The primitive 

mantle composition was estimated from compositions of chondrite, based on 

assumption that Nb, Ta and REEs are highly refractory and perfectly lithophile 

elements (Sun and McDonough 1989). However, recent high-pressure melting 

experiments show that Nb and Ta are moderately siderophile under high-pressure 

conditions, over 20 GPa, implying that they were partitioned into the core during 

core-mantle differentiation (Cartier et al., 2014; Wade and Wood, 2001).

In the deep magma ocean model of core formation, liquid metal descends

slowly in the magma ocean and is accumulated at the base of it. The metal layer last 



equilibrates with silicate melt at the base of the magma ocean, leaving a siderophile 

element-depleted silicate mantle above the layer. Based on experiments which 

determine the partition coefficients for moderately siderophile elements, such as Ni 

and Co, primitive upper mantle composition is controlled by metal-silicate equilibrium 

at 27–40 GPa and 3000–3600 K (e.g. Wood et al., 2006; Righter, 2011). Under these 

conditions, Nb and Ta would behave as weakly siderophile elements during the final

metal-silicate equilibrium, resulting in Nb and Ta-deficient primitive upper mantle. If 

such mantle regions survived replenishment by a chondiritic late veneer, or less 

depleted materials presumably stored in the lower mantle until the end of Hadean, 

shallow melting of primitive upper mantle with Nb-Ta depletion could generate the 

precursor to the Acasta mafic rocks in a non-subduction setting.

6. Conclusions 

Mafic rocks are distributed throughout the Acasta Gneiss Complex as enclaves, 

bands and blocks. Based on their petrography, the mafic rocks are classified into three 

groups: amphibolite, hornblendite and garnet-amphibolite. The hornblendites

dominantly contain actinolitic amphibole, and have high MgO and low Al2O3 contents.

The garnet-amphibolites contain garnet, and have relatively high FeO and Al2O3

contents. The amphibolites have intermediate whole-rock compositions. Differences in

mineral assemblages are due to their whole-rock compositions, and their mineral 

parageneses and mineral compositions indicate that they underwent amphibolite to 

upper amphibolite facies metamorphism.

The amphibolites are subdivided into three types based on the REE patterns :

amphibolite groups I to III, respectively. Amphibolite group I is characterized by flat to

slightly LREE-depleted patterns whereas group II show slightly to strongly 



LREE-enriched patterns. Group III is characterized by low REE contents and large 

positive Eu anomalies, suggesting a plagioclase-enriched cumulate precursor. Good 

correlations between Zr contents and other incompatible elements, except Ba and Sr,

for amphibolite group I suggest that they still preserve the ir original incompatible 

element compositions. By contrast, the other mafic rocks are highly scattered in most 

incompatible elements except for Hf, suggesting later elemental mobility. Amphibolite 

groups I and II and the hornblendites apparently show a strong negative correlation 

between MgO and Al2O3 contents, but the steep slope cannot be explained by simple 

fractional crystallization of a basaltic magma. Infiltration or extraction of partial melts 

with felsic compositions formed from hydrated amphibolite group I may accounts for 

this correlation between MgO and Al2O3 contents.

The amphibolite group I have primitive mantle-like incompatible element 

compositions, but show slightly negative Nb and Ta anomalies, similar to other early 

Archean mafic rocks. We consider two scenarios for the origin of the negative Nb and 

Ta anomalies observed in amphibolite group I. One is that they were formed at the 

subduction setting and the negative anomalies represent the signature of a 

subduction-related magma. This scenario implies the operation of plate tectonics and 

formation of mantle wedge metasomatized by slab-derived fluids back to ca. 4.0 Ga. 

Moreover, the formation of a hydrated mantle wedge implies intermittent subduction 

of cold slabs even in the early Archean. Although the subduction-related scenario is 

simple, the almost chondritic relative abundances of incompatible elements in

amphibolite group I allow us to consider the alternative scenario that the source of the 

Acasta mafic rocks is Nb and Ta-deficient primitive mantle. Since it has been reported 

that the Nb and Ta are moderately siderophile under high pressure conditions, primitive 

upper mantle after the core formation could be depleted in Nb and Ta. Further studies 



are clearly required to decide which scenario is most plausible to explain geochemical 

features of the Acasta mafic rocks and the evolution of Hadean mantle.
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Figure captions 

Figure 2-1. Geological map of the Acasta Gneiss Complex (AGC), revised after Iizuka 

et al. (2007), sample localities are also shown. Mafic to intermediate rocks occur 

as blocks, pods and layers all over the AGC. They are intruded by, or occur as 

enclaves within, the felsic gneisses. The numbers beside open star symbols show 

magmatic ages of the felsic and layered gneisses (Bowring et al., 1989b; 

Bowring and Housh, 1995; Bleeker and Stern, 1997; Stern and Bleeker, 1998; 

Bowring and Williams, 1999; Iizuka et al., 2006, 2007; Mojzsis et al., 2014; 

Reimink et al., 2014). 

Figure 2-2. Photographs of representative outcrops of the mafic to intermediate rocks in 

the eastern (a- f) and western areas (g and h). (a) Discontinuous and elongated 

mafic rocks surrounded by felsic gneisses (N65˚14’21”,W115˚57’46”). (b) 

Mafic rock blocks cut by granitic gneisses. The gneissic structures of mafic 

rocks are truncated by the felsic intrusions. White pegmatites occur along their 

boundary with the felsic intrusions and are intruded into the mafic rock. (c) 

Massive mafic enclaves in the granitic gneisses, strongly deformed, are mixed 

with the ambient felsic gneisses (N65˚17’43”,W115˚51’43”). (d) Massive mafic 

enclaves in granitic gneiss (N65˚15’51”,W115˚58’05”). (e) A gabbroic rock, cut 

by a metamorphosed basaltic dike (N65˚14’47”,W115˚57’05”). (f) Mafic rock, 

partially melted to form migmatite. (g and h) Rhythmical layering of leucocratic 

and melanocratic layers (N65˚17’67”,W115˚59’22”). Photos of (a), (b) and (f) 

are from the same location.  



Figure 2-3. Localities of the mafic rocks studied. Yellow circle; clinopyroxene-free 

amphibolite, large yellow double circle; clinopyroxene-bearing amphibolite, 

green triangle; clinopyroxene-free hornblendite, green double triangle; 

clinopyroxene-bearing hornblendite, pink square; cummingtonite-free 

garnet-amphibolite, and large pink double square; cummingtonite-bearing 

garnet-amphibolite. 

Figure 2-4. Comparisons of trace element compositions, analyzed by acid digestion 

(vertical axes) and bead digestion methods (lateral axes). Error bars are 2SD of 

100 data for each sample analysis. 

Figure 2-5. Photomicrographs of representative textures of (a-d) amphibolites, (e, f)

hornblendite and (g, h) garnet-amphibolites. (a) A fine-grained amphibolite with 

thin hornblende laths and irregular forms of plagioclases (AC177). (b) A 

medium-grained amphibolite with hornblende, clinopyroxene and plagioclase  

(AC477). Clinopyroxenes occur as discrete grains or cores within hornblendes.  

(c) A medium-grained amphibolite with hornblende and plagioclase (AY61). (d) 

A fine-grained amphibolite, which contains significant amounts of fine-grained 

biotite (AC430). (e) A coarse-grained hornblendite, comprising large, euhedral 

to subhedral hornblende grains with tiny quartz, biotite and chlorite inclusions 

(AY259). (f) A hornblendite with granoblastic texture, containing clinopyroxene 

grains (AC148). The upper light panel shows a backscattered electron image of 

the clinopyroxene with amphibole and calcite inclusions. (g) A

garnet-amphibolite with large, roundish and irregularly fractured garnets and 

relatively large amounts of apatite and ilmenite (AY105). (h) A



garnet-amphibolite with cummingtonite (AY104). The cummingtonite grains 

occur along the rim of the hornblende, accompanied with pinkish garnet, 

plagioclase, apatite and ilmenite. Hbl: hornblende, Cpx: clinopyroxene, Pl: 

plagioclase, Bt: biotite, Chl: chlorite, Qtz: quartz, Cal: calcite, Grt: garnet, Ap: 

apatite, Ilm: ilmenite and Cum: cummingtonite. 

Figure 2-6. Photomicrographs of hornblendites and amphibolites, illustrating retrograde 

characteristics (c-h). (a) Calcite-filling boundaries among amphibole grains in a 

hornblendite of AC148. (b) A hornblendite (AC283) containing numerous small 

ilmenite grains. (c) Biotite-replacing chlorite in an amphibolite (AY34). (d) A

hornblende is partially replaced by chlorites (AY61). (e) An ilmenite grain 

rimmed by secondary titanites (AY61). (f) Titanite veins crosscutting 

hornblende and plagioclase (AY61). (g) Numerous small ilmenite grains 

exsolved from a large amphibole grain (AY110). (h) Plagioclases break down 

into fine-grained epidote and albite grains (AC415). Hbl; hornblende, Cal; 

calcite, Ttn; titanite, Chl; chlorite, Bt; biotite, Pl; plagioclase, Ilm; ilmenite. 

Figure 2-7. Mg# vs. Si per formula unit diagram for average compositions of 

Ca-amphiboles in each mafic rock. Core compositions are selected for some 

amphiboles with different compositions in their rims and cores. The Si contents 

are calculated on the basis of 23 oxygens. (b) Compositions of clinopyroxenes 

from AC279, AC477 and AC148 on a Wo-En-Fs diagram. (c) Ternary plots of 

molar Mn, Mg and Fe contents of garnets in garnet-amphibolites. The dark gray, 

pale gray and black areas show compositional fields of garnets under greenschist, 

amphibolite and granulite facies conditions, respectively (Miyashiro, 1953). 



Figure 2-8. MgO vs. major element diagrams for amphibolite groups I to III,  

hornblendite and garnet-amphibolite, compared with modern MORB and OIB.  

Figure 2-9. Chondrite-normalized REE patterns and primitive mantle-normalized trace 

element diagrams for the amphibolite groups I and II (a, c), amphibolite group 

III (c, d), hornblendites (e, f) and garnet-amphibolites (g, h). Chondrite and 

primitive mantle values are from Sun & McDonough (1989). 

Figure 2-10. Compositional variations of amphibolite groups I and II, hornblendites 

and felsic rocks on MgO vs. Al2O3 diagrams. Open and gray diamonds show 

whole-rock compositions of 3.6-4.0 Ga felsic gneisses (Mojzsis et al., 2014; 

Reimink et al., 2014). A dotted arrow shows an olivine fractionation trend from 

the highest MgO sample; the compositional variation of amphibolite groups I 

and II clearly deviate from this trend, especially for relatively low MgO samples. 

An aluminous partial melt and a residue with high MgO and low Al2O3 contents, 

generated by melting a metabasalt under water-saturated condition (Beard and 

Lofgren, 1991), are also shown.  

Figure 2-11. Representative whole-rock and mineral compositions of mafic rocks 

projected onto AFM (a) and ACF (b) diagrams. The mineral parageneses on the 

AFM and ACF diagrams based on amphibolite and upper amphibolite faces 

conditions, respectively (Spear, 1988). Samples without clinopyroxene and 

cummingtonite are plotted on the AFM diagram whereas clinopyroxene or 

cummingtonite-bearing samples are plotted on the ACF diagram. Large symbols 



indicate whole-rock compositions, small symbols display average mineral 

compositions. Triangle: hornblendite; circle: amphibolite; square: 

garnet-amphibolite. 

Figure 2-12. Comparison of the high Al2O3 samples from amphibolite group II, with 

over 15 wt.% Al2O3, and hornblendites with calculated melts. The calculation 

method for the melt is described in text. 

Figure 2-13. Al2O3 content vs. La content, (La/Yb)N ratio and Ti anomaly diagrams for 

amphibolite group I (solid circles), amphibolite group II (open circles),

hornblendites (triangles) and the average calculated melt (a diamond). Solid and 

dotted lines show mixing trends between the average calculated melt and 

amphibolite group I, and between average calculated melt and hornblendite, 

respectively.  

Figure 2-14. Zirconium vs. incompatible element diagrams for amphibolite groups I to 

III, hornblendites, and garnet-amphibolites. Lines were drawn between the 

origin and AC384, the sample with the lowest Zr content among amphibolite 

group I; mean fractionation trends assume that they are highly incompatible 

elements. Good correlations of the REE, Th, Ti, and Nb with Zr for amphibolite 

group I indicate that they still preserve their original compositions. 

Figure 2-15. (a) Nb/Yb vs. Th/Yb (after Pearce, 2008) and (b) Nb/Yb vs. La/Yb 

diagrams for amphibolite group I,  early Archean metabasalts and modern 

MORBs and OIBs. Amphibolite group I plotted above the MORB-OIB array, 



indicating that they underwent a Nb-Th decoupling process. However, 

amphibolite group I plot almost on the primitive mantle on the Nb/Yb vs. La/Yb 

diagram. Literature data taken from Polat et al. (2002) and Furnes et al. (2009) 

for Isua boninitic metabasalt, Polat et al. (2003) and Polat and Hofmann. (2003) 

for undifferentiated amphibolite, O’Neil et al. (2011) for Nuvvuagittuq 

faux-amphibolite, Jenner and O’Neil (2012) for present MORB and Chen et al. 

(1990) and Xu et al. (2005) for Hawaii basalt. 
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Chapter 5
 

General Conclusion



Many of studies about the early Earth were based on indirect samples or 

theoretical principles because of the scarce of old terrestrial samples. In addition, most 

geochronological investigations using rare relict Eoarchean geologic body focused on 

felsic rocks which contain abundant zircons, rather than mafic rocks. Zircon provides 

precise U-Pb geochronological constraint to their host granitoids. However, felsic rock 

is not formed by mantle melting directly. For better understanding about the early 

mantle evolution, it is need to study old mafic rocks which are formed by the early 

mantle melting. Because a mafic rock does not contain igneous zircons, ages of mafic 

rocks which occur in Eoarchean terrains have had been argued by cross-cutting field 

relations between them and felsic rocks. Acasta Gniess Complex is dominated by 

4.0-3.6 Ga felsic-intermediate rocks while relatively small amount of mafic rocks are 

also present. Although the mafic rocks have had been suggested that they were older 

than surrounding felsic-intermediate gneisses from the occurrences, their ages have 

had not been determined because of a sever deformation and metamorphism. This 

study conducted a comprehensive study on Acasta mafic rocks to know origins of 

them.

In summary, this thesis indicated that:

(1) Mafic rocks in Acasta Gneiss Complex commonly underwent amphibolite- to 

uppper amophibolite-facies metamorphism and migmatization

(2) The least modified mafic rocks have chondritic trace element relative abundances, 

except for Nb and Ta, and modern basalt-like highly siderophile element 

compositions.

(3) They were formed at 4.3±0.3 Ga.



(4) Their mantle source had both chondritic Sm/Nd ratio and non-chondritic 

142Nd/144Nd ratio at 4.3 Ga.

These observations lead to the following implications.

(1) Acasta mafic rocks were derived from Nb- and Ta-deficit primitive mantle which 

have had originated from the core formation

(2) The difference in 142Nd/144Nd ratio between modern terrestrial mantle and 

chondrites is due to the heterogeneity of Nd isotopes in early solar nebula.

(3) The mantle heterogeneity formed by crystallization of a magma ocean was 

disappeared before 4.3 Ga by rapid mantle mixing, or, the magma ocean did not 

reach the core-mantle boundary, remaining the primitive portion in the deep 

mantle.

Previous studies about the Acasta gneiss complex have had mainly focused on 

felsic to intermediate gneisses. Although some studies investigated mafic rocks and 

showed a variety of whole-rock tracer isotopes and U-Pb ages of their zircons, detailed 

sample descriptions were absent from them. This study carried on the comprehensive 

investigation of mafic rocks in the AGC and revealed the petrological and geochemical 

variations of them, resulting in indicating that there is mafic rock which preserves the 

basaltic magma composition. Their whole-rock isotope systematics showed that they 

were formed at 4.3 Ga. This is the first study to have determined the age of Acasta 

mafic rocks. Distinct from crystal accumulation which is previously recognized mafic 

rock at AGC, mafic rocks found in this study have trace element relative abundances 

similar to those of their parent magma, and possibly source material. Therefore, Acasta 



mafic rocks represent the ideal target to further our knowledge of the evolution of the 

primordial terrestrial mantle as follows.

The Acasta mafic rocks represent the ideal place to know the Earth’s mantle 

which has not yet been affected by the Late Heavy meteorite Bombardment (LHB) that 

was thought to have occurred between 4.1-3.8 Ga. Their modern basalt-like highly 

siderophile element compositions may simply reflect their mantle source which had a 

modern primitive upper mantle-like composition, suggesting that the late veneer did 

not relate to LHB and occurred before 4.3 Ga. In addition, considering that the 

accreted materials were homogenized within the mantle before 4.3 Ga, it is implied 

that the early mantle convection was rapid. However, we cannot rule out the scenario 

that source material of them was a pre-late veneer mantle because of their anomalously 

high initial 187Os/188Os ratio. To explore this possibility, further work is needed. For 

example, a study of whole rock 190Pt-186Os and 182Hf-182W isotope systematics would 

provide additional constraint.

Metabasalts from 3.8-3.7 Ga (or possibly 4.28 Ga) Isua Supracrustal Belt and 

Nuvvuagittuq Supracrustal Belt have negative to positive anomalies in μ142Nd values. 

The majority of them have chemical features, such as fractionated or concave-upward 

trace element patterns with depletion of HFSEs, which are characteristic of subduction 

setting or crustal contamination. On the other hand, Acasta mafic rocks seem to be 

derived from mantle which have had not contaminated by any fluids or crusts. 

Therefore they would provide valuable information on a widespread characteristic of 

the Hadean mantle. Acasta mafic rocks are the first terrestrial samples which show a 

normal μ142Nd values among mafic/ultramafic rocks older than 3.7 Ga. Furthermore, 

the consistency between trace element compositions and initial 143Nd/144Nd ratio of 



them is substantial evidence to suggest their chondritic primitive mantle source. These 

observations imply the existence of primitive mantle extensively at 4.3 Ga and allow 

us to emerge new pictures about early mantle evolution: “Rapid mixing and 

homogenization of the Hadean mantle model” and “Undifferentiated mantle left in 

deep portion”. The former model is consistent with the implication from highly 

siderophile element composition.
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