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Abstract 

Knowledge on the metamorphic evolution of the Eoarchean Isua supracrustal belt (ISB) 

remains fragmentary and results presented to date are contradictory. This translates into an 

ambiguity on the interpretations on the tectonic evolution of the belt as the three main 

competing tectonic models predict different metamorphic signatures. The distinction between 

the three possibilities has larger implications for early Archean geodynamics, since two argue 

for an early onset of plate tectonics while the other proposes a non-uniformitarian alternative. 

This work presents a detail P-T-X-d-t evolution of the ISB to provide further constraints in its 

tectonic evolution. Detail characterization and quantification of the metamorphic fabrics 

reveal a syn-tectonic metamorphic event (M1) that evolved along a near isothermal burial 

path followed by an increase in T and decrease in P that culminated in the peak metamorphic 

conditions 550-600 °C and 0.5-0.7 GPa. M1 homogeneously affected the entire belt. This also 

suggested by the detailed garnet study showing the diversity in porphyroblasts is a 

consequence of (local) chemistry and previous microstructures, and not the product of 

different tectonometamorphic histories as previously interpreted. Preliminary analysis 

suggest that M1 occurred at c. 3.3 Ga or c. 2.9-2.7 Ga. Post-tectonic Neoarchean (c. 2.6 Ga) 

lower amphibolite facies (540°C, Ò 0.5 GPa) metamorphism (M2) later affected the ISB, 

recorded by the inclusion-poor rims of garnets and the appearance of titanite overgrowing the 

foliation. Proterozoic (<2220 Ma) low-grade retrogression (M3) features such as late quartz-

calcite veins, garnet pseudomorphs and chloritization overprinted M1 and M2. Moreover, pre-

M1 (3.60-3.68 Ga) local contact metamorphism is recorded in the enclaves, while magmatic 

garnet dating expands the intrusion of the granites from 3.66-6.60 to 3.66-3.55 Ga. The data 

and analysis provided in this thesis show that non-uniformitarian tectonics are a plausible 

scenario to explain the tectonic evolution of the ISB during the Archean.  
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P-T-X-d-t = Pressure-Temperature-Composition-Deformation-Time 

QuiG = Quartz in garnet  

SEM = Scanning Electron Microscope 

TTG = Tonalite-trondhjemite-Granodiorite 

Ti-in-Bt = Ti in Biotite  

XRF = X-ray fluorescence 

µXRF = micro-X-ray fluorescence 

E = Garnet elongation 

ɣ = normalize orientation spread parameter 

ű = skeletalness coefficient 
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Chapter 1. Introduction  
 

The Eoarchean Isua supracrustal belt (ISB) is one of the oldest and best-preserved pieces of 

ancient crust (Fig. 1.1), as well as one of the extensively studied early Earth terranes. The 

rocks and minerals of the ISB record valuable information of the history of our young planet. 

Isua is thus a window into old surficial and deep-seated geological processes. Understanding 

its tectono-metamorphic evolution has the potential to provide insights on the nature of 

Archean geodynamics, which is key to improve our understanding of early Earth evolution. 

The ISB and its geological record have typically been interpreted as the product of a 

convergent boundary, either as an accretionary prism (Komiya et al., 1999) or as a continent-

continent collision (Nutman and Friend, 2009; Nutman et al., 2013). Essentially, both of these 

models argue for the establishment of subduction processes similar to modern settings since 

3.8 Ga. Therefore, these models are often cited to support the uniformitarian hypothesis 

suggesting that plate tectonics operated since the Eoarchean (Komiya et al., 1999; Nutman 

Figure. 1.1 Global map showing the location of Archean cratons and their names. Cratons with 
>3.2 Ga rocks are highlighted. Modified from (Condie, 2007) with information of (Anhaeusser, 
2014). The location of the North Atlantic craton and the location of the Isua supracrustal belt 
(ISB) are also highlighted. Cratons 
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and Friend, 2009; Windley et al., 2021). However, this nearly unanimous view of Isua has 

recently been challenged by Webb et al. (2020) who suggested that the geological record of 

the belt could be more easily explained in the context of vertical tectonics, such as heat-pipe 

tectonics (Moore and Webb, 2013). This interpretation is in support of non-uniformitarian 

tectonic models for the early Earth, that argue that our planet transitioned from a non-plate 

tectonics to a plate tectonics regime around 3.0 Ga (Dhuime et al., 2012; Sizova et al., 2014; 

Condie, 2015; Brown and Johnson, 2018; Palin et al., 2020a). In order to discern between the 

different tectonic interpretations, the tectono-metamorphic evolution of the belt needs to be 

addressed in detail.    

Research related to the metamorphic evolution of Isua is relatively scarce and so far has led 

to apparent contradictions regarding the interpretations of the metamorphic record and its 

timing; issues that are generally not discussed in the literature so far. Importantly, the elusive 

understanding of the P-T-X-t-D evolution of the belt does not represent a minor deficiency in 

our knowledge of the belt; it marks an important gap since the different tectonic 

interpretations are predicted to result in contrasting metamorphic signatures. To be able to 

evaluate the potential geodynamic scenario of Isua and with that the crustal evolution of the 

early Earth, it is necessary to establish a full P-T-X-t-d path across the Isua supracrustal belt.  

1.1 Archean geodynamics: Importance and first order considerations 
 

Mass exchange between the rocky interior and surficial components of planets is largely 

regulated by recycling, outgassing and crustal processes, of which efficiency and mechanisms 

are the direct consequence of the dominant tectonic style. Our robust comprehension of plate 

tectonics as they are active today revealed that tectonic processes play a major role in the 

feedback mechanisms that drive changes in surficial terrestrial systems both on Earth and 

other planets, especially through the supercontinent cycle (e.g. Nance et al., 2014). Thus, to 

achieve a more cohesive and integral understanding of the evolution of the Earth, from its 
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rocky interior to its gaseous veil, a comprehensive understanding of the nature of Archean 

geodynamics and the onset of plate tectonics is pivotal. 

Looking at the early evolution of the Earth through the uniformitarian lens, assuming plate 

tectonics has operated from the earliest stages of the planet evolution appears to be a simple 

and logical conclusion. However, by reading the Precambrian rock record, comparison with 

other rocky bodies in our solar neighbourhood, as well as running numerical models, scientist 

have suggested that plate tectonics only became the dominant geodynamic regime later in the 

evolution of the Earth.  

If true, major questions to address are what possibly preceded plate tectonics and when it 

started. The literature regarding the onset of plate tectonics and the nature of Archean 

geodynamics is extensive (Brown, 2006; Cawood and Pisarevsky, 2006; Van Kranendonk, 

2007, 2010, 2011; Condie and Kröner, 2008; Sizova et al., 2010, 2014, 2015, 2018; 

Korenaga, 2013, 2018; Gerya, 2014; Rozel et al., 2017; Bédard, 2018; Kemp, 2018; 

Lenardic, 2018; Maruyama et al., 2018; Moyen and Laurent, 2018; Brown and Johnson, 

2018; Stern, 2018; Cawood et al., 2018; Condie, 2018; Hawkesworth and Brown, 2018; 

Holder et al., 2019; Lourenço et al., 2020; Palin and Santosh, 2020; Palin et al., 2020; 

Windley et al., 2021). Despite the large number of studies, no consensus exists within the 

geoscientific community. Alternative tectonic modes are diverse and proposed timings for the 

initiation of plate tectonics essentially cover most of the history of the planet, varying from 

the Hadean (Hopkins et al., 2008; Turner et al., 2020) to the Neoproterozoic (Stern, 2005, 

2018). In the following sections a brief summary of the tectonic styles, their characteristics 

and the proposed timings for the initiation of plate tectonics are presented.  

1.2 Archean tectonic modes: Characteristics and geological consequences 
The possibility of different tectonic modes operating in the young Earth is rooted in 

observations and data retrieved from the geological record of our planet as well as from other 
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rocky bodies in our solar neighbourhood. On the one hand, there are convincing arguments 

supporting the interpretation that the thermomechanical nature of the early Earth was 

different to the present conditions. For example, the potential temperatures (TP) of the mantle 

were higher due to the accretionary heat and higher production of radioactive isotopes 

(Herzberg et al., 2007, 2010; Korenaga, 2018). Calculations using the record of non-arc 

basalts and komatiites suggest TP values up to 250 °C higher compared to present conditions 

(Fig., 1.2a; Herzberg et al., 2007, 2010; Korenaga, 2018), which also translated in higher 

surface heat flow (Moore and Webb, 2013). A hotter mantle allowed for more extensive 

partial melting and thus a thicker (c. 30 km, Fig. 1.2b), more buoyant and weaker oceanic 

crust (van Hunen and van den Berg, 2008; Sizova et al., 2010; Korenaga, 2018). On the other 

hand, other rocky bodies like Mars, Venus and the Jupiterôs satellite Io, present tectonic 

modes that are different from plate tectonics. With this in mind, geoscientist have theorized a 

plethora of alternative tectonic styles for the Archean.  

The diversity of observed and hypothesized tectonic models is often categorized in different 

ways according to different authors. Some of them fall within different categories depending 

on the authorôs criteria. For the purpose of this study, a modified classification of Lenardic 

(2018) is used, where the tectonic styles are grouped in three main categories: active lid, 

stagnant lid, and sluggish lid tectonic (Fig. 1.3; Table 1.1). Other common terms in the 

literature are vertical and horizontal tectonics, due to the dominant movements of the 

lithosphere. Geodynamics in a stagnant lid and, generally, sluggish lid regime would be 

considered vertical tectonics, while the active lid style is classified as horizontal tectonics. 

Generally, the models differ in some particular aspects. Thus, broad descriptions of the three 

main groups and their characteristic features are summarized in the following sections.  
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1.2.1 Active lid tectonics 
 

The active lid category (Table 1.1) is characterized by a fragmented mobile ñlidò 

(lithosphere) that actively participates in the convection of the mantle (Lenardic, 2018). 

Modern style plate tectonics fall within this category and therefore it is the best known and 

studied style. In the theory of plate tectonics, the segments of the lithosphere (tectonic plates) 

are bounded by faults that form a globally interconnected network (Cawood et al., 2018, 

Lenardic, 2018). The plates move relative to each other along such faults creating three 

different types of boundaries: divergent, convergent and transform (Fig. 1.3a). At each 

boundary, but mainly at the convergent and divergent settings, particular rocks and mineral 

assemblages are formed that in principle could be used to characterize the operation of plate 

tectonics in any rocky body and through time (Condie and Kröner, 2008; Cawood et al., 

2018; Palin and Santosh, 2020).  

Figure. 1.2 (a) Showing the calculated mantle potential temperatures (TP) through Earthôs history 

using data from (Herzberg et al., 2010) (after Korenaga, 2013). (b) Predicted thickness of the 

oceanic crust and depleted mantle as a function of TP (modified from Korenaga, 2013); thickness 

according to the predicted TP in the Early Archean is highlighted 
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Figure. 1.3 Schematic representation of the different tectonic models proposed for the Archean 
and some of their characteristics. (a) Active lid: plate tectonics; (b) Hot stagnant lid: heat pipe 
model; (b) cold stagnant lid; (d) sluggish lid: plume dominated; (e) Sluggish lid (general 
characteristics). 
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A distinctive feature associated with the formation of oceanic crust at divergent boundaries is 

its architecture and petrological association known as ophiolites (Fig. 1.3a). Preservation of 

ophiolites typically requires tectonic emplacement due to plate convergence. This 

combination of extensional and collisional movements is used as strong evidence of the 

operation of plate tectonics (c.f. Condie and Kröner, 2008).  

Subduction, which operates along convergent plate boundaries, is typically regarded as the 

defining feature of plate tectonics. Rocks, rock and mineral associations and resulting 

chemical signatures of subduction processes are well-studied as monitor of convergent plate 

movements. The long-standing operation of subduction allows for the metamorphism and 

possible preservation of blueschists, lawsonite-bearing rocks, jadeites and ultra-high pressure 

(UHP) rocks (Palin and Santosh, 2020). When subduction ends due to a continent-continent 

collision (Fig. 1.3a), the low T/P metamorphic rocks can preserved along with rocks 

metamorphosed in a high T/P gradient (e.g. ultra-high temperature rocks) forming what is 

classically known as paired metamorphic belts (Miyashiro, 1961, 1973). Thus, paired 

metamorphism is a proxy to subduction through the history of the Earth (Brown, 2010; 

Brown and Johnson, 2018).  

Accretionary prisms are formed along subduction zones (Fig. 1.3a.ii). They are then 

commonly eroded and transported to the mantle, a process known as subduction erosion (von 

Huene and Scholl, 1991). It is also accompanied with subduction of sediments (von Huene 

and Scholl, 1991). When these rather felsic materials are subducted, the density contrast with 

the mantle allows for their rise as diapirs through the mantle wedge (Fig. 1.3a.ii) and 

interaction with the peridotites to contribute to magma generation (Gerya et al., 2004; Hacker 

et al., 2011; Kelemen and Behn, 2016). Consequently, the contribution of the old crustal 

material to magmas is reflected in the chemistry of the newly form rocks (e.g. Hf and O 

isotopes), such that recycling and crustal reworking can be recognized back in time and also 
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act as a proxy to the operation of subduction (Dhuime et al., 2012; Korenaga, 2018). Other 

geochemical features that are commonly associated to subduction are the typical enrichment 

in incompatible elements and depletion in Ta and Nb in rocks from arc settings.  

Table 1.1 Summary of assumptions and general characteristics expected for the different geodynamic models 

 Active lid (Plate 

tectonics) 

Hot stagnant lid 

(heat-pipe) 

Cold stagnant 

lid*  
Sluggish lid 

(plume) 

Sluggish lid 

(plutonism) 

A
s
s
u

m
p

ti
o

n
s 

A thicker and more 

buoyant lithosphere1-3 

can be subducted 

 

A weaker lithosphere1-3 

can accommodate stress 

and strain within narrow 

zones 

 

Petrological igneous 

processes produce 

geochemical signatures 

were similar to the 

presente.g.4 

Heat loss through 

small conduits 

(heat-pipes) 19-21 

 

Dominated by 

volcanic activity 19-

21 

 

Lithosphere 

characteristics 

controlled by the 

extrusion and 

resurfacing rates20-

21 

 

Thick, and relative 

cold and strong 

lithosphere19-22 

 

 Plutonism mainly 

derived from 

intracrustal partial 

melting rather than 

mantle additions20 

High viscosity 

contrasts across 

the mantle39 

 

Thick and rigid 

cold lithosphere39 

 

Heat loss by 

conduction39 

Mantle convection 

controlled by 

plume dynamics27-

29 

 

Lithosphere 

dynamics and 

deformation 

controlled by 

plume 

dynamics27,29 

 

Heat loss through 

plume-related 

magmatism27,29-30 

Heat loss trough 

(mainly) plutonism 

and volcanism33-35 

 

Sluggish 

lithosphere 

movement 

 

Vertical 

movements driven 

by density 

contrasts6,33,36 

T
e
c
to

n
ic

 p
ro

c
e
s
s
e
s 

Global subduction 

network5-7 

 

Global network of 

spreading centres5-7 

 

Transform faults8 

 

Accretion and 

continental collision8 

 

Efficient crustal 

recycling through 

subduction (tectonic 

erosion, sediment 

subduction, 

relamination) 3,9-13 

 

Minor crustal recycling 

through delamination 

and dripping14 

 

Mantle slices 

tectonically emplaced in 

crustal sequences38 

 

Mantle plumes can occur 

Lithospheric 

thickness 

controlled by 

volcanism and 

resurfacing20-21 

 

Localized and 

isolated 

mountains20,22 

 

Crustal recycling 

through 

delamination21 

 

Radial contraction 

in lower 

lithosphere 

levels19-22 

 

Possible local 

subduction 

episodes in last 

stages21, 23-26 

Delaminationc.f. 40 

Possible plumes 
c.f. 41 

Efficient juvenile 

crustal production 

on top, or near to, 

mantle plume 

heads27,29-30 

 

Convergence on 

top of downgoing 

plume cells30 

 

Crustal recycling 

through 

delamination and 

dripping27,29 

 

Possible short-

lived local 

subduction 

episodes29 

Contraction-like 

processes driven 

by sagduction 32-

33,37 

 

Dome rising 32-33,35 

 

Crustal recycling 

through 

delamination and 

dripping e.g.32-34 

 

Possible short-

lived local 

subduction 

episodese.g.33 
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L
it
h

o
lo

g
ic

a
l,
 s

tr
u

c
tu

ra
l,
 a

n
d

 g
e
o

c
h

e
m

ic
a

l 
p

ro
x
ie

s 
Ophiolites8 

 

Paired metamorphism 

(low T/P and high T/P 

coexistence)15-16 

 

Cold high-pressure 

metamorphism (e.g. 

blueschist, lawsonite-

bearing rocks, jadeites 

and UHP rocks) 8,17 

 

Arc-like geochemistry 

(e.g. enrichment in 

incompatible elements 

and depletion in Ta and 

Nb) e.g.4 

 

Sedimentary basins with 

large diversity of 

constituents18 

 

Passive margins8  

 

Accretionary prisms8 

 

Juxtaposition of rocks 

with different geological 

histories along faults 

Sedimentary basins 

with local detrital 

components and 

relative 

contemporaneous 

to sedimentation18 

 

Allows for cold 

T/P gradients 

depending on 

resurfacing rate20-

21,23 

 

Dome and vertical 

structures at the 

latest stages25 

Relative old 

surficial crust c.f. 41 

Sedimentary basins 

with local detrital 

components and 

relative 

contemporaneous 

to sedimentation18 

 

Dome-and-keel 

structurese.g.27 

 

Possible 

metamorphic 

gradients 

controlled by the 

dome structures31-

32 

Sedimentary basins 

with local detrital 

components and 

relative 

contemporaneous 

to sedimentation 

 

Dome-and-keel 

structures 

 

Possible 

metamorphic 

gradients 

controlled by the 

dome structures 

*Due to the temperature of the Earth the cold stagnant lid regime is very unlikely to have occurred. 

Refereces: 1van Hunen and van den Berg (2008); 2Sizova et al. (2010); 3Korenaga (2018); 4Polat et al., (2004); 5Cawood 

et al. (2018); 6Lenardic (2018); 7Stern (2018); 8Condie and Kröner (2008); 9Dhuime et al. (2012); 10von Huene and Scholl 

(1991); 11Gerya et al. (2004); 12Hacker et al. (2011); 13Kelemen and Behn (2016); 14GºỲ¿ĸ and Pysklywec (2008); 
15Brown (2010); 16Brown and Johnson (2018); 17Palin and Santosh (2020); 18Zuo et al. (2021a); 19OôReilly and Davies 

(1981); 20McKinnon et al. (2001); 21Moore and Webb, (2013); 22Bland and Mckinnon, 2016; 23Kankanamge and Moore 

(2016); 24Moore et al. (2017); 25Beall et al. (2018); 26Tang et al. (2020); 27Van Kranendonk (2010); 28Gerya (2014); 
29Fischer and Gerya (2016); 30Van Kranendonk (2011); 31Sizova et al. (2018), 32François et al. (2014); 33Sizova et al. 

(2015); 34Rozel et al. (2017); 35Lourenço et al. (2020); 36Foley (2018); 37Collins et al. (1998); 38 Coleman, 1971, 39 
Solomatov (1995); 40Fowler and O'Brien (1996); 41Fowler and O'Brien (2003). 

 

 

Plate tectonics might have been operating since the earliest stages of the Earth. However, the 

dynamics of the plates are likely to have been slightly different to the present conditions. 

Some authors have argued that ridges might have spread faster or their length might have 

been larger, which would translate in smaller and/or faster moving plates (Hargraves, 1986). 

Subduction also might have been different in the early stages of the Earth. It could have been 

shallower due to lower slab densities (Abbott et al., 1994), episodic (OôNeill et al., 2007) or 

short-lived (Sizova et al., 2010). Since subduction is typically regarded as one of the defining 

features of plate tectonics, the interpretation of different geological characteristics as product 

of this process is typically used as the ultimate evidence of plate tectonics operating for most 
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of Earthôs history (e.g. Komiya et al., 1999, Nutman et al., 2013). However, different 

numerical simulations indicate that short-lived subduction is viable in a system dominated by 

sluggish lid tectonics (e.g. Sizova et al., 2010) or by hot plumes (e.g.(Gerya et al., 2015). 

Therefore, the recognition of isolated subduction-related environments is not a definite proof 

of plate tectonics. For plate tectonics to be the dominant geodynamic style, a global network 

of interconnected plate boundaries must be stablished in the planetary body (Cawood et al., 

2018, Lenardic, 2018, Stern, 2018). 

1.2.2. Stagnant lid tectonics 
 

The stagnant lid mode (Table 1.1) contrasts with the active mobile lid as it is distinguished by 

a non-segmented ñimmobileò lithosphere that does not participate in the convection of the 

mantle (Bédard, 2018; Lenardic, 2018). This style of tectonics is sometimes referred to as 

single-lid tectonics (e.g. Stern, 2018). It can be further sub-divided into hot and cold stagnant 

lid regimes (Fig. 1.3b-c; Lenardic, 2018, Stern, 2018). In both cases, deformation and 

material interchange between the lithosphere and the mantle are driven by vertical 

movements. For example, crustal material can be recycled to the mantle via delamination 

processes (Fig. 1.3b-c). In hot stagnant lid setting heat is mainly lost by heat pipes (e.g. Fig. 

1.3b) or plumes, while in the cold case the lithosphere is too strong and thick and the heat 

loss is mainly controlled by conduction through the lid (Fig. 1.3c).  

An example of hot stagnant lid tectonics currently operating in an observable rocky body is 

the heat-pipe mode (Fig. 1.3b). It is the dominant tectonic style in Jupiterôs moon Io 

(OôReilly and Davies, 1981). The satellite has a higher surface heat flow than Earth, which 

lead to the hypothesis that the early Earth could have operated in this tectonic mode in its 

early stages due to the higher heat flow at the time (McKinnon et al., 2001; Moore and Webb, 

2013). The heat-pipe mode is characterized by conduits in the lithosphere (heat-pipes) that 

effectively transfer material and heat from the mantle to the surface (Fig. 1.3b). Volcanic 
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activity is vigorous in the heat-pipe mode and rapid resurfacing events are expected (OôReilly 

and Davies, 1981). As the rocks are erupted to the surface, the rapid extraction of material 

thickens the growing crust and allows for cold gradients and high pressures at the base of the 

crust (OôReilly and Davies, 1981; Moore and Webb, 2013; Moore et al., 2017). This results 

in a thick lithosphere that radially compresses as it subsides towards the mantle (Fig. 1.3b). 

Radial contraction creates differential stresses that can lead to the development of thrust 

faults that start at the bottom of the lithosphere (Fig. 1.3b) (Bland and Mckinnon, 2016). Such 

processes can form isolated mountains and associated extensional features as it has been 

described for Io (McKinnon et al., 2001; Bland and Mckinnon, 2016). These faults could also 

provide pathways for magma extrusion (Bland and Mckinnon, 2016). 

As the crust thickens due to the rapid resurfacing, and pressure increases in the crust, 

metamorphism of the mainly basaltic crust allows for partial melting and the generation of 

TTG suites (Fig. 1.3b; McKinnon et al., 2001; Moore and Webb, 2013). Sedimentary basins 

in a heat-pipe scenario mainly recycle relatively young material, such that the maximum 

depositional age and the youngest zircon in their detrital population have similar values (Zuo 

et al., 2021a).  

Different numerical simulations of the heat-pipe model indicate that as the heat flow of the 

terrestrial body is reduced with time, the lithosphere will either experience breaking event(s) 

that ultimately leads to the onset of plate tectonics (e.g. Earth; Moore and Webb, 2013; 

Kankanamge and Moore, 2016; Moore et al., 2017; Beall et al., 2018; Tang et al., 2020) or it 

will transit to a cold stagnant lid mode (e.g. Mars; c.f. Kankanamge and Moore, 2016; Moore 

et al., 2017). Some simulations suggest that transition events are responsible for the 

cratonization of the ancient crust. Deformation during these events can create thrust faults 

and the typical domes of the Paleoarchean (Beall et al., 2018). Finally, the heat-pipe mode is 

predicted to act globally and it cannot operate with other tectonic modes (Moore and Webb, 
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2013; Kankanamge and Moore, 2016), such that it is argued that its recognition in an ancient 

terrane would imply its global operation on the Earth at that time. 

1.2.2 Sluggish lid tectonics 
 

The sluggish lid mode (Table 1.1) can be regarded as an intermediate style between the 

stagnant lid and the active lid scenario. It is defined by an active mantle convection that 

drives horizontal movements in the non-segmented lithosphere. However, in that case, the 

lithosphere moves at lower rates compared to the convection velocity (Foley, 2018; Lenardic, 

2018). Sluggish geodynamics has been proposed as a mechanism, where the Earth heat loss 

was dominated by mantle plumes (Fig. 1.3d) (Abbott et al., 1994; Van Kranendonk, 2010; 

Gerya, 2014; Fischer and Gerya, 2016) and/or extensive plutonism (Fig. 1.3e) (François et 

al., 2014; Sizova et al., 2015; Rozel et al., 2017; Lourenço et al., 2020). It typically involves a 

more ductile lithosphere due the higher mantle potential temperatures than present conditions 

(Herzberg et al., 2007).  

In the plume sluggish lid scenarios, the plumes drive the mantle convection cells and their 

dynamic is responsible of some of the key features observed in the Archean. For example, a 

thick dominantly mafic crust will develop on top of the plume (Fig. 1.3d; Van Kranendonk, 

2010, 2011; Fischer and Gerya, 2016). The weaking of the crust due to repeating melting 

events and plutonism (Sizova et al., 2015; Fischer and Gerya, 2016; Rozel et al., 2017) could 

promote crustal overturns that are typically invoked to explain the formation of the dome-

and-keel structures (Fig. 1.3e; e.g., Collins et al., 1998). These processes are also invoked for 

sluggish lid scenarios where plutonism occurs due to higher melting degrees in a hotter Earth 

dominate (Fig. 1.3e; e.g. Rozel et al., 2017; Lourenço et al., 2020). Overturns or sagduction 

events (Fig. 1.3e) can also be facilitated by a denser metamorphosed lower crust. This 

mechanism triggers dripping events that recycle crust to the mantle and allow the rise of 
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plutonic diapirs (Sizova et al., 2015; Fischer and Gerya, 2016) again creating the typical 

dome-and-keel structures.  

The 3D architecture of the plume might also account for some plate tectonics-like features. 

For instance, it has been suggested that the down going wells produced by the plumes could 

be responsible of stacking crustal materials (Fig. 1.3e), with apparent collision or accretion 

(Van Kranendonk, 2011). Observations of other planetary bodies (c.f van Kranendonk, 2010) 

and numerical modelling (Fischer and Gerya, 2016) suggested that subduction can occur in 

the outskirts of the plume. Some authors also argue that large mantle plumes could actively 

control and drive lithosphere deformation and movement contemporaneously with plate-

tectonic processes as subduction (van Kranendonk, 2010). Episodic subduction is also 

possible in sluggish lid scenarios with dominant plutonism (Fig. 3e; e.g. Sizova et al., 2015). 

In these models, TTG generation is a consequence of the melt-assisted metamorphism 

experience by the mafic rocks at different levels of the crust (François et al., 2014; Sizova et 

al., 2015; Fischer and Gerya, 2016) to produce the ñlowò, ñmidò and ñhighò-pressure 

signature of the TTGs (Moyen and Martin, 2012). 

1.3 When did plate tectonics start? 
 

If the Earth might have experience other geodynamic modes in its past, then the question of 

when plate tectonics started is of great importance to understand the evolution of our planet. 

Earth might have experienced more than one geodynamic regime during its past, thus the 

recognition of one tectonic style does not necessarily exclude another. For example, some 

authors argue that the Earth might have transitioned from heat-pipe tectonics (Fig. 1.3b) to a 

form of sluggish tectonics (Fig. 1.3d-e) and then plate tectonics (Moore et al., 2017; 

Lenardic, 2018; Palin and Santosh, 2020; Palin et al., 2020b; Zuo et al., 2021a). Other works 

argue that the Earth experienced several transitions of different tectonic styles until the fully 
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operation of plate tectonic was stablished during the Neoproterozoic (Stern, 2018). These 

different views are a response to the paucity of the geological record and the interpretations 

authors withdraw from it.  

First order observations indicate that the Archean metamorphic record is different from that 

found in modern Earth. Among the main distinctions are: (i) the absence of blueschists before 

800 Ma (Maruyama et al., 1996) and of ultra-high pressure (UHP) rocks before 620 Ma (Jahn 

et al., 2001); (ii) the lack of subduction-related eclogite facies rocks before 2.87 Ga (Mints et 

al., 2010); and (iii) the gradual appearance of paired metamorphism from the Neoarchean 

(Brown, 2007; Brown and Johnson, 2018; Holder et al., 2019). As discussed previously, in 

modern Earth, the thermal gradients where these rocks and features are formed solely occur 

(or mainly in the case of eclogites) in subduction-related convergent margins (Ernst, 1971; 

Miyashiro, 1973; Brown, 2010). Thus, they appearance marks a minimum age for the 

initiation of long-standing subduction.  

In the case of other plate tectonics indicators like ophiolites and accretionary prisms their first 

widely accepted appearance in the known geological record is not older than 2.7 Ga (c.f. 

Condie and Kröner, 2008; Palin and Santosh, 2020) However, debate exist on the oldest 

ophiolite record, for example, some authors argue that > 3.5 Ga ophiolites occur in Barberton 

(de Wit et al. 1987) and Isua (Furnes et al., 2007). Additional analyses and observations of 

the geological record also point to a change in geodynamics on the early Earth. For instance, 

the global geochemical and zircon record indicate an increased contribution of reworked crust 

for magma generation while juvenile mantle additions decreased after 3.0 Ga (e.g. Dhuime et 

al., 2012; Moyen & Laurent, 2018). Moreover, Eoarchean basins present zircon ages that are 

relatively young compared to the maximum depositional ages of their rocks, while in younger 

basins older zircons appear more frequently (Zuo et al., 2021a). Furthermore, large-scale 

geological features like the dome and keel structures are common in the Archean record, but 
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they are scarce or absent in younger terranes (Collins et al., 1998).  The enlisted evidence and 

interpretations, support the increasing agreement of a Meso-Neoarchean transition in tectonic 

regime (e.g. Brown, 2006; Van Kranendonk, 2011; Gerya, 2014; Sizova et al., 2015; Brown 

and Johnson, 2018; Cawood et al., 2018; Holder et al., 2019; Hawkesworth et al., 2020; Palin 

and Santosh, 2020; Palin et al., 2020b). 

Other data and interpretations are used to argue for the operation of plate tectonics as early as 

the Hadean. Detailed characterization of Hadean zircons from Jacks Hills (Australia) suggests 

that they are derived from an andesitic source (Turner et al., 2020) in a cold P/T gradient 

(Hopkins et al., 2008). Both characteristics are invoked as evidence of subduction. On a 

similar note, subduction is typically inferred from the arc-like composition of some Archean 

meta-igneous rocks (Polat and Hofmann, 2003; Jenner et al., 2009) or is based on the 

apparent contamination of sediment-derived components in the tonaliteïtrondhjemiteï

granodiorite (TTG) suites (Antonelli et al., 2021). The combination of this geological record 

is commonly used to argue for an uniformitarian view of a transition from a magma ocean to 

plate tectonics since the earliest stages of the Earth evolution (Korenaga, 2013, 2018; 

Maruyama et al., 2018; Nutman et al., 2021; Windley et al., 2021). 

Thus, two main competing schools of thought are typically presented in the Archean 

geodynamics literature: either plate tectonics has operated since the Earth solidified, or it 

transitioned from a non-plate tectonic mode to plate tectonic mode around the Meso-

Neoarchean. Consequently, a proper understanding of the processes that shaped the >3.0 Ga 

geological record is key to discern between the two main hypothesis.  

1.4. The Isua supracrustal belt  

1.4.1. Importance of Isua supracrustal belt for understanding Archean tectonics  
 

The Isua supracrustal belt (ISB) is at the centre of controversial discussions on the onset of 

plate tectonics, since it has classically been interpreted as evidence for the operation of plate 
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tectonics as early as 3.8 Ga (e.g. Komiya et al., 1999; Polat and Hofmann, 2003; Jenner et al., 

2009; Nutman et al., 2013; 2015, 2020, 2021), but its geological features also allow for non-

uniformitarian tectonics (Gardiner et al., 2019; Webb et al., 2020; Rollinson, 2021; Zuo et al., 

2021). The belt offers a great variety of lithologies and structures of different ages providing 

a window to a wide range of geological processes that could help to resolve this controversy. 

Despite all rocks in the belt have been metamorphosed, and some of them extensively 

metasomatized, the protoliths of most of them can still be identified. Metaigneous rocks, both 

intrusive and extrusive, are documented with compositions that range from ultramafic (e.g., 

Dymek et al., 1988) to felsic (Nutman, 1986). Detrital and chemical metasedimentary rocks 

also occur throughout the belt (Moorbath et al., 1973). Prograde, retrograde (e.g. Boak and 

Dymek, 1982) and fluid-rock interaction (Rosing et al., 1996) features have been described in 

the rocks of Isua. Additionally, the bulk of the protoliths in the ISB and associated rocks 

formed between 3.8-3.6 Ga (c.f. Nutman and Friend, 2009) and some of the later dykes have 

crystallization ages as young as 2.4 Ga (Nutman et al., 2004). The metamorphic events also 

occurred from the Eoarchean to the Neoarchean, thus covering an important time range in our 

understanding of the Earth where the geological record is scarce. All this well-preserved 

geological archive allows for a comprehensive study of intracrustal processes as well surficial 

processes that could provide insights on the tectonic history of the belt and the larger 

geodynamics of the Earth.  

1.4.2. Geological framework of Isua ï points of controversy and open questions 
 

The ~35-km-long, arcuate Isua Supracrustal Belt (Fig. 1.4) is part of the North Atlantic 

craton (Fig. 1.1; Bridgwater et al., 1973) and is located in southwest Greenland as part of the 

northern part of the Itsaq Gneiss Complex (Fig. 1.4; Nutman et al., 1996). The ISB comprises 

a series of felsic and mafic metavolcanic rocks intercalated with cherts, banded iron 

formations (BIFs), clastic metasedimentary rocks, and minor ultramafic meta-igneous rocks 
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(Nutman et al., 1984). Analysis of a large U-Pb zircon dataset revealed that the supracrustal 

rocks can be sub-grouped in two distinct meta-volcanosedimentary sequences of 3.8 Ga and 

3.7 Ga age, separated by a < 1km-thick, c. 3.75 Ga discontinuous metasedimentary sequence 

of chert, BIFs, and carbonates known as the ñdividing sedimentary unitò (Nutman and Friend, 

2009). The ISB is flanked by two km-scale TTG bodies with distinct crystallization ages of 

3.8 Ga and 3.7 Ga (Fig. 2).  Field observations of the ISB suggest that each sub-unit is 

exclusively in contact with the similar-aged TTG (Nutman and Friend, 2009). 

 

Field work reports that supracrustal rocks within the belt and the associated TTG bodies were 

intruded by different dyke generations showing varying degrees of deformation. It has been 

Figure 1.4 Geological map of the Nuuk Region (part of the North 
Atlantic craton). Some of the classic interpretations of the 
geology are highlighted. Modified after Friend and Nutman 
(2019). 
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suggested that rocks across the entire belt were intruded by now strongly deformed tonalite-

derived (Hiess et al., 2009, 2011) 3.66ï3.60 Ga granitic dykes (Nutman & Friend, 2009). 

However, detailed inspection of the spatial distribution of these granitic intrusions recently 

revealed that they are mainly associated with the 3.7 Ga TTG or along its contact with the 3.7 

Ga belt (Zuo et al., 2021b). The TTG bodies and the supracrustals are intruded by the E-W 

and N-S trending noritic to doleritic Ameralik dykes (Nutman, 1986; White et al., 2000). 

These dykes show weak deformation when crosscutting the TTG bodies, but their 

deformation is significantly higher towards and inside the supracrustals, such that there are 

reports of lineated plagioclase and hornblende in the dykes (Nutman, 1986; White et al., 

2000). These dykes are typically used as markers to date the deformation and metamorphism, 

but their characteristics allow for contrasting interpretations of the tectonometamorphic 

history of the belt (c.f. Nutman et al., 2022; Ramírez-Salazar et al., 2022). 

Mafic rocks of igneous origin comprise most of the bulk of the ISB. They generally display 

boninite-like (high Al2O3/TiO2) and enriched tholeiitic-like (low Al2O3/TiO2) compositions 

(Polat et al., 2002; Jenner et al., 2009; Hoffmann et al., 2010). The mafic rocks are typically 

enriched in incompatible elements, have negative Nb-Ta anomalies and fractionated REE 

patterns (Hoffmann et al., 2010; Jenner et al., 2009; Polat et al., 2002). The ultramafic lenses 

within the belt display harzburgitic and dunitic compositions with fractionated PGE trends 

and low Ir, Or, Pt and Pd contents and high abundance of Ni (Szilas et al., 2015; Waterton et 

al., 2022). Most of the ultramafic rocks show signs of carbonization and/or serpentinization 

(Dymek et al., 1988). The geochemical signatures of the igneous-derived rocks of Isua are 

commonly regarded as evidence for the operation of subduction and, by extension, plate 

tectonics. On the one hand, the basaltic rocks have chemical signatures broadly associated to 

arc-magmatism (Hoffmann et al., 2010; Jenner et al., 2009; Polat et al., 2002). On the other 

hand, the ultramafic rocks are thought to represent mantle slices (Friend and Nutman, 2011). 
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However, more recent interpretations of the geochemical and petrological record of these 

rocks propose that the petrogenesis of the basalts can be explained by the mixing of different 

mantle reservoirs (Rollinson, 2021) with the ultramafics as their cumulitic counterparts 

(Szilas et al., 2015; Waterton et al., 2022).  The latter interpretations on the geochemistry of 

the metaigneous rocks point to the possibility that melts were generated in a non-

uniformitarian setting (e.g., Gardiner et al., 2019; Rollinson, 2021). 

Parts of the ISB show primary igneous and sedimentary structures including pillow basalts 

(Nutman et al., 1996), graded bedding (Nutman, 1984), cross lamination (Nutman et al., 

2017), and potentially relic stromatolites (Nutman et al., 2016). These structures reveal 

deposition under water and they have been interpreted to mark areas of low deformation (e.g., 

Nutman et al., 2016). On the contrary, some authors argue that in some areas important shear 

localized structures (interpreted as Ḑ10-m-scale > 3.5 Ga shear zones) can be recognized in 

the belt (Komiya et al., 1999; Nutman and Friend, 2009). This classic interpretation of the 

geology of Isua points to the existence a differential intensity of deformation along the belt. 

However, recent field observations suggest that areas with apparently unaltered structures 

have also experienced penetrative widespread deformation and metasomatism (Allwood et 

al., 2018; Webb et al., 2020) and quantitative analysis of quartz fabrics in samples from 

different parts of the eastern arm of the belt, including areas interpreted as shear zones, show 

that the strain intensity across the belt is quasiuniform (Zuo et al., 2021b). 

The data on the geology of Isua is vast, but as briefly summarized here the interpretations of 

these data have led to contrasting conclusions on the geodynamic settings in which the belt 

formed. Two main points of contention sitting at the centre of the contrasting tectonic models 

proposed for the ISB are its structural and metamorphic record. In the case of the structural 

record, two main interpretations invoke the distribution of the apparent shear zones in the 

belt. One of the interpretations argue for the occurrence of SE-vergence duplex structures that 
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exhibit the ISB as an old accretionary prism (Komiya et al., 1999) and then would reflect the 

operation of an ancient subduction zone (Model A, Fig. 1.5a). The alternative model suggests 

that the interpreted shear zones indicate tectonic juxtapositions of different 

tectonostratigraphic packages, with the main tectonic break being the c.3.75 Ga dividing 

sedimentary unit that separates two different terranes of c. 3.7 Ga and c. 3.8 Ga ages (e.g., 

Nutman and Friend, 2009). The existence is two terranes, in turn, would argue for a 

continent-continent collision (Model B, Fig. 1.5b). In both of these interpretations of the 

structure of the belt, the arcuate shape of Isua is consequence of a later folding event that 

affected other terranes in the Itsaq Gneiss Complex (Friend and Nutman, 2019).  

A recent re-evaluation of the geochronological and structural data of the belt, however, 

proposed that the belt represents a continuous volcano-sedimentary sequence that was folded 

into a sheath fold during a major tectonometamorphic event (Webb et al., 2020). Parallelism 

between the metamorphic lineations and fold axis at different scales support this claim (Webb 

et al., 2020; Zuo et al., 2021b). Such interpretation argues for the operation of non-

uniformitarian tectonics during the formation of the ISB (Model C; Fig. 1.5c). 

These three main structural interpretations of the belt are also accompanied by distinct 

interpretation and predictions of the metamorphic record of the belt. They particularly differ 

in the major deformation event that created most of the lineations and foliations in the rocks. 

Model A indicates the presence of a metamorphic gradient with increasing metamorphic 

grade towards the SW of the eastern arm of the belt (Fig. 1.5a.i; Komiya et al., 1999, 2002; 

Hayashi et al., 2000; Arai et al., 2015). Model B argues for an increase in metamorphic grade 

from the 3.8 Ga belt towards the centre of the 3.7 Ga tonalite (Fig. 1.5b.i; Nutman et al., 

2013; 2020) with the presence of paired metamorphism inferred in the chemistry of the 

tonalites and the mineralogy of supracrustal enclaves in the tonalites (Nutman et al., 2013; 

2020). Finally, Model C predicts that the metamorphism of the belt, as well as the 
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deformation, were quasi-homogenous (Fig. 1.5c.i). Model B and C also differ in the number 

of the main metamorphic events recorded in the rocks of the belt. Model B invokes different 

metamorphic events with contrasting metamorphic grades. They are interpreted in 

mineralogy of the ultramafic rocks (e.g. Nutman et al., 2020) and the microstructures and 

chemical zoning of the garnets of the supracrustals (e.g. Gauthiez-Putallaz et al., 2020). On 

the other hand, Model C suggests that most of the metamorphic characteristics of the Isua 

rocks can be explain with a single tectonometamorphic event at amphibolite facies grade 

(Webb, et all., 2020; Zuo et al., 2021b, Ramírez-Salazar et al., 2022). It is also important to 

mention that the absolute age of the syn-metamorphic prograde events is not yet resolved as 

the timing of the post-tectonic metamorphism is also a matter of debate, but most authors 

agree this event is later to the one (or those) that created most the foliations and lineations of 

the rocks (Boak and Dymek, 1982; Rollinson, 2002, 2003; Nutman et al., 2013, 2020; 

Gauthiez-Putallaz et al., 2020; Webb et al., 2020; Zuo et al., 2021).  

As briefly summarize here, deciphering the metamorphic evolution of Isua and discussing the 

different metamorphic interpretations for the belt is crucial to have a better understanding of 

its tectonic evolution. This is not only important for the history of the belt, but it has larger 

implications for the geodynamic interpretations of the early Earth. This works aims to 

provide new metamorphic data (P-T-X-D-t) for the ISB using an integrative approach. 

Summaries and details of the main points of contention of the metamorphic data presented so 

far are given in the different chapters. The new data is then used to discuss and analyse the 

different interpretations and their implications for the tectonic models proposed for the belt. 

Limitations and final discussion are provided at the end of these thesis, as well as a summary 

of future points to study to broaden our knowledge of the ISB.  
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1.5 Thesis aims and objectives 
 

To date, studies focusing on the metamorphic evolution of the ISB result in contrasting 

interpretations. There is no consensus on the timing and estimates of peak conditions related 

Figure. 1.5(a-c) Proposed models for the evolution of the Isua supracrustal belt and (a.i-c.i) their 

predicted major structures and metamorphic gradient. Most of these predictions have been made 

mainly in the eastern arm of the belt, therefore this is the part that is shown. Location of the 

tonalites is highlighted with their ages in colours. 
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to the main tectono-metamorphic events and apparent contradictions are rarely discussed. 

Therefore, this work aims to provide a comprehensive description of the metamorphic history 

of the Isua supracrustal belt to test the validity of the proposed tectonic models for the belt. 

As a result the main objective of this thesis is to reconstruct the P-T-X-D-t history of the ISB. 

The reach this objective, the detail metamorphic evolution of the ISB will be retrieve by 

using a combination of techniques in different rocks across the entire eastern arm of the belt 

to then test the proposed tectonic models. Hence, the following aims are defined: 

Å Aim 1: To obtain the peak (P-T) conditions and identify the different metamorphic 

events recorded in the belt by using a combination of thermodynamic techniques and 

microstructural observations. They will be applied to a set of samples systematically 

collected from north to south of the belt to account for possible variations on the 

metamorphic condition.  

Å Aim 2: To characterize in detail the garnets across the belt to understand the factors 

controlling their microstructural and chemical diversity.  Garnets are known to be good 

metamorphic indicators (e.g. Tracy and Robinson, 1976; Spear et al., 1984; St-Onge, 1987) 

hence the garnet record in the ISB might reflect different metamorphic histories or they might 

be controlled by growth processes. Characterization of garnet chemistry, microstructural 

domains, crystallographic features and their associated context will be used to discern 

between hypotheses.  

Å Aim 3: To obtain a robust P-T-X-D path for the ISB. Using garnets showing large 

equilibrium features, quantitative modelling testing different P-T-X paths will be carried to 

produce the observed garnet profiles. Information retrieved from the microstructures will 

complete the full characterization of the P-T-X-D path. Qualitative data will complete the 

dataset to account for possible variations across the belt.  
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Å Aim 4: To date the different metamorphic events recorded in the belt by using a 

combination of geochronometers in different lithologies. Apart from supracrustal samples 

within the belt, enclaves and a meta-granite will be studied for comparison. The data aims to 

complete the P-T-X-D-t evolution of the ISB.  

1.6 Thesis outline 
 

The thesis consists of six chapters. Chapter 1 is this introduction and provides a general 

overview of the state of the art of the ISB and discussions on Archean geodynamics. Here, an 

overview of the relevant lithologies and cross-cutting relationships is provided as well as a 

summary of the main points of controversy on the belt. Specific aspects associated to the 

metamorphic record of the belt are described in the subsequent chapters. Chapter 2-4 include 

original research and contributions on the metamorphic evolution of the ISB and provide 

insights on garnet growth processes within the tectono-metamorphic context of the belt. 

Chapter 5 provides work in progress on the geochronology of the ISB using different 

metamorphic minerals from different microstructural domains. Chapter 6 consists of an 

overall discussion of the main findings presented in the thesis and its implications for the 

tectonic interpretations of the belt and it finally offers general conclusions of this work and 

suggestions for future avenues of research.  

Chapters 1 and 6 are authored and solely written by the PhD candidate, while chapters 2, 3, 4, 

5 represent work in collaboration with other scientists. For the latter cases, each Chapter is 

introduced in a Preamble outlining the authors contribution. Besides the contributions 

provided in this thesis, the candidate was involved in 3 additional pieces of work (Webb et 

al., 2020, Lithosphere; Zuo et al., 2021b, Tectonics; Ramírez-Salazar et al., 2022, Tectonics) 

contributing overall the gain in knowledge regarding the Isua Supracrustal Belt evolution. 

These were submitted with the thesis. 
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Chapter 2 (aim 1) is mainly based on the original paper by Ramírez-Salazar et al. (2021), 

which was published along with Zuo et al. (2021b). Therefore, parts of the chapter directly 

address findings of the sister study. In the study, a systematic selection of samples covering 

north-south and east-west transects are used to distinguish the main metamorphic events that 

affected the ISB. Microstructural and mineralogical descriptions in combination with 

quantitative phase equilibria thermobarometry and classic thermometry allowed to 

distinguish three main metamorphic events and their P-T conditions. The findings also 

provide a possible explanation for the apparent contradictions in the previous interpretations 

of the metamorphic record of the belt.  

Chapter 3 (aim 2) is largely based on the content of Ramírez-Salazar et al. (in prep), which 

will be submitted for publication to Contributions to Mineralogy and Petrology. Using 

garnet-bearing samples presented by Ramírez-Salazar et al. (2021) and Zuo et al. (2021b) and 

an integral combination of techniques, the chapter centres around the growth mechanisms 

affecting the diversity of garnet microstructures. We present evidence to show that the 

different microstructures and chemical zoning of the Isua garnets are product of variations in 

bulk composition and local microstructures ultimately affecting the availability of garnet-

forming material.   

Chapter 4 (aim 3) builds on the findings presented in chapter 3. Here, garnets showing large-

scale equilibrium characteristics are used to model the P-T-X-D-t evolution of the ISB. A 

quantitative P-T-X-D-t paths is reconstructed using thermodynamic modelling for a specific 

bulk compostion (X).  Qualitative approximations to the metamorphic evolution of other 

samples are also presented to complete the dataset. Trace element data, quartz-in-garnet 

geobarometry, alongside thermodynamic data from chapter 1 are used for qualitative 

approximations. This chapter is written as a scientific publication draft. It is anticipated that 

this part of the PhD will be submitted soon after thesis submission. 
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Chapter 5 (aim 4) presents preliminary geochronological data. Here, Sm-Nd and Lu-Hf in 

garnet and U-Pb in-situ titanite and rutile data are presented in attempt to date two main 

medium temperature metamorphic events. This chapter is written as a scientific publication 

draft. It is anticipated that this part of the PhD will be submitted soon after thesis submission. 

Notably, there is some inevitable overlap, especially in terms of the geological background 

and methods section as chapters 2-5 are written in form of individual self-standing scientific 

contributions. 
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Chapter 2: P-T-X-d constraints of the Isua supracrustal belt, a 

poly-metamorphic terrane 
 

This chapter has been published in the journal Tectonics on February 6th  2021. The original 

of publication is entitled Tectonics the Isua Supracrustal Belt 1: P-T-X-d Constraints of a 

Poly-Metamorphic Terrane (Ramírez-Salazar et al., 2021). Minor modifications have been 

made for the format of the thesis (e.g. title of the Chapter), but most of it remains as the 

original published paper. I was the first author of the paper with Thomas Müller, Sandra 

Piazolo, A. Alexander G. Webb, Christoph Hauzenberger, Jiawei Zuo, Peter Haproff, Jason 

Harvey, Tsz Kin Wong, and Callum Charlton as co-authors. I was in charge of the 

conceptualization, manuscript writing, most of data collection, figures, thermodynamic 

modelling and analysis. Thomas Müller and Sandra Piazolo supervised and were involved in 

the conceptualization of the work. Sample collection was made by Thomas Müller, A. 

Alexander G. Webb, Jiawei Zuo and Peter Haproff. Tsz Kin Wong and Callum Charlton 

obtained microprobe data as part of his MSc thesis project. All authors were involved in the 

editing and reviewing of the work. Furthermore, review comments by Matthijs A. Smit and 

Hugh Rollinson improved the manuscript. This paper was submitted along with Zuo et al. 

(2021b) Tectonics of the Isua Supracrustal Belt 2: Microstructures Reveal Distributed Strain 

in the Absence of Major Fault Structures, thus parts of the chapter make direct reference to 

this work.  

Abstract 

The Eoarchean Isua Supracrustal Belt (ISB) has been interpreted as one of the earliest records 

of subduction processes, leading to the conclusion that a plate tectonic geodynamic system 

was likely operating since the early Archean. However, proposed tectonic models remain 

difficult to evaluate as our understanding of the metamorphic and structural evolution 

remains fragmentary. Here, we present a metamorphic study of the supracrustal rocks of the 
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ISB. We used petrographic and microstructural observations, phase equilibria, isopleth 

geothermobarometry and conventional thermometry to explore the prograde, peak, and 

retrograde metamorphic evolution of the northeastern ISB. Our results show that the ISB 

records a syn-tectonic, amphibolite facies metamorphic event (M1) with peak conditions of 

550-600 °C and 0.5 ï 0.7 GPa. M1 was followed by a static, lower amphibolite facies 

metamorphic event (M2; < 540 °C and <0.5 GPa). Published constraints suggest that M1 and 

M2 occurred in the late Eoarchean (>3.5 Ga) and the Neoarchean (<2.9 Ga), respectively. 

These events are partially overprinted by late low temperature (< 500 °C) retrogression (M3) 

that is most intensely developed in the northeastern part of the belt; it typically overprints 

some peak mineral phases while preserving the peak fabric. Our findings are consistent with 

spatially-homogeneous syn-tectonic amphibolite facies metamorphism and macroscale 

folding. Such features are predicted by a heat-pipe tectonic model. Therefore, our findings 

permit the interpretation of the Isua supracrustal belt as a record of early non-uniformitarian 

tectonic processes.  

2.1 Introduction  
Models to describe the nature of the Earthôs crustal evolution during the Archean vary 

substantially, from horizontal lithospheric motions with subduction-like movement (Abbott et 

al., 1994), to vertical tectonics defined by sub-/intra-lithospheric diapirism (Collins, 1989; 

Sizova et al., 2015), extensive volcanism (Turcotte, 1989; Moore & Webb, 2013), and the 

formation of a single-plate lithosphere. First-order questions include when and how 

horizontal lithospheric motion (e.g., subduction) became the dominant process by which 

Earthôs interior cools, deforms, and evolves (Lenardic, 2018). A change in geodynamics 

between ~3.2 ï 2.5 Ga is proposed based on the global geochemical and zircon record 

indicating an increased contribution of reworked crust, typically associated with recycling 

along subduction zones, for magma generation while juvenile mantle additions decreased 
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during that time (e.g. Dhuime et al., 2012; Moyen & Laurent, 2018). A recent review of the 

existing metamorphic record suggests that Earth has experienced spatial and temporal 

changes of global crustal thermal gradients probably linked to transitions in the tectonic 

regime, from stagnant-lid tectonics to mobile-lid plate tectonics (Brown & Johnson, 2018). 

The main changes occurred at ~2.5 Ga, ~1.0 Ga, and 0.72 Ga, Ga which are associated with 

the widespread appearance of paired metamorphic belts, dominance of high T/P gradients 

(>775 °C/GPa å 22°C/km1), and increasing abundance of low T/P gradients (< 375 °C/GPa å 

11°C/km), respectively. The presence of a distinct bimodality of low and high T/P gradients 

is indeed a feature commonly associated with plate tectonics (Miyashiro, 1961; 1973; Brown, 

2010) and its gradual emergence argues for progressive onset and evolution to active lid 

geodynamics since the Neoarchean (Holder et al., 2019). In stark contrast with these 

interpretations, multiple subduction-driven events are invoked to explain the origin and 

evolution of the Eoarchean Isua Supracrustal Belt of southwest Greenland (Fig. 1), one of the 

oldest metamorphic terranes known, which some workers have interpreted to reflect the onset 

of plate tectonics as early as 3.6-3.8 Ga (Komiya et al., 1999; Nutman & Friend, 2009; 

Nutman et al., 2015).  Structural studies of the belt (Webb et al., 2020) together with new 

geochemical data of the adjacent Eoarchean tonalite-trondhjemite-granodiorite (TTG) bodies 

(Gardiner et al., 2019) challenge the unequivocal interpretation that the Isua Supracrustal Belt 

was generated in an active lid tectonics regime (Fig. 1.3a) and alternatively suggest that a 

sluggish lid scenario (Fig. 1.3b) is equally plausible. Despite the importance of the 

metamorphic evolution in deciphering the geodynamic setting of an area (e.g. Miyashiro, 

1961; Brown, 1993; Brown & Johnson 2018), studies of the metamorphic evolution of the 

Isua Supracrustal Belt are relatively scarce (e.g., Boak & Dymek, 1982; Dymek et al., 1988; 

Hayashi et al., 2000; Appel et al., 2001; Blichert-Toft & Frei, 2001; Frei et al., 2002; Komiya 

 
1 Assuming 1GPa=35 Km 
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et al., 2002; Rollinson, 2002, 2003; Heijlen et al., 2006;  Arai et al., 2015; Gauthiez-Putallaz 

et al., 2020; Nutman et al., 2020), and existing studies present results with contrasting 

distributions of the P-T peak conditions across the belt and conflicting P-T evolutions.  

In this contribution, we present a systematic analysis of the P-T-X-d-(t) evolution of the Isua 

Supracrustal Belt, linking metamorphic data to structural data at the micro to macro scale. In-

depth petrographic observations combined with classic and phase equilibria 

geothermobarometry provide an extended dataset that allows us to identify the number of 

metamorphic events, their respective peak conditions recorded in the belt, and their spatial 

distribution. We present our results alongside a companion study on the microstructures and 

strain distribution recorded in the syn-tectonic fabrics of quartz-rich lithologies, centered on 

strain and shear sense analyses (Zuo et al., 2021b). The dataset presented here enables us to 

discuss in depth the metamorphic spatial and temporal evolution of the belt in terms of 

endmember tectonic models and hence implications for Archean geodynamics. 

1.2 Geological setting, previous work and interpretations 
The ~35-km-long, arcuate Isua Supracrustal Belt (ISB) (Fig. 2.1) is part of the North Atlantic 

craton (Bridgwater et al., 1973) and is located in southwest Greenland as part of the northern 

part of the Itsaq Gneiss Complex (Fig. 1.4; Nutman et al., 1996). The ISB comprises a series 

of felsic and mafic metavolcanic rocks exhibiting arc-like geochemistry (e.g. Polat et al., 

2002) intercalated with cherts, banded iron formations (BIFs), clastic metasedimentary rocks, 

and minor ultramafic meta-igneous rocks (Nutman et al., 1984). The ISB is flanked by two 

km-scale TTG bodies with distinct crystallization ages of 3.8 Ga and 3.7 Ga (Fig. 2.2). 

Analysis of a large U-Pb zircon dataset revealed that the supracrustal rocks can be sub-

grouped in two distinct meta-volcanosedimentary units of 3.8 Ga and 3.7 Ga age, separated 

by a < 1km-thick, c. 3.75 Ga discontinuous metasedimentary sequence of chert, BIFs, and 

carbonates known as the ñdividing sedimentary unitò (Nutman & Friend, 2009). Field 
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observations of the ISB suggest that each sub-unit is exclusively in contact with the similar-

aged TTG. In addition, some deformed 3.66-3.6 Ga granitic intrusions (Nutman & Friend, 

2009) and the weakly-deformed, c. 3.5 Ga Ameralik dykes cross-cut both the 3.8 Ga and 3.7 

Ga supracrustal rocks and the TTGs (Nutman et al., 2004) suggesting a shared history since 

at least 3.66 Ga. 

 

Parts of the ISB show primary igneous and sedimentary structures including pillow basalts 

(Nutman et al., 1996), graded bedding (Nutman, 1984), cross lamination (Nutman et al., 

2017), and relic stromatolites (Nutman et al., 2016); these have been interpreted to mark 

areas of low deformation (e.g., Nutman et al., 2016). However, the existence of some of these 

Figure. 2.1 Geological map of the Isua Supracrustal Belt showing the location of samples used 

in Chapter 2, modified from Zuo et al. (submitted) and Nutman & Friend (2009). Garnet-biotite 

temperatures from Rollinson (2002) are divided into Eoa=Earchean and Neoa=Nearchean 

metamorphic events, according to the interpretations of the author. Colour and symbol coding of 

the samples follows the rest of the figures, symbol coding represent the interpreted protolith: 

triangles: felsic meta-volcanic rocks; squares: meta-mafic rocks (amphibolites and mafic schists); 

and circles: meta-sedimentary rocks (metapelites and BIFs). Samples that share locality/outcrop: 

714-5A, 714-5E and 714-5F; 725-2c and 725-2b; 729-1B and 729-1A. 
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structures and the differential intensity of their deformation have recently been questioned 

(Allwood et al., 2018; Webb et al., 2020), suggesting that most of the exposed rocks show 

signs of deformation and metamorphism that clearly modified the primary structures. In the 

literature, multiple metamorphic events have been documented in the ISB, some of which are 

only locally reported (e.g., low-grade sea-floor hydrothermal metamorphism; Appel et al., 

2001), with broadly two major medium- to high-temperature episodes recognized and 

documented to have affected the entire belt. These events are typically placed in the 

Eoarchean and Neoarchean based on several isotopic ages that are interpreted to reflect the 

metamorphic age of the events (Fig. 2.2; Shimizu et al., 1990; Gruau et al., 1996; Frei et al., 

1999; Rosing & Frei, 1999; Blichert-Toft & Frei, 2001; Crowley et al., 2002; Crowley, 2003; 

Nutman et al., 2013). The most pervasive metamorphic event is syntectonic to the penetrative 

foliations, that are parallel to the belt margins, and steep southeast-plunging lineation (Fig. 

2.1; e.g. Webb et al., 2020) that are characteristic of the Isua rocks (e.g. Boak & Dymek, 

1982). For this event, the weakly-deformed Ameralik dykes cross-cutting the belt provide a 

minimum age of c. 3.5 Ga (Nutman et al., 2004). The younger event is recognized in post-

tectonic garnet rims (Blichert-Toft & Frei, 2001; Rollinson, 2002, 2003) and non-foliated 

lower amphibolite metamorphic paragenesis in the Ameralik dykes (Nutman et al., 2004). 

Additionally, detailed investigations of the textures and chemical composition of garnets 

across the belt revealed the common appearance of three to four distinct zones (core-annuli-

rim) within individual grains (Rollinson, 2002, 2003; Gauthiez-Putallaz et al., 2020), leading 

to the interpretation that the core could represent an earlier medium-temperature 

metamorphic episode preceding the large syn-tectonic event (Fig. 2.2) responsible for most of 

the deformation (Rollinson, 2002; Gauthiez-Putallaz et al., 2020). 
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2.1 Tectonic models for the Eoarchean evolution of the ISB and their 

relationship with the metamorphic record  
The tectonic scenario responsible for the Eoarchean tectono-metamorphic event during which 

the most pervasive mineral, microstructural and deformational features of Isua developed is 

still debated. Three main models have been proposed (Fig. 3.3): two models proffer 

uniformitarian plate tectonic interpretations (e.g. Komiya et al., 1999; Nutman & Friend, 

2009; Nutman et al., 2013, 2020; Arai et al., 2015), and a third model suggests that heat-pipe 

tectonics could explain the geological record of Isua (Webb et al., 2020).  

Both plate tectonic models predict systematic metamorphic patterns across the area. The first 

plate tectonic model (Model A) suggests that the ISB represents an accretionary complex 

characterized by southeast-directed duplex structures in the supracrustal rocks (Komiya et al., 

1999), which developed during the subduction of the oceanic plate attached to the 3.7 Ga 

TTG under the å3.80 TTG (Fig. 3a, Komiya et al., 1999; Arai et al., 2015). This model 

anticipates a metamorphic gradient with increasing P-T conditions from north to south across 

Figure 2.2 Timeline showing the major geological events interpreted for the ISB (bands) and ages 

interpreted as metamorphic (motifs with error bars). Interpretation of the garnet growth from Gauthiez-

Putallaz et al. (2020). Geochronological data from Nutman & Friend (2009). Metamorphic ages 

references: 1. Frei et al., (1999); 2. Blichert-Toft & Frei (2001); 3. Nutman et al (2013) 4. Crowley, 

(2003); 5. Crowley et al., (2002); 6. Gruau et al. (1996); 7.  Rosing & Frei (1999); 8. Shimizu et al., 

(1990) 
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the northeastern portion of the belt (Hayashi et al., 2000; Komiya et al., 2002; Arai et al., 

2015). This is consistent with a suggested northeast-southwest increase in P-T conditions 

based on mineral composition and phase equilibria geothermobarometry from the end of the 

northeastern belt to the central part of it from 0.3 GPa and 380 C to 1.1 GPa and 800 C (Fig. 

2.1; Arai et al., 2015).  

 

The second plate tectonics model (Model B) argues for orogenic crustal thickening in 

response to collision of two proto-arcs, with subsequent orogenic collapse via development of 

an extensional core complex (Nutman et al., 2013). In this model, north-dipping subduction 

of the 3.8 Ga belt under the 3.7 Ga belt drives the collision with the dividing sedimentary unit 

acting as the tectonic boundary (Nutman & Friend, 2009) (Fig. 3.3b). Syn-deformational 

Barrovian-type metamorphism is predicted for this model, with P-T conditions increasing 

continuously from the 3.8 Ga belt to the 3.7 Ga TTG (Nutman et al., 2013). The reported 

Figure. 2.3 Tectonic models proposed for the evolution of the ISB. (a) Model A: South-dipping 

accretionary complex model (modified from Arai et al., 2015) (b) Model B: North-dipping 

subduction-collision model (modified from Nutman and Friend, 2009); (b); and (c) Model C heat-

pipe model (modified from Webb et al., 2020). 
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early metamorphic event recorded in garnet cores of the 3.7 Ga sequence has been interpreted 

in support of this model, attributed to the amalgamation phase of the proto-arc (Gauthiez-

Putallaz et al., 2020; Nutman et al., 2015). Based on the report of kyanite in metapelites of 

the 3.7 Ga belt and garnet-clinopyroxene-hornblende-quartz-plagioclase assemblages in the 

center of the 3.7 Ga TTG, Nutman et al. (2013) interprets an increase in P-T conditions, from 

greenschist/lower amphibolite facies in the 3.8 Ga belt to amphibolites facies in the 3.7 Ga 

belt and up to high-pressure granulite facies in the center of the 3.7 Ga TTG. The authors 

then argue that this interpretation is consistent with subduction type tectonic model. In 

addition, a metamorphic record typical for paired metamorphic belts characteristic of 

convergence tectonics in young metamorphic belts (Miyashiro, 1961; 1973; Brown, 2010) is 

expected for Model B, with low T/P gradients developing in the subducting plate and high 

T/P gradients in the upper plate (Nutman et al., 2020). Nutman et al. (2020) argue using 

phase equilibria diagrams from a mid-ocean-ridge basaltic protolith and zircon-TTG trace 

element chemistry, that there is indeed a paired metamorphism preserved in Isua and the Itsaq 

Gneiss Complex (Fig. 1.4).  In their interpretation, cold T/P gradients (< 500 C/GPa) are 

recorded in the high-pressure garnet-granulites and in the garnet/rutile chemical signature of 

the TTGs, which may represent partial melting of garnet-rutile eclogites. In contrast, hot T/P 

conditions (>1000 C/GPa) would be represented by TTGs with no signature of residual 

garnet and in equilibrium with orthopyroxene-granulites (Nutman et al., 2020). Nutman et al. 

(2020) suggest even colder gradients (<200 C/GPa) due to the interpretation of ultra-high 

pressure (UHP) metamorphism on the basis of the presence of F bearing Ti-

chondrodite/clinohumites in some ilmenite-carbonate dunites. However, it is important to 

bear in mind, that halogens, ilmenite and CO2 have been shown to stabilize Ti-

chondrodite/humite to higher temperatures and lower pressures in other settings (c.f. Ehlers & 
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Hoinkes, 1987; Shen et al., 2015), thus questioning these rocks to unequivocally represent 

UHP conditions.  

The heat-pipe model (Model C) suggests that the Isua supracrustal belt was emplaced via 

rapid volcanic resurfacing, depositing first the rocks from the 3.8 Ga belt and then the 

younger lithologies in straight stratigraphic sequence (Webb et al., 2020). Intervals of rapid 

deposition led to burial, static metamorphism, and melting of deeply buried hydrated mafic 

crust to form TTGs. Subsequently, a tectono-metamorphic episode produced amphibolite-

facies syn-tectonic metamorphism and structural thinning across the whole belt in response to 

either (a) heat-pipe contraction (global lithospheric subsidence on a spherical body forces 

contraction) or (b) a plate-breaking event representing transition to plate tectonics. Within 

this shear zone an A-type fold developed (Webb et al., 2020) with randomly distributed 

opposite shear senses (Zuo et al., 2021b). Any early record of burial metamorphism should 

record increasing pressure conditions from the top to the bottom of the sequence, i.e., from 

3.7 Ga rocks to 3.8 Ga rocks. For the subsequent thinning and syn-tectonic metamorphic 

period, the model anticipates nearly homogenous amphibolite facies metamorphism (Fig. 

2.3c), in stark contrast to the metamorphic gradients predicted in plate tectonic models. To 

date, the heat pipe model is consistent with the apparent lack of metamorphic gradient 

interpreted from the amphibolite facies temperatures (550-650 C) returned from garnet-

biotite thermometry (Boak & Dymek, 1982; Rollinson, 2002, 2003) that show no clear spatial 

variations (Fig. 2.1). The heat-pipe model is further supported by geochemical data 

identifying the TTGs as a likely product of the hydrated tholeiites from the ISB (Nagel et al., 

2012; Hoffmann et al., 2014, 2019; Gardiner et al., 2019) and metasediments (Gauthiez-

Putallaz et al., 2020) in a thickened / buried crust (Gardiner, 2019; Hoffmann, 2014, 2019; 

Nagel et al., 2012a; Smit et al., 2019).  
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2.3 Results 

2.3.1 Petrography 
For this study we selected samples based on (1) their spatial distribution, trying to cover 

transects along north-south and east-west directions in the eastern arm of the belt as well as 

samples from both the 3.7 Ga and the 3.8 Ga sequences (Fig. 2.1); and (2) their potential to 

provide geothermobarometric information (e.g. presence of important geothermometers such 

as garnet and biotite). The selection aimed to characterize the mineralogical changes along 

the belt and quantify the P-T peak distribution to test the presence or absence of metamorphic 

gradients. We conducted a detailed study on twenty-three samples, most of which are garnet 

bearing, from three main lithologies namely felsic meta-volcanics, amphibolites, and 

metapelites with minor mafic schists and BIFs. In the field, the rocks are characterized by a 

distinct foliation and lineation. Samples were cut parallel to lineation and perpendicular to 

foliation. Below we present a summary of the mineralogical and microstructural observations 

of the different samples (Table 1.1).  

 

Post-Tectonic 

Paragenesis

(M2) M.C Grt-Bt TiB P.S. Latitude

717-5 Mfv 3.8

Qz, Bt, Ms, 

minor Ap, 

Cal, Tur, 

Aln, Zrn

Ms, 

Sericitizatio

n 

X X X
65.152608 

65.152608
-49.84904 -49.84904

725-2c Mfv 3.7 Qz, Bt, Ilm Grt + Ilm X X X X -50.00803

726-6A Mfv 3.75
Qz, Bt, Pl, 

Ms, Ilm
Chl X X -49.967241

JZ17729-

1A
Mfv

Qz, Bt, Ms, 

Pl
Chl X X -50.017674

729-11 Mfv /Mmp 3.7
Qz, Ap, 

Ilm, Aln
Grt Chl -49.82114

730-2A 3.75 Grt+Czo X X X -49.87623

JZ17801-4
Carbonated-

Mfv
3.7 Qz, Bt, An Grt X -49.803351

802-5 Mfv 3.8

Qz, Cal, 

Ms, Tur, 

Ilm, Bt, Ep

Grt+Cal
Sericitizatio

n
-49.831399

715-9 Am 3.8

Qz, Ap, 

Chl, Bt, 

Cal, An, 

Ilm, Wo

Grt + Cal
Chl, Cal 

veins
X X -49.81711

JZ17715-

5F
Am

Qz, Cal, Bt, 

Ap, Amp, 

Hm

Chl, Qz + 

Cal veins
-49.823217

JZ17715-

16A
Am 3.8

Act, Ep, 

An, Cal, Bt, 

Qz, Ap

X X -49.815456

720-8 Mafic schist 3.7
Cal, Qz, 

Ilm, Ap

Qz+Grt+Czo+

Ilm
Cal X X -49.782867

725-3a Am 3.7
Qz, Ilm, 

Czo

Grt+Czo+Ms+

minor Cal
Chl + Czo X X -49.998603

M
e

ta
-m

a
fi
c
 r

o
c
k
s

Qz + Bt + Pl + Ms + Czo 

+ Grt + Kfs minor Cal + 

Tur + Ilm

65.158913

Qz + Bt + Amp + Cal + 

Grt + Czo + Ilm
65.193078

Amp + Pl + Qz + Bt + 

Grt + Ilm
65.098261

Qz + Grt + Bt + Ms + Ep 

+ Pl minor Ttn + Ap + 
65.179341

Qz + Ms + Bt + Pl + Tur 

+ Grt + Ep + Opaq
65.158051

Qz + Bt + Grt + Pl + 

Amp + Ep minor Ilm
65.16436

Qz + Bt + Grt + Cal 

minor Ap + Amp
65.169422

Qz + Bt + Grt + Amp + 

An + Ab + Cal minor Act 

+ Ttn + Ap

X X X 65.18258 -49.80878

65.183238

Bt + Qz + Pl + Grt + 

Czo + Ilm + Ms + minor 

Tur + Cal + Ap

65.142622

801-9A Mfv 3.7 Qz, Bt, Ilm

Qz + Bt + Plg + Grt + 

Cal + minor Ep/Czo + 

Ilm

Grt Chl+Ms

Longitude

M
e

ta
-f

e
ls

ic
 r

o
c
k
s

Qz + Bt + Pl + Grt + Ilm 

+ minor Tur
65.098302

Qz + Bt + Ilm + Grt + Pl 

+ Ms Minor Ap + Hm + 
65.101806

Qz + Grt + Pl + Ms + 

Chl (?) + Ilm
65.111243

Qz + Bt + Ms + Pl + Grt 

+ Tur + Ap + Ilm

Table 1.1  Mineral relationships and data collected for each sample. Mineral abbreviations as in Whitney & Evans (2010). OB=Outer-belt; IB=inner-belt; M.C.=Mineral chemistry; Grt-Bt=Garnet-

Biotite thermometry; TiB=Ti-in-Biotite thermometry; P.S.=Phase equilibria thermobarometry. Lithology: Mfv= Meta-felsic volcanics; Am = Amphibolite; Mp = Metapelite; Mmp= ñmaficò 

metapelite. Most samples ID prefix is TM17-, (e.g. 714-5A = TM17714-5A), apart from those with JZ, which in case sample ID prefix is JZ17- (see Appendix 1 for details on the sample 

nomenclature)

Sample ID Lithology Age (Ga)
Inclusions 

in garnet

Syn-Tectonic 

paragenesis

(M 1)

Low-T 

paragenesis 

(M 3)

P-T-X data GPS Coordinates
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Nine samples of felsic meta-volcanics (Table 1.1, 717-5, 725-2c, 726-6A, 729-1A, 729-11, 

730-2A, 801-4, 801-9A, 802-5) show peak mineral assemblages of quartz + biotite + 

plagioclase + garnet ± muscovite ± tourmaline ± epidote/clinozoisite ± ilmenite ± calcite ± K-

feldspar ± apatite ± titanite. These samples typically exhibit a strong foliation with 

lepidoblastic layers intercalated with quartz-rich granoblastic layers that are deflected by 

large garnet poikiloblasts/clusters, typically developing pressure shadows (Fig. 2.4a,b; Fig. 

APP-A1a, in the supportive information) and occasional garnet boudin structures in some 

samples (725-2c and 726-6A). Different garnet microstructures can be identified in this 

lithology (Fig. 2.4; Fig. APP-A1). Garnet within sample 729-11, located in the north-central 

part of the 3.7 Ga belt (Fig. 2.1), shows up to three zones: (i) core with relatively small, 

mainly quartz, inclusions (<20 µm) without a clear internal foliation pattern, followed by (ii) 

annulus of larger inclusions (20-50 µm) with spiral-like internal foliation pattern, and (iii) an 

inclusion-poor rim with euhedral facets cutting the external foliation (Fig. 2.3b). Garnets of 

samples 725-2c (Fig. APP-A1b) and 801-9A (Fig. APP-A1c) from the 3.7 Ga belt show 

garnets with a clear inclusion-rich core and an inclusion-poor rim whereas garnets from 

725-2b Amp 3.7
Chl + Tre + 

Cal
X -50.00803

729-5 Mafic schist 3.7 Qz Grt (?)+ Ilm Chl -49.788794

729-10 Mafic schist 3.7 Cal+Chl X X -49.788856

731-2A Amp 3.7

Qz, Ilm, 

Ms, 

Ep/Czo, 

Aln, Bt, 

Grt X -49.822507

714-5A Mmp 3.7

Qz, Bt, Po, 

minor Cal 

and Amp

Grt Chl+Act X X X X -49.833468

714-5E Mp 3.7

Qz, Ms, 

Ctd, Chl, 

Ilm, Tur, 

small Plg

Grt Chl+Ms X X -49.833468

714-5F Mp 3.7

Qz, Ms, 

Cld, Chl, 

Ilm, Tur

Grt Ms+Chl X -49.833468

725-4A Chert 3.7

Bt, Qz, Ap, 

Zrn and 

minor Hbl

Grt X X -50.0062

729-1B Mmp 3.7

Qz, Ilm, 

Ms, 

Ep/Czo, Bt, 

minor Cal 

and Chl

Grt2 Chl+Czo(?) X X X -49.79850765.20005

Hbl + Bt + Qz + Grt + 

Czo + Pl + minor Ilm

Qz + Bt + Amp + Grt + 

Pl + Ilm + minor Cal+ 

early C(zo)

M
e

ta
-s

e
d

im
e

n
ta

ry
 r

o
c
k
s

M
e

ta
-m

a
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c
 r

o
c
k
s

Table 1.1. Continued

65.173048

65.171295

65.171295

65.171295

Grt + Amp + Bt + Qz + 

Czo + Zo +Ms + Ilm + 

minor Cal

Qz+ Bt +Amp + Grt + Pl 

+Ilm

Qz + Grt + Ms + Cld + 

Chl + Tur + Pyr

Qz + Grt + Chl + Ms + 

Tur + St + Pyr

65.09825

Bt 65.198128

Amp + Bt + Qz + Ilm 

(maybe Cal)
65.194247

Act + Mg-Hbl + Chl 65.098302
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samples 717-5, 726-6A, 730-2A, and 802-5 from the 3.8 Ga belt and sample 801-4 from 3.7 

Ga belt exhibit clusters of  

Figure2.4 Photomicrographs showing peak mineralogy and micro-structures. (a) 

skeletal-like syn-tectonic garnets and euhedral post-tectonic grains; (b) garnet 

showing three different micro-structural domains; (c) arc-like inclusions trails in 

garnet and boudinage structures; (d) garnet showing inclusion-rich core and inclusion-

poor rims; (e) and (f) spiral-like garnet; (g) garnet-amphibole coronae on epidote; (h) 

Backscatter electron image of garnet showing garnet-biotite temperatures (Perchuk & 

Lavrentôeva, 1983) calculated along a grain transect. Scale in all images is the same 

(200 µm), except in (c) and (e). Red dotted lines indicate external foliation, yellow 

dotted lines internal garnet foliation and purple dotted lines limit between garnet 

microstructural zones 
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skeletal-like microstructures (Fig. APP-A1), some of which contain small euhedral garnets 

that overgrow the foliation (Fig. 2.3a). The quartz trails in the cluster/porphyroblast from 

samples 802-5 and 717-5 (Fig. APP-A1a) show arc-like shapes converging in the pressure 

shadows, whereas in sample 726-6A (Fig. APP-A1e) the trials are parallel to the external 

foliation at the pressure shadows, but oblique at the body of the sigmoidal garnet/cluster. 

Sample 17725-2c contains well-developed S-C fabric structures in the external foliation. Late 

retrogression at upper greenschist/lower amphibolite facies conditions is commonly observed 

in the felsic rocks. For example, sample 717-5 displays micro-shear zones that overprint the 

peak assemblages, where muscovite grows along observed fractures (Fig. APP-A2a) that 

cross-cut the whole rock. Replacement of biotite by chlorite, mimicking the penetrative 

external foliation, is common in the rest of the samples as well as sericitization of 

plagioclase.  

The peak assemblage of the eight amphibolites (Table 1, 715-5F, 715-9, 715-9, 720-8, 725-

2b, 725-3a, 729-10, 731-2A) comprises amphibole + biotite + quartz ± garnetsyn ± 

plagioclase + epidote/clinozoisite ± ilmenite ± calcite ± muscovite. These rocks are foliated 

amphibolites typically containing garnet poikiloblasts, and minor amphibole porphyroblasts 

that deflect the external foliation. Sample 731-2A also shows boudinage structures (Fig. 

2.4c). Garnets commonly contain inclusion-rich cores, with different inclusion patterns 

observed in various samples (Fig. APP-A1; see Table 1.1). The inclusions in the garnet core 

of sample 720-8 are randomly oriented (Fig. APP-A1f), whereas in samples 715-5F, 715-9 

and 731-2A, the internal foliation in the ellipsoidal large garnets (typically >1cm) displays 

arc-like patterns that converge towards the pressure shadows and continue into the external 

foliation (Fig. 2.4c). In sample 725-3a, garnets occur as complex aggregates of large grains 

(>0.4 cm) with weakly curved inclusion patterns, discontinuous with the external foliation 
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(Fig. APP-A1f,g). The amphibolites show various post-tectonic upper greenschist-lower 

amphibolite facies features: (1) most of the garnets display inclusion-poor euhedral rims 

overgrowing the external foliation (Fig. APP-A1f); (2) in sample 715-9, a vein dominated by 

post-tectonic calcite cross-cuts one of the garnets perpendicularly to the internal foliation, and 

euhedral garnets crystals grow towards the centre of the vein (Fig. 2.5a);  (3) in sample 720-8 

calcite veins cross-cut the main external foliation at ~30° and are overprinted by garnet 

growth (Fig. 2.5b); (3) epidote grains, typically associated with muscovite and ilmenite, 

overprint amphibole (sample 725-3A ; Fig. APP-A2c) and grow in garnet fractures with no 

preferred shape or crystallographic orientation; and (4) randomly oriented biotite grains, and 

quartz-calcite crystals with a granoblastic texture replace garnets (sample 720-8) (Fig. 2.5c). 

Late (upper) greenschist facies replacement microstructures overprinting the syn-tectonic and 

post-tectonic medium temperature assemblages are commonly observed. They are 

characterized by epidotization of plagioclase, and mainly chlorite (sometimes associated with 

calcite), either randomly overgrowing peak minerals (Fig. 2.5d) or mimicking the foliation by 

replacing biotite (Fig. 2.5e).  

Two metapelitic samples (714-5E and 714-5F) collected less than <10 m apart in the same 

outcrop reveal peak assemblages of quartz + garnet + muscovite + chlorite + tourmaline + 

sulfides ± staurolite. The rocks show lepidoblastic foliation and elongated quartz grains that 

are deflected by large garnet porphyroblasts (å1 cm). Garnets display spiral-like inclusions 

patterns from the core to the annulus that are overgrown by an inclusion-poor rim (Fig. 2.4e, 

f), which typically shows euhedral facets and overgrows the foliation (Fig. 2.4e, 2.5f). The 

size of the inclusions in the trails is smaller in the core (< 100 µm) and larger towards the 

annulus (> 200 µm, Fig. 2.4 e,f). Staurolite crystals, typically overprinted by muscovite (Fig. 

S2d), appear in the matrix of sample 714-5F, in contrast to chloritoid, which only occurs as 

inclusions in the garnets, occasionally growing in contact with muscovite along irregular 
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borders (Fig. 2.4f). In these samples, retrograde chlorite replaces prograde biotite crystals by 

mimicking the foliation. Significant patches of late muscovite-sericite as well as chlorite 

overgrowing garnet are common textures in these rocks (Fig. 2.5f). Sample 714-5F contains 

chlorite- and muscovite-filled veins that are consistently oriented parallel to each other 

throughout the sample and cross-cut the peak minerals (Fig. APP-A2d). 

Some rocks with a darker-colored outcrop appearance within the metapelitic packages, 

commonly referred to as ñmafic metapelitesò (e.g. Nutman et al, 1984) or Ca-rich 

metapelites, have a more Ca- and Mg-rich composition than the typical metapelites 

(Rollinson, 2002). Two of such rocks (samples 714-5A and 729-1B) show peak assemblages 

of quartz + garnet+ amphibole + plagioclase +ilmenite ± calcite ± sulfides ± apatite. These 

are foliated rocks with garnet and amphibole (in the case of sample 729-1B) porphyroblasts 

that deflect the foliation. Garnets in sample 714-5A show inclusion-rich cores with curved 

patterns and inclusion-poor rims that overgrow the external foliation (Fig. 2.4d), while 

garnets in sample 729-1B exhibit straight inclusions patterns or skeletal-like textures with 

smaller, more euhedral grains in the outer parts of the clusters (Fig. A1i). Chlorite can be 

seen overprinting garnet and amphibole, as well as filling fractures in minerals as well as 

some fractures cross-cutting the rocks.  

Sample 725-4A (described in the field as BIF) is a banded rock with four distinct 

mineralogical domains. One domain is very rich in amphibole that occurs as porphyroblasts 

with inclusions of quartz, biotite, and opaques. A second domain is dominated by quartz and 

magnetite, with minor occurrence of amphiboles following the foliation. In this band, a 

medium-grained epidote crystal (å1500 Õm) is surrounded by a corona of pink garnet and 

green amphibole, and the foliation is slightly deflected around the mineral (Fig. 2.4g). A 

third, plagioclase-poor band is rich in quartz and biotite. This band is followed by another 

band with biotite, amphibole, garnet, and quartz. Garnet in this band occurs as porphyroblasts 
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with curved inclusion patterns resembling in-places snow-ball fabrics (Fig. 2.4h, Fig. APP-

A1j). 

 

The petrographic description of the different lithologies highlights the fact that retrogression 

is a common feature. Remarkably, mafic schist sample 729-5 collected the northern part of 

Figure. 2.5 Post-tectonic medium- and low-temperature paragenesis and micro-structures. (a) calcite vein 

cross-cutting garnet internal foliation and post-tectonic euhedral garnet growing towards the vein centre. (b) 

Late calcite veins cross-cutting the main foliation, which are overprinted by post-tectonic garnets. (c) 

Garnet replacement by calcite-quartz-biotite. Retrograde chlorite (d) overprints the foliation and (e) 

mimicks the foliation by replacing biotite and (f) growing along factures that cross-cut post-tectonic garnet. 

(g). Biotite pseudomorphing garnet and chlorite replacing biotite. (h) Extreme biotite chloritization. Scale 

in all images is the same (200 µm) Red dotted lines indicate external foliation, yellow dotted lines internal 

garnet foliation and blue dotted lines limit of veins. 
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the belt (Fig. 2.1; zone B of Arai et al., 2015) represents an extreme example of low 

temperature greenschist facies overprint. This particular sample exhibits crenulation cleavage 

(Fig. A1e) with inclusion-poor garnet porphyroblasts. The garnet crystals are replaced by 

randomly oriented biotite grains, which themselves are overprinted by chlorite (Fig. 2.5g) 

that comprises most of the matrix along with few relic biotite grains (Fig. 2.5h).  

2.3.2. Mineral chemistry 
The chemistry data of the garnet, amphibole, biotite, and plagioclase can be found in 

Ramírez-Salazar et al. (2020a) (database uploaded to EarthChem), some classification 

diagrams are shown in Figure APP-A3 and the methodology is described in the Appendix. 

For garnet, we present a detailed mineral chemistry map (processed using XMapTools 

version 3.3.1; Lanari et al., 2014) exhibiting the commonly observed three zones. The garnet 

stems from the metapelite sample 714-5E (Fig. 2.6). Notably, while the core (Grt1) and 

annulus (Grt2) zones exhibit a sharp change in chemistry, the inclusions trail is continuous 

from the core to the annulus (Fig. 2.6a). Specifically, the garnet core (Grt1) shows low 

content in grossular (ὢ ), rises steeply in the garnet annulus (Grt1; ὢ ) and then falls to 

values similar to Grt1 in the rim (Grt3 ; Fig. 2.6b; ὢ ). The almandine (Fig. 6c) content 

shows a concave increase in Grt1 (ὢ ), follow by a nearly constant content in Grt2 ὢ ) 

and a slight increment in Grt3 (ὢ ). The chemical map reveals no significant changes in 

pyrope content and a typical bell shape decrease in spessartine, with an almost constant 

content towards the rim (Fig. 2.6d).  

2.3.2 Thermobarometry 
To determine the peak metamorphic conditions, we combined classic geothermobarometry 

utilizing mineral pairs or assemblages and thermodynamic isochemical phase modelling. We 

applied the garnet-biotite Fe-Mg exchange geothermometer (Perchuk & Lavrentôeva, 1983) 

on eleven samples and the Ti-in-Biotite geothermometer (Henry et al., 2005) on thirteen 
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samples across the ISB (Table 1.1). The calibration from Perchuk & Lavrentôeva, (1983) was 

applied to be consistent and comparable with results from Rollinson (2002). 

 

The temperature range (470-570 °C) and mean values (490-530 °C) derived from the 

exchange thermometer using garnet (cores) and biotite inclusions show no systematic 

increase in temperature from the northeast to the southwest (Fig. 2.7a). The mean values of 

samples are very similar throughout the belt. For six of these samples (714-5A, 715-9, 717-

5F, 715-16, 717-5, 725-4A and 801-4), we obtained the chemical composition for inclusion-

host mineral pairs along overall profile transects, which suggest an increase in temperature 

from core to rim that is typically not greater than 50 °C (Figs. 2.4h & APP-A4) in all the 

Figure 2.6 Geochemical characterization of spiral-like garnet in sample 714-5E. (a) Grossular 

content calibrated map and (b), (c), (d) compositional transects generated with XMapTools (Lanari 

et al., 2014). (c) Comparison of the different garnet zones composition presented in this work with 

Gauthiez-Putallaz et al. (2020) data. 
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samples except 717-5F and 715-9, where the increment in temperature from core to rim is 

>60 °C, ranging from 505-589 °C and 468-535 °C, respectively. Modelled temperatures 

using inclusion-poor rim analyses of garnet and adjacent matrix biotite generally returned 

temperatures <550 °C, which are typically lower than those recorded in the cores (Fig. 2.7b), 

with the exception of sample 725-2c that returned mean temperatures of 487 °C in the core 

and 544 °C in the rims (Fig. 2.7b).  

Temperatures obtained with the Ti-in-Bt geothermometer (Henry et al., 2005) range from 

510°C to 650°C (Fig. 2.7a & APP-A5) with the highest values returned from samples that are 

poor in ilmenite (e.g. 717-5) or with a low number of analysis (e.g. 729-1B, 720-8 and 730-

2A; n<4). Apart from the samples showing temperatures in excess of 610 °C, the mean 

temperature modelled for the rest of the biotite analyses in different ilmenite-rich rocks 

ranges from 540-590 °C (Fig. 2.7a). Again, modelled temperatures yield no clear spatial 

pattern of systematic increase in temperatures in any direction such as North versus South, 

East versus West of ISB (Fig. 2.7a, Fig. APP-A5). The values were obtained mainly in biotite 

crystals that are part of the peak assemblage and that make up the main foliation of the rocks 

Figure 2.7 Classical geothermobarometry plots showing the mean (symbols with error bars) and 

range of (boxes) temperature values for garnet-biotite calculations (Perchuk & Lavrentôeva, 

1983) and mean values returned from the Ti-in-Bt geothermometer (Henry et al., 2005) 
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(e.g. Fig. 2.4d, APP-A1a, d, f) and some as inclusions in garnets (e.g. Fig 2.4h), with no clear 

temperature difference among these groups. 

A total of eight isochemical phase diagrams have been calculated using the Perple-X software 

(Connolly, 2005; ver. 6.8.6) and the database of Holland & Powell (2011, sd622). The 

calculations were performed in the MnNCKFMASHTO system for the meta-felsic volcanics 

and metapelitic rocks and in the NCKFMASHTO system for the amphibolites. More detailed 

specifications regarding the use of activity models and input parameters, as well as 

methodology for the bulk-rock composition are listed in Appendix A and the compositions 

are reported in Ramírez-Salazar et al. (2020b) and shown in tables A1 and A2. Results reveal 

that the overlap of stability fields covering the observed mineral assemblages do not show 

any systematic increase in pressure and/or temperature as a function of their spatial 

distribution (Figs. 2.8, 2.9 & A6). Most of the samples converge in a range of 0.5-0.7 GPa 

and 550-600 C (Fig. 2.9a). However, the stability fields of the two southernmost samples 

(725-2c and 725-3a) display higher temperatures from 585 to 625 C and up to 700 C for 

725-3a, with similar pressure values as the other samples (Fig. 2.8e, f). To further constrain 

the stability conditions of the individual mineral assemblages, we plotted chemical isopleths 

for garnet compositions and other minerals from samples 714-5E (Fig. 2.9c) 17725-2c (Fig. 

2.8d) 17725-3A (Fig. 2.8f), as well as the modal isopleths for sample 17714-5A (Fig. 2.8b). 

Here, we assume that the whole-rock composition of the samples and the selected a-x models 

are suitable for modelling the composition and abundances of the mineral in the rocks as 

isopleths; in that case, isopleths plot within or very close to the stability peak assemblage, 

possibly further limiting the stability of the rock within larger fields (e.g., Fig. 2.8 b, e, f & 

Fig. 2.9c). We also assume that the parameters used are suitable for modelling the evolution 

of the garnet cores, meaning that the intersection of the garnet end-member isopleths will 
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define small P-T fields under which garnet grew, which could be different from those for the 

peak metamorphic assemblage (Fig. 2.9c).  

 

Figure. 2.8 Isochemical phase diagrams calculated using Perple_X (Connolly, 2005) in the MnNCKFMASHTO 

system with exception of samples 725-3a and 731-2A, calculated in the NCKFMASHTO system. All the phase 

diagrams were calculated assuming a water saturated system and Fe2O3 = 5% (See table A2). All fields contain quartz. 

Mineral abbreviations are after Whitney & Evans (2010). From (a) to (f) samples are arranged from northernmost to 

southernmost. 
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For sample 714-5A, the peak assemblage stability field indicates pressures of 0.36-0.68 GPa 

and temperatures of 540-610 °C (Fig. 2.8b), essentially reflecting the same temperature range 

obtained by garnet-biotite and Ti-in-Biotite geothermometry for the same sample (Fig. 2.8b, 

Fig. 2.7a). The modal isopleths for garnet, plagioclase, and amphibole plot within the stability 

field of the peak assemblage (dotted lines in Fig. 2.8b), showing that the a-x models used 

reproduce well the abundance of the minerals in the rock. Apart from pyrope, the rest of the 

end-members intersect in relatively small areas within the peak stability field (not shown). 

  

Metapelite sample 714-5E is part of the same outcrop as sample 714-5A with no visible 

tectonic break between the two units. The equilibrium fields of these two samples and sample 

714-5F, which also forms part of the same outcrop, overlap at 0.55-0.68 GPa and 550-590 °C 

(Fig. 2.9c), suggesting this is the range of peak conditions. We used the mean composition of 

the garnet core (Grt1) and garnet annulus (Grt2) to plot the end-members isopleths of the 

solid solution (Fig. 2.9c). Garnet compositional profile shows an increase in grossular content 

Figure 2.9  a) Overlap of all the stability fields of the calculated isochemical phase diagrams and 

(b) their schematic positions in the eastern arm of the ISB; samples 714-5A, 714-5E and 714-5F are 

from the same locality. (c) Stability fields created by the intersection of the garnet end-members for 

the core and annulus of garnet in samples 714-5-5E, suggesting a tentative isothermal path. 
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from core to annulus and decrease in spessartine content (Fig. 2.6). In the plot illustrating the 

compositional intersection between Grt1 and Grt2, the four garnet end-members isopleths 

define two narrow fields at 550 °C, with the intersection for Grt2 suggesting slightly higher 

pressures (Fig. 2.9c). Both compositions plot at lower pressures than the field equilibrium 

assemblage of the rock, within a stability field with mineral assemblage showing Chl + Grt + 

Bt + Pl + Ilm + Qz. We note that the garnet core does show abundant inclusions of quartz and 

minor inclusions of ilmenite, chlorite, and plagioclase. These findings suggest that the onset 

of garnet growth forming the core started at lower pressure conditions (å0.4 GPa) followed 

by a nearly isothermal increase to form the mineral peak equilibrium assemblage (å0.65 GPa; 

Fig. 2.9c). 

An isochemical phase diagram calculated for sample 725-2c (Fig. 2.8e), collected near the 

contact to the 3.7 Ga TTG in the southernmost part of the belt, shows a stability peak 

assemblage ranging from 600 °C to >700 °C with similar pressures (0.4-0.7 GPa) as the 

samples collected further to the north (Fig. 9a). We calculated the isopleths for the garnet 

end-members of the garnet core which define a narrow region ~580 °C and 0.5-0.7 GPa, 

plotting next to the stability field of the peak assemblage (green, yellow and purple bands in 

Fig. 8e). In contrast, the XMg biotite isopleths (pink band in Fig. 8e) overlap within the peak 

stability field of 600-630 °C, suggesting that this range as the maximum temperature the 

sample achieved.  

Garnet-amphibolite sample 725-3a, collected just north of meta-felsic volcanic sample 725-

2c (Fig. 1), apparently shows the highest metamorphic conditions in all the samples. The 

stability field of the peak assemblage expands from 550 °C to 700 °C, showing similar 

pressures as the other samples from 0.45- 0.68 GPa. The isopleths for anorthite content in 

plagioclase, Ca content in amphibole (blue and cream bands respectively in Fig. 2.8f), and 
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garnet end-members intersect (green, red and yellow bands in Fig. 2.8f) within the stability 

field of the peak assemblage at temperatures >600 °C (Fig. 2.8f)  

2.4 Discussion 

2.4.1 General tectonometamorphic evolution of the ISB ï a reappraisal 
The detailed petrographic descriptions and metamorphic analyses presented in this work 

emphasize the complex textural-chemical relationships displayed in the rock record of the 

ISB, which essentially is the product of a poly-metamorphic history. Reading the rock record 

of such a geological setting is challenging and likely responsible for the existing 

contradictions in previous studies as outlined above. Based on our observations, we propose 

the occurrence of two medium temperature metamorphic events, followed by a pervasive 

low-temperature retrogression in the presence of variable amounts of fluid irrespective of 

terrane association and N-S location, whose characteristics we summarize below and 

illustrate in figure 2.10.  Even though we only present data from the well exposed eastern arm 

of the belt and mainly from the northeastern part, we assume our interpretations to be valid 

for the entire Isua supracrustal belt.   

The first event (M1) is recorded in most of the ISB rocks and is characterized by a distinct 

foliation and SE-plunging lineation with amphibolite facies mineral assemblages (Table 1.1) 

and common appearance of garnet and amphibole porphyroblasts (Fig. 2.10a). Along the ISB 

from northeast to southwest, most samples display syn-tectonic inclusion-rich garnet cores, 

sometimes represented by curved (Fig. 2.4c) or spiral-like (Fig. 2.4e) inclusion trails that 

continue to the external foliation or sigmoidal garnets (see also Zuo et al. 2021b). The 

common appearance of post-tectonic, inclusion-poor euhedral overgrowth rims marks the 

late, apparently static, medium-temperature metamorphic event (M2; Fig. 2.10b), which has 

been reported to be ubiquitous everywhere in the belt (Rollinson, 2002, 2003). Some 

microstructures, like the calcite vein where euhedral garnet grows away from the walls (Fig. 
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2.5a), suggest that this second generation of garnet growth might have been mediated by 

fluids in some parts of the belt.  

 

As documented here and in existing studies (Rollinson, 2002, 2003), garnets in the Isua 

samples show a remarkable range of micro-structures (Fig. 2.4 & APP-A1), as well as 

chemical zoning patterns (Fig. 2.6). Rollinson (2002) and other studies have linked them to 

up to three different medium-temperature metamorphic events: two in the early Archean and 

one in the late Archean (Rollinson, 2002, 2003; Gauthiez-Putallaz, 2020). Gauthiez-Putallaz 

et al. (2020) reported four chemical zones using major (Fig. 2.6e) and trace elements and ŭ18O 

that match micro-structural zones. The authors interpret that the core of their garnets (GrtI) 

represent an early Archean event at 550 C and the garnet annuli (GrtII&III ) represent later 

Eoarchean metamorphism at 610 C and 0.60 GPa (Fig. 2.2), whereas the inclusion-poor rim 

(GrtIV) recorded final post-tectonic event in the late Archean (Fig. 2.2). Garnets in sample 

Figure 2.10. Metamorphic evolution of the ISB and schematic representation the characteristics of 

the three different metamorphic events reported in this Chapter. P-T diagrams show tentative P-T 

paths. Samples studied show signatures of these three different events irrespective of their location 

within the belt. 
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714-5E shows very similar major element zoning pattern, with three zones predominantly 

marked by the change in Ca composition (Fig. 2.6). Our sample and sample G12/113 of 

Gauthiez-Putallaz et al. (2020) were collected within 50 m of each other and have similar 

bulk rock composition and mineralogy, and thus can be assumed to have experienced the 

same tectonic history. When the compositions of the different zones within the garnets are 

compared, it is clear that they follow a similar pattern: the garnet cores form a separate 

compositional group in the ternary diagram of Py+Alm-Gro-Sps (Fig. 2.6e), showing that 

they represent the same metamorphic event in both samples. The annuli and rim of both 

garnets also show similar trends (a relative Alm+Py enrichment towards the rim; Fig. 2.6e) 

suggesting that the different zones recorded similar processes in both samples.  However, we 

argue that the inner zones core-annuli (Grt1-2 this chapter and GrtI-III , Gauthiez-Putallaz et al., 

2020) represent only one tectono-metamorphic event (M1) instead of two based on our 

chemical-microstructural analysis (Fig. 2.10a). Note that the inclusion trail in the garnet 

shows a remarkable continuity from the core to the annuli (Fig. 2.4e,f and 2.6a), suggesting 

that they grew during a continuous deformation event so that the outline of the crystal shape 

would likely have followed the end of the inclusion trails. The observed chemical zonation 

pattern is not necessarily the product of different metamorphic episodes for garnet core, 

annuli, and the inclusion-poor rims, instead the observed chemical changes could be 

explained by the prograde path of the rock (see below) or by prolonged solid state diffusion. 

For example, an initial garnet with chemical growth zoning that is overgrown by an 

inclusion-free rim and experiencing diffusive re-equilibration is likely to produce a similar 

zoning pattern, where the original garnet grain boundary is obscured by diffusional re-

equilibration. Examples of distorted zoning patterns following episodic overgrowth and 

diffusive relaxation are well documented for magmatic settings (e.g. Kahl et al., 2015) and 

are very likely to occur at prolonged amphibolite facies conditions (Müller et al., 2013). We 
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note, however, that more work regarding specific diffusion models would be necessary to 

confirm this interpretation. In summary, we interpret the observed microstructures and 

chemical zoning to only represent two distinct medium-high temperature events (M1 and M2 

in Fig. 2.10) that might have experienced some diffusive re-equilibration rather than three 

distinct events. 

Notably, Arai et al. (2015) suggests that retrogression in the ISB is negligible, whereas our 

results clearly demonstrate that, late low temperature retrogression forming mainly chlorite, 

muscovite, sericitization, and calcite (Fig. 2.4) are commonly observed features across the 

belt, thus defining a distinct retrograde metamorphism (M3; Fig. 2.10c) for the ISB, which is 

tightly linked to local presence of external fluid infiltration, suggested by the presence of 

calcite (Fig. 2.5a, b) and chlorite veins (Fig. 2.5f). Chlorite is one of the most abundant 

retrograde minerals in the studied samples: it occurs as individual grains or in veins cross-

cutting and/or overgrowing the M1 and M2 assemblages (Fig. 2.5c, f, g). Interestingly, 

chlorite also mimics the foliation replacing biotite in various samples (e.g. Fig. 2.5e). 

Retrogression and this type of chloritization are especially pronounced in the northeastern 

part of the ISB with an extreme example in sample 729-5, where biotite is pseudomorphing 

post-tectonic garnets revealing low-medium temperature retrogression (M3a; Fig. 2.5g), 

followed by a nearly complete chloritization (M3b) of the rock (Fig. 2.5h). These data are 

good examples of how retrogression can obliterate the peak assemblages while preserving the 

original fabrics (Fig. 2.10c). We note that the distinction between potentially prograde 

chlorite and retrograde chlorite mimicking the foliation in the belt might be difficult to 

differentiate without more detailed observations, thus leading to the erroneous conclusion of 

an existing metamorphic gradient from the north, where retrogression is more pronounced, 

towards the south, which dominantly records the peak conditions most likely due to limited 

or even absence of external fluid infiltration. Thus, we argue that the greenschist 
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assemblages, previously reported as prograde in the northern part of the belt, are essentially 

the product of poor preservation through enhanced metasomatism/retrogression (Fig. 2.10c), 

and that the proposed medium P/T gradient (Arai et al., 2015) is likely a record of greenschist 

facies alteration rather than a record of southward-increasing peak metamorphic conditions. 

This interpretation is also supported by field observations that document enhanced alteration 

and metasomatism reflected in an increase in quartz-calcite vein density (Webb et al., 2020) 

2.4.2 Quantitative P-T constraints 
Both quantitative and qualitative P-T data have been published for the ISB and related rocks 

by various groups (Boak & Dymek, 1982; Dymek et al., 1988; Nutman et al., 2013, 2020; 

Arai et al., 2015). However, a discussion about the nature and extent of the observed 

differences in these estimations is still elusive. In this section, we discuss our P-T results in 

the light of previously published data. 

Classic geothermometry (Fig. 2.7) and phase equilibria modelling (Figs. 2.8 and 2.9) 

demonstrate a consistency of P-T values recorded by the rocks across most of the ISB. From 

north to south, the samples reveal similar temperatures when applying the garnet-biotite 

geothermometer (Fig. 2.7), and our results fall within the same range as previous garnet-

biotite calculations for the Eoarchean (Fig. 2.1, 510-650 C; Boak & Dymek, 1982; 

Rollinson, 2002). Nevertheless, the results tend to return lower values than those reported by 

Rollinson (2002), although both studies applied the same calibration of Perchuk & 

Lavrentôeva (1983). This could potentially be the consequence of increased late stage 

alteration being more pervasive in our samples. To complement our thermometry dataset, we 

also applied the Ti-in-Bt geothermometer (Henry et al., 2005) to our samples. However, these 

results (Fig. 2.7, Fig. APP-A6) should be considered with caution as the geothermometer was 

empirically calibrated in ilmenite/rutile-bearing metapelites, and most of our samples cannot 

be classified as this type of lithology, although most samples do show titanium saturation 
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(e.g. significant presence of ilmenite; Table 2.1). For comparison, we also applied the 

thermometer to five ilmenite-bearing metapelites reported by Boak and Dymek (1982), 

obtaining temperatures ranging from 558-580 C (Fig. 2.1). The mean temperature for most 

of our samples fall within this range, indicating that our Ti-in-Bt results (Fig. 2.7) are 

generally a good proxy for the peak conditions of the ISB confirming a homogeneous 

distribution of metamorphic conditions throughout the belt.  

Thermodynamic modelling of our samples reveals that most of the modelled stable 

assemblages overlap at 0.5-0.7 GPa and 550-600 C (Fig. 2.9a), which we interpret as the 

best estimation for the peak syn-tectonic metamorphism of the entire ISB (M1; Fig. 2.10a). 

These conditions are consistent with the Ti-in-Bt and the highest garnet-biotite values (Fig. 

7), as well as previous estimations (Boak & Dymek, 1982; Rollinson, 2002). However, two 

samples collected from the southernmost part of the belt (725-2c and 3a) show higher 

temperature conditions (> 600 C; Fig. 2.8e, f). On the one hand, isopleth thermometry in the 

meta-felsic volcanic sample 725-2c suggests that the garnet core equilibrated at 570-600 C at 

pressure > 0.5 GPa and that the possible maximum temperature of equilibrium is 625 C, 

according to biotite isopleth and the peak equilibrium assemblage (Fig. 2.8e). On the other 

hand, the thermodynamic modelling of the garnet-amphibolite sample 725-3a, collected from 

adjacent to the 3.7 Ga tonalite and less than 0.5 km to the east of sample 725-2c, shows a 

peak assemblage equilibrium field that expands from 550-700 C at similar pressures to the 

rest of the samples (0.5-0.7 GPa; Fig. 2.8f). Moreover, most of the element isopleths for 

different minerals in the sample (e.g., amphibole, plagioclase, and garnet; colored bands in 

Fig. 8f) intersect this stability field at T> 625 C, suggesting significantly higher temperatures 

than those recorded in the rest of the samples. Notably, the outcrops of samples 725-2c and 

725-3a are located relatively close to each other (Fig. 2.1), and we take a conservative 

approach to assume both of the samples experienced similar peak metamorphic conditions 
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ranging from 570-625 C at 0.5-0.7 GPa, falling in the same P-T range as the rest of the 

rocks. This is consistent with the quartz fabric thermometer applied to sample 725-2c, 

calculating deformation temperatures ranging from 500-650 C (Zuo et al., 2021b). The fact 

that the pressure estimations are consistent throughout the belt from north to south suggests 

that the rocks were subjected to similar burial conditions during the syn-tectonic 

metamorphism and that the apparent slightly higher temperatures recorded only in the 

southernmost samples are most likely to be a consequence of uncertainties in the 

thermodynamic models or potentially local slightly anomalous higher heat influx rather than 

reflecting a distinctly different tectonic environment. In general, the syn-tectonic 

metamorphic record (M1) of the Isua supracrustal rocks reveals a dominance in amphibolite 

facies metamorphism with no clear spatial metamorphic gradient (Fig. 2.9a, b).  

The combination of the compositional garnet profiles and the thermodynamic modelling 

potentially provides insights into the prograde evolution of M1. As discussed in previous 

sections, the sharp compositional changes in the garnets clearly record the same deformation 

event as shown by the microstructures preserved in sample 714-5E (Fig. 2.4e, f and 2.6a). 

The chemical zoning then could be a consequence of the metamorphic path experienced by 

the rock and/or late diffusion. Gauthiez-Putallaz et al. (2020) already suggested an increase in 

pressure from core to annuli based on the lack of Eu negative anomaly in the annuli, which is 

indicative of plagioclase being consumed, typically associated to the increase in pressure (e.g. 

Spear et al., 1991). We plotted the mean composition (intersection of compositional 

isopleths) of Grt1 (core) and Grt2 (annulus) for sample 714-5E. The narrow stability field for 

the garnet core plots at lower pressures than, but similar temperatures to the annulus, 

suggesting that the samples experienced a near isothermal prograde path from 0.40 to 0.65 

GPa at ~580 C (Fig. 2.9c & 2.10b). Spear et al. (1991) stated that garnet growing in 

equilibrium along an isothermal prograde path in a classic metapelite would show 
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compositional profiles with increasing grossular component and to a lesser extent, almandine 

content, accompanied by a decrease in the spessartine component and a near flat profile of 

pyrope. These predictions are remarkably similar to the observed compositional profile of the 

spiral-like garnet in the metapelite sample 714-5E (Fig. 2.6). However, given the 

uncertainties on the thermodynamic activity models, the apparent differences in pressure 

determinations within garnet core and annulus might be the artificial product of chosen 

parameters for the modelling and further work is needed to test the validity of this 

interpretation.  

The garnet euhedral rimsïmatrix biotite pairs provide thermal constraints for the conditions 

of garnet overgrowth (M2). The calculated temperatures here range from 470-580 C, with 

most of the values < 540 C (Fig. 2.7b), which might be the best estimate and in agreement 

with previous studies that report similar results (Fig.12.; Boak & Dymek, 1982; Rollinson, 

2002, 2003; Gauthiez-Putallaz et al., 2020). Gauthiez-Putallaz et al. (2020) report post-

tectonic garnet rims in the metapelites to show negative Eu anomaly, suggesting plagioclase 

crystallization during M2. According to our thermodynamic modelling, plagioclase in the 

metapelites at T < 540 ° C appears at pressures <0.5 GPa (Fig. 2.8c & APP-A6a) putting a 

maximum limit to the pressure conditions of M2 (Fig. 2.10b). For M3 we did not obtain any 

quantitative data for the P-T conditions, however, the prevalence presence of (upper) 

greenschist facies minerals such as chlorite, sericite and calcite suggest temperatures <500 °C 

(Fig. 2.10c) for the retrograde metamorphism. 

2.4.2.1 Comparison with previous interpretations of the metamorphic record of the ISB 

Our results for the peak metamorphic conditions of M1 contrast the interpretation of Arai et 

al. (2015) who suggest that the northeastern part of the belt could be divided into four 

different zones (A-D, Fig. 2.1), with zone A and B showing upper greenschist facies 

assemblages (<500 C and <0.6 GPa). While we did not quantitatively study samples from 



64 

 

zone A, our qualitative petrographic results and field data (Webb et al., 2020) clearly 

demonstrate that some samples experienced very pervasive retrogression in zone B (e.g. 729-

5, Fig. 2.5g, h) and that retrograde greenschist facies minerals such as chlorite can mimic the 

foliation (Fig. 2.5e). Therefore, calculated greenschist conditions could actually represent the 

retrograde metamorphism (M3; Fig. 2.10c) for zone B, which we assume is also true for zone 

A. Here, our modelled isochemical phase diagram from sample 729-1B suggests that the 

proxy temperatures from Ti-in-Bt in sample 729-1A and 729-1B, in addition to quartz fabric 

thermometry presented in the corresponding part of this study (Zuo et al., 2021b), all agree 

with T >550 C  for samples located in zone B and thus showing similar conditions to those 

reported for zones C and D by Arai et al. (2015). However, Arai et al (2015) also reported P-

T estimations for three samples in zone C and three in zone D (Fig. 2.1) using isochemical 

phase diagrams and concluded that there is an increase in both pressure and temperature from 

zone C (0.4-0.7 GPa, 500-600 C) to zone D (0.5-1.1 GPa, 540-800 C). Careful inspection of 

the diagrams, however, reveals that only a single calculated stability field of a reported 

mineral assemblages (sample K755, located in the 3.8 Ga belt) extends to pressures and 

temperatures higher than 0.8 GPa and 650 C. All mineral assemblages reported for zone C 

and D overlap around 550-600 C and 0.5-0.7 GPa (Fig. 12 in Arai et al, 2015), which is 

indistinguishable from the range of conditions presented in this work. As such, the results of 

Arai et al. (2015) show no clear systematic increase in metamorphic conditions, and hence 

there is no clear evidence of a metamorphic gradient from north to south, in consonance with 

our results.  

The data presented here, and the spatial resolution given by our samples does not a priori rule 

out an increase in pressure and temperature towards the center of the 3.70 Ga TTG body 

(Nutman et al., 2013) nor the record of paired metamorphism interpreted from the 

TTGs/zircon chemistry and granulites (Nutman et al., 2020). However, our results 
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convincingly demonstrate that both the 3.7 Ga and 3.8 Ga belts record similar peak 

conditions for M1, arguing that at least for the supracrustal rocks there is no clear 

metamorphic gradient. Moreover, we propose that the chemical record of the TTGs/zircon 

and the mineralogy of the granulites of the IGC can be explained in simpler terms with the 

available data reported in the literature and that they do not necessarily recorded paired 

metamorphism. Using Isua tholeiitic basalts as starting composition and phase equilibria 

modelling, Hoffman et al. (2019) showed that melts in equilibrium with garnet and rutile 

formed at 1.3 GPa and 885-1020 C, and melts in equilibrium with orthopyroxene-granulites 

that formed at 0.8 GPa and 870-980 C would have a similar major and trace element 

chemistry as observed in the natural TTG samples of the Itsaq Gneiss Complex. In their 

model, the stability field of the orthopyroxene-granulites expands up to 1.1 GPa (Fig. APP-

A7, check also Fig. 3 in Ramírez-Salazar et al., 2022), suggesting that tonalites with no 

garnet signature can be produced in T/P gradients as low as 800 C/GPa, while those with 

residual garnet would have been generated at T/P å700 C/GPa (Fig. APP-A7). Therefore, (1) 

the presence or absence of a garnet signature in the tonalite/zircon chemistry does not 

necessarily represent two very different gradients (<500 vs >1000 C/GPa, respectively); and 

(2) the geochemical record of the plutonic bodies, as well as the appearance of a garnet 

granulite and an orthopyroxene granulite could be easily explained within a much narrower 

P-T field (Fig. APP-A7) with a gradient ranging from å700 to å900 C/GPa. This range is in 

agreement with independent estimations (e.g. Gardiner et al., 2019) and fall within the 

gradient obtained from our peak mineral conditions. While our analyses benefit from 

geologically-constrained data within Isua and the Itsaq Gneiss Complex, Nutman et al. (2020) 

uses a more generalized approach applying simplified mineral reactions in P-T space as well 

as a simplified estimate of the general parent material composition (MORB) that may or may 

not be appropriate to represent geochemical and mineralogical characteristics of the Archean 
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record protolith (e.g. Smithies et al., 2009; Johnson et al., 2017). We therefore conclude that 

more detailed P-T data is needed for the samples reported by Nutman et al. (2020) to be able 

to retrieve and compare changes in their metamorphic record and, most importantly, assess 

the possible presence or absence of paired metamorphism.  

2.4.3 Implications for the tectonic evolution of the Isua supracrustal belt 
 

The data and discussion presented in this work have profound implications evaluating the 

validity of the three different tectonic models that are currently put forward for the evolution 

of Isua (Fig. 2.3). Two variants of horizontal tectonic models interpret the pervasive 

deformation and metamorphism throughout the ISB as a product of subduction and/or 

collision of the 3.7 Ga and 3.8 Ga belts (Fig. 3a, b; Komiya et al., 1999; Nutman & Friend 

2009; Arai et al., 2015). Both predict, accordingly, the development of a systematic 

metamorphic gradient across the area (Nutman et al., 2013, 2020; Arai et al., 2015). 

However, petrography and extracted P-T constraints presented here are inconsistent with any 

north-south metamorphic gradient predicted by the south-dipping subduction model (Model 

A, Fig. 3a; Komiya et al., 1999; Hayashi et al., 2000; Arai et al., 2015). The limited thickness 

of the belt and the distribution of our samples precludes the necessary spatial resolution of P-

T data to adequately test the existence of an east-west gradient towards the interior of the 3.7 

Ga TTG and with that the viability of the north-dipping subduction model (Model B, Fig. 3b; 

Nutman et al. 2013). Notwithstanding, our results confirm amphibolite conditions for the 3.8 

Ga part of the belt which contrast the reported greenschist facies peak conditions for this belt 

based on field observations (Nutman et al. 2013). Model B argues further that the garnet 

cores in the 3.7 Ga belt record a different tectono-metamorphic event (Gauthiez-Putallaz et 

al., 2020), related to the formation of a 3.7 Ga proto-arc in a subduction zone (Nutman et al., 

2015). However, this studyôs garnet analyses results offer an alternative, more prudent 

interpretation of the different core-annuli garnet domains, suggesting that they do not 
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necessarily reflect different tectonic events, but rather a continuous metamorphic-deformation 

episode. Furthermore, our evidence is consistent with homogenous metamorphism all along 

the belt rather than a systematic metamorphic gradient. In summary, our results and existing 

geochemical, isotopic, and structural data could be equally, if not better be explained by the 

predictions of non-uniformitarian models. 

Vertical tectonic regimes such as the heat-pipe model (Moore & Webb, 2013) predict that the 

ISB was emplaced as a continuous volcano-sedimentary sequence formed by rapid 

resurfacing events and subsequent crustal melting to generate the TTGs (Webb et al., 2020). 

This model (Fig. 2.3c) provides a scenario consistent with the data presented here as well as 

reported field relationships. The model predicts an amphibolite facies metamorphism across 

the entire ISB, that was syn-tectonic to deformation related to shearing that folded the 

volcano-sedimentary sequence (Fig. 2.3c, 2.10a) which is inferred by the A-type fold 

geometry of the ISB (Webb et al., 2020). Additional support for the viability of a heat-pipe 

like model are the following observations: (1) the model allows for the formation of a stable 

crust necessary to generate the reported multiple melting events directly related to TTG 

emplacement (Hiess et al., 2011; Hoffmann et al., 2014); (2) nearly non-existent 

contamination of the igneous rocks consistent with the efficient extrusion of hot materials 

envisaged (Polat et al., 2002); (3) rapid resurfacing and burial inhibit the sedimentary 

recycling of the older units and allows for continuous basalt-surface water interactions that is 

required to produce the oxygen isotopic composition of the TTG zircons from melting of a 

deep seated hydrated basaltic source (Hiess et al., 2009). Furthermore, A-type folding 

explains the two opposing shear sense and the quasi-homogenous strain intensities recorded 

in the macro- and micro-structures across the belt (Zuo et al., 2021a). Thus, in summary, we 

argue that the syn-metamorphic record of the ISB is more easily explained with the 

predictions of heat-pipe model rather than a plate tectonic scenario which would predict 



68 

 

significant spatial differences in recorded peak metamorphic grade both in temperature and 

pressure. However, as expected by the constraints of the heat-pipe model, a previous burial 

metamorphism must have affected the ISB. The microstructures and minerals of this earliest 

recorded event (Pre-M1, Fig. 2.10a) were probably completely recrystallized and replaced 

during the pervasive syn-tectonic deformation, but some relics might have been preserved in 

the cores of some of the garnets exhibiting randomly oriented inclusions (Fig. 2.4b, APP-

A1f). Further studies on those cores could give inside on the changes in pressure from the 3.7 

Ga to the 3.8 Ga belts, to test the model of a continuous thickened supracrustal sequence.  

2.5 Conclusions 
 

The ISB is one of the best preserved >3.5 Ga terranes and its study has been crucial to our 

understanding of Early Earth processes. However, the nature of its metamorphic record has 

long been overlooked, despite it being key to understanding the tectonic evolution of the belt. 

Our comprehensive study on the metamorphism of the ISB provides new micro-structural and 

thermobarometric data that allows us to reconcile previously published interpretations and 

contradictions of the metamorphic history of the ISB. Our study shows that: 

¶ Petrographic observations shed light on the problem of preservation of the 

metamorphic record. Our observations reveal significant overprinting of peak 

assemblage by retrograde minerals while preserving the original fabrics (e.g. 

the penetrative external foliation, Fig. 2.5e & 2.10c). Such selected 

preservation may have led to previous misinterpretations of the metamorphic 

record. 

¶ The combination of micro-structural analysis and chemical zoning applied to 

garnet offers a simpler explanation for the different compositional zones 

within garnet typical of the ISB, showing that the core and annuli grew during 

a continuous tectono-metamorphic event (Fig. 2.10a), followed by a post-
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tectonic metamorphism recorded in garnet rims overgrowing the syn-tectonic 

fabrics (Fig. 2.10b).  

¶ The ISB experienced at least three distinct metamorphic events recognisable 

throughout the belt (Fig. 2.10): a M1 event defined by nearly homogeneous 

syn-tectonic amphibolite facies metamorphism with peak conditions at 550-

600 °C and 0.5-0.7 GPa ; a M2 lower amphibolite facies (<540 °C and <0.5 

GPa) post-tectonic thermal event; and a M3 event(s) defined by (upper) 

greenschist facies (<500 °C ) pervasive retrograde metamorphism associated 

with local brittle failure and fluid infiltration.  

¶ The metamorphic and geological records of the ISB are consistent with non-

uniformitarian, pre-plate tectonic models. 

Our findings on the poly-metamorphic history of the ISB do not necessarily exclude the 

possibility of horizontal movements during its evolution. However, the metamorphic 

evidence presented in this work and previously published data argue that the early Archean 

evolution of the ISB is consistent with a regime dominated by heat-pipe tectonics (Fig. 1.3b). 

Thus, the ISB provides direct evidence that the Early Archean geodynamics was distinct to 

that of modern Earth. We stress that, despite the evidence presented here, a more detailed and 

spatially constraint P-T-X-d-t evolution of the ISB, as well as petrochronological constraints 

on the different metamorphic events are necessary develop a time constraint tectonic model 

for Isua. 
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Chapter 3. Quantitative microstructural and chemical analyses 

reveal compositional and mineralogical effects on inclusion-rich 

garnet growth in medium-grade rocks: An example from the Isua 

supracrustal belt, Greenland 
 

This chapter will be submitted to the journal Contributions to Mineralogy and Petrology. I 

will be the first author of this contribution with Sandra Piazolo, Thomas Müller, Dominik 

Sorger, Jiawei Zuo, Joyjit Dey, A. Alexander G. Webb, and Peter J. Haproff as co-authors. I 

was responsible for conceptualization, manuscript writing, most of the data collection (apart 

where it is indicated below), data processing, figures, and data analysis. Sandra Piazolo and 

Thomas Müller supervised and were involved in the conceptualization. Sandra Piazolo and 

Joyjit Dey collected the EBSD data. Dominik Sorger obtained the high-resolution images of 

the thin sections. Jiawei Zuo obtained the SEM compositional maps. Sample collection was 

made by Thomas Müller, A. Alexander G. Webb, Jiawei Zuo and Peter Haproff. All authors 

participated in editing. 

Abstract 

Factors controlling inclusion-rich garnet growth is a topic rarely discussed in the literature, 

despite their common occurrence in medium-grade metamorphic rocks. Garnets of the 

Eoarchean Isua supracrustal belt show a diversity of microstructures, internal morphologies, 

chemical and crystallographic orientation patterns, even though P-T and finite strain within 

the belt were largely homogenous.  Two garnet types can be distinguished: Type-I garnets are 

inclusion rich, hence ñskeletalò, show irregular internal morphologies with thin 

interconnected garnet branches often closely mimicking pre- syn-metamorphic foliations. 

Patchy chemical zoning is coupled with changes in crystallographic orientation. Type-II 

garnets have lower proportions of inclusions than type I garnet (<40% vs > 60%), therefore 

classified as ñnon-skeletalò. They exhibit concentric chemical zoning and sharp boundaries 
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between zones suggesting a continuous euhedral growth. Crystallographic orientation 

changes within individual garnet grains are less pronounced than in Type I garnets.  

Our analyses shows that rocksô mineralogy, (local) composition and microstructures play an 

important role in determining which garnet type is present. The chemical signature is highly 

dependent on the local equilibrium volume for Type I garnets; therefore, such garnets should 

be used cautiously for metamorphic interpretations such as geothermobarometry. This type of 

garnets appears to be more common in felsic rocks. On the other hand, Type-II garnets 

present larger scale equilibrium features such as concentric chemical zonation, consequently 

application of different geothermobarometric tools and garnet growth modelling can provide 

more meaningful information.   

According to our results the documented diversity of inclusion-rich garnet microstructures is 

not the result of different tectonostratigraphic sequences or multiple metamorphic events 

expected if the tectonometamorphic evolution ISB signatures was related to plate tectonics as 

we know it today. 

3.1. Introduction   
 

Inclusion-rich garnet porphyroblasts are common in medium-grade metamorphic rocks (e.g., 

Spear and Daniel, 2001; Yang and Rivers, 2001; Rollinson 2002; Wilbur and Ague, 2006; 

Whitney et al., 2008; Faleiros et al., 2010; Staples et al., 2013; Dempster et al. 2020; George 

and Gaidies, 2020). Such inclusion-rich garnets are commonly used to decipher the 

deformation history of rocks as the geometric relationships between internal, inclusion-

defined foliations and external foliations are directly related to pre-, syn-, post-tectonic garnet 

growth (e.g., Bell and Johnson, 1989; Johnson, 1999; Passchier and Trouw, 2005; Robyr et 

al., 2007). The included phases may provide information of the early stages of the rocksô 

tectonometamorphic evolution (e.g., St-Onge, 1987). These characteristics in combination 

with garnet chemical zoning (Tracy and Robinson, 1976; Spear et al., 1984) offer a wealth of 
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information that is typically used to understand the tectonometamorphic evolution of the 

studied rocks. However, some inclusion-rich garnets show complex irregular zoning and 

morphologies that rather reflect local equilibrium which could potentially mislead 

metamorphic interpretations, for example in estimating peak conditions (Daniel and Spear, 

1999; Yang and Rivers, 2001; Hirsch et al., 2003; Ague and Carlson, 2013; Carlson et al., 

2015; Dempster et al., 2017). Thus, understanding why and how garnet porphyroblasts 

enclose minerals and what inclusions can tell us about porphyroblasts growth mechanisms is 

important for a correct interpretation.  

It has been suggested that inclusion-rich garnets are the consequence of growth in relatively 

low temperature conditions (Yang and Rivers, 2001; Hirsch et al. 2003), low solubility of the 

garnet-forming elements in CO2-rich intergranular fluids (Carlson et al., 2015), low grain 

boundary diffusivity in quartz-rich, mica-poor domains (Dempster et al., 2017; George and 

Gaidies, 2020) or diffusion-controlled growth (Miyazaki, 2015). So far, such studies have 

mainly focussed on metapelitic rocks based on their common abundance of garnet. However, 

inclusion-rich garnets occur in a variety of compositions as exemplified in the rocks from the 

Isua supracrustal belt (ISB). Here, different lithologies contain garnet porphyroblasts with 

cores rich in inclusions (Rollinson 2002, 2003; Gauthiez-Putallaz et al., 2020; Zuo et al., 

2021b; Chapter 2), where inclusion proportion, garnet internal morphologies and 

microstructures, as well as chemical zoning vary in samples across the belt at the mm to 100 

m scale. Nonetheless, recent studies interpreted the P-T conditions under which garnet grew 

as being homogeneous throughout the area (Zuo et al., 2021b; Chapter 2). This provides the 

opportunity to explore the effects of rock composition and mineral assemblages on 

porphyroblast growth.  

In this chapter, using quantitative microstructural observations along with chemical, modal 

abundance, and quantitative orientation data, we assess the availability of garnet forming 
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elements, presence of reactant and non-reactant phases and its implications for characteristics 

of garnet growth and resultant microstructural patterns. We base our study on the analysis of 

19 samples from the ISB. Based on our analyses, we develop a scheme using quantitative 

microstructural and chemical data to understand growth mechanisms and element availability 

in medium-grade rocks which in turn will help to improve metamorphic interpretations 

utilizing garnet porphyroblasts. We conclude with an assessment of the implications of our 

findings for the tectonometamorphic interpretations proposed for the ISB.   

3.2. Case study area: The Isua supracrustal belt  
3.2.1. Geological background  

The Isua supracrustal belt (ISB) is one of the best preserved supracrustal sequences of the 

Eoarchean located in southwestern Greenland (Nutman et al., 1996). It is comprised of meta-

volcano-sedimentary rocks with a protolith age ranging from S to N from 3.8 and 3.7 Ga, 

separated by a thin (<1 km-thick) metasedimentary sequence with an estimated age of 3.75 

Ga (Nutman and Friend, 2009). ISB rock compositions range from ultra-mafic (Dymek et al., 

1988) to felsic rocks (Nutman, 1986) including chemical sedimentary rocks such as banded 

iron formations (Moorbath et al., 1973). The belt is bounded by two big tonalite-

trondhjemite-granodiorite (TTG) bodies (Fig. 3.1), one to the north with an age of 3.7 Ga 

which is in contact with the meta-volcano-sedimentary rocks of similar age, and another one 

to the south with an age that overlaps the 3.8 Ga sequence in direct contact with it (Nutman 

and Friend, 2009). The belt is intruded by tonalite-derived (Hiess et al., 2009, 2011) 3.66ï

3.60 Ga granitic dykes that are interpreted to be syn-tectonic (Nutman & Friend, 2009). The 

belt is also cross-cut by variably deformed E-W and N-S trending noritic to doleritic 

Ameralik dykes (Nutman, 1986; White et al., 2000) with zircon ages ranging from ca. 2.4 Ga 

to 3.5 Ga (Nutman et al., 2004).  
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Figure 3.1. Geological map of the Isua supracrustal belt, showing the location of the samples (a-c) 

studied in chapter 3. d) AFC ternary diagram showing the compositional groups identified.  Note 

adoption of 3.7 Ga and 3.8 Ga supracrustal sequences after Nutman and Friend (2009). Map after Zuo 

et al. (2021) with information of Nutman and Friend (2009).  Motif shape code: circles=Type I-

ñskeletalò garnet bearing samples and square= Type II-ñnon-skeletalò garnet bearing samples. Colour 

codes for motifs fill: black = meta-mafic rocks; yellow=meta-felsic volcanics; cyan= metapelites; red= 

Ca-rich metapelites. 
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Garnet-biotite and Ti-in-biotite geothermometry combined with phase equilibria 

geothermobarometry have been used to show that the ISB experienced syn-tectonic 

amphibolite facies metamorphism with peak conditions at 0.5-0.7 GPa and 550-600 °C 

(Chapter 2).  In Chapter 2 it is also demonstrated that the observed metamorphism does not 

exhibit any significant gradient across or along the Isua supracrustal belt. The lack of gradient 

is also observed with the quartz fabric thermometer, applied to a similar set of samples, that 

equally suggest temperatures within the same 550-600°C range across the belt (Zuo et al., 

2021b). This major metamorphic event was syn-tectonic to the main and pervasive 

deformation event recorded by the formation of sheath and curtain folds (Webb et al., 2020), 

which is suggested by field measurements showing that fold axis and metamorphic lineations 

are parallel. Strain intensity during this event appears to be quasi-uniform across the belt as 

suggested by quantitative analysis of quartz fabrics in samples from different parts of the 

eastern arm of the belt, including areas interpreted as shear zones (Zuo et al., 2021b).  The 

syn-tectonic metamorphism (M1) was followed by a post-tectonic lower amphibolite facies 

metamorphism (M2) at < 0.5 GPa and < 550 °C (Fig. 2.10; Boak and Dymek, 1982; 

Rollinson, 2002; Chapter 2), which is typically recognized by the growth of post-tectonic 

inclusion-poor garnet rims or overgrowths (Boak and Dymek, 1982; Blichert-Toft and Frei, 

2001; Rollinson, 2002, 2003; Gauthiez-Putallaz et al., 2020). Garnet porphyroblasts are 

generally not affected by retrograde reactions (see Chapter 2). 

3.2.2 Previously reported garnets characteristics and interpretations 
Garnets within the ISB have been reported in rocks with different compositions including 

metapelites (Boak and Dymek, 1982; Rollinson, 2002; Hayashi et al., 2000; Gauthiez-

Putallaz et al., 2020; Chapter 2), Ca-rich metapelites (Rollinson, 2003, 2002), amphibolites 

(Rollinson, 2002, 2003; Chapter 2), felsic meta-volcanics (Zuo et al., 2021; Chapter 2) and 

even banded iron formations (Dymek and Klein, 1988; Zuo et al., 2021; Chapter 2).  
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Garnets have been reported to typically show two distinct microstructural domains: an 

inclusion-rich syn/pre-tectonic core and a post-tectonic inclusion-poor rim with well-

developed facets (e.g. Fig. 2.4; Boak and Dymek, 1982; Rollinson, 2002, 2003; Gauthiez-

Putallaz et al., 2020; Zuo et al., 2021; Chapter 2). Early works also showed that garnets 

exhibit varying chemical zoning patterns (Boak and Dymek, 1982; Rollinson, 2002, 2003). 

This diversity has led to different interpretations that are summarized here.   

Rollinson (2002, 2003) suggested that garnets are often characterized by three (core-annulus-

rim) distinct, generally concentric, chemical zones. In his studies, Rollinson (2002, 2003) 

argued that the overall chemical patterns refer to five different tectonostratigraphic domains, 

whereas four of them shared a common syn-tectonic and post-tectonic metamorphic history 

represented by the annuli and rims, while the cores recorded earlier, probably different, 

tectonic histories.  

Gauthiez-Putallaz et al., (2020) described in detail two garnet grains in metapelitic rocks 

from the central-northern portion of the 3.7 Ga sequence. They reported quantitative 

compositional maps alongside with trace elements and ŭ18O profiles and distinguished four 

distinct chemical zones. Their interpretation of the chemical patterns is similar to Rollisonôs 

(2002, 2003), arguing for three different tectono-metamorphic events in the 3.7 Ga sequence, 

represented by the core, annuli, and rim. They contend that the core composition is not found 

anywhere else in the belt, and therefore interpret that these cores represent a metamorphic 

event that occurred before the assemblage of a composite arc that is now represented by the 

3.7 sequence (Nutman et al., 2015) 

Chapter 2 presented new data of a spiral-like garnet from a metapelitic rock originating from 

the 3.7 Ga supracrustal sequences with similar bulk chemistry, mineralogy, and locality as 

those reported by Gauthiez-Putallaz et al. (2020). The comparison of the data showed that 

both garnets have a similar geochemical pattern and therefore can be assumed to have 



77 

 

experienced identical tectono-metamorphic evolution. However, in Chapter 2 it is argued that 

the inclusion trails in the spiral-like garnet continue across the apparent chemical zones (Fig. 

2.6) and thus concluded that the core and annuli most likely evolved in a continuous tectono-

metamorphic event. Consequently, in their interpretation the Isua garnets only recorded two 

different tectonometamorphic events, represented by the inclusion-rich cores and the 

inclusion-poor rims. The different chemical zones described in the syn-tectonic garnets are 

therefore interpreted to be a product of changes in the garnet-forming reactions and/or later 

diffusion.  

An improved understanding of the growth mechanism and its controlling factors is crucial for 

a solid interpretation of the tectonometamorphic evolution of the ISB, especially since the 

conclusions derived from the study of garnets bear implications for the tectonic models 

proposed to explain the evolution of the belt, where both uniformitarian (e.g., Nutman et al., 

2013) and non-uniformitarian (Webb et al., 2020) models have been proposed. Discerning 

between these contrasting models is key for resolving the discussion of Archean geodynamics 

and potential associated onset of plate tectonics. 

3.3. Methods 
3.3.1. Sample selection 

We investigated 19 samples representing a wide range in chemical compositions and garnet 

microstructures. Rocks were collected along the eastern arm of the Isua supracrustal belt (Fig. 

2.1), covering transects from north to south and west to east. The selection of samples is 

specifically aimed to test for systematic relationships in microstructures regarding their 

spatial distribution within the belt (e.g., differences of garnets from the 3.7 and 3.8 Ga 

sequences), mineral assemblage, modal abundance, and chemical bulk composition.  
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3.3.2 Thin Section µXRF mapping and phase mapping using XMapTools 

processing 
Thin sections were cut parallel to the mineral lineation and perpendicular to the foliation.  

Mineral modal abundances in most of the thin sections were calculated using phase maps 

processed with the software XMapTools version 3.3.1 (Lanari et al., 2014, 2019) based on 

elemental maps obtained with a Bruker M4 Tornado micro-X-ray fluorescence (µXRF) 

scanner at the Geoscience Centre, University of Göttingen. Conditions used for the elemental 

map acquisition were 50 kV accelerating voltage, 500 µA current, a spot diameter of 20 µm 

and step size from 20-25 µm. This translated a total pixel count of >1 million for most of the 

rocks, i.e., a significantly higher count than the 500 to few thousand points typically used in 

classical point counting analysis in thin section (Kretz, 1969; Palin et al., 2016). For a few 

samples (715-5F, 729-1A, 726-6A, 715-16A and second thin section of 717-3) high-

resolution phase SEM maps (5-10 µm step size and 1 µm spot size) reported by Zuo et al. 

(2021) were used. Matrix grain size in the studied rocks typically range from 20 - 200 µm, 

with most of the grains having sizes > 50 µm in diameter. The general microstructures and 

distribution of the phases in the rock that are observed in thin sections are successfully 

represented in the phase maps after data processing, validating the modal percentages derived 

by the image processing. It should be noted though that due to the relatively large spot and 

step size (20-25 µm), small phases such as <30 µm inclusions in the porphyroblasts could not 

be resolved. 

3.3.3 Garnet elemental mapping, point analysis and phase mapping 
For comparison of bulk mineral chemistry and chemical zoning patterns of garnet grains in 

different samples, calibrated element maps and quantitative point analyses were obtained and 

processed for at least one garnet porphyroblast in each sample.   

Chemical point analyses and major element mapping of garnet grains and adjacent areas and 

additional mineral phases were performed in the Goettingen Laboratory for correlative light 

and electron microscopy (GoeLEM) at the Geoscience Centre, University of Göttingen with 
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an Electron Probe Micro Analyzer (EPMA) JEOL JXA 8900 RL equipped with an energy-

dispersive (ED) and five wavelength-dispersive (WD) spectrometers. For the element maps, 

Al, Mg, Mn, Ca and Fe were obtained with the WD detectors and Si and Ti with the ED 

detector using a step size between 2 to 7 µm depending on garnet size. The instrument 

operated with an accelerating voltage of 20 kV, an 80 nA beam current, a beam size of 1 ɛm 

and 50 ms dwell time. To assess the chemical zoning of garnet porphyroblasts transects 

consisting of 30 to 60 point analyses from core to rim or rim to rim were acquired. An 

acceleration voltage of 15 kV, spot diameter of 5 ɛm and a beam current of 20 nA was used. 

Scanning Electron Microscope (SEM) maps were acquired at the University of Leeds with 

the Tescan VEGA 3 XM SEM equipped with an Oxford Instruments X-max 150 EDS 

detector. Used conditions where an accelerating voltage of 20 kV and 20 nA current and step 

size typically > 5 ɛm.  

Phase maps and chemical calibrated maps were obtained using the software XMapTools 

version 3.3.1 (Lanari et al., 2014, 2019), using the X-ray elemental maps and the point 

analysis collected in this work and some reported in Chapter 2.  

3.3.4 Quantitative image analysis of garnet porphyroblasts 
The software ImageJ (Schneider et al., 2012) was used to quantify the relative area 

proportions of the syn-tectonic garnet, inclusions, and post-tectonic garnet overgrowth. High 

resolution images of thin sections containing garnet porphyroblasts, were mainly obtained 

with the automated Olympus polarization microscope BX53M being part of GoeLEM at the 

Geoscience Centre, University of Göttingen. In addition, some of the high-resolution SEM 

phase maps presented in Zuo et al. (2021b) have been analysed.  

Garnet porphyroblasts show two very distinct and well-defined microstructural domains in 

most of the samples: the relatively inclusion-rich core and an inclusion-poor overgrowth with 

well-developed facets (cf. Fig. 3.2). For each grain, first the overgrowth areas were defined 
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and their percentage calculated by dividing the area of the inclusion-poor overgrowth by the 

total area of garnet in the porphyroblast (Fig. APP-B1).  

 

Figure 3.2. Characteristics of garnets in Ca-rich metapelitic rocks. a) Thin section of mafic rock bearing 

type-I garnets; sample 715-9. a.i) Section of a large  (>1 cm) garnet porphyroblasts with internal (yellow 

dashed lines) and external foliation (yellow dotted lines) texture; foliation pattern A (c.f. Fig. 3d.i); a.ii) 

post-tectonic euhedral garnet (highlighted with white dotted line) overgrowing on top of biotite; a.iii) 

limited post-tectonic growth where core is next to quartz-calcite-rich zones. b) Thin section of Ca-rich 

metapelitic rock bearing Type-II garnets, sample 714-5A. b.i) Large garnet with fractures affecting it 

perpendicular to the external foliation; foliation pattern B and C (c.f. Fig. 3d.ii-iii); b.ii) continuous 

inclusion-poor rim overgrowing biotite; b.iii) no post-tectonic garnet growth where core is next to quartz-

rich zones. Red arrows point to well-developed post-tectonic rim and yellow arrows point to zones where 

post-tectonic rim was limited or inhibited. 
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Subsequently, the proportion of garnet and inclusions was determined for the core. We define 

the coefficient ű as a normalized parameter describing the relative proportion of inclusions in 

the garnet (Fig. APP-B1): 

ʒ
ὥὶὩὥ έὪὭὲὧὰόίὭέὲί ύὭὸὬὭὲ ὸὬὩ ὧέὶὩ

ὥὶὩὥ έὪ ὭὲὧὰόίὭέὲί ύὭὸὬὭὲ ὸὬὩ ὧέὶὩὥὶὩὥ έὪ ὫὥὶὲὩὸ ὧέὶὩ
 

The coefficient ű provides a measure of the degree of garnet ñskeletalnessò, such that a 

garnet core with ű=0 would be a grain completely devoid of inclusions, and ű=1 would refer 

to a ñporphyroblastò consisting of ñinclusionsò only.  

Aspect ratio or ellipticity E of the cores was also calculated: 

Ὁ
ὒέὲὫ ὥὼὭί έὪ ὸὬὩ ὭὲὧὰόίὭέὲὶὭὧὬ ὧέὶὩ

ὛὬέὶὸ ὥὼὭί έὪ ὸὬὩ ὭὲὧὰόίὭέὲὶὭὧὬ ὧέὶὩ
 

3.3.5 X-ray fluorescence bulk rock chemistry 
Powders for bulk rock chemistry were obtained from twin chips of those used for the thin 

sections. Weight difference of powders before and after overnight heating at 1025 °C were 

used to determine the loss on ignition (LOI). Fused glass beads used for X-ray fluorescence 

(XRF) were prepared with a mix of 0.4 g dried sample, 4.0 g of 66% Li tetraborate: 34% 

metaborate flux and 1-2 drops of lithium Iodide solution in a Pt95Au5 crucible. Mixtures were 

fused in the furnace at 1150 °C for a total of 40 minutes, gently swirling the samples at the 

20, 30, 35 min intervals to ensure a proper mixing before cooling. Major elements bulk rock 

chemistry was acquired from the fused beads by XRF spectrometry using a Rigaku ZSX 

Primus II spectrometer at the University of Leeds. Accuracy in major elements for the certify 

standard STSD4 was ÑÒ1 % relative for SiO2, CaO and K2O, Ò 2.5 % relative for Al2O3, 

å3.5% relative for FeOtot, 1 to 5% relative for MgO, 4 to 6 % relative for MnO, å6% relative 

for TiO2 and 2 to 12% relative for P2O5 and Na2O. 
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3.3.6 Quantitative orientation analysis ï Electron Backscatter Diffraction 

analysis (EBSD) 
A total of 9 garnet porphyroblasts were analysed using EBSD to document the 

crystallographic characteristics of the porphyroblasts, with special emphasis on the changes 

within individual porphyroblasts. All thin sections were polished using a syton fluid and 

coated with 3 nm of carbon. EBSD analyses were performed using FEI Quanta 650 FEGï

Environmental SEM equipped with an Oxford Instruments INCA 350 EDX System and 

Symmetry EBSD detector at the University of Leeds. Conditions were set at an acceleration 

voltage of 20 kV, 80 nA beam current, working distance of ~23 mm, sample tilt of 70° and a 

step size of typically 2.5 µm. Data was processed with the AztecCrystal© software. Data is 

presented as maps showing the spatial variation of the grain reference orientation distribution 

(GROD) within individual garnet grains. These GROD Angle maps are generated by 

determining the average orientation for each porphyroblast and plotting the angular deviation 

from this mean orientation for each pixel, i.e. analysis spot. In addition, pole figures of the 

measured main crystallographic axes of the garnet are shown illustrating crystallographic 

character of the orientation spread within a porphyroblast. This pattern of orientation spread 

seen in the pole figures can be used to evaluate whether the orientation spread is resultant 

from dislocation creep, i.e. organized crystal slip along a specific slip plane and along a 

specific slip direction (e.g., Reddy et al. 2007; Piazolo et al. 2008) or growth related 

orientation spread (Smith et al. 2015; Spruzeniece et al. 2016). As the spread of orientation is 

to some extent influenced by the size of the porphyroblast considered, we introduce an area 

normalize orientation spread parameter ɣ: 

ʕ
ÍÁØÉÍÕÍ ÏÒÉÅÎÔÁÔÉÏÎ ÓÐÒÅÁÄ ÁÎÇÌÅ

ÔÏÔÁÌ ÁÎÁÌÙÓÅÄ ÁÒÅÁ 
 

3.4. Results 
All samples in this study are porphyroblastic foliated rocks with garnet as the main, and in 

most of them, only porphyroblast. A brief petrographic description, quantification of the 
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mineral assemblages in addition to the bulk chemical composition of the rocks and an 

extensive microstructural and chemical analysis of the garnet porphyroblasts are provided 

here. A more detailed petrographic description of the samples and field context has 

previously been reported in Webb et al. (2020), Zuo et al. (2021b) and Chapter 2 (section 

2.3.1) 

3.4.1 Garnet types 
While most garnets exhibit an inclusion-poor/free rim and a variably inclusion-rich core, the 

proportion of inclusions in the core (Fig. 3.3b) and the habit of the inclusion-poor overgrowth 

substantially vary between individual samples (Fig. 3.3c). To simplify descriptions, we define 

two main garnet types based on their ű-values (e.g., Fig. 3.2) with Type I and Type II defined 

by a ű-value above and below 0.4, respectively. This dividing ű-value was chosen 

considering in addition to other changes in characteristics such as dominantly irregular versus 

concentric chemical zoning. However, it should be noted that there is, in fact, as continuum. 

Type I garnet exhibit a core with a mean ű-value > 0.4 (i.e., the garnet comprises up to 60% 

of the area of the inclusion-rich core); they are ñskeletalò. Type II is referred to as ñnon-

skeletalò, with syn-tectonic cores that yield a ű-value < 0.4. Patterns of inclusion defined 

foliations, i.e., internal foliation (Passchier and Trouw, 2005) relative to foliations in the 

matrix surrounding the porphyroblasts (external foliations) can be divided into four main 

groups: Pattern A (Fig. 3.3e.i) has arc-shaped internal foliations that converge to the pressure 

shadows of the porphyroblast and external foliations bending symmetrically around the 

garnet. Pattern B (Fig. 3.3e.ii) shows spiral-like internal foliations that typically continue to 

the external foliation which in turn is wrapping around the garnet. Pattern C (Fig. 3.3e.iii) is 

characterized by straight, or slightly curved, inclusion trails parallel or subparallel to the 

external foliation. In pattern D (Fig. 3.3e.iv), inclusions are randomly oriented and external 

foliation bends around the garnet porphyroblast. These different garnet patterns do not show a 
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clear spatial correlation as the other characteristics (Fig. 3.3d), different patterns appear in 

samples from the same outcrop.  

 

We first briefly describe the bulk composition of the rocks and their mineralogy and mention 

the type of garnets they bear. We then summarize the characteristics of the two types of 

garnets. We compare the inclusion assemblages to the minerals in the rocks and describe 

microstructures, size, aspect ratio and the chemical zoning of the two garnet types. Unless 

otherwise stated, the descriptions and analysis refer to the inclusion-rich cores only. 

Figure 3.3 Maps showing the distribution of different features of the garnets in the ISB. a) eastern arm 

of the ISB with samples and with the location of the inlets. b) Pie charts of the proportion of garnet and 

inclusions in the inclusion-rich cores; charts enclosed with black rings represent Type-I skeletal 

garnets. c) Visual representation of the proportion of post-tectonic garnet in the grains. d) Distribution 

of the 4 groups of garnet internal patterns. e) Schematic representation of 4 groups of external and 

internal foliation patterns described for the garnets with inclusion-rich cores. Motifs for external and 

internal foliations are the same as for the rest of the figures. e.i) Pattern A: syntectonic ï pure shear, 

e.ii) Pattern B: syntectonic simple shear, e.iii) Pattern C: intertectonic/two stage growth, e.iv) pattern 

D: pre-tectonic  
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3.4.2. Bulk rock chemistry 
To investigate the relationship of the garnet microstructures and spatially resolved chemistry 

with bulk chemistry, the measured bulk composition, and mineral modes, along with 

fieldwork observations, were used to classify the different rocks. The identified rock groups 

are defined as meta-mafic rocks, Ca-rich metapelites, metapelites and meta-felsic volcanics. 

They exhibit clear distinctive bulk rock compositions (see AFC diagram, Fig. 3.1d) 

Samples 715-5F, 715-16A, 717-3, 725-3A, 731-2A are garnet-amphibolites and 720-8 is 

garnet-bearing schists. Their SiO2-content is <55 wt. %, and they are typically enriched in 

FeO, MgO and CaO compared to rocks from other lithologies (Fig. APP-B2). Samples 717-3, 

725-3A and 715-5F have Al2O3/TiO2 values >58, while the others show ratios <17 (Table 

B1). The samples are characterized by the presence of amphibole and/or other Fe-Mg bearing 

minerals (Table 3.1). Garnets from these rocks are of Type-II, apart from two samples (715-9 

and 715-16A). 

The Ca-rich metapelite group include samples 714-5A, 726-4, 729-1B, 730-2A, and 715-9. 

These rocks have similar contents of Al2O3 and K2O compared to the meta-mafic rocks but 

higher proportions of SiO2 (Fig. APP-B2a,e). In addition, they are enriched in CaO compared 

to typical metapelites described below (Fig. APP-B2d). The relatively high content in CaO 

translates in the appearance of Ò 10% of amphibole in most of these rocks, which does not 

occur in typical metapelites. All samples, apart from 714-5A (ű=0.26), contain Type-I 

porphyroblasts with similar ű-values of 0.47 ï 0.59. Bulk composition of 715-9 is different 

from most of the Ca-rich metapelites (Fig. 3.1, APP-B2), but the chip used mostly was 

dominated by garnet which probably shift the composition.  
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Rocks 714-5E, 729-11, and 801-8C are classified as metapelites. They have SiO2 contents 

ranging from å54 to 62 wt.%. The silica-poor samples correlate with relatively high values of 

Al 2O3 and Na2O (Fig. APP-B2a,f), stabilizing the abundant plagioclase (Table 3.1). These 

rocks contain Type-II porphyroblasts.  

The group of meta-felsic volcanics is comprised of samples 802-5, 717-5, 725-2, 726-

6A,729-1A, and 802-5. They are characterized by high contents of SiO2 (>63 wt.%, Fig. 

APP-B2), relative low abundance of FeO and MgO when compared to the other groups (Fig. 

APP-B2b,c)  and variable concentrations of K2O and Na2O (Fig. APP-B2e,f). They are 

typically rich in quartz and mica and most of them contain skeletal garnets, apart from one 

sample (725-2C) which has higher content of Na2O, stabilizing high proportions of 

plagioclase (Table 3.1).  

3.4.3. Chemical and microstructural characteristics of garnets 

3.4.3.1 Type I: ñskeletalò porphyroblasts  
 

Type I ñskeletalò porphyroblasts (ű-value: c. 0.40 to 0.63) are poikiloblastic and are found in 

samples across the whole eastern belt, both from north to south and in the 3.7 and 3.8 Ga 

sequences (Fig. 3.3b; samples 802-5, 729-1A, 717-5, 726-6A, 729-1B, 726-4,715-9, 730-2A, 

715-16A; Fig. 3.3b). The inclusion assemblages are dominated by quartz, which typically 

accounts for 30 to 50% of total area in the core (Fig. APP-B3) and make up >50% of the total 

inclusion assemblage. Biotite, muscovite, and calcite are also common, with minor 

abundance of other minerals like tourmaline, ilmenite, chlorite, and amphibole (Table 3.1). In 

some inclusion-rich cores calcite is almost as abundant as quartz (e.g., 715-9; Fig. 3.2a). The 

proportion of quartz and calcite in the cores is similar to the proportion of those phases in the 

whole rock (Fig. APP-B3). All other minerals, e.g. amphibole, plagioclase and biotite occur 

in lower proportions in the porphyroblasts cores compared to the matrix. (Fig. APP-B3). 

Foliation patterns (Table 3.1, Fig. 3.3d-e) are dominated by patterns A (Fig. 3.2a, 3.3e.i, 3.4a, 

B4a) and C (Fig. 3.2d.iii). Porphyroblasts typically form elongated grains with their long axis 
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parallel to the internal foliation (Fig. 3.2a). Ellipticity values (E) are generally above 1.7. 

There is a general positive correlation between the skeletalness and ellipticity (E vs ű; Fig. 

3.5a). Individual sections of the inclusion-rich cores are typically interconnected by thin 

irregular garnet branches (Fig 3.2a, 3.4, APP-B4). This microstructure is most pronounced in 

porphyroblast with high ű-values. For the most skeletal grains (e.g., Fig. 3.4) not all garnet 

branches are interconnected in thin section view. Nevertheless, they do behave as a single 

grain deflecting the surrounding external foliation (Fig. 3.4, APP-B4). Some of the thin 

elongated branches in these grains are growing on top of sheet silicates showing a similar 

geometrical orientation and width (Fig. 3.4b, B4b). The shape of the inclusions is irregular, 

but they tend to be more elongated in less skeletal porphyroblasts (e.g., 730-2A, Fig. 3.6f). 

  

 

Figure 3.4. Characteristics of Type-I garnet in felsic rocks; sample 802-5. a) Overview of garnet 

showing internal foliation converging towards the pressure shadow; foliation Pattern A. b) 

Microstructure showing some garnet branches growing on top of micas. Green arrows point to 

muscovites and yellow to biotites. 
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Post-tectonic garnet appears as faceted 

overgrows almost devoid of inclusions 

(Fig. 3.2a.iii; 3.6a,e). Overgrowth 

occurs at the contact with zones 

showing a high abundance of Fe-Mg 

bearing foliated silicates such as 

biotite (Fig. 3.2a.ii). In contrast, areas 

where the inclusion-rich core is in 

contact with matrix that is dominated 

by quartz and/or calcite, garnet 

overgrowth is very limited or absent 

(Fig. 3.2a.iii). In most of the Type I 

garnets, the volume percentage of 

post-tectonic growth represents <10% 

of the total garnet grain volume, and 

thus slightly smaller than the 

proportion of overgrowth observed in 

Type II garnets (Fig. 3.3c). There is no 

clear systematic dependence linking 

the proportion of post tectonic garnet 

growth to the spatial location of the samples in the belt (Fig. 3.3c). 

Chemical zoning patterns in the skeletal garnets share some systematic features. Patchy 

patterns are common in all of the mapped grains (Fig. 3.6, APP-B5). Although overall 

concentric zoning appears in some of the grains (e.g., 802-5-Fig. 3.6a, 729-1A-Fig. 3.6b, 730-

2A-Fig. 3.6f or 726-4-Fig. APP-B5c; 726-6A-Fig. APP-B4b), irregular compositional 

Figure 3.5 Textural parameter correlations. a) E 

(elongation) against ű (skeletalness) values (all 

samples) and b) ɣ (normalized maximum orientation 

spread) against ű-values for subregions of garnets in 

samples 802-5, 717-5, 729-1A, 730-3A, 717-3 and 

714-4E. Motifs for garnets in the layer sample 717-3 

are highlighted for clarity. Inlet in figure b) shows the 

whole spread of the data, green rectangle shows area 

of figure b). In b) the data presented is from 

subregions in the garnets, therefore some Type II 

garnets (squares) plot above de dividing ű-values 

0.4.some garnet branches growing on top of micas. 

Green arrows point to muscovites and yellow to 

biotites. 
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changes appear to be dominant within zones with irregular branching and/or in inclusion-rich 

zones as illustrated by the erratic local changes in composition in garnet from sample 802-5 

(Fig. 3.6a) Short-wave (<30µm) change in concentration along inclusion-host boundaries 

(e.g. inlet in Fig. 6d) is observed in most of the skeletal grains (Fig. 3.6, APP-B4). 

Porphyroblasts in sample 730-2A show a smooth concentric zoning for XSps with no apparent 

changes in concentration for this end-member along the boundaries with the inclusions, but 

an obvious patchy zoning appears for XGro and XAlm (Fig. 3.6f) related to grain boundaries 

but also to crystallographic orientations (see section 3.4.2). Note that garnets in this last 

sample show some of the lowest ű-values (ű å 0.4) of the skeletal type. Remarkably, 

chemical patterns vary in garnets originating from the same rock (e.g., sample 717-5; Fig. 

3.6c, APP-B5a). 

The overall chemical composition in Type-I garnets seems to be correlated with bulk rock 

chemistry. Compositions of the inclusion-rich cores in Ca-rich metapelites and meta-mafic 

rocks overlap (Fig. 3.7a-b). Notably, such lithologies contain amphiboles, unlike the meta-

felsic and metapelitic rocks. Garnets in meta-felsic rocks generally show similar 

compositions within the group, and they tend to be richer in spessartine and poorer in 

grossular when compared to the meta-mafic rocks and Ca-rich metapelites (Fig. 3.7a-c). 

Garnets in meta-felsic sample 726-6A, however, have higher contents of almandine than 

those in the other meta-felsic rocks (Fig. 3.7c). Notably, this sample also has slightly higher 

plagioclase content and lower quartz abundance (Table 3.1).  

A total of four Type I grains (802-5, 717-5, 729-1B and 730-2A) were analysed using EBSD. 

They show similar features in the Grain Reference Orientation Deviation (GROD) maps 

revealing subtle but important changes in orientation (ca. 5-10°) over distances of a few 

microns (GROD maps in Fig. 3.8a-d). For grains in samples 802-5 (Fig. 3.8a) 717-5 (Fig. 

3.8b), and 730-2A (Fig. 3.10d) and from which also chemical maps were obtained, the  
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Figure 3.6. Quantitative chemical maps and phase maps of Type-I garnets. Meta-felsic volcanics 

(a) 802-5; pattern A, (b) 729-1A; pattern C, and (c) 717-5; pattern A; (d) Ca-rich metapelite 729-

1B; pattern C; (e) Ca-rich metapelite 715-9; pattern A; and (f) Ca-rich metapelite 730-2A; pattern 

C. All maps are WDS maps except for 729-1A. ű value represents mean value in the sample. 

Post-tectonic overgrowths are highlighted with white dotted line. 
























































































































































































































































































































































