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Abstract

Knowledge on thenetamorphic evolutioof theEoarcheansua supracrustal belt (ISB)
remains fragmentary and results presented to datoateadictory This translates to an
ambiguity on thenterpretations on thictonic evolution of the bedtsthe tiree main
competing tectonic modetsedict different metamorphic signatur&sedistinction between
the three possibilities has largerplications for early Archean geodynamissice two argue
for an early onset of plate tectonics while the other proposes-ammnmmitarian alternative.
This work presents detail P-T-X-d-t evolution of the ISBo provide further constraints in its
tectonic evolutionDetail characterization and quantification of the metamaorfafirics
reveal a syriectonic metamorphic event glthat evolved along a near isothermal burial
path followed by an increase in T athelcrease in P that culminated in the peak metamorphic
conditions 556600 °C and 0.8).7 GPaM1 homogeneously affected the entire b€hisalso
suggested by theetaiked garnet studghowingthe diversity in porphyroblasts a
consequence of (local) améstry and previous microstructures, and notgiraduct of
different tectonometamorphic histories as previously interpr@ediminary analysis
suggesthat My occurred at c. 3.3 Ga or c. 297 Ga.PosttectonicNeoarchean (c. 8.Ga)
lower amphibolite facies§40°G O 0 . Smetamaphism (1Y) later affected the ISB
recorded byhe inclusiorpoor rims of garnets and the appearance of titanite overgrowing the
foliation. Proterozoic €2220 Mg low-grade retrogressiofMs) featuressuch adate quartz
calcite veins, garnet pseudomorphs and chloritizadie@rprinted M and M. Moreover,pre-
M1(3.60-3.68 Galocal contactnetamorphisnis recorded in the enclaves, whiteagmatic
garnetdatingexpands the intrusion of the granites from 36680 to 3.663.55 Ga.The data
and analysis provided in this thesis show thatmoiformitarian tectonics are a plausible

scenario to explain the tectonic evolution of the thBing the Archean.
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Chapter 1. Introduction

The Eoarchean Isua supracrustal belt (ISB) is one of the oldest arptdsestved pieces of
ancient crust (Fig. 1.1), as well as one of the extensively studied early Earth terranes. The
rocks and mineralsf the ISB record valuable information of the history of our young planet.
Isua is thus a window into old surficial and dessated geological processes. Understanding
its tectonemetamorphic evolution has the potential to provide insights on the néture o

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

Distribution of Archean cratons

\60‘ >7 \\ \ / / 60°
I Archean cratons Enderby Land

B Archean cratons with >3.2 Ga terranes/complexes/belts w T 5

Figure. 1.1Global 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 Isuastystal belt

(ISB) are alsbighlighted.

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 cpatinent
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 toosughie uniformitarian hypothesis

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



and Friend, 2009; Windley et al., 2021). However, this nearly unanimous view of Isua has
recently been challenged by Webb et al2@0wvho suggested that the geological record of

the belt could be more easily explained in the context of vertical tectonics, such-ppaeat
tectonics (Moore and Webb, 2013). This interpretation is in support edimiformitarian

tectonic models for #hearly Earth, that argue that our planet transitioned from -gplate
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 leéveen
different tectonic interpretations, the tectemetamorphic 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 iferpretations of the metamorphic record and its

timing; issues that are generally not discussed in the literature so far. Importantly, the elusive
understanding of the-PP-X-t-D evolution of the belt does not represent a minor deficiency in
our knowledg 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-R-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 processasygy 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 understarafitige evolution of the Earth, from its



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 unifornaitalens, 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 neighbourhoadwell 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 ofaduchean
geodynamics is extensive (Brown, 2006; Cawood and Pisarevsky, 2006; Van Kranendonk,
2007, 2010, 2011; Condie and Kroner, 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; Lourenco 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 gbldeet, 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 ¢dtp 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 out pamaell as from other



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, theriatl temperatures £J 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 recordastnon

basalts and komatiites suggestvalues p 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 ttker (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 | ike Mars, Venus an
modes that a&r different from plate tectonics. With this in mind, geoscientist have theorized a

plethora of alternative tectonic styles for the Archean.

The diversity of observed amypothesizedectonic models is often categorized in different

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

on the authordés criteria. For the purpose of
(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 neguna: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 suined in the following sections.



1800 T ] T
a) Mantle potential temperature
1700
[ ]
%
1600
-
'_n.
1500 -
Herzberg et al.
1300 L ' 1
3 0 1 2 3

time (Ga)

Figure. 1.2(a) Showing the calculated mantle potential temperatug@s (Tt hr ou g h
using data from (Herzberg et al., 2010) (after Korenaga, 2013). (b) Predicted thickness of the
oceaniccrust and depleted mantle as a function frfiodified from Korenaga, 2013); thickness

10

140

120

o
o

thickness (km)
[e2] (o)
o o

N
o

N
o

b) Thicknless as furllction of 'f':

-

Thickness of depleted
I~ lithospheric mantle

Crustal thickness

| | L

1400 1500

T (°C)

1600

according to the predicted-T the Early Archean is highlighted

1.2.1 Active lid tectonics
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(lithosphere) that actively participates in the convection of the mantle (Lenardic, 2018).
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(Table 1dD)
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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 segmente bfttbsphere (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, cageat 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 bodynd through time (Condie and Kréner, 2008; Cawood et al.,

2018; Palin and Santosh, 2020).
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Figure. 1.35chematic representation of the different tectonic models proposed for the Arch
and some of their characteristics. (a) Active lid: plate tectoifijstHot stagnant lid: heat pipe
model; (b) cold stagnant lid; (d) sluggish lid: plume dominated; (e) Sluggish lid (general
characteristics).



12

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 ptateezrgence. This

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

operation of plate tectonics (c.f. Condie and Kroner, 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 aresiuglled as monitor of convergent plate
movements. The longtanding operation of subduction allows for the metgaimsm and
possible preservation of blueschists, lawsehéaring rocksjadeitesandultra-high pressure
(UHP) rocks(Palin and Santosh, 2020). When subduction ends due to a coittmsinent
collision (Fig. 1.3a), the low T/P metamorphic rocks cangrresl along with rocks
metamorphosed in a high T/P gradient (e.g. titghn temperature rocks) forming what is
classically known as paired metamorphic belts (Miyashiro, 1961, 1973). Thus, paired
metamorphism is a proxy to subduction through the histotlyeoEarth (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). Itadso 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 wih 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 @dakeenrichment

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

Cold stagnant

Active lid (Plate Hot stagnant lid lig* Sluggish lid Sluggish lid
tectonics) (heat-pipe) (plume) (plutonism)
Heat loss through
small conduits
(heatpipes)!®?!
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A thicker and more  volcanic activity®* controlled b
buoyant lithosphere 21 y Heat loss trough
can be subducted plume dynamic¥" i) plutonism
Lithosphere High viscosity * and vglcfs)misﬁ‘f’35
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c the mantlé® Lithosphere .
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§ Efficient crustal top of downgoing Dome rising®
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2 subduction through delamination and
8 - - 613 . ) : : drippinge.g.3234
ot relamination)® Radial contraction delamination and
i inni 7,29
_ _ in lower dripping? Possible short
Minor crustal recycling lithosphere lived local
through delamination levelg®22 Possibleshort .
and dripping* lived local subduction
. . episode%9-33
Possible local subduction
Mantle slices subduction episode®
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crustal sequencés

Mantle plumes canccur
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Juxtaposition of rocks
with differentgeological
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*Due to the temperature the Earth the cold stagnant lid regime is venjikely to have occurred.
Refereceslvan Hunen and van den Berg (200%izova et al. (2010¥Korenaga (2018)YPolat et al., (2004fCawood
et al.(2018);%Lenardic (2018)/Stern (2018)8Condie and Kréner (2008IDhuime et al. (2012):%on Hueneand Scholl
(1991);1Gerya et al. (2004}Hacker et al. (2011¥3Kelemen and Behn (2016YG° Y¢k and Pyskl y
15Brown (2010)%Brown and Johnson (2018yPalin and Santosh (2026§Zuo et al. (2021a)°06 Rei | | y ar
(1981);°McKinnon et al. (2001)?*Moore and Webb, (2013}?Bland and Mckinnon, 20162Kankanamge and Moore
(2016);%*Moore et al. (2017)¢°Beall et al. (2018)?*Tang et al. (2020¥Van Kranendonk (201058Gerya (2014);
2Fische and Gerya (2016§%an Kranendonk (2011§{Sizova et al. (2018¥2Francois et al. (2014y8Sizova et al.
(2015);%**Rozel et al. (2017F°Lourenco et al. (2020¥éFoley (2018)"Collins et al. (1998)%* Coleman, 19713°
Solomatov (1995)°Fowlerand O'Brien (1996)}'Fowler 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.
Someauthors have argued that ridges might have spread faster or their length might have

been larger, which would translate in smaller/antaster moving plates (Hargraves, 1986).
Subduction also might have been different in the early stages of the Eadiidibhave been

shall ower due to | ower slab densities (Abbot
shortlived (Sizova et al., 2010). Since subduction is typically regarded as one of the defining
features of plate tectonics, the interpretabbdifferent 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 Earthés history (e.g. Komiya et al ., 1999
numerical simulatios indicate that shotived 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 subductielated environments is not a definueof

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 tectoras

The stagnant lid mode (Table 1.1) contrasts with the active mobile lid as it is distinguished by
anonsegmented Ai mmobiled |ithosphere that doe:
mantle (Bédard, 2018; Lenardic, 2018). This style of tectongsnetimes referred to as

singlelid tectonics (e.g. Stern, 2018). It can be furtherdwizled into hot and cold stagnant

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

material interchange between the lithosplzré the mantle are driven by vertical

movements. For example, crustal material can be recycled to the mantle via delamination
processes (Fig. 1.30). In hot stagnant lid setting heat is mainly lost by heat pipes (e.g. Fig.

1.3b) or plumes, while in the kbcase 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 heapipe mode (Fig. 1.3b)tI i s t he dominant tectonic styl
(O6Reilly and Davies, 1981). The satellite h
lead to the hypothesis that the early Earth could have operated in this tectonic mode in its

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

2013). The heapipe mode is characterized by conduits in the lithosphere-iyeeg) that

effectively transfer material and heat from the mantle to the surface (Fig. 1.3b)i¢olca
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activity isvigorous inthehegti pe mode and rapid resurfacing
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 artdgngssures at the base of the
crust (O6Reilly and Davies, 1981; Moore and
in a thick lithosphere that radially compresses as it subsides towards the mantle (Fig. 1.3b).
Radial contraction creates differentsitesses 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 lo (MKinnon 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 &altic 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 heatpipe scenario mainly recycle relatively young material, such that the maximum
depositional ageral the youngest zircon in their detrital population have similar values (Zuo

et al., 2021a).

Different numerical simulations of the hgape model indicate that as the heat flow of the
terrestrial body is reduced with time, the lithosphere will eithpeegnce 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 (eMgars; 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 thelPaarchean (Beall et al., 2018). Finally, the h@pe 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

terranewould 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 convthatio

drives horizontal movements in the reegmented 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 mechanisnthelisagh 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) (Francois et
al., 2014; Sizova et al., 2015; Rozel et al., 2017; Layoen 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 tormg pealting

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
andkeel structures (Fig. 1.3e; e.g., Collins et al., 199Bgse 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; Lourenco et al., 2020). Overturns or sagduction
events (Fig. 1.3e) can also faeilitated 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

domeandkeel strutures.

The 3D architecture of the plume might also account for some plate tedikeit=atures.

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 appatbsibo 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 atfggiéarge mantle plumesoald actively

control and drivdithosphere deformation and movemenhtemporaneously with plate

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

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

In these models, TTG generation is a consequence of theassedted metamorphism
experience by the mafic rocks at different levels of the crust (Frangois et al., 2014; Sizova et
al., 2015; Fischerrmd Gerya, 2016) to pr od-pressuret he f#Al owo

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

1.3When did plate tectonics start?

If the Earth might have experience other geodynamic modes in its past, then the question of
when plate tectongstarted 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
auhors argue that the Earth might have transitioned frompipattectonics (Fig. 1.3b) to a

form of sluggish tectonics (Fig. 1.2 and then plate tectonics (Moore et al., 2017;

Lenardic, 2018; Palin and Santosh, 2020; Palin et al., 2020b; Zuo et 4k)202her 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 efgbological 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 blueschigs befor
800 Ma (Maruyama et al., 1996) and of ultigh pressure (UHP) rocks before @@ (Jahn

et al., 2001); (ii) théack of subductionrelatedeclogite facies rockisefore2.87 Ga (Mints et

al., 2010); and (iii) the gradual appearance of paired metamorptos 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 subductielated convergent margins (Ernst, 1971;
Miyashiro, 1973; Brown, 2010). Thus, they appearance marks a minimum age for the

initiation of longstanding subduction.

In the case of other plate tectonics indicators like ophiolites and accretionary prismssieir fi
widely accepte@gppearance in the known geological record is not older than 2.7 Ga (c.f.
Condie and Kroner, 2008; Palin and Santosh, 2B@WWever, debatexést on the oldest

ophiolite record, for example, some authors arguexttsab Ga ophiolites occur in Barberton

(de Wit et al. 1987and IsugFurnes et al., 2007Additional analyses and observations of

the geological record also point to a change in geodynamics on the early Earth. For instance,
the global geochemical and @n 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). Furthermorscklege

geological features like the dome and keel structures are common in the Arcloednlret
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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-Mesarchean transition in tectonic
regime (e.g. Brown, 2006; Van Kranendonk, 2011; Gea42Sizova 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 tectanlysass e

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 idemeee of subduction. On a

similar note, subduction is typically inferred from the-kkke composition of some Archean
metaigneous rocks (Polat and Hofmann, 2003; Jenner et al., 2009) or is based on the
apparent contamination of sedimef@rived componda in the tonalitetrondhjemité

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 s®gf 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 gaesice the Earth solidified, or it
transitioned from a noeplate 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 betweeantihio 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; Ralatiafmann, 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 greatriety 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
metasomatizedhe protoliths of most of them can still be identified. Metaigneous rocks, both
intrusive and extrusive, are documented with compositions that range from ultramafic (e.qg.,
Dymek et al., 1988) to felsic (Nutman, 1986). Detrital and chemical metasedimertiasy

also occur throughout the belt (Moorbath et al., 1973). Prograde, retrograde (e.g. Boak and
Dymek, 1982) and fluigdock interaction (Rosing et al., 1996) features have been described in
the rocks of Isua. Additionally, the bulk of the protolithshe ISB and associated rocks

formed between 3:8.6 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 Neoarchtbars, covering an important time range in our
understanding of the Earth where the geological record is scarce. All thisresdirved

geological archive allows for a comprehensive study of intracrustal processes as well surficial
processes that could ptide insights on the tectonic history of the belt and the larger

geodynamics of the Earth.

1.4.2. Geological framework of Isud points of controversy and open questions

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

craton (Fig. 1.1; Bridgwater et al., 1973) and is located in southwest Greenland as part of the
northern part of the Itsag Gneiss Complex (Fig. 1.4; Nutman et al., 1996). The ISB comprises
a series of felsic and mafic metavolcanic rocks intercalatiédolverts, banded iron

formations (BIFs), clastic metasedimentary rocks, and minor ultramaficigmeaus rocks
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(Nutman et al., 1984). Analysis of a largeP) zircon dataset revealed that the supracrustal

rocks can be sufrouped in two distinct meteolcanosedimentary sequences of 3.8 Ga and

3.7 Ga age, separated by a < ik, c. 3.75 Ga discontinuous metasedimentary sequence

of chert, BIFs, and carbonates known as the
2009). The ISB is flanked by twan-scale TTG bodies with distinct crystallization ages of

3.8 Ga and 3.7 Ga (Fig. 2). Field observations of the ISB suggest that easctitssib

exclusively in contact with the similaged TTG (Nutman and Friend, 2009).
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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
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suggested that rocks across the entire belt were intruded by now strongly deformed tonalite
derived (Hiess et al., 2009, 2011) 3.860 Ga granitic dykes (NutmanRriend, 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 andstigracrustals are intruded by th&\E

and NS 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 andide 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 allofer contrasting interpretations of the tectonometamorphic

history of the belt (c.f. Nutman et al., 2022; Ramigedazar et al., 2022).

Mafic rocks of igneous origin comprise most of the bulk of the ISB. They generally display
boninitelike (high AI203/TiC2) and enriched tholeiititke (low Al203/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 Bllanomalies and fractionated REE
patterns (H&fmann 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 aj.\\2&t&Bton et

al., 2022). Most of the ultramafic rocks show signs of carbonization and/or serpentinization
(Dymek et al., 1988). The geochemical signatures of the igraEixsed rocks of Isua are
commonly regarded as evidence for the operation of suloduatid, by extension, plate
tectonics. On the one hand, the basaltic rocks have chemical signatures broadly associated to
arcmagmatism (Hoffmann et al., 2010; Jenner et al., 2009; Polat et al., 2002). On the other

hand, the ultramafic rocks are thoughtepresent 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 (@linson, 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 poterally 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 intpatant s
localized structures (interpreted@$0-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 intensitiefirmation 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 quantitativeyais 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; 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 forhe 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 -oegence duplex stetures 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 jagitgns of different

tectonostratigraphic packages, with the main tectonic break being the ¢.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 twatess, in turn, would argue for a
continentcontinent 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 Itdageiss Complex (Friend and Nutman, 2019).

A recent reevaluation of the geochronological and structural data of the belt, however,
proposed that the belt represents a continuous vokedionentary sequence that was folded

into a sheath fold during a majectonometamorphic 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 ectonics 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 lineation®katibhs 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 agtor 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 supnagtal 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 quasiomogenous (Fig. 1.5c.i). Model B and C also differ in the number
of the main metamorphic evisirecorded 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 thgarnets of the supracrustals (e.g. GautRetallaz 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, Ram#®alazar et al., 2022). It is also important to
mention that the absolute age of the-aygtamorphic prograde events is not yet resolved as
the timing of the postectonic metamorphism is also a matter of debatemwost 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;

GauthiezPutallaz et al., 2020; Webb et al., 2020; Zualgt2021).

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 fbe 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-TPX-D-t) for the ISB using an integrative approach.
Summaries and details of the main poirftsantention 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 andinal 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 anabjectives
To date, studiefcusingon the metamorphic evolution of the ISB result in contrasting

interpretations. There is ho consensus on the timing and estimates of peak conditions related
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to the main tectonmetamorphic events and apparent contradictions are rarely discussed.
Thereforethis 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-Th&{®-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. Hahedpllowing aims are defined:

A Aim 1: To obtain the peak {P) 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 teto$ samples systematically
collected from north to south of the belt to account for possible variations on the

metamorphic condition.

A Aim 2: To characterize in detail the garnets across the belt to understand the factors
controlling their microstructal and chemical diversity. Garnets are known to be good
metamorphic indicators (e.g. Tracy and Robinson, 1976; Spear et al., 1934g&t1987)

hence the garnet record in the ISB might reflect different metamorphic histories or they might
be controlledby growth processes. Characterization of garnet chemistry, microstructural
domains, crystallographic features and their associated context will be used to discern

between hypotheses.

A Aim 3: To obtain a robust-P-X-D path for the ISB. Using garnets s¥ing large
equilibrium features, quantitative modelling testing differefit-R paths will be carried to
produce the observed garnet profiles. Information retrieved from the microstructures will
complete the full characterization of thelPX-D path. Qualiative data will complete the

dataset to account for possible variations across the belt.
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A Aim 4: To date the different metamorphic events recorded in the belt by using a
combination of geochronometers in different lithologies. Apart from supracrustplesa
within the belt, enclaves and a mgpanite will be studied for comparison. The data aims to

complete the H-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 crasating relationships is provided as well as a
summary of the main points of controversy on the belt. Specificessassociated to the
metamorphic record of the belt are described in the subsequent chapters. Ghapttude
original research and contributions on the metamorphic evolution of the ISB and provide
insights on garnet growth processes within the testoatamorphic 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 presentethe 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 candidiéde;halpters 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 invoine8 additional pieces of work (Webb et

al., 202Q Lithosphere Zuo et al., 20213, Tectonics RamirezSalazar et al., 2022 ectonic$
contributing overall the gain in knowledge regarding the Isua Supracrustal Belt evolution.

Theseweresubmitedwith the thesis
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Chapter 2 (aim 1) is mainly based on the original paper by Ra®@lezar et al. (2021),

which was published along with Zeab 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 eastest transects are used to distinguish the main metamorphic events that
affected tle ISB. Microstructural and mineralogical descriptions in combination with
guantitative phase equilibria thermobarometry and classic thermometry allowed to
distinguish three main metamorphic events and th&ircBnditions. The findings also

provide a posbie 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 RatSakzar et alirt prep, which

will be submitted for publication to Conltnitions to Mineralogy and Petrology. Using
garnetbearing samples presented by RamBalazar 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 garhenicrostructures. 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 materal.

Chapter 4 (aim 3) builds on the findings presented in chapter 3. Here, garnets showing large
scale equilibrium characteristics are used to model {hexFD-t evolution of the ISB. A
guantitative PT-X-D-t paths is reconstructed using thermodynamadetiing for a specific

bulk compostionX). Qualitative approximations to the metamorphic evolution of other
samples are also presented to complete the dataset. Trace element datm-gaaret
geobarometry, alongside thermodynamic data from chages 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 Hate, SmaNd and LuHf in
garnet and tPb insitu 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 thePWill be submitted soon after thesis submission.

Notably, there is some inevitable overlap, especially in terms of the geological background
and methods section as chaptets&e written in form of individual seftanding scientific

contributions.
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Chapter 2: P-T-X-d constraints ofthe Isua supracrustal belt,a
poly-metamorphic terrane

This chapter has been publistisdhe journalTectonicson February 8 2021. The original

of publication is entitled’ ectonicghe Isua Supracrustal Belt P-T-X-d Constraints of a
Poly-Metamorphic Terran¢RamirezSalazar et al., 2021Minor modifications have been
madefor the format of the thesis (e.g. title of the Chapten} most of it remains as the

original published papel was the first author dhe paper with Thomas Miiller, Sandra
Piazolo, A. Alexander G. Webb, Christoph Hauzenberger, Jiawei Zuo, Peter Haproff, Jason
Harvey, Tsz Kin Wong, and Callum Charlton asaztghors. | was in charge of the
conceptualization, manuscript writing, most ofadatllection, figures, thermodynamic
modelling and analysis. Thomas Miller and Sandra Piazolo supervised and were involved in
the conceptualization of the work. Sample collection was made by Thomas Miller, A.
Alexander G. Webb, Jiawei Zuo and Peter Hapfbéz 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 manuscriphis 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 Structuréisus 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, pegptectonic 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 olzgems, 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 swtectonic, amphibolite facies metarpbic event (M) with peak conditions of
550600 °C and 0.5 0.7 GPa. Mwas followed by a static, lower amphibolite facies
metamorphic event (M < 540 °C and <0.5 GPa). Published constraints suggest thatdV

M2 occurred in the late Eoarchean (>3.5 @a) the Neoarchean (<2.9 Ga), respectively.
These events are partially overprinted by late low temperature (< 500 °C) retrogresgion (M
that is most intensely developed in the northeastern part of the belt; it typically overprints
some peak mineral phasenhile preserving the peak fabric. Our findings are consistent with
spatiallhomogeneous sytectonic amphibolite facies metamorphism and macroscale
folding. Such features are predicted by a {piae tectonic model. Therefore, our findings
permit the iterpretation of the Isua supracrustal belt as a record of eadymfirmitarian

tectonic processes.

2.1 Introduction
Model s to describe the nature of the Eart hos

substantially, from horizontdéithospheric motions with subductidike movement (Abbott et

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

Sizova et al., 2015), extensive volcanism (Turcotte, 1989; Moore & Webb, 2013), and the
formation d a singleplate lithosphere. Firgirder questions include when and how

horizontal lithospheric motion (e.g., subduction) became the dominant process by which
Earthodés interior cools, deforms, and evol ves
between 3.271 2.5 Ga is proposed based on the global geochemical and zircon record

indicating an increased contribution of reworked ¢riygtically associated witrecycling

along subduction zonefyr 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 transitionstectbeic

regime, from stagnasiid tectonics to mobildid 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, domindngh &fP gradients

(>775 °C/GPa 22°C/km%), and increasing abundance of low T/P gradients (< 375 °CiGPa
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 evolattore tid
geodynamics since the Neoarchean (Holder et al., 2019). In stark contrast with these
interpretations, multiple subductiatriven events are invoked to explain the origin and
evolution of the Eoarchean Isua Supracrustal Belt of southwest Greéhigndl), one of the

oldest metamorphic terranes known, which some workers have interpreted to reflect the onset
of plate tectonics as early as-3®8 Ga (Komiya et al., 1999; Nutman & Friend, 2009;

Nutman et al., 2015). Structural studies of the Wgkl§b et al., 2020) together with new
geochemical data of the adjacent Eoarchean torieditelhjemitegranodiorite (TTG) bodies
(Gardiner et al., 2019) challenge the unequivocal interpretation that the Isua Supracrustal Belt
was generated imaactive lidtectonics regiméFig. 1.3a)and alternatively suggest that a
sluggish lidscenarigFig. 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; Bbwn & 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; Blichtoft & Frei, 2001; Frei et al., 2002; Komiya

L AssuminglGP&35 Km
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etal., 2002; Rollinson, 2002, 2003; Heijlen et al., 2006; Arai et al., 2015; Gatrbtaliaz
et al., 2020; Nutman et al., 2020), and existing studies present results with contrasting

distributions of the A peak conditions across the belt and conflg#HT evolutions.

In this contribution, we present a systematic analysis of {fliexRi-(t) evolution of the Isua
Supracrustal Belt, linking metamorphic data to structural data at the micro to macro scale. In
depth petrographic observations combined wi#issic 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 alongaadsompanion study on the microstructures and
strain distribution recorded in the sygctonic fabrics of quartdch lithologies, centered on

strain and shear sense analyses (Zuo €2G2211. The dataset presented here enables us to
discuss in depth ehmetamorphic 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 ~35km-long, arcuate Isua Supracrustal Belt (ISB) (Rid) 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 Compldxd. 1.4;Nutman et al., 1996 he ISB comprises a series

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

2002) intercalated with cherts, banded iron formations (BIFs), clastic metasedimentary rocks,
and minor ultramafic metgneous rocks (Nman et al., 1984). The ISB is flanked by two
km-scale TTG bodies with distinct crystallization ages of 3.8 Ga and 3.7 G2 (Big.

Analysis of a large WPb zircon dataset revealed that the supracrustal rocks can-be sub
grouped in two distinct meteolcanosedimentary units of 3.8 Ga and 3.7 Ga age, separated

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

carbonates known as the fAdividing sedimentar
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observations of the ISB suggiehat each subnit is exclusively in contact with the simiar

aged TTG. In addition, some deformed 336 Ga granitic intrusions (Nutman & Friend,

2009) and the weakigleformed, c. 3.5 Ga Ameralik dykes crasg both the 3.8 Ga and 3.7

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

at least 3.66 Ga.
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Figure. 2.1Geological map of the Isua Supracrustal Belt showing the location of samples used
in Chapter2, modified from Zuo et al. (submitted) and Nutmargend (2009). Garndiiotite
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 figurganbol coding represent the interpreted protolith:
triangles: felsic metaolcanic rocks; squares: mataafic rocks (amphibolites and mafic schist:

and circles: metaedimentary rocks (metapelites and BIFs). Samples that share locality/outcrop:
7145A, 714-5E and 714bF; 7252c and 728b; 7291B and 7291A.

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 stromalites (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
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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 ISBofswinieh are

only locally reported (e.g., longrade sedloor hydrothermal metamorphism; Appel et al.,
2001), with broadly two major mediurto hightemperature episodes recognized and
documented to have affected the entire belt. These events are yypiae#d in the

Eoarchean and Neoarchean based on several isotopic ages that are interpreted to reflect the
metamorphic age of the events (RR®; Shimizu et al., 1990; Gruau et al., 1996; Frei et al.,
1999; Rosing & Frei, 1999; Blicheftoft & Frei, 2001; Crowley et al., 2002; Crowley, 2003;
Nutman et al., 2013). The most pervasive metamorphic event is syntectonic to the penetrative
foliations, hat are parallel to the belt margins, and steep soutpkaggiing 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 wealdgeformed Ameralik dykes crogsitting the belt povide a
minimum age of c. 3.5 Ga (Nutman et al., 2004). The younger event is recognized in post
tectonic garnet rims (Blichefoft & Frei, 2001; Rollinson, 2002, 2003) and rotiated

lower amphibolite metamorphic paragenesis in the Ameralik dykes @fuétal., 2004).
Additionally, detailed investigations of the textures and chemical composition of garnets
across the belt revealed the common appearance of three to four distinct zorasr(ubire

rim) within individual grains (Rollinson, 2002, 2003; @hiezPutallaz et al., 2020), leading

to the interpretation that the core could represent an earlier méelmperature

metamorphic episode preceding the largetegtonic event (Fig2.2) responsible for most of

the deformation (Rollinson, 2002; Gautheutallaz et al., 2020).
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Major geological events proposed for the ISB
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Figure 2.2 Timeline showing the major geological events interpreted for the ISB (bands) and age
interpreted as metamorphic (motifs with error bars). Interpretation of the garnet growth from Gauthiez
Putallaz et al. (2020). Gebronological data from Nutman & Friend (2009). Metamorphic ages
references: 1. Frei et al., (1999); 2. BlichEoft & Frei (2001); 3. Nutman et al (2013) 4. Crowley,
(2003); 5. Crowley et al., (2002); 6. Gruau et al. (1996); 7. Rosing & Frei (19%h)irBizu et al.,

(1990)

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 teatetemmorphic event during which

the most pervasive mineraljerostructural and deformational features of Isua developed is
still debated. Three main models have been proposed3(B)gtwo 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 tpgpdeat

tectonics could explain the geological recordsofa (Webb et al., 2020).

Both plate tectonic models predict systematic metamorphic patterns across the area. The first
plate tectonic modéModel A) suggests that the ISB represents an accretionary complex
characterized by southeatitected duplex stictures 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 43.80 TTG (Fig. 3a, Komiya et

anticipates a metamorphic gradt with increasing H conditions from north to south across
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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 nortke@aghwest increase inPconditions

based on meral composition and phase equilibria geothermobarometry from the end of the
northeastern belt to the central part of

2.1; Arai et al., 2015).

b)Model B: Collision of northern and southern terranes

a)Model A: Formation of an accretionary
along the dividing sedimentary unit (3.69 - 3.68 Ga)

complex (c. 3.8 - 3.66 Ga)

N ISB Accretionary prism S N ~3.7 Ga belt DSU S

70 Ga TTO e <0 -
| I 3.80 Ga TTG

e -

J
3.80 GaTTG

Ultramafic tectonic slices

¢) Model C: Heat-pipe model and late shearing
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Figure. 2.3Tectonic models proposed for the evolution of the ISB. (a) Model A: Stipfing
accretionary complex model (modified from Arai et al., 2015) (b) Model B: Ndighing
subductiorcollision model (modified from Nutman and Friend, 2009); (b); and (c) MOde=at
pipe model (modified from Webb et al., 2020).
The second plate tectonics mo@diodel B) argues for orogenic crustal thickening in
response to collision of two pretocs, with subsequent orogenic collapse via development of
an extensional coremplex (Nutman et al., 2013). In this model, nattpping 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) &3#p). Syndeformational

Barroviantype metamorphism is predicted for this model, with €onditions increasing

continuously from the 3.8 Ga belt to the 3.7 Ga TTG (Nutman et al., 2013). The reported
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early metamorphic event recorded in garnet cores of the 3.7 Ga sequence haehweted

in support of this model, attributed to the amalgamation phase of thegooofGauthiez

Putallaz et al., 2020; Nutman et al., 2015). Based on the report of kyanite in metapelites of
the 3.7 Ga belt and garreinopyroxenehornblendequartzplagioclase assemblages in the

center of the 3.7 Ga TTG, Nutman et al. (2013) interprets an increask ¢oritlitions, from
greenschist/lower amphibolite facies in the 3.8 Ga belt to amphibolites facies in the 3.7 Ga
belt and up to higipressure granulite facies in the center of the 3.7 Ga TTG. The authors

then argue that this interpretation is consistertt witbduction 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 foModel B, with low T/P gradientsleveloping 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 nddeanridge basaltic protolith and zirceRTG trace

element chemistry, that thereiigleed a paired metamorphism preserved in Isua and the Itsaq
Gneiss ComplexFig. 1.4) I n their interpretation, <cold
recorded in the higpressure garngranulites and in the garnet/rutile chemical signature of

the TTGswhich may represent partial melting of garngile eclogites. In contrast, hot T/P
conditions (>1000 C/ GPa) would be represent
garnet and in equilibrium with orthopyroxegeanulites (Nutman et al., 2020). Nutmetral.
(2020) suggest even colder gradienthgh (<200
pressure (UHP) metamorphism on the basis of the presence of F bearing Ti
chondrodite/clinohumites in some ilmendarbonate dunites. However, it is impottem

bear in mind, that halogens, ilmenite and-®@ve 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 unedyireasent

UHP conditions.

The heatpipe mode(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 segce (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 tectonetamorphic episode produced amphibelite
facies syrtectonic metamorphismmd structural thinning across the whole belt in response to
either (a) heapipe contraction (global lithospheric subsidence on a spherical body forces
contraction) or (b) a platereaking event representing transition to plate tectonics. Within
this sheazone an Atype fold developed (Webb et al., 2020) with randomly distributed
opposite shear senses (Zuo et20210. Any early record of burial metamorphism should
record increasing pressure conditions from the top to the bottom of the sequencemi.e., f
3.7 Garocks to 3.8 Ga rocks. For the subsequent thinning asidctgnic metamorphic

period, the model anticipates nearly homogenous amphibolite facies metamorphism (Fig.
2.3c), in stark contrast to the metamorphic gradients predicted in platei¢atimels. To

date, the heat pipe model is consistent with the apparent lack of metamorphic gradient
interpreted from the amphibolite facies temperatures-@500 C) returned frol
biotite thermometry (Boak & Dymek, 1982; Rollinson, 2002, 2003)ghatv no clear spatial
variations (Fig2.1). The heapipe 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 &9 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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2.3Results

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

transects along norsouth and eastvest directions in the eastern arm of the belt as well as
samples from both the 3.7 Ga and the 3.8 Ga sequence&.{ffig@nd (2) their potential to
provide geothermobarometricfammation (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 peak distribution to test the presence or absence of metamorphic
gradientsWe conducted a detailed study on twetitsee samples, most of which are garnet
bearing, from three main lithologies namely felsic maikcanics, amphibolites, and

metapelites with minor mafic schists and BIFs. In the field, the rocks are charactgrezed b
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 (Tablell

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; G
Biotite thermometry; TiB=Ti-in-Biotite thermometry; P.S.=Phase equilibria therr
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 sa
nomenclature)

Inclusions S):r;aTeecr:ZQiIsc PF?aSr:Tee?: & (e PAFCEE (€IS CORRIERE
Sample ID Lithology | Age (Ga) | . parag geNesiS|paragenesi
in gamet M)
3
My Mp) M.C | Grt-Bt | TiB | P.S. Longitude Latitude
gizr;o?l’A;’;Asv Qz + Bt+ Pl+ Ms + Cz Ms, 65.152608
717-5 Mfv 3.8 '+ Grt + Kfs minor Cal + Sericitizatio X X X ) -49.84904 -49.84904
Cal, Tur, 65.15260¢
Tur + llm n
Aln, Zrn
Qz + Bt + Pl + Grt + llm
725-2¢ Miv 3.7 Qz, Bt, IIm + minor Tur Grt + llm X X X X 65.098302 -50.00803
726:6A | Mitv 375 QzBLPLQzrBLtIm*GLrP chi X X 65101806  -49.967241
Ms, [Im  + Ms Minor Ap + Hm +
%]
X JZ17729-] Qz, Bt, Ms, Qz + Grt+Pl+ Ms +
§ 1A Mfv Pl Chi(?) + lim Chl X X 65.111243 -50.017674
o
i) - Qz, Ap, Qz+Bt+Ms+Pl+Gr
ﬁ 729-11 | Mfv /Mmp 3.7 lim, An £ Tur + Ap + Iim Grt Chl 65.183238 -49.82114
_g{s Bt+ Qz + Pl + Grt +
% 730-2A 3.75 Czo + llm + Ms + minot ~ Grt+Czo X X X 65.142622 -49.87623
Tur + Cal + Ap
Qz + Bt + Plg + Grt-
801-9A Mfv 3.7 Qz, Bt, Ilm  Cal + minor Ep/Czo + Grt Chi+Ms X X X 65.18258 -49.80878
lim
Carbonated Qz +Grt+Bt+Ms+E
-4 -
JZ17801 Mfv 3.7 Qz, Bt, An + Pl minor Ttn + Ap + Grt X 65.179341 -49.803351
Qz, Cal, L
802-5 | M 38 Ms Tur, QZEIMSHBUYPIYTU (o oy Sericilzato 65.158051 -49.83139¢
+ Grt + Ep + Opaq n
Iim, Bt, Ep
Qz, Ap,
7159 Am 38 ChLBL  Qz+BUrGHePlt (o, og  ChICal X X 65.16436 -49.81711
Cal, An, Amp + Ep minor llm veins
9 lim, Wo
g Qz, Cal, Bt,
o JZ17715- ' N Qz + Bt + Grt + Cal Chl, Qz + J
e 5E Am Ap,Hénmp, minor Ap + Amp Cal veins 65.169422 -49.823217
<
£ JZ17715 Act, Ep, Qz + Bt + Grt + Amp +
& - .
z 16A Am 3.8 An, Cal, Bt, An + Ab + Cal minor Ac X X 65.158913 -49.81545€
= Qz, Ap +Ttn + Ap
7208 |Maficschist 37  C3hQz Qz*BtrAmp:CaltQziGitiCzor X X 65193078  -49.782867
Iim, Ap Grt+ Czo + lim lim
7253a | Am 37 Qzlm. Amp+PI+Qz+Bt+ GriCzomMst oy o)y X 65.008261  -49.998603
Czo Grt + lIm minor Cal
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Table 1.1. Continued

72526 | Amp 37 Act + Mg-Hbl + Chi Chi (":;’e *ox 65.098302 -50.00803
o
2
S 729-5 |Mafic schist 3.7 Qz Bt Grt(+Im  chi 65.198128 -49.788794
o
= Amp + Bt + Qz + llm
£ 729-10 |Mafic schist 3.7 P Cal+Chl X X 65.194247 -49.78885€
© (maybe Cal)
g
QTV‘I'"”‘ Grt+ Amp + Bt + Qz +
731-2A | Amp 37 e, | CZ0+Z04Ms+im+ G X 65.173048 -49.822507
AE o minor Cal
Qz, Bt, Po,
714-5A | Mmp 37 minorcal 92 B ”mg FOLEP oy ChiAct X X X X 65.171295 -49.83346¢
and Amp
s,
Ctd, Chl, Qz + Grt+ Ms + Cld +
1] - -
2 714-5E | Mp 37 e ohieTure Py Grt Chi+Ms X X 65.171295 49.83346€
o PSR
> Qz, Ms,
3 714-5F | Mp 37 Cd,ch, Q@rCOMrCHEMsE o Ms+Chl X 65.171295 -49.83346¢
£ Tur + St + Pyr
[} llm, Tur
£
® Bt, Qz, Ap
o 725-4A |  Chert 37 Zmand HPI*BLrQz+ G Grt X X 65.00825 -50.0062
3 minor Hbl Czo + Pl + minor Ilm
=
Qz, llm,
Ms, Qz + Bt + Amp + Grt +
729-18 | Mmp 37  Ep/Czo, Bt PI+Iim +minor Cak+ Gt,  ChkCzo(?) X X X 65.20005 -49.798507
minor Cal early C(zo)
and Chl

Nine samples dfelsic metavolcanics (Table 1, 7175, 7252c, 7266A, 7291A, 72911,
730-2A, 8014, 8019A, 8025) show peak mineral assemblages of quartz + biotite +
plagioclase + garnet + muscovite + tourmaline + epidote/clinozoisite * ilmenite + calcite + K
feldspa * apatite = titanite. These samples typically exhibit a strong foliation with
lepidoblastic layers intercalated with quaritzh granoblastic layers that are deflected by
large garnet poikiloblasts/clusters, typically developing pressure shadow?2 4B&id; Fig.
APP-Ala, in the supportive information) and occasional garnet boudin structures in some
samples (722c and 726A). Different garnet microstructures can be identified in this
lithology (Fig.2.4; Fig. APP-Al). Garnet within sample 7281, locaéd in the nortkcentral

part of the 3.7 Ga belt (Fig.1), shows up to three zones: (i) core with relatively small,
mainly quartz, inclusions (<20 um) without a clear internal foliation pattern, followed by (ii)
annulus of larger inclusions (AD pm) with spiratlike internal foliation pattern, and (iii) an
inclusionrpoor rim with euhedral facets cutting the external foliation (Ef8p). Garnets of
samples 722c (Fig.APP-Al1b) and 8019A (Fig. APP-Alc) from the 3.7 Ga belt show

garnets with a clear ihgsionrich core and an inclusigpoor rim whereas garnets from
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Figure2.4 Photomicrographs showing peak mineralogy and mstmactures. (a)
skeletallike syntectonic garnets and euhedral ptesitonic grains; (b) garnet
showing three different micrstructural domains; (c) a#like inclusions trails in
garnet and boudinage structures; (d) garnet showing inchdsiocore and inclusion

poor rims; (e) and (f) spirdike garnet; (g) garneamphibole coronae on epidote; (h)

Backscatter electron image gédirnet showing garndtiotite temperatures (Perchuk &

Lavrent 6eva, 1983) calculated along a grain
(200 um), except in (c) and (e). Red dotted lines indicate external foliation, yellow

dotted lines internal garnéiliation and purple dotted lines limit between garnet

microstructural zones

samples 71-b, 7266A, 7302A, and 802 from the 3.8 Ga belt and sample 8Dfrom 3.7

Ga belt exhibit clusters of
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skeletallike microstructures (FigAPP-A1), some of which contain small euhedral garnets
that overgrow the foliation (Fi@.3a). The quartz trails in the cluster/porphyroblast from
samples 805 and 7175 (Fig. APP-Ala) show ardike shapes converging the pressure
shadows, whereas in sample &% (Fig. APP-Ale) the trials are parallel to the external
foliation at the pressure shadows, but oblique at the body of the sigmoidal garnet/cluster.
Sample 1772%c contains weltleveloped &C fabric structures the external foliation. Late
retrogression at upper greenschist/lower amphibolite facies conditions is commonly observed
in the felsic rocks. For example, sample -Bldisplays micreshear zones that overprint the
peak assemblages, where muscovite gralong observed fractures (FAPP-A2a) that
crosscut 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 assemblagétbe eight amphibolites (Table 1, #b%, 7159, 7159, 7208, 725

2b, 7253a, 72910, 7312A) comprises amphibole + biotite + quartz + garnetsyn +
plagioclase + epidote/clinozoisite + ilmenite + calcite + muscovite. These rocks are foliated
amphibolitegypically containing garnet poikiloblasts, and minor amphibole porphyroblasts
that deflect the external foliation. Sample 724 also shows boudinage structures (Fig.

24c). Garnets commonly contain inclusinoh cores, with different inclusion patterns
observed in various samples (FARPP-A1; see Tabld.1l). The inclusions in the garnet core

of sample 728 are randomly oriented (FigPP-A1f), whereas in samples 7-B%, 7159

and 7312A, the internal foliation in the ellipsoidal large garnets (typicallgm) displays
arclike patterns that converge towards the pressure shadows and continue into the external
foliation (Fig.2.4c). In sample 723a, garnets occur as complex aggregates of large grains

(>0.4 cm) with weakly curved inclusion patterns, digoarous with the external foliation
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(Fig. APP-A1f,g). The amphibolites show various posttonic upper greenschistwer
amphibolite facies features: (1) most of the garnets display inclpsioneuhedral rims
overgrowing the external foliation (Fig@PP-A1f); (2) in sample 718, a vein dominated by
posttectonic calcite crossuts one of the garnets perpendicularly to the internal foliation, and
euhedral garnets crystals grow towards the centre of the veir2@®ay, (3) in sample 728
calcite veingrosscut 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 733 ; Fig. APP-A2c) and grow in garnet fractures with no
preferred shape or crystallographic orientation; and (4) randomly oriented biotite grains, and
guartzcalcite crystals with a granoblastic texture replace garnets (samp® {2i@.2.5c).

Late (upper) greenschist facies replacement microstructures iotiegpthe syrtectonic and
posttectonic 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 (Eigd) or mimicking the foliation by

replacing biotite (Fig2.5e).

Two metapelitic samples (743E and 7146F) 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 elongatet guains that

are deflected by | arge gar net pligeringlispnsobl ast s
patterns from the core to the annulus that are overgrown by an inehdomim (Fig.2.4e,

f), which typically shows euhedral facets and ovengrthe foliation (Fig2.4e,2.5f). The

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

annulus (> 200 um, Fi@ 4 e,f). Staurolite crystals, typically overprinted by muscovite (Fig.

S2d), appear in the matrof sample 7146F, 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 (Fig2.4f). In these samples, retrograde chlorite replaces prograde biotite crystals by
mimicking the foliation. Significant patches of late muscosgieicite as well as chlorite
overgrowing garnet are common textures in these rocksZBiy. Sample 7146F contains
chlorite- and muscovitdilled veins that are consistently oriented paralbetach other

throughout the sample and crasg the peak minerals (FigPP-A2d).

Some rocks with a darkeolored outcrop appearance within the metapelitic packages,
commonly referred to as fmafiocCanoht apel i teso
metaelites have a more Gand Mgrich composition than the typical metapelites
(Rollinson, 2002). Two of such rocks (samples-5Rdand 7291B) show peak assemblages
of quartz + garnet+ amphibole + plagioclase +ilmenite + calcite + sulfides + apatite. These
are foliated rocks with garnet and amphibole (in the case of samplEBjZbrphyroblasts

that deflect the foliation. Garnets in sample -BBshow inclusiorrich cores with curved
patterns and inclusiepoor rims that overgrow the external foliation (R2gtd), while

garnets in sample 72BB exhibit straight inclusions patterns or skelditad textures with
smaller, more euhedral grains in the outer parts of the clusterd\(l)gChlorite can be

seen overprinting garnet and amphibole, as well asdfifractures in minerals as well as

some fractures crossutting the rocks.

Sample 7251A (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
mediumgr ai ned epi dote crystal (41500 &ch) i s s
green amphibole, and the foliation is slightly deflected around the mineral @agy. A

third, plagioclasgpoor band is rich in quartz and biotite. This band is followed by another

band with biotite, amphibole, garnet, and quartz. Garnet in thi$ decurs as porphyroblasts
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with curved inclusion patterns resemblingpiaces snovball fabrics (Fig2.4h, Fig.APP-

Al)).

(200um

Bt ¥

Bmr120.5C B aTa i 120 5C

Figure. 2.5Posttectonic mediumand lowtemperature paragenesis and mistctures. (a) calcite vein
crosscutting garnet internal foliation and peasttonic euhedral garnet growing towards the vein centre

Late calcite veins crossutting the main foliationwhich are overprinted by pesctonic garnets. (c)

Garnet replacement by calcitgiartzbiotite. Retrograde chlorite (d) overprints the foliation and (e)

mimicks the foliation by replacing biotite and (f) growing along factures that-crggsosttectaic garnet.

(9). Biotite pseudomorphing garnet and chlorite replacing biotite. (h) Extreme biotite chloritization. Scale
in all images is the same (200 pum) Red dotted lines indicate external foliation, yellow dotted lines internal
garnet foliation and bludotted lines limit of veins.

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

is a common feature. Remarkably, mafic schist samplés#@9lected the northern part of
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the belt (Fig2.1; zone B of Arai eal., 2015) represents an extreme example of low
temperature greenschist facies overprint. This particular sample exhibits crenulation cleavage
(Fig. Ale) with inclusiorpoor garnet porphyroblasts. The garnet crystals are replaced by
randomly oriented bid# grains, which themselves are overprinted by chlorite g5g)

that comprises most of the matrix along with few relic biotite grains 25¢).

2.3.2. Mineral chemistry
The chemistry data of the garnet, amphibole, biotite pdagioclase can be found in

RamirezSalazar et al. (2020&)Jatabase uploaded EarthChem)some classification
diagrams are shown in Figup&®P-A3 and the methodology is described in Appendix

For garnet, we present a detailed mineral chemistry prapéssed using XMapTools
version 3.3.1; Lanari et al., 2014) exhibiting the commonly observed three zones. The garnet
stems from the metapelite sample -BE (Fig.2.6). Notably, while the core (Gitand

annulus (GH) zones exhibit a sharp change inmingry, the inclusions trail is continuous
from the core to the annulus (FR)6a). Specifically, the garnet core (§rshows low

content in grossulay ), rises steeply in the garnet annulus {Git ) and then falls to
valuessimilar to Gri in the rim (Gr¢; Fig.2.6b; & ). The almandine (Fig. 6¢) content
shows a concave increase in &eb ), follow by a nearly constant content in &rfd )
and a slight increment in Grt® ). The cherical 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.6d).

2.3.2 Thermobarometry
To determine the peak metamorphic conditions, we combinedactgssihermobarometry

utilizing mineral pairs or assemblages and thermodynamic isochemical phase modelling. We
applied the garndtiotite FeMg exchange geot her mometer (Perc

on eleven samples and theiiiBiotite geothermometer (Henet al., 2005) on thirteen
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samples acrossthe ISB(Taliléd ) . The <cali bration from Perchu

applied to be consistent and comparable with results from Rollinson (2002).

(this study)

O Grt,
® Grt,
® Grt,

Gauthiez-Putallaz et
al. (2018) garnet zones

m Zone I (Grt))
Zone 11 (Grt,)
Zone 111 (Grt, )

0.3 Py 0.3 Gro Zone IV (Grt,y)
Figure 2.6 Geochemical characterization of spiliae garnet in sample 718E. (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 composiéserped in this work with
GauthiezPutallaz et al. (2020) data.
The temperature range (4%@0 °C) and mean values (4980 °C) derived from the
exchange thermometer using garnet (cores) and biotite inclusions show no systematic
increase in temperatureom the northeast to the southwest (Riga). The mean values of
samples are very similar throughout the belt. For six of these sampleSA7¥459, 717
5F, 71516, 7175, 7254A and 8014), we obtained the chemical composition for inclusion

host mineal pairs along overall profile transects, which suggest an increase in temperature

from core to rim that is typically not greater than 50 °C (Rgth & APP-A4) in all the
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samples except 715F and 715, where the increment in temperature from corémas

>60 °C, ranging from 50589 °C and 46%35 °C, respectively. Modelled temperatures
using inclusiorpoor rim analyses of garnet and adjacent matrix biotite generally returned
temperatures <550 °C, which are typically lower than those recordedcortse(Fig2.7b),
with the exception of sample 7-2Z& that returned mean temperatures of 487 °C in the core

and 544 °C in the rims (Fig.7b).
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egen -
' D
o 714-5A 2 3
= 715-16A L
= 715-SF ;
715-9 . ¥ i i -
= 720-8 i T8
717-5 L] ; . 5 |
725:2C A i ) ; i o
A 725-4A | - * s
A 726-6A ~ £ Y TS
A729-1A O o » - i o
©729-1B = O - d - ORI
172910 i I =
730-2A - 0 -
4801-4 i '
4 801-9A i f i
5 .
g i i |
= - - ]
— (]
o 2 L a L
£ NE-SW ~ NE-SW
3 > »

Figure 2.7 Classical geothermobarometry plots showing the mean (symbols with error bars) and
range of (boxes) temperature values forgametot i t e cal cul ati ons (Perchu
1983) and mean values returned from thénTBt geothermometer (Henry et al.,(G8)

Temperatures obtained with theiftBt geothermometer (Henry et al., 2005) range from
510°C to 650°C (Fig2.7a & APP-A5) with the highest values returned from samples that are
poor in ilmenite (e.g. 7%) or witha low number of analysis (e.g. 728, 7208 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 ilnramiteocks

ranges from 54890 °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.7a, Fig.APP-A5). The values were obtained mainly in biotite

crystals hat are part of the peak assemblage and that make up the main foliation of the rocks
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(e.g. Fig.24d,APP-Ala, d, f) and some as inclusions in garnets (e.g2 Blg), with no clear

temperature difference among these groups.

A total of eight isochemical phase diagrams have been calculated using thexXPasfileare
(Connolly, 2005; ver. 6.8.6) and the database of Holland & Powell (2011, sd622). The
calculations were performed in the MNNCKFMASHTO system for the ffie¢t&c 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 butkock composition are listed Wppendix Aand the copositions

are reported in Ramiregalazar et al. (2020b) and shown in talésandA2. Results reveal

that the overlap of stability fields covering the observed mineral assemblages do not show
any systematic increase in pressure and/or temperatur@astiar of their spatial

distribution (Figs2.8, 2.9 & A6). Most of the samples converge in a range 600/5GPa

and 5566 0 0 @2.9aj. Hawever, the stability fields of the two southernmost samples
(725-2c and 7283a) display higher temperaturesfm 585 t o 625 C and wup
725-3a, with similar pressure values as the other samplesBa.f). To further constrain

the stability conditions of the individual mineral assemblages, we plotted chemical isopleths
for garnet compositions andher minerals from samples b (Fig.2.9¢) 177252c (Fig.

2.8d) 177253A (Fig. 2.8f), as well as the modal isopleths for sample 179A4Fig. 2.8b).

Here, we assume that the whobek composition of the samples and the selectedhadels

are suitabldor 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.qg., Eig.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 garneteanber isopleths will
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define small PT fields under which garnet grew, whichutd be different from those for the

peak metamorphic assemblage (R§c).
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Figure. 2.8lsochemical phase diagrams calculated using Perple_X (Connolly, 2005) in the MNNCKFMASHTO

system with exception of samples 72& and 73RA, calculated in the NCKMASHTO system. All the phase
diagrams were calculated assuming a water saturated system and Fe203 = 5% (See table A2). All fields contain qua

Mineral abbreviations are after Whitney & Evans (2010). From (a) to (f) samples are arranged from northernmos

southernmost.
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For sample 714A, the peak assemblage stability field indicates pressures c0G865Pa

and temperatures of 54810 °C (Fig.2.8b), essentially reflecting the same temperature range
obtained by garndiiotite and Tiin-Biotite geothermometry for the same sample (Eigb,

Fig. 2.7a). The modal isopleths for garnet, plagioclase, and amphibole plot within the stability
field of thepeak assemblage (dotted lines in Rigb), showing that the-amodels used
reproduce well the abundance of the minerals in the rock. Apart from pyrope, the rest of the

endmembers intersect in relatively small areas within the peak stability fieldioain).

1.00 T T T T T T T T T T T T T T
a) Stability fields for the ¢) Growth condtions of garnet core (Grt,) and
-peak assemblages of all the 1 garnet annulus (Grt,) from sample 714-5E -
calculated pseudosections
0.84 - |- |
0.68 - ' / L o
= /
E-D r // - Speculative near 4
= isothermal prograde
0.52 4 L path |
[ b N g 1 T b
0.36 - o 4 -
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0.20 - I | 1 | I 1 I | I 1 | 1 | I | I | 1
500 550T (°C) 600 650 700 500 550 T (°C) 600 650 700
Legend Legend
R - 714.5F 250 == 729- Grtl 714-5E Overlapping of mineral stability
= oied JEE S Boorii Qe sl iy,

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; samplésA/ 74 45E and 714%6F are
from the same locality. (c) Stability fieldseated by the intersection of the garnet-er@nbers for
the core and annulus of garnet in samples>5&, suggesting a tentative isothermal path.
Metapelite sample 718E is part of the same outcrop as sample5A4vith no visible
tectonic break bateen the two units. The equilibrium fields of these two samples and sample
714-5F, which also forms part of the same outcrop, overlap at@E&bGPa and 55890 °C
(Fig. 2.9¢), suggesting this is the range of peak conditions. We used the mean compbsition

the garnet core (Grtl) and garnet annuluszj@stplot the endnembers isopleths of the

solid solution (Fig2.9c). Garnet compositional profile shows an increase in grossular content
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from core to annulus and decrease in spessartine conter.@ridn the plot illustrating the
compositional intersection between Gahd Grt, the four garnet eathembers isopleths

define two narrow fields at 550 °C, with the intersection fop &rggesting slightly higher

pressures (Fig2.9c). 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 + [Im + Qz. We note that the garmetre 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
by a nearly isotheren | i ncrease to form the mineral peak

Fig.2.9c).

An isochemical phase diagram calculated for sample2¢2%ig.2.8e), collected near the
contact to the 3.7 Ga TTG in the southernmost part of the belt, staralsility peak

assemblage ranging from 600 °C to >700 °C with similar pressure8.{0@Pa) as the

samples collected further to the north (Fig. 9a). We calculated the isopleths for the garnet
endmembers of the garnet core which define a narrow regiéf <6 and 0.9.7 GPa,

plotting next to the stability field of the peak assemblage (green, yellow and purple bands in
Fig. 8e). In contrast, themg biotite isopleths (pink band in Fig. 8e) overlap within the peak
stability field of 600630 °C, suggestinthat this range as the maximum temperature the

sample achieved.

Garnetamphibolite sample 728a, collected just north of metalsic 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-04&8 GPa. The isopleths for anorthite content in

plagioclase, Ca content in amphibole (blue and cream bands respectively28ffignd
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garnet engdmembers intersect (green, red and yellow bands irREf.within the stability
field of the peak assemblage at temperatures >600 °C2Bfy.

2.4Discussion

24.1 General tectonometamorphic evolution of the ISB a reappraisal
The detailed petrographic descriptions and metamorphic analyses presented in this work

emphasize the complex textuiemical relationships displayed in the rock record of the

ISB, which essentially is the product of a patgtamorphic history. Readingethock 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 eventsyddlloy a pervasive
low-temperature retrogression in the presence of variable amounts of fluid irrespective of
terrane association and8llocation, whose characteristics we summarize below and

illustrate in figure2.10. Even though we only present datarirthe 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 (M) is recorded in most of the ISB rocks and is characterized by actlistin
foliation and SEplunging lineation with amphibolite facies mineral assemblages (Table
and common appearance of garnet and amphibole porphyroblas®.1Ba&). Along the ISB
from northeast to southwest, most samples displajtesstonic inclusiorrich garnet cores,
sometimes represented by curved (Rigc) or spirallike (Fig. 2.4e) inclusion trails that
continue to the external foliation or sigmoidal garnets (see also Zu®62al. The
common appearance of pdsttonic, inclusiorpoor euledral overgrowth rims marks the
late, apparently static, medidi@mperature metamorphic event{Nrig. 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 growtit hage been mediated by

fluids in some parts of the belt.

a) Eoarchean (>3.5 Ga) syn- b) Neoarchean (<2.9 Ga) post- ¢) (Upper) greenschist facies
tectonic metamorphism M, tectonic metamorphism M, retrogression M,
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continuous deformation
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Figure 2.1Q Metamorphic evolution of the ISB and schematic representation the characteris
the three different metamorphic events reported inGhipter P-T diagrams show tentative P
paths. Samples studied show signatures of these three different events irrespective of their
within the belt.

As documented here and in existing studies (Rollinson, 2002, 2003), garnets in the Isua

samples show a remarkable range of mgtradures (Fig2.4 & APP-A1), as well as

chemical zoning patterns (Fig.6). Rollinson (2002) and other studies have linked them to

up to three different medintemperature metamorphic events: two in the early Archean and

one in the late Archean (Rollinsd2002, 2003; GauthieRutallaz, 2020). GauthieRutallaz

et al. (2020) reported four chemical zones using major 2/eg) and trace elements ah#3

that match micrestructural zones. The authors interpret that the core of their garnejs (Grt
represent an early Archean emnne representlateb 5 0 C a
Eoarchean met amor phi s m 22) whérdad the inClusegmoad rinD . 6 0 GP

(Grtiv) recorded final postectonic event in the late Archean (F&R). Garnets in sample
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714-5E shows very similar major element zoning pattern, with three zones predominantly
marked by the change in Ca composition (Bi§). Our sample and sample G12/113 of
GauthiezPutallaz et al. (2020) were collected within 50 m of eztbler 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 pattéhe garnet cores form a separate
compositional group in the ternary diagram of Py+ABro-Sps (Fig2.6e), showing that

they represent the same metamorphic event in both samples. The annuli and rim of both
garnets also show similar trends (a relativemAPy enrichment towards the rim; Fij6e)
suggesting that the different zones recorded similar processes in both samples. However, we
argue that the inner zones camenuli (Gri-2this chapterand Grtui, GauthiezPutallaz et al.,
2020) represent oplone tectonanetamorphic event (M instead of two based on our
chemicalmicrostructural analysis (Fi@.10a). Note that the inclusion trail in the garnet

shows a remarkable continuity from the core to the annuli 24e,f and2.6a), suggesting

that hiey 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 episodgsiet core,

annuli, and the inclusiepoor 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 thavergrown by an

inclusionfree rim and experiencing diffusive-egjuilibration is likely to produce a similar
zoning pattern, where the original garnet grain boundary is obscured by diffusional re
equilibration. Examples of distorted zoning patternfeihg 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 (Muller et al., 2013). We
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note, however, that more work regardspgcific diffusion models would be necessary to
confirm this interpretation. In summary, we interpret the observed microstructures and
chemical zoning to only represent two distinct medhigh temperature events {Mnd M
in Fig. 2.10) that might have @erienced some diffusive-eguilibration 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 (F&4) are commonly obseed features across the

belt, thus defining a distinct retrograde metamorphisrg 8. 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 i@ 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 Mind M assemblages (Fig@.5c, f, g). Interestingly,

chlorite also mimics the f@tion replacing biotite in various samples (e.g. Bige).
Retrogression and this type of chloritization are especially pronounced in the northeastern
part of the ISB with an extreme example in sampleY,28here biotite is pseudomorphing
posttectonicgarnets revealing lownedium temperature retrogressionzgMrig. 2.59),

followed by a nearly complete chloritization §§1of the rock (Fig2.5h). These data are

good examples of how retrogression can obliterate the peak assemblages while preserving the
original fabrics (Fig2.10c). 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 theeeusmonclusion 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,akgue 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/retrogressi2ii QE)g.

and that the proposed medium P/T gradi@nai(et al., 2015) is likely a record of greenschist
facies alteration rather than a record of southviracceasing peak metamorphic conditions.

This interpretation is also supported by field observations that document enhanced alteration

and metasomatismeflected in an increase in quadaicite vein density (Webb et al., 2020)

2.4.2 Quantitative P-T constraints
Both quantitative and qualitative Pdata have been published for the ISB and related rocks

by various groups (Boak & Dymek, 1982; Dymek et H88; 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 discussTaashlts in

the light of previously published data

Classic geothermometry (Fi.7) and phase equilibria modelling (Fi@s8 and2.9)

demonstrate a consistency oefTR/alues recorded by the rocks across most of the ISB. From
north to south, the samples reveal similar temperatures when applying thebjatitest
geothermometer (Fi@.7), and our results fall within the same rangeravious garnet

biotite calculations for the Eoarchean (RidL, 5166 5 0 C; Boak & Dymek,
Rollinson, 2002). Nevertheless, the results tend to return lower values than those reported by
Rollinson (2002), although both studies applied the same atidibrof Perchuk &
Lavrentdeva (1983). This could potentially
alteration being more pervasive in our samples. To complement our thermometry dataset, we
also applied the Tin-Bt geothermometer (Henry et al., 2005)our samples. However, these
results (Fig2.7, Fig.APP-A6) should be considered with caution as the geothermometer was
empirically calibrated in ilmenite/rutidbearing metapelites, and most of our samples cannot

be classified as this type of litholpgalthough most samples do show titanium saturation

b
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(e.g. significant presence of ilmenite; TaBl&). For comparison, we also applied the
thermometer to five ilmenitbearing metapelites reported by Boak and Dymek (1982),
obtaining temperatures rangifrgm 5585 8 0 @.1).(TReimgan temperature for most
of our samples fall within this range, indicating that oum¥FBt results (Fig2.7) are
generally a good proxy for the peak conditions of the ISB confirming a homogeneous

distribution of metamorpc conditions throughout the belt.

Thermodynamic modelling of our samples reveals that most of the modelled stable

assemblages overlap at @Y GPa and 556 0 0 @2.9a}, Whiclg we interpret as the

best estimation for the peak stgttonic metamotpsm of the entire ISB (M Fig. 2.10a).

These conditions are consistent with thenFBt and the highest garnbitotite values (Fig.

7), as well as previous estimations (Boak & Dymek, 1982; Rollinson, 2002). However, two
samples collected from the soutimmost part of the belt (72 and 3a) show higher

temper at ur e c on da8g,i).dn the oheshandl,GsOpleth thermometry in the
metafelsic volcanic sample 728c suggests that the garnet core equilibrated ab5@00 C at
pressure >0 B58Pa and that the possible maxi mum temp
according to biotite isopleth and the peak equilibrium assemblage2@ay. On the other

hand, the thermodynamic modelling of the gafamaphibolite sample 723a, collected from

adacent to the 3.7 Ga tonalite and less than 0.5 km to the east of sam{2ie, 88bws a

peak assemblage equilibrium field that expands from7B00 C at similar pre
rest of the samples (B&7 GPa; Fig2.8f). Moreover, most of the elemesbpleths for

different minerals in the sample (e.g., amphibole, plagioclase, and garnet; colored bands in

Fi g. 8f) intersect this stability field at T
than those recorded in the rest of the sampletabg the outcrops of samples 7286 and

725 3a are located relatively close to each other (Eij, and we take a conservative

approach to assume both of the samples experienced similar peak metamorphic conditions
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ranging from 576 2 5 .7 &Pafalling n the same -H range as the rest of the

rocks. This is consistent with the quartz fabric thermometer applied to samge,725
calculating deformation temperatures ranging from60® 0 C (2021. Thefacta |l . ,
that the pressure estimai®are consistent throughout the belt from north to south suggests
that the rocks were subjected to similar burial conditions during th&esyanic

metamorphism and that the apparent slightly higher temperatures recorded only in the
southernmost sampl@se 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, theegtonic

metamorphic recor(M1) of the Isua supracrustal rocks reveals a dominance in amphibolite

facies metamorphism with no clear spatial metamorphic gradientBay.b).

The combination of the compositional garnet profiles and the thermodynamic modelling
potentially provides insights into the prograde evolution of A5 discussed in previous

sections, the sharp compositional changes in the garnets clearly record the same deformation
event as shown by the microstructures preserved in sampleE/(HEg.2.4e, f and2.6a).

The chemical zoning then could be a consequence of the metamorphic path experienced by
the rock and/or late diffusion. GauthiPutallaz et al. (2020) already suggested an increase in
pressure from core to annuli based on the lack of Gative 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 Git(core) and Get(annulus) for sample 713E. 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 ~5200&2.1@b). Gpear ¢t 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, accongmied 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
spiratlike garnet in the metapelite sample AR (Fig.2.6). However, given the

uncetainties 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 validitg of thi

interpretation.

The garnet euhedral rifmatrix biotite pairs provide thermal constraints for the conditions

of garnet overgrowth (K. The calculated temperatures here range frora54800 C, wit

most of the v a27h),eviichwmigh e best@stiinatda agd. in agreement
with previous studies that report similar results (R2g.Boak & Dymek, 1982; Rollinson,
2002, 2003; GauthieRutallaz et al., 2020). Gauthi®utallaz et al. (2020) report pest
tectonic garnet rims in the metapelitesshow negative Eu anomaly, suggesting plagioclase
crystallization during M. According to our thermodynamic modelling, plagioclase in the
metapelites at T < 540 ° C appears at pressures <0.5 GPa.8ei§g APP-A6a) putting a
maximum limit to thepressure conditions of MFig. 2.10b). For M we did not obtain any

guantitative data for the-PP 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.

24.2.1 Comparison with previous interpretations of the metamorphic record of the ISB
Our results for the peak metamorphic conditions @tbhtrast the interpretation of Arai et

al. (2015) who suggest that the m@astern part of the belt could be divided into four
different zones (AD, Fig.2.1), with zone A and B showing upper greenschist facies

assembl ages (<500 C and <0.6 GPa). While

we
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zone A, our qualitative petrogrhic 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 ¢MFig. 2.10c) for zone B, which we assume is also true for zone

A. Here, our modelled isochemical phase diagram from sampié B 2@ggests that the

proxy temperatures from din-Bt in sample 729.A and 7291B, in addition to quartz fabric
thermometry presented the corresponding part of this study (Zuo et2021h, all agree

with T >550 C for samples |l ocated in zone
reported for zones C and D by Arai et al. (2015). However, Arai et al (2015) also reported P

T edimations for three samples in zone C and three in zone DA Ejgusing isochemical

phase diagramasnd concluded that there is an increase in both pressure and temperature from
zone C (0.40.7 GPa, 506 0 0 C) t alsPan5d® 00 ( 0 C hinspeCtmoé f u

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 0bl®ges&poaedfonzdne65 0 C.
and D overlap around 589 0 0 C-0.& 6Rh (Fiy. 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 systematicr@ase 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 ircrease 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 deronstrate that both the 3.7 Ga and 3.8 Ga belts record similar peak

conditions for M, 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 mineralgy 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 8850 2 0 C, and melts i n -granulitesd i br i un
that formed at 0.8 GPa and 8908 0 C would have amentmilar maj
chemistry as observed in the natural TTG samples of the Itsaq Gneiss Complex. In their

model, the stability field of the orthopyroxegeanulites expands up to 1.1 GPa (A§P-

A7, check also Fig. 3 in Ramir&alazar et al., 2022suggesting thabhalites with no

garnet signature can be produced in T/P grad
residual garnet would have DbAPEAY7). Gghemfere, ) ed at
the presence or absence of a garnet signature in theefmadon chemistry does not
necessarily represent two very different gra
(2) the geochemical record of the plutonic bodies, as well as the appearance of a garnet

granulite and an orthopyroxene granulite doog easily explained within a much narrower

P-T field (Fig.APP-A7) with a gradient ranging from &70
agreement with independent estimations (e.g. Gardiner et al., 2019) and fall within the

gradient obtained from our peakneral conditions. While our analyses benefit from
geologicallyconstrained data within Isua and the Itsaqg Gneiss Complex, Nutman et al. (2020)

uses a more generalized approach applying simplified mineral reactiofisspdte as well

as a simplified egsnate 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 ctimatude
more detailed A 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.

24.3Implications 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; Nutmaar& Fr

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 Ronstraints presented here are inconsistéh any
north-south metamorphic gradient predicted by the salifgping subduction modeModel

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 precludesi¢étessary spatial resolution ef P

T data to adequately test the existence of anveast gradient towards the interior of the 3.7

Ga TTG and with that the viability of the nowdipping subduction modeModel B, Fig. 3b;
Nutman et al. 2013). Notwithstding, 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. 20W®)del B argues further that the garnet

cores inthe 3.7 Ga belt record a different tectametamorphic event (Gauthi€tallaz et

al., 2020), related to the formation of a 3.7 Ga peotoin a subduction zone (Nutman et al.,
2015) . However, this studyds gaeprugdant anal yses

interpretation of the different comnnuli garnet domains, suggesting that they do not
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necessarily reflect different tectonic events, but rather a continuous metarrsefarimation
episode. Furthermore, our evidence is consistent with horoagenetamorphism 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 nofuniformitarian models.

Vertical tectonic regimes such as the hgipe model (Moore & Webb, 2013) predict that the
ISB was emplaced as a continuous voleaedimentary sequence formed by rapid

resurfacing events and subsequent crustal melting to generate the TTGs (Webb2@)al., 2
This model (Fig2.3c) 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 sytactonic to deformation related tbesaring that folded the
volcanasedimentary sequence (F&3c,2.10a) which is inferred by the-type fold

geometry of the ISB (Webb et al., 2020). Additional support for the viability of apieat

like model are the following observations: (1) the mlaalows 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) neadgxistent

contamination of the igneous rocks consisteith 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 basaftace water interactions that is
required to produce thexygen isotopic composition of the TTG zircons from melting of a
deep seated hydrated basaltic source (Hiess et al., 2009). Furtherrype,félding

explains the two opposing shear sense and the-foasgigenous strain intensities recorded

in the macreand micrestructures across the belt (Zuo et20213. Thus, in summary, we
argue that the symetamorphic record of the ISB is more easily explained with the

predictions of heapipe model rather than a plate tectonic scenario which would predict
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significant spatial differences in recorded peak metamorphic grade both in temperature and
pressure. However, as expected by the constraints of theipeanodel, a previous burial
metamorphism must have affected the ISB. The microstructures and mindhadseairliest
recorded event (Pi#l1, Fig. 2.10a) were probably completely recrystallized and replaced

during the pervasive sytectonic deformation, but some relics might have been preserved in
the cores of some of the garnets exhibiting randomly orientdasions (Fig2.4b, 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 terramegs 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 tmetamorphism of the ISB provides new mistauctural and
thermobarometric data that allows us to reconcile previously published interpretations and

contradictions of the metamorphic history of the ISB. Our study shows that:

1 Petrographic observations sHeght 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, F@j5e & 2.10c). Such selected
preservation may have led to previous misinterpretations of the metamorphic
record.

1 The combination of micrgtructural 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 tectonmetamorphic event (Fig@.10a), followed by a post



69

tectonic metamorphism recorded in garnet rims overgrowing théesyonic
fabrics (Fig.2.10b).

1 The ISB experienced at least three distinct metamorphic events recognisable
throughout the belt (Fi@.10): a M. event defined by nearly homogeneous
syntectonic amphibolite facies metamorphism with peak conditions at 550
600 °C and 0.8.7 GPa ; a Mlower amphibolite facies (<540 °C and <0.5
GPa) postectonic thermal event; and aMven(s) defined by (upper)
greenschist facies (<500 °C ) pervasive retrograde metamorphism associated
with local brittle failure and fluid infiltration.

1 The metamorphic @ahgeological records of the ISB are consistent with-non

uniformitarian, preplate tectonic models.

Our findings on the polynetamorphic history of the ISB do not necessarily exclude the
possibility of horizontal movements during its evolution. Howeverpieg&amorphic

evidence presented in this work and previously published data argue that the early Archean
evolution of the ISB is consistent with a regime dominated byipattectonicgFig. 1.3b)

Thus, the ISB provides direct evidence that the Earlyx@aic geodynamics was distinct to

that of modern Earth. We stress that, despite the evidence presented here, a more detailed and
spatially constraint H-X-d-t evolution of the ISB, as well as petrochronological constraints

on the different metamorphic eusrare 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 inclusierich
garnet growth in medium-grade rocks: An example from the Isia
supracrustal belt, Greenland

This chaptewill be submittedo the journalContributions to Mineralogy and Petrologly

will be the first author of this contribution witkandra Piazolo, Thomas Muller, Dominik
Sorger, Jiawei Zuo, Joyjit Dey, A. Alexander G. WeddPeter J. Haprofés ceauthors. |

was responsible faronceptualization, manuscrititing, most ofthedata collectior{apart
where it is indicated belowdlata processindigures, anddataanalysis Sandra Piazoland
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Joyjit Dey collected the EBSD dataominik Sorgermbtained the highesolution images of

the thin secbins. Jiawei Zuo obtained the SEM compositional maps. Sample collection was
made byThomas MiillerA. Alexander G. WebhJiawei ZuoandPeter HaproffAll authors
participated in editing.

Abstract

Factors controlling inclusienich garnet growth is a topic rarely discussed in the literature,
despite their common occurrence in medigrade metamorphic rock&arnets of the
Eoarchean Isua supracrustal belt shavivarsity of microstructures, internadorphologies,
chemical and crystallographic orientation patteaven though H and finite strain within

the belt were largely homogenouBwo garnet types can be distinguish@gpe-| garnets are
inclusion rich, hence afnoipl®lbgeswththin show irreg
interconnected garnet branches often closely mimickingsgremetamorphidoliations.

Patchy chemical zoning is coupled with changes in crystallographic orientationll Type
garnets have lower proportions of inclusions than tygarnet (<40% vs > 60%), therefore

cl assi f isekde | adbeysdkimbd concentric chemical zoning and sharp boundaries
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between zones suggesting a continuous euhedral growth. Crystallographic orientation

changes within individual garnet grains &gs pronounced than in Type | garnets.

Our analyses showstmato c k s mi ner al ogy, (l ocal) composi

important role in determining which garnet type is present. The chemical signature is highly
dependent on the local equililom volume for Type | garnets; therefore, such garnets should

be used cautiously fanetamorphic interpretations such as geothermobaroniétiy type of
garnets appears to be more common in felsic r@gkghe other hand, Typégarnets

present largercale equilibrium features such as concentric chemical zonabosequently
application of different geothermobarometric tools and garnet growth modelling can provide
more meaningful information.

According to air resultshe documented diversity of inionrich 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

Inclusionrich garnet porphyroblasts are common in medgrade 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; Dempste2@2®|George

and Gaidies, 2020). Such inclusiooh 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 tg py&, posttectonic garnet

growth (e.g., Bell and Johnson, 1989; Johnson, 1999; Passchier and Trouw, 2005; Robyr et
al., 2007).The included phases mayovidei nf or mati on of the early
tectonometamorphic evolution (e.g.;@nhge, 198). These characteristics in combination

with garnet chemical zoning (Tracy and Robinson, 1976; Spear et al., 1984) offer a wealth of

S
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information that is typically used to understand the tectonometamorphic evolution of the
studied rocks. However, some iasionrich garnets show complex irregular zoning and
morphologies thatatherreflect local equilibrium which could potentially mislead

metamorphic interpretationfr example in estimating peak conditigisaniel and Spear,

1999; Yang and Rivers, 2001jrkch 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
importantfor a corret interpretation

It has been suggested that inclusiti garnets are the consequence of growth in relatively
low temperature conditions (Yang and Rivers, 2001; Hirsch et al. 2003), low solubility of the
garnetforming elements in C&xich intergranulafluids (Carlson et al., 2015), low grain
boundary diffusivity in quartzich, micapoor domains (Dempster et al., 2017; George and
Gaidies, 2020) or diffusienontrolled growth (Miyazaki, 2015). So far, such studies have
mainly focussed on metapeliticaks based on tirecommon abundance of garnet. However,
inclusionrich garnets occur ia variety ofcompositions as exemplified in the rocks from the
Isua supracrustal belt (ISB)lere,different lithologies contain garnet porphyroblasts with
cores richm inclusions (Rollinson 2002, 2003; Gauthiatallaz et al., 2020; Zuo et al.,

2021b; Chapter 2, where nclusion proportion, garnet internal morphologies and
microstructures, as well as chemical zoning vary in samples across the belt at the mm to 100
m scale.Nonethelessecent stuksinterpreted thé>-T conditions under which garnet grew

as being homogeneous throughout the area (Zuo et all;20Bapter 2 This provides the
opportunity to explore the effects of rock composition and mineral assesshliag
porphyroblast growth

In this chaptey 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 andreathant 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 cimeical data to understand growth mechanisms and element availability
in mediumgrade rocks which in turn will help to improve metamorphic interpretations

utilizing garnet porphyroblasts. We conclude with an assessment of the implications of our

findings forthe tectonometamorphic interpretations proposed for the I1SB.

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
volcanasedimentary rockwith a protolith age ranginfjom S to Nfrom 3.8 and 3.7 Ga,
separated by a thin (<1 kthick) metasedimentary sequence with an estimated age of 3.75
Ga (Nutman and Friend, 2009). ISB rock compositions range frommiéifie (Dymek et al.,
1988) to felsic rocks (Nutman, 1986) including chemical sediarg rockssuch asanded

iron formations (Moorbath et al., 1973). The belt is bounded by two big tenalite
trondhjemitegranodiorite (TTG) bodies (Fi@.1), one to the north with an age of 3.7 Ga

which is in contact with the metalcanesedimentary rock 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 tonaliéeived (Hiess et al., 2009, 2011) 3.66

3.60 Ga granitic dykes that are imiegted to be sytectonic (Nutman & Friend, 2009). The

belt is also crossut by variably deformed-B/ and NS 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 ak004).
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Garnetbiotite and T4in-biotite geothermometry combined with phase equilibria
geothermobarometry have been used to shoithldSB experienced sytectonic

amphibolite facies metamorphism with peak conditions aD(¥35Pa and 55600 °C

(Chapter 2. In Chapter 2 it imlso demonstrated that the observed metamorphism does not
exhibit any significant gradient across or ajdhe Isua supracrustal belte 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@®B0UC range across the belt (Zuo et al.,
2021b). This major netamorphic event was syactonic tothe main and pervasive

deformation event recorded by the formation of sheath and curtain folds (Webb et al., 2020)
which is suggested byeld measurements show that fold axis and metamorphic lineations
are parallelStrain intensity during this event appears to be quiaisorm 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 (Zu202tla)., The
syn-tectonic metamorphisitM1) was followed by a pogectonic lower amphibolite facies
metamorphisniM>) at < 0.5 GPa and < 550 °Eig. 2.10;Boak and Dymek, 1982;

Rollinson, 2002Chapter 2, which is typically recognized by tlggowth of posttectonic
inclusionpoor garnet rims or overgrowths (Boak and Dymek, 1982; Blichefttand Frei,

2001; Rollinson, 2002, 2003; Gauthikmtallaz et al., 2020). Garnet porphyroblasts are

generally not affected by retrograde reactices(Chpter 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
Putalaz et al., 2020Chapter 2, Carich metapelites (Rollinson, 2003, 2002), amphibolites
(Rollinson, 2002, 200X hapter 2, felsic metavolcanics (Zuo et al., 202Chapter 2and

even banded iron formations (Dymek and Klein, 1988; Zuo et al.,, ZO#pte 2).
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Garnets have been reported to typically show two distinct microstructural dommains: a
inclusionrich syn/pretectonic core and a petctonic inclusiorpoor rim with welt
developed facet®(g. Fig. 2.4Boak and Dymek, 1982; Rollinson, 2002, 20G2&uthiez

Putallaz et al., 2020; Zuo et al., 20ZIhapter 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 suraethhiere.

Rollinson (2002, 2003) suggested that garnets are often characterized by threarfatrs
rim) distinct, generally concentric, chemical zones. In his studies, Rollinson (2002, 2003)
argued that the overall chemical pattenefer tofive different tectonostratigraphic domains,
whereaasfour of them shared a common sigttonic and posiectonic metamorphicistory
represented by the annuli and rims, while the coresrdecdearlier, probably different,
tectonic histories.

GauthiezPutallaz et al., (2020) described in detail two garnet grains in metapelitic rocks
from the centrahorthern portion of the 3.7d&sequence. They reported quantitative

compositional maps al o n¥Ppiofides anavdistinguished fawr e

el

en

di stinct chemical zones. Their interpretatio

(2002, 2003), arguing for threkfferent tectonemetamorphic events in the 3.7 Ga sequence,
represented by the core, annuli, and rim. T¢mytendthat the core composition is not found

anywhere else in the belind therefore interpret that these caggsesent 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 Presented new data of a spiliie garnet from a metapelitic rock originating from
the 3.7 Ga supracrustal sequences withlambulk chemistry, mineralogy, and locality as
those reported by Gauthi®atallaz et al. (2020). The comparison of the data showed that

both garnets have a similar geochemical pattern and therefore can be assumed to have
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experienced identical tectormetamorphic evolution. Howevein Chapter 2 it imrgued that

the inclusion trails in the spirdike garnet continue across the apparent chemical Z6ites

2.6) and thus concluded that the core and annuli most likely evolved in a continuous-tectono
metamaphic event. Consequently, in their interpretation the Isua garnets only recorded two
different tectonometamorphic events, represented by the inclisfonores and the
inclusionpoor rims. The different chemical zones described in thdéestonic garnes are
therefore interpreted to be a product of changes in the gamang reactions and/or later
diffusion.

An improved understanding of the growth mechanism and its controlling factors is crucial for
a solid interpretation of the tectonometamorphialetion 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 nomuniformitarian (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 rangeemicalcompositions 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. Thtém@elaf 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 abundancey@mdtal bulk composition.
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3.3.2 Th_in Section pXRF 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 gacailated 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 mxciray fluorescence (WXRF)

scanner at th&eoscience Centre, University of Gotting@onditions used for the elemental
map acquisition were 50 kV accelerating voltage, 500 YA current, a spot diameter of 20 um
and step size from 205 um. This translated a total pixel count of >1 million for most of the
rocks i.e.,a significantly highecount 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 (715F, 7291A, 7266A, 71516A and second thin section of 73y high

resolution phase SEkhaps (510 um step size and 1 um spot size) reported by Zuo et al.
(2021) were used. Matrix grain size in the studied rocks typically range frerBQ0um,

with most of the grains having sizes > 50 um 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 relatigelgpot and

step size (225 um), small phases such as <30 um 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 pattégernet 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 andtzaljaeas and
additional mineral phases were performed in toettihgen Laboratory for correlative light

and electron microscopy (GoeLEM) at tBeoscience Centre, University of Gottingeith
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an Electron Probe Micro Analyzer (EPMA) JEOL JXA 8900 RL eqedpwith an energy

dispersive (ED) and five wavelengtliispersive (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 um depending on giaméthe instrument
operated with an accelerating voltage of 20
and 50 ms dwell time. To assess the chemical zoning of garnet porphyroblasts transects
consistingof 30 to 60 point analyses from core to rinrian to rim were acquired. An
acceleration voltage of 15 kV, spot diameter
Scanning Electron Microscope (SEM) maps were acquired at the University of Leeds with

the Tescan VEGA 3 XM SEM equipped with an Oxftmgtruments Xmax 150 EDS

detector. Used conditions where an accelerating voltage of 20 kV and 20 nA current and step
size typically > 5 gm.

Phase maps and chemical calibrated maps were obtained using the software XMapTools
version 3.3.1 (Lanari et al.p24, 2019), using the-Kay elemental maps and the point

analysis collected in this work and some reportedhapter 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 sytectonic garnet, inclusions, and posttonic garnet overgrowth. High
resolution images of thin sections containing garnet porphyroblasts, wellg otdained

with the automated Olympus polarization microscope BX53M being part of GoeLEM at the
Geoscience Centre, University of Gottingémaddition, some of the higtesolution SEM

phase maps presented in Zuo et al. (Bphave been analysed.

Garnetporphyroblasts show two very distinct and wadfined microstructural domains in
most of the samples: the relatively inclusiich core and an inclusiepoor overgrowth with

well-developed facets (cf. Fi§.2). For each grain, first the overgrowth areeere defined
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and their percentage calculated by dividing the area of the incipsmmovergrowth by the

total area of garnet in the porphyroblast (A§P-B1).

""""""""""" RN R 715-9 @ Example of inclusion-rich
5 s cores and inclusion-poor rim

microstructures in sample

with Type |-Skeletal garnets

Example of inclusion-rich
cores and inclusion-poor rim
microstructures in sample
with Type II-Non-Skeletal
garnets

- S S5 ST
2.5m ‘"d;-..!-..‘ - SR T I

Figure 3.2.Characteristics of garnets in @ah metapelitic rocks. a) Thin sectionroific rock bearing
typel garnets; sample 719. 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)
posttectonic eubdral garnet (highlighted with white dotted line) overgrowing on top of biotite; a.iii)
limited posttectonic growth where core is next to quarédciterich zones. b) Thin section of €&h
metapelitic rock bearing Typé garnets, sample 718A. b.i) Large garnet with fractures affecting it
perpendicular to the external foliation; foliation pattern B and C (c.f. Fig-iBy.b.ii) continuous
inclusionpoor rim overgrowing biotite; b.iii) no postctonic garnet growth where core is next to quartz
rich zones. Red arrows point to weaveloped postectonic rim and yellow arrows point to zones where
posttectonic 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 G4 as a normalized parameter
the garnet (FigAPP-B1):

Ol BANQE G4 6 TEDRDGE | Q
Wi Qe wa o WRHFMwE | BDi BadDOI &w@4A Q

3

The coefficient G4 provides a measure of the
garnet core with (=0 deowlid d a ngrdaisn onemp laeg
to a Aporphyroblasto consisting of #Ainclusio

Aspect ratio or ellipticitye of the cores was also calculated:

0 ¢ EODNIGMQE G & 6 i1 WLEE | 'Q
Y& DO RMOMOE Od o il W1 Q

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 atCl02%5¢

used to determine the loss on ignition (LOI). Fused glass beads useddpflXorescence

(XRF) were prepared with a mix of 0.4 g dried sample, 4.0 g of 66% Li tetraborate: 34%
metaborate flux and-2 drops of lithium lodide solution in adgAus 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 beadXRF spectrometry using a Rigaku ZSX

Primus Il spectrometer at the University of Leeds. Accuracy in major elements for the certify
standard STSD4 was,CaOandB®,r ed a2t.i5v e% Lgperl aYiir e |
A3.5% r el adlitoSBoretadrveFd®@r MgO, 4 to 6 % relati

for TiO2 and 2 to 12% relative for.Ps and NaO.
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3.3.6 Quantitative orientation analysisi Electron Backscatter Diffraction
analysis (EBSD)
A total of 9 garnet porphyroblasts were analysed using EBSD¢ument 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 perforsied EEI Quanta 650 FEG
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 sample tilt of 70° and a
step size of typically 2.5 um. Data was processed with the AztecCrystal© software. Data is
presented as maps showing the spatial variation of thergfamenceorientation distribution
(GROD)within individual garnet grains. HseGROD Angle maps are generated by
determining theverageorientation for each porphyroblast and plotting the angular deviation
from this mean orientation for each pixel, i.e. analysis $p@ddition, 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 spestiffi 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 ploephyroblast considered, we introduce an area
normali ze orientation spread parameter y:

i ADEITGOEAT ORAOARKIT A

Ol @AIAT AOAA

3.4. Results
All samples in this study are porphyroblastic foliated rocks with garnet as the main, and in

most d 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 aregrovid
here. A more detailed petrographic description of the samples and field context has
previously been reported in Webb et al. (202Z0jo et al. (202lh) and Chapter 2 (section

2.3.1)

34.1 Garnet types
While most garnets exhibit an inclustpoor/free rim and a variably inclusigith core, the

proportion of inclusions in the core (Fi§)3b) and the habit of the inclusigoor overgrowth
substantially vary between individual samples (Bigc). To simgify descriptions, ve define
two main garnetypesbased ot h e-vatues(&.g., Fig.3.2) with Type | and Type Il defined
by al-valueabove and below 0.4, respectively. This dividirgaluewas chosen

considering in addition to other changes in charastics such as dominantly irregular versus
concentric chemical zoninglowever, it should be noted that there is, in fact, as continuum.
Typelgarnet exhi bit -valuec 0.4 (ee., the garhet mmpmisesaup to 60%
of the area of theinclusieni ch cor e) ; (tTypeli sa rree ffes keelde ttaol da.s
skel et al-toe c two i ihc sy mrvale < 0.4 Ratterng aidusiah dedfined
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.3e.i) has areshaped interridoliations that converge to the pressure
shadows of the porphyroblast and external foliations bending symmetrically around the
garnet. Pattern B (Fi®.3e.ii) shows spiralike internal foliations that typically continue to
the external foliation whicn turn is wrapping around the garnet. Pattern C &Rg.iii) is
characterized by straight, or slightly curved, inclusion trails parallel or subparallel to the
external foliation. In pattern D (Fi@.3eiv), inclusions are randomly oriented and extérna

foliation bends around the garnet porphyrobl@kese different garnet patterns do not show a
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clear spatial correlation as the other characteristics 3(d), different patterns appear in

samples from the same outcrop.

ions % .i)| |Post-tectonicGrt %~ ‘¢.j i d.i
miman - (9 OV [geops e O e ey~ @
Q¥Pe |skeletar @®15-20 % patterns

garnet J ®10-15% ')f e yﬁ e
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Figure 3.3Maps showing thdistribution 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 garr
inclusions in the inclusiornich cores; charts enclosed with black snmgpresent Typkskeletal

garnets. c¢) Visual representation of the proportion of-fezgonic garnet in the grains. d) Distribution

of the 4 groups of garnet internal patterns. €) Schematic representation of 4 groups of external and
internal foliation @tterns described for the garnets with inclusgich cores. Motifs for external and
internal foliations are the same as for the rest of the figures. e.i) Pattern A: syntegiordécshear,

e.ii) Pattern B: syntectonic simple shear, e.iii) Pattern @rtexttonic/two stage growth, e.iv) pattern

D: pretectonic

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 inchigiarores only.
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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 iéentdck groups
are defined as metaafic rocks,Carich metapelites, metapelites and médbsic volcanics.
They exhibit clear distinctive bulk rock compositions (see AFC diagram3Hid)

Samples 715F, 71516A, 7173, 7253A, 7312A are garneamphibditesand720-8 is
garnetbearing schists. Their Siontent is <55 wt. %, and they are typically enriched in
FeO, MgO and CaO compared to rocks from other lithologies fR§-B2). Samples 718,
725-3A and 7155F haveAl203/TiO2 values >58, while the others show ratios <17 (Table
B1). The samples are characterized by the presence of amphibole and/or di#teb&aring
minerals (Table.1). Garnets from these rocks are of Tyh@part from two samples (74%
and 71516A).

The Garich metapelite group include samples B, 7264, 7291B, 730-2A, and7159.
These rocks have similar contents 0f@d and KO compared to the metaafic rocks but
higher proportions of SigXFig. APP-B2a,e). In addition, they are enriched in CaO parad
to typical metapelites described below (FAGP-B2d). The relatively high content in CaO
translates in the appear atheseocksfwhichdde®idt of amp
occur in typical metapeliteall samples, apart from 738 A (G =cOntaih &ypel

por phyr obl as4aueswiOt4h 0.59.Butkicomgpasitiot of 719 is different
from most of the Gaich metapelites (Fig3.1, APP-B2), but the chip used mostly was

dominated by garnet which probably shift the composition.
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Rocks 7145E, 72911, and 8048C are classified as metapelites. They have 8i@tents
ranging from &5 4 -ppoosarBpks aurrelatéowith ielhtigely fighlvaluesaof
Al203 and NaO (Fig. APP-B2a,f), stabilizing the abundant plagiocla$alfle3.1). These

rocks contain Typél porphyroblasts.

The group of metéelsic volcanics is comprised of samples 8)Z1%5, 7252, 726

6A,7291A, and 8025. They are characterized by high contents of, $#63 wt.%, Fig.
APP-B2), relative low abundae of FeO and MgO when compared to the other groups (Fig.
APP-B2b,c) and variable concentrations e¢fXand NaO (Fig. APP-B2e,f). They are

typically rich in quartz and mica and most of them contain skeletal garnets, apart from one
sample (728C) which fas higher content of N@, stabilizing high proportions of

plagioclase (Tabl8.1).

3.4.3. Chemical and microstructural characteristics of garnets
34. 3.1 Type |I: Afskeletal 06 porphyrobl ast s

Type | fAskel et avhlde: cpO0ctd tp .68y are Ipdikdobldstec and ére found in
samples across the whole eastern belt, both from north to south and in the 3.7 and 3.8 Ga
sequences (Fi®.3b; samples 883, 7291A, 7175, 7266A, 7291B, 756-4,7159, 7302A,
71516A,; Fig.3.3b). The inclusion assemblages are dominated by quartz, which typically
accounts for 30 to 50% of total area in the core &RP-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 8Bblm
some inclusiofrich cores calcite is almost abundant as quartz (e.g., 7a5Fig.3.2a). The
proportion of quartz and calcite in the cores is similar to the proportion of those phases in the
whole rock (FigAPP-B3). All other minerals, e.g. amphibole, plagioclase and biotter

in lower proporions in the porphyroblasts coresmpared tahe matrix. (FigAPP-B3).

Foliation patterngTable3.1, Fig.3.3d-e) are dominated by patterns A (F&2a,3.3e.i, 3.4a,

B4a) and C (Fig3.2d.iii). Porphyroblasts typically form elongated grains with thaig axis
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parallel to the internal foliation (Fi@.2a). Ellipticity values ) are generally above 1.7.
There is a general positive correlation between the skeletalness and ellipticisy ( G ; Fi g.
3.5a). Individual sections of the inclusioith coresare typically interconnected by thin
irregular garnet branches (RBgRa, 3.4, APP-B4). This microstructure is most pronounced in
por phyr obl awlues.Wwor thérmobktiskglétal grains (e.g., F4) not all garnet
branches are interconnectedhim section view. Nevertheless, they do behave as a single
grain deflecting the surrounding external foliation (g, APP-B4). Some of the thin
elongated branches in these grains are growing on top of sheet silicates showing a similar
geometrical orietation and width (Fig3.4b, B4b). The shape of the inclusions is irregular,

but they tend to be mordongated in less skeletal porphyroblasts (e.g.;Z/R0-ig. 3.6f).

Figure 3.4.Characteristics of Typkgarnet in felsic rocks; sample 882 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. Graes paint to
muscovites and yellow to biotites.
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Posttectonic garnet appears as faceted

0.8
d . . .
) overgrows almost devoid of inclusions
06_ . - .
(Fig. 3.2a.iii; 3.6a,e). Overgrowth
L L3
®
S 04r e il occurs at the contact with zones
] L] L
02k T '_ S showing a high abundance of-Mg
. O W717-3A CaI-Rich
= m717-3A Qz Rlch_ . . .
. | | 271734 G2 Rien bearing foliated silicates such as
L fed 1‘8E == 28 5 biotite (Fig.3.2a.ii). In contrast, ages
0.8 . . .
b) where the inclusiomich core is in
O . o contact with matrix that is dominated
-.l} n . L
S04rm o - ——| by quartz and/or calcite, garnet
o s B | ‘
02r overgrowth is very limited or absent
| |
' 1 ——————=+—=| (Fig. 3.2a.iii). In most of the Type |

10x10° 30x10° 50x10° 70x10°

o] 2
¥ (*/um?) garnets, the volume percentage of

Figure 3.5 Textural parameter correlations.E&) :

(el ongation) against P%Sﬂe&tP'HCtgaoY‘“H reegr(gs?ntsv<&q%u es
samples) and b) y (normalized maxi mum orient a
spr ead) -vaugsddr sulsragiond of garnets in of the total garnet grain volume, and
samples 805, 7175, 7291A, 7303A, 7173 and

714-4E. Motifs for garnets in the layer sample 87 thus slightly smaller than the

are highlighted for clarity. Inlet in figure b) shows tf

whole spread of the data, green rectangle shows aregroportion of overgrowth observed in

of figure b). In b) the data presentedrisn

subregions in the garnets, therefore some Type I T)Epe Il garnets (Figﬁ3,3c)._There is no
garnets (squares)-vguesot above de ividing 0
0.4some garnet branches growing on top of micas.
Green arrows point to muscovites and yellow to
biotites.

clear systematic dependence linking
the proportion of post tectonic garnet
growth to the spatial location tdfe samples in the belt (Fi§.3c).

Chemical zoning patterns in the skeletal garnets share some systematic features. Patchy
patterns are common in all of the mapped grains @6gAPP-B5). Although overall
concentric zoning appears in some of thergrée.g., 805-Fig. 3.6a, 7291A-Fig. 3.6b, 730

2A-Fig. 3.6f or 7264-Fig. APP-B5c; 7266A-Fig. APP-B4b), irregular compositional

(a
ti
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changes appear to be dominant within zones with irregular branching and/or in irdicision
zones as illustrated by the dicdocal changes in composition in garnet from sample®B02
(Fig. 3.6a) Shorwave (<30um) change in concentration along inclu$iost boundaries
(e.g. inletin Fig. 6d) is observed in most of the skeletal grains3BgAPP-B4).
Porphyroblasts in sgoe 7302A show a smooth concentric zoning fogpevith no apparent
changes in concentration for this emeémber along the boundaries with the inclusions, but
an obvious patchy zoning appears fasoand Xam (Fig. 3.6f) related to grain boundaries
but dso to crystallographic orientations (see sec8a@h2). Note that garnets in this last
sample show sowmal ofestlidé Bowedt) @f the skelet
chemical patterns vary in garnets originating from the same rock (e.g., samyaeHid7
3.6¢,APP-B5a).

The overall chemical composition in Tydegarnets seems to be correlated with bulk rock
chemistry. Compositiaof the inclusiorrich cores inCarich metapelites and metaafic
rocks overlap (Fig3.7ab). Notably, such lithologiesontainamphibolesunlike the meta
felsic and metapelitic rocks. Garnets in mfetisic rocks generally show similar
compositions within the group, and they tend to beeri@h spessartine and poorer in
grossular when compared to the metafic rocks andCarich metapelites (Fig3.7ac).
Garnets in metéelsic sample 72®A, however, have higher contents of almandine than
those in the other mefalsic rocks (Fig3.7c). Notably, this sample also has slightly higher
plagioclase content and lower quartz abundance (Bable

A total of four Type | grains (808, 7175, 7291B and 7362A) were analysed using EBSD.
They show similar features in the Grain Refere@dentation Deviation (GROD) maps
revealing subtle but important changes in orientatian%d.0°) over distances of a few
microns (GROD maps in Fi@.8ad). For grains in samples 8&2(Fig.3.8a) 7175 (Fig.

3.8b), and 73@A (Fig. 3.10d) and from whik also chemical maps were obtained, the
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Figure 3.6.Quantitative chemical maps and phase maps of-Tgaenets. Metdelsic volcanics

(a) 8025; pattern A, (b) 724.A; pattern C, and (c) 715, pattern A, (d) Caich metapelite 729

1B; pattern C; (eCarich metapelite 7189; pattern A; and (f) Gaich metapelite 73@A; pattern

C. Allmaps are WDS maps exceptfor7/RA. (G value represents mean Vz¢
Posttectonic overgrowths are highlighted with white dotted line.




































































































































































































































































































































































































































































































































