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Abstract

The physical manifestations of plate tenics on the modern Earthre relatively well-

understaod, but the nature and timing of its onset remains enigmatic, with the geodynamic
regime(s) that operated during the Archaean hotly debaf€dis absence of a consistent
geodynamic framework within which regiorsdale observations can be placed limits our
understanding of Archaean assemblages and associated mineral defjas#fgage with
the Archaean geodynamics discussion, this thesis focuses on ultremediic complexes in
the Lewisian Gneiss Complex (LGC) of the North Atlantic Craton and Johaniizsioerof

the Kaapvaal Craton. Globally, such complexes have been the subject ofawgieg

interpretations that have disparate implications for Archaean geodynamic regimes.

Throughout this thesis, it demonstratedthat confidently constraining elememobility is

of paramount importance when aiming to constrain the origin of Archaean ultramafic rocks,
with a variety of geochemical proxies shown to be susceptible to element mobility. Notably,
high field strength elemerdnomalies; a geochemical proxy commonly used to fingerprint
subductionrelated magmatism¢ are here shown tobe highly susceptible to element
mobility, with the role of subduction asraArchaeangeodynamic procesgotentially
overestimatedas a result Such mobility can, however, be constrained and a primary
geochemistry obtained using the integrated approach utilised here, whereby detailed
petrography, bulkock geochemistry and mineral chemistry aeminedusing the context

provided by rigorous fieldeology.

Using this approach, the ultramadmafic complexes in the LGC are here interpreted as
recording two temporally and petrogenetically distinct phases of Archaean magmatism. One
group of complexes likely represents an early ultramafafic crust hat predates the
tonalite-trondhjemite-granodiorite (TT§magmas, while a second group of complexes are
interpreted as representing several layered intrusions that were emplauedTTG. The
ultramaficmafic complexes in the Johannesburg Dome are corsii® represent intrusive

and extrusive remnants of an Archaean greenstone belt, contradicting a recently proposed
hypothesis whereby the complexes are interpreted as fragments of an Archaean ophiolite.
When combined with similar opposition to other progex Archaean ophiolite occurrences

in other cratons, this contradiction is potentially significant to the Archaean geodynamics
debate, raising questions as to the validity of a > 3.6 Ga onset for matiden plate

tectonics.
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Plate tectonics ighe keystone theory of modern geological knowledge, representing a
FNFYSG62N] S6AGKAY S6KAOK Fyeé LERNIA2Yy 2F 9 NI |
I O0O2NRAY3 (2 GKAA (GKS2NEB o6adzYYINRASR Ay CA3
interlocking netwok of internally rigid plates that are mechanically decoupled from one

another, with deformation largely focused at plate boundar{esy., Isacks et al. 1968,

Fasyth and Uyeda 1975, Kearey et al. 2009, Cawood et al. 2818h boundaries are

classified as either divergent (i.e., modean ridges), convergent (i.e., subduction zones and
continentcontinent collision) or strikslip (Fig. 1.1), with plates comging chemically and

physically distinct oceanic and continental lithospheres that currently occur in a roughly

60:40 ratio(lsacks et al. 1968, Chen 1992, Philpotts and Ague 2009, Cawood et al. 2018)

rigid plate 2

mid-ocean ridge

deep subduction

deep subduction

[ Lithosphere [ ] Asthenosphere .~ Transform fault <— Plate motion

Figure 11: Block diagram detailing the principle features of modstyle plate tectonics (redrawn
after: Isacks et al. 1968, Kearey et al. 200@te: for simplicity, oceanic and continental crust are not
distinguished.

The physical manifestations of plate tectonics on the modern Earth (e.ggarah ridges,
magmatic arcs, subduction zones, mountainges, and bachrc basins) are relatively well
constrained(e.g., Saunders and Tarney 1991, Condie 1993, Kearey et al. 2009, Searle 2013,
Ducea et al. 2015)but the nature and timing of its onset remai enigmatic, with the
geodynamic regime(s) that operated during the Archaearhich spans > 1.5 billion years

hotly debated (see Section }.4ee Cawood et al. 28nd references therein The absence

of a consistent geodynamic framework within which regiesedle observations can be

placed has implications for interpreting Archaean assemblages and associated mineral
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deposits. This is particularly pertinent when considering that Archagast is richly
endowed insome types of mineral deposit (e.dugsting > 25 % of Au resources globally
despite occupying < 6 % of the current continental crust vol(@avood and Hawkesworth
2015) A greater understanding of the geodynamic regime(s) that operated during the
Archaean would thereforprovide a vital framework within which rocks and mineral deposits

of this age may be interpreted.

This chapter first explores the Archaean geodynamics debate according to the previously
published literature (Section 1.1), before outlining the scope {&ect.2), research aims

(Section 1.2) and structure (Section 1.3) of this thesis.

1.1 Archaean geodynamic regimes

The Archaan geodynamics debate is primariyticulated around when and how plate
tectonics began on Earth, with age predictions for its or§ég. 1.2) ranging from the
Hadean/early ArchaeartiHopkins et al. 2008, 2010, Arndt 2013, Turner et al. 2014ti¢da

et al. 2016, Keller and Schoene 20ttBNeoproterozoidHamilton 1998, 2003, McCall 2003,
Stern 2005, 2008, Hamilton 201 Bor simplicity, the range of Archaean geodynamic models
are hee subdivided into the following broad groups, based on the predicted age for the onset

of plate tectonics:

1. Hadaearto Palae@rchaean (> 3.6 Ga) onset for plate tectonics, whereby (almost) all
Archaean rocks are the product of plate tectonic proceg¢ses: De Wit et al. 1987,
1992, De Wit 1998, Komiya et 4899, Nutman et al. 2002, Friend et al. 2002, Furnes
et al. 2007a, Dilek and Polat 2008, Hopkins et al. 2008, Shirey et al. 2008, Furnes et
al. 2009, Hopkins et al. 2010, Hastie et al. 2010, Friend et al. 2010, Korenaga 2013,
Arndt 2013, Nutman et al. 2013 urner et al. 2014, Hastie et al. 2016, Keller and
Schoene 2018, Khanna et al. 2018)

2. Palae@rchaean to earlyPalae@roterozoic (3.62.2 Ga) onset of plate tectonics,
whereby a preplate tectonic regime dominated before ca. 3.2 @aglafter which a
transition (over several hundred million years) into plate tectonics occufsed:
Smithies et al. 2003, Van Kranendonkakt2004, Brown 2006, Cawood et al. 2006,
Van Kranendonk et al. 2007, Condie and Kroner 2008, Brown 2008, Bédard et al.
2013, Bédard 2013, Debaille et al. 2013, Van Kranendonk et al. 2014, Kamber 2015,
Reimink et al. 2016, Smart et al. 2016, Johnson €047, Brown and Johnson 2018,
Cawood et al. 2018, Halla 2018, Bédard 2018, Smithies et al. 2018, Moyen and
Laurent 2018, Dhuime et al. 2018, Saji et al. 2018)
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3. Neoproterozoic (1.60.7 Ga) onset for plate tectonics, whereby a etonic
regime predominated during the entire Archaean Eon and much of the Proterozoic
(see: Hamilton 1998, 23, McCall 2003, Stern 2005, Hamilton 2007, Stern 2008,
Hamilton 2011)
The succeeding sections summarise the evidence cited in favour of each broad hypothesis,
with the main points of contention highlighted where necessary. Although not exhaustive,
these sections aim to highlight the range of proposed models, alongside the variety of
supporting evidenceMoreover, it should be noted that this discussion is complicated
AAAYATFAOlIyilfte o0& AYRAQDARZ t | dzi K2 NEdRfindiR ST A Yy A (
plate tectonics exactly as the modestyleoutlinedin Figure 1.1, others use the term move

loosely This is reflectedn the succeeding sections, whigitempt to capture some of this

ambiguity.
45Ga 4.0Ga 2.5Ga 0.54 Ga present
| Hadean | Archaean | Proterozoic |Phanerozoic|
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Figure 12: Geological timescale detailing the range of suggested timings for the onset of plate
tectonics, as suggested in a small subset of papers from therpéewed literature(redrawn after:
Korenaga 2013, Stern 2016)

1.1.1Hadaeanto Eoarchaean (> 3.6 Ga) onset of plate tectonics

Many authors maintain that plate tectonicbrpadlyas outlined in the introduction to this
chapter; Fig. 1.1) has operated since ~4 Ga, with the rocks and structures preserved in
Archaean Cratons formed by processes akin to those observed on the modernAtadh.
(2013)argues that Archaean granitoids formed in subduction zones (like those produced
today), with alternative medinisms for generating voluminousagitic melt implausible as
these scenariokack the necessary.B. This is supported by hi§HTI experiments conducted

by Hastie et al. (2016), who demonstrate that partial melting of Eoarchaean oceanic crust
(and mixingwith slabderived fluids) is capable of generating melts that have compositions
comparable to Eoarchaean continental crust. The average composition of continental basalts

is also used to support a plate tectonic geodynamic regime for the Archaean Edintlthevi
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nearcontinuous trajectory of geochemical trends interpreted as the product of a single

geodynamic regime throughout Earth histqieller and Schoene 2018)

In addition to the geochemical evidenceurner et al. (2014present a lithostratigraphic

succession from the 4¢8.8 Ga Nuvvuagittug Greenstone Belt (Canada) that is gaaichlly

and stratigraphically comparable to tHealae@ene IzeBoninMariana forearc (Fig. 1.3).

These authors argue that the similarity between these successions indicates that modern

style subduction (and therefore plate tectonics) operated throughdnat Archaear{Turner

et al. 14) However, it is important to note that plate tectonics is not defined by subduction,

with isolated subduction possible in other geodynamic regimes, as suggested on Venus

(Pronin and Stofan 1990, Stofan et al. 1991, Fowler 1996, Piskorz et al. 2014, Davalille et al.

2017) Moreover,Pearce (2014zZNBSR Ol dziA2y > adGlF dAy3 GKI G ¢ dzNY SN
KIS RSTAYAGAGSE e FAYISNIINAYIGISR (KS 9FNIKQa 2fR

origin for the Nuvvuagittug Greenstone Belt is a strong podyibili

Nuvvuagittuq Normalised trace-element IBM forecarc
(4.4-3.8Ga) patterns (52-44 Ma)
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Figure 13: Lithostraigraphic columns for the 43.8 Ga Nuvvuagittuq supracrustal bélth Qb SAf Sd Ff
2011)and 0.0440.052 Ga lzBoninMariana (IBM) arqReagan et al. 201pwith accompanying
normalised traceelementplots (redrawn after: Turner et al. 201MIb-Ta anomalies are highlighted.
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The most controversial evidence cited in favour of a modsdyhe plate tectonic regime
having operated throughout the Archaean is the proposed existence of Archaean ophiolites
(e.g., Harper 1986, De Wit et al. 1987, Hart et al. 1990, Kusky et al. 2001, Furnes et al. 2007a,
Kusky and Li 2008, Dilek and Polat 2008néaiet al. 2009, Kusky 2012, Grosch and Slama
2017) As summarised in Table 1.1, the proposed examples of Archaean ophiolites range from
3.8t0 2.5 Ga, cover areas of between 18 and 358 md comprise a variety of ultramafic

to felsic and metasedimeary lithologies that have generally been metamorphosed to
amphibolite and/or granulitdacies Interpretationsof ancient ophiolitesre generally based

upon a lithological assemblage that is comparable to Phanerozoic ophiolites (albeit
fragmented and inomplete; Furnes et al. 2009), and occasionally trasement
geochemistry (e.g.HFSE anomalies for suprasubduction zophiolites; Yellappa et al.
2012) However, these interpretations are hotly disputed by a number of autfeogs,Stern

2005, Haniton 2007, 2011, Bédard et al. 2013, Kamber 20Mdreover, there are no
confirmed occurrences of residual mantle rocks, with none of those proposed withstanding

detailed geochemical and petrographic investigati8ailas et al. 2015, 2018)

1.1.2Palae@rchaean to earlyPalaegroterozoic (3.62.2 Ga) onset ofilate tectonics

In opposition to the broad hypothesis outlined in Seotl.1.1, several authors argue that

the lithological assemblages, metamorphic imprints, structures and geochemical signatures
recorded by Archaean cratons are inconsistent with a plate tectonic geodynamic regime
having operated during the majority of therchaean EofBleeker 2002, Bédard et al. 2003,

Van Kranadonk et al. 2004, Bédard et al. 2013, Van Kranendonk et al. 2014, Kamber 2015,
Johnson et al. 2017, Bédard 2018)r example, in a regional study of tB&5 Gaast Pilbara
granitegreenstone terrane, Van Kranendoaekal. (20@) stated that there a& a series of

problems with horizontal tectonic models, including: the lack of evidence for ‘srgke

tectonic duplications; the inferred directions of maximum compression, which vary with the
orientation of individual greenstone belts; the contastyle of metamorphism; and the

absence of high® rocks. Instead, secular changes displayed by various geological and
3S20KSYAOFt LINPEASE FINB AYyGSNILINBGSR Fa SOAR
geodynamic regime between 3.2 and 2.2 Ga (e.g., Cdwbal. 201&nd references therein

Fig. 1.4). In this scenario, the Earth transitioned from a-plate tectonic mode (e.g.,
stagnantlid or squishylid tectonicsVan Kranendonk et al. 2004, Bédard et al. 2013, Debaille

et al. 2013, Rozel et al. 2017, Bédard 20b8x modernstyle plate tectonic geodynamic

regime over a period of several hundred milionyears 6 6 2 44 SG | f & mdbponz /

2010, Tang et al. 2016, Johnson et al. 2017, Condie 2018, Cawood et al. 2018)




Table 11: Summary of proposed Archaean ophiolites from the North Atlantic, North China and DiRaat@ms. Abbreviations: SSZ=suprasubduction zone.

Name Age Size Lithological assemblage Metamorphic  Interpret- Key evidence cited Key references
(Ga) (km?3) grade ation
North Atlantic Craton Greenland
Ivissartoq 3.08 ~22 Pillow lavayolcanic breccia, picritic Amphibolite SSZ ophiolite 9§ Lithological assemblage similar to Phanerozoi (Polat et al. 2008,
Ujarassuit clinopyroxene cumulate, gabbiiorite dyke, facies (forearc)ophiolites Ordéfiezcalderdn et
serpentinite, actinolite schist, 1 Traceelementcharacteristics of the least al. 2009)
anorthosite/leucogabbro, calsilicate rocks, altered samples, includingegative HFSE
felsic schists anomalies and LILE enrichment
Tartoq 3.19 ~50 Pillow lava, gabbro, serpentinite, tagchist, Greenschistto ~ SSZ ophiolite § Traceelementcharacteristics , including (Kisters and Szilas
greenschist, amphibolite granulite-facies similarity to Phanerozoicrerelated rocks and 2012, Szilas et al.
negative HFS&nomalies. 2013, 2014)
1 Lithological assemblage comparable to ocean
crust
9 Structural studies suggesting that Tartog was
accreted in @&onvergent margin
Isua 3.80- 87 Metabasalt, metagabbro, ultramafic rocks. Amphibolite- SSZ ophiolite § It "contains all the major lithological units of a (Furnes etl. 200743,
3.70 facies typical Penrose type complete ophiolite 2007b, Friend and
sequence" (Furnes et al. 2009). Nutman 2010,
1 O isotopes and petrographic features consiste Hoffmann et al. 2010}
with seafloor hydrothermal alteration.
North China Craton
Dongwanzi 2.51 ~350 Banded Iron Formation, pillow lava, picritic Amphibolite SSZ ophiolite q Lithological assemblage comparable to (Kusky et al. 2001,
Zunhua amphibolites, gabbro, pyroxenite, cumulate facies Phanerozoic ophiolites. 2007, Zhao et al.
ultramafic rocks (serpentinised dunite, 1 Geochemistry of chromitites. 2007, 2008, Kusky
pryoxenite, wehrlite and harzburgite), podiform and Jianghai 2010)
chromitite
Dharwar Craton
Devanur 2.53 80 Websterite, gabbro, mafic dykes, amphibolite, Granulitefacies SSZ ophiolite 9§ Traceelementgeochemistryincluding negative (Yellappa et al. 2012)

trondhjemite and pegmatite

HFSEnomalies and associated LILE enrichm
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For example, Cawood et #2018) interpreted the appearance of passive margins at ~2.75
Ga as evidence for this transition (Fig. 1.5a). Simil&rtywwn and Johnson (2018%e plots

of dT, dRanddT/dPversus age to demonstrate this secular variation, with metamorphic rocks
subdivided into 3 natural groups based @fvdP(thermal gradientyalues (Fig. 1.5b). These
authors interpret the appearance of paired metamorphic beit the Neoarchaean (2,8.5

Ga) as the product of a form of plate tectonics during the Era (Fig. 1.5b). Similarly, studies of
bulk-rock geochemical data from Archaean mjtaid rocks globally havéhighlighted
significant changes between 3.2 and 2.5(Balla 2018, Johnson et al. 20183 shown by
various element ratios (e.g..,®, NaO, Sr/Y and Rb Sr). Broader geochemical stydigs,
Smithies eal. 2018, Moyen and Laurent 20183%0 support a secular geochemical evolution,
with Condie (20185 dz33SadAy3a GKI G GKS AYyONBFAAYFELINERI
geochemical signatures is evidence for a transitional geodynamic regime between 3.0 and
2.2 Ga. bBrthermore, Dhuime et al. (2015) noted a marked increase in the Rb/Sr ratios of
juvenile continental crust at ~3.0 Ga (Fig. 1.5¢), with these authors interpreting this inflection
as representing the generation of relatively thick andi@i crust as a resdt of the onset of

plate tectonics.

pre-plate tectonics transition phase
>3.2Ga 3.2t02.5Ga

high-k and
peraluminous granites

thickened

/v p r? /\ lithosphere ) e
2 asthenosphere
vertically fluid flux L deflected SAris
delaminating asthenosphere melting delaminating
lithosphere lithosphere

plate tectonics

<25Ga
stabilised . magmatic
continental arc
lithosphere

asthenosphere ;

Figure 14: Schematic model detailing the proposesnporal evolution of the EartiRedrawn after:
Cawood et al. (2018)
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Figure 15: Selected plots detailing the secular evolution of the EdaihHistogram showing the age
of ancient (green) and modern (white) passive margiedrawn after: Bradley 2008, Cawood et al.
2018) (b) Summary of the metamorphic pressures of 456 localjidapted after: Brown and Johnson
2018) The solid lines indicate linear regressions of the datg®, as defined by Brown and Johnson,
2018.(c)Variation of Rb/Sr ratios in juvenile crust as function of formation(eggrawn after: Dhuime
et al. 20B).

1.1.3 Neoproterozoic (14D.7 Ga) onset of plate tectonics

Championed by a relatively small number of authitamilton 1998, McCall 2003, Hamilton
2003, 2007, Stern 2008, Hamilton 2014)Neoproterozoic onset for modestyle plate
tectonics is a hypothesis based on the assertion that Archaean, Palaeoproterozoic and

Mesoproterozoic rocks and structures differ greatly from both each other and Phanerozoic
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rocks (Hamilon 2011) In such models, all tonalitgondhjemite-granodiorite (TTGY, a
dominant component ofArchaean terranes globallyare considered to be the product of
partial melting of a mafic protarust, with modernstyle tectonics not commencing untilQt,

0.85 Ga(Stern 2005, Hamilton 2011)These authors also maintain that there are no
preserved ophiolites older than 1.Ga(Stern 2005, Hamilton 2007, 201With the possible
exception of a D- 1.9 Ga example in FinlafdbrmuaKontinen 1987, Peltonen et al. 1996)
Moreover, an absence of blueschfacies and ultrenigh pressure metamorphic roskn the
geological record prior to the Neoproterozic is considered to support this hypott&tsim
2005) However, it should be noted that many authors dispute theserisss, withVan
Kranendonk and Cassidy (2064} G Ay 3 GKFG | F YAt G2Y 6Hnnod
multidisciplinary geological evidence in support of [Med NOKI Sty LX S (SO

1.2 Scope and research aims

To engage with théArchaean geodynamics debate outlined above, this thesis focuses on
ultramaficmafic complexes in the Lewisian Gneiss Complex (of the North Atlantic Craton
NAQ and Johannesburg Dome (of the Kaapvaal Craton; Fig. 1.6). Globally, such complexes
are volumetically minor components of Archaean cratons, with individual occurrences
generally occupying less than 100%fiable 1.2). Despite their size, the range of lithologies
present in ultramafianafic complexes may be diverse. For example, in the Greenlandic
portion of the NAC, the Seqi Complex is interpreted to contain only intrusive ultramafic rocks
(Szilas et al. 2018yvhile the Fiskenaesset Complex is suggested to comprise a variety of
intrusive and extrusive ultranfi@-mafic rockgPolat et al. 2009)This range of lithologies is
often further complicated by serpentinisation, alteration and/or polyphase, greensdahist

granulite-facies metamorphism (Table 1.2).

Notwithstanding these complexities, studies of ultramatfiafic complexes have provided
important and often contentious contributions to the Archaean geodynamics debate (as
outlined in Table 1.2), with individual agtences attributed to wideanging geological and
geodynamic environments, including: Archaean ophialitagments of ophiolites that may
represent Archaean suture zone(s) (see Section 1.1.1; Table 1.1); layered intrusions
associated with a range of potgal geodynamic environmentéHoatson and Sun 2@0

Ivanic et al. 2010, Wargg al. 2015, Bagas et al. 2016, Ivanic et al. 26)ductionrelated

sills emplaced into oceanic cru@olat et al. 2009)fragments of argelated oceanic crust
(Szilas et al. 2014)he sagducted remnants of ggastone beltgJohnsoret al. 2016) and
mantle residues following high degrees of partial melti(®gilas et al. 2018)Some

interpretations (e.g., the Archaean ophiolite hypothesis) are suggestive of matidenplate

a

(e

A
2
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tectonic regmes, while others (e.g., the sagudction hypothesis) are compatible with

alternative (e.g., stagnadid) geodynamic regimes for the Archaean Earth.

Lewisian

Slave, Rae & CGI'IEITS
Hearne NAC omplex
' f L7 Nag
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tKola &

Anabar Shield
Aldan Shield

FA- <3
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China Cralon'
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African ‘j . * Dharwar
Amazonian .')Tanzaman
@ Exposed L ) 7
Archaean crust ‘J Sao Francisco 4v2i\mbabwe Pilbara__
Kaapvaal
Yilgarn

Figure 16: Simplified world map detailing the location of exposed Archaean crust, including the
location of the North Atlantic (NAC) and Kaapvaal Crafoedrawn after: Bédard 2013, Anhaeusser
2014)

The research presented in this thegombines thorough field investigations (e.g., mapping,
logging and structural assessment) with detailed petrography, -tndk geochemistry
(lithophile elements and platinurgroup elements (PGE)), majglementmineral chemistry

and traceelementminerd chemistry. Further to several locati@pecific objectives, which

are detailed in the appropriate sections of the thesis, this research project engages with the

broad Archaean geodynamics debate by aiming to:

a) Critically evaluate geochemical proxies thaty be used to interpret ultramafic rocks
in Archaean cratons.

b) Investigate the origin of the ultramafimafic complexes in the North Atlantic and
Kaapvaal Cratons.

c) Assess the implications for Archaean geodynamic regimes.

d) Ewluae the possibility thaultramaficmafic complexes represent a primary source

of placerPGM




Table 12: Summary of the basic characteristics of selected Archaean ultramafic complexes in the North Atlantic, Kaapvaal, Yilgarn and North China Cratons.

Ultramafic- Size Lithological Age relationship with . .
i Age (Ga) Metamorphic grade Interpretation(s) Key references
mafic complex (km?) assemblage host rocks
North Atlantic Cratong Greenland
Mafic andintrusive . . . Ultramafic intrusionsnito a preexisting mafic
Thrym 2.852.75 >70 . Invaded by orthogneiss Granulitefacies (Kolb et al. 2013, Bagas et al. 201
ultramafic crust
. Intrusive and extrusive . Amphibolite to Arcrelated sills emplaced into oceanic crust (Myers 1985, Polat et al. 2009)
Fiskenaesset 2.97 ~100 . . Invaded by orthogneiss . . o
mafic and ultramafic granulitefacies comprising basalt & gabbro
) ) ) ) ) ) Mantle residues following high degrees of )
Seqi >2.97 <0.5 Intrusive ultramafic Invaded by orthogneiss Granulitefacies . . (Szilas et al. 2018)
partial melting
) . ) Greenschistto granulite Remnants of oceanic crust that formedain )
Tartoq 3.19 50 Intrusive ultramafic Invaded by orthogneiss . . . (Szilas et al. 2013, 2014)
facies suprasubduction zonsetting
- ) ) Unknown:surrounded by ) . .
Akilia ? <0.5 Ultramafiecmaficrocks . Granulitefacies ? (Whitehouse and Fedo 2003)
orthogneiss
Kaapvaal Craton
) ) Debated:intrusive into )
Intrusive ultramafie ) ) o ) ) ) ) (De Wit et al. 1987, Anhaeusser
Stolzburg >3.25 ~15 ) schist belt or tectonically Amphibolitefacies Layered intrusion; accreted oceanic crust
mafic rocks . 2001)
juxtaposed?
. ) Intruded Barberton . . . . .
Koedoe 3.53.2 ~15 Intrusive ultramafic Greenschisfacies Layered intrusion; accreted oceanic crust (Anhaeusser 2006a)
greenstone belt
) Intrusive ultramafie o ) Layered intrusion emplaced intgreenstone
Zandspruit >3.11 0.5 . Invaded by TTG Amphibolitefacies . (Anhaeusser 1992, 2015)
mafic and greenstone remnant; accreted oceanic crust
Yilgarn Craton
o . Intrusion into greenstone . . . .
Windimurra 2.7-2.8 2500 Intrusive belt Greenschisfacies Plumerelated layered Intrusion (Ivanic et al. 2010, 2017)
e
. . Intruded granite . . .
) ) Intrusive ultramafie ) ) Layered intrusionmnagmaism generated by
Munni Munni 2.93 > 100 . supracrustal sequence Greenschisfacies . . (Hoatson and Sun 2002)
mafic melting oceanic crust
contact
North China Craton
. Intrusive ultramafic Amphibolite to . . ) )
Yinshan 2.6 10 Invaded by TTG Subductiorrelated, multiphaseintrusion (Wanget al. 2015)

mafic rocks

granulitefacies
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1.3 Thesis structure

The work presented in this thesis is subdivided into two parts, with Part 1 (Chamters 2
focusing on the ultramafimafic complexes in theewisianGneiss Complex.G¢and Part 2
(Chapters 69) antring on the ultramafiemafic complexes in the Johannesburg Dome.
Details of the employed analytical instrumentation and methodology are included in
Appendix A, with information specific to individual cheqst provided at the appropriate

points in the thesis.

In Part 1, Chapter 2 reviews literature specific to the LGC, including a summary of the
hypotheses previously proposed for the origin of the ultramafafic complexes. Chapters
3¢5, which comprise resis chapters that combine multiple fieldased and analytical
techniques, are selfontained and can be read in isolation, with each chapter containing
introduction and discussion sections that investigate specific research questions relevant to
both the regionalscale objectives and broad aims of this thesis (Section 1.2). Chapter 3
(adapted from Guice et al. 2018aljilises field mapping, petrography and spinel mineral
chemistry to evaluate ambiguous age relationships in the mainland LGC, with the origin of
the ultramafiemafic complexes critically dependent upon such age relationships. Chapter 4
(adapted fromGuice et al. 2018xpands on the work presented in Chapter 3, employing
detailed petrography, bulkock geochemistry and mineral chemistry to assess the validity of
HFSE anomalies as a proxy for Archaean subduction. Chapter 5 combines field olsgrvatio
petrography, bulkock geochemistry and spinel mineral chemistry to evaluate a series of

research questions specific to the origin of the ultramafiafic complexes in the LGC.

The style of Part 2 is different to that of part 1, with individual chaptetlowing on from

one another, rather than being satbntained. Chapter 6 reviews literature specific to the
Kaapvaal Craton, including a summary of the hypotheses previously proposed for the origin
of its ultramafiemafic complexes. Chapter 7 detailgld relationships, petrography and
spinel mineral chemistry for threaltramaficmafic complexes in the Johannesburg Dome,
with Chapter 8 presenting the accompanyitoylk-rock geochemistry for the three
complexes. Chapter 9 discusses the implicationsther origin of the ultramafianafic
complexes in the Johannesburg Dome, establishes the specific petrogenetic environments
represented by the individual complexes, and provides an assessment of element mobility.
It should be noted that in Chapters97 infoomation pertaining to the Modderfontein
Complex is adapted frofGuice et al. 2019Chapter 1Sy G A (1 f SR caddrésgas KS a A & ¢
the research aims outlined in Section 1.2 by combining the findings presented in both parts

of this thesis.
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The LGC is a small, but intensely studied, fragment of the NAC that forms the basement to
northern Scotland, northwest of the Great Glen Fault (Fig. Raiford et al. 1978, Barton
1992. Exposed on the Outer Hebrides adwV Scottish mainland, the LGC is dominated by
amphibolite to granulitefacies TTG gneisses that represent metamorphosed felsic
magmatic rock¢Peach et al. 1907, Sutton and Watson 1951, Park 1970, Wheeler et al. 2010,
Mason 2016)These Mesoarchaean to Neoarchaean TTG gneiski$, @ccur in association

with volumetrically subordinate ultramafic, mafic and metasedimentary lithologies, record a
protracted and complex history of magmatism, metamorphism and deformaliicaddition

to polyphase, amphibolitdo granulitefacies metaorphism, the TTG gneiss and associated
lithologies are crossut in places by Palaeoproterozoic mafic dykes and later granitic
pegmatitic sheetge.g.,Peach et al. 1907; Corfu 1998; Park et al. 2002; Wheeler et al. 2010;
Crowley et al. 2015)This chapter focuses on the LGC of the NW Scottish mainland and

summarises its geological evolution according to the previously published literature.

2.1 Stratigraphic subdivision of the mainland LGC

On the NW Scottish mainland, the LGC crops oat B35 km long, 20 km wide coastal strip
west of the Moine Thrust that is partially covered by Neoproterozoic sedimentary
successions (Fig. 2Reach et al. 1907; Suttcand Watson 1951; Wheeler et al. 201The
mainland LGC has traditionally been subdivided into a gradualiies Central Region bound
by amphibolitefacies Northern and Southern Regions (Fig.Rekch et al. 1907; Sutton and
Watson 1951; Park and Tarney 198RElative to the hornblendbearing gneisses of the
Northern and Southern Regions, the pyroxehearing gneisses of the Central Region are
depleted in Cs, Rb, U, Th, K andSlgeraton et al. 1973ig. 2.2)Thus, the Central Region
has been interpreted as representing deeper crustal levels than the amphifadies
Northern and Southern Regions, with the mainland LGC collectively representing a faulted

but once continuous crustal blo¢Rark and Tarney 1987)
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Northern Region
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Figure 21: Simplifiedgeological map of the mainlandGC detailing the traditional stratigraphic
subdivisionSutton and Watsoi951, Park and Tarney 198 Meterrane-model subdivisiofKinny et
al. 2005, Love et al. 2010and location of selected ultramafinafic complexesRedrawn after:
Wheeler et al. (2010) an@oodenough et al. (2010\bbreviations: AgAchiltibuie; Am=Achmelvich;
BA=BenAuskaird; BD=Ben Dreavie; BS=Ben Stra@@;Chnoc Gorm; Ct=Clachtblh=Drumbeg;
GB=Gruinard BayGC=Gorm Chnoc; G5 2 RK W Yy | y ={d8H &R IDgifih Mo BE=Loch
Eilean na Craoibhe Moire; NSB=MdBcourie Bay; Sm=Scouriemore; St=Strathan.
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Figure 22: Bulkrock composition of the granuliiacies (Central Region) and amphibofieies
(Northern and Southern Regions) TTG gneiss from thenb@@glisedo those of sodié\rchaeanTTGs
globally(Moyen 2011)After: Johnson et al2013)

More recently, geochronologicélased studies, which utilise-Rb dating of zircon in TTG
gneiss, have shown that the mainland LGC records a wide range of protolith ages and
metamorphic historie$Kinny and Friend 1997, Friend and Kinny 2001, Love et al. 2004, Kinny
et al. 2005, Love et al. 2010pn this basis, the LGC has been subdivided into 6 terranes,
named (from north to south): Rhiconich, Assynt, Gruinard, Gairlodtaidghnd Rona (Fig.
2.1;Kinny and Friend 1997; Frimnd Kinny 2001; Love et al. 2004; Kinny et al. 2005; Love
et al. 2010) The Rhiconich Terrane correlates directly with the Northern Region of the
traditional subdivision, the Central Region is subdivided into the Assynt (north of the Strathan
Line) aml Gruinard Terranes (south of the Strathan Line), and the Southern Region is
subdivided into Gairloch, lalltaig and Rona Terranes (Figiady et al. 200and references
therein). This model has led to the suggestion that the mainland LGC comprises a series of
disparate crustal blocks that record unique histories prior to their juxtaposition during the
ProterozoidKinny and Friend 1997, Friend and Kinny 2001, Love et al. 2004, Kinny et al. 2005,
Love et al. 2010)However, it is disputed by several authdesg., Park 2005, Feiset al.

2018) with the variable protolith ages plausibly a function of multiple episodes of igneous
activity in a single crustal block, rather than disparate bldétdlinson 2012)Moreover,

phase equilibria modelling demonstrates that thesfnt and Gruinard terrandmth record

peak meamorphic conditions of 0@.2 GPa and 9@2000°C (Feiselet al. 2018)
contradicting the interpretation that they represent different terranes. Although the specific

number of terranes remains controversi@.g.,Park 2005; Feisel et al. 28), the Laxford

-17-
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Shear Zone, which is a ductile shear zone that separates the Northern and Central Regions
(or Assynt and Rhiconich Terranes; Fig. 2.1), is generally accepted as representing a major
crustal boundary(Goodenough et al. 2010, 2013jor simplicity, this thesis utilises the
traditional (Northern, Central and Southern Regions) subdivisiétadt and Tarnefd987)

2.2 Chronology, stratigraphy and metamorphism
lf GK2dAK Yrye FaLlS0da 2F GKS [ D/WoheelereaR f dzi A2y NB)
2010and references therein the following broad stratigraphic and metamorphic history is

generally accepted:

(i) Crystallisation of TTG magmas between 3.1 and 2 (Ff&and and Kinny 2001, Kinny
et al. 2005, Love et al. 2010, Whitehouse and Kemp 2010, MacDonald et al. 2015)

(i) Granulitefacies tectonothermal event between 2.8 and %3, known locally as the
Badcallian(Evans and Lambert 1974, Cartwright et al. 1985, Corfu et al. 1994,
Andersen et al. 1997, CarfLl998, Barooah and Bowes 2009, Crowley et al. 2015)

(i) Amphibolite to granulitefacies tectonothermal event between 2.5 and 2.4 Ga,
known locally as the InveriafBeach 1973, 1974, Corfu et al. 1994, Whitehouse
and Kemp 2010)

(iv) Emplaement of a suite of mafialtramafic dykes between 2.42 and 2.38 Ga, known
locally as the Scourie Dyk@$eaman and Tarney 1989, Davies and Heaman 2014)

(v) Greenschistto amphibolitefacies tectonothermal event(s) between 1.9 and 1.6
Ga, known locally as the Laxfordi@each et al. 1974, Beach 1974, Goodenough
et al. 2010, 2013)
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Figure 23: Timeline detailing the established chronology of the mainland LGC. References as in text.

2.2.1 TTG gnessand associated rocks
The amphibolitefacies Northern Region predominantly comprises migmatitic, hornblende
and biotitebearing granodiorite gneisses, with minor amphibolite inclusions and

supracrustal rocks in placéBeach et al. 1907, Friend and Kinny 2001, Goodenough et al.




Chapter 2Literature Review, Lewisian Gneiss Complex

2010) Protolith ages generally range from 2.84 to 2.68 Ga, with irdrerited ages of ca. 3.5
to 3.0 GaKinny and Friend 1997, Friend and Kinny 2001, Love et al. 2004, Kinny et al. 2005,
Love et al. 2010)n this region, mafic enclavesrely exceed 1 m in diameter and comprise

less than 5 % of the exposui@oodenough et al. 2010)

The granulitefacies Central Region predominantly comprises grey, pyrckeaengTTG
gneisses, with volumetrically subordinate ultramafic, mafic and metasedimeftologies

OhQl I N mMopcmI .2gSa SO |t ® wiP8SnPark et 0.c2002, { A f f
Goodenough et al. 2010)Detailed descriptions of the ultramafic, mafic and
metasedimentary lithologies, which together comprise ~10% of the outcrop in the Central
Region and range from met®cale pods to kilometrscale compmxesd h QI NI mdc mZ
et al. 1964, Sills 1981, Sills et al. 1982, Johnson et al. ,2€d6)be found in Section 2.3.
Protolith ages for the TTG gneiss, as determined usiRtp deochronology, are ambiguous

due to later granute-facies metamorphism, with lattice distortion, Pb mobility and
polyphase zircon growth contributing to a spread of data along Concordia between 3.1 and
2.5 Ga(Whitehouse and Kemp 2010, Zirkler et al. 2012, MacDonald et al. 2013,. 2015)
Despite this ambiguity, protolith ages for the Central Region Tidlsg are generally
interpreted as ranging from 3.05 to 2.80 @Gaiend and Kinny 2001, Kinny et al. 2005, Love

et al. 2010, Whitehouse and Kemp 2010, Manald et al. 2015)

The amphibolitefacies Southern Region predominantly comprises bidigaring
granodiorite and trondhjemite gneiss€Rollinson 2012)Protolith ages for the TTG gneiss
generally range from 3.15 to 2.70 @€&nny et al. 2005, Love et al. 201@)th two separate
magmatic evets likely responsible for forming the felsic rocks in this region of the LGC
(Rollinsor2012) In the Southern Region, mafic lithologies are rare, occurring as raedle

pods(Park et al. 2002)

2.2.2 Badcalliamlmetamorphicevent

The granulitefacies Badcallian metamorphic event, for which pBakconditions have been
estimated at 0.§1.2 GPaand900° @ . I Ny A 0214 FYR hQl N mMprys
al. 1994 Andersen et al. 1997, Zirkler et al. 2012, Feisel et al. 2&L&)corded only by the

Central Region rocks (Fig. 2Wheeler et al. 201@&nd references therein While some

authors have suggested that this event occurred at ca.24% GgFriend and Kinny 1995,

Kinny and Friend 199/} is generally accepted as occurring at ca. 2761 Ga, with the 2.5

to 2.4 Ga dates attiouted to the later Inverian metamorphic eve(@ohen et al. 1991, Corfu

1998, Whitehouse and Kemp 2010, Crowley et al. 2015)
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Away from laér developed shear zones, the Badcallian metamorphic event is characterised
by a pervasive, shallowio moderatedipping, centimetrescale gneisssity that exhibits open

to isoclinal folds(Goodenough et al. 2010)The granulitefacies mineral assemblage of
plagioclase, clinopyroxene, orthopyroxene and quartz (in the TTG gneiss) is preserved in
places, but retrogression is widespre@dacDonald et al. 2017)'he aforementioned-T
conditions may have facilitated partial melting of felsic and some mafic lithologies
throughout the Central Regiqdohnson et al. 2012013) Partial melting of mafic lithologies

are believed to manifest as irregularly shaped patches and sheets of apaised,
plagioclaseich leucosomes that may contain euhedral (peritetic) clinopyroxene, while
partial melting of felsic lithologiemanifest as quartzich leucosomegJohnson et al. 2012,
2013)

2.2.3Inverianmetamorphic event

The Inverian metamorphic event, which is poorly constrained due to later reactivation during
the Laxfordian metamorphic event, is defined as the retrogressiveharlite- to granulite

facies metamorphism and deformation that precedes Scourie Dyke emplacdiBeans
1965, Evans and Lambert 1974, Wheeler et al. 2018 event, which occurred between
2.49 and 2.48 GéCohen et al. 1991, Corfu et al. 1994, Corfu 1998, Whitehouse and Kemp
2010, Crowley et al. 20155 confidently recognised in thee@ral Regior{Corfu 1998, Park

et al. 2002)with some attempts to correlate it with isolated features in the Southern Region
(Park and Tarney 1987Recent studies b§oodenough et a2010 2013)have led to the
suggestion that the Northern and Central Regions were accreted during the Inverian, with

the Laxford Shear Zone (Fig. 2.1) representing a terrane boundary.

The Inverian metamorphic event manifestslasallydeveloped, steeply dipping, NNBE to
WNWESHrending shear zoneEvans 1965, Evans and Lambert 19%4th the Canisp and

Stoer shear zones representing kilomeseale examples of Inverian ductile deformation
(Attfield 1987, Goodenough et al. 201®ervasive retrogression ofagulite-facies mineral
assemblages (e.g., replacement of garnet by rims plagioclase in the mafic rocks) is a common

relic of this metamorphic event throughout the Central Redmyg.,Johnson et al. 2012)

2.2.4 ScourieDyke emplacement

First described byeall(1885) the Palaeoprotezoic Scourie Dykes are most abundant in
the Central Region, although several are also reported in the Northern and Southern Regions
(Weaver and Tarney 1981, Heaman and Tarney 1989, Davies and HeamarAg@h#ts

to date the emplacement of these dykes have been numer@ans and Tarney 1964,
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Chapman 1979, Heaman and Tarney 1989, Davies and Heaman&lii4he majority of
dykes intruding over a ~40 Ma period between 2.42 and 2.3@@aies and Heaman 2014)
Individual dkes are steephgipping and up to 100 m wide, with the geneNW-SEtrend

likely controlled by preexisting shear zong&Veaver and Tarney 1981)he Scourie Dykes,
which are part of a larger suite of Palaeoproterozoic dykes that extend throughout the
Archaean portion of Labrador, Greenland and Balfidaghes et al. 2014, Nilsson and
Hamilon 2016) are subdivided into four petrographic groups, namely:-fidh bronzite
picrites; norites; olivine gabbros; and -keh quartz dolerite(Tarney and Weaver 1987)
Dykes in the northern and southern regions are altered to amphibolite (during the Laxfordian
metamorphic event), while those in the Central Region are variably altered, with selected

examples preserving igneous textures and miner@f¥eaver and Taey 1981)

2.2.5 Laxfordianmetamorphic event

The Laxfordian metamorphic event, which occurred between 1.9 and 1.6 Ga, is recognised in
all 3 regions of the mainland LGC, occurring after the proposed accretion of the Northern and
Central Regiong5o0odenough etla2010) It is commonly subdivided into an early phase (ca.
1.%¢1.8 Ga) of amphibolitéacies metamorphism/deformation (D1/D2) and latter phase (ca.
1.75¢1.65 Ga) of greenschitdcies metamorphism/deformation (D3/D4), with the latter
associated withhe emplacement of granites and pegmati{@ark et al. 2002, Goodenough

et al. 2010) In the Northern Region, the granitmegmatitic sheets, which crossit the
gneissose layering and were likely derived from partial metfiigr G gneiss, comprise up to

25 % of the total outcrop area and 50 % of the outcrop lod@hyend and Kinny 2001,
Goodenough et al. 2010)

In the Central Region, the Laxfordian manifests as numerous discrete, bredgtyeiding

shear zones that are typically tens of metres w{@®odenough et al. 2010, 2013Jhese

shear zones, which increase in frequency towards the Laxford Shear Zone (Fig. 2.1), are
marked by a steepldipping (5070°) pervasive foliation, thinning of the gneissdayering

and tight folding(Sutton and Watson 1951, Goodenough et al. 2010)is generally
considered that some of the larger shear zones in the Central Region (e.g., Canisp; Fig. 2.1)
initially formed during the Inverian maimorphic event, before being reactivated during the
Laxfordian(Attfield 1987, Goodenough et al. 2010)

In the Southern Region, Laxfordian structures exhibit greater complexity than elsewhere in
the mainland LGC, with this complexity attributed to the presence of an intensely folded

assemblage of supracrustal rocks known collectively as the Loch Maree @vbepler et

21-
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al. 2010) Generally, however, the Southern Region displays a combination edttaim
lenses and anastoosing shear zones that decrease in frequency towards the southwest
(Wheeler 2007, Wheeler et al. 2010)

2.3 Ultramafic-mafic complexesin the mainland LGC

Ultramafiecmafic complexes occur throughout the granulitecies Central Region, ranging

from centimetrescale pods to kilometrscale complexeé t S OK S Ff ® mdbnTt> hQll
Bowes et al. 1964, 1966, Davies 1974, Rollinson and Windley 1980, Sills 1981, Sills et al. 1982,
Sills 1982, Rollinson 1987, Park et2fl02, Rollinson and Gravestock 2012, Johnson et al.
2016) A group of large ultramafimafic complexes, which occur most commonly in the
northern part of the Central Regioand contain distinctly layered metapyroxenite and
metaperidotite, cover areaspto 7 kn? (Fig. 2.1Bowes et al. 1964; Davies 1974; Sills et al.
1982; Johnson et al. 201ome of these occurrencesmost notably in the Laxford Shear

Zone (Figs. 2.1 and 2.dpre spatially associated with quaifizldspargarnetbiotite gneiss

6404 SNXSR &0 NRIghyisordey £(2046). These drown gneisses have previously
been interpreted as repmenting metamorphosed sedimentary lithologiéBeach et al.

1974, Cartwright et al. 1985although they could also plausibly be volcanogéhtinson et

al. 2016) A series of smaller amphilite blocks, which are surrounded by trondhjemite and

occur on a scale of up to tens of metres, exist in the southern part of the Central Region, near
Gruinard BayFig. 2.1Rollinson 1987; Burton et al. 1994)

Further to the large ultramafianafic complexes and amphibolite blocks, scarcely studied,
centimetre to metre-scale pods of pyroxenite, amphibolite and gabbro, are ubiquitous
throughout the LG@Park et al. 200Rollinson and Gravestock 201%)hile these pods have
traditionally been interpreted as representing smaller fragments of the larger layered
complexes(e.g., Park et al. 2002)a recent mineral chemistry study focusing on the
ultramaficmafic rocks at Scouriemore (Fig. 2.1) demonstrates that they are likelgiated

to one another (see Section 2.3.3 for full detaisjlinson and Gravestock 2012)
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Figure 24: Geological map of the northern Central Regisee Fig. 2.1), including the Laxford Shear
Zone(Johnson et al. 2018)

2.3.1Ageconstrants

Attempts to constrain the age of the large, layered ultramaiafic complexes in the Central
Region relative to the surrounding TTG gneiss using geochronological techniques have
proved inconclusive. R@s dating of the complexes at Scouriemore aodnof Scourie Bay

(Fig. 2.1Burton et al. 2000¥ielded likely crystallisation ages of 2.68.02 Ga and 3.26 +

0.21 Ga, while SiNd dating of the complexes at Achiltibuie, Drumbksagd Scouriemore
(Whitehouse 198%ielded dates of 2.85 + 0.1 Ga, 2.91 £ 0.06 Ga and 2.67 + 0.11 Ga. As these
proposed ages show significant overlap with the 3.05 to 2.80 Ga protolith ages for the Central
Region TTG gneissé€Fig. 2.1Friend andKinny 2001; Kinny et al. 2005; Love et al. 2010;
Whitehouse and Kemp 2010; MacDonald et al. 2018¢ age relationship between the
ultramaficmafic complexes and TTG gneiss have largely been informed by field relationships.
Rollinson and Windlefl980)02 Yy a A RSNBR G2yt AGAO 3AySAaa I
crosscut mafic rocks, with several authors subsequently suggesting that all of the ultramafic
mafic complexes likely préate the emplacement of the TTG magn(&dls 1981, Park et al.

2002, Rollinson and Gravestock 2Q12pwever Johnson et al2016)found no evidence at
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DS2RKQ yIy {3FRIFY 62N)J StaSgKSNBE Ay GKS y2NIKSNYy
this assertionand the relative age relationships remain ambiguous.

At Gruinard Bay, in the southern Central Region (Fig. 2.1), blocks of layered amphibolite are
reportedly crosscut by trondhjemite gneisgRollinson 1987)with this proposed age
relationship supported by PBb and SANd geochronologyBurton et al. 1994) Both
geochronological techniques yielded amphibole crystallisation ages of 3.3 Ga for the
amphibolite, with these ages interpreted to represent an early metamorphic event not
experienced by the Central Region TTG gne{&&son et al. 1994)However, as the genetic
relationship between these amphibte blocks and the larger complexésat are largely
concentrated in tle northern part of the Central Region is uncl@ollinson 1987)this age
relationship has never been extended to all ultramafiafic complexesithe LG@Johnson

etal. 2016)

2.3.2 Previous ield descriptionsand petrography

The ultramafic portions of the large layered ultramafiafic complexes (e.g., Scouriemore,
Drumbeg and Achiltibuie; Fig. 2.1) generally comprise a combination of metapyroxenite and
metaperdotite, while the mafic portions contain garnatetagabbro, metagabbro and
amphibolite (Johnson et al. 20160n average, the ultramafivafic complexes have been
reported to contain ultramafic and mafic rock types in a roughly 1:2 ratio, as observed at
Scouriemore (Fig. 2.Bowes et al. 964; Goodenough and Krabbendam 20H9wever, the
relative proportions of ultramafic and mafic rocks vary dramatically between individual
O2YLX SES&s 6AGK &a2YS O2yil AyAy3d RdinsdraddNd YI FA O NER
Windley 1980)nd others that are almost exclusively ultramafic (e.g., Loch an Daimh Mor;
Faithfull et al. 2018)The ultramafic rocks, which commonly display distinctive primary
magmatic layeringSills 1981, Sills et al. 1982ften form the structural bases of such
complexe® h Q1 F NI mMdc mI Wheke[shedike) Gtiamdfidmdfic complexes
commonly diglay isoclinal to open folds, with primary magmatic layering in the ultramafic
portions generally concordant to both the complex margins and the gneissosity in the
surrounding TTG gneiss@owes et al. 1964, Sills 1988oreover, the marginsfandividual
complexes often display sheared or faulted contacts with the surrounding TTG gneiss that
are commonly steeply dippindohnson et al. 2016l additionto layering in the ultramafic
rocks, the mafic portions of thesmmplexegnay preserve relict magmatic layeg in places,

alongside rare sulphiddch layergSills et al. 1982)
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Predating the Badcallian (granulifacies) metamorphic event, the ultramafic rocks in these
large complexes exhibit a peak metamorphic assemblage of olivine, orthopyroxene,
clinopyroxene, hornblende and spindlohnson and White 2011)The dominantly
mescraticc to melanocratic (and rarely leucocratic) mafic rocks comprise variable
proportions of plagioclase, garnet, orthopyroxene, clinmpene and amphibolé€lohnson et

al. 2012, 2016)These minerals generally range from 0.5 to 2.0 mm in diameter, although
garnet commonly forms porphyroblasts on the centimeseale(Bowes et al. 1964, Johnson
etal. 2012)

The dominantly mafic occurrencesied in the Laxford Shear Zone (Figs. 2.1 and 2.4), which
show a spatial association with the aforementioned brown gneiss and are laterally
continuous for several kilometres, range in thickness from a few metres to a several hundreds
of metres (Goodenough et al. ®0). These occurrences display pronounced variation in
strain, with complexes exhibiting relict igneous textures and layering in low strain zones, and
fine-grained, strongly foliated and lineated assemblages in higher strain (Goesienough

et al. 2010) Johnson et al(2016) proposed a generalised stratigraphy for the ultramafic
mafic complexes (outlined in Figure 2.5) in the Central Region, whereby TTG gneiss is overlain
by layered ultramafic rocks, garngth metagabbro, garngpoor (and plagioclasech)
metagabbro and brown gneiss. In this model, individual ultranrafific complexes preserve
different portions of the proposed succession, witbhnson et al(2016)attributing this to

subsequent faultingghearing.

The amphibolite occurrences in Gruinard Bay range from centirsetaée, boudinaged pods

to large blocks that occasionally show layering remnants and occur on a scale of tens of
metres (Rollinson 1987) These blocks comprise¢2Z mm diameter plagioclase and
hornblende, alongside variable proportions of secondary epidote, with layering reflecting the

varying proportions of hornblende and plagiocldB®llinson 1987)

2.3.3 Previougieochemicaktudies

Several bulkock geochemical studies have focused on the large layered ultramafic
complexes in the northern Central Region (Fig. 2.1), withigie laumber concentrating on
the occurrences at Scouriemore, Drumbeg and Achiltiffilés et al. 1982, Burton et al. 2000,
Rollinson and Gravestock 2012, Jatmset al. 2016) These studies reveal that the
(anhydrousultramafic rocks contain between 19 and 37 wt. % MgO, 41 and 50 wt. £6 SiO
between 0.1 and 0.25 wt. ¥iO and< 0.4 wt. % Ti@ with most majorelements showing
broadly linear trends when platd against Mg@Sills 1981, Sills et al. 1982, Johnson et al.
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2016) In termsof their chondritenormalised REE abundances, the ultramafic rocks display
normalised values of less than 10 (Fig. 2dkinson et al. 2016)vith minor LREE enrichment
([CelYb)=0.8¢5.0) described as comparable to layered intrasi(Sills et al. 1982)
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Figure 25: (a) Generalised stratigraphy for the layered ultramafiafic complexes in the LGC, as
proposed bylohnson et al. (2016p) Held photographs detailing the typical lithological characteristics
of the units outlined in (a)c) Chondriteenormalised(McDonough and Sun 199REE plots for the
various lithologichunits outlined in (a)Abbreviations: g=garnet.
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The mafic portions of the ultramafimafic complexegypicallycontain between 6 and 14 wt.

% MgO, with chondriteormalised LREE abundances ranging from 8 to 30, and HREE
abundances ranging from 6 to 15Cg/Ybj}=0.6¢4.8; Sills et al. 1982; Johnson et al. 2016)
REE patterns for the mafic rocks are broadly parallel to those of the ultramafic rocks, with
garnetrich varieties generally displaying sigrafily lower LREE abundances theme
garnetpoor vaieties (Fig. 2.5Johnson et al. 2016)The brown gneisses, which are
sometimes spatially associated with the ultramafiafic complexes (Section 2.3.2), display
major elementcompositions that are generally indistinguishable froragé of retrogressed

TTG gneisses and felsic sheets (Fig. 20bnson et al. 2016)Moreover, displaying
moderately fractionated REE patterns ([Lal=2.0¢42.0), the brown gneisses also exhibit
trace elementcompositions comparabl® the retrogressed TTG gneiss (Fig. 2dkinson et

al. 2016) although the former exhibit relative enrichment in the HREE

Based on bukkock geochemical data from Scouriemore and Achiltibuie, and associated trace
element modelling, Sills et al.(1982) suggested that the ultramafimafic complexes
crystallisedrom a highMg, tholeiitic magma that contained between 15 and 20 wt. % MgO
and was derived from 3@0 % partial melting of an undepleted mantle. In this scenar
these authors propose that the ultramafic rocks are the product of olivine and pyroxene
crystallisation, and that the mafic rocks represent the fractionated products of this magma,
while neither garnet nor hornblende were involved in fractionati@ills 1981, Sills et al.
1982) Moreover, sampling travees at Scouriemore (Fig. 2.1) reveal geochemical trends
typical of unmetamorphosed layered complexes, with the ultramafiafic complexes
showing upwards decreases in budck Mgnumbers, and Ni and Cr contents, and upwards
increases in the concentraticof incompatible elementéSills et al. 1982, Burton et al. 2000)
Similarly fractionatingmineral chemical trends have been recorded at Achiltibuie (Fig. 2.1),
with all mineras displayng upwards decreases in MgO contents within a single mafic unit
(Fig. 2.6Sils et al. 1982)These geochemical trends occur over extraordinarily smallsscale
(< 40 m stratigraphically), suggesting that the ultramaffiafic complexes experienced
significant tectonic thinning during the protracted and polyphase metamorphism

expelienced by the LGBowes et al. 1964, Sills 1981, Sills et al. 1982, Burton et al..2000)

In a detailed mineral chemistry study of the ultramafic rocks at Scouriemore (Fig. 2.1),
Rollinson and GravestoqR012) demonstrated that clinopyroxene in layered pyroxenites
(from a large ultramafienafic complex) exhibit tracelement compositions distinct from
those shown by smaficale pyroxenite pods, suggesting that the two have different origins.

On chondritenormalised REE plots (Fig. 2.7), clinopyrosdram the latter show strong
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LREE enrichment and pronounced negative Bomalies, while those from the layered
pyroxenites are more variabl@&ollinson and Gravestock, 20Fg. 2.J. Within the layered
pyroxenites, 3 distinct groups were identified based on REE patterns (Fig. 2.7). Type A
clinopyroxenes display flat REE patterns and small negative Eu anomalies, type B
clinopyroxenes exhibit slightly steeper LREE patterns, and type C clinopyroxenes show strong
LREE enrichment (Fig. 2.7). Rollinson and Gravestock (2012) concluded that such variability
could not be attributed to primary magmatic processes, instead proposingitthasulted

from variable LREE enrichment by interaction with a felsic melt produced during localised
partial melting associated with the (granulitacies) Badcallian metamorphic event (Section
2.2.2).
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Figure 26: Stratigraphic log detailing the chemistry of specific minerals wittie mafic unit at
Achiltibuie (Figure 2.1;Sills et al. 1982). CPX=clinopyroxene; OPX=orthopyroxene; GT=garnet;
AMPH=anphibolite; An=anorthite humbeHt=height.

2.3.4 Previous interpredtions

There is no consensus regarding the genetic relationship between the various ultramafic and
mafic rocks in the Central Region LGC, with it possible that there are multiple suites with
different origins(e.g.,Bowes et al1964) Despite this, single interpretations have generally
been invoked to explain all of the ultramafic, mafic and associated rocks in the LGC, with
these interpretations spanning a widange of geologicaind geodynamic environments,

including:

() Remnants of a pr@ TG, possibly oceanic, mafitramafic crust(Sills 1981, Sills et al.
1982)

(i) Fragments of one or more layeredrusions(Bowes et al. 1964, Davies 1974)
(iii) Accreted oceanic crugPark and Tarney 198®r

(iv) The sagductedemnants of Archaean greenstone bgl@®hnson et al. 2016)
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Figure 27: Chondritenormalised (Nakamura 1974) REE patterns for clinopyroxenes from

metapyroxenites and metaperidotites from the Scouriemore gRalinson and Gravestock 2012)
Grey shaded area=MORB.

Several authors (e.g., Rollinson and Windley 1980; Sills 1981; Park et al. 2002) have argued

that the seemingly chaotic magcale distribution of the ultramafimafic rocks; including
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both the larger complexes and smaller paglss evidence supportindiypothesis (i). This
hypothesis is also supported by the aforementioned ciOsiz(i G A y 3 NBf | GA2yaKALI G
Sgadan (see Section 2.3.1), although this field evidence is contested by Johnson et al. (2016).
Hypothesis (ii) is supported by the distinctivegnaatic layering in the ultramafic portions of

the larger complexes (Bowes et al. 1964), alongside the associated geochemistry conducted
at Scouriemore (see Fig. 2.1; Section 2.3.3; Sills et al. 1982). However, if the ultraafafic

rocks are indeed oldehan the surrounding TTG gneiss, as proposed, it remains unclear what
material such intrusions were emplaced into The spatial association between
metasedimentary, ultramafic and mafic rocks is used to support both hypotheses (iii) and
(iv), with theseinterpretations in opposition due to a differing overarching view of the
Archaean Earth (see Section 1.1). In the most basic terms, while hypothesis (iii) envisages a
geodynamic regime comparable to modestyle plate tectonics (Park and Tarney 198&e

Fg. 1.0 ¢ whereby horizontal thrusting led to the accretion of the ultramafic, mafic and
metasedimentary rockg hypothesig(iv) exists within a paradigm whereby vertical tectonics

is predominant (Johnson et al. 2016).
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Abstract
Archaean ultramafienafic complexes have been the focus of important

and often contentious geological and geodynamic interpretations.
However, their age relative to the other components of Archaean cratons
are often poorlyconstrained, introducing signiiat ambiguity when
interpreting their origin and geodynamic significance. The LGC of the
northwest Scottish mainland contains a number of ultramai&fic
complexes whose origin and geodynamic significance have remained
enigmatic since they were first dedeed. Previous studies have
interpreted these complexes as representing a widege of geological
environments, from oceanic crust, to the sagducted remnants of
Archaean greenstone belts. These interpretations, which are often
critically dependent uponhte ages of the complexes relative to the
surrounding rocks, have disparate implications for Archaean geodynamic
regimes (in the NAC and globally). Most previous authors have inferred
that the ultramafiemafic complexes of the LGC mtate the TTG

magmas. fis fundamental age relationship is -egaluated in this

investigation through r&r I LILIAY 3 2F GKS DS2RKQ yly {3l RIY

(where tonalitic gneiss reportedly cressts mafic rocks) and new
mapping of the 7 krhBen Strome Complex (the largest ultramafiefic
complex in the LGC), alongside detailed petrography and spinel mineral

chemistry. This new study reveals that, despite their close proximity in the

[D/ o6mMH {1Y0X GKS .8y {GNBYS FyR DS2RKQ YyIy

petrogenetically unrelated, indicatinghat the LGC (and thus NAC)
records multiple temporally and/or petrogenetically distinct phases of
ultramaficmafic Archaean magmatism that has been masked by
subsequent higlgrade metamorphism. Moreover, field observations and
spinel mineral chemistry denmstrate that the Ben Strome Complex

represents a layered intrusion that was emplaced into a-@id@inated

crust. Further to representing a significant-$ed | £ dzZt G A2y 2F GKS [ D/ Q&

magmatic evolution, these findings have important implications for the
methoddogies utilised in deciphering the origin of Archaean ultramafic
mafic complexes globally, where material suitable for dating is often

unavailable and field relationships are commonly ambiguous.
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3.1lIntroduction

As outlined in Section 1.2, ultramafitafic complexes are volumetrically minor components
of Archaean cratons that have provided important and often contentious contributions to
the Archaean geodynamics debdfEable 1.2)Individual occurrences have been attributed
to wideranging geological andgeodynamic environments, including: Archaean
ophiolites/fragments of ophiolites that may represent Archaean suture zo(BésWit et al.
1987, Anhaeusser 2006b)ayered intrusions associated with a range of geodynamic
environmentgHoatson and Sun 2@0lvanic et al. 2010, Wamg al. 2015, Bagas et al. 2016)
subductionrelated sills emplaced into oceanic cryftolat et al. 2009)fragments of are
related oceanic crus{Szilas et al. 2014Yhe sagducted remnants of grestone belts
(Johnsoret al. 2016) and mantle residues following high degrees of partial mel(i8milas et

al. 2018)

Much of the debate in this field is a consequence of the inherent difficulty in dating
ultramaficmafic complexeswith their age relative to the other components of Archaean
cratons often poorly constraine@Vhitehouse and Fedo 2003, Kolb et al. 2013, Szilas et al.
2018) Such problems result from a scarcity or absence of suitable datable minerals (e.qg.,
baddeleyite, zircon), commonly resulting in an overrelianceammonly ambiguous field
relationships to decipher relative age relationshfd¢hitehouse and Fedo 2003, Ivanic et al.
2010, Johnson et al. 2016jurther, even if dateable minerals are present, the isotspstem

of interest is often so disturbed by subsequent overprinting metamorphic events as to render
isochron or regression analysis ambiguous and/or associated with unacceptably large errors
(e.g., Timms et al. 2006p0ome complexes, such as Zandspruit in the Johannesburg Dome
(Kaapvaal Craton), are cresst by dateable rocks, providing straightforward field
relationships and a quantitative minimum age for the formation of the ultraraiatic
complex(Anhaeusser 2015; Chapters/ However, ambiguous field relationships more
commonly inhibit confident intermtation of relative ages. For example, the amphibelite
facies Stolzburg layered complex in the Barberton Greenstone Belt (Kaapvaal Craton) was
originally believed to have been faulted against the host Nelshoogte SchigABklieusser
1985) Subsequent identification of a chilled contact at the margin of the complex led to a
contrasting (and currently accepted) interpretation, whereby it was intrusive into the
Nelshoogte Schist B€lDe Wit et al. 1987)The problem of ambiguous age relationships is
exacerbated in higigrade cratonic regions, such as the NAC, where the field relationships
may be complicated by loAiyed, hightemperature metamorphism and partial melting,

rather than primary (igneous) processes and relationsfijpgman et al. 2013, Johnson et
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al. 2016) Such complications are exemplified by the ultramafafic complexes of the Akilia
terrane (western Greenland), where detailed field observations by Whitehouse and Fedo
(20@) found no evidence to support the original assumption that they-date the

volumetrically dominant 3.883.65 Ga tonalitic gneiss.

As a consequence of uncertain age relationships, the origin(s) of the ultramafic

complexes in the LGC have beenrdémz to a widerange of geological and geodynamic

environments (Chapter 2), including: one or more layered intrusidie(s), Bowes et al.

1964) fragments of a prd TG, possiblpceanic, mafialtramafic crust(e.g., Sills 1981)

accreted oceanic crugPark and Tarney 19879r the sagducted remnants of Archaean

greenstone beltgJohnson et al. 2016This chapter presents new detailed geological maps,

field descriptions, petrography and mineralechistry for two ultramafiemafic complexes in

the LGC, namely the 7 RBen Strome Complex and 0.2¥%mS2 RKQ yly {3FRFYy [ 2 YL
(Fig. 2.1). Using these data and a criticaleevdf the existing literaturethe currently

enigmatic origin of the ultramafimafic complexess addressedalongsidethe magmatic

evolution of the LG@nd its context within the wider NAC.

3.2 The Ben Strome Complex

The 7 kmMiBen Strome Complex is located 13 86 ofScourie (Fig. 2.1) and represents the
largest ultramafiemafic @mplex in the LGC (Fig. 3.1a). For comparison, thestuelled
occurrences at Scouriemol&ills 1981, Sills et al. 1982, Rollinson and Gravestock,2012)
which exhibit manyof the salient characteristics of the Ben Strome Complex, collectively
cover an area less than 0.5 krespite this, the Ben Strome Complex has been little studied
(Josey and Shaw 1974ith no detailed geological map or comprehensive description of the
complex published prior to the research presented here. The Ben Strome Cogrgpiexof

the easternmost exposures tfe LGC (Fig. 2.t)is bordered by the summit of Ben Strome

in the west, Loch an Leathaid Bhuain in the east and the Maldie River in the south (Fig. 3.1).
It is surrounded by and interleaved with TTG gneiss typical of the Central Region LGC and is

unconfamably overlain by Cambrian quartzite in the east (Fig. 3.1a).

3.2.1 Field relationships

Approximately 70 % of the Ben Strome Complex is composed of mafic rocks predominantly
comprising metagabbro, garnetetagabbro, garneamphibolite and amphibolite. The
remaining 30 % comprises layered ultramafic rocks (predominantly metapyroxenite, with
suwbordinate metaperidotite) that are most commonly structurally underlain by TTG gneiss

and structurally overlain by mafic rocks. However, this association is not ubiquitous, with
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other associations observed, including: individual packages of ultramaficaic mocks
surrounded by TTG gneiss (e.g., in & of the complex; Fig. 3.1a); and ultramafic rocks
both underlain and overlain by mafic roclesg., in the Bf the complex; Fig. 3.1a). The
exposed ultramafignafic contacts are gradational (typicallyeman interval of less than 30

cm) and irregular, with the clearest example occurring in the Maldie River (NC 25843401, Fig.
3.2a). Although the majority are obscured, the ultramatfiafic contacts are consistently
parallel to the layering in the ultramafrocks (Fig. 3.1, Fig. 3.2b). Contacts between the Ben
Strome Complex and surrounding TTG gneiss are sharp and commonly exhibit recrystallised
quartz and slickensides, indicating that most are tectonic. On both the outcrop (Fig. 3.2c) and
map scale (Fig3.1ac), the centimetrescale TTG gneissosity is concordant to both the
layering in the ultramafic rocks and margins of the complex. Consequently, the age
relationship with surrounding TTG gneiss is not clear, with no -@uatsisig relationships

between TG gneiss and ultramafimafic rocks of the Ben Strome Complex.

An EW-trending, Laxfordian shear zone divides the Ben Strome Complex into the Leathaid
(northern) and Maldie (southern) domains (Fig. 3.1). The shear zone exhibits a pervasive,
millimetre to centimetre-scale foliation and dips of between 50 and 90°, which are generally
towards the north (Fig. 3.1, Fig. 3.2d, Fig. 3.3a). Ten to ninety ftietle NW-SEtrending
Scourie Dykes crossit both domains of the complex, with one strongly deformededyk
contained entirely witin the Laxfedian shear zone (Fig. 3.1). A-N¥/rending fault is best
observed in the Maldie Domain, where it juxtaposes ultramafic and mafic rocks (Fig. 3.1). The
fault is younger than the Ben Strome Complex and ecostsng Sourie Dykes (Fig. 3.1), with

the limited offset of dykes in the Maldie Domain indicating that they havevautical dips.
Occasional centimetre to metrgcale pods of ultramafic and mafic rocks are rare in the
surrounding TTG gneiss and show no spatiadetation with the Ben Strome Complex (i.e.,

their density does not increase with decreasing distance to the edges of the complex).




Part OnelLewisian Gneiss Complex, North Atlantic Craton

Ben
Strome

3 F
F2 axial plane'“;sv\‘
Loch an
Leathaid Bhuain

4 samples over 6 m

stratigraphic interval ‘
Legend N
[ quartzite (Cambrian) *

''''' =2 e iiee........|H scourie dyke
[ (garnet)-metagabbro

Ben
and amphibolite
""""""""""" layered peridotite strome
B lay Complex

and pyroxenite
Il layered pyroxenite

35 - < B granite sheet
32 1 TTG gneiss
_ contact (dashed = inferred)

— Fault (dashed = inferred)
?Z"Iayering measurement

0 100 200 m 4y 'gg' gneissosity measurement
| —— 2.5 ! O sample location

Leathaid
Bhuain
(d)
synform
axial plane
A
~
N
-~ NS
~ ~ ~— ~
S —
100 m ~
w R —

Figure 31: (a) Simplified geological map of the Ben Strome Complex, including repatge
structural measurementgb) Detailed geological map of a #felded fold in the Leathaid Domaift)

Form surface map of the Leathaid Domain and Laxfordian shear zone. Black lines represent TTG
gneissosity. Bluénles represent igneous layerir(d) Crosssection from AA detailing the structure of

the Ben Strome Complex in the Maldie Domain and interactionthét.axfordian shear zone (LSZ).

(e) Crosssection from BB, detailing the structure of the Ben Strome Complex in the Leathaid Domain.
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Figure 3.2: Field photographs detailing representative rock types and field relationships in the Ben
Strome Complex and surrounding TTG gn@$&radational contact between layered metapyroxenite
and garnetmetagabbro in the MaldieRiver, Maldie Domain(b) Layered metawebsterite and
metaolivinewebsterite overlain by heterogeneous garme¢tagabbro and metagabbro, Maldie
Domain.(c) Relationship between TTG gneiss and overlying Ben Strome Complex, Maldie Domain.
Note: S1 gneissogiis parallel to layering of metawebsterite and metaolivnebsterite.(d) Seeply
dipping, centimetrescale Laxfordian foliation(e) Layered metalivinewebsterite (brown and
internally layered on the millimetsscale) and metawebsterite (grey and bigkMaldie Domain(f)
Millimetre to metrescale modal layering of metapyroxenite and metaperidotite, Leathaid Domain,
with a combination of gradational and sharp contacts. Hammer length=40 cm; hammer head width=17
cm.
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Figure 3.2 (cont.): (gzarnetmetagabbro, Leathaid Domairfh) Metagabbro, with relict igneous
layering preserved. Leathaid Domaifi) Plagioclase and pyroxengch leucosome crossitting
garnetmetagabbro, Maldie Domair{j) TTGderived quartzrich leucosome crossutting BenStrome
Complex metagabbro, Leathaid Domain. Hammer lengfhcm; hammer head width=17 cm; compass
clinometer length=10 cm.

The numerous packages of layered ultramafic rocks are typically between 5 and 50 m in
stratigraphic thickness, persist for hundredbkroetres along strike, and form prominent,
well-exposed ridges and small crags (Fig. ®.24). Generally, these packages are
dominated by metapyroxenite (etawebsterite and metalivine-websterite), with rare
peridotitic (metaharzburgite and/or metalhesiite) layers also present (Fig. 3-BeWithin
these ultramafic portions, the contacts between the millimette metre-scale layers of
different lithologies are either sharp (Fig. 3.2e) or gradational, with both contact types
present in a ~3 m thick pkage of ultramafic rocks in the Leathaid Domain (Fig. 3.2f).
Gradational variation in modal mineralogy is also observed within individual layers of
metapyroxenite and metaperidotite (Fig. 3.2f), which rarely are truncated. Utfam
packages dominated byetaolivinewebsterite commonly exhibit rhythmic, millimetre to
centimetre-scale internal layering and sharp contacts with subordinate websterite layers,
which are more massive and up to tens of centimsttiick (Fig. 3.2e). These meliaine-

websteritedominated ultramafic packages predomate in the Maldie Domain, with the



































































































































































































































































































































































































































































































































































































































































































































































