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Understanding igneous processes through zircon trace element systema-

tics: prospects and pitfalls 
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pitfalls. Dissertations in Geology at Lund University, No. 376, 109 pp. 45 hp (45 ECTS credits). 
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Supervisor: Anders Scherstén 

Marín Ósk Hafnadóttir, Department of Geology, Lund University, Sölvegatan 12, SE-223 62 Lund, Sweden.           

E-mail: marinoskh@gmail.com 

Abstract: Zircon were extracted from five granitoids in the Birimian terrane in Ghana, and detrital zircon were 

sampled from six locations in Central West Greenland. Of these, one population is derived from the Palaeoprotero-

zoic Prøven Igneous Complex. The remaining five populations are derived from the Archean basement in Central 

West Greenland. Zircon populations were analyzed with the LA-ICP-MS technique for in situ trace element abun-

dances in order do assess igneous processes from the zircon compositions. Zircon populations are variably LREE 

enriched, which stems from secondary processes, and a screening process was implemented to identify altered zir-

con. Screening is based on increased Lanthanum, Uranium and Thorium concentrations within the zircon as well as 

low Ce-anomalies. Remaining trace element data demonstrated that the zircon populations were generated in conti-

nental crust magmas, as the populations have higher U/Yb and generally lower Y concentrations than oceanic zir-

con. Additionally, the U/Yb is relatively constant from the Hadean to the Palaeoproterozoic, which may indicate an 

earlier onset of plate tectonics than commonly depicted. Negative Eu-anomalies and Sr concentrations within zircon 

grains provide constraints on plagioclase fractionation in the source and consequently depth of melting. The Ar-

chean zircon generally have none to less negative Eu-anomalies and higher Sr concentrations than zircon from the 

Prøven Igneous Complex and Birimian terrane, as well as Hadean zircon from the Jack Hills and Mount Narryer in 

Australia. This difference might be ascribed to plagioclase fractionation in the source of the Hadean and Palaeopro-

terozoic rocks. Generally, Archean rocks do not display plagioclase fractionation signatures due to genesis at depths 

where plagioclase is not stable. However, a large portion of the Archean population overlaps with the other populat-

ions indicating plagioclase fractionation. This may be due to them being derived from magmas that were generated 

at shallower depths than generally portrayed for Archean rocks. To constrain the source depth, garnet was a feasible 

phase, as it is stable at greater depths than plagioclase. An attempt to find garnet signatures in zircon, however, pro-

ved futile, as zircon has higher partition coefficients than garnet for the elements garnet and zircon co-incorporate. 



 

 

Att förstå magmatiska processer genom spårelementsystematik i zirkon: 

möjligheter och fällor 
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omvandling, plagioklasfraktionering 

 
Handledare:  Anders Scherstén 
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Marín Ósk Hafnadóttir, Geologiska institutionen, Lunds universitet, Sölvegatan 12, 223 62 Lund, Sverige.              
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Sammanfattning: Zirkon från magmatiska bergarter extraherades från fem granitoider i Birimianterrängen i 

Ghana., och detritala zirkoner provtogs från sex platser i centrala Västgrönland. Av dessa härrör en population från 

palaeoproterozoikum i Prøvens magmatiska komplex. De återstående fem detritala populationerna härrör från Arke-

iska källor i Västgrönland. Zirkon-populationerna analyserades med LA-ICP-MS-teknik för in situ-bestämning av 

spårämnen för att utvärdera hur magmatiska processer kan spåras i zirkonsammansättningen. Zirkonpopulationerna 

är berikade i LREE i varierande grad, vilket härrör från sekundära processer, varpå en sållningsprocess genomför-

des för att identifiera förändrade zirkoner. Urvalet grundas på förhöjd lantan-, uran- och toriumkoncentrationer i 

zirkon, samt låga Ce-anomalier. Kvarvarande spårelementdata visade att zirkon-populationerna genererades i konti-

nentala magmor, eftersom dessa populationer har högre U/Yb och generellt lägre Y-koncentrationer än oceaniska 

zirkoner. Vidare är U/Yb relativt konstant från Hadean till Palaeoproterozoisk tid, vilket kan tyda på att plattektonik 

började tidigare än vad som allmänt antas. Negativa Eu-anomalier och Sr-koncentrationer i zirkon indikerar pla-

gioklasfraktionering i källan och därmed djup av uppsmältning . De arkeiska zirkonerna har i allmänhet ingen 

mindre negativ Eu-anomalier och högre Sr-koncentrationer än zirkon från den Prøvens magmatiska komplex och 

Birimianterrängen, liksom Hadeiska zirkoner från Jack Hills och Mount Narryer i Australien. Denna skillnad kan 

tillskrivas plagioklasfraktionering i källan av hadeiska och proterozoiska bergarter. Generellt visar arkeiska bergar-

ter inte tecken på plagioklasfraktionering då de bildats på djup där plagioklas inte är stabilt. En stor del av den arke-

iska populationen överlappar med andra populationer, vilket indikerar plagioklasfraktionering. Detta kan tyda på att 

en del magmor bildades på grundare djup än vad som allmänt antas för arkeiska bergarter. Granat är ett mineral 

som är stabilt vid större djup, och ingår i restitmaterialet vid uppsmältning. Ett försök att hitta granatsignaturer i 

zirkon visade sig dock fruktlöst eftersom zirkon har högre fördelningskoefficienter för de elementer som är kompa-

tibla i både granat och zirkon.  
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1  Introduction 
 

1.1 Previous work 
 

Zircon commonly occurs as an accessory mineral in 

igneous rocks; mainly those of intermediate to felsic 

composition (Ballard et al. 2002). Zircon typically 

incorporates significant amounts of various minor- and 

trace elements, e.g. Rare-Earth Elements (REE), U, 

Th, and Hf. It is therefore an important trace mineral 

with a number of important applications in petrology. 

It has proven itself as a trustworthy U-Pb geochrono-

meter (Hoskin & Schaltegger 2003) and is widely used 

in Lu/Hf, Sm/Nd and oxygen isotope research (Kinny 

& Maas 2003, Valley 2003). The zircon crystal lattice 

is robust and zircon is the only known preserved rem-

nant from the Hadean. For this reason alone, it is im-

portant to understand the link between zircon isotope 

and trace element chemistry as this is currently the 

only link to the understanding of the early Earth evo-

lution.  

 Zircon with mantle affinities, (kimberlites) 

have distinguishable chemical signatures; low concent-

rations of trace elements, e.g. REE+Y, Th, U, and low 

HREE amounts (Heaman et al. 1990, Belousova et al. 

1998). Heaman et al. (1990) also discriminated zircons 

from carbonatites and nepheline syenites based on 

their low Hf contents, and mafic zircons based on their 

high concentrations of Sc, fractionated chondrite nor-

malized REE patterns (high Lu/Sm), high Th/U and 

low Hf contents. However, many have reported dif-

ficulties in discriminating differences in zircon that 

originate from felsic rocks. Maas et al. (1992) note that 

there is no single distinct zircon geochemical charac-

teristic that may ascribe felsic origin to Mount Narryer 

and Jack Hills detrital zircon (3.9-4.2 Ga), although 

the combination of data available indicates that they 

are. There is  significant overlap in REE patterns and 

concentrations between and within zircon populations 

from various granitoids, making numerous attempts of 

discrimination futile (Heaman et al. 1990, Hoskin & 

Ireland 2000, Hoskin et al. 2000). Hoskin & Ireland 

(2000) suggest this may be because at zircon saturat-

ion point in a melt, the melt may be considered broad-

ly granitic. 

 Distribution of REE between zircon and melt 

has been inferred from calculated partition coefficients 

but has proven difficult - especially for light REE 

(LREE) - as the values calculated cover a much too 

large scale (Hanchar & van Westrenen 2007) to pro-

vide consistency. Partition of REE into zircon depends 

on various features, such as melt composition, other 

crystallizing phases, volatility and temperature. As 

zircons may crystallize over a large time span within 

an evolving melt, a single population may thus present 

a large intrasample variation (Grimes et al. 2009). 

 Grimes et al. (2007) has created a method of 

discrimination between oceanic and continental zircon, 

based on Uranium, Ytterbium and Yttrium concentrat-

ions and ratios. Also, light REE Europium and Cerium 

have been used to infer feldspar phase stability in the 

source melt, and oxidation state and temperature of the 

melt, respectively (e.g. Kemp & Hawkesworth 2003, 

Ballard et al. 2002, Pettke et al. 2005, Claiborne et al. 

2010, Trail et al. 2012). This work continues along 

that ilk. The aim is to observe any systematic trace 

element signatures in various zircon populations and to 

see if these can be linked to specific igneous proces-

ses. If so, these signatures might serve to shed light on 

how and where zircon, and especially detrital zircon, 

originated. 

 

1.2 Zircon 
 

Zircon (ZrSiO4) is a tetragonal orthosilicate (Finch & 

Hanchar 2003). Its structure involves chains of ZrO8 

that share edges and corners with SiO4 (Fig. 1).  

 Zircon is rarely pure. There are numerous ele-

ments that substitute for Zr4+ (0.84 Å) and Si4+ (0.26 

Å), either by simple- or coupled substitution. Hf4+ sub-

stitutes readily for  Zr4+, due to very similar ionic ra-

dius and the same valence state (Fig. 2), and thus so-

metimes exceeds 3 wt.% in zircon. This is an example 

of simple substitution. U4+ and Th4+ substitute for Zr4+ 

in the same way (Shannon 1976, Hoskin & Schalteg-

ger 2003). Coupled substitutions in zircons are domi-

nated by the so-called ‘xenotime’ substitution: 

(Y+REE)3+ + P5+→ Zr4+ + Si4+. This is the main 

mechanism by which REE are incorporated into zircon 

(Hoskin & Schaltegger 2003). Other means of REE 

incorporation must be in effect, however. If the 

‘xenotime’ substitution was the sole mechanism, the 

ratio between REE and P would be ~1. Nevertheless, 

REE:P is usually larger than that (Speer 1982, Hinton 

Fig. 1. The zircon structure. ZrO8 (grey shaded) are joined 

together to form chains. These chains are linked together by 

SiO4 (striped). (Image from Finch & Hanchar 2003).  
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& Upton 1991, Hoskin et al. 2000, Hanchar et al. 

2001). The compatibility of REE3+ (La through Lu) 

increase with decreasing ionic radius; La has a VIII-

coordinated radius of 1.160 Å whereas Lu has 0.977 

Å. Thus the heavy REE (Tb-Lu) more closely corre-

spond to Zr4+ 0.84 Å ionic radius than the LREE (La-

Gd) and are present in zircon in larger quantities  (Fig. 

2) (Hoskin & Schaltegger 2003). 

 Exceptions to this are Ce and Eu. Eu can form a 

reduced species with a valence state of +2 in addition 

to the normal REE valency of +3 (Drake 1975). The 

valence state of Eu2+ and its much too large ionic ra-

dius (1.25 Å), make Eu incompatible into the Zr4+ 

(0.84 Å) site (Shannon 1976, Hoskin & Schaltegger 

2003). Thus Eu is usually present to a lesser degree 

than expected in zircon, and forms a negative anomaly 

relative to its neighbors, Sm and Gd. The anomaly is a 

function of the Eu2+/Eu3+ in the magma but is 

quantified with the use of Eu/Eu*, where Eu is the 

actual amount of Eu in the mineral/rock. Eu* is the 

amount of Eu from linear interpolation of its REE 

neighbors; Sm and Nd (Hoskin & Schaltegger 2003).  

 The opposite trend occurs regarding Ce con-

centrations. Apart from its usual trivalent state, Ce 

may be present in magma in a tetravalent state. The 

anomaly spans from the availability of Ce4+ in melt 

coupled with zircons affinity for Ce4+ over Ce3+ 

(Hinton & Upton 1991,  Schaltegger et al. 1999, Ho-

skin & Schaltegger 2003). Ce4+ (0.97 Å) substitutes 

readily for Zr4+ (0.84 Å) in zircon (Fig. 2) (Shannon 

1976, Murali et al. 1983, Claiborne et al. 2010, Trail et 

al. 2012). Thus, Ce is usually present in excessive 

amounts relative to the adjacent La and Pr. Ce/Ce* is 

the quantification of a Ce-anomaly in zircon; Ce 

represents the Ce measured and Ce* the Ce expected 

to make up a smooth LREE curve (Hoskin & 

Schaltegger 2003). 

 REE are incompatible in numerous silicate 

minerals. This stems from their relatively high valence 

state and ionic radii. Thus, as zircon saturation point is 

reached, REE has become enriched in the remaining 

melt (Winter 2010). Theoretically, the REE 

abundances in zircon should thus represent the REE in 

the melt at the time of crystallization, given that the 

zircon was in equilibrium with the melt. Diseqilibrium 

is however more common (Watson 1996, Hoskin & 

Ireland 2000). 

 Apart from substitution into the Zr4+ and Si4+ 

sites, zircon may incorporate various impurities into 

interstitial voids. This stems from the fact that the  

zircon crystal structure is relatively open (Fig. 1) 

(Finch & Hanchar 2003). This is limited to impurities 

that do not pose too much stress on the crystal 

structure (Hanchar et al. 2001, Finch et al. 2001, Finch 

& Hanchar 2003). More space for impurities may be 

created by decay of the radioactive U and Th (Seitz 

1949). The process involves emittance of both α-recoil 

nucleus (daughter isotope) as well as α-particle (He 

nucleus). These collide with their surroundings, crea-

ting disorder and displacements, into which various 

cations may settle (Seitz 1949, Woodhead et al. 1991, 

Ellsworth et al. 1994, Geisler et al. 2001, Geisler et al. 

2007). 

 Nevertheless, zircon is generally resistant to-

wards chemical as well as physical disturbances. It has 

been known to endure metamorphism and even mel-

ting of the host rock. Its closure temperature, albeit 

debated, has been commonly mentioned to be as high 

as >1000°C (Cherniak et al. 1997).  Zircon is thus an 

excellent geochemical recorder that has yet to reach its 

full potential. 

 

2 Geological settings 
 

2.1 Mount Narryer and Jack Hills, Austra-

lia 

Fig. 2. Diagrams showing the ionic radius of 4+ and 3+ ions 

and percent deviation from Zr ionic radius of 0.84 Å. The 

larger the ionic radius relative to the 0.84 Å of zircon, the 

more difficult the substitution process. According to diagram 

A) Hf should readily substitute for Zr, as is observed. Hea-

vier REE also substitute more readily for Zr than LREE 

(diagram B). Also Ce4+ deviates less from Zr than Ce3+, with 

regard to ionic radius and valence state, and thus Ce4+ substi-

tutes more readily for Zr than Ce3+.  
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The Yilgarn Craton in Western Australia is an exten-

sive piece of preserved Archean crust (Mole et al. 

2012; fig. 3). It is divided into numerous terranes in-

cluding the Narryer Gneiss Complex, within which the 

oldest preserved zircons have been discovered. Com-

prising the northwestern part of the Yilgarn Craton, the 

Narryer Gneiss Complex is mainly composed of gra-

nitic gneisses; the Meeberrie (3680-3600 Ma), Eurada 

(3490-3440 Ma) and Dugel gneisses (3400-3300 Ma). 

The main gneissic fabric is due to the collision 

between the Narryer terrane and Murchison terrane 

(Myers & Williams 1985, Myers 1988, Kinny et al. 

1988, Nutman et al. 1991, Nutman et al. 1993, Crow-

ley et al. 2005; fig. 3). Other rock formations comprise 

only ~10% of the Narryer Gneiss Complex, and within 

that proportion are the Mount Narryer and Jack Hills 

formations (Williams and Myers 1987, Myers 1988, 

Kinny et al. 1990). 

 Mount Narryer is a 2.5 km wide, 21 km long 

and >2 km thick sedimentary sequence, composed 

mainly of quartzite and conglomerates (Iizuka et al. 

2010). It has been folded and metamorphosed to gra-

nulite facies. Nevertheless, well-preserved cross-

bedding and other sedimentary structures occur 

throughout the sequence (Crowley et al. 2005). The 

units that comprise the sequence were deposited 

between 3.28 Ga and 2.7 Ga, but detrital zircons with 

U/Pb ages up to 4.28 Ga have been found within the 

sequence (Froude et al. 1983, Compston & Pidgeon 

1986, Kinny et al. 1990, Crowley et al. 2005, Pidgeon 

& Nemchin 2006). 

 Jack Hills is likewise a narrow meta-

sedimentary belt, about 70 km long. It is composed 

mainly of banded iron formations, chert, quartzite, 

sandstones and conglomerates (Crowley et al. 2005). 

However, only pieces of intact sedimentary stra-

tigraphy is preserved as Jack Hills shows more de-

formation and disruption than Mount Narryer 

(Crowley et al. 2005). Deposition occurred between 

3.1 Ga and 2.6 Ga (Pidgeon & Wilde 1998, Nelson 

2001). Detrital zircons as old as 4.4 Ga have been di-

scovered within the Jack Hills meta-sedimentary belt 

(Wilde et al. 2001). 

 The Mount Narryer and Jack Hills >3900 Ma 

zircons are the sole remnants of a now eroded crust of 

unknown composition. 

 

2.2 West African Craton 
The main component of West Africa is the West Afri-

can Craton (WAC). It may be divided three-ways into 

the Reguibat Shield in the north, the Neoproterozoic to 

Phanerozoic Tadoueni Basin in the center and the Man 

Shield in the south (Fig. 4). Both Reguibat and Man 

Shields may be further divided into an Archean nu-

cleus to the west and a Palaeorpoterozoic domain to 

the east (Ennih & Liégeois 2008). The Kedougou-

Kenieba and Kayers inliers attest to the continuation of 

Fig. 3. A geological map of the Narryer Gneiss Complex  

and the locations of Mount Narryer and Jack Hills metasedi-

mentary belts. North of the Narryer Gneiss Complex is the 

Capricorn Orogen, formed in in the collisional event 

between the Archean Pilbara Craton and Yilgarn Craton 

1830-1780 Ma (Occhipinti et al. 1999, Cawood & Tyler 

2004). The inlet represents western Australia and the extens-

ion of the Yilgarn Craton and Narryer Gneiss Complex. 

(Figure from Myers 1988, modified by Iizuka et al. 2010).  

Fig. 4. Major geological units of the West African Craton. 

Blue line represents the eastern border of the craton. 

(Modified by Bára Dröfn Kristinsdóttir (unpublished thesis) 

from Ennih & Liégeois 2008)  
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Fig. 5. Geological map of Ghana with Birimian sample locations marked. The map is projected using Ghana Metre Grid. Scale 

is 1:1 000 000. (Modified by Mikael Grenholm (unpublished thesis) from Agyei Duodu et al. (2009), with minor additions from 

Adadey et al. (2009) and changes based on data from Baratoux et al. (2011)). 



 

 

the Palaeorpoterozoic domain beneath the Tadoueni 

Basin (Boher et al. 1992). The Archean and Palaeopro-

terozoic domains are separated by the Sassandra fault 

in the Man Shield and the Zednes fault in the Reguibat 

Shield (Boher et al. 1992). Pan-African and Hercynian 

(0.6 Ga) mobile belts envelope the WAC to the east 

and to the southwest (Kouamelan et al. 1997). Corre-

lation of lithological units and age data indicate that 

the WAC and São Luís Craton in South America for-

med a single craton in Early Proterozoic (Abouchami 

et al. 1990, Boher et al. 1992, Feybesse et al. 2006). 

 

2.2.1 Birimian terrane 

The Palaeoproterozoic domain of the WAC is gene-

rally termed the Birimian terrane, which consists of 

volcanic belts separated by sedimentary basins (Leube 

et al. 1990, Taylor et al. 1992; fig. 5). These are main-

ly NE-SW trending (Leube et al. 1990). The volcanic 

belts are composed of tholeiitic flows, hyaloclastites 

and pillow lavas, overlain by calc-alkaline dacitic to 

rhyolitic tuffs and lavas (Attoh 1982, Leube et al. 

1990, Sylvester & Attoh 1992). The sedimentary 

basins comprise primarily volcaniclastics, greywackes 

and argillitic sediments (Leube et al. 1990,  

Eisenlohr & Hirdes 1992). Four felsic intrusive suites 

have been emplaced in the Birimian terrane in Ghana. 

Dixcove granitoids intrude mainly the volcanic belts. 

These are non-foliated, metaluminous plutons, com-

monly dioritic to granidioritic in composition (Leube 

et al. 1990). Peraluminous, granodioritic Cape Coast 

intrusions have been emplaced within the sedimentary 

basins (Leube et al. 1990) and show foliation (Taylor 

et al. 1992). These basin and belt granitoids are coeval 

(Leube et al. 1990). Rarer are the post-tectonic (Hirdes 

et al. 1992), peraluminous, granitic K-rich Bongo plu-

tons that intrude the Tarkwaian sediments. Finally, the 

unique Winneba granite pluton is the only intrusion 

that shows signatures indicative of Archean contribut-

ion (Leube et al. 1990). Tarkwaian sediments un-

conformably rest on the Birimian terrane (Taylor et al. 

1992). These are erosional products of the Birimian 

terrane (Davis et al. 1994). A large part of the Biri-

mian terrane in Ghana is covered by the Late Precam-

brian to Paleozoic Volta basin (Leube et al. 1990). 

 
2.2.2 Evolution of the Birimian terrane 

It has proven to be an elusive task to interpret the geo-

dynamic setting of the Birimian terrane. Leube et al. 

(1990) proposed a model of intracratonic rifting, based 

on structural evidence and the Mid-Ocean Ridge Ba-

salt (MORB) affinity of the tholeiites of the Birimian 

terrane. Others have followed in the same footsteps, 

favouring the intracratonic basin explanation (Watkins 

et al. 1993, Vidal & Alric 1994, Feybesse & Milési 

1994). However, many have suggested that the juve-

nile geochemical signatures and general lack of conti-

nental signature are indicative of formation in an ocea-

nic environment (e.g. Abouchami et al. 1990). Abou-

chami et al. (1990) and Lompo (2009) suggested  
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intraoceanic plume activity. Boher et al. (1992), ho-

wever, explained the calc-alkaline rocks with subduct-

ion activity. Furthermore, the rocks of Haute-Comoé 

in Ivory Coast have MORB and Island Arc Basalt 

(IAB) characteristics which Vidal & Alric (1994) in-

terpreted to be due to them being of back-arc basin 

origin. Soumaila et al. (2004) place the Nigerian Dia-

gorou-Darbani greenstone belt in a back-arc basin en-

vironment, based on geochemical analysis of mafic 

rocks. Dampare et al. (2008) follow along that ilk with 

their geochemical analysis of the Ghanaian Ashanti 

belt. Furthermore, they find intra-oceanic island arc 

and fore-arc signatures. Numerous studies have 

likewise placed the Birimian greenstone belts in an 

island arc setting. Sylvester & Attoh (1992) note close 

resemblances between the Birimian terrane and mo-

dern, immature island arcs. Additionally, Salah et al. 

(1996) depicted evolution from island arc to a volcanic 

arc at a continental margin, based on geochemical evi-

dence. Sediments from the upper Birimian terrane in 

Djibo greenstone belt, Burkina Faso, show source sig-

natures indicative of continental margin being supplied 

by a volcanic arc. Isotopic data (Dia et al. 1997) pro-

vide further support for the arc setting.  

 However the Birimian volcanic belts and sedi-

mentary basins were formed, they underwent deform-

ation, metamorphism to greenschist facies and gra-

nitoid emplacement during the Eburnean Orogenic 

event at ~2.13-1.98 (Hirdes et al. 1992, Boher et al. 

1992, Hirdes & Davis 1998, Feybesse et al. 2006). The 

Birimian zircons in this work were retrieved from ba-

sin and belt granitoids emplaced during the Eburnean 

event. 

 

2.3 Nuussuaq Basin, West Greenland 
The detrital zircons of Archean age were retrieved 

from the extensive Nuussuaq Basin in Central West 

Greenland (Fig. 6). This basin is a part of a basin com-

plex that records the opening of the Labrador Sea in 

the Cretaceous to Paleocene. The basin is composed of 

deposits that range from fan-delta sandstones to deep 

sea anoxic shales. These deposits register an early Cre-

taceous rifting phase as well as a late Cretaceous rif-

ting episode, with accompanying subsidence and up-

lift. Latest deposits in Nuussuaq Basin include volca-

nics that testify to sea-floor spreading and continental 

break-up (Scherstén et al. 2007). 

 

2.4 Prøven Igneous Complex, West Green-

land 
The northeast segment of the Laurentian craton is 

composed of several Palaeoproterozoic collisional 

orogens. Thereof is the Nagssugtoqidian-Rinkian Oro-

gen, into which the Prøven Igneous Complex (PIC) 

intrudes, along with the Palaeoproterozoic metasedi-

ments of the Karrat Group (Thrane et al. 2005; fig. 7). 

The PIC intrusion is over 100 km in diameter and is 

located in the Central West Greenland. The main body 

is opx-bearing granite and is foliated, increasing from 



 

 

weak in the center to strong in outer contacts. Ages 

reported range from 1860±25 Ma (whole rock Rb-Sr, 

Kalsbeek 1981) to 1869±9 Ma (zircon U-Pb, Thrane et 

al. 2005). 

 Many have proposed that the PIC formed in a 

subduction-related setting of convergence and collis-

ion (Grocott and Pulvertaft 1990, Hoffman 1990, Van 

Kranendonk et al. 1993, Scott 1999). A newer study 

by Thrane et al. (2005), however, proposes that  collis-

ion processes of the Nagssugtoqidian-Rinkian Orogen 

initiated delamination of Archean continental crust. 

Upwelling asthenosphere filled the newly vacant 

space, warmed the Archean lower continental crust 

which in turn partially melted and subsequently the 

PIC was created (Thrane et al. 2005). 
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Fig. 7. Geological sketch map of Prøven Igneous Complex 

and surrounding area. Samples 483634, 483639, 483643 and 

483641 are whole rock samples used in this work, whereas 

463388, 463390-463392 represent host rocks of detrital PIC 

zircon used in this work. (Image from Henderson and Pul-

vertaft 1987).  

Fig. 6. Geological map of the Central West Greenland and 

sample locations of the West Greenland detrital zircons. Map 

scale is 1:2500000. (Modified after Escher & Pulvertaft 

(1995)) 



 

 

2.5 Mid-Atlantic Ridge, Southwest Indian 

Ridge and East Pacific Rise 
Oceanic zircons were retrieved from the Mid-Atlantic 

Ridge, Southwest Indian Ridge and East Pacific Rise 

spreading centres (Fig. 8). Host rocks range from gabb-

ros to tonalites (Coogan & Hinton 2006, Grimes et al. 

2007). These data will be used for comparison with 

other zircon data in this thesis. 

3  Analytical methods 
 

3.1 Zircon extraction and sample preparat-

ion 

The Birimian samples were coarsely crushed and then 

milled in a Cr-steel swing mill for ~15 seconds to cre-

ate a rock powder. West Greenland samples are from 

the Geological Survey of Denmark and Greenland 

(GEUS) collections.  These were separated with a gold 

pan. Sediments and water are poured into a heightened 

container from which they flow down sponge-lined 

steps. The sponges detain the heavy minerals which 

are collected. 

 Each sample was mixed with water and put on 

a Wilfley table to separate heavier minerals from 

lighter (modified from Söderlund & Johansson 2002). 

The tail of heavier minerals was collected. Since zir-

con has specific gravity of 4.6-4.7 g/cm (Deer, Howie & 

Zussman 1992) it will stay in the heavy mineral 

fraction. The heavy-mineral fraction was transferred to 

a petri dish and a magnetic pencil was used to remove 

magnetic minerals. Zircon was handpicked under a 

binocular microscope, using forceps and pipettes. 

Between 107 and 231 grains were handpicked from 

each Birimian sample. 

The zircon grains were placed on double-

sided tape mounts and sent to NORDSIM in Stock-

holm, where the mounts were cast into epoxy resin 

and polished to expose cross-sections of each zircon 

grain. 

 

3.2 SE and BSE imaging 

The mounts were carbon-coated. This serves as bet-

tering of image quality as it increases conductivity on 

the sample surface and decreases electric charging 

effects (Goldstein 1992). Secondary electron (SE) 

images and back-scattered electron (BSE) images 

were obtained for the samples from Ghana using a 

scanning electron microscope (SEM); a standard 

Hitachi S-4300N, at the Department of Geology, Lund 

University. None were obtained for the West Green-

land zircon. 

In principal, a beam of primary electrons is 

focused onto the sample surface. These energize the 

atoms in the sample, which are in turn emitted as se-

condary electrons, a process called elastic scattering 

(Goldstein 1992). This beam-sample interaction causes 

another process, inelastic scattering, where a portion 

of these primary electrons are scattered back from the 

sample surface. A detector collects these radiation 

signals coming from the sample, which are in turn 

projected onto a screen as easily interpretable images. 

The back-scattered electrons offer a way of composit-

ional interpretation, as the number of back-scattered 

electrons increases with atomic number. Areas with 

higher average atomic number will therefore appear 

brighter on the image (Goldstein 1992). 

Secondary electron overview image of either 

500 µm or 1 mm resolution, depending on sample size, 

was obtained for every Birimian samples and 5-7 back

-scattered images of different areas within every 

sample. Magnification was kept as low as possible, or 

300 µm, without losing visibility of possible composit-

ional features and cracks and to avoid burning of the 

sample. 

 

3.3 Laser ablation trace element analyses 

Analyzes were done at the Geological Survey of Den-

mark and Greenland (GEUS) in Copenhagen. Trace 

element concentrations within individual zircons were 

determined using the a New Wave 213 laser ablation 

(LA) unit that is coupled to a Thermo Element 2 sector

-field inductively coupled mass spectrometer (SF-ICP-

MS). 

 This technique can be coarsely divided into two 

parts; the laser ablation system and the inductively 

coupled plasma mass spectrometer. The laser ablation 

system introduces a beam of high intensity photons, 

the laser, which are directed and focused onto the 

sample. For the Birimian analysis, the laser spot dia-

meter was 25µm for most zircon grains and 40 µm for 

a few. Upon impact with the solid material the energy 

of the laser converts into heat, causing the sample to 

vaporize and various particles, i.e. particulates, ions 

and atoms, to be emitted. Carrier gas, usually a Helium

-Argon mixture, transports these particles, the aerosol, 

to the inductively coupled plasma (Košler & Sylvester 

2003). 

The plasma is formed within three coaxial 

tubes, called the torch. Argon gas flows between the 

two outer tubes of the torch and the gas containing the 
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Fig. 8. Sample locations of Mid-Atlantic Ridge (MAR), 

Southwest Indian Ridge (SWIR) and East Pacific Rise (EPR) 

zircon marked with red filled circles. (Base image from 

USGS 1999). 



 

 

sample flows through the innermost tube. At the end 

of the torch is a Copper coil, which is connected to a 

radio-frequency power generator. This generator ap-

plies its power to the coil, creating a magnetic field 

within the Argon gas, which is supplied with free 

oscillating electrons generated from a spark from an 

electrically powered lighter. These electrons collide 

with the magnetic field causing heating of the Argon 

to temperatures existing on the Sun, ~8000 K, and the 

gas to ionize. The ionized gas is called plasma and 

when the aerosol is introduced into the plasma, the 

aerosol atoms form ions that are sucked into the mass 

spectrometer (Longerich & Diegor 2001, Košler & 

Sylvester 2003).  

The ions need to be separated based on mass 

to charge ratio before they reach the detector. In the 

sector field ICP-MS ions are directed into a high 

vacuum tube system where a magnetic field is created 

by electromagnets. The magnetic field forces the 

stream of ions to bend as a function of their mass and 

the intensity of the magnetic field. A double-focusing 

SF-ICP-MS, which was used in this work, has an ad-

ditional electrostatic analyzer that further separates 

ions based on their kinetic energy. In order to record 

ions of different m/c, the magnetic intensity can be 

varied over time, or it could be kept constant while 

varying the voltage implemented on the electrostatic 

analyzer. If the magnetic intensity or voltage is not 

appropriate for the mass to charge ratio (m/c) of the 

ion, it is deflected too much or too little, hits the wall 

of the tube and never reaches the detector. Therefore 

the intensity of the magnetic field or voltage to the 

electrostatic analyzer is varied over time to record 

ions of different m/c (Longerich & Diegor 2001, Tay-

lor 2001). 

 This method has been used on zircon for little 

over two decades but has been greatly refined in re-

cent years. Most elements can be analyzed, with de-

tection limits down to the ppm level (Rollinson 1993, 

Hoskin & Schaltegger 2003). Elements are measured 

sequentially and at very high speed and thus this 

method has the advantage of being rapid (Rollinson 

1993, Košler et al. 2002, Hoskin & Schaltegger 2003, 

Kinny & Maas 2003). Precision is generally very 

good (5-15%) (Hoskin & Schaltegger 2003), as well 

as the accuracy (Rollinson 1993), but one should bear 

in mind that accuracy gives results in accordance with 

the quality of standards used (Hanchar & Watson 

2003). 

 

3.4 Potential pitfalls in laser ablation analy-

ses 

The LA-SF-ICP-MS has its shortcomings. Here, two 

possible pitfalls will be mentioned. As the laser drills 

into the crystal, it might encounter inclusions that were 

not observable through the image analysis (Fig. 9). 

These inclusions will contribute their main elements to 

the  time-resolved spectra (Hoskin & Schaltegger 

2003). Apatite (Ca5(PO4)3(OH,F,Cl)), for example, is a 

common inclusion in zircon crystals (Jennings et al. 

2011). If one measures the zircon for calcium (Ca) and 

phosphorus (P) and that zircon contains a larger in-

clusion that the laser encounters, the results given 

would be too high and non-representative of the zircon 

(Fig. 10). Monazite ((Ce,La,Th)PO4), xenotime 

(YPO4), K-feldspar ((Ka,Na)AlSi3O4), plagioclase 

(NaAlSi3O8 – CaAl2Si2O8) and biotite (K(Fe, Mg)

3AlSi3O10(F,OH)2) are also common inclusions in zir-

con (Dennen & Shields 1956, Deer, Howie & Zuss-

man 1992) 

 The other downside of the laser ablation system 

is that it is destructive. For very small crystals, one 

might not be able to analyze it again as the former ab-

lation process will have destroyed it (Thomas et al. 

2003). 

 

3.5 206Pb-207Pb age evaluations  
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Fig. 10. A closer look at one of the elements measured, 

phosphorus (P). X-axis represents the intervals of measure-

ment (see fig. 9) and Y-axis represents counts per second 

(CPS), from which absolute amounts can be calculated. The 

first interval measured (1; see X-axis) shows phosphorus 

concentrations representative of the zircon. The second inter-

val (2) shows vague phosphorus increase, as well as interval 

3. In interval 4 and 5 the phosphorus amount spikes and 

skews the data significantly. Interval 6 shows normal zircon 

phosphorus amount again. As phosphorus is one of the main 

elements constituting apatite, it is very possible that the laser 

may have encountered an apatite inclusion.  

Fig. 9. The laser beam ablating a zircon crystal. Each num-

ber represents an interval of ablation and thus elemental 

amount analysis. Note that this is a simplistic view, 30 inter-

vals is more realistic. 



 

 

The U-Pb dating method is important within the field 

of geochronology, especially when dealing with 

material of Precambrian age (Kramers et. al. 2009). 

The theory behind this method can be explained rela-

tively simply, however, many complexities have arisen 

and some have not yet been resolved (Kramers et al. 

2009). For the purposes of this thesis it will make do 

with the simplistic explanation and approach. 

 Lead has four natural stable isotopes; 204Pb, 
206Pb, 207Pb and 208Pb.  Zircon grains incorporate only 

the non-radiogenic 204Pb, but at a minimal rate (Davis 

et al. 2003). Pb occurs in three valence states; Pbo, 

Pb4+ and Pb2+. Pbo and Pb2+ have ionic radii too large 

to be compatible in the octahedral site in zircon, which 

has the optimal radius of its usual occupant, the 0.84Å 

Zr4+ ion. The valence states are also lower (Watson et 

al. 1997, Harley and Kelly 2007). The Pb4+ ion, on the 

other hand, has the effective ionic radius of 0.94Å 

(Shannon 1976) and the same valence state as the zir-

conium ion, making it seem compatible into the octa-

hedral site. However, as Pb4+ is only stable at higher 

temperatures and conditions of highly elevated oxygen 

fugacity (Watson et. al. 1997), Pb4+ is rarely incorpora-

ted into the zircon lattice. 

 The lead measurable in zircons is thus mainly 

the result of radioactive decay of uranium and tho-

rium; elements that zircon incorporates to some extent 

as they share the same valence state as Zr4+ and their 

effective ionic radius is not too large to inhibit incor-

poration (ionic radii: 1.00Å and 1.05Å (Shannon 

1976)) (Hoskin & Schaltegger 2003). 235U, 238U and 
232Th decay to the daughter isotopes 206Pb, 207Pb and 
208Pb. Analyzing for these isotopes, as well as the non-

radiogenic 204Pb, enables calculations of ages (Harley 

& Kelly 2007). 

 As only two of the four lead isotopes, 206Pb and 
207Pb, were measured for the Birimian zircons, due to 

time and mass range limitations, only approximate age 

calculations could be done. To make use of the lead 

data retrieved, age evaluations were calculated to 

screen the data for anomalous age domains in each 

zircon. Obtained ages should be taken with caution 

and only serve as approximate age guides. The 

following equation (Faure 1986) was solved for 235U 

using various ages (t) until the 207Pb/206Pb of the zircon 

in question was obtained. λ represents the decay con-

stants of the U isotopes (Steiger & Jäger 1977). 

4  Zircon host rock 
 

4.1 Birimian rock descriptions and whole 

rock analyses 

Rock samples, ASGH028A, ASGH030A, 

ASGH082A and ASGH084A were provided by Dr. 

Anders Scherstén, who collected them during fi-

eldwork in Ghana in 2009. PK 105 was provided by 

Dr. Anders Scherstén but collected by Dr. Per Kalvig 

at the Denmark and Greenland Geological Survey 

(GEUS). 

 

4.1.1 PK105 

Sample PK 105, a biotite-hornblende bearing granite, 

was retrieved from the Suhum Basin. It is the oldest of 

the samples analysed for ages, 2232 Ma (Anders 

Scherstén, unpublished data). No field images exist. 

 PK105 is coarse- and uneven grained. No fab-

ric is observable. The sample consists mainly of 

quartz, K-feldspar, plagioclase, hornblende and biotite 

(Fig. 11a-b). The quartz displays undulose extinction 

and bulging grain boundaries. The K-feldspar rarely 

displays alteration, however plagioclase commonly 

exhibits cloudy, alteration bands. Biotite is commonly 

altered whereas hornblende is not. Not common but 

present are magnetite, small epidote grains within 

feldspar, zircon, and secondary muscovite and calcite 

along grain boundaries and in fractures (Fig. 11c-d). 

This sample is generally well preserved with local 

alteration areas. 

 Whole rock analysis reveals LREE enrichment 

relative to HREE (Fig. 14), with (La/Yb)N being 

38.23. Sr/Y is 29.9. Y and Yb are 8.1 ppm and 0.76 

ppm respectively. Eu/Eu* is 0.83 whereas Ce/Ce* is 

1.01. The sum of REE is 165.49 ppm. 

 

4.1.2 ASGH028A 

This coarse-grained biotite-granite sample (Fig. 11g) 

has an age of 2130 Ma (Anders Scherstén, un-

published data) and originates in a quarry in the the 

Suhum Basin, close to the the Volta Basin. 

 ASGH028A is uneven grained with grain sizes 

ranging from small to large. No fabric is visible. 

Muscovite and biotite is common, as well as quartz, 

plagioclase, K-feldspar (Fig. 11e-f). Halos around 

biotite are fairly common as well as alteration. Plagi-

oclase is commonly altered. Quartz exhibits undulose 

extinctions and bulging grain boundaries. Secondary 

epidote is present. Nevertheless, the sample is fairly 

well preserved. 

 It is LREE enriched and HREE depleted (Fig. 

14), with (La/Yb)N of 12.07. Eu/Eu* is a negative 

0.81. Ce/Ce* 0.998. Sr/Y is 23.3. Concentration of Y 

is 15.8 ppm and Yb is 1.48 ppm. The sum of REE is 

116.15 ppm. 

 

4.1.3 ASGH030A 

Sample ASGH030A was retrieved from the northern 

Kibi-Winneba belt. The outcrop exhibits local shea-

ring, with common mafic enclaves. Well preserved 

lenses of isotropic biotite-granite are present and 

ASGH030A was retrieved from such a lens (Fig. 12c-

d). No age has been obtained for it nor from any other 
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Fig. 11. Samples PK105 and ASGH028A. A) A plain-polarized microscope 

image showing common minerals found in PK105; quartz (Qz), plagioclase 

(Plag), hornblende (Hbl) and biotite (Bt). In addition magnetite (Mt) is pre-

sent in the image. B) Image A) cross-polarized. C) A plain-polarized 

microscope image showing secondary muscovite (Ms) and calcite (Ca) 

occurring along a fracture in plagioclase and at grain boundaries in PK105. 

D) Image C) cross-polarized E) Thin section image of ASGH028A, in plain-

polarized light, showing quartz (Qz), plagioclase (Plag), biotite (Bt), epidote 

(Ep), titanite (Ti), calcite (Ca) and secondary muscovite (Ms). F) Image C) 

cross-polarized. Note the bands within the large plagioclase grain on the left, 

the irregular grain boundaries and disturbances in biotite. These are due to 

alteration. G) Hand specimen of ASGH028A. (Field images courtesy of 

Anders Scherstén). 
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Fig. 12. Samples ASGH030A and ASGH082A. A) A plain-

polarized microscope image of an aggregate composed of horn-

blende (Hbl), biotite (Bt) and epidote (Ep). Surrounding minerals 

are quartz (Qz) and plagioclase (Plag), within ASGH030A. B) 

Image A) cross-polarized. C) A well preserved lens of biotite-

granite (from which ASGH030A was retrieved) on the left and 

sheared rock on the right. D) Hand specimen of ASGH030A. E) 

Thin section image of ASGH082A, in plain polarized light. Bio-

tite and epidote surrounded by plagioclase and quartz. Also pre-

sent in this image are oxides, secondary muscovite and a zircon 

grain. F) Image C) cross-polarized. G) Hand specimens of 

ASGH082A. (Field images courtesy of Anders Scherstén). 
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Fig. 13. Sample ASGH084A. A) Hand specimen of sample ASGH084A. B) The outcrop where ASGH084A was collected. The 

rock is cross-cut by pegmatitic dykes. C) Thin section image of ASGH084A, in plain-polarized light. Biotite surrounded by 

quartz, K-feldspar and plagioclase. Epidote is also present. D) Image C) cross-polarized. (Field images courtesy of Anders 

Scherstén). 

sample in the northern Kibi-Winneba belt. A sample 

from the southern Kibi-Winneba belt, ASGH001A, 

has an age of 2090±60Ma. Occasional simple twin K-

feldspar, may be orthoclase. 

 This sample is porphyritic, with small to large 

quartz grains and large, slightly altered microcline 

phenocrysts. The quartz occasionally exhibits undu-

lose extinction and bulging grain boundaries. K-

feldspar and plagioclase are common as well as biotite 

(Fig. 12a-b). The biotite is occasionally altered but 

generally it is relatively well preserved. It appears in 

aggregates, occasionally with well preserved horn-

blende. Plagioclase is not uncommonly altered. Less 

common minerals include sphene, epidote, zircon and 

secondary muscovite on biotite and in fractures. 

 The sample shares the LREE enrichment rela-

tive to HREE (Fig. 14) with the other samples; it has a 

(La/Yb)N of 44.95. Eu/Eu* is 1.11, so it is positive but 

vague. Ce/Ce* is 0.976. Sr/Y is a relatively high 

218.0. Y amounts to 5.2 and Yb is 0.39 ppm. The sum 

of REE is 111.37 ppm. 

 

4.1.4 ASGH082A 

This sample is a biotite-hornblende (Fig. 12e-g) bea-

ring granite from northern Ghana. It has been dated at 

2156 Ma (Anders Scherstén, unpublished data). 

 This sample is fairly even- and fine grained. 

Biotite determines fabric. Minerals present are quartz, 

plagioclase, K-feldspar, biotite and epidote (Fig. 12e-

f). The quarts exhibits undulose extinction and bul-

ging grain boundaries. The K-feldspar and plagioclase 

are frequently altered, but K-feldspar to a less degree 

than plagioclase. Biotite is occasionally altered and 

commonly exhibits halos. Also visible are iron oxides, 

zircon, sphene and secondary muscovite growing 

along grain boundaries and in fractures.  

 It is LREE enriched relative to HREE (Fig. 

14); it has a (La/Yb)N of 6.81, but to a much lesser 

extent than the other samples. Eu/Eu* is 0.53, so it is 

very negative. Ce/Ce* is 0.994. Sr/Y is a mere 5.0. Y 

and Yb amount to 30.0 ppm and 2.92 ppm, 

respectively. The sum of REE is 151.47 ppm. 

 

4.1.5 ASGH084A 
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This sample is a biotite-tonalite (Fig. 13a-b) from 

northern Ghana. It has been dated at 2156 Ma (Anders 

Scherstén, unpublished data).  

 ASGH084A is fine- to medium grained, uneven 

grained and has fabric defined by biotite. It is gene-

rally well preserved. Other minerals include quartz, K-

feldspar and plagioclase (Fig. 13c-d). Quartz exhibits 

undulous extinction and bulging grain boundaries. The 

plagioclase is commonly altered but K-feldspar less 

so. Halos commonly surround biotite but biotite is 

otherwise fairly well preserved. Less common mine-

rals present are zircon, iron oxides and secondary 

muscovite along grain boundaries and on biotite. 

 It is LREE enriched relative to HREE (Fig. 14), 

but to a lesser extent than the other samples, with (La/

Yb)N of 12.26. Eu/Eu* is 0.55, so it is very negative. 

Ce/Ce* is 0.930. Sr/Y 11.8. Concentrations of Y and 

Yb are 11.3 ppm and 1.22 ppm, respectively.The sum 

of REE is 95.29 ppm. 

 

4.2 West Greenland  
No whole rock samples were collected in the field, 

neither for the Archean zircons or Prøven Igneous zir-

con. However, Thrane et al. (2005) provide whole rock 

information on the Prøven Igneous Complex. 

5 Results 
 

5.1 West Greenland zircon (Archean) 
This population consists of 412 zircons and is HREE 

enriched relative to LREE (Fig. 15). (Lu/Gd)N ranges 

from 0.5 to 63.9 (med. 14.6). (Sm/La)N varies from 

2.0-1294 (med. 38 ppm), showing almost little to mo-

derate steepness of the LREE profile. ∑LREE varies 

between 2.6-2333 ppm (med. 54.8 ppm). ∑HREE va-

ries between 34.4-4485 ppm, med. 451.5 ppm. The 

Ce/Ce* anomaly is highly variable, ranging from 1.1 

to 495.3 (med. 12.2). The Europium anomaly (Eu/Eu*) 

is negative and varies from 0.09 to 1.97 (med. 0.55). 

The Th/U ranges from 0.14-3.75 (med. 0.71). 

 Ages range from 2502-3852 Ma (Anders 

Scherstén, unpublished data). 

 

5.2 Prøven Igneous Complex zircon 

The number of zircons analysed is 144. They are 

HREE enriched relative to LREE (Fig. 16). (Lu/Gd)N 

ranges from 3.0 to 25.8 (med. 12.1). (Sm/La)N varies 

from 0.32-317.6 (med. 21.3), showing almost no 

steepness of the LREE profile to moderate steepness. 

∑LREE varies between 15-1356 ppm (med. 44). 

∑HREE varies between 182-2524 ppm, med. 352 

ppm. The Ce/Ce* anomaly is highly variable, ranging 

from 1.0 to 92.4 (med. 6.4). The Europium anomaly 

(Eu/Eu*) is negative and varies from 0.02 to 2.9 (med. 

0.46). The Th/U ranges from 0.4-1.5 (med. 0.6). 

 Ages range from 1829-1985 Ma (Anders 

Scherstén, unpublished data). 

5.3 Birimian PK105  
 

5.3.1 External morphology and internal structure 

The population consists of 31 grains that range in size 

from 45-99 μm in the long dimension, with two indi-

vidual grains of 120 μm and 153 μm. Aspect ratios 

range from 1.5:1 to 4.6:1, with the median of 2:1. 

About half of the population has smoothed ends, ma-

king it fairly difficult to determine external morpho-

logy but it seems to be governed by {110} prisms and 

{101} pyramids (Pupin 1980). Only 7 specimens 

show any signs of growth zoning and it is faint and/or 

localized.  This is due to low resolution of the SEM 

images; 300 μm. Overgrowths or reaction rims seem 

to be present in 12 grains, but these are usually thin 

and vaguely observable. Another 11 zircons may also 
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Fig. 14. Chondrite-normalized REE curves for the whole 

rock analyses of the Birimian samples. 

Fig. 15. REE profiles of Archean detrital zircons from West 

Greenland.  

Fig. 16. REE profiles of zircons from the Prøven Igneous 

Complex. 



 

 

have reaction rims/overgrowths but it is inconclusive. 

20 zircons have observable fractures. 18 fractures fell 

within the ablation pit and thereof were 5 fractures 

rather large. See Fig. 17. 

5.3.2 Geochemistry 

REE profile ranges from the typical positive slope, 

with HREE enriched relative to LREE, to a flat profile 

(Fig. 18). (Lu/Gd)N varies between 1.6-22.7 (med. 

6.6), showing vague to moderate steepness of the 

HREE. (Sm/La)N ranges from 0.4-7.0. This shows a 

negative slope of the LREE profile to only minor po-

sitive slope. In comparison (Sm/La)N between 22 and 

110 are typical for magmatic zircon (Hoskin 2005). 

The general lack of LREE slope thus represents severe 

LREE enrichment. ∑LREE [La-Gd] is 117-2610 ppm 

(med. 755 ppm). ∑HREE [Tb-Lu], varies between  

488-1291 ppm (med. 671 ppm).  PK 105 has a Ce/Ce* 

anomaly ranging from a negative 0.98 to a positive 

4.0 (med. 1.5). The Eu/Eu* anomaly varies from the 

negative 0.54 to the positive 6.4 (med. 1.4), and the 

majority show a positive anomaly. Zircons with a po-

sitive anomaly have rarely been observed (Maas et. al. 

1992). The Th/U varies from 0.35 to 1.69 (med. 0.52). 

 Age evaluations gave ages between 2050-2500 

Ma. 

5.4 Birimian ASGH028A  

5.4.1 External morphology and internal structure 

This population of 35 zircons has aspect ratios of 0.9:1 

to 3.4:1 (median: 2:1) and the length of the grains 

ranges from 41 to 90 μm. Due to smoothed ends and at 

least 16 zircons having overgrowths/reaction rims, 

determining crystal morphology was challenging. Ho-

wever, as with PK105, the morphology seems to be 

mainly {110} prisms and {101} pyramids, but addit-

ionally with {211} pyramids (Pupin 1980). Fractures 

are fairly common, they are present in 21 grains. 

Growth zoning is only vaguely and/or locally visible 

in 5 zircons. This is due to low resolution of the SEM 

images; 300 μm. See Fig. 19. 

5.4.2 Geochemistry 

(Lu/Gd)N ranges from 2.7 to 27.1 (med. 8.7). (Sm/La)

N varies between 0.9-10.0 (med. 1.4). This goes to 

show that, although not as severe as PK105, LREE 

enrichment is also present (Fig. 20). ∑LREE varies 

between 38.3-9955 ppm. ∑HREE varies between 546-

8524 ppm, med. 1436 ppm. The Ce/Ce* anomaly is 

low, only ranging from 0.36 to 2.90. The Europium 

anomaly (Eu/Eu*) is negative and varies from 0.22 to 

0.52 (med. 0.4), apart from one positive value of 1.43. 

Th/U range from 0.2-1.7 (med. 0.52). 
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Fig. 18. PK105 zircon REE profiles. Black line represents 

the PK105 whole rock profile.  

Fig. 20. ASGH028A zircon REE profiles. Black line repre-

sents the ASGH028A whole rock profile.  

Fig. 19. Five zircon examples from ASGH028A. Red circles 

represent spot location and size (25 µm).  

Fig. 17. Five zircon examples from PK105. Red circles re-

present spot location and size (25 µm).  



 

 

 Age evaluations resulted in an interval of 1910

-2450 Ma for this sample. 

 

5.5 Birimian ASGH030A  
 

5.5.1 External morphology and internal structure 

This sample consists of 35 analyzed zircons. They 

vary in length, the shortest being 54 μm and the 

longest 141 μm. Aspect ratios range from 1.6:1 to 

5.9:1. The morphology is governed by {100} prisms 

and {101} pyramids, with the supplementary bipyra-

mid {301} (Pupin 1980, Caironi et. al. 1996). The ma-

jority of zircons contain observable fractures, of which 

9 fall within the ablation pit. All but 5 specimens show 

vague growth zoning - vague because of low resolut-

ion - with thick and few bands. Overgrowths/reaction 

rims are rare. See Fig. 21. 

5.5.2 Geochemistry 

This sample is HREE enriched relative to LREE (Fig. 

22). (Lu/Gd)N ranges from 9.1 to 45.5 (med. 27.5). 

(Sm/La)N varies from 0.6-112.7 (med. 8.3) showing 

indeed some LREE enrichment but less extensive than 

in previous samples. ∑LREE varies between 25-542 

ppm (med. 72 ppm). ∑HREE varies between 769-4028 

ppm, med. 1419 ppm. The Ce/Ce* anomaly is vari-

able, ranging from 1.1 to 20.6. The Europium anomaly 

(Eu/Eu*) is negative and varies from 0.25 to 0.63 

(med. 0.45). The Th/U ranges from 0.1-5.7 (med. 0.4). 

 Age evaluations resulted in a rather scattered 

age interval; 1740-2530 Ma. 

 

5.6 Birimian ASGH082A  
 

5.6.1 External morphology and internal structure 

This sample comprises 27 zircons. They range in size, 

in the long dimension, from 48-96 μm (med. 60 μm). 

Aspect ratios vary from 1.6:1 to 2.6:1 (med. 1.9:1). 

The morphology is governed by {100} prisms but de-

termining pyramid morphology proved challenging 

due to smoothed ends. It seems, however, that the zir-

con grains are governed by {101} pyramids (Pupin 

1980). Half of the population is fractured, but the 

fractures fall within the ablation pit in only 5 speci-

mens. Very faint growth zoning is visible in 21 zircon 

grains but would be clearer in a higher resolution SEM 

image. Overgrowths/reaction rims are rare. See Fig. 

23. 

5.6.2 Geochemistry 

(Lu/Gd)N ranges from 4.7 to 37.6 (med. 15.7), 

showing little to moderate steepness of the HREE 

section of the REE profile. (Sm/La)N varies from 1.1-

Fig. 22. ASGH030A zircon REE profiles. Black line repre-

sents the ASGH030A whole rock profile.  
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Fig. 21. Five zircon examples from ASGH030A. Red circles 

represent spot location and size (25 µm).  

Fig. 23. Five zircon examples from ASGH082A. Red circles 

represent spot location and size (25 µm). 

Fig. 24. ASGH082A zircon REE profiles. Black line repre-

sents the ASGH082A whole rock profile.  



 

 

65.0 (med. 6.4), showing almost little to moderate 

steepness of the LREE profile (Fig. 24). ∑LREE varies 

between 27-642 ppm (med. 110 ppm). ∑HREE ranges 

from 530-1794 ppm, med. 1045 ppm. The Ce/Ce* 

anomaly ranges from 0.9 to 17.0 (med. 1.7). The 

Europium anomaly (Eu/Eu*) is negative and varies 

from 0.15 to 0.63 (med. 0.29). The Th/U ranges from 

0.25-0.66 (med. 0.42). 

 Ages 1800-2420 Ma were retrieved with age 

evaluations. 

 

5.7 Birimian ASGH084A  
 

5.7.1 External morphology and internal structure 

The population consists of 38 zircon grains. The shor-

test grain measured 51 μm in the long dimension and 

the longest 107 μm (med. 65 μm). Aspect ratios range 

from 1.4:1 to 3.1:1 (med. 1.9:1). The morphology is 

governed by {110} prisms, and {101} and{101}=

{211} pyramids. Of 21 zircon grains that are fractured 

in some way, only 9 zircons contained fractures within 

the ablation pit. All but 5 zircons have vague growth 

zoning and overgrowths/reaction rims are rare. Low 

resolution SEM imaging hinders proper visibility of 

growth zoning. See Fig. 25. 

5.7.2 Geochemistry 

(Lu/Gd)N ranges from 0.63 to 46.9 (med. 12.2). (Sm/

La)N varies from 0.41-28.8 (med. 8.9), showing nega-

tive to a moderate positive slope of the LREE profile 

(Fig. 26). ∑LREE varies between 14.1-6594 ppm 

(med. 308). ∑HREE varies between 114-1801 ppm, 

med. 528 ppm. The Ce/Ce* anomaly is highly vari-

able, ranging from 1.1 to 14.4 (med. 1.7). The 

Europium anomaly (Eu/Eu*) is negative and varies 

from 0.42 to 0.98 (med. 0.6). The Th/U ranges from 

0.55-1.93 (med. 1.07). 

 Age evaluations resulted in values varying 

from 1780 Ma to 2570 Ma. 

 

6 Discussions 
 

6.1 LREE enrichment in Birimian zircon  
 

6.1.1 Element partitioning into zircon 

A high proportion of the Birimian zircon populations 

are variably enriched in LREE. LREE enrichment is 

also present in the Jack Hills and Mount Narryer zir-

con population, West-Greenland Archean zircon Ar-

chean and zircon from the Prøven Igneous Complex 

(PIC). The LREE enrichment of the Birimian samples 

is generally larger and therefore the focus will be on 

them. 

 To visualize the magnitude of LREE enrich-

ment with regard to their  partitioning into zircon, the 

ionic radii were plotted against the predicted partition 

coefficients of Whitehouse and Kamber (2002) as well 

as observed partition coefficients (see Table 1). Ideal-

ly, the partition coefficients should follow the predict-

ed partition coefficients parabola. However, the LREE 

deviate substantially upwards from the parabola (Fig. 

27), as well as HREE for ASGH030A. These high 

apparent partition coefficients reflect overabundance 

of the REE (Whitehouse & Kamber 2002) in relation 

to known bulk rock concentrations. 
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Fig. 27. Partition coefficients (log(D)) against ionic radius 

(Å). Parabola represents predicted partition coefficients of 

trivalent cations substituting for Zr4+ (Whitehouse & Kam-

ber 2002). Plotted are the observed partition coefficients of 

the Birimian samples. Eu and Ce were omitted, as Eu yields 

lower apparent partition coefficients relative to its ne-

ighbours, and Ce yields higher apparent partition coeffici-

ents relative to its neighbours. 

Fig. 26. ASGH084A zircon REE profiles. Black line repre-

sents the ASGH084A whole rock profile.  

Fig. 25. Five zircon examples from ASGH084A. Red circles 

represent spot location and size (25 µm). 



 

 

6.1.2 ’Xenotime’ substitution 

The excessive abundances of LREE in the samples 

cannot readily be accounted for solely by  ‘xenotime’ 

substitution. For the samples in this work, the 

(REE+Y)/P ranges from 0.3-337 (Fig. 28). There is a 

negative correlation between the (REE+Y)/P ratios 

and P concentrations. The grains with the highest P 

concentrations (above 1000 ppm) have the lowest 

(REE+Y)/P. These grains contain known apatite inclu-

sions. 

6.1.3 Analytical errors 

Early on in this work, it was suspected that the data 

was corrupt due to an unknown analytical error. The 

LA-ICP-MS was first excluded as the culprit. It could 

not have been poorly standardized, as the analyses 

were conducted in two sessions, a week apart, with no 

discrepancy between data. Most importantly 612 and 

614 NIST glasses yield reasonable results (Fig. 29a-b). 

Data reduction problems (e.g. software issues) were 

excluded after similar results were obtained using Io-

lite (Hellstrom et al. 2008, Paton et al. 2011) as well as 

SILLS (Guillong et. al. 2008) softwares. 

 

6.1.4 Metamorphism 

Metamorphism has been known to rid zircon grains of 

structurally non-crucial cations with ionic radii dis-

similar to Zr4+. Thus they contain relatively lesser 

amounts of LREE than magmatic zircons. This also 

involves flushing of Th4+  relative to U4+, as the ionic 

radius of Th4+ (1.05 Å) differs more from Zr4+ (0.84 Å) 

than U4+ (1.0 Å) (Ahrens 1965, Shannon 1976, Hoskin 

& Black 2000). This results in a lower Th/U (<0.07) 

relative to magmatic zircons (Rubatto 2002). Other 

commonly mentioned characteristics of metamorphic 

zircons are Hf enrichment (Hoskin & Schaltegger 

2003) and roundness of the grains (Hoskin & Black 

2000). None of the zircons show any of these charac-

teristics. However, rim overgrowth, a feature that has 

been observed in zircons that have been affected by 

metamorphism (Hoskin & Schaltegger 2003), does 

appear in zircons of samples PK105 and ASGH028A. 

However, using a 25 micron diameter of the laser 

beam, these could in most cases be avoided. 

 

6.1.5 Inclusions 

What could not be avoided, however, due to the nature 

of the drilling of the laser beam, are subsurface inclu-

sions. In order to identify potential inclusions, mixing 

curves were calculated for different minerals. Titanite 

Fig. 28. (REE+Y)/P against P concentrations for the samples 

in this work.  

Fig. 29. The deviation of elements in NIST glasses measured 

from NIST reference material. Reference values are from 

Jochum et. al. 2008. The dates represent the time when the 

analyses took place. A) The NIST 612 glasses analysed on 

the 9th of November yield values 0.97 to 1.16 times refe-

rence material (med. 1.05). The NIST 612 glasses analysed 

on the 14th of November yield very good results. All ele-

ments yield values almost identical to the reference values 

(med. 1.0).  B) The NIST 614 analyses on the 9th of Novem-

ber yield values 0.47 to 1.06 times the reference values 

(med. 0.8). The NIST 614 glasses analysed on the 14th of 

November yield results 0.8 to 1.3 times reference material 

(med. 1.1). 

23 

Table. 1. Modelled and observed partition coefficients of 

REE substituting for Zr4+. The model values are calculated 

from sample GGU 125540 (Whitehouse & Kamber 2002) 

and the observed values represent median values of each 

sample.  



 

 

alteration (Geisler et al. 2003, Hoskin 2005, Rayner et 

al. 2004, Grimes et al. 2009). This LREE enrichment 

is often accompanied by an increase in Ca (Geisler et 

al. 2003, Rayner et al. 2005, Grimes et al. 2009). The 

Birimian samples bear these characteristics (Fig. 30c). 

The Ti increase (Fig. 30a) may be explained by hydro-

thermal alteration, as well as the Th increase (Fig. 30d) 

and likewise Nb enrichment that is prominent in sam-

ples PK105 and ASGH028A, and the U enrichment 

that is present in all samples (Geisler et al. 2003, 

Rayner et al. 2004, Hoskin 2005, Grimes et al. 2009). 

(CaTiOSiO5) is a mineral known to incorporate REE 

in significant amounts (Ward et al. 1992, Bea 1996, 

Tiepolo et. al. 2002) and occurs as inclusions in zircon 

(Hoskin et. al. 2000). Some data from PK105 and AS-

GH028A do show increased amounts of titanium along 

with the LREE enrichment (Fig. 30a). Apart from pos-

sibly one grain from ASGH028A, the samples have an 

overabundance of LREE for a given Ti-concentration, 

which deviates away from the titanite mixing curve, 

indicating that titanite inclusions cannot explain the 

high LREE enrichment. Xenotime, known to incorpo-

rate REE (Bea 1996), seems to be absent (Fig. 30b-c) 

but apatite, also a common REE incorporator (Bea 

1996), is present in a few grains (Fig. 30b-c). Mona-

zite, a REE incorporator that has a preference for 

LREE (Bea 1996), was more problematic to deter-

mine. Fig. 30b does not show any clear indicator of 

monazite presence and Fig. 30c does not show any 

indicators of monazite inclusions at all. Fig. 30d coun-

teracts these observations, as a number of zircons, es-

pecially zircons from sample PK105, seem to stretch 

towards the monazite composition. A portion of these 

zircons has Th concentrations too low to follow the 

mixing curve. There may therefore be another explana-

tion for this pattern. Allanite ((LREE,Ca)2(Al,Fe)3

(SiO4)3(OH)) (McFarlane & McCulloch 2007) is found 

as an accessory mineral in various granitoids (Bea 

1996). It has, however, been rarely reported as inclu-

sions in zircon (Spandler et al. 2004, Braga & Ma-

sonne 2008, Marsh et al. 2012). Fig. 30b does indicate 

presence of allanite inclusions, as most of the zircons 

trend towards the allanite composition. But, as with 

monazite, there is inconsistenty between figures as the 

trends on Fig. 30c –d do not follow the allanite mixing 

curves. 

 With only a handful of apparent apatite inclu-

sions present and no other trends consistently follow-

ing mixing curves, inclusions cannot account for the 

severe LREE enrichment observed and are thus ex-

cluded as the reason for it. 

 

6.1.6 Hydrothermal alteration 

LREE enrichment has, however, been reported in nu-

merous zircon populations affected by hydrothermal 
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Fig. 30. Inclusion discrimination diagrams. A) Titanite 

against LREE concentrations. Plotted are samples of this 

research and titanite (Tiepolo et al. 2004, Anand & 

Balakrishnan 2011). B) P versus light to middle REE enrich-

ment (expressed as Pr/Gd)N. Plotted are samples of this rese-

arch, allanite (Hickling et al. 1970, Gregory et al. 2007, Gre-

gory et al. 2012), monazite (Villaseca et al. 2003), apatite 

(Belousova et al. 2001) and xenotime (Villaseca et al. 2003). 

C) Ca versus LREE concentrations. Plotted are the samples 

of this research, xenotime (Villaseca et al. 2003), monazite 

(Villaseca et al. 2003), allanite (Hickling et al. 1970, Gre-

gory et al. 2007, Gregory et al. 2012) and apatite (Belousova 

et al. 2001). D) The versus the degree of LREE enrichment 

(expressed as (La/Sm)N). Plotted are data of this research, 

allanite (Hickling et al. 1973, Gregory et al. 2007, Gregory 

et al. 2012) and monazite (Villaseca et al. 2003). 



 

 

To further support this theory, the discrimination dia-

grams of Hoskin (2005), were used. PK105, AS-

GH028A and a zircons from the other samples cluster 

within the hydrothermal field (Fig. 31a). There is sig-

nificant scatter, however, in fig. 31b but nevertheless 

PK105 and ASGH028A plot within the hydrothermal 

field along with a number of zircons from ASGH082A 

and ASGH084A. Even a high number of zircons that 

plot outside the hydrothermal field, plot within an area 

that has been associated with hydrothermal activity as 

well (Grimes et al. 2009; porous field, fig. 31a-b). 

These zircons are characterized by micro-porosity and 

hydrothermally-indicative geochemistry, but morphol-

ogy resembles magmatic zircons (Grimes et. al. 2009). 

Only a handful of zircons fall within the magmatic 

field, a fact that one has to bear in mind throughout 

this work. 

6.1.7 Radiation damage 

This element enrichment has been explained by hydro-

thermal fluids causing cation exchange within the 

crystal lattice of the zircon (Rayner et al. 2004). A 

preliminary requirement for this exchange has been 

Fig. 31. Discrimination diagrams for magmatic and hydrot-

hermal zircons. Adapted from Hoskin 2005. Plotted are Biri-

mian samples of this research and data from Ballard et al. 

2002, Geisler et al. 2003, Hoskin 2005 and Grimes et al. 

2009. A) (Sm/LaN) versus Ce-anomaly (Ce/Ce*). Magmatic 

zircons have generally higher Ce-anomaly and lower LREE 

content (expressed by higher (Sm/La)N ratios) than hydrot-

hermal zircons. B) La concentrations against (Sm/La)N. 

Magmatic zircons plotted have generally lower LREE con-

centrations (expressed by higher (Sm/La)N ratios than 

hydrothermal zircons  

Fig. 32. Combined U and Th concentrations against the 

LREE enrichment (expressed as (La/Gd)N) of the Birimian 

samples. Proxy for radiation damage. The steeper the trend, 

the more damaged the zircon (Whitehouse & Kamber 2002). 

speculated to be lattice damage, caused by radioactive 

decay of U and Th (Woodhead et al. 1991, Geisler et 

al. 2001). Energetic α-particles and less energetic α-

nuclei are emitted in this process and destroy the lat-

tice in their emission path (Seitz 1949, Ellsworth et al. 

1994). A damaged lattice contains increased amounts 

of space (Seitz 1949) for cation exchange and the hy-

drothermal fluids providing those cations accelerate 

lattice recovery (Geisler et al. 2001, 2003). Higher 

amounts of U and Th increase the lattice damage 

(Marsellos & Garver 2010), and thus the higher con-

centrations of U and Th may be a primary feature and 

not an artefact of hydrothermal alteration. Fig. 32, a 

discrimination diagram for radiation damage 

(Whitehouse & Kamber 2002), shows a positive corre-

lation between increasing U+Th concentrations and 

LREE enrichment (expressed as (La/Gd)N). The same 

zircons show signs of radiation damage as well as hy-

drothermal alteration (Fig. 31), PK105 and AS-

GH028A being the most severely damaged. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Radiation damage and subsequent hydrother-

mal alteration are thus the most plausible explanation 

for the apparent LREE enrichment. Because of the 

severity of LREE enrichment, PK105 will be omitted 

in some diagrams and interpretations. 

 

6.1.8 Screening proposal 

It is evident that before interpreting zircon geochemis-

try, especially detrital zircon geochemistry, some 

screening is necessary to avoid the incorporation of 

grains with abundant inclusions or grains that are hy-

drothermally altered. Metamorphic origin may be as-

sessed with the Th/U, Hf concentrations, external mor-

phology and internal structures (Hoskin & Black 2000, 

Hoskin & Schaltegger 2003). Coupling the P vs. 

(REE+Y)/P diagram (Fig. 28) with the P vs. (Pr/Gd)N 

plot (Fig. 30b) rather successfully depicts the presence 

of apatite inclusions. The Th vs. (La/Sm)N (Fig. 30d) 

has frequently been used to indicate the presence of 

monazite inclusions and may also be used in the case 

of possible allanite inclusions. However,  coupling that 

with P vs. (Pr/Gd)N and Ca vs. ∑LREE increases the 
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reliability of interpretations (Fig. 30b-c). The same 

goes for xenotime within the Ca vs. ∑LREE and P vs. 

(Pr/Gd)N diagrams (Fig. 30b-c). Titanite inclusions 

may be determined with the Ti vs. ∑LREE concentra-

tions (Fig. 30a). If inclusions may not explain the geo-

chemistry, hydrothermal alteration may. The discrimi-

nation diagrams of Hoskin (2005) (Fig. 31a-b) serve to 

determine hydrothermal alteration. However, coupling 

them with the radiation diagram of Whitehouse & 

Kamber (2002) (Fig. 32), a commonly mentioned pre-

requisite to hydrothermal alteration, further supports 

any interpretation in that matter. 

 

6.2 Source implications  
 

6.2.1 Oceanic crust versus continental crust 

Grimes et al. (2007) suggested that it is possible to 

discriminate between oceanic and continental zircon 

on the basis of the U/Yb and Y concentrations within 

zircon. The Y vs. U/Yb discrimination diagram has 

shown to have a >80% success rate in depicting 

whether zircon is derived from continental or oceanic 

crust. This is highly beneficial for detrital zircon stud-

ies, but problematic if detrital zircons are few and/or 

not representative of the population (Grimes et al. 

2007).  

 Zircon grains from the Palaeoproterozoic 

Prøven Igneous Complex in Greenland, and the Palae-

oproterozoic Birimian terrane in WAC plot within the 

continental field (Fig. 33), as was expected. The West 

Greenland Archean zircon and Jack Hills & Mount 

Narryer Hadean zircon also plot within the continental 

field. The modern oceanic MAR, SWIR and EPR zir-

con make up the oceanic field. 

 Generally, the U/Yb is controlled by differ-

ence in element solubility. Incompatible elements such 

as U, are readily soluble in fluids and thus subsequent-

ly enriched in the continental crust relative to oceanic 

crust (Fig. 34) and especially the upper mantle. The 

continental crust is less enriched in less incompatible 

elements, such as Y and Yb, relative to the oceanic 

crust (Fig. 34; Grimes et al. 2007). U and Yb have 

high partition coefficients in zircon and similar at that. 

Zircon also has an affinity for Y, but to a lesser extent 

(Bea et al. 1994). The concentrations in zircon are 

therefore controlled by the availability of these ele-

ments in the melt. Zircon should thus reflect the igne-

ous environment it grew in, and thus have higher U/Yb 

and lower Y concentrations if derived from continental 

crust than if derived from MORB. 

 The U/Yb of the Palaeoproterozoic Birimian 

zircon and Prøven Igneous Complex may with fair 

confidence be explained by this continental crust dif-

ferentiation process, as described above, as it had al-

ready started by then (Bennett 2003). However, to 

ascribe this explanation to the U/Yb of West Green-

land Archean zircon and even the Jack Hills and 

Mount Narryer zircon, the process must have started 

before the formation of host rocks. Hf and Nd isotope 

data from >3.6 Ga crustal gneiss suites and juvenile 

granite zircons and mafic lavas that have higher Nb/Th 

values than primitive mantle do indicate that it had 

started >4 Ga (Bennett 2003, Hawkesworth et al. 

2010) and even as early as >4.45 Ga (Grimes et al. 

2007). 

 Plotting the zircon age against U/Yb reveals 

that it has stayed constant through time (Fig. 35) and 

again places zircons from the Hadean, Archean and 

Palaeoproterozoic under the same hat; the continental 

crust. A number of authors have indeed inferred gra-

nitic magmas as the source of the Hadean zircons from 

various data (Maas et al. 1992, Crowley et al. 2007, 

Grimes et al. 2007). The relatively constant U/Yb may 

thus be implying that there has been no change in the 

processes behind the creation of the continental crust 
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Fig. 33. Discrimination diagram that distinguishes oceanic 

crust zircon from continental crust zircon. The diagonal line 

separates the two environments. The data of this work plot 

within the continental field. (Oceanic MAR, SWIR and EPR 

zircon data obtained from Coogan & Hinton (2006) and 

Grimes et al. (2007). Hadean zircon data obtained from 

Maas et al. (1992), Wilde et al. (2001), Crowley et al. (2005) 

and Cavosie et al. (2006)). 

Fig. 34. Comparison of average continental crust (CC) con-

centrations (Kelemen et al. 2003), average Mid-Ocean Ridge 

Basalt (MORB) concentrations (Klein 2003) and average 

Tonalite-Trondhjemite-Granodiorite (TTG) concentrations 

(Moyen and Martin 2012) for various trace elements. Com-

patibility of elements increases from left to right. MORB is 

depleted in incompatible elements and slightly enriched in 

compatible elements. CC is enriched in incompatible ele-

ments but slightly depleted in compatible elements.  



 

 

and thus that plate tectonics may have started earlier 

than 3.2-3.0 Ga as postulated by some (e.g. Condie & 

Benn 2006, Næraa et al. 2012). This is a rather large 

statement for the U/Yb of zircons from only four envi-

ronments and thus the data set must be increased. 

6.2.2 Phase stability 

Phase stability has been utilised to infer pressures and/

or temperatures of the environment melts originated 

in. Garnet and plagioclase play a large role in that con-

text. Garnet has high partition coefficients for HREE 

in rock types ranging from tholeiite to rhyolite (Sisson 

& Bacon 1992, Green et al. 2000). It is commonly 

used as a barometer as it starts fractionating in melts at 

9-10 kbars at 700°C and 15 kbars at 1000°C (Moyen 

& Martin 2012). Garnet fractionation has been as-

cribed to the middle and lower crust (Huang et al. 

2013). Partition coefficients for HREE in plagioclase 

feldspars are however low opposed to its Eu2+ and 

Strontium (Sr) partition coefficients (Nagasawa 1971). 

Plagioclase feldspar can be stable at temperatures up 

to 1100°C in dehydrated systems whereas in hydrated 

systems it becomes unstable at temperatures and pres-

sures below the garnet stability field (Moyen & Martin 

2012). Plagioclase fractionation has thus been related 

to shallow to mid crustal depths (Kemp & Hawkes-

worth 2003) and subsequent low pressures. Coupled 

with garnet, these may serve to constrain the pressure 

at which melt is originated. The possibility of seeing 

these signatures in zircon may serve the same purpose 

in detrital zircon. 

 

6.2.2.1 Plagioclase 

The Eu2+, so incompatible in zircon, is very compati-

ble in plagioclase feldspar (NaAlSi3O8 – CaAl2Si2O8), 

as it has the same valence state and a similar ionic ra-

dius to Ca2+ (1.14 Å) (Shannon 1976, Deer et al. 1993). 

Fractionation of  plagioclase feldspar will thus deplete 

the melt in Eu2+ and thus zircon even more during par-

tial melting or fractional crystallisation (Kemp & 

Hawkesworth 2003). This is particularly true for felsic 

magmas in the upper continental crust and increases 

with increasing fractionation. A similar principle ap-

plies to Sr. Sr forms a divalent ion with an ionic radius 

of 1.32 Å, which is very similar to Ca2+ (1.14 Å) and 

Eu2+. Therefore Sr will fractionate into plagioclase 

feldspar and leave the remaining melt depleted in Sr 

and consequently zircon (Shannon 1976, Kemp & 

Hawkesworth 2003). Feldspar fractionation thus gives 

rise to increasingly negative Eu-anomalies and that 

should correlate with decreasing amounts of Sr in zir-

con.  

 Discrimination diagrams (Fig. 36) highlight 

the difference between the modern oceanic MAR, 

SWIR and EPR zircon and West Greenland Archean 

zircon, on one hand, and PIC and Birimian zircon, - 

and interestingly, Hadean zircon, on the other hand. 

The fact that oceanic zircon has generally lower Eu-

anomalies and Sr concentrations (Fig. 36b-c) may be 

ascribed to its environment, where magmas are less 

fractionated. 

 Relative to the West Greenland Archean zir-

con and the oceanic zircon, the PIC, Birimian and Ha-

dean zircon trend towards a lower Sr/Nd, larger nega-

tive Eu/Eu* and lower Sr/Eu* (Fig. 36). This trend is 

consistent with plagioclase feldspar fractionation in 

the source and is expected from the Birimian AS-

GH084A, ASGH082A and the PIC zircon, since their 

whole rock compositions display negative Sr- and Eu 

anomalies. In addition, the emplacement temperature 

for PIC falls into plagioclase stability field, at 850°C 

(Thrane et al. 2005). It should be mentioned that sam-

ple ASGH028A has lower Sr/Nd than expected, due to 

LREE enrichment. Also, sample ASGH084A deviates 

visibly from other Birimian zircon (Fig. 36a-b) for the 

the same reason. It lowers the Sr/Nd and Sr/Eu* values 

and decreases the Eu-anomaly and also serves to ex-

plain the lack of gradient, common for other samples, 

in fig. 36c.   

 Fig. 36c shows an anti-correlation between 

Ce/Ce* and Eu/Eu*; with increasing Ce-anomalies and 

negative Eu-anomalies. Interestingly, the zircon popu-

lations show fractionation trends away from their re-

spective whole rock compositions, both with regards 

to Eu/Eu and Ce/Ce*. The trend, or lack thereof, of the 

LREE enriched ASGH028A (Fig. 36c) shows that the 

Ce-anomaly decreases with increasing LREE content 

(Maas et al. 1992, Pettke et al. 2005). 

 The amount of Ce4+ in melt, and consequently 

zircon, increases with increasing oxygen fugacity 

(ƒO2) and decreasing crystallisation temperatures 

(Ballard et al. 2002, Pettke et al. 2005, Claiborne et al. 

2010, Trail et al. 2012). The trend in fig. 36c thus indi-

cates plagioclase feldspar fractionation during frac-

tional crystallisation that is coupled with progressive 

oxidation. This might seem paradoxical, as negative 

Eu-anomalies have also commonly been associated 

with reducing conditions (Hoskin & Schaltegger 

2003). 

 Trail et. al. (2012) experimental data sug-

gests, however, that Eu2+ and Ce4+ can coexist at all 

terrestrial oxygen fugacities in silicate melts and fur-
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Fig. 35. Age vs. U/Yb ratios. Ages were obtained with U-Pb 

methods. No significant change in U/Yb can be observed 

from 4.4 Ga to 1.9 Ga.) See Fig. 33 for Hadean zircon refe-

rences). 



 

 

ther state that because Eu2+ is also dependent on oxy-

gen fugacity, feldspar fractionation is not necessarily 

required to create a Eu-anomaly in zircon. 

 In addition,  increasing Ce-anomalies in zir-

con may not necessarily be controlled only by increas-

ing oxidation. Crystallisation of other phases in which 

LREE3+ are compatible, but Ce4+ is not, may leave 

zircon as the only phase with kinship for Ce4+. Ce4+ 

becomes concentrated in melt resulting in increased 

availability of Ce4+ for zircon (Claiborne et al. 2010).  

 The high Ce-anomalies observed in the West 

Greenland Archean zircon, coupled with lower Eu-

anomalies, may indicate that oxygen fugacity holds 

less control on the Eu2+ in magmas than Ce4+. Given 

that no feldspar fractionation occurred in the source 

rock, this contradicts the trend in the PIC and Hadean 

zircon, which do not deviate much from the Archean 

zircon with regard to the Ce-anomalies but have larger 

negative Eu-anomalies. However, plagioclase feldspar 

fractionation explains this trend perfectly. Indeed, 

Zhang et al. (2010) and Burnham & Berry 2012 note 

that feldspars control the Eu contents over the oxida-

tion state.  

 There are indicators of plagioclase fractiona-

tion other than decreased Sr concentrations and nega-

tive Eu-anomalies. PIC and Birimian (minus AS-

GH030A) whole rock data reveals increased amounts 

of Nb, Ta and HREE compared to the West Greenland 

Archean zircon, thus indicating that the magma was 

within the feldspar stability field. Perhaps the simplest 

explanation is the best one and feldspar fractionation 

occurred in the source of the Brimian (minus AS-

GH030A) and PIC zircon populations. 

  

6.2.2.2 Overlap 

However, there is a prominent overlap between the 

West Greenland Archean zircon, and PIC and Bi-

rimian zircon in all three diagrams (Fig. 36). This is a 

surprising feature since it may suggest that feldspar 

fractionation occurred also in the source of some of the 

West Greenland detrital zircon. The Archean crust is 

composed mainly of Tonalite-Trondhjemite-

Granodiorite (TTG) rock suites. It may therefore be 

assumed that the source rock of the West Greenland 

Archean zircons is  TTG. TTGs have long been associ-

ated with generation at pressures that place them be-

low the plagioclase feldspar stability field and thus the 

plagioclase fractionation signature is unexpected.  

 TTGs are felsic intrusive rocks very common 

in the Archean but otherwise rare (Moyen & Martin 

2012). There is a common consensus that TTGs derive 

from a hydrous mafic source but the geodynamic envi-
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Fig. 36. A) Plagioclase fractionation is indicated by lower Sr/Eu* and Sr/Nd ratios. B) Plagioclase fractionation is indicated by 

larger negative Eu-anomalies and lower Sr/Nd ratios. C) Plagioclase fractionation is indicated by larger negative Eu-anomalies. 

Zircon populations tend to trend away from their host rock composition. (See fig. 33 for Hadean and ocean zircon references. 

Additional Hadean data from Iizuka et al. 2006.) 



 

 

ronment remains controversial and probably cannot be 

ascribed to one single setting (Moyen & Martin 2012). 

Broadly speaking, three theories prevail for the origin 

of Archean TTG rocks. TTGs that contain comparably 

high amounts of HREE have often been related to plat-

eau processes. Upwelling in the mantle causes the base 

of the oceanic crust to heat up and generate high-

HREE TTGs. The high amount of HREE is interpreted 

to reflect a garnet-free source and thus a lower pres-

sure and depth of the TTG source environment (Martin 

& Moyen 2012). Contrasting this upwelling process, 

another process called downwelling may also generate 

TTGs, however these contain medium amounts of 

HREE. The mantle or the base of oceanic crust delam-

inates and sinks into the mantle (Kröner & Layer 

1992). The increased pressure causes devolatilisation 

of these mafic fragments and subsequent melting. 

When this melt interacts with the mantle it may yield 

subduction zone-like magmas and thus TTGs (Martin 

& Moyen 2012). Both theories require a stagnant litho-

sphere; a single rigid, plate that covers the entire sur-

face (Moresi & Solomatov 1998, Martin & Moyen 

2012). The third and most commonly assumed hypoth-

esis requires the lithosphere to be mobile, much like it 

is today. In this model TTGs formed in subduction 

zones. 

 The available compositions of TTG rocks 

near the retrieval locations (Kalsbeek 2001, Steenfelt 

et al. 2005, Szilas et al. 2013) of the zircons bear geo-

chemical characteristics of high HREE TTGs, and thus 

upwelling processes. The REE profile is almost identi-

cal, as well as the K2O/Na2O, TiO2, Fe3O2, Cr and Ni 

concentrations. Most other element concentrations and 

ratios fall in the field between medium HREE and high 

HREE TTGs. The significant overlap present in the 

diagrams thus may be explained by plagioclase frac-

tionation in the source of some of the West Greenland 

Archean zircon. It implies that the zircon originated at 

lower pressures than is commonly depicted for TTGs 

and thus perhaps in an upwelling setting origin. 

 

6.2.2.3 Garnet 

Garnet fractionation has been inferred from e.g. REE 

diagrams, high Sr/Y and La/Yb of rocks. It is indicated 

by low Y and Yb concentrations and high Sr/Y and 

La/Yb (Fig. 37a and c), as it depletes the melt in 
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Fig. 37. A) Diagram that discriminates between typical arc 

rocks and TTG rocks based on Yb concentrations and 

chondrite normalized La/Yb (Modified after Moyen 2011). 

B) The chondrite normalized La/Yb vs. Yb whole rock di-

scrimination can not be interpolated into zircon. No explai-

nable trend is visible. C) Diagram that discriminates 

between typical arc rocks and TTG rocks based on Y con-

centrations and Sr/Y ratios (Modified after Martin & Moyen 

2012). D) The Y vs. Sr/Y w. r. discrimination can not be 

interpolated into zircon. No explainable trend is visible.  



 

 

HREE (Zhang et al. 2010). The only sample that falls 

into the garnet fractionation field is w.r. ASGH030A 

(Fig. 37a and c) indicating a deeper crustal source than 

other populations plotted. This garnet fractionation 

signature is not present in zircon. In fact, no trends are 

visible in the zircon images (Fig. 37b and d). Rubatto 

& Hermann (2007) provide the explanation for the 

lack of trends in fig. 37b and d. The zircon/garnet 

HREE partitioning is controlled by temperature. At 

1000°C the zircon/garnet is ~1 but at ≤850°C the zir-

con/garnet is >1. Thus garnet is relatively incompetent 

in competing for HREE relative to zircon.  

 

7 Conclusions 
 

Birimian sample PK105 is extensively enriched 

in LREE, as well as, but to a lesser degree, AS-

GH028A. Other Birimian samples are also vari-

ably enriched in LREE. This is caused by radia-

tion damage and subsequent hydrothermal al-

teration as indicated by lower Ce-anomalies 

and increased La, U and Th concentration. Ana-

lytical errors, metamorphism, inclusions were 

excluded as the cause of this LREE enrichment. 

  

The usefulness of zircon as a discriminant tool 

of igneous processes is sensitive to secondary 

processes (e.g. alteration), which may skew the 

signal zircon sends. It is therefore pertinent to 

carefully screen the zircon populations as out-

lined here to avoid second order effects. 

 

Metamorphic effects may be determined based 

on low Th/U, increased Hf concentrations, ex-

ternal morphology and internal structures 

(Hoskin & Black 2000, Hoskin & Schaltegger 

2003). Subsequently, screening for inclusions 

may be conducted. Apatite presence is depicted 

coupling P vs. (REE+Y)/P and P vs. (Pr/Gd)N 

diagrams. Th vs. (La/Sm)N, P vs. (Pr/Gd)N and 

Ca vs. ΣLREE depicts the presence of mo-

nazite, xenotime and allanite inclusions. Ti vs. 

ΣLREE displays titanite inclusions. If neither 

metamorphism or inclusions explain LREE 

enrichment, hydrothermal alteration may. 

Coupling Th+U vs. (La/Gd)N with the La vs. 

(Sm/La)N and (Sm/La)N vs. Ce/Ce* diagrams of 

Hoskin (2005) displays hydrothermal alteration 

and the commonly mentioned prerequisite, ra-

diation damage. 

 

The West Greenland Archean zircon, the 

Prøven Igneous Complex zircon and Birimian 

zircon fall within the continental field on a Y 

versus U/Yb discrimination diagram, implying 

that these zircons formed in magmas of conti-

nental crust affinity. 

 

The U/Yb of all zircon populations used in this 

work, remains relatively constant through time. 

This may imply that continental crust generat-

ing processes have remained unchanged 

through time and that plate tectonics might 

have started much earlier than  the commonly 

postulated 3.2-3.0 Ga. 

 

The weak negative Eu-anomaly and lower Sr 

concentrations of the MAR and SWIR zircon 

stems from the fact that these are derived from 

less fractionation magmas than continental 

magmas. 

 

Signatures of plagioclase fractionation in the 

source of West Greenland Archean zircon are 

weaker than in the Prøven Igneous Complex 

zircon, Birimian zircon and Hadean zircon. 

This implies that the latter populations crystal-

lised at shallower depths, where plagioclase 

was a stable phase in the source; at mid– to 

shallow crustal depths. 

 

The apparent overlap between the West Green-

land Archean zircon and other continental zir-

con in this work demonstrates that plagioclase 

fractionation occurred in the source of some of 

the West Greenland Archean zircon. Indeed, 

whole rock compositions of local Archean 

TTGs may be classified as high-HREE TTGs. 

Shallower depths, within the plagioclase stabil-

ity field, have been depicted for these TTGs as 

well as upwelling setting (Martin & Moyen 

2012). 

 

As noted by Rubatto & Hermann (2007) an 

attempt to find garnet fractionation trends in 

zircon proved futile due to the high zircon/

garnet partition coefficient ratios, which lead to 

poorly resolved REE contrasts. 
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Appendix B 
 

Laser ablation LA-SF-ICP-MS analysis  
 

Trace element concentrations were determined on thin 

sections by isotopic analyses using laser ablation sec-

tor-field inductively coupled plasma mass spectrome-

try (LA-SF-ICP-MS) at the Geological Survey of Den-

mark and Greenland (GEUS). A UP213 frequency-

quintupled Nd:YAG solid state laser system from New 

Wave Research (Fremont, CA) employing two-volume 

cell technology was coupled to an ELEMENT 2 dou-

ble-focusing single-collector magnetic SF-ICP-MS 

from Thermo-Fisher Scientific. The mass spectrometer 

was equipped with a Fassel-type quartz torch shielded 

with a grounded Pt electrode and a quartz bonnet. Op-

erating conditions and data acquisition parameters are 

listed here on the right. 

 To ensure stable laser output energy, a laser warm

-up time of 15-20 minutes were applied before opera-

tion, providing stable laser power and flat craters by a 

“resonator-flat” laser beam. The mass spectrometer 

was run for min. one hour before analyses to stabilize 

the background signal. Prior to loading, samples and 

standards were carefully cleaned with ethanol to re-

move surface contamination. After sample insertion 

the ablation cell was purged with helium carrier gas 

for a minimum of 15 minutes to minimize gas blank 

level. Helium was used as carrier gas for the ablated 

material and was mixed with argon make-up gas ca. 

0.5 m before entering the plasma. 

 The ICP-MS was optimised for dry plasma condi-

tions through continuous linear ablation of the NIST 

612 glass standard. The signal-to-noise ratios were 

maximized for isotopes in the middle and heavy iso-

topic mass range while opting for low element-oxide 

production levels by minimising the 156CeO/140Ce and 
254UO2/

238U ratios. Instrumental drift was minimized 

by using a standard-sample-standard analysis protocol, 

bracketing 10 sample analyses by 2-4 measurements of 

the NIST-612 standard. The quality of the standard 

measurements was controlled by NIST-614 (nominal 

trace element conc. ~ 1 ppm) and NIST-612 glasses 

measured as known-unknown during the analytical 

sequence. 

 Data were acquired from single spot analysis of 

25 or 40 μm, using nominal laser fluence of 10 J/cm2 

and a pulse rate of 10 Hz. Two different analysis con-

ditions using slightly different sampling times were 

employed to improve precision of a first round of anal-

yses. Spot size and laser output energy was kept con-

stant during individual analysis sequences. Total ac-

quisition time for single analyses were ~83 sec., in-

cluding 30 sec. gas blank measurement followed by 

laser ablation for 30 sec. and washout for 20 sec. Fac-

tory-supplied software from Thermo-Fisher Scientific 

was used for the acquisition of the transient data, ob-

tained through pre-set spot locations. Data reduction 

and determination of concentrations was performed off

-line through the software Iolite (Hellstrom et al. 2008, 

Paton et al. 2011). 

Tonny Bernt Thomsen 

November 2012 

Petrologi og malmgeologi 

Geologiske Undersøgelser for Danmark og Grønland 

(GEUS) 

 

LA-SF-ICP-MS operating and data acquisition parameters

Laser system New Wave Research UP213 solid state Nd:YAG laser 

with aperture imaging

Laser wavelength 213 nm (Nd:YAG)

Laser mode Q-switched (Nd:YAG)

Nominal pulse width 4 ns (Nd:YAG)

Repetition rate 10 Hz

Spot sizes (diameter) 25 μm (most) and 40 μm (a few analyses)

Energy density on sample 10 J/cm
2
 (homogenized energy distribution)

Ablation cell Standard type (small) volume cell

Ablation cell gas flow rates 330-370 ml/min He

Tubing for gas flow Tygon S-50 HL (5 mm i.d.)

Laser beam focus Fixed at sample surface

ICP-MS Thermo-Fisher Scientific ELEMENT 2 double-

focusing sector-field ICP-MS

Interface cones Ni sampler and skimmer cone

Detector type single-collector discrete dynode electron multiplier

Detector mode cross-calibrated pulse counting and analogue

Detector vacuum 10
-7

 mbar (during analysis)

Argon gas flow rates (l/min):

          Plasma 16

          Auxiliary 0.90

          Sample 0.94-0.97

RF power 1115-1120 W

Lenses (V):

          Extraction -2000

          Focus -870

          X-Deflection 4.25

          Y-Deflection -3.50

          Shape 107

SEM potential 2375 V

Data acquisition and processing

Isotopes measured (sampling 

times in ms in brackets)

29
Si (10), 

31
P (10/20), 

43
Ca (10), 

44
Ca (5), 

49
Ti (10/20), 

51
V 

(10/20), 
88

Sr (10/20), 
89

Y (10/20), 
93

Nb (10/20), 
139

La 

(20/100), 
140

Ce (10/20), 
141

Pr (10/20), 
146

Nd (10/20), 

147
Sm (10/30), 

153
Eu (10), 

157
Gd (10), 

159
Tb (10), 

163
Dy 

(10), 
165

Ho (10), 
166

Er (10), 
169

Tm (10), 
172

Yb (10), 
175

Lu 

(10), 
178

Hf (10), 
181

Ta (10), 
206

Pb (10), 
207

Pb (10), 
232

Th 

(10), 
238

U (10)

Settling times 1 ms; 10-34 ms at magnet jumping (7 jumps)

Integration window 10 % except Si (100%) and P,Ca, Ti, V (80 %)

Samples per peak 1

Aquisition mode Time resolved analysis

Scan type E-scan

Detection mode Both

Integration type Average

Mass resolution Low (300)

Oxide production rate Tuned to ≤ 0.6% UO2 (
254

UO2/
238

U)

Analysis duration 30 s. blank, 30 s. ablation and 20 s. washout.

Software for data reduction Iolite vers. 2.2 (Hellstrom et al. 2008)

External standardization NIST-612

Internal standard isotopes 29
Si
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