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ABSTRACT
The Arabian–Nubian Shield (ANS) represents a major site of juvenile Neoproterozoic crustal addition on Earth
and documents Neoproterozoic tectonics bracketed by two supercontinent cycles, namely the fragmentation of
Rodinia and the amalgamation of Gondwana. There is general consensus that the ANS formed by juvenile magmatic
arc accretion and subsequent shield–wide post–tectonic magmatism. However, detailed understanding about the
timing of events and the nature of magma sources in parts of the shield are lacking. To date, there are no isotopic
data from the Paleozoic sedimentary sequences of the ANS, except those from the northern part. New zircon
8±3Eį18O and whole–rock Nd isotopes are presented for plutonic rocks from the eastern Ethiopia, Yemen and
VRXWKHUQPRVW$UDELDQ6KLHOGLQ6DXGL$UDELD7KLVWKHVLVDOVRSUHVHQWVWKH¿UVWFRPELQHGin situ zircon U–Pb–O–
Hf isotope data on the Cambrian–Ordovician sandstones of the Arabian Shield. The results are used to elucidate
WKHFUXVWDOHYROXWLRQRIWKHVHSDUWVRIWKH$16DQGWRHYDOXDWHWHUUDQHFRUUHODWLRQV6SHFL¿FDOO\WKHQDWXUHRI
crustal growth, i.e., relative proportions of juvenile magmatic additions vs. crustal reworking, nature of the magma
source and mechanism of crust formation (plume material vs. subduction zone enrichment) and understanding
the provenance of the Cambrian–Ordovician sandstone sequences were important research questions addressed.
The results from Paper I suggest that the eastern Ethiopian Precambrian basement is dominated by reworking
of pre- Neoproterozoic supracrustal material unlike contemporaneous rocks in the remaining parts of Ethiopia—
indicating the presence of two distinct lithospheric blocks of contrasting isotopic compositions in Ethiopia.
Metamorphic age distributions suggest that the eastern Ethiopian block was amalgamated with the juvenile
Western Ethiopian Shield during ca. 580– 550 Ma. Importantly, the suture between them may represent the
QRUWKHUQFRQWLQXDWLRQRIDPDMRUVXWXUHLGHQWL¿HGIXUWKHUVRXWKLQ$IULFDDORQJZKLFK*RQGZDQDDPDOJDPDWHG
Similarly, the Abas terrane in Yemen (Paper II) is dominated by reworking of pre–Neoproterozoic crust and shows
DJHDQGLVRWRSLFFRPSRVLWLRQVWKDWDUHLQFRQVLVWHQWZLWKWKH$¿IWHUUDQHRI6DXGL$UDELDSUHFOXGLQJFRUUHODWLRQ
between the two regions. The trace element systematics of plutonic rocks from the southernmost Arabian Shield
(paper III) point to enrichment due to subduction component, bear no evidence of a plume component, and are
consistent with the adakite-like chemistry of some of the subduction–related plutonic samples. This reinforces the
notion that the shield grew through juvenile magmatic arc additions. The combined zircon U–Pb– O–Hf data of the
Cambrian–Ordovician sandstones (Paper IV) indicate their derivation from both the adjacent juvenile ANS and
the more southerly crustal blocks that are dominated by reworking of pre–Neoproterozoic crust. The remarkable
similarity in age spectra and homogeneity of Cambrian sandstones deposited across the northern margin of
Gondwana point to continental–scale sediment mixing and dispersal regulated by the supercontinent cycle.

i

SAMMANFATTNING
I den Arabiska-Nubiska skölden (ANS) förekommer ett av de största och bäst blottade områdena på Jorden
med juvenil Neoproterozoisk jordskorpa. Sköldområdet uppvisar Neoproterozoisk tektonik som begränsas
i tid av två ”superkontinent-cykler”; nämligen fragmenteringen av Rodinia och amalgameringen av
*RQGZDQD 'HW ¿QQV HQ NRQVHQVXV RP DWW$16 ELOGDGHV JHQRP WLOOYl[W DY MXYHQLO PDJPDWLVN |EnJHVNRUSD
och efterföljande storskalig post-tektonisk magmatism. En detaljerad förståelse av tidsförloppen för olika
geologiska händelser och karaktären för magmatismen i delar av skölden saknas emellertid. Till dags dato
har det ej funnits isotopdata för Paleozoiska sedimentära bergartssekvenser inom ANS, med undantag för
GHQQRUUDGHOHQ1\DGDWDSUHVHQWHUDVKlUI|U83ERFKį2L]LUNRQRFK1GLVRWRSHULSOXWRQLVNDEHUJDUWHU
från östra Etiopien, Yemen och från sydligaste delen av den Saudi-Arabiska skölden i Saudiarabien. I denna
avhandling presenteras även den första studien med kombinerade, in-situ U–Pb–O–Hf isotopdata för zirkoner
separerade från sandstenar av Kambrisk-Ordovicisk ålder från den Arabiska skölden. Resultaten har använts
för att tolka den krustala utvecklingen av nämnda områden inom ANS och för att korrelera olika geologiska
RPUnGHQ)RNXVKDUOHJDWSnDWW|NDI|UVWnHOVHQDYMRUGVNRUSDQVXWYHFNOLQJRFKPHUVSHFL¿NWDWWNYDQWL¿HUD
andelen magmatiskt nybildad berggrund respektive den andel som representerar tektonisk omarbetning av äldre
material, källan för magmatismen och mekanismer för krustal tillväxt (plym- versus subduktions-relaterad). En
annan vital frågeställning har gällt provenansen för de undersökta sandstenarna av Kambrisk-Ordovicisk ålder.
5HVXOWDWHQVRPnWHU¿QQVL8SSVDWV,LQGLNHUDUDWWEDVHPHQWL|VWOLJD(WLRSLHQGRPLQHUDVDYRPDUEHWQLQJ
av pre-Neoproterozoisk suprakrustalt material som skiljer sig från likåldrig berggrund i andra delar av
Etiopen. Detta förhållande innebär att två distinkt olika berggrundsblock med skilda isotopsignaturer
kännetecknar litosfären i Etiopien. Zirkonåldrar som tolkas motsvara metamorfa händelser implicerar att det
östra etiopiska blocket amalgamerades med ett västligt block, som kännetecknas av juvenil berggrund, för ca
580-550 miljoner år sedan. Suturen mellan dessa block kan representera en nordlig förlängning av en megaVXWXUOlQJUHV|GHUXWL$IULNDVRPLVLQWXUGH¿QLHUDUHQ]RQXWHIWHUYDUVJUlQVDPDOJDPHULQJDY*RQGZDQD
kontinenten ägde rum. I likhet med ovan, är Abas-terrängen i Yemen (Uppsats II) dominerad av berggrund
som utgör upparbetad äldre (pre-Neoprotrerozoisk) krusta. Denna terräng uppvisar en isotopsystematik
RFK nOGUDU VRP LFNH lU I|UHQOLJ PHG$¿IWHUUlQJHQ L 6DXGL$UDELHQ YLONHW LQQHElU DWW GHVVD WHUUlQJHU LQWH
kan korreleras på en geologisk basis. Spårelementsvariationer hos plutoniska bergarter från den allra
sydligaste delen av den Arabiska skölden (uppsats III) tolkas som att en anrikning skett genom påverkan
DY HQ VXEGXNWLRQVNRPSRQHQW 6SnUHOHPHQWV\VWHPDWLNHQ YLVDU LQJD WHFNHQ Sn QnJRW LQÀ\WDQGH DY HQ SO\P
komponent och detta stöds också av en adakit-lik kemi för några av de subduktionsrelaterade plutoniterna.
Detta förhållande understryker att skölden tillväxte genom additioner av juvenilt öbågerelaterat material.
Kambrisk-Ordoviciska sandstenar har undersökts med olika metoder (uppsats IV) och kombinerade U-PbO-Hf isotopdata är förenligt med att utgångsmaterialet till dessa bergarter kom dels ifrån närliggande juvenil
$16 EHUJJUXQG OLNVRP IUnQ NUXVWDOD EORFN VRP nWHU¿QQV OlQJUH V|GHUXW YLOND lU GRPLQHUDGH DY RPDUEHWDW
lOGUH SUH1HRSURWHUR]RLVNW PDWHULDO'HW¿QQVHQUHPDUNDEHOOLNKHWKRV.DPEULVNDVDQGVWHQDUEnGHYDGJlOOHU
ålderspektra och homogenitet tvärs över de nordliga delarna av Gondwana. Detta kan tas som en indikation på
att det förekommit en storskalig blandning och transport av sediment som en del av en ”superkontinent-cykel”.
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Fundamentally different modes of convection
occur among planets in the Solar System. While plate
tectonics is known to occur only on Earth, ‘stagnant
lid’ convection prevails in neighboring planets
Venus and Mars (Schubert et al., 2001; Breuer and
Spohn, 2003) and may also have characterized the
earliest Earth (e.g. Kamber et al., 2005). The negative
buoyancy of cold and dense oceanic lithosphere
primarily drives modern–style plate tectonics on Earth
via slab-pull mechanisms (Molnar and Atwater, 1978;
Patriat and Achache, 1984). Plate tectonic processes
are the direct consequence of mantle convection,
which is strongly dependent upon viscosity and by
implication mantle temperature (van Hunen et al.,
2008). Subduction zones are the major sites of crustal
growth and other tectonic settings such as continental
rifts and hot spots are less important (Stern, 2010;
Taylor and McLennan, 1995). However, some authors
(e.g., Stein and Goldstein, 1996; Stein and Hofmann,
  DWWULEXWH D VLJQL¿FDQW UROH WR PDQWOH SOXPHV
in the generation of the continental crust in the past.
Our understanding of the development and evolution
RI SODWH WHFWRQLFV RQ (DUWK LQÀXHQFHV KRZ ZH YLHZ

The origin, rate and mechanism of crust formation
are fundamental questions in the earth sciences.
Various models have been proposed for the rate of
continental growth through time and are mostly
based on geochronological and isotopic data from

e

1.2. Evolution of the continental crust

lè
gr

The continental crust has an average andesitic
composition and is buoyant because of its lower
density compared to the underlying mantle, resulting
in its preservation over geological time. The presence
of the continental crust on Earth is one of the main
features that distinguish it from other terrestrial planets
in the Solar System (Campbell and Taylor, 1983;
Rudnick, 1995). The contrasting compositional and
mechanical properties of the oceanic and continental
crust are the manifestations of plate tectonics on
Earth and how the planet dissipates heat (Condie,
2011). The vertical extent of both the continental and
RFHDQLFFUXVWLVGH¿QHGE\DMXPSLQSULPDU\VHLVPLF
waves (>7.6 kms–1 DQGLVNQRZQDVWKH0RKRURYLþLü
GLVFRQWLQXLW\ 7KLV VHLVPLFDOO\ GH¿QHG FUXVW±PDQWOH
boundary is not always the same as the compositional
FUXVW±PDQWOHERXQGDU\ *ULI¿QDQG2¶5HLOO\ 
The ocean–continent transition marks the lateral extent
of the continental crust (Cogley, 1984; Levander et al.,
2006). The thickness of the continental crust varies
between 30 and 80 km, averaging ~39 km (Christensen
and Mooney, 1995). The thickness can be greatly
attenuated in regions of active continental rifting, e.g.,
the Afar Rift System, part of the Main Ethiopian Rift,
is only 16 km thick (Hayward and Ebinger, 1996).

d

19

n
Ra

&
y
6
99
rle
n1
Hu
wi
d
o
Go

Al

1.1. The continental crust

the history and dynamics of extraterrestrial planets
and their habitability (Kasting and Catling, 2003;
Korenaga, 2013). Despite consensus that the prime
mechanism driving the evolution of the Earth system
and planetary habitability is plate tectonics, when
and how it began is a matter of considerable debate
(e.g., Condie and Pease, 2008). Consensus is lacking
regarding when plate tectonics on Earth began, with
suggestions spanning almost the entire Earth’s history.
These diverging views partly stem from the varying
emphasis placed upon different criteria to recognize
the operation of plate tectonics. For instance, Stern
(2008, 2005) proposed modern-style plate tectonics
began in the Neoproterozoic. The evidence put
forward in support of this claim is the lack of highpressure metamorphic rocks and ophiolites of preNeoproterozoic age (Stern, 2005). On the other hand,
some authors (e.g., Harrison et al., 2008; Hopkins
et al., 2008) suggest that plate tectonics began in
the Hadean (> 4.0 Ga). These very early estimates
for the onset of plate tectonics are mainly based on
the oxygen isotope signatures and geochemistry
of Hadean zircons, and mineral inclusions in these
zircons, which suggest they may be derived from
evolved continental crust (Mojzsis et al., 2001; Wilde
et al., 2001). The majority of authors, however,
suggest that plate tectonics began in the Archean
(Brown, 2006; Condie et al., 2008; Kranendonk
et al., 2007; Shirey et al., 2008; Tang et al., 2016).

Cumulative volume (%)

1. INTRODUCTION
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Figure 1. Crustal growth curves through time from the
+DGHQWRWKHSUHVHQW0RGL¿HGIURP&DZRRGHWDO  

rocks and minerals. Early models (Hurley and Rand,
1969) proposed a linearly increasing continental
crustal growth rate from ca. 3.1 Ga (Fig. 1). This

1

Sediments are good natural samplers of the
extant continental crust at the time of erosion and
sedimentation. It is possible that, especially for
Precambrian terranes, plutons have either been fully
eroded (erased) from the geological record or are
buried under younger sediments, and that sediment
detritus is their only vestige. A good example is the
Jack Hills metasedimentary sequence, which contain
zircons as old as ca. 4.4 Ga (Wilde et al., 2001) yet
rocks older than the Acasta gneiss (ca. 4.03 Ga) are
unknown globally (Bowring and Williams, 1999).
The ages of orogenic granites and detrital zircon
through time, as well as other geological proxies,
show uneven distributions with peaks and troughs
(Campbell and Allen, 2008; Condie, 1998; Condie et
al., 2009; Hawkesworth and Kemp, 2006; Iizuka et
al., 2013; Kemp et al., 2006; this thesis). The peaks
in zircon U-Pb ages (Fig. 2) broadly correlate with
the time of supercontinent assembly (Campbell
and Allen, 2008). Other geological proxies such
as the abundance of passive margins, seawater
87
Sr/86Sr ratios and high-grade metamorphism also
VKRZ ÀXFWXDWLRQV ZKLFK DSSHDU WR EH FRQWUROOHG E\
supercontinent cyclicity (Bradley, 2011; Brown,
2007; Veizer and Mackenzie, 2014). For instance,
the abundance of Phanerozoic passive margins shows
ÀXFWXDWLRQV WKDW FRLQFLGH ZLWK WKH DVVHPEO\ WHQXUH
and dispersal of the supercontinent Pangea, and
similar patterns are observed for Precambrian passive
margins as well (Bradley, 2011). The secular trends
in zircon crystallization ages have been interpreted
in two fundamentally different ways. Some authors
relate the peaks in ages to major short–lived episodes
of juvenile crust formation associated with enhanced
mantle plume activity (Albarède, 1998; Arndt, 2013;
Condie, 1998; Reymer and Schubert, 1986; Stein
and Goldstein, 1996; Stein and Hofmann, 1994).
Such pulses of accelerated crustal growth have been
interpreted to result from superplume events caused
by a descending slab(s) catastrophically sinking to the

2
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model is mainly based on whole-rock Rb-Sr and
K-Ar geochronological data (Hurley, 1968; Hurley
and Rand, 1969); we now know, however, that the
lower closure temperatures of these isotopic systems
makes them susceptible to isotopic homogenization
or disturbance during later tectonothermal events that
may bias them towards younger ages (e.g., Cawood et
al., 2013). A second model proposes a surge in the rate
of continental growth earlier in earth history followed
by steady-state growth (Armstrong, 1981; Fyfe, 1978;
Fig. 1). Other models (e.g., Belousova et al., 2010;
Dhuime et al., 2012; Fig. 1) infer continuous growth of
the continental crust with a rapid rate in the Archean.
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Figure 2. Global detrital zircon distribution (n > 100, 000;
FRQFRUGDQWDQDO\VHV DQGWLPHVRIVXSHUFRQWLQHQW
formation throughout Earth history. Redrawn from Cawood et al. (2013) with data from Voice et al. (2011).

base of the upper mantle (Condie, 1998) or to mantle
overturn and penetrative convection triggered by a
descending slab(s), both of which result in rapid and
extensive crust generation through accretion of plume
heads (Stein and Hofmann, 1994). In this episodic
crust generation model, age gaps in the zircon age
spectra are interpreted to represent quiescent periods
of low crust–formation during two–layer mantle
convection cycles and crustal growth via arc accretion
(Stein and Hofmann, 1994) or in some cases to be due
to a cessation of magmatism (Condie et al., 2009b).
Another model links the peaks in the age spectra to
supercontinent cyclicity (Campbell and Allen, 2008;
Condie et al., 2011; Condie and Aster, 2010; Gurnis
and Davies, 1986; Hawkesworth et al., 2009, 2010;
Lancaster et al., 2011). As we go further back in time, the
uncertainty on the timing of supercontinent assembly,
tenure and dispersal becomes larger, and relating the
zircon crystallization age peaks to supercontinent
assembly is less straightforward (Arndt, 2013).

2. GEOLOGICAL BACKGROUND
The late Neoproterozoic to early Cambrian
assembly of Gondwana along the East African
Orogen (EAO) (Stern, 1994) resulted in one of the
largest mountain belts in Earth’s history (Squire et
al., 2006). The assembly of Gondwana coincided
with dramatic changes in ocean chemistry (e.g., the
increase in the 87Sr/86Sr isotopic excursion), a surge in
atmospheric oxygen, a major oxygenation of the deep
oceans, ‘snowball’ glaciations and the emergence and
expansion of animals (Bradley, 2011; Campbell and
6TXLUH&DQ¿HOGHWDO)LNHHWDO
Squire et al., 2006). The higher erosion rates of the
‘Transgondwanan supermountains’, formed in the
aftermath of Gondwana amalgamation, are thought

to have enhanced photosynthetic O2 production
(Campbell and Allen, 2008; Campbell and Squire,
2010). Thus, the implication is that the formation of
Gondwana controlled ocean chemistry, oxygenation
events and erosion at the end of the Neoproterozoic.
Therefore, understanding the detailed chronology of
events and deciphering the origin of Neoproterozoic
crustal segments such as the Arabian–Nubian
Shield (ANS) contributes to our understanding
of this important period in Earth’s history.
$ERXW D ¿IWK RI WKH H[SRVHG FRQWLQHQWDO FUXVW LV
estimated to be Neoproterozoic in age or reworked
during this time (Stern, 2008b). Neoproterozoic crust
formation is likely to be more important than yet
FRQVLGHUHG 6WHUQ E  LGHQWL¿HG WKH IROORZLQJ
possible reasons as to why Neoproterozoic crustal
growth could be more important than appreciated:
(1) Most Neoproterozoic crust and the now dispersed
the parts of the supercontinent Gondwana occur in
regions that lack detailed studies related to crustal
evolution; (2) The Neoproterozoic lithospheric
mantle is generally denser than the lithosphere of
older cratons, thus Neoproterozoic crust is often
covered by younger sediments due to isostatic
readjustment; and (3) In some regions, Neoproterozoic
crust is masked by younger tectonomagmatic events,
so understanding its true extent requires detailed
geochronological and isotopic investigations.
The Arabian–Nubian Shield (Figure 3) represents
a protracted accretion of juvenile arc terranes with
anomalously high rate of juvenile magmatic addition
(Duyverman et al., 1982; Johnson and Woldehaimanot,
2003; Patchett and Chase, 2002; Reymer and Schubert,
1984; Stern, 1994). Until Tertiary time, the shield was
blanketed by a thick Paleozoic sequence. Rifting of the
Red Sea accompanied by regional uplift exposed the
Neoproterozoic crystalline basement of the ANS on
LWVÀDQNV &RRSHUHWDO 7KH$16GRPLQDQWO\
formed through magmatic arc addition within the
Mozambique Ocean (Fleck et al., 1980; Stern, 1994;
Stoeser and Frost, 2006). Abundant Neoproterozoic
ophiolites (ca. 870–690 Ma) in the ANS are consistent
with a convergent margin setting (Berhe, 1990; Stern
et al., 2004). The evolutionary history of the ANS is
intimately linked with Neoproterozoic supercontinent
cycles (Stern, 1994; Stern and Johnson, 2010) and
the northern sector of the East African Orogen
underwent a series of orogenic events bracketed by
the fragmentation of Rodinia (ca. 879 Ma) and the
assembly of Gondwana (ca. 550 Ma) (Jacobs and
Thomas, 2004; Johnson and Woldehaimanot, 2003; Li
et al., 2008; Stern, 1994; Yeshanew et al., 2017). The
ANS is therefore an ideal place to study Neoproterozoic

plate tectonics and crust forming processes, as well as
Neoproterozoic development of oceans, weathering,
seawater compositions and atmosphere development
(Pease and Johnson, 2013; Stern et al., 2013).
The Neoproterozoic age and juvenile nature of
the ANS is well-known from geochronological and
radiogenic isotopic studies (Be’eri-Shlevin et al.,
2010; Duyverman et al., 1982; Fleck et al., 1980;
Hargrove et al., 2006; Stern, 2002, 1994; Stoeser
and Frost, 2006). Xenolith investigations, such as
those from the Cenozoic basalts (Mcguire and Stern,
1993; Stern et al., 2016; Stern and Johnson, 2010),
indicate the juvenile character of the lower crust and
lithospheric mantle of the ANS which likely formed
concurrently with its upper crust (Stern and Johnson,
2010). However, reworked pre-Neoproterozoic
crustal fragments are recognized at the ANS margins.
These pre–Neoproterozoic crustal fragments include
the isotopically delineated Khida sub–terrane in
eastern Saudi Arabia (Fig. 4; Agar et al., 1992;
Stacey and Agar, 1985; Whitehouse et al., 2001), the
arc–gneiss collages of the Precambrian basement of
Yemen (Whitehouse et al., 2001; Windley et al., 1996;
Yeshanew et al., 2015) and the eastern Ethiopian–
northwestern Somalian crustal block (Fig. 3; Kröner
and Sassi, 1996; Teklay et al., 1998; Yeshanew et
al., 2017). Based on zircon inheritance patterns,
Hargrove et al. (2006) suggested that about a third
of the juvenile core of the ANS was contaminated
by continental material. The Sa’al metamorphic
complex in Sinai yielded crystallization ages of ca.
1.0–1.1 Ga with minor Paleoproterozoic and Archean
inherited zircons (Be’eri-Shlevin et al., 2012; Be’eriShlevin et al., 2009). These authors interpreted
the late Mesoproterozoic crystallization ages to
indicate the presence of Mesoproterozoic crust in the
northernmost ANS. A comprehensive compilation of
]LUFRQLQKHULWDQFHLQWKH$16LQGLFDWHVWKDWDERXW
of dated zircons have ages that predate the earliest
tectonomagmatic events in the ANS (Stern et al.,
2010). Furthermore, there is a systematic variation
LQ]LUFRQLQKHULWDQFHSDWWHUQVLQWKH$16ZLWKPD¿F
rocks preserving more inherited zircons than alkalirich felsic ones, and the abundance of inherited
zircons in volcanic rocks is four times their plutonic
counterparts (Stern et al., 2010). Interestingly, the
demonstrably pre-Neoproterozoic Abas terrane
KLJKO\HYROYHGİNd(t)) yielded few inherited zircons
(Yeshanew et al., 2015). This study highlights that
the mere presence or absence of inherited zircons
alone is not a reliable indicator of the true nature
of the source rocks, as the preservation of zircon
is highly dependent upon magma temperature
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and composition (Watson and Harrison, 1983).
The Najd Fault System (NFS) is a strike–slip
fault zone and a principal structure in the Arabian
Shield that post–dates its cratonization (Fig. 4;
Agar, 1987; Stern, 1985). Although displacement
across the NFS is dominantly sinistral along NW–
SE trending branches, local dextral movement has
also been postulated/noted in some parts of the
NFS, particularly across its NNE–SSW trending
branches (Agar, 1987; Kusky and Matsah, 2003). The
occurrence of ‘syntectonic’ plutons within the NFS
may suggest a causal link between Najd deformation
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and magmatism (Johnson et al., 2011; Stern, 1985).
The NFS also played a role in the exhumation of
deep crustal gneiss domes and locally altered crustal
rheology (Johnson et al., 2011; Meyer et al., 2014).
The age, isotopic character, stratigraphy and
structure of the Arabian Shield island arc assemblages
allows them to be divided into eight distinct
tectonostratigraphic terranes with their boundaries
marked by ophiolite–bearing suture zones (Fig. 4b;
Johnson et al., 2011; Johnson and Woldehaimanot,
2003; Stoeser and Frost, 2006). These island arc
terranes form two structural entities: the western arc
terranes consisting of the Midyan, Hijaz, Asir and

Jiddah terranes and the eastern arc terranes consisting
RI WKH +D¶LO $¿I 7DWKOLWK $G 'DZDGLPL DQG $U
Rayn terranes (Stoeser and Frost, 2006). Earlier
amalgamated groups of the western island arc terranes
collided with their eastern counterparts along the N–S
trending, serpentinite–decorated Nabitah Mobile Belt
(NMB) (Fig. 4b; Johnson et al., 2011; Johnson and
Woldehaimanot, 2003; Pallister et al., 1987; Quick,
1991; Stoeser and Camp, 1985). The NMB was affected
by dextral shear throughout its history (Johnson and
Woldehaimanot, 2003). The amalgamation of the
shield along the NMB was accompanied by magmatic,
deformational and metamorphic events collectively
known as the Nabitah orogen (Johnson et al., 2011).
Zircon U–Pb ages of synorogenic plutons within the
NMB, particularly in its southern segment, indicate
that deformation was active during ca. 680–640 Ma
(Stoeser et al., 1985; Stoeser and Camp, 1985). This
HDUOLHU PRGHO DVFULEHV WKH 10% D VLJQL¿FDQW D UROH
in the accretionary and collisional history of the
Arabian Shield, however, recent studies have revised
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Shlevin et al., 2009; Bentor, 1985; Cooper et al.,
1979; Eyal et al., 2010; Fleck et al., 1980; Yeshanew
et al., 2015), and (4) alkaline–peralkaline magmatism
at ca. 600 Ma in an extensional setting suggesting the
end of orogenesis (Be’eri-Shlevin et al., 2009; Bentor,
1985; Eyal et al., 2010; Stern, 1994; Yeshanew
et al., 2015). Although the above evolutionary
scheme for the evolution of the ANS is generally
accepted, the nature of magmatic source regions,
mechanisms of magma generation, and the timing
of transitions between these phases are debated.
The most extensive phase in the ANS magmatic
history is the island-arc stage, which lasted for about
200 Ma, comparable to the lifespan of arc magmatism
LQ ZHVWHUQ 3DFL¿F )OHFN HW DO  6WHLQ  
The arc rocks are mostly calc–alkaline but in some
cases tholeiitic and encompass a wide spectrum
of rock types such as basalts, boninites, andesites,
rhyolites, volcanosedimentary rocks, abundant
tonalite–trondhjemite–granodiorite (TTG) suites
Volumetrically, there is an inverse relationship between
the abundance of island arc intrusive rocks (Stage II)
and the post-tectonic batholiths (Stage III) between the
northern and southern ANS. Post-tectonic granitoids
are predominant in the northern ANS and are least
abundant in the southwestern Arabian Shield (Bentor,
1985; Fleck et al., 1980; Stern and Hedge, 1985),
while the inverse is true for the magmatic arc rocks
of the shield. The volcanic rocks of the post–tectonic
stage, also calc-alkaline in composition (Stage III),
have a geographic bias like their plutonic equivalents.
They are most abundant in the Sinai Peninsula of the
northern ANS and in the Eastern Desert of Egypt,
and are essentially absent in the central and southern
Arabian Shield of Saudi Arabia (Bentor, 1985). Highspatial resolution SIMS zircon dating of post-tectonic
granitoids demonstrated that the calc-alkaline and
alkaline suites temporally overlap; in the northernmost
ANS and in the Precambrian basement of Yemen
the two suites are contemporaneous at ca. 605 Ma,
indicating a gradual transition from calc-alkaline to
alkaline (Be’eri-Shlevin et al., 2009; Yeshanew et
al., 2015). Calc-alkaline and alkaline post–tectonic
rocks emplaced at ca. 625–600 Ma are interpreted
to result from delamnation or slab roll-back/tear
(Avigad and Gvirtzman, 2009; Flowerdew et al., 2013).

3. OBJECTIVES OF THE THESIS
The ANS has a protracted history with its early
stage characterized by arc magmatism (Stern, 1994;
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Johnson and Woldehaimanot, 2003), although plume
magmatism may also be involved (Stein, 2003; Stein
and Goldstein, 1996; Teklay et al., 2002). Latestage ANS evolution is characterized by voluminous
emplacement of post–tectonic calc-alkaline and
alkaline batholiths (Bentor, 1985; Be’eri-Shlevin et
al., 2009). Identifying juvenile vs. reworked crust and
associated mechanisms (arc vs. plume material) has
implications for the rate of crustal growth in the ANS.
The late-stage post-tectonic calc-alkaline and alkaline
SOXWRQV DOVR SURYLGH LQVLJKWV LQWR WKH ¿QDO VWDJHV
of the shield’s evolution during the assembly of the
supercontinent Gondwana. This thesis seeks to better
understand the crustal evolution of the ANS, including
the southernmost Arabian Shield and the Precambrian
arc–gneiss collage in Yemen and eastern Ethiopia.
These parts of the ANS generally lack systematic
geochronological and isotopic study. Evaluation
of terrane correlations both within the Arabian
Peninsula and across the Gulf of Aden between the
Precambrian basement of northeast Africa and Arabia
is also an important facet of this thesis. Towards
these goals, the thesis has two principal components:
Component 1: Plutonic rocks were sampled from
the Asir terrane, southernmost Arabian Shield, from
the Abas terrane in Yemen, and from the Dire Dawa
Precambrian basement in eastern Ethiopia (Fig. 3).
6DPSOHV VSDQ D ZLGH UDQJH RI PDJPDWLF DI¿QLWLHV
that temporally span from the earliest arc-related
to post-tectonic alkaline plutons that herald the end
of orogenesis in the region. Secondary ion mass
spectrometry (SIMS) U-Th-Pb geochronology and
18
O and whole-rock Nd isotopic and geochemical
data evaluate the relative contributions of juvenile
vs. reworked crust and track the evolution
of the ANS from island arc to cratonization.
Component 2: The assembly of Gondwana and
the mountain belts that formed during collisional
orogenesis can be traced through analyses of the
sedimentary rocks derived from them (Squire et al.,
2006). The detrital sedimentary record effectively
samples large areas and ranges of source rocks of the
extant continental crust at the time of sedimention
(Cawood et al., 2013). In the aftermath of Gondwana
assembly, voluminous clastic sediments were
deposited on a vast, continental–scale, peneplain on
the northern margin of Gondwana including the ANS
(Burke et al., 2003). Cambrian–Ordovician sandstone
samples collected across ca. 1600 km, from southern
Jordan and the Arabian Shield in Saudi Arabia provide
excellent spatial coverage and allow geographic
variations in provenance to be evaluated. SIMS U–
Pb dating of zircons from these sandstone samples

provide age control while O- and Hf-isotopic analyses
enable the magmatic history and source reservoir
information to be decrypted. Paleocurrent studies
indicate that the sediments were transported from the
south (Dabbagh and Rogers, 1983) and, combined
with the zircon U-Pb, O, and Hf analyses, will
provide unique insight into the role of juvenile crustal
growth vs. reworking in the hinterland of Gondwana.

4. METHODS
4.1. Zircon
Zircon (ZiSiO4) is a ubiquitous accessory phase
LQ HYROYHG PDJPDWLF URFNV EXW DOVR RFFXUV LQ PD¿F
rocks at very low abundance. Zircon growth has
also been documented during medium-to highgrade metamorphism (Whitehouse and Platt, 2003;
Harley et al., 2007). Whether zircon has a magmatic
or metamorphic origin can be deciphered through
imaging and chemical analyses (Corfu et al., 2003;
Hoskin and Schaltegger, 2003; Whitehouse et al.,
1999). Zircon’s physical resilience and chemical
inertness makes it an ideal chronometer and tracer
mineral for studies ranging from the early earth
dynamics to recent orogenic processes. Zircon
hosts trace elements whose isotopic pairs are of
great importance in geochronology and isotope
geochemistry. These include the U-Th-Pb and the lowtemperature U-Th/He chronometers, stable O isotopes
and the 176Lu-176Hf isotope system, which is a powerful
tool to understand crust-mantle differentiation events.

4.2. Sample preparation
7KH VHSDUDWLRQ DQG SXUL¿FDWLRQ RI ]LUFRQ
from whole-rock samples require care to avoid
contamination. Heavy mineral fractions are obtained
from crushed, milled and sieved rock samples using a
K\GURG\QDPLF VHSDUDWLRQ PHWKRG XWLOL]LQJ D:LOÀH\
WDEOH 0LQHUDO IUDFWLRQ FDQ EH IXUWKHU SXUL¿HG XVLQJ
magnetic separation since minerals of different
compositions have different magnetic susceptibilities.
Sorting of zircons through magnetic separation and
selection of the least paramagnetic ones has been
shown to improve the concordance of ages (Krogh,
1982). Other methods, not used in this thesis,
that were found to remove metamict (radiation–
damaged) portions and hence improve concordance
include mechanical abrasion (Goldich and Fischer,
1986; Krogh, 1982) and thermal annealing and
partial–dissolution (Ramezani et al., 2007).

$IWHU SXUL¿FDWLRQ ]LUFRQ LV KDQGSLFNHG DQG
sorted according to morphology, color and size under
the binocular microscope and mounted into doublesided tape; epoxy is then poured onto the zircon
grains using a mould. The epoxy mounts are then
polished to expose any inherited zircons or internal
structures of the zircons. Proper polishing of sample
mounts is of paramount importance in secondary ion
mass spectrometry (SIMS) analyses. The degree of
polishing relief correlates with the reproducibility
of e.g. SIMS oxygen isotope analyses, with sample
topography of ca. 10 μm resulting in a ca. 2‰
analytical artefact (Kita et al., 2011, 2009). This is
because the sample relief distorts the equipotential
surface and therefore the path of the secondary ion
trajectory, which in turn affects the measured isotope
ratios (Kita et al., 2009). This correlation of sample
relief and reproducibility emphasizes the importance
of sample polishing prior to SIMS analyses. Polished
mounts are then gold–coated to avoid charging during
the sputtering process and to enhance extraction of
the secondary ions (Hinthorne et al., 1979; Hinton
and Long, 1979; Ireland and Williams, 2003a).
Zircon often displays magmatic growth zones that
UHÀHFW HYROYLQJ PHOW FRPSRVLWLRQV LQFRUSRUDWLRQ
of grains that pre-date the main magmatic event
(inheritance) or post-crystallization processes (Corfu
et al., 2003). Various imaging techniques such as
optical microscopy, back–scattered electron and
cathodoluminescence are routinely employed to
document such intra–grain complexities prior to SIMS
analyses (e.g., Whitehouse et al., 1999). Such studies
have shown that zircon can have internal structure far
more complex than previously realized. Therefore,
image analysis is an essential aspect of in-situ high–
spatial resolution SIMS zircon isotope analyses and
enables one to choose discrete growth zones within a
single grain and avoid inclusions, cracks or radiation
damaged zones which could result in problematic data
(Hanchar and Miller, 1993; Nemchin et al., 2013).

4.3. Zircon U–Pb geochronology
The crystal structure of zircon allows modest
amounts of U and Th but Pb is fairly unwelcome. The
radiogenic ingrowth of Pb isotopes from the decay
of their respective parent U and Th isotopes enables
accurate and precise age determinations. Under most
magmatic conditions, diffusion of elements these
parent–daughter pairs is very low (Cherniak and
:DWVRQ %\WKHÀXNHRIQDWXUHWZRFKHPLFDOO\
identical uranium isotopes, 235U and 238U independently
decay at different rates to their respective radiogenic
daughter isotopes of 207Pb and 206Pb, making this dual
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decay scheme unique among all radioactive dating
systems (Parrish and Noble, 2003; Williams, 1998). Pb
has four naturally occurring isotopes: 204Pb, 206Pb, 207Pb
and 208Pb. Among these only 204Pb is non-radiogenic
and 208Pb is the decay product of 232Th. The decay
of 232Th, 235Uand 238U involve several short–lived
intermediate isotopes. The decay schemes for the two
uranium isotopes can be expressed as follows: (Fig. 5)
 206
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data visualization and features such as Pb–loss can
easily be discerned. The Wetherill concordia diagram
(Wetherill, 1963, 1956) is constructed by plotting
207
Pb*/235U vs. 206*/238U. This (Wetherill) concordia
diagram relies on the radiogenic daughter isotopes,
so its application to systems that incorporate excess
radiogenic daughter isotopes is problematic. For
instance, in the early 1970s Lunar samples yielded
ages older than those determined using other dating
systems and this was attributed to excess radiogenic
Pb isotopes incorporated at the time of crystallization
(Tatsumoto, 1970; Tera and Wasserburg, 1972). To
circumvent this problem, Tera and Wasserburg (1972)
came up with the inverse concordia diagram, also
known as the Tera–Wasserburg concordia diagram,
that plots 238U/206Pb vs. 207Pb/2063EDQGKDVWKHEHQH¿W
of easily distinguishing modern and ancient Pb-loss.

4.4. Zircon į18O
:KHUH Ȝ  DQG Ȝ are decay constants of U
and 238U with values of 1.55125×10–10y-1 and
9.8485×10–10 y-1 (Steiger and Jäger, 1977). Compared
WR WKH ¿QDO GHFD\ FKDLQ WKH LQWHUPHGLDWH VWHSV
are very short–lived and can be omitted and the
isochron equations can be reduced to relate only
the ultimate parent atoms remaining in the system
WR WKH ¿QDO UDGLRJHQLF GDXJKWHU DWRPV DV IROORZV
235

238

206

P b∗
= eλ238 t − 1
238 U

207

P b∗
= eλ235 t − 1
235 U

235

[3]

[4]

The asterisk represents radiogenic ingrowth of
daughter isotopes accumulated as a result of the
decay of their parent isotopes. If the ages from these
two independent decay schemes, calculated using
their respective decay constants and the measured
206
Pb*/238U and 207Pb*/235U, are identical, the age is
called concordant, indicating a closed isotopic system
(Ahrens, 1955; Wetherill, 1963, 1956). If the ages
obtained are different, the age is termed discordant and
VLJQL¿HVLVRWRSLFGLVWXUEDQFH7KHFXUYH¿WWHGWKURXJK
DQLQ¿QLWHQXPEHURIFRQFRUGDQWSRLQWVFRQVWUXFWHG
using equations [3] and [4], is called a concordia curve
(Fig. 5). The two most common causes of discordance
are sampling of mixed growth zones, i.e.- older and
younger growth zones, and post–crystallization
Pb–loss due to later tectonothermal events.
U–Pb data is presented in various ways, but
the Wetherill (or Conventional) and the Tera–
Wasserburg (or Inverse) concordia diagrams are the
most widely used (Fig. 5). Such diagrams enable
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Oxygen (O) has three naturally occurring stable
isotopes: 16O, 17O and 18O with abundances of
  DQG  UHVSHFWLYHO\ )DXUH
and Mensing, 2005). Because of large differences
in mass between the heaviest and the lightest
O isotopes, they are subject to mass-dependent
fractionation (Hoefs, 2004). The ratio 18O/16O is
determined for geological applications since these
two O isotopes have greater abundances and mass
difference (Hoefs, 2004). The 17O/16O has important
cosmological application (McSween and Huss, 2010).
The ratio 18O/16O is expressed relative to the Standard
Mean Ocean Water (SMOW) and is designated
DV į182 7KH UDWLR į18O is expressed as follows:

⎡

⎤

18 O
16

⎢ O Sample
⎥
δ 18 O = ⎣  18 O 
− 1⎦ × 103
16 O

[5]

SM OW

Zircon has a very slow oxygen diffusion rate and
WKHUHIRUHSUHVHUYHVPDJPDWLFį18O unless subjected to
post-magmatic alteration (Page et al., 2007; Peck et
al., 2001), although a variety of geological processes
FDQ DOWHU į18O. Zircon that crystallizes from mantlederived juvenile magmas has remarkably restricted
į18O values of 5.3 ± 0.6 (2ı) (Valley, 2003; Valley
et al., 1998). However, mantle-derived rocks also
show subtle variations. For instance, oceanic arc
EDVDOWVDUHV\VWHPDWLFDOO\PRUHHQULFKHGLQį18O than
MORB owing to the input of subducted lithosphere
DQG VHGLPHQWV WKDW KDYH EHHQ PRGL¿HG E\ ORZ
temperature (near-) surface processes (Woodhead
HWDO =LUFRQį182YDOXHVVLJQL¿FDQWO\KLJKHU
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Figure 5. Left: Wetherill concordia diagram showing the history of zircon after ca. 1.7 Gy of radiogenic Pb ingrowth (tc).
In this scenario, t2 represents either Pb–loss or new metamorphic overgrowth; t’ represents discordant dates subsequent
to the tectonomagmatic event at t2. The upper intercept where the discordia line intersects the concordia curve is usually
regarded as the age of the sample analyzed, in this case the Pb–Pb dates of the discordia points are identical to the true age
RIWKHVDPSOH PRGL¿HGIURP6FKRHQH 5LJKW7HUD±:DVVHUEXUJLQYHUVHFRQFRUGLDGLDJUDPGHSLFWLQJDQFLHQW3E±
loss and slip along the concordia curve of a sample with a crystallization age of ca. 760 Ma. The youngest concordant date
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than the mantle range signify input of supracrustal
material that experienced low temperature processes
such as erosion and sedimentary recycling (Peck et
DO  9DOOH\ HW DO   =LUFRQ į18O values
WKDWDUHORZHUWKDQWKHSULVWLQHPDQWOHYDOXHVUHÀHFW
assimilation of high-temperature hydrothermally
altered rocks (Bacon et al., 1989), or remelting of such
source rocks (Grimes et al., 2013). Non-metamict
]LUFRQV SUHVHUYH WKHLU į18O. One useful application
of zircon oxygen isotopes is in understanding of
sedimentary processes throughout Earth’s history.
This is essential because it allows recognition of the
role of sediment recycling in granitic magmatism
through time (Payne et al., 2015; Spencer et al., 2014;
Valley et al., 2005; Veizer and Mackenzie, 2014).

variations in Sm/Nd ratios are due to silicate (crust–
mantle), not core-mantle, differentiation (DePaolo,
2012). Variations in 143Nd/144Nd are very small and
are therefore expressed relative to a uniform reservoir
RI WKH FKRQGULWLF FRPSRVLWLRQ &+85  XVLQJ WKH İ
QRWDWLRQİNd is the relative deviation of the 143Nd/144Nd
ratios of the sample from the chondritic ratios in
parts per 10, 000 (DePaolo and Wasserburg, 1976):

4.5. The Sm-Nd isotope system

The utility of the Sm-Nd system in crustal evolution
studies stems from the difference in compatibilities of
the two elements. The initial 143Nd/144Nd ratio of the
Earth is the same as that of chondrites or the whole
solar system material (White, 2013). Nd is more
incompatible than Sm and during partial melting
of the mantle Nd is preferentially incorporated into
the partial melt and ultimately the crust. This melt
extraction leaves the depleted mantle with higher
Sm/Nd that evolves along a steeper positive slope
and generates crust with lower Sm/Nd ratio that
evolves along a shallow slope (Fig. 6). Therefore,
over geological time, the crust and mantle attain
lower and higher 143Nd/144Nd ratios, respectively,
and diverge from chondrite (Fig. 6). After crust–
mantle differentiation, the Sm/Nd ratio is insensitive

6PXQGHUJRHVĮGHFD\WRSURGXFH143Nd, with a
KDOI±OLIHRI*D Ȝ î-12yr-1; Dickin, 2005)
and forms the basis for the utility of this isotope system.
The accumulation of the radiogenic 143Nd is very slow
and the 143Nd/144Nd ratio increased only by 0.00577
during the 4.5 Ga history of the Earth (Jacobsen and
Wasserburg, 1984). Because of this, the Sm–Nd system
is well-suited to studies of planetary differentiation.
From a planetary perspective, the parent–daughter
pairs are unlikely to be fractionated by processes
such as condensation of solar nebula because of their
highly refractive nature (Depaolo, 2012; McSween
and Huss, 2010; Grossman and Larimer, 1974).
This coupled with their lithophile nature imply that
147

⎡

⎤

143 N d
144

Nd
⎢
⎥
Sample
εN d (t) = ⎣  143 N d 
− 1⎦ × 104
144 N d

[6]

CHU R
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The decay of 176/X E\ ȕ HPLVVLRQ ZLWK Ȝ 
1.86×10–11y-1 (Scherer et al., 2001), produces 176Hf.
Both Lu and Hf are refractory lithophile elements.
Hf resembles Zr in its crystal chemical behavior and
is readily incorporated in the zircon crystal lattice.
Apart from being an excellent chronometer mineral,
zircon preserve the 176Hf/177Hf ratios of the magmas
from which they crystalize and is also insensitive to
post–crystallization Hf isotope homogenization. The
Lu–Hf system is analogous to that of the Sm–Nd
scheme in such a way that during mantle melting,
the daughter isotope (Hf) is less compatible than
Lu and is therefore enriched in the continental crust
while the parent Lu is preferentially detained in the
depleted mantle (Patchett et al., 1981; Patchett and
Tatsumoto, 1980; Vervoort and Patchett, 1996).
Therefore, the continental crust evolves towards low
176
Hf/177Hf while the complementary depleted mantle
develops radiogenic (high) 176Hf/177Hf ratio (Fig.
7). The Lu–Hf isotopic composition of zircons can,
therefore, be used to decipher magmatic evolution in
the exact same way as whole-rock Sm–Nd isotope
systematics. However, unlike the whole-rock Sm–
Nd isotope system which represents the resultant
whole-rock composition without textural context,
Hf isotopes in zircon can be linked to precise zircon
8±3E DJHV DQG į18O compositions from the same
DQDO\WLFDO ORFDWLRQV *ULI¿Q HW DO  ,L]XND
et al., 2013; Kemp et al., 2006; Lancaster et al.,
2011) and allowing characterization of intra-grain
magmatic growth zones. Variations in 176Hf/177Hf
are expressed relative to CHUR using the epsilon
notation at the time of zircon crystallization as:

⎢
εHf (t) = ⎣

177 Hf

Sample

176 Hf
177 Hf
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⎤

176 Hf

CHU R

⎥
− 1⎦ × 104

.513

CH

[7]
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4.6. Zircon Lu-Hf isotope systematics
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to intracrustal processes and crustal rocks have a
uniform 147Sm/144Nd ratio of ca. 0.13 (White, 2013).
However, the Sm/Nd ratio can be altered by mixing
of magmas with different Sm/Nd ratios and in such
cases co-genetic samples often form a vertical array
LQ İNd(t) vs. age diagrams (Fig. 6). The undisturbed
nature of the Sm/Nd after crustal extraction allows
determination of the so-called ‘model’ age or
crustal residence age from measured 143Nd/144Nd
and 147Sm/1441G UDWLRV SURYLGHG WKDW VXI¿FLHQW
fractionation of Sm/Nd occurs during partial melting
of the mantle (Depaolo and Wasserburg, 1976).

Evolution line

-15

0

1.0

2.0

3.0

4.0

Time (Ga)

Figure 6. Top: Evolution of Nd isotope ratios in, the chondritic uniform reservoir (CHUR), the perpetually depleted
mantle through time and crust. It depicts the model ages
obtained by extrapolating the measured 143Nd/144Nd back
to the assumed model reservoir (DM or CHUR), illustrating the effect of choice of reservoir on model ages (White,
2013). Bottom: The effect of mixing two components (red
and yellow points) with different mantle extraction ages
on Nd model ages. Any resultant hybrid sample that falls
on the mixing line would have a Nd model age that does
not correspond to a true geological event and hence called
mixed/hybrid model age.

Analogous to the Sm-Nd isotope system, the Lu–
Hf system can also be used to estimate crust formation
or model ages. A combination of zircon U–Pb ages
with Hf model ages from the same analytical location
allows evaluation of the relative contributions of
juvenile vs reworked crustal additions. If the zircon
Hf model age approximates its U–Pb crystallization
age (usually within 300 Ma), it is interpreted to
represent juvenile magmatic addition. If the Hf
PRGHO DJH VLJQL¿FDQWO\ H[FHHGV WKH 8±3E DJH LW LV
interpreted to represent reworking of ancient crust.
Hf model ages are critical in studies of crust-mantle
differentiation but the method also has limitations.
Hf model ages, like those of Nd model ages, face the
problem of mixing two or more sources with different
mantle extraction ages and discrepancies arising
from the choice of a model reservoir (e.g., depleted
mantle vs. island arc; Fig. 7). In the case of mixing,
the calculated model ages represent an average crustal
residence age which is geologically meaningless as it
does not correspond to any particular mantle extraction
event (Arndt and Goldstein, 1987). The common
DSSURDFK WR FLUFXPYHQW WKLV SUREOHP LV WR ¿OWHU WKH
+ILVRWRSHGDWDXVLQJį18O based on the assumption

1989). The most commonly used primary ion species
are 133Cs+ and 16O– (or 16O2–). To enhance ionization
of negative, non-metal secondary ion intensity,
strongly electropositive species such as Cs+ are used
as primary ions; for emission of metal secondary
ion species such as Pb+ and UO+, 16On– is used.
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Figure 7. The evolution of Hf isotopes showing the effects
of the choice of reservoir, mixing, and Pb-loss on calcuODWHGPRGHODJHV0RGL¿HGIURP.HPSDQG+DZNHVZRUWK
(2014).
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SIMS is a powerful and versatile instrument for
in situ chemical and isotopic characterization of
solid materials. The unique capability of SIMS is
its ability to analyze very small portion of the target
± ȝP LQ GLDPHWHU  ZLWK D VKDOORZ GHSWK RI IHZ
microns. This high-spatial resolution capability of
SIMS allows multiple analyses within single mineral
grains and enables isotopic heterogeneities within
single grains to be decrypted while preserving
petrographic context. The principal components of
SIMS are shown in Fig. 8. The most common primary
ion source is the duoplasmatron and the primary
beam is accelerated through an electrostatic potential.
9DULRXVOHQVHVDQGDSHUWXUHVDUHXVHGWR¿QHO\IRFXV
and/or project the high energy primary ion beam to
the sample surface (Ireland, 2014). Ionization yields
are highly dependent upon the chemical properties
of the primary ion species (Ireland, 2014; Reed,

Secondary column

im

4.7. Secondary ion mass spectrometry (SIMS)

Instrumental mass fractionation (IMF), a mass
dependent bias that arises during SIMS analyses,
undermines the accuracy of SIMS measurements.

Pr

WKDW ]LUFRQV ZLWK PDQWOH±OLNH į18O crystallized from
juvenile magmas and therefore calculated Hf model
DJHV DUH PHDQLQJIXO DQG ]LUFRQV ZLWK HOHYDWHG į18O
crystallized from magmas with crustal input and
therefore yield hybrid Hf model ages (Kemp et al.,
2006; Lancaster et al., 2011; Pietranik et al., 2008).
However, there is an increasing consensus that the
UHOLDELOLW\RIį182LQDVVHVVLQJWKHVLJQL¿FDQFHRI+I
PRGHODJHVLVKDPSHUHGE\WKHIDFWWKDW]LUFRQį18O
is not sensitive to reworking of ancient crust with
PDQWOHOLNH į18O (Kemp and Hawkesworth, 2014;
Næraa et al., 2012; Nebel et al., 2011; Payne et al.,
2016; Roberts and Spencer, 2014). Another problem
with Hf model age calculations is the assignment of
reliable crystallization ages that are used in the model
age calculations (Whitehouse and Kemp, 2010).

The energetic primary ion beam erodes the sample
surface and generates a secondary ion spectrum
containing both elemental and molecular ions (oxides,
multi–oxides and multiply–charged species) which are
all transferred to and analyzed in a mass spectrometer
(Hinton and Long, 1979). Given such a wide variety
of ionized species, an isobaric mass interference, a
type of interference that arises whenever another ion
with the same nominal mass as the ion of interest
is encountered. Such can be resolved with a high
mass resolution (Ireland and Williams, 2003b).

Sample
chamber

Detection
Channel plate

~1 m

Figure 8. Schematic diagram of CAMECA IMS-1280
secondary ion mass spectrometry (SIMS). Redrawn from
Schaltegger et al. (2015).

One utility of chemically and isotopically uniform
reference materials is that their measurements can
be compared to those of unknown analyses to correct
IMF. The reference materials and the unknowns
should be matrix–matched, i.e., should have similar
compositions as there exists a matrix effect—a
compositionally controlled fractionation (Fletcher
et al., 2010; Reed, 1989). During the prolonged
analytical time (ca. 15 min/spot) in SIMS U-Pb
analyses, the combination of unstable primary beam
intensity, inter–element fractionations and changing
compositions in both the reference zircon and the
unknowns are principle limitations on the precision
(Ireland and Williams, 2003b; Williams, 1998). In this
thesis, SIMS zircon U–Th–Pb analyses for all papers
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and O isotope analyses for papers I and IV were
performed at the Swedish Museum of Natural History,
NordSIMS facility, using a CAMECA IMS–1280.

4.8. Isotope dilution thermal ionization mass
spectrometry (ID–TIMS)
The high sensitivity of thermal ionization mass
spectrometer (TIMS) makes it a choice of instrument
for measurements that require very high precision
(Parrish and Noble, 2003). Ionization is achieved
E\ WKH JUDGXDO KHDWLQJ RI WKH ¿ODPHQW XVXDOO\ 5H 
on which the analyte is placed under vacuum. The
main components of TIMS are the ion source, the
mass analyzer, ion detectors and ion multipliers.
The extracted ions form a beam after passing
through successive slits and plates. Since charged
particles have different momenta, the focused beam
is dispersed into discrete beams having different
trajectories according to their charge to mass ratio.
Faraday cups collect these beams and convert them to
electric current and the ratios of Faraday cups are used
to determine isotopic ratios. High–precision isotope
measurements by TIMS require effective separation
of the analyte elements from the sample matrix. This
helps avoid isobaric mass interferences since TIMS
are high–sensitivity, low–mass resolution instruments
at the expense of textural context. Such chemical
separation of the element(s) of interest require
longer, days to weeks, times of sample preparation.
Compared to other instruments such as SIMS and
LA-ICP-MS, the state–of–the–art TIMS instruments
have unprecedented sensitivity, precision and sample
background for a number of elements of importance
in geo/cosmochemistry such as Mg, Cr, Ti, Nd, Os,
W and Pb (Ireland, 2014). High levels of precision
 RQ143Nd/144Nd are routinely achievable. The
other advantage of TIMS is that cross contamination
of samples is minimal; sample contamination, if there
LVDQ\RIWHQHPDQDWHVIURPLPSXULWLHVRQWKH¿ODPHQW
and during chemical separation of the elements. There
LVDVWURQJGHSHQGHQFHRIWKHLRQL]DWLRQHI¿FLHQF\RI
TIMS on the ionization potential and the chemical
behavior of the element of interest, hindering analyses
of some geochemically important elements by TIMS.
A good example would be Hf—although the use of
Hf isotopes in crust–mantle differentiation studies has
long been theoretically established (e.g., Patchett et
al., 1981), its application remained limited, as the high
ionization potential of Hf made its analysis by TIMS
YHU\ GLI¿FXOW XQWLO WKH DGYHQW RI /$±0&±,&3±0V
All Sm–Nd isotope measurements in this thesis were
performed at the Swedish Museum of Natural History
XVLQJD7KHUPR6FLHQWL¿F75,7217,06LQVWUXPHQW
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4.9. LA–MC–ICP–MS
The multicollector inductively coupled plasma mass
spectrometer (MC–ICP–MS) was developed to meet
the need for more accurate and precise measurements
with greater sensitivity required in many areas of
research such as geochemistry, cosmochemistry,
QXFOHDU HQYLURQPHQWDO DQG PHGLFDO ¿HOGV %HFNHU
and Dietze, 2000). The strength of the MC–ICP–MS
is that its design integrates the superior ionization of
WKH,&3VRXUFHHYHQIRUHOHPHQWVZLWKKLJK ! 
¿UVW LRQL]DWLRQ SRWHQWLDOV HJ /X +I DQG )H  WKDW
DUHGLI¿FXOWWRDQDO\]HXVLQJ7,06ZLWKWKHSUHFLVH
measurements of magnetic sector multicollector
mass spectrometer (Walder et al., 1993; Wieser and
Schwieters, 2005). Unlike single collector ICP–MS
where ions of differing charge to mass ratios (m/z)
are sequentially directed to a single detector, MC–
ICP–MS instruments enable simultaneous detection
of multiple masses using different, up to 12 static
and/ movable detectors. Temporal perturbations
LQ WKH SODVPD VRXUFH NQRZQ DV µÀLFNHU QRLVH¶
during sequential (single–collector) measurements
undermine the precision of isotope ratios; whereas
the simultaneous collection capability of MC–ICP–MS
instruments avoids this transient effect and enables high
precision isotope ratio measurements (Jackson et al.,
2001; Wieser and Schwieters, 2005). When combined
with laser ablation (LA) in situ sampling, MC–ICP–
MS enables spatially resolvable high precision isotope
UDWLR PHDVXUHPHQWV *ULI¿Q HW DO  .HPS HW
al., 2006). This in situ zircon initial Hf isotopic
determination using LA–MC–ICP–MS combined with
SUHFLVH8±3EDJHVDQGį18O from the same analytical
spots/growth zones have provided important insights
into crust–mantle differentiation over the past decade.
In this thesis (Paper IV), in situ zircon Lu–Hf isotope
analyses were performed at the National Centre for
Isotope Geochemistry, Trinity College Dublin, Ireland
XVLQJ D 7KHUPR±6FLHQWL¿F 1HSWXQH 0&±,&3±06
coupled to a New Wave 193 nm Excimer LA system.

5. DISCUSSION OF FINDINGS
5.1. The timing and location of a major suture
involved in Gondwana assembly
The Precambrian basement rocks of Ethiopia along
with the arc–gneiss collage in Yemen are important
as they occupy the interface between the low–grade
Arabian–Nubian Shield (ANS) to the north and the
high–grade, poly-deformed Mozambique Belt (MB)
to the south (Fig. 3). Reconnaissance Pb–Pb zircon

Figure 9. Bands 7–4–2 Landsat Thematic Mapper (TM) imagery showing different structural grains in different parts of
Ethiopia. Top left: NNE–trending Precambrian structures in northern Ethiopia. Top right: N–tending structures in southern
Ethiopia. Bottom: E–trending structures in the Dire Dawa area (Paper I), eastern Ethiopia.

evaporation analyses of rocks from eastern Ethiopia
gave ages as old as ca. 2.8 Ga and their Nd isotope
compositions indicate reworking of ancient crust
(Teklay et al., 1998). Prior to the opening of the Red
Sea and Gulf of Aden ca. 30 Ma ago, the African and
Arabian plates were contiguous. It has been suggested
that the eastern Ethiopian crystalline basement is
part of the Azania micro–continental ribbon that
stretches from central Madagascar to Arabia (Collins
and Pisarevsky, 2005; Collins and Windley, 2002).
Precambrian basement in northern, southern and
western Ethiopia have N to NNE trending structures
(Fig. 9) and were interpreted to have developed during
the assembly of Gondwana. The eastern Ethiopian
EDVHPHQWDORQJZLWKWKH$O±0DK¿GWHUUDQHRI<HPHQ

however, show an enigmatic E-W structural fabric
(Fig. 9). These structural differences, combined with
pre–Gulf of Aden reconstructions which put the Dire
'DZD EDVHPHQW DGMDFHQW WR WKH$UFKHDQ$O±0DK¿G
terrane (Silverstein et al., 2012), and the occurrence
of late–Archean zircons in both terranes suggest that
these two terranes could be correlatives and their
east–west structures may have developed prior to
the assembly of Gondwana (Silverstein et al., 2012).
In paper I, we conducted a high–spatial resolution
6,06 ]LUFRQ 8±7K±3E į18O, and whole–rock Sm–
Nd isotope investigation. Despite conscious efforts
to characterize any pre–Neoproterozoic zircons, no
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Archean or Paleoproterozoic zircons were found. This,
coupled with the rounded to sub–rounded morphology
of the zircons that yielded pre–Neoproterozoic ages
in previous studies (Teklay et al., 1998) and the
S–type chemistry of the rocks, suggest that these
ancient zircons are likely to be of a sedimentary
origin; however, the presence of local Archean to
Paleoproterozoic crust cannot be entirely ruled out
as sampling in the region is still at a reconnaissance
VWDJH 7KH KLJKHUWKDQSULVWLQH PDQWOH į18O values
suggest involvement of supracrustal component in the
sources of the Dire Dawa granitoids. The exclusively
Neoproterozoic crystallization ages contrast with the
ZHOO±NQRZQ $UFKHDQ DJH RI WKH $O±0DK¿G WHUUDQH
(Whitehouse et al., 1998). These two also have
dissimilar Nd model ages: Nd model ages from the
$O±0DK¿GWHUUDQHDUHODWH$UFKHDQ FD±*D 
and the Dire Dawa crystalline basement yielded model
ages in the range 1.7–1.4 Ga. These distinctions suggest
that although the two could be structurally correlative,
they are isotopically distinct, necessitating a change
in age along the length of the Azania microcontinent.
7KH RWKHU PDMRU ¿QGLQJ RI WKLV SDSHU LV WKH
LGHQWL¿FDWLRQ RI WZR OLWKRVSKHULF EORFNV LQ (WKLRSLD
and their timing of amalgamation. It has long been
NQRZQWKDWSUH±H[LVWLQJVWUXFWXUHVLQÀXHQFHWKHRQVHW
and development of ensuing continental rift systems
and upper– mantle anisotropy (Corti, 2009; Keranen
et al., 2009). Geophysical data point to a change in
crustal thickness across the Main Ethiopian Rift
(MER), which is interpreted to indicate two distinct
lithospheric blocks bounding the MER and these
LQKHULWHG OLWKRVSKHULF VWUXFWXUHV VWURQJO\ LQÀXHQFHG
the onset of rifting in the MER (Keranen and
Klemperer, 2008). Nd and Hf isotopic compositions
of the Western Ethiopian Shield (WES) indicate that it
is juvenile crust (Blades et al., 2015; Woldemichael et
al., 2010), in contrast to the Dire Dawa basement which
KDV KLJKO\ HYROYHG İNd(t) values and ancient model
ages. These isotopic differences support the existence
of two contrasting lithospheric blocks in Ethiopia, as
inferred from geophysical data. Two metamorphic
episodes are documented in the WES: one at ca. 635
Ma and a second one at ca. 550 Ma (Ayalew et al.,
1990). Zircon metamorphic rim ages from the Dire
Dawa samples are ca. 545 Ma, synchronous with the
younger metamorphic event in the WES. The absence
of the older metamorphic episode in the Dire Dawa
basement indicates that by ca. 630 Ma these two
lithospheric blocks acted as independent entities. This
metamorphic age pattern replicates the one found
across a major ca. 580–550 Ma suture extending from
Kenya through Madagascar to Antarctica (Boger et
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al., 2015; Hauzenberger et al., 2007). This ca. 580–
550 Ma suture is interpreted as one of the fundamental
sutures along which Gondwana assembled (Boger
et al., 2015). We interpret the suture between the
Dire Dawa basement and WES to be correlative
ZLWK WKH RQH LGHQWL¿HG IXUWKHU VRXWK LQ $IULFD DQG
is a major suture formed during the assembly of
Gondwana. Importantly, this major suture could have
controlled the inception and evolution of the MER.

5.2. Neoproterozoic crust reworking in the
Arabian Peninsula and NE Africa
The eastern Ethiopian and Yemen Precambrian
rocks represent some of the easternmost exposures
in NE Africa and Arabian Peninsula. As such they
provide, along with the more distant exposures in
Oman (Mercolli et al., 2006; Rantakokko et al.,
2014), the only window into the crustal evolution
of the region east of the Arabian Shield. In paper II
samples collected from traverses across the Abas
and Al–Bayda terranes of Yemen and from the Dire
Dawa Precambrian basement, eastern Ethiopia,
yielded crystallization ages of ca. 790–590 Ma and
790–560 Ma, respectively. Post–tectonic magmatism
commenced at ca. 625 Ma, whereas orogenesis
continued in the Dire Dawa region until ca. 545
Ma. In post–tectonic settings, magma chemistry
commonly evolves from calc–alkaline to alkaline
compositions indicating the cessation of orogenesis
(Liégeois et al., 1998). In the Abas gneiss and AlBayda island arc terranes, calc-alkaline and alkaline
magmatism are synchronous at ca. 605 Ma, mark the
onset of alkaline magmatism, and indicate that the
transition from calc-alkaline to alkaline composition
is gradual. Such contemporaneous associations
are also observed in post–tectonic plutons of the
northernmost ANS (Be’eri-Shlevin et al., 2009).
Post–tectonic plutons elsewhere in the Arabian
Shield, however, are remarkably juvenile (Be’eriShlevin et al., 2009; Eyal et al., 2010). Compared to
the older tectonomagmatic group (ca. 790–730 Ma),
the post–tectonic samples have a more radiogenic Nd
LVRWRSLFFRPSRVLWLRQ7KLVVHFXODUYDULDWLRQLQİNd(t)
points to a diminishing role of pre–Neoproterozoic
crustal material and increasing juvenile input,
perhaps associated with basaltic underplating in the
aftermath of lithospheric root delamination (Avigad
and Gvirtzman, 2009). Plutonic rocks from northeast
$IULFDDOVRVKRZKLJKO\HYROYHGİNd(t) values (Teklay et
DO<HVKDQHZHWDO FRQ¿UPLQJSUHYLRXV
observations that this part of the ANS is dominated by
reworking of pre-Neoproterozoic crust (Stern, 2002).

The paucity of inherited zircons from the Abas
WHUUDQH LV LQWULJXLQJ JLYHQ WKHLU HYROYHG İNd(t)
compositions. The survival of inherited zircons
critically depends upon magma temperature and
chemistry (Watson and Harrison, 1983). The
zircon saturation temperature calculated for the
undersaturated samples probably represents a
minimum estimate and we interpret the samples
WR KDYH DFTXLUHG WKHLU HYROYHG İNd(t) composition
via deep crustal magma mixing or assimilation.

5.3. Subduction zone or plume–related
enrichment?
In paper III, new SIMS U–Pb ages and whole–
rock Nd and geochemical data from the southernmost
Arabian Shield are used to address this question. In the
Arabian Shield, the magmatic axis migrated towards
the east or northeast and the oldest arc assemblages
are found in southwestern Saudi Arabia. Although
it is widely accepted that the shield formed through
juvenile magmatic additions through arc accretion in
an oceanic realm, some authors (Stein, 2003; Stein
and Goldstein, 1996; Teklay et al., 2002) contend that
plume material play an important role via accretion of
oceanic plateau. About a quarter of the Arabian Shield
DUF URFNV KDYH DGDNLWLF DI¿QLW\ +DUULV HW DO  
This implies that the slightly less radiogenic isotopic
compositions and trace elements patterns put forward
in support of the plume hypothesis could indeed be
due to the input of continental material via subduction.
Classical adakite rocks were linked to the melting
of young and hot slabs (Defant and Drummond,
1990). Since the earliest island arc rocks occur in the
southwestern Arabian Shield, the Asir terrane in this
part of the shield provides an opportunity to evaluate
whether enrichment happened prior to subduction (i.e.,
plume material) or after subduction (slab component).
The zircon U–Pb data indicate tectonomagmatic
events spanning the period ca. 810–610 Ma. The
oldest trondhjemite sample (ca. 810 Ma) documents
diorite–trondhjemite magmatism prior to 100 Ma in
the southernmost Arabian Shield. A granitic gneiss
dome emplaced at ca. 770 Ma indicates a change in
magma chemistry around that time. Younger diorite–
trondhjemite plutonism dated here to ca. 685–665
Ma indicates either such plutons were emplaced
over an extended period ca. 810–665 Ma and are
contemporaneous with granitic magmatism, or that
diorite–trondhjemite magmatism was episodic. The
age of the conglomerate clast at 685 ± 3 Ma indicate
that locally the plutonic complexes were uplifted
and an unconformity developed after ca. 685 Ma.
An age of ca. 648 Ma for the oldest post–tectonic

sample indicate that post–tectonic magmatism in
the southwestern Arabian Shield started slightly
earlier compared to the northernmost ANS where
post–tectonic calc–alkaline magmatism commenced
at ca. 630 Ma (Be’eri-Shlevin et al., 2009).
$OO VDPSOHV \LHOG UDGLRJHQLF İNd(t) compositions,
but post–tectonic samples become less radiogenic
and have Nd–TDM comparable to the older samples.
This suggests a minor involvement of older crustal
component in the genesis of the post–tectonic
samples. The typical adakitic signatures of the older
arc-related samples suggest a possible slab melt as
there is no geodynamic evidence for crustal thickening
during the arc formation stage in the ANS (Harris et
al., 1993). Trace element ratios such as high Ba/La,
Ba/Nb and Pb/Ce indicate a sub-arc mantle source
PHWDVRPDWL]HG E\ VODEGHULYHG ÀXLGV 7KH VFDWWHU
in Ta/Nb ratios of the arc–related samples beyond
mantle–derived rocks coupled with their adakite–like
chemistry point to an enrichment associated with
subduction rather than mantle plume involvement.

5.4. Provenance of the Lower Paleozoic
sandstones of the Arabian Shield
Detrital zircon U-Pb, O-, and Hf-isotopic
compositions of the Lower Paleozoic sandstones of
Saudi Arabia and Jordan indicate continental–scale
sediment mixing and dispersal across the northern
margin of Gondwana (Paper IV). Subsequent to
shield–wide emplacement of post–tectonic granitoids,
the ANS experienced erosion and peneplanation, and
the underlying crystalline basement became strikingly
ÀDW *DUIXQNHO  3RZHUV HW DO   7KLV
continental–scale peneplanation affected the entire
Middle East and North Africa and became the platform
for the deposition of the vast Cambrian–Ordovician
sediments, which are perhaps the largest clastic
sedimentary reservoir on Earth (Burke et al., 2003).
7KLVSDSHULVWKH¿UVWVWXG\WRSUHVHQWDFRPELQHG
detrital zircon in situ U–Pb–O–Hf isotopic data on the
Cambrian–Ordovician sequences of the ANS. Sample
locations from the Saq and Wajid units in Saudi Arabia
and Jordan are shown in (Fig. 4b). The age spectra are
dominated by ca. 0.9–0.5 Ga and 1.1–0.9 Ga peaks
)LJ ZLWKDQGUHVSHFWLYHO\0LQRU
peaks at ca. 3.0 Ga, 2.7–2.5 Ga and 2.2–1.7 Ga are
also present (Fig. 10). Zircons older than 2.5 Ga have
UHODWLYHO\ UHVWULFWHG į18O values of 4.0–8.0‰ and
\RXQJHU ]LUFRQV VKRZ ZLGH YDULDWLRQV LQ į18O with
extreme excursions at ca. 1.0 Ga and 0.7–0.5 Ga.
7KHVH VHFXODU WUHQGV LQ į18O in the dataset closely
PLUURUJOREDO]LUFRQį18O compilations (Spencer et al.,
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Figure 10.7RS'HWULWDO]LUFRQ8±3EDJHYVİHf(t). The
green line represents the isotope trajectory of the average
continental crust (176Lu/177+I YDOXHIURP5XGQLFN
and Gao, (2013). Bottom: Relative probability distributions
RI]LUFRQ8±3EDQG+IPRGHODJHVIRU]LUFRQVWKDWDUH
FRQFRUGDQW=LUFRQ+IPRGHODJHVXVLQJWKHGHSOHWHG
mantle reservoir (red curve) and ‘arc crust’ (blue curve),
ZHUH¿OWHUHGIRUR[\JHQLVRWRSLFFRPSRVLWLRQVDQGRQO\
WKRVHZLWKį18O<6.5 are included. Taken from Paper
IV.

Somalia block (Kröner and Sassi, 1996; Teklay et al.,
1998; Yeshanew et al., 2017) and the Mozambique
Belt (Kröner and Stern, 2004; Stern, 2002). This is
consistent with paleocurrent data which indicates
sediment transport from the south (Dabbagh and
Rogers, 1983). The second most abundant population
at ca. 1.1–0.9 Ga is puzzling since it cannot be
attributed to any source terrane known in the region
(apart from the ca. 1.1–0.9 Ga zircons of the spatially
very restricted Sa’al metamorphic complex in Sinai
(Be’eri-Shlevin et al., 2012; Be’eri-Shlevin et al.,
2009). Such 1.1–0.9 detrital zircons are generally
abundant in the Paleozoic sandstones of North Africa
and northern Gondwana (Meinhold et al., 2011;
Myrow et al., 2010). Interestingly, these two dominant
peaks at ca. 0.7–0.5 Ga and ca. 1.1–0.9 Ga are also
present in modern sediments from major African
rivers that drain areas where crust with such ages are
unknown (Iizuka et al., 2013). These two observations
suggest continental–scale mixing and recycling of
sediments derived from the EAO mountains and the
Kibaran Belt of Central Africa, and dispersal to the
SHULSKHU\ RI *RQGZDQD 7KH ]LUFRQ į18O secular
variation is consistent with increased incorporation
of sediment in the post–Archean magmas and is
particularly enhanced by continental collision and
crustal thickening (Payne et al., 2015; Valley et
al., 2005). The prominent Hf model age peaks at
2.1 Ga and 1.1 Ga are distinct from those found in
sediments of East Gondwana at ca. 3.3 Ga and 1.9
Ga (Kemp et al., 2006), indicating that different
parts of Gondwana record different growth episodes.

6. CONCLUSIONS
2014; Valley et al., 2005). Zircons with mantle–like
į18O values (4.5–6.5‰) show the largest excursions
LQİHf(t) for the ca. 1.0 Ga and 0.7–0.5 Ga populations,
DQG]LUFRQVZLWKQRQPDQWOHOLNHį18O values (>6.5‰)
KDYHPRVWO\MXYHQLOHİHf(t) compositions (Fig. 10). Hf
PRGHO DJHV RI ]LUFRQV ZLWK PDQWOHOLNH į18O values
GH¿QHWZREURDGSHDNVDW*DDQG*D )LJ 
$ERXW KDOI   RI WKH 1HRSURWHUR]RLF ]LUFRQV
IURP WKLV VWXG\ KDYH D MXYHQLOH İHf(t) >5 and are
interpreted to be sourced from the adjacent juvenile
ANS terranes. For the remaining Neoproterozoic
]LUFRQV ZLWK QRQ±MXYHQLOH İHf(t) signatures, source
regions certainly lie outside of the juvenile ANS
terranes. Possible provenance for these are pre–
Neoproterozoic terranes reworked during the
Neoproterozoic include the arc–gneiss collage of
the Precambrian basement of Yemen (Whitehouse
et al., 2001, 1998; Windley et al., 1996; Yeshanew
et al., 2015), the eastern Ethiopia–northwestern
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This thesis presents zircon U–Pb geochronological,
O and whole–rock Nd isotope data from different
parts of the ANS and a combined zircon U–Pb–O–
Hf data of the Cambrian–Ordovician sandstone
sequences of the ANS. This provides increased
understanding of the magmatic evolution and
the timing of different tectonomagmatic events
in each region and their association with the
assembly of Gondwana to be constrained. The
principal conclusions are summarized below.
Age and isotopic data from the Dire Dawa
Precambrian basement suggest that orogenesis
continued in the region until early Cambrian, whereas
data from the southernmost Arabian Shield and the
Abas terrane in Yemen indicate the culmination of
orogenesis by ca. 630 Ma. Reworking of ancient
supracrustal material during the Neoproterozoic
dominates the evolution of the eastern Ethiopian

basement. It is evident that two contrasting
lithospheric blocks exist in Ethiopia—the juvenile
Western Ethiopian Shield and the largely reworked
pre–Neoproterozoic eastern Ethiopian basement.
Metamorphic age distributions in these two domains
suggest that the suture between these two lithospheric
blocks could represent the northern continuation
RI D PDMRU VXWXUH LGHQWL¿HG IXUWKHU VRXWK LQ $IULFD
associated with the amalgamation of Gondwana and
may have controlled the onset and development of the
0DLQ(WKLRSLDQ5LIW$OWKRXJKWKH$O±0DK¿GWHUUDQH
of Yemen and the Dire Dawa basement show similar
structural grains and plate reconstructions suggest that
they are correlative, the data presented here highlights
age and isotopic dissimilarities between the two.

eastern Gondwana (Kemp et al., 2006) is lacking from
northern Gondwana and suggest that different parts of
the supercontinent register different growth episodes.

The Abas terrane of Yemen represents reworking
of pre–Neoproterozoic crust. The paucity of inherited
zircons from this pre–Neoproterozoic crustal material
could be due to higher zircon saturation temperatures
at deeper levels. The Abas has been correlated
ZLWK WKH $¿I WHUUDQH RI 6DXGL $UDELD &ROOLQV DQG
Pisarevsky, 2005), but the data presented here again
highlights age and isotopic differences, notably the
ODFN RI WKH FD  $¿I HYHQW LQ WKH $EDV WHUUDQH
The Asir terrane in the southernmost Arabian
Shield attests to juvenile magmatic addition.
Conservative trace element ratios from the
Asir terrane indicate enrichment associated
with subduction and lack any plume signature.
The age spectra of the Cambrian–Ordovician
VDQGVWRQHV RI WKH $16 DUH GRPLQDWHG   E\
Neoproterozoic zircons. Slightly more than half
of these zircons possess radiogenic Hf isotopic
compositions, suggesting the juvenile ANS as
a possible source region for these zircons. The
remaining unradiogenic population could have been
derived from the southern EAO (MB), a region
dominated by Neoproterozoic reworking of ancient
crust. The large numbers of 1.1–0.9 Ga zircons
  FRPELQHG ZLWK WKH ODFN RI FUXVW RI WKLV DJH
being absent from the ANS, suggest derivation from
the Grenville-age orogenic zones in Central Africa
(Kibaran Belt). This is consistent with paleocurrent
indicators which suggest sediment transport from
the hinterland of Gondwana. This ubiquity of the
1.1–0.9 Ga age peak across northern Gondwana,
and in river sediments in Africa where basements
of such age are unknown, suggests that continental–
scale sediment mixing/recycling and dispersal was
regulated by supercontinent formation. Hf model
ages reveal major crust generation episodes at 0.8 Ga
and 1.9 Ga. The major growth pulse at 3.3 Ga from
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