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A B S T R A C T

We have investigated the petrology, U-Pb zircon ages, whole-rock geochemistry, and Hf–Sr-Nd isotopic com-
positions of the Hamisana Shear Zone granitoids (HSZG) in the Arabian-Nubian Shield (ANS) in northern Sudan
in order to constrain their petrogenesis and tectonic setting of formation. The HSZG rocks consist mainly of
granite, quartz syenite, and quartz monzonite that collectively make up two major groups based on their ages
and geochemical compositions. The older group (average U-Pb zircon age of ~663 Ma) is represented by calc-
alkaline and I-type peraluminous granites, whereas the younger group (average U-Pb zircon age 623.5 Ma) is
characterized by A-type and metaluminous monzonitic intrusions. All rocks show high Al2O3, La/Nb, Th/Ta, Ba/
Nb ratios, and similar REE patterns indicating enrichment of LILEs (Ba, K, Pb, and Sr) and depletion of HFSEs
(Nb, Ta, Sm, P, and Ti), consistent with the characteristics of subduction-related magmas. La/Yb, La/Sm, Th/Nb,
Rb/Sr, and Rb/Ba ratios suggest that magmas of the HSZG formed by partial melting of a subduction-modified
mantle beneath the ANS. Sr-Nd isotopic compositions of both groups with Nd model ages of 794–877 Ma have
εNd(t) values of +5.24 to +6.10. In-situ Hf isotope analyses indicate εHf(t) values of +10.36 to +10.90 for the
older granites and +9.9 to +10.73 for the younger quartz monzonites. These isotopic features point to a de-
pleted mantle source of their magmas with no involvement of Pre-Neoproterozoic crust in their melt evolution.
The older HSZG granite suites represent pre-collision arc magmatism, whereas the younger HSZG quartz
monzonite suites mark post-collisional magmatic units. Both magmatic events contributed significantly to ju-
venile crust construction during the Neoproterozoic assembly of the ANS.

1. Introduction

The Arabian-Nubian Shield (ANS) includes a series of juvenile arc
terranes (Fig. 1), whose construction and amalgamation involved sev-
eral major tectonic and magmatic events during the protracted East
African Orogeny (950–550 Ma; Stern, 1994). Thus the ANS evolved
through the accretion of intra-oceanic arc-trench systems (~700 Ma;
Patchett and Chase, 2002; Stoeser and Frost, 2006; Khalil et al., 2015),
several microcontinental collisions in the late Neoproterozoic (Kröner
et al., 1987; Stern, 1994; Stein and Goldstein, 1996; Meert, 2003;
Stoeser and Frost, 2006; Be'eri-Shlevin et al., 2011, therein), and post-
collisional (~640–580 Ma) magmatism. The closure of the Mozambique

Ocean marked the final stage of the East African Orogeny and the as-
sembly of West Gondwana (Collins and Pisarevsky, 2005; Stern, 1994,
2002; Stern and Johnson, 2010; Johnson and Woldehaimanot, 2003).
Development of some major transcurrent fault systems within the
young East African Orogenic Belt modified the internal structure of the
ANS considerably (Fig. 1; Kröner et al., 1987; Abdelsalam et al., 2003;
Stern, 1994; Stern and Campins, 1996; Stern et al., 1989; Miller and
Dixon, 1992; Stern, 1994; de Wall et al., 2001).

The basement rocks of the ANS represent predominantly
Neoproterozoic juvenile crust, which developed through differentiation
and crystallization of upper mantle-originated melt without any sig-
nificant contamination by pre-existing continental crust (Stern, 1994;
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Dilek and Ahmed, 2003). This juvenile crust consists mainly of low- to
medium-grade, metamorphosed Neoproterozoic volcanic and sedi-
mentary successions, serpentinites and dismembered ophiolites, meta-
gabbro–diorite–tonalite intrusive complexes, and early calc-alkaline
granitoids including monzonite–granodiorite–granite complexes (Stern,
1994). The more evolved calc-alkaline granitoids were emplaced during
and after the continental collision episodes but before the onset of
large-scale crustal extension in the ANS. Post-collisional (630–590 Ma)
extensional deformation within the ANS was accompanied by wide-
spread emplacement of I-type granites, high-K calc-alkaline granitoids,
and alkaline A-type intrusions (Johnson et al., 2011), analogous to
much younger continental collision zones (Dilek and Whitney, 2000;
Dilek, 2006; Altunkaynak et al., 2012). This plutonic episode was
coeval with the formation of high-K, shoshonitic volcanic sequences
(610–580 Ma), extrusion of mafic to felsic lavas, and deposition of thick
clastic sediments in the northern part of the ANS.

The largely juvenile nature of much of the ANS crust and its low
metamorphic grade makes the ANS an excellent natural laboratory to
investigate the mode, nature and tempo of crustal growth, specifically
the timing, melt sources and petrogenesis of widespread granitoid
magmatism throughout the East African Orogeny. The Hamisana Shear
Zone (HSZ) in NE Sudan and SE Egypt occurs in a critical area within
the ANS where several ophiolite-bearing suture zones (i.e., Onib–Sol
Hamed and Allaqi–Heinai suture zones) converge, forming a N-NE-
trending, lithospheric–scale intra-continental shear zone (Fig. 1). The
HSZ has been the focus of much interest and controversy in regard to its
signifcance for the East African orogeny and its evolution (Stern et al.,
1989, Stern and Kröner, 1993) and because of gold mineralization
(Adam et al., in press). Nearly> 60% of the HSZ is composed of
granitoids (granite, granodiorite, diorite, quartz syenite and quartz
monzonite) and subduction-generated basaltic–andesitic extrusive
rocks (Fig. 2; Taylor and McLennan, 1991). However, the petrogenesis
of these granitoids, the tectonic environment of the origin of their
magmas, and the precise timing of their emplacement are still open
questions due largely to a lack of reliable age constraints and viable

geochemical and isotopic data (e.g. Wyllie et al. (1976), Wyllie (1984),
Chappell et al. (1987), Borg and Clynne (1998), Farahat et al. (2007,
2011), Avigad and Gvirtzman (2009)).

In this study we have investigated the petrology, U-Pb zircon ages,
whole-rock geochemistry, and Hf–Sr-Nd isotopic compositions of the
Hamisana Shear Zone granitoids (HSZG), the emplacement of which
span nearly 40 million years of magmatism during the assembly of the
ANS. The HSZ granitoids show a geochemical and geochronological
progression through time, and hence the geochemical fingerprints and
crystallization ages of their magmas provide important insights into the
potential melt sources and the tempo of their melt evolution during
juvenile crust development within the central Nubian Shield. In the first
part of the paper, we discuss the tectonic history of the ANS and the
geology of the HSZ, the field occurrence of the HSZ granitoids, and our
analytical methods used in this study. We then present the results of our
geochronological, geochemical and isotopic analyses of representative
suites of HSZ granitoids. In the last part of the paper, we discuss the
timing of the emplacement of the HSZ granitoids, and the petrogenesis
and the source of their magmas in a regional tectonic framework. Our
data and interpretations provide an important case study for better
understanding of juvenile crust formation during the late Proterozoic
development of the ANS.

2. Regional geology of the Arabian-Nubian Shield (ANS) and the
Hamisana Shear Zone

2.1. Tectonic history of the ANS

The ANS covers a large part in Northeast Africa and West Arabia
and includes the largest tract of Neoproterozoic juvenile continental
crust in the Earth (Dilek and Ahmed, 2003; Patchett and Chase, 2002;
Stern et al., 2004). This juvenile crust was produced when island arc
terranes were formed within and around the margins of the Mo-
zambique Ocean, which evolved during the breakup of Supercontinent
Rodinia around 800–900 Ma (Stern, 1994; El-Rahman et al., 2009a,b;

Fig. 1. (A). Structural and metamorphic map of the Arabian-Nubian Shield (Modified after Johnson and Woldehaimanot (2003)), showing tectonostratigraphic
terranes, with the estimated terrane protolith ages, and subduction orientations, suture zones, and boundaries between the ANS and flanking older crustal blocks. The
dashed-line, red rectangular is the Hamisana Shear Zone (HSZ) marked as B. (B) Generalized map of plexus, including the eastern part of Allaqi-Heiani suture, Gerf
nappe, Onib-Sol Hamed suture, and Hamisana shear zone (modified after Stern et al. (1990)). The study area (Fig. 2) is shown by a dashed-lined, red rectangular. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Eliwa et al., 2014). The tectonic evolution of the ANS records
~300 m.y. of crustal growth and orogenic evolution from intra-oceanic
subduction, island arc and back-arc magmatism (870–700 Ma), to ter-
rane amalgamation during the closure of the Mozambique Ocean
(~800–650 Ma) and finally the terminal collisions between the major
lithospheric fragments of East and West Gondwana. The formation of
the ANS took place during the closure of the Mozambique Ocean be-
tween the East and West Gondwana continental blocks. Ocean closure
led to the amalgamation of numerous ca. 870–625 Ma juvenile arc and
back-arc igneous and sedimentary rock sequences (Zoheir et al., 2019).
This orogenic buildup was followed by the collapse of a thickened and
elevated crust of the East African Orogen (EAO), accompanied by tec-
tonic escape, strike-slip faulting, delamination, and extension
(630–550 Ma; Avigad and Gvirtzman, 2009; Fritz et al., 2013; Genna
et al., 2002; Hargrove et al., 2006a, 2006b; Johnson et al., 2011;
Kröner, 1985; Kröner et al., 1987; Meyer et al., 2014; Stern, 1994; Stern
and Johnson, 2010; Stoeser and Camp, 1985; Ali et al., 2013; Be’eri-
Shlevin et al., 2012; Johnson and Woldehaimanot, 2003, and references
therein).

The ANS and the adjacent Mozambique Belt represent one of the
most extensive Neoproterozoic metamorphic zones of the Earth. The
Mozambique Belt is composed predominantly of amphibolite-facies
rocks with extensive tracts of granulites, which are considered to have
formed during the collision of East and West Gondwana (Burke
et al.,1977; Shackleton, 1986; Stern and Dawoud, 1991). The ANS
consists largely of greenschist-facies metamorphic rocks. Therefore, the
difference between the ANS and the adjacent Mozambique Belt is in the

metamorphic grade of their rock assemblages that resulted from arc-arc
versus continent–continent collisions, respectively.

The 400-km wide and 200-km long Najd fault system (Stern et al.,
1989) in the ANS is characterized by a cumulative sinistral offset of
240–300 km (Davies, 1984). It was active between 655 and 540 Ma,
after the final assembly of the ANS (Stacey and Agar, 1985). In NE
Sudan, the N40W-striking Oko shear zone constitutes part of the Najd
fault system, and also displays sinistral offsets (Almond and Ahmed,
1987).

Major suture zones of the ANS are classified into two types: arc–arc
and arc-continent collision sutures (Fig. 1; Abdelsalam and Stern,
1996). The arc–arc sutures trend mostly NE–SW representing the zones
of closure of oceanic basins between juvenile arc terranes at
800–700 Ma (examples include Allaqi-Heiani-Onib-Sol, Hamed-Yanbu
and Nakasib-Bir Umq sutures; Fig. 1; Pallister et al., 1988; Kröner et al.,
1991; Dilek and Ahmed, 2003; Johnson et al., 2003). Following the
arc–arc collisions, the newly assembled ANS collided with two pre-
Neoproterozoic continental blocks, East- and West-Gondwana,
throughout 750–630 Ma. These collisions are now represented by the N-
S trending Nabitah suture zone in the east and the Keraf suture zone in
the west (Stern et al., 1989; Stern, 1994; Johnson et al., 2003).
Abdelsalam and Stern (1996) refer to these boundaries as arc-continent
sutures. The ANS underwent north–south shortening during the final
collision of East- and West-Gondwana between 650 and 550 Ma
(Abdelsalam and Stern, 1996; Stern et al., 2004).

In northeast Sudan, the Nubian component of the ANS is composed
of several arc terranes, which include Gerf, Gabgaba, Gebeit, Haya and

Fig. 2. Geological map of the Northern Hamisana Shear Zone, showing major rock units, structures, and granitoid sample locations. The corresponding ages are based
on our unpublished data.
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Tokar (Fig. 1). These arc complexes are separated by sutures and the
associated shear zones, such as the Hamisana (HSZ), Oko (OSZ) and
Nakasib Suture Zones (NSZ; Stern, 1994). The Hamisana shear zone in
northern Sudan is a well-known example of a arc-continent suture zone
(Fig. 1b), which displays east–west crustal shortening fabrics, steeply
plunging folds, and major thrust faults. It represents one of the largest
basement structures in NE Africa (Stern, 1989).

2.2. The Hamisana Shear zone

The HSZ is one of the major, Pan-African high-strain zones exposed
in northeastern Sudan and southeastern Egypt within the ANS. It is
approximately 50-km-wide and ~300-km-long, displaying crustal-scale
shortening and strike-slip deformation fabrics (Fig. 1a and b; Vail,
1985). The oldest basement sequences within the HSZ consist of me-
tasedimentary rocks, migmatites, and metavolcanic suites forming
schist and gneiss units (Fig. 2). Metavolcanic and metasedimentry rock
sequences are dominated by meta-andesites and chlorite schist. Others
include psammitic and semipelitic schists, with intercalations of calc-
silicates, meta-arkosic sandstones, and metaquartzites. All these se-
quences (Bennett and Mosley, 1987; Lissan and Bakheit, 2010) are
structurally overlain by dismembered ophiolite nappes and serpenti-
nized peridotites (Gerf nappe of Kröner et al., 1987). The Hamisana
ophiolites contain serpentinite, cumulate peridotites, layered and iso-
tropic gabbros, plagiogranite, sheeted dikes, and pillow lavas, typical of
subduction–related ophiolite sequences (Dilek et al., 1990; Dilek and
Thy, 1998; Dilek and Furnes, 2011, 2014). These metavolcanic and
metasedimentry sequences and ophiolitic nappes were folded, and were
subsequently intruded extensively by syn- to late-tectonic plutons of
gabbro-diorite-tonalite-granite compositions (Fig. 2; Miller and Dixon,
1992). Relatively unmetamorphosed volcanic and pyroclastic rock se-
quences were widely intruded, especially in the north, by batholithic
quartz monzonite and monzonite–granodiorite–granite plutons as well
as by mafic and felsic dike swarms (Fig. 2; Stern, 1994).

3. Field occurrence and petrography of the HSZ granitoids

Fifteen granitoid samples from the northern part of the Hamisana
Shear Zone in the ANS were used for petrographic investigation and
geochemical analysis (Table 1). The selected granitoid samples com-
prise granite (n = 4), granodiorite (n = 3), quartz syenite (n = 4), and
quartz monzonite (n = 4). The locations of these samples shown in
(Fig. 1a). According to geochronological results, we classify these
granitoids into two groups: the first group includes older granitoids
composed of granite, granodiorite and quartz syenite that display ex-
tensive shear and deformation fabrics, whereas the younger granitic
rocks are composed mainly of quartz monzonite. All granitoids are in-
truded into metavolcano-sedimentary sequences consisting of meta-
andesite and chlorite schist (Fig. 2). Chilled margins occur between the
granitoid intrusions and their host meta-andesites (Fig. 3a, b), and some
intrusions contain meta-volcanic fragments as xenoliths (Fig. 3c); these
features collectively indicate that emplacement of these plutons oc-
curred at shallow crustal levels and long after the eruptions of andesitic
lavas.

3.1. HSZ granites and granodiorites

Granites are the predominant igneous rock type located in the SW
and NW parts of the study area (Fig. 2). Granodiorite also occurs, al-
though less commonly and with unclear contact relationships with the
granitic rocks. Both granites and granodiorites show intense deforma-
tion and shear fabrics, defined by foliation and mineral–elongation
parallel to the general orientation of shear zones (Fig. 3d–f).

Granitic rocks are commonly grey colored, have a coarse-grained
granular texture, and consist mainly of quartz, alkali feldspar, biotite
and hornblende. Accessory minerals include titanite, opaque Fe–Ti

oxides, allanite, apatite, and zircon. Quartz shows anhedral and wavy
extinction. Granulation and recrystallization textures are common
along the grain boundaries of both quartz and feldspar. Alkali feldspar
grains are anhedral in shape and are locally altered to clay minerals
(Fig. 4a, b). Biotite displays subhedral to anhedral habits and incipient
foliation (Fig. 4b).

Granodiorite rocks are heterogeneous in texture, varying from
coarse- to medium-grained, and with granular to inequigranular por-
phyritic textures; they are slightly foliated. All granodiorites consist
primarily of alkali feldspar, plagioclase, quartz, and biotite with scarce
hornblende. Accessory minerals include opaque iron oxides, titanite,
allanite, apatite, and zircon (Fig. 4c, d). Plagioclase occurs as subhedral
to anhedral, tabular and equant crystals that are commonly poly-
synthetic, twinned, and chemically zoned, and is generally altered.
Vermicular or wormy intergrowth of alkali feldspar into plagioclase
grains formed a myrmekititic texture between the two. Alkali feldspar
also occurs as subhedral to anhedral, interstitial grains. Inclusions of
biotite, hornblende, and plagioclase are locally enclosed within alkali
feldspars (Fig. 4c). Quartz is found as both small interstitial and large
grains. Larger quartz crystals commonly display a wavy and undulatory
extinction, deformation bands, and granulation. Plagioclase and K-
feldspar display preferred orientation. Biotite is partly altered to
chlorite and opaque minerals, whereas hornblende is replaced by bio-
tite and/or chlorite (Fig. 4c, d).

3.2. Quartz syenite

Quartz syenite, located in the southern part of the mapped area
(Fig. 2), is intrusive into the metavolcanic and metasedimentary se-
quences of the ANS, and is in turn intruded by Cretaceous gabbroic
dikes and stocks (Fig. 3g, h). The Quartz syenitic rocks are characterized
by their gray and reddish to pinkish color, and are coarse-grained with
porphyritic textures. They consist mainly of alkali feldspar, plagioclase,
quartz, and biotite (Fig. 4e, f). Euhedral to subhedral titanite is by far
the most abundant (up to 3%) accessory mineral. Other accessory mi-
nerals include opaque iron oxides, allanite, apatite, and zircon (Fig. 4e,
f). Alkali feldspars are represented by microperthite and homogeneous
microcline, and occur as subhedral to anhedral interstitial grains.
Quartz occurs as both small interstitial grains and large grains with
irregular shapes; it commonly displays undulatory extinction, de-
formation bands, and granulation along grain boundaries (Fig. 4e).
Biotite is altered to chlorite and opaque minerals. Lozenge-shaped ti-
tanite and biotite with a well-developed preferred orientation indicate
contractional strain during and after their crystallization.

3.3. Quartz monzonite

Quartz monzonitic intrusions occur in the northern and south-
eastearn parts of the study area (Fig. 2) and represent the youngest
granitoid suite with no or little deformation (Fig. 3i). The Quartz
monzonitic rocks are commonly gray to pink in color and display
massive, coarse-grained and granular textures. They consist mainly of
plagioclase, alkali feldspar, quartz, and mafic minerals (mainly horn-
blende and biotite) (Fig. 4g, h). Main accessory minerals include
opaque iron oxides, monazite, apatite, and zircon (Table 1; Fig. 4g, h).
Plagioclase is the dominant mineral phase (25–35 vol%) and forms
euhedral to subhedral lath-shaped crystals, commonly displaying albite,
carlsbad, and pericline twinnings. It is locally altered to sericite and/or
clay minerals. Quartz occurs (less than 5 wt%) as large interlocked
grains (up to 3.5 mm), and locally contains biotite inclusions. Biotite
also occurs as independent and coalesced tabular crystals and flakes of
variable sizes, and is commonly altered to chlorite and epidote. Mus-
covite is partially intergrown with biotite (Fig. 4g, h). Inclusions of
biotite, hornblende, zircon and apatite occur in feldspar grains. Am-
phibole (hornblende) locally shows an epitaxial growth texture in
biotite grains (Fig. 4h).
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Table 1
Whole rock major, trace and rare earth elements of Hamisana granitoids in the Arabian-Nubian Shield.

Sample No. P2-1 P2-2 P2-3 HS-1 HS-2 P1-1 P6-1 HS-5 HS-10 HS-9 P1-10 HS-15 HS-17 P2-5 P2-7

Rock Name Granodiorite Granite Quartz syenite Quartz monzonite

Major elements (wt. %)
SiO2 70.1 69.7 68.8 71.73 71.60 72.24 72.52 67.4 66.63 66.23 67.38 60.0 60.3 60.6 61.1
TiO2 0.28 0.31 0.28 0.36 0.36 0.34 0.36 0.51 0.39 0.45 0.43 1.02 1.01 1.00 1.00
Al2O3 16.81 16.94 17.21 14.67 14.90 14.52 14.66 17.01 17.4 17.38 16.9 17.99 17.63 19.32 17.45
Fe2O3 1.7 1.7 1.7 1.7 1.7 1.6 1.7 2.0 2.0 1.9 1.9 5.3 5.4 4.7 4.9
MnO 0.02 0.03 0.03 0.04 0.05 0.05 0.04 0.05 0.03 0.03 0.03 0.1 0.1 0.09 0.92
MgO 0.84 0.86 0.85 0.50 0.50 0.48 0.47 0.35 0.21 0.32 0.32 2.46 2.35 1.72 1.99
CaO 2.96 2.87 3.02 1.33 1.34 1.33 1.32 0.85 0.69 0.83 0.75 4.1 4.0 3.44 3.66
Na2O 4.39 4.45 4.83 4.57 4.50 4.32 4.25 5.18 6.04 5.69 5.78 4.6 4.7 5.03 4.90
K2O 1.9 2.1 2.2 3.87 3.87 3.65 3.60 5.8 5.47 5.23 5.40 3.2 3.1 2.9 3.1
P2O5 0.10 0.10 0.10 0.10 0.10 0.09 0.10 0.10 0.10 0.11 0.10 0.50 0.49 0.37 0.37
LOI 0.85 0.99 0.96 1.15 1.13 1.35 1.03 0.75 1.0 1.84 1.0 0.74 1.00 0.83 0.68
Total 99.99 100.00 100.01 99.99 100.00 100.03 100.00 100.00 99.99 100.00 100.03 100.00 100.01 99.99 100.00
FeOt 1.54 1.52 1.52 1.51 1.50 1.48 1.49 1.81 1.78 1.71 1.73 4.8 4.9 4.22 4.39
Na2O/K2O 2.3 2.1 2.2 1.2 1.2 1.2 1.2 0.9 1.1 1.1 1.1 1.4 1.5 1.7 1.6
K2O/Na2O 0.44 0.47 0.45 0.85 0.86 0.85 0.85 1.11 0.91 0.92 0.93 0.7 0.7 0.57 0.62
Mg# 49.25 50.35 49.94 37.02 37.38 36.45 35.89 25.34 17.41 25.31 24.92 47.8 46.2 42.04 44.66
A/CNK 1.1 1.1 1.1 1.04 1.06 1.08 1.10 1.0 1.02 1.05 1.01 1.0 1.0 1.1 1.0
A/NK 1.81 1.77 1.67 1.25 1.29 1.31 1.35 1.15 1.10 1.16 1.10 1.63 1.60 1.69 1.54
FeOt/MgO 1.84 1.76 1.79 3.03 2.99 3.11 3.18 5.25 8.46 5.26 5.37 1.94 2.08 2.46 2.21

Trace elements (ppm)
Li 12.73 13.23 12.40 8.4 8.6 8.5 8.7 8.2 6.6 7.3 6.8 15.4 15.2 14.5 14.3
Be 1.1 1.2 1.1 2.1 2.2 2.2 2.2 2.6 2.9 2.8 2.8 2.36 2.30 2.36 2.34
Sc 4.42 4.37 4.40 3.55 3.55 3.53 3.54 9.71 10.39 9.82 10.19 9.25 9.17 6.93 6.97
V 30.56 29.43 30.53 21.21 20.46 21.61 20.86 20.04 18.00 19.19 18.50 99.63 98.23 76.96 76.86
Cr 8.34 7.98 8.31 1.89 1.91 1.92 1.90 1.09 1.13 1.12 1.10 28.53 28.33 26.85 23.99
Co 124.24 121.24 123.24 105.65 105.16 104.75 106.16 69.22 44.86 45.82 46.46 58.74 57.14 33.84 37.84
Ni 4.43 4.30 4.41 2.73 2.80 2.76 2.83 1.09 1.12 1.10 1.12 19.50 17.60 5.00 5.14
Cu 1.25 1.19 1.23 1.41 1.41 1.42 1.41 1.74 1.56 1.66 1.89 10.36 10.16 5.99 6.19
Zn 41.63 40.43 41.69 43.9 43.7 43.8 43.6 20.4 16.7 17.6 18.9 77.6 77.0 76.5 76.4
Ga 20.7 19.5 20.3 19.7 19.4 19.6 19.5 19.2 22.4 20.5 22.3 22.57 22.47 23.20 22.80
Rb 39.08 38.28 39.48 44.31 43.67 44.41 43.64 34.52 31.08 30.42 32.28 78.74 78.44 81.72 84.12
Sr 413.90 409.90 411.90 332.31 327.33 334.31 329.33 494.94 572.02 564.94 561.02 1134.93 1128.93 917.11 928.11
Zr 114.96 107.96 112.96 261.62 259.98 260.62 260.12 917.40 1031.86 1029.40 1027.86 246.07 242.07 232.06 238.06
Nb 2.27 2.29 2.28 9.48 9.35 9.45 9.36 11.58 13.87 12.98 13.57 12.09 11.69 13.67 13.27
Mo 0.08 0.08 0.08 0.32 0.30 0.31 0.31 0.92 1.02 0.95 1.01 0.93 0.91 0.44 0.45
Sn 1.06 1.07 1.05 1.21 1.23 1.23 1.22 1.08 1.21 1.18 1.19 1.45 1.43 1.34 1.33
Cs 0.83 0.88 0.84 0.46 0.47 0.47 0.48 0.71 0.33 0.40 0.38 2.22 2.21 1.33 1.32
Ba 473.52 461.52 470.52 744.48 722.41 741.48 726.41 1040.94 1217.51 1182.94 1217.51 925.83 921.83 936.89 1018.89
Hf 3.20 3.21 3.21 6.27 6.19 6.27 6.19 13.58 16.81 15.58 16.21 5.62 5.61 5.58 5.54
Ta 0.47 0.46 0.48 0.7 0.7 0.7 0.7 1.0 1.0 1.0 1.0 0.9 0.8 1.0 0.9
Ti 0.3 0.3 0.3 0.3 0.4 0.3 0.4 0.3 0.2 0.3 0.2 0.50 0.47 0.42 0.40
Pb 10.21 10.26 10.26 17.76 17.49 17.86 17.59 27.62 22.56 23.12 22.86 12.35 12.05 11.30 11.20
Th 5.02 5.21 4.98 4.59 4.63 4.60 4.62 6.00 4.86 5.02 4.96 4.53 4.43 4.74 4.62
U 1.00 1.03 1.02 1.03 1.06 1.03 1.05 1.99 2.20 2.14 2.17 1.61 1.54 1.47 1.45
La 14.41 13.81 14.56 39.99 39.86 39.59 39.76 41.97 38.34 40.77 39.36 36.74 36.44 32.86 30.76
Ce 28.57 27.87 28.27 80.13 78.82 80.03 78.92 90.13 84.95 86.17 84.95 86.60 86.30 69.10 68.55
Pr 3.21 3.19 3.20 8.61 8.43 8.59 8.45 10.47 9.85 11.96 9.85 10.44 10.04 9.34 9.29
Nd 11.95 12.05 12.55 30.07 29.84 30.05 29.85 38.96 35.51 36.36 34.81 41.58 40.28 26.45 26.25
Sm 2.12 2.09 2.10 4.55 4.60 4.58 4.59 6.19 4.95 5.19 4.98 7.12 7.02 4.92 4.91
Eu 0.59 0.55 0.60 1.16 1.06 1.14 1.09 1.98 1.47 1.51 1.46 2.06 2.04 2.17 2.16
Gd 1.48 1.47 1.49 3.1 3.1 3.1 3.1 3.9 2.8 2.9 2.8 5.0 4.5 4.2 4.1
Tb 0.2 0.2 0.2 0.4 0.4 0.4 0.4 0.5 0.4 0.4 0.4 0.64 0.61 0.58 0.56
Dy 0.89 0.85 0.87 2.31 2.22 2.30 2.24 2.12 2.04 2.09 2.06 3.30 3.23 3.07 3.05
Ho 0.16 0.17 0.18 0.43 0.41 0.42 0.40 0.47 0.43 0.44 0.45 0.58 0.57 0.58 0.56
Er 0.41 0.42 0.40 1.12 1.07 1.11 1.09 1.38 1.33 1.36 1.35 1.56 1.54 1.66 1.64
Tm 0.05 0.06 0.06 0.16 0.17 0.17 0.16 0.22 0.23 0.21 0.22 0.21 0.22 0.25 0.23
Yb 0.35 0.34 0.37 1.07 1.09 1.07 1.09 1.64 1.80 1.78 1.81 1.39 1.38 1.60 1.55
Lu 0.05 0.05 0.05 0.16 0.16 0.16 0.16 0.30 0.32 0.31 0.32 0.22 0.21 0.24 0.25
Y 4.8 4.3 4.6 13.0 12.6 13.1 12.7 13.8 12.8 13.3 13.0 17.14 16.74 17.45 17.35
∑REE 69.2 67.6 69.5 186.3 183.9 185.9 184.0 214.1 197.2 204.8 197.8 214.57 211.09 174.43 171.25
(La)N 39.26 37.63 39.68 108.97 108.60 107.88 108.33 114.35 104.47 111.08 107.25 100.11 99.30 89.55 83.83
(Yb)N 1.41 1.37 1.49 4.31 4.39 4.31 4.38 6.63 7.26 7.20 7.30 5.61 5.57 6.44 6.24
(La/Yb)N 27.77 27.39 26.55 25.30 24.71 25.05 24.74 17.25 14.40 15.44 14.70 17.84 17.82 13.91 13.44
(Ce)n 29.86 29.12 29.54 83.73 82.36 83.62 82.46 94.17 88.76 90.04 88.76 90.49 90.18 72.21 71.63
(Ce/Yb)n 21.11 21.20 19.77 19.44 18.74 19.42 18.83 14.20 12.23 12.51 12.17 16.13 16.19 11.21 11.48
(Sm)n 9.17 9.04 9.08 19.68 19.91 19.81 19.87 26.78 21.44 22.46 21.57 30.83 30.40 21.29 21.25
(La/Sm)n 4.28 4.16 4.37 5.54 5.45 5.45 5.45 4.27 4.87 4.95 4.97 3.25 3.27 4.21 3.95
(Gd)n 4.82 4.81 4.85 10.09 10.06 10.13 10.11 12.90 9.23 9.57 9.30 16.28 14.58 13.61 13.54

(continued on next page)
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4. Analytical methods

4.1. LA-ICP-MS zircon U-Pb dating

Magnetic and conventional heavy liquid techniques were used in
zircon separation. This process was followed by handpicking under a
binocular microscope to separate the zircon grains from fresh granitoids
samples. The selected zircons were examined under transmitted and
reflected light with an optical microscope, and cathodoluminescence
(CL) images were collected on a CAMECA SX51 under conditions of
50 kV and 15nA at Wuhan Sample Solution Analytical Technology Co.,
Ltd., Wuhan, China. The CL images were used to examine the internal
textures and to choose potential targets for U–Pb dating and Lu-Hf
isotope analysis.

U-Pb dating and trace element analyses of separated zircons were
conducted in the State Key Laboratory of Geological Processes and

Mineral Resources (GPMR), China University of Geosciences-Wuhan,
China. Experiments were performed on an Agilent 7500a ICP-MS in-
strument (Agilent Technology, Tokyo, Japan) in combination with an
ArF excimer laser (λ = 193 nm) (GeoLas 2005, MicroLas, Göttingen,
Germany). The operating conditions for the LA-ICP-MS instrument were
similar to Liu et al. (2010a, b). All analyses were performed with a laser
spot size of 32 μm, a repetition rate of 5 Hz, and a fluence of 8 J/cm2 in
this study. Helium was used as the carrier gas in the ablation cell and
merged with argon (makeup gas) behind the ablation cell (Günther and
Heinrich, 1999; Luo et al., 2018a). A signal-smoothing and mercury-
removing device was used in this laser ablation system to obtain smooth
signals and reduce the mercury signal (Hu et al., 2014). A small amount
of (4.1 mg min−1) water vapor was added before the ablation cell to
improve the analytical accuracy and precision (Luo et al., 2018b). Each
single-spot analysis consisted of 20 s of background signal acquisition,
followed by 50 s of ablation. Zircon 91,500 (Wiedenbeck et al., 1995)

Table 1 (continued)

Sample No. P2-1 P2-2 P2-3 HS-1 HS-2 P1-1 P6-1 HS-5 HS-10 HS-9 P1-10 HS-15 HS-17 P2-5 P2-7

Rock Name Granodiorite Granite Quartz syenite Quartz monzonite

(Gd/Yb)n 3.41 3.50 3.25 2.34 2.29 2.35 2.31 1.95 1.27 1.33 1.27 2.90 2.62 2.11 2.17

FeOT: Fe2O3T × 0.8998; LOI: loss on ignition; Mg#: (100MgO/(MgO + FeO); A/CNK = Al2O3/(CaO + Na2O + K2O); A/NK = Al2O3/(Na2O + K2O); ∑REE = Sum
of Rare Earth Elements; (La)N, (Yb)N, (La/Yb)N, Ce)n, (Ce/Yb)n, (Sm)n, (La/Sm)n, (Gd)n, (Gd/Yb)n = are chonderite-normalized values from (McDonough and Sun
(1995)). Major elements in wt %; trace elements in ppm.

Fig. 3. (a) Field photos of a post-collisional quartz monzonite intrusion, characterized by an ex-foliation weathering in large, undeformed boulders; (b) a faulted
granodiorite with a granitic rock in the background; (c) Syntectonic quartz syenite intruded into meta-andesite and chlorite schist, displaying foliation with NWW
strike and a gentle dip (20–35) to the south; (d) intrusive gabbroic rock; (e and f) contact relationships between granite and meta-andesite; (g and h) foliation and
mineral elongation lineation in syntectonic granitoids parallel to the shearing orientation, mainly vertical to sub-vertical NE and NW directions; (i) metavolcanic rock
xenoliths in granite near the contact.
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was used as an external standard to correct the Pb/U fractionation and
instrumental mass discrimination, and zircon GJ-1was analyzed as an
unknown. The obtained weighted average 206Pb/238U ages in 12 ana-
lyses of GJ-1 is 606.4 ± 4.1 Ma in this study, which are consistent with

the reference age of 599.8 ± 1.7 Ma (Jackson et al., 2004). The trace
element compositions of zircons were calibrated against NIST 610 glass
as an external calibration and combined with 29Si as internal standar-
dization (Liu et al., 2010b). Off-line selection and integration of

Fig. 4. (a and b) Photomicrographs and reflected light images showing mineral assemblages and textures in a Northern HSZ granite; (c and d) granodiorite; (e and f)
quartz syenite; (g and h) quartz monzonite, in both XPL and PPL, respectively. Qtz = Quartz; Bt = Biotite; Pl = Plagioclase; Hb = Hornblende; Kfs = K-feldspar;
Mc = Muscovite; Ox = Iron oxide; Ti = Titanite; Zr = Zircon; and Ap = Apatite.
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Fig. 5. LA-ICP-MS U-Pb zircon age Concordia diagrams (a, c, e, and g), and their representative cathodoluminescence (CL) images of dated zircons (b, d, f, and h) for
the Neoproterozoic Hamisana Granitoids in the ANS.
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background and analyte signals, and time-drift correction and quanti-
tative calibration for trace element analyses and U-Pb dating were
performed by ICPMSDataCal (Liu et al., 2010a). Concordia diagrams
and weighted mean calculations were made using Isoplot/Ex_ver3
(Ludwig, 2003).

4.2. Whole-rock major and trace element analyses

Whole-rock samples (n = 15) were crushed and powdered to b200-
mesh in an agate mill. Major element abundances of these samples were
obtained by X-ray fluorescence (XRF-1800) at the State Key Laboratory
of Geological Processes and Mineral Resources (GPMR), China
University of Geoscience (CUG), Wuhan. The accuracy and precision of
the XRF data were assessed using Chinese national standards, and du-
plicate runs on selected samples of the XRF analyses are estimated to be
~1% for elements with concentrations N10 wt.% and 5% for the other
major elements. More details about the XRF analytical procedure are
given in Ma et al. (2012) and Wang et al. (2013).

Whole-rock trace element compositions were determined by in-
ductively coupled plasma mass spectrometry (ICPMS) (Agilent 7500a
ICP–MS), using the techniques described by Liu et al. (2008) and Qi
et al. (2000). Pure Rb standard solution was used for internal calibra-
tion, and GSR-1, BHVO-2, and OU-6 were used as reference materials.
The relative errors of the ICP-MS analyses are estimated to be better
than±5–10% for most elements.

4.3. In situ Lu-Hf isotopes

Hf isotope behavior in granitoid rocks are strongly controlled by
zircon (Belousova et al., 2010) because it is the principal host mineral
of Hf (Ali et al., 2015) and Hf is an essential element in the crystal
structure of zircon (Patchett and Tatsumoto, 1981). Present-day Hf
isotopic compositions of zircons, which are characterized by low Lu/Hf
ratios, approximate those of magmas from which they were crystallized
(Kinny and Maas, 2003). Zircon also has strong resistance to re-equi-
libration of its Hf isotopic composition (Watson, 1996; Watson and
Cherniak, 1997), and hence to any disturbance of its Hf isotopic system
as a result of high–temperature magmatic processes or high-grade
metamorphism (e.g., Huang et al. (2006), Lenting et al. (2010)). These
features make zircon an ideal repository as a chronometer (U–Pb geo-
chronology) and an isotopic tracer (Lu–Hf isotope system) (Kinny and
Maas, 2003; Belousova et al., 2006, 2010; Lenting et al., 2010), parti-
cularly if/when the whole-rock isotopic systems were disturbed by
earth processes (Belousova et al., 2010). Therefore, we conducted in-
situ Lu-Hf isotope analyses of the dated zircon grains from our HSZ
granitoid samples HS-1, HS-5, HS-15, and HS-17. We used a Neptune
plus multi-collector (MC)-ICPMS system, in combination with a Geolas
2005 system in the GPMR–China University of Geosciences at Wuhan.

The zircons were ablated by a 193 nm ArF Laser system. The spot
size of 50 μm was used for analysis, with a laser repetition rate of 10 Hz
at 100 mJ/pulse. 179Hf / 177Hf = 0.7325 (Chu et al., 2002) was used
to correct the instrument quality discrimination of Hf isotopes. The

Fig. 6. (a) TAS diagram, plots of total alkalis vs. SiO2 (Middlemost, 1994). (b) A/NK-A/CNK diagram (Maniar and Piccoli, 1989). (c) K2O-SiO2 diagram (solid line:
Peccerillo and Taylor (1976). (d) SiO2–FeOt/MgO diagram, for the Neoproterozoic Hamisana Granitoids plutons. Dotted line: Middlemost, (1985)); A/CNK. (Al2O3/
(CaO + Na2O + K2O) molecular); A/NK. (Al2O3/(Na2O + K2O) molecular).
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instrument quality discrimination factor for Yb isotopes was calculated
using the relationship βYb = 0.8725 × βHf (Xu et al., 2004). The
correction of 176Hf's heterogeneous interference by 176Lu and 176Yb
was corrected using 176Yb / 172Yb = 0.5886 and 176Lu/
175Lu = 0.02655 (Chu et al., 2002). The test result of the international
standard zircon 91,500 is 0.282301 ± 0.000017 (2δ, n = 15), which is
consistent with the published value of 0.282307 ± 0.000031 (Wu
et al., 2006). The test result of Penglai zircon is 0.282915 ± 0.000014
(2δ, n = 18), which is consistent with the published value of
0.282906 ± 0.000010 (Li et al., 2010). The test result of Plešovice
zircon is 0.282477 ± 11 (2δ, n = 18), which is consistent with the
international recommended value of 0.282482 ± 0.000013 (Sláma
et al., 2008). The test result of zircon in Qinghu granite is
0.283002 ± 0.000012 (2δ, n = 15), which is consistent with the re-
ported value of 0.283002 ± 0.000004 (Li et al., 2013). Calculation
methods for εHf(t), TDM1, and TDM2 values are similar to those of Wu
et al. (2008). The detailed analytical procedure followed that described
by Yuan et al. (2008).

4.4. Whole-rock Sr-Nd isotope analyses

Whole-rock Sr-Nd isotopic compositions were analyzed using a
Finnigan Triton Ti thermal ionization mass spectrometer (TIMS) at
GPMR. For details of the analytical procedures, see Wang et al. (2013).
Powder samples (~100 mg) were dissolved in a Telfon bomb with a

mixture of concentrated HNO3 acid and HF. The samples were dried in
an oven at 190 °C for 48 h and then converted into chlorides by adding
1 ml of 6 N HCl and dissolved again in 1 ml of 2.5 N HCl. Nd was
separated and purified from the final solution using the conventional
cation-exchange technique. Mass fractionation for measured Nd iso-
topic ratios was normalized using a 146Nd/144Nd ratio of 0.7219.
Analyses of standard BCR-2 yielded a mean 143Nd/144Nd ratio of
0.512655 ± 4. A47Sm decay constant (λ) of 6.54 × 10–11 year − 1
was adopted for the calculations. We have used the depleted mantle
models of Goldstein et al. (1984) in our calculations. Fix εNd(t) values
were calculated relative to the chondritic uniform reservoir for a pre-
sent-day 143Nd/144Nd ratio of 0.512638 and 147Sm/144Nd ratio of
0.1967. Single-stage (TDM1) Nd model age calculations utilized
143Nd/144Nd and 147Sm/144Nd ratios of 0.51315 and 0.2137, respec-
tively, for the present-day depleted mantle.

5. U-Pb zircon ages of the HSZ granitoids

Four HSZ granitoid samples, including granite (HS-1), quartz sye-
nite (HS-5), and quartz monzonite rocks (HS-15 and HS-17), were used
for zircon dating. The results are listed in Table 2. Concordia diagrams
and the representative CL images are presented in Fig. 5. Age calcula-
tions were done, following Goldstein et al. (1984).

Twenty U-Pb spot analyses were acquired on 19 zircon grains se-
lected from sample HS-1 (granite). They have U contents of 60.6 to
447 ppm and Th contents of 39.3 to 503 ppm (Table 2). They have
yielded a concordant U-Pb age with a weighted mean 206Pb/238U age of
664.2 ± 3.8 Ma (MSWD = 0.27, 95% confidence interval) (Fig. 5a).
Zircon grains from this granite sample are mainly dark gray to slightly
colorless, euhedral to subhedral, transparent with short to long pris-
matic forms. Their crystal lengths mostly vary from 100 to 220 μm, with
aspect ratios of 1:1 to 2:1 (Fig. 5b). CL images show that the majority of
zircon grains have continuous oscillatory zoning textures, consistent
with growth from surrounding magma with inherited cores in the
center. These textures indicate a magmatic origin, as described by Wu
and Zheng (2004).

Twenty U-Pb spot analyses were done on 19 zircon grains, selected
from sample HS-5 (quartz syenite). They have U contents of 31.1 to
125 ppm and Th contents of 24.5 to 142 ppm (Table 2). They have
yielded concordant U-Pb ages with a weighted mean 206Pb/238U age of
662.1 ± 4.6 Ma (MSWD = 0.16, 95% confidence interval) (Fig. 5c).
Zircon grains from this sample (HS-5) are mainly dark gray to slightly
colorless, euhedral to subhedral, transparent with short rounded to long
prismatic forms. Their crystal lengths mostly vary from 100 to 200 μm,
with aspect ratios of 1:1 to 1.5:1 (Fig. 5d). CL images show that the
majority of zircon grains have continuous oscillatory zoning textures,
consistent with their growth from surrounding magmas. These textures
indicate a magmatic origin.

Twenty data points were obtained on 19 zircon grains from sample
HS-15 (quartz monzonite). They display U contents of 76.6 to 289 ppm
and Th contents 35.7 to 311 ppm, supporting their magmatic origin.
They have yielded concordant U-Pb ages with a weighted mean
206Pb/238U age of 623.4 ± 3.6 Ma (MSWD = 0.15, 95% confidence
interval (Fig. 5e). Zircon grains from this sample (HS-15) are dark, gray
to colorless, and most of the grains are euhedral with long prismatic and
subhedral shapes, transparent to translucent. Their crystal lengths
commonly vary from 120 to 300 μm, with aspect ratios of 1:1 to 3:1
(Fig. 5f). The CL images show that most of the zircon grains have clear
parallel and oscillatory zoning.

Twenty data points were obtained on 19 zircon grains from sample
HS-17 (quartz monzonite). They display U contents of 140 to 1955 ppm
and Th contents 47.5 to 655 ppm. The analyzed zircons have provided
concordant U-Pb ages that fall into two groups: the first group re-
presents the majority of the analyzed grains with a weighted mean
206Pb/238U age of 624.4 ± 4.5 Ma (MSWD = 0.17, 95% confidence
interval), and the second group has a weighted mean 206Pb/238U age of

Fig. 7. (a) Chondrite-normalized REE patterns, and (b) primitive mantle-nor-
malized trace element patterns for the Hamisana Granitoids in the ANS.
Normalizing values are from Sun and McDonough (1989).
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662.1 ± 6.9 Ma; MSWD = 0.24 (Fig. 5g). Zircon grains from the
quartz monzonite sample (HS-17) are mostly dark gray to almost col-
orless and have euhedral to subhedral habits with long prismatic forms.
Their crystal lengths commonly vary from 40 to 150 μm, with crystal
length/width ratios of 1:1 to 1.5:1. The majority of zircon grains exhibit
sector or fully-developed oscillatory zoning features, whereas the others
show parallel and oscillatory zoning textures (Fig. 5h).

6. Whole-rock major and trace element chemistry of the HSZ
granitoids

Whole-rock major- and trace-element, and REE compositions of
representative HSZ granitoid samples are listed in Table 1.

6.1. Major-element geochemistry

The compositional ranges of selected major oxide components of
granite and granodiorite samples are: SiO2 (72.5–71.6 wt%) and
(70.1–68.8 wt%); Al2O3 (14.9–14.5 wt%) and (17.2–16.8 wt%); mag-
nesium number (Mg#=37.4–35.9 and 50.4–49.3), and Na2O
(4.57–4.25 wt%) and (4.83–4.39 wt%), respectively.

The selected compositional ranges of the quartz syenite and quartz
monzonite samples are as follows: SiO2 (67.4–66.2 wt%) and
(61.1–60.0 wt%); K2O (5.8–5.2 wt%) and (3.2–2.9 wt%) respectively.
The quartz syenite samples show relatively low magnesium numbers
(Mg#=25.3–17.4), whereas the quartz monzonite samples display high
MgO contents (2.46–1.72 wt%) with high magnesium numbers
(Mg#=47.8–42.0) (Table 1).

All analyzed HSZ granitoid samples, HS-1, HS-5, HS-15, and HS-17,
plot in the granite, granodiorite, quartz syenite, and quartz monzonite
fields, respectively, as shown in the T1-T2 diagram (Fig. 6a) (de la
Roche et al., 1980). However, these samples have A/CNK (Al2O3/
CaO+ Na2O+ K2O molecular basis) ratios between 1.14 and 0.96, and
A/NK values ranging from 1.78 to 1.07 (Table 1), except the quartz
monzonite samples with an average A/CNK value of 1.0 and an average
A/NK value of 1.60. Therefore, in the A/NK–A/CNK diagram the ma-
jority of the granitoid samples represent peraluminous, calc-alkaline
granites, whereas the quartz monzonite samples characterize pre-
dominantly metaluminous compositions (Maniar and Piccoli, 1989;
Fig. 6b). Granodiorite samples belong to the medium-K sub-alkaline
series, whereas granite, quartz monzonite, and quartz syenite plot in
high-K calc-alkaline to shoshonitic fields in the SiO2–K2O diagram

Fig. 8. Selected major element oxide concentrations vs. SiO2 (wt%) of the Harker diagram in the granitoids of the Hamisana Shear Zone.
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(Fig. 6c).

6.2. Trace and REEs geochemistry

Results of the trace element analyses are shown in Table 1. All four
groups of rock types are strongly enriched in incompatible elements.
The total REE abundances of granodiorite, granite, quartz syenite, and
quartz monzonite samples are in the range of 69.5–67.6 ppm,
186.3–183.9 ppm, 214.1–197.2 ppm, and 214.5–171.2 ppm, respec-
tively. They show a flat pattern with no significant Eu anomalies in
chondrite-normalized REE patterns, except for the quartz syenite sam-
ples, which display enrichments in Y and Lu (Fig. 7a) (Sun and
McDonough, 1989). The spider diagram of trace elements normalized
to primitive mantle shows that all samples have similar REE patterns
and exhibit selective enrichment in the large ion lithophile elements
(LILE) of Rb, Ba, K, Pb, and Sr, and are depleted in the high-field
strength elements (HFSE) of Nb, Ta, Sm, P, and Ti, (Fig. 7b). The (La/
Yb)N and (Gd/Yb)N ratios for these samples are given in Table 1.

7. Zircon Lu-Hf isotope compositions

Zircon grains from four HSZ granitoid samples (HS-1, HS-5, HS-15,
and HS-17) that were used for U-Pb dating were also selected for Lu-Hf
isotope analysis. The results are listed in Table 3. Initial 176Hf/177Hf
ratios and εHf(t) values were calculated from the formation age (Ma) of
these samples. Twelve (12) selected zircon grains from sample HS-1
yielded 176Hf/177Hf ratios, varying from 0.2826 to 0.2827. Their cor-
responding εHf(t) values range from +11.32 to +7.65, yielding a

weighted mean value of +10.36. Single-stage Hf model ages vary from
0.74 to 0.93 Ga and two-stage Hf model ages from 1.1 to 1.5 Ga, with a
mean TDM2 age of 1.3 Ga (Table 3).

Eleven (11) selected zircon grains from sample HS-5 yielded
176Hf/177Hf ratios varying from 0.2826 to 0.2828. Their corresponding
εHf(t) values range from +12.98 to + 8.39, yielding a weighted mean
value of +10.10. Single-stage Hf model ages vary from 0.65 to 0.89 Ga,
and two-stage Hf model ages range from 1.0 to 1.4 Ga, with a mean
TDM2 age of 1.2 Ga (Table 3).

Selected twelve (12) zircon grains from sample HS-15 have
176Hf/177Hf ratios varying from 0.2826289 to 0.2827606 with εHf(t)
values of +13.0 to + 8.1, yielding a weighted mean value of +10.73.
The single-stage Hf model ages vary from 0.68 to 0.88 Ga, and the two-
stage Hf model ages from 1.09 to 1.40 Ga, with a mean TDM2 age of
1.25 Ga (Table 3).

Eleven (11) zircon grains from sample HS-17 display 176Hf/177Hf
ratios varying from 0.2826 to 0.2827. Their corresponding εHf(t) values
range from +11.95 to + 8.25, yielding a weighted mean value of
+9.9. Single-stage Hf model ages vary from 0.73 to 0.87 Ga, and the
two-stage Hf model ages from 1.16 to 1.40 Ga, with a mean TDM2 age
of 1.28 Ga (Table 3).

8. Whole-rock Sr-Nd isotope compositions

Whole-rock Sr-Nd isotopic compositions of six (6) HSZ granitoid
samples are provided in Table 4. The granite sample (HS-1) displays a
143Nd/144Nd ratio of 0.512447, corresponding to εNd(t) values of
+5.24 at t = 664.2 Ma. This sample has yielded a single-stage

Fig. 9. (a) Sr versus Ba, (b) Rb, (c) Er versus Dy, (d) Eu versus Yb, (e) Sr, and (f) Ba diagrams for Neoproterozoic HSZ granitoids. Am = Amphibole; Grt = Garnet;
Kfs = K-feldspar; Pl = Plagioclase; PlAn50 and PlAn15 = Plagioclase (anorthosite 50 and 15); Bt = Biotite; Ms = Muscovite.
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depleted-mantle model age (TDM1) of 877 Ma. The two quartz syenite
samples (HS-5 and HS-10) display 143Nd/144Nd ratios of 0.512351 and
0.512477, corresponding to εNd(t) values of +5.69 and +6.10 at
t = 662.2 and 642 Ma, respectively. Single-stage depleted-mantle
model ages (TDM1) of these samples are 812 and 794 Ma, respectively
(Table. 4). The three quartz monzonite samples (HS-15, HS-17 and P2-
5) display relatively high 143Nd/144Nd ratios of 0.5122500, 0.512549
and 0.512578, corresponding to εNd(t) values of +5.85–+5.71 and
+5.55, at t = 623.4 and 624.4 Ma. Single-stage depleted-mantle model
ages (TDM1) of these quartz monzonite samples are in the range of
800–864 Ma (Table 4).

9. Discussion

9.1. Timing of the emplacement of the HSZ granitoids

The ANS represents one of the largest tracts of juvenile
Neoproterozoic crust in the earth. Amalgamation of different arc ter-
ranes within the ANS occurred between ~780 Ma and 600 Ma (El-
Rahman et al., 2009a,b; Johnson (2014)). There appears to be a strong
correspondence between the timing of deformation and igneous activity
within the HSZ (550–660 Ma) based on limited geochronological data
(Stern et al., 1989). However, the magmatic ages of many arc assem-
blages in the ANS are still not well established, and timing of most of
the collisional and metamorphic events that took place during its as-
sembly is still not well constrained.

9.1.1. Pre-existing age data and interpretations
Limited age data from the HSZ plutonic rock exist. A large body of

gneissic granodiorite (sample GG-47) in the northern HSZ has been
dated at 659 ± 62 Ma based on Rb-Sr whole – rock analysis (Stern

et al., 1989; Stern and Kröner, 1993). A gneissic rock sample from the
same area also yielded a U-Pb zircon discordia upper intercept age of
663 ± 29 Ma (Stern et al. 1989). Emplacement of the Shab grano-
diorite and the Ibib gneissic granite within the HSZ occurred
~645–660 Ma (Stern et al. 1989). The zircon and Rb-Sr whole-rock
ages of ~660 Ma granitic rocks from NE Sudan and SE Egypt are in-
terpreted as the mean ages of the emplacement of their magmas, and as
the upper age limits for the initiation of magmatism within the HSZ
(Stern et al. 1989).

Post-tectonic granitoids with varying compositions that occur
within and across the HSZ revealed younger ages of emplacement. A
large pluton with a monzodioritic rim and a K-feldspar porphyry granite
core provided upper intercept ages of 611 ± 6, 608 ± 27 Ma, and
607 ± 16 Ma (Stern et al., 1989). The Allaqi granodiorite within the
central part of the HSZ shows a strong ~N – S – oriented fabric (fo-
liation), parallel to the general structure of the HSZ, and its emplace-
ment has been interpreted to have taken place prior to HSZ deforma-
tion; this pluton gave a Rb-Sr errorchron age of 615 ± 121 Ma
(MSWD = 9.7; Stern et al., 1989).

9.1.2. New age data and interpretations
Our new in-situ LA-ICP-MS U-Pb zircon dating of the four granitoid

samples (HS-1, HS-5, HS-15, and HS-17) from the northern part of the
HSZ provide significant time constraints for the timing of magmatism
and deformation within the HSZ and for the evolution history of the
ANS.

Zircon CL images for the selected granitoid samples show idio-
morphic habits and oscillatory zoning textures, characteristic of in-situ,
magmatic origin (Fig. 5). Selected twenty (20) U-Pb spot analyses of the
granite sample (HS-1) (Table 2) have yielded concordant U-Pb ages
with a weighted mean 206Pb/238U age of 664.2 ± 3.8 Ma

Fig. 10. (a) Th vs. Th/Nd, (b) La vs. La/Yb, (c) La/Sm, (d) Rb/Sr vs. Rb/Ba diagrams that demonstrate fractional crystallization and partial melting effects on the melt
evolution of the Neoproterozoic HSZ granitoids.
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(MSWD = 0.27, 95% confidence interval) (Fig. 5a). This age represents
the timing of the emplacement of granitic intrusions in the study area.

U-Pb zircon dating analyses of the quartz syenite sample (HS-5)
(Table 2) has yielded concordant U-Pb ages with a weighted mean
206Pb/238U age of 662.1 ± 4.6 Ma (MSWD = 0.16, 95% confidence
interval) (Fig. 5c). We interpret this age as the timing of the emplace-
ment of the quartz syenite intrusions.

Twenty data points were obtained for the quartz monzonite sample
(HS-15) (Table 2). The analyses have yielded a concordant, weighted
mean 206Pb/238U age of 623.4 ± 3.6 Ma (MSWD = 0.15, 95% con-
fidence interval (Fig. 5e). We interpret this age as the timing of the
emplacement of the quartz monzonitic intrusions.

The U-Pb zircon data obtained from the quartz monzonite sample
(HS-17) reveal concordant U-Pb ages that fall into two groups: the first
one is based on the majority of zircon grains with a weighted mean
206Pb/238U age of 624.4 ± 4.5 Ma (MSWD = 0.17, 95% confidence
interval). This age represents the magmatic age of the quartz monzonite
intrusions in the study area (Fig. 5g). The second group displays a
weighted mean 206Pb/238U age of 662.1 ± 6.9 Ma; MSWD = 0.24
(Fig. 5g) that is compatible with the age of the granitic rocks in the
study area. We interpret this age as the emplacement age of the host
granite.

In summary, the HSZ granitoid rocks define two age groups. The
first group represents an older granitoid suite, which includes (in this
study) granite and quartz syenite samples (HS-1 and HS-5), with
weighted mean 206Pb/238U ages of 664.2 ± 3.8 Ma, and
662.1 ± 4.6 Ma, respectively. The average age for this older group is
hence ~663 Ma (Fig. 5a, c). The second group, represented by the

quartz monzonite samples (HS-15 and HS-17), displays weighted mean
206Pb/238U ages of 623.4 ± 3.6 Ma and 624.4 ± 4.5 Ma, respectively,
with an average age of ~623.5 Ma (Fig. 5e, g). This Ediacaran age of
quartz monzonite intrusions in the HSZ is consistent with the available
ages from the post-collisional, Humr Akarim and Humrat Mukbid
granitic plutons in the Eastern Desert of Eygpt (Ali et al., 2013).

Our geochronological data from the HSZ granitoid rocks are also
significant to better constrain the timing of deformation in and across
the Hamisana Shear Zone. Based on Rb-Sr and U-Pb zircon ages ob-
tained from intrusive and gneissic rocks in the northern Hamisana
Shear Zone, Stern et al. (1989) and Stern and Kröner (1993) suggested
that this shear zone was actively deforming between 660 Ma and
550 Ma. However, our age data from undeformed quartz monzonite
intrusions within the shear zone indicate that there was no active de-
formation in and across the Hamisana Shear Zone by 624 Ma.

9.2. Petrogenesis of HSZ granitoid magmas

The origin and melt evolution of magmas of the ANS granitoids are
also poorly constrained (Ali et al., 2015). As different elements show
different degrees of mobility during alteration and metamorphism, the
original abundances of some elements in altered and deformed / me-
tamorphosed magmatic rocks may have been moderately to sig-
nificantly modified (Polat et al., 2003). Therefore, in order to discuss
the origin of the magmas of the HSZ granitoids, it is imperative that we
first evaluate the possible effects of secondary post-magmatic altera-
tion, crustal contamination, and fractional crystallization on rock
compositions.

Fig. 11. Geochemical tectonic discrimination diagrams for Neoproterozoic HSZ granitoids. (a) Y + Nb vs. Rb. (b) Yb-Ta tectonic discrimination diagrams (after
Pearce et al. (1984)). (c) Zr/TiO2 vs. Ce/P2O3 and SiO2 vs. Rb/Zr Diagrams. VAG = Volcanic arc granite; WPG = Within plate granite; S-COLG = Syn-collision
granite; ORG = Ocean ridge granite.
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The calc-alkaline HSZ granitoids display significant correlations of
major elements with SiO2 values on Harker diagrams (Fig. 8). This
feature may argue against the role of magma mixing, as such correla-
tions are considered a major cause of linear variation in Harker dia-
grams (cf. Wall et al. (1987), Chappell (1996)). Major oxides show
different silica correlation trends (Fig. 8): MgO, CaO, TiO2, Fe2O3t,
Al2O3, and P2O5 display strong negative correlations, whereas Na2O
exhibit a slightly positive correlation. K2O shows positive correlations
with SiO2. The observed negative correlations with SiO2 may indicate
that fractional crystallization might have affected the chemical com-
positions of the HSZ granitoid magmas slightly (e.g., Foley et al. (2002),
Karsli et al. (2012)). The negative correlation between SiO2 and TiO2 or
Fe2O3 may also indicate the separation of Fe-Ti oxides during crystal-
lization (Karsli et al., 2012). The relatively consistent Eu values with Ba
and Sr contents, negative Eu values with Y contents, and variable Ba
and Rb values with Sr contents indicate that our quartz monzonite rock
samples likely show attributes of K-feldspar and biotite crystallization.
However, these features of the granite, granodiorite and quartz syenite
samples may be attributed to residual plagioclase and amphibole rather
than magmatic fractionation (Fig. 9). Nevertheless, these correlations
strongly indicate that these element abundances reflect the original
contents of the main mineral phases, and that post-magmatic alteration
and metamorphism appear not to have changed the rock compositions
significantly.

The HSZ granitoids display strong homogeneity in their geochem-
ical (Table 1), and Hf, Sr-Nd isotopic features (Tables 3 and 4). The
results of our Hf and Sr-Nd isotope analyses show no involvement of the

pre-Neoproterozoic crust in the magmatic evolution of the HSZ grani-
toids. These findings are consistent with the previously published re-
sults of isotopic work (Nd–Sr–Pb) from the ANS (Stein and Goldstein,
1996; Stein, 2003; Be’eri-Shlevin et al., 2010). Thus, we can rule out
any role of mixing and mingling processes in the evolution of the
magmas of the HSZ granitoids.

High-degree fractional crystallization of mantle-derived mafic
magmas may have potentially been involved in the formation of calc-
alkaline granitoid rocks of the ANS. If this were the case, the ANS
granitoid rocks should have contained mafic xenoliths (Weissman et al.,
2013). However, large volumes of mafic magmas are typically required
to produce even small amounts of silicic rocks through fractional
crystallization (Medlin et al., 2015). Yet, the HSZ granitoids are the
dominant plutonic rock types over a very limited mafic rock distribu-
tion in the study area (Fig. 1), and there are no mafic xenoliths found in
the HSZ granitoids. These features argue strongly against fractional
crystallization as the main petrogenetic process responsible for the
formation of the HSZ granitoids. Furthermore, the La/Yb, La/Sm, and
Th/Nb ratios are highly sensitive to magmatic processes and can thus be
used to diagnose the partial melting versus fractional crystallization
processes in melt evolution (Karsli et al., 2011; Yang et al., 2011). Al-
though the analyzed granodiorite samples (undated) show no strong
geochemical trends in support of partial melting or fractional crystal-
lization, the granite, quartz syenite and quartz monzonite samples
display a faint geochemical trend that appears compatible with partial
melting (Fig. 10). Therefore, the observed geochemical trends of the
HSZ granitoid samples are more consistent with partial melting than

Fig. 12. (a and c) Epsilon Hf(t) versus zircon age diagrams showing zircon data for Neoproterozoic HSZ granitoids. Depleted mantle (DM) growth curve from Bodet
and Scharer (2000). The field for El-Shalul (CED) granite, Sinai, Egypt, and southern Israel alkaline and calc-alkaline rocks is from Be’eri-Shlevin et al. (2010), and Ali
et al. (2012a). CHUR = chondritic uniform reservoir. (b) Age vs. εNd(t) evolution diagram for Neoproterozoic HSZ granitoids. The reference line for the chondritic
uniform reservoir (CHUR) and depleted mantle (DM) are from Goldstein et al. (1984), and Nelson and DePaolo (1985). Juvenile Neoproterozoic ANS field is from
Hargrove et al. (2006b), Ali et al. (2009), Moussa et al. (2008), and Stoeser and Frost (2006); data for the Mukbid & Akarim granite and the Kareim & Dabbah
volcanic suites are from Ali et al. (2012a and 2013) for comparison. (d) εNd(t) versus εHf(t) diagram. Juvenile crust field is from Ali et al. (2012a), Be’eri-Shlevin
et al. (2010), Katz et al. (2004), and Vervoort and Blichert-Toft (1999). Fields for εNd(t)–εHf(t) in arc-metavolcanics and post-collissional granite from CED (Egypt)
are from Ali et al. (2013).
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fractional crystallization process (Fig. 10a–c). A plot of Rb/Sr vs. Rb/Ba
ratios also show patterns that are in support of the origin of the HSZ
granitoid magmas from partial melting of a basaltic magma source
(Fig. 10d). The heat required for partial melting may have been pro-
vided by mantle-derived, hot basaltic magmas near the base of the
colder crust, resulting in crustal melting in the presence of heat and
water (hydrous fluids). The source of water could be dehydration
melting due to hydrous mineral breakdown. Variations in fH2O could
account for differences in the resultant magma compositions and the
residual rock (Holloway and Burnham, 1972; Beard and Lofgren, 1989,
1991; Rushmer, 1991; Wolf and Wyllie, 1994). We infer, therefore, that
the Neoproterozoic HSZ granitoids formed by partial melting of a de-
pleted mantle mantle beneath the ANS.

9.3. Nature of the magma source of the HSZ granitoids

The HSZ granitoids exhibit strong enrichment in most incompatible
elements, with discernable negative anomalies in Nb, La, P, and Ti and
strong depletion in Ba, K, Pb and Sr in a primitive mantle normalized
diagram (Fig. 7b) (e.g., Martin (1993)). These geochemical character-
istics are typical of subduction-generated magmas. The quartz syenite
samples show more depletion in Zr, Hf and more enrichment in Lu and
Y, whereas the granodiorite samples exhibit more enrichment in all
these elements compared with other granitoid samples. The chondrite
normalized diagram displays no significant Eu anomaly (Fig. 7). All the
analyzed HSZ granitoid samples plot in the field of Volcanic Arc Granite
(VAG) in Rb vs. Y + Nb and Yb vs. Ta diagrams (Fig. 11a-b; Pearce and
Peate, 1995), whereas the younger monzonitic rocks fall in the post-
collision arc field (Fig. 11a, c, d).

Nd–Sr–O–Hf isotopic compositions are ideally the best tracers to
evaluate the magma sources of the ANS granitoids (Patchett and
Tatsumoto, 1981; Amelin et al., 1999; Vervoort and Blichert-Toft, 1999;
Be’eri-Shlevin et al., 2010; Collins et al., 2011). Previously published
data on Sm-Nd whole-rock isotopic values and initial 87Sr/86Sr ratios
suggest that magmas that contributed to the continental crust of the
ANS was derived from depleted mantle sources, with negligible input
from older, pre-Neoproterozoic crust (Stern, 2002; Moussa et al., 2008;
Be'eri-Shlevin et al., 2009a,b, 2010; Liégeois and Stern, 2010; Stern and
Johnson, 2010; Morag et al., 2011, 2012; Ali et al., 2012b; Augland
et al., 2012; Lundmark et al., 2012; Ali et al., 2014). However, pre-
Neoproterozoic zircons are found abundantly in Cryogenian (~750 Ma)
volcanic sequences (Ali et al., 2009; Stern and Johnson, 2010), in-
dicating recycling of older crustal zircons into the mantle melt source of
these extrusive rocks.

All samples from the HSZ granitoids show positive εNd values,
ranging from +5.24 to +6.10, which plot in the same field of the ANS
juvenile crust (Fig. 12). The melt source of the HSZ magmas was de-
pleted in Nd relative to Sm, consistent with an interpretation that Nd
evolved in a strongly depleted chemical reservoir, such as the upper
mantle prior to the Neoproterozoic (Liégeois and Stern, 2010; Shang
et al. 2010). The positive εNd values of all our granitoid samples argue
against the involvement of a pre–Neoproterozoic continental crust in
their magma genesis (Table 4). Consistently, the Nd model ages ranging
from 794 Ma to 877 Ma, which are closely similar to or slightly older
than the zircon ages we have obtained, indicate a juvenile nature. This
observation suggests that juvenile material additions from the mantle
dominated the petrogenetic evolution of the studied granitoids.

Behavior of the whole-rock Lu–Hf isotopic system in magmatic
rocks closely parallels that of the whole-rock Sm–Nd system (Vervoort
et al., 1996, Vervoort and Blichert-Toft, 1999) and of the whole-rock
Rb–Sr system. However, Hf isotopes of zircon grains have advantages
over the Sm-Nd whole-rock system as a tracer of magma source and
petrogenetic processes (Patchett and Tatsumoto, 1981; Vervoort et al.,
1996; Scherer et al., 2001; Belousova et al., 2006; Kinny and Maas,
2003; Dickin, 2005; Belousova et al., 2010; Ali et al., 2014, 2015). They
also provide a valuable tool as reliable chronometers. The younger
granitoid units in the HSZ display Hf single model TDM1 ages of
625–876 Ma (Table 3) and plot in the depleted mantle and juvenile
crust fields (Fig. 12a, c), reminiscent of alkaline and calc-alkaline plu-
tonic rocks in El-Shalul, Sinai and southern Israel (Be’eri-Shlevin et al.,
2010) and the Humrat Mukbid and Humr Akarim granites in the central
Eastern Desert of Egypt (Fig. 12b; Ali et al., 2012b). Our data show
similar εNd(t) and εHf(t) values for the older and younger series of the
HSZ granitoids, indicating a depleted-mantle source (juvenile crust) for
their melt origin (Fig. 12d). The εNd(t) and single zircon εHf(t) values
of the quartz syenite and the younger quartz monzonite samples plot
consistently within the field of post-collisional granites in the Eastern
Desert of Egypt (Be’eri-Shlevin et al., 2010; Ali et al., 2012a, 2013).
Nevertheless, in the (87Sr/86Sr)i vs. εHf(t) diagram (Fig. 13a), all HSZ
granitoids fall in the depleted mantle array. When we plot the

Fig. 13. (a) Plot of εHf(t) versus whole-rock initial 87Sr/86Sr (Sri) from the
Neoproterozoic HSZ granitoid plutons which are similar to those of magmas
derived from the Neoproterozoic depleted mantle. The mantle array (MORB) is
defined by oceanic basalts and the bulk earth 87Sr/86Sr values after Patchett
(1983). (b) Plot of U–Pb zircon ages versus TDM1. Data yielding Hf-TDM1 = t
(U–Pb zircon age) or Hf-TDM1 < t are considered to be derived from a ju-
venile source, whereas those with t + 300 < Hf-TDM1 < t + 900 or with Hf-
TDM1 > t + 900 are considered to represent juvenile crust contaminated by
pre-Neoproterozoic crustal components. Data of Jabal Al-Hassir granitic rocks is
from Ali et al. (2015) for comparison.
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crystallization ages of the Neoproterozoic HSZ granitoids against the
single model TDM1 ages, we also see that our samples fall into the
juvenile crust field with no contamination effects of older material from
the Pre–Neoproterozoic crust (Fig. 13b).

In-situ Hf isotopic results of the HSZ granitoid samples show posi-
tive εHf(t) values that are identical to a depleted-mantle source. The
granite and quartz syenite samples have εHf(t) values ranging from 7.7
to 11.3 to 8.4–13.0, with average values of 10.36 and 10.9 (Fig. 14a, b),
respectively. They show single model ages of 741–931 Ma and
735–895 Ma, respectively (Table 3). The quartz monzonite (younger
granitoids) samples HS-15 and HS-17 have εHf(t) values of 8.1–13.0
and 8.3–11.95, with average values of 10.7 and 9.9 (Fig. 14c, d), re-
spectively. The εHf(t) values of (+9.9) for the quartz monzonite is
slightly less than those of the older granitoid suit, and this feature may
indicate minor addition of melt from the underlying upper mantle. We
posit that this event might have been caused by decompression melting
of the upper mantle, following a lithospheric-scale delamination of the
young and overthickened orogenic root after the continent–continent
collision we have defined earlier (Eliwa et al., 2014).

10. Conclusions

The following conclusions can be drawn from this study, including
the emplacement ages, the petrogenesis and melt sources, and the
tectonic significance of the HSZ granitoids, which constitute a sig-
nificance component of the ANS crust:

1. U–Pb zircon ages of the HSZ granitoids display two major groups:
The older granitoids have weighted mean 206Pb/238U ages of
664.2 ± 3.8 Ma and 662.1 ± 4.6 Ma, with an average age of
~663 Ma. The younger granitoids, composed mainly of quartz

monzonitic rocks, have emplacement ages of 623.4 ± 3.6 Ma and
624.4 ± 4.5 Ma, with an average age of ~623.5 Ma.

2. All HSZ granitoids show enrichment of LILEs and depletion of
HFSEs, consistent with characteristic features of subduction-related
magmas in a continental margin arc. The older granitic rocks re-
present pre-collisional volcanic arc products, whereas the younger
quartz monzonitic rocks represent shoshonitic, post-collisional
magmatic products.

3. Trace-element and REE ratios (La/Yb, La/Sm, Th/Nb, Rb/Sr, and
Rb/Ba) of the HSZ granitoids indicate that their magmas formed
from partial melting of a depleted mantle source beneath the ANS.

4. In-situ Hf isotope and Sr-Nd isotopic compositions of the HSZ
granitoids have εHf(t) and εNd(t) values of + 10.36 to +10.9, and
+5.24 to +6.1, respectively, which point to an identical depleted-
mantle source and hence a juvenile-crust character with no in-
volvement of pre-Neoproterozoic crust in their melt origin.

5. We infer that magmas of the HSZ granitoids were mainly derived
from partial melting of a depleted mantle-derived juvenile mafic
crust during the Neoproterozoic assembly of the Arabian-Nubian
Shield.
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