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Phanerozoic adakites typically represent modern analogues of Middle-Late Archean (3.5-2.5 Ga) tonalite-
trondhjemite-granodiorite rocks (TTGs) due to their similarities in geochemical compositions. However, no Phaner-
ozoic analogues have been reported for the Early Archean TTGs (>3.5 Ga), which are characterized by low Sr, Y and
HREEs contents with low MgO and compatible elements contents, until recent years. The newfound Phanerozoic an-
alogues have been defined as a new adakite subgroup named as “Jamaican-type adakites” (JTAs), and been regarded
as the results of partial melting of subducted oceanic plateau crust. JTA-like magmas also occur in the Nuri complex,
southern Tibet. We report whole-rock geochemical, St—Nd isotopic data, zircon U—Pb ages and in-situ Hf isotopic
data for adakitic quartz diorites, quartz monzonites and JTA-like quartz porphyries in the Nuri complex. Zircon
U—PDb dating indicates that these rocks were emplaced in the Late Cretaceous at 93.5-92.1 Ma. Combined with the
continuous variation trends of major and trace elements, the similarities in terms of whole-rock S—Nd and zircon
Hf isotopic compositions indicate that the three types of rocks are genetically related, while the quartz diorites should
represent the relatively primitive melts. High MgO (5.00-5.41 wt%), Cr (138-159 ppm), Ni (65.9-96.8 ppm) contents
and Mg# values (66-69), high eus(t) values (10.5-11.9), ena(t) values (3.7), and low (37Sr/%6Sr); values
(0.7046-0.7050) indicate that the quartz diorites were derived from partial melting of subducted Neo-Tethyan oce-
anic slab, and subsequently underwent metasomatic reaction with the mantle wedge during their ascent. Quartz
monzonites and JTA-like quartz porphyries were originated from quartz diorites by two stages of fractional crystal-
lization. Low MgO and compatible elements contents of the quartz porphyries were caused by fractionation of horn-
blende, biotite, with minor magnetite and allanite, while low Sr contents and Sr/Y ratios were mainly controlled by
plagioclase fractionation. This means that the JTA-like geochemical features of the quartz porphyries were generated
by fractional crystallization from the adakites derived from partial melting of subducted slab, rather than directly
derived from partial melting of subducted oceanic plateau. Therefore, various petrogenetic possibilities of the
JTA-like magmas should be considered when using them as modern analogues.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

“Adakite” was first introduced by Defant and Drummond (1990) to
define a rock type generated specifically by partial melting of young
and hot subducted oceanic crust, based on the work of Kay (1978) on
magnesian andesites from Adak Island. As originally defined, the
adakites have SiO, > 56 wt%, Al,03 > 15 wt% (rarely lower), usually
MgO < 3 wt% (rarely above 6 wt%), low heavy rare earth elements
(HREEs) and Y contents (e.g., Yb < 1.9 ppm, Y < 18 ppm), typically Sr
> 400 ppm and low high field strength elements (HFSEs) (Defant and
Drummond, 1990). Apart from oceanic subduction settings, igneous
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rocks with adakitic geochemical features have also been identified in
several other tectonic settings, like collisional orogenic zones and
intra—continental settings (e.g., Chung et al., 2003; Hou et al., 2004;
Wang et al.,, 2007; Xu et al., 2002). Consequently, various other genetic
models have been proposed, such as (1) partial melting of thickened
mafic lower crust (Chung et al., 2003; Hou et al., 2004), (2) partial melt-
ing of delaminated lower continental crust (Wang et al., 2007; Xu et al.,
2002), (3) crustal assimilation and fractional crystallization (AFC) pro-
cess of parental basaltic magmas (Castillo et al., 1999; Macpherson
etal,, 2006), and (4) magma mixing between felsic and basaltic magmas
(Guo et al., 2007; Streck et al., 2007). These rocks are commonly named
as “adakite-like rocks”, since they have adakitic compositions but their
source regions are different from the typical adakites.

In order to constrain the origin of the adakitic rocks, Martin et al.
(2005) divided them into (1) low-SiO, adakitic rocks (LSA) that
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Fig. 1. (a) Sketch map showing the Lhasa terrane in the context of the Tibetan Plateau (modified from Zhu et al., 2011); (b) Simplified geologic map of the Lhasa terrane showing the major
tectonic subdivisions and the distribution of Phanerozoic igneous rocks (modified from Zheng et al., 2012a); (c) Geological map showing outcrops of Nuri complex on the southern margin
of the Lhasa terrane (modified from Chen et al., 2015). Abbreviations: JSSZ = Jinsha suture zones, LSSZ = Longmu Tso-Shuanghu suture zone, BNSZ = Bangong-Nujiang suture zones,
SNMZ = Shiquan River-Nam Tso Mélange Zone, LMF = Luobadui-Milashan Fault, IYZSZ = Indus-Yarlung Zangbo suture zones, NL = northern Lhasa subterrane, CL = central Lhasa

subterrane, and SL = southern Lhasa subterrane.

represent the adakitic melts generated by partial melting of mantle
wedge metasomatised by felsic slab melts, and (2) high-SiO, adakitic
rocks (HSA) that represent the typical adakites and are thought to be
derived from partial melting of subducted oceanic slab followed by in-
teraction with overlying mantle wedge. Recent years, a new subgroup
of adakites, named as “Jamaican-type adakites” (JTAs), has been defined
by Hastie et al. (2010a, 2010b, 2015). The JTAs have adakitic composi-
tions and are similar to HSA with high SiO, contents and (La/Yb), ratios
as well as low HREEs and Y contents. However, there also exist some
compositional differences between JTAs and HSA, which make JTAs
unique. The key differences are that the JTAs are characterized by low
Sr contents and Sr/Y ratios, as well as low MgO and compatible elements
contents. These features have been interpreted as the results of partial
melting of subducted oceanic plateau crust leaving a residue of horn-
blende, garnet and plagioclase. Meanwhile, the JTAs have been taken
as a modern analogue of Early Archean tonalite-trondhjemite-granodi-
orite rocks (TTGs) (Hastie et al., 2010a, 2010b, 2015), due to their com-
parable geochemical compositions (Martin et al., 2005; Martin and
Moyen, 2002; Smithies, 2000). However, Shuto et al. (2013) argued
that the JTA-like rhyodacites identified in the northeastern Japan arc

could be generated by fractional crystallization of normal arc magmas,
implying that petrogenesis of the JTAs or JTA-like magmas should be
further investigated.

Both typical adakites and JTA-like magmas have been found in the
Nuri complex in southern Tibet, indicating that it should be one of the
ideal places to address the petrogenesis of the JTAs or JTA-like magmas.
In this paper, we present whole-rock geochemical, Sr—Nd isotopic
data, zircon U—Pb ages and in-situ Hf isotopic data, for adakitic quartz
diorites, quartz monzonites, and JTA-like quartz porphyries in the
Nuri complex. These data provide constraints on the petrogenesis of
the Late Cretaceous Nuri complex and provide new insights into the ge-
netic relationship between JTA-like magmas and typical adakites.

2. Geological background and rock characteristics

The Tibetan Plateau comprises a series of east-west trending ter-
ranes: from north to south, they are the Songpan-Ganzi, Qiangtang,
Lhasa, and Himalayan terranes. These four terranes are separated by
the Jinsha suture zones (JSSZ), Bangong—Nujiang suture zones (BNSZ),
and Indus-Yarlung Zangbo suture zones (IYZSZ), respectively (Yin and
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Fig. 2. Field photographs and microphotographs of the Nuri complex. (a) Field photograph of quartz diorite; (b-c) Microphotographs of quartz diorite; (d-e) Field photographs of quartz
monzonite; (f) Microphotograph of quartz monzonite; (g-h) Field photographs of quartz porphyry; (i) Microphotograph of quartz porphyry. Abbreviations: Bt = biotite, Kf = K-feldspar,

Hb = hornblende, Pl = plagioclase, Qz = quartz.

Harrison, 2000) (Fig. 1a-b). The Lhasa terrane is bounded to the south
by the IYZSZ which resulted from the northward drift of the Indian
plate and its subsequent collision with the Asian plate at ca. 55-50 Ma
(Meng et al., 2012; Zhu et al., 2015). The northern boundary of
the Lhasa terrane is BNSZ which was caused by the closure of the
Bangong-Nujiang Ocean due to continental collision between the
Lhasa and Qiangtang terranes during the Late Jurassic to Early Creta-
ceous (Yin and Harrison, 2000; Zhu et al., 2009a). According to the dif-
ferences in sedimentary cover and basement, the Lhasa terrane can be
further divided into northern, central, and southern subterrane, sepa-
rated by the Shiquan River-Nam Tso Mélange Zone (SNMZ) and
Luobadui-Milashan Fault (LMF) (Zhu et al., 2009a). This is supported
by recent studies of zircon Hf isotopic mapping (Hou et al., 2015; Zhu
et al,, 2011). The central Lhasa subterrane was once a microcontinent
with a Proterozoic and Archean basement, and are mainly covered by
the widespread Permo-Carboniferous metasedimentary rocks and
Late Jurassic-Early Cretaceous volcano-sedimentary rocks (Pan et al.,
2004; Zhu et al., 2009a, 2011). During the northward drift of the cen-
tral Lhasa subterrane and its subsequent continental collision, juvenile
crust accreted at its both edges and formed the southern and northern
Lhasa subterranes (Hou et al.,, 2015; Zhu et al., 2011). Precambrian
basement rocks are probably absent from the northern Lhasa
subterrane and the sedimentary cover is composed of the Jurassic—
Cretaceous with minor Triassic sedimentary rocks and Early Cretaceous
volcanic rocks (Pan et al., 2004; Zhu et al., 2011). In the southern Lhasa
subterrane, Precambrian basement rocks are locally present in its east-
ern segment (Dong et al., 2010). The sedimentary cover is also limited
and largely restricted to the eastern part of the southern Lhasa
subterrane, which mainly consists of the Late Triassic-Cretaceous clas-
tic sedimentary rocks and abundant volcanic rocks (Pan et al., 2004;
Zhu et al., 2008).

The Gangdese magmatic belt, located at the southern margin of the
Lhasa terrane, is subparallel to the IYZSZ and trends east-west for a

distance exceeding 2000 km. Attributed to the subduction of Neo-
Tethyan oceanic slab and the subsequent collision between the Indian
and Asian plate, voluminous intrusive rocks and widespread volcanic
rocks occur in the Gangdese belt. The intrusive rocks consist of pre- to
syn-collisional Gangdese batholith and post-collisional intrusions. The
Gangdese batholith records a long-period of magmatism from the
Late Triassic to Eocene (ca. 210-40 Ma), with activity peaking at
109-76 Ma and 65-41 Ma (e.g., Ji et al., 2009; Wen et al., 2008b;
Zheng et al., 2014; Zhu et al., 2011). The post-collisional intrusive
rocks commonly have geochemical affinities with adakites, and they
were emplaced in Oligocene-Miocene and intruded into the Gangdese
batholith and volcanic-sedimentary formations as small-volume stocks
or dykes (e.g., Chung et al., 2003; Hou et al., 2004, 2013; Zheng et al.,
2012a, 2012b). In the Gangdese belt, the extensive volcanic rocks are
mainly composed of the Early Jurassic Yeba Group volcanic rocks, the
Early Jurassic-Early Cretaceous Sangri Group volcanic rocks, the Late
Cretaceous-Eocene Linzizong volcanic rocks and the Oligocene-
Miocenepotassic-ultrapotassic volcanic rocks (e.g., Kang et al., 2014;
Zhao et al., 2009; Zhu et al., 2008, 2009b, 2015).

The Nuri complex, which is located at the southern margin of
Gangdese belt and approximately 9 km northeast of Zedong town,
southern Tibet, is intruded into the Early Cretaceous Bima Formation
of the Sangri Group. The complex mainly consists of quartz diorite,
quartz monzonite, quartz porphyry, granodiorite and granodiorite por-
phyry (Fig. 1c), while only the former three types of rocks with similar
ages of emplacement have been studied here. The quartz diorite has a
medium-grained igneous texture and is mainly composed of plagio-
clase (60-70%), hornblende (10-25%), quartz (5-10%), and biotite (ca.
5%), with minor K-feldspar and accessory minerals including zircon, ap-
atite and Fe—Ti oxides (Fig. 2a-c). The quartz monzonite exhibits a
fine-grained igneous texture and contains quartz (10-20%), plagioclase
(30-45%), K-feldspar (25-35%), hornblende (10-15%), biotite (ca. 5%)
and minor accessory minerals (zircon, apatite and Fe—Ti oxides)
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(Fig. 2d-f). The quartz porphyry shows a porphyritic texture and its
phenocrysts are dominated by rounded corroded quartz (Fig. 2g-i).

3. Methods
3.1. Zircon U—Pb dating

Zircon grains used for dating were separated by standard density
and magnetic techniques before finally being hand-picked under a bin-
ocular microscope, and then mounted in an epoxy resin and polished
down to approximately half section to expose the grain centers. Prior
to analytical work, all zircon grains were examined under a microscope
with transmitted and reflected light as well as cathodoluminescence
(CL) images using a scanning electron microscope (CL-SEM) to reveal
their internal structures. Zircon U—Pb dating and trace elements analy-
ses were conducted using laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) at the State Key Laboratory of Geolog-
ical Processes and Mineral Resources, China University of Geosciences,
Wuhan. Laser sampling was performed using an excimer laser ablation
system (GeoLas 2005), and ion-signal intensities were acquired by ICP-
MS instrument (Agilent 7500a). The diameter of spot was 32 um. The
detailed operating conditions for the laser sampling system and the
ICP-MS instrument were described by Liu et al. (2010). Off-line selec-
tion, integration of background and analyte signals, time-drift correc-
tion, and quantitative calibration for trace element analyses and
U—Pb dating were performed by ICPMSDataCal. The common lead
was corrected using LA-ICP-MS Common Lead Correction (ver. 3.15),
followed the method of Andersen (2002). Concordia ages and diagrams
were obtained using Isoplot/Ex (3.0) (Ludwig, 2003).

3.2. Zircon Lu—Hf isotope measurements

In-situ zircon Lu—Hf isotope measurements were performed using a
Neptune MC-ICP-MS equipped with a 193-nm laser at the Institute of
Geology and Geophysics, Chinese Academy of Sciences, Beijing. The Hf
isotopic composition analyses were carried out on the same spots that
were previously analyzed for U—Pb dating, with a beam size of 63 um
and an ablation time of 26 s. Zircon GJ-1 and Mud Tank were used as
reference standards. The detailed instrumental conditions and data ac-
quisition can be found in Wu et al. (2006). The decay constant for
17611 is 1.867 x 10~ yr~'(Séderlund et al., 2004). The ey(t) values
were calculated relative to the chondritic reservoir (CHUR) which has
a 17SHf/177Hf ratio of 0.282772 and 7®Lu/!7”Hf of 0.0332 (Blichert Toft
and Albarede, 1997). The depleted mantle model ages (Tpy) were cal-
culated relative to the depleted mantle at a present-day 76Hf/!"”’Hf
ratio of 0.283250 and '7®Lu/!"”Hf of 0.0384 (Griffin et al., 2000). The
Hf isotopic “crustal” model age (Tpy;) were also calculated by assuming
that the parental magma has been derived from an average continental
crust (MC), with '7%Lu/!77Hf ratio of 0.015, that originated from the de-
pleted mantle (Griffin et al,, 2002).

3.3. Whole-rock major and trace elements

Samples for geochemical analyses were ground to pass through a
200 mesh and further ground and homogenized in an agate mortar
under alcohol. Major element oxides, trace elements and rare earth el-
ements (REEs) of those samples were analyzed by X-ray fluorescence
(XRF) and by inductively coupled plasma mass spectrometry (ICP-
MS), respectively, at the National Research Centre for Geoanalysis,
Chinese Academy of Geological Science, Beijing. The analytical uncer-
tainty of XRF analyses for major elements was within 5%, and the un-
certainty of the elements examined here was also <5% for the ICP-MS
analyses.

3.4. Whole-rock Sr—Nd isotopes

Whole-rock Sr—Nd isotopic analyses were performed using a Triton
mass spectrometer (TIMS) at the Isotope Geology Lab, Chinese Academy
of Geological Sciences, Beijing. For the NBS-987 standard, the 37Sr/%6Sr
ratio was 0.71025 £ 2 (20). The measurement accuracy of the Rb/Sr
ratio was better than 0.1% and the mass fractionation of Sr isotopes
was corrected with 88Sr/8Sr ratio of 8.37521. The Johnson-Matthey
143Nd/"4Nd ratio was 0.511125 + 8 (20), while the measurement
accuracy of the Sm/Nd ratio was also better than 0.1% and the mass frac-
tionation of Nd isotopes was corrected by using '“Nd/!*4Nd value of
0.7219. The 87Rb/%%Sr and '#’Sm/'**Nd ratios were calculated using
the Rb, Sr, Sm and Nd contents obtained by ICP-MS.

3.5. Trace element modeling

The fractional crystallization process was quantitatively estimated in
this study by using the Raleigh equation:

C' = x (1-FP!

where C' and C} represent the contents of element i in the resulting
melts and in the initial materials, respectively, and F is the degree of
fractional crystallization. D' is the bulk partition coefficient of element
i, which can be calculated by using equation:

s n s
D' = "k x W;
j=1

where Iéjis the mineral/melt partition coefficient of mineral j and ele-
ment i, W; is the mass proportion of mineral j in the total crystallized
minerals, and n is the number of the crystallized mineral phases.
Mineral/melt partition coefficients used here are listed in Table S4.

4. Results
4.1. Zircon U—Pb geochronology

Samples NR11-30-2-1, NR-32 and NR-9 were collected from the
Nuri quartz diorite, quartz monzonite and quartz porphyry, respec-
tively. Most zircon grains from these samples are characterized
by euhedral to subhedral crystal shapes exhibiting long to short pris-
matic forms, with average crystal lengths of ca. 70-300 um and
length-to-width ratios ranging from 1:1 to 5:1. Zircon grains com-
monly are transparent and colorless, and show euhedral oscillatory or
planar zoning in CL images (Fig. S1). All the results of zircon U—Pb dat-
ing are listed in Table S1, and presented on Concordia diagrams with 10
errors in Fig. 3.

Zircons from quartz diorite (NR11-30-2-1) yield 2°°Pb/238U ages
ranging from 88.0 to 98.5 Ma for twenty-two spot analyses, which
have a weighted mean 2°°Pb/238U age of 92.1 4+ 0.9 Ma (MSWD =
0.86; Fig. 3a-b). Eighteen analyzed spots from quartz monzonite
(NR-32) have similar 2°°Pb/238U ages ranging from 92.2 to 94.0 Ma,
with a weighted mean 2°6Pb/228U age of 93.0 + 1.4 Ma (MSWD =
0.026; Fig. 3c-d). Sixteen analyses from quartz porphyry (NR-9)
yield zircon 2°Pb/?38U ages ranging from 91.0 to 98.8 Ma, with a
weighted mean 2°°Pb/238U age of 93.5 4+ 1.5 Ma (MSWD = 0.50;
Fig. 3e-f).

4.2. Zircon Lu—Hf isotopes

The zircon Lu—Hf isotopic data and detailed calculation formulas are
listed in Table S2. Ten Lu—HTf analyses obtained on zircon grains from
the Nuri quartz diorite (NR11-30-2-1) yield 7SHf/'”7Hf ratios of
0.283017 to 0.283054, corresponding to ey¢(t) values of 10.5 to 11.9.
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Fig. 3. U—Pb ages of zircons from (a-b) quartz diorite (NR11-30-2-1), (c-d) quartz monzonite (NR-32), and (e-f) quartz porphyry (NR-9) from the Nuri complex, southern Tibet.

Model ages calculated relative to the depleted mantle (Tpy;) range from
279 to 329 Ma, and the crustal model ages (Tpy§) vary from 393 to
479 Ma. Fourteen analyzed spots from the Nuri quartz monzonite
(NR-32) have '7®Hf/'””Hf ratios of 0.283030 to 0.283190, with positive
eye(t) values ranging from 11.1 to 16.8. They have Tpy; ages of 85 to
322 Ma and Tp,| ages of 80 to 447 Ma. Fifteen spots on zircons from
the Nuri quartz porphyry (NR-9) show '7CHf/!”7Hf ratios ranging
from 0.283029 to 0.283158, corresponding to ey¢(t) values of 10.9 to

15.5. Their Tpy ages and Tpyf ages range from 137 to 337 Ma and 161
to 457 Ma, respectively.

4.3. Whole-rock major and trace elements
The whole-rock major and trace element data for the Nuri quartz

diorites, quartz monzonites and quartz porphyries are presented in
Table S3. The quartz diorites are medium- to high-Kcalc-alkaline and
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metaluminous, with SiO, contents of 56.56 to 58.46 wt%, K,0O contents
of 0.81 to 2.28 wt% and A/CNK values of 0.70 to 0.81 (Fig. 4a-b). They
are characterized by high MgO contents of 5.00 to 5.41 wt% and Mg#
values of 66 to 69, with high compatible elements contents (e.g., Cr,
138-159 ppm; Ni, 65.9-96.8 ppm). In the chondrite-normalizedREE
patterns, the quartz diorites exhibit negligibly negative Eu anomalies
(Eu/Eu* = 0.87-0.95) and fractionated REE patterns, with high
(La/Yb), ratios of 15.4 to 17.2, low HREEs contents (e.g., Yb,
1.10-1.15 ppm) and Y contents of 13.2 to 13.9 ppm (Fig. 5a). These
characteristics, together with high Sr contents of 667 to 836 ppm and
Sr/Y ratios of 48.1 to 63.5, indicate that the samples have geochemical
affinities with adakites (Fig. 4c-d). In addition, quartz diorites show en-
richment in large ion lithophile elements (LILEs) relative to HFSEs, neg-
ative Nb-Ta-Ti and positive Pb anomalies in the primitive mantle-
normalized incompatible element patterns (Fig. 5b).

The quartz monzonites belong to medium-Kcalc-alkaline to
shoshonitic series, with SiO, contents of 59.03 to 65.67 wt% and variable
K,0 contents ranging from 2.07 to 4.50 wt%. Except for sample NR-30
with peraluminous characteristics (A/CNK = 1.38), the samples mainly
plot in metaluminous field, with A/CNK values of 0.68 to 1.06 (Fig. 4a-
b). They have Mg# values of 51 to 67, MgO contents of 2.22 to 4.09 wt
%, Cr contents of 38.9 to 116 ppm and Ni contents of 22.0 to 56.7 ppm.

Quartz monzonites also have low contents of HREEs and Y (e.g., Yb,
0.75-1.00 ppm; Y, 9.47-11.9 ppm) and high Sr contents ranging from
244 to 1044, with high (La/Yb), ratios of 14.4 to 22.2 and Sr/Y ratios
of 25.0 to 95.9. In the Sr/Y versus Y and (La/Yb), versus Yb, diagrams,
they all plot within the adakites fields (Fig. 4c-d). They have lower con-
tents of REEs than the quartz diorites, and exhibit negligibly negative
and positive Eu anomalies (Eu/Eu* = 0.80-1.07) (Fig. 5a). In the prim-
itive mantle-normalized incompatible element patterns, quartz mon-
zonites are characterized by enrichment in LILEs and depletion in
HESEs, as well as negative Nb-Ta-Ti and positive Pb anomalies, which
is similar to those of the quartz diorites (Fig. 5b).

The quartz porphyry samples are high-Kcalc-alkaline and
peraluminous, with high SiO, contents of 74.43 to 76.31 wt%, K,0 con-
tents of 3.94 to 4.73 wt% and A/CNK values of 1.20 to 2.65 (Fig. 4a-b).
They have low MgO contents of 0.30 to 0.47 wt% and Mg# values of
33 to 57, as well as low compatible elements contents (e.g., Cr,
3.34-6.60 ppm; Ni, 2.05-2.97 ppm). In the chondrite-normalizedREE
patterns, quartz porphyry samples show slightly negative and negligi-
bly positive Eu anomalies (Eu/Eu* = 0.76-1.03) and fractionated REE
patterns, with high (La/Yb), ratios of 15.6 to 19.7, low HREEs contents
(e.g., Yb, 0.79-0.90 ppm) and Y contents of 7.37 to 8.04 ppm. They
have the lowest REEs contents of all rock samples studied in this
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study, and are depleted in middle REEs (MREEs) relative to light REEs
(LREEs) and HREEs (Fig. 5a). Similar to primitive mantle-normalized in-
compatible element patterns for quartz diorites and quartz monzonites,
quartz porphyries are also enriched in LILEs and depleted in HFSEs. They
also have the lowest contents of Sr, P and Ti (Fig. 5b). Though the low
contents of Sr (18.3-208 ppm) result in that quartz porphyry samples
mainly plot below the field of adakites in the Sr/Y versus Y diagram,
they all plot within the adakites field in the (La/Yb), versus Yb, diagram
(Fig. 4c-d).

4.4. Whole-rock Sr—Nd isotopes

The whole-rock Sr—Nd isotopic data are listed in Table S3. Initial
isotopic ratios of the Nuri quartz diorites, quartz monzonites and quartz
porphyries were calculated based on their zircon U—Pb ages. All three
types of rocks show similar whole-rock Sr—Nd isotopic data. The
quartz diorites have (87Sr/36Sr); values of 0.7046 to 0.7050 and enq(t)
values are both at 3.7, while the quartz monzonites have (87Sr/%5Sr);
values of 0.7040 to 0.7044 and engq(t) values of 3.1 to 4.1. The quartz por-
phyry samples show (37Sr/255r); values of 0.7039 to 0.7040 and eyq(t)
values of 3.8 to 3.9.

5. Discussion
5.1. Ages of the Nuri complex

The relatively high Th/U ratios ranging from 0.31 to 2.20 and the
well-developed oscillatory or planar growth zoning in the zircons
from the Nuri complex indicate that they are all of magmatic origin
(Griffin et al., 2002; Hoskin and Schaltegger, 2003). Without compli-
cated core-rim textures, zircons from the Nuri complex have close
U—Pb ages (Fig. 3), indicating that the weighted mean 2°°Pb/?*8U
ages should represent the timing of emplacement and crystallization
of the complex. Therefore, the quartz diorite (NR11-30-2-1), quartz
monzonite (NR-32) and quartz porphyry (NR-9) should emplace at
92.1 + 0.9 Ma, 93.0 & 1.4 Ma and 93.5 + 1.5 Ma, respectively, which
is consistent with the results of previous studies (96.0-91.1 Ma, Zheng
et al., 2014; Chen et al,, 2015).

5.2. Origin of the Nuri complex

5.2.1. Petrogenesis of the Nuri complex

Combined with similarity in emplacement age, continuous variation
trends between SiO, and other major elements (Fig. 6) imply that rocks
in the Nuri complex should be genetically related to each other. These
continuous variation trends could be produced either by magma mixing

between a relatively felsic magma and a relatively mafic magma, or by
fractional crystallization of a relatively mafic parental magma.

The possibility that such variation trends are the results of magma
mixing can be ruled out by following three reasons. Firstly, the injection
of mafic magmas would leave a large number of mafic enclaves in the
intermediate—felsic intrusive rocks (Guan et al., 2012; Zheng et al,,
2012b, 2016). However, mafic enclaves are absent in the Nuri complex.
Secondly, magma mixing would result in linear geochemical trends in
Harker diagrams, which are inconsistent with the variation trends
shown in the Al,O3 and Na,O versus SiO, diagrams for the Nuri complex
(Fig. 6e-f). Thirdly, according to the magma mixing model, the mafic
end-member and felsic end-member typically have large differences
but show binary mixing trends in isotopic compositions (Yang et al.,
2004; Zheng et al., 2016), which is inconsistent with the similar Sr-
Nd-Hf isotopic data observed in the quartz diorites, quartz monzonites
and quartz porphyries (Fig. 7a-b).

The variation trends of major elements in the Nuri complex could be
interpreted that the quartz porphyries and quartz monzonites were
derived from fractional crystallization of the relatively primitive melts
represented by quartz diorites. This interpretation is supported by the
data of trace elements. Three types of rocks all exhibit fractionated
REE patterns, while the contents of MREEs have a decreasing trend
from quartz diorites to quartz monzonites and then to quartz porphy-
ries (Fig. 5a). This could be caused by fractionation of hornblende, rather
than garnet. Since the hornblende has higher partition coefficients for
MREEs than HREEs (Table S4), low pressure crystallization involving
hornblende would result in increasing (La/Sm), ratios, but decreasing
(Dy/Yb), ratios with differentiation. In contrast, high pressure fractional
crystallization of garnet would both cause increasing (La/Sm), and (Dy/
Yb),, ratios. The Nuri complex records an increase in (La/Sm), ratios
with increasing SiO, contents, whereas (Dy/Yb), ratios show a slowly
decreasing trend throughout the fractional crystallization process
(Fig. 8a-b). These features are consistent with the fractional crystalliza-
tion trend of hornblende (Davidson et al., 2007), rather than garnet frac-
tionation (Macpherson et al.,, 2006). Additionally, the contents of
compatible elements (Cr and Ni) decrease gradually from quartz dio-
rites to quartz porphyries (Fig. 9c), also indicating the fractional crystal-
lization of mafic minerals (e.g., hornblende and biotite).

Hornblende fractionation is seldom isolated and is typically accom-
panied by plagioclase removal (Moyen, 2009). As shown in Fig. 8c-e,
Sr contents and Sr/Y, (La/Yb), ratios gradually increase with increasing
SiO, contents up to ca. 63 wt%, and subsequently decrease at higher SiO,
contents, indicating that rocks in the Nuri complex underwent two
stages of fractional crystallization process and plagioclase began to re-
move in the second stage. Since LREEs are incompatible both in horn-
blende and plagioclase (Table S4), fractionation of hornblende and
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plagioclase should result in increasing LREEs contents from quartz dio-
rites to quartz porphyries, which is opposite to the variation trends ob-
served in the Nuri complex (Fig. 5a, 8f). This inconsistency implies that
LREEs-rich accessory minerals (e.g., allanite and monazite) might also
crystallize and segregate during the magmatic differentiation. In addi-
tion, more evolved magmas in the complex have normalized Ti and P
data that show increasingly negative anomalies (Fig. 5b), which are
likely to result from the fractional crystallization of Ti-bearing minerals
and apatite.

Trace element modeling has been used to quantitatively estimate
the degree of fractional crystallization and the type and proportion of
crystallized minerals (details are shown in section 3.5), while the least
fractionated sample of quartz diorites (NR11-30-2-3) has been as-
sumed to represent the parental melt composition. The results show
that the Nuri complex underwent ca. 20% fractional crystallization of
99% hornblende, 0.80% apatite, 0.14% zircon and 0.06% allanite in the
first stage, and then underwent ca. 55% fractional crystallization of
42% plagioclase, 38% hornblende, 19% biotite, 0.60% apatite, 0.29%
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magnetite, 0.06% allanite, 0.03% zircon and 0.02% monazite in the sec-
ond stage (Fig. 4c-d, 9, 10).

5.2.2. Magma source

As discussed above, the quartz diorites should represent the rela-
tively primitive melts of the Nuri complex, while the complex
underwent the fractional crystallization of hornblende, plagioclase, bio-
tite and minor accessory minerals during the magmatic differentiation.
Therefore, the quartz diorites can be used to provide some constraints
on source region of the Nuri complex. The quartz diorites show typical
adakitic features with high Sr/Y and (La/Yb), ratios (Fig. 4c-d). Though
various petrogenetic models have been proposed (e.g., Castillo et al.,
1999; Defant and Drummond, 1990; Hastie et al., 2010a; Hou et al.,
2004; Macpherson et al., 2006; Martin et al., 2005; Rapp et al., 1999;
Streck et al.,, 2007; Xu et al., 2002), the following several lines of evi-
dence suggest that quartz diorites were most probably originated
from partial melting of subducted Neo-Tethyan oceanic crust.

Quartz diorites are characterized by high Mg# values (66-69),
and MgO, Cr, and Ni contents (5.00-5.41 wt%, 138-159 ppm,
65.9-96.8 ppm, respectively), which could preclude the possibility
that they were derived from partial melting of a thickened mafic
lower crust underneath southern Tibet (Fig. 6¢c-d, 9c; e.g., Zheng et al.,
2012a, 2012b; Guan et al., 2012; Hou et al., 2013). The features of high
MgO, Cr and Ni contents are commonly regarded as the results of inter-
action between ascending melts and overlying mantle wedge, while this
process would not change the features of melts as recorded by other
trace elements (e.g., REEs, Sr and Y) (Rapp et al., 1999). Such scenario

could occur either in subduction settings or regions where the lower
part of lower crust may have delaminated (e.g., Rapp et al., 1999;
Wang et al., 2007; Xu et al., 2002; Zhu et al., 2009b). Delaminated
lower crust model would require the existence of thickened continental
crust (Wang et al., 2007; Xu et al,, 2002). However, the temporal varia-
tions in crustal thickness estimated by whole-rock (La/Yb), ratios show
that the Gangdese belt did not evidently thicken until 70-60 Ma (Zhu et
al., 2017), indicating that delaminated lower crust model cannot be
used to explain the geochemical features of quartz diorites. Thus, the re-
maining candidate is the slab melting model. Typically, it would not be
easy for slab melts to reach the surface because they would quickly
freeze in the peridotite mantle constrained by experimental investiga-
tion (Yaxley and Green, 1998). Only at high slab melt/peridotite ratios,
the slab-derived melts can successfully ascent through the overlying
mantle wedge (Rapp et al., 1999). HSA and LSA were proposed to repre-
sent the subducted slab melts after interacted with overlying mantle
wedge and the adakitic melts generated by partial melting of mantle
wedge metasomatised by felsic slab melts, respectively (Martin et al.,
2005). In this study, quartz diorites all plot within the HSA fields in
the discriminant diagrams (Fig. 11), indicating that these rocks should
be derived from partial melting of subducted oceanic crust and then in-
teract with the mantle wedge during their ascent. This conclusion is fur-
ther supported by Sr-Nd-Hf isotopic data.

The Oligocene-Miocenepost-collisionaladakite-like rocks in
Gangdese belt have been taken as typical melts derived from the thick-
ened mafic lower crust (e.g., Hou et al.,, 2004, 2013; Zheng et al., 2012a,
2012b). Significant differences in whole-rock(87Sr/26Sr); and enq(t)
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values, and zircon gy¢(t) values from these post-collisionaladakite-like
rocks indicate that the Nuri quartz diorites could not be derived from
thickened lower crust melting (Fig. 7). In contrast, not only the rela-
tively depleted isotopic features of quartz diorites, but also high MgO,
Cr, Ni contents, are comparable to the Mamen adakites (ca. 136.5 Ma)
in the same area (Fig. 6¢c-d, 7a-b, 9c). The Mamen adakites have been
considered to be generated by partial melting of the subducted Neo-
Tethyan oceanic crust and subsequently interact with overlying mantle
wedge (Zhu et al., 2009b). Therefore, the Nuri quartz diorites should
have similar source region to that of the Mamen adakites.

Besides the subducted oceanic crust, both slab-derived fluids and
subducted sediments might have also contributed materials to the

generation of the Nuri complex. Since slab-derived fluids are com-
monly enriched in LILEs (Guo et al., 2005), variable Ba/La ratios
coupled with a relatively narrow range of Nb/Y ratios represent the
contributions of slab-derived fluids (Fig. 12a). Additionally,
present-day arc magmas with the involvement of large amounts of
subducted sediments commonly have Th/Yb ratios >2 because of
the high Th contents of the melts derived from subducted sediments
(Hawkesworth et al., 1997a; Nebel et al., 2007). Therefore, the high
Th/Yb ratios combined with a liner trend in the Th/Yb versus Th/Sm
diagram indicate the contribution of subducted sediments to the de-
velopment of the Nuri complex (Fig. 12b). Whole-rock(37Sr/%Sr);
and eynq(t) values of the complex fall on a mixing line between
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Yarlung-Zangbomid-ocean ridge basalts (MORB) (Zhang et al.,
2005) and Indian ocean pelagic sediments (Ben Othman et al.,
1989) (Fig. 7a), indicating that the contribution of subducted sedi-
ments is less than ca. 10%. No evidently (87Sr/2%Sr); and enq(t) values
changing with the increasing SiO, contents suggests that magmas in
the Nuri complex were not significantly assimilated by the ancient
crustal materials during their ascent (Fig. 7c-d).

5.3. Implication for the JTA-like geochemical features

Studying modern adakites would be useful in understanding the
petrogenesis of Archaean TTGs and the origin of continental crust
in the early Earth (Castillo, 2012, and references therein). For
instance, since Phanerozoic adakites and Middle-Late Archean TTGs
(3.5-2.5 Ga) show similar geochemical compositions, these two types
of rocks are commonly considered to be generated by similar processes
(i.e., partial melting of subducted oceanic slabs) (e.g., Martin, 1999;
Martin et al., 2005; Smithies et al,, 2003, 2009). However, the geochem-
ical compositions of TTGs have changed through Archaean times, while
the Early Archean TTGs (> 3.5 Ga) exhibit lower Sr contents and Sr/Y ra-
tios, as well as lower MgO, Cr and Ni contents than Middle-Late Archean
TTGs (Martin et al., 2005; Martin and Moyen, 2002; Smithies et al.,
2003). No modern analogues of Early Archean TTGs had been discov-
ered until Hastie et al. (2010a, 2010b) reported that the Phanerozoic

plagioclase, Rt = rutile, Spl = spinel.

Newcastle rhyodacites from eastern Jamaica. Newcastle rhyodacites
have adakitic major and trace element compositions with high SiO5,
Al,O5 contents and high (La/Yb), ratios as well as low HREEs and Y con-
tents, while they also have several geochemical features which are dif-
ferent from typical adakites but are similar to Early Archean TTGs, like
lower MgO, Cr, Ni, Sr contents and Sr/Y ratios. Therefore, these
rhyodacites were defined as a new adakite subgroup, named as
“Jamaican-type adakites” (JTAs) (Hastie et al., 2010a).

Subduction of oceanic plateau has been proposed to account for the
petrogenesis of JTAs. Low contents of MgO, Cr and Ni have been explained
by the partial melting of subducted oceanic plateau crust whereby the
slab melts did not interact with mantle wedge (Hastie et al., 2010a,
2010b) or might have limited interaction with a thin and/or discontinu-
ous mantle wedge but followed by small amounts of hornblende fraction-
ation (Hastie et al., 2015). Low Sr contents and Sr/Y ratios have been
interpreted as the results of residual plagioclase (Hastie et al., 2010a,
2010b, 2015). Thus, Hastie et al. (2010b, 2015) suggested that Early Ar-
chean TTGs and the first continents were generated by the subduction
of oceanic plateau-like oceanic crust. New high P-T experiments also
demonstrated that tonalite melts similar to Early Archean TTGs in compo-
sition could be generated by partial melting of primitive oceanic plateau
material mixed with slab-derived aqueous fluids (Hastie et al., 2016).

In this study, Nuri quartz porphyries and JTAs are similar in over-
all compositions with a few differences. The main differences are that
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the JTAs are sodic with low K,0/Na,0 ratios and Rb contents, while
not only the quartz porphyries but total complex are potassic and
have high Rb contents (Fig. 4a, 5b). This might result from the
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more contributions of subducted sediments to the Nuri complex
than the JTAs, which is supported by the Sr—Nd isotopic data
(Fig. 7a). Subducted sediments can release significant amounts of K
and Rb when the micas breakdown, since mica is the primary hy-
drous phase in sedimentary systems and controls partitioning be-
havior of K and Rb (Johnson and Plank, 2000). Additionally, deep
sea sediments which contain remarkably high contents of REEs
were recently discovered in Indian Ocean (Yasukawa et al., 2014).
The involvement of this kind of sediments may account for the rela-
tively higher total REEs contents of the Nuri complex (Fig. 5a).
Although some compositional differences exist, Nuri quartz porphy-
ries are similar to JTAs in key geochemical features that are used to
distinguish between JTAs and typical adakites, and also between
Early Archean TTGs and Middle-Late Archean TTGs. For instance,
the fractionated REE patterns with low MREEs, HREEs and Y contents
(e.g., Yb, 0.79-0.90 ppm; Y, 7.37-8.04 ppm) but relatively high (La/
Yb), ratios (15.6-19.7), as well as the relatively low Sr contents
(18.3-208 ppm) and Sr/Y ratios (2.48-27.59) of the quartz porphy-
ries are all comparable to the JTAs. Both of these two types of rocks
dominantly plot below the field of adakites in the Sr/Y versus Y dia-
gram (Fig. 4¢). Additionally, quartz porphyries also have low con-
tents of MgO (0.30-0.47 wt%) and compatible elements (e.g., Cr,
3.34-6.60 ppm; Ni, 2.05-2.97 ppm). As discussed above, however,
these features were originated from the Nuri quartz diorites by frac-
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Fig. 13. Simplified geologic map showing the distribution of Late Cretaceous igneous rocks and their ages in Gangdese belt (modified from Ma et al., 2015). Data for the Late Cretaceous

igneous rocks are listed in Table S5.

tional crystallization. Fractionation of hornblende, biotite, with
minor magnetite and allanite would result in low MgO, Cr and Ni
contents of the quartz porphyries, while plagioclase fractionation
would lead to low Sr contents and Sr/Y ratios (Fig. 4c-d, 9, 10).
Therefore, partial melting of subducted oceanic plateau crust leaving
aresidue of hornblende, garnet and plagioclase could be not the only
way to develop rocks with JTA-like geochemical features. This con-
clusion is consistent with a previously study on the JTA-like
rhyodacites in the northeastern Japan arc, which might be generated
by the fractional crystallization of plagioclase, orthopyroxene,
clinopyroxene, hornblende, garnet, titanomagnetite and minor apa-
tite from normal arc magmas (Shuto et al., 2013).

5.4. Late cretaceous magmatic “flare-up” in Gangdese belt

According to previously published zircon U—Pb age data, a mag-
matic “flare-up” occurred in the Gangdese belt in the period of Late Cre-
taceous (109-76 Ma). These magmas contain various rock types
ranging from gabbro to granite, and include both normal arc magmas
and adakitic rocks (e.g., Ma et al., 2013a, 2013b, 2013c, 2015; Wen
et al.,, 2008a, 2008b; Xu et al., 2015; Zhang et al., 2010; Zheng et al.,
2014). They are distributed along a narrow E-W trending belt extend-
ing from Xigaze to Linzhi (Fig. 13).

Large-scale magmatism usually is a response to a certain tectono-
magmatic event. Nevertheless, the triggering mechanism for the Late
Cretaceous magmatic “flare-up” remains controversial. Several
subduction-related geodynamic models have been proposed, including
(1) mid-ocean ridge subduction (Guo et al., 2013; Zhang et al., 2010;
Zheng et al., 2014), (2) low-angle or flat oceanic slab subduction
(Wen et al., 2008a, 2008b), and (3) roll-back of subducted oceanic
slab (Chen et al., 2015; Ma et al,, 2013a, 2013b, 2013c; Xu et al.,
2015). Flat subduction of the oceanic slab would squeeze out the mantle
wedge, which is inconsistent with the widespread contemporary
mantle-derived mafic rocks from Xigaze to Linzhi (Ma et al., 2013a,
2013b, 2015; Xu et al., 2015). Slab roll-back model would require that
magmatism in Gangdese belt began in the north and propagated south-
wards, however, the Late Cretaceous igneous rocks do not show any age
trend in the distribution (Fig. 13). Therefore, mid-ocean ridge subduc-
tion is the most likely geodynamic model. This is supported by high
temperature charnockitic and noritic magmatism (Ma et al., 20133,
2013c; Zhang et al., 2010) and high temperature granulite-facies meta-
morphism (Guo et al,, 2013; Wang et al., 2009), which implies a signif-
icantly high heat flux during the Late Cretaceous. Especially, the fore-
arc region is typically a setting for low temperature metamorphism
(Groome and Thorkelson, 2009), but in Gangdese belt, both arc igneous
rocks and fore-arc sedimentary rocks underwent Late Cretaceous high
temperature granulite-facies metamorphism, indicating that anoma-
lously high heat flowed through the slab window beneath the arc and
fore-arc region due to the Neo-Tethyanmid-ocean ridge subduction
(Guo et al.,, 2013). Besides the upwelling of hot asthenospheric mantle,
the basaltic oceanic crust along the edges of mid-ocean ridge was

mostly young and hot, which would also significantly increase temper-
atures in the subduction zone (Iwamori, 2000). The large amounts of
heat not only resulted in the partial melting of the overlying mantle
wedge to form Late Cretaceous normal arc magmas in Gangdese belt,
but also triggered the partial melting of the subducted oceanic crust to
form the adakites.

6. Conclusions

1. The Nuri complex was emplaced in the Late Cretaceous
(93.5-92.1 Ma) and derived from partial melting of subducted Neo-
Tethyan oceanic crust with the involvement of subducted sediments
and slab-derived fluids. Subsequently, the complex underwent
metasomatic reaction with mantle wedge peridotite and fractional
crystallization process. The quartz monzonites and quartz porphyries
were evolved from the quartz diorites through the fractional crystal-
lization of hornblende with minor apatite, zircon and allanite in the
first stage and of plagioclase, hornblende, biotite, with minor apatite,
magnetite, allanite, zircon and monazite in the second stage.

2. The JTA-like geochemical features can be generated by fractional
crystallization from the adakites derived from partial melting of
subducted slab. Low MgO, Cr and Ni contents could be the results
of fractionation of hornblende, biotite, with minor magnetite and
allanite, while low Sr contents and Sr/Y ratios could be mainly con-
trolled by plagioclase fractionation.

3. In Gangdese belt, Late Cretaceous magmatic “flare-up” might be trig-
gered by subduction of the Neo-Tethyanmid-ocean ridge.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2018.09.031.
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