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Abstract

Arc lower crust plays a critical role in processing mantle-derived basaltic melts into the intermediate continental

crust, yet can only be studied indirectly or in exposed arc sections. Compared with the relatively well-studied

oceanic arc sections (e.g., Kohistan and Talkeetna), the compaosition and formation mechanisms of continental arc

lower crust remain less clear. Here we present a geochronological and geochemical study on the Lilong Complex

and the Wolong granitoids from the Gangdese arc deep crustal section in southern Tibet. The Lilong Complex is

composed of the early (85-95 Ma) mafic-intermediate sequence and late (85-86 Ma) ultramafic sequence. The

Lilong crustal section exposed crustal depth extending from ~42—-17 km based on the geobarometry. The mafic-

intermediate sequence is a damp (low H20) igneous differentiation sequence characterized by the subsequent

appearance of pyroxene — plagioclase — amphibole — biotite. The ultramafic sequence represents a wet igneous

differentiation sequence composed of olivine — pyroxene — amphibole — plagioclase. The 74-84 Ma Wolong

granitoids were formed by fractional crystallization of wet magma and intra-crustal assimilation. Calculated

seismic properties of the Gangdese deep arc crust are comparable to the average continental crust at similar depth.

The average composition of the Gangdese arc lower crust is basaltic andesite with SiO, of ~54 wt%. The highly

incompatible elements in the Gangdese arc lower crust are systematically higher than those of the oceanic arc and

are comparable with the estimates of lower continental crust, suggesting continental arc magmatism significantly

contributes to the formation of continental crust.

Keywords: Gangdese arc; lower crust; fractional crystallization; trace element; continental crust
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Introduction

Arc magmatism is regarded to be the main mechanism responsible for generating andesitic continental crust

(Taylor and Mclennan 1995). As most primitive arc melts are basaltic in composition (Schmidt and Jagoutz 2017),

these melts are thought to differentiate into a dense cumulate/residue and a complementary felsic melt. It is also

hypothesized that the bulk arc crust becomes andesitic in composition following delamination of the dense mafic

component (Arndt and Goldstein 1989; Jagoutz and Kelemen 2015; Kay and Kay 1993). This scenario has been

supported by the chemical differentiation of Kohistan and Talkeetna oceanic arcs (Jagoutz and Behn 2013).

Although major element bulk compositions of the density-sorted oceanic arc crust are compatible with the bulk

continental crust, oceanic arc lower crust is significantly depleted in highly incompatible elements (Jagoutz and

Kelemen 2015; Jagoutz and Schmidt 2012) compared with the estimates of lower continental crust (LCC) (Hacker

etal. 2015; Jagoutz et al. 2011; Kelemen and Behn 2016). As an alternative to the magmatic differentiation coupled

with delamination mechanism, it has been proposed that the relamination of felsic materials at the base of the crust

is a crucial mechanism to form intermediate continental crust composition (Hacker et al. 2011, 2015; Kelemen and

Behn 2016).

Although numerous studies have been carried out on the xenoliths from the continental arc lower crust in the

Sierra Nevada (e.g., Ducea and Saleeby 1998; Lee et al. 2006) or exposures of paleo-continental arc sections in

the southern Sierra Nevada, the Fiordland in New Zealand, the Gangdese arc in South Tibet or the Famatinian in

NW Argentina (Chapman et al. 2012; Otamendi et al. 2012; Stowell et al. 2014; Walker et al. 2015; Xu et al. 2019),

the construction processes and composition of continental arc lower crust are still poorly constrained. For example,

the importance of partial melting of preexisting crust (Ducea and Saleeby 1998; Otamendi et al. 2012; Stowell et

al. 2014) versus crystallization-differentiation of arc magma (Jagoutz and Klein 2018; Lee et al. 2006; Walker et

al. 2015) as the main differentiation mechanism remains debated and probably vary from arc to arc. It is also
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unclear whether the trace element composition of continental arc lower crust is similar to the oceanic arcs lower

crust or the LCC. Accordingly, insight into the formation mechanisms and composition of continental arc lower

crust is critical to understand continental crust formation.

The recently discovered Lilong Gangdese arc lower crustal section (Guo et al. 2012; Zhang et al. 2020) is a

continuous exposure of a continental arc lower crust (Fig. 1) ranging in depth from ~42—-17 km. Here, we present

U—Pb zircon geochronology, whole-rock major and trace elements, as well as Sr—Nd-Hf isotope data to understand

the construction mechanism and composition of the Gangdese arc lower crust. We show the entire Lilong deep

crustal section was built dominantly through early (85-95 Ma) damp and late (74-86 Ma) wet fractional

crystallization of arc magmas. In addition, the calculated seismic properties and geochemical composition of the

Gangdese arc lower crust agree well with estimates of the LCC. Therefore, we propose that the continental arc

magmatism plays a vital role in making the continental crust.

Geological setting

The Gangdese arc is located in the Lhasa terrane in the southern Tibet (Fig. 1A). The Lhasa terrane is separated
from the Qiangtang terrane to the north by the Bangong—Nujiang suture zone and from the Indian Plate to the
south by the Indus—Yarlung Tsangpo suture zone (Fig. 1A). The Lhasa terrane is subdivided into southern, central,
and northern Lhasa subterranes (Fig. 1A) by the Luobadui—Milashan fault and the Shiquanhe—Nam Tso Mélange
zone (Zhu et al. 2011). The central Lhasa subterrane is underlain by Precambrian crystalline basement and is
covered by Permo-Carboniferous metasedimentary rocks and Late Jurassic-Early Cretaceous volcano-sedimentary
rocks (Pan et al. 2006; Zhu et al. 2011). Abundant Mesozoic-Cenozoic plutonic rocks intruded the Carboniferous-
Cretaceous volcano-sedimentary rocks (Zhu et al. 2011). The northern Lhasa subterrane is mainly composed of
Jurassic-Cretaceous volcano-sedimentary sequence with minor Triassic sedimentary rocks with Mesozoic plutonic
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rocks in its western and eastern parts (Zhu et al. 2011). The southern Lhasa subterrane is dominated by the

Mesozoic-Cenozoic Gangdese batholith and the associated Linzizong volcanic succession, with minor Triassic-

Cretaceous volcano-sedimentary rocks (Ji et al. 2009; Pan et al. 2006). A few Cambrian and Late Devonian-Early

Carboniferous plutons have been reported in the eastern part of the southern Lhasa subterrane (Dong et al. 2010b;

Guo et al. 2017; Ji et al. 2012). The Lhasa terrane collided with the Qiangtang terrane in the Early Cretaceous,

which resulted in strongly S-N crustal shortening of the central-northern Lhasa subterranes (Kapp et al. 2007;

Murphy et al. 1997). During the Mesozoic and early Cenozoic, northward subduction of the Neo-Tethyan oceanic

slab underneath the southern margin of the Lhasa terrane led to the emplacement of voluminous Gangdese

batholith into the Lhasa terrane basement as well as the eruption of the volcanic rocks (Yin and Harrison 2000).

Geochronological studies reveal that the Gangdese arc magmatism started in the Triassic and persisted till the

Paleocene with three magmatic flare-up events at 200—-160 Ma, 120-105 Ma and 100—-80 Ma (Ji et al. 2009; Ma

etal. 2013a; Zhu et al. 2011). The 200—160 Ma and 100—80 Ma magmatic flare-ups occurred in the southern Lhasa

subterrane (Ji et al. 2009; Ma et al. 2013a; Wen et al. 2008), whereas the 120-105 Ma magmatic flare-up mainly

took place in the central and northern-Lhasa subterranes (Zhu et al. 2011). The temporal and spatial distribution of

the Gangdese arc magmatism'is likely related to the variations of subduction angle of the Neo-Tethyan oceanic

slab (Kapp et al..2005; Ma et al. 2013b).

The Lilong lower crustal section of the Gangdese arc is exposed in the southeastern Lhasa terrane (Fig. 1A).

The Lilong crustal section is structurally truncated by the Dongjiu—Miling shear zone (Geng et al. 2006; Xu et al.

2012), which juxtaposes the Gangdese lower arc crust in the hanging wall over the Himalayan sequences in its

footwall (Fig. 1B). The scattered metamorphic ophiolite fragments along this shear zone were suggested to be the

eastward continuation of the Yarlung-Tsangpo Suture (Geng et al. 2006). The northward indentation of the Indian

plate caused rapid exhumation of the Gangdese deep crust along the Dongjiu—Miling sinistral strike-slip shear
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zone during the Miocene (Xu et al. 2012; Zeitler et al. 2014). Pressure and temperature estimates reveal that the

exposed Lilong section represent a tilted crustal section of the Gangdese arc that is tilted to the southwest with the

paleodepths decreasing from northeast to southwest (Zhang et al. 2014, 2020) (Fig. 1B). The eastern Gangdese arc

is composed of the Nyingchi Complex, the Kanniang Complex, the Lilong Complex and Wolong batholith from

northeast to southwest along with late Cenozoic gabbro and granite intrusions (Fig. 1B). The Nyingchi Complex

consists of garnet-bearing ortho-/paragneiss, migmatite, amphibolite, schist, quartzite, and marble. The detrital

zircon geochronological studies revealed that the metasedimentary rocks in the Nyingchi. Complex have various

protolith ages ranging from Neoproterozoic to Early Cenozoic (Dong et al. 2010a; Guo et al. 2011, 2012, 2017;

Zhang et al. 2008). The protoliths of the orthogneiss in the Nyingchi Complex include Paleoproterozoic, Cambrian,

Jurassic, Cretaceous and Early Paleocene granitoids (Guo et al. 2011, 2012; Lin et al. 2013; Zhang et al. 2013).

The Nyingchi Complex underwent Cenozoic (~55-25 Ma) granulite- or amphibolite-facies metamorphism (Guo

et al. 2012, 2019; Zhang et al. 2020). The Kanniang Complex is dominated by garnet gabbros, constituting the

deepest exposed Gangdese arc crust (Guo etal. 2013; Zhang et al. 2014). The garnet gabbros have protolith ages

of 93-86 Ma and metamorphic ages of 85-68 Ma (Guo et al. 2013; Zhang et al. 2014). The pressure and

temperature of peak metamorphism are 9-13 kbar and 830-900 °C (Zhang et al. 2010c, 2014), respectively. The

garnet gabbros have typical arc geochemical signatures and are characterized by low initial 8Sr/%Sr ratios of

0.70433-0.70456, positive eng Of +2.7 to +4.6, and zircon eys of +10 to +16 (Guo et al. 2013; Zhang et al. 2014).

The Lilong Complex and Wolong granitoids are the main focus of this paper. The Lilong Complex consists

of arc-related ultramafic to intermediate intrusions. Previous studies revealed that the Lilong Complex formed at

95-86 Ma, and is composed of hornblendite, norite, gabbro, diorite, granodiorite, and tonalite (Ma et al. 20133,

2013b; Zhang et al. 2010b). The intermediate rocks in the Lilong Complex have high Mg# [molar Mg/(Mg + Fe)

x 100] and high Sr/Y ratio, leading to the interpretation that the mafic-intermediate rocks are the products of partial
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melting of the Neo-Tethyan oceanic slab (Ma et al. 2013b; Zhang et al. 2010b). The hornblendites in the Lilong

Complex have similar Sr—Nd isotopic composition to those of the mafic-intermediate rocks and were considered

as the complementary cumulates fractionated from a common parental magma with the mafic-intermediate rocks

(Ma et al. 2013a). The high temperature recorded in the mafic-intermediate rocks led Zhang et al. (2010b) to

conclude that the Lilong Complex was metamorphosed during a high temperature event related to ridge subduction,

and Ma et al. (2013a) to conclude that the Lilong Complex was related to the rollback of oceanic slab. The Wolong

batholith is dominantly composed of Late Cretaceous (74—84 Ma) granodiorite and granite, and is intruded by a

small Eocene (35-38 Ma) granite pluton in the east (Fig. 1B) (Guan et al. 2012; Ji et al. 2014; Wen et al. 2008).

In this study, the Wolong granitoids refer to the late Cretaceous granodiorite and granite in the Wolong batholith.

The Wolong granitoids have low Mg#, high Sr/Y and La/Yb ratios, and are hypothesized to be the product of

partial melting of the thickened Gangdese arc lower crust (Tang et al. 2019; Wen et al. 2008).

Field relationships and petrography

Field relationships

Field observations revealed that the Lilong Complex is dominantly composed of mafic-intermediate rocks with

three small (200-2000 m wide) ultramafic bodies (Fig. 1B). The ultramafic sequence is composed of pyroxene

hornblende peridotite, hornblende pyroxenite, hornblendite, and plagioclase hornblendite. Approximately 85% of

the ultramafic sequence is hornblendite with decimeter- to meter-thick hornblende pyroxenite and plagioclase

hornblendite layers (Figs. 2A and 2B). Fresh pyroxene hornblende peridotite samples were collected from the

waste rocks that were extracted from a ~700 m long horizonal tunnel (inaccessible) within the hornblendite. The

hornblende pyroxenite occurs as 30-200 cm thick layers in the center part of the ultramafic sequence (Fig. 2A).
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The transition between the hornblende pyroxenite and hornblendite is generally gradational with increasing modal

amounts of amphibole and decreasing amounts of pyroxene, and these rocks in the transition zone can be classified

as pyroxene hornblendite. The transition zone is 1-3 m wide. The hornblendite is characterized by its near mono-

mineralic composition and homogeneous texture. Towards the western margin of the ultramafic rocks, irregular

plagioclase hornblendite layers occur within the hornblendites. The contact between the hornblendite and

plagioclase hornblendite is gradational with modal plagioclase increasing (Fig. 2B). Amphibole megacrysts (up to

5 cm) were observed within the transition from hornblendite to plagioclase hornblendite.

The mafic-intermediate sequence is composed of hornblende gabbronorite, hornblende gabbro, quartz diorite,

and tonalite from east to west (upward in the crustal section) (Fig. 1B). The hornblende gabbronorite is generally

homogeneous and locally exhibits a few centimeters thick magmatic layering defined by the alternation of

plagioclase-poor and plagioclase-rich bands (Fig. 2C). The hornblende gabbronorite grades westward into

hornblende gabbro. The hornblende gabbro is foliated and contains irregular hornblendite enclaves (Fig. 2D). The

foliation of the hornblende gabbro is defined by elongate clusters of pyroxene and amphibole within a plagioclase

matrix. The contact relationship between the hornblende gabbro and quartz diorite was not directly observed due

to lack of outcrops. The quartz diorite is homogeneous and locally contains few enclaves of hornblendite and

gabbro. The quartz diorite grades westward into the tonalite, through increasing quartz mode and decreasing

amounts of mafic minerals.

The contacts between the hornblendite and the hornblende gabbro are sharp intrusive contacts (Fig. 2E). The

hornblendites at the contact zone are medium-grained and grade into coarse-grained hornblendites away from the

contact zone. Few 10-30 cm wide veins of fine-grained hornblendite crosscut the hornblende gabbronorite. These

phenomena reveal that the ultramafic rocks intruded into the mafic-intermediate rocks of the Lilong Complex

rather than being cumulates from the same parent magma as previously hypothesized (Ma et al. 2013a). Therefore,
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we distinguish between the mafic-intermediate sequence and the ultramafic sequence in the Lilong Complex.

The Wolong granitoids are located at the west of the Lilong Complex (Fig. 1B). The contact relationship

between the Wolong granitoids and the tonalite from the Lilong Complex was not directly observed due to lack of

outcrops. The Wolong granitoids mainly consists of granodiorite and granite. The granitoids are crosscut by late

lamprophyre dykes. The green magmatic epidote is ubiquitous in the entire Wolong batholith (Fig. 2F).

Petrography

The pyroxene hornblende peridotites in the ultramafic sequence have medium-grained granular texture and consist

of olivine (3079 vol %), amphibole (13-21 vol %), clinopyroxene (3-52 vol %), orthopyroxene (0—7 vol %), and

magnetite (0.5-5.7 vol %). Olivine occurs as euhedral to subhedral cumulate crystals (Fig. 3A). Pyroxenes

commonly occur as irregular distributed inter-cumulus phases (Fig. 3A). Amphibole occurs in two forms: large

(5-10 mm) subhedral discrete grains and small (<1.5 mm) anhedral inter-cumulus grains (Fig. 3A). Both

orthopyroxene and amphibole contain exsolution trails of Fe—Ti oxides (Fig. 3A). The hornblende pyroxenite is

medium- to coarse-grained and is composed of clinopyroxene (35-80 vol %), orthopyroxene (3-13 vol %),

amphibole (14-42 vol %), magnetite (0.5-4.7 vol %) and olivine (0-18 vol %). Clinopyroxene is subhedral and

contains exsolution trails of Fe-Ti oxide (Fig. 3B). Orthopyroxene is much less abundant than clinopyroxene and

occurs as irregular distributed inter-cumulus phase or rims around olivine grains. Amphibole occurs as either

poikilitic grains up to 2 cm in length or as an irregular interstitial phase (Fig. 3B). The poikilitic amphibole contains

abundant clinopyroxene. With increasing modal abundance of amphibole, the pyroxenite grades into pyroxene

hornblendite, which in turn grades into hornblendite. The hornblendite contains 93-99 vol% amphibole, 0-6.6

vol % clinopyroxene and 0.4-1.5 vol % magnetite. Amphibole in the hornblendite is generally euhedral, medium

to extremely coarse grained (up to 5 cm). Clinopyroxene in the hornblendite is subhedral or anhedral and occurs

9

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature.



as inter-granular cluster or as inclusion in the amphibole (Fig. 3C). Orthopyroxene generally occurs as small

inclusion in the amphibole. The plagioclase hornblendite marks the first appearance of plagioclase within the

ultramafic sequence and contains euhedral amphibole grains (66-89 vol %) and interstitial anhedral plagioclase

(11-34 vol %) (Fig. 3D). Magnetite and sulfides (pyrite, chalcopyrite) occur as inclusions in the amphibole

throughout the entire ultramafic sequence. These petrographic observations indicate that the crystallization

sequence of ultramafic sequence is olivine — pyroxene — amphibole + Fe—Ti oxides — plagioclase.

The hornblende gabbronorites in the mafic-intermediate sequence have subhedral granular texture and consist

of plagioclase (15-49 vol %), orthopyroxene (3—11 vol %), clinopyroxene (11-38 vol%), amphibole (29-38 vol %)

and magnetite (1.1-4.4 vol %). Plagioclases occur as granoblastic composite grains in the form of subhedral laths.

Clinopyroxene and orthopyroxene have undulated margins and are rimmed by amphibole (Fig. 3E). Amphibole in

the gabbronorite occurs as rims around clinopyroxene and orthopyroxene (Fig. 3E), indicating that it crystalized

late with respect to the other phases. Magnetite commonly occurs as inclusion in the amphiboles (Fig. 3E). Modal

abundance of pyroxene decreases gradually from gabbronorite to hornblende gabbro, whereas the amount of

amphibole increases. The hornblende gabbro is composed of clinopyroxene (5-29 vol %), plagioclase (17-28

vol%), amphibole (43-75 vol%), orthopyroxene (0-0.5 vol %), and magnetite (0.4-1.2 vol%). The hornblende

gabbros display a heteradcumulate texture where poikilitic amphibole encloses plagioclase, clinopyroxene,

magnetite and orthopyroxene (Fig. 3F). The quartz diorite consists of plagioclase (45-51 vol %), amphibole (13—

37 vol %), quartz (5-11 vol %), biotite (4-12 vol %), K-feldspar (1-6 vol %), clinopyroxene (2-9 vol%), 0—

orthopyroxene (0-2 vol%), epidote (0-3.6 vol%), and magnetite (0-2.5 vol%). The tonalite is composed of

plagioclase (44-57 vol %), amphibole (8-16 vol %), K-feldspar (36 vol %), quartz (14-24 vol %), clinopyroxene

(2-9 vol %), biotite (5-19 vol %), epidote (0-5 vol %), and orthopyroxene (0-3 vol %). The accessory minerals

in the quartz diorite and tonalites include zircon, apatite, sphene, and magnetite. Amphiboles in the quartz diorite
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and tonalite are generally poikilitic and enclose plagioclase, clinopyroxene, orthopyroxene, and magnetite.

Plagioclase inclusions in the amphibole are euhedral indicating their early crystallization (Fig. 3G). Biotite in the

tonalite occurs as euhedral laths or occasionally poikilitically enclosing euhedral epidote (Fig. 3H). Epidote in the

tonalite is euhedral against the biotite, but the same crystals in contact with plagioclase and quartz show embayed

contacts (Fig. 3H). The textural features of epidote are consistent with those of magmatic epidote (Schmidt and

Poli 2004). Based on these observations, we infer a mineral crystallization order of pyroxene — plagioclase —

amphibole + Fe—Ti oxides — biotite + epidote — K-feldspar for the mafic-intermediate sequence.

The Wolong granitoids are medium- to coarse-grained and consist of plagioclase (3044 vol%), K-feldspar

(9-30 vol%), quartz (22-33 vol%), amphibole (0-3 vol%), biotite (5-8 vol%), epidote (1-2 vol%), and minor

muscovite (1-2 vol%), with accessory minerals of zircon, sphene, Fe-Ti oxides, and apatite. The plagioclase is

euhedral to subhedral. The K-feldspar contains inclusions of plagioclase and biotite. The magmatic epidote occurs

as euhedral or subhedral grains partially enclosed by biotite.

Analytical methods

A total 80 whole-rock major and trace element compositions, 16 whole-rock Sr-Nd and 6 zircon Hf isotopic
compositions, and 8 zircon U-Pb ages for the Lilong Complex from the Gangdese arc lower crustal section are
included in the presented dataset. Whole-rock samples were crushed in an alumina jaw crusher, and then powdered
in an agate mill. The powders were dried overnight at 105 °C. Loss on ignition (LOI) was determined by heating
the samples to 1000 °C for 2 hours. 0.6 g of dried powder was then mixed with 6 g of lithium tetraborate and fused
at 1050 °C for 10 min in platinum crucibles prior to being quenched to form homogenous glass beads. Major
elements were measured by Shimadzu Sequential X-ray fluorescence (XRF-1800) at the State Key Laboratory of
Geological Processes and Mineral Resources (SKLGPMR), CUG, Wuhan. Precision is better than 4% and
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accuracy is better than 3% for the major elements.

Whole-rock trace elements were measured by inductively coupled plasma mass spectrometry (Agilent 7500a

ICP-MS) after acid digestion of the powder samples in Teflon bombs at the SKLGPMR, CUG, Wuhan. About 50

mg dried powder was weighed into a Teflon bomb. Then, HNOj3 (1.5 ml) and HF (1.5 ml) were added to the Teflon

bomb, which was sealed in a steel jacket and heated in an oven at 190 °C for 48 hours to completely dissolve the

sample. After opening the bomb and evaporating the solution to dryness on a hotplate at ~115 °C, 1 ml of HNO3

was added to the Teflon bomb and evaporated to dryness again. The resultant salt was redissolved by adding ~3

ml of 30% HNOsg, resealed in a steel jacket and heated in an oven at 190 °C for 12 hours. The final solution was

diluted to ~100 g with a mixture of 2% HNO; for ICP-MS analysis. Standards AGV-2, BHVO-2, RGM-2, and

BCR-2 were used to monitor accuracy and precision. Accuracy was typically within +5% of the reference value

precision < 3% 2sd.

Whole-rock Sr and Nd isotopic ratios were measured by a Finnigan Triton thermal ionization mass

spectrometer (TIMS) at the SKLGPMR, CUG, Wuhan. 8Rb/#Sr and 4’Sm/***Nd ratios were calculated from

measured Rb, Sr, Sm and Nd concentrations by ICP-MS. The measured “*Nd/**Nd and 8Sr/®Sr ratios were

normalized to 46Nd/***Nd = 0.721900 and #Sr/®Sr = 8.375209, respectively. During the period of analysis,

standard NBS987 yielded an average 8Sr/%Sr ratio of 0.710239 + 10 (20), and standard BCR-2 gave an average

143N d/***Nd ratio of 0.512620 * 2 (25). For details of the Sr and Nd isotopic analytical procedures see (Gao et al.

2004).

Three to five kilograms mafic-intermediate rock samples and 10-20 kilograms ultramafic rock samples were

crushed, and zircons were extracted using density and magnetic techniques. Zircons were handpicked and mounted

in epoxy resin, polished to expose their interiors. Cathodoluminescence (CL) images were taken on a FEI Quanta

450 FEG scanning electron microscope. U-Pb ages and trace elements of zircon were measured synchronously by
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laser-ablation inductively coupled plasma mass spectrometer (LA-ICP-MS) at the SKLGPMR, CUG, Wuhan.

Laser sampling was performed using a GeoLas 2005 excimer ArF laser ablation system. An Agilent 7700 ICP-

MS instrument was used to acquire ion-signal intensities. All analyses were conducted using a laser beam diameter

of 32 um. Zircon 91500 was used as external standard for correcting mass discrimination and isotope fractionation.

NIST610 glass was analyzed as external standards for trace-element concentration calibration. Zircon standard

GJ-1 was analyzed as unknown. In the three sessions, GJ-1 gave weighted mean 2%Pb/2%8U ages that are statistically

indistinguishable from its nominal value (Table S2). Off-line selection and integration of background and analyte

signals, and time-drift correction and quantitative calibration for trace elements and U-Pb ages were performed

by ICPMSDataCal (Liu et al. 2010). IsoPlot Ex 3.4 (Ludwig 2003) was used to plot data on U-Pb concordia

diagrams and to calculate weighted mean ages.

Zircon Lu—Hf isotope analyses were measured using a Neptune Plus MC-ICP-MS coupled with a Geolas

2005 excimer ArF laser ablation system at the SKLGPMR, CUG, Wuhan. All analyses were undertaken using a

laser beam diameter of 44 pum. Detailed operating conditions for the laser ablation system and the MC—-ICP-MS

instrument and analytical method are the same as description by Hu et al. (2012). Off-line selection and integration

of analyte signals, and mass bias calibrations were performed using ICPMSDataCal (Liu et al. 2010).

Amphibole‘compositions were measured on carbon-coated polished sections by wavelength dispersive

electron microprobe (EMP) using a JEOL JXA-8230 at the Center for Global Tectonics, School of Earth Sciences,

CUG, Wuhan. The EMP was operated at an acceleration voltage of 15 kV and a beam intensity of 20 nA. The

amphibole was analyzed with a spot size of 2 um. All analyses were matrix-corrected using the ZAF (atomic

number, absorption, fluorescence) correction procedure and calibrated against natural and synthetic mineral

standards. The operating conditions were described in detail in Wang et al. (2019).
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Results

Whole-rock geochemistry

Ultramafic sequence in the Lilong Complex

The major and trace element chemistry of the ultramafic sequence in the Lilong Complex (Fig. 4) is controlled by

the mode of olivine, pyroxene, amphibole and plagioclase. The pyroxene hornblende peridotites have high Mg#,

low Al,Os, Na,0O and TiO», and various SiO, and CaO (Fig. 4). As the mode of pyroxene and amphibole increase,

Ca0, Al;03, TiO2 and Na O increase with the increasing SiO,, whereas the Mg# remains nearly unchanged in the

hornblende pyroxenites (Fig. 4). As the mode of amphibole drastically increases, the Mg# and CaO decrease,

whereas Al;Os, TiO2, and Na;O increase with decreasing SiO; in the hornblendites (Fig. 4). With the onset of

plagioclase crystallization in the plagioclase hornblendite, Al,Os; reaches a maximum content (Fig. 4C) with

slightly deceasing Mg# (Figs. 4A). K20 content in the ultramafic sequence is very low and slightly increases with

the increase in amphibole mode (Fig. 4F).

The pyroxene hornblende peridotites and hornblende pyroxenite have high Ni and Cr contents, which

decrease with the decreasing olivine and clinopyroxene mode from pyroxene hornblende peridotite to

hornblendites (Table S1). The ultramafic rocks display convex upward primitive mantle-normalized (McDonough

and Sun 1995) rare earth element (REE) patterns (Fig. 5A) with a depletion of light REE (LREE) with respect to

middle REE (MREE; (La/Sm)n = 0.3-1.0), weakly fractionated middle to heavy REE (HREE; (Gd/Yb)n = 1.2—

2.6) and Eu anomalies ranging from 0.8-1.2 [Eu/Eu* = Eun/(0.5*(Smn+Gdn))]. All ultramafic rocks are enriched

in incompatible trace elements with respect to primitive mantle (McDonough and Sun 1995), exhibiting positive

anomalies for Ba, K, Pb and Sr, but negative anomalies for Nb, Ta, Zr, and Hf with respect to their neighboring

elements (Fig. 5B). This is consistent with arc-related signature. The positive and negative Ti anomalies (Fig. 5B)

are related to the different modal abundance of Fe—Ti oxides in the ultramafic rocks.
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Mafic-intermediate sequence in the Lilong Complex

For the mafic-intermediate sequence, Mg#, Al,O3, and CaO decrease with increasing SiO», whereas K,O increase

with SiO- (Fig. 4). Na,O, TiO;and P,Os originally increase until ~50 wt % SiO; and then broadly decrease with

increasing SiO; (Fig. 4). CaO continuously decreases with increasing SiO- (Fig. 4C), due to the decrease in modal

abundance of clinopyroxene and the decrease in anorthite content in plagioclase with progressive fractionation.

TiO2 increases to the highest in the hornblende gabbros and generally decreases with increasing SiO; (Fig. 4D),

reflecting that TiO; is mainly controlled by amphibole and Fe—Ti oxides. Na;O rapidly increases to 4.57 wt % in

the hornblende gabbros due to the increase in modal abundance of amphibole and anorthite-poor plagioclase, and

then slightly decrease with decreasing in modal abundance of amphibole (Fig. 4E). KO is strongly controlled by

the biotite mode in the mafic-intermediate rocks, increasing from the biotite-poor gabbroic rocks to biotite-bearing

quartz diorite and reaching maximum content in the biotite-rich tonalite (Fig. 4F).

The trace element concentrations roughly increase from hornblende gabbronorite, through hornblende gabbro

and quartz diorite, to tonalite (Figs. 5C and 5D). The primitive mantle-normalized REE patterns (Fig. 5C) show

that all mafic-intermediate rocks have modest depletion in HREE relative to MREE, but distinct enrichment in

LREE relative to MREE and HREE. The hornblende gabbronorites have distinct positive Eu anomalies (Eu/Eu*

=1.2-1.8; Fig. 5C), whereas the hornblende gabbros, quartz diorites and tonalites have weakly positive to negative

Eu anomalies (Eu/Eu* = 0.8-1.2). In the primitive mantle-normalized trace element diagram (Fig. 5D), the mafic-

intermediate rocks exhibit enrichment in Rb, Ba, U, K and Pb, and depletion in Nb, Ta, Zr and Hf except for the

tonalites which show variably enriched or depleted Zr and Hf with respect to other incompatible elements. The

hornblende gabbronorites have pronounced positive Ti anomalies (Fig. 5D), which is consistent with the high

modal abundance of Fe-Ti oxides in the hornblende gabbronorites. All the mafic-intermediate rocks have high Sr
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(354-911 ppm), low Y (3.83-23.2 ppm), and thus high Sr/Y ratios (19-189).

Wolong granitoids

The Wolong granitoids have high SiO; (66.0-70.2 wt %), Al,O3 (16.4-18.1 wt %), Na.O (4.25-5.40 wt %) and

K20 (1.64-3.35 wt %) contents and low Mg# (30-41) (Fig. 4). They are slightly per-aluminous with A/CNK

(molar Al,03/(CaO + Na,O + K;0)) values of 1.01-1.37. The Wolong granites display variably fractionated HREE

patterns ((Dy/Yb)n = 1.1-2.0), strongly enrichment in LREE relative to HREE ((La/Yb)n = 11-53), and weakly

negative to positive Eu anomalies (Eu/Eu* = 0.9-1.6) in the primitive mantle-normalized REE diagram (Fig. 5E).

Combined with published data, the Wolong granites can be divided into the high and low (Dy/Yb)n groups (Fig.

5E). Primitive mantle-normalized trace element patterns are characterized by enrichment in Rb, Ba, U, K, Pb and

Sr, and depletion in Nb, Ta, and Ti with respect to adjacent elements (Fig. 5F).

Zircon U-Pb geochronology

Five samples from mafic-intermediate sequence, two hornblendite samples from the ultramafic sequence and one

Wolong granitoid sample were selected for LA-ICP—MS zircon U-Pb dating. The representative zircon CL images

are shown in Fig. 6. Zircon dating results are presented as concordia diagrams in Fig. 7 with the detailed data set

being listed in supplementary Table S2.

Mafic-intermediate sequence

Zircons from the gabbronorite (14GT035) are euhedral and are 50-150 um long. They display sector or broad
zoning in the CL images (Fig. 6A). They have Th of 55.2-209 ppm and U of 71.9-290 ppm with Th/U ratios of
0.6-1.2 (Table S2), indicating a magmatic origin. Twenty analyses of zircon from sample 14GTO035 yield a
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weighted mean 2%°Pb/?%8U age of 92.1 + 0.6 Ma (MSWD = 1.04; Fig. 7A). Zircons in the quartz diorite sample

18GT304 are euhedral or subhedral with crystal length of 100-250 pum. They show banded zoning in the CL

images (Fig. 6B) and have variable Th (56.1-280 ppm) and U (54.9-320 ppm) contents, with Th/U ratios of 0.4—

1.0. Twenty analyses yield a weighted mean 2°Ph/?*®U age of 90.4 + 0.5 Ma (MSWD = 0.76; Fig. 7B). Zircons

from three tonalite samples (T1372, 16GT059 and 16GT063) are euhedral in shape and 80-250 pm in length. Most

zircons display sector zoning, banded zoning or oscillatory zoning in the CL images (Figs. 6 C-E). All analyses

of zircons from the tonalite samples have Th of 58.6—-761 ppm and U of 90.7-1051 ppm with high Th/U ratios of

0.3-1.2. Of twenty zircons from sample T1372, nineteen analyses are concordant and yield a weighted 2°°Ph/?%U

mean ages of 91.4 + 0.7 Ma (MSWD = 1.3; Fig. 7C). Of twenty analyses of zircons from sample 16GT059,

nineteen analyses are concordant and gave a weighted mean 2%Pb/>8U age of 90.5 + 0.8 (MSWD = 2.8; Fig. 7D).

Of twenty zircons from sample 16GT063, nineteen concordant analyses gave a weighted mean 2°°Ph/?®U age of

88.6 £ 0.7 Ma (MSWD = 1.3; Fig. 7E).

Ultramafic sequence

Seven and seventeen zircons were separated from the hornblendite sample T1365 and 14GT033, respectively.

Zircons in the harnblendites are euhedral and small with crystal length of 30-80 um. They display sector zoning

of igneous zircon in the CL images (Figs. 6F and 6G). Only three zircons from sample T1365 and seven zircons

from sample 14GTO033 are large enough for LA-ICP-MS analysis after polish. Three analyses of zircons from

sample T1365 have Th of 59.0-162 ppm and U of 89.1-254 ppm with Th/U ratios of 0.6-1.0 and gave a weighted

mean 2%Pb/?%U age of 85.9 + 2.3 Ma (MSWD = 0.01) (Fig. 7F). Zircons from sample 14GT033 have Th of 68.7—

258 ppm and U of 131-254 ppm with Th/U ratios of 0.5-1.0. Of seven analyses from sample 14GT033, five

analyses are concordant and gave a weighted mean 2°°Ph/?%8U age of 85.4 + 1.4 Ma (MSWD = 0.31) (Fig. 7G).
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Wolong granitoids

Zircons from the Wolong granitoid sample T914 are euhedral and have length of 150-300 um. In the CL images

(Fig. 6H), most zircons show oscillatory zoning. Zircons from sample T914 have Th of 88.0-752 ppm and U of

206-1274 ppm with Th/U ratios of 0.4-0.8. Seventeen analyses of zircons yield a weighted mean 2%Pb/?®U age

0f 79.9 + 0.6 Ma (MSWD = 1.05) (Fig. 7H).

Sr-Nd-Hf isotopic compositions

Whole-rock Sr—Nd and zircon Hf isotopic data are provided in supplementary Tables S3 and S4, respectively.

Whole-rock initial Sr—Nd isotopic ratios for all lithological sequences from the Lilong Complex and the Wolong

granite are calculated using an age of 90 Ma. Zircon ens(t) value is calculated using the weighted mean age of

individual sample. The mafic-intermediate and ultramafic sequences display similar whole-rock Sr—Nd and zircon

Hf isotopic compositions. The ultramafic rocks have eng(t) values of +2.8 to +4.0 and initial (¥7Sr/%éSr); of

0.704267-0.704572, which overlap with that of the mafic-intermediate rocks having enq(t) values of +3.2 to +4.3,

and initial (87Sr/®Sr); of 0.704198-0.704557 (Figs. 8A). The zircon epe(t) values are +12.2 to +14.0 for ultramafic

rocks and +11.3 to +14.3 for mafic-intermediate rocks (Fig. 8B). The Wolong granitoids have slightly lower zircon

enf(t) values of +8.4 to +10.3 than those of the Lilong Complex (Fig. 8B).

Amphibole barometry

The mineral compositions of amphibole are given in Table S5. Amphiboles from the ultramafic and mafic-

intermediate sequences in the Lilong Complex are pargasite or Mg-hornblende according to the nomenclature of
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(Hawthorne et al. 2012). The tonalite and quartz diorite from the mafic-intermediate sequence of Lilong Complex

contain the mineral assemblage of plagioclase, K-feldspar, amphibole, biotite, epidote, magnetite, sphene, and

quartz, which allow us to use Al-in-hornblende geobarometer (Schmidt 1992) to determine their intrusion

pressures. Pressure where calculated from hornblende rim compositions. Samples T744 and T1372 from Lilong

village (Fig. 1B) yield pressures of 6.3 + 0.2 kbar and 6.1 + 0.3 kbar, respectively, consistent with the presence of

magmatic epidote (Schmidt and Poli 2004). About 7 km to the northeast (Fig. 1B), sample 16GT059 collected

near the bottom of the tonalite pluton yield pressure of 7.4 + 0.2 kbar. Pressure calculated on quartz diorite sample

14GT042 collected about 2 km to the east of sample 16GT059 yields pressure of 7.3 £0.4 kbar. Calculated pressure

increases to 8.2 + 0.4 kbar for sample 16GT053 collected near the bottom of quartz diorite pluton (Fig. 1B). The

pressure estimates for different samples have small errors (0.2—0.4 kbar), which resulted from the homogeneity of

amphibole rim compositions. Pressure estimates for the gabbroic rocks in the mafic-intermediate sequence are not

straightforward. The garnet gabbros from the Kanniang Complex underlying the Lilong Complex formed at

pressures of ~9-13 kbar (Zhang et al.-2010, 2014), which provides the maximum intrusion pressure for the

gabbroic rocks. The overlying quartz diorite provides the minimum intrusion pressure of ~8.2 kbar for the gabbroic

rocks. Accordingly, the intrusion pressures of the gabbroic rocks were 8.2-9.0 kbar.

The intrusion pressure of the ultramafic sequence is rather difficult to constrain due to the lack of appropriate

mineral assemblages for barometry. Amphiboles in the pyroxene hornblende peridotite coexist with olivine,

orthopyroxene, and clinopyroxene, and have high Mg# of 80-84 (Table S5). Our petrographic observations show

that the amphibole preceded the plagioclase appearance in the ultramafic sequence. This allows us to use the

amphibole Mg# and AIV' geobarometers of Krawczynski et al. (2012) to estimate the pressure of the pyroxene

hornblende peridotite. We need to estimate the oxygen fugacity (fO,) of the magma before using the Mg#

amphibole barometer. The fO, evolution modeling of closed-system equilibrium crystallization experiment has
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shown that the fO, of the primary high-Mg basalt increase from NNO-0.31 to NNO+1.45 before amphibole

saturation (Ulmer et al. 2018). The abundant crystallization of magnetite and amphibole in the pyroxene

hornblende peridotite indicates high fO, (Carmichael 1991; Ulmer et al. 2018). Thus, a fO, of NNO+1.5 is used to

calculate the pressure. The most Mg-rich amphiboles (Mg# = 82.7-84.4) in the pyroxene hornblende peridotite

sample 15GT033 yield pressures of 8.4 + 1.2 kbar and 9.0 + 0.6 kbar by using the Mg# and AIV' geobarometers

(Krawczynski et al. 2012), respectively. The average pressure of the Mg# barometer and the AIV! barometers is

~8.7 kbar (Table S5) which is considered as the best intrusion pressure estimate of the ultramafic sequence.

Discussion

Wet and damp fractionation sequences in the Lilong Complex

Our field and petrographic observations reveal that the mafic-intermediate and ultramafic sequences in the Lilong

Complex represent two different igneous crystallization sequences. First, the cross-cutting intrusive contact (Fig.

2A) indicates that the mafic-intermediate sequence was emplaced before the ultramafic sequence. This is

corroborated by younger zircon U-Pb ages from the ultramafic sequence (85-86 Ma) compared with the mafic-

intermediate sequence (89-92 Ma) (Fig. 7). Furthermore, petrographic observations indicate that the mafic-

intermediate and the ultramafic sequences have different mineral crystallization sequences. Amphibole precedes

plagioclase in the ultramafic sequence, whereas plagioclase precedes amphibole in the mafic-intermediate

sequence. The variations in H,O content of primitive arc magma have large effects on the crystallization sequence.

High H,O content in the melt suppresses plagioclase crystallization and promotes early amphibole crystallization

at lower crust pressures (Krawczynski et al. 2012; Mintener et al. 2001; Sisson and Grove 1993). The early

crystallization of plagioclase in respect to amphibole in the mafic-intermediate sequence indicates that their
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parental magma had lower H,O content compared to the magma parental to the ultramafic sequence. By contrast,

the co-precipitation of amphibole with olivine and pyroxene in the peridotite and abundant amphibole-rich

cumulates before the appearance of plagioclase in the ultramafic sequence are consistent with the crystallization

sequence of H.O-saturated crystallization experiments (Krawczynski et al. 2012; Ulmer et al. 2018). Despite

similar Sr—Nd-Hf isotopic compositions (Fig. 8), the mafic-intermediate and the ultramafic sequences formed

from distinct parental melts that have different initial water content. We consider the mafic-intermediate and

ultramafic sequences to represent damp (low H.O) and wet (H,O saturated) fractionation sequences of arc magmas,

respectively.

Wet fractionation of the ultramafic sequence

Field and petrographic observations reveal that the ultramafic sequence can be ascribed to a fractionation sequence

defined by olivine — pyroxene — amphibole + Fe—Ti oxides — plagioclase. This crystallization sequence is in

line with the fractional crystallization experiments on H,O-saturated primary arc magmas at lower crustal

conditions (Krawczynski et al. 2012; Ulmer et al. 2018). The high Mg# (80-84) amphibole coexisting with olivine

is a strong evidence for H,O-saturated condition (Krawczynski et al. 2012). We note that the presence of mineral

assemblage consistent with water saturated magma at the pressure of ~8-10 kbar implies water concentration of

~15-20 wt% in the melt (Mitchell et al. 2017).

The pyroxene hornblende peridotite and hornblende pyroxenite are characterized by a substantial increase in

SiO; at relatively constant Mg# (Fig. 4A). The hornblendites display a decrease in SiO, accompanied by a strong

decrease in Mg# and strong increase in Al;Os, TiO,, and Na;O (Fig. 4). The CaO drastically increases with

increasing SiO, from the hornblende pyroxene peridotite to hornblende pyroxenite, and then decreases with

decreasing SiO- for the hornblendites, forming an anticlockwise evolution track (Fig. 4B). The major element
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signature of the ultramafic sequence matches the cumulate lines of descent of medium- to high-pressure hydrous

fractional experiments (Mintener and Ulmer 2018).

Damp fractionation of the mafic-intermediate sequence

Petrographic observations indicate that the mafic-intermediate sequence can be ascribed to a fractionation

sequence defined by pyroxene — plagioclase — amphibole + Fe—-Ti oxides — biotite + epidote — K-feldspar —

quartz. The hornblende gabbronorite has high Mg#, high CaO (Figs. 4A and 4B) and Sr contents, and positive Eu

anomalies (Fig. 5C), implying that pyroxenes and plagioclases fractionation played an important role in the early

magma evolution. The low (Gd/Yb)n ratios (Fig. 9A) of the hornblende gabbronorites indicate that the amphibole

is not an early cumulate phase, which is consistent with that the amphibole formed through reactions between

cumulus pyroxenes and hydrous evolved melts and/or aqueous fluid (Fig. 3E). The hornblende gabbros display

significant decrease in Mg# and CaO, and substantial increase in TiO, and Na,O contents (Fig. 4) and (Gd/Yb)x

ratios (Fig. 9A) at relatively constant SiO,, reflecting that the accumulation of amphibole and Fe-Ti oxides. The

quartz diorite and tonalite show decrease in Mg#, Al,Os, CaO, TiO», and Na,O with increasing SiO» (Fig. 4), and

display negative correlations of (Gd/Yb)n vs SiO; (Figs. 9A) and Sr/Y vs SiO; (Figs. 9B), indicating the

fractionation of plagioclase and amphibole. Amphibole became the dominantly crystallization phase in the

hornblende gabbro, quartz diorite and tonalite, indicating that the melts parental to these rocks reached at 4 wt%

water (Alonso-Perez et al. 2009). This is consistent with the generally incompatible behavior of H,O in magmas

which results in an increase in HO content with differentiation. K,O contents increase with increasing SiO,

consistent with the crystallization of biotite and K-feldspar. The fractionation trend of K,O vs SiO; (Fig. 4F) is

similar to the trend observed in liquid compositions of low H,O fractionation sequence (the Chilas Complex) in

the Kohistan arc (Jagoutz et al. 2011). The whole rock geochemistry of the mafic-intermediate sequence can be
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interpreted in terms of cumulate and melt compositions belonging to a single liquid line of descent. Although the

ultramafic cumulates are absent in the mafic-intermediate sequence, the geochemical signatures of the mafic-

intermediate sequence are consistent with the lines of descent of medium- to high-pressure low-H,O fractional

experiments (Mintener and Ulmer 2018).

Origin of the Wolong granitoids

Partial melting of amphibolite in the lower crust (e.g., Clemens and Vielzeuf 1987; Rapp and Watson 1995) or
hydrous medium- to high-pressure magma fractional crystallization (e.g., Jagoutz 2010; Jagoutz and Klein 2018;
Nandedkar et al. 2014) have been proposed as the main processes responsible for the formation of granitoids. The
Wolong granitoids have high SiO», low Mg# (30-41), weakly negative to positive Eu anomalies (Eu/Eu* = 0.86—
1.57), high Sr/Y and (La/Yb) ratios, positive eng(t) and ene(t) values (Fig. 8), and low initial (¥7Sr/%8Sr); (Ji et al.
2014; Tang et al. 2019; Wen et al. 2008; this study). These geochemical features have led to the interpretation that
the Wolong granitoids are the products of partial melting of the thickened juvenile lower crust (Ji et al. 2014; Tang
et al. 2019; Wen et al. 2008). Zircon U-Pb geochronologic data indicate that the Wolong granitoids were formed
between 74-84 Ma (Fig. 10). The absence of coeval mafic magmatism in the Gangdese arc is the main argument
against arc magma generating the Wolong granitoids via fractional crystallization (Ji et al., 2014; Tang et al., 2020).
However, lack of mafic magmatism is in conflict with a local external source of heat, generally assumed to be the
contemporary mantle-derived magma, required to cause the lower crust to melt (Dufek and Bergantz 2005). In
addition, the Wolong granitoids exhibit a significant variation in (Dy/Yb)n ratio (Fig. 9C). The low (Dy/Yb)x
group from the Wolong granitoids show negative correlation between the (La/Sm)n and (Dy/Yb)n (Fig. 9C),
indicating significant amphibole restite. Dehydration melting experiments show that the amount of amphibole
diminishes with increasing degree of partial melting and that the amphibole is generally consumed after 6-15 vol%
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melting (Beard and Lofgren 1991; Rapp et al. 1991). During lower crustal partial melting, melts became SiO,-

poorer with increasing degree of partial melting (Jagoutz and Klein 2018). However, the Wolong granitoids are

characterized by increasing SiO; and decreasing MgO with time (Fig. 11A and 11B) implying that these melts

would have formed during cooling of the lower crust and the melts from the initial heating event are not observed.

Decreasing MgO with younger age is a hallmark of basalt differentiation where melts evolved with time due to

fractional crystallization.

Indeed, fractionation crystallization process is more efficient than partial melting for the formation of

granitoids in subduction systems (Jagoutz and Klein 2018; Miintener and Ulmer 2018). The initial H.O contents

of mantle-derived melts play an important role in producing volume of granitoids (Muntener and Ulmer 2018).

For the damp magma, the early crystallization of plagioclase and pyroxene is inefficient to produce volumetrically

significant SiO,-rich derivative liquids as cumulates and melts have very similar SiO, contents (Davidson et al.

2007; Jagoutz et al. 2013; Mntener and Ulmer 2018). By contrast, the cumulates in the wet fractionation system

contain various proportions of SiO.-poor minerals like amphibole, garnet, high-An plagioclase, and Fe-Ti oxides,

which is sufficient to push derivative liquids to high SiO- contents (Jagoutz et al. 2013; Miintener and Ulmer 2018).

As stated above, both a.dampand wet fractionation sequences are observed in the Lilong Complex. The Wolong

granitoids cannot be directly derived from the damp fractionation sequence of the Lilong Complex because: (1)

the 74-84 Ma Wolong granitoids are systematically younger than the 85-94 Ma mafic-intermediate sequence (Fig.

10); (2) the Wolong granitoids deviate from the evolution trend of the mafic-intermediate sequence (Fig. 4) and

the liquid lines of damp fractional crystallization experiments (Fig. 12). However, the whole-rock composition of

the Wolong granitoids match well with the liquid line of decent of the wet fractionation experiments (Fig. 12). The

Wolong granitoids, for a given K,O content, have significantly higher SiO, content than those of the tonalites in

the Lilong Complex (Fig. 4F), which is similar to the fractionation path of the hydrous arc magma in the Kohistan
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arc (Jagoutz et al. 2011).

The high (Dy/Yb)n Wolong granitoids have a positive correlation between (La/Sm)n and (Dy/Yb)n (Fig. 9C),

indicating that the formation of the high (Dy/Yb)n granitoids were controlled by garnet-dominated fractionation

at high pressures. In contrast, the low (Dy/Yb)n Wolong granitoids have a negative correlation between (La/Sm)y

and (Dy/Yb)n (Fig. 9C), indicating that the low (Dy/Yb)n granitoids were controlled by amphibole-dominated

fractionation at medium pressures. In the Lilong crustal section, the 85-86 Ma ultramafic sequence in the Lilong

Complex probably represents the cumulate of wet arc magma from which the early stage (~84 Ma) Wolong

granitoids originated (Fig. 10). However, the intermediate rocks and garnet-rich-cumulates related to the wet

fractionation sequence were not observed in the exposed Lilong crustal section. The intermediate rocks and garnet-

rich cumulates may exist but could be difficult to find due to lack of outcrops. In addition, the garnet-rich cumulates

are generally denser than residual upper mantle and more likely have detached from the Gangdese arc lower crust

(Jagoutz and Behn 2013). Nevertheless, more work is needed to test our speculation in the future.

From east to west, the enq(t) values-of the Wolong granitoids decrease and initial (87Sr/%Sr); ratios increase

(Fig. 11C and 11D). The granitoid sample isotopically most enriched is in the vicinity of the 352-355 Ma Langxian

granodiorites (Ji et al.~2012; Tang et al. 2019). The spatial trends of Sr—-Nd isotopic compositions suggest

increasing crustal assimilation towards the west, which is confirmed by the increasing occurrence of 293-376 Ma

inherited zircons (Tang et al. 2019). For simple endmember modeling (Fig. 8A), the Sr—Nd isotopic variation of

the Wolong granites can be generated by mixing of most depleted melts with a small amount (<10 %) crustal

assimilation. Based on these observations, we consider that the Wolong granitoids were probably derived from

fractional crystallization of wet arc magma modified due to intra-crustal assimilation in the upper crust during

emplacement.
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Construction of the Gangdese arc deep crust

Pressure estimates for the exposed Late Cretaceous Gangdese arc deep crustal section show that it exposes a near

complete section of arc lower crust. The arc section in the Lilong area is composed of the Kanniang Complex, the

Lilong Complex and the Wolong granitoids (Fig. 1B). Pressure estimates for the garnet gabbros in the Kanniang

Complex are 9-13 kbar (~31-42 km) (Zhang et al. 2010c, 2014). Within the Lilong Complex, pressure decreases

from ~9 kbar (~31 km depth) at the base gabbro to ~6.1 kbar (~21 km depth) at the top tonalite (Fig. 1C). The

ubiquitous magmatic epidote in the Wolong granitoids (Wen et al. 2008) indicates its crystallization pressure is >5

kbar (>17 km) (Schmidt and Poli 2004). Taking the crystallization pressure of tonalite as the maximum pressure,

the Wolong granitoids probably formed at 5-6 kbar (17-21 km). Thus, the Lilong Gangdese arc crustal section

exposes a near complete section extending from ~42-17 km paleodepth (Fig. 1C).

As stated above, two different fractionation sequences of arc magma are observed in the Lilong Gangdese

arc crustal section. The mafic-intermediate sequence in the Lilong Complex resulted from damp fractionation,

whereas the ultramafic sequence in the Lilong Complex and the Wolong granitoids resulted from wet fractionation

of arc magmas. The garnet gabbros in the Kanniang Complex have consistent protolith crystallization ages (Fig.

10) and similar geochemical and Sr—Nd-—Hf isotopic compositions to the mafic-intermediate sequence in the Lilong

Complex (Fig. 8) (Guo et al. 2013; Zhang et al. 2014), indicating that they formed under the same geodynamic

setting and were derived from the same mantle source. The Kanniang Complex and mafic-intermediate sequence

of the Lilong Complex constitute ~95% of the Gangdese arc lower crust, indicating that the Gangdese arc lower

crust mainly derived from damp fractionation. It probably is because the liquids derived from damp melts are more

viscous than those derived from hydrous melts that the liquids stagnate in the lower crust (Jagoutz et al. 2011,

2013). The Wolong granitoids derived from wet fractionation separated from their source region more easily and

thus formed the Gangdese arc upper crust. This is similar to the Kohistan and Talkeetna oceanic arc lower crust
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(Jagoutz et al. 2011). The garnet-rich cumulates related to wet high-pressure fractionation sequence and ultramafic

cumulates related to damp fractionation sequence are absent in the exposed Gangdese lower crust. These cumulates

may have been removed by the Dongjiu-Miling shear zone (Fig. 1B). More than likely, these cumulates

delaminated back into the mantle since they are generally denser than residual upper mantle (Jagoutz and Behn

2013).

Our new LA-ICP-MS zircon U-Pb ages, together with previously published LA-ICP—MS and SIMS zircon

U—Pb ages for the Lilong crustal section (Guo et al. 2013; Ji et al. 2014; Ma et al. 2013a, 2013b; Tang et al. 2019;

Wen et al. 2008; Zhang et al. 2020; Zhu et al. 2011), place tight temporal constrains on the incremental assemblage

of the deep crust of the Gangdese arc (Fig. 10). The garnet gabbros in the Kanniang Complex mainly have protolith

ages of 86-93 Ma (Fig. 10). The gabbroic rocks, quartz diorite, and tonalite from the mafic-intermediate sequence

of Lilong Complex have consistent crystallization ages of 89-94 Ma, 87-95 Ma, and 85-92 Ma (Fig. 10). The

ultramafic sequence in the Lilong Complex and the Wolong granitoids have younger crystallization ages of 85-86

Ma and 74-84 Ma (Fig. 10), respectively. Based these observations, we consider that the Lilong Gangdese arc

deep crust was built mainly through fractionation of the early (85-95 Ma) damp and late (74-86 Ma) wet arc

magmas.

Seismic properties of the Gangdese deep crust

We calculate a seismic wave speeds profile of the Gangdese deep crust to compare the Gangdese arc to
measurements of continental crust. To calculate the equilibrium mineral assemblage, densities, and seismic
velocities for each composition, we use the Gibbs free energy minimization routine Perple_X (Connolly 2009).
All thermodynamic modelling was performed in the 10 component NCKFMASHTO (Na,0O-CaO-K;0-FeO-
MgO-Al,03-SiO>-H,0-TiO>-0;) compositional system and the following solution models: augite and
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hornblende (Green et al. 2016); garnet, orthopyroxene, biotite, staurolite, cordierite, and chlorite (White et al.

2014a); olivine and epidote (Holland and Powell 2011); magnetite-spinel (White et al. 2002); ilmenite-hematite

(White et al. 2000); C1 plagioclase and K-feldspar (Holland and Powell 2003); and muscovite-paragonite (White

et al. 2014b). A melt solution model was excluded to increase calculation efficiency and calculate the subsolidus

density and seismic velocity. Pure phases included quartz, rutile, titanite, and aqueous fluid. We assume a

minimum equilibrium temperature of 500°C, a reasonable lower bound for net transfer reactions under hydrous

crustal conditions (Austrheim 1998). For all Perple_X calculations, we assume that 25 mol % of the total iron

oxide is ferric (Cottrell and Kelley 2011; Kelley and Cottrell 2012); varying this value to 15 or 35 mol% changed

seismic velocities by less than 1% . Seismic velocities are calculated using a compilation of mineral properties

(Abers and Hacker 2016) implemented into Perple_X with the alpha-beta quartz implementation used by Jagoutz

and Behn (2013). Mineral assemblage, density, and seismic velocity are calculated using pressures derived from

geothermobarometry of the observed mineral compositions and temperature calculated along steady-state 60

mW/m? geotherm. The calculated results are provided in supplementary Table S6.

The calculated seismic properties of the Gangdese arc deep crust agree with those of the averaged continental

crust (Fig. 13) (Christensen and Mooney 1995). Additionally, the P-wave speeds (V) of the Gangdese arc deep

crust are lower than that of active oceanic arcs (Fig. 13) (Calvert 2011). The Wolong granites have constant Ve of

~6.25 km/s and density of ~2.70 kg/m? from ~17 to 21 km depth (Fig. 13). With the occurrence of tonalite, the

density increases to ~2.85 kg/m? and Vp increases to 6.32 km/s at ~22 km (Fig. 13). From ~21 to 27 km depth (Fig.

13), Ve gradually increase from ~6.3 to ~6.5 km/s, and density increase from 2.75 to 2.92 kg/m®. The Ve and density

rapidly increase to ~6.7 km/s and ~3.00 kg/m? at 28.5 km depth corresponding the occurrence of gabbroic rocks

(Fig. 13). The fossil oceanic (Kohistan and Talkeetna) and continental (Gangdese and Famatinian) arc crustal

sections display a significant discontinuity in Ve between the intermediate rocks (6.0-6.5 km/s) and underlying
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mafic rocks (6.7-7.1 km/s), although the depths of the discontinuities are different from one arc to another. The

occurrence of the high density (3.00-3.19 kg/m?®) ultramafic intrusion in the gabbroic rocks result in a spike of Vp

(~6.9 km/s) at ~29 km depth (Fig. 13). The gabbros, gabbronorites and garnet gabbros under the ultramafic

intrusion have the density of 3.02-3.17 kg/m?® and Vp ranging from 6.7-6.9 km/s from 31-42 km depth (Fig. 13).

Compared with the Kohistan and Talkeetna arcs (Jagoutz and Behn 2013), the density-unstable ultramafic

cumulates/garnet granulites are missing in the base of the Gangdese arc lower crust (Fig. 13). The density and Vp

of the Gangdese arc lower curst are lower than those of the underlying mantle, indicating that the Late Cretaceous

Gangdese arc lower crust underwent significant density sorting.

The composition of the Gangdese arc lower crust

The composition of arc lower crust depends on the definition of the lower crust because the depth and thickness
of the arc lower crust vary regionally. We define the Gangdese arc lower crust as the lower half of the Late
Cretaceous Gangdese arc crust. For the Lilong section, the Lilong and Kanniang Complexes make up the lower
half of the Late Cretaceous Gangdese arc crust (Fig. 13). The crust-mantle boundary was not observed in the
Lilong section, so it is unclear how much lower crust was removed by delamination or shearing along the Dongjiu-
Miling shear zone (Fig. 1B). The crustal thickness of the Late Cretaceous Gangdese arc was ~42 km based on
available pressure estimates of the garnet gabbros from the Kanniang Complex in the Lilong section (Zhang et al.
2014), indicating limited loss of the lower crust in the Lilong section due to later deformation related to India-
Asian collision. We calculate the bulk Gangdese arc lower crust composition from geobarometrically derived
thicknesses of the Kanniang and Lilong Complexes and compare it with composition estimates of LCC. A total of
195 samples were compiled to calculate the composition of the Gangdese arc lower crust (Table S7). The
geobarometrically inferred thicknesses, the densities, and the average geochemical compositions of all units of the
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Gangdese arc lower crust are given in the Table S7.

The composition of the Kanniang Complex was calculated by averaging 27 whole-rock analyses which

distributed from the base to the top of the Kanniang Complex. No significant chemical stratigraphy occurs within

the Kanniang Complex (Table S7). Thus, we averaged the available 27 whole-rock compositions, yielding a

basaltic andesite with SiO, of ~53.0 wt% and Mg# of ~47. For the average bulk composition of the Lilong Complex,

we estimate that the ultramafic sequence makes up ~10% of the Lilong Complex and the mafic-intermediate

sequence the remaining ~90% based on field mapping. The relative thickness of each lithological unit from the

mafic-intermediate sequence of the Lilong Complex was based on our amphibole geobarometric constraints. We

calculated averages for each rock type and a weighted average for the mafic-intermediate sequence, which resulted

in a bulk composition of the mafic-intermediate sequence of ~57.1 wt% SiO and an Mg# of ~49 (Table S7). The

bulk composition of the ultramafic sequence in the Lilong Complex was calculated by averaging 43 whole-rock

compositions, taking into account the abundance of ~84.5% hornblendite, ~4.1% peridotite, ~10.4% pyroxenite,

and ~1% plagioclase hornblendite based on field mapping. Our estimated bulk composition of the ultramafic

sequence (Table S7) is basaltic (~47.7 wt% SiO, and Mg# of ~72) and is depleted in highly incompatible elements

compared with the estimates for the mafic-intermediate sequence of the Lilong Complex and the Kanniang

Complex (Fig. 14A). In the LCC-normalized diagram (Fig. 14A), the pattern of the ultramafic sequence is

approximately complementary to that of the Wolong pluton, further supporting our inferences that the Wolong

pluton was derived from fractional crystallization of wet arc magma. Our estimated bulk composition of the entire

Lilong Complex (Table S7) is basaltic andesite (SiO2 ~56.2 wt% and Mg# ~55).

Finally, the average bulk lower crust composition of the Gangdese arc was calculated from the

geobarometrically derived thickness of the Lilong and Kanniang Complexes, which make up ~48 % and ~52% of

the Gangdese arc lower crust, respectively. There is an uncertainty in the thickness of the Kanniang Complex as
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its base was truncated by the Dongjiu-Miling shear zone (Fig. 1B). However, the Kanniang Complex displays

similar chemical composition to our estimate of the Gangdese arc lower crust (Fig. 14A), indicating that the

variation in thickness of the Kanniang Complex cannot significantly influence our estimate of the Gangdese lower

crust. Thus, our estimate of the Gangdese arc lower crust is robust.

The average composition of the Gangdese arc lower crust is basaltic andesite with SiO, of ~54.6 wt % and

Mg# of ~51 (Table S7). These calculated compositions are significantly more mafic than the estimate of the

Gangdese lower crust by Zhang et al. (2020). The most important factor for this difference is that ~31% of the

whole-rock data compiled by Zhang et al. (2020) are granitic rocks from the Cenozoic Nyingchi Complex and the

Wolong granitoids. Unlike the calculation of Zhang et al. (2020), the Nyingchi Complex and Wolong granitoids

are excluded in our calculation as the Nyingchi Complex mainly formed after the India-Asian collision (Guo et al.

2012; Zhang et al. 2020) and the Wolong granitoids represent the upper crust of the Gangdese arc. Additionally,

our estimate is more robust than Zhang et al. (2020).since we weighted our average composition by the proportion

of different lithology units.

The average composition of the Gangdese arc lower crust is similar to the estimates of the lower continental

crust (LCC; Hacker et al. 2015; Rudnick and Gao 2014). The difference of major and trace elements is generally

within 10-50 rel% between the Gangdese arc lower crust and the LCC of Rudnick and Gao (2014), and is within

10-30 rel% between the Gangdese arc lower crust and the newly estimated LCC of Hacker et al. (2015). The

Gangdese arc lower crust has 35-64 % lower Nb and Ta with respect to the LCC of Rudnick and Gao (2014),

which could be explained by the absence of within-plate mafic rocks in the Lilong crustal section. Compared with

the LCC of Hacker et al. (2015), SiO,, Zr and Hf contents are lower in the Gangdese arc lower crust (Fig. 14B),

which can be attributed to the lack of Zr—Hf-rich felsic rocks in the Late Cretaceous Gangdese arc lower crust.

The Gangdese arc lower crust has higher Al,O3 and Sr contents (Fig. 14B) than those of the LCC (Hacker et al.
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2015; Rudnick and Gao 2014), indicating accumulation of plagioclase derived from low H>O primitive magma

fractionation. The incompatible elements (Rb, Th, U, K, Pb, and LREE) in the Gangdese arc lower crust are 32—

112% higher than the LCC of Rudnick and Gao (2014) . The Gangdese arc lower crust has 9—72 % higher Rb, Th

and U, and 9-26% lower K, Pb, and LREE contents than those of the LCC of Hacker et al. (2015) (Fig. 14B). The

Cu content (71.3 ppm; Table S6) in the Gangdese lower crust is 2.7 times as high as the LCC (Rudnick and Gao

2014). The high Cu content is related to the high sulfide mode in the cumulate rocks from the Gangdese arc lower

crust. The release of Cu from the lower crust into the post-collisional magma probably played an important role in

the formation of the post-collisional porphyry copper deposits in the Gangdese belt (Hou et al. 2004). Except for

Cu, the other transition metals (Mn, Sc, V, Cr, Co, Ni, and Zn) in the Gangdese arc lower crust are generally within

<60% deviation with respect to the LCC of Rudnick and Gao (2014).

Comparison with the other continental arc lower crust

Several Phanerozoic continental arc crustal sections have been recognized worldwide (Ducea et al. 2015; Miller

et al. 2009), but few expose the complete lower crust. The Southern Sierra Nevada section is one of the classic

crustal sections of«continental arc (Saleeby et al. 2003). Studies of exposed high-pressure rocks of the southern

Sierra Nevada batholith and xenolith suites in Miocene volcanic rocks have revealed that the lower crust of the

Sierra Nevada arc was mainly composed of mafic garnet granulites and gabbroic intrusions (Ducea and Saleeby

1998; Saleeby et al. 2003, 2007). The Fiordland in New Zealand exposes the deepest continental arc crustal section

with paleodepths ranging from ~8 km to ~65 km (Clarke et al. 2013; De Paoli et al. 2009). The Mesozoic Fiordland

arc lower crust is dominated by the gabbroic to dioritic granulites and minor eclogite (Chapman 2017; Dunkley

2010; Watton 2009; Wiesenfeld 2016). The Ordovician Famatinian arc in central Argentina is a continuous, tilted

continental arc crustal section ranging depth from ~12 to ~30 km (Otamendi et al. 2012; Tibaldi et al. 2013). The
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exposed Famatinian arc lower crust is dominated by mafic rocks with minor ultramafic rocks (Walker et al. 2015).

The garnet granulites in some arc sections have been considered as the residues of partial melting of mafic rocks

(Ducea et al. 2015; Stowell et al. 2014). However, recent studies have demonstrated that the compositional

stratification of the arc crust, to first order, was controlled by fractional crystallization of arc magma, and that the

gabbroic rocks or garnet granulites were cumulates derived from middle- to high-pressure fractional crystallization

of arc magma (Chapman et al. 2016; Clarke et al. 2013; Jagoutz and Klein 2018; Lee et al. 2006; Walker et al.

2015; Wiesenfeld 2016). Geochronological data reveal that these continental arc lower crust sections were built

through high-flux magmatic events within <15 Myr (Decker et al. 2017; Ducea et-al. 2017; Saleeby et al. 2007;

Schwartz et al. 2017). These characteristics of the continental arc crust sections are similar to those of the Gangdese

arc.

We calculated the average compositions of the Famatinian and Fiordland arc lower crust. The lower half of

the Famatinian arc crust includes ~5 km mafic unit and ~9 km intermediate unit based on the reconstruction

through thermobarometry (Tibaldi et al-:2013). The result reveals that the Famatinian arc lower crust is basaltic

andesite with SiO, of ~54 wt% and Mg# of ~53. The Fiordland arc lower crust (65-35 km paleodepth), represented

by the average composition of the Breaksea Orthogneiss and Malaspina Pluton (Chapman 2017; Dunkley 2010;

Watton 2009; Wiesenfeld 2016), is basaltic with SiO, of ~53 wt% and Mg# of ~53. Both the Famatinian and

Fiordland arc lower crusts are enriched in highly incompatible elements (Fig. 14B), which is similar to the trace-

element composition of the Gangdese arc lower crust. Although inferred crustal thickness between Gangdese,

Famatinian, and Fiordland arc is different, their lower crust compositions are strikingly comparable with those of

the average composition of LCC (Rudnick and Gao 2014). Based on the above observations, we consider that the

continental arc lower crust is basaltic or basaltic andesite in composition and are characterized by enrichment in

highly incompatible elements (Fig. 14B).
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Implications for continental crust formation

Arc magmas generated above subduction zones display geochemical compositions that are similar to the

continental crust, indicating that the arc magmatism plays a significant role in creating continental crust (Taylor

and Mclenna 1995). Oceanic arc lower crust has systematically lower highly incompatible element concentrations

than the estimates of the LCC (Jagoutz and Schmidt 2012; Kelemen and Behn 2016). Crustal relamination has

been considered as an important process in refining the intra-oceanic arc lower crust into continental lower crust

(Hacker et al. 2015; Kelemen and Behn 2016). Compared with the oceanic arc lower crust, the continental arc

lower crust has higher highly incompatible elements, which is comparable with those of the LCC (Fig. 14B). This

geochemical signature of the continental arc lower crust could be caused by the assimilation of continental

basement or crustal relamination. Crustal assimilation is inevitable when the continental arc magma ascent through

the crustal basement. For the Gangdese arc, no field evidence supports for significant crustal assimilation. The

consistent and depleted Sr—Nd—Hf isotopic characteristics (Fig. 8) indicate that the Late Cretaceous Gangdese arc

lower crust represents a significant addition of juvenile crust from depleted mantle without contribution from

ancient crustal component. The Sr—Nd isotopic compositions of the mafic complex also indicate that crustal

assimilation was limited in the Famatinian arc lower crust (Walker et al. 2015). Therefore, crustal assimilation

plays only a minor role in contributing to the high concentration of the highly incompatible elements in the

continental arc lower crust. According the model of relamination, about 50% felsic rocks are needed to match the

pattern of incompatible trace elements of continental arc lower crust (Kelemen and Behn 2016), which would

result in an obvious increase in SiO; of the lower crust. However, the continental arc lower crust sections are

dominated by gabbroic rocks indicating that the crustal relamination, if present, was limited. The difference

between the continental and oceanic arc lower crust is consistent with that the calc-alkaline primitive melts from
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the continental arcs have higher incompatible element concentrations than those from the oceanic arcs (Schmidt

and Jagoutz 2017). Therefore, the probable reason for the enrichment of highly incompatible elements in the

continental arc lower crust is that its geochemical characteristics inherited from its primitive arc magma.

The geochemical and geophysical similarity between continental arc lower crust and LCC indicates that, after

the detachment of high dense lower crust, no additional processes (such as relamination) are required to modify

the continental arc lower crust into the LCC. The oceanic arc terrane can be transformed into a continental arc by

accretion to adjacent continents. It is common that oceanic arc accretes onto the continental margin due to the

geodynamic transition of the subducted oceanic lithosphere. For example, numerous accreted oceanic arcs have

been identified in the Central Asian Orogenic Belt (Sengor et al. 2018) and along the western margins of the

Americas (Saleeby 1983). Following accretion, continued subduction of oceanic lithosphere beneath the oceanic

arc terrane give birth a new continental arc. Based on these observations, we consider that continental arc

magmatism plays a critical role in continental crust formation.

Conclusions

The Gangdese arc deep crust was built through the early (95-85 Ma) damp and late (86-78 Ma) wet fractional
crystallization of arc magmas. The mafic-intermediate sequence in the Lilong Complex and the Kanniang Complex,
which resulted from damp fractionation sequence of pyroxene — plagioclase — amphibole — biotite, formed
the major part of the Gangdese arc lower crust. The minor ultramafic sequence in the Lilong Complex resulted
from the wet fractionation sequence of olivine — pyroxene — amphibole — plagioclase. The 74-84 Ma
Wolong granitoids were derived from fractional crystallization of wet arc magma and experienced crustal
assimilation during emplacement. The Gangdese arc lower crust have consistent and depleted Sr—Nd—-Hf isotopic
compositions, indicating that it represents a significant addition of juvenile crust from depleted mantle. Calculated
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seismic properties and geochemical composition of the Gangdese arc lower crust are comparable to those of the

average lower continental crust. Unlike oceanic arc lower crust, which is depleted in highly incompatible elements

and exhibits higher seismic wave speeds, the continental arc lower crust has similar highly incompatible elements

concentrations and estimated seismic wave speeds with the lower continental crust. This indicates that continental

arc magmatism is necessary in making the continental crust.
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Normalized to lower continental crust from Rudnick and Gao (2014)

Fig. 1 (A) Tectonic framework of the Lhasa terrane showing the Gangdese arc batholith and volcanic rocks. (B)
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Geological map of the easternmost Gangdese arc showing the sample locations. The map is based on own field

observation and published studies. Published zircon U-Pb ages are from Guan et al. (2010, 2012), Guo et al. (2012,

2013), Ji et al. (2014), Ma et al. (20133, 2013b), Tang et al. (2019), Zhang et al. (2020), and Zhu et al. (2011). The

pressure and temperature conditions of the Kanniang complex are from Zhang et al. (2010c, 2014). (C) Cross

section through the Lilong Complex in the easternmost Gangdese arc showing intrusion pressures constrained by

Al-in-amphibole barometry in this study. DMSZ = Dongjiu-Miling shear zone.

Fig. 2 Field photographs illustrating contact relationships and typical lithologies from the Lilong Complex. (A)

Contact relationship between the olivine hornblende pyroxenite and pyroxene hornblendite. (B) Gradational

contact between the hornblendite and plagioclase hornblendite. (C) Magmatic layering defined by the alternation

of plagioclase-poor and plagioclase-rich bands in the hornblende gabbronorite. (D) Foliated hornblende gabbro

containing irregular hornblendite enclave. (E) Contact relationship between ultramafic (pyroxene hornblendite)

and mafic-intermediate (gabbro) sequences. (F) The Wolong granite containing green epidote (Ep).

Fig. 3 Photomicrographs of the typical lithologies from the Lilong Complex. (A) Euhedral/subhedral olivine

crystals with interstitial orthopyroxenes and amphiboles in the pyroxene hornblende peridotite. (B) The hornblende

pyroxenite showing that subhedral clinopyroxene and orthopyroxene crystals with interstitial amphiboles. (C)

Subhedral or anhedral clinopyroxene grains occur as inter-granular clusters or as inclusions in the amphiboles

from the pyroxene hornblendite. (D) Plagioclase hornblendites exhibit orthocumulate texture and consist of coarse

euhedral amphibole and interstitial anhedral plagioclase. (E) Clinopyroxene and orthopyroxene in the hornblende

gabbronorite are rimmed by amphiboles. (F) Poikilitic amphibole in the hornblende gabbro contains inclusions of

plagioclase, clinopyroxene, and magnetite. (G) Amphibole grains in the tonalite contain euhedral plagioclase,
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orthopyroxene, and magnetite. (H) Subhedral or euhedral epidote grains intimately associated with biotite, quartz,

and plagioclase in the tonalite. Mineral abbreviations: amphibole = Amp; biotite = Bt; clinopyroxene = Cpx;

epidote = Ep; quartz = Qtz; Magnetite = Mag; olivine = OI; orthopyroxene = Opx.

Fig. 4 Harker diagrams illustrating the different fractionation trends for the ultramafic and mafic-intermediate

sequences from the Lilong Complex and the Wolong granitoids. The blue and purple solid lines refer to the

trajectories of cumulate evolution for hydrous and anhydrous fractionation experiments (Mintener and Ulmer

2018), respectively. The blue and purple dash lines in (F) denote the trends of liquid evolution for the hydrous

Southern Plutonic Complex and less hydrous Chilas Complex from the Kohistan arc (Jagoutz et al. 2011).

Published data are from Guan et al. (2010), Ji et al. (2014), Ma et al. (2013a, 2013b), Tang et al. (2019), Wen et

al. (2008), Yin et al. (2019), and Zhang et al. (2010b, 2014, 2020).

Fig. 5 Primitive mantle-normalized rare earth element and trace element spider diagrams of the ultramafic (A and

B) and mafic-intermediate (C and D) sequences from the Lilong Complex and the Wolong granitoids (E and F).

Primitive mantle valuesare from McDonough and Sun (1995).

Fig. 6 Cathodoluminescence (CL) images of representative zircons from the hornblende gabbronorite (A), quartz

diorite (B), tonalites (C, D, and E), and hornblendites (F and G) in the Lilong Complex and the Wolong granite

(H). The solid circles show LA-ICP-MS dating spots and corresponding 2°Pb/%8U ages (in Ma), and the dashed

circles show locations of Lu—Hf isotope analysis and corresponding enf(t) values.

Fig. 7 Zircon U-Pb concordia diagrams for the hornblende gabbronorite (A), quartz diorite (B), tonalites (C, D,
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and E), and hornblendites (F and G) in the Lilong Complex and the Wolong granite (H). Analyses excluded as

discordant age outliers are dashed.

Fig. 8 Whole-rock initial (8"Sr/®8Sr); versus enq(t) (A) and zircon ent(t) versus ages (B) diagrams for the Kanniang

Complex, the Lilong Complex and the Wolong granite. Symbols as in Fig. 4 except for pentagrams that represent

the garnet gabbros from the Kanniang Complex. The mixing curve is constructed using the Wolong granite sample

T026 (Sr =626 ppm, Nd = 18 ppm, (87Sr/®Sr);= 0.70438, and eng(t) = +3.5) from Wen et al. (2008) and the average

composition of the Nyingchi gneisses (Sr = 157 ppm, Nd = 40 ppm, (87Sr/®Sr);=0.72382, and enq(t) = -12.7) from

Zhang et al. (2010a). Published data are from Guan et al. (2010), Guo etal. (2013), Ji et al. (2014), Maet al. (2013a,

2013b), Yin et al. (2019), Tang et al. (2019), and Zhang et al. (2014, 2020).

Fig. 9 Whole-rock trace-element (Ga/Yb)n versus SiO; (A), Sr/Y versus SiO; (B), and (La/Sm)N versus (Gd/Yb)n

ratios (C) for the Lilong Complex and the Wolong granitoids from the Gangdese arc crustal section. The published

data sources are same as Fig. 4.

Fig. 10 Zircon U-Pb ages with 2c uncertainty for the Kanniang Complex, the Lilong Complex and the Wolong

granitoids. The igneous emplacement age of the protolith of the garnet gabbros from the Kanniang Complex is

undistinguished from the Lilong Complex within two sigma uncertainty. Published data sources are the same as

Fig. 8.

Fig. 11 (A and B) The variation of SiO, and MgO with time for the Wolong granitoids. (C and D) The spatial

variation of whole-rock eng(t) and initial (87Sr/%Sr); for the Wolong granitoids. The black bars in (C) and (D)
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represent the longitude of the 352—-355 Ma granodiorites (Ji et al., 2012). Symbols as in Fig. 4.

Fig. 12 Whole-rock Mg#, CaO, and Al,Os versus SiO. diagrams illustrating the whole-rock evolution of the

ultramafic sequence in the Lilong Complex and the Wolong granitoids compared to the cumulates and liquids

derived from hydrous (circles) and anhydrous (squares) fractional crystallization experiments (Mdlntener and

Ulmer 2018). The hydrous (solid line) and anhydrous (dash lines) fractionation lines are shown in (C) SiO. versus

Al,O3 (Miintener and Ulmer 2018).

Fig. 13 Schematic illustrations of the lithology (A), calculated seismic Vp (B) and density (C) depth-structure of

the exposed Gangdese arc deep crustal section. Mineral density and seismic velocity are calculated using pressures

derived from geothermobarometry of the observed mineral compositions and temperature calculated along steady-

state 60 m\W/m? geotherm. Comparison of calculated Vp profiles with the seismic wave velocities for the average

continental crust (Christensen and Mooney, 1995), oceanic arc crust (Calvert, 2011), and calculated velocities

depth-structures of the Kohistan (Jagoutz and Behn, 2013), Talkeetna (Behn and Kelemen, 2006), and Famatinian

arcs (Tibaldi et al., 2013).

Fig. 14 (A) Major and trace element concentrations of different building units of the Gangdese arc deep crust and

the average Gangdese arc lower crust normalized to the lower continental crust of Rudnick and Gao (2014). (B)

Major and trace element concentrations of the Gangdese arc lower crust (this study and Zhang et al. 2020), the

Famatinian and the Fiordland continental arc lower crust, the Talkeetna and Kohistan oceanic arc lower crust

(Jagoutz and Kelemen 2015), and the newly estimated lower continental crust (Hacker et al. 2015) normalized to

the lower continental crust of Rudnick and Gao (2014). The gray field is the composition range of published lower
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continental crust from Rudnick and Gao (2014). The data used to calculate the composition of Famatinian arc

lower crust are from Otamendi et al. (2009a, 2009b, 2010, 2012, 2016) and Walker et al. (2015). The data used to

calculate the composition of Fiordland arc lower crust are from Chapman (2017), Dunkley (2010), Watton (2009)

and Wiesenfeld (2016).

64

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature.



