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Abstract

Early fractionation of amphibole is an essential process in the evolution of hydrous sub-
arc mantle-derived magmas. However, the petrogenesis of hornblende-rich cumulates
in the deep crust and their significant role in arc crustal evolution remains unclear. In
this contribution, we focus on Late Jurassic mafic-ultramafic intrusive rocks from the
Zedong terrane (central-eastern Gangdese area, South Tibet) and usel detailed
petrographic, mineralogical and geochemical data to determinef the, origin of
hornblende-rich cumulates with textural and chemical/” hetérogeneities. The
clinopyroxene (Cpx) hornblendite with adcumulate textufe contains three distinct types
of amphibole (cumulus, poikilitic, and minor interstitial). These amphiboles display
homogeneous major and trace element compasitions, consistent with crystallization
from a liquid of constant composition. Rock fabric analysis further suggests that they
formed by in-situ nucleation and overgrowth at the interface between the mush layer
and the convecting parental magma within the magma reservoir. Type I hornblende (Hb)
gabbros have an<orthocumulate texture with the lowest whole-rock MgO and Mg#
values. Intetcumulus melt evolution revealed by mineral assemblage and compositional
variations«indicate that Type I gabbros formed through a peritectic reaction between
clinopyroxene precursors and evolved interstitial melts, followed by melt migration and
fluid exsolution in a semi-open system. Type II gabbros have the highest whole-rock
MgO and Mg# values and are characterized by extensive disequilibrium features.
Geochemical modeling indicates that their formation entails a melt-flushing process

involving the upward percolation of deep-recharge melts through the crystal mush. This

9z0z Aenuga4 ¢ uo 1senb Aq zogs8/9000eba/ABojonad/g601 01 /10p/alone-aoueape/ABojoliad/woo dnoolwspese//:sdyy Woly pepeojumoq



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

study provides petrological evidence for the multiple origins of hornblende-rich
cumulates within a common middle—lower crustal magma reservoir. Their textural and
chemical heterogeneities may reflect spatial variations in crystallization regimes across
distinct reservoir domains. The Zedong hornblende-rich cumulates have more depleted
whole-rock Sr—Nd isotopic compositions and zircon eu(t) values than those cumulates
from Early Jurassic and Cretaceous Gangdess arc. This indicates that theis, parental
magma was derived from a more juvenile mantle wedge and records significant growth
in the middle-lower crust. The Cpx hornblendite has lowest concentrations of SiO> but
highest FexO3" and (Dy/Yb)n ratios. The differentiation‘trénds between the cumulate
rocks and coeval non-cumulate rocks within the Zedong terrane indicate that the
evolution of the Late Jurassic arc crust was”mainly controlled by amphibole
fractionation. Modeling shows that melts\in equilibrium with the cumulus and brown
amphiboles are compositionally analogous to coeval intermediate-acid rocks, and imply

the existence of a trans-¢crustal magma plumbing system in this arc.

1. INTRODUCTION

Unravelling the evolution and differentiation of hydrous primary, mantle-derived
arc magmas is important in understanding the formation of continental crust (Ducea et
al., 2015). Geochemical characteristics of arc lava suites have demonstrated that the
fractionation of amphibole within the deep arc crust is widespread during the evolution
of arc magmas (Davidson et al., 2007). Furthermore, amphibole-rich cumulates are a

common component of the ancient magmatic arc lower crust such as the Bonanza arc,
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Canada (Larocque & Canil, 2010); the Talkeetna arc, south-central Alaska (Greene et
al., 2006); the Kohistan arc, Pakistan (Burg et al., 2005); Fiordland, New Zealand
(Daczko et al., 2016); the North Cascades, USA (Dessimoz et al., 2012); the Famatinian
arc, Argentina (Walker et al., 2015); and the Gangdese Batholith, southern Tibet (Xu et
al., 2019; Guo et al., 2020). Extensive research on the Kohistan arc system has
demonstrated that hydrous (or super-hydrous) liquid lines of descent genefate lower
crustal rocks with amphibole as the dominant fractionating phase (Jagoutz'et al., 2011;
Jagoutz & Kelemen, 2015; Urann et al., 2022). Significantly, fractional crystallization
experiments closely reproduce the compositions of natural rocks, notably replicating
the cumulate sequences observed in the roots of the Kohistan arc (Alonso-Perez &
Miintener, 2009; Miintener & Ulmer, 2018). Compared to mature magmatic arcs, as
exemplified by the Sierra Nevada in the North Cordillera, which show a crystallization
sequence from high-Mg pyroxeniteito’ low-Mg plagioclase-rich pyroxenite (Lee et al.,
2006). Fractionation of amphibole, with significantly lower Si0; and a high FeO/MgO
ratio than primary basalt, increases residual melt SiO> and drives calc-alkaline trends
more efficiéntly than that of gabbroic assemblages, which exert limited leverage on
silica entichment (Davidson et al., 2007; Krawczynski et al., 2012). The delamination
of dense amphibole-rich cumulates provides a key mechanism for generating the
andesitic composition of the continental crust (Jagoutz et al., 2011; Miintener & Ulmer,
2018). Conversely, the preservation and subsequent remelting of these cumulates is an
equally important process. Experimental studies and thermodynamic modeling confirm

that amphibole-rich lithologies can act as fertile sources for partial melting under lower
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crustal conditions, significantly enhancing melt productivity and producing felsic melts
(Peacock et al., 1994; Sen & Dunn, 1994; Rapp & Watson, 1995; Sisson et al., 2005).
Therefore, the remelting of amphibole-rich (ultra) mafic cumulates contributes to intra-
crustal differentiation, thereby enhancing the chemical maturation and stratification of
juvenile arc crust (Zhu et al., 2022, 2023).

The formation of cumulates necessitates the separation of crystals“from the
remaining liquid, the conventional model centers on gravitationally driven'\compaction
and the consequent liquid expulsion (Wager et al., 1960)./Based on the relative
proportions of “trapped liquid” defined as the liquid component trapped between the
cumulus crystals once the mixture has become geochemically isolated from the parent
magma (Latypov et al., 2023), cumulates are sub-divided into adcumulates (<5 vol.%)
and orthocumulates (>20 vol.%) (Holness, 2021). The solidification of a cumulate
begins with the assembly of primocrysts to form a crystal mush, either by re-distribution
from elsewhere in the intrusion (Wager & Brown, 1968; Higgins, 1991; Namur et al.,
2011; Barnes et«al.~2021) or by in situ nucleation and growth (Campbell, 1978;
McBirney, & Noyes, 1979; Holness, 2021; Latypov et al., 2023). Orthocumulates form
in a closed system after initial crystal accumulation, while adcumulates require
increasingly open-system conditions throughout solidification (Holness, 2021).
However, amphibole-rich cumulates often develop at the expense of clinopyroxene
(+olivine) through a reaction-replacement mechanism. This process, which has been
widely reported from exhumed crustal sections and xenoliths throughout the world

(Best, 1975; Conrad & Kay, 1984; DeBari et al., 1987; Costa et al., 2002; Larocque &
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Canil, 2010; Tiepolo et al., 2011, 2012; Smith, 2014; Cooper et al., 2016; Blatter et al.,
2017; Perinelli et al., 2017; Xu et al., 2019, 2021; Wang et al., 2019; Chang et al., 2021)
and from melting or crystallization experimental products of basalts (Yoder & Tilley,
1962; Holloway & Burnham, 1972; Cawthorn et al., 1973; Helz, 1973; Foden & Green,
1992; Ulmer et al., 2018). Typically, the microtextural evidence for peritectic
replacement is preserved as vestiges of resorbed clinopyroxene chadacrysts within
amphibole. In some cases, clinopyroxene relicts are completely“ovegprinted by
amphibole with a granoblastic texture (Smith, 2014; Zhu/et aly, 2024) involves
channelized reactive melt flow through porous mush (Nixon et al., 2024). In contrast,
idiomorphic framework amphibole adcumulates formed by direct precipitation from a
melt are relatively uncommon (e.g. Santana etal.;2020; Sosa et al., 2023). Although
the two genetic types of amphibole (primary cumulate phase vs. reaction-replacement
origin) can be distinguished (Smithy 2014; Zhu et al., 2024), the primary factors
controlling their formation“temain unclear, particularly when both rock types occur
within the same magmatic system.

The Gangdese arc (southern Tibet) recorded the initial growth of continental arc
crust during Mesozoic Neo-Tethys oceanic subduction (Zhu et al., 2023). The fractional
crystallization of pre-collisional arc magmas resulted in the formation of abundant
hornblende-rich cumulates (e.g., hornblendite and hornblende gabbro) in the Gangdese
lower crust (Zhu et al., 2022) and this makes them ideal candidates for investigating the
role of amphibole in arc crustal evolution. These hornblende-rich cumulates are found

at Cuijiu (Xuetal., 2019, 2021) and Milin (Ma et al., 2013; Guo et al., 2020) and formed
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in the Late Triassic and Late Cretaceous respectively (Fig. 1b). Recent research has
identified Late Jurassic hornblende-rich mafic-ultramafic intrusive rocks in the Zedong
terrane within the central-eastern Gangdese arc. Here we present the results of an
integrated study involving zircon U-Pb geochronology, whole-rock geochemistry and
mineral geochemistry of these intrusive rocks. These new data are combined with
detailed field relationships, petrographic and mineralogical observations to-determine
the multiple origins of hornblende-rich cumulates with textural, and chemical
heterogeneities within a common middle-lower crustal magma feservoir. The influence
of amphibole differentiation on arc crustal evolution is also elucidated by assessing the

relationship between cumulate and coeval non-cumulate rocks.

2. GEOLOGICAL BACKGROUND

The Tibetan Plateau consists of.the Kunlun-Qaidam, Songpan-Ganze, Qiangtang,
Lhasa and Himalaya Blocksy(Fig. 1a). The Lhasa Block in southern Tibet has long been
accepted as the last geological block accreted to Eurasia before its collision with the
northward drifting/Indian subcontinent in the early Cenozoic (Zhu et al., 2011). Based
on the distgibution of different sedimentary cover rocks and ophiolites, the Lhasa Block
has recently been divided into northern, central, and southern sub-blocks, separated by
the Shiquan River-Nam Tso M¢élange zone (SNMZ) and Luobadui-Milashan fault
(LMF), respectively (Pan et al., 2006; Zhu et al., 2011). The southern Lhasa sub-block
was an active continental margin (the Gangdese arc) accompanying northward Neo-

Tethyan subduction (Searle et al., 1987). The arc magmatic activity in the Gangdese arc
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lasted from the middle Triassic to the middle Miocene (c. 240—10 Ma) and consists
mainly of the voluminous Gangdese Batholith and coeval terrestrial volcanic
successions that include the Lower-Middle Jurassic, the Cretaceous and the Paleocene-
Eocene Linzizong Group (Zhu et al., 2018).

The Indus-Yarlung Zangbo suture zone (IYZSZ) consists of several geological
units, and from north to south, there are the Gangdese magmatic belt, the Xigaze forearc
basin, the Yarlung-Zangbo ophiolite belt and Tethyan Himalayan sedimentary strata
(Fig. 1b). The Zedong terrane, first described by Aitchison et al” (2000), is found in the
eastern part of the [YZSZ and extends about 15 km from.east to west and outcrops an
area of about 25 km? near Zedong town. The Zedong terrane is sandwiched between
the Gangdese batholith to the north and the Yarlung-Zangbo Ophiolite Mélange to the
south, and they are separated by the Renbu-Zedong thrust (RZT) (Fig. 1¢). The Zedong
terrane was formed during the LateJurassic. McDermid et al. (2002) reported zircon
U-Pb ages of 157—163 _Ma“for both volcanic (dacite breccia and dykes) and plutonic
rocks (quartz diorites), which are slightly older than Ar-Ar ages of hornblendes (i.e.,
~152—-158Ma). More recently, Wang et al. (2012) reported a U-Pb age of 157.5+1.4
Ma for “zitcons from a granodiorite sample and samples of different lithologies,
including hornblendites, gabbros, andesites and tonalites, systematically yielded zircon
U-Pb ages of 155—160 Ma (Zhang et al., 2014).

The tectonic character of Zedong terrane has been a subject of controversy.
Previous studies have proposed that it represents the remnants of an intra-oceanic arc

developed within the Neo-Tethys Ocean since the Late Jurassic (Aitchison et al., 2000;
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McDermid et al., 2002; Wang et al., 2012). Alternatively, Zhang et al., (2014) suggests
that the Zedong terrane represents a slice of the active continental margin developed on
the southern margin of the Lhasa Block, given that magmatic rocks in the Zedong
terrane show compositional similarities with the Jurassic rocks exposed in the Gangdese
arc. The current tectonic location may be related to subduction erosion during the Early
Cretaceous, which caused the truncation of forearc crust and extremely shortarc-suture

distance (Hunag et al., 2022).

3. FIELD OBSERVATIONS AND PETROGRAPHY

The Zedong terrane mainly incorporates,_yolcanic and volcaniclastic rocks
including basaltic-andesitic pillow lavas, breccias, tuffs, flows, cherty tuffs, dacites and
rhyolites. In addition, plutons including.mafic-ultramafic cumulate rocks, diorites,
quartz diorites and granitic rocks are’sporadically exposed (McDermid et al., 2002;
Zhang et al., 2014). The mafic-ultramafic intrusive rocks in this study consist of
hornblendites and gabbros. The gabbros are exposed to the east and west of Zedong
town, whil€ the_hornblendites outcrop only on the east side (Fig. 1c). The structural
relationship between the hornblendites and gabbros can be observed on the outcrop of
the section near the Zecuoba Temple, east of Zedong town. The hornblendites are
exposed in association with some of the gabbros, and the boundary between
hornblendites and gabbros is very irregular (Fig. 2a) while other gabbro outcrops
contain dark hornblendite inclusions (20-30 cm; Fig. 2b). The hornblendite and gabbro

commonly have a dark green color with massive textures, and all of the rocks are
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petrographically unweathered in hand specimen (Fig. 2). Representative samples
belonging to different rock types have been collected for detailed study. Table 1 shows

a summary of the general petrographic features of the samples.

Clinopyroxene hornblendite

The hornblendites display adcumulate textures with dominant“4euhedral
clinopyroxene and euhedral to subhedral amphibole (combined >90%ol %) (Fig. 3a
—c). Sample 09TB01-2 consists mainly of medium- to coarse-grainedbrown amphibole
(~60 vol. %, most <1 mm), medium- to fine-grained clinopyroxene (~30 vol. %), and
magnetite (~10 vol. %) (Fig. 3a). Sample 09TB01—1 consists mainly of medium- to
coarse-grained brown amphibole (~65 yol.\(%; most >2 mm), medium-grained
clinopyroxene (~25 vol. %, 0.5-2 mm), subordinate magnetite (~10 vol. %) and trace
anhedral apatite occurs within the, amphibole and clinopyroxene grains or in the
interstices between themil The distribution of amphibole in the hornblendites occurs in
three distinct mictotextural settings: (1) dominant cumulus phase (Fig. 3a, b); (2) large
amphibole-dikecrysts enclosing rounded magnetite and clinopyroxene (Fig. 3b, c); (3)
minor intetstitial anhedral grains (Fig. 3c) (<5 vol. %). The amphibole contains some
rounded clinopyroxene inclusions and a few inclusions are altered to epidote (Fig. 3a).
The hornblendites contain more than 10 vol. % clinopyroxene and so we refer to these

rocks as “clinopyroxene (Cpx) hornblendites”.

Hornblende gabbro
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The gabbros have been divided into two groups based on mineral assemblage,
proportion and grain size. Group I are characterized by orthocumulate textures, and
consist mainly of brown amphibole (~>70 vol. %) and interstitial euhedral to subhedral
green amphibole (<10 vol. %), as well as interstitial plagioclase (~15 vol. %), quartz
(~5 vol. %) and trace magnetite (Fig. 3d). The brown amphibole can be subdivided into
three types based on morphology: (1) amphibole with a dominant granoblastic texture
(>50 vol. %; Fig. 3d); (2) idiomorphic amphibole (<10 vol. %; Fig. 3¢); and (3) minor
amphibole containing resorbed clinopyroxene chadacrysts (<5 wol. %; Fig. 3f).
However, relict clinopyroxene inclusions and some amphiboles are altered to chlorite,
and interstitial plagioclase commonly replaced by epidete and sericite.

Group II gabbros are generally orthogumulates, and are dominated by subhedral
to anhedral amphibole (60—65 vol. %), rounded and embayed clinopyroxene inclusions
(1015 vol. %) and interstitial‘plagieclase (15-20 vol. %) which are mostly altered to
clay (Fig. 4a). The amphibole oikocrysts contain abundant anhedral dispersed grains of
relict clinopyroxefe inclusions (0.5—1 mm) (Fig. 4a). Amphibole blebs are found along
the cleavage planes of some clinopyroxene inclusions (Fig. 4a). Some amphiboles are
charactetized by brown cores and green rims (Fig. 4c). In addition, some clinopyroxene
grains have disequilibrium dissolution features such as embayed edges and resorption
channels (Fig. 4a—c). These textural relationships are indicative of a clinopyroxene-
consuming peritectic reaction (Smith, 2014; Wang et al., 2019; Xu et al., 2021). Apatite
can coexist with clinopyroxene and can occur both as early-crystallized inclusions

within large amphibole oikocrysts, and as a late interstitial phase between the
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intercumulus amphibole (Fig. 4a-b), indicating a wide range of crystallization
temperatures. In addition, some of the clinopyroxene inclusions are mostly altered to
chlorite and epidote, matrix minerals (5—10 vol. %) are mostly altered to epidote and
sericite. With plagioclase contents exceeding 10 vol. % and mafic mineral assemblages
dominated by amphibole rather than clinopyroxene, these two groups of gabbro meet
the criteria for “hornblende (Hb) gabbro” in the classification of mafic intrusive rocks

(McBirney, 2007).

4. ANALYTICAL METHODS

Zircons were separated from sample 09TB143 using conventional heavy liquid
and magnetic separation techniques (Li & Tan, 1998), and then were mounted in epoxy
and polished. The zircons were imaged prior to U-Pb analysis using
cathodoluminescence (CL) imaging,employing a JEOL JXA-8100 Superprobe at the
State Key Laboratory ofIsotope Geochemistry, Guangzhou Institute of Geochemistry,
Chinese Academy of*Sciénces, Guangzhou, China (SKLaBIG, GIG, CAS), in order to
characteriz¢€ internal structures and choose potential target sites for U-Pb dating and Hf
isotopic’analyses.

Zircon laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
U-Pb analyses were carried out at the Institute of Geology and Geophysics, Chinese
Academy of Sciences (IGGCAS), Beijing, China. Laser ablation was conducted using
an Agilent 7500a Q-ICP-MS equipped with a 193—nm Excimer ArF laser ablation

system (Geolas plus), using zircon 91500 as external standard with circle spot of 30 pm
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in diameter. The detailed analytical procedures for zircon U-Pb age can be found in Xie
et al. (2008). 2°7Pb/?3U and 2°°Pb/**8U ratios were calculated using ICPMSDataCal
software (Liu et al., 2009). Common Pb was corrected according to the method outlined
by Andersen (2002) and weighted-mean U-Pb ages and concordia plots were generated
using Isoplot/Ex v.3.0 (Ludwig, 2003). Analyses of the zircon standard GJ-1 as an
unknown yielded a weighted mean 2°Pb/2*%U age of 608+6 Ma (26, n=4), which is in
good agreement with the recommended value (Jackson et al., 2004).

In situ zircon Lu-Hf isotopic analyses were carried out on a Neptune Plus multi-
collector ICP-MS equipped with a RESOlution M-50193 nm laser-ablation system
(Resonetics) at the SKLaBIG, GIG, CAS. Lu-Hf isotopic analyses were conducted on
the same zircon grains that were previously analyzed for U-Pb geochronology, with
ablation pits of 45 um in diameter, ablatien time of 30 s, repetition rate of 6 Hz, and
laser beam energy density of 4 F/cm?, The detailed analytical procedures are similar to
those described by Zhang etal. (2015). Measured !®Hf/!7"Hf ratios were normalized to
IPHf/'TTHf=0.7325 (Zhang et al., 2015). Analyses of the PleSovice zircon standard
yielded a weighted'mean of '"°Hf/"""Hf = 0.282476 + 0.000010 (2SD; n = 6), consistent
with the’eertified value of 0.282482 + 0.000013 (2SD; Slama et al., 2008).

Rock samples used for whole-rock elemental and isotopic analysis during this
study were sawn into small chips, ultrasonically cleaned in distilled water with <3%
HNO3, then in MilliQ water alone, and subsequently dried and handpicked to remove
visible contamination. The rocks were crushed by a jaw crusher and then powdered to

~200 mesh in an agate mortar and pestle. Major element concentrations were
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determined on fused glass beads using a Rigaku RIX 2000 X-ray fluorescence
spectrometer at SKLaBIG, GIG, CAS. Calibration lines used for quantification were
produced by bivariate regression of data from 36 reference materials encompassing a
wide range of silicate compositions (Li et al., 2005), and the resulting analytical
uncertainties are generally <<2%. Trace elements, including the rare earth elements
(REE), were determined by ICP-MS employing a Perkin-Elmer ELAN 6000 ihstrument
at SKLaBIG, GIG, CAS, and using the procedures outlined in Li et-al, (2006). About
40 mg of each powdered sample was dissolved in a high-pressure Teflon bomb for 2
days at 190 ‘C using HF+HNO3+HCIO4 (1:1:0.2) mixtures. The resulting analytical
precision for the majority of elements is <<3%.

Sr and Nd isotopic analyses were/undertadken on a Neptune MC-ICP-MS
instrument at SKLaBIG, GIG, CAS. Analytical procedures are similar to those
described in Li et al. (2004). St and'REE were separated using cation columns, and Nd
fractions were further separated by HDEHP-coated Kef columns. The *Sr/%¢Sr ratio of
the NBS987 standard and '*Nd/'*/Nd ratio of the Shin Etsu JNdi-1 standard were
0.710264+0.000020 (n=6, 2SD) and 0.512102+0.000012 (n=6, 2SD), respectively. All
measuréds, Sr-Nd isotopic ratios were normalized to #Nd/'**Nd=0.7219 and
86S1/%8Sr=0.1194, respectively. The Sr-Nd isotopes of USGS reference material BHVO-
2 of this study gave 87Sr/%6Sr=0.703482+0.000008 (SE),
Nd/"*Nd=0.512983+0.000010 (SE) (Weis et al., 2005), respectively, within the
analytical error of the recommended values.

The major element compositions of all silicate mineral analyses were carried out
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at the SKLaBIG, GIG, CAS, using a JXA-8100 electron microprobe. An accelerating
voltage of 15 kV, a specimen current of 20 nA, and a beam size of 1-2 um were
employed. The analytical errors are generally less than 2%. The analytical procedures
were described in detail in Huang et al. (2007). In situ mineral trace element
compositions were measured with an ELEMENT XR (Thermo Fisher Scientific) ICP-
SF-MS coupled with a 193—nm (ArF) Resonetics RESOlution M—50 lasef, ablation
system at SKLaBIG, GIG, CAS. All LA-ICP-MS spots were located ovier EMPA spots.
Laser condition was set as following: beam size, 45 um; repetition sate, 6 Hz; energy
density, ~4 J/cm?. A smoothing device (The Squid, LaurirtTéchnic) was used to smooth
the sample signal. Each spot analysis consisted of 20's gas blank collection with the
laser off, and 30 s sample signal detection with the laser on. Si was selected as the
internal standard element. NIST610 was selected as the calibration standard. The oxide
molecular yield, indicated by the 2*Th!°0/>*?Th ratio, was less than 0.3%. The detailed
experiment procedure and data reduction strategy are described in Zhang et al. (2019).
NIST612 was measured as unknown samples, which indicated that most elements are
within 8% 0f the reference values and the analytical precision (2RSD) was better than
10% formost elements. Si0; contents determined by electron microprobe were used as
an internal standardization to normalize trace-element abundances. High-resolution
elemental mapping of single minerals was carried out using a JEOLJXA-8230 electron
probe micro-analyzer (EPMA) at the CAS Key Laboratory of Mineralogy and
Metallogeny. The following conditions were adopted for all grains: an accelerating

voltage of 20 kV, a probe current of 80 to 100 nA and a beam diameter of 5 um. The
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dwell time was set to be 40 to 60 ms for each pixel. Mg Ka and Al Ka X-rays were
analyzed using a TAP crystal. Ti Ka X-rays were analyzed using a PETJ crystal and Fe
Ko X-ray was analyzed using a LIFH crystal. The rock samples were observed in the
backscattered electron (BSE) image mode of a Desktop SEM (Phenom XL G2)
operating at an acceleration voltage of 15 kV at GIG—CAS.

Electron Backscatter Diffraction (EBSD) measurements were carried/out in the
Electron Microscope Center of Key Laboratory of Mineralogy and Mineralogical
Sciences, CAS using a FEI Helios 5CX SEM with an Oxford Aztec Symmetry I
EBSD acquisition camera. The measurements were collected using an accelerating
voltage of 20 kV, 9-um step size, 11 pA beam current, and a working distance of 7—15
mm. The sample surface was tilted 70° relative to horizontal to enlarge beam-specimen
activation surface so that EBSD signal ean be enhanced. Diffraction patterns were
manually collected and automatically’indexed in real-time using the AZtec software
from the HKL Technologyy Oxford Instruments. Five to eight Kikuchi bands were
included for the Aitting algorithm. Only measurements with mean angular deviation
(MAD) valtessbelow 1.2° were accepted for analyses, and the indexing rate is about

80%. Resulting EBSD data were then processed in AztecCrystal software.

5. ANALYTICAL RESULTS
5.1 Zircon U-Pb Ages and Hf Isotope Analyses
The data from U-Pb zircon LA-ICP-MS dating of one Hb gabbro sample

(09TB143) is given in Supplementary Table S1. The majority of zircons are platy or
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granular with variable grain sizes (100—150 um) and length/width ratios vary from 1 to
1.5. The cathodoluminescence (CL) images of the zircons show no or broad-banded
zoning in the core, and oscillatory zoning in the rim (Fig. S1), comparable to those
reported for zircons from oceanic gabbro (Grimes et al., 2009). The analyzed zircons
have Th and U contents of 292—1316 pg/g and 509—1416 ng/g, respectively, with Th/U
ratios ranging from 0.5 to 1.1, consistent with those of magmatic zircons_(Hoskin &
Schaltegger, 2003). Moreover, no inherited cores and no significantly older'zircon were
found in any of the analyzed zircons. This indicates that the analyzed zircons are
phenocrysts rather than xenocrysts. Fifteen spots yield4.ate Jurassic 2°°Pb/***U ages
from 157 to 159 Ma and give a weight mean age_158.3+0.6 Ma (n=15; MSWD=0.31)
(Fig. S1), identical to other dated samples in literature (Zhang et al., 2014).

We also carried out zircon in situ Hf\isotopic analysis (with a spot size of 40 um)
for sample 09TB143, mostly on the'dated spots, or adjacent to the dated spots, that had
similar CL characteristics. All the dated zircons show initial '"*Hf/!'"’Hf ratios ranging
from 0.283026 t040.283139 (mean = 0.283072 = 0.000070, 2SD), corresponding to eu(t)
values range frem+12.5 to +16.4 (mean = +14.1 £ 2.5, 2SD). The analytical results are

given in’Supplementary Table S2.

5.2 Whole-Rock Geochemistry
Whole-rock geochemical data are presented in Table 2. The loss-on-ignition (LOI)
values of Zedong mafic-ultramafic intrusive rocks vary from 1.8 wt. % to 3.8 wt. %.

The Cpx hornblendite and the Hb gabbro vary greatly in terms of whole-rock
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composition. The Cpx hornblendite has the lowest concentrations of SiO2 (38.7-39.9
wt. %) but the highest concentrations of TiO2 (1.3—1.6 wt. %), CaO (16.4—16.5 wt. %)
and Fe;Os" (15.2—-16.8 wt. %) among these rocks (Fig. 5 and Fig. S2). The two groups
of gabbro have significantly different major element compositions, with Group [ having
lower MgO contents (4.0—6.8 wt. %) and Mg# values [47—54; where Mg# = molar 100
x Mg/(Mg + Feoral)] than Group II (MgO=10.7-13.1 wt. %; Mg#=67—71), but the
former having more variable SiO> contents (43.5—51.4 wt. %) than thedatten(45.4—46.5
wt. %) (Fig. 5¢—d).

The Cpx hornblendite is characterized by high middle REE (MREE)
concentrations and MREE to heavy REE (HREE) ratios (e.g., (Dy/Yb)x=1.79—1.80)
but low (La/Yb)xn (2.04—2.68) ratios (subseriptN denotes normalized to the chondrite
values of Sun & McDonough (1989)). with no Eu anomalies (6Eu=0.98—1.01;
OEu=2*Eun/(Smn+Gdn)) (Fig:6a)."Both two groups of gabbro show subparallel REE
patterns with slightly eariched” ((La/Yb)n=1.85-5.16) LREEs and relatively flat to
depleted MREEsandHREEs ((Dy/Yb)n=1.07—1.36), but Group I have slightly positive
Eu anomaliesy (6Eu=1.07—-1.19) whereas Group II show virtually no anomaly
(0Eu=1.025-1.05) (Fig. 6¢). As shown in the primitive mantle normalized trace-element
diagram (Fig. 6b), the Cpx hornblendites are slightly enriched in large ion lithophile
elements (LILE, e.g., Rb, Ba) and Pb with Zr depletion and no Nb-Ta depletion. Group
I gabbros are enriched in LILE (e.g., Rb, Ba and Sr) but depleted in high field strength
element (HFSE; e.g., Nb, Ta, Zr and Ti), and the Group II gabbros have variable Rb,

Ba, Th, U and Pb contents (Fig. 6d).
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Whole-rock initial Sr-Nd isotopic ratios of Zedong mafic-ultramafic intrusive
rocks were calculated at 158 Ma. The Cpx hornblendite and the Hb gabbro have variable
initial (¥’Sr/%¢Sr); ratios (0.7040—0.7046), but relatively uniform eNd(t) values (+5.4 to
+6.2 ). The variable Sr but relatively uniform Nd isotopic compositions of Hb gabbro
are most likely related to significant amounts of alteration (Fig. S2g), such as the
pervasive saussuritization of the majority of the plagioclase (Fig. 3-4). This‘inference
is further corroborated by a positive correlation between 3’Sr/*Sr ahd INOI (loss on

ignition) values (Fig. S2h).

5.3 Mineral Compositions
Major oxide data and trace element data for hornblende, clinopyroxene and

plagioclase are given in Supplementary Table 3—7.

Amphibole

Amphibole formulag have been calculated using the spreadsheet of Locock (2014).
The amphibole,cation concentrations, calculated as atoms per formula unit (apfu), are
provided+in Supplementary Table 3. Most of the amphiboles analyzed during this study
are calcic (Fig. 7a—b; Cag = 1.5; Ti < 0.5 apfu) using the nomenclature of Leake et
al. (1997). Amphibole in the hornblendites show the distinct textural regions described
above, however, core to rim profiles of amphibole grains indicate that zoning appears
to be limited with no systematic compositional differences detected between the

cumulus and interstitial crystals. The amphibole within the Cpx hornblendite are all
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magnesio-hastingsite [*(Na + K + 2Ca) > 0.5 apfu; V!Al < Fe**] (Fig. 7a). They have
almost identical major and trace element compositions, including similar REE patterns.
They are characterized by the lowest SiO> (40.1-42.4 wt. %) and MgO (13.3-14.0
wt. %), but the highest Al,O3 (12.8-14.3 wt. %) and TiO; (1.8-2.5 wt. %) contents
relative to those in the two groups of Hb gabbros (Fig. 8). The chondrite-normalized
REE patterns are bell-shaped with LREE- and HREE-depleted relative f¢ MREE
without obvious Eu anomalies (Fig. 9a).

The brown and green amphiboles in the two groups of Hb gabbros are classified
as magnesio-hastingsite and magnesio-(ferri) hornblende/(*(Na)+ K + 2Ca) < 0.5 apfu,
Fig. 7a-b) respectively, except for two analyses of actinolite (listed in Table S3). The
brown amphiboles show variable major element compositions. Compared to the
cumulus amphibole in the hornblendite, they display higher MgO (13.7-15.2 wt. %),
with lower TiO> (0.7-2.0 wt. %).and AX1.Os contents (10.6—-13.2 wt. %). Although these
brown amphiboles also haveslightly higher S10; (41.6-44.4 wt. %) than the amphibole
in the hornblendite, itdoes not exceed 45 wt. % (Fig. 8). The chondrite-normalized REE
patterns of brown amphiboles in the Hb gabbros are similar to those amphiboles in the
hornblenadite but more enriched in HREE (Fig. 9b, c).

The green amphiboles in the two groups of gabbros have significantly higher SiO»
(45.9-50.7 wt. %) but lower TiO> (0.3—1.2 wt. %) and Al,O3 contents (10.4—4.7 wt. %)
than those brown amphiboles. Despite having a broad range, the Mg” and MgO content
of green amphiboles in Group I (Mg*=62-69; MgO=13.4-15.0 wt. %) are generally

slightly lower than those in Group I (Mg*=65-72; MgO=13.9-15.9 wt. %) (Fig. 8a, b).
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This suggests that the two types of green amphiboles formed in different reaction—
displacement processes or under different conditions (Xu et al., 2021; Zhu et al., 2024),
this will be discussed in more detail in a subsequent section. The chondrite-normalized
REE patterns of the green amphiboles are distinctly different from those of the brown
amphiboles in the two groups of gabbros. Specifically, the green amphiboles in Group
IT exhibit right-sloping patterns, whereas those in Group I have significantly lower total
REE contents (Fig. 9b, c).Moreover, both green amphiboles have a slight\positive Eu

anomaly (0Eu=1.10—1.56).

Clinopyroxene

Clinopyroxene occurs as a major cumulus phase in the Cpx hornblendite and as
small relict inclusions within large brown _amphibole in the Group II Hb gabbro. All
analyzed grains are diopside i compesition with limited variation in Wo content (46—
52 mol%) (Fig. 7¢). The'high Wo content reflects either crystallization in a hydrous arc
magma (Wo > 40 mol%; Gaetani et al., 1993; Prouteau & Scaillet, 2003) or
crystallization‘in the absence of orthopyroxene and olivine, which would result in Cpx
with a\Jower Wo content. Clinopyroxene in the Cpx hornblendite has relatively low
Mg# (74.9-86.3), with variable concentrations of AlOs3 (2.7-5.9 wt. %) and TiO>
(0.26-0.92 wt. %). Their chondrite-normalized REE patterns are hump-shaped with
LREE and HREE depletions relative to the MREE, and no Eu anomalies (Fig. 9d). The
clinopyroxene relicts in Group II Hb gabbros have higher Mg# (80.0-88.4), but lower

AlO3 (0.7-2.9 wt. %) and TiO2 (0.09—-0.26 wt. %) than those in the Cpx hornblendites.
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The chondrite-normalized REE patterns show MREE and HREE enrichment and LREE
depletion, with significantly lower REE contents than the clinopyroxene in the Cpx

hornblendites (Fig. 9d).

Plagioclase

Plagioclase is another dominant mineral in Hb gabbro but is absent_ifi the Cpx
hornblendite. Group I Hb gabbros contain minor fresh interstitial plagioelase, which
has high Na>O (10.1-12.5 wt. %), but low CaO (0.12—0.46 wt./%) and K>O (0.05-0.42
wt. %) contents and ranges from Anos to Anyj in composition. The plagioclase is
characterized by LREE enriched chondrite-normalised patterns, and an unusual
negative Eu anomaly (6Eu=0.28—0.75, Fig.9¢)Owing to extensive alteration affecting
most plagioclase in the Group II Hb gabbres, reliable major element compositions were
successfully determined for only threeCrystals. They have high CaO (14.6—23.9 wt. %),
but low Na>O (0.84-3.95 wt, %) and K>O (0.3—1.5 wt. %) contents with ranges from

Angs to Anoz in cemposition (Fig. 7d).

5.4 Thermobarometry and Chemometry

Cumulate rocks may not have obvious genetically-related “daughter” felsic
counterparts, or even contemporary magmatic assemblages. As such, single-mineral
thermobarometry and chemometry is routinely used to reconstruct the crystallization
conditions of cumulates, and model their equilibrium melts (e.g. Luo et al., 2024; Nixon

et al., 2024). Crystallization conditions of the Zedong cumulate rocks have been
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determined using multiple thermobarometers formulated for amphibole (Ridolfi, 2021,
R21; Higgins et al., 2022, H22; Putirka, 2016, P16; Krawczynski et al. 2012, K12) and
clinopyroxene (Higgins et al., 2022; Putirka, 2008, P08; Wang et al., 2021, W21).
Determinations of temperature (T), pressure (P), oxygen fugacity (fO2) and equilibrium
melt water content (H2Omerr) are summarized in Supplementary Table 3 (amphibole)
and 4 (clinopyroxene).

Temperature estimates given by the thermometers used inthis, study are
summarised in Fig. S3a. The P-independent amphibole-only thermometer of P16 gives
average temperatures in good agreement with mean R21 and H22. Equilibration
temperatures for cumulus amphibole in Cpx hornblendites range from 948 to 995 °C,
and brown amphibole grains in two groupsof the Hb gabbro range from 924 to 930 °C
(I) and 896 to 905 °C (II). The H22, P-dependent (P08 Eq. 32d; Putirka 2008)
thermometers and P-independent thermometers (Wang et al., 2021; W21) give mean
temperatures of ~1017_t0 ~1122 °C for cumulus clinopyroxene in Cpx hornblendites
and ~1058 to ~1166 °C. for relict clinopyroxene in Group II Hb gabbros. Our calculated
temperatur€ range broadly matches experimental data, which show that amphibole and
clinopyroxene crystallize at 915 - 1000 °C and > 1025 °C in hydrous primitive
magmas, respectively (500-800 MPa; Krawczynski et al., 2012).

The results obtained from the various barometers applied in this study show a
significant range of variation. The pressures calculated using the K12 barometer are
markedly higher than those derived from the R21 and H22 barometers (Fig. S3b). To

evaluate which barometer yields results that are more geologically realistic, we
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compiled experimental petrological data on amphibole composition (experimental
conditions: 850-1000 °C, starting material: hydrous basalt; data from Putirka (2016)
and references therein). We found that the amphibole compositions from this study
predominantly fall within the range of experimental data corresponding to pressures of
500-800 MPa (Fig. S4). This is particularly evident in the Al" vs. Al" plot (Fig. S4a),
where amphiboles crystallized under different pressure conditions can_be clearly
identified, indicating that the Al content in different sites of amphibole is highly
sensitive to pressure. In contrast to the R21 barometer, which uses total Al, and the H22
barometer, which employs a machine-learning algorithm;the empirical amphibole-only
barometer K12 is based on the occupancy of Al at the octahedral site (AIY') in
amphibole. Therefore, the K12 barometer is preferred over R21 and H22. Average
pressures estimated by the K12 barometer-for cumulus amphibole (669 48 MPa) and
brown amphibole (596 =65 MPa and 592+ 55 MPa for Groups I and II Hb gabbro,
respectively) are consistént'within error. These results are also in good agreement with
the experimentaldata. Furthermore, the hornblendite in this study is plagioclase-free,
and plagioctase,inthe gabbro occurs as an interstitial phase that crystallized later than
amphibole, Experimental studies on fractional crystallization indicate that at pressures
exceeding ~500 MPa, plagioclase appears very late or is absent in hydrous, calc-
alkaline, mantle-derived melts, where clinopyroxene (+ orthopyroxene) and amphibole
are the dominant liquidus phases (Ulmer, 2007). The absence of magmatic garnet in
these cumulates suggests that the crystallization pressure did not exceed 0.8-1 GPa

(Alonso-Perez et al., 2008). In conclusion, based on the consistency of the K12
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barometer results with experimental data and the supporting mineralogical evidence,
we infer that the cumulate rocks in this study formed at mid- to lower-crustal depths.

Single-phase chemometry offers a novel way to estimate the compositions of
liquids equilibrated with silicate minerals in cumulates where melt compositions are
otherwise inaccessible. The compositions of melts in equilibrium with clinopyroxene
calculated using H22 chemometric methods are given in Supplemental Table4, A series
of empirical chemometric equations for calculating the major-element‘compositions of
liquids in equilibrium with amphibole based on an expanded data set of experimental
results (Putirka, 2016; Zhang et al., 2017; Humphreys“et al.,) 2019). The calculated
major elements are given in Supplemental Table S8. The results calculated using these
formulae typically have an associated uncegtainty of 10—15% (Si02: 3.6-4.1 wt. % (SE);
Si02: 3.6-4.1 wt. % (SE); TiO2: 0.59-0.74wt. % (SE); FeO: 2.0-2.2 wt. % (SE); MgO:
1.12 wt. % (SE); CaO: 1.45 wt:'% (SE); K2O: 0.76 wt. % (SE); A2Os: 1.31 wt. % (SE);
Humphreys et al.,, 2019)\ The melt Mg# in equilibrium with amphibole and
clinopyroxene wete ealctilated following the approach of Putirka (2016), and the Fe—
Mg exchange ‘coefficient Kp(Fe-Mg)APm/CPxliauid yalyes in the range 0.28 + 0.11 and
0.28 £0708 are regarded to be in chemical equilibrium. Partition coefficients for REEs
were predicted using the empirical scheme of Humphreys et al. (2019) and Shimizu et
al. (2017). These data were then used to calculate the REE compositions of the liquids
from which the amphiboles from the Cpx hornblendite and the gabbro crystallized (data
see Supplemental Table S9).

6. DISCUSSION
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6.1 Post—-magmatic Alteration

The presence of epidote, chlorite, and sericite in both two groups of gabbro
indicates that they have undergone varying degrees of low-temperature hydrothermal
alteration. The green amphiboles may have formed during subsolidus hydrothermal
alteration given that some of them occur as replacement rims on the relict clinopyroxene
and the brown amphiboles (Fig. 3-4). Since this alteration may have affected the
mobility of certain elements, it is crucial to distinguish magmatic amphiboles from
amphiboles formed during hydrothermal reaction to ensure a/robust,interpretation of
the subsequent magmatic processes. Given that Ti is a high field strength element, its
concentration in low-temperature fluids is extremely low (Coogan, 2003). Olivine and
plagioclase (the other reactants in the hydrothermal amphibole—forming reaction) are
almost devoid of Ti, therefore any Ti in_hydrothermal amphibole must have been
derived predominantly from <Clinopytoxene. The hydrothermal amphibole—forming
reaction is commonly_accompanied by the formation of iron-titanium oxides that
scavenge some Ti; leaving even less for any secondary amphibole. Thus, Ti content in
hydrothermial amphiboles must be lower than that in associated clinopyroxene (Coogan,
2003), whereas amphiboles precipitated from late-stage evolved magmas are likely to
contain more TiO; because of the higher partition coefficient for Ti in amphibole
compared to clinopyroxene (Oberti et al., 2000). Our statistical analysis reveals that the
Ti content of the green amphibole (Ti0,=0.32—1.16 wt. %) in two groups of gabbro is
higher than that of the relict clinopyroxene (Ti02,=0.09—-0.26 wt. %), and also exceeds

that of most clinopyroxene in the Cpx hornblendites (Fig. S5a-d), therefore favouring
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an interpretation of magmatic origin for this amphibole. Moreover, if green amphibole
formed through reaction of clinopyroxene (or brown amphibole) with hydrothermal
fluids almost devoid of fluid-immobile elements (e.g. Th), it should not contain a higher
abundance of Th than its clinopyroxene precursor. However, green amphiboles have a
higher Th (0.06-0.28 png/g) content than clinopyroxene (0.003—0.08 ng/g) and brown
amphiboles (0.04-0.07 pg/g) (Fig. S5e-h). This also supports the magmatic‘nature of
green amphiboles (e.g. Wang et al., 2023) because thorium will graddallysconcentrate
in the residual melts during magma evolution as it is highly inCompatible in pyroxene

and amphibole (Tiepolo et al., 2007).

6.2 Cumulate Origin for Cpx Hornblendite

The Cpx hornblendites, composed entirely of primocrysts of amphibole and
clinopyroxene, display typical adcumulate textures (Fig. 3a —c). However, to
demonstrate that they fofmed by direct crystal accumulation, one would generally have
to show that the possible’cumulus minerals are present in concentrations greater than
would be ,obtained if they had simply crystallized from their parental liquid with no
crystal @eeumulation (Irvine, 1982), or show the presence of late phases that likely
crystallized from intracumulus liquid. The SiO; content of the melt in equilibrium with
cumulate clinopyroxene and amphibole shows that they crystallized from basaltic to
andesitic magmas, which contrasts with the ultra-mafic whole-rock compositions of
the Cpx hornblendite (Fig. 10a). In addition, the REE abundance and patterns of the

whole-rock are similar to those of the amphibole and clinopyroxene themselves (Fig.
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9a, d). This indicates that whole-rock compositions of the Cpx hornblendite cannot be
the parental liquid of these crystals and are instead cumulate phases that experienced
effective crystal-melt separation. Moreover, the higher REE contents (Fig. 9f) of the
melt in equilibrium with the cumulate amphibole, compared to the whole-rock of the
hornblendite (Fig. 6), provide key evidence for a cumulate origin.

The creation of an adcumulate requires either the removal of the interstitial liquid
to bring the primocrysts closer together or post-accumulation growth ef.the'primocrysts
from a liquid of constant composition without nucleation of more evolved minerals in
the interstitial liquid (Holness, 2021). The former developing during recrystallisation
within the crystal pile, with interstitial liquid can be expelled during compaction (Irvine,
1980), but this simplest and most commonly assumed mechanism can largely be
discounted (Latypov et al., 2023). In systems in which there is no possibility of crystal
accumulation following re-distribution from elsewhere, such as in magmas with
relatively high viscositi€s, cumulates form by in situ nucleation and growth. Thus, the
alternative explanation, involves nucleation at the temporary top of the crystal pile,
following €xchange of interstitial liquid with the main body of parent magma by
diffusion~or convection (Holness, 2021; Latypov et al., 2023). The following
microscopic observations and EBSD of fabric analysis suggest that the Cpx
hornblendite is more likely to have formed by the second mechanism: (1) Cumulates
formed by crystal re-distribution display an abundance of planar grain boundaries
formed by the juxtaposition of euhedral mineral grains bounded by growth faces.

However, amphibole grains in the Cpx hornblendite have highly irregular shapes, and
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irregular grain boundaries, do not have any particular orientation relationship with the
growth faces of the adjacent crystals. Amphibole and clinopyroxene grains show
complex interlocking textures, with partial or complete enclosure by neighboring grains
of the same phase (Fig. 3a—c). Such characteristics are typical of in situ growth to
impingement, with a continuous nucleation of new grains; (2) crystal transport (such as
crystal settling, flotation and magma currents) in cumulates can cause minerahgrains to
become sorted by size (Holness et al., 2020), potentially leading to a-gradation in size.
Hydrodynamic sorting may also cause minerals to accumulate/in layers based on their
density. However, the cumulate rocks in this study sHowing no modal grading or
density-sorting in the field. Moreover, cumulus amphibole and clinopyroxene have a
wide range of grain sizes and follow a nomzmal'distribution (Fig. 11b), suggesting that
these minerals likely formed in situ through prolonged episodes of nucleation in the
absence of hydrodynamic sorting;%(3) cumulates developed by crystal settling and
accumulation commonly display foliation and/or lineation fabrics defined by a
preferred orientation. of non-equant primocrysts (a shape preferred orientation)
(Latypov et al, 2023). The crystallographic preferred orientation of primocrysts
(cumulus-amphibole and clinopyroxene), as determined by EBSD analysis, is generally
weak for all principal axes, notably [010] and [001] (Fig. 11c). This indicates that their
formation is unlikely to have involved substantial crystal re-distribution through
settling or magmatic flux (e.g. Henry et al., 2021).

Cpx hornblendites are characterized by a framework of cumulus clinopyroxene

and amphibole grains without other intercumulus minerals (except for minor interstitial
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amphibole and trace apatite, <<5 vol. %, Fig. 3a—c). Moreover, the cumulus amphiboles
are unzoned and exhibit a consistent and homogeneous composition between the
various textural forms (poikilitic and interstitial grains) (Fig. 7—9). Interstitial
oikocrysts of amphibole occur between cumulus clinopyroxene and form a single large
crystal with all patches being in optical continuity (Fig. 3¢). These features suggest that
the amphibole crystallized within a buffered system, potentially involving one or more
of the following processes: (1) continuous recharge of amphibole-satufatedumagma; (2)
peritectic melt transport through the crystal mush, or (3) /complete diffusive re-
equilibration (Holness et al., 2021; Nixon et al., 2024). However, petrographic
observations indicate that most amphibole in the Cpx hornblendites co-crystallized with
clinopyroxene and shows no textural evidence for a peritectic relationship. Although
complete diffusive re-equilibration could produce chemical homogeneity, it requires the
cumulate pile to remain hot for a‘sufficiently long duration. The magmatic cooling
history argues against_thisyas ‘the substantial temperature interval (AT > 100 °C)
between the liquidus’erystallization of clinopyroxene and the subsequent appearance of
amphibole-implies’ that time for re-equilibration was limited. Furthermore, prolonged
high temperatures would be expected to overprint distinctive textural features, yet these
features (e.g., irregular shapes, irregular grain boundaries, and grains show complex
interlocking) are well-preserved. Collectively, the evidence leads us to favor a model
of  post-accumulation growth of the primocrysts (from cumulus to poikilitic
amphiboles) from a liquid of constant composition. This process occurred without

nucleation of more evolved minerals in the interstitial liquid, implying the primocrysts
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grew until they impinged on each other. Such a scenario requires open-system behavior,
where the interstitial liquid was efficiently exchanged via convection with an overlying

melt-rich reservoir (Holness et al., 2021).

6.3 Intercumulus Melt Evolution of Group I Gabbros

The brown amphibole in Group I gabbros show significant compositional
variability. Sparsely occurring idiomorphic amphibole grains havé, major element
contents similar to those of the primary amphibole (referring to'thoseyamphibole grains
in Fig. 8 which overlap with the cumulus amphibole‘field); suggesting that these
represent remnant crystals derived from the Cpx hornblendite. In contrast, amphibole
that encloses resorbed clinopyroxene chadacrysts; along with amphibole exhibiting a
granoblastic texture, displays higher Mg# and MgO but lower Al.Os and TiO:
compared to the primary hornblende (Fig. 8). These compositional characteristics,
combined with petrographie evidence, indicate that brown amphiboles formed through
peritectic reactions>consuming the precursor clinopyroxene. This interpretation is
further supported by several studies, which demonstrate that a more clinopyroxene-
like chemistry relative to primary amphibole is consistent with an origin via peritectic
reaction between an evolving melt and earlier-formed clinopyroxene that has high
Mg# and low AlbO3; and TiO> contents (Xu et al., 2021; Zhu et al., 2024). The
granoblastic amphibole, in particular, is interpreted as a product of complete reaction-
replacement (Smith, 2014; Nixon et al., 2024).

The classic model proposes that cumulate rocks represent mixtures of cumulus
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crystals and intercumulus liquid, initially at or close to equilibrium with one another
at the liquidus temperature of the parent magma (Wager et al., 1960). If intercumulus
liquid is trapped in a closed-system, it solidifies progressively to form post-cumulus
overgrowths and interstitial minerals. During this process, the residual liquid becomes
increasingly evolved, eventually saturating in phases enriched in incompatible
elements (Barnes & Williams, 2024). However, in Group I Hb gabbros,“the green
amphibole—an early interstitial phase—does not show the expected entichment in
incompatible elements. The significantly lower REE content/0f the,green amphibole
relative to the brown amphibole (Fig. 9c¢) further<suggests that the evolving
intercumulus liquid was mobile. This is consistent with models indicating that the
migration of evolved liquid in a partially open'system leads to the loss of incompatible
components (Meurer & Meurer, 2006), The escape of intercumulus liquid also
removes heat, which is reflected inthe temperature difference between the green and
brown amphiboles. Thermometric calculations indicate that the brown and green
amphiboles crystallized from andesitic to dacitic melts (mean SiO> =61.7x 1.3 (1oE)
wt. %) at924+.930 °C, and from rhyolitic melts (mean SiO> =71.4+1.7 (1og) wt. %)
at 764=791 °C, respectively (Fig. 10b). Intercumulus plagioclase is always found
associated with quartz, and likely represents the latest-stage evolved melt, which is
also consistent with the composition of the melt equilibrated with the green amphibole.
However, the low-An plagioclase in the late-stage crystallized cumulus phase has an
unusual negative Eu anomaly (Fig. 9¢). Therefore, it is necessary to discuss the

intermediate processes that led to the Eu anomaly in the late-stage evolved melt.
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Plagioclase is absent in the Cpx hornblendite with no Eu anomalies (Fig. 6a),
suggesting that plagioclase was not involved in the early melt evolution. The absence
of plagioclase is ascribed primarily to high H>Omerr and fO> in differentiated arc
magmas (Fig. 12) similar to other arc-related ultramafic rocks (Nixon et al., 2024).
Although the green amphibole exhibits a slight positive Eu anomaly compared to the
brown amphibole, and its calculated equilibrated melt shows a correspondingnegative
Eu anomaly (6Eu as low as 0.6; Fig. S6b), the significantly lower, 6Bu values in
plagioclase (as low as 0.28) cannot be attributed to green amphibole fractionation.
This is due to the high partition coefficient of Eu between plagioclase and felsic melt
(Kp > 1; Rollinson, 1993). The highly evolved interstitial melt eventually crystallized
almost pure albite (very low An content), indicating relatively low melt water content,
as water significantly affects Ca—Na partitioning between plagioclase and melt (Sisson
& Grove, 1993). This finding/is deeoupled from the calculated water contents of melts
in equilibrium with browmamphibole (6.3-9.1 wt. %) and green amphibole (5.4-7.5
wt. %), suggesting that'the evolution of the interstitial melt involved not only melt
escape butalso fluid exsolution. Studies of seafloor hydrothermal systems worldwide
have \shewn that high-temperature vent fluids often have pronounced positive Eu
anomalies (Michard et al., 1983; Michard, 1989). The solubility and mobility of Eu**
are much higher in magmatic-hydrothermal fluids than in silicate melts, and
exsolution of high-salinity fluids can lead to extreme negative Eu anomalies (Eu/Eu*
as low as 0.01) in the residual melt (Ye et al., 2025). Therefore, we conclude that the

intercumulus melt evolution of Group I Gabbros was jointly controlled by melt
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migration and fluid exsolution.

6.4 Melt Flush in the Mush: the origin of Group II Gabbros

In Group II gabbros, brown amphibole typically contains resorbed clinopyroxene
inclusions, with amphibole blebs developing along the cleavage planes of
clinopyroxene (Fig. 4a). Some green amphibole occurs as reaction rims sutrounding
brown amphibole (Fig. 4c), suggesting that both brown and green amphibole formed
through peritectic reactions: the brown amphibole resulted from teactions between
intercumulus melt and cumulus clinopyroxene, while the‘gréen amphibole formed from
reactions between the melt and pre-existing brown amphibole. Evidence from mineral
reaction textures in mafic-ultramafic cumulates at'mid-ocean ridges and arc settings
confirms the prevalence of such processes: These textures consistently indicate that the
oikocrysts formed through dissolution” of the enclosed minerals by intercumulus melt
(Smith, 2014; Lissenbgtg & MacLeod, 2016; Chang et al., 2021; Blundy, 2022;
Boulangera & France, 2023; Wang et al., 2023). Compared to the primary cumulus
amphibole; brown /amphibole has higher SiO: content but a nearly constant Mg# (Fig.
8a), which,can be explained by a reaction that consumes early pyroxene to form
amphibole. This reaction suppresses the decrease in the Mg# of the interstitial melt
(Klaver et al., 2018). The EPMA mapping of representative amphiboles containing
clinopyroxene resorbed inclusions show that green amphibole exhibits lower
concentrations of Al and Ti but higher Mg and similar Fe compared to brown amphibole

(Fig. 4d). In addition, compared to the green amphibole in the Group I gabbros, which
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crystallized directly from an evolved residual melt, the green amphibole in the Group
IT gabbros has significantly higher Mg# values (Fig. 8). This compositional difference
can also be attributed to melt—-mush reactions occurring via dissolution—reprecipitation
processes, which buffer the composition of the interstitial melt. The melts in
equilibrium with both the brown and green amphiboles have relatively constant
FeO*/MgO ratios across a range of SiO2 contents (60—75 wt. %), a characteristic highly
consistent with the HPRD suite from Nisyros—a young stratovolcanig insthe Aegean
arc, Greece—but distinct from LPA suites (Fig. 13). The latter evolve rapidly into
tholeiitic, peraluminous dacites, as predicted by fractiondl crystallization (FC) models.
In contrast, the HPRD suite from Nisyros represent peritectic boundary liquids
extracted from a deep crustal hot zone at the base’of a cumulate mush. These liquids
formed through reactions in which earlier~generated wehrlite cumulates interacted with
melt to produce amphibole (Klaver etal., 2018). Moreover, the occurrence of interstitial
calcic plagioclase (with. An valués up to 90 mol. %; Fig. 7d) and the notably high whole-
rock Mg# and MgO wvalues of the Group Il gabbros—even exceeding those of the Cpx
hornblendites ‘(Fig. 5c—d)—collectively indicate replacements of the more evolved
interstitialmelt by the more primitive recharge melt leading to reactions (dissolution +
precipitation).

This process is remarkably similar to the “melt flush” process proposed by
Boulanger & France (2023), which is a novel igneous process where primitive melt
recharge replaces evolved interstitial melt in crystal mush, triggering melt-mush

reactions and concomitant extraction of the evolved melt to form cumulates. Thus, we
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use two-stage assimilation-fractional crystallization (AFC) processes to model this melt
flush process (Klaver et al., 2018; Wang et al., 2023). The first stage (AFC1) is the
assimilation of clinopyroxene and the crystallization of brown amphibole + apatite +
plagioclase, and the second stage (AFC2) is the assimilation of brown amphibole and
the crystallization of green amphibole + apatite + zircon. We also show the pure FC1
and FC2 model which corresponds exactly with the AFC1 and AFC2 models with an
assimilated to crystallized mass ratio (r) of zero. Using these assumptiohs, we calculated
the Dy/Yb and La/Sm ratios of melts in equilibrium with brown and,green amphibole
to compare melt compositions and AFC trends. The Dreg values for amphibole were
calculated using the parameterized model developed by Humphreys et al. (2019). The
Dree values of apatite are the average values 'determined in experiments (Watson &
Green, 1981; Prowatke & Klemme, 2006):Detailed simulation parameters are provided
in the caption of Fig. 14 and Table S10/ The modeling results show that the AFC1 trends
vary insignificantly with values. In contrast, the assimilant of brown amphibole in the
AFC2 model haschigh,REE contents and Dy/YDb ratios. The residual evolving melts
show decreasing MREE and HREE contents due to the fractionation of amphibole,
apatite, ‘and zircon, and hence they are susceptible to the assimilation of brown
amphibole. Therefore, the dissolution of brown amphibole and crystallization of zircon
during AFC2 can suppress the decrease in Dy/Yb while promoting an increase in La/Sm
of late-stage melt. This observation is consistent with the characteristics displayed by
our samples, where a mass ratio of assimilation and crystallization between 0.2 and 0.4

can yield the calculated melt compositions for our samples (Fig. 14).
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6.5 Evolution of the Zedong Middle—Lower Crustal Magmatic System
A schematic petrological model for the generation of the Zedong hornblende-rich
ultramafic—mafic intrusive rocks with chemical and textural heterogeneities is shown
in Fig. 15. The mantle-derived primitive magma, after undergoing possible early
differentiation (olivine = clinopyroxene), ascends to the magma reservoir in the
middle to lower crust of the Gangdese arc (Fig. 15a—Db).~Eirstly, cotectic
clinopyroxene-magnetite-apatite primocrysts crystallized jn a‘grelatively high-
temperature, high-melt-fraction regime within the magra reservoir and accumulated
to form a crystal framework with interstitial melt and heterogeneous permeability
(mush zone). The relatively large temperatare”interval for the crystallization of
cumulus clinopyroxene prior to the appearance of postcumulus amphibole allowed for
progressive expulsion of interstitial‘melt during densification of the clinopyroxene
framework that promoted*by overgrowth and partial compaction. Low-permeability
zones can facilitate the formation of cumulate clinopyroxenite at the base of a magma
reservoir/ The_evolved hydrous basaltic-andesitic residual liquids, which were in
equilibtium with the cumulus clinopyroxene, migrated upward through the crystal
framework. A portion of this liquid cooled and crystallized to form the initial
interstitial amphibole (Fig. 15c¢). In mush layers with high porosity (i.e., high melt
fraction), amphibole had sufficient space to develop large euhedral crystals (Fig. 15).
When evolved interstitial melt was efficiently expelled and replenished by magmas of

similar composition, for instance, within the boundary layers at the interface between
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the mush and the overlying magma chamber. Amphibole will crystallize in-situ and
form overgrowths from a liquid of constant composition without nucleation of more
evolved minerals and this requires convective communication with the parent magma.
Finally, the amphibole primocrysts grow until they impinge to form the Cpx
hornblendite with an adcumulate texture (Fig. 15¢, CASE ).

The evolved hydrous melts migrated through the cumulus clinopyroxene crystal
framework and not only led to the crystallization of early interstitial btfowmamphibole,
but also triggered dissolution of clinopyroxene and crystallization ofibrown amphibole
via further cooling and peritectic reaction. The acctimulation of peritectic melt
promoted extensive reaction allowing virtually complete in situ replacement of
clinopyroxene by granoblastic amphibole. Divérging from Case (1), a semi-open
system formed when the ascending evolved interstitial melt was not replenished. The
escape of this melt removed imcOmpatible components, resulting in the late
crystallization of incompatible element-depleted green amphibole. The protracted
process, driven{by~the incompatible behavior of water, ultimately led to fluid
exsolution. As,porosity and permeability gradually decreased, the trapped latest-stage
interstitial melt crystallized quartz and albitic plagioclase with an unusual negative Eu
anomaly, ultimately forming the Group I Hb gabbros with orthocumulate texture (Fig.
15¢c, CASE @).

If the early clinopyroxene-dominated mush was invaded by genetically unrelated
melts before full consolidation, the pre-existing thermal and chemical balance would

be broken. Firstly, percolation of an exotic melt triggered partial or complete
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dissolution of the clinopyroxene, with concomitant crystallization of brown amphibole
along its edges or within its interior. The process was accompanied by the
crystallization of plagioclase and apatite, and their subsequent enclosure within the

brown amphibole. Following a pulse of magma flushing, the composition of the

interstitial melt was substantially modified and equilibrated with the brown amphibole.

Subsequently, upon cooling, a peritectic reaction occurred between this melt and the
brown amphibole, producing a reaction rim of green amphibole alongwith interstitial
apatite and zircon. The eventual expulsion of the residual interstitial melt ultimately
formed the Group II Hb gabbros with cumulate texture{(Fig. 15¢c, CASE 3)).

The three types of hornblende-rich cumulate. rocks have distinct genetic
mechanisms, resulting in differences in textureand composition, which may be related
to their formation in different locations within the magma reservoir. The Cpx
hornblendite may form in th€ upper’to middle parts of the magma reservoir, where
conditions are closer t0 a liquid-rich parental magma chamber. In contrast, Group I
gabbros may forin in th€ mush layer of the lower or margin of the magma reservoir,
where porosity and melt permeability are relatively low. Group II gabbros likely
formedmear the channel of deep magma replenishment into the magma reservoir (Fig.

15b).

6.6 Implications for the Gangdese Arc crustal evolution
Observation of samples and fractional crystallization experiments reveal a mineral

fractionation sequence defined by olivine — pyroxene — amphibole + Fe-Ti
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oxides — plagioclase on H;O-saturated primary arc magmas at lower crustal
conditions (Krawczynski et al., 2012; Ulmer et al., 2018; Guo et al., 2020). The mafic
and ultramafic cumulate rocks that can be inferred to form during this fractionation
sequence is as follows: dunite — wherlite — pyroxenite — clinopyroxene
hornblendite — hornblendite — gabbro. In the Zedong ultramafic-mafic intrusive
rocks, neither olivine nor orthopyroxene were observed, however relatively low
compatible element (Cr and Ni) contents (Fig. S2e—f) of the Cpx hornblendite
indicates likely early olivine and clinopyroxene fractionationy, More primitive
ultramafic cumulates (such as dunites and pyroxenites) are therefore proposed to occur
beneath these hornblende-rich cumulate rocks. The Zedong late Jurassic ultramafic—
mafic intrusive rocks define a Z-shapedtrend inh plot of Mg# vs SiO; (Fig. 5d),
resembling the cumulate sequence of the-Mesozoic Gangdese arc as well as Kohistan
arc and Talkeetna arc, and represent.the magmatic evolution of an immature arc (Zhu
et al., 2022). Howeyer, \they have more depleted whole-rock Sr—Nd isotopic
compositions ((¢’S#3%St) = 0.7040 ~ 0.7046; enxa(t) = +5.4 ~ +6.2) and zircon Hf
isotopic eompositions (+12.5 to +16.4) in contrast to the cumulates in the lower crust
from theLate Cretaceous ((*’Sr/*Sr)i = 0.7043~0.7046; enda(t) = +2.8 ~ +4.3; eni(t) =
+12.1 ~ +14.1) and the Late Triassic (¥’St/*6Sr)i = 0.7037~0.7051; ena(t) = +1.7 ~
+5.5; enft) = +0.4 ~ +13.0) Gangdese arc (Fig. S7), indicating that the primitive
magma was derived from a more juvenile mantle wedge.

Amphibole plays an important role in the petrogenesis and evolution of arc magmas

and amphibole-rich mafic—ultramafic rocks are widely found in subduction zones

9z0z Aenuga4 ¢ uo 1senb Aq zogs8/9000eba/ABojonad/g601 01 /10p/alone-aoueape/ABojoliad/woo dnoolwspese//:sdyy Woly pepeojumoq



884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

(Cawthorn & O’Hara, 1976; Davidson et al., 2007; Murphy, 2013; Nandedkar et al.,
2014), this is because high H>O contents in mafic arc magmas can cause the early
crystallization of pargasitic amphibole and suppress the crystallization of plagioclase
(Sisson & Grove, 1993; Grove et al., 2002; Ulmer et al., 2018). Trends of increasing
La/Yb and decreasing Dy/Yb with increasing SiO> from erupted lavas in modern
subduction zones suggest that fractionation of amphibole is widespread (Dayidson et
al., 2007; Barber et al., 2021). The fractionation of silica-poor and irofisrich,amphibole
more effectively drives the residual melt compositions toward higher SiO: levels,
promoting calc-alkaline differentiation trends more effictently than the fractionation of
plagioclase or pyroxene (Davidson et al., 2007; Krawczynski et al., 2012). Melt
segregation from an amphibole-dominated \mush represents a form of crustal
differentiation, which plays a crucial role in the formation of felsic rocks and SiO.-rich
continental crust (Barber et al;"2021,).

In this study, there arevobvious negative correlations between SiO» contents and
(Dy/YDb)n ratios among, the Late Jurassic basic-ultrabasic intrusive rocks, intermediate-
acid intrusive tocks, basalts and andesites within the Zedong area (Fig. 5e). Such a
marked ‘geochemical signature has been used to indicate amphibole (& pyroxene and
plagioclase) fractionation. Most igneous rocks formed above subduction zones are calc-
alkaline and this is thought to be due to the presence of water in the source region
(Ducea et al.,, 2015). Previous experimental studies agree that near liquidus
crystallization of amphibole together with Ca-rich pyroxene (Cpx) and olivine at 500—

800 MPa can produce calc-alkaline liquids (Anderson 1980; Médard & Grove, 2008;
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Krawczynski et al., 2012). The calc-alkaline trend (alkali enrichment, iron depletion)
of the Zedong volcanic and granitic suite (Fig. 5b) resulted from amphibole and
clinopyroxene fractionation, given that the Cpx hornblendites have the highest Fe2Os"
content and their accumulation would lower the residual melt's FeO*/MgO ratio.
Calculated melts in equilibrium with the cumulus amphiboles (in the Cpx hornblendite)
and brown amphiboles (in the Hb gabbro) overlap the Zedong basaltic andesite and
tonalite respectively (Fig. 5 and Fig. S2). In addition, the centemporaneous
emplacement (c. 160 Ma) and similar whole-rock isotopic compositions (Fig. S2g),
suggest that these lavas and upper crustal granitic rocks may represent the intercumulus
melts extracted from cumulates with different amounts of residual amphibole. This
indicates that there is a trans-crustal magma plumbing system in the Zedong Late

Jurassic arc crust, as described by Cashman ¢t al. (2017).

7. CONCLUSIONS
1. The Zedong mafic-ultramafic intrusive rocks within the central-eastern
Gangdese arcumainly consist of the Cpx hornblendite and two groups of Hb gabbro.
Zircon’'UsPb dating indicates that they were synchronously crystallized at c. 160 Ma.
2. Multiple geobarometers indicate that these intrusions formed in a magma
reservoir within the middle to lower crust. The Cpx hornblendite with adcumulate
formed through in-situ nucleation and overgrowth at the interface between the mush
layer and the convecting parental magma.

3. Group I gabbros with orthocumulate textures formed through the peritectic
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reaction between clinopyroxene precursors and evolved interstitial melts, followed by
melt migration and fluid exsolution in asemi-open system.

4. The formation of Group II gabbros is associated with a melt flush process
relying on melt-mush reactions between the deep recharge melt and crystal mush. The
textural and chemical heterogeneities of these hornblende-rich cumulates may be
related to their formation at different locations within a common middle—lower crustal
magma reservoir.

5. Compared to other periods of the Mesozoic, the Late Jurassic parental arc
magma was derived from a more juvenile mantle wedge and records significant
growth in the middle-lower crust. Differentiation trends between the cumulate rocks
and coeval non-cumulate rocks within the Zedong terrane indicate that the evolution
of the Late Jurassic arc crust was mainly-controlled by amphibole fractionation.

6. Calculated melts in equilibrium with the cumulus and brown amphiboles
overlap the coeval basalticiandesite and tonalite respectively, suggesting the existence

of a trans-crustal magma plumbing system.
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Figure captions

Figure 1. A geological map of south Tibet showing the tectonic terranes and the location

of'the Zedong terrane. (a) Tectonic framework of the Tibetan Plateau. Main suture zones:

IYZSZ, Indus-Yarlung Zangbo suture zone; BNSZ, Bangong-Nujiang”suture”zone;
LSSZ, Longmu Tso-Shuanghu suture zone; JSZ, Jinshajiang suture zone; AKSZ,
A'nemagqin-Kunlun suture zone. (b) The distribution of the Gangdese Batholith and
associated volcanic successions (modified after Zhu“et al), 2019). LMF, Luobadui-
Milashan Fault; SNMZ, Shiquan River-Nam Tso Melange Zone. (¢) Simplified sketch
map of the central-eastern Gangdese Batholith’showing the locations of the Zedong

terrane (modified from the latest Zedong 1:50000 geological mapping (2019)).

Figure 2. Field photegraphs of typical mafic-ultramafic intrusive rocks from the
Zedong terrame. (a)yand (b) Field relationship between Cpx hornblendite and two
Groups of Hb' gabbro. (c) Coarse-grained and (d) medium- to fine-grained Cpx
hornblendite. (e) Typical appearance of Group I Hb gabbro. (f) Typical appearance of

Group II Hb gabbro.

Figure 3. Representative photomicrographs of mafic-ultramafic intrusive rocks from
the Zedong terrane. (a—c) Cpx hornblendite. (d—f) Group I Hb gabbro. Note that (b) and

(f) are under cross-polarized light and others are under plane-polarized light. C—Amp,
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cumulus amphibole; p—~Amp, poikilitic amphibole; i~Amp, interstitial amphibole; b—
Amp, brown amphibole; g-Amp, green amphibole; c—Cpx, cumulus clinopyroxene; r—
Cpx, relict clinopyroxene; Mag, magnetite; Ap, apatite; Pl, plagioclase; Qz, quartz. (See

text for detailed descriptions)

Figure 4. (a-c) Representative photomicrographs the Group II Hb gabbro. (b)
corresponds to the region enclosed by the yellow box in (a). Notesthat (b) is
Backscattered electron (BSE) image. (d) BSE image and EPMA elemental X-ray maps

of one selected representative amphibole containing clinopyroxene resorbed inclusions.

Figure 5. Whole-rock major and trace element compositions of the Zedong ultramafic-
mafic cumulate rocks and coeval non-cumulate rocks. (a) Na;O + K>O (wt. %) vs SiO»
(wt. %) (TAS) diagram (Middlemost;,1994). (b) AFM diagram with discriminatory lines
of Irvine & Baragar (1971) and Kuno (1968) classifying the calc-alkaline and tholeiitic
magmatic series,{c)*Whole-rock MgO (wt. %) vs. SiO2 (wt. %) plot. (d) Whole-rock
Mg# vs. S10» (wt. %) plot (modified after Zhu et al. (2022)). Z-shaped trend of Kohistan
(dashed ted line) and Talkeetna (dashed green line) are according to Jagoutz et al. (2011)
and Miintener & Ulmer (2018). (e) Whole-rock (Dy/Yb)n vs. SiO2 (wt. %) plot
(subscript N denotes normalized to the chondrite values of Sun & McDonough (1989)).
(f) Whole-rock total Fe,O3 (wt. %) vs. SiOz (wt. %) plot. Mg# = molar Mg/(Mg+Fe?").
Data for cumulate rocks, volcanic rocks and granitic rocks from Huang et al. (2022),

Wang et al. (2012) and Zhang et al. (2014). Error bars in (c), (d), and (f) show
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uncertainty of major element compositions from calculated melt equilibrium with

amphibole (datas see Supplementary Table S8).

Figure 6. Chondrite-normalized REE patterns and primitive-mantle-normalized trace
element patterns for the mafic-ultramafic intrusive rocks from the Zedong terrane.
Chondrite and primitive mantle values from Sun & McDonough (1989):4Data for

cumulate rocks, volcanic rocks and granitic rocks from Zhang et al. (2Q14):

Figure 7. Mineral compositions of representative amphibole, clinopyroxene and
plagioclase for the mafic-ultramafic intrusive rocks from the Zedong terrane. (a) and (b)
Classification of amphibole according to the nomienclature of Leake et al. (1997) as
follows: Cag = 1.50; NatK)a = 0.50;T1 < 0.50 and Cag = 1.50; (Nat+K)a <
0.50; Caa << 0.50, respectively. (¢),Data for clinopyroxene plotted on the enstatite-
ferrosilite-diopside-hedehbergite quadrilateral of Morimoto (1988). (d) Classification

of plagioclase.

Figure 8.,Si0,, MgO, TiO; and ALO; variations vs. Mg# of amphibole. Mg#

~Mg/(Mg+Fe™).

Figure 9. Chondrite-normalized rare earth element patterns for amphibole (a—c),
clinopyroxene (d), plagioclase (e), and liquids in equilibrium with cumulus amphibole

(f). Normalization values are from Sun & McDonough (1989).
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Figure 10. (a) The variations in Mg# and SiO; (wt. %) of the calculated melts in
equilibrium with amphibole. (b) The variations in equilibration temperatures and SiO>
(wt. %) of the calculated melts in equilibrium with amphibole. The melt SiO, contents
in equilibrium with amphibole and clinopyroxene were calculated using P 164(Putirka,
2016) and H21 (Higgins et al., 2021), respectively. The melt Mg# in€quilibrium with
amphibole and clinopyroxene were calculated following the approachyof Putirka (2016),
and the Fe-Mg exchange coefficient Kp(Fe-Mg)*PCPliaiidyagyes in the range 0.28 +
0.11 and 0.28 £+ 0.08 are regarded to be in chemical equilibrium. Error bars show
uncertainty of major element compositions front” calculated melt equilibrium with

amphibole.

Figure 11. EBSD results of the Cpx hornblendite (sample 09TBO01-2). (a) EBSD-
derived phase map>showing the range of microstructures observed in the Cpx
hornblendite; “(b) ‘Histogram of the grain sizes (hornblende and clinopyroxene)
calculatédwusing EBSD data; (¢) Crystallographic preferred orientation of hornblende

and clinopyroxene in the Cpx hornblendite.

Figure 12. Hygrometry and oxygen fugacity results for amphiboles from the studied

ultramafic-mafic cumulate of the Zedong intrusion. Calculated following the approach
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of Ridolfi et al. (2010) and Putirka (2016).

Figure 13. FeO'/MgO vs. SiOz for equilibrium melts of Amp from hornblendite and
Group II gabbro (modified after Klaver et al. (2018)). Calculating following the
approach of Putirka (2016) and Humphreys et al. (2019). Error bars show uncertainty

of major element compositions from calculated melt equilibrium with amphibole.

Figure 14. Geochemical models reproducing the variations in Dy/Ybyand La/Sm ratios
of the calculated melts in equilibrium with amphibole“in the) Cpx hornblendite and
Group II Hb gabbro. The AFCI and AFC2 models assume the following peritectic
reactions: Melt; + Cpx = Melt; + 0.75 Brown Amp™+ 0.20 P1 + 0.05 Ap (r = 0.4); Melt
+ Brown Amp = Melt; + 0.9 Green Amp + 0.095 Ap + 0.005 Zrn (r = 0.2 — 0.4). REE
partition coefficients for amphibole, are calculated using the parameterized models
developed by Humphreys et,al. (2019). Melt; is the most primitive basalt reported in
the Zedong area (data from Zhang et al. (2014)). The proportions of the assimilated and
crystallized ' minerals are based on the modal mineral proportions in thin sections. The
pure FCTvand FC2 models correspond exactly with the AFC1 and AFC2 models with r
= 0, respectively. Nodes on the modeled curves indicate 10% changes in the fraction of

melt remaining.

Figure 15. (a) Formation of (ultra)mafic cumulates in the middle-lower crust

dominated by fractional crystallization of primitive arc magma during oceanic
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subduction. (b) Schematic diagram of the middle—lower crustal magma reservoir and
the hornblende-rich cumulates with textural and chemical heterogeneities generated at
different locations. (c) Schematic petrological model for the generation of the Zedong

hornblende-rich ultramafic—mafic intrusive rocks.

Figure S1. LA-ICP-MS zircon U-Pb concordia diagrams for the Hb gabbfe sample
09TB143 from the Zedong terrane along with representative zircon“€L images. Red

circles denote the analytical spots used for U-Pb dating.

Figure S2. Variation diagrams of major elements (wt.\%) and selected trace elements
(ng/g) vs SiO2 (wt. %) for the mafic-ultramafic intriisive rocks from the Zedong terrane.

N denotes normalized to the chondrite values of Sun & McDonough (1989).

Figure S3. Comparison 0f equilibration temperatures (a) and pressure (b) for amphibole
and clinopyroxen¢ inrthe’Cpx hornblendite and two groups of gabbro as determined by
the different amphibole- and clinopyroxene-only thermobarometers used in this study.
Error bars,indicate the 16E uncertainties for the models. R21, Ridolfi, 2021; P08,
Putirka, 2008; K12, Krawczynski et al., 2012; P16, Putirka 2016; H22, Higgins et al.

2022; W21, Wang et al., 2021.

Figure S4. Comparison between the amphibole compositions from this study and

experimental petrological data on amphibole composition (experimental conditions:
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850—1000 °C, starting material: hydrous basalt; data from Putirka (2016) and references

therein).

Figure S5. Histograms of TiO2 and Th contents in amphibole and clinopyroxene from

the Zedong mafic-ultramafic rocks.

Figure S6. (a) 0Eu vs. La/Sm of amphibole. (b) dEu vs. La/Sm of the‘calculated melts
in equilibrium with amphibole. The melt REE contents in equilibrium with amphibole

were calculated using Humphreys et al. (2019).

Figure S7. Variation of whole-rock (3’Sr/%68r); vs. Whole-rock ena(t) (a) and zircon ep(t)
vs. age (Ma) (b) for the Mesozoic (200-90 Ma) hornblende-rich mafic-ultramafic
intrusive rocks within the southern‘*Lhasa subterrane. Data source: Late Triassic from
Xu et al. (2019); Late Jurassic from this study and Zhang et al. (2014); Late Cretaceous

from Guo et al. (2020).
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Table 1. Petrographic description of the lithologies of the Zedong
Ultramafic—Mafic intrusive rocks.

Litholo
gy

Sampl
e
name

Sample
locatio
n

Longi
tude(®
)

Latit
ude(

°)

texture

Petrographic
characteristics

Mineral
phases
(vol.%)

Cpx
hornble
ndite

09TB
01-1

09TB
0142

East of
Zedong

91.77
56

91.77
56

29.2
300

29.2
300

adeum
ulate

Medium- to coarse-
grained euhedral Cpx
and euhedral to
subhedral Amp
accumulate in mutual
contact, Amp
contains some
rounded Cpx
inclusions and minor
Cpx are alteredto
epidote. Minor
subhedralto anhedral
Mag and'trace
anhedral apatite
occur within the
Amp and Cpx grains
or in the interstices
between them
Medium— to
fine—grained Cpx
and Medium- to
coarse-grained
brown Amp
including (1)
idiomorphic cumulus
phase; (2) large Amp
oikocryst enclosing
rounded Mag and
Cpx; (3) minor
interstitial anhedral
grains (<5 vol. %)

Cpx (25-
30%),
Amp (60-
65%),
Mag (<
10%),
trace Ap
and Ep

Hb
gabbro I

09TB
10-1
09TB
11
09TB
15
09TB
16

East of
Zedong
East of
Zedong
East of
Zedong
East of
Zedong

91.78
92
91.78
89
91.78
86
91.78
86

29.2
269
29.2
269
29.2
264
29.2
264

orthoc
umulat
e

Medium- to coarse-
grained brown
amphibole (>
70%) and fine-
grained euhedral to
subhedral green
amphibole (<10%).
Trace relic Cpx

Amp (70-
80%), PI
(15-20%),
Qz (5%),
Cpx (<
5%)
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09TB Eastof 91.78 29.2 inclusions can also

18 Zedong 78 261 be found in the
09TB Eastof 91.78 29.2 interior of brown
19 Zedong 75 261 Amp, interstitial
green Amp, Qtz and
PI fill in the
09TB Westof 91.75 29.2 interstices of brown
138-2 Zedong 58 231 Hb. Interstitial Pl
commonly replaced
by Ep and Srt
09TB Eastof 91.78 29.2 Medium- to coarse-
09 Zedong 94 269 grained, euhedral to
09TB Westof 91.75 29.2 subhedral brown
139 Zedong 44 247 Amp contains

abundant anhedral
relict Cpxinclusions.
Enclosed-€px
crystals within

09TB Westof 91.68 29.2
143 Zedong 67 439

brown/Amp
oikocrysts are Amp (60—
typically rounded 65%), Cpx
Hb erthoc  and embayed. Brown (10-15%),
gabbro umulat  Amps are rimmed by Pl (15—
I e green Amp, and Cpx  20%),
having trace Chl
09TB  West of 91,68, /29.2 disequilibrium and Mag
144 Zedong 6% 439 dissolution features

such as embayed
edges and resorption
channels. Interstitial
plagioclase is mostly
altered to clay.
Minor matrix
minerals are mostly
altered to Ep and Srt

Cpx, clinopyroxene; Hb, hornblende; PI, plagioclase; Mag, magnetite; Qtz,
quartz; Ap, apatite; Chl, chlorite; Ep, epidote; Srt, sericite.
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Table 2. Whole-rock geochemical data of ultramafic-

mafic intrusive rocks from the Zedong terrane, southern

Tibet
09 09 09 09 09 09 09 09
09 09 09 09 09
Sampl TB TB TB T TB TB TB TB
TB TB TB TB B
e  01- 01- 10- Bl 138 13 14 14
11 15 16 18 09
1 2 1 9 -2 9 3 4
Geoch
emical I 1 1 1 1 1 1 unonono o
suite
Wt %
so, 3B 39 50 43 49 51 45 46 43 45 45 45 46
|
* 7 9 1 5 5 4 1 6 7 6 9 4.5
1o, 12 16 06 08 06 06 07 08 10 05 06 08 10
|
? 9 4 00 30 80 50 90 70 3 50 50~ 4Q =3
14. 93 17. 16. 19. 17. 17. 17. 18. 95 12 13 15,
AlLO;
7 0 5 8 3 1 3 0 0 6lso"0 7
Fe,0; 15. 16. 86 12. 97 98 13. 12. 12.4 12> 10. 11. 89
T 2 8 0 0 4 6 3 1 6.% 6 0 0
o 01 01 01 01 01 01 01 01702702 01 01 01
n
50 60 40 40 50 50 70 50"00 10 70 90 40
oo 83 12 50 67 39 47 60N57 63 13 10. 12 10.
g 7 0 0 6 8 0 =3 5 1 8 8 7
o 16 16 98 13 75 83, 117 99 10 13 10. 1L 10
4 5 9 7 2N2)1 7 71 71 5 3 0
\ao 08 07 35 15438 )22 17 17 14 11 21 14 12
a
> 90 3 6 A » 5 2 7 3 6 1 1 5
«o 06 05 1107721 22 12 17 22 02 16 10 24
2 30 30,7 N30 9 3 2 5 6 8 6 0 6
0.0 00 00 0.0 0.0
06 (02 01 03 01 03 04 01
P,Os 50 70 80 40 60
30" ‘60 70 20 10 60 80 20
0 0 0 0 0
Lo >28717 30 35 30 29 28 35 27 31 37 26 28
3 9 8 1 5 5 1 8 7 6 9 6 4
o 9 99 99 99 99 99 9. 99 99. 99 99 99. 99
otal
6 5 8 7 7 7 6 6 6 6 5 6 6
Mg 52 58 54 53 45 49 47 49 50 68 67 70 71
Hg/g
o 42 89 2. 38 14 23 25 32 34 55 36 49. 49,
C
6 1 7 7 2 4 3 0 1 6 3 9 8
L 75 99 41 49 39 40 45 51 36 42 60 52 6l
|
70 30 70 60 20 00 8 00 O 20 40 60 00
39 48 20 28 19 25 27 26 25 35 31 30
v 261
8 4 7 8 3 0 5 8 4 6 3 2
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Cr

Co

Ni

Ga

Ge

Rb

Sr

Zr

Nb

Cs

Ba

La

Ce

Pr

Nd

Sm

Eu

Gd

Th

Dy

Ho

96.

56.

37.

14.

14

6.4

61

13.

23.

21

0.6

10

22

4.1

11.

2.0

10.

2.9

0.9

96

3.0

05

24

2.9

05
70

15

73.

63.

14.

21

4.0

29

16.

39.

2.2

0.2

26

17

3.8

12.

2.3

12.

3.6

11

3.8

0.6

31

3.6

0.6
98

10

48.

50.

14.

13

33.

45

15.

75.

2.1

1.0

57

10.

20.

25

10.

24

0.8

99

25

0.4

51

2.8

0.5
91

17.

46.

40.

15.

14

17.

56
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T 01 01 02 01 01 01 01 02 03 01 02 01 01
a
70 90 24 04 44 83 18 30 17 16 43 35 47
o 25 07 57 21 40 32 20 33 40 14 51 22 ,68
6 47 4 4 8 9 1 4 5 0 1 7 N3
™ 01 01 40 10 18 26 12 15 21 12 27.7%1=05
90 15 8 5 9 6 4 1 2 8 6 2/ 86
0.0
y 0.1 o7 10 03 04 07 04 04 07 03707 03 01
02 0 3 70 62 53 26 76 96°N34 )83 14 56
1.0 09 10 10 11 11 11°°1T0™10 10 1.0 1.0
SEu 1.1
1 7 8 9 2 1 9.7 2 6 3 5
(La/Y 26 20 43 23 31 32 18824 51 20 44 39 34
b)n 9 4 8 4 4 37BN 7 5 3 2 2
(Dy’Y 18 18 10 13 11 46, 12 11 12 11 12 13 13
b)n 0 0 7 0 8%9,3 8 0 6 3 6 6
07 0.7 0.7 0.7 0.7
87gy/86 0’4 04 04 04 04
Sr 14 93 68 80
08
2 4 2 9
00 00 0.0 0.0 0.0
5 00. 100 00 00 00
° 1 of 01 01 01
5 5 1 4 3
0.7 0.7 0.7 0.7
('Sr8 »0.7
04 04 04 04
6Sr); 04
1 2 6 5
05 05 05 0.5 0.5
WNg/ 12 12 ' 12 12
12
N 92 90 o 88 87
8 9 6 9
0.0 0.0 0.0 0.0
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5.7 59 54 5.5

) 6.2
ena(t) 7 7 4 2
Tom(G 77 91 64 86 72
) 5 0 3 9 3

Fe,Os" = Total iron
measured as Fe,Oa.

LOI =loss on
ignition.
Mg* =100 x

M92+/(M92+ + Fe2+)

Chondritic uniform reservoir (CHUR) values [***Nd/***Nd = 0.512638,
147Sm/144Sm = 0.1967 (Patchett et al., 2004)] are used for the calculation.
Aro = 1.42 X 10 year?, Asm = 6.54 X 1012

year! (Lugmair & Harti, 1978).
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