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The recycling of continental crust via trench sediment subduction and subduction erosion is well established in
modern oceanic subduction zones, and this is fundamental to subduction zone magmatism and mantle hetero
geneity. Although a similar process likely took place in ancient oceanic subduction zones, its evaluation is
difficult because most geological records were erased by subsequent continental collision and post-collisional
reworking processes. To address this issue, a comprehensive geochemical study was conducted for Mesozoic
basaltic to andesitic plutonic rocks and surviving contemporaneous paleo-trench sediments from the Himalayan
orogen in southern Tibet. These plutonic rocks show variably enriched Sr-Nd-Pb-Hf isotope compositions with
εNd(t) values varying from − 5.6 to +4.7, which are neither positively nor negatively correlated with Mg# values.
This indicates that they were not affected by crustal contamination but rather inherited from heterogeneous
magma sources. There are consistently continuous variations in the Sr-Nd-Pb-Hf isotope space among the paleotrench sediments, the arc plutonic rocks, and basaltic rocks from the Yarlung Tsangpo ophiolite suites, indicating
that the binary mixing between the paleo-trench sediment-derived melts and the ambient mantle dictated the
radiogenic isotope compositions of the arc igneous rocks. These qualitative interpretations are further verified by
quantitative geochemical examination of the compositional links in Nd and Hf isotopes between the paleo-trench
sediments and arc rocks. As a consequence, the present study has for the first time identified and systematically
demonstrated the key role of paleo-trench sediments in constraining the continental crust recycling as well as the
origin and compositional heterogeneity of arc igneous rocks above ancient oceanic subduction zones.

1. Introduction
The return of continental crust to the mantle at subduction zones via
trench sediment subduction and subduction erosion is a remarkable
outcome of plate tectonics (Plank, 2005, 2014; Plank and Langmuir,
1993; Stern, 2002, 2020). Crustal recycling is recorded in mafic arc
volcanics at convergent plate margins (Gill, 1981; Stern, 2002, 2020)
and in ocean island basalts far from modern oceanic subduction zones
(Hofmann, 1997; Zindler and Hart, 1986). The recognition of crustal

recycling in modern oceanic subduction zones is largely reliant on the
compositional affinity between subducted crust and arc volcanics
(Morris et al., 1990; Plank, 2005, 2014; Plank and Langmuir, 1993).
Plank and Langmuir (1993) elaborated the correlation between the
abundances of Rb, Th, La, Pb and other melt-mobile incompatible trace
elements in mafic arc volcanics and adjacent trench sediments. In
addition, the detection of short-lived cosmogenic 10Be isotopes in arc
volcanics unequivocally demonstrated the recycling of young seafloor
sediments through oceanic subduction (Morris et al., 1990). Hence,
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understanding the composition of subducting crustal components is a
key to the quantification of crustal recycling in subduction zones
through arc igneous rocks (e.g., Chen et al., 2021; Plank, 2005; Stern,
2020; Straub et al., 2020).
Unfortunately, we cannot directly sample deeply subducted crustal
rocks that have entered subarc depths. Nevertheless, thanks to the sci
entific drilling programs (ODP, IODP, and DSDP) that target trench
basins, forearcs, and the incoming oceanic plate, we have obtained a
relatively complete knowledge of the volumes and compositions of
subducting sediments in the majority of modern oceanic subduction
zones (Plank, 2014; Stern, 2020; Straub et al., 2020). These data allow
us to quantitatively constrain the nature and composition of meta
somatic agents that enter the mantle wedge, forming mafic-ultramafic
metasomatites that were subsequently partially melted to produce
basaltic to andesitic arc magmatism in modern oceanic subduction zones
(Chen et al., 2021; Elliott, 2003; Kimura et al., 2009, 2010, 2014; Stern,
2020; Straub et al., 2020; Zheng et al., 2020). However, it is still un
certain how crustal recycling was realized in ancient oceanic subduction
zones that were superimposed by continental collision and postcollisional reworking.
In contrast to the situation in active oceanic subduction zones where
the original subduction context is largely preserved (Stern, 2002), the
geological records of ancient oceanic subduction have rarely survived in
fossil oceanic subduction zones (Hu et al., 2020; Kusky et al., 2013; Wu
et al., 2020). This is especially so for those overprinted by subsequent
processes such as arc-continent or continent-continent collision
(Cawood et al., 2009), resulting in severely limited knowledge of orig
inally subducted materials (Kusky et al., 2013; Straub and Zellmer,
2012). In most cases, mafic to felsic igneous rocks, especially intrusive
rocks, tend to be preserved during subsequent collision and erosion after
oceanic slab subduction, so that they are the only surviving record of
ancient oceanic subduction in continental collision zones (Gehrels et al.,
2003; Yang et al., 2021). However, in rare cases, trench basin sediments,
the best proxy for crustal rocks that enter the subduction zones (Plank,
2014), are also preserved, such as those in the Himalayan orogen in
southern Tibet (An et al., 2018; Hu et al., 2020). As in modern sub
duction zones, a comprehensive geochemical study of preserved magma
outputs and subduction inputs is expected to clarify the continental crust
recycling in ancient oceanic subduction zones (Plank, 2005, 2014; Plank
and Langmuir, 1993).
As one of the best-preserved continental collision zones on Earth, the
Himalayan and Gangdese orogens mark subduction of the Neo-Tethyan
oceanic slab in the Mesozoic and subsequent collision between the In
dian and Asian continents in the Cenozoic (Hu et al., 2016; Yin and
Harrison, 2000). Basaltic to andesitic continental arc magmatic rocks of
Triassic to Cretaceous ages are widespread along the Gangdese orogen.
These rocks show more enriched radiogenic Sr-Nd-Hf isotope composi
tions than mafic igneous rocks from the Yarlung Zanbo Ophiolite Suites
(YZOS) in southern Tibet (Ji et al., 2009; Ma et al., 2013a, 2013b, 2013c;
Wen et al., 2008; Zhang et al., 2010, 2014, 2020; Zhu et al., 2011, 2019),
indicating recycling of ancient crust components into the mantle sources
of continental arc magmas (Chen et al., 2021; Kelemen et al., 2014;
Pearce et al., 2005; Straub and Zellmer, 2012). More importantly,
trench-fill sedimentary units that were developed during subduction of
the Neo-Tethyan oceanic slab in the Late Cretaceous are recently
recognized in the Indus–Yarlung Zanbo Suture Zone (IYZSZ), southern
Tibet (An et al., 2018; Fu et al., 2018; Hu et al., 2020). Because they were
generally contemporaneous with magmatic flare-up event during the
Late Cretaceous in the Gangdese orogen (Ma et al., 2013a, 2013b,
2013c; Zhu et al., 2019), they would provide unprecedented information
on the nature of subducted crustal materials and their recycling in the
Late Cretaceous.
The present study reports systematic whole-rock Sr-Nd-Pb-Hf isotope
and major-trace element data for both Late Cretaceous basaltic to
andesitic plutonic rocks from the Gangdese orogen and Late Cretaceous
paleo-trench sediments from the IYZSZ in southern Tibet. These

geochemical data were qualitatively interpreted at first within the
framework of chemical geodynamics at convergent plate boundaries and
then quantitatively modeled to test the recycling of trench sediments
into the source of arc magmas in the ancient oceanic subduction zone.
The results provide first-order constraints on the budget of the highly
incompatible elements and their pertinent radiogenic isotopes in all Late
Cretaceous basaltic to andesitic plutonic rocks from the Gangdese oro
gen. This sheds light on the recycling of continental crust along ancient
oceanic subduction zones before continental collision.
2. Geological setting and sampling
The Gangdese and Himalayan orogens are located in southern Tibet
and they are one of modern continental collision zones on Earth. The
Gangdese orogen was a continental arc in the southern part of the Lhasa
terrane, which was the southernmost margin of the Asian continent
during subduction of the Neo-Tethyan oceanic slab in the Mesozoic
(Fig. 1a). This arc terrane was then collided with the Indian continent in
the Cenozoic to produce the Himalayan orogen (Hu et al., 2016; Yin and
Harrison, 2000; Zhu et al., 2019).
Continental arc magmatism in the Gangdese orogen has been dated
to start from ca. 237 Ma in the Middle Triassic and terminate at ca. 65
Ma around the Cretaceous-Tertiary boundary (Ji et al., 2009; Ma et al.,
2013a, 2013b, 2013c; Wen et al., 2008; Zhang et al., 2010, 2014, 2020;
Zhu et al., 2011, 2019) prior to the India-Asia collision (Hu et al., 2016).
Two intense pulses of magmatic activity have been identified: ca.
200–160 Ma in the Jurassic and ca. 105–85 Ma in the Cretaceous (Ji
et al., 2009; Ma et al., 2013a, 2013b, 2013c; Zhang et al., 2020; Zhu
et al., 2019). The arc igneous rocks are dominated by voluminous plu
tons with subordinate volcanic successions (Fig. 1b). This period of arc
magmatism is generally ascribed to northward subduction of the NeoTethyan oceanic slab beneath the southern margin of the Asian conti
nent (Ji et al., 2009; Ma et al., 2013b, 2013c; Wu et al., 2020; Yin and
Harrison, 2000). Nevertheless, southward subduction of the Ban
gong–Nujiang Neo-Tethyan oceanic slab was hypothesized to explain
the pre-Cretaceous magmatism in the Gangdese orogen (Zhu et al.,
2011, 2019).
The present study focuses on basaltic to andesitic plutonic rocks that
were produced by the magmatic flare-up event at ca. 105–85 Ma in the
southern part of the Gangdese orogen. These rocks are dominated by
diorites, gabbros, and norite with a minor amount of ultramafic cumu
lates that consist of abundant hornblendite with minor wehrlite and
dunite (Guo et al., 2020; Ma et al., 2013a, 2013b, 2013c; Zhang et al.,
2020; Zhu et al., 2019). These plutons occur sub-parallel to the IYZSZ
along a narrow east-west strike belt about 50 km wide from Xietongmen
to Milin (Fig. 1b). This belt includes, from west to east, (1) ca. 94–88 Ma
gabbros and gabbroic diorites from the Namling area (Xu et al., 2015);
(2) ca. 91–85 Ma gabbros, diorites, and orthopyroxene diorites from the
Nimu area (Xu et al., 2015; Zhu et al., 2011); (3) ca. 90 Ma gabbrodiorite and quartz monzonites from the Kelu area (Jiang et al., 2012,
2014); (4) ca. 96 Ma quartz diorites from the Nuri area (Zheng et al.,
2014); (5) ca. 94 Ma gabbros and diorites in the Zhengga area (Ma et al.,
2013a); (6) ca. 103–95 Ma gabbros and diorites in the Langxian area
(Zheng et al., 2014); and (7) extensively outcropped and intensively
studied ca. 94–85 Ma ultramafic pyroxene hornblende peridotite,
hornblendite, plagioclase hornblendite, hornblende pyroxenite, and
basaltic to andesitic hornblende gabbro, hornblende gabbronorite, and
quartz diorite, as well as charnockite in the Lilong batholith (Guo et al.,
2020; Ma et al., 2013b, 2013c; Zhang et al., 2010, 2014, 2020; Zheng
et al., 2014). Geochemically, these calc-alkaline rocks in the Gangdese
orogen are comparable with plutonic rocks from the Cordilleran orogen
along the western margin of the American continent above the eastern
Pacific subduction zone, typically the products of continental arc mag
matism. They generally show depleted to moderately enriched Sr-Nd-Hf
isotope compositions, except a few rocks from the Zhengga area that are
distinctively more enriched in radiogenic isotope compositions (Guo
2
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Fig. 1. Tectonic framework of the Lhasa Terrane and distribution of igneous rocks in the Gangdese orogen. a Location of the Gangdese orogen in the Tibetan Plateau.
b Distribution of the Mesozoic and Cenozoic plutonic and volcanic rocks in the Gangdese orogen and the detailed sample locations for Late Cretaceous plutonic rocks
from the Xigaze–Nyingchi section (east of 89◦ E) of the Gangdese orogen. The summary of data resources, locations, rock types, zircon U–Pb ages, and whole-rock
geochemistry for the Late Cretaceous plutonic rocks in panel b are listed in Supplementary Tables S1–S5. Abbreviations: JSSZ = Jinsha suture zone; BNSZ =
Bangong–Nujiang suture zone; SNMZ = Shiquan River–NamTso Mélange Zone; LMF = Luobadui–Milashan Fault; IYZSZ = Indus–Yarlung Tsangpu Suture Zone.
Abbreviations in the legend of panel b: L = data from the literature; TS = data from this study; C = Cumulates; S = Sediments; O = Ophiolites; LGC = Luogangcuo
Formation. Panel a is modified from Zhu et al. (2017) and panel b is modified from Zhu et al. (2019).

et al., 2020; Ji et al., 2009; Ma et al., 2013a, 2013b, 2013c; Wen et al.,
2008; Zhang et al., 2010, 2014, 2020; Zhu et al., 2011, 2019).
After a thorough compilation and screening of the published data, we
conducted a careful resampling to obtain an arc-scale perspective
(Fig. 1b) on the Late Cretaceous plutonic rocks and to minimize the
sampling bias of previous studies. This resampling focused on the less
well-studied plutons in the central part of Gangdese orogen at ~88–92◦
E (Xu et al., 2015; Zhang et al., 2020) and plutons in the Zhengga area in
the westernmost edge of the eastern Gangdese orogen (~92–95◦ E). The
latter has been documented to show distinctively more enriched radio
genic isotope compositions (Ma et al., 2013a). The collected samples
include: (1) diorites and norites from the Namling area; (2) gabbros and
diorites from the Numa area; (3) diorites from the Nimu area; and (4)
hornblende gabbros, gabbros, and diorites from Plutons 1 and 2 in the
Zhengga area (Fig. 1b). A detailed description of mineral assemblages
and the petrography (plane-polarized light) for the samples (Fig. S1) is
presented in Supplementary materials.
In addition to the Late Cretaceous plutonic rocks, we also sampled
paleo-trench sediments including coarse sandstone, conglomerate, and
chert from the Luogangcuo section (Section A in Fig. 2) and Guozhang
section (Section B in Fig. 2) of the Luogangcuo Formation in the IYZSZ.
The Luogangcuo Formation lies in fault contact with the Xiukang com
plex to the west of Saga (Fig. 1b). It consists of matrix- or clast-supported
conglomerate interlayered with thin-bedded shale and sandstone. Con
glomerates are composed of moderately sorted, angular to sub-angular
pebbles and cobbles with sparsely distributed sandstone and carbonate
blocks, indicating deposition by debris flows (An et al., 2018). Scourand-fill features and normal grading are common in sandstone beds,
indicating deposition by turbidity currents in a distal submarine fan.

Conglomerates are dominated by chert clasts, pointing at a local prov
enance from the subduction complex transported mainly perpendicular
to the trench. In contrast, sandstones range in composition from quartzofeldspatho-lithic to feldsparthoquartzo-lithic volcaniclastic and were
sourced from the Gangdese arc and central Lhasa terrane. The U–Pb
ages of the youngest detrital zircons indicate a Late Cretaceous deposi
tional age (~88–81 Ma; An et al., 2018). The sampled sediments are
used as a proxy for crustal materials that would have entered the NeoTethyan oceanic subduction zones for recycling with respect to the
origin of the Gangdese arc plutonic rocks.
3. Geochronological and geochemical data
The present study reports a total of 14 zircon U–Pb ages for the
plutonic rocks (Table S3), 96 whole-rock major and trace element data
(Table S1) for the plutonic rocks (86) and the paleo-trench sediments
(10), 57 whole-rock radiogenic Sr isotope data (Table S2) for the
plutonic rocks (51) and the paleo-trench sediments (6), 56 whole-rock
radiogenic Nd isotope data (Table S2) for plutonic rocks (50) and
paleo-trench sediments (6), 27 whole-rock radiogenic Hf isotope data
(Table S2) for the plutonic rocks (21) and the paleo-trench sediments
(6), 47 whole-rock radiogenic Pb isotope data (Table S2) for the plutonic
rocks (41) and the paleo-trench sediments (6), as well as 13 zircon Hf
isotope data (Table S4) for the plutonic rocks. Analytical methods for
major elements, trace elements, whole-rock Sr-Nd-Hf-Pb isotopes as well
as zircon U–Pb and Lu–Hf isotopes are described in Supplementary
Materials. In concert with this new dataset, published whole-rock majortrace and radiogenic Sr-Nd-Pb-Hf isotope data (Supplementary
Table S5), as well as zircon U-Pb age and Hf isotope data
3
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Fig. 2. Stratigraphic sections of the Luogangcuo Formation in Luogangcuo (Section A) and Guozhang (Section B) areas. Position of samples used for whole-rock
geochemical analyses are shown. Modified after An et al. (2018).

(Supplementary Table S6) for the Late Cretaceous basaltic to andesitic
plutonic rocks and the Sr-Nd-Pb-Hf isotope data for the Cretaceous midocean ridge basalts (MORB) or enriched (E-MORB) type mafic igneous
rocks from the YZOS (Supplementary Table S7), were also compiled for
comparison.

3.1. Zircon U–Pb ages
As illustrated by cathodoluminescence (CL) images in Supplemen
tary Fig. S2, zircon grains from all of the plutonic rocks are euhedral to
subhedral, predominantly prismatic in shape, have grain sizes with
4
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diameters of 100–500 μm with length-to-width ratios of 1:1 to 3:1; and
mostly show typical oscillatory and sector zonings.
Dating on five diorite samples from the Namling area yields
concordant U–Pb ages with average 206Pb/238U ages of 88.4 ± 1.2 Ma,
91.2 ± 0.9 Ma, 89.8 ± 1.0 Ma, 89.2 ± 0.7 Ma, and 92.1 ± 1.0 Ma
(Supplementary Fig. S3a-e). Dating on one diorite and one gabbro from
the Numa area gives concordant U–Pb ages with average 206Pb/238U
ages of 93.5 ± 1.7 Ma and 93.6 ± 1.5 Ma, respectively (Fig. S3f-g).
Dating on one granodiorite from the Nimu area gives concordant U–Pb
ages with an average 206Pb/238U age of 88.0 ± 1.1 Ma (Fig. S3h). Dating
on three hornblende gabbros from Pluton 1 in the Zhengga area yields
concordant U–Pb ages with average 206Pb/238U ages of 90.9 ± 1.2 Ma,
89.1 ± 1.1 Ma, and 88.3 ± 1.0 Ma (Fig. S3i-k). Dating on three diorites
from Pluton 2 in the Zhengga area yields concordant U–Pb ages with
average 206Pb/238U ages of 85.5 ± 1.2 Ma, 85.1 ± 1.0 Ma, and 88.7 ±
1.4 Ma (Fig. S3l-n).
All our present dating results on the plutons are consistent with re
sults previously reported from the literature (Table S5), except three
diorite ages from Pluton 2 in the Zhengga area, which were not dated
previously. Our dating results indicate that all the investigated plutonic
rocks were emplaced in the Late Cretaceous within the period of the
magma flare-up event at ca. 105–85 Ma in the Gangdese orogen.
Collectively, these new data, combined with those previous data, indi
cate that the Cretaceous basaltic to andesitic plutonic rocks were
emplaced in a short period of time between 94.9 ± 1.7 Ma and 85.2 ±
0.6 Ma, except two samples with older emplacement ages of 97.5 ± 2.6
Ma and 103.1 ± 1.8 Ma, respectively (Fig. S4 and Tables S1 and S5). This
age scope has a large overlap with deposition ages of 88.2 ± 1.8 Ma to
81.2 ± 0.7 Ma for the studied paleo-trench sediments from the Luo
gangcuo Formation in the IYZSZ (An et al., 2018).

alkaline (HKCA) series, whereas samples from the Numa and Zhengga
areas have moderate to high K2O contents and are categorized into
either calc-alkaline or HKCA series (Fig. 3b).
The plutonic rocks from the studying area have Mg# values (Mg#
=100*MgO/(MgO + 0.9*Fe2O3T)) varying from 40 to 70 (Fig. 4).
However, many of our Zhengga Pluton 1 samples have Mg# >60 and
only two samples from the other plutons have Mg# >60. Among all the
plutonic rocks, samples from Pluton 1 of the Zhengga area display the
largest variation in the Mg# value and concentrations for most major
elements. In contrast, samples from the other plutons tend to show
limited variations in most major elements within a single pluton despite
the systematic inter-pluton compositional differences. Collectively,
there are large variations in all of the major elements at certain Mg#
values. Samples from Pluton 1 in the Zhengga area have the highest MgO
content but the lowest SiO2 and Na2O contents at a given Mg# value
among the all samples (Fig. 4a-c). Except for the high Mg# (>60)
samples from Pluton 1 in the Zhengga area that have Ni contents as high
as 200 ppm, almost all of the plutonic rocks have Ni contents of <50
ppm (Fig. 4e). In contrast to compatible elements, samples from Pluton 1
of the Zhengga area show the lowest contents of highly incompatible
trace elements such as Ba, Th, La, and Zr (Fig. 4f–i). As with the major
elements, samples from the all plutons show large variations in trace
elements at a given Mg# value.
Like all of the typical arc rocks, the Gangdese plutonic rocks have
arc-type trace element distribution patterns in the primitive mantlenormalized diagrams (Fig. 5). These patterns are characterized by
enrichment in large-ion lithophile elements (LILE), Pb, and light rare
earth elements (LREE) but depletion in high field strength elements
(HFSE), such as Nb and Ta, relative to neighboring elements (Zheng,
2019). Nevertheless, the degree of LILE and LREE enrichment, and HFSE
depletion are highly variable within individual plutons (e.g., Pluton 1 in
the Zhengga area) and among different plutons. Despite exposure in
adjacent areas, samples from Pluton 2 in the Zhengga area show sys
tematically higher concentrations in all trace elements but Ti than most
of the samples from Pluton 1 in the Zhengga area (Fig. 5d). In general,
samples from Pluton 1 in the Zhengga area exhibit the most extensively
varied but relatively low trace element concentrations (Fig. 5d).
Together with samples from Pluton 2 in the Zhengga area, they are quite
similar to the plutonic rocks in the Lilong batholith in trace element
concentrations and distribution patterns (Fig. 5f).
Late Cretaceous plutonic rocks from the Namling, Nimu, and Numa
areas exhibit similar REE distribution patterns (Fig. 6). They are

3.2. Whole-rock major and trace elements
As depicted in the total alkali versus SiO2 diagram (Fig. 3a), our
plutonic samples show large compositional ranges with SiO2 contents
varying from 40.7 wt% to 62.9 wt%, being mostly basaltic and andesitic
in lithochemistry. There are comparable with the compositional ranges
of all the published data for the Late Cretaceous plutonic rocks in the
Gangdese orogen, and thus have regional representativeness. Most of the
plutonic samples plot in the subalkaline field, but some plot in the
alkaline field (Fig. 3a). Samples from the Nimu and Namling areas have
relatively high K2O contents and are thus classified as high-K calc-

Fig. 3. Diagrams for Late Cretaceous plutonic rocks from the Gangdese orogen. a Total alkali (TAS) contents versus SiO2 contents, and b K2O contents versus SiO2
contents. Data sources are the same as those in Fig. 1. Abbreviations in the legend: L = data from the literature; TS = data from this study; C = Cumulates. Note:
brightly colored symbols represent new data from this study, and gray or black symbols represent data from the literature.
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Fig. 4. Diagrams of the Selected major (a–d) and trace element (e–i) contents versus Mg# values for Late Cretaceous plutonic rocks from the Gangdese orogen. Data
sources are the same as those in Fig. 1. Abbreviations in the legend: L = data from the literature; TS = data from this study; C = Cumulates. Note: brightly colored
symbols represent new data from this study, and gray or black symbols represent data from the literature.

moderately enriched in LREEs over heavy rare earth elements (HREE),
and most of them exhibit negligible to slightly negative Eu anomalies
with flat HREE distribution patterns (Fig. 6a-c). Alternatively, samples
from Pluton 2 in the Zhengga area exhibit strong fractionation between
LREE and HREE with moderately negative Eu anomalies (Fig. 6d). In
addition, samples from Pluton 1 in the Zhengga area show much weaker
enrichment in LREE over HREE compared to the other samples, showing
smooth REE distribution patterns and slightly negative to strong positive
Eu anomalies (Fig. 6d). Samples from the Kelu and Nuri areas (Fig. 6e)
exhibit similar REE distribution patterns to the Namling, Nimu, and
Numa plutons in the central zone of the Gangdese orogen. In contrast,

plutonic rocks from the Lilong batholith show REE distribution patterns
similar to those of the Zhengga area (Fig. 6f).
3.3. Whole-rock Sr-Nd-Pb-Hf isotopes
In addition to the whole-rock Sr and Nd isotope compositions, the
present study is the first to report the whole-rock Hf and Pb isotope
compositions of Late Cretaceous plutonic rocks from the Gangdese
orogen and the whole-rock Sr-Nd-Pb-Hf isotope compositions of Late
Cretaceous paleo-trench sediments in the Himalayan orogen (Fig. 7 and
Table S2).
6
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Fig. 5. The primitive mantle-normalized trace element patterns for Late Cretaceous plutonic rocks from the Gangdese orogen. The primitive mantle values are after
McDonough and Sun (1995). The normal mid-ocean ridge basalts (N-MORB) values are after Sun and McDonough (1989). Data sources are the same as those in
Fig. 1. Abbreviations in the legend: L = data from the literature; TS = data from this study; C = Cumulates. Note: brightly colored symbols represent new data from
this study, and gray or black symbols represent data from the literature.

Fig. 6. The chondrite-normalized REE for Late Cretaceous plutonic rocks from the Gangdese orogen. The N-MORB and chondrite values are after Sun and McDo
nough (1989). Data sources are the same as those in Fig. 1. Abbreviations in the legend: L = data from the literature; TS = data from this study; C = Cumulates. Note:
brightly colored symbols represent new data from this study, and gray or black symbols represent data from the literature.

Samples from the central Gangdese orogen generally show narrow
ranges of whole-rock radiogenic isotope ratios (Table S2). Collectively,
samples from plutons in the central Gangdese orogen and Lilong

batholith exhibit relatively depleted and homogeneous whole-rock SrNd-Pb-Hf isotope compositions within individual plutons and among
different plutons (Fig. 7). In contrast, samples from Plutons 1 and 2 in
7
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Fig. 7. Plots of a εNd(t) values versus (87Sr/86Sr)i ratios, b (207Pb/204Pb)i ratios versus (206Pb/204Pb)i ratios, c εNd(t) values versus (206Pb/204Pb)i ratios, and d εNd(t)
values versus εHf(t) values for Late Cretaceous plutonic rocks from the Gangdese orogen and paleo-trench sediments from the Luogangcuo Formation in the Himalyan
orogen. Corresponding data for mafic igneous rocks from the YZOS are also present for comparison. The initial radiogenic isotope ratios are decay-corrected by their
formation ages. Thick red lines are polynomial or linear (for Pb isotope space) fittings between the mafic igneous rocks in the ophiolite suites and the trench
sediments. Thin cyan lines are fittings among the mafic igneous rocks in the ophiolite suites, the arc rocks, and the trench sediments. The NHRL (Northern
Hemisphere Reference Line) is from Zindler and Hart (1986), the Mantle Array is after Vervoort et al. (2011), and the Indian/Pacific Line is from Pearce et al. (1999).
Data sources are the same as those in Fig. 1. Abbreviations in the legend: L = data from the literature; TS = data from this study; C = Cumulates; S = Sediments; O =
Ophiolites; LGC = Luogangcuo Formation. Because the original studies (Xu and Castillo, 2004; Zhang et al., 2005, 2016a, 2016b) had pointed out that the Sr isotope
composition for the mafic igneous rocks from the ophiolite suites are affected by alteration to different extents, samples with (87Sr/86Sr)i higher than 0.7040 are
excluded from data fitting and subsequent quantitative modeling. Note: brightly colored symbols except the grass green ones represent new data from this study, and
gray or black symbols represent data from the literature. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

the Zhengga area of the eastern Gangdese orogen exhibit larger varia
tions in whole-rock Sr-Nd-Pb-Hf isotope compositions, which are dis
placed to higher (87Sr/86Sr)i, (206Pb/204Pb)i and (207Pb/204Pb)i ratios
but lower εNd(t) and εHf(t) values, respectively, in the Sr–Nd, Pb,
Pb–Nd, and Hf–Nd isotope spaces (Fig. 7). In addition, samples from
Pluton 1 have systematically more enriched whole-rock Sr-Nd-Pb-Hf
isotope compositions than samples from Pluton 2 in the Zhengga area,
with large overlaps (Fig. 7).
The Late Cretaceous paleo-trench sediments from the Himalayan
orogen exhibit highly variable but enriched whole-rock Sr-Nd-Pb-Hf
isotope compositions with variable (87Sr/86Sr)i ratios from 0.7045 to
0.7073 and εNd(t) values from − 6.2 to +1.1; (206Pb/204Pb)i,
(207Pb/204Pb)i, and (208Pb/204Pb)i ratios from 18.56 to 18.85, 15.65 to
15.70, and 38.80 to 39.14, respectively; and highly variable εHf(t) values
from − 14.4 to +6.8 (Table S2). In general, the Sr-Nd-Pb-Hf isotope
compositions of these paleo-trench sediments are more enriched than
those of the Late Cretaceous plutonic rocks but show significant overlaps
with the plutonic rocks from the Zhengga area in the Sr-Nd-Pb-Hf

isotope space (Fig. 7). Collectively, all of the Late Cretaceous plutonic
rocks are well bracketed in the Sr-Nd-Pb-Hf isotope space by the Late
Cretaceous paleo-trench sediments and the Cretaceous mafic igneous
rocks from the YZOS (Fig. 7). The relationships among the paleo-trench
sediments, plutonic rocks, and mafic igneous rocks in the ophiolite suites
are consistent in the all four isotope systems.
3.4. Zircon Lu–Hf isotopes
New zircon Hf isotope data for 13 plutonic rocks are illustrated in
Fig. 8 with published data for Late Cretaceous plutonic rocks from the
Gangdese orogen. Like the whole-rock Hf isotope compositions, samples
from the central Gangdese orogen exhibit quite homogeneous and
relatively depleted Hf isotope compositions. In contrast, samples from
the Zhengga area exhibit much more variable and enriched Hf isotope
compositions (Fig. 8). Moreover, samples from Pluton 1 in the Zhengga
area show systematically more enriched Hf isotope compositions than
samples from Pluton 2 in the Zhengga area.
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melts. This requires the involvement of plagioclase to buffer the budgets
of Al2O3, SiO2, and Na2O (Gill, 1981; Müntener and Ulmer, 2018).
Otherwise, these compositional diversities would reflect the dominance
of other processes, such as mantle source heterogeneity or different
extents of partial melting.
As illustrated in Fig. 4f-i, on the other hand, there are vertical
covariation patterns for highly incompatible trace element (Ba, Th, La,
and Zr) concentrations relative to Mg# values for the samples with Mg#
<60 within individual plutons and among different plutons. This
strongly indicates that such variations do not result from fractional
crystallization of a homogeneous primitive arc melt, but reflects the
compositional heterogeneity of primitive arc melts. As previously noted
by Ma et al. (2013a), some samples from Pluton 1 in the Zhengga area
exhibit positive Eu anomalies (Fig. 6d), suggesting the accumulation of
plagioclase. Such accumulation would, to some extent, decrease the
concentration of most trace elements in magmatic rocks (Chen et al.,
2018) because of the incompatible property of all trace elements but Eu
and Sr in plagioclase (Severs et al., 2009). This appears consistent with
the relatively low trace element concentrations in these rocks (Fig. 5d).
Similar features were also observed for many mafic plutonic rocks in the
Lilong batholith, which were also ascribed to variable extents of crystal
accumulation (Guo et al., 2020; Ma et al., 2013b). However, these
plutonic rocks cannot be classified as cumulate owing to the lack of
typical cumulate textures and the dominance of melts rather than min
eral assemblages in their bulk geochemical compositions (Guo et al.,
2020; Ma et al., 2013b).

Fig. 8. Diagram of εHf(t) values versus Age for zircons from Late Cretaceous
plutonic rocks in the Gangdese orogen. Data sources are the same as those in
Fig. 1. Abbreviations in the legend: L = data from the literature; TS = data from
this study; C = Cumulates. Note: brightly colored symbols represent new data
from this study, and gray or black symbols represent data from the literature.

4. Discussion

4.1.2. The role of crustal contamination/magma mixing
Previous studies have documented clearly that, in variably differ
entiated magmatic suites, crustal contamination of basaltic magmas
would generally increase with the extent of crystallization differentia
tion (DePaolo, 1981). The principle behinds this interpretation is that
fractional crystallization can release heat to sustain crustal contamina
tion. Nevertheless, there is another viewpoint that crustal contamination
would mainly take place at the deep, lower continental crust close to the
Moho (e.g., Annen et al., 2006; Hildreth and Moorbath, 1988), whereas
fractional crystallization can continue from the mantle wedge through
the lower crust to the upper crust. In other words, crustal contamination
and fractional crystallization may be not always coupled with each
other. In the first case, low-Mg# (high SiO2) magmatic rocks are ex
pected to be systematically higher in highly incompatible trace element
abundances and more enrichment in radiogenic isotope compositions
than high-Mg# (low SiO2) rocks. In fact, such covariation patterns are
the most commonly used evidence for AFC processes and for quantita
tively estimating the contribution of crustal contamination to petro
genesis of andesitic rocks (e.g., DePaolo, 1981). In the second case,
however, no specific covariation patterns among geochemical compo
sitions should be expected and can be used to trace the processes.
Because of the lack of petrological and geochemical evidence for
either crustal contamination or magma mixing in the majority of the
Late Cretaceous plutonic rocks from the Gangdese orogen, the two types
of petrogenetic mechanism were largely dismissed in most of the pre
vious studies (Guo et al., 2020; Ma et al., 2013a, 2013b, 2013c; Xu et al.,
2015; Zhang et al., 2010, 2014). Our new data, together with old data
from the literature, exhibit neither negative nor positive covariation
patterns between whole-rock (87Sr/86Sr)i ratios, εNd(t) values,
(206Pb/204Pb)i ratios, εHf(t) values, and Mg# values (Fig. 9). No such
covariation patterns occur between these isotope compositions and SiO2
contents either (not shown). In addition, there was no correlation be
tween the concentrations of most highly incompatible trace elements
and Mg# values (Fig. 4f–i). The isotopically most enriched plutonic
rocks from Pluton 1 in the Zhengga area show much lower concentra
tions in most incompatible trace elements than the less isotopically
enriched rocks (Fig. 5). Therefore, our new data confirm the negligible
role of either AFC processes or magma mixing in the origin of Late
Cretaceous plutonic rocks in the Gangdese orogen in general. The lower

4.1. Petrogenesis of the Late Cretaceous plutonic rocks
Despite the considerable debate over details, there is a general
consensus that continental arc magmatism is caused by percolation of
subducting oceanic slab-derived fluids (aqueous solutions, hydrous
melts, and even supercritical fluids) into the mantle wedge at subarc
depths, which modifies its composition and lowers its solidus (Chen
et al., 2021; Gill, 1981; Kimura et al., 2009; Spandler and Pirard, 2013;
Stern, 2002, 2020; Straub and Zellmer, 2012; Zheng et al., 2020). Sub
sequently, partial melts from the metasomatic mantle rise toward the
surface, where magmatic processes such as fractional crystallization
and/or crustal contamination, crystal accumulation, magma recharge,
and magma mixing will further alter their compositions (Annen et al.,
2006; Hildreth and Moorbath, 1988). Therefore, careful evaluation of
the contribution from processes that operate in the overlying crust is
necessary before using the geochemical features of arc igneous rocks to
trace their mantle source compositions and partial melting processes
(Chen et al., 2021; Kimura et al., 2009; Schmidt and Jagoutz, 2017).
4.1.1. The role of fractional crystallization and crystal accumulation
Although it is certain that the Gangdese plutons have the origin of
continental arc magmatism (e.g., Ji et al., 2009; Ma et al., 2013b, 2013c;
Wu et al., 2020; Yin and Harrison, 2000), it is still uncertain with respect
to the cause of their compositional variations within the framework of
chemical geodynamics at convergent plate boundaries. Typically,
almost all of the Late Cretaceous basaltic to andesitic plutonic rocks from
the Gangdese orogen exhibit Mg# and Ni concentrations less than 60
and 50 ppm, respectively (Fig. 4e) except for some samples from Pluton
1 in the Zhengga area. Such geochemical features cannot be explained
by direct crystallization from primary arc magmas derived from partial
melting of the depleted MORB mantle (Schmidt and Jagoutz, 2017). It is
known that the crystallization of olivine ± pyroxenes ± amphibole from
mafic melts would decrease the Mg# value and Ni concentration of these
melts (Müntener and Ulmer, 2018). However, the rock Mg# values for
the Gangdese plutons do not show covariation with SiO2, Na2O, and
Al2O3 contents (Fig. 4b-d), suggesting that the crystallized assemblage
may have a similar bulk composition in these elements to the residual
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Fig. 9. Diagrams of a whole-rock (87Sr/86Sr)i values, b (206Pb/204Pb)i ratios, c εNd(t) values, and d εHF(t) values versus Mg# values for Late Cretaceous plutonic rocks
from the Gangdese orogen. Data sources are the same as those in Fig. 1. Abbreviations in the legend: L = data from the literature; TS = data from this study; C =
Cumulates. Note: brightly colored symbols represent new data from this study, and gray or black symbols represent data from the literature.

crust of the Gangdese orogen known to predate the Late Cretaceous
magmatism would mainly consist of Mesozoic juvenile arc crust with
depleted radiogenic isotope compositions that are similar to the Late
Cretaceous igneous rocks (e.g., Zhang et al., 2014, 2020; Zhu et al.,
2019). Rare Paleozoic continental lower crust with more enriched
isotope compositions is exposed in the Gangdese orogen but had not
been found nearby the Zhengga area (e.g., Ma et al., 2019). More
importantly, the plutonic rocks that exposed nearby the enriched
Paleozoic lower crust (e.g., Milin and Langxian) show relatively
depleted rather than enriched radiogenic isotope compositions (Fig. 7),
which in conflicts with contamination of the lower crust no matter
whether it is associated with or followed by the fractional crystallization
of basaltic magmas.
With respect to the origin of the systematically more enriched
radiogenic isotope compositions for the Zhengga plutonic rocks, Ma
et al. (2013a) argued that up to 30 wt% of the local upper crustal gneiss
was assimilated by mantle-derived magmas to form the more enriched
group of gabbros and diorites from Pluton 1 in the Zhengga area,
however, the authors ascribed the origin of the relatively high zircon
δ18O values for the less radiogenic isotopically enriched group of gab
bros to the involvement of subducted sediment-derived melts in their
mantle sources. This seemingly self-contradictory explanation is largely
due to the lack of knowledge on the radiogenic isotopic compositions of
the subducted terrigenous sediments, which commonly have relatively
high δ18O values but highly variable radiogenic isotope compositions
(Plank and Langmuir, 1993; Plank, 2014). This knowledge gap has

hindered the evaluation of contributions from recycled continental crust
to the composition of continental arc igneous rocks.
4.1.3. The potential role of paleo-trench sediments recycling
With sampling and analysis of the Late Cretaceous paleo-trench
sediments in the IYZSZ, the present study fills the knowledge gap
regarding the composition of the subducted crustal rocks. This allows us
to evaluate the potential role of crustal recycling in the generation of
enriched geochemical features in these arc rocks. Moreover, our
resampling and analysis of the plutonic rocks that were previously
studied by Ma et al. (2013a) further confirm their unique radiogenic
isotope features among all the Late Cretaceous basaltic to andesitic
plutonic rocks from the Gangdese orogen (Fig. 7). Furthermore, we
sampled and analyzed a group of igneous rocks from a newly found
Pluton 2 adjacent to Pluton 1 in the Zhengga area. Although these rocks
were emplaced slightly later than Pluton 1 (ca. 88–94 Ma vs. ca. 89–85
Ma), they also show systematically more enriched radiogenic isotope
compositions than contemporaneous plutonic rocks from elsewhere in
the Gangdese orogen (Figs. 7 and 8). Collectively, the paleo-trench
sediments have radiogenic Sr-Nd-Pb-Hf isotope compositions that
either tightly overlap or are more enriched than the most enriched
plutonic samples from the Zhengga area (Fig. 7). More importantly, in
the Sr-Nd-Pb-Hf isotope space (Fig. 7), binary mixing between these
paleo-trench sediments and the depleted MORB mantle is represented by
the composition of mafic igneous rocks in the YZOS, tightly bracketed by
all of the radiogenic isotope compositions of the Late Cretaceous
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plutonic rocks from the Gangdese orogen, including those from the
Zhengga area. Therefore, they can readily account for the variably
enriched Sr-Nd-Pb-Hf isotope features of these plutonic rocks.
In summary, our results demonstrate the following four issues: (1)
fractional crystallization would have modified the composition of pri
mary arc magmas for these arc plutonic rocks. Nevertheless, its effect is
insufficient in obliterating the compositional heterogeneity of primitive
arc melts; (2) there is no evidence for significant crustal contamination
of basaltic to andesitic magmas in any of the Late Cretaceous plutonic
rocks; (3) the diorite sample reported by Ma et al. (2013a) from Pluton 1
in the Zhengga area with distinctly more enriched Sr–Nd isotope
compositions is not an outlier. In fact, similar features are shared by
many other rocks in this pluton and the adjacent pluton that was
unsampled by previous studies (Fig. 7a); (4), the variably enriched
features of the Late Cretaceous basaltic to andesitic plutonic rocks from
the Gangdese orogen, including those from the Zhengga area, are most
likely inherited from their mantle sources that were variably meta
somatized by recycled paleo-trench sediment-derived components dur
ing subduction of the Neo-Tethyan oceanic slab to subarc depths. This
last issue will be addressed in detail in the following section.

materials from the paleo-trench sediments to the mantle sources of arc
igneous rocks (Elliott, 2003; Pearce et al., 2005; Pearce and Peate, 1995;
Spandler and Pirard, 2013; Zheng, 2019). The composition of fluids is
essential for understanding crustal recycling and chemical geodynamics
at convergent plate boundaries (Hermann and Rubatto, 2009; Kelemen
et al., 2014; Rustioni et al., 2019; Spandler and Pirard, 2013; Zheng
et al., 2020). If the data trends in the isotope space of Fig. 7 result from
binary mixing between paleo-trench sediment-derived fluids and the
depleted MORB mantle wedge, the sediments would most likely
contribute to the formation of arc rocks in the form of hydrous melts or
supercritical fluids rather than aqueous solutions. This is because the
close correlations among the all four isotope systems require insignifi
cant elemental fractionation among Sr, Pb, Nd, and Hf during trans
portation of the crustal components into the mantle wedge (Hanyu et al.,
2006; Woodhead et al., 2001). However, significant fractionation
among them is unavoidable if they are transported by aqueous solutions,
given that Nd has much weaker fluid mobility than Pb and Sr, and Hf is
largely immobile in aqueous solutions (Kessel et al., 2005; Rustioni
et al., 2019).
The role of subducting crust-derived melts in the mantle sources of
some gabbros from Pluton 1 in the Zhengga area was also recognized by
their relatively high zircon δ18O values (Ma et al., 2013a). Likewise,
incorporation of subducting sediment-derived melts into the mantle
sources of diorites in the Lilong batholith was also proposed by Yin et al.
(2020) based primarily on their high zircon δ18O values and remarkably
homogeneous whole-rock Fe isotope compositions. In addition, the
partial melting of subducting Neo-Tethyan oceanic crust with or without
subsequent melt-peridotite interaction was proposed by many workers
to explain the origin of Cretaceous adakites or adakitic charnockites
from the Zedang, Sangri, and Nyingchi areas in the Gangdese orogen
(Jiang et al., 2012; Ma et al., 2013b; Zhang et al., 2010, 2014; Zheng
et al., 2014). The involvement of aqueous solutions in the magma
sources of basaltic to andesitic plutonic rocks is commonly assumed
based on their arc-like geochemical features (Guo et al., 2020; Ma et al.,
2013b, 2013c; Xu et al., 2015). Unless aqueous solutions are of high
salinity and thus high capacity to dissolve and transport melt-mobile
incompatible trace elements (Rustioni et al., 2019), otherwise hydrous
melts and supercritical fluids are the most efficient agents to transfer the
crustal components into the mantle wedge (Zheng, 2019). However,
accurate separation and evaluation of contributions from the three types
of subduction zone fluids is not straightforward yet (Eiler et al., 2005;
Hanyu et al., 2006; Schmidt and Jagoutz, 2017). This is because all of
the incompatible elements that are mobile in aqueous solutions are also
readily transported by hydrous melt or supercritical fluids (Kessel et al.,
2005; Schmidt and Poli, 2014).
In addition to radiogenic isotopes, highly incompatible trace ele
ments, particularly their ratios, are also important tracers for the
composition and properties of recycled crustal materials (Elliott, 2003;
Pearce et al., 2005; Pearce and Peate, 1995; Spandler and Pirard, 2013;
Zheng, 2019). This is because different liquid phases have distinct
transport capacities for various kinds of highly incompatible trace ele
ments such as LILE, LREE, and HFSE (Kessel et al., 2005; Rustioni et al.,
2019; Schmidt and Poli, 2014; Skora and Blundy, 2010). Their meta
somatism would result in distinct types of trace element fractionation in
the mantle sources and their derivatives. Fig. 10 shows the plots of
Pearce and Peate (1995) and Pearce et al. (2005) to constrain the rela
tive amounts of different types of crustal elements in the mantle source
of Late Cretaceous plutonic rocks from the Gangdese orogen. Pearce and
coauthors argued that dividing each targeting element in these diagrams
by Yb would largely eliminate the effects of fractional crystallization and
crystal accumulation during magma evolution. This is because Yb is an
incompatible and highly conservative trace element in subduction sys
tems due to its retention in garnet during slab dehydration or partial
melting. Therefore, in these diagrams, the ratios of conservative ele
ments of different compatibilities (i.e., Nb/Yb and Nb/Ta) highlight the
extent of mantle source enrichment/depletion and partial melting. On

4.2. Recycling of paleo-trench sediments into the magma source of
continental arc plutonic rocks
4.2.1. The involvement of paleo-trench sediments in magma sources
The analytical results and discussions above reveal that, like typical
continental arc igneous rocks, the Late Cretaceous plutonic rocks in the
Gangdese orogen exhibit calc-alkaline to HKCA lithochemical features
(Fig. 3). They are variably enriched in incompatible trace elements
(Figs. 5 and 6) and radiogenic Sr-Nd-Pb-Hf isotopic compositions (Figs. 7
and 8). More importantly, these features are not imposed by either
magma differentiation or crustal contamination in the surrounding
continental crust, but are largely inherited from their magma sources in
addition to the effect of partial melting.
As depicted in Fig. 7, the binary mixing between the crustal and
mantle components is clearly indicated by continuous variations in the
Sr-Nd-Pb-Hf isotope space among the paleo-trench sediments, arc
plutonic rocks, and mafic igneous rocks in the YZOS (represent the
radiogenic isotope compositions of the mantle wedge), especially by the
clearly hyperbolic data array in the Pb–Nd isotope space. This can be
approximated by polynomial or linear (for Pb isotope space) fittings
(thick red lines in Fig. 7) between the mafic igneous rocks in the
ophiolite suites and the paleo-trench sediments. These mixing arrays
have reasonably reproduced the first-order variation patterns displayed
by the Late Cretaceous plutonic rocks from the Gangdese orogen though
they do not accurately pass through all of the arc rock data (Fig. 7). For
comparison, similar fittings, including the arc rocks themselves, are also
performed. These fittings produce perfect trajectories (thin cyan lines on
Fig. 7) that pass through all of the arc rocks. Surprisingly, while the
latter mixing trajectories are slightly different from the former in the
Sr–Nd, Pb, and Pb–Nd isotope spaces (Fig. 7a-c), the two types of
fitting lines are perfectly coincident in the Hf–Nd isotope space
(Fig. 7d). Although these mixing trajectories are mathematic without
specific geological meanings, the consistent mixing relationships be
tween the paleo-trench sediments, the mafic igneous rocks in the YZOS,
and the arc plutonic rocks in the all four isotope systems suggest that a
common set of petrogenetic processes are responsible for all these
trends. As such, the paleo-trench sediments would have played a key
role in generating the radiogenic isotope compositions of these arc
rocks. Because the Sr isotope composition of mafic igneous rocks from
the ophiolite suites are affected by varying degrees of alteration (Xu and
Castillo, 2004; Zhang et al., 2005, 2016a, 2016b), samples with
(87Sr/86Sr)i ratios higher than 0.7040 were excluded from the above
data fitting and subsequent quantitative modeling.
Multiple types of subduction zone fluids (i.e., aqueous solutions,
hydrous melts, and even supercritical fluids) can transport crustal
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Fig. 10. Plots showing the relative contributions from subducting oceanic crust-derived elements to the mantle sources of Late Cretaceous plutonic rocks in the
Gangdese orogen, given as their displacements from the mantle arrays on certain element ratio diagrams after Pearce and Peate (1995) and Pearce et al. (2005). a
Total subduction addition is expressed by Ba displacement relative to Nb, b Deep subduction addition in the form of hydrous melts or supercritical fluids is expressed
by Th displacement relative to Nb, and c Ultradeep subduction addition with dissolution of rutile during crustal melting or dehydration is expressed by Ta
displacement relative to Nb. The CAA (continental arc andesites) and OAB (oceanic arc basalts) are from Kelemen et al. (2014), and the N-MORB (normal mid-ocean
ridge basalts), E-MORB (enriched mid-ocean ridge basalts), and OIB (oceanic island basalts) are from Sun and McDonough (1989). Data sources are the same as those
in Fig. 1. Abbreviations in the legend: L = data from the literature; TS = data from this study; C = Cumulates; S = Sediments; LGC = Luogangcuo Formation. Note:
brightly colored symbols represent new data from this study, and gray or black symbols represent data from the literature.

the other hand, ratios of elements with similar incompatibilities but
different mobilities during subduction dehydration/partial melting (e.
g., Ba/Th, Ba/Nb, Th/Nb) highlight subduction inputs by different
agents.
Fig. 10a–c highlight displacements from the mantle arrays (defined
by the global MORB and OIB; Pearce et al., 2005) for Ba, Ta, and Th,
respectively. The plutonic rocks from the Gangdese orogen plot between
the average continental arc andesites (CAA) and the average oceanic arc
basalts (OAB) of Kelemen et al. (2014) in these diagrams, reflecting the
selective enrichments of their mantle sources in the more melt-mobile
trace elements (Pearce et al., 2005). Ba, the most mobile element dur
ing crustal subduction, displays the largest displacement in the majority
of the plutonic rocks from the mantle array (Fig. 10a). The enrichment
pattern for Th is similar to Ba, but shows somewhat smaller displace
ments (Fig. 10b). The plutonic rocks from the Zhengga area form two
broad but roughly vertical arrays in Fig. 10a and 10b, emphasizing the
controlling effect of variable Ba and Th addition on their compositions.
The simultaneous enrichment of Ba and Th indicates that hydrous melts
and/or supercritical fluids were involved in the generation of these rocks
because Th is largely immobile in aqueous fluids (Kessel et al., 2005).
This confirms the conclusion obtained from radiogenic isotope
geochemistry.
The experimental study of Rustioni et al. (2019) reveals that the
salinity of aqueous solutions plays a substantial role in dissolving and
transporting incompatible trace elements at subductin zones. For
instance, the Th mobility in aqueous solutions is enhanced with
increasing chlorine contents. However, their reported Th partitioning
coefficients in aqueous solutions with high chlorine contents are
generally comparable with the chlorine-free results by the experimental
study of Kessel et al. (2005). Therefore, it is possible that hydrous melts
rather than aqueous solutions would have played a more efficient role in
mobilizing Th from subducting crustal rocks. Surprisingly, a significant
number of plutonic rocks from the Zhengga area in the Gangdese orogen
are displaced from the mantle array on the Nb–Ta diagram toward high
Ta/Yb ratios, but most plutonic rocks from the central Gangdese orogen
plot along the mantle array (Fig. 10c). This indicates that either an
additional Nb-rich agent (hydrous melt and/or supercritical fluid) or
larger amounts of the same agent (hydrous melt/supercritical fluid)
were added to the magma source of the Zhengga plutonic rocks. The
former is consistent with the distinctly more enriched radiogenic isotope
compositions of the Zhengga plutonic rocks.
In summary, the integrated interpretation of the radiogenic Sr-Nd-

Pb-Hf isotopes and different kinds of incompatible trace elements in
continental arc plutonic rocks, paleo-trench sediments, and mafic
igneous rocks from the YZOS reveals that the mantle sources of Late
Cretaceous plutonic rocks in the Gangdese orogen would be generated
by metasomatic reaction of the mantle wedge with mainly paleo-trench
sediment-derived hydrous melts plus subordinate aqueous solutions.
The incorporation of aqueous solutions would result in the relative
enrichment of Ba and other fluid-mobile LILE over Th and other fluid
immobile LREE and HFSEs for the majority of plutonic rocks. In contrast,
the incorporation of hydrous melts would introduce Nd, Hf, Th, Nb, and
most of the incompatible trace elements to the mantle sources of most
plutonic rocks, especially those from the Zhengga area.
4.2.2. Compositional diversity due to variable degrees of source mixing and
partial melting
As highlighted in Figs. 5 and 6, even though the majority of Late
Cretaceous plutonic rocks in the Gangdese orogen display similar trace
element distribution patterns, they are highly varied in trace element
concentrations. This may result from different degrees of source
enrichment, partial melting, fractional crystallization, and crystal
accumulation, as discussed above. Alternatively, the trace element
compositional variations that are reflected by the roughly mantle arrayparallel trends in Fig. 10 are more likely caused by different degrees of
source enrichment and/or partial melting, because the potential effects
of fractional crystallization and crystal accumulation are largely elimi
nated in these diagrams (Pearce et al., 2005; Pearce and Peate, 1995).
These parallel trends are commonly ascribed to incorporation of similar
amounts of subduction components into the mantle wedge to form a
highly heterogeneous mantle source with either different degrees of
enrichment or depletion in melt-mobile incompatible trace elements, or
different degrees of mantle melting after the source mixing (Pearce
et al., 2005; Pearce and Peate, 1995). This is because all of the trace
element ratios used in Fig. 10 are sensitive to variations in the extent of
source enrichment and partial melting, especially when garnet exists as
a residue or when the extent of melting is small.
As illustrated in Fig. 7, the mantle wedge above the Neo-Tethyan
oceanic slab would be highly heterogeneous (Xu and Castillo, 2004;
Zhang et al., 2005, 2016a, 2016b). Discriminating the relative contri
bution of a heterogeneous ambient mantle from different extents of
source enrichment by metasomatism and variable degrees of partial
melting through trace element ratios alone is difficult. Nevertheless,
unlike incompatible trace element ratios, the radiogenic isotope ratios
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behave much differently during source mixing and source melting.
Therefore, isotopic covariations with incompatible trace element ratios
would have the potential to discriminate the relative contributions from
source composition and partial melting to the compositional diversity of
Late Cretaceous plutonic rocks in the Gangdese orogen.
As depicted in Fig. 11a and 11b, the Late Cretaceous plutonic rocks
from the Gangdese orogen form two distinct trends in the diagrams of
Nb/Yb and (La/Yb)N ratios versus εNd(t) values. One is slightly negative
and the other is highly vertical. More surprisingly, the slightly negative
trends are gently transformed to horizontal ones, whereas the vertical
trends largely disappear in the Ce/Pb and Nb/U ratios versus εNd(t)
values diagrams (Fig. 11c and 11d). Because crustal contamination in
these rocks has been ruled out, the variation in εNd(t) values of these
rocks can only be inherited from their heterogeneous mantle source,
which would be generated by different degrees of source mixing (Fig. 7).
This has been discussed earlier and exemplified again by extension of
these trends to the Late Cretaceous paleo-trench sediments in Fig. 11.
On the other hand, the vertical trends in Fig. 11a and 11b cannot be
caused by different degrees of source mixing, but instead would result
from the partial melting of relatively homogeneous mantle sources with
roughly identical εNd(t) values. This is because both Nb and La are much
more incompatible than Yb, and a lower degree of partial melting would
result in higher Nb/Yb and (La/Yb)N ratios (Fig. 11a and 11b). The

disappearance of these vertical trends in the Ce/Pb ratios and Nb/U
ratios versus εNd(t) values diagrams (Fig. 11c and 11d) further confirms
the controlling effect of partial melting on these trends because both
ratios are well documented to remain unchanged during mantle melting
(Hofmann et al., 1986). A few exceptions that exhibit relatively high Ce/
Pb and Nb/U ratios in Fig. 11c and 11d are cumulates or rocks that might
be affected by crystal accumulation from the Lilong batholith. This
suggests that accumulation of minerals such as amphibole (Guo et al.,
2020; Ma et al., 2013b) would cause the variation in Nb/U, and to a
lesser extent, Ce/Pb ratios for these rocks due to the different compati
bilities of these elements in amphibole (Tiepolo et al., 2007).
The combination of Figs. 10 and 11 implies that the compositional
diversity of Late Cretaceous plutonic rocks in the Gangdese orogen is the
first-order manifestation of the combined effects of different degrees of
source enrichment and source melting. In general, the mantle source of
igneous rocks from Pluton 1 in the Zhengga area is the most enriched in
radiogenic isotope compositions among all of the mantle sources
because of the involvement of the largest amount of sediment-derived
hydrous melts. However, they would have experienced the highest de
gree of mantle melting (Fig. 11a and 11b). This is because the addition of
subducting crust-derived melts to the mantle sources would essentially
increase the abundances of some melt-mobile incompatible elements. At
the same time, it also increases the water content of metasomatic mantle

Fig. 11. Diagrams of a Nb/Yb ratios, b (La/Yb)N ratios, c Ce/Pb ratios, and d Nb/U ratios versus εNd(t) values for Late Cretaceous plutonic rocks from the Gangdese
orogen and the paleo-trench sediments from the Luogangcuo Formation in the Himalayan orogen. Data sources are the same as those in Fig. 1. Abbreviations in the
legend: L = data from the literature; TS = data from this study; C = Cumulates; S = Sediments; LGC = Luogangcuo Formation. Note: brightly colored symbols
represent new data from this study, and gray or black symbols represent data from the literature.
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domains, which enhances the extent of mantle melting and results in the
dilution of incompatible elements in the resultant melts (Kimura et al.,
2014). This combination results in the lowest incompatible trace
element concentrations (Fig. 5d) and corresponding trace element ratios
(Fig. 11a and 11b), the SiO2 and Na2O contents (Fig. 4b and 4c), and the
highest MgO and Ni contents as well as Mg# values in the igneous rocks
from Pluton 1 in the Zhengga area (Fig. 4a and 4e).
In contrast, the mantle source of igneous rocks from Pluton 2 in the
Zhengga area was neutrally enriched in radiogenic isotope compositions
and would experience the moderate extent of melting. This has produced
rocks with much higher incompatible trace element concentrations
(Fig. 5d) and corresponding trace element ratios (Fig. 11a and 11b) as
well as SiO2 and Na2O contents (Fig. 4b and 4c). However, these rocks
have much lower MgO and Ni contents as well as Mg# ratios (Fig. 4a and
4e) than those from Pluton 1 in the Zhengga area. Nevertheless, the
majority of Late Cretaceous plutonic rocks in the Gangdese orogen were
derived from partial melting of the relatively homogeneous mantle
sources with the least amounts of recycled crustal components. How
ever, the relatively low and highly variable degrees of partial melting
experienced by their mantle sources would result in their highly het
erogeneous major and trace element compositions (Figs. 3–6) and their
diagnostically high ratios between highly incompatible to moderately
incompatible trace elements (Fig. 11a and 11b). In this regard, the pri
mary causes for the compositional diversity in the Late Cretaceous
plutonic rocks from the Gangdese orogen are twofold. Whereas the
compositional diversity of plutonic rocks from the Zhengga area is
mainly caused by different degrees of the source mixing, the composi
tional diversity for the majority of plutonic rocks in the Gangdese orogen
primarily results from different degrees of the mantle melting.
The above arguments demonstrate that the mantle sources for the
Mesozoic Gangdese arc plutonic rocks are variably enriched by
sediment-derived melts and aqueous solutions. More enriched mantle
sources underwent higher extents of partial melting, and vice versa. The
competing effects of different degrees of source enrichment and partial
melting on the resulted rocks lead to either coupling or apparent
decoupling between the radiogenic isotopes and the highly incompatible
trace elements. Similar mechanisms for continental arc magmatism are
commonly proposed for modern oceanic subduction zones, such as the
Central American arc (Eiler et al., 2005; Patino et al., 2000), Japan arc
(Kimura et al., 2009), and the Izu arc (Kimura et al., 2010). In these
subduction zones, various degrees of fluid infiltration and mantle
melting are tightly linked to the thermal structure of subduction zones
and its temporal and spatial variations (Kimura et al., 2009, 2010).
These factors are believed to be the main causes for the along-strike and
across-arc compositional diversities in continental arc magmas (Chen
et al., 2021; Jacques et al., 2013; Kimura et al., 2009, 2010; Patino et al.,
2000). In this regard, geological processes at subarc depths, such as
metamorphic dehydration and partial melting of the subducting crust,
fluid-peridotite reactions at the interface between the subducting slab
and the mantle wedge, and varying degrees of mantle source melting,
occur in similar ways in both modern and ancient oceanic subduction
zones. Their combination has dictated the first-order geochemical fea
tures of basaltic to andesitic igneous rocks in continental arcs.

peridotite should be simulated for all of the radiogenic isotope couples
shown in Fig. 7. However, to reduce the uncertainties in modeling as
much as practicable, we have modeled the Nd–Hf isotope composition
of mafic plutonic rocks. The reasons for this choice and the rationality
for parameter selection are discussed in great detail in Supplementary
Meterials, and here is just a brief introduction. Nd and Hf instead of Sr
and Pb isotope systems were chosen to simulate because forearc and
subarc dehydration effects have insignificant influences on the budget of
Nd, Hf, and the Nd/Hf ratio of the sediment residue because of their
limited mobility in low-temperature aqueous fluids (Schmidt and Poli,
2014). For the same reason, the infiltration of the mantle wedge by
aqueous solutions would not significantly change the budget of Nd, Hf,
and the Nd/Hf ratio in the mantle wedge.
Our simulation focuses solely on the processes of sediment melting
and the subsequent binary mixing between the sediment-derived melts
and the mantle wedge peridotite. The parameters required are the
composition of the endmember mantle and sediments, and the bulk
partitioning coefficients between hydrous melts and sediment residue or
the enrichment factors (DMelt/Protolith) of Nd and Hf in the hydrous melts
over their sediment protoliths. As noted above, the radiogenic isotope
compositions of Cretaceous MORB or E-MORB type mafic igneous rocks
in the YZOS (Xu and Castillo, 2004; Zhang et al., 2005, 2016a, 2016b)
are ideal proxies for the radiogenic isotope compositions of the mantle
wedge peridotite before infiltration by the subducting crust-derived
fluids. On the other hand, the average compositions of the depleted
MORB mantle (DMM), enriched DMM (E-DMM), and depleted DMM (DDMM) of Workman and Hart (2005), as well as the composition of the
primitive mantle (PM) of McDonough and Sun (1995), were selected as
the endmember mantle components for our modeling (Table 1). The Nd
and Hf concentrations and isotope compositions of the paleo-trench
sediments analyzed in the present study were used as the composi
tions of the subducting sediment endmember (Table 1). The enrichment
factors (DMelt/Protolith) for Nd and Hf on partial melting of typical pelite
and red clay (Table 2) that were experimentally determined by Hermann
and Rubatto (2009) and Skora and Blundy (2010) were used for our
simulation. This is because these pelite and red clay have major element
compositions not only approximating the bulk trench sediment (Plank,
2014) but also comparable with many of the trench sediments that were
addressed in the present study (Table S1). Furthermore, these experi
ments were performed under variable P-T conditions that cover most of
the subarc P-T conditions in oceanic subduction zones (Syracuse et al.,
2010).
During our modeling, we have used each individual couple of Nd–Hf
isotope compositions as reported by Zhang et al. (2016a, 2016b) as a
mantle endmember (Table 1) rather than the average values. This is
because the Cretaceous mantle wedge beneath the Gangdese orogen is
heterogeneous in the Nd and Hf isotopes, as with modern oceanic sub
duction zones (Jacques et al., 2013; Turner et al., 2017). Similarly, each
individual couple of Nd–Hf isotope compositions and element con
centrations for paleo-trench sediments obtained in the present study
were selected as sediment endmembers for simulation (Table 1).
Moreover, each pair of the individual enrichment factors (DMelt/Protolith)
compiled in Table 2 was used to calculate the composition of partial
melts, given that each of them represents the melting behavior of trench
sediments under certain P-T-H2O conditions. The broad P-T-H2O con
ditions by which these enrichment factors are produced should
reasonably account for the conditions of the New-Tethyan subduction
zone in the Late Cretaceous. For each mantle endmember (DDMM vs.
DMM vs. EDMM vs. PM) with fixed Nd and Hf concentrations (Table 1),
594 series of simulations with different combinations of mantle Nd–Hf
isotope compositions, sediment Nd–Hf element and isotope composi
tions, and enrichment factors of Nd–Hf during sediment melting were
performed (Supplementary Table S8). Within the selected simulation
series, twenty-nine sequences with different mass ratios between the
sediment melt and mantle peridotite, as listed in Table S8, were
investigated.

4.3. Forward simulation for the recycling of paleo-trench sediments in
ancient oceanic subduction zones
4.3.1. The simulation strategy and selection of parameters
The proceeding discussions have applied the inverse approach to
elucidate the effect of recycled paleo-trench sediments on the
geochemical features and petrogenesis of Late Cretaceous plutonic rocks
from the Gangdese orogen. In this section, we test this petrogenetic
model through forward modeling of the source mixing in radiogenic
isotope compositions between sediment-derived melts and the mantle
wedge peridotite to generate heterogeneous mantle sources. Ideally,
binary mixing between sediment-derived melts and mantle wedge
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Table 1
The elemental and isotopic compositions of the starting materials for Hf–Nd
isotope binary mixing simulation.
Elements

Isotopes

Data sources

Endmembers

Hf

Nd

εHf(t)

εNd(t)

Subducted sediments

6.51
0.57
3.59
3.23
2.72
3.51

22.05
8.06
18.18
20.36
18.77
21.32

− 14.41
− 2.83
− 0.14
1.46
5.73
6.82
9.90
12.80
13.10
13.30
13.60
14.10
14.30
14.60
14.70
14.90
15.00
9.90
12.80
13.10
13.30
13.60
14.10
14.30
14.60
14.70
14.90
15.00
9.90
12.80
13.10
13.30
13.60
14.10
14.30
14.60
14.70
14.90
15.00
9.90
12.80
13.10
13.30
13.60
14.10
14.30
14.60
14.70
14.90
15.00

− 6.11
− 6.15
− 0.85
1.06
− 0.38
− 0.10
8.40
8.20
8.10
8.20
8.20
8.60
8.50
7.30
5.00
7.00
8.30
8.40
8.20
8.10
8.20
8.20
8.60
8.50
7.30
5.00
7.00
8.30
8.40
8.20
8.10
8.20
8.20
8.60
8.50
7.30
5.00
7.00
8.30
8.40
8.20
8.10
8.20
8.20
8.60
8.50
7.30
5.00
7.00
8.30

DMM

0.16

Table 2
Bulk partition coefficients (enrichment factors) during sediments partial melting
used in Hf–Nd isotope binary mixing simulation.

0.58

DDMM

0.13

0.48

EDMM

0.19

0.70

PM

0.28

1.25

Hermann and
Rubatto
(2009)

Skora and
Blundy
(2010)

Run
No.
C1868
C1563
C1614
C1872
C1578
C1699
C1848
C1846
C2446
c10
c23
c9
c7
c8
c12
c15
c17
c14
c13
c21
c20

P
(GPa)

T
(◦ C)

H2O
(wt%)

DHfMelt/

DNdMelt/

4.5

1050

2

1.22

0.61

4.5

1000

2.8

1.75

1.33

4.5

900

6.8

0.63

1.15

4.5

800

6.8

0.43

2.31

3.5

900

6.1

1.25

1.94

3.5

900

3.1

1.14

1.82

3.5

800

6.8

0.60

2.73

2.5

800

6.8

1.22

5.00

2.5

750

6.8

2.39

7.50

3
3
3
3
3
3
3
3
3
3
3
3

800
850
900
1000
1100
1200
1250
800
1000
800
900
1000

7
7
7
7
7
7
7
9
13
15
15
15

1.05
0.90
0.79
0.76
0.75
0.78
1.00
1.02
0.95
1.55
0.94
1.00

2.58
1.98
1.18
0.73
0.71
0.75
1.00
3.57
0.90
1.45
1.29
1.02

Protolith

Protolith

fitting on these plutonic rocks. Second, the plutonic rocks with less
enriched compositions are more frequently reproduced by our
modeling, as reflected by the data density in the valid area. Third, the
choice of different trace element compositions for the mantle end
members (DMM, DDMM, EDMM, and PM) results in insignificant dif
ferences in the modeling results, except that larger amounts of recycled
sediments are needed to account for the Nd–Hf isotope compositions of
some plutonic rocks if the mantle wedge had DMM-like Nd–Hf con
centrations (insets of Fig. 12).
The first observation confirms our qualitative interpretation that
recycling of the paleo-trench sediment in the form of hydrous melts can
reasonably account for the Nd–Hf isotope compositions and their var
iations in the Late Cretaceous plutonic rocks from the Gangdese orogen
based on trace elements, their ratios, and radiogenic isotope composi
tions. The second observation is clear because all of the analyzed paleotrench sediments are more enriched in Nd–Hf isotope compositions
than the majority of plutonic rocks except a few samples from the
Zhengga area that show the exceptionally enriched Nd–Hf isotope
compositions (Figs. 7d and 12). Therefore, the recycling of paleo-trench
sediments can account for the major Nd–Hf isotope compositions of
plutonic rocks in the Gangdese orogen, except those from the Zhengga
area. On the other hand, many of the trench sediments exhibit less
enrichment in either Nd isotopes or Hf isotopes, or both, than some
samples from the Zhengga area, especially those from Pluton 1 (Figs. 7d
and 12). This would eliminate them as the potentially enriched com
ponents in the mantle sources of these rocks. Alternatively stated, only a
few sediment samples that are sufficiently enriched in the Nd and Hf
isotope compositions can serve as metasomatic agents in the mantle
sources for these highly enriched rocks from the Zhengga area. More
importantly, this observation can readily explain the rare exposure of
plutonic rocks with distinctly more enriched radiogenic isotopic features
than those from the Zhengga area in the Gangdese orogen (Fig. 7).
Furthermore, this may explain why some of our modelings give
implausible results with an unrealistically high (>50 wt%) proportion of

Notes: (1) trace element concentrations are in ppm; (2) the trace element
compositions of DMM, DDMM, EDMM are after Workman and Hart (2005), the
trace element compositions of PM are after McDonough and Sun (1995), and the
trace element compositions of subducted sediments are reported by this study.
The radiogenic isotope compositions for the mantle endmembers are after Zhang
et al. (2016a, 2016b), and the radiogenic isotope compositions for the subducted
sediments are reported by this study.
Abbreviations: DMM, depleted mid-ocean ridge basalts mantle; EDMM, enriched
DMM; DDMM, depleted DMM; PM, primitive mantle.

4.3.2. Simulation results and geochemical implications
The modeling results are listed in Table S8 and illustrated in Fig. 12
with the corresponding data for the plutonic rocks, paleo-trench sedi
ments, and mafic igneous rocks from the ophiolite suites, respectively. In
general, three main observations can be obtained from Fig. 12. First, the
Nd and Hf isotopes compositions of the all plutonic rocks are reproduced
by our modeling though most of the modeling data plot outside the valid
area, an area defined by ±1.5 epsilon unit of the corresponding εNd(t)
values for given εHf(t) values that output by a function of the polynomial
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Fig. 12. Diagrams of εNd(t) versus εHf(t) values illustrating the results of the Nd–Hf isotope simulations. The mantle endmembers used in the simulation have Hf and
Nd element concentrations identical to a DMM, b DDMM, c EDMM, and d PM (Table 1). The Nd–Hf isotope data for Late Cretaceous plutonic rocks from the
Gangdese orogen, the paleo-trench sediments from the Luogangcuo Formation in the Himalayan orogen, and the mafic igneous rocks from the YZOS at the
convergent plate boundary are also presented for comparison. The red line denotes the polynomial fitting result for the trench sediments, arc rocks, and mafic igneous
rocks in the YZOS. The thick magenta line denotes the polynomial fitting result for the arc rocks alone. The “valid area” is the area between the two thin magenta
lines produced by ±1.5 epsilon unit of the corresponding εNd(t) values for given εHf(t) values determined by the function of the polynomial fitting on these arc rocks
(thick magenta line). The inset histogram illustrates the proportion of trench sediment in the mantle sources that are output by the modeling for the valid area.
Because the Sr isotope composition of mafic igneous rocks from the ophiolite suites are affected by alteration to different extents (Xu and Castillo, 2004; Zhang et al.,
2005, 2016a, 2016b), samples with (87Sr/86Sr)i ratios higher than 0.7040 were excluded from quantitative modeling. The data sources are the same as those in Fig. 1.
Abbreviations in the legend: L = data from the literature; TS = data from this study; C = Cumulates; S = Sediments; O = Ophiolites; LGC = Luogangcuo Formation.
Note: brightly colored symbols except the grass green ones represent new data from this study. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

the paleo-trench sediment-derived melts in the mantle sources for many
plutonic rocks (insets of Fig. 12). This is because many of the sediments
with Nd–Hf isotope compositions that are slightly more enriched than,
or quite similar to, the plutonic rocks could theoretically serve as the
crustal source to produce the metasomatic agent in the mantle sources of
these rocks as treated in our quantitative simulation, but practically,
they may not. Another possible solution to the unrealistically high
proportion of paleo-trench sediment in the mantle sources suggested by
the forward modeling and the highly heterogeneous radiogenic isotope
composition of arc plutonic rocks is that some more-enriched but yet
unsampled trench sediments would have contributed to the composition
of Late Cretaceous arc plutonic rocks in the Gangdese orogen. This is
possible given that although the number of our paleo-trench sediment

samples is limited, they are highly heterogeneous in Sr-Nd-Pb-Hf isotope
compositions (Fig. 7), similar to those in modern oceanic subduction
zones (Plank, 2014). Therefore, further sampling and analysis of these
paleo-trench sediments are necessary to test this inference. The third
observation is straightforward because, although the four kinds of
mantle sources are different in their Nd and Hf concentrations, they are
identical in radiogenic isotope compositions (Table 1). Moreover, the
low Nd and Hf concentrations in all of these mantle sources compared to
the sediment-derived melts limit the effect of considerable changes in
their element abundances on the mixing trajectories according to the
binary mixing equation of Langmuir et al. (1978).
In summary, our quantitative modeling further confirms our con
clusions from the qualitative interpretation: the subducted paleo-trench
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sediments would have played a key role in the composition of conti
nental arc magmas above ancient oceanic subduction zones despite the
subsequent overprinting by continental collision.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2022.106619.
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subordinate aqueous solutions. The sediment-derived melts were
most abundant in the mantle source in the Zhengga area but
decreased toward the west and east, respectively.
(5) The qualitative interpretation of crustal recycling is verified by
quantitative simulation via a forward approach with known input
and output components, confirming the geochemical transfer
from the subducting oceanic crust into the mantle wedge.
(6) The paleo-trench sediments can provide unprecedented con
straints on subduction input, continental arc magmatism, and
recycling of continental crust in ancient oceanic subduction
zones.
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