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Mantle wedge metasomatism is a widespread phenomenon in subduction zones. However, details of
early melt generation and the extent of metasomatic processes is unclear. Here we document two
distinct types of adakitic felsic rocks within the mantle wedge of the North Qaidam ultrahigh-pressure
metamorphic belt. These field observations provide direct evidence for extensive mantle wedge
metasomatism. Zircon and apatite U-Pb dating indicates a rapid exhumation and cooling of the
subducted plate. Sr-Nd-Hf isotopic analyses, combined with forward phase equilibrium modeling of
partial melting, suggest that these adakitic veins formed either through partial melting of a single
continental crustal source or by mixing of melts derived from both oceanic and continental crusts.
These findings underscore the critical role of melts derived from both oceanic and continental crusts in
the growth and evolution of continental crust during collisional orogenic events.

Subduction zones are critical regions for plate extinction and magmatism on
Earth, facilitating the exchange of matter and energy between the crust and
mantle'. These zones play a vital role in the mass and energy balance
between these two major Earth reservoirs and are key to the growth of
continental crust™’. The origin, evolution, and growth of continental crust
remain central topics in Earth science™’. The general similarity in trace
element characteristics between continental crust and arc magmatic rocks
has led to a widespread acceptance of subduction zone magmatism as the
primary mechanism for continental crust growth®. Consequently, subduc-
tion zones serve as essential sites for studying the growth and transformation
of continental crust’. However, discerning the true contributions of sub-
duction zone magmatism to continental crust growth requires separating
primary magmatic products from those derived from recycled continental
crust materials that have returned to the mantle’. Therefore, it is considered
that continental subduction zone magmatism is the real way of continental
crust growth®”. Continental subduction zones evolve from continental arc
magmatism, driven by oceanic subduction, to continental collision, which
modifies the arc lithosphere'’. Despite amounts of research in this field, the
processes by which melts related to crustal growth are formed during this

protracted geological evolution remain unclear. Moreover, understanding
the journey of these melts from the subducting plate through the overlying
mantle wedge, along with the timing and scale of these processes, requires
further investigation.

Previous studies have extensively focused on the partial melting of
ultrahigh-pressure (UHP) metamorphic rocks within continental sub-
duction zones''™'°. Moreover, with the deep subduction of the continental
crust, the released fluid flushed the mantle wedge™"”. However, most
studies have focused on granites or leucogranites, often interpreted as
products of decompression melting of crustal materials during con-
tinental exhumation''®. Archean tonalite melts have generally been
attributed to amphibolite dehydration melting under medium-pressure
granulite facies conditions'’. Compared with small-scale partial melting
or migmatization of gneiss, melts generated by large-scale partial melting
exhibit mobility and can migrate over long distances. These melts can
flow along the slab-mantle interface and ascend into the upper mantle
wedge, facilitating crust-mantle interaction. This interaction is a crucial
conduit for exchanging energy and mass between crustal and mantle
materials™".
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Sodium-rich tonalitic-trondhjemitic (TTG) suites, serving as funda-
mental building blocks of continental crustal growth, encapsulate crucial
archives of polyphase crustal accretion processes spanning Earth’s geolo-
gical evolution””. Within modern subduction systems, adakites are char-
acterized by distinct geochemical signatures, with their Sr/Y ratios notably
exceeding 40 and depleted concentrations of heavy rare earth elements
(HREES) (Y < 18 ppm, Yb < 1.9 ppm). These rocks have traditionally been
interpreted as products of partial melting of young (<25 Ma), thermally
buoyant oceanic slabs™ . Recent advances, however, have challenged this
singular paradigm by unveiling alternative petrogenetic scenarios for
adakite-like magmas, including distinctive mechanisms associated with
continental subduction-exhumation dynamics, where deeply subducted
crustal materials undergo decompression melting during tectonic
rebound®’. Adakites, tonalites, and S-type granites formed during syn-
collisional processes are related to partial melting in the mantle depth,
particularly with contributions from oceanic crust melts in the source
region*’. However, direct observations of felsic melts in the mantle wedge
are generally rare and have been occasionally observed within ophiolitic
mantle exposed at convergent margins™. The extent to which anatexis in
continental subduction zones generates large volumes of felsic melts capable
of rising and emplacing related magmatic rocks remains unsolved. The
universality of exhumation magmatism in continental subduction zones
also requires further investigation. Therefore, a comprehensive under-
standing of the composition, source, timing, scale, and evolution of fluids
and melts in the mantle wedge is crucial. This understanding not only
provides valuable insights into collision zone processes but also holds
potential for clarifying the development of collisional magmatism and the
formation of continental crust.

This study reports a rare occurrence of adakitic felsic rocks in a mantle
wedge slice, formed by large-scale partial melting within a continental
subduction zone, indicating that the scale of anatexis in this continental
subduction zone surpasses previous estimations. To investigate the potential
connections between source and product, the timing of events, and the
evolution of melts within the mantle wedge, we studied two distinct types of
adakitic felsic rocks located in the mantle wedge slice of the Yuka-Luofengpo
terrane, North Qaidam ultrahigh-pressure metamorphic belt (NQUB).
Through the analysis of polycyclic apatite and zircon growth, we provide, an
evaluation of fluid/melt evolution over a specific period. Trace element
chemistry of apatite and zircon serves as a proxy for tracking the evolution of
fluids and melts over time, while whole-rock geochemistry and Sr-Nd iso-
tope analysis were employed to determine the nature and source of these
melts. These findings are further validated by forward-phase equilibrium
modeling for partial melting.

Results

Varied-scale felsic melt-impregnation in the Luofengpo mantle
wedge from NQUB

The NQUB constitutes a component of the Chinese Central Orogenic
System, situated between the Qaidam Block in the south and the Qilian
Block in the north (Fig. 1a, b). This belt represents an Early Paleozoic suture
zone, composed of a subduction-accretionary complex that formed during
the Early Paleozoic subduction of the Proto-Tethyan Ocean and subsequent
continent-continent collision™**. The NQUB can be further subdivided
into four high-pressure/ultrahigh-pressure (HP/UHP) metamorphic units,
from west to east: the Yuka-Luofengpo eclogite-gneiss (schist) unit, the
Luliangshan garnet peridotite high-pressure granulite unit, the Xitieshan
eclogite-gneiss (schist) unit, and the Dulan eclogite-gneiss (schist) unit™*".
The discovery of coesite inclusions in garnet provides definitive evidence for
ultrahigh-pressure metamorphism™.

Geochemical and chronological studies indicate that the protolith of
the phengite eclogite and fine-grained massive eclogite within the NQUB is
basalt formed in a mantle plume or continental rift environment during the
breakup of Rodinia at 850-750 Ma. The peak metamorphic age of these
rocks is 443-420 Ma******". The basement rocks of these ultrahigh-pressure
terranes comprise the Mesoproterozoic Yukahe Group (metapelite), the

Meso-Neoproterozoic Shaliuhe Group (metapelite), Proterozoic granitic
gneisses, the Early Paleozoic Tanjianshan Complex, Early Paleozoic mafic-
ultramafic rocks, and Early Paleozoic mafic to felsic intrusions. These
basement rocks are overlain by Silurian-Devonian sediments™**”",

The Luofengpo ultramafic complex, located in the southern portion of
the Yuka eclogite-bearing terrane, represents a metamorphic rock associa-
tion that includes amphibole pyroxenite, serpentinized peridotite, and ser-
pentinized pyroxenite (Fig. 1b). Previous studies suggest that the Luofengpo
ultramafic complex is a mantle wedge fragment that records the subduction
zone event on the NQUB?*'. The contact zones between the ultramafic
rocks and the Yukahe group correspond to ductile fault zones. The Luo-
fengpo ultramafic complex hosts a substantial abundance of felsic intrusive
rocks (Fig. 1b).

Sample description and petrography

The Luofengpo felsic rocks, sampled at the locations depicted in Fig.1c,
exhibit two distinct types. Field observations reveal that Type-I felsic rocks
occur as voluminous intrusions (Supplementary Fig. Sla, b). In contrast,
Type-II rocks are characterized by vein-like occurrence (Supplementary
Fig. Sla, e).

Petrographically, Type-I rocks are predominantly composed of albite
(60-80 vol%), quartz (10-15vol%), and phengite (<1 vol%), with zircon and
apatite as the main accessory minerals (Supplementary Fig. S1c). Coarse-
grained albite exhibits poikilitic textures enclosing zoisite (Supplementary
Fig. S1c), and quartz commonly encloses garnet inclusions (Supplementary
Fig. S1d). Type-1I felsic rock is primarily composed of albite (65-70 vol%),
nepheline (15-20 vol%), Orthoclase (1-6.5 vol%), and phengite (<1 vol%),
with zircon and apatite serving as the main accessory minerals (Supple-
mentary Fig. S1f, g).

Whole-rock major oxides and trace elements

Whole-rock major oxide and trace element compositions for twenty-one
samples of the felsic rocks from the Luofengpo mantle wedge are listed in
Supplementary Table S1. The loss on ignition (LOI) values of these samples
range from 0.04 to 0.82 wt.% (average = 0.42 wt%), indicating minimal
post-magmatic alteration.

Type-I felsic rocks show high contents of SiO, (73.23-76.98 wt%,
average = 75.50 wt%), AL,O3 (13.71- 16.47 wt%, average = 14.51 wt%), and
Na,O (4.81- 8.97 wt%, average = 7.06 wt%), while displaying comparatively
low TiO, contents (0.01-0.04 wt%, average =0.03 wt%), MgO
(0.11-0.36 wt%, average = 0.22 wt%), and K,O (0.16-1.02 wt%, average =
0.47 wt%). Based on their geochemical characteristics, Type-I rocks are
classified as trondhjemites, displaying a low-K tholeiitic signature with a
slightly metaluminous to peraluminous character (Fig. 2a—c). The rocks
display enrichment in Sr (159.8-882.8 ppm, average =484.1 ppm) but
depletion in Y (2.60-11.07 ppm, average =5.01 ppm) and Yb (0.16-0.76
ppm, average = 0.45 ppm), resulting in high Sr/Y ratios ranging from 63 to
163. The Type-I felsic rocks have relatively low total REE contents. In the
Chondrite-normalized REE patterns, these rocks exhibit enrichments in
LREE over HREE (Lay/Yby=5.22-89.19) with strong positive Eu
anomalies (Eu/Eu* = 0.49-1.00) (Fig. 3a). These rocks display positive Rb,
K, Pb, and Sr anomalies, but negative Nb, Ta, P, and Ti anomalies in the
primitive mantle-normalized trace element diagrams (Fig. 3b).

Type-II felsic rocks display a distinct major element composition
compared to Type-I felsic rocks, with lower SiO, (67.57-68.55 wt%, aver-
age = 68.13 wt%), MgO (0.04-0.17 wt%, average =0.10 wt%), and K,O
(0.10-0.15 wt%, average = 0.21 wt%), but higher Al,O; (19.59-19.98 wt%,
average = 19.77 wt%), and Na,O (11.09-11.56 wt%, average = 11.43 wt%).
Whole-rock geochemical compositions and petrographical observations
show that the Type-II felsic rocks can be classified as quartz trondhjemite of
a low-K tholeiitic signature series with a slightly metaluminous to per-
aluminous character (Fig. 2a-c). These rocks are enriched in Sr (34.78-285.4
ppm, average = 187.9 ppm) but severely depleted in Y (0.04 -1.16 ppm,
average = 0.37 ppm) and Yb (0.01-0.11 ppm, average = 0.05 ppm), resulting
in exceptionally high Sr/Y ratios ranging from 210 to 974. Type-II felsic
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Fig. 1| Simplified tectonic and geological maps showing the Luofengpo complex
in the North Qaidam ultrahigh-pressure metamorphic belt. a Tectonic framework
of the Chinese Central Orogenic Belt. This composite orogen comprises the West

Kunlun, East Kunlun, Altun, NQUB, Qilian, West Qinling, Qinling-Dabie, and Sulu

orogens. b Tectonic framework of the Qinling-Qilian-Altun-East Kunlun orogenic
belts showing the spatial distribution of Late Neoproterozoic-Early Paleozoic
ophiolites (modified after ref. ). ¢ Geological map of the Luofengpo area within the
NQUB, NW China (modified after ref. ”’).

rocks have lower REE contents than those of Type-I. The Type-II felsic rocks
are also characterized by enrichment in LREE over HREE (Lan/
Yby =2.16-203.83) with prominent positive Eu anomalies (Eu/Eu* =
0.32-2.95) in the chondrite-normalized REE patterns (Fig. 3a). In the pri-
mitive mantle-normalized trace element diagrams, the Type-II felsic rocks
exhibit patterns parallel to those of Type-I felsic rocks but with relatively
lower values (Fig. 3b).

U-Pb dating and Hf isotope of Zircon
Zircons from four samples were selected for U-Pb dating, with detailed
analytical data presented in Supplementary Table S2. Zircon grains from

both Type-I and Type-1II felsic rocks exhibit distinct CL-dark and CL-bright
domains.

Zircons from Type-I felsic rocks (samples 21YC5-15 and 21YC5-27)
and Type-II felsic rocks (samples 21YC7-2 and 21YC8-2) yield consistent
U-Pb ages. Weighted mean **Pb/**U ages of 433.9 + 2.7 Ma (21YC5-15),
431.5+29Ma  (21YC5-27), 4329+46Ma  (21YC7-12), and
434.2+3.5Ma (21YC8-2) were obtained, respectively (Fig. S2a-d). All
samples are characterized by high U contents (mean > 500 ppm), low Th/U
ratios (mean < 0.1), and steep HREE patterns. Additionally, some zircons
from Type-1 felsic rocks exhibit typical core-rim textures, with **Pb/**U
ages dated on the inherited cores ranging from 832 to 865 Ma (Fig. S2a, b).
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The dark gray triangle represents gneiss. The dark gray square represents leucosome
in gneiss/metagabbro. The gray circle represents granitoid. The dark gray rhombus
represents leucosomes in eclogite. These data of NQUB from refs. 9,28,34,41-47.
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The dark gray line represents granitoid. The gray line represents leucosomes in
eclogite. These data of NQUB from refs. 9,28,34,41-47.

Zircons from Type-II rocks have inherited magmatic cores with two distinct
age populations of 481-513 Ma and 818-848 Ma, respectively (Fig. S2c, d).

Forty-one zircon grains from the Luofengpo felsic rocks have been
analyzed for Hf isotopic compositions, including twenty-two zircons from
two Type-I felsic samples and nineteen zircons from two Type-II felsic
samples (detailed data are presented in Supplementary Tables S5, S6).
Zircon grains from Type-I felsic rocks (21YC5-15 and 21YC5-27) with
*%Pb/**U ages of 429-436 Ma have '"°Hf/"”"Hf ratios ranging from 0.282231
t0 0.282495, corresponding to relatively negative eHf(t) values from —11.46
to —0.90. Zircon cores from Type-I felsic rocks with **Pb/**U ages of 844-
858 Ma have "Hf/"’Hf ratios ranging from 0.282268 to 0.282447 and
eHI(t) values varying between —0.19 and 6.26. Zircon grains from Type-II
felsic rocks (21YC7-12 and 21YC8-2) with **Pb/**U ages of 428-436 Ma
have "*Hf/"""Hf ratios ranging from 0.282353 to 0.282648 and eHf{(t) values
varying between —5.84 and 4.02. Zircon cores from Type-II felsic rocks with
*%Pb/**U ages of 482-514 Ma have "*Hf/"”’Hf ratios ranging from 0.282503
to 0.282921, corresponding to eHf(t) values of 0.24-14.81. Additionally,
some zircon cores from Type-II felsic rocks with ***Pb/**U ages of 827-
850 Ma have "°Hf/"”’Hf ratios ranging from 0.282296 to 0.282382, corre-
sponding to eHf(t) values of 0.02-3.13.

U-Pb dating and Trace elements of apatite

Four samples were selected for apatite U-Pb dating and trace elements
analyses, with detailed analytical results presented in Supplementary
Tables S3. S4.

Apatite grains from the two types of Luofengpo felsic rocks exhibit
distinct characteristics. Apatite grains from Type-I felsic rocks (21YC5-
15, 21YC5-27) display obvious concentric and oscillatory zonation under
the CL images. Such zonation is typically interpreted as a record of non-
equilibrium crystallization processes. In contrast, apatite grains from
Type-II felsic rocks (21YC7-12, 21YC8-2) display uniform CL brightness,
indicating relatively limited compositional variations and rapid recrys-
tallization rates.

Apatite grains from both Type-I and Type-II felsic rocks yield well-
constrained Tera-Wasserburg lower intercept ages of 429.5+11.9 Ma
(21YC5-15), 430.7 £17.7 Ma (21YC5-27), 430.5+13.6 Ma (21YC7-12),
and 433 + 9.8 Ma (21YC8-2), respectively (Fig. 4a—d). Apatite grains from
the two types of felsic rocks exhibit distinct chondrite-normalized REE
patterns (Fig. 4e-h).

Sr-Nd isotope data

Whole-rock Sr-Nd isotopic compositions for the two types of felsic rocks
from the Luofengpo Complex are listed in Supplementary Table S6. Initial
Sr-Nd isotopic ratios for these felsic rocks were calculated at 430 Ma based
on previously presented geochronological data.

Type-1 felsic rocks exhibit initial ¥’Sr/**Sr ratios ranging from 0.717533
to 0.718528 (average =0.717868). The '“Nd/*‘Nd, ratios range from
0.511824 to 0.511849 (average=0.511841), corresponding to negative
eNd(t) values ranging from —5.09 to —4.60. The calculated depleted mantle
(DM) Nd model ages (Tpy) for these veins range from 1305 to 1824 Ma.
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Fig. 4 | U-Pb geochronology and REE geochemistry of apatites from the two
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distinct felsic rock types in the Luofengpo complex, the North Qaidam ultrahigh-
pressure metamorphic belt. a-d U-Pb concordia diagrams after Tera-Wasserburg
concordia, and (e-h) chondrite-normalized patterns. Normalization values are after

ref. . The date of LM (low- and medium-grade metamorphic and metasomatic
rocks, purple line) and IM (I-type granitoids and mafic igneous rocks, green line)
from ref. .
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Type-1I felsic rocks display '*Nd/"**Nd ratios ranging from 0.511696
to 0.511906 (average =0.511813) and initial ¥’Sr/**Sr ratios ranging from
0.713789 to 0.715562 (average = 0.714409). The eNd(t) values range from
—7.58 to —3.47, and the corresponding Tpy; ages range from 1133 to
1669 Ma.

Discussion

The distinctive textural characteristics of zircons from the Type-I and Type-
II felsic rocks intruding the Luofengpo Complex are characterized by irre-
gular and oscillating zonal domains. Both types of zircons exhibit flat
chondrite-normalized REE patterns, with high contents of LREE (Supple-
mentary Fig. S3a, b), and low values of Ce/Ce* and (Sm/La)y. In contrast,
two types of zircons plot around the “hydrothermal” and “aqueous fluids”
field (Supplementary Fig. S3c, d), strongly suggesting crystallization from
aqueous fluids and hydrous melts generated by deep melting’>”. Based on
these features, we interpret the zircon U-Pb ages (Type-I: 432-434 Ma;
Type-II: 433-434 Ma) as reflecting the timing of partial melting. This timing
aligns remarkably well with the ages of surrounding gneiss and eclogite,
indicating a synchronous relationship between the generation of felsic rocks
and the peak of ultrahigh-pressure metamorphism. Furthermore, these ages
are consistent with zircons from the felsic veins within the Yuka eclogite
(434 Ma)™ and zircons from the leucosomes and tonalites in the Dulan HP
granulite unit (428-437 Ma) in the NQUB™.

The closure temperature of the apatite U-Pb system ranges
from 550 °C to 450 °C”. Systematic analyses of the obtained zircon and
apatite U-Pb ages should provide insights into the cooling history of
the Luofengpo Complex. We propose that the apatite ages (Type-I:
429-431 Ma; Type-II: 430-433 Ma) represent the cooling time of the two
types of felsic rocks in the complex. The apatite ages, only slightly younger
than the zircon ages (Type-I: 432-434 Ma, Type-II: 433-434 Ma), strongly
support the rapid cooling and exhumation of these rocks™. Although it has
been suggested that deep subducted plates may partially melt during the
ultrahigh-pressure metamorphic stage, as evidenced by zircon-hosted
coesite inclusions and garnet-hosted diamond and melt inclusions in felsic
rocks related to eclogite'®”, growing evidence indicates that large-scale
partial melting predominantly occurs during the retrograde metamorphism
stage due to decompression'. Experimental results consistently demon-
strate that even small volumes of melt can change the rheological properties
of deep-diving plates, promoting the rapid exhumation of the ultrahigh-
pressure plates™”’. The rapid-cooling history recorded in the Luofengpo
felsic rocks echoes similar findings as those recorded in the Duran HP
granulite, where “’Ar/”Ar dating of amphibolite (423-432 Ma) and zircon
U-Pb dating of eclogite (432-438 Ma) collectively suggest a rapid cooling

and exhumation story™**.

Although differences exist, the two types of felsic rocks in the Luo-
fengpo Complex are compositionally comparable to the leucosomes in
eclogite and gneiss/metamorphic bedrock in North Qaidam™**. The
Luofengpo felsic rocks are characterized by high SiO,, Al,O3, Na,O, and
CaO contents, coupled with relatively low K,O, TiO,, MgO, and MnO
contents (Fig. 2c). Notably, felsic rocks of the same age in North Qaidam
exhibit higher K,O values than the Luofengpo felsic rocks (Fig. 2b). Based on
the An-Ab-Or classification diagram (Fig. 2a), both types of the Luofengpo
felsic rocks fall within the trondhjemite region, which are commonly
associated with partial melting of gneiss or eclogite’*’. Both types of felsic
rocks exhibit compositional overlaps in major elements and rare earth
elements (REEs) with leucosomes hosted in gneiss/metagabbro and eclogite.
Yet, they are geochemically distinct from post-collisional granites™****'~*",
Additionally, both types of felsic rocks display high Sr and La contents and
low Y and Yb contents (Fig. 5), resulting in elevated Sr/Y and La/Yb ratios,
consistent with typical adakites™**.

Experimental studies have conclusively demonstrated that partial
melting of meta-basic or meta-argillaceous rocks can form adakitic rocks
under high-pressure conditions (>1.0 GPa)**. However, the Luofengpo felsic
rocks exhibit low K,O (0.07-1.02 wt%) and low Rb/Sr (0.01-0.17), incon-
sistent with an origin of partial melting of typical metamorphic argillaceous
rocks*, but strongly suggesting a derivation from partial melting of meta-
basic rocks. Dehydration melting experiments of metabasic rocks confirm
that adakitic magmas generally form at depths greater than 40 km®. At
pressures greater than 1.5 GPa (>50 km), eclogite is the dominant rock type
in the source area, whereas garnet-amphibolite is the dominant rock type at
pressures below 1.5 GPa**’. The elevated Nb/Ta ratios (16.4-20.4) observed
in adakitic tonalites in the study area suggest that eclogite was the dominant
lithology in the source area*'. This finding suggests that these rocks formed
in a thickened lower crustal environment at depths exceeding 50 km.

Apatite, a common accessory mineral found in igneous, sedjmentary,
and metamorphic rocks, can host a wide range of elements at elevated
concentrations, including Fe, Mn, Mg, Na, St, Y, Ba, REE, Pb, Th, and U***".
The retention of these trace elements within apatite is governed by the
equilibrium between melt and phosphate mineral, making them sensitive
indicators of changes in the crystallization environment™. Consequently,
the trace element compositions of apatite provide critical clues for revealing
the source of their hosting rocks™. In the Sr/Y-LREE diagram (Supple-
mentary Fig. $4), Type-I felsic rocks primarily reside within the LM (low-
and medium-grade metamorphic and metasomatic) region. Conversely,
apatites associated with Type-II felsic rocks cluster within the IM (mafic
I-type granitoids and mafic igneous rocks) region, with a minority falling
into the LM region, indicating an association with mafic igneous rocks and
subsequent metamorphism.
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The Hf isotopic compositions of zircons from both types of the Luo-
fengpo felsic rocks also exhibit differences (Fig. 6). Zircons in Type-I felsic
rocks primarily display negative eHf(t) values, however, those in Type-II
felsic rocks mainly display positive eHf(t) values. Zircons from Type-I felsic
rocks fall within the range of Hf isotope evolution of the Mesoproterozoic
metamorphic crystal basement. Zircon eHf(t) values of Type-II felsic rocks

are lower than those of eclogites and oceanic crust-derived adakitic intrusive
rocks in the NQUB, but higher than those of the NQUB basement (Fig. 6).
This observation is generally interpreted as reflecting the input of juvenile
mantle material, either through the direct injection of mantle-derived
basaltic melts or through the remelting of mantle-derived basic crust™.

Sr-Nd isotopes are also effective tools to constrain the characteristics of
magma sources. As shown in Fig. 7, Type-I felsic rocks have negative eNd(t)
values and generally fall within the field of NQUB basement-derived melt,
consistent with the source indicated by their zircon Hf isotopes. However,
Type-1I felsic rocks display decoupled Nd-Hf isotopes with positive eHf{(t)
values and negative eNd(t) values. Such Nd-Hf decoupling has been com-
monly attributed to the mixing of components with different geochemical
characteristics”. For example, the Cenozoic intra-oceanic arc volcanic rocks
in the Banda arc, especially those formed by partial melting of juvenile crust,
exhibit Nd-Hf isotope decoupling, due to mixing of depleted mantle with
subducted sedimentary components™. We have adopted a binary mixing
model to quantitatively constrain the contribution of different sources for
the Luofengpo felsic rocks. The eclogite representing oceanic crust and
gneiss representing continental basement-derived melts in the NQUB,
which have distinct characteristics, were adopted as two endmembers in the
binary mixing model”*****’. As shown in Fig. 7, the isotopic characteristics
of Type-II felsic rocks can be effectively reproduced by mixing of magmas
derived from oceanic and continental crustal materials, with the continental
crust component accounting for 60% to 95% and the oceanic crust com-
ponent accounting for 5% to 40%.

Previous studies suggest that a South Paleo-Qilian Ocean existed
between the Qaidam Basin in the south and the Qilian Block in the north™.
The ages of magmas related to the oceanic crust in the Yuka region range
from 495 to 486 Ma for tuffaceous rocks and from 468 to 506 Ma for
gabbroic rocks®. These ages are consistent with those of inherited zircons
(481-513 Ma and 818-848 Ma) in the Luofengpo Type-II felsic rocks,
indicating that both early Paleozoic oceanic crustal materials and the con-
tinental basement may have contributed to the formation of Type-1II felsic
rocks. As a whole, the Type-I felsic rocks are derived from the remelting of
the Meso-Neoproterozoic ancient basement, specifically the Yukahe and
Shaliuhe Groups in the NQUB. These source units are primarily composed
of metapelites (notably high Al muscovite- and biotite-bearing gneisses),
with subordinate metabasic rock components™****'. The Type-II felsic
rocks originate from the remelting of a mixture of oceanic crust and the
Meso-Neoproterozoic ancient basement. The eclogite represents meta-
morphosed oceanic crust of the Early Paleozoic South Qilian Ocean, sub-
ducted to depths >3.0 GPa".
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To assess the potential for partial melting of metamorphic rocks in the
NQUB to generate the geochemical signatures observed in the two types of
adakitic felsic rock, we carried out forward phase equilibrium and trace
element partial melting modeling. This modeling utilized average compo-
sitions of metapelites and eclogites (Fig. 8), with the detailed methods and
calculation results presented in Supplementary Tables S7, S8. The purpose
of this study is to compare the proportions and compositions of produced
melts derived from metapelites and eclogites at high pressure to ultrahigh-
pressure (1.5-3.5 GPa, Fig. 8a), respectively, and the phase relation and
properties of melts are discussed in a closed system and melt loss is not
considered for convenience. The temperature range set for the simulation is
650-950 °C. The P-T pseudosections and modal proportions of anatectic
melts calculated for average metapelite and eclogite are shown in Fig. 8.
Metapelite, due to its higher proportion of hydrous minerals (e.g., musco-
vite, biotite, and amphibole) compared to nominally anhydrous minerals
(e.g., quartz, feldspar, pyroxene, and garnet), is generally more fertile than
eclogite. Consequently, the melting of metapelite (Fig. 8b, c) produces a
greater proportion of melt compared to eclogite (Fig. 8e, f). In the partial
melting of the metapelite, ultrahigh-pressure anatexis at 3.0 GPa is dom-
inantly controlled by the breakdown of muscovite because biotite has been
exhausted before ca. 2.2 GPa. The muscovite is exhausted by ca. 850 °C at
1.5 GPaand 950°C at ca. 2.3 GPa (Fig. 8a). In the partial melting of eclogites,
the Sr/Y ratios of melts are mainly controlled by the proportions of garnet
and amphibolite in the residual minerals. There is no existence of amphi-
bolite at ultrahigh-pressure (e.g., 3.0 GPa) because the amphibolite has been
exhausted at ca. 2.6 GPa. This is the reason that the felsic melts with low
degrees of partial melting (Melt proportions = 0-10 wt%) under ultrahigh-
pressure (2.75-3.50 GPa) have higher Sr/Y rations than those at high-
pressure conditions (1.50-2.5 GPa) (Fig. 8g). In summary, our simulation

indicates that 0.5-23% partial melting of metapelite under conditions of
1.5-3.0 GPa is necessary to generate high Sr/Y ratios (61-142) of Type-I
felsic rocks (Fig. 8c). For Type-II felsic rocks, achieving Sr/Y ratios of
210-974 requires 15-18% partial melting of eclogite at 1.5-2.5 GPa (Fig. 8f).

Pressure calculations based on mica composition (Supplementary
Table S9) indicate that Type-I felsic rocks formed at pressures ranging from
2.68 to 3.29 GPa (average 3.09 GPa), while Type-II felsic rocks formed at
pressures ranging from 3.00 to 3.58 GPa (average 3.27 GPa). Zircon Ti
saturation thermometer (Supplementary Table S10) suggests that Type-I
felsic rocks formed at temperatures ranging from 652 to 944 °C (average
802 °C), and Type-II felsic rocks formed at temperatures ranging from 780
to 982°C (average 882 °C). These pressure and temperature conditions,
along with the associated mineral assemblages, are consistent with the
results of the forward phase equilibrium modeling (Fig. 8a, €). Type II melts
initially formed under ultrahigh-pressure conditions (>3 GPa) within the
deep slab-mantle interface zone, subsequently undergoing buoyancy-driven
migration through the mantle wedge. During this trans-lithospheric
transport, the melts equilibrated at progressively shallower depths
(1.5-2.5 GPa) corresponding to mid-lithospheric storage zones, as evi-
denced by the phase equilibria constraints. It is important to note that the Sr/
Y ratio generated solely by the melting of eclogite is exceptionally too high
under these high pressure and temperature conditions. However, if Type-II
felsic rocks represent a mixed melt derived from both eclogite and meta-
morphic mudstone, the Sr/Y ratio would be reduced, as inferred based on
the Sr/Nd isotopic data.

Island arc magmatism is widely considered as the primary mechanism
for continental crust growth®”. However, the “island arc” model faces
several challenges. These include (a) compositional differences between
primary arc magma and bulk continental crust; (b) the limited net mass
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contribution of arc crust to continental crust growth due to mass balance
achieved through subduction erosion and sediment recycling; and (c) the
high Sr content of arc crust, which is incompatible with the relatively Sr-
deficient nature of continental crust*®.

Therefore, continental collision zones are accepted to be the primary
sites for net continental crust growth during the Phanerozoic*”***. This
hypothesis is supported by studies of syn-collisional granitoids in
northwestern China, which exhibit distinct mantle-like isotopic sig-
natures, often involving partial mantle melting***. The source of these
mantle isotopic signatures is more likely to be subducted oceanic crust
than mantle peridotite®***’. Since the oceanic crust originates from
depleted mantle sources, syn-collisional felsic magmatic activities with
contributions from oceanic crust-derived melts can inherit some mantle
isotopic signatures®.

Initially, adakitic rocks were exclusively interpreted to be derived from
the partial melting of subducted young (<30 Ma) oceanic plates beneath
island arcs or active continental margins, associated with subduction
processes”’. However, subsequent studies have demonstrated that even older
slabs can be subducted and contribute to the formation of adakite, parti-
cularly in a complex arc setting”. However, adakite petrogenesis has been
further complicated and broadened by the discovery of some felsic mag-
matic rocks within continental settings exhibiting adakitic geochemical
signatures, such as elevated Sr/Y and La/Yb ratios. While these adakitic
geochemical signatures of within-plate felsic magmatic rocks were initially
attributed to the partial melting of a thickened and delaminated lower
crust®™®®, recent research has revealed a broader range of potential
mechanisms for adakite generation’.

In addition to the hypothesis of partial melting of the lower crust, the
high Sr/Y and La/Yb ratios characterizing adakite may also result from
crystallization differentiation, assimilation, magmatic mixing”’, or partial
melting of source regions with high Sr/Y ratios under low-pressure
conditions™. Experimental petrological and geochemical simulations have
further demonstrated that adakitic melts can be generated through partial
melting of a lower crust of normal thickness (30-40 km), negating the
necessity for crustal thickening”". The diversity of tectonic environments in
which adakites can form underscores the complex nature of adakite

petrogenesis. These environments include (a) partial melting of subducted
oceanic crust™; (b) crustal assimilation and fractional crystallization of
coeval basaltic magmas®’; (c) partial melting of delaminated lower crust®**’;
(d) partial melting of water-bearing mantle peridotite’”; and (e) partial
melting of thickened or underplated basaltic lower crust”. This diversity
highlights the complex relationship between adakite genesis and various
tectonic processes.

In continental subduction zones, the primary mechanisms for felsic
magma generation are thermal relaxation and decompression of the
thickened crust"”. Partial melting can be initiated at the onset of continental
crust exhumation under ultrahigh-pressure conditions'. Experimental
petrographic studies reveal that, in the presence of fluids, partial melting of
metabasic rocks can occur at temperatures ranging from 650 to 700 °C,
leading to the formation of felsic melts’”. Conversely, in the absence of
fluid addition, the temperature required for dehydration and melting
reactions in metabasic rocks is higher than that of metapelitic and granitic
rocks’.

Interestingly, a hypothesis has been proposed that adakite may result
from eclogite decompression and dehydration melting during exhumation
in response to continental collision’. However, this mechanism has only
been tested at an outcrop scale of the interior of the eclogite. The varied-scale
adakite felsic intrusions in the Luofengpo ultrabasic rocks, as reported in this
study, provide compelling evidence for the origin of adakite associated with
continental collision zones. Systematic studies on the Luofengpo adakitic
felsic rocks confirmed their formation by partial melting of basic rocks and
schists during the transition from oceanic subduction to continental colli-
sion (Fig. 9). When integrated with the field mapping outcomes, the partially
felsic melt originating from the continental crust is approximately twice the
size of that derived from the oceanic crust (Supplementary Fig. S5). The
resulting melts migrated upward from the eclogite and gneiss-rich meta-
morphic basement, infiltrating the overlying mantle wedge. This study’s
discovery of large-scale adakitic felsic intrusions, derived from oceanic and
continental crusts, provides direct evidence of early crustal accretion during
continental subduction. Although volumetrically limited in contemporary
subduction systems, adakites serve as crucial tools for probing early crustal
evolution through their remarkable geochemical affinity with Archean TTG
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suites—the fundamental building blocks of primordial continents®’. As
highlighted by seminal studies”””*, both rock types share a genetic heritage
rooted in high-pressure slab melting, evidenced by diagnostic geochemical
features (elevated Sr/Y and La/Yb ratios) that fingerprint residual garnet
+amphibole assemblages. Despite the ongoing and intense debate’ ™,
multiple lines of evidence indicate that the growth of Archean continents
might have been propelled by subduction-related slab melting, which was
similar in nature, albeit occurring under higher geothermal gradients™*.
Furthermore, adakites preserve evidence of mantle wedge interaction,
offering a tangible link to processes that shaped early crustal
differentiation®. Thus, while adakites are volumetrically minor today, their
study bridges the gap between modern subduction dynamics and Archean
tectonics, reinforcing their pivotal role in deciphering the mechanisms of
continental growth across geological time””. These adakitic felsic intrusions,
representing juvenile crustal material, contribute to crustal growth, which
may be the very process for the petrogenesis of the Archean TTG.

Methods

Whole-rock compositions

Whole-rock major and trace element concentrations from twenty-one
samples were obtained by X-ray fluorescence (XRF) and Agilent 7900
inductively coupled plasma mass spectrometry (ICP-MS) (Agilent Tech-
nologies, America) at the Nanjing Hongchuang Exploration Technology
Service Co., Ltd (NHETSCL), Nanjing, China. Major elements were ana-
lyzed by the XRF method with analytical uncertainties <5%. Trace and rare
earth elements were analyzed by ICP-MS. REE were separated using cation-
exchange techniques. Analytical uncertainties are 10% for elements with
abundances <10 ppm, and around 5% for those > 10 ppm.

Zircon U-Pb dating and trace element

Zircon grains were mechanically separated from approximately 2-5 kg of
four samples by crushing and sieving, followed by standard magnetic,
heavy liquid, and hand-picking methods. They were then affixed to
epoxy resin and polished to approximately half of their original thick-
ness. Cathodoluminescence (CL) images of zircons were obtained at the
Nanjing Hongchuang Analytical Institute using a Mono CL3+ System,
which is linked to a Quanta 400 FEG scanning electron microscope
(SEM) for high-resolution imaging. The zircon U-Pb ages and trace-
element concentrations were measured using an Agilent 7500a laser
ablation-inductively coupled plasma-mass spectrometry (ICP-MS)
instrument attached to a New Wave 213 nm LA system at the State Key
Laboratory for Mineral Deposits Research, Nanjing University (MiDeR-
NJU), Nanjing, China. In order to better control analytical uncertainty
and to assure instrument stability, an internal standard zircon GJ
(608.5 + 1.5 Ma) was carried out twice and once before and after every
ten analyses of unknown samples, respectively. Subsequently, the soft-
ware GLITTER (version 4.4) was used to calculate the U-Pb isotopic
data®. Common Pb correction was carried out using the method of ref. *°.
Finally, the program IsoplotR" is applied for age calculation and plots of
analyses. Uncertainties are quoted at 1o for individual analyses and at 20
(with 95% confidence level) for weighted mean ages, respectively.

Apatite U-Pb dating and trace element

Apatite was selected from four samples, like zircons. Apatite U-Pb dating
was conducted using LA-ICPMS in the MiDeR-NJU. The Resolution SE
model laser ablation system (Applied Spectra, USA) was equipped with ATL
(ATLEX 300) excimer laser and a Two Volume S155 ablation cell. The laser
ablation system was coupled to an Agilent 7900 ICPMS (Agilent, USA).
Detailed tuning parameters can be seen in ref. *°. Apatites were mounted in
epoxy discs, polished to expose the grains, and then cleaned ultrasonically in
ultrapure water. They were cleaned again prior to analysis using AR-grade
methanol. Pre-ablation was conducted for each spot analysis using 5 laser
shots (~0.3 um in depth) to remove potential surface contamination. The
analysis was performed using 30 um diameter spot at 5 Hz and a fluence of
2J/cm?

Zircon Hf Isotope

Lu-Hf isotope analyses for zircon were performed following U-Pb analyses
using a Thermo Finnigan Neptune-plus MC-ICP-MS fitted with an ArF
excimer laser ablation system at the MiDeR-NJU. Lu-Hf isotopic compo-
sitions were analyzed for zircon near the same sites where U-Pb analyses
were carried out. A laser repetition of 10 Hz and a spot size of 60 um were
used for this study. The decay constant of 1.867 x 10" year " for "*Lu and
the present-day chondritic values of 7°Lu/"’Hf (0.0332) and "°H{/"”"Hf
(0.282772) were adopted to calculate the initial values of Hf/'"Hf
and eHf (t).

Whole-rock Sr-Nd Isotope

The Sr and Nd isotope measurements were achieved by Thermo Fisher
Neptune Plus MC-ICP-MS at the NHETSCL, Nanjing, China. The Sr
solution was introduced into Neptune plus MC-ICP-MS (Thermo Fisher
Scientific, Germany) through 50 ul PFA Cetac Aridus II membrane deso-
Ivation system to test the ¥’Sr/**Sr ratio. The mass fractionation of the *Sr/*Sr
ratio was corrected by normalization to a constant *Sr/*Sr ratio of 0.1194,
using an exponential law. The isobaric interference of “Rb on ¥Sr was
corrected using a natural “Rb/*Rb ratio of 0.3857. Drift of the instrument
was corrected using NIST SRM 987 standard as an external standard®*”. The
Nd solution was introduced into Neptune plus MC-ICP-MS (Thermo Fisher
Scientific, Germany) through 50 ul PFA Cetac Aridus II membrane deso-
lvation system to test the '“Nd/"“Nd ratio. The mass bias correction of the
“*Nd/*Nd ratio was performed by normalizing to *Nd/"Nd =0.7219,
using an exponential fractionation law. Drift of the instrument was corrected
using the JNdi-1 standard as an external standard™.

Experimental conditions for forward phase equilibrium and trace
element partial melting modeling

The forward phase equilibrium partial melting modeling of metapelites for
type I adakitic felsic rocks was performed using GeoPS 3.3.2” in the Na,O-
Ca0-K,0-FeO-MgO-AL,05-5i0,-H,0-TiO,-O  (NCKFMASHTO) sys-
tem, utilizing the internally consistent thermodynamic dataset
hpllver.dat™ and the fluid state equation by ref. **. Major and trace element
compositions were based on data from refs. ***°. The solid solution models
used included Fsp(C1)” and Bi(W), Chl(W), Crd(W), Ctd(W), Gt(W),
Im(W), Melt(W), Mica(W), Opx(W), and St(W)”. Quartz, kyanite, silli-
manite, jadeite, albite, rutile, and water were considered as pure end-
members. For the partial melting modeling of eclogites for type II adakitic
felsic rocks, GeoPS 3.3.2” was employed in the Na,O-CaO-K,0-FeO-
MgO-AL05-Si0,-H,0-TiO, (NCKFMASHT) system, using the thermo-
dynamic dataset hpl1lver.dat” and the fluid state equation by ref. **. Major
and trace element compositions were derived from Dulan oceanic-type
eclogites®". The solid solution models included Augite(G), cAmph(G), and
Melt(G) (Green et al., 2016), along with ChI(W), Gt(W), Mica(W), Bi(W),
Opx(W), and Ilm(WPH)”, Ep (HP11)”, and Fsp(C1)”. Quartz, kyanite,
stilpnomelane, lawsonite, zoisite, coesite, rutile, and water were treated as
pure end-members. Based on the resultant weight percentages of melts and
equilibrium minerals, trace element modeling was performed using the
batch melting equation: Ca¢/Coource = 1/[D + F¥(1-D)], where Cp,qc and
Csource represent the concentration of a trace element in the resultant melt
and the source rock, respectively; D is the bulk partition coefficient, and F is
the degree of melting (weight % of melt). The Srand Y partition coefficients
of various minerals were sourced from refs. "*%*~'%,

Estimation of melt area is based on satellite imagery and field
geological surveys

Based on the outcomes of field geological surveys and geochemical tests (the
location of the sample is shown in the Supplementary Table S11), the small
felsic rock mass emerging from the Luofengpo ultramafic complex is
identified as the product of partial melting of the oceanic crust, whereas the
large-scale occurrence is attributed to the partial melting of the continental
crust. Through meticulous field mapping efforts, we have comprehensively
mapped the entire Luofengpo ultramafic complex in intricate detail.
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Furthermore, by integrating these findings with the geochemical results, we
have calibrated the two types of felsic rocks (Supplementary Fig. S5a). Using
the software Image] for analysis based on the geological map, the entire
ultramafic complex is estimated to span an area of approximately 40.02 km?
(Supplementary Fig. S5b). A rough calculation indicates that the total area
occupied by type I felsic rock is 4.72 km? (Supplementary Fig. S5¢), while the
area occupied by type II felsic rock is 2.49 km® (Supplementary Fig. S5d).
Consequently, the type I felsic rock is twice the area of the type II felsic rock.

Data availability

The data generated in this study are available in Supplementary Tables and
also from the corresponding author upon reasonable request. Referenced
data supporting the findings of this study are available in either the pub-
lished works cited.
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