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Paired metamorphism is the hallmark of asymmetric subduction at Phanerozoic convergent plate 
margins, yet spatially and temporally linked paired metamorphic belts have rarely been documented 
in the Archean rock record. Here, we investigate the Neoarchean Dengfeng Complex, a typical granite–
greenstone belt in the southern part of the North China Craton (NCC). Using petrography, geochronology, 
and phase equilibrium constraints on rocks from different lithostructural units, we suggest the ca.
2.54–2.50-Ga Dengfeng Complex represents a remnant of a spatially and temporally linked Neoarchean 
paired metamorphic belt. In the western part of the complex, a garnet amphibolite from a dominantly 
metabasic unit (MBU) records near peak P –T conditions of 6.3–10 kbar and ∼675–750 ◦C, corresponding 
to a high thermobaric ratio (T /P ) of ∼720–1200 ◦C/GPa. Tonalite–trondhjemite–granodiorite (TTG) 
gneisses preserve evidence for partial melting, also consistent with relatively high T /P (∼875–
1400 ◦C/GPa). In the eastern part of the Dengfeng Complex, two garnet amphibolites and three garnet 
quartz–mica schists from a dominantly metasedimentary unit (MSU) record peak P –T conditions of 
>9.8 kbar and ∼525–655 ◦C, corresponding to intermediate thermobaric ratios of ∼425–600 ◦C/GPa. 
Zircon and titanite U–Pb dating, coupled with existing ages of post-kinematic intrusions, constrain the 
metamorphic age to ca. 2.52–2.50 Ga. The metamorphic P –T data indicate that the MSU was buried 
to >30 km then exhumed to the near-surface by the early Paleoproterozoic. Our metamorphic results, 
when combined with recent structural and geochemical data, suggest the Dengfeng Complex records 
Neoarchean paired metamorphism, in which the higher thermal gradients reflect the arc–forearc region 
and the lower thermal gradients correspond to the accretionary complex. Our data indicate that the 
southern NCC experienced accretionary-to-collisional orogenesis with intra-oceanic subduction, forearc 
accretion (ca. 2.54–2.50 Ga), and subsequent arc–continent collision (ca. 2.50–2.47 Ga). The recognition 
of paired metamorphism in the NCC is consistent with widespread subduction and the operation of a 
plate tectonic regime in the late Archean.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The tectonic regimes that operated in the Archean, and the pro-
cesses responsible for producing the granite–greenstone belts that 
dominate Archean cratons, are hotly debated (e.g., Arndt, 2013; Bé-
dard, 2018; Kusky and Polat, 1999; Smithies et al., 2018). Two 
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major models have been proposed to explain the generation of 
Archean continental crust. Firstly, some form of subduction, per-
haps related to a global plate tectonic regime, based on similarities 
with the ocean plate stratigraphy and geochemistry of modern ac-
cretionary complexes and/or oceanic lithosphere (e.g., Kusky et al., 
2018; Polat et al., 2015). Alternatively, non-uniformitarian (pre-
plate tectonic) modes that invoke melting near the base of oceanic 
plateaus, with or without plume tectonics, under a stagnant lid 
regime, including episodic crustal delamination and mantle over-
turns, based in part on the generalized dome-and-keel structure of 
some cratons and the predictions of geodynamic numerical mod-
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elling (e.g., Johnson et al., 2014; Sizova et al., 2015; Van Kranen-
donk et al., 2014). The debate is closely related to the timing of 
emergence and subsequent evolution of plate tectonics on Earth 
(e.g., Cawood et al., 2018; Korenaga, 2013; Stern, 2018; Turner et 
al., 2020; Webb et al., 2020). An important question is how to rec-
ognize reliable evidence in the rock record that might signify the 
operation of the plate tectonic regime.

There is a great disparity in interpretations of how far back in 
the geological record plate tectonics can be traced, ranging from 
about 4.0 Ga, the age of the oldest rocks (e.g., Kusky et al., 2018; 
Turner et al., 2020), to the late Archean or Paleoproterozoic (e.g., 
Brown and Johnson, 2018; Cawood et al., 2018; Johnson et al., 
2019), or even Neoproterozoic (e.g., Stern, 2018). Recent reviews 
incorporating geological and geochemical data from both igneous 
and sedimentary rocks suggest that a significant transition from a 
pre-plate tectonic mode to a self-sustaining plate tectonic regime 
occurred by the mid- to late Archean (e.g., Cawood et al., 2018; 
Johnson et al., 2019; Moyen and Laurent, 2018; Tang et al., 2016). 
However, a major argument against the emergence of plate tec-
tonics in the Archean is the absence of modern-day petrological 
indicators of subduction, such as lawsonite-blueschist and ultra-
high pressure metamorphic rocks that are widespread only since 
the Neoproterozoic (e.g., Stern, 2018). Rare examples of Paleopro-
terozoic rocks recording low geothermal gradients (François et al., 
2018; Ganne et al., 2011; Glassley et al., 2014; Weller and St-Onge, 
2017; Xu et al., 2018) provide strong evidence in favour of (cold) 
subduction or collision at that time, although whether these are of 
local or global significance is unclear. Brown and Johnson (2018, 
2019) documented the secular change in thermobaric ratios (T /P ) 
of global metamorphic rocks and noted the widespread appearance 
of rocks recording both high T /P (>775 ◦C/GPa, approximately 
equivalent to a geothermal gradient of >24 ◦C/km assuming litho-
static pressure, mean ∼1100 ◦C/GPa) and intermediate T /P meta-
morphism (375–775 ◦C/GPa, ∼12–24 ◦C/km, mean ∼575 ◦C/GPa) at 
the end of the Mesoarchean (<2800 Ma), which they interpreted 
to reflect the emergence of paired metamorphism and global plate 
tectonics; while the widespread appearance of low T /P metamor-
phism (<375 ◦C/GPa, <12 ◦C/km, mean ∼255 ◦C/GPa) since the 
Neoproterozoic resulted from cold subduction–collision.

The classic view of paired metamorphic belts refers to the 
orogen-parallel, contemporaneous in situ metamorphic belts char-
acterized by inboard high thermal gradients (high T /P ) and out-
board low thermal gradients (low T /P ) in Pacific-type accretionary 
orogens (Miyashiro, 1961). Brown (2010) extended the concept of 
paired metamorphic belts to characterise tectonically juxtaposed 
metamorphic belts with higher (high T /P ) and lower (low-to-
medium T /P ) thermal gradients in subduction-to-collision oro-
gens, which appears more useful in gaining a better understanding 
of the relationship between thermal gradients and tectonic settings 
in ancient orogenic belts. Whereas many geochemical and geolog-
ical features are controversial as indicators of geodynamic setting, 
the recognition of paired metamorphism in ancient rocks, reflect-
ing a duality of thermal gradients associated with the subduc-
tion zone (low to intermediate T /P ) and arc–backarc (high T /P ) 
is widely regarded as a reliable indicator of subduction–collision 
(Brown, 2010; Brown et al., 2020; Holder et al., 2019; Miyashiro, 
1961; Zheng and Zhao, 2020). However, few, if any, such spatially 
and temporally linked paired metamorphic belts have been well 
documented from Archean granite–greenstone terranes.

The Dengfeng Complex is a typical granite–greenstone belt in 
the southern segment of the Central Orogenic Belt of the North 
China Craton (NCC), comprising tonalite–trondhjemite–granodiorite 
(TTG) gneisses and metavolcano-sedimentary sequences (Diwu et 
al., 2011; Kröner et al., 1988; Zhang et al., 1985). The metavolcano-
sedimentary assemblage was previously suggested to represent 
a sequence of continental rift-related rocks that developed in a 
dome-and-keel like setting (Kröner et al., 1988; Zhang et al., 1985). 
However, more recent geochronological and geochemical studies 
have proposed that the TTG and mafic rocks formed at a conver-
gent plate margin (Deng et al., 2016; Diwu et al., 2011; Wang 
et al., 2017). Further, field and structural data suggest that the 
Dengfeng greenstone belt constitutes a Neoarchean subduction–
accretion complex in the east, and a dismembered intra-oceanic 
arc–forearc complex in the west (Huang et al., 2019). If these rocks 
formed in a subduction–collision setting, then paired metamor-
phism might be expected in the arc–forearc region (higher T /P ) 
and forearc accretionary wedge (lower T /P ), respectively. How-
ever, there were no comprehensive metamorphic data from the 
Dengfeng Complex to test this hypothesis. Similar controversies re-
garding non-plate or plate tectonic models for producing Archean 
granite–greenstone belts elsewhere are longstanding and ongoing 
(e.g., Kusky et al., 2018; Smithies et al., 2018; Webb et al., 2020). 
The Dengfeng Complex therefore provides an opportunity to ex-
amine contrasting geodynamic modes in the Neoarchean—-an im-
portant transitional period in Earth’s geodynamic evolution (e.g., 
Cawood et al., 2018; Brown et al., 2020).

Here, we integrate petrography, zircon and titanite U–Pb dat-
ing, with quantitative phase equilibrium modelling of metabasites, 
metapelites, and felsic gneisses from different lithostructural units 
of the Dengfeng Complex in order to reconstruct their metamor-
phic P –T –t evolution. Our new metamorphic data suggest that a 
Neoarchean paired metamorphic belt with distinct thermal gra-
dients exists in the Dengfeng Complex, thus providing important 
insights into the tectonic evolution of the NCC and the prevailing 
geodynamic regime during the late Archean.

2. Geological background

The NCC contains a large area of Archean–Paleoproterozoic 
crust, comprising TTG gneisses, metamorphosed ultramafic to fel-
sic intrusive and extrusive rocks, and metasedimentary strata (see 
Kusky et al., 2016 for a detailed summary). According to differ-
ences in the basement rocks, the NCC is generally subdivided into 
three major tectonic units (Fig. 1a), comprising the Eastern and 
Western blocks that are separated by a central orogenic belt that is 
termed either the Central Orogenic Belt (e.g., Kusky et al., 2016) or 
the Trans-North China Orogen (e.g., Zhao et al., 2005), depending 
on whether it formed in the Archean or Paleoproterozoic, respec-
tively. The Paleoproterozoic Inner Mongolia–North Hebei Orogen 
occurs along the northern margin of the NCC (Kusky et al., 2016).

The Eastern Block is dominated by Eoarchean–Neoarchean (ca.
3.8–2.5 Ga) TTG gneisses and Neoarchean volcano-sedimentary se-
quences (Zhao et al., 2005). The basement of the Western Block, 
which has a thick cover of Mesozoic sedimentary rocks, comprises 
Archean–Paleoproterozoic rocks (Zhao et al., 2005). The Central 
Orogenic Belt is mainly composed of low- to high-grade meta-
morphic complexes (Fig. 1b), including Neoarchean to Paleopro-
terozoic TTG gneisses, granulites, metavolcano-sedimentary rocks, 
granitoids, and Paleoproterozoic sedimentary sequences (Kusky et 
al., 2016; Zhao et al., 2005). Two episodes of metamorphism with 
peak ages of ca. 1.85 Ga and ca. 2.50 Ga have been recognized (e.g., 
Zhang et al., 2020). The younger high-grade episode (1.95–1.80 Ga) 
records collision and cratonization, although whether this was re-
lated to collision between the Eastern and Western blocks (e.g., 
Zhao et al., 2005), or between the NCC and the supercontinent 
Columbia to the north (Kusky et al., 2016) is debated. Hence, de-
ciphering the P –T –t evolution of the Neoarchean metamorphism 
may provide important constraints on the earlier tectonic history 
of the NCC, which is largely overprinted by Paleoproterozoic and 
Mesozoic tectonism and metamorphism.

The Dengfeng Complex in the southern NCC consists of TTG 
gneisses, metavolcano-sedimentary rocks, metadiorite, and post-
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Fig. 1. (a–b) Simplified geological map showing tectonic units of the NCC (modified after Kusky et al., 2016). According to the division schemes of the NCC by Kusky et 
al. (2016), the major tectonic units include the Archean Eastern and Western blocks, the Neoarchean Central Orogenic Belt (COB), and the Paleoproterozoic Inner Mongolia-
North Hebei Orogen (IMNHO). The boundaries of the Jiao-Liao-Ji Belt and the Khondalite Belt are shown (after Zhao et al., 2005). (c) Geological map of the Dengfeng Complex 
(modified after Zhang et al., 1985; Huang et al., 2019). (d) Detailed geological map showing the metavolcano-sedimentary assemblage and sample locations used in this study 
(after Huang et al., 2019). Two lithostructural units, including a dominantly metabasic unit (MBU) and a metasedimentary unit (MSU), are indicated. Age data references: 
[1] amphibolite and metasedimentary rocks from Huang et al. (2019), [2] Granitic gneiss from Wang et al. (2017), [3] maximum depositional age (MDA) of metasedimentary 
rocks from Wan et al. (2009), and [4] TTG gneisses, amphibolite (metamorphic age, red), and felsic dike from Deng et al. (2016). (For interpretation of the colours in the 
figure(s), the reader is referred to the web version of this article.)
kinematic granitic and mafic intrusions (Fig. 1c, d). The meta-
volcano-sedimentary assemblage, known as the Dengfeng green-
stone belt, can be subdivided into two lithostructural units; a 
dominantly metabasic unit (MBU) in the west, and a dominantly 
metasedimentary unit (MSU) in the east (Huang et al., 2019). These 
two units are characterized by different lithological associations, 
metamorphic patterns and structural styles, and are separated by 
top-to-the-northeast thrust faults and shear zones (Huang et al., 
2019). The MBU consists predominantly of amphibolite and gar-
net amphibolite with minor quartz-rich schists and banded iron 
formations (BIFs). The amphibolites have tholeiitic major-element 
compositions and trace element characteristics similar to mid-
ocean ridge basalt (MORB) and island arc tholeiite (IAT) (Deng et 
al., 2016; Diwu et al., 2011). Zircon U–Pb age data indicate that 
the amphibolite protolith formed at ca. 2.54 Ga and experienced 
metamorphism at 2.51–2.50 Ga (Deng et al., 2016; Diwu et al., 
2011; Huang et al., 2019). Circa 2.53 Ga granitic sills/dikes that 
intrude the metabasic unit have adakite-like geochemical compo-
sitions (Wang et al., 2017).

The MSU in the eastern part of the Dengfeng greenstone belt 
is dominated by metapelite (quartz–mica schist), metaconglomer-
ate, metagraywacke, with minor amphibolite and BIF (Huang et 
al., 2019). Three discrete lithologic associations can be recognized 
and comprise a coherent schist–amphibolite sequence, a metatur-
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Fig. 2. Field photographs and photomicrographs of migmatized tonalitic gneisses and metabasic rocks in the western part of the Dengfeng Complex (Western Zone). (a–b) 
Intensely migmatized TTG gneisses at Lujiagou, with abundant leucosome veins. (c) Leucosome in the Lujiagou tonalitic gneiss; cross-polarized light. (d–e) Garnet amphibolite 
in a high-strain zone in the dominantly metabasic unit. (f) Sample 17DF15-1, garnet amphibolite, a garnet (g) porphyroblast contains inclusions of hornblende (hb)–plagioclase 
(pl)–ilmenite (ilm)–quartz (q); hornblende–plagioclase–minor biotite (bi) is present in the matrix; chlorite (chl) occurs along cracks in garnet and the matrix.
bidite unit, and a chaotic schist–amphibolite unit. The chaotic 
schist–amphibolite assemblage has typical block-in-matrix fabrics 
and duplex structures, features similar to Phanerozoic mélanges 
(Huang et al., 2019). A variety of blocks and boudins, including 
amphibolite, garnet amphibolite, granite, and Fe-rich quartzite, are 
enclosed in strongly-deformed quartz-rich schists. The protoliths 
of the metabasite blocks are interpreted to have been mid ocean 
ridge basalt (MORB)- or island arc-tholeiite (IAT)-like basaltic rocks 
based on their major and trace element compositions (Huang et 
al., 2019), whereas the metasedimentary matrix likely represents 
metamorphosed pelagic–hemipelagic siliceous to argillaceous sed-
iments. Zircon U–Pb ages indicate that the amphibolites formed at 
ca. 2.54 Ga and the sedimentary rocks have maximum depositional 
ages ranging from ca. 2.53 Ga to 2.51 Ga (Huang et al., 2019; Wan 
et al., 2009).

The TTG and granitic rocks mainly crop out along the west-
ern margin (Lujiagou area) of the Dengfeng Complex (Fig. 1c). The 
TTG gneisses have zircon U–Pb ages of 2.54–2.51 Ga, and were in-
terpreted as intra-oceanic arc complexes (Deng et al., 2016; Diwu 
et al., 2011). Potassic granites and leucogranitic veins in the Lu-
jiagou area (Fig. 1c) have zircon U–Pb ages ranging from ca. 2.51 
Ga to 2.42 Ga. Geochemical and isotopic data suggest they were 
generated by partial melting of the TTG rocks (Wan et al., 2009; 
Zhou et al., 2011). The TTG rocks to the east of the MSU are sig-
nificantly older with zircon U–Pb ages of 2.66–2.55 Ga, and are 
interpreted as the basement rocks of the Eastern Block of the NCC 
(Huang et al., 2019). A high-Mg metadiorite that intruded the cen-
tral part of the greenstone belt has a sanukitoid-like composition 
and a crystallization age of 2.53–2.50 Ga, but contains leucogranitic 
veins that record anatexis at ca. 2.47 Ga (Deng et al., 2016, 2019; 
Diwu et al., 2011). Numerous 2.50–2.40 Ga granitic and mafic dikes 
intrude the TTGs and metavolcano-sedimentary assemblages (Deng 
et al., 2016, 2019; Huang et al., 2019).

In a recent geodynamic model largely based on geochemical 
data and structural zonation, the ca. 2.54–2.51-Ga TTG gneisses 
and coeval MBU in the west (referred to as the Western Zone, 
Fig. 1c) were interpreted as an arc–forearc assemblage formed 
in the upper plate, whereas the coeval MSU in the east (East-
ern Zone) was interpreted as the accretionary complex derived 
from the lower plate (Huang et al., 2019). Here, we examine the 
metamorphic patterns of representative rocks from these units to 
test the viability of this hypothesis. Sample localities are shown in 
Fig. 1c–d.

3. Field and petrographic observations

3.1. TTG and amphibolites within the Western Zone

Tonalitic gneisses in the western part of the Dengfeng Com-
plex are intensely migmatized and deformed and contain abundant 
leucosome veins and dikes (Fig. 2a, b). The tonalitic gneisses are 
composed of plagioclase (∼60 vol.%), quartz (∼20 vol.%), biotite 
(∼10 vol.%), hornblende (∼10 vol.%), with accessory titanite. The 
leucosomes and leucogranitic dikes are composed of quartz, pla-
gioclase, and K-feldspar, with minor titanite (Fig. 2c). A migmatitic 
tonalitic gneiss sample (JLG0201) was collected for zircon U–Pb 
dating (Fig. 1c).

Most amphibolites within the MBU are foliated, although in 
some low-strain zones magmatic structures are preserved (Huang 
et al., 2019). Garnet amphibolite occurs along high-strain zones 
that are characterized by a pervasive foliation and they preserve 
evidence of partial melting (Fig. 2d). Leucosome veins are up to 
15 cm wide and composed of quartz and plagioclase, with minor 
hornblende and Fe-oxide. A sample of garnet amphibolite (17DF15-
1, Fig. 1d) containing abundant garnet porphyroblasts (Fig. 2e) was 
collected for phase equilibrium modelling and U–Pb dating of zir-
con and titanite. It consists of hornblende (∼65% vol.%), plagioclase 
(∼15 vol.%), garnet (∼10 vol.%), chlorite (∼2 vol.%), quartz (∼4 
vol.%), and biotite (∼1 vol.%) (Fig. 2f), with accessory ilmenite, 
magnetite and titanite. Hornblende, plagioclase, quartz, and il-
menite within garnet porphyroblasts might be mineral inclusions 
and/or may have formed later along fractures. The matrix min-
erals are hornblende, plagioclase, and quartz, with minor biotite, 
ilmenite and titanite. Hornblende and plagioclase replace garnet 
porphyroblasts at their margins and along fractures.
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Fig. 3. Field photographs and photomicrographs of metabasic rocks in the dominantly metasedimentary unit (MSU), eastern Dengfeng Complex. (a) Garnet amphibolite block. 
(b–c) Sample DF20-1-5, garnet amphibolite, a mega-garnet porphyroblast surrounded by hornblende, plagioclase, biotite, ilmenite, rutile, and quartz; plane-polarized light. 
(d) Sample 17DF22-2, garnet amphibolite, a garnet porphyroblast surrounded by hornblende, plagioclase, quartz, ilmenite, and chlorite; plane-polarized light. (e) Amphibolite 
block in quartz-mica schist matrix. (f) Sample DF10-1, portion of a garnet-free amphibolite block in a schist matrix; plane-polarized light. Mineral abbreviations as in Fig. 2.
3.2. Amphibolite and metapelite within the Eastern Zone

The MSU mainly consists of diverse metasedimentary rocks 
with minor metabasic rocks (amphibolite and garnet amphibo-
lite) (Fig. 3a, e) that occur as sheets and centimeter- to meter-
sized lenses or blocks within the metasedimentary matrix (Fig. 3e). 
Representative samples were collected for phase equilibrium mod-
elling and/or zircon U–Pb dating, including two garnet amphibo-
lites (DF20-1-5; 17DF22-2), a garnet-free amphibolite (DF10-1), 
and three garnet-bearing quartz–mica schists (DF12-7, 17DF20-6, 
17DF20-1f). The locations of the samples are shown in Fig. 1d.

Garnet amphibolite sample DF20-1-5 is composed of horn-
blende (∼40 vol.%), garnet (∼30 vol.%), biotite (∼15 vol.%), quartz 
(∼9 vol.%), plagioclase (∼2 vol.%), chlorite (∼1 vol.%), epidote 
(∼1 vol.%), and ilmenite (∼2 vol.%), with accessory rutile, and 
titanite (Fig. 3b). Garnet porphyroblasts (∼1.5–5 mm in diame-
ter) contain inclusions of quartz and ilmenite (Fig. 3b). Accessory 
rutile occurs in the matrix (Fig. 3c). Garnet amphibolite sample 
17DF22-2 is composed of hornblende (∼30 vol.%), biotite (∼20 
vol.%), garnet (∼15 vol.%), plagioclase (∼20 vol.%), quartz (8 vol.%), 
chlorite (∼2 vol.%), ilmenite (∼1 vol.%), and minor rutile. Some 
thinly-banded quartz veins also occur in the sample. Hornblende–
plagioclase–ilmenite symplectites surround embayed garnet at its 
margins (Fig. 3d). Chlorite within the matrix and along fractures 
in garnet is interpreted to be a retrograde mineral. The garnet-free 
amphibolite sample (DF10-1) is weakly-deformed and composed 
predominantly of hornblende with minor epidote, biotite, plagio-
clase, Fe-oxide, and titanite (Fig. 3f).

The garnet-bearing metapelites are strongly foliated, with some 
showing compositional variations in which Al-rich layers contain 
abundant garnet porphyroblasts (Fig. 4a, b). Two samples (17DF20-
6 and 17DF20-1f) from different layers within the same outcrop 
were chosen for phase equilibria modelling. Most garnet quartz–
mica schists have a pervasive foliation defined by muscovite, chlo-
rite and quartz, and contain strongly-deformed garnet porphyrob-
lasts with asymmetric S–C, sigma, or snowball fabrics (Fig. 4c, g). 
The long axes of garnets are mostly parallel to the penetrative fo-
liation and preserve evidence of shearing.

Metapelite sample 17DF20-6 is composed of quartz (∼35 
vol.%), garnet (∼15 vol.%), muscovite (∼25 vol.%), plagioclase 
(∼15 vol.%), chlorite (∼3 vol.%), biotite (∼1 vol.%), epidote (∼1 
vol.%), ilmenite (∼1 vol.%), and minor rutile (Fig. 4c–f). The 
garnet porphyroblasts exhibit zoning with relatively euhedral 
cores and deformed rims (Figs. 4e and S1a–c). Most garnet 
porphyroblasts contain abundant quartz inclusions (∼5–20 μm) 
in their cores. Rarely, an inclusion assemblage of chloritoid–
muscovite–biotite–chlorite–quartz–ilmenite–epidote is preserved 
in the garnet cores (Fig. 4f). Rutile mainly occurs in the matrix 
as elongate grains, some of which are partially replaced by il-
menite (Figs. 4d and S1d). Biotite is idioblastic to subidioblastic, 
and commonly cross-cuts the foliation (Fig. 4e). Epidote occurs as 
inclusions within biotite and garnet. From the same outcrop, sam-
ple 17DF20-1f is composed of quartz (∼20 vol.%), garnet (∼40 
vol.%), muscovite (∼35 vol.%), chlorite (∼3 vol.%), ilmenite (∼2 
vol.%), and minor rutile (Fig. 4g). The garnet grains are strongly 
sheared and fractured and show asymmetric fabrics (Fig. 4g, h). 
Quartz and muscovite define the strong foliation. Sample DF12-7, 
from a separate outcrop about 900 meters away (Fig. 1d), is associ-
ated with garnet-free quartz-rich schists and garnet amphibolites. 
The mineral assemblage is garnet (∼25 vol.%), quartz (∼40 vol.%), 
plagioclase (∼25 vol.%), biotite (∼3 vol.%), muscovite (∼2 vol.%), 
chlorite (∼2 vol.%), and ilmenite (∼0.5 vol.%), with accessory rutile 
and apatite (Fig. 4i).

4. Methods

Compositional analyses, backscattered electron (BSE) images of 
representative minerals and X-ray compositional mapping were 
undertaken on a JEOL JXA 8230 electron probe micro-analyser 
(EPMA) in the Center for Global Tectonics at the School of Earth 
Sciences, China University of Geosciences, Wuhan. Zircon and ti-
tanite were analyzed using either a sensitive high-resolution ion 
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Fig. 4. Images showing the mineral assemblages and textures of metapelites from the MSU, eastern Dengfeng Complex. (a–b) Field photographs of quartz-mica schist showing 
garnet-rich and garnet-free zones; (c) Sample 17DF20-6, Garnet quartz-mica schist with garnet porphyroblasts and a matrix of quartz–muscovite (mu)–chlorite–ilmenite–rutile 
(ru)–biotite; plane-polarized light; (d) Colour back-scattered electron (BSE) image showing matrix assemblage of quartz–muscovite–plagioclase–ilmenite–rutile–chlorite in 
sample 17DF20-6; (e–f) BSE images showing inclusions of chloritoid (ctd)–muscovite–biotite–quartz–chlorite in a garnet porphyroblast in sample 17DF20-6. (g) Sample 
17DF20-1f, garnet quartz-mica schist, with strongly deformed garnet porphyroblasts parallel to the foliated matrix assemblage of quartz–muscovite–rutile–ilmenite–chlorite; 
plane-polarized light; (h) similar to (g) but in cross-polarized light; (i) Sample DF12-7, garnet-bearing quartz schist with quartz, plagioclase, and minor biotite in the matrix; 
plane-polarized light. Mineral abbreviations as in Fig. 2.
microprobe (SHRIMP II) or by LA–ICP–MS at the John de Laeter 
Centre, Curtin University, Perth, Australia. A detailed description of 
the analytical methods can be found in the Supplementary Text. 
Representative mineral compositions, X-ray maps, compositional 
diagrams, and descriptions are presented in the supplementary 
materials; zircon and titanite U–Pb isotopic data are listed in Sup-
plementary Tables S2–3.

Phase equilibrium modelling (P –T pseudosection) calculations 
were performed using THERMOCALC 3.45 (Powell and Holland, 
1988) in the Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O 
(NCKFMASHTO) system using the ds62 internally consistent end-
member thermodynamic data set (Holland and Powell, 2011). The 
bulk-rock compositions (Table S4) used in construction of the dia-
grams were based on XRF analyses, for which CaO contents were 
adjusted according to the measured P2O5 contents to account for 
the presence of apatite, the only P-bearing phase in the samples. 
In all samples, Mn contents were low (<0.1 wt.%) and were not in-
cluded in the calculations. Values of X(Fe3+) [= atomic Fe3+/(Fe2+
+ Fe3+)] of 0.1 were used. The phases considered in the mod-
elling and the corresponding activity–composition (a–x) models 
follow White et al. (2014) and Green et al. (2016). Quartz, albite, 
sphene (titanite), rutile, sillimanite, and aqueous fluid (H2O) were 
treated as pure end-member phases. Mineral abbreviations used in 
the P –T pseudosections are from Holland and Powell (2011). As-
semblage fields and P –T ranges consistent with the inferred peak 
assemblage are outlined in Fig. 5; see supplementary Figs. S6–S8 
and Text for more details. For comparison, we estimated the ap-
proximate P –T conditions of some samples using those mineral 
compositions interpreted to reflect peak or retrograde conditions 
in conjunction with the average-P T (AvPT) mode of THERMOCALC

and conventional geothermobarometers (Table S5), following the 
methods described in Huang et al. (2019).

5. Results

5.1. Phase equilibria modelling

5.1.1. Western Zone
Based on the average composition of tonalitic gneisses in the 

western part of the Dengfeng Complex (Diwu et al., 2011; Deng 
et al., 2016), we modelled the P –T conditions of partial melting of 
the gneisses (Fig. S6), assuming an H2O content producing minimal 
H2O-saturated melting at 7 kbar. A P –T range of <10.5 kbar and 
640–810 ◦C is predicted based on the mineral assemblages, which 
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Fig. 5. Summary of estimated peak P –T fields of representative rocks by pseudosections from the Dengfeng Complex. The inferred peak P –T ranges of metapelites and 
metabasites from the dominantly metasedimentary unit (MSU) in the eastern part of the Dengfeng Complex correspond to intermediate T /P thermal gradients. The pink 
field represents the P –T range for the partial melting of the tonalitic gneisses in the Lujiagou area, western Dengfeng Complex. The preferred peak P –T conditions are 
bounded by bold pink lines, at which the proportion of melt is >7.5%. The purple field represents the peak P –T range of partially molten amphibolite from the dominantly 
metabasic unit (MBU), western Dengfeng Complex. The chloritoid-in line was based on the pseudosection of metapelite sample 17DF20-1f. Zr-in-titanite represents estimated 
temperatures for sample 17DF15-1 using Zr-in-titanite thermometry. Pseudosections and detailed descriptions for all samples can be found in supplementary Figs. S6–8 and 
Text.
lack garnet, rutile and orthopyroxene (Fig. 5). However, based on 
the proportion of leucosome in the rocks (Fig. 2a, b), we esti-
mate minimum melt fractions of 7.5 vol.%, consistent with mini-
mum temperatures of ∼750–810 ◦C and pressures of 5.6–8.8 kbar 
(Fig. 5).

A P –T pseudosection from 4 to 13 kbar and 400 to 800 ◦C for 
amphibolite sample 17DF15-1, with an H2O content assuming min-
imal H2O-saturated melting, is shown in Fig. S7a. The calculated 
solidus is located at ∼650–720 ◦C above 4 kbar. The absence of 
augite in this sample provides a conservative higher temperature 
limit, as all clinopyroxene may have been replaced by hornblende 
on re-crossing the solidus. Some titanite grains contain inclusions 
of hornblende and chlorite, and likely formed during prograde 
metamorphism. However, whether titanite was present at the peak 
condition or not cannot be determined. The inferred peak mineral 
assemblage of garnet–hornblende–quartz–plagioclase–melt, with 
or without titanite, implies pressures of 6.3–10 kbar and tem-
peratures of 675–750 ◦C (Fig. 5). The retrograde assemblage of 
hornblende–plagioclase–biotite–chlorite–ilmenite is stable over a 
P –T range of <7.6 kbar and ∼460–500 ◦C.

5.1.2. Eastern Zone
In the P –T pseudosection for garnet amphibolite sample DF20-

1-5 (Fig. S7b), the stability field for the inferred peak assemblage of 
garnet–hornblende–biotite–epidote–chlorite–rutile ± ilmenite and 
quartz, occurs at >9.8 kbar and 525–545 ◦C (Fig. 5), although mus-
covite, which is predicted to be present in these fields, is not 
observed in the sample. For garnet amphibolite sample 17DF22-
2 (Fig. S7c), the stability field for the interpreted peak assem-
blage of garnet–hornblende–plagioclase–biotite–rutile ± ilmenite–
quartz occurs over a narrow P –T range of 10.4–12.0 kbar and 
590–625 ◦C (muscovite is not observed, Fig. 5). Sample 17DF22-2 
yields P –T conditions of ∼10.3 kbar and ∼562 ◦C for garnet rims 
using garnet–biotite–plagioclase–quartz (GBPQ) thermobarometry 
(Wu et al., 2004), and ∼550 ± 17 ◦C/9.7 ± 0.7 kbar using the 
average P –T mode of THERMOCALC (Table S5). In the P –T pseu-
dosection for garnet-free amphibolite sample DF10-1 (Fig. S7d), the 
stability field for the interpreted peak assemblage of hornblende–
epidote–biotite–titanite–quartz occurs over a large P –T range of 
6.6–11.4 kbar and 480–630 ◦C (Fig. 5). This sample yields P –T
conditions of ∼559–622 ◦C and ∼9.8–10.7 kbar using hornblende–
plagioclase–quartz (HPQ) thermobarometry.

Three P –T pseudosections from 2 to 14 kbar and 450 to 
700 ◦C for three representative garnet quartz–mica schist sam-
ples are shown in Fig. S8. Paragonite is not considered in all 
samples due to infelicities in the white mica solution model. 
For sample 17DF20-6, the inferred peak assemblage of garnet–
quartz–plagioclase/albite–muscovite–biotite–epidote ± ilmenite–
rutile is stable at pressures of >10.2 kbar and temperatures of 
∼555–615 ◦C (Fig. 5). For sample 17DF20-1f, the inferred peak 
assemblage of garnet–muscovite–chlorite ± ilmenite–rutile ±
magnetite–quartz is stable at higher pressures of >12.5 kbar and 
temperatures of ∼550–575 ◦C (Fig. 5). For sample DF12-7, the in-
ferred peak assemblage of garnet–plagioclase–muscovite–biotite 
± ilmenite–rutile is stable at pressures of ∼10.8–11.8 kbar and 
temperatures of ∼620–655 ◦C (Fig. 5). The combined data for 
metapelite samples yield P –T conditions of ∼8.9–9.7 kbar and 
∼520–550 ◦C using the average P –T mode of THERMOCALC (Table 
S5).

5.2. Zircon and titanite geochronology

Zircon grains from the migmatitic tonalitic gneiss LJG0201 from 
the Western Zone are subhedral to euhedral. Cathodoluminescence 
(CL) images (Fig. 6a) reveal some grains have homogeneous rims 
with high luminescence, consistent with a metamorphic origin. 
Five analyses of cores yield a weighted mean 207Pb/206Pb age of 
2528 ± 13 Ma (2σ , MSWD = 0.11, Fig. 6a), interpreted as the crys-
tallization age of the tonalite. Six analyses of rims yield a younger 
weighted mean 207Pb/206Pb age of 2518 ± 12 Ma (MSWD = 0.83, 
Fig. 6a), interpreted as the age of metamorphic recrystallization.

Zircon grains in amphibolite sample 17DF15-1 from the west-
ern Dengfeng Complex (MBU) are subhedral and stubby to pris-
matic. Cathodoluminescence images reveal two distinct internal 
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Fig. 6. Zircon and titanite U–Pb concordia diagrams with representative cathodoluminescence images of zircons and back-scattered electron images of titanite. (a) SHRIMP 
dating of zircons from sample LJG0201 (tonalitic gneiss). (b) LA-ICP-MS dating of zircon cores from sample 17DF15-1 (garnet amphibolite). (c) SHRIMP dating of zircon rims 
from sample 17DF15-1. (d) LA-ICP-MS dating of titanites from sample 17DF15-1. (e) SHRIMP dating of zircons from sample 17DF22-2 (garnet amphibolite). (f) SHRIMP dating 
of zircon rims from sample 17DF20-6 (metapelite). The SHRIMP and LA–ICP–MS analysis spots had diameters of 24 μm and 32 μm, respectively.
morphologies, in which oscillatory-zoned cores are overgrown by 
narrow metamorphic rims with either high or low luminescence 
(Fig. 6b–c). Six LA–ICP–MS analyses of zircon cores define an up-
per intercept age of 2537 ± 36 Ma (Fig. 6b). These analyses are 
associated with moderate to high Th/U ratios (0.17–0.89), positive 
Ce/Ce* (= CeN/√(La*Pr)N, where subscript N reflect normalisation 
to chondritic values (Sun and McDonough, 1989) and enrichment 
in heavy rare earth elements (HREEs) (Fig. S9a), consistent with 
a magmatic origin. Fourteen SHRIMP analyses (Table S2) on zir-
con rims yield a weighted mean 207Pb/206Pb age of 2500 ± 9 Ma 
(MSWD = 0.82, Fig. 6c). These analyses have extremely low Th/U 
ratios (0.002–0.06), consistent with a metamorphic origin.

Titanite grains in sample 17DF15-1 are mostly stubby prisms. 
On a Tera–Wasserburg plot, twenty-two LA–ICP–MS analyses 
define a discordia with a lower intercept age of 2501 ± 27 
Ma (MSWD = 0.96, Fig. 6d). Based on chondrite-normalized 
rare earth element (REE) patterns (Fig. S9b), the titanite grains 
can be subdivided into four groups that have variable Eu/Eu* 
(= EuN/√(Sm*Gd)N) anomalies (Fig. S9e–f) and either depleted 
or enriched light rare earth element (LREE) and HREE patterns 
(Fig. S9b–c). Such complex REE characteristics imply that titan-
ite may represent multiple growth populations that equilibrated 
with different minerals, in particular garnet and plagioclase. Us-
ing Zr-in-titanite thermometry for a given pressure and an activity 
of TiO2 (aTiO2) of 0.5 (Hayden et al., 2008), the measured concen-
trations of Zr (177–558 ppm, average = 294 ppm) correspond to 
temperatures of 704–765 ◦C (average = 728 ◦C) at a pressure of 
7 kbar, and 727–789 ◦C (average = 751 ◦C) at a higher pressure 
of 9 kbar (Table S3), for which estimated uncertainties are ±20 ◦C 
(Hayden et al., 2008).

Zircon grains in amphibolite sample 17DF22-2 from the east-
ern Dengfeng Complex (MSU) are subhedral to euhedral, stubby 
to prismatic in shape and show sector or patchy zoning in CL 
images (Fig. 6e). SHRIMP analyses reveal variable concentrations 
of Th (33–196 ppm) and U (72–388 ppm), and high Th/U ratios 
(0.36–0.95, Table S2). Eight analyses define a discordia with an 
upper intercept age of 2532 ± 10 Ma (MSWD = 1.8, Fig. 6e), in-
terpreted as the crystallization age of the sample.

Zircon grains in metapelite sample 17DF20-6 from the east-
ern Dengfeng Complex (MSU) are irregular to euhedral in shape. 
In CL images, most grains preserve oscillatory zoning, although 
some exhibit core–rim structures with CL-brighter rims, consistent 
with a metamorphic origin. Analyses yield variable concentrations 
of Th (19–114 ppm) and U (53–118 ppm), and high Th/U ratios 
(0.20–1.00, Table S2). Three analyses on cores yield a weighted 
mean 207Pb/206Pb age of 2538 ± 15 Ma (MSWD = 3.5, Fig. 6f), 
whereas five analyses on rims yield a weighted mean 207Pb/206Pb 
age of 2504 ± 16 Ma (MSWD = 1.4, Fig. 6f), interpreted as the 
time of metamorphism.

6. Discussion

6.1. Metamorphic P –T evolution of the Dengfeng Complex

6.1.1. Higher T /P metamorphism
In the western part of the Dengfeng Complex, the TTG gneisses 

(2.54–2.51 Ga) and amphibolite within the MBU record intense 
migmatization. The early episode of anatexis (ca. 2.51 Ga) in the 
TTG rocks is coeval with that in the metabasites in the MBU. 
Phase equilibrium modelling of an average TTG from the western 
Dengfeng Complex indicates that partial melting was associated 
with a relatively high T /P of 875–1400 ◦C/GPa. Similarly, garnet 
amphibolite sample 17DF15-1 from the MBU yields P –T condi-
tions (Fig. 5) corresponding to a relatively high thermal gradient of 
720–1200 ◦C/GPa. If titanite is not included in the peak mineral as-
semblage, the resulting P –T range (6.3–8.4 kbar and 685–755 ◦C) 
corresponds to a thermal gradient of 925–1200 ◦C/GPa. Zr-in-
titanite thermometry yields metamorphic temperatures of 728 ◦C 
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Fig. 7. Growth and deformation of garnet porphyroblasts in metapelites from the MSU, eastern Dengfeng Complex. (a–d) Prograde to peak and retrograde evolution and 
mineral assemblages based on sample 17DF20-6. Note that a chloritoid- and chlorite-bearing assemblage (a–b) is preserved in the cores of garnet, implying low–T and 
medium–P . Corresponding petrographic evidence is shown in Fig. 4f. The rims of garnet (c, e, f) show a significant increase of X gr, implying an increase of pressure. Rutile 
(ru) in the matrix also supports relatively high–P . (e–f) Deformed and dismembered garnet porphyroblasts resulted from strong shearing stress. Corresponding petrographic 
evidence is shown in Figs. 4g–h and S1e–f.
and 751 ◦C at 7 kbar and 9 kbar, respectively, consistent with the 
modelled upper temperature limit (Fig. 5). Retrograde metamor-
phism is interpreted to record decompression and cooling, based 
on the occurrence of chlorite and biotite around cracks in garnet 
and in the matrix.

6.1.2. Intermediate T /P metamorphism
Metabasites and metapelites from the eastern part of the 

Dengfeng Complex (MSU) have distinctive metamorphic charac-
teristics compared with the migmatitic metabasite sample from 
the MBU. In the garnet-bearing amphibolite samples DF20-1-5 and 
17DF22-2, the stability fields for the interpreted peak assemblages 
(Fig. 5) are consistent with intermediate T /P of ∼510–600 ◦C/GPa. 
For garnet-free amphibolite sample DF10-1, the stability field for 
the interpreted peak assemblage extends over a large P –T range 
(Fig. 5), but is consistent with the P –T estimate based on HPQ 
thermobarometry, and a T /P of around 560–580 ◦C/GPa. The pro-
grade evolution of the samples is difficult to constrain, as there 
are no well-preserved inclusion assemblages and no clear com-
positional zoning in the garnet porphyroblasts. Retrograde meta-
morphism is interpreted to record decompression and cooling to 
greenschist facies conditions, presumably with some fluid influx, 
resulting in extensive chlorite growth.

For the three strongly-deformed metapelite samples (17DF20-
6, 17DF20-1f, and DF12-7), the inferred peak assemblages are 
stable over a wide P –T range (Fig. 5). Calculated isopleths of 
Si (3.06–3.20, based on 11 oxygen atoms) in white mica (Table 
S1) more tightly constrain peak conditions to ∼10–13 kbar at 
temperatures of ∼550–655 ◦C, corresponding to intermediate T /P
of ∼425–590 ◦C/GPa. The prograde metamorphism of metapelitic 
rocks is recorded in the inclusion assemblages in garnet porphy-
roblasts (Fig. 7a–c). In sample 17DF20-6, an inclusion assemblage 
of chloritoid–muscovite–chlorite–biotite–quartz–epidote–ilmenite 
in garnet cores (Figs. 4f and 7b) implies low-T , moderate-P condi-
tions. Although chloritoid is not predicted in the pseudosection for 
sample 17DF20-6, it is predicted to be stable at pressures above 
7.1 kbar and temperatures below 560 ◦C (Fig. 5) in an Al-richer 
sample (17DF20-1f) from the same outcrop. The garnet porphy-
roblasts record a sharp increase of Xgr from core (∼0.08) to rim 
(∼0.24) and a decrease in Xgr (0.24–0.17) at the rims, consistent 
with a significant increase in pressure followed by decompression 
(Fig. S8a). Replacement of some rutile grains by ilmenite (Fig. 4d) 
is also consistent with decompression. The combined data suggest 
the metapelite samples followed a clockwise P –T path including a 
segment of near-isothermal decompression on the retrograde path, 
during which the rocks were strongly sheared to form widespread 
asymmetric S–C fabrics, boudins, and foliations (Fig. 7).

6.2. Timing of metamorphism

Zircon grains in the migmatitic tonalitic gneiss (LJG0201) from 
the western Part of the Dengfeng Complex record a crystallization 
age of 2528 ± 13 Ma (Fig. 6a) in the cores and a metamor-
phic recrystallization age of 2518 ± 12 Ma in the rims. Although 
these ages overlap within uncertainty, the latter is interpreted as 
the timing of anatexis of the TTG gneisses. Cores of zircon grains 
from the garnet amphibolite sample (17DF15-1) from the western 
part of the Dengfeng Complex have morphological and trace ele-
ment characteristics consistent with an igneous origin, and define 
a 207Pb/206Pb age of 2537 ± 36 Ma (Fig. 6b), interpreted to record 
crystallization of the magmatic protolith. Analyses of zircon rims 
from the same sample, interpreted to be of metamorphic origin, 
yield a weighted mean 207Pb/206Pb age of 2500 ± 9 Ma (Fig. 6c), 
interpreted to date high-T metamorphism. These data are consis-
tent with U–Pb analyses of titanite, which define a lower intercept 
age of 2501 ± 27 Ma (Fig. 6d), and existing data from samples 
of amphibolite and TTG gneiss from the region (Deng et al., 2016; 
Diwu et al., 2011; Huang et al., 2019; Wan et al., 2009). The early 
metamorphic episode in the western part of the Dengfeng Com-
plex at ca. 2.52–2.50 Ga was associated with relatively high T /P as 
recorded in migmatitic TTG rocks and metabasites, which occurred 
shortly after the formation of their protoliths at ca. 2.54–2.52 Ga.

In the eastern part of the Dengfeng Complex (MSU), zircon 
grains in a garnet amphibolite sample (17DF22-2) define a dis-
cordia with an upper intercept age of 2532 ± 10 Ma (Fig. 6e), 
interpreted to reflect crystallisation age of the magmatic protolith. 
No metamorphic zircon rims are present in this sample. In a 
metapelite sample (17DF20-6) from the MSU, five analyses on rims 
of zircons yield a weighted mean 207Pb/206Pb age of 2504 ± 16 
Ma (Fig. 6f), interpreted as the time of metamorphism affecting 



10 B. Huang et al. / Earth and Planetary Science Letters 543 (2020) 116355

Fig. 8. Summary of peak P –T conditions and the geodynamic model. (a) The peak metamorphic P –T conditions recorded in the metapelites and metabasites from the 
eastern part of the Dengfeng Complex are consistent with intermediate thermobaric ratios, whereas the metabasite and tonalitic gneiss in the west are consistent with high 
apparent geothermal gradients. The former is similar to slab-top geotherms of Neoproterozoic to Phanerozoic subduction zones (blue solid lines and shaded area) compiled 
by Penniston-Dorland et al., 2015. The metamorphic facies were modified from Hernández Uribe and Palin (2019). Intermediate and high T /P fields (yellow and brown, 
respectively) were based on the global metamorphic database (Brown and Johnson, 2018). (b) Intra-oceanic subduction and forearc accretion at ca. 2.54–2.50 Ga. The upper 
plate arc–forearc with relatively higher geotherms records intense anatexis in the TTG and metabasalts due to magma underplating, whereas the accretionary complex with 
lower T /P metamorphism was formed along the lower-geotherm subduction zone, corresponding to “warm” subduction zones in the Phanerozoic. See text for details. (c) 
Arc–continent collision at ca. 2.50–2.47 Ga. The collisional event likely resulted in extensive deformation and further anatexis of TTG suites and amphibolites at the initial 
stage of collision at ca. 2.50 Ga, with subsequent intrusion of potassic felsic plutons/dikes that were probably derived from partial melting of former granitic rocks at ca.
2.50–2.42 Ga, and coeval mafic dikes. At ca. 2.45 Ga the newly-assembled Dengfeng Complex was unconformably overlain by the Paleoproterozoic Songshan Group, which is 
interpreted as a foreland clastic wedge. During exhumation, the Dengfeng Complex underwent retrograde greenschist facies metamorphism.
the metapelites. Importantly, the youngest detrital zircon grain (ca.
2.45 Ga) from the basal conglomerate of the overlying greenschist 
facies Paleoproterozoic Songshan Group (Wan et al., 2009), and 
widespread post-kinematic plutons and dikes with ages ranging 
from ca. 2.50 Ga to 2.40 Ga (Deng et al., 2019; Huang et al., 2019; 
Zhou et al., 2011), provide an upper limit for metamorphism at ca.
2.50 Ga.

In summary, our new data, together with existing age data, in-
dicate that the metavolcano-sedimentary rocks in the Dengfeng 
granite–greenstone belt underwent peak metamorphism at 2.52–
2.50 Ga. On a regional scale (Fig. 1b), evidence in support of 
a late Neoarchean to early Paleoproterozoic (ca. 2.52–2.46 Ga) 
amphibolite–granulite facies metamorphic episode in the NCC is 
growing (e.g., Liu et al., 2015; Wang et al., 2019; Zhang et al., 
2020). These new data from the NCC indicate that metamorphism 
was characterized by moderate- to high-T /P peak conditions, with 
the diversity of P –T paths reflecting metamorphism in different 
tectonothermal environments.

6.3. Implications for the Neoarchean arc–continent collision of the NCC

As discussed above, two Neoarchean (ca. 2.52–2.50 Ga) meta-
morphic zones with distinct thermobaric ratios are recognized 
in the Dengfeng Complex with a higher T /P metamorphic zone 
(∼720–1400 ◦C/GPa) in the west, and an intermediate T /P
(∼425–600 ◦C/GPa) metamorphic zone in the east (Fig. 8a). Our 
data reveal the contemporaneous occurrence of two contrasting 
types of metamorphism and a duality of thermal regimes. High 
T /P (>775 ◦C/GPa) metamorphism is generally developed in the 
hinterland of an overriding plate, whereas intermediate and low 
T /P (<775 ◦C/GPa) metamorphism, at least since the Neopro-
terozoic, is commonly associated with subduction and collisional 
settings (e.g., Brown and Johnson, 2018). Consequently, we suggest 
that the ca. 2.54–2.51-Ga Dengfeng granite–greenstone belt can 
be interpreted as a remnant of a spatially and temporally linked 
Neoarchean paired metamorphic belt recording subduction to col-
lisional orogenesis at a convergent plate margin (Fig. 8b).

This interpretation is consistent with recent structural and geo-
chemical data. Based on the N-MORB and IAT affinities of the 
metabasaltic rocks, which are associated with coeval sanukitoid-
like high-Mg metadiorite and adakitic granitic sills, the MBU is 
interpreted to have formed in a subduction-related forearc set-
ting (Huang et al., 2019). The ca. 2.54–2.51 Ga TTG rocks, high-
Mg metadiorite, and metabasalt–BIF–chert sequences in the west-
ern part of the Dengfeng Complex are collectively interpreted as 
an intra-oceanic arc and forearc assemblage in the upper plate. 
The heat sourced from underplating of mantle-derived magma or 
possible ridge subduction beneath the arc–forearc region might 
have induced intense anatexis and high T /P metamorphism of 
deeper arc–forearc rocks associated with high geothermal gradi-
ents (Fig. 8b).

By contrast, in the eastern Dengfeng Complex, the MSU con-
tains coherent and chaotic units including greenschist–amphibolite 
facies schist–metabasite assemblages, metaturbidite, and block-in-
matrix mélanges that resembles an accretionary complex (dismem-
bered ocean plate stratigraphy), as preserved in many Phanerozoic 
orogenic belts (Kusky et al., 2018). Based on detailed field mapping 
and structural data, Huang et al. (2019) proposed that the MSU 
represents a subduction–accretion complex, which records a com-
plex history involving underplating, off-scraping and fragmenta-
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tion of the oceanic plate stratigraphy (basalt–chert–shale–BIF, and 
trench-fill turbidites) in the subducting plate, and incorporation of 
exotic suprasubduction zone-type mafic blocks into the mélanges. 
Kinematic indicators, including mineral and stretching lineations 
and asymmetric fabrics, indicate a top-to-the-northeast transport 
direction (Huang et al., 2019).

Inclusions of chloritoid-bearing mineral assemblages in garnet 
porphyroblasts within metapelites reflect a relatively cool ther-
mal gradient during the early stages of accretionary orogenesis. 
The compositions of garnet rims and Si contents of white mica 
are consistent with significant burial to pressures exceeding 10 
kbar, corresponding to a depth of at least 30 km assuming litho-
static pressure (Fig. 8a). Metabasic blocks within the mélange 
preserve variable mineral assemblages and peak P –T conditions, 
which are common features in Phanerozoic accretionary wedges 
in which a variety of greenschist to eclogite facies tectonic blocks 
are preserved in a single belt due to exhumation from differ-
ent depths in the subduction channel (Cloos and Shreve, 1988). 
The accretionary complex was probably modified by a subsequent 
arc–continent collision event, resulting in further shearing and a 
significant increase of pressure at relatively low temperature, as 
recorded by asymmetric shear fabrics and the rim compositions 
of garnet porphyroblasts (Fig. 7d–f). The overall peak P –T condi-
tions of the metabasites and metapelites in the MSU are consis-
tent with the slab-top geotherms from ‘warm’ subduction zones 
(Fig. 8a), as reconstructed based on maximum P –T conditions 
of exhumed Neoproterozoic–Phanerozoic subduction zone rocks 
(dominantly blueschists and eclogites) from global orogens and 
accretionary wedges (Penniston-Dorland et al., 2015). Therefore, 
the P –T evolution of the metapelites and metabasites is consis-
tent with subduction and collision during which they were buried 
to >30 km and underwent intense shearing and metamorphism 
within a warm subduction zone (Fig. 8b).

The timing of initial arc–continent collision is constrained at 
ca. 2.50 Ga based on existing data and the new data presented 
here (Deng et al., 2019; Diwu et al., 2011; Huang et al., 2019; 
Wang et al., 2017; Zhou et al., 2011). The younger partial melt-
ing events recorded in the potassic intrusions (ca. 2.42 Ga) and 
leucogranitic veins in high-Mg metadiorite (ca. 2.47 Ga), and the 
numerous post-kinematic felsic and mafic dikes (ca. 2.50–2.40 Ga), 
probably resulted from crustal thickening and subsequent exten-
sion during arc–continent collision (Fig. 8c). The arc–continent col-
lision and tectonic stacking of different units took place prior to ca.
2.50 Ga, and the assembled Dengfeng Complex was exhumed prior 
to ca. 2.45 Ga, before erosion and sedimentation of the overlying 
lower Songshan Group, which is interpreted as a foreland suc-
cession (Huang et al., 2019; Kusky et al., 2016). Paleoproterozoic 
metamorphism at ca. 1.95–1.80 Ga overprinted most regions across 
the NCC (Kusky et al., 2016), but it is not significantly recorded by 
rocks in the Dengfeng Complex (Wan et al., 2009; Wang et al., 
2017; Huang et al., 2019).

A model of west-directed intra-oceanic subduction, forearc ac-
cretion (ca. 2.54–2.50 Ga), and subsequent arc–continent collision 
(ca. 2.50–2.47 Ga) can viably explain the age variations, structural 
relationships, metamorphic patterns, geochemical characteristics, 
and spatial configurations of the different lithostructural units of 
the Dengfeng granite–greenstone belt (Fig. 8b, c). The accretion of 
intra-oceanic arc(s) to the eastern NCC reflect the early episode 
of accretionary-to-collisional orogenesis along the Central Orogenic 
Belt (Fig. 1b).

6.4. Implications for the Neoarchean tectonic regime

The global tectonic regime in the Neoarchean is a matter of 
debate. Recent reviews suggest that a significant change in the av-
erage composition of continental crust (from mafic to more felsic) 
and metamorphic patterns (paired metamorphism) might have oc-
curred during the Meso- to Neoarchean (ca. 3.2–2.5 Ga), which 
may or may not reflect the emergence of global plate tectonics 
from some earlier tectonic mode(s) (e.g., Cawood et al., 2018; John-
son et al., 2019; Moyen and Laurent, 2018). However, low T /P
metamorphic rocks that characterise Neoproterozoic–Phanerozoic 
subduction-accretionary complexes (e.g., Stern, 2018) have not yet 
been found in the Archean rock record, consistent with suggested 
higher geothermal gradients and mantle potential temperatures at 
that time (Aulbach and Arndt, 2019; Herzberg et al., 2010), or a 
lack of preservation (Brown and Johnson, 2019; Brown et al., 2020).

The recognition of a remnant Neoarchean paired metamorphic 
belt in the Dengfeng Complex indicates subduction–collision pro-
cesses were operating at the end of the Archean in the NCC, 
and potentially were widespread based on the paucity of preser-
vation of paired metamorphic belts in the modern plate mosaic. 
Significantly, the medium T /P metamorphism recorded in the ac-
cretionary segment of the eastern Dengfeng Complex is broadly 
in line with ‘warm’ slab-top geotherms of the Neoproterozoic–
Phanerozoic subduction zones around the world (Fig. 8a) (Pennis-
ton-Dorland et al., 2015), consistent with warmer geotherms as-
sociated with Neoarchean subduction zones, which might be re-
lated to the more common subduction of young (<30 Ma in this 
case) and warm oceanic slabs (e.g., van Keken et al., 2018), as 
well as higher mantle temperatures. The secular evolution in the 
patterns of paired metamorphism from intermediate–high T /P in 
the Neoarchean to widespread low/intermediate–high T /P in the 
Phanerozoic (minor in Paleoproterozoic) is likely a manifestation 
of secular cooling of the mantle and the associated styles of plate 
tectonics (e.g., Brown et al., 2020; Holder et al., 2019; Kusky, 2020; 
Zheng and Zhao, 2020).

This study, together with a recent structural synthesis (Huang 
et al., 2019), highlights the complexity of individual granite–
greenstone belts in terms of metamorphism, structure, and geo-
chemistry. The combination of detailed field, geochemical, geochro-
nological, structural and metamorphic data thus permits recog-
nition of convergent margin processes in some Archean granite–
greenstone belts.

7. Conclusions

(1) Zircon and titanite U–Pb dating reveal that the TTG and 
volcano-sedimentary rocks in the Dengfeng Complex have meta-
morphic ages of ca. 2.52–2.50 Ga.

(2) Two distinct but structurally, spatially, and temporally 
paired metamorphic belts are recognized: a higher T /P belt in 
the western part of the Dengfeng Complex, characterized by in-
tense partial melting of TTG gneisses and amphibolites, contrasting 
with a medium T /P metamorphic belt with strongly-deformed 
metapelites and amphibolites in the eastern part of the Dengfeng 
Complex (MSU). The peak P –T conditions in the medium T /P
metamorphic belt are consistent with the slab-top geotherms of 
‘warm’ subduction zones in the Neoproterozoic to Phanerozoic.

(3) A model of intra-oceanic subduction, fore-arc accretion, and 
arc–continent collision viably accounts for the observed structural, 
geochemical, and metamorphic characteristics of the ca. 2.54–2.50-
Ga Dengfeng Complex.

(4) Recognition of the relicts of a Neoarchean paired meta-
morphic belt in the southern NCC supports the operation of plate 
tectonics at the end of the Archean.
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1. Analytical methods 

1.1. Mineral chemistry 

Compositional analyses, backscattered electron (BSE) images of representative minerals 

and X-ray compositional mapping of typical garnets were undertaken on a JEOL JXA 8230 

electron probe micro-analyser (EPMA) at the EPMA laboratory in the Center for Global 

Tectonics at the School of Earth Sciences, China University of Geosciences, Wuhan. Detailed 

configurations and parameters of the EPMA can be found in Ning et al. (2019) . The 

operating conditions for spot analyses were a 15 kV accelerating voltage, a 20 nA beam 

current, a 1–3 μm beam diameter, and 10–20 s counting time; mapping analyses used a 50 nA 

beam current. Natural mineral standards from the company SPI were used for calibration, and 

a ZAF program was used for matrix corrections. The elemental maps were further processed 

using XmapTools (Lanari et al., 2014). Representative mineral compositions are listed in 

Table S1.  

 

1.2. Zircon and titanite U–Pb isotopic analyses 

Four samples were chosen for zircon U–Pb dating, and one metabasite sample 

(17DF15-1) for titanite U–Pb dating. Zircon and titanite grains were separated by gravimetric 

and magnetic techniques, hand-picked under a binocular microscope, then mounted in 25 mm 

epoxy discs. Cathodoluminescence (CL) images of zircon were collected at the State Key 

Laboratory of Geological Processes and Mineral Resources (GPMR), China University of 

Geosciences, Wuhan, China. Zircon grains from samples LJG0201, 17DF15-1, 17DF20-6, 

and 17DF22-2 were analyzed using a sensitive high-resolution ion microprobe (SHRIMP II) 
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at the John de Laeter Centre, Curtin University, Perth, Australia, following the procedures 

described by (de Laeter and Kennedy, 1998). An ion beam with an intensity of ~2 nA and 

spot size of ~24 μm was used, and each analytical spot was rastered for 120 s to remove 

surface contamination. Six scans through the nine mass stations were made for each spot 

analysis. Zircon M257 was used as the internal standard to calibrate Pb/U isotopic ratios. 

Data reduction was performed using the SQUID 2.5 software (Ludwig, 2009). Some zircon 

grains from sample 17DF15-1 were additionally analyzed by laser ablation inductively 

coupled plasma-mass spectrometry (LA–ICP–MS) at GPMR, Wuhan, using a spot diameter 

of 32 μm. Zircon 91500 was used as the internal standard and was analyzed twice every 6 

unknown analyses; zircons GJ–1 and Plesovice were used as external standards. Detailed 

analytical methods followed Liu et al. (2010) . Data reduction was performed using the 

program ICPMSDataCal (Liu et al., 2008). Titanite was identified using energy dispersive 

spectra and then analyzed by LA–ICP–MS using a 193 nm Ar–F excimer laser attached to an 

Agilent 7700 mass spectrometer in the GeoHistory Facility at Curtin University, Perth, 

Australia, using a spot diameter of 30 μm. The detailed analytical method can be found in 

Kirkland et al. (2017) . Data reduction was performed using Iolite software and plotted using 

Isoplot_ver4.15 (Ludwig, 2003). 

 

2. Mineral chemistry 

2.1. Garnet 

In all the investigated samples, the porphyroblastic garnets are dominated by the 

almandine component, with variable concentrations of pyrope, grossular, and spessartine 

(Table S1). Garnets in amphibolite sample 17DF15-1 exhibit weak compositional zoning, 

with Xgr [= atomic Ca/(Ca + Fe2+ + Mg + Mn)] increasing and Xalm [= atomic Fe/(Ca + Fe2+ + 

Mg + Mn)] decreasing from core to rim (Fig. S2a, b). In some garnet porphyroblasts, Xsps 

significantly increases and Xpy decreases near fractures (Figs. S2b and S3), consistent with 

retrograde reactions (Spear, 1991). However, garnet from amphibolite samples DF20-1-5 and 

17DF22-2 within the MSU show distinct compositional zoning, with Xalm and Xpy [= atomic 
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Mg/(Ca + Fe2+ + Mg + Mn)] increasing, and Xsps [= atomic Mn/(Ca + Fe2+ + Mg + Mn)] 

decreasing from core to rim (Fig. S2c, d). 

Garnet from quartz–mica schist sample 17DF20-6 shows strong compositional zoning 

with sharp compositional changes across the boundaries between cores and rims (Figs. S2e, f, 

and S4), with Xalm (0.77–0.84) and Xpy (0.06–0.08) increasing and Xgr (0.23–0.07) decreasing 

outwards in the core; and Xalm (0.88–0.74) increasing and Xgr (0.22–0.11) decreasing from 

inner to outer rims (Fig. S2e, f). Notably, Xsps (0.12–0.01) decreases continuously from cores 

to rims, consistent with growth zoning. Garnet from sample 17DF20-1f shows similar 

compositional changes, although most grains have been sheared and fractured (Fig. 4g). Most 

garnet grains show significant increases of Xgr in rims (0.23–0.20) compared with cores 

(0.03–0.02), and a decrease in Xalm (core 0.87–0.88; rim 0.70–0.74) from core to rim (Table 

S1). Garnet from the quartz–mica schist (DF12-7) shows a sharp decrease in Xalm (0.88–0.74) 

and Xsps (0.03–0.01) and an increase in Xgr (0.07–0.23) from core to rim, with a significant 

variation at the core–rim transition. Rims are characterized by a pronounced increase in Xalm 

(0.74–0.81) and a decrease in Xgr (0.23–0.17) (Fig. S2g, h). 

 

2.2. Feldspar 

Plagioclase in the different samples mainly occurs as matrix grains, in fine-grained 

symplectites/coronae, or as inclusions in garnets (sample 17DF15-1). Plagioclase in the 

amphibolites has variable compositions with XAn [= Ca/(Ca + K + Na)] of 0.01–0.35 (albite to 

andesine; Fig. S5a). For most samples, the symplectitic plagioclase has higher XAn than 

matrix plagioclase. Albite occurred in most metapelite samples, and it is close to the pure 

end-member (Fig. S5a). 

 

2.3. Amphibole 

Amphibole in the garnet amphibolites mainly occurs as idioblastic to sub-idioblastic 

grains in the matrix, or as inclusions in garnet. Amphibole in the garnet amphibolite samples 

is mostly ferrotschermakite according to the nomenclature of Leake et al. (1997) . Amphibole 
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from the garnet amphibolite in the MBU has higher Mg# [=atomic Mg/(Mg + Fe2+)] of 

0.35–0.45, lower Si (6.32–6.52 atoms per formula unit (a.p.f.u.)) than those of samples in the 

MSU (Fig. S5b). Amphibole in the garnet-free sample DF10-1 is magnesiohornblende with 

minor tschermakite (Fig. S5b).  

 

2.4. Mica 

 Muscovite occurs within all the metapelite samples and has variable compositions (Si = 

3.09–3.19 a.p.f.u. and Mg# = 0.42–0.75 in 17DF20-6; Si = 3.15–3.29 a.p.f.u. and Mg# = 

0.17–0.42 in 17DF20-1f; Si = 3.12–3.21 a.p.f.u. and Mg# = 0.21–0.46 in DF12-7) (Fig. S5c). 

 

2.5. Biotite 

The chemical composition of biotite varies between samples, with XMg of 0.30–0.46 in 

sample DF20-1-5, 0.34–0.40 in 17DF22-2, and 0.24–0.39 in DF12-7. All samples from the 

MSU have relatively low TiO2 concentrations (<1.90 wt.%) (Table S1). 

 

3. Phase relations 

3.1. TTG from the western Dengfeng Complex 

We modelled the P–T condition of partial melting of the Lujiagou tonalitic gneisses 

from the western Dengfeng Complex (Fig. S6). The bulk composition used in the calculation 

was the average composition of TTG gneisses in the western Dengfeng Complex (major 

element data from Deng et al. (2016) and Diwu et al. (2011)) . The H2O content was assigned 

by assuming minimal H2O-saturated melting at 7 kbar. A P–T range of <10.5 kbar and 

640–810°C is predicted for partial melting of this tonalite based on mineral assemblages 

lacking residual garnet, rutile, and orthopyroxene. However, the preferred peak P–T 

conditions likely reflect minimum temperatures of ~750–810°C (at 5.6–8.8 kbar), at which 

the proportion of melt is ~10 %, consistent with significant volumes of leucosome in the 

outcrop (Fig. 2a–b).  

3.2. Amphibolite from the MBU (17DF15-1), western Dengfeng Complex 

A P–T pseudosection from 4 to 13 kbar and 400 to 800°C for sample 17DF15-1 is shown 
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in Fig. S7a. The H2O content was assigned by assuming minimal H2O-saturated melting. The 

calculated solidus is located at ~650–720°C above 4 kbar. Subsolidus garnet is predicted above 

pressures between 7.7 to 11.5 kbar and temperatures between 500 and 680°C, and suprasolidus 

garnet at pressures above 5.7–7.7 kbar. Hornblende is stable throughout the P–T range of 

interest, and plagioclase is predicted to be stable at temperatures above 525°C. Ilmenite is 

stable below pressures of 9.8 kbar; whereas rutile has a limited stability field above pressures 

of 9.8 kbar at temperatures between 530 and 570°C.  

 

3.3. Amphibolites from the MSU, eastern Dengfeng Complex 

3.2.1. Garnet amphibolite (DF20-1-5 and 17DF22-2) 

In the P–T pseudosection for garnet amphibolite sample DF20-1-5 (Fig. S7b), the 

calculated solidus is located at ~650–736°C throughout the pressure range considered. The 

melt-bearing fields are not shown as there is no evidence for partial melting in this sample. 

Garnet is stable at pressures of >5.5 kbar at 720°C and >500°C at 13 kbar. Plagioclase is stable 

at pressures below 7.8 kbar and temperatures above 450°C. Epidote and chlorite are stable at 

temperatures below 546°C and 577°C, respectively. Rutile is predicted to be stable above 

pressures of 9.4 kbar and temperatures between 530°C and 652°C, and over the entire pressure 

range considered at temperatures between 445 and 530°C. Biotite is stable throughout the P–T 

range except in the upper left (high P, low T) corner with P > 13.4 kbar and T < 500°C. Minor 

muscovite is predicted at pressures above 3.0–7.8 kbar and temperatures between 465 and 

670°C.  

In the P–T pseudosection for sample 17DF22-2 (Fig. S7c), the calculated solidus is 

located at ~610–690°C. Garnet is stable at pressures of >8.1 kbar at 650°C and >475°C at 14 

kbar. Hornblende is predicted at temperatures above 475°C. Plagioclase is stable at pressures 

below 10.6 kbar and temperatures above 465°C. Biotite is stable at pressures below 12.2 kbar. 

Epidote is stable at low temperatures <570°C. Ilmenite disappears at higher pressures once 

rutile appears.  
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3.2.2. Garnet-free amphibolite (DF10-1) 

In the P–T pseudosection for the garnet-free amphibolite sample DF10-1 (Fig. S7d), the 

calculated solidus is located at >635°C. Garnet is predicted to be stable at relatively high 

pressures above 10.8 kbar at 660°C and >504°C at 14 kbar. Hornblende is predicted at 

temperatures above 451°C. Plagioclase is stable at pressures below 9.0 kbar and temperatures 

above 480°C. Biotite is stable throughout the P–T range of interest except for a small field in 

the upper left corner. Epidote is stable at pressures >8.8 kbar at 640°C, and <481°C at 4 kbar. 

Augite is stable above pressures of 6.1 kbar and temperatures between 564 and 675°C. Titanite 

is stable throughout the P–T range, except for the lower right corner, where titanite disappears 

at lower pressures due to the presence of ilmenite. Rutile is not present in the calculated P–T 

range.  

 

3.4. Metapelites from the MSU, eastern Dengfeng Complex 

Three P–T pseudosections from 2 to 14 kbar and 450 to 700°C for representative garnet 

quartz–mica schist samples are shown in Fig. S8. Garnet fractionation changes effective bulk 

compositions, and consequently P–T estimates. Due to the strong zoning exhibited by garnet 

porphyroblasts in the metapelites, an additional pseudosection (Fig. S8b) was calculated for 

sample 17DF20-6 by removing garnet cores inferred to have grown during the first 

metamorphic stage––5% of the garnet predicted to be stable at ~625°C/8 kbar, based on Xgr 

isopleths in garnet and XAn in plagioclase (Fig. S8a) was extracted from the initial bulk 

composition. For three of the modelled samples, plagioclase is present at low pressures and 

high temperatures, and garnet is stable at high pressures and temperatures. Biotite is stable 

throughout the P–T ranges in samples 17DF20-6 and DF12-7, but only stable at low 

pressures in sample 17DF20-1f. Muscovite commonly coexists with paragonite at low 

temperatures and high pressures. Staurolite is predicted at intermediate P–T conditions. 

Ilmenite is stable across a large number of fields, and magnetite is present at low pressure and 

high temperature. Hematite is predicted in sample 17DF20-1f. Rutile is limited to high 

pressures and to low temperatures in samples 17DF20-6 and 17DF20-1f. Titanite is present at 
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high pressures and low temperatures in samples 17DF20-6 and DF12-7. Chlorite is stable at 

low temperatures. Chloritoid is predicted at high pressure and low temperature in sample 

17DF20-1f (Fig. S8c). Rutile above the garnet-in line is predicted to be stable at pressures 

of >10.2 kbar in all three samples, and therefore defines the lower pressure limit of the peak 

field, whereas garnet defines the lower temperature limit. Paragonite is not considered in all 

samples due to issues of the white mica solution model. 
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Supplementary figures 

 

Figure S1. Back-scattered electron (BSE) images showing the mineral assemblages and 

textures of metapelites from the eastern part of the Dengfeng Complex (MSU). (a) In sample 

17DF20-6, epidote inclusions occur in the rim of a garnet porphyroblast. (b–d) Sample 

17DF20-6 shows core–rim texture in garnet and rutile–ilmenite pairs. Note the thin rims (dark 

blue) surrounding the cores (light blue) of cracked garnet grains, indicating the rims grew after 

fracturing of garnet grains. (e–f) In sample 17DF20-1f, shows strongly sheared garnet and thin 

rims surrounding the cores of cracked garnet grains.  
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Figure S2. Representative compositional profiles of garnet porphyroblasts and corresponding 

BSE images showing profile locations. Xgr= atomic Ca/(Ca + Fe2+ + Mg + Mn), Xpy (atomic 

Mg/(Ca + Fe2+ + Mg + Mn)), Xalm (atomic Fe2+/(Ca + Fe2+ + Mg + Mn)) and Xsps (atomic Mn 

/(Ca + Fe2+ + Mg + Mn). 
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Figure S3. X-ray maps for typical elements in garnet in amphibolite sample 17DF15-1 (MBU). 

Ca shows a significant increase out toward the rim. Note that Mn increases and Fe and Ca 

decrease along cracks, suggesting late element diffusion or weathering.  
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Figure S4. X-ray maps for typical elements in garnet in metapelite sample 17DF20-6 (MSU). 

Along the core–rim transition in garnet, Ca, Mg and Fe reveal sharp changes in compositional 

zoning, whereas Mn continuously decreases toward the rim. Note that in the image of Ca, a 

significant Ca-rich phase (red) in the rims is epidote.  
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Figure S5. Compositions of (a) plagioclase An–Ab–Or triangular diagram showing sample 

numbers, (b) Si vs. Mg/(Mg+Fe2+) diagram for amphibole (Leake et al., 1997), and (c) Si vs. 

Al diagram for white mica. 
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Figure S6. Pseudosections and isopleths of melt modes for the Lujiagou tonalite from the 

western Dengfeng TTG gneisses. The bulk composition used in the calculation is the average 

composition of TTG gneisses in the western Dengfeng Complex. The pink area is the inferred 

P–T range based on mineral assemblages without garnet, rutile, and orthopyroxene in the 

residue. The preferred peak P–T conditions may be located at higher temperatures of ~750–

810℃ (<8.8 kbar), at which the proportion of melt is >7.5 %, consistent with relatively large 

volumes of leucosome in the outcrop. The modelled result suggests that the partial melting 

event of TTG rocks at ca 2.51 Ga may have occurred under a relatively high apparent thermal 

gradient of ~875–1400°C/GPa. 
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Figure S7. Pseudosections of the metamafic rocks in the Dengfeng Complex. (a) Sample 

17DF15-1 (MBU, western Dengfeng Complex), the H2O content was determined by assuming 

saturation just above the solidus line at the lowest temperature. Fields surrounded by yellow 

lines are inferred peak P–T conditions. The purple field shows the temperature range estimated 

by the Zr-in-titanite thermometry at 7–9 kbar. P–T estimates using average PT (AvPT) of 

THERMOCALC and conventional geothermobarometers are shown for comparison. (b–c) 

Samples from the MSU in the eastern part of the Dengfeng Complex. AvPT represents the 

estimated P–T result using the average P–T mode from the THERMOCLAC program; GHPQ 

represents the P–T result using garnet–hornblende–plagioclase–quartz thermobarometry; HPQ 

represents the P–T result using hornblende–plagioclase–quartz thermobarometry; GBPQ 

represents the P–T result using garnet–biotite–plagioclase–quartz thermobarometry; Ti-in-Bi 
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represents the P–T result using the Ti-in-biotite geothermometer (for details see Table S5). 

 

 

Figure S8. Pseudosections of the metapelites in the MSU, eastern Dengfeng Complex. Phase 

relations in the suprasolidus fields are not shown. Fields surrounded by yellow lines are inferred 

peak P–T conditions. Some compositional isopleths are shown for interpreting the possible P–

T evolution. P–T estimates using average PT (AvPT) of THERMOCALC and conventional 

geothermobarometers are shown for comparison. 
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Figure S9. (a) Chondrite-normalized rare earth element patterns of zircon and (b) titanite in 

garnet amphibolite sample 17DF15-1. (c–f) Binary diagrams showing characteristics of rare 

earth elements and Zr-in-titanite thermometry for titanite in sample 17DF15-1. HREE–heavy 

rare earth element; LREE–light rare earth element; pl–plagioclase. 
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