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ARTICLE INFO ABSTRACT

Keywords: Tonalite-trondhjemite-granodiorite (TTG), an Archean dominant lithological assemblage within the cratonic
U-Pb-Hf-O-Nd isotope provinces, is believed to have been formed by partial melting of the hydrous basalts in the garnet stability field.
TTG

The origin of TTG is a window to decipher the evolution of Archean continental crust, whereas the petrogenesis is
not well constrained. To solve this issue, we have carried out field observations, zircon U-Pb-Hf-O isotope, as
well as whole-rock Nd-O isotope and geochemical analyses on the TTG and associated dioritic gneisses from the
North China Craton. U-Pb isotopic dating using the LA-ICP-MS on zircons reveals that the granitoid gneisses in
northern Liaoning were contemporaneously generated during ca. 2.56-2.51 Ga and immediately experienced a
regional metamorphic event at 2.48-2.45 Ga. The dioritic gneisses occur as quenched inclusions with rounded to
ellipsoidal globules in shape rather than lithospheric relics. Such occurrence, together with isotopic and
geochemical data, suggests that the mafic enclaves and host TTG represent two co-existing, compositionally
distinct magmas. The TTG gneisses are featured by elevated SiO; (64.72-86.46 wt%) contents, (La/Yb)y (68 on
average) and Sr/Y (119 on average) ratios, and low MgO (0.35-2.58 wt%) contents and Mg# values, with
radiogenic Hf and Nd isotopes (epe(t) = +3.5 to +9.0 and eng(t) = +0.8 to +5.4), indicating the derivation from
partial melting of the juvenile basaltic sources at lower crustal levels. Compared with the TTG gneisses, the
dioritic gneisses have lower SiO, contents, higher MgO contents and Mg” values, with similar Hf-Nd isotopes
(enr(t) = +3.6 to +9.5 and eng(t) = +3.3 to +5.1), implying the depleted mantle source. A model is proposed
whereby partial melts from juvenile basaltic sources evolved via mixing with mafic enclaves (viz. dioritic
magma) and fractional crystallization, and finally were contaminated by the sedimentary rocks, forming the TTG
magma. The granitoid gneisses in northern Liaoning witnessed the major vertical growth of continental crust at
the end of the Neoarchean, which is supported by Hf-Nd-O isotopic data and zircon Hf-O isotopic modeling. Our
results show that the geochemistry of TTG (such as elevated La/Yb and Sr/Y) might be affected by complex
petrogenetic processes, i.e., partial melting of individual sources, magma mixing, fractional crystallization, and
crustal contamination, rather than solely controlled by the P-T conditions of crustal anataxis as previously
thought, which might have been also overlooked in other Archean cratons.

Neoarchean
Crustal growth
North China Craton

1. Introduction continental crust (Anhaeusser, 2014; Arndt, 2013; Condie, 1981, 1994,
2005; Martin, 1994, 1999; Martin et al., 2005; Smithies et al., 2003;

Tonalite-trondhjemite-granodiorite (TTG) suite constitutes the major Windley, 1995). It is broadly accepted that the continental crust was
component of the Archean granite-greenstone terranes on Earth, and mainly generated during three major stages at 3.5-3.2, 2.7 and 2.5 Ga
plays a fundamental role on the formation and evolution of Archean (Condie, 1986, 1998; Condie and Kroner, 2011; Hawkesworth and
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Fig. 1. (A) The distribution of the Archean to Paleoproterozoic basement in the North China Craton (after Zhao et al., 2001, 2005, 2012; Zhao and Zhai, 2013). (B)
Geological sketch map of the Qingyuan granite-greenstone terrane (after Li and Shen, 2000; Li and Wei, 2017; Wan et al., 2005a; Peng et al., 2015; Zhai et al., 1985).

Kemp, 2006; Hill et al, 1992). Among these crustal formation periods,
the early Neoarchean is significant for the formation of the granite—
greenstone worldwide (Hollings et al, 1999; Lodge, 2016; Xie et al.,
1993), whereas TTGs with late Neoarchean age have been regionally
identified in a few cratons, such as the Antarctic Craton, South India
Craton, West African Craton and North China Craton, and thus attracted
less attraction (Clark et al., 2009, 2012; Geng et al., 2006a, 2012b,
2012c; Maibam et al., 2016; Wu et al., 2013, Wu et al., 2016; Yang et al.,
2008; Zhao and Zhai, 2013; Zhao et al., 1998, 2001; Condie, 2005). The
North China Craton, one of the few cratons, voluminously expose TTGs
with ages spreading from Eoarchean to Neoarchean, yielding a peak at
ca. 2.5 Ga (Geng et al., 2006, 2012; Zhai and Santosh, 2013; Zhao and
Zhai, 2013; Zhao et al., 2005, 2012), which provides a possibility to

decoding crustal growth in the early Precambrian and making the early
stages of Earth’s evolution to be better understood. Although extensive
studies on geochemistry and geochronology of volcanic rocks within the
greenstone belts (Bai et al., 2014; Li and Shen, 2000; Li and Wei, 2017;
Wan et al., 2005a, 2005b; Wu et al., 2016) and granitoid gneisses (Grant
et al., 2009; Wang et al., 2016a, 2016b; Li et al., 2019b, Li et al., 2019c,
Lietal., 2020; Yang et al., 2008), metamorphism of the greenstone belts
(Wu et al., 2013; Yang and Wei, 2017a, 2017b), field structures (Shen
etal., 1997; Zhai et al., 1985), and/or a combination of these approaches
(Peng et al., 2015; Zhai and Santosh, 2013; Zhao and Zhai, 2013; Zhao
et al., 2005, 2012) have been conducted, controversies regarding the
nature for the late Neoarchean crustal evolution of the North China
Craton still remain (Zhao and Zhai, 2013). Some researchers favored
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Fig. 2. (A-F) Photographs of an outcrop and (G-I) photomicrographs of the granitoid gneisses. Pl, plagioclase; Bi, biotite; Qtz, quartz.

major crustal growth during late Neoarchean (Grant et al., 2009; Li
et al., 2020; Liu et al., 2008; Polat et al., 2005; Wu et al., 2016). In
contrast, others argued that the late Neoarchean tectono-thermal event
is just a reworking event overprinting the pre-existing continental
crustal materials, and suggested that the major juvenile crust mainly
grew during early Neoarchean (Bai et al., 2014; Geng et al., 2006, 2012;
Jiang et al., 2010; Liu et al., 2017). Such a controversy arises from
lacking of a systematic petrogenesis study on the late Neoarchean rocks
in the North China Craton (Zhai and Santosh, 2013; Zhao and Zhai,
2013). Hence, the TTG gneisses from the North China Craton (e.g.,
northern Liaoning) would be one of the best candidates to decipher the
nature of the late Neoarchean tectono-thermal event due to volumetri-
cally 70-80% of the exposed Precambrian crystalline basement (Li and
Chen, 2019).

A wealth of studies reveal that the TTG mainly originated from the
partial melting of hydrous basalts in the garnet stability field, e.g.,
garnet amphibolite and eclogite (Atherton and Petford, 1993; Martin,
1986; Moyen, 2011; Moyen and Stevens, 2006), resulting in the salient
geochemical features analogy to the Cenozoic adakite (SiO2 > 56 wt%,
high Sr/Y (>40) and La /Yb (>20), and strongly depleted in Y (<18
ppm) and Yb (<1.9 ppm); Martin, 1994, 1999; Martin et al., 2005). Thus
geochemistry (e.g., elevated Sr/Y or La/Yb ratios) of the TTG was used
to deduce the depth of melting (Castillo, 2012; Moyen, 2009).
Conspicuously, TTG is an essentially part of granitoid, whose
geochemistry would not only be controlled by P-T conditions during the
partial melting, but also the source compositions and magmatic pro-
cesses (Arth and Barker, 1976; Castillo et al., 1999; Wu et al., 2007). In
other words, the nature of the magma sources (enriched versus depleted
basalts), magma mixing, fractional crystallization, and crustal contam-
ination can also contribute to the geochemical characteristics, which
have been overlooked in the petrogenetic investigations of the TTG
(Condie, 1981, 1986, 1994, 1998; Li and Wei, 2017). In addition, there
is still a “missing link” between the TTG and mafic enclave, which might
be essential to decipher the nature of the TTG, and few data for this are

available (Li et al., 2019b, 2019c).

In this contribution, we propose further constraints on these issues by
studying the Neoarchean TTG gneisses in northern Liaoning, eastern
North China Craton. Particularly, a combination of field investigation,
U-Pb-Hf-O-Nd isotopic and geochemical data were used to investigate
the age and source characteristics of the Neoarchean TTG gneisses in
northern Liaoning, and illustrate the detailed magmatic processes and
crustal growth of the North China Craton as well.

2. Geological background

The North China Craton, the largest craton in China with 300 000
km? in area, is bounded by the Paleozoic Central Asian Orogenic Belt to
the north and by the Kunlun-Qinling-Dabie-Su-Lu Orogenic Belt to the
south (Fig. 1A; Zhao and Zhai, 2013). It is one of the oldest continental
nuclei on Earth, containing 3.85 Ga trondhjemite (Li and Chen, 2019;
Liu et al., 2008; Song et al., 1996; Wan et al., 2005c, 2012) and zircons
with an age of >4.0 Ga (Li et al., 2016b). An issue of major dispute in the
North China Craton is the subdivisions of the Neo-
archean-Paleoproterozoic basement, including at least two prevalent
models (Zhao and Zhai, 2013). Zhai and Santosh (2013) envisaged that
cratonization of the North China Craton occurred at ca. 2.5 Ga through
amalgamation of micro-blocks and island arcs, followed by a Paleo-
proterozoic imprint. The other more popular model attested that it was
formed through the assembly of the Eastern and Western blocks along
the Trans-North China Orogen (Polat et al., 2005; Zhao and Zhai, 2013;
Zhao et al., 2005). The Eastern Block comprises the Archean Longgang
Block in the north, the Archean Nangrim Block in the south, and the
intervening Paleoproterozoic Jiaoliao Mobile Belt or Jiao-Liao-Ji Belt
(Li et al., 2016a, 2017, 2019a; Zhao and Zhai, 2013; Zhao et al., 2005).

The Qingyuan granite-greenstone terrane within the northern
Longgang Block is dominated by granitoid gneisses, and minor supra-
crustal sequences (Fig. 1B; Shen et al., 1997), which is divided by the
NE-trending Hunhe shear zone into two parts (Wan et al., 2005a, b).



Table 1
Zircon U-Pb data.

Spot Th U Th/U Isotopic ratios Corrected ages (Ma) Disc (%)

(ppm) (ppm) 207py, /206p}, 1o 207p}, /235() 1o 206py, /238 1o 207py, 206p}, 1o 207py, 23515 1o 206py, /238(y 16
15LQ07-1 Dioritic gneiss

Magmatic zircon
15LQ07-1-01 60 135 0.45 0.1748 0.0043 12.05 0.31 0.4975 0.0057 2606 46 2608 24 2603 25 0.09
15LQ07-1-02 62 152 0.41 0.1766 0.0037 11.69 0.24 0.4770 0.0042 2621 35 2580 20 2514 18 4.08
15LQ07-1-03 29 57 0.51 0.1732 0.0043 11.23 0.28 0.4683 0.0048 2589 41 2542 23 2476 21 4.34
15LQ07-1-04 46 49 0.94 0.1723 0.0044 11.34 0.30 0.4746 0.0060 2580 42 2552 25 2504 26 2.96
15LQ07-1-06 44 111 0.39 0.1643 0.0038 11.42 0.27 0.5007 0.0054 2502 39 2558 22 2617 23 —4.59
15LQ07-1-07 19 27 0.69 0.1628 0.0050 11.03 0.33 0.4915 0.0072 2487 52 2526 28 2577 31 -3.63
15LQ07-1-08 30 65 0.46 0.1716 0.0043 11.28 0.27 0.4745 0.0053 2573 43 2546 22 2503 23 2.71
15LQ07-1-09 40 70 0.58 0.1665 0.0037 11.35 0.25 0.4905 0.0049 2524 38 2553 21 2573 21 -1.93
15LQ07-1-10 14 38 0.38 0.1645 0.0043 11.22 0.30 0.4919 0.0070 2503 44 2541 25 2579 30 -3.05
15LQ07-1-12 21 30 0.72 0.1581 0.0052 10.01 0.31 0.4574 0.0063 2435 60 2435 29 2428 28 0.30
15LQ07-1-13 68 74 0.91 0.1640 0.0040 11.07 0.27 0.4837 0.0054 2498 41 2529 23 2544 24 -1.82
15LQ07-1-14 99 249 0.40 0.1587 0.0032 10.16 0.20 0.4591 0.0038 2443 34 2449 18 2436 17 0.28
15LQ07-1-16 23 31 0.73 0.1587 0.0039 11.12 0.27 0.5060 0.0061 2442 42 2533 23 2639 26 —8.10
15LQ07-1-17 42 70 0.60 0.1623 0.0037 10.79 0.25 0.4802 0.0052 2479 39 2506 22 2528 23 -1.97
15LQ07-1-19 40 98 0.41 0.1615 0.0040 11.14 0.28 0.4976 0.0053 2471 42 2534 24 2604 23 —-5.35
15LQ07-1-20 80 127 0.63 0.1599 0.0034 10.87 0.24 0.4912 0.0054 2454 36 2512 20 2576 24 —4.97
15LQ07-1-21 28 35 0.79 0.1681 0.0047 11.25 0.31 0.4863 0.0073 2539 47 2544 26 2555 32 —0.64
15LQ07-1-24 68 171 0.40 0.1636 0.0039 11.17 0.27 0.4897 0.0059 2494 39 2537 23 2569 25 -3.01
15LQ07-1-26 46 63 0.73 0.1696 0.0040 11.53 0.27 0.4889 0.0049 2554 40 2567 22 2566 21 —-0.47
15LQ07-1-27 79 72 1.10 0.1699 0.0037 11.58 0.26 0.4905 0.0051 2557 37 2571 21 2573 22 —0.61
15LQ07-1-28 25 36 0.69 0.1679 0.0047 11.79 0.34 0.5062 0.0060 2539 42 2588 27 2640 26 -3.99
15LQ07-1-30 28 34 0.82 0.1717 0.0051 11.30 0.34 0.4781 0.0058 2576 50 2548 28 2519 25 2.21
15LQ07-1-31 40 47 0.85 0.1696 0.0050 10.97 0.32 0.4701 0.0054 2554 50 2521 27 2484 24 2.74
15LQ07-1-34 43 47 0.92 0.1637 0.0040 10.90 0.26 0.4799 0.0052 2494 73 2514 23 2527 23 -1.30
15LQ07-1-35 32 42 0.75 0.1702 0.0045 11.66 0.29 0.4945 0.0051 2559 44 2577 24 2590 22 —-1.22
15LQ07-1-36 30 40 0.75 0.1730 0.0046 12.09 0.32 0.5038 0.0071 2587 45 2612 25 2630 31 -1.65
15LQ07-1-37 29 46 0.63 0.1738 0.0046 12.55 0.32 0.5192 0.0062 2595 44 2647 24 2696 27 —3.89
15LQ07-1-38 52 50 1.05 0.1723 0.0042 11.99 0.29 0.5007 0.0052 2581 41 2603 22 2617 22 —-1.40
15LQ07-1-39 27 30 0.91 0.1622 0.0046 11.04 0.30 0.4922 0.0052 2479 48 2526 25 2580 23 —4.07
15LQ07-1-40 105 189 0.56 0.1686 0.0032 11.96 0.23 0.5100 0.0045 2544 32 2601 18 2657 19 —4.42
15LQ07-1-42 60 53 1.12 0.1645 0.0043 11.07 0.29 0.4878 0.0059 2502 44 2529 24 2561 26 -2.35
15LQ07-1-43 172 275 0.63 0.1653 0.0035 9.95 0.23 0.4341 0.0043 2511 35 2430 21 2324 19 7.43
15LQ07-1-44 46 46 0.98 0.1729 0.0042 11.75 0.28 0.4919 0.0059 2587 40 2585 23 2579 26 0.32
15LQ07-1-47 35 40 0.86 0.1604 0.0042 10.53 0.27 0.4735 0.0055 2461 44 2483 24 2499 24 —1.53
15LQ07-1-48 36 50 0.72 0.1614 0.0042 10.70 0.28 0.4767 0.0057 2472 43 2497 24 2513 25 —-1.65
15LQ07-1-51 36 63 0.57 0.1593 0.0039 9.96 0.23 0.4521 0.0049 2450 47 2431 21 2405 22 1.85
15LQ07-1-53 66 54 1.23 0.1577 0.0038 10.85 0.26 0.4976 0.0057 2431 40 2510 23 2603 25 —7.08
15LQ07-1-54 30 140 0.21 0.1678 0.0048 11.09 0.32 0.4797 0.0065 2535 48 2531 27 2526 28 0.37
15LQ07-1-55 48 57 0.84 0.1635 0.0042 13.13 0.38 0.5829 0.0114 2492 42 2689 28 2960 47 —18.78
15LQ07-1-56 498 589 0.85 0.1617 0.0031 10.78 0.22 0.4811 0.0051 2473 32 2505 19 2532 22 -2.39
15LQ07-1-58 50 118 0.42 0.1637 0.0034 11.34 0.25 0.4990 0.0056 2495 35 2552 21 2610 24 —4.60
15LQ07-1-59 43 66 0.66 0.1669 0.0041 13.10 0.31 0.5671 0.0062 2527 40 2687 23 2896 26 —14.60
15LQ07-1-60 182 359 0.51 0.1670 0.0037 11.36 0.25 0.4891 0.0046 2528 37 2553 21 2567 20 —1.54

Metamorphic zircon
15LQ07-1-05 59 242 0.24 0.1633 0.0033 10.75 0.22 0.4741 0.0045 2490 33 2502 19 2502 20 —0.44
15LQ07-1-11 47 293 0.16 0.1617 0.0033 10.52 0.20 0.4668 0.0043 2473 34 2482 18 2469 19 0.15
15LQ07-1-15 17 105 0.17 0.1599 0.0033 10.39 0.21 0.4678 0.0047 2455 40 2470 19 2474 21 -0.78
15LQ07-1-22 41 128 0.32 0.1559 0.0032 10.31 0.21 0.4760 0.0041 2413 35 2463 18 2510 18 —4.02
15LQ07-1-23 53 149 0.35 0.1573 0.0033 10.61 0.22 0.4842 0.0049 2427 36 2489 20 2545 21 —4.86
15LQ07-1-25 7 45 0.16 0.1611 0.0046 10.66 0.30 0.4767 0.0061 2478 47 2494 26 2513 27 -1.41

(continued on next page)
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Table 1 (continued)

Spot Th U Th/U Isotopic ratios Corrected ages (Ma) Disc (%)
(ppm) (ppm) 207py, /206p}, 1o 207py, /235(; 1o 206py, 238 1o 207py, 206p}, 1o 207py, /235 1o 206py, /238(5 1o
15LQ07-1-29 7 23 0.29 0.1622 0.0050 10.75 0.33 0.4803 0.0063 2479 52 2502 29 2529 27 —-1.99
15LQ07-1-32 52 140 0.37 0.1597 0.0034 10.48 0.23 0.4736 0.0045 2454 36 2478 20 2499 20 —-1.85
15LQ07-1-33 37 111 0.34 0.1600 0.0036 11.10 0.25 0.5017 0.0061 2457 38 2531 21 2621 26 —6.66
15LQ07-1-41 31 171 0.18 0.1643 0.0033 10.14 0.21 0.4446 0.0039 2502 34 2448 19 2371 17 5.22
15LQ07-1-45 40 205 0.19 0.1587 0.0032 10.52 0.21 0.4779 0.0044 2442 33 2481 19 2518 19 -3.10
15LQ07-1-46 22 145 0.15 0.1578 0.0031 10.28 0.21 0.4694 0.0048 2432 34 2460 19 2481 21 —2.00
Later-thermal-event zircon
15LQ07-1-18 30 51 0.59 0.1536 0.0044 10.29 0.29 0.4851 0.0058 2387 50 2461 26 2549 25 —6.80
15LQ07-1-49 56 137 0.41 0.1531 0.0035 9.77 0.22 0.4588 0.0052 2381 39 2414 21 2434 23 -2.23
15LQ07-1-50 53 255 0.21 0.1545 0.0031 9.98 0.20 0.4642 0.0041 2396 35 2433 18 2458 18 —2.58
15LQ07-1-52 6 30 0.20 0.1536 0.0044 9.80 0.27 0.4648 0.0068 2386 49 2417 25 2461 30 -3.13
15LQ07-1-57 3 20 0.17 0.1544 0.0052 9.99 0.35 0.4676 0.0070 2395 56 2434 33 2473 31 —3.24
15LQ08-1 Tonalitic gneiss
Magmatic zircon
15LQ08-1-01 27 120 0.22 0.1671 0.0021 11.24 0.13 0.4881 0.0045 2529 21 2544 11 2562 19 -1.33
15LQ08-1-02 47 72 0.65 0.1716 0.0023 11.65 0.14 0.4924 0.0047 2574 22 2577 11 2581 20 -0.29
15LQ08-1-03 39 73 0.54 0.1717 0.0023 11.52 0.14 0.4868 0.0047 2574 22 2566 11 2557 20 0.67
15LQ08-1-04 35 60 0.58 0.1733 0.0023 11.64 0.15 0.4871 0.0047 2590 22 2576 12 2558 21 1.23
15LQ08-1-05 38 304 0.12 0.1693 0.0021 11.18 0.12 0.4790 0.0042 2551 21 2538 10 2523 18 1.09
15LQ08-1-06 36 93 0.39 0.1682 0.0022 10.62 0.13 0.4581 0.0043 2540 22 2490 11 2431 19 4.27
15LQ08-1-10 49 74 0.66 0.1726 0.0023 11.60 0.14 0.4876 0.0046 2583 22 2573 11 2560 20 0.86
15LQ08-1-12 20 94 0.21 0.1708 0.0024 11.53 0.15 0.4898 0.0048 2566 23 2567 12 2570 21 -0.17
15LQ08-1-13 162 176 0.92 0.1706 0.0022 11.23 0.13 0.4775 0.0043 2563 21 2542 11 2516 19 1.83
15LQ08-1-14 52 67 0.77 0.1714 0.0023 11.35 0.14 0.4806 0.0046 2571 23 2552 12 2530 20 1.60
15LQ08-1-15 48 75 0.64 0.1720 0.0023 11.52 0.14 0.4861 0.0046 2577 22 2566 12 2554 20 0.89
15LQ08-1-16 49 212 0.23 0.1683 0.0022 11.33 0.13 0.4885 0.0044 2541 21 2551 11 2564 19 -0.92
15LQ08-1-17 25 59 0.42 0.1687 0.0023 11.23 0.14 0.4829 0.0047 2545 23 2542 12 2540 20 0.20
15LQ08-1-18 36 70 0.52 0.1706 0.0024 11.30 0.14 0.4805 0.0046 2564 23 2549 12 2530 20 1.34
15LQ08-1-19 32 87 0.37 0.1660 0.0023 10.98 0.14 0.4798 0.0045 2518 23 2521 12 2526 20 —-0.35
15LQ08-1-20 91 132 0.69 0.1695 0.0023 11.18 0.14 0.4783 0.0044 2553 22 2538 11 2520 19 1.30
15LQ08-1-21 94 258 0.36 0.1707 0.0022 11.20 0.13 0.4759 0.0042 2564 22 2540 11 2510 19 2.14
15LQ08-1-23 37 63 0.59 0.1722 0.0024 11.55 0.15 0.4867 0.0048 2579 23 2569 12 2556 21 0.88
15LQ08-1-24 36 79 0.45 0.1688 0.0023 12.15 0.15 0.5223 0.0050 2545 23 2616 12 2709 21 —6.42
15LQ08-1-25 88 130 0.68 0.1701 0.0023 11.59 0.14 0.4943 0.0046 2558 22 2572 11 2589 20 -1.20
15LQ08-1-26 42 70 0.61 0.1709 0.0024 11.23 0.15 0.4766 0.0046 2566 23 2542 12 2512 20 2.10
15LQ08-1-27 84 123 0.68 0.1701 0.0024 11.42 0.15 0.4871 0.0047 2559 23 2558 12 2558 20 0.04
15LQ08-1-28 61 113 0.54 0.1713 0.0026 11.62 0.16 0.4920 0.0051 2570 25 2574 13 2579 22 -0.35
15LQ08-1-29 42 67 0.63 0.1700 0.0025 11.60 0.16 0.4949 0.0051 2557 25 2572 13 2592 22 -1.36
15LQ08-1-30 83 141 0.59 0.1682 0.0023 11.31 0.14 0.4878 0.0045 2540 23 2549 12 2561 19 —-0.85
15LQ08-1-31 51 87 0.58 0.1701 0.0024 11.14 0.14 0.4751 0.0045 2559 23 2535 12 2506 20 2.07
15LQ08-1-34 16 43 0.36 0.1738 0.0028 11.86 0.18 0.4950 0.0056 2594 27 2593 15 2592 24 0.08
15LQ08-1-35 28 54 0.53 0.1698 0.0025 11.47 0.16 0.4898 0.0049 2556 25 2562 13 2570 21 —0.54
15LQ08-1-36 136 151 0.90 0.1708 0.0024 11.45 0.14 0.4863 0.0045 2566 23 2561 12 2555 19 0.43
15LQ08-1-37 84 141 0.60 0.1653 0.0023 10.16 0.13 0.4459 0.0041 2511 24 2449 12 2377 18 5.32
15LQ08-1-38 35 257 0.14 0.1642 0.0023 11.34 0.14 0.5009 0.0045 2499 23 2551 12 2618 19 -4.75
Metamorphic zircon
15LQ08-1-07 102 849 0.12 0.1646 0.0021 9.26 0.11 0.4083 0.0037 2504 21 2364 11 2207 17 11.85
15LQ08-1-08 90 791 0.11 0.1657 0.0021 9.08 0.10 0.3975 0.0035 2515 21 2346 10 2157 16 14.22
15LQ08-1-09 47 412 0.11 0.1635 0.0020 10.84 0.12 0.4812 0.0042 2492 21 2510 10 2532 18 -1.63
15LQ08-1-11 15 330 0.05 0.1633 0.0021 10.04 0.11 0.4458 0.0039 2490 21 2438 10 2376 18 4.58
15LQ08-1-22 16 531 0.03 0.1634 0.0021 9.99 0.12 0.4434 0.0039 2491 22 2434 11 2366 17 5.03
15LQ08-1-32 24 224 0.10 0.1622 0.0022 10.25 0.13 0.4584 0.0041 2478 23 2457 11 2433 18 1.85

(continued on next page)
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Table 1 (continued)

Spot Th U Th/U Isotopic ratios Corrected ages (Ma) Disc (%)

(ppm) (ppm) 207pp, /206p}, 16 207p}, /235(; 1o 206p}, /2385 10 207pp, /206 pp, 1o 207p}, /235 10 206py, /238(5 10
15LQ08-1-33 17 157 0.11 0.1647 0.0023 10.53 0.13 0.4639 0.0043 2504 23 2483 12 2457 19 1.90
15LQ09-1 Trondhjemitic gneisses

Magmatic zircon
15LQ09-1-02 260 911 0.29 0.1663 0.0020 11.06 0.12 0.4826 0.0042 2521 20 2529 10 2539 18 -0.71
15LQ09-1-06 312 569 0.55 0.1708 0.0020 11.72 0.12 0.4976 0.0043 2566 20 2582 10 2604 19 —1.47
15LQ09-1-07 120 192 0.62 0.1711 0.0021 11.71 0.13 0.4962 0.0045 2569 20 2581 10 2597 19 -1.11
15LQ09-1-09 143 1603 0.09 0.1676 0.0020 11.48 0.12 0.4972 0.0043 2533 20 2563 10 2602 18 -2.70
15LQ09-1-10 133 394 0.34 0.1659 0.0020 10.84 0.12 0.4739 0.0042 2517 20 2510 10 2501 18 0.65
15LQ09-1-11 192 1163 0.17 0.1678 0.0020 11.04 0.12 0.4771 0.0041 2536 20 2527 10 2515 18 0.85
15LQ09-1-12 359 661 0.54 0.1695 0.0020 11.23 0.12 0.4808 0.0042 2553 20 2543 10 2531 18 0.85
15LQ09-1-15 854 987 0.87 0.1699 0.0020 11.44 0.12 0.4887 0.0042 2556 20 2560 10 2565 18 —0.34
15LQ09-1-17 200 943 0.21 0.1662 0.0020 11.08 0.12 0.4836 0.0042 2519 20 2530 10 2543 18 —0.94
15LQ09-1-18 209 1177 0.18 0.1663 0.0020 10.88 0.11 0.4744 0.0041 2521 20 2513 10 2503 18 0.72
15LQ09-1-19 499 803 0.62 0.1713 0.0021 11.57 0.12 0.4901 0.0043 2571 20 2571 10 2571 18 —0.02
15LQ09-1-20 338 1158 0.29 0.1656 0.0020 10.77 0.11 0.4717 0.0041 2514 20 2503 10 2491 18 0.92
15LQ09-1-21 188 830 0.23 0.1682 0.0020 11.18 0.12 0.4823 0.0042 2539 20 2538 10 2537 18 0.08
15LQ09-1-23 218 347 0.63 0.1713 0.0021 11.83 0.13 0.5010 0.0044 2570 20 2591 10 2618 19 -1.87

Metamorphic zircon
15LQ09-1-01 60 1208 0.05 0.1654 0.0019 10.97 0.11 0.4811 0.0042 2512 20 2521 10 2532 18 -0.82
15LQ09-1-03 68 1312 0.05 0.1633 0.0019 10.59 0.11 0.4705 0.0041 2490 20 2488 10 2486 18 0.17
15LQ09-1-04 62 1339 0.05 0.1633 0.0019 10.48 0.11 0.4656 0.0040 2490 20 2478 10 2464 18 1.04
15LQ09-1-05 59 1186 0.05 0.1633 0.0019 10.56 0.11 0.4690 0.0041 2490 20 2485 10 2479 18 0.43
15LQ09-1-08 84 1695 0.05 0.1651 0.0019 11.18 0.12 0.4915 0.0042 2508 20 2539 10 2577 18 —-2.73
15LQ09-1-13 63 1147 0.05 0.1628 0.0019 10.63 0.11 0.4737 0.0041 2485 20 2491 10 2500 18 —0.59
15LQ09-1-14 62 902 0.07 0.1644 0.0020 10.89 0.11 0.4808 0.0042 2501 20 2514 10 2531 18 —1.20
15LQ09-1-16 33 855 0.04 0.1638 0.0020 10.72 0.11 0.4750 0.0041 2495 20 2500 10 2506 18 —0.42
15LQ09-1-22 44 940 0.05 0.1627 0.0020 10.50 0.11 0.4684 0.0041 2483 20 2480 10 2477 18 0.28
17Sk05 Trondhjemitic gneisses

Magmatic zircon
17SK05-12 84 132 0.64 0.1725 0.0042 11.81 0.30 0.4965 0.0051 2583 40 2590 24 2599 22 —0.60
17SK05-14 286 338 0.84 0.1704 0.0036 11.47 0.25 0.4887 0.0053 2562 35 2562 20 2565 23 -0.11
17SK05-16 119 285 0.42 0.1680 0.0032 11.39 0.20 0.4909 0.0037 2539 32 2556 17 2575 16 -1.41
17SK05-21 157 395 0.40 0.1682 0.0027 11.15 0.17 0.4790 0.0039 2540 27 2536 14 2523 17 0.69
17SK05-29 76 123 0.62 0.1658 0.0028 10.88 0.17 0.4749 0.0036 2517 28 2513 14 2505 16 0.47
17SK05-40 108 152 0.71 0.1693 0.0031 11.09 0.21 0.4764 0.0039 2550 30 2531 18 2511 17 1.52
17SK05-45 45 99 0.46 0.1608 0.0037 10.41 0.26 0.4719 0.0054 2465 39 2472 23 2492 24 -1.10
17SK05-50 210 310 0.68 0.1604 0.0026 10.33 0.16 0.4670 0.0035 2461 28 2465 15 2470 16 —0.38

Metamorphic zircon
17SK05-07 158 2197 0.07 0.1649 0.0026 12.76 0.24 0.5605 0.0080 2507 27 2662 18 2869 33 —14.42
17SK05-08 103 1168 0.09 0.1611 0.0027 10.63 0.18 0.4787 0.0047 2478 28 2491 16 2522 21 -1.78
17SK05-09 111 1552 0.07 0.1613 0.0025 11.15 0.18 0.5007 0.0042 2469 26 2535 15 2617 18 —5.96
17SK05-10 270 1553 0.17 0.1614 0.0028 11.70 0.21 0.5251 0.0046 2472 28 2581 17 2721 19 —10.06
17SK05-11 98 1174 0.08 0.1625 0.0032 11.18 0.22 0.4987 0.0036 2481 33 2538 19 2608 15 —5.12
17SK05-13 127 990 0.13 0.1604 0.0037 11.57 0.28 0.5230 0.0050 2461 39 2570 23 2712 21 —10.18
17SK05-15 68 1760 0.04 0.1601 0.0028 11.60 0.21 0.5244 0.0045 2457 30 2572 17 2718 19 —10.61
17SK05-17 240 1018 0.24 0.1628 0.0029 10.97 0.18 0.4867 0.0039 2487 30 2520 15 2556 17 -2.79
17SK05-18 81 1411 0.06 0.1654 0.0029 12.13 0.22 0.5305 0.0063 2522 29 2615 17 2743 26 —8.77
17SK05-19 84 1784 0.05 0.1585 0.0028 10.31 0.20 0.4692 0.0064 2440 30 2463 18 2480 28 —-1.64
17SK05-20 72 1225 0.06 0.1618 0.0027 10.44 0.19 0.4653 0.0054 2476 28 2475 17 2463 24 0.52
17SK05-22 135 1288 0.11 0.1566 0.0021 10.98 0.15 0.5054 0.0039 2420 23 2521 13 2637 17 —8.95
17SK05-23 167 304 0.55 0.1572 0.0025 10.91 0.18 0.5007 0.0051 2426 28 2515 15 2617 22 -7.89
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Table 1 (continued)

Spot Th U Th/U Isotopic ratios Corrected ages (Ma) Disc (%)
(ppm) (ppm) 207ph,/2%6ph 16 207p,/ 235y 1o 206pp, /238y 16 207ph,/206ph 1o 207ph/235y 16 206pt, /238y 1o
17SK05-24 127 1422 0.09 0.1570 0.0025 11.10 0.16 0.5105 0.0043 2424 27 2532 14 2659 18 —9.69
17SK05-26 139 1915 0.07 0.1585 0.0023 11.28 0.16 0.5142 0.0047 2440 24 2547 14 2674 20 -9.61
17SK05-27 103 1775 0.06 0.1553 0.0022 9.45 0.15 0.4391 0.0047 2406 23 2383 15 2347 21 2.45
17SK05-28 136 3369 0.04 0.1611 0.0025 10.87 0.21 0.4884 0.0086 2478 27 2512 18 2564 37 —3.48
17SK05-30 116 1292 0.09 0.1573 0.0025 11.28 0.18 0.5178 0.0045 2428 27 2546 15 2690 19 —10.80
17SK05-31 238 1516 0.16 0.1629 0.0026 11.95 0.20 0.5301 0.0054 2487 32 2601 16 2742 23 —10.25
17SK05-32 262 1511 0.17 0.1613 0.0023 11.44 0.17 0.5125 0.0044 2469 19 2560 14 2667 19 —8.02
17SK05-33 143 2019 0.07 0.1612 0.0026 7.89 0.21 0.3527 0.0074 2468 27 2218 24 1947 35 21.10
17SK05-34 454 3546 0.13 0.1652 0.0022 12.39 0.18 0.5410 0.0046 2510 22 2634 14 2787 19 —11.07
17SK05-35 78 2265 0.03 0.1637 0.0025 10.82 0.17 0.4769 0.0044 2495 26 2508 15 2514 19 —0.75
17SK05-37 148 1497 0.10 0.1614 0.0030 8.86 0.17 0.3972 0.0050 2472 31 2324 18 2156 23 12.78
17SK05-38 73 1385 0.05 0.1620 0.0026 11.81 0.21 0.5276 0.0061 2476 27 2589 16 2731 26 —-10.31
17SK05-39 129 1468 0.09 0.1582 0.0025 10.15 0.17 0.4658 0.0044 2436 27 2449 15 2465 19 -1.20
17SK05-42 58 2504 0.02 0.1587 0.0034 11.25 0.27 0.5163 0.0057 2442 36 2544 23 2683 24 -9.87
17SK05-43 165 1670 0.10 0.1600 0.0036 11.42 0.29 0.5207 0.0056 2457 38 2558 24 2702 24 —9.97
17SK05-44 2 132 0.01 0.1624 0.0049 10.94 0.27 0.4968 0.0051 2481 51 2518 23 2600 22 —4.81
17SK05-46 169 232 0.73 0.1631 0.0031 10.86 0.22 0.4847 0.0043 2488 31 2511 19 2548 19 -2.39
17SK05-48 155 1003 0.15 0.1601 0.0026 11.94 0.20 0.5414 0.0045 2457 27 2600 16 2789 19 —13.51
Later-thermal-event zircon
17SK05-01 92 1493 0.06 0.1417 0.0067 8.95 0.68 0.4920 0.0076 2250 82 2332 69 2579 33 —14.63
17SK05-02 171 337 0.51 0.1489 0.0059 9.63 0.59 0.4972 0.0073 2344 68 2400 57 2602 32 —10.97
17SK05-03 248 1567 0.16 0.1509 0.0048 10.79 0.52 0.5419 0.0068 2367 54 2505 45 2792 29 —17.95
17SK05-04 186 1062 0.18 0.1498 0.0037 9.78 0.35 0.4888 0.0050 2344 42 2414 33 2565 22 —-9.47
17SK05-05 102 2298 0.04 0.1534 0.0030 7.82 0.21 0.3771 0.0051 2384 33 2211 25 2063 24 13.49
17SK05-25 144 969 0.15 0.1547 0.0027 10.06 0.17 0.4695 0.0056 2399 29 2441 16 2481 25 —3.43
17SK05-36 102 1329 0.08 0.1527 0.0026 7.81 0.16 0.3685 0.0049 2376 29 2209 18 2022 23 14.90
17SK05-41 80 3062 0.03 0.1559 0.0030 8.57 0.20 0.4000 0.0055 2413 28 2294 21 2169 25 10.11
17SK05-47 173 1201 0.14 0.1559 0.0027 11.07 0.20 0.5160 0.0039 2413 29 2529 17 2682 17 —11.16
17SK05-49 142 1296 0.11 0.1540 0.0024 8.68 0.14 0.4087 0.0030 2391 26 2305 14 2209 14 7.61

Notes: Degree of discordance = 100 x(1—(2°°Pb/?*U age/?”Pb/2°°Pb age)), A2°U = 0.0155125 x 10~° yr~1, 22%°U = 0.98485 x 10~° yr !, A%**Th = 0.049475 x 10~° yr~.
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Table 2

Zircon Hf-O isotopic data.

No. t(Ma) 176yb/177HE 176Lu/Y77HE 176H£/77Hf +20 eqe(t) 26 Tom Tpm(HN® 26 Tpm(Hf2) fru/me 5180 (%o, VSMOW) +20 (internal) +20 (external)
15LQ07-1 Dioritic gneiss
Magmatic zircon
15LQ07-1-01 2606 0.018348 0.000650 0.281370 0.000009 9.0 1.7 2604 2602 16 2601 -0.98
15LQ07-1-02 2621 0.019327 0.000804 0.281381 0.000011 8.3 0.7 2599 2586 16 2571 -0.98
15LQ07-1-03 2589 0.019460 0.000710 0.281376 0.000010 7.6 0.3 2599 2606 13 2613 -0.98
15LQ07-1-04 2580 0.027738 0.000917 0.281348 0.000012 6.0 0.4 2651 2694 16 2741 -0.97
15LQ07-1-06 2502 0.008593 0.000354 0.281409 0.000011 7.4 0.4 2530 2548 15 2568 —-0.99
15LQ07-1-07 2487 0.013918 0.000542 0.281384 0.000010 5.8 0.4 2577 2632 14 2693 -0.98
15LQ07-1-08 2573 0.026844 0.000973 0.281373 0.000013 6.7 0.5 2620 2649 17 2680 -0.97
15LQ07-1-09 2524 0.035351 0.001194 0.281406 0.000016 6.3 0.6 2591 2631 22 2675 -0.96
15LQ07-1-10 2503 0.019536 0.000730 0.281343 0.000009 4.4 0.3 2645 2733 12 2829 —-0.98
15LQ07-1-12 2435 0.026080 0.000905 0.281400 0.000013 4.6 0.5 2580 2667 18 2764 —-0.97
15LQ07-1-13 2498 0.021278 0.000773 0.281403 0.000010 6.4 0.3 2567 2609 13 2655 -0.98
15LQ07-1-14 2443 0.010977 0.000458 0.281374 0.000012 4.6 0.4 2584 2673 17 2769 —-0.99
15LQ07-1-16 2442 0.019378 0.000769 0.281363 0.000013 3.7 0.5 2620 2729 17 2849 —-0.98
15LQ07-1-17 2479 0.027788 0.001113 0.281389 0.000013 4.9 0.5 2609 2686 18 2773 -0.97
15LQ07-1-19 2471 0.025487 0.000872 0.281371 0.000010 4.5 0.3 2616 2704 13 2801 -0.97
15LQ07-1-20 2454 0.037680 0.001248 0.281374 0.000013 3.5 0.5 2639 2748 18 2871 —-0.96
15LQ07-1-21 2539 0.019759 0.000664 0.281362 0.000010 6.0 0.4 2615 2661 14 2712 -0.98
15LQ07-1-24 2494 0.013146 0.000506 0.281378 0.000010 5.9 0.4 2583 2637 14 2697 -0.98
15LQ07-1-26 2554 0.023015 0.000796 0.281366 0.000009 6.3 0.3 2618 2657 12 2701 —-0.98
15LQ07-1-27 2557 0.048073 0.001593 0.281392 0.000012 5.9 0.4 2638 2684 16 2737 —-0.95
15LQ07-1-28 2539 0.031861 0.001045 0.281361 0.000013 5.3 0.5 2642 2704 18 2774 -0.97
15LQ07-1-30 2576 0.031536 0.001037 0.281369 0.000013 6.5 0.4 2630 2663 17 2699 —-0.97
15LQ07-1-31 2554 0.034743 0.001157 0.281367 0.000010 5.7 0.4 2642 2695 14 2754 -0.97
15LQ07-1-34 2494 0.045858 0.001491 0.281383 0.000011 4.4 0.4 2643 2728 15 2826 -0.96
15LQ07-1-35 2559 0.015807 0.000575 0.281376 0.000009 7.1 0.3 2590 2610 12 2631 -0.98
15LQ07-1-36 2587 0.015133 0.000549 0.281363 0.000010 7.4 0.3 2606 2618 13 2630 -0.98
15LQ07-1-37 2595 0.018036 0.000642 0.281343 0.000016 6.7 0.6 2638 2665 21 2695 -0.98
15LQ07-1-38 2581 0.049150 0.001591 0.281412 0.000011 7.1 0.4 2610 2627 16 2646 -0.95
15LQ07-1-39 2479 0.015466 0.000551 0.281343 0.000011 4.2 0.4 2633 2728 15 2832 —-0.98
15LQ07-1-40 2544 0.029908 0.001207 0.281355 0.000016 5.0 0.6 2661 2730 22 2809 -0.96
15LQ07-1-42 2502 0.033600 0.001124 0.281377 0.000011 4.9 0.4 2626 2700 15 2783 -0.97
15LQ07-1-43 2511 0.019354 0.000726 0.281373 0.000010 5.7 0.4 2605 2662 13 2726 -0.98
15LQ07-1-44 2587 0.044829 0.001425 0.281401 0.000012 7.2 0.4 2614 2629 17 2647 —-0.96
15LQ07-1-47 2461 0.026793 0.000889 0.281353 0.000012 3.6 0.4 2642 2751 17 2873 -0.97
15LQ07-1-48 2472 0.024513 0.000820 0.281358 0.000012 4.1 0.4 2631 2727 17 2834 —-0.98
15LQ07-1-51 2450 0.009937 0.000421 0.281380 0.000014 5.0 0.5 2575 2653 18 2738 —-0.99
15LQ07-1-53 2431 0.036699 0.001184 0.281394 0.000013 3.9 0.4 2606 2710 17 2827 -0.96
15LQ07-1-54 2535 0.027672 0.000908 0.281372 0.000010 5.9 0.3 2619 2669 13 2724 -0.97
15LQ07-1-55 2492 0.028453 0.000935 0.281361 0.000013 4.5 0.5 2634 2720 18 2815 -0.97
15LQ07-1-56 2473 0.024689 0.000856 0.281368 0.000013 4.4 0.5 2620 2708 18 2807 —-0.97
15LQ07-1-58 2495 0.019359 0.000764 0.281371 0.000010 5.2 0.4 2609 2678 14 2755 -0.98
15LQ07-1-59 2527 0.004930 0.000224 0.281357 0.000010 6.3 0.3 2592 2633 13 2677 —-0.99
15LQ07-1-60 2528 0.032306 0.001301 0.281374 0.000010 5.1 0.3 2642 2709 14 2785 —-0.96
Metamorphic zircon

15LQ07-1-05 2490 0.014538 0.000575 0.281397 0.000010 6.3 0.4 2562 2607 13 2655 -0.98
15LQ07-1-11 2473 0.010574 0.000430 0.281404 0.000014 6.4 0.5 2542 2585 18 2633 —-0.99
15LQ07-1-15 2455 0.007095 0.000299 0.281375 0.000012 5.2 0.4 2573 2648 16 2729 —-0.99
15LQ07-1-22 2413 0.007470 0.000304 0.281393 0.000010 4.9 0.3 2549 2634 13 2726 —-0.99
15LQ07-1-23 2427 0.008799 0.000364 0.281382 0.000010 4.7 0.4 2568 2655 13 2751 —-0.99
15LQ07-1-25 2478 0.007828 0.000330 0.281382 0.000010 5.9 0.4 2566 2621 14 2682 —-0.99
15LQ07-1-29 2479 0.010158 0.000413 0.281370 0.000010 5.4 0.4 2587 2654 14 2727 —-0.99
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Table 2 (continued)

No. t(Ma) 176yb/177HE 176Lu/ 77 Hf 176Hf/177Hf +26 er(t) 26 Tom Tpm(HN® 20 Tpm(Hf2) fru/me 5180 (%o, VSMOW) +20 (internal) +20 (external)
15LQ07-1-32 2454 0.010601 0.000435 0.281414 0.000011 6.3 0.4 2530 2577 15 2628 —-0.99
15LQ07-1-33 2457 0.021211 0.000716 0.281362 0.000010 4.1 0.4 2618 2716 14 2825 —0.98
15LQ07-1-41 2502 0.028008 0.000949 0.281362 0.000011 4.7 0.4 2635 2715 15 2804 -0.97
15LQ07-1-45 2442 0.009299 0.000382 0.281372 0.000009 4.7 0.3 2583 2671 13 2766 —-0.99
15LQ07-1-46 2432 0.008662 0.000342 0.281373 0.000010 4.5 0.3 2578 2670 13 2770 —0.99

Later-thermal-event zircon
15LQ07-1-18 2387 0.017126 0.000599 0.281370 0.000010 3.0 0.4 2600 2731 13 2875 —0.98
15LQ07-1-49 2381 0.011951 0.000506 0.281393 0.000011 3.8 0.4 2563 2676 15 2799 —0.98
15LQ07-1-50 2396 0.012770 0.000543 0.281397 0.000011 4.2 0.4 2559 2660 14 2771 —-0.98
15LQ07-1-52 2386 0.007559 0.000350 0.281408 0.000016 4.7 0.6 2532 2623 21 2722 —-0.99
15LQ07-1-57 2395 0.005164 0.000259 0.281380 0.000013 4.1 0.5 2564 2670 18 2786 —0.99
15LQ08-1 Tonalitic gneiss

Magmatic zircon
15LQ08-1-01 2529 0.049676 0.001499 0.281390 0.000021 5.4 0.8 2633 2694 29 2763 —-0.95
15LQ08-1-02 2574 0.043584 0.001333 0.281388 0.000023 6.6 0.8 2625 2655 31 2689 —-0.96
15LQ08-1-03 2574 0.026082 0.000811 0.281357 0.000021 6.4 0.8 2632 2667 29 2707 —0.98
15LQ08-1-04 2590 0.042341 0.001350 0.281434 0.000019 8.6 0.7 2562 2546 26 2528 —0.96
15LQ08-1-05 2551 0.058803 0.001775 0.281426 0.000027 6.7 1.0 2603 2632 38 2666 —-0.95
15LQ08-1-06 2540 0.035000 0.001143 0.281402 0.000021 6.6 0.7 2593 2625 28 2661 —-0.97
15LQ08-1-10 2583 0.060501 0.001831 0.281451 0.000025 8.1 0.9 2573 2567 34 2560 —0.94
15LQ08-1-12 2566 0.024854 0.000841 0.281408 0.000020 8.0 0.7 2564 2563 28 2562 -0.97
15LQ08-1-13 2563 0.114201 0.003388 0.281465 0.000024 5.5 0.9 2663 2712 35 2775 —-0.90
15LQ08-1-14 2571 0.047446 0.001457 0.281391 0.000021 6.4 0.7 2630 2664 29 2703 —0.96
15LQ08-1-15 2577 0.062862 0.001899 0.281478 0.000023 8.8 0.8 2540 2519 33 2494 —-0.94
15LQ08-1-16 2541 0.049334 0.001538 0.281410 0.000023 6.3 0.8 2608 2647 31 2692 —-0.95
15LQ08-1-17 2545 0.051190 0.001622 0.281388 0.000024 5.4 0.9 2646 2703 34 2770 —-0.95
15LQ08-1-18 2564 0.047541 0.001517 0.281378 0.000022 5.7 0.8 2651 2701 31 2759 —0.95
15LQ08-1-19 2518 0.029718 0.000951 0.281375 0.000020 5.5 0.7 2616 2676 27 2742 -0.97
15LQ08-1-20 2553 0.070716 0.002158 0.281444 0.000024 6.7 0.8 2604 2632 33 2665 —0.94
15LQ08-1-21 2564 0.066331 0.002057 0.281371 0.000022 4.5 0.8 2700 2775 31 2864 —0.94
15LQ08-1-23 2579 0.048593 0.001503 0.281467 0.000021 9.2 0.8 2527 2497 30 2463 —-0.95
15LQ08-1-24 2545 0.020311 0.000672 0.281386 0.000019 7.0 0.7 2582 2605 26 2630 —-0.98
15LQ08-1-25 2558 0.069489 0.002187 0.281474 0.000021 7.8 0.7 2564 2567 30 2571 —-0.93
15LQ08-1-26 2566 0.060440 0.001820 0.281476 0.000021 8.7 0.7 2536 2520 29 2500 —-0.95
15LQ08-1-27 2559 0.051930 0.001646 0.281407 0.000026 6.4 0.9 2620 2655 36 2695 —-0.95
15LQ08-1-28 2570 0.076721 0.002315 0.281452 0.000028 7.0 1.0 2605 2623 39 2646 —-0.93
15LQ08-1-29 2557 0.048800 0.001500 0.281438 0.000024 7.7 0.9 2568 2574 33 2581 —-0.95
15LQ08-1-30 2540 0.051624 0.001847 0.281459 0.000025 7.4 0.9 2563 2576 36 2591 —0.94
15LQ08-1-31 2559 0.063833 0.001962 0.281426 0.000022 6.5 0.8 2616 2648 30 2686 —0.94
15LQ08-1-34 2594 0.027023 0.000898 0.281331 0.000020 5.8 0.7 2673 2721 27 2774 -0.97
15LQ08-1-35 2556 0.051109 0.001595 0.281453 0.000021 8.0 0.7 2554 2553 29 2551 —-0.95
15LQ08-1-36 2566 0.114068 0.003468 0.281520 0.000025 7.4 0.9 2589 2600 36 2615 —-0.90
15LQ08-1-37 2511 0.040089 0.001339 0.281345 0.000021 3.6 0.8 2685 2787 29 2903 —0.96
15LQ08-1-38 2499 0.038033 0.001192 0.281388 0.000021 5.2 0.7 2615 2684 28 2761 —-0.96

Metamorphic zircon
15LQ08-1-07 2504 0.039793 0.001527 0.281459 0.000024 7.2 0.9 2540 2561 34 2586 —0.95
15LQ08-1-08 2515 0.091508 0.002774 0.281534 0.000025 8.0 0.9 2519 2522 35 2525 —-0.92
15LQ08-1-09 2492 0.024168 0.000824 0.281430 0.000024 7.1 0.8 2533 2558 32 2585 —-0.98
15LQ08-1-11 2490 0.028135 0.000898 0.281378 0.000019 5.1 0.7 2609 2681 26 2761 —-0.97
15LQ08-1-22 2491 0.047727 0.001433 0.281382 0.000022 4.4 0.8 2640 2727 30 2825 —-0.96
15LQ08-1-32 2478 0.049175 0.001581 0.281434 0.000024 5.7 0.8 2578 2635 33 2701 —-0.95
15LQ08-1-33 2504 0.034798 0.001131 0.281398 0.000024 5.7 0.9 2598 2654 33 2716 -0.97
15LQ09-1 Trondhjemitic gneiss

(continued on next page)
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Table 2 (continued)
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+20 (internal) 420 (external)

5180 (%o, VSMOW)

fru/me

Tom(Hf2)

Tpm(HD®

20 Tom

en(t)

+20

176Yb/177Hf 176Lu/177Hf 176Hf/177Hf

t(Ma)

No.

Magmatic zircon

2521

0.70
0.83
0.81
0.78
0.80
0.76
0.70
0.79
0.68
0.70
0.74
0.72
0.67
0.70

0.21
0.49
0.46
0.39
0.44
0.35
0.18
0.42
0.11
0.19
0.30
0.25
0.05
0.20

6.54
6.15
6.36
5.98
6.96

6.15

—0.94
—0.92
-0.91
—0.94
—0.94
—0.93
-0.92
—0.93
—0.92
—0.94
—0.94
—0.92
-0.93
-0.92

2673

25

2628
2515

2590
2533
2593
2563
2578
2629
2570
2558
2592
2617

0.6
0.8

6.3

0.000018
0.000021
0.000029
0.000015
0.000021
0.000017
0.000018
0.000020
0.000021
0.000019
0.000016
0.000022
0.000019
0.000023

0.281452
0.281521
0.281498
0.281472
0.281458
0.281429
0.281492
0.281487
0.281479
0.281425
0.281428
0.281435
0.281446
0.281530

0.002107
0.002698
0.003088
0.002123
0.002058
0.002201
0.002630
0.002356
0.002676
0.001944
0.001945
0.002761
0.002298
0.002511

0.073201
0.091487
0.102583
0.065588
0.068954
0.074746
0.089810
0.076818
0.091494
0.064944
0.065635
0.092796
0.077261
0.084314

15LQ09-1-02

2494
2621

30
7

8.8

2566
2569
2533
2517

15LQ09-1-06

2606
2579
2612

1.0
0.5

7.3

15LQ09-1-07

2597
2651

21

7.3

15LQ09-1-09

30
23

0.8
0.6
0.6
0.7
0.7
0.7

6.6

15LQ09-1-10

2740
2590
2559
2676
2733
2663
2831

2680
2579
2558
2630
2671

5.7
7.5

2536
2553
2556
2519

15LQ09-1-11

7.87
7.04
6.87
7.72
7.31
6.86
7.05
7.44

15LQ09-1-12

28
29
27

7.9

15LQ09-1-15

6.3

15LQ09-1-17

5.6

2521

15LQ09-1-18

23
31

2636
2737
2652

0.6 2613

0.8
0.7

6.8

2571

15LQ09-1-19

2661

4.5

2514

15LQ09-1-20

2699
2434

27

2612

6.2

2539
2570

15LQ09-1-21

32

2507 2474

0.8

9.5

15LQ09-1-23

Metamorphic zircon

2512

0.96
0.70
0.73
0.70
0.70
1.01

0.69
0.21
0.28
0.19
0.19
0.76

5.84
5.92
5.69
3.78
5.08
4.96

—-0.96
—0.97
—0.96
-0.97
—0.92
—0.97
—0.96
—-0.98
—0.98

2701

19
21

2645

2595
2594
2572
2625

5.9 0.5

0.000014
0.000016
0.000012
0.000019
0.000017
0.000017
0.000011
0.000016
0.000018

0.281403
0.281397
0.281424
0.281367
0.281469
0.281390
0.281418
0.281366
0.281397

0.001200
0.001061
0.001283
0.000914
0.002585
0.001022
0.001411
0.000689
0.000821

0.035740
0.030746
0.036720
0.024844
0.071101
0.028816
0.041904
0.020323
0.024803

15LQ09-1-01

2726
2675
2796
2706
2749
2700
2761

2657

0.6
0.4
0.7

5.5

2490
2490
2490
2508
2485
2501

15LQ09-1-03

17
26
24
23

2621

6.1

15LQ09-1-04

2706
2647
2671

4.7

15LQ09-1-05

2599
2602
2589
2612

0.6
0.6
0.4
0.6
0.6

5.9

15LQ09-1-08

5.2

15LQ09-1-13

15
22
24

2641

5.9

15LQ09-1-14

2683
2636

5.1

2495

15LQ09-1-16

2699

2578

5.7

2483

15LQ09-1-22
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Though most boundaries between the granitoid gneisses and supra-
crustal sequences are unclear, the TTG gneisses at Xiaolaihe area are in
fault contact with the supracrustal rocks. Zircon U-Pb dating by sensi-
tive high resolution ion microprobe (SHRIMP) and laser abla-
tion-inductively coupled plasma-mass spectrometry (LA-ICP-MS)
instruments revealed that the majority of the Qingyuan granite-green-
stone terrain were formed at the end of the Neoarchean between 2.51
and 2.56 Ga and subsequently subjected to high amphibolite- to
granulite-facies metamorphism (Bai et al., 2014; Grant et al., 2009; Li
and Wei, 2017; Wan et al., 2005a; Wang et al., 2016a, 2016b; Wu et al.,
2016; this paper), indicative of a synchronism between the granitoid
gneisses and supracrustal sequences. The granitoid gneisses consist of
predominant TTG and subordinate potassic granitoid (monzogranite
and syenogranite), with minor diorite in precursor. The supracrustal
sequences occur as intercalated successions or xenoliths within the
gneisses (Bai et al., 2014; Li and Wei, 2017; Peng et al., 2015; Wang
et al., 2016b), which was subdivided into the Shipengzi, Hongtoushan
and Nantianmen formations from bottom to top (Zhai et al., 1985).
Specifically, the lowermost Shipengzi and Hongtoushan formations
consist predominantly of komatiite, tholeiite and andesite in precursor,
preserved as amphibolite, pyroxene hornblendite, and bio-
tite—plagioclase and sillimanite- or kyanite-bearing gneiss (Li and Wei,
2017; Peng et al., 2015; Zhai et al., 1985). The Nantianmen Formation is
composed of biotite—plagioclase gneiss, muscovite-biotite-quartz—s-
chist, amphibolite, magnetite-quartzite, banded iron formation and
marble (Peng et al., 2015; Wan et al., 2005a; Zhai et al., 1985).

In this contribution, we focus on the nineteen granitoid gneisses at
Qingyuan area in northern Liaoning, North China Craton (GPS location:
42°04'22""N, 129°36'25"E, Height: 330 m; Fig. 1B). They have under-
gone intense metamorphism and deformation with a mineral preferred
orientation (Fig. 2). The TTG gneisses show medium- to coarse-grained
granoblastic textures and strongly gneissic structures, whereas the dio-
ritic gneisses show fine-grained granoblastic textures and weakly
gneissic to massive structures (Fig. 2). The dioritic gneisses occur in form
of dykes, enclaves, or intercalated within the TTG gneisses (Fig. 2A-F).
The TTG gneisses contain plagioclase (45-55%), quartz (25-30%),
hornblende (5-15%), biotite (0-10%), K-feldspar (5-10%), and garnet
(0-3%), along with accessory zircon, apatite, titanite, and magnetite
(Fig. 2 G-H). The dioritic gneisses are composed primarily of plagioclase
(45%-60%), hornblende (20%-30%), quartz (5-10%), biotite (0-5%),
pyroxene (0-5%), garnet (0-3%), and K-feldspar (0-3%) (Fig. 2I).

3. Analytical methods

Data acquisition and results for the granitoid gneisses at Qingyuan
area in northern Liaoning are presented in detail as Supplemental File 1
and Tables 1-4, including zircon U-Pb isotope measurements using
LA-ICP-MS at the Wuhan Sample Solution Analytical Technology Co.,
Ltd, Wuhan, zircon O isotope analyses using SHRIMP stable isotope
(SHRIMP SI) ion microprobe at the Research School of Earth Sciences,
Australian National University, Canberra, zircon Lu-Hf isotope mea-
surements using LA-multi-collector (MC) -ICP-MS at the Wuhan Sample
Solution Analytical Technology Co., Ltd, whole-rock major element
analyses using X-ray fluorescence spectrometry (XRF) at the Geo-
analytical Center of Nuclear Industry, Beijing, whole-rock trace element
analyses using ICP-MS at Geological Laboratory Center in the China
University of Geosciences, Beijing, whole-rock Sm-Nd isotope mea-
surements using a Thermo-Finnigan TRITON thermal ionisation mass
spectrometer (TIMS) at the Isotope Laboratory in the Institute of Geol-
ogy and Mineral Resources, China Geological Survey, Tianjin, and
whole-rock oxygen isotope measurements using a MAT-252 mass spec-
trometer at the Geoanalytical Center of Nuclear Industry, Beijing.
Detailed procedures and instrument parameters can be seen in Supple-
mental File 1.
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Table 3
Whole-rock Nd and O isotope compositions.
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Sample Sm Nd 1479m/ 143Nd/ 26 ena(0) fsm/Nd ena(T) Tom 5'%0 Calculated zircon §'%0
No. (ppm) (ppm) 144Nd 14Nd (2500 Ma) (Ga) (%) (%)
Trondhjemitic gneisses

17SK05 2.43 13.70 0.1072 0.511232 5 —27.4 —0.45 1.1 2.7

15Q-9-1 0.14 1.16 0.0719 0.510844 16 -35.0 —-0.63 4.8 2.5 8.4 5.6
LQ6-10 2.51 18.90 0.0803 0.510836 1 —-35.2 —-0.59 2.0 2.6

LQ9-7 1.76 18.90 0.0563 0.510384 2 —44.0 -0.71 0.8 2.7

Tonalitic gneiss

15Q-8-1 3.07 12.70 0.1461 0.512086 5 —10.8 —-0.26 5.4 2.4 8.6 7.0
15Q-9-2 1.80 13.40 0.0812 0.510856 4 —34.8 —0.59 21 2.6 8.5 6.0
15Q-13 2.20 13.70 0.0971 0.511165 10 —28.7 —0.51 3.0 2.6 9.8 8.3
Granodioritic gneiss

LQ1-6 4.86 30.30 0.0970 0.511158 2 —28.9 —0.51 2.9 2.6

LQ5-5 5.65 34.9 0.0979 0.511093 14 -30.1 —0.50 1.4 2.7

LQ6-2 1.59 8.32 0.1155 0.511521 2 —-21.8 —-0.41 4.1 2.5

Dioritic gneiss

15Q-7-1 2.76 11.30 0.1477 0.512099 6 -10.5 -0.25 5.1 2.4 8.0 6.6
15Q-7-2 4.98 21.60 0.1394 0.511908 6 —14.2 —0.29 4.0 2.5 7.5 6.4
15Q-8-2 8.32 40.40 0.1245 0.511626 3 -19.7 -0.37 3.3 2.6 10.9 10.3

Note: eng = (***Nd/"**Nd)y/(***Nd/"**Nd)cyur —1) x 10000, fsmna = (“7Sm/***Nd)y/(*7Sm/* **Nd)cuur — 1, (**Nd/"**Nd)epur =
0.512638, and (**’Sm/!*'Sm)cyur = 0.1967. The model ages were calculated using a linear isotopic ratio growth equation:

Tpm = 1/1 x In(1 + (**Nd/**Nd), — 0.51315)/((**7Sm/***Nd), — 0.2137)).
4. Results
4.1. Zircon U-Pb geochronology

The CL images of representative zircons from the granitoid gneisses
in northern Liaoning (Fig. 3) provide constrains on the genesis of the
zircons, e.g., magmatic or metamorphic origin. Most zircons commonly
have core-rim structures in the CL images and are subhedral to euhedral
columnar, with long axes of 80-200 pm in length. The cores of medium
CL response show oscillatory growth zoning and striped absorption,
both indicative of a magmatic origin (Belousova et al., 2002; Corfu et al.,
2003). In comparison, the dark rims (except spot #29 from sample
15LQ07-1; Fig. 3A) have blurred irregular banding and zoning, indica-
tive of recrystallization during metamorphism (Boniface et al., 2012;
Corfu et al., 2003; Dubinska et al., 2004; Tomaschek, 2003), despite the
metamorphic rims of variable widths (Fig. 3). Zircons of none core-rim
structures are rounded to subhedral columnar in shape (e.g., spot #23
from sample 15LQ07-1 in Fig. 3A). However, they share a similarly dark
color, blurred zoning or banded zoning with the aforementioned meta-
morphic rims, indicating a metamorphic origin (Fig. 3A). The red, green
and grey solid circles in the CL images represent analytical sites of the
magmatic, metamorphic and later-thermal-event domains of zircons,
respectively. Besides the CL images, the magmatic and metamorphic
zircons have different characteristics in other aspects. (i) Th/U ratios of
the magmatic zircons (generally > 0.4) have higher than those of the
metamorphic ones (mostly < 0.1) (Table 1). (ii) As is always the case,
the metamorphic zircons yield 27Pb/2%Pb ages slightly younger than
2.5 Ga, while the magmatic zircons generally have older ages (>2.5 Ga)
(Table 1). (iii) In addition, the magmatic zircons possess higher rare
earth elements (REEs) contents in comparison with the metamorphic
zircons, especially the heavy REEs (Supplemental File 2). The ancient
zircons have been affected by later thermal events, as recorded in the
younger zircons with ages ranging from 2.4 to 2.2 Ga (Fig. 4A, D;
Table 1), which has been reported in the vicinity (e.g., Li et al., 2019c¢).
Some U-Pb age data are reverse discordant possibly due to recrystalli-
zation overprints of later thermal events and/or the cracks resulting
from radioactive damage in the zircons.

4.1.1. Dioritic gneiss
Sixty analyses were obtained from sample 15LQ07-1. The magmatic
zircon cores have Th of 14-498 ppm (62 ppm on average) and U of
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27-589 ppm (98 ppm on average), yielding Th/U ratios of 0.21-1.22
(0.69 on average). The core analyses define an upper intercept age of
2521 + 19 Ma (the mean square weighted deviation (MSWD) = 2.2,n =
43), which is consistent with the weighted mean 2°’Pb/2°°Pb age of
2519 + 13 Ma (2431-2621 Ma; MSWD = 1.6, n = 43; Fig. 4A). The
metamorphic rims contain Th of 7-59 ppm (34 ppm on average) and U
of 23-293 ppm (147 ppm on average), yielding much lower average Th/
U ratio of 0.24 than that of the magmatic cores. A few metamorphic rims
share slightly high Th/U ratios (>0.1), possibly due to inheritance from
magmatic zones with extremely high Th/U ratios, and/or dissolution of
Th-rich accessory minerals (such as monazite; Li et al., 2020). The rim
analyses define an upper intercept age of 2473 + 16 Ma (MSWD = 0.3, n
= 12) and give a weighted mean 2°/Pb/2%Pb age of 2457 + 21 Ma
(2413-2502 Ma; MS WD = 0.6, n = 12; Fig. 4A). Five analyses on the
outer rims yield a weighted mean 2°’Pb/?°Pb age of 2389 =+ 20 Ma
(MSWD = 0.1), representing a later thermal event.

4.1.2. Tonalitic gneiss

Thirty-eight analyses were obtained from sample 15LQ08-1. The
magmatic cores have Th of 16-162 ppm (55 ppm on average) and U of
43-303 ppm (114 ppm on average), yielding Th/U ratios of 0.12-0.92
(0.52 on average). The core analyses define an upper intercept age of
2557 4+ 10 Ma (MSWD = 1.2, n = 31), which is consistent with the
weighted mean 207Pb/2%Pb age of 2556 + 4 Ma (2499-2594 Ma;
MSWD = 3.6, n = 31; Fig. 4B). The metamorphic rims contain Th of
15-102 ppm (44 ppm on average) and U of 157-849 ppm (471 ppm on
average), yielding relatively low Th/U ratios (0.03-0.12, 0.09 on
average). The rim analyses define an upper intercept age of 2491 + 18
Ma (MSWD = 0.3, n = 7) and give a weighted mean 2°’Pb/2%°Pb age of
2473 + 12 Ma (2478-2515 Ma; MSWD = 1.2, n = 7; Fig. 4B).

4.1.3. Trondhjemitic gneiss

Thirty-three analyses were obtained from sample 15LQ09-1. The
magmatic zircon cores have Th of 120-854 ppm (288 ppm on average)
and U of 192-1602 ppm (838 ppm on average), yielding slightly high
Th/U ratios (0.09-0.87, 0.40 on average). The core analyses define an
upper intercept age of 2534 + 23 Ma (MSWD = 0.5, n = 14), which is
comparable with the weighted mean 207pp, /206pp, age of 2542 + 5 Ma
(2514-2571 Ma; MSWD = 4.7, n = 14; Fig. 4C). The metamorphic rims
contain Th of 33-84 ppm (60 ppm on average) and U of 855-1695 ppm
(1176 ppm on average), yielding relatively low Th/U ratios (0.04-0.07,
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Table 4

. Chemical data.

Trondhjemitic gneisses

Tonalitic gneisses

Granodioritic gneisses

Dioritic gneisses

No. 15SK05 LQ6-6 LQ6-10 LQ9-6 LQ9-7 15LQ-9-1 15Q-24-3 LQ6-5 15LQ-8-1 15LQ-9-2 15Q-13 LQ1-6 LQ5-5 LQ6-2 LQ6-3 LQ4-6 15LQ-7-1 15LQ-7-2 15LQ-8-2
(wt.%)

SiOy 72.37 74.34 68.17 72.02 70.70 86.46 70.51 69.27 66.96 81.26 64.72 65.06 66.79 67.23 69.38 61.19 63.37 59.23 50.91
TiO, 0.15 0.04 0.32 0.30 0.34 0.06 0.28 0.38 0.29 0.06 0.42 0.54 0.50 0.49 0.38 0.62 0.92 0.96 1.28
Al,03 14.84 13.91 14.10 14.12 14.30 7.72 15.77 15.69 15.48 11.07 16.30 14.71 14.26 15.48 15.47 15.59 14.14 14.99 15.54
Fe,03r 1.38 1.24 4.40 2.38 3.30 0.54 2.21 3.31 4.80 0.57 4.21 6.22 5.41 4.70 3.47 8.52 7.63 10.52 12.68
MnO 0.01 0.02 0.04 0.03 0.03 0.01 0.03 0.04 0.07 0.01 0.05 0.08 0.03 0.04 0.04 0.08 0.10 0.10 0.15
MgO 0.35 0.80 1.82 0.95 1.14 0.26 1.03 1.19 1.77 0.22 1.68 2.58 1.45 1.60 1.12 3.46 2.86 2.62 4.98
CaO 0.89 1.83 2.76 1.75 2.06 1.38 3.10 3.57 5.03 2.72 4.04 2.98 3.70 3.04 3.12 1.99 6.32 6.62 7.60
NayO 5.57 5.87 5.38 4.27 4.48 2.05 4.83 4.28 3.94 3.17 4.53 3.65 2.42 3.96 4.19 3.66 3.49 3.43 3.31
K20 3.12 1.10 213 2.92 2.20 0.77 1.28 1.56 0.63 0.40 1.84 2.83 2.48 2.25 2.24 3.13 0.41 0.49 1.98
P,0s5 0.07 0.01 0.08 0.11 0.14 0.02 0.08 0.10 0.08 0.02 0.14 0.17 0.13 0.10 0.12 0.23 0.15 0.23 0.37
LOI 0.62 0.82 0.78 1.14 1.27 0.67 0.87 0.54 0.96 0.47 2.02 1.16 2.78 1.06 0.43 1.48 0.60 0.80 1.17
Total 99.37 99.99 99.98 99.99 99.96 99.94 99.98 99.94 100.01 99.96 99.95 99.98 99.95 99.94 99.95 99.95 99.99 99.98 99.98
(ppm)

Sc 0.75 0.79 5.35 0.86 0.97 0.72 1.40 12.20 11.30 0.40 5.98 15.10 9.45 2.32 9.97 12.50 26.60 26.50 38.60
\% 9.94 11.50 79.70 52.90 77.20 10.60 27.20 4.61 60.70 18.00 57.90 171.00 100.0 7.52 14.50 185.00 204.00 221.00 234.00
Cr 1.16 6.66 35.90 7.12 9.90 2.70 11.00 1.97 32.30 2.53 27.70 86.60 61.30 0.50 5.01 118.00 6.63 5.49 51.80
Co 1.67 1.96 8.77 6.46 8.02 2.12 6.60 2.39 11.70 1.49 11.80 18.30 10.30 1.70 3.14 22.30 21.10 21.80 49.50
Ni 0.91 4.06 17.50 6.31 7.45 2.15 10.80 1.74 24.70 4.51 15.60 34.60 21.30 1.36 3.09 38.50 17.60 19.30 59.90
Cu 12.50 6.21 7.66 13.20 15.70 16.00 3.03 2.85 5.92 8.94 4.01 51.20 5.07 1.05 3.85 91.30 38.50 75.50 58.30
Zn 21.90 8.88 17.60 33.90 44.10 8.16 41.40 95.10 46.50 7.08 49.50 68.50 114.0 25.80 68.30 67.70 72.20 71.50 128.00
Ga 16.70 13.10 14.10 15.30 17.20 6.25 18.30 21.60 14.90 8.69 16.60 18.30 18.00 7.36 22.00 17.70 13.80 22.10 22.70
Rb 41.70 37.50 64.80 69.90 62.90 29.70 44.70 75.40 23.40 12.20 66.60 91.90 89.10 41.60 98.50 123.00 5.71 6.78 86.50
Sr 988.00 457.0 458.0 470.0 492.0 121.00 472.00 247.0 180.00 119.00 483.00 499.00 209.0 122.0 394.0 443.00 210.00 233.00 201.00
Y 2.44 1.97 10.80 2.31 2.99 1.62 1.16 45.60 19.40 1.68 5.27 15.80 13.50 6.08 24.80 6.80 18.80 27.00 42.60
Zr 50.70 7.73 172.0 151.0 173.0 374.00 145.00 419.0 123.00 62.90 106.00 163.00 218.0 132.0 422.0 122.00 119.00 102.00 148.00
Nb 2.42 0.68 4.86 3.24 3.75 0.68 5.80 16.30 4.67 0.73 4.09 11.10 9.52 5.82 12.70 11.10 4.50 3.93 13.90
Cs 0.21 0.78 0.80 0.84 0.66 0.39 0.91 1.43 0.79 0.19 2.52 2.13 0.73 0.91 2.05 3.57 0.27 0.43 2.65
Ba 1977.00 258.0 696.0 1185 805.0 138.00 427.00 244.0 163.00 109.00 430.00 1077.0 699.0 111.0 336.0 748.00 49.50 72.20 277.00
La 7.88 8.41 34.60 30.70 55.20 2.73 27.10 30.90 9.60 21.60 14.90 38.50 42.30 8.49 26.60 28.60 5.83 11.20 29.80
Ce 34.30 11.90 56.00 45.00 85.00 3.56 42.70 67.40 21.10 38.40 28.90 69.80 79.40 17.50 56.00 52.10 14.90 29.40 71.50
Pr 1.68 1.01 5.82 3.87 6.74 0.33 3.99 8.81 2.81 3.77 3.42 8.22 9.15 2.05 7.08 5.29 2.26 4.37 9.29
Nd 6.03 3.30 18.90 11.00 18.90 1.16 12.60 37.90 12.70 13.40 13.70 30.30 34.90 8.32 28.90 18.80 11.30 21.60 40.40
Sm 0.91 0.53 2.51 1.17 1.76 0.14 1.19 8.30 3.07 1.80 2.20 4.86 5.65 1.59 5.87 2.57 2.76 4.98 8.32
Eu 0.60 0.82 0.92 0.52 0.69 0.17 0.36 2.32 0.82 0.38 0.62 1.07 1.11 0.48 1.88 0.83 0.86 1.26 1.67
Gd 0.76 0.49 2.48 1.20 1.92 0.18 0.89 7.57 3.19 1.45 1.66 4.27 491 1.31 4.93 217 3.02 4.80 7.84
Tb 0.10 0.07 0.38 0.12 0.18 0.03 0.07 1.55 0.65 0.12 0.23 0.61 0.66 0.23 0.89 0.28 0.54 0.91 1.36
Dy 0.47 0.31 1.79 0.49 0.69 0.14 0.34 8.50 3.59 0.45 0.93 3.05 3.09 1.11 4.56 1.34 3.51 5.33 7.72
Ho 0.09 0.06 0.36 0.08 0.09 0.05 0.04 1.75 0.72 0.07 0.15 0.54 0.49 0.23 0.96 0.23 0.74 0.99 1.50
Er 0.27 0.18 1.03 0.23 0.29 0.22 0.13 5.06 2.27 0.20 0.54 1.58 1.27 0.61 2.77 0.67 2.15 2.95 4.74
Tm 0.05 0.02 0.18 0.03 0.03 0.05 0.02 0.82 0.34 0.03 0.07 0.25 0.18 0.10 0.44 0.11 0.31 0.41 0.72
Yb 0.28 0.17 1.29 0.17 0.20 0.46 0.13 5.21 2.36 0.25 0.51 1.53 1.03 0.67 3.35 0.72 2.19 2.73 4.86
Lu 0.04 0.03 0.20 0.03 0.04 0.12 0.02 0.79 0.38 0.05 0.08 0.22 0.15 0.10 0.53 0.11 0.33 0.46 0.75
Hf 1.55 0.19 4.56 4.13 4.62 12.50 4.19 10.80 4.15 2.78 3.25 5.00 6.44 3.68 11.00 3.66 3.33 2.99 4.55
Ta 0.06 0.06 0.38 0.16 0.22 0.32 0.38 1.09 0.72 0.50 0.57 0.62 0.61 0.22 0.67 0.69 0.40 0.34 1.29
Pb 15.80 9.87 11.30 16.80 20.10 2.07 6.57 11.50 2.48 2.27 8.99 21.10 24.70 4.69 14.40 13.40 2.13 2.48 8.08
Th 2.82 0.76 6.57 12.60 29.70 0.31 5.08 4.26 1.24 4.66 4.36 7.55 12.20 1.35 3.78 7.58 0.18 0.46 3.07

U 0.40 0.55 0.53 0.38 0.49 3.85 0.30 0.86 0.45 2.19 3.55 0.50 1.54 0.27 0.68 0.75 0.20 0.27 1.07

Notes: LOI = loss on ignition.
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from the granitoid gneisses in northern
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0.05 on average). The rim analyses define an upper intercept age of
2491 + 18 Ma (MSWD = 0.3, n = 9) and give a weighted mean
207ph/206ph age of 2495 + 7 Ma (2483-2512 Ma; MSWD = 1.0, n = 9;
Fig. 4C).

Fifty analyses were obtained from sample 17SK05. The magmatic
zircon cores have Th of 136-286 ppm (136 ppm on average) and U of
99-359 ppm, (229 ppm on average), yielding slightly high Th/U ratios
(0.40-0.84, 0.60 on average). The core analyses define an upper inter-
cept age of 2499 + 57 Ma (MSWD = 3.4, n = 11), which is consistent
with the weighted mean 2°7Pb/2%Pb age of 2506 + 9 Ma (2461-2583
Ma; MSWD = 5.0, n = 14; Fig. 4D). The metamorphic rims contain Th of
2-454 ppm (143 ppm on average) and U of 132-3546 ppm (1560 ppm
on average), yielding much lower average Th/U ratio of 0.13 than that
of the magmatic cores. The rim analyses define an upper intercept age of
2453 + 18 Ma (MSWD = 1.3, n = 29) and yield a weighted mean
207pb/296ph age of 2459 + 5 Ma (2405-2522 Ma; MSWD = 5.1, n = 29;
Fig. 4D). The later-thermal-event zircon group contains nine analyses
and define an upper intercept age of 2404 + 69 Ma (MSWD = 5.3)

In summary, the 2°’Pb/2%Pb age of the magmatic cores (2519 + 13,
2556 + 4, 2542 + 5 and 2506 + 9 Ma) reflect the crystallization ages of
the magmatic precursors for the granitoid gneisses in northern Liaoning,
whereas the metamorphic rims represent a subsequent regional meta-
morphic event at 2496-2456 Ma. Then the ancient zircons have been
affected by a later thermal event (Fig. 4; Table 1).

4.2. Zircon Hf isotope

The dated spots from the granitoid gneisses in northern Liaoning
(15LQ07-1, 15LQ08-1 and 15LQ09-1) were analyzed for Lu-Hf isotopes
(Table 2). The dioritic gneiss shows nearly consistent 17611£/177Hf ratios
(0.281343-0.281412 for the magmatic cores and 0.281362-0.281414

#29
2517Ma

13

#6 [3.78%0] #7 [6.36%] 10 [6.96%0] #12 [7.87%] #23 [7.44%]
2566Ma(+8.8) 2569Ma(+7.3) 2517Ma(+6.6) 2553Ma(+7.5) 2570Ma(+9.5)
17SK05 2461 Ma 2420 Ma

(D)

#33
2468 Ma

for the metamorphic rims). As with the tonalitic gneiss, the 1764£/177Hf
ratios of the magmatic core analyses show a relatively wide range
(0.281331-0.281520), yet similar to those of the metamorphic rim
(0.281378-0.281534). This indicates a generally undisturbed Lu-Hf
isotope system, though some zircons have undergone Pb loss (Fig. 5 a, b;
Supplemental File 3; Griffin et al., 2000; Tang et al., 2014). In contrast,
the magmatic core analyses of the trondhjemitic gneiss have higher
176Hf/Y77Hf ratios (0.281425-0.281530, 0.281468 on average) than
those of the metamorphic rims (0.281366-0.281469, 0.281403 on
average), indicating an open-system behavior for the Lu-Hf isotope. The
analyses show consistently high eyg(t) values between the chondrite and
the depleted mantle evolution lines: (i) dioritic gneiss yields ey¢(t) value
of +3.6 to +9.2, with Tpy of 2.52-2.70 Ga and Tpyp of 2.57-2.88 Ga; (ii)
tonalitic gneiss has eyg(t) value of +3.0 to +9.0, with Tpy of 2.53-2.66
Ga and Tpy2 of 2.46-2.90 Ga; and (iii) trondhjemitic gneiss shows eys(t)
value of +4.5 to +9.5, with Tpy; of 2.51-2.66 Ga and Tpyo of 2.43-2.83
Ga.

4.3. O and Nd isotope

The 580 values of the magmatic zircon cores from the trondhjemitic
gneiss range from 6.0%o to 7.9%o, with an average of 6.9%o, whereas the
lower 8'80 values of the metamorphic rims range from 3.8%o to 5.2%o,
with an average of 5.2%o. The distinguished 580 values between the
magmatic zircon cores and metamorphic rims within sample 15LQ09-1
reveals an open system for the oxygen isotope during metamorphism
and high-temperature water-rock interaction (Valley et al., 2003,
2005). The fractionation of the oxygen isotopes varies with mineralogy
and exhibit a linear relationship of wt % SiO2 for igneous rocks at
magmatic temperatures. That is, the liner fit yields the equation: 5'0
(zircon) — 6180(whole rock) ~ -0.0612 x (wt.% SiOg) + 2.5%0 (Valley
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Fig. 4. U-Pb zircon concordia diagrams for the granitoid gneisses in northern Liaoning.

et al., 1994; Lackey, 2005). The calculated 580 value of the zircons
within the trondhjemitic gneiss is 5.6%0 and is consistent with the ob-
tained zircon §'%0 values, which exhibit equilibrium O isotope frac-
tionations between whole rock and zircon. The calculated 5'%0 values of
the zircons within the tonalitic and dioritic gneisses are 6.0%o to 8.3%o
(7.1%o on average), and 6.4%o to 10.3%o (7.8%o on average), respectively.
The dioritic and TTG gneisses have eyq(2.5 Ga) values of + 3.3 to + 5.1
and + 0.8 to + 5.4, respectively, with variable initial Nd isotopic ratios
(Table 3).

4.4. Major and trace elements

The granitoid gneisses in northern Liaoning are subalkaline with low
concentrations of alkali metals (NaO + K30 = 2.8-8.7 wt%; Table 4),
plot across the boundary between metaluminous and peraluminous
fields, and belong to medium-K calc-alkaline to low-K tholeiitic suites of
high Nap0/K0 ratios (>1, some even > 4) (Supplemental File 4). The
dioritic gneisses contain low SiO» concentrations (50.91-63.37 wt%)
and thus belong to gabbro and diorite, whereas the TTG gneisses have
higher SiO, concentrations (64.72-86.46 wt%) and plot in the granite
and granodiorite fields in the TAS diagram (Irvine and Baragar, 1971;
Middlemost, 1994), consistent with observation in the Ab-An-Or dia-
gram (Supplemental File 4). They are enriched in light REEs (LREEs),
with the dioritic and TTG gneisses having (La/Yb)y (N means chondrite-
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normalized) ratios of 1.8-26.7 (8.8 on average) and 6.0-281.5 (68.1 on
average), respectively. The granitoid gneisses both show weakly nega-
tive to positive Eu anomalies in the chondrite-normalized REE patterns
and negative Ti anomalies in primitive mantle-normalized spider dia-
grams (Sun and McDonough, 1989). They are enriched in the large ion
lithophile elements (LILEs; e.g., Rb, Sr, and Ba) but depleted in the high
field strength elements (HFSEs; e.g., Nb, Ta, Zr, and Hf; Supplemental
File 5).

5. Discussion

5.1. Petrogenesis of the Neoarchean granitoid gneisses in northern
Liaoning

Integrated our newly obtained data with reliable studies on the
geochronology, the early Precambrian geological event series in north-
ern Liaoning can be summarized as below. Compared with the eastern
Liaoning where the Eoarchean rocks are exposed (Liu et al., 2008; Song
et al., 1996; Wan et al., 2005c, 2012), the oldest basement in northern
Liaoning are Mesoarchean granodioritic-tonalitic gneisses at Luanjiajie
(3.0 Ga; Li et al., 2020; Liu et al., 2017). The 2.68 Ga amphibole
plagioclase gneiss is the only early Neoarchean lithotectonic record in
northern Liaoning (Wang et al., 2016a), whereas the correct ages still
need more detailed study to be proved (Li and Chen, 2019). According to
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the agreement of the intrusive timing within error permissibility (dio-
ritic gneiss: 2519 =+ 13, tonalitic gneiss: 2556 =+ 4, trondhjemitic gneiss:
2542 + 5 and 2506 + 9 Ma; Fig. 4) and closely spatial relationship
(Fig. 2), we suggest a synchronism for the above rock units. These late
Neoarchean lithotectonic assemblages are coeval with the volcanism
and sedimentation within the Qingyuan greenstone belt (Li and Wei,
2017; Peng et al., 2015; Wang et al., 2016a, 2016b; Wu et al., 2016).
Temporally overlapping but slightly younger timing than the magma-
tism event is the regional metamorphism event recorded by the meta-
morphic zircon rims with ages of 2496-2456 Ma (Fig. 4). The nearly
coeval magmatism and metamorphism constitute the most significant
tectono-thermal event in northern Liaoning, which also characterizes
the late Neoarchean evolution of the Eastern Block (Zhao and Zhai,
2013; Zhao et al., 1998, 2001, 2005). The magmatic precursors of the
granitoid gneisses in northern Liaoning are formed coevally at the end of
the Neoarchean, despite their different isotopic and geochemical

15

compositions. That is to say, individual types were not derived from the
same magma source or generated by the same magmatic process.

5.1.1. Dioritic gneisses: quenched inclusions rather than lithospheric relics

The xenoliths in the Archean granitoid gneisses within the Eastern
Block, North China Craton, include peridotite, amphibole pyroxenite
and amphibolite, ect (Li et al., 2019¢; Liu and Zhang, 2019; Peng et al.,
2015; Yang and Wei, 2017a, 2017b; Wang et al., 2020), which represent
either fragments of the lithospheric mantle or cumulates/crystalliza-
tions from ultramafic magma at individual mantle depths (Bodinier and
Godard, 2014; Griffin et al., 1999; Lee et al., 2001; Wang et al., 2019;
Whattam and Stern, 2011). For example, the ultramafic xenolith (ser-
pentinite) distributing as dyke-like bodies in the quartz diorite and TTG
from Pinglinghou, northern Liaoning, were highly serpentinized, with
varied amounts of orthopyroxene and minor spinel (Peng et al., 2015).
In eastern Hebei, the mafic granulites as xenoliths were recognized
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involving the garnet -bearing or garnet-free two-pyroxene granulites
from Taipingzhai and Saheqiao, and garnet clinopyroxene or pyroxenite
granulites from the Malanyu (Yang and Wei, 2017a, 2017b), whereas
those are spinel lherzolites in Songling and Majiayu (Gong and Li, under
review). The former have a mineral assemblage of mostly clinopyrox-
ene, plagioclase, amphibole, and minor quartz, ilmenite and apatite,
with or without garnet, orthopyroxene and biotite (Yang and Wei,
2017a), in contrast to the latter containing olivine (45%-59%) +
orthopyroxene (25%-34%) + clinopyroxene (9-16%) + amphibole
(3-5%) + minor spinel (1-5%). Notably, the above xenoliths show
different mineral compositions and textures from the dioritic gneisses
with an assemblage of plagioclase, amphibole, and minor quartz
(detailed description of mineral assemblage refers to the “Geological
background” section) in spite of their similar color in outcrop and
generally weakly gneissic to massive structures (Fig. 2). Thus, the dio-
ritic gneisses in northern Liaoning are inconsistent with the xenoliths,
rather suggest the occurrences as mafic microgranular enclaves (MMEs)
within the host TTG gneisses.

After excluding the possibility of the xenolith, the MMEs can yet be
generated via (i) early crystallization from the basaltic magma (Noyes
et al., 1983), (ii) incorporation of the residual phases from the magma
source (White et al., 1999) or the country rocks during the emplacement,
or (iii) mixing between externally injected mafic and the host felsic
magma (Chen et al., 2009; Sklyarov and Fedorovsky, 2006), we plum-
ped for mixing model as the best candidate for the MMEs within the host
Neoarchean TTG gneisses in northern Liaoning for the following lines of
evidence. (i) The original magmatic precursors of MMEs are micro- to
fine-grained diorites, inferred from their fine-grained textures even after
metamorphism (Fig. 2 B-F, I). This preclude the possibility of mineral
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cumulates from mafic magma, which otherwise are characterized by the
coarse-grained and cumulative textures via early crystallization (Noyes
et al., 1983). This is verified by the high Sc (12.5-38.6 ppm) and Co
(21.1-49.5 ppm) abundances of the MMEs. (ii) The coeval nature of the
MME:s and host rocks was supported by the similar zircon U-Pb ages of
the two rock units present in this contribution. Thus, models for the
MME:s as refractory and residual phases after partial melting can be also
rejected, which otherwise have partial melted veinlets from source-rock
anataxis and thus relatively low SiO, and high MgO contents (e.g.,
Chappell and White, 1992). (iii) MMEs occur as rounded to ellipsoidal
globules, and are sometimes highly elongated within the host, likely as a
result of magma mixing between an externally injected mafic magma
and host felsic magma, that is quenched inclusions (Chen et al., 2009;
Sklyarov and Fedorovsky, 2006). The globules in shape and no solid-
state deformation may indicate stretching plastically within a partially
crystallized (Fig. 2B, C). The syn-plutonic mafic dykes observed within
the TTG gneisses in northern Liaoning (Fig. 2D-F) also suggest a hybrid
origin, as also recognized in southern Jilin and South Africa, etc (Li
et al., 2019c). Thus, mafic magma as dykes injected in the felsic magma
chamber, and then syn-plutonic mafic dykes broke up into discrete
globules to form the MMEs. In addition, the hybrid origin of the MME:s is
supported by the large variations in whole-rock chemistry and isotope,
which argue for a heterogeneous mixing (Figs. 7 and 8; Supplementary
File 4 and 5). The lower SiO2 and higher MgO contents than crustal melts
suggest that the precursor of the MME could be a basaltic magma (Eiler
et al., 2000; Gill, 1981; Grove and Donnelly-Nolan, 1986; Grove et al.,
2003).

Additionally, the dioritic gneisses also underwent significant frac-
tional crystallization of ferromagnesian phases (Table 4), as evidenced
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by the primary mantle-derived melts with high contents of Ni and Cr
(>400 and >1000 ppm, respectively; Wilson, 1989). The eyd2.5 Ga) of
the dioritic gneisses vary over a large range (+3.5 to +9.0), which
confirm an open system for the magma system (Fig. 5A). The ascent of
enclave-forming magma injecting into the host was often associated
with crustal contamination. The lower eyf(2.5 Ga) and eng(2.5 Ga)
values of the dioritic gneisses than those of the coeval basaltic-andesitic
magma are indicative of weak contamination by ancient felsic crusts (e.
g., 3.0 Ga granodioritic gneisses in the vicinity, Li et al., 2020) or mixing
with siliceous crustal melts that have unradiogenic eyg(2.5 Ga) and
egf(2.5 Ga) compositions (Fig. 6). Furthermore, the calculated zircon
580 values (6.4%0—6.6%0) are higher than those of mantle-derived
magma (Eiler et al., 2000; Valley et al., 2003, 2005; Zhang et al.,
2012a, 2012b), also revealing an addition of supracrustal component
into the magma source. The process of mixing with the felsic host
magma did occur, notwithstanding it was based on neither chemical
transfer nor transfer of crystals between MMEs and host rocks due to
subsequent deformation and metamorphism. The process can be
revealed by the positive correlation between the exg(2.5 Ga) values and
SiO4 contents (Fig. 6B), as the tonalitic gneiss (15LQ08-1) with both
high eng(2.5 Ga) value and SiO5 content would be the best candidate.
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Therefore, a possible genetic model is that the syn-plutonic dykes and
MMEs originated from a mantle source, then evolved via fractional
crystallization and contamination/mixing with ancient felsic materials,
and finally were injected into the host TTG magma and experienced
mixing with the latter. The mantle sources provided both heat and
materials to form the host TTG gneisses, indicating the crustal growth at
ca. 2.5 Ga.

5.1.2. TTG gneisses: Partial melting of juvenile basaltic sources

The evidence for partial melting of juvenile basaltic sources as the
predominant derivation of the TTG gneisses in northern Liaoning in-
cludes: (i) in the AFM (molar Aly03/(MgO + total FeO)) versus CFM
(molar CaO/(MgO + total FeO)) diagram (Fig. 7A; Altherr et al., 2000),
TTG gneisses mainly display low CFM but high AFM values, plotting in
the field of partial melting from basaltic to tonalitic rocks; (ii) they share
similar characteristics with experimental partial melts from meta-
basalts in the MgO versus SiOg diagram (Fig. 7B; Martin et al., 2005);
and (iii) the zircon epf(2.5 Ga) values of the tonalitic and trondhjemitic
gneisses (150LQ08-1 and 15LQ09-1) are consistent with those of the
coeval meta-basalts, but higher than those of the meta-andesites
(Fig. 6A). Conspicuously, some TTG gneisses with higher MgO
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Fig. 8. Plot of zircon Hf versus O isotope. All eyg(t)
were calculated with the t = 2.5 Ga. The dotted line
denotes the mixing trend between the mantle- and
supercrust-derived components. Hf;,,/Hf. in the
curve is the ratio of Hf concentration in the mantle
(m) over crustal (c¢) component, and the small open
circle on the curve represents 10% mixing increment
by assuming that the mantle magma has epe(t) = 17
and §'80 = 5.3%0 and the supracrustal zircon eyg(t)
= —7 and §'%0 = 10%o (modified after Zhang et al.,
2012a, Zhang et al., 2012b).
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contents plot in the HSA field, which seems to indicate that the sources
to produce the high-Mg melts would be necessary (Fig. 7B). In the Mg#
versus SiO; diagram (Fig. 7C), the TTG gneisses show a trend defining a
process of felsic melt-peridotite interaction (Rapp and Watson, 1995;
Rapp et al., 1999), also supporting an addition of high-Mg melts in the
magma process. The most likely mechanism to produce the high-Mg
melts is to evolve from Archean komatiitic magma (Li et al., 2019b;
Peng et al., 2015; Zhai et al., 1985), which obviously needs more
detailed petrological and geochemical study to be constrained. Partial
melting of juvenile basaltic sources occurs due to thermal input from the
rising high-Mg melts with anomalously high temperatures (Li and Wei,
2017).

The relatively wide ranges of eyf(2.5 Ga) and eng(2.5 Ga) values
support magma mixing or contamination process, rather than derivation
from a relatively homogeneous pristine source (Fig. 6A, B). The eye(2.5
Ga) values of the tonalitic and trondhjemitic gneisses remained un-
changed along with SiOy contents increasing, while the eng(2.5 Ga)
values negatively correlate with SiO, contents (Fig. 6A, B). The “pseudo
decoupling” of Hf and Nd isotopes may attribute to different closure
temperatures, that is during the magma process, zircon Hf system re-
cords early fractional crystallization (Fig. 7D) and mixing with the
basaltic magma for its relatively high closure temperature, whereas the
whole-rock Nd isotope reveals contamination of an ancient felsic crust at
the late stage. Some TTG gneisses plotting in the meta-greywacke field
indicate contamination of felsic crustal material indeed (Fig. 7A). In
sum, the rising high-Mg melts provided both heat to trigger parting
melting of juvenile basaltic sources and materials to form the parental
TTG magma, then the parental TTG magma evolved via fractional
crystallization and mixing with MMEs, and finally experienced crustal
contamination of the sedimentary rocks. The high eyd(2.5 Ga) and
end(2.5 Ga) values between the depleted mantle and chondrite, together
with the young Tpy (mainly 2.8-2.5 Ga), suggest an origin of the
depleted mantle indirectly, which is also consistent with the large var-
iations in Neoarchean zircon §'80 values. On the §'80 versus enf(2.5 Ga)
diagram (Fig. 8; Zhang et al., 2014), the most concordant zircons plot
across the mixing line between 3.5 Ga continental crust (assuming 5%
= 10%o) and the depleted mantle with a Hf concentration ratio (Hfy,,/Hf.)
of 1.5. According to the zircon Hf-O isotopic modeling, about 80% of the
parent magma of the Neoarchean granitoids rocks are formed by partial
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melting of the lower juvenile basaltic crust (which, in turn, originated
from a depleted mantle source), implying that the TTG gneisses in
northern Liaoning is a signal of Neoarchean crustal growth.

5.2. Implications for the adakitic signature

As mentioned above, an issue of major dispute in the petrogenesis of
TTG worldwide has long existed over its adakitic signature (Martin,
1986; Moyen, 2009, 2011; Moyen and Stevens, 2006). The common
belief for the TTG is derivation from the garnet amphibolite or eclogite
(e.g., Bédard, 2006; Beard and Lofgren, 1991; Condie, 1986, 1998; Foley
et al., 2002; Martin, 1986, 1994, 1999; Moyen, 2011; Moyen and Ste-
vens, 2006; Xiong et al., 2005). The partial melting of the hydrous ba-
salts in the garnet stability field would elevate the TTG magma with high
Sr/Y and La/YDb ratios, an analogue of Cenozoic adakite (Kay, 1978;
Defant and Drummond, 1990; Yang et al., 2008), as Sr and La partition
coefficients for garnet are much lower than the remaining two (Klein
et al., 1997; Ronov and Yaroshevsky, 1976; Rollision, 1993; Smithies,
2000). Since the discovery of adakite in some modern arcs (Defant and
Drummond, 1990), extensive literatures have recognized it as a suit of
intermediate to felsic volcanic or intrusive rocks with salient
geochemical and isotopic features (such as high Sr/Y (>40) and (La/
Yb)n (>20)), originally interpreted as a derivation by partial melting of
the young and hot subducted slab (e.g., Martin, 1999; Moyen, 2009,
2011). Over time, geochemistry (e.g., elevated Sr/Y) of the adakite and
TTG with adakitic signature were gradually used to constrain the depth
of melting (Castillo, 2012; Moyen, 2009). However, in this contribution
we tentatively highlight other new factors to produce such magma. (i)
The TTG magma is derived from the partial melting of the meta-basalts,
whereas the geochemical traits of the basalts are not well constrained. At
least two kinds of Archean basalts were recognized (Condie, 1981; Li
and Wei, 2017), viz. TH1-type basalt enriched in LREEs and LILEs, and
depleted in HFSEs and HREEs, similar to the arc basalt; and TH2-type
basalt characterized by LREE-depleted to slight LREE-enriched chon-
drite normalized REE patterns and near-flat primitive mantle normal-
ized patterns, which are similar to those of normal mid-ocean ridge
basalt (Ordonez-Calderon et al., 2009; Sun and McDonough, 1989) or
ocean-plateau tholeiites (Mahoney et al., 1993; Révillon et al., 2000; Xie
etal., 1993). Take (La/Yb)y versus (La)y as an example, we recalculated
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the values based on different La and Yb contents. If TTG magma is the
product of the TH1-type basalt, the garnet in source is needed much less
than that of TH2-type basalt. (ii) Fractional crystallization of amphibole
or clinopyroxene also contributes to the high Sr/Y and La/Yb ratios due
to large Y and Yb partition coefficients for two minerals (Klein et al.,
1997). (iii) TTG may experience crustal contamination prior to
emplacement. The crustal contamination, such as greywacke, commonly
show the enrichment of LREEs and LILEs, and depletion of HFSEs and
HREEs (Rollision, 1993), which might also elevate the Sr/Y and La/Yb
ratios. (iv) MMEs within the host TTG evolve from the basaltic magma
via fractional crystallization and experience crustal contamination both
resulting in the elevated Sr/Y and La/Yb ratios of the whole rock as
aforementioned. Therefore, we propose that mineralogical composition
or to say the pressure conditions of the crustal anataxis is not the only
cause of adakitic features of TTG and other factors also play an impor-
tant role, which was used to be overlooked worldwide.

6. Conclusions

The salient conclusions arising from our synthesis are as follows:

(1) The precursors of the Neoarchean granitoid gneisses, viz. TTG
and dioritic gneisses, in northern Liaoning were contemporaneously
emplaced between 2.56 and 2.51 Ga, reflecting a giant Neoarchean
igneous event throughout eastern North China Craton. Subsequently
they were subjected to regional amphibolite- to granulite-facies meta-
morphism at 2.48-2.45 Ga.

(2) TTG gneisses, as partial melts from juvenile basaltic sources,
evolved via mixing with mafic enclaves and fractional crystallization,
and finally were assimilated by the continental sedimentary rocks.

(3) Both TTG and dioritic gneisses are products of Archean crustal
growth, though the magmatic processes are not exactly the same.

(4) The adakitic signature of the TTG may be affected by nature of
the sources, magma mixing, fractional crystallization, and crustal
contamination, rather than solely controlled by the pressure conditions
of crustal anataxis.
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