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Fig. 1 a Tectonic subdivision of NCC (modibed after Peng et al. 2023; Wang et al. 2022; Xu and Liu 2019; Zhao et albZBd@pgical map

of the Huozhou metamorphic complex generated from a 1:200,000 scale geological map of China, Linfen sheet (modibed after Peng et al. 2023;
Wang et al. 2022). (1) Bolianghe Formation, (2) Shigaoshan Formation, (3) Jiehekou Group, (4) Pengpenggou Formation of the Huoxian Group,
(5) Xiaonanping Formation of the Huoxian Group, (6) Anziping gneiss, (7) Xingtangsi gneiss, (8) Dananping Formation of the Huoxian Group,
(9) Anziping Formation of the Huoxian Group, (10) Zhengnangou gneiss, (11) Qinggangping gneiss, (12) Mabc dike, (13) Fault

by the Trans-North China Orogen (TNCO), which extendsSodium zoisite and sericite are present in abundance, and
1200 km in the northBsouth direction (Peng et al. 2023)ocal formations take the shape of a triangular grid
(Fig. 1a). (Fig. S1f). The diopside particles are approximately
The mabc dike discovered in our study is situated in thé.15D1.50 mm in size. These are semi-automorphic crys-
eastern part of Huozhou, within the central region of thetals with well-developed pyroxene cleavage (Fig. Sle).
TNCO (Fig. 1a, b). A signibcant number of diabase wallSimple twin crystals that are damaged are found in low
groups were found in this area, with the diabase wall dishumbers. Secondary actinolization, chloritization, epidoti-
tributed in a northbsouth direction, approximately 2 kmzation, carbonation, precipitation of iron, and pblling in the
long and 25 m wide. The rock wall is visible along a plagioclase framework all contributed to the formation of
manually excavated mountain road (Fig. 1b), the diabasthe diabase structure.
wall was later intruded by granite dating back approxi- The LA-ICP-MS zircon UBPb dating analysis of the
mately 2200 Ma ago (Peng et al. 2023). samples was conducted at the Beijing CreaTech Testing
The Archean mabc dike samples analyzed in this studf¥echnology Co., Ltd. The Agilent 7500 ICP-MS instru-
were collected from Qinggangping Village, Huozhou, ment equipped with its supporting resolution 193 nm
Shanxi Province (Fig. 1b, 38029°N, 111°54°42°0E). As  excimer laser ablation system (see Supplementary Text for
illustrated in Fig. S1, the rock samples from the Qing-the measurement process) was used for zircon dating
gangping mabc dike (HMO1) appear grayish-greeranalysis. The zircon particle size ranged from 80 to
(Fig. S1a) and present a semi-automorphic granular strud801 m, and the width ranged from 40 to 70n. The
ture, diabase structure, metasomatic residual structure, am@thodoluminescence (CL) images of the zircons revealed
massive structure (Fig. S1bbd) The minerals are primarilyabular bands (Fig. 2). All zircons have high U and Th
plagioclase (50D55 %) and diopside (20D25 %) (Fig. Slegontents, and high Th/U ratios (up to 1.58), and only two
The plagioclase patrticles are approximately 0.45D2.50 mimircons were characterized by Th/U ratios less than 0.4.
in size and consist of semi-automorphic plates with wideThe rare earth element composition presented a typical
patchy double crystals. The crystal surface appears turbisdnagmatic origin. Ce positive anomaly, Eu negative
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Fig. 2 UBPPb ages of the zircon for the Qinggangping mabc dike (sample HMO01)

anomaly, heavy rare earth enrichment, and rare earth los
(Fig. S2) were revealed (Belousova et al. 2002; Xu et al
2020). The structure and Th/U ratio of the zircons alsc
indicated the magmatic origin of the samples (Belousovz
et al. 2002; Hoskin and Schaltegger 2018). The LA-ICP-
MS zircon analysis results are presented in Table S1 an
Fig. 2. A total of 53 zircons were tested, with the oldest
being 2843% 142 and 280Ck 23 Ma. Due to the high
content of U and Th and the inBuence of metamorphism
the radioactive lead of magmatic zircon is generally lost,
and the data points deviate from the Concordia line and ge
distributed along the discordia line. After excluding data
points with high discordance and that were signibcantly
young, a Concordia diagram for 19 magmatic zircons wa
obtained, indicating a concordia age of 27183 Ma
(Fig. 2). The mean squared weighted deviation (MSWD)
was calculated to be 0.9.

The present study conducted in-situ Hf isotope analysitig, 3 Plots of zircon Hf isotope corresponding to the Qinggangping
of zircons from metamorphic mabc dike samples. Themabc dike (sample HMO1)
analysis points were situated at the same position as the
zircons that had undergone UPPb age testing conducted (@pots, HM01-06, HM01-20, and HM01-22, Table S3) or
Beijing CreaTech Testing Technology Co., Ltd. (Seeslightly earlier than their magma ages (spots: HM01-01,
Supplementary Text for measurement method details). TheM01-04, HMO01-12, HM01-14, HM01-15, HM01-25, and
Y78 u/r"™Hf ratio ranged from 0.000524 to 0.001025, HMO01-30, Table S3), indicating that the basaltic rocks
Y754/ 7"Hf ratio ranged from 0.281288 to 0.281411, andoriginated directly from the depleted mantle.
ey (t) ranged from 3.5 to 6.6, with an average value of 4.7. The major and trace element analysis of the whole rock
In the plots of zircon Hf isotope for the Qinggangping Samples was conducted at the Aussite Mineral Laboratory
mabc dykes (Fig. 3), all data points were situated betweeHsing inductively coupled plasma atomic emission spec-
the chondrite and depleted mantle evolution line, indicatingrometry (ICP-AES) and X-ray Ruorescence spectrometry
that the magma source area had the characteristics of (XRF) techniques. The SiOcontent of all six samples
mantle source material composition. Thg (t) value and ranged from 51.48D51.65 wt%, indicating that they
Hf model age of all zircon analysis points in the samplebelonged to the basalt (Fig. 4a) series magma (Winchester
were calculated using a single zirconOs age as the zircéid Floyd 1977). Previous studies have demonstrated that
crystallization age. The zircons yielded two-stage Hf modelf crustal materials contaminate the mabc magma, the La/
ages between 2642 and 2922 Ma (Fig. 3), some two-stagem ratio would be greater than 5 (Shinjo and Kato 2000),
model ages are either corresponded with their magma agé#d the Th/La ratio would be greater than 1 (Taylor and
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Fig. 4 Tectonic discrimination diagrams for the Qinggangping mabc,

dike (sample HMO01). ) Nb/Y-Zr/TiO, diagram (Winchester and
Floyd 1977), with the mabc rocks as circled) (Discrimination

McLennan 1985). The mabc dikes in this study are char-
acterized by La/Sm ratios ranging from 4.63 to 4.79 and
Th/La ratios ranging from 0.13 to 0.14, suggesting that
crustal materials do not contaminate them during magma
rise. Therefore, the element characteristics of these mabc
volcanic rocks can effectively reveal their source charac-
teristics and tectonic settings. The samples exhibit rela-
tively high Ti/Y ratios (ranging from 380.89 to 412.73,
with an average of 397.21) and low Hf/Ta ratios (ranging
from 6.00 to 7.38, with an average of 6.98), indicating that
these rocks are similar to intraplate basalts (Condie 1989).
On the TiBZrBY discrimination diagram, all six samples
fall in the intraplate basalt region (Fig. 4b). The Zr/Nb
(ranging from 13.15 to 13.52) and Y/Nb (ranging from 1.72
to 1.82) ratios of the basaltic magmatic rocks (Table S1)
are very similar to those of EMORB, Parana, and Etendeka
continental tholeiites (Wilson 1989). The TiDY/Nb dis-
crimination diagram of basalts also indicates a continental
tholeiite series (Fig. 4c, after Floyd and Winchester 1975).
The dikes have low TiQ Al,O3, alkali, and high iron
contents. They exhibit tholeiite characteristics and are
derived from mantle-derived magma.

The stable lithosphere, absence of orogenic activity, and
intrusion of ultramabcbmapbc dikes are key indicators of
cratonization (Zhai and Santosh 2011). In the NCC, after
undergoing extensive continental crust accretion (peaking
at 2.82 Ga), the cratonization stage of microcontinental
assembly occurred during its evolution in the Archean
period. At around 2.7 Ga, the NCC reached its maximum
lithospheric thickness of approximately 3362 km, sug-
gesting the presence of a highly stable lithosphere during
this period (Sun 2021; Zhai 2011). The emplacement of
ultramabcbmabc and alkaline dikes indicates the evolution
stage of post-orogenic or non-orogenic and can therefore
be used to determine the timing of cratonization (Geng
et al. 2006; Li et al. 2010). Prior studies have identibed
mabc-mabc dikes dating back approximately 2.5 Ga,
indicating that cratonization was completed before this
time (Li et al. 2010). This study reports the discovery of
ancient mabc magmatic rock in the NCC with an intrusive
age of zircon in Huozhou diabase at 278183 Ma and the
oldest zircon age being more than 2.8 Ga. This bnding
suggests that cratonization may have occurred earlier than
2.7 Ga. The geochemical data from the Huozhou diabase,
which is approximately 2.7 Ga old, indicate that it belongs
to the category of intraplate basalt and, more specibcally,

diagram based on Ti, Zr, and Y. OOWithin-plate©O basalts (WPB) plddircontinental tholeiite. This Pnding suggests that the dia-
Peld D, ocean-Roor basalts (OFB) in beld B, low-potassium tholeiitepase was formed within an extensional environment, with

(LKT) in belds A and B, and calc-alkali basalts (CAB) in belds C and
B (Pearce and Cann 1973; Pearce and Norry 19%9)TiO,-Y/Nb
diagram. continental alkaline basalt (CAB), oceanic alkaline basal
(OAB), continental tholeiite basalt (CTB), oceanic tholeiitic basalt
(OTB) (Floyd and Winchester 1975).

the presence of mabc dikes serving as direct evidence of

{ithospheric extension. Notably, the intruded mabc dike is

situated above the TNCO, precisely at the point where the
East and West continental blocks merged during the NCCOs
cratonic process. These observations lead us to conclude

@ Springer



1128 Acta Geochim (2023) 42:1124P1129

that the NCC was in an extension state following theDeclarations

merging of the East and West continental blocks. .
Conflict of interest The authors declare that they have no competing
interest.
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