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Crustal anatexis and ductile superimposition in the Culai Mountain region, western Shandong

Province: Constraints on the Neoarchean tectonic framework of the eastern North China Craton

Abstract: [Objective] Western Shandong is located in the core area of the eastern North China Craton and represents a
typical Archean basement exposure. It extends as an overall NW—SE trending linear belt. This area preserves not only
multiple phases of magmatic records spanning the early to late Neoarchean but also abundant anatectic—rheological
structures overprinted by ductile deformation fabrics. These features are of great significance for understanding the
Neoarchean tectonic evolution of the North China Craton. The Culai Mountain region is one of the most promising areas
for such geological studies. Situated in the core of the tectonic belt (Belt B) of western Shandong, it is characterized by
well-developed anatexis and ductile deformation. This makes it an ideal location for investigating the spatial and temporal
relationships between crustal anatexis and ductile deformation. [Methods] In this study, we selected a representative
migmatite outcrop at the Huangshiya Village and conducted systematic field structural analyses, petrographic observations,
and LA-ICP-MS zircon U-Pb geochronology. [Results] Field observations show that the structural lineaments in this
region exhibit an overall NW-SE orientation. Numerous felsic melts developed within the amphibolites, mainly as bands
along the foliation, with a few occurring in a network-like or disseminated pattern. Flow folds are well-developed.
Petrographic observations demonstrate that quartz grains are distributed along the irregular, corroded boundaries of K-
feldspar and plagioclase, containing small melt pockets, bead-like quartzs, and melt films. These features collectively
indicate intense anatexis in the region. The newly generated melts reduced the overall rock strength, making it more
susceptible to subsequent ductile deformation. Concurrently, NE-SW-oriented horizontal compressive stress further
promoted NW-SE regional extension, consistent with the nearly vertical foliation and sub-horizontal mineral stretching
lineations observed in the amphibolite. This suggests a deformation regime dominated by near-oblate strain. To constrain
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the timing of the regional deformation, we conducted LA-ICP-MS zircon U-Pb dating on representative pre-, syn-, and
post-tectonic samples of the area. The results indicate that the residual amphibolite records a melt crystallization age of
~2503 Ma, representing the timing of the regional anatexis event. The syn-tectonic monzogranite yields a crystallization
age of ~2497 Ma, reflecting a syn-tectonic magmatic event, while the undeformed pegmatite veins formed at ~2465 Ma,
bracketing the regional ductile deformation at 2497-2465 Ma. [Conclusion] In summary, the western Shandong region
experienced intense anatexis in the late Neoarchean, which was rapidly overprinted by near-oblate strain-dominated
shortening deformation under NE-SW-oriented horizontal compressive stress. The anatexis further facilitated the
development of NW-SE-directed ductile deformation. The superimposition of these two events ultimately shaped the
structural pattern of the Neoarchean crust of the western Shandong region. [Significance] This study provides new
constraints that improve the understanding of the Neoarchean tectonic framework and structural patterns of the western
Shandong region.

Keywords: North China Craton; western Shandong; Culai Mountain; Late Neoarchean; anatexis; ductile deformation
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(Watts and Burov, 2003; Burov, 2011)
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Fig. 1

Geological maps of the Eastern Block of the North China Craton and western Shandong

(a) Distribution map of the Archean basement in the Eastern Block of North China Craton (modified after Wang et al., 2013); (b) Geological map
of the granite-greenstone belts in western Shandong (modified after Wan et al., 2010, 2015)
In Fig.1b, the black dashed lines divide the basement into three zones as defined by(Wan et al., 2010, 2015) : A—late Neoarchean crust-derived

granite (2525~2490 Ma); B—early Neoarchean rocks (2750~2600 Ma); C—late Neoarchean juvenile magmatism (2550~2500 Ma).
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Fig. 2 Geological map of the Culai Mountain region, western Shandong (modified after Wan et al., 2015)
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Fig. 3 Geological contact relationship at the bottom of a gully in the Huangshiya village, Culai Mountain region

(a) Cross-sections showing the truncation relationships of different generations of magmatism; (b) Massive monzongranite truncating

amphibolite and felsic melts; (c) Undeformed pegmatite vein crosscutting the main foliation of amphibolite and felsic melts

Yellow and orange dashed lines represent lithological boundaries
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Fig. 4 Field photos of anatexis in the Culai Mountain region, western Shandong

(a) Aerial view of the outcrop at the gully bottom in Huangshiya Village; (b) Disseminated leucosome melts within amphibolite (top view); (c)
Leucosomes with interconnected network structure (top view); (d) Banded leucosomes in amphibolite; (e) Ptygmatic folds developed in felsic
veins (top view); (f) Thickened fold hinge of veins, as indicated by the red arrows (top view); (g) Isolated amphibolite enclave within felsic melt;
(h) Clustered amphibolite enclaves within felsic melt (top view)

The red pentagram marks the origin of samples 24L.X14-2 and 24L.X14-9; Orange dashed lines outline ptygmatic folds.
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Fig. 5 Field photos of ductile deformation in the Culai Mountain region

(a) Intensely deformed amphibolite and felsic melts exhibit subvertical foliation; (b) Sub-horizontal mineral lineation in amphibolite; (c) L-
tectonite (see schematic diagram) with sub-horizontal mineral lineations; (d) S, foliation replaced by nearly vertical S, foliation under intense F,
folding; (e) Melts exhibiting Type A folds and S: foliation; (f) Type A folds; (g) Boudinaged amphibolite enclaves with relict S: foliation; (h)
Amphibolite enclaves exhibiting boudinage structures with relict S; foliation

Solid white lines represent late-stage S, foliation; Dashed white lines represent late-stage L, lineation; Dashed orange lines represent early-stage
S, foliation; The red pentagram marks the origin of sample 24L.X14-7; Solid red lines represent fold axial traces; Dashed yellow lines represent
enclave boundaries; Green arrows represent the orientation of compressional stress.

S,—early foliation; S,—late foliation; L,—late lineation; F,—folds formed during the regional second-phase deformation event; B,—fold hinges of the

second regional deformation event
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Fig. 6 Stereographic projection of ductile deformation in the Culai Mountain region

(a) Stereogram of early-stage foliation Si; (b) Stereogram showing foliation (S:) and stretching lineation (L:) in felsic melts (red) and

amphibolite (green) overprinted by ductile deformation (lower-hemisphere, equal-angle projection; great circles represent foliation, circles denote

lineation)
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Fig. 7 Anatectic phenomena and rheological microscopic characteristics (sample 24L.X14-2 and 24L.X14-7)

(a) Amphibole boundary dissolution, anhedral quartz embedded within microcline grains; (b) Plagioclase overgrown by a clear rim; (c)
Myrmekite texture in leucosome (red arrows), with intergranular melt pockets developed (orange arrow); (d) Myrmekite texture in leucosome
(red arrows); (e) Melt pockets and bead-like quartzs along K-feldspar boundaries (orange arrows); (f) Melt film along mineral boundaries in
leucosome (orange arrow)

Amp-amphibole; Qtz—quartz; Pl-plagioclase; Mc—microcline; XZ represents the strain plane determined by the maximum X and minimum Z

principal strain
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Fig. 8 Microstructural characteristics of ductile deformation

(a) Whole thin-section image of a massive amphibolite (sample 24L.X14-9) from a weakly-strained domain, showing randomly distributed
minerals; (b) Myrmekite texture (red arrows); (c) Whole thin-section image of an amphibolite (sample 24LX14-4) from a highly-strained
domain, with NW-SE oriented amphiboles (white dashed lines indicate mineral foliation); (d) Close-up view showing hornblende aligned along
NW-SE orientation (white dashed lines indicate mineral foliation direction); (e¢) Whole thin-section image of felsic melt (sample 24L.X14-2)
from a weakly-strained domain with random mineral orientation; (f) Myrmekite texture (red arrows); (g) Whole thin-section image of felsic melt
(sample 24L.X14-7) from a highly-strained domain, exhibiting NW-SE aligned quartz and feldspar with undulatory extinction (white dashed
lines mark foliation direction); (h) Dynamic quartz recrystallization in felsic melts (sample 24L.X14-7) (green arrow); (i) Whole thin-section
image of monzogranite (sample 24L.X14-5), showing well aligned minerals; (j) Biotite chloritization

Amp-amphibole; Bt-biotite; Qtz—quartz; Pl-plagioclase; Mc—microcline; Chl-chlorite
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Fig. 9 Field photos of dating samples from the Culai Mountain region

(a) Amphibolite (sample 24L.X14-4); (b) Amphibolite (sample 24L.X14-6); (c) Syn-tectonic medium-to-coarse-grained monzogranite (sample

241.X14-5); (d) Undeformed pegmatite vein (sample 24L.X14-1)

Red pentagrams represent sample collection locations; Orange dashed lines represent lithological boundaries
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Fig. 10 Cathodoluminescence images of zircons from the Culai Mountain region, western Shandong

(a) Amphibolite (sample 24L.X14-4); (b) Amphibolite (sample 24L.X14-6); (c) Syn-tectonic medium-to- coarse-grained monzogranite (sample

241.X14-5); (d) Undeformed pegmatite vein (sample 24L.X14-1)

Blue circles represent U-Pb dating spots; Numbers in parentheses represent Th/U ratios.
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Fig. 11 Zircon U-Pb concordia diagrams, weighted mean age plot and chondrite-normalized REE patterns from the Culai Mountain region,
western Shandong

(a) Zircon U-Pb concordia diagram and weighted mean age plot of amphibolite (sample 24LX14-4); (b) Chondrite-normalized REE pattern of
amphibolite (sample 24L.X14-4); (c) Zircon U-Pb concordia diagram and weighted mean age plot of amphibolite (sample 24LX14-6); (d)
Chondrite-normalized REE pattern of amphibolite (sample 24LX14-6); (e) Zircon U-Pb concordia diagram and weighted mean age plot of syn-
tectonic coarse-grained monzogranite (sample 24LX14-5); (f) Chondrite-normalized REE pattern of syn-tectonic coarse-grained monzogranite
(sample 24L.X14-5); (g) Zircon U-Pb concordia diagram of undeformed pegmatite vein (sample 24L.X14-1); (h) Chondrite-normalized REE
pattern of undeformed pegmatite vein (sample 24L.X14-1)

Red circles represent inherited zircon analysis spots; Blue circles represent zircon analysis spots located on or near the Concordia curve; Black

circles represent other zircon analysis spots.
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