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Abstract: Komatiites are presented as direct evidence for higher mantle temperatures during the Archean. In the North
China Craton, komatiites with spinifex structure have been identified only at one locality, i.e. the Sujiagou area, western
Shandong. They were considered as formed during the early Neoarchean mainly based on their association with
supracrustal rocks considered to be that age. This study carried out SHRIMP U-Pb zircon dating on metamorphosed
trondhjemitic and monzogranitic dykes intruding the Sujiagou komatiites, and they have magmatic zircon ages of 2592 + 12
Ma and 2586 + 13 Ma respectively. This provides direct evidence that the komatiites formed during the early Neoarchean.
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1 Introduction

Komatiites have been discovered in many cratons all
over the world, and are treated as direct evidence for
higher mantle temperature and heat flux during the
Archean period (Barnes and Arndt, 2019; and references
therein). In the North China Craton (NCC), komatiites
with well-preserved spinifex structure have been identified
only in the Sujiagou area, western Shandong (Zhang et al.,
1998, 2001). Some ultramafic rocks in other areas (e.g.,
Helong; Liu, 2001) of the NCC are komatiitic in
composition but do not show well-preserved spinifex
structures. The komatiites in western Shandong were
considered to be formed during the early Neoarchean,
mainly based on association with host supracrustal rock of
that age, and a previously published Sm-Nd isochron age
of 2712 + 750 Ma (Cao, 1996; Zhang et al., 1998, 2001;
Polat et al., 2006) for the komatiites, which has a very
large error with the 2712 + 750 Ma age constraining that
the komatiite age could range from Paleoproterozoic to
Paleoarchean. Therefore, more precise age constraints are
necessary. This study carried out SHRIMP U-Pb zircon
dating for the first time on granitic dykes intruding the
Sujiagou komatiites, providing more accurate and precise
evidence that the komatiites formed during the early
Neoarchean.

2 Geological Settings

The western Shandong granite-greenstone belt in
eastern NCC extends in a northwest-southeast direction
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and is truncated by the Tanlu Fault (Tancheng-Lujiang
Fault) in the east (Fig. 1 inset). Based on rock types and
formation ages, three belts in this terrane have been
identified (Fig. 1 inset): A late Neoarchean crustally
derived granite belt in the northeast (Belt A), a belt mainly
composed of 2600-2750 Ma TTG (tonalite-trondhjemite-
granodiorite) and supracrustal rocks (Belt B), and a late
Neoarchean belt of juvenile rocks in the southwest (Belt
C) (Wan et al., 2010, 2011; Ren et al.,, 2015). The
Sujiagou komatiites occur to the ~0.5 km north of
Sujiagou village, Mengyin (Belt A).

The Sujiagou komatiites, associated with amphibolite,
occur as a large roof pendant in massive granite which has
a magmatic zircon age of 2531 + 8 Ma (S0508, Fig. 1,
Wan et al., 2010). The komatiites have been subdivided
into spinifex komatiite, brecciated komatiite, lath-shaped
komatiite, schistose komatiite and massive komatiite (Fig.
1, Zhang et al., 1998, 2001) or, spinifex komatiite,
brecciated komatiite and serpentinized cumulus komatiite
(Polat et al., 2006). Yang et al. (2020) divided the spinifex
komatiite into random-spinifex komatiite and platy-
spinifex komatiite. Spinifex structure is well preserved
locally (Fig. 2a). These rocks plot mainly in the field of Al
-depleted komatiites in the [Al,O;] versus [TiO,] diagram
and show somewhat large variations in REE (rare earth
element) patterns from depletion to enrichment in light
REE (Cheng et al., 2006; Polat et al., 2006).

The granitic dykes occur in the supracrustal rocks with
a width totalling ~6 m for the dykes that are found in
terms of their discrete distribution. They occur between
komatiite and amphibolite and underwent strong
deformation and weathering, with three types of rocks
being identified (Fig. 1). The rocks strike in a northwest-
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Fig. 1. Geological map of the Sujiagou area, western Shandong (modified after Zhang et al., 2001).

southeast direction, and the amphibolite dips to the
southwest with a dip angle of ~70°. Two granitic gneiss
samples (51450, S1451; N35°4626"/E118°11'11") were
taken from the dykes. Although the samples are taken
from the freshest outcrop, they are still strongly weathered
(Fig. 2b—e). It is also evident that some thin granitic dykes
cut the komatiite (Fig. 2f). The samples used in this study
contain only a few ferromagnesian minerals and show
intense orientation of minerals and fine-grained mineral
aggregates due to strong deformation and recrystallization.
Sample S1450 is mainly composed of plagioclase and
quartz (trondhjemitic) and sample S1451 contains more K-
feldspar (granitic).

3 Analytical Methods

Major and trace elements were analyzed at the National
Research Center for Geoanalysis, Chinese Academy of
Geological Sciences (CAGS), Beijing. X-ray fluorescence
(XRF) was used to determine the major elements, and the
estimated uncertainties are better than 2%. Trace elements
were analyzed by a POEMS ICP-MS. The analytical
precision and accuracy were generally better than 5% and
4% for most trace elements, respectively (Qi et al., 2000).

Zircon dating was carried out, guided by
cathodoluminescence (CL) imagery, using the SHRIMP II
in the Beijing SHRIMP Center, Institute of Geology,
CAGS. The analytical procedures and conditions were
similar to those described by Williams (1998). A primary

O” ion beam was ~3 nA and the spot size was ~30 pm.
Standard zircons M257 (U = 840 ppm; Nasdala et al.,
2008) and TEMORA 1 (age = 417 Ma; Black et al., 2003)
were used for calibration of elemental abundance and
206pp/>¥Y ratio, respectively. Data for each spot analysis
were generated by five scans. A common lead correction
was done based on the measured ***Pb abundances. Data
reduction and assessment were performed using the
SQUID and ISOPLOT programs (Ludwing, 2001). The
27pb/*Pb ages were used to assess the age of all samples.
Uncertainties for individual analyses are quoted at lo,
whereas those for weighted mean ages are quoted at the
95% confidence level.

4 SHRIMP U-Pb Zircon Dating

4.1 Trondhjemitic gneiss (S1450)

The zircons are columnar or prismatic in shape and
show oscillatory zoning with rims commonly being darker
in cathodoluminescence (CL) images and having stronger
recrystallization than the cores (Fig. 3a). Sixteen analyses
were performed on 16 zircon grains (Table 1). Eleven
analyses on magmatic zircons have U contents of 105-633
ppm and Th/U ratios of 0.17—1.11. The recrystallized rim
domains have U contents of 220—744 ppm and Th/U ratios
of 0.05-0.12 (1.1, 6.1, 9.1, 11.1, 16.1). This feature of
higher U contents and lower Th/U ratios may partly be due
to the rims being formed during the fluid stage after
magmatism, because some rim domains still show
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Fig. 2. Field photographs of Neoarchean rocks in the Sujiagou area, western Shandong.
(a) Komatiite with spinifex structures (Wan et al., 2015); (b) and (c) trondhjemitic gneiss (S1450); (d) and (¢) monzogranite gneiss

(S1451); (f) ganitic dykes intruding komatiite

oscillatory zoning. Many of them show radiogenic lead
loss (Fig. 4a). The analyses near concordia show
somewhat large variations in *’Pb/**Pb ages, which may
be the result of influence of superimposed tectonothermal
event(s) on high U+Th zircons. Two analyses close to
concordia with the oldest **’Pb/**Pb ages (3.1, 7.1) yield a
weighted mean **’Pb/*"Pb age of 2592 + 12 Ma (MSWD
= 0.11), which represents the formation age of the
trondhjemite dyke.

4.2 Monzogranitic gneiss (S1451)

Zircon grains of this sample are columnar or prismatic
in shape and show oscillatory and banded zoning in CL
images (Fig. 3b). They show weaker recrystallization
compared with those from sample S1450. Fifteen analyses
were performed on 15 magmatic zircons (Table 1). They
have U contents of 173-772 ppm, Th/U ratios of 0.21—
0.65 (analysis 1.1 has a Th/U ratio of 0.06) and high
common lead contents of 0.60-10.80%. They show strong
radiogenic lead loss but define a discordia line (Fig. 4b).

Analyses 4.1 and 10.1, which have the lowest common
lead contents, are on concordia and yield a weighted mean
27pb/2%Ph age of 2577 + 19 Ma (MSWD = 0.93).
However, the age of 2586 + 13 Ma for analysis 4.1 may be
closer to the "true" formation time of the monzogranite.
The high common lead contents and strong radiogenic
lead loss may be due to strong weathering of the rock.

5 Geochemistry

Sample S1450 is characterized by high contents of SiO,
(72.68 wt%), Na,O (5.04 wt%) and CaO (3.83 wt%) and
low contents of FeO' (total FeO, 0.53 wt%), MgO (0.09
wt%) and K,O (0.14 wt%), plotting at the boundary
between the tonalite and trondhjemite fields in a modal An
-Ab-Or (anorthite-albite-orthoclase) diagram (Fig. 5). It is
named as trondhjemitic gneiss because of its minor
content of ferromagnesian minerals. It has a low TREE
content (total REE) of 43.8 ppm, a relatively high (La/Yb)x
ratio of 28.3 and a strong positive Eu anomaly of 2.16
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Fig. 3. Cathodoluminescence (CL) images of zircons from granitic dykes in the Sujiagou area, western Shandong.

(a) Trondhjemitic gneiss (S1450); (b) monzogranitic gneiss (S1451)
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Fig. 4. Concordia diagrams showing SHRIMP U-Pb zircon analyses for granitic dykes in the Sujiagou area, western Shandong.

(a) Trondhjemitic gneiss (S1450); (b) monzogranitic gneiss (S1451)

(Fig. 6a). It shows enrichments in Sr, Th, Nb and Zr in
trace element distribution diagram (Fig. 6b).

Sample S1451 has a similar major element composition
but is higher in K,0O (2.91 wt%) and lower in CaO (1.16
wt%) and falls in the monzogranite field in the An-Ab-Or
diagram (Fig. 5). It has a low TREE content of 42.5 ppm,
a low (La/YDb)y ratio of 16.1 and a negative Eu anomaly of
0.65 (Fig. 6a). It shows enrichment of large ion lithophile
elements (K, Rb, Ba and Th) and depletions of Nb, P and
Ti (Fig. 6b).

6 Discussion and Conclusions

The early Precambrian supracrustal rocks in western
Shandong were considered to be composed of the early
Neoarchean Taishan “Group”, the early Neoarchean
Mengjiatun “Formation” and the early Paleoproterozoic
Jining “Group”. The Taishan “Group” is the most
widespread supracrustal sequence in the area and has been
subdivided into the Yanlingguan, Shancaoyu and Liuhang
“Formations” (Cheng et al., 1982; Hao, 1993; Cao, 1996;
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Table 1 SHRIMP U-Pb data of zircons from granitic dykes in the Sujiagou area, western Shandong

206py, U Th 206pp”  207pp 207ppy 206py 206pp28y - 27pp2%Ph  Discordance

SPOL oy pm) (pm) MY ppm) ACpbx B0 pEy T g ETSTCOT o Ma)  AgeMa) (%)
Trondhjemitic gneiss (S1450)

S1450-1.1  0.74 744 67  0.09 229 0.1597 075 7.81 13 03545 1.1 0.83  1956+19 2453+13 20
S1450-2.1  0.12 382 206 056 108 0.1708 0.54 773 12 03282 1.1 090  1830+I8 2565+ 9 29
S1450-3.1  0.00 139 109 081 61 0.1739 0.69 1229 23 05120 22 095 2667448 2595412 3
S1450-4.1  0.18 518 181 036 121 0.1611 054 604 12 02718 1.1 089  1550+15 2467+ 9 37
S1450-5.1 343 633 182 030 88 0.1506 1.60 325 20 0.1565 1.1 0.56 937+10 2354428 60
S1450-6.1  0.18 365 32 0.09 136 0.1660 052 983 12 04315 1.1 090 2312421 2518+ 9 8
S1450-7.1  0.02 332 89 028 137 0.1734 044 1144 12 04785 12 093 2521424 2591+ 7 3
S1450-8.1  0.14 168 54 033 66 0.1707 0.68 1074 14 04561 12 088 2422425 2565+11 6
S1450-9.1 035 220 25 0.2 68 0.1630 120 8.06 44 03590 42 096 1975472 2487420 21
S1450-10.1 022 310 228 076 115 0.1727 057 1027 1.6 04312 14 093 231128 2584+10 11
S1450-11.1 077 314 27 009 108 0.1635 0.80 891 14 03953 12 083  2147+22 2492413 14
S1450-12.1 097 220 35 017 90 0.731 170 11.16 2.1 04676 13 0.60 247326 2588429 4
S1450-13.1 -0.01 105 25 025 43 01677 0.80 1096 1.7 04738 15 0.88  2500+31 2535+13 1
S1450-14.1  0.16 112 121 111 47 0.1703 080 1146 1.9 04879 1.8 091 256237 256113 0
S1450-15.1  0.11 275 121 045 106 0.1658 0.52 1020 13 04462 12 091  2378+24 25169 5
S1450-16.1 023 363 18 005 103 0.1623 074 735 13 03285 1. 083  1831+I8 2480+12 26
Monzogranitic gneiss (S1451)

pp, U Th 200pp”  207ppyx 207pp* 200ppy 2pp/28y - 27pp/2%Pb  Discordance

St oh) pm pm) Y pm) M%por F sy Ry P STOT peeMa)  AgeMa) (%)
S1451-1.1 063 271 15 006 102 0.1712 082 1027 13 04351 10 078 2329420 2570+14 9
S1451-2.1 10.80 772 478  0.64 128 0.1604 3.40 3.81 3.6 0.1715 1.5 042  1021+14 2465455 59
S1451-3.1 091 326 115 036 106 0.1687 083 874 13 03754 1.0 078  2055+18 2545+14 19
S1451-4.1 060 173 95 057 73 01729 080 11.64 1.4 04882 1.1 081  2563+23 258613 1
S1451-5.1 490 248 68 028 89 0.1689 220 9.4 24 03920 1.1 047 2132420 2549436 16
S1451-6.1 237 26l 82 032 83 01687 170 834 2.0 03584 1.1 055  1974%19 2546428 22
S1451-7.1 062 334 113 035 103 0.1682 1.10 827 15 03564 1.0 0.67  1965+17 2540+19 23
S1451-8.1 3.61 506 194 040 108 0.1641 150 543 1.8 02395 1.0 056  1384+12 2500425 45
S1451-9.1 217 437 146 035 126 0.1650 1.10 742 15 03260 1.0 0.67  1819+16 2509+18 28
S1451-10.1 0.60 180 113 0.65 77 0.1709 0.89 11.63 1.5 04936 12 082 258627 256615 -1
S1451-11.1 253 426 158 038 103 0.1627 130 6.3 1.6 02729 1.0 063  1555+14 2486421 37
S1451-12.1 194 475 184 040 109 0.1576 130 570 1.6 02620 10 061  1500+13 2432422 38
S1451-13.1 397 440 111 026 115 0.1620 200 651 22 02908 10 047  1646%15 2479432 34
S1451-14.1 4.66 528 106 021 132 0.1674 180 636 2.0 02752 11 053  1567+15 2535429 38
S1451-15.1 3.4 205 96 048 72 0.1704 2.10 925 23 03931 12 051 2137421 2563434 17

Note: 1) Common lead corrected using measured “"‘Pb; 2) **Pb*
(*'’Pb/**Pb)age]x100

Trondhjemite

S1451 Granite

Ab Or

Fig. 5. An-Ab-Or diagram of granitic dykes in the Su-
jiagou area, western Shandong (after Barker, 1979).

Zhang et al., 1998, 2001; Du et al., 2003, 2005; Polat et
al., 2006). According to available zircon dating results, the
timing of deposition and eruption of the supracrustal rocks

is radiogenic lead; 3) discordance (%) is defined as [(1— (ZO(’Pb/Z?SU)age)/

were redefined by Wan et al. (2012). The Neoarchean
supracrustal rocks in western Shandong show different
rock associations: 1) the supracrustal rocks formed during
the early Neoarchean (2.70-2.75 Ga) are mainly
composed of amphibolite and meta-ultramafic rocks; and
2) the late Neoarchean (2.52-2.55 Ga) supracrustal rocks
mainly consist of fine-grained biotite gneiss,
conglomerate, BIF and felsic meta-volcanic rocks (Wan et
al., 2012). Based on the study in the Yanlingguan area,
Xintai, Cheng et al. (1982) indicated for the first time that
the meta-ultramafic rocks in the supracrustal rocks contain
metamorphosed komatiitic rocks. They further shown that
blastospinifex structures may be preserved in some
komatiitic rocks (Cheng and Xu, 1991). In this study we
provide magmatic zircon ages of ~2.6 Ga for the granitic
dykes that intruded the komatiites, demonstrating that the
komatiites were formed during 2.70-2.75 Ga, because no
supracrustal rocks of 2.60-2.70 Ga have been found in
western Shandong and even the entire North China
Craton.

The two samples were taken from the same outcrop but
show differences in whole-rock element compositions and
zircon petrography. The differences cannot be explained in
terms of late strong deformation, therefore, they represent
different granitic dykes. We suggest that different types of
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Fig. 6 Geochemical diagrams of granitic dykes in the Sujiagou area, western Shandong.
(a) REE pattern; (b) trace element distribution pattern. REE-normalizing values after Sun and McDonough (1989) and MORB-normalizing values

after Pearce (1983).

Table 2 Element compositions of granitic dykes in the
Sujiagou area, western Shandong

Sample no. S1450 S1451
Rock type Trondhjemitic gneiss Monzogranitic gneiss
SiO, 72.68 74.2
TiO, 0.53 0.13
AlLO5 15.76 14.18
Fe,05 0.27 0.93
FeO 0.29 0.22
MnO 0.01 0.01
MgO 0.09 0.28
CaO 3.83 1.16
Na,O 5.04 4.09
K0 0.14 291
P,0s 0.05 0.01
CO, 0.99 0.76
H,0" 0.37 1.04
Total 100.05 99.92
Cr 25 7
Ni 8 5
Sc 1 1
Rb 6 64
Ba 76 1499
Sr 1254 325
Nb 26.3 1.89
Ta 1.34 0.18
Hf 6.02 2.73
Zr 258 56.3
Y 1.97 3.6
Th 4.49 2.44
u 0.88 2.93
La 10.30 9.05
Ce 19.40 18.30
Pr 2.12 2.12
Nd 7.75 7.48
Sm 1.34 2.13
Eu 0.83 0.37
Gd 0.95 1.19
Tb 0.09 0.14
Dy 0.45 0.71
Ho 0.07 0.13
Er 0.21 0.37
Tm <0.05 0.05
Yb 0.24 0.36
Lu <0.05 0.05
TREE 43.8 425
(La/Yb)n 28.3 16.6
Eu/Eu* 2.16 0.65

Notes: Major element in %, trace and REE elements in ppm

~2.6 Ga granitic dykes intruded the komatiites together
and then underwent strong later deformation, resulting in
parallelization of all rocks. It is speculated that the timing

of the deformation occurred at the end of the Neoarchean
for the reasons: 1) sample S1450 has the recrystallized
zircon domains with the youngest age of 2535 Ma (13.1,
discordance = 1%); and 2) the Sujiagou komatiites occur
in Belt A, which underwent strong tectonothermal event of
the late Neoarchean (Dong et al., 2017).
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