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Understanding how adakitic magmas form is important for understanding the formation of the continental crust.
Generating such high-Sr/Y rocks by crystal fractionation of basalts/basaltic andesites in magma chambers has
been proposed in a wide range of tectonic settings. However, the complementary cumulates predicted by this
scenario have rarely been observed. The late Triassic (~227 Ma) Ningcheng complex from the North China Craton
is composed of a websterite - (Ol —/Hbl-) pyroxenite - gabbro unit and a quartz-diorite unit. They are interpreted
as the products (cumulates and derivative melts, respectively) of fractionation from hydrous mafic magmas at
mid- to lower-crustal pressures (4.9 ~ 8.3 kbar). The quartz diorites are high-Mg intermediate rocks with mod-
erate SiO; (57.0 ~ 62.9 wt%), high Mg# (>49) and adakitic trace element signatures, such as high Sr (>636 ppm)
and light rare earth elements (REEs), low Y (<17 ppm) and heavy REEs (Yb < 1.8 ppm), lack of obvious Eu
anomalies, and high Sr/Y (231) and La/Yb (>24)). These adakitic signatures reflect differentiation of hydrous
mantle-derived magmas in the deep crust, leaving behind a plagioclase-free residual solid assemblage in the
early stages, which is represented by the coeval websterite-pyroxenite complex. This study therefore not only
demonstrates that hydrous crystal fractionation is an important mechanism to form adakitic rocks, but also
presents an example of a preserved fractionating system, i.e. high-Sr/Y rocks and their complementary
cumulates. A geochemical comparison is made between representative adakitic rocks formed by fractionation
of hydrous magmas and Archean TTGs. It is suggested that crystal fractionation is an efficient process for making
Phanerozoic high Sr/Y rocks but was not responsible for the formation of Archean granitoids.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

A relatively large group of intermediate to felsic igneous rocks
possess many compositional features of “adakite” (Castillo, 2012; Ma
et al., 2015), which commonly is proposed to be derived from partial
melting of subducted oceanic basaltic crust and is mainly characterized
by its high Sr/Y and La/Yb ratios (Defant and Drummond, 1990; Moyen,
2009). These adakitic rocks have attracted increasing attention because:
1) they are compositionally similar to the Archean tonalite-
trondhjemite-granodiorite (TTG) suites (Martin, 1999) and therefore
can improve our understanding of continental crustal evolution
(Castillo, 2012; Martin et al., 2005); 2) they are associated with most
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porphyry-type Cu 4+ Mo + Au deposits worldwide (Cooke et al., 2005;
Richards and Kerrich, 2007); 3) some of them are genetically linked to
partial melting of subducted oceanic slabs (Defant and Drummond,
1990; Kay, 1978) or foundered lower continental crust (Huang et al.,
2008; Liu et al., 2010b), which makes them pivotal to understanding
processes of crustal recycling.

Various models have been proposed to account for the origin of
intermediate-felsic igneous rocks with adakitic signatures (Castillo,
2012; Martin et al., 2005), with emphasis on melting depth (Defant
and Drummond, 1990; Gao et al., 2004), source inheritance (Ma et al.,
2012, 2015; Qian and Hermann, 2013) and magma processes (Castillo
et al., 1999; Macpherson et al., 2006). Among these models, fractional
crystallization of basaltic magmas, leaving behind a plagioclase-free
cumulate assemblage in the deep crust, is recognized as an important
mechanism that could be responsible for subduction-related and
collision-related adakitic rocks (Lu et al., 2015; Richards and Kerrich,
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2007). A recently statistical treatment (Chiaradia, 2015) of geochemical
data on magmatic rocks from Pliocene-Quaternary arcs around the
Earth also suggests that intra-crustal fractionation of mafic magmas is
the main parameter controlling the development of adakitic signatures
of igneous rocks. If so, there should be abundant complementary cumu-
lates/residues of these adakitic rocks and these might play a significant
role in the formation and differentiation of the continental crust (Lee,
2014; Lee et al., 2007; Miintener et al., 2001). However, such cumulate
rocks have rarely been observed in nature, either because they may be
located deep in the crust, and thus are inaccessible, or they may have
delaminated into the mantle.

In this contribution, we present a combined field, petrologic, miner-
alogical and geochemical study of the Ningcheng igneous complex in
the North China Craton (NCC). We demonstrate that this complex is com-
posed of high-Sr/Y rocks and their complementary cumulates and was
formed by hydrous crystal fractionation process at mid- to lower-crustal
pressures. A geochemical comparison of representative differentiated
adakitic rocks, modern arc magmas and Archean granitoids is further
used to evaluate the role of crystal fractionation in generating high-Sr/Y
rocks through geological time.

2. Geological Setting

The NCC (Fig. 1a) is one of the oldest Archean cratons in the world; it
preserves >3.8 Ga crustal remnants both at the surface (Liu et al., 1992)
and at lower-crustal levels (Zheng et al., 2004). This craton underwent a
series of tectono-thermal events in late Archean and Paleoproterozoic
time, and was stabilized in late Paleoproterozoic (~1.85 Ga; Zhao
etal,, 2001). From the late Paleoproterozoic (~1.85 Ga) to the Paleozoic

(~250 Ma), it was stable without significant tectono-thermal events and
was covered by a thick sequence of sediments. Multiple subduction
cycles took place around the NCC in the Phanerozoic (Windley et al.,
2010), including the Paleozoic southward subduction of the Paleo-Asian
oceanic plate, the Triassic deep subduction of Yangtze continental crust
and the Mesozoic-Cenozoic (and ongoing) subduction of the (Paleo-)
Pacific plate. Meanwhile, the eastern part of this craton lost its lithospher-
ic keel (>100 km) in the Mesozoic and Cenozoic, and represents the best
known example of craton-root destruction (Carlson et al., 2005; Griffin
et al,, 1998; Menzies et al., 1993; Xu, 2001; Zheng et al., 2007; Zhu et al.,
2012).

The Ningcheng igneous complex is located in the northern part of
the NCC (Fig. 1a). This region consists of Archean to Paleoproterozoic
basement rocks overlain by unmetamorphosed Mesoproterozoic to
Paleozoic sediments and Mesozoic to Cenozoic sedimentary and igne-
ous rocks. It was subjected to post-collisional extension in the early
Mesozoic, intraplate contraction in the late Jurassic and crustal exten-
sion in the early Cretaceous. The Ningcheng complex intruded into the
Archean basement as stocks of variable size in early Mesozoic time
(Fig. 1b). The exhumation of this complex probably started in the
early Cretaceous, accompanied by the development of metamorphic
core complexes and granitoid magmatism.

3. Field Relationships and Petrography
The Ningcheng complex is a zoned sequence of ultramafic to felsic

plutonic rocks, which consists of an ultramafic-mafic cumulate unit in
the center and a quartz diorite unit in the outer part. The contact
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Fig. 1. Simplified geological map of Dayingzi town in the Ningcheng area (modified from Shao et al. (1999)) with inset showing location in the North China Craton.
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Fig. 2. Thin sections, photomicrographs (plane-polarized light) and modal compositions of representative samples of the Ningcheng complex in the North China Craton. The crystallization
pressure and temperature are estimated by Al-in-hornblende barometers (marked with superscript #) and two-pyroxene thermobarometer (marked with *), and are also listed in
Table 1.Mineral abbreviations: Opx, orthopyroxene; Cpx, clinopyroxene; Ol, olivine; Am, amphibole; Bi, biotite; Pl, plagioclase; Kfs, K-feldspar; Q, quartz.
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between these two units is generally gradual but locally sharp, indicat-
ing that they might be coeval.

3.1. Ultramafic-mafic cumulate unit

The cumulate unit is layered and consists, from bottom to top, of
high-Mg websterite (MgO > 26%), low-Mg websterite (MgO < 20%)
interlayered with minor plagioclase (Pl)-bearing olivine (Ol-) pyroxenite
and porphyritic hornblende (Hbl-) pyroxenite, and gabbro interlayered
with minor anorthosite. Photomicrographs and modal compositions of
representative samples are shown in Fig. 2.

The websterites are adcumulates containing medium to coarse
grained, euhedral to subhedral cumulate pyroxene (80 ~ 95%), olivine
(<5%) and magnetite (<5%) crystals and fine, anhedral interstitial
plagioclase (<5%) and biotite (5 ~ 10%). Based on modal and chemical
compositions, these websterites can be subdivided into a high-Mg
group (MgO > 25%) with less than 25% clinopyroxene and a low-Mg
group (MgO < 20%) with more than 35% clinopyroxene (Fig. 20 and 2r).

Some sub-meter to meter-scale layers of Pl-bearing Ol-pyroxenite
and porphyritic Hbl-pyroxenite are observed within the low-Mg
websterites. The Pl-bearing Ol-pyroxenites are also adcumulates, but
contain less pyroxene (55 ~ 65%) and more plagioclase (~10%) and oliv-
ine (>15%) than the websterites. The Hbl-pyroxenites are porphyritic
with phenocrysts of medium-grained (2 ~ 5 mm), euhedral hornblende
(10 ~ 15%) and pyroxene (5 ~ 10%) in a groundmass of fine-grained
pyroxene.

The upper part of the cumulate unit is dominated by gabbro
associated with some anorthosite layers. These gabbros are composed
of subparallel cumulus plagioclase (40 ~ 60%), hornblende (30 ~ 40%)
and clinopyroxene (5 ~ 20%) crystals and accessory titanite, apatite
and zircon.

3.2. Quartz diorite unit

The quartz diorite unit, the major lithology of the complex, is rela-
tively homogeneous and is composed of hornblende quartz diorite
and biotite quartz diorite. They are medium grained and contain
40 ~ 60% plagioclase, 20 ~ 30% biotite and hornblende, 10 ~ 20% quartz,
<15% K-feldspar and <5% clinopyroxene (Fig. 2a-c). Lower-crustal
granulites are found as xenoliths in the biotite quartz diorite in the
western part of this unit (Shao et al., 2000).

4. Analytical Methods
4.1. Whole-rock chemistry and Sr-Nd isotopes

Major-element compositions of whole-rock samples were measured
using a Shimadzu XRF-1800 sequential X-ray fluorescence spectrometer
(XRF) with a voltage of 40 kV and a current of 70 mA at China University
of Geosciences (CUG), Wuhan. The measurement procedure and data
quality were monitored by replicate analyses of USGS standards BHVO-
2 and AGV-2 and the analytical uncertainties are better than 3%. Detailed
sample-fusion procedures and analytical precision and accuracy are
described by Ma et al. (2012). Trace-element concentrations of whole-
rocks were determined at Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences (GIGCAS) using a Perkin-Elmer Sciex ELAN 600
inductively coupled plasma-mass spectrometry (ICP-MS) after acid diges-
tion of the samples in high-pressure Teflon bombs, following the analyti-
cal procedures described by Liu et al. (1996). Analytical uncertainties are
better than 5% for most of measured trace elements and are better than
10% for others (Cr and Pb). Sr and Nd isotopic ratios of whole-rock sam-
ples were analyzed using a Micromass Isoprobe Multi-Collector ICPMS
after acid digestion at GIGCAS. The measured 87Sr/%°Sr and "*3Nd/***Nd
ratios were normalized to 36Sr/38Sr = 0.1194 and '“®Nd/'*Nd =
0.7219, respectively. SRM NBS-987, BHVO-2 and La Jolla standard were
used to monitor the measurement procedures and data quality. SRM

NBS-987 yielded an average 37Sr/%5Sr of 0.710243 + 14 (20; n = 12).
The La Jolla standard measured during the course of analysis yielded an
average >Nd/'*Nd of 0.511847 + 3 (20; n = 11), and BHVO-2 yielded
143Nd/"4Nd of 0.512979 + 6 (20; n = 3).

4.2. Mineral major and trace elements

Major- and trace- element compositions of minerals were analyzed
at GIGCAS. Major- element compositions of minerals were determined
using a JEOL JXA-8100 electron microprobe with an accelerating volt-
age of 15 kV, a beam current of 20 nA and a beam diameter of
1 ~ 2 pm. In-situ trace-element analyses of silicates were carried out
by laser ablation (LA)-ICPMS using an Agilent 7500a ICP-MS system
coupled with a Resolution M50-HR 193 nm ArF-excimer laser sampler,
following the analytical procedures described by Tu et al. (2011). The
laser was operated at a repetition rate of 10 Hz, and the spot diameter
was 53 pm.

4.3. Zircon U-Pb dating

Cathodoluminescence (CL) images of zircon were obtained prior to
secondary ion mass spectrometry (SIMS) and LA-ICPMS analysis,
using a Supra 55 Sapphire field emission scanning electron microscope
(FESEM) at GIGCAS, to characterize internal structures and to select
suitable positions for U-Pb dating analyses. SIMS zircon U-Pb analyses
were performed on a Cameca IMS-1280HR ion microprobe at GIGCAS
following procedures described by Li et al. (2009). The O3 primary ion
beam was accelerated at 13 kV, with an intensity of 10 nA. The ellipsoi-
dal spot is about 20 x 30 pm in size. Positive secondary ions were ex-
tracted with a 10 kV potential. Calibration of Pb/U ratios is based on
an observed linear relationship between In(?°°Pb/22%U) and
In(?*8U'%0,/%38U). A common Pb correction was applied using the mea-
sured 2%Pb. Analyses of the standards Plesovice and Qinghu were inter-
spersed with unknowns. LA-ICPMS zircon U-Pb isotope analyses were
carried on an Agilent 7500a instrument in combination with a Geolas-
193 UV laser ablation system at CUG, using a beam diameter of 32 um.
Standards zircon 91500 were used as external standard for calibration.
Detailed operating conditions and data reduction for LA-ICPMS zircon
U-Pb dating were described by Liu et al. (2010a). Concordia diagrams
and weighted mean calculations were made using Isoplot/Ex_ver3
(Ludwig, 2003).

5. Results
5.1. Zircon U-Pb dating

Zircons from a quartz diorite (NC11-40) and a gabbro (CFH11-11)
have been used to constrain the emplacement age of the Ningcheng
complex. The zircon grains are euhedral, 100-400 um long and have
length/width ratios of 1:1 to 4:1. Most of them show clear oscillatory
zoning in CL images (Fig. 3), typical of magmatic zircons. The magmatic
zircon grains from quartz diorite NC11-40 yield 2°°Pb/238U ages ranging
from 220 to 233 Ma (Table S1), with a weighted mean of 227.4 + 2.1 Ma
(n=13; MSWD = 0.83), which is interpreted as the crystallization age
of the quartz diorite. The magmatic zircon grains from gabbro CFH11-
11 yield 2°°Pb/238U ages ranging from 222 to 232 Ma (Table S1), with
a weighted mean of 225.7 4 1.6 Ma (n = 12; MSWD = 1.3), which is
interpreted as the crystallization age of the gabbro. Similar late Triassic
ages (220 ~ 228 Ma) have also been reported for the Ningcheng
complex, defined by U-Pb ages on zircon and baddeleyite from different
lithologies (Zhang et al, 2014). We therefore conclude that the
Ningcheng complex was emplaced at ~227 Ma and that the gabbros
and the quartz diorites are coeval.
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Fig. 3. U-Pb Concordia diagrams and representative cathodoluminescence (CL) images for
zircons from the Ningcheng quartz diorite NC11-40 (SIMS) and gabbro CFH11-11
(LA-ICPMS) in the North China Craton.

5.2. Mineral chemistry

The average compositions of minerals from the Ningcheng complex
are listed in Table 1, and detailed major- and trace-element composi-
tions of individual minerals are presented in Tables S2-S3.

Euhedral olivine grains are present in ultramafic rocks of the cumu-
late unit and are interpreted as cumulate crystals. They have variable Fo
[Fo =100 x Mg/(Mg + Fe)] and Ni contents that decrease from high-Mg
websterites (Fo = 83.8 to 81.8, Ni = 0.54 to 0.46 wt%) through low-Mg
websterites (Fo = 81.5 to 80.3, Ni = 0.25 to 0.19 wt%) to Ol-pyroxenites
(Fo = 77.2 to 73.6, Ni = 0.18 to 0.12 wt%) (Fig. 4a).

Pyroxenes are the most important mineral phases of the cumulate
unit, and Cpx/Opx ratios increase from the bottom to the top of the
sequence. Orthopyroxenes are present as euhedral to subhedral cumu-
late crystals. They are clinoenstatite (Ensgg_g4.8FS12.2-392W007-5.9),
and Mg# decreases from the high-Mg websterites (~85.2) to the
quartz diorites (~61.6) (Fig. 4b). Clinopyroxenes are euhedral to
subhedral cumulate crystals and are classified as augite and diopside
(W032_3,49'0Er137_5,56'0F58_3,17'5) (Morimoto etal, 1988) They dlsplay
decreasing Mg# and Cr,03 from high-Mg websterites, through low-
Mg websterites, Ol-pyroxenites and Hbl-pyroxenites, to gabbros and
to quartz diorites (Fig. 4c), i.e. roughly from bottom to top. These

clinopyroxenes have variable trace element compositions but do not
show systematic differences in their patterns between lithologies.
They have convex-upward chondrite-normalized REE patterns with
maximum at Nd and are depleted in Nb-Ta-Zr-Hf-Ti relative to neigh-
boring elements in the primitive mantle-normalized trace-element
spidergrams (Fig. S1).

Amphibole is absent in the high-Mg websterites and rare (<1 vol%)
in the low-Mg websterites and Ol-pyroxenites, whereas it occur as
phenocrysts (>10 vol%) or as cumulate minerals (>30 vol%) in the
Hbl-pyroxenites and gabbros, respectively. They are classified as
magnesiohornblende, magnesiohastingsite and tschermakitic pargasite
of the calcic-amphibole group according to the nomenclature of Leake
et al. (1997). They have SiO,, MgO, and FeO of 40.5 ~ 45.6 wt%,
12.6 ~ 16.6 wt% and 8.4 ~ 14.4 wt%, respectively. Remarkably, they
have high Al,03 (10 ~ 14.6 wt%), indicative of high pressure crystalliza-
tion (Ridolfi et al., 2010). Amphiboles from Hbl-pyroxenites and
gabbros have similar trace-element compositions with convex upward
chondrite-normalized REE patterns and negative anomalies in Th, U,
Zr, Hf in the primitive mantle-normalized trace-element plots (Fig. S2).

Plagioclases in the cumulate unit are labradorite and andesine with
end-member compositions of Absg 1_s561.9AN37.4_60.40r03-3.1. Plagio-
clases in the quartz diorites have lower An contents and are oligoclases
with end-member compositions of Abgg,_77.1AN10-29.00r15-28. K-
feldspars with end-member compositions of Absg_312ANg3-170T67.6-93.9
are only present in the quartz diorite unit.

5.3. Whole-rock geochemistry and Sr-Nd isotopes

Whole-rock geochemical compositions and Sr-Nd isotopes of the
Ningcheng complex are presented in Tables S4-S5. Major-element
compositions are discussed below in terms of wt%, normalized to
100% on a volatile-free basis.

5.3.1. Cumulate unit

Geochemical compositions of the cumulate rocks of the Ningcheng
complex are controlled by the modes of their constituent minerals.
The ultramafic rocks, including websterites, Ol-pyroxenites and Hbl-
pyroxenites, have high MgO (16.0 ~ 30.1 wt%), Fe,03 (7.5 ~ 12.4 wt%),
Cr (769 ~ 2930 ppm) and Ni (214 ~ 1290 ppm), low SiO,
(47.5 ~52.9 wt%) and Al,03 (3.5 ~ 10.0 wt%) and high Mg# (75.7 to
84.9) (Figs. 5 and S3), corresponding to high modal abundances of
pyroxene, amphibole and olivine (Fig. 2). As mentioned earlier, the
websterites are subdivided into a high-Mg (MgO > 26 wt%) and a
low-Mg group (MgO < 20 wt%). The former have higher Fe,03 and Ni
contents and Mg# but lower Al,03 and CaO contents (Fig. 5) than the
latter in accord with their different Cpx/Opx modal ratios. These
ultramafic rocks have variable incompatible-element compositions that
show minor differences among them. In the chondrite-normalized
rare-earth element diagram (Fig. 6a), the high-Mg websterites and OI-
pyroxenites show an enrichment of light rare earth elements (LREEs)
over heavy rare earth elements (HREEs) with negligible Eu anomalies.
In contrast, the low-Mg pyroxenites and Hbl-pyroxenites have
convex-upward chondrite-normalized REE patterns with the maxi-
mum at Nd and show fractionation of middle vs heavy rare earth
elements. All the ultramafic rocks are enriched in LREEs, large-ion
lithophile elements (LILEs; such as K, Rb, Ba and/or Th) and Pb, with
negative anomalies in high-field-strength elements (HFSEs; such as
Nb, Ta and/or Ti) in the primitive mantle-normalized trace-element
diagrams (Fig. 6b).

The mafic rocks range in composition from gabbro to gabbroic
diorite (Fig. 5c¢) with SiO, of 50.9 ~ 53.9 wt% and total alkalies
(Na,0 + K,0) of 2.8 ~ 5.0 wt%. They also have high (but lower than
those of ultramafic rocks) MgO (4.2 ~ 8.6 wt%), Fe;03 (5.3 ~ 12.1 wt%),
Cr (63 ~ 124 ppm), Ni (41 ~ 224 ppm) and Mg# (52.3 ~ 74.4) (Figs. 5
and S3). Compared to the ultramafic rocks, these gabbros have obvious-
ly higher Al,O05 contents (Fig. 5d) and lower CaO/Al,03 (Fig. S3c)
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Z?/:lrzgle compositions (wt%) of minerals from Ningcheng complex in the North China Craton.
Rock high-Mg websterite low-Mg websterite Ol-pyroxenite
Sample NC1113-1 NC1108-2 & NC1107-2 CFH11-9
Mineral Ol Opx Cpx Bi ol Opx Cpx Am Bi Pl ol Opx Cpx Am Bi Pl

Number n=7 n=12 n=5 n=8 n=4 n=10 n=10 n=6 n=4 n=10 n=5 n=>5 n==6 n=3 n=3 n=3

Si0, 38.62 54.51 5211 39.14 4040 53.59  50.63 42.06 37.72 53.82 3741 54.84 5133 43.02 3863 51.16
TiO, 0.06 0.18 0.50 3.98 0.02 0.24 0.64 2.83 5.12 0.08 005 - 0.77 0.84 2.32 0.07
Al,05 0.01 2.08 349 16.08 0.01 347 4.59 1344  15.87 29.00 0.01 1.21 341 1192 1654 2945
Cry03 0.04 0.46 0.74 0.71 - 0.29 0.48 0.66 0.72 0.06 0.10 043 0.29 0.68

FeO 16.26 9.70 5.90 713 17.26 12.45 6.41 9.00 8.94 0.13 22.46 13.31 6.87 10.18 8.32 0.15
MnO 0.21 0.19 0.12 0.04 0.17 0.23 0.14 0.12 0.03 0.29 033 0.16 0.11 0.05

MgO 44.78 31.29 17.52 2070 41.28 2853 1514 1419  18.81 0.01 40.15 28.97 1620 16.12  20.71 0.01
Cao 0.01 1.20 1890 - 0.00 141 2095 11.73 0.01 11.01 <0.01 1.14 2072 1135 0.01 12.96
Na,0 - 0.09 0.93 080 - 0.06 0.74 2.48 0.35 6.07 - 0.04 0.72 3.19 1.21 4.92
K,0 - 0.01 0.01 947 - 0.01 0.01 1.41 9.93 021 - 0.01 0.01 1.01 9.24 0.09
NiO 0.51 0.12 0.07 0.22 0.07 0.04 0.14 0.03 0.02

P,05 - 0.02 0.03 002 - 0.02 0.03 007 - - 0.02 0.03 004 -

Total 100.44 99.77 10028 98.04  99.37 10034  99.76 9792 9750 10027 10052 100.02 100.62 98.05 97.70  98.80
Mg# 83.1 85.2 84.2 83.7 81.0 80.3 80.9 73.8 789 76.1 79.5 80.9 73.8 81.6

En 0.83 0.51 0.78 0.45 0.77 0.46

Fs 0.15 0.10 0.19 0.11 0.20 0.11

Wo 0.02 0.39 0.03 0.44 0.02 043

Ab 493 40.5
An 49.6 59.0
Or 1.1 0.5
T-PKD 1112 °C 991-1027 °C 1019 °C

P-PKD 6.8 kbar 5.3-6.2 kbar 5.9 kbar

P-HZ 7.7 kbar 6.2 kbar

P-Hgea 8.3 kbar 6.6 kbar

P-SMW 8.0 kbar 6.5 kbar

P-AS 8.0 kbar 6.5 kbar

Rock Hbl-pyroxenite gabbro quartz diorite

Sample NC11-12 NC1110-2 NC11-34 & NC11-40

Mineral Opx Cpx Am Pl Opx Cpx Am Pl Opx Cpx Am Bi Pl Kfs
Number n=3§8 n=7 n=7 n=2 n=3 n=2§8 n=10 n=2_y n=3 n=~6 n=>5 n=14 n=13 n=23y
SiO, 53.27 51.45 42.46 55.47 53.62 51.32 41.27 54.69 51.48 52.24 44.03 38.16 60.10 64.06
TiO, 0.24 0.65 3.84 0.07 0.33 0.58 4.45 0.08 0.28 0.34 1.78 4.65 0.05 0.03
Al,05 2.10 3.56 12.47 26.42 2.57 2.92 12.49 27.99 0.60 1.44 10.18 13.65 23.88 18.58
Cry03 0.09 0.16 0.20 0.03 0.09 0.06 0.02 0.03 0.06 0.10

FeO 15.38 8.37 10.60 0.12 16.68 8.73 11.79 0.19 23.82 10.18 13.65 17.81 0.19 0.11
MnO 0.40 0.26 0.12 0.38 0.28 0.14 0.66 0.36 0.21 0.14

MgO 26.75 14.84 13.32 - 24.42 15.10 13.03 0.01 21.48 13.53 13.92 13.61 0.01 -

Cao 1.30 20.21 11.21 9.30 1.21 20.71 11.28 10.30 1.22 21.64 11.33 0.03 5.97 0.22
Na,O0 0.05 0.83 2.63 7.28 0.14 0.63 2.84 6.63 0.02 0.62 1.98 0.11 9.63 2.06
K,0 - - 1.23 0.40 - - 1.38 033 0.02 0.01 1.23 10.45 0.42 15.39
NiO 0.03 0.03 - 0.02 0.02 0.03

P05 0.01 0.04 - 0.04 0.03 0.05 0.01 0.03 0.02 0.01

Total 99.60 100.37 98.09 99.08 99.38 100.39 98.72 100.22 99.60 100.42 98.37 98.72 100.24 100.46
Mg# 75.6 76.1 69.1 723 75.7 66.3 61.6 703 64.5 57.6

En 0.73 043 0.70 043 0.60 0.39

Fs 0.24 0.14 0.27 0.14 038 0.17

Wo 0.03 0.42 0.02 0.42 0.02 0.44

Ab 574 52.8 729 16.7
An 40.5 454 25.0 1.0
Or 2.1 1.8 2.1 824
T-PKD 983 °C 1033 °C

P-PKD 5.4 kbar 5.3 kbar

P-HZ 6.9 kbar 7.0 kbar 4.9 kbar

P-Hgea 7.4 kbar 7.5 kbar 5.1 kbar

P-SMW 7.3 kbar 7.3 kbar 5.3 kbar

P-AS 7.3 kbar 7.3 kbar 5.3 kbar

Mineral abbreviations: Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Am, amphibole; Bi, biotite; Pl, plagioclase.

Mg# = 100 x Mg/(Mg + Fe), where Mg and Fe represent molar proportions.

T-PKD and P-PKD are calculated by two-pyroxene thermometers and barometers (Putirka, 2008).

P-HZ, P-Hgea, P-SMW and P-AS are calculated by Al in amphibole barometeric equations from Hammarstrom and Zen (1986), Hollister et al. (1987), Schmidt (1992) and Anderson and
Smith (1995), respectively.

because of the high modal abundance of plagioclase. They show enrich- negative anomalies in HFSEs (Fig. 6d). They are characterized by high Sr
ment of LREEs over HREEs with negligible to positive Eu anomalies (21000 ppm) and LREEs, low Y (<17 ppm) and HREEs (Yb < 1.4 ppm),
(6gq = 1.0 to 1.6) (Fig. 6¢). They are enriched in LREEs, LILEs, with and high Sr/Y (260) and La/Yb (>8.6) (Fig. 7).
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Fig. 4. Comparisons of Fo contents of olivines and Mg-numbers (Mg# = 100 x Mg/
(Mg + Fe)) of pyroxenes in different units of Ningcheng Complex in the North China
Craton.

The initial 37Sr/%6Sr ratios and enq(t) values have been calculated at
227 Ma, corresponding to the zircon and baddeleyite U-Pb ages of
the Ningcheng complex. The Sr-Nd isotopic compositions of the
ultramafic-mafic rocks are relatively homogeneous with (87Sr/%%Sr); of
0.7055 to 0.7067 and negative eng(t) values of —1.7 to —6.3
(Table S5; Fig. 8). There are no systematic differences in isotopes be-
tween lithologies; the isotopic values are comparable with those of
early Mesozoic subcontinental lithospheric mantle (SCLM) beneath
the NCC (Yang et al., 2009; Zhang et al., 2008; Zheng and Lu, 1999).

5.3.2. Quartz diorite unit

The quartz diorites range in composition from monzonite to quartz
monzonite (Fig. 5¢) with SiO, of 57.0 ~ 62.9 wt% and total alkalies
(Na0 + K,0) of 6.9 ~ 8.8 wt%. Compared to the coexisting cumulate
rocks, these rocks have lower MgO (2.9 ~ 3.6 wt%), Fe,03
(4.7 ~ 5.8 wt%), Ni (26 ~ 85 ppm) and Cr (32 ~ 65 ppm) (Fig. 5), and

higher levels of incompatible trace elements (Fig. 6e-f). They also
have high Al,03 (15.2 ~ 20.4 wt%) and low CaO (3.6 ~ 5.4 wt%). The
quartz diorites are characterized by adakitic signatures (Ma et al.,
2015) with high Sr (2636 ppm) and LREEs, low Y (<17 ppm) and
HREEs (Yb < 1.8 ppm), a lack of obvious Eu anomalies (Fig. 6e), and
high Sr/Y (231) and La/Yb (>24) (Fig. 7). All these features are broadly
similar to those of modern adakites (Defant and Drummond, 1990),
Archean TTG suites (Martin et al., 2005), and experimental melts of a
mafic lower crust at pressures of 10 to 12.5 kbar (Qian and Hermann,
2013). These rocks are enriched in LREEs, LILEs (e.g. Rb, Ba and Th)
and Pb, with negative anomalies in HFSEs (Fig. 6f). Two samples
(NC11-17 and CFH11-11), which have the lowest SiO, (57.0 wt% and
58.6 wt%) of this unit, show positive Eu anomalies and depletion in
Th-U relative to Rb-Ba (Fig. 6e, f), consistent with plagioclase accumula-
tion in their petrogenesis.

The quartz diorites have Sr-Nd isotopic compositions with
(37Sr/%5r); of 0.7060 to 0.7067 and negative eng(t) values of —5.3 to
—3.9 (Table S5). The data mostly overlap with those of the cumulates
(Fig. 8).

6. Discussion
6.1. Crystallization pressure and temperature

Al-in-hornblende barometers (Anderson and Smith, 1995;
Hammarstrom and Zen, 1986; Hollister et al., 1987; Schmidt, 1992))
and a two-pyroxene thermobarometer (Putirka, 2008) have been
used to estimate the crystallization pressure and temperature of the
Ningcheng complex (Table 1 and Fig. 2).

The two-pyroxene thermobarometer suggests that the high-Mg
websterites record a crystallization at high temperature (~1112 °C)
and deep-crustal depths (~6.8 kbar). The high temperature estimates
are also supported by the absence of cumulate amphibole and the
high pressure is in agreement with the pyroxene-dominated cumulate
assemblages (Blatter et al., 2013; Miintener et al., 2001).

Pressures (5.3 ~ 6.2 kbar) and temperatures (983 ~ 1027 °C) calcu-
lated by the two-pyroxene thermobarometer are virtually identical for
the low-Mg websterites, Ol-pyroxenites and Hbl-pyroxenites. These esti-
mates are slightly shallower and colder than those of the high-Mg
websterites. The crystallization pressures estimated by Al-in-hornblende
barometers are higher than those of the two-pyroxene thermobarometry,
ranging from ~6.2 kbar for the Ol-pyroxenites to ~8.3 kbar for the low-Mg
websterite.

The compositions of clino- and ortho-pyroxenes from the Ningcheng
gabbros record a high crystallization temperature of ~1033 °C like those
of the underlying low-Mg websterites, and a crystallization pressure of
~5.3 kbar which is shallower than those of the underlying low-Mg
websterites. The crystallization pressure estimated by Al-in-hornblende
barometers ranges between 7.0 and 7.5 kbar, also lower than those of
the underlying low-Mg websterites but consistent with those of OI-
pyroxenites and Hbl-pyroxenites.

The lack of coexisting clinopyroxene and orthopyroxene in the
quartz diorites does not permit temperature estimation. We have only
estimated their crystallization pressure using the Al-in-hornblende
barometers, which yield estimates of 4.9 to 5.3 kbar. These pressure
estimates are obviously lower than those of the coexisting cumulate
unit.

In summary, the application of different barometers suggests
that the Ningcheng complex was emplaced at mid- to lower-
crustal depths (4.9 ~ 8.3 kbar) with crystallization pressures de-
creasing from the bottom (high-Mg websterite) to the top (quartz
diorite) (Fig. 2). Along with the apparent decrease in pressure,
the rocks from the cumulate unit record a rough trend of crystalli-
zation temperatures decreasing from the bottom to the top of the
sequence.
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6.2. Crystal fractionation sequence in the Ningcheng complex

It is clear from the field relationships, petrography, mineral com-
positions and whole-rock geochemical variations that the Ningcheng
websterites-(0l —/Hbl-)pyroxenites-gabbros and quartz diorites
represent the cumulates and complementary derivative magmas,
respectively, from one or several similar parental magmas. The crystal
fractionation sequence of the Ningcheng complex can be determined
from the cumulate (exclusive of interstitial) minerals in the cumulate
rocks and the mineral assemblages of the quartz diorites.

The earliest stage of fractionation of the magma was dominated by
crystallization of Opx + Cpx 4 Ol with a low Cpx/Opx ratio, represented
by the high-Mg websterite at the bottom of the cumulate unit. The
crystallizing silicate minerals display the highest Mg# (as well as high
Ni or Cr contents) of all cogenetic minerals in the Ningcheng complex
(Fig. 4). Hydrous minerals (e.g. amphibole) are absent in this stage,
probably because of the high temperature of the magmas (~1112 °C);
hydrous minerals are not stable on the liquidus of such magmas at tem-
perature greater than about 1050 °C (Blatter et al., 2013; Miintener
et al., 2001).

An intermediate stage is also dominated by growth of orthopyroxene
and clinopyroxene, manifested by the low-Mg websterites, Ol-
pyroxenites and Hbl-pyroxenites. However, this stage is characterized
by higher Cpx/Opx ratios than the earlier stage and the presence of am-
phibole (Fig. 2). With decreasing temperature (from ~ 1112 °C for the
high-Mg websteritic stage to <1027 °C for this stage), clinopyroxene
crystallized at the expense of orthopyroxene, resulting in lower MgO
and higher CaO in the low-Mg websterites. The observed fractionation
sequence is consistent with high-pressure crystallization of hydrous
magmas, in which Cpx/Opx ratios increase with decreasing temperature
and/or with increasing H,O in the melt (Miintener et al., 2001). The
appearance of amphibole suggests that the magma was hydrous with
temperatures <1050 °C at this stage.

In the later differentiation of the magma, crystallization produced
assemblages with higher proportions of plagioclase and amphibole
and a lower proportion of clinopyroxene (i.e. hornblende gabbro). Ac-
cordingly, with increasing mode of plagioclase and decreasing mode
of Fe-Mg silicates, whole rock compositions become higher in Al,03
and lower in MgO, Fe,0s3, Cr, Ni and Mg# (Figs. 5 and S3).

Crystallization of the cumulate unit drove the derivative melts to-
wards high Si, and low Mg, Fe and Ca, comparable with compositions
of the quartz diorites. Considering the field relationships, petrography
and whole-rock compositions, the quartz diorites are interpreted as
solidified residual melts derived from fractional crystallization of the
basalt/basaltic andesite (see discussion below). Therefore, the mineral
assemblage of the quartz diorites (Pl 4+ Bi + Q &+ Hbl &+ Kfs + Cpx)
represents the final crystallized phases.

To summarize the above discussion, we can define the following
crystallization sequence for the Ningcheng complex:

Opx + Cpx + Ol-0px + Cpx + Hbl + Ol + P1-PI + Cpx + Hbl 4 Opx
—Pl + Bi + Q + Hbl + Kfs + Cpx

(i)
or simply as
Opx + Cpx—Hbl-Pl-Bi + Q + Kfs (ii)
to emphasize the onset of crystallization of each phase.
6.3. Nature of the parental magma
6.3.1. A basalt/basaltic andesite parental magma
The high-Mg websterites formed in the earliest stage of fractionation

of the magma, which makes them the ideal subject for constraining
the nature of their parental magma (or starting composition). The
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Fig. 6. Chondrite-normalized REE patterns (a, c and e) and primitive mantle-normalized trace-element patterns (b, d and f) for the Ningcheng complex in the North China Craton. HSD,
high-Si quartz diorite with SiO, > 58 wt%; LSD, low-Si quartz diorite with SiO, < 58 wt%. Normalizing values are from McDonough and Sun (1995).

cumulate silicates in the high-Mg websterites are magnesian with Mg#
(or Fo) of ~83.1, ~85.2 and ~84.2 for olivines, orthopyroxenes and
clinopyroxenes, respectively. If we assume that these minerals were in
equilibrium with the magma from which they precipitated, we can cal-
culate the Mg# of the melts using available Mg-Fe partition coefficients
[KEeMe —  (Mgliapemineral) /(\Mgmineralgelid)] - Clinopyroxene is not
taken into account in the calculations because the K™ between
clinopyroxene and mafic melt is less well constrained than those for
olivine-melt (030 + 0.03; Roeder and Emslie, 1970) and
orthopyroxene-melt (0.255 ~ 0.29; Putirka, 2008; Straub et al., 2008).
The results show that a nominal coexisting liquid would be mafic with
Mg# varying from 58 to 68 depending on the choice of K5 values
(Table S2). Considering the effect of trapped-liquid crystallization on cu-
mulus mineral compositions (Barnes, 1986), these calculated Mg num-
bers represent minimum estimates for that of the actual coexisting
magma. Thus we conclude that the parental magma of the Ningcheng
complex was mafic with a basaltic or basaltic-andesitic composition;

that is, they were derived from the mantle rather than a mafic crust
source. This argument is also supported by the relatively low SiO, (lack
of granodiorite and granite in the complex) and high MgO and Mg# of
the quartz diorites (Fig. 5), which cannot form by simple differentiation
from a crustal derived melt (Lee et al., 2014; Martin et al., 2005; Qian
and Hermann, 2013). The fact that all quartz diorites have initial Sr-Nd
isotopes different from the lower crustal rocks of the NCC (Fig. 8) further
argues against a parental magma derived from the lower crust.

6.3.2. A hydrous parental magma

H,0 is a crucial component in the fractionation sequence of basaltic
and basaltic andesitic magmas (Blatter et al., 2013; Gaetani et al., 1993;
Miintener et al., 2001). At crustal pressures, a low H,0O concentration in
the liquid stabilizes plagioclase earlier than pyroxene and amphibole,
which results in crystallization being dominated by olivine + plagio-
clase. Increasing H,O concentration in the liquid suppresses plagioclase
crystallization (Gaetani et al., 1993; Miintener et al., 2001) thereby
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crust of the NCC (LCNC) are from Gao et al. (1998) and Jiang et al. (2013).

producing pyroxenite-dominated cumulate assemblages. As mentioned
before, the differentiation of the Ningcheng melts followed a path of
websterites-(0l —/Hbl-)pyroxenites-gabbros in terms of mineral
assemblage, comparable with the solid assemblages left by fractional
crystallization of hydrous magmas (Blatter et al., 2013; Miintener
et al,, 2001; Nandedkar et al., 2014) and cumulates from hydrous arc
magmas (Jagoutz et al., 2011) at lower-crustal levels. Plagioclase is
absent from the cumulus assemblage of the high-Mg websterites
(early fractionation stage), low-Mg websterites and Hbl-pyroxenites
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Fig. 8. Whole-rock Sr-Nd isotopic compositions of Ningcheng complex in the North China
Craton. Field of Sr-Nd isotopes of MORBs in (a) is after http://www.earthchem.org/petdb.
Subcontinental lithospheric mantle (SCLM) beneath the NCC is represented by peridotite
xenoliths and perovskite from the Paleozoic kimberlites (Zheng and Lu, 1999; Zhang et al.,
2008; Yang et al., 2009). Lower crust beneath the NCC is from Jiang et al. (2013).

(intermediate fractionation stage), and is present in higher proportions
during the late differentiation of the magma. Therefore, we suggest that
the cumulate unit of the Ningcheng complex records a typical hydrous,
high-pressure fractionation sequence. Moreover, the inferred liquid line
of descent, with the early appearance of amphibole and the late appear-
ance of plagioclase, also is typical for high-pressure fractionation of
parental melts with high initial water contents (at least >2 wt%)
(Blatter et al., 2013; Jagoutz et al., 2011; Miintener et al., 2001). We
thus propose that the parental magma of the Ningcheng complex was
hydrous.

6.3.3. An enriched subcontinental lithospheric mantle source

The trace-element compositions of the cumulus clinopyroxenes and
amphiboles in the cumulate rocks provide further constraints on the na-
ture of their parental magma. Incompatible trace element compositions
of melts in equilibrium with these silicate minerals were calculated
using experimentally determined mineral-melt partition coefficients
(Table S6). Although the modelled melts have variable trace element
compositions depending on the minerals in different host lithologies
and the selected partition coefficients (Figs. S1 and S2), they show sim-
ilar patterns, consistent with those of the quartz diorites (Fig. 9). These
hypothetical melts and the quartz diorites have fractionated REE pat-
terns with negligible Eu anomalies. They are enriched in LREEs, LILEs
and Pb, and are depleted in HFSEs. Such island arc-type trace element
patterns in basalts and basaltic andesites are attributable to the involve-
ment of recycled crustal components in the mantle source (Grove et al.,
2002) or partial melting of enriched lithospheric mantle (Pallares et al.,
2008; Xu et al.,, 2004). Geological observations suggest that the northern
part of the NCC was tectonically in a post-collisional extensional re-
gimes in the early Mesozoic (Ma et al., 2012) after the final closure of
the Palaeo-Asian Ocean at 300-250 Ma (Xiao et al., 2003). The crustal
components (high LREEs, LILEs and H,0) in the Ningcheng magmas
are unlikely to be derived from subducted materials, given the lack of
contemporaneous subduction in the region. A more reasonable scenario
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Fig. 9. Chondrite-normalized REE patterns (a) and primitive mantle-normalized trace-
element patterns (b) for hypothetical liquids in equilibrium with clinopyroxenes and
amphiboles from Ningcheng cumulates. These plots only present the average compositions
of calculated liquids. Detailed compositions of individual minerals and their corresponding
equilibrated liquids are present in Figs. S1 and S2. Partition coefficients used in modeling
are listed in Table S6.

is that the Ningcheng magmas were derived from a phlogopite-rich
mantle source (Fig. S4) which had been metasomatized previously
and therefore was enriched in incompatible trace elements.

Evidence for an enriched mantle source also comes from the whole-
rock Sr-Nd isotopic data. The Ningcheng complex has a Sr-Nd isotopic
signature of enriched continental lithosphere with initial 8’Sr/2°Sr ratios
0f 0.7055 to 0.7072 and negative eng(t) values of — 1.7 to — 6.3 (Fig. 8).
There are two possible source reservoirs that can produce this enriched
isotopic signature: enriched lithospheric mantle and lower continental
crust, or a mixture of these two reservoirs. However, in the plot of initial
Sr-Nd isotopes (Fig. 8), the Ningcheng igneous rocks are isotopically
distinct from the field of lower continental crust as defined by locally-
derived xenoliths, and overlap with those of early Mesozoic SCLM
beneath the NCC.

We therefore consider that the parental magma of the Ningcheng
complex is a hydrous basalt or basaltic andesite, which was derived
from partial melting of the enriched lithospheric mantle beneath the
NCC.

6.4. Petrogenesis of the Ningcheng high-Mg adakitic plutons

The above described major- and trace-element characteristics of
the Ningcheng quartz diorites are broadly similar to the high-Mg (or
high-Mg#) adakitic rocks (Gao et al., 2004), low-silica adakites and
Archean sanukitoids/TTGs (Martin et al., 2005). The adakitic trace
elements and magnesian signatures of high-Mg adakitic rocks are com-
monly regarded as the products of interaction between high-Sr/Y felsic
magmas and mantle peridotites or mantle-derived basalts. However,
results of our study indicate a different petrogenetic evolution for the
Ningcheng high-Mg adakitic plutons.

Various models have been proposed to account for the origin of
igneous rocks with adakitic trace element signatures (Castillo, 2012;
Ma et al., 2015; Moyen, 2009), including partial melting of subducted
oceanic crust (Defant and Drummond, 1990) or thickened/foundered
mafic lower crust (Atherton and Petford, 1993; Gao et al., 2004) with an
emphasis on high-pressure melting, partial melting of ancient lower
continental crust with the emphasis on source inheritance (Ma et al.,
2012, 2015; Qian and Hermann, 2013), and compositional evolution of
magma chambers including fractional crystallization (and crustal assimi-
lation) processes in basaltic magmas and mixing between basaltic and
felsic magmas (Castillo et al., 1999; Guo et al., 2007; Lee et al., 2007;
Richards and Kerrich, 2007). In the previous section, it was shown that
most probable source of the parental magmas of the Ningcheng complex
is an enriched SCLM, making the slab melting and lower crust melting
models unlikely in the Ningcheng case.

Assimilation of crustal rocks is common during the evolution of
magmas in a continental setting. However, the Ningcheng complex
has homogeneous and obviously higher initial Nd isotopic compositions
than the lower crust in the NCC (Fig. 7f), which suggests that the
proportion of assimilated material should be limited. Moreover, the
lower crust of the NCC has higher HREEs and Y, but lower La/YDb,
Sm/Yb and Sr/Y than the Ningcheng adakitic plutons (Fig. 7), indicating
that assimilation processes would only have played a limited role in
generating adakitic geochemical signatures.

Crystal fractionation/accumulation was the principal process in gen-
erating the Ningcheng complex. The gabbroic cumulates (SiO, = 50.9-
54.3 wt%) are rich in Sr (>1000 ppm; Fig. 7d) and have high Sr/Y ratios
(60 ~297) due to plagioclase accumulation. Unlike these gabbros, the
adakitic quartz diorites are solidified derivative melts with moderate
SiO, (57.0 ~ 62.9 wt%). It is clear that the websterite-(Ol—/Hbl-)pyrox-
enite cumulates and quartz diorites are complementary, with their
combined compositions reproducing the compositions of late Mesozoic
hydrous mafic magmas from the NCC (Fig. 10). The early-crystallizing
phases from the Ningcheng magmas, represented by websterites and
pyroxenites, have low Sr and LREE (Figs. 6a, 7d and 10). So the fraction-
ation of these minerals results in increasing Sr/Y, La/Yb and Sm/Yb ratios
in the derivative melts (Figs. 7a-c and 10) before plagioclase and apatite
occur as liquidus phases along the liquid line of descent. The quartz di-
orites have high Al,03 and P,0s contents (Fig. 5d) due to the absence of
plagioclase and apatite during the early differentiation of the magmas.
However, the two quartz diorite samples (NC11-37 and CFH11-11)
which have the lowest SiO, (57.0 wt% and 58.6 wt%) in this unit, have
positive Eu anomalies and are relatively depleted in Th-U (Fig. 6), a
feature that cannot be explained solely by the removal of cumulates.
One possible interpretation is that the magma solidified rapidly without
efficient separation of early-crystallized plagioclase and melts
(i.e. mushy, crystal-rich magma system) in the lower part of the
magma mush. At a given SiO,, the Ningcheng quartz diorites have higher
Mg# than adakitic melts directly derived from basaltic sources. This could
be due to one of the following reasons, which are not mutually exclusive:
1) fractionation of magnetite and ilmenite drives the derivative melts to-
wards lower FeO contents at a given MgO; 2) clinopyroxene-dominated
rather than olivine-dominated solid assemblages retard the Mg-
depletion of derivative liquids, producing melts with relatively high
Mg#; 3) magmatic recharge or mixing with basaltic liquids would elevate
their Mg number (Lee et al., 2014); 4) they inherited high Mg/Si from the
parental magma if it was s high-Mg andesite.

Finally, the low HREEs and Y in adakitic rocks and TTGs are common-
ly interpreted as indicative of the involvement of garnet as residual or
fractionating phase during magma genesis (Moyen, 2009). However,
no garnet is observed in the Ningcheng cumulates. As shown in Fig. 7,
all the lithologies of the Ningcheng complex have low HREEs and Y
regardless of whether they are cumulates or derivative magmas,
suggesting that their parental magmas were also intrinsically deficient
in these trace elements and the adakitic rocks inherited such composi-
tional characteristics. As mentioned before, the parental magma of the
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Fig. 10. Average compositions of the Ningcheng complex normalized to a primitive basaltic andesite from the NCC. The nominal parental magma is the late Mesozoic Guiyunhua hydrous

high-Mg andesite that was derived from the enriched subcontinental lithospheric mantle

beneath the NCC (Table S4; Ma et al., 2016). The Guiyunhua magmas are considered as (near-)

primary magmas that equilibrated with mantle peridotite and have chemical compositions similar to primitive arc-derived basaltic andesites worldwide (Table S4; Grove et al., 2012).

Ningcheng complex probably was basalt or basaltic andesite derived
from partial melting of the enriched lithospheric mantle beneath the
NCC. Indeed, enriched mantle-derived mafic igneous rocks with high
Sr/Y and La/Yb were widespread during Meosozoic time in the eastern
China (e.g. Xu et al., 2004; Yang et al., 2012). We therefore speculate
that fractional crystallization processes as well as inheritance of
chemical compositions from such mafic parental magmas could be
responsible for some Mesozoic adakitic rocks in the eastern China.

6.5. Implications for petrogenesis of adakitic rocks and TTGs

Our proposed petrogenetic model for the Ningcheng high-Mg
adakitic rocks is not new. A subset of adakitic intermediate-felsic

igneous rocks, both subduction-related and collision-related, have
been interpreted as the products of crystal fractionation from basaltic
magmas in the mid- to lower crust (e.g. Castillo et al., 1999; Chiaradia,
2015; Lee et al, 2007; Lu et al., 2015; Macpherson et al., 2006;
Rodriguez et al., 2007). It is generally accepted that most primary
magmas in subduction zones are basaltic or basaltic-andesite in compo-
sition and are H,O-rich (Grove et al., 2012). Hydrous mantle-derived
magmas also have been identified in continental settings (Ma et al.,
2012, 2016; Xu et al., 2004). Indeed, deep magma chambers are com-
monly found in compressional continental arcs (Chaussard and
Amelung, 2012; Lee et al., 2014) and perhaps are present in continental
setting (Ma et al., 2012, 2016). Crystal fractionation of these hydrous
mafic magmas at mid- to lower-crustal pressures would develop high-
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Fig. 11. (a) Plots of Sr/Y vs MgO for representative Phanerozoic adakitic rocks formed by fractionation of hydrous magmas and Archean granitoids (TTGs and sanukitoids). (b) Averages of
median Sr/Y vs MgO for igneous rocks in modern arcs and Archean greenstone belt (Chiaradia, 2015). The gray and light blue areas represent Archean rocks with low median Sr/Y (<10)
and high median Sr/Y (>20), respectively. Data for Phanerozoic differentiation adakitic rocks in (a) are from Castillo et al. (1999), Rooney et al. (2011), Li et al. (2013) and this study; data

for Archean TTGs and sanukitoids in (a) are compiled from Moyen (2011) and Laurent et

al. (2014), respectively.
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Sr/Y adakitic signatures in the evolved magmas due to early
fractionation of pyroxene, amphibole and perhaps garnet, and from
suppression of plagioclase fractionation under high pH,0 conditions
(Blatter etal,, 2013; Miintener et al.,, 2001). The buffering effect of basal-
tic recharge or on-going underplating (Lee et al., 2014), if it occurred,
could move the evolved magmas towards high-Mg adakitic rocks.
However, arguments for these processes are based mainly on the
geochemistry of high-Mg adakitic rocks, as complementary cumulate
rocks are scarce. This study provides a rare example of an adakitic quartz
diorite unit and an ultramafic-mafic unit in the Ningcheng complex as
derivative magmas and complementary cumulates formed by the
same process, by crystal fractionation of hydrous basaltic or basaltic
andesitic magmas at mid- to lower-crustal pressures (e.g. Fig. 10).

The geochemical similarities between Phanerozoic adakitic rocks
and Archean TTG suites have been recognized (Martin et al., 2005 for
reviews), but there has been considerable debate on whether these
two groups of igneous rocks formed by similar processes (Condie,
2005; Martin, 1999; Moyen and Martin, 2012; Smithies, 2000). Detailed
discussions on their similarities and differences is beyond the scope of
this paper; here we only assess the role of crystal fractionation of hy-
drous mafic magmas in the formation of the Phanerozoic and Archean
high Sr/Y rocks by comparing relevant rocks in a Sr/Y vs MgO diagram
(Fig. 11). Chiaradia (2015) showed that trends of median Sr/Y values
versus MgO in modern arc magmas vary with arc thickness (Fig. 11b).
The Sr/Y values of igneous rocks in thick (>30 km) arcs are high at inter-
mediate MgO (2 ~ 6 wt%) and decrease when the magmas evolve to low
MgO (<2 wt%); this trend can be reproduced by crystal fractionation of
hydrous mafic magmas in the deep crust during the early differentiation
stage (liquid with high MgO, H,0 and temperature). Moreover, repre-
sentative adakitic rocks generated by crystal fractionation of hydrous
mafic magmas show a trend of Sr/Y versus MgO (at intermediate
MgO) resembling that of igneous rocks in thick arcs (Fig. 11a). Indeed,
hydrous mantle-derived magmas and deep magma chambers are com-
monly found in compressional arcs (Chaussard and Amelung, 2012;
Grove et al., 2012; Lee et al.,, 2014). An argument can thus be made in
favor of an origin for some Phanerozoic adakitic rocks by crystal frac-
tionation of hydrous mafic magmas in thick arcs. However, Archean
rocks display different trends from their Phanerozoic “counterpart” in
the Sr/Y vs MgO diagram (TTGs and sanukitoids shown in Fig. 11a;
greenstone belt rocks shown in Fig. 11b); they are characterized by
low Sr/Y at intermediate MgO and high Sr/Y at low MgO. These compo-
sitions indicate that other process (or processes), such as partial melting
of basaltic rocks (Moyen and Martin, 2012) were mainly responsible for
the origin of Archean low MgO, high Sr/Y granitoids (i.e. TTG suites).
Therefore, crystal fractionation of hydrous mafic magmas is one of the
efficient processes for making Phanerozoic high Sr/Y rocks but may
not have been involved in the genesis of Archean granitoids. We further
speculate that the Archaean TTG series is not an analogue of modern
adakitic rocks and that the style of continental crust growth was differ-
ent during Archean and Phanerozoic times.

7. Conclusions

Coexisting quartz diorites and websterite-pyroxenite-gabbros in the
Ningcheng complex in the North China Craton are petrogenetically
related, representing respectively fractionating melts and cumulates
formed by crystal fractionation of hydrous mafic magmas at mid- to
lower-crustal pressures. The quartz diorites acquired their adakitic
signatures through a fractional crystallization process, rather than via
high-pressure crustal melting. The Ningcheng complex thus presents
one of the best cases for the crystal fractionation model for the genesis
of adakitic rocks. Comparison with world-wide adakitic rocks suggests
that differentiation of hydrous mafic magmas is an efficient process
for producing Phanerozoic high Sr/Y rocks, but it was not important in
the genesis of the Archean granitoids, for which other petrogenetic
processes are needed.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2016.05.024.
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