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Abstract Silicic igneous rocks in the oceanic crust provide insights into the formation of proto‐continental
crust, which can be investigated by studying rare silicic rocks within ophiolite complexes. This study focuses
on plagiogranites that crop out as lenses and blocks in the northeast Jiangxi ophiolite (NJO), located in the
eastern segment of the Neoproterozoic Jiangnan Orogen, southern China. The plagiogranites yield a mean
SHRIMPU‐Pb zircon crystallization age of ca. 995 Ma and also record a late thermal event at ca. 220 Ma. The
plagiogranites have high Na, very low K, and highly variable rare earth element (REE) concentrations from
extremely depleted total REEs to strong enrichment in light REEs. Some samples have adakitic
characteristics. Zircons from the plagiogranites have positive εHf(t) values (9.96 to 16.6) and mantle‐like δ18O
values (5.13 ± 0.21‰), indicating a juvenile crustal or mantle source. Based on REE modeling, we propose a
two‐stage model for the formation of the geochemically variable NJO plagiogranites: (1) High‐REE
adakitic magmas plagiogranites were generated by 20% partial melting of basaltic oceanic crust; and (2)
subsequent fractional crystallization (up to 50%) of these magmas and crystal accumulation produced the
low‐REE plagiogranites. Our results show that granitic magmas can become highly differentiated in an
oceanic setting. The diversity of silicic rocks in the oceanic crust is mainly the result of partial melting of
subducted basaltic rocks and subsequent differentiation rather than just fractional crystallization of
basaltic magmas.

1. Introduction

Granitoids are the final products of magmatic differentiation in the continental crust and provide important
information on crustal growth and reworking (Albarède, 1998). The crust of the early Earth is considered to
have been ultramafic‐mafic in composition (Matsui & Abe, 1986; Tang et al., 2016), but the formation
mechanisms of granitoids from basalts remain enigmatic. Previous studies (Blichert‐Toft & Albarède,
2008; Harrison, 2009; Hoskin, 2005) have used trace elements, O‐Li‐Hf isotopes, and the composition of
ancient (Hadean to early Archean) zircon grains from the conglomerates of Jack Hills in Western
Australia to study the origin of granitoids on the early Earth. However, the source rocks of these ancient zir-
con grains remain poorly constrained (Compston & Pidgeon, 1986;Watson &Harrison, 2005; Nutman, 2006;
Kemp et al., 2010;). Since it has been proven that felsic rocks can be generated in oceanic crust (Carley et al.,
2014), it is meaningful to explore the potential relations of modern oceanic crust with the crust of the early
Earth. Small amounts (~10%) of silicic rocks (e.g., volcanic and intrusive rocks, and sediments; Carley et al.,
2014) in Iceland may have generated by melting of basaltic rocks that have experienced high‐temperature
alteration (Bindeman et al., 2012; Padilla et al., 2016). Further studies are necessary to investigate the forma-
tion of oceanic plagiogranite, which is the main silicic rocks within the oceanic crust (Coleman & Peterman,
1975; Haase et al., 2016; Koepke et al., 2004) and typically has mantle‐like zircon δ18O values (Grimes et al.,
2011). Ophiolites are remnants of oceanic crust and commonly contain rare silicic components (Harper,
1980; Portner et al., 2011). They are mainly formed in supra‐subduction zones and thus provide an opportu-
nity to study the formation of silicic rocks in the oceanic crust.

Silicic rocks in ophiolites are commonly termed “plagiogranite,” given they consist predominantly of quartz
and plagioclase, and <10 vol.% ferromagnesian minerals. Such rocks typically include albite granite, quartz
tonalite, tonalite, trondhjemite, keratophyre, and albitite (Coleman & Peterman, 1975). Plagiogranites

©2020. American Geophysical Union.
All Rights Reserved.

RESEARCH ARTICLE
10.1029/2019JB017414

Key Points:
• The northeast Jiangxi ophiolite

records the geochemical diversity of
silicic rocks in the oceanic crust

• Partial melting of oceanic crust
generated adakitic magma with
mantle‐like Hf‐O isotopic
compositions

• Fractional crystallization of adakitic
magma formed differentiated
plagiogranites

Supporting Information:
• Supporting Information S1

Correspondence to:
X.‐L. Wang,
wxl@nju.edu.cn

Citation:
Sun, Z.‐M., Wang, X.‐L., Zhang, F.‐F.,
Xie, H.‐Q., Zhao, K., & Li, J.‐Y. (2020).
Diversity of felsic rocks in oceanic crust:
Implications from the Neoproterozoic
plagiogranites within the Northeast
Jiangxi ophiolite, southern China.
Journal of Geophysical Research: Solid
Earth, 125, e2019JB017414. https://doi.
org/10.1029/2019JB017414

Received 23 JAN 2019
Accepted 5 FEB 2020
Accepted article online 07 FEB 2020

SUN ET AL. 1 of 20

https://orcid.org/0000-0002-5115-7804
https://orcid.org/0000-0003-0468-6743
https://doi.org/10.1029/2019JB017414
https://doi.org/10.1029/2019JB017414
http://dx.doi.org/10.1029/2019JB017414
http://dx.doi.org/10.1029/2019JB017414
http://dx.doi.org/10.1029/2019JB017414
mailto:wxl@nju.edu.cn
https://doi.org/10.1029/2019JB017414
https://doi.org/10.1029/2019JB017414
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019JB017414&domain=pdf&date_stamp=2020-02-18


constitute only a minor part of ophiolite sequences and typically occur as intrusive masses or tectonic blocks
with an unclear relationship with the ophiolite matrix. The petrogenesis of oceanic plagiogranite is
controversial, and there are four hypotheses for its formation: (1) partial melting of preexisting basaltic
crust (Anenburg et al., 2015; Borsi et al., 1996; Gerlach et al., 1981; Gillis & Coogan, 2002; Koepke et al.,
2004; Malpas, 1979; Nicholson et al., 1991; Spulber & Rutherford, 1983; Stakes & Taylor, 2003); (2)
fractional crystallization of mid‐ocean ridge basalt (MORB)‐type magmas (Coleman & Peterman, 1975;
Coleman & Donato, 1979; Pallister & Knight, 1981; Floyd et al., 1998; Haase et al., 2006; Freund et al.,
2014; Whattam et al., 2016; Nayak, 2016); (3) assimilation of seawater‐altered components (Wanless et al.,
2010); and (4) silicate melt immiscibility under certain conditions (Dixon & Rutherford, 1979). In
addition, some silicic rocks in ophiolites can form by partial melting of sedimentary wall rocks during
tectonic emplacement of the ophiolite (Li et al., 2008; Sorensen & Grossman, 1989), which should be
distinguished from typical plagiogranites.

To investigate the petrogenetic relationships among the diverse silicic rocks that are found in ophiolite com-
plexes, we carried out a systematic whole‐rock geochemical and zircon Hf‐O isotopic study of plagiogranites
from the late Mesoproterozoic to early Neoproterozoic northeast Jiangxi ophiolite (NJO) in the eastern
Jiangnan Orogen in southern China. Although some of the plagiogranites in the NJO have been studied
before (Li et al., 1994, 1997, Li & Li, 2003, Li et al., 2008; Gao et al., 2009), there is no consensus on their pet-
rogenesis. Based on a comparison with plagiogranites in ophiolites worldwide, we propose that the NJO pla-
giogranites formed by a typical two‐stage process, involving partial melting of mafic rocks and subsequent
magmatic differentiation. Our results are relevant for the diversity of granitoids that were formed on the
early Earth. The mantle‐like oxygen isotopes of early Archean TTGs (trondhjemite‐tonalite‐granodiorite)
(Bindeman et al., 2005; Valley et al., 2005) and associated fractionated silicic rocks suggest these rocks could
have been generated by significant fractional crystallization to produce various types of granitoids as those
found in the NJO.

Figure 1. Geological map of the plagiogranites within the Northeast Jiangxi ophiolite. (a) Simplified regional geological map of the South China block. The red
square shows the location of (b). (b) Geological map of the eastern segment of the Jiangnan Orogen (modified after Wang et al., 2012). The blue tetragon shows
the study area. (c) Geological map of Northeast Jiangxi Province (modified after Wang et al., 2012). The red star shows the sampling location.
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2. Geological Background

The South China Block is bound by the Qinling‐Dabie Orogenic Belt to the north and the Tibetan Block to
the west. It comprises the Yangtze Block in the northwest and the Cathaysia Block in the southeast, which
are separated by the nearly E‐W–trending Jiangnan Orogen. The boundary between these two blocks lies
along the Jiangshan‐Shaoxing fault in the east, and the western extension of the boundary is yet to be defined
(Figure 1a) (Wang et al., 2012). The amalgamation of the two blocks is thought to have occurred during the
early to middle Neoproterozoic (ca. 860–820 Ma; Zhou & Zhu, 1993; Zhou et al., 2004, 2009; Wang et al.,
2007, 2014; Zheng et al., 2008; Zhao et al., 2011; Zhang et al., 2012, 2013), which resulted in two ophiolite
complexes (South Anhui ophiolite and NJO) preserved in the eastern segment of the Jiangnan
Orogen (Figure 1b).

The NJO complex is the larger ophiolite suite and crops out over ~100 km in a NNE‐SSW direction, with sev-
eral outcrops (commonly less than 0.2 km2 for each) in Zhangshudun, Xiwan, Maoqiao, and Zhongcun vil-
lages (Li et al., 1997; Zhou et al., 1989; Zhou & Zhao, 1991) (Figure 1c). Based on relatively high εNd(t) values
(+4.4 to +5.5; Xing et al., 1992) and the geodynamic setting of adjacent geological units, a range of possible
tectonic settings has been proposed for the NJO, including a fore‐arc basin (Charvet et al., 1996; Sun et al.,
2018; Zhou et al., 1992; Zhou & Zhu, 1993), inter‐arc basin (Li et al., 1997), paleo‐island arc (Xing et al., 1992;
Xu & Zhou, 1992), back‐arc extensional environment (Zhao et al., 1995; Zhou & Zhu, 1993), ridge subduc-
tion (Zhang et al., 2013), and initial rifting in an intra‐oceanic back‐arc basin (Wang et al., 2015).
Compared with the South Anhui ophiolite, the NJO complex is highly serpentinized and dismembered,
which has destroyed its original structure. Rare gabbros are only found in the Zhangshudun area and have
N‐MORB‐like geochemical features (Li et al., 2017; Zhang et al., 2015). Fresh relict olivine and orthopyrox-
ene have highMg# values (>90), which suggests harzburgite is the dominant peridotite rock type in the NJO
(Sun et al., 2018). Rare blueschist and plagiogranite blocks are only found in the Xiwan area. The plagiogra-
nite blocks crop out in the Xiwan area as small (<5 m in length) lenses with sizes of (0.5–1.0) × (0.5–2.0) m
within the serpentinites. The blueschist occurs as small pods that are (only a few square meters) within the
serpentinites and they have been carried out for mineral compositional analyses (Zhou et al., 1989; Shu et al.,
1995). Shu et al. (1993) reported a K‐Ar age of 866 ± 14 Ma for glaucophane, indicating that high‐pressure
metamorphism occurred during early Neoproterozoic amalgamation. This emplacement age is obviously
younger than the formation age of the rocks.

The NJO was previously thought to have been formed during the late Mesoproterozoic (1,154 ± 43–
1,034 ± 16 Ma; 1σ), based on Sm‐Nd isochron dating (Xing et al., 1992; Zhou & Zhao, 1991).
However, Li et al. (1994) reported a SHRIMP zircon U‐Pb age of 968 ± 23 Ma (2σ) for the plagiogranites
at Xiwan, and this age was confirmed by Gao et al. (2009) who obtained a similar SHRIMP zircon U‐Pb
age of 970 ± 21 Ma (2σ).

Despite its well‐constrained age, the petrogenesis of plagiogranites in the NJO remains controversial. Li and
Li (2003) suggested that the plagiogranites resulted from partial melting of oceanic crust, based on geochem-
ical modeling, whereas Gao et al. (2009) attributed their origin to fractional crystallization of basaltic
magma, based on geochemical and Sr isotopic analyses of enclave‐bearing plagiogranites. Moreover, a few
late‐stage granite lenses were also identified in the Xiwan area, but these formed at 880 ± 19 Ma (2σ) and
have enriched whole‐rock Nd isotopic compositions, representing the partial melting of sedimentary wall
rocks during the emplacement of the ophiolite (Li et al., 2008). As such, the origin of the NJO plagiogranites
requires further investigation.

3. Analytical Methods
3.1. Electron Microprobe Analyses of Mineral Compositions

Electron microprobe analyses (EMPA) of mineral (mostly plagioclase) compositions were carried out with a
JXA‐8100(JEOL) at the State Key Laboratory for Mineral Deposits Research (MiDeR), Nanjing University
(NJU). The conditions of analyses were 15 kV accelerating voltage and 2 × 10−8 A beam current. The peak
and background counting times for most elements were 10s and 5s, except forMn (peaks were 20s, and back-
grounds were 10s). All data were corrected with standard ZAF correction procedures. The analytical preci-
sion is generally better than 2% for all elements. The results are listed in supporting information, Table S1.
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3.2. Major and Trace Element Analyses of Whole Rocks

Whole‐rock major element analyses of most samples were obtained using an ARL9800XP+ X‐ray fluores-
cence spectrometer (XRF) at the MiDeR‐NJU. The glass discs were prepared by fusion of a mixture with
an alkali flux consisting of a mixture of lithium tetraborate, lithium metaborate, and lithium bromide at
1050 °C. Analyses were carried out with an accelerating voltage of 50 kV and a beam current of 50 mA.
Standards (GSR‐3) were prepared using the same procedure to monitor the analytical accuracy. The analy-
tical precision is generally better than 2% for all elements.

Trace elements of sample (12JX‐) were analyzed using a Perkin‐Elmer ELANDRC‐e ICP‐MS at the State Key
Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang,
with procedures similar to Qi et al. (2000). The international standards GBPG‐1, OU‐6, and the Chinese
National standards GSR‐1 and GSR‐3 were used for analytical quality control. Trace element analyses of
samples (15XW‐) were measured at theMiDeR‐NJU, using a Finnigan Element II ICP‐MS following the pro-
cedures of Gao et al. (2003). The analytical precision for most trace elements is better than 5%, and the ana-
lytical results are listed in Table S2.

3.3. SHRIMP Zircon U‐Pb Dating

Zircons for U‐Pb dating were separated from the crushed rocks using conventional heavy liquid and mag-
netic techniques. Representative zircon grains were hand‐picked and mounted in epoxy resin and polished
one third to one half to expose their cores for analysis. Cathodo‐luminescence (CL) images of zircons were
acquired at the State Key Laboratory of Continental Dynamics, Northwest University (NWU), Xi'an. Zircon
U‐Pb isotopic compositions of samples (12JX‐) were conducted using the SHRIMP II ion microprobe at the
Beijing SHRIMP Center of China Academy of Geological Sciences under standard operating conditions
(five‐scan cycle, 2 nA primary O2− beam, beam size of about 30 μm, mass resolution of 5,000). U‐Th‐Pb iso-
topic ratios were determined relative to the TEMORA‐2 standard zircon with 206Pb/238U = 0.0668 corre-
sponding to 417 Ma (Black et al., 2003), and the absolute abundances were calibrated to the standard
zircon SL13. Analyses of the TEMORA‐2 were interspersed with those of unknowns, following operating
and data processing procedures similar to those described by Williams (1998). Measured compositions were
corrected for common Pb using the 204Pb method. Uncertainties on individual analyses are reported at 1σ
level, and mean ages for pooled 206Pb/238U results are quoted at 95% confidence level (2σ).

Zircon U‐Pb isotopic compositions of samples 15XW‐were analyzed by an Agilent 7500a ICP‐MS coupled to
a GeoLas 193 nm laser ablation system at the MiDeR‐NJU, following the procedures described by Jackson
et al. (2004) and Wang, Zhou, et al. (2014). The analytical conditions were as follows: a spot size of 24 μm,
a laser frequency of 5 Hz, and 70% energy. The U‐Pb fractionation was corrected using zircon standard
GEMOC GJ‐1 with 207Pb/206 Pb age of 608.5 ± 1.5 Ma (Jackson et al., 2004), and accuracy was monitored
using the zircon standard Mud Tank with an age of 732 ± 5 Ma (Black & Gulson, 1978). Common lead cor-
rection was carried out using the Excel program common Pb correction (Andersen, 2002). Zircon U‐Pb iso-
topic data are given in Table S3.

3.4. In Situ O Isotope Analyses in Zircon

Oxygen isotope ratios were analyzed in the same pits of the SHRIMP‐dated zircon grains with the SHRIMP II
of the Beijing SHRIMP Center of China Academy of Geological Sciences. Each 18O/16O analysis took
approximately 7 min, including about 5 min for ion beam tuning and the measurement of electrometer base-
lines and 2 min for oxygen isotope measurement. The analytical procedures and conditions were similar to
those described by Wan et al. (2013). The Cs+ primary ion beam was accelerated with an intensity of ~3 nA.
The spot diameters were about 20 μm. The reference material used for calibration of instrumental mass frac-
tionation (IMF) was TEMORA‐2 zircon (δ18O = 8.20‰; Black et al., 2004). O isotopic results of zircons from
samples are listed in Table S4.

3.5. Hf Isotope Analyses in Zircon

After oxygen isotopic analyses, the dated zircons were further analyzed for Hf isotope ratios at the MiDeR‐
NJU using a Neptune plus plasmaMC‐ICP‐MS coupled to a GeoLas 193 nm laser ablation system.Most spots
for Hf isotope analyses were placed on the same pits as the laser or SHRIMP U‐Pb dating, and others are on
the portions with same zoning as e U‐Pb dating spots in CL images. The analyzing conditions were a beam
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diameter of 44 μm, repetition rate of 10 Hz, ablation time of 60 s, and pulse energy density of 8 J/cm2. Zircon
standard 91500 was used as a reference material to monitor analytical accuracy. To calculate initial
176Hf/177Hf ratios and εHf values, we adopted the 176Lu decay constant of 1.867 × 10−11 per year reported
by Scherer et al. (2001) and the chondritic values of 176Hf/177Hf = 0.0336 and 176Hf/177Hf = 0.282785
reported by Bouvier et al. (2008). The depleted mantle Hf model ages (TDM1) were calculated using the
depleted mantle reservoir with 176Hf/177Hf ratio of 0.28325 and 176Hf/177Hf ratio of 0.0384 (Griffin et al.,
2000). A two‐stage model age (TDM2) was also calculated for each analysis, by assuming that the parental
magma was produced from a mafic crust (176Hf/177Hf = 0.022; Amelin et al., 1999) that originally was
derived from the depleted mantle (Griffin et al., 2002). Hf isotopic data of zircons from samples are listed
in Table S5.

3.6. Trace Element Analyses in Zircon and Ti‐in‐Zircon Thermometer

After O‐Hf isotopic analyses, some of the zircon grains were further analyzed for trace elements by LA‐ICP‐
MS at theMiDeR‐NJU using a Thermal iCAP‐RQ ICP‐MS coupled to a GeoLas 193 nm laser ablation system.
The analytical beam size is 30 μm with a laser frequency at 5 Hz. 29Si was used as the internal standard.
Standard NIST 610 was used as external standard for calculation.

The Ti‐in‐zircon thermometer results of the zircon grains were calculated following the calibration of
Watson et al. (2006), which was given as (log [ppm Ti‐in‐zircon]) = (6.01 + 0.03) − (5,080 + 30)/T(K), with-
out making corrections for pressure.

4. Mineralogy

The plagiogranites in the NJO are generally porphyritic (Figures 2a and 2b) and contain albite phenocrysts
(except for samples 15XW‐7‐1 and 15XW‐7‐2). The albite phenocrysts commonly show albite twinning
(Figures 2a, 2b, and 2d), and the matrix is dominated by albite with minor quartz.

We only observed minor post‐magmatic hydrothermal alteration, such as weak argillization of plagioclase
and replacement of biotite by chlorite (Figure 2c), which precludes significant secondary alteration. Mafic
minerals (including chlorite) are generally rare, except for sample 15XW‐7‐1 (Figure 2c) that contains some
ilmenite. The albite in the NJO plagiogranites is characterized by 66.4–69.6 wt.% SiO2, 11.2–12.3 wt.% Na2O,
and 0.01–0.11 wt.% K2O, which results in a low normative anorthite (An) content of 0.01–1.60 (Table S1). In
some cases, the albite compositions are similar to the whole‐rock compositions, indicating that some of the
NJO plagiogranites are albitite. This is also supported by normative mineral calculations (Table S2), where
samples with SiO2 > 70 wt.% comprise Qz + An + Ab + Kf, including 22.6–29.3 wt.% Qz and 63.0–74.7 wt.%
Ab. For samples with SiO2 < 70 wt.%, the normative mineralogy is An + Ab + Kf, with high Ab contents of
up to 97.3 wt.% and no normative Qz.

5. Zircon U‐Pb Age Data

Zircons separated from six plagiogranite samples (12JX‐1‐1, 12JX‐2‐2, 12JX‐2‐3, 15XW‐3‐1, 15XW‐3‐2, and
15XW‐7‐2) were analyzed for U‐Pb isotopes. Zircon grains from these samples are generally either elongate
or short prisms, with lengths of 100–250 μm. Zircon crystals from samples 15XW‐7‐2, 12JX‐2‐2, and 15XW‐3‐
2 show broad to weak typical magmatic oscillatory zoning in CL images, whereas those from samples 12JX‐
1‐1, 15XW‐3‐1, and 12JX‐2‐3 have darker CL intensity and no obvious internal structure due to their high‐U
contents (Figure 3). Some of the high‐U zircons have discordant U‐Pb isotopic data.

Data for five samples define discordia lines with similar upper intercept ages: 994 ± 20Ma (n= 13; Figure 4a)
for 12JX‐1‐1, 953 ± 37Ma (n= 8; Figure 4b) for 12JX‐2‐2, 978 ± 30Ma (n= 7; Figure 4c) for 12JX‐2‐3, 1,030 ±
33 Ma (n = 15; Figure 4d) for 15XW‐3‐1, and 1,025 ± 36 Ma (n = 13; Figure 4e) for 15XW‐3‐2. The analyses
plotting on the concordia for each sample also yield similar weighted‐mean ages of 957 ± 31 to 1,003 ± 12Ma
(Figures 4a–4e). Most of the lower intercept ages are meaningless due to large errors, but sample 12JX‐1‐1
has a lower intercept age of 290 ± 64 Ma (Figure 4a), which is similar to the SHRIMP zircon U‐Pb age results
(ca. 220 Ma) of Li et al. (1994) and the crossite 40Ar/‐39Ar plateau age (ca. 223 Ma) of Hu et al. (1992). Sample
15XW‐7‐2 has a similar weighted‐mean 206Pb/238U age as the other samples of 1,000.4 ± 8.7 Ma (n = 15;
MSWD = 0.11; Figure 4f), but all the analyses plot on the concordia without a discordant line. This is
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Figure 2. Photomicrographs of the plagiogranite. (a–b) Porphyritic texture and (c–d) accessorymafic minerals (e.g., ilmenite) in sample 15XW‐7‐1 (c = plane‐polar-
ized light; a, b, and d = cross‐polarized light). Pl = plagioclase; Ilm = ilmenite.

Figure 3. Representative cathode‐luminescence (CL) images of the dated zircons. The sites of U‐Pb (white dotted open circles), O (small blue solid circles), and Hf
(large white solid circles) isotopic analyses are shown, along with the obtained data. Scale bars are 25 μm.

10.1029/2019JB017414Journal of Geophysical Research: Solid Earth

SUN ET AL. 6 of 20



consistent with the CL features of zircon grains from this sample, which are generally prismatic with clear
oscillatory zoning (Figure 3d). All the above average ages for different samples yield a mean crystallization
age of ca. 995 Ma, which can represent the crystallization age of the NJO plagiogranites.

6. Geochemistry
6.1. Whole‐Rock Major Elements

The NJO plagiogranites contain 65.2–77.0 wt.% SiO2, 8.03–12.1 wt.% Na2O, 13.4–20.0 wt.% Al2O3, and extre-
mely low K2O (0.01–0.14 wt.%) (Table S1), and resemble typical oceanic plagiogranites (Coleman &

Figure 4. Zircon U‐Pb concordia diagrams for NJO plagiogranites.
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Peterman, 1975). Their low K2O contents and high Na/K ratios are consis-
tent with the EMPA data for the albite (Table S2). Therefore, the NJO pla-
giogranites can also be classified as albite‐granite and albitite. In addition,
the CIPW normative mineralogy (Table S2) calculated from major ele-
ment data shows that the plagiogranites fall in the extreme albite granite
field in an An‐Ab‐Or ternary diagram (Figure 5) (Barker & Arth, 1976).

6.2. Whole‐Rock Trace Elements

Unlike the major elements, the NJO plagiogranites show considerable
variations in their trace element compositions. They are characterized
by variable La (0.04–13.23 ppm), Y (0.03–2.96 ppm), and Sr (10–562
ppm), and generally low Rb (0.14–2.06 ppm), and Nd (0.13–8.92 ppm)
contents (Table S2).

As shown in Figure 6a, the analyzed NJO plagiogranites have variable
rare earth elements (REEs) concentrations and chondrite‐normalized
REE patterns. Three samples (12JX‐1‐4, 15XW‐7‐1, and 15XW‐7‐2) are
light REE (LREE) enriched relative to other samples, and samples
15XW‐7‐1 and 15XW‐7‐2 have the steepest REE patterns that are compar-
able to the adakitic plagiogranite of Li and Li (2003) that has 68.95 wt.%
SiO2, 7.99 wt.% Na2O, 0.42 wt.% K2O, Sr/Yb value of 290, and La/Yb value

of 33.5. The higher LREE concentrations of samples 15XW‐7‐1 and 15XW‐7‐2 (Figure 6a) are also consistent
with their higher contents of mafic accessory minerals. These two samples also have high La, Ce, and Sr
(278–536 ppm) concentrations and high Sr/Yb (1,030–2,552) and La/Yb (25–63) ratios. Compared with pla-
giogranites from other typical ophiolites (e.g., Troodos, Oman, Semail, Canyon, and Tasriwine; Figure 6b),
different from other ophiolite which have much flatter more depleted LREE patterns, the NJO plagiogra-
nites are characterized by overall lower total REE concentrations relative to chondrite and variable LREE
enrichments with positive Eu anomalies (Figure 6a). Positive Eu anomalies characterize all the NJO plagio-
granites of this study, indicative of fractional crystallization of REE‐bearing accessory minerals and accumu-
lation of plagioclase (including albite). In particular, the REE patterns are U‐shaped for the low‐REE
plagiogranites, indicating fractional crystallization of middle REE‐enriched minerals (e.g., amphibole and
allanite). These low‐REE plagiogranites have relatively high Zr (11.8–44.1 ppm) and Hf (0.53–1.57 ppm)
and low heavy REE contents. The REE pattern of sample 12JX‐1‐4 is intermediate between the two groups
described above and is more close to the first group with higher REE concentrations, which possibly reflects
variable degrees of fractional crystallization.

A few gabbro dykes have been identified in the NJO suite (Li et al., 2017; Zhang et al., 2015), and one repre-
sentative sample JX1126 with SHRIMP zircon U‐Pb age of 1,009 ± 5 Ma (Li et al., 2017) is also shown in the
Figure 6a. This sample is slightly depleted in LREE patterns (Figure 6a) and large ion lithophile elements (Li
et al., 2017), which are geochemically similar to N‐MORB, serving as a good candidate for modeling (see
section 7.4).

6.3. Hf‐O Isotopes in Zircon

Zircon Hf isotope analyses from NJO plagiogranites are summarized in Table S5 and Figure 7. The zircons
have high initial 176Hf/177Hf ratios, with εHf(t) values (+9.96 to +16.6) approaching or exceeding those of
coeval depletedmantle and corresponding single‐stagemodel ages (from 930 to 1,100Ma) similar to the crys-
tallization ages. All of these indicate a juvenile crustal feature and/or mantle source.

The δ18O values of zircons from the NJO plagiogranites range from 3.99 ± 0.17‰ to 6.07 ± 0.18‰ (Table S4).
Most analyses have mantle‐like δ18O characteristics (5.3 ± 0.6‰, 2 SD; Valley et al., 1998). The overall oxy-
gen isotopic variation will be discussed below.

6.4. Trace Elements of Zircon

Trace element analysis results of zircon from plagiogranite in NJO are shown in Table S6. We only obtained
11 analyses for sample 15XW‐7‐2 and six analyses for sample 12JX‐1‐1, because most zircon grains have been
consumed during laser ablation processes for U‐Pb dating and Hf isotope analysis. It is noted that zircon

Figure 5. An‐ab‐or diagram of CIPW norm mineral concentrations for the
NJO plagiogranites (modified after Barker & Arth, 1976).
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grains from sample 12JX‐1‐1 generally show lower Zr/Hf and Eu/Eu* ratios (Figure 8a) and higher
concentrations of Hf and total REEs (Figure 8b) than those from sample 15XW‐7‐2. All of the analyses
show strong positive Ce anomalies and small negative Eu/Eu* anomalies and plot within the range of
oceanic crustal zircons (Figure 8c). The U and Yb concentrations are also similar to those of ocean crust
zircons (Figure 8d). Zircon grains from sample 15XW‐7‐2 have relatively high Ti concentrations, yielding
Ti‐in‐zircon thermometer results from 730 to 880 °C (mean value of 833 °C), in contrast to the range of
688 to 755 °C (mean = 749 °C) (Table S6) for sample 12JX‐1‐1 at similar crystallization conditions
(including Ti and Si activities).

7. Petrogenesis

Zircon Hf and O isotopes can be used to study the sources of granitoid magmas (Huang et al., 2011; Kemp
et al., 2007; Wang et al., 2013). The large variation of δ18O value for zircons fromNJO plagiogranites deserves

further evaluation and discussion. It has been suggested that radia-
tion damage of zircons can result in low δ18O values when the U con-
centration is high enough (Wang, Coble, et al., 2014). Most of the
analyzed zircons show dark CL intensity, and the effect of radiation
damage by high‐U concentrations needs to be evaluated first.

Among the analyzed four samples, three samples (12JX‐1‐1, 12JX‐2‐
2, and 12JX‐2‐3) show negative correlations of δ18O versus U concen-
tration for most of the analyses (Figure 9a), which means that the
overall increasing U concentrations may have resulted in the slightly
decreasing δ18O values. This is consistent with the effect of radiation
damage, although the U concentrations of the analyzed zircons are
not very high (<2,600 ppm). However, it is necessary to define the
primary oxygen isotopic signature of zircons from the NJO plagiogra-
nites because there is a significant overlap in δ18O between high‐ and
low‐U zircons (Figure 9a). Interestingly, the three samples also show
a negative correlation between U‐Pb age discordance and δ18O values
(Figure 9b). When the U‐Th‐Pb isotopic system is discordant, the pri-
mary oxygen isotopes cannot be easily preserved, as O diffuses more
readily than U, Th, and Pb due to its small ionic radius. In addition,
high‐U zircon would have a downward deviation on in situ oxygen
isotopic due to “matrix effect” (Wang, Coble, et al., 2014). Therefore,

Figure 6. Chondrite‐normalized whole‐rock REE (Sun and McDonough, 1989) patterns of the NJO samples compared with typical plagiogranites worldwide
(Coleman & Peterman, 1975; Mukasa & Ludden, 1987; Kawahata et al., 1997; Stakes & Taylor, 2003; Amri et al., 1996; Rollinson, 2009; Anenburg et al., 2015;
Haase et al., 2016).

Figure 7. Zircon εHf(t)‐age plot for the NJO plagiogranites. The new crust line
from Dhuime et al. (2011), which assumes that the new continental crustal
reservoir (i.e., island arcs) has linear isotopic growth from 176Hf/177Hf =
0.279703 at 4.55 Ga to 0.283145 at present (176Lu/177Hf = 0.0375). The evolution
lines for chondrite and depleted mantle are from Bouvier et al. (2008) and Griffin
et al. (2000).
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only the analyses with concordant U‐Th‐Pb dates (−10% < discordance <10%) close to the crystallization age
(ca. 995 Ma) were selected for constraining the primary oxygen isotopic signature. As such, some low‐δ18O
zircons data were rejected, and the filtered analyses have δ18O from 4.59 ± 0.20‰ to 6.07 ± 0.18‰, with a
weighted‐mean value of 5.13 ± 0.21‰ (Figure 9c). This value is within the oxygen isotopic range of mantle
zircons (5.3 ± 0.6‰; Valley et al., 2005) and consistent with the values of Li et al. (2017). If the oxygen
isotopic data of Li et al. (2017) is included, the range does not change. The overall mantle‐like oxygen
isotopic compositions also prevent partial melting of high‐temperature hydrated oceanic crust. Although
there are not enough analyses that both have δ18O and εHf(t) values, the available analyses of this study
show a negative correlation between δ18O and εHf(t) values for zircons with δ18O > 5‰ (Figure 9d),
possibly indicating the incorporation of supracrustal rocks in magma sources or assimilation during
magma ascent. However, the involvement of supracrustal materials was limited, given the oxygen isotopic
compositions are still mantle‐like and the Hf isotopes are overall depleted.

The mantle‐like O‐Hf isotopic features of the NJO plagiogranites suggest a close relation to juvenile basaltic
crust/magma. Therefore, the plagiogranites were either generated by partial melting of basaltic rocks or by
fractional crystallization of basaltic magmas. These two mechanisms have also been invoked to explain the
formation of plagiogranites in ophiolites or oceanic crust in other regions (Coleman & Peterman, 1975;
Koepke et al., 2004; Pallister & Knight, 1981; Spray &Dunning, 1991; Stern, 1979). In addition, the plagiogra-
nites could have also formed by silicate liquid immiscibility (Dixon & Rutherford, 1979). Each of these pos-
sibilities is discussed below based on the geochemistry of the NJO plagiogranites and geochemical modeling.

7.1. Silicate Liquid Immiscibility

Based on experimental studies, Dixon and Rutherford (1979) suggested that plagiogranites in the oceanic
crust and ophiolite complexes could form by late‐stage silicate liquid immiscibility. They showed that in

Figure 8. Zircon trace elements of for the plagiogranite samples. (a) Zr/Hf‐Eu/Eu* plot showing decreasing Zr/Hf with decreasing Eu/Eu*. (b) Hf‐total REE plot
showing increasing Hf with increasing total REE concentrations. (c) Chondrite‐normalized REE patterns. Chondrite values are from Sun and McDonough (1989).
(d) U‐Yb plot showing the similarity with modern ocean crust zircons (modified after Grimes et al., 2009).
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anhydrous conditions at 1 atm, silicate liquid immiscibility can occur after 95% crystallization of primitive
oceanic tholeiitic magma, resulting in two immiscible liquids: an Fe‐rich basaltic magma and a granitic
liquid. Although this model can apparently account for the compositional discontinuity between
trondhjemitic and gabbroic rocks within normal oceanic crust and crustal remnants (such as the NJO), it
involves the formation of an Fe‐rich end‐member, which is rare in most ophiolites and has not been
observed in the NJO. Furthermore, later experimental work demonstrated that silicate liquid
immiscibility does not occur when the basaltic system is crystallized/melted in hydrous conditions
(Spulber & Rutherford, 1983). The existence of hydrous minerals (amphibole and biotite; Gao et al., 2009
and this study) and low zircon saturation temperatures (Watson & Harrison, 1983) of the NJO adakitic
rocks (612–784 °C) and other differentiated plagiogranites and albitites (604–749 °C) indicate a low‐
temperature and H2O‐rich conditions. Although the Ti‐in‐zircon thermometer yields higher temperature
of 833 °C for sample 15XW‐7‐2 and 749 °C for sample 12JX‐1‐1, the temperatures do not coincide with
anhydrous conditions. Therefore, liquid immiscibility is unlikely to have been a significant process in the
formation of the NJO plagiogranites.

7.2. Partial Melting

Experimental studies on partial melting of metabasaltic and amphibolitic material have produced silicic
melts that are compositionally similar to oceanic plagiogranites (Beard & Lofgren, 1991; Helz, 1976;
Holloway & Burnham, 1972; Rushmer, 1991; Spulber & Rutherford, 1983; Wolf & Wyllie, 1991).
Partial melting to form plagiogranites can occur in high‐temperature shear zones close to spreading cen-
ters (Amri et al., 1996; Coleman & Peterman, 1975; Flagler & Spray, 1991; Gerlach et al., 1981; Koepke
et al., 2004; Malpas, 1979; Pedersen & Malpas, 1984; Spray & Dunning, 1991) and propagating ridges
(Wanless et al., 2010). If the partial melting takes place after high‐temperature water‐rock interaction,

Figure 9. Oxygen isotope evaluation for zircons from the NJO plagiogranites. (a) δ18O versus U for the analyzed zircons; (b) δ18O versus U‐Pb discordance (%) for
the analyzed zircons; (c) histograms of mean δ18O values of individual zircon grains from this study; and (d) δ18O versus εHf(t) for the analyzed zircons.
The red dotted lines indicate the possible trends of the effect of radiation damage (a–b) or magmatic evolution (d). High concentrations of U and discordance are
commonly associated with low δ18O although the variations are not too much.
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the resultant silicic magmas are expected to be enriched in light oxygen isotopes and otherwise have
mantle‐like oxygen isotopes (Grimes et al., 2011).

The partial melting model could be applicable to the petrogenesis of the NJO plagiogranites. However, par-
tial melting alone cannot generate the large variations in trace element concentrations. In particular, some
samples show overall low incompatible element concentrations relative to N‐MORB, although relative
enrichment of LREE is still obvious (Figure 6a). During low‐degree partial melting to form silicic melts,
incompatible elements are generally expected to be higher in the melts than the sources (i.e., the basaltic
rocks). Even if Rayleigh partial melting of the basaltic rocks occurred, the observed low‐REE concentrations
(Figure 6a) cannot be produced. As such, partial melting alone cannot produce the different types of plagio-
granites observed in the NJO. However, the variations in the REE patterns (Figures 6a and 6b) are necessary
to be reconciled.

7.3. Fractional Crystallization

Previous studies have shown that SiO2‐rich melts can be generated by the fractionation of mafic minerals
from a basaltic magma (e.g., Juster et al., 1989; Thy & Lofgren, 1994). Plagiogranitic melts can be produced
by fractional crystallization of tholeiitic parental magmas in the oceanic crust (e.g., Floyd et al., 1998;
Furman et al., 1992; Pallister & Knight, 1981; Pedersen & Malpas, 1984; Stern, 1979). However, no contem-
poraneous voluminous intermediate rocks that are expected to be produced before the formation of silicic
rocks during fractional crystallization (Nandedkar et al., 2014) are reported in NJO, since such andesitic
rocks would be relatively easy to be distinguished from color in such serpentinized outcrops. In addition, pla-
gioclase is a common fractional crystallization phase during silicic magmatic processes, and it removes
much of the Sr and Eu from the parental magma, resulting in depletions of these elements in residual mag-
mas. However, the NJO plagiogranites have positive Eu and Sr anomalies (Figure 6). Therefore, fractional
crystallization alone cannot adequately explain the formation of the NJO plagiogranites.

7.4. Partial Melting Plus Fractional Crystallization

As discussed above, neither partial melting nor fractional crystallization alone can produce the diverse geo-
chemical characteristics exhibited by the in NJO plagiogranites. These two mechanisms have been advo-
cated by (Li & Li, 2003, Li et al., 2008) and Gao et al. (2009), respectively; however, as aforementioned,
neither model can give a reasonable explanation for the diverse geochemical characteristics observed in
the NJO plagiogranites.

Some of the investigated NJO plagiogranites consist of >90% albite and should be classified as albitite. Very
few zircons and accessory minerals were separated from these samples, indicative of marked fractional crys-
tallization. This is corroborated by their variable major and trace element contents. Samples 15XW‐7‐1 and
15XW‐7‐2 contain a few accessory minerals and have the highest REE concentrations. In contrast, the other
samples have variably lower REE concentrations. Sample 12JX‐1‐4 has intermediate REE concentrations,
probably indicating gradual accumulation of albite crystals and other REE‐enriched accessory minerals. It
is clear that the low‐REE rocks were formed by strong fractional crystallization, and their low concentrations
of incompatible elements cannot be explained by assimilation of altered oceanic crust (Wanless et al., 2010)
due to their mantle‐like oxygen isotopes. Therefore, we infer that the formation of variable NJO plagiogra-
nites was controlled by both partial melting and fractional crystallization. The NJO plagiogranites with high
LREE concentrations and no Eu anomalies were probably produced by partial melting of basaltic oceanic
crust, while the rocks with decreasing REE concentrations indicate subsequent gradual fractional crystalli-
zation of early granitic melt. Both these petrogenetic processes can be modeled using whole‐
rock geochemistry.

The REE patterns were used to model partial melting and fractional crystallization, formation of the NJO
plagiogranites. It is clear that post‐magmatic alteration was minor in these samples because secondary
minerals are rare in the thin sections, and the samples have very low loss‐on‐ignition (LOI) values (0.28–
0.87 wt.%; see Table S2). Therefore, whole‐rock REE can be used to constrain the petrogenesis of
the plagiogranites.

Batch and Rayleigh melting are two common theoretical models for the partial melting process. Batch melt-
ing is also known as equilibrium partial melting while Rayleigh melting is known as fractional melting.
According to Wilson (1989), partial melting is constrained by the ability of a batch of magma to segregate
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from its source region and the critical permeability value of the source
magma. Batch melting may be a more suitable model for silicic melts. In
particular, the outcrops of the NJO plagiogranites are small (as blocks of
tens of square meters within the ophiolites) and do not require Rayleigh
melting to account for their geochemical variations. In addition, the
REE concentrations of some samples are too low to be generated by partial
melting of a residue from previous melting processes. Therefore, we mod-
eled the adakitic NJO plagiogranites with the batch melting process.

Batch partial melting was modeled as follows (Shaw, 1979):

CL=C0 ¼ 1= DRS þ F 1−DRSð Þ½ �;

where C0 and CL are the concentrations of a trace element in the source
and the residual melt, respectively, DRS is the bulk partition coefficient
of the residual solid, estimated from experiments of McKenzie and
O'Nions (1991), and F is the degree of partial melting.

We use the gabbro sample JX1126 of Li et al. (2017) which resembles typi-
cal N‐MORB basalt as a proxy for the source composition and the adakitic
plagiogranite sample 15XW‐7‐2 with the highest REE concentrations
compared to the other available Early Neoproterozoic samples
(Figure 6a) as the melt composition by 10–25% partial melting. A residual
mineral assemblage of amphibole + garnet + clinopyroxene is expected

for partial melting of basaltic rocks. In order to validate this assumption, we used equilibrium phase
assemblage predicted by thermodynamic modeling using Perple_X (Connolly, 2005, version 6.7.4). The ther-
modynamic data set was from Holland and Powell (1998, updated 2002) in the Mn‐NCKFMASHT (MnO‐
Na2O‐CaO‐K2O‐FeO‐MgO‐Al2O3‐SiO2‐H2O‐TiO2) system. Within the relevant ranges of temperature
(600–1400 °C) and pressure (1–20 kbar), the residualmineral assemblage needs to be balancedwithin the gar-
net and clinopyroxene stability fields (Figure 10). Considering the melt composition (sample 15XW‐7‐2) is
adakitic with SiO2 of 66.07 wt.% and high Sr/Y ratio of 240.3, the stability field for the residualmineral assem-
blage is beyond the phase boundary of plagioclase. Therefore, the residual mineral assemblage is amphibole
+ garnet + clinopyroxene. Our model results show that a partial melt with a light REE‐enriched pattern can
be produced by 20% partial melting with a residue characterized by 40% amphibole +50% garnet +10%
clinopyroxene (Figure 11a).

Subsequently, the adakitic plagiogranite sample 15XW‐7‐2 was then used as the starting composition to
model the role of fractional crystallization in generating the low‐REENJO plagiogranites. Fractional crystal-
lization can also be modeled as an equilibrium and Rayleigh fractionation process. Equilibrium crystalliza-
tion is not thought to be a common process, because it requires complete equilibrium between the melt and
solid phases during crystallization. In contrast, Rayleigh fractional crystallization represents the crystals are
effectively removed from the melt when they have formed, which is more common in nature. Considering
the variable REE characteristics of the investigated samples, fractional crystallization is better described
by the Rayleigh fractional crystallization.

Fractional crystallization was modeled as follows (Shaw, 1979):

CL=C0 ¼ F D−1ð Þ;

where C0 is redefined as the initial concentration of a trace element in the parental magma (i.e., sample
15XW‐7‐2), CL is the concentration of a trace element in the residual melt as calculated from the equation,
D is the bulk partition coefficient of the fractionating assemblage estimated from the phenocryst‐matrix fol-
lowing Mahood and Hildreth (1983), and F is the degree of fractional crystallization.

In contrast to the adakitic parent magmas (i.e., samples 15XW‐7‐2 and15XW‐7‐1) that are characterized by
albite, quartz, mafic minerals, and accessory phases, microscopic observation shows the low‐REE samples
contain very few mafic minerals with almost no accessory minerals. Accessory minerals such as apatite
and allanite are enriched in REEs, and fractional crystallization and accumulation of these minerals

Figure 10. Equilibrium phase diagram for partial melting of basalt based on
thermodynamic modeling using Perple_X (version 6.7.4; Connolly, 2005).
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would affect the REE composition of the residual melt. Compared with the LREE‐enriched adakitic NJO
plagiogranites, the low‐REE NJO plagiogranites could have formed after the crystallization of mafic and
accessory minerals. The variable REE contents of the studied NJO plagiogranites can be attributed to
varying degrees of fractional crystallization. The crystallization of different minerals can variably affect
the REE contents of residual melts. For example, amphibole nucleation and growth can result in MREE
depletions, garnet crystallization affects the concentrations of HREE, apatite and allanite influence LREE
concentrations. Compared with sample 12JX‐1‐4 and the other low‐REE samples, the variable REE
concentrations in the NJO plagiogranites indicate that they formed by fractionation of variable mineral
assemblages. According to the modeling results (Figure 11b), sample 12JX‐1‐4 can be produced by 15%
fractional crystallization of 35% magnetite +40% ilmenite +9.9% plagioclase +0.1% allanite +15% apatite,
and the lowest‐REE plagiogranites can be reproduced by 50% fractional crystallization of 50% magnetite
+24.95% plagioclase +20% amphibole + 0.05% allanite +5% apatite.

Based on the modeling, we conclude that the NJO LREE‐enriched adakitic plagiogranites were generated by
partial melting of preexisting basaltic rocks, and the plagiogranites with low and variable REE concentra-
tions resulted from the subsequent fractional crystallization and mineral accumulation of early‐stage adaki-
tic granitic melts. This model is different from the AFC mechanism (assimilation and fractional
crystallization process; Wanless et al., 2010) of felsic rocks in Iceland that emphasize the assimilation with
altered oceanic crust because of their mantle‐like oxygen isotopes, and it indicates the complication in inter-
preting the diversity of felsic rocks in oceanic crust or basalt‐dominated crust.

8. Implications for the Diversity of Silicic Rocks in the Oceanic Crust

Understanding the petrogenesis of silicic rocks in the oceanic crust has fundamental implications for our
understanding of crustal differentiation and reworking. The geochemical characteristics of plagiogranites
in the oceanic crust and ophiolite complexes can vary significantly, as illustrated by the NJO. This variation
cannot be solely explained by a single magmatic process. The geochemical characteristics observed in NJO
plagiogranites can be generated by partial melting of basaltic rocks plus subsequent fractional crystalliza-
tion. Direct fractional crystallization of basaltic rocks alone cannot account for the significant geochemical
variation in the plagiogranites.

Previous studies have focused on the genesis of plagiogranites and rarely considered their evolution. The
diverse geochemistry of the NJO plagiogranites provides insight into the evolution of silicic magmas in
the oceanic crust. Extensive differentiation of silicic magmas is common in the continental crust (Lee &
Morton, 2015; Wu, 2017) since the addition of volatile in magma source or during assimilation can prolong
the magmatic evolution. In addition, the thickness of the continental crust delays the fractionation of mag-
mas and facilitates the enrichment of volatiles during magmatic differentiation. The variable geochemistry
of the NJO plagiogranites suggests that silicic magmas in the oceanic crust can also experience significant

Figure 11. REE modeling of the NJO plagiogranites. Chondrite values are from Sun and McDonough (1989). (a) Batch partial melting and (b) fractional
crystallization.
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differentiation and crystal fractionation and accumulation. An ocean‐ocean subduction zone may be a
suitable setting for these processes because (1) fluids are released to the crust during subduction; (2) the
thickness of the oceanic crust is increased slightly and locally during such ocean‐ocean subduction; and
(3) melts from the subducted slab travel a long distance, which is favorable for magmatic differentiation.
The adakitic nature of the parental NJO plagiogranites (Li & Li, 2003) is consistent with (3). The variable
and slightly elevated δ18O values of zircons (Figure 9d) from the NJO plagiogranites might be consistent
with limited involvement of fluids released from supracrustal materials during subduction and
subsequent melting.

In addition to the investigated NJO plagiogranites, ca. 880 Ma granites have also been reported in the NJO
(Li et al., 2008). However, these granites have negative εNd(t) values and contain some zircon xenocrysts,
indicating partial melting of wall rocks during emplacement of the NJO. Therefore, the ca. 880 Ma granites
are unrelated to oceanic crust and need to be distinguished from the other ca. 995 Ma silicic rocks in the
ophiolite complexes. The spatial association of the two types of granitic rocks may have been related to later
tectonic emplacement which provided an ideal setting for partial melting of sedimentary wall rocks and the
exhumation of earlier plagiogranites.

A proposed petrogenetic model for the NJO plagiogranites is presented in Figure 12. First, a subducted slab
of oceanic crust experienced high‐pressure partial melting, which generated adakitic magmas at ca. 1,000
Ma. The magmas underwent differentiation during emplacement, producing various types of plagiogranites
with varying REE contents. In general, NJO silicic rocks can be subdivided into two groups based on La con-
tents and La/Yb ratios (Figure 13). Samples 15XW‐7‐1 and 15XW‐7‐2 and the high‐REE adakitic plagiogra-
nites of Li and Li (2003) and Gao et al. (2009) belong to Group I, while the low‐REE plagiogranites belong to
Group II. The high (La/Yb)N ratios of Group I are similar to typical modern adakites, indicating high‐
pressure partial melting of basaltic rocks (Drummond et al., 1996; Martin, 1999; Polat & Kerrich, 2000,
2001, 2002; Polat & Münker, 2004; Martin et al., 2005; Naqvi et al., 2006; Manikyamba et al., 2007, 2008).
The decreasing LaN and (La/Yb)N indicate increasing differentiation by fractional crystallization. Similar
geochemical trends have also been observed in plagiogranites from Troodos and Oman (Coleman &
Peterman, 1975; Mukasa & Ludden, 1987; Kawahata et al., 1997; Stakes & Taylor, 2003; Amri et al., 2006;
Rollinson, 2009; Anenburg et al., 2015; Haase et al., 2016), but these plagiogranites show overall low (La/
Yb)N ratios, indicating low‐pressure partial melting or fractional crystallization of basaltic magmas
(Freund et al., 2014). In addition, the La concentrations are not as low as those of the NJO suite, which arose
fractional crystallization of basaltic magma as a dominant mechanism for the formation of plagiogranites
within such oceanic crust (Coleman & Peterman, 1975; Pallister & Knight, 1981; Haase et al., 2006;
Whattam et al., 2016). In general, the NJO plagiogranites provide new insights into the origins of silicic rocks
in the oceanic crust. In combination with the available data of plagiogranite worldwide, the diversity of
silicic rocks within the oceanic crust could be due to (1) partial melting of oceanic basaltic crust; (2) frac-
tional crystallization of oceanic basaltic magma; and (3) fractional crystallization of early silicic magma.

Figure 12. Petrogenetic model for the NJO plagiogranites.
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Various combinations of these processes may also be important. Understanding the diversity of felsic rocks
could shed light on the studies of felsic rocks on early Earth that may be dominated by basaltic rocks in
continental/oceanic crust. Partial melting of basaltic rocks and subsequent differentiation both constrain
the diversity of early felsic rocks.

9. Conclusions

NJO plagiogranites are characterized by high Na, high Al, low K, and variable trace element contents. In situ
zircon U‐Pb dating showed the plagiogranites formed at ca. 995 Ma. Zircon grains from the plagiogranites
have high positive εHf(t) values and a mantle‐like δ18O signature. Based on geochemical modeling and a
detailed evaluation of the geochemical features of the NJO, we conclude that the variable plagiogranites
were generated by partial melting of preexisting basaltic rocks, which was followed by fractional crystalliza-
tion of these parental adakitic magmas. Direct fractional crystallization of mafic magmas or partial melting
of basaltic rocks alone cannot account for the diverse geochemical characteristics of the plagiogranites in the
NJO. The NJO plagiogranites highlight extensive magmatic differentiation of silicic magmas can occur in an
oceanic crustal setting. This model, in combination with the possible assimilation with altered oceanic crust
model (Wanless et al., 2010), may shed light on the studies on geochemical diversity of silicic rocks in basal-
tic crust background like early Earth.
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