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The abundant syn-collisional granitoids produced and preserved at the northern Tibetan Plateau margin provide
a prime case for studying the felsic magmatism as well as continental crust growth in response to continental
collision. Here we present the results from a systematic study of the syn-collisional granitoids and their mafic
magmatic enclaves (MMEs) in the Laohushan (LHS) and Machangshan (MCS) plutons from the North Qilian
Orogenic Belt (NQOB). Two types of MMEs from the LHS pluton exhibit identical crystallization age (~430Ma)
and bulk-rock isotopic compositions to their host granitoids, indicating their genetic link. The phase equilibrium
constraints and pressure estimates for amphiboles from the LHS pluton together with the whole rock data
suggest that the two types of MMEs represent two evolution products of the same hydrous andesitic magmas.
In combination with the data on NQOB syn-collisional granitoids elsewhere, we suggest that the syn-collisional
granitoids in the NQOB are material evidence of melting of ocean crust and sediment. The remarkable composi-
tional similarity between the LHS granitoids and the model bulk continental crust in terms of major elements,
trace elements, and some key element ratios indicates that the syn-collisional magmatism in the NQOB contrib-
utes to net continental crust growth, and that the way of continental crust growth in the Phanerozoic through
syn-collisional felsic magmatism (production and preservation) is a straightforward process without the need
of petrologically and physically complex processes.

© 2018 Published by Elsevier B.V.
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1. Introduction

While the composition of continental crust (CC) has been well
established, its origin and way of growth remain enigmatic (Niu
et al., 2013). The first-order complementarity between CC and oceanic
crust (OC) in terms of incompatible element abundances has been
interpreted as the former being extracted from the primitive mantle
with the residual depleted mantle as the source of the present-day
ocean crust (Hofmann, 1988). Recognizing the similarity between
andesite volcanism that occurs at convergentmargins and the andesitic
bulk CC (BCC) with “arc-like” trace element patterns, Taylor (1967,
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1977) proposed that CC growth resulted from subduction zone
magmatism, namely the well-known “island-arc model”. Subsequent
studies, however, have shown that arc crust (AC) is basaltic in bulk
composition (Gill, 1981; Rudnick, 1995), and is too mafic for BCC. This
marked difference inmajor element composition between the andesitic
BCC and basaltic arc crust has thus been puzzling (Castro et al., 2013;
Niu et al., 2013). To resolve this puzzle, several modified versions of
island-arc model have been proposed, including (1) delamination of
the more mafic deep portions of AC (Kay and Kay, 1993; Lee et al.,
2007; Rudnick, 1995); (2) re-lamination of subducted materials
in arcs (Hacker et al., 2011); (3) assimilation or mixing between earlier
formed felsic rocks (derived from subducted slabs) and mantle-derived
mafic magmas (Kelemen, 1995). While these remedies are interesting,
problems persist (see review by Niu et al., 2013). For instance, delami-
nation of mafic garnet pyroxenite cumulate (“arclogite”), which needs
the formation of garnet to generate favorable density (Lee et al., 2007;
Lee and Anderson, 2015), would inevitably result in the arc melts with
the “garnet signature” (depleted in heavy rare elements), but the latter
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is not compatible with the BCC composition (see Niu, 2015). Also, many
studies have shown that there is no net crustal growth at neither island
arc nor continental arc settings (Niu and O'Hara, 2009) because AC pro-
duction and destruction are globally mass balanced (Clift et al., 2009;
Scholl and vonHuene, 2007). In addition, seafloor spreading/subduction
is globally continuous (Condie, 2000), and the “island-arc model” thus
cannot account for the episodic CC growth. With all these arc-model
difficulties considered and on the basis of their studies on the India-
Asia syn-collisional (~55 Ma) andesitic rocks in southern Tibet, Niu
and co-authors proposed the hypothesis that “collision zones are
primary sites of net continental crustal growth” (Mo et al., 2008; Niu
et al., 2013; Niu and O'Hara, 2009).

The continental collision zone hypothesis can be effectively
tested because abundant syn-collisional granitoids (and the volcanic
counterparts) are well preserved in continental collision zones on the
Tibetan Plateau and along the adjacent orogenic belts, which have
been shown to record messages on syn-collisional felsic magmatism
and CC growth (Chen et al., 2015, 2016; Huang et al., 2014; Mo et al.,
2008; Niu et al., 2013; Shao et al., 2017; Zhang et al., 2016). As part of
a systematic study of the Early Paleozoic syn-collisional magmatism in
the North Qilian Orogenic Belt (NQOB) at the northern Tibetan Plateau
margin (Fig. 1a), we present here the results of a comprehensive
study of the syn-collisional granitoids and their enclosed mafic mag-
matic enclaves (MMEs) from the Laohushan (LHS) and Machangshan
(MCS) plutons (Fig. 1b). These new data, together with data in the
recent literature on syn-collisional granitoids from the NQOB, are used
to illustrate (1) the cumulate origin of MMEs, (2) the source of the
syn-collisional magmatism, and (3) the mechanisms of CC growth in
response to continental collision.

2. Geology and samples

The Qilian orogenic belt (QOB) consists of four nearly NW-SE
trending subparallel tectonic units, from north to south, they are:
(1) the north Qilian orogenic belt (NQOB), (2) the Qilian Block (QB),
(3) the North Qaidam ultrahigh-pressure metamorphic (NQ-UHPM)
Fig. 1. (a) Simplified geological map of the North Qilian Orogenic Belt (NQOB) showing the m
(QMS), Baojishan (BJS), Machangshan (MCS) and Laohushan (LHS) plutons in the eastern sec
from Chen et al. (2015, 2016), Yu et al. (2015) and this study as indicated.
belt, and (4) the Qaidam Block (QDB) (Song et al., 2013 and references
therein).

The NQOB, extending NW-SE, is separated from the northeastern
Alxa Block and the southwestern QB, and from the northwestern
Altyn-Tagh Fault (Fig. 1a). It represents a typical Early Paleozoic oceanic
suture zone, mainly consisting of subduction complexes (Fig. 1a) (Song
et al., 2007, 2013; Zhang et al., 2007). Two ophiolite sequences are
distributed along the NQOB (Fig. 1a), (i) the southern ophiolite belt,
which consists of ultramafic cumulate, peridotite and pillow basalts,
represents the oceanic crust formed at an ocean ridge setting (Hou
et al., 2006), and (ii) the northern ophiolite belt, which was suggested
to generate from a back-arc spreading center (Xia et al., 2003; Xia and
Song, 2010).

TheQBdominantly consists of Precambrianmetamorphic basement,
Early Paleozoic intrusive rocks, and Paleozoic to Mesozoic sedimentary
sequences (Feng and He, 1996). In the eastern part of the QB, some
S-type granitoids (454–445Ma) (Chen et al., 2008; Huang et al., 2015)
and adakitic granitoids (459–440 Ma) (Yang et al., 2015, 2016) have
been reported and several different geodynamic processes have been
proposed for the origin of these ~450 Ma granitoids, including a syn-
collisional setting related to continental collision (Huang et al., 2015),
a post-collisional setting resulted from delamination of thickened
crust (Chen et al., 2008) or slab break-off (Yang et al., 2015, 2016).
Although the exact nature of the QB and the origin of Early Paleozoic
intrusive rocks in QB remains debatable, it is notable that our study is
focus on the plutons from the NQOB, rather than on the QB. It is thus
not comparable in terms of the tectonic background.

The North Qaidam UHPM Belt is dominated by granitic and pelitic
gneisses with eclogite lenses. The Qaidam Block has a Precambrian
meta-crystalline basement overlain by the Paleozoic-Mesozoic sedi-
mentary strata (Song et al., 2013).

Different models have been proposed to explain the tectonic evolu-
tion in the whole QOB. The most recent comprehensive studies suggest
that the NQOB, QB and NQ-UHPM are different products corresponding
to one convergence event, duringwhich the subduction was initiated at
~520Ma, the ocean basin was closed at 440 Ma, exhumation happened
ain tectonic units (modified after Chen et al., 2016). (b) Simplified map of the Qumushan
tion of the NQOB. U\\Pb ages for the syn-collisional granodiorite and enclosed MMEs are
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around ~420–400Ma andfinal orogen collapsed at ~360 Ma (Song et al.,
2013). In this model, the NQOB is considered to be an oceanic suture
zone, the QB represents an imbricate thrust belt and NQ-UHPM repre-
sents a continental-type subduction zone. Accordingly, voluminous
granitoids within the island-arc igneous belt across the NQOB have
been subdivided into three groups (Song et al., 2013): (1) volcanic arc
granitoids (520–460 Ma), (2) syn-collisional granitoids (440–420 Ma)
and (3) post-collisional granitoids (b400Ma).

Five syn-collisional plutons from the NQOB have been recognized;
they are, from southeast to northwest, the Qumushan (QMS) pluton
(Chen et al., 2016), the Baojishan (BJS) pluton (Chen et al., 2015), the
Machangshan (MCS) pluton, the Laohushan (LHS) pluton (Qian et al.,
1998), and the Jinfosi (JFS) pluton (Huang et al., 2017; Wu et al.,
2010) (Supplementary Table S1 and Fig. 1). MMEs are ubiquitous in
these syn-collisional granitoid plutons in the NQOB (Chen et al., 2015,
Fig. 2. Field (a-b) and thin-section (c-f) photographs of the granitoid and the MMEs in the LHS
host granitoid; (c) (e) and (f) showing the mineral assemblage of HMMEs; (d) showing the m
Qz= quartz.
2016; Niu et al., 2013). These syn-collisional granitoids are mostly not
deformed,which is indeed the case for the ~ 55Ma syn-collisional gran-
itoids in southern Tibet (see Mo et al., 2007, 2008), the ~ 250 Ma syn-
collisional granitoids in East Kunlun (Huang et al., 2014; Shao et al.,
2017), the ~ 225 Ma syn-collisional granitoids in West Kunlun (Zhang
et al., 2016), and the ~ 220 Ma syn-collisional granitoids inWest Qinling
(Duan et al., 2016).The LHS pluton is an elongate (~2 × 20 km2), NW-
trending body, which lies east of the NQOB and intruded the Laohushan
Ordovician strata (Fig. 1b). It is mainly composed of quartz diorite,
granodiorite, tonalite and minor quartz monzonite (Table S1). Two
types ofMMEs are recognized and sampled togetherwith their immedi-
ate host rocks: (I) samples LHS12-01MME and LHS12-08MME are
diorite MMEs (DMME), with a mineral assemblage of plagioclase
(~40–50 vol%), amphibole (~30–48 vol%), biotite (~2–20 vol%), quartz
(minor-10 vol%) and accessory minerals (Fig. 2). The DMMEs are of
pluton. (a) and (b) showing the sharp contact of two types (D and H) of MMEs with their
ineral assemblage of the host granitoid. Amp= amphibole; Bi = biotite; Pl = plagioclase;
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varying size (a few to 10s of centimeters) and shape in sharp contact
with the granitoid host (Fig. 2a), resembling MMEs hosted in the BJS
and QMS granitoids (Fig. 1b) (Chen et al., 2015, 2016); (II) samples
LHS12-05MME, LHS12-06MME and LHS12-10MME are hornblendite
MME (HMME), dominated by cumulate amphibole (N90 vol%) (Fig. S1;
Fig. 2) with interstitial plagioclase (~3–5 vol%), minute clinopyroxene
(b 1 vol%), and accessoryminerals such asmagnetite, apatite, and zircon.
TheMCS pluton is about 20 km southeast of the LHS pluton (Fig. 1b). It is
dominated by diorite and mainly consists of amphibole, plagioclase,
quartz, minor K-feldspar, clinopyroxene and accessoryminerals (apatite,
zircon, magnetite).

3. Results

Analytical methods for zircon U\\Pb dating, minerals composition,
bulk-rock major and trace elements, and bulk-rock Sr-Nd-Hf isotopic
composition are presented in Supplementary Text S1.

3.1. Zircon U\\Pb isotopic results

Zircon U\\Pb isotopic data are listed in Supplementary Table S2.
Zircons from the LHS host granitoid samples are mostly transparent,
euhedral, colorless and show short prismatic forms (~150–300 μm
long) with an aspect ratio of 1:1–3:1. They exhibit clear oscillatory
zoning of magmatic origin (Fig. S2a). They have varying U (96–331 ppm)
and Th (56–140 ppm) with Th/U ratios of 0.38–0.69 (Table S2). After
rejecting discordant data, thirteen analyses of zircons from a host
granitoid sample yield a weighted mean 206Pb/238U age of 433± 3.1Ma
(Fig. S2a; 1σ, MSWD=0.28, n=13), representing the time of magmatic
crystallization.
Fig. 3. Classification diagrams of the syn-collisional granitoids (circles) and their hostedMMEs (
The LHS samples are in yellow. The green squares are MMEs of the MCS pluton. The literatur
symbols for the BJS granitoids (Chen et al., 2015), and purple symbols for the QMS granitoids
figure legend, the reader is referred to the web version of this article.)
Zircons from the HMME sample (Type II) are euhedral and show
a clear to weakly oscillatory zoning (Fig. S2b). The zircons from the
HMMEs exhibit relatively higher U (321–2093 ppm) and Th (167–
1343 ppm), giving similar Th/U ratios of 0.33–0.71 to those in zircons
of the host granitoids,which indicate the zircons are ofmagmatic origin.
Fourteen analyses give a weighted mean 206Pb/238U age of 430 ± 2.1
Ma (Fig. S2b; 1σ, MSWD = 0.83, n = 14), the same as the host gran-
itoid within error.

Zircons from the MCS diorite samples are mostly euhedral, pris-
matic, showing typical oscillatory zoning, and exhibit a smaller size
(50–100 μm)with an aspect ratio of 2:1–1:1 (Fig. S2c). They have vary-
ing U (117–198 ppm) and Th (205–284 ppm) with Th/U ratios of 0.56–
0.81 (Table S2), also suggesting a magmatic origin. After excluding
discordant data, zircons from the MCS diorite samples give a weighted
mean 206Pb/238U ages of 431.4 ± 2.4 Ma (Fig. S2c; 1σ, MSWD= 0.83,
n= 13), representing the time of crystallization of the diorite.

The emplacement age of the granitoids and their MMEs from the
LHS pluton and diorite from the MCS pluton in the NQOB is identical
within error (~430 Ma), which is consistent with the emplacement of
BJS and QMS granitoids and their MMEs (Fig. 1b) (Chen et al., 2015,
2016; Yu et al., 2015). It was suggested that the closure time of the
Qilian ocean was ∼445 Ma, followed by continental collision at ∼435–
420 Ma (see review by Song et al., 2013). Therefore, these granitoids
are the products of a continental collision event.

3.2. Bulk-rock data

Ten representative granitoid host and MME samples (i.e., 5 host-
MME pairs) from the LHS pluton and three diorite samples from the
MCS plutonwere analyzed for bulk-rockmajor elements, trace elements
squares) from the NQOB. (a) Total alkalis vs. SiO2, (b) K2O vs. SiO2, and (c) A/NK vs. A/CNK.
e data on the syn-collisional granitoids from the NQOB are plotted for comparison: grey
(Chen et al., 2016; Tseng et al., 2009). (For interpretation of the references to color in this
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and Sr-Nd-Hf isotopic compositions. Their data are presented in Supple-
mentary Table S3.

The LHS host granitoids are calc-alkaline type, ranging from
monozonite to granitoid with varying SiO2 (59.8–63.6 wt%). They
are weakly peraluminous to metaluminous (A/CNK = 0.76 to 1.09),
representing typical I-type granite (Fig. 3c) (Chappell and White,
1992). The LHS DMMEs are high-K calc-alkaline and shoshonitic
compositions (Fig. 3b), and metaluminous (A/CNK = 0.79 to 0.83)
with low SiO2 (48.8 to 49.4 wt%) and high MgO (5.8 to 7.5 wt%). The
LHS HMMEs have lower SiO2 (44.9 to 47.5 wt%), A/CNK (0.42 to 0.5)
and higher MgO (10.8 to 12.3 wt%) than DMMEs.

Granitoid samples from the LHS pluton are characterized by light
REE (LREE) enrichment, relatively flat heavy REE (HREE) patterns
(Fig. 4c) with a weak to moderate negative Eu anomaly (Eu/Eu* =
0.99–0.73), enriched in large ion lithophile elements (LILE), and
depleted in high field strength elements (HFSE; e.g., Nb, Ta and Ti),
displaying remarkable similarity to the BCC composition (Figs. 4c, 5a).
The REE patterns (Fig. 4c) of the HMME from the LHS pluton are convex
with depleted LREE ((La/Sm)N b 1), whereas DMMEs are scoop-shaped,
enriched in LREE. They both have higher HREEs (Fig. 4c) than their host
rocks, which concurs with their greater modes of REE-enriched mafic
minerals. They exhibit depletion in some LILEs (e.g. Th and U) as well
as HFSE (Nb, Ta, Zr, Hf and Ti).

TheMCS diorites are calc-alkaline andmetaluminous (A/CNK= 0.64
to 0.75) with low SiO2 (51.6–54.5 wt%) and high MgO (7.7–11.0 wt%).
They have low HREE contents with relatively flat LREE patterns
(Fig. 4d) and low degree fractionation of REE ((La/Yb) N =2.9–5.0). In
the multi-element spider diagram (Fig. 5c), they show LILE enrichment
and HFSE depletion, resembling the LHS DMMEs in terms of REE
patterns.

Notably, the two types of MMEs (i.e., DMMEs and HMMEs) from
the LHS pluton, diorites from the MCS pluton as well as MMEs from
the BJS and QMS plutons are indeed amphibole-rich mafic-diorite or
Fig. 4. Chondrite normalized REE patterns for syn-collisional granitoids and theMMEs from the
respectively. BCC refers to model bulk continental crust composition (Rudnick and Gao, 2003)
hornblendite with no or minute (b1 vol%) pyroxene present, despite
plotting in the fields ranging from gabbroic diorite, monzogabbro and
gabbro (Fig. 3a).

Bulk-rock Sr, Nd, and Hf isotopic compositions of the LHS and MCS
plutons in this study as well as those of the BJS and QMS plutons from
the literature are summarized in Table S1. The initial 87Sr/86Sri,
εNd (t) and εHf (t) are calculated at 430 Ma based on their age data
(see Fig. S2 above). The Sr-Nd-Hf isotopic compositions of the LHS
DMMEs (87Sr/86Sri = 0.7063 to 0.7094; εNd(t)=−2.9 to−2.5; εHf(t)=
+4.2 to +5.3), HMMEs (87Sr/86Sri = 0.7071 to 0.7075; εNd(t)=−4 to
−2.5; εHf(t) =+5.3 to +6.2) and their host granitoid (87Sr/86Sri =
0.7062 to 0.7101; εNd(t) =−3.7 to −2.1; εHf(t) =+3.1 to +5.1)
are quite similar. Obviously, the initial 87Sr/86Sri, εNd (t) and εHf (t) are
indistinguishable with significant overlap within a narrow range for
both the host granitoid and the two types of MME samples (Fig. 6d-f;
also see Table S3), suggesting that the syn-collisional granitoids in the
eastern part of the NQOB formed from coeval and similar parental
magmas. In fact, this is also manifested by the correlated variations of
87Rb/86Sr vs. 87Sr/86Sr, 147Sm/144Nd vs. 143Nd/144Nd, and 176Lu/177Hf vs.
176Hf/177Hf with statistically significant common intercepts or initial ratios
(Fig. 6a-c). In addition, the 87Sr/86Sri, εNd (t) and εHf (t) showno correlation
with SiO2 (Fig. 6) and MgO (not shown).

4. Discussion

4.1. Petrogenesis of MMEs of the LHS pluton

TheMMEs are ubiquitous in felsic plutons, and their origin has been
the subject for over a century (Barbarin, 2005; Chen et al., 2013, 2015,
2016; Dahlquist, 2002; Donaire et al., 2005; Niu et al., 2013; Pabst,
1928), duringwhich various models have been proposed, including for-
eign xenoliths, refractory restite, early crystalized cumulate, andmagma
mixing between basaltic and felsic magmas.
NQOB. (a), (b) (c) and (d) showing data on samples from BJS, QMS, MCS and LHS plutons,
.



Fig. 5. Average ocean crust-normalized (OC) (Niu and O'Hara, 2003) trace element
patterns for syn-collisional granitoids and the MMEs from the NQOB. Symbols are the
same as in Fig. 4.

58 S. Chen et al. / Lithos 308–309 (2018) 53–64
The crystallization ages and bulk-rock 87Sr/86Sri, εNd (t) and εHf (t) of
the two types of MMEs are, within error, indistinguishable from their
host granitoids in the LHS pluton (Fig. 6), indicating their genetic link.
In fact, the relationships between the DMMEs and their host granitoids
in the LHS pluton are texturally and chemically consistent with the
observations for the QMS pluton and BJS pluton (Chen et al., 2015,
2016), including (1) the DMMEs have mineral assemblage and mineral
compositions resembling their host granitoid (Figs. 2, 7); (2) amphibole
grains are compositionally uniform without disequilibrium textures
(Fig. 7); (3) their differentmineralmodal proportions result in the discrep-
ancy of elemental abundances from their host (Fig. 4); (4) significantly,
they have indistinguishable 87Sr/86Sri, εNd (t) and εHf (t) compositions
with their host granitoids (Fig. 6).

Although the above observations of the DMMEs are consistent with
the “autoliths” nature (Pabst, 1928) with the host granitoids, the ab-
sence of typical cumulate texture of MMEs has been generally regarded
as an evidence against the cumulate origin, but supporting the popular
model of magma mixing between mantle-derived mafic and crust-
derived felsic magmas (see Barbarin, 2005; Chen et al., 2009). In the
model of magma mixing, the fine-grained MMEs represent quench
phases of the mafic magma and the same initial isotopic compositions
between the host rocks and MMEs are interpreted as resulting from
isotopic equilibrium (e.g., Barbarin, 2005). However, this is unlikely
because quenching of themaficmelt would have resulted in amarkedly
contrasting viscosity between the felsic host magma and the solidified
MMEs, which would inevitably restrain mechanical mixing (Farner
et al., 2014) and isotopic equilibrium between the two (Chen et al.,
2016).

The coeval HMMEs of typical cumulate texture dominated by homo-
geneous amphibole compositions (Fig. S1, Fig. 7) in this study, are com-
pelling evidence for the cumulate origin of the MMEs. Notably, these
petrological observations both agree with experimental studies and
geochemical models as illustrated in Fig. 8 (see below). Therefore, the
HMMEs andDMMEs in the LHS granitoid host represent the earlier crys-
tallized “mushy” cumulate of the same magmatic systems (see below),
which were disturbed by replenishment of subsequent magma and
induced melt convection in magma chambers (Chen et al., 2015, 2016).

4.2. Early amphibole crystallization in andesitic melts

Magmatic amphiboles are powerful tools for investigating hydrous
magma petrogenesis and evolution (Ribeiro et al., 2016), as their com-
positional variations are thought to vary as a function of crystallization
conditions and host magma composition (Ribeiro et al., 2016; Rooney
et al., 2010). The role of fractionation of amphibole from hydrous
magma has been recognized in understanding magmatic evolution in
volcanic arc systems (Davidson et al., 2007). In this context, it is worth
noting that the rarity or absence of amphibole as phenocrysts in most
arc volcanic rocks has been puzzling, and has led to the re-revelation
of the importance of amphibole in andesitic magma evolution using
trace element modeling (Davidson et al., 2007) despite the fact that
amphibole is a straightforward liquidus phase during wet andesitic
(late stage basaltic) magma evolution (Cawthorn and O'hara, 1976;
Moore and Carmichael, 1998) and that amphibole is amajor constituent
phase in diorite/granitoid rocks, which are intrusive counterparts of arc
volcanic rocks.

In fact, the presence of almost pure amphibole cumulates within
HMMEs in our study manifests the petrological significance of amphi-
boles in calc-alkaline magmatism and also provides significant con-
straints on the crystallization condition and history of magmas in syn-
collisional settings. On the basis of experimental studies, it has been
suggested that amphibole should be the first (and sole) liquidus phase
at depths in excess of ~7 km until garnet formation at greater depths
for water-saturated andesitic magmas (Moore and Carmichael, 1998;
Alonso-Perez et al., 2009; Rooney et al., 2010). These experimental
studies as well as geochemical studies of amphiboles make it possible
to (1) discuss the compositions of the magmas parental to HMMEs as
well as DMMEs and their hosts, and to (2) estimate the crystallization
conditions.

4.2.1. Magma compositional constraints
As the liquidus phase, amphiboles must record parental magma

compositions (Rooney et al., 2010) as manifested by positive correla-
tions between Mg# (Mg2+/(Mg2++FeT)) of the amphiboles and that
of their parental magma during its evolution (Alonso-Perez et al.,
2009). The Mg# of the amphiboles in the LHS HMMEs is 0.65 ± 0.04
(1σ; see Table S4), significantly lower than that of experimental amphi-
boles (0.75–0.83) (Grove et al., 2003), and that of Baja California amphi-
boles (0.67–0.80), which were suggested to be in equilibrium with
basalticmelts with highMg# (Ribeiro et al., 2016), but similar to amphi-
boles in equilibrium with andesite melt (Alonso-Perez et al., 2009).
To evaluate the composition of the magmas parental to the HMMEs
and DMMEs, we calculate the Mg# of the parental magma using equa-
tion from Alonso-Perez et al. (2009): Mg# magma = 1/{1 + ((FeT/Mg)/
KdFe/Mg) amphibole}, where Kd

Fe/Mg = 0.38 ± 0.04. Magmas calculated in
equilibrium with LHS HMMEs and DMMEs amphiboles have average
Mg# = 0.42 ± 0.04 and 0.38 ± 0.04, respectively, which are much



Fig. 6. (a-c) Plots of isotopic ratios vs. parent–daughter ratios for granitoids and theMMEs from the LHS andMCS pluton, showing they have statistically significant common intercepts or
initial ratios. (d-e) Plots of Sr-Nd-Hf isotopes vs. SiO2, showing similar or significantly overlapping isotopes between MMEs and their granitoid hosts, and they show no correlated
variations with SiO2.
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lower than that of primitive melts of asthernospheric mantle origin
(Mg# N 0.70) (Grove et al., 2003), suggesting two possible parental
melts for the LHS pluton, (1) they are initial (or primary) andesitic
(or basaltic andesite) melt that produced the earlier cumulate MMEs;
(2) they are more-evolved melt from basaltic melt, which fractionated
some mafic phases (e.g., olivine and/or pyroxene). However, the latter
is inconsistent with our observations.

(1) Neither olivine nor pyroxene is observed throughout the syn-
collisional plutons in theNQOB, except forminute clinopyroxene
(b1% vol.) in the LHS HMMEs and MCS diorites;

(2) It has been well understood that garnet incorporates more of
the HREEs (KdHREE N N 1) whereas amphibole incorporates
more of MREEs over HREEs. The distribution coefficients of
clinopyroxene are insignificant compared to those of amphibole
because of KdREE clinopyroxene bb KdREE amphibole. Thus, as
illustrated in Fig. 8, garnet fractionation would increase Dy/Yb
with La/Sm increases during differentiation, but amphibole frac-
tionationwould decrease Dy/Yb (Davidson et al., 2007). The host
granitoids of the LHS and BJS plutons show a decreasing trend
of Dy/Yb with differentiation, which concurs with significant
amphibole fractionation, rather than garnet or gabbroic assem-
blage fractionation.

Hence, the most plausible candidate melts parental to the LHS
HMMEs are andesiticmelt (or basaltic andesitemelt), rather than basal-
tic melts derived from the asthernospheric mantle.

4.2.2. Crystallization conditions
Amphibole is commonly used to calculate crystallization tempera-

tures and pressures (e.g., Hammarstrom and Zen, 1986; Hollister et al.,
1987) despite its potential as a geobarometer has been questioned
(Erdmann et al., 2014). Recently, Ridolfi et al. (2009) and Ridolfi and
Renzulli (2011) presented calibrations that use the compositions ofmag-
matic amphiboles to calculate crystallization temperatures, pressures,
fO2, melt H2O, and melt compositions. The crystallization conditions for
amphiboles from the LHS DMMEs, HMMEs and their host granitoids
are calculated by using these calibrations. As illustrated in Fig. S3, the
LHSDMMEs show identical crystallization conditions, including pressure
(165± 21MPa), temperature (818± 27 °C) andH2O (6.1± 0.6 wt%) to



Fig. 7. Compositional traverses for selected amphibole crystals with thin-section images from the LHS granitoids, and the hosted DMMEs and HMMEs (a, b, c). Spot numbers along the
traverses correspond to the compositional variations (Mg#, Ca, and AlT) plotted on the right (d, e, f). See Table S4 for compositional data. See text for detailed discussion.
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their host rocks, which again suggest a cumulate origin for the DMMEs.
The HMMEs, however, show higher pressure (328± 60MPa), tempera-
ture (908± 45 °C) and H2O (7.0 ± 0.5 wt%) than the DMMEs and their
host rocks, indicating that the HMMEs are cumulate of earlier (first and
sole) liquidus phase at greater depths (~ 11 km).

These pressure calculations are affirmed by comparing the composi-
tions of amphiboles from the LHS pluton with the experimentally pro-
duced amphiboles (Alonso-Perez et al., 2009; Prouteau and Scaillet,
2003; Scaillet and Evans, 1999). To evaluate the potential effects of
pressure and temperature on amphibole compositions, we plot the
pressure-sensitive indicator of AlT (superscript T refers to Al content
on tetrahedral site) against temperature-sensitive indicator of Na + K
(Fig. 9), following a similar approach by Samaniego et al. (2009). The
LHS DMMEs and their host (as well as QMS and BJS plutons) with
low-AlT contents overlap the experimental amphibole compositions at
220 MPa and 785–900 °C, which matches the pressure calculation
using the Al-in-hornblende barometer (see above). In contrast, the
HMMEs have higher AlT, Na + K, and plot close to high pressure amphi-
bole compositions equilibrated at 400–800MPa (Fig. 9) (Prouteau and
Scaillet, 2003). While the pressure discrepancy between the calculated
using the Al-in-hornblende geobarometer and experimental data may
reflect the experimental andmodel uncertainties, the different crystalli-
zation conditions of amphiboles from the HMMEs, DMMEs and their
host are obvious.

In summary, the phase equilibrium constraints on hydrous andesitic
magmas, the pressure calculations for amphiboles from the LHS pluton
as well as the bulk-rock trace elements and Sr-Nd-Hf isotopic composi-
tions indicate two key stages of crystallization for magmas parental
to the LHS pluton, i.e., an early stage under the middle-to-lower crust
conditions (400–800 MPa, 900 °C) represented by the fractionation of
high-AlT amphibole, and a late stage under the upper crust conditions
(100–200 MPa, 800 °C) characterized by fractionation of plagioclase,
low-AlT amphibole, quartz, and biotite. In fact, the late stage fraction-
ation is also consistent with observations with other syn-collisional
plutons in the NQOB (Chen et al., 2015, 2016).

4.3. Constraints on the source

The above discussion on the origin of MMEs as well as the phase
equilibrium constraints indicate that the magmas parental to the syn-



Fig. 8.Diagrams of La/Yb vs. La/Sm (a) and Dy/Yb vs. La/Sm (b) showing the effects of fractional crystallization duringmagma evolution of the syn-collisional granitoids in the NQOB. The
fractional crystallization modeling uses the Rayleigh fractionation equation Cliquid = Cinitial × F(D−1) (Shaw, 1970), where F is the fraction of liquid remains and D is the bulk distribution
coefficients. The initial concentrations and D values for elements of interest and relevantminerals are given in Supplementary Table S5. Model fractionation curves are assemblages of LHS
DMME (Model A), LHS HMME (Model B), a nominal gabbro comprising 20% olivine, 35% clinopyroxene, and 35% plagioclase (Model C) (Davidson et al., 2007) and experimental
assemblages of Rapp and Watson (1995) (R&W, Model D and E). Vectors for Surigao (Philippines) are shown as examples of suites that have fractionated garnet (Macpherson et al.,
2006). Abbreviations: Cpx-clinopyroxene; Amp—amphibole; Grt—garnet; Pl—plagioclase.
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collisional granitoids and their MMEs in the NQOB aremost likely mafic
andesitic (or basaltic-andesitic) magmas. Andesitic melts can be gener-
ated bywet peridotitemelting (O'Hara, 1965), but suchmelts in equilib-
riumwithmantle peridotite must have elevatedMgO content (i.e., high
magnesian andesite or HMA) and Mg# (Tatsumi, 2006). However, the
most mafic composition of the LHS host granitoids from the NQOB
syn-collisional rock suites has lower MgO (3.27 ± 0.39 wt%) than
HMA (~5–10 wt%). In addition, the estimated melts in equilibrium
with and parental to the LHS HMME and DMME amphiboles have
average Mg# = 0.42 ± 0.04 and 0.38 ± 0.04, respectively, which are
too low compared to HMA (Mg# N 0.64) (Tatsumi, 2006). The explana-
tion of magma with low MgO content from very low degree melting of
water-saturated mantle peridotite can also be ruled out because such
melt produced is volumetrically unimportant (Mo et al., 2008), and
Fig. 9. DiagramAlT vs. Na+ K of amphiboles used to estimate crystallization pressures for
the syn-collisional granitoids and theMMEs from theNQOB. The amphibole compositions,
determined using PROBE AMPH (Leake, 1978), are compared with compositions of
experimental amphiboles (Prouteau et al., 1999; Scaillet and Evans, 1999; Alonso-Perez
et al., 2009) to infer magma storage depths.
cannot account for the voluminous syn-collisional plutons in the
NQOB. Therefore, basaltic rock source in abundant is required to melt
and generate massive andesitic magmas parental to the plutons in
response to the continental collision. Possible candidates are island arc
complex through accretion (Kay and Kay, 1993), or thickened lower
CC (Chung et al., 2003; Xu et al., 2002), or the remaining fragments of
the oceanic crust (Mo et al., 2008; Niu et al., 2013). As discussed in
Chen et al. (2015, 2016), the former two candidates are not applicable
in this study, as (1) island arcs are “too shallow and cold”, thus unlikely
to melt during continental collision because its positive topography
(Niu et al., 2003); (2) even if andesitic melt could be generated by
deep arc crust cumulate, it would be highly depleted in composition
(Tamura, 2009) compared to the observed syn-collisional granitoids
(and the MMEs); (3) the syn-collisional granitoids (and the MMEs)
in theNQOBhave distinctive lowK2O/Na2O and higher CaO/Al2O3 ratios
(Fig. 10), which compositionally differ from rocks suggested to be
derived from partial melting of the delaminated or thickened lower
CC (Li et al., 2016); (4) the whole-rock εHf(t) (4.9 ± 3.8) and εNd
(t) (−3.0 ± 1.9) (Fig. S4) of the syn-collisional granitoids (and the
MMEs) in the NQOB signifies a significant mantle input (Fig. S4).
Hence, the most plausible source of the andesitic magmas parental to
the syn-collisional plutons in the NQOB are the remaining fragments
of the North Qilian ocean crust, as its melting produces andesitic melts
and can also inherit mantle isotopic signatures. As modeled in Fig. S5,
binary isotope mixing calculations as done in Chen et al. (2016) can
explain the above observations (Fig. S5).

While the subducting ocean crust has long been thought to be ther-
mally insufficient to melt under subduction zones condition (Peacock,
2003) except for some young (and warm) slabs melting where adakite
may be produced (Defant and Drummond, 1990), there has been a
revived advocacy in recent years that melting of the subducting ocean
crust along with sediments is actually needed to explain the geo-
chemical characteristics of some arc lavas (Elliott, 2003; Gómez-
Tuena et al., 2007; Johnson and Plank, 2000) and syn-collisional
rocks (Chen et al., 2015, 2016; Mo et al., 2008; Niu et al., 2013).
According to the “continental collision model” proposed by Niu and
co-workers, “the remaining part of North Qilian ocean crust would
slowly subduct/underthrust, and evolve along a path with high T/P
because of additional heating by retarded subduction during continental



Fig. 11. Average major elements (a), trace elements (b) and selected key incompatible
trace element ratios (c) of the LHS granitoids and the MMEs divided by bulk continental
crust composition (Rudnick and Gao, 2003).

Fig. 10. K2O/Na2O vs. CaO/Al2O3 diagram showing the difference between slab-derived adakites and lower crust-derived adakites. Data sources: typical adakites resulting from partial
melting of subducted ocean crust in modern arcs (from the GeoRoc database: http://georoc.mpch-mainz.gwdg.de/georoc/) and adakitic rocks from southern Tibet (Chung et al., 2003;
Wang et al., 2005) and Dabie Orogen (He et al., 2013; Wang et al., 2007).
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collision, and eventually melt under the amphibolite facies conditions”
(see Mo et al., 2008; Niu et al., 2013). We consider that the syn-
collisional granitoids in the NQOB in this study are material evidence of
melting ocean crust and sediments and this conceptual model explains
a multitude of geological observations. Nevertheless, we should note
that further effort is required to design specific melting experiments of
MORB-derived amphibolites together with terrigenous sediments to
quantify trace element budgets and incongruent melting reactions for
quantitative modeling (Niu et al., 2013).

4.4. Implications for continental crust growth

The syn-collisional plutons in the NQOB are dominated by mantle
isotopic signatures. The particularly significant is the close similarity of
the host granitoids to model BCC in terms of both abundances and
trace elements patterns (Figs. 4, 5). Thus, the syn-collisional granitoids
represent juvenile material and net contribution to CC growth. Because
the LHS pluton has the most mafic composition of the syn-collisional
granitoids in the NQOB, it is therefore most close to the primary melt
and permits us to discuss the CC growth. Fig. 11 compares all the ana-
lyzed elements between average host granitoids and two types of
MMEs with respect to the BCC. The complementarity between the
host granitoids and the MMEs is striking (Fig. 11a, b). An even more
striking complementarity between the two is some key incompatible
element ratios (Fig. 11c). The primary parentalmagmas of the LHS gran-
itoid plus the cumulate MMEs are thus mafic andesite in compositions,
remarkably resembling the BCC.

This remarkable similarity, however, may be ignored because of the
argument that BCC is model dependent, and it stands for a weighted
average of idealized endmember compositions over space and time
with uncertainties in weighting factors (Lee et al., 2007). Thus, this
could be a coincidence without significance. However, we maintain
that the model BCC by Rudnick and Gao (2003) is significant because
(1) it is so far the most conscientious work based on numerous efforts
in generations using integrated petrological, geochemical, geophysical,
and statistical methods; (2) the remarkable compositional similarities
between syn-collisional granitoids and the BCC are general observations
that have been shown to be the case throughout the Tibetan Plateau,
including the mafic andesites of the Linzizong volcanic succession and
coeval batholiths in southern Tibet (Mo et al., 2007, 2008), and syn-
collisional granitoids in East and West Kunlun orogens (Huang et al.,
2014; Shao et al., 2017; Zhang et al., 2016) and West Qingling orogen
(Duan et al., 2016). Therefore, Figs. 5 and 11 illustrate five key points:
(1) while the CC is complex and heterogeneous in lithologies, the

http://georoc.mpch-mainz.gwdg.de/georoc/
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model BCC composition by Rudnick and Gao (2003) is at present the
best representation of the CC (Mo et al., 2008); (2) the host granitoids
and the MMEs are different end products of the same magma system
with theMMEs being of cumulate origin; (3) the primarymelts parental
to the syn-collisional LHS granitoids and the MMEs compositionally
highly resembles the BCC; (4) The syn-collisional felsic magmatism,
such as represented by the syn-collisional plutons in the NQOB, contrib-
utes to net CC growth as they are juvenile crustal materials generated
from the mantle source recently through a transition of ocean crust for-
mation (Mo et al., 2008); (5) the way of CC growth in the Phanerozoic
through syn-collisional felsic magmatism is straightforward and does
not require complex processes compared to other models, such as
the popular “island-arc” model, which requires physically complex
and unlikely process to remove the more mafic component from the
AC (e.g., Kay and Kay, 1993; Rudnick, 1995; Lee et al., 2007; Lee and
Anderson, 2015) so as to convert bulk AC to the BCC. Therefore, these
syn-collisional granitoids and MMEs in the NQOB offer new evidence
in support of the hypothesis that continental collision zones are the
primary sites where the net CC is accreted and preserved.

5. Concluding remarks

We identify two types of MMEs in the LHS pluton from the NQOB,
which are coeval and have indistinguishable bulk-rock initial Sr, Nd,
and Hf isotopic compositions with their granitoid host, suggesting that
the MMEs concur with being earlier crystallized cumulate of the same
magmatic systems. The phase equilibrium constraints and pressure
estimates for amphiboles in the LHS pluton together with the whole
rock data further indicate that the two lithologies represent two evolu-
tion products of the same hydrous andesitic magmas. The syn-
collisional granitoids in the NQOB presented here are material evidence
of melting ocean crust and sediments. The remarkable compositional
similarity between the LHS granitoid pluton (MMEs and the host gran-
itoid) and the model BCC indicate that the syn-collisional magmatism
such as in the NQOB makes a net contribution to the mass of CC, and
that the way of CC growth in the Phanerozoic through syn-collisional
felsic magmatism (production and preservation) is straightforward
and does not require complex and physically unlikely processes.
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