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An integrated petrologic, geochronologic, major and trace element geochemical, and Sr-Nd-Hf isotopic study of
Late Triassic (~215 Ma) diorites from the Hoh Xil area, northern Tibet, provides new constraints on the genesis
of intermediate magmas and insights into the origin of the high-Mg# andesitic signature of continental crust.
These dioritic rocks are characterized by high MgO contents (3.3-5.0 wt%) and Mg# values (50-57) comparable
to the estimates for the bulk continental crust at the same level of SiO, contents (61.1-64.5 wt%). They also dis-
play continental crust-like trace element distribution patterns and uniformly enriched isotope compositions
([87Sr/%5sr]; = 0.7081 to 0.7094, eNd[t] = — 8.0 to — 6.9, and &Hf[t],ircon = — 10.1 to —5.0). Combining our re-
sults with published data from crystallization experiments, we propose that they were probably produced by
fractional crystallization from a primitive andesite parent, rather than a primitive basalt parent. This parental
magma may be geochemically similar to the roughly contemporaneous primitive andesites in the adjacent
Malanshan area of northern Tibet. Our compilation of modern arc lavas shows that progressive fractional crystal-
lization of primitive andesites is also required to reproduce the Mg# versus SiO, array for natural arc magmas, in
addition to differentiation of mantle-derived primitive basaltic magmas and/or mixing of basaltic with felsic
magmas. Therefore, we emphasize that fractional crystallization of primitive andesitic magmas is potentially a
frequent occurrence in arc crust and hence may play an important role in producing the high-Mg# signature
of intermediate magmas comprising the continental crust.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Continental crust is commonly considered to have andesitic to
dacitic composition with Si0, = 57-65 wt% and Mg# = 44-55
(where Mg# = molar 100 x Mg/[Mg + Fea]) (Hacker et al., 2011;
Rudnick and Gao, 2003), and yet the question of when and how it
formed remains the topic of considerable debate (Hawkesworth and
Kemp, 2006). Most studies conclude that arc magmatism plays a central
role in generating the continental crust, because andesitic lavas found in
modern subduction zones, particularly high-Mg# andesites, share strik-
ing compositional similarities with the bulk continental crust (Kelemen,
1995; Rudnick, 1995). Moreover, high-Mg# andesites and their plutonic
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equivalents form a recognizable part of continental crust as sanukitoids
in Archean cratons (Smithies and Champion, 2000). Therefore,
deciphering the petrogenesis of high-Mg# andesites and their plutonic
equivalents is fundamental to understanding the origin of the high-
Mg# andesitic signature of continental crust (Kelemen, 1995). Here
we use the terms “primitive andesites” (lavas with 54 to 65 wt% SiO,
and Mg# > 60) and “high-Mg# andesites” (relatively evolved lavas
with 54 to 65 wt% SiO, and Mg# from 45 to 60) as proposed by
Kelemen et al. (2003). This usage reflects the convention that lavas
with Mg# < 60 are considered to be differentiated products from prim-
itive mantle-derived magmas.

Previous studies have indicated the existence of primitive andesitic
as well as basaltic magmas passing from the mantle into the crust be-
neath arcs (Kelemen et al., 2014 and references therein), both of
which reach Fe/Mg equilibrium with mantle olivine and/or pyroxene
and always have Mg# > 60 (Jagoutz and Kelemen, 2015; Straub et al.,
2008). The origin of primitive andesites above subduction zones has
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been attributed to either partial melting of strongly hydrated mantle
wedge peridotites (e.g., Hirose, 1997; Mitchell and Grove, 2015; Wood
and Turner, 2009) or equilibration reaction of slab-derived melts with
the ultramafic mantle wedge (e.g., Kelemen et al., 2003; Shimoda et
al., 1998; Tatsumi, 2001). In contrast, high-Mg# andesites and continen-
tal crust have Mg#'s too low to be in equilibrium with mantle olivine
and/or pyroxene. Thus, an additional intra-crustal differentiation pro-
cess acting on primitive andesites or basalts is required to produce
more evolved, high-Mg# andesitic magmas (e.g., Straub et al., 2008).
Three viable intra-crustal differentiation processes occurring in the arc
crust have been proposed to explain the genesis of high-Mg# andesitic
rocks in the arcs: (1) fractional crystallization of a primitive basalt (e.g.,
Blatter et al.,, 2013; Macpherson et al., 2006); (2) fractional crystalliza-
tion of a primitive andesite (Mg# > 60) (e.g., Grove et al., 2003;
Kelemen et al., 2003; Miintener et al., 2001; Tatsumi et al., 2006); and
(3) mixing of primitive basaltic magma with an evolved granitic
magma, which can be generated by either low-degree partial melting
of preexisting crust or advanced fractionation from primitive mantle-
derived magmas (e.g., Streck et al., 2007). The mixing origin for high-
Mg# andesites is motivated by their disequilibrium petrographic char-
acteristics and a reported lack of intermediate melt inclusion composi-
tions (Reubi and Blundy, 2009). Additionally, the fact that primitive
andesites are not commonly found in modern subduction zones appears
to weaken the importance of the second process. Here we further eval-
uate the validity and importance of the intra-crustal differentiation pro-
cess of primitive andesites in the generation of high-Mg# andesites akin
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to bulk continental crust, using our case study of the Wudaoliang dio-
rites, a review of high-temperature crystallization experiments, and
whole rock chemical analyses of natural arc lavas.

The Hoh Xil-Songpan-Ganzi (HXSG) complex (Fig. 1a) in central-
western China is one of the largest flysch turbiditic basins on Earth
(Nie et al., 1994). These thick turbidites, deposited during the Middle-
Late Triassic, are extensively intruded by Late Triassic to Early Jurassic
granitoids and are interbedded with minor volumes of volcanic rocks
(Fig. 1b). In this study, we report data from the Late Triassic dioritic
rocks from the Hoh Xil area in the western HXSG complex, northern
Tibet (Fig. 1c). The investigated diorites have major and trace element
compositions that closely resemble those of bulk continental crust. In
combination with published data from high-temperature crystallization
experiments (e.g., Grove et al., 2003; Miintener et al., 2001; Tatsumi et
al., 2006), we argue that these diorites were generated by fractional
crystallization of a primitive andesite parent geochemically similar to
that from the adjacent Malanshan area of northern Tibet, rather than
from a primitive basalt parent. To further explore whether fractional
crystallization of primitive andesites commonly occurs in arc crust, we
present a compilation of >24,670 analyses of volcanic rocks younger
than 200 ka from the circum-Pacific region (data from the GEOROC da-
tabase), representing convergent margin (arc) magmas. We show that
progressive fractional crystallization of primitive andesites is also re-
quired, in addition to differentiation of mantle-derived primitive basal-
tic magmas and/or mixing of basaltic with felsic magmas, to reproduce
the complete Mg# versus SiO, array for natural arc magmas. Thus, our
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Fig. 1. (a) Tectonic sketch map of eastern Asia, with location of the Hoh Xil-Songpan-Ganzi (HXSG) complex (revised after Wang et al. (2011) and Zhang et al. (2012)). (b) Simplified
tectonic map of the Tibetan Plateau showing major crustal blocks and temporal-spatial distribution of the Triassic magmatic rocks (modified from diagrams of Zhang et al. (2014) and
Yin and Harrison (2000)). Ages for the Late Triassic to Early Jurassic magmatic rocks are from: Roger et al. (2004), Wang et al. (2008b, 2011), Weislogel (2008), Xiao et al. (2007),
Yuan et al. (2010), Zhai et al. (2013), Zhang et al. (2006, 2007), Zhang et al. (2014) and references therein. Main suture zones between major blocks: AKMS, Anyimagen-Kunlun-
Mutztagh suture; JS, Jinshajiang suture; BNS, Bangong-Nujiang suture; GLS, Ganzi-Litang suture; LSS, Longmuco-Shuanghu suture. (c) Simplified geologic map for the Wudaoliang

diorites from the Hoh Xil area in the western HXSG complex, northern Tibet.
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study suggests that fractional crystallization of primitive andesitic
magmas in the arc crust may have played an important role in directly
forming the continental crust.

2. Geological setting and petrographical characteristics

The Tibetan Plateau is composed of a tectonic collage of different
crustal blocks. From north to south, the main blocks are the Kunlun-
Qaidam, Hoh Xil-Songpan-Ganzi (HXSG), Qiangtang, Lhasa, and
Himalaya Blocks, separated from each other by four sutures
(Anyimagen-Kunlun-Muztagh, Jinshajiang, Bangong-Nujiang, and
Yarlung-Zangbo Sutures, respectively) (Fig. 1b) (Yin and Harrison,
2000). The Qiangtang Block can be further divided into the Southern
and Northern Qiangtang sub-blocks by the Longmu-Shuanghu suture
(Zhang et al., 2016). The HXSG complex is a triangular-shaped orogenic
belt that developed during the closure of the Paleo-Tethys Ocean basin
between the North China Block (NCB) and Kunlun-Qaidam Block to
the north, the South China Block (SCB) to the east, and the Qiangtang
terrane and Yidun arc terrane to the south (Fig. 1b). It is characterized
by the ~2.0 x 10° km? of Middle-Upper Triassic turbidites or flysch de-
rived from the adjacent continental landmass (Bruguier et al., 1997;
Ding et al,, 2013; Nie et al,, 1994). A remarkable change in sedimentary
facies in the eastern HXSG complex from deep-water turbidite to terres-
trial siliciclastic or tidal flat deposits (Weislogel, 2008) occurred at the
end of the Norian, implying that the deepwater flysch sequence was de-
posited throughout most of the eastern HXSG area until the end of the
Norian. Recently, Ding et al. (2013) reported Jurassic-aged detrital zir-
con grains in the shallow marine strata in the northwestern HXSG com-
plex, demonstrating that marine sedimentation continued, at least
locally, until the Middle Jurassic time. Thus, the closure of the Paleo-

Tethys Ocean and the subsequent uplift above sea level in much of the
HXSG complex may have been diachronous and younging westward.

Magmatic rocks in the HXSG complex mainly include the Late Perm-
ian basaltic rocks in the eastern margin of the HXSG complex (e.g., Song
et al., 2004), Late Triassic to Early Jurassic granitoids throughout the
HXSG complex (e.g., Roger et al., 2004; Xiao et al., 2007; Yuan et al.,
2010; Zhang et al., 2006, 2007, 2014), and Late Triassic primitive andes-
ites (Wang et al., 2011) in the western HXSG complex (Fig. 1b). It is
worth noting that many of these granitoids (ranging in age from the
Middle Triassic to latest Triassic) were intruded during ongoing deep
marine sedimentation, and have a wide range of compositions, includ-
ing adakitic granitoids and I-, A-, and S-type granites.

Our study area is located in the Hoh Xil area (i.e., western HXSG
complex) approximately 15 km south of Wudaoliang town and close
to the Qing-Zang highway (Fig. 1c). The newly discovered Wudaoliang
diorite pluton intrudes into the Middle-Upper Triassic turbidites. It is
gray in color, and shows medium-grained equigranular texture (Fig.
2). During field investigations, neither metasedimentary xenoliths nor
mafic microgranular enclaves (MMEs) were observed within the plu-
ton. Major rock-forming minerals of the diorites include plagioclase
(~25-35 vol%), amphibole (~20-32 vol%), clinopyroxene (~5-
10 vol%), biotite (~15 vol%), quartz (~10 vol%), Fe-Ti oxides (~5 vol%),
and trace amounts of K-feldspar (Fig. 2). Larger plagioclases, averaging
0.2-1.0 mm in length, form subhedral to almost euhedral prisms,
while relatively smaller plagioclases (60-200 um) are subhedral to
anhedral and are often enclosed by large amphibole or biotite crystals
(Fig. 2a). Clinopyroxene grains are anhedral and mostly <1.0 mm in
size. They are typically embedded in amphiboles (Fig. 2a). Amphibole
grains are euhedral-subhedral and brown-greenish. Biotites are
subhedral-anhedral and dark-brown, and anhedral biotite rims often
show intergrowths with amphiboles. Fe-Ti oxides are typically

A B

Fig. 2. (a-c) Representative photomicrographs (cross-polarized light) of the Wudaoliang diorites. (d) A geochemical traverse across the plagioclase in (c) showing variations in An (%)
components. The yellow line A-B in (c) shows the location of the compositional traverse. Mineral abbreviations: Pl, plagioclase; Cpx, clinopyroxene; Amp, amphibole; Bt, biotite; Qt,

quartz; Mag, titanomagnetite.
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embedded in amphiboles and biotites. Quartz occurs as anhedral, inter-
stitial crystals.

3. Results

Analytical methods are given in Appendix 1 in the Supplementary
material. Also included are Laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) zircon U-Pb geochronology data (Ap-
pendix 2); zircon Lu-Hf isotope data (Appendix 3); mineral composi-
tions (Appendices 4-7); and major & trace elements and Sr-Nd
isotope data (Appendix 8) for the Wudaoliang diorites.

3.1. Zircon U-Pb geochronology

Zircon grains from the diorite sample (10QB05-1) have a size range
of 50-160 um and length/width ratios of 1:1-3:1. CL images of the zir-
con grains used for LA-ICP-MS analyses show concentric compositional
zoning (Fig. 3). Their high Th/U ratios (0.38-0.58) suggest a magmatic
origin (Appendix 2). A total of fifteen analyses were conducted on fif-
teen zircon grains. Twelve of the fifteen zircons' U-Pb analyses are con-
cordant and yield a weighted mean 2°°Pb/?38U age of 214.6 & 1.4 Ma
(20) (MSWD = 0.94) (Fig. 3). This age is interpreted as the best esti-
mate for the crystallization time of the Wudaoliang diorites. Two
other analyses produce discordant ages due to significant radiogenic
Pb loss, probably caused by later tectono-thermal events. The remaining
one zircon grain has an older 2°’Pb/2°°Pb age of 1911 Ma. Considering
that a few ca. 1600-2000 Ma detrital zircon crystals have been reported
in the Triassic flysch complex (Bruguier et al.,, 1997), this older zircon is
interpreted as a xenocryst incorporated from the wall-rocks (i.e., the
Triassic flysch strata). In summary, the Wudaoliang diorites were gener-
ated in the Late Triassic, with ages similar to those obtained for the
primitive andesite (ca. 210 Ma) in the northern Malanshan area of
northern Tibet (Fig. 1b; Wang et al., 2011).

3.2. Mineral compositions

Clinopyroxenes are mainly diopside and augite. They exhibit rela-
tively low Al,05 (0.47-2.63 wt%) but high MgO (12.2-16.4 wt%) con-
tents and high Mg# (66-86) (Appendix 4). All the plagioclase crystals
investigated show normal zoning, with An contents ranging from 41
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Fig. 3. LA-ICP-MS zircon U-Pb concordia diagram with representative zircon CL images for
the Wudaoliang diorites. The green and red circles denote the analytical spots for U-Pb
dating and Lu-Hf isotopes, respectively. The corresponding green and red numbers
represent 2°°Pb/233U ages and eHf(t) values, respectively.

to 87 mol% (Appendix 6; Fig. 2c and d). Amphiboles are mainly
magnesio-hornblende of the calcic-amphibole group according to the
nomenclature of Leake et al. (1997), but some are slightly altered and
show actinolite amphibole composition. The amphiboles have high
Mg# values ranging from 62 to 83 (Appendix 5). The dark-brown
micas are magnesio-biotite (Appendix 7) (Rieder et al., 1998), with
high Mg# values (44-52). Fe-Ti oxides are classified as titanomagnetite
or ilmenite.

3.3. Major and trace element compositions

The Wudaoliang diorites have SiO, contents ranging from 61.1 to
64.5 wt% (volatile-free) (Fig. 4). Compared with all of the Late Triassic
granitoids in the western HXSG complex, the Wudaoliang diorites are
characterized by high MgO contents (3.3-5.0 wt%) and Mg# values
(50-57), similar to estimates for the bulk continental crust at the
same SiO, content (Fig. 4a and b). The primitive mantle-normalized
trace-element distribution patterns of the Wudaoliang diorites are char-
acterized by the enrichment of large ion lithophile elements (LILEs) and
the depletion of high field strength elements (HFSEs, e.g., Nb, Ta, and Ti)
(Fig. 5a). On chondrite-normalized rare earth elements (REE) diagrams,
the Wudaoliang diorites show low LREE/HREE (L = Light, H = Heavy)
ratios (e.g., [La/Yb]y = 4.3-7.6) (Fig. 5b) and slightly negative Eu anom-
alies (Eu/Eu* = Eun/SQRT[Smy x Gdn] = 0.71-0.79) (Figs. 5a and 7c).
They also display flat HREE patterns with uniform Dy/Yb ratios ([Dy/
Yb]n = 1.1-1.2) similar to those of the bulk continental crust (Fig. 5b).

The location of the approximately contemporaneous primitive an-
desitic lavas (ca. 210 Ma) in the northern Malanshan area, northern
Hoh Xil area is shown for comparison on Fig. 1b. They are geochemically
similar to Cenozoic sanukitoids in the southwestern (SW) Japan Arc
(Wangetal,, 2011). It should be noted that the Malanshan primitive an-
desites have significantly higher LOI (loss on ignition) values (4.37 to
7.34 wt%) than the Wudaoliang diorites (Appendix 8), probably due to
higher degrees of alteration or low-grade metamorphism (Wang et al.,
2011), which may have changed the mobile element contents of the
Malanshan primitive andesites, including Ca, Na, K, and the LILEs (e.g.,
Rb and Cs), as well as the (37Sr/%%Sr); isotopic ratios. Thus, immobile el-
ements such as Mg, Fe, Ti, transition elements (e.g., Cr and Ni), HFSEs,
REEs, and Nd isotope compositions are used in the following compari-
son of the Wudaoliang diorites and Malanshan primitive andesites.

Compared with the Malanshan primitive andesites, the Wudaoliang
diorites have relatively evolved compositions with lower MgO and
higher SiO, contents. They have subparallel multielement variation pat-
terns showing high Th/La but relatively low La/Yb ratios (Fig. 5), but the
Malanshan primitive andesites have lower total REE contents and ex-
hibit negligible Eu anomalies. Nonetheless, it is apparent that the trace
element distribution patterns for both types of rocks are analogous to
those of sanukitoids from the SW Japan Arc while also strongly resem-
bling bulk continental crust (Fig. 5).

3.4. Sr-Nd-Hf isotope compositions

The Wudaoliang diorites have high initial 8’Sr/%°Sr isotopic ratios
(0.7081 to 0.7094) and low eNd(t) values (— 8.0 to —6.9), which over-
lap with those of the Late Triassic granitoids in the western HXSG com-
plex and modern marine sediments (Fig. 6a and b). However, their Sr-
Nd isotope compositions are different from those of the Late-Permian
mafic rocks and Neoproterozoic igneous and metamorphic rocks in
the eastern HXSG complex and western Yangtze Blocks, and Triassic
flysch sediments in the western HXSG complex (Fig. 6a and b). Addi-
tionally, the eNd(t) values of the Wudaoliang diorites are slightly higher
than those (—9.0 to — 7.9) of the Malanshan primitive andesites (Fig. 6a
and b). However, the latter is more isotopically enriched in terms of Sr,
most probably due to higher degrees of alteration or low-grade meta-
morphism during post-magmatic processes (see previous discussion
and Wang et al., 2011).
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Fig. 4. (a) Mg# versus SiO,. (b) MgO versus SiO,. (c) Ni versus SiO,. (d) Cr versus SiO,. The whole-rock major element compositions have been recalculated to 100% on an anhydrous basis.
The data for contemporaneous primitive andesites from the adjacent Malanshan area are shown for comparison (Wang et al., 2011). The field of metabasaltic and eclogite experimental
melts (1-4.0 Ga) is from Rapp and Watson (1995) and references therein. The data for the Cenozoic sanukitoids in the Setouchi volcanic belt, Japan, are from Shimoda et al. (1998), Tatsumi
(2001) and references therein. The estimates for the compositions of bulk continental crust (orange diamonds) are based on the compilations of Hacker et al. (2011) and Rudnick and Gao
(2003), including 13 bulk crustal estimates. The data for the Late Triassic magmatic rocks in the western HXSG complex are from Zhang et al. (2014).

Zircon Hf isotopic analyses were conducted on the same samples
that had been analyzed for U-Pb dating. Zircon Hf isotopic data from
the diorite sample are illustrated in Fig. 6¢ and d. The magmatic zircons
with ~214 Ma crystallization ages have initial 176Hf/!””Hf ratios of
0.282353 to 0.282497 and eHf(t) values ranging from —10.1 to —5.0
(Fig. 6d), which are similar to those of the Late Triassic granitoids in
the Hoh Xil area (Fig. 6¢).

300
(a) —— Wudaoliang diorites (this study)
—— Malanshan primitive andesites (Wang et al.,2011)
100 F Cenozoic sanukitoids in the Setouchi Volcanic Belt
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4. Discussion
4.1. Petrogenesis of the Wudaoliang diorites
4.1.1. The possibility of crustal anatexis

Intermediate to felsic magmas are often hypothesized to be formed
by partial melting of mafic lower crustal rocks, which are generally
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La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 5. Primitive mantle normalized trace element diagrams (a) and chondrite-normalized REE patterns (b) for the Wudaoliang diorites with the Malanshan primitive andesites plotted for
comparison. Chondrite and primitive mantle normalized values are from Sun and McDonough (1989). The average bulk continental crust composition is from Rudnick and Gao (2003).

Data sources of Cenozoic sanukitoids in the Setouchi volcanic belt are the same as in Fig. 4.
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Fig. 6. Sr-Nd-Hf isotopes. (a) eNd(t) versus (37Sr/3%Sr).. (b) eNd(t) versus Tpy. () Zircon eHf(t) values versus U-Pb ages (Ma). (d) Zircon eHf(t) values versus Th/U ratios measured for the
same zircons. The data for the Late Triassic granitoids in the eastern and western HXSG complex are from the same references as in Fig. 1. The fields for the Neoproterozoic igneous and
metamorphic rocks and the Late-Permian mafic rocks in the eastern HXSG complex and the western Yangtze Blocks are after Wang et al. (2008a). The data for the Triassic flysch sediments
in the western HXSG complex are from Zhang et al. (2012). The data for marine sediments are from Plank and Langmuir (1998).

underplated mantle-derived magmas (e.g., Annen et al., 2006).
However, the Wudaoliang diorites cannot be generated by this mecha-
nism, because they have higher MgO contents and Mg# values than ex-
perimental melts derived from metabasalt and eclogite (1-4.0 GPa)
(Fig. 4a and b) (e.g., Rapp and Watson, 1995 and references therein).
In fact, all samples also have significantly higher MgO, Ni, and Cr con-
tents than the contemporaneous crust-derived felsic rocks in the west-
ern HXSG complex (Fig. 4c and d) (Zhang et al., 2014). Moreover, some
samples contain early-crystallized clinopyroxenes that have very high
Cr contents (up to 2000 ppm) and Mg# (87) values (Appendix 4). The
Fe-Mg exchange coefficient between Cpx and melt (Kd“P¥/iauid — [Vg-
liquid » FecPX]/[MgPX x Fell@uid]) js only slightly dependent on tempera-
ture and has been determined to be around 0.27 + 0.05 (Putirka,
1999). When used to calculate Mg# values, it gives results up to ~63
for the magmas in equilibrium with these clinopyroxenes. This feature
also distinguishes the Wudaoliang diorite parental magmas from any
purely crust-derived magmas, i.e., their parental magmas are of mantle
origin. Finally, the enriched Sr-Nd isotope compositions of the
Wudaoliang diorites show no affinity to the exposed basement rocks
in the eastern HXSG and western Yangtze Blocks, further indicating
that they were not directly derived from the partial melting of mid-
dle-lower crustal rocks (Fig. 6a and b).

4.1.2. Intra-crustal differentiation products from primitive mantle-derived
magmas

While the parental magmas for the Wudaoliang diorites were of
mantle origin (as stated above), they were not derived from the normal
asthenosphere mantle that was isotopically depleted as recorded by
normal mid-ocean ridge basalts (MORB) (Hofmann, 1988), given their

continental crust-like trace element distribution patterns with enrich-
ment of LREEs and LILEs but depletion of HFSEs and enriched Sr-Nd-
Hfisotope compositions (Figs. 5 and 6). These geochemical features sug-
gest that their parental magmas were most likely derived from an
enriched mantle source metasomatized by recycled crustal materials.
Alternatively, the intra-crustal differentiation processes may have in-
corporated crustal components into the primitive mantle-derived
magmas during magma ascent and emplacement, mainly including
crustal contamination and/or magma mixing of primitive magmas
with crust-derived felsic magmas. Thus, determining the role of the
intra-crustal differentiation processes is fundamental to understanding
the petrogenesis of intermediate rocks (e.g., Reubi and Blundy, 2009;
Straub et al., 2008).

Although the Wudaoliang diorite samples contain a single zircon
xenocryst, their crustal contamination is considered to be insignificant
for the following reasons: (1) The Wudaoliang pluton intruded into
the Middle-Upper Triassic turbidites, which contain sandstones and
slightly metamorphosed slates (Zhang et al., 2012), and these turbidites
of the western HXSG complex have distinctly lower eNd(t) (—11.4 to
—14.3) and Nb/La ratios (0.24 to 0.32) but higher SiO, contents (69.8
to 78.7 wt%) than the Wudaoliang diorites (Zhang et al., 2012). Thus,
the products of crustal contamination should exhibit negative correla-
tions between Nb/La and SiO,, and positive correlations between
eNd(t) and Nb/La. However, the Wudaoliang diorites show a nearly hor-
izontal trend on a plot of Nb/La versus SiO- (Fig. 7b), but a weakly neg-
ative correlation on a eNd(t) versus Nb/La plot (Fig. 7a); and (2) The
analyzed samples have relatively homogeneous whole-rock Nd isotopic
compositions (eNd[t] = — 8.0 to —6.9) (Fig. 6a), contrary to what is ex-
pected from crustal assimilation, which would generally yield variable
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Nd isotopic compositions. Kemp et al. (2007) proposed that a decrease
in the eHf(t),icon With decreasing Th/U ratios of zircons reflects the pro-
gressive addition of an unradiogenic crustal component to a magma
chamber. Thus, the nearly horizontal trend between €Hf(t)ircon and
Th/U suggests that the Hf isotopic variation (—10.1 to —5.0) in zircons
does not result from crustal contamination (Fig. 6d), but from source
heterogeneity, because zircon grains are more capable of recording
small heterogeneities than whole rocks.

Magma mixing of primitive mantle-derived magmas with crust-de-
rived felsic magmas also cannot account for the genesis of the
Wudaoliang diorites. First, magma-mixing processes is commonly ac-
companied by oscillatory or reverse zoning of early crystallizing phases
such as plagioclase (e.g., Janou3ek et al., 2004); however, the plagio-
clases only display simple normal zoning (Fig. 2d). Second, as discussed
below, the Wudaoliang diorites show curved chemical trends on a plot

of TiO, versus SiO, with a peak in TiO, concentration (Fig. 8b) immedi-
ately before the onset of the fractionation of Ti-bearing minerals. This
trend contrasts with the linear chemical trends in element-element
space produced by physical magma mixing between two compositional
endmembers. In addition, no MMEs had been discovered in the
Wudaoliang pluton, implying that magma mixing is unlikely to have
played an important role in the genesis of the Wudaoliang diorites.

In summary, the parental magmas for the Wudaoliang diorites were
insignificantly influenced by crustal contamination during magma as-
cent and emplacement. Thus, the crustal components evident in their
geochemical characteristics must have been present in the mantle
source. Considering the tectonic framework of the Late Triassic subduc-
tion of the Paleo-Tethys Ocean beneath the western HXSG complex (see
discussion in Section 4.2) (Liu and Xia, 2015; Zhang et al., 2014), we
suggest that such a mantle source was generated in a sub-arc mantle
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wedge modified by subducted sediment-derived hydrous melts, mainly
based on the following evidence. Mantle-derived arc magmas with dis-
tinctly enriched Hf isotope compositions generally imply a sub-arc man-
tle wedge enriched by subducted sediment-derived silicate melts (e.g.,
Woodhead et al., 2001), given that HFSEs (e.g., Hf) are insoluble in aque-
ous fluids but relatively mobile in silicate melts. This scenario may be
applicable to the Wudaoliang samples with markedly negative zircon
eHf(t) values (Fig. 6¢c-d). Similarly, enrichments in fluid-immobile Th
relative to LREE (e.g., Th/Nd) as well as Nd isotope compositions are at-
tributed to a partial melting of subducted sediment (Johnson and Plank,
1999; Kelemen et al., 2003). Thus, the high Th/Nd ratios of the
Wudaoliang diorites indicate the presence of subducted sediment-de-
rived partial melts in the mantle source (Fig. 7f). Moreover, the
Woudaoliang diorites have REE and trace element distribution patterns
showing high Th/La but relatively low La/Yb ratios, similar to the Ceno-
zoic sanukitoids in the SW Japan Arc (Fig. 5), which are considered to
have been generated by the interaction of subducted oceanic sedi-
ment-derived melts and mantle peridotites (Shimoda et al., 1998;
Tatsumi, 2001).

Most or all primitive arc magmas passing from the mantle into the
arc crust are in Fe/Mg exchange equilibrium with mantle olivine
(Jagoutz and Kelemen, 2015), and hence a primitive mantle-derived
magma should have high Mg# (>70) values (Wilson, 1989). While
slab-derived melts may consume olivine in the mantle wedge and pro-
duce orthopyroxene, the primitive arc magmas in equilibrium with oliv-
ine-poor pyroxenites would still have high melt Mg# (>60) (e.g., Straub
et al,, 2008). In contrast, the Wudaoliang diorites have average Mg# of
53, similar to that of the bulk continental crust, which is too low to be
in equilibrium with the ultramafic mantle rocks (Kelemen, 1995). The
presence of interstitial quartz grains in some samples further confirms
this conclusion. As mentioned above, the calculated Mg# values of the
parental magmas in equilibrium with early-stage crystallized
clinopyroxenes are inferred to be up to 63, suggesting that the parental
magmas of the Wudaoliang diorites could be primitive magmas in near
equilibrium with ultramafic mantle rocks. Thus, intra-crustal differenti-
ation from such parental magmas is responsible for the genesis of
Waudaoliang diorites.

Considering an insignificant dilution by crustal materials during
magma ascent and emplacement (see discussion above), a fractional
crystallization process in a closed system is probably responsible for
the chemical variations in the Wudaoliang diorites, as is further corrob-
orated by the following observations. First, on the La/Sm versus La dia-
gram (Fig. 7d), all the Wudaoliang diorites fall along the fractional
crystallization trend, showing relatively constant La/Sm but variable
La contents. Second, the Wudaoliang diorites are characterized by sig-
nificant negative Eu and Sr anomalies (Fig. 5), indicating that their pa-
rental magmas may have experienced some degrees of fractional
crystallization of plagioclase, supported by the large plagioclase crystals
(>1 cm) (Fig. 2c). Third, the negative correlations between MgO, Cr and
SiO, (Fig. 4b, d), combined with the relatively narrow range of Ni con-
tents (Fig. 4c), point to pyroxene-dominated fractionation without the
involvement of olivine, which controls the within-suite variation for
the Wudaoliang diorites. This is also consistent with a large variation
of Mg# values (66-86) of the clinopyroxenes (Appendix 4). Finally,
the transition from increasing to decreasing TiO, with increasing SiO,
can be explained by fractionation of Ti-bearing minerals (e.g., Ti-bearing
amphiboles or Fe-Ti oxides) (Fig. 8b). The almost horizontal correla-
tions between Dy/Yb ratios and SiO, contents (Fig. 7e) indicate that
Fe-Ti oxides, rather than amphiboles, were responsible for the within-
suite variation in TiO, contents.

4.1.3. Nature of the parental magma: primitive andesite or basalt?
Previous studies have indicated the existence of primitive andesitic
as well as basaltic magmas passing from the mantle into the crust be-
neath arcs (Kelemen et al, 2014 and references therein), both of
which could be candidates for the parental magmas of the Wudaoliang
diorites. However, we suggest that primitive andesite is the most suit-
able candidate based on the good agreement between the experimental
and modeled liquid lines of descent (LLD) of primitive andesites and the
analyzed diorites and the mismatch between those of primitive basalts
and diorites (see discussion below) (Fig. 8). The modeled LLD were ob-
tained by using the Rhyolite-MELTS thermodynamic program, which is
optimized for silica-rich, fluid-bearing magmatic systems (Gualda et al.,
2012). Considering that the contents of mobile elements in the


Image of Fig. 8

356 J. Wang et al. / Lithos 300-301 (2018) 348-360

Malanshan primitive andesites, such as Ca, Na and K, have been changed
due to varying degrees of alteration, we assumed two starting composi-
tions equivalent to the globally average primitive arc andesite and ba-
salt compiled by Kelemen et al. (2014). The modeling was carried out
at pressures of 2 kbar with bulk H,0 of 3 wt% and 2 wt% for primitive an-
desite and basalt, respectively, given that the former may contain more
H,0 than the latter (Grove et al., 2012). The modeled LLD are compara-
ble to those from previous experimental data (Fig. 8).

It has previously been shown that the tholeiitic trend, which is char-
acterized by early iron enrichment and only modest increases in silica
content, can be reproduced experimentally at low pressure (1 atm)
and anhydrous (or low H,0) conditions (e.g., Juster et al., 1989).
Under such conditions, dry basaltic magmas differentiate dominantly
via crystallization of plagioclase with reduced proportions of Fe-Mg sil-
icates, and the oxides only appear at late stages and low temperatures.
Thus, it is apparent that among tholeiitic liquid series, lavas with SiO,
contents similar to those of the Wudaoliang diorites generally have
markedly high FeO*/MgO (where FeO* is total iron as FeO) ratios (~4)
but low Mg# (<30) values (Fig. 8a) (Kelemen, 1995). Therefore, anhy-
drous basaltic magmas cannot act as the parental magmas of the
Wudaoliang diorites. In contrast, elevated concentrations of dissolved
H,0 (generally >2 wt%) can promote calc-alkaline differentiation of ox-
idized basalts by lowering the crystallization temperatures of silicates
more than those of Fe-Ti oxides, causing early iron depletion and silica
enrichment of derivative liquids (e.g., Grove et al., 2003; Hamada and
Fujii, 2008; Pichavant and Macdonald, 2007; Sisson and Grove, 1993).
Most of the experimentally produced liquids define trajectories of
FeO*/MgO versus SiO, extending along the tholeiitic—calc-alkaline di-
viding line (Fig. 8a), showing an increase in FeO*/MgO with increasing
SiO,. Consequently, very few differentiated liquids with SiO, contents
>54 wt% have Mg# values higher than 40, in accord with the observa-
tions of Kelemen (1995). Some recent experiments (e.g., Blatter et al.,
2013; Nandedkar et al., 2014), under conditions of relatively high oxy-
gen fugacities (fO,) (e.g., ~Ni-NiO + 2), produced evolved liquids with
SiO, > ~53 wt% that pass from the tholeiitic—calc-alkaline dividing line
to plot deep into the calc-alkaline field, exhibiting only a limited in-
crease in FeO*/MgO with markedly increasing SiO, (Fig. 8a). This
strongly calc-alkaline differentiation trend seems to imply that the
Wudaoliang dioritic samples with high Mg# (~50) values could be pro-
duced by extreme fractional crystallization from an oxidized, hydrous
basaltic parent. However, the formation of high Mg# calc-alkaline an-
desites by this mechanism requires earlier and more abundant crystal-
lization of Fe-Ti oxides at relatively low SiO, (<~53 wt%) contents
(Blatter et al., 2013), as implied by the peak in TiO, contents of differen-
tiated liquids appearing at SiO, of ~53 wt% (Fig. 8b). This also explains
why the slope of the differentiation trends of basaltic magmas on the
FeO*/MgO vs. SiO, diagram shallows markedly at relatively low SiO,
(<~53 wt%) contents (Fig. 8a). In contrast, for crystallization sequence
in the Wudaoliang diorites, Fe-Ti oxides start to join the liquidus assem-
blage at higher SiO, (~62 wt%) contents, as evidenced by the above-
mentioned inflection points of differentiation trends on the FeO*/MgO
ratios and TiO, vs. SiO, diagrams appearing at SiO, contents of
~62 wt% (Fig. 8).

Previous workers (e.g., Grove et al., 2003; Miintener et al., 2001;
Tatsumi et al., 2006) have determined the phase relations and LLD of
primitive andesites from the Mt. Shasta region and the Setouchi volca-
nic belt in the SW Japan Arc. Their results showed that the liquid differ-
entiation paths followed by primitive andesitic magmas were parallel to
those of hydrous basaltic melts (Fig. 8a). However, the former begins at
a higher value of SiO, and the inflection points of differentiation trends
on the FeO*/MgO ratios and TiO; vs. SiO, diagrams also appear at higher
Si0, (~62 wt%) contents (Fig. 8). Similarly, the chemical variation
trends in the Wudaoliang diorites show these inflection points
appearing at relatively high SiO, (~62 wt%) contents, possibly reflecting
similar mineral phases and proportions in the crystallizing assemblage.
Moreover, the peak concentrations of TiO, in the Wudaoliang diorites

are significantly lower than those of the evolved liquids from hydrous
basalts (Fig. 8b), consistent with the experimental conclusion that
lower TiO, concentration is required for Ti-bearing oxide saturation in
SiO,-richer liquids (Ryerson and Watson, 1987). Accordingly, experi-
mental and modeled LLD of primitive andesitic magma, rather than
that of primitive basaltic magma, better reproduce the chemical varia-
tion trends observed within the Wudaoliang dioritic rocks in the FeO*/
MgO and TiO,, vs. SiO, diagrams (Fig. 8).

More specifically, we suggest that the Wudaoliang diorites were
likely generated by fractional crystallization from a primitive andesitic
parent geochemically similar to that from the adjacent Malanshan
area of northern Tibet as discussed below.

(1) Geochronology studies reveal that the eruption age of the
Malanshan primitive andesites is 210.4 + 1.9 Ma (Wang et al.,
2011), which is similar to the crystallization age (214.6 +
1.4 Ma) of the Wudaoliang diorites, considering the range of an-
alytical error, and implying a possible petrogenetic link.

(2) The Wudaoliang diorites and the Malanshan primitive andesites
with lowest SiO, contents show geochemical differentiation
trends in their major element diagrams (Fig. 8), in accord with
the LLD of hydrous primitive andesites from the experimental
studies. It should be noted that the within-suite compositional
variation in the Malanshan primitive andesites was not mainly
caused by shallow-level fractional crystallization but mantle
source heterogeneity or varying degrees of partial melting. This
is because the almost horizontal correlation between SiO, and
Mg# values (Fig. 4a) cannot have resulted from fractional crystal-
lization of mafic minerals. Thus, the parental magmas of the
Wudaoliang diorites were most likely represented by the mem-
ber with the lowest SiO, content among the Malanshan primitive
andesites.

(3) The compositional trends for both types of rocks fall along the
fractional crystallization trend on the La/Sm vs. La diagram (Fig.
7d). Moreover, the Malanshan primitive andesites with lowest
SiO, contents have significantly higher Eu/Eu* ratios (Fig. 7c),
MgO, Ni, and Cr contents (Fig. 4b-d) than the Wudaoliang dio-
rites, implying that differentiation between them may have re-
sulted from fractional crystallization of olivine, pyroxene, and
plagioclase. This mineral assemblage was also found in previous
experimental results (e.g., Grove et al., 2003; Tatsumi et al.,
2006), possibly reflecting similar experimental conditions and
starting material compositions. The experimental pressure
(~2 kbar) is within the estimated crystallization pressure range
(0.8 to 2.5 kbar) (Appendix 5) for the Wudaoliang dioritic rocks
based on the Al-in-hornblende barometry of Schmidt (1992),
which also supports this conclusion.

(4) As discussed in Section 4.1.2, the Wudaoliang diorites with high
Th/La but relatively low La/Yb ratios were most likely derived
from an enriched mantle source that had incorporated subducted
sediment-derived melts, in coincidence with the features of
mantle sources for the Malanshan primitive andesites (Wang et
al., 2011). However, the mantle source of the Wudaoliang
diorites probably contained a smaller subducted sediment com-
ponent than that of the Malanshan primitive andesites, consider-
ing that the former has slightly higher eNd(t) values than the
latter (Fig. 6a).

4.2. Tectonic setting of the Late Triassic magmatism in the western HXSG
complex

The tectonic environment and petrogenesis of the extensive Late Tri-
assic felsic magmatic rocks in the HXSG complex remain the subjects of
intense debate. Most previous studies were concentrated on the eastern
part of the HXSG complex (Fig. 1b). The association of A-type granite
(211 Ma) with adakitic granitoids (224-216 Ma) in the eastern HXSG



J. Wang et al. / Lithos 300-301 (2018) 348-360 357

complex was thought to have resulted from Triassic lithospheric delam-
ination after crustal thickening due to convergence between the SCB,
NCB, and North Tibet continental blocks (Xiao et al., 2007; Zhang et
al., 2006, 2007). Recently, based on the Triassic intrusive rocks (224-
205 Ma) in the eastern HXSG complex, Yuan et al. (2010) proposed
that the Songpan-Ganzi basin, in which the HXSG turbidites were de-
posited, was similar to a foreland basin formed in response to an arc-
continental collision and the resultant flexure and fracturing of the
western SCB lithosphere. The two models above imply that the base-
ment of the eastern HXSG complex could have been a continental pen-
insula into the Paleo-Tethys Ocean from the SCB.

In contrast to the eastern part of the basin, the western part contains
no old (e.g., Neoproterozoic) metamorphic basement rocks with South
China affinity. The isotopic compositions of the Late Triassic granitoids
in the western HXSG complex are also different from those of contem-
poraneous granitoids in the eastern HXSG complex (Fig. 6a). Moreover,
the closure of the Paleo-Tethys Ocean and the subsequent continent-
continent collisions may have been diachronous along strike and
younged westward, as stated above. That is, the continuation of marine
deposition in the western HXSG complex into the Middle Jurassic sug-
gests that the narrow western part of the Paleo-Tethys Ocean survived
until this time (Ding et al., 2013). Therefore, models developed based
on the eastern HXSG studies may not have fully characterized the coeval
evolution of the western HXSG complex. Recently, Wang et al. (2011)
suggested that the Late Triassic primitive andesites of northern Hoh
Xil were generated in a Kunlun fore-arc setting. In addition, Zhang et
al. (2014) proposed that the Late Triassic granitoids in the western
HXSG complex were generated by partial melting of overlying conti-
nental arc fragments which were initially rifted from the Kunlun arc
due to back-arc extension. Meanwhile, deep marine gravity flow de-
posits that temporally overlap magmatism were accumulated in the
rapidly expanding Mediterranean-style back-arc basin in response to
rollback of the subducting Paleo-Tethys oceanic slab (Ding et al., 2013;
Pullen et al., 2008). Thus, strong attenuation of the Kunlun continental
arc crust followed by possible seafloor spreading due to back-arc exten-
sion also provides sufficient accommodation space for the vast flysch
sediments, implying that coeval arc magmas may be underlain by thin
continental crust or even juvenile oceanic crust (Pullen et al., 2008). Ac-
cording to the hypothesis proposed by Tamura et al. (2016), primitive
arc andesites are commonly produced in shallow and hydrous mantle
(<20 km) melting, which is consistent with data from the Izu-
Ogasawara (Bonin) and Aleutian oceanic arcs. In contrast, volcanoes
on thicker arc crust will tend to produce more basaltic magmas and can-
not produce primitive andesites because of primitive magmas in equi-
librium with mantle peridotite at higher pressures. Similarly, the lack
of Late Triassic arc basaltic rocks reported in the HXSG complex and
the presence of primitive andesites and their differentiated products
on thin arc crust coincide with the above hypothesis. Therefore, we
also suggest that the extensive Late Triassic magmatism in the western
HXSG complex, including the Wudaoliang diorites, should be attributed
to the northward subduction of the Paleo-Tethyan Ocean, although
questions remain as to whether the development of the back-arc
basin and the coeval arc magmatism were related to the northward sub-
duction of the Anyimagen-Kunlun-Muztagh Ocean (Zhang et al., 2014)
or Jinshajiang Ocean (Liu and Xia, 2015; Zhang et al., 2008) (Fig. 1b).

4.3, Insights into the origin of the high-Mg# andesitic signature of continen-
tal crust

Along-standing theory for the genesis of continental crust is that it is
formed in subduction zones because andesitic rocks (particularly high-
Mg# andesites [Mg# > 45]) as well as their plutonic equivalents found
in subduction-related volcanic arcs have geochemical compositions
similar to the continental crust (Kelemen, 1995). As mentioned earlier,
three explanations have been offered for the genesis of high-Mg# an-
desitic rocks in the arcs (Jagoutz and Kelemen, 2015). These include

fractional crystallization of a relatively low-Si, high-Fe mineral assem-
blage, rich in Fe-Ti oxides and/or amphibole from primitive basalt
with high H,0 content and fO,; mixing of basaltic magma with evolved
granitic magma; and/or fractional crystallization of primitive andesitic
magma. Despite our results, it is still unclear whether the fractional
crystallization of primitive andesitic magmas occurs commonly in the
arc crust, in addition to the first and second processes. Therefore, we
present a compilation of >24,670 analyses of volcanic rocks from the
circum-Pacific region, representing both continental and oceanic arc
magmas. The raw data in this study are primarily extracted from a glob-
al dataset of whole rock chemical analyses used in Turner and Langmuir
(2015), which was obtained by carefully compiling and screening data
of arc front stratovolcano samples younger than 200 ka from the
GEOROC database (http://georoc.mpch-mainz.gwdg.de/georoc/).
Moreover, we also show in detail the compositions of arc lavas from
the well-studied Aleutian subduction zone to further support our con-
clusions. The main purpose is to highlight the systematics of Mg# and
SiO, contents in the arc lavas that must be accounted for by processes
occurring in the mantle source and overlying arc crust.

On the abundance density contour plot of Mg# vs. SiO, for >24,670
arc lavas from the circum-Pacific region, the three peaks in the abun-
dance density contours show that the most commonly analyzed rocks
have compositions of ~53 wt% SiO, with a Mg# of ~52, ~60 wt% SiO,
with a Mg# of ~50, and ~61 wt% SiO, with a Mg# of ~41 (Fig. 9a). It is
noteworthy that a number of arc lavas with SiO, contents >54 wt%
have Mg# values higher than 50, closely resembling the bulk continen-
tal crust with the composition of high-Mg# andesite (Hacker et al.,
2011; Rudnick and Gao, 2003). As mentioned above, recent experimen-
tal results (e.g., Blatter et al., 2013; Nandedkar et al., 2014) indicated
that evolved andesitic liquids with high Mg# values reaching a maxi-
mum of 50 could be generated by fractionation of primitive basaltic par-
ents with relatively high fO, of ~Ni-NiO + 2 buffer (Fig. 8). However, the
fO, in those experiments probably approximates an upper bound on the
fO5 of arc magmas which is generally estimated to range from Ni-NiO to
Ni-NiO + 2 buffer (Carmichael, 1991; Parkinson and Arculus, 1999).
Therefore, it is difficult to generate large quantities of andesitic rocks
with Mg# values higher than 50 in the dataset of arc lavas solely by frac-
tionation of hydrous basaltic magmas, even with the highest fO, of arc
magmas (Fig. 9a). Instead, we suggest that crystal fractionation of prim-
itive andesites is the dominant process in generating intermediate
magmas with Mg# values higher than 50, as is the case for the
Wudaoliang diorites from this study. On the basis of the natural arc
trend for Mg# versus SiO,, magma mixing played only a subordinate
role: (1) magma mixing between primitive basaltic magma (Mg#
>60) and evolved rhyolitic magma could produce andesites with mark-
edly higher Mg# (>50), but this mixing process will also lead to the for-
mation of dacitic to rhyolitic (>63 wt% SiO,) melts with higher Mg#
than natural arc lavas at a given level of SiO, content (Fig. 9a). This is be-
cause the Mg# values of mixed magmas are dominantly controlled by
the basic endmember (i.e., primitive basalt) that has MgO and FeO con-
tents much higher than the acid endmember. (2) Mass balance consid-
erations require that magma mixing involves roughly equal volumes of
basalt and rhyolite, followed by efficient mixing to generate high-Mg#
andesites. However, our compiled dataset (Fig. 9a), as well as other pub-
lished arc rock datasets (e.g., Lee and Bachmann, 2014), show that the
volume of exposed rhyolites is less than that of basalts. In addition, it
also remains unclear whether a magma mixing process involving
roughly equal volumes of basalt and rhyolite would be efficient, because
mafic magmas with higher solidus and liquidus temperatures are likely
to solidify upon contact with felsic melts, decreasing the efficiency of
such mixing (Sparks and Marshall, 1986). Similarly, recent studies
show that the mixing of mafic enclaves into felsic host plutons may be
rate-limited by chemical reactions between the enclave and host pluton
(Farner et al., 2014). (3) In the Aleutian case specifically, the experimen-
tal LLD for primitive andesites and basalts replicate key features of the
Mg# versus SiO, arc lava array. For these natural Aleutian lavas, the
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Fig. 9. (a) Abundance density contour plot of Mg# (=molar 100 x Mg/[Mg + Feua]) versus SiO, (wt%) for >24,670 arc lavas from the circum-Pacific region, representing both continental
and oceanic arc magmas (Data from the GEOROC database). Dashed contours give the abundance density (%) of compositions plotting within each 3.6 Mg# x 1.4 wt% SiO, cells and hence
the darker area has a higher density. For example, within the 1.2% abundance density contour, there were >296 samples within each cell, whereas within the 0.2% abundance density
contour, there were only 49 samples within each cell. Note that a number of arc lavas with SiO, > 54 wt% have Mg# > 50, closely resembling bulk continental crust with the
composition of high-Mg# andesite. Also shown for comparison are the experimental liquid lines of descent (LLD) of primitive andesitic melts (red lines) and basaltic melts (blue
lines). Data sources of the experiments are the same as in Fig. 8. Two mixing curves are shown as the green lines with ticks on them that link up the end members at 10% intervals.
The two corresponding mafic endmembers are represented by the average primitive arc basalt (green filled star) (Kelemen et al., 2014) and relatively evolved basalt (green open star)
formed by 10% olivine crystallization from the former. The common felsic endmember is represented by the average composition of evolved experimental liquids (open triangles)
with >70 wt% SiO, produced by Sisson et al. (2005). (b) Relationship between SiO, and Mg# for Aleutian arc lavas. Most of data are compiled by Kelemen et al. (2003) and the
remaining data published subsequently are from the GEOROC database. Data sources of the estimates for the compositions of bulk continental crust (orange diamonds) are the same

as in Fig. 4. Also shown are the data for the Wudaoliang diorites (red open circles).

SiO, contents of all analyzed samples with Mg# > 50 display a signifi-
cant gap (Fig. 9b; see also Fig. 10 in Kelemen et al., 2003), implying
that high-Mg# andesites in the Aleutian arc cannot be derived from ba-
salts by fractional crystallization, or by progressive mixing of silicic
magmas or crustal materials into mafic magmas. This is also consistent
with trace-element evidence presented by Kelemen et al. (2014). None-
theless, it should be noted that most other intermediate arc lavas with
Mg# < 50 may be mainly derived from basaltic magmas by crystal frac-
tionation (e.g., Lee and Bachmann, 2014), possibly with a secondary role
for crustal contamination and/or magma mixing.

Primitive andesites may contain more H,O than primitive basalts
(Grove et al., 2012). If so, they will become H,0 saturated and degas
at mid-crustal depths. As a result of degassing, these magmas will un-
dergo rapid crystal fractionation. Thus, as shown in Fig. 9a, the paucity
of primitive andesites relative to primitive basalts would also imply
that most of them have already differentiated into evolved andesites
and dacites, as evidenced by the relative abundance of high-Mg# andes-
itic arc lavas (Fig. 9a). Also, degassing together with higher SiO, con-
tents of primitive andesites and their evolved products compared to
basalts may lead to an increase in viscosity, implying that they may be
preferentially emplaced as intrusive silicic plutonic rocks in the crust
rather than being erupted (Kelemen, 1995). For the above reasons, we
believe crystal fractionation of primitive andesites to be the dominant
intra-crustal process for directly generating high-Mg# andesites similar
to the continental crust, while both crystal fractionation from primitive
basalts and magma mixing only played secondary roles. In the case of
the origin of the high-Mg# andesitic signature of continental crust, an
additional mechanism, such as delamination, is still required to remove
the associated dense cumulates (Arndt and Goldstein, 1989; Kay and
Kay, 1993; Rudnick, 1995). This process could readily change the Mg#
of the crust from a value of ~70, typical for primitive melts in equilibri-
um with mantle olivine, to the value of ~50 estimated for the bulk con-
tinental crust.

In summary, the high-Mg# andesitic nature of continental crust can
in part be explained by crystal fractionation from a primitive arc andesite
composition, followed by delamination of the corresponding cumulates.
Our conclusions do not rule out other mechanisms playing a certain role

in generating the high-Mg# andesitic signature of continental crust, such
as simple mechanical juxtaposition of unrelated solid basalts and gran-
ites. This mechanism, however, does not account for the presence of a
number of high-Mg# andesitic arc lavas and mid-crustal plutons with
high-Mg# andesite compositions in the tectonically exposed arc crustal
section (Jagoutz and Kelemen, 2015). Considering that most of the
growth of continental crust may well have occurred before or during
the Archean (e.g., Dhuime et al., 2012) and that sanukitoids with high
Mg# andesitic compositions form a recognizable part of the Archean
rocks (Smithies and Champion, 2000), additional work is needed to as-
sess whether primitive andesites dominate mantle-derived (primary)
magmas in the early Earth (e.g., Tamura et al,, 2016).

5. Conclusions

The Wudaoliang diorites from the Hoh Xil area in the western HXSG
complex were emplaced in the Late Triassic (214.6 4 1.4 Ma). The inves-
tigated diorites have major and trace element compositions that closely
resemble those of the bulk continental crust. In combination with pub-
lished data on high-temperature crystallization experiments, we suggest
that these diorites were generated by fractional crystallization of olivine,
pyroxene, and plagioclase, with minor Fe-Ti oxides from a primitive an-
desitic parent geochemically similar to that from the adjacent Malanshan
area of northern Tibet, rather than a primitive basaltic parent. Further-
more, we present a compilation of >24,670 analyses of volcanic rocks
younger than 200 ka from the circum-Pacific region, representing con-
vergent margin (arc) magmas. The Mg# versus SiO, array for natural
arc magmas shows that fractional crystallization of primitive andesites
commonly occurs in the arc crust. Thus, we emphasize that fractional
crystallization of primitive andesitic magmas in the arc crust may have
played an important role in producing the high-Mg# signature of inter-
mediate magmas comprising the continental crust.
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