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Petrological  and  isotope-geochemical  studies  of  magmatic  rocks  are  a  necessary  part  of  most  tectonic  and  metallo‐
genic  reconstructions,  in  particular,  in  orogenic  belts  formed at  active  margins  of  cratonic  blocks  that  experienced
long-term and  tectonically  complicated  evolution.  Magmatic  complexes  exposed  at  the  western  margin  of  the  Yangtze
Block  have  been  studied  by  many  research  groups;  however,  their  petrogenesis  and  tectonic  origins  remain  not  fully
understood  and  debatable  that  limits  the  validity  of  this  or  that  tectonic  model.  In  this  paper,  we  present  first  U-Pb
ages,  whole-rock  geochemical  and  Sm-Nd and  Hf-in-zircon  isotope  data  from gabbroids  and  diorites  exposed  in  the
Tianquan  area  of  the  Longmenshan  orogenic  belt  in  an  attempt  to  provide  more  details  on  their  petrogenesis,  mantle
sources,  and  tectonic  origin.  The rocks  are  calc-alkaline  gabbro,  gabbro-diorite,  and  hornblende  diorite.  There  are  several
compositionally  distinct  groups:  Group  1  gabbro  and  diorites,  Group  2  gabbros,  Group  3  diorites,  high-Ti  gabbro,  and
monzo-gabbro.  Group 1  gabbro  (816  Ma)  is  less  enriched  in  LREE and  has  less  differentiated  heavy  REE compared  to
Group 2  gabbros,  monzo-gabbro  (796  Ma),  and  high-Ti  gabbro  (790  Ma).  All  rocks  are  characterized  by  positive  εNd(t)
and  εHf(t).  Group  1  gabbros  and  high-Ti  gabbro  were  derived  by  high-degree  partial  melting  of  depleted  harzburgite
and  spinel  lherzolite  with  participation  of  subduction-related  fluids.  Group  1  gabbros  experienced  10%–80% fractionation
of  olivine  and  clinopyroxene  to  produce  Group 1  diorites  (813  and  804  Ma).  Group  2  gabbros  were  derived  by
low-degree  melting  of  an  enriched  mantle  source  affected  by  slab-derived  melts.  Group  3  diorites  (808  Ma)  formed with
involvement  of  subducted  sediments.  The monzo-gabbro  is  similar  to  OIB  and  formed by  a  low-degree  melted  garnet
lherzolite.  Our  data  confirm the  continuous  Neoproterozoic  magmatism in  western  Yangtze.  The 860–800  Ma stage  of
supra-subduction  magmatism was  followed  by  a  stage  of  back-arc  rifting  at  ca.  796  Ma.

1. INTRODUCTION
The petrogenesis, mantle sources, and tectonic nature
of magmatic rocks composing orogenic belts worldwide
represent a necessary basis of tectonic reconstructions
and metallogenic prognoses. Intracontinental orogenic belts

once formed at active margins in a wide sense (intra-oce‐
anic and continental) of ancient cratonic blocks and/or
during oceanic suturing and closure typically include
magmatic complexes of various origins: oceanic, supra-sub‐
duction, rifting-related, and so on. The tectonic juxtaposi‐
tion of such complexes in orogenic belts disturbs or hides
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their initial relationships and, therefore, impedes robust
evaluation of the timing and tectonic settings of their
emplacement. In addition to the high-precision geochrono‐
logical dating, which is indeed of crucial importance for
tectonic modeling, petrological and isotope-geochemical
studies of magmatic rocks also represent a necessary part
of tectonic and metallogenic reconstructions. Such studies
help to understand better the conditions of derivation of
parental magmas (depth, temperature, degree of partial
melting) and their further evolution (fractional crystalliza‐
tion, contamination, mixing, assimilation). Understanding
the details of the petrogenesis of magmatic rocks hosted
by orogenic belts is necessary for reconstructing both
tectonic settings and lithospheric structures. The conditions
of petrogenesis are of particular value for orogenic belts
that experienced long-term and tectonically complicated
evolution.

The orogenic belts surrounding the South China Craton
(SCC), in particular, the Yangtze continental block (Figure
1(a)), which formed by Neoproterozoic to early Paleozoic
collisions between South China, North China, Australia,
India, and Indochina [1–4]. These belts often include
magmatic complexes formed in ancient oceanic realms once
separating those continents or emplaced at their active
margins, in continental or intra-oceanic arc or extensional
settings. The northern, northwestern, and western margins
of the Yangtze Block are composed of numerous mafic to
granitic plutonic rocks and, to a lesser extent, volcanogenic-
sedimentary units [5–11].

The western margin of the Yangtze Block is extended
from Hannan in the north to Panzhihua in the south and is
characterized by a large amount of discontinuous outcrops
of Neoproterozoic plutonic complexes and volcano-sedi‐
mentary sequences (Figure 1(a)). Some researchers call
those complexes a Panxi-Hannan arc [8, 11]. During the
past two decades, those intrusions of gabbroids to gran‐
itoids have been studied by several research teams, which
obtained a large amount of geochronological data indicating
their emplacement during a period from 890 to 740 Ma and
related tectonic models [e.g. 2, 7, 9, 12–15]. The review
made by Zhao et al. advocates that the Neoproterozoic
magmatic complexes formed in subduction- and rift-related
tectonic settings [11]. However, the northwestern margin
of the Yangtze Block remains less studied compared to the
northern and western ones, and therefore, the origin and
tectonic settings of its hosted magmatic complexes remain
not fully understood.

The Tianquan County, our study area, geologically
belongs to the Longmenshan orogenic belt, which is located
at the northwestern margin of the Yangtze Block separat‐
ing it from the Songpan-Ganze turbidite basin (Figures
1(a) and 1(b)). Although the main thrust structure of the
Longmenshan Belt was formed in Mesozoic time [16, 17],
its basement is dominated by Neoproterozoic composition‐
ally mafic to intermediate magmatic complexes [8, 18, 19].
We performed a detailed study of their relationships in
the field, the timing of their emplacement (U-Pb zircon
ages), petrography, whole-rock geochemistry (major oxides
and trace elements), and isotopes (whole-rock Sm-Nd and

Hf-in-zircon systematics) in order to identify the age and
nature of magmatic complexes, to define mantle sources
and track crystallization paths of their parental magmas
and, finally, to understand their relationships in space and
time in terms of both, petrology and tectonics.

2. GEOLOGICAL SETTING
The study area is located in the Tianquan County, Ya’an
City, Sichuan Province, at the junction zone between the
western part of the Sichuan Basin and the Songpan-Ganze
basin, close to the NE-striking Xianshuihe fault extended
along the eastern margin of the Tibetan Plateau and
the southwestern Longmenshan orogenic belt (Figure 1).
The Longmenshan orogenic belt is extended along the
northwestern margin of the Yangtze Block (Figures 1(a)
and 1(b)), which is a major part of the SCC. The SCC
is bounded by the Qinling-Dabie orogenic belt to the
north, Longmenshan orogenic belt from the northwest, and
Ailaoshan-Songma suture from the southwest. In the east,
the SCC meets the Pacific Plate. The Qinling-Dabie and
Longmenshan orogenic belts separate the SCC from the
North China Craton and Songpan-Ganze turbidite basin,
respectively. The Ailaoshan-Songma suture separates the
SCC from the Indochina Block (Figure 1(a)). The SCC
formed by the amalgamation of the Yangtze and Cathay‐
sia blocks, but no consensus has been achieved yet on the
nature of the Neoproterozoic orogenic belts surrounding the
craton due to the variety of magmatic rocks exposed therein
[e.g. 3, 11, 20–22]. The basement of the Yangtze Block is
dominated by Neoproterozoic formations with a limited
portion of Archean to Paleoproterozoic rocks, all covered
by Mesozoic strata. The Archean magmatic complexes
include tonalitic–trondhjemitic–granodioritic gneisses with
subordinate amphibolites and metasedimentary rocks [e.g.
11, 14, 23]. The Paleoproterozoic-Mesoproterozoic units are
dominated by sedimentary rocks interlayered with volcanic
rocks of Dahongshan, Dongchuan, Hekou, and Kunyang
groups in the SW Yangtze Block [24].

The Neoproterozoic rock units of the western Yang‐
tze margin consist of mafic to intermediate volcanic
and plutonic rocks, volcaniclastic and sedimentary rocks
discontinuously exposed along the western Yangtze Block
and extend from the Hannan region in the north to the
Panzhihua region in the south (Figure 1(a)). The plutonic
granitoids form large batholiths, and the mafic to diorite
rocks occur as numerous stocks (medium to small size
plutons) and dykes [e.g. 15, 25–28]. The volcano-sedimen‐
tary rocks belong to the Yanbian and Bikou groups and
Suxiong Formation. The Yanbian Group is exposed in the
southwestern Yangtze Block and comprises thick basaltic
lava flows in the lower part and flysch deposits in the
upper part [10, 29]. Detrital zircon ages of sandstones
yielded a maximum depositional age of ca. 870 Ma [30].
The Bikou Group is exposed in the northwestern Yangtze
Block and consists of greenschist-facies metamorphosed
volcanic rocks, volcaniclastic rocks, and clastic sedimentary
rocks of ca. 845–775 Ma in age [e.g. 31–34]. The Suxiong
Formation is exposed in the middle part of the western
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Yangtze Block, which is considered by some researchers as
a Kangdian rift basin [6], with volcanic rocks of probably
bimodal nature erupted at ca. 800–780 Ma [35–37]. It
unconformably overlies the Yanbian Group and is covered
by the Kaijianqiao Formation with a set of sandstones
interlayered with tuff of SHRIMP age of 801–779 Ma [38,
39]. Although the outcrops of Neoproterozoic magmatic
complexes are discontinuous, numerous U-Pb zircon ages
suggest a continuous supra-subduction magmatism from
ca. 860 to 750 Ma [11 and references therein].

The NE-striking Longmenshan Belt extends to a
distance of about 500 km from the Xianshuihe fault
in the southwest to Hanzhong in the northeast. The
Longmenshan Belt separates the Songpan-Ganze turbidite
basin and the Sichuan Meso-Cenozoic basin, which
evolved from an oceanic basin to a continental setting
during Late Triassic time [40]. It consists of Neopro‐
terozoic intermediate-felsic intrusions and smaller mafic
plutons (Figure 1(b)). Although the outcrops of Neopro‐
terozoic magmatic complexes within the Longmenshan
and other orogenic belts in the western Yangtze Block are
discontinuous, the available numerous U-Pb zircon ages
show a continuous magmatism from ca. 890 to 740 Ma
[11, 41]. The regional stratigraphy successively, although
with few interruptions, ranges from the Paleoproterozoic

basement rocks of the Yangtze Block to the Ceno‐
zoic strata of the Sichuan basin. The Precambrian
magmatic intrusions are dominated by compositionally
diverse granites and diorites as, respectively, batholiths
or stocks, and gabbroic stocks and dkes [42] (Figure
2). The Neoproterozoic magmatic rocks, in particular
gabbroids and diorites, experienced strong deformation
and low-grade metamorphism [43].

The study area is located in the central part of
the Longmenshan Belt (Figure 1), and it is dominated
by Neoproterozoic K-feldspar granitoids, diorites, and
gabbroids (gabbro-diorite, gabbro) (Figures 2 and 3). In
general, large dioritic plutons, like the ca. 860 Ma Guan‐
daoshan intrusion, are rare in the western Yangtze Block.
The Tianquan gabbroids and diorites under investigation
occur as stocks or dykes (Figures 3(a)–3(e)). The relation‐
ships between gabbroids and granitoids are variable. The
3–5 meters thick NNE-striking gabbro and dolerite dykes
often cut K-feldspar granites. In places, the gabbros are also
intruded by leucocratic granitoids (Figure 3(f)). The diorites
occur as larger outcrops located in the southwestern part of
the study area (Figures 2 and 3(e)). Most contacts between
different rock lithologies are covered by vegetation (Figure
3(b)). We sampled small stocks and dykes of gabbroids and
diorite cropping out along the Da and Laba rivers (Figure

Figure 1: (a) Schematic geological map of the South China Craton showing the distribution of Precambrian rocks (modified after [124]).
(b) Simplified regional geological map of the western margin of Yangtze Block showing the spatial-temporal distribution of Neoproterozoic
plutonic complex (modified from [132]).
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2). For the description of rock samples, see online supple‐
mentary table S1.

3. PETROGRAPHY
Petrographically, there have been identified three main
types of rocks: gray monzo-gabbro, black to gray and
greenish-gray gabbro (mostly amphibole-bearing), and gray
diorite. Gabbro TQ-22-09 resembles monzo-gabbro as it has
monzonitic structure with idiomorphic plagioclase (~50%),
subidiomorphic alkaline feldspar (~15%), and amphibole
(~35%) (Figure 4(a)). The other gabbros possess massive
structure and typical gabbroic, intersertal, and subophitic
or gabbro-ophitic textures that are well seen in both
fist-size rock samples and thin sections Figures figures 3(a),
3(b) and 4(b)–4(d), . Greenish varieties are characterized
by secondary alteration, first of all, chloritization and

epidotization. The gabbros consist of plagioclase (45%–
50%), clinopyroxene (25%–40%), hornblende (10%–15%),
and accessory biotite, quartz, opaque minerals (probably
magnetite), and zircon (Figures 4(b)–4(d)). A limited
number of gabbroic samples contain olivine partly replaced
by clinopyroxene and chlorite (Figure 4(c)). The 0.2–
2 mm long plagioclase crystals are prismatic, euhedral to
subhedral (Figures 4(a)–4(d)). The grains of clinopyroxene
and hornblende are mostly idiomorphic. The colorless to
pleochroically pink clinopyroxene grains are 0.1–1.5 mm in
diameter. A part of clinopyroxene grains possesses a parallel
cleavage typical of Ti-augite. The grains of amphibole
(hornblende) also show pleochroism from light green to
brown.

The diorites have massive structure, fine- to coarse-
grained allotriomorphic and hypidiomorphic textures
(Figures 3(c), 3(d), and 4(e)–4(f), ). Fine- and

Figure 2: Schematic geological map of Tianquan County.
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medium-grained diorites consist of plagioclase (55%–60%),
hornblende (25%–35%), almost fully replaced by chlorite,
K-feldspar (10%–15%), quartz (5%–10%), accessory biotite,
apatite, and abundant opaque minerals (magnetite) and
iron hydroxides (Figure 4(f)). More coarse-grained varieties
of diorite consist of plagioclase (55%–60%), hornblende
(15%–25%), K-feldspar (10%–15%), quartz (5%), accessory
zircon and opaque minerals (Ti-magnetite) up to 0.25 mm
in diameter. The grains of plagioclase and hornblende are
subhedral-euhedral in shape (Figure 4(f)). The plagioclase
grains are larger than those of hornblende and range in
size from 0.4 to 1.2 mm. Hornblende is often replaced by

secondary epidote and chlorite. Quartz grains are typically
subhedral to anhedral.

4. RESULTS
4.1. Zircon U-Pb Dating
Among all the samples collected in the midstream of the
Laba River and near Labahe Town online supplementary
figure S1, three gabbros and three diorites were chosen
for U-Pb zircon age dating (Figure 2), of which four new
ages (gabbros TQ-22-09, TQ-23-10, TQ-23-13, and diorite

Figure 3: Representative field photos of Tianquan magmatic rocks: (a, b) gabbros; (c-e) diorites; (f) gabbro and leucocratic granite.
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TQ-23-02) are presented in this paper (online supplemen‐
tary table S1) and two ages (TQ-23-07 and TQ-23-09) were
reported in [44]. The zircons separated from the samples
have sizes ranging from 180 to 310 µm in gabbros and from
110 to 230 µm in diorite. The grains are mostly color‐
less and transparent to translucent, subhedral to euhedral,
stubby to prismatic (with aspect ratios of 1:1 to 3:1). For
U-Pb age dating, the zircons were analyzed by LA-ICP
MS (for details on the methodology, see Supplementary
doc file). The results of the U-Pb dating are presented
in Electronic Materials (online supplementary table S2).
Cathodoluminescence images show that the most of the
zircons have well-seen oscillatory zoning, less of them show
sectorial zoning, and all lack visible inherited cores (online
supplementary figure S2). The overwhelming majority of

the zircon crystals used to determine the age of the rocks
have Th/U ratios higher than 0.4, but lower than 1.7 (online
supplementary table S2, online supplementary figure S3).
Such Th/U ratios are typical of magmatic rocks [e.g. 45, 46].
All zircons yielded Neoproterozoic ages. Low concordant
data (discordance >5%) were excluded from consideration.

The obtained U-Pb isotope ratios from 38 of 48 zircons
from gabbro TQ-23-10 form a population of 206Pb/238U ages
ranging from 832 ± 9 Ma to 792 ± 11 Ma (Figure 5(a)) with
a weighted mean of 816 ± 4 Ma. In gabbro TQ-23-13, we
analyzed 36 grains, of which 22 were selected for plotting
(Figure 5(b)). The ages span the interval of 807.4 ± 6 to
778.4 ± 7 Ma at a weighted average of 790 ± 3 Ma. Almost
all the data are concordant or nearly concordant (online
supplementary table S2). Twenty-three U-Pb zircon ages of

Figure 4: Representative photomicrographs of Tianquan gabbros (a–d) and diorite (e–f). Abbreviations: Ol, olivine; Cpx, clinopyroxene;
Amp, amphibole; Pl, plagioclase; Afs, alkaline (K, Na) feldspar; Qz, quartz; Bt, biotite; Ep, epidote; Zrn, zircon.
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36 were accepted for gabbro TQ-22-09; the ages range from
804 ± 8 to 780 ± 13 (Figure 5(c)) with a weighted mean
of 796 ± 3 Ma. Thirty-six zircons from diorite TQ-23-02
were analyzed, of which 35 were selected for discussion.
The zircons yielded 206Pb/238U ages ranging from 828 ±
8 to 785 ± 11 Ma with a weighted mean age of 808 ±
4 Ma (Figure 5(d)). Accordingly, for samples TQ-23-10
(gabbro), TQ-23-02 (diorite), TQ-22-09 (monzo-gabbro),
and TQ-23-13 (gabbro), we accepted the values of ca. 816,
808, 796, and 790 Ma, respectively, as the ages of crystalli‐
zation. In Figures 5(e) and 5(f), we show the concordia
diagrams of two more samples of Tianquan diorite [44],
which weighed average zircon ages (813 ± 7 and 804 ±
5 Ma) are above and below the 808 Ma age of diorite
TQ-23-02 (Figure 5(d)).

In this paper, we present the first full major and
trace-element data from Laba mafic plutonic rocks and
new data from diorites exposed in the Tianquan County
(Figure 2; for analytical data and grouping see online
supplementary table S3). Details on the sampling and
rock descriptions are available in online supplementary
figure S1. The whole-rock geochemical data are illustra‐
ted in Figures 6–8. All samples are characterized by
losses on ignition below 2 wt.% assuming their rela‐
tively fresh chemical compositions. The concentrations
of major elements were re-counted to 100% anhydrous
for inter-element comparisons and plotting. The plutonic
rocks from all localities plot in the fields of gabbro,
gabbro-diorite, and diorite in the TAS classification
diagram (Figure 6(a)) and in the field of gabbro and
diorite in the Zr/TiO2  versus SiO2  classification diagram
(Figure 6(b)). The samples are dominated by subalka‐
line varieties although several samples are plotted at
the boundaries between the tholeiitic and calc-alkaline
fields (Figures 6(c) and 6(d)) and one sample plots
in the tholeiitic field (Figure 6(c)). Gabbros TQ-23-13
and TQ-22-09 represent alkaline rock, monzo-diorite
(alkaline gabbro-diorite), and monzo-gabbro, respectively
(see section 3; Figure 6(a)). In the SiO2  versus K2O
diagram, the diorites form two groups showing different
ranges of the concentrations of K2O (Figure 6(d)).

4.2. Whole-Rock Major and Trace Elements
The subalkaline gabbros are characterized by SiO2 contents
spanning 47.2–52.4 wt.%, high CaO = 6.7–9.6 wt.%,
medium MgO = 4.2–8.3 wt.%, Na2O = 2.4–4.6 wt.%,
and K2O = 1.1–2.3 wt.%. The Mg# values [(MgO/(MgO
+ FeOT)×100] range from 36.7 to 60.1. In the Harker
variation diagrams (Figure 7), the rocks form one or two
trends, except for the alkaline gabbro. The subalkaline
gabbros display negative correlation between SiO2 and
MgO, Fe2O3T, CaO, Na2O, and, partly, Ni, suggesting
fractionation of olivine and pyroxenes (Figures 7(a)–7(e)).
In the SiO2–Al2O3 diagram, the diorites again form two
groups: the low-alumina diorites form a trend with higher
Mg-Fe gabbros (Figure 7(f)) and the high-Al diorites are
also characterized by higher contents of K2O (Figure 6(d)).
In the SiO2 – ƩLREE (total light rare-earth elements)

diagram, the gabbros plot as three groups variably enriched
in the REE suggesting different mantle sources or fractiona‐
tion of garnet (Figure 7(g)). A part of gabbros and diorites
forms a single positive trend, that is the ƩLREE increase
with increasing SiO2 indicating a successive melt evolution,
that is enrichment of residual melts during fractionation
(Figure 7(g)). Two samples of gabbro have higher ƩREE
(119.7 and 126.5) compared to the gabbros that form single
trends with diorites with ƩREE ranging from 43.8 to 73.4
ppm and, accordingly, hereinafter they will be referred to as
“Group 1 – normal gabbro” (Mg# = 47.9–60.1) and “Group
2 – enriched gabbro” (Mg# = 50.2–57.3). Gabbro TQ-23-13
is the youngest (790 ± 3 Ma; Figure 5(b)) we consider
separately because unlike the Group 1 gabbros it is more
alkaline (Figure 6(c)) and is characterized by increased
TiO2 (Figure 7(h)) and ƩREE (Figure 7(g)). Accordingly,
hereinafter, we will call it “high-Ti gabbro.”

Group 1 gabbros and the high-Ti gabbro TQ-23-13 are
characterized by LREE-enriched, moderately differentiated
HREE (La/YbN = 2.9–3.7; La/SmN = 1.5–1.8; Gd/YbN =
1.4–1.7) and show weak negative to positive Eu anoma‐
lies (Eu/Eu* = 0.9–1.1) (Figure 8(a)). Their primitive-man‐
tle-normalized spidergrams possess clear depletions in
high-field strength elements (HFSE), in particular, Nb and
Ta, relative to Th and La (Nb/Thpm = 0.2–0.7; Nb/Lapm
= 0.2–0.4) (Figure 8(b)). The REE pattern and sidergram
of the high-Ti gabbro are higher than those of Group
1 gabbros. Group 2 gabbros are more enriched in the
LREE (La/YbN = 9.4–10.8; La/SmN = 2.7–2.8), have more
differentiated HREE (Gd/YbN = 2.2–2.5) and negligible
negative Eu anomalies (Eu/Eu* = 0.9–1.0) (Figure 8(a)).
Their spidergrams show enrichment in large ion lithophile
elements (LILEs, e.g. Rb, Ba) and troughs at Nb-Ta (Nb/
Thpm = 0.2–0.4, Nb/Lapm = 0.3–0.4) and Ti (Ti/Ti* = 0.4–
0.8) (Figure 8(b)).

The gabbro-diorites and diorites have SiO2 contents
spanning 55.7–61.0 wt.% and Na2O + K2O from 5.3 to
6.7 wt.% (Figure 6(a) and 6(b)). The contents of CaO (2.6,
6.8 wt.%), TFe2O3 (6.4, 11.4 wt.%), MgO (2.3, 4.4 wt.%)
are also, like in case of a part of gabbroids, negatively
correlated with SiO2 contents (Figures 7(a)–7(c)). The
Mg# numbers of diorites are relatively low ranging from
33.1 to 45.1. There are two groups of diorites according
to the contents of Al2O3 and K2O: Group 1 diorites
(Al2O3 = 13.6–14.4, K2O = 1.1–1.5 wt.%) [44] and new
diorites hereinafter referred to as Group 3 (Al2O3 = 15.9–
17.7, K2O = 1.5–2.2 wt.%) (Figures 6(d) and 7(e)). The
shapes of the REE patterns of the diorites of both groups
are similar: moderately enriched in the LREE (La/YbN =
2.9–6.2), and, similarly to Group 1 gabbros, they show
a depletion of HREE relative to middle REE (Gd/YbN
= 1.0–1.8) and weak negative to positive Eu anomalies
(Eu/Eu* = 0.8–1.2; Figure 8(c)). The spidergrams of both
groups of diorites are also similar displaying negative
Ta-Nb anomalies (Nb/Thpm = 0.2–0.6, Nb/Lapm = 0.3–
0.4) and troughs at Ti (Figure 8d; online supplementary
table S3). However, compared to Group 3 diorites, Group
1 diorites show lower ΣREE (102.9, 132.8; Figure 8(c)),
La/SmN (1.7, 2.4), La/YbN (3.1, 5.9) and Gd/YbN (1.4,
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1.7), but higher Nb/Thpm (0.38, 0.24; Figure 8(d)) (online
supplementary table S1).

Thus, Group 1 gabbros and Group 1 diorites form single
trends in most Harker’s diagrams (Figure 7), most of which
fit the global evolutionary trends based on major oхides of
arc plutonic rocks [46]. Group 1 gabbro and diorites show
typical island-arc spidergrams with enrichments in LILEs
(Rb, Ba; online supplementary table S3) and depletions in
HFSE (Nb, Ta, and Ti) (Figures 8(b) and 8(d)). Group 2
gabbros are characterized by higher TiO2 and LREE, and
more differentiated HREE (Figure 8(a)), but their spider‐
grams also display troughs at Nb-Ta and Ti (Figure 8(b)).
The high-Ti gabbro is different from Group 2 gabbros by
lower LREE (Figure 8(a)). Group 3 diorites are different
from Group 1 diorites in higher Al2O3, K2O, La/SmN, La/
YbN, and Gd/YbN, but lower ΣREE (129, 179 ppm) and Nb/
Thpm. The monzo-gabbro TQ-22-09 that is characterized

by high total alkali (Na2O+K2O = 5.9 wt.%), medium
Mg# (38), higher ƩREE (168 ppm). Accordingly, its REE
pattern takes the highest position (Figure 8(a); La/YbN =
9.7; La/SmN = 2.4) and shows highly differentiated HREE
(Gd/YbN = 2.7). The TQ-22-09 spidergram is characterized
by the absence of a notable trough at Nb-Ta (Figure 8(b)).

4.3. Zircon Lu-Hf and Whole-Rock Sm-Nd Isotope
Data
In this paper, we present first Hf-in-zircon and whole-rock
Sm-Nd isotope data from Tianquan mafic magmatic rocks
(Group 1 gabbros and monzo-gabbro; Figures 6–8; online
supplementary tables S4 and S5) and new data from diorites
(Group 3) exposed in the Tianquan County of the western
Yangtze Block in coordination with the published isotope
data from Group 1 diorites [44]. For the details on the

Figure 5: Concordia diagrams with results of U–Pb zircon dating of Tianquan gabbros and diorites: (A)–(D), new data; (E) and (F), from
Tianquan diorites of the same area reported in [44].
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methodology of isotope analyzes see Supplementary doc
file. To calculate the initial isotope ratios, we used the
weighted mean U–Pb zircon ages of the targeted samples
(Figure 5; online supplementary table S2).

4.3.1. Lu-Hf Isotope Systematics

Analysis of the Lu-Hf isotope system in magmatic zircons is
traditionally applied to understand the origin and evolution
of parental magmatic melts through tracking fractionation
of elements having affinities to crust or mantle to conclude
if the mantle source was juvenile or contained recycled
crustal material [47, 48]. For in situ Lu-Hf isotope analy‐
sis, we chose zircon grains from three samples of gabbro
(Group 1 gabbro TQ-23-10, high-Ti gabbro TQ-23-13,
and monzo-gabbro TQ-22-09) and one sample of diorite
(TQ-23-02), which yielded concordant U-Pb ages (Figure 5;
online supplementary table S4). The laser shooting for the
Hf-in-zircon analysis was made at the grain segments that
are located near the craters made during the U-Pb isotope
dating (online supplementary figure S2).

Ten zircons from Group 1 gabbro TQ-23-10 yielded the
176Lu/177Hf ratios of 0.000513 to 0.002328 with an average
of 0.001212, the 176Hf/177Hf ratios of 0.282540 to 0.282605
with an average of 0.282572, and consistently positive
εHf(t) values of +9.4 to +11.3 with an average of +10.3
(Figure 9(a); online supplementary table S4). The recalcula‐
ted two-stage Hf model age relative to the depleted mantle
(DM) (TDM2) ranges from 1111 to 1024 Ma.

Six zircons from high-Ti gabbro TQ-23-13 yielded the
176Lu/177Hf ratios of 0.003229 to 0.005828 with an average of
0.004844 and the 176Hf/177Hf ratios of 0.282613 to 0.282715
with an average of 0.282663. The related εHf(t) values are
all positive ranging from +9.2 to +12.6 with an average of
+11.0 indicating a highly depleted mantle source (Figure
9(a)). The two-stage Hf model ages (TDM2) span 1099–903
Ma.

Six zircons from monzo-gabbro TQ-22-09 yielded the
176Lu/177Hf ratios of 0.000188 to 0.005862 with an average
of 0.004399, the 176Hf/177Hf ratios of 0.282744 to 0.282914
with an average of 0.282831, and accordingly positive εHf(t)
values of +14.0 to +21.2 with an average of +17.3 (Figure

Figure 6: Geochemical classification diagrams of Tianquan magmatic rocks: (a) silica versus total alkali (TAS) diagram after [133];
(b) Zr/TiO2 versus SiO2 diagram [134]; (c) Na2O+K2O-FeOt-MgO ternary diagram [135]; (d) SiO2 versus K2O diagram [136].
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Figure 7: Harker diagrams of major oxides and trace elements of Tianquan magmatic rocks in comparison with the data from global arc
plutonic rocks shown in pink squares [137].
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9(a)). Two values of εHf(t) appeared extremely high, and the
related values of TDM1 appeared unrealistic because
younger than the ages of the zircons; therefore, these grains
were excluded from further consideration. The values of
TDM2 for the other four grains are closer to the ages of
crystallization of the monzo-gabbro (ca. 796 Ma) implying
an extremely depleted or metasomatized magma source
[49].

Ten zircon grains from Group 3 diorite TQ-23-02 yielded
176Lu/177Hf ratios ranging from 0.001455 to 0.007928 with
an average of 0.005114 and 176Hf/177Hf ratios of 0.282567 to
0.282745 with an average of 0.282656. The related values of
εHf(t) span +9.5 to +12.9 with an average of +11.1, and the
TDM2 ages vary from 1072 to 874 Ma. The values of εHf(t)
for Group 3 diorite overlap with those of Group 1 diorites
[44] and Group 1 gabbro (Figure 9(a)), suggesting that the
parental magmas of magmatic rocks of both groups were
derived from a single depleted mantle source. The values of
TDM2 for all samples except the monzo-gabbro are slightly
older than the ages of crystallization that are typical of
juvenile mantle sources.

4.3.2. Sm-Nd Isotope Systematics

Whole-rock Sm–Nd isotopic compositions of magmatic
rocks are typically used to estimate the modal age and
juvenile or recycled character of their mantle sources. Four
Group 1 gabbroic samples, Group 3 diorite (TQ-23-02),

high-Ti gabbro, and monzo-gabbro were analyzed for Sm
and Nd isotope ratios (online supplementary table S5).
The previously published data from Group 1 diorites [44]
were also included into the dataset and plotted on iso‐
tope diagrams for comparison (Figures 9(a)–9(c)). The
Group 1 gabbroic samples have Sm = 4.46-5.26 and Nd =
18.3-21.4 ppm, similar to those of Groups 1 and 3 dio‐
rite (Sm = 4.58, Nd = 21.0 ppm), but higher 143Nd/144Nd
(0.512535, 0.512603) than the Group 3 diorite (143Nd/144Nd
= 0.512394). The concentrations of Sm and Nd in the
monzo-gabbro are higher than in all other samples, but
its 147Sm/144Nd ratio is the lowest. The age versus εNd(t)
covariation diagram (Figure 9(b)) shows that all samples
are characterized by positive values of εNd(t). The highest
εNdt value indicating a more depleted mantle source was
recorded for the monzo-gabbro (+6.08). Group 3 diorite
yielded the lowest εNd(t) of +1.93. The Group 1 gabbros
and diorites and the high-Ti gabbro have similar values
of εNd(t) ranging from +3.1 to +4.4 suggesting similar
mantle sources. The two-stage Nd model ages are 1243–
1126 Ma for Group 1 gabbros and diorites, 1336 Ma
for Group 3 diorite, and 997 Ma for monzo-gabbro. All
isotopic parameters from Group 1 diorites [44] match
those of Group 1 gabbros. The age versus εNd(t) diagram
(Figure 9(b)) demonstrates that the parental melts of the
rocks under study were derived from a mixed mantle
source (Group 3 diorite), depleted/juvenile mantle sources
(Group 1 gabbros and diorites and high-Ti gabbro) and

Figure 8: (a), (c) chondrite-normalized rare-earth element (REE) patterns; (b), (d) primitive mantle-normalized trace-element spider
diagrams for Tianquan magmatic rocks. Normalization values are after [89].
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from an extremely depleted or metasomatized mantle
source (monzo-gabbro). The juvenile source or sources
were possibly slightly contaminated by crustal material to
produce the εNd(t) values plotted more away from the DM
line, that is not as positive as εHf(t) (Figure 9(a)).

5. DISCUSSION
5.1. Age Constraints on the Emplacement of Tianquan
Magmatic Rocks

The Neoproterozoic magmatic formations exposed in the
western Yangtze Block were formed during a long period
from ca. 890 to 740 Ma [11 and references cited therein]
(Figures 1 and 2). Two major episodes of the Neoprotero‐
zoic magmatism have been recognized: 890–860 and 830–
740 Ma [10]. The main rock series are (1) 890–840 Ma
calc-alkaline gabbro-gabbro-diorite and diorite [e.g. 15,
50], (2) 870–750 calc-alkaline to alkaline diorite-monzon‐
ite-granite [e.g. 2, 51], (3) 780–750 adakites and volcanic
rocks [e.g. 8, 52]. In the Tianquan County, the direct
contacts between the rocks of the first 2 series are typically
concealed (Figures 3(a)–3(e)); however, in places, we can
see how the granitoids of the alkaline series often intrude
the older gabbroids (Figure 3(f)).

Of special interest are the 870–780 Ma gabbroic
intrusions exposed discontinuously along the entire western
Yangtze Block from north to south [15] (Figure 1). In
the Hannan region of the NW Yangtze Block, the mafic
magmatic formations include 820–784 Ma Wangjiangshan
olivine gabbro, ca. 814 Ma Beiba olivine gabbro, ca. 780
Ma Bijigou hornblende gabbro, and ca. 746 Ma Luojiaba
hornblende gabbro [7, 50, 53–55]. In the western Yangtze
Block, there are ca. 877 Ma Liujiaping gabbro, 870–850
Ma Baoxing gabbro, 820–800 Ma gabbro, and ca. 837 Ma
diabase of the Shimian ophiolite belt, ca. 820 Ma and
790 Ma mafic dykes of the Mianning region and 780–760
Ma hornblende gabbro of the Longmenshan Belt [15, 25,
28, 56–59]. The numerous gabbroic exposures of the SW
Yangtze Block include ca. 857 Ma Ganyuhe hornblende
gabbro [60], ca. 856 Ma Guandaoshan and Tongde gabbro
[15, 61], ca. 843 Ma Gaojiacun gabbro [15], ca. 837 Ma
Lengshuiqing gabbro [15], ca. 823 Ma Dadukou gabbro
[15], ca. 810 Ma Dajianshan gabbro-diorite [62], and ca.
787 Ma Shaba gabbro of the Panzhihua region [15] (online
supplementary table S6).

Our new U-Pb zircon data from zircons from three
gabbros and diorite of the Tianquan County, which is in the
southern part of the Longmenshan Belt, yielded mean ages
of 816, 796, 790, and 808 Ma, respectively. The youngest
are the high-Ti gabbro (790 Ma) and the monzo-gabbro
(796 Ma) (Figure 5). The data plus the ages of 807 and
804 Ma from [44] all suggest that the magmatism in the
central part of the western Yangtze margin continued at
least 25 Ma, from 816 to 790 Ma (Figure 5). In general, these
data accord well with the previous overall age estimations
for the Neoproterozoic magmatism of the western Yangtze
Block (Figure 1), for example, with the 890–740 Ma period
estimated in the western Yangtze Block, Panzhihua-Yuan‐
jiang area [63], and with the 840–740 Ma zircon ages
of magmatic rocks of the Kangdian rift located south
of the study area [10, 37]. However, only the ages from
Group 1 gabbros and diorites (816, 813, 808, and 804 Ma)
are consistent with the previously published U-Pb isotope
zircon ages of mafic magmatic rocks: 820–800 Ma gabbroids
of the Shimian ophiolite belt, ca. 820 Ma mafic dykes of the
Mianning region, and ca. 810 Ma Dajianshan gabbro-diorite
[25, 28, 61, 63]. No such young ages as 796 Ma (monzo-
gabbro) and 790 Ma (high-Ti gabbro) have been reported
for the central part of western Yangtze before. A summary

Figure 9: (a) Age versus εNdt; (b) age versus εHft, and (c) εNdt
versus εHft versus isotope diagrams for the Tianquan magmatic
rocks illustrating mixing between mantle wedge, subducted altered
oceanic crust (AOC), and sediment-derived melts after [138]. Blue
line in panel C indicates mixing of AOC-derived and sediment-
derived fluids; solid black lines indicate mixing of fluids or melts
and mantle wedge. The terrestrial array in panel C is after [139].
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histogram of U-Pb ages of zircons from gabbroids (Figure
10(a)) and diorites (Figure 10(b)) of the entire western
Yangtze margin shows peaks at 860–850, 830–810, 800–780,
and 760–740 Ma and troughs at 850–830 and 780–770 Ma
for gabbroids and peaks at 860–850, 830–820, 810–800, and
760–740 Ma and troughs at 850–830 and 780–770 Ma for
diorites (online supplementary table S6). The main peaks
of magmatism, both mafic and intermediate, happened at
860–850, 830–810, and 760–740 Ma. Our new dates from
Tianquan gabbros match the 830–810 and 800–780 Ma
peaks and the new dates from Tianquan diorites (813, 809,
and 804 Ma) discussed in this paper plus those from [44]
match the 810–800 Ma peak (Figure 5).

5.2. Petrogenesis of Tianquan Gabbro and Diorites
Implications on the origin of Precambrian to early Paleozoic
mafic igneous rocks compared to their actualistic analogs
should be done with caution because of a probable change
of the primary concentrations of mobile elements, such
as Rb, Sr, Ba, Pb, K, and isotope ratios of Sr and Pb
during post-magmatic alteration [e.g. 64–66]. Therefore,
discussions of the petrogenesis and tectonic settings of the
Neoproterozoic rocks under study, in particular, those of
mafic composition, must be preferably based on immobile
incompatible elements, in particular LREE and HFSE [e.g.
67–69]. It has been widely accepted that HFSE and, in
particular, their element ratios, like Nb/Th and Zr/Y, are
immobile during alteration or metamorphism and therefore
represent valuable tools for understanding element mobility
during geological processes [e.g. 70–72]. In Tianquan
gabbros, Nb/Th = 1.3–5.7 and Zr/Y = 4.0–4.8 for Group
1 and Nb/Th = 1.5–3.4 and Zr/Y = 6.4–8.3 for Group 2
(online supplementary table S7 and online supplementary
figure S5). These are comparable with the ranges of the
average values of Nb/Th and Zr/Y from global intra-oceanic
(Nb/Th = 1.8–2.5, Zr/Y = 2.9–3.0) and continental (Nb/Th
= 2.8–6.2, Zr/Y = 2.3–7.7) magmatic arcs [73].

5.2.1. Fractional Crystallization and Mantle Sources

The Tianquan gabbroids and diorites typically occur as
stocks and dykes; however, their contacts are seldom
observed due to dense bamboo forest vegetation. Most of
the samples under study possess geochemical features of
calc-alkaline magmatic series except for monzo-gabbro and
high-Ti gabbro (Figures 6(a) and 6(c)). In most geochemical
diagrams based on major elements, the Group 1 gabb‐
roids form single trends with Group 1 diorites suggest‐
ing fractionation of olivine and/or orthopyroxene and
clinopyroxene (Figures 6(a), 6(b), and 7), but not amphibole
because there is no correlation between SiO2 and HREE
(online supplementary figure S4). The weak fractionation of
HREE and Eu (Eu/Eu* ~ 0.9 ± 0.1) may indicate a minor
to nil fractionation of garnet and plagioclase, respectively
(Figure 8(a); online supplementary figure S4 ). Evidence for
the fractionation of Fe-Ti oxides comes from the negative
correlation between SiO2 and FeOT (Figure 7(b)) and Nb-Ta
and Ti minimums in the spidergrams (Ti/Ti* = 0.42–0.79;
Figure 8(b); online supplementary table S3). However, in

the diagrams based on trace elements, Group 2 gabbros
and monzo-gabbro plot away from the general trend of
crystallization (Figure 7(g)) suggesting another scenario of
petrogenesis, that is different mantle sources or different
trends of fractionation.

The Hf-in-zircon and whole-rock Nd isotope system‐
atics show that the melts, which crystallization formed
Group 1 gabbros and diorites, monzo-gabbro, and Group 3
diorites, were derived by partial melting of depleted/juvenile
mantle sources (Figures 9(a) and 9(b)) with participation
of fluids derived from both altered oceanic crust (AOC)
and subducted sediments (Figure 9(c)). The parental melts
of Group 1 gabbros and diorites derived from the mantle
wedge were mixed with 5%–15% of the fluids, of which
possibly 25%–40% came from the AOC and 60%–75% from
the subducted sediments. More evidence for the participa‐
tion of subducted sediments in the petrogenesis of Group
1 gabbros and diorites comes from the Th/Yb versus Ba/La
and La/Sm versus Ba/Th trace-element systematics (Figure
11) showing increased Ba and indicating that the petrogen‐
esis of these rocks involved significant participation of the
fluids derived from the dehydration of subducted oceanic
slab.

The Lu-Hf and Sm-Nd isotope systematics of the
monzo-gabbro show that its parental melt was derived from
a highly depleted and almost dry mantle wedge source
with a limited participation of fluids, less than 10%, of
which 30% came from the subducted sediments and 70%
from AOC (Figure 9(c)). On the contrary, the petrogenesis
of Group 2 gabbros involved larger addition of subducted
sediments than slab-derived fluids (Figure 11). The Group
3 diorites were derived from melts mixed with 3%–15% of
the fluids, of which approximately 22% came from the AOC
and 78% from the subducted sediments (Figure 9(c)).

In addition to the effect of fluids on the petrogenesis
and participation of sediments, the trace-element geochem‐
istry shows that the parental melts of Group 1 gabbroids
and diorites, Group 2 gabbros, Group 3 diorites, high-Ti
gabbro, and monzo-gabbro were derived from different
mantle sources. Evidence for that comes from different
enrichment in LREE and different degree of fractionation
of HREE (Figures 8(a) and 8(c); online supplementary table
S3). Group 1 gabbroids and diorites and high-Ti gabbro
formed from similar sources (La/SmN = 1.5–1.8; Gd/YbN
= 1.4–1.5; La/YbN = 3.0–3.3). Another type of sources gave
Group 2 enriched gabbros and monzo-gabbro (La/SmN =
2.4–2.7; Gd/YbN = 2.2–2.7; La/YbN = 9.4–10.8). A mantle
source that produced parental melts of Group 3 diorites was
more enriched in the LREE but possessed less differentiated
HREE (La/SmN = 2.3–2.4; Gd/YbN = 1.6–1.8; La/YbN =
5.3–6.2).

5.2.2. Geochemical Modeling

For more detailed implications on mantle sources, their
composition, and degree of melting, we performed
geochemical modeling based on trace elements of variable
incompatibility in two systems, La/SmN versus Sm/YbN
and Nb/Yb versus Yb (Figure 12). The melting curves
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Figure 10: A summary histogram of U-Pb ages of zircons from gabbroids and diorites of the western Yangtze Block. Data sources: this
paper [7, 8, 15, 25, 41, 50, 61, 62, 140],
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of the La/SmN versus Sm/YbN systematics, as presented
in [74], indicate that there are two clusters of Group 1
gabbros: one derived at high degrees of melting 5%–10%
of a spinel-bearing lherzolite and the second formed at 6%–
9% of melting of a garnet-bearing lherzolite (Figure 12(a)).
The high-Ti gabbro formed at the highest degree of melting
(10%) of a garnet-bearing lherzolite. Group 2 gabbros and
the monzo-gabbro were derived from a garnet lherzolite
as well, but at lower degrees, 1.8% and 2.2%, respectively.
The melting curves in the Yb versus Nb/Yb diagram as
presented in [75, 76] indicate that Group 1 gabbros were
derived by 8%–18% melting of depleted harzburgite and
13%–16% melting of spinel lherzolite (Figure 12(b)). The
high-Ti gabbro formed at 10% melting of harzburgite.
Group 2 gabbros and monzo-gabbro were produced by,
respectively, 7–9 and 2% melting of garnet lherzolite with
1% of garnet.

To explore relationships between Tianquan gabbros and
diorites, we performed Rayleigh fractional crystallization
modeling using the principles stated in [77] and most
incompatible elements, such as REE and HFSE, in our case
Nb and Y (Figure 12(c)). Such modeling has been used
by many researchers studying old magmatic formations
of orogenic belts worldwide [e.g. 78–82]. Of special value
are ratios (Nb/Y)PM and (Nb/Zr)PM that mean an angle
of a basic line in multi-element spectra of mafic rocks in
respect to immobile elements. Such ratios allow evaluat‐
ing a type of mantle source: depleted (Nb/YPM < 1) and
undepleted (Nb/YPM > 1). Increased La/SmN, La/NbPM,
and Th/NbPM serve as indicators of metasomatism-related
source enrichments [e.g. 83, 84].

For our modeling, we chose the highest magnesian
sample, gabbro TQ-23-14, as a source (online supplemen‐
tary table S3). Starting concentrations in the source are
shown in online supplementary table S8. According to the
Harker diagrams, we admit that the main fractionating
phases for the rock under study were olivine (Figures 7(a)
and 7(b)) and clinopyroxene (Figures 7(a)–7(c)). Therefore,

we chose these minerals for the modeling in a proportion
of 1:1. Our modeling shows that the spectra of most Group
1 diorites are similar in shape to those of Group 1 gabbros
(Figure 12(c)). All spectra have shapes similar to that of
the model line, and all samples have close ratios of La/SmN
and Nb/YPM: La/SmN(Gr1 gabb) =1.5–1.8, Nb/YPM(Gr1 gabb)
= 0.7–1.2; La/SmN(Gr1 dior) =1.4–2.1, Nb/YPM(Gr1 dior) =
0.9–1.0. Note that Group 2 gabbros, the monzo-gabbro,
and Group 3 diorites have higher Nb/YPM (2.6av., 6.3,
and 1.6av., respectively) suggesting more enriched sources.
At relatively high degrees of fractionation of olivine and
clinopyroxene from the starting source, we can obtain as
high concentration of REE and HSFE as in Group 1 diorites.
The results of the modeling confirm that Group 1 dio‐
rites were derived from Group 1 gabbros due to fractional
crystallization.

5.2.3. Summary on Petrogenesis

Overall, the parental melts of all gabbroids and diorites were
LREE enriched and experienced negligible fractionation of
plagioclase (Eu/Eu* = 0.9–1.1; Figures 8(a) and 8(c)). All
such melts except for that of the monzo-gabbro underwent
fractionation of olivine, clinopyroxene, and Fe-Ti oxides
(Figures 7(a), 7(b), 7(e), 8(a), and 8(c)). Their parental
melts were derived from isotopically depleted mantle wedge
sources generated at subduction zones (Figures 9(a) and
(b)). Subduction-related arc igneous rocks typically possess
variable ratios of incompatible trace elements like Ba/La,
Th/Yb, and Ba/Th reflecting the complex interaction of
slab-derived fluids and mantle wedge melting. These ratios
can be used to understand the source of the magmas
and the processes involved in their formation [73, 85].
The isotope characteristics and the results of geochemical
modeling suggest that the parental melts of Group 1 gabbro
were derived by the relatively high degrees of melting (5%–
10%) of depleted mantle wedge peridotite, harzburgite, or
spinel lherzolite (Figures 12(a) and (b)), under the influence

Figure 11: Th/Yb versus Ba/La (a) and La/Sm versus Ba/Th (b) diagrams illustrating the role of slab-derived hydrous fluids and subducted
sediments on magma sources of Tianquan gabbro and diorite. Red line indicates mixing between N-MORB and global subducted sediment
(GLOSS [141]). N-MORB is after [89].
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of fluids separated from the subducted hydrated oceanic
crust (Figures 9(c) and 11). Later, the melts experienced
fractional crystallization of olivine and clinopyroxene to
produce Group 1 gabbros.

Group 2 gabbro could be also formed by the melting
of mantle wedge affected by both the fluids and the melts
derived from the subducting oceanic slab, which would
be more felsic and accordingly enriched in LREE. The
interaction of such melts with the mantle peridotite would
result in the replacement of olivine by clinopyroxene and,
in presence of water, by amphibole and phlogopite [86].
Previous data from most of the 870–750 Ma mafic rocks of
other localities of the western Yangtze Block also suggest a
mantle wedge source affected by slab-derived fluids [8, 15,
28, 52].

Given that the LREE are less incompatible in clinopyr‐
oxene, amphibole, and mica compared to olivine [87],
we would get a more LREE-enriched mantle source [88],
like that produced Group 2 gabbros compared to Group

1 (Figure 11). Both groups of gabbro were derived from
isotopically depleted mantle sources (Figures 9(a) and 9(b)),
that, coupled with the Nb-Ta and Ti minimums in the
spidergrams (Figure 8(b)), is typical of supra-subduction
magmas. However, compared to Group 1 gabbros, Group 2
gabbros have higher REE (Figure 8(a)) and higher Th/Yb
and La/Sm ratios implying a more significant addition of
sediments to their parental melts (Figure 11). The increased
contents of La and Nb result in a garnet-bearing source
of Group 2 gabbros implying their formation at much
lower degrees of melting of a garnet peridotite compared
to Group 1 (Figure 12). However, their obvious supra-sub‐
duction origin allows us to suggest the higher involvement
of sediment-derived fluids in their petrogenesis (Figure 11).

The high-Ti gabbro is a bit different from groups 1 and
2 gabbros as it actually resembles an alkaline gabbro (Figure
6(a)). It plots away from the trends in the Harker diagrams
(Figure 7), has LREE higher than in Group 1 but lower
than in Group 2 and the monzo-gabbro (Figures 8(a) and

Figure 12: Geochemical modeling diagrams for Tianquan gabbros in comparison with melt compositions from nonmodal batch melting
modeling. (a)(Sm/Yb)N versus (La/Sm)N after [73]. Dashed lines represent melting curves of a garnet-bearing lherzolite (GtLz) containing
2%, 4%, and 7% of garnet, and the solid line is the melting curve of lherzolite with 2% of spinel. (b) Nb versus Nb/Yb modeling based on
partition coefficients from [142, 143]. The calculated melting curves are for spinel lherzolite (SpLz) and garnet peridotite containing 1%,
5%, and 10% of garnet (GtP). PM, primitive mantle; DM, depleted mantle. Numbers on curves refer to melting degrees after [144]. (c) a
Rayleigh fractionation model illustrating fractional crystallization of a high-Mg Group 1 gabbro and derivation of Group 1 diorites.
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8(b)), and therefore may be of different origin. However,
the isotope characteristics of its mantle source (Figure 9)
and the trace-element ratios (Figures 11 and 12) are similar
to those of Group 1 gabbros. Although its REE pattern is
similar to the modeled lines, we cannot link this sample
with Group 1 because it is 15–25 Myr younger than those
(Figures 5 and 13).

The geochemical features of the monzo-gabbro resemble
those of intra-plate OIB-type basalts: LREE enriched
(La/YbN = 9.7), HREE differentiated (Gd/YbN = 2.7);
Nb-enriched (Figures 8(b) and 12(b)) [89–92]. The parental
melt of the monzo-gabbro was derived through a low-
degree melting of a geochemically enriched (Figure 8(a)),
but isotopically depleted (Figures 9(a) and 9(b)) mantle
source with a minimal interplay with subducted sediment-
derived fluids and AOC-derived melts (Figures 8(b) and
12(b)). Probably, later its parental melt was affected by
slab-derived fluids (Figure 11).

The Group 1 diorites formed by 60%–80% fractional
crystallization of olivine and clinopyroxene (Figure 12(c)).
The differentiating phases were the same melts that
produced Group 1 gabbroids. Compared to Group 1
diorites, the Group 3 diorites show higher contents of SiO2
and Al2O3 and total REE, but lower Fe2O3 (Figure 7). Note
that their higher Nb/YPM average ratio (Figure 13) implies
a mantle source different from that that produced Group
1 diorites (Figure 12(c)). The parental melts of Group 3
diorites could be also derived from an isotopically deple‐
ted mantle source (Figure 9(a)) that later interacted with
subducted sediments (Figures 9(b) and 11).

To sum up, the magmatic rocks of the western Yangtze
Block often display a continuous compositional evolution
from mafic to intermediate and, finally, to felsic rocks, all
derived from depleted mantle wedge sources with partic‐
ipation of slab-derived fluids and melts, and sediment-
derived fluids. In addition to Tianquan gabbros, in western
Yangtze, similar scenarios and conditions of petrogenesis
have been reconstructed in the Nanba gabbroid complex
[93], Guandaoshan and Tongde gabbro-diorite complexes
[61, 62, 94, 95]. The geochemical and isotope variations
in such gabbro-diorite complexes that are exposed at the
western margin of the Yangtze Block suggest a successive
differentiation of parental magmas in the lower-middle
crust.

5.3. Tectonic Implications for Tianquan Magmatic
Rocks and Tectonic Debates About Western Yangtze
Magmatism
In the discrimination diagrams, Group 1 gabbros and
diorites, Group 3 diorites, and the high-Ti gabbro plot
in the fields of supra-subduction volcanic rocks, calc-alka‐
line or transitional to tholeiitic (Figure 14) that fits the
classification diagrams (Figure 6). In addition, the Tianquan
gabbros and diorites plot between the average composi‐
tions of magmatic rocks of world main arcs, intra-oceanic
and continental, both tholeiitic and calc-alkaline. However,
Group 2 gabbros plot away from Group 1 samples suggest‐
ing a mixed or more enriched magma source. The youngest

monzo-gabbro takes a special position: it plots either in the
field of intra-plate (continental rift) rocks or near those.

There have been a lot of debates on the tectonic settings
of the emplacement of Neoproterozoic magmatic forma‐
tions of the western Yangtze Block, most of which have
been about the subduction-related versus rifting/mantle
plume settings [1, 2, 6, 8, 10, 11, 13, 96]. Researchers have
been arguing for continuous variably differentiated mafic to
felsic series or bimodal magmatic series. To resolve such a
controversy is critical to understand the tectonic evolution
of the whole SCC as well as the position of South China in
Rodinia [12, 35, 36]. Note that both competing models are
based on various data, in particular, geochronological and
isotope-geochemical data, from Neoproterozoic magmatic
rocks exposed around the Yangtze Block.

In general, the Neoproterozoic magmatism of western
Yangtze was active at 860–850 and 830–740 Ma [10]
(Figures 1 and 2, section 5.1), although there are single
U-Pb zircon ages between 850 and 830 Ma, such as the
Pengguan granite (844 ± 6 Ma; [18]), Shimian diabase
(837 ± 8 Ma; [58]), and Yonglang granite (840 ± 2 Ma;
[60]). The older episode of magmatism was interpreted
to be linked with the Jiangnan (or Sibao) orogeny trig‐
gered by the amalgamation of the Cathaysia and Yangtze
blocks. An extensional anorogenic setting was proposed
for the younger magmatic rocks, and their initiation was
attributed to a mantle plume [6, 10, 12, 97]. The mantle
plume model implies the collision between the Yangtze
and Cathaysia blocks and formation of the South China
continent at around 900 Ma, that is during the Grenvillian
orogeny [98, 99], and the arrival of a mantle plume to
initiate intra-continental rifting at ca. 825 Ma [6, 12, 100].
However, recent geochronological data from clastic rocks
indicate that the syn-orogenic strata of the Jiangnan orogen
formed at ca. 860–820 Ma thus excluding the rifting at
825 Ma [53, 101, 102]. In addition, volcanic rocks (basalt
to rhyolite) interbedded with early Neoproterozoic clastic
rocks (sandstone, tuffaceous sandstone, siltstone) yielded
zircon ages of ca. 830 Ma [54, 103–106] suggesting an
earlier assembly of the Yangtze and Cathaysia blocks at
ca. 830 Ma or even younger. The overall duration of the
Neoproterozoic magmatism at the western margin of the
Yangtze Block took a rather long time from 890 Ma to
740 Ma [11 and references therein], that is uncommon for
mantle plume magmatism typically characterized by short
but greatly voluminous volcanic eruptions [e.g. 107–110].
Finally, the Neoproterozoic magmatic formations of the
western Yangtze Block are dominated by diorites, grano‐
diorites, and granites as batholiths and stocks (Figures
1 and 2; [11]), whereas plume-related rocks are typically
mafic flood basalts, lava flows, and dykes [e.g. 91, 107, 111,
112].The Neoproterozoic magmatic rocks

An early argument for the mantle plume model was the
scarcity or absence of intermediate rocks in the western
Yangtze Block, for example, in the compositionally bimodal
volcanic series of the Suxiong Fm [5, 36], compared to the
widespread exposures of mafic and felsic rocks. However,
later there have been obtained more data from magmatic
rocks showing more and more localities of intermediate
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rocks, first of all, diorites: ca. 858 Ma Tongde diorite [94],
856 Ma Guandaoshan gabbro-diorite and quartz diorite
[61], 830 Ma Tongde dioritic dyke [26], 810 Ma Tianquan
diorites (this paper), and other localities [e.g. 2, 27, 55,
93]. Therefore, a large body of evidence argues against the
mantle plume as a trigger of Neoproterozoic magmatism
along the western Yangtze Block.

The alternative hypothesis implies an early Neoproter‐
ozoic subduction system at the western margin of the
Yangtze Block at 860–740 Ma to form the Panxi-Hannan
Arc [11, 50, 113, 114]. In this study, we have found
that the Neoproterozoic Tianquan magmatic rocks mostly
consist of normal gabbro-diorites (816, 804 Ma) that
display typical trace-element signatures of subduction-rela‐
ted igneous rocks: variable degrees of depletions in HFSEs
and enrichments in LREE and LILEs. In the Hf-Th-Ta,
Y-La-Nb, and Nb-Zr-Y diagrams (Figure 14), they are
mainly plotted within the volcanic arc field suggesting
an island arc tectonic setting. Thus, the newly identified
Tianquan magmatic rocks provide a robust evidence for
existence of a supra-subduction zone system along the
western Yangtze Block in mid-Neoproterozoic time.

Another evidence for the long-lived supra-subduction
zone system comes from Neoproterozoic mafic to inter‐
mediate rocks, I-type arc granitoids, and adakites that are
also abundant in western Yangtze. There have been obtained
plenty of data confirming that mafic to intermediate rocks
were derived from mantle wedge melts affected by slab-
derived fluids, sediment melts, or melts from AOC [e.g.
15, 27, 93]. In addition, it has been estimated that the
associated granitoids and adakites formed by partial melting

of juvenile thickened lower crust or by melting of subducted
oceanic crust in the presence of fluids and emplaced in a
supra-subduction setting [8, 41, 53, 115, 116; this paper].

In the Tianquan County, we identified a younger
monzo-gabbro (796 Ma) that possesses an OIB geochemical
affinity. In western Yangtze, there are other occurrences
of such alkaline mafic rocks displaying typical composi‐
tions of within-plate basalts, that is enriched in Ti, Nb,
and LREE and having differentiated HREE (Figures 7(g)–
7(h), 8, and 14(b)-14(c) ) that formed at 810–790 Ma [35,
117–119] and may indicate a rifting setting. A group of
authors has suggested a back-arc extension setting due to
long-lived eastward subduction of oceanic slab [103]. The
subduction to back-arc extension model also explains the
presence of Neoproterozoic sedimentary and volcano-sedi‐
mentary strata along the western Yangtze Block deposited
at an active continental margin. The strata are attributed
to the Xixiang, Bikou, and Yanbian groups, and they are
exposed over a huge area from north to south in west‐
ern Yangtze. The sedimentary sequences are dominated by
first-cycle flysch-type sedimentary clastic rocks interbedded
with volcanogenic rocks [29, 30, 32, 63, 97, 120]. A detailed
study of the sandstones of the Yanbian Group including
petrography and U-Pb ages of detrital zircons has shown
that those clastic rocks were derived by destruction of an
island arc and were deposited in a back-arc basin at ca.
860 ca [30, 32]. More evidence for the back-arc extension
comes from ca. 800 Ma bimodal volcanics of the Suxiong
Fm. exposed in the Kangdian region of western Yangtze.
Therefore, the combined evidence suggests the continuous
eastward subduction of an oceanic slab beneath western

Figure 13: U-Pb zircon ages versus (Nb/Y)PM diagram illustrating different mantle sources of Tianquan rocks at different time periods
in comparison with gabbros and diorites of 1-Luding [140], 2-Baoxing [57], and 3-Shimian [25] complexes of the central part of western
Yangtze.
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Yangtze Block during early Neoproterozoic time (Tonian).
That time the Yangtze and Cathaysia blocks took exterior
positions in the configuration of Rodinia, possibly at its
northwestern margin (Figure 15; [121]).

The continuous trends from gabbro (Group 1) to diorites
(Figures 6(a), 6(b), and 7) and their geochemical character‐
istics typical of supra-subduction magmas (enriched LREEs,
depleted HSFEs; Figure 8) support rather the subduction
zone model implying a continuous magmatism (at least
from 816 to 809 Ma) and fractional crystallization, than
the mantle plume model implying bimodal magmatism.
However, we can assume an episode of continental margin
rifting magmatism as the youngest monzo-gabbro plots
in the field of continental rifting basalt (Figure 14(b)).
Thus, the new localities of diorite, this time from Tianquan
(Figure 2), provide more evidence against the model of
Neoproterozoic bimodal mantle plume magmatism, but in

favor of the supra-subduction magmatism though followed
by continental margin rifting.

According to the Lu-Hf and Sm-Nd isotope systemat‐
ics, the Tianquan supra-subduction magmatic rocks were
derived from depleted mantle sources (Figures 9(a) and
9(b)) though with participation of slab- derived fluids
(Figure 9(c)). These geochemical and isotope character‐
istics suggest rather an island-arc origin of the Tian‐
quan subduction-related gabbro than an active continental
margin. More evidence for such an intra-oceanic arc and
adjacent fore-arc and back-arc basins comes, respectively,
from the supra-subduction volcanic rocks of the Suxiong
Fm. formed at 800–780 Ma [37, 122] and from the clastic
rocks (greywacke sandstones) of the Hengdan Group in the
northern Yangtze Block with U-Pb detrital zircon age peaks
at 780 Ma and 760 Ma [120, 123].

Another intra-oceanic arc, the Bikou arc, was proposed
for the NW Yangtze [124], but for the western Yangtze

Figure 14: Tectonic discrimination ternary diagrams for Tianquan gabbro and diorites: (a) Th-Hf/3-Ta [145]; (b) La/10-Y/15-Nb/8 [146];
(c) Zr/4-2Nb-Y [147]; (d), Nb/Yb versus Th/Yb [148]. N-MORB, normal midocean ridge basalt; E-MORB, enriched midocean ridge basalt;
OIB, oceanic island basalt; WPT/B, within plate tholeiite/basalt; VAB, volcanic arc basalt; WPA, within-plate alkali basalt. Light gray circles
are for the Neoproterozoic gabbros and diorites of the western Yangtze Block (online supplementary table S9) and arc basalts are from
[73]. The field outlined by dashed line in D is for arc volcanic rocks with SiO2 < 52 wt.% from the GEOROC database (https://georoc.eu/
georoc/).
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Block, most scholars have been discussing rather an active
continental margin arc or Japan-type intra-oceanic arc [15,
29, 31, 32, 93]. However, we argue that in such a setting
(continental arc), the magmatic melts would be derived
from more enriched mantle sources with recycled or mixed
isotope characteristics like the magmatic rocks of SW Japan
[e.g. 125–131]. In the modern western Pacific, the SW
Japan-Ryukyu-Taiwan magmatism and Izu-Bonin-Mariana
magmatism represent a “couple” of adjacent coeval peri-
continental and intra-oceanic arc systems, respectively, with
a very small back-arc basin in the north and a huge one
in the south (Figure 16; online supplementary table S9 and
S10). Therefore, we suggest that a similar setting could exist
at the western active margin of the Yangtze Block in late
Tonian time and that the Tianquan arc was a southern
extension of the Bikou arc [124].

6. CONCLUSIONS
The first U-Pb zircon ages, whole-rock geochemical, and Nd
isotope data and Hf-in-zircon isotope data from gabbros
and gabbro-diorites and the new data from diorites of
the Tianquan County in western Sichuan, and diorites,
confirmed the compositionally variable character of the
Neoproterozoic magmatism at the western margin of the
Yangtze Block. The dataset under study includes mafic
(gabbro) to intermediate (diorite) rocks. There are several
geochemically distinct groups of rocks: Group 1 gabbro
and diorites (normal), Group 2 gabbros (REE enriched),
Group 3 diorites (high Al-K), high-Ti gabbro, and monzo-
gabbro. The ages of Tianquan gabbros (816 Ma) match
the 830–810 and 800–790 Ma peaks of magmatism in the
western Yangtze Block, and the ages of Tianquan diorites fit

the 810–800 Ma peak. Group 1 gabbro is less enriched in
light REE and has less differentiated heavy REE (La/YbN
= 2.9–3.7; La/SmN = 1.5–1.8; Gd/YbN = 1.4–1.6) com‐
pared to Group 2 gabbros (La/YbN = 9.4–10.8; La/SmN
= 2.7–2.8, Gd/YbN = 2.2–2.5), monzo-gabbro (796 Ma)
and high-Ti gabbro (790 Ma). All rocks are characterized
by positive εNd(t) (+1.9 to +6.0) and εHf(t) (+9.2 to +
17.8). Group 1 gabbros (816 Ma) were derived by high-
degree partial melting of depleted harzburgite and spinel
lherzolite with participation of subduction-related fluids
and then experienced 10%–80% fractionation of olivine
and clinopyroxene to produce Group 1 diorites (813 and
804 Ma). Group 2 gabbros were derived by low-degree
melting of a more enriched mantle source affected by
slab-derived melts. Group 3 diorites (808 Ma), compared to
Group 1 diorites, have lower contents of REE, lowest εNd(t)
(+1.9), and large involvement of subducted sediments in
their petrogenesis; they formed from a different source.
The monzo-gabbro (796 Ma) is compositionally similar to
OIB-type intra-plate lavas; its parental melt was derived by
a low-degree melting of a garnet lherzolite. The youngest
high-Ti gabbro (790 Ma) formed at conditions of petrogen‐
esis similar to those of Group 1 gabbros, but their much
younger age and the results of trace-element modeling do
not allow us to consider them as a single magmatic series.
All rocks except for the monzo-gabbro possess supra-sub‐
duction geochemical features and were possibly emplaced
in a setting of intra-oceanic island arc. The monzo-gabbro
was possibly emplaced in a rifting setting. Overall, our
data confirm that the Neoproterozoic (Tonian) magmatism
at the western active margin of the Yangtze Block was
mostly related to oceanic subduction and was developing

Figure 15: The ca. 900 Ma paleogeographic position of the Yangtze Block in Rodinia [121].
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continuously in space (north to south) and time (ca. 860–
800 Ma). The 860–800 stage of supra-subduction magma‐
tism (Groups 1–3) was followed by a stage of back-arc
rifting at ca. 796 Ma (monzo-gabbro) and possible initiation
of a new subduction zone at ca. 790 Ma (high-Ti gabbro).
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