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Amd? history: The contemporaneous mafic and intermediate dikes of a continental magmatic arc provide a window into the
Received 10 January 2019 magma feeding system at depth. Here we integrate data on the elemental and Sr-Nd-Hf isotope geochemistry,
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petrology, mineralogy, and zircon geochronology of late Permian dikes in the East Kunlun Orogen, northern Ti-
betan Plateau, discuss the petrogenesis of the dikes, and reconstruct the nature and relationship of different
magma reservoirs. The dikes are porphyritic diabases, lamprophyres and diorite porphyries that crystallized be-
tween 259 and 255 Ma, coeval with their host granodiorites. Geochemical and Sr-Nd-Hf isotopic data indicate the
parental magma of the porphyritic diabases and lamprophyres was derived from enriched lithospheric mantle.
This magma underplated the crust and underwent varying degrees of magma recharging, crustal assimilation,
and fractional crystallization dominated by olivine, pyroxene, and hornblende. This evolved basaltic magmas
ascended through the crust, undergoing further differentiation, and some magma entered mid-crustal reservoirs
occupied by felsic crystal mushes, rejuvenating the mushes. The subsequent mixing of mafic and felsic materials
formed the precursor magmas of the intermediate dikes. Our new data reveal that the magmas stagnated mainly
in reservoirs at two levels, 26-32 and 9-18 km, based on hornblende barometry. The underplating, assimilation,
and replenishment of basaltic magmas in the lower crust, and their eventual emplacement and differentiation in
a mid-crustal reservoir, controlled the mineralogy and geochemistry of the mafic dikes, while the rejuvenation of
crystal mushes, the mixing of mafic and felsic materials, and differentiation account for the compositional fea-
tures of the diorite porphyries. This study shows that the trans-crustal magma feeding system, which controls
the compositions of several dispersed but interconnected magma reservoirs, is the key to understanding the
compositional diversity and igneous petrogenesis in continental arcs.
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1. Introduction

Basaltic magma underplating in the continental crust followed by in-
teractions with the host crust is believed to be a significant process re-
sponsible for generating compositional diversity in continental
magmatic arcs (Annen et al., 2006; Ducea et al., 2015; Hildreth and
Moorbath, 1988). Despite considerable research on the subject, a clear
picture of the magmatic processes has not yet emerged, and there re-
mains a lack of in-depth research on the fate of the underplated basaltic
magma and how mafic magma contributes to the evolution of a felsic
magma reservoir (Andrews et al., 2008; Annen and Sparks, 2002;
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Burgisser and Bergantz, 2011). Of particular interest, and hotly debated,
is where these mafic-felsic magmas form, stagnate, and differentiate
before they crystallize as intrusive or extrusive rocks (Suzuki and
Nakada, 2007; Weidendorfer et al., 2014). Moreover, since continental
arc magmas on average straddle the andesite-dacite compositional
boundary that resemble the bulk composition of continental crust, the
processes of arc magmatism are key to understanding the evolution of
continental crust (Ducea et al., 2015; Taylor and McLennan, 1985).
Thus, identifying the sources of magma, the evolution processes and
physico-chemical conditions of magma reservoirs, and establishing
the genetic relationships between basaltic and felsic magma reservoirs
are of fundamental significance in understanding the arc magma system
that feeds the continental crust.

Continental arcs are shaped by subduction-related magmatism, and
the East Kunlun Orogenic Belt (EKOB) in the northern Tibetan Plateau is
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a prime example. The EKOB evolved via extensive arc magmatism dur-
ing the Permian and Triassic, as represented by large-scale felsic arc
batholiths (Mo et al., 2007; Xiong et al., 2014; Zhang et al., 2017;
Fig. 1), and these batholiths provide an excellent natural laboratory to
study the magmatic arc system. Previous researchers proposed that ba-
saltic magma underplating and associated magma mixing played a
major role in the generation of these batholiths, and this interpretation
was based mainly on studies of microgranular magmatic enclaves
(MMESs) (e.g., Chen et al,, 2017; Li et al., 2018; Xiong et al., 2014). How-
ever, the origin of MMEs remains debated, and their possible genetic
mechanisms include, but are not limited to, restites (Chappell and
Wyborn, 2012, and references therein), mantle-derived melts
(Barbarin, 2005; Mo et al., 2007), and mafic cumulates (Flood and
Shaw, 2014; Moita et al., 2015). Our inability to directly observe
underplated basaltic magmas means that the nature of mantle-
derived melts and the exact processes of the crust-mantle interaction
remain uncertain.

In this paper, we present mineralogic, petrologic, geochronological,
and geochemical data for coeval mafic-intermediate dike swarms in
the EKOB to constrain their generation mechanisms and associated
magma processes, and to unravel the fate of the underplated basaltic
magma and its relationship to the intermediate magma.

2. Geological setting and petrography
2.1. Geological setting
The EKOB extends east-west for up to 1500 km along the northern

margin of the Tibetan Plateau, and is bounded by the Qaidam block to
the north and the Bayan Har terrane to the south (Fig. 1a). The EKOB
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is a key segment to reconstruct the Tethyan realm in East Asia and
formed finally during the Paleo-Tethyan accretionary orogeny in the
late Permian-Triassic (Harris et al., 1988; Mo et al., 2007; Yang et al.,
2009). Extensive magmatism related to the Paleo-Tethyan orogeny
took place in the EKOB (Fig. 1b), as characterized by large-scale
Permian-Triassic granitoids (Chen et al., 2015; Harris et al., 1988; Mo
et al,, 2007; Xiong et al., 2014). Recently, numerous intermediate—
mafic dike swarms were discovered in the EKOB (Hu et al., 2016;
Xiong et al., 2011, 2013), and most of them intruded into the coeval
granitoids.

The study area is located in the eastern section of the EKOB (Fig. 1a),
~20 km south of Balong township in Qinghai Province, NW China. The
country rocks of the studied dikes consist of Paleoproterozoic
metasedimentary rocks, early Paleozoic granites and late Permian
granodiorites, with the latter being the most important (Fig. 1b). Zircon
U-Pb dating of the host granodiorites yields crystallization ages of
261-252 Ma (Xiong et al., 2012; Zhang et al., 2012), corresponding to
the peak period of construction of the magmatic arc in the EKOB
(Chen et al., 2015; Ding et al., 2015; Li et al., 2018; Xiong et al., 2014;
Zhang et al., 2012; Zhang et al., 2017). The dikes in the Permian granit-
oids are subvertical and trend E-W, parallel to the central Kunlun fault
system (Fig. 1b). The dikes are 0.5 to 5.0 m thick (Fig. 2a) and do not
present any evidence of ductile deformation, but they commonly
curve and occasionally show sharp contacts with the host pluton
(Fig. 2a and b). Some mafic dikes are cut by back-veining from the
host granodiorite (Fig. 2a), and some intermediate dikes contain small
amounts of angular or harbor-shaped xenoliths of the host granodiorite
(Fig. 2¢). These features, together with the absence of thermal contact
metamorphism in the host granodiorites, are characteristic of
synplutonic dikes (Barbarin, 2005).
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Fig. 1. (a) Tectonic outline of the Tibetan Plateau showing its major tectonic units (after Roger et al., 2008); (b) Simplified geological map of East Kunlun orogen showing the distribution of
the granitic plutons and the studied dikes (after Xiong et al., 2014). Data sources for zircon U-Pb ages are as follows: 1-Shao et al. (2017); 2-Chen et al. (2015); 3-Xiong et al. (2014); 4-Chen
etal. (2017); 5-Liu et al. (2004); 6-Li et al. (2018); 7-Zhang et al. (2012); 8-Xiong et al. (2012); 9-Ding et al. (2015); 10-Zhang et al. (2017); 11-Ding et al. (2014); 12-Xiong et al. (2011).
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Fig. 2. (a-d) Field photographs of the studied dikes in the EKOB and (e-f) photomicrographs of representative samples. (a) Granodiorite is the host of, and back-vein in the porphyritic
diabase; (b) Contact between the porphyritic diabase and host granodiorite; (¢) Granodiorite xenolith in diorite porphyry; (d) Lamprophyre with abundant amphibole phenocrysts;
(e) Porphyritic texture of porphyritic diabase with Cpx and Pl phenocrysts; (f) Porphyritic texture of diorite porphyry with Amp and Pl phenocrysts. Cpx-clinopyroxene, Amp-

amphibole, Pl-plagioclase.
2.2. Sampling and petrography

Twenty-two representative samples were collected from fresh por-
tions of different dikes, and four samples were collected for dating
(Fig. 1b). According to their petrographic characteristics, the samples
can be classified as lamprophyre, porphyritic diabase and diorite por-
phyry. Representative photomicrographs of the studied dikes are
shown in Fig. 2.

All the dikes are massive, of fine to medium grain size, and
dark gray or gray-green in color. The lamprophyres are character-
ized by a fine-grained porphyritic texture with phenocrysts of
euhedral amphibole (15-20 vol%) and a small amount of pyroxene
(Fig. 2d). The groundmass of the lamprophyres is fine-grained and

made up of amphibole (30-35 vol%), plagioclase (25-30 vol%), py-
roxene (5-10 vol%), and biotite (2-5 vol%). The porphyritic dia-
bases are porphyritic with a fine-grained matrix (Fig. 2e) of
subhedral plagioclase (40-45 vol%), clinopyroxene (10-15 vol%),
and euhedral amphibole (20-25 vol%), and they have phenocrysts
of plagioclase (~10 vol%), pyroxene (~3 vol%), and amphibole
(~5 vol%). The diorite porphyries have a typical porphyritic tex-
ture with euhedral plagioclase and amphibole phenocrysts set in
a matrix of fine-grained plagioclase and amphibole (Fig. 2f). Nota-
bly, the types and contents of phenocryst in the diorite porphyries
vary from sample to sample, so that some samples are rich in am-
phibole phenocrysts but lack plagioclase phenocrysts, while others
have mainly plagioclase phenocrysts.
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3. Analytical methods
3.1. U-Pb dating by LA-ICP-MS methods

Zircons were separated using conventional heavy liquid and mag-
netic techniques at the Langfang Regional Geological Survey, Hebei
Province, China. Zircon grains were photographed with an optical mi-
croscope, and their internal structure was checked by
cathodoluminescence (CL). The U-Pb dating was done by (LA-ICP-MS)
at the State Key Laboratory of Geological Processes and Mineral Re-
sources (GPMR), China University of Geosciences, Wuhan. Laser sam-
pling was performed using a GeolasPro laser ablation system that
consists of a COMPexPro 102 ArF excimer laser (wavelength of
193 nm) and a MicroLas optical system. An Agilent 7500a ICP-MS in-
strument was used to acquire ion-signal intensities. The spot size, fre-
quency and energy of the laser were set to 32 um, 6 Hz and ~60 mJ,
respectively, in this study. Zircon 91,500 was used as the external stan-
dard for U-Pb dating, and was analyzed twice every 5 analyses.
Concordia diagrams and weighted mean calculations were made using
Isoplot/Ex_ver3 (Ludwig, 2003), and data were processed by
ICPMSDataCal (Liu et al., 2010). Detailed operating conditions for the
laser ablation system and the ICP-MS instrument and data reduction
are the same as described by Liu et al. (2010).

3.2. Major elemental and trace elemental analyses

Major element contents of minerals were determined at GPMR lab-
oratory, Wuhan, using a JEOL-JXA-8100 electron microprobe analyzer
(EMPA) equipped with four WDS spectrometers. The samples were
first coated with a thin conductive carbon film prior to analysis. During
the analysis, an accelerating voltage of 15 kV and a beam current of
20 nA were used to a 10 um spot on the mineral surface. Precision for
mineral composition analysis was calculated from counting statistics
and was generally better than 1% for measurements of >10 wt%, and
better than +5% for contents of >0.5 wt%. Detailed operating conditions
for the EPMA system and data correction procedure are the same as de-
scribed by Duan and Jiang (2017).

Whole rock samples were crushed in a corundum jaw crusher (to 60
mesh). About 60 g was powdered in an agate ring mill to <200 mesh for
whole rock geochemistry analysis. The major-element analysis was
conducted by standard X-ray fluorescence (XRF) methods, which was
carried out on a Shimadzu Sequential 1800 spectrometer at the GPMR
laboratory, Wuhan. Precision is better than 4% and accuracy is better
than 3% for major elements. The detailed techniques for analysis of
major elements are described by Ma et al. (2012). Trace elements
were analyzed with an Agilent 7500a ICP-MS at GPMR laboratory,
Wuhan. The samples were digested by HF + HNOs in Teflon bombs.
Analyses of USGS standards (AGV-2, BHVO-2, BCR-2 and RGM-2) indi-
cate accuracy better than 5-10% for most trace elements. The detailed
sample-digesting procedure of ICP-MS analyses for trace elements is
the same as described by Liu et al. (2008).

3.3. Sr-Nd isotope analyses

Bulk-rock Sr and Nd isotopic ratios were determined on a Finnigan
Triton thermal ionization mass spectrometer at the GPMR laboratory,
Wauhan. Details on the experimental procedures and analytical precision
have been described by Gao et al. (2004). Total procedural blanks were
<50 pg for Sm and Nd, as well as <1 ng for Rb and Sr. The measured
87Sr/85Sr and '**>Nd/'*4Nd ratios were normalized to the natural
865r/38Sr of 0.1194 and “5Nd/'**Nd of 0.7219, respectively. Analyses
of standards during the period of analysis are as follows: NBS987
yielded 87Sr/®5Sr ratio of 0.710236 + 16 (20), La Jolla yielded
143Nd/1*4Nd ratio of 0.511862 & 5 (20).

3.4. In situ zircon Hf isotope analyses

In-situ Hf isotope analyses of zircon were conducted on the dated
zircon grains using a Neptune Plus MC-ICP-MS (Thermo Fisher Scien-
tific, Germany) in combination with a Geolas 2005 laser ablation system
(Lambda Physik, Gottingen, Germany) that was hosted at the GPMR lab-
oratory, Wuhan. All data were acquired on zircon in single spot ablation
mode at a spot size of 44 pm. Each measurement consisted of 20 s of ac-
quisition of the background signal followed by 50 s of ablation signal ac-
quisition. Off-line selection and integration of analytical signals were
performed using ICPMSDataCal (Liu et al., 2010). Zircon standards
91,500 and GJ-1 were used to check instrument reliability and stability.
Detailed operating conditions for the laser ablation system, the MC-ICP-
MS instrument and analytical method are the same as described by Hu
etal. (2012).

4. Results
4.1. Zircon U-Pb ages

The zircon U-Pb data are presented in Supplementary Table S1 and
representative CL images of analyzed crystals are shown in Fig. 3. All
the zircons are transparent, colorless to pale yellow, columnar crystals
without inclusions. All samples contain two groups of zircons, with
group 1 zircons showing clear magmatic zoning and group 2 zircons
showing rounded xenocrystic cores (Fig. 3). All the zircons in group 1
are euhedral to subhedral, but their internal textures vary, which
might indicate different origins (Corfu et al., 2003). The group 1 zircons
from the lamprophyre sample show homogeneous, faint broad zoning,
and they have length/width ratios of 2-4 (Fig. 3a), the group 1 zircons
from the diorite porphyry samples show typical oscillatory zoning
(Fig.3band d), and those from the porphyritic diabase show sector zon-
ing with length/width ratios of about 1 (Fig. 3c).

The group 1 zircons from lamprophyre sample 10NM56-2 have high
Th and U contents (Th = 353-1189 ppm, U = 450-1201 ppm; Supple-
mentary Table S1) and high ratios of Th/U (0.52-0.99), confirming their
magmatic origin (Hoskin and Schaltegger, 2003). Seventeen spots were
analyzed on these zircons, and they gave concordant 2°°Pb/238U dates
ranging from 260 to 251 Ma and a weighted mean date of 256.3 +
1.2 Ma (MSWD = 0.86, errors are 10), which is identical to their inter-
cept date of 256.1 4 1.4 Ma (Fig. 3a). On the other hand, two spots on
the xenocrystic cores of group 2 zircons showed low Th and U contents
(Th = 134-248 ppm, U = 151-298 ppm) and old concordant
206ph 238 dates (403-387 Ma) that record Devonian thermal events
in the EKOB.

Two samples of diorite porphyry were used for zircon dating (sam-
ples T0NM58-2 and 11BL11-7). The xenocrystic cores in group 2 zircons
yielded 2%5Pb/?*8U dates of 928 to 342 Ma, whereas the group 1 zircons
gave young 2°°Pb/238U dates similar to those of the lamprophyre. The
magmatic zircons from samples 10NM58-2 and 11BL11-7 yielded
weighted mean 2°°Pb/238U dates of 255.1 4 1.9 and 255.2 + 2.5 Ma, re-
spectively (Fig. 3b and d), which are consistent with their intercept
206pp, 238 dates, suggesting the diorite porphyries were emplaced dur-
ing the late Permian.

The sector zoned zircons from the porphyritic diabase specimen
have high contents of Th and U (Th = 446-1571 ppm, U =
794-2532 ppm) and high ratios of Th/U (0.22-1.12). These zircons
gave 2°6Pb/238U dates ranging from 263 to 255 Ma (Fig. 3c) and a
weighted mean date of 259.2 4+ 1.8 Ma (MSWD = 0.29, 10), which is
within error of the intercept date of 257.7 4 3.0 Ma. The xenocrystic zir-
con cores have similar Th and U contents to the sector zoned zircons, but
old 2°6Pb/238U dates ranging from 893 to 697 Ma (Fig. 3c).

The geochronological data show, therefore, that the studied dikes of
lamprophyre, porphyritic diabase, and diorite porphyry have identical
crystallization ages, which suggests that coeval mafic and intermediate
magmatism took place at ca. 259-255 Ma.
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Fig. 3. Representative CL images of zircons and U-Pb concordia diagrams for the studied dikes. (a) Lamprophyre dike (10NM56-2); (b) Diorite porphyry dike (10NM58-2); (c) Porphyritic

diabase dike (11BL11-5); (d) Diorite porphyry dike (11BL11-7).

4.2. Mineral compositions

Since plagioclase, pyroxene, and amphibole dominate the mineral
assemblages of the studied dikes, a study of their compositions and tex-
tural characteristics can be used to assess the nature of the magma and
its evolutionary changes. Thus, we studied these minerals to investigate
the nature of the open- or closed-system processes that affected the
magma.

4.2.1. Plagioclase

The analytical data for the plagioclases are listed in Supplementary
Table S2, and their An-Ab-Or compositions are shown on Fig. 4. All
the plagioclases in the lamprophyres are present only in the matrix
and they lack any zoning. Their anorthite contents range from 42 to
49 (andesine) (Fig. 4a). In contrast, the plagioclases in the porphyritic
diabase and diorite porphyries have complex textures and composi-
tional variations (Fig. 4). The porphyritic diabases are heterogeneous,
as shown by the matrix plagioclases, which can be divided into two con-
trasting groups of anorthite-bytownite (Angs_gp) and labradorite
(Angg_gg). Moreover, the plagioclase phenocrysts in the porphyritic dia-
bases show either normal zoning or no zoning. The plagioclase pheno-
crysts with normal zoning have CaO- and Al,0s-rich cores with An

contents of 80-82, and diverse compositions of An = 69-71 in the
rims (Fig. 4b), while the unzoned phenocrysts have similar composi-
tions to the rims of the normally zoned plagioclases (An = 68-73;
Fig. 4a). Thus, there are two groups of plagioclase phenocrysts in the
porphyritic diabases with An contents of 80-82 (group 1) and 68-73
(group 2).

Most plagioclase phenocrysts in the diorite porphyries show reverse
zoning with anorthite contents of 34-50 in the cores (andesine) and
57-69 in the rims (labradorite) (Fig. 4d). The plagioclases in the matrix
(An = 59-62) and a few unzoned phenocrysts (An = 61-63) are rela-
tively homogeneous and have compositions that are similar to those of
the rims of the reverse-zoned phenocrysts.

4.2.2. Amphibole

The compositions of the analyzed amphiboles are listed in Supple-
mentary Table S3. The matrix amphibole and amphibole phenocrysts
in the lamprophyres have similar compositions (Fig. 5a and b) that are
close to pargasite with high contents of K,0 (0.74-0.91 wt%) and FeO"
(14.75-17.54 wt%), low contents of Al,05 (10.07-11.44 wt%) and MgO
(9.95-11.27 wt%), and low values of Mg* (52-57, Mg* = 100*Mg/
(Mg + Fe) in mole proportions, assuming all the iron is Fe?™").

However, the amphibole phenocrysts in the porphyritic diabases
show normal zoning with significant variations in their major elements
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Fig. 4. (a, ¢) Chemical compositions and (b, d) backscattered electronic images (BSE) of plagioclases from the studied dikes in EKOB.

(Fig. 5d). For example, the cores can be classified as
magnesiohastingsite with Mg* values of 58-72 and high contents of
TiO, (2.54-2.72 wt%), MgO (11.13-14.00 wt%), and Na,O
(2.23-2.51 wt%), while the rims have low contents of TiO,
(0.28-2.60 wt%), MgO (8.21-12.24 wt%), and Na,O (1.13-1.84 wt%),
and can be divided into either ferrohornblende (Mg# = 54-64) or
tschermakite (Mg* = 42-48).

In contrast, the amphibole phenocrysts in the diorite porphyries
show reverse zoning (Table S3; Fig. 5). Most of the phenocryst cores
show varied compositions ranging from tschermakite to
ferrotschermakite with Mg* values of 46-55 (Fig. 5), but the rims can
all be classified as tschermakite with much higher values of Mg*
(60-62), and higher contents of TiO, (2.30-2.70 wt%) and MgO
(12.20-12.98 wt%). Some unzoned amphibole phenocrysts can be clas-
sified as magnesiohastingsite with moderate Mg* values (~58) and high
contents of CaO (11.20-11.54 wt%), Na,0 (2.17-2.28 wt%), and K,0
(0.47-0.52 wt%).

4.2.3. Pyroxene

The major element compositions for the pyroxenes are listed in
Supplementary Table S4. As illustrated on Fig. 6, all the investigated
pyroxenes phenocrysts are diopside to augite in composition. Al-
though these phenocrysts are homogeneous and lack zoning
(Fig. 2e), there are compositional differences between the pyroxenes

of the lamprophyres and the porphyritic diabases. The phenocrysts
in the lamprophyres have a relatively narrow compositional range
(Wo045-39 En30-29 Fs30-25) with Mg* values ranging from 51 to
55, while those in the porphyritic diabases have a relatively wide
compositional range (Wo050-43 En37-34 Fs21-14) with Mg* values
of 64 to 74 (Table S4).

4.3. Whole-rock geochemistry

4.3.1. Major elements

Whole-rock major- and trace-element analytical results are pre-
sented in Supplementary Table S5. The concentrations of the major ele-
ments, in weight percent, have been recalculated from the determined
values to 100% on a volatile-free basis. The lamprophyres and porphy-
ritic diabases show gabbroic compositions, characterized by a narrow
range of SiO, (49.08-55.30 wt%), high contents of total Fe as FeOT
(8.36-10.02 wt%) and CaO (7.80-11.02 wt%), and moderate contents
of MgO (3.78-8.83 wt%) and values of Mg* (41-61). On Fig. 7 they fall
on a trend from the calc-alkaline to shoshonitic fields with high con-
tents of Na,O and K,O.

The diorite porphyries have compositions identical to andesite, and
they have higher contents of SiO, and Na,O, lower contents of TiO5,
FeO', MgO and CaO, and lower values of Mg# (21-45) than the mafic
dikes (Table S5). Their high contents of SiO, (57.42-63.64 wt%) and
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K0 + Nay0 (5.03-6.59 wt%) resemble those of typical (high-K) calc-
alkaline diorites (Fig. 7).

4.3.2. Trace elements

The porphyritic diabases and lamprophyres have similar rare-earth
element (REE) compositions () _REEs = 83-130 and 113-138 ppm, re-
spectively), and they exhibit slight enrichments of light rare earth ele-
ments (LREEs; (La/Yb)y = 4.42-7.52 and 6.15-9.37, respectively) and
flat patterns of the heavy rare-earth elements (HREEs; Fig. 8a and c), ex-
cept for sample 11BL11-9 (3_REEs = 196 ppm, (La/Yb)y = 11.67). In
contrast, the diorite porphyries have higher total REE contents
(>_REEs = 134-205 ppm), and they are much more enriched in

S0 Wo (mol%)
45 / = Hedenbergite\
Diopside
Augite
20,
/ Pigeonite
5/ Clinoenstatite | Clinoferrosillite \

En (mol% Fs (mol%)

)A Porphyritic diabase  [] Lamprophyre

Fig. 6. Ternary En-Wo-Fs chemical classification of clinopyroxene phenocrysts from the
porphyritic diabase and lamprophyre in EKOB.

LREEs relative to the HREEs ((La/Yb)y = 6.86-18.16). The mafic and in-
termediate dikes show either no Eu anomaly (Eu/Eu* = 0.87-1.01) ora
slight negative Eu anomaly (Eu/Eu* = 0.70-1.02) (Fig. 8).

The primitive mantle-normalized trace element variation diagrams
(Fig. 8b and d) show that the mafic dikes are strongly enriched in
large ion lithophile elements (LILEs; e.g., Rb, Ba, Th, U, and Pb) and de-
pleted in P, Ti, and high field-strength elements (HFSEs; e.g., Ta, Nb,
Zr, and Hf). Compared with the mafic dikes, the intermediate dikes are
much more enriched in LILEs as well as Zr and Hf (Fig. 8f).

4.4. Sr-Nd-Hf isotopes

The bulk-rock Sr-Nd and zircon Lu-Hf isotope data are presented in
Supplementary Table S6 and S7, respectively. All isotopic ratios were
calculated using the crystallization age of the corresponding dike. The
mafic dikes have weakly enriched Sr-Nd isotopic compositions
(Table S6; Fig. 9a), with high initial Sr isotopic ratios ((87Sr/%6sr); =
0.7090-0.7117) and moderate enq(t) values (—6.37 to —3.70), while
the diorite porphyries have relatively high initial Sr isotopic ratios
((®7Sr/%55r); = 0.7104-0.7122) and low gyq(t) values (—7.86 to —5.98).

The zircons from the porphyritic diabase show varied Lu-Hf isotopic
compositions (Table S7; Fig. 9b), with the majority showing chondrite-
like isotopes (ep(t) = 0.39 to 3.19). On the other hand, the zircons from
the lamprophyre have relatively homogenous Lu-Hf isotopes, character-
ized by moderate initial 1”SHf/!””Hf ratios (0.282533-0.282637) and
weakly enriched ey(t) values (—2.79 to 0.91). With the exception of
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one spot with a high initial '7®Hf/!””Hf ratio (0.282748) and a depleted
eng(t) value (4.82), all the zircons in the diorite porphyry have the same
Lu-Hf isotopic compositions as those from the lamprophyre, with initial
175Hf/ 77Hf ratios of 0.282537-0.282620 and enriched gu¢(t) values of
—2.63 to 0.29.

5. Discussion
5.1. Crystallization conditions in the magma reservoirs

Our samples of calcic amphibole and clinopyroxene phenocrysts
and/or xenocrysts preserve a record of the compositional variations in
the magma feeding system during crystal growth, and this could pro-
vide critical petrogenetic information on the evolution of the magma
reservoir (Ginibre et al., 2007; Streck, 2008). The amphibole-related
thermobarometric equation proposed by Ridolfi et al. (2010); Ridolfi
and Renzulli (2011) was applied to calculate the crystallization condi-
tions of our dike samples (Ridolfi et al., 2010; Ridolfi and Renzulli,
2011), because it is applicable to a wider range of conditions
(550-1130 °C and <2200 MPa for calc-alkaline magmas) and has
lower uncertainties (T & 23.5 °C, P 4 11.5%) than other amphibole
thermobarometers such as the Al-in-hornblende geobarometer of
Anderson et al. (2008, and references therein). Our results show that
the amphibole phenocrysts in the lamprophyres crystallized at mid-
crustal levels (276-320 MPa and 893-926 °C for sample 10NM56-2,
and 248-287 MPa and 884-905 °C for sample 10NM56-3; Fig. 10), indi-
cating its parental magma was emplaced at a depth of 9-12 km (assum-
ing a crustal density of 2.7 g/cm?). Interestingly, the zoned amphibole
phenocrysts in the porphyritic diabases show different P-T conditions,

i.e., the magnesiohastingsite cores (Mg* = 58-72) and ferrohornblende
rims (Mg# = 54-64) exhibit high P-T values (701-856 MPa and
980-1041 °C), equating to a depth of 26-32 km, whereas the
tschermakite rims (Mg* = 42-48) gave much lower P-T values (P =
232-337 MPa and T = 834-899 °C). These differences suggest that
the amphibole phenocrysts in the porphyritic diabases were succes-
sively overgrown in different magma reservoirs at two different depths
of 26-32 and 9-12 km.

The rims and cores of the zoned amphiboles in the diorite porphyries
exhibit similar crystallization pressures (330-470 MPa and
338-468 MPa, respectively), but the rims (923-965 °C) show slightly
higher temperatures than the cores (881-954 °C; Fig. 10). The unzoned
amphibole phenocrysts (Mg# = 53-58) exhibit identical crystallization
conditions to the rims, with pressures of 414-481 MPa and tempera-
tures of 952-961 °C. Altogether, these pressures and temperatures indi-
cate that the cores of amphibole phenocrysts (Mg# = 46-55) in the
diorite porphyries crystallized in a mid-crustal magma reservoir
(12-18 km depth) at relatively low temperatures, and that the cores
were then overgrown by the high-Mg* rims (Mg# = 60-62) during
the subsequent injection of high-temperature magma into the reservoir.

To gain a better understanding of the T-P conditions of the mag-
matic processes, clinopyroxene thermobarometry was also used to con-
strain the conditions of crystallization. The clinopyroxene
thermobarometer with the highest precision and smallest systematic
error is that of Putirka et al. (2003), which we applied to our samples.
Our calculations indicate that the P-T conditions of crystallization for
the clinopyroxene phenocrysts from the porphyritic diabases
(572-880 MPa and 1113-1159 °C) were higher than for those from
the lamprophyres (211-400 MPa and 1054-1071 °C). This further con-
firms that the magma reservoir of the lamprophyre accumulated at
mid-crustal levels (8-15 km) compared with the lower-crustal reser-
voir for its porphyritic diabase precursor (22-33 km), and these results
are consistent with the results from amphibole thermobarometry
(9-12 km and 26-32 km, respectively).

Our previous study of the coeval host granodioritic pluton revealed
that it crystallized at pressures of 290-418 MPa, which equate to a
depth of 11-16 km (Xiong et al., 2012), identical to the depths indicated
for the diorite porphyry and lamprophyre dikes. Altogether, our study
shows that magma reservoirs related to the dikes and the host granodi-
orite stagnated at the two levels of 26-32 and 9-18 km.

5.2. Origin and evolution of the mafic magmas

5.2.1. Magma source

Our samples of the mafic dikes (porphyritic diabase and
lamprophyre) have relatively low SiO, contents (49.08-55.30 wt%),
high MgO contents (3.78-8.83 wt%), Mg* values of 41-61, no cumulate
textures (Fig. 2), and chondrite-like or weakly depleted Hf isotopes, all
of which suggests they were derived from a mantle source rather than
the early accumulation of mafic minerals in a crustal melt (Lee et al.,
2006; Rapp et al, 2003). Their high initial 87Sr/%6Sr ratios
(0.7090-0.7117), negative &eng(t) values (—6.37 to —3.70), and
chondrite-like Hf isotopes (ey¢(t) = —4.21 to 3.19 for the porphyritic
diabase and —2.79 to 0.91 for the lamprophyre) are consistent with der-
ivation from an enriched mantle source rather than a depleted astheno-
spheric mantle source (e.g., MORB and OIB; Fig. 9a).

This hypothesis is supported by their arc-related geochemical fea-
tures, such as the marked enrichment in LILEs and depletion in HFSEs,
which implies an enrichment mechanism that was related to subducted
components. The relative enrichments of Rb, Th, Ta, and Ba (Fig. 8), and
the obvious depletion in Yb and Y, as well as the high Th/Yb and Ba/La
ratios (Fig. 11), indicate that mantle below a continental arc, enriched
in fluid, could account for these geochemical features. In fact, the pres-
ence of abundant amphiboles in the mafic dikes also implies a high-
H,O (fluid-saturated) magma source (Figs. 2 and 5). Recent studies
have shown that the volatile contents (e.g., HyOpe¢) of calc-alkaline
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melts can be related roughly to the calcic amphibole compositions and
positively correlated with pressure, in agreement with most solubility
models (Ridolfi and Renzulli, 2011, and references therein). Thus, the
empirical method of Ridolfi and Renzulli (2011) was applied to estimate
the H,O content of the mafic magma, and the results reveal high H,0
contents (6.4-7.1 wt% for lamprophyre and 8.2-9.5 wt% for porphyritic
diabase). Thus, the mineralogical, geochemical, and isotopic data for the
mafic dikes all suggest derivation from an enriched lithospheric mantle
source that had been metasomatized by subduction-related fluids.

5.2.2. Magmatic processes: contamination, mixing and fractionation?

It is inevitable that continental contamination or magma mixing
would occur within the trans-crustal mafic magma system (Andrews
et al,, 2008; Annen et al., 2006; Weidendorfer et al., 2014). The REE
and trace element compositions of our mafic dike samples resemble
those of the upper continental crust (Fig. 8a-d), which could imply a
crustal component in the genesis of the mafic dikes. Their low Nb/U ra-
tios (2.3-21) (cf. Nb/U = 9.0-21 for crust and 34-50 for mantle) and

high Th/Yb ratios (0.76-6.72) (cf. Th/Yb = 0.80-5.25 for crust and
0.04-0.25 for primitive mantle and MORB; Sun and McDonough,
1989) also indicate the contribution of crustal contamination or
magma mixing. This inference is further supported by the positive cor-
relation between Mg* and eNd(t), and the negative correlation between
Mg# and (87Sr/%6sr); (Fig. 12k and 1) as well as the presence of
xenocrystic zircons in these mafic dikes (Fig. 3). However, magma
mixing can be ruled out, as mixing with crustal melts would have left
a mark on the phenocrysts, such as the regrowth of plagioclase to
form zoning with low-An rims. As shown on Fig. 4, the plagioclase phe-
nocrysts in the porphyritic diabases do show zoning, but their rims have
high contents of CaO (An = 69-71), which differs from the phenocryst
cores in the coeval diorite porphyries (An = 34-50) and host granodi-
orites (An = 30-44; Xiong et al., 2012). Thus, crustal contamination is
the most likely way in which the compositions of the mafic dike
magmas were changed, and variable degrees of contamination could ac-
count for the differences in the elemental and isotopic contents of the
porphyritic diabases and lamprophyres (Figs. 9 and 11).
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The low values of Mg* (41-61) and the low contents of Cr
(6.86-295 ppm) and Ni (4.29-48.4 ppm) (Table S5; Fig. 12h-j) suggest
fractional crystallization also played a significant role in the formation of
the mafic dike magmas. Furthermore, Mg* shows linear correlations
with Si0,, TiO,, Al,0s, FeOT, Mg0, Ca0, Cr, Co, and Ni for the porphyritic
diabases and the lamprophyres (Fig. 12a-j), indicating that olivine, py-
roxene, and hornblende dominated the fractionation. This conclusion is
also consistent with the results of fractionation simulation (Fig. 12), in
which we assumed that the most mafic sample represents the initial
composition (sample 11BL11-2, Mg* = 61, Cr = 295 ppm). Fraction-
ation of the observed mineral assemblage from hydrous mafic precur-
sors (H,O = 6.4-9.5 wt%) also reasonably explains the very high
Al,03 contents of the mafic dikes (16.69-20.27 wt%), similar to the
low-MgO high-alumina basalts and basaltic andesites derived from
the fractionation of hydrous (>4 wt% H,0) mafic magmas that pond at
moderate (>6 km) crustal levels (Grove et al., 2003; Sisson and Grove,
1993).

5.3. Generation mechanism for the intermediate dikes

Compared with the mafic dikes, the petrogenesis of the intermediate
dikes (i.e., the diorite porphyries) is much more complex. There are sev-
eral possible mechanisms for the generation of intermediate magmas in
an orogenic belt, including: (1) dehydration melting of subducted oce-
anic crust (Defant and Drummond, 1990; Kay, 1978), (2) slab-related
melt-mantle interactions (Goss et al.,, 2013; Tatsumi, 2001), (3) partial
melting of continental crust (Annen et al., 2006; Petford and Atherton,
1996), (4) differentiation crystallization of mantle-derived mafic
magmas (Annen and Sparks, 2002; Grove et al., 2003), and (5) open-
system magmatic processes, such as mixing or mingling between felsic
and mafic magmas (Hildreth and Moorbath, 1988; Weidendorfer et al.,
2014). The key to identifying the possible mechanism is clarifying the
source affinity of the intermediate magma and its relationship to the co-
eval mantle-derived magma. Considering our new data on Sr-Nd-Hf
isotopes and the bulk-rock and mineral chemistries, we propose that
the intermediate dikes were generated from the mixing of mafic and
felsic magmas in an open-system. The main evidence in support of
this proposal is summarized below.

Firstly, the diorite porphyries are characterized by low contents of
MgO (0.82-3.03 wt%) and values of Mg” (21-45), moderate contents
of Sr (323-552 ppm), and high contents of Y (19.5-37.2 ppm) and Yb
(1.77-3.26 ppm), which contrasts with the adakitic-like geochemistry
of melts generated by dehydration melting of subducted oceanic crust
(Defant and Drummond, 1990; Kay, 1978) and the chemistry of high-
Mg andesites related to melt-mantle interactions (Goss et al., 2013;

Xiong et al. (2011, 2013); Host granodiorites are from Xiong et al. (2012). Tatsumi, 2001)_ Moreover, the enriched Sr-Nd-Hf iSOtOpiC
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compositions are not only quite different from the isotopic composi-
tions of Tethyan-related OIB and MORB-type basalts in the EKOB
(Fig. 9a), but they plot far from the fields of pure crust-derived
rocks (Fig. 9a and b; Chen et al., 2007; He et al,, 2018), which further
precludes the above two mechanisms as well as the model of simple
anatexis of continental crust.

Secondly, although less profound, the diorite porphyries display
much more enriched Nd-Hf isotopic signatures (enq(t) = —7.86 to
—5.98 and gye(t) = —2.63 to 0.29) than the most mafic dikes
(e.g., the porphyritic diabases have eyng(t) = —3.88, eye(t) = 0.39 to
3.19 for most zircons). This characteristic, as well as the different evolu-
tionary trends of Sr-Nd isotopes with increasing degrees of evolution
(Fig. 12k and 1), contradicts the differentiation model (Annen and
Sparks, 2002; Grove et al., 2003), and this conclusion is further sup-
ported by the obvious variations in incompatible trace elements ratios
(Fig. 11; Schiano et al., 2010).

In fact, the identical crystallization ages of the mafic-intermediate
dikes and their host granodiorites (261-252 Ma; Xiong et al., 2012;
Zhang et al., 2012), their sharp contacts without any metamorphic mar-
gins, and the presence of irregular xenoliths of the host granodiorite in
the diorite porphyries (Fig. 2c) all indicate that the host felsic pluton
had not completely solidified prior to the intrusion of the mafic-
intermediate dikes, which makes magma mixing a possibility. More-
over, the reverse zoning of phenocrysts in the diorite porphyries records
abundant information about the magmatic processes. For example,
some plagioclase phenocrysts in the diorite porphyries have core-rim
textures with average An values of 46-47 (cores) and 57-62 (rims)
(Fig. 4d), while most amphibole phenocrysts have Mg* values of
47-49 (cores) and 61-62 (rims) (Fig. 5e). These abrupt compositional

changes are most likely to have been produced by magma mixing in
an open system.

We evaluated this mixing hypothesis with two-component mixing
model, using the spatially and temporally associated gabbro (Fig. 1b;
ca. 257 Ma, SiO, = 44.31 wt%; our unpublished results) and the host
granodiorite (ca. 261 Ma, SiO, = 64.24 wt%; Xiong et al., 2012) as
end-member compositions. As shown by the plots of Th/Nd versus Th
and Rb/Nd versus Rb (Fig. 11a and b), a mixing model of 50%-70% felsic
magma and 30%-50% mafic magma could reproduce the measured
trace element compositions of the diorite porphyries. This is in good
agreement with the Sr-Nd isotopic mixing modeling of pure mantle-
derived magmas and crustal end-members (Fig. 9a). Such a model of
mixing is similar to that proposed for the genesis of the MMEs in the
EKOB (Xiong et al., 2012; Zhang et al., 2012), further confirming their
origin by the mixing of crust- and mantle-derived magmas.

5.4. Implications for the continental arc magma feeding system

The above observations on the petrogenesis of the dikes and their
crystallization conditions show that processes of crustal contamination,
magma underplating, and the subsequent mixing of mafic and felsic
magmas and their differentiation controlled the compositions of the
mafic and felsic magma reservoirs at two different levels in the crust.
Further studies on the crystals suggest that the replenishment of basal-
tic magma and the rejuvenation of felsic crystal mushes were also cru-
cial to the magma system.

The plagioclase phenocrysts in the porphyritic diabases are zoned
with a significant component gap between the rims (An = 69-71)
and the cores (An = 80-82) (Fig. 4b), and this is not consistent with a
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using the most primitive sample (11BL11-2) to represent the parental magma.

fractional crystallization model, which would have produced oscillatory
zoning with gradually changing components (Ginibre et al., 2007, and
references therein), but is similar to the situations involving the replen-
ishment of basaltic magma (Andrews et al., 2008; Ginibre et al., 2007).
The labradorite-bytownite compositions of the phenocryst rims (An
= 69-71) suggest crystallization from a basaltic rather than felsic
magma (Coote and Shane, 2016; Weidendorfer et al., 2014). Some of
the amphibole phenocrysts in the porphyritic diabase have a similar fea-
ture, with rims (ferrohornblende, Mg# = 54-64; Table S3) exhibiting
compositions that are identical to those found in basaltic magmas
(Andrews et al., 2008; Streck, 2008). These features, as well as the pres-
ence of two groups of plagioclase compositions in the matrix of the por-
phyritic diabases (Angs_gg and Angg_gg), all support the proposal that
the replenishment of basaltic magma was an important process in the
evolution of the magmatic system.

In the diorite porphyries, the compositions of the plagioclase matrix
(Ansg_gz), the unzoned phenocrysts (Ang;_g3), and the zoned pheno-
cryst rims (Ans;_go) all fall in the range of labradorite, which contrasts
with the andesine composition (Ans4_s9) of the phenocryst cores

(Fig. 4). The same kind of reverse zoning can also be seen in some am-
phibole phenocrysts (Fig. 10b). Considering the presence of felsic xeno-
liths (Fig. 2c) and the identical crystallization depths and ages of these
dikes and the host felsic pluton (Xiong et al., 2012), the reverse mineral
zoning can reasonably be explained by a model involving remobiliza-
tion and mixing (Fig. 13). In such a model, a mushy felsic magma, rich
in andesine and low-Mg* amphibole (Mg# = 46-50), would have
been rejuvenated by and subsequently mixed with the basaltic
magma that was underplating the crust. The magma produced would
have become hotter and more Ca- and Mg-rich, eventually leading to
the growth of labradorite and high-Mg* amphibole rims. Crystal mush
remobilization and subsequent mixing are widely recognized processes
in volcanic systems, as demonstrated by petrology, geophysics, and nu-
merical modeling (Burgisser and Bergantz, 2011; Coote and Shane,
2016; Suzuki and Nakada, 2007).

Thus, combining the data on the petrography, mineralogy, and geo-
chemistry of the studied mafic-intermediate dikes, we can reconstruct
the magma feeding system as follows. (1) The parental magma of the
porphyritic diabase was at first involved in the underplating of the
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that controlled the mineral and chemical variations of the studied dikes. (b) Magma
mixing between basaltic magma and felsic mush magma.

crust. It then stagnated in a lower-crustal magma reservoir (P =
701-856 MPa, 26-32 km depth) where it was differentiated by the crys-
tallization of clinopyroxene (Mg* = 64-74, T = 1113-1159 °C), plagio-
clase (Angg_g»), and amphibole (Mg# = 58-72, T = 998-1041 °C).
Meanwhile, some of the basaltic magma penetrated the lower crust
and became ponded in a mid-crustal reservoir (P = 276-320 MPa),
where eventually it formed the lamprophyre magma compositions
through the fractional crystallization of clinopyroxene (Mg# = 51-55,
T = 1054-1071 °C) and amphibole (Mg* = 53-57, T = 893-926 °C).
(2) Recharging of the evolved basaltic magma sustained the lower
magma reservoir (Fig. 13), leading to the regrowth of phenocrysts
rimmed by Ca-rich plagioclase (Angg_73) and Mg-rich amphibole
(ferrohornblende, Mg* = 54-64) under similar P-T conditions (P =
742-831 MPa, T = 980-1013 °C). (3) At mid-crustal levels (P =
330-470 MPa), some of the evolved basaltic magma (~940 °C) ascended
to the interface of a felsic crystal mush reservoir (~915 °C). Reheating by
this basaltic magma would have triggered the remobilization of the
crystal mush (Fig. 13), and this would have been followed by the mixing
of the basaltic magma and felsic mush to form the precursor of the dio-
rite porphyries.

6. Conclusions

A detailed petrological, geochronological, mineralogical and geo-
chemical study of the ca. 259-255 Ma mafic-intermediate dike swarms
in the EKOB provides insight into the nature of the magma feeding sys-
tem and the processes involved. Geochemical and Sr-Nd-Hf isotopic
data suggest that the mafic dikes were derived from an enriched litho-
spheric mantle that had been metasomatized by subduction-related
fluids. This primary basaltic magma underplated the crust where it
underwent varying degrees of magma recharging and assimilation,
followed by differentiation due to the crystal fractionation of olivine, py-
roxene, and hornblende. The ascent of some of this evolved mafic
magma into a mid-crustal magma reservoir filled with a felsic crystal
mush led to the rejuvenation of the mush and the mixing of the mafic
and felsic components to form the intermediate dike magmas. We pro-
poses that the magma feeding system involved magma underplating,
replenishment, rejuvenation of felsic crystal mushes, mixing of mafic
and felsic components, and differentiation, and that all these major pro-
cesses, in combination, controlled the compositions of several magma
reservoirs at different depths in the crust. Studying these processes in
detail is key to understanding the compositional diversity and igneous
petrogenesis in continental magmatic arcs.
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