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Abstract We have identified a new crustally derived
granite pluton that is related to the Emeishan Large Igne-
ous Province (ELIP). This pluton (the Wase pluton, near
Dali) shows two distinct SHRIMP zircon U-Pb age groups
(~768 and ~253 Ma). As it has an intrusive relationship
with Devonian limestone, the younger age is interpreted as
its formation, which is related to the ELIP event, whereas
the ~768 Ma Neoproterozoic-aged zircons were inher-
ited from Precambrian crustal component of the Yangtze
Block, implying the pluton has a crustally derived origin.
This is consistent with its peraluminous nature, negative
Nb-Ta anomaly, enrichment in light rare earth elements,
high ¥Sr/*°Sry, ratio (0.7159-0.7183) and extremely
negative e(Nd);;, values (—12.15 to —13.70), indicative of
melts derived from upper crust materials. The Wase plu-
ton-intruded Devonian strata lie stratigraphically below
the Shangcang ELIP sequence, which is the thickest vol-
canic sequence (~5400 m) in the whole ELIP. The upper-
most level of the Shangcang sequence contains laterally
restricted rhyolite. Although the rhyolite has the same age
as the Wase pluton, its geochemical features demonstrate
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a different magma origin. The rhyolite displays moderate
$7S1/%Sr ;) (0.7053), slightly negative £(Nd);, (—0.18) and
depletions in Ba, Cs, Eu and Sr, implying derivation from
differentiation of a mantle-derived mafic magma source.
The coexistence of crustally and mantle-derived felsic sys-
tems, along with the robust development of dike swarms,
vent proximal volcanics and thickest flood basalts piles in
Dali, shows that the Dali area was probably where the most
active Emeishan magmatism had once existed.

Keywords Emeishan - Large Igneous Province - Dali -
Granite - Crustal melting

Introduction

Although large igneous provinces (LIPs) are commonly
known for their voluminous and rapidly emplaced flood
basalt formations, silicic plutonic rocks, which are much
smaller in proportion, can comprise a significant compo-
nent in LIP systems (Bryan and Ernst 2008; Bryan et al.
2010). They carry important information on magma evolu-
tion and the petrogenetic processes that create a LIP event.
The widely accepted mantle plume theory attributes the
generation of LIPs to large-scale decompressional melt-
ing of a deep hot mantle plume when it rises to the base of
lithosphere (e.g. White and McKenzie 1989; Campbell and
Griffiths 1990; Griffiths and Campbell 1990, 1991; Camp-
bell 2005, 2007). The evolution of primary, mantle-derived
mafic magma can produce subordinate silicic magma either
by fractional crystallization (Loiselle and Wones 1979;
Turner et al. 1992; Peccerillo et al. 2003; Shellnutt and
Zhou 2007; Zhong et al. 2007) or by partial melting of the
fractionated cumulates (Shellnutt and Zhou 2007, 2008;
Zhou et al. 2008). Alternatively, the high temperature of
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underplated mafic magma can also trigger melting of the
overlying crust materials, resulting in formation of crustally
derived silicic magma (White and McKenzie 1989; Camp-
bell and Griffiths 1990; Zhong et al. 2007; Shellnutt et al.
2011a). Silicic lithologies derived from these magma series
not only introduce robust diversity to the petrogenetic pro-
cesses on the Earth, but also provide essential constraints
on details of individual LIPs, such as ages, eruption stage
and potential effect to the environment (He et al. 2007;
Bryan et al. 2010; Xu et al. 2010; Zhong et al. 2011, 2014;
Shellnutt et al. 2012).

The middle Permian Emeishan Large Igneous Province
(ELIP) located in the western Yangtze Block (SW China) is
a typical intraplate LIP that is regarded as related to mantle
plume activities (Fig. 1a) (Chung and Jahn 1995Xu et al.
2001; Ali et al. 2005; Zhang et al. 2006, 2009; Shellnutt
2014). The Indo-Eurasia collision has eliminated most of
the western portion of the ELIP, but volcanic and plutonic
rocks located in North Vietnam are interpreted as dislocated

units (Hanski et al. 2004; Anh et al. 2011; Tran et al. 2015;
Usuki et al. 2015). As a consequence of this tectonic event,
the plume center of the ELIP (the ‘Central ELIP’) is now
in direct contact with the eastern frontier of the Tibetan
orogenic regime (Chung and Jahn 1995; Chung et al. 1998;
Shellnutt 2014). This tectonic activity has resulted in robust
exhumation of abyssal plutons of the Central ELIP, thereby
making the ELIP one of the best places to study plume-
related silicic magmatism (Zhong et al. 2011). However,
due to control by a regional N-S structural lineament, the
exhumed plutons are mostly confined to the linear area
between the cities of Panzhihua and Xichang (i.e. the Panxi
paleo-rift) (Fig. 1a; Table 1). ELIP-related silicic intrusions
have rarely been reported outside this Panxi paleo-rift.

In this article, we report the finding of a new ELIP-
related pluton in the Wase town of the Dali area, which is
located outside the Panxi paleorift, ~200 km south of Pan-
zhihua City. In contrast to the Panxi paleo-rift plutons that
are mostly found as highly fragmented tectonic complexes,

Fig. 1 Tectonic background
of the ELIP; a distribution of
extant exposures of the ELIP
system (after Sun et al. 2010);
b location of Yangtze Block in
the Permian (after Jerram et al.
2016); ¢ geological map of the
Dali area showing locations
of the Wase pluton and the
Shangcang rhyolite (after Zhu
et al. 2014)
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the Wase pluton is closely associated with a well-devel-
oped, continuous late Paleozoic stratigraphic section.
The Permian part of this section preserves the thickest
Emeishan volcanic sequence in the whole ELIP (the famous
~5400 m thick Shangcang Section) and notably contains
laterally restricted silicic extrusions (Shangcang rhyolite)
in its uppermost part (Xu et al. 2001, 2010; He et al. 2007;
Zhu et al. 2014). The good geological conditions provide
an opportunity to evaluate the relationship between the
intrusive and extrusive system of the silicic magmatism.
We provide new data from SHRIMP U-Pb geochronology,
bulk rock geochemistry and Sr—Nd isotope mass spectrom-
etry of the Wase pluton and Shangcang rhyolite to reveal
their petrologic characteristics and petrogenetic origin.
By comparing their petrological and geochemical charac-
teristics, we examine whether the newly recognized Wase
pluton has any genetic links with the overlying Shangcang
silicic volcanics.

Geological background

The ELIP was developed on the Yangtze Block, a major
tectonic unit that constitutes the modern Southwest China
(Shellnutt 2014). Specifically, the ‘Upper Yangtze Block’
refers to the west part of the Yangtze block that contains
the Yunnan, Guizhou and Sichuan Provinces. It is sepa-
rated from the Tibetan orogenic regime by the Red River-
Ailaoshan-Longmenshan thrust fault system (Fig. 1a). The
basement materials of the Yangtze Block were formed dur-
ing the Archean to Early Neoproterozoic times (e.g. Zhou
et al. 2002). They were fully cratonized after the ~1000 to
820 Ma Jinning-Sibao orogenic event. The last Precam-
brian tectono-magmatic event of the Upper Yangtze Block
occurred in Late Neoproterozoic times. In the western
Upper Yangtze Block, granites formed during this time
(e.g. the Kangding Granites) can often be observed intrud-
ing into the Pre-Neoproterozoic metamorphosed complex
(e.g. Zhou et al. 2002; Ling et al. 2003). Two different mod-
els have been proposed to account for this tectonic activity.
One view argues that it was an episode of rifting related to
the break-up of the Rodinia super continent, of which the
Yangtze block was once a part (Li et al. 2002, 2003, 2006;
Zheng et al. 2007). The other opinion attributes the genera-
tion of the Neoproterozoic magmatism to subduction; sug-
gesting that the tectonic setting was a volcanic arc environ-
ment (Zhou et al. 2002, 2006a, b; Shen et al. 2003; Wang
et al. 2007; Sun et al. 2009).

From late Neoproterozoic to Triassic, the Upper Yangtze
Block was isolated from the main Gondwana continent and
surrounded by an oceanic environment. Sedimentary covers
began to develop on its crustal basement (Fig. 1b). The first
sedimentary system developed after the basement-forming

age is a suite of un-metamorphosed or weakly metamor-
phosed slate, siltstone or shale formations, in which detrital
zircons with minimum ages of ~700 to 800 Ma are found.
Representative sedimentary systems formed during this
period include the Liantuo Formation (Lan et al. 2015), the
Chengjiang Formation (Wang et al. 2012), the Banxi Group
(Lan et al. 2015), the Lieguliu Formation and the Guany-
inya Formtaion (Sun et al. 2009). This initial sedimentary
cover is successively overlain by a thick sequence formed
from Sinian to Phanerozoic times. Based on paleomag-
netic, paleontological and paleogeographic data (Fig. 1b),
it was suggested that the Yangtze Block was located in the
equatorial area and was affected by regional marine trans-
gression during the late Paleozoic (Wu et al. 2015). As a
consequence, it was submerged under a shallow submarine
environment. A vast carbonate platform, therefore, was
developed on the surface of the Yangtze Block (Fig. 1b).
During the middle Permian, the ELIP broke out on the
Upper Yangtze Block. Abundant volcanic materials erupted
at the surface, interrupting the continuous sedimentation of
the carbonate platform. During the ELIP event, the envi-
ronment changed from shallow-water submarine to over-
whelmingly terrestrial (Zhu et al. 2014). The terrestrial
environment was characterized by the voluminous piles of
the Emeishan flood basalts.

The precise age of the ELIP event, based on more than
50 U-Pb and Ar—Ar dates, is ~260 Ma (Shellnutt et al.
2012; Table 1 in; Shellnutt 2014 and references therein),
coincident with the end-Guadalupian mass extinction
(Zhou et al. 2002; Wignall et al. 2009). The modern out-
crop of the ELIP is roughly estimated ~2.5x 10> km? (e.g.
Ali et al. 2005) (Fig. 1a), forming a rhombic area in SW
China. The Dali area is located in the southwest part of the
central ELIP. It is characterized by the ~5400 m Shangcang
volcanic sequence (Fig. 1c), which is significantly thicker
than any other volcanic sequence in the whole ELIP (aver-
age thickness~700 m: Ali et al. 2005). Zhu et al. (2014)
divided the Shangcang volcanic sequence into three sub-
ordinate successions and consequently interpreted them as
a shoaling cycle from subaqueous volcanism to subaerial
lava-effusion. The ~200 to 300 m lowermost part (Basal
Succession) is dominated by pillow lava piles, indicating
that the earliest phase formed in a relatively deep subaque-
ous environment. The lower~2400 m (Lower Succession)
is characterized by explosive hydromagmatic deposits,
indicating that the early stage of the local Emeishan volcan-
ism was mainly activated in a shallower subaqueous envi-
ronment. The upper~2700 m (Upper Succession) consists
of terrestrial flood basalt lavas interlayered with subaerial
fallout tuff, indicating that the main phase of local volcan-
ism erupted in a subaerial environment (Fig. 2). It should
be noted that two extrusive silicic units are found in the
uppermost ~900 m of the Upper Succession. This sequence

@ Springer
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Fig. 2 A summary strati-
graphic column (Precambrian
to Paleozoic) for the Upper
Yangtze Block. Thickness and
stratigraphic data are from YBG
(1966, 1973); Chen and Jahn
(1998); Zhou et al. (2002); Sun
et al. (2009); Wang et al. (2012)
and Lan et al. (2015)
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contains a lower~200 m thick well-banded rhyolite unit,
overlain by ~500 m basalt lavas, and then succeeded by
~200 m of porphyritic rhyolite (Xu et al. 2001, 2010; Zhu
et al. 2014) (Fig. 2). The lateral extension of these silicic
lavas is restricted to the Dali area. Away from the Dali area,
silicic lavas are generally absent in the uppermost part of
the ELIP sequence, where the lithological assemblage
changes to sections intercalated between flood basalts and
Wauchiapingian sedimentary layers [YBG (Yunnan Bureau
of Geology) 1966, 1977; RSWY (Regional Stratigraphic
Workgroup of Yunnan), 1978].

The Wase granitic pluton is located about~5 km west
of the Shangcang section (Fig. 1¢). Geologically, the Wase
pluton is in direct contact with the Devonian carbonate
sequence below the Permian and Carboniferous section of
the local stratigraphy (Fig. 2). The exposure of the Wase
pluton limits the exhumation of the early Paleozoic in the
local area, but in adjacent places (e.g. Changhai-Heqing
area to the north or Xiaguan area to the south), Ordovi-
cian and Silurian strata have been recognized (YBG 1966,
1973) (Fig. 2).

Field structure and petrography
Wase granite

The Wase pluton is in direct contact with the Devonian
limestone strata (Figs. lc, 2) with no clay or brecciated
materials at the contact. A~2 m wide zone of limestone
adjacent to the pluton is generally metamorphosed to mar-
ble and contains lighter-toned, fully recrystallized calcite
crystals that show no trace of any sedimentary structures
(Fig. 3a—c). Moving outwards, the proportion of marble
sharply decreases, and the lithology gradually transitions
into primary limestone deposits in which original sedimen-
tary bedding is well preserved (Fig. 3a). The bedding plane
of the limestone laminations obliquely intersects the orien-
tation of the granite—marble boundary (Fig. 3a).

The marginal area of the granite pluton is light grey in
colour and consists of medium- to coarse-grained feldspar
and quartz mingled in massive structure. In contrast, the
core of the pluton is reddish in colour with a coarse-grained
texture (Fig. 3d, e). We collected two samples from the core
(HD-15) and marginal (DL-07) areas of the Wase pluton.
Both samples are very fresh, as indicated by low loss on
ignition (LOI) values (<1 wt%) and the lack of hydrother-
mal or metamorphic overprinting in thin section (Fig. 3d,
e). The core sample (HD-15) is composed of ~34% quartz,
~30% alkali feldspar, ~27% plagioclase, ~9% biotite and
minor accessory phases like zircon and apatite (Fig. 3d, e).
The marginal DL-07 sample is made up of ~37% quartz,
~45% alkali feldspar, ~18% plagioclase, ~1% calcite and

minor accessory phases—zircon and apatite (Fig. 3d, e).
Both samples display granitic textures in which the plagi-
oclase crystals are subhedral with 120-degree triple junc-
tions (Fig. 3d, e). The quartz grains are generally subhedral
to anhedral in shape with irregular boundaries (Fig. 3d, e).
Medium- to coarse-sized grains are predominant in propor-
tion, but some fine-sized quartz can be observed adjacent to
the rims of some larger crystals (Fig. 3d, e).

Shangcang rhyolite

There is a~200 m thick sequence of porphyritic rhyolites
located in the uppermost part of the ~5400 m Shangcang
ELIP sequence, which was previously investigated by Xu
et al. (2010). We collected two samples [DL-32(2) and
DL-32(3)] from the uppermost part of the rhyolite unit,
~5 to 6 m below the upper stratigraphic boundary of the
Shangcang ELIP sequence. The rhyolite exhibits a massive
to columnar-jointed structure. It contains ~20 to 30% euhe-
dral quartz and feldspar phenocrysts (~2 to 7 mm in diam-
eter) set in a dark red, cryptocrystalline matrix (Fig. 3f).
Under microscopic observation, it can be seen that the phe-
nocrysts are surrounded by well-developed fluidal patterns
of the matrix that is made up of a fine mixture of elongated
micro-vesicles and welded hyalocrystalline to cryptocrys-
talline materials together with about 10% Fe-Ti oxide
grains (Fig. 3f). Broken crystal debris, cognate volcani-
clasts and accidental lithic shards are rare in the rhyolite,
indicating that it is unlikely to be an ignimbrite.

Analytical methods
SHRIMP U-Pb geochronology

In order to date the Wase pluton and Shangcang rhyolite,
zircons were separated from the sample powders of HD-15
(Wase pluton) and DL32 (Shangcang rhyolite) using con-
ventional heavy liquids. After mounting in epoxy, the zir-
cons were examined under transmitted light, reflected light
and cathodoluminescence (CL) in order to avoid crystals
that have fractures or inclusions. U-Pb isotope analysis
of the selected zircons was performed with a SHRIMP-
II at the Institute of Geology, Chinese Academy of Geo-
logical Sciences, on gold-coated mounts using the proce-
dure described by Williams (1998). The standard sample
TEMORA 1 (~417 Ma, Black et al. 2003) was chosen to
monitor inter-element fractionation. Common Pb correc-
tions followed the procedure described by Compston et al.
(1984). The data are given in Table 2. Uncertainties of indi-
vidual analyses are reported at 1-sigma level. The weighted
mean age of the test is given at 95% confidence level. The
calculation of the weighted mean age and plotting of the
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Fig. 3 Field and petrographic
observations of the Wase pluton
and the Devonian limestone
contact rock; a wide view
showing the contact relation-
ship of the Wase pluton and the
Devonian; b a marbleized zone
is developed at the lithological
boundary, which is clear and
sharp without any second-

ary materials at the contact;

¢ microscope image of the
marble; d close-up view of

the Wase pluton, showing the
coarse-grained granite (sample
HD-15) cut by fine-grained
felsic intrusions; e, f microscope
images of the Wase granite; g
microscope image of the Shang-
cang rhyolite

Concordia were made using ISOPLOT/Ex4.15 (Ludwig
2012).

Bulk-rock geochemistry

Major elements of samples HD-15, DL-07, DL-32(2) and
DL-32(3) were analyzed using an AXIOS-PW4400 X-ray
fluorescence spectrometer in the Chinese Academy of
Geological Sciences. Trace elements were analyzed using
a PE300D inductively coupled plasma—mass spectrometer

@ Springer

(ICP-MS) in the Institute of Geology, Chinese Academy of
Geological Sciences, on powders digested with HF+HNO,
acids. The data are given in Table 3.

Sr-Nd isotope mass spectrometry

Sr—-Nd isotope measurements were made on HD-15,
DL-07 and DL-32(3) following the methods of Li et al.
(2011, 2012). After dissolving the powdered sample with
HF+HNO;+HCIO, in Teflon capsules, Sr and Nd were
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Table 3 Results of the major and trace element analysis of the Wase
pluton and the Shangcang rhyolite

Sample DL-07 HD-15 RL-32(2) RL-32(3)
Location Wase Wase Shangcang Shangcang
Sio, 80.13 76.34 70.97 70.13
TiO, 0.08 0.08 0.44 0.45
Al O4 10.59 12.32 13.43 13.22
Fe,04 0.61 0.81 2.72 4.41
FeO* 0.23 0.13 0.45 0.2
MnO 0.01 0.01 0.01 0.08
MgO 0.26 0.2 0.2 0.24
CaO 0.26 0.35 0.35 0.14
Na,O 297 33 33 2.36
K,O 4.1 5.23 6.95 6.79
P,0; 0.02 0.02 0.06 0.04
LOI 0.89 0.74 1.39 1.58
Total 99.92 99.4 99.82 99.44
v 9.08 4.65 6.78 6.21
Cr 7.68 5.32 4.68 7.37
Co 1.6 0.59 1.77 2.07
Ni 3.37 2.42 3.06 4.64
Cu 334 1.58 5.63 591
Zn 9.14 8.46 133 117
Ga 10.5 13.7 38 38
Rb 86.9 109 127 127
Sr 61.5 118 33.6 39.4
Y 5.94 5.47 89.3 97.3
Zr 61.1 55.7 977 1020
Nb 4.99 2.99 135 136
Cs 1.04 0.52 0.21 0.3
Ba 602 765 340 362
La 9.54 7.17 180 154
Ce 16.6 17.8 309 339
Pr 1.96 1.52 39.8 36
Nd 6.85 5.38 144 128
Sm 1.51 1.23 27.2 249
Eu 0.32 0.38 2.29 2.26
Gd 1.05 0.88 222 20.7
Tb 0.18 0.14 3.64 35
Dy 1.04 0.87 18.7 19.2
Ho 0.21 0.19 3.54 3.7
Er 0.72 0.61 10.9 11.1
Tm 0.11 0.09 1.41 1.45
Yb 091 0.7 9.52 9.85
Lu 0.15 0.12 1.47 1.49
Hf 2.05 1.74 23.4 239
Ta 0.57 0.16 7.47 7.717
Pb 3.26 6.72 17.2 132
Th 5.67 4.45 21.5 24.4
U 0.79 1.41 4.58 5.68
Lay/Yby 7.07 6.91 12.75 10.54
Lay/Smy 3.97 3.67 4.16 3.89
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Table 3 (continued)

Sample DL-07 HD-15 RL-32(2) RL-32(3)
Location Wase Wase Shangcang Shangcang
Gdy/Yby 0.93 1.01 1.88 1.7
Eu/Eu* 0.74 1.07 0.28 0.3

REE normalization was performed using the C1 chondrite data from
Boynton (1984). The normalized element concentrations are marked
with a subscript ‘N’. Eu/Eu* = [2Eu*/(Smy + Gdy)]

separated by ion exchange chromatography, and analyzed
on a Thermofisher Triton Plus Multi-collector Thermal
Ionization Mass Spectrometer (TIMS) in the Institute of
Geology and Geophysics, Chinese Academy of Sciences.
The %¥Sr/*Sr and '*Nd/'**Nd ratios were normalized to
8.375209 and 0.7219, respectively for mass fractionation
correction. Two international standard samples, NBS-987
and JNdi-1, were used to check instrument stability dur-
ing the measurement and their values are given along with
the results of the measured samples in Table 4. Data accu-
racy was monitored by analyzing BCR-2, a USGS refer-
ence material, which gave 8’Sr/%6Sr = 0.705011 +0.000008
and "*Nd/"*Nd = 0.512632+0.000010, values that are in
good agreement with previous TIMS analyses reported by
Lietal. (2011, 2012).

Results
U-Pb geochronology
Wase granite

A total of 15 individual zircon U-Pb analyses were made
for sample HD-15, and their CL images are shown in
Fig. 4a. The grains are clear and euhedral, and the majority
have an obvious core, mantled by a fine oscillatory zoning
pattern. These characteristics indicate an igneous origin,
which is further supported by the Th/U ratio (0.36-0.99) of
the zircon grains, except for the spot HD15-8, which shows
a higher value of 1.30 and thus is excluded from the follow-
ing age calculation (Table 2).

The age calculation of the remaining zircon grains was
made based on their 2°°Pb/?*8U ratios. Among these grains,
HDI15-3 is apparently discordant and excluded from age
calculation. HD15-7, 12, 13 exhibit obviously older ages
at 802.3+9.3, 862.3+12.4 and 1361.4+19.6 Ma, respec-
tively. The rest of the zircon grains concentrate into two
age groups. One group, which is made up of 7 spots, dis-
plays a weighted mean 2*°Pb/**®U age of ~768.0+8.7 Ma
(MSWD =0.61); whereas the other group, which is made
up of 3 individual analysis results, yields weighted mean
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206pp/238U age of ~252.5+6.9 Ma (mean square of the
weighted deviation (MSWD=0.053) (Fig. 4b, e). These
two age groups are close to the Late Proterozoic magmatic
event of the Yangtze basement and the ELIP magmatic
event of the middle-upper Permian, respectively.

Shangcang rhyolite

The analyzed zircons from the rhyolite are clear, euhe-
dral and have oscillatory zoning patterns either mantling
a rounded darker core or shaping a whole zircon crys-
tal (Fig. 4b). These morphological characteristics sug-
gest that the zircon crystals were derived from an igneous
origin. This is further reflected by their high Th/U ratios
(0.44-0.63). The age of the zircons was calculated based
on their 2°°Pb/?8U ratios. Of all the tested zircon grains,
one sample [Spot DL-32(3)-12] was excluded because it is
apparently older than the others, which indicates a probable
inherited origin. The rest of the spot ages form a compact
cluster on the 2°Pb/23U-2Pb/*3U concordia diagram
(Fig. 4d). The 2°Pb/**3U ages of the valid zircons ranged
from 245.1 +£5.5 to 263.9+6.8 Ma and yielded a weighted
mean age of 252.6+2.2 Ma (MSWD=1.3) (Fig. 4d).
As the zircons have an igneous origin, we interpret this
weighted mean age as the formation age of the rhyolite.

Major and trace elements
Major elements

The Wase granite samples both have very high SiO,
contents (76-80 wt%), but relatively low FeO*
(0.13-0.23 wt%) and MgO (0.2-0. wt%) concentrations
(Table 3). These characteristics are consistent with their
mineral assemblage that shows an overwhelming enrich-
ment in quartz and feldspar while mafic phases are distinc-
tively lacking (Fig. 3d, e). The SiO, content of the Shang-
cang rhyolite are generally lower (~70 to 71 wt%) than
the Wase granite (Table 3). The MgO content displays no
distinctive difference compared with the granite. Its FeO*
(FeO* = 0.7-4.4 wt%) (Table 3), however, is generally
higher than in the Wase granite. This feature is consistent
with the petrography of the rhyolite that shows significant
Fe—-Ti oxides within the rhyolitic matrix (Fig. 3f). We use
the classification scheme of Frost et al. (2001) to reveal the
basic characteristics of the Wase granite and the Shangcang
rhyolite. In these diagrams, all the rhyolite samples plot in
the ferroan and alkalic area, but the Wase granite samples
are magnesian and range from alkali—calcic to calc—alka-
lic. The ASI ratio [molar Al/(Ca-1.67P+Na+K)] and A/
NK ratio [molar Al,05/(Na,0+K,0)] of the Wase granite
samples are both greater than 1; as a result, they plot in the
peraluminous quadrant of the diagram (Fig. 5). The ratios

Table 4 Results of the Sr—Nd isotopic analysis of the Wase pluton and Shangcang rhyolite
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Fig. 4 Results of SHRIMP U-Pb zircon analysis of the Wase pluton
(HD-15) and Shangcang rhyolite [DL-32(3)]; a CL images of the 15
tested zircon grains of HD-15; b CL images of the 15 tested zircon

of the Shangcang rhyolite samples, however, are more vari-
able covering a range from slightly metaluminous to per-
aluminous (Fig. 5).

Trace elements

Concentrations of rare earth elements (REEs) in the Wase
pluton are significantly lower than the Shangcang rhyo-
lite (Table 3; Fig. 6a). The Wase pluton is characterized
by a distinctive enrichment of light REEs (LREEs) rela-
tive to the heavy REEs (HREEs) (Lay/Yby = 6.9-7.1),
enrichment of LREEs over middle REEs (MREEs) (Lay/
Smy = 3.7-4.0) and relatively flat MREE-HREE patterns

@ Springer

grains of DL-32(3); ¢ U-Pb concordia plot for HD-15 zircons; d U-
Pb concordia plot for DL-32(3) zircons; e frequency distribution of
zircon ages for HD-15 annotated with the geological time intervals

(Gdy/Yby = 0.93-1.01). The Wase granite samples do
not show a distinct Eu anomaly (either positive or nega-
tive: Ew/Eu* = 0.74-1.07) (Fig. 6a). For the Shang-
cang rhyolite, the enrichment of LREEs is greater than
the granite, as reflected by the greater Lay/Yby ratio
(10.5-12.8). Its LREE fractionation is generally similar
(Lay/Smy = 3.9-4.2) to the granite, whereas its MREE-
HREE pattern is slightly inclined (Gdy/Yby = 1.7-1.9).
The rhyolite shows a significant negative Eu anomaly (Eu/
Eu* = ~0.3). In the primitive mantle-normalized diagram
(Fig. 6b), the Wase pluton shows a distinct negative deple-
tion in Nb-Ta and slight enrichment in U, Zr and Hf. In
detail, HD-15 shows a slight depletion in Cs and DL-07
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Fig. 5 The classification diagram of Frost et al. (2001). The Yang-
tze Basement samples are from the Neoproterozoic Kangding granite
complex (Zhou et al. 2002). Samples derived from differentiation of
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ASI [mole Al/(Ca-1.67P+Na+K)]

mafic magma are from Shellnutt and Zhou (2007). Data for crustally
derived granites are from the Ailanghe pluton (Zhong et al. 2007) and
the Yingpanliangzi pluton (Shellnutt et al. 2011a, b)
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Fig. 6 a Chondrite-normalized REE plot (normalizing values from
Sun and McDonough 1989) and b primitive-mantle-normalized trace
element plot (normalizing values from Boynton 1984) for the Wase
pluton and Shangcang rhyolite. Other sample suites are plotted for
comparison: Yangtze Basement samples (cyan) from the Neoprote-

shows a slight depletion in Sr, while the Shangcang rhyolite
exhibits a clear depletion in Cs, Ba and Sr.

Sr-Nd isotopes

Initial 87Sr/865r(i) and e(Nd);, values for the samples were
calculated using the weighted mean age of the younger
206pp/238U age group (r=253 Ma) for the Wase granite
and the weighted mean 2°°Pb/>*¥U age (r=253 Ma) for

rozoic Kangding granite complex (Zhou et al. 2002); silicic samples
derived from differentiation of mafic magma (green) from the Baima
and Panzhihua plutons (Shellnutt and Zhou 2007); crustally derived
granites from the Ailanghe (dark red) pluton (Zhong et al. 2007) and
the Yingpanliangzi (light red) pluton (Shellnutt et al. 2011)

the Shangcang rhyolite. The 87Sr/86Sr(,:253 May Values
of the Wase granite samples are 0.7159 for DL-07 and
0.7183 for HD-15, whereas the *’Sr/**Sr_,s; ,, of the
Shangcang rhyolite [DL-32(3)] gives a lower value
of 0.7053. The two granite samples show negative
€(Nd)(—ps3 may Vvalues of —12.15 (DL-07) and —13.70
(HD-15), whereas the rhyolite sample [DL-32(3)] is just
slightly negative, at —0.18. The 87Sr/36Sr(i) versus e(Nd);,
diagram is presented in Fig. 7.

@ Springer
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Fig. 7 87Sr/S°Sr(i) vs. &(Nd);, diagram showing how data for the
Wase pluton and Shangcang rhyolite compare with other published
data on Emeishan granites. The range for the Neoproterozoic granites
and Upper Yangtze Block is from Shellnutt et al. (2011)

Discussion
Age of the Wase pluton: Proterozoic or Permian?

The analyzed zircon grains of the Wase pluton form two
distinctive age groups on the concordia diagram. One
group falls in the Precambrian interval (~768.0+8.7 Ma),
which is very close to the age of the Late Neoproterozoic
magmatic event of the Yangtze Block (Chen and Jahn
1998; Zhou et al. 2002; Sun et al. 2009; Wang et al. 2012;
Lan et al. 2015). The other group, only represented by three
grains, has a weighted mean age (~252.5+6.9 Ma) that
is very close to the age of the identified Emeishan silicic
rocks, including the Shangcang rhyolite (252.6 +2.2 Ma)
and other silicic plutons reported in the Panxi area, for
example, the Aihanghe and the Yingpanliangzi plutons
(Zhong et al. 2007; Shellnutt et al. 2011a) (Table 1). As
the Wase granite is fresh (LOI <1) and there is no evidence
for obvious Pb loss in its zircon U-Pb system, we interpret
the middle Permian age as its formation age. The zircons

@ Springer

showing Late Proterozoic ages are probably older grains
that were inherited from the Precambrian crust of the Yang-
tze Block. As mentioned in Shellnutt et al. (2015), several
parameters determine whether inherited zircon grains can
survive in the new melt (Watson et al. 1996). One of them
is the size of the zircon crystals. Zircons with sizes less
than 50 pm cannot be preserved at ~700 °C (Shellnutt et al.
2015). Zircons in the Wase pluton that preserve Neopro-
terozoic ages are mostly smaller than 50 pm, suggesting a
melt temperature of <700 °C, which matches the peralumi-
nous nature of the Wase pluton and its lack of melanosome
minerals. This inheritance model is consistent with the geo-
logical relationship between the Wase pluton and adjacent
sedimentary strata (see below) and can be further demon-
strated by the trace element and Sr—Nd isotopic features
(see “Petrogenetic interpretation”).

Geological observations are consistent with an origin for
the Wase pluton as part of the Emeishan magmatic event.
The lithological contact between the Wase pluton and the
Devonian strata obliquely intersects the primary bedding
plane of the Devonian limestone strata, clearly precluding
the contact being an erosional unconformity between the
Yangtze basement and the Paleozoic sedimentary cover.
The contact between the Wase pluton and the Devonian
strata can potentially be interpreted either as a fault plane
or as an intrusive boundary. However, the Devonian lime-
stone strata close to the contact surface have developed a
clear metamorphosed marble zone and the primary textures
of the layers are totally eliminated in the marbles. Further-
more, there are also no secondary filling materials devel-
oped inside the contact region. These observations preclude
a fault relationship and the only reasonable interpretation
of the lithological contact is that it is an intrusive boundary.
These geological implications support the ~253 Ma ages of
the younger zircons as representing the time of formation
of the Wase granite. However, only three zircon grains have
~253 Ma ages, which limits the precision of the weighted
mean (+6 Ma). Furthermore, Shellnutt et al. (2012) re-
analyzed some Panxi paleo-rift plutons using the CA-TIMS
method and showed that the SHRIMP ages were system-
atically offset to younger ages (by ~7 Myrs) compared to
the CA-TIMS due to issues with the SHRIMP calibration
standards. Therefore, we conclude that the Wase pluton
is definitely part of the ELIP event, but its absolute age is
somewhat uncertain.

Petrogenetic interpretation
Formation mechanism and origin of the Wase granite
The dominant zircon population (N=7) displays a

weighted mean age of ~768.0+8.7 Ma, consistent with
the age of the Neoproterozoic magmatism of the Yangtze
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block (Chen and Jahn 1998; Zhou et al. 2002; Sun et al.
2009; Wang et al. 2012; Lan et al. 2015). As mentioned
above, the Wase pluton is related to the ELIP event, so
these older zircon grains are probably inherited from re-
melted crustal materials that were originally produced by
the Late Neoproterozoic magmatism (Watson 1996; Shell-
nutt et al. 2015). Numerous magmatic events have been
recorded in the Precambrian history of the Yangtze block
since it was developed from an Archaean crystalline base-
ment (Sun et al. 2009). The Neoproterozoic magmatism
is the latest episode recorded in the Precambrian Yang-
tze Block, which was then succeeded by development of a
sedimentary cover from Sinian to Phanerozoic times (Sun
et al. 2009; Wang et al. 2012; Lan et al. 2015). Geological
systems related to this magmatic event include the origi-
nal plutonic rocks (e.g. the Kangding granitic complex)
that intruded into the Pre-Neoproterozoic metamorphic
complexes (Ling et al. 2001; Zhou et al. 2002) and the
initial sedimentary cover of the Yangtze Block that was
potentially eroded from the igneous rocks, for example,
the Liantuo Formation (e.g. Lan et al. 2015), the Chengji-
ang Formation (e.g. Wang et al. 2012), the Lieguliu for-
mation and Guanyinya Formation (Sun et al. 2009), which
contain detrital zircons or tuffaceous interlayers that
record a youngest age of ~700 to 800 Ma. These units are
highly evolved crustal materials enriched in aluminum.
They can be regarded as representative of the typical
upper crust of the Upper Yangtze Block.

The negative ¢(Nd); (—12.2 and —13.7) and high
87Sr/86Sr(i) values (0.7159 and 0.7183) of the Wase Gran-
ite are indicative of a highly-evolved upper crustal source.
In the Sr—Nd isotopic diagram, the 87Sr/86Sr(i) and e(Nd);
value of the Wase granite plot was within the range of
the upper crust of the Yangtze Block (Fig. 7, the Yangtze
crust area after Shellnutt et al. 2011a). This is consistent
with the inheritance of Neoproterozoic-aged zircon grains
as discussed above. In the primitive-mantle-normalized
diagram (Fig. 6b), the Wase pluton samples exhibit deple-
tions in Nb, Ta and enrichments in Pb, U, consistent with
a crustally derived origin, while the REE diagram shows
enrichment of LREE over HREE (Lay/Yby = 6.91-7.07)
with no significant Eu anomaly (Eu/Eu* = 0.74-1.07)
(Fig. 6a), suggesting the primary magma of the Wase
pluton did not experience feldspar fractionation or did
not form from partial melting of a feldspar-rich cumu-
late source (Zhong et al. 2007; Shellnutt et al. 2011a).
The relatively flat HREE pattern in the REE diagram of
the Wase granite (Gdy/Yby = 0.93-1.01) implies that its
magma source did not contain residual garnet which can
sequester the HREEs (Shellnutt et al. 2011a) (Fig. 6a).
The peraluminous nature of the Wase pluton indicates it
was derived from a Si—Al enriched source (Fig. 5). Sup-
ported by these observations, the parent magma of the

Wase pluton is unlikely to be formed in lower crust but
rather derived from a middle-upper crust level, thus being
consistent with its Sr—Nd isotope features and inherited
zircon ages. These characteristics correspond with the
other (and the only two currently known) cases of crus-
tally derived granites of the ELIP, i.e. the Yingpanliangzi
and the Ailanghe plutons (Zhong et al. 2007; Shellnutt
et al. 2011a) (Fig. 6).

As the Wase pluton is the first example of a crustally
derived granite located outside the Panxi area, it can be
inferred that melting of the Yangtze basement during the
ELIP event was not a localized phenomenon confined to
the Panxi paleo-rift, but rather a more widespread mech-
anism that occurred in a wider region around the plume
axis (i.e. the Central ELIP). The ELIP-related silicic
rocks developed in Northern Vietnam (Phan Si Pan uplift)
which are inferred to have been produced in the Central
ELIP but later dislocated by the Red River-Ailaoshan
fault, also support this conclusion (Tran et al. 2015;
Usuki et al. 2015). This implies that the Yangtze Block
perhaps underwent a significant rejuvenation stage during
the middle-late Permian under the effect of the Emeishan
mantle plume.

Comparison between the Shangcang rhyolite and Wase
granite

As the Wase pluton and the Shangcang rhyolite share a
very similar formation age (~253 Ma) and are spatially
adjacent (Figs. lc, 2), the question is whether there is
any genetic links between them. As shown in Fig. 7, the
Shangcang rhyolite exhibit a moderate 87Sr/865r(i) value
(0.7053) and a slightly negative &(Nd);, value (—0.13),
which plot in range of mantle-derived felsic plutons of
the Panxi area (e.g. Cida and Taihe) (Shellnutt and Zhou
2007). This observation indicates that the rhyolite was
derived from a mantle-derived source and unlikely to
be formed by crustal melting. In the REE diagram and
primitive-mantle-normalized diagram (Fig. 6), the Shang-
cang rhyolite samples show similar patterns to the Taihe,
Panzhihua and Baima plutons (Shellnutt and Zhou 2007;
Shellnutt et al. 2009) that are characterized by strong
negative Eu anomalies and depletions in Cs, Ba and Sr,
implying the parent magma of the rhyolite is derived
from a differentiated magma after significant fractional
crystallization of feldspar, but unlikely to be formed by
partial melting of the fractionated feldspar cumulates.
These characteristics are different from the Wase pluton,
suggesting there are no genetic links between the sources
of these two silicic systems, despite their close tempo-
ral, spatial and stratigraphical relationships. On the other
hand, the existence of highly heterogeneous silicic sys-
tems developed in the same place, as the thickest volcanic
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pile that contains picrites (e.g. Xu et al. 2001), proximal
volcaniclastic facies (Zhu et al. 2014) and is frequently
cross-cut by dikes (Zhu et al. 2014; Li et al. 2015),
implies that the Dali area is probably a location where
the most robust activities of the Central ELIP magmatism
occurred.

Thermodynamics modeling

After inferring the source and formation mechanism of
the Wase granite and Shangcang rhyolite, we use thermo-
dynamic modeling to understand further details on their
petrogenesis. For the Wase granite, the question is if it can
be theoretically produced from real compositions of the
Yangtze upper crust, as predicted from its geochemical
and isotope characters. For the Shangcang rhyolite, which
is suggested as differentiated from mafic magma, the point
is if typical Emeishan basaltic magma can generate silicic
melts similar to the Shangcang rhyolite. For the modelling,
we used Rhyolite-MELTs (Gualda et al. 2012; Gualda and
Ghiroso 2015) as this software has been used effectively in
previous petrogenetic studies of the ELIP (e.g. Shellnutt
et al. 2011b, 2015; Shellnutt and lizuka 2012; Tran et al.
2015).

Wase granite

The modeling parameters for the Wase granite must factor
into consideration the source composition, starting tem-
perature, pressure, initial water content and relative oxida-
tion state. The Wase granite contains abundant inherited
Neoproterozoic zircon grains, which is helpful for tracing
the possible source. In the western margin of the Yangtze
Block, a series of Neoproterozoic igneous rock were rec-
ognized (e.g. Ling et al. 2001). The age, spatial location,
geochemical features and tectonic background of the Neo-
proterozoic granitoids suggest that they may be the most
plausible source of the Wase granite. We selected the com-
position of Sample-3, Huangcaoshan granite (788 + 11 Ma,
Ling et al. 2001) as the starting composition (Table 5). As
Neoproterozoic materials in the western Yangtze block
were estimated to have been buried to a depth of ~10 km
(Deng et al. 2016), we ran the model at 3 kbar pressure.
The oxygen fugacity was set to FMQ-1, based on the esti-
mation of oxidized area range in the Central ELIP (Shell-
nutt and lizuka 2012). The starting temperature was set to
1300°C, according to the temperature of the heat source—
mafic magma. The initial water content was set to 0.5 wt%
because the Wase granite does not contain hydrous miner-
als (Table 5).

The modeling results are depicted in Fig. 8 and
the original dataset is in our supplementary mate-
rial (Table S1). The curves show the evolution of melt
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Table 5 Starting parameter sets of MELTs modeling

Compositions (Wt%) Sample-3, Huangca- WL12, Shang-
oshan Granite cang ELIP Basalt

Sio, 77.42 57.86

TiO, 0.11 391

Al O, 11.32 10.8

Fe,04 0.70 1.78

FeO 0.40 9.1

MnO 0.03 0.13

MgO 0.35 2.54

CaO 0.56 10.33

Na,O 3.66 1.07

K,0 4.62 0.08

P,0; 0.11 0.43

H,0 0.5 0.1

fO, FMQ-1 FMQ-1

Pressure 3 kbar 1.2 kbar

Data from Ling et al. (2001a, b) Xiao et al. (2004)

compositions as temperature decreases under isobaric
conditions. As seen in these charts, felsic elements (K,O,
Na,O, Al,0;, Ca0, P,05) of the Wase granite are mostly
consistent with the melt evolution trend, whereas mafic
elements (MgO, FeOt and TiO,) generally plot below the
curves. We interpret the discrepancies of MgO, FeOt and
TiO, as caused by crystallization and removal of mafic
and Fe-Ti minerals during ascent of the melt. Therefore,
we think it is reasonable to conclude that re-melted upper
Yangtze crust can produce compositions similar to that of
Wase granite.

Shangcang rhyolite

The Shangcang rhyolite is thought to be derived by frac-
tional crystallization of parental magma similar in com-
position to Emeishan flood basalt. Flood basalts in the
Central ELIP erupted in a relatively short time interval,
so it is reasonable to regard some of them as undifferenti-
ated mafic magma. In the Shangcang section, over 4000 m
basalt erupted before the rhyolite (Fig. 2). Based on Ti/Y
ratios, these basalts were divided into two major groups
(low-Ti, high-Ti), representing two different mantle sources
(Xu et al. 2001; Xiao et al. 2004). For the modeling, it is
necessary to find an appropriate starting composition from
these diverse magma types. As the ratios of some trace ele-
ments (e.g. Nb/Yb and Th/Yb) do not change significantly
with magma evolution (Pearce and Peate 1995), they are
useful to trace the potential correlation between the mafic
and silicic lithology. Figure 9 shows that the high-Ti and
low-Ti basalts can be distinguished by their Nb/Yb and Th/
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Fig. 8 MELTs modeling results
of the Wase granite. The red
circles represent the composi-
tions of HD-15 and DL-07. The
dashed curves represent the
calculated melt evolution trend
as temperature decreases from
1300 °C: the arrow indicates
direction of decreasing tem-
perature
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Fig. 9 Nb/Yb vs. Th/Yb diagram (Pearce and Peate 1995) of
Emeishan basalts and rhyolites in the Shangcang section. The values
of Emeishan basalts are referred to from Xu et al. (2001) and Xiao
et al. (2004)

Yb ratios, and the Shangcang rhyolite plots with the high-
Ti group. Therefore, we chose WL-12, a high-Ti basalt
sample from Xiao et al. (2004), as the starting composition
(Table 5). The model was run with an initial temperature of
1300°C, a pressure of 1.2 kbar (~4 km), an oxidation state
at FMQ-1 and an initial water content of 0.1 wt% (Table 5).

The modeling results are presented in Fig. 10 and the
original data are listed in supplementary Table S2. Some
major elements (FeOt, MgO, TiO, and Al,O;) are consist-
ent with the melt evolution curve. Alkali elements (Na,O
and K,0) show obvious enrichment, whereas CaO and
P,O5 are depleted compared with the modeling end point.
We interpret the depletion of CaO and P,Os as caused by
apatite crystallization during ascent of the rhyolitic magma.
The enrichment of alkali elements is perhaps due to post-
eruption alteration from plagioclase to alkali feldspar. In
order to check whether apatite crystallization and altera-
tion of plagioclase can be reasonable interpretations for
the modeling result, we introduce a new parameter ‘Pl
to refer to the overall values of CaO and Na,O finally pre-
served in the Shangcang rhyolite plus the values of CaO
consumed during apatite crystallization:

Pl = CaOyy + (P,Osmoger = P2Osi4y)42.06/55.38 + Na, Oy,

where the formula P,Os,, 4 refers to the P,O5 value at
the end point of the modeled melt evolution curve. CaO,,,,
P,Os,y,y and Na,Oy,, are measured rhyolite values from our
whole-rock geochemical data. We plot Pl into a SiO,
vs. (CaO+Na,O) diagram. The parameter points are in
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agreement with the melt evolution curve of modeling sums
of CaO and Na,O. This result demonstrates that apatite
crystallization and alteration of Ca-rich plagioclase to Na-
rich plagioclase is a plausible interpretation for the discrep-
ancy (Figs. 11, 12). Xu et al. (2010) also argued that the
silicic magmas in Shangcang were probably contaminated
by continental materials, resulting in a lower trend of the
87Sr/86Sr(i) and £(Nd); characteristics compared with the
range of Emeishan basalts. This may also explain the high
value of K,O (as well as some Na,O) compared with the
modeled melt evolution curve.

Conclusion

A new granite pluton (the Wase pluton) was found in the
Wase town of the Dali area, which is one of the principal
exposed areas of volcanics in the central Emeishan Large
Igneous Province (ELIP). This pluton is less affected
by tectonic activity and is closely related to the thickest
Emeishan volcanic sequence (the Shangcang section) in
the whole ELIP. By analyzing its geological relationships,
SHRIMP U-Pb age, geochemical and isotopic features, we
interpret this pluton as formed during the ELIP flood vol-
canic event. Its magma source is derived from re-melting of
upper crust materials of the Yangtze Block, probably by the
heat from mafic intrusions related to the Emeishan mantle
plume activity. Three types of evidence support the follow-
ing conclusion:

1. Geologically, the orientation of the boundary contact
between the Wase pluton and surrounding Devonian
limestone strata shows oblique intersection with the
primary bedding of the limestone strata. The carbonate
materials immediately in contact with the granite have
been metamorphosed to marble. These observations
indicate that this lithological boundary is an intrusive
contact and thus constrains the formation of the granite
to after the deposition of the Devonian strata.

2. Chronologically, the Wase pluton contains two distinct
groups of SHRIMP zircon U-Pb ages. One group has
a Late Neoproterozoic age of ~768 Ma, close to the
age of the Neoproterozoic magmatism recorded in the
basement of the Yangtze Block, while the other group
(~253 Ma) is consistent with the Permian ELIP mag-
matism. Constrained by the geological relationship,
the Permian age can be assured as the formation age of
the Wase pluton, whereas the Proterozoic-aged zircon
grains were likely inherited from products of the Neo-
proterozoic magmatism of the Yangtze Block, imply-
ing a crustally derived magma origin.
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Fig. 11 The Pl parameters of the Shangcang rhyolite are plot-
ted with the MELTs evolving curve of CaO+Na,O, indicating apa-
tite crystallization and alteration of plagioclase may be a reasonable
interpretation for the results

3. Geochemically, the Wase pluton is peraluminous and
displays negative Nb—Ta anomalies, enrichment in U,
Th and LREE, high 87Sr/86Sr(i) value and strongly neg-
ative (Nd);; values, consistent with a crustally derived
magma source. It also shows no obvious Eu anomaly
(either positive or negative), precluding a derivation
from fractional crystallization of mantle-derived mafic
magma or through partial melting of feldspar-rich
cumulates.

Although the age of the Wase pluton is similar to that of
the rhyolite found in the uppermost level of the local ELIP
sequence, they are unlikely to be generated from the same
magma source. This is because the rhyolite has relatively
lower 87Sr/86Sr(i) ratio, slightly negative ¢(Nd); values and
exhibits negative anomalies in Eu, Cs, Ba, Sr, which are
obviously different from the Wase granite. These character-
istics demonstrate that the rhyolite is probably generated by
fractional crystallization of a mantle-derived mafic magma.
The co-existence of both crustally derived and mantle-
derived felsic units and their spatial association with dia-
base dike swarms, vent-proximal volcanics and the thick-
est flood basalt piles in the ELIP imply that the Dali area

Fig. 12 A cartoon model
summarizing the petrogenetic
origin of the Wase pluton and
the Shangcang rhyolite (not to
scale). A representative meta-
luminous pluton of the Panxi
area (e.g. Baima) is also shown
to show the diversity (Shellnutt
et al. 2009)
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is probably the location where the most robust magmatism
once existed during the Permian ELIP event.
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