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Abstract. Four Cenozoic, rhonite-bearing alkali-olivine basalt samples from the Changle area (Shandong
Province, China) show an intracontinental character and were generated in an extensional setting. Petrographic
studies document different generations of rhonite. In three samples, rhonite occurs either as a reaction prod-
uct surrounding coarse-grained corundum, spinel and phlogopite or along cleavage planes in phlogopite. In
one sample rhonite forms disseminated crystals in a mantle xenolith, possibly formed by a reaction of coarse-
grained orthopyroxene or spinel with a melt. Rhonite exhibits a wide range of compositions: 22.9 wt %-33.0 wt %
Si07, 13.3 wt %—-19.0wt % Al,O3, 9.4 wt %—19.9 wt % MgO and 10.210.2 wt %—24.5 wt % FeO. The derived
primary substitutions include (1) Si'¥ +NaVll = (A1, Fe3H)IV + caV!l, (2) MgV = (Fe?t, Mn?*)V! and (3) TiV!
+ (Mg + FeZ+ + Mn2+)VI — 2F63+VI.

Rare-earth-element (REE) patterns of euhedral rhonite crystals from the mantle xenolith (sample SS17)
and those surrounding spinel (sample CL04) have a concave-upward shape for the heavy rare-earth elements
(HREEs) and are slightly enriched in the light rare-earth elements (LREEs). These patterns resemble those of
kaersutitic amphibole and kaersutite reported from basanite, olivine nephelinite, transitional alkali-olivine basalt
and hawaiite. In contrast, REE patterns of the other two samples containing fine-grained, anhedral and acicular
rhonite crystals (samples CLO1 and EGS03) are relatively steep, with lower HREE and higher LREE abun-
dances, similar to those of ocean island basalts (OIBs). All types of Changle rhénite show positive Nb, Ti and V
anomalies in spidergrams normalized to primitive mantle.

Mineral assemblages of the studied samples indicate that rhonite crystallized at different stages within a tem-
perature range from about 950 to 1180 °C and at pressures below 0.5 kbar, with fO; below the NNO buffer. The
chemical composition of Changle rhonite is interpreted to depend on the composition of the initial silicate melt,
the redox conditions during crystallization and the composition of the minerals involved in reactions to form
rhonite.

Similar to metasomatic mantle amphibole, the compositions of Changle rhonites cover the I-Amph (I-
amphibole) and S-Amph (S-amphibole) fields, indicating that they may have formed due to an intraplate meta-
somatic event, overprinting an older metasomatic subduction episode.
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1 Introduction

High-Ti minerals discovered in the Cenozoic alkali basalts
of the Changle area (Shandong Province, China) were shown
to be rhonite by Johnston and Stout (1985). Regrettably, the
mineral name is spelled in different ways, such as rhoenite
(Johnston and Stout, 1985; Griitzner et al., 2013), rhonite
(Anan’ev and Selyangin, 2011) or rhonite (Kunzmann, 1989,
1999; Grapes et al., 2003; Treiman, 2008; Grapes and Keller,
2010; Sharygin et al., 2011). The official name according to
the Commission on New Minerals, Nomenclature and Classi-
fication (CNMNC) of the International Mineralogical Asso-
ciation (IMA) is rhonite and refers to the Rhon, a low moun-
tain range in Germany found along the border region between
Bavaria, Hesse and Thuringia.

Rhonite containing about 25 wt %-32 wt % SiO, had al-
ready been described by Vogelsang (1890) as a “dark horn-
blende”. Brogger (1890) suggested that aenigmatite (later
shown to be isostructural with rhonite) could be a triclinic
member of the amphibole group; however, a crystallographic
study later indicated that this was not the case (Palache,
1933). White (1966) and Johnston and Stout (1984) charac-
terized rhonite as an “amphibole-like mineral”. Later stud-
ies showed that rhonite is an aluminosilicate that is isostruc-
tural with aenigmatite (Bonaccorsi et al., 1990; Nédli and
Téth, 2003; Grew et al., 2008; Anan’ev et al., 2011), al-
though Grew et al. (2008) considered it to be a member of
the sapphirine supergroup. Sharygin et al. (2011) showed that
rhonite has a broad range in Xy, Mg/ (Mg + FeZt)).

Besides being a primary magmatic mineral, for instance
in pockets of basanitic rock, tephrite—phonolite, limburgite,
teschenite or alkali basalt (Kunzmann, 1999; Grapes et al.,
2003; Grapes and Keller, 2010; Kogarko et al., 2005; Shary-
gin et al., 2011; Griitzner et al., 2013), rhonite is also known
as a secondary mineral produced by alteration of kaersu-
tite (Wilshire et al., 1971; Johnston and Stout, 1985) or
Ti-bearing amphibole (Huckenholz et al., 1988; Kunzmann,
1999; Nédli and Téth, 2003; Grapes et al., 2003). It was
even described from Luna 24 basalt (Treiman, 2008). In al-
kali basalt, rhonite very rarely occurs as a phenocryst but is
more common as a constituent of the fine-grained ground-
mass (Kogarko et al., 2005) and can also form an intersti-
tial phase in basalt of Klyuchevskaya Sopka, Kamchatka
(Anan’ev and Selyangin, 2011). Furthermore, rhonite com-
positional series can develop in paralava from the combus-
tion of metamorphic rocks (Peretyazhko et al., 2017). Khesi-
nite, a new member of the rhonite group, was recently dis-
covered in thin veins of paralava within gehlenite-rich rocks
in hornfels from the Hatrurim Complex in the Negev, Israel
(Galuskina et al., 2017). Rhonite is also observed in meta-
morphosed calcic xenoliths from the Bellerberg paleovol-
cano of the Eifel area in Germany (Shchipalkina et al., 2019).
Minerals associated with rhonite are typically titanaugite,
kaersutite, diopside, forsterite, spinel, perovskite, magnesio-
ferrite and titanomagnetite (Anan’ev and Selyangin, 2011).
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A growing number of discoveries of rhonite in alkaline ef-
fusives during the last decades show that this mineral plays
an important role in the geochemical evolution of crystal-
lizing magma or lava (Kunzmann, 1989, 1999; Grapes et
al., 2003; Treiman, 2008; Grapes and Keller, 2010; Sharygin
et al., 2011; Griitzner et al., 2013). Rhonite-bearing assem-
blages can be used for a rough estimate of temperature, pres-
sure and oxygen fugacity during the crystallization of alkali
basalt (Sharygin et al., 2011) and can also serve as important
general indicators for primary magma evolution (Anan’ev
and Selyangin, 2011). However, information on the petro-
graphic interrelationships with other minerals is very scarce
(Sharygin et al., 2011). Thus the detailed petrological and
geochemical study of rhonite presented in the current work
can provide important information on its genesis and the evo-
Iution of the host rock in general. Regarding the Cenozoic
alkali basalt from Changle, the present study provides new
insights into processes of crystallization from siliceous melts
and mechanisms of secondary metasomatic formation at high
temperatures.

2 Geological background

The Changle study area is located in Shandong Province in
the western—central part of the North China Craton (NCC)
and is closely related to the Tancheng—Lujiang (Tan—Lu)
fault (Fig. 1), which separates western Luxi from eastern
Jiaodong. The NCC is one of the oldest cratons (3.8 Ga) on
earth (Liu et al., 1992). However, it experienced lithospheric
rejuvenation in the late Mesozoic and Cenozoic in that the
cold, thick (> 180km) and depleted lithospheric mantle of
the eastern NCC was replaced by a hot, thin (80-60 km),
younger and fertile lithospheric mantle (Fan et al., 2000; Xu
et al., 2004; Zhang et al., 2009). Lithospheric thinning gen-
erated intense magmatic activity (e.g. Zheng et al., 1998; Xu
et al., 2004; Chen et al., 2006; Dai et al., 2016), of which
Cenozoic volcanic rocks are the most typical representatives
(Zou et al., 2000; Xu et al., 2017). In addition, the Tan-Lu
fault, which is an active strike—slip zone with an extension of
more than 5000 km in northeastern Asia (Zheng et al., 1998),
is considered to be a major channel for ascending astheno-
spheric melts (Zheng et al., 1998; Xu et al., 2004; Chen et al.,
2006). The erupted melts, which today represent the rhonite-
bearing Cenozoic alkali-olivine basalts, are a result of the
fault systems active in northern Asia.

Despite much work that has been done on Cenozoic al-
kali basalt in the eastern part of the NCC, the sources of the
melts and their characteristics remain a matter of debate (Xu
et al., 2012). The Cenozoic alkali basalts typically show an
intracontinental background and were generated in an exten-
sional setting (Zou et al., 2000; Xu et al., 2005; Tang et al.,
2006; Liu et al., 2008a; Chen et al., 2009). They are inter-
preted to represent melts that are derived from the astheno-
sphere with “OIB-type” geochemical features, such as an en-
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Figure 1. Geological sketch map of the study area (modified after Kong et al., 2017), indicating the sampling localities Fangshan, Ergushan

and Suishan.

richment both of large-ion-lithophile (e.g. Ba, Rb, Cs, U and
Sr) and high-field-strength elements (e.g. Nb and Ta) and a
depletion of K (Zeng et al., 2010). The basalts are also re-
ported to have experienced crust-mantle interaction that is
reported to have occurred in an old subduction channel (Dai
et al., 2016; Li et al., 2017; Xu et al., 2017). The recycled
components involved were derived mostly from the Pacific
Plate and stored in the transition zone (Meng et al., 2018; Xu
et al.,, 2018; Yu et al., 2018).

On the basis of Sr, Nd, Pb, Hf and Mg isotope studies
of Cenozoic basalts in eastern China, some authors have
suggested that basalts with OIB-like trace-element patterns
could be produced by metasomatism of large portions of
the mantle wedge by interaction with partial melts derived
from the Pacific slab (Li et al., 2017; Xu et al., 2017, 2018;
Li and Wang, 2018). Three competing petrogenetic models
are currently being discussed with regard to the evolution
of OIB-like basalts. One model involves mantle metasoma-
tism, where trace-element enrichment similar to OIB was
produced by infiltration of small amounts of partial melts
(Pilet et al., 2008; Xu et al., 2012). A second model favours
a formation of the basalt due to recycling and assimilation of
oceanic crustal melts (Hofmann and White, 1982; Dasgupta
et al., 2010). Finally, Niu and O’Hara (2003) envisioned a
model that considers subducted oceanic crust to become a
source of OIBs after a recycling process.
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Cenozoic volcanism in Shandong Province occurs in
the Changle-Linqu, Yishui, Penglai, Qixia and Wudi areas
(Zheng et al., 1998). The Changle-Linqu volcanics studied
here occur within the Tan-Lu fault zone of the Luxi part
(Xiao et al., 2010); more than 50 Cenozoic volcanoes are
known (Fig. 1). The effusive rocks are predominantly repre-
sented by alkali-olivine basalt, olivine nephelinite and basan-
ite (Zeng et al., 2010). Note that the Cenozoic magmatic
events in Shandong took place during two periods: 24.0—
10.3 Ma and 8.7-0.3 Ma (Luo et al., 2009; Zeng et al., 2010).
The older of these two periods of magmatism is character-
ized by the formation of large volcanoes; the major rock type
is an alkali-olivine basalt, called “weakly alkaline basalt” by
Zeng et al. (2010). The younger period is characterized by
the formation of small and isolated volcanoes and dominated
by basanite and nephelinite (“strongly alkaline basalt” as de-
fined by Zeng et al., 2010).

The earlier magmatic period of Cenozoic basalt forma-
tion is subdivided into two stages, called the Niushan and
Yaoshan stages, which have been dated (**Ar/3°Ar) at
21.0£2.5Ma and 17.3 & 1.5Ma, respectively (He et al.,
2011a). The rock types include alkali basalt, olivine basalt
and basanite. The samples of the present study belong to
the Yaoshan event and originate from Fangshan, about 10 km
south of Changle, Ergushan and Suishan (Fig. 1). The Er-
gushan and Suishan hills are close to each other and just
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south of the town of Beiyan (Fig. 1); these two localities are
next to the Shanwang volcanic region near Linqu (Zheng et
al., 1998).

As an interesting feature, megacrysts of corundum, spinel
and olivine (Hu et al., 2007; He et al., 2011b; Zhao et
al., 2015; Kong et al., 2017) and mantle xenoliths of low-
Mg* (the ratio of Mg/ (Mg + Fe?*)) peridotite (Zheng et al.,
1998; Xiao et al., 2010, 2013) are found in these basalts;
detailed petrological and geochemical studies suggest that
they represent fragments of newly accreted lithospheric man-
tle (Xiao et al., 2010; Su et al., 2014). Examples of both
megacrysts and xenoliths are found in the present suite of
studied samples.

3 Analytical techniques

Major and trace elements of rhonite were analysed using a
JXA-8800R electron microprobe at the Key Laboratory of
Orogenic Belts and Crustal Evolution, School of Earth and
Space Sciences, Peking University, operating at an acceler-
ation voltage of 15kV and a beam current of 20 nA. Natu-
ral and synthetic standards from the SPI company (Structure
Probe, Inc.) of the United States used for calibration were
jadeite (Si), forsterite (Mg), hematite (Fe), albite (Na, Al), ru-
tile (Ti), thodonite (Mn), diopside (Ca), sanidine (K), nickel
silicide (Ni) and chromium oxide (Cr). An approximate er-
ror for these analyses is 0.01 wt %; representative microprobe
analyses are listed in Tables 1 and 4.

Trace-element analyses were performed using an Agilent
7500ce inductively coupled plasma mass spectrometer (ICP-
MS), and laser ablation analyses were carried out using a
pulsed 193nm Ar excimer laser with 6Jcm™2 energy at
a repetition rate of 5Hz and with beam sizes between 32
and 60 um, which were chosen according to the size of the
measured mineral. The helium carrier gas flow velocity was
0.651 min. Data reduction was performed using the GLIT-
TER 4.4.2 software (Macquarie University). Calibration was
performed using USGS reference glasses (Liu et al., 2008b,
2010). USGS reference material was analysed twice every
five analyses. Detection limits were 0.02—0.05 ppm for rare-
earth elements (REE). Representative ICP-MS analyses are
listed in Table 2.

4 Petrographical and mineralogical characteristics

Mineral abbreviations in this paper are taken from
Kretz (1983). Rhonite is abbreviated as Rhoe.

4.1 Petrographical features of Changle rhonite

All rhonite-bearing samples originate from alkali-olivine
basalt that belongs to the Yaoshan stage. Samples CLO1 and
CL04 are from Fangshan; samples EGS03 and SS17 are from
Ergushan and Suishan, respectively, south of the town of
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Beiyan (Fig. 1). The modal amount of rhonite in each sample
is about 1 %.

In the four studied rock samples, the respective type
of rhonite occurrence is different (Figs. 2-3). (1) In sam-
ple CLO1 rhonite forms anhedral granular grains which are
part of a reaction rim around coarse-grained millimetre—
centimetre-sized corundum crystals (Fig. 2a). A back-
scattered electron (BSE) image (Fig. 2b) shows that the re-
action rim consists of different zones. Corundum is sur-
rounded by a narrow inner reaction rim of spinel that itself
is enveloped by a second rim consisting of fine-grained Ti-
bearing magnetite (Ti-Mag in Figs. 2 and 3), which forms
intergrowth textures with rhonite and alkali feldspar, lo-
cally also with clinopyroxene (Fig. 2b, c). Rhonite is very
fine-grained, with individual crystals not exceeding 90 um
in length. (2) In sample CLO4, euhedral-anhedral grains of
rhonite occur in embayments and outer parts of millimetre—
centimetre-sized spinel crystals (Fig. 2d—f) and coexist with
fine-grained phlogopite (Fig. 2e), Ti-bearing magnetite and
alkali feldspar, locally also with fine-grained clinopyrox-
ene (Fig. 2f). Fragments of mantle xenoliths associated with
coarse-grained spinel do not contain rhonite, neither in the
xenolith itself nor at its rim in contact with the basalt
(Fig. 2d). (3) In sample EGSO03, fine-grained acicular rhonite
develops in a contact zone between early coarse-grained
olivine and titaniferous phlogopite (Fig. 3a, b). Rhonite is
also an important constituent of reaction’s rim around phl-
ogopite (Fig. 3a, b) and in addition develops along cleav-
age planes and cracks in phlogopite (Fig. 3c). Rhonite coex-
ists with Ti-bearing magnetite (Fig. 3b) and alkali feldspar
(Fig. 3c), locally also with late fine-grained olivine (Fig. 3c).
(4) Sample SS17 represents a distinct occurrence of rhonite
because here it forms euhedral grains in broken and locally
metasomatically altered parts of mantle xenoliths in basalt
(Fig. 3d). It is associated with grey spinel, clinopyroxene, late
fine-grained olivine, alkali feldspar and former melt; some
rhonite grains are agglomerated to form a synneusis texture
(Fig. 3e, f). On the basis of the features described here, all
types of rhonite studied are interpreted to represent the reac-
tion product of melt with an early primary magmatic mineral.

4.2 Structural formula and chemical composition of
rhonite

The structure of rhonite was described by Walenta (1969) and
Deer et al. (1978) and discussed together with that of aenig-
matite, which is isostructural. Rhonite is triclinic and has the
general formula X, YsZ Oy (Deer et al., 1978; Johnston and
Stout, 1985; Anan’ev and Selyangin, 2011), where the 8-fold
coordinated X site contains Nat and Ca®* (plus additional
Fe* if the sum of 2 atoms per formula unit — pfu — is not
reached); 6-fold coordinated cations (Y site) are Ti*T, Mg2+,
Fe>t Fe’t, AT, Mn?*t, Cr3F, Ti* T, Ca?*, Sb>+, Nb°* and
Ass+; and 4-fold coordinated cations in the Z site are Si4+,
Be2T, B3t, AI*t and Fe*+ (Kunzmann, 1999). The classifi-
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Table 2. Trace-element contents (ppm) of Changle rhonite determined by ion microprobe.

Sample CLO1 CL04 EGS03 SS17

Point Rhoe 17 Rhoe 19 i Rhoe 14 Rhoe 15 Rhoe 16 Rhoe 17 Rhoe 18 Rhoe 19 Rhoe 20 Rhoe 21 i Rhoe 25 Rhoe 32 i Rhoe 1 Rhoe 3 Rhoe 4 Rhoe 6 Rhoe 7 Rhoe 8 Rhoe 9 Rhoe 10 Rhoe 11 Rhoe 12
La 15.81 2579 2.34 321 4.19 2.62 3.03 2.87 271 3.33 3.96 17.94 1.845 1.438 0.764 0.894 1.131 0.93 0.726 0.854 0.705 1.71
Ce 27.21 39.74 7.8 9.5 10.39 8.99 9.01 7.81 8.41 9.27 7.59 26.36 4.21 3.77 3.00 3.17 3.51 3.01 2.57 3.39 3.01 527
Pr 2.93 3.93 1.17 1.64 1.455 1.259 1.339 1.311 1.296 1.507 0.96 25 0.493 0.613 0.534 0.512 0.645 0.527 0.46 0.597 0.53 0.788
Nd 12.07 14.22 7.17 8.64 9.22 7.64 8.44 7.8 8.81 8.8 375 9.03 3.36 3.17 332 3.02 3.53 3.07 3.1 3.14 3.79 4.71
Sm 2.66 2.83 2.12 2.36 2.63 2.32 271 2.15 2.01 226 12 227 1.28 1.06 1.27 0.9 1.6 1.1 0.92 1.28 1.06 171
Eu 0.67 0.96 0.547 0.821 0.801 0.888 0.682 0.837 0.667 0.745 0.49 0.49 0.304 0.432 0.387 0.465 0.375 0.423 0.376 0.307 0.403 0.475
Gd 1.4 1.83 1.67 2.55 2.08 1.87 2.52 2.09 2.42 2.04 1.41 1.21 1.24 1.31 1.24 1.53 1.8 1.33 1.23 1.71 1.26 1.85
Tb 0.23 0.29 0.291 0.295 0.327 0.292 0.282 0.288 0.347 0.403 0.101 0.25 0.23 0.247 0.172 0.256 0.212 0.184 0.169 0.257 0.188 0.21
Dy 1.54 2.03 1.56 1.93 1.97 1.85 1.69 1.35 1.37 1.88 0.72 0.97 1.098 1.43 1.006 1.34 1.23 1.47 0.791 1.51 1.26 1.81
Ho 0.3 0.34 0.222 0.282 0.198 0.387 0.236 0.267 0.338 0.319 0.23 0.26 0.211 0.185 0.313 0.292 0.313 0.211 0.185 0.287 0.205 0.243
Er 0.67 0.89 0.666 0.82 0.659 0.762 0.708 0.427 0.496 0.776 0.41 0.37 0.516 0.472 0.332 0.547 0.491 0.581 0.646 0.79 0.76 0.678
Tm 0.073 0.08 0.071 0.093 0.084 0.078 0.103 0.079 0.097 0.103 0.104 0.139 0.078 0.102 0.078 0.068 0.086 0.12 0.085 0.073 0.113 0.108
Yb 0.29 112 0.448 0.509 0.624 0.509 0.522 0.483 0.596 0.4 0.54 0.39 0.28 0.232 0.587 0.505 0.54 0.49 0.439 0.532 0.727 0.434
Lu 0.086 0.21 0.037 0.048 0.105 0.107 0.109 0.095 0.08 0.078 0.13 0.086 0.056 0.056 0.06 0.088 0.075 0.078 0.026 0.135 0.044 0.168
Y 6.09 9.8 6.03 7.41 691 6.84 6.69 6.7 7.17 74 3.76 5.55 54 5.63 5.41 6.02 6.55 571 4.96 7.17 5.63 6.69
Ba 321.51 309.2 2.11 0.237 0.6 0.26 0.238 0.23 0.21 6.13 10.99 35.12 14.82 15.98 2.15 0.45 4.53 4.71 4.28 2.03 0.56 117
Nb 117.12 129.18 17.43 15.54 12.25 11.96 12.47 11.99 12.76 14.78 19.32 16.65 5.09 4.38 4.03 1.7 4.24 5.12 4.79 4.51 545 531
Ta 7.17 747 1.693 1.948 1.628 1.507 1.668 1.663 1.669 1.743 0.82 0.85 0.394 0.306 0.428 0.517 0.487 0.404 0.302 0.438 0.537 0.574
Zr 247.62 244.64 167.63 178.14 173.02 173.25 166.24 172.17 167.82 183.14 42.85 27.43 2845 24.91 26.63 29.97 30.94 27.54 24.45 33.26 30.16 33.08
Hf 5.16 5.06 4.53 4.62 4.8 5.1 4.82 4.99 5.08 5.18 0.46 0.5 0.97 0.95 0.93 1.14 1.02 1.07 0.82 1.36 1.14 1.13
Ti 131891.84  131891.84 | 523854 5364537 53220.58 55823.25 5466132 53981.63 54271.28 56567.97 | 34014.43 1924599 | 47724.04 56188.44 6112523 56002.99 59757.88 6181454 54678.54 58891.59 56016.04 52989.32
v 2879.96 3094.71 1011 1116.64 1032.24 1073.09 1146.4 1137.74 1089.75 104.18 383.46 220.22 983.28 1246.57 1347.6 1509.62 1474.94 1391.7 1034.31 1562.56 1418.14 1323.81
Cr 2758.22 1164.72 602.21 417.76 620.29 52535 526.93 707.5 588.06 475.53 1720.43 1093.02 1171.28 1172.23 1645.66 1770.84 1654.37 1102.66 959.59 1836.3 1337.59 1151.72
Rb 3.54 5.62 12.08 0.084 0.212 0.075 0.083 0.157 0.08 0.882 16.88 27.13 1.68 1.52 0.815 0.326 1.32 0.279 2.73 0.869 0.207 0.548
Th 2.41 5.04 0.111 0.078 0.155 0.071 0.044 0.071 0.05 0.139 0.63 1.29 0.125 0.126 0.054 0.05 0.075 0.036 0.064 0.055 0.045 0.121
U 0.67 1.92 0.053 0.05 0.055 0.046 0.05 0.053 0.054 0.062 0.34 0.137 0.043 0.084 0.062 0.053 0.049 0.043 0.045 0.046 0.056 0.048
Sr 425.7 1056.83 110.04 121.76 129.43 11222 114.66 110.58 107.13 118.28 74.41 69.21 67.74 71.25 60.23 59.84 5791 61.02 61.22 55.34 67.1 75.27
K 5236.87 5756.59 | 1639.23 40.05 31091 17.95 13.1 16.78 11.04 398.05 7394.66  11779.19 2667.93 1416.2 796.31 41.85 404.92 - 938.72 412.94 48.87 209.23
(La/Yb)y 39.11 16.52 375 4.52 4.82 3.69 4.16 4.26 3.26 597 5.26 33.00 4.73 4.45 0.93 1.27 1.50 1.36 119 115 0.70 2.83
(Ce/Sm)y 2.56 351 0.92 1.01 0.99 0.97 0.83 091 1.05 1.03 1.58 2.90 0.82 0.89 0.59 0.88 0.55 0.68 0.70 0.66 0.71 0.77
Ti/Nb 1126.13 1020.99 | 3005.47 3452.08 4344.54 4667.50 4383.43 4502.22 4253.24 3827.33 1760.58 1155.92 9376.04 1282841 15167.55 32942.94 14093.84 12073.15 1141514 13058.00 10278.17 9979.16
Zr/Nb 2.11 1.89 9.62 11.46 14.12 14.49 13.33 14.36 13.15 12.39 222 1.65 5.59 5.69 6.61 17.63 7.30 5.38 5.10 7.38 5.53 6.23
Nb/Ta 16.33 17.29 10.30 7.98 7.52 7.94 7.48 721 7.65 8.48 23.56 19.59 12.92 14.31 9.42 3.29 8.71 12.67 15.86 10.30 10.15 9.25
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Table 4. Compositions of minerals accompanying the studied Changle rhonite.

Sample CLO1 | CLO4 | EGS03 SS17

Late Late

fine- fine-

Ti- Ti- Primary  grained Ti- grained Late

Mineral Spl Afs  Mag Cpx Cpx Afs Spl  Mag Phl Opx (e)] (0)] Phl Afs  Mag Spl 0Ol Cpx Afs melt
Number 9 3 3 2 2 3 9 3 2 3 3 2 6 3 3 6 3 3 3 1
Si0, 005 5277 006 4324 | 4392 5398 0.11 0.07 3512 | 52.53 38.98 38.11 36.68 55.69  0.06 0.00 3747 50.18 5547 48.52
AlL,O3 62.27 32.61 395 951 929 3086 5556 299 14.14 | 4.65 0.00 0.02 1534 2388 3.5 55.63 0.00 672 24917 19.98
TiOy 032 019 2581 5.08 4.28 0.00 1.19 2248 1041 0.13 0.00 000 742 004 2598 0.25 0.00  0.96 0.03  0.01
FeO 22.49 1.01 6498  5.39 7.28 043 2729 69.68 15.27 8.25 14.28 2206 842 079 65.08 15.96 19.62 556  0.789  0.08
MgO 14.01 0.17 3.80 11.97 11.35 0.04 1539 268 11.63 | 31.99 45.63 39.70 17.06  0.66  2.98 18.50 41.94  14.95 0.66  0.21
CaO 0.05 1.13 023 2324 | 2329 067 002 010 058 0.95 0.05 0.02 001 496  0.13 0.01 0.08 19.96 526  6.03
Cr,03 0.01 0.00 051 0.66 0.05 0.00 000 050 0.12 | 040 0.03 000 034 002 061 9.57 0.00  0.80 0.00  0.00
MnO 022 000 059 0.12 0.14 0.00 007 059 0.10 | 0.10 0.20 0.41 0.03  0.01 0.69 0.16 020  0.16 0.01 0.02
Na,O 0.01 948  0.01 0.63 0.55 1177 0.01 002 058 0.11 0.04 005 08 299 0.01 0.01 0.01 0.62 198 256
K,0 0.00 1.67  0.00 0.02 0.00 252 000 000 858 0.00 0.00 000 9.10 798  0.00 0 000 000 7904 48]
NiO 006 000 004 003 0.04 000 002 007 005 0.11 0.32 000 007 004 030 0.15 0.05  0.00 0.00
H,O 17.79
Total 99.49 99.03 99.98 99.89 7 100.19  100.27 99.66 99.18  96.58 7 99.21 99.54 10036 9533 97.02 99.33 7 100.37 99.48 99.97  97.02 99.99
Oxygens 400 800 3.00 6.00 6.00 8.00 4.00 3.00 11.00 | 6.00 4.00 400 11.00 8.00  3.00 4.00 400  6.00 8.00
Si 0.00 239  0.00 1.61 1.64 244 000 0.00 261 1.86 1.00 098 267 264 0.00 0.00 0.97 1.84 2.62
Ti 0.01 0.01 006  0.14 0.12 0.00 002 005 0.58 0.00 0.00 0.00 041 0.00 0.061 0.01 0.00  0.03 0.00
Al 1.94 1.74 065 042 0.41 1.65 1.75  0.58 124 | 0.19 0.00 0.00 1.32 1.33  0.661 1.72 0.00 029 1.39
Cr 0.00 000 0.01 0.02 0.00 0.00 000 0.0l 0.01 0.02 0.00 000 002 000 0.01 0.20 0.00  0.02 0.00
Fe3t 005  0.04 1.15  0.10 0.12 0.02  0.20 1.27  0.00 | 0.05 0.01 003 000 003 1.163 0.07 0.04  0.00 0.03
Fe2t 045 000 001 0.06 0.11 0.00 041 0.01 0.95 0.19 0.29 0.44 051 0.00 0.012 0.28 038  0.17 0.00
Mn 0.00 000 001 0.00 0.00 0.00  0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.013 0.00 0.00  0.00 0.00
Mg 055 001 0.12  0.66 0.63 0.00  0.61 0.09 1.29 1.66 1.70 1.53 1.85 0.05 0.096 0.72 1.61 0.82 0.05
Ca 0.00 006 001 0.93 0.93 0.03 000 0.00 0.05 0.04 0.00 000 000 025 0.00 0.00 0.00  0.79 0.27
Na 000 083 000 0.05 0.04 1.03 000 0.00 0.08 0.01 0.00 000 012 027 0.00 0.00 0.00  0.04 0.18
K 000 010 000 0.00 0.00 0.15 000 000 0381 0.00 0.00 000 085 048  0.00 0.00 0.00  0.00 0.48
Fo 85.4 71.7 80.9
En 88.8
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Basalt), pil
Zakl f |

Figure 2. Microphotographs of rhonite-bearing samples CLO1 (a—
¢) and CL04 (d-f) from Fangshan. (a) Corundum megacryst in
basalt with fine-grained reaction rim. (b) Same as (a) but in back-
scattered electron (BSE) mode. Note that an inner rim of spinel is
located around corundum, surrounded by a rim of Ti-bearing mag-
netite (white) and a coarse-grained outermost rim of rhonite + al-
kali feldspar + clinopyroxene. (¢) Pocket of basalt between corun-
dum megacrysts with reaction rim as in (b). (d) Thin-section im-
age of a spinel megacryst and mantle xenoliths in basalt. (e) Spinel
megacryst with rhonite-bearing reaction rim. (f) Spinel with reac-
tion rim of rhonite + Ti-bearing magnetite. (a, d, e) Plane-polarized
light (PPL); (b, c, f) BSE.

cation analysis of Kunzmann (1999) shows that the follow-
ing three substitutions can be used to describe compositional
variability for rhonite if rare substitutions involving B, Be
and Sb are neglected (see also discussion in Johnston and
Stout, 1985):

(I) SiIV +NaVIII P (M3+)IV 4 CaVHI,
(II) SiIV+(M2+)VI (—)AIIV+ (M3+)VI,
(III) Ti4+VI + (M2+)VI PN 2(M3+)VI,

where the main homovalent substituents are Mg, Fe2* and
Mn2+ for M2+ and Al, Fe3™ and Cr3t for M3+,

The formulae for rhonite from Changle (Table 1) were cal-
culated on the basis of 14 cations and 20 oxygens per formula
unit (Kunzmann, 1999). The ferric/ferrous ratio was deter-
mined by charge balance.

With respect to the major elements, rhonite composi-
tions vary widely (Table 1; Figs. 4-6). Rhonite in sam-
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Figure 3. Microphotographs and hand-specimen photo of rhonite-
bearing samples EGS03 (a—c) from Ergushan and SS17 (d—f) from
Suishan. (a, b) Intergrowth texture of rhonite with olivine and phl-
ogopite. (¢) Fine-grained rhonite coexisting with Ti-bearing mag-
netite, olivine and alkali feldspar, both along phlogopite cleavage
planes or as rims around phlogopite. (d) Xenolith in basalt. (e, f) Lo-
cally altered xenolith with rhonite forming intergrowth textures with
spinel, clinopyroxene, olivine, alkali feldspar and former basaltic
melt. (a, b, e, f) PPL. (¢) BSE. (d) Macrophotograph.

ple CLO1 from Fangshan hill contains 9.47 wt %—11.69 wt %
MgO and 22.29 wt %—24.47 wt % FeO, and in sample CL04
it contains 11.33 wt %—11.62wt% MgO and 23.01 wt %—
23.42wt% FeO. Rhonite from the Ergushan and Su-
ishan hills is considerably higher in MgO and lower
in FeO and also much more variable (sample EGSO03:
15.15 wt %—19.87 wt % MgO, 10.21 wt %—15.98 wt % FeO;
sample SS17: 15.03 wt %—15.68 wt% MgO, 13.80 wt %—
14.50 wt % FeO). Clearly, rhonite in the xenolith in sample
SS17 and associated with phlogopite in sample EGS03 has
more MgO and is lower in FeO than rhonite enclosing the
spinel megacryst in sample CLO4 or rhonite in reaction rims
around corundum in sample CLO1 (Table 1; Fig. 4). The
compositional range of rhonite with respect to MgO, FeO,
Cry03 and MnO is also much narrower in samples CLO1 and
CLO04 than in SS17 or EGS03 (Table 1; Fig. 4). In addition,
note that although the contents of Al,O3, SiO; and NayO,
and CaO in samples EGS03 and SS17 vary much more than
in CLO1 and CLO04, the chemical substitutional trends in the
Ergushan and Suishan samples are quite similar (Fig. 5).

Eur. J. Mineral., 32, 325-346, 2020
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Figure 4. Diagrams of Cr,O3 versus MgO and MnO versus FeO showing systematic compositional variations in the Changle rhonites.
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Figure 5. Correlation diagrams of AlpO3 versus SiOp and NayO versus CaO of Changle rhonite from samples SS17 and EGS03 (stars
indicate rhonite from samples CLO1 and CL04 for comparison). Dashed lines emphasize that the different sample populations can be distin-

guished on the basis of the contents of AlO3, SiO;, NayO and CaO.

A wide range in compositions (Table 1) is also seen
in SiOy (22.99 wt %-32.98 wt %), AlLO3 (13.39 wt %—
1923wt %), MgO (947 wt%-19.87wt%), TiO,
(10.09 wt %—13.25 wt %), FeO (10.21 wt %—24.47 wt %),
CaO0 (9.58 wt%—12.41wt%) and NayO (0.79 wt%—
2.72wt %). Cation correlation (Fig. 6) shows that both
Al and Ca are negatively correlated with Si (Fig. 6a, b),
whereas Si is positively correlated with Na (Fig. 6¢) and Ca
is positively correlated with Al (Fig. 6d). In addition, Fe* is
negatively correlated with Mg (Fig. 6e), and Fe3*V! is nega-
tively correlated with Ti¥! + MgV + Fe> VI + MnV! (Fig. 6f).
Thus, the following substitutions describe compositional
variations in Changle rhonite:

1. SiIV + NaVIH i (Al, Fe3+)IV + CaVHI,
2. Mg < (Fe?*, £ Mn* ")V,
3. TiVl + (Mg + Fe?t 4+ Mn?H)V! « 2Fe3+V1

Note that substitutions (1) and (3) correspond to substitu-
tions (I) and (IIT) of Kunzmann (1999). Substitution (2) de-
scribes a straightforward homovalent exchange.

The analyses obtained in this study (Table 1) agree with
the general compositional definition of Grew et al. (2008) for
rhonite within the sapphirine supergroup, and thus this name
is used here. Kunzmann (1999) suggested a more detailed
classification scheme for the “aenigmatite—rhonite mineral

Eur. J. Mineral., 32, 325-346, 2020

group”. In terms of the Kunzmann scheme, rhonite from
Changle shows Na < 1 at the X site and 0.5 <Ti < 1.5 at
the Y site, conforming to his “rhonite subgroup”. However,
Kunzmann (1999) restricts rhonite s.s. (sensu stricto) to anal-
yses conforming to 3 < (Si — Na) < 4, whereas the majority
of Changle rhonite analyses show 2 < (Si— Na) < 3. Kun-
zmann (1999) notes that many “rhonite” analyses in the lit-
erature are similar and suggests that a new name should be
found for such compositions in the future. Generally, the Mg#
[Mg/(Mg+Fe?*)] of Changle rhénite is in the range of 0.5—
0.84 (average of 0.65; Table 1); these values are similar to
rhonite reported from enclaves in basanitic volcanics from
western Anatolia in Turkey (Griitzner et al., 2013), which all
belong to the Mg-rich species (Sharygin et al., 2011) (Ta-
ble 3). In general, rhonites with higher Mg* (0.71-0.84), as
in samples SS17 and EGS03, also contain higher amounts of
Na and Si than those with lower Mg* (0.5-0.58), as in sam-
ples CLO1 and CL04 (Table 1; Fig. 5).

5 Trace-element characteristics

Rhonite typically forms a series of solid solutions
(Shchipalkina et al., 2019), and Changle rhonite composi-
tion also varies (see Sect. 4) depending on the locality and
the petrographical setting in thin section. Thus, apart from
its variations in major-element composition, rhonite can also

https://doi.org/10.5194/ejm-32-325-2020
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Figure 6. Correlation diagrams of selected major elements in Changle rhonite. Values along axes are given in atoms per formula unit.

be expected to exhibit distinctive features related to trace-
element geochemistry. In order to document these character-
istics, they are displayed in chondrite-normalized REE dia-
grams (Figs. 7, 8) and primitive-mantle normalized diagrams
for incompatible elements (Fig. 9). Not much information is
available from the literature, but Kogarko et al. (2005) pre-
sented trace-element data for rhonite from tephrite—phonolite
on the islands of Bravo and Fogu, Cabo Verde archipelago
(referred to as BFCV-Rhoes in this paper), which are given
for comparison in Figs. 7 and 8. These islands are of volcanic
origin and located along the African margin of the central At-
lantic Ocean. They are interpreted as resulting from hotspot
volcanism (Ramalho et al., 2010). Coltorti et al. (2010) sug-
gested that the lavas are contaminated by old fragments of
sub-continental lithospheric mantle. In Fig. 7 the REE pat-
terns of OIBs (Sun and McDonough, 1989) are given for
comparison as well.

https://doi.org/10.5194/ejm-32-325-2020

5.1 REE characteristics

The REE patterns of rhonite from the three different local-
ities of the Changle area are presented in Fig. 7. The REE
patterns of rhonite from samples CLO1 and EGSO03 are dis-
tinctly different from those of samples CLO4 and SS17 in
that they are relatively steep (with (La/Yb)y =5.26-39.11;
Table 2; Fig. 7). It is obvious that two of the Fangshan
rhonite patterns (CLO1-Rhoe 17 and CLO1-Rhoe 19), show
a pronounced increase towards the light rare-earth elements
(LREEs) (Fig. 7a). Towards the heavy rare-earth elements
(HREEs) a general decrease from Dy to Tm is observed,
followed again by an increase towards Lu (CLO1-Rhoe 17)
(Fig. 7a). In general, the LREE content in rhonite from sam-
ple CLO1 (Fig. 7a) is significantly higher than that from sam-
ple CLO4 (Fig. 7b) from the same locality. The patterns of the
two Ergushan rhonites (EGS03; Fig. 7c) show a pronounced
enrichment in LREEs and a decrease towards HREEs. Re-
garding the LREESs, the amounts of La, Ce, Pr, Nd, Sm and
Tb in rhonite of sample EGS03-Rhoe 32 are significantly
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Figure 7. REE contents of Changle rhonite normalized to chondrite (Sun and McDonough, 1989) and compared to literature data. BFCV-
Rhoes is rhonite from the islands of Bravo and Fogu, Capo Verde archipelago, from Kogarko et al. (2005); OIB is ocean island basalt from

Sun and McDonough (1989).

higher than those in EGS03-Rhoe 25 (Fig. 7c). On the HREE
side, the patterns are similar and marked by a zigzag pattern.

There is essentially no difference in REE chemistry be-
tween rhonite within the xenolith of sample SS17 and eu-
hedral rhonite closely associated with spinel megacrysts of
sample CL04. The respective REE patterns are slightly en-
riched in LREEs and show a decrease toward the HREE:s,
with (Ce/Sm)y = 0.55-1.05 (Fig. 7b, d; Table 2). The
rhonite patterns do not show any significant anomalies. Most
of the rhonites from Fangshan (CL04) show a convex-upward
shape, and, compared to rhonite from Suishan (SS17), the
amount of LREEs is somewhat higher (Fig. 7b, d). Further-
more, the patterns of rhonite from Suishan (SS17) are gener-
ally relatively flat, with a slight convex-upward shape with a
maximum at Sm (Fig. 7d). All 10 measured rhonite patterns
from Suishan are similar to each other; only the amount of Lu
is distinctively higher in samples SS17-Rhoe 10 and SS17-
Rhoe 12 and lower in SS17-Rhoe 9 (Fig. 7d).

The spectrum of REE patterns of Changle rhonite from
samples SS17 and CL04 is most similar to BFCV-Rhoes
of Kogarko et al. (2005), which is phenocrysts in tephrite—
phonolite (Fig. 7). In general, the REEs of the Changle
rhonite are more depleted than those studied by Kogarko et
al. (2005; see Fig. 7). On the other hand, rhonite in samples
EGS03 and CLO1 shows a spectrum of patterns which is sim-
ilar to that of OIB (Sun and McDonough, 1989) (Fig. 7a, c);
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however, the EGS03 and CLO1 patterns are depleted com-
pared to OIB.

Figure 8 shows the distinguishing features of all rhonite
REE patterns from this study. It is obvious that the rhonite
patterns from samples CL04 and SS17 are quite similar, ex-
cept for higher amounts of LREEs in CL04. Figure 8 also
shows that the spectrum of rhonite REE patterns from sam-
ples CL0O4 and SS17 is similar to that of kaersutitic am-
phibole megacryst in various types of alkalic basalt such as
basanite, olivine nephelinite, transitional alkali-olivine basalt
and hawaiite (Irving and Frey, 1984), and kaersutite from
Cenozoic alkali basalt from the South China Sea (Yan et
al., 2015), which, however, are generally more enriched in
REE. Rhonite patterns from samples CLO1 and EGS03 are
enriched in LREEs and generally follow the trend of whole-
rock REE patterns of Changle weakly alkali basalt (Zeng et
al., 2010), which are old basalts 24.0-10.3 Ma in age (Yu et
al., 2010) and represent an important period of volcanism on
Shandong peninsula.

5.2 Incompatible-element characteristics
In general, the primitive-mantle normalized diagrams for
incompatible-element contents of all Changle rhonite sam-

ples indicate very similar trends; Nb, Ti and V typically
show a pronounced positive anomaly. In addition, the pat-

https://doi.org/10.5194/ejm-32-325-2020
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terns of samples CLO1 (Fig. 9a) and CLO4 (Fig. 9b) show
a small positive Zr anomaly. A small positive Sr anomaly is
observed only in rhonite from sample CLO1 (Fig. 9a). As al-
ready observed in their REE patterns (Fig. 7¢), the two sam-
ples from Ergushan differ significantly from each other, es-
pecially with respect to the LREESs, and similarly the incom-
patible elements (Fig. 9¢c) also demonstrate considerable dif-
ferences. Figure 9c shows that sample EGS03-Rhoe 32 has
substantially higher amounts of Ba, La, Ce and Pr compared
to EGS03-Rhoe 25, in addition to Nd and Sm anomalies.

The spectrum of rhonite patterns from all three localities
generally conforms to that of the rhonite sample from Kog-
arko et al. (2005), the host rock which is interpreted to have
been derived from rocks of a hotspot—intraplate, oceanic-
island environment. Although the patterns are similar and in
part nearly identical, the Changle rhonites (with the excep-
tion of Ba, V and Cr) tend to be poorer in incompatible ele-
ments than those described by Kogarko et al. (2005) (Fig. 9a—
d). Note particularly that the rhonite patterns of sample CL04
(Fig. 9b) nearly mimic those from Kogarko et al. (2005), and
even the positive Zr anomaly is present. The rhonite from
sample CLO1, in general agreement with sample EGSO03,
is somewhat enriched in highly incompatible elements. The
rhonite pattern from sample SS17 is again quite similar to
those described by Kogarko et al. (2005); nevertheless, the
positive Zr anomaly is missing (Fig. 9d). Perhaps the rhonite
from Kogarko et al. (2005) is more enriched in incompati-
ble elements because the hosting rock is an alkali tephrite—
phonolite dyke and not of basaltic composition, which then
would result in differences in REE and trace elements in gen-
eral.
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In addition, it is noteworthy that in the spidergrams of
Fig. 9 the incompatible elements of all studied rhonites
demonstrate pronounced positive anomalies of Ti, Nb and
V (Fig. 9). Compared to associated minerals (such as spinel,
clinopyroxene), rhonite has distinctly more Ti, V and Nb ex-
cept for the last-crystallized, fine-grained irregular ilmenite
(data from unpublished author).

6 Discussion

6.1 The formation of Changle rhonite in view of other
occurrences

The petrographical setting of rhonite, especially with respect
to morphology and location in different parts of the mag-
matic fabric, gives important indications for the order of
crystallization. Rhonite grains in samples SS17 and CL04
are euhedral and larger compared to rhonite from sample
CLO1 and the needle-like anhedral grains surrounding phlo-
gopite or within the cleavage planes of phlogopite in EGS03.
These petrographical features indicate that the larger, eu-
hedral rhonite in SS17 and CL04 formed earlier than the
smaller, anhedral or acicular grains in EGS03 and CLO1. De-
spite having formed at different stages, all rhonite studied
is interpreted to represent the product of a reaction of melt
with early or primary minerals (Figs. 2, 3). Sample SS17 is a
locally altered mantle xenolith, and rhonite possibly formed
by reaction of a melt with coarse-grained orthopyroxene or
spinel (Kong et al., 2013, 2015) (Fig. 3e—f).

The petrographical features and mineral relationships sug-
gest that the following overall rhonite-forming reactions can
be constructed. As further confirmation of these suggestions,
the chemical analyses of the minerals reacting with rhonite
are given in Table 4.

The reaction for the formation of anhedral rhonite as part
of a narrow reaction zone surrounding spinel in sample CLO1
(Fig. 2a—) and of euhedral to anhedral rhonite in sample
CL04 in embayments surrounding spinel (Fig. 2d—f) is

(1) spinel +melt — rhonite + Ti-bearing magnetite + al-
kali feldspar =+ clinopyroxene + phlogopite.

The reaction for the formation of fine-grained acicular
rhonite in sample EGSO03 that developed between an early
olivine megacryst and phlogopite, or around the phlogopite
or along cleavage planes and cracks in phlogopite (Fig. 3a—
C), is

(2) phlogopite/olivine megacryst + melt — rhonite + Ti-
bearing magnetite & late fine-grained olivine + alkali
feldspar.

The reaction for the formation of large euhedral rhonite in
mantle xenolith (sample SS17; Fig. 3d—f) is

(3) orthopyroxene + early melt & primary spinel/olivine —
rhonite + clinopyroxene + late olivine + late melt +

Eur. J. Mineral., 32, 325-346, 2020
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secondary spinel + alkali feldspar + Ti-bearing mag-
netite.

Although the Changle rhonites show considerable varia-
tions in major element compositions (Table 1; Figs. 4-6),
some of them are similar to specific compositions of rhonite
from other localities, for instance to those from tephrite—
phonolite on the islands of Bravo and Fogu, Cabo Verde
archipelago (BFCV-Rhoes; Kogarko et al., 2005); to rhonite
in olivine phenocrysts from alkali-basaltic fields of Russia,
Hungary and Israel (Sharygin et al., 2011); and to rhonite
from basanitic volcanic rocks of the Quaternary Kula vol-
canic province in western Anatolia, Turkey (Griitzner et al.,
2013) (Table 3).

Note that rhonite from samples SS17 and EGS03 contains
high amounts of MgO and Cr,O3 and low amounts of FeO
and MnO, whereas rhonite from samples CL04 and CLO1
shows the opposite trend (Fig. 4). Correspondingly, Griitzner
et al. (2013) also observed different compositions of rhonite
in the same rock. These authors showed that rhonite in en-
claves from basanite in Turkey has higher MgO, Al,O3 and
Cr03 but lower FeO and MnO compared to the rhonite in
the matrix of the basanite. Compared to the rhonite in the en-
claves of Griitzner et al. (2013), those in SS17 and EGS03
from Changle have higher MgO and Cr,O3 but lower FeO
and MnO, whereas the rhonite in CLO1 and CL04 is similar
to the matrix type of Griitzner et al. (2013), which, however,
is slightly higher in FeO, TiO, and Cr,03 and lower in SiO»,
MgO and MnO. Thus, the chemical composition of Changle

Eur. J. Mineral., 32, 325-346, 2020

rhonite appears to depend to a large extent on the composi-
tion of the initial silicate melt.

Sharygin et al. (2011) confirmed that variations in rhonite
composition can be correlated with the composition of the
initial silicate melt and with the redox conditions during crys-
tallization. Rhonite in EGS03 has a composition of higher
Na and Si and lower Ca and Al and is similar to rhonite
with NaSi-rich and CaAl-poor compositions in lower-crustal
pyroxenite xenoliths within phonolite from the Mount Sid-
ley composite volcano, Marie Byrd Land, Antarctica (Grapes
et al., 2003). The latter are reported to indicate a formation
at high oxidation conditions at a late growth stage (Grapes
et al., 2003). Thus, the chemical composition of Changle
rhonite also depends on the redox conditions during crystal-
lization.

Rhénite is also reported to replace Ti-bearing amphibole
or kaersutite (Wilshire et al., 1971; Johnston and Stout,
1985; Huckenholz et al., 1988; Kunzmann, 1999; Nédli and
Toth, 2003; Grapes et al., 2003). Note that high amounts
of Na+ Si'V and low amounts of Ca+ Al are typical fea-
tures of rhonite that is assumed to be a secondary phase pro-
duced by alteration of kaersutite, whereas primary rhonite
is reported to contain low amounts of Na+ Si'V and high
Ca+Al"Y (Nédli and Téth, 2003; Grapes et al., 2003;
Doroozi et al., 2016). In this respect, Changle rhonite from
samples SS17, CLO1 and CL04 conforms to the chemical
characteristics of a primary phase and is low in Na 4 Si'¥ and
high in Ca+ AI"Y (Na+Si'V: 3.38-3.62; Ca+ Al'V: 4.29—
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4.59). From the perspective of petrographical observation,
Changle rhonites are considered to be products of reactions
of melt with spinel, phlogopite, olivine or orthopyroxene
(Figs. 2 and 3). Only rhonite from the sample EGS03 shows
chemical characteristics that are similar to those reported for
secondary rhonite, replacing Ti-bearing amphibole or kaer-
sutite (Fig. 3b, c; Table 1) (Nédli and Té6th, 2003; Grapes et
al., 2003; Doroozi et al., 2016), although no Ti-bearing am-
phibole or kaersutite has been observed in this sample.

6.2 The formation conditions of Changle rhonite

Rhonite is often associated with titanian augite, kaersutite,
diopside, clinopyroxene, forsterite, spinel, perovskite, mag-
nesioferrite and titanomagnetite (Walenta, 1969; Kunzmann,
1989, 1999; Grapes et al., 2003; Treiman, 2008; Anan’ev
and Selyangin, 2011; Griitzner et al., 2013; Doroozi et al.,
2016). Some of these minerals have also been documented in
the Changle rocks as, for example, in the assemblage spinel
+ rhonite + alkali feldspar + clinopyroxene £ phlogopite
(Fig. 2e—f) and the assemblage spinel + rhonite + ternary
feldspar + phlogopite (Fig. 3c). Although there are exper-
imental data on rhonite stability relationships to constrain
temperature, pressure and oxygen fugacity, there are, unfor-
tunately, no experimental data on the dependence of rhonite
chemistry on these parameters.

The most comprehensive experimental data on rhonite sta-
bility relationships have been provided by Kunzmann (1989;
see also Kunzmann, 1999, for a summary). On its own
composition, rhonite is stable at 1bar from 850-1000°C
to at least Skbar at 900 to 1100°C (Kunzmann, 1989)
at quite variable conditions of oxygen fugacity. For in-
stance, Kunzmann (1989, 1999) reports experiments at 1 bar
in which rhonite was synthesized under conditions of the
HM (hematite—magnetite), NNO (Ni-NiO), QFM (quartz—
fayalite—magnetite) and IQF (iron—quartz—fayalite) oxygen
buffers. However, for bulk compositions reflecting basaltic
systems, the P-T stability field of rhonite is much more re-
stricted. Kunzmann (1989) documented the overlapping P—
T stability fields of Ti-rich calcium amphibole and rhonite
for an alkali-basaltic system under NNO oxygen buffer con-
ditions in the liquidus—solidus P-T region (Fig. 10). Con-
sidering that Changle rhonite does not coexist with a Ti-rich
amphibole and that Changle rhonite is part of an assemblage
that includes Ti-bearing magnetite, feldspar, clinopyroxene
and melt, a P-T region of potential formation can be mapped
out (Fig. 10). On the basis of Kunzmann’s (1989) results,
Changle rhonite could form in the temperature range from
950 to 1180 °C at maximum pressures of 0.5 kbar, where the
rhonite-out reaction curve is located (Fig. 10).

Boivin (1980) studied rhonite stability at 1 bar as a func-
tion of temperature and oxygen fugacity (IW is iron—-wiistite;
NNO) for bulk compositions equivalent to natural kaersutite,
basanitoid (a rock intermediate between olivine basalt and
basanite) and hawaiite. The results indicate that rhonite sta-
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Figure 10. Liquidus—solidus relationships of Ti-rich calcium am-
phibole and rhonite in alkali basalt up to 1kbar at NNO oxy-
gen buffer conditions after Kunzmann (1989); the stability field of
Changle rhonite is shaded in light grey.

bility is not very sensitive to oxygen fugacity, as noted above,
but depends strongly on bulk-rock composition. Going from
the kaersutite to basanitoid and hawaiite bulk compositions,
the contents of TiO, and the modal foids nepheline and
leucite decrease regularly (Boivin, 1980). At 1 bar, rhonite is
stable up to ca. 1150 °C (IW buffer) or 1170 °C (NNO buffer)
for kaersutite to ca. 1090 °C (both buffers) for basanitoid
composition. No rhonite was observed for the hawaiite com-
position. Thus undersaturated alkali-basaltic melts appear to
be a prerequisite for rhonite crystallization, and higher TiO,
contents favour stability of rhonite to higher temperatures.

For a lack of suitable geobarometers, most studies in-
volving rhonite have accepted the 500-600 bar upper pres-
sure limit for rhonite experimentally derived by Kunz-
mann (1989). For the Cabo Verde rhonite occurrence, Kog-
arko et al. (2005) also used the experimental data of
Boivin (1980) to conclude that rhonite + clinopyroxene
began to crystallize at 1100-1150°C. However, temper-
atures for rhonite stability have independently also been
estimated from homogenization and crystallization studies
on rhonite-bearing melt inclusions in olivine or liquidus-
temperature determinations on the enclosing basaltic rock.
Grapes et al. (2003) concluded that the assemblage rhonite
+ olivine + clinopyroxene + plagioclase in Mount Sid-
ley xenoliths (Marie Byrd Land, West Antarctica) formed
within a narrow temperature range of 1140-1190 °C. Grapes
and Keller (2010) inferred that Fe?t-dominant rhénite
(Mg* < 0.5; see Table 1) coexisting with subsilicic Al-Ti-
bearing augite, olivine and titanian magnetite in tephrite and
limburgite from the Kaiserstuhl volcanic complex, SW Ger-
many, formed at temperatures of 1068—1137 °C. Sharygin et
al. (2011) suggested that Mg-dominant rhonite in olivine-
hosted, silicate-melt inclusions in alkali basalt crystallized in
the range of 1180 to 1260 °C.

Eur. J. Mineral., 32, 325-346, 2020



340

Some of the above estimates exceed the temperatures sug-
gested by the work of Kunzmann (1989) in Fig. 10, and
the TiO, content of rhonite may play a role. In their study,
Sharygin et al. (2011) cite quite variable TiO; contents, be-
tween 8.1 wt % and 12.4 wt % TiO,, without correlating their
relatively high estimated temperatures directly with TiO»
contents. Kéthay et al. (2003) indicated in an abstract that
TiO;-rich rhonite in alkali basalt from the Bakony—Balaton
Highland and the N6grad-Gomor volcanic fields, Pannonian
Basin, Hungary, can be stable up to temperatures as high
as 1220-1270°C. Although Kéthay et al. (2003) did not
give any explicit information on TiO, contents, Sharygin et
al. (2011) reported that rhonite from the same locality con-
tains TiO; in the range of 9.0 wt %—11.63 wt %. TiO, con-
tents in Changle rhonite range from 10.5wt % to 12.7 wt %
(Table 1) and are therefore as high or even higher than those
reported by Sharygin et al. (2011). They are also similar to
and in part higher than in rhonite (10.7 wt %—11.8 wt %) from
the islands of Bravo and Fogu, Cabo Verde archipelago (Kog-
arko et al., 2005), and significantly higher than in the Kaiser-
stuhl volcanic complex (8 wt %—10 wt %; Grapes and Keller,
2010). In particular, rhonite in sample SS17 and some in
EGSO03 contains very high amounts of TiO; up to 12.5 wt %.

6.3 Comparison of REE patterns between rhonite and
kaersutitic amphibole

The composition of the rhonite-bearing basalt of the cur-
rent study is similar to the weakly alkali basalt of Zeng
et al. (2010) that belongs to the generation of old Changle
basalts (24.0-10.3Ma) and that is derived from astheno-
spheric mantle melts. Thus, in addition to the REE patterns
of Changle rhonite from this study, the range of weakly al-
kali basalt compositions from Zeng et al. (2010) is shown in
Fig. 8 for comparison as well. Additional patterns presented
in Fig. 8 are from kaersutitic amphibole megacrysts in vari-
ous types of alkalic basalt such as basanite, olivine nephelin-
ite, transitional alkali-olivine basalt and hawaiite (Irving and
Frey, 1984) and from kaersutite of Cenozoic basalt from the
South China Sea (Yan et al., 2015).

Note that some of the REE patterns of Changle rhonite
are very similar to the patterns of mantle amphiboles such
as kaersutitic amphibole megacrysts or kaersutite in basalt
(Irving and Frey, 1984; Yan et al., 2015; Fig. 8). Especially
the REE patterns of euhedral rhonite in sample CL04 which
show a maximum at Nd (Fig. 7b) are similar to kaersutitic
amphibole megacrysts in basalts, in which only the relative
amounts of all the REEs are moderately higher (Irving and
Frey, 1984). These results imply that rhonite exhibits a geo-
chemical fractionation behaviour of certain trace or REE el-
ements similar to that of kaersutite or kaersutitic amphibole.

Overall, the REEs of rhonite in samples SS17 and CL04
are more depleted than those of kaersutite from the South
China Sea (Yan et al., 2015; Fig. 8 — SCS) and kaersu-
titic amphibole megacrysts (Irving and Frey, 1984; Fig. 8).
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Rhonite from samples EGS03 and CLO1 is slightly depleted
in MREEs (middle rare-earth elements) compared to kaer-
sutite from the South China Sea and kaersutitic amphibole
megacrysts (Yan et al., 2015; Irving and Frey, 1984; Fig. 8).
The shape of the REE patterns of rhonite from samples CLO1
and EGSO03 is similar to that of OIB (Sun and McDonough,
1989; Fig. 7a, c) and the Changle weakly alkali basalt of
Zeng et al. (2010) (Fig. 8), although the amounts are slightly
lower and rhonite from these two samples shows a marked
enrichment of Lu. This phenomenon could also be the re-
sult of increasing alkalinity of the melt during the process of
magma differentiation, which would lead to an enrichment
of light REEs and some other elements such as Lu and Nb
(Table 2). Thus not only the petrographical but also the REE
features indicate that rhonite in samples EGS03 and CLO1
crystallized as a late phase and perhaps contemporaneously
with increasing alkalinity of the host magma.

6.4 Chemical fingerprints of Changle rhonite with
reference to amphibole

By studying suprasubduction and intraplate metasomatic sig-
natures, Coltorti et al. (2007b) concluded that mantle amphi-
boles are an important indicator that can mirror diverse geo-
chemical characteristics; they thus contribute significantly to
a better understanding of the respective geotectonic setting.
Coltorti et al. (2007b) distinguished two types of amphi-
bole from mantle xenoliths in basalt, an intraplate type (I-
amphibole) and a suprasubduction type (S-amphibole). Geo-
chemical signatures of [-amphibole were shown to be clearly
different from those of S-amphibole due to their higher Nb,
Ta, Zr, Hf and Ti contents (Coltorti et al., 2007b). By compar-
ing the chemical signatures of rhonite with those of amphi-
bole, it appears possible to derive important petrological and
geochemical fingerprints typical for a particular setting or
particular melts that originate from the subduction of oceanic
crust.

Recently, Dai et al. (2016), Li et al. (2017) and Xu et
al. (2017) suggested that the sources of the OIB-like Ceno-
zoic alkali basalts in the North China Craton (such as those
from Shandong Peninsula) had experienced a “metasoma-
tizing reaction” between the asthenospheric peridotite with
melts derived from deeply subducted oceanic crust. The sub-
ducting slab stagnating in the mantle transition zone became
a source of melts that carbonated—metasomatized the over-
lying mantle wedge peridotite (Li and Wang, 2018; Xu et
al., 2018). Rhonite-bearing Cenozoic alkali basalts from the
Changle area are reported to represent typical intracontinen-
tal basalts (Zou et al., 2000; Xu et al., 2005; Tang et al., 2006;
Liu et al., 2008a; Chen et al., 2009), and they are tectoni-
cally located above the old subduction zone, where the west-
ward subduction of the Pacific slab occurred (Xu et al., 2017,
2018; Li and Wang, 2018). In essence, the Changle rhonite-
bearing basalts are derived from melts originating in an in-
tracontinental setting where a reaction of the asthenospheric

https://doi.org/10.5194/ejm-32-325-2020



F.-M. Kong et al.: Changle rhonite

1000.00-

I-Amph from Antarctica,

enriched disseminated amphiboles
100.00

~———-

10.00

depleted disseminated amphiboles

A (TLQI,anhc_dral + EGS03, acicular or
fine-grained anhedral fine-grained
@ C104, euhedral <> SS17, euhedral

Rb Ba Th U K Nb Ta La Ce Pr Sr Nd Zr Hf Sm Eu Ti Gd Tb Dy Y Ho Er Tm Yb Lu

Figure 11. Chondrite-normalized (Sun and McDonough, 1989)
incompatible-element spidergram for Changle rhonite. Depleted
disseminated amphibole and enriched disseminated amphibole are
from the basalt of Kapfenstein, Austria (Coltorti et al., 2007a), and
I-Amph (I-amphibole) is from xenoliths from Antarctica (Coltorti
et al., 2004, 2007a).

peridotite with melts that derived from subducted oceanic
crust occurred.

As discussed above, REE patterns of Changle rhonite are
similar to those of kaersutite in Cenozoic basalt (Yan et al.,
2015) and kaersutitic amphibole megacrysts in basalt (Irv-
ing and Frey, 1984; Fig. 8). Although Changle rhonite does
not represent a direct breakdown product of a former amphi-
bole, the geochemical similarity between rhonite and amphi-
bole suggests that rhonite could be able to take over the role
of the petrogenetic indicator mineral amphibole by incorpo-
rating appropriate typical elements in a similar way. Indeed,
the REE patterns of most rhonites resemble those of kaer-
sutitic amphiboles or kaersutites in basalt (Yan et al., 2015;
Irving and Frey, 1984; Fig. 8) and can signal suprasubduction
and intraplate metasomatic mantle signatures (Coltorti et al.,
2004, 2007b). The metasomatic mantle amphibole chosen
for comparison originates from xenoliths of peridotite and
lherzolite in basalt from Austria and Antarctica (Coltorti et
al., 2004, 2007a, b). Note that the geochemical data of dis-
seminated amphibole in lherzolite xenoliths in basalt from
Kapfenstein, Austria, show subduction-related and intraplate
metasomatic features (Coltorti et al., 2007a). Note also that
LREEs and some incompatible elements of these amphiboles
are similar to those of Changle rhonite from sample SS17,
which also forms disseminated crystals in xenoliths (Fig. 11).

In a chondrite-normalized spidergram (Fig. 11), the
Changle rhonite shows complex geochemical characteristics,
revealing a distinct negative K anomaly and positive anoma-
lies of Ta and Ti. Incompatible elements of Changle rhonite
show (Fig. 11) that the behaviour of Rb, Ba, Ta and most
REE (except Ho and Lu) is similar to that in I-amphibole
from xenoliths from Antarctica (Coltorti et al., 2004, 2007b).
However, most incompatible elements of Changle rhonite
(apart from Ti) are more strongly depleted than those of I-

https://doi.org/10.5194/ejm-32-325-2020

341

amphibole (Fig. 11). Depleted disseminated amphibole from
Kapfenstein yields a similar trend in Th, U, Eu, Ti, Gd
and some HREEs (Coltorti et al., 2007b) to most Changle
rhonites, which are, however, slightly depleted in these ele-
ments (Fig. 11). On the other hand, most Changle rhonites
show a trend with respect to Sr and Ho to Lu that is simi-
lar to the enriched amphibole from the Kapfenstein locality
(Fig. 11).

Importantly, Coltorti et al. (2007b) have shown that Nb is
the best discriminator element for distinguishing suprasub-
duction zone and intraplate settings. I-amphibole domains
have relatively high amounts of Nb within a rather restricted
range of about 10-1000 ppm compared to S-amphibole do-
mains, where Nb is generally (with very little overlap) below
10 ppm. Assuming that the geochemical behaviour of these
elements in amphibole is similar to that in rhonite, we see
that although the four studied samples from Changle are lo-
cated close to each other and also belong to the same ge-
ological formation (Yaoshan), they show clear distinguish-
ing features. Whereas rhonite from sample SS17 contains
1.75-5.31 ppm Nb and thus indicates an S-type “amphibole”
character, rhonites from the other samples, CLO1, CL04 and
EGSO03, contain distinctively higher amounts of Nb (11.96—
29.18 ppm) and point to an I-type character (Fig. 12a).
Note that there is also a clear difference in Nb content be-
tween samples CLO1, CL04 and EGS03; they form distinc-
tive groups.

According to McDonough and Sun (1995), a chon-
dritic character is indicated by Ti/Nbg, =1823 and
Zr/Nbey, =15.7, where Ti/Nb > 1823 and Zr/Nb > 15.7,
Ti/Nb < 1823 and Zr/Nb < 15.7, respectively, indicate a
suprachondritic or subchondritic character (Coltorti et al.,
2007b). In addition, Coltorti et al. (2007b) showed that
Ti/Nb and Zr/Nb ratios of amphibole can be used to distin-
guish between S-amphibole, which is chondritic to slightly
suprachondritic, and I-amphibole, which yields a subchon-
dritic character (Fig. 12b). With respect to rhonite from
Changle, Ti/Nb ratios of rhonite from samples SS17 and
CLO04 are much higher than 1823 and would thus indicate a
typical suprachondritic character, whereas rhonite from sam-
ples EGS03 and CLO1 would indicate a subchondritic char-
acter (Fig. 12b; Table 2). However, with regard to Zr/Nb
ratios, most of the Changle rhonites are subchondritic, and
only one rhonite crystal in the xenolith from sample SS17
yields higher values than 15.5 and is thus suprachondritic
(McDonough and Sun, 1995) (range of 1.65—-17.63; Table 2).

In the Zr—Nb diagram (Fig. 12a), all rhonites from sample
SS17 are located in the S-amphibole field, whereas rhonite
from samples CLO1 and EGS03 (with one outlier) plots in
the I-amphibole field; all rhonites from sample Cl04 plot in
between. In the diagram of Zr/Nb versus Ti/Nb (Fig. 12b),
rhonite from samples SS17 and CLO04 falls into or close to
the S-amphibole field, whereas rhonite from samples CLO1
and EGSO03 is located outside but close to the I-amphibole
field.
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Figure 12. Diagrams of Zr versus Nb and Zr/Nb versus Ti/Nb of Changle rhonite modified after Coltorti et al. (2007b); PM is primordial

mantle.

According to Coltorti et al. (2007b), amphiboles strad-
dling the I- and S-amphibole fields possibly indicate a supra-
subduction to intraplate transition stage. Assuming that such
data on amphibole are transferable to rhonite, those which
document an overlap of I and S character may have ex-
perienced an intraplate metasomatic event overprinted by
a subduction-related metasomatic episode. Indeed, with re-
spect to the local geological environment of the rhonite-
bearing Changle intraplate alkali basalt, there is petrological
and geochemical evidence of an old Pacific subduction event
and further Cenozoic intraplate metasomatism.

Note that Ionov and Hofmann (1995) hypothesized that
the amphibole—-melt partition coefficient for Nb is lower than
that for Ta during mantle metasomatism, based on their study
of disseminated and vein-related amphibole separated from
mantle xenoliths in alkali basalt (Tonov and Hofmann, 1995).
As a consequence of progressively increasing Nb/Ta ratios
in the residual melt resulting from the precipitation of am-
phibole, earlier-formed, vein-related amphibole has a lower
Nb/Ta ratio than disseminated amphibole of a later genera-
tion (Ionov and Hofmann, 1995). As a characteristic feature
of the Changle rhonite, the Nb/Ta ratio of euhedral crys-
tals from sample CLO4 is in general quite low (7.2-10.3),
whereas the range of ratios of the anhedral crystals from the
acicular type CLOI is distinguishably higher and between
16.3 and 17.3 (Table 2; Fig. 2b, c, e, f). The Nb/Ta ratio
of euhedral grains from sample SS17 varies widely between
3.3 and 15.9 and reaches the highest values in fine-grained
rhonite from sample EGS03 (19.6-23.6) (Table 2; Fig. 3b, c,
e, f). On average, these differences can help to indicate possi-
ble growth sequences. In conjunction with the petrographical
features, we propose that the larger euhedral rhonite crystals
formed earlier than the anhedral smaller ones.

7 Conclusions

Mineralogical, petrographical and geochemical characteris-
tics of rhonite from three alkali-olivine basalts and one xeno-
lith in basalt from Changle show that rhonite grew at differ-
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ent stages due to different reactions and formation conditions
but generally formed at temperatures exceeding 950 °C and
pressures below 0.5 kbar.

Euhedral rhonite from samples SS17 and CL04 is pro-
posed to have crystallized earlier than the acicular and an-
hedral grains in samples EGS03 and CLO1.

Rhonite is documented to have a wide range of composi-
tions in major oxides; the main substitutions derived are

1. Si*t +Na't = (Al, Fe)3* 4 Ca?*,
2. Mg**t = (Fe, Mn)>* and

3. Ti*t + (Mg + Fe + Mn)2t = 2Fe3+.

Besides providing important local insights into the formation
mechanisms of rhonite from the Changle alkali-basalt occur-
rences, the important objectives of the current paper are to
present REE and trace-element data for different rhonite gen-
erations as well as a compilation of crystal-chemistry char-
acteristics which may serve as fundamental information on
rhonite-bearing rocks in general. Since rhonite and amphi-
bole have structural similarities and also share geochemical
characteristics, we anticipate that with future studies of the
REE characteristics of amphibole and rhonite from other lo-
calities, a more precise “geochemical link” between these
minerals can be established, and rhonite may become an im-
portant indicator for discriminating different geotectonic set-
tings.
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