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Disequilibrium melting has been established as a common process occurring during crustal anatexis and thus
demonstrates that crustal assimilation is not a closed system. Observations of extreme compositional heteroge-
neity within partial melts derived from crustal xenoliths have been documented in several recent examples,
however, the retention or transfer of elements to and from residues and glasses, and their relative contributions
to potential crustal contaminants warrants further investigation. Recent eruptive products of the Huoshaoshan
volcano in the Holocene Wudalianchi volcanic field of Northeast China contain crustal xenoliths which preserve
a spectrum of partial melting both petrographically and geochemically, thus providing an excellent, natural ex-
ample of crustal anatexis. Correlations exist between the volume of silicic glass preserved within the xenoliths
and bulk rock SiO, (70-83 wt.%), Al,05 (8-16 wt.%), glass 87Sr/2Sr (0.715-0.908), abundances of elements com-
mon in feldspars and micas (Sr, Ba, Rb) and elements common in accessory minerals (Y, Zr, Nb). These correla-
tions are likely associated with the consumption of feldspars and micas and the varying retention of accessory
phases during partial melting. The xenoliths which contain greater volumes of silicic glass and residual quartz
(interpreted as being the most melted) were found within pahoehoe lava, whilst the least melted xenoliths
were found within scoria of the summit cone of Huoshaoshan; thus it is interpreted that the extent of melting
is linked to the immersion time in the lava, which we estimate to be on the order of days. However, the least par-
tially melted samples display geochemical evidence in support of melt loss, evidenced by the relatively depleted
nature of their whole rock compositions and the larger difference between whole rock and glass. Yet the more
melted samples appear to have experienced less melt loss. Thus the extent of melting cannot be linked linearly
to the volume of melt loss which occurs. Small-scale (mm) mingling and transfer of material from the enclosing
lava to the xenolith are observed, however, modelling of potential contaminant compositions is inconsistent with
crustal contamination during lava petrogenesis. It is thus more likely that any crustal contamination in these
eruptives is extremely localized within this open magmatic system and most likely occurs at the contact zone be-
tween the xenolith and host lava.
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1. Introduction

The contamination of mantle-derived magmas by the surrounding
continental crust has been recognized as an important petrogenetic pro-
cess since Bowen (1928) highlighted the likelihood for wallrock assim-
ilation by an ascending magma through the latent heat of fractional
crystallisation. Numerous studies of volcanic rocks produced in regions
of thickened continental crust have demonstrated that magmatic differ-
entiation occurs in open systems and have established the important
role of one or more compositionally distinct crustal components during
petrogenesis (e.g. Annen et al., 2006; de Silva, 1989; Hildreth and
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Moorbath, 1988; Kay et al., 2010). The process of crustal contamination
has been investigated and modelled extensively over the past few de-
cades through various combined assimilation-fractional crystallisation
(AFC) computations and models (DePaolo, 1981; Grove et al., 1988;
Spera and Bohrson, 2001; Taylor, 1980, amongst others). Quantification
of the crustal component in open magmatic systems is often challenging
as many of the parameters required for modelling are unknown and/or
poorly constrained — such as mineral-melt partition coefficients and the
geochemical composition of the crustal contaminant.

Additional complication is introduced by limited constraints on the
process through which the crust melts in these open systems. Interac-
tion between ascending magma and assimilated wallrock can produce
geochemically heterogeneous signatures within a single sample suite,
variable petrography and micro- and macro-scale features associated
with partial melting and contamination of both end members. One of
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the best-documented examples of these processes is that of the El
Joyazo meta-pelitic enclaves hosted in dacite, in southern Spain
(Acosta-Vigil et al., 2010, 2012; Cesare, 2000; Cesare et al., 1997). Stud-
ies of these partially melted crustal enclaves have evaluated the textural
and chemical effects of crustal anatexis through detailed study and anal-
ysis of the mineral and glass phases within the enclaves, and have dem-
onstrated the importance of accessory phases to element budgets in
crustal-derived partial melts (Acosta-Vigil et al., 2012).

At El Joyazo, crustal anatexis resulted from regional metamorphism
rather than the interaction between ascending magma and wallrock(s).
Partial melting of wallrock in ascending magma has been documented
in several studies, such as the partially fused felsic xenoliths within alka-
li-olivine basalts from the Northern Cordillera, British Columbia which
have either reacted with or contain invasions of the host magma, con-
tain 60-90% glass, relict quartz and feldspar and are highly vesicular
(Russell and Hauksdéttir, 2001). Additional examples are xenoliths in
basaltic cinder cones of the Mojave Desert of southern California
(Knesel and Davidson, 1999), and assimilation of granite at Medicine
Lake Volcano (Grove et al., 1988). Another such example is the study
of the emplacement of a basalt-andesitic plug into granite country
rock in Eastern California investigated by Al-Rawi and Carmichael
(1967), where an increase in glass and a decrease in feldspar abundance
were observed in the intruding rock near to the contact. This was in-
ferred to be due to preferential melting of feldspar. Natural occurrences
of anatexis and experimental studies have sought to determine the be-
haviour of minerals during crustal partial melting, both in terms of ele-
mental abundances and isotopic compositions (Acosta-Vigil et al,, 2012;
Ayres and Harris, 1997; Hogan and Sinha, 1991; Knesel and Davidson,
1996; McLeod et al., 2012; Waight and Lesher, 2010; Watson, 1982).
These studies highlight the importance of disequilibrium between
melt and residuum and demonstrate this process as an inherent feature
of crustal anatexis.

The causes of the heterogeneous nature of anatectic melts (i.e. those
produced by the breakdown of protolith mineral phases), such as the
solubility of individual mineral phases and selective contamination by
the melts produced, warrant further investigation of naturally occurring
examples in order to evaluate the geochemical budgets of these open
magmatic systems. This study reports results from geochemical analy-
ses of a suite of naturally occurring partial melts which have been
quenched to glass within their crustal protoliths from the Huoshaoshan
volcano in the Wudalianchi volcanic field of Northeast China. These
samples therefore preserve the relationship between an anatectic melt
and its source. Geochemical analyses complement petrographic obser-
vations and record a spectrum of partial melting within the xenolith
suite that can be related to the qualitative immersion time of each crust-
al xenolith within the enclosing basalt.

2. Geological setting

The Wudalianchi volcanic field (48.72° N, 126.12° 88 E) is one of the
three Cenozoic potassic volcanic fields that postdate late Mesozoic calc-
alkaline volcanism in the western Heilongjiang Province of NE China
(Fig. 1). The Wudalianchi field covers an area of c. 800 km? and consists
of fourteen Quaternary volcanoes (Hsu and Chen, 1998; Zou et al.,
2003), the most recent of which are Laoheishan and Huoshaoshan
(1719-1721 AD). Present theories for the origin of intraplate volcanism
in NE China include: the existence of a mantle plume/hotspot (Kuritani
et al., 2011), lithospheric thinning/delamination from c. 200 km in the
Palaeozoic to the present day c. 80 km (Wilde et al., 2003), and, contrary
to this latter theory, upwelling caused by piling up of stagnant slab (Zou
et al., 2008). It is generally understood that the Wudalianchi magmas
have an origin in the subcontinental lithospheric mantle, similar to the
mantle reservoir of EM I (Zhang et al.,, 1995; Zou et al., 2003) although
recent work has hypothesised an origin at the mantle transition zone
with heterogeneity being caused by the input of ancient sediments
from the proposed stagnant slab (Kuritani et al., 2013). Phlogopite-

bearing garnet peridotites have been inferred as the dominant source
rocks with primary magmas generated by small degrees of partial melt-
ing at c. 80-120 km depth (c. 20-45 kbar) at temperatures of c. 1068-
1100 °C (Zhang et al., 1995; Zou et al., 2003; Wang and Chen, 2005).
More recent calculations by Kuritani et al. (2013) from olivine composi-
tions suggest temperatures may have been as high as 1250 °C (assum-
ing crystallisation from a magma containing at least 1.1 wt.% water).

The underlying continental basement of the Wudalianchi volcanic
field consists of pre-Permian metasedimentary rocks, Jurassic to Creta-
ceous volcanic and sedimentary rocks, and late Paleozoic to Jurassic
granites (Zhang et al.,, 1995; Zou et al.,, 2003). The granites are typically
biotite bearing but are noted as being muscovite-bearing in parts (Feng
and Whitford-Stark, 1986; Zhang et al., 1995). Overlying the granites
are Cretaceous sediments that consist of interbedded muds, shales and
sands of lacustrine origin (Feng and Whitford-Stark, 1986). Although
xenoliths of granites, schist, sedimentary rocks and volcanic rocks
have been found in basaltic products from all three of the Cenozoic po-
tassic volcanic fields in NE China (Zhang et al.,, 1995), only granitic and
sedimentary xenoliths have been found within the Wudalianchi volca-
nic fields. These granitic and sedimentary lithologies outcrop close
(<3 km) to the vents of Laoheishan and Huoshaoshan (Feng and
Whitford-Stark, 1986; Fig. 1). Biotite schists and gneiss are known to
be basement rock types on a regional scale (Wu et al,, 2012).

3. Sample petrography

Six partially melted crustal xenoliths and one sample of the basalt
lava from Huoshaoshan form the basis of this work. Unmelted granite
xenoliths were also sampled with the hypothesis that these represent
the protolith to the partially melted xenoliths. Granite sampled from
the same area is briefly described here, as its mineral compositions are
used for comparisons with the xenoliths and modelling in the later
discussion.

3.1. Lava

The sampled lava consists predominantly of a glassy and fine-
grained groundmass consisting of clinopyroxene, feldspar, olivine,
glass and Fe-Ti oxides. Olivine, rare augite and rare nepheline are pres-
ent as phenocryst phases (<10%). Rare quartz xenocrysts (c. 4 mm) are
present in hand specimen. Previous studies of the potassic volcanism in
this area have also reported leucite, sodalite, phlogopite and minor ru-
tile and apatite (Feng and Whitford-Stark, 1986; Hsu and Chen, 1998;
Zhang et al., 1995).

3.2. Xenoliths

The xenoliths were sampled from the summit of Huoshaoshan (xe-
noliths 3a and 3b), and the recent 1719-1721 lava flows (xenoliths 5a,
b, c and d). They are characterized by quenched silicic melt, now glass
(Figs. 2-3). In hand specimen they display a pumice-like texture (fria-
ble) due to the abundant vesicles which range from 0.4 to 3.2 cm. Vesi-
cles appear rounded to sub rounded and occasionally show evidence of
preferential orientation. The petrography of the xenoliths is summa-
rized in Fig. 3 and discussed below.

3.2.1. Xenoliths 3a, and b

These xenoliths are hosted in lava that exhibits an a’a-like texture.
Xenolith 3a is dominated by vesicles that comprise ~45% of the sample
(Fig. 3). The remaining portion of the sample consists of silicic and mafic
glass (~12% and 9% respectively, once vesicles are excluded) which can
be seen mingling (Fig. 4), polycrystalline and strained quartz, plagio-
clase feldspar and relict biotite (Fig. 3A). Xenolith 3b is dominated by
vesicles (40%) that are on average larger than those in 3a. The remaining
crystalline assemblage is composed of polycrystalline and strained
quartz, silicic glass (22%), altered plagioclase and rare muscovite (1%).
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Fig. 1. Geological map of the Wudalianchi region showing the location of the Wudalianchi volcanic field in NE China (inset) and the 14 Quaternary eruption centres including Huoshaoshan

and Laoheishan.
Modified from Xiao and Wang (2009).

3.2.2. Xenoliths 5a, b, ¢, and d

These xenoliths are hosted in pahoehoe-textured lava. They are
composed of 65-70% vesicles, and once these are excluded, 55-70% si-
licic glass (Fig. 3). Micro-scale mingling between melts from the xeno-
liths and the lava host is clearly seen in the complex mixing zone at
the lava-xenolith contact of sample 5b and an olivine crystal appears
to have been incorporated into the surrounding vesicles and colourless
glass becoming “stranded” (Fig. 4). Quartz is more polycrystalline than
strained compared to xenoliths 3a and 3b, and ranges between 25%
and 45%.

3.3. Granite

Two samples of unmelted granite were taken from outcrops of the
basement close to the historic volcanoes; these samples were collected
as they represent a potential protolith to the partially melted xenoliths
collected at Huoshaoshan. Their petrography is described here to aid
discussion and modelling of the possible protolith in the later discus-
sion. Quartz, microcline, biotite (often altered to chlorite) and plagio-
clase dominate the mineralogical assemblage (~95%) in addition to

rarer orthoclase (<5%), titanite and minor apatite (<1%). Crystals are
inequigranular, ranging between 0.5 and 6 mm. Microperthitic textures
are often displayed in the alkali feldspar, and some feldspars have bro-
ken down to clay.

4. Analytical methods

Samples of the xenoliths were coarse-crushed and any pieces of lava
removed so as to ensure only the bulk xenolith was prepared for analy-
sis. Bulk rock powders, mineral separates and glass (cleaned, dried,
sieved and picked under the microscope) from the lava, granite and
sampled xenoliths were dissolved in HF and HNOs using standard disso-
lution procedures. In preparation for isotopic analyses, sample solutions
were passed through standard cation exchange columns. Bulk rock
major elements were measured by XRF at the School of Geosciences,
University of Edinburgh and errors were <5%. Trace elements were
analysed on the X-Series2 ICPMS at the Durham Geochemistry Center
(DGC), Durham University, UK following the procedures detailed in
Ottley et al. (2003). The errors on reported trace element data range be-
tween 1 and 6% with some of the HREE displaying errors up to 10% due
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Fig. 2. Hand specimens of partially melted xenoliths from within scoria (3a and 3b) and lava (5a-d), Huoshaoshan volcano, Wudalianchi.

to low concentrations (<1 ppm). Repeat analyses of international stan-
dards were within <5%.

Isotope ratios for Sr and Nd on whole rock powders were deter-
mined using a plasma ionisation multicollector mass spectrometer
(PIMMS) ThermoElectron Neptune instrument at the DGC. Instrument
running conditions and data correction procedures are given in Nowell
and Parrish (2001) and Nowell et al. (2003). Reproducibility on the ac-
quired Sr data was tested by repeat measurement of the NBS987 stan-
dard which yielded an average 87Sr/%5Sr of 0.710255 + 0.000008 (n =
10, 20). This is in excellent agreement with values reported by
Thirlwall (1991) of 0.710248 4 0.000023 (n = 247, 20). Instrumental
mass bias was corrected for using the 38Sr/2Sr ratio (the reciprocal of
the 865r/38Sr ratio) and an exponential law. Reproducibility on the ac-
quired Nd data was tested by measuring the J&S standard, a Sm-doped
J&S standard and two USGS standards; BHVO-1 and BIR-1. During
analysis of the sampled xenoliths average *>Nd/'**Nd values for
the standards were 0.511116 + 0.000006 (n = 8, 20); 0.511121 +
0.000006 (n = 6, 20); 0.512991 + 0.000010 (n = 3, 20) and
0.513098 + 0.000007 (n = 3, 20) respectively. Instrumental mass
bias was corrected for by using a '“5Nd/!*°Nd value of 2.079143
(equivalent to a "®Nd/*“Nd value of 0.7219 which is more commonly
used) and an exponential law. The “Nd/'*°Nd value is used because
the Nd isotopic compositions of samples are measured on a total

REE-cut from the first stage of cation column chemistry and this
ratio is the only Ce and Sm free stable Nd isotopic ratio. The use of
the '%®Nd/'*°Nd however requires a correction for isobaric interfer-
ences from Sm on '#4, 148 and '>°Nd. This correction is based on the
method given in Nowell and Parrish (2001). The values for the in-
house standard are comparable to those reported by Pearson and
Nowell (2005) for the long-term reproducibility of this standard:
0.511102 + 0.000016 (n = 360, 20) and 0.511105 4+ 0.000017
(n = 202, 20).

Strontium isotopes for glass and mineral separates were analysed
by thermal ionisation mass spectrometry (TIMS) at the DGC. Running
conditions of the Thermo-Finnigan Triton TIMS system (and data cor-
rections) are given in Font et al. (2008). Picked glass and mineral sep-
arates were dissolved in ultra-pure acids (HNO3; and HF) and the Sr
fraction was then separated using the micro-Sr column procedure
given in Charlier et al. (2006). 87Sr/®%Sr and 84Sr/%6Sr ratios were
corrected for mass fractionation using an exponential law and a
865r/88Sr ratio of 0.1194. During this study, 24 analyses for the
87Sr/86Sr composition of the international standard NBS 987 yielded
an average 87Sr/%Sr of 0.710269 =+ 0.000010 (20) which is in excel-
lent agreement with the values reported by Thirlwall (1991) of
0.710248 £ 0.000023 (n = 247, 20). All sample data is presented in
Tables 1-3.
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Fig. 3. Thin section photomicrographs of the studied xenoliths at Huoshaoshan. Field of view in all photographs is approximately 3 mm. Approximate percentages of minerals and glass are
given against each xenolith (note that percentages are given of the whole rock discounting vesicles). The xenoliths are very heterogeneous texturally, and representative photographs are
shown here to demonstrate the main features of each one: undulose extinction of quartz and the presence of mafic glass (M-glass) in 3a, the presence of plagioclase in 3b, the abundance of
silicic glass (S-glass), more elongate vesicles (Vs) and polycrystalline quartz in 5a, 5¢ and 5d. XPL images are not shown for 5c and 5d as due to the abundance of vesicles and S-glass in

these xenoliths their features are best observed in PPL.

5. Results

The focus of this work is on the composition of the xenoliths, their
constituent minerals, preserved glass and the bulk rock and mineral
compositions (feldspar, biotite and titanite) of the collected granite
sample. Results are presented alongside complementary data from
local crustal basement outcrops in the area from previously published
work: monzogranite, biotite (Bt-) gneiss and biotite (Bt-) schist after
Wu et al. (2012). These comparisons are principally used to aid the
later discussion but are shown here for completeness.

5.1. Whole rock chemistry

5.1.1. Major and trace elements

The most striking feature within the major elements of the xenolith
suite is the strong negative correlation in total alkalis (ranging from 6-
12 wt.%, Fig. 5A) and Al,05 (9-17 wt.%, Fig. 5B) with increasing SiO,, and
extremely low values of FeO and CaO (Fig. 5C and D, Table 1). The sam-
pled granite, Bt-schist and Bt-gneiss have higher concentrations of FeO
and CaO than the xenoliths, and lower total alkalis. In Al,03 content,
the xenoliths plot close to the granite and Bt-schist, with the Bt-gneiss
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Fig. 4. Petrographic evidence of the exchange of material between partially melted crustal xenoliths and enclosing lava. A. Xenolith 3a: Colourless and brown glasses are complexly
intermingled, and may be indicative of either incomplete mixing post breakdown of a mafic mineral phase such as biotite, or infiltration and incomplete dissolution of lava within the
xenolith. B. Lava-xenolith contact in sample 5b showing a complex mixing zone between the colourless and brown glass, and the transfer of an olivine crystal into the xenolith, and C.
“stranded" olivine crystal within colourless melt pockets and vesicles of partially melted xenolith 5b. The olivine crystal is assumed to have been transferred from the enclosing basaltic
magma to the xenolith when the two materials were partially molten and in contact, indicating micro-scale interaction. Vs = vesicles, Qtz = quartz, Px = pyroxene.

displaying much higher values (c. 20 wt.%). The host lava is potassic in
nature and strongly alkalic (c. 5 wt.% K,0; Zou et al., 2003; Fig. 5A)
and can be classified as a phono-tephrite (Le Maitre, 2002). The lava
data displays a strong negative correlation in CaO vs. SiO,, and a positive
correlation in Al,Os3 vs. SiO,.

Selected trace element analyses are shown in Fig. 6 (see Table 1 for
all analyses). In general, the xenoliths display heterogeneity within
the trace elements, for example ranging between 2 and 36 ppm in
Ce (Fig. 6C). Xenoliths 3a and 3b cluster together at higher Sr (58-
75 ppm; Fig. 6A) and lower Th (1 ppm; Fig. 6E) and Y (4 ppm; Fig.
6G). Xenoliths 5a, 5b and 5d show the reverse of this: 12-30 ppm,
10-18 ppm and 19-43 ppm in Sr, Th and Y respectively. In compari-
son with other whole rock compositions, the xenoliths have similar
trace element compositions to the sampled granite (Fig. 6D, F and
H), although the granite displays much higher Sr (up to 659 ppm;
Fig. 6B). The lava displays very high Sr (1480 ppm; Fig. 6B), Ba
(1600 ppm) and Zr (530 ppm; Table 1), and in general higher trace
element contents than the granite and xenoliths, with the exception
of Th (Fig. 6F).

The Bt-schist and Bt-gneiss (Wu et al., 2012) have similar patterns,
with the only difference being in the degree of the Sr depletion. The
granite (this study) displays a more depleted trend (almost an order
of magnitude different to the Bt-gneiss and Bt-schist, when normalized
to primitive mantle) with a notable peak at Sr and depletion at Zr. The
monzogranite is similar to the Bt-schist and gneiss, but has higher in-
compatible element contents. All four basement rock types exhibit
Nb-Ta depletion relative to primitive mantle (Fig. 7A). Xenoliths 3a
and 3b are plotted separately to xenoliths 5a, b and 5d on multi-ele-
ment plots as they display similar characteristics within their groups,
but are notably distinct from each other (Fig. 7B and 7C). The group 3

xenoliths are more variable in trace element content, for example
showing contrasting peaks/depletions in Sr, Sm, Eu and Yb, but are
characterized by a generally steep pattern from the incompatible to
compatible elements (Fig. 7B). The group 5 xenoliths, however, are
more similar, and are less depleted in the more compatible elements.
All group 5 xenoliths display pronounced depletions in Ba, Sr and Eu,
and peaks at U, Th and Ta, and higher concentrations of HREE
(Fig. 7C). Within this group, 5d has higher abundances of HREE, Zr
(110 ppm) and Hf (3.6 ppm) compared to xenoliths 5a (40 ppm and
1.47 ppm in Zr and Hf respectively) and 5b (30 ppm and 1.11 ppm in
Zr and Hf respectively).

5.1.2. Sr-Nd isotopes

The sampled xenoliths show significant diversity with respect to
87Sr/86Sr, ranging from 0.71327 to 0.76403 (Fig. 8A). These signatures
are notably more radiogenic than previously reported compositions
for the local basement in the region: 0.7052-0.7145 (Zhang et al.,
1995). Xenoliths 3a and 3b and xenolith 5d display **Nd/'**Nd values
0f0.51275-0.51289. The host lava displays relatively restricted 8’Sr/36Sr
(0.70505-0.70538) over '**Nd/**Nd from 0.51238-0.51245 (Zhang et
al,, 1995; Zou et al,, 2003). The sampled granite exhibits lower
87Sr/%5Sr compared to the xenolith suite (0.7053) but similar
143Nd/'Nd to xenolith 3a (0.51273).

5.2. Mineral and glass chemistry

5.2.1. Trace elements

In general, the glasses contained within the xenoliths are lower in
trace element abundances than the bulk xenoliths (Figs. 6 and 7).
With respect to the incompatible elements, Th and Y define a striking
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Table 1

Whole rock major and trace element and Sr-Nd isotopic analysis for the lava, two samples of basement granite, and the xenolith suite. Note that Sr-Nd isotopes were not obtained for
sample 5b due to a limited quantity of sample powder and abundance of lava infiltration (see Fig. 2). Errors on isotopes are 1 SE.

Whole rock

Lava Granite 1 Granite 2 Xenolith 3a Xenolith 3b Xenolith 5a Xenolith 5¢ Xenolith 5d
SiO, 51.8 68.2 69.8 69.8 744 74.6 724 82.9
TiO, 39 0.4 0.5 - 0.1 0.1 0.1 0.1
Al;04 2.2 15.3 14.7 16.5 13.9 12.7 143 8.6
FeO 14.5 23 2.6 0.4 0.5 12 0.9 0.7
MgO 8.4 13 14 0.2 0.1 0.2 0.1 0.2
Ca0 0.1 2.5 2.1 0.3 1 0.2 0.1 0.1
Na,0 6.9 4.5 42 4.6 4.1 4.5 4.2 3
K20 6.8 32 34 7.2 5 4.6 6.8 34
MnO 5.1 - - - - 0.1 - 0.1
P,05 1.1 0.2 0.2 - - - - -
LOI - 1.7 1 1.2 0.6 13 1.1 0.7
Total 100.8 99.5 99.9 100.2 99.6 99.5 100 99.7
Na,0 + K;0 13.7 7.7 7.6 11.8 9.1 9.1 11.0 6.4
K 56,660 26,660 28,330 60,000 41,660 38,330 56,660 28,330
Ti 23,353 2395 2994 599 599 599 599
Sc 13 5 5 2 2 3 3 3
\%4 119 42 51 2 3 5 2 2
Cr 187 37 40 2 2 4 3 2
Co 31 7 6 1 1 1 1 1
Ni 180 21 21 2 - 2 2 1
Cu 35.1 10 19 5.4 3.8 2.7 139 2.7
Zn 128 39 27 11 11 66 22 27
Ga 235 19.2 18 24.7 18.1 22.7 26 15.8
Rb 113.2 73.1 65.4 137.6 1115 155.8 2141 124.5
Sr 1480 659 564 58 75 30 21 12
Y 219 6 9.1 44 39 27.8 19.3 42.5
Zr 524 35 35 12 11 42 26 107
Nb 79.05 3.79 6.31 1.18 445 9.86 10.13 31.51
Cs 0.89 1.55 3.54 1.16 0.69 1.89 2.09 1.36
Ba 1637 700 760 112 102 46 26 15
La 81.1 13.1 16.1 44 2 12.6 37 54
Ce 152.8 26.2 335 9.7 3.7 36.2 11 19.1
Pr 18.52 3.07 5.15 129 0.45 5.02 1.61 2.75
Nd 68.6 11.2 20 4.6 1.7 19.1 6.6 11.8
Sm 10.6 1.6 33 0.8 0.2 5 21 4.7
Eu 2.94 0.56 0.74 0.11 0.44 0.38 0.17 0.33
Gd 7.14 1.25 2.36 0.81 0.43 5.23 3.09 6.68
Tb 0.9 0.19 0.33 0.13 0.08 0.89 0.56 1.28
Dy 44 1 1.7 0.8 0.5 5 32 7.8
Ho 0.74 0.18 0.33 0.14 0.11 0.91 0.59 1.54
Er 1.58 0.48 0.79 0.36 0.34 218 143 3.85
Tm 0.22 0.08 0.13 0.05 0.05 0.32 0.21 0.58
Yb 1.22 0.53 0.79 0.3 0.42 1.78 1.18 3.19
Lu 0.17 0.08 0.12 0.04 0.07 0.25 0.16 0.41
Hf 1142 1.17 1.28 0.36 0.41 1.47 1.11 357
Ta 3.67 0.28 0.5 0.12 0.55 0.97 0.7 1.71
Pb 14.2 23.5 9.6 11.6 29.9 14.2 65.9 515.9
Th 6.45 3.87 9.93 148 1.2 9.93 14.63 17.86
u 138 1.29 131 03 149 242 2 5.94
87Sr/86sr 0.705411 + 5 0.705200 + 3 0.705402 + 5 0.716864 + 6 0713273 +£ 5 0.737135 + 6 0.760430 + 10
193Nd/44Nd 0.512395 + 3 0.512747 + 4 0512724 + 3 0512752 + 9 0.512800 + 8 0.512795 + 3 0.512891 £+ 5

Dashes denote values at or close to 0.

positive correlation with Rb from glass 3a to glass 5a (Fig. 6E and 6G).
For Sr (Fig. 6A) and Ba (Table 1), the glasses fall within a similar range
as the bulk xenoliths, although glass 5a is notably more depleted in
these elements compared with glasses 3a and 3b (Fig. 7F). The two feld-
spar analyses - 3a and 3b from their respective xenoliths - show a wide
range in values, with feldspar 3b generally displaying higher values than
3b, and are more variable than the values of the feldspars from the sam-
pled granite. When normalized to the granite feldspars (Fig. 7G), they
are demonstrably more enriched in Nb and HREE (in xenolith 3b) and
notably more depleted in Ba, Th, Sr, Eu.

Multi-element patterns of the xenolith glasses and feldspars high-
light an interesting feature: glasses contained within xenoliths 3a and
3b have a similar pattern to the feldspars sampled from these xenoliths,
whereas the glass contained within xenolith 5a displays a pattern

almost identical to that of the bulk xenolith, although consistently less
by an order of magnitude. No residual feldspar was observed in this xe-
nolith (see petrography section).

5.2.2. Srisotopes

Sr isotopic ratios for glasses 3a and 3b and feldspar 3a are similar
to those of their host xenoliths, however glass 5a displays extreme
values ranging up to 0.90868 (Fig. 8B and Table 2). All bulk xenolith
and glass values form a positive correlation with the Rb/Sr ratio. It is
noted that although the Sr isotopic ratio for the feldspar 3a is similar
to the feldspar from the sampled granite, the Rb/Sr ratio is different:
2.1 in the xenolith feldspar compared to 0.03 in the granite feldspar
(Fig. 7G).
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Trace element analyses of the individual components in this study: xenolith glasses for samples 3a, 3b and 5a, feldspars contained in xenoliths 3a and 3b (not present in xenolith 5a) and
minerals from the granite, used in the discussion and Figs. 6-8. The final column shows the possible ‘residue’ of the xenoliths, when the glass compositions are simply subtracted from the
whole rock compositions.

Mineral and glass separates

Xenolith glasses

Xenolith feldspars

Granite minerals

Calculated ‘residue’

Glass_3a  Glass(i)3b  Glass(ii)3b ~ Glass5a  FspXeno3a  FspXeno3b  Titanite Fsp1 Fsp 2 Biotite  Glass3a  Glass3b  Glass 5a
Ti - 178.95 246.27 60.85 - 123.50 3212 - - 209 - 419.85 537.95
Sc - - - - - - 190 - - 20.60 200 2.00 3.00
\Y% - - - - - - 812.00 - - 321.00 2.00 3.00 5.00
Cr - - - - - - 17080 - - 304.90 170  2.20 4.10
Co - - - - - - 030 - - 53.30 1.00 1.00 1.00
Ni - - - - - - 12870  29.80 - 167.60 200 - 2.00
Cu 1.00 1.00 1.00 2.00 - 1.00 91.00 7.00 9.00 26.00 490 322 0.59
Zn - - - - - - 24795 - - 106.96 11.00  11.00 66.00
Ga 3020 18.80 19.50 31.80 30.70 28.80 36,50  23.30 23.80 43.40 —523 —084 —8.82
Rb 156.12 174.53 184.18 220.62 148.49 34.92 3.86 37.22 70.65 24588 —18.12  —63.53 —64.62
Sr 75.17 76.26 69.31 7.50 70.08 145.38 20425 113300 113631 21608 —17.17 —1.30 22.50
Y 0.61 2.71 3.18 7.68 0.52 1.72 1317.25 047 0.77 16.02 339 129 20.32
Zr - 2.84 333 6.78 - 0.36 47418 - 0.26 158.60 1000  7.16 33.22
Nb  0.11 2.69 3.57 3.30 0.17 1.71 830.84  0.07 0.17 8.56 1.07 176 6.56
Cs 1.15 0.86 0.91 2.31 1.30 0.12 027 1.28 1.76 13.18 005 —0.16 —041
Ba 140.44 144.40 135.93 145 159.47 8.00 2378  373.17 571.73 39458 —27.94  —4253 44.14
La 1.96 1.68 1.73 1.95 1.11 1.71 1696.86  8.02 8.68 34.09 239 029 10.64
Ce 3.12 2.88 2.78 5.72 1.89 2.51 493443  9.64 10.57 52.03 662 078 30.51
Pr 0.32 0.35 033 0.84 0.22 0.28 689.26  0.85 0.98 5.34 097 0.10 4.18
Nd 093 1.19 1.07 3.11 0.63 0.88 289226 244 2.97 18.50 3.63 053 15.99
Sm  0.07 0.22 0.23 0.89 0.03 0.12 490.67 025 0.32 3.18 072  —0.06 4.09
Eu 0.03 0.44 0.46 0.06 0.03 0.56 96.51 0.53 0438 1.04 0.08 - 0.32
Gd 0.10 0.32 033 1.07 0.07 0.16 370.83  0.16 0.23 3.09 071  0.11 4.16
Tb 0.01 0.05 0.06 0.20 0.01 0.03 48.03  0.01 0.02 0.44 012  0.03 0.69
Dy 0.08 0.36 0.41 122 0.06 0.21 24838  0.07 0.13 248 067 0.12 3.81
Ho  0.02 0.07 0.08 0.23 0.01 0.05 4584  0.01 0.02 0.50 012 0.04 0.68
Er 0.01 0.19 0.23 0.56 0.01 0.11 11645 - 0.03 1.35 035 0.15 1.62
Tm - 0.03 0.04 0.08 - 0.02 1789 - - 0.22 005 0.02 0.24
Yb 003 0.24 0.28 0.52 0.03 0.16 11111 0.03 0.06 1.53 027 0.8 1.26
Lu - 0.04 0.04 0.07 - 0.02 1623 - - 0.27 0.04  0.03 0.18
Hf - 0.17 0.20 0.35 - 0.05 3531  0.00 0.01 5.54 035 023 1.12
Ta - 0.26 0.39 0.53 - 0.15 85.77  0.02 0.01 0.19 010 034 9.57
Pb 14.04 46.09 44.64 9.88 10.84 26.89 70.39  23.46 22.19 42.99 —204 —16.09 4.12
Th 021 0.82 1.30 291 0.18 043 45339  0.60 0.67 7.10 079 018 7.09
§) 0.08 0.79 1.16 0.45 0.09 0.60 120.18 032 0.41 4.45 022 071 1.95

Dashes denote values at or close to 0.

6. Discussion

Combining the petrographic observations with the chemistry of the
bulk rock, glass and mineral phases of the sampled xenoliths highlights
several important features associated with crustal partial-melting at
Huoshaoshan. First, the disappearance of mineral phases (feldspar and
mica), increase in abundance of vesicles and increase in proportion of si-
licic melt throughout the xenolith suite from 3a to 5d appear to record a
spectrum of partial melting (Fig. 3). This corresponds to the bulk rock
geochemical signatures (such as the increase in SiO, and decrease in
Al,;03 from xenolith 3a to 5d, Fig. 5) and the complementary glass
data of the xenoliths (such as the decrease in Sr and increase in Rb
from 3a to 5d, Fig. 6).

Table 3

Second, the xenoliths form two distinct geochemical groups: xeno-
liths 3a and 3b: group 3 (Fig. 7B) and xenoliths 5a, 5b and 5d: group 5
(Fig. 7C). Bulk rock analyses of group 3 are more enriched in elements
associated with feldspars (Ba, Sr, Eu). The complementary glass data
for group 3 is similar to that of the analysed feldspars (Fig. 7D and 7E).
Bulk rock analyses of group 5 however are more enriched in elements
typically associated with accessory phases (Y, Th, Ce, Fig. 6), although
the composition of glass 5a is more enriched than glasses 3a and 3b.
The multi-element pattern of glass 5a follows that of the bulk xenolith,
and both bulk and glass patterns show large depletions in elements
with affinities to feldspars (Sr, Ba and Eu, Fig. 7F). All bulk xenoliths
and glasses display negative anomalies in Zr (Fig. 7). With respect to
Sr-isotopes, bulk xenoliths exhibit 8’Sr/%6Sr ratios which are

Srisotopic analyses of xenolith glasses 3a, 3b and 5a, the feldspar in xenolith 3a, and feldspar and biotite from the granite sample. Various digestions were made and run for each xenolith
glass. Errors on isotopes are 1 SE. Note that larger errors are noted for digestions 3-5 of glass 5a due to lower voltage beams (<1 V).

87Sr/86Sr

Xenolith glasses Xenolith fsp Granite minerals
Digestion Glass 3a Glass 3b Glass 5a Feldspar 3a Feldspar Biotite
1 0.715504 + 8 0.723799 4+ 7 0.908683 + 9 0.720383 + 22 0.704984 + 3 0.713843 + 46
2 0.716399 & 4 0.721010 4 12 0.904507 + 11 0.719389 4+ 6 0.704565 + 3 0.714773 + 3
3 0.714819 + 7 0.722060 + 5 0.893833 + 36 0.704482 + 4 0.714356 + 6
4 0.717460 + 6 0.723057 + 9 0.836298 + 24 0.704721 +£ 5
5 0.717385 4+ 5 0.773997 + 81
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Fig. 5. Bulk rock major element compositions of the Wudalianchi lavas (from Feng and
Whitford-Stark, 1986; Zhang et al., 1995; Zou et al., 2003), the partially melted xenoliths
33, 3b, 5a-d, and several basement rock types. The two granite analyses are from this
study, and the monzo-granite, biotite gneiss ‘Bt-gneiss’ and biotite schist ‘Bt schist’ are
from Wu et al. (2012). Stars in the legend denote literature data. All data are in weight %.

significantly higher than the known granitic or sedimentary local base-
ment rocks. For glasses 3a and 3b, their 37Sr/3°Sr compositions are sim-
ilar to those of their host xenolith. For glass 5a, 87Sr/%5Sr ratios are
significantly higher (Fig. 8).

Third, by comparing the bulk chemical signatures of the xenoliths to
their respective glasses it is clear that there is a missing component. This
is exemplified by the multi-element pattern for xenolith 5a where the
glass composition is an order of magnitude lower than that of the
whole rock, yet petrographic observations show that the only other
phase present is quartz (Fig. 7F; see petrography section). The examples
in Fig. 4 show interaction between xenolith derived melt with the
enclosing lava. This is a potential mechanism through which material
has been lost. However, to assess this as a potential process, the follow-
ing points need to be addressed: first: what protolith(s) the xenoliths
came from, second: the process of melting of the xenoliths (i.e. crustal
anatexis) and how the various compositions observed in the xenolith
suite can be explained with respect to the ascertained protolith(s),
and third: what is the potential for crustal contamination of the sur-
rounding magma and by the ‘missing component’.

6.1. The nature of the protolith

Petrographic observations and bulk rock chemistry demonstrate
that the group 3 and group 5 xenoliths have distinct residual mineralogy
and compositions. This could suggest two things: 1) that the two xeno-
lith groups have distinct protoliths, or 2) the two groups have experi-
enced different degrees of crustal anatexis en route to the surface.
Evidence supporting the former is the obvious clustering of groups 3
and 5 xenoliths in the bulk rock composition of elements such as Th
and Y (Fig. 6), and the fact that they are from different parts of the erup-
tive sequence, group 3 being from the summit and enclosed in a’a lava,
and group 5 being from lava flows and enclosed in pahoehoe lava. How-
ever, linear trends in bulk rock xenolith chemistry with respect to SiO,
vs. total alkalis (Fig. 5A), Al,03 (Fig. 5B), 87Sr/%%Sr vs. Rb/Sr (Fig. 8B)
and the linear trends in glass chemistry with respect to trace elements
(Fig. 6) suggest that the xenoliths are related to a single protolith. If
this is the case, either the protolith was mineralogically heterogeneous,
or - as suggested above - the two groups experienced different degrees
of partial melting during crustal anatexis. This will be discussed in the
following section.

As previously mentioned, several basement rock types have been
recognized locally and regionally: granites, both biotite and muscovite
bearing varieties, or possibly a single granitic lithology that is mineral-
ogically heterogeneous, and sedimentary rocks: mudstone and sand-
stone, outcrop within the volcanic field itself (Feng and
Whitford-Stark, 1986; Xiao and Wang, 20009, see Fig. 1). Additionally,
Wu et al. (2012) described various supracrustal igneous and metamor-
phic rocks in the Heilongjiang region, including biotite schist, biotite—
plagioclase gneiss and monzogranites (shown in Figs. 5-7).

Petrographic observations (petrography section and Figs. 3-4) doc-
ument evidence of the xenoliths' protolith. The residual mineralogy is
crystalline, which is an argument against a sedimentary protolith such
as the mudstones observed in the area. The presence of colourless and
brown glass is evidence of melting of both silicic and mafic mineral
phases, along with residual mafic minerals observed in xenolith 3a.
Feldspars are observed in xenoliths 3a and 3b, and plagioclase twinning
is observed in xenolith 3b. All xenoliths contain quartz, which is often
strained, displaying undulose extinction and in group 5 is commonly
polycrystalline. This is indicative of a protolith that contained quartz
which had experienced stress significant enough to distort the crystal
lattice, thus, could imply a metamorphic protolith. These patches of
quartz are present either in large (up to 4 mm) areas, or as small elon-
gate laths. This is distinct from the granophyric textures preserved in
the xenoliths in the study by Grove et al. (1988), which led to the con-
clusion that the protolith was granitic.

Another diagnostic feature of the xenolith suite is the ubiquitous
presence of vesicles (ranging from 40 to 70%, Fig. 3). This is indicative
of either the input of fluids during the transport to the surface, or the
presence of a greater abundance of hydrous minerals than is inferred
from the residual mineralogy. The former scenario is unlikely as it
would imply that the enclosing lava would also be affected, and no visu-
al evidence from hand specimens can be shown to support this e.g. al-
teration. If the latter scenario - the abundance of hydrous minerals -
is correct, this lends further evidence to a protolith distinct from the
granite found outcropping near the historic volcanoes, either with a
greater abundance of biotite and muscovite, or a metamorphic protolith
containing mica(s). The latter could be an explanation for the observed
elongation of the vesicles that are particularly pronounced in group 5
xenoliths, and would also explain the ‘laths’ of quartz observed in
some parts that could represent the more resistant residual bands of
schistose or gneissic foliations.

The protolith to the partially melted Huoshaoshan xenoliths must
therefore have contained abundant quartz, feldspar, hydrous minerals
such as biotite (observed) and possibly muscovite (1% muscovite ob-
served in xenolith 3b). The protolith is also likely to have contained ac-
cessory phases such as titanite, zircon and/or monazite in order to
account for the relatively high abundances of Y, Th, REE and Ta within
the group 5 xenoliths. Although the granite outcropping in the volcanic
field does contain quartz, feldspar, biotite and accessory titanite, the
multi-element pattern is significantly dissimilar to the bulk rock xeno-
liths. Additionally the MgO and CaO contents are much higher than
the xenoliths (Fig. 5C and D). As these components would not be greatly
affected by partial melting of the constituent minerals observed in the
sampled granite, their low abundances are inconsistent with the sam-
pled granite being the protolith.

The monzogranite described by Wu et al. (2012) is a potential
protolith to the Huoshaoshan xenoliths, however a similar problem is
encountered with regard to the MgO and CaO signatures in the xeno-
liths. Additionally, Wu et al. (2012) describe the monzogranite as
being composed of 66% feldspar and only 20% quartz. This is inconsis-
tent with the proportion of residual feldspar found in the xenoliths
being less than the abundance of quartz. The two metamorphic
supracrustal lithologies described by Wu et al. (2012) — which do not
outcrop at Wudalianchi but are known to be present in the Heilongjiang
area - are strong possibilities. The biotite schist and biotite—plagioclase
gneiss both display fabrics defined by bands of muscovite and biotite.
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Fig. 6. Bulk rock trace element compositions of the partially melted xenoliths, their glasses and feldspars (A, C, E, G), and the Wudalianchi lava, basement rocks (as in Fig. 5). Minerals from

the granite (this study) and the literature are shown in B, D, F, H. Data sources: muscovite:

Ayres and Harris (1997, leucogranite); zircon: Belousova et al. (2002, granitoid) monazite:

Rubatto et al. (2013, migmatite). Note that zircon and monazite are given only on the Y-axis as no Rb data were available. All data are in ppm.

They both contain accessory zircon (and apatite), feldspars and quartz.
Additionally, these two lithologies display similar trace element abun-
dances to the xenoliths (Fig. 6) and a multi-element pattern similar to
the group 5 xenoliths (Fig. 7C). However, the biotite-plagioclase gneiss
is described as containing only 4% quartz as opposed to 35% in the bio-
tite schist, making the latter a more realistic option considering the
amount of residual quartz observed in the xenoliths. Additionally, the
biotite schist has a comparable abundance of CaO to the xenoliths (Fig.
5D).

In conclusion, from a combination of petrographic examination of
the residual mineralogy combined with the bulk chemistry of the xeno-
liths and possible basement rock types it is likely that the partially
melted crustal xenoliths at Huoshaoshan originated from a rock similar
to the biotite schist described by Wu et al. (2012) containing 35% quartz,

22% feldspar, 35% biotite, 7% muscovite and accessory zircon and apa-
tite. It is likely however, that the group 3 and group 5 xenoliths
underwent different degrees of partial melting during crustal anatexis,
which thus affected the residual chemistry.

6.2. The process of crustal anatexis

6.2.1. Mineralogical and chemical behaviour

The vesicular texture, presence of anatectic melts now preserved as
glass, broken down minerals and high proportions of quartz observed
within the crustal xenoliths allow them to be characterized as ‘partially
melted’ and the minerals which they contain as ‘residual’. Different de-
grees of partial melting are suggested for the different xenolith groups,
based on melt and vesicle volume, residual mineral abundance and
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Fig. 7. Multi-element plots of bulk rock and separates for the Wudalianchi partially melted xenolith, possible protoliths and lava (this study), normalized to the primitive mantle of Sun and
McDonough (1989) (A-F). A. Basement rock types (stars denote literature data) and lava (black line) from the references cited in Fig. 5. B. Bulk rock analyses of xenoliths 3a and 3b and C.
5a,5band 5c¢. D, E and F show the three xenoliths for which glass and feldspar analyses are available, compared to their bulk rock compositions (note that no feldspar was found in xenolith
543, see Fig. 3). Interestingly, the glass chemistry follows that of the feldspars in 3a and 3b, whilst in 5a the glass composition appears to be a diluted version of the bulk rock value. In G the
feldspars from 3a and 3b are plotted normally to the feldspar separated from the granite from this study, and show depletions and enrichments in certain elements (see discussion).

Primitive mantle normalization values are from Sun and McDonough (1989).

type. These xenoliths appear to form a melting spectrum from samples
which contain feldspar, quartz and a little biotite (xenolith 3a) to sam-
ples which contain only quartz (xenolith 5d); additionally, there is an
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increasing volume of anatectic melt through this series (Fig. 3), and an
increase in incompatible elements (e.g. Rb) (Fig. 6) which is suggestive
of higher degrees of melting affecting xenoliths 5a-d.
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Fig. 8. A. Bulk rock 87Sr/®6Sr vs. '#3Nd/'**Nd for the lava (from Zou et al., 2003), basement rock types (grey field marked with a star, data from Zhang et al., 1995, granite data from this
study) and xenoliths. The latter displays a greater range in ’Sr/36Sr than the potential protoliths plotted here. B. #7Sr/¢Sr vs. Rb/Sr of the granite mineral separates, xenolith glasses
and feldspars. Glasses 3a and 3b are similar to their whole rock host values, 5a glass shows extreme disequilibrium. It is also noted that the feldspars from xenolith 3a have a much higher
Rb/Sr ratio than the feldspars from the granite, due to the formers' depleted Rb compositions. See text for discussion.
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Fig. 9 shows the correlation between chemical parameters of the
bulk rock xenolith, the complementary glass analyses and the approxi-
mate volume of anatectic melt contained within the xenoliths (note that
a higher volume of melt present in the xenolith is here interpreted as
representing a greater extent of anatexis). There is a clear correlation
between the volume of melt, increasing SiO, and decreasing Al,0s3,
which is consistent with the decrease of feldspar and biotite and the in-
creasing abundance of quartz as a residual mineral phase through the
xenolith suite from 3a to 5d. The conclusion can be drawn that the ex-
tent of control on the melt chemistry by certain mineral phases is relat-
ed to the degree of partial melting that the xenolith has undergone. At
low melt volumes (c. 20%), glasses show excesses of Ba and Sr compared
to their bulk xenoliths, whereas at higher melt volume the glasses show
deficits of these elements. This suggests that at lower degrees of crustal
anatexis, feldspars and aluminosilicate minerals are melted first (c.f.
Knesel and Davidson, 1996) and their constituent elements concentrat-
ed in the melt phase, and thus the melts follow the chemistry of the feld-
spars. At higher degrees of partial melting, anomalies in Ba, Sr and Eu are
still prominent, but instead of following the pattern of the feldspars as in
3aand 3b, the glass is additionally depleted in all elements almost con-
sistently on the scale of one order of magnitude, Fig. 7F, which suggests
that almost all mineral phases of the bulk xenolith have been digested
and are therefore diluted in the melt. Low melt volume glasses have
similar contents of HFSEs compared to their bulk xenoliths, whilst
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Fig. 9. Bulk xenolith and glass analyses from the xenoliths plotted against their approxi-
mate percentage of silicic melt (as reported in Fig. 3). Clear trends are observed in both
major and trace elements, and 87Sr/2Sr. Here, percentage of silicic melt in the xenoliths
is taken as a proxy for the extent of melting of the protolith. Decreases in elements com-
mon in feldspars and micas are observed with increasing degrees of melting (B-D), whilst
increases in elements common in accessory phases (F-J) with increasing degrees of melt-
ing are observed. In all cases the glass of the more melted xenolith 5a is depleted with re-
spect to its host (except in 87Sr/%5r). Xenolith 5a is inferred to have undergone the highest
degree of partial melting.

high melt volume glass (>70%) exhibits deficits in these elements, how-
ever it must be noted that xenoliths 3a and 3b contain virtually no
HFSEs, suggesting that they no longer contain accessory phases. The
fact that the bulk rock group 5 xenoliths contain high levels of Y, Zr
and Nb (up to 43 ppm, 110 ppm and 30 ppm respectively) indicates
the retention of an accessory phase in the residuum which has not
therefore entered the melt phase. The latter observation does not follow
what is expected in the melting of accessory phases, where it is thought
that they can be completely consumed during very small degrees of
melting (Wilson, 1989); although it has been suggested in later studies
that they are less soluble than the major rock-forming minerals (Acosta-
Vigil et al., 2010).

The melting out of feldspar and mica from xenoliths 3a and 5a, and
the retention of an accessory phase in 5a are only particularly apparent
when the glass compositions are subtracted from the whole rock xeno-
lith values (see final column labelled ‘calculated residue’ in Table 2). All
‘residues’ display strong depletions in Rb (due to biotite removal in ad-
dition to partial melting), Ba in xenoliths 3a and 3b (most likely due to
muscovite and feldspar removal), but all residues contain Zr, La and Ce.
This suggests that the bulk rock xenoliths still contain an accessory
phase(s) which has not entered the melt. These concentrations are
higher in 5a, and the HREE is elevated also, suggesting that either it
contained more of the accessory phase initially in the protolith, or that
it has simply retained more than in xenoliths 3a and 3b. Compositions
of minerals from the granite found outcropping close to the historic vol-
canoes are plotted in Fig. 6, along with muscovite and accessory min-
erals from the literature (see figure caption). It can be seen that all the
plotted accessory phases are significantly enriched in most trace ele-
ments and would therefore have to be contained in the xenoliths or
glass in extremely small amounts. Ayres and Harris (1997) documented
the contribution of accessory phases to element budgets during crustal
anatexis, and plotted multi-element patterns of zircon, monazite, apa-
tite and garnet in rocks ranging from granites to metapelites. Monazite
is highly enriched in all the REE (greater than 1000 times chondrite in
the HREE, and up to 1,000,000 times chondrite in the LREE), which
does not fit with the observed patterns in the Huoshaoshan xenoliths.
Zircon has a HREE-enriched pattern, but displays a negative Eu anomaly
and a peak at Ce. The retention of zircon - especially in xenolith 5a -
could explain the composition of the ‘residue’. This is consistent with
the hypothesised protolith being the biotite-schist which contains zir-
con as an accessory phase. Alternatively, the presence of accessory
titanite may explain the presence of Nb in the calculated ‘residue’, and
the relatively high Y and LREE in xenoliths 3a and 3b. This was, however,
not recognized as an accessory phase in the biotite-schist of Wu et al.
(2012). Apatite and rutile are not considered potential accessory phases
present due to the lack of similarity with their characteristic patterns:
very high Nb in rutile and concave REE pattern in apatite (Meyer et al.,
2011; Ayres and Harris, 1997 respectively). An attempt to reconstruct
the potential protolith (biotite schist), using the bulk xenolith trace ele-
ment composition, and compositions of minerals either present as re-
sidual mineral phases or deduced from the above discussion is shown
in Fig. 10. The bulk xenolith was used as a starting composition, and
mass balancing calculations involving feldspar, biotite, muscovite and
titanite were applied. All xenoliths could be brought back to the as-
sumed protolith with the addition of these mineral phases (Fig. 10).
The addition of 0.05% zircon was found to reproduce the Zr-Hf contents
of the protolith, and suggests that the pronounced negative anomaly
displayed in all of the xenoliths is potentially due to melting in the pres-
ence of zircon, and subsequent removal of a part of this melt (as the
glass compositions also exhibit this characteristic, Fig. 7). If the assump-
tion of the protolith (or at least a protolith similar to the biotite schist of
Wu et al. (2012)) is correct, this modelling suggests that although all xe-
noliths have lost a melt at some stage, xenoliths 3a and 3b have lost a
greater proportion of this melt compared to xenolith 5a. This melt al-
most certainly was dominated by feldspar and muscovite, based on
the strong depletions in Ba, Sr and Eu in xenoliths 3a and 5a, but is likely
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Ayres and Harris (1997).

to have also contained zircon. The relatively high abundances of HFSEs
in xenolith 5a compared to group 3 suggest the presence of a second ac-
cessory phase such as titanite which has been partially retained in the
former.

Interestingly, when the feldspars contained in xenoliths 3a and 3b
are normalized to the granite feldspars (Fig. 7G) there are notable differ-
ences which suggest loss and exchange of material from other phases.
Enrichments in Nb (and in the HREE in 3b) in the xenolith-hosted feld-
spars suggest the incorporation of accessory phase elements, whereas
the depletions in Sr and the LREE (and Eu in 3a) are indicative of loss
of material due to partial dissolution of the feldspars. From the observa-
tion that the chemistry of bulk rock xenoliths 3a and 3b follows their
(melted) feldspar chemistry, it is likely that feldspar dominates the re-
maining assemblage. However, this does not explain where the relative-
ly enriched component of the residue has gone (especially in the case of
xenolith 33, Fig. 7D). Xenolith 3b, its feldspar and glass compositions are
relatively similar, except for strong depletions in Ba and Zr in the feld-
spar (Fig. 7E), and unlike the other xenoliths, display strong positive
Sr and Eu anomalies. The overall bulk chemistry of this xenolith sug-
gests that despite being partially melted, it has retained the majority
of its components.

The Sr-isotopic compositions of sampled glasses - especially that of
xenolith 5a - are distinct from that of the bulk xenoliths (Fig. 8B), and
indicate that disequilibrium melting has occurred during crustal
anatexis (e.g. Knesel and Davidson, 1996; Grove et al., 1988). From
this, the question arises of which variable Rb/Sr-bearing minerals have
contributed to the composition of the anatectic melts. The Rb/Sr compo-
sition of glass 5a is significantly higher at 29.4 than the other glasses and
the biotite and plagioclase feldspar from the granite which range from
2.68 to 0.033 respectively. This may reflect the contribution from a
high Rb/Sr mineral phase which has been exhausted during crustal
anatexis. Ruling out biotite (at least that of similar composition to the

granites), muscovite is a potential phase that could produce melts
with high Rb/Sr and elevated 87Sr/36Sr signatures. This phase has been
documented in the biotite schist from the Heilongjiang area as de-
scribed by Wu et al. (2012, see earlier section).

6.2.2. Constraints on immersion time of the xenoliths

A greater abundance of hydrous minerals, such as muscovite, has the
potential to explain the greater quantity of vesicles and melt in the
group 5 xenoliths. However, the greater degree of partial melting
displayed by the group 5 xenoliths could also suggest that they spent
more time enclosed in ascending basalt than those in group 3. Further
evidence for this are the locations on Huoshaoshan: group 3 in a’a
type lava in the scoria cone (the first to be erupted), and group 5 within
pahoehoe lava flows which were erupted later. Eye-witness accounts
documented in Feng and Whitford-Stark (1986) describe several years
of eruptive activity at Huoshaoshan and Laoheishan, suggesting that if
the lava flows were erupted later than the scoria cone, there may have
been several years in which the group 5 lavas were enclosed in basaltic
magma, although the experimental study of McLeod and Sparks (1998)
modelled that continental crust lithologies may melt in magma as rap-
idly as 2 mm per hour, therefore the difference between groups 3 and
5 could be on the scale of weeks rather than years. This shorter time-
scale is more consistent with the experimental work of Edwards and
Russell (1996) and Shaw (2000), who measured the change in radius
of various silicate minerals at a range of temperatures and pressures.
Woudalianchi magmas are thought to be produced at temperatures of
1200-1250 °C (e.g. Kuritani et al., 2013); Edwards and Russell (1996)
suggest that for temperatures of 1100 °C it would take on the order of
3-4 days for a 1 cm feldspar grain to be completely dissolved, and
20 days for a 1 cm quartz grain. We assume that the Wudalianchi
magmas would be somewhat cooler than this by the time crustal lithol-
ogies are encountered. As quartz persists as a residual mineral phase
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throughout the xenolith suite, this places a limit on the duration of im-
mersion (i.e. significantly less than c. 20 days). The fact that residual
feldspar is only present in the group 3 xenoliths suggests that the differ-
ence in immersion time between group 3 and group 5 could be on the
order of a few days, and this is suggested as the explanation for why
the group 5 xenoliths contain only residual quartz, and a greater volume
of anatectic melt compared to group 3 (Figs. 3 and 9). The study of Shaw
(2009) uses the development of a melted boundary layer between xe-
nolith and host as one way to calculate the duration of heating of xeno-
liths from Rockeskyllerkopf volcano, West Eifel, Germany, using the
experimentally determined timescales of Shaw (2000) to calculate
growth rate (5 x t® um/s). Using this calculation, we can estimate the
time of formation for the boundary layer of xenolith 5b (c. 500 pm,
shown in Fig. 4B) as approximately 3 h. However, this timescale pre-
sumably starts from the point at which melt is produced within the xe-
nolith, not the time of the initial immersion and heating; we therefore
hypothesise the time of immersion for the xenolith suite to be on the
order of several hours up to several days.

Farina and Stevens (2011) showed that for granitic melts, the great-
er the duration of melting, the higher the 7Sr/3%Sr of the resultant melt,
and this feature is especially prominent with respect to biotite and mus-
covite, less so for plagioclase. This could add further evidence for the
longer immersion time of the group 5 xenoliths; however, the study
considered timescales on the scale of hundreds of millions of years rath-
er than those expected for ascending basalt. Studies of the latter case
have in fact observed the reverse phenomenon: initial melts are highly
radiogenic (in 87Sr/26Sr) and with increased degrees of melting ap-
proach the whole-rock isotopic composition (e.g. Knesel and
Davidson, 1996, 1999; Tommasini and Davies, 1997). In the case of
the Huoshaoshan xenoliths the opposite is observed: the xenoliths
which have undergone the greater degrees of partial melting contain
glass which exhibits the highest radiogenic 87Sr/%°Sr signatures. We
suggest that this supports our hypothesis that the group 3 xenoliths
have lost the enriched portion of their melt, and the group 5 xenoliths
have retained it. Due to this, and the fact that the difference between
the bulk xenolith and glass chemistry cannot be accounted for by the re-
sidual minerals observed in the group 3 or 5 xenoliths, we discuss the
possibility that this enriched melt has been lost from the xenoliths.

6.3. Implications for crustal contamination of basaltic magmas

There have been several natural examples described in the literature
where anatexis of crustal rocks types has been shown to contaminate
ascending magmas (e.g. Al-Rawi and Carmichael, 1967; Grove et al.,
1988). It was first suggested by Gorai (1940) that the anomalous chem-
istry of the Wudalianchi lavas (high K,0 and LILE abundances) could be
due to large-scale assimilation of crustal lithologies during basaltic
magma ascent. Later studies of the Wudalianchi volcanic field, however,
have demonstrated that bulk assimilation of crustal rock types cannot
explain the enriched chemistry of the lavas, for example; 1) the high
230Th-excess displayed by the lavas: (2*°Th/?38U) = 1.24-1.33, which
would otherwise be expected to be diluted by Mesozoic or Cretaceous
crustal rock types in U-Th equilibrium (Zou et al., 2003), 2) the similar-
ity of whole rock Sr-Nd isotopes between basement rock types and
lavas (Zhang et al., 1995) (Fig. 8A), and 3) the fact that the potential
basement rock types plotted in Figs. 5-7 generally have lower concen-
trations of major and trace elements than the lavas would imply that
large-scale incorporation of these lithologies would result in a dilution
of these components in the lavas. There is, however, a positive correla-
tion between whole rock SiO, and &7Sr/8Sr in the lavas (data from Zou
et al., 2003; Zhang et al., 1995) which could be interpreted as recording
the influence of crustal assimilation. However, as the xenoliths in the
present study were found in eruptive material from the Huoshaoshan
volcanic center, which has lower SiO, and less radiogenic 8”Sr/%5Sr, it
is difficult to assess the relevance of this trend within the context of
this study.

As detailed in Grove et al. (1988), there are three main mechanisms
of crustal contamination: 1) bulk assimilation; the complete digestion of
crustal material, 2) assimilation of partial melt; a part of the melt is
digested into the melt, but the xenolith maintains its physical structure,
and 3) selective assimilation; where only certain components are trans-
ferred between xenolith and lava. If bulk assimilation had occurred, par-
tially melted xenoliths present would not be preserved in the
Huoshaoshan lavas. Assimilation of a partial melt or selective assimila-
tion are likely scenarios which would account for the loss of melt from
the xenoliths and can be tested as potential processes through which
the lavas at Huoshaoshan are contaminated.

When the Huoshaoshan lava is compared with Cenozoic, non-po-
tassic basalts from nearby volcanic fields in NE China (Jingbohu and
Long-gang, Zou et al., 2008), the former is relatively enriched in many
of the elements discussed in the previous section which could have
been liberated from micas and feldspars (Rb, Ba, Sr), but also some ac-
cessory-phase elements (Zr and Hf). These lavas are taken as potential
‘unenriched’ versions of the Huoshaoshan, with the most primitive
sample of Long-gang used for modelling as it has a similar multi-ele-
ment pattern to Huoshaoshan, but is less enriched and with less ex-
treme positive Ba and La anomalies. Assimilation of a partial melt was
modelled by simple mass balancing of the glass compositions of the
xenoliths and the Long-gang lava. This scenario however causes a de-
crease in all element abundances (with the exception of Rb). Assimila-
tion of a partial melt therefore seems an unlikely scenario. Selective
assimilation from granite to basalt was experimentally modelled by
Watson (1982), who found that downhill diffusion of K,0O from granite
to basalt occurs independently of other elements (such as Na,O, which
remains stable) within a system. This process could be evidence for the
assimilation of feldspar-rich melts being the cause of the potassic na-
ture of the basalts, and their similarity in Na,O contents compared to
other non-potassic basalts in the area such as Jingbohu and Long-
gang. It must be noted, however, that mantle source-related causes
have also been attributed to the potassic nature of the basalts by several
authors (Kuritani et al., 2013; Zhang et al., 1995; Zou et al., 2003). In the
study by Grove et al. (1988), a composition for the selective melt was
hypothesised using high-degree melts contained in lava-enclosed xe-
noliths and estimations made regarding gains and losses of elements
to calculate a potential assimilant. In the case of the Huoshaoshan xe-
noliths, we show that there is a component which is not accounted
for in either the residual mineralogy or the sampled glasses. An estima-
tion can be made as to whether this residual melt could potentially
cause the anomalies observed in the Huoshaoshan lava by adding a
portion of the calculated ‘residue’ from Table 2 to the Long-gang lava
composition. To take the example of the calculated residue from xeno-
lith 5a, a decrease in most elements with the exception of Ta (which
displays a large positive anomaly) is observed, and with the addition
of a larger proportion of this component, an anomaly at Zr-Hf appears
(on a primitive mantle normalized multi-element plot). This latter fea-
ture is not present in the Wudalianchi lavas. We therefore conclude
that the missing component has not had a significant chemical effect
on the enclosing lavas.

Despite the lack of strong evidence for large-scale crustal contamina-
tion, the xenoliths undoubtedly show evidence for the loss of an
anatectic melt, and interaction between felsic melt and the enclosing
lava is visible on the micro-scale (Fig. 4). Xenolith 3a contains complex
melt pockets containing mafic and silicic melts which have incomplete-
ly mixed (Fig. 4A). This suggests that geochemical heterogeneity of
anatectic melts likely exists on very local, micro-scale (c.f. McLeod et
al., 2012). The well-preserved contact zone between xenolith and lava
in xenolith 5b shows features such as olivines being pushed down be-
tween vesicles in the xenolith (Fig. 4B) and one left stranded (Fig. 4C),
and silicic melt as a rim along the contact. The experimental study of
Mcleod and Sparks (1998) demonstrates that partial melting produces
a crystal-melt mush at the xenolith edge, such as the contact that is ob-
served in xenolith 5b (Fig. 4B). A notable feature of this mixing zone is
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that it doesn't visibly extend more than 0.5 mm into the lava and that
the silicic melt has a sharp contact with the lava. This suggests that
the viscosity contrast was too great for the melt to infiltrate the basaltic
groundmass, whilst pyroxene microlites have been incorporated along
the side of one of the vesicles, suggesting that transfer of material occurs
from lava to xenolith but is less visually obvious from xenolith to lava. It
may be that the viscosity difference between a’a and pahoehoe lava (the
former being more viscous due to loss of gas, Macdonald, 1953) is the
reason why xenolith 3a has lost more melt than xenolith 5a. We suggest
that whilst disequilibrium melting has obviously occurred throughout
the whole xenolith suite (in some xenoliths more extremely than
others), rather than being lost to the enclosing basalt components are
distributed in pockets and at the interface of the xenolith. Further,
more spatially-focused studies of the micro-scale textures of partially
melted xenoliths will provide additional insights as to where and how
anatectic melts are distributed during crustal partial melting and con-
strain the geochemical budgets of open magmatic systems.

7. Summary and conclusions

* A suite of naturally occurring partially melted crustal xenoliths
enclosed in basalt lava were sampled from Huoshaoshan volcano in
the Wudalianchi volcanic field of NE China. All samples were analysed
for their bulk rock, glass and mineral compositions in order to investi-
gate the elemental and isotopic budgets of open magmatic systems.
The xenoliths contain residual minerals, anatectic melt preserved as
mainly silicic glass, and abundant vesicles. Analysed glasses are
more depleted with respect to trace elements than their host xeno-
liths, which in turn are all relatively depleted with respect to potential
protoliths from the area.

The residual mineralogy and preserved textures suggest that the
protolith to these partially melted crustal xenoliths was metamorphic
and contained abundant quartz and feldspar, hydrous phases such as
biotite and muscovite, and accessory phases in small quantities, likely
zircon and titanite. Differences between the two groups of xenoliths
are hypothesised as being due to varying degrees of crustal anatexis
which probably occurred over the span of several days.

Striking correlations between the volume of melt contained in the xe-
noliths, and the compositions of the bulk rock and glass separates are
evidence that the degree of melting has a large control on the involve-
ment of mineral phases at different stages of anatexis.

Glasses in xenoliths 3a and 3b follow the composition of feldspars
contained in the same xenoliths, suggesting that these melts are dom-
inated by dissolution of feldspars. The glass in xenolith 5a however,
whilst still being depleted with respect to its host xenolith, is more
enriched than those in 3a and 3b.

87Sr/86Sr is higher and more variable in the xenoliths than potential
protoliths, which support disequilibrium during crustal anatexis in-
volving biotite and/or muscovite. Glass 5a displays extremely high
values: if we assume that previous models (based on experimental
and natural examples) of disequilibrium melting are correct and
that lower degrees of melting create higher 87Sr/%6sr, this suggests
that a proportion of (enriched) melt has been lost from xenoliths 3a
and 3b, but is retained in xenolith 5a.

Loss of melt is supported by depletions in elements which are com-
mon in minerals not observed in the residual xenolith, such as large
depletions in Ba caused by muscovite, and characteristic depletions
in Zr-Hf attributed to melting in the presence of zircon.

If the assumed protolith - biotite schist - is correct, some of the com-
positional features of the bulk xenoliths and glasses can be explained
by loss of an enriched melt containing zircon, and some feldspar and
micas which was lost from all of the xenoliths, but more extensively
from 3a than in 5a. This is counter intuitive given the latter's greater
extent of anatexis. We hypothesise that this is due to the viscosity dif-
ference with the lava enclosing the two groups of xenoliths.
Micro-scale interaction is observed between the lava and the

xenoliths. However, we conclude that it is not a large-scale modifying
process at Wudalianchi.
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