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A B S T R A C T

To assess the effects of sediment addition on magma generation from oceanic crust during post-collisional ex-
tension, we conducted partial melting experiments on amphibolite–mudstone (90 and 10 wt%, respectively) and
basalt–mudstone (90 and 10wt%, respectively) mixtures at 850–1000 °C and 1.0 and 1.5 GPa. In the experi-
mental products, partial melt coexists with Amp ± Pl ± Grt ± Cpx at 1.0 GPa and Grt ± Cpx ± Amp at 1.5
GPa. Given the high water content of the sediment (> 5wt%), the partial melts are hydrous even without the
addition of water. Compared with previous partial melting experiments on (meta)basalts, our experiments yield
similar phase assemblages (Amp ± Pl ± Grt ± Cpx) but different P–T conditions for mineral stabilities.
Sediment addition makes the residual minerals (Amp, Pl, and Cpx) more fusible and the crystallization of new
minerals (Grt and Cpx) more difficult, thereby producing a high proportion of melt (> 50 vol%) at> 900 °C. In
the case of high-degree partial melting, the melt is enriched in Al2O3 and depleted in SiO2. Sediment addition
enriches the partial melts in Rb, Th, U, and light rare earth elements, and results in high Y contents, low Sr/Y and
very low LaN/YbN ratios. These effects are apparent in a natural example from east Junggar in northwest China,
where granitoids have major and trace element features comparable with those of partial melts from the am-
phibolite–sediment mixture at 1.5 GPa. This indicates that sediment addition has a significant effect on magma
generation from oceanic crust in a post-collisional extensional setting.

1. Introduction

Oceanic crust is generated by partial melting of mantle at a mid-
ocean ridge and is returned to the mantle at a subduction zone. This
cycle plays an important role in modifying the geochemistry of Earth
reservoirs (Allègre, 1988; Anderson, 2007; Frisch et al., 2011; Zheng
et al., 2015). Furthermore, subducted oceanic crust partially melts at
convergent plate margins, such as in young subduction and/or colli-
sional zones or in post-collisional extensional settings (Dai et al., 2017;
Huene and Scholl, 1991; Maury et al., 1996; Peacock et al., 1994; Rapp
and Watson, 1995; Taylor and Mclennan, 1995). Subducted sediments
are also involved in the partial melting process, which can be detected
via the geochemical and isotopic characteristics of magma (Hermann
and Spandler, 2008; Hu et al., 2017; Johnson and Plank, 2000; Tera
et al., 1986). Most sediment is scraped off the oceanic crust before
subduction into the mantle, and the contribution of sediment during
partial melting is small compared with the contribution of subducted

oceanic basalt (Zheng et al., 2015 and references therein). The sediment
contribution is between 10 and 30wt% (Niu, 2013). The aim of the
present study was to experimentally establish how such small amounts
of sediment affect the partial melt generated in a post-collisional ex-
tensional setting.

We also compare our experimental results with the compositions of
granitoids in east Junggar, northwestern China (Fig. 1) where nu-
merous post-collisional calc-alkaline granitoids (I-type granite, in-
cluding monzogranite and granodiorite) are spatially associated with
the Kalamali ophiolite (Zhu et al., 2006), which are considered to be
related to slab subduction (Coleman, 2012; Dilek and Furnes, 2014;
Dilek and Newcomb, 2003). These granitoids have relatively high εNd
(t) and εHf(t) values (Chen and Jahn, 2004; Gan et al., 2010; Han et al.,
1997; Su, 2007; Tang et al., 2008; Xue et al., 2010; Yang et al., 2011),
indicating a close relationship with the mantle. The U–Pb ages of the
granitoids are later than the emplacement age of the Kalamali ophiolite
(Gan et al., 2010; Han et al., 2006; Tian et al., 2016), and a subducted
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slab was temporally and spatially associated with the granitoids (Han
et al., 2006; Xue et al., 2010). As such, the intrusions were likely
generated by partial melting of subducted oceanic crust during post-
collisional extension, with or without the involvement of sediments
(Gan et al., 2010; Han et al., 1997; Tang et al., 2008). Given that it is
difficult to determine whether sediment was involved in magma gen-
eration via field observations alone, the effect of sediment addition can
be assessed by comparing the granite geochemistry with that of melts
produced in high-pressure partial melting experiments of basalt ±
sediment.

Numerous partial melting experiments have been conducted on
basalts and similar rocks (amphibolites, gabbros), yielding a variety of
intermediate to silicic melts (summarized in Fig. 2; results from Beard

and Lofgren, 1991; Koepke et al., 2004; Qian and Hermann, 2013; Rapp
and Watson, 1995; Rapp et al., 1991; Rushmer, 1991; Sen and Dunn,
1994; Sisson et al., 2005; Takahahshi et al., 1998; Xiong et al., 2005,
2006; Yaxley and Green, 1998). Beard and Lofgren (1991) established
that low-K silicic rocks in arc settings are generated by dehydration
melting of the subducting slab, and Rushmer (1991) and Sisson et al.
(2005) showed that the mafic rocks in slab residues can be granite
sources, even under water-absent conditions. Experimental studies in-
dicate that trondhjemite–tonalite–granodiorite (TTG) rocks originate by
partial melting of a subducting slab at pressures of> 0.8 GPa, with
garnet as a residual phase in the source (Laurie and Stevens, 2012; Qian
and Hermann, 2013; Rapp and Watson, 1995; Rapp et al., 1991; Sen
and Dunn, 1994). This is also the case for adakites, which have similar

Fig. 1. Geological sketch map of granitic intrusives in east Junggar. (A) Major tectonic divisions of Central Asian Orogenic Belt. (B) Tectonic divisions of east
Junggar. Both A and B after Chen and Jahn (2004). (C) Detailed spatial distribution of granitic intrusive (after Su (2007)). The calc-alkaline granitic intrusive include
monzogranite and granodiorite located nearby the karamali ophiolite.
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geochemical characteristics to TTGs. Xiong et al. (2005, 2006) reported
that rutile is another key residual mineral in the source region of TTG
(or adakitic) rocks. Mccarthy and Patiño Douce (1997) under took
partial melting experiments on layered basalt–sediment mixtures and
demonstrated that sediment addition yields compositionally distinct
partial melts from those obtained when melting basalt alone (Fig. 2).

The experiments described above are important for a number of
reasons. Firstly, the experimental data for partial melting of basalt
provide a baseline for assessing the effects of the addition of small
amounts of sediment. Secondly, the results of Mccarthy and Patiño
Douce (1997) confirm that sediment addition has a strong effect on the
phase relations and melt compositions of partial melting products.
However, the starting material used in Mccarthy and Patiño Douce
(1997) contained unrealistically large amounts of sediment. In the
present study, two basalt/amphibolite–mudstone mixtures containing
10 wt% mudstone were used as the starting materials, allowing us to
investigate the effects of adding a small amount of sediment. In the
following sections, we first describe the starting materials and analy-
tical methods. We then compare in detail the partial melts from these
mixtures with those from (meta)basalts under similar P–T conditions.
Finally, we highlight a natural example of granite from east Junggar,
northwest China, which verifies the strong effects of the addition of a
small amount of sediment during the partial melting of subducted
oceanic basalt in a post-collisional extensional setting.

2. Experimental and analytical methods

2.1. Starting materials

The amphibolite (QS08-1), basalt (KL24), and mudstone (SJ41)
samples were all collected from the inner Kalamali ophiolite. The
chemical compositions and mineral contents of these samples are listed
in Table 1. The amphibolite (QS08-1) contains 60 vol% amphibole
(Amp), 38 vol% plagioclase (Pl), and trace amounts of ilmenite (trace),
which are representative of local metamorphosed oceanic basalts from
the top of an oceanic crustal section. The oceanic basalt was meta-
morphosed during seawater–rock interactions after eruption, has a high
Na2O content (up to 4.75 wt%), and a rare earth element (REE) pattern
consistent with a normal mid-ocean ridge basalt (N-MORB) composi-
tion. The unaltered basalt sample (KL24), a typical MORB from the
inner Kalamali ophiolite (Liu et al., 2007), contains ~40 vol% clin-
opyroxene (Cpx), 25 vol% Pl, and glass. The mudstone sample is terri-
genous sediment that was collected from near the amphibolite sample.
The mudstone contains quartz and clay minerals. There are no carbo-
nates in these three starting materials, and thus the loss-on-ignition
(LOI) values are due mainly to H2O.

A mixture of 90 wt% basalt/amphibolite and 10wt% mudstone was
chosen for the starting material, as guided by a Hf isotopic study of the
local granitoid that indicated 5–10wt% of terrigenous sediment was
added to the magma source (Gan et al., 2010). This figure is in the
lower part of the range (10–30wt%) for the proportion of sediment in
subducted oceanic crust, as estimated by Niu (2013). The three starting

Fig. 2. Compositions of starting materials and run product-melts in partial melting experiments on basites. (A) Total alkali versus silica (TAS) variation
diagram, classification and nomenclature of TAS diagram follow Maitre (1989). (B) Temperature and pressure rang of partial melting experiments on basic rocks. M&
P, Melts from layered basalt-mudstone mixture in Mccarthy and Patiño Douce (1997); BaST, Starting material of basalts; BaDE, Melts generate in dehydration melting
experiments on basalts; BaHY, Melts generate in partial melting of hydrous basalt (Beard and Lofgren, 1991; Qian and Hermann, 2013; Rapp and Watson, 1995; Rapp
et al., 1991; Rushmer, 1991; Sisson et al., 2005; Takahahshi et al., 1998; Xiong et al., 2005, 2006; Yaxley and Green, 1998). AmST, Starting material of amphibolites;
AmPM Melts generate in partial melting experiments onamphibolites (Rapp and Watson, 1995; Sen and Dunn, 1994). GaST, Starting material of gabbros; GaPM,
Melts generate in partial melting experiments on gabbros (Koepke et al., 2004; Sisson et al., 2005). MiQS, Staring amphibolite-mudstone mixture used in this study;
AmQS, Starting material amphibolite QS08-1; MiKL, Staring basalt-mudstone mixture used in this study; BaKL, Starting material basalt KL24.
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materials were ultrasonically cleaned in distilled water and alcohol, and
then manually crushed to powder with a grain size of ~120 meshes
(125 µm). The amphibolite and basalt powders were then mixed with
mudstone powder to produce two mixtures (QS and KL, respectively).
The two mixtures were placed in an agate mortar and ground for> 3 h
to ensure that the particle size was ≤10 μm.

2.2. Experimental procedures

The furnace assembly used in our experiments is similar to those of
Wang and Tang (2013) and Wang et al. (2019) (Fig. 3). Graphite-lined
Pt capsules (d=3.5mm, h=3.0 ± 0.1mm) with graphite lids on the
top and bottom were used to minimize Fe loss. The starting mixtures
were pressed into tablets and placed in the inner graphite capsules.
Ultrapure water was added to the samples with a micropipette (Hanlin

0.1–2.5 μL, uncertainty at 1 μL of± 3%) in amounts from 0% to 4%; the
error in the water content was less than± 5%. The Pt capsules were
sealed by welding and carefully examined for leaks using binocular
microscopy and water immersion. The capsules were then placed in an
oven at 105 °C for 24 h to dry. If the mass of a capsule remained un-
changed before and after drying, the capsule was regarded as being
suitable for further experimental work. Each sealed capsule was sur-
rounded by an Al2O3 sleeve and placed into the middle of a graphite
heater. The space above and below each capsule was filled with pyr-
ophyllite cylinders that had been fired at 800 °C. The graphite heating
tube was finally placed into a pyrophyllite cube (32× 32×32mm),
which had also been fired at 800 °C.

The experiments were conducted in a DS6*600t six-anvil apparatus
equipped at the Key Laboratory for High Temperature and High
Pressure Study of the Earth’s Interior, Institute of Geochemistry,

Table 1
The major and trace element compositions of the starting materials.

sample
number

Amphibolite (QS08-1)
whole rock

Amp in
QS08-1
(60%)

Pl in QS08-1
(38%)

Basalt KL24
whole rockb

Cpx in Kl24
(40%)

Pl in Kl24
(25%)

Mudstone SJ41
Whole rock

Starting
Mixture QSa

Starting
Mixture KLa

Major elements(wt.%)
SiO2 51.99 44.15 69.74 45.50 52.27 67.14 58.65 52.33 46.82
TiO2 1.36 2.22 – 0.91 0.49 0.01 0.83 1.30 0.90
Al2O3 14.44 8.93 20.02 14.85 3.38 19.29 18.18 14.72 15.18
Fe2O3 12.99 – – 9.03 – – 8.16 12.43 8.94
FeO – 19.62 0.09 – 5.24 0.16 – – –
MnO 0.21 0.41 0.01 0.14 0.20 0.04 0.08 0.20 0.13
MgO 5.09 9.77 – 9.35 18.12 0.02 2.29 4.78 8.64
CaO 7.66 9.94 0.34 14.81 20.10 0.17 1.21 6.97 13.45
Na2O 4.75 2.32 10.50 1.70 0.19 11.26 2.71 4.52 1.80
K2O 0.33 0.21 0.04 0.02 0.02 0.08 2.70 0.56 0.29
P2O5 0.10 0.05 0.04 0.06 0.02 0.03 0.17 0.11 0.07
LOI 1.71 – – 3.46 – – 5.66 2.09 3.68
Total 100.63 97.61 100.79 99.85 100.03 98.19 100.64 100.00 99.93

Trace elements (ppm)
Sc 35.4 – – 36 – – 19.7 33.8 34.4
V 284 – – 260 – – 165 272 251
Cr 10.7 – – 110 – – 63.0 15.9 105
Co 36.4 – – 35.3 – – 14.5 34.2 33.2
Ni 14.2 – – 54.3 – – 29.1 15.7 51.8
Cu 56.4 – – 75.0 – – 81.0 58.9 75.6
Zn 99.9 – – 75.1 – – 99.7 99.9 77.6
Ga 17.8 – – – – – 20.0 18.0 –
Rb 3.89 – – 0.3 – – 73.9 10.9 7.66
Sr 563 – – 67.4 – – 271 534 87.8
Y 28.2 – – 19.8 – – 22.4 27.6 20.1
Zr 73.3 – – 0.89 – – 154 81.4 16.2
Nb 1.33 – – – – – 6.50 1.85 –
Sn 0.696 – – 0.36 – – 1.73 0.80 0.50
Cs 0.114 – – 9.00 – – 7.75 0.88 8.88
Ba 193 – – 2.45 – – 416 215 43.81
La 4.01 – – 6.89 – – 18.7 5.48 8.07
Ce 11.0 – – 1.26 – – 39.3 13.8 5.06
Pr 1.82 – – 6.27 – – 5.03 2.14 6.15
Nd 9.58 – – 2.18 – – 21.8 10.8 4.14
Sm 3.31 – – 0.81 – – 4.46 3.43 1.18
Eu 1.22 – – 2.96 – – 1.13 1.21 2.78
Gd 4.25 – – 0.58 – – 4.39 4.26 0.96
Tb 0.755 – – 3.77 – – 0.68 0.75 3.46
Dy 4.93 – – 0.84 – – 4.13 4.85 1.17
Ho 1.14 – – 2.36 – – 0.90 1.12 2.21
Er 3.26 – – 0.34 – – 2.74 3.21 0.58
Tm 0.463 – – 2.27 – – 0.42 0.46 2.09
Yb 3.10 – – 0.36 – – 2.85 3.08 0.61
Lu 0.456 – – 1.73 – – 0.45 0.46 1.60
Hf 2.16 – – 0.07 – – 4.14 2.36 0.48
Ta 0.101 – – – – – 0.43 0.13 –
Pb 0.620 – – 0.17 – – 10.2 1.58 1.17
Th 0.344 – – 0.07 – – 5.08 0.82 0.57
U 0.275 – – 0.89 – – 1.61 0.41 0.96

a Theoretical calculating value.
b Data from Liu et al. (2007).
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Chinese Academy of Sciences, Guiyang, China. The pressure was cali-
brated using the Bi phase transitions at room temperature and the Au
melting curve at 0.6–6.0 GPa (Fu and Zhu, 1986). We subsequently
confirmed this calibration using the KCl melting curve of Tingle et al.
(1993). For each run, the pressure was first increased to the target
value, and the temperature was then increased to the target value in
three steps at constant pressure. The experiment was considered to have
begun (in terms of time elapsed) once the temperature reached the
target value. After design time (96 h or 120 h), the sample was quen-
ched to<80 °C over 90 s by turning the power off and decompressing
the apparatus. The temperature was measured with a NiCr–NiSi ther-
mocouple and controlled to±5 °C, while the pressure was estimated
from the piston cylinder pressure and controlled to±0.1 GPa. After
decompression, the sample was carefully removed from the capsule,
mounted in epoxy, and polished for observation under optical micro-
scopy and for electron microprobe analysis.

2.3. Analytical methods

The major and trace element analyses of the starting materials were
carried out in the State Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences, Guiyang,
China. The major elements in the starting materials were measured by
X-ray fluorescence spectrometry (XRF; PW4400, Axios) and the trace
elements by inductively coupled plasma–mass spectrometry (ICP–MS),
following the procedures of Qi et al. (2000). Analyses of standard re-
ference materials are listed in Supplement S1-stands. Back-scattered
electron (BSE) images and major element compositions of the experi-
mental products (minerals and glasses) were obtained using a JEOL
JXA-8100 electron microprobe at the Key Laboratory of Mineralization
and Dynamics, Chang’an University, Xi’an, China. The beam diameter
used for the melt analyses was 5–10 µm, with an accelerating voltage of
15 kV and beam current of 2 nA. Detailed analytical procedures are

Fig. 3. Sketch map of sample assemblage.

Table 2
Summary of experimental conditions.

Run No. P (GPa) T (°C) Water (wt.%) Time (h) Phase assemblage Melt proportion (vol.%)

Partial melting of Mixture QS
TD06 1.0 850 2 96 Melt+Amp+Pl+ Ilm 11
TD10 1.0 850 4 96 Melt+Amp+Pl+ Ilm 16
TD05 1.0 900 2 96 Melt+ Cpx+AmpPl+ Ilm 19
TD14 1.0 925 2 120 Melt+Amp+Grt+Pl 60
TD13 1.0 950 0 96 Melt+ Cpx 82
TD12 1.0 1000 0 96 Melt+ Cpx 98
TD03 1.0 1000 2 96 Melt+ Cpx 95
TD07 1.0 1000 4 96 Melt+ Cpx(?) 99
TD24 1.5 900 2 120 Melt+Amp+Grt 57
TD25 1.5 900 4 120 Melt+Amp+Grt 54
TD22 1.5 925 2 120 Melt+ Cpx+Grt 64
TD23 1.5 925 4 120 Melt+ Cpx+Grt 66
TD19 1.5 950 0 96 Melt+ Cpx+Grt 72
TD20 1.5 950 2 96 Melt+ Cpx+Grt 69
TD21 1.5 950 4 96 Melt+ Cpx+Grt 68
TD16 1.5 975 0 96 Melt+ Cpx+Grt 72
TD17 1.5 975 2 96 Melt+ Cpx+Grt 70
TD18 1.5 975 4 96 Melt+ Cpx+Grt 71

Partial melting of Mixture KL
XD09 1.5 900 4 120 Melt+ Cpx+Amp+Grt 31
XD07 1.5 925 4 120 Melt+ Cpx+Grt 37
XD04 1.5 950 0 96 Melt+ Cpx+Grt 52
XD06 1.5 950 4 96 Melt+ Cpx+Grt 55
XD01 1.5 975 0 96 Melt+ Cpx+Grt 59
XD02 1.5 975 2 96 Melt+ Cpx+Grt 60
XD03 1.5 975 4 96 Melt+ Cpx+Grt 61

Phase abbreviation: Amp-amphibole, Cpx-clinopyxene, Grt-garnet, Ilm-ilmenite Opx-orthopyroxene, Pl-plagioclase.
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Fig. 4. Representative BSE photos of experiment products. Phase abbreviation: Amp-amphibole, Cpx-clinopyxene, Grt-garnet, Ilm-ilmenite, Opx-orthopyroxene,
Pl-plagioclase.
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provided by Huang et al. (2007). Possible loss of Na and K during the
melt analyses was assessed by analysis of a glass with a known com-
position. The uncertainties of the major element analyses are less
than±5%. Trace element compositions of the partial meltswere de-
termined by laser ablation (LA)–ICP–MS with a GeoLasProLA system
coupled to an ELAN DRC-e ICP–MS at the State Key Laboratory of Ore
Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of
Sciences, Guiyang, China. The analytical procedures and errors (less
than±10%) were the same as reported by Liu et al. (2008), and trace
element results for standard reference materials are also listed in Sup-
plement S1-stands.

3. Experimental results

The mineral assemblages and melt proportions obtained under dif-
ferent run conditions are listed in Table 2. Representative BSE images of
experimental products are shown in Fig. 4, and phase assemblages of
the experimental runs and limits of stability of the major phases are
shown in Fig. 5. The melt proportions in the BSE images of the ex-
perimental products were determined by the softwareImage J and by

point-counting. The maximum error of these two methods is± 4%. The
change in melt percentage with increasing temperature, as compared
with previous studies, is shown in Fig. 6. The major element composi-
tions of the partial melts are listed in Table 3, normalized to 100wt%.
The averaged original totals are also provided in the table. Trace ele-
ment compositions of the partial melts from mixture QS are listed in
Table 4. The major element compositions of the residual minerals from
mixture QS are given in supplement S1-Table 6.

3.1. Phase assemblages

In the 1.0 GPa runs, the melt proportions in the experimental pro-
ducts at 850 °C and 900 °C were 11–19 vol%. The melts are sporadically
distributed amongst the residual minerals (Fig. 4A), coexisting with
Amp and Pl, which were both in the starting QS mixture. For these runs
(TD06, TD10, and TD05), the size of a small number of mineral crystals
increased to 20–30 μm, whereas the size of most mineral crystals re-
mained unchanged. For the run at 925 °C, the melt proportion increased
markedly to ~60 vol% (Figs. 4B and 6) and coexists with
Amp+Pl+ garnet (Grt). The size of the minerals also increased

Fig. 5. Phase assemblages of the experimental runs and limits of stability of major phases. (A) Partial melting of basalt-mudstone mixture at 1.0–1.5 GPa. (B)
Partial melting of hydrous basalt at below 2.0 GPa. (C) Dehydration melting experiments on basalt at below 2.0 GPa (Beard and Lofgren, 1991; Qian and Hermann,
2013; Rapp and Watson, 1995; Rapp et al., 1991; Rushmer, 1991; Sisson et al., 2005; Takahahshi et al., 1998; Xiong et al., 2005, 2006; Yaxley and Green, 1998). The
solidus in (B) refers to Xiong et al. (2006), the one in (C) refers to (Sen and Dunn, 1994).
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noticeably: the length of the Amp crystals was ~80 μm, the diameter of
Pl was ~40 μm, and the Grt grains were typically euhedral and up to
20 µm in diameter. For the runs at 950 °C and 1000 °C, the melt pro-
portion increased to> 80 vol%, and the only mineral coexisting with
the melt was Cpx, with a grain size of up to 100 µm. This reaction
process can be described as follows: Amp+Pl+ sediment→Melt ±
Cpx.

For the runs on mixture QS at 1.5 GPa, the melt at 900 °C coexisted
with Amp+Grt, the melt volume percentage was 54–57 vol%
(Fig. 4C), and the diameter of Amp grains was ~30 μm, similar to the
euhedral Grt in the same runs. In the runs at 925 °C, 950 °C, and 975 °C,
the melt proportions were 64–72 vol% (Fig. 4D–F). In these runs, the
melt coexists with Cpx+Grt and the diameter of Cpx increased with
temperature from 40 to 70 μm, whereas the size of the Grt grains re-
mained constant at ~30 μm. Grt and Cpx were not present in the
starting materials, but were formed during the partial melting process.
This process can be described as follows: Amp+Pl+ sediment→
Melt ± Cpx ± Grt.

For the run on mixture KL at 1.5 GPa, the melt at 900 °C coexists
with Amp+Grt+Cpx, and produced 31 vol% melt (Fig. 4G). The
diameters of Amp and Cpx grains were ~10 μm, whereas the large
euhedral Grt has a diameter of 100 μm. The melts in runs at 925–975 °C
all coexist with Cpx+Grt, and the melt percentages increase from 37 to
61 vol% (Figs. 4H–J and 6). The Cpx in these runs were larger than in
the run at 900 °C, with diameters of 30–50 μm. The crystal size of Grt
decreased with increasing temperature, from 80 μm at 925 °C (Fig. 4H)
to 20 μm at 975 °C (Fig. 4J). This process can be described as follows:
Cpx+Pl+ sediment→Melt+Grt ± Amp.

3.2. Major and trace element compositions of the partial melts

The partial melts are homogeneous in composition. The major

element compositions of the partial melts for different runs are shown
in Fig. 7. SiO2 contents (55–73wt%) decreased with increasing run
temperature, and Na2O and K2O contents showed similar trends,
whereas TiO2, FeO, MgO, and CaO contents increased. The effect of run
pressure on the major element compositions of the partial melts is
negligible, except for Al2O3 and Na2O, when comparing the runs on
mixture QS at 1.0 and 1.5 GPa. The partial melts at 1.5 GPa are en-
riched in Al2O3 and Na2O compared with those at 1.0 GPa, because
plagioclase, which is rich in Al2O3 and Na2O (Table 1), was present at
1.0 GPa and exhausted at 1.5 GPa. The effects of the starting materials
on major elements is significant, and melts of mixture QS have higher
SiO2, FeO, and Na2O contents and lower Al2O3, MgO, and CaO contents
as compared with melts of mixture KL at the same temperature and
pressure, which is consistent with the original differences in major
elements between mixtures QS and KL (Table1).

Chondrite-normalized trace element and REE patterns for the partial
melts are shown in Fig. 8A and B. The partial melts have negative Nb
anomalies, similar to the starting materials, and melt in runs at
850–900 °C and 1.0 GPa have a negative Ti anomaly, which might be
caused by ilmenite crystallization (Fig. 4A; Table 2). Compared with the
starting amphibolite composition, partial melts from the mixtures are
enriched in Rb, Th, U, La, and Ce (Fig. 8A), as with the sediment in the
mixture (Table 2). The REE patterns of the partial melts are enriched in
light REE (Fig. 8B) and are clearly different from the flat REE patterns
of the starting mixture QS and the amphibolite.

4. Discussion

4.1. Approach to equilibrium

According to previous experimental studies (Beard and Lofgren,
1991; Qian and Hermann, 2013; Sen and Dunn, 1994; Xiong et al.,

Fig. 6. Melt proportionscurves of partial melting
experiment on basic rocks. (1) Dry amphibolite at
1.5 GPa from Sen and Dunn (1994); (2) Dry basalt at
0.7 GPa from Sisson et al. (2005); (3) Hydrous basalt
at 2.0 GPa from Xiong et al. (2005); (4) Hydrous
basalt at 1.5 GPa from Qian and Hermann (2013);
(5) Hydrous basaltic basalt at 0.9 GPa from Blatter
et al. (2013); (6) Hydrous basaltic basalt at 0.7 GPa
from Nandedkar et al. (2014). QS 1.0, partial melts
on mixture QS at 1.0 GPa in this study; QS 1.5,
partial melts on mixture QS at 1.5 Pa in this study;
KL 1.5, partial melts on mixture KL at 1.5 GPa in this
study. A sharp increasing can be observed at
900–925 °C in this study which are distinct from
other results.
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Table 3
Major element compositions of experimental partial melts (wt.%).

No. TD-06 TD-10 TD-05 TD-14 TD-13 TD-12
T (°C) 850 850 900 925 950 1000
P (GPa) 1.0 1.0 1.0 1.0 1.0 1.0
H2O (wt.%) 2 4 2 2 0 0
t (hour) 96 96 96 120 96 96
na 5 3 7 5 4 4

SiO2 73.15(1.17)b 72.23(0.90) 68.23(2.33) 62.23(0.31) 57.88(0.43) 57.69(0.39)
TiO2 0.25(0.05) 0.27(0.06) 0.46(0.15) 0.79(0.03) 1.18(0.18) 1.47(0.19)
Al2O3 14.73(0.64) 15.41(0.17) 15.26(0.76) 17.14(0.24) 17.76(0.19) 16.59(0.13)
FeOc 2.37(0.35) 2.10(0.56) 4.40(1.32) 6.80(0.17) 8.74(0.31) 6.82(0.07)
MnO 0.08(0.07) 0.07(0.13) 0.10(0.13) 0.27(0.06) 0.19(0.11) 0.11(0.09)
MgO 0.28(0.19) 0.14(0.06) 0.52(0.56) 1.49(0.07) 2.27(0.01) 4.16(0.25)
CaO 1.84(0.27) 1.88(0.17) 2.32(0.57) 4.42(0.12) 5.06(0.09) 6.74(0.11)
Na2O 5.02(0.40) 5.42(0.39) 5.61(0.50) 5.68(0.34) 5.76(0.31) 5.26(0.15)
K2O 2.16(0.16) 2.34(0.19) 2.95(0.36) 1.10(0.09) 1.03(0.08) 0.79(0.06)
P2O5 0.13(0.13) 0.14(0.12) 0.15(0.25) 0.09(0.04) 0.07(0.14) 0.26(0.19)
Totald 93.26 91.13 92.58 92.70 93.34 93.82
A/CNK 1.06 1.04 0.92 0.92 0.90 0.76
A/NK 1.39 1.35 1.23 1.63 1.68 1.74

No. TD-03 TD-07 TD-24 TD-25 TD-22 TD-23
T (°C) 1000 1000 900 900 925 925
P (GPa) 1.0 1.0 1.5 1.5 1.5 1.5
H2O (wt.%) 2 4 2 4 2 4
t (hour) 96 96 120 120 120 120
n 4 5 6 8 5 6

SiO2 55.11(0.41) 56.07(0.44) 66.58(0.60) 66.10(0.58) 63.72(0.62) 63.68(0.54)
TiO2 1.40(0.13) 1.37(0.07) 0.61(0.03) 0.62(0.10) 1.02(0.13) 1.02(0.08)
Al2O3 16.07(0.15) 16.18(0.28) 17.17(0.31) 17.35(0.45) 17.60(0.33) 17.38(0.21)
FeO 10.84(0.18) 9.35(0.21) 3.50(0.30) 3.59(0.25) 4.67(0.22) 4.73(0.08)
MnO 0.25(0.12) 0.26(0.07) 0.04(0.05) 0.09(0.10) 0.03(0.03) 0.05(0.06)
MgO 3.75(0.11) 4.16(0.28) 0.62(0.11) 0.67(0.08) 1.10(0.09) 0.99(0.07)
CaO 6.43(0.19) 6.52(0.24) 2.39(0.18) 2.55(0.12) 2.81(0.17) 2.87(0.17)
Na2O 5.39(0.22) 4.86(0.35) 7.53(0.21) 7.49(0.39) 7.71(0.26) 7.77(0.32)
K2O 0.64(0.09) 0.91(0.04) 1.41(0.12) 1.34(0.09) 1.22(0.08) 1.30(0.09)
P2O5 0.13(0.09) 0.30(0.19) 0.14(0.09) 0.21(0.14) 0.12(0.11) 0.21(0.18)
Total 93.37 94.38 93.29 91.93 93.72 94.23
A/CNK 0.76 0.78 0.94 0.94 0.92 0.90
A/NK 1.68 1.80 1.23 1.26 1.26 1.22

No. TD-19 TD-20 TD-21 TD-16 TD-17 TD-18
T (°C) 950 950 950 975 975 975
P (GPa) 1.5 1.5 1.5 1.5 1.5 1.5
H2O (wt.%) 0 2 4 0 2 4
t (hour) 96 96 96 96 96 96
n 7 5 7 4 5 6

SiO2 61.26(0.50) 61.17(0.40) 62.11(0.76) 60.32(0.43) 59.42(0.19) 59.70(0.50)
TiO2 1.40(0.08) 1.37(0.06) 1.22(0.13) 1.45(0.16) 1.54(0.09) 1.58(0.19)
Al2O3 17.66(0.25) 17.76(0.28) 17.03(0.36) 17.51(0.15) 17.46(0.33) 17.61(0.26)
FeO 5.62(0.48) 5.98(0.34) 5.79(0.33) 6.22(0.39) 6.54(0.27) 6.35(0.41)
MnO 0.14(0.10) 0.14(0.08) 0.09(0.06) 0.11(0.08) 0.20(0.11) 0.14(0.07)
MgO 1.70(0.20) 1.50(0.17) 1.43(0.11) 2.10(0.09) 2.24(0.17) 2.36(0.20)
CaO 3.99(0.28) 3.81(0.20) 3.62(0.13) 4.60(0.16) 5.06(0.24) 4.80(0.23)
Na2O 7.02(0.37) 6.89(0.32) 7.10(0.33) 6.50(0.38) 6.32(0.24) 6.35(0.17)
K2O 1.04(0.11) 1.16(0.09) 1.31(0.11) 1.01(0.06) 0.98(0.10) 0.92(0.05)
P2O5 0.17(0.13) 0.22(0.22) 0.29(0.21) 0.20(0.10) 0.24(0.14) 0.22(0.13)
Total 91.79 92.26 93.67 94.27 92.90 93.22
A/CNK 0.89 0.91 0.87 0.87 0.85 0.87
A/NK 1.39 1.41 1.30 1.49 1.52 1.54

No. XD-09 XD-07 XD-04 XD-06 XD-01 XD-02 XD-03
T (°C) 900 925 950 950 975 975 975
P (GPa) 1.5 1.5 1.5 1.5 1.5 1.5 1.5
H2O (wt.%) 4 4 0 4 0 2 4
t (hour) 120 120 96 96 96 96 96
n 8 6 4 3 4 5 4

SiO2 64.46(0.37) 62.06(0.54) 57.90(0.78) 56.76(0.52) 56.11(0.47) 55.53(0.71) 56.05(0.07)
TiO2 0.74(0.10) 1.00(0.10) 1.20(0.06) 1.47(0.13) 1.16(0.08) 1.26(0.12) 1.22(0.05)
Al2O3 19.57(0.34) 19.45(0.46) 21.01(0.10) 21.14(0.57) 20.54(0.13) 20.09(0.66) 20.38(0.31)
FeO 2.23(0.24) 2.74(0.24) 3.26(0.24) 4.18(0.16) 4.22(0.41) 4.80(0.30) 4.71(0.30)
MnO 0.09(0.09) 0.02(0.03) 0.02(0.02) 0.14(0.03) 0.14(0.04) 0.17(0.08) 0.17(0.10)

(continued on next page)
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2005), melting is sufficient to approach equilibrium where T≥ 900 °C
and the run time is ≥96 h. In the present study, only two runs were
conducted at 850 °C, with most runs conducted at sufficiently high
temperatures (T≥ 900 °C) to result in equilibrium being attained
within 96 h. Equilibrium was also confirmed by comparing the com-
positions of minerals and melts at different locations in the experi-
mental products. The major and trace element compositions at different
sites are homogeneous (within analytical error), indicating that equi-
librium was attained. Furthermore, the garnet–pyroxene Fe2+–Mg
geothermometer was used to examine whether equilibrium was at-
tained (Table 5). It is clear that the temperatures for the selected runs
and those estimated by the geothermometer (Ravna, 2000) are similar,
suggesting that the experiments attained, or were close to, equilibrium.
Fe–Mg exchange distribution coefficients (Kd, Fe–Mg) of mineral–melt
(Amp, Cpx, and Grt) were also calculated (S1-Table 6). The Kd, Fe–Mg

values are acceptable, apart from the runs at 850 °C, demonstrating that
most runs were close to equilibrium.

4.2. Effects of small amounts of sediment addition during partial melting of
basaltic rocks

To assess the effects of the addition of a small amount of sediment
during the partial melting of basaltic rock (basalt/amphibolite), several
studies of the partial melting of basalts at 0.6–2.0 GPa and 800–1125 °C
were chosen for comparison (Beard and Lofgren, 1991; Blatter et al.,
2013, 2017; Nandedkar et al., 2014; Qian and Hermann, 2013; Rapp
and Watson, 1995; Rapp et al., 1991; Sen and Dunn, 1994; Sisson et al.,
2005; Xiong et al., 2005, 2006). Compared with our experiments, the
runs chosen from the other studies had similar experimental P–T con-
ditions and starting materials (basalts or metabasalts), apart from the
sediment addition in our runs. The results of the previous studies can be
regarded as baseline compositions against which to assess the effects of
sediment addition.

4.2.1. Chemical compositions of the starting materials
Sediment addition makes the starting mixture enriched in SiO2 and

Na2O+K2O as compared with the basalt and amphibolite (Table 1;
Fig. 2). The mudstone JS41 has a relatively high LOI value (up to 5.7 wt
%), which mainly reflects the presence of H2O (or OH−), and therefore
sediment addition makes the starting mixture hydrous (~0.5 wt% water
content) even without water addition. Sediment addition also changed
the trace element composition of the starting mixture. JS41 is enriched
in Rb, Th, U, La, and Ce, and this results in the starting mixtures being
enriched in these elements as compared with the basalt and amphibo-
lite (KL24 and QS08-1; Table1).

4.2.2. Residual minerals
The experimental products of this study have phase assemblages

similar to those of previous studies, mainly
Melt ± Amp ± Pl ± Cpx ± Grt (Fig. 5). However, the stabilities of
these four major minerals are very different from those reported in
previous studies. Amp and Pl are present in the starting amphibolite
(QS08-1), whereas Cpx and Pl are present in the starting basalt (KL24).
Amp disappeared in the partial melting runs of mixture QS at>
925–950 °C and 1.0–1.5 GPa, whereas it was stabilized at> 1000 °C in
partial melting runs of amphibolite at similar pressures. Pl disappeared
in partial melting runs of mixture QS at> 950 °C and 1.0 GPa, and this
temperature is much lower than for plagioclase exhaustion at ~1200 °C
during partial melting of hydrous amphibolite and ~1050 °C during
dehydration melting experiments of amphibolite. Pl was completely
exhausted in runs of mixtures QS and KL at 1.5 GPa, similar to dehy-
dration melting experiments on amphibolite, but this temperature is
much lower than for partial melting of hydrous amphibolite (Fig. 5).
Cpx was a new crystalline phase for runs on mixture QS, but a residual
phase for runs on mixture KL. However, Cpx proportions in runs on
mixture QS have almost the same range as in runs on mixture KL. The
Cpx-in temperature from our study is much lower than that in previous
studies at 1.0 GPa, whereas our Cpx-in temperature is intermediate
between the results from partial melting of hydrous amphibolite and
dehydration melting experiments on amphibolite at 1.5 GPa (Fig. 5).
Grt is also a new crystalline phase in our experiments, and its lowest
crystallization temperature is higher than that of the partial melting of
amphibolite (Fig. 5).

4.2.3. Melting percentage
The addition of sediment to amphibolite also produced more melt

during partial melting experiments at temperatures of> 900 °C (Fig. 6).
The melt percentage is also influenced by the run pressure, mineral
assemblage, and major element composition. Runs on the mixture QS at
1.0 GPa have a higher melt percentage than at 1.5 GPa at ~925 °C
(Fig. 6). The mineral assemblage also affects the melt percentage, with
runs on the mixture QS at 1.5 GPa having a higher melt percentage than
those on mixture KL at 1.5 GPa. The minerals present in amphibolite
QS08-1 are mainly Amp and Pl, whereas basalt KL24 contains mainly
Cpx and Pl. Although the basalt contains some glass, the fusible Amp (as
compared with Cpx) means the amphibolites produces more melt than
the basalt at 1.5 GPa. Some fusible elements (e.g., Na and K) might also
contribute to the higher melt percentage, with the effects being as
follows: these incompatible elements tends to enter the melt during
partial melting, particularly at low degrees of partial melting, such as
Na for the runs at 0.69 GPa and 850 °C reported by Beard and Lofgren
(1991).

We now compare our results with those obtained by melting pure
basalt/amphibolite. The proportion of melt produced by the partial
melting of anhydrous basalt increases smoothly with temperature (Sen
and Dunn, 1994; Sisson et al., 2005), whereas the partial melting of

Table 3 (continued)

No. XD-09 XD-07 XD-04 XD-06 XD-01 XD-02 XD-03
T (°C) 900 925 950 950 975 975 975
P (GPa) 1.5 1.5 1.5 1.5 1.5 1.5 1.5
H2O (wt.%) 4 4 0 4 0 2 4
t (hour) 120 120 96 96 96 96 96
n 8 6 4 3 4 5 4

MgO 1.22(0.12) 1.82(0.19) 3.43(0.53) 3.72(0.12) 4.38(0.19) 4.29(0.20) 4.17(0.22)
CaO 5.30(0.21) 6.75(0.20) 9.16(0.60) 7.58(0.50) 9.27(0.36) 9.55(0.34) 9.13(0.24)
Na2O 4.75(0.24) 4.08(0.34) 2.97(0.08) 3.90(0.07) 3.11(0.25) 3.24(0.16) 3.17(0.24)
K2O 1.51(0.09) 1.81(0.07) 0.85(0.20) 0.81(0.16) 0.87(0.13) 0.89(0.04) 0.79(0.07)
P2O5 0.13(0.11) 0.23(0.20) 0.13(0.12) 0.16(0.27) 0.21(0.18) 0.17(0.12) 0.23(0.06)
Total 89.37 90.09 87.51 88.53 88.84 88.02 90.49
A/CNK 1.03 0.93 0.94 1.00 0.90 0.85 0.90
A/NK 2.07 2.24 3.62 2.90 3.39 3.19 3.36

Note: a, the number of analytical points; in each experimental product; b, the average value of the electronic probe analysis data after normalization, the values in
theparenthesis refer to the standard deviation; c, all Fe as FeO; d, total gives original total.
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hydrous basalt (Qian and Hermann, 2013; Xiong et al., 2005) and hy-
drous basaltic glass (Blatter et al., 2013, 2017; Nandedkar et al., 2014)
is characterized by abrupt increases in melt proportion. Partial melting
of our mixtures exhibits a similar abrupt melt increase as for the hy-
drous basalt, but at lower temperatures (900–925 °C). Crystallization
experiments on hydrous basaltic glass have shown that the melt pro-
portion has an inverse correlation with the Pl+Amp content (Blatter
et al., 2013, 2017; Nandedkar et al., 2014). The addition of sediment
results in the residual minerals (Amp+Pl) being less stable at> 900 °C
and having relatively lower liquidus temperatures in the mixtures
(Fig. 5). The addition of sediments also makes the mixtures enriched in
fusible elements (e.g., Na and K; Table 1), thereby increasing the
melting percentage. Our results are similar to those of Mccarthy and
Patiño Douce (1997), in that the melt percentage is enhanced at the
contact between basalt and sediment.

4.2.4. Major element compositions of the partial melts
Sediment addition not only affects the phase assemblages of the

experimental products, but also the chemical compositions of the mi-
nerals and partial melts. To account for the effect of the differences in
starting materials, we used the melt/starting material elemental ratio
(MSR). The MSR values of amphibolite and our mixtures are similar for
FeO and CaO (Fig. 9D and F), which indicates that sediment addition
has little effect on these elements. The MSR for SiO2 in the partial melts
of the mixtures is lower than the values for amphibolite at a given
temperature, when the run temperature is 900–1000 °C. This indicates
that even a small amount of sediment addition (10 wt%) will sig-
nificantly reduce the SiO2 content in the partial melts (Fig. 9A) at
900–975 °C and 1.0–1.5 GPa. The MSR values for Al2O3 in the partial
melts of the mixtures are higher than those from pure amphibolite at
900–975 °C and 1.0–1.5 GPa (Fig. 9C). The low MSR for SiO2 and high
MSR for Al2O3 in the partial melts of the mixtures are most likely
caused by the high degree of partial melting in this P–T range. As dis-
cussed above, sediment addition lowered the liquidus temperatures of
Amp, Cpx, and Pl. Amp and Cpx are depleted in SiO2 and Pl is enriched
in Al2O3. The MSR values of MgO in the partial melts of the mixtures
are higher at 1000 °C than for partial melting of pure amphibolite,
which is again caused by the high degree of partial melting (Fig. 9E).
The MSR for K2O in the partial melts of the mixtures has a higher value
than for partial melting of pure amphibolite at< 900 °C, owing mainly
to sediment partial melting.

4.2.5. Trace element compositions of the partial melts
Sediment addition also affects the trace element compositions of the

partial melts. Partial melts of amphibolites have similar trace element
patterns as the starting material, apart from the heavy REE (Fig. 8),
which are affected by residual garnet and rutile (Qian and Hermann,
2013; Rapp and Watson, 1995; Rapp et al., 1991; Xiong et al., 2005,
2006), whereas the partial melts of mixture QS are enriched in Rb, Th,

Table 4
Trace-elements compositions of experimental partial melts (ppm).

No. TD-14 TD-13 TD-07 TD-24 TD-25 TD-22 TD-23 TD-19
T (°C) 925 950 1000 900 900 925 925 950
P (GPa) 1.0 1.0 1.0 1.5 1.5 1.5 1.5 1.5
H2O (wt.%) 2 0 4 2 4 2 4 0
t (hour) 120 96 96 120 120 120 120 96
n 5 5 5 5 5 4 4 5

Sc 44.1 23.3 34.1 32.5 36.7 32.0 43.7 31.2
V 469 100 328 309 320 237 352 307
Cr 17.1 2.31 11.3 9.92 12.6 9.87 13.1 14.3
Co 36.0 18.8 23.7 29.9 27.1 24.4 35.4 25.7
Ni 14.9 2.05 1.91 4.45 7.30 6.51 8.41 9.38
Cu 0.798 0.255 0.301 0.407 0.730 1.33 1.19 0.449
Zn 134 128 113 114 121 114 107 103
Ga 22.3 22.3 20.0 24.6 23.5 23.5 23.3 23.4
Rb 25.0 36.9 36.3 33.1 28.3 29.8 26.4 25.8
Sr 465. 637 483 611 627 640 494 617
Y 29.6 29.0 25.7 28.4 27.3 28.0 38.7 21.2
Zr 88.0 96.9 78.7 99.6 94.3 92.4 87.0 85.5
Nb 2.36 2.90 2.33 2.32 2.81 2.55 2.58 2.54
Sn 0.970 1.96 1.57 1.58 1.04 1.12 1.75 1.01
Cs 2.25 3.79 3.91 3.62 2.99 3.17 2.74 2.80
Ba 217 275 197 285 261 268 211 252
La 14.0 25.1 11.2 16.5 16.9 14.9 12.2 16.6
Ce 33.5 54.8 26.1 35.3 37.9 33.2 28.7 37.5
Pr 4.20 6.33 3.18 4.24 4.65 3.95 3.34 4.60
Nd 18.3 25.6 14.6 18.1 19.5 17.3 15.5 19.4
Sm 5.38 5.62 3.52 4.61 5.24 4.53 4.55 5.03
Eu 1.32 1.72 1.18 1.44 1.59 1.46 1.48 1.30
Gd 6.04 5.64 4.47 4.70 5.85 5.16 6.15 5.14
Tb 0.945 0.913 0.675 0.708 0.791 0.775 0.984 0.714
Dy 5.48 5.70 4.47 4.76 5.16 5.14 6.79 3.78
Ho 1.12 1.14 0.95 1.19 1.01 1.01 1.31 0.80
Er 3.33 2.92 2.70 3.18 3.10 2.73 4.22 2.16
Tm 0.410 0.394 0.390 0.492 0.402 0.376 0.602 0.316
Yb 3.10 2.79 2.61 2.93 2.81 3.12 4.06 2.22
Lu 0.422 0.464 0.438 0.474 0.446 0.427 0.603 0.321
Hf 2.78 2.97 2.05 2.41 2.78 2.40 2.41 2.65
Ta 0.135 0.181 0.173 0.188 0.157 0.165 0.192 0.162
Pb 5.51 14.6 14.9 7.86 7.77 7.44 8.05 7.58
Th 1.42 2.40 1.38 1.70 1.63 1.50 1.13 1.51
U 0.537 0.838 0.476 0.760 0.681 0.597 0.648 0.644

No. TD-21 TD-16 TD-17 TD-18
T (°C) 950 975 975 975
P (GPa) 1.5 1.5 1.5 1.5
H2O (wt.%) 4 0 2 4
t (hour) 96 96 96 96
n 4 4 4 4

Sc 50.3 47.8 34.2 45.9
V 437 478 331 444
Cr 15.3 20.7 12.8 18.5
Co 37.7 29.2 22.0 27.4
Ni 9.56 6.60 5.85 7.33
Cu 1.19 1.39 0.506
Zn 113 104 105 102
Ga 21.2 23.6 21.9 21.6
Rb 24.2 21.6 23.4 24.1
Sr 433 528 539 527
Y 43.7 43.2 26.8 36.8
Zr 81.3 85.9 80.9 83.9
Nb 1.78 2.11 2.17 2.40
Sn 1.57 0.918 1.10 1.18
Cs 2.55 2.38 2.49 2.40
Ba 178 209 213 207
La 10.4 15.4 15.0 14.8
Ce 24.1 35.7 33.8 33.3
Pr 2.95 4.27 4.06 4.10
Nd 15.4 18.4 18.2 17.3
Sm 4.57 4.64 4.22 4.45
Eu 1.49 1.44 1.31 1.43
Gd 6.40 6.09 5.56 5.90
Tb 1.10 1.07 0.699 0.928
Dy 7.57 7.47 5.18 6.37
Ho 1.67 1.70 1.02 1.47

Table 4 (continued)

No. TD-21 TD-16 TD-17 TD-18
T (°C) 950 975 975 975
P (GPa) 1.5 1.5 1.5 1.5
H2O (wt.%) 4 0 2 4
t (hour) 96 96 96 96
n 4 4 4 4

Er 4.66 4.48 2.78 3.96
Tm 0.752 0.700 0.424 0.604
Yb 5.20 5.41 2.94 4.58
Lu 0.672 0.778 0.411 0.705
Hf 2.14 2.69 2.53 2.56
Ta 0.129 0.152 0.177 0.139
Pb 7.48 7.53 7.24 6.86
Th 1.16 1.33 1.38 1.53
U 0.446 0.609 0.563 0.680
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U, and light REE (La–Eu) as compared with the starting amphibolite.
These elements (Rb, Th, U, and light REE) are enriched in terrigenous
sediments (Johnson and Plank, 2000; Hermann and Spandler, 2008 and
references therein) and so their contents in partial melts of the am-
phibolite–sediment mixture are higher than those in partial melts from
pure amphibolites (Fig. 8A). The sediment is enriched in light REE, with
concentrations several times higher than in the amphibolite (Table 1);
consequently, 10% sediment addition results in a marked change in the
REE abundances in the mixture. The partial melts of the mixtures are

enriched in light REE and differ from the flat REE patterns of the
starting amphibolite and mixture QS (Fig. 8B).

4.3. Geological implications

The addition of sediment has a significant effect on partial melts of
basaltic rocks, particularly in terms of major and trace element com-
positions. The role of sediment addition during the generation of
granites in east Junggar, Xinjiang, northwest China is discussed in this

Fig. 7. Plots of oxide abundance of partial melts frommixture. QS 1.0, partial melts on mixture QS at 1.0 GPa in this study; QS 1.5, partial melts on mixture QS at
1.5G Pa in this study; KL 1.5, partial melts on mixture KL at 1.5 GPa in this study. The arrows mark the variation trend of oxide abundance in partial melts reported in
this study as temperature rising.
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section. The calc-alkaline granitic rocks were probably generated via
partial melting of subducted oceanic crust, with a similar chemical
composition to that of basaltic rocks in the Kalamali ophiolite (Gan
et al., 2010; Han et al., 1997; Tang et al., 2008). The major element
compositions of these intrusive rocks are compared with the experi-
mental partial melts of basalt and our mixtures in total alkalis–silica
(TAS), A/NK–A/CNK, and Harker diagrams (Figs. 10 and 11). The data
for the granitic rocks in the TAS diagram are consistent with the partial

melts of mixture QS at 1.5 GPa (Fig. 10A), as well as the range of partial
melts of anhydrous basalt. In the A/NK–A/CNK diagram, the data for
the granitic rocks are only consistent with the partial melts of mixture
QS and are distinct from the partial melts of mixture KL and amphi-
bolites (Fig. 10B). Partial melts of hydrous basalts are compositionally
similar to those of the intrusive rocks in terms of FeO versus SiO2

(Fig. 11B), whereas partial melts of anhydrous basalts are composi-
tionally similar to those of the intrusive rocks in terms of MgO versus
SiO2 (Fig. 11C). In other Harker diagrams, the partial melts of basalts
do not compositionally match the granitoids. However, the partial
melts of mixture QS at 1.5 GP are ported in this paper are composi-
tionally similar to those of the granitoids in all Harker diagrams. As
such, these post-collisional granitic rocks might have been generated by
the melting of an amphibolite–sediment mixture.

Partial melts of a mixture of amphibolite and sediment match those
of the intrusive rocks in terms of trace elements (Fig. 8). Partial melts of
amphibolites typically have trace element compositions similar to their

Fig. 8. Chondrite normalized spidergrams (A) and REE patterns (B) of the partial melts and field observed rocks. C1-Chondrite data are follow Sun and
Mcdonough (1989). Field observation data of calc-alkaline granitic intrusives located in east Junggar (Chen and Jahn, 2004; Su, 2007; Yang et al., 2011) is shown via
light grey shadow. Representative runs from partial melting experiments on basalts at 1.0–2.9 GPa (Laurie and Stevens, 2012; Qian and Hermann, 2013; Xiong et al.,
2006) are compared with this study, their run conditions are listed in the boxes beside the curves.

Table 5
Calculated temperatures in selected runs.

No. Given T (°C) P (GPa) H2O (wt.%) Estimated Ta (°C)

TD17 975 1.5 2 986
TD22 925 1.5 2 931

Note: The temperature calculation follows the geothermometer estimated by
Ravna (2000).
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source, except for some elements (e.g., Eu and heavy REE), which are
affected by residual minerals. The amphibolite (QS08-1) from the Ka-
lamali ophiolite and nearby granitic rocks exhibit significant differences
in Rb, Th, U, La, and Ce contents and patterns (Fig. 8A), whereas partial
melts of mixture QS are compositionally similar to those of the intrusive
rocks. The chondrite-normalized REE patterns of the source amphibo-
lite are flat (Fig. 8B), whereas the patterns of the partial melts of the
basalt–sediment mixture are enriched in light REE. Data for the granitic

rocks are also consistent with the partial melts of mixture QS in Sr/Y–Y
and LaN/YbN–YbN diagrams (Fig. 12), whereas the partial melts of
amphibolite have adakitic characteristics at 800–1050 °C and 1.0–1.5
GPa, indicatingthat sediment addition obscures the adakitic features at
850–1000 °C and 1.0–1.5 GPa (i.e., at the P–T conditions of the lower
crust). The high Y contents, low Sr/Y ratios, and very low LaN/YbN
ratios are key features of melts where sediment has been added to the
source. Notably, sediment addition enables the generation of granites

Fig. 9. Ratios of oxide abundance in partial melts and those in their starting basalts. QS 1.0, partial melts on mixture QS at 1.0 GPa in this study; QS 1.5, partial
melts on mixture QS at 1.5 GPa in this study; KL 1.5, partial melts on mixture KL at 1.5 GPa in this study. BaDE, Melts generate in dehydration melting experiments on
basalts; BaHY, Melts generate in partial melting of hydrous basalt (Beard and Lofgren, 1991; Qian and Hermann, 2013; Rapp and Watson, 1995; Rapp et al., 1991;
Rushmer, 1991; Sisson et al., 2005; Takahahshi et al., 1998; Xiong et al., 2005, 2006; Yaxley and Green, 1998).
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without adakitic features and lowers the melting temperature of sub-
ducted oceanic crust, which can result in the generation of voluminous
granitic magmas. This scenario is consistent with the composition of
granitic intrusive rocks in east Junggar, northwest China.

5. Conclusions

Our experiments revealed that the addition of small amounts (10 wt
%) of sediment has a marked effect on the partial melting of basalt in
terms of the chemical composition of experimental partial melts pro-
duced from amphibolite/basalt–mudstone mixtures at 850–1000 °C and
1.0–1.5 GPa. The importance of sediment addition was also verified and
identified in a case study from east Junggar, Xinjiang, China. The main
conclusions of this study are follows.

1. Sediment addition changes the stability fields of four major phases
(Amp+Pl+Grt+Cpx), resulting in the residual minerals
(Amp+Pl) having lower liquidus temperatures and inhibiting the
crystallization of new phases (Grt+Cpx). This produces a higher
degree (> 50%) of melting for basalt/amphibolite–mudstone mix-
tures at 900–975 °C and 1.0–1.5 GPa than for basalt/amphibolite.

2. The partial melts of the mixtures are depleted in SiO2 and enriched
in Al2O3 as compared with partial melts of basalt at the same P–T
conditions of 900–975 °C and 1.0–1.5 GPa. Partial melts of the
mixtures are enriched in Rb, Th, U, and light REE due to sediment
addition.

3. Granitic magma generation by the partial melting of oceanic crust
affected by sediment addition is difficult to identify using a single
geochemical indicator. Sediment addition can be detected using
TAS, A/NK–A/CNK, and Harker diagrams. Sediment addition results

Fig. 10. Total alkali versus silica (TAS) variation diagram (A) and A/NK versus A/CNK diagram (B) of partial melts from basalts and field observation.
Classification and nomenclature of TAS diagram follow Maitre (1989). Symbols of BaDE, BaHY, QS 1.0, QS 1.5 and KL 1.5 are the same as in Fig. 9; the data of BaDE
and BaHY are also from the same references as Fig. 9. The variation ranges of calc-alkaline granitic intrusives located in east Junggar (Chen and Jahn, 2004; Gan
et al., 2010; Gao and Ma, 2013; Han et al., 1997; Su, 2007; Yan et al., 2008; Yang et al., 2011) are shown via light grey shadow.

Fig. 11. Harker diagrams of partial melts from basalts and field observation. Symbols are the same as in Fig. 10; the data of partial melts from pure basalts and
field observation are from the same reference as in Fig. 10.
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in partial melts that are enriched in Rb, Th, U, and light REE, and
characterized by high Y contents, low Sr/Y and very low LaN/YbN
ratios.
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