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Crystallisation experiments were performed on a natural I-type granodiorite from East Junggar of

Xinjiang, NW China, at 1.0 and 1.5 GPa in the temperature range between 700 and 875 °C and

for various water contents to investigate the crystallisation behaviour of plagioclase in granodio-

ritic melts. Experimental results indicate that the optimal conditions for plagioclase to crystallise

in this granodioritic melt are approximately 875 °C, 1.0 GPa, and ~10 wt% water content. All the

experimental feldspars have ternary composition because of the high pressure in this study, with

Or contents increasing while An contents decreasing with the increase of pressure. They consist

of Or-rich plagioclase at 1.0 GPa, passing to An-rich alkali feldspars at 1.5 GPa. The ternary feld-

spar plays a role in keeping the total amount of alkali in the residual melt relatively constant.

After plagioclase-dominant crystallisation, the residual melt shows characteristics similar to

the A-type granites from East Junggar, implying that the fractional crystallisation of the I-type

granodioritic melt at high pressure may be one of the important processes generating the

A-type magmas in East Junggar. Mass balance calculation and trace element modelling show

that the fractionally crystallised phase assemblage and proportion could be plagioclase

(40.2wt%) + orthopyroxene (6.3wt%) + hornblende (6.3 wt%). The experimentally determined pla-

gioclase crystal growth rates range from 1.17 × 10−8 to 2.70 × 10−8 mm/s. By comparing the

crystal growth rate with the crystal size in natural rocks, the timescale of the crystallisation

and differentiation of the I-type granodioritic magma that is parental to the A-type granitic

magma in East Junggar was estimated to be several hundred years, in excellent agreement with

the result from a simple numerical model.
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1 | INTRODUCTION

Plagioclase is one of the major rock-forming minerals in igneous

rocks. Its crystallisation is of great significance to many geological

processes: (a) The crystallisation of plagioclase can result in a remark-

able change of the residual melt composition. For example, CaO and

Al2O3 contents of the residual melt would decrease, and Eu, Sr, and

Ba would show anomalies if plagioclase crystallises from the melt

(Patiño Douce, 1997; Su, Tang, & Cong, 2008); (b) the intracrystalline

diffusion of plagioclase is slow (Grove, Baker, & Kinzler, 1984; Morse,

1984), which makes it an ideal candidate to record the magmatic pro-

cesses. As a result, we can use the texture of crystallised plagioclase
wileyonlinelibrary.com/jou
(e.g., zoned texture and cellular texture) to reveal the kinetic pro-

cesses of magma evolution (Loomis & Welber, 1982; Andersson &

Eklund, 1994); (c) the physical and chemical conditions of magma for-

mation can be investigated on the basis of the changes of the chem-

ical composition of plagioclase and its elemental partitioning

behaviour (Housh & Luhr, 1991; Wilke & Behrens, 1999; Aigner-

Torres, Blundy, Ulmer, & Pettke, 2007; Mollo et al., 2011).

A number of researchers have investigated the crystallisation of

plagioclase through high-temperature and high-pressure experiments

because of the geological significance of plagioclase (e.g., Brugger &

Hammer, 2010; Cabane, Laporte, & Provost, 2005; Couch, 2003;

Larsen, 2005; Muncill & Lasaga, 1987, 1988; Orlando, D'Orazio,
Copyright © 2017 John Wiley & Sons, Ltd.rnal/gj 929
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Armienti, & Borrini, 2008; Simakin & Salova, 2004; Mollo et al., 2011).

According to the experimental objectives and strategies, previous exper-

imental studies concerning plagioclase crystallisation can be generally

classified into four categories, as follows: (a) High-temperature and

high-pressure experiments were used to simulate natural magmatic pro-

cesses and to investigate the effect of melt composition, temperature,

pressure, and water content on the crystallisation of plagioclase and

the chemical composition of the crystallised plagioclase (e.g.,

Panjasawatwong, Danyushevsky, Crawford, & Harris, 1995; Takagi, Sato,

& Nakagawa, 2005); (b) on the basis of the texture and morphology of

experimentally crystallised plagioclase, researchers investigated the vari-

ations of magmatic conditions with time (e.g., Corrigan, 1982; Lofgren,

1974); (c) the kinetic processes of magma evolution were investigated

through the crystal growth rate, chemical composition, and crystal size

distribution analysis of experimentally crystallised plagioclase (e.g.,

Orlando et al., 2008); (d) element partitioning coefficients between

plagioclase and coexisting melt were determined through experiments

(e.g., Bindeman & Davis, 2000; Bindeman, Davis, & Drake, 1998).

Most of the aforementioned experimental studies on the

crystallisation of plagioclase focused on basaltic systems. Plagioclase

may fail to crystallise in experiments within granitic systems, even

under large undercooling, because of the relatively high viscosity of

granitic magmas (Gibb, 1974). As a result, less experiments have

been conducted on granitic or granodioritic melts, and most of the

previous experiments are phase equilibria studies (e.g., Bogaerts,

Scaillet, & Auwera, 2006; Prouteau & Scaillet, 2003; Scaillet & Evans,

1999). To our knowledge, no study on plagioclase crystallisation

under high pressure (~1.0 and 1.5 GPa) using natural granodiorite

as the starting material has been conducted. As granodiorites are

widely distributed all over the world and the average composition

of the upper crust is similar to granodiorite (Rudnick & Gao, 2014),

analysing the crystallisation behaviour in granodioritic system is

important. It could help us better understand the variations of the

chemical composition of the upper crust and the genesis of relevant

rocks, such as the A-type granites occurring in East Junggar of

Xinjiang, NW China, part of the well-known Central Asian Orogenic

Belt. According to geochemical studies, several researchers suggest

that the A-type granites were probably formed by fractional

crystallisation dominated by plagioclase and hornblende of the grano-

dioritic melt produced by partial melting of the oceanic crust in the

Junggar orogen (Su et al., 2007; Tang, Qu, Su, & Cong, 2007; Zhao,

Wang, Zou, & Masude, 1996). The fractional crystallisation of inter-

mediate-acidic magmas to form rocks with A-type characteristics

has also been reported in other regions. Jiang, Zhang, Zhou, and

Liu (2009) investigated a Mesozoic granite with A-type characteris-

tics from the North China Craton and concluded that the parental

magmas of the granite were I-type and its A-type characteristics
TABLE 1 Major element compositions of granodiorite and its glass as the

SiO2 TiO2 Al2O3 Fe2O3
* FeO* Mn

HY55 64.89 0.52 15.12 4.54 0.0

Glass 64.92 0.58 15.75 3.23 0.0

Note. Fe2O3* and FeO* indicate that the total iron is expressed as Fe2O3 and F
fluorescence spectrometer and its glass determined by electron microprobe ana
were the result of extensive fractionation. Hergt, Woodhead, and

Schofield (2007) analysed an A-type suite from the Grampians region

and concluded that the suite was formed by partial melting of the

basement rocks and subsequently underwent variable fractional

crystallisation dominated by hornblende and plagioclase. However,

the hypotheses of these studies are based on geochemical data of

the field samples, and their validities need the support from direct

evidence of experimental petrology. As a result, conducting relevant

experimental studies is of great significance.

In this study, a natural granodiorite sample collected from East

Junggar was used as the starting material. Crystallisation experiments

were performed on glass at 1.0 and 1.5 GPa between 700 and

875 °C for various water contents to investigate the following aspects:

(a) the optimal conditions for plagioclase crystallisation in the granodi-

oritic melt, (b) the plagioclase crystal growth rates in the natural grano-

dioritic system, and (c) the experimental evidence for the petrogenesis

of the A-type granites in East Junggar.
2 | EXPERIMENTAL AND ANALYTICAL
METHODS

2.1 | Starting material

The natural I-type granodiorite (sample HY55) used in this study was

collected from East Junggar, NW China. The sample is composed of

plagioclase (42%), K-feldspar (23%), quartz (22%), hornblende (7%),

and biotite (6%), with accessory opaques, zircon, and apatite. The

experimental starting material was granodioritic glass produced by

melting granodiorite twice at 1,500 °C and 1 atm with grinding

between the two melting steps. The major element compositions of

the glass determined by electron microprobe analysis (EPMA) are sim-

ilar to those of the natural rock analysed through X-ray fluorescence

spectrometer (Table 1).
2.2 | Experimental conditions and techniques

In nature, plagioclase can crystallise over a wide temperature range.

Normally, the crystallisation temperature of plagioclase in felsic

magmas ranges from 700 to 900 °C (Bogaerts et al., 2006; Dall'Agnol,

Scaillet, & Pichavant, 1999; Klimm, Holtz, Johannes, & King, 2003;

Klimm, Holtz, & King, 2008). Therefore, the experimental temperature

was set from 700 to 875 °C in this study. Since the crystallised

plagioclases are too tiny to analyse at 700–800 °C (see Figure 2),

most of the experiments were carried out between 800 and 875 °C.

The experimental pressure was set to 1.0 and 1.5 GPa, and the results

of which could be applied to the investigation of the fractional
starting material in this study

O MgO CaO Na2O K2O LOI Total

7 1.64 3.41 3.86 3.08 1.24 98.37

8 1.49 3.68 4.26 2.87 96.86

eO, respectively. The data for granodiorite (HY55) analysed through X-ray
lysis are from Su (2007) and Xia et al. (2010), respectively.



FIGURE 2 Representative images of the run products [Colour figure can be viewed at wileyonlinelibrary.com]
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crystallisation of granodioritic magma in the lower continental crust.

The added water contents in our experiments varied from 3 wt% to

15 wt% to investigate the influence of water on the crystallisation

of plagioclase. The oxygen fugacity of the experiments was

controlled by C–CO (CO2)–O2 buffering as a result of lining the

graphite sleeve in the capsules, which provides a slightly reduced

environment for the experiments. The detailed experimental condi-

tions are listed in Table 2.

Crystallisation experiments were performed on the DS6*600t six-

anvil apparatus equipped at the Key Laboratory for High Temperature

and High Pressure Study of the Earth's Interior, Institute of Geochem-

istry, Chinese Academy of Sciences, Guiyang. The powered starting

glasses were introduced into the platinum (Pt) capsule (7 mm in length

and 3.5mm in inner diameter). The detailed sample assembly is shown in

Figure 1. The sample and thewall of the Pt capsulewere separated by the

graphite sleeve, which can prevent Fe loss (Sisson & Grove, 1993). The

loaded capsuleswerewelded by laser and checked for leakage at approx-

imately 110 °C. Only those without water leakage were used in experi-

ments. The prepared capsules were placed in a thin-walled Al2O3

sleeve. Then, the Al2O3 sleeve, together with the capsule, was placed in

a graphite heater. The pressure transmitting medium in the experiments

is pyrophyllite calcined at 800 °C. In a single run, the pressurewas initially

increased to the desired value. The uncertainty of the pressure was

within 0.1GPa. The chargeswere initially heated to 1,100 °C in two steps

at a heating rate of approximately 35 °C/min for 40 min, to melt and

homogenise the starting material, and then cooled down to the desired

temperature at a cooling rate of approximately 2 °C/min for approximate

94 hr. Previous studies showed that a 94 hr crystallisation time was
TABLE 2 Experimental conditions and run products

Run no. T (°C) P (GPa) H2O (wt%

HY01a 700 1.0 3

HY01b 700 1.0 5

HY01c 700 1.0 10

HY02a 850 1.0 3

HY02b 850 1.0 5

HY02c 850 1.0 10

HY03a 800 1.0 3

HY03b 800 1.0 5

HY03c 800 1.0 10

HY04a 875 1.0 5

HY04b 875 1.0 10

HY04c 875 1.0 15

HY06a 875 1.5 5

HY06b 875 1.5 10

HY06c 875 1.5 15

1a 650 0.5 3.1

4a 700 0.5 5.7

5a 725 0.5 3.1

6a 750 0.5 3.1

7a 675 0.5 6.4

8a 675 1.0 7.0

Note. Hbl = hornblende; Py = pyroxene; Pl = plagioclase; Alf = alkali feldspar; Q
aThe experimental runs taken from Xia et al. (2010) using the same starting mat
almost sufficient for the experiments to reach equilibrium under high

water content conditions (Brugger, Johnston, & Cashman, 2003; Housh

& Luhr, 1991). In addition, the crystallised plagioclases are euhedral or

subhedral and are distributed evenly in the run products. The composi-

tions of the residuemelts are relatively homogeneous in our experiments.

Consequently, the experiments in this study can be assumed to reach or

approach equilibrium. The experimental temperature was measured by

the NiCr–NiSi thermocouple, which is accurate to <±5 °C. Finally, the

charges were quenched by turning the power off. The run products were

carefully removed from the capsules and mounted in epoxy for EPMA.
2.3 | Analytical methods

Backscattered electron (BSE) images of the run products were col-

lected using the JEOL JSM-6460LV scanning electron microscope

at the State Key Laboratory of Environmental Geochemistry,

Chinese Academy of Sciences. The acceleration voltage was 15 or

25 kV. The compositions of the phases in the run products were

determined by the JEOL JXA-8100 electron microprobe at Chang'an

University. Crystalline phases were analysed with 15 kV acceleration

voltage, 2 nA sample current, and 0.5 to 2 μm beam diameter. As for

the residual melt, the beam was defocused to 5 to 15 μm, and the

alkaline elements were measured first to prevent the migration of

Na and K (e.g., Morgan & London, 1996; Nielsen & Sigurdsson,

1981). The obtained results were corrected by a loss factor using a

hydrous glass. The correction method is similar to that of Koepke,

Feig, Snow, and Freise (2004).
) Time (min) Phase assemblage

5,698 Hbl + Qtz + Gl

5,698 Hbl + Qtz + Gl

5,698 Hbl + Qtz + Gl

6,342 Hbl + Py + Pl + Qtz + Ilm + Gl

6,342 Py + Pl + Otz + Ilm + Gl

6,342 Py + Pl + Ilm + Gl

5,600 Py + Pl + Qtz + Ilm + Gl

5,600 Hbl + Py + Pl + Qtz + Ilm + Gl

5,600 Py + Pl + Ilm + Gl

5,800 Hbl + Py + Pl + Ilm + Gl

5,800 Hbl + Py + Pl + Ilm + Gl

5,800 Py + Pl + Ilm + Gl

4,100 Py + Alf + Ilm + Qtz + Gl

4,100 Py + Alf + Ilm + Qtz + Gl

4,100 Py + Alf + Ilm + Qtz + Gl

4,320 Hbl + Gl

4,200 Hbl + Gl

4,800 Hbl + Gl

4,320 Hbl + Gl

4,800 Hbl + Pl + Bt + Gl

4,320 Hbl + Pl + Bt + Gl

tz = quartz; Ilm = ilmenite; Bt = biotite; Gl = glass.

erial as this study.



FIGURE 1 Sketch of the sample assembly used for the experiments
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2.4 | Image analysis and growth rate calculation

Representative BSE images of the run products are shown in Figure 2.

Experimentally crystallised plagioclases were manually outlined in BSE

images using Adobe Photoshop (Brugger & Hammer, 2010; Mills &

Glazner, 2013; Pupier, Duchene, & Toplis, 2008). Then, the greyscale

images were converted to binary images by a thresholding process in

Photoshop (Figure 2j).

Binary image analysis was conducted using the Image J software

developed by National Institutes of Health (http://rsbweb.nih.gov/ij/).

Areas of plagioclase and the long and short axes of best-fitting ellipses

can be obtained through Image J. Crystal number density (NA), and crys-

tal fraction (φ) was calculated on a vesicle-free basis (Hammer,

Cashman, Hoblitt, & Newman, 1999). Crystal number density (NA) was

obtained through the relationNA = n/Ar (Arzilli & Carroll, 2013; Hammer

et al., 1999), where n is the number of crystals counted using Image J

and Ar is the “reference area” obtained by subtracting vesicle areas from

the total image area (Hammer et al., 1999). Crystal fraction (φ) was

obtained through the relationφ = Ac/Ar (Arzilli & Carroll, 2013; Hammer

et al., 1999), where Ac is the area of the crystal. Then, crystal number

density (NA) and crystal fraction (φ) can be used to calculate the charac-

teristic crystal size Sn = (φ/NA)
1/2 (Brugger & Hammer, 2010; Couch,

Sparks, & Carroll, 2003; Hammer & Rutherford, 2002; Hammer et al.,

1999; Mills & Glazner, 2013).

Crystal growth rate was calculated using the Lmax method (Couch,

2003; Hammer & Rutherford, 2002; Orlando et al., 2008). Ten of the

largest crystals were selected for each run, and growth rates were cal-

culated using the formula G = (L × W)0.5/(2 × t), where L is the crystal

length, W is the crystal width, and t is the run time.
FIGURE 3 Phase diagram (pressure–temperature) for the
crystallisation of the granodioritic melt using the experimental data in
this study and Xia et al. (2010) at similar water content (5–7 wt%). The
dashed lines are the inferred boundaries of the phases.
Hbl = hornblende; Pl = plagioclase; Alf = alkali feldspar;
Opx = orthopyroxene; Tfs = ternary feldspar (including Or-rich Pl and
An-rich Alf)
3 | EXPERIMENTAL RESULTS

The experimental phase assemblages from this study and previous

study by Xia, Tang, and Zhu (2010) on the same starting material are

listed in Table 2. The representative images of the run products are

shown in Figure 2. The BSE images in this study show that the crystals

tend to be larger and more euhedral at higher temperature. Thus,

increasing the crystallisation temperature is conducive to the growth

of large crystals. The results of microscope observation and micro-

probe analysis indicate that the crystallised phases in this study include

the following: feldspar (Or-rich plagioclase and An-rich alkali feldspar),

pyroxene (most are orthopyroxene with a few pigeonite), hornblende,
quartz, and ilmenite. Compared with Xia et al. (2010), more phases

such as pyroxene, An-rich alkali, and ilmenite are crystallised at higher

temperature and pressure in this study. Since constructing the phase

diagram is not the aim of this study, the experimental conditions are

not sufficient to establish the stability field for every phase. However,

some conclusions can still be drawn from Figure 3 that compares the

experimental assemblages from this study with Xia et al. (2010) at sim-

ilar water content condition. It can be seen from Figure 3 that (a)

pyroxene crystallises mainly at high temperature and can be replaced

by hornblende gradually, (b) plagioclase is mainly stable at relatively

low pressure (~1.0 GPa and below), while alkali feldspar crystallises in

the run at 1.5 GPa. In this study, a crystallised feldspar phase is

detected in all runs, except for run 1, in which identifying whether a

feldspar has crystallised or not by EPMA is difficult because of the

small crystal sizes (<1 μm) in this run. Among those runs with feldspar

crystallisation, plagioclase appears at 1.0 GPa (Figure 4). Owing to the

relatively higher Or content in the experimental plagioclase than the

natural one, it is called Or-rich plagioclase in this paper. At 1.5 GPa,

the crystallised feldspars have more Or content than An content and

are thus called An-rich alkali feldspars (Figure 4). In terms of composi-

tion, both Or-rich plagioclase and An-rich alkali feldspar are called ter-

nary feldspar in this study. In Xia et al. (2010), plagioclase crystallised in

two runs at the conditions of 675 °C, 0.5 and 1.0 GPa with added

water of 6.4 wt% and 7.0 wt%, respectively (Table 2). However, con-

sidering the small size and thin needle-like morphology of the plagio-

clase in their experiments, it is likely that these crystals are quenched

products. Compared with Xia et al. (2010), this study is more successful

in crystallising large plagioclase crystals. The experimental products of

several runs in this study contain pyroxene, a phase that rarely appears

in natural granodiorites, whose stability field is restricted to high tem-

perature (>800 °C) (Figure 3). No pyroxenes were crystallised in Xia

et al. (2010) at the temperature range between 650 and 750 °C. Previ-

ous phase equilibria experiments using dioritic and granitic glasses as

https://www.nih.gov/
http://rsbweb.nih.gov/ij/


FIGURE 4 An–Ab–Or diagram for the natural and experimental
feldspars
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starting materials (Bogaerts et al., 2006; Klimm et al., 2003; Pietranik,

Holtz, Koepke, & Puziewicz, 2009) show that pyroxene is a near-

liquidus phase, which further reacts with the melt to produce horn-

blende when the magma is gradually cooled. The crystallisation of

pyroxene is also probably affected by oxygen fugacity. The experi-

ments of Dall'Agnol et al. (1999), whose starting material was A-type

granite, revealed that the stability field of pyroxene increases as the

oxygen fugacity decreases. Pyroxene crystallisation in our experiments

indicates that the experiments were in a low oxygen environment,

which is consistent with the fact that the oxygen fugacity was con-

trolled by CCO buffering. Hornblende crystallised in several runs, and

its composition is similar to that of the natural hornblende in the

granodiorite in terms of the content of Ca, Fe, and Mg. Fe–Ti oxides

appear in nearly all our experiments with high brightness in the BSE

images. No Fe–Ti oxides are reported in Xia et al. (2010), which is

probably due to the low experimental temperature and the lack of oxy-

gen fugacity control in their study.
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3.1 | Plagioclase and its growth rate

Plagioclases crystallised at 1.0 GPa and mainly in the temperature

range of 800 to 875 °C in this study. The morphology of crystallised

plagioclases is generally subhedral to euhedral (Figure 2), except for

runs HY02a and HY03a in which the plagioclase boundary cannot be

readily identified from BSE images due to its small crystal size. It is

hence difficult to analyse the plagioclase composition accurately and

to calculate the plagioclase growth rate for these two runs. With the

increase of experimental undercooling, the tabular crystals gradually

turn into spherulites and needles. The interiors of the crystallised pla-

gioclases are often hollow, probably reflecting the stage of rapid

cooling from above to below the liquidus (Bindeman et al., 1998).

The compositions of natural and experimental feldspars are shown

in Table 3. The compositions of experimental feldspars are relatively

stable, with An contents varying from 14% to 31%, mostly around

24–25%. When water is added, the An content of the experimental

feldspars increases, similar to that of many previous studies (e.g.,

Nekvasil, 1992). All the feldspars in our experiments contain a



FIGURE 5 Relationship between experimental temperature, pressure,
water content, and the calculated plagioclase growth rate
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significant amount of potassium, and their average Or contents are

higher than 10%, and up to 27–39% in all the runs at 1.5 GPa. As

shown in Figure 4, all the feldspars crystallised at 1.0 GPa are plagio-

clase, and they are called Or-rich plagioclase in this paper. At

1.5 GPa, experimental feldspars have more Or than An contents, and

they are called An-rich alkali feldspar. Plagioclase with high Or con-

tents (Or10–26) also occurred in the experiments of Klimm et al.

(2008), using A-type granites as the starting materials, which was

believed to reflect the low CaO content (0.53 wt%) in their starting

materials. Nevertheless, the CaO content in our starting material is

3.41 wt%. Thus, we contend that the low CaO content in the starting

material is not the only reason for the crystallisation of Or-rich plagio-

clase. The occurrence of such plagioclase, as well as the An-rich alkali

feldspar, is probably related to the effect of the experimental condi-

tions. Experimental pressure can exert a significant effect on the com-

position of feldspars. With the increase of pressure, An contents in

feldspars decrease, whereas Or contents increase (Figure 4). The Or-

rich plagioclase and An-rich alkali feldspar can also be considered

together as ternary feldspar. The ternary feldspar in this study can

act as a buffer for keeping the total alkali relatively constant in the

residual melt. The conditions and significance of ternary feldspar

crystallisation will be discussed in detail in the subsequent sections.

The calculated crystal fractions (φ), number densities (NA), charac-

teristic crystal sizes (Sn), and growth rates (G) of the experimental feld-

spars (including Or-rich plagioclase at 1.0 GPa and An-rich alkali

feldspar at 1.5 GPa) are listed in Table 4. The feldspar growth rates

range from 1.17 × 10−8 to 2.70 × 10−8 mm/s and vary regularly with

experimental temperature, pressure, and water content (Figure 5).

The growth rate generally decreases with the decrease of experimental

temperature, whereas elevated pressure can significantly increase the

crystal growth rate. The effect of water content on plagioclase growth

rate is complex. The increase of water content can initially increase the

crystal growth rate. However, when water content is relatively high,

the growth rate of plagioclase decreases. Swanson (1977) also

observed a similar phenomenon; the maximum crystal growth rate

decreases with more water, which is probably caused by the transition

from diffusion-controlled growth to interface-controlled growth when

water content is high. The plagioclase growth rates in this study are

generally consistent with previous results (Couch, 2003; Genareau &

Clarke, 2010; Larsen, 2005; Orlando et al., 2008). The plagioclase
TABLE 4 Crystal growth rates of experimentally crystallised plagioclase

Run no. φ (vol%) NA(mm−2) Sn

HY02b 16.40 3,004.43

HY02c 15.07 1,757.81

HY03b 7.22 2,127.90

HY03c 12.20 2,600.93

HY04a 12.54 3,398.44

HY04b 22.72 5,273.44

HY04c 29.01 10,312.50

HY06a 14.06 1,289.06

HY06b 10.03 711.80

HY06c 25.32 2,226.56

Note. φ = calculated crystal fraction; NA = number density; Sn = characteristic c
growth rates in a rhyodacitic melt determined experimentally by

Larsen (2005) range between 3.5 × 10−9 and 6.57 × 10−8 mm/s, similar

to our results. The experimental results of Orlando et al. (2008) show

that plagioclase growth rates in a trachybasalt are 10−7 to 10−8 mm/

s, which are slightly higher than our results and may be caused by

the higher crystallisation temperature of trachybasaltic melt.
3.2 | Pyroxene

On the basis of their compositions (Table 5), the experimental pyrox-

enes are low-Ca ones (including orthopyroxenes and a few pigeonites)

(Figure 6). The low-Ca pyroxenes occur in all the runs with tempera-

ture above 800 °C and are distinguished from hornblendes according

to the contents of Ca, Mg, and Fe2+. Generally, the experimental

pyroxenes are enriched in Fe, with FeO* contents ranging from

21.47 wt% to 31.93 wt%, and CaO contents being approximately

1 wt% to 3 wt%. The calculated Wo < 10, En = 41–49, and XMg (Mg/

(Mg + Fe)) = 0.40–0.65 generally increase with the increase of water

content. This is reflected, in the Wo-En-Fs diagram (Figure 6), by the

gradual transition in the composition of the experimental pyroxenes,
(10−3 mm) (L × W)0.5 (μm) G (10−8 mm/s)

7.39 7.88 1.28

9.26 9.24 1.55

5.83 9.71 1.17

6.85 11.80 1.38

6.07 9.96 1.43

6.56 11.81 1.70

5.30 10.37 1.49

10.44 11.01 2.24

11.87 13.30 2.70

10.66 11.42 2.32

rystal size; L = crystal length; W = crystal width; G = growth rate.
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FIGURE 6 Wo–En–Fs diagram for the experimental pyroxenes
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which pass from Fe-richer orthopyroxenes to Mg-richer pigeonites. All

the crystallised pyroxenes have a certain amount of Al2O3 (approxi-

mately 3 wt%), which is slightly higher than that of natural pyroxenes

but is still consistent with previous experimentally crystallised pyrox-

enes (Pietranik et al., 2009). This finding can be probably related to

the activity of Al2O3 in the melt (Bogaerts et al., 2006).
3.3 | Hornblende

The compositions of hornblende in natural rocks and experiments are

shown inTable 6. In terms of the contents of Ca, Fe, andMg, the exper-

imental hornblendes are similar to the natural hornblendes. The CaO

contents of experimental hornblendes are in the range of 7 wt% to

12 wt%, the MgO contents in the range of 11 wt% to 12 wt%, and

the FeO* contents in the range of 17 wt% to 22 wt%. (Fe2+ + Fe3+)/

(Fe2+ + Fe3+ + Mg2+) ratios lie between 0.39 and 0.50. In the structural

formula, (Na + K)A < 0.5, CaA < 0.5, and CaB > 1.5 indicating that horn-

blende belongs to magnesiohornblende in the calcic amphiboles cate-

gory (Leake et al., 1997). The Al contents in the natural and

experimental hornblendes are relatively low, further indicating that

hornblendes are probably the product of reactions between pyroxenes

and melt during the crystallisation of magma. Using the same method

for calculating plagioclase growth rates, we also determined the horn-

blende growth rates in run HY03b. The obtained result is

8.93 × 10−9 mm/s, similar to the result (3.47 × 10−9 to

1.85 × 10−8 mm/s) of Browne, Gardner, and Larsen (2003).
3.4 | Ilmenite

Fe–Ti oxides occur in most of the runs, with a bladed or granular mor-

phology, and should be a near-liquidus phase according to previous

phase equilibria studies (e.g., Dall'Agnol et al., 1999). The compositions

of Fe–Ti oxides acquired by EPMA may have been contaminated by

melt because of their small sizes. In general, the TiO2 content (approx-

imately 40 wt%) is slightly higher than the FeO* content (approxi-

mately 35 wt%), indicating that the molar ratio of these two



TABLE 6 Major element compositions (wt%) of natural and experimentally crystallised hornblendes

Starting material
Experimentally crystallised hornblende

Run no. Hbl HY02a HY03b HY04a HY04b
n 5 1 3 3 2

SiO2 50.81 (2.02) 49.54 50.51 (1.33) 49.67 (1.60) 50.16 (2.13)

TiO2 0.59 (0.30) 0.67 0.84 (0.59) 0.60 (0.10) 0.68 (0.14)

Al2O3 4.12 (1.37) 8.59 8.11 (0.49) 3.77 (0.56) 5.44 (1.34)

FeO* 17.02 (1.02) 14.85 16.50 (1.50) 21.93 (0.24) 18.28 (2.20)

MnO 0.53 (0.04) 0.53 0.45 (0.11) 0.67 (0.02) 0.49 (0.06)

MgO 12.54 (0.77) 13.15 12.45 (2.12) 12.13 (0.57) 10.75 (0.05)

CaO 10.74 (0.60) 9.43 7.16 (1.83) 9.35 (0.81) 11.17 (2.48)

Na2O 0.89 (0.38) 0.92 1.06 (0.46) 0.36 (0.25) 0.61 (0.04)

K2O 0.36 (0.14) 0.26 0.40 (0.33) 0.11 (0.16) 0.47 (0.29)

Total 97.59 97.94 97.46 98.59 98.04

(Ca + Na)B 1.79 1.59 1.41 1.36 1.74

NaB 0.09 0.13 0.30 0.00 0.09

(Na + K)A 0.23 0.18 0.37 0.12 0.26

Fe/(Fe + Mg) 0.43 0.39 0.43 0.50 0.49
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molecules is approximate 1:1. Therefore, the Fe–Ti oxides in this study

are mainly ilmenites.

3.5 | Residual melt

The major element compositions of the residual melts after progressive

crystallisation are shown in Table 7 and Figure 7. SiO2 contents are in

the range of 71.3 wt% to 73.9 wt%. The total alkali contents are rela-

tively high (8 wt% to 10 wt%), whereas CaO andMgO contents are low

(most <1.80 wt% and <0.35 wt%, respectively), with relatively high

FeO*/MgO ratios (most >7). These characteristics are similar to those

of A-type granites (Eby, 1990).

As shown in Figure 7a, the residual melts have obviously higher

SiO2 and K2O, but lower CaO and Al2O3 contents than the starting

material, suggesting that plagioclase is an important fractionating min-

eral from the granodioritic melt. This is further displayed in Figure 7b,

showing a linear increase of SiO2 and K2O in the residue melts, as well

as a linear decrease of CaO and Na2O, with the increase of the plagio-

clase crystal fractions. In addition, it is clearly shown from the experi-

mental conditions (Table 2) and the compositions (Table 7) of runs

HY04a-c and HY06a-c that increasing pressure reduces the K2O con-

tents in the residual melts under the same temperature and water

content.
4 | DISCUSSION

4.1 | The optimal conditions for plagioclase
crystallisation in granodioritic melts

Determining the crystallisation conditions of plagioclase in granodio-

ritic melts is necessary to better understand the magma evolution pro-

cesses and elemental partitioning behaviour between granodioritic

melt and crystallised plagioclase. In this study, identifiable plagioclase

crystallised at 800 to 875 °C, 1.0 GPa conditions. Compared with the

natural plagioclase, all the experimental plagioclases have much higher
Or contents (Figure 4), which could be due to the fact that experimen-

tal pressure is higher than the actual crystallisation pressure of the

magma. According to the Al-in-hornblende geobarometer proposed

by Anderson and Smith (1995), the estimated crystallisation pressure

for granodiorite in East Junggar is approximately 60 to 140 MPa (Su,

2007), which is significantly lower than the experimental pressures in

this study. As mentioned above, the Or contents in feldspar increase

with increasing pressure. Thus, low pressure condition (at least less

than 1.0 GPa) is beneficial to the crystallisation of plagioclase with less

Or content from granodioritic melts.

According to the BSE images of run products (Figure 2), the

crystallised plagioclase at 875 °C is relatively large and euhedral. Com-

pared with Xia et al. (2010) at 650 to 750 °C, the crystallised plagio-

clase in our experiments is larger and more euhedral. As mentioned

above, the plagioclases in Xia et al. (2010) are mostly thin needles, indi-

cating that the plagioclase may be a quenched product. Therefore, a

temperature of 875 °C or higher may be suitable to grow large plagio-

clase crystals in granodioritic melt.

Water content can also significantly affect the crystallisation of pla-

gioclase in the aspect of crystallisation temperature, composition, and

crystal size. It shouldbenotedthat theexactamountofwater in themelts

after experiments in this study was not determined due to the lack of

hydrous standard glasseswith knownwater content and the occurrence

of many crystals that make it difficult to determine the water content in

residual melts using methods such as infrared spectroscopy. However,

all the experimental charges should be water undersaturated because

of thehighpressureof this study.According to thewater solubilitymodel

in the granitic system proposed byHoltz, Johannes, Tamic, and Behrens

(2001), water solubility in granitic melt increases significantly with pres-

sure. They formulated an empirical equation to calculate thewater solu-

bility: H2O solubility (wt%) = 2.859 × 10−2 × P − 1.495 × 10−3 × P1.5 +

2.702×10−5×P2+0.257×P0.5,whereP is thepressure inMPa.Fromthis

equation, thewater solubility at 1.0 and 1.5GPawould be 16.5wt% and

26.8 wt%, respectively, higher than the added water content in our

experiments. As a result, all the added water can be assumed to be
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solubilised in the experimental residualmelts, and themelts are all water

undersaturated. Usually, with increase of water content in the melt, the

crystallisation temperature of plagioclase decreases (Klimm et al., 2003;

Martel et al., 1999; Takagi et al., 2005).Highwater contentmayalso sup-

press the crystallisation of plagioclase (Danyushevsky, 2001;Muntener,

Kelemen, & Grove, 2001). Danyushevsky (2001) investigated the effect

of H2O on the fractionation of MORB and BABB, showing that the

crystallisation of plagioclase is suppressed by adding a small amount of

water. Muntener et al. (2001) experimentally investigated the role of

H2Oduring the crystallisation of primitive arcmagmas under uppermost

mantle conditions, implying that increase of water content changes the

crystallisation sequence, and high water contents can suppress plagio-

clase, leading to the crystallisation of amphibole and garnet. On the

basis of the BSE images (Figure 2), plagioclases are larger and more

euhedral in runs with approximately 10 wt% water than those with

approximately 15 wt% water. This is consistent with previous studies

that high water content is not favourable to the crystallisation of pla-

gioclase. However, the crystallisation of plagioclase in runs with

approximately 10 wt% water is even better (larger crystals and higher

growth rates) than runs with approximately 5 wt% water, which

seems to contradict the above results. This is probably related to the

combined effects of water on the diffusion of chemical components

and on the plagioclase stability field. On the one hand, highwater content

can suppress the crystallisation of plagioclase as discussed above; on the

other hand, increasing water content is conducive to the diffusion of

chemical components needed for the crystallisation of plagioclase,

as can be seen from the increase of plagioclase growth rate when

water content is increased from 5 wt% to 10 wt%. Therefore, as long

as diffusion is no longer a limiting factor for the crystal growth, lower

water content is favourable to the crystallisation of plagioclase in the

granodioritic melt.

In summary, for the temperature range of 700 to 875 °C, pres-

sure of 1.0 and 1.5 GPa, and water being undersaturated in the melt

investigated in this study, the optimal condition for plagioclase to

crystallise in the granodioritic melt is approximately 875 °C,

1.0 GPa and relatively low water content (~10 wt% in this study).

This conclusion may apply to other granodioritic melts whose

compositions are similar to HY55 (A/CNK < 1, A/NK > 1) and can

be a good reference for crystallising large plagioclase crystals in

order to further study the trace element partitioning behaviour in

granodioritic melts in the future.
4.2 | Crystallisation and significance of ternary
feldspar

The Or-rich plagioclase crystallised at 1.0 GPa and the An-rich alkali

feldspar crystallised at 1.5 GPa in this study can be called ternary feld-

spar in terms of composition (Ab47-60An14-31Or10–39). Ternary feld-

spars also occurred in the previous studies (Hammer & Rutherford,

2002; Klimm et al., 2008; Litvinovsky, Steele, & Wickham, 2000).

Hammer and Rutherford (2002) conducted decompression-induced

crystallisation experiments on a dacitic melt from Pinatubo volcano,

the experimental product of which includes ternary feldspar

(Ab69An11Or20). They believed that the occurrence of ternary feldspar

reflects the low (Ca/K)pl/(Ca/K)glass between feldspar and melt under



FIGURE 7 Major elements (Al2O3, CaO, Na2O, and K2O) versus SiO2 in residual melts and comparison with the starting material (a), and major
elements versus the calculated plagioclase crystal fraction (b)
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experimental conditions. In our experiments, (Ca/K)pl/(Ca/K)glass is

1.04 to 5.67, which is significantly lower than 8.69 of natural rock,

and is 1.04 to 2.18 at 1.5 GPa, which is lower than that of 2.55 to

5.67 at 1.0 GPa. These results indicate that partitioning of Ca/K

between feldspar and melt is distinctly affected by crystallisation pres-

sure. Thus, the crystallisation of ternary feldspar is probably due to the

lower efficiency of the Ca/K partitioning between feldspar and melt

under high pressure conditions.

Litvinovsky et al. (2000) performed partial melting experiments on

charnockite with similar compositions to HY55 at high pressures (1.5–

2.5 GPa). Euhedral and homogeneous ternary feldspars also occur in

their experiments. The melt produced by partial melting remains gra-

nitic even when the degree of partial melting reaches approximately

60 vol.% because of the buffering role of ternary feldspar that usually

forms at the beginning of the melting, along with garnet and pyroxene.

Litvinovsky et al. (2000) insisted that the ternary feldspars were

formed by plagioclase and potassium feldspars via melting reactions

and that ternary feldspars play a significant role in buffering the partial

melt composition. In our experiments, the Na2O content of the
residual melt at 1.5 GPa is slightly higher than at 1.0 GPa; however,

the K2O content is the opposite (Table 7). Correspondingly, the ternary

feldspars at 1.5 GPa are richer in K and poorer in Na than at 1.0 GPa

(Figure 4). These complementary trends between ternary feldspar

and residual melt indicate that ternary feldspars play a role in maintain-

ing a basically constant total alkali content of residual melt. In conclu-

sion, ternary feldspars crystallise with the increase of pressure and

ensure that the total alkali contents of residual melt remain relatively

constant at different pressures.
4.3 | Petrogenesis of the A-type granite in East
Junggar

A-type granite is an important granite type widely distributed all

over the world and related to some specific geological settings

(e.g., anorogenic settings) and processes. It is highly enriched in

SiO2 and alkali, with high FeO*/MgO ratio and low CaO content.

Currently, the petrogenesis of A-type granites is still in debate.

Many researchers have proposed different genetic models to



FIGURE 8 FeO*/(FeO* + MgO) and (Na2O + K2O–CaO) versus SiO2

diagrams for the residual melt (▲) after fractional crystallisation of the

granodioritic melt at studied temperatures, pressures, and water contents and

its comparison with A-type granite (Δ) from East Junggar of Xinjiang (data

cited from Su et al., 2007; Su, 2007). The regions for I-type and A-type

granites are based on the data range for Lachlan Fold Belt, Australia (after

Frost et al., 2001)

TABLE 8 Calculated residual melt compositions (wt%) after fractional
crystallisation of the initial melt by 40.2 wt% Pl, 6.3 wt% Opx, and
6.3 wt% Hbl

HY55 Pl Opx Hbl Calculated HY42

SiO2 67.02 61.83 50.56 51.75 75.60 75.60

TiO2 0.54 0.08 1.33 0.86 0.78 0.51

Al2O3 15.62 22.90 3.32 8.31 12.01 11.59

FeO* 4.22 0.59 26.05 16.90 2.73 2.60

MnO 0.07 0.02 0.62 0.46 0.00 0.16

MgO 1.69 0.15 13.76 12.75 0.00 0.19

CaO 3.52 6.14 3.17 7.33 0.83 0.68

Na2O 3.99 6.55 0.22 1.08 2.69 4.06

K2O 3.18 1.62 0.96 0.41 5.17 4.36

P2O5 0.14 0.11 0.00 0.14 0.19 0.23

Note. Contents of the oxides are normalised to 100 wt%. Data of the initial
melt (HY55) and the representative A-type granite in East Junggar (HY42)
are from Su (2007).
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explain the origin of A-type granites, including (a) high fraction-

ation of mantle-derived basic magmas (Han et al., 1997; Turner,

Foden, & Morrison, 1992); (b) partial melting of melt-depleted rocks

in the lower crust (Clemens, Holloway, & White, 1986; Collins,

Beams, White, & Chappell, 1982); (c) partial melting of crustal rocks

(tonalite and granodiorite) (Creaser, Price, & Wormald, 1991; Patiño

Douce, 1997); (d) interactions between mantle-derived magmas and

crustal rocks (Kerr & Fryer, 1993); (e) partial melting of charnockite

and anorthosite in the lower crust (Frost, Frost, Bell, & Chamberlain,

2002; Litvinovsky et al., 2000); and (f) fractionation of intermediate-

acidic magmas (Hergt et al., 2007; Jiang et al., 2009; Klimm et al.,

2003; Su et al., 2008).

Thus far, only a few experimental studies on the formation of A-

type granites by partial melting of crustal rocks have been conducted

(Dall'Agnol et al., 1999; Litvinovsky et al., 2000; Patiño Douce, 1997;

Skjerlie & Johnston, 1992). However, the experimental evidence of

fractionation of intermediate-acidic magmas accounting for the petro-

genesis of A-type granite is scarce. Using A-type granites of different

evolution stages from Lachlan Fold Belt, Australia, as the starting mate-

rials, Klimm et al. (2003, 2008) experimentally constrained the condi-

tions for the formation of A-type granites. They suggested that the

variations in composition of the A-type granites in that region were a

result of fractional crystallisation. Given that their starting materials

consisted of less-evolved A-type granite, their experimental results

can only reveal that fractional crystallisation is the main reason for

the compositional variety of A-type granites but cannot account as

to whether fractionation of melts with intermediate–acidic composi-

tion (e.g., I-type granodioritic melt) can form melt with A-type charac-

teristics or not.

Our experimental results show that fractional crystallisation of I-

type granodioritic melt at high pressure in the deep crust is a possible

process accounting for the petrogenesis of A-type granites. After min-

erals, such as plagioclase (or ternary feldspar) and pyroxene, crystallise,

the composition of residual melt displays characteristics of typical A-

type granite (enrichment in SiO2 and total alkali, depletion in CaO

and MgO, with high FeO*/MgO ratios) (Figure 7). In the plots of

FeO*/(FeO* + MgO) versus SiO2 and Na2O + K2O–CaO versus

SiO2, the compositions of the residual melts plot into the range of

typical A-type granites and partly coincide with those of the A-type

granites from East Junggar (Figure 8). Therefore, in terms of major

element compositions, the A-type granites in East Junggar may be

formed by the fractional crystallisation of the I-type granodioritic

magma at high pressure.

From our experimental results, with granodioritic glass as the

starting material, the major element compositions of the residual melt

after fractionation of Pl, Opx, and Hbl can be estimated by mass bal-

ance calculation. Given that the crystallised plagioclase in Run 03 has

similar An content to that in natural rock (An26–31 and An29, respec-

tively), Pl, Opx, and Hbl in Run 03 are selected as the fractionally

crystallised minerals in the calculation. The calculated result is shown

in Table 8. After crystallisation of 40.2 wt% plagioclase, 6.3 wt%

orthopyroxene, and 6.3 wt% hornblende, the granodioritic melt will

leave a residual melt with similar compositions to that of the sample

HY42, a representative A-type granite from East Junggar. Although a

little difference exists in the Na2O and K2O contents, which may be
caused by the variations in plagioclase composition, the contents of

total alkali roughly remain the same.

On the basis of the mass balance calculation from major element

compositions, the trace element compositions during the fractional



FIGURE 9 Comparison between calculated rare earth element
patterns and those of granodiorite and A-type granites from East
Junggar (chondrite values are from Sun and McDonough, 1989)
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crystallisation of the I-type granodioritic melt can be simulated. Two

fractional crystallisation models were employed, namely, the Rayleigh

crystallisation model (CL
i = C0

i × F(D − 1)) and the equilibrium

crystallisation model (CL
i = C0

i/[F + (1 − F) × D]), where C0
i is the con-

centration of trace element i in the initial melt, CL
i is the concentration

of trace element i in the residual melt, D is the total partitioning coef-

ficient, and F is the fraction of residual melt (47.2 wt%). The calculated

results are shown in Table 9 and Figure 9.

As shown in Figure 9, the Rayleigh model and the equilibrium

crystallisation model have similar rare earth element (REE) patterns.

However, the REE pattern from the Rayleigh model displays more pro-

nounced and similar negative Eu anomaly to the A-type granites from

East Junggar, implying that the Rayleigh model is closer to the actual

crystallisation. In the classification diagrams of (Na2O + K2O)/CaO

versus 10,000 Ga/Al and Zr + Nb + Ce + Y (Figure 10) proposed by

Whalen, Currie, andChappell (1987) to discriminate A-type granite from

other granite types, the calculated compositions of the residual melt fall

into the region of A-type granite. As a consequence, the results of trace

element modelling also indicate that the fractional crystallisation of the

I-type granodioritic melt at high pressure can lead to the formation of

the A-type granites in East Junggar. In consideration of the study of

Jiang et al. (2009) that shows that the parental magma of a Mesozoic

granitewith A-type characteristics from theNorth China Craton is likely

to be I-type granitoids, we suggest that the fractional crystallisation of

I-type granitoids in the deep crust may be one of the processes for the

origin of A-type granites worldwide.
4.4 | Timescale of the crystallisation and
differentiation of the granodioritic magma in
East Junggar

The timescale of magma crystallisation and differentiation is one of

the key parameters to understand the evolution and dynamics of
TABLE 9 Partitioning coefficients used in the calculation and the calculate

Partitioning coefficient
Starting material

Calculated concentration

Pl Opx Hbl HY55 Rayleigh Equilibri

La 0.38 0.11 0.35 20.3 37.52 35.7

Ce 0.27 0.15 1.52 39.5 71.28 67.5

Nd 0.203 0.22 4.26 19.1 30.79 28.7

Sm 0.097 0.017 3.99 3.63 6.18 5.8

Eu 5.417 2.85 5.14 0.88 0.25 0.4

Gd 0.125 0.027 5.48 3.47 5.46 5.0

Dy 0.064 0.46 6.2 4.05 6.14 5.7

Er 0.055 0.072 5.94 2.47 3.87 3.6

Yb 0.049 0.86 4.89 2.60 4.14 3.8

Lu 0.046 0.9 4.53 0.45 0.73 0.6

Ga 1.5 0.32 2.42 15.4 18.23 17.4

Zr 0.2 0.11 0.5 127 246.1 237.5

Nb 0.57 0.64 0.2 5.60 9.60 9.0

Y 0.32 0.755 2.46 20.5 33.9 32.0

Note. Partitioning coefficients for rare earth elements are quoted from Rollinson
Zr, and Y are obtained from the GERM Partitioning Coefficient Database (https
East Junggar are from Su (2007). See text for the calculation in detail.
magmas. In general, one can distinguish several timescales related to

the magma evolution by fractional crystallisation (Hawkesworth

et al., 2000): the time taken to build a magma chamber, the time

taken for a differentiated magma to evolve from its parental source,

and the time taken for the magma to emplace. Understanding these

timescales can definitely provide us a dynamic picture of the mag-

matic processes. In this study, the experimentally determined crystal

growth rates were used to make constraints on the timescale of the

crystallisation and differentiation of the granodioritic magma in East

Junggar. As discussed above, the A-type granites in East Junggar

were probably formed by the fractionation of the granodioritic magma

at depth; here, we estimate the timescale for this differentiation process

(time taken for the A-type granitic magma to evolve from the I-type

granodioritic magma).
d trace element concentrations

(ppm) A-type granite from East Junggar (ppm)

um HY1 HY9 HY13 HY29 HY39 HY42

4 25.5 30.5 36.1 23.4 30.7 20.6

4 60.4 67.1 74.0 54.4 75.1 50.2

6 39.0 34.8 39.2 30.2 43.0 27.1

0 11.4 8.17 8.76 7.39 11.7 6.89

7 0.06 0.11 0.08 0.04 0.18 0.17

9 13.6 9.04 9.29 7.93 15.6 8.05

3 12.8 8.95 9.64 7.33 16.0 8.16

1 7.93 5.7 6.24 4.76 9.13 5.04

6 8.10 5.91 6.28 5.55 7.79 4.43

8 1.25 0.92 0.92 0.96 1.11 0.64

7 29.0 22.0 23.4 29.7 24.8 22.4

246 541 456 257 268 103

2 22.7 11.2 14.8 8.25 9.93 5.47

83.7 52.0 58.0 38.6 88.2 47.0

(1993) for dacitic and rhyolitic systems; the partitioning coefficients for Ga,
://earthref.org/KDD/). The trace element data of the A-type granites from

https://earthref.org/KDD


FIGURE 10 (Na2O + K2O)/CaO versus 10,000 Ga/Al (a) and (Zr + Nb + Ce + Y) (b) diagrams for discriminating A-type granite from other granite
types (after Whalen et al., 1987). The I-type granodiorites (◊) and the A-type granites (Δ) from East Junggar, NW China, are shown for comparison
(data cited from Su et al., 2007; Su, 2007; Yang et al., 2011). The residual melt (▲) after fractional crystallisation of the granodioritic melt is from the

element calculations (Tables 8 and 9)

FIGURE 11 Relationship between temperature and crystal growth
rate at 1.0 GPa
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The growth time of plagioclase is usually used to determine the

timescales of the crystallisation and emplacement of the plutonic

intrusion (e.g., Cheng, Zeng, Ren, Wang, & Luo, 2014) because of

its extensive appearance in igneous rocks and wide range of

crystallisation conditions. In our proposed model, the A-type granites

in East Junggar were formed by the differentiation of granodioritic

magma dominated by the crystallisation of plagioclase. Therefore,

the crystallisation time of plagioclase in granodioritic magma can pro-

vide a basic estimation of the differentiation timescale of the A-type

magma evolved from the I-type granodioritic magma. In order to bet-

ter constrain this timescale, the growth rate of hornblende is also

considered in the calculation. By comparing the experimentally deter-

mined crystal growth rate with the crystal size in natural granodio-

rites, the crystallisation time of the crystals can be calculated. On

the basis of the growth rate of plagioclase shown in Table 4 and

Figure 5, it may increase linearly with the increase of pressure (the

growth rates at 1.5 GPa are approximately 1.5 times faster than

those at 1.0 GPa). For simplification, the equation G0 = G1 × P0/P1

was used to calculate the growth rates under emplacement pressure

conditions, where G0 and G1 are the crystal growth rates at pressure

P0 and P1, respectively. Temperature also has an effect on crystal

growth rates. From our experimental results, the empirical equations

describing the relationship between temperature and crystal growth

rate can be obtained by linear fitting of the plagioclase growth data

at different temperatures for water contents of 5 wt% and 10 wt%

(Figure 11). According to the estimation of Su (2007), the granodio-

rite intrusion in East Junggar emplaced at conditions of 60 to

140 MPa (average of 100 MPa) and 700 to 728 °C (average of
714°C). On the basis of the aforementioned relationship between

pressure, temperature, and crystal growth rates, the calculated

growth rates at 100 MPa and 714°C are 8.56 × 10−10 to
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1.14 × 10−9 mm/s for plagioclase and 7.97 × 10−10 mm/s for

hornblende.

Hammer (2008) and Orlando et al. (2008) have demonstrated that

the crystal growth rates decrease with crystallisation time. As a first-

order approximation, the plagioclase and hornblende growth rates

are assumed to decrease linearly with time during the crystallisation

of the magma, which allows the evaluation of crystal size (L) as a func-

tion of time (t). Thus, from G = G0 − kt, where G0 is the crystal growth

rate at the onset of crystallisation, which can be replaced by our exper-

imental results because the experimental duration can be neglected

when compared with natural crystallisation time, and k is the decay

constant, we can derive the following equation.

L ¼
ð t

0
G0−ktð Þdt ¼ G0t−kt

2=2 (1)

Consequently, as long as the mineral sizes in natural rocks are

known, the crystallisation time can be calculated using Equation 1.

The average sizes of relatively large plagioclases and hornblendes in

natural rocks were used to estimate the crystallisation timescale of

the granodioritic magma. The average sizes are approximately

1.5 mm for plagioclase and approximately 0.5 mm for hornblendes.

The calculated results are k = 9.1 × 10−20 to 4.3 × 10−19 mm/s2,

t = 92 to 536 years. Therefore, the timescale of granodioritic magma

crystallisation and differentiation is estimated to be several hundred

years. This estimation is a first-order approximation with several

assumptions: (a) Crystal growth rates increase linearly with pressure

and temperature, and (b) growth rates decrease linearly with

crystallisation time. In the natural crystallisation processes, magma

cooling rate, composition change of melt due to the crystallisation of

minerals, thermal instability, and magma contamination, all can affect

the crystallisation kinetics of magma. Despite these uncertainties, the

estimation using crystal growth rate is in excellent agreement with

the result by a numerical model discussed below, as well as falls into
FIGURE 12 The contours calculated using Equation 2 show the
number of years required to crystallise a mass fraction of φ and drop
the temperature by ΔT below the liquidus for magma in a 10 km3

chamber losing heat at 100 MW. The black curve is the calculated
crystallisation history of a synthetic melt with similar composition to
that of the granodiorite on the basis of the experimental result of
Brugger et al. (2003)
the typical timescale range (102 to 104 years) of the crystallisation of

granitic plutons as reviewed by Petford, Cruden, McCaffrey, and

Vigneresse (2000), which validates its effectiveness in estimating the

timescale of magma crystallisation and differentiation.

A simple heat balance model for predicting the timescales of

magma differentiation was proposed by Hawkesworth et al. (2000)

and had been applied to study the timescale of the emplacement and

crystallisation of the Panzhihua gabbroic intrusion in SW China by

Cheng et al. (2014). The model considers cooling of a chemically closed

magmatic system. The maximum amount of magmatic cooling can be

estimated by equating the geothermal power output P to the thermal

energy lost from a fixed volume of magma (V) divided by the cooling

time tcool:

P ¼ Vρ cΔT þΦLð Þ=tcool (2)

where ρ is the magma density in kilogramme per cubic metre, c is the

specific heat capacity, L is the latent heat of crystallisation, ΔT is the

temperature drop, and Φ is the fraction of crystals grown over this

temperature range (Cheng et al., 2014; Hawkesworth et al., 2000).

The representative values for a rhyolite with similar composition to

the granodiorite were used in this study (ρ = 2200 kg/m3,

c = 1.6 × 103 J/kg per K, L = 2.5 × 105 J/kg) (Hawkesworth et al.,

2000). On the basis of the geological mapping, the granodiorite intru-

sion is ~10 km3 in volume. For this volume size, the rate at which the

thermal energy is lost from magma chambers maintains geothermal

power outputs about 100 MW (Hawkesworth et al., 2000). Then, the

timescale of the magma crystallisation can be calculated by using var-

ious combinations of ΔT and φ according to Equation 2. The calculated

results are illustrated in Figure 12. Also shown is the path of increasing

crystal fraction with the lowering of temperature for a synthetic sili-

cate melt with generally similar composition to the granodiorite in this

study on the basis of the phase equilibria experimental results by

Brugger et al. (2003). According to our mass balance calculation results

above, when the total crystal fraction (Pl 40.2 wt% +Opx 6.3 wt% +Hbl

6.3 wt%) exceeds 50 wt%, the residue melt shows A-type characteris-

tics. As can be seen from Figure 12, the granodioritic magma reaches

50 wt% crystallisation after less than 1,000 years, which means that

the timescale of the crystal fractionation in the granodioritic magma

is hundreds of years, consistent with the result obtained by the crystal

growth rate above. Consequently, it had taken hundreds of years for

the crystallisation and differentiation of the granodioritic magma to

generate the A-type granites in East Junggar.
5 | CONCLUSIONS

Crystallisation experiments were performed on a natural granodioritic

glass from East Junggar, NW China, at conditions of 700 to 875 °C,

1.0 and 1.5 GPa, and various water contents. The followings are the

main conclusions of this study:

1. The main crystallised phases in the granodioritic melt under

experimental conditions are Or-rich plagioclase, An-rich alkali

feldspar, pyroxene, hornblende, and Fe–Ti oxides. The Fe–Ti
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oxides and pyroxene are near-liquidus phases. With the decrease

of experimental temperature, plagioclase and hornblende crystal-

lise. Pyroxene is not observed in the natural granodiorite, implying

that it may have reacted with the melt to produce hornblende.

2. The composition and morphology of experimental plagioclase

vary systematically with experimental conditions. As the tempera-

ture decreases, the morphology of plagioclase changes from tabu-

lar crystals to spherulites and needles. An increase of

experimental pressure leads to a decrease of An content and an

increase of Or content in the experimental plagioclase. The opti-

mal conditions for plagioclase to crystallise in this granodioritic

melt are 875 °C, 1.0 GPa and with ~10 wt% water. At high pres-

sure, ternary feldspar may crystallise because of the low efficiency

of Ca/K partitioning between feldspar and melt. Ternary feldspar

plays a role in keeping the total alkali content of the melts rela-

tively stable.

3. The mass balance calculation and trace element modelling on the

basis of our experimental results show that the A-type granites in

East Junggar can be formed by the fractional crystallisation of the

I-type granodioritic magma at high pressure, in which plagioclase

is the dominantly differentiated mineral.

4. Experimentally determined plagioclase growth rates range from

1.17 × 10−8 to 2.70 × 10−8 mm/s and vary regularly with the

experimental conditions. According to the relationship between

crystal growth rate and crystal size in natural granodiorite, the

timescale for the crystallisation and differentiation of the granodi-

oritic magma in East Junggar is estimated to be hundreds of years,

consistent with the results from a numerical model calculation,

indicating that the A-type granites in East Junggar can be formed

within hundreds of years by the fractional crystallisation of the

granodioritic magma.
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