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Introduction

Qandilite (ideally Mg2TiO4), a very rare 4–2 spinel, was 
first discovered from the periclase-forsterite marble wall 
rock of a shallow-seated alkaline-ultramafic intrusion in the 
Kangerdlugssuaq region of East Greenland (Gittins et  al. 
1982). It was later found in and named after the Qandil 
Group of metamorphic rocks (forsterite-rich Cretaceous 
calcareous sediments in contact with a kaersutite-rich 
banded diorite) at Dupezeh Mountain, Qala-Dizeh region, 
Iraq (Al-Hermezi 1985). Its field occurrences are seem-
ingly restricted to some high-temperature magnesian skarns 
such as the contact zone of the Kondyor alkaline-ultramafic 
massif in Russia (Oktyabrsky et  al. 1992), the metamor-
phosed siliceous dolomite xenoliths in a granite from the 
Ballachulish igneous complex, Scotland (Ferry 1996), and 
the forsterite-spinel-calcite skarn ejecta from Mt. Vesuvius, 
Italy (Pascal et al. 2011). As an end member of the ulvöspi-
nel (Fe2TiO4)-qandilite series, which in turn belongs to the 
Fe2TiO4–Mg2TiO4–FeFe2O4–MgFe2O4 spinel quadrilat-
eral, qandilite may be an important petrogenetic indicator 
of temperature and pressure for some geological processes 
(Ferry 1996). Therefore, many experimental studies have 
been conducted to investigate its physical and chemical 
properties (e.g., Wechsler and Navrotsky 1984; O’Neill 
et al. 2003; O’Neill and Scott 2005; Harrison et al. 2013; 
Bosi et al. 2014).

The crystal structure of qandilite has been studied 
by powder neutron diffraction, powder X-ray diffrac-
tion, and single-crystal X-ray diffraction (Wechsler and 
Von Dreele 1989; Millard et al. 1995; Sawada 1996). It is 
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an inverse spinel structure with the structural formula as 
T(Mg2+)M(Mg2+Ti4+)O4 (T, tetrahedral sites; M, octahedral 
sites), meaning Mg on both the T sites and M sites, and Ti 
on the M sites only. Redistribution of the Mg and Ti cati-
ons between the T and M sites only commences at around 
1173 K, and its extent is very limited, so that qandilite can 
be approximated as an inverse 4–2 spinel (O’Neill et  al. 
2003; Palin et al. 2008; Harrison et al. 2013). The thermal 
expansivity of qandilite has been determined in O’Neill 
et  al. (2003), and the free energy of formation has been 
measured in O’Neill and Scott (2005). The adiabatic bulk 
modulus (KS0) of qandilite was constrained as 152(7) GPa 
by some ultrasonic velocity data up to 0.75  GPa (Lieber-
mann et  al. 1977), which was unfortunately too differ-
ent to an empirical estimate of the isothermal bulk modu-
lus (KT0 =  169  GPa; Hazen and Yang 1999). According 
to Liu et  al. (2015), the difference between the KS0 and 
KT0 of any 4–2 spinel should be in the range of ~4  GPa 
[(KS0−KT0) = αγTKT0, where α is the volumetric thermal 
expansion coefficient and γ is the Grüneisen parameter].

In this study, we have investigated the equation of state 
(EoS) of a synthetic qandilite at ambient temperature by 
using a diamond-anvil cell, coupled with synchrotron X-ray 
radiation.

Experimental method

The chemicals used to prepare the synthetic qandilite were 
MgO (99.99 %, Alfa Aesar) and TiO2 (99.9 %, Alfa Aesar). 
These chemicals were firstly dried at 1373  K for 24  h to 
remove moisture absorbed from air, secondly weighed in 
an appropriate proportion corresponding to the chemical 
formula Mg2TiO4, then ground and homogenized manually 
in an agate mortar under acetone, and finally pressed into 
a pellet. This pellet was placed in a platinum crucible and 
sintered with a high-temperature furnace in open air. The 
sample was heated at 1673 K for 52 h and slowly cooled to 
room temperature at the rate of −5 K/min. One part of the 
pellet was crushed into fine powder for later X-ray diffrac-
tion experiments both at ambient pressure and at high pres-
sure, and another part of the pellet was mounted in epoxy 
and polished using a series of diamond pastes. We charac-
terized this material by using optical microscope, scanning 
electron microscope (SEM; FEI Quanta 650 FEG), EMPA 
(JEOL JXA-8100), and powder X-ray diffraction (XRD; 
X’Pert Pro MPD system; Hu et  al. 2011) at ambient P–T 
conditions.

In situ high-pressure synchrotron X-ray diffraction 
experiments using a symmetrical diamond-anvil cell were 
performed at the beamline 13-ID-D of the GSECARS, 
Advanced Photon Source (APS), Argonne National Labo-
ratory. The experimental techniques were similar to those 

used in our previous studies (Liu et al. 2009, 2011; Chang 
et al. 2013). Briefly, the powder sample was loaded into a 
rhenium gasket with a hole of 100 μm in diameter. Neon 
was used as the pressure-transmitting medium to minimize 
the deviatoric stress inside the sample chamber (Klotz et al. 
2009). A ruby sphere was used as the pressure marker, 
and the ruby fluorescence method was used to determine 
the pressure (Mao et  al. 1978). The incident synchrotron 
radiation beam was monochromatized to a wavelength of 
0.3344 Å, and its beam size was collimated to ~3 × 4 μm2. 
Each X-ray diffraction image was collected for about 
30–120 s using an online CCD detector, and subsequently, 
the two-dimensional image was integrated to derive the 
one-dimensional X-ray diffraction pattern by using the 
Dioptas program (Prescher and Prakapenka 2015). The 
sample-to-detector distance (196.1654 mm) and the orien-
tation of the detector were calibrated by using LaB6. The 
XRD data were processed by using the PeakFit V4.12 soft-
ware (SPSS Inc). The unit-cell parameters of the qandilite 
at different pressures were obtained by using the UnitCell 
program (Holland and Redfern 1997).

Results and discussion

Our electron backscatter images and optical microscopic 
photographs (Fig. 1) show that the synthetic product mainly 
consists of two crystalline phases, with grain sizes rang-
ing from 40 to 50 μm. The EMPA data suggest a chemi-
cal formula of Mg2.00(1)Ti1.00(1)O4 (10 analyses) for the 
major phase and a chemical formula of Mg1.00(2)Ti1.00(1)O3 
(10 analyses) for the minor phase (<~5  %), which match 
the composition of qandilite and geikielite, respectively. 
The X-ray data at room P–T condition indicate that the 
major phase has the structure of qandilite whereas the 

Mg TiO2 4

MgTiO3

100 mμ

Fig. 1   Typical optical microscopic photograph of synthetic qandilite, 
coexisting with a small amount of geikielite. Irregular dark material 
is epoxy
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minor phase attains the structure of geikielite. According 
to O’Neill et al. (2003), qandilite is an ordered inverse 4–2 
spinel and has very limited cation redistribution at high 
temperatures: At 1673 K (exactly the synthesizing tempera-
ture of our sample), only ~4 % Ti is present on the tetrahe-
dral sites. We ignore any potential effect of this amount of 
cation disordering on our experimental result.

According to Akimoto and Syono (1967), Mg2TiO4 
qandilite is presumably not a thermodynamically stable 
phase at high pressures and room temperature and should 
break down to MgO (periclase) + MgTiO3 (geikielite). Our 
high-P experiments were conducted up to ~14.9 GPa at room 
temperature and did not show any sign of decomposition of 
the Mg2TiO4 qandilite, which was a typical kinetic issue. 
In total, we collected 17 X-ray diffraction patterns. Typical 
X-ray diffraction patterns are shown in Fig. 2. As pressure 
increased, all the peaks shifted continuously toward higher 
2θ angles, but the overall X-ray diffraction pattern did not 
change. No apparent peak-broadening, no peak-splitting, and 
no new peaks were observed in our experiments.

The powder X-ray diffraction pattern at ambient pres-
sure gives out the unit-cell parameters of the synthetic 
qandilite as a0  =  8.446(2)  Å and V0  =  602.58(49)  Å3, 
in good agreement with the most recent observations 
(a0 = 8.44183(3) Å, Millard et al. 1995; a0 = 8.4443(4) Å 
and V0 = 602.13(8) Å3, Sawada 1996; a0 = 8.4419(2) Å, 
O’Neill et al. 2003). Slight differences in chemical compo-
sitions or crystal structures (such as disordering magnitude) 
caused by different synthesizing conditions like varying 
temperatures and employment of a flux or not or in the set-
ups of the X-ray diffraction experiments (Fleet et al. 2010) 
are presumably the sources for the extremely small fluctua-
tions of the unit-cell parameters at ambient P–T condition.

The effect of pressure on the unit-cell volume of the 
qandilite is summarized in Table 1 and graphically shown 
in Fig. 3. A small nonlinear dependence on pressure over 
the investigated pressure range has been observed for the 
unit-cell volume.

In order to determine the isothermal bulk modulus of the 
qandilite, the P–V data have been fitted to the third-order 
Birch–Murnaghan equation of state (Birch 1947) by a 
least-squares method:

where P is the pressure, KT0 the isothermal bulk modu-
lus, K ′

T0 the first pressure derivative of KT0, V0 the volume 
at zero pressure, and V the volume at high pressure. The 
obtained parameters are KT0 = 175(5) GPa, K ′

T0 = 3.5(7) , 
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and V0 =  603.10(25) Å3. When K ′

T0 fixed as 4, we have 
obtained KT0 = 172(1) GPa and V0 = 603.21(18) Å3 (sec-
ond-order Birch–Murnaghan equation of state then).

The quality of the derived Birch–Murnaghan equation of 
state for qandilite can be evaluated by using a linear fitting 
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Fig. 2   Examples of X-ray diffraction patterns of qandilite at 0.8, 8.1 
and 14.9  GPa. All major peaks can be assigned to qandilite or Ne 
(pressure medium; denoted by the asterisks)

Table 1   Unit-cell parameters of qandilite at high pressure (room T)

a  Pressure determined by averaging the values measured before and 
after collection of synchrotron data; uncertainty of the P measure-
ment in the high-P experiments assumed as 0.1 GPa
b  Numbers in parentheses representing one standard deviation

P (GPa) a (Å) V (Å3)

0.0001 8.446(2)b 602.58(49)

0.4(1)a 8.441(2) 601.50(42)

0.8(1) 8.436(2) 600.33(35)

1.5(1) 8.426(2) 598.13(40)

2.2(1) 8.414(2) 595.72(33)

3.1(1) 8.401(2) 592.94(33)

4.1(1) 8.389(2) 590.39(39)

5.0(1) 8.375(2) 587.36(37)

6.1(1) 8.358(2) 583.79(40)

7.1(1) 8.343(2) 580.75(34)

8.1(1) 8.325(2) 576.97(34)

9.3(1) 8.310(2) 573.90(34)

10.4(1) 8.300(2) 571.72(35)

11.3(1) 8.284(2) 568.51(42)

11.7(1) 8.282(2) 568.00(35)

12.9(1) 8.266(2) 564.76(31)

13.8(1) 8.256(2) 562.77(33)

14.9(1) 8.242(2) 559.91(34)
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of the normalized pressure (F) as a function of Eulerian 
strain (fE), i.e., the fE–F plot (Fig. 4) (Birch 1978). The two 
variables, F and fE, are defined as:

and

F =

P

3fE(1+ 2fE)
5

2

,

fE =

1

2

[

(

V0

V

)
2

3

− 1

]

.

The third-order Birch–Murnaghan equation of state can 
then be rewritten as:

so that the slope of the line defined by the experimental 
data should be equal to 3/2KT0 (K

′

T0 – 4), and the intercept 
value is the isothermal bulk modulus. Accordingly, a slope 
of zero means K ′

T0 = 4, a negative slope K ′

T0 < 4, and a 
positive slope K ′

T0 > 4. Figure 4 clearly suggests that the 
K ′

T0 of the qandilite is close to 4, justifying our EoS fit.
The values of the two refined variables KT0 and K ′

T0 are 
strongly correlated (Angel 2000), and this correlation must 
be evaluated when comparing a set of parameters of the 
equation of state determined by a least-squares refinement. 
To visualize the correlation between these parameters, it 
is usual to make use of a series of confidence ellipses in 
the parameter space, in which the axes x and y represent 
the values of KT0 and K ′

T0, respectively (Bass et al. 1981). 
This approach has been followed in our study. Figure 5 dis-
plays the confidence ellipses for the qandilite correspond-
ing to the 68.3 and 90  % confidence levels (see Angel 
(2000) for details). The ellipses for the qandilite strongly 
elongate with negative slopes, reflecting the negative cor-
relation between the KT0 and K ′

T0 parameters (Fig. 5). The 
inner ellipse represents an area in which the KT0 and K ′

T0 
parameters locate to the 68.3 % confidence level (e.g., the 
probability of the true values of KT0 and K ′

T0 to lie in that 
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area), and the outer one is for the confidence level of 90 %. 
Considering the 90 % confidence ellipse, the KT0 value of 
the qandilite can vary in the range 163–188 GPa with the 
K ′

T0 value spanning 1.7–5.3, which thus verifies our data 
fitting process.

The KS0 of the qandilite was once determined as 
152(7)  GPa by using an ultrasonic pulse echo method 
(Liebermann et al. 1977), about 12 % smaller than our KT0 
value if we ignore the small difference between the KS0 and 
KT0. The primary reason for the relatively small KS0 is that 
the velocity data were taken at pressures up to 0.75  GPa 
only. As illustrated by Rigden et al. (1988) and Rigden and 
Jackson (1991), this magnitude of experimental pressure 
may have led to underestimate of the porosity of the poly-
crystalline specimen, then underestimate of the velocities, 
and eventually underestimate of the KS0. On the other hand, 
our experimentally obtained KT0 value is in excellent agree-
ment with the empirical estimate of Hazen and Yang (1999; 
169  GPa), which was based on consideration of crystal 
chemical systematics of the spinels.

Similar to the qandilite, the ulvöspinel is also an 
inverse 4–2 spinel, with the structural formula of 
T(Fe2+)M(Fe2+Ti4+)O4. In spite of a sharp contrast in the 
values of the bulk modulus among the early experimental 
determinations (Syono et  al. 1971; Yamanaka et  al. 2009, 
2013; Table 2), the most recent high-P compression experi-
ments accurately constrained its isothermal bulk modulus 
as ~148(4) GPa (K ′

T0 fixed as 4; Xiong et al. 2015). There-
fore, the isothermal bulk modulus of the qandilite is ~16 % 
larger than that of the ulvöspinel. The exact variation pat-
tern of the isothermal bulk modulus of the spinel solid solu-
tions along the Mg2TiO4–Fe2TiO4 join is presently unclear 
though.

The very different isothermal bulk moduli between the 
qandilite and ulvöspinel are mostly caused by the Mg–Fe 

substitution on the T sites of the 4–2 spinels. As outlined 
by their structural formulas, the Mg–Fe substitution occurs 
on both the T sites and the M sites. Since the variation rates 
with the change of pressure of the Mg2+–O and Fe2+–O 
bond lengths on the M sites of the spinels are essentially 
identical, 47 ×  10−4 Å/GPa (Hazen and Yang 1999), the 
effect of the Mg–Fe substitution on the M sites of the 
spinels on the bulk modulus should be much negligible. 
As an example, the ringwoodite solid solutions along the 
Mg2SiO4–Fe2SiO4 join, normal 4–2 spinels with the Mg–Fe 
substitution occurring on the M sites only, show little vari-
ation in their bulk moduli (KS0 = 185.0(1) + 7.0(1) × XFe, 
where XFe is the atomic ratio Fe/(Fe +  Mg) of the ring-
woodites; Liu et  al. 2015). In contrast, the variation rates 
with the change of pressure of the Mg2+–O and Fe2+–
O bond lengths on the T sites are 46 ×  10−4 Å/GPa and 
49 ×  10−4 Å/GPa, respectively (Hazen and Yang 1999). 
That is to say, the MgO4 tetrahedra are relatively harder to 
compress than the FeO4 tetrahedra, resulting in a larger iso-
thermal bulk modulus for the qandilite.
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