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ABSTRACT

In the last few decades, for estimation of the original equilibrium conditions of the mantle and deep crustal rocks, several
empirical as well as synthetic thermometers have been proposed. Various types of rocks from earth, moon or meteorites
contain two coexisting pyroxenes. Petrologists have long recognised the potential of coexisting high Ca and low Ca
pyroxenes to yield thermometric calculations. Several models have been proposed for two pyroxene thermometers in
the last few decades. The authors have compared ten models of two pyroxene thermometers proposed since 1973. Sixty
one (61) sample data of granulites from the global literature were collected and processed through the “Opx-Cpx.EXE”
software. We conclude that three models are the most valid and reliable of this kinds of thermometers: Kretz (1982),
Bertrend and Mercier (1985) and Nickel and Green (1985).
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INTRODUCTION

Accurate calculation of metamorphic pressure temperature
conditions is crucial to understand tectono-metamorphic
evolution of a metamorphic terrane. Several thermobarometers
have been proposed in the last few decades for a range
of temperatures and pressures. Use of mono-equilibrium
geothermobarometers (e.g. Ferry and Spear, 1978; Holdaway,
2001) or multi-equilibria geothermobarometers (e.g. Berman,
1991; Powell and Holland, 1994) have always been of major
focus. In recent years, great progress have been made in trace
element geothermometry, such as Ti in quartz thermometer
(Thomas et al., 2010; Wark and Watson, 2006; Wark et al.,
2004); Ti in zircon thermometer (Watson, et al., 2006; Ferry
and Watson, 2007).

Variety of rock types from the earth, moon and meteorites
contain two coexisting pyroxenes. Long back, petrologists
have recognised the potential of coexisting high Ca and low
Ca pyroxenes to yield thermometric calculations. Several
models for two pyroxene (Opx-Cpx) thermometers have been
proposed in recent decades. Numerous thermobarometric
studies undertaken over the last few decades led to the
development of a range of thermometers and barometers, such
as garnet-clinopyroxene thermometry (Johnson et al., 1983;
Fu et al., 1998), garnet-orthopyroxene thermometry (Thomas
et al., 2018), garnet - biotite thermometry (Thomas and Rana,
2019), garnet - cordierite thermometry (Thomas et al., 2020),
garnet - hornblende thermometry (Thomas and Rana, 2020).

The study of two pyroxene (Opx - Cpx) thermometry is based
on exchange of enstatite component between orthopyroxene
and clinopyroxene having a long history (Boyd, 1973; Wood
and Banno, 1973; Saxena and Nehru, 1975; Saxena, 1976;
Wells, 1977; Kretz., 1982; Lindsley, 1983; Gasparik, 1984;
Brey and Kohler, 1990; Taylor, 1998) and till date we now have
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several versions of two pyroxene thermometers as tabulated
in Table 1 e.g. Putirka (2008), Nimis and Grutter (2010) of
this geothermometer. Presence of such several versions of
geothermometer underscores the need to emphasize the
importance of carefully evaluating the thermometer's accuracy
and precision. In order to recommend the best calibration
for geologists, the authors have compared ten models of two
pyroxene thermometers proposed since 1973.

Two pyroxene thermometers

The pyroxene minerals due to their widespread occurrence
and great structural and chemical variability are perhaps the
most important and interesting of all rock forming minerals
(Kretz, 1962). The miscibility gap between orthopyroxene and

Table 1: Models used and their suitable system.

Model Suitable system
Wood and Banno (1973) Is\i,zttl;fll assemblage two pyroxene
Wells (1977) Natural assemblage
Kretz (1982) Ultramafic system
Nickel and Brey (1984) Ca0-MgO-SiO, system
Nickel and Green (1985) Ca0-Mg0-AlO,-SiO, system
gegr;rsa/ré%)a nd Mercier Peridotitic system
Brey and Kohler (1990) Peridotitic system
Taylor (1998) Peridotitic system
Putirka (2008) Mafic system
Nimis and Grutter (2010) Natural system
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clinopyroxene is the basis of widely used geothermometers
for deep-seated mantle rocks and high grade crustal
terrains, mainly granulites and garnet peridotites. Its correct
determination is thus crucial for estimating pressure temperature
distributions in the earth’s crust and mantle. Quantification of
orthopyroxene-clinopyroxene Fe-Mg equilibrium is widely
applied thermometer for granulite, and granulitised eclogite
facies assemblages as well as garnet peridotites, whereas
the distribution of the Fe™ and Mg between coexisting
orthopyroxene and clinopyroxene is expressed by the reaction

(Eq. D).
Mg Si,0, (Opx) = Mg,Si, 0, (Cpx) (1)

The authors have summarized below the two pyroxene
thermometers used in this comparative study:

Wood and Banno (1973): Wood and Banno (1973) proposed
an empirical approach to take an account of Fe?* on the
orthopyroxene-clinopyroxene miscibility gap in natural system
in order to calculate equilibration temperature of two pyroxene
thermometer formulating the Equation 2.

op ~10202
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W ere’ D — (XMIXMZ)O x
Mg*mg)OP

Wells (1977): Wells (1977) considered solid solutions and a
semi-empirical equation of state extracted from the available

experimental data for the diopside-enstatite miscibility gap.
This equation successfully reproduces the miscibility gap over
a temperature range of 800°C to 1700°C and is apparently
also applicable to aluminous pyroxenes in the system CaSiO,-
MgSiO,-Al O, giving the Equation 3.
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Kretz (1982): Kretz opined that the differences in the chemical
composition of metamorphic and igneous pyroxene minerals
may be attributed by a transfer reaction, which determines the
Ca content of the minerals, and an exchange reaction, which
determines the relative Mg/Fe?* ratios. Equation 4 is for the
temperature - dependence of the Mg-Fe distribution coefficient.
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Nickel and Brey (1984): Nickel and Brey (1984) gave a
regular solution model with two independent regular solutions
for Opx and Cpx capable of reproducing experimental data in
the system CaO-MgO-SiO, over a large range of temperature
and pressures. The stability region is valid for Fe-free low-Ca
pyroxene (Eq. 5, 6).

7 Opxy2 _ _ Cpxy2
TA(°K) _ [ 7 P(Kbar)*0.06188+34*(XDi )%2—(21.905 P(Kbar)*0.05229)*(XDi )] )
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1
Cpx
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XEn
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Nickel and Green (1985): They proposed a thermometer for
co-existing orthopyroxene and clinopyroxene in the CMAS
system, at 1000°C to 1570°C and 30 kbar — 50 kbar conditions

(Eq. 7).
T(°C) = [1616.67 + 287.935 * InKp, + 2.933P(Kbar)]
(1-Al/2)*(1-Ca)Px

(M

where, Kp =
(1-Al/2)*(1-Ca)oP>

Bertrand and Mercier (1985/86): This geothermometer is
directly applicable to the natural system as illustrated by the
remarkable agreement between the experiment conditions and

the calculated temperatures for re-equilibration experiments
on natural systems of CMS and CMAS systems (Eq. 8).

[36273+399+P(Gpa)] 8
[e] —_
TCK) = ! _— ®)
[19.31—8.314*an ~12.15(Cagpy) ]
1- Calpx
Where, KD = m

Brey and Kohler (1990): This thermometer can be applied
both to the CMS and the natural system experiments which
may indicate that Fe and Na have counter balancing effects on
the Ca content of orthopyroxene (Eq. 9, 10).
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[35000+61.5%xP(Kbar)] (10)
(o] —_—
Tg(°K) = [(InDyga)2+19.8]

Taylor (1998): This thermometer model is modified form of
the Brey and Kohler (1990) is based on mineral chemical data
from a series of P-T, fo, controlled fluid-saturated experiments
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in the range of P=1.0 to 3.5 Gpa and T = 1050 to 1260°C. It is
applicable to a wide range of fertile peridotitic compositions

(Eq. 11).

[24787+678+P(GPa)]

oK) — 11
TCK) [15.67+14.37+TiCPX+3.69+FeCPX~3.25+X¢s+(InKp)?] an
alp
where, Kp = =~
aOpx

Putirka (2008): Introduced two-pyroxene thermometer for
mafic systems based on the partition of enstatite + ferrosilite
between orthopyroxene and clinopyroxene by using a new
global regression model (Eq. 12, 13).

Tpy (°C) = = (12)
11.2—1.96*1n<xgg§5> 3.3%(XEP¥)-25.8+(XCPE ) +33.2+(XpP")-.
EnFs
236 (XgP) - 2.08 + (XpP) — 8.33 = (XpP*) - 0.05 « P(Kbar)
10000
sz(oc) = Cpx (13)
13.4-3. 4*ln< E‘I‘,FS>+5 59+(Xyhr )—8.8+(Mg#CPX)+23.85+(XpP™ )
EnFs
+6.48 * (Xpb o, ) — 2:38 + (XGP™) — 0.044 + P(Kbar)
EnFsCP*
Where, KD = EnFsOpx

Nimis and Grutter (2010): They worked to improve the
internal consistency between two-pyroxene and Ca-in Opx
models of Brey and Kohler (1990) for temperature of mantle
derived rocks and proposed the following empirical correction
(Eq. 14).

T(°C) = [~628.7 + 2.0690 * (TBK) — 4.530 « 10~* « (TBK)?] ~ (14)
1- CaCPx

Where, KD = m
RESULT AND DISCUSSION

Sixty-one pairs of data for orthopyroxene (Table 2) and for
clinopyroxene parameters (Table 3) respectively in specific
format were processed for the validation of the software
(Thomas, 1994) and different models of orthopyroxene -
clinopyroxene pair and the results are shown in Table 4 along
with the calculation of temperatures of different models.

The relationship of InK  and inverse of temperature has been
checked for the ten models and the regression coefficient based
on the best fit lines has been calculated. This method has been
used to check the dependence of temperature on elemental
partitioning and distribution coefficient tabulated in Table 5
The plots of InK | vs 1/T are shown in Figures 1 to 10.
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Since the advent of geothermobarometry in metamorphic
petrology, proper evaluation of metamorphic temperatures
has been a matter of discussion. Various methods were
used to determine precise temperatures. Some researchers
determine temperature by averaging the results from all
applicable thermometers. Additionally, a small number of
researchers also used consensus peak temperature in which a
temperature is chosen where the spreads in temperatures from
each thermometer overlap. Averaging results from different
thermometers can be completely unjustified yielding only an
approximation of temperature, although the use of consensus
temperature is feasible for evaluating temperature variation
within a terrane. With the above considerations, the present
study attempted to evaluate the accuracy of ten models taking
each separately and checking the regression and scattering
of temperature values. Considering the regression plots of
various models of two pyroxene thermometer, the dependency
of Inkd versus inverse of temperature have shown that the
maximum regression values are shown by the following
models: Kretz (1982), Bertrend and Mercier (1985) and Nickel
and Green (1985). This shows that the best fit line for the range
of temperature calculated for these models are showing the
maximum linear values within a shorter range of temperature
variation for each model.
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Table 2: Data of orthopyroxene parameter of different rock samples by different researchers.

Data of different researchers (Xz;l opx (XZ; ov X,F,‘;, . ngx Cappe | a( En)o%* | 4 lg}nx A lgipx XZZ;S ngx Xl())ipx X;J};x ngx
Appel et al. (1998) 0.622 0.615 | 0365 |0.984] 0.02 0.904 0.04 | 004 | 0975 | 0615 | 0.016 | 0.007 | 0.001
Baldwin et al. (2003) 0.581 0575 | 0413 | 1 0 0.941 003 | 001 | 0977 | 0573 | 0 | 0.008 | 0.006
Barnicoat (1983) 0.564 0552 | 0431 [0.982] 0.02 0.941 002 | 002 | 0963 | 0544 | 0.018 | 0.012 | 0.001
Barth and May (1992) 0.523 0.505 | 0472 [0.972] 0.029 0.924 0.028 | 0018 | 0951 | 0498 | 0.028 | 0.016 | 0
Brodie (1995) 0.77 079 | 0.194 | 0987 0.02 0.788 012 | 009 | 088 | 0709 | 0.013 | 0.002 | o
Carney et al. (1991) 0.546 047 | 0454 |0.885] 0.13 0.853 0.02 0 | 0842 | 0457 | 0115 | 0007 | 0
Cooke (2000) 0.6 0.583 | 0.396 [0.979| 0.025 0.945 0.016 | 0014 | 096 | 0577 | 0.021 | 0.009 | 0
Cruciani et al. (2012) 0.516 0493 | 0487 | 098 | 0.02 0.96 0.02 0 1013 | 0477 | 0.02 | 0019 | 0.001
Daczko and Halpin (2009) 0.593 0599 | 0382 [0.992] 0.01 0.805 012 | 008 | 0916 | 0561 | 0.008 | 0.02 | 0.001
Yoshida et al,(2004) 0.899 0.909 | 0.085 |0.996| 0.007 0.902 0.056 | 0.021 | 0976 | 0.893 | 0.004 | 0 0
Dasgupta ct al. (1992) 0.785 0718 | 0211 [0.925] 0.05 0.903 0.04 | 001 | 0929 | 0298 | 0.075 | 0.038 | 0
Ellis and Green (1985) 0.667 0.679 03 098] 0019 0.798 0.098 | 0.1 | 0878 | 0611 | 0.014 | 0.011 | 0
El-Shazly et al (2011) 0.559 0.564 | 0424 [0.991] 0.01 0.84 009 | 007 | 0921 | 0527 | 0.009 | 0.01 0
Elvevold et al (2003) 0.786 0782 | 0202 [0.994| 0.01 0.922 004 | 003 | 0958 | 0.755 | 0.006 | 0.011 | 0.003
Joshi et al. (1993) 0.597 0.58 | 0.403 [0.988] 0.015 0.984 0 0 | 0963 | 0573 | 0.012 | 0.008 | 0
Engvik et al., (2007) 0.569 0.555 | 0422 [0982] 0.02 0913 0.04 | 003 | 095 | 0541 | 0.018 | 0.02 0
Gallien et al., (2012) 0.766 0.746 | 0223 | 0.98 | 0.03 0.876 006 | 003 | 0935 | 0724 | 002 | 0011 | 0.001
Garde (1990) 0.55 0.524 | 0442 [0.972] 0.03 0.904 0.04 | 003 | 0941 | 0516 | 0.028 | 0.028 | 0
Goto and Bano (1990) 0.742 0759 | 0222 [0.991] 0.014 0.8 0.107 | 0.089 | 0.899 | 0.696 | 0.009 | 0.009 | 0
Grant (1989) 0.734 0.749 | 0244 0993 ] 0.01 0.867 007 | 006 | 0925 | 0679 | 0.007 | 0.004 | 0
Griffin et al. (1979) 0.601 0.601 | 0.387 [0.984] 0.019 0.933 0.01 | 0039 | 0942 | 0577 | 0.016 | © 0
Harley (1988) 0.382 0.355 | 0.617 |0.936| 0.051 0.891 0.053 | 0002 | 0953 | 0361 | 0.064 | 0.02 | 0.002
Jamtveit et al. (1991) 0.848 0.839 | 0.152 [0.994] 0.01 0.97 0 002 | 098 | 0.828 | 0.006 | 0.004 | 0
é%rgg)msman and Parkinson 0.92 0902 | 0098 | 1 0 0.941 003 | 003 | 0952 | 0858 | o0 | 0005 | o0
Liangzhao and Jenkins (1993) 0.583 0.571 | 0417 [0.991] 0.01 0912 0.08 0 1002 | 058 | 0.009 | 0.006 | 0.004
Loock et al. (1990) 0.675 0.664 | 0.309 |0.982] 0.025 0.872 0.062 | 0043 | 0935 | 0.642 | 0.018 | 0.011 | 0.003
Lucassen and Franz (1996) 0.613 058 | 0.383 |0.975| 0.03 0.951 001 | 001 | 0953 | 0584 | 0.025 | 0.02 | 0.001
Mahan et al. (2008) 0.623 0611 | 0377 [0.992] 0.01 0.931 0.06 0 099 | 0614 | 0.008 | 0.01 0
Marschall et al. (2003) 0.488 0469 | 0.507 [0.973] 0.026 | 0906 0.044 | 0023 | 0949 | 0459 | 0.027 | 0.021 | 0.002
Muhling (1990) 0.637 0.625 | 0.355 [0.987] 0016 | 0926 0.034 | 0024 | 0963 | 0613 | 0.013 | 0.014 | 0.0
Muhongo and Tuisku (1996) 0.629 0623 | 0357 0984 ] 0.02 0.865 0.078 | 0038 | 0949 | 0.607 | 0.016 | 0.008 | 0.002
Raith et al. (1983) 0.492 0486 | 0499 [0.981] 0.019 0.934 0.011 | 0035 | 0938 | 0467 | 0019 | 001 0
Rao ct al. (1997) 0.476 0463 | 0.523 [0.976| 0.022 0.942 0020 | 0 | 0922 | 0438 | 0.024 | 0.006 | 0.002
Sengupta ct al (1999) 0.765 0769 | 0.207 [0.987] 0.02 0.002 191 | 005 | 1.005 | 0779 | 0.013 | 0.007 | 0.001
Sharma et al. (1987) 0.647 0.578 | 0.365 |0.936| 0.083 0.897 0008 | 0 | 0902 | 0571 | 0.064 | 0.007 | 0
Stephenson (1984) 0.481 0448 | 0.519 [0.965] 0.033 0917 0049 | 0 | 0943 | 0445 | 0035 | 0.035 | 0
Stuwe and Powell (1989) 0.461 0477 | 0.514 [0.994 ] 0.005 0.834 0.065 | 0.095 | 0.868 | 042 | 0.006 | 0.007 | 0.006
Stuwe and Powell (1989) 0.409 0397 | 0591 | 098 | 0.016 | 0984 0 0 | 0927 | 0377 | 002 | 0014 | o0
Tong and Wilson (2006) 0.553 0.533 | 0447 | 0.98 | 0.021 0.864 0.118 0 | 0918 | 0504 | 002 | 0015 | o0
Ulianov and Kalt (2006) 0.842 0.828 | 0.142 [0.994] 0.011 0.92 0.033 | 0034 | 0972 | 0.834 | 0.006 | 0.002 | 0.003
Warren ct al. (2012) 0.612 0.593 | 0.388 [0.983] 0.02 0.903 0.08 0 | 0971 | 0568 | 0.017 | 0.014 | 0.001
William et al. (2000) 0395 0381 | 0.603 |0.963| 0.03 0.932 003 | 001 | 0949 | 0375 | 0.038 | 0.012 | 0.002
Zheng et al. (2006) 0.584 0.564 | 0.407 |0.971] 0.033 0.795 0.062 | 0031 | 0941 | 0542 | 0.029 | 0.016 | 0.001
Thomas (2005) 0.597 0.584 | 0403 [0.988] 0.014 | 0941 0.045 0 | 0963 | 0573 | 0.012 | 0.008 | 0
Groppo et al. (2007) 0.485 0475 | 0.505 [0.979] 0.02 0.941 0 0.04 | 0958 | 0469 | 0.021 | 0019 | 0
St-Onge and Lucas (1995) 0.501 0483 | 0487 | 097 | 003 0.922 0 005 | 091 | 0463 | 003 | 0025 | 0
Attoh (1998) 0.585 0597 | 0403 | 1 0 0922 0.04 | 004 | 0959 | 0572 | 0 | 0011 | 0.003
Baba (1998) 0.631 0.628 | 0359 [0.992] 0.01 0.904 006 | 003 | 0966 | 0.616 | 0.008 | 0.014 | 0.004
Janak et al. (2006) 0.884 0.888 | 0.103 [0.994| 0.01 0.922 003 | 004 | 0949 | 0.852 | 0.006 | 0.003 | 0
Jones and Escher (2002) 0.612 0.6 0388 0991 0.01 0.794 0.2 0 | 0854 | 052 | 0009 | 0014 | 0
Klonowska et al. (2015) 0.91 0914 | 0.077 [0.995] 0.01 0.932 0.03 | 003 | 0961 | 0.887 | 0.005 | 0.001 | 0
Lamb ct al. (1986) 0.437 0423 | 0.558 | 097 | 0.027 0.926 0.023 | 0024 | 0946 | 0423 | 003 | 0016 | 0
Palmeri et al. (2007) 0.88 0.871 | 0.116 |0.995| 0.008 0.954 0.028 | 0.004 | 098 | 0.86 | 0.005 | 0.002 | 0.005
St-Onge and Lucas (1995) 0.519 0511 | 0468 | 098 | 0.02 0.931 0 0.05 | 0915 | 0483 | 002 | 0021 | 0
Ackermand et al. (1987) 0.663 0.636 | 0337 [0.984] 0.02 0.928 0.05 0 | 0979 | 0.626 | 0.016 | 0.022 | 0.001
Liogys and Jenkins (2000) 0.567 053 | 0432 0976 0.027 0.941 0020 | 0 | 0337 | 0014 | 0024 | 0.045 | 0
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Data of different researchers (Xz;] opx (XZ; opx X562, | XOPX | Cagy, | a(En)OPx | AIOP* | AIOP* | x9Px | XOPX | XOP¥ | XOP | x9PX

?f;lg‘g;’padhyay and Bhattachrya | o5 0447 | 0.535 [0.967| 0.03 0.941 0.03 0 1012 | 0434 | 0033 | 0.012 | 0.002

Bohlen and Essene (1978) 0.577 0.558 | 0.423 [0.985] 0.017 0.955 0027 | 0 | 0954 | 0538 | 0.015 | 0.017 | 0.001

Tenthorey et al. (1996) 0.864 0.869 | 0.122 [0.994] 0.01 0.904 006 | 003 | 096 | 084 | 0.006 | 0.005 | 0.001

Thost et al. (1991) 0.637 0.646 | 034 [0992] 0.01 0.857 007 | 007 | 0925 | 0605 | 0.008 | 0.014 | 0

Bohlen and Essene (1979) 0.247 023 | 0753 [0923] 0.039 0.933 0.025 0 | 0933 | 0227 | 0.077 | 0.031 | 0.002
Table 3: Data of clinopyroxene parameter of different rock sample by different researchers.

Dataofdifferent o) Tty Twgee | wgee [ cate | ae Jawore e | e | agzs [ e, | wer
Appel et al. (1998) 0723 | 0.046 | 0235 | 047 | 0819 | -001 | 0.054 | 0.05 0.05 | 0.085 | 0001 | 0877
Baldwin et al. (2003) 0.754 0.054 | 0231 | 0468 | 0.814 0 0.065 0.04 0.02 0.078 0.001 0.905
Barnicoat (1983) 0.706 0.03 0.253 | 0451 | 0.832 -0.01 0.037 0.02 0.05 0.052 0 0.899
Barth and May (1992) 0.656 0.072 0.318 | 0455 | 0.726 0.021 0.1 0.057 0.048 0.117 0 0.86
Brodie (1995) 0.803 0.017 0.136 | 0.45 0.911 0.04 0.014 0.19 0.09 0.03 0 0.94
Carney (1991) 0.621 | 0.115 | 0363 | 0477 | 0.634 | -0.01 | 0.164 | 0.04 002 | 0.176 0 0.788
Cooke (2000) 0.715 0.068 0.249 | 0468 | 0.779 0.023 0.083 0.047 0.06 0.092 0 0.869
Cruciani et al. (2012) 0.683 0.035 0.3 0.435 | 0.789 -0.01 0.057 0.03 0.01 0.08 0.001 0.909
Daczko and Halpin (2009) 0.589 0.034 0311 | 0.434 | 0.776 0.03 0.044 0.11 0.16 0.132 0 0.812
Yoshida et al. (2004) 0.807 0.033 0.067 | 0.502 | 0.927 0.009 0.03 0.019 0.118 0.044 0.011 0.834
Dasgupta et al. (1992) 0.427 0.052 0.569 | 0.353 | 0.577 0.02 0.126 0.07 0.02 0.135 0 0.864
Ellis and Green (1985) 0.747 0.054 0211 | 0437 | 0.826 0.106 0.05 0.184 0.102 0.066 0.002 0.942
El-Shazly et al. (2011) 0.568 0.498 0.336 | 0.871 | -0.002 0.11 0.565 0.06 0.19 0.736 0.003 0.153
Elvevold et al. (2003) 0.897 0.036 | 0.098 | 0.492 | 0911 -0.01 0.039 0.02 0 0.047 0.002 0.951
Joshi et al. (1993) 0.706 | 0.069 | 027 | 046 | 076 | -0.067 | 0.096 0 0 0.079 0 0.853
Engvik et al. (2007) 0.684 0.064 | 0.284 | 0.444 | 0.753 -0.01 0.086 0.1 0.04 0.119 0.001 0.855
Gallien et al. (2012) 0.837 0.034 | 0.141 | 0472 0.88 0.05 0.041 0.13 0.05 0.065 0.003 0.95
Garde (1990) 0.636 0.054 | 0.323 | 0438 | 0.745 0.02 0.079 0.05 0.07 0.092 0 0.862
Goto and Bano (1990) 0.765 0.036 | 0.168 | 0.459 | 0.867 0.081 0.036 0.121 0.113 0.06 0.004 0913
Grant (1989) 0774 | 0.024 | 0.206 | 0.463 | 0.867 | -0.01 | 0.028 | 0.04 0.02 0.07 0 0.936
Griffin et al. (1979) 0.712 0.069 0.244 | 0467 | 0.782 0.001 0.081 0.051 0.059 0.083 0 0.859
Harley (1988) 0.479 0.066 | 0.505 | 0.389 | 0.604 0.029 0.126 0.071 0.048 0.144 0 0.839
Jamtveit et al. (1991) 0.762 0.053 0.12 0.5 0.872 0.01 0.052 0 0.12 0.058 0.007 0.814
é?)rgg)msman and Parkinson |, 267 | 0102 | 0076 | 0.528 | 0836 | 008 | 0.087 0 0.14 | 0094 | 0017 | 0755
Liangzhao and Jenkins
(1993) 0.609 0.012 0382 | 0.42 0.779 -0.03 0.027 0.1 0 0.107 0 0.942
Loock et al. (1990) 0.698 0.048 0245 | 045 0.808 0.051 0.052 0.125 0.101 0.081 0 0.883
Lucassen and Franz (1996) 0.778 0.032 0.206 | 0.456 | 0.846 -0.02 0.046 0.06 0.01 0.068 0 0.925
Mahan et al. (2008) 0.711 0.052 0.26 | 0.464 | 0.798 0 0.064 0.05 0.04 0.087 0.002 0.886
Marschall et al. (2003) 0659 | 0.059 | 0318 ] 0442 | 0.743 | -0.003 | 0.088 | 0.043 | 0.029 0.1 0 0.873
Muhling (1990) 0.725 0.047 0235 0459 | 0.814 0.005 0.06 0.038 0.055 0.07 0 0.886
Muhongo and Tuisku (1996) | 0.654 0.042 0.284 | 0452 | 0.791 0.008 0.05 0.095 0.091 0.091 0 0.855
Raith et al. (1983) 0.539 0.055 0.41 | 0.409 | 0.692 0.029 0.085 0.021 0.1 0.086 0 0.831
Rao et al. (1997) 0.486 0.196 | 0.488 | 0.527 0.36 0.057 0.336 0.056 0.076 0.376 0.001 0.59
Sengupta et al. (1999) 0.886 | 0.046 | 0.087 | 0.475 | 0.896 | 0.04 | 0.047 | 0.17 0.05 0.09 | 0001 | 0933
Sharma et al. (1987) 0.782 0.228 0.193 | 0.579 0.61 0.014 0.257 0.062 0 0.282 0.018 0.689
Stephenson (1984) 0.613 0.063 0.373 | 0.43 0.698 | -0.003 0.105 0.06 0.021 0.103 0 0.871
Stuwe and Powell (1989) 0.604 0.043 0.347 | 0416 | 0.739 | -0.001 0.065 0.067 0.037 0.057 0 0.903
Stuwe and Powell (1989) 0.571 | 0.073 | 0429 | 0399 | 0.65 0 0.137 0 0 0.075 0 0.913
Tong and Wilson (2006) 0.651 0.06 0337 | 041 0.739 0.035 0.077 0.151 0.033 0.07 0.001 0.927
Ulianov and Kalt (2006) 0.749 0.051 0.11 | 0485 | 0.877 0.076 0.044 0.092 0.196 0.065 0 0.819
Warren et al. (2012) 0.732 0.052 0.253 | 0444 | 0.792 -0.02 0.071 0.1 0.01 0.104 0 0.897
William et al. (2000) 0.512 0.042 0.472 | 0.392 | 0.681 -0.04 0.073 0.08 0.01 0.116 0 0.885
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D | (), ()| X | x| Coige | a0 A |G| x| X | X
Zheng et al. (2006) 0.657 0.064 | 0.302 | 0.442 | 0.747 | 0.018 0.084 0.077 0.067 0.116 0 0.852
Thomas (2005) 0.702 0.069 0.27 | 0.46 0.76 | -0.056 | 0.088 0.077 0.011 0.079 0 0.853
Groppo et al. (2007) 0.697 0.035 | 0.303 | 0.421 | 0.799 0 0.048 0.04 0 0.031 0 0.969
St-Onge and Lucas (1995) 0.633 0.061 | 0.326 | 0.424 | 0.735 0.06 0.091 0 0.09 0.07 0.002 0.873
Attoh (1998) 0.571 0.028 | 0.308 | 045 | 0.798 | -0.03 0.031 0.08 0.16 0.083 0 0.771
Baba (1998) 0.698 0.129 | 0.284 | 0.509 | 0.675 0.01 0.161 0.07 0.03 0.202 0.001 0.796
Janak et al. (2006) 0.841 0.145 | 0.096 | 0.534 | 0.789 0.1 0.127 0.1 0.11 0.16 0.002 0.821
Jones and Escher (2002) 0.468 0.048 | 0.351 | 0.358 | 0.626 | -0.03 0.098 0.1 0 0.09 0 0.864
Klonowska et al. (2015) 0.94 0.058 | 0.041 0.5 0.92 0.04 0.057 0.01 0.04 0.029 0.002 0.943
Lamb et al. (1986) 0.575 0.055 | 0.405 | 0.413 | 0.697 | 0.011 0.09 0.056 0.039 0.113 0 0.873
Palmeri et al. (2007) 0.869 0.047 | 0.089 | 0.5 0.901 | 0.006 0.046 0.007 0.049 0.042 0.002 0.908
St-Onge and Lucas (1995) 0.616 0.026 | 0.351 | 0.401 | 0.773 0.02 0.043 0.07 0.06 0.039 0.002 0.906
Ackermand et al. (1987) 0.757 0.062 022 | 047 | 0.798 0 0.083 0.05 0.03 0.103 0 0.89
Liogys and Jenkins (2000) 0.685 0.021 | 0.291 | 0.455 | 0.809 | -0.068 | 0.041 0.042 0 0.085 0 0.889
ﬁﬁiﬁ?ﬁiﬂ%é‘?ﬁi 0.578 | 0065 | 0413 | 0415 | 0672 | 001 | 0111 | 006 | 001 | 0133 0 0.868
Bohlen and Essene (1978) 0.704 0.057 0.27 | 0444 | 0.776 | 0.015 0.077 0.044 0.044 0.098 0 0.888
Tenthorey et al. (1996) 0.902 0.038 0.06 0.5 0.929 0.04 0.033 0.08 0.06 0.057 0.001 0.938
Thost et al. (1991) 0.716 0.09 0.25 | 0463 | 0.746 0.09 0.041 0.09 0.09 0.106 0 0.869
Bohlen and Essene (1979) 0.387 0.221 | 0.606 | 0.497 | 0.103 | -0.036 | 0.568 0.011 0 0.088 0 0.895

Table 4: Data of the calculated temperature T (°C) of different rock samples by different researchers.
‘Zz(()ld Wells Kretz Nickel N:;I((iel Bertram.l Brey and Taylor | Putirka Nimis and
and Brey and Mercier | Kohler Grutter
Data of different researchers Banno | (1977) (1982) (1984) Green (1985/86) (1990) (1998) | (2008) (2010)
(1973) (1985)

T'(c) T(c) T'(c) T(c) T(c) T'(c) T'(c) T() | T(o) T(c)
Appel et al. (1998) 821 824 725 1246 1031 1182 686 765 926 577
Baldwin et al. (2003) 835 861 559 1225 942 1180 683 796 864 574
Barnicoat (1983) 761 761 589 1255 976 1162 584 661 794 425
Barth and May (1992) 851 904 706 1266 1075 1293 759 889 883 681
Brodie (1995) 777 692 950 1249 877 983 516 512 787 318
Carney (1991) 920 1005 1008 1357 1225 1423 876 978 1012 836
Cooke (2000) 862 894 677 1253 1052 1238 761 854 877 683
Cruciani et.al. (2012) 771 790 597 1263 948 1223 631 755 823 497
Daczko and Halpin (2009) 766 753 1105 1248 1150 1233 695 740 894 591
Yoshida et al. (2004) 906 776 1208 1218 1108 928 697 651 845 593
Dasgupta et al. (1992) 826 760 923 1332 1084 1394 702 890 825 601
Ellis and Green (1985) 866 857 884 1255 872 1170 732 797 862 643
El-Shazly et al. (2011) 1133 1359 1008 1294 1575 1636 1044 1183 1025 1038
Elvevold et al (2003) 870 808 563 1225 782 981 649 705 828 523
Joshi et al. (1993) 857 889 747 1245 1124 1252 772 855 847 699
Engvik et al. (2007) 847 882 742 1257 1095 1262 759 862 880 681
Gallien et al. (2012) 848 793 794 1250 780 1072 695 724 880 590
Garde (1990) 818 846 844 1271 1074 1276 736 840 824 648
Goto and Bano (1990) 844 787 1054 1241 934 1093 687 720 858 579
Grant (1989) 887 727 508 1236 836 1092 527 630 883 336
Griffin et al. (1979) 863 893 687 1249 1091 1231 762 852 882 685
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‘Zﬁ((]id Wells Kretz Nickel N;;l((iel Bertran(.l Brey and Taylor | Putirka Nimis and
and Brey and Mercier | Kohler Grutter
Data of different researchers Banno | (1977) (1982) (1984) Green (1985/36) (1990) (1998) | (2008) 2010)

(1973) (1985)

T(c) T(c) T(c) T(c) T(c) T(c) T(c) T(c) | T(c) T(c)
Harley (1988) 824 889 898 1322 1120 1389 736 916 881 648
Jamtveit et al. (1991) 920 839 1167 1221 1147 1082 803 760 853 741
Kardarusman and Parkinson (2000) 1056 959 1173 1202 1210 1146 999 920 943 986
Liangzhao and Jenkins (1993) 662 626 1460 1252 830 1229 527 579 924 335
Loock et al. (1990) 838 823 1099 1256 1018 1201 735 760 879 648
Lucassen and Franz (1996) 785 780 547 1262 919 1142 635 715 824 503
Mahan et al. (2008) 828 838 803 1238 999 1206 707 795 869 608
Marschall et al. (2003) 830 881 601 1269 1056 1275 711 866 845 614
Muhling (1990) 827 828 764 1245 1017 1188 708 784 834 609
Muhongo and Tuisku (1996) 800 791 1067 1252 1079 1220 703 748 884 602
Raith et al. (1983) 796 829 1028 1268 1121 1313 728 838 841 637
Rao et al. (1997) 945 1070 1480 1236 1376 1452 925 1067 1038 898
Sengupta et al. (1999) 900 850 473 1241 877 1027 743 688 925 659
Sharma et al. (1987) 1066 1199 545 1275 1326 1402 997 1129 1130 984
Stephenson (1984) 830 884 751 1282 1073 1317 739 892 814 654
Stuwe and Powell (1989) 785 816 674 1250 1014 1268 657 804 820 535
Stuwe and Powell (1989) 844 918 702 1272 1069 1338 731 931 818 642
Tong and Wilson (2006) 827 861 890 1269 958 1277 730 845 834 641
Ulianov and Kalt (2006) 925 837 1146 1228 1123 1070 807 743 872 745
Warren et al. (2012) 832 848 722 1256 1006 1219 729 822 887 639
William et al. (2000) 774 812 817 1293 1058 1327 642 782 882 513
Zheng et al. (2006) 844 872 898 1271 1089 1276 770 892 893 696
Thomas (2005) 857 890 745 1244 1123 1252 772 846 848 699
Groppo et al. (2007) 776 801 559 1267 786 1210 980 721 725 964
St-Onge and Lucas (1995) 831 877 662 1278 1052 1285 726 886 796 635
Attoh (1998) 732 715 951 1232 1196 1202 617 626 838 475
Baba (1998) 951 1011 1060 1221 1177 1219 909 1002 987 878
Janak et al. (2006) 1142 1069 1686 1208 1136 1218 1070 1023 1036 1066
Jones and Escher (2002) 769 760 1429 1264 1074 1347 797 872 865 732
Klonowska et al. (2015) 1019 897 1074 1221 828 953 806 811 797 745
Lamb et al. (1986) 809 859 734 1281 1049 1314 698 848 866 595
Palmeri et al. (2007) 947 845 1146 1219 955 1008 760 708 839 681
St-Onge and Lucas (1995) 733 732 867 1271 948 1241 608 692 746 461
Ackermand et al. (1987) 870 880 760 1246 1028 1212 779 863 870 708
Liogys and Jenkins (2000) 726 714 734 1261 1012 1200 597 677 837 445
?f;l;;l;’padhyay and Bhattachrya 824 878 864 1284 1078 1333 741 897 | 893 656
Bohlen and Essene (1978) 833 861 676 1254 1015 1236 729 832 866 639
Tenthorey et al. (1996) 917 814 605 1221 825 919 684 681 871 574
Thost et al. (1991) 912 942 927 1238 1050 1264 849 710 893 801
Bohlen and Essene (1979) 1043 1262 680 1313 1506 1583 818 1118 782 761
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Table 5: Models used and their regression values.

Model InK | R?
Wood and Banno (1973) -3428/ T(°C) + 1.787 0.2711
Wells (1977) -4734/ T (°C) + 3.316 0.7906
Kretz (1982) 620.8/ T (°C) - 0.243 0.9934
Nickel and Brey (1984) 1021 /T (°C) -1.574 0.0227
Nickel and Green (1985) -3783/T (°C) +1.637 0.9463
Bertrand and Mercier (1985) | - 5330/ T (°C) +2.903 0.9533
Brey and Kohler (1990) -2531/T (°C) +1.084 0.611
Taylor (1998) - 2571/ T (°C) +0.791 0.3726
Putirka (2008) -2809 /T (°C) + 0.867 0.3855
Nimis and Grutter (2010) - 1118/ T (°C) -0.583 0.5469
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CONCLUSION

We conclude that the following three Opx-Cpx thermometers
Kretz (1982), Bertrend and Mercier (1985) and Nickel and
Green (1985) are almost equally valid. These models show
the highest regression (Kretz, (1982), R* = 0.9934; Bertrend
and Mercier (1985), R*= 0.9533; Nickel and Green (1985)
R?= 0.9463) and maximum numbers of points (values of
temperature) are providing the best fit lines. Therefore, these
models can be considered as the most appropriate ones to be
used for the calculation of temperature. The other calibrations
gave highly erratic results, hence are not recommended.
However, Kretz (1982) is the best among them as the regression
correlation coefficient value; R?is close to 1. Therefore the
temperature value obtained by Kretz (1982) model is more
precise compared to the others. Although it is always necessary
to do further experimental work to refine the calibration
of the Opx-Cpx thermometer with chemical compositions
comparable to natural minerals, it is equally important to
improve our knowledge of the various chemical interactions
within minerals, so that we can improve the activity models
for these minerals.
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