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Abstract 

Exploration methods for diamonds often employ the geochemistry of single minerals to identify 

deposits. Due to the scarcity of diamonds, exploration practices use minerals known as 

ñkimberlite indicator mineralsò as these minerals are typically more abundant than diamond and 

may have equilibrated under conditions where diamond may have been stable. One of these 

minerals is clinopyroxene from garnet lherzolites, because garnet lherzolites are stable in the 

diamond stability field. There are multiple published discrimination methods to identify 

clinopyroxenes from garnet lherzolites such as Ramsay (1992), Nimis (1998), Morris et al. 

(2002) and Grütter (2009). After applying these discrimination methods to identify garnet 

lherzolite clinopyroxene, the chemistry of clinopyroxenes can be used with 

geothermobarometers to calculate pressure and temperature estimates for mantle xenoliths or 

xenocrysts and thereby identify potentially diamond-bearing kimberlite deposits. 

Using published major-element compositions of 678 clinopyroxenes from garnet lherzolites, 

these clinopyroxene discrimination methods were found to accurately identify clinopyroxenes 

from garnet lherzolites. Trends between cations were also observed in clinopyroxene. 

Specifically, with the cations Na and Al+Cr having an approximate 1:1 ratio, suggesting that Na, 

Al and Cr are substituting dominantly as jadeite (NaAlSi2O6) and kosmochlor (NaCrSi2O6) in 

garnet lherzolite clinopyroxene. Elemental cations are also compared with the calculated 

pressure and temperature from multiple geothermobarometers with specific focus on the 

clinopyroxene geothermobarometers. Na, Al and Cr cations were all found to decrease with 

increasing pressure. Mg and Fe were found to increase with increasing temperature while Ca 

decreased with increasing temperature. 
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These natural clinopyroxene samples were compared with clinopyroxenes from high P-T 

experiments on garnet lherzolites. The experimental clinopyroxenes were noticeably richer in Al 

and poorer in Na and Cr than natural clinopyroxenes. The differences between natural and 

experimental clinopyroxenes, specifically with Al, Cr and Na shows a disconnect between the 

experimental and natural garnet lherzolite clinopyroxenes. The richer Al in experimental samples 

suggests a higher tschermak component than in the natural clinopyroxenes. 

Using the program THERMOCALC, garnet lherzolites were modelled at specific bulk 

compositions to compare modelled clinopyroxenes to natural clinopyroxenes. The modelled 

clinopyroxenes, in the garnet lherzolite stability field, did not match well with natural garnet 

lherzolites as the modelled clinopyroxenes failed garnet lherzolite clinopyroxene discrimination 

plots. However, the cation trends against pressure and temperature appeared to follow the trends 

seen in natural samples. Using compositions calculated along geotherms, clinopyroxene 

appeared more like natural samples based on garnet lherzolite clinopyroxene discrimination 

methods and followed the cation trends seen in natural samples except for Al cations. 

Finally, an updated single-grain clinopyroxene geobarometer was calibrated from natural garnet 

lherzolites by modifying the Nimis and Taylor (2000) barometer. This barometer was calibrated 

using the calculated temperature of Taylorôs (1998) two pyroxene thermometer and the 

calculated pressure of the Nickel and Green (1985) barometer, with Al calculated after Carswell 

and Gibb (1987) (the recommend thermometer and barometer of Nimis and Grütter 2010). 

Through multiple linear regression an expression was developed to calculate P (kbar) as a 

function of T(K), Cr/(Cr+AlM1), Cr/Al, Cr+Al-0.86(Na+K) and Ca/(Ca+Mg+Fe) in 

clinopyroxene. The expression is: 
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P(kbar) = 1239.28 ï 0.0076 ẗ T(K) ẗ ln(Cr/(Cr+AlM1)) + 9.2988 ẗ ln(Cr/Al) + 0.2056 ẗ T(K) ï 

0.0051 ẗ T(K) ẗ ln(Cr+Alï0.86(Na+K)) ï 201.2262 ẗ ln(T(K)) + 56.8249 ẗ ln(Ca/(Ca+Mg+Fe)) 

With AlM1 calculated as: 

AlM1 = Al ï 0.5(Al + Cr + 2Ti ï Na ï K) 

Application of this updated barometer was applied to xenoliths from four localities. These 

localities are Chidliak kimberlite field, Diavik-Ekati kimberlites, Finsch diamond mine and 

Jagersfontein diamond mine. The updated barometer performs well as pressures calculated from 

xenoliths from the four localities using the updated barometer are in good agreement with the 

Nickel and Green (1985) barometer, with Al calculated after Carswell and Gibb (1987).  
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Chapter 1 Introduction and Background 

1.1 Introduction  

Thermobarometry of garnet-bearing ultramafic rocks has provided valuable information on the 

nature, depth, and evolution of mantle xenoliths and high-grade metamorphic rocks. Since the 

pioneering work of Boyd (1973), mineral chemistry has been used to give estimates of pressure 

and temperature of equilibrium. Boyd (1973) developed a pyroxene geotherm using ultramafic 

rocks containing the assemblage enstatite + diopside + garnet. The thermometer was developed 

using an enstatite-in-diopside thermometer because the solid solution is sensitive to temperature 

in the range 900-1400 °C and is relatively insensitive to pressure. The barometer was developed 

using an Al-in-enstatite barometer based on the aluminum exchange between orthopyroxene and 

garnet. Since Boydôs work a large number of geothermobarometers have been developed, tested, 

and implemented (e.g. Oô Neill and Wood 1979, Harley 1984, Nickel and Green 1985, Krogh 

1988, Brey and Köhler 1990, Taylor 1998, Nimis and Taylor 2000, Brey et al. 2008, Nimis and 

Grütter 2010, Sudholz et al 2021). At present, the most widely used geothermometers for 

peridotites are based on Ca-Mg equilibria between clinopyroxene and orthopyroxene, and Mg-Fe 

equilibria between garnet and olivine, orthopyroxene or clinopyroxene (Nimis and Grütter 2010). 

One of the most widely used suites of geothermobarometers is that of Brey and Köhler (1990), 

which has become a de facto standard in mantle xenolith studies (Nimis and Grütter 2010). Brey 

and Köhler (1990) considered elemental exchange between minerals in four-phase peridotites 

(olivine, clinopyroxene, orthopyroxene and garnet) with the enstatite exchange between 

orthopyroxene and clinopyroxene the most widely used. The two pyroxene thermometer 

formulation was calibrated on experiments in synthetic and natural systems. They also calibrated 

an alternative geothermometer, the Ca-in-orthopyroxene thermometer, which uses the diopside 
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component in orthopyroxene to calculate the equilibrium temperature. Additionally, Brey and 

Köhler (1990) provided an update to the geobarometer based on Al-exchange between 

orthopyroxene and garnet.  

Nimis and Grütter (2010) provide a comprehensive evaluation of extant geothermometers and 

geobarometers applicable to garnet peridotites, particularly those from diamond-stable depths. 

Nimis and Grütter (2010) recommended the geothermometer of Taylor (1998), which is based on 

the enstatite exchange between orthopyroxene and clinopyroxene with a formulation 

incorporating corrections for the minor elements Na, Ti, and Fe (Nimis and Grütter 2010). The 

recommended geobarometer of Nimis and Grütter (2010) is that of Al-in-orthopyroxene of 

Nickel and Green (1985) based on Al-exchange between orthopyroxene and garnet. 

Constraining the pressure and temperature conditions sampled by kimberlite magmas is 

fundamental for both academic and exploration purposes. In many cases, the samples available 

are xenocrysts (single minerals) rather than xenoliths that may contain multiple minerals 

amenable to use for geothermometry and geobarometry. Exploiting the mineral chemistry of 

single mineral grains to constrain the P-T of their origin is required to use these xenocryst 

populations for either academic or exploration purposes. 

Therefore, considerable effort has been directed at developing single-mineral geothermometers 

and geobarometers such as the single-grain clinopyroxene geothermobarometer. The single-grain 

clinopyroxene thermometer and barometer of Nimis and Taylor (2000) are widely used in 

diamond exploration and mantle xenolith and xenocryst studies (Grütter 2009). Clinopyroxene is 

a common kimberlite indicator mineral occurring as xenocrysts. Constraining the P,T of origin of 

such xenocrysts can provide insight into the thickness and thermal evolution of the lithospheric 

mantle (e.g Read et al. 2004, Grütter 2009) as well. 
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1.2 Existing Single Grain Clinopyroxene Geothermobarometers for Mantle Conditions 

Nimis and Taylor (2000) calibrated a Cr-in-clinopyroxene barometer and an enstatite-in-

clinopyroxene thermometer using experimental clinopyroxenes synthesized at 850-1500 °C and 

0-60 kbar in the CMS and CMAS-Cr systems and complex, natural, lherzolitic systems. This 

geothermobarometerôs initial development began with Nimis (1998), with a barometer based on 

the exchange of aluminum between garnet and clinopyroxene as expressed by the reaction 2/3 

Ca3Al 2Si3O12 (grossular) + 1/3 Mg3Al 2Si3O12 (pyrope) = CaMgSi2O6 (diopside) + CaAl2SiO6 

(Ca-Tschermak) and a thermometer based on enstatite-in-clinopyroxene (CaMgSi2O6 

(clinopyroxene) + Mg2Si2O6 (orthopyroxene) = Mg2Si2O6 (clinopyroxene) + CaMgSi2O6 

(orthopyroxene)). The Al-exchange barometer is strongly pressure-sensitive because of a large, 

positive molar volume change with the reaction written as above. The reaction gives rise to less 

aluminous clinopyroxenes as pressure increases (Nimis 1998). The enstatite-in-clinopyroxene 

thermometer is based on the two-pyroxene geothermometer as discussed earlier. Nimis (1998) 

found the elemental combination that is the most sensitive to pressure variations was a plot of Ca 

vs. Al content after compositional filtering for garnet peridotite clinopyroxenes, where the Ca 

content is negatively correlated with temperature and the Al content is negatively correlated with 

pressure. These Ca and Al plots are useful for distinguishing between high and low pressure 

clinopyroxenes and therefore can be used to separate graphite- and diamond-facies 

clinopyroxenes (Nimis 1998). 

Nimis and Taylor (2000) built upon the geothermobarometer of Nimis (1998) by modifying the 

barometer to consider Cr-exchange between garnet and diopside (CaMgSi2O6 (diopside) + 

CaCrAlSiO6 (CaCr-Tschermak) = 1/2 (Ca2Mg)Cr2Si3O12 (uvarovite2knorringite1) + 1/2 
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(Ca2Mg)Al 2Si3O12 (grossular2pyrope1)
1). This reaction differed from the Nimis (1998) 

barometer, which was based on Al -exchange between clinopyroxene and garnet. The 

geobarometric expression developed (equation 9 of Nimis and Taylor 2000) uses temperature 

(K), a term they define as the activity of CaCr-Tschermak (aCrTs = Cr ï 0.81Cr#(Na+K)) in 

clinopyroxene and the Cr# (Cr/(Cr+Al)) of clinopyroxene to calculate the pressure in kbar. The 

temperature dependency of the geobarometer is reasonably low and ranges from 1.2-2.4 kbar/50 

°C (dependant on composition) and only four chemical parameters (Cr, Al,  Na, and K) need to 

be analyzed to obtain pressure estimates. The Cr-in-clinopyroxene barometer tends to 

underestimate pressures above 50 kbar, such that the barometer fails in many high pressure and 

temperature samples (Nimis 2002). Their formulation has no explicit dependence on either the 

Ca content of the clinopyroxene or the composition of the coexisting garnet. 

The geothermometer of Nimis and Taylor (2000) is based on the Ca-Mg exchange between 

clinopyroxene and orthopyroxene. The geothermometer developed uses the enstatite activity in 

clinopyroxene and has corrections for minor components Fe, Ti, Al, and Cr (equation 17 of 

Nimis and Taylor 2000). The single grain clinopyroxene thermometer yields similar estimates to 

the Taylor (1998) thermometer as both thermometers use similar expressions for the enstatite 

activity in clinopyroxene and similar corrections for minor components (Nimis and Grütter 

2010). 

Nimis et al. (2020) provided an empirical correction to the Nimis and Taylor (2000) 

geobarometer to correct the high-pressure underestimation. An empirical correction was 

calculated by comparing the pressures calculated with the Nimis and Taylor (2000) barometer 

 
1 The barometer uses Cr partitioning between clinopyroxene and garnet and the chemical formula is expressed this 

way to maintain elemental balance. The reaction for this barometer can be traced back to the classic Al partitioning 

between orthopyroxene and garnet that is written MgAl2SiO6 + Mg2Si2O6 = Mg3Al 2Si3O12 
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and those from the Nickel and Green (1985) barometer (as modified by Carswell 1991) for 

clinopyroxene-orthopyroxene-garnet bearing mantle xenoliths. Both barometers were calculated 

using the Taylor (1998) thermometer with pressure and temperature calculated by iteration. The 

correction was determined on a second-polynomial fit through the xenolith data. The formula for 

the correction is: 

PCorrection = 0.05024PNT
2 + 0.7633PNT + 0.1257 

The correction improves the consistency between the Nimis and Taylor (2000) and Nickel and 

Green (1985) (as modified by Carswell 1991), barometers in mantle xenoliths (Nimis et al. 

2020). This correction was described as a ñband aid measureò by Nimis et al. (2020) in the 

absence of new experimental data. 

An experimental recalibration of the Cr-in-clinopyroxene geobarometer was undertaken by 

Sudholz et al. (2021) where they performed 29 experiments between 3-7 GPa and 1100-1400 °C. 

They re-examined the exchange reaction over an extended pressure, temperature, and 

compositional range relative to Nimis and Taylor (2000) to attempt to improve the performance 

of the barometer at high pressure. Sudholz et al. (2021) developed a new geobarometric 

expression (equation 5 of Sudholz et al. 2021) based on Cr-exchange between garnet and 

diopside (same reaction exchange as Nimis and Taylor 2000), using the same variables as Nimis 

and Taylor (2000) which are temperature (K), CaCr-Tschermak activity (aCrTs) in clinopyroxene 

and Cr# (Cr/(Cr + Al)). 

1.3 Mantle Clinopyroxene Compositional Filtering and Error Sources 

The application of the single grain clinopyroxene thermobarometer requires careful 

compositional filtering, as well as evaluation of analytical errors and associated temperature and 
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pressure estimation errors. Filtering attempts to ensure that clinopyroxenes are from garnet 

lherzolites, essentially because of the implicit requirements that the clinopyroxenes be in 

equilibrium with both garnet and orthopyroxene for Nimis and Taylorôs (2000) thermobarometer. 

Nimis (1998) and Nimis and Taylor (2000) used Ramsayôs (1992) Cr2O3 vs. Al2O3 classification 

diagram (following methods of Ramsay and Tompkins 1994) (Figure 1.1) to separate 

clinopyroxenes from garnet lherzolites, spinel lherzolites, eclogites and megacrysts. Nimis 

(1998) found more than 90% of clinopyroxenes from garnet peridotite xenoliths plot within 

Ramsayôs (1992) garnet peridotite field. Nimis (1998) and Nimis and Taylor (2000) also applied 

an Al2O3 vs. MgO diagram to clinopyroxenes that plotted in the Cr2O3 vs. Al2O3 garnet 

peridotite field in the Ramsay diagram, to separate clinopyroxenes from garnet peridotites and 

low Al2O3, low MgO, metasomatized, garnet-free peridotites (Figure 1. 2). Nimis and Taylor 

(2000) also applied a quality-control filter, restricting the analyses to cation sums > 3.98 and < 

4.02 on a six-oxygen basis. Finally, they further restricted the compositional range of 

clinopyroxenes to less than 5 wt% Cr2O3 and aCrTs Ó 0.003. 

Grütter (2009) endorsed and refined the filtering process of Nimis and Taylor (2000). His filters 

include: 

1) The Cr2O3 vs. Al2O3 garnet peridotite field of Ramsay and Tompkins (1994)  

2) The Cr2O3 vs. Al2O3 diagram can be supplemented by a plot of Na+K vs. Cr+Al to assess the 

tschermak vs jadeite/kosmochlor component of clinopyroxene 

3) Reject low Al clinopyroxenes using the Al2O3 vs. MgO diagram of Nimis (1998) 

4) Cation sums > 3.96 and < 4.04 on a six-oxygen basis, this is less restrictive than the Nimis and 

Taylor (2000) sums of > 3.98 and < 4.02  
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5) Cr2O3 less than 5 wt%, matching Nimis and Taylor (2000)  

6) Cr# ranging from 0.06 to 0.50  

7) aCrTs Ó 0.003 matching Nimis and Taylorôs (2000) filter. 

 

 

Figure 1.1 Al 2O3 vs Cr2O3 classification diagram of Ramsay (1992) for distinguishing mantle clinopyroxene sources 
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Ziberna et al. (2016) proposed partially revised compositional filters based on decreased 

reliability of the single grain clinopyroxene thermobarometer for particular compositions and 

various sources of error. They found that compositions characterized by low CaCr-Tschermak 

activity values decreased the reliability of the Cr-in-clinopyroxene barometer.  

Ziberna et al. (2016) filters include:  

1) Total cations ranging > 3.98 and < 4.02 on a six-oxygen basis, matching the filter used by 

Nimis and Taylor (2000)  

Figure 1.2 MgO vs Al2O3 for discriminating chromian diopsides from garnet-free peridotites that are unusually low 

in Al (modified after Nimis 1998). Used with clinopyroxenes that plot in Ramsayôs (1992) On-craton garnet-

peridotite field. The upper field identifies clinopyroxenes from garnet peridotites and the lower field identifies 

clinopyroxenes from garnet-free peridotites 
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2) Grains must plot within the Cr2O3 vs. Al2O3 garnet peridotite field of Ramsay and Tompkins 

(1994) 

3) Plot grains within the high-Al field of Nimisô (1998) Al2O3 vs. MgO diagram 

4) Cr# compositions in the range 0.10-0.65. Cr# values in the range of 0.50-0.65 should be used 

with caution. This differs from Grütterôs (2009) Cr# range of 0.06 to 0.50. 

5) Recognize compositions sensitive to analytical uncertainties using aCrTs/Cr# > x where x is a 

function of analytical conditions. This replaces the filter aCrTs Ó 0.003 of Nimis and Taylor 

(2000) and Grütter (2009). If aCrTs/Cr# Ò 0.011 the clinopyroxenes should be discarded, if 0.011 

< aCrTs/Cr# Ò 0.024 high-quality analyses are recommended, values above 0.024 can be used 

safely. The range for aCrTs/Cr# in experiments used by Nimis and Taylor (2000) was 0.016-

0.393, values larger or smaller than experimental compositions will lie outside the calibration 

range  

6) Verify equilibrium with orthopyroxene. This verification cannot be obtained with simple 

compositional filters. Generally, Ca/(Ca+Mg) > 0.5 should be considered suspicious as a very 

small proportion of orthopyroxene saturated clinopyroxenes are above this value. In addition, a 

very low temperature estimate from the enstatite-in-clinopyroxene thermometer (< 600 °C) 

would also be a strong indication the clinopyroxene was not in equilibrium with orthopyroxene. 

Although the single grain clinopyroxene thermobarometer is an extremely useful and widely 

used geothermobarometer, there are still associated uncertainties. The enstatite-in-clinopyroxene 

thermometer has been proven to be an excellent geothermometer when compared with other 

geothermometers (as discussed before) (Nimis and Grütter 2010) and significant errors are only 
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expected at low temperature (< 900 °C) in response to large (relative) errors in CaO, SiO2 and 

Na2O measurements (Nimis 2002). 

The Cr-in-clinopyroxene barometer of Nimis and Taylor (2000) suffers from underestimation at 

high pressure and temperature conditions, as the barometer tends to underestimate at equilibrium 

pressures above 50 kbar (Nimis 2002). The most compelling evidence for errors in the pressure 

estimates are the discrepancies between the single-grain clinopyroxene and the orthopyroxene-

garnet barometers on xenolith samples. The differences can be very large for clinopyroxenes 

with low values of aCrTs, one of the main variables in the barometer (Ziberna et al. 2016). Ziberna 

et al. (2016) found the decreased precision in the Cr-in-clinopyroxene barometer for 

clinopyroxenes with low aCrTs values is related to propagation of analytical errors. These 

analytical errors increase with decreasing beam current and counting times and the propagated 

pressure uncertainties are negatively correlated with the clinopyroxene aCrTs and positively 

correlated with clinopyroxene Cr#. The analytical errors on Al, Cr and Na are specifically 

focused on, as they are used to calculate aCrTs (equation 7 of Nimis and Taylor 2000). The 

analytical conditions are used to calculate the analytical errors on Al, Cr and Na to calculate 

pressure uncertainties through error propagation (Ziberna et al. 2016). Ziberna et al. (2016) 

suggest using high-quality analyses for reducing analytical errors on Al, Cr and Na, which 

decreases propagated errors. 

Sudholz et al. (2021) attempted to correct the underestimation of Nimis and Taylorôs (2000) 

barometer by recalibrating the Cr-in-clinopyroxene geobarometer as discussed earlier. They 

filtered major and minor elemental data according to the protocol of Ziberna et al. (2016). Both 

analytical and experimental uncertainties are propagated by Sudholz et al. (2021) to accurately 

describe uncertainties on estimated pressure. 
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This previously discussed propagation of uncertainties results in P-T estimation uncertainties, 

and this effects geotherm estimations. Mather et al. (2011) compared the Nimis and Taylor 

(2000) geothermobarometer using clinopyroxene xenocrysts to multimineral 

geothermobarometers using garnet lherzolites. Mather et al. (2011) discusses errors in P-T 

estimation on these geothermobarometers from uncertainties on electron microprobe analyses 

such as counting statistics, instrumental drift, and noise and the effects on estimating 

palaeogeotherms. These are considered external errors and average uncertainties from these 

external errors are used to calculate a range of mineral compositions from an average value. This 

range of mineral compositions gives modified mineral compositions which are used to calculate 

P-T (Mather et al. 2011). Mather et al. (2011) varied oxide composition up or down by 1, 1.5 and 

2 standard deviations away from the mean composition and created a range of mineral 

compositions which in turn create different P-T results and palaeogeotherms for each range of 

mineral compositions. 

1.4 Objectives 

The objectives of this thesis are summarised as follows: 

i. The compilation of mantle clinopyroxene geochemical data from garnet lherzolites. 

This database is compiled from high quality analyses of garnet peridotite from 

published literature. The geochemical data from natural garnet lherzolites will be 

compared with pressure and temperature geobarometer calculations, experimental 

garnet lherzolites and current discrimination methods for garnet lherzolite 

clinopyroxenes. 

ii.  Evaluating thermodynamic models for clinopyroxene from modelled garnet 

lherzolites and comparing the models to natural garnet lherzolite data 
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iii.  Revise the geobarometer for Cr-diopside using natural garnet lherzolite samples, 

either through thermodynamic modelling or refining the previous geobarometer 

formulation 

Chapter 2 Chemistry of Clinopyroxenes from Mantle-derived 

Garnet Lherzolites 
 

2.1 Introduction 

2.1.1 Overview 

Pyroxenes are a group of rock forming silicates that occur in various igneous and metamorphic 

rocks. Pyroxenes crystallize in the orthorhombic and monoclinic systems to form orthopyroxene 

and clinopyroxene, respectively. Pyroxenes contain single SiO3 chains of linked SiO4 tetrahedra 

and are represented by a general chemical formula (M2)(M1)(T)2O6. The M2 site represents 

cations in distorted 6 to 8 coordination, M1 cations are in regular octahedral coordination and T 

cations are tetrahedrally coordinated (Morimoto 1988). The M2 site typically accommodates Na, 

Ca, Mn2+, Fe2+, Mg, and Li. M1 accommodates Mg, Fe2+, Mn2+, Al, Cr, Ti, and Fe3+. Cr usually 

occurs as Cr3+ and Ti as Ti4+ in terrestrial pyroxenes. In more reducing environments Cr and Ti 

can occur as Cr2+ and Ti3+. The T site is occupied by Si and Al, dominantly Si. The cations 

mentioned are the most common ones in the rock-forming pyroxenes; however, others do occur 

in trace amounts (Cameron and Papike 1981). 

Morimoto (1988) proposed allocating cations to obtain a pyroxene formula following these steps: 

1) Sum T to 2.000 using Si4+, then Al3+, then Fe3+. 
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2) Sum M1 to 1.000 using all remaining excess Al3+ and Fe3+. If there is insufficient Al3+ 

and Fe3+ to sum to 1.000 add Ti4+ first, then Cr3+, then V3+, then Ti3+, then Zr4+, then Sc3+, 

then Zn2+, then Mg2+, then Fe2+ and finally Mn2+ until the sum is 1.000. 

3) Sum M2 using all Mg2+, Fe2+ and Mn2+ in excess of that used to fill the M1 site. Then add 

Li+, Ca2+ and Na+ so that sum becomes 1.000 or close to it. 

The pyroxene group includes twenty minerals accepted by the Subcommittee on Pyroxenes 

established by the Commission of New Minerals and Mineral Names of the International 

Mineralogical Association (Morimoto 1988). Pyroxenes form extensive solid solution and are 

subdivided into ranges with specified compositions and names. Pyroxenes are generally divided 

into three chemical groups: Ca-Mg-Fe pyroxenes, Ca-Na and Na pyroxenes, and other pyroxenes 

(Morimoto 1988). The Ca-Mg-Fe pyroxenes are the most common rock forming pyroxenes. 

These are represented in the pyroxene quadrilateral, which is a ternary diagram of the system 

CaSiO3 (the pyroxenoid wollastonite), Mg2Si2O6 (enstatite), and Fe2Si2O6 (ferrosilite) (Figure 

2.1).  

Sodic pyroxenes are represented by the minerals jadeite (NaAlSi2O6), aegirine (NaFe3+Si2O6), 

kosmochlor (NaCrSi2O6) and jervisite (NaScSi2O6). The Na pyroxenes show extensive solid 

solution with the Ca-Mg-Fe pyroxenes giving rise to Ca-Na pyroxenes such as omphacite ((Ca, 

Na)(Mg, Fe2+, Fe3+, Al)Si2O6). Na and Ca-Na pyroxenes are classified using the Ca-Mg-Fe 

pyroxenes-jadeite-aegirine diagram in crustal settings (Morimoto 1988). In mantle lithologies, 

clinopyroxene is rich in Cr so mantle pyroxenes are better represented by the diagram Ca-Mg-Fe 

pyroxenes-jadeite-kosmochlor (Figure 2.2). Nimis and Taylor (2000) describe mantle 

clinopyroxene as chromian diopside, which is defined as CaMgSi2O6-rich clinopyroxene with 

>0.5 wt% Cr2O3. 
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2.1.2 Dataset 

A reference dataset for chemical analyses and testing of discrimination schemes for garnet 

lherzolite clinopyroxenes has been compiled for this study. This dataset contains major-element 

compositions of 678 clinopyroxenes drawn from literature sources, with a focus on kimberlite-

hosted garnet lherzolite clinopyroxenes recovered during diamond exploration. For literature 

analyses, only samples with oxide totals between 98.5 and 101.5 wt% are used. The dataset 

covers a wide range of cratons including the Slave, Superior, North Atlantic, Wyoming, 

Kaapvaal and Siberia cratons. During the later stages of this thesis, a complementary dataset was 

kindly provided by Thomas Stachel which was used to supplement this database. All compiled 

data are included in the Supplementary Online Dataset (Appendix A) for this study. 

 

 

 

 

 

 

 

 

 

 
Figure 2.1 Modified pyroxene quadrilateral after Morimoto (1998) with clinopyroxenes from dataset of mantle 

garnet lherzolites for this study. 
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2.1.3 Goals 

The goal of this chapter is to provide an overview of the chemistry of mantle-derived 

clinopyroxenes from garnet lherzolites over a broad range of pressure and temperature settings. 

Published discrimination methods will be applied to the dataset of garnet lherzolite 

clinopyroxenes to see if current chemical discriminations apply to the majority of the dataset 

Figure 2.2 Ca-Na clinopyroxene plot for clinopyroxenes from dataset of mantle garnet lherzolites. The diagram is 

modified after Morimoto (1988) with kosmochlor replacing aegirine due to the Cr-rich nature of mantle 

clinopyroxenes. 
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samples. The compositional variability of the clinopyroxenes as functions of pressure and 

temperature will be presented to explore the relationships of cation exchange with pressure and 

temperature of garnet lherzolite in mantle settings. Natural clinopyroxenes will also be compared 

with synthesized experimental garnet lherzolite clinopyroxenes to analyze the relationship 

between cations and pressure and temperature. This comparison will illustrate the differences 

and similarities between natural and experimental clinopyroxenes. 

2.2 Mantle Clinopyroxene Background 

2.2.1 Historical Discrimination  

Discrimination between clinopyroxene from on-craton garnet peridotite, off-craton garnet 

peridotite, spinel peridotite, eclogite, pyroxenite and megacryst is possible using Ramsayôs 

(1992) Cr2O3 vs. Al2O3 classification diagram (following methods of Ramsay and Tompkins 

1994) (Figure 2.3). On this diagram, the 0.5 wt% Cr2O3 boundary separates clinopyroxenes from 

peridotitic and non-peridotitic sources. The Al 2O3 content is useful for separating clinopyroxenes 

from garnet peridotites and from spinel/garnet-spinel peridotites (Nimis 1998). An additional 

discrimination plot that is used in conjunction with Ramsay and Tompkinsô (1994) plot is Nimisô 

(1998) MgO vs Al2O3 plot. Clinopyroxene that plots in Ramsay and Tompkinsô (1994) garnet 

peridotite field are plotted onto the MgO vs Al2O3 wt% diagram to separate clinopyroxenes from 

garnet peridotites and low Al2O3, low MgO, metasomatized, garnet-free peridotites (Figure 2.4). 

If low Al2O3 clinopyroxenes from garnet free peridotites are included in a dataset under 

consideration, equilibration pressures are overestimated, yielding incorrect pressure estimates 

(Nimis 2002). 
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Figure 2.3 Cr2O3 vs Al2O3 wt% clinopyroxene classification of Ramsay (1992) with dataset clinopyroxenes from 

garnet lherzolites 
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An additional screen is the Al -Na-Cr ternary of Morris et al. (2002). Morris et al. (2002) 

developed this screening because they find that the cut-off of 0.5 Cr2O3 wt% of Ramsay (1992) 

overlapped with clinopyroxenes from other rock types. This ternary is applied to clinopyroxenes 

because the atomic proportions of Al, Cr and Na in mantle clinopyroxenes recovered from 

kimberlites have ~1:1 ratios of (Al+Cr):Na (Figure 2.5). This indicates jadeite and kosmochlor 

Figure 2.4 MgO vs Al2O3 wt% clinopyroxene discrimination of Nimis (1998) with dataset clinopyroxenes from 

garnet lherzolites 
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Figure 2.5 Al -Na-Cr ternary clinopyroxene discrimination of Morris et al. (2002) with dataset clinopyroxenes from 

garnet lherzolites. The ternary includes a field for mantle derived clinopyroxenes and key mineral endmembers for 

Al, Na and Cr clinopyroxenes. 

components of the clinopyroxenes dominate in controlling the distribution of these elements in 

the mineral structures in mantle settings. Rocks from crustal settings typically are low in Na and 

Cr so they will plot in the Al corner of the ternary (Morris et al. 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4 Dataset Clinopyroxene Chemistry 

Clinopyroxenes from garnet lherzolites are described as chromian diopside, which is defined as 

CaMgSi2O6-rich clinopyroxene with >0.5 wt% Cr2O3 by Nimis and Taylor (2000) and is a major 
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host for sodium, calcium, chromium, and titanium in mantle peridotites (Pearson et al. 2014).  

Clinopyroxene shows extensive solid solution with orthopyroxene and/or garnet at high P and T 

in the mantle and most samples in the database can be described as augite in the pyroxene 

quadrilateral (Figure 2.1). The Mg# of the database clinopyroxene range from 0.819 to 0.959 

with an average value of 0.920. The Ca# of clinopyroxene is strongly T-dependant and ranges 

from 0.267-0.488. This temperature dependence reflects the miscibility gap between 

clinopyroxene and orthopyroxene represented by Ca-Mg-Fe2+ equilibria, with the lower Ca# 

indicating higher temperatures of equilibrium (Lindsley 1983). The Al2O3 content of the 

clinopyroxene varies from 0.24 wt% and 5.70 wt%, corresponding to 0.010 to 0.240 Al cations 

per 6 oxygens. Cr2O3 content varies from 0.17 wt% and 4.40 wt% with the majority of the 

samples having >0.5 wt% (Figure 2.3). Corresponding calculated Cr cations range from 0.005 

apfu to 0.125 apfu. Na2O content varies from 0.22 wt% to 4.22 wt% with corresponding Na 

cations ranging from 0.015 apfu to 0.295 apfu. K2O content varies from 0.00 to 0.31 wt% with 

corresponding K cations ranging from 0.000 apfu to 0.014 apfu. Na+K and Al+Cr are positively 

correlated in clinopyroxenes from garnet lherzolites (Figure 2.6). 

 

 

 

 

 

 



21 

Figure 2.6 Plot of Al+Cr vs Na+K of database clinopyroxene from garnet lherzolites. There is a strong positive 

correlation between Al+Cr and Na+K with ~1:1 ratio seen from the one to one line in the image. 

 

 

 

 

 

 

 

 

 

 

 

 

Samples above the one-to-one line in Figure 2.6 require Na+K to charge balance with other 3+ or 

4+ cations, such as Fe3+ or Ti4+. The samples below the one-to-one line are richer in Al+Cr and 

this suggests a Tschermak-type substitution as Al+Cr is not completely charge balanced with 

Na+K. This observation is in agreement with Morris et al. (2002) with the observed (Al+Cr):Na 

ratio of ~1. Read et al. (2004) uses the formula Al+Cr-Na-K to distinguish clinopyroxenes from 

garnet lherzolites (<0.05 (per 6 oxygen)) from those of spinel lherzolites (>0.05) (which reflect 

the higher tschermak component in clinopyroxenes in spinel lherzolites) (Read et al. 2004) 

(Figure 2.7). 
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Clinopyroxene contains both ferrous and ferric iron in garnet lherzolites. Total iron is typically 

analyzed as FeO in electron microprobe analyses as most iron occurs in a ferrous state. Ferric 

iron concentrations can be quantified using Mössbauer spectroscopy (e.g. Canil and OôNeill 

1996, Woodland and Peltonen 1999, Woodland 2009) with up to 36.7% of all iron in the 

Mössbauer analyzed clinopyroxene being Fe3+. The partitioning of Fe3+ between clinopyroxene 

and garnet varies with temperature, äO2, chemistry of the individual minerals and bulk rock 

composition (Woodland 2009). For the subset of samples in the dataset with Fe3+ data, Na and 

Fe3+ are positively correlated, in agreement with the observations of Woodland (2009). 

Woodland (2009) concluded that the dominant mechanism for incorporating Fe3+ in 

Figure 2.7 Tschermak vs Ca-number of database clinopyroxene from garnet lherzolites. Modified after Grütter 

(2009) 



23 

clinopyroxenes in garnet lherzolites was the aegirine component (NaFe3+Si2O6) due to low 

tetrahedral Al. The partitioning of Fe3+ between clinopyroxene and garnet can be considered in 

terms of two different Fe3+-Al exchange reactions, one involving Na-bearing endmembers 

(NaAlSi2O6 and NaFe3+Si2O6) in clinopyroxene and Ca-bearing or Fe2+-bearing components in 

garnet (Reaction 1 and 2 in Woodland 2009). Mg# increases when Fe3+ is taken into 

consideration as Mg# is typically calculated with FeOT (Mg# calculation becomes 

Mg/(Mg+Fe2+)). The change in Mg# can affect interpretations on depletion, as Mg# is related to 

the degree of melt depletion or enrichment in iron (Pearson et al. 2014). However, consideration 

of Fe3+ remains problematic in the absence of routine Fe3+ analyses. For mantle clinopyroxenes, 

with low FeOtotal, attempting to constrain Fe3+ by stoichiometry does not work (see Canil and 

OôNeill 1996). 

2.5 Geothermobarometry of Dataset Clinopyroxene 

2.5.1 Applied Geothermobarometers 

Multiple experimentally calibrated thermobarometers are available to estimate the P and T of 

polyminerallic mantle xenoliths and single grain mantle xenocrysts. The geothermobarometers 

that are applied to the current database are the Nimis and Taylor (2000) single grain 

clinopyroxene thermobarometer (NT2000), Sudholz et al. (2021) single grain clinopyroxene 

barometer (SUD2021) used with the Nimis and Taylor (2000) thermometer, Nimis et al. (2020) 

corrected barometer (NT2020 Corrected) used with the Nimis and Taylor (2000) thermometer, 

Brey and Köhler (1990) two-pyroxene thermometer and the garnet-orthopyroxene barometer 

(BK1990) and the Nickel and Green (1985) garnet-orthopyroxene barometer with Al in M1 

calculated after Carlswell & Gibb (1987) (NG1985) with the Taylor (1998) two-pyroxene 
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thermometer (TA1998) (as recommended by Nimis and Grütter 2010). Specific focus will be 

given to the Nimis and Taylor (2000) thermobarometer and the Sudholz et al. (2021) barometer.  

All data were screened for quality using the following criteria, similar to Nimis and Grütter 

(2010): oxide totals between 98.5 and 101.5 wt%; cation sums for pyroxene Ó 3.990 apfu (6-

oxygen basis), olivine Ó 2.990 apfu (4-oxygen basis), garnet Ó 7.990 apfu (12-oxygen basis). The 

Nimis and Taylor (2000) thermobarometer and Sudholz et al. (2021) barometer require further 

compositional filtering as discussed in Section 1.3. The Grütter (2009) and Ziberna et al (2016) 

filters result in the rejection of 126 and 186 xenoliths from the database, respectively. 

Equilibrium between clinopyroxene and orthopyroxene in peridotite xenoliths was verified using 

the recommendations of Nimis and Grütter (2010), where disequilibrium between both 

pyroxenes is defined as the difference in calculated temperature between the Taylor (1998) two-

pyroxene thermometer and corrected Ca-in-opx thermometer of Brey and Köhler (1990) larger 

than 90°C at TA98 < 900°C, 70°C at TA98 = 900-1200°C, or 50°C at TA98 > 1200°C. 

2.5.2 Chemical changes with Pressure and Temperature changes 

Clinopyroxene shows extensive solid solution toward orthopyroxene and/or garnet at high P and 

T in the mantle. This solid solution forms the basis for geothermobarometers using mantle 

clinopyroxenes. The extent of solid solution depends on bulk composition of the peridotite as 

well as the P and T of equilibration. However, experimental geothermobarometer calibrations 

typically use a variety of bulk compositions which range from fertile to depleted mantle (e.g. 

Brey and Köhler 1990, Taylor 1998, Nimis and Taylor 2000, Sudholz et al. 2021) to calibrate the 

effects of composition. The change in clinopyroxene chemistry with a change in pressure and 

temperature (i.e. depth) will be the focus of this section. Specific focus will be given to 

endmember clinopyroxene chemistry and individual cations in the clinopyroxene structure. 



25 

For the dataset clinopyroxenes, Al , Cr and Na all decrease with increasing pressure and 

temperature and the trends are obvious on a local scale. For the whole dataset the trend for Al is 

still visible. However, with the whole dataset the trends are harder to see with Cr and Na due to 

scatter from bulk composition (Figures 2.8, 2.9 and 2.10). This agrees with the previously 

discussed correlation of (Al+Cr):Na ratio of ~1, as Na and Al+Cr decrease sympathetically with 

increasing pressure and temperature. If all Al and Cr are charge-balanced with Na in garnet 

lherzolite clinopyroxenes, these can be treated as jadeite and kosmochlor components. This in 

turn means jadeite and kosmochlor decrease in individual clinopyroxene grains with depth. 

Aluminum can occupy the M1 site (as in jadeite), but also the tetrahedral site if Si does not 

completely fill that site. Tetrahedral site Al (AlT) can be calculated as AlT=2ïSi, although this 

calculation of AlT using Si can be prone to propagation errors because of analytical errors or 

poor analyses (Nimis and Taylor 2000). By mass balance, AlM1 would be AlM1=AlïAlT. AlT is 

incorporated as Ca-Tschermak (CaAlAlSiO6), CaCr-Tschermak (CaCrAlSiO6) (as with Nimis 

1998 and Nimis and Taylor 2000 barometers), esseneite (CaFeAlSiO6), grossmanite 

(CaTiAlSiO6) and Ca-buffonite (CaMg0.5Ti0.5AlSiO6) endmembers (Morimoto 1988). AlM1 

decreases with increasing pressure and temperature following the general trend of total Al 

(Figure 2.11). AlT remains low (<0.06 apfu) in garnet lherzolite clinopyroxene due to the higher 

silica content on the tetrahedral site. There does not appear to be a clear correlation with pressure 

or temperature for AlT in natural garnet lherzolite clinopyroxenes (Figure 2.12). 

Mg and Fetotal increase with increasing temperature and pressure, with a corresponding decrease 

in Ca in the dataset clinopyroxenes (Figures 2.13, 2.14, 2.15). Ca# represents all these cations 

and the Ca# of clinopyroxene is strongly T-dependent because of the enstatite-diopside exchange  
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Figure 2.8 Al cations vs pressure from clinopyroxenes with barometers a) NT2000 barometer with Grütter (2009) 

filtering methodology, b) NT2000 barometer with Ziberna et al. (2016) filtering methodology, c) SUD2021 

barometer, d) NT2020 Corrected barometer, e) NG1985 barometer and f) BK1990 barometer 
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Figure 2.9 Cr cations vs pressure from clinopyroxenes with barometers a) NT2000 barometer with Grütter (2009) 

filtering methodology, b) NT2000 barometer with Ziberna et al. (2016) filtering methodology, c) SUD2021 

barometer, d) NT2020 Corrected barometer, e) NG1985 barometer and f) BK1990 barometer 
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Figure 2.10 Na cations vs pressure from clinopyroxenes with barometers a) NT2000 barometer with Grütter (2009) 

filtering methodology, b) NT2000 barometer with Ziberna et al. (2016) filtering methodology, c) SUD2021 

barometer, d) NT2020 Corrected barometer, e) NG1985 barometer and f) BK1990 barometer 
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Figure 2.11 AlM1 cations vs pressure from clinopyroxenes with barometers a) NT2000 barometer with Grütter 

(2009) filtering methodology, b) NT2000 barometer with Ziberna et al. (2016) filtering methodology, c) SUD2021 

barometer, d) NT2020 Corrected barometer, e) NG1985 barometer and f) BK1990 barometer 
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Figure 2.12 AlT cations vs pressure from clinopyroxenes with barometers a) NT2000 barometer with Grütter (2009) 

filtering methodology, b) NT2000 barometer with Ziberna et al. (2016) filtering methodology, c) SUD2021 

barometer, d) NT2020 Corrected barometer, e) NG1985 barometer and f) BK1990 barometer 
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Figure 2.13 Mg cations vs temperature from clinopyroxenes with thermometers a) NT2000 thermometer with 

Grütter (2009) filtering methodology, b) NT2000 thermometer with Ziberna et al. (2016) filtering methodology, c) 

NT2000 thermometer using SUD2021 barometer, d) NT2000 thermometer using NT2020 Corrected barometer, e) 

TA1998 thermometer and f) BK1990 thermometer 
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Figure 2.14 Fe2+ cations vs temperature from clinopyroxenes with thermometers a) NT2000 thermometer with 

Grütter (2009) filtering methodology, b) NT2000 thermometer with Ziberna et al. (2016) filtering methodology, c) 

NT2000 thermometer using SUD2021 barometer, d) NT2000 thermometer using NT2020 Corrected barometer, e) 

TA1998 thermometer and f) BK1990 thermometer 
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Figure 2.15 Ca cations vs temperature from clinopyroxenes with thermometers a) NT2000 thermometer with Grütter 

(2009) filtering methodology, b) NT2000 thermometer with Ziberna et al. (2016) filtering methodology, c) NT2000 

thermometer using SUD2021 barometer, d) NT2000 thermometer using NT2020 Corrected barometer, e) TA1998 

thermometer and f) BK1990 thermometer 
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Figure 2.16 Mg# vs temperature from clinopyroxenes with thermometers a) NT2000 thermometer with Grütter 

(2009) filtering methodology, b) NT2000 thermometer with Ziberna et al. (2016) filtering methodology, c) NT2000 

thermometer using SUD2021 barometer, d) NT2000 thermometer using NT2020 Corrected barometer, e) TA1998 

thermometer and f) BK1990 thermometer 
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between orthopyroxene and clinopyroxene (Brey and Köhler 1990, Pearson et al. 2014). Ca# 

decreases with increasing temperature, representing the increase of Mg and Fetotal and decrease 

of Ca as previously discussed. Mg# decreases with increasing temperature and pressure (Figure 

2.16). 

Ferric iron cations determined by Mössbauer spectroscopy do not appear to have a clear 

correlation with temperature or pressure (Figure 2.17). Ferric iron in clinopyroxene varies with 

temperature, äO2, chemistry of the individual minerals and bulk rock composition so a clear 

correlation with pressure is not expected (Woodland 2009). The presence of unquantified (in 

Figure 2.17 Fe3+ cations vs pressure from clinopyroxenes with thermometers a) NT2000 barometer with Grütter 

(2009) filtering methodology, b) NT2000 barometer with Ziberna et al. (2016) filtering methodology, c) SUD2021 

barometer, d) NT2020 Corrected barometer 
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routine analyses) Fe3+ is problematic because it can charge balance with Na in aegirine 

(NaFeSi2O6) and with AlT in esseneite (CaFe3+AlSiO6). Ferric iron in the latter substitution will 

decrease the Cr-tschermak and Ca-tschermak because Fe3+ competes with AlM1 and Cr for AlT. 

This affects the amount of AlT available for Cr-tschermak and Ca-tschermak components which 

in turn will affect barometer calculations (e.g. Nimis 1998, Nimis and Taylor 2000, Sudholz et 

al. 2021). Ferric iron charge balanced with Na will affect the jadeite and kosmochlor components 

as less Na will be available for Al and Cr but would not affect the AlT. 

2.6 Comparing Natural Clinopyroxene to Experimental Clinopyroxene 

Experimental garnet lherzolites are designed to simulate natural garnet lherzolites in melting 

experiments and geothermobarometer calibrations (e.g. Nickel and Green 1985, Brey and Köhler 

1990, Taylor 1998, Walter 1998, Nimis and Taylor 2000, Yaxley 2000, Brey et al. 2008a, Brey 

et al. 2008b, Brey et al. 2009, Brey et al. 2011, Davis et al. 2011, Sudholz et al 2021). In this 

section, clinopyroxenes from these experiments are compared to the natural samples. 

Historically, experiments were initially conducted in the CMAS, FMAS and CFMAS systems 

(e.g. Boyd 1973, Oô Neill and Wood 1979, Perkins and Newton 1981, Gasparik 1984, Harley 

1984, Nickel et al. 1985, Nickel and Green 1985, Brey et al. 1986, Krogh 1988). Building on 

these experiments, additional components were added to systems such as CMAS-Cr, NCMAS, 

NCMAS-Cr. In addition, natural samples were used in experiments to better simulate the natural 

environment (e.g. Brey, Köhler and Nickel 1990, Taylor 1998, Yaxley 2000, Brey et al. 2008a, 

Brey et al. 2008b, Brey et al. 2009, Brey et al. 2011, Davis et al. 2011, Sudholz et al. 2021). 

Comparisons will be made with experimental samples that contain sodium, as natural samples of 

mantle clinopyroxene are a major host of sodium as discussed previously. 
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The experiments in these studies ranged in temperature from 1050 °C to 1755 °C and pressure 

from 22 kbar to 100 kbar. The Mg# ranged from 0.853 to 0.949 with an average value of 0.900. 

This range is narrower than the range of the natural database clinopyroxenes of 0.819 to 0.959. 

The Ca# of experimental clinopyroxene ranges from 0.139 to 0.451 with an average of 0.333. 

Natural clinopyroxene Ca# ranges from 0.267-0.488 with an average value of 0.415. 

Experimental clinopyroxene goes to lower Ca# with a noticeably lower average than natural 

clinopyroxenes. 

 

 

 

 

 

 

 

 

 

 

 

The experimental clinopyroxenes range from 0.32 wt% to 8.70 wt% Al 2O3, corresponding to 

0.014 to 0.360 Al apfu with an average value of 0.155 apfu. Natural clinopyroxene Al 2O3 content 

Figure 2.18 Plot of Al+Cr vs Na of clinopyroxene from experimental garnet lherzolites with overlay of natural 

garnet lherzolite clinopyroxene field from Fig 2.6. There is a one-to-one correlation at Al+Cr and Na values <0.1. At 

higher values Al+Cr>Na and there is not a one-to-one correlation as seen with natural clinopyroxenes 
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varies from 0.24 wt% and 5.70 wt% (0.010 apfu to 0.240 apfu) with an average value of 0.081 

apfu. Natural clinopyroxenes have a noticeably lower maximum Al content than the 

experimental clinopyroxenes. This is most noticeable with tetrahedral Al as the average  

 

 

 

 

 

 

 

 

 

 

 

 

value in the experimental clinopyroxenes is 0.059 apfu and natural clinopyroxene has an average 

value of 0.015 apfu (calculated from AlT=2-Si). AlM1 in experimental samples are also higher 

than in natural samples (average experimental AlM1=0.096 vs average natural AlM1=0.063). 

Experimental clinopyroxene Cr2O3 varies from 0.05 wt% to 2.19 wt% (0.001 to 0.064 Cr apfu). 

Natural Cr2O3 content varies from 0.17 wt% and 4.40 wt% (0.005 to 0.125 Cr apfu). The 

Figure 2.19 Tschermak vs Ca-number of clinopyroxene from experimental garnet lherzolites with field for natural 

garnet lherzolite clinopyroxenes. Modified after Grütter (2009). When compared with natural samples Al+Cr-Na-K 

reaches higher values and the majority of the samples are above 0.05. The majority of natural samples are <0.05 

Al+Cr-Na-K 
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experimental clinopyroxenes do not cover the full range of Cr seen in natural samples. 

Experimental Na2O varies from 0.26 wt% to 3.32 wt% (0.018 to 0.232 Na apfu) with an average 

of 0.091 apfu. Natural Na2O content varies from 0.22 wt% and 4.22 wt% (0.015 to 0.295 Na 

apfu) and an average of 0.114 apfu. Natural samples can have higher Na when compared to 

experimental clinopyroxenes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.20 Ca-Na clinopyroxene plot for clinopyroxenes from experimental garnet lherzolites with field for natural 

garnet lherzolite clinopyroxenes. The diagram is modified after Morimoto (1988) with kosmochlor replacing 

aegirine due to the Cr-rich nature of mantle clinopyroxenes. 
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Na and Al+Cr have a positive correlation at values Ò0.100 apfu Al+Cr in experimental 

clinopyroxenes. More aluminous experimental clinopyroxenes have Al+Cr>Na (Figure 2.18). 

This differs from natural samples, which have a strong positive ~1:1 correlation (Figure 2.6). In 

contrast, the average (Al+Cr):Na ratio of experimental samples is 2.197, reflecting their higher 

Al content. Al+Cr-Na-K<0.05 is another criterion of garnet lherzolite clinopyroxene, as 

discussed previously (Read et al. 2004). Experimental clinopyroxenes have Al+Cr-Na-K ranging 

from -0.030 to 0.332, with 81.7% >0.05 (Figure 2.19). In the Ca-Mg-Fe pyroxenes-jadeite-

kosmochlor diagram, experimental clinopyroxenes are noticeably richer in aluminum and poorer 

in chromium compared with clinopyroxenes from natural garnet lherzolites (Figure 2.20). In 

conclusion, much of the experimental composition space overemphasizes high Al, low Cr, low 

Na compositions that are not consistent with natural garnet lherzolite clinopyroxenes. 

2.7 Experimental Clinopyroxene Chemical Changes with Changes in Pressure and 

Temperature 

Both Al and Cr decrease with increasing pressure and temperature in the experimental 

clinopyroxenes. They differ from natural samples as from 20 to 40 kbar there is a plateau in Al 

and Cr where pressure approximately remains constant with changing Al (0.150 apfu to 0.400 

apfu) and Cr (0.030 apfu to 0.070 apfu) values (Figure 2.21 and 2.22). Al and Cr in natural 

clinopyroxene decrease in a linear fashion with increasing pressure and temperature (Figures 2.8, 

2.9). Na in experimental samples does not appear correlated with pressure or temperature (Figure 

2.23). This differs from natural samples where Na correlates with pressure and temperature 

(Figure 2.10). AlT and AlM1 follow the same trend as total Al, with a plateau AlT (0.060 apfu to 

0.170 apfu) and AlM1 (0.100 apfu to 0.200 apfu) at lower pressures (20 to 40 kbar) and a decrease 

of with increasing AlT and AlM1 pressures (Figure 2.24 and 2.25). Experimental clinopyroxene  
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Figure 2.21 Al cations vs experimental pressure for experimental clinopyroxenes 

Figure 2.22 Cr cations vs experimental pressure for experimental clinopyroxenes 
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Figure 2.23 Na cations vs experimental pressure for experimental clinopyroxenes 

 

Figure 2.24 Tetrahedral Al cations vs experimental pressure for experimental clinopyroxenes 
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Figure 2.25 M1 Al cations vs experimental pressure for experimental clinopyroxenes 

Figure 2.26 Mg cations vs experimental temperature for experimental clinopyroxenes 
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Figure 2.27 Fe2+ cations vs experimental temperature for experimental clinopyroxenes 

Figure 2.28 Ca cations vs experimental temperature for experimental clinopyroxenes 
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Figure 2.29 Ca# vs experimental temperature for experimental clinopyroxenes 

Figure 2.30 Mg# vs experimental temperature for experimental clinopyroxenes 
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AlT greatly differs from natural samples as there is a correlation with pressure and temperature in 

experimental AlT, as well as AlT having much higher apfu values as discussed earlier. 

Experimental clinopyroxene Mg and Fetotal increase with temperature and pressure, Ca decreases 

with increasing temperature and pressure (Figures 2.26, 2.27, 2.28), consistent with natural 

samples (Figures 2.13, 2.14, 2.15). Experimental Ca# decreases with increasing temperature, 

matching natural samples (Figure 2.29). Mg# in experimental clinopyroxene does not have a 

clear correlation with temperature or pressure (Figure 2.30). This differs from natural 

clinopyroxenes where Mg# decreases with increasing temperature and pressure (Figure 2.16). 

2.8 Discussion and Conclusions 

There is a clear disconnect between natural and experimental samples in their Al, Cr and Na 

contents. Ca, Mg and Fe2+ are more similar between natural and experimental samples as 

experimental clinopyroxenes Ca, Mg and Fe2+ are within the range of natural samples. The 

elevated Al in experimental samples give rise to a higher AlT, which incorporated as 

endmembers such as Ca-Tschermak, CaCr-Tschermak and esseneite. Natural samples have low 

AlT with the majority of Al located on the M1 site. Natural samples have higher Na than 

experimental samples, which charge balances with Al located on the M1 site giving rise to a 

jadeite component in natural clinopyroxenes. Cr is higher in natural samples and correlates with 

Na in natural samples, along with Al, which represents the kosmochlor component. The lower 

Na and higher AlT in experimental samples means experimental clinopyroxene has a higher 

CaCr-Tschermak component than do natural samples. 

This disconnect between natural and experimental clinopyroxenes may explain why the Cr in 

clinopyroxene barometer of Nimis and Taylor (2000) underestimates at higher pressures as the 

basis of this barometer is the activity of CaCr-Tschermak. Natural samples have a lower CaCr-
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Tschermak components due to the lower AlT. Experimental samples by comparison will have 

larger CaCr-Tschermak component due to the higher AlT. This disconnect will be discussed in 

the next chapter of this thesis. 

Chapter 3 Thermodynamic Modelling of Clinopyroxene 

3.1 Introduction 

At the present time, thermodynamic modelling is a useful tool that uses thermodynamic data to 

model phase diagrams, multiple-reaction thermobarometry and mineral compositions for a given 

bulk composition at specified P-T conditions. Examples of software that undertake this 

modelling includes THERMOCALC, Perple_X and THERIAK-DOMINO (Powell and Holland 

1988, Connolly 2005, de Capitani & Petrakakis 2010, respectively). Specific focus will be given 

to THERMOCALC in this study, as recent developments in THERMOCALC have provided 

thermodynamic models for mantle peridotites. THERMOCALC was first provided in 1988 as a 

software tool for addressing thermobarometry problems (Powell and Holland 1988). Since then, 

there has been many thermodynamic dataset and activity-compositions model updates for 

THERMOCALC.  

The first thermodynamic model to deal with calculating phase relations in peridotite is Jennings 

and Holland (2015). Jennings and Holland (2015) model the system NCFMASOCr from 0.001 to 

60 kbar and from 800 °C to liquidus temperatures. This model is built upon the model of Green 

et al. (2012a) which modelled orthopyroxene, clinopyroxene and garnet in the system CMAS. 

The next updated model is Holland et al. (2018) which builds upon Jennings and Holland (2015) 

in the system KNCFMASHTOCr. The model calculates phase relations in bulk compositions 

ranging from peridotite to granite, from 0.001 to 70 kbar and from 650 °C to peridotite liquidus 
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temperatures. The most recent model is Tomlinson and Hollandôs (2021) model which is based 

on model of Holland et al. (2018). Tomlinson and Hollandôs (2021) updated model is specifically 

for calculating peridotite phase relations and melt compositions from 0.01 to 60 kbar and from 

600 °C to the peridotite liquidus in the KNCFMASTOCr system. 

These recent updates in THERMOCALC provide the ability to model multiple-reaction 

thermobarometry and mineral compositions for garnet lherzolites from different bulk 

compositions and these will be related to the single grain clinopyroxene thermobarometer. These 

models will also be compared with natural and experimental samples along with the 

geothermobarometer calculations from these samples to explore recalibrating the existing single 

grain clinopyroxene barometer. 

3.2 Clinopyroxene in THERMOCALC 

3.2.1 Clinopyroxene endmembers in THERMOCALC database and models 

Clinopyroxene has been modelled in numerous studies (Green et al. 2012, Green et al. 2016, 

Jennings and Holland 2015, Holland et al. 2018 and references therein). Holland and Powell 

(2011) provide thermodynamic data for the clinopyroxene endmembers diopside, hedenbergite, 

Ca-Tschermak pyroxene, Ca-Eskola pyroxene, clinoenstatite, clinoferrosilite, jadeite and 

kosmochlor (Pyroxenes and pyroxenoid group in their Appendix 1). Through their subsequent 

papers, the clinopyroxene solution model has been updated in Green et al. (2012a) and Jennings 

and Holland (2015). Green et al. (2012a) specifically updated the model Ca-Tschermakôs 

clinopyroxenes (Al substitution), Jennings and Holland (2015) state clinopyroxene is modelled 

after Green et al. (2012a) and updated the model by adding data for Fe2+, Na, Cr and Fe3+ 

substitution. The most recent version of clinopyroxene thermodynamic data and models comes 
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from Holland et al. (2018), with clinopyroxene being modelled after Green et al. (2012a) and 

Jennings and Holland (2015), with additions for Ti and K-jadeite. 

3.2.2 Ca-Tschermak Substitution in THERMOCALC  

The Ca-Tschermak component in clinopyroxene can be used as a geobarometer (e.g. Nimis 

1998), however, its use as a geobarometer depends on the quality of thermodynamic data as well 

as diopside-cats solid solution. The Al-Si distribution between tetrahedral sites is separated 

between disordered and ordered (Green et al. 2012a) based on a degree of short-range ordering 

(Cohen 1986, Benisek et al. 2007). Short-range order is defined as the probability of finding Al-

Si next nearest neighbour pairs in the tetrahedral (T) site. Each T site is surrounded by four 

nearest-neighbour T-sites, with two of these four sharing common oxygens with the regarding T 

site and belong to the same tetrahedral chain. In completely ordered cats, nearest neighbour pairs 

are Al and Si (Cohen and Burnham 1985). In disorder cats, nearest neighbour pairs are Al-Al and 

Si-Si (Cohen and Burnham 1985). 

 To account for this ordered and disordered cats, Green et al. (2012a) split the tetrahedral 

site into T1 and T2 and adopted an order parameter (Q = xAl
T2 ï xAl

T1) in THERMOCALC. Two 

endmember compositions were then added: 

1) an ordered Ca-Tschermakôs pyroxene (catso in Green et al. 2012a appendix), where Al is 

only partitioned on T2 and Si is only partitioned on T1.  

2) a disordered Ca-Tschermakôs pyroxene (catsd in Green et al. 2012a appendix), where Al 

and Si are partitioned between T1 and T2 (SiT1=1/2, AlT1=1/2 and SiT2=1/2, AlT2=1/2).  
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To facilitate later expansion of the THERMOCALC dataset, the Al-Si ordering in cats pyroxene 

was calculated using the symmetric formalism of Holland and Powell (1996a and 1996b) (Green 

et al. 2012a).  

In the most recent versions of THERMOCALC (Jennings and Holland 2015 and Holland et al. 

2018) they state clinopyroxene is modelled after Green et al. (2012a), with further elemental 

additions. However, Jennings and Holland (2015) and Holland et al. (2018) both did not consider 

the ordered and disorder cats as they only have one tetrahedral site in their data, treating the Ca-

tschermak component as ordered cats (e.g. Table A3 Holland et al. 2018). 

3.2.3 Fe2+, Na, Fe3+, Cr, Ti and K Substitution in THERMOCALC  

Fe2+, Na, Fe3+ and Cr were added to the clinopyroxene model by Jennings and Holland (2015). 

Fe3+ and Cr were added to the model using a cats-like components, with Fe3+ and Cr substituting 

on the M1 site in place of Al. The endmembers used are Ca-esseneite and Cr-diopside (Table A3 

in Jennings and Holland 2015). Cr-diopside is used as a geobarometer (Nimis and Taylor 2000) 

and itôs use as a geobarometer depends on the quality of thermodynamic data. 

Na and K were added to the model by Jennings and Holland (2015) and Holland et al. (2018), 

respectively. The endmembers added were jadeite and K-jadeite, to accommodate for Na, K and 

excess Al on the M1 site relative to the T site (Jennings and Holland 2015, Green et al. 2016, 

Holland et al. 2018). Ti was added to the model by Holland et al. (2018), as Ca-buffonite (Table 

A3 in Holland et al. 2018). 
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3.3 Modelling of Garnet Lherzolites in THERMOCALC  

3.3.1 Model, Dataset and Bulk Compositions 

Phase relationships and mineral chemistry for garnet lherzolites were modelled in 

THERMOCALC after the model of Holland et al. (2018) using the updated dataset ds634 from 

Tomlinson and Holland (2021). Fertile lherzolite compositions KLB-1 and KR4003 are used in 

the modelling. One depleted bulk composition is used, modified after Workman and Hart (2005) 

(Table 3.1).  

Table 3.1 Bulk compositions used in THERMOCALC modelling. All bulk compositions are normalized to 100 for 

use in THERMOCALC 

 

THERMOCALC produces an output based on the scripts the user chooses. This includes 

thermodynamic data such as Gibbs free energy and activity for endmembers at specific pressures 

and temperatures. THERMOCALC can also calculate the mode percentages of minerals along 

with the chemistry of said minerals at specific PT. The P-T space explored in this study was 20 

to 70 kbar and 1000 °C to 1700 °C, with pressure and temperature increments varied by 5 kbar 

and 100 °C, respectively. 

3.3.2 Model Mineral Chemistry and Chemical Changes with Pressure and Temperature 

THERMOCALC calculates the compositions of minerals at a given PT for a predetermined bulk 

composition. This section will focus on the calculated mineral compositions as they evolve with 

changing PT conditions. 

   SiO2 TiO2 Al 2O3 Cr2O3 FeO MgO CaO Na2O K2O O SUM Reference 

KLB-1 mol% 38.46 0.07 1.77 0.11 5.88 50.53 2.82 0.25 0.01 0.10 100 Takahashi 1986 

KR4003 mol% 39.38 0.11 2.20 0.14 5.89 48.75 3.24 0.19 0.05 0.06 100 Walter 1998 

Depleted mol% 38.68 0.08 2.03 0.19 5.92 49.95 2.94 0.11 0.003 0.10 100 Workman and Hart 2005 
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The majority of modelled clinopyroxenes from the bulk compositions KLB-1, KR4003 and 

Workman and Hart (2005) depleted are below the 0.5 wt% Cr2O3 cut off in Ramsayôs (1992) 

diagram (Figure 3.1), which is one of the filters used for natural clinopyroxene data (Chapter 2). 

Therefore, these clinopyroxenes would not be considered to be from garnet lherzolites. This 

highlights a concern in terms of the clinopyroxene solution model. Al 2O3 in Ramsayôs (1992) 

diagram ranges from 0 wt% to 4 wt% for Cr2O3 from 0.5 wt% to 2.25 wt% and from 0 wt% to 5 

wt% Al2O3 for Cr2O3 values >2.25 wt% for garnet peridotites. The majority of modelled 

clinopyroxenes have less than 4 wt% Al2O3 (Figure 3.1). The other discrimination plot used by 

Nimis and Taylor (2000) is Nimisô (1998) MgO vs Al2O3 wt%. Natural clinopyroxene that plots 

in Ramsay and Tompkinsô (1994) garnet peridotite field are plotted onto the MgO vs Al2O3 wt% 

diagram to separate clinopyroxenes from garnet peridotites and low Al2O3, low MgO, 

metasomatized, garnet-free peridotites. All the modelled clinopyroxenes plot on the high Al2O3 

side of Nimisô (1998) plot. The modelled MgO wt% and Al2O3 wt% both go to higher values 

than the values used by Nimisô (1998) diagram (Figure 3 in Nimis 1998). 
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3.3.3 Cation variation with P and T 

Ca# in modelled clinopyroxene ranges from 0.155-0.427 with the compositions being similar 

between all three used bulk compositions. Ca# decreases with increasing T in the modelled 

samples (Figure 3.2), consistent with trends for both natural and experimental samples.  

 

 

 

Figure 3.1 Cr2O3 vs Al2O3 wt% clinopyroxene classification of Ramsay (1992) with modelled garnet lherzolite 

clinopyroxene from three different bulk compositions from 20-70 kbar and 1000-1700 °C 






































































































































