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Abstract

Exploration methods for diamonds often employ the geochemistry of single minerals to identify
deposits. Due to the scarcity of diamorebgloration practiceaseminerals known as

Aki mber |l ite i ithéese minemls arenypinalyrmare gbandaat than diamond and
may have equilibrated under conditions where diamond may have beenQGretd.these

minerals is clinopyroxenedm garnet Iherzolitesbecause garnet lherzolites are stable in the
diamond stability fieldThere are multipl@ublisheddiscrimination methods to identify
clinopyroxenes from garnet lherzolitesch as Ramsay (1992), Nimis (1998prris et al.

(2002)and Grutter (2009)After applying these discrimination methddsdentify garnet

Iherzolite clinopyroxene, the chemistry of clinopyroxenes camsked with

geothermobarometers to calculate pressure and temperature edtimatastle xenoliths or

xenocaystsand thereby identify potentially diamothearingkimberlite deposits.

Using published majeelement compositions @&78clinopyroxenegrom garnet Iherzolites
theseclinopyroxenaliscrimination methodwerefound to accuratelidentify clinopyroxenes
from garnet IherzolitesTrends between cations were also observed in clinopyroxene.
Specifically, with the cations Na and Al+Cr having an approximate 1:1, saigestinghatNa,
Al and Cr are substitutingominantlyas jadeitd NaAISi>Oes) and kosmochlo(NaCrSpOg) in
garnet lherzolite clinopyroxen&lemental cations are also compared with the calculated
pressure and temperature from multiple geothermobarometers with specific focus on the
clinopyroxene geothermobarometdxs, Al and Crcations were all found to decrease with
increasing pressur&lg and Fe weréoundto increase with increasing temperature while Ca

decreased with increasing temperature.



These natural clinopyroxene samples were comparedcintipyroxenes fronmigh RT
experiments omarnet lherzolitesThe experimental clinopyroxenes were noticeably richer in Al
and poorer in Na and @nan natural clinopyroxeneshe differences between natural and
experimental clinopyroxenes, specifically with Al, Cr and Na shows a disconnect bétween
experimentalnd natural garnet IherzolitinopyroxenesThe richer Al in experimental samples

suggesta highertschermak comonentthan in the natural clinopyroxenes

Using the program THERMOCAL@arnet Iherzolites were modelled at specific bulk
compositiongo compare modelled clinopyroxenes to natural clinopyroxdrresmodelled
clinopyroxenesin the garnetherzolite stability fielgd did not match well with natural garnet
Iherzolites as the modelled clinopyroxenes failed garnet Iherzolite clinopyroxene discrimination
plots. However, the cation trends against pressure and temperature appeared to fokowighe tr
seen in natural samples. Usiogmpositions calculated aloggothermsclinopyroxene

appeared more like natural samples based on garnet lherzolite clinopyroxene discrimination

methods and followed the cation trends seen in natural samples exc®lptdtons.

Finally, an updated singigrain clinopyroxengeobarometer wasalibrated from natural garnet
Iherzolites by modifying the Nimis and Taylor (2000) barometéris barometewas calibrated
using the calcul at ed t epyrpxene thérraometerantithefl ay | or 0 s
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 Grutter 2010).
Through multiple linear regression an expi@ssvas developed to calculate P (kbar) as a

function of T(K), Cr/(Cr+Al1), Cr/Al, Cr+Al-0.86(Na+K) and Ca/(Ca+Mg+Fe) in

clinopyroxene. Thexpression is:



P(kbar) = 1239.28 0.0076t T(K) t In(Cr/(Cr+Alw1)) + 9.2988& In(Cr/Al) + 0.2056t T(K) i

0.0051t T(K)  In(Cr+Ali 0.86(Na+K))i 201.226% In(T(K)) + 56.824% In(Ca/(Ca+Mg+Fe))
With Alm1 calculated as:
Almi = Al'T 0.5(Al + Cr + 2Tii Nai K)

Application of this updated barometer was applied to xenoliths fronmdoalities. These
localities are Chidliak kimberlite field, Diawkkati kimberlites, Finsch diamond mine and
Jagersfontein diamond minghe updated barometer performs well esspures calculatdtom
xenoliths from the four localities usirtge updated barometarein 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

1.1Introduction

Thermobarometry of garndearing ultramafic rocks has provided valuable information on the
nature, depth, and evolution of mantle xenoliths and-grglde metamorphic rocks. Since the
pioneering work of Boyd (1973), mineral chemistry has been used tesgfiveates of pressure

and temperature of equilibriurBoyd (1973) developed a pyroxene geotherm using ultramafic
rocks containing the assemblage enstatite + diopside + garnet. The thermometer was developed
using an enstatitam-diopside thermometer becauthe solidsolution is sensitive to temperature

in the range 90A400°C and is relatively insensitive to pressure. The barometer was developed
using an Alin-enstatite barometer based on dheminumexchange between orthopyroxene and
garnetSi n c e swokw rge number of geothermobarometers have been deveésed,

and i mplemented (e.g. O0O06 Neill and Wood 1979,
1988, Brey and Bhler 1990, Taylor 1998, Nimis and Taylor 2000, Brey et al. 2008, Nimis and
Grutter 2010, Sudholz et al 2028t presentthe most widely used geothermometiers
peridotitesarebased on Gdg equilibria between clinopyroxene and orthopyroxeme MgFe
equilibria between garnet and olivine, orthopyroxene or clinopyroxene (Nimis and Grutter 2010).
One of the most widely used suites of geothermobarometers is that of Brey and Kdhler (1990),
which has becomede factostandard in mantle xenoligtudies (Nimis and Grtter 2010). Brey

and Kohler (1990¢onsidereclementakexchange between minerals in fqairase peridotites

(olivine, clinopyroxene, orthopyroxene and garnet) with the enstatite exchange between
orthopyroxene and clinopyroxene the meglely usedThe two pyroxene thermometer

formulation was calibrated on experiments in syntheticrextdral systemdshey also calibrated

an alternative geothermometéne Cain-orthopyroxene thermometer, which uses the diopside



component in orthopyre@ne to calculate the equilibrium temperature. Additionally, Brey and
Kdhler (1990)provided an update to tlggobarometer based on-&change between

orthopyroxene and garnet.

Nimis andGrttter(2010 provide a comprehensive evaluation of exgadthermometers and
geobarometers applicable to garnet peridotites, particularly those from dizstatel depths.
Nimis andGrtter(2010 recommended the geothermometeTaylor (1998) whichis based on
the enstatite exchange between orthopyroxenelampyroxenewith aformulation
incorporating corrections for the minelementsNa, Ti, and Fe (Nimis ancrutter 201(. The
recommended geobarometer of Nimis &@rdtter(2010 is that of Alin-orthopyroxene of

Nickel and Green (198%)ased on Akxchame between orthopyroxene and garnet.

Constraining the pressure and temperature conditions sampled by kimberlite magmas is
fundamental for both academic and exploration purpdsesany cases, the samples available
are xenocrysts (single minerals) rather than xenoliths that may contain multiple minerals
amenable to use for geothermometry and geobarontetpyoiting the mineral chemistry of
single mineral grains to constrain tha Bf theirorigin is required to use these xenocryst

populations for either academic or exploration purposes.

Therefore, considerable effort has been directed at developing-siimgdeal geothermometers
and geobarometessich as the singlgrain clinopyoxene geothermobarometdhe singlegrain
clinopyroxenetiermometer and barometarNimis and Taylor (2000arewidely usedn

diamond exploration and mantle xenolith and xenocryst st(@iegter2009).Clinopyroxene is
a common kimberlite indicator meraloccurringas xenocryst€onstraining the F of origin of
such xenocrysts carovideinsightinto the thickness and thermal evolution of the lithospheric

mantle (e.g Read et al. 2004 ,i@er2009)as well



1.2 Existing Single Grain Clinopyroxene Geothermobarometerdor Mantle Conditions

Nimis and Taylor (2000¢alibrateda Crin-clinopyroxene barometer and an enstditite

clinopyroxene thermometesingexperimental clinopyroxenes synthesiz¢@561500°C and

0-60 kbar in the CMSrad CMAS-Cr systems and complgxatura) Iherzolitic systemsThis

geot hermobarometero6s initial devel opment bega
theexchange of aluminuroetween garnet and clinopyroxeseexpressed by the react/
Ca&Al2SizO12 (grossular 1/3 MgAl2SisO12 (pyropg = CaMgSiOe (diopside)y+ CaAbLSiOs
(CaTschermakand a thermometer based on enstatitelinopyroxene CaMgSpOs

(clinopyroxenel Mg.Si>Os (orthopyroxene¥ Mg.Si>Os (clinopyroxenel} CaMgSiOs
(orthopyroxene)). The Aéxchange barometer is strongly pressersitive because of a large,
positive molar volume changeth the reaction written as abavehe reaction gives rise to less
aluminous clinopyroxenes as pressunrcreases (Nimis 1998). The enstaititelinopyroxene
thermometer is based on the tpgroxene 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 cantent 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 behigreand low pressure
clinopyroxenes and therefore can be used to separate gratuitdiamonefacies

clinopyroxenes (Nimis 1998).

Nimis and Taylor (2000puilt upon the geothermobarometer of Nimis (1998hndifying the
barometeto considelCr-exchang between garnet and diopside (CaM@&(diopside) +

CaCrAISiQs (CaCrTschermak) = 1/2 (GMQ)Cr2SisO12 (uvaroviteknorringite)) + 1/2



(CaMQg)AISisO12 (grossulagpyropa)?). This reaction differed from the Nimis (1998)
barometer, which was based Ahrexchange between clinopyroxene and garnet. The
geobarometric expression developed (equation 9 of Nimis and Taylor 20083 mpesature

(K), a term they define ake activity of CaGiTschermakdcits = Cri 0.81Cr#(Na+K) in
clinopyroxene and the CiEr/(Cr+Al)) of clinopyroxene to calculate the pressure in kbar. The
temperature dependency of the geobarometer is reasonably low and ranges-2ahkha2/50

°C (dependant ooomposition) and onlfour chemical parameters (G|, Na,andK) need to

be analyzed to obtain pressure estimaibs. Crin-clinopyroxene barometer tends to
underestimateressuregabove 50 kbarsuch that the barometiils in many high pressure and
temperature sampléblimis 2002).Their formulation has no explicilependence 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 tiMgGaxchange between
clinopyroxene and orthopyroxene. The geothermometer developethesasstatite activity in
clinopyroxene and has corrections for minor components FAJ,Tand Cr (equation 17 of

Nimis and Taylor 2000). Thagingle grairclinopyroxene thermometer yields similar estimates to
the Taylor (1998) thermometer as both therratars use similar expressidias the enstatite
activity in clinopyroxene and similar corrections for minor components (Nimis and Grutter

2010).

Nimis et al. (2020) provided an empirical correction to the Nimis and Taylor (2000)
geobarometer to correct thggh-pressure underestimation. An empirical correction was

calculated by comparing thmessures calculated with thimis and Taylor (2000parometer

1 The barometer uses Cr partitioning between clinopyroxene and garnet and the chemical formula is expressed this
way to maintain elemental balandée reaction for this barometer can be traced back to the classic Al partitioning
between ahopyroxeneand garnet that is written Mg#8iOs + Mg2Siz0s = MgzAl 2Siz012



andthose from théNickel and Green (198%arometefas modified by Carswell 1991or
clinopyroxeneorthopyroxenegarnet 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 sec@atynomial fit through the x®olith data. The formula for

the correction is:

PCorrection: 005024RT2 + 07633RT + 0.1257

The correction improves the consistency between the Nimis and Taylor (2000) and Nickel and
Green (1985fasmodified by Carswell 1991), barometers in mantle %émo(Nimis et al.

2020). This correction was descri bsmtheas a fnba

absence of new experimental data.

An experimental recalibration of the-@r-clinopyroxene geobarometer was undertaken by
Sudholz et al. (2020yhere theyperformed29 experiments betweer73GPa and 1160400°C.
Theyre-examinedhe exchange reaction over artended pressure, temperature, and
compositional rangeelative to Nimis and Taylor (200@) attempt to improve the performance
of the baometer at high pressurgudholz et al. (2021Jevelopeda newgeobarometric
expressiorfequation 5 of Sudholz et al. 2024gsed on Gexchange between garnet and
diopside(same reaction exchange as Nimis and Taylor 2081)g the sameariablesas Nimis
andTaylor (2000which aretemperatur€K), CaCrTschermak activityacts) in clinopyroxene

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

1.3Mantle Clinopyroxene Compositional Filtering and Error Sources
The application ofhe single grain clinopyroxene thermobarometer requommesful

compositional filteringas well as evaluation of analytical errors and associated temperature and



pressure estimation errofsltering attempts to ensure thelinopyroxenes are from garnet
Iherzolites essentiallypecause of the implicit requirements that the clinopyroxenes be in
equilibrium with both garnet and orthopyroxén@ r Ni mi s and Tayl ords (20
Nimis (1998) ad Nimis and Taylor (200Q)sedR a ms ay 06 s 206 \k.ABR glassiication
diagram (following methods of Ramsay and Tompkins 19B#jure 11) to separate
clinopyroxenes from garnet lherzolites, spinel Iherzolites, eclogites and megasdiysss

(1998 found more than 90% of clinopyroxenes from garnet peridotite xenoliths plot within
Ramsayods (1992) .dNanis((1898) amé&imis dnd Tayldr €£000) ialsolamplied
an AbOsz vs. MgO diagranto clinopyroxenes that plotted in the;Og vs. AOs garnet

peridotite fieldin the Ramsay diagrano separatelinopyroxenegrom garnet peridotites and
low Al203, low MgO, metasomatized, garrete peridotitegFigurel. 2). Nimis and Taylor
(2000)aso applied a qualitycontrol filter, restricting the analyses to cation sums > 3.98 and <
4.02 on a sboxygen basisFinally, theyfurther restricted the compositional range of

clinopyroxenes to less than 5 wt%,0Og andactsO 0. 00 3 .

Gritter (2009) endorsed and refined the filtering process of Nimis and Taylor (B@®flers

include:
1) The CsOs vs. AlbOs garnet peridotite field of Ramsay and Tompkins (1994)

2) The CpOs vs. AlOz diagram can be supplemented by a plot of Na+KOrsAl to assess the

tschermak vs jadeite/kosmochlor component of clinopyroxene
3) Reject low Al clinopyroxenes using the2@k vs. MgO diagram of Nimis (1998)

4) Cation sums > 3.96 and < 4.04 on amiygen basis, this is less restrictive than the Nani

Taylor (2000) sums of > 3.98 and < 4.02
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Figure 11 Al,O; vs CrO;s classification diagram of Ramsay (1992) for distinguishing mantle clinopyroxene s

5) Cr.03 less tharb wt%, matching Nimis and Taylor (2000)
6) Cr# ranging from 0.06 to 0.50

TNacrsO 0. 003 matching Nimis and Taylords (2000)
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Ziberna et al. (2016) proposed partially revised compositional filters based on decreased
reliability of thesingle grairclinopyroxene thermobarometerr foarticular compositions and
various sources of errofhey found that compositiortharacterized by low Cadrschermak

activity values decreadehe reliability of the Giin-clinopyroxene barometer.

Ziberna et al. (2016) filters include:

1) Total catims ranging > 3.98 and < 4.02 on a-ekygen basis, matching the filter used by

Nimis and Taylor (2000)



2) Grains must plowvithin the CeOs vs. AOs garnet peridotite field of Ramsay and Tompkins

(1994)
3) Plot grains withinthe higtAl f i el d of M¢vsnNig®diagrani 9 98) Al

4) Cr# compositiongn the range 0.1:0.65 Cr# values in the range of 0-8065should be used

with caution. This differérom Grutteld €2009)Cr# range of 0.06 to 0.50.

5) Recognize compositions sensitive to analytical uncertainties asiCr# > X where X is a

function of analytical conditions. This replaces the fitetsO 0. 003 of Ni mi s and
(2000) and Griitter (2009). 41/ Cr # O 0.011 the clinopyroxenes
<acr/Cr#O 0 . 0 2gdalithanalybes are recommended, values above 0.024 can be used

safely. The range facrJ/Cr# in expeiments 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. Thigerificationcannot be obtained with simple
compositionafilters. Generally, Ca/(Ca+Mg) > 0.5 should be considered suspicious as a very
small proportion of orthopyroxene saturated clinopyroxenes are above thislnaddition,a

very low temperature estimdi®m the enstatiten-clinopyroxene thermometer 00 °C)

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

Although thesingle grainclinopyroxene thermobarometer is an extremely useful and widely
used geothermobarometthere are still associated uncertainties. The enstatitBnopyroxene
thermometer has been proven to be an excellent geothermometer when compared with other

geothemometers (as discussed before) (Nimis and Gritter 2010) and significant errors are only



expected at low temperature (< 9@) in response to lardeelative)errors in CaO, Sigand

NaO measurement@Nimis 2002)

The Crin-clinopyroxene baromet@f Nimis and Taylor (20003uffers from underestimation at
high pressure and temperature conditions, as the barometer tends to underestimate at equilibrium
pressures above 50 kbar (Nimis 2002)e most compelling evidence for errors in the pressure
estimates & thediscrepancies between thieglegrain clinopyroxene and the orthopyroxene
garnet barometers on xenolith sansplEhe dfferencescan be very large for clinopyroxenes
with low values ofacrrs, one of the main variables in the baroméZaberna et al. 2016¥iberna
et al. (2016) found the decredg®ecision in the Gm-clinopyroxene barometer for
clinopyroxenes with lovecrs values is related to propagation of analytical errbnese

analytical errors increase with decreasing beament and counting times and the propagated
pressure uncertainties are negatively correlated with the clinopyraxenand positively
correlated with clinopyroxene Cr#. The analytical errors on Al, Cr and Na are specifically
focused onas they are sl to calculatects (equation 7 of Nimis and Taylor 2000)he
analytical conditiongre used to calculate the analytical errors on Al, Cr and Na to calculate
pressure uncertainties through error propagd#dbverna et al. 2016). Ziberna et al. (2016)
suggest using higlquality analyses for reducing analytical errors on Al, Cr and Na, which

decreasepropagated errors.

Sudholz et al. (2021) attempted to correetthderestimatiom f Ni mi s and Tayl or 6
barometeby recalibrating the Gin-clinopyroxene geobarometer as discussed eaflwy

filtered major and minor elemental @ediccording to the protocol of Ziberna et al. (20B3)th

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

describauncertaintie®n estimated pressure
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This previously discussed propagation of uncertainties resultsTiegimation uncertainties,
and thiseffectsgeotherm estimation®lather et al. (201) compared the Nimis and Taylor
(2000) geothermobarometer using clinopyroxene xenocrysts to multimineral
geothermobarometers using garnet lherzolgher et al. (2011discusses errors inP
estimationon these geothermobaromet&mn uncertainties on electron microprobe analyses
such as counting statistics, instrumeti@ft, and noiseand the effects oastimating
palaeogeotherm3hese are consideredtternal errorand average uncertainties from these
external errors are uséal calculate a range of mineral compositions from an average dilise.
range of mineral compositions gives modified mineral compositidrish are used toalculate
P-T (Mather et al. 2011 Mather et al. (2011) varied oxide compositigmor down by 11.5and
2 standard deviations away from the meampositionandcreated a range of mineral
compositionsvhich in turncreatedifferentP-T resultsandpalaeogeothernfer eachrange of
mineral compositios

1.4 Objectives

The objectives of this thessse summarised as follows:

I. The compilation of mantle clinopyroxene geochemical data from garnet lherzolites.
This database is contpd from high quality analyses of garnet peridotite from
published literatureThe geochemical data from natural garnet lherzolites will be
compared witlpressure and temperature geobarometer calculaégpsrimental
garnet Iherzoliteand current discrimination methods for garnet lherzolite

clinopyroxenes

il Evaluating thermodynamimodels for clinopyroxene from modelled garnet

Iherzolites and comparing the mosia natural garnet lherzolite data

11



iii. Revise thegeobarometer for Gdiopsideusingnatural garnelherzolitesamples
either through thermodynamic modelling refining theprevious geobarometer

formulation

Chapter 2 Chemistry of Clinopyroxenesfrom 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. Pyroxenegrystallize in the orthorhombic and monoclinic systems to form orthopyroxene
andclinopyroxene, respectivelfyroxenes contain single@ chains of linked SD4tetrahedra
andarerepresented by a general chemical fornfi2)(M1)(T)20e. The M2 site represents
cations in distorte® to 8coordination M1 cationsarein regularoctahedral coordination and T
cations areetrahedrallycoordinatedMorimoto 1988) The M2 site typically accommodatiis,
Ca,Mn?*, F&*, Mg, and Li M1 accommodatellg, F&*, Mn?*, Al, Cr, Ti, and Fé". Cr usually
occurs as Gt and Ti as Ti" in terrestrialpyroxenesin moreredudng environmentsCr and Ti

can occur as Grand T?*. The T site is occupied by Shd Al,dominantlySi. The cations
mentioned are the most commames in the rockorming pyroxenes; however, othats occur

in trace amoumst(CamerorandPapikel1981).
Morimoto (1988 proposedillocatingcations to obtain a pyroxene formula following these steps:

1) Sum T to 2.000 using 8j then APF*, then Fé".
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2) Sum M1 to 1.000 using all remaining excesd'Ahd Fé*. If there is insufficient Al
and Fé" to sum to 1.000 add Tifirst, thenCr**, thenV?3", thenTi%*, thenZr**, thenSc",
thenzZn?*, thenMg?*, thenFe?* andfinally Mn?* until the sum is 1.000.

3) Sum M2 using all M§', F&¢* and Mrf* in excess of that used to fill the M1 site. Then add

Li*, C&* and N& 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 Min¢ames of the International
Mineralogical Association (Morimoto 198&)yroxenes form extensive solid solutiamnd are
subdivided into ranges with specified compositions and nayesxenes are generally divided
into threechemical groups: Chg-Fepyroxenes, G#Na and Na pyroxenes, and other pyroxenes
(Morimoto 1988) The CaMg-Fe pyroxeneare the most commawck forming pyroxenes.

These areepresented ithe pyroxeneuadrilateral, which is a ternary diagram of the system
CaSiQ (the pyroxenoidvollastonite), MgSi-Oe (enstatite), and E8i.0 (ferrosilite) (Figure

2.1).

Sodicpyroxenes are represented by the minerals jadeite (N&@®)Saegirine NaFe*Si;Os),
kosmochlor (NaCrS0e) and grvisite(NaScSiOg). The Na pyroxenes shoextensive solid
solution with the CaMg-Fe pyroxenegiving rise to CaNa pyroxenes such as omphag{tea,
Na)(Mg, Fé*, Fe*, Al)Si»0s). Na and CélNa pyroxenes are classified using theNIg-Fe
pyroxenegadeiteaegirine diagranm crustal settinggMorimoto 1988) In mantlelithologies,
clinopyroxene is rictin Cr so mantle pyroxenes are better represented by the diagrifg-Ea
pyroxenegadeitekosmochlor Figure2.2). Nimis and Taylor (2000) describe mantle
clinopyroxene as chromiatiopside, which is defined as CaMgSi-rich clinopyroxene with

>0.5 wt% CpOs.
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2.1.2 Dataset

A reference dataset for chemical analyses and testing of discrimination schemes for garnet
Iherzolite clinopyroxenes has been compiled for this study. This datagainanajorelement
compositions of 678linopyroxens 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 keetw98.5 and 101.5 wt% are used. The dataset
covers a wide range of cratons including the Slave, Superior, North Atlantic, Wyoming,
Kaapvaal and Siberia cratori@uring the later stages of this thesis, a complementasetvas
kindly provided by ThomaStachewhich was used teupplement this database. All caheol

data are included in tHgupplementary Online Datagéppendix A)for this study.

CaSio,
CaMgSiL0, /5 ~\ CaFeSi.0
8% diopside hedenbergite \ 4s e
augite
20 20
pigeonite
5 . 5
/ enstatite ferrosilite \
Mg Si0, 50 Fe,Si,0,

Figure 21 Modified pyroxene quadrilateralfter Morimoto (1998ith clinopyroxenes frondatasebf mantle
garnet lherzoliteor this study
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Figure 22 CaNa clinopyroxenglot for clinopyroxenes from datasetmfantle garnet lherzolites. The diagram it
modified after Morimoto (1988ith kosmochlor replacing aegirirtkie to the Crich nature of mantle
clinopyroxenes

2.13 Goals

The goal of thishaptelis to provide a overview ofthe chemistry omantlederived
clinopyroxenegrom garnet Iherzolitesver a broad range of pressure and temperature settings.
Publisheddiscriminationmethods will beapplied tothe dataset of garnet Iherzolite

clinopyroxenego see ifcurrent chemicalidcriminations apply to the majority of the dataset
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samplesThecompositional variability of the clinopyroxenes as functions of pressure and
temperature will be presented to expltre relationshipsf cation exchange with pressure and
temperature of garnet Iherzolite in mantle settitfnggural clinopyroxenes will also be compared
with synthesized experimental garnet Iherzolite clinopyroxemasalyzehe relationship
between cations and pressure tardperatureThis comparison will illustraténe differences

and similaritiedbetween natural and experimental clinopyroxenes.

2.2 Mantle ClinopyroxeneBackground

2.2 1 Historical Discrimination

Discrimination between clinopyroxene from-oraton garnetgridotite, oftcratongarnet

peridotite, spinel peridotite, eclogite, pyroxenite and megayxissible usinRa ms ay 0 s

(1992) CpO3 vs. ALOs classification diagram (following methods of Ramsay and Tompkins
1994)(Figure 2.3)On this diagranthe 0.5 wt% CGiOs boundaryseparateslinopyroxenes from

peridotitic and nosperidotitic sourcesThe Al0Oz contentis useful for separating clinopyroxenes

from garnet peridotites and from spinel/garseinel peridotites (Nimis 1998\n additional

di scrimination plot that is wused in conjuncti
(1998) MgO vs AlOsplot.Cl i nopyr oxene that plots in Ramsay
peridotite field are plotted onto the MgO v@% wt% diagram to separate clinopyroxenes from

garnet peridotites arldw Al2O3, low MgO, metasomatized, garriete peridotitegFigure 2.4).

If low Al2Os clinopyroxenes from garnet free peridotites are included in a dataset under
considerationequilibration pressures are overestimated, yielding incorrect pressure estimates

(Nimis 2002).
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Figure 24 MgO vs ALO3z wt% clinopyroxene discrimination of Nimis (1998) with dataset clinopyroxenes fromn
garnet lherzolites

An additional screen ithe Al-Na-Cr ternary of Morris et al. (2002)lorris et al. (2002)
developedhis screenindpecause they find th#tte cutoff of 0.5 CprOsz wt% of Ramsay1992)
overlapedwith clinopyroxenes from other rock typddis ternary is applied tdinopyroxenes
becausehe atomic proportions of Al, Cr and Narmantleclinopyroxenes recovered from

kimberlites have ~1:1 rats of (Al+Cr):Na(Figure 2.5) This indicates jadeite and kosmochlor
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components of the clinopyroxengsminate incontrolling the distribution of these elements in
the mineral structuraa mantle settingsRocks from crustal settings typicabye low in Na and

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

CaCr,SiO,
B

CaCrAlSiO, (CrCATs) NaCrSi, O, (kosmochlor)

Cr-diopside xenolith and xenocryst

field of Moms etal. (8002?%\%

Al NaAlSi O, (jadeite) i
: 1 adeite
CaAlSiO,_ (CATs) 26 NaFeSi,O, (aegerine)
CaFe*'AlSiO, (esseneite) Na(Feg Ti, )Si.0
5 6

Figure 25 Al-Na-Cr ternary clinopyroxene discrimination of Morris et al. (2002) with dataset clinopyroxenes
garnet IherzolitesThe ternary includes a field for mantle derived clinopyroxenes and key mineral endmemb:
Al, Na and Cr clinopyroxenes

2.4 Ddaset Clinopyroxene Chemistry
Clinopyroxenes from garnet lherzolites are describethemmian diopsidewhich is defined as

CaMgSpOe-rich clinopyroxene with >0.5 wt% @Ds by Nimis and Taylor (2000) arid a major
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host for sodium, calciunchromium,and titanium in mantlperidotitegPearson et al. 2014)
Clinopyroxeneshows extensive solid solution with orthopyroxene and/or garnet at high P and T
in the mantle andhostsamples in the database ¢@ndescribed asugite in the pyroxene
guadrilateral (Figure 2.1The Mg# ofthe database clinopyroxene range from 0.819 to 0.959
with an average value of 0.92he Ca#of clinopyroxends strongly Fdependant and ranges
from 0.2670.488 Thistemperature dependenadlects the miscibility gapetween
clinopyroxeneand orthopyroxeneepresented bgaMg-Fe** equilibria, with the lower Ca#
indicating higher temperatures of equilibrimndsley 1983. The AkOs contentof the
clinopyroxenevaries from 0.24 wt% and 5.70 wt%orresponding to 0.010 to 0.240 Al cations
per 6 oxygea CrO3 content varies from 0.17 wt% and 4.40 wt% with the majority of the
sampledhaving 0.5 wt% (Figure 2.3)Corresponding calculated Cr cations range from 0.005
apfu to 0.125 apfu. N® content varies from 0.22 wt#6 4.22 wt% with corresponding Na
cations ranging from 0.015 apfu to 0.295 apfeOKontent varies from 0.a0 0.31 wt% with
corresponding K cations ranging from 0.000 apfu to 0.014 apfu. Na+K ari@t Ale positively

correlated in clinopyroxenes from garnet lherzolites (Figure 2.6).
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Figure 26 Plot of Al+Cr vs Na+K of database clinopyroxene from garnet Iherzolites. There is a strong positi
correlation between Algr and Na+K with ~1:1 ratio seen from the one to one line in the image.

Samples above tlaneto-oneline in Figure 2.6equire Na+K to charge balance with other 3+ or

4+ cationssuch as F& or Ti**. The samples below tlumeto-one lineare richer in Al+Cr and

this suggests Aschermakltype substitution a8l+Cr is not completely charge balanced with

Na+K. Thisobservation is in agreement withorris et al. (2002) withhe observedAl+Cr):Na

ratio of ~1 Read et al(2004) usesthe formula Al+C¢Na-K to distinguish clinopyroxenes from

garnet Iherzolites<0.05 (per 6 oxygen)from those of spinel Iherzolites@.05) (which reflect

the higher tschermak component in clinopyroxenes in spinel Iherz¢Read et al. 209

(Figure 2.7)
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Figure 27 Tschermak vs Gaumber of database clinopyroxene from garnet lherzolites. Modified after Gritte
(2009)

Clinopyroxenecontainsboth ferrous and ferric iron in garnet Iherzolit€stal iron istypically
analyzed as FeO in electron microprobe analyses as most iron occurs in a ferrosrsiate.
iron concentrations can be quantifiesingMdssbauer spectroscofg.g.Caniland @ Ne i | |
1996,Woodland and Peltonen 1999, Woodland 200&h up to 36.7% of all iron ithe
MossbauernalyzecclinopyroxenebeingFe**. The partitioring of F€®* between clinopyroxene
and garnet varies with temperatLéie, chemistry of the individual minerals and bulk rock
composition (Woodland 2009For the subset of samples in the dataset with dta,Na and
Fe** are positively correlatedh agreementvith the observations aiVoodland (2009)

Woodland (2009¢oncluded thathe dominant mechanism for incorporatingfa
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clinopyroxenesn garnet Iherzolites was the aegirine component (Rf&©s) due to low
tetrahedral Al Thepartitioning of F&" between clinopyroxene and garnet can be considered in
terms of two different F&-Al exchange reactionsne involving Nabearing endmembers
(NaAlSi,0s and NaF&'Si,Og) in clinopyroxeneand Cabearing oiF&#*-bearingcomponents in
garnet(Reaction 1 and 2 iwoodland 2009)Mg# increases when Fés taken into

consideration ablg# is typically calculated with FedMg# calculation becomes
Mg/(Mg+Fée?). The change in Mg# can affeioterpretations on depletion, as Mg#édated to
thedegree of melt depletion or enrichment in i{@earson et al. 2014Hlowever, consideration
of FE* remains problematic in the absence of routing &ealysesFor manté clinopyroxenes,
with low FeQotal, attempting to constrain Feby stoichiometry does not work (see Canil and

O6Neil.l 1996)

2.5 Geothermobarometry of Dataset Clinopyroxene

2.5.1Applied Geothermobarometers

Multiple experimentally calibrated thermobarometerseaalable to estimate the P and T of
polyminerallic mantle xenolithand single grain mantle xenocrystéie geothermobarometers
that are applied to the current databaseredlimis and Taylor (20003inglegrain
clinopyroxenehernobaromete{NT2000) Sudholz et al. (202Kjngle grain clinopyroxene
baromete(SUD2021)used with the Nimis and Taylor (2000) thermomdtgmis et al. (2020)
corrected barometéNT2020 Corrected)sed with the Nimis and Taylor (2000) thermometer,
Brey and Kohler (1990)two-pyroxenethermaneter and the garnerthopyroxendarometer
(BK1990) and the Nickel and Green (198grnetorthopyroxendarometemwith Al in M1

calculated after Carlswell & Gib{d987)(NG1985)with the Taylor (1998)wo-pyroxene
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thermomete(TA1998) (as recommended kyimis andGritter2010) Specific focus will be

given to the Nimis and Taylor (2000) thermobarometer and the Suethallz(2021) barometer

All data were screened for quality using tbBowing criteria, similar to Nimis and Grutter

(2010) : oxide totals between 98.5 and- 101.5 w
oxygen basis), (4dxyvgiemne bGas2i.s9)9,0 gaapydendasisilhe 7. 990
Nimis and Taylor (2000) thermobarometer and Sudholz et al. (2021) barometer fedoée

compositional filtering as discussegdSection 1.3The Gritter (2009) and Ziberna et al (2016)

filters result in the rejection of 126 and 186 xenoliths from the datatespectively

Equilibrium between clinopyroxene and orthopyroxene in peridotite xenoliths was verified using

the recommendations of Nimis and Gritter (20®@)ere disequilibrium betwedyoth

pyroxenes is defined as the difference in calculated temperature between the Taylor (1:998) two
pyroxene thermometer and correctediGapx thermometer of Brey and Kdhler (1990) larger

than 90°C at TA98 < 900°C, 70°C at $8= 900-1200°C, or 50°C atA98 > 1200°C.

2.5.2 Chemical changes with Pressure and Temperature changes

Clinopyroxere shows extensiveolid solution toward orthopyroxene and/or garnet at highd?

T in the mantleThis solid solution forms the basis for geothermobarometéng mantle
clinopyroxens. The extent of solid solution dependsharik composition of the peridotites

well as the P and T of equilibratioHoweverexperimentageothermobarometer calibrat®
typically use a variety of bulk compositions which range from fertile to depleted mantle (e.g.
Brey and Kohler 1990,Taylor 1998, Nimis and Taylor 2000, Sudholz et al. 2@@Xpalibrate the
effects of compositionThe change in clinopyroxene chemistry with a change in pressure and
temperaturdi.e. depth)will be thefocusof this sectionSpecific focus will be given to

endmembeclinopyroxenechemistryand individual cations in the clinopyroxene structure.
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Forthe daaset clinopyroxene#l, Cr and Naall decrease with increasipgessure and
temperatur@nd the trends are obvious on a local sdae 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 compositioffrigures 2.8, 2.9 and 2.10}his agrees with the previously
discussed correlatioof (Al+Cr):Na ratio of ~1 asNa and Al+Cr decreassympathécally with
increasing pressure and temperattfrall Al and Crare chargdalanced with Né&n garnet
Iherzoliteclinopyroxenesthesecanbetreated as jadeite and kosmochlor compondrits in

turn meangadeite and kosmochlor decreasendividual clinopyroxene grains with depth
Aluminum can occupy the M1 site (as in jadeite), but also the tetrahedralSitdoés not
completely fillthatsite. Tetrahedral site Al (Al) can be calculatedsAl+=2i Si, although this
calculation of At using Si can be prone to propagation erb@msause chnalytical errors or

poor analyse@Nimis and Taylor 2000By mass balance, A would beAlu1=AlT Al+. Al is
incorporatechs CaTschermak (CaAlAlSig), CaCrTschermak (CaCrAlSi6) (as with Nimis
1998 and Nimis and Taylor 2000 barometegsseneitéCaFeAlSOs), grossmanite

(CaTiAlSiOs) and Cabuffonite (CaMg sTio.sAISIOs) endmembers (Morimoto 19883 w1
decreases with increasing pressure and temperature following the general trend of total Al
(Figure 2.11) Al remains low(<0.06 apfu)n garnet Iherzolite clinopyroxene due to the higher
silica content on the tetrahedral sitéere does not appear to &elear correlation with pressure

or temperature for Alin natural garnet Iherzolite clinopyroxen@sgure 2.12)

Mg and F&@ increase with increasing temperature and pressiitea corresponding decrease
in Ca in the dataset clinopyroxenes (Figures 2.13, 2.14,. Za%)represents all these cations

and the Ca#f clinopyroxene is strongly-lependenbecause othe enstatiteliopside exchange
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Figure 217 Fe¥* cations vs pressure from clinopyroxenes wiiternrometers a) NT2000 barometer wiBlnlitter

(2009) filtering methodology, b) NT2000 barometer with Ziberna et al. (2016) filtering methodol&jyPR021
barometer, ANT2020 Corrected barometer

between orthopyroxene and clinopyroxeBesfy and Kéhled99Q Pearson et al. 20L4Ca#
decreases with increasing temperature, representing the increase of M§'@mh&elecrease
of Ca as previously discussed. Mg# decreases with increasing temperature and pressure (Figure

2.16).

Ferric iron cations determined byldssbauer spectrogepdo not appear to have a clear

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

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

correlationwith pressuras not expected (Woodland 200Jhe presencef unquantified (in
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routine analyses) Beis problematic because it caharge balance with Na in aegirine

(NaFeSiOs) andwith Al in esseneitdCaFe&*AlSiOg). Ferric iron inthe latter substitutiowill
deaeasehe Crtschermak and Geschermalbecause Fé competes with Af! and Cr for At.

This affects the amount of Aavailable for Citschermak and Geschermak components which

in turn will affect barometer calculations (e.g. Nimis 1998, Nimis and T&gd60, 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 Al

2.6 Comparing Natural Clinopyroxene to Experimental Clinopyroxene

Experimental garnet lherzolitesedesignedo simulatenatural garnet Iherzolites melting
experiments andeothermobarometealibrations €.g. Nickel and Green 1985, Brey andhier
1990, Taylor 1998Valter 1998 Nimis and Taylor 2000y axley 2000 Brey et al. 2008 Brey
et al. 2008bBrey et al. 2009, Brey et al. 2011, Davis et al. 2@Lidholz et al 2021)n this

sectionclinopyroxenes from thse experiments ammpared to the natural samples.

Historically, experiments were initiallgonductedn the CMAS FMAS and CFMASsystems
(e.0.Boyd 1973006 Nei | | a nPerkindanl dlewio® TA8Gasparik 1984Harley
1984,Nickel et al. 1985Nickel and Green 198Brey et al. 1986Krogh 1988. Building on
theseexperimentsadditionalcomponentsvereadded to systems such as CMEE NCMAS,
NCMAS-Cr. In addition,natural samples were used in experiments to b&tterlatethe natural
environment (e.gBrey, Koéhler and Nickel 1990Taylor 1998,Yaxley 2000, Brey et al. 2088
Brey et al. 2008Brey et al. 2009, Brey et al. 201Davis et al. 2011Sudholz et al. 2021
Comparisons will be made with experimental samples that contain saBuatural samples of

mantle clinopyroxene are a major host of sodium as discussedyskvi
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The experiments these studiesanged in temperature from 1090 to 1755°C and pressure

from 22 kbar to 100 kbailhe Mg# ranged from 0.853 to 0.949 with an average value of 0.900.
Thisrangeis narrower than theange otthe naturaldatabase clinopyroxesef 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# rangieem 0.2670.488 with an average value of 0.415
Experimental clinopyroxengoes to lower Ca# withnoticeably lower average than natural

clinopyroxenes.
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Figure 218 Plotof Al+Cr vs Na of clinopyroxene froraxperimentafjarnet Iherzolitesvith overlay of natural
garnet lherzolite clinopyroxene fabfrom Fig 2.6 There is a onéo-one correlation at Al+Cr and Na values <0.1
higher values Al+Cr>Na and there is not a-6m®ne correlation as seen with natural clinopyroxenes

The experirental clinopyroxenes range from32wt% to 8.70 wt%Al O3, corresponding to

0.014 to 0.36@&\l apfuwith an average value 6f155 apfuNatural clinopyroxenél Oz content
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varies from 0.24 wt% and 5.70 wt@.010 apfu to 0.240 apfwith an average value of 0.081
apfu.Natural clinopyroxeng have anoticeably lowemaximumAl contentthan the

experimental clinopyroxeneghis is most noticeable with tetrahedralad the average

0.4
X
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-\-4 0.2 + XX &X % %
< e X X
< v # X
o X
o) 50X >>§< & pre X
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X X X>§ >S()(
X R g
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: o, X X
xx X XK R x X
Field of natural garnet
lherzolite clinopyroxenes
'0. 1 T T T
0.1 02 0.3 0.4 03

Ca/(CatMg+Fe)

Figure 219 Tschermak vs Gaumber of clinopyroxene from experimental garnet lherzolites with field for natt
garnet lherzolite clinopyroxenes. Modified afteri@er (2009). When compared with natural samples AHNa¥K
reaches higher values and the majority efsamples are above 0.05. The majority of natural samples are <0.
Al+Cr-Na-K

value in the experimental clinopyroxenes is 0.059 apfu and natural clinopyroxene has an average
value of 0.015 apfuc@lculated fromAlT=2-Si). Alu1 in experimental samples are also higher

than in natural samples (average experimental#1.096 vsaveragenaturalAlm1=0.063)
ExperimentatlinopyroxeneCr.Os varies from0.05 wt% to 2.19 wt%0.001to 0.064Cr apfu).

NaturalCr.Os content varies from 0.17 wt% and 4.40 wi®®05 to 0.12%r apfu). The

38



experimentatlinopyroxeneglo not cover the full range of Cr seen atural samples.
Experimental NgO varies from 0.26 wt% to 3.32 wtf@8.018 to 0.232Na apfu) with an average
of 0.091 apfu. NaturaNaO content varies from 0.22 wt% and 4.22 wB®15 to 0.29Ma
apfu) and an average of 0.114 apNatural samplesanhave higher Na when compared to

experimental clinopyroxerse

(Wo, En, Fs)

Ca-Mg-Fe
pyroxenes

Field of natural garnet lherzolite clinopyroxenes

omphacite

20

20

jadeite kosmochlor

NaAISi,O, (Jd) >0 NaCrSi,O, (Kos)
Figure 220 CaNa clinopyroxenelot for clinopyroxenes from experimentgdrnet lherzolitesvith field for natural

garnet lherzolite clinopyroxeneshe diagram is modifiedfter Morimoto (1988with kosmochlor replacing
aegirinedue to the Grich nature of mantle clinopyroxenes
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Na and Al+Cr have a positive correlatiatv a | wWd@0apfAl+Cr in experimental
clinopyroxenesMore aluminous experimental clinopyroxenes haisaCr>Na (Figure2.18)

This differs from natural sampleshich have a strong positivel:1correlation (Figure 2.6)n
contrast, the averag@l+Cr):Na ratio of experimental samples is 2.18flecting their higher

Al content Al+Cr-Na-K<0.05 is anothecriterion of garnet lherzolite clinopyroxenas
discussegbreviously(Read et al. 2004). Experimental clinopyroxenes have AN&K ranging
from -0.030 to 0.332with 81.7R% >005 (Figure 2.19)In the CaMg-Fe pyroxenegadeite
kosmochloriagram, experimental clinopyroxenes are noticeably richer in alumamahpoorer
in chromiumcompared with clinopyroxenes from natural garnet lherzoliggite 2.20. In
conclusion, much of the experimental qmusition space overemphasizes high Al, low Cr, low

Na compositionshat arenot consistent with natural garnet Iherzolite clinopyroxenes.

2.7 Experimental Clinopyroxene Chemical Changes with Changes in Pressure and

Temperature

Both Al and Crdecrease witincreasingpressure and temperature in the experimental
clinopyroxenesThey differ from natural samplesfrom 20 to 40 kbathere is a plateau in Al

and Cr where pressuapproximatelyremains constant with changing @.150 apfu to 0.400
apfu)and Cr(0.030 apfu to 0.070 apfwplues(Figure 2.4 and 2.2). Al and Cr in ratural
clinopyroxenedecrease in a linear fashion with increasing pressure and temperature (Figures 2.8,
2.9). Na n experimental samples does not appear correldatbgressure otremperature (Figure

2.23). This differs from natural samples where Na correlates with pressure and temperature
(Figure 2.10). Al and Alv: follow the same trend as total Al, with a plateaw @.060 apfu to

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

of with increasing At and Alv1 pressures (Figure 2and 2.5). Experimental clinopyneene
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Figure 221 Al cations vs experimental pressure for experimental clinopyroxenes
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Figure 222 Cr cations vs experimental pressure for experimental clinopyroxenes
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Figure 223 Nacations vs experimental pressure for experimental clinopyroxenes
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Figure 224 Tetrahedral Acations vs experimental pressure for experimental clinopyroxenes
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Figure 225 M1 Al cations vs experimental pressure for experimental clinopyroxenes
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Figure 226 Mg cations vs experiment&mperaturdor experimental clinopyroxenes
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Figure 228 Cacations vs experiment&mperaturdor experimental clinopyroxenes
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Figure 229 Ca# vs experimental temperature for experimental clinopyroxenes
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Figure 230 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 A, as well as Al having much higher apfu values as discussed earlier.

Experimental clinopyroxene Mg and'®&increase with temperature anggsure, Ca decreases

with increasing temperature and pressure (Figureg 2.2/, 2.28), consistent witnatural
sampleqFigures 2.13, 2.14, 2.19xperimental Ca# decreases with increasing temperature
matchingnatural sample@~igure 229). Mg# in experimental clinopyroxene does not have a

clear correlation with temperature or pressure (Figu8®@) 2T his 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 samthkss Al, Cr and Na
contentsCa, Mg and F& aremore similatbetween natural and experimental samples as
experimental clinopyroxenes Ca, Mg and'Fae within the range of natural sampléke
elevatedAl in experimental samples give rise to a highAkr, whichincorporated as
endmembers sudsCaTschermak, CaCFschermalandesseneiteNatural samples have low
AlT with the majority of Al locatedmthe M1 siteNatural samples have higher Na than
experimental samplewhich charge balances with Al located on the M1 site giving rise to a
jadeite component in natural clinopyroxen€sis higher in natural samplasdcorrelates with
Na in natural sampleslong with Al,whichrepresents thkosmochlor componenthe lower
Na andhigherAl+ in experimental samples means experimental clinopyroxene has a higher

CaCrTschermalcomponenthan do natural samples

This discmnectbetween natural and experimentihopyroxenes may explain whige Cr in
clinopyroxene barometer of Nimis and Taylor (2000) underestimates at higher prassines

basis of this barometer is the activity@ACrTschermakNatural samples have a low@aCr
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Tschermalkcomponents due to the lowerrAExperimental samples by comparison will have
larger CaCiTschermak component due to the higher. Ahis disconnect will be discussed in

the next chapter of this thesis.

Chapter 3 Thermodynamic Modelling of Clinopyroxene

3.1 Introduction

At the present timehermodynamic modellings a usefultool that uses thermodynamic data to
model phase diagrams uitiple-reaction thermobarometgnd mineral compositiorfsr a given
bulk compositim at specified PI' conditions Examples okoftware that undertake this
modelling includes THERMOCAL(Rerple_XandTHERIAK-DOMINO (Powell and Holland
1988,Connolly 2005de Capitani & Petrakakiz01Q respectively) Specific focus will be given
to THERMOCALC in this studyas recent developments in THERMOCAD@ve provided
thermodynamic models for mantle peridotitEBlERMOCALC was first provided in 1988 as a
software tool for addressing thermobaromgiroblems (Powell and Holland 1988). Sirtken,
there has been matilyermodynamic dataset aadtivity-compositionsnodel updatetor

THERMOCALC.

The first thermodynamic model to deal withlculating phase relations in peridoigelennings
and Holland (2015)Jennings and Holland (2018)odelthe system NCFMASOCTr from.001to
60 kbar and from 80€C to liquidus temperature$his model is built upon the model of Green
et al. (2012a) which modellextthopyroxeneclinopyroxene ad garnet in the system CMAS
The next updated model is Holland et al. (2018) whigitds upon Jennings and Holland (2015)
in the systenlKNCFMASHTOCr. The model calculates phase relationsutk ltompositions

rangingfrom peridotite to granite, from 0.001 to 70 klaad from 650C to peridotite liquidus
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temperaturesThe most recent moded Tomlinsonand Hol | andds (2021) mode
onmodel of Holland et a2018. Tomlinsonand Hol | and ds delks@pedfigallyupdat e
for calculating peridotite phase relations and melt compositions from 0.01 to 60 kbar and from

600°C to the peridotite liquidus in theENCFMASTOCrsystem.

These recent updates in THERMOCALC provide the ability to modéipte-reactio
thermobarometrand mineral compositiorfer garnet Iherzolites from different bulk
compositionsaand these will be relatdd the single grain clinopyroxene thermobaromeibese
models willalsobe compared with naturahd experimentaample along with the
geothermobaromet@alculationdrom these sampléas explorerecalibraing the existing single

grain clinopyroxene barometer.

3.2 Clinopyroxene in THERMOCALC

3.2.1Clinopyroxene endmembersin 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 clinopyroxemgmemberdiopsice, hedenbergite,
CaTschermak pyroxene, €&skola pyroxene, clinoenstatite, clinoferrosilite, jadeite and
kosmochlor (Pyroxenes and pyroxenoid group in their Appendix 1). Through their subsequent
papers, the clinopyroxene solution model has been updataeén et al. (20H} and Jennings

and Holland (2015). Green et al. (2@18pecifically updated the model Oachermak s
clinopyroxenes (Al substitution), Jennings and Holland (2015) state clinopyroxene is modelled
after Green et al. (204pand updateche model by adding data for#eNa, Cr and F&

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. aj20i®

Jennings and Hollan@Q15), with additions for Ti andfadeite.

3.2.2 CaTschermak Substitution in THERMOCALC

The CaTschermak component in clinopyroxene can be used as a geobarometer (e.g. Nimis
1998), however, its use as a geobarometer depends on the quality of thermodiataras well

as diopsidecats solid solutioriThe Al-Si distribution between tetrahedral sites is separated

between disordered and ordered (Green et al.8}@kE3ed on a degree of shmahge ordering

(Cohen 1986, Bnisek et al. 2007). Sherange order is defined as the probability of finding Al

Si next nearest neighbour pairs in the tetrahddiadite. Each T site is surrounded by four
nearesneighbour TFsites, with two of these four sharing common oxygens \ughrégarochg 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 paialaaedAl

Si-Si (Cohen and Burnham 1985).

To account fothis ordered and disordered cats, Green et al. @@plt the tetrahedral
site into T1 and T2 and adopted an order parani@terxa i xa't) in THERMOCALC. Two

endmember compositions were then added:

1) anorderedGds c her mak 6 s p yGreerxeeah 20kappendix$, wherie Al is

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

2) adisorderedGds cher makdés pyr oxene agppendix3, dheie Al Gr een

and Si are partitioned between T1 and $R1€1/2, Akr1=1/2and Si»>=1/2, Al2=1/2).
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To facilitate later expansion of the THERMOCALC dataset, th&iAdrdering in cats pyroxene
was calculated usintpe symmetric fornalism of Holland and Powell (1996a and 1996b) (Green

et al. 20123).

In the most recent versions BHERMOCALC (Jennings and Holland 20458d Holland et al.

2018) they state clinopyroxene is modelled after Green et al. §0tith further elemental

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

3.2.3F€**, Na, Fé*, Cr, Ti and K Substitution in THERMOCALC

Fe?*, Na, Fé" and Cr were added to the clinopyroxene model by Jennings and Holland (2015).
Fe** and Cr were added to the model usirzatslike componers, with FE€* and Cr substituting

on the M1 site in place of Al. Thesndmemberssed are€Ca-esseneitand Crdiopsice (Table A3

in Jennings and Holland 201%}r-diopside is used as a geobarometer (Nimis and Taylor 2000)

and itdéds use as a geobarometer depends on the

Na and K were added to the model by Jennings and Holland (2015) andd&il&n(2018),
respectively. Thendmemberadded were jadeite andjEdeite, 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 asadded to the model bydHand et al. (2018)asCabuffonite (Table

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

3.3.1 Model, Dataset and Bulk Compositions

Phaseelationships and mineral chemistry farget Iherzolites were modelled in
THERMOCALC after the model of Holland et al. (2018)ingthe updatedlataset ds634 from
Tomlinson andHolland (2021) Fertile Iherzolite compositions KLB and KR4003 are used in
the modellingOne epleted bulkcompositions used modified after Workman and Hart (2005)

(Table 3.1)

Table 31 Bulk compositionsised in THERMOCALC modelling. All bulk compositions are normalized to 100 for
use INTHERMOCALC

SiO; | TiO, | AlO; | CrO; | FeEO | MgO | CaO | NaO | K0 O SUM Reference
KLB-1 mol% | 38.46| 0.07 | 1.77 0.11 | 588 | 50.53| 282 | 0.25 | 0.01 | 0.10| 100 Takahashi 1986
KR4003 | mol% | 39.38| 0.11 | 2.20 | 0.14 | 589 | 48.75| 3.24 | 0.19 | 0.05 | 0.06 | 100 Walter 1998

Depleted| mol% | 38.68| 0.08 | 2.03 | 0.19 | 592 | 49.95| 2.94 | 0.11 | 0.003| 0.10| 100 | Workman and Hart 200t

THERMOCALC producesanoutputbased on the scripts the user chooses. This includes
thermodynamic data such as Gibbs free enarglyactivity for endmembers at specific pressures
and temperatureSHERMOCALC can also calculate the mode percessagfmineralsalong

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

to 70 kbar and 100TC to 1700°C, with pressure and temperatumerements/aried by 5 kbar

and 100°C, respectively

3.3.2 ModelMineral Chemistry and Chemical Changes with Pressure and Temperature
THERMOCALC calculateghe compositions ominerals at given PTfor a predetermined bulk
composition.This section will focus on the calculatedneral compositionastheyevolve with

changing PT conditions.
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The majority of modelledlinopyroxenes from the bulk compositions K{1B KR4003 and

Workman and Hart (2005) depletatke below the 8 wt% Cr.Osz cutoffinRamsay 6s (199 2)
diagram (Figure 3.1which is one of thélters 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 médgdD;i n Ramsaydés (199
diagram rangeom 0 wt% to 4 wt%or Cr.Os from 0.5 wt% to 2.25 wt% and from 0 wt% to 5

wt% Al2Os for Cr03 values >2.25 wit% for garnet peridotites. The majority of modelled

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

Ni mis and Tayl or ( 20 0 02s3wi%s Natdral mlincpygoxgne tBadpdds Mg O
iNnRamsay and Tompkinsdé (1994) garnet (pwthoi dot it
diagram to separate clinopyroxenes from garnet peridotiteanéll 203, low MgO,

metasomatized, garnfee peridotitesAll the modelled clinopyroxenes plot on thigh Al.O3

side of Nimisd (1998) pl ®twt% bbth go tonrhglterevhllee d Mg O

than the values used by Nimisdéd (1998) diagram
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Figure 31 Cr,0Osvs AlOs wt% clinopyroxene classification of Ramsay (1992) witbdelledgarnet lherzolite
clinopyroxene from three different bulk compositidram 2070 kbar and.003-1700 °C

3.3.3 Cation variation with P and T
Ca# inmodelledclinopyroxene ranges from &%0.427with the compositions being similar
between all three used bulk compositions. Ca# decreases with increasing modéied

samples (Figure 3.2¢onsistent with trends for bottaturaland experimentaamples.
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