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EYXAPIXTIEX

H napovca dimhopatikny epyacio Eexivnoe 1o kaAokaipt Tov 2019 ko mepatmdnke 1o kaiokaipt Tov 2021,
0T0 TANIGIO TOV TPOTTVYLAKOD TPOYPAUUATOG GTOVd®Y TOL TUNATOC [ewioyiag kot 'ewnepiBdAiovtog Tov
EBvikod ko Kamodiotprakov IMavemiomuiov ABnvav. Tlpwv kot kotd 10 ¥povikd SLAGTNHO TNG EKTOVNONG
G SMA®UOTIKNG epyaciag, vIMpEay GLYKEKPIUEVOL AvBpmmot Tov pe fordncav va umopécm va mTapovslicm
Tov mopdv £pyo. I'” avtd Ba Beia va vyaploTHGm TOVG KATWOOL:

Tov empPArémovta kabnynm pov, Ap. Anuntpio Kootoémovro, yia v fonbeio tov dote va avartdéom tnv
EMGTNLOVIKT OV OKEYT, va. PAET® cuvey®dg TNV Ye®AoYia pe véa udtio, aAld kKupimg emedn pe Pondnoe va
Yive évag KOADTEPOG AVOPMOTOG Kol EMIGTAUOVOG HECH TNG CLVEPYUCING HOG KOl TOV TOAADV YOVIU®OV
ou(NTNoEDV HOC.

Tov xabnynt Ap. Hovayiomn THopmdvn kabmdg Kot Toug cuvadéApovg pov Anuntpn Movtlobpr, Nepéin
Topikov—-Kaowudtn kot tov Aviovn Adoko yio v cuveyr Toug Pondeta kot Tic cuPovAég Tovg, KAvoVTag
TNV Katavonon g Ye®AoYiag mo e0KOAN.

Tnv untépa pov Aéomova XpiotodobAov kKabmg Kot Ty owoyévela pov, Bacsidn Xpiotodoviov, Xpvucodia
Xprotodovrov, Iaviiva Xpiotododriov kot Kaota Kovlobpn yio Tov tpdmo mov pe HeYIA®GAV, KAVOVTAS LE
évav avOpmTo 1KOVO VO GTEKOLOL GTO TOJLOL LLOL.
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Tovg kovtvodg pov avBpodmovg XtéMo Mapaykdkn, Niko MobOta, Mdpio Ayyshio Koiéun xor ®@avn
Koloynpov mov pov otddniay g 6Aeg TIC SUGKOAIEG KO OTTOTE TOLG YPELLOHOVY TAV TAVTO EKEL.

Tnv k. EAcdéfer Bopyla kot v Kowvoeein Anupotiki Enyeipnon Iepoaid yo tv fondeta toug ota mpdTa
pov emotnuovikd Pruata. ‘Hrtov ekel otnv apyn g ETGTNUOVIKNG OV 6TAd100popiag, vrootnpilovTog Kot
Bonbavtag pe va yticm to dvelpd pov. Xwpic v k. EModfet dev Oa povv onuepa £0m.

Tnv k. EAcdfer Bopyia kot v Kowmeein Anpotiki Emyeipnon Iepoaid yio v fondela tovg oto tpmta
pov emotnpovikd Prpata. Hrav ekel oty apyn g ETCTNUOVIKNG LoV 6Tadtodpopiag, vrootpilovtag Kot
BonBdvtag pe ytiocw ta dvelpa pov. Xopic mv k.EAcedfet dev Bo jpovv onuepa 60.

ABSTRACT

Geothermometry is the extraction of temperature information from rocks using equilibrium phases whose
chemical composition/interaction is sensitive to temperature variations. Mineral geothermometry is based on
cation exchange between minerals and effectively reflects the closure temperature to diffusion (of cations
between minerals) during cooling. Each geothermometer is designed for a specific purpose and has its own
merits (mineral-melt equilibria for magma thermometry, inter-mineral equilibria for magmatic crystallization
temperatures, metamorphic temperatures, subcontinental mantle geotherms, etc.). By combining
geothermometers with geobarometers, it is possible to decipher the P-T path a rock has followed, in order to
clarify the sequence of events that best describe its geological history.

The present thesis focuses on the Fe?*- Mg cation exchange between coexisting orthopyroxene and spinel
with the aim to create a robust geothermometer that can be applied primarily to mantle peridotites but also to
other rock types from different geotectonic environments (e.g., mafic/ultramafic cumulates in layered
intrusions and ophiolites, granulites, etc.). The first step of this procedure was the collection of experimental
data on orthopyroxene-spinel equilibrium pairs from all available literature. As a result, a data base consisting
of 1188 Opx-Spl experimental pairs culled from 103 publications was created. The experimental data span a
temperature range from 800 to 1600°C and a pressure range from 0.001 to 80 kbar, covering a variety of
chemical systems/starting compositions. Orthopyroxene and spinel were treated as octonary symmetric
solutions comprising the endmembers En, Fs, Wo, Hd, MgTs, FeTs, MgCrTs and FeCrTs, and Spl, Hc, Chr,
Mag, Mchr, Usp, Qnd and Mfr, respectively. After mathematical analysis through multilinear regression using
matrix inversion, a new thermometric expression was derived for the Fe?*- Mg cation exchange reaction
between coexisting orthopyroxene and spinel:

F€2+ 2
4930.98 + 205.58 x P(kbar) + RTIn(K,) ( Mg >sm
Tiea1 CK) = ,with In(Kp) =1
ko1 (°K) RIn(Kp) with In(kp) = In (Feffz “FeZ, )
Mgz - Mg opx

RTIn(K,) = 33678.88(Xy. — Xsp1) + 25630.65 X Xcpy — 6195.58 X Xy + 47258.56 X Xpyqy — 27969.63
X Xy + 105130.74 X Xy, — 93914.69 X Xg,q + 30410.81 X (Xp, — Xps) + 98894.14 X X
—381529.99 X X4 + 12886.55 X Xpgrs + 180750.91 X Xyg¢rrs — 175575.25 X Xpers
— 634363.98 X Xpecrrs

In addition, a recalibration of the Liermann and Ganguly (1993) thermometer was performed, aiming to
further extend the P-T conditions of its applicability as well as its efficacy. The recalibrated thermometric
formula is as follows:
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1714 + 81.05P(GPa) + 1856Y,"" — 6462X,7" + 1851(Y 74y + Yol
In(Kp) + 0.39
(), )
Mg )
With In(K,) = 1nk Spl

(57)
Mg Opx

T1.Gos.rec (OK) =

INEPIAHYH

H vyewBeppopetpio elvar n  dwdwoocio €Eayoyng mAnpogopidv  Beppokpaciog omd TETPOUATO,
YPNOULOTOIDOVTOC PAGELG 6 DEPLOSVVOUIKT 1G0PPOTTiD, TOV 0TOi®mV 1N YNUIKN cvoTacT/aAAnAeTidopacn sival
evaioOnm otic petaforég tng OBeppoxpacioc. H yewbepuopetpioa opvktov Paciletor otnv oviodiayn
KATOVTIOV HETOED oT®V Kol OVGLOCTIKA OVTIKATOTTPILEL TV Beppokpacio KAEGILaTog ¢ dtdyvong (Tov
KATWOVTOV PETOED TV 0pukT®dv) katd v yoln. Kdbe yemBepuopetpo oyedidletor yioo Evav GUYKEKPIUEVO
oKOTO KOl €YEl TO OIKA TOL 1O10HTEPO YOPOKTINPIOTIKA (1GOPPOTiC. OPLKTOV-TAYUATOG Yol OepuopeTpio
UAYUOTOS, 100ppoTion HETAED OPLUKTAV Ylo. OepUoKpacie HOYHOTIKAG KPUOTAAA®MGONG, WETOUOPPUKES
Oepuokpacieg, yembepueg vro-nmep®TIKOL ABOCEUIPLUOD HovdVa KTA.). Zuvovdlovioag yemBepuopeTpa pe
vewPapopetpa kabiotatol duvatd va e&yviactel n Topeio niconc-Oeppokpaciog v omoia £xel okolovdnoel
éva TETPpOUA, Pe oKomo va dtodevkaviel n axolovbio yeyovotmv 1 omoio TEPLYPAPEL KOAVTEPO TNV YEMAOYIKN
TOL 1oTOopict.

H napovco Sumhopotiky epyacio eotidlel oty aviodloyr katdviov Fe?t-Mg petofd cvvomopydviov
opBomupo&évou Kot omvelov, e okomd vo dnuovpynoel Eva otiBapd yewbepudpuetpo o 6010 Ba umopet va
epappoctel kvpiog o pavévokobg mepldoTiteg, GAAGL KOl O TOMOVE TETPOUATOV  OLOPOPETIKMOV
YEDTEKTOVIK®OV TEPPOUALOVI®OV (Y. LOPUKOVC/ VTEPUOPIKOVS CMPEITEG OE GTPOUATOUOPPEG OIEIGIVCELS KOl
o@loAiBovg, ypavovriteg, kth.). To mpoto PrApa g SadiKacsiog avTAG NTAV 1| GLALOYN TEWPUUATIKOV
dedopévav Cevywv opBomupolévov-omivediov mov Ppickoviar og 1coppomio, amd OAN TNV Swbéoiun
Biproypapio. Q¢ amotédeoua, dnuiovpynbnke o Paon dedopévov and 1188 meipauatikd {evyn Opx-Spl
nov &yovv e€aybel amd 103 dnuooievoels. To gvpog TV mEWPUUATIKOY dedouévav kopaivetar omd 800 wmg
1600°C oce Oeppokpacio ko amd 0.001 éwc 80 kbar oe micom, KoAOTTOVTOG MO TOIKIAMO YTHUIKOV
CLOTNUATOV/aPYIKOV cvotdoemy. O opBomupdlevog kol 0 OTIVEAIOG OVIIUETOTIGTNKAV ©C OKTUSIKA
GUUUETPIKO StoAvporto To onoia TepthapBavovy to akpaio pén En, Fs, Wo, Hd, MgTs, FeTs, MgCrTs and
FeCrTs, xou Spl, Hc, Chr, Mag, Mchr, Usp, Qnd and Mfr, avtictoiywg. ‘Enctta and pabnuotikny avéivon
UEC® TOALOTANG YPOLUUKNG TOAVOPOUNGNC YPNCUOTOLDOVTIOG OVTIIGTPOPT] TVAK®Y, dNUovpyRonke pa véa

OcppopeTpikyy £k@pacn Yy v avtidpoon avioAlaynig katdviov Fe?t-Mg petaéd cuvumapyoviog
opBomvpo&évou Kal omiveriov:

F€2+ 2 \
4930.98 + 205.58 x P(kbar) + RTIn(K,) ( Mg )Spl
T °K) = , In(Kp) =1
k21 (CK) RIn(K;) pe In(Kp) n| (Fefﬁ -Feﬂz,;{ ) |
Mgyz - Mgy opx/

RTIn(K,) = 33678.88(Xy. — Xsp1) + 25630.65 X Xcpy — 6195.58 X Xy + 47258.56 X Xpyqy — 27969.63
X Xy + 105130.74 X Xy, — 93914.69 X Xgpq + 30410.81 X (Xg, — Xps) + 98894.14 X X
—381529.99 X Xy + 12886.55 X Xy g5 + 180750.91 X Xy gcrrs — 175575.25 X Xpors
— 634363.98 X Xrocrrs
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EmmAéov extedéotnke wo emovafobuovounon tov yewbeppopétpov tmv Liermann and Ganguly (1993), ue
oKomd va dlevpuvBodv ot cuvinkeg P-T epoppocipndmtdg tov 0AAG Kol 1 omoteAecpoTikottd Tov. H
enavopodpovounuévn Beppopetpikn e&icmon €xelg og e&ng:

1714 + 81.05P(GPa) + 1856Y5F" — 6462X,7* + 1851(Ysrys + Yp!!
In(Kp) + 0.39

(G,
ue In(Kp) =1n #
\G),.)

TiGo3.Rec (OK) =
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Chapter 1 Geothermometry and Geobarometry

1.0. Introduction

Igneous and metamorphic processes are essentially controlled by variations in pressure (P) and temperature
(T). Understanding P-T phase relationships is fundamental in unravelling such processes and enables us to
eventually discriminate between different geotectonic environments. Experimental petrology provides the
links between pressure, temperature, phase stability and composition.

Given mineral compositions, structure of crystal lattice and thermodynamics of solid solutions, it is possible
to construct and test mineral solution models that best describe the experimental data. This is a major step
forward in linking coexisting mineral compositions to P-T equilibration conditions via thermodynamics. Once
this is established, it can lead to the development of mineral geothermometers and geobarometers.

1.1 Geothermometry — Theoretical background

Temperature is a crucial physical parameter that controls mineral nucleation, growth, solubility, reaction
rates, elemental diffusivity and much more. Most cation exchange reactions are sensitive to temperature
variations; hence they constitute good geothermometers. Cation exchange between minerals involves specific
structural sites and takes place over a range of P-T conditions. In effect, the temperature calculated reflects
closure to diffusion of the selected cations for the mineral pair considered. Assuming phases A and B are in
equilibrium and exchange cations i and j between them, one can write (Anderson 2005):

Then, using chemical potentials:

Hreactans = Uproducts =
u=u’+RTina
—_ = =
Uproducts — Hreactans

0 0 —
Hproducts + RTlnaproducts — Hreactans — RTlno‘products =0=

duct
(ugroducts Ureactants) + (RT] ( P s)) =0(2)

areactans
aproducts ]A B
aC: Activity (of component | With, K = Xronet - K= af B (3) w: Chemical potential (3/mol)
r in phase C) reac azs A B % T: Temperature (K)
y: Activity coefficient K = Vi - Xj ¥ X N P: Pressure (bar)
X: Concentration yiA ~XiA . yJB ~X}9 G: Gibbs free energy (J)
K: Equilibrium Constant H: Enthalpy (J/mol)
G™®: Gibbs free energy vA-vE x4 xF (2) & Ap®=4G S: Entropy (J/mol/K)
K =1 : X J = K K (4—) _ .
excess due to component - yA-yB T XA XB D V: Volume (J/mol/bar)
mixing in a solid solution Y R: Gas Constant (J/mol/K)

AG + RT In(K, * Kp) =0(5) =

AGXS = RTIn(Ky)
AG + RTInKp + InK,, = 0 (6)

AG + RTInKp + AG*S = 0 (7)

At equilibrium:

)
AG = AH + PAV-TAS (6) =
0= AH + PAV -TAS + RTInKp + AG*S =
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_AH +PAV + AGXS
"~ RInKp —AS

8)

1.2 Experimental petrology and application to thermometry
1.2.a. Instrumentation

Once the mathematical formula to calculate temperature (i.e., a geothermometer) is established, the next step
is to determine all thermodynamic parameters (AS, AV, AH, AG®) involved in equation 8. In order to achieve
this, analytical data on minerals produced in experiments at controlled P-T conditions are required as well as
appropriate mineral solution models. Experimental petrology focuses on reproducing the geological
conditions that occur in nature by testing the stability of rocks and minerals at various physicochemical
conditions. Starting materials of known composition are tested in experimental laboratories equipped with
sophisticated instruments designed to replicate the natural conditions.

-+

.02 L
.

\I: Pyrophyllite
Stainless Steel

Brass Ring

2 Crushable Al,O,
=

. Ceramic

=1 Graphite Furnace

164"

Graphite Capsule
Sample

BN
——— BaCO,

Graphite Disk

Brass Ring

N 0.748" X
T L

Figure 1: Schematic cross section of a typical pressure cell used in Fe**~Mg fractionation experiments in a
piston-cylinder apparatus (Liermann and Ganguly 2003).

The experimental products are being studied and analysed employing several techniques such as Scanning
Electron Microscopy / Back Scatter Electron Imaging in combination with Electron Probe Micro Analysis,
Inductively Coupled Plasma-Mass Spectroscopy, etc..

1.2.b. Chemical systems and starting materials

An important stage in experimental petrology is the choice of the chemical system to be studied. The
chemical system is represented by the elements that constitute the starting material. This has a direct
correlation with the type of minerals that can be experimentally reproduced. For example, if we consider the
MAS system (acronym of MgO-Al,0;-Si0,), then no minerals containing FeO are expected. A test of the
predictive power of synthetic system thermometers applied to coexisting orthopyroxene—clinopyroxene pairs
against data from natural-system re-equilibration experiments is shown in Figure 2 (Bertrand and Mercier
1985).
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Figure 2: Synthetic systems with more components are more capable efficient in reproducing accurate
and precise results.(Bertrand and Mercier 1985).

Obviously, the more oxides considered in a synthetic system, the closer we get to natural rock compositions.
However, this increases the complexity of the system and requires more elaborate experimental conditions
(e.g., to avoid Fe loss to the capsules). With regard to experiments on mantle materials, the CFMASCr system
is considered adequate.

1.2.c. Calibration

Given the availability of experimental data conducted on a variety of appropriate starting materials at a range
of temperature and pressure conditions, it is possible to extract the thermodynamic parameters of equation 8
for a specific cation exchange reaction between two minerals of interest. Firstly, some manipulation of
equation 8 is necessary:

AH + PAV + AGXS 16X5=0
= -

RInK — AS
RTInKp — TAS = AH + PAV =
AH 1 AV P AS

lTlKD =?'7+7'7+? (9)

. . . . AS AH AV
Equation 9 is a simple equation of the form: y = a + a;x; + ayx, where o = — M = @y =

X; = % Xy = ; and can be solved for by using multiple linear regression. An example of parameter fitting for

Fe?*- Mg exchange between mantle peridotite minerals using this technique is given below (Brey and Kohler
1990).
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Fitting parameters of Fe~-Mg exchange relations

Pair AH/R AS/R AV/R
ol/opx —134(+148) —008(+011)  —273(+1)
olfcpx —1489(1148) —107(1+011) —464(x11)
opx/cpx —~1354(£85) —099(1006) —215(106)
grt/ol —~1350(1144) ~—0S1(£011) —786{117)
grt/opx —1456(+120) —0-55(£009) —986(+14)
grifcpx ~2862{+143) —1ST(+011) —1167(+17)

Figure 3: ol: Olivine, opx: Orthopyroxene, cpx: Clinopyroxene, grt:Garnet

_—

R TE

= =
;-

Figure 4: InKp, vs reciprocal temperature based on the fitting parameters of figure 3.

Sensitivity to temperature is demonstrated by well sloping fits on an InKp vs. 1/T graph. From Figure 4 it
appears that the ol/opx calibration is not a good thermometer (flat trend), whereas the grt/cpx calibration

exhibits the best Fe?*- Mg fractionation with respect to temperature.

1.3. Thermometer Parameterization
1.3.a. Application of empirical corrections

Commonly, in thermobarometry, it is necessary to apply some empirical corrections related to the presence
of certain major/minor elements and/or theoretical mineral endmembers of seemingly secondary importance
that were not used in the primary calibration. The latter effectively account for cation exchange between sites
yielding interaction parameters that improve the linear fit to temperature. A good example is Taylor’s two-
pyroxene thermometer (Taylor 1998):
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24787 + 678  P(GPa)

T(K) = 9
(K) = 1567+ 1437 = TiP* 4 3.60 + Fe* — 325+ Xrs + (InKp)? )

where addition of terms to correct for the effect of Ti, ferrous iron in clinopyroxene and Tschermak’s
components on the width of the pyroxene miscibility gap improved the fit. In this thermometer, an increase in
TiP* and FeP* lowers the estimated temperature. By contrast, an increase in X increases the estimated
temperature.

1.3.b. Calculating the activity coefficients and AG*®

Up until now, in the procedure to determine the values of the thermodynamic parameters present in equation
(8), any excess of the Gibbs free energy due to component mixing in solid solutions has been neglected. This
IS common practice in geothermometer calibrations where it is often assumed that the system is adequately
described by G™. However, if we consider, for example, Fe?*- Mg fractionation between orthopyroxene
and clinopyroxene, there are multiple endmember components that can be calculated by mixing on sites.(see
Figure 5, Morimoto 1989).

£=1.000

Figure 5: Flow chart showing the ideal site occupancy in the site T, M1 and M2 for cations in Pyroxenes

Although many of the possible theoretical endmembers are thermodynamically insignificant (due to the weak
interactions they represent, hence showing low energy contributions), AG*® must be calculated for the most
prominent ones. A procedure to calculate AG™® is by creating generalized Margules-type formulations. First,
we need to classify the mineral solid solutions involved in a thermometer as symmetrical or asymmetrical. For
instance, the equilibrium Fe?*- Mg exchange reaction between olivine and spinel may be written as (Engi
1983):

MgSiys0, + Fe(Y),0, © FeSiys0, + Mg(Y),0,,whereY = Al Cr (10)
Olivine : ABy 50,
Spinel : X(Y),0,

There are two possible cation exchanges:

1) Mg is only active to olivine where it substitutes the site X of Spinel, while Fe in Spinel substitutes
the site X of Olivine.
2) There is additionally reciprocal exchange.
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Figure 6: Two different interactions in Olivine Spinel exchange.(photo of Spinel Lherzolite,
Spain, https://www.virtualmicroscope.org/content/m19-spinel-lherzolite-spain )

Activity coefficients and G** may be calculated as follows (Mukhopadhyay 1993 et al):
For the symmetrical case:

n
G** = Zwijxixj (11)

i<j
n

RTIn(y;) = z Wi X; — G*S (12)
j=1

J#i
i,j are dif ferent components,n = sum of components
Wij: Margules parameter between i, j interaction

Where in symmetric solutions W;; = Wj; (13)

For the asymmetrical case:
n

n n n n
GXS = Z ZXlX] [X]Wl] +XiVle'] + z z inXijCijk (14)
<j <j <k

i i

n n n n
j=1 j=1 7 <k
j#i j#i jri k#E
i,j, k are dif ferent components
Ciji: Margules parameter with i, j, k interaction
In asymmetric solutions W;; # W;;(16)
If there are n < 3 components, then Cyj, is neglected
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Chapter 2 Experimental samples and Opx/Sp Thermometry

2.0. Introduction

In this chapter are going to be presented the experimental samples with Orthopyroxene-Spinel interaction
throughout the accessible literature. From 158 experimental analysis/publications, the 103 contain
Orthopyroxene-Spinel pairs, in which 1188 samples had been found. Also, a new thermometer with Fe*¥/Mg
exchange and a recalibration of Liermann’s and Ganguly’s thermometer are going to be presented. The aim of
this chapter is the understanding of Opx/Sp chemical system interaction and their temperature relation via the

experimental analysis that has been done, in order to create a formulation that calculates temperature in
natural samples.

Experimental Samples
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Figure 7: P-T Graph of Opx/Sp pairs of the collected experimental samples from all the accessible literature.

2.1. Chemical content of experimental Orthopyroxene and Spinel

The chemical composition of both Orthopyroxene and Spinel are the following:
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Chemical Distribution of Orthopyroxene Site M1
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Figure 8: Histograms that depict the chemical distribution of Orthopyroxene in the mineral sites.
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Chemical Distribution of Spinel Y Site
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Figure 9: Histograms that depict the chemical distribution of Spinel in the mineral sites.
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Orthopyroxene M1 Site
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Figure 10: P-T-X Scatterplots that depict P-T relation of cations in Orthoyroxene mineral sites.
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Figure 11: P-T-X Scatterplots that depict P-T relation of cations in Spinel mineral sites.
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The site normalization for Orthopyroxene is has been calculated by this procedure:

Orthopyroxene : M2M1T,0,
M2 =Ca,Na,K,Fe,Mg, Mn, Ni
M1 = Fe,Mg, Al Cr,Ti
T = Si, Al

In these site occupancies Fe, Mg, and Al can be in more than two sites, so those cations are treated as
following:

All Fe = Feg,,, = Fe*?

Fe 3—Al—-Ti—Cr —Fe
Fey, = ( sum) . . sum (16)
Mgsum M+ 1
MGsym
Fe 3—Al-Si—Ti—-Cr
Fey, = ( — ) * Isum — F 7)
Mgsum M+ 1
MGsym
3—Al-Ti—Cr—Fe
Mgy = = (18)
Fesum +1
MGsyum
3—Al—-Si—Ti—Cr
Mgy, = MGgyum — Fesum (19)
I 4+ ]
Mgsym

Alygy = IF (Al = (2 = 51) < 0,0, IF(Si > 2, Algyn, Alsy — (2 = S1)) ) (20)
Al =1F(1-05%S5i<0,0,1—0.5+Si) (21)
Sir = 0.5%5i (22)
After the calculations from equations 16-22 have been completed, then the normalization is the following:

for cation Z in M1 site
Z

" Feyy + Mgpyy + Aly, + Cr + Ti

for cation X in M2 site
X

~ Feyy + Mgy + Ca+ Na+ K + Mn + Ni
for cation Y inT site

(25)

(23)

ZMl

(24)

XMZ

Yr =—7
'™ Al + Siy
The site normalization for Spinel has been calculated by this procedure:

Spinel : XY,0,
X =Fe*?, Mg,Mn,Ni,Zn
Y = AL Cr,Ti,Fe*3,Si

for cation A in X site:
A

~Fe*Z+ Mg + Mn + Ni + Zn
for cation B inY site:

(26)

Ay
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3

Totalporm

3

Totalporm

Fe*3 = IF <8 «(1- )<0,0,8%(1- )) (Droop 1987)(27)

B

B, =
Y7 Al+Cr+Ti+Fet3+Si

(28)

In figures 8, 9 it is shown the chemical content of Orthopyroxene and Spinel. Characterization of chemical
distributions for each cation in chemical sites is the following:

Orthopyroxene in Site M1

o Fe: A skewed right distribution with peak at 0.08 and chemical range of 0-0.74.

o Mg: A skewed left distribution with peak at 0.8 and chemical range of 0.26-1.00.

o Al : A skewed right distribution, the bulk of the samples are 0.005-0.165 and the chemical range is
0-0.32.

e Ti: Askewed right distribution with peak at 0.003 and chemical range of 0-0.03.

e Cr: A normal distribution with peak at 0.02 ,with some outliers at 0.19-0.23 and a chemical range of
0-0.23.

Orthopyroxene in Site M2

o Fe: A skewed right distribution with peak at 0.08 and chemical range of 0.005-0.74.

e Mg: A skewed left distribution with peak at 0.82 and chemical range of 0.26-0.995.

e Mn: A skewed right distribution with peak at 0.004 and chemical range of 0-0.049.

e Ca: A skewed left distribution with peak at 0.08, the bulk is in range 0.005-0.100 and the chemical
range is 0-0.144.

e Na: A skewed right distribution with peak at 0.0025 and chemical range of 0-0.0658.

e K : Alogarithmic type right distribution with peak near 0 and chemical range of 0-0.0365.

e Ni: A bimodal distribution with a high peak at 0.003 and a lower at 0.008 with chemical range of 0-
0.0126.

Spinel in Site Y

e Al : A logarithmic type left distribution with peak at 0.97 and chemical range of 0.02-1.00.

e Cr: A logarithmic type right distribution with peak near 0 and a chemical range of 0-0.84.

e Ti: A logarithmic type right distribution with peak near 0 and a chemical range of 0-0.73.

e Fe™: A bimodal distribution with a logarithmic type right distribution and peak near 0, and a second
small bulk of samples with range of 0.45-0.85. The overall chemical range is 0-0.96.

e Si: A skewed right distribution with peak at 0.005 and chemical range of 0-0.128.

Spinel in Site X

e Fe™: A skewed right distribution with peak at 0.4 and chemical range of 0-0.98.

o Mg : A skewed left distribution with peak at 0.8 and chemical range of 0-1.00.

e Mn: A skewed right distribution with peak at 0.002 and chemical range of 0-0.022.

e Ni: A bimodal distribution with a high peak at 0.003 and a lower peak at 0.012. The overall chemical
range is 0-0.023.

e Zn: A skewed distribution with high peak near 0 and a chemical range of 0-0.0165.

e Ca: A normal distribution with peak at 0.005 and chemical range of 0-0.065.
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In the above Scatterplots (Figure 10, 11) it is shown that there is a relation of temperature with Fe?* and Mg
in both Orthopyroxene and Spinel. In Opx, Fe** content decreases as temperature rises in both M1 and M2
site, whereas in Mg content there is the opposite effect, while in spinel there is the same phenomenon but with
a different trend. It should be mentioned here that it is not appeared in the diagrams any significant relation of
pressure with the Fe/Mg trends in both minerals.

Moreover, can be seen trends in other cations too. In orthopyroxene it seems that there is a correlation of
temperature with Cr and Ti in M1 site and with Mn in site M2. Chromium has a positive correlation with
temperature, in contrast with Ti and Mn. Also in Spinel there are correlations with Fe*® and Ti in Y site and
with Mn in X site, where there is a negative relation to temperature.

2.2.Chemical interaction of Opx/Sp

Orthopyroxene’s and Spinel’s interaction is not only in Fe*? and Mg but in other cations as well. It is shown
that there is an exchange with AI*® and Cr*. The interaction of these 4 cations is portrayed in the figure
below. The content of Fe* has a positive correlation in Opx/Sp and they follow the same pattern with
temperature. As temperature is dropping, the content of Fe*? is rising in both minerals. The same thing has
been observed in Mg but with the opposite effect from temperature. As it is presented in figures 10-11, Fe*
and Mg in both minerals have the same relation in temperature, but the trend is different, so the diffusion rate
is expected to be different in relation to temperature. Alumina’s interaction has a strong correlation that
seems like a natural logarithmic interaction that is not derived strongly by temperature. Chromium’s
interaction on the other hand seems to have a very strong correlation and exchange rate which is not derived
by temperature, but it appears that the Cr,, increases and Crs, is constant the temperature rises. So there is a
correlation with temperature and chromium content.

Opx/Sp interaction
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Figurel2: Chemical interaction of Opx/Sp in Fe, Mg, Al and Cr. For mineral c={Opx,Sp}, Fe.=Fe/(Mg+Fe),
Mg.=Mg/(Mg+Fe), Cr.= Cr/(Cr+Al), Alo,x=Aly: and Alg,=Aly.
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2.3.0px/Sp equilibrium with Fe?*/Mg exchange

The reaction between Orthopyroxene and Spinel with Fe**/Mg exchange is as follows:
2MgAl,0, + Fey,Fey,1Si,04 = 2FeAl,04 + Mg M g, Siz 06 (29)

Many exchange reaction thermometers have been expressed in a simpler way for the cation exchange of
orthopyroxene for the simplicity of the method of calculating the constant equilibrium and consequently the
creation of the thermometric model (Liermann & Ganguly 2003, Mukherjee 2010 et al). But in this way the
complexity of orthopyroxene exchange sites is ignored. In this thermometric expression the complexity of
orthopyroxene in the distribution of magnesium iron is included. By having (28) as equilibrium the constant
parameter is has been calculated by the following procedure:

Spl Opx XSpl Opx Spl Opx

K = JFeALOs " OMgyymiSiz06 _ TFeAL 0y " TMgyymiSiz 06 | YPed,04 " YMgMo 1181206 _ e g (30)
—  _Spl . Opx — v Spl  yOpx Spl .., 0px — 5D By
MgAlL, 0, " FFepm1Sin06  AMgAL Oy N FemamiSia06  YMgAl04 " YFen m1Siz06

2 4 2 2
_ (legl) ) (X:lpl) ) (XIZZTCMZ) ) (XI\(;ZfCMl) ) (Xsoi?rx _ (nggl) ) (XA?IZ?CMZ) ) (X13§?CM1

(i) - ()" Oeema) - OxpZi) - G2 () o) - (e

Fe,M2 Fe M1 Si,T Fe,M2 Fe,M1
<FeZ+ 2
Mg )S
Ky = P 31
’ (e -Fei) oY
Mgz - Mg opx

In equations 29-30 there is the activity coefficient of each chemical component. In order to further calculate
the activity coefficients, the components partitioning in the system must first be selected. So to do that the
cations that orthopyroxene and Spinel have interaction, and cations that have an effect in equilibrium are
needed to formulate an activity coefficient model.

2.4, Effect of AI"®, Cr*®, Fe*® and Ti ™ in Spinel with Kp

The effect of Chromium in Spinel for thermometry has been discussed by many researchers (Engi 83,
Mukherjee 90 et al, Liermann & Ganguly 03) regarding the mixing behavior of Fe-Mg. Most of them have
concluded that it makes the equilibrium fractionation less ideal as the Chromium content in Spinel increases.
Moreover, it has been observed that as the Chromium content increases, Kp tilts vertically. The equilibrium
(28) tends to the products, as the Y rises in an isothermic environment. Furthermore, Chromium seems to
have a thermometric relation as well. It appears that as the Temperature rises, Chromium has less effect in Kp
than in lower Temperatures. Hence the Chromium is proven to be a necessary Thermometric descriptor that
shows a differentiated linear relation to temperature. So, in order to calibrate the Fe*’-Mg thermometric
interaction, Chromium in the multicomponent solution equation oughts to be included, because the function of
Kp is Chromium dependent.
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Figure 13: Plot of InKp VS T experimental With @ colorbar of Y. P, It is shown that K, is derived by the content of
Chromium in Spinel.

Same interaction it appears that other cations have with Kp. It is found that Ti** and Fe*® have a similar
effect in Kp. In figure 14 it is presented that there is a dependence of Fe™® as temperature stays stable. This
effect seems that has a different ratio as temperature rises. The same case is with Ti** as presented in
Figurel5.
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Figure 15: Plot of InKp vs
Texperimental with a
logarithmic colorbar of
Fe*,. It is shown that Kp
is derived by the content of
Titanium in Spinel.
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In addition, it is known that Al* is primary content in Spinel that has a strong correlation with temperature.
In the addition of other cations into Y site it has been shown that Ky rises vertically, but the opposite
happened with Al*® as expected cause of Cr*®, Fe™ and Ti** substitution effect.
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In conclusion, according to paragraph 2.2., Al*® and Cr*® have an exchange betwixt Opx and Sp, while there
is dependence with temperature. So end members that contain Al*® and Cr*® in both minerals are going to be
included. Furthermore after an interaction was found between the K and cations Fe** and Ti** in spinel, the
cations will also be inserted into multicomponent formulation as well. Finally Ca* in Orthopyroxene will be

included too, because is a primary element that occupies M2 site.

2.5. Formulation of Opx/Sp multicomponent solid solution with Margule parameters

Based on the cations that have been selected, the end members that are included in the Margule formulation

are the following:

Tablel: End members for Orthopyroxene

n Name Abb. Chem. Formula Activity

1 Ferrosilite Fs Fe,Si 04 ngizz) . (X,?Z;;l) , (X;?Tx 2

2 Enstatite En Mg,Si, 0, Mg'MZ) . (chv)lz;cm) ( Xs?frx 2

3 Diopside Di CaMgSi,0q ovx Y. (XI\O/IZTCMl) . (ngrx 2

4 Hedenbergite Hd CaFeSi,04 35,;2) . (XI?:IQ\C/H) ) (Xsoi?rx 2

5 Mg Tschermak's MgTs MgAl,SiOg ) (XEL%J . (X,fll,ng) . (XSOJ’T")

6 | Mg — Cr Tschermak's | MgCrTs | MgCrAlSiO, ) - (Xg:f;“) : (X,fx)frx) . (X_?igx)

7 Fe Tschermak's FeTs FeAl,SiOg ) - (X,fx)lﬁ\%) : (XXZ’T’C) : (Xs?i?rx

8 | Fe — Cr Tschermak's | FeCrTs | FeCrAlSiOg ) - (X((J)ﬁljlill) . (X,fll,ng) . (XSOi?T"x

Table 2: End members for Spinel

n Name Abb. Chem. Formula Activity

1 Hercynite Hc FeAl,0, (X;‘gl) , (X:{’l)z

2 Spinel Spl MgAl,0, (Xlswpgl) , (X:lpl 2

3 Chromite Chr FeCr,0, (X;‘gl) , (ngl)z

4 | Magnesiochromite Mchr MgCr,0, (X]SWPQI) . (ngl 2

E MaMagrlletite | Mag Fez““Fej:'O4 (X;Szl+) , (X;Z;)ZZ
gnesioferrite Mfr MgFe5;" 0, (XAS/IZI) ) (X£f§+)

7 Ulvéspinel Usp Fe,TiO, (ngl)z . (X?fl

8 Qandilite Qnd Mg,TiO, (Xlsv*}qu)z ) (X;*?l)

Orthopyroxene’s end members are the four classic members Fs, En, Di, Hd (Morimoto 1988) and the
Tschermack’s components with Fe"2-Mg interaction and Al**-Cr*® substitution. The end members in spinel are
following the modified Johnson spinel prism (Stevens 1944, Ferracutti 2015 et al) with Mg and Fe*
interaction in X site and Substitutions with AlI*3,Cr*3 Fe™ Ti** in Y site. By having an octal orthopyroxene and
spinel the only thing that remains to know is which solution model to use. Both solution methods have been
used to find the parameters, both symmetric and asymmetric. The end result is that both systems produce
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similar results with the asymmetric having a smaller standard deviation of 2-5°C, which is a relatively small
difference knowing that the asymmetric model has much greater complexity in its parameterization. So to
create the equation for the activity coefficient, the procedure is as follows:

ySpl . yOpx ]
RTIn(K,) = RTln( s M;,";,f““") (32)
Ymgai,0, * Vre,Siy04
Spl 0 Spl 0
RTIn(K,) = RTI(v%h,0,) + RTI(yi2%, 0. ) = RTI(si,0,) — RT(r20%: 0,) (33)

by using equation (12) for symmetrical solutions
For octal Orthopyroxene with 1:Fs and 2:En activity coeffients:

RTln()/l) = W12X2 + W13X3 + W14X4 + W15X5 + W16X6 + W17X7 + W18X8 - GXS (34‘)
RTln()/z) = W21X1 + W23X3 + W24_X4_ + W25X5 + W26X6 + W27X7 + WZBXB - GXS(35)

RTIn(yps) = WesgnXen + WespiXpi + WrsnaXna + WesmgrsXmgrs + WesmgerrsXmgerts
+ WFsFeTsXFeTs + WFsFeCrTsXFeCrTs - G*® (36)

RTIn(Ygn) = WgnrsXps + WenpiXpi + WennaXua + WenmgrsXmgrs + WenmgerrsXmgerrs
+ WEnFeTsXFeTs + WEnFeCrTsXFeCrTs - GXS(37)

For octal Spinel with 1:Hc and 2:Spl activity coeffients:

RTln()/l) = W12X2 + W13X3 + W14_X4 + W15X5 + W16X6 + W17X7 + W18X8 - GXS (38)
RTlTl()/Z) = W21X1 + W23X3 + W24X4 + W25X5 + W26X6 + W27X7 + W28X8 - GXS(Bg)

RTIn(yue) = WhespiXspt + WhecrXcnr + WaemenrXmcnr + WaemagXmag + WremerXmyr
+ WheuspXusp + WrconaX ona — ¢* (40)
RTIn(ysp1) = WspineXne + WspichrXcnr + WspimenrXmehr + WspinagXmag + WspimrXupr
+ WpwspXusp + WspignaXona — G*° (41)
Adding (35), (36), (39), (40) to (32)
RTln(Ky) = WHcSplXSpl + WHcCthChr + WHcMcthMchr + WHcMagXMag + WHchrXMfr
+ WycuspXusp + WrconaXona — G*° + WenrsXes + WenpiXpi + WennaXua
+ WEnMgTsXMgTs + WEnMgCrTsXMgCrTs + WEnFeTsXFeTs + WEnFeCrTsXFeCrTs - GXS
- WSlecXHc - WSplCthChr - WSlecthMchr - WSleagXMag - WSleerMfr
— WspiuspXusp — WspionaXona + G*S — WesenXen — WrspiXpi — WesnaXua
- WFsMgTsXMgTs - WFsMgCrTsXMgCrTs - WFsFeTsXFeTs - WFsFeCrTsXFeCrTs + G*S
RTln(Ky) = WHcSplXSpl - WSlecXHc + WHcCthChr - WSplCthChr + WHcMcthMchr
- WSlecthMchr + WHcMagXMag - WSleagXMag + WHchrXMfr - WSleerMfr
+ WHcUstUsp - WSplUstUsp + WHchdXQnd - WSplQndXQnd + WEnFsXFs
— WesenXen + WenpiXpi — WespiXpi + WennaXua — WesnaXua + WenmgrsXmgrs
- WFsMgTsXMgTs + WEnMgCrTsXMgCrTs - WFsMgCrTsXMgCrTs + WEnFeTsXFeTs

XS XS XS
- WFsFeTsXFeTs + WEnFeCrTsXFeCrTs - WFsFeCrTsXFeCrTs -G +G -G

+ 675 (42) 28
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RTln(Ky) = (XSpl - XHC)WHCSpl + XMchr(WHcMchr - WSlechr) + XMag (WHcMag - WSleag)
+ XMfr(WHchr - WSlefr) + XUsp (WHcUsp - WSplUsp) + XQnd (WHchd
- WSplQnd) + (XFS - XEn)WEnFs + XDi(WEnDi - WFsDi) + XHd (WEan - WFst)

+ XMgTs(WEnMgTs - WFsMgTs) + XMgCrTs(WEnMgCrTs - WFsMgCrTs)
+ XFeTs (WEnFeTs - WFsFeTs) + XFeCrTs (WEnFeCrTs - WFsFeCrTs) (43)

2.6. Tkao1: A new Opx/Sp Geothermometer

The Arrhenius equation will not be used to create the thermometric equation. Instead, a different approach
will be implemented, starting from equation (5):

AG + (RT In(K, *Kp)) = 0 9

AH + P * AV -T = AS + RT In(Kp) + RTIn(K, ) = 0 (44)
T(4S — Rin(Kp)) = AH + P AV + RTIn(K, ) (45)

In this equation temperature, pressure and the molar fraction of end members are known. On the contrary
enthalpy, volume, entropy and Margules are unknown thermodynamic parameters. In order to be able to solve
the equation and calibrate the unknown parameters, calculating the entropy of the system is needed. For this
purpose, the thermodynamic properties (Robie & Hemingway 1995, p.21&34) of the mineral phases that take
part in the thermometric equilibrium will be used to calculate its entropy.

Hercynite: S5, =117.0+ 3 (Jmol K1)
Spinel: S5, =887 +4 (Jmol'K™1)
Ferrosilite: S%; = 94.6 + 0.3 (Jmol™1K™1)
Enstatite: SP, = 66.3 + 0.1 (Jmol™1K™1)

Asgpx/Sp (]mOI_lK_l) = (SI?IC + Sgn)Products - (S.Sgpl + SI?S)Reactants
ASGpysspUMOl™ K1) = (117 + 66.3) proqucts — (88.7 + 94.6) peactants =

A8, /5p MOl K ™) = (183.3)proquces — (183.3) reactants =
483, /sp Jmol T K1) = 0 (46)

As a result, the entropy of the equilibrium equals to 0. It has also been checked that there are no Margule
parameters that have different properties in terms of entropy. Hence entropy is neglected for this thermometric
expression and the form is the following:

T(_Rln(KD)) =A4AH + P+ AV + (XSpl - XHC)WHCSpl + XMchr(WHCMChr - WSlechr) + XMag (WHcMag
— Wspimag) + XmerWrhempr = Wspimpr) + Xusp(Wheusp = Wspiwsp) + X ona(W Hegna
= Wspigna) + Xrs — Xen)Wenrs + Xpi(Wgnpi — Wespi) + Xua(W gnna — Wesha)

+ XMQTS(WEnMgTs - WFsMgTs) + XMgCrTs(WEnMgCrTs - WFsMgCrTs)
+ XFeTs(WEnFeTs - WFsFeTs) + XFeCrTs(WEnFeCrTs - WFsFeCrTs) (47)
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By having this formulation, the equation is solvable so that linear regression can take place. After the linear
regression and the fixation of the thermometric equation, there are some experimental pairs that have different
types of analytical errors. For instance, different temperatures inside the capsule or a different temperature
than the one listed or Opx/Sp pairs which may not be in thermodynamic equilibrium. These samples have a
large difference between calculated and experimental temperature, and thus the creation of a robust
geothermometer demands that some of the experimental data be eliminated. The process of excluding samples
is the elimination of the maximum relative deviation ([Tex-T cac]/Texp) ONE by one. From 1188 experimental
samples, 164 have been eliminated or the 13.8% of them, giving an overall standard deviation of 219°C,
where the different expressions of Liermann’s and Ganguly’s geothermometers (Liermann & Ganguly 2003,
Table 4) have standard deviations of 243-447°C. Here is important to mention that within +200°C is the
67.38% of the samples with a standard deviation of +101°C. The final thermometric equation is the following:

ooy 93098+ 205.58 * P(Kbar) + RTIn(K, ) 18
KGZl( ) - R * ID(KD) ( )
[ Gg),
Mg )
With In(Kp) = In | Sp | (49)

( Felh - Felt )

\ Mguz - Mgm opx/

RTin(K,) = 33678.88(Xyc — Xsp1) + 25630.65 * Xcpyr — 6195.58 * Xyenr + 47258.56 * Xyqg
—27969.63 * Xy + 105130.74 * Xyysp — 93914.69 % Xgpg + 30410.81 * (Xgy — Xps)

+98894.14 * Xp; — 381529.99 * Xy;q + 12886.55 * Xy grs + 180750.91 * Xpyycr7s

17557525 * Xpops — 634363.98 * Xpocrrs (50)
Gas Constant : R(Jmol™*K~1) = 8.3144598

Opx/Sp Thermometry with Fe/Mg exchange
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Figure17: AT gep-caic VS Texp final experimental results of the Tyga;.

Opx-Spl Fe2+-Mg exchange thermometry Vasileios Giatros B.Sc. Thesis Page 27



Charts were created with AT gyp-caic 10 check how well the parameters were determined in Txgp::

Opx/Sp Geothermometry with Fe/Mg Interaction
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800 |
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s ! 1
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=1000
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Figure 18: Chart with AT, cqc Vs Pressure (Kbar) to show the robustness of the Thermometer.

Opx/Sp Geothermometry with Fe/Mg Interaction
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Figure 19: Chart with AT, carc Vs Xpi to show the robustness of the Thermometer.
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Opx/Sp Geothermometry with Fe/Mg Interaction
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Figure 20: Chart with ATy, carc VS Xen to show the robustness of the Thermometer.
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Figure 21: Chart with AT, carc VS Xis to show the robustness of the Thermometer.
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Opx/Sp Geothermometry with Fe/Mg Interaction
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Figure 22: Chart with ATy, caic VS Xua to show the robustness of the Thermometer.
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Figure 23: Chart with ATg,p-carc VS Xumgrs to show the robustness of the Thermometer.
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Opx/Sp Geothermometry with Fe/Mg Interaction
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Figure 24: Chart with AT, caic VS Xwmgerrs to show the robustness of the Thermometer.
Opx/Sp Geothermometry with Fe/Mg Interaction
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Figure 25: Chart with AT, carc VS Xrers to show the robustness of the Thermometer.
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Opx/Sp Geothermometry with Fe/Mg Interaction
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Figure 26: Chart with ATg,,.carc VS Xreqrs to show the robustness of the Thermometer.
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Figure 27: Chart with ATg,p.carc VS Xue to show the robustness of the Thermometer.
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Opx/Sp Geothermometry with Fe/Mg Interaction
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Figure 28: Chart with AT, carc VS Xsp to show the robustness of the Thermometer.
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Figure 29: Chart with ATy, VS X to show the robustness of the Thermometer.

Opx-Spl Fe2+-Mg exchange thermometry Vasileios Giatros B.Sc. Thesis Page 33



1000

800 |

Opx/Sp Geothermometry with Fe/Mg Interaction

fi\'lagnmte

~ Underestimation
L]
g 5
& |
E ) B 0
= O
-
|
Overestimation
=800+ |
| l» Mﬂgucsiucllrmnim =]
— Trendline of Magnesiochromite
= 1000
XMagnesiochromite
Figure 30: Chart with AT p.carc VS Xucnr to show the robustness of the Thermometer.
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Figure 31: Chart with ATy, caic VS Xiag to show the robustness of the Thermometer.
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Opx/Sp Geothermometry with Fe/Mg Interaction
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Figure 32: Chart with ATp-carc VS Xy to show the robustness of the Thermometer.
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Figure 33: Chart with AT, caic VS Xusp to show the robustness of the Thermometer.

Opx-Spl Fe2+-Mg exchange thermometry Vasileios Giatros B.Sc. Thesis Page 35



Opx/Sp Geothermometry with Fe/Mg Interaction
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Figure 34: Chart with AT, VS Xqna to show the robustness of the Thermometer.

From the charts 18-34 it appears that Xpi, Xen, Xnd, Xes, Xmgrs: Xeerss Xrecrrsy Xrer Xsps Xehrs Xmchrs Xniags
Xwr and Xy have a deviation from 5°C to 25°C across their ranges. However in relation to Pressure it is
shown that there is a deviation from latm with -2°C and in 55Kbar is -80°C, this indicates that there is a
gradual overestimation as pressure increases. Other parameters with relatively large deviations are Xygcrrs and
Xand- In Xwmgerrs it is shown that near 0 values have a -18°C deviation and escalate to +90°C in 0.039, but
within the bulk of the samples which are in range 0-0.015 the deviation is -18°C to +5°C. Similarly in the
molar fraction of Quandilite, there is a deviation where it starts from Xqn,=0 with -15°C and increases to
Xona=0.074 with +80°C, whereas in the bulk of the samples which is in range 0-0.02 the deviation is -18°C to
0°C.Therefore, all the parameters have a good calibration with a variation in deviation between 5-35°C across
their ranges or in the bulk of the samples, with pressure having a gradual overestimation as increases.

Nevertheless, there are some features in the database that need to be mentioned. Like, that the chemical
content is inhomogeneous across the temperature range. As shown in the charts below, it can be seen that
between 800 and 1000 °C there is the presence of Aluminum, trivalent iron and titanium, whereas the presence
of Chromium is not sufficient. As a result, the geothermometer is biased at these temperatures and in case
there is a natural sample that has been created by temperatures in this range, then the result will be
coordinated by the calibration that exists at other temperatures. However, the database consists of all the
available experimental data, where no samples containing chromite in the spinel have been found in these
temperature ranges. So in order for the Tkg; to be improved in the future, experimental data in this
temperature spectrum are required.
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Figure 38: Chart with AT g,caic VS Tey, in relation with T in Y site of Spinel.
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2.7. Recalibration of Liermann and Ganguly Opx/Sp Thermometer

Hans Peter Liermann in his PhD (Liermann 2000) with his advisor Jibamitra Ganguly had presented a new
robust Geothermometer with Fe?*~Mg fractionation between orthopyroxene and spinel. In their paper that was
published in 2003 it has been shown their thermometric expression, which has been calibrated in conditions at
9-14 Kbar, 850-1250°C with some Cr-bearing experiments at 12.4 Kbar and 1000°C. Also the system of the
experiments is FeO—-MgO-Al,03;-Cr,05-Si0,.

Figure 39: Image from a fractionation experiment at 1.27
GPa and 1150°C. The BSE image shows small spinel
crystals (light gray) that are surrounding large
Orthopyroxene crystals (dark gray), with a white material
of PbO-PbF, flux that covers all the interstitial spaces.
(Liermann & Ganauly 2003, Fiaure 2)

20 |.J.m“ﬁ 1

In addition the experimental study aimed to systematically determine the equilibrium constant for the
fractionation of Fe-Mg in the aforementioned P-T conditions. The thermometer is calibrated with different
schemes that are depending on how the experimental samples are treated.

Table 3: Thermometric expressions of Liermann and Ganguly.

Ticos Without Ti** Correction With Ti** Correction

E e+3

Correction 1450 + 76.26P(GPa) + 2484Y.P TL‘;"Z;S"J(:;L 26P(GPa) + 2484Y°P + 3037(V ., + V5P
with Charge Tigos (K) = In(K,) + 0.6 = . a cr (Ypers +Y77)
D . -

Balance In(Kp) + 0.6

+3
Fe TLGO3.2.Ti (K)

. o

Cou?fht'on Tycona(K) = 2127 7?'25{13 gGP ‘;)SJS’ 2558%c, 1372 + 76.26P(GPa) + 2558Y.7 + 3037(Y P, + YSP)
’ n + 0. =

Méssbauer ° In(Kp) + 0.55

Al(Opx)
effect and
Fe+3
correction
with Charge
Balance

TLGO3.3(K) TLGO3.3.Ti (K)
1217 + 76.26P(GPa) + 2345Y;7 — 1863X* 1217 + 76.26P(GPa) + 2345Y; — 1863X 7™ + 3037(Ys s + Yp!)

e
In(Kp) + 0.351 In(Kp) + 0.351

Al(Opx)

effect and
Fe+3 TLGO3.4 (K) TLGO3.4-.Ti (K)

Correction | 1174+ 76.26P(GPa) + 2309Y;" — 1863X, _ 1174 +7626P(GPa) + 230957 — 1863X 57" + 3037(Ypra + Yp!)
with In(Kp) + 0.296 In(Kp) + 0.296
Méssbauer

In an erratum on 2007 the pressure coefficient term has been corrected to 76.26 instead of 122 which was in
the original publication.
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Parameters of the T, ;o3 equation

Y = cr (51)

Cr " Cr+ Al + Fe™*3

Al,0
X" = — —(52)
Al, 03 + MgSiO; + FeSiO3
sp Fe™3 + Tit*
Wrers +Yro)™ = p s s cr v al OO
<F€+2
Mg )
P (54)

)
Mg Opx

In Liermann's PhD (Liermann 2000) are included the microprobe analyses, with which the study was
structured. The data consists of 277 samples, where 17 samples have Y, = 0.26, 25 with Y¢,* = 0.53 and
23 with Y, = 0.76. These samples have been included in the database as they have also contributed to the
creation of Tygo:. Nevertheless, from the expressions of the thermometric equation, T o271 has the best
performance in calculating the experimental samples, where it presents a standard deviation of 243°C. Below
are the results of the geothermometer.

Opx/Sp Thermometry with Fe/Mg exchange by Tico3.2.1i
1000 -
e All experiments
800 - ®
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-600 - . * s . e
=800 -~ s [ ]
| 2 :
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Figure40: AT eqp-caic VS Texp With the final experimental samples that Tys,; has been calibrated, where the
temperature has been calculated by T,s03..1. The orange dots are experimental samples from Liermann 2000.

By having a big amount of experimental samples with a big range in P-T conditions and multiple chemical
systems, a recalibration of Liermann and Ganguly formulation was done, in order to extend the conditions of
its applicability. The thermometer was calibrated with linear regression as the Arrhenius equation (9) with the
same elimination procedure as Tkgz1. From this method it has been created a formulation that has an overall
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standard deviation of 226°C, by eliminating 190 samples or the 16% of the experimental data. Additionally
the experiments that are within AT=£200°C is the 69% of the final experimental samples with a standard
deviation of 103 °C. The thermometer is the following:

1714 + 81.05P(GPa) + 1856Y;! — 6462X 7" + 1851(Y: s + V¥

T, °K) = 55
LGO3.R€C( ) ln(KD) + 039 ( )
<F€+2
Mg )
With In(Kp) = In Fe+—25” (56)
( Mg )Opx
Cr
Sp _
Y.~ = 57
r " Fet3 4+ Tit4 4+ Cr + Al G7)
0.5Al
XoP* = 58
Al 0.5Al + Mg + Fe (58)
sp Fet3 4+ Tit*
Wrers +Yro)™ = p s s cr v al OO
Opx/Sp Thermometry with Fe /Mg exchange by the recalibrated Ticos
P p ry g ge by
1000
- Uderestimation ® All experiments, N=998
800
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Figure 41: AT gyycaic VS Teyp final experimental results of the Tcos.rec. The orange dots are experimental
samples from Liermann 2000 PhD.

In the new formula it is apparent that there are both minor and major changes. First, in the calculation of YCST”
it has been added the Ti** content, because in the previous formulation Ti** was only in the (Y7ss + Y2h.4)
calculation. Furthermore, the calculation for the X °™ has remain the same but it is written with the cation
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form and not with the oxides. In the indices of the parameters, AH, AV and AS have relatively small changes

in relation to the chemical parameters that have change a lot , especially the Xflpx which its effect is
multiplied almost by 3.5 times. Finally, the results of the geothermometer are satisfactory, especially seeing
that there is a good orientation of the samples at AT = 0. In addition, it has a very good ability to calculate the
experiments that the formula was originally created.

Opx/Sp Geothermometry with Fe/Mginteraction
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Figure 42: Chart with AT, caic Vs Pressure (GPa) to show the robustness of the Thermometer.

Opx/Sp Geothermometry with Fe/Mg interaction
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Figure 43: Chart with ATg,p.carc VS YCSrp to show the robustness of the Thermometer.
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Opx/Sp Geothermometry with Fe/Mg interaction
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Figure 43: Chart with ATg,p.carc VS Xglpx to show the robustness of the Thermometer.
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Figure 43: Chart with ATg,p.carc VS Y;5+3 + YTSﬂ4 to show the robustness of the Thermometer.
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From the above charts it is shown that Pressure, chrpand Xflpx have been well calibrated with a deviation of

0-30°C across their spectrum of values, in contrast to Y[ff+3 + YTSi’ir4 that have an increasingly underestimation
as the term increases from 0°C to 240°C. However in the bulk of the samples in range of 0-0.1 the

underestimation is among 0-40°C. Therefore when using the geothermometer, it is recommended that the
values YFSfH + YTSi’ir4 are relatively low, with knowing that it tends to underestimate the result as increases.

Chapter 3 Testing of Tkez1, Trco3.Rec and TrLcoz.2.ti on Natural Samples

3.0 Introduction

To verify that the thermometers are sufficiently calibrated, they were tested on natural samples of various
geotectonic environments. The Orthopyroxene and Spinel paragenesis takes parts in a variety of tectonic
settings. The purpose of creating a thermometric model between those minerals is to further unfold their
geologic history upon their petrogenetic processes. The environments that are going to be presented are
Abyssal peridotites, Ophiolites and Continental Ultramafic rocks. Aim of this research is to explore the history
of those aforementioned environments, while the thermometers are tested for their efficacy.

3.1 Abyssal Peridotites

Abyssal Peridotites are the products/residues of adiabatic decompression melting that are located in mid
ocean ridges. Mantle upwelling beneath ocean ridges is the process that creates oceanic lithospheric mantle
and oceanic crust. The source for the abyssal peridotites is the depleted mantle, whose composition in many
cases varies because of compositional heterogeneities. For this tectonic setting, samples from Warren 2016
and Birner et al., 2018b databases are included, where 590 Opx/Sp pairs were found in various mid ocean
ridges.

Peridotite Veins
+ Dunite
o Gabbro/Plag

Pyroxenite
* Other

Figure 44: Global Distribution of abyssal peridotites samples categorized by their location, their lithologic
type and their texture. (Warren 2016, figure 1)
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The ocean ridges that have been studied are the East Pacific Rise (EPR), Central Indian Ridge/Carlsberg
Ridge (CIR), Mid-Atlantic Ridge (MAR), American-Antarctic Ridge (AAR), Gakkel Ridge (GAK), Lena
Trough (LT) and the Southwest Indian Ridge (SWIR). Furthermore, peridotites in those studies have a variety
of lithologies such as Hartzburgites, Lherzolites, Dunites with some of them containing veins of Gabbro or
Pyroxenite in them (15,3% of the Opx/Sp pair samples). By having the aforementioned in mind, the results of
the Thermometers are the following.

Spl/Opx Thermometry of Abyssal Peridotites
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Figure 45: Diagram of T goz21i VS Tkez: in natural samples from abyssal peridotites.
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Figure 46: Diagram of T o321 VS TiLcosrec iN Natural samples from abyssal peridotites.
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In the comparison of Tyex With T ges2ri it iS shown that there is a positive correlation with a deviation
within 200 °C. The temperatures of Tygp, from the abyssal peridotites vary from 709 °C to 1259 °C with an
average of 865 °C and a standard deviation of 69.4 °C. On the other hand T gos21i has a variation 650 °C-
1336°C with an average of 886 °C and a standard deviation of 91.2°C.

These measurements are to be expected because the diffusion of Opx/Sp with Fe**/Mg in these environments
had been re-equilibrating to lower temperatures. In addition, the T gosrec has a temperature range of 678 °C-
1378°C and an overall standard deviation of 95.8 °C, with an average of 903 °C. Also, in figure 46 it is visible
that there is an almost ideal correlation between T | gosrec aNd T oz 21i @nd that T | oz rec 1S OVerestimating for
30°C in relation to T goz.2.7i.

3.2 Continental Peridotites

Magmatic processes that can create ultramafic rocks take place in Continental zones. During the ascent of the
magmas, parts of the lithospheric mantle detach and attach within the magmatic bodies creating the xenoliths.
These samples are very important because they can provide us with information about the temperature of their
lithospheric mantle. Locations of those samples are Eifel, Daoxian, Ronda, Styrian Basin, Avacha, Lanzo,
Dish Hill, Rio Grande Rift, Malaita and Central Alps. The results are the following:

Spl/Opx Thermometry of Continental Peridotites
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Figure 47: Diagram of T gez21i VS Tkez: in natural samples from continental peridotites.
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Spl/Opx Thermometry of Continental Peridotites
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Figure 48: Diagram of T goz2.1i VS TLcosrec IN Natural samples from continental peridotites.

First by the comparison T gos21i With Tk it presented that there is a correlation within +150°C, where
T cos2.1i has higher values in samples of Eifer, Styrian basin, Dish Hill, while in Ronda, Daoxian and in some
samples of Dish Hill and Rio Grande Rift the opposite occurs. Secondly, the comparison of T gos.1i With
T Lcosrec ShOWS a robust correlation with T gesrec Capturing higher values as temperature rises. This trend is
expected because TLGO03.2.Ti has been calibrated to temperatures of 850°C- 1250°C, while the recalibrated
expression has been calibrated to a range of 800-1600 °C. As a result the recalibrated version is expected to
have more trustworthy results.

Furthermore the temperature range for Tygz is 779 °C-1638°C, while in T g2t is 671°C -1440°C and in
TLcosree 1S 63 °C-1603°C. The temperatures range in this type of rocks because the Fe/Mg exchange can
record temperatures from the area from which they were detached, to subsequent reactivations of the elements
that occur at lower temperatures. In addition, there is a variety of Opx/Sp pairs where the analysis is in core or
rims of the minerals or in derivatives of a metasomatic process or is even the result of subsequent
crystallization such as neoblast. The aforementioned processes give us different results and this is the reason
big temperature spans.

3.3. Ophiolites

Ophiolites are lithologic sequences that created in oceanic tectonic enviroments and they have been annexed
through tectonic processes in incremental prisms. The way they are created varies depending on the tectonic
processes that take place within the oceans as well as on the boundaries between ocean and continents. These
settings are classified as subduction related and those are the forearcs, backarcs and volcanic arcs. Also there
are the subduction unrelated ophiolites, that can be subdivided to continental margins, mid ocean ridges and
plume type. (Dilek and Furnes 2014).
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Figure 49:Schematic presentation of the variety of ophiolites and their tectonic processes (Furnes et al 2020),

For those types of tectonic settings the locations of the samples that are forearcs is Antalya, New Caledonia,
Izu-Bonin-Marianna (IBM), Tonga, Dazhuqu, for continental margins are Central Alps and Avacha and for
plume/hotspots are Hawaii and Samoa Islands. The results of these samples are the following:
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Figure 50: Plot of Ty gez21i VS Tkeze in natural samples from Ophiolites.
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Figure 51: Plot of Ty ges21i VS TiLcosrec IN Natural samples from Ophiolites.

For the different ophiolitic types the results have their own temperature spans. In Forearcs Tkgz; has a range
between 742-955°C, for T gos2ti IS 678-942°C and for T gz rec IS 655-948°C. These results showed that the
new thermometers tend to overestimate in relation to T gos 2 1i by 20°C on average. In Continental Margins the
Avacha results are concentrated in 860-1135°C while in Central Alps the results are within 655-995°C, with
Ticosrec @aNd Tyeo1 OVverestimating in Central Alps and slightly underestimating in Avacha in relation to
Treos21i- Finally, in Plume type rocks from Hawaii and Samoa islands it is showed that there is a big range of
calculated temperatures. The values vary for Tygz from 774°C to 1695°C, for T gos2.7i is 854-1589°C and for
T Lcozrec 1S 935-1642°C. In the comparison between Tyez1 and Tyges2.i there is an unclear discrepancy with a
AT=+ 250°C for the samples of Hawaii, while for the Samoa islands there a better correlation. On the
contrary, in the comparison of T oz rec With Ty gos2i there is an overestimation of 120°C on average for the
samples of Hawaii, while for the samples of the Samoa islands there is a 20°C overestimation.

3.4 Discussion

The calculated temperatures for all the tectonic environments have satisfying results, as they depict values
that are expected based on their origin. First, the goal for T o3 rec 10 be a recalibrated form, that has extended
P-T conditions of applicability, has been succeeded. The thermometer has a one by one correlation with the
original T ges2.7i but in temperatures greater than 1250°C the thermometer has more accurate results, while it
also has an overestimation at higher temperatures which is expected. Also, T co3rec S€EMS t0 have a greater
standard deviation than T gos.1i, but through its calibration it is more accurate rather than precise.
Furthermore, for the Tygy it is shown that the geothermometer has very accurate and precise results with an
overestimation in ophiolites an underestimation in Continental and Abyssal Peridotites compared with the
Liermann and Ganguly 2003 thermometric expressions. The different result of Tygy with the T goes
thermometers is because the handling of the chemical composition within the equations is different, as seen in
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th the results of the thermometers for each locality is the

iX Wi

2.6 and 2.7. To summarize, a statistical append

following

Locality Reference No.Samples . 2] . 5 Hroow.n.._.ﬁn_. . .Fmom.wion_.
Average  Minumum _ Maximum St.Dev Average  Minumum Maximum St.Dev Average  Minumum  Maximum St.Dev
EPR Warren 2016 19 998.03 804.27 1176.37 95.13 962.28 746.74 1106.04 106.18 961.56 728.55 1099.26 101.05
CIR Warren 2016 26 932.52 736.51 1029.46 77.68 1031.71 726.94 1200.75 120.38 1044.20 747.24 1250.51 129.18
MAR Warren 2016 337 863.93 741.03 1257.21 6142 877.02 696.30 1336.64 64.47 886.49 676.73 1584.29 77.20
AAR Warren 2016 23 888.89 77590 1012.04 53.85 958.42 774.89 1112.46 91.71 979.61 783.94 1139.69 98.47
SWIR Birner et al, 2018b 39 826.45 749.56 908.14 33.41 819.22 666.70 913.72 54.69 831.67 683.23 941.63 60.12
SWIR Warren 2016 133 837.58 709.29 1005.24 51.75 861.19 650.14 1178.28 91.88 884.48 678.19 1276.70 94.87
GAK Warren 2016 8 796.89 748.38 875.94 4213 747.90 701.61 788.20 31.39 764.10 700.57 796.98 35.19
LT Warren 2016 5 794.35 741.52 869.84 46.58 805.85 734.75 879.89 51.65 824.12 744.21 885.32 51.97
Styrian Basin Aradi et al, 2020 34 1083.86 879.74 1386.50 115.38 1166.62 987.58 1387.31 98.30 1277.98 1007.64 1603.43 135.83
Rio Grande Rift |Schaffer et al, 2019 26 1073.39 857.93 1638.23 194.00 1094.53 817.32 1440.34 148.32 1201.73 920.75 1595.61 172.69
Eifel Witt-Eicksen & 0'Neill, 2005 16 993.25 826.09 1162.86 121.67 1136.42 997.07 1256.56 100.40 1171.49 1051.70 1290.13 72.68
Daoxian Zhang et al,, 2020 12 1155.07 1050.43 1284.16 62.65 1107.82 1054.38 1187.40 47.48 1278.25 1223.94 1356.96 46.88
Lanzo Aoki et al, 2020 16 838.73 692.87 935.62 71.47 736.95 488.42 883.16 141.31 666.24 397.34 833.73 157.82
Dish Hill Luffi et al, 2009 34 983.55 846.12 1262.74 83.72 1008.78 914.19 1132.82 56.64 1082.22 980.25 1212.55 62.90
Ronda Soustelle et al,, 2009, Obata, 1980 27 940.83 811.76 1144.19 96.33 919.95 767.61 1377.47 131.61 990.09 788.76 1534.81 175.07
Antalya Caran etal, 2010 14 809.21 750.55 895.92 42.80 797.31 743.89 855.87 31.21 815.04 763.72 925.72 47.03
Tonga Birner et al, 2018a 32 862.36 746.23 922.68 46.52 816.61 759.58 871.46 29.16 817.54 756.14 874.01 31.24
Oman Gaillard, 2002 28 874.50 774.71 954.69 46.09 817.03 709.85 895.86 41.78 816.78 655.88 883.31 50.25
IBM Parkinson & Pearce, 1998, 2 F3|, 2019 39 819.69 75097 899.84 35.02 779.93 687.12 873.65 36.25 784.75 691.15 860.76 35.58
Malaita Ishikawa et al,, 2004 53 1000.81 803.65 1402.45 133.29 1066.07 844.30 1411.74 132.27 1129.46 914.69 1375.34 109.24
New Caledonia (Xuetal, 2021 38 888.45 825.08 955.23 31.78 854.72 756.96 942.96 4491 843.67 735.73 948.56 48.56
Hawaii Sen, 1988 38 1180.16 774.74 1694.81 244.24 1197.59 782.05 1549.31 198.69 1318.36 825.94 1800.47 25292
Samoa Islands  |Ashley 2019 15 1123.21 1017.58 1610.68 138.72 1144.71 970.34 1589.16 132.34 1124.71 903.27 1477.11 115.57
Avacha Ishimaru et al,, 2007, Ionov 2010 28 102291 919.10 1082.00 36.99 1072.77 887.67 1133.73 52.95 1065.52 882.83 1128.33 54.51
Miintener et al,, 2010, Kalt et al,, 1995, Kalt
Central Alps & Altherr, 1996, Schmadicke & Evans, 14 878.54 746.18 997.61 7331 77545 658.51 895.00 79.21 828.25 694.25 999.64 107.57
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